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Abstract

The complex kinetics of the oxygen evolution reaction (OER) makes this reaction one of the
most considerable challenges for implementing water splitting as a solution to efficiently
storage renewable energy, like sunlight. The sluggish kinetics of OER catalysis make high
catalytic activity and stability under harsh conditions fundamental requirements for the overall
efficiency of the process. While many studies are focused on the inherent activity of the
electrocatalysts, a better understanding of the material transformations relating to degradation,
stabilization, restructuring and activation is highly desirable, both from a scientific perspective
and for applications.

Na-containing Co- and Mn-based oxides were electrodeposited by a new electrodeposition
method in alkaline media. Tartrate is included in the electrodeposition electrolyte to complex
and stabilized the metallic (Co and Mn) ions, preventing their spontaneous precipitation. The
CoOx films showed higher catalytic activity than the MnOx films, but both had a current drop
over cycling. By an applying a 30-minute open circuit break, the CoOx current fully recovered,
whereas the MnOy recovered partially, suggesting that some changes are irreversible. The Tafel
slope of both films were 120 mV dec™! or higher and increased over cycling, indicating a
chemical rate-limiting step or poor conductivity of the films. The changes in the catalytic
current were related to a partial oxidation at the near-surface region of MnOx (and CoOx),
proved by X-ray absorption spectroscopy (XAS).

By introducing 30 % of MnOx into CoOx, a new material, (Coo7Mno3)Ox, was formed. The
(C00.7Mny 3)Ox films proved to be more stable than the single oxides under similar conditions
(no current drop was observed at catalytic potentials). The catalytic activity of (Coo.7Mno3)Ox
was not significantly different than CoOx, in terms of overpotential (n = 500 mV at 10 mA)
and current density (j = 12 mAcm2at 1.74 V vs. RHE). The increase of the stability (without
affecting the catalytic activity significantly) was assigned to various factors, namely,
prevention of MnOy4™ ions dissolution, a higher conductivity and an optimization of the metal
oxygen binding energy.

To understand how to use the structural changes beneficially, the electrochemical restructuring
of Ery (a synthetized crystalline mineral: Co3(AsOas)2-8H20) was studied in different
electrolytes (with same pH and concentration). The restructuring to a Co-based amorphous
oxide was deconvoluted in three processes: amorphization, anionic exchange and redox activity
change, using X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDX) and the

electrochemical redox-charge (ERC), respectively. The rate of these processes and the
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structural order of the final material (proved by EXAFS) were directly affected by the
electrolyte’s nature. The slowest amorphization was observed in carbonate electrolyte, where
the ERC increased the most. Interestingly, the current was only significantly activated (100 %
of the initial value) in carbonate electrolyte, demonstrating that the electrochemical
restructuring and the current activation are two different processes, where activation has further
requirements, namely, an adequate cluster size, a high Co oxidation state and high redox
activity.

Developing strategies to extend the lifetime and increase the efficiency of OER electrocatalysts
is essential for their future bigger-scale application in energy storage. Stability, activation and
reactivation are desirable features when coupling OER electrocatalysts to renewable sources

for sustainable energy production.
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Kurzfassung

Die komplexe Kinetik der Sauerstoffentwicklungsreaktion (OER) macht diese Reaktion zu
einer der grofften Herausforderungen bei der Umsetzung der Wasserspaltung als Losung fiir
die effiziente Speicherung erneuerbarer Energien wie zum Beispiel Sonnenlicht. Die trage
Kinetik der OER Katalyse macht eine hohe katalytische Aktivitdit und Stabilitdt unter
erschwerten Bedingungen zu grundlegenden Anforderungen fiir die Gesamteffizienz des
Prozesses. Wihrend sich viele Studien auf die intrinsische Aktivitit der Elektrokatalysatoren
konzentrieren, ist ein besseres Verstdndnis der Materialumwandlungen im Zusammenhang mit
Abbau, Stabilisierung, Umstrukturierung und Aktivierung sowohl aus wissenschaftlicher Sicht
als auch fiir praktische Anwendungen &uferst wiinschenswert.

Na-haltige Oxide auf Co- und Mn-Basis wurden mit einer neuen Elektroabscheidungsmethode
in alkalischen Medien abgeschieden. Der Elektrolyt enthilt Tartrate, der die metallischen Ionen
(Co und Mn) komplexiert, stabilisiert und ihre spontane Ausféllung verhindert. Die CoOx-
Filme wiesen eine hohere katalytische Aktivitét auf als die MnOx-Filme, jedoch hatten beide
einen Stromabfall wéhrend des Zyklus. Nach einer 30-miniitigen Unterbrechung des
Stromkreises erholte sich der CoOx-Strom vollstindig, wiahrend sich der MnOx-Strom nur
teilweise erholte, was darauf hindeutet, dass einige Verdnderungen irreversibel sind. Die
Tafelsteigung beider Filme lag bei 120 mV pro Dekade oder héher und nahm im Laufe der
Zyklen zu, was auf einen chemischen geschwindigkeitsbegrenzenden Schritt oder eine
schlechte Leitfahigkeit der Filme hinweist. Durch die Einfiihrung von 30 % MnOx in CoOx
wurde ein neues Material, (Coo.7Mno3)Ox, gebildet. Die Verdnderungen des katalytischen
Stroms standen im Zusammenhang mit einer teilweisen Oxidation im oberflichennahen
Bereich von MnOx (und CoOx), was durch Rontgenabsorptionsspektroskopie (XAS)
nachgewiesen wurde.

Die (Co0.7Mno3)Ox-Filme erwiesen sich unter dhnlichen Bedingungen als stabiler als die
einzelnen Oxide (bei katalytischen Potentialen wurde kein Stromabfall beobachtet). Die
katalytische Aktivitdt von (Coo.7Mno.3)Ox unterschied sich nicht signifikant von der von CoOx,
was die Uberspannung (1 = 500 mV bei 10 mA) und die Stromdichte (j = 12 mA cm™ bei 1.74
V vs. RHE) betrifft. Die Erhohung der Stabilitit (ohne signifikante Beeintrichtigung der
katalytischen Aktivitit) wurde verschiedenen Faktoren zugeschrieben, ndmlich der
Verhinderung der Auflésung von MnOg4 ionen, einer hoheren Leitfdhigkeit und einer

Optimierung der Metallsauerstoff-Bindungsenergie.
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Um zu verstehen, wie die strukturellen Verdnderungen vorteilhaft genutzt werden koénnen,
wurde die elektrochemische Umstrukturierung von Ery (Erythrin, einem synthetisierten
kristallinen Mineral: Co3(AsOa4)2-8H20) in verschiedenen Elektrolyten (mit gleichem pH-Wert
und gleicher Konzentration) untersucht. Die Umstrukturierung zu einem amorphen Oxid auf
Co-Basis wurde in drei Prozesse unterteilt: Amorphisierung, Anionenaustausch und Anderung
der Redoxaktivitit, wobei Rontgenbeugung (XRD), energiedispersive Rontgenspektroskopie
(EDX) bzw. die elektrochemische Redoxladung (ERC) verwendet wurden. Die
Geschwindigkeit dieser Prozesse wurde direkt von der Art des Elektrolyten beeinflusst. Die
langsamste Amorphisierung wurde in Karbonatelektrolyten beobachtet, wo die ERC am
stiarksten anstieg. Interessanterweise wurde der Strom nur in Karbonatelektrolyten signifikant
aktiviert (100 % des urspriinglichen Wertes), was zeigt, dass die elektrochemische
Umstrukturierung und die Stromaktivierung zwei unterschiedliche Prozesse sind. Fiir diese
Aktivierung gelten weitere Voraussetzungen , nimlich eine angemessene Clustergrofle, ein
hoher Co-Oxidationszustand und eine hohe Redoxaktivitit.

Die Entwicklung von Strategien zur Verldngerung der Lebensdauer und Steigerung der
Effizienz von OER-Elektrokatalysatoren ist fiir ihre kiinftige Anwendung in groBerem Malistab
bei der Energiespeicherung von entscheidender Bedeutung. Stabilitdt, Aktivierung und
Reaktivierung sind wiinschenswerte Merkmale bei der Kopplung von OER-

Elektrokatalysatoren mit erneuerbaren Quellen zur nachhaltigen Energieerzeugung.
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Chapter 1. Introduction and meotivation

Clean energy for all

The risks of climate change, such as extreme weather and the threat to human health and
ecosystems worldwide, remain in the societal community's focus, and their consequences are
scientifically well-documented.' One of the major links between climate change and the
economy is energy production and consumption, including industrial manufacturing,*
transportation,® and electricity production.® The industrial and economic growth in the last
century has had a significant impact on general energy consumption, which tends to increase
over the years.” Since energy (including electricity and transportation) is conventionally
produced by burning fossil fuels, tremendous amounts of CO; are emitted daily to the
atmosphere, enlarging climate change.’

In 2015, the General Assembly of the United Nations (UN) defined sustainable energy as the
seventh of the 17 goals for "Transforming our world: the 2030 Agenda for Sustainable
Development", namely "ensure access to affordable, reliable, sustainable and modern energy
for all", which must be accomplished by 2030.% One of the biggest challenges to achieving this
goal is shifting the way energy is produced, from conventional to renewable sources. Solar-,
wind-, and hydropower are typical sources for sustainable electricity production. For instance,
approximately 100 000 TW of solar energy reaches the Earth's surface, meaning that one hour
of solar energy is enough to supply the global human's energy needs for approximately one
year.” Big amounts of electricity can also be produced from other renewable sources, hydro or
wind power. Even though large amounts of electricity can be generated from renewable

sources, their fluctuating nature limits their use.

Renewable sources and energy storage

Unlike electricity produced from fossil fuels, renewable sources are vulnerable or dependent
on weather conditions, year seasons, day-night and unpredictable factors, which results in
fluctuating electricity production.'® Unfortunately, the maximum production peak of a specific
source does not necessarily overlap the maximum consumption peak in electricity (rush hour).

For instance, in Figure 1.1a, the graph compares the energy consumption in Germany with the
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solar energy production in 2018. Whereas electricity consumption is the highest during winter
(due to the poor natural light and the need for heating systems), solar energy production is the
lowest of the year. A similar effect occurs within a day. Figure 1.1b shows the daily average
electricity consumption and solar energy production during July 2018. Certainly, the highest
solar energy production occurs during the day, like the highest electricity consumption. Yet,

during the night, the electricity consumption continues, while the solar energy production drops

to zero.
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Figure 1.1. The normalized average power of solar energy production (yellow) and electricity
consumption (green) of 2018 as a function of: a. Month of the year and b. Hour of the day. The
average power was normalized by the average value between 1980-2018. The red area
represents the consumed power that is not covered by solar energy and must be supplied by

other sources. The light-colored areas represent the error. Data were obtained from reference. '’

The fluctuating nature of renewable energies requires long-term energy storage methods.
Therefore, the electricity excess of peak production can be stored to be eventually used when
it is required. One of the most promising solutions is storing energy as chemical products of
high energetic value. Thus, the excess energy can be stored in chemical bonds by producing
chemical fuels, such as hydrogen or liquid hydrocarbons like methanol.’ Such fuels can be
electrochemically produced by water splitting, which could, in principle, be COz-emissions
free. However, a critical bottleneck in the overall process is the electrocatalytic water splitting
itself, conformed by two half-reactions the hydrogen evolution reaction (HER) in cathode and
the oxygen evolution reaction (OER) in the anode, where the latter is the most energetically

demanding.!!



Chapter 2. Scientific context

Electrocatalytic oxygen evolution

The OER has significantly received major attention as a kinetically more sluggish process
determining the overall performance of the reaction. The OER has a standard potential of 1.23
V vs. NHE (at pH 7, 25 °C and 1 atm) and produces oxygen, electrons, and either proton ions
or water molecules, depending on the pH of the electrolyte, acid, near-neutral (equation 1.1) or
alkaline (equation 1.2)."
2H,0 » 4H" + 4e™ + 0, [1.1]
40H™ - 2H,0 + 4e~ + 0, [1.2]

The difference between the standard potential and the actual potential required to overtake the
energy barrier of the OER is called overpotential (1) and it is dependent on the material used
as an anode.!? Despite the apparent simplicity of the OER (equations 1 and 2), it is a complex
multistep reaction of four electrons, implying slow kinetics. Therefore, n values are usually
high, requiring large amounts of energy for the reaction to happen and making essential the use
of an (electro)catalyst.

A catalyst is used to modify the reaction's kinetics, reducing the activation energy (E.) by
creating intermediate states (Figure 1.2a). The activation energy of the different steps depends
on the used catalysts. In the case of an electrocatalyst, it biases the n of an electrochemical
reaction; a catalyst with a lower overpotential requires less energy for the electrocatalytic
reaction to happen (Figure 1.2b). Moreover, other factors like scaling relationships through
intermediates'* and the n of electrochemical kinetics!® (described by the Butler Volmer
equation, discussed in the next chapter) enhance the offset between the theorical and
experimental OER potentials. This offset is represented by the difference between the blue and

orange line in Figure 1.2b.
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Figure 1.2. a. Diagram of energy as a function of reaction progress of a giving chemical
reaction (A+B — C), which shows the difference between the reaction with (orange) and
without (blue) catalyst. The asterisk (*) represents the formation of an intermediate. E,
represents the activation energy and AG the Gibbs energy difference, b. Diagram of current as
a function of potential, which shows the difference between the reaction standard potential and

potential with an electrocatalyst.

Catalytic reactions are conveniently studied as catalytic cycles, where the catalysts must remain
unchanged before and after the catalytic reaction. Even though the catalyst can suffer changes
during the catalytic cycle, the initial and final state must be the same, being this the concept
itself of catalysis. In other words, the catalyst should remain unaffected after the catalytic
reaction.'¢

Nevertheless, the final application of the OER includes the use of catalysts in electrolyzers and
fuel cells, which are expected to operate under harsh conditions for long periods of time,

leading to electrocatalysts aging, e.g., catalyst degradation (either superficially or bulky).

Activity, stability, and selectivity

The definition of good catalysis is not trivial, yet three pillars constitute the foundation of an

(electro)catalyst,'”!8 namely:
e Activity: efficient conversion rate from reactants to products.
e Stability: lack of change in activity over time.

e Selectivity: reaction direction to yield a particular product.



Whereas the focus of most of the research in the last two decades has been on discovering
highly active materials or improving the catalytic activity of the already known electrocatalysts,
stability and selectivity have been left as parameters of secondary importance.'® Stability is an
essential parameter in the development of applications.'® Catalytic stability is herein defined
as the absence of corrosion, erosion, or active sites blockage, and it can be electrochemically
)0

tracked over time using cyclic voltammetry (CV)'® or chronoamperometry (CA)?° as changes

t21

in the produced current.”" The stability issues are commonly related to changes in the catalyst,

such as degradation, corrosion, blockage of the active sites.!®?""? It is

important to note that
mechanical issues, such as catalyst's detachment or erosion, would directly affect the catalytic
current as well, yet the mechanical stability is not the scope of this thesis. Some of these
changes can destabilize the produced current permanently by modifying the chemical structure
of the catalyst (irreversible changes), yet some of these changes affect the catalyst's structure
reversibly (reversible changes). The identification and deconvolution of the reversible changes
from those irreversible are essential to gain insights into the stability requirements.! For such

a purpose, complementary techniques must be coupled to the electrochemical experiments to

study possible changes occurring in the catalysts under catalytic conditions. Some of the

23,24 25,26

complementary techniques include spectroscopy, microscopy, and diffraction-based
techniques.?’?® Yet, many phases (like some oxides) lack crystallinity, which is a requirement
for diffraction-based techniques, limiting their use.

The catalyst’s structural changes previously mentioned can affect the catalytic current, which
can be electrochemically tracked by cyclic voltammetry or chronoamperometry at a
meaningfully applied potential. Besides the catalytic current, other parameters can be used to
track the stability of a material, i.e., Tafel slope or turnover frequency (TOF).

The Tafel slope can be estimated as the overpotential as the function of the logarithmic current
(b=0E/dlogi), thus its units are mV dec™'. This parameter associates the kinetic current scaling
with overpotential, in other words, the large increase in current due to a small increment in
overpotential. Thanks to mechanistic consideration and kinetics studies, different Tafel slope
values can be correlated with rate-limiting steps and surface intermediate coverage.?>** For
instance, the value of 60 mV dec™ is associated with a chemical rate-limiting step with an
electrochemical pre-equilibrium, whereas a value of 120 mV dec! is related to an
electrochemical rate-limiting step. Values higher than 120 mV dec™! are associated with a
chemical limiting step or poor material conductivity.

The TOF is used to estimate the amount of product (oxygen molecules in the case of OER) per

active site per time, thus its unit is s”'. In OER, it is commonly reported as the number of

9



molecules of oxygen per active site per second. TOF values can be used to compare the

catalytic performance of different catalysts at the same overpotential.

Deactivation

The instability of the catalytic material during oxygen evolution conditions is frequently

labeled as degradation or deactivation.’!*> The material changes include the dissolution of

22,33,34 35-37 38,39

anions or cations, morphological changes, and structural changes.
Thermodynamic considerations have shown that materials with a high content of oxygen atoms
in the lattice (like oxides) are prone to degradation due to the instability of the oxygen anions,
which results in the dissolution of anions and cations into the electrolyte.*® Such anionic and
cationic exchange have been observed during OER conditions in crystalline*! and amorphous
materials.”® The dissolution or exchange of ions from the catalyst into the electrolyte during
OER has been associated with structural changes in the material, for instance, the oxidation of
Mn in LiMn,O4 towards Mn*" by losing of Li* ions.?®

The deactivation of a material can be electrochemically detected by tracking the current density
and overpotential, yet, identifying and understanding the material's changes require additional
techniques. A clear example is the deactivation of Mn-based oxides, which has been related to
the dissolution of Mn ions into the electrolyte. A convenient complementary technique is using
an RRDE station to track the dissolution of Mn ions. The dissolution of Mn likely leads to the
formation of permanganate as described by the equations 1.3 and 1.4 (where equation 1.3 is
unlikely in alkaline media), these permanganate ions can be reduced at the ring with an applied
potential of 1.2 V vs. RHE. Thus, the current collection in the ring is proportional to the amount
of reduced permanganate.

Mn2+(aq) + ZHZO(l) = MnOz(s) + 4H+(aq) + 2e” [13]
Mn“0, o+ 40H™ (4q) = MnU05 ) + 2H,00 + 3e” [1.4]

Understanding the degradation mechanism is fundamental to design new catalysts or develop

strategies to prevent deactivating structural changes.

Stabilization

Even though amorphous Co oxides are promising candidates as catalysts for OER in terms of

their high catalytic activity, their current tends to destabilize over time. The destabilization has

10



been related to limitations in material conductivity.*** Mohammadi and collaborators**
explored the limits of the self-healing properties in an amorphous Co oxide in near-neutral pH
and concluded that even when the material is re-electrodeposited after its dissolution, the
catalytic properties change over time, namely, a decrease in the TOF and an increase in the
Tafel slope.

An approach recently used to tune the catalytic stability?® of single oxides is the introduction
of a second metal into the oxide structure. Such effect has been associated with an enrichment
of the oxygen defects in the material structure and changes in the charge transfer resistance of
the material.>%* For instance, Li and collaborators?® introduced Mn into the spinel structure of
Co0304, obtaining CooMnQOs, and compared the catalytic activity in acid media (pH 1 H2SO4)
of both materials. Interestingly, the stabilization of the current was extended from 5 h in Co304
to 300 h in CooMnOs, which did not affect the current significantly or the chemical structure
of the material, probed by XAS. However, the introduction of Mn into Co-based oxides might
also affect the 1 by increasing it in some cases'® or decreasing it in other.*¢#8

The development of new strategies for the stabilization of catalyst materials and insight into

the origin of stabilization are essential for the durability of the OER electrocatalysts.

Activation

Besides the stabilization of catalysts under OER conditions, a step beyond is the activation of
the catalytic current. In this case, the material is expected to suffer structural changes, which
eventually have a beneficial impact on the catalytic activity, e.g., an | decrease or a current
increase. Catalytic activation can happen either by enhancing the catalytic activity of each of
the active sites or by increasing the number of accessible active sites.

Catalytic activation can occur by different methods, such as the formation of a new phase,*

127

introduction*! or removal?’ of ions from the catalyst, or the formation of new material.* When

this process occurs during an electrochemical process (typically catalysis itself), it may be

called electrochemical restructuring.

Electrochemical restructuring

11



Whereas the electrochemical restructuring is frequently conceptualized as having a negative
impact on the OER, numerous reports in the last years have shown an overall increase of the
current after restructuring, 4%

The degradation and the activation of materials may occur due to the electrochemical
restructuring, meaning under oxygen evolution conditions. The restructuring of the catalyst can
be tracked during the electrochemical experiment, e.g., series of CVs or CA. A constant
increase in the cathodic area of the cycle is a clear indicator of structural changes in the catalyst.

An example is the electrochemical restructuring of Bag.sSro5Co00.8Fe0203.5 (BSCF) during

cyclic voltammetry, where the formation of a Co-based oxide was confirmed by XAS.!

Another possible indicator of electrochemical restructuring during oxygen evolution conditions
is the variation of current density over time. For instance, the current density of Pak
(Co3(PO4)2-8H,0) increased during an applied potential (E=1.76 V vs. RHE) for 10 h.** The
increase in the current was assigned to the amorphization of the material into a Co-based oxide

(Figure 1.3), which owned a higher number of accessible active sites.

Figure 1.3. Diagram of the amorphization of Pak to an amorphous Co-based oxide during the

oxygen evolution reaction.

Transition metal oxides for oxygen evolution

Amorphous transition metal oxides (ATMO) have received much attention in the last decades
as electrocatalysts for OER. They own particularly high catalytic activity and are mostly stable

in electrolytes with a pH above the near-neutral.>?

They possess many advantages over the
benchmark Ir- or Ru-based oxides in alkaline media, like their high activity, high stability, and

low cost.>?

12



Mn-based oxides

Much attention has been focused on Mn-based oxides due to their low toxicity and great
abundance on the Earth's crust. Mn oxides are commonly reported as bioinspired materials
since the active site cluster in photosystem II consists of CaMn4Os, which makes this kind of
material scientifically interesting.>*>¢

Mn owns rich redox chemistry, which allows different oxidation states to be stable in solid
materials, from Mn?" to Mn’". Thus, a wide range of different Mn-based oxides phases can be

found depending on the pH and potential, as is shown by the Pourbaix diagram in Figure 1.4.

E [V] vs. SHE

-1 3 7 11 15
pH
Figure 1.4. Pourbaix diagram, E vs. SHE as a function of pH, of a solution 1 mM Mn. The
colored areas represent solid species whereas the white areas represent the aqueous ions. The
dashed red lines show the stability limits of water in the system. The figure was adapted from

The Materials Project.’’

As expected, in pH values under neutral, the Mn?" ions are commonly found in solution. Yet,
towards higher pH or potential values solid phases like Mn203;, MnO> and Mn3O4 are
generated. Such variation of Mn-based oxide phases makes challenging the study of single-
phase OER catalyst; minor changes in pH or potential can lead to the formation of a different
phase. The OER catalytic activity of many single Mn-based oxides has been studied in the past
years, yet the knowledge about degradation, stabilization, and activation processes in these

materials is still limited and insufficient.
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Numerous Mn-based materials can be found naturally, e.g., minerals, yet a common technique
to obtain oxides used for OER catalysis is electrodeposition.”* Some conditions of the
electrodeposition method might vary, such as the substrate, the electrolyte, or the
electrodeposition technique. Commonly used substrates are fluorine-doped/tin(IV)-alloyed
indium(I1I) oxides (FTO/ITO)-covered glasses,*® ! which are useful for in-situ or postmortem
spectroscopic techniques since they are semiconducting and transparent to most visible light.
Carbon-based surfaces are also used as support material for the electrodeposited oxides,
including glassy carbon (GC), graphite foil (GF), and graphite rods (GR), which are thermally
stable®* and can be used in rotating-ring disk electrode (RRDE) stations.?”%?> Parameters, such
as pH and dissolved ions, play an important role in the electrodeposition electrolyte. For
instance, the pH-dependency was studied in electrolytes containing NO3™ and PO4> ions.®* The
results showed significant differences in the Tafel slope of the electrodeposited oxides, whereas
in acid media (pH 2) the Tafel slope was quasi-infinite, in alkaline media (pH 12), it was about
60 mV dec’!. Moreover, it was been shown that the presence of different anions in the
electrodeposition electrolyte, including borate, phosphate, acetate, and sulfate, results in the
formation of Mn-based oxides with different currents (at n = 480 mV), where phosphate
showed the highest current and sulfate the lowest.>* Additionally, Mn-based electrodeposited
in alkaline media and in KOH- or NaOH-based electrolytes have shown higher stability than
those deposited in near-neutral pH or lower.5>"%° Presumably, the high stability is due to the
high redox stability (OH- derives from water), high ionic strength, and high reactivity with
protons.>* Lastly, the formation of a more active Mn oxide was enhanced by the use of CV as
the electrodeposition method in comparison to the potentiostatic electrodeposition that
produced an inactive material.®

As discussed previously, the electrolyte pH has an essential role in the stability study of Mn-
based oxides, not only because of the phase chemical stability but also because of the species
proportionation. A study of CV and UV-vis spectroscopy suggested that in neutral and acid pH
values (pH 4-8) Mn®" species present in the catalyst tend to disproportionate into Mn?" and
Mn**, whereas in alkaline pH (>9) the comproportionation of Mn** and Mn*" into Mn*" is
likely to happen.>®$7 The discussion about the species responsible for the major OER catalytic
activity is still under debate, some of the reports for different Mn-based oxides are summarized
in the next paragraph.

Mn**-containing oxides have been reported with high catalytic activity in phases like

a-Mn203,% Mn304,% amorphous MnOx.* In alkaline media, a-Mn,Os3 was stable for at least
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2 h, when the corrosion potential (1.7 V vs. RHE) was not exceeded. Even though the
predominant oxidation state is Mn>*, the catalytic activity was attributed to Mn*", which was
formed reversibly at catalytic potentials.®® Moreover, the Mn>" sites have been reported to be
the major catalytic contributors, having the disadvantage of not being highly stable, especially
in near-neutral pH values.’®®” The high catalytic activity of the Mn>" sites agrees with the

1.’70

activity descriptor proposed by Suntivich et a in which a transition metal site with an eg

orbital occupancy close to the unit should present the highest catalytic activity. Octahedral
Mn**-containing oxides have been reported as highly active but only in the presence of Mn**.7!~
74 In contrast, the material is rather inactive in the predominantly Mn*" phases.>> Lastly, the
role of the tetrahedral Mn?" sites (for instance in Mn3Q4) is still not well understood, yet its
dissolution is likely.** Systematic studies of the Mn oxidation state in oxides have shown that
the lowest overpotential is obtained with an average oxidation state between 3.5+ and 3.7+,2"7>
77 whereas the partial oxidation of the surface towards Mn*" has been associated with

64,68

deactivation processes, promoting the destabilization of the current.

Co-based oxides

Co-based oxides a promising candidate for OER catalysis since they own low overpotentials
in a wide range of pH values from near-neutral media (overpotential around 400-490 mV)’8 80
to alkaline media (overpotential around 320-450 mV).81"# As in Mn-based oxides, numerous
phases of Co-based oxide can be found depending on the pH and the potential, as it can be

observed in Figure 1.5.
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Figure 1.5. Pourbaix diagram, E vs. SHE as a function of pH, of a solution 1 mM Co. The
colored areas represent solid species whereas the white areas represent the aqueous ions. The
dashed red lines show the stability limits of water in the system. The figure was adapted from

The Materials Project.>’

Among the Co-based oxides, the amorphous layered oxides own outstanding properties in near-

neutral media, such as self-healing, %>

and structural flexibility in terms of various oxidation
states.®”® Thus, the structural properties, as well as catalytic activity of the amorphous Co-
based oxides, have been extensively studied in the last years. Consequently, electrochemical
parameters such as Tafel slope, TOF and 1 are reported.?34%-78-82.84

Generally, the Co-based oxides have shown a Co oxidation state between 2+ and 3+ at the
resting state.*>* Yet, the transition to higher oxidation states has been observed during cyclic
voltammetry. The Co*"/Co** transition has been identified around 1.4 V vs. RHE, and the
transition Co**/Co*" around 1.6 V vs. RHE.”! The transition of Co®" to higher oxidation states
at non-OER potentials suggests the 2+ oxidation state as not relevant for OER.! On the other
hand, Co®" has been typically detected, not only at resting state but also at higher potentials,
including OER potentials.”’* Likewise, Co*" has been observed at OER potentials, suggesting
the need of Co*" (and Co*") for OER.?!~%¢ However, the evidence correlating the Co*" oxidation

state with the evolution of oxygen is still scarce.
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TOF of transition metal oxides

The stability and activity of Mn-based and Co-based oxides was previously described, yet the
comparison between different catalysts is not trivial. As mentioned above, TOF is useful
parameter to compare the catalytic performance of different materials at a selected potential.
In other to compare the herein discussed materials with other OER typical catalysts (for
instance, Ru-based oxides or photosystem II), TOF values of common OER catalysts are
summarized as an example in Figure 1.6. Variations in the electrodeposition methods provoke
a larger range of TOF values for the electrodeposited oxides. An interesting observation is the
significantly higher TOF values of the mixed MnCo oxide in comparison to the single Co- or

Mn-based oxides, indicating a beneficial effect in the kinetics of OER.
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Figure 1.6. Turnover frequencies (TOF) of select oxides: thin-film surfaces of rutile RuO»
(grown on MgO for the (110) and SrTiOs for the (100)).”” Commercial Co3;O4 powder,”®
LaCoOs (001) thin film (grown on Nb:SrTiO3), PrBaCo,Osis powder (PBCO),’!
Bay 5Sr95Co0.sFe0203.5 (BSCF, grown on LagsSrooMnOss on SrTiOs3),** electrodeposited
cobalt hydroxide ("Co-Pi" or "CoCat"),>* layered hydroxide MnCoOx (Mn:Co::1:1) was
formed in pH 10 and drop-casted on GC,'® the commercial LiMn,O4 was ink-casted on GC,*
the MnOx studied in KOH was electrodeposited in near-neutral pH on FTO glass,'°! the MnOx
studied in neutral pH was electrodeposited in pH 6 on ITO glass,%® the Co(PO3). was
synthesized thermally at more than 350 °C and deposited on Ni foam,” the Co304 studied in
pH 7 was synthesized by thermal methods at 165 °C and drop-casted on GC,*° the
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restructuringd CoOx was obtained by the amorphization of a Co-based crystalline material
during CV in pH 7,% and the TOF of MnsCa oxygen evolution complex of photosystem II
(OEC-PS IT) was calculated at 0.3 V overpotential and for membrane particles (pH ~5.5 in the
lumen).!?? All TOF values were estimated with an overpotential of about 300 mV. This figure

was modified from reference with permissions of Royal Society of Chemistry.'%?

As in Mn oxides, the Co oxides can be (electro-)deposited on different substrates depending
on the necessity, such as FTO,?*7® 1TO,*° GC.*!!% Yet, Co-based oxides are commonly
obtained by electrodeposition in a pH-neutral Co**-rich electrolyte (usually using Co(NO3), as
a precursor).?° The electrodeposited oxide is conformed of Co-based oxide cluster with
several Co atoms, the extension of the layers (number of Co atoms per cluster) depends on the
electrodeposition conditions, e.g., the anions in the electrolyte.®® A less common method to
obtain amorphous Co oxides (and other ATMO) is from the electrochemical restructuring of a
Co-based crystalline material **!% In the process, the original crystalline material is
amorphized during the OER catalysis until an amorphous Co-based oxide is obtained. The
properties of the final material depend on the initial crystalline material and the electrolyte

where the restructuring process occurs.?

Scope and organization of this thesis

The main scope of this thesis is to contribute to the field of the oxygen evolution reaction with
Mn-based and Co-based catalysts, focusing on understanding the possible changes that the
materials suffer after catalysis, increasing the stability of the materials, and using beneficially
the material’s restructuring. The topics herein are addressed with the aim of understanding
better the degradation, stabilization, and activation processes of ATMO catalysis, thus with the
desire of providing new insights for the future design of highly active and stable OER catalysts.
To achieve this aim, three hypotheses are stated:
e The observed current decrease can be deconvoluted into reversible and irreversible
changes in the catalyst.
e The stability of a Co-based electrocatalyst can be increased by the introduction of
second metallic oxide into the oxide structure.
e The electrochemical restructuring during oxygen evolution conditions can be

beneficially used to increase the current of a Co-based electrocatalyst.
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The motivation of this work, the state-the-art, and the organization of this thesis are defined in
this introduction (Chapter 1 and 2). The fundaments of the techniques herein used are
described in Chapter 3, including electrochemistry, X-ray absorption spectroscopy as well as
data treatment. This description may facilitate the reader the understanding of the results
obtained in the following chapters.

A new electrodeposition method in alkaline media for amorphous Mn oxides is reported in
Chapter 4 The Mn oxide films were used to investigate catalytic current changes during
cycling due to structural changes. The drop in the catalytic current was related to the oxidation
of the near-surface region towards Mn*', probed by XAS. Yet, the catalytic current was
partially recovered after a 30-minute OCP break, which indicates that some of the changes
affecting the catalytic current are reversible.

The electrodeposition method was successfully extended to amorphous Co oxide and mixed
CoMn oxide films in Chapter 5. As observed in the Mn oxide, the catalytic current of the Co
oxide films decreased during cycling by about 30 %. After cycling, oxidation of the near-
surface region towards Co®" was observed by XAS. With the aim of stabilizing the catalytic
current, Mn oxide was introduced into the Co oxide, forming Coo.7Mno30x. The initial catalytic
current was lower in Coo7Mno3Ox than in CoOx, yet it was stable during 100 cycles. The
introduction of Mn oxide into the Co oxide stabilized the catalytic current during cyclic
voltammetry. As expected, no significant structural changes were observed after catalysis. The
stabilization was understood in terms of an increase in the conductivity and an optimization of
the metal-oxygen binding energy.

The two first chapters are focused on gaining insights into degradation and stabilization by
studying structural changes in the catalysts. In Chapter 6, the structural changes during
catalysis are beneficially used to activate the current. For such purpose, a Co-based crystalline
material (Ery) was synthesized and used as a model for the electrochemical investigation. The
structural changes in Ery were tracked during 800 cycles in four different electrolytes (with
same pH and same concentration). Ery was electrochemically restructuringd into an amorphous
Co oxide, yet different restructuring rates were observed depending on the electrolyte.
Interestingly, only in carbonate electrolyte, the current was activated (around 100 % in
comparison to the initial state). This model indicated that three requirements are needed to
obtain a beneficial electrochemical restructuring: high Co oxidation state, adequate cluster size,

and a high number of Co redox sites.
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Finally, the main conclusions and scientific insights of each of chapters 3-5 are summarized in

Chapter 7 in order to propose a main conclusion and the importance of these results. The still

open questions are also mentioned to suggest the outlook of this research field.
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Chapter 3. Methods

The purpose of this section is to familiarize the reader with most of the experimental techniques
used to obtain the results herein exposed. Since the focus of this thesis is the OER, the
techniques are described in terms and with examples of oxygen evolution. This chapter is
organized into two main parts, one dedicated to the electrochemical techniques, where the
catalytic properties of the materials are explored, and a second part dedicated to the
characterization of the material, in which structural changes can be tracked. The details of the
experimental conditions are specified in the experimental section of each of the results

chapters.

Fundaments of electrocatalysis

The fundaments of electrocatalysis herein mentioned and explained are based on the textbook

“Electrochemical methods and application” by A. Bard & L- Faulkner.!

Nernst equation

The potential of an electrochemical reaction strongly depends on the concentration of the redox

pairs. This effect is given by the Nernst equation (equation 2.1).
RT
E=E°+—In(Q) [2.1]
zF

Where, E represents the reduction potential, E® the standard potential, R the universal gas
constant, T absolute temperature, z the ion charge (transferred electrons), F the Faraday
constant and Q the reaction quotient. In an redox couple electrochemical reaction, Q is defined
as the ratio between the chemical activities of the reduced (areq) by the oxidized species (aox).

The Nernst equation can be rewritten at room temperature (T=298 K), equation 2.2.

0.059 Ared
log ( )

aOX

E=E"+ [2.2]

This equation can be rewritten in terms of the OER (equation 1.1) to obtain equation 2.3. By
aqueous and liquid species, the activity is considered, whereas by gases the pressure must be
used. The species variables (activity or pressure) must be raised to the power of the coefficients.
For instance, in equation 1.1, two molecules of water are used to produce four protons. Thus,

in equation 2.3 the concentration of water and hydronium are elevated to the power of six and
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four, respectively. Moreover, z is substituted by four, the numbers of electrons involved in the

reaction.

EOER = EO +

0.059 log <(aHgo+)4poz> [2.3]

4 (@H20)?
In an aqueous solution, as there is an excess of water, the activity is one by definition.!%
Likewise, the pressure of oxygen at ambient pressure can be assumed as p(O2)=1 (if the

pressure of oxygen differs, the term should be considered), resulting in equation 2.4.

4
And since the concentration of protons is directly related to the pH (pH=-log(cm+), the

9
Eopr = 1.23 + log((cuzo+)™) [2.4]

equation can be rewritten as equation 2.5.

Eopr = 1.23 —0.059 - pH [2.5]
Thus, the potential of the oxygen evolution is thermodynamically dependent on the pH of the
electrolyte (using the normal hydrogen electrode, NHE). Yet, other factors affect the kinetics

of the reaction.

Butler-Volmer equation

The kinetics of reaction occurring on the electrode’s surface strongly depends of the applied
potential for all faradaic processes. Thus, the potential difference at the interface can be used
to control reactivity.

As described in the previous chapter, the energy of reactants and products of a chemical
reaction can be visualized as function of the reaction coordinate (Figure 1.2). Similarly, it
occurs in electrochemical reactions. Yet, the energy of the surface and the electrode potential
have an important effect, which disturbs the equilibrium of the electrochemical reaction,
resulting in the electrochemical kinetics (where AG#0). The Butler-Volmer equation (equation
2.6) conveniently describes the dependency of the electrode current on the potential difference
between the electrode and the bulk of the electrolyte (considering that both, the cathodic and

anodic reactions occur on a single electrode).

agzFn aCan]} [2.6]

jzj"'{exp[ RT ]_exP T TRT
Where, j represents the electrode current density, jo the exchange current density, T absolute
temperature, z the numbers of electrons involved, F the Faraday constant, R the universal gas
constant, 1 the activation overpotential (difference between electrode potential and equilibrium

potential, E-E¢q), 0. and o. the anodic and cathodic charge transfer coefficient, respectively.
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Moreover, jo is defined as j, = Fk°C, where F represents the Faraday constant, k° the reaction
standard rate constant and C the reactant’s bulk concentration (for a first reaction order).

There are two limiting cases of the Butler-Volmer equation. The first is at low overpotentials,
so-called polarization resistance, where the equation is oversimplified since ExE¢q. The second
case is at very high overpotentials (where EXEcq>>0 or EXE¢q<<0, [>0.1 V), and the equation

is simplified to the Tafel equation.

Tafel equation
For large values of n, either positive or negative, one of the terms in equation 2.6 becomes

negligible. For instance, at a very negative overpotential: exp [— ac;;n]<< exp [a‘;::n], and the

Butler-Volmer equation becomes equation 2.7, which can be rewritten as equation 2.8.

—azFn

j — jO e RT [27]
RT RT
= — ) — —— j 2.8
1= —=In(jo) = —=In()) [2.8]

Yet, the simplification is applicable only if the counter reaction’s (anodic reaction in reduction
process, or cathodic reaction in an oxidation process) is negligible (less than 1 %). If this is not
the case, the system will approach the mass-transfer limited current by the time the
overpotential is established. Thus, Tafel relationships cannot be observed since they require
the absence of mass-transfer effects on the current. In contrary, when the electrode kinetics are
sluggish and significantly higher overpotentials are required (like in OER), good Tafel
relationships can be observed.

Consequently, a Tafel plot can be constructed if logarithm of j is plotted as a function of 1. The
slope of the linear fit of this plot can be represented as Z_Z—IZ;. However, the linearity behavior

sharply deviates as n approaches zero since counter reactions cannot be neglected.

In terms of an electrocatalyst, the Tafel slope does not depend on the amount of catalytic
material or the number of active sites, thus it is a useful parameter to compare different
electrocatalysts or conditions of the same reaction. A vast number of Tafel slope values can be
found in literature for different materials, reactions and conditions. For instance, in OER a
value of 60 mV dec™! is assigned to a chemical rate-limiting step with an electrochemical pre-
equilibrium. Whereas a value of 120 mV dec! is associated with an electrochemical rate-
limiting step, and a value much greater than 120 mV dec™! is related to a chemical limiting step

or poor material conductivity.'?’
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Rotating-ring disk electrode

The rotating-ring disk electrode (RRDE) is a useful technique for the study of two
electrochemical reactions occurring simultaneously; one reaction is carried on at the disk and
another at the ring, while the setup rotates. This technique is based on the principle of forced
convection of the electrolyte in the electrochemical cell, thus mass (such as ions or molecules)
is transported through the solution from the first reaction spot to the second.'%®

A common experimental setup is CV series occurring at the disk and CA occurring at the ring.
Thus, the ions or molecules produced during the CV can be transported to the ring to be
detected as an electrochemical response. It is important to note that the convection of ions (or
molecules) has a direct impact on the electrochemical response, therefore, it is influenced by
the local concentration of these species. A meaningful example is the detection of oxygen at
the ring produced from an OER occurring at the disk (Figure 2.1). The setup is conformed of
a glassy carbon rod as the disk and a Pt ring, both are separated by a Teflon sleeve. The glassy
carbon was coated with catalyst and series of CV are applied. The Pt ring performs a CA, in
which the applied potential can reduced the Oz molecules produced by the disk,'” where
oxygen detection is limited by diffusion. The rotation of the setup causes a laminar flow of the

electrolyte and thus, a continuous mass transport.

1
— 1
- ) ! :
= : !
e — D ! ring
—_ disk

OH- 02 OH-

Figure 2.1. Diagram of the mass transport in an RRDE of the O product of OER reaction in
alkaline media. The disk evolves oxygen molecules which are transported, assisted by the
laminar flow, to the ring to be reduced. A transversal view of the RRDE is shown on the right

side, indicating the disk and ring layout.

An advantage of the RRDE setup is that the oxygen evolved by the disk can be quantitatively

detected as an electrochemical signal in the ring. Nonetheless, only one portion of the products

30



generated by the disk can be collected by the ring. This fraction is called collection efficiency
and it is estimated as the ratio between the limiting current at the ring and the limiting current
of the disk.!!? Yet, this estimation requires a collection efficiency factor, which depends on the
geometry of the disk and ring electrodes, and on the roughness of the catalytic film. In the case
of OER, the produced oxygen owns a low solubility in water, generating oxygen bubbles easily.
The formation of bubbles leads to troublesome at the ring since the bubbles tend to escape from
the electrolyte and cannot be detected.

Besides the oxygen evolution, other reactions might occur at the disk, such as competitive
reactions or redox reactions in the catalysts, which complicate an exact approximation of the
onset of the OER in three-electrode electrochemical cells. Yet, another helpful advantage of
RRDE is that an estimation of the onset potential of the OER can be obtained as the current at
the ring starts to increase.!!! This rough estimation can be defined as current density that
significantly differs from the noise of the measurement. A typical electrochemical setting for a
RRDE experiment is shown in Figure 2.2a, where the potential is swept in a range while a
single potential step is applied at the ring. The signal obtained for an actual experiment of
oxygen detection is shown in Figure 2.2b, where both, ring and disk, currents increase as
oxygen evolved. The disk shows the oxidation of OH" ions to Oz, whereas the ring shows the

reduction of O, to OH" ions.
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Figure 2.2. a. Applied potential at the disk and the ring as a function of time for one cycle in
a CV experiment, b. CV experiment at the disk collected on an Mn oxide-covered glassy carbon
rod and CA experiment at the Pt ring, in a 0.1 M NaOH Ar-purged solution with 1600 rpm of

rotation.
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X-ray absorption spectroscopy

The descriptions and explanations of x-ray absorption spectroscopy are based on refence

materials. !> 113

The absorption of X-rays occurs when X-ray radiation of equal or higher energy to the binding
energy of a core electron hits a given atom. The quantized nature of such transition results in a
sharp absorption as a function of energy, which is called edge. The edge of an atom is given
according to the principal quantum number (n=1,2,3...). For instance, the K-edge is related to
the transitions of the 1s orbital, whereas the L-edge to 2s and 2p (Figure 2.3). A dipole
forbidden transition results in a small feature at lower energy than the edge, such feature is

called pre-edge. The pre-edge is useful to obtain information about the symmetry of the studied

atom.
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Figure 2.3. Diagram of the X-Ray absorption K edge of a transition metal. Ka represents the
emitted fluorescence resulting from the relaxation of a 2p electron into a core-hole effect. The
dotted red arrows represent the dipole and parity forbidden transitions (1s — 3d), which
conforms the pre-edge. The solid red arrow represents the transition 1s — 4p, forming the edge.

At high enough energy the photoelectron may leave the atom and be backscattered by the
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surrounding atoms, generating the EXAFS effect. The EXAFS phenomenon is highlighted in

green boxes.

The pre-edge, the edge, and about 20 eV further constitute the X-ray near edge structure
(XANES), which contains vast information about the oxidation state, coordination sphere, and
structure of the scattering atom. All this information is encoded in the position and shape of
the XANES spectrum. Usually, the experimentally measured spectra are compared to reference
measured spectra of samples with well-known chemical structures, oxidation state, and
coordination sphere.

The energy of the incidence X-rays can be further increased after the edge and the 1s electrons
can be expelled from the scatter atom, generating a photoelectron. The emitted wave is
subsequently scattered by the surrounding atoms, resulting in constructive and destructive
interference between the emitted and the scattered waves. The amplitude of such interference
is modulated depending on how the scanning energy affects the wavelength of the scattered
photoelectron. Thus, the scattering effect depends not only on the absorber atom but also on
the nature of the surrounding (scattering) atoms. As a result of the scanned energy after the
edge, an oscillatory pattern is obtained, which is called extended X-ray absorption fine structure
(EXAFS). The obtained spectrum provides useful information about neighboring atoms around
the main scatter atoms, such as the identity of the atoms, distance to the absorber atom, and the
number of them.

An EXAFS pattern must be modeled to obtain this information, in which the contribution from
different scatters at certain distances are added as shells. In this way, each shell contributes to
the whole spectrum by adding scattering events. The modeling of these events is described by

the EXAFS equation (Equation 2).
Nshell

x(k) = S§ - Z ARy, k); - N; - e~200 k" . sin(2k - R; +®;) [3.9]
;

where, S§ represents the amplitude reduction factor, A(R;, k); the scattering amplitude for the
i-shell, £ the photoelectron wave-vector, N; the coordination number or degeneracy, o; the
Debye-Waller parameter, R; the half path length or distance between absorber and scatter and

@; the phase shift.

The scattering function depends on the distance R between the scatterer and the absorber and

the photoelectron energy. When the photoelectron is scattered, it suffers a phase shift due to
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the direction change and the interaction with potential fields from other atoms. The degeneracy,
N, relates to the number of scatters at a specific distance. The distance to a given scatterer
differs slightly among the different atoms due (among others) to a structural component and
thermal effects, resulting in a distribution of similar distances. This distribution is represented
by the Debye-Waller factor. Commonly, the variable is associated with the disorder of the

material.

The structural information from the EXAFS spectra can be more easily visualized if the data is
converted from the energy to the space domain by a Fourier transform. In this way, the
neighboring atoms are observed as peaks in the space domain. Each peak contains the
information about the identity of the neighboring atom, the distance with the absorber atom,

the number of them and the distribution of similar distances.

Treatment of the data

The data treatment differs slightly depending on the beamline station and on the needs of
specific sets of data. Herein, the data treatment is described based on fluorescence files

obtained from the beamline station KMC-3 in BESSY II.

The measurements contain information from four ionization chambers, namely: loo, lo, I1, and
Ib. The arrangement of these ionization chambers can be observed in Figure 2.4. In the case of
Ioo, it 1s a set-up before the other chambers, used by the beamline to control the intensity and
calibration of the beam. The fluorescence signal is recorded by a detector with 13 elements,
meaning 13 spectra per measurement. The in-coming rate (ICR) corresponds to all fluorescence
counts collected by each of the elements, whereas the fluorescence signal (commonly
abbreviated as Fluo) corresponds to a selected window of Ka emissions, corresponding to the

metal of interest (Figure 2.5a).
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beam

Fluorescence
Hutch detector

Figure 2.4. Diagram of the basic setup for XAS measurements collection. The ionization
chambers are represented as Ioo, lo, 11, and I>. The sample is placed in the sample holder in a

45 ° position. The gray background represents the hutch.

After collection the spectra at the beamline station, the data must be treated with a series of
steps to facilitate its analysis. The treatment depends on the quality and type of data collected,
yet, some typical applied treatments are dead time correction, calibration of the absorption,

energy calibration, background subtraction and post-edge normalization.

Dead time correction. Energy resolving detectors collect photons to be analyzed. Thus, there
is a dynamic range. This range can be oversaturated when too many photons reach the detector
and cannot be analyzed, leading to a nonlinear behavior between the fluorescence and the ICR.
The effect in the photocounts can be corrected by the non-detected photons due to the dead
time of the detector. The out-coming range (OCR) is corrected using an exponential fit from
the ICR values (equation 2.10), thus a calibration curve is obtained by measuring time scans at

a fixed energy for the corresponding shaping time of the 13-element detector.
OCR=A-(1— e FICR) [2.10]

Calibration of the absorption. Using the Beer-Lambert law, the absorbance of an absorbing
layer, e.g., sample, can be estimated by the beam intensity (BI) passing by position zero and
one. The Beer-Lambert law postulates the linear relationship between the absorbance of
monochromatic light and the concentration of an absorbing layer (equation 1.11). Therefore,
the fluorescence counts intensity can be converted to absorbance by the equation 2.12, using
the intensity of the ion chamber zero and one. The fluorescence signal must be normalized by

lo, to remove possible variations or abnormalities in the incoming beam (Figure 2.7a).
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_ Bl [2.12]
A =log (Bll)
I
A, = —log (—1) [2.12]
Iy

Energy calibration. the change in the settings of the beamline can cause variation in the
radiation calibration, thus it is recommended to perform energy calibration as frequent as
reasonable not no later than after changing the edge. For such a purpose, the spectrum of a
standard metallic foil (of the metal of interest) must be collected. Then, the derivative of A»,
A>’, must be calculated and plotted. The first peak (coming from the first inflection point) of
Ay’ is fitted, e.g., with a Gaussian function. The maximum of the peak represents the energy
6

value of the edge, which must be compared and shifted with values reported in the literature!!

(Figure 2.5d). Finally, all experimental data must be shifted in the energy axis as the reference.

Background subtraction. The region before the edge rising must be subtracted to remove the
background signal (Figure 2.5b). Commonly, a constant or a linear function creates a good fit.
A good fit should not affect the oscillations of the spectrum after the edge and the slope of the
fit should be similar to the one of the data after the edge. After this step, the files of a sample

can be averaged into a single spectrum.

Post-edge normalization. Once the background has been subtracted, a normalization to 1 must
be perform after the edge rising (Figure 2.6¢), as a division by an equation. Polynomial equation
of order 1, 2 or 3 can be used depending on the quality of the data. A common approach is to
use the lowest order possible. A good fit should not affect the oscillations of the spectrum and
it 1s expected that the slopes of the fit and the background are similar. After this step, this data

can be used to estimate the edge energy and the XANES spectra can be compared.
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Figure 2.5. a. Untreated Co-K edge fluorescence spectrum collected on a metallic Co foil, b.
Background subtraction of the Co-K edge spectrum with a straight line (blue line) in the region
before the edge rising, c. Normalization of the Co-K edge spectrum to 1 by a polynomial
equation of first order, d. Definition of the edge energy of the Co foil for energy calibration by

the derivative of the absorption spectrum.
Estimation of the oxidation state

A typical approach is using XANES spectra to estimate the oxidation state of the metal in a
material. Specifically, the edge energy can be used since it depends on the oxidation state of
the metal and the nature of the ligands. For such a purpose, a calibration curve must be
constructed using reference compounds with a similar coordination sphere, e.g., ligands and
geometry. An example of this approach is shown in Figure 2.5, where a group of Co-based
oxides is used to build a calibration curve. The average oxidation state of the absorber atom
(Co) is obtained from the XANES spectra (Figure 2.5a). Once the energy has been calibrated
(see below) and the data has been normalized, the edge position can be estimated. The accuracy

of the oxidation state will depend on the quality and purity of the references used. The integral

37



method can be used, in which a step integral function (equation 4) estimates the energy position

of the edge.

E;
E€49¢ = E, + f U, — fi (E) dE [2.13]

Hz — U1 JE,

py for u(E) < p
where, [(E) = { upfor u(E) > u, ¢, by setting the limits as p;=0.15 and u,=1.0, The first
u(E) else

value is chosen to prevent an effect of the pre-edge feature in the estimation of E*¢¢. The second
value is chosen to ensure that the E®° is not strongly affected by the amplitude of the “edge-

peak”. The integral step is illustrated in Figure 2.6.
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Figure 2.6. Illustration of the step function used to determine the edge position in a CozO4

powder, used as a reference.

The edge position of the measured experimental spectra must be compared to a set of measured
reference spectra. At least, three well-known reference samples with different oxidation states
should be measured to build a calibration curve (Figure 2.7a), in which the measured samples
can be interpolated. The calibration curve of the Co K-edge is presented as an example (Figure
2.7b), where Co®"0, Co3;*7704 and LiCo®"0, are used as references. In this case, the
calibration curve includes Co average oxidation states from 2+ to 3+, therefore, Co-based oxide
samples can be interpolated to estimate the oxidation state. The accuracy of the results depends
on the linear fitting of the calibration curve and it can be estimated using the root mean square

of the difference between the input references oxidation states and the estimated ones.
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Figure 2.7. a. XANES spectra of the Co-K edge collected on Co??0, Co3;*"P04 and
LiCo®"0,, used as references, b. Nominal Co oxidation state of references as a function of the
energy of the Co-K edge denoted by E. The fit equation is shown in the graph. The energy of
the edge was estimated by the integral method.

EXAFS

The data in the EXAFS region is fitted with a spline function (with number of knots between
3 and 7 depending on the sample) going through the middle of the oscillations of the data
(Figure 2.8a). The spline function is set as the zero and it is adjustable and smooth function.
Thus, oscillations with positive and negative values are found depending if they are above or
below the spline. The energy scale (E) is modified E-Eo, where Ey is the first inflection point
(for Co 7709 eV, and for Mn 6539 eV) (Figure 2.8b). Then, the x axis (energy) is changed to
an axis of the magnitude of the photo-electron wave vector as described in equation 2.9 (Figure
2.8¢).

Typically, the spectrum is weighted by k* (or k?) to compensate for the oscillations damping
towards high k values. The k*-weighted spectrum is used to perform the simulations.
Subsequently, a Fourier transform is performed to the k*>-weighted spectrum and the energy
axis is converted to a space axis (so-called reduced distance), thus the structural data can be
more practically analyzed. The peaks in the Fourier transformed data correspond to different
neighboring scattering atoms located at a certain distance from the absorbing atom (Figure
2.8d). At higher k values the phase shift is less pronounced causing an effect that simulates a
shorter distance when the Fourier transform is applied, resulting in peaks at lower distances
than the real distance. This effect occurs due to the dependence of the phase shift with k.

Therefore, the data must be corrected by a theoretical or experimental standard. This is usually
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performed using the FEFF program, which calculates the corresponding phase functions with
theoretical models. The magnitude of the Fourier transform is finally plotted, as observed in

Figure 2.8d.
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Figure 2.8. a. Normalized fluorescence spectrum of Co-K edge collected on a metallic Co foil
and the spline function (blue). The inset shows a zoom-in section of the data, b. Cut-out of the
EXAFS oscillations, so-called y spectrum. The energy axis becomes the energy offset E-E, c.
The y spectrum is k* weighted and the energy offset becomes the photo-electron wave vector,
d. Fourier transform of the EXAFS spectrum. The x axis is called reduced distance,

representing the reduced interatomic distances.

The Fourier transform must be applied over a finite range of k since the data available is also
finite. Yet, it may be not obvious which energy values are present in that data range. Thus, the
k range inputted to analyze the data has an impact on the result, e.g., if the range does not

contain a whole number of oscillations in a periodic function. Consequently, a window function
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must be applied (W(k), equation 2.14), in which the ¢ (E) smoothly reduces to zero or an enough

small value to prevent sharp discontinuities and a strong k range dependence.

k_ko p
[0.5(1—cos(n " ))] ,whenky, <k <ky+a

w(k) = k, — k\\17 [2.14]
[0.5 (1 — cos (77.' 5 ))] ,whenk, —b<k<k,

U1 ,whenko +a <k <k,—b

where p is the cosine exponent, ko and k, are the starting and ending k-values and a and b are

the starting and ending regions over which, the cosine is applied (equations 2.15 and 2.16).

a = (k, — ko)L [2.15]
b = (k, — ko)R [2.16]

Possible values for L and R are between 0 (no dampening) and 0.5 (strong dampening;
L=R=0.5, p=1 is the Hann window). L and R values of 0.1 are typical values, meaning that the
starting 10% and the ending 10% of the weighted EXAFS oscillations are dampened by the

cosine function.

Data simulation

The spectra are simulated using the SimXLite software (in-house software). Three relevant
parameters can be obtained from the EXAFS simulations: N, which is related to the number of
neighboring atoms around the absorber atom, R, related to the averaged interatomic distance
between the absorber atom and the scatter, and ¢ (Debye-Waller factor), associated with the
distance distribution in a material. The phase functions are calculated using the FEFF§-Lite
program (version 8.5.3, self-consistent field option activated). The atomic coordinates of the
FEFF input files were generated from reported chemical structures. An amplitude reduction
factor (So®) of 0.7 was used. The EXAFS simulations were optimized by the minimization of
the error sum obtained by summation of the squared deviations between measured and
simulated values (least-squares fit, equation 2.17). The fit was performed using the

Levenberg-Marquardt method with numerical derivatives.

6= Z(ml - ei)z [217]
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Where m; represents the data point of the simulated EXAFS spectrum and e; represents the data

point of the experimental EXAFS spectrum.

For the quantification of the of the goodness of the fit parameters in the EXAFS simulations,
the equation 2.18 is used. The obtained numerical value corresponds to the relative difference
between the experimental and the simulated spectra after Fourier-filtering.

pf” — el

L

R =100
! Sle/|

[2.18]

Where, m™ and e' represents the Fourier-filtered model and experimental k-weighted EXAFS

curves, respectively. The sums consider all points in the fit region and spectra displayed.
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Abstract

Manganese oxides have received much attention over the years among the wide range of
electrocatalysts for the oxygen evolution reaction (OER) due to their low toxicity, high abundance and
rich redox chemistry. While many previous studies focused on the activity of these materials, a better
understanding of the material transformations relating to activation or degradation is highly desirable,
both from a scientific perspective and for applications. We electrodeposited Na-containing MnOy
without long-range order from an alkaline solution to investigate these aspects by cyclic voltammetry,
scanning electron microscopy and x-ray absorption spectroscopy at the Mn-K and Mn-L edges. The
pristine film was assigned to a layered edge-sharing Mn+*+ oxide with Mn-O bond lengths of mainly
1.87 A and some at 2.30 A as well as Mn-Mn bond lengths of 2.87 A based on fits to the extended x-
ray fine structure. The decrease of the currents at voltages before the onset of the OER followed
power laws with three different exponents depending on the number of cycles and the Tafel slope
decreases from 186 + 48 to 114 + 18 mV dec-'after 100 cycles, which we interpret in the context of
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surface coverage with unreacted intermediates. Post-mortem microscopy and bulk spectroscopy at the
Mn-K edge showed no change of the microstructure, bulk local structure or bulk Mn valence. Yet, the
surface region of MnOy oxidized toward Mn**, which explains the reduction of the currents in
agreement with literature. Surprisingly, we find that MnO, reactivates after 30 min at open-circuit
(OC), where the currents and also the Tafel slope increase. Reactivation processes during OC are
crucial because OC is unavoidable when coupling the electrocatalysts to intermittent power sources
such as solar energy for sustainable energy production.

Introduction

Among the wide range of transition metal oxides used for the oxygen evolution reaction
(OER), manganese oxides have received much attention over the years because their low
toxicity and their high abundance (10th in Earth crust). Furthermore, photosystem II has an
active site consisting of CaMn4Os, which makes manganese oxides scientifically interesting
as biomimetic catalysts [ |-6]. In the past years, the attention was mainly focused on simple
manganese oxides [3—13], such as Mn304, Mn2O3, MnO» and variants with non-binding,
redox-inactive cations, e.g. 3-AMnO; (A is group I/II cation) [14—16]. The activation and
degradation processes of Mn oxides are less understood than the activity of these catalysts.
Usually, degradation is associated with changes of the surface and bulk oxide composition,
long range order (i.e. crystallinity) and/or microstructure, but it can also be caused by
detachment, particle agglomeration, or blocking by oxygen bubbles [17-21]. These material
modifications due to activation and degradation can be electrochemically observed as
changes in overpotential at fixed current or changes in current at fixed overpotential [17, 22—
24]. Cyclic voltammetry (CV) is the other common electrochemical test of these processes
and frequently used as an activation procedure [25-28]. This activation procedure is also
known as pretreatment or conditioning, and it is usually carried out as several cycles in a
limited range of voltage. The promotion of the catalytic properties after an activation process
has been studied for oxides such as Ir- [26, 28], Co-[27, 29] and also Mn-based oxides [25,
30]. Common sweep speeds for these studies are in the range of 10 to 200 mV s-!, while they
are slower for studies with the focus on activity. Typically, the activation is performed for 20
to 50 cycles, but in some cases, the final activated material does not form until the 200th
cycle [31].

Understanding the processes of activation and degradation of oxides in alkaline media
requires measurements complementary to electrochemical methods. Frydendal et a/ [32]
argue that the stability degradation of electrodeposited Mn oxides cannot be determined based
on electrochemical experiments alone, which is supported by gravimetric experiments using
an electrochemical quartz crystal microbalance (EQCM) and inductively coupled plasma
mass spectrometry (ICP-MS). Geiger et al [33] recently proposed the S-number as a metric of
catalyst degradation which requires the determination of the material loss, e.g. by ICP-MS
measurements. Kohler ef al [1] and Baumung et al [34] studied the activation of LiMn>O4
particles during CV using a rotating ring-disk electrode (RRDE) where the ring was set to a
voltage sensitive to dissolved Mn.

Valuable insight into the mechanism of catalysis, activation and degradation of manganese
oxides has been obtained in the last decade from spectroscopy including x-ray absorption
spectroscopy (XAS) [35-43], UV-Vis spectroscopy [44—46] and Raman spectroscopy [46].
We focus on alkaline electrolytes herein. The distinction between acidic, neutral and alkaline
conditions is important because Mn>*ions disproportionate to Mn?* and Mn** in acidic and
neutral electrolytes, while Mn?* and Mn** ions comproportionate to Mn**in alkaline
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electrolytes [44, 45]. Nakamura and coworkers [44, 45] discuss that more Mn**ions lead to
higher activity, which is in line with the e, orbital descriptor proposed by Suntivich et al [47].
In their catalytic model, comproportionation of Mn** serves as a secondary supply of the
catalytically active Mn*+, which may explain that the lowest overpotential in systematic
studies of the OER on simple manganese oxides is usually found for mixed Mn*+*+ oxides [3,
4, 38-40, 42]. Therefore, it is critical to control the distribution of Mn cations in Mn-based
electrocatalysts for the OER to understand their activity and potential degradation. Jaramillo
and coworkers showed precious support materials (e.g. Au) induce Mn oxidation after the
OER to such a mixed Mn*+#+ oxide [41, 43]. Moreover, the voltage range in CV can have
drastic influence on the observed redox features and thus the nature of the Mn oxide [46, 48].
Post-mortem and in situ experiments on many Mn oxides show clear valence changes during
electrocatalytic experiments in alkaline media [37—40], often accompanied by structural
changes [35, 36]. Interestingly, studies including low voltages in addition to those supporting
the OER often show the formation of Mn3;O4 (Mn**Mn>+,04), which was not present in the
pristine material [35, 38, 46]. The exact role of tetrahedral Mn?* in Mn3O4 is unknown but
Rabe et al [46] show that it hinders Mn dissolution using a combination of in sifzu Raman
spectroscopy and ICP-MS.

In this study, we electrodeposited Na-containing MnOx films without long-range order
directly in an alkaline electrolyte using a complexing agent, while most other manganese
oxide catalysts are deposited at lower pH (e.g. [12]). By this approach, we avoid
complications due to ion exchange and focus on the changes of the Mn valence to identify
activation and degradation processes during cyclic voltammetry and open-circuit conditions
at pH 13. Electrochemical changes were observed and correlated with post-mortem XAS.
Unexpectedly, we found that our MnOx films reactivate after open-circuit.

Methods

Materials

Mn(NOs3)2:4H20 (2 99.99 %), MnO2 (2 99 %), Mn304 (2 97 %), Mn203 (2 99.9 %), L-(+)-
Tartaric acid (2 99.5 %) and (2 M and 0.1 M) NaOH solutions were ordered from Sigma-
Aldrich. Graphite foil (= 99.8 %) with a thickness of 0.254 mm ordered from VWR,
deionized water (>18MQ cm). All reactants were used as received, without any further
treatment.

Electrodeposition of MnOx films

0.6 mmol of Mn(NO3)2:4H>0 and 6 mmol of L-(+)-tartaric acid were dissolved in a small
volume of deionized water (approx. 1 ml). 120 ml of Ar-purged 2 M NaOH solution were
added slowly with stirring to the previous solution, changing from colorless to beige.
Electrodeposition was carried out using a Gamry 600+ potentiostat and a three-electrode cell
made from a three-neck round-bottom flask. The separation between the necks and thus
electrodes was less than 1 cm. The working electrodes were either a glassy carbon disk (4
mm diameter; HTW Sigradur G) in a rotating disk electrode (RDE) or graphite paper (Alfa
Aesar). The unrotated RDE was mounted onto a commercial rotator (ALS RRDE-3 A Ver
2.0). We used a saturated calomel reference electrode (SCE; ALS RE-2BP) and a graphite rod
(redox.me, HP-III, High Pure Graphite) as the counter electrode. The galvanostatic deposition
was performed at 150 pA/cm? until a charge density of 40 mC cm~? was reached.

Electrochemical measurements
The detailed protocol for electrocatalytic investigations is documented in table S1 (available
online at stacks.iop.org/JPENERGY/02/034009/mmedia) for glassy carbon electrodes and in
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table S2 for graphite foil. The measurements on glassy carbon electrodes were carried out
using two Gamry 600+ potentiostats connected as a bipotentiostat in a single-compartment
three-electrode electrochemical cell made of polymethyl pentene (ALS) filled with about 60
ml solution of 0.1 M NaOH (pH 13). A commercial rotator (ALS RRDE3-A Ver 2.0) was
used with commercial rotating ring-disk electrodes with exchangeable disks of 4 mm
diameter and a Pt ring with inner ring diameter of 5 mm and outer diameter of 7 mm. The
graphite foil was clamped in the same cell as the RRDE. A coiled platinum wire was used as
a counter electrode and a SCE (ALS RE-2BP) as a reference electrode, which was calibrated
daily against a commercial reversible hydrogen electrode (RHE; Gaskatel HydroFlex) as
detailed in figure S1. The electrochemical experiments were performed at constant controlled
temperature of 25.0 °C. The ring was set to detect oxygen at 0.4 V vs. RHE as calibrated
previously [34]. Before any experiment, the electrolyte was purged with Ar for at least 30
min. Typical electrolyte resistances of R =40 £ 9 Q were determined by electrochemical
impedance spectroscopy (EIS) (representative data in figure S2 a). The ohmic drop (also
called iR drop) was corrected during post-processing by subtraction of iR from the measured
voltages, where i and R are the measured current and resistance (figure S2b). All voltages are
given relative to the reversible hydrogen electrode (RHE).

The instantaneous Tafel slope was calculated by the first derivative of the iR-corrected

voltage as function of the logarithm of the current density. The Tafel slope was also obtained
by linear regression of the iR-corrected voltage (E-iR) against logio(1), using the cathodic half-
cycle of the cyclic voltammetry of iR-corrected data in the range between 1.71 and 1.77 V vs.
RHE. The electrodes were swept at 100 mV s-! and rotated at 1600 rpm. The error represents
the standard deviation of three independently prepared electrodes.

Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDX)
The sample morphology was determined using a Zeiss LEO Gemini 1530 scanning electron
microscope, acceleration voltage of 3 keV and in high vacuum (around 10~ bar) and using a
secondary electron inLens detector. The images were taken in different regions of the sample
to get representative data. EDX measurements were performed using a Thermo Fischer
detector with an acceleration voltage of 12 keV.

X-ray absorption spectroscopy (XAS)

All XAS data were collected at an average nominal ring current of 300 mA in top-up and
multi-bunch mode at the BESSY II synchrotron operated by Helmholtz-Zentrum Berlin.

Soft XAS measurements at the Mn-L edges were conducted using the LiXEdrom
experimental station at the UE56/2 PGM-2 beamline [49]. Reference samples were measured
as finely dispersed powders attached to carbon tape and electrodeposited samples were
measured on graphite foil (Alfa Aesar). All samples were measured at room temperature and
in total electron yield (TEY) mode and with horizontally linear polarization of the beam. The
TEY measurements were carried out by collecting the drain current from the sample. The
sample holder was connected to an ammeter (Keithley 6514). In order to avoid radiation
damage, the incoming photon flux was adjusted to get a TEY current from the sample of
around 10 pA. In addition, the sample was kept as thin as possible. XAS spectra for each
sample were collected at a few locations to ensure representativity of the data and to further
minimize radiation damage as well as local heating. The energy axis was calibrated using a
Mn-L edge spectrum of MnSOg4 as a standard where the maximum of the L3-edge was
calibrated to 641 eV (figure S3). This reference was calibrated against molecular oxygen as
described elsewhere [38, 50]. All spectra were normalized by the subtraction of a straight line
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Figure 1.(a) Chronoamperometry during electrodeposition of MnO  films on glassy carbon, samples A (thick line), B and C
(thin lines). The inset shows the coordination complex of divalent metal (M * ) due to the presence of tartrate ions. (b) SEM
image of sample A.

obtained by fitting the data before the L3 edge and division by a polynomial function obtained
by fitting the data after the L, edge (figure S4).

Hard XAS at Mn-K edge was performed at the KMC-2 beamline [51]. The general used setup
was organized as it follows: Ipionization chamber, sample, I; ionization chamber or FY
detector, energy reference and I> ionization chamber. The used double monochromator
consisted of two Ge-graded Si(111) crystal substrates[52] and the polarization of the beam
was linear horizontal. Reference samples were prepared by dispersing a thin and homogenous
layer of the powder on Kapton tape, after removing excess of powder, the tape was folded
several times to get 2 cm x 1 cm windows. Reference samples were measured in transmission
mode between two ion chamber detectors at room temperature. Electrodeposited samples
were measured on graphite foil in fluorescence mode with a Bruker X-Flash 6/60 detector.
Energy calibration of the x-ray absorption near edge structure (XANES) was made with the
corresponding metal foil, setting the inflection point for Mn at 6539 eV. All spectra were
normalized by the subtraction of a straight line obtained by fitting the data before the K edge
and division by a polynomial function obtained by fitting the data after the K edge (figure
S5). The Fourier transform (FT) of the extended x-ray absorption fine structure (EXAFS) was
calculated between 40 and 440 eV (3.2 to 10.7 A-') above the Mn-K edge (Eo = 6539 eV). A
cosine window covering 10% on the left side and 10% on the right side of the EXAFS spectra
was used to suppress the side lobes in the FTs.

EXAFS simulations were performed using the software SimXLite. After calculation of the
phase functions with the FEFF8-Lite [53] program (version 8.5.3, self-consistent field option
activated). Atomic coordinates of the FEFF input files were generated from the structure of
MnOOH - xH>O (birnessite) [54]; the EXAFS phase functions did not depend strongly on the
details of the used model. An amplitude reduction factor (S0?) of 0.7 was used. The data
range used in the simulation was 44 to 420 eV (3.4 to 10.5 A-') above the Mn-K edge (Eo =
6539 eV). The EXAFS simulations were optimized by the minimization of the error sum
obtained by summation of the squared deviations between measured and simulated values
(least-squares fit). The fit was performed using the Levenberg—Marquardt method with
numerical derivatives.

Results and discussion

Electrodeposition of films on glassy carbon

An electrodeposition protocol was developed to produce Mn oxides at alkaline pH. In these
electrolytes, manganese might deposit in a numerous of stable oxide forms, commonly
Mn304 (Mn*2, Mn*+), Mn,O3 (Mn*+) or MnO2(Mn**) [55]. Conventionally, solvated Mn?*
cations would spontaneously precipitate as oxides or hydroxides at pH > 8. Therefore, we
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stabilized them using tartrate as a complexing agent to control their deposition in NaOH
(inset of figure 1(a)). Furthermore, electrolyte anions may exchange with the deposited films,
e.g. [31], which is prevented when the electrolyte composition does not change significantly
during deposition and catalytic investigation.

Manganese oxides were deposited on glassy carbon electrodes for electrocatalytic
investigations and on graphite paper for x-ray absorption spectroscopy (XAS). We first focus
on the discussion of the samples deposited on glassy carbon disks. The deposition setup
consisted of a commercial rotator for RDEs and a three-electrode cell (figure S6). The films
were deposited at constant current density of 150 uA/cm? (figure 1(a)), which allows to
control the deposited charge by stopping the experiment after a certain time. The deposition
profiles of MnOx showed increasing voltage after short times and reached a steady-state after
about 20 s. The steady-state voltage of the samples was 1.66 + 0.04 V vs. RHE and the final
deposited charge density after 34 s was 40 mC cm>.
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Figure 2.(a) CV performed on a MnO_-covered disk (sample A) with a scan rate of 100 mV s = in 0.1 M NaOH with rotation
1600 rpm and constant voltage of 0.4 V vs. RHE at the ring. (b) Average Ai_  ofall samples as function of cycles for the first 100
cycles (calculation detailed in the text). (c) Average currentratioi/ Ai_  of all samples as function of cycling at selected voltages.
The data was evaluated during the first 100 cycles (open squares) and 10 cycles after 30 min of OCV (solid squares). The dashed
lines delimit three different regions, labeled as I, Il and III. The light-colored areas represent the standard deviation of three
samples.

The film corresponding to MnOx sample A in figure 1(a) was subsequently characterized by
SEM and EDX to check the coverage and homogeneity of the film. As it can been seen in
figure 1(b), MnOx covered the whole surface of the glassy carbon substrate with texture on
the micrometer scale. EDX elemental mapping showed a homogeneous distribution of the
electrodeposited Mn and O atoms (figure S8), thus corroborating the formation of MnOx
anywhere on the substrate. Our films also contained Na (figure S8b), likely between layers of
MnOx. The crystallinity of the film was too low to be resolved by x-ray diffraction (XRD). In
summary, the developed alkaline electrodeposition protocol ensured producing
homogenously covered films of Na-containing MnOx without long-range order.

Electrocatalytic investigations

In order to evaluate the catalytic activity, activation and possible degradation of the films on
glassy carbon disks, series of CV were performed in a RRDE station (representative data of
MnOx sample A in figure 2 and all data in figure S7). The sweep speed was 100 mV s,
which is typical for activation studies, while cycling is a typical method for activation studies
[30, 56-58]. The CVs of the MnOx disks show an exponential increase of the current density
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at about 1.65 V vs. RHE for the 2nd cycle and 1.70 V vs. RHE for the 100th cycle.
Additionally, about half the maximum current density was lost during 100 cycles. There were
no additional redox peaks in the CV. The MnOx film disks showed hysteresis, i.e. capacitive
currents, which reduced with cycling (insets of figure 2). Furthermore, the current offset
reduced with cycling. The offset could be eliminated by selecting a wider scan range to more
negative voltages (figure S9). The presence of the shifts in figure 2 may thus indicate an
incomplete reduction process that is continued over many cycles.

The onset of the OER was determined using the anodic ring currents, which we assign to
oxygen detection by reduction [34]. The cathodic ring scan is not shown as it shows
hysteresis due to delayed oxygen release. The traces of the anodic ring currents were more
similar than those of the disk currents. The onset of the OER on MnOx was consistently at
1.70 V vs. RHE independent of the cycle number as determined by the rise of the currents
above the noise level. The differences in the trends between the disk and ring currents suggest
that MnOy, changes electrochemically with cycling without affecting the oxygen detected at
the ring.

The trends of the disk currents during cycling were also evaluated at selected voltages with
and without oxygen evolution (figures 2(b), (c)). The currents were corrected for capacitance
by averaging the anodic and cathodic scans [59]. To account for differences in surface area
for the different films with the same composition, all currents were divided by the difference
between the anodic and cathodic currents at 1.50 V vs. RHE (Ai; 5 y). After 5 cycles, Aiisv
becomes steady with average values of 12 = 1 pA (figure 2(b)). The differential capacity is
defined as C = dQ/dE =~ Ai/(AE/At) where AE/At is the sweep speed (here: 100 mV s!). This
is a rough approximation as the capacitance is commonly obtained by systematic experiments
at several sweep speeds [60]. Yet, it allows tracking the changes of surface area with cycling
using the regular CV method. SEM showed no significant morphology changes after 100
cycles for the three MnOy samples (figure S10).
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Figure 3.(a) Instantaneous Tafel slope as function of voltage of cycles 10, 30 and 100 before OCV and cycle 2 after OCV
(2a0CV). All Tafel slope values were calculated from CVs with a scan rate of 100 mV s = in 0.1 M NaOH rotated at 1600 rpm.
Arrows show the direction of the scan. (b) Averaged Tafel slope as function of cycle before (open symbols) and after (solid
symbols) OCV. The light-colored areas represent the standard deviation of three samples. The Tafel slopes were calculated
between 1.73 V—1.78 V vs. RHE.

The current ratios i/Ai; 5 yof MnOx followed a power law with different exponents depending
number of cycles and whether oxygen is evolved (figure 2(c); open symbols). A large
negative exponent means fast decay of the current with cycle number, while a large positive
exponent means a fast increase of the currents with cycling. The exponent was about — 1/3 for
the initial 10 cycles (region I), about — 1/4 for intermediate cycles (10 to 40; region II) and
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depended on the applied voltage for the later cycles, i.e. after about 40 cycles (region III). The
exponent was similar to the initial value of — 1/3 before the onset of the OER (1.65 V vs.
RHE); it was about — 1/5 at the onset (1.70 V) and close to zero for oxygen evolution (1.75 V
vs. RHE). The spread of the currents (light colored area) was smallest for the steady-state
(zero exponent) at this voltage.

In summary, the currents decreased with cycling for MnOy and reached a steady-state only at
the voltage which support oxygen evolution (1.75 V vs. RHE). These trends can be explained
by (1) change in coverage with intermediates (hydroxylation or O> coverage) [1, 61], (2)
material dissolution [17], modifications of the catalyst material such (3) change in structure
[19] or (4) transition metal valence [18]. The transient changes of point (1) can only be
investigated in situ, while the irreversible changes of points (2)-(4) are expected to persist in a
post-mortem experiment. Other explanations may be possible, but we deem these points the
most likely ones and thus we address these possible explanations of the trends point by point
below.

To distinguish irreversible surface changes and transient changes, we let the films rest at
open-circuit voltage (OCV) for 30 min and then performed an additional 10 cycles. This
simple test was recently introduced by El-Sayed et a/ [62] for galvanostatic measurements
using RDEs of iridium on ATO (antimony-doped tin oxide). The authors attribute the
unexpected recovery of currents after OCV to the removal of nano and micro bubbles of
oxygen within the catalyst layer, i.e. a change of (product) coverage. Here, we extend it to
electrocatalyst tests using CV (figure 2(b); solid symbols).

The exponents of the current ratio differed depending on the previously applied voltage after
the OCV period for all films, suggesting partially reversible processes. The exponent was
identical (-1/3) below the onset of the OER and less negative at the onset (-1/4) and above
(=3/20). Furthermore, the current ratios were offset to lower values, i.e. the prefactor of the
power law was lower. We interpret these observations as follows: the reduced prefactor
indicates irreversible changes due to a reduction of active sites, either by material dissolution
or deactivation of the active sites. Note that we normalized by a quantity proportional to the
surface area so that we can exclude it as the source of the lower prefactor and hence currents.
We cannot exclude dissolution of specific cations that leads to a different surface composition
as observed, e.g. for the perovskite Lao.¢St0.4MnO3 [63]. We attribute the changes in the
exponent to a combination of transient changes of species adsorbed on the surface and the
irreversible changes listed above.

The Tafel slope (b =0logi/dF) in chemical equilibrium depends on the surface coverage
where usually limiting cases of the adsorption isotherms are discussed [ 1, 61, 64, 65]. Since
these values do not depend on the amount of compound or active sites, they are usually
associated with mechanisms of specific reactions and vast reported values can be found for a
wide range of materials in OER catalysis. The Tafel slope is very large (approaching infinity)
if an early chemical step limits the reaction without any pre-equilibria [61]. In particular, very
large Tafel slopes are also expected if the intermediate that reacts chemically during the rate-
limiting step approaches full surface coverage in the Langmuir adsorption model [61]. A
Tafel slope of 120 mV dec-'is predicted (at 25 °C) if an electrochemical step limits the
kinetics, if the electrochemically reacting intermediate reaches full coverage in the Langmuir
model or if the chemically reacting intermediate reaches full coverage in the Temkin model
[61]. A Tafel slope of 60 mV dec-! (at 25 °C) indicates a chemical rate-limiting step with an
electrochemical pre-equilibrium for low coverage of the reacting intermediate (in the
Langmuir model) [1, 61]. Values between 60 and 120 mV dec-! are not predicted by common
kinetic models. Thus, the Tafel slope does depend on the surface coverage but not uniquely.
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Figure 4.(a) Fourier-transform EXAFS spectra for Mn K-edge collected on pristine MnO  (blue symbols) and after 100 cycles of
OER catalysis (green symbols). The corresponding lines are results from EXAFS simulations (see table 1 for parameters). The
reduced distance is by about 0.3 A shorter than the precise distance obtained by EXAFS simulations. (b) XANES spectra for Mn-K
edge collected on MnO _ after 0 cycles and 100 cycles. The Mn-K edge spectra of Mn | O, and MnO, were added as references. (c)
Mn-L edge spectra for pristine MnO  (MnO_ 0) and MnO  after 100 cycles (MnO_ 100); and MnO, and Mn, O, , which were
used as references.

We analyzed the Tafel slope during selected cycles of a representative sample (figure 3, all
samples in figure S11). The Tafel slopes during the anodic scans in figure 3(a) were larger as
compared to those of the cathodic scans. Clearly a sweep speed of 100 mV s-! was too fast to
establish a chemical equilibrium. If an electrochemical equilibrium plays a mechanistic role,
then the produced intermediates were biased toward the oxidative site of the equilibrium (e.g.
MMOH — MVO) during the cathodic scan, due to the voltages above the equilibrium voltage.
During the 10th scan, the Tafel slope of MnOx was 180 mV dec-! at the onset of the OER and
below it (1.7 to 1.6 V vs. RHE). Note that previously electrochemically produced
intermediates can react chemically below the onset of the OER (as determined by the ring
during the anodic scan). After 100 cycles, the Tafel slope decreased to 110 mV dec~! between
1.8 and 1.7 V vs. RHE. In fact, the Tafel slopes decreased exponentially before and after the
OCV (figures 3(b) and S12). After the OCV (2a0CV), the trace of the Tafel slope and its
constant value of 180 mV dec-! matched that of the 10th cycle before the OCV (figure 3(a)).
In summary, the region of constant Tafel slope (or minimum) shifted to lower voltages with
cycling for both materials. The Tafel slope decreased for MnOx with cycling. After OCV, the
voltage dependence and value (within error) of the Tafel slope matched those observed
initially. We interpret these trends as a reversible formation of an active state (with certain
intermediate coverage) on MnOx.

Local structure and valence changes due to cycling

We used XAS to study the irreversible changes due to cycling. XAS experiments were
necessary due to its fine chemical sensitivity and the absence of crystallinity required for
diffraction techniques. Changes in the local structure of the oxides were identified using the
EXAFS at the Mn-K edge [66—68]. The XANES was used to discuss changes of the metal
valence where we analyzed the bulk-sensitive K edge and more surface-sensitive L edge of
Mn.

The sample for the XAS investigations were prepared on graphite foil by the same procedure
as discussed above (table S2). The deposition of the same charge density on the larger
graphite foil also resulted in a steady-state after about 20 s but at lower voltages of 1.37
0.03 V vs. RHE (figure S7). The systematic shift by about + 300 mV did not affect the
observed electrocatalytic behavior with cycling (figure S14). While there may have been
minor variations of the film composition, valence and roughness due to the different steady-
state voltages, the identical cycling trends strongly suggest that the trends in the XAS data
can be used to rationalize the cycling trends of films deposited on both graphite foil and
glassy carbon.
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The R-factor used Fourier filtered data between 1 and 3 A and was calculated by using

the formula Rf = 100 X(m/-e/)*/%(e/)?, where m” represents the Fourier-filtered model

and e/ represents the experimental k-weighted EXAFS curve.

The Fourier transform of the EXAFS of MnOy showed the expected features of layered
hydroxides (figure 4(a)), namely two peaks at about 1.5 and 2.5 A reduced distance labeled i
and ii, respectively. The FT of the EXAFS did not change with cycling for these peaks. We
simulated peaks 1 and ii using MnOOH xH>O (birnessite) [54] (figure 4(a)). The fit results
corroborate the assignment to a layered hydroxide as the R-factors were below 2% [68] (table
1). There were no drastic changes with cycling in the local structure of the bulk but we cannot
exclude surface changes (additional discussion below). The metal-oxygen bond length is 1.87
A (peak i), which is typical for Mn***+Og cations [54, 69]. Yet, there is another Mn-O bond
length of around 2.30 A, which significantly improves the fit. This bond length is similar to
the one in Mn?*O and may indicate a minor impurity phase [54]. The Mn-Mn distances were
2.87 A in MnOx. These distances have been widely reported for amorphous electrodeposited
oxides where they correspond to hexacoordinated Mn-O and di-p-oxo bridged metals, i.e.
edge-sharing octahedra [3, 70]. The absence of clear FT peaks at higher reduced distance
implies a lack of long-range order.
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Table 1. EXAFS absorber—backscatter distance (R), coordination numbers (N) and Debye—Waller factor (o) as determined by simulation of
the k*>-weighted EXAFS spectra at the Mn-K edge for pristine MnO,. (MnO,-0) and after 100 cycles (MnOx-100). Shells were simulated
using phase functions from a previously reported birnessite structure [54].

Sample Parameter Mn-O1 Mn-02 Mn-Mn R—
factor

N 5.0 1.0 4.3

MnOx-0 R (A) 1.87 2.30 2.86 0.59%
o (A) 0.05 0.05° 0.08
N 52 1.5 4.2

MnOx-100 R (A) 1.87 2.30 2.86 0.85%
o (A) 0.05 0.05° 0.08

“indicates fixed values (not simulated).

A qualitative estimation of the average bulk metal valence can be achieved by comparison of
the XANES spectra of the films and suitable reference materials (figure 4(b)). The Mn-K
edge spectra of MnOx were compared with the two references Mn*+,03 and f-Mn*O,. The
edge rise of our films falls between that of the references, which indicates that the average
Mn valence is between + 3 and + 4 in the film. The spectra of MnOx showed negligible
changes.

As catalysis is a surface process, we turned our attention to soft x-ray spectroscopy accessed
by the electron yield mode. The escape depth of the electrons is 2.6 + 0.3 nm at the Mn-L
edge of a comparable oxide [71], so that we probe the near surface regions of the samples. In
contrast to the K edge XANES, we found clear changes with cycling near the surface at the
Ls edge (figure 4(c)). The main peaks of the references Mn*%+304 and B-Mn*+*Ox were labeled
al-a2 and B1-P2, respectively. Peak al can be assigned to Mn?* in tetrahedral coordination
[38]. The Mn-Lj3 spectrum of pristine MnOx was broad and contained features of both
references. We found a clear reduction of the normalized spectral intensity at the energies
assigned to peaks al and a2 after 100 cycles (figure 4(b)). The spectrum of MnOx after 100
cycles closely resembled that of the MnO; reference but a slight shoulder at the energy of al
remained.

We conclude that the MnOx films were deposited as layers of edge-sharing octahedra with
low long-range order. The local bulk structure was preserved upon cycling. There were no
changes in the bulk, while the surface region of MnOx oxidizes toward Mn* and Mn3O4 or
another phase that contained tetrahedral Mn* was consumed but did not vanish completely.
Having uncovered the local structure and surface valence changes on MnOx, we can now
interpret the trends during electrocatalytic cycling in this context. Irreversible catalyst
changes lead to a decrease of the current ratio at all voltages below the onset of the OER. The
current ratio at low overpotential achieved steady-state after 50 cycles, which did not persist
after OCV. This irreversbile decrease in current ratio could either be explained by loss of
tetrahedral Mn?+, possibly as Mn3Oa, at the surface or surface oxidation toward Mn**. While
the role of the former is not well understood, there is a broad consensous on the role of Mn*+
as discussed in the next paragraphs.

The most commonly studied oxide with tetrahedral Mn?*is Mn3O4, which consists of
tetrahedral Mn?+ and octahedral Mn3+ cations. Some studies state that (bulk) Mn3Oa s an
active electrocatalyst [12, 72—74], while it is the least active catalyst in comparative studies
[11, 25]. Thus, it is unclear if bulk Mn3O4 is an electrocatalyst as its electric conductivity is
low [35] and other Mn oxide phases are found at the surface of bulk Mn3O4 such as
amorphous Mn3+*+-oxide [75] or birnessite-type MnOx [11, 76], both of which are formed at
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voltages below the onset of the OER [77, 78]. Huynh et a/ [79] identified Mn3O4 as a
precursor to an active birnessite-like phase. Finally, Wei et al [80] propose that only the
octahedral Mn site is active for the OER in spinel oxides. In summary, tetrahedral Mn?* is
likely not directly relevant during the OER but may be important for the formation of the
active phase and as a passivating phase that prevents Mn leaching [46]. The role of
(octahedral) Mn** for the OER is better understood. Mn** forms at voltages below the onset of
the OER [38, 46]. While many of the more active Mn-based electrocatalysts contain Mn** in
addition to Mn*+[10, 39, 40, 81-84], those with predominately Mn** are inactive [3].
Recently, Baumung et al [18] showed that (bulk) oxidation of LiMn>+,04 toward Mn*+
increases the overpotential of the OER. This can be rationalized qualitatively using the
occupancy of the eg orbitals as proposed by Suntivich et al [47] where the lowest
overpotential is predicted for an e; occupancy of about one (Mn*+) and both higher or lower e,
occupancy (i.e. Mn** and Mn**) leads to an increase in overpotential. Yet, small amounts of
Mn?** and Mn** are beneficial if Mn comproportionation of these ions to Mn3+ is possible on
the surface of the Mn oxide [44, 45]. Thus, the lowest overpotential in systematic studies of
the OER on manganese oxides is usually found between Mn*>+and Mn>7+[3, 4, 3840, 42],
rather than Mn*+. Nonetheless, materials with mainly Mn** perform significantly worse than
those with sizable amount of Mn**, e.g. K6hlbach et al [85] attributed the formation of Mn*+
on the surface to deactivation of a-Mn>Os3 films and Rabe ef al [46] identified the highest rate
of Mn dissolution on MnO> during CV. Therefore, we conclude that the Mn** on the surface
of our MnOx films is responsible for the observed decrease in the current. Future studies
should address the optimal amount of Mn** at the surface during the oxidizing conditions of
the OER to maximize activity and to simultaneously prevent deactivation processes during
catalyst conditioning or operation.

In addition to the previously reported irreversible change of manganese oxides, we also found
that the film could be partially reactivated after 30 min at OCV (figures 2(b) and 3). The
OCV was 0.97 V or lower and reached a steady-state for one sample at 0.88 V vs. RHE
(figure S16). At these voltages, reduction of Mn** to Mn**is expected as shown by an in situ
soft XAS study [38] and chemical reactions such as oxygen evolution by reduction of Mn**
may occur [3]. We interpreted the increase of the measured current and of the Tafel slope as
the reversible formation of an active state with a certain, still unknown, high coverage of
catalytic intermediates, which could be associated with a valence change of the MnOx surface.
The elucidation of possible valence changes and thus the active state requires specialized in
situ experiments which are beyond the scope of this report. We note that the identical
exponents initially and after OCV suggest that Mn*+ is produced at the same rate after
reactivation. The reactivation after OCV is significant for catalysis on manganese oxides and
their activation protocol. Degradation tests based purely on electrochemical methods such as
CV or voltage/current holding may suggest an irreversible material degradation while an
optimized measurement protocol could recover some activity.

Conclusions

We deposited a Na-containing layered oxide of Mn>+*+ without long-range order in NaOH
solution with a complexing agent added. The onset of the OER was at 1.7 V vs. RHE as
determined by oxygen detection at the ring of an RRDE. We tracked the currents by CV
during 100 cycles where 3 regions with different trends could be identified: 1-10 cycles, 10—
40 cycles and 40-100 cycles. At voltages below the onset of the OER, the currents decrease
with cycling but the OER currents at 1.75 V vs. RHE reached a steady-state in the 3rd region.
Thus, an activation protocol at 100 mV s-! should at least be performed for 40 cycles on our
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MnOx. The bulk of the cycled MnOx film was not changed but its surface was oxidized
toward Mn*. It agrees with previous reports that the oxidized MnOj surface hinders the OER.
Interestingly, the currents during CV could be partially recovered after 30 min of OCV,
which was not observed previously. We attribute the underlying process to high coverage
with unreacted intermediates as supported by the high Tafel slopes. The reactivation after
OCYV is significant as some manganese oxides or Mn-containing oxides may be more robust
as estimated based on continuous cycling. A measurement protocol without continuous
cycling may prevent some but not all activity-reducing processes. Coupling of
electrocatalysts to intermittent sources such as solar energy naturally leads to OCV conditions
during operation. Therefore, it is important how an electrocatalyst for sustainable fuel
production reacts to OCV, which is understudied.
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Table S1. General protocol for electrochemical data collection on an RRDE station with
samples on glassy carbon disks. All potentials are reported vs. RHE (pH 13).

Step Conditions

Clean and polish electrodes, cells and any other tool

1. Cleaning properly.

2. Calibration of reference OCYV against commercial RHE electrode

electrodes
3. Argon purge at OCV At least 30 minutes
Frequency: 1 MHz — 1 Hz.
4.a. Ring EIS Points/decade: 10
OCV and take note of Ru
Frequency: 1 MHz — 1 Hz.
4.b. Disk EIS Points/decade: 10
OCYV and take note of Ru

Hold 10sat 1.0 V.

Potential window: 0.95V —1.05 V.

Scan rates: 50, 100, 150, 200, 250, 300, 350, 400, 450, 500
mV s,

Cycles: 3.

Rotation: 0 rpm.

Purge: Blanket.

No dynamic iR compensation.

5. Disk CV: ECSA*

6.a. Ring conditioning Hold ring potential for 1800 s at 0.40 V.
fiel:eclillcr)lr%) CA (02 Hold ring potential at 0.40 V.

Potential window: 1.40 V - 1.80 V

Scan rate: 100 mV/s

Step size: 2 mV
6.c. Disk CV: OER Cycles: 100

Rotation: 1600 rpm

Purge: yes

No dynamic iR compensation.

Hold 10sat 1.0 V.

Potential window: 0.95 V —-1.05 V.

Scan rates: 50, 100, 150, 200, 250, 300, 350, 400, 450, 500
mV s,

Cycles: 3.

Rotation: 0 rpm.

Purge: Blanket.

No dynamic iR compensation.

7. Disk CV: ECSA*

8. Disk OCV 1800 s
. Frequency: 1 MHz — 1 Hz.
9-a. Disk EIS OCV and take note of Ru
. Frequency: 1 MHz — 1 Hz.
9-b. Ring EIS OCV and take note of Ru
10.a. Ring conditioning Hold ring potential for 1800 s at 0.40 V.
10.b. Ring: CA (O2 . .
detection) Hold ring potential at 0.40 V.
11. Disk CV: OER Potential window: 1.40 V - 1.80 V
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Scan rate: 100 mV/s

Step size: 2 mV

Cycles: 10

Rotation: 1600 rpm

Purge: yes

No dynamic iR compensation.

* not used due to inappropriate data for analysis.

Table S2. General protocol for electrochemical data collection with samples on graphite foil.
All potentials are reported vs. RHE (pH 13).

Clean and polish electrodes, cells and any other tool

1. Cleaning properly.

2. Calibration of reference

OCYV against commercial RHE electrode
electrodes

3. Argon purge at OCV At least 30 minutes

Potential window: 1.40 V - 1.80 V
Scan rate: 100 mV/s

Step size: 2 mV

Cycles: 100

Rotation: 1600 rpm

Purge: yes

No dynamic iR compensation

4. Foil CV: OER

5. Sample rinsing Soaked in deionized water for 5 minutes.

Table S3. Summary of the fit parameters from three sets of data used for Tafel slope calculation
and their average. One example of the graphs involved in the calculation is shown in Figure
S11. The average of the three values for each cycle and each sample is used to generate Figure
3b. SD represents the standard deviation of the three measurements.

Cycle Slope + error Average
(R?») = SD
Sample A Sample B Sample C
2 170 =1 (0.999) 160+ 1 (0.999) | 230+1 (0.999) 186 =48
3 168 =1 (0.999) 151£1(0.999) | 224 +1(0.999) 181 £46
5 165 £1(0.999) 141£1(0.999) | 212+1(0.999) 172 £37
10 162 £1 (0.999) 128 £1(0.999) | 1891 (0.999) 159 £ 30
20 159 £ 1 (0.999) 118+ 1(0.999) | 162 +1 (0.999) 146 £25
50 147 £1 (0.999) 108 £1(0.999) | 126+1(0.999) 127 £20
100 135+1(0.999) 102£1(0.998) | 106+ 1 (0.999) 114 £18
2a0CV* 165 £1(0.999) 133£1(0.999) | 179+1 (0.999) 159 £23
10a0OCV* 149 £1 (0.999) 107£1(0.999) | 137+1(0.999) 131 £22

* a0OCV = after OCV break.
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of the same two electrodes on three different days.
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Figure S1. Calibration of reference electrode (SCE) vs. RHE. The blue line represents one
single measurement and the light blue shade the error (standard deviation) of the measurements
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Figure S2. Example of data treatment of MnOx after 2 cycles of catalysis: a. Electrochemical
impedance spectrum (EIS) showing resistance (black) and phase angle (red) as function of
frequency. Dashed lines represent the resistance value where the phase angle approaches zero.
b. CV of cycle 2 with the correction of the raw data (gray) by a resistance value =29 Q, and
the resulting corrected CV (orange).
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Figure S3. Mn-L3 edge spectrum of MnSOQas, used as a reference for energy calibration. The
dashed line was calibrated to 641 eV.
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Figure S4. Spectra of a representative normalization for soft XAS of Mn-L3 edge: a. Raw data
(black) and baseline (red) for fitting before the edge (fit between 632 and 638 eV), b. Data after
pre-edge subtraction (black) and baseline for fitting after the edge (yellow; fit between 660 and
667 eV ), ¢. Final normalized spectrum.
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Figure S5. Spectra of a representative normalization for hard XAS of Mn-K edge (zoom on
near edge region): a. Raw data (black) and baseline (red) for fitting before the edge (fit between
7560 and 7695 eV), b. Data after pre-edge subtraction (black) and fitted polynomial for

division after the edge (yellow; fit between 7960 and 8255 eV) on a wider energy range as the
shown spectrum, ¢. Final normalized spectrum.

63



Re - -
RRDE c[
| . .
e T

N |

 Magnetic stirrer *

Figure S6. Scheme of the 3-electrode cell and RDE used for the electrodeposition of the films
on glassy carbon.
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Figure S7. Chronopotentiometry during electrodeposition of MnOx samples A, B and C on
graphite foil to be characterized by XAS.
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Figure S8. SEM-EDX analysis of pristine MnOx films on glassy carbon. a. Gray contrast
image, b. EDX spectrum. Elemental mapping by EDX of ¢c. Manganese and d. Oxygen.
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Figure S9. CV performed on a MnOx-covered disk and step potential of 0.4 V vs. RHE at the
ring. The was performed with a scan rate of 100 mV s’ in 0.1 M NaOH with rotation: 1600
rpm. This sample was measured with lower voltage boundary as samples shown in Fig. 2a. The
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inset shows a zoom of the region of interest due to the presence of redox peaks. The arrows
indicate the direction of the scan.

— 2um

Figure S10. SEM images of: a. Pristine MnOx and b. MnOx after 100 cycles of OER catalysis.
These measurements correspond to sample A.
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Figure S11. Instantaneous Tafel slope as function of potential of additional MnOx films: a.
Sample A and b. Sample B. Before OCV, cycles 10, 50 and 100 are shown, and after OCP
cycle 2 is shown (2a0OCV). All Tafel slope values were calculated from CVs with a scan rate
of 100 mV s in 0.1 M NaOH rotated at 1600 rpm. iR correction was done in post-processing.
Arrows shows the direction of the CV.
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Figure S12. Representative graphs of Tafel slope calculation for selected cycles (2, 3, 5, 10,
20, 50, 100, 2 after OCV and 10 after OCV). Tafel plots of MnOx. The measurements were
performed in 0.1 M NaOH pH 13. Scan rate 100 mV s™'. iR compensation was performed

during post-processing. The lines represent the linear fit (denoted E-iR) of E-iR as function of
logio(i), the slope represents the Tafel slope. All fit parameters are summarized in Table S3.
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Figure S13. Series of CV of additional MnOx films: a. Sample B and b. Sample C, performed
at the disk. CV with a scan rate of 100 mV s in 0.1 M NaOH rotated at 1600 rpm.
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Figure S14. a. Series of CV of MnOx performed at the samples on graphite foil. CV with 100
mV s in 0.1 M NaOH. b. Average current ratios i/Ai; sv as function of cycles at selected
potentials of MnOx. The data was evaluated during the first 100 cycles (open squares). The
dashed lines delimit three different regions, labeled as: 1, IT and III.
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Figure S15. K3-weighted EXAFS spectra of pristine MnOx (MnOx - 0) and after 100 cycles
(MnOx - 100) recorded at the Mn-K edge. The solid lines represent the respective EXAFS
simulations. The symbols represent the measurement.
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Figure S16. Open-circuit voltage profile during 30 minutes after 100 cycles of catalysis for
three samples of MnOx.
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Stabilization of a Mn Co Oxide During Oxygen Evolution in

Alkaline Media

Javier Villalobos,"” Dulce M. Morales,* Denis Antipin,'?! Gotz Schuck,™ Ronny Golnak, ! Jie

Xiao,’’and Marcel Risch*[?

Improving the stability of electrocatalysts for the oxygen evolution reaction
(OER) through materials design has received less attention than improving
their catalytic activity. We explored the effects of Mn addition to a cobalt
oxide for stabilizing the catalyst by comparing single phase CoOx and
(C0p7Mny;3)Ox films electrodeposited in alkaline solution. The obtained
disordered films were classified as layered oxides using X-ray absorption
spectroscopy (XAS). The CoOy films showed a constant decrease in the
catalytic activity during cycling, confirmed by oxygen detection, while that

Introduction

The use of fluctuating renewable sources, such as sunlight and wind, limits
renewable energy production due to the lack of efficient energy storage
systems. A promising solution is chemical energy storage using hydrogen
obtained by water spitting.['?) The most daunting challenges in the efficient
use of water splitting are finding highly active electrocatalysts to overcome
the slow kinetics of the oxygen evolution reaction (OER), which
simultaneously exhibit sufficient stability under the harsh operating
conditions.> In the last decades, most of the research in this field has been
focused on developing new electrocatalysts or improving the catalytic
properties of the already known electrocatalysts in terms of catalytic activity,
which has been the primary parameter of interest.l® Nevertheless, stability
should not be considered a parameter of secondary importance since novel
long-term stable catalysts are urgently needed for technical applications.
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of (Cop7Mng3)Ox remained constant within error as measured by
electrochemical metrics. These trends were rationalized based on XAS
analysis of the metal oxidation states, which were Co*’" and Mn*"* in the
bulk and similar near the surface of (Cog;Mny3)Ox, before and after cycling.
Thus, Mn in (CogsMny 3)Ox successfully stabilized the bulk catalyst material
and its surface activity during OER cycling. The development of
stabilization approaches is essential to extend the durability of OER
catalysts.

Alkaline electrolyzers are a mature technology for low temperature
electrolysis with a target stack lifetime of 25 years.!”)

Many amorphous transition-metal oxides (ATMO) are thermodynamically
stable in alkaline electrolytes and show high catalytic activity.'!) In
academic research, ATMO based on earth-abundant metals own many
advantages over the benchmark Ir- or Ru-based oxides, such as high catalytic
activity, high stability and low-cost.!'>"'*) We define stability herein as the
absence of catalyst corrosion, ') erosion!'®!”) or blockage of active sites (e.g.,
by oxygen bubbles),!"* 2% for which a first indication is a lack of change in
activity over time, e.g., measured by cyclic voltammetry.”>?"] Yet, the
discussion of stability requires additional measurements to determine
dissolved cations,?*=" as well as changes in the catalyst composition, %!
morphology®> 3 and structure.3>3¢

Co-based ATMO have attracted particular attention due to their high
catalytic activity. However, pure Co oxides suffer from insufficient electrical
conductivity?®”**! and tend to corrode over time.*”! The introduction of a
second transition metal into the Co-based oxides alters the electronic
structure and potentially also modifies the atomic rearrangement, affecting
catalysis and corrosion resistance when a new phase is formed.!***!
Introducing Mn as a second metal has enhanced stability of perovskite-like
oxides*! and electrodeposited mixed metal oxides,**! which has been
attributed to separation of the structural framework from the catalytically
active site(s).*”! The activity was also enhanced by adding Mn in some
reports, e.g., the introduction of 25 % of Mn into the Co304 spinel structure
showed an overpotential decrease from 368 mV to 345 mV (at a current
density, j, of 10 mA ¢cm?).*” Menezes and collaborators!** compared the
current stability of the spinels CoMn,04 and Co,MnOs. The current of both
catalysts remained mostly constant after 30000 s, yet Co,MnOy (containing
more Co than Mn) showed a higher catalytic current. The role of Mn in
layered Co oxide has been attributed to the modulation of the electronic
properties, resulting in a more efficient charge-transfer.l*) Recently, the
stability of the spinel-type Co;O, was enhanced in acid media by the partial
substitution of the octahedral Co sites by octahedral Mn sites.”) The
improvement in stability was assigned to a modulation of the metal-oxygen
binding energies (Eyn.0>EcoO), which agrees with thermodynamic
studies.*! Furthermore, Sugawara et al.*’! proposed a higher metal-metal
coordination in layered, tunnel and spinel oxides as beneficial for activity
and stability in CoMn oxides . In summary, there is no clear consensus on
the possible roles of Mn in the Co oxide structures in the current state-of-

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH


http://orcid.org/0000-0002-8032-6574
http://orcid.org/0000-0002-8032-6574
http://orcid.org/0000-0002-9420-2724
http://orcid.org/0000-0002-9420-2724
http://orcid.org/0000-0002-9420-2724
http://orcid.org/0000-0003-2820-7006
http://orcid.org/0000-0003-2820-7006
https://www.helmholtz-berlin.de/forschung/oe/ce/oxygen-evolution/index_en.html
https://www.helmholtz-berlin.de/forschung/oe/ce/oxygen-evolution/index_en.html
https://www.helmholtz-berlin.de/forschung/oe/ce/oxygen-evolution/index_en.html
https://doi.org/10.1002/celc.202200482

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202200482

the-art research so that the extent to which the addition of Mn will
beneficially affect activity, stability or both cannot be predicted a priori.

In this study, we extended our previously reported alkaline electrodeposition
method®” to Na-containing single phase CoO, and (Cop7Mnyg3)O, films
without long-range order to study the effect of Mn in (Cog;Mng3)Ox on
stability. During cyclic voltammetry and open-circuit conditions in 0.1 M
NaOH, we did not observe a significant change in the current of
(C0.7Mny3)Ox, whereas CoO, showed a decrease in the catalytic current.
The post-mortem samples were analyzed by XAS to rationalize the observed
electrochemical changes. We conclude that Mn in (Cog7Mny3)Oy increases
the stability of the films, both structurally and catalytically.

Results and discussion

CoOy and (Cop7Mng3)Oy films were deposited on glassy carbon (GC) rods
following a previously reported protocol from our group for the
electrodeposition of MnOj films in alkaline pH."*" Like Mn and other metals
in water-based solutions, Co may spontaneously deposit as oxides or
hydroxides in alkaline media. Thus, tartrate ions are included in the
electrodeposition electrolyte as a complexing agent to stabilize the metal
ions within the electrodeposition procedure. Using the same ions (Na*, OH-
) in the electrolyte for both the electrodeposition and the catalytic
investigation prevents the plausible anionic exchange between the catalytic
material and the electrolyte during OER.!!

The galvanostatic electrodeposition of the films was carried out in a three-
electrode cell using a commercial (unrotated) RDE holder (Figure la). A
constant current of 0.15 mA cm was applied until a charge density of 40
mC cm™? was reached. CoOy reached a minimum steady-state potential of
1.45 V vs. RHE after about 20 s, whereas (Coy7Mng3)Oy reached 1.91 V vs.
RHE after the same time. The different potentials suggest the formation of
different materials.

Since the glassy carbon (GC) rods used as substrates have a small surface
area, the films were also deposited on larger graphite foil (GF) following the
same protocol for further XAS and energy-dispersive X-ray spectroscopy
(EDX) characterization. In both cases a steady current was reached after
several seconds, yet the absolute potentials differ between both substrates
(Figure S1), likely because the electrodeposition potential also depends on
the substrate’s properties, e.g., electrical conductivity and morphology. The
steady-state was reached with a potential shift of about 0.4 V for
(C0.7Mny3)Ox and 0.1 V for CoOy to higher potential on GC relative to GF.
Electrochemical experiments on both substrates were performed to exclude
that these electrodeposition potential variations affect the catalytic properties
of the films. These results are discussed below. The films were characterized
by scanning electronic microscopy (SEM) to check the coverage and
homogeneity of the film on the substrate. The SEM images (Figure S2)
showed a full coverage of the film over the GC surface. Moreover, EDX was
used to map the homogeneous distribution of the two metals on the film
deposited graphite foil (Figure 1b). The average ratio of Co/Mn in
(Cop7Mng3)Ox was 2.45+0.06, which we estimated as an average of the
composition observed in different regions of three samples. The Co/Mn ratio
indicates that out of the total metal sites (Co+Mn), approximately 70+5 %
correspond to Co and 30+5 % to Mn. Moreover, the EDX spectrum showed
high content of carbon (from the carbon-based substrate), oxygen (from the
substrate and the film), and sodium (coming from the electrolyte). Iron could
be a possible (unwanted) dopant affecting the catalysis.[*"¥** It may be
introduced by the alkaline electrolyte during deposition but no significant
amount of Fe was detected by EDX (Inset of Figure 1c).Yet, we cannot
exclude minor concentration (mass fraction <0.1 %)% and it is unknown
if such small concentrations would affect the activity of Co oxides.?”!
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Figure 1. a. Electrodeposition chronoamperometry of CoOy and (Coo.7Mng3)Ox films on
glassy carbon in NaOH 0.1 M until a charge of 40 mC cm™. The inset shows the
coordination complex of divalent metal (M) due to tartrate ions b. EDX map of the
(C00.2Mng3)Ox film: SEM image (top left), Co map (top right), Mn map (bottom left), and
EDX spectrum (bottom right). Dataset in ref."*"!

No substantial morphology differences were observed between the pristine
CoOy and (Cog7Mng3)Ox films (Figure S2). Additionally, no significant
morphological changes were observed in comparison with the previously
reported MnO,.*"! In summary, the protocol of electrodeposition in alkaline
pH was successfully extended to the deposition of Na-containing CoOy and
(C09.7Mny3)Oy films without long-range order.

By electrochemical impedance spectroscopy (EIS), the uncompensated
resistance (R,) of the pristine films was collected and the results showed a
R,=95£7 Q in the CoOy film and R,=40+11 Q in the (Coo7;Mng3)Ox film
(Figure S3). We attribute the difference in R, to a difference in bulk
resistance of the films and conclude that Mn addition lowered the resistance.
The catalytic stability of the films during OER catalysis was evaluated by
cyclic voltammetry (CV) in a three-electrode cell in a rotating-ring disk
electrode station (RRDE), comprising the CoO,- and (Cop7Mny 3)O-covered
GC rod as the disk electrode and a Pt ring as the ring electrode (protocols are
shown in Table S1 for GC and Table S2 for GF). The CV series of CoOy and
(Cop.7Mny3)Ox (Figure 2a, 2b, S4) were collected in 0.1 M NaOH with a scan
rate of 100 mV s™! for a total of 100 cycles. Similar scan rates and number of
cycles are typical conditions for film stabilization or activation during
OER .[15%-631 Meanwhile, the Pt ring was set at a constant potential of 0.4 V
vs. RHE for oxygen detection by reduction.*” Since the exponential increase
in the ring current density due to reduction of oxygen (jring,02) matches that
observed at the disk electrode (fisk), the latter can be associated with oxygen
evolution. At the same time, a rough estimation of the OER onset potential
can be determined, which we defined at the potential where the ring current
reaches 0.15 pA cm? during the second cycle. For CoO,, the OER onset is
around 1.64+0.02 V vs. RHE, whereas for (Cog7Mng3)Ox is 1.66£0.01 V, a
negligible difference within error. The overpotential of the electrode (110)
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was calculated at a specific current density per geometric area, /=10 mA cm"
2, which is chosen based on the current drawn by a solar-to-fuel device with
a 10 % of efficiency under one sun illumination.!*” It is important to note
that 1y is a helpful metric to compare electrodes but it cannot be used to
compare the intrinsic properties of different materials,'**®! unless
microstructure and morphology do not vary as is the case in our study (see
above). In CoOy, nip was 466+15 mV after 2 cycles, and it increased to
520+19 mV after 100 cycles. In (Co¢7Mng3)Ox Nip was 51030 mV after
the first 2 cycles and 500+£27 mV after 100 cycles, i.e., it remained constant
within error. Electrodes with similar composition (Co,Mn- and Co-based
oxide), but possibly different microstructure and morphology, showed 1 in
a range of 320-430 mV in alkaline pH (13-14),!%7% where n, tended to
increase under OER conditions, which agrees qualitatively with the
observations herein. Although the introduction of a second transition metal
into the Co oxide structure has reduced the overpotential in some cases, "~
3] while it was increased in other cases.!*

Catalytic trends can also be followed using the maximum current density
(jmax» at an ohmic drop-corrected potential (E-iR,) of approximately 1.73 V
vs. RHE) over cycling. In the case of CoOy, the disk jmax decreases over
cycling; about -33£15 % of the initial current is lost after 100 cycles. This
effect is also observed at the ring current detecting O,, where the current
drops about -35+ 14 % compared to the initial value, indicating that the drop
in jmax is (mainly) due to deactivation of the catalyst film during cyclic
voltammetry. In contrast, jmax of the (CopsMng3)Oy disk remained mostly
stable (with slight increase) over 100 cycles compared to the initial value,
about +10£1 % at the disk and +11£4 % at the ring, indicating a stabilization
of the catalytic current during cycling voltammetry, namely, a higher amount
of oxygen is produced and detected at the disk and ring electrode,
respectively. The CV series were also collected with a wider potential range
to confirm that a possible incomplete reduction does not affect the jyax trends
during cycling (Figure S5).

The CV experiment was extended after the 100 cycles with 30 minutes at
open circuit potential (OCP) and 10 additional cycles in the same potential
range. The goal of introducing an OCP break between the two series of CV
is to identify if the catalytic current suffers changes after the OCP period,
therefore distinguishing reversible and irreversible changes in the
catalyst.’%”") The current density at selected potentials was plotted as a
function of number of cycles for a more detailed analysis of the trends
(Figure 3). Note that both x and y axis are presented in a logarithmic scale.
The capacitance was corrected by normalizing the average between the
anodic and cathodic scans by the difference between the cathodic and anodic
current at E-iR,=1.5 V vs. RHE, Aiy sy, (Figure 3a,c).l) This represents a
rough approximation of the capacitance, which is more commonly estimated
by a systematic experiment that involves recording CVs at several scan
rates.l’® Yet, it allows tracking changes in the surface area with cycling. The
current trend was analyzed at three different potential values, which were
selected based on the estimation of the oxygen evolution onset: no OER
(1.55 V vs. RHE), onset of OER (1.64 V for CoOy and 1.66 V vs. RHE for
(Co007Mng3)Oy), and OER (1.70 V vs. RHE). The normalized current,
i/Aiy 5y, follows different exponents (slopes in the logarithmic plot)
depending on the cycle number, the selected potential, and whether the
cycles were recorded before or after the OCP break. Thus, a negative
exponent represents a current decrease, an exponent close to zero represents
stable current, and a positive exponent represents a current increase with
cycling. Since the exponent depends on the cycle number, the 100 cycles
before the OCP break were split into three regions, 1 (1-10" cycle), 2 (11-
50" cycle) and 3 (51-100") for analysis.
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Figure 2. Series of CV performed on: a. CoOx-covered disk and b. (Coo7Mno3)Ox-covered
disk. The data was collected with a scan rate of 100 mV s in 0.1 M NaOH with an
electrode rotation 1600 rpm and a constant potential of 0.4 V vs. RHE at the Pt ring to detect
oxygen. Dataset in ref.**]

The current trends of CoOy show a constant decrease during the first 100
cycles at each of the selected potentials (Figure 3a). After the OCP break,
the current partially recovers at both iy.55/Ais 5 v and i1.64/Ais 5y, which can be
observed by the position of the solid squares (after OCP) below the open
squares (before OCP) in Figure 3a. Only at is70/Ais5 v, the current fully
recovers after the OCP break (Figure 3a). This recovery was also observed
in the oxygen ring current, jiing 02 (Figure S6). The decay exponents did not
strongly vary among the three different regions (Table S3). Since the OER
catalytic current is the major current component at iy 7¢/Ai1 5 v, a current trend
recovery could be observed. Whereas, at iy s4/Ai15 v and iy55/Ai1 5 v, there
might be a significant current contribution from irreversible processes, e.g.,
Co redox changes, which cannot be recovered after the OCP break. The
current trends of (Cop7Mng3)Oy, show a clear difference in the exponent,
depending on the selected potential. At the nonOER potential, iss5/Ais5 v
decreases over cycling in all three regions. Whereas, at the OER onset,
i1.66/Ai1 5 v showed a negative exponent in region 1 and 2 and became positive
in region 3. For iy 70/Aiy sv, the exponent changed from a positive value close
to zero in region 1 and kept increasing towards more positive values in
region 2 and 3, indicating the stabilization of the current (with a slight
activation) at this potential (as also observed with the ring, jing 02, and disk
Jmax in Figure 2b). The exponent values are summarized in Table S3.
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The trends during continuous potential cycling of the films on GF were also
plotted (Figure S7) and showed trends similar to those observed on GC.
Thereby, we confirmed that the variations in the electrodeposition potential
due to different substrates did not significantly affect the current trends
during cycling.

The Tafel slope (h=0logi/OF) indicates the scaling of kinetic currents with
applied potential where a desirable low value leads to a large increase in
current can be achieved with a small increment in overpotential (i.e., far from
equilibrium). Its values can also be rationalized based on mechanistic
considerations such as the rate-limiting step and the populations of surface
intermediates.l”””7® For instance, a value of 60 mV dec™ is associated with a
chemical rate-limiting step with an electrochemical pre-equilibrium. A value
of 120 mV dec™! is related to an electrochemical rate-limiting step, and a
value much greater than 120 mV dec is due to chemical limiting step or
poor material conductivity.[”)

The Tafel plots were analyzed for both materials, CoOy and (Cog;Mng3)Ox,
at the OER potential range (1.70-1.76 V vs. RHE). From the plots, Tafel
slopes were determined and plotted as a function of the number of cycles
(Figure 4). A representative calculation is shown in Figure S8 with averaged
parameters shown in Table S4. The Tafel slope as function of potential was
also plotted (Figure S9). Considering that a scan rate of 100 mV s may be
too fast to establish a complete chemical equilibrium, the produced
intermediates can be shifted towards the oxidized sites during the cathodic
scans (since high potentials are applied) if an electrochemical step is part of
the OER mechanism. Thus, only the anodic scans are used to estimate the
Tafel slopes. The Tafel slope of CoO, was around 135+10 mV dec™! in the
initial 10 cycles and it increased insignificantly to 158425 mV dec™ at the
100" cycle. Yet, the slope went down to 133+11 mV s after the OCP break.
The Tafel slope of (Cop7Mng3)Ox was mostly constant during 100 cycles and
10 cycles after OCP break, with a value of 89+2 mV s™'. Typical Tafel slope
values for layered Co oxides are about 60 mV dec™!,**31:%81l whereas layered
Mn oxides show values between 60 mV dec™! and 180 mV dec™!.15%8-84 Tafel
slope values between 60 and 120 mV dec™ are not predicted by common
kinetic modeling. However, variations in the material’s symmetry
coefficient (0) would lead to different Tafel slope values,’>%! as well as
non-catalytic side reactions such as metal redox independent of catalysis,!’”!
and changes in coverage and/or electrical conductivity during the potential
scan, %

The upper limit of the CV series is clearly anodic enough to produce
permanganate ions by an irreversible process, e.g., by the reaction Mn*'0, +
40H > Mn™Oy4 + 2H,0 + 3¢ (E* = 1.36 V vs RHE at pH 13)."! The
production of unwanted permanganate is one of the key processes leading to
corrosion of Mn oxides.?%%! The ring of an RRDE has been used as
method to detect permanganate for the discussion of the stability of Mn-
based films!*>*" and particles.*’”) We used a potential of 1.2 V vs. RHE
applied at a Pt ring?®” to detect permanganate on a (Cog,Mng3)Oy film for
comparison with the previously reported MnOy film (Figure S10).55%

On MnO, the ring current due to Mn dissolution, jing,mn, Was up to 2 pA (0.1
% of disk current) during the first few cycles and decreased to 0.7 pA after
100 cycles, which was concomitant with a decrease of the disk current. On
(C00.7Mng3)Ox, fringmn Was up to 1 pA (0.01 % of disk current) and remained
constant with during 100 cycles, which also corresponded to the lack of
changes in the disk current. Our reference electrode was placed far from the
two working electrodes, which mitigates the contributions of electric cross
talk on the ring current.” We conclude that Mn loss in the form of
permanganate is a key factor reducing the observed disk currents.

In summary, CoOy films slightly deactivated during 100 cycles, yet the
current fully recovered at the catalytic potential (1.70 V vs. RHE) after a 30-
minute OCP break, indicating reversible changes likely due to coverage
changes, for instance, unreacted intermediates./’> The Tafel slope remained
larger than 120 mV dec™ and increased over cycling, suggesting a change in
the coverage over time. In contrast, the current at OER potentials and the
Tafel slope values of (Cop;Mng3)Ox were stable with cycling. The
contribution of the currents due to Mn dissolution were much reduced in
(C0p7Mny3)O0x (0.01 %) as compared to MnOx (0.1 %). CoOx and
(CopsMng3)O4 were studied under the same conditions, yet they show
different catalytic properties and current trends with cycling, due to the
presence of Mn. Both metals, Mn and Co, are well known as OER catalysts,
therefore it is likely the Mn (as well as Co) plays an important role in the
catalytic process. The OER activity of Co and Mn has been reported for
bimetallic oxides.[**#2464%] Thus, the study of the structural positions of both
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metals is necessary for a better understanding of the changes observed over
cycling.
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Figure 3. Average Aiysv of all samples as function of cycles for the first 100 cycles for a.
CoOx and c. (Coo7Mno3)Ox. Average current ratio i/Air.s v of all samples as function of
cycling at selected potentials for b. CoOx and d. (Coo.7Mno3)Ox. The data was extracted from
the first 100 cycles (open squares) and from 10 cycles recorded after 30 min of OCP break
(solid squares). The light-colored areas represent the standard deviation of three samples.
The dashed lines separate three regions: 1, 2 and 3. Dataset in ref."*

XAS experiments were performed to investigate irreversible structural
changes in the catalyst due to cyclic voltammetry. The absence of
crystallinity in the films requires XAS experiments to analyze possible
structural changes, which is not possible by diffraction-based techniques.
The Co-K and Mn-K edge were used to study the bulk of the material since
the radiation deeply penetrates the catalyst. Using XANES (X-ray
absorption near edge structure), changes in the averaged oxidation state
were identified and using the EXAFS (extended X-ray absorption fine
structure), changes in the local structure were tracked. The escape depth
(3x attenuation length) of photons at the Co-K« and Mn-Kq lines is about
15 um at the Co-K edge and 30 pum at the Mn-K edge in layered oxides,*”
which is much smaller than the expected film thickness << 1pm, making
it a bulk method. The FT (Fourier transform) of EXAFS spectra collected
on CoOy and (Cog7Mn, 3)Oy showed typical features of layered hydroxides
(Figure 5a, 5b) in both edges, Co-K and Mn-K. Two prominent peaks were
identified: a M-O peak of around 1.87 A, and a M-M peak of around 2.81
A, where M is either Mn or Co. The phase functions were simulated using
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several reasonable structural models, such as spinels (Mn;Os, Co030s),
birnessite (MnOOH xH,0), heterogenite (CoO,H), and Co(OH), (Figure
S11). The choice of the structural model had only minor effects on the
Rf factor, fit parameters and error (Table 1, 2, S5, S6 and S7). The absence
of an FT peak corresponding to M-M distances of 3.2-3.4 A rules out a
spinel structure so that heterogenite and birnessite were selected as
representative layered oxides. Three relevant parameters were obtained
from the simulations: N, which is related to the number of neighboring
atoms around the absorber atom, R, related to the averaged interatomic
distance between the absorber atom and the scatter, and o (Debye-Waller
factor), associated with the distance distribution in a disordered material.
The simulation parameters are summarized in Table 1 and Table 2, and the
corresponding k-space spectra are shown in Figure S12. Note that that
reduced distance is shorter than the precise distance obtained by EXAFS
simulations by about 0.3 A. The FT of EXAFS spectra did not change
strongly due to cycling. Minor changes were observed in the
(Cop7Mng3)Oy spectra before and after cycling, nevertheless, these

changes are not prominent, thus not conclusive.
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Figure 4. Averaged Tafel slope as function of cycle number before (open symbols) and
after (solid symbols) a 30-minute break at OCP. The light-colored areas represent the
standard deviation of three samples. The Tafel slopes were calculated in the potential range
between 1.70 V and 1.76 V vs. RHE. Dataset in ref."*"!

The two prominent peaks were simulated in the Co-K edge: the metal-
oxygen distance at 1.87 A, which is a typical distance for octahedral Co*O¢
cations,” and the metal-metal distance around 2.81 A, associated with
metal-metal di-p-oxo bridge.’'*!! No clear peaks are observed at a higher
reduced distance, suggesting a lack of long-range order in the films. On the
other hand, the same peaks were observed in the Mn-K edge, with similar
interatomic distances. The peak at 1.87 A suggests the presence of octahedral
Mn*"#Qy cations®>**! and Mn-Mn di-p-oxo bridge®” is confirmed by the
peak positioned at 2.81 A. Moreover, an extra Mn-O distance of about 2.30
A was included in the simulations, improving the fit significantly. This
structural motif has been associated with Mn**-O with a JahnTeller
elongation or Mn*-O.®! A distance around 2.3 A has been typically
observed in Mn?*O in spinel-type oxides.””! As in the CoK edge, no clear
peaks of additional M-M scatters were observed at higher reduced distance.

EXAFS of the Mn-K and Co-K edge indicated that the pristine films were
electrodeposited as a layered hydroxide and did not suffer significant
changes in the local structure due to cycling. The Mn-M and Co-M distance
in (Cop7Mnyg3)Oy are identical within 20 fit error and their values are closer
to the Co-Co distance in CoOy (Table 2) as compared to the Mn-Mn distance
in electrodeposited MnO, (2.86 A).5” Taking together, it suggests that Mn
and Co are in the same phase in (Co7Mny3)Ox with bond distances akin to
CoOx so that Mn is forced into a bonding environment typical for Co oxides.
The M-O and M-M distances are typical for disordered layered oxides!®"*%]
relating to heterogenite.'””! Moreover, a mixed Co,Mn-containing phase
agrees with the well distributed Mn and Co content on the surface found by
EDX (Figure 1b). Yet, the presence of other minor Mn- or Co-phases cannot
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Figure 5. FT of EXAFS spectra of: a. Co-K edge and b. Mn-K edge, collected on pristine
CoOy and (Coo7Mno3)Ox, and after 100 cycles. The open symbols represent the experimental
spectra and the solid lines represent the simulations. The reduced distance is shorter than the
precise distance obtained by EXAFS simulations by about 0.3 A, ¢. XANES spectra of Co-
K edge and d. Mn-K edge. The Mn-K edge collected on MnOx (black line) from a previous
report was added for comparison.” Dataset in ref.**)

be rigorously discarded. Finally, the Fe-K edge was not observed in Mn-K
edge spectrum of (Cop;Mn,3)Oy after 100 cycles (Figure S14). We expect
less than the detection limit of about 50 ppm Fel'”!! in the cycled film. The
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increase in activity with Fe appears to be linear up to the optimal
composition™** which spreads much in the range from about 3 to 70%.5"!
The lowest optimal Fe content is 2.8% Fe (2.8 10* ppm).*” In summary,
major Fe incorporation could not be detected by EDX nor XAS, and it is
unknown if small concentrations of Fe (< 0.1% fraction mass)®>*% would
significantly affect the activity of Co oxides.

The Co-K and Mn-K edge XANES spectra were used to analyze the nominal
metal oxidation state by the calibration of the edge energy with references

(Figure S13 and Table S8); Co*"O, Co*¢;0, and LiCo’*O, were the Sample Parameter — Co-O1 CoMu If;; or
references for Co-K edge, and Mn*"O, Mn*¢*;0,, Mn*",0; and Mn*'O, for

Mn-K edge. The average bulk Co oxidation state was between 2.7+ and 2.8+ N 5.7(7) 3.2(6)

in all the samples, indicating that any redox changes that may have occurred

to Co due to potential cycling did not influence the chemical state of the €000 R(A) 1.88(1) 2.81(1) 4.00 %
bulk. a(A)

In the case of Mn-K edge in the (Coo7Mny;)Ox films, the averaged bulk Mn 0.0 0.0

oxidation state was 3.7+ and did not change after cycling. However, the

white line and edge were shifted by 1 eV in comparison to previously studied N 336) 3.04)

MnOx films, resulting in a averaged Mn oxidation state of (Cog7Mng3)Ox 0.2 )
higher than MnO, films (black line in Figure 5d).*” In summary, the Co 00,100 RA) 1.87(1) 2810 3.06%
oxidation state of Cog7Mny3)Ox was identical to that in CoOy and the Mn s (A) 0.050 0.05

oxidation state was slightly higher as compared to MnO. i i

The metal-K edges previously discussed can identify bulk material changes, N 6.0(8) 4.6(6)

but they might neglect changes occurring only at the near-surface region. As

catalysis is a surface process, the films were also analyzed using the total (C00:Mi03)0x-0 R(A) 1.87(1) 2.79(1) 1.47 %
electron yield (TEY) of the Co-L; and Mn-L; edges, whose electron escape

depth is of a few nm (2.6£0.3 nm for a similar oxide at the Mn-L edge).!'*” s (&) 0.05) 0.05(a)

If we assume that our deposited Co-containing films are related to

heterogenite (a=b=2.86 A, c=8.81 A)!'% as supported by EXAFS analysis, N 61 3.5(6)

then the escape depth corresponds to 3 to 9 probed unit cells, which we

consider sufficient to qualitatively resolve changes of the top unit cell where (C007Mno3)Ox -100 R (A) 1.87(1) 2.79(1) 3.18%
oxygen is catalyzed but insufficient to state the oxidation state of the active

sites on the surface. The Co-L; spectrum of the pristine CoO, showed clear o (A) 0.05 005t

features of the Co?* references (highlighted in blue in Figure 6a), indicating
the dominant Co*" content, which differed from the Co-K edge spectrum.
Yet, after 100 cycles the spectrum changed drastically, and the Co?* features
were no longer strongly pronounced. Instead, only one prominent peak was
observed, which closely resembles the spectrum of the Co®" reference,
LiCoO, (highlighted in orange in Figure 6a), yet there was additional
spectral intensity between 777 eV and 780 eV, which suggests that some
Co*" remained in the near surface region. A Co oxidation state slightly
smaller than 3+ agrees with the bulk oxidation state of 2.7+ (Table S8).

The apparent increase in the Co oxidation state with cycling can be attributed
either to the oxidation of Co*" sites to Co®" sites or dissolution of Co?" sites.
A potential around 1.42 V vs. RHE likely corresponds to Co oxidation. %%

. L R-
The CV of CoOx (inset in Figure 2a) shows a weak redox peak at around 1.5 Sample Parameter Mn-Ol ~ Mn-O2  Mn-Mwm .
V vs. RHE, which can be assigned to the oxidation of a small number of Co?*
sites. However, the oxidation of Co*" into Co®" sites should increase the N 5pa) 1 4.2(2)
catalytic activity,>*"! which was not observed. Therefore, we find it more
plausible that the catalytically less relevant Co** ions were lost from the near MnO:x-0re R (A) 187(1)  2316)  2.86(1)  0.60%
surface region since they are well soluble in aqueous solutions.!'™ These
ions could come either from minor Co*" phases or from the Co?*-rich o) 0.05 0.05 0.05
electrodeposition electrolyte. The latter is less likely as the samples were
soaked in DI water to remove the electrodeposition electrolyte. CoOy is not N St 1 42(2)
stable at pH 7 at OCP and the formation of Co**-containing phases is thus )
expected due to the cleaning procedure.!'% MnO,-100t R(A) L88(D) - 2306)  286(1)  1.09%
lr} cpntrast to CoOy, the Co-L; edge spectra of (Coo_7Mn0_320X did not o () 0.05 0.05 0.05
significantly change after 100 cycles and resemble the Co’" reference
(LiCo0,) with minor intensity due to Co**. Again, the oxidation state slightly N 165 . 144
below 3+ of the near surface region agrees with the bulk value of 2.7+ (Table 1) o 4@
S8). We copclude that the Co oxidatior_l state of the relevant ions in the near (Co0Mno3)0s-0 R(A) 1.87(1) 2.36(1) 282(1)  0.79%
surface region was comparable to that in the bulk.
o (A) 0.05(q) 0.05(q) 0.05(a)
N 50 1 3.7(5)
(C00:Mno3)0x-100 R (A) 1.87(1)  231(8)  2.83(1) 244%
o (A) 0.05(q) 0.05(q 0.05(a)
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Table 1. EXAFS absorber-scatter averaged distance (R), neighbouring atoms
number (N) and Debye-Waller factor (o) as determined by simulation of the
k*weighted EXAFS spectra at the Co-K edge for pristine CoOyx (CoOx-0), CoOx
after 100 cycles (CoO,-100), pristine (Coo.7Mno.3)Ox ((C0o.7Mno3)Ox-0) and
(Co00.7Mng3)Ox after 100 cycles ((Coo7Mno3)Ox-100). Shells were simulated using
phase functions from a structural model created based on CoO,H."* The error of
the last digit is shown in parentheses.

[a] indicates fixed values (not simulated). [b] M indicates Mn or Co.

[Table 2. EXAFS absorber-scatter averaged distance (R), neighboring atoms number
(N) and Debye-Waller factor (o) as determined by simulation of the k*weighted
[EXAFS spectra at the Mn-K edge for pristine MnO, (MnOx-0), MnOx after 100
lcycles (MnOx-100), pristine (Coo.7Mno3)Ox ((Coo.7Mno3)Ox -0) and (Coo.7Mno3)Ox
lafter 100 cycles ((Coo7Mno3)Ox -100). Shells were simulated using phase functions
[from a structural model created based on MnO,0nH,0."®*) The error of the last digit
lis shown in parentheses.

[a] indicates fixed values (not simulated). [b] M indicates Mn or Co. [c] data from

reference.>”
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The Mn-L, edge of (Cop7Mny3)Oy showed two prominent peaks (highlighted
in green in Figure 6b) that resemble the MnO, (and partially Mn,Os)
reference and no evident changes are observed due to cycling. The near-
surface region exhibits an oxidation state between 3+ and 4+, which agrees
with Mn-K edge measurements, where an oxidation state of the bulk of the
material was estimated to be 3.7+. In comparison to the previously reported
MnOy films, the averaged Mn oxidation state of 3.5+ was 0.2 lower as
compared to the herein studied (Coy7Mny 3)Ox films (Table S8), yet in both
cases the averaged bulk Mn oxidation state remained unaffected after 100
cycles. On the other hand, the near-surface region of the previously reported
MnO, suffered an oxidation towards Mn*",* which affected the catalytic
activity by decreasing the current over cycling. The Mn oxidation was
identified as an irreversible change; therefore, the catalytic current did not
fully recover after the OCP break. Such effect is not observed on the
(C097Mny3)Ox films since the near-surface region (as well as the bulk)
remained unaffected also at the MnL; edge. These observations indicate that
Mn was stabilized in a slightly higher oxidation state (3.7+) by the presence
of Co in (Cop7Mny3)Oy with concomitant stable activity.

In summary, using the Co-K and Mn-K edge the electrodeposited Co-based
films were characterized as layered hydroxides. The local structure of the
investigated films was similar to that of heterogenite!'®” but EXAFS cannot
resolve the interlayer distance to unambiguously assign a phase and the
electrodeposited films were too disordered to confirm the heterogenite phase
by XRD. Nonetheless, our EXAFS analysis supported the formation of a
new mixed oxide phase, (Coy7Mn3)Oy, upon co-deposition of Mn and Co.
Microstructure and morphology were comparable among (Coo7Mny 3)Oy and
the end members of the materials system, CoOx and MnO,. A comparable
surface roughness is further supported by identical differential currents at
1.5 V vs RHE within error of the three phases (Table S9). Yet, the electronic
properties in the pristine films differed among these phases in terms of
oxidation state and conductivity. Catalysis is a surface process so that one
should thrive for an atomistic description of the topmost atoms. Our soft
XAS analysis of the near surface region was qualitatively in agreement with
the bulk analysis of the films in our post-mortem study. The bulk
thermochemistry and surface adsorption energetics depend similarly on the
number of outer electrons, which has been show in a theoretical study.!'*
This enables us to correlate our near surface and bulk insights into the
electronic structure with the electrocatalysis of the OER.

The current density of (Coo 7Mny 3)Ox did not change significantly during 100
cycles between 1.4 V and 1.75 V vs RHE, which is in contrast to the catalytic
trends of both end members, CoOy and MnO,.’” Furthermore, Mn
dissolution was drastically reduced in (Cog7Mn3)Ox as compared to MnOx.
We address the most likely explanations of the beneficial effects of Mn and
Co in (Cop7Mng3)O based on electronic structure.

Even though Co oxides are considered promising OER catalysts, they do not
exhibit sufficiently high electrical conductivity,!'"1% which is a desirable
feature in OER catalysts!''*'12] as it benefits the rate of electron transport
through the material.!''! The introduction of Mn*" into the predominantly
Co*" host oxide of (Cop7Mng3)O, introduces holes as charge carriers for
conduction, while (high spin) Mn** (0.645 A) has a significantly larger ionic
radius as compared to (low spin) Co®* (0.545 A),l'" which causes local
distortions that can increase charge mobility, e.g., via hopping.!''*!!]
Therefore, adding Mn to Co oxides may improve their bulk conductivity as
also reported elsewhere for various crystal structures.[**!16-121]

Electronic descriptors such as the oxidation state have proven very valuable
in rationalizing electrocatalytic trends even though they are predominately
based on bulk electronic properties in experimental studies.'”'*! In
(C097Mny;3)Ox, Co remained in a bulk oxidation state close to 3+ being
optimal for the OER,*!%! while Mn in (Coo7Mng3)Ox was in bulk oxidation
state 3.7+ independent of potential cycling. Mn oxides with both octahedral
Mn** and Mn*" sites have been found as optimal for the OER.[¥%!126-134] Mp3*
is believed to be the active state, where small amounts of Mn*" are beneficial
but the predominance of Mn*" over Mn*" has a negative impact by making
the material less active or inactive.’*'?®) The most active catalysts in
literature usually have average Mn oxidation states between 3.5+ and 3.7+.
The near surface of MnOy oxidizes beyond this optimal range with voltage
cycling and we previously argued that Mn oxidation is the main irreversible
cause of activity loss.*® Thus, both Co and Mn ions retain a near optimal
Mn and Co oxidation state for OER catalysis on (Cog7Mny3)Ox.
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Figure 6. a. XAS spectra of: a. Co-Ls edge and b. Mn-L; edge, collected on pristine CoOx
and (Coo.sMng;3)Ox, and after 100 cycles. The light-colored regions are added to help assign
the relevant peaks in Co-Ls edge (orange highlights CoOx-100, (Co,Mn)Ox-0 and
(Co,Mn)O4-100 peaks; blue highlights CoO-0 peaks, and green highlights (Co,Mn)Ox-0 and
(Co,Mn)Ox-100 peaks). MnOz, Mn,O3, Mn;O4, Mn(SO4)>'xH20, CoO, Co(NOs), 6H:0,
Co304 and LiCoO, were used as references. Dataset in ref.*!

While some Mn oxides were proposed to be sufficiently stable,®*'3>13¢) other

Mn oxides, to which the layered oxides usually belong, suffer from
insufficient stability.**7"1) The lack in stability is often inferred from
electrochemical data alone, this was found to be insufficient.['$!%!37] The
dissolution of Mn ions from the catalyst material is a common cause of low
stability. 3140~ 1421 Tn comparison to the single MnOj, the presence of Co sites
in (Co7Mny3)Ox hindered the dissolution of Mn sites, where the oxidation
of Mn*" to Mn"" Oy in the solid was within the used voltage range. The lower
dissolution rate likely avoids the irreversible current drop reported for
MnO,.’” Moreover, the introduction of Mn as a second metallic site in the
Co oxide structure may generate more optimal binding between the metal
site and the oxygen atoms, M-O. This effect was recently reported for a
crystalline CoMn oxide in acid media.l”! Density functional theory (DFT)
calculation showed that the electronic interaction between the 2p orbital in
the oxygen atom and the 3d orbitals in the metal are located in lower energy
for the mixed CoMn oxide than the single Co oxide, which results in overall
more stable bond in the mixed oxide!*” with optimized bulk oxidation states,
which are expected to also provide favorable binding of surface Mn and Co
with OH" in the electrolyte.

© 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202200482

Conclusion

Na-containing layered CoO; and (Coo;Mny 3)Oy films were electrodeposited
in 0.1 M NaOH solution, using a complexing agent for the stabilization of
the ions. The co-deposition of Mn and Co ions produced single phase
(Cop7Mng;3)0,, whose OER onset during the 2™ cycle and overpotential at
10 mA/cm? after 100 cycles were identical to CoO, within error. Moreover,
the Tafel slope of (Cop7Mng3)Ox was constantly 89+2 mV s during 100
cycles, while that of CoO, tended to increase indicating that CoO, may not
efficiently support high currents for long durations.

Additionally, Mn dissolution in (Cog7Mny3)Oy was significantly reduced as
compared to MnO,. Often, there is a trade-off between catalytic activity and
stability.!® While we showed that 30 % Mn in layered CoO, only had a minor
effect on activity, it stabilized the structural integrity and activity during
potential cycling under OER conditions.

As expected from the electrocatalytic trends, no changes were identified by
XAS in (CogsMng;)Ox. We discussed the correlation between bulk and
surface properties and concluded that the absence of changes in bulk and
near surface oxidation state can explain the electrocatalytic trends of activity
and stability at the surface. Overall, our study identifies Mn as a suitable
addition to Co oxides with beneficial effects on the electric conductivity,
metal oxidation states and binding energies that resulted in a promising
electrocatalyst with high durability, while sacrificing little activity. Further
microscopic and macroscopic insights into the origin of stabilization are
essential for the future knowledge-guided design of durable electrocatalysts
for electrolyzers.

Experimental Section

Materials

Co(NO3);*6H20 (= 99.999 %), Co304 (99.99), CoO (99.99 %), LiCoO,
(>99.8 %), Mn(NOs), *4H,0 (= 99.99 %), Mn(SO4), xH,O

(99.99), MnO; (=99 %), Mn;04 (= 97 %), Mn,0; (= 99.9 %), L-(+) Tartaric
acid (> 99.5 %) and (2 M and 0.1 M) NaOH solutions were ordered from
Sigma-Aldrich. Graphite foil (> 99.8) with a thickness of 0.254 mm ordered
from VWR. All reactants were used as received, without any further
treatment. Solutions were prepared with deionized water (>18 MQ cm).

Films electrodeposition

CoOy films: 0.6 mmol of Co(NO3),*6H,0 and 6 mmol of L-(+)tartaric acid
were dissolved in a small volume of deionized water (approx. 1 mL). 120
mL of Ar-purged 2 M NaOH solution were added slowly to the previous
solution while stirring, changing from colorless to beige.

(Co09.7Mny3)Ox films: were prepared with a similar procedure to CoOy using
a mixture of 0.6 mmol of Co(NO;),*6H,O and 0.6 mmol of
Mn(NOs),+4H,0 as precursor solution. All other parameters remained the
same.

The electrodeposition of the films was performed in a threeelectrode cell
made from a three-neck round-bottom flask and using a Gamry Reference
600+ potentiostat. The distance between the necks and thus the electrodes
was kept lower than 1 cm. The working electrodes were either a glassy
carbon disk (4 mm diameter; HTW Sigradur G) in a rotating disk electrode
(RDE) or graphite paper (Alfa Aesar). The unrotated RDE was mounted onto
a commercial rotator (ALS RRDE-3A Ver 2.0). We used a saturated calomel
reference electrode (SCE; ALS RE-2BP) and a graphite rod (redox.me, HP-
III, High Pure Graphite) as the counter electrode. The galvanostatic
deposition was performed at 150 pA cm? until a charge density of 40 mC
cm? was reached.

Electrochemical measurements

The detailed protocol for electrocatalytic investigations is documented in
Table S1 for glassy carbon electrodes and in Table S2 for graphite foil. The
measurements on glassy carbon electrodes were carried out using two
Gamry Reference 600+ potentiostats connected as a bipotentiostat in a single
compartment three-electrode electrochemical cell made of polymethyl
pentene (ALS) filled with about 60 mL solution of 0.1 M NaOH. A
commercial rotator (ALS RRDE3-A Ver 2.0) was used with commercial
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rotating ring-disk electrodes (RRDE) with exchangeable disks of 4 mm
diameter and a Pt ring with inner ring diameter of 5 mm and outer diameter
of 7 mm. The graphite foil was clamped in the same cell as the RRDE. A
coiled platinum wire was used as a counter electrode and a SCE (ALS RE-
2BP) as a reference electrode, which was calibrated daily against a
commercial reversible hydrogen electrode (RHE; Gaskatel HydroFlex). The
electrochemical experiments were performed at constant controlled
temperature of 25.0 °C. The ring was set to detect oxygen at 0.4 V vs. RHE
as calibrated previously.’” Before any experiment, the electrolyte was
purged with Ar for at least 30 minutes. The ohmic drop (also called iR, drop)
was corrected during post-processing by subtraction of iR, from the
measured potentials, where i and R, are the measured current and
uncompensated resistance, respectively. All potentials are given relative to
the reversible hydrogen electrode (RHE). The Tafel slope was also
calculated with a fitting of potential as function of the logarithm of the
current, using the cathodic halfcycle of the cyclic voltammetry of iR,-
corrected data in the range between 1.71 and 1.76 V vs. RHE. The electrodes
were swept at 100 mV s and rotated at 1600 rpm. The Tafel slope was
obtained by linear regression of the iR,-corrected potential (E-iR,) against
logio(i). The error represents the standard deviation of three independently
prepared electrodes.

Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX)

The morphology of the samples was studied using a Zeiss LEO Gemini 1530
scanning electron microscope, with an acceleration voltage of 3 keV in high
vacuum (approximately 10 bar) and using a secondary electron inLens
detector. Images were taken in several regions of the sample to get
representative data. EDX measurements were performed using a Thermo
Fischer detector with an acceleration voltage of 12 keV.

X-ray absorption spectroscopy (XAS)

All XAS data were collected at an averaged nominal ring current of 300 mA
in top-up and multi-bunch mode at the BESSY II synchrotron operated by
Helmholtz-Zentrum Berlin. Soft XAS measurements at the Mn-L edges
were conducted using the LiXEdrom experimental station at the UE56/2
PGM-2 or U492 PGM-1 beamline.!"*¥) Reference samples were measured as
finely dispersed powders attached to carbon tape and electrodeposited
samples were measured on graphite foil (Alfa Aesar). All samples were
measured at room temperature and in total electron yield (TEY) mode and
with horizontally linear polarization of the beam. The TEY measurements
were carried out by collecting the drain current from the sample. The sample
holder was connected to an ammeter (Keithley 6514). In order to avoid
radiation damage, the incoming photon flux was adjusted to get a TEY
current from the sample of around 10 pA. In addition, the sample was kept
as thin as possible. XAS spectra for each sample were collected at a few
locations to ensure representativity of the data and further minimize
radiation damage and local heating. The energy axis was calibrated using a
Mn-L edge spectrum of MnSOj, as a standard where the maximum of the L;-
edge was calibrated to 641 eV. This reference was calibrated against
molecular oxygen as described elsewhere.l'**!%) All spectra were
normalized by the subtraction of a straight line obtained by fitting the data
before the L; edge and division by a polynomial function obtained by fitting
the data after the L; edge.

Hard XAS measurements were performed at the KMC-2 or KMC3
beamlines.['"*!*”) Co-K and Mn-K edge references were collected at KMC-
3. Samples at Co-K edge and Mn-K edge as well as a few references were
collected at KMC-2. Two refences spectra were compared to confirm the
correct energy calibration. At KMC-3, spectra were recorded in fluorescence
mode using a 13-element silicon drift detector (SDD) from RaySpec. The
used monochromator was a double-crystal Si (111), and the polarization of
the beam was horizontal. Reference samples were prepared by dispersing a
thin and homogeneous layer of the ground powder on Kapton tape. After
removing the excess material, the tape was sealed, and the excess of Kapton
was folded several times to get 1 cm x 1 cm windows. The energy was
calibrated using a Co metal foil (fitted reference energy of 7709 eV in the
first derivative spectrum) with an accuracy +0.1 eV. Up to three scans of
each sample were collected to k=14 A%,

At KMC-2, the general used setup was organized as it follows: I; ionization
chamber, sample, I; ionization chamber or FY detector, energy reference and
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1, ionization chamber. The used double monochromator consisted of two Ge-
graded Si(111) crystal substrates!'**! and the polarization of the beam was
linear horizontal. Reference samples were prepared by dispersing a thin and
homogenous layer of the powder on Kapton tape, after removing excess of
powder, the tape was folded several times to get 2 cm x 1 cm windows.
Reference samples were measured in transmission mode between two ion
chambers detector at room temperature. Electrodeposited samples were
measured on graphite foil in fluorescence mode with a Bruker X-Flash 6/60
detector. Energy calibration of the X-ray near edge structure (XANES) was
made with the corresponding metal foil, setting the inflection point for Mn
at 6539 eV. All spectra were normalized by the subtraction of a straight line
obtained by fitting the data before the K edge and division by a polynomial
function obtained by fitting the data after the K edge. The Fourier transform
(FT) of the extended X-ray absorption fine structure (EXAFS) was
calculated between 40 and 440 eV (3.2 to 10.7 A") above the K edge (Eo =
6539 eV for Mn and Eq= 7709 eV for Co). A cosine window covering 10 %
on the left side and 10 % on the right side of the EXAFS spectra was used to
suppress the side lobes in the FTs.

EXAFS simulations were performed using the software SimXLite. After
calculation of the phase functions with the FEFF8-Lite ['*”! program (version
8.5.3, self-consistent field option activated). Atomic coordinates of the FEFF
input files were generated from various structures of Mn- and Co-based
oxide (Figure S13, Tables 1, 2, S5, S6 and S7),°>!3%151 The EXAFS phase
functions did not depend strongly on the details of the used model. An
amplitude reduction factor (S0?) of 0.7 was used. The EXAFS simulations
were optimized by the minimization of the error sum obtained by summation
of the squared deviations between measured and simulated values (least-
squares fit). The errors were estimated using a useful R-space range of 4.2
A and Fourier filters of 1 (left) and 3 (right).['* The fit was performed using
the Levenberg—Marquardt method with numerical derivatives. The authors
do not declare a conflict of interest.

The data that support the findings of this study are openly available on
Figshare at DOI 10.6084/m9.figshare.18415520.
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Supporting Tables

Table S1. General protocol for electrochemical data collection on an RRDE station
with samples on glassy carbon disks. All potentials are reported vs. RHE. Electrolyte
was 0.1 M NaOH. Blanket indicates no purge.

Step

Conditions

1. Cleaning

Clean and polish electrodes, cells and any other tool properly.

2. Calibration of reference
electrodes

OCP against commercial RHE electrode

3. Argon purge at OCP

At least 30 minutes

Frequency: 1 MHz — 1 Hz.

4.a. Ring EIS Points/decade: 10
OCP and take note of Ru
Frequency: 1 MHz — 1 Hz.
4.b. Disk EIS Points/decade: 10

OCP and take note of Ru

5. Disk CV: ECSA*

Hold 10 s at 1.0 V.

Potential window: 0.95V —1.05 V.

Scan rates: 50, 100, 150, 200, 250, 300, 350, 400, 450, 500 mV s-'.
Cycles: 3.

Rotation: 0 rpm.

Purge: Blanket.

No dynamic iRu compensation.

6.a. Ring conditioning

Hold ring potential for 1800 s at 0.40 V.

6.b. Ring: CA (O2 detection)

Hold ring potential at 0.40 V.

6.c. Disk CV: OER

Potential window: 1.40V - 1.80 V
Scan rate: 100 mV s

Step size: 2 mV

Cycles: 100

Rotation: 1600 rpm

Purge: yes

No dynamic iRu compensation.

7. Disk CV: ECSA*

Hold 10 s at1.0 V.

Potential window: 0.95V —1.05 V.

Scan rates: 50, 100, 150, 200, 250, 300, 350, 400, 450, 500 mV s-'.
Cycles: 3.

Rotation: 0 rpm.

Purge: Blanket.

No dynamic iRu compensation.

8. Disk OCP 1800 s
i Frequency: 1 MHz — 1 Hz.

9-a. Disk EIS OCP and take note of Ru

9.b. Ring EIS Frequency: 1 MHz — 1 Hz.

OCP and take note of Ry

10.a. Ring conditioning

Hold ring potential for 1800 s at 0.40 V.

10.b. Ring: CA (O2 detection)

Hold ring potential at 0.40 V.

11. Disk CV: OER

Potential window: 1.40V -1.80 V
Scan rate: 100 mV s-*

Step size: 2 mV

Cycles: 10

Rotation: 1600 rpm.

Purge: yes

No dynamic iRu compensation.

* not used due to inappropriate data for analysis.
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Table S2. General protocol for electrochemical data collection with samples on
graphite foil. All potentials are reported vs. RHE. Electrolyte was 0.1 M NaOH.

1. Cleaning

Clean and polish electrodes, cells and any other tool

properly.

electrodes

2. Calibration of reference

OCP against commercial RHE electrode

3. Argon purge at OCP

At least 30 minutes

4. Foil CV: OER

Potential window: 1.40V -1.80V
Scan rate: 100 mV s

Step size: 2 mV
Cycles: 100

Rotation: 1600 rpm

Purge: yes

No dynamic iRu compensation

5. Sample rinsing

Soaked in deionized water for 5 minutes.

Table S3. Average exponent values of the current trends over cycling. The
exponents were estimated from Figure 3 at each selected potential and each

selected region.

. Region’s exponent
Samples Potential 1 5 3 1= OCPH
CoOx 1.55 -1/25 -1/25 -1/25 -1/10
1.64 -1/25 -1/25 -1/25 -1/30
1.70 -1/25 -1/25 -1/25 -1/10
(C00.7Mno.3)Ox 1.55 -1/7 -1/5 -1/15 -1/6
1.66 -1/34 -1/17 1/4 -1/7
1.70 1/16 1/9 1/5 -1/22

[al region 1 after the OCP break.

Table S4. Averaged Tafel slope values for CoOx and (Coo.7Mno.3)Ox at selected
cycles. The values are the average of three different samples and standard deviation
is reported as error.

CoOx (C00.7Mno.3)Ox
Cycle Average Error Average Error
[mV dec] [mV dec] [mV dec] [mV dec]
2 135 9 86 6
3 136 9 91 1
5 136 12 89 3
10 138 11 88 2
20 144 15 89 2
50 149 27 89 3
100 158 25 88 4
2 132 9 96 5
3 133 9 98 4
5 133 10 99 3
10 133 11 95 11
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Table S5. EXAFS absorber-scatter averaged distance (R), neighboring atoms number
(N) and Debye-Waller factor (o) as determined by simulation of the k3-weighted
EXAFS spectra at the Mn-K edge for pristine MnOx (MnOx-0) and MnOx after 100
cycles (MnOx-100), pristine (Co0.7Mno.3)Ox ((C00.7Mno.3)Ox -0) and (Coo.7Mno.3)Ox after
100 cycles ((Co0.7Mno.3)Ox -100). Shells were simulated using phase functions created
from the interatomic distances of Mn3O4 (with Co replacing Mn when needed),['l The
error of the last digit is shown in parentheses.

Sample Parameter Mn-O1 Mn-02  Mn-M® R — factor

N 5l 16l 2.5(5)

MnO,-0' R (A) 1.87(1) 2.31(7) 2.87(1) 1.42%
o (A) 0.05%! 0.05 (.05
N 5l 1tel 2.6(5)

MnOx-100! R (A) 1.88(1) 231(7) 2.86(1) 2.18%
o (A) 0.05%! 0.05 (.05
N 5l 1te] 3.5(5)

(C007Mno3)0x-0 R (A) 1.87(1) 2.36(7) 2.82(1) 0.82%
o (A) 0.05% 0.05% 0.05%
N 5l 1l 3.7(5)

(Coo7Mno3)0x-100 R (A) 1.87(1) 231(7)  2.83(1) 244 %
o (A) 0.05%! 0.05 (.05

[a] indicates fixed values (not simulated). [b] M indicates Mn or Co. [c] data was obtained from
reference.
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Table S6. EXAFS absorber-scatter averaged distance (R), neighboring atoms number
(N) and Debye-Waller factor (o) as determined by simulation of the k3-weighted
EXAFS spectra at the Co-K edge for pristine CoOx (CoOx-0) and CoOx after 100 cycles
(CoOx-100), pristine (Co0.7Mno.3)Ox ((Co0.7Mno.3)Ox -0) and (Coo.7Mno.3)Ox after 100
cycles ((Coo.7Mno.3)Ox -100). Shells were simulated using phase functions created
from the interatomic distances of Co304.31 The error of the last digit is shown in
parentheses.

Sample Parameter Co-01 Co-MP! R — factor

N 5.6(5) 3.3(4)

C00,-0 R (A) 1.88(1) 2.82(1)  5.96 %
o (A) 0.05%! 0.058!
N 5.3(5) 3.2(4)

CoO,-100 R (A) 1.88(1) 2.81(1)  3.93%
o (A) 0.05%! 0.058
N 6.3(5) 4.7(4)

(C00.7Mno3)Ox-0 R (A) 1.87(1) 2.79(1) 249 %
o (A) 0.050! 0.050!
N 6.9(5) 3.6(4)

(C007Mno3)Ox-100 R (A) 1.87(1) 2.80(1) 4.13%
o (A) 0.05%! 0.058

[a] indicates fixed values (not simulated). [b] M indicates Mn or Co.
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Table S7. EXAFS absorber-scatter averaged distance (R), neighboring atoms number
(N) and Debye-Waller factor (o) as determined by simulation of the k3-weighted
EXAFS spectra at the Co-K edge for pristine CoOx (CoOx-0) and CoOx after 100 cycles
(CoOx-100), pristine (Co0.7Mno.3)Ox ((Co0.7Mno.3)Ox -0) and (Coo.7Mno.3)Ox after 100
cycles ((Coo.7Mno.3)Ox -100). Shells were simulated using phase functions created
from the interatomic distances of Co(OH)2 (with Mn replacing Co when needed).*I The
error of the last digit is shown in parentheses.

Sample Parameter Co-01 Co-MP! R — factor
N 5.2(4) 3.3(3)
CoOx-0 R (A) 1.88(1) 2.83(1)  4.41%
o (A) 0.05%! 0.058!
N 5.0(4) 3.2(3)
CoO,-100 R (A) 1.88(1) 2.82(1) 243 %
o (A) 0.05%! 0.058
N 5.9(6) 4.7(4)
(C00.7Mno3)Ox-0 R (A) 1.87(1) 2.80(1) 1.25%
o (A) 0.050! 0.050!
N 6.4(6) 3.6(4)
(C007Mno3)Ox-100 R (A) 1.87(1) 2.80(1)  3.47%
o (A) 0.05%! 0.058

[a] indicates fixed values (not simulated). [b] M indicates Mn or Co.

Table S8. Co and Mn nominal oxidation state of pristine CoOx and (Co0.7Mno.3)Ox, and
after 100 cycles. The data was estimated using the metal K edges. The fit equation
and graph are shown in Figure S13.

Sample Pristine film After 100 cycles
Co nominal oxidation state
CoOx 2.70 2.72
(C00.7Mn0.3)Ox 2.77 2.70
Mn nominal oxidation state
(C00.7Mn0.3)Ox 3.71 3.67
MnOxk! 3.47 3.48

[elobtained from reference.?

Table S9. Ai15 vobtained from the CV series collected on CoOx-, (C00.7Mno.3)Ox-,
and MnOx-covered GC rods. CV were performed in 0.1 M NaOH Ar-purged solution
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with a scan rate of 100 mV s-'. Data from 2"¥ and 100" cycle is shown with is
corresponding error, estimated from three samples.

CoOx (C00.7Mno.3)Ox MnOxlal
Airsv[A] | Error[A] | Airsv[A] | Error[A] | Airsv[A] | Error[A]
2nd 3.04468E- | 1.30904E- | 2.05627E- | 7.22939E- | 1.39052E- | 9.28102E-
cycle 5 5 5 6 5 6
100th 2.75242E- | 1.73901E- | 1.89229E- | 9.13858E- | 1.18643E- | 7.92817E-
Cyc|e 5 5 5 6 5 6

[elobtained from reference. [
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Supporting Figures
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Figure S1. Chronopotentiometry during electrodeposition of CoOx and

(C00.7Mno.3)Ox films on graphite foil substrate. Curves are shown in duplicate,
corresponding to two independent electrodepositions.
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Figure S2. SEM images of: a. Pristine CoOx, b. CoOx after 100 cycles, c. Pristine
(C00.7Mno.3)Ox and d. (Coo.7Mno.3)Ox after 100 cycles.
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Figure S3. EIS spectra showing resistance (pink) and phase angle (turquoise) as a
function of frequency collected on: a. CoOx-covered glassy carbon rod and b.
(Coo.7Mno.3)Ox-covered glassy carbon rod. The data was collected before the
experiment shown in Figure 2, in an Ar-purged 0.1 M NaOH electrolyte. Ru represents
the uncompensated resistance with components Relectrolyte + Rsetup + Riim. Using the
same electrolyte and experimental setup, we expect that Relectrolyte + Rsetup have the
same values for different electrodeposited films. Thus, the difference in Ru was
attributed to the bulk resistance of the deposited films. The error represents the
standard deviation of three measurements.
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Figure S4. Additional CVs of CoOx (a and c) and (C00.7Mno.3)Ox (b and d). These
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rotation rate of 1600 rpm.
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Figure S5. Series of CV performed on a: a. CoOx-covered disk and b. (C00.7Mno.3)Ox
-covered disk. A constant potential of 0.4 V vs. RHE was applied at the ring to detect
02.2 The CV was performed with a scan rate of 100 mV s-' in 0.1 M NaOH with an
electrode rotation of 1600 rpm. These samples were measured with lower potential
boundary than samples shown in Figure 2. The arrows indicate the direction of the
scan.
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Figure S6. Average Oz ring current trend as a function of cycling collected on: a. CoOx
and b. (Coo.7Mno.3)Ox for E-iRu=1.70 V vs. RHE. The blue light-colored area represents
the error of three measurements. The pink background represents the 10 additional
cycles collected after the OCP break.
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Figure S7. Ai15 v as function of cycles for the first 100 cycles for a. CoOx and b.
(Coo0.7Mno.3)Ox deposited on graphite foil. Current ratio i/Ai1.5 v as a function of cycling
at selected potentials for c. CoOx and d. (Coo.7Mno.3)Ox deposited on graphite foil.
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Figure S8. Tafel plots of CoOx (a) and (Coo.7Mno.3)Ox (b) films. Representative plot of
Tafel slope calculation for selected cycles (before OCP: 2, 3, 5, 10, 25, 50, 100, and
after OCP: 2, 3, 5, 10). The measurements were performed in 0.1 M NaOH. The data
was collected with a scan rate 100 mV s and the iRu compensation was done during
post-processing. The lines represent the linear fit of E-iRu as a function of log1o(i), the
slope values represent the Tafel slope. Parameters are shown in Table S3.
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Figure S9. Instantaneous Tafel slope as a function of potential estimated for selected
cycles (10" cycle, 25™ cycle and 100t cycle before the OCP break and 2™ after the
OCP break). The data was extracted from the anodic scans in the CVs shown in Figure
2. The instantaneous Tafel slope was calculated by the first derivative of the iRu-
corrected potential as function of the logarithm of the current density.
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Figure S$10. Detection of MnO4™ at the ring of an RRDE. jring, Mn and jaisk as a function
of time collected on: a. (Coo.7Mno.3)Ox-covered glassy carbon rod and MnOx-covered
glassy carbon rod. The data was collected using a CV experiment in the disk in a
potential range of 1.4 — 1.8 V vs. RHE and a scan rate of 100 mV s™', while the ring
was set to a CA experiment with a potential of 1.2 V vs. RHE.®! The electrolyte was
Ar-purged 0.1 M NaOH. The rotation speed was set to 1600 rpm.

Figure S11. Structural models used for the estimation of reasonable phase functions
for EXAFS simulations. a. CoO2H,! b. Co(OH)2, c. Co0304,B d. Mn3zOa,l"
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e.MnO2-nH20.I"1 Blue dots represent Co atoms, purple dots represent Mn atoms and
red dots represent oxygen atoms.
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Figure S12. k3-weighted EXAFS spectra of pristine CoOx and (Coo.7Mno.3)Ox, and after
100 cycles, recorded at the Mn-K edge and Co K-edge. The colored lines represent
the measurements and the gray lines the respective EXAFS simulations.
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Figure S13. Nominal oxidation state of three Co-based references (a) and four Mn-
based references (b) as a function of energy of the Co-K edge. The fit equation is
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shown. CoO, Co304 and LiCoO2 were used as Co references; and MnO, Mn3Oa,
Mn203 and MnO2 were used as Mn references. The estimated oxidation states are
shown in Table S5. The edge energy was estimated using the integral method
(41=1.00, y2=0.15).18
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Figure S14. A. Mn-K edge spectra collected on pristine (C00.7Mno.3)Ox ((C00.7Mno.3)Ox-
0) and after 100 cycles ((C00.7Mno.3)Ox-100), and Fe-K edge spectrum collected on
Fe203 powder, used as reference to show the energy and shape of Fe-K edge rise, b.
Zoome-in of the spectra in the energy range where the Fe-K rises. The scale of the Mn-
K edge spectra was enlarged by 10x (Fe-K edge spectrum remained as 1x) to facilitate
the comparison.

References
1. C. R. Ross, D. C. Rubie and E. Paris, Am. Mineral., 1990, 75, 1249-1252.
2. J.Villalobos, R. Golnak, L. Xi, G. Schuck, M. Risch, J. Phys. Energy 2020, 2,
0340009.
X. Liu and C. T. Prewitt, Phys. Chem. Miner., 1990, 17, 168—172.
R. W. G. Wyckoff, Acta Crystallogr., 1963, 1, 239-444.
5. M. Baumung, F. Schonewald, T. Erichsen, C. A. Volkert, M. Risch, Sustain.
Energy Fuels, 2019, 3, 2218.
6. M. Deliens and H. Goethals, Mineral. Mag., 1973, 39, 152-157.
. J. E. Post and D. R. Veblen, Am. Mineral., 1990, 75, 477—-489.
H. Dau, P. Liebisch and M. Haumann, Anal. Bioanal. Chem., 2003, 376, 562—
583.

W

oo N

ChemeElectroChem 2022, 9, €202200482 (95 of 136) © 2022 The Authors. ChemElectroChem published by Wiley-VCH GmbH



RESEARCH ARTICLE

W) Check for updates

ENERGY

www.advenergymat.de

Chapter 6. Requirements for Beneficial Electrochemical
Restructuring: A Model Study on a Cobalt Oxide in Selected

Electrolytes

Requirements for Beneficial Electrochemical Restructuring:
A Model Study on a Cobalt Oxide in Selected Electrolytes

Javier Villalobos, Diego Gonzdlez-Flores,* Roberto Urcuyo, Mavis L. Montero,

Go6tz Schuck, Paul Beyer, and Marcel Risch*

The requirements for beneficial materials restructuring into a higher
performance oxygen evolution reaction (OER) electrocatalyst are still a
largely open question. Here erythrite (Co3(AsOa)2:8H20) is used as a Co-
based OER electrocatalyst to evaluate its catalytic properties during in situ
restructuring into an amorphous Co-based catalyst in four different
electrolytes at pH 7. Using diffraction, microscopy, and spectroscopy, a
strong effect in the restructuring behavior is observed depending of the
anions in the electrolyte. Only carbonate electrolyte can activate the
catalyst material, which is related to its slow restructuring process. While
the catalyst turnover frequency (TOF) undesirably reduces by a factor of
28, the number of redox active sites continuously increases to a factor of
56, which results in an overall twofold increase in current of the
restructuringd catalyst after 800 cycles. The activation is attributed to an

sunlight or wind. A promising
solution is the storage of chemical
energy by water splitting into
hydrogen and oxygen.[t2l Complex
kinetics make the oxygen evolution
reaction (OER) one of the most
considerable challenges for
implementing water splitting as it
requires high catalytic efficiency and
stability under operating
conditions.Bl

For the use of carbon-based fuels as
energy storage, near-neutral pH
operating conditions are desirable to

adequate local order, a high Co oxidation state close to 3+, and a high
number of redox-active Co ions. These three requirements for beneficial
restructuring provide new insights into the rational design of high
performance OER catalysts by electrochemical restructuring.

Introduction

The widespread use of renewable energy requires
efficient energy storage solutions due to the fluctuating
energy production from renewable sources such as

couple the anodic OER to the cathodic
COz reduction reaction since CO2
enrichment of the electrolyte leads to
pH values close to 7.145]

Amorphous transition-metal oxides
have shown outstanding catalytic properties at neutral
pH.[6-81 Thanks to their unique atomic arrangement,
these materials own structural flexibility and
distinctively coordinated metal centers.[9-11]
Electrochemically, amorphous oxides can be obtained by
electrodeposition[12-14] or electrochemical
restructuring[®15-19] of crystalline materials. The latter
approach has improved catalytic activity compared to
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their crystalline variant in some cases,[910.12.20] while this
was not the case for other combinations of pristine
materials and electrolytes.[21.22] Wang et al.[23] identified
an optimal Co redox level for the activation of LiCoOz-xClx
by beneficial electrochemical restructuring in 1 m KOH.
The requirements for beneficial electrochemical
restructuring, particularly in neutral electrolytes, are
still largely an open question.[1824]

Among a wide range of amorphous transition-metal
oxides, Co-containing oxides own particular properties,
such as selfhealing,[2526] semiconductivity,[27-2°1 and the
possibility of hosting higher oxidation states, such as
Co(IV),830 which has been proposed as part of the active
site.311  Electrodes of Co-based oxides present
overpotentials of 400-490 mV at 10 mA cmgeo? with
turnover frequencies (TOF) as high as 0.21 02 Co-1s-1 for
Co(P03)2 nanoparticles(32! and Tafel slopes of 60-80 mV
dec! (for layered Co oxides and Co0304) in near-neutral
pH (Table S1, Supporting Information).[31.33-35] The local
structure of the Co oxide differs depending on the
cations and anions present in the electrodeposition
electrolyte; for instance, the local order of the final Co
oxide decreases as a function of the electrolyte in the
order CaClz > KCl > LiOAc > KOAc > KPi.l81 The numbers
of Co- Co scattering interactions at 2.8[3¢1 and 5.6 Al
were previously used to estimate the size of the ordered
Co oxide fragments (also called clusters) by analysis of
the extended X-ray absorption fine structure
(EXAFS).[36-38] Risch et al.[3¢] identified an increase in
current per Co with a number of Co-Co interactions at
2.8 A for restructuringd perovskite oxides, which
suggests an optimal cluster size containing nine Co
atoms, when compared to an earlier study on
electrodeposited Co oxide.l8] Additionally, Kwon et al.[3°]
reported larger interlayer spacing and cluster size by
variation of the electrolyte anions during the
electrodeposition of Co oxides as follows: borate (pH
9.2) > methyl phosphate (pH 8.0) > phosphate (pH 7.0).
Thus, crystalline Co oxides are attractive starting
materials for further enhancement by electrochemical
restructuring into more active amorphous oxides.

In this study, we synthesized erythrite (Ery;
Co3(As04)2:8H20) as a Co-based catalyst model to
evaluate its catalytic properties during electrochemical
restructuring into partially amorphous Co oxide in four
different electrolytes at pH 7. The three electrolytes with
clearly different restructuring behavior were chosen to
track the conversion during cyclic voltammetry (CV) by
diffraction, microscopy, and spectroscopy. We observed
that the progress of the electrochemical restructuring
with cycling strongly depended on the electrolyte anion.
Only carbonate electrolyte activated the catalytic
current over cycling due to a slow restructuring process.
The final activated material showed an adequate cluster
size, a high Co oxidation state, and high Co redox activity,
which are essential features to enhance the catalytic
activity. Hence, this work provides new insights into the
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requirements of beneficial electrochemical

restructuring of Co-based materials.

Results and Discussion

2.1. Electrochemical Restructuring of Ery in
Selected Electrolytes

Erythrite was chosen as a model system to study the
effect of electrochemical restructuring on catalytic
activity in selected neutral electrolytes with different
anions. Pristine Ery is a crystalline material, a part of a
group of isostructural minerals called vivianites.[*0] We
synthesized it by a thermal process at 65 °C, which
assured crystal growth. Physical and chemical
characterizations were carried out to confirm the
formation of the Ery phase (Figure S1, Supporting
Information). In the chemical structure of Ery,[4142]
arsenate anions bind two positions of Co atoms: Co(1)
on the hexacoordinated position and Co(2) bound via di-
u-oxo(arsenate)-bridge (Figure 1; various structures in
Figure S2 of the Supporting Information). Ery[*3] and
other isostructural materials(!2] have been previously
used as catalysts for OER. We have observed their trend
to lose long-range order (commonly called
amorphization) after voltage cycling under OER
conditions. This transformation, i.e., electrochemical
restructuring, promoted layered cobalt oxide formation,
which has significantly different interatomic distances
as compared to Ery (Figure 1). For instance, the Co(2)-
Co(2) distance changed from 3.1 A in Ery to about 2.8 A
after restructuring (Figure 1).

Crystalline Co?-based catalyst || Amorphous Co3-based catalyst
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Figure 1. Diagram of the electrochemical restructuring of Ery. The
crystalline Ery (Cos(AsOa)2-8H20) layers are joined by hydrogen bonds.
Arsenate binding in Ery, ColJAs, and ColICo distances are shown. The
amorphous layered Co oxide structure and distances of different binding
modes from arsenate anions into the layer and at the border are shown.
lons and water molecules are present in the interlayer space at a distance
of about 3.7 A from the Co atoms of the layer (fragments).

Ery deposited on fluorine-doped tin oxide (FTO) glass
showed clearly different trends during CV in four
different electrolytes at pH 7 (electrochemical protocol
in Table S2 of the Supporting Information). The used
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anions were 0.1 m of borate, phosphate, carbonate, and
arsenate, resulting in the restructuringd catalysts Ery-
-BOs, Ery-POs, Ery-COs, and Ery-AsOs, respectively
(Figure 2; Figure S3, Supporting Information). We used
a high number of cycles (here 800 cycles), a high upper
potential limit (2.1 V vs reversible hydrogen electrode
(RHE)), and a high sweep speed (100 mV s-1) as typical
for stability, restructuring, or activation studies.[1444-47]
The maximum current density, jmax (at 2.1 V vs RHE), was
comparable among all different electrolytes during the
first cycles, i.e., itis mainly that of the as-synthesized Ery.
Yet, jmax continuously increased in carbonate electrolyte,
whereas, in phosphate and borate electrolytes, it rose
during the first 200-300 cycles, after which it started
decreasing. The current density after the OER onset
remained mostly unaffected in arsenate electrolyte,
indicating an equilibrium between the structural
arsenate anions in Ery and the electrolyte. While there
are minor shifts in the CV curves in Figure 2d, e.g.,, 20 mV
between the 2nd and 800th cycles at 2 mA cm~2, these
are smaller than the potential shifts of around 30 mV at
2 mA cm-? for repeated experiments (Figure S3,
Supporting Information). Thus, we conclude the absence
of significant catalytic changes on Ery-AsOs. All trends
mentioned above were reproducible in three trials
(Figure S4, Supporting Information).

In addition to catalytic changes, increased broad redox
peaks were observed with cycling, which had previously
been associated with the number of redox-active metal
ions®13] and in crystalline materials with the
electrochemical restructuring to an amorphous
material.[%123643] The redox-active metal ions can be
quantified by integrating the reductive currents in the
CV resulting in an electroredox charge (ERC). In Co-
based catalysts, the ERC correlates with the redox
activity of Co during the catalytic reaction assuming a
single electron transfer, as detailed elsewhere.[81213]
ERC trends over cycling were estimated in different
electrolytes (Figure S5, Supporting Information). The
initial Ery phase had an ERC of 0.1 mC (Ery-BOs, Ery-
AsO4) or 0.3 mC (Ery-POs, Ery-COs) during the second
cycle. Ery-BOs reached a steady state at cycle 300 (ERC
= 11.4 mC, 54x increase), whereas Ery-PO+ and Ery-CO3
increased constantly over 800 cycles and did not reach a
steady state; the final ERC values are 15.5 mC (57x
increase) and 16.0 mC (56x increase), respectively.
Similar to the activity trends, the changes for Ery-AsOs
were small (ERC = 3.3 mC, 25x increase, after 800
cycles).
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Figure 2. Series of CV performed on an Erythrite-deposited FTO glass in
different electrolytes at pH 7 and a concentration of 0.1 m: a) borate, b)
phosphate, c) carbonate, and d) arsenate. 800 cycles were performed with
a sweep speed of 100 mV s™* and 85% iR compensation, of which the 25th,
400th, and 800th cycles are shown. The arrows indicate the scan direction.
The insets show the jmax trends (at £ = 2.1 V vs RHE) as a function of cycling.
The light-colored areas represent the standard deviation of three different
samples. The FTO substrates were coated with an equivalent mass of Ery
(0.4 mg) on a 1 cm? area. Dataset in ref. [48].

The potential of the maximum of the reductive (i.e,
cathodic) peak significantly differed depending on the
electrolyte. The initial peak potentials were around 1.45
V versus RHE in the four electrolytes, i.e., that of pristine
Ery. They changed to 1.42 V versus RHE in Ery-PO4, 1.65
V versus RHE in Ery-BOs, and 1.34 V versus RHE in Ery-
COs after 800 cycles (Figure S6, Supporting
Information). Risch et al.[3! reported similar redox peak
positions for CoCat (abbreviation for Co-catalyst,
electrodeposited in phosphate buffer, KPi, pH 7). They
assigned the midpoint potential between the anodic and
cathodic redox peaks at 1.42 V versus RHE to the
Co2+/Co3* transition and at 1.63 V versus RHE to the
Co3+/Co** transition. The latter is not clearly resolved in
our CV series (Figure 2). Similar peak positions were
reported by Villalobos et al.,[*3] who also showed that the
use of arsenate electrolyte for the electrodeposition of
CoCat (instead of KPi) resulted in a shift of 0.1 V in the
peak position of the Co2+/Co3* transition to lower
potential, whereas the Co3*/Co* remained unaffected.
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Therefore, the position of the waves in the CV depends
on the electrolyte used for restructuring, which means
that the energy level of the Co redox can be tuned simply
by the selection of the electrolyte anion similarly to the
approach of Wang et al.[23] who tune the cation of the
catalyst material.

Three indicators were wused to monitor the
electrochemical restructuring during cycling in the three
electrolytes with the most pronounced change, namely
borate, phosphate, and carbonate. The indicators were I)
estimation of the number of redox-active metal ions by
the quantification of ERC, II) loss of the Ery phase from
the initial material by X-ray diffraction (XRD) using the
normalized (020) reflection of Ery (Figure S7,
Supporting Information), and (III) anion exchange
tracked as loss of arsenate from Ery (Co3(AsO4)2:8H20)
by energy-dispersive X-ray spectroscopy (EDX; Figure
S8, Supporting Information). The arsenic content was
normalized by the cobalt content to ensure that the
changes are not due to material loss. The loss of arsenate
anions was also tracked by the signal of the As-0 bond[*°]
at 780 cm! in Fourier transform infrared (FTIR)
spectroscopy (Figure S9, Supporting Information),
corroborating the EDX results. These tracking
experiments were based on the methods and properties
most commonly used to understand the electrochemical
restructuring process.[10121543501 How the changes of
metal redox, loss of crystallinity, and anionic exchange
relate to each other has been an important open
question for understanding the mechanism of
electrochemical restructuring. In this regard, these three
indicators were compared as a function of cycling in
borate, carbonate, and phosphate electrolytes to identify
trends and correlations (Figure 3). They were
complemented by jmax as an indicator of activity as
extracted from the CVs in Figure 2 and Figure S4
(Supporting Information).

In Ery-BOs (Figure 3a), a plateau was reached by cycle
300 in all indicators, where the material has lost most of
Ery’s arsenate anions (As/Co = 20%), the ERC reached a
value of only 7 mC, and it did not show extended long-
range order anymore, i.e., the normalized (020)
reflection is <1% of its initial value. Thus, 300 cycles in
borate electrolyte were sufficient to conclude the
electrochemical restructuring. Scanning electron
microscopy (SEM) images taken at selected cycles
showed a constant homogeneous coverage of the
substrate for all cycles (Figure S10, Supporting
Information). However, the initial needle-like
morphology melted with cycling, which was most
pronounced after 300 cycles (Figure S10e, Supporting
Information). Interestingly, the activity measured by jmax
reached its maximum at cycle 180 before the
restructuring was completed and then started to
decrease, indicating the additional relevance of further
materials changes, such as the morphology, for catalytic
activity. In summary, all restructuring indicators were
correlated for Ery-BOs.
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Figure 3. The three restructuring indicators As/Co ratio, lery(020)/IFro(200), and
ERC as a function of cycling in a) borate (Ery-BOs), b) phosphate (Ery-POa),
and c) carbonate electrolyte (Ery-COs). The light-colored area represents
the standard deviation of three independent measurements. The As/Co
ratio was obtained from EDX analysis (Figure S8, Supporting Information).
The jmax Was extracted from CV. The ERC was obtained by the area
integration of the cathodic current in the CV. The /ery(020)//Fro(200) ratio was
obtained by integration of the Ery(020) peak and its subsequent
normalization by the integral of the FTO(200) peak. Dataset in ref. [48].

In Ery-PO4 (Figure 3b), the ERC trend differed from the
other two indicators of the As/Co ratio and the reduction
of the normalized Ery(020) reflection. These two
indicators shared the same trend and mainly increase
during the first 400 cycles. (Note that their axes are
plotted with the lowest value on top to better compare
them to the ERC) Less than 50% of the arsenate was lost
in Ery-POs, and the material still showed sizable long-
range order after 800 cycles, meaning that the processes
follow different kinetics in phosphate electrolytes as
compared to borate electrolytes. Furthermore, the
increase in redox activity (i.e, ERC) does not solely
depend on restructuring the material. The ERC
increased continuously over 800 cycles and reached a
final value of 15.5 mC; an ERC increase has commonly
been related to the generation of more active sites.[812.13]
SEM images showed full coverage again at all cycles and
a needle-like morphology but the images had no clear
trend with cycling (Figure S11, Supporting Information).
The activity indicator, jmax, did not change remarkably
over cycling, yet a broad maximum of the average jmax
was found around cycle 300, again before the
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restructuring was completed. In summary, for Ery-POs,
the partial loss of the Ery crystalline structure correlates
with the loss of As during restructuring, whereas the
ERC increased continuously and independently of the
two other indicators.

In Ery-COs3, the ERC also continuously increased,
whereas the As/Co ratio and the Ery crystallinity mainly
decreased during the first 200 cycles and then remained
nearly constant.

On this plateau, less than 50% of the arsenate was lost.
After 200 cycles, the crystallinity drops significantly
from Igry(020)/IFTo(200) = 48.9 t0 IEry(020)/IFTo(200) = 11.7 and
decreases further until 800 cycles (/Ery(020)/IFToz00) = 1.4,
i.e, 3% of the initial value; Figure S7b, Supporting
Information). In contrast, the ERC increased
continuously with cycling and reached a value of 16 mC
(the highest among the three electrolytes). Interestingly,
the activity indicator jmax decreased during the first 25
cycles, yet it increased continuously from cycle 25 up to
cycle 800, indicating an evident twofold increase of the
current density during restructuring of Ery-COs. In
summary, none of the restructuring indicators
correlated for Ery-COs3, yet the electrochemical current
increased monotonously.

Taken together, the data in Figure 3 showed that the
electrolyte anions affected the evolution of restructuring
on Ery with cycling and clearly influenced how the
different dynamic processes, e.g, loss of Ery
crystallinity, anionic exchange, and increase of redox
active Co (i.e., ERC), correlate with each other. Previous
reports have shown the relation between the electrolyte
pH[1 or the cation stoichiometry(23] with the efficiency
of restructuring. Here, the lack of correlation between
the ERC and the other restructuring indicators for some
electrolytes suggests further change in the resulting
local and electronic structures as additional factors.

We used X-ray absorption spectroscopy (XAS) to
understand the changes in local structure during cycling
in different electrolytes as it does not require
crystallinity and has high chemical sensitivity. The Co-K
edge was used to analyze the Co oxidation state and local
structure after a selected number of cycles. The nominal
Co oxidation state was estimated by calibration with
three Co references in different oxidation states (Figure
S12 and Table S3, Supporting Information). The
spectrum of the X-ray absorption near edge structure
(XANES) of pristine Ery had a Co oxidation state of 2+
(Figure 4a). For Ery-BOs, the catalyst material showed a
shift in the X-ray edge position to higher energy,
indicating oxidation to 2.3+ at 100 cycles and 2.8+ at 800
cycles. Similar continuous oxidation was observed for
Ery-COs from 2+ to 2.4+ at 100 cycles and 2.8+ at 800
cycles. Moreover, for Ery-COs after 100 cycles, the Co
edge looks different from Ery or layered LiCoO2,
suggesting an intermediate structure between the initial
and final restructuringd materials. The Co atoms of Ery-
POs oxidized to 2.4+ at cycle 100, which remained
unchanged until cycle 800. A doublet peak in the white
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line (i.e, their maximum) of the XANES spectra
suggested a combination of two different phases, Ery
and another Co oxide,[*3] to be identified below. It was
observed in all spectra for Ery-POs4. In Ery-BOs, the
doublet peak in the white line was observed only in cycle
100 but not in cycle 800, indicating a single-phase
material in agreement with the vanished Ery (020)
reflection in XRD. In Ery-COs, the other Co oxide
contributed negligibly at cycle 100, and the doublet peak
in the white line was observed only after 800 cycles, also
in agreement with partial loss of the Ery structure in
XRD.

The FT of the EXAFS at the Co-K edge was used to study
the local structure of the electrochemically
restructuringd Ery after a selected number of cycles in
borate, electrolyte, and carbonate electrolytes (Figure
4b). The FT of pristine Ery has a prominent peak at 2.1 A
(Co-0) and a weaker one at 3.1 A (Co-Co).[43]

The spectrum of Ery-POs showed EXAFS peaks similar to
pristine Ery after 100 and 800 cycles having the above
Co-0 and Co-Co distances typical of Ery.[*3] Additionally,
distances at 1.9 A (Co-0) and 2.85 A (Co-Co) were
visible; these are distinct signals of layered Co oxides
such as LiCoO: that is also shown in Figure 4b for
reference. The lack of change in the spectra was
expected based on the XANES analysis above. The
presence of Ery and a layered Co oxide corroborates our
interpretation of the doublet peak in the white line.

The spectrum of Ery-BOs3 after 100 cycles also showed
the peaks of Ery and the layered Co oxide. After cycle
800, the spectrum only showed the prominent peaks of
a Co oxide, such as 1.9 A (Co-0) and 2.8 A (Co-Co),
indicating complete electrochemical restructuring.
Interestingly, the distance at 3.7 A (Co-O, Figure 1)
significantly decreases its amplitude. This signal has
been previously associated with the distance between
Co atoms into the oxide layer and oxygen atoms, either
from water molecules or electrolyte ions, in the
interlayer.[83738] A reduction of this signal amplitude
may reflect a decrease in the long-range order of the
layered Co oxide.

In Ery-COs, the nearly complete electrochemical
restructuring from Ery into a layered Co oxide was
apparent. After 100 cycles, the interatomic distance at
2.1 A (Co-0) evidenced the presence of Ery; no distances
associated with layered Co oxides were observed.
Nonetheless, after cycle 800, the spectrum showed the
interatomic distances at 1.9 A (Co-0) and 2.85 A (Co-Co)
of the Co oxide, and signals of the Ery structure were not
clearly observed, which do not exclude minor
contributions from the Ery structure as found by XRD
and suggested by the XANES.
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Figure 4. a) XANES spectra of Co-K edge collected on Ery after selected
cycles in 0.1 m electrolytes of borate, phosphate, and carbonate at pH 7.
The Co-K edge spectra of Co*)0, Cos>7*)04, and LiCo®*)0, were added as
references, b) Fourier transform of the EXAFS of the Co-K edge collected
on Ery after selected cycles in 0.1 m electrolytes of borate, phosphate, and
carbonate at pH 7. The light-colored gray areas highlight the interatomic
distances related to layered Co oxides (peaks band }), whereas the light-
colored pink areas show the distance of 2.1 A typical for Ery (Co-O, peak
a). The reduced distance is about 0.3 A shorter than the precise distance
obtained by EXAFS simulations (Figures S13-515 and Table S4, Supporting
Information). The spectra in all panels were offset on the y-axis to group
them. Dataset in ref. [48].
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Since the layered Co oxide formed to various degrees in
all electrolytes, we will take a closer look at its
properties to rationalize the differences in activity
among the restructuringd Ery catalysts. Amorphous Co
oxides are organized in layers of several hexa-oxo-
coordinated Co atoms; the number of Co atoms
determines the extent of the layer fragment or
cluster.37.3952] The cluster size of amorphous Co oxide
has been used previously to understand activity trends
on electrodeposited and restructuringd Co oxides.[83638]
The cluster size of the Co oxide is effectively monitored
by the ratio of the Co-Co peak height to the Co-O peak
height (cobalt peak ratio, CPR) in the FT of EXAFS. A
large CPR indicates a large cluster or ultimately a
crystalline solid such as LiCoOz2 in Figure 4b, but its exact
value depends on the k-weighting applied to the EXAFS
data and parameters of the FT, which were identical for
our analysis. Using highly crystalline LiCoO: as a
reference, the upper limit of the CPR in our analysis is
estimated as 2.1. In the limit of an isolated octahedron,
the CPR would be zero.

We plotted the activity indicator, jmax, as a function of the
CPR (Figure 5a) to further investigate the nature of the
layered Co oxide formed by restructuring Ery. For each
individual dataset, jmax increased with the CPR. This
explained the activity decrease with cycling for Ery-PO4
and Ery-BOs where CPR and activity were maximal after
400 and 100 cycles. However, the exact value of the CPR
does not result in the same activity for electrochemical
restructuring in different electrolytes, which suggested
that another parameter also strongly affected activity.
The role of a high Co oxidation state (3+ and even 4+)
has been widely reported as essential for oxygen
evolution in neutral electrolytes.[133153-571 Thus, we
plotted the restructuringd Ery catalysts as a function of
the average Co oxidation state (Figure 5b) at a fixed CPR
of 1.3. The plot was further enriched with the ERC at
each point to discuss the number of potentially active
sites provided by the ERC as well as the efficiency of a
single active site, likely given by its Co oxidation state.
In Figure 5b, after 100 cycles in phosphate, the Co
oxidation of Ery-POs4 is also 2.4+, yet the ERC is only 7.2
mC, resulting in a lower catalytic current density (4.4 mA
cm-2) due to comparably fewer (redox) active sites as
compared to Ery-PO4 after 800 cycles. After 25 cycles in
borate, the ERC (1.3 mC) and Co oxidation state (2.3+) of
Ery-BOs are the lowest among the samples, associated
with the lowest current density (3.5 mA cm-2). In
particular, the comparison of Ery-POx at different cycles
and fixed CPR clearly highlighted the importance of the
number of redox active sites for high current.

For Ery-COs, Co atoms have the highest oxidation state
(2.8+), the highest ERC (16.0 mC), which results in the
highest current density (6.6 mA cm~2). After 800 cycles
on Ery-PO4, the ERC is almost as high as that of Ery-COs
(15.5 m(), yet the oxidation state is only 2.4+, resulting
in a significantly lower catalytic current density (4.6 mA
cm-2). Even though the redox activity is very similar and
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the Co oxide clusters have an appropriate size (a CPR of
1.3), a high Co oxidation state is required additionally to
increase the catalytic current.[555658] Therefore, we
conclude that the more oxidized active sites in Ery-CO3
are more efficient as compared to Ery-POa.
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Figure 5. a) The activity indicator, jmax, as a function of the CPR obtained
from the Fourier transform of the EXAFS of Ery in borate, phosphate, and
carbonate after a selected number of cycles (shown in the graph). The
solid lines connect the dots in chronological order (based on cycling).

b) The activity indicator jmax (at 2.1 V vs RHE) as a function of the average
Co oxidation state of Ery in borate (25 cycles), phosphate (100 and 800
cycles), and carbonate (800 cycles) at a CPR of 1.3. Dataset in ref. [48].

The efficiency of the active sites was quantified by the
normalization of jmax by ERC, which corresponds to four
times the TOF of Oz per Co active site due to the four
electrons transferred in the reaction Figure 6.081213]
Note that ERC was used in the calculation (full detail in
Table S5 in the Supporting Information), which is an
estimation of the number Co atoms with oxidation state
changes; therefore, it also counts subsurface Co atoms
that were oxidized and not involved in the catalytic
reaction. Thus, the TOF is underestimated. The initial
TOF of Ery was clearly higher than that of the
restructuringd catalysts, as discussed in detail for a
related structure,’2l suggesting that crystallinity
benefits the efficiency of an active site. For Ery-PO4, the
TOF decreased continuously, whereas it reached a
steady value after 200-300 cycles for Ery-BOs and Ery-
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COs. The TOF of Ery-COs3 after 800 cycles (1.3 x 10-2 O2
Co1s1at 0.3 Voverpotential; Figure S16 and Table S1,
Supporting Information) was slightly higher than that of
other Co oxides at the same overpotential, even those
measured in alkaline media, where the activity is usually
higher.[59601 Moreover, its TOF was in the range of
amorphous electrodeposited Co oxide,[®l] supporting
that a similar surface is produced by restructuring Ery
and electrodepositing Co oxide. Tafel slopes of Ery-CO3
were evaluated before and after activation in carbonate
electrolyte (Figure S17, Supporting Information) to
examine if the current changes were due to different
mechanisms.[62] Yet, the Tafel slopes remain unaffected
after activation, suggesting an unchanged mechanism.
However, the Tafel slope values of Ery-CO3 were higher
(145 mV decade!) as compared to Ery-POs (72 mV
decade!), which were evaluated under the same
conditions previously,[*3] indicating an electrolyte-
dependent mechanism. Therefore, the increase of jmax for
Ery-CO3 was most likely due to an increase in the
number of active sites in the restructuringd catalyst with
cycling rather than an increase in the efficiency of the
active sites (Figure 6).
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Figure 6. Relationship between the current density, jmax, (left y-axis,
symbols) and TOF per redox-active site (right y-axis, bars) as a function of
cycling in a) borate electrolyte, b) phosphate electrolyte, and c) carbonate
electrolyte. jmax Was evaluated at 2.1 V versus RHE. The TOF was estimated
by the normalization of jmax by ERC and the four transferred electrons.
Dataset in ref. [48].
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Summary and Conclusion

Ery was used to identify the requirements for catalyst
activation by electrochemical restructuring, for which
we defined the indicators of the redox active Co (ERC),
loss of Ery crystal structure, and anion exchange. All
investigated electrolytes led to electrochemical
restructuring to an amorphous layered cobalt
(hydr)oxide to various degrees as demonstrated by XRD
and EXAFS analyses. In Ery-BOs, all three restructuring
indicators correlated with cycling. In Ery-POs, only two
indicators correlated: the loss of the Ery structure and
arsenate, while the ERC increased monotonously. In the
most interesting case of Ery-COs, none of the indicators
correlated over 800 cycles. This indicated that the
evolution of the restructuring processes with cycling,
both structural and compositional, differed strongly in
the selected electrolytes. Furthermore, the ERC
increased by a factor of around 55 for Ery-B0Os3, Ery-POs,
and Ery-COs, which suggests an equal increase in the
number of active sites on these restructuringd
materials. Yet, its continuous increase resulted in the
desired increase in activity only for Ery-COs. This
highlights that the restructuring and activation are two
separate processes, where activation has further
requirements.

For activation, a large cluster size (i.e., high CPR) and
high Co valence of the restructuringd surface
(hydr)oxide were beneficial. An adequate cluster size
has been reported to play an essential role in the
mesostructure arrangement, which, together with
intercalated electrolyte anions, impacts the electrical
conductivity properties of the material.[27291 We
hypothesize that a larger cluster size also aids in keeping
anions in the amorphous structure where they act a
proton buffers,[1363] so that larger clusters can support
higher currents. Finally, we found that the current
increased with the Co oxidation state at a fixed cluster
size where an average oxidation state of 2.8 produced
the highest activity. This is a typical oxidation state of a
layered double hydroxidel31.6164] and close to ex situ
measurements of electrodeposited Co oxide.[37:38]

In summary, our work highlights the role of the
electrolyte for electrochemical restructuring, where we
found surprisingly different behavior of the
restructuringd Ery. We expect that the simple method of
anion exchange can be utilized in a wide range of catalyst
materials, e.g, (oxy)phosphates,[1213] fluorides,[®!]
oxychlorides,[23] multimetallic oxyhydroxides,[182466,67]
and perovskites,[3¢] to control catalyst activation by
restructuring with an optimal trinity of local order,
transition metal valence, and high number of active sites.

Experimental Section
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Materials: CoSO4-7H.0 (Merck, 99,5%), Na:HAsO47H.0 (Merck,
99,5%), Nafion117 5% in ethanol (Sigma—Aldrich), FTO Pilkinton NSG TEC
T15, KHPOs4 (Riedel-De Haén, 98%), KH.POs (Merck, >99,5%), H3BOs
(Sigma—Aldrich >99,5%), HCl (Merk, 32%), NaHCOs (Merk, 99,5%),
isopropanol (Labquimar, 99,9%), MiliQ water (>18 MQ cm), and CaCl,
(Merk, PA).

Synthesis of Ery: About 400 mL of 7 x 1073 m Na;HAsO4-7H,0 solution
was added dropwise to 800 mL of 5 x 1073 m CoSOs solution at 65 °C. The
reddish solution of Co turned pink after several drops, and a precipitate
started forming. The final suspension was stirred and heated (at 65 °C) for
72 h. The obtained solid was washed five times with deionized water and
dried at room temperature and vacuum using CaCl; as a desiccant. The
resulting product was denoted as “Ery” herein.

Electrode Preparation: About 5.00 mg of Ery was added to 1000 pL of
isopropanol, and then the suspension was sonicated for 2 h to get a higher
dispersion. About 80 uL of this suspension was slowly dropcoated on a 1
cm x 1 cm FTO glass surface. Once the isopropanol evaporated, 15 pL of
0.25% Nafion was drop-coated three times on the electrode’s surface,
waiting for 5 min between each addition. Electrolyte Preparation: All
electrolytes were prepared at pH 7 (measured with a Daigger 5500 pH
Meter) and 0.1 m concentration. For phosphate electrolyte, 0.1 m K2HPO4
and 0.1 m KH2POs solutions were prepared and mixed in an adequate ratio
to adjust to pH 7. For borate electrolyte, 0.1 m BsNa,O7 solution was
prepared, and 0.1 m HCl solution was added dropwise to adjust to pH 7.
For carbonate electrolyte, 0.1 m NaHCOs solution was prepared, and 0.1
m HCI solution was added dropwise to adjust to pH 7. For arsenate
electrolyte, 0.1 m NazHAsOs-7H,0 solution was prepared, and 0.1 m HCI
solution was added dropwise to adjust to pH 7.

Electrochemical Measurements: The experiments were carried out on
FTO glass electrodes as the working electrode in a single-compartment
three-electrode electrochemical cell made of glass and filled with about
50 mL solution of the electrolyte. A high surface Pt mesh counter electrode
and an Ag/AgCl (KCl saturated) reference electrode (separation of about 1
cm) were used. The electrochemical experiments were performed at room
temperature using a potentiostat (SP-300, BioLogic Science Instruments)
controlled by the EC-Lab v11.01 software package. The typical electrolyte
resistance (including the electrode) was about 65 Q; iR compensation at
85% was dynamically applied. The solution remained unstirred during the
experiments. All potentials were calculated and converted with respect to
the RHE.

X-Ray Diffraction: Diffractograms were collected using a Bruker D8
GoObel-Mirror for grazing incidence in PTO06 and an energy-dispersive Sol-
X detector. Cu-Anode (Kal+2) was used as source of X-ray. Data were
collected in the range of 2@ = 10°-70° with increments of 0.02° and an
equivalent time of 10 s per step. The measurements were carried out at
the X-ray Core Lab at Helmholtz—Zentrum Berlin (HZB). The (020)
reflection of Ery (26 = 13°) normalized by the (200) reflection of FTO (26
= 38°) was used as an indicator of the crystalline Ery phase.

Scanning  Electron  Microscopy and  Energy-Dispersive  X-Ray
Spectroscopy: Sample morphology was determined using a low vacuum
scanning electron microscope, Hitachi S-3700N, with an acceleration
voltage of 10 keV and detecting secondary electrons. EDX measurements
were performed using an energy-dispersive X-ray analysis probe, Oxford,
and a Hitachi S-570 with an Aspe model Sirius 10/7.5 EDS. Normalization
by the amount of Co guarantees that changes in As are due not to the
dissolution of the material itself.

X-Ray Absorption Spectroscopy: Hard XAS spectra at Co-K edge were
collected at the KMC-3 beamlinel®® at Helmholtz—Zentrum Berlin. Spectra
were recorded in fluorescence mode using a 13 element silicon drift
detector (SDD) from RaySpec. The used monochromator was a double-
crystal Si (111), and the polarization of the beam was horizontal.
Reference samples were prepared by dispersing a thin and homogeneous
layer of the ground powder on Kapton tape. After removing the excess
material, the tape was sealed, and the excess of Kapton was folded several
times to get 1 cm x 1 cm windows. The energy was calibrated using a Co
metal foil (fitted reference energy of 7709 eV in the first derivative
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spectrum) with an accuracy +0.1 eV. Up to three scans of each sample
were collected to k = 14 A1,

All spectra were normalized by subtracting a straight line obtained by
fitting the data before the K edge and division by a polynomial function
obtained by fitting the data after the K edge, as illustrated elsewhere.[*4
The FT of the EXAFS was calculated between 15 and 800 eV above the Co-
K edge (Eo = 7709 eV). A cosine window covering 10% on the left side and
10% on the right side of the EXAFS spectra was used to suppress the side
lobes in the FTs. Weighing of the intensity by k* was chosen to emphasize
the heavier scatterers, i.e., Co, and thereby which samples had extended
local order and which lacked it.

EXAFS simulations were performed using the software SimXLite. After
calculating the phase functions with the FEFF8-Lite!® program (version
8.5.3, self-consistent field option activated), atomic coordinates of the
FEFF input files were generated from the structure of Ery and other several
reasonable structural models (Figure S1, Supporting Information); the
EXAFS phase functions did not depend strongly on the details of the used
model. An amplitude reduction factor (So?) of 0.85 was used, which is
typical for Co oxides.*¥! The data range used in the simulation was 34-747
eV (3.0-14.0 A1) above the Co-K edge (Eo = 7709 eV). The EXAFS
simulations were optimized by minimizing the error sum obtained by
summation of the squared deviations between measured and simulated
values (least-squares fit). The fit was performed using the Levenberg—
Marquardt method with numerical derivatives.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Supporting Information

Requirements for beneficial electrochemical restructuring: A model study on a cobalt
oxide in selected electrolytes

Javier Villalobos, Diego Gonzalez-Flores*, Roberto Urcuyo, Mavis L. Montero, Gotz Schuck,
Paul Beyer, Marcel Risch*

Methods

Fourier transform infrared spectroscopy (FTIR)

Spectra were collected on the electrodes containing the material after a selected number of
cycles in a Perkin Elmer Frontier FTIR-ATR mode using a diamond crystal. Measurements
were performed using 64 scans between 600 and 4000 cm™'.

Raman spectroscopy

Spectra were acquired on a WITec Alpha 300R Raman microprobe system, with 750 nm
excitation at a power of 20 mW and an integration time of 2 s with 20 accumulations.
Measurements were replicated on three different areas of samples.

Average Co oxidation state estimation
The Co edge energy was estimated from XANES spectra using the integral method,!!! which is

accomplished by using a step integral function with the following equation: E¢%9¢ = E; +
1

- [ EEl >y — fil(E)dE, where E represents the energy, 11=0.15 and p2=1.00. x; was set above
27H1

0 to exclude pre-edges from the analysis. Dau et al.l'! showed that the edge energy, E®4°
obtained by this method scales more linearly with the oxidation state of references as compared
to defining the edge as 0.5 normalized intensity or as the first inflection point. The edge
energies of three Co references (CoO, Co304, LiCoO7) were used to build a calibration curve,
in which the Co samples were subsequently interpolated.
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Figure S1. Characterization of Ery: a. ATR-FTIR spectrum, b. Powder X-ray diffractogram of

Ery. The peak around 13 ° confirms the presence of the vivianite face, c. Raman spectrum, d.

SEM images of some crystals. Dataset in ref.!?

Figure S2. Structural models for the estimation of reasonable phase functions for EXAFS
simulations. Blue dots represent Co atoms, red dots oxygen atoms, and green dots arsenic
atoms.
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Figure S3. Series of CV performed on an Erythrite-deposited FTO glass (sample set b and c)
in different electrolytes at pH 7 and a concentration of 0.1 m: a. borate, b. phosphate, c.
carbonate and d. arsenate. 800 cycles were performed with a sweep speed of 100 mV s~ ! and
85 % iR compensation. Potential is represented as E vs. RHE. The cycle number is indicated
in each CV series. Dataset in ref. (%!
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Figure S4. Maximum current (jmax) as a function of cycling of Ery-deposited FTO in: a. borate,
b. phosphate, c. carbonate and d. arsenate electrolytes. All electrolytes at pH 7 and 0.1 m

concentration. The three lines represent three different samples. j..x were obtained at E=2.1 V
vs. RHE. Dataset in ref. [/
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Figure S5. ERC as a function of cycling of Ery-deposited FTO in borate (blue squares),
phosphate (yellow triangles), carbonate (green circles) and arsenate (red diamonds)
electrolytes. All electrolytes at pH 7 and 0.1 m concentration. The light-colored area represents
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the standard deviation of three values. ERC values were estimated by the integration of the
reductive currents. Dataset in ref. [2!
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Figure S6. Series of CV performed on Ery-BO3, Ery-PO4 and Ery-CO3 after 800 cycles with
a scan rate of 5 mV s™! to identify the position of the oxidative redox peaks. Dataset in ref. [
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Figure S7. a. XRD patterns of Ery-deposited FTO glass after a selected number of cycles in
pH 7 0.1 m borate, phosphate and carbonate electrolyte (top to bottom). The pink light-colored
area highlights the peak corresponding to Ery(020) and the gray light-colored area highlights
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the peak corresponding to FTO(200). All other peaks in the diffractogram are assigned to FTO.

b. Ratio of the integrals under the Ery (020) and FTO (200) peaks. Dataset in ref. [?]
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Figure S8. As/Co ratio by EDX as a function of cycling of Ery-deposited FTO glass in: a.
borate, b. phosphate and ¢. carbonate electrolyte. Three set of samples sets are represented with
lines and the average is represented with bars (including standard deviation). Dataset in ref. [

111



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

1)

Uik

Ery-BO3

BujoAD

A
i

" Ery-Po4 , Ery-cO3

R

Ml

Figure S9. ATR-FTIR spectra of
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Ery-deposited FTO glass after a selected number of cycles

(25, 50, 100, 200, 300, 400, 600, 800; descending) in pH 7 0.1 m: a. borate, b. phosphate and

c. carbonate electrolytes. The loss
!'signal. Dataset in ref. [?l

of arsenate anions is tracked by the decrease of the 780 cm”
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EM images of Ery-deosited FTO glass in 0.1 m pH 7 borate electrolyte after a
selected number of cycles: a. 25, b. 50, c. 100, d. 200, e. 300, . 400, g. 600 and h. 800.

Figure S10.
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Figure S11. SEM images of Ery-deposited FTO glass in 0.1 m pH 7 phosphate electrolyte after
a selected number of cycles: a. 25, b. 50, ¢. 100, d. 200, e. 300, f. 400, g. 600 and h. 800.
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Fit equation (R?=0.999):
CoMN*=0.25716*E - 1983.03038

CoO

Co nominal oxidation state
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Figure S12. Nominal Co oxidation state of references as a function of the energy of the Co-K
edge denoted by E. The fit equation is shown in the graph. Co®?0, Co"?$7;04 and LiCo0;
were used as references. The calculated nominal oxidation state for each sample is shown in
Table S3. The energy of the edge was estimated by the integral method. ['! Dataset in ref. [
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Figure S13. a. Fourier-transformed EXAFS spectra of the Co K-edge collected on Ery-BO3

after a selected number of cycles. The corresponding dashed lines are results from EXAFS

simulations (see Table S4 for parameters). The reduced distance is by about 0.3 A shorter than

the precise distance obtained by EXAFS simulations. b. k*>-weighted EXAFS spectra of Ery-

BO3 after a selected number of cycles recorded at the Co-K edge. The solid lines represent the

measurements. The dashed lines represent the respective EXAFS simulations. Dataset in ref.
(2]
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Figure S14. a. Fourier-transformed EXAFS spectra of the Co K-edge collected on Ery-PO4
after a selected number of cycles. The corresponding dashed lines are results from EXAFS
simulations (see Table S4 for parameters). The reduced distance is by about 0.3 A shorter than
the precise distance obtained by EXAFS simulations. b. k*>-weighted EXAFS spectra of Ery-
PO4 after a selected number of cycles recorded at the Co-K edge. The solid lines represent the
measurements. The dashed lines represent the respective EXAFS simulations. Dataset in ref.
(2]
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Figure S15. a. Fourier-transform EXAFS spectra of the Co K-edge collected on Ery-CO3 after
a selected number of cycles. The corresponding dashed lines are results from EXAFS
simulations (see Table S4 for parameters). The reduced distance is by about 0.3 A shorter than
the precise distance obtained by EXAFS simulations. b. k’-weighted EXAFS spectra of Ery-
CO3 after a selected number of cycles recorded at the Co-K edge. The solid lines represent the
measurements. The dashed lines represent the respective EXAFS simulations. Dataset in ref.
(2]
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Figure S16. Turnover frequency (TOF) as a function of the overpotential of Ery-CO3 after 800
cycles. The values are estimated from the current density and ERC The line was added to guide

the eye. Dataset in ref. [
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Figure S17. Tafel slope before and after restructuring Ery in carbonate pH 7 and 0.1 m
concentration. The lines represent the linear fit of E-iR as function of log(i), the slope represents
the Tafel slope. Tafel plots were collected with 50 mV steps, each potential was applied for 5
min. No iR compensation was applied. The potential was iR-corrected after the measurements.

Dataset in ref. (%
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Table S1. Catalytic properties of common Co-based OER catalysts and the MnsCa oxygen
evolution cluster in photosystem II for various electrolyte conditions and catalyst loadings.

Over- TOF
Active material Conditions Loading pH  potential 0, Col 51 Method Ref.
mvyr (20075
300 1.3x102  ERC?
310 1.3x102  ERC?
320 1.4x102 ERC?
350 1.6x102  ERC?
Carbonate 370 1.6x102  ERC?
Ery-CO3, eloctrolvie 04 , 400 1.7x102  ERC?®*  This
after 800 cycles 0l vt mg cm™ 410 1.7x10% ERC*  work
’ 440 2.0x102  ERC?
450 2.2x10% ERC?
470 23x10% ERC?
620 3.7x102 ERC?
870 1.1x10" ERC?
Reconstructed . 3.0 N a 3]
Pakhomovskyite KPi0.1 m me cm’ 7 620 =0.1 ERC
Co-Pi KPi 0.1 m Izr?C em? 410 2.6x10°  TC® 4]
Co(POs); KPiOlm ., 64 440 0.10-021 CSb 1
nanoparticles mg cm
Co0304 KPi 0.2 M i 2} em? 7 400-490 0.07-0.004 TC° (6]
Co304 KOH 0.1 m ?réscm‘z 13 320 =~2x107 CsP 7
LaCoOs KOH 0.1 m ?réscm‘z 13 370 2.5x102  CSP (7]
Co-Pi KOH 0.1 m rzrfC o 13 370 1x103-0.3 CSP (8]
BaosSr05CoosFe020ss  KOH 0.1 m ?réscm‘z 13 470 4x103-0.3 CS° )
PrBaCo,0s+s KOH 0.1 m ?réscm‘z 13 370 =2 CsP (7]
CoOHy KOH 1 m ng em? 14 350 6x107 Cs® [10]
LiMn,0; NaOH 1 m &Zocm_z 14 450 0.07 cst 0
Borate 20
NiFeOx electrolyte pgem? 9.2 400 0.32 ERC* [
0.1wm
. . 20 a [13]
NiFeOx KPi 0.1 m ug cm 400 0.01 ERC

118




ADVANCED ENERGY
SCIENCE NEWS

www.advancedsciencenews.com

www.advenergymat.de

Mn,Ca oxygen Membranes N.A.

evolution cluster in particles =5.5 300 =100 RY
photosystem 11 in lumen
*at 10 mA/cmgeo’; 2 TOF = i/ERC/4; ® TOF = i/psurface/4 (surface atoms from crystal structure);
¢ TOF = i/qr/4 (total electrodeposited charge); ¢ TOF = reciprocal of total duration for one

catalytic turnover.

[13,14]
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Table S2. General electrochemical protocol for data collection.

Step Conditions

1. Cleaning FTO substrates were washed with soap to remove
any grease on the surface and then, sonicated in
isopropanol for 30 minutes to remove the soap and
any dust. Lastly, they were sonicated for 30
minutes in deionized water. The substrates were
dried at room conditions.

The glass cells were cleaned in a diluted solution of
HNO; and then in deionized water.

2. Reference electrode calibration | The Ag/AgCl 3 M KCI reference electrode was
calibrated against another Ag/AgCl 3 M KCI,
which is only used with such purpose.

3. Dynamic iR compensation Potential: 0.4 V vs. Ag/AgCl 3 M KCI

Frequency: 10 KHz

Amplitude: 10 mV

Waiting time between measurements: 0.1 s
Average from 4 measurements

85 % of compensation

Current range: 10 mA

Bandwith 7 fast

4. Cyclic voltammetry Potential window: 0 V — 1.5 V vs. Ag/AgCl 3 M
KCIL

Scan rate: 100 mV s™!

Cycles: 25-800

iR dymanic compensation

Measured current over the last 50 % of the step
duration

Recorded current averaged over 10 voltage steps
Current range: 10 mA

Bandwith 7 fast

5. Sample rinsing After the electrochemical experiments the samples
are soaked in deionized water during 5 minutes to
remove the excess of electrolyte.
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Table S3. Co nominal oxidation state of Ery in phosphate and borate electrolyte in selected
cycles. The fit equation and graph are shown in Figure S12.

Co nominal oxidation state in a selected cycle

Electrolyte 25 100 400 800
Borate 2.3 2.6 2.8 2.8
Phosphate 23 24 24 24
Carbonate - 2.4 - 2.8
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Table S4. EXAFS absorber—backscatter distance (R) and coordination numbers (N) as
determined by simulation of the k*-weighted EXAFS spectra at the cobalt K-edge for samples
Ery-BO3, Ery-PO4 and Ery-CO3, after a selected number of cycles. The Debye-Waller factor

(o) was fixed at a value of 26°=0.01, as used previously for similar materials.

[15]

www.advenergymat.de

Sample Co-0 Co-O Co-O Co-Co Co-Co faIc{t-or
Ery-BO3, after 25 cycles
R 1.836 2.0(1) 2.11(6) 2.81(1) 3.04(1) 105
N 1.4(6) 3(1) 3(2) 2.6(3) 2.3(3) '
Ery-BO3, after 100 cycles
R 1.92(2) 2.25(2) 2.06(5) 2.85(1) 3.09(1) 113
N 3.3(7) 2.7(5) 2.0(6) 4.7(3) 3.33) '
Ery-BO3, after 400 cycles
R 1.91(1) - - 2.82(1) - 11.0
N 4.4(2) - - 4.0(2) - ’
Ery-BO3, after 800 cycles
R 1.90(1) - - 2.83(1) - 9.1
N 4.4(2) - - 4.0(2) - '
Ery-PO4, after 25 cycles
R 1.92(7) 2.10(2) - 2.85(4) 3.03(1) 59
N 2(2) 2.11(1) - 0.6(4) 1.9(4) '
Ery-PO4, after 100 cycles
R 1.90(2) 2.07(2) 2.25(4) 2.84(1) 3.07(1) 15.8
N 2.0(4) 3.8(5) 1.6(6) 2.8(3) 2.4(3) '
Ery-PO4, after 400 cycles
R 1.90(3) 2.06(2) 2.25(4) 2.83(1) 3.05(1) 106
N 1.7(4) 3.2(4) 1.3(5) 3.2(3) 2.5(3) '
Ery-PO4, after 800 cycles
R 1.90(4) 2.04(6) 2.1909) 2.83(1) 3.07(1) 6.5
N 1.9(8) 2.7(6) 1.2(8) 2.2(3) 1.7(3) '
Ery-CO3, after 100 cycles
R 1.97(6) 2.12(2) 2.34(4) 2.87(3) 3.05(2) 59
N 1.5(6) 5.4(6) 1.2(8) 0.6(3) 1.3(4) ’
Ery-CO3, after 800 cycles
R 1.89(1) - - 2.81(1) - 70
N 4.0(2) - - 3.3(2) - '

The R-factor used Fourier filtered data between 1 and 3 A using the formula Ry =

100 (i

m?_el1Y’

W, where m! represents the Fourier-filtered model and e’ represents the
%(ef
experimental k-weighted EXAFS curve.
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Table SS. Calculation of the TOF (02Co’!s™!) for Ery-CO3 after a selected number of cycles,
with the equation TOF = %. Where imq is the current at 2.1 V vs. RHE, ERC is obtained

by integrating the cathodic current area in the CV series in Figure 2 in the main text, and 4 is
the number of electrons transferred in the catalytic reaction.

Cycle ERC (mC) imax (MA) TOF (02Co's™)

2 0.28595 3.2528 2.84383
25 2.522 3.33759 0.33085
50 3.99967 3.71503 0.23221
100 6.53033 4.14362 0.15863
200 9.098 4.60828 0.12663
300 10.439 481378 0.11528
400 11.45233 5.126 0.1119
600 13.41333 5.81218 0.10833
800 16.0203 6.56905 0.10264
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Chapter 7: Conclusions and outlook

The central goal of this work has been using transition metal oxides, namely Mn- and Co-
based, as a model to study the structural changes suffered after the oxygen evolution catalysis.
Single Na-containing Mn- and Co-based oxides, and Na-containing mixed Mn,Co-based oxide
were electrodeposited using a new method. The new electrodeposition method was developed
in alkaline media (2 M NaOH) with the assistance of tartrate ions as complex ions for the
stabilization of the metal ions (Mn?" and/or Co*").

The single oxides, CoOx and MnOx, suffered a continuous current decrease (and a continuous
Tafel slope increase) over cycling. Interestingly, in the case of CoOx, the current fully
recovered after a 30-minute break at open-circuit. In the case of MnOy, the current recovered
only partially after the OCP break, indicating that some changes can happen irreversibly. These
irreversible changes might be related to dissolution of permanganate ions, MnO4", which is a
typical corrosion path and it was observed in the MnOy films. The mixed Co,Mn oxide was
proposed to increase the stabilization of the catalytic current. The obtained mixed oxide,
(C00.7Mno 3)Ox, owned a jmax much higher than MnOx and slightly lower (only during the first
cycles) than CoOx. Even though both single oxides showed Tafel slope values higher than 120
mV dec!, the (Coo7Mno3)Ox films own a Tafel slope of 90 mV dec™'. A value that cannot be
explained by kinetic calculations. As expected, no structural changes were observed in
(Co00.7Mny3)Ox after catalysis. Various effects can be associated to the increase in stability,
namely, the prevention of MnO4™ ions dissolution, an increase in the conductivity of the
material (in comparison with CoOx), and an optimization of the metal oxygen (M-O) binding
energy.

The previously-studied structural changes were beneficially used to improve catalytic
properties of the materials. Ery (Erythrite: Co3(AsO4)2:8H20, a crystalline mineral) was
synthesized and used as Co-based crystalline model to study the electrochemical restructuring
during OER in four different electrolytes (with same pH and concentration). The restructuring
was deconvoluted in three processes: amorphization, anionic exchange and redox Co activity
change, which were tracked by XRD, EDX, and ERC, respectively. Even though the
experimental conditions are similar, the rate of the three processes is completely different
depending on the electrolyte’s nature. For instance, the slowest processes were observed in
carbonate electrolyte, where the amorphization took 800 cycles to complete and the ERC kept
increasing the whole period. The different restructuring rates affected the final Co oxide

structure, e.g., long-range order or cluster size. Interestingly, the current was only significantly
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activated in carbonate electrolyte (around 100 % from the initial value), indicating that the
electrochemical restructuring and the activation are two different processes, where the
activation has further requirements. (I) adequate cluster size: larger clusters are more
conductive and able to retain more anions, which act as proton acceptors. (II) High Co
oxidation state: Co atoms tend to oxide due to OER, an oxidation state of 2.8+ showed the
highest current. (III) High Co redox activity: it relates to the amount of cathodic (and anodic)
current observable in a CV, a bigger area implies more accessible Co redox sites.

The role of the different Mn oxidations states for OER catalysis is still in debate, yet the results
herein reported show a relation between the stability over cycling and the oxidation state of
Mn. In the MnOy and the (Coo.7Mno3)Ox films, Mn was present in an oxidation state between
3+ and 4+, yet the oxidation state was 0.2 higher in the mixed (Coo.7Mno 3)Ox oxide, where the
catalytic current was more stable in 0.1 M NaOH electrolyte; the partial oxidation of the near
surface of MnOx after 100 cycles was observed by XAS and associated with the irreversible
current drop. This is an indication that a higher oxidation state, close to 4+, owns higher
stability than lower oxidation state values. Nevertheless, the exclusive content of Mn*" has
been reported as non-active.

A similar effect was observed in the oxidation state of Co. In the CoOx films, the near surface
owned an oxidation state slightly lower than 3+, which oxidized in 0.1 M NaOH over cycling
toward Co>*. In the (Coo7Mng3)Ox, Co>" was mostly observed and no changes were observed
either in bulk or at the near surface. This behavior was also confirmed in near neutral pH by
the electrochemical restructuring of Ery, where the Co®" continuously oxidizes toward Co**
during 800 cycles in different electrolytes. In this case and additionally, the catalytic activity
was also related to a higher Co oxidation state, indicating that Co>" is optimal for OER in
disorder Co-based oxides.

Moreover, Co oxides were produced with two different methods (i) electrodeposition in
alkaline media and (ii) electrochemical restructuring in near-neutral media. In case of the
electrochemical restructuring, the final structural properties strongly depended on the nature of
the electrolyte. For instance, the final Co oxidation state went from 2.4+ (in phosphate) to 2.8+
(in borate and carbonate), similar to the electrodeposited Co oxide, which was about 2.8+. The
long-range order (or disorder) of the material can also vary depending on the production
method or the electrolyte. The least disorder material was obtained by electrochemical
restructuring in carbonate electrolyte, whereas the most disorder oxide was obtained by
electrodeposition in NaOH, as it can be observed by the CPR in the EXAFS spectra. The CPR

from EXAFS spectra is an indicator of the oxide cluster size and an adequate cluster size is
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required to obtain OER-active Co oxides. Therefore, the conditions and the production method
of the Co oxides strongly affect the catalytic properties for OER.

In summary, the identification of structural changes during deactivation was used to develop
new strategies to increase the stability and enhance the current during electrochemical
restructuring of OER electrocatalysts. The stability can be increased by preventing the
dissolution of ions, increasing the material’s conductivity and optimizing the M-O binding
energy; whereas the activation during electrochemical restructuring can be enhanced by tuning
an adequate cluster size, adjusting the metal oxidation state and increasing the redox activity.
Promoting new strategies to extend the lifetime of OER electrocatalysts is fundamental for
their future use in applications of energy storage. OER is the most promising process to supply
electrons and protons, which are needed for hydrogen production, CO> reduction, nitrogen
fixation, among others.

The results showed in this work are highly relevant to understand how the structural changes
after catalysis can be used beneficially in increasing the current or the stability of the
electrocatalysts. Moreover, they confirm that other processes, such as surface oxidation, ionic
exchange and dissolution or amorphization, can simultaneously occur to the OER. Thus, the
current observed in the electrochemical experiments might not exclusively be due to OER.
These results proved that the introduction of 30 % of MnOx into the CoOx can increase the
stability of the CoOyx without affecting the catalytic activity significantly. Yet, a systematic
study, varying the MnOx content in CoOx, is necessary to identify the optimal Mn:Co ratio for
catalytic activity and stability. Moreover, since a stability increase due to Mn introduction has
been reported for spinel-type Co oxides as well, it would be interesting to study other
conditions and similar materials to understand the extend of this effect. For instance, the
introduction of Fe oxide into the amorphous Co oxide.

More efforts are required to study the materials” structural changes not only after catalysis but
also during the catalytic reaction. For this purpose, operando experiments are required, in
which the structural changes can be tracked while the electrochemical experiments are
performed and the products, e.g., oxygen, are detected. For instance, with an in situ setup, the
effect of open-circuit conditions in the reactivation of the catalytic current of CoOx and MnOx
could be studied in detailed. As well as the identification of reversible structural changes in the
films during OER conditions.

Three requirements for a beneficial electrochemical restructuring were defined for Co-based
oxides in near-neutral pH. However, the universality of these requirements is yet to be proved.

Thus, it is relevant to investigate other broadly used OER catalysts, such as other transition-
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metal oxides, multimetallic oxyhydroxides or perovskites, to define if they possess similar

requirements for a beneficial electrochemical restructuring.
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