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Zusammenfassung 

Die Erzeugung von erneuerbarem und nachhaltigem Strom kann mittels Brennstoffzellen 
durch die Reaktion von Wasserstoff (H2) mit Sauerstoff (O2) erreicht werden. Um den 
aktuellen Energiebedarf mit Brennstoffzellen abzudecken, werden große Mengen H2 
benötigt. Die alkalische Wasserelektrolyse ist die einzige ausgereifte 
Energieumwandlungstechnologie für die nachhaltige Erzeugung von H2 durch die 
Wasserstoffentwicklungsreaktion (HER). Die Effizienz der Wasserspaltung wird durch 
die andere dazugehörige Halbreaktion, die Sauerstoffentwicklungsreaktion (OER), 
aufgrund der damit verbundenen mehrfachen Protonen gekoppelten 
Elektronentransferschritte (PCET) begrenzt. Derzeit sind Katalysatoren auf Ruthenium- 
und Iridiumbasis sowie Platin immer noch die Benchmark-Katalysatoren für praktische 
Anwendungen von OER und HER. Ihre hohen Kosten und ihre geringe Verfügbarkeit 
schränken jedoch ihre Verwendung im benötigten industriellen Maßstab ein. Pniktide von 
Übergangsmetallen (TM) sind aufgrund ihrer geringen Wasserstoffadsorptionsenergien, 
der schnelleren Reaktionskinetik und der elektrischen Leitfähigkeit zu einer attraktiven 
Wahl als OER- und HER-Elektrokatalysatoren geworden. 

Gängige Synthesen für Übergangsmetallpniktide basieren auf Festkörpermethoden, die 
zu Materialien mit unkontrollierter Aggregation, heterogener Morphologie und zufälliger 
Zusammensetzung führen. Das Design von nanostrukturierten Elektrokatalysatoren mit 
spezifischer Größe, Stöchiometrie und Morphologie kann durch die molekulare 
Zersetzung von Single-Source-Vorläufern (SSP) erreicht werden. Die Abstimmung der 
experimentellen Bedingungen (z. B. Zersetzungsverfahren, Reaktionszeit, Temperatur, 
Lösungsmittel) führt zu Nanostrukturen mit unterschiedlichen Eigenschaften. In dieser 
Arbeit wurde ein molekularer Syntheseansatz verwendet, um auf 
Übergangsmetallphosphide (TM-Ps) und Arsenide (TM-As) zuzugreifen. Es wurden 
umfangreiche Untersuchungen durchgeführt, um die Kinetik und die elektronischen 
Prozesse während der Katalyse zu verstehen und diese mit den chemischen und 
elektronischen Umwandlungen der Materialien in Zusammenhang zu bringen. 

Amorphe Materialien sind bekannt für ihre große elektrochemisch aktive Oberfläche 
(ECSA), die im Vergleich zu ihren kristallinen Gegenstücken normalerweise höhere 
elektrokatalytische Aktivitäten ermöglicht. Vor diesem Hintergrund wurden amorphes 
und kristallines Kobaltphosphid (CoP) durch Thermolyse (Hot-Injection und Pyrolyse) 
eines SSP synthetisiert. Amorphes CoP zeigte bei allen getesteten, elektrokatalytischen 
Reaktionen im Vergleich zum kristallinen CoP eine deutlich höhere Aktivität. Während 
der OER führten die elektrochemische Korrosion und Oxidation von Phosphor zur 
Bildung einer CoIII-(oxy)hydroxidhülle auf beiden Materialien. Das Vorhandensein von 
aktiven CoIV OER-Zentren an der Oberfläche in Kombination mit CoIII führte zu 
verzerrten CoO6-Oktaedern (Jahn-Teller-Effekt), die die Absorption von 
Sauerstoffzwischenprodukten erleichterten. Während der HER führten ein vollständiger 
Verlust an Oberflächenphosphor und eine Oxidation der Oberfläche zur Bildung einer 
Co-angereicherten-(oxy)hydroxidphase, gefolgt von einer in situ-Reduktion zur 



Erzeugung von Co0-aktiven Zentren für die HER. Der Unterschied in der Aktivität hing 
mit den einzigartigen elektronischen Eigenschaften und der hohen ECSA von amorphen 
Materialien zusammen, die eine größere Anzahl aktiver Zentren und eine größere 
Flexibilität bei der Katalyse bietet. 

TM-As haben aufgrund der hohen Toxizität von As bei Wasserspaltungsanwendungen 
wenig Beachtung gefunden. Ihre hohe elektrische Leitfähigkeit macht diese Materialien 
jedoch für die OER-Elektrokatalyse aktiv. Kristalline FeAs-Nanopartikeln wurden durch 
Hot-Injection eines SSP hergestellt. Die elektrochemischen Untersuchungen zeigten eine 
hohe katalytische OER-Aktivität und Stabilität im Vergleich zu den anderen in der 
Literatur angegebenen Referenzelektroden auf Fe-Basis. Während der OER korrodierte 
das Material, was zur vollständigen Oxidation und Auflösung von As in der 
Elektrolytlösung führte. Ex-situ-Charakterisierungen sowie quasi in situ-XAS zeigten die 
vollständige Elektrokonversion des FeAs in eine hochporöse, nanokristalline 
Eisen(oxy)hydroxidphase, das 2-Linien-Ferrihydrit. Die Halbleiternatur dieser Phase 
ermöglichte einen schnelleren Elektronentransport. Darüber hinaus enthielt die erzeugte 
Phase Jahn-Teller-verzerrte FeIII-Atome als aktive Zentren für die OER. Wichtig ist, dass 
das gelöste Arsen erfolgreich an der Kathode zurückgewonnen wurde, wodurch der 
gesamte Prozess nachhaltig und energieeffizient ist. 

Der Einfluss des Nichtmetalls (Pniktogen) auf die Aktivität wurde untersucht, indem TM 
pniktide mit gleichem Metallgehalt, Morphologie und Zusammensetzung hergestellt 
wurden. Eine Salzmetathese bei Raumtemperatur wurde verwendet, um auf amorphes 
NiAs und NiP zuzugreifen. Elektrochemische Experimente zeigten eine höhere OER-
Aktivität von NiP im Vergleich zu NiAs und anderen in der Literatur angegebenen 
Materialien auf Ni-Basis. Die post-operando-Analyse ergab eine Oxidation und 
Auflösung des Pniktogens während der OER und die Erzeugung einer γ-NiIIIOOH-Phase. 
Diese Phase enthielt Schichten von kantenverknüpften NiO6-Oktaedern, die durch einen 
großen Zwischenschichtabstand (7 Å) voneinander getrennt waren, was die Interkalation 
von Wasser und Anionen ermöglichte, die somit Zugang zu den aktiven NiIII-Zentren 
hatten. Der Aktivitätsunterschied wurde auf den höheren Pniktogenverlust in NiP (86%) 
im Vergleich zu NiAs (45%) zurückgeführt, was zu einer größeren strukturellen 
Umwandlung des NiP in eine γ-NiIIIOOH-Phase führte. 

Diese Arbeit beleuchtet, dass einfache Herstellungswege zu nanoskaligen TM-As und 
TM-Ps unterschiedlicher Morphologie und Zusammensetzung führen können, die die für 
OER, HER und die gesamte Wasserspaltung erforderlichen physikalischen und 
elektronischen Eigenschaften besitzen. Die untersuchten Materialien zeigten unter 
alkalischen Bedingungen elektrokatalytische Aktivitäten, die mit denen von 
Katalysatoren auf Edelmetallbasis vergleichbar sind. Darüber hinaus sind die 
entwickelten Methoden flexibel und zeigen je nach Herstellungsweg eine breite Palette 
erreichbarer Produkte. Daher eröffnet diese Arbeit auch den Weg zur einfachen 
Herstellung von Übergangsmetallpniktiden und ihrer weiteren Anwendung in anderen 
Bereichen.  



Abstract 

The generation of renewable and sustainable electricity can be achieved through fuel cells 
by the reaction hydrogen (H2) with oxygen (O2). In order to meet the current energy 
demand with fuel cells, a large feedstock of H2 is necessary. Alkaline water electrolysis 
is the only mature energy conversion technology for the renewable production of H2 
through the hydrogen evolution reaction (HER). The efficiency of water-splitting is 
limited by its other half reaction, the oxygen evolution reaction (OER), due to the multiple 
proton-coupled electron-transfer (PCET) steps involved in it. Currently, ruthenium- and 
iridium-based catalysts and elemental platinum still represent the benchmark catalysts for 
practical applications of OER and HER, respectively. Nonetheless, their high cost and 
scarce availability limit their use in large-scale applications. Transition metal pnictides 
have become an attractive choice as OER and HER electrocatalysts due to their low 
hydrogen adsorption energies, faster reactions kinetics, and electroconductivity.  

Common synthesis of transition metal pnictides are based in solid-state methods, which 
lead to materials with uncontrolled aggregation, heterogeneous morphology, and random 
composition. The design of nanostructured electrocatalysts of specific size, 
stoichiometry, and morphology can be achieved by the molecular decomposition of 
single-source precursors (SSP). The tuning of the experimental conditions (i.e., 
decomposition method, reaction time, temperature, solvent) leads to nanostructures of 
different characteristics. In this work, a molecular synthetic approach has been used to 
access transition metal phosphides (TM-Ps) and arsenides (TM-As). Deeper 
investigations have been carried out to understand the kinetics and electronic processes 
during catalysis and relate them to the chemical and electronic transformations of the 
materials.  

Amorphous materials are known for their large electrochemically active surface (ECSA), 
which usually allows higher electrocatalytic activities in comparison to their crystalline 
counterparts. Keeping this in mind, amorphous and crystalline cobalt phosphide (CoP) 
have been synthesized by the thermolysis (hot-injection and pyrolysis) of a SSP. 
Amorphous CoP notably displayed higher activity for all tested electrocatalytic reactions 
in comparison to the crystalline CoP. During OER, the electrochemical corrosion and 
oxidation of phosphorus led to the formation on both materials of a CoIII (oxy)hydroxide 
shell. The presence of CoIV OER active sites in the surface, in combination with CoIII led 
to distorted CoO6 octahedra (Jahn-Teller distortion) that facilitated the absorption of 
oxygen intermediates. During HER, a complete loss of surface phosphorus and oxidation 
of the surface led to the formation of a Co-enriched (oxy)hydroxide phase, followed by 
an in situ reduction to generate Co0 active sites for HER. The difference in activity was 
related to unique electronic properties and surface characteristics of the high ECSA of 
amorphous materials, that offers a larger number of active centers and larger flexibility 
upon catalysis.  

 



TM-As have received little attention in water-splitting applications due to the high 
toxicity of As. However, their high electrical conductivity render these materials active 
for OER electrocatalysis. Crystalline FeAs nanoparticles were accessed through the hot-
injection of a SSP. The electrochemical exploration showed high OER catalytic activity 
and stability in comparison to the other Fe-based reference electrodes and Fe-based 
electrocatalysts reported in the literature. During OER, the material underwent corrosion, 
which caused the complete oxidation and dissolution of As into the electrolyte. Ex-situ 
characterizations, as well as quasi in situ XAS, revealed the total electroconversion of the 
FeAs to a highly porous nanocrystalline iron (oxy)hydroxide phase, the 2-line 
ferrihydrite. The semiconductor nature of this phase enabled faster electron transport. 
Moreover, the generated phase contained Jahn-Teller distorted FeIII atoms that behaved 
as active centers for OER. Importantly, the dissolved As was successfully recaptured at 
the cathode making the complete process sustainable and energy-efficient.  

The influence of the non-metal (pnictogen) in the activity was studied by preparing 
transition metal pnictides with equal metal content, morphology, and composition. A 
room temperature salt-metathesis was used to access amorphous NiAs and NiP. 
Electrochemical experiments revealed a higher OER activity of NiP in comparison to 
NiAs and other Ni-based materials reported in the literature. The post-operando analysis 
revealed oxidation and dissolution of the pnictogen during OER and generation of a γ-
NiIIIOOH phase. This phase contained sheets of edge-sharing NiO6 octahedra separated 
by a large interlayer distance (7 Å), which provided the space for the intercalation of 
water and anions which were exposed to the NiIII active centers. The difference in activity 
was attributed to the higher loss of the pnictogen element in NiP (86 %) in comparison to 
the NiAs (45 %), which resulted in a larger structural transformation of the NiP to a γ-
NiIIIOOH phase.  

This work illuminates that easy preparation routes towards nanoscaled TM-As and TM-
Ps of different morphology and composition which could ensure the physical and 
electronic properties necessary for OER, HER and OWS. The studied materials showed 
electrocatalytic activities under alkaline conditions and comparable to the ones of 
precious-metal-based catalysts. Moreover, the developed methods are flexible and shows 
a wide range of attainable products depending on the preparation route. Therefore, it 
opens the route to the facile preparation of transition metal pnictides and their further 
application in other areas.
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1. Introduction 

The present work is focused on water-splitting with electrocatalyst materials based on 
TMs (TMs, Co, Fe, Ni) phosphides and arsenides, which are examined for their 
electrocatalytic properties. The general aim is to make efficient and cost-effective overall 
splitting to obtain hydrogen (H2) for chemical energy storage. H2 is a “green” energy 
source and has the potential to play a major role in future energy supply. To accomplish 
this, “alternative energy” sources must replace current energetic paradigms and the social 
attitudes towards energy use must be rethought. 

1.1. Energy, human activity and climate change  

The global average atmospheric carbon dioxide (CO2) concentration in 2019 was 
409.8 parts per million (ppm). CO2 levels today are higher than at any point in at least the 
past 800 000 years. The data suggests that the last time the atmospheric CO2 was this high 
was more than 3 million years ago. At this time, the temperature was 2-3 °C higher than 
during the pre-Industrial Revolution era (mid 18th century), and the sea level was  
15-25 m higher than today.[1] Since the Industrial Revolution in the 19th century, CO2 
concentrations have been on the rise due to the burning of fossil fuels for energy. The 
combustion of fossil fuels for energy purposes continues to be among the main causes of 
CO2 emissions. 80 % is due to this alone and the trend will continue almost unchanged 
with the current policy.[2] The escalation of the world energy consumption especially 
during the end of the past century and first decades of the 21st century is related to the 
fast and global growth of the human population and the changes in living standards, which 
demand a steady and reliable supply of energy to support our mobility, prosperity and 
daily comfort (see Figure 1.1).[3,4] The rising economic growth places nowadays an 
additional demand of products and services.[5] Consequently, the average global power 
demand is predicted to be approximately 30 TW in 2050 and 46 TW in 2100.[3] 

 

Figure 1.1. Atmospheric CO2 has increased along with human emissions of since the start of the Industrial 
revolution in 1750. Obtained from NOAA Climate.gov.[6] © 2020 NOAA 
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The consequences of this continuous increase in energy demand and CO2 emissions are 
drastic. Climate change is a consequence of the sudden increase of atmospheric CO2 
linked to fossil fuel utilization. Recent changes in regional climate patterns have been 
already observed.[7] For example, El Niño events, which cause heavy rains in equatorial 
regions of Western South America, usually differ substantially in their spatial pattern and 
intensity.[8] However, there is evidence that suggests that these events are becoming more 
common and intense in the past 30 years.[9] On the other hand, global warming, due to 
the greenhouse effect of CO2 and other gases (methane CH4 and nitrous oxide N2O) is 
observed. The global annual mean temperature has increased at a rate of 0.2 K per decade 
at the surface and 0.4 K per decade at the troposphere since the start of the 20th century.[10] 
In the 21st century, the Earth’s average temperature is expected to increase from 2 to 
4.5 ºC. In addition, global warming caused by CO2 leads to a rise in the sea level and 
triggers ocean acidification.[11] Consequently, sea life is threatened by the alteration of 
the biogeochemical cycles in the seawater. The negative impact of climate change is not 
only restricted to marine life. It is estimated that 47 % of terrestrial non-flying threatened 
mammals and 23.4 % of threatened birds may have already been negatively impacted by 
climate change.[12] Moreover, agriculture is also considered one of the most endangered 
activities due to climate change and global warming.[13] 

1.2. An alternative energy for a green future: hydrogen and water-splitting 

The path we follow towards the future will depend on how efficiently and effectively we 
use existing and new sources of energy. In 2020, 84 % of the energy supply was related 
to fossil fuel sources like coal, oil, or natural gas.[4,14] If current energy policies are 
maintained, this value will only decrease by 3 % in 2040.[4] The reduction of greenhouse 
gases emissions that cause global warming needs a full commitment by governments and 
societies in the world. In 2015, the Paris Agreement of the United Nations Framework 
Convention on Climate Change set a limit in the rise in global temperatures to “well 
below” 2 °C.[15] Although climate change efforts need to be excessively increased to 
achieve this objective, the years since its entry have seen more countries, regions, cities 
and companies establish carbon neutrality targets. Zero-carbon solutions are possible, 
especially in the power and transport sector. However, a complete reduction of the CO2 
emissions would require minimalizing the use of fossil fuels as much as possible. At the 
same time, a change in the paradigm is required to migrate to efficient, clean, affordable 
and sustainable energy sources.[4,16,17]  

The goals of the Paris Agreement are ambitious and global effort is required to prevent 
drastic consequences by 2030. However, growing population, increasing energy demand 
and depletion of fossil fuels sources make this strategy sensible.[18] An adjustment of the 
energy supply must rely on a combination of environmentally friendly technologies in 
order to conserve natural resources and the ecosystem. Among them, hydropower, wind 
energy, solar energy, and the use of biofuels are promising renewable alternatives.[17] This 
means, they produce useful energy that can be naturally replenished in a short timescale 
for human beings. Nonetheless, these renewable energy sources are all inherently 
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intermittent and generally dispersed relative to the isolated large scale facilities that 
currently supply the vast majority of electrical energy.[3] The best use is therefore done 
by coupling the alternative energy supply with good energy-storage systems. The “energy 
turnaround”, i.e., the production and consumption of energy, must be also sustainable in 
order to remain economically viable in the long term. Batteries are a popular alternative 
to store energy, especially to supply energy in transportation systems. However, they 
suffer from age deterioration and their components are toxic.[19] Some of the composing 
materials, such as lithium, have a low availability, which limits their ubiquitous use in 
energy storage systems. An interesting alternative is the efficient conversion and storage 
of solar energy in chemical bonds. For example, H2 can be produced with solar energy 
and made available as fuel or converted to electricity which can then be stored.[20]  

Solar energy is the most obvious alternative energy source, providing a large excess of 
energy with practically zero cost.[4] Artificial photosynthesis is a way of harnessing solar 
energy and use atmospheric CO2 to produce fuels, or organic molecules, while tackling 
the problem of CO2 contamination derived from fossil fuels. The simplest way is to mimic 
natural photosynthesis and use water as an electron or hydrogen donor. In this way, water-
splitting can be used as an energy converter for H2 as a chemical energy storage.[21,22] H2 
has the highest chemical energy per mass (143 MJ kg-1) among chemical fuels, which is 
three times higher than that of diesel or gasoline (47 MJ kg-1).[23] H2 is a clean synthetic 
fuel that can supply energy in form of electricity to households and the economy, and an 
important raw material for the chemical industry (Figure 1.2).[24,25] Highly efficient non-
biological conversion of H2 to electricity can be achieved with fuel cells, that convert H2 
and oxygen (O2) to electricity and water.[4] The combustion of H2 in fuel cells is attractive 
because of the high reaction recyclability, the generation of carbon-free by-products 
(H2O), and the possibility of use H2 produced from renewable sources.[3,25–28] H2 fuel cells 
possess conversion efficiencies up to 60 %, but their commercial development and 
efficiency are limited by the cost and gas diffusion.[4] 

 

Figure 1.2. The H2 role at the large-scale energy system. Taken from: Klahr and co-workers.[29] © 2017 
IOP Publishing. 
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Currently H2 production for industrial applications is mainly based on the steam 
reforming of methane (CH4) through the reaction of the hydrocarbon with water vapor at 
1200 K using a Ni catalyst, based on the following reaction:[30]  

𝐶𝐻! + 𝐻"𝑂 → 𝐶𝑂 + 3𝐻"  Equation 1 

The main disadvantages of this process are the large requirement of CH4, either from 
natural gas or the cracking of crude petroleum, and the CO2 emitted during the process.[25] 
H2 can also be formed by the thermal decomposition of CH4 using a TM catalyst:[31] 

𝐶𝐻! → 𝐶 + 2𝐻"  Equation 2 

Therefore, the use of fossil fuels, such as CH4, to obtain H2 should be replaced by an 
abundant and environment-friendly source. Water meets these characteristics and 
represents an almost infinite resource to provide H2. 

The total amount of water on Earth is ca. 1.388 trillion liters (1 388 000 000 000 L) of 
which 96.54 % is in oceans, seas and bays (see Table 1.1).[32] Splitting directly seawater 
would also protect valuable freshwater which only makes a very small part of the water 
on the planet.[25,27] There are three ways of producing H2 from water: chemical, 
electrochemical and photochemical water-splitting.[33] Of these three methods, 
photochemical water-splitting is the only one that uses solar energy alone and can then 
store it in the form of H2.[33] The Grätzel cell,[34] also called dye-sensitized solar cell 
(DSSC), is one of the most well-known and frequently used photocatalytic cells.[35] 
However, they have not yet made a strong contribution to the energy supply due to their 
low conversion efficiencies and relatively high cost.[4,17] The use of solar energy is highly 
dependent on the region, as not all regions receive an equivalent radiation during the year. 
Additionally, yearly fluctuation due to seasons and weather restrict the ubiquitous use 
solar energy to generate H2.[4,36] 

Table 1.1. Estimate of global water distribution.[32] 

Water source Water volume (L) Percent of freshwater Percent of total water 
Oceans, seas, and bays 1 388 000 000 000 -- 96.54 
Ice caps, glaciers, and 
permanent snow 

24 064 000 000 68.7 1.74 

Fresh groundwater 10 530 000 000 30.1 0.76 
Saline groundwater 12 870 000 000 -- 0.93 
Soil moisture 16 000 500 000 0.05 0.001 
Ground ice and permafrost 300 000 000 0.86 0.022 
Fresh lakes 91 000 000 0.26 0.007 
Saline lakes 85 400 000 -- 0.006 
Atmosphere 12 900 000 0.04 0.001 
Swamp water 11 470 000 0.03 0.0008 
Rivers 2 120 000 0.006 0.0002 
Biological water 1 120 000 0.003 0.0001 
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Despite the large amount of energy that can be supplied by renewable sources, ca. 20 % 
of it remains unused, or the feed-in into the power grid is shut down when consumption 
drops (e.g., at night).[37,38] The fluctuations in energy could be used to suppress the 
additional costs related to shutting down and restarting the power supply. The “excess” 
electricity could be used for electrochemical water-splitting, stored in chemical form, and 
consumed.[3] A sustainable and environmentally friendly “energy turnaround” can be 
achieved if the water-splitting for conversion and storage is implemented with electrical 
energy from renewable resources. Electrocatalytic water-splitting is already 
commercially available and could be successful in the stable supply of energy beyond the 
use of batteries. In the long term, the use of H2 as energy storage and fuel is more 
economical and ecological.[25] The eventual evolution towards a hydrogen economy will 
depend, however, on the technical feasibility for the storage of H2.[4] Recent innovative 
approaches, such as the use of high surface area nanostructures and metal hydrides to 
store H2 have appeared and are beneficial for the complete energetic transition.[25] The 
use of suitable technologies to store H2 can achieve the long-term and long-lasting 
electrical energy which is not possible with current battery technologies.[25] Thus, the use 
of H2-derived electricity for transportation could be possible. The use of fuel cells to 
provide a continuous supply of H2-derived electricity could render transportation easier. 
However, for such systems to prosper, electrocatalysts for water-splitting must be 
efficient, stable, and cheap. Only at this point a large part of the existing power supply 
technology, such as oil refineries and lignite power stations, could be replaced.[36,39,40] 

1.3. Electrochemical water-splitting technologies 

The electrochemical conversion of water into H2 and O2 is economically and technically 
favorable in comparison to chemical and photochemical water-splitting technologies.[3] 
Electrochemical water-splitting is also an indirect storage of electrical energy with 
minimal energy loss.[41] However, H2 production via electrolysis using renewable energy 
sources accounts only 4 % of the current H2 production.[33] 

H2 production using water electrolysis technologies depends on the pH of the electrolyte. 
Under acidic conditions, H2 is generated in the cathode by the reduction of hydronium 
ions (H3O+) in proton exchange through polymer electrolyte membrane (PEM) 
electrolysers. On the other hand, alkaline electrolysers (AECs) are used to produce H2 
from water under alkaline conditions (usually 20-30 % potassium hydroxide, KOH), 
which is the most applied commercial technology.[3,33,37] H2 can also be obtained from 
water-splitting using solid oxide electrolysers (SOEs).[3] In general, all these systems are 
referred to as water electrolyser cells (WEC).[42] The schematic representation and 
operation principles of the three main types of WECs is shown in Figure 1.3. A common 
water electrolysis cell consists of anode, cathode, power source and the electrolyte. The 
applied current causes the electrons to migrate from the anode to the cathode, where they 
are absorbed by the H3O+ ions and form H2 (or water in a AEC).[43] The charge neutrality 
is maintained when hydroxide anions (OH-) migrate to the anode through the diaphragm 
and are oxidized, releasing the electrons (which migrate back to the cathode through the 
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external circuit) and producing O2.[3,44] In PEM, the migration of H+ is done through a 
proton exchange membrane, usually a perfluorosulfonic acid polymer (NafionTM). In 
SOEs, migration of O2- to the anode occurs through a dense solid conductive ceramic 
oxide (yttria-stabilized zirconia, doped LaGaO3, ceria-based or Bi2O3).[20,25,45] 

 

Figure 1.3. Schematic representation showing the operational principles of the three types of water 
electrolysis technologies. OER occurs at the anode and HER at the cathode. Taken from Sapoutnzi and co-
workers.[33] © 2017 Elsevier. 

The gas generation reactions take place on the electrode surface (anode or cathode) which 
is in contact with the electrolyte. In solution-based WECs, these reactions occur through 
the inner and outer Helmholtz layers.[46] The performance of these reactions can be 
measured separately using electrochemical techniques that can be used to determine the 
exact values of the applied potentials.[46] In this way, it is possible to determine how 
efficiently an electrode material (catalyst) catalyzes the respective reaction on the surface 
of the anode or cathode.  

Several kinetic parameters are used to evaluate the efficiency and the activity of an 
electrocatalyst. Among them, the overpotential (η), the current density (j) and the Tafel 
slope (b) provide important information about the kinetics, mechanisms and transition 
states of the reaction taking place (see Section 1.4.2 and 1.4.3).[46,47] Therefore, research 
done on water-splitting has mainly been devoted to the development of efficient, durable 
and inexpensive catalysts based on the mentioned parameters. A detailed description of 
the electrochemical measurement techniques and parameters can be found in the 
following sections and are summarized in the Experimental Section (see page 127). 
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1.4. Principles of electrochemical water-splitting  

The water-splitting reaction is divided into two half-reactions, water reduction at the 
cathode by the hydrogen evolution reaction (HER) and water oxidation for oxygen 
production at the anode (OER = oxygen evolution reaction). The splitting of water into 
H2 and O2 at standard temperature and pressure (STP, 273.15 K, 1 bar = 105 Pa) is not 
thermodynamically spontaneous.[37] The potential to complete the process at STP is 
1.23 V relative to the reversible hydrogen electrode (RHE), as expressed by the following 
reactions occurring at the electrodes (under acidic conditions):  

Anode:  2𝐻"𝑂($) → 𝑂"(&) + 4𝐻('()) + 4𝑒* 𝐸+,+ = 1.23	𝑉  Equation 3 

The generated electrons travel through the external circuit while the protons are reduced 
to H2 in the cathode, completing the electrochemical circuit: The standard electrode 
potential for this reaction is, according to the convention, 0.00 V (at pH 0) against the 
RHE and serves as a reference point for the electrochemical series. 

Cathode: 	2𝐻('()) + 2𝑒* → 𝐻"(&)   𝐸-./+ = 0.00	𝑉  Equation 4  

The overall electrochemical water-splitting reaction is the following: 

2𝐻"𝑂 → 2𝐻" + 𝑂"    𝐸+ = 1.23	𝑉  Equation 5 

Under basic conditions, the OER and HER proceed according to the following 
equations:[41] 

Anode:  4𝑂𝐻* → 𝑂"(&) + 2𝐻"𝑂($) + 4𝑒* 𝐸+,+ = 1.23	𝑉  Equation 6 

Cathode: 	4𝐻"𝑂($) + 4𝑒* → 2𝐻"(&) + 4𝑂𝐻*  𝐸-./+ = 0.00	𝑉  Equation 7  

In the total process, four electrons (e-) and four protons (H+) are transferred per mole of 
produced dioxygen. A total charge of the 192.928 C (= 2 F) is transferred through the 
electrolyte per one mole of water. The OER is a complicated process involving several 
adsorbed species on the solid surface of the electrocatalysts and high-energy 
intermediates. The mechanistic complexity involved in the HER and OER will be 
described in the following sections.  

1.4.1. Fundamentals of the HER 

The HER is the cathodic half reaction. It is thermodynamically more favorable than the 
OER, and proceeds by a two reaction mechanism with the formation of a single 
intermediate.[48] The mechanism under basic conditions is the following:[49] 

(1) Water is reduced on active site 𝑀 to generate one H adsorbed atom (𝑀 −𝐻'/0), 
and liberating a hydroxide anion (OH-) (Volmer reaction). This step is ubiquitous 
to all electrocatalysts. 
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𝑀 +𝐻"𝑂 + 𝑒* → 𝑀 −𝐻'/0 + 𝑂𝐻*   Equation 8 

(2) The second reaction involves a second electron transfer to form H2. 𝑀 −𝐻'/0 
combines with a water molecule and an electron to produce a H2 and a hydroxide 
anion (Heyrovsky reaction): 

𝑀 −𝐻'/0 + 𝐻"𝑂 + 𝑒* → 𝐻" + 𝑂𝐻* +𝑀   Equation 9 

(3) The second step can also proceed through the Tafel reaction in which two 
adsorbed H atoms couple and produce H2: 

𝑀 −𝐻'/0 +𝑀 −𝐻'/0 → 𝐻" +𝑀    Equation 10 

The occurrence of a specific mechanism and the rate-determining step can be derived 
from the Tafel plots (see Experimental Section, 7.3.5 Tafel slope).[27] The Tafel slope (b) 
provides important information about the kinetics, mechanisms and transition states of 
the reaction taking place.[46,47] The Tafel slope describes how much the potential must be 
increase in order to increase the resulting current density (j) by one order of magnitude 
(x10 or per decade, dec-1).[50] This means, how efficient and dynamically an electrode 
reacts to an applied potential and generates catalytic current.[50] Tafel slopes of 
118 mV dec-1, 38 mV dec-1, or 29 mV dec-1 have been ascribed to the discharge reaction 
(Volmer reaction), electrochemical desorption reaction (Heyrovsky reaction), or 
recombination reaction (Tafel reaction) as the rate determining, respectively.[51] The 
occurrence of a specific mechanism is related to the coverage of the active sites by 
𝑀 −𝐻'/0. If the coverage of the surface is low and the electrode surface has sufficiently 
available active sites (M) near 𝑀 −𝐻'/0, the adsorbed atoms will react with one water 
molecule and reduce to generate molecular H2 (Heyrovsky reaction). On the contrary, in 
surfaces with high 𝑀 −𝐻'/0 coverage, two adjacent 𝑀 −𝐻'/0	will react and evolve a 
molecule of H2 (Tafel reaction).[52]  

1.4.2. Fundamentals of the OER 

The mechanism of the OER is more demanding than the HER with complex kinetics that 
vary depending on the pH of the electrolyte and the catalyst material.[52] The OER is often 
considered as the bottleneck of the water-splitting, as it involves four proton-coupled 
electron-transfer (PCET) processes with at least three highly energetic intermediates (see 
below). There are several reports in the literature for different mechanisms according to 
the nature of the catalyst and the pH of the electrolyte.[53–57] For OER under alkaline 
condition, the electrochemical oxide pathway with two active sites, as well as single-site 
catalysis, have been established.[41,58] The single-site mechanism is first described and 
explained. The description of the mechanism via two active sites can be found in the 
experimental section (see Section 7.3.5). First, free hydroxide ions (𝑂𝐻*	) are adsorbed 
(𝑀 − 𝑂𝐻'/0) on an active site (M), liberating one electron:[27] 

𝑀 + 𝑂𝐻* → 𝑀 − 𝑂𝐻'/0 + 𝑒* Equation 11 
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The second step involves the deprotonation-like process of the adsorbed hydroxide ion 
that reacts with another hydroxide ion, leaving an adsorbed oxygen atom (𝑀 − 𝑂'/0), 
producing water, and liberating one electron: 

𝑀 − 𝑂𝐻'/0 + 𝑂𝐻* 	→ 𝑀 − 𝑂'/0 + 𝐻"𝑂 + 𝑒*	 Equation 12 

The third step involves the formation of an oxo-hydroxo intermediate (𝑀 − 𝑂𝑂𝐻'/0) by 
the reaction of the adsorbed oxygen atom (𝑀 − 𝑂'/0) with a free hydroxide ion from the 
solution: 

𝑀 − 𝑂'/0 + 𝑂𝐻* 	→ 𝑀 − 𝑂𝑂𝐻'/0 + 𝑒*  Equation 13 

The last step of the OER is composed of two reactions: the combination of the surface-
adsorbed oxo-hydroxo intermediate with another free hydroxide ion to finally produce 
molecular oxygen: 

𝑀 − 𝑂𝑂𝐻'/0 + 𝑂𝐻* 	→ 𝑀 − 𝑂𝑂'/0* + 𝐻"𝑂 Equation 14 

𝑀 − 𝑂𝑂'/0* 	→ 𝑀 + 𝑂" + 𝑒*  Equation 15 

Under ideal conditions with an ideal catalyst, 1.23 eV are required for the binding of the 
intermediates. Therefore, a total of 4.92 eV is required for all the four PCET steps.[27] In 
the ideal case, there are no limitations derived from kinetic hindrance originated from the 
four sequential PCET steps shown before.[49] However, in real conditions, the formation 
of all the intermediates (𝑀 − 𝑂'/0 , 𝑀 − 𝑂𝐻'/0 , 𝑀 − 𝑂𝑂𝐻'/0 , 𝑀 − 𝑂𝑂'/0* ) influence 
the kinetics of the reaction and have a limiting effect on the reaction rate. If the formation, 
adsorption or desorption of these species has unfavourable kinetics, a higher potential 
will be required to achieve the OER.[58] The formation of the 𝑀 − 𝑂𝑂𝐻'/0 intermediate 
is the rate determining reaction. 

The proposed OER mechanisms on a single-site or on two active centers differ only 
slightly from one another and include the same intermediates as (𝑀 − 𝑂'/0, 𝑀 − 𝑂𝐻'/0,) 
(see Section 7.3.1).[47,58] The main difference is the way the oxygen atoms react in the 
surface to form O2.[47] The reaction via two active centers takes place by the direct 
combination of two 𝑀 − 𝑂'/0  intermediates to form 2M and one O2 molecule (green 
route, Figure 1.4). The single-site route also includes the 𝑀 − 𝑂𝑂𝐻'/0  intermediate, 
which then forms an O2 molecule (black route, Figure 1.4).[47] The formation of the  
𝑀 − 𝑂𝑂'/0*  intermediate is rarely found in the literature, but is partly used for 
investigations into the kinetic barriers of OER.[58] Despite the differences in the 
mechanisms, there is a general agreement that in heterogeneous electrocatalysis of OER, 
the binding energies of 𝑀 − 𝑂  within the intermediates (𝑀 − 𝑂'/0 , 𝑀 − 𝑂𝐻'/0 , 
𝑀 − 𝑂𝑂𝐻'/0, 𝑀 − 𝑂𝑂'/0* ) determine the rate of the reaction.[59]  
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Figure 1.4. The OER mechanism under acidic (red line) and alkaline (blue line) conditions. The black line 
indicates that the oxygen evolution involves the formation of a peroxide (𝑀−𝑂𝑂𝐻!"#) intermediate (black 
line) while another route for direct reaction of two adjacent oxo (𝑀−𝑂!"# ) intermediates (green) to 
produce O2 is possible as well.[47] 

The formation of the 𝑀 −𝐻'/0 and 𝑀 − 𝑂𝑂𝐻'/0 intermediates during HER and OER, 
respectively, require the largest amount of energy. Consequently, they are the kinetic 
barriers and are considered as rate determining steps (RDSs).[49] The experimental 
consequence is the measurement of higher electrochemical potentials that deviate from 
the HER and OER thermodynamically required values 0 V and 1.23 V, respectively.[60] 
This results in the demand of extra energy beyond the required thermodynamic potential 
to achieve appreciable current density, causing low-energy conversion efficiency. The 
difference between the thermodynamic requirement and the applied potential is known as 
the overpotential (η).[49] The value of the OER overpotential can be larger or smaller and 
can also be changed.[49] In particular, it requires significantly more energy than the HER 
due to the larger number of intermediates involved and has a high overpotential.[49] This 
is the reason why materials with specific characteristics are required to enable the 
OER.[61] The following section addresses the key parameters used to evaluate the 
feasibility of electrocatalysts for constructing WECs. 

1.4.3. Key parameters for electrocatalytic activity evaluation 

The OER and HER catalytic performance is usually evaluated by measuring the current 
density per geometric area (j, mA cm-2) or the amount of gas generated. Although the 
reactions proceed in different electrodes, the same key experimental parameters are used 
to evaluate their overall electrocatalytic activity (see Figure 1.5). 

Normalization on the current density is done to have a fair comparison between 
electrocatalysts.[59,62,63] The geometrical surface area is the widely accepted parameter of 
normalization.[41] Despite its large use, the geometric surface area does not reflect the 
intrinsic activity of the catalysts and does not consider the catalyst loading. Most 
importantly, the geometric surface area of the substrate electrode is not equal to the real 
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surface area of the catalyst participating in catalysis. Therefore, normalization through 
the electrochemically active surface area (ECSA) has been preferred.[41,64] This parameter 
can reflect the intrinsic activity and is loading sensitive, but it is difficult to determine. 
Additionally, large experimental discrepancies have been observed between the values of 
ECSAs determined by different methods. The Brunauer-Emmett-Teller (BET) surface 
area (SBET) as also been utilized for the normalization.[41] Its ease in determination has 
prompted its use, although it must be used with care. SBET does not reflect the intrinsic 
catalytic properties because gas adsorption sites are not always electrochemically active 
and might not show the real activity of a catalyst. Finally, the normalization by catalyst 
loading (mg cm-2) is suitable to compare similar materials with different loadings.[47] 
However, it is not useful for the activity comparison of catalysts with varying particle 
size, morphology, and porosity.[41,64] 

 

Figure 1.5. Key parameters for the evaluation of the electrocatalytic activity. 

The overpotential at a certain current density is the most important indicator to evaluate 
the electrocatalytic performance. The overpotential is caused by kinetic hindrances of 
each of the reaction’s steps on the electrodes (see Section 1.4.2).[65] The overpotential 
intrinsically depends on the properties of the electrode surface or the electrode material. 
It also encloses contributions from external factors such as voltage losses from resistances 
originating in the measurement (Ohmic overpotential),[49] and mass transport 
limitations.[66] The uncompensated resistance (Ru) contributions can be eliminated by 
Ohmic drop compensation (iR-compensation). The external limitations can be easily 
minimized by stirring the electrolyte or using a highly concentrated electrolyte. The 
overpotential is usually measured at a determined current density, which is related to a 
specific rate of reaction.[49] The necessary overpotential to achieve a magnitude current 
density per geometric area of |j| = 10 mA cm−2 is specifically used for comparison 
between electrocatalysts.[67] This value is the approximate current density expected for an 
integrated solar water-splitting device under 1 sun illumination operating at 12.3 % solar-
to-hydrogen efficiency if assuming there is no loss of energy.[68]  
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The selectivity of an electrocatalyst towards HER and OER is evaluated by the Faradaic 
efficiency (FE). The FE measures the efficiency of an electrocatalyst to transfer electrons 
provided by an external circuit across the interface to the electroactive species to affect 
the electrode reactions.[49] The FE is experimentally determined by the comparison of the 
quantity of evolved gas (O2 or H2) and the calculated amount of gas produced based on 
the Faraday’s laws of electrolysis.[41] If both values agree, the catalyst shows 100 % FE 
for a specific gas evolution reaction. This means that the catalyst is highly selective for 
the electrochemical reaction and there is no contribution of a side reaction to the current 
density (see Section 7.3.10).[52] 

The stability is another essential parameter used to evaluate the materials suitability for 
practical applications. It is usually estimated by chronopotentiometric (application of a 
constant current) or chronoamperometric (application of a constant potential) 
experiments (see Section 7.3.6). The degradation of the materials is evaluated by 
analyzing the stability of the output potential or current. It has been widely adopted that 
a stable current density for more than 12 h or insignificant increase in the overpotential 
at a selected current density (e.g., 10 mA cm-2) is enough to identify highly efficient 
electrocatalysts.[49]  

The Tafel slope (b) provides important information about the kinetics, mechanisms and 
transition states of the reaction taking place.[46,47] Experimental determination of the Tafel 
slope can be done by various methods (see Section 1.4.2) and it can be used to determine 
or compare the catalytic activity. Electrocatalysts with good charge transfer ability are 
expected to show a small Tafel slope. It is important to note that the Tafel slope is only a 
quantitative characterization to reveal different kinetics and predict the mechanism of the 
electrocatalytic reaction under study (see Section 1.4.1 and 1.4.2).  

1.5. Electrocatalyst research and discovery 

In order to change the energetic paradigm towards a WEC-technology based industry, 
materials are required to efficiently catalyze the HER and OER for a long time and with 
low overpotential. Currently, WECs show an efficiency of ca. 70 % of conversion of 
electricity to H2. When this step is coupled with the opposite conversion of H2 to 
electricity through fuel cells (see Section 1.2), the efficiency drops to 40 %. In 
comparison, batteries that can store and deliver electricity with 85 % efficiency are more 
advanced.[42] 

The increase in efficiency is achieved by using electrocatalysts with low overpotential for 
water-splitting, i.e., that require low energy to catalyze the HER and, especially, the OER 
(see Section 1.4.2). The OER is kinetically more demanding, and the reduction of the 
catalytic inhibitions associated with this reaction will reduce the overpotential for the 
overall water-splitting (OWS). Additionally, electrochemical stability (not being 
corroded at high overpotential and producing constant current for a long time) and high 
activity (achieve high current density with a low potential) are characteristics required for 
a good electrocatalyst.[49,50]  
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Benchmark electrocatalysts are based on noble metals, such as IrO2 and RuO2 for OER 
and Pt for HER.[69,70] However, their high cost and scarce availability (Ru = 0.02 ppm; Ir 
= 0.001 ppm by mass of the Earth’s crust) limit their use in the large-scale application in 
industrial alkaline electrolysis.[71] Commercial use only makes sense if economic 
feasibility factors such as material costs and availability are also considered. The 
preparation of electrocatalysts with specific morphological parameters can also help to 
reduce the overpotential.[72] Among them, the surface area is a key parameter influencing 
the activity of an electrocatalyst (see Section 1.4.3). For example, an increase in the 
surface area by synthesizing porous structures or nanoparticles or the preparation of thin 
layers on inexpensive substrates can also help to increase the activity and reduce the costs 
by a larger exposure of the ECSA to the electrolyte with a lower amount of 
electrocatalyst.[73–75] Nonetheless, the use of smaller quantities of noble metal-based 
electrocatalysts is not sustainable if the objective is the broad commercial application of 
WECs.[76] It is necessary to develop accessible and inexpensive electrocatalysts with low 
overpotentials and high stability based on low-cost and environmentally benign 
components.[77,78]  

A sustainable way to achieve this is to replace noble metals with Earth-abundant 3d 
transition metals (TM) such as Mn, Fe, Co, Ni, which have been extensively researched 
in the past years.[79–81] Trasatti proposed in 1980 that the OER activity was intrinsically 
related to the enthalpy of transition from a lower to a higher oxidation state for binary 
oxides of TM.[82] The plot in Figure 1.6 shows the relation of the overpotential to the 
metal-oxygen binding energy revealing a “volcano”-like behavior. This relation was the 
first experimental manifestation of the Sabatier principle for the OER:[83] oxides which 
are oxidized with difficulty are poor catalysts due to their weak affinity for oxygen (left 
of the volcano), and conversely, oxides which are easily oxidized are also poor catalysts 
because their affinity for oxygen is too strong (right of the volcano).  

 

Figure 1.6. Experimental OER-derived plot of metal oxides relating the overpotential of binary oxides 
reported by Trasatti as function of the enthalpy of transition from a lower to a higher oxidation state (∆𝐻$%). 
Measurements in alkaline media are shown as open symbols and measurements in acidic conditions as 
filled symbols. Taken from Shao-Horn and co-workers.[76] © 2014 The Royal Society of Chemistry. 

It is important to note is that these correlations were developed without any knowledge 
of the OER mechanism, and only serve to identify properties that could function as 
predictors of the OER activity. Bockris and Otagawa[84,85] performed systematic 
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investigations of perovskite oxides to elucidate the mechanism and rationalize the 
properties affecting the OER activity. They found an inverse linear dependence of the 
current density at constant overpotential on the enthalpy of M(OH)3 hydroxide formation. 
They concluded that a common rate-determining step must be shared among the oxides, 
and is the desorption of OH-. Later, density functional theory (DFT) was used to confirm 
potentially suitable electrocatalysts by the relation of the overpotential to the adsorption 
energy of the adsorbed intermediates on the catalyst surface for OER.[86] In 2007, 
Nørskov and co-workers confirmed the “volcano” relation between the overpotential and 
the binding energy of the intermediate oxygen species (𝑂'/0, 𝑂𝑂𝐻'/0, 𝑂𝐻'/0) adsorbed 
on the catalysts for OER.[87]  

Similarly, the electrocatalytic HER activity was related to the binding energy of hydrogen 
(𝑀 −𝐻'/0) to the electrocatalyst surface.[36] The plot of the activity, measured in terms 
of the overpotential or the current density at a certain potential, versus the free energy of 
formation of the 𝑀 −𝐻'/0 intermediate (∆𝐺1∗) revealed a “volcano” like pattern (Figure 
1.7),[49,50] analogous to the overpotential-energy relation of OER electrocatalysts.  

 

Figure 1.7. Schematic representation of the relation between the HER current density of electrocatalysts 
and the binding energy of hydrogen to the surface (∆𝐺'∗) revealing a “volcano” plot. Taken from Morales-
Guio and co-workers.[88] © 2014 The Royal Society of Chemistry. 

The behavior of HER electrocatalysts follows also the Sabatier principle of balanced 
intermediate adsorption.[86] The catalytic efficiency relies on the binding energy of the 
reaction intermediate at the electrode surface.[83] A good HER catalyst should form a 
sufficiently strong bond with adsorbed hydrogen (𝑀 −𝐻'/0), but it should be also weak 
enough to assure the bond breaking and the release of the gaseous H2 product.[70] When 
the H-surface interaction is too weak, the reaction is inhibited by the formation of the 
𝑀 −𝐻'/0 intermediate. If the adsorption is too strong, the reaction is inhibited by the 
desorption of hydrogen (see Section 1.4.1).[49] Both extreme cases result in an increase in 
potential in order to effectively enable the reaction. Nørskov and co-workers[89] verified 
the adsorption energy relationship to an electrocatalyst activity through DFT calculations. 
The free energy of formation of the 𝑀 −𝐻'/0 intermediate (∆𝐺1∗) on several metallic 
surfaces was computed and related to the overpotential, and a similar “volcano” plot was 
obtained.[89]  
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Empirical and theoretical studies opened the door to a vast selection of electrocatalysts 
based on cheap and abundant TM with great electrocatalytic activities. With a few 
exceptions, DFT provided good predictions about the OER and HER activity of the 
materials.[90] However, the calculation of the “volcano plots” possess a limitation: they 
are pH-dependent, mainly for acidic electrolytes and often do not consider 
transformations on the surface of the electrocatalysts during OER and/or HER. Moreover, 
the calculated data for OER under alkaline conditions is still insufficient and sometimes 
deviates from the experimental results.[76] Further experimental research and detailed 
theoretical studies of water-splitting under alkaline conditions are therefore necessary in 
order to achieve the widespread application of alkaline water electrolyzers.  

1.5.1. Electrocatalysts for OER and HER 

Under acidic conditions, IrO2 and RuO2 are considered the most stable OER 
electrocatalysts due to their high stability and high electrical conductivity. In the case of 
HER, the most notorious representative is Pt. Acidic electrolytes are efficient for 
electrocatalytic water-splitting because they provide a high concentration of hydronium 
ions (H3O+) or H+ as reactants.[91] However, acidic electrolytes also corrode electrodes. 
For example, TMs such as Fe, Co, and Ni and their oxides dissolve very quickly or show 
only low activity under these conditions. Thus, the stability of the electrocatalysts under 
certain pH conditions determines their application.  

The re-discovery of the amorphous cobalt (oxide) phosphate (Co-Pi) by Nocera and co-
workers[92] set a milestone on the development of OER electrocatalysis at neutral 
conditions. The Co-Pi formed in situ over indium tin oxide (ITO) electrodes by 
electrodeposition (ED) in phosphate-buffered solution (pH 7) containing CoII ions. The 
high catalytic activity of Co-Pi was pH-dependent and limited to near neutral conditions. 
More importantly, the Co-Pi was characterized by a “self-repair” ability, in which CoII 
from the solution redeposited at E > 1.3 V vs. RHE, leading to long-term stability. The 
Co-Pi catalyst also showed a broad application in water-splitting using fresh, river, and 
seawater, which could reduce the overall cost of industrial-scale H2 production 
significantly.[91] Additionally, its similarity to photosystem II (PS II), the complex protein 
assembly where the transformation of the photon energy to chemical energy takes place, 
made the construction of an artificial leaf possible.[93,94] Later, Artero and co-workers 
discovered the bifunctional properties of the Co-Pi catalyst:[95] the electrodeposited 
catalyst showed high OER and HER activity and represents a benchmark material for 
OWS.  

Industrial production of H2 is done with alkaline electrolysers containing a 20-30 % KOH 
alkaline solution (see Section 1.3). Therefore, stable electrocatalysts in strong alkaline 
electrolytes are required. Even though the activity of IrO2 and RuO2 was high under 
alkaline conditions, their stability was greatly reduced.[96] Accelerated electrocatalyst 
corrosion at high potentials or mechanical degradation due to vigorous O2 evolution also 
prompted the deterioration of these materials.[97] HER kinetics are also drastically 
affected under alkaline conditions because of the lower concentration of H+ ions. The 
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Tafel slope measured for Pt electrodes in alkaline solutions is around 120 mV dec-1, which 
indicates that the Volmer or the Heyrovsky step is the RDS.[90] HER kinetics of Pt under 
alkaline conditions require a water dissociation step to generate OH- (see Section 1.4.1), 
which is not present in acidic electrolytes. The cleavage of the water O-H bond and the 
transport of OH- from the catalyst surface to the bulk of the electrolyte limited the HER 
kinetics under alkaline conditions.[90]  

These limitations opened the door to novel alternative materials with excellent 
performance solely composed of Earth-abundant materials.[90,98] The low cost materials 
based on TMs showed comparable if not even better performance than noble metals and 
revealed higher corrosion resistance and mechanical stability. This prompted their 
widespread used as electrocatalysts in alkaline water electrolysis (see Figure 1.9). TM-
based materials such as oxides,[99,100] (oxy)hydroxides, and layered double hydroxides 
(LDH)s,[27,101,102] phosphates,[61,92] borophosphates,[80] phosphites,[79] alloys,[103,104] 
intermetallics,[81,105] chalcogenides,[106,107] and pnictides[5,52,62,71,108–112] have been used. 
Especially, materials based on Ni, Co, Fe, and Mn have established themselves as 
promising candidates mainly because of their variable oxidation states, 3d electrons, and 
morphological properties.[48] 

 

Figure 1.8. TM based materials used for OER and HER electrocatalysis under alkaline conditions. 

1.5.2. Active materials for OER: electronic structure 

First-row TM oxides, especially Fe, Co, and Ni, have been the most widely reported 
catalysts for alkaline OER. Among them, Co is the most studied because of its high 
stability in alkaline electrolytes. Co oxides have been used for electrochemical water-
splitting for more than 65 years and are often characterized by a very low overpotential 
during OER catalysis.[86] CoO, spinel-type Co3O4 and CoOx are considered promising 
alternatives for Ir and Ru in the OER.[71,99] Numerous studies have been focused on the 
synthesis of active Co oxide structures and the investigation of their mechanism for the 
OER. 

Gerken and co-workers[113] used X-ray absorption spectroscopy (XAS) to reveal post-
catalytic transformation of CoOx to amorphous cobalt (oxy)hydroxide CoOx(OH)y, which 
exhibited one of the highest activities for a monometallic metal oxide or (oxy)hydroxide. 
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Recently, Hu and co-workers[114] used operando XAS and Raman spectroscopy to 
propose a new mechanism of OER on amorphous CoOx(OH)y based on the presence of 
CoIV species formed during catalysis. The presence of a high oxidation state active species 
was consistent with reports of Co3O4,[115] CoOx,[113] Co-Pi,[116] CoOOH nanosheets[117] 
and DFT calculations.[118] The proposed OER mechanism[114] under alkaline conditions 
involved two CoIII active centers, (Figure 1.9). The oxidation of the first CoIII ion is 
accompanied by two PCET (A to B, B to C). A further PCET at the OH gives the CoIV-
O.species (C to D1), which is fundamental for the following O-O bond formation. DFT 
calculation and Raman spectroscopy results proved that this species is in equilibrium with 
a bridging superoxide species D2.[114] Then, the release of O2 from D2 with a concomitant 
H2O binding (D2 to E) occurs, which is the RDS. Binding of another H2O molecule and 
a further one electron oxidation regenerates the starting state of the catalyst.[113,119] 

 

Figure 1.9. The mechanistic proposal for OER with various intermediate steps.[114] 

The anodic oxidation and transformation to amorphous phases has been also observed on 
Co-based oxides. For example, Co3O4 transformed to a less ordered β-CoOOH phase on 
the surface during OER, which is the OER active phase as determined by DFT 
calculations.[120] Co oxides are characterized by their low conductivity, which is a limiting 
factor for their electrocatalytic activity. However, it can be overcome by the preparation 
of composites with conducting carbon materials such as graphene, graphene oxide (GO) 
and carbon nanotubes (CNT)[121] or gold particles.[122] 

Recently, Ni-based materials have shown promising OER electrocatalytic activities, and 
the OER activity order of the TM compounds has been classified as Fe < Co < Ni.[123] 
Similarly to Co oxides, Ni oxides form highly active amorphous NiII(OH)2/NiIIIOOH 
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during OER.[59] The origin of the activity was related to the presence of highly oxidized 
species (NiIII), increased surface roughness, and high occurrence of oxygen vacancies in 
the structure.[124,125] Differences in activity of Ni-based materials have been also related 
to morphological characteristics. For example, Bode and co-workers[126] determined that 
poorly crystalline α-Ni(OH)2 is electrochemically oxidized to γ-NiOOH during OER. On 
the contrary, the crystalline β-Ni(OH)2 phase is oxidized to β-NiOOH, which showed the 
best OER electrocatalytic activity.  

Binary oxides of Ni and Fe are more frequently used for OER catalysis.[27,33,127] Nocera 
and co-workers showed that the systematic doping of Fe in Ni oxide modified the 
electronic structure of the Ni catalyst in favor of a better OER activity.[128] Pure Fe oxides 
have only rarely been described for OER, as they often only showed low activity 
experimentally and in theoretical calculations[82,129] due to their lower 
conductivity.[101,130,131] Under anodic potentials, Fe3O4 gradually converts into α-FeOOH, 
γ-FeOOH and γ-Fe2O3 on the surface and reach an η = 1240 mV (at 10 mA cm-2). Fe 
incorporation in Ni/Co (oxy)hydroxides is a topic of great interest due to the significant 
increase of OER activity when Fe ions were brought into the structure.  
Ni1-xFexOOH LDHs are considered the most promising Earth-abundant electrocatalysts 
for OER under alkaline conditions.[132] Fe has multiple roles in increasing the OER 
activity of NiOOH: (1) Fe enhances the electrical conductivity. (2) Fe affects the NiOOH 
electronic structure by inducing a partial-charge transfer from the NiOOH to the more-
electronegative Fe, which modifies the electronic properties of the NiIII centers.[132,133] (3) 
Fe increases the amount of surface oxygen vacancies, which enhances the OER activity.  

The high activity of TM-based materials is also related to the high degree of flexibility 
with regard to their oxidation states with redox potentials that match the energy of the 
OER. The relevance of certain oxidation states in connection to electron configuration of 
the metal atoms has been described for the oxygen evolution complex (OEC, 
CaMn4O5(H2O)4) in PS II.[25] Inspired by the exceptional activity of the CaMn4O5, 
biologically mimic Mn2O3 showed superior catalytic OER performance in comparison to 
MnO2 due to the presence of MnIII. The high-spin asymmetric occupation of the 
antibonding orbitals of MnIII (d4, 𝑡"&2 𝑒&3) resulted in a Jahn-Teller distortion with long Mn-
O bonds (see Figure 1.10). The generated disordered structures had enhanced bond 
flexibility and improved the water oxidation activity.[134] 

 

Figure 1.10. Electron configuration of high-spin MnIII (d4, 𝑡()* 𝑒)+) and Jahn-Teller distortion of MnIII.[135] 
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The degenerate high-spin electron configuration has been also observed on active OER 
perovskites where the effect of the electronic structure on the OER electrocatalytic 
activity has been established.[33,59] Perovskites are mixed TM oxides of general formula 
ABO3 in which A is a lanthanide, alkaline or alkaline earth element cation and B is a TM 
surrounded by 6 O atoms forming a BO6 octahedron (Figure 1.11a). The perovskite 
electronic properties arise solely from the BO6 octahedron. The orbitals of B are 
hybridized. The five d orbitals of the TM split into two groups whose energies depend on 
their orientations and hybridization with the O 2p orbitals (Figure 1.11b). The 𝑑4, and 
𝑑,,*5, orbitals of the metal have a strong overlap with the O 2p orbitals. Consequently, 
the energy of an electron in these orbitals will be higher and corresponding to σ-bonding 
and σ*-antibonding states (eg). In contrast, the 𝑑,5, 𝑑54, and 𝑑,4 orbitals have weaker 
spatial overlap with the O 2p orbitals. The energy of an electron in these orbitals is lower 
and constitute the π-bonding and π*-antibonding states (t2g) (Figure 1.11b). 

 

Figure 1.11. Sketch of basic ABO3 perovskite oxide structure and electronic configuration. Adaptation 
from Fabbri and co-workers.[59] © 2015 The Royal Society of Chemistry. 

Matsumoto and co-workers[136] first reported the correlation between number of electrons 
(oxidation state) and spin state (orbital filling) of the B atom is important to rationalize 
the differences in catalytic activity. The OER activity follows a volcano relationship with 
the occupancy of the eg electronic state. The number of electrons in the σ* state (eg) 
determines the metal–oxygen bond strength, which resulted in the modulation of the OER 
overpotential in accordance with the Sabatier principle (see Section 1.5). Perovskites and 
oxides that have low eg occupancy (eg < 1) bind to oxygen too strongly, while oxides that 
have high eg occupancy (eg > 1) bind oxygen weaker. This model assumes that the σ-
interaction of oxygen with the eg states dominates over the weaker π-interaction of the t2g 
states. The presence of unpaired electrons on the σ*-orbital (eg) enhances the electron 
transfer between OH- and the electrode surface, promoting the water oxidation. In 
addition, Shao-Horn and co-workers demonstrated that 3d TM-based electrocatalysts 
exhibit a higher electrocatalytic activity when the eg orbital occupancy of surface TM 
cations is close to unity due to the increased covalence of TM–oxygen bonds.[137] 
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The observations of the relation of OER activity and oxidation state and spin state (orbital 
filling) can also be applied to other TM oxides, independent of their crystalline structure. 
TM sites (Co, Ni and Fe) with high valence states (III, IV) can accelerate the reaction 
kinetics to offer highly intrinsic activity.[138] These species have been shown fundamental 
to the mechanism of the OER (see Figure 1.9) due to the presence of unpaired electrons 
in the σ*-orbital (eg) which enhance the elector transfer and promote the water oxidation. 
Grimaud and co-workers[139] established a correlation between the oxidation state and 
coordination sphere at the metal atom to the OER electrocatalytic activity in pure and 
mixed Co oxides. The high OER activity of Sr4Mn2CoO9, Sr6Co5O15, and LaCoO3 was 
related to the intermediate spin CoIII (d6) state, which has an unpaired electron in the 
degenerate eg orbitals (see Figure 1.12).[139] Perovskites (LiCo2O4, LaCoO3)[140] 
containing CoIII (d6, 𝑡"&2 𝑒&3) have been investigated by Raman spectroscopy and a facile 
oxidation of CoIII to CoIV was observed, where the single electron in the Jahn-Teller 
distorted 𝑒&3 orbital was easily available for catalysis.  

 

Figure 1.12. Potential TM 3d (eg and t2g) electron configuration of highly oxidized FeIII, CoIII and NiIII.[76] 

The CoIII can be easily oxidized to a high spin or low spin-CoIV during the OER. In 
comparison, the combination of high spin CoII in tetrahedral configuration (𝑡"2) and low 
spin CoIII in octahedral configuration (0 electron in the eg orbitals) in Co3O4 resulted in 
the lowest OER activity of the Co oxides measured in this study.[139] Similarly, the single 
occupied eg orbital of low-spin NiIII (d7, 𝑡"&6 𝑒&3) is the optimal electronic configuration for 
OER.[141] The unpaired electron can enhance the electron transfer and promote water 
oxidation.[142,143] The lower activity of Fe-based materials (see discussion above) can also 
be rationalized in terms of the orbital filling. The eg orbitals in the high spin electronic 
configuration of FeIII (d5, 𝑡"&2 𝑒&") are completely occupied, which limits the binding of the 
oxygen intermediate species and, consequently, the water oxidation.[144] However, other 
Fe electronic configurations are beneficial for the OER. For example, low spin FeIII in the 
octahedral configuration (d5, t"78 e7 ) has empty eg orbitals. A Jahn Teller distortion occurs 
in this species, which stabilizes the t2g orbitals and show a single occupied 𝑑4, orbital, 
which is available for oxygen binding. Similarly, FeIII in the tetrahedral (d5, e!t"3 ) 
configuration also shows the t2 orbital occupied by a single electron.  
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1.5.3. TM phosphides 

In water-splitting electrocatalysis, electrical conductivity is often ascribed to play an 
important role for good activity.[38] In this context, TM pnictides, in particular nitrides 
(TM-Ns) and phosphides (TM-Ps) and in a less extent arsenides (TM-As), have shown 
very good electrical properties. Moreover, their high surface area, porosity, resistance to 
harsh electrolyte environments are attractive characteristics towards OER and HER 
electrocatalysis.[27,47,145,146] 

The variety of compositions of TM-Ps is the origin of the diverse crystal structures and 
bonding in these materials, which affect their properties, such as electrical 
conductivity.[69] TM-Ps can be metallic, ionic or covalent. Metallic bonding is observed 
in metal-rich (MxPy, x > y) or stoichiometric (MxPy, x = y) TM-Ps. The high strength of 
M-P bonds and high metallic content are responsible for the high thermal stability and 
hardness, resistance to oxidation and chemical attack.[69] On the contrary, phosphorus-
rich TM-Ps (MxPy, y > x) have significant P-P bonding and, consequently, their 
characteristics are completely different from the metal-rich or stoichiometric phases: they 
show lower thermal stability, higher reactivity and “softer” materials properties.[69] There 
is a direct connection between the electrical conductivity and the phosphorus content. For 
example, an increasing phosphorus content in Ni12P5 (29 %) < Ni2P (33 %) < Ni5P4 
(44 %), resulted in the increase of the metallic character and conductivity, and 
consequently, in the OER and HER activities.[147] 

TM-Ps were initially used as high performance catalysts for hydrodesulfurization (HDS), 
a catalytic process used to remove sulfur impurities from hydrocarbon fuels.[71] The 
similarity of the HER and HDS mechanisms by a reversible and dissociative binding of 
H2 molecules on the surface of the catalyst is the reason behind the good activity of 
catalysts for both reactions. Electronegative phosphorus atoms can trap H+ to promote H2 
liberation and also act as a base to withdraw electron density from the metals, which can 
behave as a hydride acceptor and promote HER.[148]  

The HER electrocatalytic activity and transformation of Ni and Co phosphides has been 
studied under alkaline[69] and acidic conditions.[149] For example, Ni2P nanoparticles were 
an effective HER catalyst in acidic media (120 mV, 10 mA cm-2) due to the exposed high 
density of Ni2P(001) surface, which had been theoretically predicted as active for the 
HER.[150] Ni5P4 showed high activity and stability for HER under alkaline conditions and 
post-catalytic characterization studies demonstrated the formation of a protective layer of 
NiII(PO4)x that prevented its dissolution and deactivation.[151] The metallic character of 
the remaining TM-Ps core accelerated the charge transfer from the active catalyst surface 
to the electrode substrate to accomplish efficient electrocatalysis. Co2P has also been 
identified as an active HER electrocatalyst,[152] because of the advantageous Co-P 
bonding, which favors the exposure of abundant active sites during HER.[153]  

In 1989, Kupka and Budniok reported for the first time the use of amorphous and 
crystalline Ni-Co-P for OER electrocatalysis.[154] Almost 20 years later, in 2015 Yoo and 
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co-workers[155] and Yang and co-workers[156] independently investigated the 
electrocatalytic performance of CoP for OER in alkaline electrolyte. Soon after, mono-
metallic TM-Ps of Co, Fe, Ni, Mo, W and Cu showed promising OER activities.[157–160] 
Detailed post-catalytic studies determined the changes occurring during OER 
electrocatalysis under alkaline conditions.[161,162] Yoo and co-workers[26] used X-ray 
photoelectron spectroscopy (XPS) and X-ray absorption near-edge structure spectroscopy 
(XANES) to perform post-catalytic characterization of CoP catalyst. They observed the 
leaching of P on the surface and formation of a layer with a porous, amorphous, and 
nanoweb-like dispersed morphology, which was ascribed to amorphous CoOx(OH)y, as a 
result of the dissolution of P in the electrolyte. The oxidation of TM-P started at the 
particle surface, where a thick over layer is formed, but could go beyond the particle 
surface depending on the size and morphology of the nanostructures.[163] The synergistic 
interaction between the (oxy)hydroxide shell and the remaining TM-P core explains the 
unique activity of these materials in comparison to the purely oxidic phases. The resulting 
core-shell is beneficial for the electrocatalytic activity. The shell contains high valent 
metal species that are the OER active sites.[26,155] The TM-P core, due to its metallic 
character, is an effective electron pathway that facilitates charge transfer.[164]  

Similar transformations during alkaline OER and HER have been observed with Ni 
phosphides. Hu and co-workers[161] used Ni2P nanoparticles (NPs) for OER under 
alkaline conditions, during which the amorphous NiOx was the active catalyst. A core 
shell structure appeared during catalysis as demonstrated by transmission electron 
microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX) (see Figure 1.13).  

 

Figure 1.13. (a) TEM showing the formation during OER of a core-shell structure of Ni2P surrounded by 
NiOx, as confirmed by the EDX mapping of (b) Ni, (c) O and (s) P. Combined elemental mapping is shown 
on (e). Adapted from Hu and co-workers.[161] © 2015 The Royal Society of Chemistry. 

Ni phosphide phases of different stoichiometry have also shown impressive activities for 
the OER and HER. Menezes and co-workers[26] compared the activity of Ni2P and Ni12P5 
for OER and HER under alkaline conditions. Both materials underwent surface 
passivation forming NiII(PO4)x and NiIIIOx(OH)y phases because of contact with alkaline 
solution. During OER, the phosphorus leached out of the structure and formed the OER 
active phase, an amorphous NiIIIOx(OH)y shell that is formed around the Ni phosphide 
metallic core. During HER, a larger concentration of phosphide/phosphate species was 
found in the shell, which increased the created negative charge to trap H+.[26] Similar 
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conclusions with other Ni phosphide phases have been observed Kucernak and co-
workers, while studying the HER activity of Ni2P5 and Ni2P.[165]  

The activities of Fe phosphide materials are less if compared to the Ni and Co analogues, 
but FeP[111,147] and Fe2P[166] phases have also shown very good OER activity. Pure 
crystalline FeP has shown OER activity (350 mV at 10 mA cm-2) and very good long-
term stability under OER conditions (48 h).[157] Most importantly, Fe phosphides have 
also attracted attention as HER electrocatalysts because of their structural similarities 
with the active metal centers in hydrogenases. FeP, Fe2P and FeP2 are active for HER 
under diverse pH conditions, but their efficiencies are lower if compared to TM-Ps.[69] 
Tian and co-workers[167] uncovered the HER high activity of FeP (154 mV, 10 mA cm-2) 
and related it to the reduced surface-charge-transfer resistance in the HER process and 
increase in surface area. Other phases of Fe phosphide, like Fe2P3 have also received great 
attention for electrocatalytic applications. Menezes and co-workers[111] recently used 
molecularly-derived Fe2P3 for OER (η = 227 mV, 10 mA cm-2) and HER (166 mV, 10 
mA cm-2) under alkaline conditions. The high OER activity was related to the significant 
P leaching that created defect-structures with anionic vacancies on a Fe-rich 
FeII(OH)2/FeIIIOOH shell over the structure. During HER, the electronegative P atoms 
withdraw electron density from the Fe acting as a based to trap H+, and Fe acted as a 
hydride acceptor. Moreover, the remaining FeP core enhanced the charge transfer and 
executed efficient electrocatalysis.  

The anodic transformation of TM-Ps during OER electrocatalysis can be explained 
through the Pourbaix diagrams,[51] which are plots of equilibrium potential vs. pH (E-pH) 
that determine at which condition corrosion and passivation under aqueous environments 
occur, but without considering the reaction kinetics (Experimental Section, see Figure 
7.14). Corrosion occurs when the dissolution of TM species is favored, and passivation 
when a layer of M(OH)x or MOx(OH)y forms over the metal, protecting it from 
dissolution. The behavior of the metals depends on the pH. Under acidic conditions, 
soluble metal ions FeIII, CoII/III, and NiII are favorably formed beyond the OER potential. 
At this pH, corrosion of the TM-Ps occurs. In neutral or alkaline conditions, MOx(OH)y 
are preferably formed beyond the OER potential. Phosphorus is favorably transformed to 
soluble species under potentials higher than that of the OER over a wide pH range. 
Therefore, the leaching of phosphorus and the oxidation of TM to form MOx(OH)y when 
a high potential is applied, is the driving force for the phase transformation during OER.  

Continuous efforts have been done to increase the electrocatalytic performance of TM-
Ps for OER and HER by several optimization strategies (see Figure 1.14). Morphology 
and crystallinity have a key role in the electrocatalytic activity.[69] For example, a 
comparison between nanoparticles and rods or wire-like structures of TM-Ps, have shown 
the former to have superior charge transfer abilities.[168] Moreover, amorphous Ni-P 
shown superior HER activity under alkaline conditions with minimal dissolution of Ni 
and P, in comparison to its crystalline counterpart Ni2P.[169] Carenco and co-workers[170] 
prepared amorphous FexP and crystalline FeP and Fe2P, and demonstrated the superior 
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activity of the amorphous phase (230 mV, 10 mA cm-2) in comparison to the crystalline 
phases (FeP, 330 mV; Fe2P, 380 mV, both at 10 mA cm-2). Differences in porosity and 
surface area are also important to consider, as porous materials have wider exposed area, 
which benefits the mass/charge transport and the electrocatalytic activity. For example, 
various porous Co phosphide materials with 3D structures (polyhedra, nanoflowers) have 
been created for this aim.[171–173] Porous urchin-like Ni2P superstructures were reported 
as efficient electrocatalysts for HER under alkaline conditions due to the hierarchically 
microporous superstructure which provided a high ECSA.[174]  

 

Figure 1.14. Optimization strategies to increase the electrocatalytic performance of TM-Ps. 

The heterobimetallic structures tailor the electronics structures of TM-Ps to achieve 
highly active OER and HER catalytic performance.[163] The introduction of secondary 
metal atoms with similar electronic configuration into the crystal lattice can substantially 
improve the electrocatalytic activity of TM-Ps.[163] For example, heterobimetallic 
phosphides (FeNiP, NiCoP, FeCoP) had improved HER activity and stability compared 
to the monometallic phases.[175] Yu and co-workers obtained a series of Ni1-xCoxP 
catalysts with different Ni/Co ratios, and related the high OER activity to the increasing 
Co content.[176] CoMnP has shown superior OER activity under alkaline conditions in 
comparison to pure Co2P and MnP.[177] Heteroatom doping also modifies the electronic 
structure of TM-Ps. Dinh and co-workers[178] recently reported the doping of vanadium 
into Ni2P nanospheres (V-Ni2P), which showed an improvement in the OER activity due 
to the reduction of the charge transfer resistance (Rct), which promoted the 
electroconductivity and enhancement of the ECSA. DFT calculations suggested that the 
Ni-V electron deficient centers conduct the Ni sites to be more active for OH- adsorption. 
Fe doping has also found to enhance the electrical conductivity and, in consequence, the 
catalytic activity. Fe-doped Co2P (Co(2-x)FexP) was observed to be more efficient than 
Co2P, Fe2P, the corresponding ternary oxides.[179] A similar OER activity enhancement 
was observed in Fe-doped Ni2P.[180] Experimental and DFT calculations have also proved 
that Fe doping is beneficial for HER. For example, Fe-doping also benefited the HER 
activity of Ni2P nanosheets, due to an increase in the ECSA and decrease in the charge 
transfer resistance compared with the undoped phase.[181] DFT calculations of the 
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hydrogen adsorption free energy (ΔGH) predicted that Fe0.5Co0.5P is the best 
electrocatalyst for HER and is superior to the one of the monometallic phosphides.[182]  

The formation of heterostructures of TM-Ps with secondary TM-Ps and/or TMX phases 
(X = S, Se, C, N, etc.) boosts the OER and HER catalytic performance, due to 
modification of the electronic structure and increase in the electrical conductivity.[163] For 
example, the hybrid structure composed of porous Ni2P skeletons covered with vertically 
aligned Ni5P4-NiP2 nanosheets transformed into a Ni-P/NiO(Ni(OH)x) heterojunction 
which enhanced the OER performance due to the synergistic effect of the interfaces.[175] 
DFT calculations on Ni2P-Ni3S2 heterostructures showed that the strong coupling 
interaction between the components resulted in lower H2O adsorption energy and low 
overpotential (210 mV, 10 mA cm-2) compared to the value for the pure separated 
components.[183] Similarly, Ni2P-Ni5P14 hybrid nanosheets[175] had improved HER 
activity and stability compared to the monometallic phases. Mixed sulfur-doped Mo 
phosphide and Co phosphide have been found to produce excellent HER performance, 
due to the small particle size, improved charge transfer, and enhanced intrinsic 
activity.[184,185] Hybrid structures of amorphous nickel phosphide (Ni-P) with amorphous 
nickel cobalt phosphate (NiCo-Pi) afforded a very low overpotential (73 mV,  
10 mA cm-2). The Ni-P phases provided an active surface area, and the P atoms modulated 
the electronic structure of NiCo-Pi, which increased the HER activity.[186] 

The preparation of TM-P/carbon composites can improve the electrical conductivity and 
provide enhanced surface area.[164] Han and co-workers,[187] obtained FeP@C and 
MoP@C hybrid OER electrocatalysts. Zhang and co-workers[188] prepared 
homogeneously distributed CoP on N-doped carbon. The direct incorporation of TM-Ps 
into carbon nanostructures such as reduced graphene oxide (rGO) or CNTs also proved 
to be beneficial for the OER and HER activity. The FeP-rGO@Au composite reached an 
η = 260 mV (10 mA cm-2) which was lower compared to the pristine sample FeP@Au  
(η = 320 mV, 10 mA cm-2).[189] Active site exposure and dispersion, and charge transfer 
increased by the deposition CoP from Co3O4 nanocrystals on CNT,[190] ultrafine CoP 
nanoparticles supported on CNTs,[191] CoP2 nanoparticles on rGO sheets,[192] Ni2P/CoN 
hybridized with N-doped porous carbon polyhedrons (PCP).[193]  

1.5.4. TM arsenides 

TM arsenides (TM-As) are an important class of materials which exhibit unique 
electronic, semiconducting, optical, and magnetic properties.[194–198] Binary TM-As are 
formed by a TM atom in MIII oxidation state combined with As atom in As-III oxidation 
state. A special feature in binary TM-As is the presence of polyanionic As-As bonds and 
polycationic M-M bonds in their structures (see Figure 1.15).[199]  
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Figure 1.15. (a) CoAs3 (Im3*), (b) Ni3As (P63/mmc), showing polyanionic As-As bonds and polycationic 
M-M bonds are observed in the structures. 

The most recent investigations have focused on main group metal arsenides like GaAs 
and InAs because of their potential replacement to Si in electronic, optoelectronic, and 
photovoltaic applications.[200] However, recent attention has been placed in other 
materials such as FeAs and CoAs, due to their applications as semiconductors, anode 
materials for Li-ion batteries and magnets.[201] Ferromagnetic TM-As like CrAs and 
MnAs are also important in the field of the spintronics, as they convert magnetic energy 
into electrical energy when used as components of circuits.[201]  

Despite the diverse uses of TM-As, seldom applications in electrocatalytic alkaline water-
splitting have been done due to the toxic nature of As.[202] The investigations by 
Schumann and co-workers on NiAs[203] and CoAs[204] remains as the sole examples of 
TM-As for alkaline OER electrocatalysis. NiAs and CoAs were synthesized by a high 
temperature solid state approach and then used for alkaline OER. Post-catalytic 
examinations showed an analogous process to observe with TM-Ps during alkaline OER 
electrocatalysis. As was oxidized and consequently dissolved into the electrolyte as 
arsenate [AsO4]3- ions. The loss of As produced a shell composed of MIIIOx(OH)y 
surrounding the metallic-character conductive TM-As core. Selective dissolution of As 
led to the creation of pores and increased accessibility of the active sites with respect to 
the host metal.[202] The presence of only two examples TM-As for OER makes imperative 
their further investigation in electrocatalysis. Nevertheless, the high toxicity of As 
towards humans, animals, and the environment limit their use in large-scale alkaline water 
electrolysis.[205] 

TM-As have been less explored for HER in comparison to TM-Ps. Recently, Jaramillo 
and co-workers[206] investigated CoAs, MoAs and Cu3As for HER electrocatalysis under 
acidic conditions. The HER activity was related to the computationally calculated binding 
free energy of hydrogen (ΔGH). CoAs bonded hydrogen too strongly, while MoAs had a 
moderate binding energy, which is optimized for the HER activity (see Figure 1.16).  
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Figure 1.16. (a) HER volcano plot for TM-As explored by Jaramillo and co-workers[206] which plots the 
overpotential for HER (at -10 mA cm-2) as a function of the calculated binding energy of hydrogen on the 
catalyst surface (ΔGH). Taken from Jaramillo and co-workers[206] ® American Chemical Society 2019 

The HER also benefited from the conductive MoAs core. Therefore, MoAs showed the 
lowest overpotential among the materials (η =303 mV, 10 mA cm-2). Cu3As exhibited a 
larger overpotential due to the weak hydrogen binding energy. Nonetheless, post-
catalysis characterization was not reported, and this investigation remains as the sole 
example of TM-As for HER in the literature. 

1.5.5. The single-source precursor (SSP) approach: molecules to materials  

The commonly applied synthetic routes to prepare TM electrocatalysts based on 
conventional solid-state syntheses often require highly reactive and pyrophoric reagents 
or high-temperatures leading to a random distribution of aggregates, an infinite number 
of nanostructures, small surface area, and unspecific morphology.[69,106] Solvothermal 
methods are an effective pathway to synthesize nanostructured materials. The formation 
of nanostructured electrocatalysts in turn allows access to surface atoms on the catalyst, 
which is so crucial for heterogeneous catalysis.  

The controlled decomposition of organometallic single-source precursors (SSPs) at the 
low-temperature (< 300 °C) affords high surface area amorphous and crystalline 
nanostructures.[106,111,207,208] These precursors already contain all the required elements of 
the target material in a preorganized form by the ligands of the molecule.[207] The 
conceptual novelty of this method relies on the decrease of the activation barrier for the 
nucleation of the solid phase through the metal-metal (M-M) or metal-ligand bonds in the 
molecular precursor, thus significantly lowering the operation temperature (see Figure 
1.17).[207,209] Therefore, the molecular structure of the precursor is defined according to 
the desirable structural and bonding features of the final material. The selected ligands 
stabilize the metallic center and contain the non-metal element (N, P, As, O, S, Se, Te) 
and can be quickly eliminated upon heating.[62,207]  
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Figure 1.17 Schematic representation of the SSP approach using a molecular precursor containing the 
elements of interest (A and B) and the generation of the electrocatalyst by the removal of the ligand (L). 

Additionally, the SSP approach allows the access to metastable or unusual phases that 
would not be accessible by conventional means.[207] Solid state syntheses of inorganic 
materials typically proceed under thermodynamic control, i.e. the most 
thermodynamically stable phase under the growth conditions is formed. The use of SSP 
can be used to achieve metastable phases by kinetic trapping or to access phases only 
available at low temperatures and not obtained by the typical solid-state approaches.  

The origin of the SSP approach was found during the preparation of materials through 
chemical vapor deposition (CVD) of liquid precursors.[210] Manasevit and 
Simpsonto[211,212] were the first to successfully employ the CVD to prepare 
semiconductors (GaAs) from molecular precursors containing the pre-existent strong σ 
bond between Ga and As (R2GaAsR2’)n (n = 1, 2, 3, etc.) or Ga(AsR2)3.[213] The 
volatilization at intermediate temperature (< 200 °C), followed by decomposition at high 
temperature produced thin films of the desired materials.[214] The SSP approach afforded 
better stoichiometric control and uniform size distribution in comparison to the traditional 
two-component synthetic methods.[213,215] Later, TM nitrides were also prepared from 
volatile complexes with amido (NR2), imido (NR) and amine (NR3) ligands, in which the 
metal-nitrogen interactions remained intact during the precursor decomposition.[216] CVD 
of oxido and N-containing ligand complexes (amino, amido, and imido) was then used to 
prepare oxide ceramics with applications in the field of superconductors, dielectrics and 
electron-optics.[210] CVD was also employed to access TM chalcogenides such as 
FeSe[217], Bi2Se3[218] and SnS[219] and MgTi2O5 thin films.[220]  

The thermal decomposition of SSP at elevated temperatures produces the loss or 
decomposition of any organic components to form the desired material and allows the 
retention of the elemental composition. The release of gaseous organic products during 
thermolysis influences the particle size and porosity of the produced material. A higher 
organic content in precursors allows a greater porosity and smaller particle sizes in their 
decomposition products, attributed to a greater gas escape during thermolysis.[214] 
However, high organic content can also lead to undesired carbon impurities (5-10 %) or 
even the reduction of metals.  

Calcination has been used extensively for the preparation of TM oxides from SSPs heated 
under air or O2, [214,221] such as TM oxides as Co- and Mn-doped ZnO.[222] The pyrolysis 
or heating under inert atmosphere of molecular compounds[221] has achieved diverse 
materials such as mixed phase Ni2P/Ni12P5 NPs,[223] Co-P crystalline phases,[224] SnS and 
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SnSe,[219] and Fe3C.[225] TM chalcogenides, CoS and CoSe, have been also prepared by 
the thermal decomposition of molecular precursors.[226]  

Hydrothermal synthesis has also been employed to access highly crystalline single-phase 
nanomaterials from SSPs.[62,207] The hydrothermal process uses water in sealed steel 
pressure vessels with Teflon liners which are then heated (> 100 °C) in order to reach the 
pressure of vapor saturation and to develop autogenous pressure in the closed system. 
The hydrothermal route has been utilized to synthetize TM pnictides,[181,227,228] TM 
oxides,[229,230] TM phosphates,[231] and TM chalcogenides.[232,233] 

CVD and thermolysis processes are comparatively limited with regard to the mobility of 
the crystallization nuclei that precede the phases that are formed. However, this does not 
occur in liquid phases. Therefore, the SSPs approach has also been successfully 
implemented in solvothermal processes. Solvothermal routes have been used to prepare 
colloidal nanomaterials like nanoclusters, nanocrystals or quantum dots (QD) from SSP. 
The “hot-injection” of organometallic compounds in coordinating solvents at elevated 
temperature (200-300 °C) is very effective in synthesizing high-quality nanocrystals with 
good crystallinity and narrow size distributions (see Figure 1.18). The rapid injection of 
SSPs into hot organic solvent can trigger a short burst of nucleation, and subsequent 
growth by aging can achieve this goal.  

 

Figure 1.18. Schematic representation of the hot-injection of a molecular precursor containing the elements 
of interest (A and B) and the generation of the material in the hot coordinating solvent by nucleation and 
subsequent growth. 

The hot-injection was first used in 1993 by Bawendi and co-workers[234] to prepare high-
quality nanometer sized QDs of CdS, CdSe and CdTe by controlled solution phase 
nucleation and growth, starting from Me2Cd and (TMS)2E (TMS = Me3Si, E = S, Se, Te) 
reaction in TOP or TOPO at 290-320 °C. The solvent properties and reaction parameters 
(i.e. ratios of starting reagents, reaction temperature, reaction time, aging period) control 
the reactivity, shape, size, morphology, dispersity and crystallinity of the final 
material.[214] Therefore, the morphology of the hot-injection-derived nanostructures is 
very diverse, including nanoparticles, nanospheres, nanorods and nanoplates. The 
colloidal synthesis using SSP was later developed to access other materials such as 
monometallic and heterobimetallic TM oxides.[214,235,236] For example, the hot-injection 
of heterobimetallic Co4-xZnxO4 (x =1-3) achieved a unique cobalt-substituted crystalline 
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zinc oxide (Co:ZnO) that was used as stable electrocatalyst for water oxidation.[237] SSP-
derived materials have been utilized in different energy-related applications as 
photocatalysts, co-catalysts and electrocatalysts for OER, HER, and OWS (see Figure 
1.19).[238–240]  

 

Figure 1.19. Molecular precursors employed to prepare (a) Mn3N2, (b) FeP, (c) Cu9S5 and (d) FeSe2. 

TM pnictides have been prepared by the SSP-approach.[241,242] Recently, crystalline 
Mn3N2 was prepared by the annealing of manganocene ((C6H5)2Mn, Figure 1.19a) under 
a constant NH3 flow.[208] The crystalline phase showed active and durable electrocatalytic 
activity for the OER under alkaline conditions.[208] Active OER and HER FeP 
nanoparticles were prepared by the hot-injection of a molecular complex bearing 
β-Diketiminato ligand (L = CH(CRNAr)2 with R = alkyl and Ar = aryl) with a [2Fe-3P] 
core (Figure 1.19b).[111] Molecularly-derived TM chalcogenides are also known as 
efficient electrocatalysts for water-splitting.[106] For example, the hot-injection of a 
[{(PyHS)2CuI(PyHS)}2](OTf)2 molecular precursor (Figure 1.19c) resulted in crystalline 
Cu9S5 phase. It was used as an efficient OER electrocatalyst and showed better activities 
than the previously reported Cu2S and CuS phases.[243] FeSe2 electrocatalysts was also 
accessed from a molecular precursor bearing β-Diketiminato ligands (L = 
CH(CRNC6H4Et2)2 with R = alkyl) which stabilized the [2Fe-2Se] cluster (Figure 
1.19d).[106] The prepared material was favorable in OER and HER electrocatalysis, 
showing remarkable activity. TM carbides,[225] intermetallics,[209] perovskites,[244] have 
been also prepared by the hot-injection.  
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2. Motivation and Objectives 

The development of efficient electrocatalysts for OER and HER requires a profound 
understanding of the catalytic processes at atomic level. The design of materials with 
specific conductivity, morphology, and composition constitutes the base to improve the 
catalytic activity and stability of electrocatalysts. For example, TM-Ps and TM-As have 
a high active surface area and high electrical conductivity, which are fundamental to 
provide a large quantity of active sites and promote the fast electron transfer, respectively 
(see Section 1.5.3 and 1.5.4).  

A targeted design of structures and morphology based on the rational decomposition of 
SSPs enables an efficient catalytic reaction and the reduction of the kinetic barriers in 
favor of higher catalyst activity and stability. Therefore, the SSP approach will be used 
to access these phases and study how their specific characteristics influence their OER, 
HER, and OWS electrocatalytic activity. Phosphides and arsenides of Co, Fe, and Ni will 
be studied, because of the high degree of flexibility of these elements with regard to their 
oxidation states and with redox potentials that match the energy of the OER and HER. 
Their oxidized species (FeIII, CoIII, NiIII) have been determined to adopt an energetically 
favored configuration, which enhance the electron transfer and facilitates the formation 
of O-O bonds. The necessary work is represented schematically on Figure 2.1. 

 

Figure 2.1. Step-by-step achieved during this investigation. 

The first objective of this thesis is to stablish the effect of the morphology in the 
electrocatalytic activity. Amorphous materials have shown larger activity in comparison 
to their crystalline counterparts. Therefore, the SSP methodology will be used to access 
amorphous and crystalline CoP by the hot-injection and pyrolysis of a β-Diketiminato 
[2Co-4P] molecular precursor. The synthesized materials will be explored for 
electrocatalytic OER and HER. The transformation of the prepared TM-Ps after catalysis 
will be studied to determine the nature of the active species and derive a possible 
mechanism for the catalytic reactions. In addition, the influence of the physical and 
structural properties in the activity, the identity of the phases and the active species 
generated during OER and HER will be investigated. Finally, the suitability of the phases 

Elucidation of structure-catalytic activity

In situ and post-operando characterization

Electrocatalytic measurements for OER, HER, and overall water-splitting

Preparation and characterization of the electrocatalysts through SSP 
approach

Design and synthesis of Fe, Co, and Ni molecular precursors
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for long-term overall water–splitting will be carried out by the construction of a two-
electrode alkaline electrolyser. 

The second objective is the preparation of iron arsenide (FeAs) and its study for OER 
electrocatalysis. FeAs has attracted recent attention due to their unconventional 
superconductivity.[194–198] The unique properties of this material could be beneficial for 
the catalytic processes, but the investigation of TM-As as OER electro(pre)catalysts 
remains scarce. Nanostructured FeAs will be accessed from the hot-injection of new 
molecular β-Diketiminato-stabilized [2Fe-2As] cluster. The OER catalysis will be 
studied, and the activity compared to benchmark Fe-containing reference materials 
(FeOOH, Fe(OH)3 and Fe2O3). Of special interest is the active structure generated during 
the OER transformation of FeAs by the leaching of the As that will be clarified by ex-situ 
characterizations, as well as quasi in situ spectroscopy. Most importantly, the possible 
recovery of the dissolved As will be studied to determine the feasibility of FeAs in large 
industrial application. Finally, the new opportunities for the molecularly-derived 
nanostructured FeAs will be discussed. 

The third objective will be the examination of the effect of the pnictogen element on the 
catalytic activity of TM-Ps and TM-As and generation of the morphology and activity of 
the derived (oxy)hydroxide phase. Salts of 2-arsaethynolate and 2-phosphaethynolate 
anions (ECO)- (E = As, P) will be utilized as robust sources of monoanionic phosphorus 
(P-) and arsenic (As-). Based on this, amorphous NiP and NiAs with similar morphology 
and equal stoichiometry will be prepared by the salt-metathesis reaction of NaAsCO and 
NaPCO with accessible NiBr2(thf)1.5 complex via CO release. The prepared materials will 
be explored for OER electrocatalysis under alkaline conditions and compared with state-
of-the-art electrocatalysts. Post-operando investigations by ex-situ characterizations, as 
well as quasi in situ spectroscopy will reveal the structural and electronic properties of 
the materials and the effect of the pnictogen element. Finally, a possible OER mechanism 
will be determined based on the identity of the generated phases and active species.  
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3. Synthesis, characterization, and electrochemical behavior of cobalt phosphide 
(CoP) 

DFT calculations and electrochemical measurements have demonstrated that highly 
conductive materials show exceptional electrocatalytic activities, due to the rapid electron 
transfer.[245,246] Amorphous materials have generally shown better electrocatalytic activity 
in comparison to the crystalline counterparts, due the larger ECSA.[247] This chapter 
describes a systematic comparison of the transformation of SSP-derived amorphous and 
crystalline cobalt phosphide (CoP) during OER and HER. Of special importance is the 
relation of the activity to the initial crystallinity and the extension of the transformation, 
partially or completely, into amorphous phases during catalysis.  

3.1. Introduction 

The structural difference between amorphous and crystalline materials influencing the net 
catalytic activity has been ascribed to several reasons.[100] Amorphous materials often 
show a larger flexibility, which allows self-regulation according to the electrocatalytic 
conditions.[248,249] A structural reorganization occurs in amorphous materials when 
catalytically highly active crystallographic phases are generated in situ.[247,248] 
Amorphous materials have abundant defect structures that result in a larger ECSA and 
unusual enhanced electrocatalytic activity.[247,250] This difference is also related to their 
porous nature, which increases the diffusion of the electrolyte into the inner parts of the 
material, providing larger electrolyte-electrocatalyst interface (see Figure 3.1). 

 

Figure 3.1. Schematic representation of OER electrocatalysis in an amorphous material and advantages for 
catalysis. 

Amorphous materials have been used as OER and HER electrocatalysts since the late 
1980s and early 1990s. The first studies by Kreysa and Hakansson[247] demonstrated that 
amorphous TM alloys were better electrocatalysts for HER and OER in alkaline medium 
if compared to the crystalline phases of the constituent elements.[251,252] Later, Alemu and 
Juttner[251] followed by Kessler and co-workers[251] extended the same study and observed 
the lower resistance to charge transfer (Rct) of the amorphous phases in comparison to the 
crystalline ones.  
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Amorphous and crystalline monometallic phosphides of Ni, Fe, and Co are promising 
representatives of active OER and HER electrocatalysts due to their high surface area, 
porosity, and resistance to harsh electrolyte environments.[27,47,145,146] Initially, Co 
phosphide materials were noted as attractive materials for the HER due to the similarity 
of the mechanism of this reaction to the HDS.[253] In 2014 Shaak and co-workers[149] 
reported multifaceted crystalline CoP NPs for HER electrocatalysis in highly acidic 
medium, which was the first report on Co phosphides as HER electrocatalysts. This 
investigation was followed by other Co phosphides with different P contents like Co2P, 
CoP2 and CoP3.[253] DFT calculations have proven that phosphorus atoms play an 
important role in the HER under acid conditions: negatively charged Pδ- atoms can trap 
H+ and promote H2 liberation.[148] In consequence, Co phosphide phases with higher P 
content have shown higher HER activity. The low HER activity of low-P content CoP 
has been compensated by the creation of 3D structures of determined morphology. For 
example, solvothermally-derived crystalline CoP nanoparticles deposited on Ti 
nanoplates (85 mV, at 20 mA cm-2 in 0.5 M H2SO4)[149] and CoP nanowire arrays over Ti 
mesh (η = 72 mV at 10 mA cm-2)[254] showed long-term stability and high HER activity. 
The incorporation of CoP on carbon nanostructures has been also used to increase the 
HER activity. For example, high activity was obtained with CNTs decorated with CoP 
nanocrystals (η = 40 mV at -10 mA cm-2 in 0.5 M H2SO4),[190] self-supported nanoporous 
CoP nanowire arrays on carbon cloth (CC, η = 67 at 10 mA cm-2 in 0.5 M H2SO4),[255] 
and CoP nanoparticle films on CC (η = 48 mV at 10 mA cm-2 in 0.5 M H2SO4).[256]. 

In addition to HER, efforts have been done to develop Co phosphide materials as OER 
electrocatalysts.[95,253] In 1989, Budniok and Kupka[257] reported for the first time an 
amorphous Ni–Co–P film for OER under alkaline conditions. During OER, the material 
transformed to a defect rich and high surface area (oxy)hydroxide phase. The 
transformation can occur completely or either at the surface of the electrocatalyst forming 
a core-shell structure.[258] The Co-P core acts as a conductive support providing an 
effective electron pathway to the active Co (oxy)hydroxide shell (see Figure 3.2).[160] 
Positively charged Coδ+ sites in the surface can act as a hydroxyl acceptor, simultaneously 
facilitated by the negatively charged Pδ- centers that favor O2 evolution by discharging 
and desorption.[259]  

 

Figure 3.2. Schematic representation of the transformation of CoP during electrocatalytic OER under 
alkaline conditions. 
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The synergism of the Co-P phases with their derived oxidized products has been used to 
design materials of high OER activity. Highly porous amorphous Co-P/phosphate films 
showed high OER activity (η = 330 mV at 30 mA cm-2) due to high surface area and 
efficient mass transport in the oxidized phosphate shell in combination with the high 
conductivity of the core.[156] Similarly, the synergistic effect of in situ formed oxidized 
species was observed over Co-P nanorod bundles (η = 340 mV at 10 mA cm-2),[238] CoP 
nanorods (η = 320 at 10 mA cm-2),[162] and core-oxidized amorphous Co phosphide 
nanostructures (CoxPy@Co3O4) (287 mV at 10 mA cm-2).[239]  

The incorporation of TMs into Co-P phases has been beneficial for the OER activity. 
Co2P grown on Co-foil exhibited high OER performances (η = 319 mV at 10 mA cm-2) 
due to increased stability and high conductivity given by the Co-foil.[260] Fe-doped CoP 
porous polyhedrons showed less overpotential (η = 289 mV at 10 mA cm-2) in 
comparison to CoP, FeP and state-of-the-start materials.[173] Fe-incorporation in Co 
(oxy)hydroxide structures has been documented by Boetcher and co-workers (see Section 
1.5.3).[261] Fe incorporation allowed the intercalation of OH- anions in the generated Co 
(oxy)hydroxide, and increased the interlayer distance, and the defects or edge sites in the 
structure. Most importantly, the Fe incorporation modified the Co electronic structure 
and, consequently, the OER intermediate energetics and the OER activity.[173,261] 

The conductivity can be improved by coupling catalysts with carbon materials. For 
example, CoP/carbon dots (CDs) composites achieved significant activity (η = 400 mV 
at 10 mA cm-2) in comparison to bare CoP due to the rapid electron transfer property of 
CDs, which improved the charge transfer rate of the composite and provided a large 
specific surface area.[262] The use of other conductive substrate electrodes can 
significantly ease the electron transfer of CoP materials.[254] High activities have been 
achieved when conductive nickel foam (NF) or Cu foil were used as substrates for 
Co/Co2P nanoparticles[263] and CoP mesoporous nanorods.[264]  

Co-P materials are also promising OWS electrocatalysts due to their high OER and HER 
electrocatalytic activities.[253] CoP nanoneedle arrays have shown a low cell voltage of 
1.61 V (η = 480 mV at 10 mA cm-2) when used as anode and cathode, which worked 
continuously for over 70 h.[265] Liu and co-workers used CoP hollow prisms for OWS on 
alkaline media, and reported a cell voltage of 1.52 V (η = 290 mV at 10 mA cm-2).[266] 
Nanostructured CoP with morphologies such as nanoframes and nanocubes[267] have also 
shown great bifunctional activity (E = 1.65 V, η = 420 mV at 10 mA cm-2) due to their 
hollow structure which allowed electrolyte permeation and gas emission.[267]  

3.1.1. Cobalt phosphide 

In 1896. A. Granger[268] was the first to describe attempts to combine phosphorus with Fe, 
Ni, and Co. Granger was able to produce the black powder of Co2P, by the reaction of 
CoCl2 and phosphorus under a heated stream of CO2. In the same investigation, another 
synthesis was reported using PCl3 and metallic Co.[268] This pioneering report opened the 
door for the preparation of other Co-P phases.  
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Co phosphide systems are known to have different stoichiometric ratios of Co to P and 
are divided into individual intermediate phases. A total of four stable intermediate phases 
of the Co system are distinguished:[269] the orthorhombic phase Co2P, the orthorhombic 
intermediate compound CoP, the monoclinic CoP2, and the cubic intermediate phase 
CoP3 (see Figure 3.3). 

 

Figure 3.3. Unit cells of (a) Co2P, (b) CoP, (c) CoP2, and (d) CoP3. The green and red atoms represent the 
Co and P positions on the lattice. 

The high metallic character and paramagnetic orthorhombic Co2P phase (Pnma, space 
group 62) is stable until its melting temperature (1386 °C).[270] The paramagnetic behavior 
of stable Co2P phase has been observed in various nanostructures such as nanowires, 
nanorods, hollow spheres, and nanoneedles.[271] The monoclinic CoP2 phase (P21/c, space 
group 14), is a diamagnetic semiconductor and is formed at high pressure (65 kbar) and 
temperature (800-1200 °C).[272] The orthorhombic CoP (Pnma, space group 62) is stable 
at temperatures higher than 1000 °C and shows a Curie-Weiss behavior due to its 
paramagnetism.[273] Finally, the body-centered cubic (bcc) intermediate phase CoP3 (Im3:, 
space group 204) has a skutterudite crystal structure and can be prepared by heating a 
mixture of Co and P under vacuum[274] and Cl2 atmosphere as a transporting agent.[275] 
This material behaves as a diamagnetic p-type semiconductor with a substantial optical 
bandgap (0.45-1.4 eV).[276]  

3.1.2. Synthesis of cobalt phosphide 

CoP systems are predominantly obtained by solid synthesis.[69] Bulk Co phosphides can 
be prepared by direct combination of the metal and red phosphorus under inert 
atmosphere or under vacuum, but high temperatures (> 900 °C) as well as long reaction 
times (> 24 h) are needed.[151] Other commonly applied synthetic routes are based on 
conventional high-temperature phosphorization of metals or metal salts with toxic 
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phosphines (e.g., PH3) or phosphorus pentachloride (PCl5). A less toxic approach using 
P(SiMe3)3 and metal carbonyl complexes has been also reported.[271]  

Co-based salts can be converted into the desired phosphide species by phosphorization 
with NaH2PO2 through diverse synthetic routes.[262] For example, Ai and co-
workers[153,160] synthetized CoP nanorod bundles from the hydrothermal treatment (120 
°C) of a Co(NO3)2.H2O and NaH2PO2 solution for 9 h followed by annealing at 300 °C. 
Sun and co-workers prepared CoP nanowire arrays by the phosphorization of Co3O4 using 
NaH2PO2.[254] Similarly, the phosphorization of Co3O4 with NaH2PO2 has been shown as 
a route to access amorphous CoP,[277] and crystalline CoP nanorods.[162,238] 
Phosphorization with NaH2PO2 of phases derived from the decomposition of MOFs has 
been also reported in literature. For example, You and co-workers[278] reported 
CoP/Co/NC nanopolyhedrons prepared by the direct carbonization of Co-based imidazole 
framework (ZIF-67) and phosphorization at 300 °C.  

An alternative way to synthetize high-surface-area TM-Ps is through solvothermal 
conditions which allow to use alternative P sources.[111] For example, the reaction of 
Co2(CO)8 with P(SiMe3)3 in coordinating trioctyl phosphine (TOP) at 320 °C and 48 h 
was used to prepare CoP nanoparticles.[279] Nanocrystalline CoP and Co2P were prepared 
by the reaction of Na3P and CoCl2 in benzene at 150 °C.[216] A similar approach was used 
to prepare nanocrystalline Co2P by the reduction CoCl2 by yellow phosphorus at 80-
140 °C for 12 h in ethylenediamine.[280]  

The solvothermal decomposition of SSPs has been used to achieve Co-P crystalline 
phases. The close proximity of Co and P atoms in the precursor molecules makes them 
suitable to access various Co-P phases (see Section 1.5.5). For example, Buchwalter and 
co-workers[224] used low oxidation-state organometallic clusters as precursors, 
[Co4(CO)10(μ-dppa)], [Co4(CO)10(μ-dppa)2], [Co4(CO)8(μ-dppa)2] (diphenylphosphoryl 
azide, dppa = Ph2PNHPPh2), to generate Co2P and CoP. Maneeprakorn and co-
workers[226] used the molecular complex dialkyldiselenophosphinatocobalt(II) 
[Co(Se2PR2)2] (R = isopropyl iPr, phenyl Ph, and tert-butyl tBu) to prepare crystalline 
orthorhombic CoP or Co2P nanoparticles by their decomposition in 
TOP/trioctylphosphine oxide (TOPO) or TOP/hexadecylamine (HDA) at 300 °C. The 
composition was controlled by the reaction time: Co2P was obtained after 60 min and 
CoP after 150 min.  

3.2. Results and Discussion 

3.2.1. Synthesis and characterization of amorphous and crystalline CoP 

The morphology of a pure phase CoP depends on the choice of the synthesis route (see 
Section 1.5.5 and 3.1.2). Therefore, the SSP approach was used to obtain the phase-pure 
amorphous and crystalline Co-P by the variation of the decomposition method of the 
molecular precursor. β-Diketiminato complexes have been used as SSP to access active 
TM-P electrocatalysts.[106,111] Therefore, the selected molecular precursor for this scope 
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is the organometallic β-Diketiminato cyclo-P4 di-CoI complex, whose synthesis and 
characterization have been reported previously by our group (see Experimental Section 
7.1.2.1).[243,281] The β-Diketiminato ligand acts as a stabilizer of the [2Co-4P] core, and 
easily detaches during solvolysis. The remaining [2Co-4P] core served as an ideal 
building block for Co-P materials. The molecular precursor was prepared according to 
the reported literature procedure and characterized (see Experimental Section 7.1.2.1).[281]  

The thermal decomposition of the molecular precursor under inert atmosphere to generate 
a crystalline Co phosphide was achieved through pyrolysis, which has been successful in 
the preparation of CoP and Co2P crystalline phases.[224] Pyrolysis experiments at different 
temperatures were done to determine the optimal temperature of decomposition. 
Pyrolysis at 300 °C and 450 °C for 2 h afforded amorphous materials as determined by 
powder-ray diffractometry (PXRD), with no clear reflections corresponding to a 
crystalline phase (see Figure A.1.1). Elemental analysis results (CHN determination) 
showed a partial degradation of the β-Diketiminato ligand at these temperatures, as 
supported by the large amount of organic content (Experimental Section, see Table 7.10). 
Thus, a higher temperature was applied to completely decompose the organic ligand and 
form the crystalline phase. 

Pyrolysis at 600 °C achieved the complete decomposition of the molecular precursor, 
evidenced by the low organic content (7.79 %). The obtained phase after the 600 °C 
pyrolysis could be clearly pure by the PXRD, which showed broad and low-intensity 
diffraction peaks at 2θ of 31.6, 36.3, 46.2, 48.1, 48.4 and 56.8°, which represent the (011), 
(111), (112), (211), (202) and (301) planes of the crystalline CoP phase, as compared to 
the reference diffraction pattern JCPDS 029-497 (see Figure 3.5a and Experimental 
Section, Table 7.11 and Figure 7.21). The crystalline CoP corresponds to an orthorhombic 
phase (space group: 𝑃𝑛𝑚𝑎, number 62, a = 5.077, c = 5.587).[274] The broad reflections 
on the diffractogram can be attributed to the small particle size of CoP nanostructures. In 
the structure, each metal atom has six near phosphorus neighbors situated in a distorted 
octahedral configuration (see Figure 3.4a). The phosphorus atoms are surrounded by six 
Co atoms at the corners of a highly distorted triangular prism (see Figure 3.4b).[274] 

 

Figure 3.4. The crystalline CoP species (space group: Pnma, space group 62). Each metal atom has six 
near phosphorus neighbors situated in a distorted octahedral configuration (a). The phosphorus atoms are 
surrounded by six metal atoms at the corners of a highly distorted triangular prism (b). Co and P atoms are 
represented by green and red spheres, respectively. 
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The hot-injection is very effective in the preparation of nanosized materials of diverse 
morphology with good crystallinity and narrow size distributions (see Section 1.5.5). The 
hot-injection of the molecular complex in oleic acid was carried out at 300 °C, following 
the experimental conditions reported in the literature to prepare FeP and FeSe2.[106,111] 
The PXRD of the as-prepared product showed no sharp reflection peaks, that indicated 
the formation of an amorphous phase (see Figure 3.5b). 

 

Figure 3.5. (a) PXRD pattern of crystalline CoP. The observed main diffraction peaks and their 
corresponding Miller indices are in accordance with the literature reported CoP (JCPDS 29-0497).[274] (b) 
PXRD pattern of amorphous CoP. The obtained spectra did not reveal any sharp reflection, displaying the 
amorphous nature of the produced material. 

The morphology of the materials was analyzed using scanning electron microscopy 
(SEM). SEM revealed that both materials consisted of agglomerates in the range of 400-
800 nm (see Figure 3.6a, b). TEM revealed that the agglomerated materials observed by 
the SEM of the amorphous product was rather composed of particles with an average size 
of less than 10 nm (see Figure 3.7a). High-resolution TEM (HR-TEM, see Figure 3.7b) 
did not reveal any lattice fringes, confirming the amorphous nature of the material, that 
was further supported by the lack of diffraction rings in the selected area electron 
diffraction (SAED, see Figure 3.7c). Additionally, the material showed a low amount of 
organic content (Experimental Section, see Table 7.12). 

 

Figure 3.6. SEM images showing (a) amorphous CoP and (b) crystalline CoP. 
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The TEM of the product of the pyrolysis revealed agglomerates of particles (see Figure 
3.7d). A closer examination via HR-TEM showed individual particles with clear 
crystalline fringes associated to the lattice spacing of d(hkl) = 0.19 nm, which 
corresponded to the (211) plane of the orthorhombic CoP phase (see Figure 3.7e, inset). 
The displayed sharp diffraction rings in the SAED were representative of the crystalline 
CoP phase, and unequivocally confirmed the formation of this phase already assigned by 
PXRD (JCPDS 29-0497, see Figure 3.7f).[274] 

 

Figure 3.7. TEM, HR-TEM and SAED of the as-prepared amorphous CoP (a, b, c) and crystalline 
CoP (d, e, f).  

The phase composition was confirmed by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) (see Table A.1.1) which demonstrated a ratio of 1:14 and 1:1.05 
for crystalline and amorphous CoP. The elemental composition in the materials was 
carried out by EDX (see Figure A.1.2 and Figure A.1.3), in which a Co:P ratio of ca. 1:1 
was obtained for the amorphous and crystalline materials. The investigation for 
homogeneity in the elemental distribution in the materials was carried out by EDX 
mapping. The EDX images showed an even distribution of Co (green) and P (red) within 
the structure of both the amorphous and the crystalline phases (see Figure 3.8 and Figure 
A.1.4). The EDX also revealed the presence of surface O, as a consequence of surface 
passivation due to exposure of the samples to air, since handling and transport were not 
carried out under inert conditions.  
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Figure 3.8. (a) SEM and elemental mapping of (b) Co (green), (c) P (red) on amorphous CoP prepared by 
hot-injection. The used substrate was silicon wafer. Homogenous distribution of Co and P was observed in 
the material particles. Similar results are observed on (d) crystalline CoP elemental mapping of (e) Co 
(green) and (f) P (red). O mapping for both materials is observed in Figure A.1.4. 

Surface-bonded oxygen, due to air exposure was verified by Fourier-transform infrared 
spectroscopy (FT-IR). The FT-IR spectrum of amorphous and crystalline CoP showed 
bands from species generated during the surface oxidation (Experimental Section, see 
Figure 7.20 and Figure 7.22). The small bands appearing between �̅� = 1250-500 cm-1 
correspond to the stretching and bending vibrations of the phosphate group,[160,282] and 
the small peak around 600 cm-1 is characteristic for the Co-O bond.[282] 

Elemental analysis revealed the presence of a small amount of carbon (Experimental 
Section, see Table 7.10), derived from the decomposition of the β-Diketiminato ligand 
into unidentified organic species. Although carbon nanomaterials have been used to 
improve the charge transfer efficiency and conductivity of TM-Ps (see Section 1.5.3),[283] 
the amount of organic content was low (7.23 % C). Therefore, its influence in the 
electrocatalytic performance of the materials is negligible because the carbonaceous 
species are not included as a support. Similar phenomena have also been observed for 
MOF-derived TM-P electrocatalysts where the catalytic performance has been ascribed 
to the nature of metal cations and anions rather than any organic components.[283–286] 

A comprehensive investigation of the surface composition and electronic states of the 
synthesized amorphous and crystalline CoP was carried out by XPS (see Figure 3.9). The 
photoemission lines of the Co 2p spectrum resulted in a spectrum with multiple peaks due 
to the spin orbit splitting typical of the Co 2p spectrum to Co 2p3/2 and Co 2p1/2, and the 
presence of satellite peaks.[287] The deconvoluted high-resolution Co 2p spectrum (see 
Figure 3.9a) of amorphous CoP depicted peaks at 778.7 eV (2p3/2) and 793.9 eV (2p1/2), 
with a distance of 15.2 eV, which were assigned to the positively charged Coδ+ in CoP.[288] 
The Co 2p spectrum of amorphous CoP also indicated the presence of Co in a higher 
oxidation state. The peaks at 782.2 eV (2p3/2) and 797.8 eV (2p1/2), as well as their two 
satellites (at 787.5 eV and 801.8 eV), were assigned to oxidized CoII.[289] The high-
resolution Co 2p spectrum of crystalline CoP (see Figure 3.9b) showed only peaks at 
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binding energies related to CoII (780.0 eV, 2p3/2 and 796.0 eV 2p1/2) due to surface 
oxidation,[289] as well as satellite peaks (783.1 eV and 800.9 eV).  

 

Figure 3.9. High-resolution XPS spectra for Co 2p (a,b), P 2p (c,d) for the as-prepared amorphous (left) 
and crystalline (right) CoP.  

The P 2p spectrum of the amorphous CoP (see Figure 3.9c) showed a peak at 129.4 eV 
(deconvoluted into 128.9 eV 2p3/2 and 129.8 eV 2p1/2), which corresponded to the binding 
energy of phosphorus bound to metal, i.e. negatively charged Pδ- in TM-Ps.[160] The less 
intense peak at 134.9 eV (deconvoluted into 134.6 eV 2p3/2 and 135.6 eV 2p1/2) was 
attributed to the binding energy of phosphate (PO43-) species.[160,162] Similarly, the 
crystalline CoP p 2p spectrum (see Figure 3.9d) showed a low-binding energy Pδ- peak at 
129.4 eV (deconvoluted into 129.2 eV 2p3/2 and 130.1 eV 2p1/2) and the PO43- species-
related peak at 133.5 eV (deconvoluted into 133.3 eV 2p3/2 and 134.2 eV 2p1/2).  

The presence of surface oxidized species has been reported in the literature of TM-Ps.[255] 
The contact of Co phosphides with air generates a passivation layer which contains of 
CoII/III atoms and phosphate anions.[162,290] The characterization results by EDX and FT-
IR demonstrated the passivation of the surface due to contact with air. These results were 
supported by the O 1s spectra (see Figure A.1.5). The high-resolution O 1s spectrum of 
amorphous CoP showed one peak at 530.8 eV that was also deconvoluted into two peaks 
at binding energies of 530.5 eV (O1) and 531.9 eV (O2). The former peak was assigned 
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to the O species in Co-O-P and the latter to P=O.[160,291] The high-resolution O 1s of 
crystalline CoP showed a major peak (531.9 eV) which was similarly deconvoluted into 
two peaks at 531.7 eV (O in Co-O-P) (O1) and 532.7 eV (P=O) (O2).[160,291] 

The characterization results showed the crystalline and amorphous CoP were successfully 
achieved starting from the pyrolysis and hot-injection, respectively, of the β-Diketiminato 
cyclo-P4 di-CoI complex. The method of decomposition of the precursor strongly 
influenced the morphology and crystallinity of the materials, but their elemental 
composition (Co:P 1:1) and carbon content (< 8 %) were similar. Therefore, it was 
important to determine the substantial effect of the different structures, surface 
characteristics, and electronic states with respect to electrocatalytic activity.  

3.2.2. Electrochemical behavior of amorphous vs. crystalline CoP for OER and 
HER 

The electrochemical investigations were carried out with a three-electrode configuration, 
which consisted of a Pt wire as the counter electrode (CE), a Hg/HgO reference electrode 
(RE) and working electrode (WE) (see Experimental Section 7.3.2). The WE consisted 
of films of the electrocatalysts directly deposited on fluorine-doped tin oxide (FTO) or 
NF. The films were produced by electrophoretic deposition (EPD). 1 mg of catalyst 
material was applied to a 1 × 1 cm2 area of the NF substrate. The mass loading on the 
films prepared on FTO was around 0.4 mg (see Experimental Section 7.1.4). 

The OER activity of amorphous and crystalline Co phosphide was initially determined 
by doing a linear sweep voltammetry (LSV) experiment (see Experimental Section 7.3.4). 
This experiment consists of the linear variation over time of the potential applied to the 
WE at a defined scan rate (mV s-1) from an initial potential (Ei) to an end potential (Ef). 
The LSV was done with a scan rate of 10 mV s-1 in 1 M KOH solution. The activities 
were compared to the state-of-the-art catalyst such as IrO2 and the bare substrate (NF or 
FTO). 

The recorded LSV of the prepared catalysts on NF substrate in 1 M KOH showed good 
activities for the OER (see Figure 3.10a). The attained electrocatalytic activity of the 
amorphous CoP for OER was very high, requiring an overpotential of η = 284 mV to 
achieve a current density of 10 mA cm-2, which was a lower overpotential in comparison 
to the overpotentials of crystalline CoP (η = 305 mV at 10 mA cm-2) and commercial 
state-of-the-art IrO2 (η = 287 mV at 10 mA cm-2) at the same current density. At 
100 mA cm-2, a similar trend in overpotentials is observed: amorphous and crystalline 
CoP required 314 mV and 392 mV, respectively. In comparison with other Co-based 
systems, the OER activity achieved on NF substrate was already one of the best OER 
catalysts reported to date in the literature (see Table A.1.2). 
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Figure 3.10. (a) Polarization curves of OER and of different CoP materials and commercial noble metal-
based catalysts deposited on NF with a scan rate of 10 mV s-1 in 1 M KOH (iR compensation: 85 %). (b) 
Tafel slopes of amorphous and crystalline CoP compared to IrO2 deposited on NF and Pt wire. The Tafel 
slopes were obtained from the OER LSVs at 10 mV s-1. 

The electrocatalytic activity of the materials was classified according to the Tafel slopes 
(see Experimental Section 7.3.5). The Tafel slope (mV dec-1) was obtained by the linear 
regression of the replot of the polarization curve as overpotential (η) vs. the logarithm of 
current density (log j, mA cm-²).[41] The Tafel slope indicates how much the potential 
must be increased in order to increase the resulting current density j by and order of 
magnitude (dec-1). This means, how efficient and dynamically an electrode reacts to an 
applied potential and generates catalytic current.[50] Most importantly, Tafel slopes values 
can also reveal information about the reaction kinetics and allows to determine which of 
the four processes of the PCET reactions was the RDS during OER (see Section 
7.3.5).[41,50] A low Tafel slope of 45 mV dec-1 was observed for amorphous CoP which 
was significantly smaller than the crystalline CoP (82 mV dec-1) and IrO2  
(118 mV dec-1) (see Figure 3.10b). The Tafel slope of amorphous CoP indicated that the 
rate-determining step is the second PCET, which involves the deprotonation-like process 
of the adsorbed hydroxide ion that reacts with a hydroxide ion from the electrolyte, to 
produce the 𝑀 − 𝑂'/0 intermediate (see Section 1.4.2). In the case of the crystalline CoP, 
the much higher Tafel slope indicated that the OER is determined by the adsorption of 
the OH- on the catalyst surface and the resulting formation of the adsorbed 𝑀 − 𝑂𝐻'/0 
intermediate.[41,292] The amorphous CoP catalyst reacted more dynamically and 
efficiently to changes in potential, which led to higher current densities with smaller 
increases in potential, thereby enabling better catalytic performance as shown by the 
calculation of the Tafel slope.[292]  

While performing the OER electrocatalysis in alkaline media, a small reversible redox 
couple was detected prior to the catalytic water oxidation in the range of 1.25-1.45 V vs. 
RHE (see Figure 3.10) on both amorphous and crystalline CoP. The redox couple became 
apparent when cyclic voltammetry (CV) experiments were performed (see Experimental 
Section 7.3.3 and Figure A.1.6). The redox peaks in both cases could be ascribed to the 
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oxidation of CoII/CoIII to higher oxidation species through the following electrochemical 
reactions:[293]  

𝐶𝑜(𝑂𝐻)" + 𝑂𝐻* ↔ 𝐶𝑜𝑂𝑂𝐻 + 𝐻"𝑂 + 𝑒*							Equation 16 

𝐶𝑜𝑂𝑂𝐻 + 𝑂𝐻* ↔ 𝐶𝑜𝑂" + 𝐻"𝑂 + 𝑒*						  Equation 17 

These peaks have also been observed for other first-row 3d TM-based materials, which 
exhibit the formation of a M(OH)2/MOOH phase at potentials between ca. 1.1 V and 1.4 
V (vs. RHE) under alkaline conditions.[293] 

To evaluate the long-term stability of the catalysts, chronopotentiometric (CP) 
experiments were carried out maintaining a current density of 10 mA cm-2. The 
overpotentials of amorphous and crystalline CoP were very stable for the period of 24 h 
(see Figure 3.11). During the CP experiments, amorphous CoP needed an overpotential 
of 280 mV to achieve a current density of 10 mA cm-2 for 24 h. A small increase in the 
overpotential during the experiment was due to capacitive charging of the catalyst 
material and the simultaneous rearrangement of the surface.[294] A similar performance 
was observed for the crystalline phase, with a required overpotential of 300 mV at 
10 mA cm-2. This loss of activity has been observed before in Co-P-based systems and is 
documented in the literature.[254,295] 

 

Figure 3.11. Chronopotentiometry (CP) experiment of amorphous and crystalline CoP on NF measured in 
OER conditions at a constant current of 10 mA cm-2 in 1 M KOH. 

The very good results of the catalytic OER activity of the amorphous and crystalline CoP 
on the NF substrates was compared to further measurements of the catalytic activity on 
FTO, to rule out the contribution of NF in catalysis. NF is a uniform three-dimensional 
network of macroporous structures with a very large specific surface area and is 
characterized by its high electrical conductivity.[296] In contrast, FTO is a conductive and 
flat substrate electrode which shows relatively less surface area but does not contribute 
to the catalytic activity.[208,297] Therefore, due to the improved physical and electronic 
properties caused by the NF, an activity comparison of the materials deposited on FTO 



 46 

should be done. The electrochemical tests for FTO were done on a three-electrode system 
in which Pt wire was used as the CE, and an Hg/HgO electrode was used as RE (see 
Experimental Section 7.3.2). The materials were electrophoretically deposited directly 
onto FTO and used as WEs (see Experimental Section 7.1.4). 

The LSVs of the amorphous and crystalline CoP deposited on FTO showed an increase 
in the OER overpotential in comparison to the values obtained with the films deposited 
on NF (see Figure 3.12). The achieved current density was also lower due to the 
difference in the physical characteristics and properties of the substrates, but resulted in 
a similar trend of activity. Amorphous CoP achieved an overpotential of 360 mV (at 
10 mA cm-2) which was lower than the one observed for crystalline CoP (414 mV at 
10 mA cm -2), and even with noble metal electrodes like IrO2 (409 mV at 10 mA cm-2). 
At 100 mA cm-2, the difference between the overpotentials was even larger, which 
confirmed the higher OER electrocatalytic of amorphous CoP in comparison to its 
crystalline counterpart (414 vs. 592 mV). A comparison of the obtained overpotentials 
with reference values reported in the literature made it clear that the measurement results 
of this work were among the lowest published overpotentials for pure Co-P systems. 
Measured against other TM-based systems, the activity of amorphous CoP is one of the 
highest and ranked among the best catalysts for OER (see Table A.1.2).  

 

Figure 3.12. (a) OER polarization experiments in 1 M KOH. The activity of the materials follows the same 
trend found in NF (see Figure 3.10). Scan rate: 10 mV s-1, iR compensation: 85 %. The stability was also 
investigated through CP (b) by applying a current of 10 mA cm-2 for 24 h.  

The long-term stability in particular delivered remarkable results, in which the difference 
in activity between the two phases was clearly demonstrated. The amorphous CoP 
reached a stable value of overpotential of 340 mV after approximately 2 h of continuous 
application of 10 mA cm-2 of current density. In contrast, the crystalline CoP showed a 
continuous increase in the overpotential since the start of the experiment, from ca. 
420 mV up to 450 mV after 15 h of continuous application of 10 mA cm-2 of current 
density. After ca. 5 h of constant overpotential, it started to increase and reached 460 mV 
at the 24 h. This behavior could be related to the transformation observed in crystalline 
materials to amorphous phases during OER electrocatalysis.[247] 
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The Tafel slopes of the FTO-based films were determined from the LSVs. A Tafel slope 
of 72 mV dec-1 was obtained for the amorphous CoP, which was lower in comparison to 
the one obtained for the crystalline CoP, 117 mV dec-1 (see Figure 3.13). Similarly, the 
Tafel slopes of the materials also outperformed the state-of-art IrO2. The calculated slopes 
in both samples suggested that the first and second PCET reactions of OER were the 
RDSs of the crystalline CoP and amorphous CoP, respectively (see Experimental Section 
7.3.5).  

Strong redox peaks were also visible during the LSVs for the OER of amorphous and 
crystalline CoP on FTO. In the LSV measurements in the range between 1.12-
1.55 V vs. RHE, the pair consisting of the anodic and cathodic peaks could be seen again 
after the initial cycle (see Figure A.1.6). In this area, redox peaks can also be seen on the 
pure NF substrate.[296] Since the redox peaks were also observed on FTO, the contribution 
of Ni species to the redox peaks was ruled out. The redox peaks occurred in the same 
range as determined before for the materials deposited on NF. Therefore, redox peaks 
could be attributed to the oxidation of CoII/CoIII to higher oxidized species.[293]  

 

Figure 3.13. Tafel plot for OER for the as-prepared CoP materials deposited on FTO, IrO2/FTO and Pt in 
aqueous 1 M KOH solution in OER. Scan rate: 1 mV s-1. The amorphous CoP shows the lowest Tafel slope 
(72 mV dec-1), which surpasses the crystalline CoP (117 mV dec-1) and the state-of-the-art IrO2/FTO 
(206 mV dec-1) and the Pt wire (112 mV dec-1). 

Electrochemical investigations were similarly carried out to study the catalytic activity of 
amorphous and crystalline CoP towards HER. Similarly as in the OER experiments, the 
HER experiments were carried out with a three-electrode configuration, which consisted 
of a Pt wire at CE, an Hg/Hg2SO4 as RE and the films deposited on FTO and NF as WE 
(see Experimental Section 7.1.4 and 7.3.2). The recorded LSVs of the prepared catalysts 
on NF substrate in 1 M KOH showed good activities for the HER (see Figure 3.14a and 
zoom in Figure A.1.7). The attained electrocatalytic activity of the amorphous CoP for 
HER was very high, requiring an overpotential of η = 143 mV to achieve a current density 
of -10 mA cm-2, which was a lower overpotential in comparison to the overpotentials of 
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crystalline CoP (η = 261 mV at -10 mA cm-2) and commercial state-of-the-art IrO2 
(η = 209 mV at -10 mA cm-2) at the same current density. However, the overpotential 
achieved by Pt, which is the best electrocatalyst for HER, was lower (η = 39 mV at  
-10 mA cm-2). The high current densities achieved by the electrocatalysts proved their 
electrocatalytic activity. At -100 mA cm-2, a similar trend in overpotentials is observed: 
amorphous and crystalline CoP required 195 mV and 334 mV, respectively. A 
comparison to Co and other TM-Ps systems reported in the literature revealed that the 
amorphous CoP has a comparable electrocatalytic activity for HER under alkaline 
conditions (see Table A.1.3). 

  

Figure 3.14. (a) Polarization curves of HER of different CoP materials and commercial noble metal-based 
catalysts deposited on NF with a scan rate of 10 mV s-1 in 1 M KOH (iR compensation: 85 %). (b) Tafel 
slopes obtained for HER. 

Tafel slopes were determined from the LSV curves (see Figure 3.14b). A Tafel slope of 
63 mV dec-1 was obtained for the amorphous CoP which was lower than that of 
crystalline CoP (80 mV dec-1) and even state-of-the-art Pt wire (73 mV dec-1) and IrO2 
(113 mV dec-1). The attained values of Tafel slopes fall in the range of 40-120 mV dec-1 

which indicate that in both cases HER reaction proceeds via the Volmer-Heyrovsky 
mechanism on the surface.[51] The Volmer step which occurs via a proton-coupled 
electron-transfer (PCET), is followed by the Heyrovsky reaction: the coupling of the 
𝑀 −𝐻'/0 with H2O accompanied by a second electron transfer to form H2 (see Section 
1.4.1).[298] The occurrence of the Heyrovsky reaction is related to the low coverage by 
𝑀 −𝐻'/0 of the electrode surface and sufficient available active sites near the 𝑀 −𝐻'/0 
sites, which promote the reaction with one water molecule and reduce 𝑀 −𝐻'/0  to 
generate molecular H2.[52] 

The long-term stability chronopotentiometric experiments (24 h) also demonstrated the 
difference in activity between the two phases. The amorphous CoP reached a stable 
overpotential (170 mV) after approximately 5 h of continuous application of 
-10 mA cm-2 of current density. In contrast, the crystalline CoP showed a slow increase 
in the overpotential from ca. 300 mV up to 310 mV after 24 h of continuous application 
of -10 mA cm-2 of current density.  
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Figure 3.15. Chronopotentiometric experiments for HER (1 M KOH on NF) for amorphous and crystalline 
CoP on NF were investigated by applying a current of 10 mA cm-2 for 24 h. Both samples exhibited stable 
activities over 24 h. 

Similarly as in the OER investigations, the activity of the materials for HER was explored 
on films deposited on FTO electrodes, since this substrate does not contribute to the 
catalytic activity due to its flat nature and conductivity.[208,297] The electrochemical tests 
for FTO were done on a three-electrode system in which Pt wire was used as the CE, and 
a Hg/Hg2SO4 electrode was used as RE (see Experimental Section 7.3.2). The WE 
catalysts were electrophoretically deposited directly onto FTO (see Experimental Section 
7.1.4). 

When FTO was used instead of NF, a similar trend was observed in activity but with 
much lower overpotentials for the synthesized electrocatalysts (228 mV and 377 mV at  
-10 mA cm-2 for the amorphous and crystalline CoP, respectively) and IrO2 (430 mV at -
10 mA cm-2) and Pt electrode (39 mV at -10 mA cm-2) (see Figure 3.16a). A detailed 
comparison of the HER electrocatalytic activity of the prepared materials to other non-
noble TM-based catalysts, TM-Ps and Co-P-based catalysts is listed in Table A.1.3.  

The difference in electrocatalytic activity was even more evident during the long-term 
chronopotentiometric experiments, in which a constant current density of -10 mA cm-2 
was applied to the system for 24 h (see Figure 3.16b). The amorphous CoP achieved a 
continuous response (η = 180 mV) after 5 h of experiment. A much lower overpotential 
and stability was observed with the crystalline CoP. Initially, the activation was observed 
during the first hour, in which the overpotential continuously decreased until it reached 
410 mV. After this, it was constant for the next 4 h, and then it increased until it was 
η = 470 mV at the final 24 h.  
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Figure 3.16. (a) HER polarization curves on 1 M KOH of amorphous and crystalline CoP, IrO2 deposited 
on FTO along with, Pt wire and bare FTO. Both materials show similar activity, with lower overpotentials 
than IrO2 and the bare substrate, but higher than Pt. Scan rate: 10 mV s-1 (iR compensation at 85 %). (b) 
Chronopotentiometric experiments for HER (1 M KOH on FTO) of amorphous and crystalline CoP were 
carried out by applying a constant current of 10 mA cm-2 for 24 h. The crystalline CoP showed a continuous 
decrease in overpotential during the 24 h experiment in comparison to the amorphous CoP, which was 
stable throughout the experiment. 

The Tafel slopes of the FTO-based films were determined from the HER LSVs. A Tafel 
slope of 81 mV dec-1 was obtained for the amorphous CoP, which was lower in similar 
to the one obtained for the crystalline CoP, 73 mV dec-1 (see Figure 3.17) and 
outperformed the one of IrO2 (260 mV dec-1). The values of amorphous and crystalline 
CoP were similar to the Tafel slope value of Pt (73 mV dec-1), which indicated a common 
mechanism on the surface. The calculated slopes suggests that for amorphous and 
crystalline CoP, the HER reaction proceeds via the Volmer-Heyrovsky mechanism on the 
surface, which confirmed the conclusions derived from the Tafel slopes on NF.[51] 

 

Figure 3.17. Tafel plot for HER for the as-prepared CoP materials deposited on FTO, IrO2/FTO and Pt in 
aqueous 1 M KOH solution in HER. Scan rate: 1 mV s-1. The crystalline CoP shows a Tafel slope which is 
comparable to the state-of-the-art Pt catalyst (73 mV dec-1). The amorphous CoP showed a slightly lower 
Tafel slope (81 mV dec-1) compared to the crystalline CoP (73 mV dec-1), but lower overpotential. Both 
prepared materials significantly showed lower Tafel slopes compared to the IrO2/FTO (260 mV dec-1). 
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Throughout the electrochemical OER and HER measurements, the amorphous CoP 
activity was found to be superior to that of the crystalline phase. The activity difference 
arises from the surface and electronic characteristics of the materials. The electrocatalytic 
activity is highly influenced by the “real surface area” of the materials.[78] The 
conventional geometric area of the electrodes (1 cm2) is only useful for smooth and planar 
surfaces. The “real surface area” refers to the actual surface area that is available for 
catalysis in the nanostructured catalysts.[41,247] The SBET of the materials was initially 
determined by BET nitrogen (N2) adsorption-desorption isotherms. The obtained SBET of 
the materials were similar (ca. 28 m2 g-1, see Table A.1.6), which indicated that both 
amorphous and crystalline CoP had a comparable number of active sites at which N2 
molecules were adsorbed and desorbed. This observation was contradictory with the 
higher activity of the amorphous CoP and demonstrated that not all active sites were 
electrochemically active. Therefore, the electrochemically active surface (ECSA) of the 
materials was determined. This important parameter reflects the “real surface area” of the 
material that is truly exposed to the electrolyte. The ECSA provides a measure of the 
inherent catalytic properties as it is related to the electrochemically active sites under the 
experimental conditions.[299] The ECSA was determined in situ for each electrocatalyst 
and was calculated from the double-layer capacitance (Cdl). For this purpose, the systems 
were examined by CV in an area in which no Faradaic processes took place (see Section 
7.3.8). The measured current in this non-Faradaic potential region is assumed to be due 
to double-layer charging. The Cdl is equal to the slope of the plot of double-layer charging 
current vs. scan rate, from which the ECSA could then be calculated by normalizing with 
the specific capacitance (Cs) which is dependent on the used substrate (see Section 7.3.8). 
The ECSA calculated from the Cdl resulted in 0.51 mF cm-2 for amorphous CoP which is 
about ~2.7 times larger than that of crystalline CoP, and 0.18 mF cm-2 (see Figure 3.18a). 
Both values are in the typical range for catalyst systems applied to NF and are comparable 
with literature values.[67]  

Amorphous catalysts have shown better HER and OER electrocatalytic activity in 
comparison to their crystalline counterparts (see Section 3.1).[247] Several factors are 
interlinked and related to the observed activity enhancement while employing amorphous 
electrocatalysts.[247] The amorphous CoP showed a higher value for the ECSA in 
comparison to crystalline CoP, due to the density of surface defects and coordinative 
unsaturated surface metal sites.[148,300] The higher ECSA of amorphous phases is also 
related to the higher structural flexibility, which allows self-regulation, adaptation and 
reconstruction of active sites during the electrochemical conditions;[301] and the adoption 
of highly active nanocrystalline phases within the amorphous matrix to enhance the 
activity.[247,248]  

ECSA measurements were also done after OER and HER to determine changes in the 
surface of the materials. The ECSA increased ~1.5 times in amorphous CoP (~0.49 cm2) 
and ~2.1 times in crystalline CoP (~0.24 cm2) owing to its increased surface 
transformation.[302] Experimental data are shown on the Appendix (see Tables A.1.4, 
A.1.5, and Figure A.1.8, A.1.9). During catalysis, the TM-Ps surface is expected to 
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undergo a transformation into a highly active amorphous layer on both materials (see 
Sections 3.2.3 and 3.2.4), which explains the higher increase in ECSA observed for the 
amorphous CoP. The ECSA normalized LSV curves also confirmed the higher 
electrocatalytic activity of amorphous CoP for OER and HER (see Figure A.1.11).  

 

Figure 3.18. (a) Determination of the double layer capacitance from the half-of-the-slope from the plot 
of the capacitive current (jc-ja) vs. scan rate plot. (b) Nyquist plot of a non-Faradaic region measured 
between 100 mHz and 100 kHz of the amorphous CoP/NF crystalline CoP/NF. The applied potential was 
0.7 V vs. Hg/HgO. From the fitting of data to semi-circle plots, it is possible to calculate the resistance of 
the solution (RS) and the charge transfer resistance (Rct) (see Table A.1.5). 

In addition, the electrical resistance of both materials was evaluated by means of 
electrochemical impedance spectroscopy (EIS). The EIS measurements probe the charge 
transfer properties of the materials, which is determining the activity. For this purpose, 
the radius of the Nyquist plot was determined, which gave the resistance of the charge 
exchange between the catalyst surface and the electrolyte Rct (see Experimental Section 
7.3.7). A lower charge transfer resistance (Rct) was found in the amorphous CoP/NF 
(0.8721 Ω ) relative to crystalline CoP/NF (1.0357 Ω ) (see Figure 3.18b). The Rct 
decreased on both materials after OER and HER, indicating a higher electron mobility 
with faster charge transport through the bulk phase during catalysis (see Table A.1.5).  

3.2.3. Post-operando OER characterization of amorphous and crystalline CoP 

For a better understanding of the OER activity and the identification of active sites, the 
amorphous CoP and crystalline CoP were examined for structural transformations and 
morphological changes as well as changes in the composition and electronic properties 
after the electrochemical experiments. The SEM images of the amorphous and crystalline 
CoP films after OER are shown in Figure 3.19a and 3.19d, respectively. They reveal the 
exposure of the FTO conductive substrate, due to corrosion by the electrochemical 
oxidation or loss of the material into the electrolyte solution. 

In order to investigate the properties of the films after the electrochemical OER, the 
composition of the surface was first analyzed by EDX. The elemental mapping after 
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catalysis shows the uniform distribution of Co (green) and O (blue) on the surface of the 
films (see Figure 3.19b, c, e, f). Compared to the freshly synthesized samples, the 
homogenous oxygen distribution in amorphous and crystalline CoP indicated the 
formation of Co oxidized species on the surface. The EDX also revealed the presence of 
slight amounts of phosphorus (see Figure A.1.12). The P was not only on the surface film, 
but also over the substrate (FTO) due to its loss from the structure, which was not 
observed in the as-prepared samples (see Section 3.2.1). 

 

Figure 3.19. (a) SEM of amorphous CoP after OER and elemental mapping of (b) Co (green) and (c) O 
(blue). (d) SEM of crystalline CoP after OER and elemental mapping of (e) Co (green) and (f) O (blue). 
Mapping of phosphorus is shown in Figure A.1.12. 

The TEM of the amorphous CoP after OER did not reveal any drastic change in the 
structure of the material, as the amorphous nature was maintained after catalysis (see 
Figure 3.20a). The SAED showed a lack of diffraction rings, which confirmed that there 
was no formation of a crystalline phase (see Figure 3.20b). In the case of the crystalline 
CoP, it was clearly visible that the particles were covered by an amorphous layer, which 
had no lattice planes (see Figure 3.20c). Interestingly, the corrosion was limited to the 
surface, and the core of the particles remained crystalline, which could be clearly 
demonstrated by SAED (see Figure 3.20d). The indexed reflections for the plane distance 
could be assigned to the (111), (211), and (301) planes of the crystalline CoP phase 
(JCPDS 29-0497)[274] as found in the as-prepared sample (see Figure 3.7). 
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Figure 3.20. (a) TEM and (b) SAED after OER of amorphous CoP, (c) TEM and (d) SAED after OER of 
crystalline CoP. No diffraction rings appear in the SAED on the amorphous material. In the case of the 
crystalline CoP, an amorphous layer is covering the agglomerated particles. However, crystalline particles 
were also apparent, as confirmed by SAED pattern that is in accordance with CoP phase (JCPDS 29-0497). 

ICP-AES results complemented the morphological post-catalytic analysis and revealed 
the leaching of phosphorus into the solution on both amorphous and crystalline CoP (see 
Table A.1.7). The leaching of phosphorus to the electrolyte solution occurred during the 
OER because of the high solubility of polyphosphate species generated under alkaline 
conditions.[100,303] A higher concentration of P in the electrolyte solution was found when 
the amorphous CoP was used (85 %), in comparison to the crystalline CoP (11 %). The 
P loss, in addition to the SEM and TEM results, indicated the oxidation and the formation 
of an amorphous P-poor layer of Co (oxy)hydroxide, CoOx(OH)y over the conductive 
CoP core on both materials.[26,101] This phenomenon agrees with the Pourbaix diagrams, 
which predicted the presence of highly oxidized species of cobalt and phosphorus (as 
PO43-) in solutions under oxidative and alkaline conditions (Experimental Section, see 
Figure 7.14).  

The surface oxidation and non-metal leaching is typical of TM-Ps and has been 
documented for Ni2P,[26,161] Ni12P5,[26] FeP,[111,147] and Fe2P.[166] Numerous crystalline Co 
phosphides phases, especially Co2P and CoP, have been also reported to leach phosphorus 
and partially or completely transform to highly oxidized amorphous structures during 
OER under alkaline conditions.[26,111,112,250,297,304] The surface transformation was also in 
agreement with the increase in the ECSA values after catalysis for both amorphous and 
crystalline CoP (see Section 3.2.1). The observed increase in ECSA was related to a larger 
number of active sites generated during OER. Previous investigations on Co phosphide 
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systems have demonstrated that the amorphous CoOx(OH)y shell contained highly 
oxidized CoII/CoIII species which are the active sites for OER.[26,155,161,162] Amorphous 
CoP contained a larger number of active sites, as revealed by the higher phosphorus 
leaching and higher ECSA. In both cases, the remaining conductive core enabled a better 
charge transfer between the active centers on the surface and the substrate.[164] The 
observations made on amorphous and crystalline CoP determined that similar processes 
took place during OER. However, the extension of the transformation was higher for the 
amorphous CoP and allowed a better activity in comparison to the crystalline phase. 

The changes of chemical environment and oxidation state of the near-surface atoms of 
amorphous and crystalline CoP after OER were determined by the XPS analysis and then 
compared to the as-prepared samples. Figure 3.21 and 3.22 show the comparison of Co 
2p, P 2p and O 1s XPS spectra of the amorphous CoP and crystalline CoP before and 
after OER. In the case of the amorphous material, XPS after short-term LSV and long-
term CP experiments was measured to determine the effect of time on the extent of the 
transformation during OER. Deconvoluted spectra gave more insight into the changes 
occuring during catalysis.  

 

Figure 3.21. XPS spectra of amorphous CoP: (a) Co 2p, (b) P 2p and (c) O 1s. Deconvoluted spectra and 
details on assignments are shown in the Appendix (see Figure A.1.13). 

The Co 2p XPS spectra of amorphous CoP after LSV and CP OER showed the peaks 
corresponding to Coδ+ completely disappeared after OER (see Figure 3.21a, b, c). In 
comparison to the freshly synthesized amorphous CoP sample, the signals were shifted 
to higher binding energies after OER catalysis, which indicated the oxidation of Co to 
higher oxidation states.[26,156,160,162,238] The deconvoluted spectra showed strong peaks 
associated to CoII (780.9 eV 2p3/2, 796.5 eV 2p1/2 on both LSV and CP spectra) and CoIII 
(779.7 eV 2p3/2, 794.8 eV 2p1/2 in LSV and 779.8 eV 2p3/2, 794.9 eV 2p1/2 on CP) after 
both the OER-LSV and the OER-CP samples (see Figure 3.21a and Figure A.1.13a). The 
deconvoluted spectrum of Co 2p displayed the enhancement of CoIII peak area after CP 
compared to the CoII peak area suggesting a higher amount of CoIII after continuous 
OER.[266,303]  

The P 2p spectra displayed the diminishing of the Pδ- signal at 129.0 eV and the 
emergence of the signal related to oxidized phosphorus PV (133.7 eV), which indicated 
the formation of phosphate after LSV and CP experiments (see Figure 3.21b and Figure 
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A.1.13b).[160,162] Moreover, an additional peak was found in the after CP OER, 
corresponding to P2O5 (~136.2 eV).[305] The shift towards higher binding energies was in 
accordance to the oxidation of phosphorus and formation of phosphate during OER under 
alkaline conditions. The intensity of the P signals also decreased after LSV and CP OER, 
which indicated less amount of P in the surface.[26,156,160,162,238] This observation agreed 
with the ICP results that demonstrated the oxidation and loss of phosphorus into the 
electrolyte solution. 

The O 1s spectra of amorphous CoP after LSV and CP OER showed peaks centered at 
531.2 eV and 530.7 eV, respectively (see Figure 3.21c). The high intensity of this peak, 
in comparison to the as-prepared amorphous CoP O 1s spectrum, was in accordance with 
the oxidation of the surface generated during OER under alkaline conditions. Detailed 
information can be obtained from the deconvoluted spectra, which resulted into three 
peaks (O1, O2 and O3) (see Figure A.1.13c). Each peak can be correlated to oxygen 
species with different chemical environments. The first peak (O1) at 529.3 eV (on both 
LSV and CP OER) corresponded to the metal-oxygen bond in the active CoOx(OH)y 
formed in the surface after OER.[306] The other deconvoluted peaks also supported the 
surface oxidation and formation of the (oxy)hydroxide phase. The major peak (O2, 531.0 
eV after LSV and 530.6 eV after CP) indicated the presence of –OH groups, which 
confirmed the surface hydroxylation.[307] Finally, the peak at 532.2 eV after CP and 531.7 
eV after LSV (O3) was related to adsorbed water molecules on the (oxy)hydroxide 
surface due to contact with the electrolyte aqueous solution.[307] 

The same trend was observed for crystalline CoP after OER CP (see Figure 3.22a, b, c) 
and detailed information was obtained from the deconvoluted spectra. After OER, the 
signals in the Co 2p spectrum (see Figure A.1.14a) appeared shifted to higher binding 
energies, which indicated the oxidation of Co in the surface to higher oxidation 
states.[26,156,160,162,238] This observation was confirmed by the emergence of new signals in 
the spectrum, related to CoIII (deconvoluted: 2p1/2 795.2 eV, 2p3/2 780.0 eV) and CoII 
(deconvoluted: 2p1/2 796.3 eV, 2p3/2 781.1 eV).[288] Similarly to the amorphous CoP, the 
crystalline CoP after OER spectrum showed and increased intensity of the CoIII peak, 
suggesting a higher amount of this species after continuous OER.[266,288] Therefore, the 
results supported the surface oxidation and formation of CoII/IIIOx(OH)y.[26,156,160,162,238]  

The P 2p spectrum of crystalline CoP after the long term CP experiment showed only one 
peak at higher binding energy (133.5 eV) and the disappearance of the Pδ- from CoP 
(129.4 eV). The deconvolution of this peak resulted also in only one peak (see Figure 
A.1.14b). This suggested that the phosphorus species in the surface had been completely 
oxidized to PV (phosphate) during the long-term chronopotentiometric measurement and 
confirmed by the observations from SEM and TEM of the electrochemically caused 
corrosion.[160,162] This observation was in agreement with the ICP results and TEM which 
demonstrated the oxidation and loss of phosphorus into the electrolyte solution and the 
formation of amorphous CoOx(OH)y over the metallic-like crystalline CoP core. This led 
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to a rapid transport of the electrons away from the surface and the generation of new 
electron holes that significantly improved the OER activity.  

Finally, the O 1s spectrum after CP OER of crystalline CoP showed only one peak at 
531.7 eV. This peak showed a high intensity in comparison to the as-prepared crystalline 
CoP O 1s spectrum, which supported to generation of highly oxidized species in the 
surface during the OER under alkaline conditions. Detailed information was obtained 
from the deconvoluted spectra, which resulted into three peaks (O1, O2 and O3) (see 
Figure A.1.14c). Similar assignations were done as in the post-OER O 1s spectra of 
amorphous CoP. The first peak (O1) was correlated to the Co-O bond (529.8 eV) from 
the electrochemically generated (oxy)hydroxide layer.[306] This was supported by the 
presence of a second peak (O2), related to oxygen in –OH groups (531.7 eV).[307] Finally, 
the peak at (534.0 eV) (O3) was assigned to absorbed water molecules on the amorphous 
(oxy)hydroxide surface due to contact with the electrolyte aqueous solution.[307]  

 

Figure 3.22. XPS spectra of crystalline CoP: (a) Co 2p, (b) P 2p and (c) O 1s before and after OER. 
Deconvoluted spectra and details on assignments are shown in the Appendix (see Figure A.1.14). 

The FT-IR spectra of amorphous and crystalline CoP after the OER electrochemical 
investigations (see Figure A.1.15) showed a broad band centered at �̅� = 3000 cm-1, which 
could be assigned to the asymmetrical and symmetrical O-H stretching vibrations and 
confirmed the surface hydroxylation. This was caused by corrosion during the LSV and 
CP OER experiments of the crystalline and amorphous CoP, since these signals could not 
be detected on the freshly synthesized samples (see Section 3.2.1). Additionally, the 
bands at �̅� = 1600 cm-1 were assigned to the H-O-H bending vibrations. Moreover, the 
phosphate formation can also be concluded from the spectra. The characteristic band of 
phosphate between �̅� =  1500-500 cm-1 are attributed to P=O and P-O-P stretching 
vibrations.[160,282] Finally, a peak at �̅� = 600 cm-1 characteristic of the stretching vibration 
of the Co-O bond was also present, which proved the oxidation of the phases. 

The changes in the XPS signals of amorphous and crystalline CoP indicated that the 
valence of the Co shifted towards CoII/CoIII after OER. The electrochemical experiments 
also provided evidence of oxidation to higher oxidation states. A redox wave observed 
during the LSV OER of both materials was attributed to the oxidation of CoII/III (see 
Figure A.1.6). The formation of a mixture of CoII/CoIII species in the amorphous 
(oxy)hydroxide layer is generally considered essential for the OER activity.[101] The 
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formation of this layer was accompanied by drastic structural changes, due to the 
generation of an amorphous shell, as described before by the SEM, TEM, SAED, and 
ICP-AES (see Figures 3.19, 3.20 and related discussion). The amorphous shell does not 
have any long-range order, but it is composed of disordered CoIIIOx(OH)y sheets that are 
held together only by noncovalent bonds, which allows access of H2O, OH-, and K+ from 
the electrolyte to the bulk (see Figure 3.23a).[101,261] Dau and co-workers determined that 
amorphous CoOx(OH)y layers consisted of octahedrally coordinated CoIII ions 
interconnected by di-µ-oxo bridges.[308] This disordered structure can be described as 
polyoxometalates with molecular dimensions of 7-16 edge-sharing CoO6 octahedra 
connected by di-µ-oxido-bridges (see Figure 3.23b).  

 

Figure 3.23. (a) Schematic representation of the structure of two exposed layers of CoOx(OH)y phase 
exposed to the electrolyte that contains H2O, OH- and K+. Green, blue, white, and orange spheres represent 
Co, O, H and K atoms. The arrangement of the interlayer species is only illustrative and strongly simplified. 
(b) edge-sharing CoO6 octahedra (highlighted in orange) connected by di-µ-oxido-bridges (highlighted in 
blue). 

The formation of three-dimensional cross-linked and layered CoOx(OH)y containing di-
µ-oxido-bridged CoO6 octahedra is favored by defects that occur frequently in disordered 
amorphous structures[155,308] and is independent of the initial Co coordination and 
oxidation state.[309] Dau and co-workers determined that Co3O4, wurtzite-like CoO, rock-
salt-like CoO and heterogenite-like CoOx(OH)y all transformed to a low-crystallinity and 
OER-active CoOx(OH)y phase during electrocatalysis.[309] A similar structural motif has 
been also found in Ni- and Mn-based OER electrocatalysts and is described as the active 
structure.[310,311] The di-μ-oxido bridging is ascribed as a key structural motif in water 
oxidation, because it can act as internal proton acceptor (base) during the previous steps 
to the O-O bond formation (see Figure 1.9).[309,312]  

The OER mechanism of the CoOx(OH)y phase containing two CoIII centers connected by 
di-μ-oxido bridging is the following. First, H2O or OH- is absorbed on the surface of the 
Co (oxy)hydroxide (see Figure 3.24, species (1)). Two consecutive PCET steps form the 
CoIV-O-II species (species 3) from the CoIII-OH2 species. From this point, there are two 
possible pathways for the O-O bond formation.[309,313] The first pathway involves the 
nucleophilic attack of hydroxide on a single CoIV-O-II species (see Figure 3.24, marked 
in black). In the subsequent PCET, the (oxy)hydroxide species leading to the O-O bond 
is formed. The CoII-OOH (species 3.A) is converted to CoIII-OO (species 4) in a further 
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PCET and dioxygen is desorbed. Finally, a water molecule is adsorbed, which restores 
the original state of the catalyst. The second pathway proceeds via a PCET to generate a 
second CoIV-O-II species (3.B.1) from a CoIII-OH in close proximity to the first CoIV-O-II 
species. In this case, the formation of the O-O bond occurs through the intramolecular O-
O coupling from the CoIV-O-II species, which leads to a bridging peroxido intermediate 
(species 3.B.2, see Figure 3.23, marked in red). This is followed by the adsorption of a 
OH- in one of the two Co centers, whereupon the Co-O bond is broken at this Co center 
and a CoIII-OO species is generated (species 4). The uptake of a water molecule generates 
the initial CoIII-OH2 species. Both mechanisms are plausible for the Co (oxy)hydroxide 
species generated in the amorphous and crystalline CoP. The occurrence of the reaction 
through one of the two mechanisms depends on the overpotential, as the most active and 
stable surface termination depends on it.[309] High potentials will lead to highly oxidized 
CoIV-O-II, which favors the intramolecular mechanism with two adjacent CoIV-O-II 
species.  

 

Figure 3.24. Two mechanisms for the OER on CoIIIOx(OH)y catalysts with different O–O bond formation 
steps: nucleophilic attack of hydroxide (black arrows, 3.A) and intramolecular oxygen coupling (red 
arrows, 3.B). 

The CoIII species identified in this work by ex-situ characterization could be associated to 
the CoIII-OH-, CoIII-OOH, and CoIII-OH2 species in the mechanism and it is clearly the 
prevalent resting state of the catalysts. The electronic configuration of CoIII (d6, 𝑡"&8 𝑒&3) 
has a strong influence in the structure and catalytic activity. In the octahedral 
coordination, the electronic configuration is degenerate (see Figure 3.25, left). A Jahn-
Teller distortion occurs to remove the degeneracy and stabilize the orbitals. The d orbitals 
with a z component are stabilized (dxz, dyz, d9,), while the orbitals without a z component 
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are destabilized (d:,*;,, dxy) (see Figure 3.25, center). As a result of the distortion, the 
CoIIIO6 were elongated in the CoIII–O bonds along one of the molecular 4-fold axes (see 
Figure 3.25, right).[314,315] Such an elongation weakened the CoIII–O covalent bond along 
this axis, facilitating the absorption of oxygen intermediates and the oxidation of the CoIII 
site.[139,140]  

 

Figure 3.25. Jahn-Teller distortion on the octahedral coordination modes of intermediate spin CoIII (d6) in 
the structure of CoOx(OH)y. The stabilization can be observed by the decrease in energy of the filled 
orbitals. The CoO6 octahedra suffered and elongation along the z axis. Co and O atoms are represented by 
green and blue spheres, respectively. 

The previous mechanism postulates that CoIII and CoIV are the electrochemically active 
species during the OER.[49,309] However, highly oxidized CoIV ions were not 
experimentally detected on amorphous and crystalline CoP because only ex-situ 
characterization has been done and the oxidation state of the catalyst material changes 
upon removal from the oxidative conditions in the electrolyte.[119] Reports in the literature 
showed that CoIV is indeed the active species for the OER in Co-based materials. Hu and 
co-workers[114] found evidence that CoIV is present in amorphous CoOx(OH)y during 
electrochemical OER and is fundamental for the O-O bond formation. The presence of 
CoIV active species is consistent with several reports and determined in Co3O4 during 
photocatalytic OER by fast can FT-IR,[115] in CoOx by electron paramagnetic resonance 
(EPR),[113] and for Co-Pi films in neutral pH,[116,118] CoOOH nanosheets,[117] and 
amorphous CoOOH under alkaline conditions.[114]  

In summary, the characterization results in support of the formation of an amorphous Co 
(oxy)hydroxide species CoOx(OH)y, through phosphorus loss into the electrolyte solution 
on both amorphous and crystalline CoP. The difference in the amount of leached 
phosphorus was related to a higher transformation of the amorphous CoP to CoOx(OH)y 
during OER under alkaline conditions. A larger transformation also signified a greater 
structural modification and formation of higher amount of surface unsaturated sites for 
facile reactant adsorption. In contrast, less leaching of phosphorus and oxidation was 
observed on the crystalline material. A crystalline metallic-character CoP core was 
retained during catalysis. The core-shell structure obtained in this way catalyzed the OER 
due to a faster charge exchange between the CoOx(OH)y layer and the conductive 
substrate. However, the benefit of the core-shell structure in the activity was not sufficient 
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to overcome the low oxidation and formation of the CoOx(OH)y layer, which was the 
responsible for the OER. 

The (oxy)hydroxide layer ultimately contained the active centers of the OER under 
alkaline conditions, on both amorphous and crystalline CoP. The layer did not have any 
long-range crystalline structure, but the atomic structure of such electrochemically 
generated material is known to contain CoIIIO6 edge sharing octahedra connected by µ-
oxo-bridges. The octahedral CoIII species exhibited a Jahn-Teller distortion, which was 
crucial for the generation of active sites for the water oxidation. A mechanism for OER 
with two possible O-O bond formation steps was postulated for the Co (oxy)hydroxide 
phase. The O-O bond was either formed by a nucleophilic attack of hydroxide on a metal 
center or by direct intramolecular coupling. Both steps require the presence of highly 
oxidized CoIV atoms, which are capable of oxidizing water and generate O2. Even if the 
presence of CoIV intermediate has not been demonstrated, post-operando data agreed with 
the mechanisms postulated in the literature. It can be concluded that the evolution of O2 
from amorphous and crystalline CoP must have taken place via a comparable mechanism 
due to similar post-operando characterization results. 

3.2.4. Post-operando HER characterization of amorphous and crystalline CoP 

Likewise, post-operando characterization after HER was also carried out to identify the 
active sites of amorphous CoP and crystalline CoP, as well as their structural 
transformations and changes in morphology, composition, and electronic properties after 
the electrochemical experiments. 

The SEM images of the amorphous and crystalline CoP films (see Figure 3.26a, d) clearly 
show the corrosion of the materials by the electrochemical oxidation or loss of the 
material into the electrolyte solution, exposing the FTO substrate. The change in the 
composition of the phases after the electrochemical HER was investigated through EDX. 
The elemental mapping after catalysis revealed a homogenous distribution of Co (green), 
P (red) and O (blue) on the surface of the electrodes (see Figures 3.26b, c, e, f, A.1.16). 
In comparison to the as-prepared amorphous and crystalline CoP sample, the 
homogenous distribution of P and O indicated an oxidation of the surface but with 
retention of P, contrary to the observations during OER. P was mostly observed on the 
surface film, but not on the substrate (FTO) which indicated retention of P in the structure. 
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Figure 3.26. (a) SEM of amorphous CoP after HER and elemental mapping of (b) Co (green) and (c) O 
(blue). (d) SEM of crystalline CoP after HER and elemental mapping of (e) Co (green) and (f) O (blue). 
Mapping of phosphorus is shown in Figure A.1.16. 

TEM analysis complemented the results from the SEM examinations. TEM and SAED 
of the amorphous CoP after HER did not show any apparent change in phase, as the 
amorphous nature was retained after catalysis. The TEM images did not reveal the 
appearance of crystalline fringes (see Figure 3.27a). The SAED confirmed this 
observation, as it did not show clear diffraction rings associated to a new formed 
crystalline phase (see Figure 3.27b). In the case of crystalline CoP, an amorphous layer, 
which had no lattice planes, was observed over the agglomerated nanoparticles (see 
Figure 3.27c). The SAED revealed that the amorphous layer was limited to the surface, 
as the crystalline core of the CoP nanoparticles was maintained after HER (see Figure 
3.27d). The diffraction rings observed on the SAED corresponded the (111), (211) and 
(301) planes of the crystalline CoP phase (JCPDS 29-0497),[274] as it is observed on the 
as-prepared samples and after the OER. 

Quantitative analysis by ICP-AES complemented the post-catalytic morphological 
analysis and revealed the leaching of phosphorus into the electrolyte solution on both 
amorphous and crystalline CoP during HER. The leaching of phosphorus on both 
materials was lower than the amount lost during OER. The amorphous CoP showed a 
higher phosphorus leaching (13 %) in comparison to the crystalline phase (5 %) (see 
Table A.1.7). The characterization results suggest that both materials suffered low 
leaching of the non-metal and that an amorphous layer is formed over the crystalline CoP 
under strongly alkaline HER. The leaching of phosphorus to the electrolyte solution 
occurred during the HER because of the contact of the materials with the highly oxidative 
alkaline solution. This process transformed the surface of the materials to 
(oxy)hydroxides, as the phosphorus leached into the solution as the polyphosphate 
anions.[303] It is known that during HER under alkaline conditions, the CoP surface acts 
as a precatalyst: the contact with the alkaline solution induced the CoP oxidation and 
leaching of P, which formed an amorphous (oxy)hydroxide CoOx(OH)y.[240,303] However, 
the application of a reductive potential limited the oxidation of both Co and P.[303]  
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Figure 3.27. (a) TEM and (b) SAED after HER of amorphous CoP. No diffraction rings appear in the 
SAED after OER, indicating that the material is amorphous. (c) TEM and (d) SAED after HER of 
crystalline CoP. An amorphous layer was formed on the exterior of the particles. The inner part contained 
crystalline CoP particles, as confirmed by SAED pattern (JCPDS 29-0497). 

The changes of chemical environment and effect of the application of a reduction 
potential on the oxidation state of the near-surface atoms of amorphous and crystalline 
CoP after HER were determined by the XPS analysis and then compared to the as-
prepared samples. Figure 3.28 shows the comparison of Co 2p, P 2p and O 1s XPS spectra 
of the amorphous CoP. XPS after short-term LSV and long-term CP experiments were 
measured to determine the effect of time on the extent of the transformation during HER. 
Deconvoluted spectra gave more insight into the changes occuring during catalysis. The 
deconvoluted Co 2p spectrum after HER LSV revealed the total disappearance peaks 
associated to Coδ+ (see Figure A.1.17a). The signals were shifted to higher binding 
energies after HER catalysis, which indicated the presence of highly oxidized Co 
species.[26,156,160,162,238] The peaks were associated to CoII (2p3/2 781.7 eV and 2p1/2 
798.0 eV and satellites 784.4 eV and 789.9 eV) and CoIII (2p3/2 779.7 eV and 2p1/2 
795.1 eV and satellites 803.1 eV and 805.5 eV), which appeared due to the surface 
oxidation under strongly alkaline conditions.[160,240,303] Similar results were obtained after 
the long-term HER CP experiment, in which peaks associated to CoII (2p3/2 781.6 eV and 
2p1/2 797.3 eV) and CoIII (2p3/2 779.8 eV and 2p1/2 795.8 eV) were present (see Figure 
A.1.17b).  
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Figure 3.28. XPS spectra of amorphous CoP: (a) Co 2p, (b) P 2p and (c) O 1s before and after HER. 
Deconvoluted spectra and details on assignments are shown in the Appendix (see Figure A.1.17, Figure 
A.1.18). 

The P 2p spectra revealed the oxidation of the surface phosphorus (see Figure 3.28b). 
Interestingly, the deconvoluted spectra showed that the phosphorus species change upon 
the duration of the catalysis (see Figure A.1.17c). After the short-time HER LSV 
experiment, the deconvoluted P 2p spectrum showed peaks related to phosphorus with 
two different oxidation states. The low binding energy peak at 129.0 eV corresponded to 
a Pδ- signal. The intensity of this signal was low, which indicated that less amount of Pδ- 
was left in the surface after HER LSV. Additionally, a high binding energy signal at 
133.1 eV appeared, related to PV due to the formation of phosphate. The XPS results 
revealed that the oxidation occurred and reduced phosphorus (Pδ-), from pristine 
amorphous CoP was present.[160,162] In the case of the long-term CP HER P 2p spectrum, 
the signals of phosphorus completely disappeared, further demonstrating the complete 
loss of this element from the surface of amorphous CoP under alkaline HER conditions 
(see Figure A.1.17d). The results were in accordance with the ICP-AES loss of 
phosphorus into the electrolyte solution (see Table A.1.7).  

Finally, the O 1s spectra for LSV and CP HER were obtained (see Figure 3.28c), where 
one peak centered at 531.2 eV was observed. The deconvolution of both spectra resulted 
in three distinct peaks (O1, O2, and O3) (see Figure A.1.17e,f) which could give detailed 
information of the surface transformation. Each peak was assigned to oxygen species with 
different chemical environments. The first peak (O1) at 529.3 eV (on both LSV and CP 
OER) corresponded to the metal-oxygen (Co-O) bond in the oxidized surface.[306] The 
second signal (O2), and most intense, was assigned to oxygen in –OH groups (O2, 
530.9 eV on CV and 530.6 eV on CP).[307] The high intensity indicated that most of the 
O in the surface was hydroxylated,[307] specially after the long-term CP HER experiment 
where the ratio of this peak is higher in comparison to the others. Finally, the peak with 
the largest binding energy was associated to adsorbed water molecules on the oxidized 
surface (O3, 532.2 eV on CV and 531.7 eV and CV).[307]  

A similar trend and assignation was observed for crystalline CoP after HER CP (see 
Figure 3.29d, e, f). After HER, the signals in the deconvoluted Co 2p spectrum (see Figure 
A.1.18a) appeared shifted to higher binding energies, which indicated the oxidation of Co 
in the surface. This observation was derived from the appearance of the signals related to 
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CoII (2p1/2 795.2 eV and 2p3/2 780.0 eV) and CoIII (2p1/2 796.3 eV and 2p3/2 781.1 eV), as 
well as satellite peaks (781.7 eV, 797.0 eV).[288] The presence of highly oxidized Co 
suggested the oxidation of the surface to an amorphous active CoOx(OH)y.[266,288]  

 

Figure 3.29. XPS spectra of crystalline CoP: (a) Co 2p, (b) P 2p and (c) O 1s before and after HER. 
Deconvoluted spectra and details on assignments are shown in the Appendix (see Figure A.1.17, Figure 
A.1.18). 

The deconvoluted P 2p spectrum after HER CP (see Figure A.1.18b) did not reveal any 
phosphorus signal, similarly to the spectrum after the long-term chronopotentiometric 
experiment with the amorphous CoP. This was consistent with TEM and ICP results 
showing the loss of surface P into the electrolyte solution and the complete oxidation of 
the surface to form a (oxy)hydroxide layer over a metallic-like CoP crystalline core. This 
led to a rapid transport of the electrons between the surface and the conductive substrate. 
Similar observations have been made with other TM-Ps during HER, like Mo3P and 
MoP,[316] NixPy,[317] Ni12P5 and Ni2P.[26] 

Finally, the O 1s spectrum after CP HER of crystalline CoP showed only one peak at 
531.7 eV (Figure 3.29c). This peak showed higher intensity in comparison to the as-
prepared crystalline CoP O 1s spectrum, which supported the generation of highly 
oxidized species in the surface during HER under alkaline conditions. The deconvoluted 
spectrum provided better understanding of the changes in the surface. Three distinct peaks 
were obtained (O1, O2, and O3) (see Figure A.1.18c). The first peak (O1) at 530.2 eV 
was related to the Co-O bond, generated in the CoOx(OH)y layer during electrochemical 
HER.[266,288,306] Additionally, the most intense second peak (O2), was related to –OH 
groups (531.2 eV), which confirmed the presence of this layer.[307] The peak with the 
highest binding energy (O3, 533.9 eV) was assigned to absorbed water molecules on the 
amorphous (oxy)hydroxide surface due to contact with the electrolyte aqueous 
solution.[307]  

The FT-IR spectra of amorphous and crystalline CoP after the HER electrochemical 
investigations (see Figure A.1.19) are consistent with the transformations observed by 
XPS. The low intensity broad band centered at ca. �̅� = 3000 cm-1 was assigned to the 
asymmetrical and symmetrical O-H stretching vibrations and confirmed the surface 
hydroxylation. The complete loss of phosphorus from the surface into the electrolyte 
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solution was also confirmed from the FT-IR spectra. For both amorphous and crystalline 
CoP, the lack of peaks in the range between �̅� = 1500-500 cm-1 discarded the presence 
of phosphate.[160,282] 

Furthermore, the changes in the XPS, in combination with the results from SEM, TEM, 
SAED, FT-IR and ICP-AES, indicated the transformation of amorphous and crystalline 
CoP during electrochemical HER. Initially, the surfaces of the electrocatalysts are 
oxidized to form a CoOx(OH)y layer due to the contact with the alkaline solution.[26] This 
was supported by the appearance of Co in high oxidation state CoII/CoIII on the surface. 
The formation of this layer was a result of the phosphorus dissolution into the electrolyte, 
as concluded from the lack of phosphorus signals in the XPS after the long-term 
chronopotentiometric HER. This observation was complemented by the FT-IR 
measurements, in which no phosphate could be detected. Thus, both materials 
transformed to a core-shell structure, in which the remaining CoP core accelerated the 
charge transfer from the active catalyst surface to the electrode substrate to accomplish 
efficient electrocatalysis.  

The transformation of CoP during HER seemed analogous to the one observed during 
OER. However, the ICP results demonstrated that the loss of phosphorus during HER is 
lower in comparison to the loss during OER. This difference is a consequence of the 
reduction of the oxidized species that occurred during HER. Wang and co-workers[303] 
observed that the oxidized species on CoP nanoparticles surface can be reduced under the 
HER conditions and can be maintained during electrocatalysis. The authors observed that 
under HER conditions in alkaline electrolyte, the catalyst surface changed from being P-
rich to Co-rich due to the electrochemical reduction of the oxidized species in CoP and 
dissolution of the oxidized P species (phosphate). These two phenomena rendered 
together a Co-rich phosphide surface. Similar conclusions can be driven from the post-
operando characterization of amorphous and crystalline CoP. Initially, the XPS showed 
the presence of reduced phosphorus Pδ- in the surface after LSV HER (see Figure 
A.1.17a). However, after the CP HER 24 h experiment, the surface is transformed from 
P-rich to Co-rich because of the polyphosphate dissolution (see Figure A.1.17b,d).  

The surface composition change had an effect on the HER mechanism. Initially, when 
the surface is P-rich, electronegative phosphorus species (Pδ-) could create a negative 
charge to trap H+ and influenced the desorption of H2.[148] However, the long-term 
chronopotentiometric experiments revealed that phosphorus was lost into the electrolyte 
solution. Consequently, the HER mechanism should be different under these conditions. 
Li and co-workers[318] demonstrated that electrocatalysts with atoms with high 
electronegativity favored the formation of H2, provided their crystalline metallic 
properties were retained. The superior activity of amorphous and crystalline CoP in the 
long-term HER could be attributed to the formation of in situ reduced metallic species 
with smaller positive charge (Co0/Coδ+).[319] The formation of reduced species in the 
amorphous and crystalline CoP can be demonstrated by a closer inspection of the HER 
LSV polarization curves. The initial polarization curve revealed a reduction peak that 
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occurred before the HER (at -0.10 V vs. RHE), because of the application of the negative 
potential (see Figure 3.30). This reduction was irreversible since it did not appear on 
further polarization curves. This peak was related to the in situ reduction of CoII/CoIII to 
the thermodynamically favorable Co0 species during HER. The reduced species are 
higher on the amorphous CoP in comparison to the crystalline CoP, as can be seen from 
the difference in the areas of the reduction peaks. This phenomenon contributed to the 
higher HER electrocatalytic activity and lower overpotential obtained with this phase. 

 

Figure 3.30. Initial polarization curve of amorphous and crystalline CoP measured in 1 M KOH on NF 
with a sweep rate 10 mV s-1 featuring a cathodic peak corresponding to the reduction of higher valent Co 
species to metallic cobalt (Co0). 

Similar transformations and in situ formation of surface Co0 under reductive conditions 
are reported in the literature.[239,302] For example, post-catalytic studies on CoP NPs 
supported on CNT revealed a core-shell structure with a Co-rich and reduced surface after 
HER under alkaline conditions.[303] XPS studies revealed that surface oxidized species 
CoII, CoIII and PV (in phosphate) were electrochemically reduced to form Co0 and Pδ-, 
which served as active sites for the HER.[303] A reductive wave was also observed during 
HER with electrochemically prepared H2–CoCat. The redox event was associated to the 
in situ reduction of CoII/III to Co0.[95] 

An analogous behavior has been found in other TM pnictides, chalcogenides and other 
materials. Panda and co-workers[112] also observed the presence of an irreversible 
reduction peak on the HER polarization curve while using nanostructured core-shell 
Cu3N-CuO for HER in 1 M KOH. The peak was related to the reduction of CuI/CuII to 
Cu0 species, which is the catalytically active species in the HER. Molecularly-derived 
FeSe2 deposited on NF showed a strong reduction peak in the lower current density region 
of the HER polarization curve, which indicated the reduction of FeII/FeIII to Fe0.[106] 
Extended X-ray absorption fine structure (EXAFS) experiments on helical cobalt 
borophosphates (LiCoBPO) showed the decrease in the oxidation state of Co towards less 
positive values after long term HER.[80]  
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3.2.5. OWS with amorphous and crystalline CoP 

Co-P materials like CoP nanoneedle arrays,[265] CoP hollow prisms,[266] CoP nanoframes 
and nanocubes,[267] Co2P,[260,320] and CoP/Co2P hybrids[321] have been applied as 
bifunctional electrocatalysts in alkaline conditions (see Section 3.2.2). This fact and the 
outstanding OER and HER activities of crystalline CoP and especially amorphous CoP 
served as inspiration for the construction of an OWS device to test the bifunctional 
activity of the electrocatalysts. A two-electrode configuration was used, with amorphous 
or crystalline CoP used as both the anode and cathode (amorphous CoP/NF║amorphous 
CoP/NF and crystalline CoP/NF║crystalline CoP/NF) (see Figure A.1.20). A cell 
constructed with bare NF electrodes served as comparison to determine the activity 
(NF║NF). The experiments were carried in a closed system in 1 M KOH electrolyte (see 
Section 7.3.9). The OWS activity was measured through continuous CV starting at a 
potential before the thermodynamic water-splitting potential (1.23 V, see Section 1.4) and 
well beyond it, to determine the cell voltage at 10 mA cm-2, and consequently, the 
overpotential. A long-term CP experiment (for 5 days) was also performed to determine 
the relative stability of the constructed system. This was accomplished by the application 
of constant 10 mA cm-2 in the two-electrode cell. 

The LSVs shown in Figure 3.31a demonstrated that a cell voltage of 1.65 V (𝜂 = 420 mV) 
is needed to reach a current density of 10 mA cm−2 for amorphous CoP. The cell voltage 
obtained with the crystalline CoP cell was relatively higher, 1.79 V (𝜂  = 560 mV). 
However, both electrocatalysts were superior in comparison to the cell constructed with 
bare NF. The lower OWS overpotential of amorphous CoP was expected to be superior 
to the one of crystalline CoP, since this electrocatalysts showed lower overpotentials for 
the independent OER and HER (see Section 3.2.2). The OWS voltage of amorphous CoP 
was also comparable to reported values obtained with pure and mixed phase Co-P-based 
systems (see Table A.1.8).  

 

Figure 3.31. (a) LSV curves of amorphous and crystalline CoP (CoP/NF║CoP/NF) along with bare NF 
(NF║NF) for alkaline OWS and (b) OWS durability tests (CP at 10 mA cm−2) over 5 days. 

The chronopotentiometric experiments demonstrated the stability over 5 days (120 h) of 
the constructed cells for the OWS for both amorphous and crystalline CoP (see Figure 
3.31b). The cell constructed with amorphous CoP delivered an almost constant voltage 
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of 1.66 V (𝜂 = 430 mV) throughout the experiment. In contrast, a much higher potential 
was achieved by the crystalline CoP (1.83 V, 𝜂 = 600 mV). The bare NF substrate showed 
continuous deactivation, demonstrated by the potential increase from 1.90 V (𝜂  = 
670 mV) to 2.33 V (𝜂  = 1.10 V) during the 5 days of measurement. Therefore, the 
catalytic activity and stability of the system was inherent to the deposited films of 
amorphous and crystalline CoP. 

Moreover, the Faradaic efficiency (FE) of amorphous CoP during OWS was determined. 
The FE measures the efficiency of an electrocatalyst to transfer electrons provided by an 
external circuit across the interface to the electroactive species to affect the electrode 
reactions (see Section 7.3.10).[52] FE experiments were done with the two-electrode 
systems prepared with amorphous and crystalline CoP (amorphous CoP║amorphous 
CoP, and crystalline CoP║crystalline CoP). The FE towards OER and HER in 1 M KOH 
was measured in a two-electrode system. An inverted closed electrochemical cell 
(graduated) was used in which H2 and O2 could be collected separately at atmospheric 
pressure (see Figure A.1.21). A constant current was applied in the system (10 mA cm-2) 
in the system and an increase in the volume of gas was observed on both closed 
compartments containing the electrodes. The increase in the volume was noted through 
time and the ratio of the volumes of produced H2 and O2 remained almost 2:1 over one 
hour of electrolysis, showing an efficient selectivity and reactivity of the electrocatalysts 
for each half-cell reaction (see Figure A.1.22). A quantitative analysis of the evolved 
gases was also done to determine the FE. A similar two electrode system in a closed one-
compartment cell was used. The electrolyte and cell were first degassed with argon (Ar) 
for one hour under constant stirring. Then, a constant current of 10 mA cm-2 was applied 
on electrodes of 1 x 1 cm2 area for 400 s. At the end of electrolysis, the gaseous samples 
were drawn from the headspace by a gas-tight syringe and analyzed by gas 
chromatography (GC) to determine the amount of H2 and O2 produced by the water 
electrolysis. FE of 96 % and 92 % for HER and OER, respectively, for amorphous CoP 
(see Section 7.3.10 for calculation details). In both materials transfer electrons and 
facilitated the electrochemical OER and HER. It should also be noted that in practice the 
FE of 100 % cannot be achieved due to thermodynamic and kinetic barriers during the 
reaction.[52]  

3.3. Conclusion 

The search for a new preparation method to access amorphous and crystalline CoP from 
a defined molecular precursor was established. The decomposition by pyrolysis or hot-
injection of a SSP β-Diketiminato cyclo-P4 di-CoI complex bearing a [2Co-4P] center led 
to crystalline and amorphous CoP, respectively. The obtained CoP phases were 
electrodeposited on conductive substrates (NF, FTO) and the resulting films were 
successfully used for OER, HER and OWS in alkaline media (1 M KOH). The amorphous 
CoP showed a high OER activity and long-term stability during catalysis. To achieve a 
current density of 10 mA cm-2, the amorphous CoP only required an overpotential of 
360 mV on the FTO substrate and 268 mV on NF (see Figure 3.32a). The crystalline CoP 
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required higher overpotential of 414 mV and 305 mV when deposited on FTO and NF, 
respectively. The materials activities were comparable to benchmark IrO2 and achieved 
activities and overpotentials similar or better to other Co-P-based and non-noble TM-Ps 
systems (see Table A.1.2). Both materials show long-term stability for 24 h, in which 
constant overpotentials of 280 mV and 300 mV were achieved at 10 mA cm-2 by 
amorphous and crystalline CoP deposited on NF, respectively. Similarly, the amorphous 
CoP showed a high HER activity and long-term stability, and required 228 mV on the 
FTO and 143 mV on NF to reach -10 mA cm-2. This material surpassed the crystalline 
phase (η = 377 mV and 261 mV on FTO and NF, respectively) and the state-of-the-art 
IrO2, as well as other Co-P-based and non-noble TM-Ps systems reported in the literature 
(see Table A.1.3). A long-term stability (24 h) was also observed for the HER, in which 
constant overpotentials of 170 mV and 310 mV were achieved at -10 mA cm-2 by 
amorphous and crystalline CoP deposited on NF, respectively (see Figure 3.32b). The 
bifunctional catalytic activity of both materials was also tested using a two-electrode cell. 
The amorphous CoP exhibited a low voltage (1.66 V, η = 430 mV) and over 100 h 
stability for OWS, in comparison to a much larger cell voltage obtained with the 
crystalline CoP (1.83 V, η = 600 mV). 

 

Figure 3.32. Comparison of the overpotentials required for the (a) OER, and (b) HER electrocatalysis to 
achieve a current density of 10 mA cm-2 in a 1 M KOH. 

Post-operando analysis revealed that under the strongly alkaline and oxidative 
conditions, electrochemical corrosion promoted the oxidation of phosphorus to 
polyphosphates and their dissolution into the electrolyte on both materials. As a result, 
they transformed into a highly oxidized amorphous Co (oxy)hydroxide, which provided 
a high-surface-area "enriched" with defects. This layer was composed of disordered 
CoOx(OH)y sheets with a common structural motif generated by corrosion: CoIIIO6 edge 
sharing octahedra connected by µ-oxo-bridges. The octahedral CoIII species (d6, 𝑡"&8 𝑒&3 
configuration) exhibited Jahn-Teller distortion, which was crucial for the generation of 
active sites for the water oxidation. The elongation weakened the CoIII–O covalent bond 
along this axis and facilitated the absorption of oxygen intermediates and the oxidation 
to CoIV, which is an important intermediate in the OER catalytic cycle. A mechanism for 
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OER with two possible O-O bond formation steps was postulated. The O-O bond was 
either formed by a nucleophilic attack of hydroxide on a metal center or the direct 
intramolecular coupling. Both steps required the presence of highly oxidized CoIV atoms, 
which are capable of oxidizing water and generate O2. The similarity of the post-operando 
characterization results concluded that the evolution of O2 in amorphous and crystalline 
CoP must have taken place via a comparable mechanism. 

Similarly, post-operando characterization revealed that two simultaneous processes 
occurred during HER. First, a transformation similar to the one occurring during OER 
took place. The contact of the materials with the strongly alkaline solution led to the 
oxidation of the surface of the amorphous and crystalline CoP. The corrosion caused the 
oxidation of phosphorus to polyphosphate species, which are highly soluble in the 
alkaline electrolyte. Continuous contact with the solution caused the outer surface to 
transform into a Co-enriched CoOx(OH)y. Second, under the reductive HER conditions, 
the continuous application of a negative potential prompted the in situ reduction of CoII/III 
species to less positively charged Co0, which was detected electrochemically and 
assigned as the active species for HER.  

The higher dissolution rate of phosphorus into the alkaline solution of the amorphous CoP 
during OER and HER suggested a larger structural transformation towards Co 
(oxy)hydroxide of the amorphous CoP. The larger amount of CoOx(OH)y was responsible 
for the higher electrocatalytic activity of amorphous CoP. This was also confirmed by the 
higher ECSA of amorphous CoP, compared to crystalline CoP (0.30 vs. 0.11 cm2), which 
indicated that the amorphous phase had more surface defects which increased the 
exposure of active sites to the electrolyte solution. A core-shell structure was formed after 
OER and HER catalysis. The oxidized layer surrounded the retained metallic-character 
CoP core. The metallic-character of the remaining CoP core contributed to catalysis by 
improving the charge transfer between the active CoOx(OH)y layer and the electrode 
substrate. However, in the case of the crystalline CoP, the benefit in the activity of the 
core-shell structure was not sufficient to overcome the low oxidation and extension of the 
CoOx(OH)y layer, which contained the active sites responsible for the OER. The larger 
oxidation that occurred in the amorphous CoP contributed to an improved activity and 
stability for OER, HER, and OWS.  
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4. Synthesis, characterization, and electrochemical behavior of iron arsenide 
(FeAs) 

TM-As, the heavier congeners of TM-Ps, are an important class of materials which 
exhibit unique electronic, semiconducting, optical, and magnetic properties,[194–198] but 
remain unexplored for electrocatalytic applications. Their high electrical conductivity 
could be an indicative of their possible high OER electrocatalytic activity.[246] The 
following chapter describes the use of a SSP approach towards crystalline FeAs 
nanoparticles and their use for OER electrocatalysis. Extensive in situ and ex-situ 
analyses were performed to determine the characteristics of the generated phase during 
OER, and identity of the active species.  

4.1. Introduction 

Since the discovery in 2006 of the high-temperature superconductivity of Fe-based 
pnictide LaFePO (critic temperature, Tc = 26 K),[322] several efforts have been made for 
the identification of superconductivity in a series of rare-earth doped Fe oxypnictide-
based materials LnFeEO (rare-earth Ln = La, Ce, Sm, Gd, Nd, Pr; E = P, As).[323] Since 
then, new O-free Fe arsenides materials as AFe2As2 (A = Ca, Ba, Sr, alkaline-earth) and 
AFeAs (A = Li, Na, alkaline) have emerged.[198,324] The common structural motif in these 
materials are [FeAs] layers intercalated with cations of alkaline or alkaline-earth elements 
(see Figure 4.1).[198,325] The layered [FeAs] structure is crucial to reach a high Tc.[326] 
Therefore, binary TM-As (1:1 TM:As ratio), like FeAs, can be considered as “proxy” 
structures of potential arsenide-based superconductors.[326]  

 

Figure 4.1. Crystal structures of CaFe2As2. Blue, yellow, and grey sphere represent atoms of Fe, As and 
Ca, respectively.[198,325] 

Binary arsenides have also attracted special attention due to their structural and 
compositional diversity that results in a wide range of desirable electronic and magnetic 
properties.[327] Consequently, they have been used as thin films and components of 
electronic devices.[194–198] The most recent investigations have been based on main group 
metal arsenides semiconductors like GaAs and InAs because of their potential 
replacement to Si in electronic, optoelectronic, solar cells, light-emitting diodes (LEDs), 
thermoelectric devices, and biosensing.[200,328,329]  
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Recent attention has been devoted to arsenides of first row TMs (CoAs, CrAs, MnAs 
FeAs), due to their applications as semiconductors, anode materials for Li-ion batteries, 
and magnets.[201] Bulk metallic CoAs has shown no long-range magnetic order, but CoAs 
nanostructures have magnetic properties. Nath and co-workers[330] prepared CoAs 
nanoparticles (10-15 nm) by hot-injection of triphenylarsine in a solution of Co2(CO)8 in 
HDA. The nanostructures were ferromagnetic at low temperatures and 
superparamagnetic at high temperatures, which made them suitable for spintronics. Other 
ferromagnetic TM-As like CrAs and MnAs are also important in the field of the 
spintronics, since they convert magnetic energy into electrical energy when used as 
components of circuits.[201] CrAs adopts an orthorhombic structure that suffers of phase 
transition from NiAs-type to MnP-type at 800 K, and further cooling below this 
temperature the CrAs became a double helix, which exhibits antiferromagnetism.[331] 
Similarly, MnAs adopts a MnP-type structure and is regarded as a ferromagnetic material 
with high Curie temperature (600 K). MnAs has attractive physical properties for 
practical use in ferromagnetism. However, the unique properties of binary arsenides and 
its possible influence on catalytic processes has not yet been researched due to concerns 
about toxicity and possible As-related contamination.[194–198,332] 

4.1.1. Iron arsenide 

Iron arsenides were discovered in mixtures of minerals. They were first described in 1873 
by Weisbach[333] as a minor component of domeykite (Cu3As) obtained from the San 
Antonio mine in Chile. Later, Sandberger[334] reported the composition of the Co loads 
from the abandoned locality of Bieber (Hesse), which contained a mixture of several 
minerals, including smaltine (cobalt iron nickel arsenide (Co,Fe,Ni)As), cloanthine 
(NiAs), and leucopyrite (FeAs2). In 1897 Smith and co-workers[335] found Fe arsenide 
phase while studying the composition and the thermal and electric conductivity properties 
of pyrite (FeS2). The presence of arsenopyrite (FeAs) or pure iron arsenide (FeAs2) in 
FeS2 influenced the melting point of the final phase, but not the heat capacity or electrical 
conductivity.  

In 1912, Dieckmann and Hilpert[336] reported for the first time the synthesis of a pure iron 
arsenide phase (FeAs2) by heating fine powder of Fe with an excess of As for 6-8 h at 
700 ºC. This pioneering report opened the door the synthesis of other arsenide phases. 
Brukl[337] reported in 1923 the general synthesis of TM arsenides by bubbling arsenide 
(AsH3) on solutions of metallic salts. In 1925 Vigoroux[338] reported Fe arsenides systems 
with different stoichiometric ratios of Fe and As and divided them into individual 
intermediate phases. A total of four stable intermediate phases of the Fe-As system were 
reported: the orthorhombic phases FeAs and FeAs2, the tetragonal Fe2As and the 
rhombohedral Fe12As5 (see Figure 4.2).[339] 
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Figure 4.2. Crystal structures of (a) FeAs, (b) FeAs2, (c) Fe2As, and (d) Fe12As5.[339] 

The FeAs2 phase shows a FeS2-type orthorhombic structure (Pnnm, space group 
58).[340,341] In the nature, it can be found as the mineral löllingite, and is often associated 
with arsenopyrite (FeAs). FeAs2 is a diamagnetic semiconductor with a band gap of 
0.22 V.[342] Tetragonal Fe2As (P4/nmm, space group 129) is isomorphous with Cu2Sb and 
it contains [FeAs] layers intercalated by Fe ions. It also showed an antiferromagnetic 
transition with a Neél temperature (magnetic ordering temperature) of TN = 353 K. It 
could be possible for Fe2As to become a superconductor if the antiferromagnetic order is 
suppressed. However, the application of high pressure, even up to 100 GPa did not 
produce any modification in the conductivity above 2 K.[343] The rhombohedral Fe12As5 
(R32, space group 155) exists only at high pressure and its magnetic and electronic 
properties remain unexplored.[344] 

Binary FeAs is an antiferromagnetic (TN = 70 K) semiconductor material that crystallizes 
in the orthorhombic MnP structure type (Pnma, space group 62) and exhibits 
helimagnetism: the spins of neighboring magnetic moments arrange themselves in a spiral 
or helical pattern, due to the characteristic arrangement of the FeIII spin along the c-
axis.[200] Within the Fe-As phases, it has attracted much attention and has been studied 
extensively for its unconventional superconductivity and magnetic properties, which 
made it an important electrical component of semiconductors, secondary high 
temperature batteries, magnetic storage media, and catalysts.[194–198,332] Similarly, it has 
recently been utilized as a promising anode for Li-ion battery.[345] Its potential 
applications in electrocatalytic water-splitting are currently unexplored and pros for its 
electrocatalytic investigation have recently been noted in the literature (see Section 
1.5.4).[202]  
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4.1.2. Synthesis of FeAs 

Much of the synthesis of FeAs has been done by the traditional solid-state methods, that 
typically require high temperature (800 ºC), and sometimes requires arc melting to 
produce the final crystalline phase. The toxic nature of the As precursors, like AsCl3, 
AsH3 and metallic As, employed in solid-state methods, limits their extensive use.[336,346] 
Various alternative approaches have been used to access TM-As, among them CVD,[213] 
the molten fluxes approach,[347] ED,[348] hydrothermal synthesis,[227,349] and solid state 
metathesis.[350,351]  

Nanocrystalline FeAs was prepared for the first time by Qian and co-workers[352] by a 
solvothermal reductive process using Zn as reductant of FeCl3 and AsCl3. The precursors 
were placed in an autoclave filled with ethanol and the reaction held at 150 ºC for 12 h. 
The purity of the FeAs material was demonstrated by PXRD and TEM, which revealed 
spherical particles of 20 nm of diameter. The reaction route was a reductive 
recombination pathway in which the components were reduced to the elements (Fe, As).  

The former work served as an inspiration to the room temperature sonochemical route 
developed by Du and co-workers.[327] Elemental As powder, which is the less toxic As 
feedstock, reacted with FeCl3 under high-intensity ultrasonic irradiation for 4 h in ethanol 
with Zn as reductant to obtain Fe0 under the ultrasonic irradiation. Ultrasonic waves, 
which are intense enough to produce cavitation, provided sufficient energy for the 
reaction of As with the generated Fe0 to form nanocrystalline FeAs: 

2𝐹𝑒𝐶𝑙2 + 2𝐴𝑠 + 3𝑍𝑛
<$=-'0+<>/,@=A1
L⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯N 2𝐹𝑒𝐴𝑠 + 3𝑍𝑛𝐶𝑙"  Equation 18 

The ultrasonic irradiation played a crucial role in the crystalline character of the particles 
as it affected the interparticle collision and generated shockwaves in the solution. When 
less intensity ultrasonic waves were used, XRD measurements demonstrated that no 
stable phase could be obtained, even with longer reaction times.  

A soft-chemical synthetic route was recently developed by Nath and co-workers to access 
crystalline superparamagnetic FeAs.[324] The hot-injection of a solution of Fe(CO)5 in a 
mixture of triphenylarsine (TPA, As source) and HDA (solvent and surfactant) under inert 
atmosphere at 300 ºC generated FeAs nanoparticles (13 nm diameter). The authors 
discussed a possible reaction mechanism by the ligand exchange between the Fe complex 
and TPA, which formed a probable intermediate that acted as SSP, thereby facilitating 
the low-temperature reaction in the absence of any catalyst.  

4.2. Results and Discussion 

4.2.1. Synthesis and characterization of crystalline FeAs 

The hot-injection has proven to be very effective in the preparation materials of diverse 
morphology by the controlled thermal decomposition of organometallic compounds. For 
example, materials as amorphous CoP (see Section 3.2.1)[250] or crystalline nanosized 



 76 

materials like FeP and FeSe2 (see Section 1.5.5).[106,111] These active electrocatalyst 
materials have been prepared by the thermal decomposition in hot coordinating solvent 
of complexes bearing a metal-pnictogen/chalcogenide core stabilized by β-Diketiminato 
ligands.[106,111] Similarly, a molecular precursor bearing Fe-As center stabilized by β-
Diketiminato ligands was suitable for the preparation of FeAs by the SSP approach. 

Stable and robust As-carrying molecules could be employed as suitable As sources. The 
facile synthesis and isolation of stable and robust arsaethynolate anion (AsCO-) was 
reported by Goicoechea and co-workers,[353] and later by our group.[354] This anion has 
been shown to react towards electrophiles and to form highly reactive arsinidenes through 
spontaneous or photocatalytic CO release. Thus, it serves as a building block towards new 
heterocyclic compounds, diarsenes, and terminal pnictides.[353,355,356] The reactivity of 
this anion towards β-Diketiminato and mesityl stabilized Ni complexes[356,357] and Zn 
complexes[355] has been explored in the past. However, the reactivity towards Fe-
complexes is yet to be explored. Consequently, a two-step procedure towards a novel 
dinuclear arsenido Fe complex with a [2Fe-2As] containing complex was developed. The 
treatment of a β-Diketiminato (LB) ligated Fe complex with NaOCAs∙(dioxane)2.1 
achieved the LBFeAs2FeLB complex, as determined by extensive characterization results 
(see Experimental Sections 7.1.2.2 and 7.1.2.3). 

The new molecular β-Diketiminato stabilized [2Fe-2As] cluster complex then served as 
a SSP for the synthesis of nanostructured FeAs. The β-Diketiminato ligand acted as a 
stabilizer of the [2Fe-2As] core, which detached easily during solvolysis. The remaining 
[2Fe-2As] core served as in ideal building block for Fe arsenide materials. The hot-
injection of the molecular complex in oleylamine was carried out at 250 °C, following 
experimental conditions for the preparation of amorphous CoP (see Section 3.2.1)[250] and 
Fe-based electrocatalysts[106,111] from molecular precursors. 

The hot-injection afforded a crystalline material as determined by PXRD, which showed 
broad diffraction peaks at 2θ of 30.3, 33.9, 34.6, 43.5, 45.4, 48.2, 53.0, 54.4, 59.8, 64.1, 
65.7, 73.0°, which represent the (011), (120), (111), (121), (211), (130), (031), (002), 
(311), (140), (122) and (222) planes of the crystalline FeAs phase, as compared to the 
reference (JCPDS 76-458) (see Figure 4.3 and Experimental Section, Table 7.13 and 
Figure 7.23). The broad reflections on the diffractogram can be attributed to the small 
particle size of FeAs nanostructures. The solid-state crystal structure of FeAs belongs to 
the MnP structure type (orthorhombic, Pnma, space group number 62, with the lattice 
parameters a = 5.442 Å and c = 3.3727 Å) (see Section 4.1.1 ).[358–360] The unit cell of 
FeAs comprises of four Fe and four As atoms (see Figure 4.2a). In the structure, each Fe 
atom is octahedrally coordinated to six near As atoms and each As atom is surrounded by 
six near Fe atoms in a trigonal prismatic configuration (see Figure A.2.1). Both 
coordination polyhedra are far from their regular shapes, leading to a distorted 
structure.[359] Elemental analysis results (CHN determination) showed an almost 
complete elimination of the β-Diketiminato, as supported by the low amount of organic 
content (Experimental Section, see Table 7.14).  
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Figure 4.3. Powder X-ray diffraction (XRD) pattern of FeAs-prepared by hot-injection. The obtained 
diffractogram reveals reflections matching the FeAs phase (JCPDS 76-458). The solid state crystal structure 
of FeAs (JCPDS 76-458) belongs to the MnP structure type (orthorhombic, Pnma (62) space group, with 
lattice parameters a = 5.442 Å and c = 3.3727 Å).[358–360] 

The morphology of the materials was analyzed using SEM. The latter revealed that the 
solid was composed of agglomerated particles (see Figure A.2.2). TEM revealed that the 
agglomerates observed by the SEM were rather composed of round-shaped crystalline 
nanoparticles of ~10 nm in size (see Figure 4.4 and Figure A.2.3). A closer inspection of 
the nanoparticles via HR-TEM unveiled the clear crystalline fringes that arise on the 
individual nanoparticles. The crystalline fringes were associated to a lattice spacing of 
d(hkl) = 0.258 nm which was associated to the (111) plane of the orthorhombic FeAs 
phase (see Figure 4.4b), which was the plane that achieved the highest intensity on the 
diffractogram (see Figure 4.3). Moreover, a Fourier transformation (FT) was applied to 
the HR-TEM images to ensure the determination of the crystalline plane associated to the 
measured interplanar distances. This mathematical operation produced a pattern that 
confirmed the assignation of the measured lattice spacing to specific planes of the 
crystalline FeAs phase (see Figure A.2.4). The FT revealed two rings corresponding to 
the lattice distances 0.255 nm and 0.199 nm, which were consistent with the (111) and 
(211) crystallographic planes of orthorhombic FeAs (JCPDS 76-458). In addition, the 
SAED pattern confirmed the identity of the crystal lattice and excluded the formation of 
an amorphous phase. The displayed diffraction rings are representative of the (111), 
(211), (031), (311), (122), (341) planes of the nanocrystalline FeAs phase and agreed with 
the phase assigned by PXRD (JCPDS 76-458, see Figure 4.4c).[358–360]  
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Figure 4.4. a) TEM image of agglomerated FeAs nanoparticles of ~10 nm diameter, (b) HR-TEM image 
displaying crystalline fringes with an interlayer distance of 0.258 nm corresponding to the FeAs (111) 
crystalline plane showing the highest intensity on the PXRD pattern, (c) SAED pattern with diffraction 
rings matching the (111), (211), (031), (311), (122) and (341) planes of FeAs phase (JCPDS 76-458) (see 
Figure 4.3). 

The phase and elemental composition was confirmed by ICP-AES (see Table A.2.1) and 
EDX (see Figures A.2.5, A.2.6) which demonstrated a Fe:As ratio of ~1:1 through all the 
measurements (see Table A.2.1). EDX mapping was done to investigate the elemental 
dispersion in the material. The EDX images showed a homogenous distribution of Fe 
(blue) and As (yellow) within the structure (see Figure 4.5). The EDX spectra also 
revealed the presence of surface O, because of surface passivation due to exposure of the 
samples to air, since handling and transport were not carried out under inert conditions. 

 

Figure 4.5. SEM image showing agglomerated particles of FeAs and EDX mapping of homogenously 
distributed (e) Fe and (f) As. 

An efficient way to identify the symmetry and frequency of phonon excitations in 
superconducting oxypnictide materials is (resonance) Raman spectroscopy (see Section 
4.1.1).[361] Therefore, the Raman active bands of the as-prepared FeAs crystalline phase 
were coincident with the reported bands for both bulk and FeAs nanoparticles.[324] The 
obtained phonon bands could be assigned to the: low-frequency A1g of As (168 cm-1 ), 
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B1g of Fe (208 cm-1) and high-frequency Eg of Fe (274 cm-1) (see Figure A.2.7).[361,362] 
Small deviations from reported values (± 2 cm-1) can be caused by thermal effects or laser 
power.[363] 

XPS was performed to gain information on chemical composition and electronic states of 
the as-prepared FeAs (see Figure 4.6). The photoemission lines of the Fe 2p resulted in a 
complex spectrum due to the spin orbit splitting typical of the Fe 2p spectrum to Fe 2p3/2 
and Fe 2p1/2 and the presence of satellite peaks.[364] The high resolution Fe 2p 
deconvoluted spectrum (see Figure 4.6a) shows the two low binding energy peaks at 
705.9 eV (2p3/2) and 719.0 eV (2p1/2), with a distance of 13.1 eV, that were assigned to 
positively charged Feδ+ in FeAs.[365,366] The remaining higher binding energy peaks were 
associated with Fe atoms in high oxidation state, due to surface passivation. The peaks at 
709.8 eV (2p3/2) and 723.1 eV (2p1/2), as well as their two satellites 714.5 eV (2p3/2) and 
718.2 eV (2p1/2), were assigned to FeII.[366] Further oxidation was also observed due to 
the presence of FeIII peaks at 711.5 eV (2p3/2) and 725.3 eV (2p1/2), and two pairs of 
satellites at 728.5 eV (2p3/2) and 732.7 eV (2p1/2). The As 3d spectrum of FeAs (see Figure 
4.6b) showed two peaks. The low binding energy peak at 40.4 eV (deconvoluted into 40.3 
eV 3d5/2 and 41.0 eV 3d3/2), which corresponded to the binding energy of As bound to 
metal, was related to Asδ-.[367,368] A slightly intense peak appeared at higher binding 
energy 43.2 eV, which was attributed to As oxidized species. This binding energy has 
been associated to arsenite species (AsO33-) and to AsIII cations in As2O3.[367,368] The 
presence of As in high oxidation state was caused by the surface passivation. The 
deconvolution of the AsIII peak revealed that it was composed of two peaks due to spin-
orbital coupling, giving rise to 42.3 eV (3d5/2) and 43.4 eV (3d3/2).  

The presence of oxidized species in the surface of TM pnictides and other electrocatalysts 
has been reported in the literature.[162,290] The characterization results by EDX have shown 
that the passivation due to contact with air generates an oxidized layer, which explained 
the presence of FeII, FeIII, and AsIII. These results were supported by the O 1s spectra (see 
Figure A.2.8). The high-resolution O 1s spectrum of FeAs showed one peak at 529.6 eV 
which was also deconvoluted into three peaks: 529.4 eV (O1) and 530.6 eV (O2), which 
were associated to O bounded to the two elements of FeAs: Fe-O[366] and As-O,[367,368] 
respectively. The third peak (O3, 531.8 eV) was associated with hydroxylation on the 
surface.[366] The peak at higher binding energy (O4, 534.7 eV) was associated to adsorbed 
water on the surface, from the exposure of the material to air.[366] 
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Figure 4.6. Deconvoluted XPS of FeAs: (a) Fe 2p and (b) As 3d. 

4.2.2. Electrochemical behavior of crystalline FeAs for OER 

The as-prepared FeAs nanoparticles were electrophoretically deposited on NF to 
investigate their catalytic activity (see Experimental Section 7.1.4). The prepared films 
(FeAs/NF) were characterized before their use. The SEM images revealed FeAs 
nanoparticles deposited uniformly over the NF substrate without change in their 
morphology (see Figure A.2.9). A ratio of Fe:As of ~1:1 determined by EDX proved that 
the composition of the materials was maintained during the EPD (see Figure A.2.10). 
This was also confirmed by the elemental mapping, which revealed a homogeneous 
distribution of Fe and As over the NF (see Figure A.2.11). 

The investigations to study the electrochemical behavior of the FeAs for OER were 
carried out in a three-electrode system in 1 M KOH (see Experimental Section 7.3.4). The 
films deposited on NF were used directly as WEs. In order to have a better understanding 
of the OER electrochemical activity of FeAs, iron oxide (Fe2O3), hydroxide (Fe(OH)3), 
and (oxy)hydroxide (FeOOH) were used as reference materials. This highly oxidized Fe-
based materials have been observed as the transformation products of various TM 
pnictides during OER under alkaline conditions (see Section 1.5.3 and 1.5.4).[304,369] 
Therefore, Fe(OH)3, FeOOH, and Fe2O3 materials were prepared and characterized to 
determine their composition and crystallinity (see Experimental Section 7.1.3). The 
PXRD measurements revealed that Fe(OH)3 was amorphous and FeOOH and Fe2O3 
crystalline materials (Experimental Section, see Figure 7.9 to Figure 7.11). These 
materials were then deposited on NF and their activity to compare to FeAs. 

Initially, CV experiments were carried out to activate the films. Activation experiments 
have been done previously to reach stable states and are reported in the literature.[370,371] 
Continuous CVs were done for a specific time until no changes were observed on the 
electrochemical behavior, i.e. when the shape of the CV curve showed no more variation 
and the overpotential was constant. These experiments demonstrated that 25 continuous 
cycles are needed to activate the materials (see Figure A.2.12). After the activation, the 



 81 

OER electrocatalytic activity was determined by LSV experiments at a defined rate of 
5 mV s-1 (see Experimental Section 7.3.4). The measured current density was related to 
the geometric area (cm2), and plotted against the applied potential (E vs. RHE) (see Figure 
4.7). 

 

Figure 4.7. (a) LSV (1 mV s-1) of FeAs and Fe reference materials loaded on NF (1 mg cm-²), (b) Tafel 
slopes obtained from LSV of materials deposited on NF (1 mV s-1). 

The FeAs/NF showed an excellent catalytic OER activity and reached a catalytic current 
density of 10 mA cm-2 at an overpotential of 252 mV and 100 mA cm-2 at = 309 mV. In 
contrast, the Fe-based reference materials were less active materials and required higher 
overpotentials to achieve a current density of 10 mA cm-2: Fe(OH)3/NF (275 mV), 
FeOOH/NF (283 mV), and Fe2O3/NF (312 mV). At 100 mA cm-2, a similar trend is 
observed and even much higher overpotentials are needed to reach this current density: 
Fe(OH)3/NF (333 mV), FeOOH/NF (364 mV), and Fe2O3/NF (397 mV). The 
electrocatalytic OER activity of pure NF (violet line) was included as a control in order 
to be able to rule out a significant influence of the Ni species. The contribution of NF to 
the activity was proved insignificant as the bare NF achieved a high overpotential of 
480 mV at 10 mA cm-2 (see Figure 4.7). Additionally, a continuous deactivation and 
minimum current density (< 12 mA cm-2) was observed during 10 h chronoamperometry 
(CA) (see Figure A.2.13). The contribution of remaining carbon from remaining ligand 
or solvent used during the synthesis has been demonstrated as minimal in previous 
investigations of MOF-derived TM-Ps electrocatalysts (see Section 3.1.2).[283–286] The 
possible contribution of the decomposed β-Diketiminato ligand was tested by the 
preparation of carbon films derived from it. The films were prepared by ED of a solution 
that contained the ligand. A potential of -10 V was applied to decompose it, and the 
products of decomposition were deposited on FTO and NF substrates. No further 
characterization was done on these films. The derived films showed a very low activity 
for the OER, which ruled out the contribution of carbon to the electrochemical activity 
(see Figure A.2.14). Finally, a direct comparison of the OER overpotential of FeAs/NF 
with other Fe-based electrocatalysts described in the literature also showed that FeAs/NF 
had a considerable activity (see Table A.2.2). 
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Electrocatalytic kinetics were studied by constructing Tafel plots (see Figure 4.8) derived 
from LSVs with a scan rate of 1 mV s-1. FeAs attained the lowest Tafel slope of 
32 ± 1 mV dec-1 compared to Fe(OH)3 (51 ± 1 mV dec-1), FeOOH (53 ± 1 mV dec-1) and 
Fe2O3 (56 ± 2 mV dec-1). These results indicated a more favorable OER rate for the 
FeAs/NF electrode (see Section 7.3.5).[292] It can be deduced that the FeAs/NF reacted 
very dynamically and efficiently to an increase in potential, whereby higher catalytic 
currents could be achieved faster in comparison with the Fe-based reference materials. 
This led to a significantly better OER catalytic performance of FeAs/NF. The value of 
the slope also allows to determine which of the four processes of the PCET reactions was 
the RDS during OER (see Section 7.3.5).[41] The values of the Tafel slopes for FeAs/NF 
suggested that the OER rate was determined by the second PCET, which involves the 
deprotonation-like process of the adsorbed hydroxide ion which reacts with other 
hydroxide ion, to produce (𝑀 − 𝑂'/0) intermediate (see Section 1.4.2). The Fe-based 
reference material showed a Tafel slope closer to 60 mV dec-1, which revealed that the 
reaction rate was determined by the adsorption of the OH- on the catalyst surface and the 
resulting formation of the adsorbed 𝑀 − 𝑂𝐻'/0 intermediate (see Section 7.3.5).[41] 

 

Figure 4.8. Tafel slopes obtained from LSV of materials deposited on NF (1 mV s-1). 

EIS experiments were performed to evaluate the electron transfer efficiency of the films 
under OER conditions and relate it to the activities of the prepared materials (see Section 
7.3.7).[372] A potential of 1.51 V vs. RHE was selected to provide considerable catalytic 
activity (> 10 mA cm-2) for all the materials.[373] The EIS results in Figure 4.9 showed 
that the smallest charge transfer resistance (Rct) across the electrolyte/electrode interface 
was accomplished with FeAs (Rct = 1.2 ± 0.4 Ω) compared to the Fe-based reference 
materials. A detailed discussion of the calculation and selection of the equivalent circuit 
is described in the Appendix (see Figure A.2.15 and Table A.2.3). Therefore, FeAs 
showed a significantly faster charge transfer kinetics between the electrolyte and the 
catalyst or the electrode substrate during the OER process. This also explains the better 
catalytic behavior of FeAs/NF. Furthermore, the EIS measurements could exclude an 
excessive influence of NF and thus the Ni species on the catalytic behavior. NF achieved 
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a Rct = 48.0 ± 1.2, which was 40 times greater than that of FeAs/NF and also higher in 
comparison to the ones achieved with the Fe-based reference materials. 

 

Figure 4.9. Nyquist plot constructed from EIS experiment at 1.51 V vs. RHE. The curves were fitted to a 
Randles equivalent circuit (details of fitting on Appendix, see Figure A.2.15).[374]  

Long-term CP measurements of FeAs/NF and the Fe-based reference materials were 
conducted by the application of a constant current density of at 10 mA cm-2 for 
continuous 24 h to investigate the electrochemical stability (see Figure 4.10). During the 
CP, a stable constant overpotential of 265 mV, which is lower than that of the Fe-based 
reference materials. In the case of these materials, a variation in the overpotential was 
observed during the same period, and reached final values of 296, 300, and 320 mV for 
Fe(OH)3, FeOOH, and Fe2O3. Due to the very good results for long-term stability, the CP 
at higher current density (100 mA cm-2) was performed. This experiment also revealed a 
stable overpotential of 330 mV for 24 h (see Figure A.2.16). 

 

Figure 4.10. 24 h CP measurement of FeAs and Fe-based reference materials deposited on NF. 

The FE of FeAs/NF was calculated to determine the efficiency of the electrocatalyst to 
transfer electrons provided by an external circuit across the interface to the electroactive 
species to realize the electrode reactions (see Experimental Section 7.3.10).[52] The FE 
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OER was measured in 1 M KOH in a two-electrode configuration where FeAs/NF was 
used as anode and Pt as cathode in a closed one-compartment electrochemical cell 
(FeAs/NF║Pt). Constant currents (50 and 100 mA cm-2) were applied on electrodes of 
1 x 1 cm2 area for 360 s and the amount of O2 and H2 were determined by GC (see Figure 
A.2.17). The quantified amount of released gas was compared with the charge that 
corresponded to the current consumed during the water-splitting. The experimentally 
measured amount of O2 agreed very well with the theoretically possible values and an 
efficiency of > 95 % could be determined, which indicated a very high efficiency of the 
catalyst at both 50 and 100 mA cm-2 (see Table A.2.4). It should also be noted that in 
practice the Faraday efficiency of 100 % cannot be achieved due to thermodynamic and 
kinetic barriers during the reaction.[52]  

The Cdl values were determined by performing continuous CV experiments with different 
scan rates in a potential range where no apparent faradaic process occurred (see 
Experimental Section 7.3.8).[68] The difference in cathodic and anodic current was plotted 
versus the scan rate, from which the value of Cdl was obtained (see Figure 4.11). A higher 
value of Cdl was related to a higher concentration of active sites of the surface, which 
resulted in higher ECSA. The Cdl was 0.218 mF cm-2 before the electrocatalytic testing 
and increased ~3 times up to 0.629 mF cm-2 after the long-term CP experiment. The 
increase in the Cdl, and therefore ECSA was related to a formation of a catalytically active 
structure. This surface possibly contained more Fe sites, which were exposed to the 
electrolyte, which originated the increase in ECSA. The new active surface most possibly 
formed through the loss of the pnictogen (As) into the electrolyte. Such phenomenon has 
already been well demonstrated for other TM-Ps materials during OER under alkaline 
conditions (see Section 1.5.3 and 1.5.4).[302,304] 

 

Figure 4.11. Difference in anodic and cathodic current density at the center of the potential range of the 
CVs measured at different scan rates (see Figure A.2.18). The value of Cdl is obtained from half of the slope 
of the graphs. After OER, there is an increase in ca. 3 times of the Cdl, suggesting the possibility of formation 
of surface defects as noted for non-oxidic materials during OER.[203,250,297] 

The trends in activity of the FeAs and the Fe-based reference materials were determined 
in films deposited on FTO, to confirm the results obtained on NF. The deposited FeAs 
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films on FTO were also characterized, in which the chemical character and morphology 
of FeAs remained, as proved by various characterization and spectroscopic techniques. 
The details of the characterization of these films are included in the Appendix (see Figure 
A.2.19 to Figure A.2.25). The OER electrocatalytic activity was compared to films of 
Fe(OH)3, FeOOH, and Fe2O3 deposited on FTO with the same mass loading. The 
electrochemical tests for FTO were done on a three-electrode system in which Pt wire 
was used as the CE, and an Hg/HgO electrode was used as RE (see Experimental Section 
7.3.2). The materials were activated by performing 25 continuous CV before the LSV 
measurement (see Figure A.2.26). The electrocatalytic activity measured by LSV 
revealed that the overpotential of the FeAs/FTO was only η = 395 mV (10 mA cm-2), 
which is substantially lower than that of Fe(OH)3/FTO (577 mV), FeOOH/FTO (609 mV) 
and Fe2O3/FTO (639 mV) at the same current density (see Figure A.2.27). Long-term 
chronopotentiometric experiments at 10 mA cm-2 of FeAs/FTO displayed a good stability 
for 10 h with a η = 380 mV, in contrast to the Fe-based reference materials which showed 
deactivation during the OER electrocatalysis and reached the following overpotentials: 
Fe(OH)3 (η = 580 mV), FeOOH (η = 610 mV), Fe2O3 (η = 650 mV ) (see Figure A.2.28). 
The observed trend in activity is the same as in the NF deposited films, which confirmed 
the superior performance of FeAs. However, there is a sustained decrease in activity in 
all the explored materials due to the less amount of material deposited on FTO (see 
Experimental Section 7.1.4) and the higher conductivity and larger surface area of the 
NF.[296]  

It has been shown that the catalytic activity is also highly dependent on the mass loading 
of the materials over the conductive substrate.[375] The loading achieved by a certain EPD 
time might not be equal for all the materials under study. EPD time variation experiments 
(from 4s to 480 s) were done for FeAs/FTO. Subsequently, the EPD experiments 
provided different loading of the materials (see Table A.2.5). OER LSVs experiments 
were measured under identical conditions and the polarization curves revealed different 
overpotentials at 10 mA cm-2 (see Figures A.2.29, A.2.30). Similar experiments were 
conducted with Fe(OH)3, which was the most active catalyst among the Fe-based 
reference materials (see Table A.2.6, Figures A.2.31, A.2.32) The polarization curves 
showed that the best OER activity was achieved with a loading of 0.4 mg cm-2 and 
2.4 mg cm-2 for FeAs/FTO and Fe(OH)3/FTO, respectively. 

In addition, other electrochemical experiments were also carried-out to verify the OER 
electrocatalytic activity of FeAs/FTO. The Tafel slopes of the FTO-based films were 
determined from the LSVs. A Tafel slope of 108 ± 1 mV dec-1 was obtained for the 
FeAs/FTO, which was lower in comparison the one obtained for the other Fe-based 
reference materials (see Figure A.2.33). The calculated slopes suggested that the OER 
was determined by the adsorption of the water on the catalyst surface and the resulting 
formation of the adsorbed 𝑀 − 𝑂𝐻'/0 intermediate (see Experimental Section 7.3.5).  

EIS experiments performed at 1.58 V vs. RHE on the films deposited on FTO revealed a 
similar trend as the ones obtained with the films deposited over NF. The smallest Rct was 
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accomplished with FeAs (Rct = 260.3 ± 0.3 Ω) compared to the Fe-based reference 
materials and the bare substrate (see Figure A.2.34). The Nyquist plots were fitted to a 
similar equivalent circuit to the one used when exploring the films deposited over NF (see 
Figure 4.9). The values of the parameters Rct, Rs and Q and a2 obtained from the fitting 
are shown in the Appendix (see Table A.2.7). FeAs showed a significantly faster charge 
transfer kinetics between the electrolyte and the catalyst or the electrode substrate during 
the OER process. This also explains the better catalytic behavior of FeAs, independent of 
the used substrate. In addition, ex-situ four-point probe resistivity measurements (see 
Experimental Section 7.2.15) were done to determine the surface resistivity of FeAs and 
to demonstrate increased charge mobility of this material. The as-deposited FeAs/FTO 
with 1.86 × 102 Ω cm had more than 102-103 times lower surface resistance in comparison 
to Fe(OH)3/FTO (5.60 × 104), FeOOH/FTO (2.30 × 105), and Fe2O3/FTO (2.45 × 105). 
Therefore, the FeAs/FTO had a higher electron mobility with faster charge transport 
through the bulk phase than the oxidic species and thus facilitated catalytic processes (see 
Table A.2.8). The higher resistivity of Fe-oxidized phases has been reported in literature, 
as they are known to be poor electrical conductors.[129,131,261] It should be noted, however, 
that the ex-situ conductivity measurements are not necessarily able to predict the electron 
transport abilities of materials under OER conditions.[376] 

A reversible redox couple appeared between 1.20 and 1.45 V vs. RHE in the LSVs of the 
materials deposited on NF (see Figure 4.7), but not when films were prepared over FTO 
(see Figure A.2.27). This redox peak could be possibly related to the formation of Ni–
FeOOH, a benchmark material for the OER. Literature reports have shown that the 
incorporation of Fe impurities in NiOOH significantly affected the electrocatalytic 
activity of this phase.[132] Therefore, it was necessary to rule out the formation of mixed 
Ni–FeOOH during the OER experiments with FeAs/NF. A comparison of the evolution 
of the redox peak through the CV at the same scan rate (5 mV s-1) of FeAs/NF and bare 
NF (see Figure A.2.35, A.2.36) showed that there is almost no difference in the position 
of the anodic (1.36 V) and cathodic (1.28 V) peaks and in the achieved current 
(ca. 6 mA cm-2). Several investigations have reported that Fe incorporation in Ni– 
FeOOH generates an anodic shift to higher potentials and a decrease in the current 
achieved by the peak.[132,377,378] The contribution of Ni–FeOOH in the electrocatalytic 
activity can be ruled out, because of the similar current densities and positions of the 
peaks. Therefore, the observed redox peak could only be associated with redox processes 
occurring on the NF surface (NiII/NiIII). A similar behavior has been observed before for 
other materials deposited and/or derived from NF.[379,380] 

4.2.3. Post-operando OER characterization of crystalline FeAs 

FeAs films on FTO and NF changed during catalysis. An inspection of the films 
determined a change of color from black (FeAs) to orange (see Figure A.2.37) after OER. 
In order to gain a detailed understanding of the structural transformations occurring 
during catalysis and the origin of the electrocatalytic activity, the FeAs was characterized 
after the OER. The long term CP OER experiment on FeAs/NF showed that this material 
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achieved a stable overpotential (380 mV at 10 mA cm-2) after ca. 2 h (see Figure A.2.28). 
SEM-EDX analysis performed at this point revealed an almost complete loss of the As, 
which resulted in a 1:0.06 ratio of Fe:As (see Figure A.2.38 and Figure A.2.39). A severe 
increase in the O signal was also observed in the EDX, which demonstrated the formation 
of an Fe-containing oxidized phase. At this point it was clear that the FeAs suffered an 
almost complete transformation after the 2 h of constant application of a potential. The 
transformation of the material could also occur in a short time.[381]Therefore, similar 
characterization experiments were carried out after the first CV cycle and showed an 
initial loss of As, which was expressed by the change in the Fe:As ratio to 1:0.91 (see 
Figure A.2.40, A.2.41). These results confirmed that the complete transformation of the 
FeAs does not occur with the first CV scan, and longer time is needed. Further 
characterization was done after 24 h CP OER (hereafter “after OER”) to ensure the 
determination of the product that resulted from the full transformation of the material. 

The PXRD of the film deposited on FTO after OER was done to determine if a new 
crystalline phase was formed during catalysis. The PXRD pattern of the film after 
catalysis showed reflexes at 2θ = 26.5, 33.9, 27.9, 51.8, 54,8, 61.9, 65.9, and 78.7º related 
to the (110), (101), (200), (211), (220), (310), (301), (321) crystalline planes of FTO 
(cassiterite, SnO2, JCPDS 41-1445) (see Figure A.2.42a).[382] A close inspection on the 
after catalysis PXRD revealed that the signals related to the orthorhombic FeAs (JCPDS 
6-458) did not appear (see Figure A.2.42a).[358–360] Consequently, this was an indication 
that the FeAs was completely transformed during catalysis. Diffraction peaks related to 
oxidic Fe or As phases were not found in the PXRD, which are the expected products of 
transformation during OER (see Section 1.5.4). The obtained PXRD pattern of the sample 
after OER was complemented with other characterizations with spectroscopic techniques.  

SEM after 24 h OER CP showed that the film was composed of agglomerated particles 
(see Figure A.2.43a), with a possible loss of film material into the electrolyte due to the 
exposure of the FTO substrate (see Figure A.2.43b).[383] Elemental mapping and EDX 
results revealed a homogenous distribution of Fe and O on the remaining film. An almost 
complete depletion of As, which resulted in a 1:0.05 ratio of Fe:As (see Figure A.2.44 
and Figure A.2.45), indicated that 96 % of As was liberated into solution, similar to the 
value found after 2 h of electrocatalysis (see discussion above). The post-catalytic 
characterization by SEM-EDX on a FeAs/NF after analogous electrochemical OER 
experiments revealed a similar loss of the As into the solution (see Figure A.2.46), which 
left only Fe and O on the film (see Figure A.2.47, A.2.48).  

The loss of the non-metal in solution is a common phenomenon and has been observed 
before for TM chalcogenides and TM-Ps (see Section 1.5.3),[258,304] and during the 
investigation of amorphous and crystalline CoP for the OER (see Section 3.2.3). 
Therefore, the As loss was expected during OER with FeAs. Moreover, the oxidation of 
As in oxidizing and alkaline conditions to generate soluble species (AsO43-) contributed 
to its dissolution into the electrolyte (see Pourbaix diagram of As in Figure 7.14).[384] 
Since a high concentration of As is undesirable due to negative effects on humans and 
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animals,[205] and the environment,[385] the loss of As was quantitatively determined by 
ICP-AES on the electrolyte solution (see Table A.2.9). Surprisingly, the electrolyte 
showed only a 6.3 % of content of the initial As amount deposited on the film on FTO. 
This observation seemed contradictory with the EDX results that determined that a 
complete loss of As from FeAs was achieved in 24 h of OER. A close examination of the 
used Pt CE after OER catalysis exhibited the deposition of the dark film in the surface 
that was in contact with the solution (see Figure A.2.49).  

The effect of strong As adsorption on Pt electrodes under alkaline electrochemical 
conditions is known in the literature.[386] SEM and EDX mapping investigations were 
performed on the dark film which confirmed the presence of As adsorbed at the surface 
of the Pt CE (see Figure A.2.50). Consequently, by the replacement of the Pt CE with 
higher surface area CEs (NF, graphite rod), it was possible to recover ~100 % of dissolved 
As from the electrolyte in its elemental form. Besides, the discovery of As deposition at 
the CE during OER was interesting and unique, as the loss of the non-metal during OER 
is restricted to its dissolution in the electrolyte solution.[304,387] The observed deposition 
phenomenon might be interesting for other areas, such as water treatment, in which ED 
is a promising and convenient method to remove the As from aqueous solutions.[388,389] 
The replacement of the Pt CE by cathodes with large surface area could suppress the HER 
activity limitations, if any, generated by the deposition of As at the Pt CE.[386] Therefore, 
the replacement of the Pt CE by a graphitic carbon rod as CE produced no change in the 
overpotential (see Figure A.2.51) because the interactions of As with Pt and with carbon 
electrodes are mechanistically similar under alkaline anodic conditions.[390,391] 

More structural insights on the product of the transformation of the FeAs electrode were 
gathered by TEM. HR-TEM revealed the formation of crystalline nanodomains with an 
interlayer distance of 0.25 nm (see Figure 4.12a), which were not observed on the as-
prepared FeAs. The presence of these crystalline nanodomains explained the lack of 
diffraction peaks on the post-operando PXRD pattern. Fast Fourier transforms (FFT) on 
the nanostructures (see Figure 4.12b) confirmed a lattice spacing of 0.25 nm (110) which 
agreed with the initial interlayer distance determined by TEM. The SAED pattern (see 
Figure 4.12c) did not show any diffraction rings related to the initial FeAs, instead, two 
broad diffraction rings at a distance of 0.15 nm and 0.25 nm were found. These two 
diffraction rings corresponded to the (115) and (110) planes of 2-line ferrihydrite.[392–394] 
The TEM-EDX confirmed the oxidation of the FeAs during catalysis. The ratios of Fe:As 
and Fe:O were 1:0.019 and 1:1.67, respectively (see Figure A.2.52). These results 
indicated that 1.73 % of As is left after OER, related to an almost complete transformation 
of the FeAs to an oxidized phase, as determined by the results from SEM-EDX and ICP-
AES.  

The ferrihydrite phase is a natural (and artificial) iron (oxy)hydroxide (FeOOH) mineral 
that occurs on pristine soils and sediments,[394] however it has not been reported during 
the transformation of Fe-based materials during OER electrocatalysis.[129,395] It is 
characterized by its extremely high surface area and reactivity and has been vastly used 
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in decontamination applications by adsorption and precipitation.[396–398] Ferrihydrite 
nanoparticles tend to have poor crystallinity as their PXRD patterns usually result in two- 
or six-broad lined patterns, giving origin to “2-line” and “6-line” designation.[399]  

 

Figure 4.12. (a) High resolution (HR)-TEM and Fast Fourier Transform (FFT) (inset) of the selected area 
of FeAs/FTO after OER. The FFT reveals a lattice distance of ~0.25 nm, which corresponds to the (110) 
plane in 2-line ferrihydrite.[392–394] (b) HR-TEM of FeAs electro(pre)catalyst after OER forming 
nanostructure with a lattice spacing of ~0.25 nm (110). (c) The SAED displayed two broad diffraction rings 
indicative of 2-line ferrihydrite. 

Several nanocrystalline phases of Fe-based oxides and hydroxides, apart from the 2-line 
ferrihydrite, could be formed at the same time during OER. In order to ascertain the 
identity of the product after OER, FT-IR and (resonance) Raman spectroscopy were 
performed. Both spectroscopic methods are capable to distinguish several iron 
(oxy)hydroxide phases (α-FeOOH, γ-FeOOH, δ-FeOOH) and 2-line ferrihydrite by the 
specific absorption and phonon bands, as reported in the literature.[397,400,401] The results 
from the FT-IR and Raman measurements supported the conclusions from the previous 
results and confirmed the surface transformation to 2–line ferrihydrite and ruled out the 
formation of other Fe (oxy)hydroxide species.[397,400,401] The FT-IR spectrum after OER 
(see Figure A.2.53) showed a broad absorption band at 3168 cm-1, which was attributed 
to the bending vibration of water or stretching vibrations of OH, which are present in the 
2-line ferrihydrite structure.[397] The bands at 1531 cm-1, 1345 cm-1 and 885 cm-1 were 
assigned to Fe-O stretching and Fe-OH bending vibrations, respectively.[397,399,402] In the 
(resonance) Raman spectrum taken after OER showed broad bands at the frequency of 
phonon excitations at 700 cm-1, 510 cm-1 and 360 cm-1 (see Figure A.2.54). These could 
be assigned to the v3, v2, and v3 Raman active FeO modes of vibration in the FeO6 
octahedra of 2-line ferrihydrite were.[396,401,403,404]  

Further information about the processes on the surface of the materials was provided by 
more detailed X-ray spectroscopic (XPS and XAS) investigations (see Experimental 
Sections 7.2.10 and 7.2.11). They showed that the transformation of the FeAs into a 2-
line ferrihydrite after the OER was also accompanied by a significant change in the 
electronic structure. Both the results from the XPS and XAS measurements showed 
drastic changes in the oxidation states of Fe and As after the electrochemical OER. A 
comparison of the Fe 2p, As 3d and O 1s XPS spectra of the FeAs and the film after OER 
is shown in Figure 4.13. The biggest change in the Fe 2p spectrum was the disappearance 
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of the low binding energy peaks associated to Feδ+ in the FeAs (2p3/2 705.9 eV and 2p1/2 
719.0 eV). Consequently, high binding energy peaks associated with the presence of Fe 
oxidized species were present. The deconvoluted Fe 2p spectrum revealed the oxidized 
species that were present after OER: FeII (2p3/2 709.1 eV and 2p1/2 722.3 eV) and FeIII 
(2p3/2 710.9 eV and 2p1/2 724.5 eV) (see Figure A.2.55a).[366] The presence of the oxidized 
species was further confirmed by the assignation of characteristic satellite peaks of FeII 
(2p3/2 714.3 eV and 2p1/2 727.5 eV) and FeIII (2p3/2 718.4 eV and 2p1/2 731.6 eV).[106] 
Moreover, a peak related to Sn (3p3/2) appeared at 714.5 eV, due to the exposure of the 
FTO-glass substrate after catalysis (see SEM after OER, Figure A.2.43).[405]  

 

Figure 4.13. The XPS spectra of the FeAs (black line) compared to FeAs after OER (purple line) for (a) 
Fe 2p, (b) As 3d and (c) O 1s. 

The differences in the As 3d spectrum before and after the OER were clear (see Figure 
4.13b). The deconvoluted As 3d spectrum (see Figure A.2.55b) showed the loss of peak 
associated to reduced Asδ+, which indicated that the As was completely oxidized during 
OER. A low-intensity peak appeared at higher binding energy, which was ascribed to AsV 
(at 43.5 eV, deconvoluted into 43.5 eV 3d5/2 and 44.2 eV 3d3/2). Previous results by ICP-
AES and EDX have determined the complete loss of As into the electrolyte solution and 
the transformation to a 2-line ferrihydrite phase under the OER conditions. Therefore, the 
presence of As in the surface could be assigned to adsorbed [AsO4]3- species from the 
electrolyte solution.[367]  

Finally, the O 1s core-level spectrum showed a peak with two maxima, related to the 
presence of oxygen atoms with at least two chemically distinct oxygen environments (see 
Figure 4.13c). The deconvolution of the O 1s spectrum revealed peaks that could be 
assigned to the species generated during the oxidation of the FeAs (see Figure A.2.55c). 
The peaks at 528.5 eV (O1) and 529.8 eV (O2) were associated to the binding energies 
of O atoms present in the 2-line ferrihydrite structure: Fe-O-Fe and Fe-O-H, 
respectively.[365,366,406] Additionally, a low-intensity peak at 530.9 eV (O3) was associated 
the binding energy of O-As in the oxidized AsO43- species.[367] 

Quasi in situ XAS was carried out to gather further information on the structure and the 
electronic state of Fe and As during the OER. XANES provided information about the 
formal valence and the coordination chemistry of the selected elements. Post-operando 
investigations revealed significant structural and electronic changes suggesting the 
oxidation and conversion of FeAs to a FeIIIOxHy phase, which was coincident with the 
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electronic and atomic structure of 2-line ferrihydrite. The measured Fe X-ray absorption 
near-edge (XANES) spectra was examined with two standards: metallic Fe and  
α-FeOOH, which served as basis for comparison of the oxidation state of Fe (see Figure 
4.14a). The spectrum disclosed a change in edge shape and position after OER in 
comparison to the as-prepared FeAs powder XANES spectrum. The initial half-edge-
position for the FeAs powder was close to the one of Fe metal foil (Fe0/Feδ+), which 
confirmed the metallic character of the prepared material. After the OER, the edge 
position and shape came closer to the one observed for reference material α-FeOOH. This 
change revealed the complete oxidation of the Fe atoms in the FeAs to FeIII. This 
observation agreed with the proposed transformation of the FeAs to the 2-line ferrihydrite 
during alkaline oxidative conditions determined by the ICP-AES, XPS, TEM, and SAED. 
Moreover, the edge-energy position of the As-XANES shifted to higher energy during 
OER (see Figure 4.14b). This shift suggested increase in the oxidation state of As, as 
evidenced by XPS (see Figure A.2.55b). Besides, the very low raw intensities of the As 
spectrum confirmed that most of the As left the structure during OER (see Figure A.2.56), 
which agreed with the ICP-AES, EDX and XPS results. XANES measurements were 
carried out in the volume phase as the X-rays pass through the sample. Therefore, they 
confirmed that the transformation of the FeAs to the 2-line ferrihydrite phase during OER 
was not limited to the surface but complete. 

 

Figure 4.14. (a) Fe K-edge XANES spectra of metallic Fe and α-FeIIIOOH reference compounds as well as 
FeAs powder and FeAs after OER, (b) As K-edge XANES spectra of FeAs powder and FeAs after OER. 

EXAFS revealed the near neighbor atomic distances and the coordination around atomic 
species in the structure of the FeAs. The FT of the EXAFS spectra showed separated 
peaks of high intensity, each related to a specific coordination shell around the selected 
atom. The distances of the FT-EXAFS spectrum are generally shifted due to phase-shift, 
in which a shift of -0.5 Å is usual.[407] All distances mentioned from this point have been 
corrected by the phase shift. The FT of the Fe-EXAFS spectra of the as-synthesized FeAs 
showed a low populated Fe-O shell at 2.05 Å, which indicated a minor passivation of the 
FeAs due to contact with air (see Figure 4.15, for k3-weighted χ spectra of Fe see Figure 
A.2.57). Moreover, the most intense peak at 2.45 Å corresponded to the average Fe-As 
distance of the distorted FeAs6 octahedron of the orthorhombic FeAs structure (see Figure 
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A.2.1). The lower intensity peaks of longer distance (3.38, 3.99, 4.12, 4.33 and 4.52 Å) 
matched to the other Fe-As and Fe-Fe distances of two edge-sharing or corner-sharing 
FeAs6 octahedra (see Figure A.2.58).[358–360]  

A similar conclusion was drawn from the As-EXAFS spectra (k3-weighted χ spectra of 
As shown in Figure A.2.57b) for the As-As (2.90, 3.47, 3.81, and 4.89 Å) and As-Fe 
(2.40, 2.51, 4.10, 4.74, and 5.17 Å) distances in the AsFe6 distorted trigonal prismatic 
structure of the orthorhombic FeAs.[358–360] A small contribution of As-O at (1.76 Å) was 
also observed, which could be derived from surface passivation. A detailed analysis of 
all shells revealed that the EXAFS distances agreed with the crystallographic data of FeAs 
for the Fe-As, Fe-Fe and As-As bond distances (for REXAFS vs. RXRD values see Table 
A.2.10 and Table A.2.11, and Figure A.2.58). 

 

Figure 4.15. (a) Fe- and (b) As-EXAFS spectra of FeAs powder and FeAs after OER (Fe- and As-EXAFS 
spectra in k-space are shown in the Figure A.2.57). Structural motifs of FeAs and 2-line ferrihydrite are 
included. Blue, yellow and red spheres represent Fe, As and O atoms, respectively. On the top of (a) and 
(b), FeAs6 octahedron and the trigonal prismatic AsFe6 polyhedron are shown next to the most intense 
peaks. Detailed bond distances and assigns are described in Figure A.2.58 and Figure 4.16, and Table 
A.2.10 to Table A.2.12. 

Quasi in situ OER EXAFS was done to determine the identity of the active species. Freeze 
quenching of a FeAs/FTO sample after the constant application of a current density of 
10 mA cm-² for 6 h was done (see Experimental Section 7.2.11). After this time, the 
material completely transformed as determined before by the ICP-AES and SEM-EDX 
composition results. Atomic distances derived from the EXAFS spectra could be fitted 
the nanocrystalline structure of 2-line ferrihydrite.[408] The crystalline nanostructure of 2-
line ferrihydrite could be structurally described by a single-phase model with the 
hexagonal space group P63mc (space group 183).[393] The ideal structure is composed of 
a central FeO4 tetrahedron coordinated by μ4-oxo bridges to 12 octahedrally coordinated 
Fe atoms arranged in edge-sharing groups of three, each one forming a FeO6 octahedron. 
The structure ideally consists of 20 % FeO4 tetrahedra and 80 % FeO6 octahedra, but the 
presence of tetrahedrally coordinated Fe varies, as most of the FeIII ions in the surface are 
tetrahedrally coordinated.[392,393]  
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The Fe-EXAFS spectrum could be fitted with the expected 2-line ferrihydrite phase. 
There was an almost perfect agreement in the interatomic distances compared to the 
crystallographic data (see Table A.2.12, REXAFS vs. RXRD values). No peaks related to Fe-
Fe or Fe-O bond distances from FeAs before catalysis could be observed on the quasi in 
situ FT-Fe-EXAFS, in accordance with the complete transformation of the FeAs during 
OER (see Figure 4.15a). The in situ FT Fe-EXAFS was dominated by two broad intense 
peaks. The first one was composed of two peaks (1.90 and 2.02 Å) which corresponded 
to the bond of Fe to the nearest oxygen neighbors (O, OH or OH2) (see Figure 4.16a)[409] 
The second peak centered at 3.25 Å was broad and a result of two Fe-Fe coordination 
shells. The first shell with a radius of 3.02 Å could be ascribed to the Fe-Fe distance of 
edge-sharing FeO6 octahedra (see Figure 4.16b). The second shell of this peak with a 
radius of 3.45 Å was related to the distance between two bent corner-sharing FeO6 
octahedra in the structure of 2-line ferrihydrite (see Figure 4.16b,c).[393,409–411] This last 
distance could also be related to tetrahedral FeO4 units present in the structure of 
ferrihydrites. In such case, a more pronounced pre-edge feature at 7113.5 eV would be 
present.[409] The experimental results revealed that in the after OER film, the pre-edge 
feature was even less pronounced than in crystalline α-FeOOH, which contains no 
tetrahedral units (see Figure 4.14). Therefore, the ubiquitous structural motif of the FeAs 
OER film was FeO6 octahedra with edge and corner-sharing as connective elements. This 
structural motif corresponded to the one of 2-line ferrihydrite.[409] Moreover, the As-
EXAFS spectrum (see Figure 4.15b) showed the absence of the Fe-As bonds. Only a peak 
assigned to the As-O bond (1.70 Å) was present, which indicated that the minor amount 
of remaining As was present as AsOx as a separate phase without Fe bonding. 

 

Figure 4.16. Structural motifs of the 2-line ferrihydrite structure.[393] The expected distances between Fe 
atoms (blue) and O atoms (red) are shown. Three different coordination environments for Fe in the 2-line 
ferrihydrite are shown: (a) FeO6 octahedron, (b) two edge-sharing FeO6 octahedra and one-corner sharing 
between the two FeO6 octahedra and one FeO4 tetrahedron (c) bent one-corner sharing between two FeO6 
octahedra. 

Therefore, the post-catalysis characterization results could satisfactorily explain the 
differences in activity between the formed 2-line ferrihydrite and the Fe-based reference 
materials. First, the semiconductor nature of the two-line ferrihydrite[412–414] could 
contribute to the high OER electrocatalytic activity, in contrast to poor conductivity of 
the Fe-based oxidic phases.[129,131,261,415] Specific resistivity measurements have shown 
that the after CP OER FeAs sample was 10 to 100 times more conductive in comparison 
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to the oxidized Fe-based reference materials (see Table A.2.8). The lower resistivity of 
the phase could arise from O-vacancies generated during OER, which could significantly 
improve the conductivity and facilitate adsorption of H2O.[416–418]  

Second, it is also possible that the in situ formation of the new phase induced some 
defected edges/sites which could behave as active centers during catalysis, which would 
explain its higher OER activity.[310,419–421] The new phase has no long-range order in its 
lattice structure, but the experimental results obtained from EXAFS have revealed that 
the 2-line ferrihydrite contained FeIII atoms in octahedral and tetrahedral coordination that 
can serve as active sites for OER.[386,393] Tetrahedrally coordinated FeIII are specially 
important because of the larger amount of this species in the surface of 2-line 
ferrihydrite.[392,393] The electronic configuration of FeIII has a strong influence in the 
structure and catalytic activity. A Jahn-Teller distortion can occur both in FeO6 octahedra 
(d5, t"78 e7 ) and FeO4 tetrahedra (d5, e!t"3) in the low spin coordination (see Figure 4.17).  

 

Figure 4.17. Jahn-Teller distortion on the (a) tetrahedral and (b) octahedral coordination modes of low spin 
FeIII (d5) in the structure of 2-line ferrihydrite. The stabilization can be observed by the decrease in energy 
of the filled orbitals. The FeO4 tetrahedra suffer a Jahn-Teller distortion and the Fe-O bond is compressed 
along the z axis. The FeO6 octahedra suffer and elongation along the z axis.  

In the tetrahedral coordination, the incompletely occupied t"3 of the e!t"3 configuration in 
the FeIII species is split to stabilize the partially filled 𝑑4,  orbital. As a result there is 
compression of the FeIII-O bond on the z axis, which has a shorter distance (1.96 Å) in 
comparison to the FeIII-O trigonal bonds (2.02 Å) (see Figure 4.16). In the case of the 
octahedral configuration, the incompletely occupied t"78  of the t"78 e7 configuration in the 
FeIII species is split to stabilize the partially filled dxy orbital. The Jahn-Teller distortion 
in the FeIIIO6 octahedra is observed by the elongation of the FeIII–bonds along one of the 
molecular 4-fold axes (see Figure 4.16). This elongation weakens the FeIII–O covalent 
bond along this axis, facilitating the absorption of oxygen intermediates and the oxidation 
of the FeIII. The Jahn-Teller distortion also generated changes in the electronic 
configuration of Fe in the tetrahedral and octahedral coordination modes. In both cases, 
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the final electronic configuration possesses an unpaired electron, which can enhance the 
electron transfer between OH- and the electrode surface and promote water oxidation. 
Moreover, the formation of the defect structure gave the 2-line ferrihydrite additional 
flexibility and thus a higher OER activity. Finally, the high activity of the 2-line 
ferrihydrite was also related to its extremely high surface area,[412–414] as revealed by the 
increment in the Cdl during OER. 

4.3. Conclusion 

A new molecular β-Diketiminato-stabilized 2Fe-2As cluster complex has been 
synthesized and structurally characterized and utilized as an SSP to access a 
monodisperse and nanocrystalline FeAs phase which is indeed unachievable by common 
solid-state approaches. This synthesis represents the first molecular preparation approach 
to obtain crystalline FeAs. 

The FeAs was electrophoretically deposited on FTO and NF to prepare films and examine 
them for OER electrocatalysis in strongly oxidizing alkaline media (1 M KOH) in 
comparison to Fe(OH)3, FeOOH, and Fe2O3. The prepared FeAs showed outstanding 
catalytic activity in comparison to the Fe-reference materials. FeAs/NF required an 
overpotential of only 252 mV to achieve a catalytic current density of 10 mA cm-2, which 
was less in comparison to the Fe-based materials (see Figure 4.18). Further experimental 
comparisons with reports in the literature showed that FeAs was one of the most active 
Fe-based electrocatalysts (Table A.2.2). Additionally, a small Tafel slope and low charge 
transfer resistance also contributed to the high OER activity. A FE of > 95 % for the OER 
also proved the high water oxidation performance of FeAs. The long-term CP 
measurement of FeAs/NF achieved high overpotential stability over 24 h, in comparison 
to the Fe-based reference materials that required higher overpotentials and showed 
deactivation during the duration of the experiment. The influence of the Ni species (from 
the NF) and generation of Ni-FeOOH on the OER activity could be ruled out because of 
the similar current densities and positions of the anodic and cathodic peaks achieved 
during CVs. Additionally, further measurements on inert substrates such as FTO proved 
that the achieved activity trend was independent of the substrate. 

 

Figure 4.18. Comparison of the overpotentials required for the (a) OER electrocatalysis to achieve a current 
density of 10 mA cm-2 in a 1 M KOH. 
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The advanced ex-situ analytical methods as well as in situ XAS results demonstrated that 
the As leached almost completely after 2 h of electrocatalysis and was transformed to a 
2-line ferrihydrite phase. The structurally disordered 2–line ferrihydrite also showed 
enhanced ECSA (see Figure 4.11), which provided a higher density of active centers for 
catalysis. This transformation demonstrated to be a crucial factor in accelerating the OER 
reaction, as well as its semiconducting nature demonstrated by the 10-100 times lower 
resistivity in comparison to the Fe-based reference materials, which enabled faster 
electron transport. The presence FeIII (d5) in tetrahedral (e!t"3) and octahedral (t"78 e7 ) 
coordination atoms suffered a Jahn-Teller distortion by the stabilization of the partially 
filled orbitals. The compression and elongation of FeIII-O bonds in the tetrahedral and 
octahedral coordination, respectively, were experimentally observed by EXAFS. The 
elongation weakened the FeIII–O covalent bond along this axis, facilitating the absorption 
of oxygen intermediates and promoted the OER electrocatalytic activity. Ultimately, the 
high surface area 2-line ferrihydrite could be the “true” active center for the OER.  

The presented study shows that molecularly-derived TM-As materials can be efficiently 
used as water oxidation catalysis. Most notably, the dissolved As could be successfully 
recovered at the cathode/CE making the whole process sustainable and energy-efficient. 
However, this will depend on the surface area of the cathode. Besides, this work presents 
a facile design and development of unexplored classes of TM-non-metal materials 
towards several applications beyond OER, such as magnetism, superconductivity, 
supercapacitors, light-driven photocatalytic HER, fuel cells, and metal-air batteries.  
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5. Synthesis, characterization, and electrochemical behavior of the amorphous 
nickel phosphide (NiP) and nickel arsenide (NiAs) 

This chapter explores the influence of the pnictogen element in the TM:pnictogen 
stoichiometry and nature of the leaving anions as agents in the formation of a specific 
(oxy)hydroxide phase during the OER.[422] The salt-metathesis synthesis of amorphous 
NiAs and NiP is described first, followed by OER electrochemical investigations and the 
determination of the pnictogen role in the OER electrocatalytic activity and 
transformation.  

5.1. Introduction 

Ni-based materials are the most widely investigated TM-based electrocatalysts.[423] Ni 
phosphides were initially investigated for the HER due to the mechanism similarities of 
this reaction and HDS.[150] Later studies demonstrated that Ni phosphides phases can also 
efficiently catalyze OER.[26] Ni2P is by far the most reported Ni-P-based OER 
electrocatalyst in the literature. Hu and co-workers[161] showed for the first time the use 
of Ni2P nanoparticles for OER under alkaline conditions, which delivered a low 
overpotential (290 mV at 10 mA cm-2). The high activity was ascribed to the formation 
of an amorphous NiIIIOx(OH)y layer over the crystalline Ni2P core, the former contained 
high valent metallic species which act as active sites for OER (see Figure 5.1),[203,304] as 
observed in other TM-Ps (see Section 1.5.3). Nanostructured Ni2P of different 
morphologies such as nanowires and nanoparticles,[424] and urchin-like porous Ni2P 
structures have shown high OER activity (η = 200 mV at 10 mA cm-2).[174]  

Other Ni-P phases have been reported for the OER. Liu and co-workers prepared a NiP 
which achieved high catalytic current density (191 mA cm-2 at 350 mV) and excellent 
long-term stability without degradation (10 mA cm-2 at 1.45 V vs. RHE for 26 h).[175] 
Menezes and co-workers[26] investigated the activity of Ni12P5 for the OER, which 
showed an enhanced performance (295 mV, 10 mA cm-2) due to the formation of an 
amorphous NiIIIOx(OH)y shell on a modified multiphase with a disordered 
phosphide/phosphite core. Antonietti and-coworkers[151] showed the solid-state derived 
Ni5P4 which accomplished a low OER overpotential (290 mV at 10 mA cm-2) due to the 
presence of highly oxidized species in the surface.[151]  

 

Figure 5.1. Schematic representation of the transformation of Ni phosphide during electrocatalytic OER 
under alkaline conditions. 



 98 

The electrocatalytic activity of Ni phosphides towards OER and HER has been increased 
by common strategies (see Section 1.5.3). The doping of the Ni phosphides with Fe,[181] 
Cu,[425] and Au[426] has resulted in great activity in comparison to non-doped phases. A 
similar effect has been noted during the preparation of bimetallic phosphides or the 
combination with other phases to form favorable heterostructures. For example, 
hierarchical MoP/Ni2P/NF structures showed a superior OER performance (309 mV at 
20 mA cm-2) attributed to unique heterostructure, the synergistic effect of the presence of 
two metals, and the 3D porous structure which enabled fast mass transfer.[298] The 
combination with oxide phases provides highly oxidized metal centers for OER 
electrocatalysis. For example, the active core-shell structures of NixP-Fe3O4[159] and 
NiyP@NiOx[427] have shown greater activities in comparison to the independent 
components. Finally, combination with highly conductive carbon nanostructures has 
shown a beneficial effect in the OER. This has been observed in NixPy NPs composite 
with rGO,[428] Ni2P@graphitized carbon fibers,[429] and NiPx on carbon fibers.[430] 

In contrast to crystalline Ni phosphide phases, studies of amorphous phases as OER 
electrocatalysts remain limited. Shervedani and co-workers[431] explored for the first time 
the transformation of amorphous Ni-P during OER electrocatalysis. Phosphorus leaching 
resulted in the formation of a Ni (oxy)hydroxide porous structure with high ECSA and 
electrocatalytic activity.[431] Sun and co-workers[169] reported the generation of Ni oxides 
and (oxy)hydroxides during OER using amorphous Ni-P electrocatalysts derived from 
EPD. The OER activity of amorphous Ni phosphide phases has benefited from the 
incorporation of other TM. For example, Xiong and co-workers developed an amorphous 
NiFeP with high conductivity due to the synergy of Ni and Fe, which enabled fast charge 
transfer that resulted in a very low overpotential (219 mV at 10 mA cm-2).[432]  

Ni arsenides are unknown for their application in electrocatalysis applications (see 
Sections 1.5.4 and 4.2.2).[204,433] Recently, Schumann and co-workers[203] reported the 
solid-state synthesis of crystalline NiAs and its use in electrocatalytic OER under alkaline 
conditions, which showed moderate performance (η = 360 mV at 10 mA cm-2). Post-
catalytic examinations on NiAs showed the selective dissolution of As and formation of 
a porous layer of NiIIIOx(OH)y with high ECSA.[202–204]  

5.1.1. Nickel phosphide and Nickel arsenide 

Nickel phosphide was initially reported in 1895 during the study of the composition of 
meteorites.[434] Nickel phosphides and their synthesis were first mentioned in 1896 by 
Granger,[268] which described the preparation of crystalline Ni2P by the reaction of NiCl2 
and P under a heated stream of CO2. In 1900, Maronnean[435] reported the synthesis of 
NiP by the heating of metallic Ni with copper nitride. Two more phases of the Ni-P 
system, NiP2 and NiP3, were noted in 1910 by Jolibois through the reaction of 5 % Ni:Sn 
alloy with P at 700 ºC. In this synthesis, the ratio of P to Ni determined the formation of 
a specific phase.[436] A total of seven stable intermediate phases of the Ni-P are 
distinguished and its properties summarized below (see Table 5.1 and Figure 5.2).[437] 
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Table 5.1. Crystal structure data of Ni-P phases.[437] 

Formula Crystal system Space group symbol Space group 
Ni3P tetragonal 𝐼4* 82 
Ni12P5 tetragonal I4/m 87 
Ni2P hexagonal 𝑃6*2𝑚 189 
Ni5P4 hexagonal P63mc 186 
NiP orthorhombic Pbca 61 
NiP2 monoclinic C2/c 15 
NiP3 cubic 𝐼𝑚3* 204 

 

 

Figure 5.2. Crystal structures of (a) Ni3P, (b) Ni12P5, (c) Ni2P, (d) Ni5P4, (e) NiP, (f) NiP2, (g) NiP3.[437] 

Various phases of the Ni-As system are also known. The first Ni-As phase was reported 
by Sandberger in 1874.[334] NiAs (niccolite) was found mixed with other As-containing 
minerals such as smaltine (cobalt iron nickel arsenide (Co,Fe,Ni)As), and leucopyrite 
(FeAs2). Later, more phases of the Ni-As were discovered in natural hydrothermal 
deposits, such as maucherite (Ni11As8) and rammelsbergite (NiAs2).[438] In 1909, 
Vigoroux reported the first synthesis of Ni arsenides.[439] The formation of NiAs and 
Ni3As2 phases occurred when vapor of AsCl3 reacted with Ni at high temperature. A total 
of five stable intermediate phases of the Ni-As system are distinguished and its properties 
summarized below (see Table 5.2 and Figure 5.3).[440] 

Table 5.2. Crystal structure data of Ni-As phases.[440] 

Formula Crystal system Space group symbol Space group 
Ni5As2 hexagonal Pb3cm 185 
Ni11As8 tetragonal P41212 92 
NiAs hexagonal P63/mmc 194 
α-NiAs2 orthorhombic Pbca 61 
β-NiAs2 orthorhombic Pnnm 58 
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Figure 5.3. Crystal structures of (a) Ni5As2, (b) Ni11As8, (c) NiAs, (d) α-NiAs2, (e) β-NiAs2. 

5.1.2. Synthesis of nickel phosphide and nickel arsenide 

The solid-state reaction is the preferred approach to access phases of NiAs and NiP. For 
example, crystalline NiAs and NiP have been prepared by the direct combination of the 
powders of the elements and heating at 900 ºC and 1100 ºC for more than 15 h.[203,206,441] 
The hydrothermal synthesis is an alternative to high-temperature solid-state approach to 
access Ni arsenide and phosphide phases. Crystalline nanosheets of Ni11As8 were 
obtained by the reaction of elemental Ni with an excess of As2O3 in aqueous ammonia at 
190 ºC for 12-24 h in autoclave.[227,349] Similarly, amorphous NixPy was prepared through 
a hydrothermal route with NaH2PO2 as phosphorus source and NF as a backbone for the 
synthesis.[442,443] The hydrothermal route has also been successful to prepare crystalline 
Ni phosphide phases. Menezes and co-workers[26] investigated the hydrothermal reaction 
of red P and Ni(CH3COO)2·4H2O. Two distinct phases formed depending on the 
temperature: Ni12P5 at 200 ºC and Ni2P at 140 ºC. Additionally, room-temperature 
electrodeposition has proven a successful method to access TM-Ps. For example, 
solutions of H3PO3/NiCO3,[431] NiSO4.7H2O and NaH2PO2,[444] and NiCl2 and 
NaH2PO2[169] have been used to access amorphous Ni phosphide films by 
electrodeposition. 

Another efficient method is the chemical reduction. Usually, TM-Ps for catalytic 
applications are obtained by the reduction with H2 of a TM salt together with (NH4)3PO4 
at high temperature (400-1000 ºC) for few hours.[445] Other salts containing phosphorus 
can be also used. For example, the direct reduction with H2 of NH4NiPO4.H2O at 820 ºC 
achieved crystalline Ni2P.[199,446] An analogous synthesis of TM-As has been 
accomplished by the reduction of NH4NiAsO4 at 400 ºC to access NiAs.[199,446] An As-
rich nickel arsenide Ni3As2+x phase was prepared by the reduction of Ni3(AsO)2 with H2 
at 420 ºC, and then used as catalyst for hydrogenation of olefins.[447]  
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Crystalline TM-Ps and TM-As have been also prepared by the salt-metathesis of a TM 
halide with sodium pnictides (Na3E, E = As, P).[448] This method consists in the 
combination of the solid precursors at high temperature to favor the formation of 
crystalline phases.[203,206,441,449] Metathesis procedures in organic solvents at lower 
temperatures can accomplish particles of smaller size. For example, crystalline Ni3P and 
NiAs were prepared by reacting NiBr2 and NiCl2 with Na3P and Na3As, respectively, 
under reflux in toluene for 48 h.[351] Liquid ammonia mediated metathesis has been used 
to access M3E (E = As, P) from metal halides and sodium pnictides (Na3E).[448]  

The reaction between a Ni salt and an excess of a P-containing compound (TOP, TOPO, 
phosphine) in a high-boiling point solvent is ideal to access nanoscaled Ni phosphide 
materials.[445] Amorphous Ni2P was prepared by the direct thermolysis at 230 °C for 1 h 
of Ni(acac)2 and TOP in oleylamine.[159] Grobert and co-workers.[450] prepared 
amorphous Ni phosphide nanoparticles by the solvothermal decomposition of Ni(acac)2 
and triphenylphosphane in oleylamine under inert atmosphere at 220 ºC. Ni phosphides 
have been also prepared through the decomposition of SSPs. The thermolysis of 
hexamethylenetetramine precursors under inert atmosphere at 600, 700, or 800 ºC was 
fundamental for the specific formation of nanoparticles of Ni2P, Ni12P5, or Ni3P phases 
with high surface areas.[451] Additionally, the solvothermal decomposition of SSP has 
been used by Vela and co-workers[209] to access NiAs by thermolysis of [ClNi(o-Ph2P-
C6H4)3As]Cl at 600 ºC under inert atmosphere.  

The following table lists the advantages and disadvantages of the synthetic methods 
applied to Ni phosphides and arsenides. 

Table 5.3. Common methods to access amorphous and crystalline Ni phosphides and arsenides. 

Method Advantages Disadvantages 

Solid-state 
synthesis 

- access to various crystalline phases 
- facile laboratory work 

- bulk phases 
- elevated T and reaction time 
- use of elemental P and As 

Hydrothermal 
synthesis 

- access to various crystalline phases 
- mild temperature reaction 
- alternative As and P sources 

- long reaction time 

ED - access to amorphous phases 
- direct film preparation 
- room or mild T reaction 

- no access to nanostructures 

Chemical 
reduction 

- access to various crystalline phases - elevated T  
- H2 is required 

Salt-metathesis - solid-state or in solution 
- crystalline or amorphous phases are 
accessible 

- elevated T 
- use of elemental P and As or 
compounds of them 

Solvothermal 
synthesis 

- numerous nanoscaled crystalline phases 
- mild T reaction 
- short reaction time 
- possibility to use SSPs 

- long work-up required to 
remove solvent 

- use of elemental P and As or 
compounds of them 
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5.2. Results and discussion 

5.2.1. Synthesis and characterization of amorphous NiP and NiAs 

The solid-state metathesis has been used several times to prepare TM-As, and usually 
requires high temperature to increase the reactivity of the precursors and the formation of 
crystalline phases.[203,206,441,449] Alternative salt-metathesis procedures at lower 
temperatures have been accomplished in organic solvents (toluene, benzene) or liquid 
ammonia, which served as media for the precursor dissolution.[351,448] Despite its general 
use, the salt-metathesis approach requires an inert atmosphere and mild temperatures to 
accomplish the formation of the materials.  

Stable and robust pnictogen-carrying molecules could be employed as a replacement of 
commonly toxic and difficult to handle As and P sources. For example, salts of the stable 
and robust (AsCO-)[353,354] and (PCO-)[356,452,453] have been reacted with electrophiles 
through spontaneous or photocatalytic CO release. Thus, it serves as a building block 
towards new heterocyclic compounds, diarsenes, and terminal pnictides.[353,355,356] 
Therefore, the robust NaECO (E = As, P) salts could be used as As and P source to access 
other TM pnictogen. These salts were used for the salt-metathesis with NiBr2(thf)1.5 
complex at room temperature to form Ni arsenide and phosphide phases in a 1:1 
stoichiometry with spontaneous CO release (see Experimental Section 7.4.6 and 7.4.7). 

The reaction afforded black powders whose crystallinity was determined by PXRD. The 
PXRD showed a lack of diffraction peaks in the 2θ range between 10° to 80° (see Figure 
5.4a,b). In both cases, a broad low intensity peak was observed, centered at 28 and 34° 
for the Ni arsenide and Ni phosphide materials, respectively. These results indicated that 
the materials were apparently amorphous. However, broad reflections have been 
observed on the diffractograms of nanocrystalline materials, especially when the size of 
a nanostructures is small.[111] To confirm this, the morphology of the materials was 
analyzed using SEM. 

 

Figure 5.4. PXRD pattern of (a) amorphous NiP and (b) amorphous NiAs. The obtained spectra do not 
show any diffraction peak associated to a crystalline structure, revealing the amorphous nature of the 
materials. 
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SEM revealed that materials were composed of agglomerated spherical particles of ca. 
200 nm (see Figures A.3.1, A.3.2). TEM revealed similar results as the SEM, in which 
large nanoparticles of size > 100 nm were observed (see Figure 5.5). Additionally, no 
apparent crystalline fringes were observed on the TEM images. A HR-TEM was done in 
order to rule out nanocrystallinity of the materials, which revealed a lack of crystalline 
fringes (see Figures A.3.3, A.3.4). In addition, the SAED patterns did not show any 
crystalline rings, which confirmed the amorphous nature of both materials (see Figure 
5.5, insets).  

 

Figure 5.5. TEM images of (a) amorphous NiP and (b) amorphous NiAs. No diffraction rings appear on 
the SAEDs (inset in a, b), confirming the amorphous nature of the material.  

The phase and elemental composition was confirmed by ICP-AES (see Table A.3.1) and 
SEM-EDX (see Figure A.3.5, Figure A.3.6) and TEM-EDX (see Figure A.3.7, Figure 
A.3.8). The results showed Ni:As and Ni:P ratios of ~1:1 through all the measurements, 
which confirmed that the initial stoichiometry used during the synthesis was maintained. 
EDX mapping was done to investigate the elemental distribution in the materials. The 
EDX images showed a homogenous distribution of Ni (green) and As (yellow) or 
phosphorus (yellow) within the structure of the amorphous NiAs and NiP (see Figure 
5.6). The EDX spectra also revealed the presence of surface oxygen (< 1 %) and carbon 
(< 5 %). The first element originated from the surface passivation due to exposure of the 
samples to air, since handling and transport were not carried out under inert conditions. 
The carbon content was verified by elemental analysis (see Figure A.3.9), which 
demonstrated a small amount of organic content (< 5 %). In this case, the presence of 
carbon could be attributed to remaining solvent or from unreacted NaECO. The catalytic 
performance of electrocatalysts has been ascribed to the nature of metal cations and 
anions rather than any organic components,[283–286] as it has been described for the CoP 
and FeAs materials described in the previous chapters (see Sections 4.2 and 3.2). 
Therefore, the influence of remaining carbon form the solvent in the electrocatalytic 
performance of the materials is negligible. 

The reported Raman spectra of Ni arsenides[448] and Ni phosphides[454–456] materials in 
the literature do not show Raman active phonon bands. Examples on the literature only 
showed phonon bands related to graphitic species present in the material at 1367 and 
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1550 cm-1. Therefore, the (resonance) Raman spectra of the synthesized amorphous NiAs 
and NiP phases (see Figure A.3.9) did not show any active band, which discarded the 
presence of graphitic carbon.  

 

Figure 5.6. (a) SEM of agglomerated NiP and elemental mapping of (b) Ni (green) and (c) P (yellow); (d) 
SEM of agglomerated NiAs and elemental mapping of (e) Ni (green) and (f) As (orange). The homogenous 
distribution of Ni and the pnictogen is observed on both materials. 

FT-IR provided information of the surface passivation, as the most representative signals 
on the spectra were related to oxidized groups. In the case of NiAs, a broad peak at 
3300 cm-1 corresponding to the stretching vibration of O-H was observed (see Figure 
A.3.10). The peak at 1600 cm-1 could be attributed to vibrational modes of adsorbed 
water.[457] In the case of the NiP, similar signals related to oxidation were observed: the 
stretching vibration mode of the O-H bond (ca. 3300 cm-1) and the peak at 1635 cm-1, 
attributed to vibrational modes of adsorbed water (see Figure A.3.10).[457] However, low-
frequency FT-IR (< 600 cm-1) revealed vibrations associated to Ni-As and Ni-P 
bonds.[458,459] The low-frequency NiAs spectrum showed representative signals at 354, 
410, 529 cm-1, which could be assigned to v1, v2, v4 stretching vibrations of Ni-As bonds 
(see Figure A.3.11a).[460,461] The low-frequency NiP spectrum showed representative 
signals at 352, 403, 461, and 525 cm-1, which were assigned to v1, v2, v3, v4 stretching 
vibrations of Ni-P bonds (see Figure A.3.11b).[462] 

XPS was performed to gain information on the chemical composition and electronic states 
of the prepared materials (see Figure 5.7). The photoemission lines of the Ni 2p resulted 
in a complex spectrum due to the spin-orbit splitting typical of the Ni 2p signals into Ni 
2p3/2 and Ni 2p1/2 and the presence of satellite peaks (see Figure 5.7a).[364] In the case of 
NiAs, the deconvoluted Ni 2p spectrum showed two low binding energy peaks (2p3/2 
853.1 eV and 2p1/2 871.7 eV, with a distance of 18.6 eV) associated to reduced 
Niδ+.[26,147,424,463,464] This peak was associated to Niδ+ and has been observed in other Ni-
based pnictides and chalcogenides.[203,328,465] The remaining higher binding energy peaks 
were associated with Ni at higher oxidation state, due to surface passivation. The presence 
of NiII was verified by the deconvolution of the spectrum, which showed peaks at 
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854.5 eV 2p3/2 and 872.5 eV 2p1/2, as well as various satellite peaks (856.2 eV, 860.7 eV, 
865.5 eV, 878.4 eV). The deconvoluted As 3d spectrum of NiAs (see Figure 5.7b) 
showed two peaks. The low binding energy peak centered at 41.7 eV related to Asδ- in 
NiAs (deconvoluted into 41.3 eV 3d5/2 and 42.0 eV 3d3/2), which corresponded to the 
binding energy of As bound to metal, therefore related to Asδ-.[328,465] The peak of higher 
intensity that appeared at 44.6 eV was attributed to oxidized As species. This peak has 
been associated to arsenite species (AsO33-) and to AsIII cations in As2O3.[367,368] The 
presence of As in high oxidation state was caused by the surface passivation, as observed 
for the other synthesized materials (see Sections 3.2.1 and 4.2.1) and other 
electrocatalysts reported in the literature.[162,290] The deconvolution of the AsIII peak 
revealed that it was composed of two peaks due to spin-orbital coupling, giving rise to 
44.4 eV (3d5/2) and 45.1 eV (3d3/2). The surface oxidation of the materials was supported 
by the O 1s spectra (see Figure 5.7c). The high-resolution O 1s spectrum of NiAs showed 
one peak at 530.4 eV, which was deconvoluted into two peaks: 530.3 eV (O1) and 
531.7 eV (O2). These two peaks were associated to oxygen-bounded to Ni-O[366] and As-
O species,[367,368] respectively.  

 

Figure 5.7. Deconvoluted XPS of as-prepared NiAs: (a) Ni 2p, (b) As 3d and (c) O 1s. 

Analogous chemical composition and electronic states were found for NiP by its 
deconvoluted XPS spectra. The deconvoluted Ni 2p spectrum (see Figure 5.8a) showed 
binding energy peaks related to Niδ+ in NiP (deconvoluted into 2p3/2 851.9 eV and 2p1/2 
871.3 eV, distance of 19.4 eV).[26,147,424,463,464] These two peaks have been observed at 
similar binding energies in the Ni 2p XPS spectrum of crystalline NiP.[26,203] The 
deconvolution also resulted in high binding energy peaks, which were associated to Ni in 
higher oxidation state. These peaks were related to NiII (deconvoluted into 2p3/2 854.5 eV 
and 2p1/2 872.4 eV), caused by the contact of the material with air. Various satellite peaks 
were also present (856.0 eV, 860.6 eV, 865.6 eV, 874.2 eV and 878.8 eV). The P 2p 
spectrum showed only one peak at 131.6 eV, which was deconvoluted into two peaks at 
2p3/2 131.4 eV and 2p1/2 132.2 eV (see Figure 5.8b). A comparison with reported values 
of binding energy of phosphorus demonstrated that this peak corresponded to a phosphite 
species (PIII), formed during the surface passivation due to contact with air.[162] The 
presence of phosphorus in high oxidation state has also been demonstrated on the surface 
of other TM-Ps materials, such as the prepared amorphous and crystalline CoP (see 
Section 3.2.1). Interestingly, the spectrum did not show any peak related to Pδ- at lower 
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binding energies, indicating that the surface was completely oxidized. The presence of 
oxidized species was further confirmed by the assignments of the deconvoluted O 1s XPS 
spectrum (see Figure 5.8c). This spectrum showed one peak at 530.6 eV. The 
deconvolution showed only two peaks related to products derived from air exposure of 
the material: Ni-O=P (O1, 530.4 eV) and Ni-O or P=O (O2, 531.7 eV).[160]  

 

Figure 5.8. Deconvoluted XPS of as-prepared NiP: (d) Ni 2p, (e) As 3d and (f) O 1s. 

5.2.2. Electrochemical behavior of amorphous NiP and NiAs for OER 

The as-prepared NiAs and NiP were electrophoretically deposited on FTO to investigate 
their catalytic activity (see Experimental Section 7.1.4). The prepared films (NiAs/FTO 
and NiP/FTO) were characterized before their use. The PXRD revealed only crystalline 
planes related to FTO (cassiterite, SnO2, JCPDS 41-1445) (see Figure A.3.12a).[382] The 
crystallinity of the materials did not change during the EPD, as demonstrated by the lack 
of new diffraction peaks in the PXRD of the as-prepared samples. SEM revealed uniform 
films with complete coverage of the FTO substrate. The films were composed of 
agglomerated particles of similar morphology of the as-prepared materials (see Figure 
A.3.13, A.3.14). The EDX and elemental mapping demonstrated their uniform 
composition, in which the ratios of Ni:As and Ni:P were ~1:1, as well as the presence of 
O due to the contact of the films with air (see Figure A.3.15 to A.3.18).  

Further characterization by Raman spectroscopy demonstrated that there were no active 
phonon bands in the investigated range of frequencies, which was coincident with the 
spectra of the as-prepared materials (see Figure A.3.9, A.3.10). However, there is an 
increase in the intensity due to the contribution of the bare substrate (FTO) during the 
measurement (see spectrum of bare FTO in the Appendix, Figure A.2.24). The FT-IR 
spectra were similar to the spectra of the as-prepared materials. They revealed the bands 
at 3300 cm-1 and 1600 cm-1 that were associated to the stretching vibration of O-H, 
associated to adsorbed water (see Figure A.3.10).[457] Finally, the XPS measurements 
confirmed that there was no electronic and chemical transformation of the materials 
during their preparation. A detailed analysis is provided in the Appendix (see Figure 
A.3.19-A.3.20). 

Therefore, the characterization of the NiAs/FTO and NiP/FTO films has demonstrated 
the chemical and composition integrity of the materials after the EPD. Consequently, 
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electrochemical investigations were carried out to study the electrochemical behavior of 
the materials for OER. A three-electrode system in 1 M KOH (see Experimental Section 
7.3.4) was used, in which the films deposited on FTO were used directly as WEs. The 
electrocatalytic activity measured by LSV revealed that the overpotential of the NiP/FTO 
was only η = 335 mV (10 mA cm-2), which was lower than that of NiAs/FTO (372 mV) 
at the same current density (see Figure 5.9a). 

 

Figure 5.9. (a) LSV (1 mV s-1) of NiAs and NiP loaded on FTO (0.4 mg cm-²), (b) LSV (1 mV s-1) of the 
prepared materials loaded on NF (1.3 mg cm-²). 

Investigations with CoP and FeAs (see Sections 3.2.2 and 4.2.2) revealed that a better 
electrocatalytic activity was obtained when depositing the materials over NF, due to the 
larger surface area and higher electrical conductivity of this substrate.[296] In comparison, 
FTO showed less surface area and its flat area does not contribute to catalysis.[208,297] 
Thus, films were prepared by the EPD of amorphous NiAs and NiP over NF (see 
Experimental Section 7.1.4). The prepared films on NF were analogously characterized 
as those on FTO. The SEM images revealed the uniform deposition of amorphous NiAs 
nanoparticles over the NF substrate without change in their morphology (see Figure 
A.3.21). In the case of NiP, the film was composed of agglomerations in which individual 
particles could not be seen (see Figure A.3.22). However, the EDX results demonstrated 
that the chemical composition of the films remained intact due to the determined ~1:1 
ratio of Ni:As and Ni:P (see Figures A.3.23, A.3.24). The elemental mapping of the films 
also demonstrated a homogenous distribution of constituent elements over the NF (see 
Figures A.3.25, A.3.26). Additionally, a homogenous distribution of O was also observed, 
which originated from the oxidation of the surface due to air exposure of the films. 
Therefore, the characterization results demonstrated the chemical and composition 
stability of the films over NF during their preparation by EPD.  

The electrocatalytic activity of the samples over NF was then measured. The observed 
OER overpotentials were lower in comparison to the ones with FTO films, due to the 
increase in the amount deposited, larger surface area, and larger conductivity of the 
substrate. NiP/NF reached an overpotential of 267 mV at 10 mA cm-2, which was lower 
in comparison to the one of NiAs/NF (315 mV) (see Figure 5.9b). The obtained 
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overpotentials are comparable to the activities of other Ni phosphides and pnictides (see 
Table A.3.3). 

During the evaluation of the OER electrocatalytic performance in alkaline medium, a 
redox feature was observed before the water oxidation in the range of 1.3-1.45 V vs. RHE 
on both NiAs and NiP (see Figure 5.9a). The redox couple became apparent when CV 
experiments were performed (see Experimental Section 7.3.3 and Figure A.3.27). To rule 
out the contribution of the NF substrate to this phenomenon, CVs were performed on the 
materials deposited on FTO in which a redox peak was also observed on the same 
potential range (see Figures 5.9b, A.3.28). This observation confirmed that the observed 
redox feature could be ascribed to a redox process that occurred on both materials. This 
peak was related to the oxidation of NiII to NiIII, that has been regarded as the catalytically 
active OER species (see Section 1.5.2):[293]  

𝑁𝑖(𝑂𝐻)" + 𝑂𝐻* ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝐻"𝑂 + 𝑒*							Equation 19 

Similar redox phenomena have been reported in the literature related to Ni-based 
electrocatalysts and other the first-row TM-based materials, which exhibited 
M(OH)2/MOx(OH)y phase formation at potentials between ca. 1.1-1.4 V vs. 
RHE.[203,293,466] This redox feature occurred on the amorphous and crystalline CoP (see 
3.2.2) and FeAs (see Section 4.2.2) discussed before in this investigation. 

Electrocatalytic kinetics were studied by constructing Tafel plots (see Figure 5.10) 
derived from the steady-state method (see Experimental Section 7.3.5). NiP/NF attained 
a lower Tafel slope (68 ± 1 mV dec-1) in comparison to NiAs/NF (84 ± 2 mV dec-1). 
These results indicated a more favorable OER rate for the NiP/NF.[292] Consequently, a 
much faster reaction kinetics were observed on the NiP/NF, which led to a better OER 
catalytic performance.  

 

Figure 5.10. Tafel slopes obtained of materials deposited on NF obtained by the steady-state method (see 
Experimental Section 7.3.5). 

The value of the slopes also allowed to determine which of the four processes of the PCET 
reactions were the RDS during OER (see Experimental Section 7.3.5).[41] The values of 
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the Tafel slopes for NiP/NF and NiAs/NF suggested that the OER rate was determined 
by the adsorption of the OH- on the catalyst surface and the resulting formation of the 
adsorbed 𝑀 − 𝑂𝐻'/0 intermediate.[41] Tafel slopes were derived from LSV experiments 
(at 1 mV s-1) with films deposited on FTO (see Experimental Section 7.3.5). The trend 
was maintained with the change of conductive substrate. The NiP/FTO showed a lower 
Tafel slope (151 ± 5 mV dec-1) in comparison to the NiAs/FTO (218 ± 10 mV dec-1) (see 
Figure A.3.29), which confirmed the OER limitations by the same PCET step. 

EIS experiments were performed to evaluate the electrode transfer efficiency under OER 
conditions and relate it to the electrocatalytic activity (see Section 7.3.7).[372] The EIS 
results after the application of a 1.50 V vs. RHE potential determined that the smallest Rct 
across the electrolyte/electrode interface was accomplished with NiP 
(Rct = 10.37 ± 1.76 Ω) in comparison to the NiAs (19.96 ± 0.22 Ω) (see Figure A.3.30). 
The values of Rct were obtained from the fitting of the curves to a Randles equivalent 
circuit, where R1 and R2 and Q are equivalent to the Ohmic resistance of the solution and 
electrode (Rs), the charge transfer resistance (Rct) and a constant phase element (CPE).[374] 
A detailed discussion of the calculation and selection of the equivalent circuit is described 
in the Experimental Section 7.3.7 (see Figure 7.16). The values of the parameters derived 
from the fitting and a comparison of the experimental data to the fitting are also shown 
in the Appendix (see Table A.3.4).  

Therefore, NiP showed a significantly faster charge transfer kinetics between the 
electrolyte and the catalyst or the electrode substrate during the OER process, which 
explains the better catalytic activity in comparison to NiAs. Furthermore, the influence 
of the NF (and the Ni species) in the EIS measurements was excluded to the high 
Rct = 47.97 ± 1.19 Ω achieved with bare NF, which was greater than that of the 
investigated materials. EIS experiments performed of 1.65 V vs. RHE on the films 
deposited on FTO revealed a similar trend as the ones obtained with the films deposited 
over NF (see Figure A.3.31). The Nyquist plots were fitted to a similar equivalent circuit 
to the one used when exploring the films deposited over NF and the values of the derived 
parameters are shown in the Appendix (see Table A.3.4). An Rct of only 4.78 ± 1.22 Ω 
was obtained for NiP/FTO, which was lower in comparison to the one obtained with the 
NiAs/FTO (13.17 ± 1.03 Ω) and the bare FTO substrate (3809 ± 2 Ω).  

Long-term CP measurements at constant 10 mA cm-2 were done for 24 h to investigate 
the electrochemical stability of the materials deposited on NF (see Figure 5.11) and FTO 
(see Figure A.3.32). During the CP, stable overpotentials 275 and 305 mV were obtained 
for NiP/NF and NiAs/NF, respectively. The films deposited on FTO delivered decreasing 
overpotentials during the first hours of experiments, reaching stable overpotentials of 
350 mV and 390 mV after ca. 2 h and 5 h of measurement for NiP/FTO and NiAs/FTO, 
respectively. 



 110 

 

Figure 5.11. 24 h CP measurement of NiAs/NF and NiP/NF at 10 mA cm-2. 

The FE of the amorphous materials deposited on NF was obtained to determine their 
efficiency to transfer electrons for the OER provided by an external circuit (see 
Experimental Section 7.3.10).[52] The FE of the OER in 1 M KOH was measured in a two-
electrode configuration where NiAs/NF and NiP/NF was used as anode and Pt as cathode 
in a closed one-compartment electrochemical cell (NiAs/NF║Pt and NiP/NF║Pt), 
respectively. A constant current of 50 mA cm-2 was applied on electrodes of 1 x 1 cm2 
area for 600 s and the amount of O2 and H2 were determined by GC and compared with 
the theoretical value of produced gas. The experimental values agreed well with the 
theoretical values and an efficiency of 96 % (NiAs) and 98 % (NiP) could be determined 
for both materials, which indicated a very high efficiency (see Table A.3.5). It should also 
be noted that in practice a FE of 100 % cannot be achieved due to thermodynamic and 
kinetic barriers during the reaction.[52]  

Throughout the electrochemical OER measurements, the amorphous NiP showed 
superior activity in comparison to the crystalline phase. Activity differences arise from 
the surface and electronic characteristics of the materials. The ECSA is an important 
comparison parameter because it reflects the surface area available for catalysis.[67] The 
ECSA is directly proportional to the Cdl. The Cdl was determined by performing 
continuous CV experiments at different scan rates in a potential range in which no 
Faradaic processes took place (see Experimental Section 7.3.8).[68,467] From this, the 
difference in cathodic and anodic current was plotted versus the scan rate, from which the 
value of Cdl was obtained (see Figure A.3.33). The Cdl of bare NF was 
0.453 ± 0.002 mF cm-2. After deposition, the Cdl increased to 0.625 ± 0.001 mF cm-2 and 
1.285 ± 0.002 mF cm-2 for NiAs and NiP, respectively (see Table A.3.6). The results 
agreed with the observed order of activity. The higher value for the Cdl of NiP compared 
to NiAs led to the conclusion that the surface of this material had a higher density of 
surface defects and coordinative unsaturated surface metal sites available for reaction.[250] 
A similar trend was found when the Cdl was calculated on the films deposited on FTO 
and their comparison to the bare substrate. Experimental data are shown on the Appendix 
(see Table A.3.7 and Figure A.3.34).  
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Figure 5.12. Linear fit derived CV measurements (see Figure A.3.33) to obtain Cdl of the materials 
deposited on NF. 

The enhanced activity of amorphous materials in comparison to their crystalline 
counterparts has been previously discussed while studying the differences between 
amorphous and crystalline CoP (see Section 3.2.2). Amorphous materials, such as the 
prepared NiAs and NiP, have also a higher structural flexibility, which allows self-
regulation, adaptation and reconstruction of active sites during the electrochemical 
conditions.[301] The ECSA normalized LSV curves also confirmed the higher 
electrocatalytic activity of NiP (see Figure A.3.35). Since both materials showed an 
amorphous morphology, the differences in activity should be related to characteristics of 
the generated phases during the OER. Reports in the literature and in this investigation 
(see Sections 3.2.3 and 4.2.3), have shown that during OER under alkaline conditions, 
TM-Ps and TM-As suffer the loss of the pnictogen element into the solution.[26,163] 
Therefore, it is important to understand, through post-operando characterization, if the 
leaving pnictogen element has a directing effect in the materials transformation that could 
contribute to the observed higher activity of NiP in comparison to NiAs. 

5.2.3. Post-operando OER characterization of amorphous NiP and NiAs 

Post-operando OER PXRD of the film deposited on FTO after OER was done to 
determine the emergence of any new crystalline phase during catalysis. The PXRD 
pattern of the film after catalysis showed reflexes at 26.5, 33.9, 27.9, 51.8, 54,8, 61.9, 
65.9, and 78.7º that were related to the (110), (101), (200), (211), (220), (310), (301), 
(321) crystalline planes of FTO (cassiterite, SnO2, JCPDS 41-1445), in a similar way as 
in the as-prepared materials (see Figure A.3.36).[382] Consequently, this was an indication 
that no crystalline phase was formed after catalysis. The obtained PXRD pattern of the 
sample after OER was complemented with other characterization and spectroscopic 
techniques.  

To gain more insight into the transformation of the material, SEM was done. SEM images 
after 24 h OER CP showed that the films were composed of agglomerated particles. On 
some areas, the conductive substrate was exposed. This could be related to the possible 
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loss of film material into the electrolyte due to the exposure of the FTO substrate (see 
Figure A.3.37a, A.3.38a).[383] This was also observed before during the OER 
electrocatalysis with FeAs (see Section 4.2.3). The high magnification SEM images 
showed that both NiAs and NiP particles had a similar morphology as before catalysis. 
Elemental mapping revealed a homogenous distribution of Ni and O on the remaining 
films, and a small presence of the pnictogen element (see Figures 5.13, A.3.39). The 
examination of the composition by EDX determined that the P and As were lost into the 
solution. A complete dissolution of P and As resulted in Ni:P and Ni:As ratios of 1:0.009 
and 1:0.024, respectively (see Figures A.3.40, A.3.41). The post catalytic characterization 
by SEM-EDX on the samples deposited on NF after analogous electrochemical OER 
experiments revealed a similar transformation of the materials (see Figures A.3.42, 
A.3.43), uniform distribution of Ni and O in the films (see Figures A.3.44, A.3.45) and 
loss of the pnictogen element into the solution as evidenced by the ratios of Ni:P (1:0.001) 
and Ni:As (1:0.018) determined by EDX (see Figures A.3.46, A.3.47). 

 

Figure 5.13. (a) SEM of NiP/FTO after OER and elemental mapping of (b) Ni (green), (c) O (red). (d) 
SEM of NiAs/FTO after OER and elemental mapping of (e) Ni (green), (f) O (red). The mapping shows 
the homogeneous distribution of the elements on the surface of the material. Elemental mapping of P and 
As is shown in Figure A.3.39. 

The preferential and gradual loss of the pnictogens and formation of oxidized species is 
a common phenomenon and is essential to preserve the electrochemical performance of 
the materials.[202,304,427] The loss of the non-metal in solution is a common phenomenon 
and has been observed previously for TM chalcogenides, phosphides and arsenides (see 
Section 1.5.3),[258,304] and in this investigation (see Section 3.2.3 and 4.2.3). Therefore, 
the loss of As and P from NiAs and NiP was expected during OER. The loss of pnictogen 
was quantitatively determined by measuring the concentration of these elements in the 
electrolyte by ICP-AES after the long-term experiment (see Table A.3.8). The results 
determined a loss of the pnictogen, which was in accordance with the composition change 
obtained by EDX. The results showed a loss of the pnictogen of 45 % and 86 % for NiAs 
and NiP, respectively, due to the oxidation of the materials. Previous observations have 
demonstrated that P and As were oxidized to [PO4]3- and [AsO4]3-. These anions are 
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highly soluble on the alkaline electrolyte. Therefore, they dissolved and favored the 
formation of a Ni (oxy)hydroxide layer.[202,304,384]  

Insights of the post-catalytic OER structural transformation were also obtained by TEM. 
The films after the long-term 24 h CP OER experiments were scratched and tested by 
TEM. The HR-TEM of NiAs after OER revealed the presence of crystalline nanodomains 
of different interlayer distance (see Figure 5.14a). The presence of these crystalline 
nanodomains explained the lack of diffraction peaks on the post-operando PXRD pattern. 
HR-TEM of the post-OER NiAs catalyst showed crystalline fringes with interlayer 
distances of 0.209 nm and 0.237 nm, which correspond to the (105) and (102) planes of 
γ-NiOOH (JCPDS 6-75).[468] The SAED pattern (see Figure 5.14a, inset) showed several 
broad diffraction rings which correspond to the (003), (102), (105), (110), and (205) 
planes of the same phase determined by TEM.[468] The TEM-EDX confirmed the 
oxidation of the NiAs during catalysis. The ratios of Ni:As and Ni:O were 1:0.018 and 
1:1.37, respectively (see Figure A.3.48). These results confirmed an almost complete 
transformation of the NiAs to an oxidized phase, as determined by the results from SEM-
EDX and ICP-AES.  

Similarly, HR-TEM of the post-OER NiP was done to determine the outcome of the 
transformation. The HR-TEM of NiP after OER revealed the presence of crystalline 
nanodomains as observed on the post-OER NiAs sample. The crystalline nanodomains 
showed an interlayer distance of 0.209 nm, which corresponded to the (105) plane of  
γ-NiOOH (JCPDS 6-75) (see Figure 5.14b).[468] To gain more insight into the 
crystallinity, the post-OER NiP SAED was obtained (see Figure 5.14b, inset). Two broad 
diffraction rings appeared and could be further assigned to the crystalline phase 
determined by the interlayer distances. The two rings were assigned to the (105) and (102) 
planes of γ-NiOOH (JCPDS 6-75).[468] The TEM-EDX results confirmed the oxidation of 
NiP and the loss of phosphorus into solution (see Figure A.3.49), with ratios of Ni:P and 
Ni:O of 1:0.014 and 1:1.31, respectively. 

 

Figure 5.14. HR-TEM images of (a) NiAs/FTO after OER (SAED, inset) and (b) NiP/FTO after OER 
(SAED, inset). The diffraction rings correspond to the γ-NiOOH phase (JPCDS 6-75).  
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Vibrational spectroscopies, such as IR and Raman, were employed in order to get further 
information about the local structure. The FT-IR spectrum after OER (see Figure A.3.50) 
showed a broad absorption band centered at 3230 cm−1 that was assigned to stretching 
vibrations of water molecules that are adsorbed or in the interlayers.[469,470] The bands at 
1642 and 1458 cm-1 for NiAs/FTO after OER and 1646 and 1461 cm-1 for NiP/FTO after 
OER were related to bending vibration of H2O and structural OH groups.[469,470] The band 
at 1361 cm-1 could be attributed to C-O stretching vibrations of [CO3]2- anions, which 
apparently appeared because of the KOH electrolyte that consumes of CO2 from ambient 
air in the form of dissolved carbonate.[469,470] Such intercalation is possible due to the 
layered structure of γ-NiOOH (see following discussion, Figure 5.19).[471] 

Raman spectroscopy was done to uncover the structure of the active electrocatalysts. 
Quasi in situ and ex-situ experiments were performed, as Ni hydroxides and 
(oxy)hydroxides are very sensitive towards vibrational spectroscopy.[472] The as-prepared 
powders and films on FTO did not show any distinguishable feature (see Figure A.3.9). 
Quasi in situ (resonance) Raman spectra were obtained after the freeze quenching of 
samples held at constant potential for 24 h (see Experimental Section 7.2.12). The 
obtained spectra revealed the presence of two peaks at 480 and 560 cm-1 on NiAs after 
OER and 484 and 558 cm-1 on NiP after OER (see Figure 5.15). The first band was clearly 
assigned to the depolarized Eg mode (bending, δ(NiIII-O)), while the second band was 
assigned to the polarized A1g mode (stretching, ν(NiIII-O)) of γ-NiOOH.[473,474] Similar 
features were observed in the ex-situ spectra (see Figure 5.15). These results confirmed 
that γ-NiOOH is the active structure for OER, as determined by TEM and SAED. In 
addition, a broad band between 850 and 1200 cm-1 also appeared on the spectra obtained 
through the quasi in situ measurements of both NiAs and NiP that has been previously 
attributed to the ν(O-O) stretching vibration of an active oxygen species  
(NiIII-OO-) in the (oxy)hydroxide structure (see Figure 5.15).[473,475–477] 
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Figure 5.15. Quasi in situ and ex-situ (resonance) Raman spectroscopy of (a) NiAs and (b) NiP on FTO 
collected after OER CP, 24 h, 10 mA cm-2 in alkaline electrolyte. The stretching A1g and bending Eg 
vibrational modes of γ-NiOOH are observed.[473,474] The high wavenumber region (800-1300 cm-1) of (c) 
NiAs and (d) NiP showed a signal suggesting Ni sites evolve O2 through an active oxygen species (Ni-O-
O-).[473,475–477] 

Further information about the transformation was carried out by XPS investigations (see 
Experimental Section 7.2.10). The XPS results showed that the transformation of the 
NiAs and NiP into a γ-NiOOH phase after the OER produced a significant change in the 
electronic structure. Figure 5.16 shows the Ni 2p, As 3d and O 1s XPS spectra of the 
materials after OER, in comparison to the XPS spectra of powders and as deposited 
samples. The Ni 2p deconvoluted spectrum showed peaks at high binding energy that 
were associated to Ni in higher oxidation state (see Figure A.3.51a). Two major broad 
peaks (2p3/2, 854.3 eV and 2p1/2 872.0 eV) were associated to NiII, as well as various 
satellite peaks, which could be associated to oxidized Ni species in NiII(OH)2 (855.8 eV) 
and NiIIIOOH (860.5 eV).[26,478,479] However, a low binding energy peak associated to 
Niδ+ was present (2p3/2 852.8 eV and 2p1/2 871.3 eV), which indicated that some NiAs 
remained after catalysis.[26] The As 3d spectrum showed the complete oxidation of the 
surface As due to the loss of the peak associated to reduced Asδ. The high binding energy 
peak at 44.7 eV (deconvoluted in 3d5/2, 44.5 eV and 3d3/2 45.2 eV) corresponded to AsIII 
(see Figure A.3.51b). The ICP-AES, EDX and TEM have determined the complete loss 
of surface As into the electrolyte solution and the transformation to γ-NiOOH phase under 
the OER conditions. Therefore, the presence of As in the surface could be assigned to 
adsorbed [AsO4]3- species from the electrolyte solution.[367] Similar results have been also 
observed during the post-OER XPS characterization of FeAs (see Section 4.2.3). Finally, 
the O 1s core-level spectrum shows that the main peak (530.5 eV) which was 
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deconvoluted into two peaks at 530.4 eV (O1) and 531.1 eV (O2). The low binding energy 
peak was associated to Ni-O on the highly Ni oxidized species generated during the OER 
(NiII(OH)2/NiIIIOOH) and adsorbed water (Ni-OH2).[161,479] A minor contribution of the 
AsIV-O from the AsO43- species could also be possible (530.3 eV).[367]  

 

Figure 5.16. XPS spectra of the films after OER compared to the as-prepared powders and films by EPD 
on FTO, and films after OER for NiAs: (a) Ni 2p, (b) As 3d and (c) O 1s. 

The electronic transformations on the surface of NiP were also investigated after OER by 
XPS (Figure 5.17). The Ni 2p deconvoluted spectrum showed the small intensity peaks 
associated to Niδ+ from NiP at low binding energy (2p3/2 853.7 eV and 2p1/2 871.9 eV). 
Similarly to the NiAs and reported Ni-P-based materials,[26] the after OER spectrum 
revealed the appearance of large and broad peaks at higher binding energies, which were 
associated to NiII (2p3/2 854.6 eV and 2p1/2 872.2 eV), NiII(OH)2 (855.9 eV) and NiIIIOOH 
(860.7 eV) and satellite peaks (865.6 eV, 873.6 eV and 879.0 eV) (see Figure A.3.51d). 
The deconvoluted P 2p spectrum showed the complete oxidation of the surface 
phosphorus to higher oxidation states (see Figure A.3.51e). The spectrum showed a low 
binding energy peak at 132.0 eV (deconvoluted into 2p3/2 131.7 eV and 2p1/2 132.7 eV) 
which was associated to phosphite (PIII).[162] The high binding energy peak (137.0 eV, 
deconvoluted into 2p3/2 136.8 eV and 2p1/2 137.9 eV) showed the highest intensity and 
was related to oxidized PV from [PO4]3-.[480] This observations agreed with the SEM, 
TEM, and ICP results, which demonstrated the oxidation and loss of phosphorus into the 
electrolyte solution and the formation of the γ-NiOOH phase. Finally, the O 1s spectrum 
after CP OER of NiP showed only one peak at 530.7 eV with a shoulder at higher binding 
energy (531.8 eV). Detailed information was obtained from the deconvoluted spectra, 
which resulted into three peaks (O1 and O2) (see Figure A.3.51f). Similar assignations 
were done as in the post-OER NiAs O 1s spectrum. The first peak (O1) was correlated to 
the NiII/III-O bond (530.4 eV), from the electrochemically generated (oxy)hydroxide layer 
that contains NiII(OH)2 and NiIIIOOH.[306] The second peak (O2) at 531.5 eV could be 
related to Ni-OH2 bond.[161,479]  
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Figure 5.17. XPS spectra of the films after OER compared to the as-prepared powders and films by EPD 
on FTO, and films after OER for NiP: (a) Ni 2p, (b) P 2p and (c) O 1s. 

The changes in the XPS signals of NiAs and NiP indicated that the valence of the Ni 
shifted towards NiII/NiIII after OER, as reported in the literature for Ni-based materials 
under similar conditions.[59] The electrochemical experiments supported the oxidation of 
Ni to higher oxidation states. The redox wave observed during the LSV OER of both 
materials is attributed to the oxidation to NiII/III (see Figure A.3.27 and Figure A.3.28). 
The oxidation of the metal was accompanied by the loss of the pnictogen element into the 
solution and a drastic structural change, due to the generation of a highly oxidized  
γ-NiOOH, as described before by Raman spectroscopy, FT-IR and ICP-AES 
characterization of the materials after catalysis.  

Ni-based electrocatalysts generally transform into highly OER active NiII(OH)2/NiIIIOOH 
phase during catalysis.[59] It is important to consider that the γ-NiOOH phase could have 
been generated by electrochemical redox process on other Ni hyodroxides and 
(oxy)hydroxides phases generated during the oxidation of NiAs and NiP. It is known from 
the literature that Ni hydroxides and (oxy)hydroxides, can be produced from similar 
phases. In 1966, Bode described that α-Ni(OH)2, β-Ni(OH)2, β-NiOOH, and γ-NiOOH 
can be transformed into each other by charge and discharge processes or aging (see Figure 
5.18a).[126,481] The reversible oxidation of β-NiII(OH)2 can produce the β-NiIIIOOH phase. 
The γ-NiIIIOOH can be generated by the overcharge of the β-NiIIIOOH or by the oxidation 
of α-NiII(OH)2. The α-NiII(OH)2 is also unstable in strongly alkaline electrolyte  
(6 M KOH), and if a potential is applied, it can form crystalline β-NiII(OH)2 under 
prolonged aging times.[482]  
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Figure 5.18. Diagram of the transformation between the Ni hydroxides and (oxy)hydroxide phases.[126,481]  

The γ-NiOOH structure is composed of unordered two-dimensional layers of NiO6 
octahedra that interact via weak non-covalent bonds to form layered three-dimensional 
structures.[483,484] The two-dimensional layers lack a long-range order, giving rise to an 
amorphous nature. The structural properties of this phase have been described in the 
literature during the study of Ni-based materials for OER electrocatalysis. Nocera and co-
workers studied the transformation of Ni-Bi (borate) films during OER and determined 
the structure of the generated γ-NiOOH phase.[485] The γ-NiOOH phase is composed of 
bis-oxo/hydroxo-bridged Ni centers organized into sheets of edge-sharing NiO6 
octahedra.[485–487] The structure is analogous to the amorphous CoOx(OH)y obtained 
during the OER under alkaline conditions of amorphous and crystalline CoP (see Section 
3.2.3). The γ-NiOOH possess a 7 Å interlayer distance.[483,484] This distance is specially 
suitable for intercalation of water or foreign ions dissolved in the electrolyte (K+, OH- or 
CO32-) (see Figure 5.19).[488] The large interlayer distance especially favors the presence 
of OH- anions, which are in contact with the NiII/III active sites for OER.[488–491] This is 
also consistent with the previous study on the role of interlayer anions in NiFe- or Ni-
based LDHs where the highest catalytic OER activity can be achieved when 
hydroxide/carbonates species are present in the interlayers of LDH.[489,491] 

 

Figure 5.19. (a) Schematic representation of the structure of two exposed layers of NiOx(OH)y phase 
exposed to the electrolyte that contains H2O, OH- and K+. Green, red, white, and purple spheres represent 
Co, O, H and K atoms. The arrangement of the interlayer species is only illustrative and strongly simplified. 
(b) Fragment of the general structure composed of NiO6 octahedra.[492] 
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The OER mechanism of Ni-based electrocatalysts was recently studied by Nocera and 
co-workers and proposed the formation of a catalytically active species via an oxidative 
deprotonation of a Ni (oxy)hydroxide structure in which NiIII ions were the active 
centers.[142] This mechanism is not particular for Ni and has been reported for Co, Fe- and 
Mn-based catalysts (see Section 1.4.2).[115,493,494] The mechanism for the OER was 
comparable to that of the CoOx(OH)y generated during OER on the amorphous and 
crystalline CoP (see Section 3.2.3).  

The electronic structure of NiIII in γ-NiOOH has been studied and is characterized by a 
Jahn-Teller distortion.[485] The distortion on the low-spin d7 NiIII centers gives rise to an 
elongation on the z axis and an equatorial contraction in the NiO6 octahedra.[485] The 
distortion gives rise to a stabilization of the orbitals in the octahedral configuration. The 
orbitals containing a z component (𝑑4,, 𝑑,4, 𝑑54) are stabilized due to the Jahn-Teller 
distortion (see Figure 5.20), while the orbitals without a z component are destabilized 
(d:,*;, , 𝑑,5 ). The Jahn-Teller distortion also generated changes in the electronic 
configuration of Ni. The final electronic configuration possess an unpaired electron, 
which can enhance the electron transfer between OH- and the electrode surface and 
promote water oxidation. The elongation on the z-axis also weakens the NiIII–O covalent 
bond along this axis, facilitating the absorption of oxygen intermediates and the oxidation 
of the NiIII. Therefore, the γ-NiOOH phase is the actual OER electrocatalyst due to 
presence of high valent metallic species (NiII, NiIII) which act as active sites for 
OER.[203,304] 

 

Figure 5.20. Jahn-Teller distortion on the (b) octahedral coordination modes of low spin NiIII (d7) in the 
structure of γ-NiOOH. The stabilization can be observed by the decrease in energy of the filled orbitals. 
The NiO6 octahedra suffer and elongation along the z-axis.  

The activity of an electrocatalyst has been also related to morphological characteristics 
(see Section 1.5.2).[124,125] Amorphous NiAs and NiP transformed in to similar γ-NiOOH 
phases, therefore their activities should be the same if the substrate and mass loading were 
equal. However, the electrocatalytic properties of the evolved phases were not equal, as 
demonstrated by the difference in the OER overpotentials (267 vs. 315 mV at 
10 mA cm-2 when deposited on NF). This divergence could be related to the surface 
characteristics of the electrochemically generated species. Therefore, Cdl measurements 
were conducted to determine the increase of active sites (ECSA) on films deposited on 
NF and FTO and compared to the bare substrate and the films before catalysis (see 
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Figures A.3.52, A.3.53). An increase in the Cdl in comparison to the as-prepared materials 
was observed, due to the transformation to γ-NiOOH phase during the water oxidation. 
The generated phase had a high interlayer distance (7 Å) which favored the exposure to 
the electrolyte and resulted in a larger number of exposed active sites, and consequently 
higher Cdl.[250,488–491] The increase in the Cdl after catalysis and its relation to the 
enhancement of the electrocatalytic activity has been observed previously during the 
study of the differences between amorphous and crystalline CoP (see Section 3.2.2) and 
the transformation of FeAs to 2-line ferrihydrite (see Section 4.2.2) in the present 
investigation. Additionally, it has been reported previously in the literature for Ni-based 
materials for OER under alkaline conditions. For example, a core-shell NiOOH@Ni2P 
structure formation during electrochemical OER led to an increase in the Cdl and ECSA 
after catalysis in comparison to the pristine Ni2P catalyst.[111,250,495]  

The pnictogen had a directing effect on the extension of the oxidized phase since the 
extension of the transformation is related to the leaching ability (solubility) of the formed 
anions in the alkaline solution and the applied potential.[202,304] The preferential and 
gradual loss of the pnictogen and formation of oxidized species has been observed before 
in TM pnictides and is essential to preserve the electrochemical performance of the 
materials. The dissolution process of the pnictogen started at the surface of the catalyst 
and continued inside, which led to a depletion of the pnictogen and an enrichment of Ni 
to form the γ-NiOOH phase. As mentioned above, the selective dissolution of the anions 
led to a surface area enhancement (and higher Cdl) by the creation of a porous structure 
on the film, which is fundamental to enhance the electrochemical 
performance.[26,202,250,427] The formation of γ-NiOOH was reflected in the increase in Cdl, 
which depended on the identity of the material. The Cdl increase (+71 %) of NiP/NF after 
long-term OER was higher in comparison to NiAs/NF (+22 %) (see Table A.3.9). An 
analogous increase in the Cdl was observed when the films over FTO after OER were 
studied (see Table A.3.9). Additionally, these results agreed with the activity trend and 
Cdl of the pristine materials (see Figure 5.12). The transformation of the materials was 
directly related to the loss of the pnictogen in the electrolyte solution. A higher 
concentration of phosphorus (as [PO4]3-, 86 %) in comparison to arsenic (as [AsO4]3-, 
45 %) was related to the major reconstruction to γ-NiOOH during catalysis in the case of 
NiP. The Cdl increase of NiP after OER (71 % on NF, 116 % on FTO) was superior to the 
one from NiAs (22 % on NF, 65 % on FTO), which proved that NiP underwent a larger 
transformation towards γ-NiOOH, which explained its higher electrocatalytic 
activity.[202,496] 

5.3. Conclusion 

A salt-metathesis reaction of robust NaECO (E = As, P) with the NiBr2(thf)1.5 complex at 
room temperature was used to access amorphous NiAs and NiP in a 1:1 stoichiometry. 
The prepared materials were electrophoretically deposited on FTO and NF to prepare 
films and examined for OER electrocatalysis in strongly oxidizing alkaline media 
(1 M KOH). The prepared amorphous NiP showed outstanding catalytic activity in 
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comparison to the amorphous NiAs. The NiP/NF required an overpotential of 267 mV to 
achieve a catalytic current density of 10 mA cm-2, which was less in comparison to the 
NiAs/NF (315 mV, see Figure 5.21). Further experimental comparison with reports in the 
literature found a comparable activity to reported Ni-based materials and TM-Ps and TM-
As (see Table A.3.3). Additionally, a small Tafel slope (68 mV dec-1) and low Rct 
(10.37 Ω) also contributed to the high OER activity. A FE of > 96 % for the OER also 
proved that both materials were very efficient water oxidation electrocatalyst. The long-
term CP measurement of NiAs and NiP achieved high overpotential (305 mV and 
275 mV) stability over 24 h. Further measurements on inert substrates such as FTO 
proved that the achieved activity trend was independent of the substrate. 

 

Figure 5.21. Comparison of the overpotentials required for the (a) OER electrocatalysis to achieve a current 
density of 10 mA cm-2 in a 1 M KOH. 

The post-operando characterization results demonstrated that the pnictogen element 
initially contained in the structure leached after 24 h of electrocatalysis and was 
responsible for the generation of γ-NiOOH phase, which was the actual OER 
electrocatalyst, as observed in other Ni- and TM-based pnictides.[202,496] The higher 
activity and stability of NiP was assigned to the easier loss of the pnictogen in NiP (86 %) 
in comparison to NiAs (45 %) after the long-term experiments (24 h). A higher structural 
transformation to the γ-NiOOH phase was also found in NiP, reflected in the higher 
increase of ECSA. The identity of this phase could be demonstrated ex-situ 
characterizations, as well as quasi in situ Raman spectroscopy. The γ-NiOOH phase was 
composed of bis-oxo/ hydroxo-bridged Ni centers organized into sheets of edge-sharing 
NiO6 octahedra and interlayer distance of 7 Å.[483–487] The large interlayer distance 
demonstrated to be a crucial factor in the OER catalytic activity, as it favored the contact 
between the OH- anions, and the NiIII active sites for OER.[488–491] The NiIII (d7, the t"76 e73) 
suffered a Jahn-Teller distortion that gave rise an elongation on the z axis and equatorial 
contraction in the NiO6 octahedra.[485] The elongation weakened the NiIII–O covalent 
bond along this axis, facilitating the absorption of oxygen intermediates and the oxidation 
of the NiIII. The similarity of the post-operando characterization results of NiAs and NiP 
concluded that the evolution must have taken place via comparable mechanisms.  
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6. Summary 

The general aim of this Ph. D. thesis was to develop a molecular route to TM pnictides 
for efficient OER, HER, and OWS electrocatalysis and to study the influence of the 
morphology, conductivity, and composition. A common molecular synthetic pathway 
towards the target nanoscaled TM-Ps and TM-As materials was achieved, based on the 
decomposition of SSP under a scalable, green and low-temperature scheme. Overall, the 
SSP approach permitted preparation of amorphous and crystalline materials with high 
active surface area, high electrical conductivity, and defined stoichiometry.  

Section 3 describes the synthesis of amorphous and crystalline CoP by the decomposition 
through the hot-injection and pyrolysis, respectively, of a [2Co-4P] β-Diketiminato 
molecular precursor (see Figure 6.1). The materials were utilized as electro(pre)catalysts 
for the reaction of OER, HER and OWS in alkaline media.  

 

Figure 6.1. Preparation of a [2Co-4P] β-Diketiminato molecular complex and then used as amorphous and 
crystalline CoP as effective OER and HER electrocatalysts. 

The amorphous CoP showed higher OER, HER and bifunctional activity and stability in 
comparison with the crystalline CoP, when deposited on FTO and NF (see Table 6.1). 
The measurements carried out here showed that the amorphous CoP activity was 
comparable to benchmark IrO2 and other Co-P-based and other TM-Ps systems.  

Table 6.1. Overpotentials for OER, HER, and OWS of amorphous and crystalline CoP deposited on NF 
and FTO. 

Material 
ηOER @ 

10 mA cm-2 
(mV) 

ηOER @ 
10 mA cm-2 
24 h (mV) 

ηHER @  
-10 mA cm-2 

(mV) 

ηHER @  
-10 mA cm-2 
24 h (mV) 

ηOWS @ 
10 mA cm-2 

amorphous 
CoP/NF 284 280 143 170 430 

crystalline 
CoP/NF 305 300 261 300 -- 

amorphous 
CoP/FTO 360 340 228 180 600 

crystalline 
CoP/FTO 414 420 377 410 -- 
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Electrochemical corrosion during OER led to the oxidation and dissolution of phosphorus 
and oxidation of the materials to amorphous CoIIIOx(OH)y. This phase showed a high 
ECSA and contained active CoIV, which are capable of oxidizing water and generating 
O2. The combination of this atoms with CoIII in Jahn-Teller distorted CoO6 octahedra 
were fundamental for the OER. The elongation and weakening of the CoIII–O covalent 
bond facilitated the absorption of oxygen intermediates and promoted the OER. The 
similarity of the post-operando characterization results in both materials concluded a 
common mechanism for OER based on a nucleophilic attack of hydroxide on a metal 
center or direct intramolecular coupling for the formation of the O-O bond. On the other 
hand, during HER, the initial contact with the strongly alkaline solution led to the 
oxidation of the surface and transformation to Co-enriched CoOx(OH)y. The continuous 
application of a negative potential prompted the in situ reduction of CoII/III species to less 
positively charged Co0, which was the active species for HER.  

The higher electrocatalytic activity and stability of amorphous CoP in comparison to 
crystalline CoP was attributed to the higher dissolution rate of phosphorus and larger 
transformation towards CoOx(OH)y with higher ECSA (0.30 vs. 0.11 cm2). This 
difference indicated that the post-OER amorphous phase had a surface with increased 
active sites and larger porosity. The remaining non-oxidized core with metallic properties 
provided higher electroconductivity and acted as a highly electrically conductive “bridge” 
between the active CoOx(OH)y layer on the surface of the catalyst and the electrode 
substrate. In the crystalline CoP, the benefit in the activity of the core-shell structure was 
not sufficient to overcome the low oxidation and extension of the CoOx(OH)y layer. The 
investigations carried out showed that the combination of an initial amorphous structure, 
the high phosphorus loss and surface oxidation, and the remaining conductive core 
rendered a highly active catalyst species with high activity and stability. 

Section 4 explored FeAs as efficient OER electrocatalyst due to its unique 
superconductivity properties and their influence on catalytic processes. Nanostructured 
FeAs was prepared through the hot-injection of a novel β-Diketiminato [2Fe-2As] 
complex (see Figure 6.2). This synthesis represented the first ever molecular preparation 
approach to obtain nanocrystalline FeAs. 

 

Figure 6.2. Molecularly-derived nanoscaled crystalline FeAs transformed was prepared through the hot-
injection of a β-Diketiminato [2Fe-2As] complex. 

The FeAs nanoparticles were utilized as electro(pre)catalysts for the OER under alkaline 
media. The superior activity and stability of FeAs was obtained in comparison to 
Fe(OH)3, FeOOH, Fe2O3, and Fe-based electrocatalysts reported in the literature (see 
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Table 6.2). Additionally, a small Tafel slope (32 mV dec-1) and low charge transfer 
resistance contributed to the high OER activity. A FE of > 95 % for the OER also proved 
that FeAs is not only active, but also a very efficient water oxidation electrocatalyst.  

Table 6.2. Overpotentials for OER of FeAs, Fe(OH)3, FeOOH, and Fe2O3 deposited on NF and FTO. 

Material 
ηOER @ 

10 mA cm-2 
(mV) 

ηOER @ 
10 mA cm-2 
10 h (mV) 

FeAs/NF 252 265 
Fe(OH)3/NF 275 296 
FeOOH/NF 283 300 
Fe2O3/NF 312 320 
FeAs/FTO 400 380 
Fe(OH)3/FTO 578 580 
FeOOH/FTO 610 610 
Fe2O3/FTO 640 650 

 

The analysis of the composition, morphology, electronic and chemical structure of FeAs 
by ex-situ characterizations and quasi in situ XAS, revealed the total electroconversion 
of the FeAs to a nanocrystalline Fe (oxy)hydroxide phase, the 2-line ferrihydrite, due to 
the complete oxidation and dissolution of As after 2 h of electrocatalysis. However, the 
dissolved As from the FeAs electrode could be successfully recovered at the cathode 
making the whole process sustainable and energy-efficient. 

The OER activity was related to the enhanced ECSA of the highly porous 2-line 
ferrihydrite phase. Surface octahedral and tetrahedral coordinated FeIII atoms suffered a 
Jahn-Teller distortion, experimentally observed by EXAFS, which weakened the FeIII–O 
bonds, facilitated the absorption of oxygen intermediates, and promoted the OER 
electrocatalytic activity. Moreover, the semiconductor nature of this phase enabled faster 
electron transport away from the catalyst surface to provide new active sites and 
contributed to the low charge transfer resistance. The resulting conductivity also 
increased the OER activity in comparison to the 10-100 times higher resistivity of Fe-
based materials.  

Section 5 in this thesis is devoted to the study of the influence of the pnictogen element 
in the transformation of TM pnictides to a TM (oxy)hydroxide phase of specific 
morphology and activity during OER. For this purpose, a room-temperature salt-
metathesis of NaECO (E = As, P) and NiBr2(thf)1.5 was used to access amorphous NiP 
and NiAs in a 1:1 stoichiometry (see Figure 6.3). 

 

Figure 6.3. Preparation of amorphous NiAs and NiP prepared through room temperature salt-metathesis. 
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The electrochemical investigations of both materials showed a high OER electrocatalytic 
activity under alkaline media (Table 6.3). The achieved high activity was comparable to 
other Ni-based materials and TM-Ps and TM-As known from the literature. Amorphous 
NiP showed higher activity and stability in comparison to NiAs when deposited on both 
substrates. A FE of > 96 % for the OER also proved that both materials were very efficient 
water oxidation electrocatalysts. 

Table 6.3. Overpotentials for OER of amorphous NiP and NiAs deposited on NF and FTO. 

Material 
ηOER @ 

10 mA cm-2 
(mV) 

ηOER @ 
10 mA cm-2  
24 h (mV) 

NiP/NF 274 275 
NiAs/NF 339 305 
NiP/FTO 342 350 

NiAs/FTO 384 390 
 

The post-catalytic analysis revealed the oxidation and dissolution into the electrolyte after 
24 h of the pnictogen atoms and generation of the γ-NiIIIOOH shell. The shell was 
composed of bis-oxo/ hydroxo-bridged Ni centers organized into sheets of edge-sharing 
NiO6 octahedra with an interlayer distance of 7 Å, which permitted the intercalation of 
water and anions (OH-, CO32-) and their exposure to catalytically active NiIII centers. The 
latter were present in a Jahn-Teller distorted octahedral configuration that facilitated the 
absorption of oxygen intermediates. The extent of the transformation was determined by 
the identity of the pnictogen. A higher loss of P (86 %) was observed in NiP in 
comparison to loss of As in NiAs (45 %). This resulted in a larger structural 
transformation of the NiP to a γ-NiIIIOOH phase, which showed enhanced the ECSA and 
OER catalytic activity. Additionally, the faster kinetics (lower Tafel slope) and low 
charge transfer resistance of NiP contributed to the increase in the OER activity. 

Overall, the research scope of this work emerges from the electrocatalytic investigation 
of molecularly derived TM-Ps and TM-As for OER (see Figure 6.4), as well as for HER 
and OWS. It was found that the limitations on the water-splitting electrocatalysis can be 
overcome by modulating the properties of the electrocatalysts. A high active surface area 
provides high accessibility to active sites, generally observed with amorphous materials.  

Additionally, materials with high conductivity promote a fast electron transfer, which 
results in faster reaction kinetics. Finally, the selection of the pnictogen in a determined 
stoichiometry favors the formation during OER of a specific TM (oxy)hydroxide phase. 
This phase ultimately contains highly oxidized metal atoms (FeIII, CoIII, NiIII) which 
adopted an energetically favored configuration for the OER. 
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Figure 6.4. Comparison of the OER activities of the amorphous CoP, crystalline CoP, FeAs, amorphous 
NiAs, and amorphous NiP to the reference materials for OER deposited on (a) FTO and (b) NF. 
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7. Experimental Section 

7.1. Preparative methods 

All preparation procedures were carried out with state-of-the-art laboratory equipment 
from different manufacturers. Molecular synthetic procedures were done under inert 
atmosphere (N2) to avoid contamination with atmospheric O2 and moisture using standard 
Schlenk techniques or a M. Braun dry box containing an atmosphere of inert purified 
nitrogen. Solvents (hexane, THF, diethyl ether, toluene, ethanol, acetone, oleic acid, 
oleylamine) were dried and deoxygenated in a solvent purification system (MBraum), 
degassed (three freeze-pump cycles), and stored under molecular sieves (3-4 Å) prior 
use.[497] For low temperature reaction, an isopropanol/dry ice or ice bath was used as 
cooling system and specified in the synthetic procedure. A Universal 320 Hettich 
centrifuge was used for the separation of solids and liquids. 

7.1.1. Chemicals and materials 

Chemicals and solvents used in the synthesis of precursors and catalysts were used as 
purchased, no additional procedures were done to purify them. Used chemicals: nBuLi 
(2.5 M in hexanes, Sigma-Aldrich), Fe2O3 (Sigma-Aldrich), IrO2 (Alfa Aesar, 99 %), I2 
(Merck, double sublimated), white phosphorus P4 (Sigma-Aldrich, 99 %), 
tetrabutylammonium hexafluorophosphate (Sigma-Aldrich, 99 %). The presence of Fe on 
the electrolyte solution (1 M KOH, Sigma-Aldrich) was ruled out by purifying it before 
its use following literature procedure.[132] NF and FTO (resistivity 8−12 Ω sq-1) were 
obtained from Racemat BV and Sigma Aldrich, respectively. 

7.1.2. Synthesis and characterization of the molecular precursors 

7.1.2.1. Synthesis of LDippCoP4CoLDipp (3) 

Synthesis of 1. The Nacnac ligand (1,3-Diketimine, β-Diketimine) was prepared 
according to a published procedure.[498] 

Synthesis of CoCl2.(thf)1.5. The CoCl2.(thf)1.5 was prepared according to a published 
procedure.[498] 

 

Figure 7.1. Molecular structures of 1,3-Diketimine ligand (LDipp, Dipp = 2,6-iPr2C6H3) and Nacnac (1,3-
Diketimine, β-Diketimine) cobalt (I) toluene complex (LDippCoI(tol)). 
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Synthesis of 2. To a cooled (-30 °C) solution of 1 (4.05 g, 10.35 mmol) in THF (40 ml) 
was added nBuLi (5.5 mL, 2.5 M in hexane, 13.75 mmol) with stirring. The reaction 
mixture was allowed to warm to room temperature and stirred further for 3 h. 
CoCl2.(thf)1.5 (2.44 g, 10.25 mmol) was added and the mixture was refluxed overnight. 
After cooled to room temperature, 10 mL toluene and 1.92 g KC8 (14.20 mmol) were 
added. The reaction mixture was further stirred for 17 h and the color of the resulted 
mixture turned to dark red. Volatiles were removed in vacuo, and the residue was 
extracted with diethyl ether (3 x 25 mL). After filtration and concentration, the saturated 
solution was cooled to -20 °C for 24 h, 2 crystallized from the solution as dark red crystals 
(3.66 g, 6.77 mmol, 66 %).  

 

Figure 7.2. Molecular precursor LDippCoP4CoLDipp. The complex bears a cyclo P4 structure. 

Synthesis of 3. The precursor 3 was prepared according to literature procedure.[281] To a 
solution of 2 (1.10 g, 2.04 mmol) in toluene (20 mL), white phosphorus (P4) (0.126 g, 
1.01 mmol) was added at room temperature. After stirring for 3 h, the color of the solution 
changed from dark red to dark pink and a dark brown red precipitate of 3 formed. After 
filtration, the precipitate was collected and dried under reduced pressure to give the first 
crop of the title complex as a dark brown solid. Concentration of the filtrate and cooled 
to -20 °C for 2 days afforded the second crop as dark brown crystals. The combined 
isolated yield amounted 0.74 g (0.74 mmol, 72 %). Elemental analysis (%): calculated for 
C54H74N4Co2P4: C, 63.53; H, 7.31; N, 5.49. Found: C, 62.77; H, 8.73; N, 7.52.  

1H NMR (paramagnetic, 200 MHz, C6D6, 300K) δ (ppm): s 16.42 (3.68, 4H), d 9.72 
(8.00, 8 H, 1JH-H = 7.52 Hz), t 5.43 (4.34, 4 H, 1JH-H = 7.38 Hz), s 3.98 (7.58, 
8 H) s 1.34 (25.97, 24 H), s 1.06 (25.72, 24 H), s -24.14 (1.51, 1 H). 

FT-IR �̅� (cm-1) = 556 (w), 606 (w), 668 (w), 738 (m), 755(m), 774 (w), 798 (w), 
1058 (w), 1091 (w), 1106 (w), 1197 (w), 1242 (w), 1255 (w), 1290 (s), 
1319 (w), 1360 (w), 1380 (w), 1433 (s), 1461 (m), 1502 (m), 1565 (m), 
2862 (w), 2923 (w), 2956 (s), 3067 (w). 
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Figure 7.3. 1H-NMR of the molecular precursor in THF-d8. 

 

Figure 7.4. FT-IR of 3 under N2. All observed bands are consistent with the reported complex.[281] 

7.1.2.2. Synthesis of LBFeAs2FeLB (6) 

Synthesis of 4. LBFeCl (LB = CH(CtBuNDipp)2, Dipp = 2,6-iPr2C6H3) was prepared 
according to literature procedure.[354,499–501]  

Synthesis of 5. NaOCAs∙(dioxane)2.1 was prepared according to literature 
procedures.[354,499–501]  
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Figure 7.5. Molecular structure of LBFeCl. 

The AsCO- anion has been shown to react towards electrophiles and to form highly 
reactive arsinidenes through spontaneous or photocatalytic CO release. Thus, it serves as 
a building block towards new heterocyclic compounds, diarsenes, and terminal 
pnictides.[353,355,356] The reactivity of this anion towards β-Diketiminato stabilized Fe-
complexes was explored.  

Synthesis of 6 (see Scheme 1). LBFeCl (447 mg; 0.75 mmol; 1.0 eq.) and 
NaOCAs·(dioxane)2.1 (258 mg; 0.83 mmol; 1.1 eq.) were stirred in 50 mL toluene for 5 h 
at room temperature, during which the initially dark red solution turned dark brown. The 
reaction mixture was filtered, and the residue washed again with 10 mL toluene. The 
filtrate was then carefully concentrated to one-sixth of its volume so that a dark red 
crystalline solid could be isolated after one day at 5 °C. The dinuclear iron arsenide cluster 
complex LBFeAs2FeLB was obtained in 40 % yield (220 mg, 0.15 mmol) relative to the 
iron precursor. Two molecules of toluene co-crystallized with the compound. Elemental 
analysis: (%) calculated: C: 69.60, H: 8.50, N: 3.87; found: C: 66.89, H: 8.14, N: 3.69. 
The slight difference in carbon content can be explained by the high sensitivity of the 
molecule. Compound 6 was isolated and characterized by elemental analysis, 1H NMR 
and IR spectroscopy, and a single-crystal X-ray diffraction (XRD) analysis (see below). 
Due to severe fragmentation, no indication of the synthesized complex could be observed 
in mass spectrometry.  

 

Scheme 1. Synthesis of molecular of precursor 6.[433] 

The complex 6 crystallizes in the monoclinic space group P21/n (see Figure 7.6) as a FeAs 
dimer with two co-crystallized toluene molecules in the unit cell. The [2Fe-2As] core is 
symmetrical, with Fe-As distances (2.4023(4) Å and 2.4087(4) Å) in the common range 
of Fe-As single bonds.[502–504] Strikingly, unlike other 2M-2E complexes (M = metal, E = 
P, As), the iron arsenide cluster core in 6 has not a butterfly-like structure.[356,505–507] The 
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coordination geometry around the iron atoms is tetrahedral instead, generating a planar 
2Fe-2As unit. Such a cluster core structure is unprecedented in TM-pnictido chemistry. 
With 2.3447(5) Å, the As-As bond in 6 was significantly longer than expected for an 
As-As double bond (2.23 Å) in butterfly-like M2As2 complexes.[357,508,509] Contrary to 
other butterfly-like 2M-2E systems (E = P, As), complex 6 was paramagnetic in solutions 
as shown by 1H NMR spectroscopy (see Figure 7.7). The experimental shifts were very 
similar to those from the chlorido iron(II) precursor 4, but the FT-IR spectrum of 6 (see 
Figure 7.8) shows an irrefutable change in the absorption pattern. 

 

Figure 7.6. Molecular structure of 6. Ellipsoids are set at 50 % probability; hydrogen atoms and co-
crystallized toluene have been omitted for clarity. One of the iPr groups in the ligand is disordered over two 
positions, hence only one configuration is shown. Selected bond lengths [Å] and angles [°]: As1-As1i 
2.3447(5), Fe1-As1 2.4023(4), Fe1-As1i 2.4087(4), Fe1-N1 2.0085(18), Fe1-N2 2.0096(18), Fe1…Fe1i 
4.201, N1-Fe1-N2 95.95(7), As1-Fe1-As1i 60,969(13), Fe1-As1-Fe1i 121.664(12). Symmetry operation for 
(i): -x+1, -y+1, -z+1 (Crystal data and structure refinement are shown in the Appendix. CCDC 1989143 
contains the supplementary crystallographic. This data is provided free of charge by The Cambridge 
Crystallographic Data Centre.[433] 

1H NMR (paramagnetic, 200 MHz, C6D6): δ (ppm): s 104.23 (1H, γ-H)*; s 41.98 
(18H, tBu-H)*; m 7.03 (tol); s 2.11 (tol); 1.28*; -27.58 (12H, 
Dipp-CH3)*; -108.88 (2H, p-H)*; -112.01 (12H, Dipp-CH3)*. Because of 
the paramagnetic nature of the compound and the extreme broadening 
observed, signals could only be tentatively assigned. Signals marked with 
(*) have been observed for the iron chloride precursor as well. These 
signals appeared both in situ and in solutions from sufficiently pure 
crystalline samples and can thus be assigned to the iron arsenide complex. 
It has to be noted that many three-coordinate iron complexes LBFeR (with 
R = hydride, halide, alkyl, amide) exhibit very similar signal patterns and 
shifts.[499,500,510–512] 

FT-IR �̅� (cm-1) = 2957 (s), 2922 (s, 2906 (s), 2865 (s), 1999 (w), 1920 (w), 1535 
(w), 1485 (s), 1460 (m), 1443 (m), 1432 (m), 1400 (w), 1379 (s), 1358 (s), 
1311 (s), 1280 (m), 1251 (m), 1214 (m), 1200 (w), 1188 (s), 1177 (s), 1154 
(m), 1126 (m), 1097 (m), 1054 (m), 1028 (m), 957 (w), 934 (m), 918 (w), 
899 (w), 888 (w), 878 (w), 839 (w), 815 (w), 799 (m), 776 (s), 764 (m), 
754 (s), 730 (s), 717 (w), 695 (m), 677 (m), 664 (w), 647 (w) 
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Figure 7.7. 1H-NMR of the molecular precursor 6 in THF-d8. 

 

Figure 7.8. FT-IR of 6 under N2. 

7.1.2.3. Synthesis of NaOCE (E = P, As) 

The NaOCP·(dioxane)2.1 NaOCAs·(dioxane)2.1 were prepared according to literature 
procedures.[354,453] 
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7.1.3. Preparation of reference materials 

Synthesis of amorphous Fe(OH)3 and FeOOH. Amorphous Fe(OH)3 was synthesized 
by precipitation of iron(III) nitrate following a reported protocol and FeOOH by 
precipitation of iron(II) sulphate followed by oxidation with H2O2.[80,513] The purity of the 
Fe-based reference materials was proved by PXRD. 

 
Figure 7.9. XRD patterns of the prepared Fe(OH)3. The obtained material was amorphous.[513] 

 
Figure 7.10. XRD patterns of the prepared FeOOH and its comparison to the diffraction peaks observed 
for α-FeOOH (goethite, JCPDS 29-713).  
 
Fe2O3. Fe2O3 was obtained commercially from Sigma-Aldrich and its purity and 
crystallinity demonstrated by PXRD. 
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Figure 7.11. XRD patterns of the prepared Fe2O3 and its comparison to the diffraction peaks observed for 
Fe2O3 (maghemite, JCPDS 25-1402). 
 
7.1.4. Preparation of films by EPD 

The investigated materials were deposited electrophoretically (EPD) by a quick and 
inexpensive well-established method on both NF and FTO.[79,80,104,250,514] The 
electrophoresis is achieved by the motion of charged particles on a suspension towards 
an electrode of the opposite charge under the application of an electric field (see Figure 
7.12). Depending on the particle charge and the value of the applied potential, cathodic 
or anodic deposits can be obtained. The EPD is an advantageous method since it is 
independent on the shape and size of the used substrate. The charges of particles in the 
suspension originate from various sources, as adsorbed inorganic ions or from 
dispersants.[515]  

 

Figure 7.12. Schematic representation of EPD: (a) cathodic EPD, (b) anodic EPD. 

Suspensions are prepared on organic solvents because of their lower dielectric constant, 
which limits the charge on the particles because of the lower dissociating power. 
However, the electric charge on the catalyst in acetone is insufficient for EPD, as very 
small amounts of free ions exist in acetone. When iodine is used as the dispersant, it can 
react with acetone through the keto-enol tautomerization to produce H+ as per the 
following reaction: 
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Figure 7.13. Keto-enol tautomerization during the EPD. The addition of I2 stabilizes the enol form and 
produces H+ that are adsorbed into the materials particles. 

Thus, formed H+ are adsorbed on the surface of the suspended particles by making them 
positively charged. The applied electric field induces the positively charged particles to 
migrate towards and deposit on the cathode. Typically, 30-40 mg of the catalyst powder 
and 3 mg of iodine were added to 10 mL acetone and sonicated for 1 hour. The EPD was 
conducted at -10.0 V for 2 min on a 1 × 1 cm2 electrode area using a two-electrode system 
(two FTO electrodes, two NF electrodes or one FTO electrode and one NF electrode) and 
thin uniform films were obtained. The potential was controlled using a BioLogic 
Potentiostat SP-200.  

7.2. Analytical Methods 

7.2.1. Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic Resonance (NMR) is based on the measurement of the absorption of 
electromagnetic radiation between 4-900 MHz by the nuclei. The analyte is subjected to 
a strong constant magnetic field in order to generate the energy states that can absorb the 
electromagnetic radiation. The system is perturbed by several weak oscillating magnetic 
pulses, which produce each a signal in the time domain which decays during the interval 
time between pulses. Each nucleus produces an electromagnetic signal that is dependent 
on their chemical environment. The signals are then converted by a Fourier transform 
into the frequency domain and a spectrum is obtained. In the spectrum each signal can be 
assigned to a specified nucleus.[516]  

1H-NMR spectra were recorded on a Bruker Spectrometer AV200 at 300 K. C6D6  
(d 7.15 ppm), and THF-d8 (d 1.72 ppm) residual signals were used as internal standards. 
The signals of the 1H-NMR were integrated relative to the number of protons, and their 
multiplicity is described using the following abbreviations: s = singlet; d =doublet; t = 
triplet; m = multiplet. 

7.2.2. Infrared Spectroscopy (IR) 

IR spectra result from the transitions between quantized vibrational energy states. IR can 
give information about functional groups and bonds that contribute to the elucidation of 
the structure of the materials. The excitation of the bonds to high vibrational energy states 
creates absorption bands resulting in the IR spectrum. The wavenumber �̅� is correlated to 
the wavelength (λ) of the radiation by the following equation:  

�̅� = B
C
= 3

D
 Equation 20 
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Where 𝑣 is the frequency of the light source, c is the speed of light. Light absorption 
occurs if the dipole moment (μ) of the bond changes from the resulting vibration. If not, 
the vibration is IR inactive.[517] In the ATR-IR (attenuated total reflection infrared 
spectroscopy) technique the sample is placed in contact with an internal reflection 
element (IRE). The IR light beam is passed through the IRE and absorbed by the sample. 
The radiation resulting from excitations in the surface of the material is then reflected 
multiple times on the IRE. Extended measurement times and multiple reflections achieve 
a higher sensitivity.[517] IR spectra were recorded on powder solids or on FTO-deposited 
films using a Thermofisher Nicolet iS5 IR spectrometer (with ATR-Diamond) under inert 
conditions (for molecular precursors) or aerobic conditions (for electrocatalysts). The 
spectra were recorded with the OMNIC Software (version 9.3.30). 

7.2.3. Cyclic voltammetry (CV) for molecular precursors 

Cyclic voltammetry (CV) measurements of the molecular precursor were performed in a 
standard three-electrode electrochemical cell having Pt-wire used as an auxiliary 
electrode, glassy carbon (3 mm diameter) as WE and Ag/Ag+ as a pseudo RE at 295 K 
using a Biologic SP-150 potentiostat. All cyclic voltammograms were referenced against 
the Cp2Fe/Cp2Fe+ redox couple (Fc/Fc+), which was used as an internal standard. 0.3 M 
tetrabutylammonium hexaflurophosphate (TBAPF6) in THF was used as an electrolyte. 
The iR-drop was determined and compensated by using the impedance measurement 
technique implemented in the EC-Lab Software V10.37. 

7.2.4. X-ray diffraction (XRD) 

In powder X-ray diffraction (PXRD) the materials are identified by the diffraction pattern 
originated from the reflection and dispersion of the electric component of X-rays and the 
electrons on ordered atoms of a crystalline solid. The atoms should have a regular spacing 
(i.e. crystalline materials) and the distance between the atoms ( 𝑑EF$ ) should be 
approximately equal to the diffraction angle.[516] Characteristic diffraction patterns are a 
result of the constructive and destructive interactions. Constructive interactions between 
incident rays and the sample occur when the following equation is satisfied (Bragg’s law): 

2𝑑EF$ sin 𝜃EF$ = 𝑛𝜆   Equation 21 

Where 𝜃EF$ is the incident angle and 𝑛 are integers. The radiation that is reflected creates 
the diffraction pattern, which is unique for each material. PXRD enables the identification 
of the crystalline phases present in the sample, revealing the purity of the sample and the 
lack of undesirable impurities. The X-rays are generated by a cathode ray tube, filtered to 
produce a monochromatic radiation, then collimated to concentrate the radiation and 
direct it to the sample. 

PXRD patterns were obtained on a Bruker AXS D8 advanced automatic diffractometer 
equipped with a position-sensitive detector (PSD) and a curved germanium (111) primary 
monochromator using Cu-Ka1 radiation (λ = 1.5418 Å). The XRD patterns of films were 
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obtained on a Rigaku SmartLab 3 kW diffractometer (Rigaku Corporation, Japan) with 
monochromatic Cu-Ka1-radiation (Ka1-unit, Johansson's monochromator; curved Ge(111) 
crystal; λ = 1.5418 Å). The evaluation of the difractograms was done with STOE Powder 
Diffraction Software Package WinXPOW (version 1.04).  

7.2.5. Single-Crystal X-ray Structure Determination  

Single-Crystal XRD follows the similar principle as in PXRD. However, in this case 
single crystals of molecular or materials are studied. This method provides information 
about the internal lattice of crystalline substances (unit cell dimension, bond-lengths, 
bond-angles and details about the order of the atoms). Single-crystals are placed inside 
the diffractomer, where a goniometer allows exploring the transmission, reflection and 
diffraction of the X-rays through the crystal lattice.  

The crystals of new molecular species 6 was mounted on a glass capillary in per-
fluorinated oil and measured in a cold N2 flow. The data of 6 was collected on an Oxford 
Diffraction Supernova, Single source at offset, Atlas at 150 K (Cu- Kα-radiation, λ = 
1.5418 Å). The structure was solved by direct method and refined on F2 with the SHELX-
97 software package.[518] The positions of the H atoms were calculated and considered 
isotropically according to a riding model. CCDC 1989143 contains the supplementary 
crystallographic data. These data can be obtained free of charge by contacting The 
Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; 
fax: +44 1223 336033.  

7.2.6. Atomic emission spectroscopy (ICP-AES) 

The quantitative determination of the metal and non-metal content in the synthesized 
materials and the electrolyte solutions after catalysis was done by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES). In this method, the analyte (solution) 
is introduced nebulized and introduced into a plasma jet. The energy of the plasma excites 
the valence electrons of the atoms into higher energy levels. When the excited electrons 
return to the fundamental state, visible and UV radiation is emitted. The energy of this 
radiation is specifically related to an element. Quantitative determination of the elements 
can be done using standard solution and considering separated emission lines for the 
studied elements.[516] 

The ICP-AES was conducted on a Thermo Jarrell Ash Trace Scan analyzer. Solid samples 
were digested in aqua regia HCl:HNO3 4:1 v/v (nitric acid, SUPRA-Qualität 
ROTIPURAN® Supra 69 % and hydrochloric acid, SUPRA-Qualität ROTIPURAN® 
Supra 30 %) and the average of three reproducible independent experiments is reported. 
The digestion volume (2.5 mL) was diluted with Milli-Q water up to 15 mL. Calibration 
curves were prepared for Co, P, Fe, As and Ni with concentrations between 1 mg L-1 and 
100 mg L-1 from standard solutions (1000 mg L-1 Single-Element ICP-Standard Solution 
ROTI STAR). 
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7.2.7. Scanning electron microscopy (SEM)  

Scanning electron microscopy (SEM) provides information about the physical nature of 
the surface of solids. Especially, they can provide detailed information about the 
morphology such as distribution of shapes and sizes of the particles and insights into 
sample heterogeneity.[69] The sample is scanned with a tightly focused electron beam. The 
electrons of the beam interact with the electron on the conduction band of the surface 
atoms, emitting backscattered electrons and secondary electrons which provide 
information about the morphology and X-rays which provides the elementary 
composition of the material, and confirm the phase assignment.[516] SEM was performed 
on a GeminiSEM500 NanoVP microscope (ZEISS) integrated with an energy dispersive 
X-ray spectrometer detector (Bruker Quantax XFlash® 6|60). The most abundant 
elements were selected from the EDX spectrum. Data handling and analysis were 
achieved with the software package EDAX. The SEM experiments were conducted at the 
Zentrum für Elektronenmikroskopie (ZELMI) of the TU Berlin. 

7.2.8. Transmission electron microscopy (TEM) 

During transmission electron microscopy (TEM) an electron beam is transmitted through 
a solid. The interaction between the electron beam and the sample electrons creates an 
image. TEM data can corroborate bulk structural and compositional information. Lattice 
spacing, angles and structural motifs can be observed by high-resolution TEM (HR-
TEM). Therefore, HR-TEM can confirm the assigned structure and provide information 
of the exposed facets.[69] TEM was performed on an FEI Tecnai G2 20 S-TWIN 
transmission electron microscope (FEI Company, Eindhoven, Netherlands) equipped 
with a LaB6 source at 200 kV acceleration voltage. For the investigation of the films after 
electrocatalysis, the films were scratched from the electrode substrate and transferred onto 
a carbon-coated copper grid. EDX analyses were achieved with an EDAX r-TEM SUTW 
detector (Si (Li) detector), and the images were recorded with a GATAN MS794 P 
charge-coupled device (CCD) camera. The TEM experiments were conducted at the 
Zentrum für Elektronenmikroskopie (ZELMI) of the TU Berlin. 

7.2.9. Selected Area Electron Diffraction (SAED) 

Selected area electron diffraction is performed during the TEM measurement. The high-
energy electron beam is diffracted by the atoms inside a crystalline structure from the 
selected area of study. The electrons are scattered to form a particular diffraction pattern. 
Then, the pattern can be related to the crystal structure to determine the interplanar 
distance. 

7.2.10. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) provides information about the chemical 
environments of the surface atoms in crystalline and amorphous materials.[69,519] XPS is 
based on the photoelectric effect arising when high energy photons (in the range of keV) 
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hit a material with the consequent emission of electron (photoexcited electrons). The 
photoelectron effect is described by the following equation: 

𝐸F = ℎ𝜈 − 𝐸G −ΦH   Equation 22 

The incident radiation (ℎ𝜈) induces changes in the kinetic energy (𝐸F) of the electrons 
emitted from the surface. 𝐸G is the binding energy of the atomic orbital from which the 
electron is emitted and ΦH is the work function of the spectrometer. Each element has a 
unique binding energy in its different oxidation oxidation states and affected by diverse 
chemical environments. In consequence, an XPS spectrum displaying all the accessible 
energy states can be used to obtain quantitative and qualitive information of the sample. 
Chemical shifts of the energy positions are related to the different oxidation states and 
chemical environments. Additionally, the intensity of the emitted photoelectrons is 
related to the concentration of the chemical species.  

The XPS measurements on amorphous CoP, crystalline CoP, amorphous NiP, amorphous 
NiAs and derived post-operando samples were conducted on a Kratos Axis Ultra X-ray 
photoelectron spectrometer (Kratos Analytical Ltd., Manchester, U.K.) using an Al Ka 
monochromatic radiation source (1486.7 eV) with a 90° take off angle (normal to 
analyzer). The vacuum pressure in the analysis chamber was kept at 2 x 10-9 Torr. The 
XPS spectra were collected for O 1s, Co 2p, Ni 2p, P 2p and As 3d levels with a pass 
energy of 20 eV and a step of 0.1 eV. The binding energies were calibrated relative to the 
C 1s peak energy position at 285.0 eV. Data analyses were carried out using Casa XPS 
(Casa Software Ltd.) and the Vision data processing program (Kratos Analytical Ltd.). 

The XPS measurements on crystalline FeAs and derived post-operando samples were 
carried out using a ThermoScientific K-Alpha+ X-ray photoelectron spectrometer. All 
samples were analyzed using a micro-focused, monochromatic Al-Kα X-ray source 
(1486.68 eV; 400 μm spot size). The analyzer had pass energy of 200 eV (survey), and 
50 eV (high-resolution spectra), respectively. The XPS spectra were collected for Fe 2p, 
P 2p and As 3d levels. Binding energies were calibrated to the C 1s peak at 284.8 eV. To 
prevent any localized charge build-up during analysis the K-Alpha+ charge compensation 
system was employed at all measurements. The samples were mounted on conductive 
carbon tape or measured directly from the FTO substrate. The resulting spectra were 
analyzed using the Avantage software from ThermoScientific. 

7.2.11. X-ray absorption spectroscopy (XAS) 

X-ray absorption spectroscopy (XAS) provides insights into the bulk and local structure 
of catalytic materials.[69] The absorption of X-rays process is the result of an excitation of 
an inner level electron to a higher energy level by an incident photon. The transmission 
mode on foil thin single crystals or homogeneous samples prepared from powders is the 
most common method of XAS detection. XAS follows the Beer-Lambert law: 

ln I-
I
= 𝜇(𝐸)𝑥  Equation 23 
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Where I and I0 are the transmitted and incident radiation beams, x is the thickness of the 
sample and µ(E) is the mass absorption coefficient, which depends on the energy (E) of 
the radiation. The mass absorption coefficient of materials with multiple components is 
the sum of the weight average of all the components. In consequence, each material has 
a characteristic energy level structure and therefore produce a characteristic spectrum, 
which depends on the energy of the incident radiation.[520] The spectra show sharp 
absorption edges at specific photon energies, which are different for each element. When 
the I0 is large enough, electrons from the core level are excited into higher excited states 
and there is a strong increase in the absorption intensity, which leads to strong energy 
difference between these two levels. Generated photoelectron waves are scattered and 
influenced by the neighbor atoms. Constructive and destructive interferences generate a 
characteristic absorption spectrum, which is the final XAS spectrum, which depends on 
the incident energy (E). In general, XAS spectra are composed of two regions: the X-ray 
absorption near edge structure (XANES) and the X-ray absorption fine structure 
(EXAFS).[521] The XANES region gives information of the effective charge (valence 
state) of the absorbing atom by the location of the absorption edge, the energy bandwidth 
and bond angles. The EXAFS originates from an interference effect of the outgoing 
photoelectrons excited form the inner core levels by resonant radiation and backscattered 
electrons from near neighbor atoms. They modulate altogether the final state energy of 
the absorbing atom. The interatomic distances, near neighbor coordination numbers and 
lattice dynamics can be explored through EXAFS.[520] An increase in the formal oxidation 
state is related to a shift of the X-ray edge position to high energies on the XANES 
spectrum. The shape of the spectra also differs for each compound.[521] 

The experiments were conducted at the KMC3 beamline of the BESSY synchrotron 
operated at the Helmholtz-Zentrum Berlin (HZB). Data collection was performed at 20 K 
in a liquid-helium cryostat in fluorescence detection mode using a 13 element silicon drift 
detector (Rayspec). Over 20 spectra were averaged for each compound in order to 
improve the signal-to-noise ratio. Averaged spectra were background-corrected and 
normalized using in-house software. Subsequently, unfiltered k3‐weighted spectra and 
phase functions from FEFF8.5[522] were used for the least‐squares curve‐fitting of the 
EXAFS with in-house software and for calculation of Fourier‐transforms representing k‐
values between 1.6 Å−1 and 14 Å−1. Data were multiplied by a fractional cosine window 
(10 % at low and high k‐side); the amplitude reduction factor S02 was 0.75 for Fe and 1.00 
for As.  

The samples were kept for 6 h under constant current of 10 mA cm-2 using FeAs/FTO as 
WE, Pt wire as CE and Hg/HgO electrode (CH Instruments) as RE on a three electrode 
system on 1 M KOH. After this time, the experiment was stopped, and the sample was 
immediately immersed on liquid N2 (77 K) to freeze quench it. The sample was stored 
and taken to BESSY for measurement.  
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7.2.12. Resonance Raman spectroscopy 

Resonance Raman spectroscopy is used to increase the intensity of the vibrations by using 
a wavelength which is in resonance with the electronic absorption wavelength of the 
analyte.[516] Resonance Raman spectroscopy can be used in selective resonance to a 
specific absorption. The main difference to Raman spectroscopy is that no relaxation to 
less energy excited vibrational states is observed. Raman resonance requires the use of 
high intensity lasers usually lying on the UV range of radiation. To prevent sample 
damage by heating, the sample is cooled with liquid N2. 

Resonance Raman spectra were recorded using the 458 nm emission of an Argon ion laser 
(Innova 70, Coherent) for excitation and a confocal Raman spectrometer (Lab Ram HR- 
800 Jobin Yvon) equipped with a liquid-nitrogen cooled CCD camera for data 
acquisition. The typical laser power at the sample ranged between 2 mW to 3 mW. The 
samples were measured using a Linkam Cryostage THMS600 cryostat. The temperature 
of the samples was kept at 80 K throughout the measurements. The spectrometer was 
calibrated before each experiment using toluene as an external standard. Baseline 
subtraction/processing from FTO was performed for analyzing the data.  

7.2.13. BET Surface area determination N2 adsorption 

Gas adsorption on solids is the most employed technique to determine the surface area of 
a material. The adsorption of gas molecules on a solid surface is explained by the 
Brunauer-Emmet-Teller (BET) theory. The BET theory takes into consideration that gas 
molecules physically absorb on solid layers infinitely, gas molecules only interact with 
adjacent layers and that the Langmuir theory can be applied to each layer. 
Thermodynamical considerations are taken in this theory: the enthalpy of adsorption for 
the first layer is constant and greater than the second (and higher layers) and the enthalpy 
of adsorption of the second (and higher) layers is the same as the enthalpy of 
liquefaction.[523] The adsorption-desorption of N2 at 77 K is explored by varying the initial 
pressure on the system (𝑝J) and measuring the adsorbed N2 (p, V). The adsorbed volume 
of N2 can be related to the relative pressure (𝑝/𝑝J) can be related through the following 
equation: 

3

KL.-. *3M
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K/N
^ O
O-
_ + 3

K/N
   Equation 24 

Where 𝑉P  is the volume of gas adsorbed on the first monolayer and 𝐶  is the BET 
constant. Determination of the surface area was performed by Nitrogen sorption using the 
BET method. Measurements were performed with a Nova 4000e from Quantachrome 
Instruments. Degassing was performed at 120 ºC for 12 h before doing the measurement. 

7.2.14. Elemental analysis (CHN analysis) 

Determination of carbon, hydrogen, and nitrogen in organic compounds is based on 
systems that utilize the quantitative detection of the combustion products by a thermal 
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conductivity detector placed within the flowing gas stream.[524] The CHN analysis was 
used to confirm the identity of the prepared molecular precursors and to identify the 
organic content on the prepared materials. Elemental analysis was carried out with a 
Thermo Flash EA 1112 Organic Elemental Analyzer by dynamic flash combustion at 
1020 °C at the Messezentrum AC/OC at Institut für Chemie at TU Berlin. 

7.2.15. Resistivity measurements (four-point method) 

Measurements of electrical conductivity can provide important information about the 
relationship between the conductivity and the catalytic activity.[525] The four-point 
method is a special form of four-wire measurement and it is mainly used in semiconductor 
production to determine the resistance of surfaces.[526] The measurement is accomplished 
by placing four measuring tips that are equally spaced on the surface to be measured. The 
outer tips permit the flow of a constant current into the measurement object and the two 
inner tips determine the voltage produced across the material.[526] This method is 
advantageous since no current flows on the measuring line (inner tips), which means that 
resistances arising from the feed line and connection contacts are not included in the 
measurement and thus no voltage drop occurs. Therefore, even the smallest resistances 
can be measured.[526] 

A Signature Pro4 System measured the resistivity with Keithley 2400 source-measure 
unit (SP4-40045TBY) using a four-point probe resistivity technique. The spacing 
between tungsten carbide tips was 1.016 mm with a radius of 0.245 mm, and a spring 
pressure was 45 g. The specific resistivity was measured on the films electrophoretically 
deposited on FTO. The average result of five repetitions was reported.  

7.3. Electrochemical methods 

7.3.1. Redox chemistry of water electrolysis 

A cell reaction from A to B can be expressed as: 

𝐴 + 𝑛𝑒* → 𝐵   Equation 25 

When the electrochemical reaction takes place, 𝑛 ∙ 𝑁Q electrons are transferred from the 
reducing agent to the oxidizing agent per mole of reaction. The charge transferred 
between the electrodes is 𝑛 ∙ 𝑁Q × (−𝑒), which can be expressed as −𝑛 ∙ 𝐹. The constant 
𝐹 is the Faraday constant, and corresponds to the magnitude of electric charge per mole 
of electrons: 

𝐹 = 𝑒𝑁Q = 96485	𝐶	mol*3   Equation 26 

The electrical work (𝑤) done when the charge travels from the anode to the cathode is 
equal to the product of the charge and the potential difference 𝐸  between the two 
electrodes (in V): 
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𝑤 = −𝑛𝐹 × 𝐸  Equation 27 

When the work is done reversibly at constant temperature and pressure, the electrical 
work is equal to reaction Gibbs energy: 

−𝑛𝐹 × 𝐸 = ∆-𝐺  Equation 28 

Consequently, the work done by the cell is equal to the value of ∆𝐺 for the reaction. 
Therefore, by measuring the cell potential, it is possible to know a thermodynamic 
quantity. Conversely, if ∆𝐺 for a reaction is known, it is possible to calculate the cell 
potential.  

The cell potential 𝐸 varies with the composition: 

∆-𝐺 = ∆-𝐺+ + 𝑅𝑇 ln𝑄  Equation 29 

Where, ∆-𝐺+ is the standard reaction Gibbs energy and 𝑄 is the reaction quotient for the 
cell reaction. Combining equations 28 and 29, the Nernst equation is obtained: 

𝐸 = 𝐸+ − RS
>T
ln 𝑄   Equation 30 

With 𝑄 = 𝑐-.//𝑐+,. Electrochemical OER and HER are the pair of reactions occurring 
during water-splitting. In the OER, the reduced form water (H2O) is oxidized to O2 
(O2/H2O). In the HER, the oxidized form H+ in reduced to H2 (H+/H2). At T = 298.15 K 
and when 𝑐-./ = 𝑐+, = 1	mol	𝐿*3, the cell potential 𝐸 equals the standard cell potential 
(𝐸+): 

𝐸 = 𝐸+  Equation 31 

Each redox system has a characteristic 𝐸+. This parameter indicates the strength of the 
reducing or oxidizing effect of the system, i.e. the ability of the system to be reduced or 
oxidized. A cell in which all the reactants and products are in their standard states is not 
in general attainable, it is better to describe this value as the standard Gibbs energy of the 
reaction expressed as a potential. The value of the potentials of a redox couple cannot be 
determined experimentally, only the potential difference of two redox pairs can be 
obtained. However, one electrode can be assigned a value zero and the other assigned 
relative values on that basis. The specially selected electrode is the standard hydrogen 
electrode (SHE): Pt(s)║H2(g)/H+(aq). It is composed of a platinum electrode in contact with 
a solution of 𝑎10 = 1  at atmospheric pressure (101325 Pa). The normal hydrogen 
electrode (NHE) is often given as a reference, in which 𝑎10 ≈ 𝑐10 = 1	𝑀.[527] 

The potential of a cell is also highly dependent on the pH of the electrolyte. If we consider 
OER equation (Section 1.4, Equation 6), the activity coefficient for this reaction is under 
atmospheric pressure: 
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𝑄 =
'10 ∙V

23,
24 W

'1,3
, = 𝑎10 ≈ 𝑐10   Equation 32 

Replacing 𝑄 in the Nernst equation and n = 4 in equation 30: 

𝐸A@R = 𝐸(A,/1,A)
+ − RS

!×T
× ln(𝑐10)  Equation 33 

The relation between the potential for the OER and pH can be stablished: 

𝐸A@R = 1.23 − 0.059 × 𝑝𝐻	(V	vs. RHE) Equation 34 

A similar derivation can be done for the HER, as it is also influenced by the pH of the 
electrolyte. Considering the HER equation, the activity coefficient for this reaction is 
under atmospheric pressure: 

𝑄 =
'10

Z1,
5/, = 𝑎10 ≈ 𝑐10  Equation 35 

Replacing 𝑄 in the Nernst equation and n = 1 in equation 30: 

𝐸1@R = 𝐸(1,/10)
+ − RS

3×T
× ln(𝑐10)  Equation 36 

The relation between the potential for the HER and pH can be stablished: 

𝐸A@R = 0.00 − 0.059 × 𝑝𝐻	(V	vs. RHE) Equation 37 

The Nernst equation reflects the thermodynamic equilibrium at which the electrochemical 
reactions occur. However, as discussed before (see Section 1.4.3), an overpotential (η) is 
always needed. The potential is usually larger than the one obtained by the Nernst 
equation and is described by the following equation: 

𝐸 = 𝐸+ + 𝑖𝑅 + 𝜂  Equation 38 

Where 𝑖𝑅 is the potential Ohmic drop of current flow in ionic electrolyte. This value 
depends on the conductivity of the electrolyte as well as the electrode position and is 
corrected before each measurement (see Section 7.3.2).  

The presence of thermodynamically stable phases in an aqueous electrochemical system 
is expressed in Pourbaix diagrams.[51] These are plots of equilibrium potential vs. pH (E-
pH) and indicate the regions of stability of a particular metal (or non-metal) in several 
possible chemical forms containing the element and H and/or O. Therefore, given a E-pH 
condition, it is possible to determine the identity of the species. It is important to mention 
that these diagrams are constructed taking into consideration thermodynamic criteria and 
do not consider the kinetics of the reactions occurring under aqueous environments. The 
Pourbaix diagrams of Fe, Co, Ni, P and As are shown in Figure 7.14. 
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Figure 7.14. Pourbaix–pH diagrams for (a) Fe, (b) Co, (c) Ni, (d) P, and (e) As species under standard 
conditions (298 K, 1 atm). The concentration of soluble species except for H+ is 0.1 M. These E–pH 
diagrams only represent the ideal systems with indicated species and were obtained from Liu and co-
workers[163] and Escobar and co-workers.[528] © 2019 The Royal Society of Chemistry and © 2006 Elsevier. 

7.3.2. General considerations 

A typical electrocatalytic run was carried out in a standard three-electrode setup 
consisting of a RE, a CE and the catalyst-modified WE. The three were immersed in an 
aqueous electrolyte (1 M KOH, Sigma Aldrich). The presence of Fe on it was ruled out 
by purifying the electrolyte before its use following the literature procedure.[132] A 
potentiostat (SP-200, BioLogic Science Instruments) controlled by the EC-Lab v10.20 
software package was used for all the experiments. The electrodes (NF/FTO) with 
samples deposited served as the WE, Pt wire (0.5 mm diameter × 230 mm length; A-
002234, BioLogic) as the CE and Hg/HgO (OER) or Hg/Hg2SO4 (HER) as the RE (CH 
Instruments, Inc.). EC-Lab software was used for all the measurements (version 11.10). 
The potential of the RE was referenced to the RHE through calibration, and in 1 M KOH 
the potential was calculated using the following equations: 

𝐸(RHE, OER) = 𝐸(Hg/HgO) + 0.098𝑉 + (0.059 × pH)𝑉 Equation 39 

𝐸(RHE, HER) = 𝐸(Hg/Hg"SO!) + 0.650𝑉 + (0.059 × pH)𝑉  Equation 40 

7.3.3. Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is a dynamic method to study the mechanism of simple redox 
reactions and multielectron transfer processes.[529] A stationary WE is immersed on a 
stationary (non-stirred) electrolyte solution. The potential of the stationary WE is changed 
linearly with time (Et) starting from a potential (Ei) where no electrode reaction occurs 
and moving to potentials where reduction or oxidation of the analyte of study occurs. 
After traversing the potential region in which the reactions take place, the direction of the 
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linear sweep is reversed and the Et return to Ei.[516,530] The scan rate (dE/dt) varies between 
1-20 mV s-1. If a redox reaction lies within the selected potential range, an increase in the 
current (i.e. Faraday current) would be observed. Consequently, a closed cyclic current-
potential curve is obtained. CVs provide thermodynamic parameters of the reaction 
(redox potential) and also kinetic information of the electrode reactions.[529] In the three 
electrode set-up that is used, the value of the WE potential is always related to the non-
polarized RE Hg/HgO (OER) or Hg/Hg2SO4 (HER). The current is conducted between 
the WE and the Pt CE, while the RE remains without current. Currents that are too high 
can be avoided and prevent damage on the RE. Moreover, the iR drop can be kept low by 
positioning the RE close to the WE or compensated using the potentiostat.[529]  

CV was performed without stirring and with an applied iR compensation of 85 %, applied 
before each experiment. The Ru was acquired by impedance spectroscopy at 100 MHz. 
The potential ranges were 1.0 to 1.8 V vs. RHE for OER on NF, 1.2 to 1.9 V vs. RHE for 
OER on FTO. The overpotential for OER was determined from the resulting polarization 
curves and from thermodynamic potential values of the OER and HER in alkaline 
solution (see Section 7.3.2).  

7.3.4. Linear-sweep voltammetry (LSV) 

Linear-sweep voltammetry is similar to CV. The potential applied to the WE is varied 
linearly with time at a defined scan rate (mV s-1). However, there is no return to the initial 
potential (Ei) after reaching the end potential (Ef). 

7.3.5. Tafel slope 

The Tafel slope can provide information about the kinetics of the electrocatalyst under 
study.[41] Electrocatalysts that possess high charge transfer ability should show a small 
Tafel slope. The Tafel plot can be obtained by replotting the polarization (LSV or CV) 
curve as overpotential (η) vs. the logarithm of current density (log j) or by the steady state 
method. In the steady-state method, CA experiments were performed for 3 min at various 
potentials, and the average obtained current density for each is stepped is plotted against 
the overpotential. For either methods, the slope is calculated according to the Tafel 
equation: 

𝜂 = 𝑏 log 𝑗 + 𝑎  Equation 41 

Where η is the overpotential (V), j is the current density (mA cm-²), and b is the Tafel 
slope (mV dec-1). The LSV from which the Tafel slope is derived should be done at the 
lowest possible scan rate to prevent the effect of high capacitance. The selected range of 
currents should be close to the region in which the current density of 10 mA cm-2 is 
observed. 

The Tafel slope is usually used to predict how much faster the reaction occurs on an 
electrocatalytic interface and to compare the activities of various electrocatalysts, 
provided that the given experimental conditions are the same.[41] The Tafel slope b 
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indicates much the potential must increase in order to increase the resulting current 
density j by and order of magnitude (x 10 or per decade, dec-1).[50] This means, how 
efficient and dynamically an electrode reacts to an applied potential and generates 
catalytic current.[50] This also takes into account any changes in the mechanism at 
different overpotentials.[50] The reaction rate is also related to the geometric surface of 
the electrodes and described by the current density (j, mA cm-2). The current density is a 
measurement of how strong a reaction is going forward or backward, and it depends on 
the electrocatalytic activity of the material.[50]  

The determination of the electrode kinetics through a Tafel analysis requires the selection 
of an appropriate potential range. The selected range must not be too small, because it 
would lead to an incorrect small Tafel slopes. Consequently, incorrect assumptions of the 
reaction mechanism and a misinterpretation of the rate-limiting step could be made.[50] 
The optimal range for the Tafel slope determination is the one where the current density 
increases exponentially with the applied voltage.[50] However, the potential at which the 
reaction generates current that is limited solely by mass transport should be avoided.[50] 

The Tafel slope (b) can be used to determine which of the four PCET reactions is the 
RDS on the OER kinetics (see Section 1.4.2). The OER is initiated by adsorption and 
formation of the hydroxy species (𝑀 − 𝑂𝐻'/0) on an active site (𝑀), on the surface:[27] 

𝑀 + 𝑂𝐻* → 𝑀 − 𝑂𝐻'/0 + 𝑒* Equation 42 

A Tafel slope of 120 mV dec-1 is obtained when this reaction is the RDS of the OER. The 
former reaction can be replaced by two sub-reactions, each one with a Tafel slope of 
60 mV dec-1, as it occurs on IrO2-based electrocatalysts:[531] 

𝑀 + 𝑂𝐻* → 𝑀 − 𝑂𝐻'/0∗ + 𝑒* Equation 43 

𝑀 − 𝑂𝐻'/0∗ → 𝑀 − 𝑂𝐻'/0 Equation 44 

In this step, the adsorbed intermediate 𝑀 − 𝑂𝐻'/0∗  and 𝑀 − 𝑂𝐻'/0  have the same 
chemical structure but differ in their energy state. A Tafel slope of 60 mV dec-1 indicates 
that the OER kinetics are determined by this reaction.[531] The following step is the 
electrochemical formation of a 𝑀 − 𝑂'/0  intermediate with a further electron-proton 
transfer.  

𝑀 − 𝑂𝐻'/0 + 𝑂𝐻* 	→ 𝑀 − 𝑂'/0 + 𝐻"𝑂 + 𝑒*	 Equation 45 

A Tafel slope of 40 mV dec-1 is obtained when this reaction is the RDS. The 𝑀 − 𝑂'/0 
intermediate can be also formed by the combination of two 𝑀 − 𝑂𝐻'/0 species:  

𝑀 − 𝑂𝐻'/0 +𝑀 − 𝑂𝐻'/0 	→ 𝑀 − 𝑂'/0 +𝑀 +𝐻"𝑂	 Equation 46 

If the kinetics of the reaction are determined by this step, a Tafel slope of 30 mV dec-1 is 
observed. Ultimately, the formation of the oxygen occurs: 
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𝑀 − 𝑂'/0 +𝑀 − 𝑂'/0 → 2𝑀 + 𝑂"  Equation 47 

The kinetics of this reaction are determined exclusively by the formation of the O-O bond 
and the subsequent O2 desorption. The Tafel slope of this mechanism is  
15 mV dec-1 and is the last of the OER catalytic cycle.[531] 

The kinetics of the HER can also be investigated by the construction of the Tafel plots. 
The HER is determined by three sub-steps, the Volmer, Heyrovsky and Tafel step (see 
Section 1.4.1). The Volmer reaction is characterized by the adsorption and discharge at 
the active center on the surface 

𝑀 +𝐻"𝑂 + 𝑒* → 𝑀 −𝐻'/0 + 𝑂𝐻*  Equation 48 

It is the determining step of the HER when a Tafel slope of 120 mV dec-1 is obtained.[58] 
The Heyrovsky reaction takes place on surfaces where the concentration of the active 
centers is rather low. In this step, a second water molecule is adsorbed at the same active 
site, followed by discharge by electron uptake and chemical desorption of the H2 from 
the surface. A Tafel slope of 40 mV dec-1 is related to this step.[58] 

𝑀 −𝐻'/0 + 𝐻"𝑂 + 𝑒* → 𝐻" + 𝑂𝐻* +𝑀  Equation 49 

The Tafel reaction is often the dominant mechanism when a large number of active 
centers exist on the surface of the catalyst. Therefore, two adsorbed H atoms couple and 
produce H2: 

𝑀 −𝐻'/0 +𝑀 −𝐻'/0 → 𝐻" + 2𝑀  Equation 50 

Additionally, the distance between the two active centers must be smaller than the van 
der Waals radius of two adsorbed H atoms. If this reaction is the limiting step, a Tafel 
slope of 30 mV dec-1 is obtained.[58] 

7.3.6. Chronopotentiometry (CP) and Chronoamperometry (CA) 

Long-term experiments were done to measure the stability of the electrocatalytic activity, 
for oxidation (OER) or reduction (HER) over time. CP measurements consist of the 
application of a constant current to the WE over a long period of time. A stable activity 
is considered if a stable current density of 10 mA cm-2 (for CP) or stable overpotential at 
10 mA cm-2 (for CA) is observed for more than 12 h.[52] In the absence of stirring, a 
diffusion layer builds up in the near area of the electrode. This layer grows over time and 
leads to a drop in the current. To prevent this phenomenon, the solution is stirred, and the 
mass transport limitation is kept to minimum. The potential at the WE is measured, 
producing a potential-time plot. The desired reaction (oxidation or reduction) will occur 
depending on the selected current.  

The CP measurements were performed in 1 M KOH, an applied iR compensation of 85 % 
and at a constant current density of +10 mA cm-2 (OER) and -10 mA cm-2 (HER).  
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7.3.7. Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a powerful tool to study the 
mechanisms in electrochemical reactions, charge transfer processes in materials, and 
surface properties of electrodes. EIS provides information about the electrical 
conductivity of materials and allows conclusions about the ability of materials to store 
electrical energy and to transfer electrical charge.[532]  

We can use an electrical equivalent circuit (EEC) to represent an electrochemical reaction 
that takes place at the electrode/electrolyte interface:  

𝑂 + 𝑛𝑒* → 𝑅   Equation 51 

Where 𝑂 is the oxidant, 𝑛 is the number of electrons transferred and 𝑅 is the reduced 
product (reductant).[533] The flow of current (charge transfer) through the interface due to 
the electrochemical reaction always contains both faradaic and non-faradaic components. 
The faradaic component arises from the electron transfer due to the reaction across the 
interface by overcoming an appropriate activation barrier, the polarization resistance (Rp) 
along the uncompensated solution resistance (Rs). The non-faradaic current results from 
the charging of the Cdl.[533]  

When the charge transfer takes place at the interface, the mass transport of the reactant 
and product determine the rate of electron transfer due to the changes of the concentration 
of reactant and product near the electrode surface. The mass transport provides another 
impedance (Warburg impedance, Zw) which is observed as a peak on the CV plot. All the 
parameters mentioned until now can form an EEC, as described by Randles (see Figure 
7.15a).[533] The activation barrier at any potential is represented by Rp, and the barrier 
becomes the charge-transfer resistance, Rct at the standard electrode potential. 

 

Figure 7.15. Randles equivalent circuit showing the Rp or Rct, Rs, the Cdl and the Warburg impedance (Zw). 
(b) Nyquist plot. Adapted from Chang and co-workers.[533] © 2010 Annual Reviews, Inc. 

The sample is measured in a three-electrode system. The potentiostat transmits an 
alternating voltage with varying frequency (𝜔) to the sample and generates a voltage 
signal proportional to the current flowing through the sample.[532] An analyzer then 
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determines from the alternating current flowing through the sample and the alternating 
voltage generated by a generator, the impedance 𝑍 of the system.[532] The frequency-
dependent impedance 𝑍 consist of a rather complex expression that can be simplified at 
high frequencies (𝜔 → ∞) as:  

 𝑍 = 𝑍\ − 𝑗𝑍′′   Equation 52 

Where 𝑍\  is the real impedance or Re (Z) and the 𝑍′′  or Im (Z) is the imaginary 
impedance and j is the current density. After the measurement, an equivalent circuit 
diagram must be determined for the system, which is done by evaluating the measurement 
data of certain frequency ranges or by using equivalent circuit diagrams of similar 
systems from the literature. In this case, the circuit shown in Figure 7.15 was used. This 
circuit is described by the equation: 

𝑍(𝜔) = 𝑅0 +
R78

3)],R78, N9:
, − 𝑗

]R78
, N9:

3)],R78, N9:
, = 𝑍\(𝜔) − 𝑗𝑍′′(𝜔)  Equation 53 

Rp is equal to the Rct, which indicates how well the charge exchange between the electrode 
and electrolyte can be. Rs is the Ru from the solution. The equation can be transformed to 
the following: 

^𝑍\ − "×R;)R78
"

_
"
+ (𝑍′′)" = ^R78

"
_
"
   Equation 54 

Which is the equation of the semicircle of the Nyquist plot (−𝑍′′(𝜔) vs.	−𝑍′(𝜔)), with 
center at 𝑍\ = 𝑅0 + 𝑅C=/2  and radius 𝑅C=/2 . The resulting Nyquist plot shows the 
correspondence of these parameters to the observed plot.  

EIS experiments were recorded at determined potential (see Table 7.1) to obtain the 
Nyquist plots. The amplitude of the sinusoidal wave was examined in a frequency range 
of 100 kHz to 1 mHz. The EIS curves obtained for amorphous and crystalline CoP were 
fitted to a Randles equivalent circuit, where Rs, CPE, and Rct are the equivalent series 
resistance, CPE of the Cdl, and the charge transfer resistance, respectively.[68,250,374] The 
EIS curves obtained for the electrodes constructed with crystalline FeAs, amorphous NiP, 
and amorphous NiAs were fitted to a circuit which contains two resistors R1 and R2, and 
Q2 a CPE (see Figure 7.16).  

 

Figure 7.16. Randles equivalent circuit showing two resistors R1 is the Ohmic resistance of the solution 
and electrode (Rs), R2 is the charge transfer resistance (Rct) and a CPE (Q2). 

This circuit has been previously used to fit TM-based systems during OER reaction 
conditions.[534–537] The assignment of the elements is consistent in the literature and can 
be applied to the working systems: R1 is the Ohmic resistance of the solution and electrode 



 151 

(Rs), R2 is the charge transfer resistance (Rct) and a CPE (Q2). This model is used because 
it fits better with the impedance behavior and the characteristics of the materials under 
study. Inhomogeneities in the surface of the electrodes result in non-ideal capacitance in 
the Cdl at the solid/electrolyte interface.[535] Therefore, this model was preferred as it 
includes a CPE rather than a capacitor (C). Q2 represents the value of a non-ideal capacitor 
and has units of 𝐹 × 𝑠(',*3), where a is an ideality factor which ranges from 0 to 1. When 
a2 = 1 the interface is said to behave as an ideal capacitor (Q2 = Cdl). Normally, a2 is found 
in the range 0.8-1, and indicates non-ideal behavior due to surface roughness and 
irregularities in surface termination, porosity, and complexity in the double layer 
structure. Therefore, Cdl values are not possible to derive from this model and compare 
them to the results obtained from the voltammetric data.[535] 

Table 7.1. Applied potential for EIS experiments. 

material applied potential E vs. 
RHE (V) 

amorphous CoP/NF 1.61 
crystalline CoP/NF 1.61 
crystalline FeAs/NF 1.51 
crystalline FeAs/FTO 1.58 
amorphous NiP/NF 1.50 
amorphous NiP/FTO 1.65 
amorphous NiAs/NF 1.50 
amorphous NiAs/FTO 1.65 

 
7.3.8. Determination of the electrochemically active surface area (ECSA) 

The ECSA is the active area available for catalysis. The ECSA is the preferred measure 
of the surface area since the geometric surface area or the BET surface area, which only 
considers the area of the catalysts available to gas adsorption and depends on the size of 
the adsorbed gas molecule.[41] In that way, is possible to compare the activity of catalysts 
which are different in size, shape, morphology, topography and porous nature.[41] 

It is derived from the electrochemical double-layer capacitance of the catalytic surface.[68] 
The Cdl was determined by measuring the non-Faradaic capacitive current associated with 
double-layer charging from the scan-rate dependence of CVs. [68] From the already 
measured LSV for OER, a potential range in which no faradaic process (no catalysis) is 
occurring was selected (see Table 7.2). LSVs were done at different scan rates (5 mV s-1 
to 200 mV s-1). The WE was held at each potential vertex for 10 s before the beginning 
the next sweep. The charging current 𝑖  (difference of anodic current, ia and cathodic 
current, ic) measured at the midpoint potential for each LSV curve were plotted as a 
function of the scan rate (5 mV s-1 to 200 mV s-1). The double layer charging current is 
equal to the product of the scan rate, 𝑣, and the Cdl, as related on the following equation: 

𝑖 = 𝑣𝐶/$  Equation 55 
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Thus, the slope of the of the plot of i as a function of 𝑣 corresponds to the Cdl.[41,67,68] The 
ECSA is directly proportional to Cdl.[250] The ECSA can be calculated from the following 
equation:  

𝐸𝐶𝑆𝐴 = N9:
N;
  Equation 56 

Where Cs is the specific capacitance of the sample or the capacitance of an atomically 
smooth planar surface of the material per unit area under identical electrolyte conditions. 
The following value was used: Cs = 1.7 mF cm-2 for 1 M KOH on NF and Cs = 
0.04 mF cm-2 for similar conditions on FTO.[538] 

Table 7.2. Potential ranges and midpoint potential used for Cdl and ECSA determination on the investigated 
electrodes. 

material 
potential range  
E vs. RHE (V) 

midpoint potential  
E vs. RHE (V) 

amorphous CoP/NF 0.624-0.674 0.674 
crystalline CoP/NF 0.624-0.674 0.674 
crystalline FeAs/NF 0.881-0.931 0.906 
amorphous NiP/NF 0.856-0.956 0.906 
amorphous NiAs/NF 0.856-0.956 0.906 

 

7.3.9. Overall water-splitting (OWS) 

Overall water-splitting (OWS) experiments were done on a two electrode system in which 
the films of the materials deposited on NF were used as WE (anode) and CE (cathode). 
LSVs were performed without stirring and with an applied iR compensation of 85 %, 
applied before each experiment. The uncompensated resistance (Ru) was acquired by 
impedance spectroscopy at 100 MHz. The explored potential range was 1.0 to 2.0 vs. 
RHE. The CP measurements were performed in 1 M KOH at a constant current density 
of +10 mA cm-2. The overpotential was calculated from the difference of the potential to 
the thermodynamic potential for water-splitting, 1.23 V.[539] 

The OWS was also investigated using an inverted two-electrode cell under constant 
current density of 10 mA cm-2 in 1 M KOH for 1 h to allow the collection of H2 and O2 
separately at atmospheric pressure. This experiment was done using an amorphous 
CoP║amorphous CoP electrolyser and a crystalline CoP║crystalline CoP electrolyser. 
The initial level of the electrolyte was noted and then the valves were closed. During 
electrolysis, because of evolution and collection of H2 and O2 at the upper part of the cell, 
the level of electrolyte goes down. The change in volume over time was noted and the 
ratio of the volumes of H2 and O2 was plotted over time.  

7.3.10. Determination of the Faradaic efficiency (FE) 

The Faradaic efficiency (FE) is the efficiency of an electrocatalyst to transfer electrons 
provided by an external circuit across the interface to the electroactive species to affect 



 153 

the electrode reactions.[52] The FE towards OER and HER in 1 M KOH was measured in 
a two-electrode configuration. Amorphous CoP/NF, crystalline CoP/NF, amorphous 
NiAs/NF and amorphous NiP/NF were used as cathode and anode and tested for OWS. 
Crystalline FeAs/NF was tested as anode for OER and Pt as cathode. Both electrodes 
were placed inside a closed electrochemical cell. The electrolyte and cell were first 
degassed with argon (Ar) for 1 hour under constant stirring. Afterward, a constant amount 
of current was applied on a 1 x 1 cm2 for a specified period of time (see Table 7.3). At 
the end of electrolysis, the gaseous samples were drawn from the headspace by a gas-
tight syringe and analyzed by a GC calibrated for H2 and O2. Each injection was repeated 
at least three times, and the average value is presented. The FE is calculated based on:  

𝐹𝐸(𝐻", %) =
K1,×"×T
K/×^×=

× 100%  Equation 57 

𝐹𝐸(𝑂", %) =
K3,×!×T
K/×^×=

× 100%  Equation 58 

𝑉1,  and 𝑉A, 	 are the evolved volume of H2 and O2, 𝐹  is the Faraday constant 
(96485.33289 C mol-1), 𝑉P is the molar volume of the gas, j is the current density (in 
mA cm-2) and 𝑡 is the time of electrolysis (in s). 

The value of the FE relative to Pt can also be calculated, as Pt is known to show 100 % 
of FE for H2.[37-38] The value of FE is: 

𝐹𝐸Å𝑂",%Ç =
K3,
<1,
,

× 100%   Equation 59 

Table 7.3. Experimental conditions of FE experiment on the tested materials. 

anode cathode 
Current density  
(mA cm-2) time (s) 

amorphous CoP/NF amorphous CoP/NF 10 400 
FeAs/NF Pt 50 360 

amorphous NiP/NF amorphous NiP/NF 50 600 
amorphous NiAs/NF amorphous NiAs/NF 50 600 

FeAs/NF* Pt 50 and 100 360 
*the experiment at 100 mA cm-2 was done with a previously activated FeAs/NF by CV (1.2-1.7 V vs. RHE) 
for 2 h. 
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7.4. Experimental Data 

7.4.1. Electrochemistry of complex 3 

 

Figure 7.17. CV of molecular precursor 3 (1 mM in THF/ 0.3 M TBAPF6). It shows two reversible redox 
events at E1/2 = -1.42 V (vs. Fc/Fc+) and E1/2 = -2.81 V (vs. Fc/Fc+) and one irreversible event at  
Epa = -0.03 V (vs. Fc/Fc+) at a scan rate of v = 100 mV s-1. 

The reversibility of the redox events was confirmed by recording the CV at different scan 
rates from 50 to 800 mV s-1 (see Figure 7.18 and Table 7.4). 

 

Figure 7.18. CV of precursor 3 (1 mM in THF/ 0.3 M TBAPF6) centered at -1.42 V and recorded at different 
scan rates (50-800 mV s-1) (a). The plot of forward peak current vs. square root of scan rates (b). 

Table 7.4. Electrochemical data for the reversibility of the redox couple at E1/2 = -1.42 V (vs. Fc/Fc+) for 
complex 1.  

v (m Vs-1) Epc (V) Epa (V) ΔEp (V) ipc (µA) ipa (µA) ipa/ipc ipc/(v1/2) 

50 -1.393 -1.307 86 8 7 0.83 1.20 
100 -1.399 -1.301 98 12 11 0.89 1.21 
200 -1.411 -1.292 119 16 15 0.93 1.11 
400 -1.423 -1.280 143 21 20 0.93 1.06 
800 -1.439 -1.258 181 30 27 0.90 1.06 
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Figure 7.19. CV of precursor 3 (1 mM in THF/ 0.3 M TBAPF6) centred at -2.81 V and recorded at different 
scan rates (50-800 mV s-1) (a). The plot of forward peak current vs. square root of scan rates (b). 

Table 7.5. Electrochemical data for the reversibility of the redox couple at E1/2 = -2.81 V (vs. Fc/Fc+) for 
complex 3. 

v (m Vs-1) Epc (V) Epa (V) ΔEp (V) ipc (µA) ipa (µA) ipa/ipc ipc/(v1/2) 

50 -2.781 -2.675 106 11 4 0.33 1.59 
100 -2.781 -2.672 110 15 6 0.40 1.54 
200 -2.824 -2.655 169 22 6 0.26 1.55 
400 -2.860 -2.637 223 29 6 0.20 1.46 
800 -2.908 -2.597 311 40 6 0.16 1.40 
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7.4.2. Crystal data and structure refinements 

Table 7.6. Crystal data and structure refinement for 6∙2 tol. 

Empirical formula C84H122N4Fe2As2  
Formula weight 1449.38  
Crystal system monoclinic  
Space group P21/n  
Unit cell dimensions a = 13.4664(2) Å α = 90 ° 
 b = 14.7987(2) Å β = 91.2700(10) ° 
 c = 19.6270(3) Å γ = 90 ° 
Cell Volume 3910.41(10) Å3  
Z 2  
Temperature 150.(2) K  
Crystal size 0.226 x 0.208 x 0.064 mm3  
Density 1.23 mg·m-3  
F(100) 1544  
Absorption coefficient 4.240 mm-1  
Transmission max/min 1.00000/0.63919  
Refinement method Full-matrix least-squares on F2  
Absorption correction Semi-empirical from equivalents 
Wavelength 1.54184 (Cu) Å  
Collected/independent reflections 26275/7050 (0.0463)  
Index ranges -15 ≤ h ≤ 16  

-17 ≤ k ≤ 12 
-23 ≤ l ≤ 23 

 

Theta range for data collection 3.741 - 67.496 °  
Completeness to theta = 67.49 ° 100.00 %  
Data / restraints / parameter 7050 / 261 / 525  
R1/wR2 [I > 2σ(I)] 
 

0.0364/0.0929  

R1/wR2 (all data) 
 

0.0455/0.1001  

Goodness-of-fit on F2 1.033  
Largest diff. peak and hole 0.612/-0.425 e·Å-3  
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Table 7.7. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2 x 103) for 
kria. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 
As(1) 5070(1) 5383(1) 5522(1) 28(1) 
Fe(1) 4719(1) 6233(1) 4502(1) 22(1) 
N(1) 5594(1) 7164(1) 4073(1) 24(1) 
N(2) 3429(1) 6857(1) 4274(1) 24(1) 
C(12) 2607(2) 6577(2) 4679(1) 26(1) 
C(2) 5232(2) 7798(1) 3650(1) 25(1) 
C(4) 3362(2) 7540(2) 3825(1) 26(1) 
C(24) 6621(2) 7119(2) 4294(1) 27(1) 
C(3) 4210(2) 7890(2) 3519(1) 27(1) 
C(13) 2012(2) 5841(2) 4473(1) 32(1) 
C(25) 7285(2) 6558(2) 3950(1) 34(1) 
C(17) 2435(2) 7033(2) 5294(1) 37(1) 
C(1) 5850(2) 8507(2) 3234(1) 32(1) 
C(14) 1208(2) 5613(2) 4873(1) 40(1) 
C(29) 6933(2) 7616(2) 4872(1) 36(1) 
C(15) 992(2) 6095(2) 5454(1) 43(1) 
C(26) 8282(2) 6572(2) 4153(2) 46(1) 
C(5) 2386(2) 8025(2) 3568(1) 36(1) 
C(16) 1604(2) 6788(2) 5663(1) 41(1) 
C(27) 8612(2) 7113(2) 4682(2) 53(1) 
C(11) 2250(2) 7821(2) 2803(1) 49(1) 
C(6) 5445(2) 9466(2) 3353(2) 50(1) 
C(33) 6966(2) 5961(2) 3356(1) 43(1) 
C(28) 7943(2) 7613(2) 5044(2) 47(1) 
C(21) 2201(2) 5303(2) 3832(1) 45(1) 
C(10) 2509(2) 9053(2) 3666(2) 48(1) 
C(7) 5699(3) 8280(2) 2474(1) 55(1) 
C(35) 7196(2) 4970(2) 3509(2) 47(1) 
C(23) 2340(2) 4301(2) 3987(2) 53(1) 
C(8) 6970(2) 8575(2) 3377(2) 48(1) 
C(9) 1397(2) 7784(2) 3905(2) 54(1) 
C(30) 6269(8) 8189(5) 5260(4) 46(2) 
C(18) 3093(3) 7786(2) 5561(2) 60(1) 
C(22) 1353(3) 5396(2) 3295(2) 71(1) 
C(20) 3603(2) 7507(3) 6234(2) 68(1) 
C(34) 7445(4) 6208(2) 2683(2) 80(1) 
C(32) 6238(7) 7847(5) 5998(4) 51(2) 
C(19) 2518(4) 8672(2) 5667(2) 82(1) 
C(31) 6597(7) 9185(3) 5261(3) 67(2) 
C(36) 687(4) 10472(4) 5733(3) 86(2) 



 158 

C(37) 212(4) 10007(4) 6330(3) 52(1) 
C(41) -212(9) 9985(6) 7512(4) 68(2) 
C(40) -685(8) 9166(5) 7421(3) 66(2) 
C(42) 233(9) 10407(5) 6967(4) 58(2) 
C(39) -679(5) 8748(4) 6789(3) 58(1) 
C(38) -226(4) 9167(4) 6247(3) 50(1) 
C(36B) 523(10) 11454(11) 7223(9) 88(4) 
C(37B) 396(11) 10219(13) 6426(11) 80(5) 
C(41B) -400(30) 9973(18) 7462(12) 74(5) 
C(40B) -640(20) 9122(18) 7259(13) 87(5) 
C(42B) 150(20) 10510(14) 7055(12) 76(5) 
C(39B) -421(19) 8842(16) 6622(13) 95(6) 
C(38B) 109(14) 9385(15) 6209(10) 96(5) 
C(31B) 5811(11) 9019(6) 5152(5) 55(3) 
C(30B) 6098(15) 8059(7) 5380(7) 35(3) 
C(32B) 6400(14) 8118(9) 6138(7) 52(3) 
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Table 7.8. Bond lengths [Å] and angles [°] for 6∙2 tol. 

 

As(1)-As(1)#1 2.3447(5) 
As(1)-Fe(1) 2.4023(4) 
As(1)-Fe(1)#1 2.4087(4) 
Fe(1)-N(2) 2.0085(18) 
Fe(1)-N(1) 2.0096(18) 
N(1)-C(2) 1.338(3) 
N(1)-C(24) 1.443(3) 
N(2)-C(4) 1.342(3) 
N(2)-C(12) 1.438(3) 
C(12)-C(13) 1.407(3) 
C(12)-C(17) 1.407(3) 
C(2)-C(3) 1.401(3) 
C(2)-C(1) 1.577(3) 
C(4)-C(3) 1.402(3) 
C(4)-C(5) 1.571(3) 
C(24)-C(25) 1.404(3) 
C(24)-C(29) 1.408(3) 
C(3)-H(3) 0.95 
C(13)-C(14) 1.392(3) 
C(13)-C(21) 1.516(4) 
C(25)-C(26) 1.392(4) 
C(25)-C(33) 1.518(4) 
C(17)-C(16) 1.394(4) 
C(17)-C(18) 1.510(4) 
C(1)-C(8) 1.531(4) 
C(1)-C(7) 1.538(4) 
C(1)-C(6) 1.540(3) 
C(14)-C(15) 1.380(4) 
C(14)-H(14) 0.95 
C(29)-C(28) 1.393(4) 
C(29)-C(30) 1.458(11) 
C(29)-C(30B) 1.654(19) 
C(15)-C(16) 1.373(4) 
C(15)-H(15) 0.95 
C(26)-C(27) 1.376(4) 
C(26)-H(26) 0.95 
C(5)-C(11) 1.540(4) 
C(5)-C(10) 1.541(4) 
C(5)-C(9) 1.542(4) 
C(16)-H(16) 0.95 

C(27)-C(28) 1.376(5) 
C(27)-H(27) 0.95 
C(11)-H(11A) 0.98 
C(11)-H(11B) 0.98 
C(11)-H(11C) 0.98 
C(6)-H(6A) 0.98 
C(6)-H(6B) 0.98 
C(6)-H(6C) 0.98 
C(33)-C(34) 1.526(4) 
C(33)-C(35) 1.529(4) 
C(33)-H(33) 1 
C(28)-H(28) 0.95 
C(21)-C(23) 1.525(4) 
C(21)-C(22) 1.543(4) 
C(21)-H(21) 1 
C(10)-H(10A) 0.98 
C(10)-H(10B) 0.98 
C(10)-H(10C) 0.98 
C(7)-H(7A) 0.98 
C(7)-H(7B) 0.98 
C(7)-H(7C) 0.98 
C(35)-H(35A) 0.98 
C(35)-H(35B) 0.98 
C(35)-H(35C) 0.98 
C(23)-H(23A) 0.98 
C(23)-H(23B) 0.98 
C(23)-H(23C) 0.98 
C(8)-H(8A) 0.98 
C(8)-H(8B) 0.98 
C(8)-H(8C) 0.98 
C(9)-H(9A) 0.98 
C(9)-H(9B) 0.98 
C(9)-H(9C) 0.98 
C(30)-C(32) 1.537(6) 
C(30)-C(31) 1.539(6) 
C(30)-H(30) 1 
C(18)-C(20) 1.532(5) 
C(18)-C(19) 1.540(5) 
C(18)-H(18) 1 
C(22)-H(22A) 0.98 
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C(22)-H(22B) 0.98 
C(22)-H(22C) 0.98 
C(20)-H(20A) 0.98 
C(20)-H(20B) 0.98 
C(20)-H(20C) 0.98 
C(34)-H(34A) 0.98 
C(34)-H(34B) 0.98 
C(34)-H(34C) 0.98 
C(32)-H(32A) 0.98 
C(32)-H(32B) 0.98 
C(32)-H(32C) 0.98 
C(19)-H(19A) 0.98 
C(19)-H(19B) 0.98 
C(19)-H(19C) 0.98 
C(31)-H(31A) 0.98 
C(31)-H(31B) 0.98 
C(31)-H(31C) 0.98 
C(36)-C(37) 1.514(7) 
C(36)-H(36A) 0.98 
C(36)-H(36B) 0.98 
C(36)-H(36C) 0.98 
C(37)-C(42) 1.382(5) 
C(37)-C(38) 1.384(5) 
C(41)-C(40) 1.380(6) 
C(41)-C(42) 1.386(6) 
C(41)-H(41) 0.95 
C(40)-C(39) 1.387(5) 
C(40)-H(40) 0.95 
C(42)-H(42) 0.95 
C(39)-C(38) 1.385(5) 
C(39)-H(39) 0.95 
C(38)-H(38) 0.95 
C(36B)-C(42B) 1.520(11) 
C(36B)-H(36D) 0.98 
C(36B)-H(36E) 0.98 
C(36B)-H(36F) 0.98 
C(37B)-C(42B) 1.357(13) 
C(37B)-C(38B) 1.358(13) 
C(37B)-H(37B) 0.95 
C(41B)-C(40B) 1.357(13) 
C(41B)-C(42B) 1.361(13) 
C(41B)-H(41B) 0.95 
C(40B)-C(39B) 1.357(13) 

C(40B)-H(40B) 0.95 
C(39B)-C(38B) 1.356(13) 
C(39B)-H(39B) 0.95 
C(38B)-H(38B) 0.95 
C(31B)-C(30B) 1.535(8) 
C(31B)-H(31D) 0.98 
C(31B)-H(31E) 0.98 
C(31B)-H(31F) 0.98 
C(30B)-C(32B) 1.537(7) 
C(30B)-H(30B) 1 
C(32B)-H(32D) 0.98 
C(32B)-H(32E) 0.98 
C(32B)-H(32F) 0.98 

As(1)#1-As(1)-Fe(1) 60.969(13) 
As(1)#1-As(1)-Fe(1)#1 60.695(13) 
Fe(1)-As(1)-Fe(1)#1 121.664(12) 
N(2)-Fe(1)-N(1) 95.95(7) 
N(2)-Fe(1)-As(1) 125.38(5) 
N(1)-Fe(1)-As(1) 126.97(5) 
N(2)-Fe(1)-As(1)#1 123.66(5) 
N(1)-Fe(1)-As(1)#1 127.04(5) 
As(1)-Fe(1)-As(1)#1 58.335(12) 
C(2)-N(1)-C(24) 123.56(18) 
C(2)-N(1)-Fe(1) 122.16(15) 
C(24)-N(1)-Fe(1) 114.17(13) 
C(4)-N(2)-C(12) 122.56(18) 
C(4)-N(2)-Fe(1) 122.50(15) 
C(12)-N(2)-Fe(1) 114.65(13) 
C(13)-C(12)-C(17) 121.0(2) 
C(13)-C(12)-N(2) 120.3(2) 
C(17)-C(12)-N(2) 118.7(2) 
N(1)-C(2)-C(3) 121.6(2) 
N(1)-C(2)-C(1) 126.8(2) 
C(3)-C(2)-C(1) 111.59(19) 
N(2)-C(4)-C(3) 121.1(2) 
N(2)-C(4)-C(5) 126.8(2) 
C(3)-C(4)-C(5) 112.11(19) 
C(25)-C(24)-C(29) 121.0(2) 
C(25)-C(24)-N(1) 119.9(2) 
C(29)-C(24)-N(1) 119.0(2) 
C(2)-C(3)-C(4) 133.8(2) 
C(2)-C(3)-H(3) 113.1 
C(4)-C(3)-H(3) 113.1 
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C(14)-C(13)-C(12) 118.0(2) 
C(14)-C(13)-C(21) 119.3(2) 
C(12)-C(13)-C(21) 122.7(2) 
C(26)-C(25)-C(24) 118.2(3) 
C(26)-C(25)-C(33) 119.0(2) 
C(24)-C(25)-C(33) 122.8(2) 
C(16)-C(17)-C(12) 118.0(2) 
C(16)-C(17)-C(18) 118.9(2) 
C(12)-C(17)-C(18) 123.0(2) 
C(8)-C(1)-C(7) 107.5(2) 
C(8)-C(1)-C(6) 105.2(2) 
C(7)-C(1)-C(6) 108.0(2) 
C(8)-C(1)-C(2) 118.5(2) 
C(7)-C(1)-C(2) 107.2(2) 
C(6)-C(1)-C(2) 110.0(2) 
C(15)-C(14)-C(13) 121.4(3) 
C(15)-C(14)-H(14) 119.3 
C(13)-C(14)-H(14) 119.3 
C(28)-C(29)-C(24) 117.7(3) 
C(28)-C(29)-C(30) 118.8(4) 
C(24)-C(29)-C(30) 123.3(4) 
C(28)-C(29)-C(30B) 121.9(6) 
C(24)-C(29)-C(30B) 119.9(6) 
C(16)-C(15)-C(14) 119.7(2) 
C(16)-C(15)-H(15) 120.1 
C(14)-C(15)-H(15) 120.1 
C(27)-C(26)-C(25) 121.2(3) 
C(27)-C(26)-H(26) 119.4 
C(25)-C(26)-H(26) 119.4 
C(11)-C(5)-C(10) 109.0(2) 
C(11)-C(5)-C(9) 106.7(2) 
C(10)-C(5)-C(9) 105.4(2) 
C(11)-C(5)-C(4) 107.7(2) 
C(10)-C(5)-C(4) 109.0(2) 
C(9)-C(5)-C(4) 118.7(2) 
C(15)-C(16)-C(17) 121.5(3) 
C(15)-C(16)-H(16) 119.2 
C(17)-C(16)-H(16) 119.2 
C(28)-C(27)-C(26) 119.9(3) 
C(28)-C(27)-H(27) 120.1 
C(26)-C(27)-H(27) 120.1 
C(5)-C(11)-H(11A) 109.5 
C(5)-C(11)-H(11B) 109.5 

H(11A)-C(11)-H(11B) 109.5 
C(5)-C(11)-H(11C) 109.5 
H(11A)-C(11)-H(11C) 109.5 
H(11B)-C(11)-H(11C) 109.5 
C(1)-C(6)-H(6A) 109.5 
C(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(25)-C(33)-C(34) 114.0(3) 
C(25)-C(33)-C(35) 110.8(2) 
C(34)-C(33)-C(35) 108.2(2) 
C(25)-C(33)-H(33) 107.9 
C(34)-C(33)-H(33) 107.9 
C(35)-C(33)-H(33) 107.9 
C(27)-C(28)-C(29) 121.6(3) 
C(27)-C(28)-H(28) 119.2 
C(29)-C(28)-H(28) 119.2 
C(13)-C(21)-C(23) 111.5(2) 
C(13)-C(21)-C(22) 112.6(3) 
C(23)-C(21)-C(22) 108.0(2) 
C(13)-C(21)-H(21) 108.2 
C(23)-C(21)-H(21) 108.2 
C(22)-C(21)-H(21) 108.2 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
C(1)-C(7)-H(7A) 109.5 
C(1)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(1)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(33)-C(35)-H(35A) 109.5 
C(33)-C(35)-H(35B) 109.5 
H(35A)-C(35)-H(35B) 109.5 
C(33)-C(35)-H(35C) 109.5 
H(35A)-C(35)-H(35C) 109.5 
H(35B)-C(35)-H(35C) 109.5 
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C(21)-C(23)-H(23A) 109.5 
C(21)-C(23)-H(23B) 109.5 
H(23A)-C(23)-H(23B) 109.5 
C(21)-C(23)-H(23C) 109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
C(1)-C(8)-H(8A) 109.5 
C(1)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(1)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(5)-C(9)-H(9A) 109.5 
C(5)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(5)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(29)-C(30)-C(32) 109.3(6) 
C(29)-C(30)-C(31) 112.3(7) 
C(32)-C(30)-C(31) 109.1(6) 
C(29)-C(30)-H(30) 108.7 
C(32)-C(30)-H(30) 108.7 
C(31)-C(30)-H(30) 108.7 
C(17)-C(18)-C(20) 110.4(3) 
C(17)-C(18)-C(19) 112.5(3) 
C(20)-C(18)-C(19) 109.2(3) 
C(17)-C(18)-H(18) 108.2 
C(20)-C(18)-H(18) 108.2 
C(19)-C(18)-H(18) 108.2 
C(21)-C(22)-H(22A) 109.5 
C(21)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
C(21)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(18)-C(20)-H(20A) 109.5 
C(18)-C(20)-H(20B) 109.5 
H(20A)-C(20)-H(20B) 109.5 
C(18)-C(20)-H(20C) 109.5 
H(20A)-C(20)-H(20C) 109.5 
H(20B)-C(20)-H(20C) 109.5 
C(33)-C(34)-H(34A) 109.5 

C(33)-C(34)-H(34B) 109.5 
H(34A)-C(34)-H(34B) 109.5 
C(33)-C(34)-H(34C) 109.5 
H(34A)-C(34)-H(34C) 109.5 
H(34B)-C(34)-H(34C) 109.5 
C(30)-C(32)-H(32A) 109.5 
C(30)-C(32)-H(32B) 109.5 
H(32A)-C(32)-H(32B) 109.5 
C(30)-C(32)-H(32C) 109.5 
H(32A)-C(32)-H(32C) 109.5 
H(32B)-C(32)-H(32C) 109.5 
C(18)-C(19)-H(19A) 109.5 
C(18)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
C(18)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
C(30)-C(31)-H(31A) 109.5 
C(30)-C(31)-H(31B) 109.5 
H(31A)-C(31)-H(31B) 109.5 
C(30)-C(31)-H(31C) 109.5 
H(31A)-C(31)-H(31C) 109.5 
H(31B)-C(31)-H(31C) 109.5 
C(37)-C(36)-H(36A) 109.5 
C(37)-C(36)-H(36B) 109.5 
H(36A)-C(36)-H(36B) 109.5 
C(37)-C(36)-H(36C) 109.5 
H(36A)-C(36)-H(36C) 109.5 
H(36B)-C(36)-H(36C) 109.5 
C(42)-C(37)-C(38) 119.4(3) 
C(42)-C(37)-C(36) 120.3(5) 
C(38)-C(37)-C(36) 120.2(5) 
C(40)-C(41)-C(42) 120.2(4) 
C(40)-C(41)-H(41) 119.9 
C(42)-C(41)-H(41) 119.9 
C(41)-C(40)-C(39) 119.6(4) 
C(41)-C(40)-H(40) 120.2 
C(39)-C(40)-H(40) 120.2 
C(37)-C(42)-C(41) 120.3(4) 
C(37)-C(42)-H(42) 119.9 
C(41)-C(42)-H(42) 119.9 
C(38)-C(39)-C(40) 120.0(4) 
C(38)-C(39)-H(39) 120 
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C(40)-C(39)-H(39) 120 
C(37)-C(38)-C(39) 120.3(4) 
C(37)-C(38)-H(38) 119.8 
C(39)-C(38)-H(38) 119.8 

C(42B)-C(36B)-H(36D) 109.5 
C(42B)-C(36B)-H(36E) 109.5 
H(36D)-C(36B)-H(36E) 109.5 
C(42B)-C(36B)-H(36F) 109.5 
H(36D)-C(36B)-H(36F) 109.5 
H(36E)-C(36B)-H(36F) 109.5 
C(42B)-C(37B)-C(38B) 119.9(5) 
C(42B)-C(37B)-H(37B) 120 
C(38B)-C(37B)-H(37B) 120 
C(40B)-C(41B)-C(42B) 119.9(6) 
C(40B)-C(41B)-H(41B) 120.1 
C(42B)-C(41B)-H(41B) 120.1 
C(41B)-C(40B)-C(39B) 119.9(6) 
C(41B)-C(40B)-H(40B) 120 
C(39B)-C(40B)-H(40B) 120 
C(37B)-C(42B)-C(41B) 119.9(5) 
C(37B)-C(42B)-C(36B) 113.7(17) 
C(41B)-C(42B)-C(36B) 126.4(17) 
C(38B)-C(39B)-C(40B) 119.9(5) 
C(38B)-C(39B)-H(39B) 120 
C(40B)-C(39B)-H(39B) 120 
C(39B)-C(38B)-C(37B) 120.1(5) 
C(39B)-C(38B)-H(38B) 119.9 
C(37B)-C(38B)-H(38B) 119.9 
C(30B)-C(31B)-H(31D) 109.5 
C(30B)-C(31B)-H(31E) 109.5 
H(31D)-C(31B)-H(31E) 109.5 
C(30B)-C(31B)-H(31F) 109.5 
H(31D)-C(31B)-H(31F) 109.5 
H(31E)-C(31B)-H(31F) 109.5 
C(31B)-C(30B)-C(32B) 106.8(10) 
C(31B)-C(30B)-C(29) 111.2(10) 
C(32B)-C(30B)-C(29) 115.9(13) 
C(31B)-C(30B)-H(30B) 107.5 
C(32B)-C(30B)-H(30B) 107.5 
C(29)-C(30B)-H(30B) 107.5 
C(30B)-C(32B)-H(32D) 109.5 
C(30B)-C(32B)-H(32E) 109.5 
H(32D)-C(32B)-H(32E) 109.5 

C(30B)-C(32B)-H(32F) 109.5 
H(32D)-C(32B)-H(32F) 109.5 
H(32E)-C(32B)-H(32F) 109.5 
Symmetry transformations used to generate 
equivalent atoms: #1 -x+1,-y+1,-z+1 
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Table 7.9. Anisotropic displacement parameters (Å2x 103) for 6∙2 tol. The anisotropic displacement factor 
exponent takes the form: -2p2[h2 a*2 U11 + … + 2 h k a* b* U12]. 

 U11 U22 U33 U23 U13 U12 
As(1) 37(1) 24(1) 24(1) 3(1) 3(1) 3(1) 
Fe(1) 20(1) 21(1) 25(1) 5(1) 5(1) 1(1) 
N(1) 21(1) 25(1) 26(1) 3(1) 7(1) 0(1) 
N(2) 20(1) 27(1) 24(1) 3(1) 5(1) 3(1) 
C(12) 18(1) 33(1) 29(1) 7(1) 6(1) 2(1) 
C(2) 31(1) 21(1) 24(1) 0(1) 8(1) -1(1) 
C(4) 27(1) 26(1) 25(1) 2(1) 4(1) 5(1) 
C(24) 24(1) 25(1) 32(1) 8(1) 6(1) -3(1) 
C(3) 31(1) 26(1) 25(1) 7(1) 4(1) 2(1) 
C(13) 25(1) 41(1) 30(1) 7(1) 1(1) -4(1) 
C(25) 28(1) 41(1) 35(1) 14(1) 11(1) 5(1) 
C(17) 37(1) 38(1) 36(1) 0(1) 13(1) 2(1) 
C(1) 36(1) 26(1) 34(1) 7(1) 10(1) -4(1) 
C(14) 26(1) 56(2) 40(2) 10(1) 3(1) -11(1) 
C(29) 31(1) 27(1) 50(2) 4(1) -2(1) -5(1) 
C(15) 25(1) 63(2) 42(2) 15(1) 12(1) 1(1) 
C(26) 26(1) 57(2) 54(2) 20(1) 14(1) 10(1) 
C(5) 28(1) 38(1) 42(1) 12(1) 5(1) 9(1) 
C(16) 37(2) 49(2) 38(2) 3(1) 18(1) 7(1) 
C(27) 22(1) 65(2) 71(2) 25(2) -2(1) -6(1) 
C(11) 37(2) 64(2) 45(2) 12(1) -9(1) 8(1) 
C(6) 48(2) 28(1) 77(2) 10(1) 14(2) -2(1) 
C(33) 43(2) 57(2) 31(1) 2(1) 9(1) 22(1) 
C(28) 33(2) 43(2) 65(2) 9(1) -11(1) -13(1) 
C(21) 44(2) 55(2) 37(2) -4(1) 8(1) -22(1) 
C(10) 45(2) 38(2) 62(2) 10(1) 6(1) 18(1) 
C(7) 73(2) 62(2) 31(2) 6(1) 19(1) -24(2) 
C(35) 44(2) 50(2) 46(2) 0(1) 10(1) 9(1) 
C(23) 45(2) 53(2) 60(2) -12(2) 2(1) -12(1) 
C(8) 34(2) 45(2) 66(2) 28(1) 11(1) -9(1) 
C(9) 29(1) 64(2) 70(2) 30(2) 8(1) 19(1) 
C(30) 38(4) 45(3) 55(3) -17(3) -9(4) -6(3) 
C(18) 68(2) 62(2) 50(2) -23(2) 36(2) -25(2) 
C(22) 102(3) 68(2) 42(2) 6(2) -23(2) -26(2) 
C(20) 41(2) 79(2) 85(3) -48(2) 9(2) -2(2) 
C(34) 133(4) 63(2) 45(2) 13(2) 40(2) 40(2) 
C(32) 50(4) 48(4) 57(4) -21(3) 23(3) -12(3) 
C(19) 149(4) 46(2) 51(2) -9(2) 19(2) -3(2) 
C(31) 105(6) 34(2) 62(3) -15(2) 6(3) 6(3) 
C(36) 68(4) 103(4) 87(3) 31(3) 12(3) -22(3) 
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C(37) 36(3) 61(3) 59(2) 17(2) -2(2) 3(2) 
C(41) 71(6) 85(4) 47(2) 7(3) -14(3) 12(4) 
C(40) 76(4) 72(3) 52(3) 30(2) 15(3) 13(3) 
C(42) 46(4) 55(3) 71(3) 8(2) -13(3) 4(3) 
C(39) 50(4) 57(3) 67(3) 18(2) 6(2) 3(2) 
C(38) 34(3) 68(2) 49(2) 5(2) 3(2) -3(2) 
C(36B) 34(7) 130(10) 98(11) 19(8) -23(7) 4(7) 
C(37B) 34(8) 119(11) 87(9) 26(7) -10(7) 42(8) 
C(41B) 53(10) 100(10) 68(9) 23(7) -24(7) 27(7) 
C(40B) 56(11) 118(10) 84(11) 9(9) -34(9) 7(9) 
C(42B) 41(9) 106(10) 79(9) 27(7) -19(7) 32(7) 
C(39B) 67(13) 119(12) 99(13) -1(9) -22(11) 22(9) 
C(38B) 53(12) 136(13) 98(10) 4(8) -13(8) 34(10) 
C(31B) 78(9) 37(4) 52(5) -1(3) 8(5) 18(5) 
C(30B) 38(7) 27(4) 39(5) -14(4) 5(4) 6(4) 
C(32B) 68(8) 45(7) 43(5) -7(5) -8(5) 4(6) 

 

7.4.3. Amorphous CoP 

Preparation: 

To a three-necked round bottom Schlenk flask fitted with a temperature sensor and a 
condenser, 25 mL oleic acid (Fisher Scientific) was added. The solvent was degassed by 
a three-cycle freeze-pump method. The whole set up was degassed using vacuum 
followed by nitrogen refill three times and then the flask was heated to 300 °C. The 
precursor (0.47 g, 0.46 mmol) was dissolved in 5 mL of dry oleic acid at 30 °C in another 
flask. The solution was transferred to the three-necked flask at 300 °C by injection under 
inert conditions. The reaction temperature was maintained at 300 °C for one more hour 
and then the mixture was allowed to cool down naturally to room temperature. The whole 
reaction mixture was transferred into a centrifuge tube and centrifuged along with an 
additional 20 mL methanol at 9000 rpm to produce a black solid. Washing with methanol 
was repeated thrice more to remove any excess ligand and oleic acid. The precipitate was 
then washed with acetone and dried to store for further use. 

Yield: 109.0 mg (97.8 %) 

Characteristics: dark brown powder 

IR (ATR-Diamond): the small bands between 1250 and 500 cm-1 could correspond to 
the stretching and bending vibrations of the phosphate group, originated from surface 
oxidation.[160,282] The small peak around 600 cm-1 which appears on both materials is 
characteristic of the Co-O bond, which may be present as the sample contain O.[282]  
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Figure 7.20. FT-IR of amorphous CoP. The small bands between 1250 and 500 cm-1 which could 
correspond to the stretching and bending vibrations of the phosphate group, originated from surface 
oxidation.[160,282] The small peak around 600 cm-1 which appears on both materials is characteristic of the 
Co-O bond, which may be present as the samples contain O.[282] The attained FT-IR spectra is in accordance 
with the other CoP based materials. 

Table 7.10. Determination of C, H and O content by elemental analysis. The presence of C, H and N arise 
from the β-Diketiminato ligand of the precursor. 

Material % C % H % N 
Amorphous CoP 6.49 0.61 0.98 

 

7.4.4. Crystalline CoP 

Preparation: 

0.20 g (0.20 mmol) of the precursor were introduced in a quartz tube under an inert 
atmosphere and subsequently introduced on a tube furnace SR-A60-300/12 GERO 
(Neuhausen). The sample was then heated up at 10 °C min-1 from room temperature and 
held at 600 °C for 2 h under Ar. After cooling to room temperature, a black powder was 
collected and washed with acetone for several times. The use of a lower temperature (300 
and 450 °C) resulted in the formation of materials with a large amount of carbon due to 
the incomplete decomposition of molecular precursor (see Table 7.12 and Figure A.1.1). 

Yield: 42.8 mg (90.2 %) 

Characteristics: dark brown crystalline powder 
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Table 7.11. Reflex list of crystalline CoP. 

Number 
Position 
(2Theta (º)) h k l 

1 31.62 0 1 1 
2 36.32 1 1 1 
3 46.20 1 1 2 
4 48.15 2 1 1 
5 48.44 2 0 2 
6 56.84 3 0 1 

  

 

Figure 7.21. Representation of the crystal structure of CoP phase JCPDS 029-497, orthorhombic phase 
(Pnma (62) space group, a = 5.077, c = 5.587). Green and red spheres represent Co and P atoms, 
respectively. 

Table 7.12. CHN analysis pyrolysis products from the molecular precursor obtained at 300 °C and 450 °C 
and 600 °C. 

Pyrolysis temperature (°C) % N % C % H 
300 2.59 34.81 3.98 
450 1.14 18.43 2.51 
600 0.27 7.23 0.29 

 

IR (ATR-Diamond): the small bands between 1250 and 500 cm-1 could correspond to 
the stretching and bending vibrations of the phosphate group, originated from surface 
oxidation.[160,282] The small peak around 600 cm-1 which appears on both materials is 
characteristic of the Co-O bond, which may be present as the sample contain O.[282]  
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Figure 7.22. FT-IR of crystalline CoP. The small bands between 1250 and 500 cm-1 which could 
correspond to the stretching and bending vibrations of the phosphate group, originated from surface 
oxidation.[160,282] The small peak around 600 cm-1 which appears on both materials is characteristic of the 
Co-O bond, which may be present as the samples contain O.[282] The attained FT-IR spectra is in accordance 
with the other CoP based materials. 

7.4.5. Crystalline FeAs 

Preparation: 

The modification of a previously developed procedure was used.[250] To a three-necked 
round bottom Schlenk flask fitted with a temperature sensor and a condenser, 25 mL 
oleylamine (Sigma-Aldrich) was added. The solvent was previously degassed by a 3-
cycle freeze-pump method and stored with molecular sieves (3 Å). The whole set up was 
degassed using a vacuum followed by nitrogen refill three times and then the flask was 
heated to 250 °C. The LBFeAs2FeLB precursor (1449.46 g mol-1; 150 mg; 0.103 mmol) 
was dissolved in 5 mL of dry oleylamine at 35 °C in another flask. The solution was 
transferred to the three-necked flask at 250 °C by injection under inert conditions. The 
reaction temperature was maintained at 250 °C for one more hour and then the mixture 
was allowed to cool down naturally to room temperature. The whole reaction mixture 
was transferred into a centrifuge tube and centrifuged along with additional 20 mL 
ethanol at 9000 rpm to produce a black solid. The mixture was placed 15 min in the 
ultrasonic bath to remove any excess ligand and oleylamine. Sonication and 
centrifugation cycles were repeated for four additional times. The precipitate was then 
washed with acetone and dried overnight at 60 °C and used for characterizations. 

Yield: 24.0 mg (88.2 %) 

Characteristics: black powder 
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Table 7.13. Reflex list of crystalline FeAs. 

Number 
Position 
(2Theta (º)) h k l 

1 30.10 1 1 0 
2 34.53 1 1 1 
3 43.81 1 2 1 
4 45.36 2 1 1 
5 48.23 1 3 0 
6 53.16 0 3 1 
7 54.32 0 0 2 
8 57.23 2 3 0 
9 60.21 3 1 1 
10 64.19 1 4 0 
11 65.48 1 2 2 
12 73.01 2 2 2 
13 79.06 3 1 2 

  

IR (ATR-Diamond): no strong absorption bands were observed in the measuring range. 

 

Figure 7.23. Representation of the crystal structure of FeAs (JCPDS 76-458), which belongs to the MnP 
structure type (orthorhombic, Pnma (62) space group, with lattice parameters a = 5.442 Å and c = 3.3727 
Å). Blue and yellow spheres represent Fe and As atoms, respectively. 

Table 7.14. Determination of C, H and O content by elemental analysis. The presence of C, H, and N arises 
from the LB ligand of the precursor. 

% C % H % N 

5.0038 0.479 0.009 
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7.4.6. Amorphous NiAs 

Preparation: 

200.3 mg (0.613 mmol) of NiBr2(thf)1.5 and 185.5 mg (0.614 mmol) of 
NaOCAs·(dioxane)2.1 were taken separately in 20 mL of dry THF in two Schlenk flasks 
at -20 °C. Under vigorous stirring conditions, the later solution was slowly transferred 
(dropwise added over 30 min) to the former solution using a cannula to result in the 
formation of black precipitate. The mixture was allowed to stir for 4 h and then exposed 
to air. Then the mixture was centrifuged and washed three times with ethanol and one 
time with acetone (4 × 40 mL) sequentially to remove any unreacted reagents. The 
resulting black powder was dried overnight at 60 °C and used for characterizations. 

Yield: 77.8 mg (95.0 %) 

Characteristics: black powder 

IR (ATR-Diamond): The most representative signals are related to surface oxidation 
from the NiAs due to contact with air. Signals related from metal-As vibrations could not 
be identified as they appear < 500 cm-1.[458,459] The broad peak at 3300 cm-1 and 
correspond to the stretching vibration of O-H. The peak at 1600 cm-1 could be attributed 
to vibrational modes of adsorbed water.[457] The peaks at 800 cm-1 and 730 cm-1 could be 
related to surface oxidation symmetric stretch vibration v(As-O).[540–543] The peak at 
650 cm-1 is related to the stretching vibration of the As-OX (with X = H+, cation or 
H2O).[544] 

 

Figure 7.24. IR of amorphous NiAs. 

7.4.7. Amorphous NiP 

Preparation: 

211.8 mg (0.648 mmol) of NiBr2(thf)1.5 and 197 mg (0.652 mmol) of 
NaOCP·(dioxane)2.5 were taken separately in 20 mL of dry THF in two Schlenk flasks at 
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-20 °C. Under vigorous stirring conditions, the later solution was slowly transferred 
(dropwise added over 30 min) to the former solution using a cannula to result in the 
formation of black precipitate. The mixture was allowed to stir for 4 h and then opened 
to air. Then the mixture was centrifuged and washed three times with ethanol and one 
time with acetone (4 × 40 mL) sequentially to remove any unreacted reagents. The 
resulting black-brown powder was dried overnight at 60 °C and used for 
characterizations. 

Yield: 53.8 mg (92.5 %) 

Characteristics: black powder 

IR (ATR-Diamond): NiP shows the stretching vibration form the O-H bond is observed 
(ca. 3300 cm-1). The peak at 1635 cm-1 could be attributed to vibrational modes of 
adsorbed water.[457] Finally, the peaks at 1040 cm-1 and 920 cm-1 indicate the presence of 
[PO4]3- and [HPO4]2-, respectively, confirming the surface oxidation.[457] 

 

Figure 7.25. IR of amorphous NiP.  
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8. Appendix 

A.1. Appendix of Chapter 3: Amorphous CoP vs. crystalline CoP 

 

Figure A.1.1. Effect of pyrolysis temperature on the crystallinity of the resulting Co-P phase. The PXRD 
patterns of pyrolysis products from the molecular precursor obtained at 300 °C and 450 °C do not show 
any distinguishable peak, confirming that total decomposition does not occur until 600 °C. 

Table A.1.1. Determination of the Co and P content in the prepared materials by ICP-AES. 

Material Co:P 
(ICP-AES) 

Crystalline CoP 1:1.14 
Amorphous CoP 1:1.05 

 

 

Figure A.1.2. EDX of amorphous CoP, which confirms the presence of Co and P. The presence of Cu 
peaks is due to the TEM grid (carbon film on 300 mesh Cu-grid). The EDX values of Co:P were ~1:1. 
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Figure A.1.3. EDX of crystalline CoP, which confirms the presence of Co and P. The presence of Cu peaks 
is due to the TEM grid (carbon film on 300 mesh Cu-grid). The EDX values of Co:P were ~1:1. 

 

Figure A.1.4. SEM of amorphous and crystalline CoP and elemental mapping of O (blue). The used 
substrate was silicon wafer. The presence of O is due to the surface passivation. 

 

Figure A.1.5. High-resolution XPS spectra for O 1s for the as-prepared (a) amorphous CoP and (b) 
crystalline CoP.   
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Comparison of prepared materials activity for OER to other materials 

Table A.1.2. Overpotentials at 10 mA cm-2 of Co phosphide-based catalysts, non-noble TM-based 
catalysts, and non-noble TM-P-based catalysts at 1 M KOH for OER. 

Catalyst 
Current density 
(mA cm-2) 

Overpotential η 
(mV) Reference 

Amorphous CoP/NF 10 
100 

284 
341 

This work 
This work 

Crystalline CoP/NF 10 
100 

305 
392 

This work 
This work 

Amorphous CoP/FTO 10 
100 

360 
414 

This work 
This work 

Crystalline CoP/FTO 10 
100 

414 
592 

This work 
This work 

IrO2/NF 10 
100 

287 
413 

This work 
This work 

IrO2/FTO 10 
100 

409 
- 

This work 
This work 

Pt 10 
100 

654 
- 

This work 
This work 

Ni11(HPO3)8(OH)6/NF 10 232 [79] 
Ni2P/Ni/NF 10 200 [151] 
Porous Co-P/phosphate thin film 10 330 [156] 
Surface phosphate modified Co-P nanorod 
bundles 

10 310 [160] 

Ni2P/NF 10 290 [161] 
Ni2P/FTO 10 400 [161] 
Co Phosphide Nanorods 10 320 [162] 
NixPy-325 10 320 [169] 
CoP@GC 10 345 [171] 
Porous Co Phosphide Polyhedrons 10 289 [173] 
CoMnP 10 330 [177] 
Co2P/GCE 10 370 [177] 
FeP/Au 10 290 [189] 
Nanostructured Co-P based films 10 340 [238] 
Core-Oxidized Amorphous Co-P 10 287 [239] 
Amorphous Co-P films/Cu 10 345 [240] 
CoP nanowire on Ti mesh 10 310 [254] 
CoP hollow polyhedron 10 400 [259] 
Co2P/Co foil 10 319 [260] 
Co phosphide/carbon dots composite 10 400 [262] 
Co/Co2P nanoparticles/NF 10 190 [263] 
CoP mesoporous nanorods 10 290 [264] 
CoP nanoneedle arrays/CC 10 281 [265] 
CoP nanocubes 10 354 [267] 
CoP nanoframes  10 323 [267] 
Co-P/NC nano-Polyhedrons 10 319 [278] 
CoP/Co2P 10 317 [321] 
Ni-P 10 300 [424] 
FeCoNiP 10 200 [545] 
CoP/NF 10 300 [546] 
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CoP NPs@P-doped dual carbon shells 10 280 [547] 
Hollow CoP@N-doped carbon 10 320 [548] 
CoP NPs@N-doped porous carbon spheres  10 350 [549] 
CoxP@ N-doped carbon porous 
polyhedrons 

10 380 [550] 

Fe-Ni-P hybrid catalyst 10 154 [551] 
CoP/NCNHP 10 310 [552] 
CoP@NG 10 354 [553] 
CoP/rGP-400 10 340 [554] 
Co-P@NC-800 10 370 [555] 
Co3O4/ NiCo2O4 DSNCs 10 340 [556] 
CoCo LDH 10 393 [557] 
NiFe-LDH 10 300 [557] 
NiCo-LDH 10 335 [557] 
NiFe oxides 10 300 [558] 
FeCoW oxy-hydroxides 10 191 [559] 
Co3O4/Au 10 400 [560] 
CoCr2O4 10 422 [561] 
CoCr2O4/CNT 10 326 [561] 
FeNi-rGO LDH 10 195 [562] 
FeNi-GO LDH 10 210 [562] 
CoS 10 361 [563] 
(Ni,Co)Se0.85-NiCo LDH 10 216 [564] 
Ni-P film 10 344 [565] 
 

 

Figure A.1.6. CV (scan rate 10 mV s-1, iR compensation at 85 %) of amorphous and crystalline CoP and 
on (a) NF and on (b) FTO measured between 1.12 V and 1.52 V (vs. RHE) in 1 M KOH. The materials on 
both substrates featured a pair of anodic and cathodic peaks corresponding to the reaction of oxidation of 
the Co hydroxide in alkaline media: Co(OH)2 + OH- à CoOOH + H2O + e-. Eventually, the produced 
CoOOH could be furtherly oxidized to the CoO2 during anodic polarization: CoOOH + OH- à CoO2 + 
H2O + e-.[293] These peaks have been also often observed for most of the first-row TM-based materials, 
which exhibited M(OH)2/MOOH phase formation at potentials between ca. 1.1 V and 1.4 V (vs. NHE).[293] 
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Figure A.1.7. (a) Polarization curves of HER of different CoP materials and commercial noble metal-based 
catalysts deposited on NF with a scan rate of 10 mV s-1 in 1 M KOH (iR compensation: 85 %). 

Comparison of prepared materials activity for HER to other materials 

Table A.1.3. Activity comparison of as-prepared CoP materials with other highly efficient non-noble TM-
based, Co phosphide-based catalysts, non-noble TM-Ps-based catalysts, Co phosphide-based catalysts at 1 
M KOH for HER. 

Catalyst 
Current density 
(mA cm-2) 

Overpotential 
η (mV) 

Reference 

Amorphous CoP/NF -10 
-100 

143 
195 

This work 
This work 

Crystalline CoP/NF -10 
-100 

261 
334 

This work 
This work 

Amorphous CoP/FTO -10 
-100 

228 
324 

This work 
This work 

Crystalline CoP/FTO -10 
-100 

377 
-- 

This work 
This work 

IrO2/NF -10 
-100 

209 
335 

This work 
This work 

IrO2/FTO -10 
-100 

430 
-- 

This work 
This work 

Pt -10 
-100 

39 
135 

This work 
This work 

Ni2P/NF -10 85 [26] 
Ni12P5/NF -10 170 [26] 
Ni11(HPO3)8(OH)6/NF -10 121 [79] 
NixPy-325 -20 160 [169] 
Porous Co Phosphide Polyhedrons -10 116 [173] 
Nanostructured Co-P films -10 196 [238] 
Co-phosphorus derived films/Cu -10 94 [240] 
Ni2P/GC -10 220 [240] 
CoP nanowire on Ti mesh -10 72 [254] 
CoP/CC -10 209 [255] 
CoP hollow polyhedron -10 159 [259] 
Co2P/Co foil -10 157 [260] 
CoP nanoneedle arrays/CC -10 95 [265] 
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CoP nanoframes  -10 136 [267] 
CoP/Co2P -10 103 [321] 
Co-P/NC nano-Polyhedrons -10 154 [278] 
MoP/Ni2P/NF -10 75 [298] 
CoP/NF -10 100 [546] 
CoP NPs@P-doped dual carbon shells -10 153 [547] 
CoP NPs@N-doped porous carbon spheres  -10 112 [549] 
CoxP@ N-doped carbon porous polyhedrons -10 187 [550] 
Fe-Ni-P hybrid catalyst -10 14 [551] 
CoP/NCNHP GCE -10 115 [552] 
CoP@NG -10 182 [553] 
CoP-rGO-400 -10 150 [554] 
Ni5P4 film -10 180 [557] 
Ni-P electrodeposited -10 93 [565] 
CoNx -10 170 [566] 
NiCo2Px nanowires -10 58 [567] 
Ni1-xCoxSe nanosheet -10 85 [568] 
FeP nanowire arrays -10 194 [569] 
Ni5P4 (pellet) -10 49 [570] 
MoNi4 /MoO2 cuboids -10 15 [571] 
Co2P films/Co -10 174 [572] 
Urchin-like CoP microspheres film/TiO2 -10 60 [573] 
CoP/Co2P@NC-2 -10 198 [574] 
Ni2P -10 87 [575] 
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Figure A.1.8. The CV of (a) amorphous CoP/NF, (b) after OER and (c) after HER at a non-faradaic process 
region at different scan rates. Scan rates: 5 mV s-1 (black), 10 mV s-1 (red), 25 mV s-1 (blue), 50 mV s-1 
(fuchsia), 100 mV s-1 (green), 200 mV s-1 (dark blue). The Cdl was determined as the half of the slope from 
the plot of the capacitive current vs. scan rate plot (d).  
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Figure A.1.9. The CV of (a) crystalline CoP/NF, (b) after OER and (c) after HER at a non-faradaic process 
region at different scan rates. Scan rates: 5 mV s-1 (black), 10 mV s-1 (red), 25 mV s-1 (blue), 50 mV s-1 
(fuchsia), 100 mV s-1 (green), 200 mV s-1 (dark blue). The Cdl was determined as the half of the slope from 
the plot of the capacitive current vs. scan rate plot (d). 

Table A.1.4. Correlation factor (R2) of the linear plot of capacitive current vs. scan rate, Cdl, and calculated 
ECSA of the prepared materials over NF. 

 

 

 

Material R2 Cdl (mF cm-2) ECSA (cm2) 

amorphous CoP/NF 0.9985 0.5143 0.30 
crystalline CoP/NF 0.9995 0.1833 0.11 

OER amorphous CoP/NF 0.9998 0.8341 0.49 
HER amorphous CoP/NF 0.9984 0.7842 0.46 
OER crystalline CoP/NF 0.9992 0.3990 0.23 
HER crystalline CoP/NF 0.9975 0.4115 0.24 
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Figure A.1.10. Nyquist plot of a non-Faradaic region measured between 100 mHz and 100 kHz of (a) the 
amorphous CoP/NF and (b) crystalline CoP/NF compared to the materials after the OER and HER. The 
applied potential was 0.7 V vs. Hg/HgO. From the fitting of data to semi-circle plots, the Rs and the Rct 
were calculated. 

 

Table A.1.5. Rct and Rs of the prepared materials over NF obtained from the Nyquist plot during the EIS 
experiments. 

 

 

 

 

 

 

 

Figure A.1.11. Polarization curves of (a) OER and (b) HER of different CoP materials normalized by 
ECSA. 

 

Material Rct (Ω) Rs (Ω) 

amorphous CoP/NF 0.8721 1.021 
crystalline CoP/NF 1.0357 1.006 

OER amorphous CoP/NF 0.6701 1.023 
HER amorphous CoP/NF 0.6107 1.015 
OER crystalline CoP/NF 0.6787 1.009 
HER crystalline CoP/NF 0.5241 1.005 
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Table A.1.6. Surface area values obtained from BET experiment. 

Material Surface area (m2 g-1) 

Crystalline CoP 27.50 
Amorphous CoP 28.41 

 

 

Figure A.1.12. (a) SEM of amorphous CoP after OER and elemental mapping of (b) P (red). (c) SEM of 
crystalline CoP after OER and elemental mapping of (d) P (red). 
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Figure A.1.13. The Co 2p, P 2p and O 1s XPS spectra of amorphous CoP after OER LSV (a, c and e) and 
OER CP (b, d and f). In both cases, total disappearance of the peaks associated to Coδ+ in CoP (778.7 eV 
in 2p3/2 and 793.9 eV and 2p1/2)[288] was observed with additional strong peaks corresponding to CoII/CoIII. 
The deconvolution spectra of Co 2p displayed the enhancement of CoIII peak area after CP compared to the 
CoII peak area suggesting a greater amount of Co oxidation under continuous OER. Similarly, after both 
LSV and CP experiments, Pδ- (peak at 129.0 eV) completely disappears and the oxidized PV (133.7 eV) 
peak appears.[160,162] Moreover, after CP OER, the peak centered at ~136.2 eV corresponding to P2O5 was 
also evolved.[305] The O 1s spectra shows three peaks (O1, O2 and O3) that can be correlated to the metal-
oxygen bond in metal oxide (O1), [306] oxygen in –OH groups, indicating that the surface of the material is 
hydroxylated (O2), [307] and the absorbed water molecules on the materials (O3),[307] respectively.  



 183 

 

Figure A.1.14. The Co 2p, P 2p and O 1s XPS spectra of crystalline CoP after OER CP (a, b, c). After 
OER, the peak of CoIII (deconvoluted: 795.2 eV, 780.0 eV)[288] increased its intensity in comparison to the 
CoII peak (deconvoluted: 796.3 eV, 781.1 eV).[288] After CP OER, only oxidized species PV 
(133.5 eV)[160,162] peak is observed. The reduced Pδ- peak (129.4 eV, see Figure 3.9) disappears. The O 1s 
spectra shows three peaks (O1, O2 and O3) that can be correlated to the metal-oxygen bond in metal oxide 
(O1),[306] oxygen in –OH groups, indicating that the surface of the material is hydroxylated (O2),[307] and 
the absorbed water molecules on the materials (O3),[307] respectively. 

 

Figure A.1.15. Comparison of FT-IR spectra of the materials after LSV and CP OER catalysis of 
amorphous and crystalline CoP. A broad band centered at ca. 3000 cm-1 appears on the spectra of the 
amorphous material and corresponds to adsorbed H2O or possibly from the formed (oxy)hydroxide layer 
after surface oxidation. The small bands between 1500 cm-1 and 500 cm-1 are attributed to P=O stretching 
vibration and P-O-P stretching vibration on the phosphate groups.[160,282] The peak at 600 cm-1 is 
characteristic of Co-O bond.[282] 
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Table A.1.7. The concentration of Co and P in the electrolyte solution after CP OER and CP HER 
experiments. The concentration was determined by ICP-AES of the solution. Phosphorus concentration in 
solution increases because of the high solubility of the generated polyphosphate species in the 
electrolyte.[100,303] Only a small amount of Co leaches into the solution, which could be explained by the 
difference in solubility of the oxidized Co species in the alkaline electrolyte, which is lower in comparison 
to the P-containing species.[302]  

Sample Co (mg L-1) P (mg L-1) 

% of element loss in 
solution 

% Co % P 

1 M KOH 0.00 0.00 - - 
Amorphous CoP after OER CP 0.21 5.87 2 85 
Amorphous CoP after HER CP 0.15 0.89 1 13 
Crystalline CoP after OER CP 0.18 0.84 1 11 
Crystalline CoP after HER CP 0.42 0.36 3 5 
 

 

Figure A.1.16. (a) SEM of amorphous CoP after HER and elemental mapping of (b) P (red). (c) SEM of 
crystalline CoP after HER and elemental mapping of (d) P (red).  
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Figure A.1.17. The Co 2p, P 2p and O 1s XPS spectra of amorphous CoP after HER LSV (a, c and e) and 
HER CP (b, d, f) for amorphous CoP. In the Co 2p spectra, similar peaks were obtained in both cases, with 
a total disappearance peaks associated to of the Coδ+ and appearance of peaks for CoII and CoIII which is 
due to the surface passivation under strongly alkaline conditions.[160] The peak of Pδ- (129.0 eV) in the 
spectra after LSV HER has a reduced intensity if compared to the initial spectrum, with the most intense 
peak corresponding to P5+ (133.1 eV).[160,162] In the case of the spectrum after CP, the peaks for P was 
completely disappeared further demonstrating the loss of P in HER conditions that match with ICP-AES 
results (Table A.1.1). The O 1s spectrum for LSV and CP showed three distinct peaks (O1, O2 and O3) 
corresponding to the metal-oxygen bond in metal oxide (O1),[306] oxygen in –OH groups, indicating that 
the surface of the material is hydroxylated (O2),[307] and the absorbed water molecules on the materials 
(O3),[307] respectively. 
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Figure A.1.18. XPS of Co, P and O after HER CP (a, b, c, respectively) for crystalline CoP. The Co 2p, P 
2p and O1s spectra could be described similar to Figure A.1.17. 

 

Figure A.1.19. Comparison of FT-IR of the obtained materials after LSV and CP HER catalysis of 
amorphous and crystalline CoP. A broad band centered at ca. 3000 cm-1 appears in the spectra of the 
amorphous material and corresponds to adsorbed H2O or possibly from the formed (oxy)hydroxide shell 
after surface oxidation. The broad lower transmittance range between 1250 cm-1 and 500 cm-1, where peaks 
associated to phosphate groups appear,[160,282] shows no intense peaks indicating a loss of phosphate.  
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Figure A.1.20. OWS with (a) amorphous and (b) crystalline CoP on a CoP/NF║CoP/NF two-electrode 
system in 1 M KOH solution. Vigorous bubble formation on the cathode and anode was observed during 
the experiment. 

Table A.1.8. Overpotentials at 10 mA cm-2 of Co phosphide-based catalysts at 1 M KOH for OWS. 

Catalyst Cell potential (V) Reference 
CoP-films/Au 1.74 [238] 
Co-P films/Cu foil 1.56 [240] 
Co2P/Co foil 1.71 [260] 
CoP nanoneedle arrays/CC 1.61 [265] 
CoP hollow prisms 1.52 [266] 
CoP nanocubes 1.75 [267] 
CoP nanoframes  1.65 [267] 
Co2P nanocrystals 1.56 [320] 
CoP/Co2P 1.65 [321] 
CoP/NF 1.62 [546] 
CoP@CC 1.68 [576] 
CoP NPs@P-doped dual carbon shells 1.66 [547] 
Hollow CoP@N-doped carbon 1.72 [548] 
CoP NPs@N-doped porous carbon spheres  1.64 [549] 
CoxP@ N-doped carbon porous polyhedrons 1.71 [550] 
Meso-Co/Co2P 1.57 [577] 
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Figure A.1.21. (a) In inverted two-electrode amorphous CoP║amorphous CoP electrolyzer was used under 
constant current density of 10 mA cm-2 in 1 M KOH to allow the collection of H2 and O2 separately at 
atmospheric pressure. (b) The initial level of the electrolyte was noted and then the valves were closed. 
During electrolysis, because of evolution and collection of H2 and O2 at the upper part of the cell, the level 
of electrolyte goes down and the change in volume over time was noted. (c) The ratio of volumes of H2 and 
O2 remained almost 2:1 over one hour of electrolysis. A similar system was built using a two-electrode 
crystalline CoP║crystalline CoP electrolyser (d and e). 

 

Figure A.1.22. The plot of volume change as result of H2 and O2 evolution in the experiments respect to 
time for (a) amorphous CoP and (b) crystalline CoP. The ratios of H2 and O2 were obtained from the 
electrodes of both materials deposited on NF as both cathode and anode in 1 M KOH solution at a current 
of 10 mA cm-2 for 1 h. The attained ratios directly confirmed the evolution of gases as well as the amount 
of H2 was approximately twice larger than the O2 demonstrating the efficient selectivity and reactivity of 
the catalysts. 

Table A.1.9. Calculation of FE for amorphous CoP. 

 j 
(mA cm-2) 

t (s) 
𝑽𝑯𝟐 
(mL) 

𝑽𝑶𝟐 
(mL) 

𝑽𝑯𝟐: 𝑽𝑶𝟐 
FE 

(H2, %) 
FE 

(O2, %) 
Amorphous CoP 10 400 0.44 0.21 2.07 96 92 
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A.2. Appendix of Chapter 4: Crystalline FeAs 
 

 

Figure A.2.1. The crystalline FeAs species (space group: Pnma, space group 62). Each Fe metal atom has 
six near As neighbors situated in a distorted octahedral configuration (a). The As atoms are surrounded by 
six Fe atoms at the corners of a highly distorted triangular prism (b). Fe and As atoms are represented by 
blue and yellow spheres, respectively. 

 

Figure A.2.2. SEM images showing agglomerations of particles of FeAs at (a) 5000x and (b) 25000x. 

 

Figure A.2.3. TEM image of (a) aggregated FeAs nanoparticles (~10 nm diameter) and (b) HR-TEM image 
showing the crystalline fringes associated to a lattice spacing of 0.258 nm corresponding to the (111) plane 
of the FeAs phase.  
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Figure A.2.4. (a) HR-TEM image of FeAs particles with white framed areas containing lattice fringes and 
its respective (b) Fourier transform (FT) revealing the lattice distances 0.258 nm (ring marked with 1) and 
0.199 nm (ring marked with 2) indicating the FeAs crystallographic planes (111) and (211), respectively 
(JCPDS 76-458). 

Table A.2.1. Determination of the Fe and As content in the prepared FeAs by ICP-AES, EDX-SEM, and 
EDX-TEM.  

Fe:As 
(ICP-AES) 

Fe:As 
(EDX-SEM) 

Fe:As 
(EDX-TEM) 

1:1.04 1:1.12 1:0.82 

 

Figure A.2.5. SEM-EDX of FeAs-prepared by hot-injection which confirms the presence of Fe and As. 
The presence of O is inevitable due to surface passivation. The presence of Si peaks arises from the Si 
wafer support used in SEM. The determined Fe:As ratio was 1:1.12. 
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Figure A.2.6. TEM-EDX of FeAs-prepared through hot-injection, which confirms the presence of Fe and 
As. The presence of Cu peaks arises from the TEM grid (carbon film on 300 mesh Cu-grid). The determined 
Fe:As ratio was 1:0.82. 

 

Figure A.2.7. (Resonance) Raman spectra of FeAs powder. The shown bands match with the reported 
bands for bulk and FeAs nanoparticles[324] and can be assigned to the following phonon modes: low-
frequency A1g of As (168 cm-1 ), B1g of Fe (208 cm-1) and high-frequency Eg of Fe (274 cm-1).[361,362] Small 
deviations from reported values can be caused by thermal effects or laser power. 
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Figure A.2.8. Deconvoluted XPS O 1s of FeAs. 

 

Figure A.2.9. SEM of the FeAs films deposited on NF at (a) 500x and (b) 5000x. The high magnification 
image shows that the morphology of the FeAs particles is maintained (compare to as-prepared FeAs SEM 
on Figure A.2.2). 

 

Figure A.2.10. (a) SEM of FeAs/NF and elemental mapping of (b) Fe (blue), (c) As (yellow) and (d) Ni 
(green). Ni arises from the NF substrate. Homogenous distribution of Fe and As was observed in the 
particles deposited on NF.  
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Figure A.2.11. SEM-EDX of the film of FeAs/NF that confirmed the presence of Fe and As. The presence 
of Ni peaks arises from the NF substrate. The peaks between 1.5-2 keV correspond to Al (Kα1, Kα2 at 
1.487 keV, 1.486 keV and Kβ1 at 1.557 keV) and Si (Kα1, Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 
1.836 keV); they arise from the Al sample holder and the Si wafer used during the measurement, 
respectively. The Fe:As ratio was ~1:1 as determined by SEM-EDX. 

 

Figure A.2.12. Activation of the (a) FeAs/NF, (b) Fe(OH)3/NF, (c) FeOOH/NF, and (d) Fe2O3/NF by CV 
in 1 M KOH. 
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Figure A.2.13. CA at η = 480 mV (1.71 V vs. RHE, 0.81 V vs. Hg/HgO) of bare NF. 

 

Figure A.2.14. Electrochemical activity of films prepared from the β-Diketiminato ligand deposited on (a) 
FTO and (b) NF compared to the FeAs and the bare substrate. 
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Table A.2.2. Activity comparison of the as-prepared FeAs and reference Fe-based materials with other 
highly efficient Fe-based pnictides in 1 M KOH for OER. 

Catalyst 
Current density 
(mA cm-2) 

Overpotential η 
(mV) Reference 

FeAs/NF 10 
100 

252 
309 

This work 
This work 

FeAs/FTO 10 400 This work 
Fe(OH)3/NF 10 

100 
275 
333 

This work 
This work 

Fe(OH)3/FTO 10 578 This work 
FeOOH/NF 10 

100 
283 
364 

This work 
This work 

FeOOH/FTO 10 610 This work 
Fe2O3/NF 10 

100 
312 
397 

This work 
This work 

Fe2O3/FTO 10 640 This work 
FeSe2/NF 10 245 [106] 
FeP/NF 10 227 [111] 
FeP nanorods/CP 10 350 [157] 
FeP/Au 10 290 [189] 
FeP RGO/Au 10 260 [189] 
FeP ultra small nanoparticles/Au @Au 10 320 [189] 
NiAs/GC 10 360 [203] 
FeSe2 nanoplates/NF 10 330 [233] 
FeMnP 10 250 [578] 
FeP nanotubes/CC 10 288 [579] 
FeMnP 10 250 [580] 
Ultrathin FeOOH nanosheets 10 428 [581] 
Ultrathin Ni-FeOOH nanosheets 10 274 [581] 
FeS/IF 10 238 [582]  
FeB2 10 296 [583] 
FeOOH/GC 10 530 [584] 
FeOOH/NF 10 290 [585] 
FeOOH nanosheet/NF 10 390 [586] 
RGO/Ni-FeOOH/FTO 10 260 [587] 
Fe2O3 hollow nanorod/CNT/GC 10 383 [588] 
γ-Fe2O3-CNT/GC 10 340 [589] 
CNT@FeOOH sheet/CC 10 250 [590] 
Fe@C-NG/NCNTs/GC 10 450 [591] 
FeP@RGO (50:50)/CP 10 290 [592] 
FexN/graphene-NF 10 238 [593] 
Fe7S8 nanosheets/GC  10 270 [594] 
FePO4/NF 10 215 [595] 
2D FePO4 sheets/NF 10 218 [596] 
FeHP/GC 10 442 [597] 
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Figure A.2.15. (a) Nyquist plot constructed from the EIS experiment of materials deposited on NF. The 
spectra were collected with an anodic polarization potential of 1.51 V vs. RHE. (b) Zoom of the Nyquist 
plot. The continuous lines show the fitting to the circuit that contains two resistors R1 and R2 and Q a CPE 
(see Figure 7.16). This circuit has been previously used to fit TM-based systems during OER reaction 
conditions.[534,535,537] The assignment of the elements is consistent in the literature and can be applied to the 
system under study: R1 is the Ohmic resistance of the solution and electrode (Rs), R2 is the charge transfer 
resistance (Rct), and a CPE (Q2). Details of assignations are discussed on the Experimental Section 7.3.7. 

Table A.2.3. R2 (Ω) (Rct), R1 (Ω), (Rs), Q (𝐹 × 𝑠(!#@+)) and a2 of FeAs, Fe(OH)3, FeOOH, and Fe2O3 
deposited on NF and its comparison to the bare NF substrate. 

Material Rct (Ω) Rs (Ω) Q (𝑭 × 𝒔(𝒂𝟐@𝟏)) a2 

NF 48.0 ± 1.2 1.3 ± 0.3 1.5 × 10-1 ± 1.4 × 10-2 9.4 × 10-1 ± 6.6 × 10-2 
FeAs/NF 1.2 ± 0.4 1.2 ± 0.1 1.9 × 10-1 ± 2.0 × 10-2 8.6 × 10-1 ± 1.0 × 10-2 
Fe(OH)3/NF 6.0 ± 4.3 1.3 ± 0.7 8.7 × 10-2 ± 1.3 × 10-3 8.9 × 10-1 ± 9.9 × 10-2 
FeOOH/NF 30.8 ± 3.2 1.3 ± 0.6 6.2 × 10-3 ± 1.3 × 10-3 8.6 × 10-1 ± 5.6 × 10-2 
Fe2O3/NF 42.4 ± 3.1 1.3 ± 0.3 5.7 × 10-3 ± 8.2 × 10-4 9.2 × 10-1 ± 6.2 × 10-2 

 

 

Figure A.2.16. CP of FeAs/NF (1 mg cm-2) at 100 mA cm-2. 
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Figure A.2.17 (a) Chromatogram obtained after 1 h purge with Ar. Remnants of air (O2 and N2) are 
detected. These detected quantities are used for the calibration. (b) Chromatogram after CP OER 
100 mA cm-2 for 360 s using FeAs/NF as anode and Pt rod as the cathode in a closed single-compartment 
electrochemical cell. H2 and O2 are produced from the electrolysis of water, N2 (trace) is also present. 

Table A.2.4. Calculation of FE for FeAs/NF. 

j  
(mA cm-2)* t (s) 𝑽𝑯𝟐(mL) 𝑽𝑶𝟐 (mL) 𝑽𝑯𝟐: 𝑽𝑶𝟐  

FE 
(H2, %) 

FE 
(O2, %) 

FE O2  
(rel. to H2)** 

49.39 360 2.15 1.06 2.01 95 94 99% 
99.28 360 4.32 2.14 2.02 97 96 99% 
*j (mA cm-2) corresponds to the actual current density measured during the CP experiment. 
**the FE of O2 relative to H2 was calculated assuming 100 % of FE for H2 with Pt. 

 

Figure A.2.18. CV measurements at a non-faradaic process region at different scan rates for (a) FeAs/NF 
and (b) FeAs/NF after OER. Scan rates: 5 mV s-1 (black), 10 mV s-1 (red), 25 mV s-1 (blue), 50 mV s-1 
(green), 100 mV s-1 (purple), 200 mV s-1 (dark yellow). The Cdl was determined as half of the slope from 
the plot of the capacitive current vs. scan rate plot. The value of Cdl is proportional to the ECSA. 
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Figure A.2.19. (a) XRD patterns of FeAs/FTO compared to bare FTO, (b) zoom-in of the XRD spectra of 
FeAs/FTO comparted to powder FeAs, showing the signals emerging on the diffraction pattern after 
deposition. The light blue lines represent the diffractions peaks at 2θ of 26.5, 33.9, 27.9, 51.8, 54,8, 61.9, 
65.9, and 78.7 are associated to the (110), (101), (200), (211), (220), (310), (301), (321) crystalline planes 
of FTO (cassiterite, SnO2, JCPDS 41-1445).[382] A closer inspection of the diffractogram (b) revealed low-
intensity signals at which were related to the (111), (220), (211), (031) and (122) planes of orthorhombic 
FeAs (JCPDS 6-458),[358–360] which proved that the deposition of the FeAs was accomplished without 
variation on the crystal structure. 

 

 

Figure A.2.20. SEM of the FeAs films deposited on FTO at (a) 500x and (b) 5000x. Agglomerated FeAs 
particles can be observed on the low magnification figure. The obtained films were uniform as the FTO 
substrate was completely covered by the material. The high magnification figure proves that the 
morphology of the material is the maintained after the deposition (compare to as-prepared FeAs SEM 
Figure A.2.2). 
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Figure A.2.21. SEM-EDX of the FeAs film deposited on FTO, which confirmed the presence of Fe and 
As. The presence of Si emission peaks (Kα1, Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 1.836 keV) arises 
from the Si wafer used in the measurement. Sn signals arise from the FTO substrate. Fe:As ratio on the film 
is 1:1.24 as determined by SEM-EDX. The value was equivalent to the ratio found by EDX of the FeAs 
powder (Appendix, see Table A.2.1). 

 

Figure A.2.22. (a) SEM of FeAs/FTO and elemental mapping of (b) Fe (blue), (c) As (yellow) and (d) Sn 
(green). Sn arises from the FTO glass substrate. Homogenous distribution of Fe and As was observed in 
the particles deposited on FTO, which indicated that the FeAs particles did not suffer any chemical 
transformation during the EPD. 
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Figure A.2.23. (Resonance) Raman spectra of FeAs/FTO compared to FeAs powder. The spectrum shows 
three maximum intensity bands at 168, 208, and 274 cm-1 which corresponded to the A1g (As), E1g (Fe), 
and B1g (Fe) phonon bands of FeAs nanoparticles.[361,362]. The (resonance) Raman spectrum of are FTO was 
used as a reference during this measurement (see Figure A.2.24).  

 

Figure A.2.24. (Resonance) Raman spectrum of bare FTO. This spectrum was used as a reference in order 
to assign band frequencies referring only to FeAs. 
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Figure A.2.25. XPS measurements confirmed that there was no electronic and chemical transformation on 
the surface of the FeAs/FTO films during their preparation. The deconvoluted XPS spectra of FeAs/FTO 
are shown on (a) Fe 2p, (b) As 3d and (c) O 1s. The Fe 2p deconvoluted spectrum shows two peaks for Feδ+ 
at low binding energies of 2p3/2 705.5 eV and 2p1/2 718.2 eV,[365] and at higher binding energy associated to 
oxidized species due to contact with air: FeII (2p3/2 709.7 eV and 2p1/2 723.1 eV) and FeIII (2p3/2 712.4 eV 
and 2p1/2 726.1 eV), and one pair of satellite peaks from FeII (2p3/2 714.5 eV and 2p1/2 729.6 eV). The As 
3d deconvoluted spectrum shows two peaks related to remaining Asδ- present in FeAs (40.0 eV), 
deconvoluted into 39.8 eV (3d5/2) and 40.4 eV (3d3/2), and oxidized AsIII (43.2 eV) and AsV (43.9 eV) due 
to air exposure, deconvoluted into 42.5 eV (3d5/2) and 43.1 eV (3d3/2), and 43.8 eV (3d5/2) and 44.5 eV 
(3d3/2), respectively.[367] Finally, the O 1s spectrum revealed surface passivation due to contact with air. The 
spectrum shows one peak (531.1 eV) which is deconvoluted into three peaks derived from air exposure: 
Fe-O (O1, 529.8 eV)[366] and As-O (O2, 531.0 eV).[367,368] The peak at higher binding energy (O3, 532.5 eV) 
is associated to adsorbed water on the surface.[366]  

 

Figure A.2.26. Activation of the (a) FeAs/FTO, (b) Fe(OH)3/FTO, (c) FeOOH/FTO, and (d) Fe2O3/FTO 
by CV in 1 M KOH, scan rate: 5 mV s-1. 
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Figure A.2.27. LSV (scan rate: 5 mV s-1) of FeAs and Fe reference materials loaded on FTO  
(0.5 mg cm-²). The order found for the overpotentials was the same as in the case of NF. For FeAs/FTO, 
η = 395 mV (10 mA cm-2) was obtained, which substantially lower than Fe(OH)3/FTO (577 mV), 
FeOOH/FTO (609 mV) and Fe2O3/FTO (639 mV).  

 

Figure A.2.28. CP at 10 mA cm-2 for 10 h on FTO. A slight increase of the overpotential was observed 
during the experiment for the FeAs/FTO (η = 380 mV). The Fe-based reference materials show all 
deactivation after 10 h of continuous electrolysis: Fe(OH)3 (η = 580 mV), FeOOH (η = 610 mV), Fe2O3 
(η = 650 mV ). 

Table A.2.5. Deposition time, mass loading on 1 cm2, and overpotential (10 mA cm-2) of FeAs films over 
FTO. 

Deposition 
time (s) 

Mass 
loading 
(mg) 

Overpotential (mV 
@10 mA cm-2) 

Current 
density at  
η = 500 mV 

4 0.0062* 633 ±4 4.43 
7.5 0.0125* 604 ±3 4.60 
15 0.025* 533 ±5 7.88 
30 0.05* 530 ±3 7.93 
60 0.1 ±0.1 448 ±2 14.23 
120 0.2 ±0.1 442 ±5 16.68 
240 0.4 ±0.1 392 ±4 34.35 
480 0.6 ±0.1 402 ±4 31.39 

*weight determined by extrapolation of higher time deposition weights. The weight difference was not 
possible to measure precisely due to limitations in the used scale. 
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Figure A.2.29. Polarization curves recorded for films prepared with different mass loadings of FeAs on 
1 cm2 FTO surface in 1 M KOH solution with a sweep rate of 20 mV s-1 (4 s to 480 s). 

 

Figure A.2.30. The overpotentials of FeAs on 1 cm2 FTO surface with respect to deposition time of 4 s to 
480 s (varying mass loadings; see Table A.2.5). 

Table A.2.6. Deposition time, mass loading on 1 cm2, and overpotential (10 mA cm-2) of Fe(OH)3 films 
over FTO. 

Deposition 
time (s) 

Mass 
loading 
(mg) 

Overpotential (mV 
@10 mA cm-2) 

Current 
density at  
η = 600 mV 

4 0.05* ** 0.20 
7.5 0.1 ±0.1 ** 0.39 
15 0.2 ±0.1 836 ±5 2.16 
30 0.5 ±0.1 763 ±6 3.48 
60 1.0 ±0.1 723 ±3 4.40 
120 1.6 ±0.1 648 ±4 6.93 
240 2.4 ±0.1 583 ±5 11.31 
480 3.0 ±0.1 598 ±5 10.11 

*weight determined by extrapolation of higher time deposition weights. The weight difference was not 
possible to measure precisely due to limitations in the used scale.**the overpotential was not determined 
because the current densities were below 10 mA cm-2 (Figure A.2.31). 
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Figure A.2.31. Polarization curves recorded for films prepared with different mass loadings of Fe(OH)3 on 
1 cm2 FTO surface in 1 M KOH solution with a sweep rate of 20 mV s-1 (4 s to 480 s). 

´ 

Figure A.2.32. The overpotentials of Fe(OH)3 on 1 cm2 FTO surface with respect to deposition time of 4 s 
to 480 s (varying mass loadings; see Table A.2.6). 

 

Figure A.2.33. Tafel slopes obtained from LSVs (1 mV s-1) of FeAs/FTO, and Fe reference materials 
loaded on FTO (0.5 mg cm-2). The FeAs/FTO has the lowest Tafel slope, indicating faster reaction 
kinetics.[292] The Tafel slope increased in the order FeAs/FTO < Fe(OH)3/FTO < FeOOH/FTO < 
Fe2O3/FTO and follows the same order as obtained for the samples deposited on NF.  
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Figure A.2.34. Nyquist plot constructed from the EIS experiment of materials deposited on FTO. The 
spectra were collected with an anodic polarization potential of 1.58 V vs. RHE. (b) Zoom of the Nyquist 
plot. The continuous lines show the fitting to the circuit that contains two resistors R1 and R2 and Q a CPE 
(see Figure 4.9 and Figure 7.16). The discussion of the fitting of the parameters is shown on Figure A.2.15. 

Table A.2.7. R2 (Ω) (Rct), R1 (Ω) (Rs), Q (𝐹 × 𝑠(!#@+)) and a2 of FeAs, Fe(OH)3, FeOOH and Fe2O3 
deposited on FTO, compared to the bare FTO. 

Material Rct (Ω) Rs (Ω) Q (𝑭 × 𝒔(𝒂𝟐@𝟏)) a2 
FTO 3626.0 ± 0.6 14.3 ± 0.2 9.0 × 10-6 ± 1.3 × 10-8 9.6 × 10-1 ± 1.0 × 10-2 

FeAs/FTO 260.3 ± 0.3 13.9 ± 0.3 5.1 × 10-4 ± 9.7 × 10-6 6.1 × 10-1 ± 1.1 × 10-2 
Fe(OH)3/FTO 303.3 ± 0.9 10.4 ± 0.3 1.7 × 10-5 ± 4.8 × 10-7 9.3 × 10-1 ± 1.2 × 10-2 
FeOOH/FTO 1000.2 ± 0.4 21.5 ± 0.3 1.4 × 10-5 ± 9.9 × 10-8 9.4 × 10-1 ± 1.1 × 10-2 
Fe2O3/FTO 1949.0 ± 1.8 14.8 ± 0.3 2.8 × 10-5 ± 3.8 × 10-8 9.0 × 10-1 ± 1.0 × 10-2 

 

Table A.2.8. Specific resistivity ρ (Ω cm) of FeAs, Fe(OH)3, FeOOH, Fe2O3, and FeAs after CP OER 
deposited on FTO. 

Material ρ (Ω cm) 
FeAs/FTO 1.86 × 102 

FeAs/FTO after OER 3.09 × 103 
Fe(OH)3/FTO 5.60 × 104 
FeOOH/FTO 2.30 × 105 
Fe2O3/FTO 2.45 × 105 
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Figure A.2.35. Evolution of redox peak observed for FeAs/NF. The anodic and cathodic peaks appear at 
1.36 V and 1.28 V, respectively (vs. RHE). Scan rate: 5 mV s-1. 

 

Figure A.2.36. Evolution of redox peaks observed for bare NF. The anodic and cathodic peaks appear at 
1.36 V and 1.28 V, respectively (vs. RHE). Scan rate: 5 mV s-1. 

Post catalytic characterization 

 

Figure A.2.37. Change of color of FeAs films deposited on (a) NF and (b) FTO during long-term OER CP 
10 mA cm-2 experiment.  
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Figure A.2.38. (a) SEM of FeAs/NF after continuous CP OER for 2 h of activation and elemental mapping 
of (b) Fe (blue), (c) Ni (green) and (d) O (red). Sn arises from the FTO glass substrate. Homogenous 
distribution of Fe and O can be observed on the areas where the film is remaining. As mapping is not 
included since As leaches into the solution (see EDX below). Ni arises from the NF. 

 

Figure A.2.39. SEM-EDX of the film of FeAs/NF after CP OER for 2 h of activation. Fe is present after 
OER. The peaks corresponding to the high-energy emission of As (Kα1, Kα2 at 10.54 keV, 10.51 keV and 
K β1 at 11.73 keV) do not appear. SEM-EDX Fe:As ratio was 1:0.06.  
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Figure A.2.40. (a) SEM of FeAs/NF after one CV and elemental mapping of (b) Fe (blue), (c) As (yellow) 
and (d) Ni (green). Ni arises from the NF. 

 

Figure A.2.41. SEM-EDX of the film of FeAs/NF after one CV. Fe is present after OER. The attained 
SEM-EDX Fe:As ratio was 1:0.91.  
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Figure A.2.42. (a) XRD patterns of FeAs/FTO after OER compared to bare FTO, (b) zoom-in of the XRD 
spectra of FeAs/FTO after OER comparted to powder FeAs, showing no signals of FeAs are left after OER 
which indicates the transformation of the material (compare to as-prepared FeAs/FTO XRD pattern on 
Figure A.2.19). The light blue lines represent the diffractions peaks associated with FTO (cassiterite, SnO2, 
JCPDS 41-1445).  

 

Figure A.2.43. SEM of the FeAs/FTO after OER at (a) 1000x and (b) 5000x. The image shows the cracking 
of the film, exposing FTO. The cracking appears during the drying process as reported before in the 
literature.[383]  
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Figure A.2.44. (a) SEM of FeAs/FTO after OER and elemental mapping of (b) Fe (blue), (c) Sn (green) 
and (d) O (red). Homogenous distribution of Fe and O can be observed on the areas where the film is 
remaining. As mapping is not included since 96 % of As leaches into the solution (see Figure A.2.45). Sn 
arises from the FTO glass substrate. 

 

Figure A.2.45. SEM-EDX of the film of FeAs/FTO after OER. Fe is present after OER, however the peaks 
corresponding to the high-energy emission of As (Kα1, Kα2 at 10.54 keV, 10.51 keV and Kβ1 at 11.73 keV) 
do not appear, indicating a loss of As into the solution. The attained SEM-EDX Fe:As ratio was 1:0.04. 
The emission peaks in the 1.5-2 keV region correspond to Al (Kα1, Kα2 at 1.487 keV, 1.486 keV and Kβ1 
at 1.557 keV) and Si (Kα1, Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 1.836 keV) arise from the Al sample 
holder and the Si wafer used during the measurement, respectively.  
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Figure A.2.46. SEM of the FeAs/NF after OER. 

 

Figure A.2.47. (a) SEM of FeAs/NF after OER and elemental mapping of (b) Fe (blue), (c) As (yellow), 
(d) Sn (green) and (e) O (red). Homogenous distribution of Fe and O can be observed on the areas where 
the film is remaining. As mapping is not included since 95 % of As leaches into the solution (see Figure 
A.2.48). Ni arises from the NF. 
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Figure A.2.48. SEM-EDX of the film of FeAs/NF after OER. Fe is present after OER, in a similar way as 
in the experiment on FTO (see Figure A.2.45) the peaks corresponding to the high-energy emission of As 
(Kα1, Kα2 at 10.54 keV, 10.51 keV and Kβ1 at 11.73 keV) do not appear. The attained SEM-EDX Fe:As 
ratio was 1:0.05. The emission peaks in the 1.5-2 keV region correspond to Al (Kα1, Kα2 at 1.487 keV, 
1.486 keV and Kβ1 at 1.557 keV) and Si (Kα1, Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 1.836 keV) arise 
from the Al sample holder and the Si wafer used during the measurement, respectively. The presence of K 
is due to KOH 1M electrolyte used for the experiment. 

Table A.2.9. The concentration of Fe and As in the electrolyte solution after CP OER on FTO and NF. The 
concentration was determined by ICP-AES of the solution. For each long-term experiment, 45 mL of 1 M 
KOH were used. The electrolyte solution was divided into three parts (15 mL each) and each one measured 
by ICP-AES. The average value of three independent measurements is shown on the table. The percentage 
of element loss in solution was calculated from the concentration in solution, the initial Fe:As ratio and the 
mass loading of the films. 

Sample Fe (mg L-1) As (mg L-1) Fe:As 
ratio 

% of element loss in 
solution 

% Fe % As 

1 M KOH 0.00 0.00 - - - 
FeAs/FTO OER CP 24 h 0.13 0.33 2.00 3.4 % 6.3 % 
FeAs/NF OER CP 24 h 0.29 2.33 6.02 3.1 % 18.0 % 
 

 

Figure A.2.49. Pt CE used during the OER experiments with FeAs/FTO. The lower part (which was in 
contact with the 1 M KOH solution) turned black due to the deposition of As.  
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Figure A.2.50. (a) SEM of the Pt CE used during the OER experiments. Elemental mapping of (b) Pt 
(violet) and (c) As (yellow). The same measurements were done on the non-exposed part of the Pt CE, and 
no presence of As was found. 

 

Figure A.2.51. LSV (1 mV s-1) for OER under 1 M KOH of FeAs/NF using a three-electrode system. The 
effect of changing the CE was explored and Pt was replaced by a graphitic carbon rod. The difference in 
overpotential obtained by each material is minimum (1 mV). 

 

Figure A.2.52. TEM-EDX of FeAs/FTO after OER (CP OER 24 h). The presence of C and Cu arise from 
the carbon film substrate deposited on the 300 mesh Cu-grid used during the measurement. The Fe:As and 
Fe:O ratio can be derived from this experiment, resulting in 1:0.019 and 1:1.67, respectively. The EDX 
results indicate that only 1.73 % of As is left after catalysis.  
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Figure A.2.53. IR spectrum of FeAs/FTO after OER. The noted absorption bands have been observed 
before on pure 2-line ferrihydrite: (i) the absorption band at 3168 cm-1 is attributed to OH stretching, (ii) 
the bands at 1531 cm-1 and 1345 cm-1 are related to Fe-OH bending and Fe-O stretching, respectively, and 
(iii) at 885 cm-1 band corresponding to the bending vibration of the hydroxyl groups of Fe hydroxides (Fe–
OH).[397]  

 

Figure A.2.54. Raman spectrum of FeAs/FTO after CP OER 24 h. It shows three broad absorption bands 
that have been observed before on 2-line ferrihydrite.[396,397,401,403,404]  

 

Figure A.2.55. Deconvoluted XPS of FeAs/FTO after OER: (a) Fe 2p, (b) As 3d and (c) O 1s. 
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Figure A.2.56. Absolute intensity of As-XANES fluorescence absorption for FeAs powder and FeAs after 
OER. A case of “missing edge” is shown, in which the intensity of the signals after OER is reduced to a 
minimum due to the loss of As into the solution.  

 

Figure A.2.57. k3-weighted EXAFS of (a) Fe and (b) As for FeAs powder and FeAs after OER. 

 

Figure A.2.58. Distance between atoms on the FeAs structure (JCPDS 76-458, orthorhombic). Fe-As 
distances are shown in black, Fe-Fe in green and As-As in red. 
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Table A.2.10. Fe-EXAFS fit parameters for the FeAs powder. 

FeAs powder Fe-EXAFS (Rf = 14.0) 
type N err R RXRD err DW err 
Fe-O 1.4 0.3 2.05  0.01 0.039 0.004 
Fe-As 3.7 0.4 2.45 2.44 0.00 0.060 0.004 
Fe-Fe 1.1 0.4 3.38 3.37 0.02 0.060 0.004 
Fe-Fe 4.5 2.0 3.99 4.00 0.02 0.060 0.004 
Fe-As 4.0 3.9 4.12 4.05 0.03 0.060 0.004 
Fe-As 3.3 2.9 4.33 4.22 0.05 0.060 0.004 
Fe-Fe 3.0 1.9 4.52 4.39 0.04 0.060 0.004 

 

Table A.2.11. As-EXAFS fit parameters for the FeAs powder. 

FeAs powder As-EXAFS (Rf = 5.3) 
type N err R RXRD err DW err 
As-O 0.7 0.2 1.76  0.02 0.043 0.014 
As-Fe 3.0 0.5 2.40 2.41 0.01 0.043 0.018 
As-Fe 1.8 0.3 2.51 2.48 0.01 0.043 0.018 
As-As 1.4 0.3 2.90 2.93 0.00 0.043 0.018 
As-As 3.8 1.8 3.47 3.44 0.01 0.078 0.018 
As-As 4.9 2.8 3.81 3.84 0.01 0.078 0.018 
As-Fe 2.0 1.5 4.10 4.13 0.03 0.078 0.018 
As-Fe 4.4 5.1 4.74 4.65 0.03 0.078 0.018 
As-As 7.7 9.0 4.89 4.89 0.01 0.078 0.018 
As-Fe 5.4 4.7 5.17 5.10 0.03 0.078 0.018 

 

Table A.2.12. Fe-EXAFS fit parameters for the FeAs after OER. 

 FeAs OER Fe-EXAFS (Rf = 9.9) 

 type N err R RXRD err DW err 

 Fe-O 2.5 0.0 1.90 1.95 0.00 0.070 0.000 

 Fe-O 3.4 0.0 2.02 2.10 0.00 0.070 0.000 

 Fe-Fe 2.7 0.0 3.02 3.02 0.00 0.087 0.000 

 Fe-Fe 5.5 0.0 3.45 3.44 0.00 0.087 0.000 

 Fe-O 8.5 0.0 3.60 3.58 0.00 0.087 0.000 

 Fe-O 3.1 0.0 3.92 3.89 0.00 0.087 0.000 

 Fe-Fe 2.0 0.0 5.09 5.30 0.00 0.087 0.000 

 Fe-Fe 3.7 0.0 5.22 5.40 0.00 0.087 0.000 
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A.3. Appendix of Chapter 5: Amorphous NiP and NiAs 

 

Figure A.3.1. SEM image of agglomerated particles of NiAs at (a) 5000x and (b) 20000x. Particles of ca. 
200 nm are observed.  

 

Figure A.3.2. SEM image of agglomerated particles of NiP at (a) 5000x and (b) 20000x. Particles of ca. 
200 nm are observed. 

 

Figure A.3.3. TEM image of (a) NiP nanoparticles and (b) HR-TEM image. The HR-TEM shows the 
presence of amorphous solid in which no crystalline phases can be observed, confirming the amorphous 
nature of the material. 
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Figure A.3.4. TEM image of (a) NiAs nanoparticles and (b) HR-TEM image. The HR-TEM shows the 
presence of nanoparticles in which no apparent crystalline phase can be observed, confirming the 
amorphous nature of the material. 

Table A.3.1. Ni:E ratio (E = P, As) in NiP and NiAs by ICP-AES, EDX-SEM, and EDX-TEM. 

Material Ni:E 
(ICP-AES) 

Ni:E 
(EDX-SEM) 

Ni:E 
(EDX-TEM) 

NiP 1:1.05 1:1.26 1:1.02 
NiAs 1:1.05 1:0.95 1:1.07 

 

 

Figure A.3.5. SEM-EDX of NiP, which confirms the presence of Ni and P. The Ni:P ratio is 1:1.26. The 
presence of O is due to surface passivation. Si signals (Kα1, Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 
1.836 keV) arise from the Si wafer used as support during the measurement.  
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Figure A.3.6. SEM-EDX of NiAs, which confirms the presence of Ni and As. The Ni:As ratio is 1:0.95. 
The presence of O is due to surface passivation. Si signals (Kα1, Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 
1.836 keV) arise from the Si wafer used as support during the measurement.  

 

Figure A.3.7. TEM-EDX of NiAs, which confirms the presence of Ni and As. The Ni:As ratio 1:1.02. The 
presence of O is due to surface passivation. Cu signals arise from the TEM grid (carbon film on 300 mesh 
Cu-grid).  
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Figure A.3.8. TEM-EDX of NiP, which confirms the presence of Ni and P. The Ni:P ratio 1:1.07. The 
presence of O is due to surface passivation. Cu and C signals arise from the TEM grid (carbon film on 300 
mesh Cu-grid). Al signals arise from the support. 

 

Figure A.3.9. (Resonance) Raman spectra of (a) NiAs and (b) NiP. The characterization of the as-prepared 
powders demonstrated that NiAs and NiP materials did not show any band active phonon band. The 
(resonance) Raman spectra of the films deposited on FTO agreed. There were no active phonon bands in 
the investigated range of frequencies, however, there is an increase in the intensity due to the contribution 
of the bare substrate (FTO) during the measurement (see FTO (resonance) Raman spectrum in the 
Appendix, Figure A.2.24). 

Table A.3.2. Determination of C, H and O content by elemental analysis. The presence of remaining C and 
H arise from NaOCE (E = P, As) and solvents. 

Material % C % H % N 
NiAs 1.72 0.97 0.00 
NiP 4.42 3.09 0.00 
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Figure A.3.10. FT-IR of (a) NiAs as-prepared compared to the material after deposition on FTO 
(NiAs/FTO). The most representative signals are related to surface oxidation from the NiAs due to contact 
with air. The broad peak at 3300 cm-1 and correspond to the stretching vibration of O-H. The peak at 
1600 cm-1 could be attributed to vibrational modes of adsorbed water.[457] The (b) NiP and NiP/FTO spectra 
are very similar, indicating that the material does not change after the deposition. In both cases, the 
stretching vibration form the O-H bond is observed (ca. 3300 cm-1). The peak at 1635 cm-1 could be 
attributed to vibrational modes of adsorbed water.[457]  

 

Figure A.3.11. Low-frequency FT-IR of (a) NiAs and (b) NiP. 

 

Figure A.3.12. XRD of as deposited materials (a) NiAs/FTO and (b) NiP/FTO compared to bare FTO. The 
diffraction peaks appearing at 26.5, 33.9, 27.9, 51.8, 54,8, 61.9, 65.9, and 78.7 are related to the (110), 
(101), (200), (211), (220), (310), (301), (321) crystalline planes of FTO (cassiterite, SnO2, JCPDS 41-
1445).[382] The crystallinity of the materials did not change during the EPD, as demonstrated by the lack of 
new diffraction peaks in the PXRD of the as-prepared samples.  
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Figure A.3.13. SEM images of the NiAs films deposited on FTO at (a) 2000x and (b) 10000x. The high 
magnification image (b) shows that the film is composed of agglomerated particles and that the morphology 
was uniform and maintained during the EPD. The particles achieved complete coverage of the FTO. 

 

Figure A.3.14. SEM images of the NiP films deposited on FTO at (a) 2000x and (b) 10000x. The high 
magnification image (b) shows that the film is composed of agglomerated particles and that the morphology 
was uniform and maintained during the EPD. The particles achieved complete coverage of the FTO. 

 

Figure A.3.15. SEM-EDX of NiAs/FTO, which confirms the presence of Ni and As. The presence of Sn 
peaks arise from the FTO glass substrate. The Ni:As ratio is ca. 1:1 as determined by SEM-EDX (see Figure 
A.3.5, Figure A.3.6). The peaks between 1.5-2 keV correspond to Al (Kα1, Kα2 at 1.487 keV, 1.486 keV 
and Kβ1 at 1.557 keV) and Si (Kα1, Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 1.836 keV) arising from the 
Si wafer and Al support, respectively.  
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Figure A.3.16. SEM-EDX of NiP/FTO, which confirms the presence of Ni and P. The presence of Sn peaks 
is due to the FTO glass substrate. The Al peaks comes from the sample support. The Ni:P ratio is ca. 1:1 as 
determined by SEM-EDX (see Figure A.3.5). The peaks between 1.5-2 keV correspond to Al (Kα1, Kα2 at 
1.487 keV, 1.486 keV and Kβ1 at 1.557 keV) and Si (Kα1, Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 
1.836 keV) arising from the Si wafer and Al support, respectively. 

 

Figure A.3.17. (a) SEM of NiAs/FTO and elemental mapping of (b) Ni (green), (c) As (orange) and (d) O 
(red). Homogenous distribution of Ni and As is observed on the film. The presence of O due to the contact 
of the films with air. 
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Figure A.3.18. (a) SEM of NiP/FTO and elemental mapping of (b) Ni (green), (c) P (yellow) and (d) O 
(red). Homogenous distribution of Ni and P is observed on the film. The presence of O due to the contact 
of the films with air. 

 

Figure A.3.19. Deconvoluted XPS of as-prepared NiAs/FTO and NiP/FTO. (a) The Ni 2p spectrum of 
NiAs/FTO showed low binding energy peaks related to Niδ+ (2p3/2 852.0 eV and 2p1/2 870.3 eV), which has 
been shown in the literature reports of TM pnictides.[26,147,424,463,464] The remaining higher binding energy 
peaks were associated to higher oxidation NiII species, which were caused by the contact of the material 
with air. Due to the spin-orbital coupling, the two peaks of NiII were 854.6 eV (2p3/2) and 872.4 eV (2p1/2). 
Various satellite peaks also appeared in the spectrum (856.6 eV, 860.5 eV, 875.9 eV and 879.5 eV). (b) 
The As 3d spectrum showed two peaks. The first at the low binding energy peak of 41.1 eV, which was 
related to Asδ- in TM arsenides and deconvoluted into 41.0 eV (2p3/2) and 41.7 eV (2p1/2).[328,465] The second 
larger peak (44.7 eV) was associated to As at a high oxidation state (AsIII) as a consequence of surface 
oxidation by contact with air.[367,368] This peak was further convoluted into 44.4 eV (3d5/2) and 45.2 eV 
(3d3/2). (c) The O 1s spectrum confirmed the incorporation of O in the surface due to air exposure (see 
Figure A.3.19c). One peak was observed at 530.7 eV, which could be deconvoluted into two peaks that 
were associated to from As-O (O1, 530.4 eV)[367,368] and Ni-O (O2, 531.6 eV).[26]  
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Figure A.3.20. Deconvoluted XPS of as-prepared NiAs/FTO and NiP/FTO. The deconvoluted spectra 
show similar results as in the as-prepared materials (see Figure 5.8). (a) The Ni 2p XPS spectrum showed 
low binding energy peaks related to Niδ+ (2p3/2 853.0 eV and 2p1/2 871.3 eV).[26,147,424,463,464] These peaks 
are related to Ni atoms in low oxidation state and have been shown in reported Ni phosphides in the 
literature.[26,203] The high binding energy peaks (2p3/2 854.6 eV and 2p1/2 872.3 eV) were related highly 
oxidized species NiII, caused by the contact of the material with air. Additional satellite Ni peaks were also 
observed on the spectrum (856.0 eV, 860.4 eV, 865.5 eV, 874.0 eV and 878.7 eV). (b) The P 2p spectrum 
showed one peak at 131.6 eV, which was deconvoluted into two peaks at 131.4 eV (2p3/2) and 132.3 eV 
(2p1/2), which were related to phosphite (PIII) species, formed during the passivation of the surface due to 
contact with air.[162] No peak related to Pδ- appears at lower binding energies, which that the surface is 
oxidized. The as-prepared NiP showed similar characteristics (see Figure 5.8e). (c) Finally, the O 1s XPS 
spectrum showed one peak (530.7 eV) which was further deconvoluted into two peaks. These two peaks 
were related to products derived from the exposure of the material to air: Ni-O=P (O1, 530.4 eV) and Ni-
O or P=O (O2, 531.6 eV).[160] 

 

Figure A.3.21. (a) SEM images of the NiAs films deposited on NF. (b) The high magnification image 
shows the deposition of the NiAs particles is observed over the NF surface. 

 

Figure A.3.22. (a) SEM image of the NiP films deposited on NF. (b) The high magnification image shows 
a film of NiP deposited over the NF.  
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Figure A.3.23. SEM-EDX of NiAs/NF, which confirms the presence of Ni and As. The presence of iodine 
is due to the I2 used in the EPD process (Lα1, Lα2, Lβ1, Lβ2, Lγ1 at 3.938 keV, 3.926 keV, 4.221 keV, 4.508 
keV and 4.801 keV, respectively). The peaks between 1.5-2 keV correspond to Al (Kα1, Kα2 at 1.487 keV, 
1.486 keV and Kβ1 at 1.557 keV) and Si (Kα1, Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 1.836 keV) arising 
from the Si wafer and Al support, respectively. The ratio could not be determined because of the 
contribution of Ni from the background (NF substrate).  

 

Figure A.3.24. SEM-EDX of NiP/NF, which confirms the presence of Ni and P. The presence of iodine is 
due to the I2 used in the EPD process (Lα1, Lα2, Lβ1, Lβ2, Lγ1 at 3.938 keV, 3.926 keV, 4.221 keV, 4.508 
keV and 4.801 keV, respectively). Aluminum (Kα1, Kα2 at 1.487 keV, 1.486 keV and Kβ1 at 1.557 keV) 
comes from sample holder used for the measurement. The ratio could not be determined because of the 
contribution of Ni from the background (NF substrate). 
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Figure A.3.25. (a) SEM of NiAs/NF and elemental mapping of (b) Ni (green), (c) As (orange) and (d) O 
(red). Homogenous distribution of Ni and As is observed on the film.  

 

Figure A.3.26. (a) SEM of NiP/NF and elemental mapping of (b) Ni (green), (c) P (yellow) and (d) O (red). 
Homogenous distribution of Ni and P is observed on the film. 
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Table A.3.3. Activity comparison of as-prepared NiP and NiAs and reference Ni-based materials with other 
highly efficient pnictides at 1 M KOH for OER. 

Catalyst 
Current 

density (mA 
cm-2) 

Overpotential η (mV) Reference 

NiP/FTO 10 342 This work 
NiAs/FTO 10 384 This work 
NiP/NF 10 

100 
274 
402 

This work 
This work 

NiAs/NF 10 
100 

339 
507 

This work 
This work 

Ni12P5 10 295 [26] 
Ni2P 10 330 [26] 
FeP/NF 10 

100 
227 
292 

[111] 
[111] 

Cu3N−CuO/FTO 10 286 [112] 
Cu3N−CuO/NF 10 118 [112] 
Ni5P4 film 10 290 [151] 
FeP nanorods/CP 10 350 [157] 
Ni-P films 10 344 [169] 
Porous Urchin-Like Ni2P 10 260 [174] 
FeP/Au 10 290 [189] 
FeP rGO/Au 10 260 [189] 
NiAs/GC 10 360 [203] 
NiP/GC 10 350 [203] 
Carbon fiber@NiPx 10 200 [430] 
Ni-P nanoparticles/Ni foam 10 309 [444] 
Amorphous CoP 10 284 [457] 
Crystalline CoP 10 305 [457] 
FeMnP 10 250 [578] 
FeP 10 288 [579] 
FeMnP 10 250 [580] 
FeP@rGO (50:50)/CP 10 290 [592] 
Ni2P 10 290 [598] 
Cu3P NB/ Cu  10 380 [599] 
Cu3P@NF  10 320 [600] 
Ni59Cu19P9/Cu 10 307 [601] 
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Figure A.3.27. CV (scan rate 10 mV s-1, iR compensation at 85 %) of (a) NiP/NF and (b) NiAs/NF 
measured between 1.2 V and 1.5 V (vs. RHE) in 1 M KOH. The CVs show a pair of peaks corresponding 
to the reaction of oxidation of Ni in alkaline media: Ni(OH)2 + OH- à NiOOH + H2O + e-.[293] These peaks 
have been also often observed for most of the first-row TM-based materials, which exhibit M(OH)2/MOOH 
phase formation at potentials on a similar potential range.[293] 

 

Figure A.3.28. CV (scan rate 10 mV s-1, iR compensation at 85 %) of (a) NiP/FTO and (b) NiAs/FTO. The 
materials shows a pair of peaks corresponding to the reaction of oxidation of Ni the in alkaline media: 
Ni(OH)2 + OH- à NiOOH + H2O + e-.[293]  

 

Figure A.3.29. Tafel plot of NiAs/FTO and NiP/FTO on 1 M KOH solution in OER. The Tafel slope of 
NiP/FTO is lower compared to NiAs/FTO, indicating faster reaction kinetics for OER. 
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Figure A.3.30. (a) Nyquist plot constructed from the EIS experiment of NiAs/NF, NiP/NF and bare NF 
and (b) zoom to visualize the spectra of the electrocatalysts. The spectra were collected with an anodic 
polarization potential of 1.50 V vs. RHE. The curves were fitted to a Randles equivalent circuit. The 
continuous lines show the fitting to the circuit, which contains two resistors R1, and R2 and Q a CPE (see 
Figure 7.16). This circuit has been previously used to fit TM-based systems during OER reaction 
conditions.[534,535,537] The assignment of the elements is consistent in the literature and can be applied to the 
system under study: R1 is the Ohmic resistance of the solution and electrode (Rs), R2 is the charge transfer 
resistance (Rct), and a CPE (Q2). Details of assignations are discussed on the Experimental Section 7.3.7. 

Table A.3.4. R2 (Ω) (Rct), R1 (Ω) (R2), Q (𝐹 × 𝑠(!#@+)) of NiAs, NiP and comparison to bare substrates (NF, 
FTO). The values were obtained from the fitting of the plots to a Randles equivalent circuit (see 
Experimental Section, Figure 7.16). 

Material R2 (Ω) R1 (Ω) Q (𝑭 × 𝑠(!#@+)) a2 
NF 47.97 ± 1.19 1.28 ± 0.33 0.15 ± 0.01 0.94 ± 0.66 

NiAs/NF 19.96 ± 0.22 1.59 ± 0.20 0.07 ± 0.003 0.74 ± 0.58 
NiP/NF 10.37 ± 1.76 1.55 ± 0.16 0.66 ± 0.20 0.83 ± 0.70 
FTO 3809 ± 2.37 14.94 ± 0.27 11.65 × 10-6 ± 14.52 × 10-9 0.96 ± 0.50 

NiAs/FTO 13.17 ± 1.03 11.18 ± 0.15 2.61 × 10-2 ± 5.40 × 10-3 0.94 ± 0.98 
NiP/FTO 4.78 ± 1.22 12.06 ± 4.05 3.10 × 10-1 ± 1.21× 10-2 0.97 ± 1.00 

 

 

Figure A.3.31. (a) Nyquist plot constructed from the EIS experiment of NiAs/FTO, NiP/FTO and bare 
FTO and (b) zoom to visualize the spectra of the electrocatalysts. The spectra were collected with an anodic 
polarization potential of 1.65 V vs. RHE. The curves were fitted to a Randles equivalent circuit. 
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Figure A.3.32. CP for OER (10 mA cm-2, 24 h, KOH 1M) for (a) NiP/FTO and (b) NiAs/FTO. 

Table A.3.5. Calculation of FE of the materials. 

 j (mA cm-2) t (s) 𝑽𝑯𝟐 (mL) 𝑽𝑶𝟐 (mL) 𝑽𝑯𝟐: 𝑽𝑶𝟐 
FE 

(H2, %) 
FE 

(O2, %) 
NiAs/NF  49.33 600 3.56 1.82 1.96 94 96 
NiP/NF 49.33 600 3.61 1.87 1.93 95 98 
 

 

Figure A.3.33. CV measurements at a non-faradaic process region at different scan rates for (a) NiP/NF, 
(b) NiAs/NF and (c) bare NF. Scan rates: 5 mV s-1 (black), 10 mV s-1 (red), 25 mV s-1 (blue), 50 mV s-1 
(green), 100 mV s-1 (purple), 200 mV s-1 (dark yellow). The double layer capacitance (Cdl) was determined 
as the half of the slope from the plot of the capacitive current vs. scan rate plot (d). 
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Table A.3.6. Correlation factor (R2) of the linear plot of capacitive current vs. scan rate and double layer 
capacitance (Cdl) of NiAs and NiP deposited on NF. 

Material R2 Cdl (mF cm-2) 
NF 0.99 0.453 ± 0.002 

NiP/NF 0.99 1.285 ± 0.002 
NiAs/NF 0.99 0.625 ± 0.001 

 

 

Figure A.3.34. CV measurements at a non-faradaic process region at different scan rates for (a) NiP/FTO, 
(b) NiAs/FTO and (c) bare FTO. Scan rates: 5 mV s-1 (black), 10 mV s-1 (red), 25 mV s-1 (blue),  
50 mV s-1 (green), 100 mV s-1 (purple), 200 mV s-1 (dark yellow). The Cdl was determined as the half of 
the slope from the plot of the capacitive current vs. scan rate plot (d). 

Table A.3.7. Correlation factor (R2) of the linear plot of capacitive current vs. scan rate, double layer 
capacitance (Cdl) of NiAs and NiP deposited on FTO. 

Material R2 Cdl (μF cm-2) 
FTO 0.9998 8.429 ± 0.015 

NiP/FTO 0.9993 10.540 ± 0.122 
NiAs/FTO 0.9953 9.110 ± 0.279 
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Figure A.3.35. ECSA normalized activity of NiAs and NiP deposited on (a) NF and (b) FTO. 

 

Figure A.3.36. PXRD of as deposited materials after OER for (a) NiAs/FTO and (b) NiP/FTO compared 
to the as-prepared films. The diffraction peaks appearing on the sample correspond to SnO2 (cassiterite, 
JCPDS 41-1445). 

 

Figure A.3.37. SEM of the NiP/FTO after OER at (a) 2000x and (b) 10000x. The figures show that the 
film has detached from the conductive substrate on some areas, leaving the FTO exposed into solution. The 
high magnification image shows particles of ca. 250 nm that are similar as before catalysis (see Figure 
A.3.2). 
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Figure A.3.38. SEM of the NiAs/FTO after OER at (a) 2000x and (b) 10000x. The images show that the 
film has detached from the conductive substrate on some areas, leaving the FTO exposed into solution. The 
high magnification figure shows particles of ca. 250 nm that are similar to the ones observed before 
catalysis (see Figure A.3.1). 

 

Figure A.3.39. (a) SEM of NiP/FTO after OER and elemental mapping (b) P (yellow). (c) SEM of 
NiAs/FTO after OER and elemental mapping (d) As (orange). 
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Figure A.3.40. SEM-EDX of the film of NiP/FTO after OER. The presence of Sn is due to the FTO 
substrate. The peaks between 1.5-2 keV correspond to Al (Kα1, Kα2 at 1.487 keV, 1.486 keV and Kβ1 at 
1.557 keV) and Si (Kα1, Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 1.836 keV) arising from the Si wafer and 
Al support, respectively. The Ni:P ratio is 1:0.009, related to the P loss into solution (see Table A.3.8).  

 

Figure A.3.41. SEM-EDX of the film of NiAs/FTO after OER. The presence of Sn is due to the FTO 
substrate. The Ni:As ratio is 1:0.024, related to the As loss into solution (see Table A.3.8). The peaks 
between 1.5-2 keV correspond to Al (Kα1, Kα2 at 1.487 keV, 1.486 keV and Kβ1 at 1.557 keV) and Si (Kα1, 
Kα2 at 1.740 keV, 1.739 keV and Kβ1 at 1.836 keV) arising from the Si wafer and Al support, respectively. 
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Figure A.3.42. SEM image of the NiP/NF after OER at (a) 500x and (b) 5000x. The images shows the NiP 
film with cracks after OER, as observed before catalysis. 

 

Figure A.3.43. SEM images of the NiAs/NF after OER at (a) 500x and (b) 5000x. The images show the 
agglomeration of NiAs particles on the surface of NF after OER. The high magnification figure shows 
particles of ca. 100 nm as before catalysis (see Figure A.3.1). 

 

Figure A.3.44. (a) SEM and elemental mapping of (b) Ni (green), (c) P (yellow) and (d) O (red) of NiP/NF 
after OER. The mapping shows the homogeneous distribution of the elements on the surface of the material. 
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Figure A.3.45. (a) SEM and elemental mapping of (b) Ni (green), (c) As (orange) and (d) O (red) of 
NiAs/NF after OER. The mapping shows the homogeneous distribution of the elements on the surface of 
the material. The particles on the image correspond to KOH derived species of the large concentration of 
O and because Ni can only be seen on the NF surface. 

 

Figure A.3.46. SEM-EDX of the film of NiP/NF after OER. The presence of K and I is due to the KOH 
electrolyte used during catalysis and the I2 used during the film preparation (Lα1, Lα2, Lβ1, Lβ2, Lγ1 at 3.938 
keV, 3.926 keV, 4.221 keV, 4.508 keV and 4.801 keV, respectively). The peaks between 1.5-2 keV 
correspond to Al (Kα1, Kα2 at 1.487 keV, 1.486 keV and Kβ1 at 1.557 keV) and Si (Kα1, Kα2 at 1.740 keV, 
1.739 keV and Kβ1 at 1.836 keV) arising from the Si wafer and Al support, respectively. The Ni:P ratio is 
1:0.001, related to the P loss into solution (see Table A.3.8). 
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Figure A.3.47. SEM-EDX of the film of NiAs/NF after OER. The peaks between 1.5-2 keV correspond to 
Al (Kα1, Kα2 at 1.487 keV, 1.486 keV and Kβ1 at 1.557 keV) and Si (Kα1, Kα2 at 1.740 keV, 1.739 keV 
and Kβ1 at 1.836 keV) arising from the Si wafer and Al support, respectively. The presence of K is due to 
the KOH electrolyte used during the experiments. The peaks between 3.5-5 eV (Lα1, Lα2, Lβ1, Lβ2, Lγ1 at 
3.938 keV, 3.926 keV, 4.221 keV, 4.508 keV and 4.801 keV, respectively) correspond to iodine used during 
the preparation process of the films (EPD). The Ni:As ratio is 1:0.018, related to the As loss into solution 
(see Table A.3.8). 

Table A.3.8. The concentration of Ni and pnictogen E (E = As, P) in the electrolyte solution after CP OER 
on FTO and NF. The concentration was determined by ICP-AES of the solution. For each long-term 
experiment, 45 mL of 1 M KOH were used. The electrolyte solution was divided in three parts (15 mL) and 
the concentration of Ni, As, and P measured by ICP-AES. The average value of three independent 
measurements is shown on the table. The percentage of element loss in solution was calculated from the 
concentration in solution, the initial Ni:E (E = P, As) ratio and the weight of the films (0.4 mg on FTO). 

 

Sample Ni  
(mg L-1) 

As  
(mg L-1) 

P  
(mg L-1) 

Ni:E ratio  
(atomic,  
E = As, P) 

% of element loss in 
solution 

% Ni % E 

NiAs/FTO 
OER CP 24 h 

0.041 5.589 - 1:114 0.4 45 

NiP/FTO OER 
CP 24h 0.030 - 6.638 1:493 0.2 86 
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Figure A.3.48. TEM-EDX of (a) NiAs/FTO after OER. The Ni:As ratio is 1:0.018 and the Ni:O ratio is 
1:1.37. The presence of O indicates the oxidation of the material. The presence of K is due to the 1 M KOH 
electrolyte used during the experiments. Cu and C signals arise from the TEM grid (carbon film on 300 
mesh Cu-grid).  

 

Figure A.3.49. TEM-EDX of (a) NiP/FTO after OER. The Ni:P ratio is 1:0.014 and the Ni:O ratio is 1:1.31. 
The presence of O indicates the oxidation of the material. The presence of K is due to the 1 M KOH 
electrolyte used during the experiments. Cu and C signals arise from the TEM grid (carbon film on 300 
mesh Cu-grid).  
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Figure A.3.50. FT-IR of (a) NiAs/FTO and (b) NiP/FTO after OER compared to the spectra of the powder 
and the as-deposited sample. The after OER spectra of the materials are very similar and could be related 
to the same phase. The broad band centered at 3230 cm−1 could be assigned to stretching vibrations of water 
molecular that are adsorbed or in the interlayers. The bands at 1642 and 1458 cm-1 for NiAs/FTO after OER 
and 1646 and 1461 cm-1 for NiP/FTO after OER are related to bending vibration of H2O and structural OH 
groups and are present. The band at 1361 cm-1 can be attributed to C-O stretching vibrations of (CO3)2- 
anions, which appeared because of the KOH electrolyte that consumes of CO2 from ambient air in the form 
of dissolved carbonate. Such intercalation is possible due to the layered structure of the α-Ni(OH)2.[471]  

 

Figure A.3.51. Deconvoluted XPS after OER for NiP/FTO: (a) Ni 2p, (b) P 2p and (c) O 1s; and NiAs/FTO: 
(d) Ni 2p, (e) As 3d and (f) O 1s.  
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Figure A.3.52. CV measurements at a non-faradaic process region at different scan rates for (a) NiP/NF 
after OER, (b) NiAs/NF after OER. Scan rates: 5 mV s-1 (black), 10 mV s-1 (red), 25 mV s-1 (blue), 
50 mV s-1 (green), 100 mV s-1 (purple), 200 mV s-1 (dark yellow). The double layer capacitance (Cdl) was 
determined as the half of the slope from the plot of the capacitive current vs. scan rate plot (d). 

 

Figure A.3.53. CV measurements at a non-faradaic process region at different scan rates for (a) NiP/FTO 
after OER, (b) NiAs/FTO after OER. Scan rates: 5 mV s-1 (black), 10 mV s-1 (red), 25 mV s-1 (blue), 
50 mV s-1 (green), 100 mV s-1 (purple), 200 mV s-1 (dark yellow). The double layer capacitance (Cdl) was 
determined as the half of the slope from the plot of the capacitive current vs. scan rate plot (c,d). 
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Table A.3.9. Correlation factor (R2) of the linear plot of capacitive current vs. scan rate, double layer 
capacitance (Cdl) of NiAs and NiP deposited on FTO. 

Material R2 Cdl 
NiP/NF after OER 0.9992 2.200 ± 0.004 mF cm-2 
NiAs/NF after OER 0.9996 0.765 ± 0.001 mF cm-2 
NiP/FTO after OER 0.9890 22.776 ± 2.791 μF cm-2 
NiAs/FTO after OER 0.9788 15.051 ± 1.574 μF cm-2 
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