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Abstract

In the presented work, molybdenum sulfide is investigated as a catalyst for hydrogen
evolution reaction (HER) and COs reduction reaction (CO2RR). This thesis mainly
consists of three parts: (i) a study of the catalytic performances and catalytic
mechanism of semiconducting (NH4)sMo3S;3 cluster as an electro-catalyst and as a
co-catalyst for WSe, photocathode, (ii) a study of the phase transformation during
the activation of amorphous MoS, catalyst prepared by reactive magnetron sput-
tering, (iii) on the role of sputtered molybdenum sulfide on gas diffusion electrodes
as a candidate of COyRR catalyst.

In the first part, the performance of (NH,)sMo3S;3 cluster material is studied as an
electro-catalyst for HER. Density functional theory (DFT) calculations are used to
identify the catalytically active centers. The thermal stability is also studied in this
part. From Kelvin Probe and UV-vis experiments, it can be concluded that this
cluster material has the properties of an intrinsic semiconductor. When depositing
(NH4)2Mo3S13 on a WSe, photocathode, the photocurrent of the electrode increased
from 0.02mA/cm? to 2.4mA/cm? at 0V vs RHE. It is proposed in this chapter
that (NHy)2Mo3S13 passivates surface states on the WSey electrode, forms a hetero-
junction with WSe, and increases the photoelectrochemical (PEC) performance of
the electrode.

In the second part, molybdenum sulfide, deposited by reactive magnetron sputtering,
is investigated. The best catalytic activity was obtained from room temperature
sputtered, amorphous MoS, which initially has a structure consisting of linked
MosS13 and Mo3zSq» entities. An improvement of the catalytic activity was observed
at the beginning of the electrochemical measurement, along with the release of
H,S. By in-situ/in-line Raman measurements, a phase transformation of the RT
sputtered MoS,, from an amorphous structure of MosSi3 and MosSi5 clusters to
a MoSq., layer-like structure with sulfur defects on the edge site of S-Mo-S slabs,
could be detected.

In the last part, molybdenum sulfide layers prepared on GDEs by reactive magnetron
sputtering were tested as candidates for CO2RR catalyst. Combing electrochemical
measurements with mass spectrometry, head space gas chromatography and high

performance liquid chromatography, the products could be detected and studied.



Kurzfassung

In dieser Arbeit wird Molybdénsulfid als Katalysator fiir die Wasserstoffentwick-
lungsreaktion (HER) und COs-Reduktionsreaktion (CO,RR) untersucht.  Sie
besteht im Wesentlichen aus drei Teilen: (i) einer Studie iiber die katalytis-
chen Leistungen und den katalytischen Mechanismus der halbleitenden Cluster-
verbindung (NH,)sMo3S;3 als Elektrokatalysator und als Co-Katalysator fiir WSes-
Photokathoden, (ii) einer Studie iiber die Phasenumwandlung wéhrend der Ak-
tivierung von amorphem MoS,, hergestellt durch reaktives Magnetronsputtern, (iii)
der Rolle von gesputtertem Molybdénsulfid in Kombination mit Gasdiffusionselek-
troden (GDE) fiir die CO3RR.

Im ersten Teil wird die Leistung von (NH,)sMo3S;3 als Elektrokatalysator fiir die
HER untersucht. DFT-Berechnungen (Density Functional Theory) werden verwen-
det, um die katalytisch aktiven Zentren zu identifizieren. Die thermische Stabilitéit
wird in diesem Teil ebenfalls untersucht. Aus Experimenten mit der Kelvin-Sonde
und der UV-VIS-Spektroskopie kann geschlossen werden, dass dieses Clustermate-
rial die Eigenschaften eines intrinsischen Halbleiters aufweist. Beim Abscheiden von
(NH4)2Mo3S;3 auf eine WSey-Photokathode stieg der Photostrom der Elektrode von
0.02mA /cm? auf 2.4mA /cm? bei 0V vs. RHE. In diesem Kapitel wird vorgeschla-
gen, dass (NH4)sMo3Si3 Oberflichenzustiande an der WSes-Elektrode passiviert,
eine Heterostruktur mit WSe, bildet und die photoelektrochemische (PEC) Leis-
tung der Elektrode erhoht.

Im zweiten Teil wird mittels reaktivem Magnetronsputtern abgeschiedenes Molyb-
dénsulfid untersucht.Die beste katalytische Aktivitit wurde aus dem bei Raumtem-
peratur gesputterten, amorphen MoSx erzielt, das eine Struktur aufweist, welche
aus verkniipften MosSi3-und MosSis-Einheiten besteht. Eine Verbesserung der kat-
alytischen Aktivitidt wurde zu Beginn der elektrochemischen Messung beobachtet,
zusammen mit einer Freisetzung von HyS. Durch in-situ/in-line Raman-Messungen
konnte eine Phasenumwandlung des bei Raumtemperatur gesputterten MoSx von
einer amorphen Struktur aus MosSi3- und MosSio-Clustern zu einer schichtar-
tigen MoSs., Struktur mit Schwefeldefekten an den Kanten der S-Mo-S-Platten
nachgewiesen werden.

Im letzten Teil wurden Molybdéansulfidschichten mittels reaktivem Magnetron-
sputtern auf GDEs abgeschieden und als Katalysatoren zur CO;RR getestet.
Durch die Kombination elektrochemischer Messungen mit Massenspektrometrie,
Headspace-Gaschromatographie und Hochleistungsfliissigkeitschromatographie kon-

nten die Produkte erkannt und untersucht werden.
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Chapter

Introduction

1.1 High energy demand, CO, emissions and climate change

Since the industrial revolution, technology and economy have experienced tremen-
dous growth accompanied by a large increase of human population. Presently, about
7.7 billion people are living on this planet, consuming about 18.5 TWy/y of energy,
corresponding to 1.62 x 10 kWh/year. This number is still growing rapidly, espe-
cially due to the demand from developing countries. Currently among all consumed
energy, over 80% comes from fossil fuels, including oil, gas, and coal. However, these
energy resources are not renewable and they will be depleted in a relatively short
time. In fact, there have been many debates already on the topic of “when the fossil
fuels will be consumed”. As estimated by Topal et al. in 2009, [30] the fossil fuel
reserve depletion times for oil, coal and gas are approximately 35, 107 and 37 years,

respectively.
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Figure 1.1: Atomspheric COy level in history [1]



2 Chapter 1 Introduction

In addition to the limited amount and unsustainable nature of fossil fuels, the
mining procedures of fossil fuels, such as brown and hard coal, and crude oil, are
usually not environmental friendly processes, most critically due to the resulting air
pollution including flying ashes and various gases produced during the combustion
of fossil fuels, such as CO,, SO,, and NO,. Since sulfur oxides are harmful to health
and the environment, a desulfurization process has been introduced, which largely
reduces the sulfur content in fossil fuels and the production of sulfur oxides during
combustion. However, the amount of CO, released by burning fossil fuels cannot be
prevented since the fuels themselves consist mostly of carbon and hydrocarbons.
Ideally, the level of atmospheric CO4 has its own balance since CO, is a necessary
source for photosynthesis of plants and other organisms; it is naturally produced
by respiration and artificially by industry and household. [29]. However, because
of the high rate of CO, release by human activities, consuming fossil reserves that
accumulated slowly over billions of years, the balance has now been extremely
disrupted. [29] According to list source, the atmospheric COy level amounted to
410 ppm [1] in February 2019. However, the level was only 280 ppm at the beginning
of the industrial revolution. Fig. 1.1 shows the historical atmospheric COy level
during the last 400,000 years. It clearly shows that our CO; level is currently over
100 ppm higher than at any other time in the past 400,000 years.

Observed change in surface temperature 1801-2012

——— — |
06 04 02 0 02 04 06 0B 10 125 15 175 25

(")

Figure 1.2: Map of observed surface temperature change from 1901 to 2012 [2]

As we know, CO, is a green house gas and one of the main reasons for climate
change, due to its heat-trapping nature. Signs of climate change, such as rising global
temperature, warming oceans, shrinking ice sheets and ocean acidification, have

already been observed, connected to the dramatically increasing level of atomspheric



1.2 Solar fuels as a promising solution 3

CO,. Effects of global warming predicted by scientists are now occuring as well,
including sea level rise, extreme weather conditions, such as long lasting droughts and
heat waves. [31] Fig. 1.2 shows the surface temperature change on Earth from 1901
to 2012, and it’s evident that most places have experienced an overall temperature
rise during this time period.

Therefore, to prevent global warming and to decrease the atmospheric CO4 level,
efforts must be made to find cleaner energy resources and convert COs, released by

burning fossil fuels back into hydrocarbons or other stable forms.

1.2 Solar fuels as a promising solution

WORLD ENERGY
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Figure 1.3: Estimated finite and renewable planetary energy reserves (Terawatt-years) in 2015 [3]

Fig. 1.3 shows the estimated renewable energy resources and finite energy reserves
in 2015. It is obvious from the figure that the Sun is one of the most important sus-
tainable energy resources, and compared to other renewable energy resources, such
as wind, biomass or hydro power, solar energy is the only renewable source which
can sufficiently meet the energy consumption of the world. In fact, the amount of
energy consumed by human beings annually, which is about 5.8 x10%° joules, can be
delivered to the Earth by the Sun in about one hour. [32] Therefore, solar energy has
great potential to become a practical alternative to fossil fuels. To use solar energy,
efforts have been made to discover efficient ways to convert solar energy to other

kinds of energy that can be directly used by human beings, such as electricity [33],
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fuels [8] and heat [34].

However, one big drawback of solar energy is its intermittency. The availability of
sunlight highly depends on geographical location, weather condition, season, and
the day/night cycle. In addition, there is usually a temporal mismatch between
the peak of the solar energy supply and the peak of humanity’s energy demand,
which makes the large-scale energy storage particularly important. Table 1.1 shows
the energy densities of various energy storage techniques. Compared to capacitors,
batteries and mechanical-based storage, fuels normally have 2-3 orders of magnitude
higher gravimetric energy density [35] since the energy is stored in concentrated
form by chemical bonds and the energy could be easily extracted from fuels just by
combustion. [36] Additionally, over 80% of all energy is consumed in the form of
fuel nowadays, so infrastructure for utilizing fuels already exists. Therefore, fuels
represent one good option for the energy carrier of solar energy conversion, which

leads us to the main topic of our research: solar fuels.

Table 1.1: Gravimetric and volumetric energy densities of various energy carriers [25-27]

. Gravimetric energy Volumetric energy

Energy carriers
density (MJ/kg) density(MJ/L)

Fuels
Coal 24 -
Gasoline 44 35
Diesel 46 37
Methanol 20 18
Natural gas 54 0.036
Hydrogen 143 0.011(1 bar)/5.6(700 bar)
Batteries
Pb ~0.14 -
Li-ion ~0.9 -
Mechanical
Compressed air 0.512
Pump water uphill 0.001(100 m) 0.001(100 m)
Flywheels 1.1 -

Solar fuels are definded as the production of fuels via direct or indirect solar energy
conversion. There are many possible ways to synthesize fuels with solar energy
and also many possible fuels with potential to store energy such as hydrogen and
hydrocarbons. This approach requires components for both light-absorbing and
catalysis. [37] The light-absorber provides the electric potential to drive the fuel-
generating reactions, while catalysts minimize the overpotentials and increase the

reaction speed. In this thesis, I will discuss the process of developing catalysts
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for hydrogen evolution reaction (HER) in solar-driven water splitting and for COq

reduction reaction (CO3RR) as well.

1.3 Solar driven water splitting

1.3.1 Basic principles of solar driven water splitting

Hydrogen represents a clean and environmental-friendly energy carrier of the fu-
ture with high energy density per mass (143 MJ/kg)as shown in Table. 1.1. It also
doesn’t emit CO5 during combustion. Fig. 1.4 shows the main processes in industy
for producing hydrogen. Among these methods, steam reforming using methane or
coal with water is the most commonly-used method. There are some drawbacks
to this method though, as methane and coal themselves are non-renewable energy
resources and CO, is emitted during the Hy production. However, using solar-driven
water splitting, hydrogen can be produced from water, a much more convenient and
abundant, clean resource compared to coal or methane. Therefore, solar-driven
water splitting could be one of the most desirable methods to produce hydrogen in

a clean and environmental-friendly way. [38]

lfechnology Process Governing reaction
SMR Methane —» ‘ A—" Ha
Steam Methane [ A\ ] CHa+2H20 —> 4H,+C0;
Reforming Steam s L\ /—» CO2
T
: Coal e Y . —» H3z
CG f / \ \
. . y \ | + — +CO
Coal Gasification k \ Caarzn 2Ry
Steam — ¢ "/ —» CO2
Wi Water e \ —» Ha2
Water w W 2H,0 —> 2H:+0
% \ f ‘\_\ | +
Electrolysis Electricity —» '\ —— /—» 0, ’ e

Figure 1.4: Main methods for industrial hydrogen production [4]

The overall reaction for water electrolysis is:

1
Hy0 2 Hy + 50y AG =238kJ/mol (1.1)
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And in electrochemistry, this equation can be also formulated as:
1
H,O = H, + 5O2 AE’ = -1.23V (1.2)

There are two half reactions in water splitting. The oxygen evolution reaction (OER)
happens in the anodic side while the hydrogen evolution reaction (HER) occurs at
the cathodic side.

For an alkaline electrolyte (pH 14), the HER and OER can be written as:

4H,0 +4e 2 2Hy +40H  FEoy"= 083 Vus. NHE (1.3)

4OH = Oy +2H,0 + 4 By’ = 4040 Vus. NHE (1.4)

While in an acidic electrolyte (pH 0), the following equations are formulated:
4HY +4e =2 2Hy  FEred” =0.00 Vus. NHE (1.5)

2H,0 = 4HT + Oy + 4 E,"=+123Vus. NHE (1.6)

In these equations, NHE stands for normal hydrogen electrode. As shown by these
equations, a voltage of at least 1.23V is needed to drive the water splitting reaction
at 25°C and 1bar. Different approaches are employed to realize water splitting
using solar energy, among them photoelectrochemical (PEC) water splitting and
PV-electrolysis (a water electrolyzer coupled with photovoltaic cells) are the most
studied methods. Therefore in this thesis, these two systems are going to be briefly

introduced.

PV-electrolysis

PV-electrolysis represents the combination of standalone PV-cells for converting so-
lar energy into electric power, and separate electrodes with electro-catalysts to drive
electrochemical reactions. [39] This concept has attracted much attention since the
discrete PV cells and electrolyzer can be investigated and optimized individually.
Furthermore, there are already suited PV systems to provide sufficient current and
voltage for water splitting. Fig. 1.5 shows the structure of a water splitting system,
in which perovskite photovoltaic cells are coupled with an electrochemical cell that
uses earth-abundant catalysts as described by Grétzel et al. [5] The system achieved
12.3% solar to hydrogen (STH) efficiency in 2014 but only for a short time because
of the low stability of the perovskite solar cells.

Commercial electrolyzers for water splitting are normally operated at high current
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density (~1A/cm?). Assuming an electrolyzer with an efficiency of 65% and oper-
ating voltage of 1.9V, interconnected a PV cell of 12% efficiency, a STH efficiency
of 7.8% can be achieved. [40]. To increase the electrolyzer efficiency, noble catalysts
are used to minimize the overpotential, which unfortunately leads to an increase
in overall cost. Hence, the price of hydrogen produced via PV-electrolysis is still
more expensive than the price of hydrogen produced by steam reforming. For this
reason, PV-electrolysis has not been commercially implemented. Nevertheless, PV-
electrolysis still has a great potential and will be improved with advances in solar

cells, catalysts, and electrolysis technologies.

+ i

Figure 1.5: Scheme of electrolysis cell coupled with perovskite solar cells [5]

PEC water splitting

Potential improvements in cost, efficiency, and simplicity could be realized by di-
rectly intergrating the light harvesting and electrochemical steps. In 1968, Boddy,
and four years later Honda and Fujishima, [41,42] investigated photoactive TiOs sin-
gle crystal electrodes for PEC water splitting using semiconducting light-absorbers,
this has become one of the most promising methods for solar driven water splitting.
From the water splitting reaction equation (see Eq. 1.2), it is obvious that the semi-
conducting material to be used as photoelectrode in PEC devices should be able to
provide photovoltage of at least 1.23V to drive both half reactions in water splitting
(see equations from Eq. 1.3 to 1.6). Additionally, to provide additional overpotential
to overcome the kinetic energy barriers in both OER and HER, which are typically
about 0.4V and 0.2V at a current density of 10mA /cm?, the photovoltage must
exceed 1.8V. Since it has so far proven difficult to reach this level from single

junction device, tandem divices are sometime used to harvest more of the solar
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spectrum while generating additive photovoltage, for instance, solar cells made from
silicon or gallium arsenide can be coupled with the photoactive binary and tenary
oxide electrodes. [43] Other requirements for the semiconducting photoelectrode
material are high (visible) light absorption, high chemical stability in the electrolyte
under both dark and illumination conditions, low cost, and proper band alignment
with respect to the water reduction and oxidation potentials. [44] Researchers have
studied many different semiconductors for PEC applications, such as multi-junction
I11-V semiconductors by Turner et al. [45] in 1998, and by Cheng et al. [46] in 2018
who achieved 19.3% solar to hydrogen (STH) efficiency. However, the stability of
the III-V semiconductors in electrolyte remains problematic as well as the high cost
of these multi-junction solar cells. For this reason, Earth-abundant metal oxide
photoelectrodes with relatively high stability and low cost have attracted much
interests. Among them are BiVOy, [43] o-Fe O3, [47] and CuBiyOy4. [48] Fig. 1.6
shows different metal oxides that have been studied for PEC devices and their band

edge positions with respect to the redox potentials of H" /Hy and HyO/Os.
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Figure 1.6: Band structures of various metal oxides and oxynitrides for PEC application [6]

The most simple setup to realize water splitting with a PEC device would be a
n-type photoanode with a counter electrode (CE) or a p-type photocathode with a
CE. Fig. 1.7A shows a possible structure of such a simple PEC cell. In the illustrated
case, electron-hole pairs (e-h™) are generated in the n-type semiconductor BiVOy,
which has been deposited on a transparent conductive substrate, and then separated
in the space charge region near the interface with electrolyte. Under this condition,
holes move towards the semiconductor/electrolyte interface driving the OER (see
Eq. 1.4 and Eq. 1.6). The electrons move in the opposite direction towards the

external circuit and reduce water or protons on the CE/electrolyte interface (see
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Eq. 1.3 and Eq. 1.5). A simplified energy diagram of the PEC water splitting cell

with related reaction equations is shown in Fig. 1.7B.

4H*+4e—>2H,

I
2H,0+4h*-> 4H*+0,

. electrolyte
transparent icond
conductor  Semiconductor

Semiconductor Electrolyte Metal
counter

electrode

Figure 1.7: (A) Scheme of a PEC water splitting device with n-type bismuth vanadate semicon-
ductor as photoanode achieving a potential of at least 1.23V and a metal wire as counter electrode
in aqueous electrolyte [7]; (B) energy diagram of the PEC cell with respect to the position of the
redoz potentials of H* /Hy and HyO/O4 [8]

1.3.2 Catalysts for water splitting

Typical polarization curves for HER and OER are shown in Fig. 1.8A. As men-
tioned above, certain overpotentials are needed to overcome the kinetic limitations
during (photo)electrochemical water splitting. In this figure, it is shown that OER
normally requires a higher overpotential than HER. The reason for the overpotential
difference is because only two electrons need to be transferred in HER while four
are needed in OER to form the O=0 double bond [49] which makes the kinetics
sluggish and therefore the overpotential high. In fact, these overpotentials can be
minimized by using suited catalysts. Therefore, no matter if PV-electrolysis or PEC
water splitting system is used, efficient catalysts are necessary for both HER and
OER.

Enormous efforts have been made to find catalysts with high performance for water
splitting including OER and HER. Fig. 1.8B shows different catalysts for HER and
OER in alkaline and acidic conditions. Their electrocatalytic performance is de-
picted by their overpotentials at a current density of 10 mA /cm?. It is shown in this
figure that OER requires generally higher overpotentials, as mentioned before. In
general, an OER catalyst with overpotential of 300-400 mV at 10mA /cm? is consid-

ered as an excellent catalyst while there are many HER catalysts with overpotential
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less than 200 mV. Only a limited number of OER catalysts work in acidic electrolyte,
while a large amount of HER catalysts are functional under both alkaline and acidic
conditions. The low activity of water oxidation at low potentials is a major obstacle
for water splitting. [50] Discovering Earth-abundant catalysts with high catalytic

activity and stability would be one of the key issues for efficient solar water splitting.

(A)

4j () () y () 4j

Overpotential at 10 mA cm™

Figure 1.8: (A) Typical polarization curves for HER and OER [9]; (B)Catalytic ability of various
HER and OER catalysts in acidic and alkaline electrolytes [10]

Mechanism and catalysts of OER

The mechanism of oxygen evolution is shown in Fig. 1.9. The reaction steps in case
of acidic conditions are indicated by the blue lines. The reaction equations under

acidic conditions can be written as:

M+ H,O = MOH + HY + ¢ (1.7)
MOH = MO+ Ht + ¢ (1.8)
MO+ H,O =2 MOOH + H" + ¢ (1.9)

MOOH @M+ Oy+ H" +¢€ (1.10)
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In Fig. 1.9, the red lines indicate the reactions under alkaline conditions which can

be formulated as:

M +OH = MOH (1.11)
MOH + OH = MO + Hy0 + ¢ (1.12)
MO + OH = MOOH + ¢ (1.13)
MOOH + OH = M + Oy + HyO + € (1.14)

Interestingly, it is also possible in both cases that two of the reaction intermediates
(M-0O) can react to form oxygen as shown by green lines in Fig. 1.9. This reaction

equation is written as:

2MO = 2M + Os (1.15)
+0OH-
&
M-OH
+0OH-
-
H20(|)
+0OH-
H+
+H,0, M-O H*

Figure 1.9: The mechanism of OER in acidic (blue line) and alkaline (red line) electrolyte.
Another mechanism possible in both conditions is two M-O intermediates reacting diretly to produce
Og (green line) [9]

The details of this complex reaction mechanism are still under debate, although,
it is well accepted that OER is a heterogeneous process. It can be assumed that
the bonding between metal M with reaction intermediates forming M-OH, M-O and
M-OOH are crucial for the OER catalytic activity of the catalyst. [9]

The devolpment of a low-cost and efficient OER catalyst is critical since most con-
ventional catalysts are based on precious metals [51] such as Pt, Ru and Ir [52],
and their alloys and oxides. [53] For instance, rutile-type RuOy works remarkably
as an OER catalysts in both acidic and alkaline electrolytes. [54] However, the

material is not stable under high anodic potentials at which it can be oxidized to
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RuO4 which dissolves in the electrolyte. [55] Currently, there are already many
studies on noble metal-free catalysts for OER such as metal oxides (cobalt, [56],
and manganese oxides [57]), nickel hydroxides (Ni(OH),, [58]) and metal phosphates
such as Co-Pi. [59] Some of these catalysts have achieved competitive performances
with noble metal catalysts. For instance, a graphene oxide supported FeNi double
hydroxide (FeNi-LDH/GO) was used as OER catalyst by Long et al. in 2014, [49]

demonstrating an overpotential of 195mV at 10 mA /cm?.

Mechanism and catalysts of HER

The reaction equations of HER under alkaline and acidic conditions have been shown
in Eq. 1.3 and Eq. 1.5. There are two steps in hydrogen evolution reaction: firstly
proton reduction (also know as Volmer step), and secondly, hydrogen desorption.
The equation of proton reduction, for instance, in an acidic electrolyte, can be
expressed as:

H ' +e4+x— H (1.16)

Then for the hydrogen desorption step, two alternative reactions are possible. The

first one is the so-called Heyrovsky step, expressed by the following equation:
H"+e 4+ H — H, (1.17)
Or alternatively the Tafel step:

2H" — Hy+ 2% (1.18)

In these equations, the asterisk * stands for an active site on the catalyst surface.
For the hydrogen desorption step, one surface active site is needed in the Heyrovsky
step, while in the Tafel step two active sites are needed. From these reactions, it
can be said that a good catalyst for HER should be able to bind with hydrogen in
the proton reduction step and hydrogen should be easy to release from the catalyst
surface in the desorption step. This means that the Gibbs energy of chemisorbed H
at material surface should be close to zero.

Jerkiewicz [60] and Barber et al. [61] have shown that trends in HER activity can
be comparatively characterized in a so-called "volcano plot”, in which the exchange
current density (jo) is plotted against a descriptor, such as the bond energy of

H chemisorbed on material surface or alternatively the standard Gibbs energy of
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chemisorption of H. [62] The exchange current density, which is the rate of HER per
surface area at equilibrium, is usually used to demonstrate the ability of a catalyst
to catalyze the HER. [63] In 2007, Jaramillo et al. [16] calculated the AGy+ and
measured the exchange current densities of different HER catalysts including MoS-

and some metals such as Pt, Mo,Ni and so on as shown in Fig. 1.10.
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Figure 1.10: Volcano plot of the exchange current density as a function of the DFT-calculated
Gibbs free energy of adsorbed atomic hydrogen for nanoparticulate MoSs and the pure metals such

as Pt and others

According to this figure, platinum (Pt) has a Gibbs energy of chemisorbed H close
to zero and the highest exchange current density among these materials, which
makes Pt a highly efficient catalyst for HER. In fact, Pt is used as the benchmark
catalyst for HER since no catalyst has shown better catalytic ability than this
material to date. [36] In practical experiments at low overpotentials, Pt can achieve
exchange current density (jo) of about 1 mA /cm? and a Tafel slope of 30 mV /decade
(see details about Tafel plots in Chapter. 3.2.4). [64] After optimazation, a jo of
about 500 mA /cm? can be reached at higher overpotentials with a Tafel slope of
140 mV /dec, and a mass activity of about 1000 A/(mgPt). [65] However, the indus-
trial performance can be orders of magnitude lower than lab performance where
the best catalysts can only achieve about 10 A/(mgPt). [64,66] Hence, to produce
hydrogen on TW scale, using Pt as HER catalyst will not be feasible since the
element is too rare and too expensive.

Therefore, worldwild research activities have been seek to develop cheap, Earth-
abundant and environmentally friendly catalysts to replace Pt as HER catalyst.

In the past years, many materials have shown the potential as alternative, and
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Fig. 1.11 [4] shows the elements mostly used to synthesize HER catalysts, including
transition metal elements such as Mo, W, Co, Fe and Ni, and non-metal elements
like S, P, Se, C and N. Alloys and compounds combining these elements form the
new HER catalyst materials that have been mostly studied so far. These include
Ni alloys, [67,68], metal sulfides such as molybdenum, [69] cobalt, [70] and tungsten
sulfide [71], metal phosphides using nickel, [72], cobalt, [73] and molybdenum. [74]

[t [2 1z Jalels ] 12 s sl ez lalishs el

H Periodic Table of Elements He
Li |Be B |C |N|O |F |Ne
Na [Mg Al [Si|P | S |CI |Ar

K |Ca|Sc|Ti |V |Cr|Mn|FefCo|NiJCu|Zn|Ga|Ge|As |Se|Br [Kr

Rb|Sr|Y |Zr [Nb|Mo| Tc |Ru|Rh(Pd|Ag|Cd|In |Sn|Sb|Te| I [Xe

Cs |Ba|La [Hf |Ta [W|Re [Os| Ir fPt§Au (Hg|[Ti |Pb|Bi |Po[At |Rn

ﬂ Pt-containing noble metal HER catalysts
D Metals that are used for constructing noble metal-free HER catalysts

m Nonmetals that are used for constructing noble metal-free HER catalysts

Figure 1.11: Elements used for synthesizing HER catalysts [4]

1.4 CO, reduction reaction (CO,RR) using solar energy

1.4.1 Basic principles of CO,RR

As mentioned above, hydrogen has great potential as an ideal energy carrier for
the future. However, as shown in Table 1.1, hydrogen in the gas phase has much
lower volumetric energy density than liquid fuels. In addition, hydrogen storage and
transportation remain major challenges. [75] CO5 reduction and conversion into fuels
using electrochemical catalysis have also attracted great attention in recent years,
since this process could yield more versatile carbon-based fuels and this CO3RR
process can be driven by renewable energy, e.g. solar energy. In addition, the con-

version process is controllable by electrode potentials and reaction temperature. [29]

Table 1.2: Selected half reactions of CO2RR and the associated potentials under standard condi-
tions (1.0atm at 25°C) [28, 29]
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Potentials (V vs.

Half reactions of CO2RR SHE) under

standard conditions
COs(g9) +4H™T +4e « O(s) +2H20(l) 0.210
CO3(g) +2H20(l) + 4e” < C(s) +40H" -0.627
COs(g) +2H™ + 2¢” <> HCOOH(l) ~0.250
COs(g) + Ho0(1) + 2¢” <» HCOO (aq) + OH" -1.078
COs(g) +2H™ +2¢ + CO(g) + H20(l) -0.106
CO5(g) + Ho0(l) + 2¢” <> CO(g) + 20H" _0.934
CO4(g9) + 4H + 4e < CH,0(1) + H,0(1) -0.070
CO3(g) 4+ 3H,0(1) + 4¢” <+ CH,0(l) + 4OH" -0.898
CO5(g) + 6H™ + 6e” < CH3OH(I) + Hy0(1) 0.016
CO4(g) + 5H20(l) + 6¢” < CHsOH (1) +60H" -0.812
COs(g) +8H + 8¢ «+» CHy(g) + 2H,0(1) 0.169
CO3(g) + 6H,0(1) + 8¢ <> CH4(l) + 8OH" -0.659
2C05(g) + 2H + 2¢” +» HyC204(aq) -0.500
200,(g) + 2¢ <+ C204% (aq) -0.590
2004(g) + 12H" +12¢” <» CHCHo(g) + 4H20(1) 0.064
COs(g) + 8H,0(1) + 12¢” +» CHyCHy(g) + 120H" -0.764
2C02(g) + 12H™ +12¢” «<» CH3CH20H (1) + 3H20(1) 0.084
2C05(g) + 9H,0(1) + 12¢” + CH3CH,OH(l) + 120H" -0.744

The half reaction equations of COsRR are summarized in Table 1.2 together with
their associated reaction potentials. The easiest products obtained from CO;RR
are carbon monoxide (CO) and formic acid/formate (HCOOH/COOH") since only
two electrons have to be transferred. More complex processes are the formation
of formaldehyde (HCHO), methane (CH,), methanol (CH30H), ethanol (CoH5OH)
and so on. In CO3RR, the concentration of COy that can be dissolved in aque-
ous electrolyte is low, compared to the concentration of protons or water that are
reactants for HER. Since HER is also taking place under cathodic conditions and
even enhanced by high overvoltages, the competition between HER and CO;RR
leads to low selectivity for CO,RR. Moreover, the electrochemical reduction of CO,
is a multi-electron transfer process including complex reaction pathways (see Ta-
ble. 1.2). For example, up to 12 electrons need to be transferred to produce ethanol
or ethylene, which makes the kinetics of CO3RR complicated and relatively slow
even with the presence of catalyst. [76] And normally, the products of CO3RR are a
mixture of different compounds rather than single species. This suggests that most
catalysts don’t show high selectivity towards a certain product. Up to now, the
catalysts that have been studied are in general not active enough to overcome the

kinetic barrier of those reactions. [29] Therefore, discovering CO,RR catalysts with
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both good activity and selectivity are of great importance.

1.4.2 Catalysts for CO,RR

The key potential-dependent steps can be written by the equations below [77]:

COy+ H" + ¢ < COOH (1.19)
COOH" + H" + ¢ < CO" + H,0 (1.20)
CO"+H' +¢ « CHO (1.21)

The asterisk * stands for an active site on the catalyst surface. DFT studies have
shown that during COsRR, the activity of catalysts is limited by linear scaling re-
lations between the binding energies of COsRR intermediates. [78] During CO,RR,
catalysts with a strong bond with COOH intermediate (E,(COOH)) at a low nega-
tive range and a weaker bond with CO (E,(CO) not far from zero) have the ability
to reduce CO4 to CO, while further reduction of CO is usually limited by the third
step in which CHO is formed. Following this principle, to produce more complex
hydrocarbons other than CO during COsRR, catalysts should be able to stabilize
COOH and CHO intermediates (COOH", CHO") more than they do for CO. [79]

Ti Fe |Co |Ni Cu |Zn |Ga |Ge

Titanium Iron Cobalt Nickel Copper Zinc Gallium Germanium
99.7 % 948 % 889 % 67.5 % 794 % 790 %
Ru |Rh |Pd |Ag |[Cd |In |Sn
Ruthenium | Rhodium | Palladium | Silver Cadmium | Indium Tin

262 % 81.5 % 784 % 94.9 % 884 %

Os |Ir |Pt |Au |Hg |TI |Pb

Osmium Iridium Platinum Gold Mercury | Thallium Lead
95.7 % 871 % 9.5 % 951 % 974 %

Beyond
co*

Symbol H, CO HcooH

Name
Faradaic efficiency

Figure 1.12: Major products of various metal catalyst for electroreduction of COg [11,12]

Until recently, the most studied catalysts for COoRR are metal catalysts. In 1954,
Teeter first investigated the production of formic acid during CO;RR on Mercury
(Hg) electrodes. [80] Since then, numerous studies on the electrochemcial reduction
of COy on metal surfaces have been performed. For example, Hori et al. (1985)

studied CO3RR using catalysts such as Zn, Cd, Sn, Cu, and Pb. The products of
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CO3RR using these metal catalysts are later classified by Bagger et al. in 2017 as
shown in Fig. 1.12. [12]. Here, the catalysts are divided into four categories based on
their major products: Hy, CO, formic acid and beyond CO". For instance, Pt, Fe,
and Ni mainly produce Hy while Zn, Ag and Au favor CO production. Cd, In and
Hg reduce CO; to primarily formic acid. The faradaic efficiencies of these catalysts
are shown in the figure as well. Among all the listed catalysts, only Cu shows a
pronounced catalytic ability for a further reduction of CO".

When using Cu as a catalyst for COsRR, the main products are formate, CO,
and hydrocarbons such as methane and ethylene [81]. In 2014, Strasser et al. [13]
discovered that the product preference of Cu catalysts is dependent on the size of
the nanoparticles as shown in Fig. 1.13. When the nanoparticles have a size below
5nm, the catalysts showed high Hy and CO production. Larger particles in the
15-35nm region showed increasing catalytic activity towards hydrocarbon (CHy,
CyHy) formation while the faradaic efficiencies of Hy and CO production decrease

with particle size.
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Figure 1.13: Cu particle size dependence of CO2RR products: (a) composition of the gaseous
products; (b) faradaic efficiencies of the gaseous products [13]

1.5 Molybdenum sulfide

Molybdenum sulfide has been used for different fields because of its layer struc-
ture, [82] for instance as a catalyst for hydrodesulfurization, [83] as a transistor

material, [84] and also as a solid lubricant. [85] Molybdenum sulfide crystallize in
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different structures, such as 2H-MoS,, 3R-MoS; and 1T-MoS,. All three phases have
two dimensional (2D) layer structures in common as shown in Fig. 1.14. Among
them, 2H and 3R are the two main phases and the 2H phase is the dominant and
most stable phase in nature. As shown in Fig. 1.14, 2H-MoS; has two S-Mo-S
slabs per unit cell showing a trigonal prismatic coordination of Mo by sulfur while
3R-MoS, has three S-Mo-S slabs per unit cell. [86] 1T-MoS, phase with octahedral
coordination, one S-Mo-S slab per unit cell and metallic property [87] was discov-

ered by Frindt et al. by exfoliation of lithium-intercalated MoS, powder in water. [88]

1T 2H
@' £ O

] @77 &

Octahedral
. Trigonal prismatic
O S
a ° Mo L
b ¢ Trigonal prismatic

Figure 1.14: Coordinations of MoSs in unit cells: octahedral (1T), trigonal prismatic (2H) and
trigonal prismatic (8R) unit cell structures [14, 15]

According to Late et al. [89], each 2D layer of MoS, crystal has a hexagonal plane
of Mo atoms and two of S atoms, and each single layer with a lamellar S-Mo-S
structure has a thickness of about 0.66 nm according to Kibsgaard et al. [17] Bulk
MoSy has an indirect band gap of 1.29eV. [90]. For ultra-thin MoS,, monolayer
of MoS, has a direct band gap while multi-layer MoS, has an indirect band up of
1.9V that shifts downwards with increasing layer number by more than 0.6 eV. [91]

1.5.1 MoS; as catalyst for HER

Among the non-precious metal catalysts that have been studied, molybdenum sul-
fide is well known for its high catalytic activity for hydrogen evolution and its

high chemical stability, especially under acidic conditions. Interestingly as shown
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in former studies, MoSs was thought to have a low catalytic activity for HER. [92]
However, according to theoretical calculations, MoSs should be highly active as a
HER catalyst since it has a modest binding energy with atomic hydrogen and a
relatively high exchange current density, as first described by Jaramillo et al. [16]
(see Fig. 1.15A). In the same paper, it is also shown that the exchange current
density of the material is proportional to the edge length of the hexagonal particles
rather than the surface area of MoS, (see Fig. 1.15), suggesting that the active
sites of MoS, are located on the edges of the S-Mo-S slabs and the basal planes are
catalytically inert. Therefore the reason for the low catalytic activity of bulk MoS,

was found to be low density of active edge sites.
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Figure 1.15: Exchange current density of MoSz as the function of: (A) MoSs area coverage; (B)
MoSy edge length [16]

Since then, researchers have devoted much effort toward increasing the catalytic
activity of MoS, as a HER catalyst.

One strategy to increase the catalytic activity is simply introducing more active sites
at the surface. To achieve this goal, Kibsgaard et al. 2012 [17] engineered the surface
structure of mesoporous MoS, thin films with a high degree of surface curvature to
preferentially expose more edge sites than basal planes in the electrolyte, leading to
an improved catalytic activity, as shown in Fig. 1.16A. Kiriya et al. [93] discoverd
that by thermal texturization of MoS, using high temperature hydrogen annealing,
an improvement of the catalytic activity of molybdenum sulfide using bulk, powder
and nanoflake MoS, as precusors, can be achieved because of the increased surface
area and the number of active edge sites. In 2016, Li et al. [18] increased the active
site number by introducing sulfur vacancies and straining the lattice to activate the
basal planes of MoS, particles as shown in Fig. 1.16B. DFT calculation suggested
higher hydrogen adsorption and optimal AGy in the strained MoS, with sulfur va-
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cancies. Electrochemical measurement showed indeed lower overpotential of 170 mV
at 10mA /cm?.

monolayer MoS, strained MoS, strained MoS,
with S vacancies

Figure 1.16: (A) structural model for mesoporous MoSg with a double-gyroid (DG) morphology
[17]; (B) activating MoSs by introducing strain and S vacancies [18]

Other than modifying the structure of MoS, itself, molybdenum sulfides with dif-
ferent structures have also been studied.

As mentioned above, HER active sites of molybdenum sulfide are located on the
edges. Therefore, cluster-type molybdenum sulfides characterized by a high number
of edge sites could also lead to a better HER catalytic ability. For example, incom-
plete cubane-type [MozS4]* cluster with structure shown in Fig. 1.17A were used for
HER in 2008 by Jaramillo et al. [19] and a similar overpotential as nanoparticulate
MoS; of about 300 mV at —10 mA /cm? was obtained. Then in 2014, thiomolybdate
[Mo3S;3]% cluster with a high ratio of edge sulfur atoms, which were thought to be
catalytic active for HER, was discovered as an efficient HER catalyst showing rela-
tively low overpotential (in the range from 180 mV to 220 mV at —10 mA /cm?) and
high stability (10-20mV overpotential increase at —10mA /cm?) after 1000 cycles
in the potenial range from 0.2 to —0.3V with a scan rate of 100mV/s). [20] The
structure of [Mo3S;3]* cluster is shown in Fig. 1.17B. Three kinds of sulfur species

are present in this cluster: terminal [Sy]*, bridging [S2]* and apical S* moieties.
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(A) (B) H fzz_ (bridging)

Figure 1.17: Structural scheme of: (A)[MosS,]* cluster; [19] (B) [MosS13]* cluster [20]

In addition, amorphous MoSy was also discovered and described as HER catalyst for
its excellent catalytic activity. Amorphous MoS, has a local structure which is differ-
ent from that of hexagonal MoS,. Fig. 1.18 shows the structure of amorphous MoS,
proposed by Hu et al. [21] in 2014. Amorphous MoS, can be synthesized through
different methods, such as electrodeposition, [94] wet chemical reaction, [95] and
sulfurization of molybdenum metal without thermal treatment. [96,97] The origin
of its high catalytic performance was not clear at this time. Possible reasons were
thought to be the high surface area [98] and the existence of bridging and terminal
[So]* units [95]. In 2016, Yeo et al. [99] found that the composition of S species
in amorphous MoS; was changing during the HER process and in the meantime,
Artero et al. [100] observed a loss of terminal [S,]* during HER, suggesting that
MoS, undergoes structural changes in HER catalysis process.

There are further methods to improve the catalytic ability of molybdenum sulfide.
Recent publications have already shown that doping MoSy with elements such as
Co, Fe and Ni could improve its catalytic ability. [98] Another approach, a partial
phase transformation, from the thermodynamically favored 2H-MoS, to metallic
1T polymorph by electrochemical process, could lead to more competitive HER
activities. [101]
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} @ Molybdenum

 Sulfur

Figure 1.18: Proposed structure of amorphous MoS,, [21]

However, despite the progress has been achieved during the past years, the catalytic
performance of MoS, as HER catalyst, in both activity and stability, is still inferior
to that of Pt. In addition, the catalytic mechanism of MoS, as HER catalyst is not
yet fully understood. For this reason, efforts are still needed to further improve its
catalytic activity and to better understand the catalytic mechanism of molybdenum

sulfide for hydrogen production.

1.5.2 MoS; as catalyst for CO,RR

In 2014, Ngrskov et al. [79] proposed that molybdenum sulfides and selenides as pos-
sible electro-catalyst candidates for COoRR based on theoretical DFT calculations.
They predicted significant improvement in activity compared with transition metal
catalysts. As a result of their calculations, the edge S atoms in MoS, are predicted
to bind with CHO and COOH, while the Mo edges tend to bind with CO and S
edge could be more selective than Mo edges for COsRR over Hy evolution.

Unlike MoSs as catalyst for HER, only a few publications on MoS, report its behav-
ior as a COoRR catalyst. Asadi et al. [102] firstly investigated bulk MoS, for COsRR,
in ionic liquid in 2014 and later in 2016, TMDC (transition metal dichalcogenide)
nanoflakes including MoS,, MoSe;, WS,, WSe, were tested as COsRR catalysts
showing promising catalytic performance. [103] In 2018, Francis et al. [22] studied
single crystal and thin films of MoS, as catalysts for CO,RR. As shown in Fig. 1.19A,

1-propanol and formate were produced as major products for bulk MoS, catalyst.
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Production of ethylene glycol (CyHgOs), t-Butanol (C4H;00O), and methanol were
detected with low faradaic efficiency, while most of the current observed was at-
tributed to hydrogen production. According to Li et al., [104], amorphous MoSy can
also be used for CO3RR, producing CO with a maximum faradaic efficiency of 85.1%.
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Figure 1.19: (A) Faradaic efficiencies of 1-propanol and formate in CO2RR using a MoSs single
crystal catalyst; [22] (B) AG in CO production pathways for different MoSy catalyst [23]

However, following DFT calculation by Abbasi et al. [23], pure MoS, has too strong
binding energy to CO, which should inhibit the desorption of CO and thus decrease
the turnover frequency (TOF). Fig. 1.19B shows the AG values in the reaction
pathways for CO production for different MoS, catalysts. By doping Nb, the binding
strength between Mo edge and CO could be decreased, leading to an improvement
in the catalytic ability. Over 80% faradaic efficiency for CO production could be
reached at —0.8 V vs. RHE.

1.6 This thesis

As mentioned above, molybdenum sulfide has been studied as a catalyst for both
HER and CO2RR and it already shows promising results. However, the catalytic
mechanism of this material is still partially unclear, and the performance as hy-
drogen evolving catalyst is still inferior compared to well-known catalyst such as
Pt. Therefore in our study, molybdenum sulfide was chosen as the main subject of
investigation. We aimed to further improve its catalytic ablility by investigating its
behavior during the catalysis process.

In Chapter 2, the preparation methods and the characterization techniques used
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during the study of molybdenum sulfide as catalyst for HER and CO3RR are de-
scribed in detail.

In Chapter 3, ammonium thiomolybdate ((NH4)2Mo3S13) as a HER electro-catalyst
was studied first. An overpotential of 0.22V at —10mA/cm? was achieved by
the spin-coated (NH4)2Mo3Si3 thin film. The identification of the active sites in
this cluster material was performed through DFT calculations. In addition, the
(NH4)2Mo3S;3 cluster was studied as a semiconducting co-catalyst for WSey photo-
cathode for the first time. The catalyst is able to form a hetero-junction with WSe,,
and passivate the surface states of the textured WSe, layer at the thiomolybdate-
WSe, interface. A significant improvement of the photocurrent in 0.5 M sulfuric acid
electrolyte could be achieved after the deposition of a thin (NHy)sMo3S;3 film on
WSe,. The semiconducting properties and the thermal stability of (NHy)sMosSi3
are also described in this chapter.

In Chapter 4, molybdenum sulfide films prepared by reactive magnetron sputtering
with different degrees of crystallinity were studied as HER catalyst. An activation
process during the first three to four electrochemical cycles accompanied by massive
release of HyS has been observed for room temperature (RT) sputtered amorphous
MoSx. Optimal catalytic activity was achieved by the activated amorphous MoSy
with overpotential of 180 mV at —10 mA /cm?. The catalytic ability of the sputtered
MoS; films decreases with increasing sputtering temperature. For amorphous MoSy
electrode, a phase transformation from polymerized MosS;3 and Mo3S;5 ligands to
MoS,. layer structure during electrochemical cycling could be identified through
in-situ/in-line Raman measurements.

The catalytic ability of sputtered molybdenum sulfide for CO;RR is investigated
in Chapter 5. The molybdenum sulfide films are prepared by reactive magnetron
sputtering at different temperatures on gas diffusion electrode (GDE) substrates.
Combining electrochemical measurements with mass spectrometry, headspace gas
chromatography, and high performance liquid chromatography, the products of
CO32RR can be detected and studied. Although high current could be obtained from
the sputtered molybdenum sulfide electrodes, the current is mainly attributed to
HER, and the detected products from CO5RR, such as formaldehyde, methanol and

ethanol, are only found in small quantities.
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Experimental

2.1 Sample preparation

2.1.1 Synthesis of ammonium thiomolybdate ((NH;)2Mo3S13)

(NH4)2Mo3S;3 was synthesized according to the method described by Miiller et al.
in 1978. [105] Firstly, (NH4)sMo7Oo4 @ 4H,0 (4 g) was dissolved in 20 mL deionized
water in a round flask (250 mL). A solution of ammonium polysulfide (120 mL, 8%,
Fisher Scientific) was then added into the same flask and heated under reflux at
90 °C overnight. Then, a dark red precipitate of (NH4)oMo3S13 was formed. After
filtering and washing with ethanol and water, the product was annealed at 80°C
in toluene (50mL) for about 2h. A dark red thiomolybdate powder, as shown in
Fig. 2.1 was obtained after filtering and drying.

(NH4)5M01024'4H20 (N":4)25x

Reflux Overnight at 90°C

Figure 2.1: Synthesis of (NH;)2MosSs
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To deposit thin films of (NH4)sMo3S;3, the synthesized powder was dissolved in
dimethyl sulfoxide (DMSO) or methanol and deposited by spin-coating or drop-
casting on fluorine-doped tin oxide (FTO) glass substrates or WSes electrode.
Afterwards, the samples were dried in vacuum for 30 min and later annealed at
100 °C for 2h to evaporate the solvent.

2.1.2 Molybdenum sulfide prepared by reactive magnetron sputtering

Magnetron sputtering is a plasma deposition technique invented by Penning in the
1930s. [106] Tt is an efficient deposition method to prepare films of metallic, semicon-
ducting and isolating materials with high deposition rate, high film homogeneity, low
film contamination and extremely high film adhesion. [107] Therefore, magnetron

sputtering was chosen as the technique to prepare catalyst films in our study.

m) Mo source \

Ar/H,S plasma

1Pa < P < 10Pa shutter
O
‘I"lf\lﬁll'l’\l’ MoS, film
substrate
temperature
\ substrate / TCO RT < T < 500°C

Figure 2.2: (A) Scheme of the sputtering chamber; (B) Optical photograph of our sputtering

chamber during the sputtering process

A side view of the sputtering chamber is shown in Fig. 2.2 by a schematic drawing
including a photo of the chamber under operation. In the sputtering chamber, a
molybdenum target was mounted on a magnet. Argon (Ar) was added as working
gas to eject atoms from the surface of Mo target (99.99%, Freiberger NE-Metall
GmbH) while hydrogen sulfide (H2S) was used as reactive gas. The ratio between
HoS and Ar was kept as 3:1, and the flow rates for HyS and Ar are adjusted to
5.1sccm and 1.7scem respectively. The total pressure (P) in the chamber under
operation condition is about 1.3 Pa.

During sputtering process, a negative potential is applied on the sputtering target.
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Electrons emitted from the cathode are accelerated towards the substrates by the
electric field. During this period, the accelerated electrons are able to ionize Ar
atoms in the chamber to produce new electrons and Art. Then the Ar" ions move
in the opposite direction to the cathode and hit the target producing neutral Mo
atoms and secondary electrons. Due to the presence of a magnetic field produced
by the magnet behind the target, the electrons are trapped in a region close to the
cathode causing more ionization which can improve the sputtering process while
the neutral sputtered Mo atoms deposit on the surface of the substrate. A value of
100 W DC power was kept constant during the whole sputtering process. A heater
beneath the substrate holder allows us to control substrate temperature during
sputtering from room temperature (RT) up to 500°C. To acquire films of high
purity, the shutter between the target and substrate was kept closed in the first
5min of the sputtering process to get rid of contamination on the surface of the
target, which is the so-called pre-sputtering process.

Molybdenum sulfide catalysts for HER were prepared on fluorine doped tin oxide
(FTO) substrates with the size of 2.2cm * 2.2cm. All the substrates were cleaned
in acetone, ethanol, and deionized water for 20 min in an ultrasonic bath and blow
dried in Ny gas flow before sputtering.

Catalysts for CO,RR were deposited on gas diffusion electrodes (GDE) with gas
diffusion layer (GDL) as provided by SIGRACET (GDL 31BC) with hydrophobic
treatment. GDE substrates usually contains a macro-porous backing material (car-
bon fiber paper) and a micro-porous carbon based layer (MPL). [108] And it is widely
used in proton exchange membrane fuel cells (PEMFCs) since they regulate all rel-

evant transport processes (fuel, reation products, electricity and heat). [109, 110]

2.2 Characterization methods

2.2.1 Electrochemcial and photoelectrochemical measurements

The catalytic ability of the HER catalysts was studied electrochemically using differ-
ent methods, including cyclic voltammetry (CV), stability measurement, differential
electrochemical mass spectroscopy (DEMS) and intensity modulated photocurrent
spectroscopy (IMPS).

A three-electrode configuration was used with Pt as counter electrode (CE) and

Ag/AgCl electrode in saturated KCl aqueous solution (—0.197V vs. reversible hy-
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drogen electrode (RHE)) as reference electrode (RE). The structure of the cell used
for both electrochemical and PEC measurements is shown in Fig. 2.3. To exclude the
possiblity of Pt getting oxidized and dissolved in electrolyte, [111] a glassy carbon

electrode was also used as CE for comparison in CV and DEMS measurements.

Ag/AgCI RE
Pt CE |

Electrolyte

©

Figure 2.3: Scheme of (photo)electrochemical cell

CV, stability measurement, iR drop and capacitance measurement were performed
using a VersaSTAT potentiostat (Princeton Applied Research). The iR drop in
the electrolyte was calculated by measuring the resistance of the sample in the
electrolyte at 100 kHz using electrochemical impedance spectroscopy (EIS) with a
modulation frequency of 10mV. The current density was evaluated from CV mea-
surements performed within the potential range from 0.2V to —0.3V vs. RHE with
a scan rate of 10mV /s. The capacitance measurements were performed using CV
by sweeping the potential in the range from 0.1V to 0.31V vs. RHE using different
scan rates (from 10mV /s to 160 mV /s). Photoelectrochemical (PEC) measurements
were performed with a EG&G PAR 273A potentiostat under AM1.5 illumination
provided by a solar simulator from WACOM (type WXS-50S-5H, class AAA). All
electrochemical measurements concerning molybdenum sulfide catalysts for HER
were measured in 0.5 M HySO, (sulfuric acid) aqueous electrolyte (pH=0.3) and the
contacting area of the sample with the electrolyte was fixed to 0.238 cm? using a
0.55 cm diameter O-ring to isolate the electrolyte from the rest part of the electrode
and the back contact.

For CO3RR measurements, a different cell was used since COs is simultaneously

purged from the back side of GDE substrate during electrochemical measurements.
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The reason of using GDE substrates is the low solubility of CO, in aqueous elec-
trolytes. In a common setup for COsRR, CO, is continuously purged to the
electrolyte, but the diffusion of CO5 in the electrolyte to the surface of WE is slow,
which is a limiting factor for the reaction. In our setup, GDE allows the direct
purging of COy from the back side of WE, leading to an continuous saturation of
COs in the electrolyte near the electrolyte/catalyst interface.

The structure of the cell used for CO3RR is shown in Fig. 2.4. During the reaction,
the WE with GDE substrate was positioned in the middle of the bottom plate in
the cell and connected to the potentiostat via a glassy carbon contact beneath WE.
The CE was fixed in the left hole on the upper part while the RE was positioned
on the right side. The three holes in the cell are connected and filled with CO4
saturated aqueous electrolyte containing 0.5 M KySO4 and 0.5 M KHCO3. Under
operating conditions, CO, is purged through the gas inlet beneath the WE which
then diffuse into the electrolyte through GDE with a purging speed of 250 mL /h.
The gaseous products, produced at the surface of WE can diffuse through GDE and
flow out to the gas outlet and then can be measured by a mass spectrometer. Since
the mass spectrometry is not a quantitative measurement, calibration is always
needed to quantify the gaseous products. And the electrolyte used for CO,RR was
later collected and analyzed by headspace gas chromatography (HS-GC) and high
performance liquid chromatography (HPLC) to investigate the liquid products of
CO3RR.

T )
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CE

o 0 WE
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T spectrometer
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Carbon contact for WE

Gas outlet

Figure 2.4: Scheme of electrochemical cell for CO» reduction

The electrochemical measurements in COsRR normally consists of two parts. Firstly,

the line scan voltammetry (LSV) from 0V to —2.3 V vs. SHE was applied to evaluate
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the onset potential and different gaseous products. Secondly, fixed potentials were
applied to the electrode for a certain time and the signals of the gaseous products
and the electrolyte were both measured for the calculation of faradaic efficiency.

In the following section, two important electrochemical techniques used in this work

will be introduced in detail.

Differential electrochemical mass spectroscopy (DEMS)

Differential electrochemical mass spectroscopy (DEMS) was employed to measure
gases released during electrochemical measurements for HER. The DEMS system
consists of a three-electrode electrochemical cell and a differentially pumped vacuum
system attached to a mass spectrometer (QMG 220 M1, PrismaPlus 1-100 amu).
The scheme of the DEMS cells is shown in Fig. 2.5. A membrane with a mechanical
support is located in between the electrolyte and the puming system. The elec-
trolyte between the working electrolde (WE) and the membrane has a thickness of
about 200 pm. Using this geometry, the gases produced at the working electrode can
diffuse through the electrolyte and the membrane, then be sucked into the vacuum
chamber to be analyzed by the mass spectrometer. Further details can be found in
an earlier publication from Bogdanoff et al. [112] In DEMS measurements, CV is
performed in the potential range from 0.2V to —0.3V vs. RHE with a scan rate of
1-2mV/s.

electrolyte membrane

: [ ’

Mass
Spectrometer

Figure 2.5: Scheme of the DEMS cell
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Intensity modulated photocurrent spectroscopy (IMPS)

In order to investigate the role of (NH4)sMo3S13 as a co-catalyst deposited on semi-
conductor surface, we used Intensity Modulated Photocurrent Spectroscopy (IMPS)
to study charge transfer and surface recombination at the semiconductor /electrolyte
interface and semicondutor/co-catalyst/electrolyte interface. This technique was
first described by L. Peter et al. in 1984. [113] Since then, IMPS has been used as a
powerful tool to study the interaction of a semiconductor with co-catalysts. [114-116]

In principle, the photocurrent generated by a photoelectrode can be expressed as:

J=@-q-nuu-ncs - Ner (2.1)

In this equation, ¢ stands for the illumination intensity, ¢ is the charge, nry is the
light harvesting efficiency which is determined by the band gap and the absorption
coefficient of the semiconductor, ncg is the charge separation efficiency, which repre-
sents the fraction of photogenerated minority carries that reach the surface, and ner
is the charge transfer efficiency which means the fraction of the minority carriers
that get transferred from the semiconductor into the electrolyte.

During PEC process, the function of a co-catalyst is to increase the charge transfer
by catalysis, suppressing the surface recombination through passivation, and/or by
modifying the band bending. These functions normally have impact on the ner
and/or nes. And it is possible to study the role of a co-catalyst by IMPS, since the
recombination and charge transfer process in the photoelectrode can be investigated

using this technique.
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Figure 2.6: (A) Scheme of IMPS setup; (B) Illustration of IMPS spectrum where BiVO, is used
as a photoanode for PEC water splitting [24]
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Fig. 2.6 A shows the scheme of the IMPS equipment used in our study. In this system,
the illumination was provided by a light emitting diode (Thorlabs M455L3). The
light source had the intensity of 4mW /cm? with a wavelength (A) of 455nm and a
10% modulated amplitude. A beam splitter was used to split the light into two parts:
one goes to a high speed Si photodiode (Thorlabs PDA10A-EC) and the other one
goes to the PEC cell. A frequency response analyzer (FRA, Solartron 1250, Schlum-
berger) was used to modulate light intensity sinusoidally. During electrochemical
measurements, a potentiostat (EG&G PAR 283) was used to apply potential to the
photoelectrode. Then, the photocurrent (Ipnet,) measured by the potentiostat was
recorded by channel 1 of FRA while the voltage signal of the high speed Si photo-
diode was recorded by channel 2 of the FRA. The opto-electrical gain was derived
by dividing the signals from channel 1 and channel 2.

During IMPS measurement, the obtained photocurrent at fixed potential is also
modulated due to the modulated illumination. The fluctuated photocurrent con-
sists of the minority carrier current and the majority carrier current which precedes
the minority carrier current. In a p-type semiconductor, electrons are the minority
carriers and holes are the majority carriers while in a n-type semiconductor, holes
are the minority carriers and electrons are the majority carriers. Therefore, the
in-phase part and out-of-phase part lead to an overall photocurrent with real and
imaginary components. Then the imaginary photocurrent can be plotted as the
function of the real photocurrent as shown by a typical IMPS spectrum in Fig. 2.6B
demonstrated by Zichaus et al. [24] In this example, there are two semicircles. The
semicircle at negative imaginary photocurrent region is measured in a higher fre-
quency range where the recombination is less evident because of fast modulation.
The upper semicircle measured in a lower frequency range is more dominated by sur-
face recombination. And the larger intercept of the higher frequency semicircle with
the x-axis is normalized to 1 for easier comparison with the IMPS spectra measured
at different potentials. The original value of this intercept stands for the minor-
ity current (j,) given that the space charge capacitance (Cg.) is far less than the
Helmholtz double layer capacitance (Cy). Besides, when the modulation frequency
matches the characteristic relaxation constant of the system, the imaginary current

reaches a maximum which can be expressed as:

Wmax = ktr + krec (22)

o in this equation is the angular velocity while ky, is pseudo-first order charge transfer

rate and k.. represent the rate for surface recombination.



2.2 Characterization methods 33

Besides, as shown in Fig. 2.6B, the smaller intercept of the upper semicircle equals
to the charge transfer efficiency:

ktr

Re(Im =0) = nep = ——2—
e< " ) nCT ktr + krec

(2.3)

From these two equations, the charge transfer rate and the surface recombination
rate can be calculated using the IMPS results. In this approach, by comparing the
values of k¢, and k... of the sample with and without catalyst, the role of the catalyst

can be determined.

2.2.2 Structural characterization

The morphology of the films was measured by Field Emission Scanning Electron
Microscopy (FESEM) using a LEO GEMINI 1530 instrument from ZEISS, operated
with an acceleration voltage ranging from 5kV to 10kV.

High Resolution Transmission Electron Micrographs (HRTEM) of amorphous MoSy
electrodes were measured using Philips CM12/ STEM with LaBg cathode as electron
source, the acceleration voltage of which was 120kV. To perform cross section
analysis of the samples by TEM, the electrodes were cut into two halves and glued
face-to-face prior to cut them with a diamond wire saw into small bars of 0.5 mm
thickness. Afterwards, the samples were polished down to a thickness of 4-6 pm.
Finally, they were ion milled (Baltec-RES 100) to prepare a grove where the thin
edges could be analyzed by TEM.

Some of the important structural characterization methods are explained in detail

in the following sections.

UV-vis spectroscopy

Ultraviolet-visible (UV /vis) spectroscopy was performed to study the optical prop-
erties of (NHy)2Mo3S;3 films deposited on FTO substrates. A PerkinElmer Lambda
950 spectrophotometer was used for the UV/vis measurement with integrating
sphere where the transflectance (TR) including transmittance (T) and reflectance
(R), is measured directly. From UV /vis measurements, the absorption coefficient (o)
of the sample can be calculated from the thickness (t) of the film and the trans-

flectance (TR) using the equation:

a=—In(TR)/t (2.4)
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Then the band gap of the material can also be determined from the absorption

coefficient () using Tauc plots derived from the following equation:
ahv o« (hv — Eg)'/" (2.5)

In this equation, E, is the band gap while v is the light frequency, h is the Planck’s
constant and n can take values of 3, 2, 3/2, or 1/2, correspnding to indirect
(forbidden), indirect (allowed), direct (forbidden), and direct (allowed) transi-
tions. [117-120]

X-ray diffraction (XRD)

X-ray diffraction (XRD) is used to study the crystal structure of the prepared
samples. A Bruker AXS D8 Advance X-ray diffractometer with Cu Ko radiation
(A=0.15406 nm) was used to obtain X-ray diffractograms. Two measurement ge-
ometries used for XRD are shown in Fig. 2.7. The 0/20 geometry was used for
powder analysis while grazing incidence geometry shown in Fig. 2.7 is used for thin
film analysis. In the 6/20 geometry, the angle between diffracted X-ray and the
sample stage was kept the same as the angle between incident X-ray and the sample
stage. And in grazing incident geometry shown in Fig. 2.7, the angle between inci-

dent X-ray and the stage was fixed at a small angle (0.5°) to increase the surface

sensitivity.
(A) (B) L
0/26 Grazing incidence
X-ray gun detector.
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X-ray gun
0 20 - 20
const.
sample sample

Figure 2.7: Scheme of XRD measurement geometry: (A)8/20 geometry(B) grazing incidence

geometry

Raman spectroscopy

Raman spectroscopy is a powerful technique to study the structures and vibrations

of molybdenum sulfide catalysts. It is a structural characterization method based on
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Raman scattering effects. Fig. 2.8 shows the schematic diagram of different kinds of
light scattering. The virtual states in the figure are formed by the cloud of distorted
electrons, interacting with the scattered light. Fig. 2.8a is Rayleigh scattering where
the scattered light has the same energy as the incident light. Fig. 2.8b and ¢ show the
Raman scattering. In Fig. 2.8b, the anti-Stokes scattering implies that the scattered
light has higher energy than the incident light while in Stokes scattering as shown
in Fig. 2.8¢c, the scattered light has lower energy than the incident light. Normally
in Raman measurements, anti-Stokes scattering is filtered and only Stokes Raman
scattering is recorded.

Besides, in Raman spectra, the y-axis shows the Raman intensity and the x-axis
shows the Raman shift (cm™), demonstrating the information about the scattered

light. The calculation of the Raman shift is given in Eq. 2.6:

1 1
Ramanshift = — (2.6)

)\incident Ascattered

In this equation, Ajyeiqent T€presents the wavelength of the incident light and Agcattered

is the wavelength of the scattered light.

....... . x A virtual level
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Figure 2.8: Scheme of light scattering: (a) Rayleigh scattering; (b) Anti-Stokes Raman scattering;
(c) Stokes Raman scattering

In our work, an XploRA equipment from Horiba (A = 532nm, light intensity
0.112mW) was used for normal Raman measurement. But to investigate the struc-
tural change of molybdenum sulfide catalyst during electrochemical measurement,
an in-situ/in-line Raman system (DILOR LabRAM micro Raman system (A =
632.8 nm, light intensity 4.3 mW /mm? (D2) or 47.1 mW /mm? (D1)) was used. The
structure of the in-situ cell is shown in Fig. 2.9. In this scheme, QW stands for

a quartz window. During in-situ/in-line Raman measurement, Raman laser illumi-
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nates through the QW and a thin layer of electrolyte and then focuses on the surface
of WE.

Figure 2.9: Scheme of electrochemical cell for in-situ/in-line Raman

X-ray photoelectron spectroscopy

To elucidate the chemical compositions and valence states of the elements in the
catalyst and to study the change in the material during the catalytic process, X-
ray photoelectron spectroscopy (XPS, the analyzer from SPECS, PHOIBOS 100)
with a monochromatic X-ray source (SPECS FOCUS 500 monochromator, Al Ka
radiation, 1486.74eV) was used to investigate both sputtered molybdenum sulfide
films and (NHy)2Mo3S13 layers. During the measurements, X-ray photons normally
excite the core electrons of the atoms in a depth of 0-10 nm from the sample surface.
The kinetic energy (Eginetic) and the number of the escaped electrons are measured.
From the kinetic energy, the binding energy of the electrons (Epinding) in the material

can be calculated by:

Ebinding = Eph — Elinetic — X (2-7)

Here, E,;, stands for the incident light energy which is 1486.74 eV as mentioned and
y stands for the work function of the spectrometer which is 4.343eV. The data
obtained from XPS measurements are later calibrated using the carbon peak at
284.8€V.
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Kelvin probe microscopy/ Ambient pressure photoemission spectroscopy

Kelvin probe microscopy and ambient pressure photoemission spectroscopy (KP
Technology Ltd.) is used to study the work function and the valence band maximum
(VBM) of (NH,)2Mo3S;3 cluster compound, respectively.

The work function measurement process is shown in Fig. 2.10. Fig. 2.10A shows the
energy level diagram for two isolated metals with different work functions. When
connecting two metals by a wire as shown in Fig. 2.10B, the Fermi levels of the
metals equalize, causing electrons to flow from the metal with smaller work function
to the one with higher work function. Therefore, an electric potential difference
is created between two metals, known as contact potential (V. in Fig. 2.10B). In
equilibrium, this created potential is equal to the work function difference. Then
a backing potential (V},) is applied until the vacuum level is flat again. Vy, at this
point equals to -V.. In practical experiments, the Kelvin probe with known work
function, normally made of gold (Au) acts as one of the metals shown in Fig. 2.10.
Oscillation of the Kelvin probe generates an AC current which is measured by an
electrometer. Therefore, V. can be found by gradually ramping of Vi, until the AC

current goes to zero. [121]

N N
(A) (B) T
VA C e vac vac vac
” ¢ . b, ¢ .
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Figure 2.10: Scheme of work function measurement process using Kelvin Probe

For VBM identification, ambient pressure photoemission spectroscopy (AES) was
used. A UV light source provided by a deuterium lamp with motorised monochro-
mator has the energy range from 3.4eV to 6.9eV, corresponding to a wavelength
range from 340 nm to 180 nm. During the measurement, the sample under UV illu-
mination emits electrons from the surface which can be detected by the Kelvin probe
position at about 1 mm from the sample. According to Fowler et al. [122], when plot-
ting the square root of the photoemission current for metal samples (or cube root
for most semiconductors) as a function of incident photon energy, the intercept of

the straight region of the plotted curve equals to the VBM of the sample.
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Thermogravimetric analysis/ mass spectrometry (TGA/MS)

To study the thermal stability of ammonium thiomolybdate (ATM), about 50 mg
of the (NHy)2Mo3S13 powder was filled into an AlyOj3 crucible, which was placed
on a stem of a carrier system connected to the balance and heated in a furnace
belonging to a simultaneous thermal analyzing system from Netzsch Company (STA
409 C). The sample was heated under Ar gas flow (80 ml/min) with a heating rate of
10°C/min from room temperature (RT) up to 1000 °C. The products evolved during
heating of (NHy)2Mo3S13 were transported by the Ar gas and in part extracted by
passing through a 10 pm hole of an integrated ceiling located at the upper part of
the furnace tube. It was then pumped via a skimmer hole in the formation chamber
of a quadrupole mass spectrometer where the products were ionized before mass

spectrometric analysis.

Headspace gas chromatography (HS-GC)

Headspace gas chromatography (Trace 1310, Thermo Scientific) equipped with a
flame ionization detector (FID) and a pulsed discharge detector (PDD) was em-
ployed in our study, to detect and quantify the volatile products of CO2RR in liquid
phase such as methanol, ethanol, formaldehyde, etc. During HS-GC measurement,
5mL electrolyte, saturated with potassium chloride (KCl) was stored in a sealed
vial (Thermo Scientific, 20 mL HEADSPACE SCREW TOP vial) with a screw cap
(Thermo Scientific X125 18 mm TOP) as shown in Fig. 2.11. During the incubation
period, the vials were kept at 80 °C for 10 min due to which molecules of volatile com-
ponents in the liquid sample can migrate to headspace. Then part of the headspace
vapor is injected into the GC system and split by the column, analyzed by the FID
detector in the GC system.

volatile molecules
in headspace

headspace =)

lciuld samble N 2 molecules remain
q P e in liquid phase

Figure 2.11: Sealed vial with liquid sample for GC measurement



2.2 Characterization methods 39

FID is widely used to detect combustible components like hydrocarbons. During the
measurement, the headspace injector with a temperature of 150 °C injects 1 mL/min
to the column with He purge of 5mL/min. 35 mL/min of Hy and 350 mL/min of air
are flown to FID to cause the flame with 30 mL/min of makeup gas (N3) to sweep
the components through the detector. When a gas sample is introduced into FID,
the hydrocarbons present are burnt because of the hydrogen flame in FID. Then the
ions produced from the combustion are collected by a metal collector leading to an
ionization current which is proportional to the concentration of the hydrocarbons in

injected gas.

High performance liquid chromatography (HPLC)

High performance liquid chromatography (HPLC) is a powerful technique to identify
and quantify different components in a liquid mixture. Therefore it is very useful to
study the liquid products of COoRR in the electrolyte, especially suited for organic
acids like formic acid/formate (COOH") which are non-volatile, and therefore not
detectable in HS-GC. In the Ultimate 3000 (Thermo Scientific) HPLC system, a Hy-
perREZ XP Carbohydrate H+ LC column is used to separate different compounds
in the electrolyte sample, and UV, as well as IR detectors are used to detect the

organic acids in the sample.

Pump Injector

LC column

Waste

Detector

Figure 2.12: Simplified scheme of HPLC system



Chapter

(NH4)2Mo3S13 as electrocatalyst and

semiconducting co-catalyst on WSe, for

HER

Ammonium thiomolybdate ((NH4)2Mo3S13, ATM), has been described as highly ac-
tive HER electro-catalyst in literature. In this contribution, the cluster material
was tested as electrocatalyst for HER, and as semiconducting co-catalyst deposited
on highly (001)-textured p-type WSe, photocathodes, which were earlier grown by
an amorphous solid-liquid crystallization process (aSLcS). The (NH,)2MosS;3 cata-
lyst forms a heterojunction with WSe,, and passivate surface states of the textured
WSe, layer at the thiomolybdate-WSe, interface, leading to a significant improve-
ment in the photocurrent under illumination. Besides that, the thermal stability of
(NH4)2Mo3Sy3 will be discussed as well.

Parts of this chapter were adapted from: Xi F, et al. (NH4)2MosS13 as electrocatalyst and semi-

conducting co-catalyst deposited on WSe, photocathode for water splitting. In preparation.
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3.1 Introduction

As mentioned in Chapter 1, MoS, has been studied as HER catalyst since 1977 when
Tributsch et al. worked on it for the first time. [123,124] According to Jaramillo
et al. [16], the active sites of the MoSy catalyst are located on the edge sites of
the layer structure while the basal planes are catalytically inert. Therefore later,
molybdenum sulfides with different structures and higher ratio of edge sites at-
tracted much attention. Among them, ammonium thiomolybdate ((NH4)sMo3S3)
stood out because of its high catalytic ability. It was firstly used as a HER catalyst
in 2014 by Kibsgaard et al. [20], showing overpotentials between 0.18 V and 0.22'V
at a current density of 10mA /cm? (n50). Since then, more researchers have begun
to study this cluster compound to identify the reason for its high activity and to
further improve its performance.

For example in 2014, Benck et al [125] deposited [Mo3S;3]* thiomolybdate nan-
oclusters on top of a MoS»-Si electrode which shifted the onset potential by 80 mV
anodically. Later in 2017, the interaction of [Mo3S;3]* clusters with different metal
substrates such as Au, Ag, C and Cu, was studied by Hellstern et al. [126] for the
HER activity where [Mo3S;3]> on Au substrate showed the highest activity.

In this chapter, (NH4)2Mo3S;3 nanoclusters were studied as an electrocatalyst for
HER and in addition as a co-catalyst deposited on the surface of WSes, a p-type
semiconductor with high stability in both acidic and alkaline solutions. WSes
has an indirect band gap of 1.4eV and a direct band gap of 1.7eV according to
literature. [127] As an electrocatalyst, the ATM thin film deposited on FTO by
spin-coating, obtained an overpotential of 220mV vs. RHE at 10mA /cm?. Dif-
ferential electrochemical mass spectrometry (DEMS) measurements prove that the
Hy evolution was accompanied by a release of HyS during HER. The active sites
of the Mo3S;3 cluster were identified by DFT calculations showing that the sulfur
atoms at the terminal positions of the cluster are the most active sites. When used
as a co-catalyst deposited on WSe, photocathode, a large improvement in the pho-
tocurrent of 2.4mA/cm? at 0V vs. RHE, was achieved while only a relatively low
photocurrent of about 0.02mA /cm? at 0V vs. RHE was achieved without the cat-
alyst. The catalytic mechanism of Mo3S;3 nanoclusters as a co-catalyst was studied
electrochemically by Intensity Modulated Photocurrent Spectroscopy (IMPS). The
conclusion can be made from our study that a thin layer of (NH4)sMo3S;3 could
influence the band bending and passivate the surface states of the WSes photoelec-

trode. Combining with the study of the semiconducting properties of (NH4)osMo3S13



42 Chapter 3 (NH4)2Mo3S13 as electrocatalyst and semiconducting co-catalyst on WSe, for HER

and WSes, a beneficial band alignment at the WSey/ATM interface was discovered.

3.2 Results and discussion

3.2.1 Structural characterization of (NH;),Mo3S;3 electrodes

The crystal structure of (NHy)2Mo3S;3 is shown in Fig. 3.1. In this figure, the red,
purple, yellow, blue and pink balls stand for crystal water, molybdenum, sulfur,
nitrogen, and hydrogen, respectively. In the [Mo3zS;3]* ligands, three different kinds
of sulfur atoms are present: one apical S* in the middle of the cluster which is
bonded with three Mo atoms, three bridging [Ss]* units where each sulfur atom is
bonded with two Mo atoms each, and three terminal [Sp]? units where each sulfur

atom is bonded with one Mo atom each.
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Figure 3.1: (NH;)2MosgS;:s crystal structure: crystal water molecules (red balls), molybdenum
atoms (purple), sulfur atoms (yellow), nitrogen atoms (blue), hydrogen atoms (pink)

The XRD pattern of the synthesized (NH4)osMo3S;3 powder is shown in Fig. 3.2A
which corresponds to the typical pattern of (NH4)2Mo3S;3. [20] After spin-coating
using solvents such as methanol and dimethyl sulfoxide (DMSO) for ATM, a com-
pact and homogeneous thin film of (NH4)sMo3S;3 with a brownish color can be

deposited on FTO substrate. The appearance of the spin-coated film using DMSO
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solvent is shown by the photograph in Appendix A Fig. A.1. The thickness of the
spin-coated film was determined by the cross-sectioned SEM. Fig. A.2 shows that
the thickness of (NH,)2Mo3S3 film, which was spin-coated for five times, was about
70nm. However, the crystallinity of the material vanishes after spin-coating, since
in the XRD pattern of the spin-coated (NH4)2Mo3S;3 on FTO, no diffraction peaks
were observed from the film other than the peaks from the FTO substrate itself (see
Fig. A.3).
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Figure 3.2: (A) XRD pattern of (NH;)2Mo3S1s powder; (B) Raman spectra of (NH;)2MosS1s
powder (black) and (NH;)2MogS;3 thin film on FTO (red)

Fig. 3.2 shows the Raman spectra of (NH,)sMo3S13 in the form of powder and thin
film. As it is shown by the red curve in Fig. 3.2B, the Raman spectrum of the thin
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film is similar to the original powder documented by the characteristic vibrational
modes of (NHy)sMo3Si3, i.e. the vibrational modes of terminal S-S bonding (v(S-
S)te) at 510cm™ and bridging S-S bonding (v(S-S)y,) at 542cm™. It was noticed
that the height of v(S-S); is lower than the peak of v(S-S)y,, in the Raman spectrum
of (NH4)2Mo3S;3 as shown by the black curve. Possible reason for that could be
that the terminal [Sp]* has another small peak at 504 cm™ according to Miiller et
al. [128] which could be observed in the Raman spectrum of the original powder

I can be

as shown by the black curve in Fig. 3.2B. The vibration mode at 450 cm”
assigned to the bonding between Mo and apical S. From the XRD pattern and
Raman spectra, it can be concluded that, although the spin-coated (NHy)sMo3S13
film has lesser crystallinity than the original powder, the characteristic bonding in

the cluster structure still exist.

3.2.2  Thermal stability of (NH4)2Mo3S13 powder

The thermal stability of (NH4)oMosS13 powder was studied through a thermogravi-
metric analyzer (TGA) system coupled with a quadrupol mass spectrometer (MS)
in the temperature range from 30°C to 1000 °C using a heating rate of 10°C/min.
An Argon(Ar) flow with a flow rate of 80 mL/min was used during the whole mea-
surement. Fig. 3.3 shows the TGA/MS results of (NH4)2Mo3S;3 powder. The TG
curve is shown by the red solid curve and the black dotted line shows the related
differential thermal analysis (DTA) curve. The left Y axis represents the ion current
monitored with the mass spectrometer.

At the beginning of the measurement, the weight of (NH4)osMo3S13 powder slightly
increases until 100°C due to a buoyancy effect. In the temperature range from
100°C and 250 °C, the weight of (NH4)sMo3S;3 starts to decrease because of the loss

of crystal water. The first decomposition step can be described as:
(NH4)2M03513 ® anO(s) — (NH4)2M03513(S> + anO(S) (31)

In this equation, n stands for the number of crystal water per molecule in the
(NH4)2Mo3S13 powder, which is normally between 0 to 2. Therefore, the weight of
the powder at 250 °C where all crystal water is released, is set to 100% for easier
calculation of further decomposition steps. At a temperature higher than 250 °C,
the decomposition of (NHy)sMo3S;3 starts along with the increase in the MS signals.
The mass/charge ratio of 17, 16, 15 are related to the ions NH3", NHy* and NHT,
pointing to the release of NH3 and the signal 34, represents the release of HyS. DTA
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signal shows that this reaction happens at about 330°C. Therefore, the reaction

equation in this decomposition range can be formulated as:
(NH4)2M03513(8) — NH3+HQS<Q) +M03512<S) (32)

However, in this temperature range, the reaction under the release of NH3 and HsS
is not completely finished because as the temperature increases to 405 °C, another
part of ammonium and sulfur ion in (NH,)sMo3S;3 was released as NH3 and H,S as
shown by the MS signals. Later at around 415 °C, signals with mass/charge ratios 64,
160 and 192, which can be addressed to [Se]™ and [S5]™, [Se]™, show a large increase.
This means that sulfur is released in this decomposition step. In the considered
temperature range, the weight of the material decreases from 93.0% to 72.5%. The

main reaction of decomposition in this region could be written as:
Mo3S15(s) = 3MoS5(s) +mS, (3.3)

It should be noticed that sulfur is released not only in the form of Sy molecules, but
also higher sulfur polymers (S5-Sg). Therefore, the number of S atoms (x) in each
molecule and the number of the molecules are not fixed in the reaction equation.

After this pronounced loss of weight, the speed of weight loss begins to decrease
whereas sulfur in the material is continuously released according to the broad peak
with mass/charge ratio of 64 in the temperature range from 470°C to 600 °C. The
weight in this part decreases from 72.5% to 66.8%. The reaction equation in this

region can be written as:

MoS5(s) — MoSs(s) + 0.552(g) (3.4)
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Figure 3.3: TGA/MS of (NH;)2Mo3S;s in a temperature range from 30°C to 1000°C
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XRD pattern of the powder after TG measurement is shown in Fig. A4 in Ap-
pendix A, which corresponds to the standard pattern of 2H-MoS,. Therefore, it
can be said from the TG measurement that the (NHy)2Mo3S;3 decomposes to MoS,
eventually by releasing HyS, NH3 and sulfur gas species with increasing tempera-
ture.

In the following chapters, it will be shown that not only (NH4)2Mo3S;3, but also
sulfur rich MoS, has the characteristic of releasing sulfur. In contrast to TGA prop-
erties discussed above, the release of sulfur that would be discussed in the following

section, is initiated electrochemically.

3.2.3  Semiconducting properties of (NH;)2Mo3S;3

The optical band gap and the absorption coefficient of spin-coated (NHy)sMosS13
were deviated from UV-vis spectroscopy. Fig. 3.4A shows the absorption coefficient
(o) of (NH4)2Mo3S13 plotted as a function of wavelength in the range of800nm to
400 nm. For a wavelength lower than about 650 nm, which corresponds to photons
with energy higher than 1.9 eV, the absorption coefficient is in the range from 9.3 x 103
cm™ to 2.3x10% cm™!. Therefore, the penetration depth (') for (NHy)sMo3S;3 is
~ 435nm - 1pm. As shown by the Tauc plots, an indirect optical transition starts

at about 1.7¢eV (see Fig. 3.4B) and a direct transition starts at 1.9eV (see Fig. 3.4C).
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Figure 3.4: UV-vis measurement of (NH;)aMo3S;5 deposited on FTO: (A) Absorption coefficient
as a function of wavelength; (B) indirect Tauc plot (band gap evaluated from ((ahv)'/?); (C) direct
Tauc plot (band gap evaluated from ((ahv)?) as a function of light energy



3.2 Results and discussion 47

To determine the work function (Fermi level of a semiconductor, ®) and the valence
band maximum (VBM) of (NH4)2Mo3S13, contact potential difference (CPD) mea-
surements and air photoemission spectroscopy (AES) measurements were performed
using Kelvin probe microscopy. Since a decrease of crystallinity was observed after
the deposition of (NH,)sMosS13 on FTO, thin film and powder sample were both
measured for comparison. For powder analysis, 11 mg of (NH,)2Mo3S;3 powder was

pressed into a pellet with a diameter of 5 mm.
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Figure 3.5: Work function and valence band mazimum of (NH;)sMosS1s: (A)(B) spin-coated
(NH;)2Mo3S15 on FTO; (C)(D) (NH;)2MogS15 powder

The CPD measured by Kelvin probe for the thin film sample and the powder are
shown in Fig. 3.5A and C. The work function of the sample can be determined by

the equation:
(I)sample - (I)tip +CPD (35)

The work functions of the tip in Fig. 3.5A and C, calibrated with standard Au, were
4.904 eV and 4.948 eV respectively. The CPD values obtained from Fig. 3.5A and
C are about —270mV, —145mV. Therefore the work function can be calculated
from Eq. 3.5. For each sample, the work functions were measured at three different
points and the average value was taken. Finally, the work function of the thin

film (NHy)2Mo3S;3 sample which amounts to about 4.7 eV and the work function of
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(NH,4)2Mo3S13 powder at about 4.8 eV was determined.

In AES measurement, as a semiconductor, the VBM could be extracted from the
cube root of the photoemission according to Fowler et al. [122]. The intercept of
the straight part of the cube root photoemission curve with the baseline gives the
energetic position of VBM. In Fig. 3.5B, the VBM measured from a (NH4)2Mo3S;3
thin film lied at about 5.7eV. And for (NH4)2Mo3S;3 powder, as shown in Fig. 3.5C,
it was positioned at 5.6 eV. The small differences of the work function and the VBM
in thin film and powder can be explained by the structural changes of (NH4)2Mo3S;3
during the spin-coating process, which was also confirmed by XRD measurements
(see Fig. A.3)

By combining Kelvin Probe measurements and UV-vis results, the band diagram of
(NH4)2Mo3S3 thin film with respect to the vacuum level and the electrochemical
scale vs. NHE could be derived as illustrated in Fig. 3.6. The position of redox po-
tential of H* /Hy is located between the conduction band minimum (CBM) and the
Fermi level of (NH,)sMo3S;3 while the position of the redox potential of (HyO/O,)
is close to the VBM position. The position of the Fermi level in the middle between
CBM and VBM reveals that the (NH4)2Mo3S;3 is nearly an intrinsic semiconductor.
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Figure 3.6: Band positions of (NH;)sMosS;5 thin film deposited on FTO with respect to vacuum

level and electrochemical scale vs. NHE

3.2.4 (NH4)2Mo3S;13 as electro-catalyst for HER
Electrocatalytic performance of (NH,;),Mo3S;3 electrodes

(NH4)2Mo3S;3 was deposited on FTO substrates by drop-casting and spin-coating,

repectively, using different solvents such as methanol and DMSO. The performance of
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the electrodes prepared with different methods and solvents were measured by cyclic
voltammetry in the voltage range from 0.2V to —0.3V vs. RHE in 0.5M HySO4
aqueous electrolyte with a scan rate of 10mV /s. The results are shown in Fig. 3.7A.
Best performance (235 mV at —10 mA /cm?) was achieved with spin-coated samples
fabricated using DMSO as solvent. (NH4)2Mo3S;3 is less soluble in methanol and
the drop-casted layers using methanol as solvent exhibited lesser homogeneity and
adherence, causing higher overpotentials. On the other hand, the layers deposited
by spin-coating, using DMSO solvent, leads to a homogeneous distribution of the
material on the FTO surface. The thickness of the film after five depostion cycles
was about 70nm as shown in Fig. A.2. The catalytic capability of these electrodes
is still inferior to Jaramillo’s best results (180 mV at —10mA /cm?) [20]. A possible
explanation is that the graphite paper used as substrate in their study has higher
surface area and larger loading of catalyst than the FTO substrate used in our

experiments.
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Figure 3.7: (A) C'V measurements of (NH;)oMosS:5 electrodes, (B) Tafel plot of (NH;)2MosS13

electrodes deviated from CV measurements

In our study, glassy carbon was also used as CE besides Pt, since when measuring
HER using Pt as CE in the electrochemical measurement, Pt can get dissolved in
the electrolyte and then be redeposited on the surface of WE, causing an improve-
ment in its catalytic activity. The black dotted line in Fig. 3.7A shows a spin-coated
(NH4)2Mo3S;3 sample measured with carbon CE instead of Pt CE. The overpoten-

2 is about 220 mV which is similar to the results

tial of this sample at —10mA /cm
obtained with Pt as CE.

Fig. 3.7B shows the potential plotted as a function of the logarithm of the absolute
current density extracted from CV results. The obtained curves are called Tafel

plots. The Tafel plots of (NH4)2Mo3S;3 electrodes with corresponding values of
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Tafel slopes are shown in Fig. 3.7B which elucidate the rate-limiting step during the
hydrogen production. [98] As mentioned before, hydrogen evolution is a two-step
process which can be formulated by firstly a proton reduction step (also known as
Volmer step):

H +e¢+x—H (3.6)

with a Tafel slope b = 2.3RT/oF ~ 120 mV.
Followed by a hydrogen desorption step. Two alternatives are possible in this step.

One is the Heyrovsky step:
HY+e¢ 4+ H — H, (3.7)

with b = 2.3RT/(14+o)F ~ 40 mV.
And the other is the Tafel step corresponding to the equation:

2H" — Hy+ 2% (3.8)
with b= 2.3RT/2F ~ 30mV.
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Figure 3.8: DEMS measurement of (NH;)2MosS1s thin film

The asterisk * in these equations represents a reactive site on the catalyst surface,
R is the ideal gas constant (8.314JK'mol?, T is the absolute temperature (in
Kelvin) and o is related to the barrier symmetry factor, which is about 0.5. [129].
For Pt as an HER catalyst, the Tafel slope is usually around 30 mV /decade, which
means that the hydrogen evolving process is following the Volmer-Tafel mechanism

whereas the Heyrovsky step is the rate limiting step. For (NHy)2MosS;3 samples
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prepared using DMSO solution, similar Tafel slopes of around 40 mV /decade was
observed. The sample prepared with methanol has slightly higher Tafel slope values
with 44mV /decade. The Tafel slope of (NHy)sMosS;3 electrodes may suggest a
Volmer-Heyrovsky HER mechanism and the Heyrovsky step in hydrogen desorption
is the rate limiting step.

To study the gaseous products during electrochemistry, DEMS measurement was
performed on spin-coated (NH4)sMo3Si3 electrode. Fig. 3.8 shows the DEMS re-
sult while measuring CV in 0.5M HySO,4 aqueous electrolyte with a scan rate of
2mV/s. The black curve in Fig. 3.8 shows the signal with mass/charge ratio of 2
which corresponds to Hs evolution and the red curve with a MS signal of 34 stands
for HyS evolution. At the beginning of the CV measurement, the signal of Hy is
increasing while the signal of HsS is decreasing. After 2000s the production of Hy
stabilizes while the production of HyS becomes negligible. The spikes appearing
at about 5000s in both signals of Hy and HyS is caused by a replenishment of the
electrolyte at that time. Therefore, from this measurement, it can be concluded
that the hydrogen production of the (NH4)sMo3S13 catalyst is proven accompanied
by a release of sulfur in the form of H,S, which suggests that part of the sulfur in
(NH,4)2Mo3S;3 catalyst is released during HER.
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Figure 3.9: Stability measurement of (NH;)aMosS1s under CV for 2h

Stability is one of the important parameters that should be considered when test-
ing a catalyst. Here, the stability of (NH;)sMo3S;3 as electro-catalyst for HER is

measured by applying electrochemical cycling for 2h in the potential range from
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0.2V to —0.3V vs. RHE. The overpotential of the sample at a current density of
—5mA/ecm? is plotted as a function of measurement time. The result is shown in
Fig. 3.9. As shown in this figure, the overpotential of the electrode decreases in
the first 15min of CV cycling from 0.264V to 0.238 V, but increases by 40mV in
the 2h measurement. The peak decrease of the overpotential after 1h is caused
by an exchange of the electrolyte and by removing gas bubbles from the electrode
surface. Since the (NHy)2Mo3S;3 catalyst film is relatively thin (70nm thick as
shown in Fig. A.1), possible reasons for the decrease in the catalytic property during
the stability measurement could be a corrosion process as we observed formation
of HsS in the DEMS measurement, or a loss of catalyst material during Hy bubble

formation in electrochemical measurement, due to delamination.

|dentification of active centers in (NH4)2Mo3S13

To identify the catalytic active centers of (NH4)osMo3S;3 as a HER catalyst, DF'T

calculations were performed. The calculations were based on the following equations:

1
Ead - Etotal - Ecluster+H - §EH2 (39)
AGH’ = Epq — TAS + AZPE (3.10)

where Ecusterrn represents a cluster with a certain number of H adsorption, and
Ep, is the energy of the Hy molecule. In the calculation of the Gibbs free energy, T
is the temperature in Kelvin, AS represents the entropy change of adsorption of H,
and AZPE is the zero-point energy.

Fig. 3.10 shows the structures of MosS;3 ligands where hydrogen atom is bonded
to sulfur atoms at different positions. The corresponding Gibbs free energy values
(AGy+) of H calculated by DFT are listed in Table. 3.1. The upper and lower sulfur
atoms are defined by whether they are located on the same side of apical sulfur
atom or on the opposite side respectively. As mentioned in Chapter 1, the Gibbs
energy of chemisorbed H at the material surface should be close to zero to guarantee
that H can be easily absorbed in the first step of HER to the catalyst surface and
released as Hy in the second step. From Table. 3.1, it can be learnt that the sulfur
atoms at the terminal sites have lowest absolute values (about —0.1eV to —0.2¢eV)

of AGy+, compared to bridging and apical sulfur atoms.
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Figure 3.10: H bonded with different sulfur sites of Mo3S;s cluster: (A) with bridging sulfur; (B)
with terminal sulfur; (C) with apical sulfur. Sulfur atoms: yellow balls, molybdenum atoms: purple

balls, hydrogen atoms: pink balls

Table 3.1: The binding energy of an adsorpted H atom (E.q) (eV) and the Gibbs free energy
(AG+) (eV), the bond length (A) of first H adsorpted on different sulfur sites in MogSys cluster

Sulfur sites Eaa(eV) AGy~ bond length(A)
apical 0.895 1.13 1.364
terminal,p -0.36 -0.117 1.369
terminaljgwer -0.45 -0.209 1.368
bridging,p 1.678 1.92 1.383
bridgingiower 1.567 1.80 1.410

The corresponding AG of the reaction intermediate in (NHy)2Mo3S;3 is also shown
in Fig. 3.11. This result means that (NH4)2Mo3S;3 possesses excellent HER catalytic

ability mainly due to the terminal [Sy]* which are the most active sulfur sites.
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Figure 3.11: Calculated free energy of the reaction intermediate in (NH;)2MogSi3(in eV).
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3.2.5 (NH4)2Mo3S13 as co-catalyst for WSe, photocathode
Photoelectrochemical performance of (NH4)2Mo3S13/WSe;

(NH4)2Mo3S13 can not only be used as an efficient HER electro-catalyst, but also as a
co-catalyst deposited on p-type semiconductors to improve the overall photoelectro-
chemical performance of the photocathode. In this aspect, WSe, electrodes prepared
by aSLcS method using reactive magnetron sputtering, exhibiting a (001)-textured
polycrystalline layer structure were chosen as an example. The (NH4)o,Mo3zS;3 cat-
alyst was deposited on WSey by spin-coating using DMSO as a solvent. Fig. 3.12
shows the linear scan voltammetry (LSV) results of WSey electrodes immersed in
0.5 M sulfuric acid electrolyte under chopped AM1.5 illumination. As shown in the
figure by the black curve, before the deposition of (NH4)2Mo3S;3, the photocurrent of
the bare WSe, electrode was relatively small (about 0.02mA /cm? at 0V vs. RHE).
However, the photocurrent of the electrode after the deposition of (NHy)sMogS:3,
onsets at about 0.2V, and considerably increases to about 2.4mA /cm? at 0V vs.
RHE. According to Bozheyev et al. [130], after optimization of the preparation
parameters of WSey film and the thickness of (NH4)oMosS;3 layer, a maximum

photocurrent of 5.6 mA /cm? could be reached at 0V vs. RHE.
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Figure 3.12: LSV curves of WSes and WSey/(NH,)oMo3sS15 under AM1.5 illumination using
chopped light
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Catalytic mechanism study of (NH4),Mo3S;3 as a co-catalyst for WSe,

In principle, co-catalysts deposited on the surface of a semiconductor can either
improve the charge transfer, and/or suppress the surface recombination at the
electrode/electrolyte interface, modify the band alignment. In these cases, the
deposition of a co-catalyst affects the charge separation (ncs) and/or the charge
transfer effiency (ncr). [24] When p-type WSe, is used as photocathode for hydro-
gen evolution, ncs means the fraction of photogenerated electrons that reaches the
electrode surface while ncr is defined as the fraction of electrons transferred from
the semiconductor surface into the electrolyte. Normally, ner equals to k. /(ky+
Kyec) where ki, is the first order rate constant of electron transfer and ke is first
order rate constant of surface recombination. Hence, the fraction of electrons lost
by surface recombination is 1 - nep. [131]

The catalytic mechanism of (NH4)oMo3Si3 as a co-catalyst on WSey was studied
through IMPS measuremenst by modulating the light intensity and recording the
photocurrent response. The values of reaction rate constants of charge transfer (ki)
and surface recombination (k..) can be later calculated based on a simplified model
described by L. Peter et al. [132] (see details in Chapter 2, part 2.2.1).
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Figure 3.13: IMPS spectra at different potentials: (A) bare WSes; (B) (NH;)2Mo3S13 spin-coated
on WSey

During the measurement, the (NH4)aMo3S13/WSes and the bare WSes photocath-

odes were fixed at different potentials for each IMPS spectrum ranging from —0.1V
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to 0.5V vs. RHE. The obtained spectra are shown in Fig. 3.13 where all high
frequency intercepts (Real current intercept in x-axis) of the obtained spectra were
normalized to 1 for a comparison. As a response, the imaginary current parts shown
by the y-axis were divided by the high frequency intercepts as well. Fig. 3.13A
shows the measured IMPS spectra of bare WSey at —0.2V, —0.1V, 0V and 0.2V
vs. RHE. As mentioned before, the value of low frequency intercept in normal-
ized IMPS spectrum yields the value of kye./(kec+k¢r), which represents the charge
transfer efficiency (ncr). Therefore for a bare WSe, photocathode, the ner values
are close to zero, even at —0.2V, which means that most of the photo-generated
electrons that reaches the semiconductor surface are lost due to surface recombina-
tion other than being injected into the electrolyte. However, the IMPS results in
Fig. 3.13B show that for (NH4)sMo3S13 coated WSey electrode, nearly all electrons
recombines at —0.2 'V, but the ncr value is increasing as the potential goes towards

negative direction according to the shrinking size of the recombination semicircles.
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Figure 3.14: (A) ke (red color) and ky o (black  color) calculated  from IMPS:
WSes/(NH;)2MosS15 (solid curves), WSey (dashed curve); (B) electron current before recom-
bination: WSey (red), WSeg/(NH;)2Mo3S:15 (black)

To study the function of the (NH4)osMosSi3 catalyst on WSey in detail, k. and
k¢, values were calculated from IMPS spectra based on Eq. 2.2 and Eq. 2.3 which
are also shown in Fig. 3.13B. The results are given in Fig. 3.14A as a function of
applied potentials. WSe, coated with (NH,)sMo3S;3 is shown as solid curves while
bare WSey is shown as the dashed curves. It can be concluded from this figure
that k.. of the sample is suppressed by a factor of 10 to 20 after the deposition
of (NH4)2MosS13 in complete potential range, which suggests that (NH4)oMo3Si3
passivats the WSe, surface and decreases the recombination rate. Considering the

bare WSe, electrode, the k¢, value is relatively constant at all potentials. However,
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after being coated with (NH,)oMosS13, the ki, becomes much smaller than that
of bare WSe, in the potential range from 0.5V to 0.2V, but it starts to increase
from 0.2V while scanning towards the negative potentials, corresponding to the
photocurrent onset observed in Fig. 3.12. At 0.1V, the ki, of WSey/(NHy4)2Mo3S;3
is already higher than that of bare WSey. At —0.1V, the kg, is higher by a factor of
7 as compared to bare WSe,.

Interestingly, other than the changes in ki, and k.., the high frequency intercepts
of the semicircles with x-axis in the the IMPS spectra of WSey/(NH4)oMo3S:3,
which correspond to the current of electrons that arrive at the semiconductor sur-
face before they can recombine, is also different compared to the that of uncoated
WSe,. In Fig. 3.14B, the intercepts of the two electrodes are plotted versus the
applied potentials. At 0.5V, the electron current of these two samples are similar.
But when the potential changes in the cathodic direction, the electron current for
WSe, remains below 0.01 mA/cm? as shown by the red curve, while the current
for WSey /(NH4)2Mo3S13 shown by the black curve keeps increasing and reaches a
value of about 0.1 mA /cm? at potential lower than 0V. If (NH,)sMo3S;3 was only
passivating the surface states or increasing the charge transfer rate at the interface,
a similar amount of photo-generated electrons that can reach the semiconductor
surface before recombination should have been observed in both samples. But since
that is not the case, the result can be interpreted as a change of band bending in
the electronic structure after the deposition of (NH4)sMo3Si3.

To prove the changes in the band bending after the deposition of (NHy)sMo3Sy3
on WSe,, the change in the open-circuit potential (AOCP) was measured for both
samples. The results are shown in Fig. A.5. In this measurement, an Ar ion laser
with a wavelength of 457.9nm was used to provide higher illumination intensity to
flatten the band. The power density of the illumination for AOCP measurement
is 216 mW /cm?. The results are shown in Fig. A.5. The AOCP of bare WSe, was
around 20 mV while the AOCP of WSes/(NH4)2Mo3S;3 is around 150 mV indicat-
ing that a change in the band bending at the semiconductor/electrolyte interface
is evident. To look into this, the band diagram of WSe,/(NHy)sMo3S13 will be

investigated in the next section.

Band diagram of WSe,/(NH4)2Mo3S13

As suggested by IMPS and AOCP measurements, the band bending at the semi-
conductor/electrolyte interface is modified by the deposition of (NH4)oMo3S;3 on
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WSe,. To observe the band alignment of this electrode, Kelvin probe experiments
were performed again to determine the VBM and the work function of the WSey
electrode. As shown in Fig. A.6, the VBM and the work function of WSe, are about
5.3eV and 5.1eV respectively. According to Bozheyev et al. [130], the polycrys-
talline, (001)-textured WSey has a band gap of around 1.51 eV, therefore the band
positions of WSey can be drawn as shown in Fig. A.7.

Combining the band positions of WSe, and (NH,)sMosS;3, the band diagram of
WSe,/(NHy)2Mo3S13 is shown in Fig. 3.15A. The Fermi level of the sample is lower
than the redox potential of H* /H,. Therefore, when the WSe, /(NH,)2Mo3S;3 is in
contact with the electrolyte, a slight downwards band bending can be expected as
shown in Fig. 3.15B which is beneficial for electrons to be injected into the elec-

trolyte and to further reduce protons resulting in hydrogen evolution.
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Figure 3.15: Band alignment of the WSes/(NH,)oMo3sS ;5 junction: (A) before contact with the
electrolyte; (B) after contact with the electrolyte

3.3 Conclusion

(NH4)2Mo3Sy3 was synthesized and used as electrocatalyst and as co-catalyst de-
posited on highly (001)-textured p-type WSey photocathode for hydrogen evolu-
tion. As electrocatalyst, best result was obtained for spin-coated electrodes with
an overpotential of 220mV at —10mA/cm?.  The production of hydrogen using
(NH4)2Mo3S3 catalyst is accompanied with a release of HsS in small amount as
confirmed by DEMS. The active sites for HER in (NH4)2Mo3S;3 are located at the
terminal [Sp]? entities. When used as a semiconducting co-catalyst for WSe,, the
catalyst with a direct band gap of 1.9 €V, is able to form a hetero-junction with WSe,
to improve the band bending, and passivate surface states of the textured WSe, film.

A significant improvement in the photocurrent of the electrode immersed in 0.5 M
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sulfuric acid electrolyte (pH 0.3) could be achieved after the deposition of a thin
(NH,4)2Mo3S;3 layer on top of WSes. The results described in this chapter allow us
to identify the active sites of the (NH4)2Mo3S;3 cluster as an electro-catalyst, and its
impact on the band structure of a WSey/(NH4)sMo3S3 in light-induced hydrogen

evolution.



Chapter

Activation of amorphous sputtered MoSy in

aqueous electrolysis

Molybdenum sulfide, a transition metal sulfide material with a unique layer struc-
ture, has promoted its use in many fields, for example, as lubricant or as catalyst for
hydrodesulfurization of crude oil. In the last decades, it has attracted much interest
as a catalyst for the hydrogen evolution reaction (HER) because of its low overpoten-
tial and high stability under acidic conditions. Recently, amorphous molybdenum
sulfide has been studied as a HER catalyst because of its high catalytic activity.
However, the catalytic mechanism of amorphous molybdenum sulfide is still under
debate and different catalytic active centers are discussed in literature. In order
to further study the catalytic mechanism of molybdenum sulfide, we’'ve prepared a
seires of MoSy with different degrees of crystallinity using reactive magnetron sput-
tering by varying the substrate temperature from room temperature to 500 °C. The
best performing sample were obtained from amorphous MoSy sputtered at room tem-
perature, showing an overpotential of 180 mV at a current density of —10mA /cm?.
During electrochemical cycling in the range from 0.2V to —0.3 V vs. RHE, a release
of HyS connected with an improvement of HER activity were observed from MoSy
sputtered at room temperature which has originally amorphous structure. A phase
transformation of room temperature sputtered MoS, from amorphous structure con-
sisting of [Mo3S13]* and [Mo3Si»]* entities to nano-crystalline MoS, was identified

by in-situ/in-line Raman spectroscopy.

Results described in this chapter are already published in ACS Catalysis in 2019 with the title:
"Structural transformation identification of sputtered amorphous MoS, as efficient

hydrogen evolving catalyst during electrochemical activation”.
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4.1 Introduction

As introduced in Chapter 1, MoS, has been studied as HER catalyst for decades,
but its catalytic ability is still inferior to that of Pt. Therefore, many strategies
have been used to improve its HER performance. Besides nanoclusters such as
(NH4)2Mo3S;3, as we discussed already in Chapter 3, amorphous molybdenum sul-
fide also has attracted much attention since the short range order in this material is
dominant, giving the material unique catalytic properties [21,95]

For instance, Merki et al. [98] prepared amorphous MoSy thin film catalyst layers
electrochemically, which resulted in a significant increase of current density for water
reduction at a lower overpotential (15 mA/cm? at an overpotential of n=200 mV)
compared to the crystalline material. Amorphous MoS, HER catalysts were also
prepared by Shin et al. using atomic layer deposition. [133] However, the catalyzing
mechanism of the amorphous material and the reason for its high catalytic activity
are still under debate. As mentioned before, possible reasons were thought to be the
high surface area [98] and the existence of bridging and terminal [Sy]* units [95] in
the amorphous material. However, recently, Yeo et al. [99] found that the composi-
tion of S species in amorphous MoSy was changing during HER and in the meantime,
Artero et al. [100] observed the loss of terminal [Sy]? during HER condition also sug-
gesting that MoS, undergoes structural changes in HER catalysis process. It was
concluded from these results that a structural change of the material occurs dur-
ing the catalytic process. Therefore, to understand the catalytic mechanism and to
identify the catalytically active centers of amorphous molybdenum sulfide, detailed
studies are still required to investigate this material, in order to further improve its
catalytic activity and stability.

In our study, reactive magnetron sputtering using an argon / hydrogen disulfide
(Ar/H,S) atmosphere was used as a fast and effective technique to directly de-
posit homogeneous molybdenum sulfide films on fluorine-doped tin oxide (FTO)
substrates. In addition, this technique allows us to produce molybdenum sulfides
of different degrees of crystallinity by simply varying the substrate temperature.
Therefore, the relationship between the catalytic property of molybdenum sulfide
and its crystallinity was studied by electrochemical measurements and additional
characterization methods. Best HER catalytic ability has been achieved from amor-
phous MoS, thin films as electrodes, which were sputtered at room temperature.
Different sulfur species such as bridging and terminal [Sy]* units are typical for this
material. These units are analogous to those found in crystalline cluster compounds

such as (NHy)2Mo3zSy3. [20] It will be described in the following section the identi-



62 Chapter 4 Activation of amorphous sputtered MoS, in aqueous electrolysis

fication of the active centers of amorphous MoS, and the structural transformation

during electrochemical measurements.

4.2 Results and discussions

4.2.1 Structural characterization of MoS, films sputtered on FTO

The morphology of the molybdenum sulfide films prepared by reactive magnetron
sputtering at different substrate temperatures was investigated by SEM. FTO was
used as substrate and the deposition time was kept at 5min. Related figures are
shown in Fig. 4.1 with both top view and cross section. When sputtered at RT,
uniform and compact films of molybdenum sulfide with a specular and grey optical
appearance, and the thickness of 350 nm were formed (see Fig. 4.1A and B). As
the sputtering temperature increases to 100 °C, leaf-like flakes begin to grow on the
dense amorphous bottom layer as shown in Fig. 4.1C; the film becomes darker and
anti-reflecting (see opitcal photographs of molybdenum sulfide sputtered at different
temperatures in Appendix A Fig. A.8). When sputtered at temperatures higher than
150°C, a double-layer structure of molybdenum sulfide film forms, the morphology
of which is shown in Fig. 4.1E. The top layer of the molybdenum sulfide is black
and porous characterized by upright standing dendritic leaf-like crystallites. When
carefully removing the top layer of these films, a silver shining molybdenum sulfide
bottom layer appears with metallic luster as known from the mineral molybdenite.
The “thickness” of the porous film is about 450 nm according to the cross section
SEM in Fig. 4.1F.
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Figure 4.1: Morphology of MoS,, films deposited at different temperatures: (A),(B) room temper-
ature; (C),(D) 100°C; (E),(F) 500°C

X-ray diffractograms of MoSy films sputtered at different substrate temperatures
are shown in Fig. 4.2A. When sputtered at room temperature, only one broad
peak at 13.8° corresponding to MoS, can be observed form the pattern except the
peaks from FTO substrate, suggesting that the film is XRD amorphous. As the
sputtering temperature increases to temperatures higher than 150 °C, the peak at
13.8° becomes more obvious and increases in intensity, indicating improved crys-
tallinity in the material. Other additional diffraction features appear at 20 = 33°
and 58°, which stand for the 10.0, and 11.0 planes, respectively, correspond to the
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nanoflakes observed at higher substrate temperatures, which can be explained by
a (hk.0) texture of 2H-MoS, nanocrystals. This interpretation is consistent with
the observation that after removal of the porous black top film, the silver shining
bottom layer shown in Appendix A Fig. A.8 appears, and the XRD pattern of the
bottom layer obtains much more pronounce 00.2 peak at 20 = 13.8° compared to
the XRD pattern of the original sample (see Fig. A.9 in Appendix A).

To elucidate the different Mo-S and S-S vibrations in the films, Raman spectra were
measured to characterize different molybdenum sulfide samples (see Fig. 4.2B). Films
sputtered at 500 °C show vibrational modes (E's, mode at 376 cm™ [in-plane Mo-S
mode] and an A;, mode at 401 cm™ [out of plane S-S mode]) which are characteristic
for layer compounds such as 2H-MoS, [134], indicating a crystallized form of MoSs.
However, these characteristic vibration signals for 2H-MoS, are relatively small in
amorphous molybdenum sulfide films sputtered at RT. However as we can see from
the pink curve of RT sputtered MoS,, both vibrations of terminal [Sa]* (v(S-S)e) at
about 510 cm™ and bridging [So]* (v(S-S)1,;) at 542 cm™ can be observed which are
typical for [Mo3S;3]* cluster units [100]. The [Mo3S;3]* cluster was first described
by Kibsgaard et al. [20] in their study in 2014 as a hydrogen evolving catalyst. It is
suggested that the presence of v(S-S)e and v(S-S)y, in the cluster leads to a higher
HER catalytic activity. The two peaks of terminal disulfide units (v(S-S)¢.) and
bridging counterparts (v(S-S)y,) in our RT sputtered MoSy are less pronounced than
in the (NH4)2Mo3S;3 spectrum (red curve in Fig. 4.2B) because of a high degree of
amorphicity of the MoS, films sputtered at RT: the surrounding environment and
the bondings between atoms are less defined than in (NHy)sMo3S;3. The spectrum
of (NH4)osMosS13 deposited on FTO is shown by the red curve on Fig.4.2B. The
structure of the [Mo3S;3]* cluster in (NH,)oMo3S;3 is depicted in Fig. 4.2C. From
the coincidence of the Raman spectra it can be concluded that films deposited by
reactive magnetron sputtering at RT have structural similarities with thin films

prepared from a (NH4)oMo3S;3 solution by spin-coating.
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Figure 4.2: (A) XRD patterns of molybdenum sulfide films sputtered at different substrate temper-
atures as well as the MoSg standard pattern shown by red bars on the bottom, (B) Raman spectra of
different molybdenum sulfide films, (C) characteristic structure of a [Mo3S;3]?" cluster unit (purple

— molybdenum atoms, yellow — sulfur atoms) showing different sulfur bonds.
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4.2.2 Electrocatalytic performance of MoS, films sputtered at different

temperatures

The catalytic activity of the MoS, electrodes deposited at different substrate tem-
peratures was electrochemically investigated using cyclic voltammetry (CV) in the
voltage range starting from 0.2V to —0.3V vs. RHE. Fig. 4.3A shows the result of
the voltammetric measurements in the form of line scans. The overpotentials (n)

2 and —10mA /cm? were taken

of the electrodes at current densities of —5mA/cm
from these curves and are summarized in Fig. 4.4 along with calculated values of
the Tafel slopes after curve fitting. Interestingly, an improvement of current den-
sity was noticed during the first 10 min of cycling of amorphous MoS; electrodes
deposited at RT and at 100°C. But no further improvement was observed after
longer electrochemical treatment. This behavior is interpreted as an activation step
of the low temperature-deposited HER electrodes. In addition, the electrochemical
behavior of un-activated MoS, electrodes is displayed in Fig. 4.3A as dashed lines
which showed higher overpotentials compared to the activated electrodes (see black

and red curves in Fig. 4.3A).
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Figure 4.3: (A) Polarization curves of molybdenum sulfide electrodes sputtered at different tem-

peratures; (B) Tafel plots of the same electrodes deviated from CV measurements

When using Pt as counter electrode, it has to be taken into account that Pt could be
dissolved in the electrolyte, and re-deposited on the surface of the MoS, electrode
and then improve the catalytic ability. Therefore, glassy carbon was also used as
counter electrode to rule out this possibility. The dotted line in Fig. 4.3A shows the
polarization curve of RT sputtered MoS, using a carbon CE. The same overpoten-
tial (n10=180mV) has been achieved by using carbon CE comparing to the curve

using Pt as CE. Pt 4f XPS spectrum was measured as well after 2h electrochemical
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cycling of the working electrode, but no platinum could be found at the surface of
the working electrode (see Appendix Fig. A.10). In addition, a current voltage curve
of a bare FTO substrate was measured under the same conditions after cycling the
electrode for half an hour. No additional signs for hydrogen evolution could be
found (see Appendix Fig. A.11). These measurements prove that FTO itself is not
catalytically active for HER and Pt could not be deposited on the MoSy electrode
during cycling.
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Figure 4.4: Overpotentials and Tafel slopes of sputtered MoS, vs. substrate temperatures

The polarization curves elucidate that the overpotentials increase with increasing
deposition temperature, also as shown in Fig. 4.4. Thus, best catalytic performance
has been achieved with MoS, electrodes deposited at room temperature. The over-
potential of these electrodes at a current density of —10mA /cm? amounts to 180 mV
which is among the highest performances reported for this material.

In crystalline MoS,, the catalytic property activity is attributed to atoms located
at the edge of the S-Mo-S layer units, which is proportional to the number of active
sites at these edges. Therefore with growing MoSs particle size (see FWHM of the
00.2 peak in XRD patterns in Fig. 4.2A), the overpotential continuously increases
correlated by a decreasing number of active sites owing to the growing particle
sizes at increasing sputtering temperature. For instance, Fig. 4.5 shows a rough
approximation of the edge lengths in the samples deposited at 150°C and 500 °C
for comparison. The total edge lengths of the samples sputtered at 150 °C and

2

500°C are 22.1 ym and 14.8 ym, respectively, in an area of 1.41 yum*. This means
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that a sample prepared at 150 °C has more edge sites than a sample prepared at
500°C. Besides, from XRD patterns of MoS, deposited at different temperatures,
the length () of particles and the thickness (d) of the upright standing crystallites
can be calculated using the Scherrer equation. Fig.4.6 shows the results of these
calculations. The particles in the films grown at temperatures above 300 °C exhibit
enlarged basal planes since the [ value increases from 10nm to 23nm. However,
the d value only varies from 6 nm to 6.7 nm at this temperature range. This leads
to an overall lowering of the total (01.0) facet area, where the catalytic centers are

located, with increasing substrate temperature.

Mag = 10000 KX EHT =
Aperture Size=3000pm WD= 60n

Figure 4.5: Rough estimation of total edge length of MoS, sputtered at: (A) 150°C; (B) 500°C
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Figure 4.6: (A) Mean thickness (d) of (00.1) oriented hexagonal platelets in the MoSy layers
determined from FWHM values of X-ray diffractograms as shown in Fig. 4.2A using the Scher-
rer equation; (B) Mean length (1) of the facets of 01.0 oriented hexagonal platelets in the layers,
determined from FWHM values of X-ray diffractograms shown in Fig. 4.2A using Scherrer equation

Tafel slopes were determined from E(V) vs. log (-j) Tafel curves (Fig. 4.3B). To
explain the changes of the Tafel slopes, fundamental equations of the hydrogen
evolution reaction have to be taken into account [135]. These are firstly the proton

reduction according to the Volmer step:

H  +e+x— H (4.1)

with b (Tafel slope) = 2.3RT/aF ~ 120mV.
Secondly the hydrogen desorption according to the Heyrovsky step:

HY'+e +H — H, (4.2)

with b = 2.3RT/(1+a)F ~ 40 mV
Or alternatively according to the Tafel step:

2H" — Hy+ 2% (4.3)

with b= 2.3RT/2F ~ 30mV. In the Eq. 4.1, 4.2, and 4.3, the asterisk * represents

an reactive site on the catalyst surface ready to react with hydrogen, R is the ideal
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gas constant (8.314 JK'mol!), T is the absolute temperature (in Kelvin) and o is
related to the barrier symmetry factor, which is about 0.5. [129]

Although the correlation between Tafel slope and HER mechanism was developed
for metal surfaces, Tafel analysis can still illustrate the inherent property of the cat-
alyst which is determined by the rate-limiting step during the hydrogen producing
process. [98] For instance, Pt has a Tafel slope of 30mV /dec, which means that
hydrogen evolution can be explained by the Volmer-Tafel mechanism whereas the
Tafel step (recombination step) is the rate-limiting step. [136]

In our study, MoS, samples prepared at temperatures ranging from RT to 300 °C
have similar Tafel slopes ranging from 40 to 60 mV /dec. It shows that electrodes pre-
pared in this temperature range are subjected to show a similar reaction mechanisms,
and the rate limiting step in HER is the hydrogen desorption process. However,
when the sputtering temperature is increased to 500 °C, the Tafel slope increases
to 179 mV /dec indicating that the rate limiting step can now be explained by the
Volmer step. Since the sulfur-dominated basal planes (van der Waals planes) of the
hexagonal crystallites are not active as catalytic centers, a possible reason for this
change could be that in the sample prepared at 500 °C, only a small number of ac-
tive surface sites are available, located at the edges of the hexagonal platelets on the
so-called non-van-der-Waals planes. These edges appear as white lines belonging to
upright standing crystallites in Fig. 4.1E.

The active site number and the intrinsic catalytic property of each active site on the
surface of the electrode are two crucial factors that determine the overall performance
of a catalyst electrode. In our study, cyclic voltammetry was used to measure the
electrochemical capacitance active surface area (ECSA) and to further estimate and
compare the number of surface active sites. Firstly in capacitance measurements,
the non-faradaic capacitive current of each sample prepared at a specified temper-
ature was measured in the potential range from 0.1V to 0.31V vs. RHE because
in this potential region no electrochemical reaction has been observed. According

to Bard [137], the capacitive current is proportional to the ECSA and the scan rate

(v):

ix ECSAxwv (4.4)

Thus, the ECSA can be estimated from double layer capacitance (Cgq) measurements
obtained by CV. [138] In our study, these measurements were done at different scan
rates ranging from 10mV /s to 160mV /s to study the ECSA and the results are
shown in Fig. 4.7.
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Figure 4.7: (A) CV of RT sputtered MoS, measured at different scan rate after activation; (B) Aj
vs. scan rate; (C) 2Cy; vs. sputtering temperature; (D) intrinsic catalytic ability (current density

of the electrodes at —200mV vs. RHE divided by 2Cy; vs. sputtering temperature

For example, the CV curves of the RT sputtered MoS, electrode is shown in
Fig. 4.7A. The difference between anodic and cathodic current density (Aj) at
0.225V vs. RHE as a function of scan rate is displayed in Fig.4.7B. The slope of Aj
vs. scan rate is equal to 2Cq;. [138] Fig. 4.7C shows the 2Cq; capacitance as a func-
tion of sputtering temperature. The ECSA on different electrodes is proportional
to this value which decreases with increasing sputtering temperature. Therefore,
it can be concluded that activated RT sputtered MoSy has a much higher ECSA
value, but as soon as the leaf-like nanoflakes begin to grow on the electrode surface
the ECSA decreases dramatically and becomes constant when the nanoflakes cover
the whole surface.

In Fig. 4.7D, the y-axis shows the value of current density of the electrode at —0.2V
vs. RHE divided by 2Cq, indicating the intrinsic catalytic property of each electrode
per ECSA. As shown in Fig. 4.7D, the intrinsic catalytic property of the electrode
is increasing with sputtering temperature until 300 °C. However, when applying a

deposition temperature higher than 300 °C, the catalytic property decreases dramat-
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ically. It has been shown by XRD that the crystallinity of the molybdenum sulfide
increases with increasing sputtering temperature. Therefore, it can be expected that
the catalytic activity also increases with crystallinity. The decay of the intrinsic
catalytic activity at electrodes deposited at temperature higher than 300 °C can be
explained by the high overpotential (>>300mV) of the electrode since the calcula-
tions of the intrinsic catalytic activity were done at —0.2V vs. RHE. (see Fig. 4.3A).
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Figure 4.8: Overpotential (n10) of RT sputtered MoSy vs. time

Besides high ECSA and high activity, long term stability is an essential issue for all
catalysts. Therefore, a stability test of the RT sputtered MoSy electrode was per-
formed by CV in the potential range from 0.2V to —0.3V vs. RHE applying a scan
rate of 10mV /s in the time frame of ten hours monitoring the change of overvoltage
at a current density of —10mA /cm?. Fig. 4.8 shows the result of the stability test,
which was not iR corrected. In the beginning of the measurement, the overpotential
(n10) first decreased from 0.219V to 0.209 V which corresponds to an activation step
of the electrode which was mentioned above (see also inset in Fig. 4.8). Afterwards,
the overpotential becomes stable, but increases slowly with time. At the end of the
test, the overpotential amounted to —0.255V. This value indicates an increase in
overpotential at 10mAcm™ of about 4.6 mV /h under the condition of a continuous
cycling of the electrode.

There are some possible reasons for the drop of catalytic ability. Fig. A.12 in Ap-
pendix A shows the amorphous MoS, electrode after electrochemical cycling for
10 min where the thickness of the sample has already decreased from originally

350 nm to 260 nm. Therefore, one possible explanation could be the loss of material
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due to corrosion or Hy bubble formation during the electrochemical measurement.
Another reason could be the exposure of the FTO substrate to the electrolyte due
to crack formation, leads to a decrease of catalytic performance as shown by the top

view morphology of RT MoS, electrode in Fig.A.13.

4.2.3 Electrochemical activation of RT sputtered MoS,
DEMS measurements

Fig. 4.9A shows the first three CV scans of a typical RT sputtered MoS, electrode
using glassy carbon CE without iR correction. The current density of the electrode
at —0.3V increases from 12mAcm™ to 16 mAcm™, which means that the catalytical
activity of the electrode is significantly improved during the first three cycles. In

subsequent cycles, the current density could not further be improved.
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Figure 4.9: (A). First three CV scans; (B)DEMS measurement of RT sputtered MoS, with glassy
carbon CE

To study this activation process, gas evolution at the electrode was investigated by
DEMS as a function of time. The result is shown in Fig. 4.9B. The signals of Hy™
(mass/charge (m/q)=2) and HsST (m/q=34), respectively, were monitored while
cycling the electrode in a potential range from 0.2V to —0.3V vs. RHE with a scan
rate of 1 mV /s. There are spikes in the Hy signal for example at 4350s, 5380 s and
8790s. They are caused by the release of hydrogen bubbles which accumulated at
the surface. In addition, steps occur at the end of each CV cycle. The reason for
these steps is that the electrolyte is saturated with Hy after each CV cycle. And
when refreshing the electrolyte after each CV cycle, the Hy concentration suddenly

drops and the signal of Hy shows a step.
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In the first three scans of the DEMS measurement, the HoS™ signal is relatively
high, but decreases gradually and disappears by the end of the measurement. The
result suggests that the activation process of RT sputtered MoS, is accompanied by
a release of sulfur in the material. The activation in the DEMS measurement takes
longer than in CV measured in Fig.4.3 owing to ~10 times lower current because of
the high resistance of the DEMS cell.

X-ray photoelectron spectroscopy

To investigate the RT deposited amorphous MoSy film and to study in detail its
chemical changes before and after electrochemical treatment, XPS was employed
to characterize the RT sputtered MoS, electrode at three different stages: the as-
prepared electrode, and the electrode that has been treated under CV condition for
10 min and 2h. The results are shown in Fig. 4.10.

Figs. 4.10A and 4.10B show the XPS spectra of Mo 3d and S 2s of the as-prepared
MoS, film before electrochemical treatment. The Mo : S ratio calculated from
the spectra equals 1 : 3.97, which suggests the presence of Mo3Sis and/or MosS;3
entities. The peak positions of the Mo 3d 5/2 and 3d 3/2 at 229.1eV and 232.2¢€V,
respectively, are fitting to Mo in the oxidation state 44+. From the S 2p spectra of
the as-prepared MoS,, it can be concluded that different sulfur ligands are bonded
to molybdenum, as known from the MosS;3 cluster. According to work published
by Weber et al., [139,140] the sulfur ligands with a S 2p 3/2 peak at 161.8eV can
be assigned to terminal So?" units and the sulfur peak at 162.9 eV to bridging sulfur.
This result agrees well with the above discussed Raman spectra (Fig. 4.2B, pink
curve) of amorphous MoSy. In our measurements, a third sulfur peak was found
located at 163.1eV. This feature indicates the presence of a further sulfur species
in the amorphous MoS, layers which could be addressed to the shared S,* at the
terminal position connecting MosS;3 and/or Mo3S;, units.

Fig. 4.10C and 4.10D show the related XPS spectra after 10 min CV. The Mo : S
ratio now amounts to 1 : 1.89, indicating that a significant fraction of the sulfur
atoms at the surface were released during electrochemical cycling. This is consistent
with the release of sulfur in the form of HsS that we observed in the DEMS results
(see Fig. 4.9). From the fitted curve of XPS S 2p signal in Fig. 4.10D, we see a sig-
nificant decrease of bridging S,? signal and of the third sulfur species in the cluster
units. In addition, the peak position of Mo*t 3d 5/2 was shifted from 229.1eV to
229.3eV. On the other hand, the cyan curve with 3d 5/2 peak at about 232.5eV in
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Fig. 4.10C indicates the presence of Mo®" in the layer after electrochemical treat-
ment. The appearance of molybdenum in the oxidation state 6+ can be explained
by the oxidation of the electrode surface exposed to air during the transferring from

electrochmeical cell to the XPS chamber after the removal from the electrolyte.
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Figure 4.10: XPS of Mo 3d, S 2s and S 2p: (A),(B) from as-prepared RT sputtered MoSy;

(C),(D) from MoS, cycled for 10min; (E),(F) from MoS, cycled for 2h. Raw curve (black), fitted
curve (red), background (blue).

As we can see from the XPS spectra of MoSy after two hours CV scanning (see

Fig. 4.10E and 4.10F), the Mo:S ratio increases further to 1 : 1.35. The Mo 3d
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5/2 peak shifts to 229.5eV, and most of the remaining sulfur is addressed to sulfur
ligands with binding energy of 161.9€eV. Similar XPS results were also obtained by
Benck et al. [95] and Catalongue et al. [141] in 2014 using in-line XPS.

From these results one possible explanation would be that the terminal Sy? ligand is
the most stable ligand in the amorphous material after two hours of measurement.
However, the dramatic loss of exclusively bridging sulfur should lead to a total dis-
integration of the MosS13% clusters at the catalyst-electrolyte interface. Studying
amorphous MoS3, crystalline MoS,; and (NHy)sMo3S13 by XPS, Weber et al. [141]
found that the S? atoms in hexagonal MoS, have the same binding energy as ter-
minal Sy? ligands in (NH,)sMo3S;3. Therefore, our XPS results can be explained
under the assumption that RT sputtered MoS, transforms from an amorphous poly-

mer chain structure consisting of Mo3S;3 and Mo3S;s clusters to MoS; nano-islands.

In-situ / in-line Raman measurements

As proposed by Tran et al., [100] the Sy* ligands of the Mo3S;3 cluster are reduced
and partly eliminated under potential bias in accordance with our DEMS experi-
ment where HyS evolution was observed (see Fig. 4.9B). Loss of terminal S;* groups
under HsS formation coincides with our in-situ and in-line Raman measurements
(Fig. 4.11) and DFT calculations of Mo3S;3 in Chapter 3 where a strong affinity of
protons to react with terminal sulfur was found.

In this in-situ/in-line Raman measurement, the spectrum of the sample was firstly
measured in an in-situ cell (see scheme in Fig. 2.9) through a quartz window with-
out electrolyte before applying a potential (blue curve in Fig. 4.11A). After CV,
the in-situ chamber was flushed with deionized water and then dried by nitrogen
gas to prevent oxidation. As shown by the red curve in Fig. 4.11A after the elec-
trochemical treatment, the vibration modes of terminal and bridging S,* units
almost disappeared. However, at a Raman shift of 404cm™, a new vibration mode
emerged which can be assigned to the A;; mode from the layer structured MoSs.
Fig. 4.11B shows the in-situ Raman results in the presence of electrolyte. As we can
see from all three curves, additional peaks appears in the range between 850 cm™
to 1100 cm™. These are vibration modes from the sulfuric acid electrolyte. Despite
these additional peaks, vibration modes from bridging and terminal S,* can still
be observed from the as-prepared sample before cycling. During the second cy-
cle, the peaks from both bridging and terminal Sy* are becoming weaker than as

prepared sample. After 10 cycles, these two peaks have nearly disappeared. How-
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ever, the A, peak starts to emerge which is consistent with the in-line Raman result.
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Figure 4.11: (A) In-line Raman of MoS, before (blue curve) and after (red curve) electrochemical
activation (cycling from—0.6V to —2.1V wvs. Pt CE); (B) in-situ Raman of MoS,, during cycling

This fact suggests a structural change from interlinked Mo3S;3 and Mo3S;2 moieties
to MoS, nano-islands. The transformation is in addition leading to an improvement
of the catalytic property after 10 min cycling of the electrode (see the improvement
of current density and Hy™ signal in Fig. 4.9). A new feature at about 900 cm™ is
observed from the Raman spectra of activated amorphous MoS, after exposing it in
air which corresponds to MoOj3 formation (shown in Fig. A.14, Appendix A). This

result also explains the presence of MoOj3 in the XPS spectra of measured samples.

Cross-section TEM

In literature, Li et al. [142] studied the activation of amorphous MoS; HER cata-
lyst after electrochemical cycling. The authors came to the conclusion that using
high resolution transmission electron microscopy (HRTEM) and electron energy loss
spectroscopy (EELS) that the material partially crystallized but their results sug-
gest that the amorphous molybdenum sulfide is the catalytic active phase while the

crystalline phase rather contributes to a catalyst deactivation.
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Figure 4.12: Cross-section HRTEM of amorphous MoS,: (A) and (B): as-prepared MoS,, dark
areas indicate e-beam crystallization of the MoS, layer during TEM measurement; (C) and (D)
MoS,; after electrochemical activation consisting of small particles with stacking S-Mo-S slabs, typ-
ical for 2H-MoSs.

With respect to the formation of stacked S-Mo-S slabs after electrochemical acti-
vation, we tried to visualize its presence by cross-section TEM as well. Fig. 4.12
shows TEM figures of amorphous MoS, before and after electrochemical activation.
Fig. 4.12A and B show the results of as-prepared sample. We noticed that as soon
as the electron beam was directed to pristine sample, a crystallization process be-
came visible as growing dark regions in the amorphous and transparent matrix. At
higher magnification, crystallized regions up to 10 nm size were found with the layer
distance of about 4.5 A (Fig. 4.12B) which could be explained by the crystallization
of sulfur polymorphs. In the sample after electrochemical activation, the electron

beam induced crystallisation was not observed. In the activated sample, crystallized
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sections with two to eight stacked S-Mo-S layers can be observed at higher magnifi-
cation as shown in Fig. 4.12D. The distances between the slabs were evaluated from
five stacked layers from different islands. A mean distance of 6.7 A was evaluated
which is very close to the value of 6.6 A reported by Jaramillo et al. that corresponds
to 2H-MoS,. [17]

4.2.4 Phase transformation during electrochemical activation

A mechanism to explain the reaction of protons at the edges of polymerized chains
of Mo3S12 and MosSy3 clusters under formation of HyS gas molecules is shown in
Fig. 4.13.
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Figure 4.13: Structural transformation process of RT sputtered MoS, consisting of polymerized
MosSis and MogS;s units

It is assumed that under electrochemical conditions the S,* units, being present
in polymerized MosS;3 and MosS;, clusters, are reduced to S* when reacting with
electrons under cathodic polarization. The reaction of electrons and protons with
S,% moieties is leading to the formation of HyS gas molecules which will be released

from the electrode surface. This transformation can be formulated by the equations:
MOg([SQ])ﬁ + 12H+ + 12¢7 — MO3(S)6 + GHQS (45)

M03(5)6 + AHT +4e — MOg([ShDQ) + QHQS (46)
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The formation of MoSs islands after sulfur loss is illustrated in Fig. 4.14. Here MoS,
fragments are considered to be formed including sulfur defects at the edges of nano-
size S-Mo-S islands (see Fig. 4.12). Therefore, the presence of charged and activated
sulfur defects is possibly leading to molybdenum hydride moieties in electrolyte
under cathodic potential, as also proposed by Tran et al. [100]

In our model, the catalytic centers in nano-sized sulfur-defective MoS,_, islands are
similar to those in larger MoS, particles with dangling bonds, i.e. coordinatively
unsaturated bonds, are thought to be the active centers. In-situ Raman spectra show
that the terminal sulfur species are the first ones to be removed under electrochemical
cycling (see Fig. 4.11). From this we conclude that [Sy]* ligands are reduced to S*
and/or eliminated as HS under turnover conditions.

The disappearance of terminal [Sy]* and the reduction of bridging [Ss]* to two S*
is leading to unsaturated Mo** atoms at the edges of S-Mo-S layers. The loss of

sulfur at the edges by the release of HyS can be expressed by the Eq. 4.7 and 4.8:

MoSs +2¢ + 2H" — Mo[HS], (4.7)
MoSy +2¢ +2HY — Mo — (S —0O) + HyS (4.8)
MO[HS]Q —>MOSQ+H2 (49)

In Fig. 4.13, these reactions are displayed in three levels: in a first step terminal S,
units (see top of Fig. 4.13) are reduced to two S? ligands (middle part of Fig. 4.13)
whereas one of these reduced terminal sulfur atoms is immediately reacting with two
H™ ions under formation of HoS (Eq. 4.8). It is also possible that one [HS-HS]?* unit
formed in Eq.4.7 reacts under reduced conditions, forming Hy and Sy* (see Eq.4.9).
After MoS, fragments have formed, the release of HyS stops mostly. A possible
mechanism is described in Eq. 4.10, Eq. 4.11, Eq. 4.12:

Mo—(S—0O)+e¢+H" = Mo—(S—H) (4.10)
Mo—(S—H)+e +H"— Mo—(S—0)+ H, (4.11)
2Mo— (S — H') = 2Mo — (S —O) + H, (4.12)

An unsaturated molybdenum bond at the edge of a nano-island reacts with a proton
from the electrolyte and an electron from the cathode at the electrode/electrolyte
interface to a Mo-H" unit (see Eq. 4.10). In a next step, Mo-H" reacts with a second
proton and a second electron resulting in the formation of an Hy gas molecule (see
Eq. 4.11). This reaction mechanism is illustrated in Fig. 4.14 in three steps (a):

reaction of a negatively charged unsaturated bond of Mo, (b) reaction with a proton
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and formation of Mo-H™ and (c) reaction of Mo-H™ with a further proton and as
second electron with H, evolution.

The transformation of amorphous MoS, to MoSs is supported by results described
by Casalongue et al. [141] presenting DFT calculations which model the edge struc-
ture of MoSs.. They propose that the edges are terminated by S monomers, which

are depicted in our model as Mo atoms adjacent to a sulfur vacancy (see Fig. 4.14).
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Figure 4.14: Structure of RT sputtered MoS, after activation: MoSs nano-island

To summarize, during electrochemical cycling in the voltage range from 0.2V to
—0.3V vs. RHE, the chain structure (Fig. 4.13) transforms continuously into a
MoS, layer-type structure (see Fig. 4.14) under the release of HyS. Gray areas in
Fig. 4.13 are representing polymerized chains of Mo3S;2 and MosS;3 units, while
yellow areas show the acidic electrolyte in contact with MoSy. At the interface, Sy
units will be reduced and react under cathodic conditions with protons. Finally,
H,S and Hs gas molecules will be released from the MoS, chains as shown in the
lower part in Fig. 4.13.

The presented model is supported by the fact that the cathode layer reacts with
oxygen quickly under formation of Mo®" after exposure to an ambient atmosphere
since the edge Mo atoms with dangling bonds should be easily oxidized in air rather
than Mo atoms bonded to sulfur atoms. The Mo**: MoS* ratio calculated from XPS
results is given in Table. 4.1. Assuming that all oxidized Mo atoms are located at
the edges of S-Mo-S units, the size of the MoSs_, nano-islands can be approximately

estimated from the ratio of Mo®" /Mo,
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(B)

Figure 4.15: Top-view scheme of: (A) a close packed Mo monolayer; (B) Mo layer sandwiched

by two S layers forming hexagonal MoSs nano-islands

For instance, Fig. 4.15A shows a close packed Mo monolayer with the shape of a
regular hexagon while Fig. 4.15B shows the top-view scheme of a Mo layer sand-
wiched by two S layers. Assuming that the number of Mo atom on one edge is n,

then in one nano-island with a hexagon Mo layer, the number of edge Mo atoms
will be:
Negge = 6n — 6 (4.13)
The overall number of the Mo atoms is:
Nai=3n*>-3n+1 (4.14)
Therefore, the inside Mo atoms number would be:
Ninside = Na — Neage = 3n° —9n + 7 (4.15)
On the other hand, the number of S atoms in this island can be written as:
Ng=2%(Na—3xn+2)=06n>—12n+6 (4.16)

Based on the assumption that only the edge Mo atoms that are not saturated with
S atoms can be oxidized after exposure in air, then the ratio of Mo%* to Mo** could

be written as:
Mo®t 1 Mo™ = Negge © Ningide (4.17)

After 10min of cycling, the ratio between Mo®" with Mo** is 1:4.56 which gives
an n value of around 11 corresponding to a nano-island size of about 931 atoms
(331 Mo atoms and 600 S atoms). After 2h, the ratio of Mo®" to Mo** changed
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to 1:3.14. The calculated n value is around 8, then the catalyst nano-islands with
a mean of size of 363 atoms (169 Mo atoms and 294 S atoms) could be present.
These considerations support the interpretation that the size of the MoS,_, decreases
during the electrochemical measurement. In the meantime, the small size of the
MoS,_ nano-islands after structural transformation can explain the high ECSA and

the low overpotential of the activated MoSy electrode.

Table 4.1: Peak positions of Mo 3d and S 2p XPS features and deviated ratios from XPS

MoS,
: Mo Mo a5 . . . Mo/S  MoS*/
elec- S r/a other

3ds/2  3dsy2 ’ e & ratio Mot
trodes
as-

229.1 232.3 227.2 161.9 163.0 163.5 1:3.97 —
prepared
after
10 min 229.3 232.5 226.8 161.9 163.0 163.5 1:1.84 1:4.56
Ccv
after 2h
oV 229.5 232.7 226.1 161.9 163.0 163.5 1:1.37 1:3.14

4.3 Conclusion

Molybdenum sulfide layers have been deposited on FTO substrates by reactive mag-
netron sputtering using an Ar/HyS gas atmosphere. As a function of substrate tem-
perature, the sputtered layers exhibited an increasing degree of crystallinity with
increasing temperature ranging from room temperature to 500 °C. The relationship
between crystallinity and catalytic property with respect to hydrogen evolution was
studied electrochemically. Best performance was achieved from amorphous MoS,
films sputtered at room temperature after an activation process, showing an overpo-
tential of 180 mV at a current density of —10mA /cm?. The stability of the electrodes
was tested for 10 h. The production of hydrogen was demonstrated by DEMS. Com-
bining results from Raman and XPS measurements, the presence of bridging and
terminal S,? are characteristic for the amorphous MoS, layers. However, the cat-
alytic activity is no longer exclusively owing to the presence of [Mo3S;3]* clusters as
known from crystalline (NHy)2Mo3S13, but due to the formation of MoSs nano-island
exhibiting a high number of sulfur vacancies at the edges of the S-Mo-S layers. We
have assigned the active center to be the Mo atoms with dangling bonds which are

located at the edges. These are expected to react with protons and form Mo-H"
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intermediates. These results pose the question how the catalytically active center

found can further be improved, also under the aspect of long term stability.



Chapter

Sputtered molybdenum sulfide as possible
catalyst candidate for CO» reduction

reaction

Molybdenum sulfide, a well known catalyst for hydrogen evolution reaction (HER),
has also the promising potential as catalyst for CO5 reduction reaction (CO,RR).
In this chapter, molybdenum sulfide films prepared by reactive magnetron sput-
tering at different temperatures on gas diffusion electrode (GDE), were tested for
their catalytic activity for CO5 reduction. Combining electrochemical measurements
with the analysis of COy reduction products, the catalytic properties of sputtered
molybdenum sulfide films for COoRR were evaluated.
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5.1 Introduction

As discussed in Chapter 1, the electro-catalysis for CO3RR remains challenging and
MoS; could be a possible candidate as a CO3RR catalyst according to theoretical
calculations. [79] However, there are only few publications of MoS,; as CO2RR cat-
alyst and the catalytic mechanism remains still unknown.

Therefore in our study, MoS, films were prepared by reactive magnetron sputtering
at different temperatures and the CO3RR products were studied by mass spectrom-
etry (MS), headspace gas chromatography (HS-GC), and high performance liquid
chromatography (HPLC). RT sputtered amorphous layers and the layers prepared at
470 °C were chosen as examples in this chapter, investigating the catalytic activity of
amorphous and crystallized molybdenum sulfide for CO;RR. Both samples obtained
high current densities during electrochemical measurements. However, according
to the analysis of MS, GC and HPLC results, only low amounts of formaldehyde,
methanol and ethanol could be detected because most of the current was attributed
to hydrogen production. These results suggest that both amorphous MoS; and
crystallized MoS, is more catalytically active for HER than for CO;RR.

5.2 Results and discussions

5.2.1 Structural characterization of sputtered molybdenum sulfide

Fig. 5.1 shows the morphology of molybdenum sulfide films sputtered at different
temperatures on gas diffusion electrode (GDE) substrates. The samples show rela-
tively similar morphologies than those obtained on FTO substrates shown in Fig. 4.1
in Chapter 4. RT sputtered MoSy has a more compact structure (see Fig. 5.1A)
while MoS, sputtered at 470°C in Fig. 5.1B shows a flake-like morphology. The
morphology of a bare GDE substrate consisting of hydrophobic micro-porous carbon

layer and macro-porous carbon layer are also shown in Fig. 5.1C.
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Figure 5.1: Top-view morphology of: (A) RT sputtered molybdenum sulfide on GDE; (B) molyb-
denum sulfide sputtered at 470°C on GDE; (C) bare GDE

The XRD patterns of the samples deposited at different temperatures are shown in
Fig. 5.2 along with the pattern of a blank GDE substrate shown by the black color
and the standard 2H-MoS; XRD pattern shown by the red bar chart on the bottom.
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Figure 5.2: XRD patterns of molybdenum sulfide films sputtered on GDE at different temperatures

It can be observed from the figure that blank GDE has characteristic peaks at about

17° and in the range from 24° to 27° which are also present in the patterns of all
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molybdenum sulfide samples deposited on GDE substrates. Due to the relatively
high diffraction signals from the substrates, only a small peak at 14°, which corre-
sponds to 2H-MoS,, is visible in the XRD pattern of the sample deposited at 500 °C.
From Chapter 4, it is known that the crystallinity of the sputtered molybdenum sul-
fide on FTO is increasing with increasing substrate temperature and RT sputtered
MoS, is XRD amorphous. Therefore, from the similar morphology observed in SEM
figures, it can be speculated from the XRD patterns that MoS, deposited on GDE
at RT is XRD amorphous and the sputtered molybdenum sulfide films become more

crystallized in the form of 2H-MoS, as the substrate temperature increases.

5.2.2 Catalytic ability of magnetron sputtered MoS, for CO,RR
Quantify the gaseous products in electrochemical measurements

As shown by Fig. 2.4 in Chapter 2, the gaseous products during electrochemical
measurements can be analyzed by a mass spectrometer (MS) which is connected
to the gas outlet of the electrochemical cell. However, MS is not a quantitative
method. Therefore, calibrations are needed for each electrode to approximately
calculate the gaseous products and the faradaic efficiencies (FE) for the products.
In our experiments, only Hy is calibrated since Hy is the main gaseous product as

we observed in the electrochemical measurements with CO, purging.
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Figure 5.3: Hy calibration of MoSs sputtered at 470 °Cin different gases: (A) Ar; (B) COq

The calibration process for sample sputtered at 470°C are taken as an example.

And the calibration curve of sample prepared at RT are shown in Fig. A.15 in Ap-
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pendix A. Since the mass signal of Hy is dependent on the volume concentration of
Hs in the outlet, Hy mass signals with different concentrations in Ar and CO, are
measured respectively and the results are shown in Fig. 5.3.

According to the calibration curves, the volume concentration of Hy could be ap-
proximately calculated from MS signals. Since 250 mL/h CO5 was purged during the
electrochemical measurement, and no large signals of other gaseous products from
CO2RR can be observed from MS signals, the gas leaving the cell mainly consists of
Hy and CO,. Therefore, the volume concentration of the Hy in the outlet gas can

be formulated as:

UH UH
Ry, = —2 = z 5.1
Ha Vall 250 + UHy — VCO, ( )

In this equation, Ry, stands for the volume concentration of Hs in the outlet gas,
vh, is the velocity of Hy production and the unit is mL/h, veo, is the velocity of
CO; consumption in mL/h and v, is the volume flow rate of the gas outlet.

Meanwhile, the hydrogen partial current in the electrochemical measurement can be

calculated by the following equation:

nk - vy
Iy, = — H2 92
2™ 1 03600 (5:2)

F in the equation is the faradaic constant which is 96 485 As/mol, n is the number
of eletrons needed to produce one Hy molecule and in this case n equals to 2, and
Vo is the molar volume of the gas which is 24.5L/mol at room temperature. From
these two equations, the partial current of HER can be calculated and then the FE
of hydrogen production can be formulated as:

1
FFEy, = Iij (5.3)

Iy is the overall current obtained from the electrochemical measurements. In an
ideal case where no other reactions happen, the overall current should be equal to
the sum of the HER and CO;RR currents.

Catalytic ability of MoS, sputtered at different temperatures

Samples deposited at RT and 470 °C were chosen as examples to study their catalytic
ability with respect to COsRR. Fig. 5.5 shows the LSV results of MoS, electrodes
measured in CO, saturated 0.5 M KHCOj3; and K3;SOy electrolyte (pH 7.5) under
COy purging. As shown in this figure, molybdenum sulfide electrodes on GDE
substrates can achieve relatively high current densities (~100mA /cm? at —2V).

The current of the RT sputtered sample onsets at about —0.75V vs. the standard
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hydrogen electrode (SHE) while the current of the MoS, sputtered at 470 °C onsets
at about —0.8V vs. SHE. However, the current of the MoS, layer sputtered at
470 °C increases more steeply than the RT sputtered sample when the potential goes

negatively which may suggest different catalytic mechanisms.
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Figure 5.4: CV curves of RT sputtered MoS, and 470°C sputtered MoSs on GDE substrates in
0.5M KHCOs + 0.5M KpSO, aqueous electrolyte with 250 mL/h COg purging

The MS signals of these two samples during LSV are shown in Fig. 5.4 as a function
of applied potential vs. SHE. As mentioned before, the main gas product of molyb-
denum sulfide electrodes in the LSV measurement is hydrogen. The MS signals of
hydrogen are shown by the red curves in Fig. 5.5. The H, signal of the RT sputtered
sample starts to increase at about —0.8 V while the H, signal of the sample sputtered
at 470 °C starts to increase at —0.9 V. Only one clear MS signal has been observed
originating from CO3RR in the LSV measurement having a mass/charge ratio of
29. Since no potential-dependent change of signal 31 could be observed, the signal
29 could probably be from the formation of formaldehyde which has a molar mass
of 30 g/mol, other than methanol which has a molar mass of 32 g/mol. The peak of
the signal 29 observed between —0.3V and —1V vs. SHE shown in Fig. 5.5A from
the RT sputtered sample always appear with the release of HyS. Similar peaks can
be found at the signal 15, 32 and 44 which are also correlated to the release of HsS.
However, the reason for the impact of HyS on these signals is not clear yet and will
be studied in the future.
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Figure 5.5: MS signal of 2 and 29 during LSV in the potential range from 0V to —2 Vwith CO»
purging: (A) RT sputtered MoSy;(B) 470°C sputtered MoSs

Combining the calibration curves shown in Fig. 5.3 and A.15, the ratio of Hy in the
gas outlet and the related FE of HER can be calculated from the MS results.

In addition, to detect the liquid products, HS-GC and HPLC are performed. Only
very low amounts of ethanol and methanol, formaldehyde could be detected in the
electrolyte samples at the end of LSV and potentiostatic measurements at —700 mV
(<0.1mM). Therefore, the main product from CO;RR with molybdenum sulfide
samples could be formaldehyde which is also formed in small amount only.

For the MoS, sample sputtered at 470 °C, it can be speculated from Eq. 5.1 that if
all the current was attributed to HER, the ratio of Hy in the gas outlet could be
calculated by the equation:

UH2 UH2
Ry = - -2 5.4
Ha van 250 + vp, (5-4)

Then at —2V, according to the observed current, around 13.09% of H, , while
the ratio of Hy calculated from the calibration curve (see Fig. 5.3) and the current
(see Fig. 5.4) is around 10.63% and a FE of around 80% of hydrogen production
could be approximately calculated as shown in Fig. 5.6. Compared to the FE of
Hy production with Ar purging as shown in Fig. 5.3B, the values at potential more
negative than —1.4'V is similar while the value of Ar purging measurement is smaller
when the potential is positive than —1.4V. Possible reason for that could be with
COs purging, the electrolyte is more acidic which favors HER than other reactions,
therefore at low overpotential range (0 - —1.4V), the FE of hydrogen is higher with
COq purging. As soon as the potential goes negatively, the applied overpotential for
HER is relatively high, so most of the current goes to hydrogen production as well,
which makes the FE for hydrogen production similar, when purging with CO5 and
Ar. At potential lower than —1.6 V, the FE of the sample with CO5 purging for Hy
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is lower than the one purged with Ar, which suggests that this small part of the
current could be assigned to CO3RR since we assume the current obtained with Ar
purging doesn’t contain much CO,RR because there is no continuous CO, supply
except the little amount of CO, dissolved in the electrolyte. Similar calculations
of the FE of RT sputtered MoSy electrode is shown in Fig. A.16 where the FE of
hydrogen production almost reach 100% at about —2V vs. SHE. For both figures,
the calibration fitting in the region where applied potential is more positive than

—1.2'V could be inaccurate since the hydrogen was not calibrated for this low ratios.
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Figure 5.6: Faradaic efficiency of MoSs sputtered at 470°C plotted as a function of applied
potential: with Ar purging (red); with COg purging

From these measurements, it can be concluded that both the RT sputtered sample
and the sample prepared at 470 °C are more active as HER catalyst than CO, since
only small amount of products such as formaldehyde, methanol and ethanol have
been detected.

5.3 Conclusion

Molybdenum sulfide films with different degrees of crystallinity can be prepared
on GDE substrates using reactive magnetron sputtering by varying the substrate
temperature. The sample prepared at RT and at 470°C were tested with respect
to their catalytic ability for CO,RR. According to the results of the electrochemical
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measurements and the study of the products, both samples obtained high current
densities. However, most of the current is from hydrogen evolution and only a very
low amount from the formation of formaldehyde, methanol and ethanol, which means
HER is more competitive than COsRR when molybdenum sulfide is used as catalyst.
This result may suggest that combining molybdenum sulfide with another catalyst
or doping with other elements that can suppress its catalytic ability for HER, could
be a strategy to further develop MoS, as an efficient CO;RR catalyst.
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Conclusion

A transition from fossil fuels to sustainable energy resources is required to stop a
further accumulation of COs in the atmosphere, which is responsible for the global
warming. Solar fuels have attracted much attention since they can convert the in-
termittent solar power and store it in the form of chemical bonds. Among them,
hydrogen production by water splitting and hydrocarbon production by CO4 reduc-
tion driven by solar energy, are two most studied topics. Molybdenum sulfide was
chosen in this thesis as a promising catalyst for both reactions.

From previous studies, it is known that the active sites of hexagonal molybdenum
sulfide with a layer structure, are the edge sites while the basal planes of the ma-
terial are catalytically inert. Different strategies have been tested to improve its
catalytic ability and many studies have been performed to understand its catalytic
mechanism. In this thesis, the study of molybdenum sulfide catalysts mainly con-
sists of three parts: (i) the study of the catalytic performance and catalytic mech-
anism for (NHy)2Mo3zS;3 cluster compounds as electro-catalyst and co-catalyst in a
WSe,/(NHy)2Mo3S13 hetero-junction, (ii) the phase transformation during the acti-
vation of amorphous MoSy as a hydrogen evolving catalyst, (iii) molybdenum sulfides
deposited on gas diffusion electrodes as a catalyst candidate for the CO, reduction
reaction.

In Chapter 3 of this thesis, (NH4)2Mo3S;3 clusters were investigated as an electro-
catalyst for hydrogen evolution reaction. Best catalytic activity of (NH4)2MosS13 has
been obtained by depositing thin layers of (NH4)sMo3S;3 using dimethyl sulfoxide
as slovent. Its overpotential is about 220mV at a current density of —10mA /cm?.
From DFT calculations, the terminal sulfide atoms in the MosS;3 cluster could be
identified as the catalytic active sites in HER. The thermal stability of the cluster
material was also studied to order to study its behavior during heat treatment at

higher temperatures. In addition, the (NHy)2Mo3S;3 cluster was deposited on p-
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type WSe,; photocathodes as a co-catalyst. By this means, the photocurrent of the
electrode increased from 0.02mA /cm? to 2.4mA/cm? at 0V vs. RHE. This effect
could be explained by the semiconducting properties of (NH;)sMo3Si3. As an in-
trinsic semiconductor itself with a direct band gap of 1.9€eV, it has been proven by
intensity modulated photocurrent spectroscopy and open circuit potential difference
measurements that (NH,)2MozS;3 can passivate the surface states of WSes and form
a hetero-junction with WSey. Combining the band positions of (NH,)sMo3S;3 and
WSe, measured by Kelvin probe, the band structure of the WSey/(NHy)oMo3S13
electrode could be constructed showing a beneficial band bending for hydrogen evo-
lution.

In Chapter 4, molybdenum sulfide films were prepared by reactive magnetron sput-
tering at different substrate temperatures. The samples sputtered at room temper-
ature are XRD amorphous and the crystallinity of the films increases with substrate
temperature. Best catalytic activity was obtained from the room temperature sput-
tered, amorphous MoS, films, which are initially composed of Mo3S;3 and Mo3S1o
units. In the beginning of the electrochemical cycling, an activation of the catalyst
film can be observed such that its catalytic ability as a hydrogen evolving catalyst
improved remarkably, along with a release of HyS and a change of the sulfur content.
By in-situ/in-line Raman measurements, a phase transformation of the RT sputtered
MoS, film, from an amorphous structure to a layer-type MoS,_, with sulfur defects
on the edge sites was discovered. Therefore, after activation, the catalytic ability of
amorphous MoS; is no longer attributed to the existence of terminal and bridging
[S2]? in the Mo3S;3 entities, but to unsaturated Mo atoms located on the edge sites
of the MoS,_, nano-islands.

In Chapter 5, molybdenum sulfide samples were prepared on GDE substrates by
reactive magnetron sputtering. Samples prepared at RT and 470 °C were chosen as
examples to be tested as catalysts for COy reduction. Although high current density
could be obtained from both samples, the current is mainly assigned to hydrogen
evolution since the faradaic efficiency for HER is over 80% and only a small amount
of products from CO;RR could be addressed, such as formaldehyde, methanol and
ethanol. To improve its selectivity towards CO;RR rather than HER, a combina-
tion of molybdenum sulfide with other catalysts or doping/alloying of molybdenum

sulfide with other elements has to be tested in future studies.
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Appendix 1: Supplementary information

Figure A.1: Optical photographs of (NH;)2MosS1s spin-coated on FTO (left) and bare FTO
substrate (right)

Figure A.2: Cross-section SEM of 5-layer spin-coated (NH;)2MosS1s on FTO substrate
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Figure A.3: XRD patterns of spin-coated (NH;)oMosS:5 on FTO (red curve) and bare FTO

substrate (black curve)
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Figure A.4: XRD patterns of (NH;)2Mo3S13 powder after TG (black) with standard 2H-MoS,
(red)
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Figure A.5: AOCP measurement under illumination with Ar ion laser: WSes (black),
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Figure A.6: Kelvin Probe measurements of WSes: (A) CPD measurement (®4,=5.028V,
ACPD=29mV); (B) AES measurement



99

E vs. vac (eV)

N
®=51eV
= _
Evs.NHE (V) 7 Conduction
37T band
4+ )
o S S L
11
""""""" g valence T H,0/0,
& band

Figure A.7: Band alignment of WSeg with respect to vacuum level and NHE potential

IZB...... HZB.... HZB...

Zentrum Berlin P oZentrurnBoriin Zentrum Be
RT 100°C  200°C 300°C 500°C 500°C

top layer removed

Zentrum Berlin Zentrum Berlin

ZB...... @—HZB.ws: HIB .o
Zentrum Be:

Figure A.8: Optical photographs of molybdenum sulfide films sputtered at different temperatures
on FTO substrates (the first sample on the right side: MoSs deposited at 500°C with top layer

removed)
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Figure A.9: XRD patterns of MoSy electrodes sputtered at 500°C as grown (black curve) and

after removal of the porous layer on top (red curve)
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Figure A.10: Pt 4f spectrum of RT sputtered MoS, after 2h CV cycling
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Figure A.13: SEM top-view morphology of RT sputtered MoS, after 2h electrochemical cycling
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Figure A.14: Raman spectra of RT sputtered MoS, after activation (original electrode shown by

red curve and electrode after exposure to air shown by blue curve
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Xi F, Bogdanoff P, Harbauer K, et al. Structural transformation identification of
sputtered amorphous MoSx as efficient hydrogen evolving catalyst during electro-
chemical activation. ACS Catalysis, 2019. DOI: 10.1021/acscatal.8b04884
XiF, et al. (NHy)2MosSi3 as electrocatalyst and semiconducting co-catalyst on
WSe, photocathode for water splitting. In preparation.

Bozheyev F, Xi F, et al. Efficient charge transfer at a homogeneously distributed
(NH4)2Mo3S13/WSe, heterojunction for solar hydrogen evolution. Journal of Mate-
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Appendix 3: List of abbreviations

List of abbreviations

aSLcS solid-liquid crystalline solid process

A Absorptance

AMLS Air mass 1.5 (terrestrial solar spectrum where the sun is 41° above the
horizon)

APS Ambient pressure photoemission spectroscopy

ATM Ammonium thiomolybdate ((NH4)2Mo3S13)

CBM Conduction band minimum

CE Counter electrode

CO2RR CO3 reduction reaction

Cn Capacitance of the Helmholtz-double layer

CPD Contact potential difference

Csc Capacitance of the space charge layer

Ccv Cyclic voltammogram

DEMS Differential electrochemical mass spectrometry

DFT Density functional theory

DOS Density of states

Ebinding Binding energy of the electrons

Er Fermi level

| D Bandgap

Epn Photon energy

Evac Vacuum energy level

FE Faradaic efficiency

FID Flame ionization detector
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FTO Fluorine-doped tin oxide

GC Gas chromatography

GDE Gas diffusion electrode

GDL Gas diffusion layer

h Planck’s constant

HER Hydrogen evolution reaction
HPLC High performance liquid chromatography
HS-GC Headspace gas chromatography
Je Electron current density

Jphoto Photocurrent

LSV linear scan voltammetry

MS Mass spectrometry

NHE Normal hydrogen electrode
OER Oxygen evolution reaction
OoCP Open circuit potential

PEC Photoelectrochemical

QW Quartz window

R Reflectance

RE Reference electrode

RHE Reversible hydrogen electrode
RT Room temperature

sccm Standard cubic centimeters per minute
SEM Scanning electron microscopy
SHE Standard hydrogen electrode
STH Solar to hydrogen

T Transmittance

TGA Thermogravimetric analysis
TR Transflectance

UV-vis Ultraviolet-visible

VBM Valence band maximum

WE Working electrode

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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Ncs
ncr
TILH

Absorption coefficient

Wavelength

Overpotential

Fraction of minority carriers reach the semicondutor surface

Fraction of minority carriers transfers from semiconductor to electrolyte
Light harvesting efficiency

INlumination intensity

‘Work function
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