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  Chapter 1

 Renewable energy  1.1

Fossil energy carriers such as coal, oil and natural gas were fundamental drivers of 

the industrial revolution, and also nowadays drive the development of technology, 

society and economy. Figure 1 displays the world total primary energy consumption 

from 1971 to 2015, which indicates an almost three-fold increase in energy 

consumption within 40 years.
[1]

 Even though new technologies have shown the 

diversification of energy supply since the last century, crude oil is still the largest 

energy source, followed by coal and natural gas which accounts in total ~80%. 

However, the use of fossil fuels has negative impacts, such as being the dominant 

source of local air pollution and emitter of CO2 as greenhouse gas. It is shown that 

the CO2 emissions grew from 15458 Mt in 1973 to 32294 Mt in 2015.
[1]

 Many efforts 

have been spent to reduce greenhouse gas emissions that lead to global warming and 

climate change.
[2]

 The increasing demand for energy consumption and the urgent 

need for environmental protection calls for the development of efficient and 

environmental friendly energy resources.
[3]

 

 
Figure 1.1 Word total primary energy (TPES) by fuel (Million Tonnes of Oil Equivalent, Mtoe) from 1971 to 

2015.[1] 1. Word includes international aviation and international marine bunkers; 2. Peat and oil shale are 

aggregated with coal; 3. Other includes geothermal, solar, wind, tide/wave/ocean, heat and other. 

Copyright 2017 international energy agency. 
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In addition, all existing deposits of fossil fuels needed millions of years to 

accumulate while their extraction is proceeding rapidly, making them finite and 

non-renewable resources.
[4]

 The size of fossil fuel reserves and the question “When 

they will be diminished?” are not recent concerns. Based on the Klass model in 2003, 

the fossil fuel reserve depletion times for oil, coal and gas are approximately 35, 107 

and 37 years with a continuous consumption rate.
[5]

 Therefore, the utilization of 

renewable energy is of utmost importance for the world to meet the energy demand 

without triggering energy crises and global warming. Renewable energy technologies 

have experienced a remarkable evolution over the past decade and achieved massive 

technological advances and sharp cost reductions in recent years.
[6]

 The 

hybridization of various renewable energy sources has been extensively studied, 

which would directly facilitate the reduction of CO2 emissions. 

Solar energy is by far the largest exploitable source that 1 h of energy received by 

the earth (89,300 TWh) is more than all of the energy consumed by humans in an 

entire year (15TWh).
[7]

 Solar energy can be directly or indirectly stored by numerous 

techniques. For instance, photovoltaics (PV) can convert light into electricity with 

semiconductor materials that exhibit a photovoltaic effect. However, intermittency 

as well as local production (for example solar electricity in the desert) limits the wide 

application of photovoltaics. The other approach is called photosynthetic processes 

or artificial photosynthesis which capture and store solar energy in the form of 

chemical bonds such as hydrogen, methane, methanol or other hydrocarbons, 

namely defined as “solar fuels”.  

 Photoelectrochemistry and electrocatalysis 1.2

 There has been world-wide research in the past decades on converting and storing 

solar energy in the form of chemical bonds. Photoelectrochemical approaches (PEC) 

provide the opportunity of solar fuel production via artificial photosynthesis.
[8]

 The 

fabrication of artificial photosynthesis systems to convert abundant feedstocks such 

as H2O and CO2 to fuels (for instance, H2, CO and CxHy) directly or by electrolysis is 

an important goal.
[9]

 The conversion of solar to chemical energy results from the 

photo generated charge carriers in semiconductor materials. When the energy of 

photons is higher than the band gap of the semiconductor, electrons in the valence 

band (VB) will be excited to the conduction band (CB), generating separate electrons 
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and holes. The excited electron-hole pairs have lifetimes of nanoseconds to 

milliseconds and can recombine quickly with the release of heat or photons. 

Therefore, the efficient separation of electron-hole pairs is vital to prevent the 

release of recombination energy in heat or light. There are two ways to prevent the 

recombination, namely application of an external electric field or difference in 

chemical potential. If the migration of charges to the reactants is thermodynamically 

favorable, then the photon energy can be stored in the form of oxidized and reduced 

species. Figure 1.2a presents the band positions of several semiconductors and 

standard potentials of redox couples against standard hydrogen electrode potential. 

When the band position lies above the reduction or below the oxidation potential, 

the photo generated charges will drive the reduction reaction at the cathode and 

oxidation reaction at the anode respectively. For n-type semiconductors, the 

electron will move towards the bulk of the semiconductor while the hole moves 

towards the interface, resulting in the formation of a local electric field. As shown in 

Figure 1.2b, the electric field is indicated as band bending of the semiconductor, thus 

electrons will spontaneously move “downhill” to the counter electrode, leaving holes 

moving “uphill” to the interface of the semiconductor. The aforementioned device 

construction is a PEC cell with one photoelectrode and one metallic (dark) electrode. 

However, a PEC cell can also be constructed with two photoelectrodes in a tandem 

configuration, namely an n-type photoanode and p-type photocathode. Figure 1.2c 

shows a typical tandem PEC cell for water splitting, that oxygen evolution happens 

at the photoanode, hydrogen evolution happens at the photocathode, and a 

membrane separating products from the two chambers.  
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Figure 1.2 a) Band positions of several semiconductors in aqueous electrolyte at pH 1;[10] Copyright 2001 

Nature Publishing group. b) Principle of operation of electrochemical cells based on n-type 

semiconductors; [10] Copyright 2001 Nature Publishing group. c) Scheme of photoelectrochemical water 

splitting cells.[9] Copyright 2016 Nature Publishing group. 

 

Since the first demonstration of PEC water splitting with TiO2 photoelectrodes by 

Fujishima and Honda in 1972,
[11]

 intensive efforts have been spent on a variety of 

semiconductor materials to achieve high conversion efficiencies. The efficiency limit 

for solar to hydrogen conversion efficiency based on semiconductor solar water 

splitting is ~31% (Schottky-Queisser (SQ) limit).
[12]

 The achieved solar to hydrogen 

conversion efficiency (STH) so far is 14%
[13]

 for a tandem cell and 18.3%
[14]

 for a 

multijunction device.
[15]

 However, the high STH efficiencies of the these PEC cells are 

based on high-efficiency photovoltaic materials in group III –V such as GaAs and 

GaInP.
[16]

 These materials have the problem of corrosion once in contact with 

aqueous electrolyte, requiring the construction of complex protection layers. 

Transition metal oxide semiconductors such as TiO2 and WO3 are very stable under 

PEC operation conditions, however, their large band gaps (3.0-3.2 eV for TiO2, 2.7 eV 

for WO3) limit sufficient absorption of the solar spectrum.
[15]

 Other metal oxides 

such as α-Fe2O3, ZnO and Cu2O are easy to prepare and have drawn enormous 
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attention in the past decades, but their performances are limited by short diffusion 

lengths of photogenerated holes, slow reaction kinetics and/or stability issues.
[17]

 

Therefore, tremendous efforts have been devoted to increase the light absorption of 

TiO2 and WO3 via doping or adding mid-gap defect states (for instance, oxygen 

vacancies).
[18]

 Nevertheless, dopants are spatially isolated due to solubility limits, 

then transport rates of photogenerated holes to the electrolyte interface will be slow 

which result in high rates of charge recombination.
[19]

 Other metal oxides (BiVO4, 

MFe2O4 (M=Zn
2+

, Mg
2+

 and Ca
2+

)), oxynitrides, metal chalcogenides, carbon based 

materials and III-V semiconductors are also presented for PEC applications.
[9, 20]

 

However, there is no agreed champion material for PEC cells up to now. Aside from 

material design, other aspects such as device modeling, life cycle and techno-

economic analyses have to be considered as well. Therefore, more efforts and 

progress need to be made to make PEC technology an economically realistic 

choice.
[21]

 

The PEC water electrolysis process consists of three elemental steps: I) the 

generation of photo-excited charges (electron-hole pairs); II) the migration of charge 

carriers to the semiconductor-electrolyte interface; III) catalytic process (water redox 

reactions) to consume the charge carriers. Highly active, stable and cost-effective 

semiconductor materials are undoubtedly crucial for PEC technology; however, 

developing efficient electrocatalysts to accelerate the kinetics for the electrochemical 

reactions is equally important. Moreover, an alternative approach for PEC water 

splitting is to use electricity generated by renewable energy resources (for instance, 

solar energy, wave power and wind energy) to drive electrochemical water splitting. 

This approach solves the problem of energy storage and transport for these 

renewable energy resources as it can convert electricity into non-intermittent 

hydrogen fuel. Therefore, developing highly efficient electrocatalyts for water 

splitting is key factor to realize both approaches for renewable energy storage.
[22]

 The 

water splitting reaction consists of two half-reactions: the hydrogen evolution 

reaction (HER) at the cathode and the oxygen evolution reaction (OER) at the 

anode, both of which are vital for the overall water splitting efficiency.
[18]

 However, 

the operating potential of commercial water electrolyzers (1.8 – 2.0 V) is about 570-

770 mV higher (overpotential) than the theoretical minimum value (1.23 V).
[23]

 

Hence, exploring efficient HER electrocatalysts is an effective way to improve the 

hydrogen production efficiency. 
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  The HER process involves three principle steps: I) the primary discharge step (also 

known as Volmer step): the electron is transferred to the adsorbed hydrogen on the 

electrocatalyst, generating an adsorbed hydrogen atom; II) the Tafel step: two 

adsorbed hydrogen atoms combine to form molecular hydrogen; III) the Heyrovsky 

step: in this step a second electron is transferred to the hydrogen atom formed in the 

Volmer step and coupled with a proton in the electrolyte to evolve molecular H2. 

Followed by the Volmer step, molecular H2 can be generated in either the Tafel or 

Heyrovsky step, defined as Volmer-Heyrovsky or Volmer-Tafel mechanisms. 

𝐻+(𝑎𝑞)  +  𝑒− + ∗ →  𝐻𝑎𝑑𝑠
∗                                                                                            

Volmer step 

2𝐻𝑎𝑑𝑠
∗ →  𝐻2 (𝑔) + 2 ∗                                                                                                    

Tafel step 

𝐻𝑎𝑑𝑠
∗ +  𝐻+ (𝑎𝑞) +  𝑒−  →  𝐻2 (𝑔) + ∗                                                                           

Heyrovsky step 

Pt based materials exhibit the highest HER activity, however, their high cost and 

scarcity limit their large scale commercial application. Therefore, a larger variety of 

earth abundant HER catalysts have been explored to pursue highly efficient and 

robust hydrogen production. There are several parameters to evaluate the HER 

activity of different catalysts. Generally, the overpotential to drive a current density 

of −10 mA/cm
2
 is compared as this current density value corresponds to a solar to 

fuel efficiency of 10 %.
[24]

 The second parameter is the Tafel slope, which is an 

important kinetic parameter derived from the Tafel equation below: 

𝜂 = 𝑎 + 𝑏 log | 𝑗 |                                                                                                          (1) 

where η represents the overpotential, j the current density and the constant b is 

defined as Tafel slope. The Tafel slope value is determined by the rate limiting step 

of HER and related to the reaction mechanism. The Volmer-Tafel mechanism (Tafel 

step being the rate-determining step) gives a Tafel slope of ~30 mV/dec, and the 

Volmer-Heyrovsky (Heyrovsky step being the rate-determining step) mechanism 

shows a value of ~40 mV/dec. However, when the Volmer step becomes the rate-

determining step, the Tafel slope is ~120 mV/dec.
[25]

  

Aside from Tafel slope, the intrinsic per-site activity, which is often assessed by the 

turnover frequency (TOF) is important to obtain comprehensive comparison of the 

intrinsic catalytic activity of various electrocatalysts. Nevertheless, the comparison of 

TOFs among different electrocatalysts remains difficult due to the variation of 
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methods in determining the number of active sites. For instance, double layer 

capacitance (Cdl) is ideal for noble metals, but it might cause significant errors for 

other materials. CO stripping voltammetry or under-potential deposition (UPD) of 

metals are specifically suited for catalysts that have interaction with CO molecular or 

UPD phenomenon.
[26]

 On the other hand, depending on the methods applied to 

assess the number of active sites, the TOF values can vary by many orders of 

magnitude. Thus, a suitable method needs to be established to have a fair 

comparison of TOF values to evaluate their catalytic performances. 

Another factor to evaluate HER catalysts is the Gibbs free energy for atomic 

hydrogen adsorption (∆GH*).
[24]

 According to the Sabatier principle, either strong or 

weak interactions between the adsorbed intermediates and catalysts can reduce the 

overall catalytic performance, and the best HER catalyst should have a ∆GH* value 

close to zero. Typically, ∆GH* values are calculated based on density functional 

theory (DFT) models, and used as an HER activity descriptor. 

Conventionally, exchange current density (j0) is also used as a parameter to 

evaluate the HER activity; however, proper determination of j0 for earth abundant 

electrocatalysts to have an objective comparison among them needs to be 

resolved.
[25a]

  

Table 1.1 summarizes and compares the HER activity of literature reported earth 

abundant electrocatalysts such as transition metal phosphides, chalcogenides, and 

carbides for HER. 

Table 1.1 HER activity of earth abundant electrocatalysts 

Material 

Tafel 

slope 

(mV/dec) 

𝜂10 𝑚𝐴/𝑐𝑚2 

(mV) 
Comments 

Fe-Co alloy
[27]

 74 262 
encapsulated in nitrogen doped 

graphene 

NiMoNx/C
[28]

 36 - nanosheets supported on carbon 

MoS2
[29]

 78 53 
supported by vertical graphene on 

carbon cloth 

1T-MoS2
[30]

 40 ~210 nanosheets 

MoS3
[31]

 40 160 loading amount of 0.2 mg/cm
2
 

MoS2/CoS2
[32]

 73 87 loaded on carbon cloth 

1T-WS2
[33]

 70 142 nanosheets 
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WxC@WS2
[34]

 61 146 
interface engineered 

nanostructure 

Co9S8-NixSy
[35]

 88 163 deposited on Ni foam 

FeNiS
[36]

 40 105 nanosheets 

MoP
[37]

 58 124 nanosheet arrays on carbon cloth 

CoP
[38]

 42 91 
defect-rich and composite with 

nitrogen doped carbon 

FexCo1-xP
[39]

 30 37 nanowire arrays 

Mo2C
[40]

 52 114 
nanoparticles embedded in 

porous graphitized carbon 

WCx
[41]

 85 264 composite with carbon 

BxCyNz
[42]

 70 100 - 

G-C3N4@N,P-doped 

graphene
[43]

 
90 340 nanoporous 

N, S doped carbon
[44]

 57 100 derived from human hair 

P-doped MoO2
[45]

 62 135 prepared on Mo foil 

WO2
[46]

 46 58 
metallic WO2-carbon mesoporous 

nanowires 

 Transition metal chalcogenides 1.3

Transition metal chalcogenides (TMCs), i.e. sulfides, selenides, and tellurides, have 

attracted great interest for decades as functional materials in the field of 

supercapacitors,
[47]

 superconductivity,
[48]

 solar cells
[49]

 and heterogeneous 

catalysis.
[50]

 A number of TMCs adopt a layered, two-dimensional structure that 

endows them with distinct chemical and electronic properties. Most commonly 

semiconducting TMCs such as FeS2, MoS2, WS2, MoSe2 and WSe2 are intended for 

solar energy conversion applications owing to their suitable band gap (1-2 eV) and 

high absorption coefficients (10
5
-10

6
 cm

−1
). Alternatively, TMCs can be used as 

efficient and low-cost electrocatalysts for HER to replace Pt-based materials.  
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Figure 1.3 The transition metals and three chalcogen elements that form TMCs. Those forming in layered 

structures are highlighted in the periodic table.[51] Copyright 2013 Nature Publishing group. b) Structure 

polytypes of layered TMCs, chalcogen atoms are shown in yellow and transition metals are shown in 

blue.[52] Copyright 2015 Royal Society of Chemistry. 

Figure 1.3 displays around 40 different TMCs compounds, where group 4-7 TMCs 

exist predominantly in layered (or two-dimensional) structures and group 8-10 TMCs 

are normally found in non-layered structures. In layered TMCs, the transition metal 

(M) layer is sandwiched between two chalcogen (X) layers resulting in an MX2 

stoichiometry. The interlayer bonds between two MX2 slabs are van der Waals 

bonds. As shown in Figure 1.3b, TMCs can exist in the form of trigonal prismatic or 

octahedral structure (or 2H and 1T phase) depending on the transition metal 

coordination by the chalcogen and the stacking sequence of multilayers. The most 

commonly found TMC polymorphs are 2H, 1T, and 3R standing for hexagonal (or 

trigonal prismatic), tetragonal (or octahedral) and rhombohedral symmetry. The 

thermodynamic stability of the different TMC phases can vary depending on the 

transition metals.
[53]

 For instance, group 6 based TMCs such as MoS2 and WS2 show 

the most stable phase of 2H while group 4 TMCs such as TiS2 and ZrS2 exist naturally 

as 1T phase. The properties and functionalities of TMCs can be tuned via phase 

engineering. For instance, a phase transition of 2H to 1T can be realized through 

intercalation of alkali metals, resulting in an electronic property change of 

semiconductor to metal. Semiconducting TMCs offers interesting properties which 
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can be utilized as photo-absorber, photo-detector and PEC cathode, while the 

metallic 1T phase has been proven to possess prominent HER activity. In addition, 

during the phase transition process, lattice strain and distortion can emerge in the 

structure owing to the intercalation. The tuning of these strains and distortions is 

another way to change their properties such as band gap and catalytic activity. 

 
Figure 1.3 Volcano plot for exchange current density (log(i0)) and ∆GH*, the left and right site of the plot 

represents two sets of scales for better visibility.[54] Green balls represent Mo, yellow balls means S, blue 

and purple balls represent doped metal atoms. The red dashed circles mean the H atom adsorption sites. 

Copyright 2015 Royal Society of Chemistry. 

 The utility of transition metal chalcogenides (TMCs) in a variety of applications 

relies on diverse factors, including their photovoltaic properties (suitable band gap), 

variability in physicochemical properties (can exist in form of several polymorphs), 

and superior catalytic properties for applications such as hydrogenation, CO 

hydrogenation, electro-driven hydrogen evolution and CO2 reduction, etc. A large 

number of publications report on the electrochemical production of hydrogen on 

various TMCs. Three main factors were considered to improve the efficiency of 

TMCs as HER catalysts: (I) the number of active sites; (II) the intrinsic activity of 

TMCs; (3) the conductivity.
[53]

 The number of active sites in TMCs can be tuned by 

constructing nanostructures, nanoparticles or defects through various approaches. 

Both theoretical calculations and experimental work revealed that the edge sites of 

MoS2 are highly active for HER, which show a ∆GH* value close to Pt (Figure 1.3).
[55]

 

Since the identification of active sites of TMCs for HER, significant efforts have been 

spent to maximize the number of exposed edge sites.
[56]

 For instance, a feasible 
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method to increase the number of active sites for TMCs is to activate the inert basal 

planes via creating sulfur defects. Moreover, the incorporation or doping of other 

transition metals would cause distinctly different adsorption behaviors of H atoms 

resulting in different HER activity (Figure 1.3). Distinct from the semiconductor 

nature of 2H phase, 1T phase TMCs possess high electron mobility and dense 

number of active sites which results in an enhanced HER performance compared to 

2H phase.
[57]

 However, as the 1T phase is metastable, many efforts have been directed 

to the preparation of more stable 1T-TMCs.
[58]

 In addition to crystalline structure 

TMCs, amorphous TMCs have proved to be highly active HER catalysts as well,
[59]

 

and amorphous TMCs are prepared under milder conditions than crystalline 

materials.
[31, 60]

  

 Scope of the thesis 1.4

The aim of this work is to tune the physiochemical properties of TMCs via crystal 

phase-controlled synthesis of TMCs, which considerably improve their performances 

in PEC applications and electro-catalytic activities. The thesis is divided into three 

parts. The first part is Chapter 2, which studies the effects of phase junctions on PEC 

performance of FeS2 films. The second part consists of Chapter 3-5, which 

investigates the influences of defects, adsorption of Li, and structure distortion on 

the HER activities of WS2 and MoS2 catalysts. The third part is Chapter 6, which 

assesses the applicability of Cu UPD method to evaluate the number of 

electrocatalytic active sites for TMCs catalysts. The list below presents an overview of 

the results of this work. 

Chapter 2 presents the utilization of FeS2 films for PEC applications. We report for 

the first time the beneficial role of marcasite (m-FeS2) in pyrite iron sulfide based 

photo-electrochemical (PEC) applications. A novel strategy is adopted for fabricating 

mixed phase p/m-FeS2 (pyrite/marcasite-FeS2) films, where the marcasite content 

can be tuned by controlling the sulfurization temperature. The dramatic 

improvement of the photo-response of p/m-FeS2 can be ascribed to the presence of 

pyrite-marcasite phase junctions (type II heterojunctions). 

Chapter 3 describes how to improve the HER activity of 2H-phase WS2 by a 

controllable and effective thermal H2 treatment procedure. By annealing in a 

hydrogen atmosphere, sulfur vacancies and tungsten nanoparticles were formed 

which are supposed to act as active sites for HER. The as-derived highly defective 
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WS2−x shows prominent HER activity compared to the pristine 2H-WS2 and other 

literature reported tungsten sulfide materials. A detailed nanostructure analysis has 

been conducted on the highly defective WS2−x, applying XPS, HR-TEM, HAADF-

STEM and synchrotron-based nano-focus XRD to shed light on the reasons for the 

observed significant improvement in HER activity. 

Chapter 4 is a study of the influence of Li
+
 adsorption on the HER performance of 

MoS2 catalysts. The influence of Li cations on phase conversion of MoS2 was 

investigated by X-ray photoelectron spectroscopy (XPS) and X-ray absorption 

spectroscopy. The catalytic properties towards HER were determined in 0.1 M H2SO4 

and showed an increase of current density after Li intercalation whereby the 

enhancement depends on the Li content. By combining spectroscopy methods (IR of 

adsorbed NO, 
7
Li solid state NMR and X-ray photoemission and absorption) with 

catalytic activity measurements, we infer that the enhanced HER performance of 

LixMoS2 is predominantly due to the promotion of edge sites by Li. This 

improvement is a result of an optimum H binding energy rather than intercalation 

or coverage of the MoS2 basal planes by Li. 

Chapter 5 presents utilization of crystal phase controlled synthesis of 2H, 1T and 

amorphous MoS2 to tune their catalytic activity. Despite that tremendous work has 

been reported for each polymorph of MoS2 to be used as active HER catalyst, insights 

over the intrinsic activity of MoS2 catalyst is missing. In this study, we demonstrate 

that structural distortion as found in 1T and amorphous MoS2 improves the activity 

towards HER. The distorted structure in 1T phase is caused by Li
+
 intercalation and is 

found to be unstable under harsh HER reaction conditions, while amorphous MoS2 

maintains its intrinsic distortion. A gradual loss in the degree of distortion together 

with a decrease in HER activity for 1T-MoS2 compared with the high stability in both 

structure and activity of amorphous MoS2 reveals a key factor in improving the 

electrocatalytic performance of MoS2 catalysts. 

Chapter 6 shows the utilization of Cu under-potential deposition (UPD) to 

evaluate the number of active sites for TMCs. Extended X-ray Absorption Fine 

Structure Spectroscopy (EXAFS) on the Cu K-edge was used to examine the coverage 

of the Cu UPD layer and probe the local structure of Cu on MoS2 and WS2. 

Furthermore, electrochemical quartz crystal microbalance (EQCM) experiments 

were performed to determine the Cu UPD amount. Together with electrochemical 
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measurements, we demonstrate the power of Cu UPD to provide reasonable 

estimates of the electrochemically active surface area (ECSA). 
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  Chapter 2
Enhanced Photo-response of FeS2 Films: The 

Role of Marcasite-Pyrite Phase Junctions 
 

ABSTRACT 

Here, we report for the first time the beneficial role of marcasite in iron sulfide based 

photo-electrochemical applications. A novel strategy is adopted for fabricating 

mixed phase marcasite-pyrite (p/m-FeS2) films. The dramatic improvement of the 

photo-response of p/m-FeS2 can be ascribed to the presence of pyrite-marcasite 

phase junctions. Consistently, we demonstrate, through state-of-the-art materials 

simulation technique based on the Density Functional Theory, that a staggered band 

alignment with offsets of 0.43 eV and 0.71 eV exists between the valence and 

conduction bands of marcasite and pyrite, respectively. This staggered type II 

heterojunction alignment with both bands of marcasite higher in energy than pyrite 

point to efficient charge separation in the mixed systems, as the primary origin of 

the observed high photoactivity (photo-current) of the mixed marcasite-pyrite thin 

films over the individual pyrite counterpart. 

 

 
 

This Chapter has been published as  

Enhanced Photo-response of FeS2 Films: The Role of Marcasite-Pyrite Phase Junctions, L. Wu, N. 
Y. Dzade, l. Gao, D. O. Scanlon, Z. Öztürk, N. Hollingsworth, B. M. Weckhuysen, E. J. M. 
Hensen, N. H. de Leeuw, J. P. Hofmann. Adv. Mater. 2016, 28, 9602-9607.  
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 Introduction 2.1

The interest in iron pyrite (cubic FeS2) as a photovoltaic material has increased 

significantly recently, because of its earth-abundancy, nontoxicity, and its suitable 

band gap (~0.95 eV) for solar cell applications.
[1]

 Moreover, the large photon 

absorption coefficient of 10
5
 cm

−1
 (two orders of magnitude higher than that of 

crystalline silicon), high carrier mobility as well as its outstanding theoretical power 

conversion efficiency of 28 % (according to the Shockley-Queisser model) make 

pyrite a competitive candidate in the development of sustainable and inexpensive 

solar cells at the terawatt scale.
[1a, 2]

 Since the early 1990s, extensive efforts from 

Tributsch et al. and other groups have been devoted to iron pyrite 

photoelectrochemical and Schottky-type solar cells.
[3]

 Besides, the distinct chemical 

and physical properties of pyrite also make it as suitable candidate for 

photodetectors,
[1b]

 anode materials for lithium-ion batteries,
[4]

 photocatalysis,
[5]

 

photocapacitors,
[2b]

 hydrogen production and PEC cells.
[6]

 Although photovoltaic 

cells based on pyrite single crystals show large photocurrent densities (> 30 mA 

cm
−2

) and high quantum efficiencies (> 90 %), the low open-circuit voltage (VOC) of 

200 mV limits their solar energy conversion efficiency to ~3 %, despite the fact that a 

lot of attempts such as morphology control or ligand protection have been done,
[7]

 

the device efficiency has not jet improved significantly in the past 20 years.
[8]

 Several 

possible explanations have been suggested for the low VOC, including bulk non-

stoichiometry,
[9]

 near-surface non-stoichiometry (resulting in a metallic FeS-like 

surface layer),
[10]

 sulfur vacancies that generate electronic states in the band gap,
[11]

 

Fermi level pinning induced by surface states,
[12]

 or small band gap phases 

(pyrrhotite, troilite and marcasite) present as domains in bulk pyrite.
[13]

 

Orthorhombic marcasite (FeS2) and hexagonal troilite (FeS) are generally believed to 

be detrimental phases for photochemical performance, as they have much smaller 

band gaps (0.04 eV for troilite and 0.34 eV for marcasite),
[14]

 and it has been 

suggested that even trace amounts of these phases would cause the low VOC reported 

for pyrite films.
[15]

 The band gap of marcasite was first determined from temperature-

dependent (53-370 K) electrical resistivity measurements, and a value of 0.34 eV was 

obtained.
[14]

 However, these measurements were based on the assumption that the 

carrier mobility is dominated by lattice scattering,
[16]

 and the band gap value of 

marcasite has been rarely verified by other methods, such as optical measurements. 

Furthermore, several theoretical calculations published in recent years predict that 
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marcasite should have a band gap of 0.8-1.0 eV, which is quite similar to that of 

pyrite; Gudelli even observed that marcasite has a much larger band gap than pyrite 

(1.603 eV for marcasite and 1.186 eV for pyrite).
[17]

 Very recently, the optical band gap 

energy of marcasite has been determined by diffuse reflectance spectroscopy to be 

0.83 ± 0.02 eV, and the optical absorbance of marcasite and pyrite in the near 

infrared-visible (NIR-Vis) region appears to be quite similar.
[18]

 Therefore, the 

presence of marcasite is unlikely to undermine the photovoltaic performance of 

pyrite, and it is therefore worth considering whether significant effort should 

actually be expended on eliminating marcasite traces from pyrite preparations. As 

the formation of junctions (such as p-n junctions or phase junctions) can efficiently 

promote charge separation in semiconductor-based photocatalysts, the fabrication 

of proper junctions in semiconductors is highly desirable in the design and 

preparation of efficient semiconductor-based photocatalysts. The most conspicuous 

example is the activity of TiO2 (P-25, Degussa), which consists of anatase and rutile 

(4:1 w/w) and exceeds the photocatalytic activity of pure anatase in many reaction 

systems.
[19]

 Furthermore, Li et al. have reported enhanced photocatalytic 

performance of Ga2O3 with tunable α-β phase junctions. The drastically enhanced 

activity of mixed α- and β-Ga2O3 over the phase pure oxides was ascribed to efficient 

charge separation and transfer across the α-β phase junctions.
[20]

 As to the pyrite-

marcasite interface, although most published work has attributed the low 

performance of pyrite films to the minor presence of marcasite, no interfacial gap 

states have been found by examining the density of states (DOS) at the pyrite-

marcasite interface and the band gap of the pyrite-marcasite supercell was not 

smaller than the isolated pyrite gap.
[21]

 Moreover, according to theoretical 

calculations, the stability of marcasite is much better than pyrite.
[22]

  

In this chapter, we present FeS2 films with mixed pyrite-marcasite phase junctions 

prepared by sulfurization of sputtered Fe thin layers on highly doped Si wafers. The 

mixed phase films show highly improved photocurrents of 4.30 mA/cm
2
 compared to 

0.14 mA/cm
2
 of phase pure pyrite films. Apart from the considerably improved 

photo-response, the dark current is greatly reduced. Furthermore, the presence of 

marcasite significantly increased the stability of the film against photo-corrosion. 

Thus, in contrast to the traditional view that marcasite is a detrimental phase for the 

low VOC of pyrite-based solar cells, our experimental results suggest that marcasite is 

beneficial for the charge separation and stability of pyrite films. We propose that the 

enhanced photocatalytic performance is owing to the efficient charge separation 
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across the pyrite-marcasite (p/m-FeS2) phase junction. This hypothesis is 

demonstrated through state-of-the-art calculations based on the Density Functional 

Theory (DFT) with Hubbard corrections for the electron correlation in the localized 

d-Fe orbitals (DFT+U), where we find that a staggered band alignment with offsets 

of 0.43 eV and 0.71 eV exists between the valence and conduction bands of marcasite 

and pyrite, respectively. This staggered alignment with both bands of marcasite 

higher in energy than pyrite indicates that photo-generated conduction band 

electrons will flow from marcasite to pyrite and vice versa for photo-generated 

valence band holes in mixed-phase FeS2 thin films. These findings point to efficient 

charge separation in the mixed systems, as the primary origin of the observed high 

photo-activity (photo-current) of the mixed marcasite-pyrite thin films over the 

individual pyrite counterpart. 

 Experimental 2.2

2.2.1 Preparation of FeS2 films 

Preparation of mixed marcasite-pyrite films was done in a home-build thermal 

CVD/PVD system. Particularly, a highly-doped Si wafer with 100 nm thick Fe was 

placed at specific distance downstream (22 , 24  or 26 cm) to the center of the 

furnace. After loading sulfur powder (500 mg, 99.98 %, Aldrich) at the upstream, the 

tube was sealed and flowed with Ar (50 ml/min STP) for 15 min. Then the furnace 

was heated up to 700 °C with a heating rate of 10 °C /min, and the sulfur powder at 

the upstream of the tube was heated to 170 °C. Under this configuration, it is 

possible to sulfurize the Fe layer at lower temperature with a stable sulfur partial 

pressure.
[23]

 K-type thermocouples were used to measure the temperature of the film 

at the specific distance to the center of the furnace. Specifically, distances of 22, 24, 

and 26 cm correspond to a sulfurization temperature of 455, 380 and 300 °C, 

respectively. After 5 h sulfurization, FeS2 films with different marcasite content were 

obtained (the longer the distance, viz the lower the temperature). 

2.2.2 Characterization 

X-ray diffraction patterns were recorded with a Bruker D2 Phaser diffractometer 

using Cu Kα radiation. SEM images were obtained with a FEI Quanta 200 scanning 

electron microscope at a accelerating voltage of 5 kV. An accelerating voltage of 15 

kV and a detector (Quanta 3D FEG) was used for energy dispersive X-ray (EDX) 
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analysis. XP spectra were obtained on ThermoScientific K-Alpha instrument 

equipped with a monochromatic X-ray source (Al Kα = 1486.6 eV). Energy calibration 

was performed by using the C 1s peak of adventitious carbon at 284.6 eV as a 

reference, and the spectra were fitted by CasaXPS software. Raman spectra were 

recorded on a Renishaw InVia Raman microscope with a 532 nm laser excitation and 

100x objective in the region of 200-1000 cm
−1

. Raman mapping was done in 

StreamlineTM mode using a 100x objective with a scan size of 10 x 10 µm
2
; the 

acquisition time per scan was 100 s. The Raman peaks of pyrite and marcasite were 

fitted with Renishaw WiRE
TM

 using broadened Gaussian/Lorentzian line shapes and 

corresponding Raman intensity maps were created based on fitted peak areas. 

2.2.3 PEC Measurements 

PEC measurements were performed in a three-electrode electrochemical cell with 

Hg/Hg2SO4 as the reference electrode, Pt foil as the counter electrode and 0.5 M KI 

as the electrolyte. Chopped light voltammetry I-V curves were measured by an 

Autolab 302N potentiostat, and AM1.5G illumination was provided by a 300 W 

Xenon lamp (Newport 67005) with an AM1.5G filter. For electrode fabrication, the 

FeS2 films on Si wafers were attached on copper wire by conductive silver paste and 

sealed inside a glass tube with nonconductive epoxy (Hysol 3430 A&B, Loctite) at the 

end. The epoxy was cured at 60 °C in ambient environment for 1 h, then white 

lacquer was used to define the active area of electrodes (ca. 0.3 cm
2
). The active area 

was determined with ImageJ software by using digital images of the electrodes.
[24]

 

2.2.4 Computational details 

All calculations were performed using the Vienna Ab initio Simulation Package 

(VASP),
[25]

 a periodic plane wave DFT code which includes the interactions between 

the core and valence electrons using the Projector Augmented Wave (PAW) 

method.
[26]

 The electronic exchange–correlation potential was calculated using the 

GGA-PBE functional
[27]

 with a Hubbard correction
[28]

 (PBE+U), which accounts for 

the electron correlation in the localized d-Fe orbitals. We used an effective U of 2 eV 

for both materials, which has been shown to give an accurate description of the 

structural parameters and the electronic properties (valence band energy and band 

gap).
[21, 29]

 An energy cutoff of 500 eV and 8 × 8 × 8 Monkhorst-Pack
[30]

 k-point 

meshes, were found to be sufficient to obtain well-converged results for marcasite 

and pyrite. All calculations were deemed to be converged when the forces on all 
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atoms were less than 0.01 eV/Å. The resulting lattice parameters for marcasite (a = 

4.415 Å, b =5.410 Å, and c = 3.382 Å) and pyrite (a’ = 5.409 Å) agree well with those 

measured experimentally a = 4.436 Å, b =5.414 Å, and c = 3.381 Å for marcasite
[31]

 and 

a’ = 5.415 Å for pyrite.
[32]

  

In the plane wave formalism, due to the presence of periodic boundary conditions, 

the electrostatic potential of a crystal is not defined with respect to an external 

vacuum level and, as such, the absolute electronic eigenvalues from different 

calculations are not comparable. In order to align the energies to the vacuum level, a 

slab-gap model (~16 Å slab, 15 Å vacuum) was constructed and the corresponding 

electrostatic potential was averaged along the c-direction, using the MacroDensity 

package.
[33]

 The energy of the potential at the plateau was used as the external 

vacuum level when aligning the core-level eigenvalues. To determine and 

understand the band alignment of marcasite and pyrite FeS2, we have calculated the 

ionization potentials of both polymorphs relative to the vacuum level, using a series 

of slab-gap models with a well-converged basis set as implemented in VASP.
[25]

 The 

pyrite (100) and marcasite (110) surfaces were chosen for the slab calculations as they 

do not contain dangling bonds and resulted in low energy, nonpolar terminations. 

The 2D slab calculations were carried out using Monkhorst-Pack grids of 8 × 8 × 1 K-

points, which ensures electronic convergence. The corresponding electrostatic 

potentials averaged along the c-direction were obtained using the MacroDensity 

package.
[33]

 The ionization potentials (IPs) of marcasite and pyrite were calculated 

when the slab vacuum level is aligned to the bulk eigenvalues, through core level 

eigenvalues in the center of the slab, using the Fe 1s orbital as reference point.
[34]

 We 

have tested different slab thickness to evaluate the contribution of the surface to the 

calculated ionization potential and found that it is very small, not modified to within 

0.02 eV. The work function (Φ), which is the minimum energy needed to remove an 

electron from the bulk of a material through a surface to a point outside the material 

was calculated as: 

𝛷 =  𝑉𝑣𝑎𝑐𝑢𝑢𝑚 − 𝐸𝐹                                                                                                      (1) 

In practice, this is the energy required at 0 K to remove an electron from the Fermi 

level of the material to the vacuum potential.
[35]
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 Results and discussion 2.3

2.3.1 Effect of sulfurization temperature 

We have adopted a unique synthesis strategy in which Fe/Si films are placed at 

certain distances from the center of the furnace, as such approach turned out to be 

beneficial in avoiding re-sublimation of evaporated sulfur in the upstream due to the 

temperature gradient of the furnace during low temperature sulfurization process. 

The sulfurization temperature was altered by varying the position of the Fe/Si films. 

Primarily, we aimed to make phase pure p-FeS2 via optimization of the sulfurization 

temperature and time and three temperatures were chosen: 400, 500 and 600 °C. 

Scanning Electron Microscopy (SEM) images of the FeS2 films obtained (Figure 2.1) 

indicate that varying the temperature from 400-600 °C results in particulate films 

with a continuous coverage at 400-500 °C, with the coverage becoming 

discontinuous by 600 °C. Energy Dispersive X-ray Spectroscopy (EDX) composition 

analysis confirmed that films sulfurized at 500 °C have the optimal stoichiometric 

Fe:S ratio. The cross-sectional SEM image of the film shows a final film thickness of 

350±20 nm (Figure 2.1) and the calculated expansion factor (~3.5) lies close to 

theoretical estimates for Fe to FeS2 conversion.
[36]

 

 
Figure 2.1. SEM images of FeS2 films sulfurized at 400 °C (a), 500 °C (b), 600 °C (c) for 5 hours (named as 

400-5h, 500-5h and 600-5h respectively); d) EDX composition analysis of films prepared at different 

temperatures; e) cross-sectional SEM image of FeS2 film sulfurized at 500 °C; f) EDX element mapping of 

FeS2 film sulfurized at 600 °C. 
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As has been shown in Figure 2.2, wide angle X-ray diffraction (WXRD) was used to 

confirm the bulk phase purity of the films and Raman spectra were recorded to 

detect minor impurities; neither XRD patterns nor Raman spectra showed the 

presence of marcasite or other iron sulfide species. 2 ɵ at 33° and 61.7° correspond to 

Si 200 and Si 100 reflection respectively. 

 
Figure 2.2. a) XRD patterns of FeS2 films (i-iii), Fe coated Si wafer (iv) and bare Si substrate (v); b) Raman 

spectra of corresponding FeS2 films. 

X-ray photon spectroscopy (XPS) was used to determine the surface elemental 

composition of sulfur-annealed pyrite films. Fitted S 2p spectra show the disulfide 

(S2
2−

) peak with a S 2p3/2 binding energy of 162.70 eV, the S
2−

 peak at 161.88 eV is 

ascribed to surface sulfide monomers. Fe 2p spectra are dominated by pyrite Fe(II)-S 

with a Fe 2p3/2 of 707.30 eV and the higher binding energy tails are attributed to 

Fe(III)-S as a result of spontaneous oxidation of Fe(II) to form surface 

monosulfide.
[21]
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Figure 2.3. X-ray photoelectron spectra (XPS) of sulfur annealed pyrite films at 400 (a), 500 (b) and 600 

(c) °C. 

XRD, Raman Spectroscopy and XPS all confirmed the films to be phase-pure p-FeS2 

(Figure 2.2-3). In addition, we also extended the sulfurization time at 500 °C to 

obtain higher film crystallinity; however, XRD patterns and Raman spectra of pyrite 

films (Figure 2.4) did not show significant differences between 5 hours and longer 

annealing times. The indirect and direct optical band gaps of the pyrite films were 

determined by UV-vis-IR diffuse reflectance spectrum (Figure 2.5) to be 0.96 and 

2.38 eV respectively. 

 
Figure 2.4. Phase composition analysis by XRD (a) and Raman spectra of sulfur annealed pyrite films at 

500 °C with different sulfurization time. 
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Figure 2.5. UV-Vis-NIR absorption spectra of pyrite film measured in diffuse reflectance mode and 

obtained at 500 °C for 5 h. The insert shows the Tauc plots for band gap determination (α hν)n vs. hν; n = 

1/2, 2 for indirect and direct band gaps, respectively. 

2.3.2 Characterization of pyrite/marcasite mixed phase films  

The previous sulfurization temperature only produced pyrite (p-FeS2), as marcasite 

(m-FeS2) can readily invert to p-FeS2 at elevated temperatures under vacuum (or 

sulfur atmosphere),
[37]

 but it is in principle possible to synthesize m-FeS2 phase at 

lower sulfurization temperature.
[36, 38]

 Thus, sulfurization was performed on Fe/Si 

thin films at 300, 380 and 455 °C. X-ray Diffraction (XRD) patterns were recorded for 

Fe films sulfurized at 300, 380 and 455 °C respectively (Figure 2.6). 
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Figure 2.6. XRD pattern of FeS2 films annealed at different temperatures. 

The XRD signature of pyrite can be observed in all three samples, although the 

peak intensities decrease and become even inconspicuous with lower sulfurization 

temperature. Owing to the greater sensitivity of Raman spectroscopy to m-FeS2 

(Figure 2.7), we observe an increase of marcasite peak intensity as the sulfurization 

temperature decreases. SEM images (Figure 2.7) of the films show a decrease in 

particle size as the temperature is increased, which is understandable given the 

higher temperatures favor Ostwald ripening. 
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Figure 2.7. a) Fitted Raman spectroscopy of FeS2 films annealed at different temperatures; b) SEM images 

of corresponding films. 

In order to get better insight into the local phase distribution of marcasite and 

pyrite in the p/m-FeS2 films, we performed Raman micro-spectroscopic imaging. 

Figure 2.7 (a) shows the fitted Raman spectra of the FeS2 films, where we observe all 

three separate Raman peaks from pyrite: predominant bands at 342.2 cm
−1

 (Eg, S2 

libration) and 378.1 cm
−1

 (A1g, S-S in-phase stretch), and a minor peak at 429.6 cm
−1

 

(Tg(3), vibrational mode).
[39]

 The band at 494.5 cm
−1

 has been assigned to coupled 

vibration and stretching (Tg) modes and combinations thereof.
[40]

 The distinct 

marcasite band at 315-325 cm
−1

 (Ag) is only present in films sulfurized at 380 and 300 

°C. The Raman intensity map in Figure 2.8 shows the phase distribution of pyrite 

and marcasite based on the fitted peak areas for the pyrite Eg band (d, e, h) in green 

and the marcasite peak (h, i) in red. According to Raman mapping, pyrite and 

marcasite are on a sub-μm scale uniformly distributed in the film, which implies that 

plenty of p/m-FeS2 phase boundaries have been created. Moreover, it can also be 

concluded that the lower the sulfurization temperature, the higher the marcasite 

content. 
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Figure 2.8. Fitted Raman spectra of FeS2 films annealed at 455 °C (a), 380 °C (b) and 300 °C (c); Raman 

mapping of pyrite Eg (342 cm−1) peak area of FeS2 films annealed at 455 °C (d), 380 °C (e), and 300 °C (f); 

Sulfurization temperature of FeS2 corresponding to different distances to the center of the furnace (g); 

Raman mapping of marcasite (~320 cm−1) peak area of FeS2 films annealed at 380 °C (h) and 300 °C (i, 300 

°C). 
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2.3.3 Photoelectrochemical performances 

The photoelectrochemical (PEC) properties of the as-obtained FeS2 films were 

measured and evaluated for PEC applications. As shown in Figure 2.9, phase pure 

pyrite film has noticeable photocurrent in the positive voltage range under AM 1.5G 

illumination in 0.5 M KI aqueous solution. However, p/m-FeS2 mixed phase films 

(p/m-FeS2-380 °C and p/m-FeS2-300 °C) show remarkably high photocurrents 

compared to phase-pure p-FeS2 (p-FeS2-455 °C). 

 
Figure 2.9. Chopped light voltammetry curves of FeS2 films annealed at different temperatures (300 °C - 

blue; 380 °C - red; 455 °C - green) in 0.5 M KI aqueous solution versus Hg/Hg2SO4 (MSE) under 100 

mW/cm2 AM 1.5G illumination. 

The prominent high performance of p/m-FeS2-380 °C can be explained by that an 

optimal phase mixture is needed while either higher (p/m-FeS2-300 °C) or no (p-

FeS2-455 °C) marcasite content would degrade the performance of FeS2 films. 

Moreover, the dark current is greatly suppressed in p/m-FeS2-380 °C and p/m-FeS2-

300 °C. Such performance are extraordinary achievements in polycrystalline pyrite 

films reported up to date that measured at similar conditions.
[1e]

 To the best of our 

knowledge, this study is the first report of high performance mixed phase p/m-FeS2 

films and it reverses the common view that marcasite is detrimental for the photo-

performance of pyrite films. 
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In addition to the photo-response, the stability of the p/m-FeS2-300 °C film under 

light illumination was evaluated (Figure 2.10), which shows similar photo-response 

after 4 days exposure to air, whereas the transient photoresponse under intermittent 

1 sun illumination shows no activity degradation during the measurement over 30 

min. Nevertheless, phase pure pyrite films show negligible photo-response after 3 

days exposure to air (Figure 2.11). 

 
Figure 2.10. a) Chopped light voltammetry of p/m-FeS2-300 °C and the same film after being exposed to 

air for four days in 0.5 M KI aqueous solution versus Hg/Hg2SO4 under 100 mW/cm2 AM 1.5G 

illumination; b) Chronoamperometry to assess the transient photoresponse of p/m-FeS2-300 °C under 

intermittent 1 sun (100 mW/cm2) illumination with +0.5 V applied voltage versus Hg/Hg2SO4. 

 
Figure 2.11. Chopped light voltammetry of bare pyrite (red line) and the same film after being exposed to 

air for three days (black line) in 0.5 M KI aqueous solution versus Hg/Hg2SO4 under 100 mW/cm2 AM 1.5G 

illumination. 



- 32 - 

 

2.3.4 Band structure analysis 

To investigate the fundamental mechanisms causing the highly improved p/m-FeS2 

films, we have carried out two separate computational analyses on both polymorphs: 

the electronic structures of the bulk crystals and the absolute vacuum alignment 

from a well converged slab-gap model (~16 Å slab, 15 Å vacuum). First, we calculated 

the electronic band structure and density of states projected on the Fe d-states and S 

p-states for both orthorhombic marcasite and cubic pyrite using the generalized 

gradient approximation (GGA) with PBE functional,
[27]

 including a suitably 

determined Hubbard correction
[28]

 (PBE+U) to account for the electron correlation 

in the localized d-Fe orbitals. We used an effective U of 2 eV for both materials, 

which has been shown to give a good description of the structure and electronic 

properties of FeS2.
[21, 29, 41]

 

The results are shown in Figure 2.12, and full calculation details are provided in 

the Experimental part. An analysis of the band structures revealed that the 

conduction band minimum (CBM) and valence band maximum (VBM), which in 

both materials are composed mainly of the Fe 3d states, are located at two different 

high-symmetry points in the Brillouin zone, making marcasite and pyrite indirect 

band gap semiconductors. The calculated band gap of marcasite is found to be 1.17 

eV, and in pyrite it is 0.96 eV. The band gaps calculated from the present study are 

similar to the results obtained from a number of earlier theoretical investigations for 

marcasite
[21, 42]

 and pyrite.
[21, 29]

 In the case of pyrite, photoconductivity 

measurements show a consistent band gap in the range of 0.90-1.00 eV.
[3c, 43]
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Figure 2.12. Band structure along the high-symmetry directions of the Brillouin zone of marcasite (a) and 

pyrite (c); Density of States (DOS) of marcasite (b) and pyrite (d). 

Pyrite (100) and marcasite (110) surfaces were chosen for the slab calculations as  

these planes do not contain any dangling bonds and resulted in low energy, 

nonpolar terminations (Figure A.7). Besides, due to their structural similarities, 

intergrowth (epitaxial growth) of marcasite in (on) pyrite has been widely observed 

in synthetic and natural samples.
[16, 44]

 Our calculated work function of p-FeS2(100) 

(Φ = 5.08 eV) also compares favorably with that of m-FeS2(101) (Φ = 5.10 eV), which 

indicates the possibility of a barrier-less or low-barrier interface at the pyrite-

marcasite junction. The calculated work function of p-FeS2(100) is in excellent 

agreement with the value of 5.0 eV from ultraviolet photoelectron spectroscopy 

(UPS) measurements.
[1e, 3c]

 The slab thickness was checked for convergence with 

respect to the vacuum potential. The models consistently predict an offset of 0.43 eV 

between marcasite and pyrite, with the marcasite valence band higher in energy 

than pyrite. The ionization potential, which indicates the position where the valence 

band edge is observed, is calculated at 5.20 eV for marcasite and 5.63 eV for pyrite. In 

addition, our calculations demonstrate that the electron affinity of pyrite (4.71 eV) is 
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higher than marcasite (4.00 eV), which indicates that photogenerated conduction 

electrons will flow from marcasite to pyrite and vice versa for photogenerated 

valence holes as shown in Figure 2.13. Moreover, as discussed in 2.3.3, the 

prominent improvement in PEC stability can be explained by the band alignment 

between p-FeS2 and m-FeS2 at the interfaces, where electrons migrate to p-FeS2 and 

contribute to its stability, keeping it in its reduced state. Furthermore, the enhanced 

stability can also be related to the lower unit cell energy of marcasite as has been 

shown in theoretical studies.
[22a]

 

 
Figure 2.13. a) Structure of marcasite (left) and pyrite (right) in terms of FeS6 octahedra; b) Schematic of 

the band alignment between marcasite and pyrite. IP and EA denote ionization potential and electron 

affinity, respectively. The electron affinity is calculated by subtracting the band gaps from the calculated 

ionization potentials. ΔEVBM and ΔECBM are the valence band offsets and conduction band offsets. 

 Conclusion 2.4

In summary, we report for the first time the beneficial role of marcasite in iron 

sulfide based photo-electrochemical applications. A novel strategy is adopted for 

fabricating mixed phase p/m-FeS2 films, where the marcasite content can be tuned 

by controlling the sulfurization temperature. The dramatic improvement of the 

photo-response of p/m-FeS2 can be ascribed to the presence of pyrite-marcasite 

phase junctions. The band alignment at the phase boundary contributes to the 

enhanced charge separation and transfer across the interface, and the migration of 

electrons to the pyrite phase accounts for the significant improvement in stability. 

The controlled introduction of p/m-FeS2 phase junctions reported here provides a 

promising approach for designing iron sulfide based PEC cells and developing highly 

efficient pyrite-based solar cells. 
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Appendix A 
Supporting information for Chapter 2 
 

A.1 X-ay photoelectron spectroscopy 

 

Figure A.1. XP spectra of sulfur annealed pyrite films at 500 °C for 5 h (a), 8 h (b) and 12 h (c). 
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Figure A.2. XP spectra analysis of FeS2 films obtained at 455 °C (a), 380 °C (b) and 300 °C (c). 

A.2 Raman spectra 
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Figure A.3. Fitted Raman spectra of p-FeS2-455 °C and the corresponding peak area mapping for pyrite 

peaks Eg at 342 cm−1 and Ag at 378 cm−1. 

 

Figure A.4. Fitted Raman spectra of p/m-FeS2-380 °C and the corresponding peak area mapping. 
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Figure A.5. Fitted Raman spectra of p/m-FeS2-300 °C and the corresponding peak area mapping. 

A.3 PEC performance 

 

Figure A.6. Chopped light voltammetry of bare Si (cyan line), pure pyrite film (magenta line) and p-FeS2-

455 °C (black line) in 0.5 M KI aqueous solution versus Hg/Hg2SO4 under 100 mW/cm2 AM 1.5G 

illumination. 
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A.4 Band alignment calculations 

 

Figure A.7. Structure of the 8-layer 2D slab model of (a) pyrite (100) and (b) marcasite (101) surface in side 

(top) and top (bottom) views. 
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Figure A.8. Structure of the 8-layer 2D slab model and the corresponding electrostatic (Hartree) potential 

at the PBE+U level of theory (blue line), which is used to align the electronic eigenvalues to the vacuum 

level of (a) p-FeS2 (100) and (b) m-FeS2 (101). Fe and S atoms are denoted by grey and yellow spheres, 

respectively. 
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  Chapter 3
Enhancing the Electrocatalytic Activity of 2H-

WS2 for Hydrogen Evolution via Defect 

Engineering 
 

ABSTRACT 

Transition metal dichalcogenides (TMDs), such as MoS2 and WS2, are promising 

alternative non-noble metal catalysts to drive the electrocatalytic H2 evolution 

reaction (HER). However, their catalytic performance is inherently limited by the 

small number of active sites as well as their poor electrical conductivity. Here, we 

grow vertically aligned 2H-WS2 on different substrates to expose their edge sites for 

the HER and we introduce a scalable approach to tune these active sites via defect 

engineering. In a thermal hydrogen treatment procedure, sulfur vacancies and 

metallic tungsten nanoparticles are formed. The extent of desulfurization, and thus 

the HER activity, can be tuned via controlling the H2 annealing conditions. The 

obtained W/WS2−x electrocatalysts are evaluated experimentally and theoretically to 

arrive at a better understanding of how to modify the inherently innert 2H-WS2 for 

more efficient HER. 

 

 
 

This Chapter has been submitted as  

Enhancing the Electrocatalytic Activity of 2H-WS2 for Hydrogen Evolution via Defect 
Engineering, L. Wu, A. J. F. van Hoof, N. Y. Dzade, L. Gao, M.-I. Richard, H. Friedrich, N. H. 
De Leeuw, E. J. M. Hensen, J. P. Hofmann. 
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 Introduction 3.1

The growing demand for energy has stimulated global efforts to explore renewable 

energy sources such as wind and solar. However, efficient energy storage to solve the 

issue of their intermittency remains to be solved.
[1]

 Hydrogen is arguably the most 

promising alternative fuel due to its cleanness, renewability, and high gravimetric 

energy density.
[2]

 Hydrogen production via electrochemical water splitting 

(hydrogen evolution reaction, HER), has been emerging as a promising sustainable 

approach,
[3]

 but the key challenge for this process is the development of efficient, 

durable and low cost electrocatalysts for HER. Currently, platinum-based materials 

serve as the benchmark catalysts for HER due to their high catalytic activity,
[4]

 but 

the scarcity and cost of Pt significantly hamper their widespread application.
[1b, 5]

 

Transition metal dichalcogenides (TMDs) with two-dimensional (2D)-layered crystal 

structures, such as MoS2 and WS2, have been extensively used as HER catalysts,
[6]

 

and both experimental
[3]

 and computational
[7]

 studies show comparable catalytic 

activity with commercial Pt/C composites, as such potentially rivalling state-of-the-

art catalysts in electrochemical or photoelectrochemical cells.
[6, 8]

 

Although the (0001) basal planes of semiconductor phase TMDs (2H-TMDs) are 

not active HER catalysts, the edge sites of 2H-TMDs were theoretically predicted
[9]

 

and experimentally
[10]

 verified to be active for HER. Many efforts have been devoted 

to maximally expose those edge sites by various methods such as nano-

structuring,
[10]

 size-controlling,
[11]

 and defect engineering.
[12]

 However, the guiding 

principle for all these approaches is usually to optimize the active sites rather than 

tailor the inert basal planes. Specifically for MoS2, extensive efforts have been 

devoted in developing feasible ways for engineering higher densities of active sites.
[13]

 

As to the edge sites of 2H-TMDs, only pure metal edges or metal edges passivated 

with S-monomers are preferably favourable for HER, whereas the configuration with 

full S-passivation (S-dimers) is too inert for these relevant catalytic reactions to 

occur.
[14]

 Thus, active sites can be created on either the (0001) basal plane of 2H-

TMDs or at the inert S-dimer edges. Tsai and co-workers demonstrate an 

electrochemical process for generating S-vacancies in monolayer and polycrystalline 

MoS2 to tune the HER activity.
[15]

 Cheng et al. reported a remote hydrogen-plasma 

process to create sulfur vacancies on the basal plane of monolayer crystalline TMDs 

while maintaining the pristine morphology and structure.
[16]

 Aside from 

desulfurization, other studies report on maximizing the number of exposed active 
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metal sites to achieve an enhancement for HER activity. Woods et al.
[17]

 and Wang et 

al.
[18]

 present a unique vertically aligned MoS2 and MoS2/WS2 structure with exposed 

metal edge sites which show notable HER activity. This prominent improvement in 

activity was ascribed to the distinct vertical structure maximizing the exposure of 

catalytically active sites. Other approaches such as thermal annealing
[19]

 or ball 

milling
[20]

 were also applied to tune the HER activity of TMDs. However, even 

though a lot of efforts have been devoted to developing versatile methods to tune 

the structure of 2H-TMDs and to increase the number of HER active sites, deeper 

understanding of the structural evolution during treatment (for instance, 

texturization
[19]

 and desulfurization
[20]

) processes and how to correlate structural 

changes to HER activity needs to be developed. 

Here, we have selected WS2 as a platform to induce more active HER sites in the 

2H phase via a controllable and effective thermal H2 treatment procedure. Vertically 

aligned 2H-WS2 was grown on various substrates (SiO2/Si, Si3N4 and carbon fiber 

paper) using sulfurization of sputter-deposited metal tungsten. By annealing in a 

hydrogen atmosphere, sulfur vacancies and tungsten nanoparticles were formed 

which are supposed to act as active sites for HER. Further hydrogen treatment 

yielded a highly defective tungsten sulfide (WS2−x). In addition, extended H2 

annealing led to a complete change of the initial structure and emergence of new 

morphologies such as nano-tubes and porous structures. The as-derived highly 

defective WS2−x shows prominent HER activity compared to the pristine 2H-WS2 and 

reported tungsten sulfide materials in the literature. A detailed nanostructure 

analysis has been conducted on the highly defective WS2−x, applying XPS, HR-TEM, 

HAADF-STEM and synchrotron-based nano-focus XRD to shed light on the 

observed significant improvement in HER activity. 

 Experimental 3.2

3.2.1 Material synthesis 

2H-WS2 films were prepared via sulfurization of sputtered metal tungsten on 

different substrates in a home-build thermal chemical vapor deposition (CVD) 

system.
[21]

 Specifically, SiO2 (300 nm)/Si sputter-coated with 20 nm W was placed at 

the center of a tube furnace. After loading 500 mg (99.98%, Aldrich) sulfur powder 

at the upstream, the tube was sealed, evacuated and refilled with N2 three times to 

remove O2 in the system. Then, the tube was flowed with Ar (100 sccm) for 15 mins. 
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Afterwards, the furnace was heated up with a heating rate of 20 °C/min and kept for 

15 mins at the target temperature (600 °C). The sulfur powder was heated to 170 °C 

accordingly. Defective tungsten sulfide was prepared by a post-synthetic treatment 

under similar conditions. The sulfur source was cooled down and subsequently H2 

with certain flow rate was introduced at the target temperature. Samples for 

transmission electron microscopy (TEM) analysis were prepared on custom-made 

TEM grids (Lionix BV, The Netherlands) which consist of a silicon frame and a 

central part that was etched away to create a 15-20 nm thick silicon nitride 

membrane window (100×100 μm
2
) where the electron beam can pass.

[22]
 Prior to 

tungsten sputtering, the TEM grids were calcined in dry air to form a 3 nm thick 

surface layer of silicon oxide.
[22a]

 

3.2.2 Characterization 

X-ray photoelectron spectroscopy (XPS) was recorded on a Thermo Scientific K-

Alpha instrument equipped with a monochromatic X-ray source (Al Kα = 1486.6 eV). 

Energy calibration was performed by using the C 1s peak of adventitious carbon at 

284.6 eV as reference. Spectra were fitted by CasaXPS software. Raman spectra 

measurements were performed on a Renishaw Raman InVia microscope equipped 

with a 514 nm laser, integrated switchable gratings with 600 or 1800 lines/mm, and a 

CCD detector. For each scan, 5 accumulations with acquisition time of 10 s were 

taken. TEM images were acquired with a Tecnai 20 transmission electron 

microscope (FEI Company, now Thermo Fisher Scientific) equipped with a LaB6 

filament and operated at an acceleration voltage of 200 kV. High resolution TEM 

(HR-TEM) and high angel annular dark field scanning transmission electron 

microscopy (HAADF-STEM) imaging were performed at room temperature on a 

CryoTitan transmission electron microscope (FEI Company, now Thermo Fisher 

Scientific) which is equipped with a field emission electron gun (FEG) and operated 

at 300 kV. HR-TEM and select area electron diffraction (SAED) images were 

acquired using a Gatan 2K CCD camera. STEM images were acquired using a probe 

convergence angle of 10 mrad, a dwell time of 2 μs and a camera length of 115 mm in 

combination with a Fischione HAADF detector.  

Nano X-ray diffraction analysis was performed at European Synchrotron Radiation 

Facility (ESRF) at the ID01 X-ray diffraction and scattering beamline with beam 

energy of 8.0 keV and beam size of 100×400 nm
2
. Energy dispersive X-ray 

spectroscopy (EDX) was obtained on a Phenom ProX scanning electron microscope 
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with 5 kV acceleration voltage. Grazing incidence X-ray diffraction (GI-XRD) 

measurement was performed on a Panalytical X Pert PRO MRD employing Cu Kα 

(1.54 Å) radiation with an incidence angle of 0.5° with respect to the substrate plane. 

Near Ambient Pressure XPS (NAP-XPS) was conducted on a SPECS system with a 

PHOIBOS 150 NAP hemispherical energy analyzer in 5 mbar H2 pressure at 600 °C. 

3.2.3 Electrochemical measurements 

Electrochemical measurements were performed in a three-electrode 

electrochemical cell with saturated calomel electrode (SCE) (0.269 V vs. reversible 

hydrogen electrode (RHE)) as the reference electrode, Pt foil (1 x 2 cm
2
) as the 

counter electrode, and 0.5 M H2SO4 (99.999 %, Sigma-Aldrich) as electrolyte. The 

electrolyte was prepared with 18 MΩ·cm deionized Milli-Q water and purged with Ar 

for 20 mins to remove O2 in the solution prior to the measurements. Cyclic 

voltammetry and linear sweep voltammetry curves were recorded on a Metrohm 

Autolab PGSTAT302N potentiostat, and current density values are normalized by 

geometric area. IR correction has been done before normalization on geometric area. 

AC electrochemical impedance spectroscopy (amplitude: 10 mV) was recorded at 

open circuit potential (OCP) in the frequency range of 10 kHz to 0.1 Hz. Stability 

tests were conducted by recording chronopotentiostatic responses with glassy 

carbon as a counter electrode to exclude possible contamination by Pt. 

 Results and discussion 3.3

3.3.1 Reduced WS2−x as catalyst for HER 

    The synthesis method to prepare defective tungsten sulfide is schematically 

depicted in Figure 3.1a. Elemental W films (20 nm) were deposited on a SiO2 (300 

nm)/Si ((100) orientation, type: P/B, resistivity: 0-100 Ohm cm) substrate by 

magnetron sputtering, then reacted with sulfur, as described in the experimental 

section to produce WS2. Figure 3.1b shows a typical TEM image of a WS2 film 

revealing the presence of vertically aligned layers with an inter-layer spacing of ~0.67 

nm.
[23]

 Grazing-incidence X-ray diffraction (Figure B1) indicates a strong peak at 2θ 

= 14.12° which corresponds to the (002) reflection (interlayer spacing = 0.67 nm) of 

the semiconducting 2H phase of WS2.
[24]

 The as-prepared 2H-WS2 was annealed at 

600 °C with 10 % H2 concentration (total flow: 100 sccm, Ar as balance) for 6 h to 

remove sulfur atoms and produce metal sites or clusters. The TEM image in Figure 
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3.1c shows that nanoparticles with an average size of 3 nm were formed on the film 

along with an overall sulfur/tungsten (S/W) ratio of 1.82 as obtained by X-ray 

photoelectron spectroscopy (XPS, Figure 3.2). Interestingly, when we further 

prolonged the H2 annealing time to 10 h, the initial vertical structure turned into 

new structures such as multi-walled WS2−x nanotubes (lattice spacing: 0.67 nm) with 

an outer diameter of 10-17 nm (Figure 3.1d and Figure B.3),
[25]

 along with a decrease 

of the S/W ratio to 0.37.  

 

 
Figure 3.1. a) Scheme showing the transformation of WS2 to W/WS2−x upon annealing in H2 atmosphere; 

b) TEM images of pristine WS2.08 , inset: lattice spacing obtained from HRTEM; c) TEM image of WS1.82 

obtained via annealing in 10 % H2 at 600°C for 6 h, arrows indicate the formation of nanoparticles; d) TEM 

image of WS0.37 obtained via H2 annealing (10 %) at 600°C for 10 h, inset: lattice spacing obtained from 

HRTEM; e) size distribution of W nanoparticles for WS1.82 obtained from the TEM image shown in c. 

    A detailed XPS analysis of the different tungsten sulfide samples is shown in 

Figure 3.2. The W 4f spectrum can be deconvoluted into four components, the peak 

at 38.6 eV corresponds to W 5p3/2, two characteristic peaks of WS2 centered at 32.7 

eV (W 4f7/2) and 34.9 eV (W 4f5/2) are observed, while the high binding energy peak 

at 36.1 eV corresponds to the W 4f7/2 component of WO3 which might be due to a 
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slight oxidation of the films resulting from sample handling in air.
[11, 26]

 Aside from 

the decreasing S/W ratio, the obvious increase of the W 4f7/2 peak at 31.4 eV 

demonstrates that metallic phase W
0
 has been produced. This is substantiated by 

the S 2p XP spectra. Here, except for the main doublet centered at binding energies 

of 162.3 and 163.4 eV corresponding to the S 2p3/2 and S 2p1/2 components of WS2, 

respectively, the increase of sulfur monomer (edge) species at 161.5 eV (2p3/2) and 

162.6 eV (2p1/2) also indicates that more W-S (bulk) bonds were broken generating 

more sulfur monomers.
[14a]

 To assess the progressing reduction of WS2, we applied 

Near Ambient Pressure (NAP)-XPS to monitor in-situ changes in S and W speciation 

during annealing in a H2 atmosphere. Figure B.2 shows that the S/W ratio decreases 

from 2.89 to 1.91 within two hours of H2 treatment at 600 °C under 5 mbar H2 

pressure. 

 
Figure 3.2. W4f and S2p XP spectra of pristine WS2.08 (a), WS1.82 (b) and WS0.37 (c). 
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The as-prepared vertically aligned and defective tungsten sulfide is further 

characterized by Raman spectroscopy.
[27]

 Figure 3.3 shows the normalized Raman 

spectra of tungsten sulfide with stoichiometric ratio (WS2.08), treated with H2 

annealing (WS1.80, WS1.62), and highly defective WS0.37 after prolonged hydrogen 

treatment. The peaks at ~357 and 417 cm
−1

 are assigned to the first-order modes at 

the Brillouin zone center of E2g
1 
(Γ) (in plane vibration phonon mode) and A1g (Γ) 

(out-of-plane vibration phonon mode) of 2H-WS2 respectively.
[23]

 

 
Figure 3.3. a) Raman spectra (normalized on the A1g peak) of tungsten sulfide films prepared on SiO2/Si 

substrates; b) fitted (Gaussian-Lorentzian) spectra of WS2.08. 

Other small features at ~297, ~232 and ~176 cm
−1

 are assigned to the second 

longitudinal acoustic mode (2LA (M) ) of 2 E2g
2
, A1g (M)-LA (M), and LA (M) 

respectively, which are consistent with those observed in the literature.
[23, 28]

 One 

unique feature observed in our Raman spectra is that the intensity ratio of E2g
1
/A1g is 

below unity for stoichiometric and less defective tungsten sulfide, which indicates a 

prominent out-of-plane vibration (A1g) over the in-plane vibration (E2g
1
) mode. The 

small E2g
1
/A1g ratio indicates a more pronounced presence of vertically aligned layers 

which is consistent with the TEM results in Figure 3.1b. However, for highly 
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defective tungsten sulfide (WS0.37), the Raman intensity of the material was 

significantly weakened along with an increase of the E2g
1
/A1g ratio to 1.28. The former 

indicates that the crystallinity of the tungsten sulfide films has decreased, while the 

latter points to a progressing loss of vertical alignment under the applied harsh 

reduction conditions. 

The as-prepared tungsten sulfide films were investigated as electrocatalysts for 

HER in a standard three-electrode electrochemical cell in 0.5 M H2SO4 electrolyte. 

Figure 4 displays the linear sweep voltammetry (LSV) curves of tungsten sulfide 

films with various S/W ratios. With decreasing S/W ratio, the LSV curves 

demonstrate higher current density and the Tafel slope decrease accordingly, which 

means that the increase of sulfur vacancies and the presence of metal sites 

contribute to the improvement of HER activity. Despite the increase of tungsten 

oxide species detected by XPS with decreasing S/W ratio, we do not observe any 

notable reduction peaks in the CV curves (Figure B.6), which suggests that the 

defective tungsten sulfide films are stable in acid media.
[26b]

 

 

Figure 3.4. a) Linear sweep voltammetry curves of tungsten sulfide obtained with different S/W 

ratios in 0.5 M H2SO4. Scan rate: 5 mV/s. b) Tafel slopes obtained from LSV curves in (a). 

3.3.2 Local structure and phase composition analysis  

To further investigate the local crystal structure and phase composition of 

defective tungsten sulfide, TEM images with corresponding selected area electron 

diffraction (SAED) patterns as well as HAADF-STEM are displayed for WS0.95 in 

Figure 3.5. This sample was directly prepared on a TEM grid and annealed at 600 °C 

with 10 % H2, where a and b represent two typical regions on the grid. In Figure 

3.5a,b, the TEM image of a1 shows that the majority of the vertically aligned layered 

structure is well maintained except for some nanoparticles, which can be either 

metal W or sulfur as residue from the sulfurization process; b0 and b1 display a 
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region where most of the aligned lamellar structure is destroyed and a lot of holes 

and pits on a sub-µm scale have appeared (bright in BF-TEM (a0, b0), dark in 

HAADF-STEM (a1, b1)) across the film. The significant morphological difference in 

these two regions of the same sample led us to further investigate their crystal 

structures. The appearance of rings in the SAED patterns indicates the presence of 

multiple crystalline orientations with respect to the electron beam within the probed 

area, highlighting the polycrystalline nature of the regions a1 and b1 (Figure 3.5). 

The radial average of the SAED patterns obtained in both regions is plotted in 

Figure 5c. For comparison, standard diffraction data for W (dark yellow, JCPDS card 

number: 01-1203) and WS2 (green, JCPDS card number: 08-0237) are included. 

Interestingly, both W and WS2 are present (Figure 3.5c) in regions a and b, while 

region a has less W content compared to that of region b based on W (110), (211), 

(310) etc. At lower magnifications in STEM, the defective tungsten sulfide can be 

clearly divided into a WS2-rich and W-rich zone, respectively, which can be a result 

of non-uniformity across the film during the H2 treatment process. Moreover, we 

conducted synchrotron-based nano-focus X-ray diffraction to examine the local 

crystal structure in small sample areas. The co-existence of W and WS2 on a sub-µm 

scale (100 × 400 nm
2
) is evident; results are shown in Figure B.14, where clear W(110) 

reflections at 2θ = 40.2° could be observed next to reflections of WS2. In order to 

complete the microstructural analysis, we have conducted SEM and EDX mapping 

measurements to check the morphology and distribution of elements on the µm 

scale. The pinholes (dark regions) shown in SEM images obtained with a Back-

scattered Electron Detector (BSE) (Figure B.15a) are caused by nano-structuring 

during the H2 treatment process, and the merged EDX mapping of O and S indicates 

that there is a slight oxidation of the film. 
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Figure 3.5. a, b) selected area bright field TEM (BF-TEM) images (a0, b0) and HAADF-STEM images (a1, 

b1) of WS0.95, a and b corresponding to different regions of the sample, typical selected area electron 

diffraction (SAED) patterns of a1 and b1 are shown in a2 and b2, respectively; c) radially averaged SAED 

signal for a1 (black curve) and b1 (red curve); d) low magnification STEM image of WS0.95. 

3.3.3 Comparison with metallic W 

We also compared HER activities of the highly defective tungsten sulfide (WS0.37) 

with sputtered metallic tungsten (Figure B.4). Remarkably, WS0.37 shows both lower 

onset potential and much higher current density than those of sputtered W. The 

enhanced HER activity is further illustrated by comparing the Tafel slopes (Figure 

B.4d), where WS0.37 exhibits a smaller value of 77 mV/decade (without 

uncompensated resistance correction) as compared to sputtered W (145 

mV/decade). Additionally, Nyquist plots shown in Figure B.4c indicate that the 

impedance of W is almost three times higher than that of WS0.37 (83 Ω for W and 32 

Ω for WS0.37), which is ascribed to the serious surface oxidation of sputtered W 

(Figure B.5). The earlier onset of catalytic activity and lower Tafel slope of highly 

defective tungsten sulfide suggest that the free binding energy of hydrogen to WS0.37 

is much closer to equilibrium than for stoichiometric WS2 and metallic W. 
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3.3.4 Influence of H2 annealing temperature 

To evaluate the influence of annealing temperature on the structure and activity 

change of 2H-WS2, we treat the as-prepared films at 700 °C in 10 % H2 for different 

time. Figure B.7 shows the XP spectra of defective tungsten sulfide obtained at 700 

°C indicating that the S/W ratio decreases from 2.07 to 1.18 after 1.5 h H2 treatment 

and further decreases to 0.17 after 3 h. As mentioned before, the presence of 

electron-rich sulfur species at BE (S 2p3/2) = 161.5 eV is an indication of the breaking 

of W-S (bulk) bonds; the increasing proportion of this kind of sulfur bond further 

evidences the generation of more defect sites. The morphology of defective tungsten 

sulfide prepared at 700 °C was also studied by TEM shown in Figure B.8. The 

vertically aligned layered WS2 evolves into an irregular defect-rich structure with 

long tubes after 1 h H2 treatment at 700 °C, whereas the tubes disappear and more 

defects are generated with longer annealing time. Further Raman characterization 

(Figure B.9) shows that the intensity of the E2g
1
 and A1g peaks gradually decreases 

with increasing H2 annealing time, which is further evidence of the increasing loss of 

crystallinity. Electrochemical tests were performed on the aforementioned tungsten 

sulfide films to evaluate their HER activity. The CV and LSV curves in Figure B.10 

demonstrate a dramatic increase of the current density and lower onset potential for 

films treated at 700 °C in 10 % H2 for 0.5 to 3 h compared with pristine WS2. 

Surprisingly, further extension of H2 annealing at 700 °C to 6 h shows a much lower 

HER activity compared with H2 treatment for 3 h, and such a trend is also reflected 

in impedance spectra shown in Figure B.10d, where a larger uncompensated 

resistance value is observed for 6 h. 

Under even higher annealing temperature of 850 °C, the S/W ratio sharply 

decreases to 0.16 even with 5 % H2 after 3 h. No further decrease of S/W ratio could 

be observed even if we prolong the annealing time to 6 or 10 h as shown in Figure 

B.11. The influence of high temperature annealing on the crystal structure is also 

reflected in Raman spectra (Figure B.12), which show no obvious Raman features of 

WS2 upon annealing at 850 °C in H2 (5 %) atmosphere for 3 h. Hydrogen evolution 

activity tests in Figure B.13 show that WS0.16 exhibits much higher activity than 

pristine, stoichiometric WS2, but extended exposure to H2 at 850 °C results in a 

decrease of current density and an increase of electron transfer resistance, which is 

consistent with what we observed for defective tungsten sulfide films prepared at 

700 °C. Even though for tungsten sulfide films prepared at 600 °C a lower S/W ratio 
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resulted in a higher HER activity, it seems that a higher H2 annealing temperature 

together with prolonged treatment time leads to a delamination of the films, thereby 

hampering the electron transfer process from substrate to catalyst. 

 
Figure 3.6. a-c) TEM images of WS0.37 (600 °C) (a), WS0.17 (700 °C) (b) and WS0.14 (850 °C) (c); Cyclic 

voltammetry (d) and linear sweep voltammetry (e) curves of highly defective tungsten sulfide prepared at 

different temperatures in 0.5 M H2SO4. Scan rate: 50 mV/s for CV and 5 mV/s for LSV; f) Tafel slopes 

obtained from LSV curves in (e); g) EIS Nyquist plots of corresponding films collected at open circuit 

potential in 0.5 M H2SO4 electrolyte with an AC amplitude of 10 mV. 

Figure 3.6 summarizes the comparison of defective tungsten sulfide films 

prepared at different temperatures. (S)TEM images show that under different 
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annealing temperatures the initial vertically aligned lamella structure turns into 

highly defective structures with the presence of nanotubes (WS0.37, Figure 3.6a and 

discontinuous flakes (WS0.14, Figure 3.6c). The electrocatalytic activity towards HER 

of the as-prepared tungsten sulfide films is also evaluated (Figure 3.6d, e), and both 

CV and LSV curves exhibit a prominent increase of current density and an earlier 

onset of catalytic activity. Despite the fact that the smaller S/W ratio suggests that 

more sulfur vacancies are produced which would contribute to an improved 

hydrogen evolution activity, highly defective tungsten sulfides such as WS0.17 and 

WS0.14 prepared at 700 and 850 °C, respectively, cause issues such as severe film 

discontinuities and loss of catalyst material, as evidenced by the appearance of Si in 

the XPS survey spectrum. Electrochemical impedance spectroscopy (EIS) is 

presented in Figure 3.6f to investigate the electrode kinetics under HER conditions. 

The measurements were carried out from 10
4
 to 1 Hz at open-circuit potential (OCP). 

The impedance data demonstrate an uncompensated resistance of 31 Ω for WS0.37, 

while tungsten sulfide films annealed at higher temperature present almost two (52 

Ω for WS0.17) or three (86 Ω for WS0.14) times larger values than that of WS0.37. 

Besides, the S/W ratio decreases rapidly at high H2 annealing temperature, which 

makes it difficult to control the generation of sulfur vacancies and W metal clusters. 

Therefore, a moderate annealing temperature (i.e. 600 °C) is ideal to produce highly 

defective tungsten sulfide with nanostructures that provide more exposed active 

sites for hydrogen evolution without slowing down the kinetic processes such as 

electron or charge transfer in the films. 

3.3.5 Electrochemical evaluation of defective WS2−x on porous 

carbon fiber paper support 

To further demonstrate the applicability of the H2 annealing method to prepare 

efficient HER catalysts, we have used conductive porous carbon fiber paper (CFP) as 

substrate. The polarization curves shown in Figure 3.7a demonstrate the HER 

activities of tungsten sulfide with different S/W ratios (XPS shown in Figure B.16), 

which show similar trends for those on SiO2/Si substrates: the smaller the S/W ratio, 

the higher the HER activity. The linear portions of the Tafel plots before (solid lines, 

Figure 3.7c) and after uncompensated resistance correction (iR-corrected, dashed 

lines, Figure 3.7c) are fitted to the Tafel equation (η = b log j + a, where j is the 

current density and b is the Tafel slope), yielding Tafel slopes of ~73 (without IR 

correction) or ~60 mV/decade (iR-corrected). Typically, a Tafel slope of ~120 
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mV/decade indicates that the rate-limiting step is the Volmer reaction (H
+
 + e− → 

Hads) and the rate-limiting step becomes the Heyrovsky reaction (Hads + H
+
 + e− → 

H2) when the Tafel slope is ~40 mV/decade.
[16]

 Therefore, the substantially decreased 

Tafel slope from 152 mV/decade (WS1.97) to 54 mV/decade (WS0.44) suggests that the 

HER mechanism on highly defective tungsten sulfide becomes Volmer-Heyrovsky-

type with electrochemical desorption of hydrogen as the rate-limiting step.
[16, 29]

 

 
Figure 3.7. a) Linear sweep voltammetry (LSV) curves of WS2−x prepared on carbon fiber paper; dashed 

lines are obtained after film resistance correction; b) Tafel slopes for WS2−x obtained from LSV curves in 

(a); c) EIS Nyquist plots of corresponding samples collected at open circuit potential with an AC 

amplitude of 10 mV, inset: zoom-in Nyquist plots; d) Electrochemical double layer capacitance (Cdl) of 

WS1.97, WS1.08 and WS0.44. Electrolyte: 0.5 M H2SO4, LSV scan rate: 5 mV/s. 

To evaluate the relative differences in electrochemical active surface area of 

tungsten sulfide with various S/W ratios, we have used cyclic voltammetry (CV) 

where we have assumed that the current response recorded in the potential window 

(0.1-0.2 V vs. RHE) with different scan rates (20-180 mV/s) (Figure B.17) is only due 

to the capacitive charging of the double layer. By drawing the differences between 

anodic and cathodic current densities (Δj = ja − jc) against the CV scan rates at a 

given potential (0.15 V vs. RHE), a linear fitting can be conducted from the curve 

which is shown in Figure 3.7d. The significant increase of active sites for highly 

defective tungsten sulfide is illustrated by the increase of Cdl from 11 µF/cm
2
 (WS1.97) 

to 23 µF/cm
2
 (WS0.44). Since the significant increase of HER activity far exceeds the 
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increase of surface area, we assume this trend to be related to the intrinsically more 

active nature of the highly defective tungsten sulfide. 

Next to its activity, the stability is a similarly important criterion of a promising 

electrocatalyst. To evaluate the stability of the as-prepared defective tungsten 

sulfide, long-duration chronopotentiometric measurements of HER were conducted 

at a constant current density of −4.45 mA/cm
2
 for WS0.44, as shown in Figure B.18. 

There is a slight decrease of the potential at the beginning which quickly stabilizes 

and remains constant within ±5 mV until the end of the test after 24 h. XPS sputter 

depth profiling of WS0.44 after HER testing (Figure B.19) shows the initial appearance 

of a sulfate peak and an increase of W(VI)-O peak, which is due to the oxidation of 

the surface in the electrolyte. However, after 10 cycles (~20 nm) of Ar
+
 sputtering, the 

content of W(VI)-O is similar to fresh samples indicating that oxidation is confined 

to the topmost surface layers. The highly defective tungsten sulfide film (WS0.44) 

exhibits a low Tafel slope of 54 mV/decade, which compares well with other reported 

WS2-based HER catalysts (see Table B.1).
[20, 30]

 

3.3.6 DFT modelling of H adsorption on defective WS2−x 

To gain atomic-level insight into the enhanced intrinsic HER activity of W/WS2−x, 

we have performed DFT calculations to investigate the hydrogen adsorption free 

energies of the defective tungsten sulfides for HER. Firstly, the Gibbs free energies 

for hydrogen adsorption (ΔGH) on a stoichiometric WS2 (0001) basal plane (BP) 

(without sulfur vacancies) and defective BP (with S vacancy site) have been 

calculated, where ΔGH shows a much smaller value of +0.17 eV on an S vacancy site 

compared to +2.33 eV on the perfect BP (Figures B.20-22). However, the positive 

value of ΔGH indicates that hydrogen adsorption on both WS2 BP and defective BP is 

endothermic and therefore is unlikely to occur. As discussed, in the H2-annealed 

material, there co-exist a WS2-rich zone and a W-rich zone where both perfect and 

defective WS2 BP are present. Even though XPS analysis shows the presence of W-O 

species on the surface, former studies indicate that W sites in WO3 are inert for 

hydrogen adsorption.
[31]

 Also, according to the Pourbaix diagram for the tungsten-

water system at 25 °C, the prevailing phase under the applied potential/pH 

conditions should be W
0
.
[32]

 Therefore, we have calculated ΔGH on a plausible active 

site model structure in the form of a tetrahedral W4 cluster supported on either 

perfect or defective basal planes of 2H-WS2. Now, adsorption energies are 

exothermic and in both cases show a value that is much closer to equilibrium, which 
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indicates that they are HER-active sites. Additionally, we propose that the creation 

of W-rich zones through the growth of W-clusters on both the perfect and defective 

WS2 BP may impact on the electronic structure and improve the intrinsic electronic 

conductivity of the WS2 nanosheets. To verify this hypothesis, we have calculated the 

partial density of states (PDOS) of the perfect WS2 monolayer and those with a 

tetrahedral W4 cluster supported on either the perfect or defective basal planes, as 

shown in Figure B.23. The results indicate that compared to the perfect WS2 

monolayer bandgap of 1.98 eV, the growth of the W-clusters on the perfect WS2 

monolayer (S/W =1.72) introduces donor states (intermediate states) in the band 

gap, whereas W-clusters on the defective WS2 monolayer (S/W =1.52) narrow the 

bandgap to 0.85 eV. Through both the intermediate states and the narrowed 

bandgap, electrons at the valence band edge can be excited more easily to the 

conduction band edge, suggesting that the growth of W-clusters could introduce 

more charge carriers and improve the intrinsic conductivity of the WS2 material. The 

enhanced electrical conductivity together with more optimal hydrogen adsorption 

energies on the W-clusters are primary reasons leading to the enhanced HER activity 

of the WS2 materials with lower S/W ratios. 

 Conclusion 3.4

In summary, we have presented a versatile method to prepare highly defective 

tungsten sulfide which exhibits an improved activity in the electrochemical H2 

evolution reaction. We have demonstrated the generality of this method by applying 

it to WS2 supported on various substrates (SiO2/Si, Si3N4, and carbon fiber paper). 

The S/W ratio, and with that the HER activity, can be tuned via changing the H2 

annealing temperature, time and H2 concentration. With decreasing S/W ratio, we 

succeeded in tuning the amount of S vacancies and W nanoparticles which both are 

intrinsically more active than the basal planes of WS2. The superior catalytic activity 

towards hydrogen evolution has been supported by a low Tafel slope of 54 

mV/decade for highly defective tungsten sulfide (WS0.44). We presume that the 

remarkable HER performance of the highly defective tungsten sulfide films relates to 

their unique properties which feature the following advantages: (1) nanostructuring 

and texturization during H2 treatment generate more active sites; (2) the intrinsic 

catalytic activity of the W clusters on either perfect or defective basal planes 

contributes to the improvement of activity; (3) the presence of metallic W in the 
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defective WS2−x films improves the intrinsic electronic conductivity thus facilitating 

charge transfer through the films. Our approach does not only provide a 

fundamental platform to study the role of sulfur vacancies and W content in highly 

defective WS2−x in the HER, but it is also applicable to a wide range of other 

transition metal chalcogenides. To arrive at a conclusive understanding of the role of 

metallic W species in the HER over-defective WS2−x, further studies, ideally under 

electrochemical operando conditions, are needed. 
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Appendix B 
Supporting information for Chapter 3 
 

A.1 X-ray crystallography 

 

Figure B.1. Grazing-incidence X-ray diffraction (GI-XRD) of a stoichiometric WS2 film on SiO2/Si 

substrate prepared at 600 °C. 
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B.2 in-situ tracking of desulfurization 

 

Figure B.2. W 4f and S 2p X-ray photoelectron (XP) spectra of a tungsten sulfide film on SiO2/Si before 

(a) and after annealing (b) in 5 mbar H2 at 600 °C for 2 h. 

B.3 Defective tungsten sulfide 

 

Figure B.3. TEM image of WS0.37 prepared at 600 °C. 
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Figure B.4. Cyclic voltammetry (a) and linear sweep voltammetry (b) curves of WS0.37 and sputtered W in 

0.5 M H2SO4, Scan rate: 50 mV/s for CV and 5 mV/s for LSV; c) Electrochemical impedance spectroscopy 

(EIS): Nyquist plots of WS0.37 collected at open circuit potential in 0.5 M H2SO4 electrolyte with an AC 

amplitude of 10 mV; d) Tafel plots recorded with polarization curves shown in (b). 

 

Figure B.5. XP spectra of sputtered W on SiO2/Si. 
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Figure B.6. Cyclic voltammetry curves of as-prepared defective tungsten sulfide in 0.5 M H2SO4. Scan 

rate: 50 mV/s. 
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B.4 H2 annealing temperature variations 

 

Figure B.7. a-e) XP spectra of tungsten sulfide films annealed in 10 % H2 at 700 °C for 0.5 (a), 1 (b), 1.5 (c), 

2 (d) and 3 (e) h; f) composition analysis of as-prepared tungsten sulfide films based on the XPS results. 
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Figure B.8. TEM images of tungsten sulfide films annealed in 10 % H2 at 700 °C for 0 (a), 1 (b), 1.5 (c) and 3 

h (d). 
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Figure B.9. Raman spectra of tungsten sulfide films annealed in 10 % H2 at 700 °C for different annealing 

times. 

 

Figure B.10. Cyclic voltammetry (a) and Linear sweep voltammetry (b) curves of WS2 obtained after H2 

treatment in 10 % H2 at 700 °C with different time in 0.5 M H2SO4, Scan rate: 50 mV/s for CV and 5 mV/s 

for LSV; c) Electrochemical impedance spectroscopy (EIS) Nyquist plots of as-prepared tungsten sulfide 
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collected at open circuit potential in 0.5 M H2SO4 electrolyte with an AC amplitude of 10 mV; d) zoom-in 

Nyquist plots of tungsten sulfide films in c). 

 

Figure B.11. a-c) XP spectra of tungsten sulfide films annealed in 5 % H2 at 850 °C for 3 (a), 6 (b) and 10 (e) 

h; f) composition analysis of as-prepared tungsten sulfide films based on the XPS results. 
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Figure B.12. Raman spectra of tungsten sulfide films annealed in 5 % H2 at 850 °C with different time. 

 

Figure B.13. Cyclic voltammetry (a) and linear sweep voltammetry (b) curves of WS2 obtained after H2 

treatment in 5 % H2 at 850 °C with different time in 0.5 M H2SO4, Scan rate: 50 mV/s for CV and 5 mV/s 

for LSV; c) Electrochemical impedance spectroscopy (EIS) Nyquist plots of as-prepared tungsten sulfide 

collected at open circuit potential in 0.5 M H2SO4 electrolyte with an AC amplitude of 10 mV; d) zoom-in 

Nyquist plots of tungsten sulfide films in c). 
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B.5 Structure and chemical analysis 

 

Figure B.14. Nano-focus XRD pattern of WS1.47 on SiO2/Si beam recorded at a beam energy of 8 keV and 

beam size of 100×400 nm2 indicating the presence of both WS2 and W in the beam volume. 

 

Figure B.15. a) SEM image (left) and merged EDX mapping for O (cyan) and S (red) of WS0.95; b) EDX 

elemental mapping of WS0.95 for W (blue), O (cyan) and S (red); c) elemental analysis of WS0.95 based on 

EDX results. 
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B.6 WS2-x on Carbon Fiber Paper (CFP) 

 

Figure B.16. a-d) XP spectra of WS1.97 (a), WS1.89 (b), WS1.50 (c), WS1.08 (d) and WS0.44 (e) on CFP; f) 

composition analysis of as-prepared tungsten sulfide films based on the XPS results. 

 

Figure B.17. Cyclic voltammograms of the WS1.97 (a), WS1.08 (b) and WS0.44 on carbon fiber paper (CFP) at 

various scan rates (20-180 mV/s) used to estimate the double layer capacitance (Cdl) and relative 

electrochemically active surface area. 
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Figure B.18. HER stability testing. Chronopotentiometric responses (V-t) recorded from WS0.44 on CFP at 

a constant current density of 4.45 mA/cm2. 

 

Figure B.19. XP spectra of WS0.44 on CFP after electrochemical stability test (a) and sputtered with Ar+ ion 

gun for 10 cycles (estimated depth ~20 nm) (b). 
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Table B.1. Summary of recently reported efficient WS2-based HER electrocatalysts 

Sample 
Tafel slope 

(mV/decade) 

Exfoliated 1T-WS2 nanosheets
[30a] 

55 
Freeze-dried WS2/rGO after 

annealing
[30b] 58 

Ultra-thin WS2 nanoflakes
[30c] 

48 
WS2@P, N doped graphene

[30d] 
53 

WS2 nanosheets from ball milling
[20] 

72 
Highly defective WS0.44 (this work) 60 

 

B.7 Density Functional Theory (DFT) modeling 

    The first-principles calculations were performed by using the Vienna ab-initio 

simulation (VASP) package,
[33]

 a periodic plane wave DFT code which includes the 

interactions between the core and valence electrons using the Projector Augmented 

Wave (PAW) method.
[34]

 The electronic exchange–correlation potential was 

calculated using the GGA-PBE functional.
[35]

 Wave functions were expanded in a 

plane wave basis with a high energy cutoff of 600 eV. The convergence criterion was 

set to 10
-6

 eV between two ionic steps for the self-consistency process, and 0.02 eV/ Å 

was adopted for the total energy calculations. A vacuum region of 15 Å was added 

along the normal direction to the monolayer to avoid interactions between adjacent 

images. The Brillouin zone was sampled sing an 8 × 8 × 1 Monkhorst-Pack k-point 

meshes, which were found to be sufficient to obtain well-converged results H-WS2 

systems. Van der Waals dispersion forces were accounted for in all calculations 

through the Grimme DFT-D3 functional,
[36]

 which adds a semi-empirical dispersion 

potential to the conventional Kohn–Sham DFT energy. 

   We adopt the common used approach that hydrogen generation from 

electrochemical water splitting involves two reaction steps for the analysis of HER 

performance.
[37]

 The HER is a classic example of a two-electron transfer reaction with 

one catalytic intermediate, H
*
 (where * denotes a site on the surface able to bind to 

hydrogen), and may occur through either the Volmer-Heyrovsky (H
+
 + e

−
 + H

*
 → H2 

+ *) or the Volmer-Tafel (2H
*
 → H2 + 2*) mechanism.

[38] 
The free energy of H

+
 + e

−
 is 

the same as that of 1/2H2 at standard conditions.
[37]

 The Gibbs free energy of 

hydrogen adsorption (ΔGH), the best known descriptor for the hydrogen evolution 

activity was calculated by the free energy with respect to molecular hydrogen 

including zero-point energy and entropy terms via: 
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∆𝐺𝐻  =  ∆𝐸𝐻 +  ∆𝐸𝑍𝑃𝐸  − 𝑇∆𝑆𝐻                            (1) 

where ∆EH is the adsorption energy of hydrogen which is defined as: 

∆𝐸𝐻  =  𝐸𝑊𝑆2+𝐻  −  𝐸𝑊𝑆2
 −  

1

2
𝐸𝐻2

                       (2) 

The ∆EZPE in equation 1 is the difference in zero point energy between the adsorbed 

hydrogen and hydrogen in gas phase, and ∆SH is the entropy difference between 

adsorbed state and gas phase. We can take the entropy of atomic hydrogen as 

∆𝑆𝐻  =  −𝑆𝐻2
 / 2, where 𝑆𝐻2

 is the entropy of molecule hydrogen in gas phase. Under 

standard conditions, ∆EZPE − T∆SH is 0.24 eV, therefore ∆GH = EH + 0.24 eV. 

 

 

Figure B.20. Calculated Gibbs free energy for hydrogen adsorption on perfect and defective (S-vacancy 

site) WS2 basal (0001) plane (BP). 
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Figure B.21. Calculated Gibbs free energy for hydrogen adsorption on the probable adsorption sites of a 

tetrahedron W cluster on the perfect WS2 basal (0001) plane (BP). 

 

Figure B.22. Calculated Gibbs free energy for hydrogen adsorption on the probable adsorption sites of a 

tetrahedron W cluster on the defective WS2 basal plane (BP). 
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Figure B.23. The partial density of states (PDOS) of (a) perfect WS2, (b) W-cluster on perfect WS2, and (c) 

W-cluster on defective WS2. 
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  Chapter 4
Role of Li Adsorption in the MoS2 Catalyzed 

Hydrogen Evolution Reaction 
 

ABSTRACT 

In this chapter, we present a comprehensive and systematic investigation of the 

influence of Li adsorption on the 1T phase formation and catalytic performance of a 

series of lithiated MoS2 materials, LixMoS2. The beneficial role of Li adsorption on 

MoS2 in catalyzing the hydrogen evolution reaction is observed and reported for the 

first time. Importantly, with the assistance of 
7
Li MAS NMR spectroscopy, we could 

discriminate excess Li from Li adsorbed on MoS2. Furthermore, we have used NO as 

an infrared probe molecule to titrate the number of edge (active) sites, which 

provides a reliable way to evaluate the turnover frequency (TOF) of the hydrogen 

evolution activity of our MoS2 materials. The red shifts in the FTIR-NO stretching 

vibration spectra further confirmed the interaction between Li and MoS2. 

 

 
 

This chapter has been submitted as  

Role of Li Adsorption in the MoS2 Catalyzed Hydrogen Evolution Reaction 

L. Wu, N. Y. Dzade, M. Yu, B. Mezari, A. J. F. Van Hoof, N. H. De Leeuw, E. J. M. Hensen, J. P. 
Hofmann.  
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 Introduction 4.1

Molybdenum disulfide (MoS2) has demonstrated significant potential to replace 

noble metal-based catalysts in electrochemical hydrogen production. Like other 

transition metal dichalcogenides (TMDs), MoS2 can exist in different polymorphs, 

i.e. the 2H (trigonal prismatic D3h), 1T (octahedral Oh), and 3R (rhombohedral C3v
5
) 

phases.
[1]

 By tuning the arrangement of the S atoms, MoS2 can convert from the 

semiconducting 2H to the metallic 1T phase. Such a re-arrangement of S atoms is 

typically caused by interlayer atomic plane gliding induced by the intercalation of 

small molecules or cations
[2]

. Alkali metal cations, especially Li, are typically used to 

intercalate between the MoS2 layers to induce the 2H to 1T phase conversion.
[3]

 

Despite many years of study the crystal structure of lithium-intercalated MoS2 (1T'-

LixMoS2) is still not well understood, as the 1T' phase is metastable and can easily 

change to the 2H phase
[3-4]

. Furthermore, the quick hydration of Li in aqueous 

solution makes stable operation of 1T-MoS2 under HER conditions challenging
[5]

. 

Upon Li intercalation, the crystal structure of MoS2 is modified, shown by the 

emergence of broad diffraction peaks and a distinct redshift of Raman modes
[6]

. 

However, previous works have mostly assumed only a 2H to 1T phase conversion 

upon adequate intercalation of Li ions without tracking the behavior of adsorbed 

Li
[6-7]

. Even though there are several theoretical works in the literature, investigating 

the structural transitions in MoS2 monolayers induced by Li adsorption
[8]

, a 

systematic experimental study on the effect of Li adsorption is still lacking. 

Since the discovery of 1T-MoS2, it has emerged as a promising candidate for a broad 

range of applications, including photocatalysis or supercapacitors, and in particular 

as electrocatalyst for the hydrogen evolution reaction (HER)
[2b, 9]

. Bulk 2H-MoS2 is a 

poor HER catalyst as it is limited by the density of active sites, which are 

concentrated at the layer edges. Significant research efforts have been devoted to 

synthesis strategies that can expose more active (edge) sites to enhance the overall 

HER performance, e.g. nano-particulate MoS2, nanostructured MoS2, or MoS2 basal 

planes with sulfur vacancies
[10]

. In contrast to its 2H counterpart, the significant 

catalytic improvement towards HER of 1T-MoS2 has been ascribed to the intrinsic 

activity of its basal planes
[4a]

. Numerous studies have reported the structural change 

(extensive layer displacement or bond distortion) of 2H-MoS2 to 1T-MoS2 after Li 

intercalation, and DFT modeling suggests that the catalytic improvement of Li-

intercalated MoS2 can be attributed to octahedral and distorted MoS2 phases
[5d, 11]

. 
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Nonetheless, a more direct role of the Li ions, which are inevitably present in 1T-

MoS2, in HER catalysis has never been proven. In most cases, excessive amounts of Li 

are used to induce the 2H-1T structural transformation
[5b, 7, 12]

. However, considering 

that the local surface chemistry governs the catalytic performance, both excess Li 

and Li adsorbed on the catalysts may play a vital role during the catalytic reaction. 

Here, we report on our investigation of the role of Li in the MoS2-catalyzed HER. 

The influence of Li adsorption on the MoS2 2H to 1T phase transformation was 

systematically investigated by X-ray photoelectron (XPS) and extended X-ray 

absorption fine structure (EXAFS) spectroscopies. With the assistance of in-situ IR 

spectroscopy with NO as a probe molecule, as well as 
7
Li MAS NMR spectra, we were 

able to identify the interaction between Li ions and MoS2. Interestingly, Li-adsorbed 

2H-LixMoS2 (0 < x < 0.5) presents much higher activity than 1T-LixMoS2 (x = 1 or 2) 

which sheds new light on understanding the intrinsic activity of lithiated TMDs. 

This systematic investigation on the adsorption and promotion effects of Li on MoS2 

in the electrocatalytic HER will provide a new platform for designing effective 

TMDs-based catalysts. 

 Experimental 4.2

4.2.1 Chemicals 

Ammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24 · 4H2O, > 99.3 %) and 

LiNO3 (≥ 98.0 %) were purchase from Merck. Activated carbon (NORIT RX-3 extra) 

was sieved to 125 – 250 μm and had a pore size of 1 cm
3
 g

−1
. γ-alumina was sieved to 

75-125 μm and had a pore size of 0.65 cm
3
 g

−1
. Sulfuric acid (H2SO4, 99.999 %) was 

purchased from Sigma-Aldrich. To prepare a 0.1M H2SO4 electrolyte, 2.665 mL 

sulfuric acid was added to a certain amount of Milli-Q water (18 MΩ cm) and filled 

up to 500 mL in a volumetric flask. All chemicals and materials were used as received 

without further purification. 

4.2.2 Synthesis of LixMoS2 

The LixMoS2 catalysts were prepared by impregnation of activated carbon (pore 

volume 1 cm
3
 g

−1
) with aqueous solutions of the precursors. Typically, a certain 

amount of (NH4)6Mo7O24 · 4H2O and LiNO3 were dissolved in 3 mL water, and the 

as-prepared solution was transferred and filled up to 10 mL in a volumetric flask. 500 

μL precursor solution was impregnated to 500 mg activated carbon. Then, the 
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catalysts were left on the roller band for 2 h and dried overnight at 110 °C. The dried 

catalysts (100 mg) were sulfurized in 10 % H2S in H2 (40 ml min
−1

) at 350 °C under 

atmospheric pressure for 2 h with a heating rate of 6 °C min
−1

. 

4.2.3 Material Characterization 

XPS measurements were conducted on ThermoScientific K-Alpha spectrometer 

with a monochromatic X-ray source (E(Al Kα) = 1486.6 eV). The spectra were 

calibrated by setting C 1s peak of adventitious carbon to 284.6 eV and fitted by 

CasaXPS software using a U2 Tougaard background subtraction and Gaussian (70%)-

Lorentzian (30%) line shapes. Survey scans were collected at constant pass energy of 

200 eV and region scans at 50 eV. 
7
Li NMR experiments were performed on a Bruker 

Avance DMX500 instrument operating at 194 MHz for 
7
Li in a magnetic field of 11.7 

Tesla. The measurements were carried out using a 2.5-mm MAS probe head with a 

sample rotation rate of 20 kHz. 
7
Li 1D spectra were recorded with a single pulse 

sequence with a 90° pulse duration of 5 µs and an interscan delay of 320 s. Higher 

interscan delays showed no significant increase in intensity. 2D exchange (NOESY) 

spectra were recorded by use of a pulse sequence p1-d0-p1-tmix-p1-acquisition (90° 

pulse p1 = 5 μs, delay time d0 = 2.5 µs and mixing times tmix of 10 μs, 100 μs, 100 ms, 

and 1s). An interscan delay of 3 s was chosen. The 
7
Li chemical shift is referred to a 

saturated aqueous LiCl solution. The different samples were loaded in a 2.5-mm 

zirconia NMR rotor in a glovebox and closed with an SP1 cap. Afterwards, the rotor 

was transported to the NMR probe head under N2 atmosphere. TEM images were 

acquired with a Tecnai 20 transmission electron microscope (FEI Company, now 

Thermo Fisher Scientific) equipped with a LaB6 filament and operated at an 

acceleration voltage of 200 kV. The sulfurized catalysts were transported to an argon 

filled glovebox and dispersed in dry n-hexane, then a few droplets were placed on Cu 

TEM grids. The particle size and stacking was evaluated based on around 100 

particles with ImageJ software 
[13]

. Infrared spectra were recorded on a Nicolet FT-IR 

spectrometer equipped with a liquid N2-cooled MCT detector. IR pellets (D = 13 mm) 

were prepared from catalysts impregnated on γ-alumina (pore volume 0.65 cm
3
 g

−1
) 

support, the samples were pressed as a self-supporting wafers of around 10 mg cm
−2

. 

Then, the pellets were placed in a home-made in-situ cell equipped with CaF2 

windows, and sulfurized at 350 °C for 2 h (6 °C min
−1

) with 10 % H2S in H2 (40 mL 

min
−1

). After cooling down to room temperature, the cell was flushed with N2 for 15 

mins. Afterwards, the sample was heated again to 350 °C for 1 h (6 °C min
−1

), and the 
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cell as evacuated overnight to reach a pressure below 10
−5

 mbar. The MCT detector 

was cooled down with liquid N2, and molecular NO was passed through a liquid 

N2/1-propanol cold trap and introduced via a calibrated sample loop connected to a 

pressure gauge. Spectra were recorded (256 scans, resolution: 4 cm
−1

) after each 

aliquot up to an equilibrium of around 0.6 mol (NO) mol (Mo)
−1

. All spectra were 

baseline corrected in the range of 1200-2200 cm
−1

 in OMNIC software and presented 

in absorbance mode. 

X-ray absorption spectroscopy (XAS) were recorded at the Dutch-Belgian beamline 

BM26A (DUBBLE) at the European Synchrotron ESRF, operating at 6 GeV with a 

beam current of 200 mA. LixMoS2/C samples were mounted as self-supporting wafers 

by dispersing 50 mg catalysts in 50 mg cellulose. Then, the mixtures were grinded 

and pressed by a manual press and sealed with Kapton foil in a glovebox. Mo foil was 

used as a reference for energy calibration, all spectra were collected in transmission 

mode at the Mo K-edge (20 keV). EXAFS spectra were background subtracted with 

Athena and fitted with Artemis software
[14]

. Scattering paths were calculated by 

FEFF6
[14]

 from molybdenite (MoS2) crystal structure from American Mineralogist 

Crystal Structure Database
[15]

. The fitting range of Mo K-edge was ∆k = 2-12 Å
−1

 and 

∆R = 1-3 Å. Plotted spectra were not phase-corrected and have a k-weight of 3. 

4.2.4 Electrochemical measurements 

Electrochemical tests were performed in a three-electrode electrochemical cell 

with a saturated Hg(I)/Hg2Cl2(s)/KCl electrode as reference, Pt foil as counter 

electrode and catalysts modified glassy carbon electrodes (GCE) as working 

electrodes (electrode preparation details can be found in Apendix C.8). The 

reference electrode was calibrated with respect to a reversible hydrogen electrode 

(RHE), and has a potential of +0.269 V vs. RHE. HER measurements were carried out 

in Ar saturated 0.1 M H2SO4, CV and LSV curves were recorded at scan rate of 50 and 

5 mV s
−1

, respectively. Electrochemical impedance spectroscopy (EIS) was carried out 

from 10 kHz to 1 Hz at open circuit potential (OCP) (Figure C.16). To evaluate the 

electrochemical active surface area (ECSA), CV curves were recorded from VOCP 

−0.05 to VOCP +0.05 V with scan rates of 20, 40, 60, 80, 100 mV s
−1

. The double layer 

capacitance (Cdl) was extracted by plotting ∆j = ja ─ jc (ja and jc corresponds to anodic 

and cathodic current densities, respectively) at VOCP against the CV scan rates with 
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the following equation: 
𝑗𝑎 − 𝑗𝑐

2
=  𝐶𝑑𝑙  

𝑑𝐸

𝑑𝑡
 . The current density for both CV and LSV 

curves was normalized by the geometric surface area of the electrode. 

4.2.5 TOF calculation 

To evaluate the hydrogen evolution reaction (HER) rate per active site and per 

time (defined as TOF, s
−1

), the number of active sites (Nactive) needs to be determined. 

Here, we assumed that Mo-edges are active sites for HER. Then, based on NO 

titration curves (Figure C.12), we can calculate the fraction of Mo-edges (~ 0.2 ± 

0.02). As the Mo loading amount was determined by ICP-OES, the number of Mo-

edges on GCE can be determined by the following equation: Nactive = 
𝑚 ×0.001 × 𝑤𝑡% × 𝑁𝐴

𝑀 (𝑀𝑜)
 × 0.2, where m is the loading of catalyst on the electrode (0.1 mg in 

our case), wt % is the weight percentage of Mo determined by ICP, NA is Avogadro 

constant (6.022× 1023 𝑚𝑜𝑙−1). The TOF was then determined by the equation: 

𝑇𝑂𝐹 (𝑠−1) =  
𝑗 (𝐴 𝑐𝑚−2)×𝑆 (𝑐𝑚2)×

1

2 

𝑁𝑎𝑐𝑡𝑖𝑣𝑒  × 𝑞𝑒
 , j was derived from the current generated during 

HER, S is the geometric surface area of the working electrode, and 𝑞𝑒 is the electron 

charge (1.602×10
−19

 C). 

4.2.6 Computational details 

First-principles calculations were performed using the Vienna ab-initio simulation 

(VASP) package,
[16]

 a periodic plane wave DFT code which includes the interactions 

between the core and valence electrons using via the Projector Augmented Wave 

(PAW) method.
[17]

 The electronic exchange-correlation potential was calculated 

using the GGA-PBE functional.
[18]

 Wave functions were expanded in a plane wave 

basis with a high energy cutoff of 600 eV and the convergence criterion was set to 

10
−6

 eV between two ionic steps for the self-consistency process. A vacuum region of 

20 Å was added along the normal direction to the MoS2 monolayers to avoid 

interactions between adjacent images. The Brillouin zone was sampled using a 9 × 9 

× 1 Monkhorst-Pack k-point mesh. Van der Waals dispersion forces were accounted 

for in all calculations through the Grimme DFT-D3 functional,
[19]

 which adds a semi-

empirical dispersion potential to the conventional Kohn–Sham DFT energy.
[19]

 In 

order to obtain the equilibrium lattice constant, full relaxations were conducted on 

the 2H and 1T MoS2 monolayers in Figure C.19. The lattice constant of the 2H-MoS2 

is 3.168 Å, the bond length of Mo–S and Mo-Mo is 2.415 Å and 3.168 Å, respectively, 
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whereas the lattice constant of the 1T-MoS2 monolayer is 3.192 Å, where Mo–S and 

Mo-Mo bond lengths are 2.421 Å and 3.192 Å, respectively. The 2H-MoS2 is shown to 

be a semiconductor with a bandgap of 1.59 eV (Figure C.19a), whereas the 1T-MoS2 

monolayer is metallic (Figure C.19b) in excellent agreement with earlier theoretical 

predictions.
[20]

 Both valence and conduction bands of the 2H-MoS2 are composed 

mainly of the Mo 3d states and some S 3p states, similar to the electronic states 

around the Fermi level of the 1T-MoS2. The optimized monolayers were used to 

truncate the MoS2 structures to obtain Mo-terminated edges along the (101̅0)-2H 

and (0001)-1T crystallographic planes for the Gibbs free energy of hydrogen 

adsorption (ΔGH*) calculations. A vacuum region of 20 Å was added along the 

normal direction to the Mo-edges to avoid interactions between adjacent images. A 

single Mo-edge row separated by 15 Å vacuum was considered in the y-direction, so 

that this layer was also isolated in this direction. The modeled structures involve the 

monolayer 1T-MoS2 with increasing lithium ions adsorbed on both sides of the layer, 

as shown in Figure C.19. The surface formation energy (Esurf-form) of the Mo-edge 

surfaces without and with adsorbed Li is calculated using equations (1) and (2) 

respectively: 

    𝐸𝑠𝑢𝑟𝑓−𝑓𝑜𝑟𝑚  =  
𝐸𝑀𝑜−𝑒𝑑𝑔𝑒

𝑟𝑒𝑙𝑎𝑥𝑒𝑑  −𝑛𝐸𝑏𝑢𝑙𝑘
𝑟𝑒𝑙𝑎𝑥𝑒𝑑

2𝐴
                                        (1) 

  𝐸𝑠𝑢𝑟𝑓−𝑓𝑜𝑟𝑚  =  
𝐸𝑀𝑜−𝑒𝑑𝑔𝑒 + 𝑚𝐿𝑖

𝑟𝑒𝑙𝑎𝑥𝑒𝑑  −𝑛𝐸𝑏𝑢𝑙𝑘
𝑟𝑒𝑙𝑎𝑥𝑒𝑑 −𝑚𝐸𝐿𝑖

2𝐴
                         (2) 

where 𝐸𝑀𝑜−𝑒𝑑𝑔𝑒
𝑟𝑒𝑙𝑎𝑥𝑒𝑑  is the energy of the relaxed slab, 𝑛𝐸𝑏𝑢𝑙𝑘

𝑟𝑒𝑙𝑎𝑥𝑒𝑑 is the energy of an equal 

number (n) of bulk MoS2 units, 𝑚𝐸𝐿𝑖 is the energy of an equal number (m) of bulk Li 

metal (per atom) and A is the area of the surface.  

Bader population analyses were carried out using the code developed by 

Henkelman and co-workers
[21]

 in order to quantify charge changes in the S and Mo 

atoms after Li adsorption. Insight into the electron density redistributions within the 

LixMoS2 monolayers due to the adsorption of Li atoms was gained through a 

differential charge-density difference (Δρ) isosurface analysis obtained using 

equation (3):  

∆𝜌 =  𝜌𝐿𝑖−𝑀𝑜𝑆2
 −  (𝜌𝑀𝑜𝑆2

 +  𝜌𝐿𝑖−𝑙𝑎𝑦𝑒𝑟)                             (3)                                   

where ρ is the electronic charge density and the subscripts Li-MoS2, MoS2, and Li-

layer refer to the adsorbate-substrate Li-MoS2 monolayer, isolated MoS2 monolayer 

and isolated adsorbate Li-layer, respectively. The atomic positions of the isolated 

MoS2 monolayer and of the Li array are kept the same as those of the total Li-MoS2 
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system, which ensures that the presentation highlights local electron density 

rearrangement due the adsorption process.  

The core-level binding energy (ECL), which is the energy required to remove a core 

electron from the atom of interest was calculated as the energy difference between 

two separate calculations
[22]

 based on the equation: 𝐸𝐶𝐿  =  𝐸(𝑛𝑐  −  1)  − 𝐸(𝑛𝑐). The 

first involves a standard DFT calculation, wherein the number of core electrons 

corresponds to the unexcited ground state [E(nc)], whereas in the second 

calculation, one electron is removed from the core of one particular atom and added 

to the valence or conduction band [E(nc −1)]. Core-level binding energy shifts (ECLS) 

represent the changes in binding of specific core electrons (ECL) of atoms of interest 

compared to reference atoms, which are typically located in a different environment, 

as per the equation 𝐸𝐶𝐿𝑆  =  𝐸𝐶𝐿  −  𝐸𝐶𝐿
𝑟𝑒𝑓

.   

The calculated ECLS can be compared directly to X-ray photoelectron spectroscopy 

(XPS) binding energy shifts in order to gain detailed atomic-level understanding of 

adsorption sites and structures. 

The hydrogen evolution reaction (HER) is a classic example of a two-electron 

transfer reaction with one catalytic intermediate, H* (where * denotes a site on the 

surface able to bind to hydrogen), and may occur through either the Volmer-

Heyrovsky (H
+
 + e− + H

*
 → H2 + *) or the Volmer-Tafel (2H

*
 → H2 + 2*) 

mechanism.
[23]

 The free energy of H
+
 + e

−
 is the same as that of ½ H2 at standard 

conditions.
[24]

 The Gibbs free energy of hydrogen adsorption (ΔGH*), the best known 

descriptor for the hydrogen evolution activity, was calculated by the free energy with 

respect to molecular hydrogen including zero-point energy and entropy terms via: 

∆𝐺𝐻  =  ∆𝐸𝐻  +  ∆𝐸𝑍𝑃𝐸  − 𝑇∆𝑆𝐻                                      (4) 

where ∆EH is the adsorption energy of hydrogen which is defined as: 

∆𝐸𝐻  =  𝐸𝑀𝑜𝑆2 +𝐻  −  𝐸𝑀𝑜𝑆2
 −  

1

2
𝐸𝐻2

                                (5) 

∆EZPE in equation 4 is the difference in zero-point energy between the adsorbed 

hydrogen and hydrogen in the gas phase, and ∆SH is the entropy difference between 

adsorbed state and gas phase. We can take the entropy of atomic hydrogen as 

∆𝑆𝐻  =  −𝑆𝐻2
/ 2, where 𝑆𝐻2

 is the entropy of molecule hydrogen in gas phase. Under 

standard conditions, ∆𝐸𝑍𝑃𝐸  − 𝑇∆𝑆𝐻 is 0.24 eV, therefore ∆𝐺𝐻 =  𝐸𝐻  + 0.24 𝑒𝑉.
[24]
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 Results and discussion 4.3

4.3.1 General concept and catalysts preparation 

We adopt a typical impregnation method to prepare a series of carbon-supported 

LixMoS2 catalysts with precisely controlled Li content. As indicated in Figure 4.1a, Li 

is expected to preferentially adsorb on the surface of MoS2 at low concentrations, 

while at high Li concentrations, the structure undergoes a transformation from 2H- 

to 1T-MoS2
[8b]

. HR-TEM images (Figure 4.1b, c) show that the metal sulfide phase 

was uniformly distributed across the carbon support. Since the catalytic activity of 

MoS2 is known to be significantly enhanced by edge-terminated surfaces,
[10a, 25]

 we 

predict here through first-principles (DFT) calculations the surface formation energy 

of a (0001) monolayer of 1T-MoS2 with a pristine Mo-edge and how it is stabilized 

through adsorbed Li atoms in increasing concentration (LixMoS2). As shown in 

Figure C.5, Li adsorption on the Mo-edge surface is found to have a stabilizing effect 

on the monolayer as reflected in the monotonic decrease in the surface formation 

energies with increasing adsorbed Li concentration. The stabilization of the Mo-edge 

monolayers can be rationalized by considering the fact that the adsorption acts to 

coordinate the Li to the under-coordinated Mo ions, thus providing a closer match 

to bulk coordination of the edge species. Moreover, we characterized the electronic 

structure of LixMoS2 by means of X-ray photoelectron spectroscopy (XPS) (Figure 

4.1d, e and Figures C.6 and C.7. The Mo 3d core-level spectra presents an shift to 

lower binding energy for LiMoS2 and Li2.06MoS2 than their counterparts, indicating 

the formation of 1T'-MoS2
[2b, 26]

. However, as the binding energy of 1T-S 2p overlays 

with that of Li2S,
3, 32, 33

 we can’t estimate the formation of 1T phase based S 2p 

spectrum. Consistently, our DFT-calculated core-level binding-energy shifts (Table 

C.5) reveal lower core-level energies of the S 2p and Mo 3d in the LixMoS2 

monolayers at various Li concentration compared to the pure 2H-MoS2. Generally, 

the LixMoS2 monolayers show lower core-level energies for the S 2p and Mo 3d 

compared to the MoS2 monolayer, with the shifts increasing with increasing Li 

concentration. The S 2p core-level shifts are in the range of 0.44-1.67 eV, compared 

to the Mo 3d core-level shifts in the range of 0.52-2.27 eV.  
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Figure 4.1. a, Schematic model of 1T'-LixMoS2 preparation via Li intercalation, the slab model is periodic 

in a, b direction and non-periodic in c direction. b, c, HR-TEM images of MoS2 (b) and Li0.29MoS2 (c) 

loaded on activated carbon, the insets display the size and stack distribution of particles. d, e, XP spectra 

of Mo 3d (d) and S 2p (e) for LixMoS2/C catalysts with various Li content. 

 

4.3.2 Interaction between Li and MoS2  

Solid state 
7
Li MAS NMR was used to study the local coordination environments of 

Li in the LixMoS2 samples. As indicated in Figure 4.2a, the chemical shift at ~7 ppm 

reveals the interaction between Li and MoS2, which is distinctly different from Li 
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adsorbed on a carbon support (Li/C-He) or mobile Li2S (Li/C-H2S) species, the latter 

are presumed not to interact with MoS2. Furthermore, based on a deconvolution of 

the quantitative NMR spectra (Figure C.8), we analyzed the composition of the Li 

species, indicating that excess Li exists in the form of Li2S at high Li concentrations 

(in samples Li1.00MoS2 and Li2.06MoS2). To gain insight into the proximity between 

mobile Li2S and LixMoS2, a two-dimensional 
7
Li-

7
Li RFDR (radio-frequency-driven 

recoupling) MAS NMR experiment was carried out (Figure 4.2b, c)
[27]

. The absence 

of cross-peaks indicates that Li at different sites are not in close vicinity.  

Even though the 
7
Li NMR spectra provide valuable insights into the interaction 

between Li ions and MoS2, information about the edge structure of MoS2 in the 

presence of Li is missing. Alternatively, such information can be obtained indirectly 

via the adsorption of probe molecules monitored by infrared vibrational 

spectroscopy (IR)
[28]

. Here, we have used NO as the probe molecule as it 

preferentially adsorbs on edge and corner sites of MoS2, thereby yielding insight into 

the properties of those sites
[28-29]

. Fig. 2d displays the scheme of NO adsorption on 

LixMoS2
[29]

. A gradual red shift of the IR bands at ~1782 cm
−1

 (coupled mononitrosyl 

or dinitrosyl, symmetric stretch, νs) and ~1687 cm
−1

 (coupled mononitrosyl or 

dinitrosyl, asymmetric stretch, νas) (Figure 4.2e) is observed upon introduction of Li 

ions, which can be ascribed to the fact that Li increases the electron density of Mo 

atoms which is then back-donated to NO 2π* orbitals. Importantly, quantitative NO 

adsorption may provide valuable information about the number of exposed edge 

sites (assigned as active sites). Objective comparison of the intrinsic properties of 

electrocatalyst activity requires knowledge of the electrochemically active surface 

area (ECSA), a parameter which often remains unknown. Here, the quantification of 

the number of edge sites makes it possible to enable more accurately structure-

function correlations
[30]

. As shown in Figure C.12, the NO titration curves of Mo 

display an NO uptake of ~0.2 molNO molMo
−1

 for LixMoS2. 



- 92 - 

 

 
Figure 4.2. a, 7Li MAS NMR spectrum acquired at 20 kHz. Li/C-He and Li/C-H2S represent Li precursor 

loaded on activated carbon after annealing in He and H2S atmosphere, respectively. b, c, 7Li-7Li RFDR 

MAS NMR spectra of Li2.06MoS2/C with a relaxation times of 100 μs (b) and 1 s (c). d, Schematic model for 

interaction of NO molecules with Li adsorbed MoS2. e, IR spectra of a certain amount (0.52 molNO molMo
−1) 

of NO doses adsorbed on LixMoS2/Al2O3 with different Li content.   

4.3.3 Formation of 1T-MoS2 

As XPS provides only indirect evidence for the formation of 1T-MoS2 at high Li 

concentrations, X-ray absorption spectroscopy (XAS) was conducted to investigate 

the atomic structure change of LixMoS2 upon interaction with Li. The Fourier 



- 93 - 

 

transforms of the Mo K-edge extended X-ray absorption fine structures (EXAFS) in 

R-space are shown in Figure 4.3. The distinct downshift of the Mo-Mo bond from 

3.16 to 2.80 Å (Table C.7) in Li1.00MoS2 and Li2.06MoS2 reflects the characteristic 

length of the Mo-Mo bond in 1T-MoS2
[5a, 31]

. In 2H-MoS2, both S and Mo atoms are in 

hexagonally close-packed sheets with Mo planes sandwiched between alternating S 

layers so that each Mo is coordinated to six S atoms in a trigonal prismatic geometry. 

Upon Li adsorption or intercalation, Li atoms donate electron density to the d-band 

of 2H-MoS2, thereby transforming it into 1T-MoS2 with octahedrally coordinated Mo 

atoms
[8b, 31b]

. Further insights into the charge transfer of MoS2 after Li adsorption was 

gained through a Bader charge and differential charge density analysis of monolayer 

1T-MoS2 with different Li adsorption concentrations. The calculated Bader charges of 

S and Mo atoms before and after adsorption of Li ions (Table C.8), indicate that the 

adsorption process is characterized by a charge transfer from the Li atoms to the S 

and Mo ions. Consistently, from the differential charge density isosurface plots in 

Figure 4.3g, where the pink and cyan blue contours indicate electron density 

increase and decrease by 0.02 e Å─3
, respectively, it is obvious that the electron 

densities of the Li atoms (cyan contours) were transferred to the S-2p and Mo-3d 

orbitals (pink contours) in the process of Li adsorption. The electron transfer from 

the Li atoms to the S and Mo atoms is responsible for the observed distortions in the 

Mo-S and Mo-Mo bonds of the LixMoS2 monolayers as obtained from EXAFS fitting 

(Table C.7) and confirmed by DFT results in Table C.9. 
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Figure 4.3. a-f, Mo K-edge EXAFS spectra plotted as magnitude of the Fourier transform of MoS2 (a), 

Li0.14MoS2 (b), Li0.29MoS2 (c), Li0.48MoS2 (d), Li1.00MoS2 (e), Li2.06MoS2 (f). Open black circles represent 

experimental data and red curves fitted spectra; g, Electron density difference isosurface contours of MoS2 

upon Li adsorption, where the pink and cyan contours indicate electron density increase and decrease by 

0.02 e Å−3, respectively (grey, yellow and green color corresponds to Mo, S and Li atoms respectively); i – 

vi corresponds to Li0.13MoS2, Li0.25MoS2, Li0.31MoS2, Li0.50MoS2, Li1.00MoS2, Li2.00MoS2 respectively. 

4.3.4 Influence of Li adsorption on HER performance 

The HER performance of different LixMoS2 catalysts on glassy carbon was 

evaluated using a standard three-electrode electrochemical configuration in 0.1 M 

H2SO4 de-aerated with Ar, as shown Figure C.15. The electrodes were rotated at 1600 

rpm throughout the measurements to remove produced H2 bubbles. The 

polarization curves (Figure 4.4a) (not iR corrected) show that a small amount of Li 

adsorption (Li0.14MoS2 and Li0.29MoS2) greatly decreased the onset over-potential and 

improved the current density for HER as compared to pure MoS2. Interestingly, the 

cathodic current was lower in the case of Li0.48MoS2, and decreased sharply for 

Li1.00MoS2 and Li2.06MoS2. Tafel slopes in Figure 4.4b reveal the same trend, i.e. that 
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an optimum amount of Li loading dramatically improves the HER activity (lower 

Tafel slope and higher cathodic current density), while excess Li cations hinder the 

electro-catalytic reaction. To quantify the catalytic activity, we measured the actual 

number of active sites using the IR NO titration method as described above. On the 

basis of this method, we have determined the number of active sites to be ~3.0×10
15

 

sites cm
−2

 (geometric area, Table C.10). The turnover frequency (TOF) (s
−1

) of the 

hydrogen evolution was calculated as shown in Figure 4.4c. Among the compared 

catalysts, Li0.14MoS2 and Li0.29MoS2 show the highest TOF which is three times larger 

than that of bare MoS2 at a cathodic over-potential of 300 mV. It is worth noting 

that, despite the presence of the 1T phase in Li1.00MoS2 and Li2.06MoS2, the relatively 

lower catalytic activity of these samples compared to Li0.29MoS2 (entirely 2H phase) 

indicates that the intrinsic HER activity of 1T-MoS2 has been overestimated in the 

literature
[11b, 32]

.  

To gain further insight into the synergistic effect of Li adsorption on the MoS2-

catalyzed HER, we have calculated the Gibbs free energy of hydrogen adsorption 

(ΔGH*) on LixMoS2 monolayers, as shown in Figure 4.4d. The adsorption structures 

of hydrogen on the LixMoS2 monolayers are shown in Figure C.20-C.23. ΔGH* is 

considered as a suitable descriptor of HER activity for a wide variety of metal 

catalysts and for an optimal HER activity to be achieved, the value of ΔGH* must be 

close to zero, indicating that the free energy of adsorbed H is close to that of the 

reactant or product.
[24]

 Among the various LixMoS2 samples studied, Li0.25MoS2 and 

Li0.31MoS2 compositions show the smallest |ΔGH*| value of 0.10 and 0.11 eV, 

respectively, both of which are similar to the ΔGH* value for the well-known and 

highly efficient Pt catalyst, i.e. |ΔG
Pt

H*| ∼ 0.09 eV. Similarly, the |ΔGH*| for the 

Li0.13MoS2 composition was calculated to be 0.18 eV, compared to 0.27 eV in 1T-MoS2 

without Li adsorption. Largely negative ΔGH* values of −0.60, −0.82, and −1.10 eV 

were calculated for the Li0.50MoS2, Li1.00MoS2, and Li2.00MoS2 monolayers, 

respectively, indicating that the chemical adsorption of H
*
 on their Mo-edges is too 

strong, which makes them less active in the HER. Consistent with their higher 

|ΔGH*|, Bader population analyses reveal that the adsorbed H atom draws larger 

amounts of charge from the Li0.50MoS2, Li1.00MoS2, and Li2.00MoS2 monolayers, 

calculated at 0.52, 0.63 and 0.82 e
−
 respectively, compared to 0.39, 0.35, and 0.36 e

−
 

drawn from the Li0.13MoS2, Li0.25MoS2 and Li0.31MoS2 monolayers. The smaller amount 

of charge gained by adsorbed H atoms from the Li0.13MoS2, Li0.25MoS2 and Li0.31MoS2 

monolayers suggest that their hydrogen-surface bonds are neither too strong nor too 
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weak (i.e., |ΔGH*| ~ 0) to limit the recombination of the adsorbed H atoms to evolve 

molecular hydrogen via a Volmer-Tafel or Volmer-Heyrovsky mechanism,
[23]

 

therefore resulting in the observed increase of HER activity.  

 
Figure 2.12. a, Linear sweep voltammetry (LSV) curves of LixMoS2 catalysts on glassy carbon electrode 

(GCE). b, Tafel plots of corresponding catalysts derived from a. Solid lines represent experimental data 

and dashed lines the linear fit. Electrolyte: 0.1 M H2SO4, scan rate: 5 mV/s. c, Calculated Turnover 

Frequency (TOF) as a function of applied potential for LixMoS2/C catalysts. d, DFT calculated free Gibbs 

energy of proton adsorption on Li-adsorbed MoS2 monolayer. 

 Conclusion 4.4

We have systematically employed a suite of complementary experimental and 

computational techniques to investigate the influence of Li adsorption on the phase 

conversion and HER activity of MoS2 catalysts. The promoting effect of Li adsorption 

on 2H-MoS2 in enhancing the electro-catalytic hydrogen evolution was shown for 

the first time. With the assistance of IR spectroscopy and using NO as a probe 

molecule, we experimentally determined the number of active sites for LixMoS2 

catalysts, which allowed us to determine the TOF of the catalysts. Both experimental 
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and theoretical results indicate that the intrinsic HER activity of 1T-LixMoS2 has been 

overestimated in the recent literature. We emphasize that adsorption of Li on the 

edge sites plays a critical role in enhancing proton reduction, in contrast to the 

traditional view where only the 2H-1T phase conversion has been presumed to 

enhance HER activity. Following these results, we believe that an appropriate 

amount of adsorbed Li or other alkali cations on TMDs would change their 

corresponding electron density, resulting in a beneficial tuning of the activity in 

electro-catalytic reactions involving proton adsorption and reduction.  
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Appendix C 
Supporting information for Chapter 4 
 

C.1 Catalyst preparation 

 

Figure C.1. Scheme of the synthetic process of LixMoS2 on carbon support. 

C.2 ICP analysis 

MoS2 loaded on carbon support: 25 mg sample was weighed and put into a beaker, 

then 5 mL sulfuric acid (1:1 volume ratio with water) were added. The beaker was 

placed on a hot plate in the fume cupboard, heated and stirred until the catalyst is 

dissolved. Afterwards, the solution was cooled down to room temperature, then a 

few mL of distilled water were added and mixed together. Thereafter, the solution 

was transferred to a 50 mL volumetric flask and filled up with distilled water. After 

the carbon residue has settled to the bottom of the flask, the clear solution on top 

was taken out and diluted 5 times. Table C.1 summarizes the ICP analysis results of 

catalysts loaded on carbon support. 

  

Table C.1. ICP analysis results of MoS2 loaded on carbon support. 

Sample name Mo wt. % Li wt. % Li : Mo (molar ratio) 

MoS2/C 8.36 - - 
Li0.14MoS2/C 8.65 0.08 0.14 
Li0.29MoS2/C 8.45 0.18 0.29 
Li0.48MoS2/C 8.15 0.28 0.48 
Li1.00MoS2/C 8.00 0.58 1.00 
Li2.06MoS2/C 6.58 0.98 2.06 

 

MoS2 loaded on alumina support: 25 mg sample was weighed and put into a 

beaker, then after adding 5 mL sulfuric acid (1: 1 volume ratio with water), the beaker 

was placed on the hot plate in the fume cupboard, heated and stirred until the 

catalyst was dissolved. The solution was cooled down to room temperature, then a 



- 100 - 

 

few mL of distilled water were added and mixed together. Afterwards, the solution 

was transferred to a 50 mL volumetric flask and filled up with distilled water. The as-

prepared solution was diluted 5 times for the ICP measurement. Table C.2 

summarizes the ICP results of catalysts loaded on alumina support. 

 

Table C.2. ICP analysis results of MoS2 loaded on alumina support. 

Sample name Mo wt. % Li wt. % Li : Mo (molar ratio) 

MoS2/Al2O3 8.28 - - 
Li0.08MoS2/Al2O3 8.66 0.66 0.08 
Li0.30MoS2/Al2O3 8.36 0.18 0.30 
Li0.61MoS2/Al2O3 8.51 0.38 0.61 
Li1.22MoS2/Al2O3 7.92 0.70 1.22 
Li2.37MoS2/Al2O3 7.58 1.30 2.37 

 

C.3 Characterization of LixMoS2 particles 

 

Figure C.2. Photograph of GATAN vacuum transfer holder. 



- 101 - 

 

 

Figure C.3. HR-TEM images and corresponding select area electron diffraction (SAED) patterns of MoS2 

(a) and Li0.29MoS2 (b) on carbon support. 
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Figure C.4. Side view of the optimized structures of LixMoS2 monolayers with increasing Li concentration. 

A vacuum size of 20 Å was added in the c direction perpendicular to the Mo-edge.   
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Figure C.5. The surface formation energies of LixMoS2 monolayers with increasing Li concentration.  
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C.4 Core-level binding energies of Mo-3d and S-2p in LixMoS2 

 

Figure C.6. XP spectra of Mo 3d for samples with various Li loading on carbon support. 

Table C.3. Summary for the binding energy of Mo (IV)-S bond with different Li loading on carbon 

support. 

Sample name 
Mo (IV)-S 

Binding Energy (eV) 

MoS
2
 229.1 

Li0.14MoS2 229.1 

Li0.29MoS2 229.1 

Li0.48MoS2 229.1 

Li1.00MoS2 229.0 

Li2.06MoS2 228.9 
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Figure C.7. XP spectra of S 2p for samples with various Li loading on carbon support. 

Table C.4. Summary for the atomic percentage of sulfur species based on S 2p spectra. 

Sample 

% At. Conc.  

(Electron rich 

S2−) 

% At. Conc. 

(S2−) 

% At. Conc.  

(S in S2
2−) 

% At. Conc. 

(Sulfate) 

MoS2 9.8 52.8 28.3 9.1 

Li0.14MoS2 11.9 53.5 25.7 8.9 

Li0.29MoS2 13.2 53.5 23.9 9.5 

Li0.48MoS2 11.2 54.6 24.8 9.4 

Li1.00MoS2 32.9 37.7 21.2 8.2 

Li2.06MoS2 41.3 42.8 12.6 3.3 
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Table C.5. Summary for the core-level binding energy (ECL) of Mo-3d and S-2p in LixMoS2 and their shift 

relative to MoS2 at different Li concentrations. The DFT ECL values are negated to be consistent with the 

convention of positive binding energies reported from XPS. 

Sample name Mo-3d (eV) 
 Mo-3d Shift 

(eV) 
S-2p (eV) 

S-2p Shift 
(eV) 

MoS2 222.35  0.00 154.21 0.00 

Li0.13MoS2 221.83  ─0.52 153.77 ─0.44 

Li0.25MoS2 221.62  ─0.73 153.57 ─0.64 

Li0.31MoS2 221.54  ─0.81 153.47 ─0.74 

Li0.50MoS2 221.23  ─1.12 153.25 ─0.96 

Li1.00MoS2 220.15  ─2.19 152.46 ─1.75 

Li2.00MoS2 220.08  ─2.27 152.54 ─1.67 
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C.5 
7
Li MAS NMR 

 
Figure C.8. Solid-state Magic Angle Spinning 7Li NMR spectra of LixMoS2 on carbon support. 

Deconvolution of the NMR peaks are based on Gaussian (40 %)-Lorentz (60 %) line shape functions. 
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Table C.6. Summary for the ratio of different Li components based on deconvolution of NMR peaks. 

Sample 

Li/Mo 

molar ratio 

(ICP) 

Li2S component 

area (%) 

Li/C component 

area (%) 

LixMoS2 

component area 

(%) 

Li0.14MoS2 0.14 - - 100 

Li0.29MoS2 0.29 - - 100 

Li0.48MoS2 0.48 - - 100 

Li1.00MoS2 1 18.6 25.2 56.2 

Li2.06MoS2 2.06 47.9 17.3 34.8 

Li/C-H2S - 41.8 58.2 - 

Li/C-He - - 100 - 

 

 

Figure C.9. 7Li-7Li MAS 2D exchange (NOESY) NMR spectra of Li2.06MoS2/C with relaxation times of 10 μs 

(a) and 100 ms (b). 
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C.6 FTIR-NO adsorption spectroscopy 

 

Figure C.10. FTIR spectra of incremental doses of NO adsorbed on LixMoS2/Al2O3 pellets up to an 

equilibrium coverage of NO molecules. 
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Figure C.11. FTIR spectra of LixMoS2/Al2O3 after dosing NO with a molecular ratio of 0.52 to Mo. 

 

Figure C.12. NO titration curve of LixMoS2/Al2O3 with IR band area integrated between 1500 and 1810 cm−1. 

The NO uptake was determined by the intersect between fitted linear lines of chemisorption and 

physisorption. 
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C.7 Bond structure in LixMoS2 

 

Figure C.13. Ex-situ XANES spectra of Mo precursors (AHM) loaded on carbon support before (a) and 

after (b) sulfurization. 
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Figure C.14. Mo-K edge EXAFS spectra plotted as χ (k) with k-weight of 3. Black curves represent 

experimental data and red curves show the fitted spectra. 
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Table C.7. Mo-K edge EXAFS fitting results of molybdenum sulfide loaded on carbon support. 

Sample 
Mo-S Mo-Mo Mo-Mo (Distorted) ∆E

0
 R 

factor 

CN R (Å) σ
2

 CN R (Å) σ
2

 CN R (Å) σ
2

 3.42 0.011 

MoS2 5.46±0.48 2.405±0.006 0.003 3.42 3.157±0.013 0.002 - - - 1.44 0.015 

Li0.14MoS2 4.94±0.54 2.408±0.008 0.003 1.44 3.158±0.016 0.001 - - - 1.00 0.017 

Li0.29MoS2 4.80±0.55 2.409±0.008 0.003 1.00 3.158±0.017 0.001 - - - 0.83 0.017 

Li0.48MoS2 5.78±0.79 2.397±0.010 0.004 0.83 3.152±0.019 0.003 1.29±1.28 2.824±0.082 0.010 2.43 0.005 

Li1.00MoS2 5.52±0.44 2.408±0.006 0.005 2.43 3.166±0.017 0.003 1.32±0.64 2.785±0.038 0.010 3.82 0.012 

Li2.06MoS2 4.80±1.01 2.422±0.016 0.006 3.82 3.176±0.030 0.003 1.33±0.94 2.800±0.058 0.010 3.42 0.011 

 

Table C.8. Average charge (Q) and variance with respect to the MoS2 (ΔQ) for Mo and S atoms in a 

LixMoS2 monolayer. 

Species Mo S 

Charge Q /e− |ΔQ| /e− Q /e− |ΔQ| /e− 

MoS2 1.18  −0.59  

Li0.13MoS2 1.09 0.09 −0.61 0.02 

Li0.25MoS2 1.10 0.08 −0.65 0.09 

Li0.31MoS2 1.09 0.09 −0.70 0.11 

Li0.50MoS2 1.04 0.14 −0.77 0.18 

Li1.00MoS2 0.85 0.33 −0.90 0.31 

Li2.00MoS2 0.64 0.54 −1.31 0.72 

 

Table C.9. DFT calculated Mo-S and Mo-Mo bond distances (Å) in a LixMoS2 monolayer. 

Sample name Mo-S  Mo-Mo dist(Mo-Mo) Li-S Li-Mo 

MoS2 2.421 3.192 --- --- --- 

Li0.13MoS2 2.419 3.145 2.947/3.638 2.213 2.871 

Li0.25MoS2 2.418 3.146 2.921/3.802 2.328 3.002 

Li0.31MoS2 2.402 3.146 2.885 2.332 2.975 

Li0.50MoS2 2.316 3.228 2.902 2.258 3.051 

Li1.00MoS2 2.429 3.122 2.740 2.299 2.799 

Li2.00MoS2 2.460 3.294 2.802 2.331 2.950 
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C.8 Electrochemical characterization 

 

Figure C.15. Scheme for the preparation of LixMoS2/C electrodes for electrochemical characterizations. 

 

Figure C.16. a) Cyclic voltammetry curves of LixMoS2 in 0.1 M H2SO4 with rotating speed of 1600 rpm. 

Scan rate: 50 mV/s. b) Electrochemical impedance spectroscopy (EIS) collected at open circuit potential 

(VOCP) in 0.1 M H2SO4 with an AC amplitude of 10 mV. 
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Figure C.17. Electrochemical double layer capacitance (Cdl) measurements for LixMoS2. a-f) Cyclic 

voltammetry (CV) measurements in the potential range of VOCP (open circuit potential) ± 50 mV; g) 

Fitting plots showing the extraction of corresponding Cdl; h) Summary of Cdl obtained from fitting plots of 

(g). 
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Figure C.18. Calculated fraction of molybdenum atoms in hexagonal MoS2 nanoparticles at corner and 

edge sites as a function of particle size.  

Table C.10. Calculated number of active sites (Nactive) for LixMoS2/C drop casted on glassy carbon 

electrodes based on NO titration (Figure C.12) 

Sample Nactive total Nactive cm─1 

MoS2 1.05 × 1016 2.96 × 1015 

Li0.14MoS2 1.08 × 1016 3.07 × 1015 

Li0.29MoS2 1.06 × 1016 3.00 × 1015 

Li0.48MoS2 1.02 × 1016 2.89 × 1015 

Li1.00MoS2 1.00 × 1016 2.84 × 1015 

Li2.06MoS2 8.26 × 1016 2.33 × 1015 
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C.9 Hydrogen adsorption on LixMoS2 

 

Figure C.19. Structures and PDOS (partial density of state) of 2H (a) and 1T (b) MoS2 monolayers. The 

Fermi level is located at 0 eV. 

 

Figure C.20. Structure of pristine Mo-edge of 1T-MoS2 monolayer without (a) and with (b) hydrogen 

adsorption. Vacuum size in the c-direction perpendicular to the Mo-edge is of 20 Å. 
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Figure C.21. Calculated Gibbs free energy (eV) for hydrogen adsorption on Mo-edge of LixMoS2 monolayer 

with different Li concentrations. Vacuum size in the c direction perpendicular to the Mo-edge is of 20 Å. 

 

Figure C.22. Calculated Gibbs free energies (eV) for hydrogen adsorption on Mo-edges of 2H-MoS2 

monolayer with and without Li adsorption. Vacuum size in the c direction perpendicular to the Mo-edge 

is of 20 Å. 
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Figure C.23. Calculated Gibbs free energy (eV) for hydrogen adsorption on S-edges of 2H-MoS2 

monolayer with and without Li adsorption. Vacuum size in the c direction perpendicular to the S-edge is 

of 20 Å. 
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  Chapter 5
Structural Distortion Causes High Activity of 

MoS2 Hydrogen Evolution Catalysts 
 

ABSTRACT 

Molybdenum disulfide (MoS2) and related transition metal chalcogenides (TMCs) 

can replace Pt and other precious metal catalysts for the hydrogen evolution reaction 

(HER). Crystal phase controlled syntheses of 2H, 1T and amorphous MoS2 have been 

utilized to tune catalytic activities. Despite each polymorph of MoS2 has been 

reported as active HER electrocatalysts, insights into the origin of the intrinsic 

activities of these materials is still lacking. In this study, we demonstrate that 

structural distortion as found in 1T and amorphous MoS2 improves activity towards 

HER. The distorted structure in 1T phase is caused by Li
+
 intercalation and is found 

to be unstable under harsh HER reaction conditions, while amorphous MoS2 

maintains its intrinsic distortion and HER activity. A gradual loss in the degree of 

distortion together with a decrease in HER activity for 1T-MoS2 compared with the 

high stability in both structure and activity of amorphous MoS2 reveals a key factor 

in improving the electrocatalytic performance of MoS2 catalysts. 

 
 

This Chapter is going to be submitted as 

Structural Distortion Causes High Activity of MoS2 Hydrogen Evolution Catalysts, L. Wu, A. 
Longo, N. Y. Dzade, A. Sharma, M. M. R. M. Hendrix, A. A. Bol, N. H. De Leeuw, E. J. M. 
Hensen, J. P. Hofmann.   



- 122 - 

 

 Introduction 5.1

Electrochemical proton reduction (hydrogen evolution reaction, HER) is crucial for 

realizing large-scale storage of renewable energy. Water splitting requires efficient 

and robust catalysts, which display high activity and stability and are composed of 

earth abundant elements. Currently, the most active metal catalyst for HER is Pt, 

which is however too scarce and costly for scale-up of water electrolysis.
[1]

 

Molybdenum disulfide (MoS2), one of the most studied transition metal 

chalcogenides (TMCs), has received substantial attention because of its unique 

physiochemical properties such as a tunable band gap,
[2]

 high catalytic activity,
[3]

 and 

high electron mobility.
[4]

  These properties allow it to be exploited in transistors,
[5]

 

metalloenzymes,
[6]

 and catalyst material for hydrodesulfurization,
[7]

 hydrotreating
[8]

 

as well as as electrocatalyst for hydrogen evolution.
[9]

 The edge sites of MoS2 

nanocatalysts have been identified as active HER sites by Jaramillo and co-

workers.
[10]

 Since then, tremendous efforts have been devoted in engineering the 

surface structure of MoS2 to preferentially expose those edge sites to improve HER 

performance.
[11]

  

      Different polymorphs of MoS2 exist in the form of 2H (trigonally coordinated), 

1T (octahedrally coordinated) and 3R phases (rhombohedral).
[3, 12]

 2H-MoS2 is a 

thermodynamically stable two-dimensional (2D) semiconductor with a band gap of 

1-2 eV (~1.9 eV for monolayer, 1.2 eV for bulk)
[13]

 having low electron mobility and a 

limited number of HER active (edge) sites, and therefore is not attractive for 

electrocatalytic applications.
[2, 14]

 In comparison with 2H-MoS2, the octahedral 1T 

phase is metallic and six orders of magnitude more conductive.
[14a]

 As the 1T phase is 

formed from 2H-MoS2 via intercalation of cations (Li
+
, Na

+
, etc.)

[15]
, it retains 

distorted structural domains and is thermodynamically unstable.
[16]

 Aside from the 

aforementioned 2H and 1T phases, amorphous MoSx (x = 2-3) has been investigated 

in the 80s and 90s as hydrodesulfurization catalyst and cathode material in lithium 

ion batteries,
[17]

 and was recently reported by Hu and other groups as highly active 

electrocatalyst for HER.
[9b, 18]

 Determining the structure of amorphous MoS2 (or 

MoS3) remains difficult at both practical and conceptual levels regardless of 

extensive studies by X-ray photoelectron spectroscopy (XPS)
[12, 17b, 19]

 and X-ray 

absorption spectroscopy (XAS). 
[17b, 17c, 20]

 While Mo edge sites of 2H-MoS2 have been 

verified experimentally to be the active HER sites, the question what causes the 

superior catalytic performance of 1T and amorphous phase remains unclear. 
[21]
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Here, we show how the structure and surface properties of 2H, 1T and amorphous 

MoS2 impact on HER activity and stability and change under HER reaction 

conditions by a combined ex-situ and operando X-ray spectroscopy approach. 

Distorted Mo-S and Mo-Mo bonds were observed in both 1T and amorphous MoS2 

thin film electrodes. Besides, both core level Mo 3d and valence band photoemission 

spectra indicate that 1T and amorphous phase MoS2 have a similar electronic 

structure. The distortion in 1T phase MoS2 is caused by lithium intercalation and 

gradually changes back to 2H phase accompanied by a decrease in HER activity 

under high overpotentials. By contrast, amorphous MoS2 (Am-MoS2) retains its 

intrinsic Mo-S and Mo-Mo distortion as well as high HER activity after 24 h 

electrochemical testing under the same conditions. Electrochemical operando X-ray 

absorption spectroscopy was performed to probe the local binding and electronic 

structure of MoS2 under HER conditions. The results show that structural distortion 

plays a key role in determining the activity of MoS2- based electrocatalysts for HER. 

 Experimental 5.2

5.2.1 Plasma enhanced atomic layer deposition (PEALD) of MoS2 

MoS2 thin films were deposited at 250 °C (amorphous MoS2) and 450 °C (2H-MoS2) 

in an Oxford Instrument FlexAL
TM

 ALD reactor on glassy carbon substrates (Carbon-

Vitreous-3000C-Foil-VC000550 bought from Goodfellow Cambridge Ltd. UK). The 

plasma enhanced ALD (PEALD) process was based on a combination of a metal 

organic precursor [(N
t
Bu)2(NMe2)2Mo] and H2S+H2+Ar plasma as a co-reactant. The 

flow rates of H2S, H2 and Ar were fixed at 8 sccm, 2 sccm and 40 sccm, respectively. 

Further details of the PEALD process can be found in our previous work.
[22]

 

5.2.2 Preparation of 1T-MoS2 

1T-MoS2 films were prepared via Li intercalation with butyl lithium (n-BuLi) (2.5 M 

in n-hexane, Sigma-Aldrich) as Li source. Briefly, 2H-MoS2 films prepared by PEALD 

on glassy carbon plates were transferred in a dry glass bottle to an Ar filled glovebox, 

then 10 mL n-BuLi solution were added. Immersion was continued for 24 h. After the 

experiments, the films were washed with dry n-hexane for three times (the waste 

liquid was stored in a separate Schlenk bottle). The waste liquid containing n-BuLi 

was taken out of the glovebox and quenched first by dry isopropanol drop by drop in 
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an ice bath. After waiting about 30 mins, the waste was quenched by water (drop by 

drop) and disposed in the waste bin.  

5.2.3 X-ray absorption spectroscopy (XAS) 

X-ray absorption spectroscopy (XAS) was performed at BM26A (DUBBLE 

beamline) of ESRF, operating at 6 GeV with a beam current of 200 mA. Fresh 

samples and those after electrochemical stability tests were mounted in an N2 

protected sample holder, then measured at a grazing incidence angle of 0.3° in 

fluorescence detection mode. Each sample was recorded with 10 scans for X-ray Near 

Edge Spectroscopy (XANES) and Extended X-ray Absorption Fine Structure (EXAFS) 

spectroscopy respectively. Mo foil was used as a reference for energy calibration, all 

spectra were collected at Mo K-edge (20 keV). EXAFS spectra were background 

subtracted and fitted with Viper.
[23]

 Scattering paths were calculated by FEFF6 from 

molybdenite (MoS2) crystal structure from American Mineralogist Crystal Structure 

Database.
[24]

 The fitting range of Mo K-edge was ∆k = 2-11.8 Å
−1

 and ∆R = 1.3-3.3 Å. 

Plotted spectra have a k-weight of 3 and were not phase-corrected. 

Operando X-ray absorption spectroscopy (XAS) was performed at BM26A 

(DUBBLE beamline) of ESRF, operating at 6 GeV with a beam current of 200 mA. X-

ray Near Edge Spectroscopy (XANES) and Extended X-ray Absorption Fine Structure 

(EXAFS) spectroscopy were acquired under operando conditions (i.e. in electrolyte 

under potential control) in a home-designed (TU/e-EPC, Figure D.3) electrochemical 

cell with flowing 0.1 M H2SO4 (N2 saturated, flow rate 0.1 ml min
−1

). The working 

electrode is a MoS2 modified glassy carbon plate (22 × 22 × 2 mm
3
), the counter 

electrode is Pt wire and the reference electrode a leakless miniature Ag/AgCl 

reference electrode (calibrated with respect to reversible hydrogen electrode (RHE): 

+0.251 V vs. RHE, Model ET072, eDAQ). Mo foil was used as a reference for energy 

calibration; all spectra were collected in fluorescence mode at the Mo K-edge (20 

keV). EXAFS spectra were background subtracted and fitted with Viper. Scattering 

paths were calculated by FEFF6 from molybdenite (MoS2) crystal structure from 

American Mineralogist Crystal Structure Database.
[24b]

 The fitting range of Mo K-

edge was ∆k = 2-11.06 Å
−1

 and ∆R = 1.06-2.43 Å. Plotted spectra were not phase-

corrected and have a k-weight of 2. 

In order to evaluate the different features, simulations have been performed by 

using FDMNES program package.
[25]

 According to the code, simulated spectra are 

obtained via the multiple scattering theory in Green formalism based on the muffin-
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tin approximation on the potential shape.
[25]

 In the simulated signals, the muffin-tin 

radii have been tuned to have a 10% overlap between the different spherical 

potentials. Moreover, to correct for inelastic losses, the Hedin-Lundqvist exchange 

potential has been used.
[25]

 The approximation of non-excited absorbing atoms, 

which better reproduces the experimental data, has been adopted. The simulated 

XANES spectra were calculated considering that all the atoms are surrounding the 

absorber Mo within a 7 Å radius sphere. 

In addition, in the simulation of the XANES spectra, the tabulated core-hole 

broadening together with an energy resolution of 1.9 eV have been set. The effect of 

the structural disorder has not been considered in the calculation of the theoretical 

signal. The XANES spectra have been energy calibrated with Mo foil and then were 

compared with the calculated spectra. 

5.2.4 Characterization 

Raman spectroscopy was performed on a Renishaw inVia Raman microscope 

equipped with a 514 nm laser, a grating with 1800 lines/mm, and a CCD detector. For 

each scan, 5 accumulations with acquisition time of 10 s were taken. X-ray 

photoelectron spectroscopy (XPS) was performed on a ThermoScientific K-Alpha 

instrument equipped with a monochromatic X-ray source (E(Al Kα) = 1486.6 eV). 

Binding energy calibration was performed by setting the C 1s peak of sp
3
 carbon to 

284.6 eV as a reference. Spectra were fitted by CasaXPS software. Scanning electron 

microscopy (SEM) images were obtained with a FEI Quanta 200 scanning electron 

microscope at an accelerating voltage of 5 kV. Grazing Incidence X-ray Diffraction 

(GIXRD) was performed on a Bruker D8 Advance X-ray diffractometer in grazing 

incidence mode (0.3°) (Cu Kα, λ = 1.5419 Å). 

Electrochemical tests were performed in a three-electrode electrochemical cell 

with Hg(I)/Hg2Cl2(s)/KCl (saturated) as reference electrode, Pt foil as counter 

electrode and the catalyst modified glassy carbon electrode (GCE) as working 

electrode. The reference electrode was calibrated with respect to reversible hydrogen 

electrode (RHE), and has a value of +0.269 V vs. RHE. HER measurements and other 

electrochemical characterization were carried out in Ar saturated 0.1 M H2SO4 if not 

mentioned otherwise. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) 

curves were recorded at scan rate of 50 and 5 mV s
−1

, respectively. Electrochemical 
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impedance spectroscopy (EIS) was carried out from 10 kHz to 1 Hz at open circuit 

potential (OCP) with AC amplitude of 10 mV. 

24 h HER stability tests were performed as chronopotentiometry at a current 

density of −3 mA/cm² in a three-electrode electrochemical cell with 

Hg(I)/Hg2Cl2(s)/KCl (saturated) as reference electrode, glassy carbon rods (Alfa 

Aesar, 6 mm in diameter, 100 mm in length) as counter electrode and the catalyst 

modified glassy carbon electrode (GCE) as working electrode. Electrolyte: Ar 

saturated 0.1 M H2SO4. 

5.2.5 Computational details 

Density Functional Theory (DFT) calculations were carried out using the Vienna 

ab-initio simulation (VASP) package.
[26]

 The electronic exchange-correlation 

potential was described using the Perdew, Burke, and Ernzerhof (PBE) functional.
[27]

 

Van der Waals interactions were taken into account with the D3 method of Grimme 

et al. with Becke-Johnson damping (DFTD3(BJ)).[28] The kinetic wave functions 

were expanded in a plane wave basis with a high energy cut-off of 600 eV and the 

convergence criterion was set to 10−6 eV between two ionic steps for the self-

consistency process. A monolayer of the (0001) basal plane was constructed by 3×3 

unit cell of MoS2 in the a and b directions with a vacuum region of 20 Å added along 

the normal c direction to avoid interactions between adjacent images. The Mo-

terminated edge were created by truncating MoS2 monolayer along the (101̅0) 

crystallographic plane for the calculation of the Gibbs free energy of hydrogen 

adsorption (ΔGH*). The Brillouin zone was sampled using a 9 × 9 × 1 Monkhorst-Pack 

k-point mesh for both the basal (0001) plane and the (101̅0) Mo-edge. The lattice 

constant of the regular 2H-MoS2 is 3.168 Å, the bond length of Mo–S and Mo-Mo is 

2.415 Å and 3.168 Å, respectively. From the distorted Mo-Mo bonds of 2.746 Å for 1T-

MoS2 and 2.776 Å for Am-MoS2 obtained from EXAFS spectroscopy measurements 

(Table 5.1), a model of the distorted 2H-MoS2 was constructed with the lattice a 

parameter fixed at 2.750 Å, with all atomic positions fully relaxed. The resulting 

distorted 2H-MoS2 has distorted Mo–S bond of 2.331 Å and distorted Mo-Mo bond of 

2.750 Å. To investigate the effect structural distortion on hydrogen evolution 

activity, we have calculated Gibbs free energy of adsorbed hydrogen (ΔGH*) on MoS2 

basal (0001) plane and the (101̅0) Mo-edge with regular and distorted bond distances 

as follows: ∆GH∗ = ∆EH + ∆EZPE − T∆SH ≈ ∆EH + 0.24; where ∆EH is the adsorption 
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energy of hydrogen which is defined as: ∆EH = EMoS2+H − EMoS2 − 1
2⁄ EH2. Under 

standard conditions, the zero-point energy minus the entropic term, ∆EZPE − T∆SH is 

0.24 eV. ΔGH* is considered as a suitable descriptor of HER activity for a wide variety 

of metal catalysts and for an optimal HER activity to be achieved, the value of ΔGH*  

must be close to zero, indicating that the free energy of adsorbed H is close to that of 

the reactant or product.
[29]

 Results and discussion 

 Results and discussions 5.3

5.3.1 HER activity of different MoS2 phases 

The HER electrocatalytic activity of as-prepared MoS2 films was assessed in 0.1 M 

H2SO4 in a typical three-electrode electrochemical cell. As shown in Figure 5.1, both 

cyclic voltammetry (CV) and linear sweep voltammetry (LSV) curves present higher 

current densities for 1T and amorphous MoS2 as compared to the 2H phase. 

However, even though 1T and amorphous MoS2 have comparable current densities 

initially, the catalytic activity of 1T phase gradually decreases during the stability test 

while Am-MoS2 maintained its higher initial activity (Figure 5.1d). This particular 

behavior led us to investigate further the electronic and structural properties of the 

materials. 

 
Figure 5.1. Cyclic voltammetry (CV, a) and linear sweep voltammetry (LSV, b) curves of 2H-, 1T- and Am-

MoS2 films corrected by uncompensated resistance with scan rates of 50 mV/s for CV and 5 mV/s for LSV; 

c)Tafel slopes obtained from LSV curves in (b); d) Chronopotentiometric responses (V-t) recorded at a 

constant current density of 3 mA/cm2. Electrolyte: 0.1 M H2SO4. 
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5.3.2 Structure-HER performance relations of MoS2 catalysts 

We used X-ray absorption spectroscopy to probe the electronic and local geometric 

structure of these films. Ex-situ Mo K-edge X-ray absorption near edge spectra 

(XANES) of MoS2 films before and after HER stability tests recorded under grazing 

incidence of 0.3° (GI-XAS) are shown in Figure 5.2. The suppression of features A 

and D in 1T (Figure 5.2d) and amorphous (Figure 5.2g) phase compared to 2H-MoS2 

indicates their distinct bond structure. Importantly, feature A and D reappear for 1T-

MoS2 after 24 h HER stability test, which implies that the 1T phase is not stable 

under HER conditions and gradually changes back to 2H phase MoS2. Absorption 

edge features in XANES spectra are very sensitive to the electronic properties of the 

atoms being probed:
[30]

 the less expressed shoulder at the edge and the shift of the 

absorption maximum for 1T-MoS2 compared to 2H-MoS2 indicate their difference in 

structures. Simulations of the Mo-K edge XANES spectra of MoS2 with hexagonal 

(2H phase) and monoclinic (1T phase with Li intercalation) symmetry have been 

performed to further investigate these structural dissimilarities. The red curves 

(Figure 5.2j, k) represent calculated spectra based on the model structure and the 

blue curves are calculated with consideration of broadening by core-hole lifetime.
[31]

 

The fitted XANES spectra in both cases reproduce the experimental features of 2H- 

and 1T-MoS2 well, which means that the proposed structure models are supported by 

the experimental data. As monoclinic MoS2 shows octahedral Mo coordination with 

a shorter bond distance upon Li intercalation, we may conclude that the as-prepared 

1T-MoS2 in this study has a distorted structure.  
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Figure 5.2. a, d, g) Mo K-edge XANES spectra of 2H-MoS2 (a), 1T-MoS2 (d), and Am-MoS2 (g) before (solid 

line) and after (dash line) stability test; b, e, h) Mo K-edge Fourier transform EXAFS (k3-weighted) of 2H-

MoS2 (b), 1T-MoS2 (e), and Am-MoS2 (h) before stability test; c, f, i) Mo K-edge Fourier transform EXAFS 

(k3-weighted) of 2H-MoS2 (c), 1T-MoS2 (f), and Am-MoS2 (i) after stability test; j, k) Mo-K edge XANES 

spectra of experimental data (black curve) and calculated simulation based on hexagonal (j, inset) and 

monoclinic (k, inset) structure model (purple, yellow and green balls corresponds to Mo, S and Li atoms, 

respectively), red curves represent simulated spectra while blue curves represent simulated spectra 

convoluted with the consideration of Mo 1s core-hole lifetime. 
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Table 5.1. Ex-situ grazing incidence Mo-K edge EXAFS fitting parameters of MoS2 films. [a] σ2 was constrained during fitting. [b] R was constrained during 
fitting. [c] ΔE was set as floating parameters. 

Sample 
R factor 

(%) 
k-range 

fit 
 R-range 

fit 
Path CN R (Å) 

σ2 
(Å2) 

ΔE 
(eV) 

±CN 
±R (Å) x 

10−3 
± σ2 (Å2) x 

10−3 
±ΔE 
(eV) 

2H-MoS2-fresh 2.96 2 - 11.82 1.46 – 3.16 Mo-S 4.25 2.402 0.002 -0.91 0.01 0.68 0.064 0.05 

 2.96 2 - 11.82 1.46 – 3.16 Mo-Mo 2.26 3.155 0.003 -0.91 0.03 0.94 -[a] 0.05 

2H- MoS2@3 
mA/cm2-24h 

2.76 2 - 11.82 1.46 – 3.16 Mo-S 4.80 2.405 0.003 -1.03 0.01 0.05 0.001 0.01 

 2.76 2 - 11.82 1.46 – 3.16 Mo-Mo 2.98 3.158 0.002 -1.03 0.01 0.01 0.028 0.01 

1T- MoS2-fresh 4.71 2 - 11.82 1.30 – 3.32 Mo-S 3.06 2.419 0.005 1.76 0.27 3.11 0.843 0.22 

 4.71 2 - 11.82 1.30 – 3.32 
Mo-S 

(Distorted) 
1.78 2.019 0.006 1.76 0.28 -[b] 1.587 0.22 

 4.71 2 - 11.82 1.30 – 3.32 Mo-Mo 1.70 3.148 0.004 1.76 0.51 5.74 1.939 0.22 

 4.71 2 - 11.82 1.30 – 3.32 
Mo-Mo 

(Distorted) 
0.96 2.748 0.015 1.76 0.50 -[b] -[a] 0.22 

1T- MoS2@3 
mA/cm2-24h 

7.12 2 - 11.82 
1.50 – 
3.00 

Mo-S 5.86 2.365 0.004 -12.30[c] 1.15 8.68 1.632 1.61 

 7.12 2 - 11.82 
1.50 – 
3.00 

Mo-Mo 2.26 3.145 0.002 -2.44[c] 2.22 2.72 6.123 5.92 

Am- MoS2-fresh 6.68 2 - 11.82 
1.00 – 
3.00 

Mo-S 5.29 2.430 0.001 -0.06 0.04 0.58 0.208 0.0001 

 6.68 2 - 11.82 
1.00 – 
3.00 

Mo-S 
(Distorted) 

0.60 1.767 0.009 -0.06 0.02 3.69 0.479 0.0001 

 6.68 2 - 11.82 
1.00 – 
3.00 

Mo-Mo 
(Distorted) 

1.08 2.778 0.003 -0.06 0.01 7.28 0.553 0.0001 

Am- MoS2@3 
mA/cm2-24h 

5.02 2 - 11.82 
1.00 – 
3.00 

Mo-S 3.50 2.368 0.008 -4.31 1.60 4.10 3.508 5.71 

 5.02 2 - 11.82 
1.00 – 
3.00 

Mo-S 
(Distorted) 

0.56 1.802 0.005 -4.31 1.18 5.21 1.725 5.71 

 5.02 2 - 11.82 
1.00 – 
3.00 

Mo-Mo 
(Distorted) 

1.57 2.824 0.008 9.45 0.02 2.57 7.672 4.29 
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For further comparison, ex-situ grazing incidence extended X-ray fine structure 

data (GI-EXAFS) for MoS2 films before and after stability measurements were 

recorded. The Fourier transform (FT) profiles in R space shown in Figure 5.2b and c 

present two main peaks at 2.40 and 3.16 Å (Table 5.1) corresponding to the nearest 

Mo-S and Mo-Mo bonds respectively. The CN values shown in Table 5.1 suggest that 

there is no complete shell of S atoms around the central Mo at the surface of MoS2 

films, which may be due to the termination of Mo edges or S defects at the 

surface.
[32]

 By contrast, FT curves of 1T-MoS2 exhibit a distinct decrease of Mo-Mo 

bond length (distorted Mo-Mo bond) from 3.16 to 2.75 Å (Table 5.1), which 

corresponds to the characteristic bond length found in 1T phase MoS2.
[33]

 

Nevertheless, this reduced Mo-Mo bond feature disappeared after 24 h HER stability 

testing, which is consistent with the observations from XANES that 1T changes back 

to 2H phase under these conditions. In the case of Am-MoS2, a similarly distorted  

Mo-Mo bond structure was found, which was retained after 24 h HER stability 

testing. Considering the HER stability of Am-MoS2, we may conclude that the 

distorted Mo-Mo bond structure contributes to the intrinsic high activity of the 

amorphous catalyst material. Several structural models for amorphous MoS2 or MoS3 

have been proposed in the literature by e.g. Hibble et al.
[17b]

 and Weber et al.
[12]

 
[34]

 

However, based on our experimental data, we cannot conclusively assign a structural 

model to Am-MoS2.  

 
Figure 5.3. XP spectra of Mo 3d (a) and S 2p (b) for MoS2 spent films; c) valence band spectra of 

corresponding samples, the value shown was Fermi edge energy and was determined by the cross of two 

linear parts of the VB spectra. 
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Nonetheless, the disorder in amorphous MoS2 reported in this work is consistent 

with earlier reports.
[17a]

 The similarity between 1T and amorphous phase in XANES 

and bond structure (EXAFS) is also reflected in the Mo 3d core level and valence 

band photoemission spectra (Figure 5.3, Tables 5.2 and 5.3) shifting consistently to 

lower binding energies. Therefore, we may suggest that the structural distortion 

observed in both 1T- and Am-MoS2 plays a key role in enhancing the HER activity of 

MoS2 catalysts. In contrast to 1T phase MoS2, the structural distortion in Am- MoS2 is 

intrinsic, viz. not caused by Li intercalation, resulting in a higher stability during 24 

h HER stability. It is worth noting that even though the HER activity of 1T- MoS2 

decreases gradually at 3 mA/cm
2
 (Figure 5.1d), the corresponding overpotential is 

still much lower than that of 2H-MoS2, which we have recently attributed to the 

presence of remaining Li adsorbed on the 1T-MoS2 even after loss of intercalated Li. 

ICP-OES analysis of MoS2 films after stability tests confirm the presence of adsorbed 

Li on 1T-MoS2 (Table 5.4). 

Table 5.2. Summary of Mo(IV)-S (Mo 3d5/2) binding energies for different samples. 

 
2H-

MoS2 
2H-MoS2-
spent 

1T-
MoS2 

1T-MoS2-
spent 

Am-
MoS2 

Am-MoS2-
spent 

Mo 3d5/2 Binding 

Energy (eV) 

(Mo(IV)-S) 

229.5 229.2 228.6 228.9 228.8 228.7 

Table 5.3. Summary for the atomic ratios of sulfur species based on S 2p spectra. 

% At. Conc. 2H-
MoS2 

2H-MoS2-
spent 

1T-
MoS2 

1T-MoS2-
spent 

Am-
MoS2 

Am-MoS2-
spent 

 Electron rich 
S2− 

5.6 6.2 9.6 6.0 1.1 2.4 

S2− 90.0 91.1 83.3 88.7 56.0 81.1 

S in S2
2− 4.4 2.7 7.1 5.1 42.9 16.5 

Sulfate - - - 0.2 - - 

S/Mo ratio 1.70 1.63 2.31 1.62 2.26 1.56 

Table 5.4. ICP analysis results of pristine MoS2 films and those after 24 h HER stability tests. 

Sample name Mo mass 
(μg) 

S mass 
(μg) 

Li mass 
(μg) 

Formula (based on atomic 
ratio) 

2H-MoS2-pristine 172.0 (1.0)a 141.6 (1.7)a - MoS2.5 

2H-MoS2-spent 122.6 (0.6)a 130.4 (0.6)a - MoS3.2 

2H-MoS2-spent 
solution 

0.3 (0)a b- - - 

1T-MoS2-pristine 84.9 (0.2)a 65.7 (0.4)a 24.9 (-)c Li4.1MoS2.3 
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1T-MoS2-spent 86.6 (0.3)a 82.2 (1.0)a 0.6 (-)c Li0.1MoS2.8 

1T-MoS2-spent 
solution 

3.4 (0.1)a a- 9.8 (-)c - 

Am-MoS2-pristine 111.6 (0.6)a 117.0 (1.8)a - MoS3.1 

Am-MoS2-spent 54.0 (0.3)a 70.9 (1.3)a - MoS3.9 

Am-MoS2-spent 
solution 

3.6 (0.1)a a- - - 

aStandard deviations of the ICP values are calculated based on two emission lines of Mo. 
bSulfur quantification is not possible as the electrolyte has been 0.1 M H2SO4. 

cCalculation of standard deviation is not possible as there is only one emission line of Li 

 

5.3.3 Operando XAS for MoS2 Catalyzed HER 

To follow the structural evolution of the different MoS2 catalysts under HER 

conditions, an operando electrochemical cell (Figure D.3) was developed and applied 

for X-ray absorption spectroscopy experiments. The operando EXAFS spectra of 

different MoS2 polymorphs in dry state and under potential of +0.3 V and −0.3 V vs. 

RHE in 0.1 M H2SO4 are shown in Figure 5.4. Tables 5.5-5.7 summarize the EXAFS 

fitting results. It can be seen that despite a small reduction in coordination number 

(CN) for the Mo-Mo shell, both bond distances and CN of Mo with S coordination 

were maintained within the error range pointing at the overall structural stability of 

2H-MoS2 under HER conditions. For both 1T and Am-MoS2, a shortened (distorted) 

Mo-S bond could be identified. In contrast to the disappearance of distorted Mo-S 

and Mo-Mo bonds after the 24 h stability test (Figure 5.2), the operando EXAFS data 

of 1T-MoS2 confirms the presence distorted Mo-S bonds under various potentials. 

This observation can be explained by the following two reasons. On the one hand, 

the operando XAS measurements were performed at −0.3 V vs. RHE with a current 

density of only 200 μA/cm
2
 (Figure D.4) while the stability tests were performed at 3 

mA/cm
2
. On the other hand, operando XAS was not measured at grazing incidence 

angle and therefore reflects mostly bulk information. Furthermore, ICP analysis 

results (Table D.1) show that significant amounts of Li exists in 1T-MoS2 after 

operando XAS measurements. The surface electronic structure of 2H, 1T and 

amorphous MoS2 films was probed by XPS before and after operando XAS 

measurements (Figure 5.4d, e). The Mo 3d core level component describing the Mo-

S bond for pristine 1T and Am-MoS2 was shifted negatively by ~0.9 eV compared to 

that of 2H phase, which is a characteristic feature for both 1T and amorphous phase 

MoS2.
[18, 35]

 However, the core-level of Mo(IV)-S (Mo 3d
5/2

 228.6 eV) for 1T-MoS2 

shifted back to 229.5 eV after operando XAS tests, suggesting a transformation from 
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1T to 2H-MoS2 at the surface. Moreover, we performed Raman spectroscopy to 

identify the present MoS2 phases.
[16]

 As shown in Figure 5.5, there is a redshift (~2 

cm
-1
) of E

1
2g and A1g peaks for 1T- MoS2 compared to 2H- MoS2, which stays constant 

before and after operando XAS measurements implying phase stability of the bulk 

1T-MoS2 phase under mild reaction conditions consistent with the EXAFS fitting 

results. By contrast, the shift (~0.7 eV) in Mo 3d core level spectra for Am-MoS2 

remained unchanged after electrochemical tests (Figure 5.4d). Even though sulfur 

dimers of Am-MoS2 have been reported to be involved in proton reduction,
[20b]

 the 

decreased intensity of sulfur dimers here apparently did not influence the HER 

activity (Figure D.4). However, as shown in Figure 5.4d, the Mo 3d spectrum of Am- 

MoS2-spent features the typical signature of Mo(IV)-S as also present in 2H phase 

MoS2
[21b]

, suggesting similarity of electronic structure of Am- and 2H-MoS2.  

 

 
Figure 5.4. a-c) Mo K-edge Fourier transform EXAFS (k2-weighted) of 2H- (a), 1T- (b) and Am- (c) MoS2 

under operando electrochemical conditions; d, e) X-ray photoemission spectra of Mo 3d (d) and S 2p (e) 

before and after (-spent) operando XAS measurements. 

Table 5.5. Mo-K edge EXAFS fitting MoS2 films under operando conditions. 
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Sample 
R 

factor 
(%) 

 k-
range 

fit 

 R-
range 

fit 
Path CN 

R 
(Å) 

σ
2
 

(Å
2
) 

ΔE 
(eV) 

±CN ±R (Å) 
± σ

2
 

(Å
2
) x 

10
−3

 

±ΔE 
(eV) 

2H-MoS2-dry 13.5 2 - 11.18 
1.08 – 
3.08 

Mo-S 4.28 2.385 0.003 -3.20 0.09 0.003 0.093 0.17 

 13.5 2 - 11.18 
1.08 – 
3.08 

Mo-
Mo 

3.06 3.154 0.003 -3.20 0.05 0.015 0.958 0.17 

2H-MoS2@0.3 
V RHE 

8.07 2 – 11.18 
1.08 – 
3.08 

Mo-S 4.33 2.391 0.004 -3.06 0.04 0.001 0.084 0.01 

 8.07 2 – 11.18 
7 

1.08 – 
3.08 

Mo-
Mo 

2.70 3.142 0.005 -3.06 0.05 0.002 0.078 0.01 

2H-
MoS2@−0.3 V 

RHE 
10.4 

13.69 
2 – 11.18 

1.08 – 
3.08 

Mo-S 4.71 2.403 0.003 -1.49 0.21 0.0004 0.009 0.48 

 10.4 2 – 11.18 
1.08 – 
3.08 

Mo-
Mo 

2.11 3.165 0.002 -1.49 0.13 0.0006 0.133 0.48 

Table 5.6. Mo-K edge EXAFS fitting results of 1T-MoS2 films under operando conditions. 

Sample 
R 

factor 
(%) 

k-
range 

fit 

R-
range 

fit 
Path CN 

R 
(Å) 

σ
2
 

(Å
2
) 

ΔE 
(eV) 

±CN 
±R 
(Å) 

± σ
2
 

(Å
2
) x 

10
−3

 

±ΔE 
(eV) 

1T-MoS2-dry 14.12 2 - 11.18 
1.04 – 
2.43 

Mo-S 6.66 2.354 0.011 -7.36 0.13 0.001 0.567 0.49 

 14.12 2 - 11.18 
1.04 – 
2.43 

Mo-S 
(distorted) 

5.90 2.004 0.016 -7.36 0.16 0.005 0.462 0.49 

1T- 
MoS2@0.3 V 

RHE 
8.39 

2 – 
11.18 

1.04 – 
2.43 

Mo-S 5.82 2.416 0.007 -6.00 0.07 0.002 0.137 0.21 

 8.39 
2 – 
11.18 

1.04 – 
2.43 

Mo-S 
(distorted) 

0.96 1.835 0.014 -6.00 0.13 0.005 0.454 0.21 

1T- MoS2@-
0.3 V RHE 

5.05 
2 – 
11.18 

1.04 – 
2.43 

Mo-S 3.78 2.406 0.003 -2.05 0.01 0.0002 0.034 0.07 

 5.05 
2 – 
11.18 

1.04 – 
2.43 

Mo-S 
(distorted) 

0.34 1.827 0.001 -2.05 0.01 0.001 0.000 0.07 

Table 5.7. Mo-K edge EXAFS fitting results of Am-MoS2 films under operando conditions. 

Sample 
R 

factor 
(%) 

range 
fit 

range 
fit 

Path CN 
R 

(Å) 
σ

2
 

(Å
2
) 

ΔE 
(eV) 

±CN 
±R 
(Å) 

± σ
2
 

(Å
2
) 

x10
−3

 

±ΔE 
(eV) 

Am-MoS2-dry 3.64 
2 – 

11.06 
1.06 – 
2.43 

Mo-S 4.60 2.443 0.008 -1.69 0.02 
0.002 
0.03 

0.196 0.08 

 3.64 
2 – 

11.06 
1.06 – 
2.43 

Mo-S 
(distorted) 

0.36 1.775 0.001 -1.69 0.03 0.003 0.000 0.08 

Am-
MoS2@0.3 V 

RHE 
12.09 

2 – 
11.06 

2.43 Mo-S 3.04 2.401 0.002 -3.38 0.07 0.003 0.372 0.80 

 12.09 
2 – 

11.06 
1.06 – 
2.43 

Mo-S 
(distorted) 

0.38 1.644 0.011 -3.38 0.37 0.025 11.77 0.80 

Am-
MoS2@−0.3 V 

RHE 
14.21 

2 – 
11.06 

1.06 -
2.15 

Mo-S 2.30 2.407 0.003 -8.39 0.02 0.004 0.014 0.34 

 14.21 
2 – 

11.06 
1.06 -
2.15 

Mo-S 
(distorted) 

0.58 1.795 0.003 -8.39 0.12 0.009 0.000 0.34 
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Figure 5.5. Raman spectra of 2H-, 1T-MoS2 (a) and Am-MoS2 (b). 

We utilized grazing incidence X-ray diffraction (GIXRD) to inspect the materials 

before and after operando XAS measurements. Figure D.7 presents the diffraction 

patterns of MoS2 films where the absence of diffraction peaks at 14.2° (002) and 33.3° 

(101) (2θ) for pristine 1T phase can be seen, indicating short-range order or 

distortion. However, the re-appearance of (002) and (101) reflections for 1T-MoS2-

spent suggests that the structure distortion at the surface vanishes and the material 

changes back to 2H phase MoS2. In addition, SEM (scanning electron microscopy) 

images (Figure D.8) reveal obvious morphology changes for 1T phase after HER tests. 

By contrast, neither Raman (Figure 5.5) nor XRD shows any peaks before and after 

HER test for Am-MoS2. So far, we may conclude that even under mild HER 

conditions, the surface structural distortion for 1T phase would disappear and 

change back to 2H phase, while amorphous MoS2 retains its intrinsic structural 

distortion and with that its high HER activity. 

5.3.4 Influence of structure distortion on HER activity 

We have employed first-principle calculations to investigate the influence of 

electronic structure on the HER performance of the different MoS2 configurations. 

Figure 5.6 shows a comparison between the partial density of states (PDOS) of the 

2H-MoS2 monolayer with regular Mo-Mo (3.168 Å) and Mo-S (2.415 Å) distances and 

the 2H-MoS2 monolayer with distorted distances (shorter Mo-Mo (2.746 Å) and Mo-

S (2.331 Å) distances). The results indicate that the structurally distorted 2H-MoS2 

monolayer possesses a bandgap of 0.41 eV, which is narrower than that of the regular 

2H-MoS2 monolayer (1.59 eV). The narrowed bandgap of the distorted 2H-MoS2 

monolayer suggests that structural distortions in the form of shorter Mo-Mo and 
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Mo-S bonds could introduce more charge carriers close to the conduction band edge 

and with that improve its intrinsic conductivity and HER activity. Consistently, the 

computational results reveal that the Gibbs free energy of hydrogen adsorption 

(ΔGH*) value of 1.23 eV at an S site on the distorted 2H-MoS2 basal plane is much 

smaller than that on a un-distorted 2H-MoS2 basal plane (1.88 eV). Similarly, the 

ΔGH* on the Mo-edge of the distorted 2H-MoS2 (−0.16 eV) is smaller than that of 

regular 2H-MoS2 (−0.23 eV). These results suggest that the distorted 2H-MoS2 may 

have a higher activity for HER than regular MoS2. 

 

 
Figure 5.6. Structure and partial density of states (PDOS) of a regular (a) and a distorted (b) 2H-MoS2 

monolayer. 

 Conclusion 5.4

In summary, structural distortion is reported to play a key role in improving the 

HER performance of MoS2 catalysts. By combining electrochemical testing with 

structural characterization techniques and theoretical modelling, we revealed that 

the similar electronic and catalytic properties of 1T and amorphous MoS2 were 

caused by the presence of structural distortion of the Mo-S and Mo-Mo bonds 

present in both types of materials. The undistorted 2H-MoS2, in contrast, was found 

to be much less active towards HER. With the assistance of ex-situ and operando X-

ray absorption spectroscopy, we observed that even under mild HER conditions, the 

1T phase gradually changes back to 2H phase concomitant with a slight decrease in 

HER activity. The consistently higher activity of 1T phase compared to 2H phase 

MoS2 even after prolonged HER catalysis can be ascribed to the presence of adsorbed 
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Li promoting HER after the phase transformation. In comparison, amorphous MoS2 

was stable in both structure and HER activity during long term HER measurements, 

suggesting the importance of a stable structural distortion for maintaining high HER 

performance.  
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Appendix D 
Supporting information for Chapter 5 
 

D.1 XAS 

 

Figure D.1. Ex-situ grazing incidence Mo-K edge EXAFS spectra of MoS2 films plotted as χ (k) with k-

weight of 3. The black curves represent experimental data and the red curves show fitted spectra. 
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Figure D.2. Mo K-edge XANES spectra of experimental data (black curve, 1T-MoS2) and calculated 

simulation based on rhombohedral structure (inset, purple, yellow and green balls corresponds to Mo, S 

and Li atoms respectively), red curve represents ideal simulated spectra while blue curve represents the 

simulated spectra with the consideration of broadening by core-hole lifetime. 

Figure D.2 presents the simulated Mo K-edge XANES spectra based on a 

rhombohedral MoS2 structure upon Li intercalation. However, the calculated spectra 

differ from the experimental data in their main features, which means that the 

proposed rhombohedral structure is not suitable. Therefore, it is assumed that the 

as-prepared 1T-MoS2 has a monoclinic symmetry (Figure 5.2k) with distorted 

octahedral Mo coordination. 
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D.2 Operando XAS 

 

Figure D.3. a) Design of the electrochemical cell for operando XAS measurements; b) photo of the 

electrochemical cell during experiments at beamline BM26A. 
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Figure D.4. a, c, e) Operando XANES spectra of MoS2 films under different conditions; b, d, f) Current 

density of 2H-MoS2 (b), 1T-MoS2 (d) and Am-MoS2 (f) recorded during XANES measurements. Potentials 

are reported vs. RHE. 
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Figure D.5. a, b) XANES spectra of MoS2 films under operando conditions and new spot (spot 1, 2) with 

the same applied potential. 

 

Figure D.6. Mo-K edge EXAFS spectra of MoS2 films plotted as χ (k) with k-weight of 2. The black curves 

represent experimental data and the red curves show fitted spectra. 

 

D.3 ICP analysis 

Table D.1. ICP analysis results of MoS2 films after operando XAS experiments. 

Sample name Mo mass (μg) S mass (μg) Li mass (μg) Formula (based on atomic ratio) 

2H-MoS2-spent 170.1 (1.0)a 146.7 (2.0)a - MoS2.6 

1T-MoS2-spent 83.9 (0.4)a 78.4 (1.4)a 4.5 (-)b Li0.7MoS2.8 

Am-MoS2-spent 24.4 (0.1)a 28.2 (0.9)a - MoS3.4 
aStandard deviations are calculated on the ICP values of two emission lines of Mo. 

bCalculation of standard deviation is not possible as there is only one emission line of Li. 
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D.4 XRD, SEM and XPS analysis 

 

Figure D.7. X-ray diffraction patterns with grazing incidence angle of 0.3° for MoS2 films before and after 

operando XAS measurements. 
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Figure D.8. SEM images of 2H- (a, b), 1T- (c, d) and Am- (e, f) MoS2 films before (a, c, e) and after (b, d, f) 

operando XAS measurements.   
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Figure D.9. XP spectra of Li 1s for 1T-MoS2 films before and after operando XAS measurements. 

 

Figure D.10. Valence band spectra of 2H and 1T-MoS2 films. The values shown are the Fermi edge 

energies determined by the cross of two linear parts of the VB spectra. 
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Figure D.11. Valence band spectra and Fermi energy of Am-MoS2 films. The value shown was Fermi edge 

energy and was determined by the cross of two linear parts of the VB spectra. 

Table D.2. Summary of Mo 3d5/2 binding energy for samples used in operando XAS measurements 
(corresponds to Figure 5.4d). 

 
2H-

MoS2 
2H-MoS2-
spent 

1T-
MoS2 

1T-MoS2-
spent 

Am-
MoS2 

Am-MoS2-
spent 

Mo 3d5/2 Binding 

Energy (eV) 

(Mo(IV)-S) 

229.5 229.2 228.6 229.5 228.8 228.8 

 

Table D.3. Summary for the atomic percentage of sulfur species based on S 2p spectra. 

% At. Conc. 2H-
MoS2 

2H-MoS2-
spent 

1T-
MoS2 

1T-MoS2-
spent 

Am-
MoS2 

Am-MoS2-
spent 

 Electron rich 
S2− 

5.6 2.6 9.6 14.8 1.1 1.1 

S2− 90.0 92.1 83.3 79.8 56.0 76.2 

S in S2
2− 

(dimer) 
4.4 2.8 7.1 5.4 42.9 20.5 

Sulfate - 2.5 - - - 2.2 

S/Mo ratio 1.70 1.73 2.31 1.63 2.26 1.68 
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D.5 Electrochemically Active Surface Area 

Typically, the electrochemical double layer capacitance (Cdl) method is applied to 

assess the electrochemically active surface area (ECSA). However, the ECSA value is 

obtained by the formula: ECSA =  
𝐶𝑑𝑙 (𝑠𝑎𝑚𝑝𝑙𝑒)

𝐶𝑑𝑙 (𝑠𝑖𝑛𝑔𝑙𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙)
, where Cdl (sample) represents the Cdl 

value of the sample and Cdl (single crystal) represents the Cdl of a single crystal reference 

material with certain orientation. This method assumes that the sample has the 

same orientation as the single crystal reference which is often not the case, and even 

single crystals with different orientations can have different Cdl values.
[36]

 Therefore, 

this method sometimes can over- or underestimate the real ECSA. For instance, as 

has been shown in Figure D.12 and Table D.4, 1T-MoS2 has much higher Cdl values 

than that of Am- MoS2, which are comparable to their corresponding HER activities.  

In our case, since the MoS2 polymorphs differ in material properties such as 

orientation, (electronic) structure and coordination, it would be inappropriate to use 

a single Cdl value to compare their ECSA values. Considering that all MoS2 

polymorphs were prepared with the same number of ALD cycles on glassy carbon 

substrates, in other words the same amount of material being present, we can just 

compare the electrocatalytic activity based on geometric surface area. 
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Figure D.12. Electrochemical double layer capacitance (Cdl) measurements for MoS2 films with a 

geometric surface area of 3.14 cm2. a-i) Cyclic voltammetry (CV) measurements in the potential range of 

VOCP (open circuit potential) ± 50 mV; j-l) Fitting plots showing the extraction of corresponding Cdl. 

Table D.4. Summary for the binding energy of Mo (IV)-S bond with different Li loading on carbon 

support. 

Sample name Cdl (μF/cm2) 

2H-MoS2 3.4 

2H-MoS2-after in-situ XAS 4.4 

2H-MoS2-after stability test 3.9 

1T-MoS2 161.1 

1T-MoS2-after in-situ XAS 108.9 

1T-MoS2-after stability test 56.6 

Am-MoS2 17.6 

Am-MoS2-after in-situ XAS 51.0 

Am-MoS2-after stability test 39.9 
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D.6 DFT modeling 

 
Figure D.13. Optimized structure and calculated Gibbs free energy (eV) for hydrogen adsorption on (a) 

regular and (b) distorted 2H-MoS2 basal plane 

 

Figure D.14. Optimized structure and calculated Gibbs free energy (eV) for hydrogen adsorption on (a) 

regular and (b) distorted 2H-MoS2 Mo-edge 
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  Chapter 6
Cu Underpotential Deposition on Transition 

Metal Dichalcogenides to Determine the 

Number of Electrochemically Active Sites 
 

ABSTRACT 

Even though the nature of the H2 evolution sites in transition metal dichalcogenide 

(TMDs) materials is known, it remains challenging to experimentally determine the 

number of active sites in such systems being a crucial parameter for meaningful 

evaluation of current density. The electrochemically active surface area (ECSA) of 

hydrogen evolution (HER) catalysts is mostly assessed via measurement of the 

double layer capacitance (Cdl). Other methods such as CO stripping or Cu 

underpotential deposition (UPD) are commonly used for noble metals to determine 

the number of active sites for HER. Here, we address the question of how to obtain 

reliable ECSA data for transition metal dichalcogenide materials relating to their 

HER activity. By combining electrochemical testing with advanced material 

characterization and theoretical modelling, Cu speciation and Cu binding sites are 

investigated to extend the understanding of the Cu UPD method for ECSA 

determination and HER active site determination in TMDs. 

 

 

This chapter is going to be submitted as 

Cu Underpotential Deposition on Transition Metal Dichalcogenides to Determine the Number of 
Electrochemically Active Sites, L. Wu, N. Y. Dzade, N. Chen, B. van Dijk, S. Balasubramanyam, 
A. Sharma, L. Gao, D. G. H. Hetterscheid, E. J. M. Hensen,  A. A. Bol, N. H. De Leeuw, J. P. 
Hofmann.   
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 Introduction 6.1

Hydrogen, an important base chemical in many industrial processes, is suggested 

as an ideal carrier for the future energy system.
[1]

 However, nowadays, H2 is mainly 

produced from hydrocarbons via steam reforming, which is neither sustainable nor 

carbon-neutral.
[2]

 Therefore, water splitting by electricity generated from renewable 

energy sources such as wind or solar provides a promising way for sustainable energy 

storage.
[3]

 Precious metals such as Pt or Ru exhibit highest activities for the hydrogen 

evolution reaction (HER); yet, the scarcity and high cost of these materials motivate 

the search for earth abundant catalysts with comparably high activities and 

robustness. Recent advances in material science and nanotechnology have 

demonstrated the great potential of transition metal dichalcogenides (TMDs) such 

as MoS2 and WS2 as promising alternatives to Pt for efficient HER.
[4]

 A variety of 

novel methodologies such as nanostructuring and defect engineering have been 

reported to fabricate TMDs-based HER catalysts.
[3, 5]

 However, comparison of 

experimental data from different labs or preparation methods is groundless without 

normalization of the actual electrochemically active surface area (ECSA) or the 

number of catalytically active sites (NA) of the different catalyst samples.
[6]

 Specific 

ex-situ and in-situ methods have been reported for various materials,
[6]

 however, 

each of those methods has significant limitations making a direct comparison of 

intrinsic electrocatalytic activities problematic. For instance, the well-known 

Brunauer-Emmett-Teller (BET) method has difficulties in establishing a firm 

correlation between BET surface area and ECSA.
[7]

 Hydrogen, oxygen, or CO 

adsorption are well known in-situ electrochemical methods for determining the 

number of electrocatalytically active sites; yet, these methods are limited in scope to 

a few noble metals showing high affinity to either hydrogen, oxygen or CO 

molecules. Electrochemical double layer capacitance (DLC), which is obtained from 

measurements in a potential region where electric double layer charging is the only 

electrochemical process, offers a versatile alternative for estimating ECSA of earth 

abundant electrocatalysts such as sulfides, carbides and phosphides
[1, 5, 8]

 

Nonetheless, the greatest difficulty of this method to get reasonable ECSA is to 

obtain reliable reference values of the specific capacity per unit area.
[9]

 Yoon et al. 

demonstrated the use of non-aqueous electrochemical DLC to compare ECSA among 

various materials,
[10]

 but this method does not provide any information about the 
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number of active sites (NA) which is needed to derive the turn over frequency (TOF) 

of the catalyst. 

Underpotential deposition (UPD) refers to electrochemical deposition of metal 

atoms at potentials more positive than those required for bulk deposition and is 

particularly convenient in determining the number of active sites for noble metal 

electrodes or noble metal particles loaded on inert supports.
[11]

 Recently, the UPD 

phenomenon on metal chalcogenides (e.g. CdS, WS2, Pd3P2S8) was reported to 

provide access to NA.
[12]

 However, further studies are required to investigate the UPD 

adlayer formation and to correlate it with catalytically active sites playing a role in 

the HER mechanism. Here, we investigate the use of Cu UPD as a method to 

evaluate the number of HER electroactive sites for TMDs using the showcase 

examples MoS2 and WS2. Using grazing incidence extended X-ray absorption fine 

structure spectroscopy (EXAFS) at the Cu K-edge, we structurally characterize the 

Cu adsorption sites on TMDs. In combination with electrochemical measurements 

and theoretical modelling, we show that Cu UPD can be used as a robust tool for 

estimating NA, thereby allowing for the comparison of intrinsic activities of different 

TMDs towards HER electrocatalysis. 

 Experimental 6.2

6.2.1 Preparation of MoS2 and WS2  

MoS2 and WS2 films were prepared by plasma-enhanced atomic layer deposition 

(PE-ALD) in an Oxford Instrument FlexAL
TM

 ALD reactor on either electrochemical 

quartz crystal microbalance (EQCM) gold electrodes or glassy carbon electrodes 

(Carbon-Vitreous-3000C-Foil-VC000550, Goodfellow Cambridge Ltd. UK).
[13]

 The 

PE-ALD process was based on a combination of a metal organic precursor 

[(NtBu)2(NMe2)2Mo] or [(NtBu)2(NMe2)2W] and H2S+H2+Ar plasma as a co-reactant. 

WS2 and MoS2 films with different structures and ALD cycles are tested in this work. 
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Table 6.1. Summary of sample codes and corresponding ALD cycles and sturctures. 

Sample codes ALD cycles Structure 

WS2-1 200 Vertically aligned 

WS2-2 200 out-ofplane oriented (OoPO)[13] 

WS2-3 400 Vertically aligned 

WS2-4 400 OoPO 

WS2-5 100 Vertically aligned 

WS2-6 600 Vertically aligned 

MoS2-1 100 OoPO 

MoS2-2 400 OoPO 

MoS2-3 600 OoPO 

MoS2-4 400 Amorphous 

 

6.2.2 Electrochemical characterization 

Electrochemical characterization was performed in a three-electrode configuration 

with MoS2 or WS2 modified glassy carbon plates (22 × 22 × 2 mm³) as working 

electrode, Pt foil as counter electrode and saturated calomel electrode (SCE, 

calibrated with a value of +0.269 V vs. reversible hydrogen electrode (RHE)) as 

reference electrode. Hydrogen evolution tests were carried out in Ar saturated 0.1 M 

H2SO4. 

All Cu UPD tests were performed in Ar sturated 2 mM CuSO4 in 0.1 M H2SO4 

electrolyte. Briefly, the samples were firstly polarized at +0.67 V vs. RHE for 120 s to 

remove surface oxide species, then copper or hydrogen deposition was carried out at 

the indicated potential for 100 s. Afterwards, the potential was scanned to +0.67 V vs. 

RHE (a lower potential could not completely strip Cu from MoS2 and higher 

potentials would cause oxidation of MoS2) at a scan rate of 2 mV/s. Hydrogen 

adsorption charge QH was calculated by integrating the current obtained upon 

scanning from the deposition potential to +0.67 V vs. RHE. The Cu stripping charge 

QCu was calculated in a similar way with correction for hydrogen adsorption charge. 

6.2.3 X-ray absorption spectroscopy (XAS) 

X-ray absorption spectroscopy (XAS) was performed at beamline 061D-1 (HXMA) 

of the Canadian Light Source (CLS). Samples were mounted in an N2 protected 

holder and measured at a grazing incidence angle of 0.2° in fluorescence detection 

mode. X-ray Near Edge Spectroscopy (XANES) and Extended X-ray Absorption Fine 
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Structure (EXAFS) spectroscopy were collected at the Cu K-edge (9 keV) and 

recorded with 5 scans. 

The code used for XANES modeling was FDMNES.
[14]

 The structural model for 

metallic Cu was obtained from Crystallography Open Database (COD ID: 1512504).
[15]

 

Structural models of Cu bonding on MoS2 were obtained from DFT calculations as 

described below. 

6.2.4 Computational details 

All density functional theory (DFT) calculations were carried out by using the 

Vienna ab-initio simulation package (VASP),
[16]

 a periodic plane wave DFT code 

which includes the interactions between the core and valence electrons using via the 

Projector Augmented Wave (PAW) method.
[17]

 The generalized gradient 

approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional was used 

for the calculation of the electronic exchange–correlation potential.
[18]

 Wave 

functions were expanded in a plane wave basis with a high energy cutoff of 600 eV 

and the convergence criterion was set to 10−6 eV between two ionic steps for the 

self-consistency process. The long range van der Waals interactions are incorporated 

in DFT through DFT-D3 scheme of Grimme, which adds a semi-empirical dispersion 

potential to the conventional Kohn–Sham DFT energy.
[19]

 

 Results and discussions 6.3

6.3.1 Cu UPD on TMDs 

Figure 6.1 displays the potentiodynamic profiles of different MoS2 films during Cu 

UPD and overpotential deposition (OPD). For comparison, cyclic voltammetry (CV) 

curves of both bare glassy carbon (GC) substrate and MoS2 film are given in Figure 

6.1a, which show that the cathodic reduction of Cu
2+

 on MoS2 starts at more positive 

potentials than bulk Cu deposition on bare GC. The Nernst potential of ECu2+/Cu in 

this system (2 mM CuSO4) is +0.26 V vs. RHE while the UPD on MoS2 shifts around 

+100 mV. A series of cyclic voltammograms with varying potential scan ranges are 

shown in Figure 6.1b displaying the transition from Cu UPD to OPD with 

decreasing deposition potential. The same phenomenon is also present in WS2 

(Figure 6.2), which implies that these TMDs such as MoS2 and WS2 are able to 

deposit Cu at potentials more positive than Nernstian potential (i.e. UPD). To 

correlate the relative Cu UPD charge (QCu) with hydrogen adsorption charge (QH), a 
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plot of QCu / QH as a function of  deposition potential is presented in Figure 6.1d.
[11a]

 

QCu is obtained by integrating the Cu stripping charge from Cu deposition potential 

(EDep.) to +0.67 V (corrected for MoS2 background in 0.1 M H2SO4), whereas QH is 

calculated with the same method in the absence of CuSO4. The QCu / QH ratio 

reaches a value of ~2 at potentials lower than +0.44-0.46 V for MoS2 (Figure 6.1d, 

Table 6.2) and WS2 (Figure 6.3, Table E.1), which suggests that copper atoms adsorb 

on the same sites and have the same surface density as the hydrogen atoms.
[12b, 12c]

 

 
Figure 6.1. a) Cyclic voltammetry (CV) curves of bare glassy carbon substrate (black curves) and MoS2 fins 

(blue curves) in 2 mM CuSO4 in 0.1 M H2SO4 with different potential ranges, scan rate: 50 mV/s; b) CV 

curves of nanostructured MoS2 in 2 mM CuSO4 in 0.1 M H2SO4 with gradually increased potential scan 

range; c) CV curves of MoS2 fins in 0.1 M H2SO4 (black curve) and 2 mM CuSO4 in 0.1 M H2SO4 (red curve), 

scan rate: 50 mV/s; d) Ratio of Cu stripping charge to hydrogen adsorption charge as a function of 

adsorption potential on nanostructured MoS2 in 2 mM CuSO4 in 0.1 M H2SO4. Inset shows the Cu 

stripping process where MoS2 is first polarized at +0.67 V for 120 s, then after Cu deposition at certain 

potential EDep. for 100 s, the Cu is stripped by scanning back to +0.67 V at a rate of 2 mV/s.   
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Table 6.2. Summary of the Cu stripping charge and hydrogen adsorption charge at different potentials for 

nanostructured MoS2. 

Potential vs. RHE (V) QH (μC/cm2) QCu
 
(μC/cm2) QCu

 
/ QH 

+0.33 54.6 290.2 5.3 

+0.36 42.7 237.7 5.6 

+0.39 31.3 166.2 5.3 

+0.41 24.0 105.7 4.4 

+0.44 16.3 41.1 2.5 

+0.47 11.0 9.4 0.8 

+0.50 7.5 3.5 0.5 

+0.53 5.8 1.4 0.2 

+0.55 4.8 0.2 0.1 

+0.60 5.3 2.5 0.5 

  

 

 
Figure 6.2. a) Cyclic voltammetry (CV) curves of WS2 film in 0.1 M H2SO4 (black curve) and in 2 mM 

CuSO4 in 0.1 M H2SO4 (red curve); b) CV curves of WS2 film in 2 mM CuSO4 in 0.1 M H2SO4 with different 

potential range. Scan rate: 50 mV/s. 

 

6.3.2 Electrochemical quartz crystal microbalance (EQCM) 

measurements 

To study the UPD phenomenon of Cu on MoS2 surfaces in more detail, we 

employed electrochemical quartz crystal microbalance (EQCM) measurements for 

the quantitative analysis of the mass change during the Cu UPD process.
[20]

 Figure 

6.3 presents cyclic voltammograms (CV) and simultaneously recorded frequency 

change (∆f) on PE-ALD prepared MoS2-Au-EQCM electrodes in 2 mM CuSO4 in 0.1 



- 160 - 

 

M H2SO4. Upon negative scanning from +0.85 V, the QCM frequency first remains 

constant and then decreases quickly as the first Cu UPD peak appears at ~+0.40 V. 

On the reverse scan, the frequency gradually increases accordingly with a sharp 

jump when the Cu stripping peak approaches at ~+0.50 V. Interestingly, the Cu UPD 

and stripping peaks increase gradually within the first four CV scans and remain 

similar for the 5
th

 and 6
th

 scan, which is also reflected in the frequency change in 

EQCM measurements. In addition, the starting frequency value becomes larger with 

increasing scan numbers and keeps constant after the 4
th

 scan. These phenomena 

can be ascribed to the strong binding between Cu atoms and MoS2 that there is an 

incomplete desorption of adsorbed Cu in the initial cycles. However, the absolute 

frequency change in each cycle (Figure 6.3b) remains constant which suggest the 

same amount of adsorbed Cu. The frequency change (∆f) in EQCM is proportional to 

the change in mass (∆m) per unit area (A) on the working electrode, and is given by 

the Sauerbrey equation:  

∆𝑓 =  −(2𝑓0
2)∆𝑚 / 𝐴√𝜇𝑞𝜌𝑞 

where 𝑓0 is the resonant frequency (Hz), A is the piezoelectrically active crystal 

area, 𝜇𝑞 is the shear modulus of quartz (2.947 ×  1011 g ∙  cm−1 ∙  s−2) and 𝜌𝑞 is the 

density of quartz (2.648 g/cm3).
[21]

 Based on this equation, the sensitivity of the 

EQCM is calibrated to be 14 ng ∙  Hz−1 ∙  cm−2. Therefore, the adsorbed Cu atoms on 

MoS2 electrode amount to 84 ng ∙  cm−2 or 7.96 ×  1014 atoms/cm2 in the range of 

+0.31 to +0.85 V vs. RHE, which might corresponds to the number of active sites 

(NA). 

 

 
Figure 6.3. Cyclic voltammetry (CV) (a) and simultaneously recorded frequency change (b) on MoS2 

deposited on a polycrystalline Au-EQCM electrode in 2 mM CuSO4 in 0.1 M H2SO4. Scan rate: 50 mV/s. 
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6.3.3 Comparison between Cu UPD and double layer capacitance 

(Cdl) method 

To evaluate the applicability of the Cu UPD method in determining the number of 

active sites for electrocatalytic hydrogen evolution reaction (HER), we measured QCu 

and double layer capacitance (Cdl) for various thin film WS2 (Figure 6.4) and MoS2 

(Figure 6.5) samples. The linear sweep voltammetry (LSV) curves of different WS2 

films are presented in Figure E.2 and the current density values at certain 

overpotentials are presented in Figure 6.4 to give a comparison of their HER 

activity. QCu is calculated by integrating the CV curve of the samples in 2 mM CuSO4 

in 0.1 M H2SO4 from +0.46 to +0.67 V vs. RHE with correction for hydrogen 

adsorption charge. The double layer capacitance (Cdl) was extracted by plotting ∆j = 

ja – jc (ja and jc represent anodic and cathodic current densities, respectively) at a 

given potential against CV scan rates with the folling equation: 
𝑗𝑎 − 𝑗𝑐

2
=

 𝐶𝑑𝑙  
𝑑𝐸

𝑑𝑡
 (Figure E.3). Current densities at both −0.40 and −0.60 V show that WS2-5 

presents the highest current density value. However, Cdl measurements show a 

significantly higher value of WS2-1 than other WS2 films which does obviously not 

correlate with HER activity. Therefore, evaluating ECSA with Cdl in this case would 

be rather random than precise.
[10, 22]

 On the contrary, QCu values shown in Figure 6.4 

display the same trend as HER activity in the range of −0.4 and −0.6 V vs. RHE, 

which suggests that Cu UPD better correlates with HER activity and thereofore 

would be a more reliable method for the determination of ECSA than Cdl. The 

correlation of Cu UPD (QCu) with HER activity of MoS2 films is shown in Figure 6.5. 

The advantage of the Cu UPD method is that it yields the number of active sites 

(NA)(Table 6.3, 6.4) which makes the evaluation of intrinsic HER activity of TMD 

materials possible. 
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Figure 6.4. Comparison of current density values at −0.4 V (blue) and −0.6 V (green) vs. RHE, double 

layer capacitance (Cdl) (pink) and Cu stripping charge (QCu) (red) for various WS2 films. 

 

 

Table 6.3. Summary of calculated adsorbed Cu based on the integration of Cu stripping in the range of 

0.46 – 0.67 V shown in Figure E.5. 

Sample name NA (amount of adsorbed Cu)/cm2 

WS2-1 2.8 × 1015 

WS2-2 1.1 × 1015 

WS2-3 2.5 × 1015 

WS2-4 7.7 × 1014 

WS2-5 5.9 × 1015 

WS2-6 1.8 × 1015 
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Figure 6.5. Comparison of current density values at −0.4 V (blue) and −0.6 V (green) vs. RHE, 

electrochemical double layer capacitance (Cdl) (pink) and Cu stripping charge (QCu) (red) for various MoS2 

films. 

 

Table 6.4. Summary of calculated adsorbed Cu based on the integration of Cu stripping in the range of 

0.46 – 0.67 V shown in Figure E.9. 

Sample name NA (amount of adsorbed Cu)/cm2 

MoS2-1 1.2 × 1014 

MoS2-2 2.2 × 1014 

MoS2-3 2.4 × 1014 

MoS2-4 4.4 × 1015 

 

6.3.4 Cu adsorption on MoS2 

X-ray absorption spectroscopy (XAS) at the Cu K-edge including X-ray absorption 

near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) 

allows for studying the local structure of Cu adsorbed on TMDs.
[23]

 Based on density 

functional theory (DFT) modeling, we evaluate different possible Cu binding 

scenarios on MoS2, namely single Cu monodentate (M1, Fig. 4a), single Cu bidentate 

(M2, Figure 6.6b) and paired Cu monodentate (M3, Figure 6.6c). Figure 6.6c 

presents the comparison of experimental and Feff (automated program for ab initio 

multiple scattering calculations of XAS)
[14]

 modeled EXAFS Fourier transforms (FT), 
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which indicates the existence of M2 and M3 species for Cu deposition at +0.21 V on 

MoS2 with bond distances of 2.36 Å for Cu-S (M2) and 2.56 Å for Cu-Cu (M3) (Table 

6.5). As the Cu-K edge XAS was recorded for a sample with Cu deposition at a 

relatively low potential, it is reasonable to observe the existence of Cu-Cu direct 

bonding, indicating the presence of Cu-Cu clusters. Because of the ultrathin nature 

of the Cu UPD layers on the MoS2 samples, attempts to measure the sample of Cu 

deposition under UPD conditions resulted in too low S/N ratio to give reliable fits 

(Figure E.16). Although the sample was characterized under more negative potentials 

than Cu UPD, the strong contribution of Cu bidentate (M2) in the R-space of the 

Fourier transformed EXAFS (Figure 6.6d) indicates the bonding mode of Cu UPD 

on MoS2. 

 

 

 
Figure 6.6. Structural models of Cu bonding mechanisms on MoS2 with configuration of Cu monodentate 

(a), bidentate binuclear (b) and paired Cu monodentate (c); d) comparison of experimental (black curve) 

and Feff modeled EXAFS Fourier Transforms (FT); e) fit results corresponding to the Cu K-edge EXAFS FT 

spectra. Data are plotted as open circles and the fit as red line. 
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Table 6.5. M-4 based R space curve fitting results. 

 M-4 Model  R space curve fit 

No. Path Sub-model CNa R  R ± σ2 (Å2) 

1 Cu-S(1) M-2 2 2.36  2.37 0.0088 

2 Cu-Cu M-3 1 2.56  2.51 0.0053c 

3 Cu-S(2) M-3 3 2.93  2.85 0.0072 

4 Cu-S(3) M-2 2 3.27  3.39 0.0086 

5 Cu-Mo(1) M-2 1 3.46  3.39 0.0098 

6 Cu-Mo(2) M-3 1 3.87  3.95 0.0050b 

7 Cu-Mo(3) M-2 2 4.12  4.13 0.0100b 

 a. Fixed during R space curve fitting; 

 b. Limit of parameter floating; 

 c. When CN of the Cu-Cu path is free floating, CN fitted to 0.8, σ2 fitted to 0.0041. 

 

 Conclusion 6.4

Underpotential deposition of copper on MoS2 and WS2 has been investigated as a 

method to estimate the number of active sites for the hydrogen evolution reaction. 

EQCM has been used to show the adsorption of Cu atoms on TMDs upon 

underpotential deposition conditions. The bonding structure of adsorbed Cu atoms 

on MoS2 is characterized by EXAFS, showing a bidentate binuclear bonding on MoS2. 

Compared to double layer capacitance measurements, Cu UPD demonstrates better 

correlation with HER activity and therefore allows a more meaningful estimation of 

the number of active sites of TMDs for HER catalysis. Based on the results and the 

proposed Cu UPD method, a more systematic comparison of current densities of 

different TMD electrocatalysts can be facilitated. 
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Appendix E 
Supporting information for chapter 6 
 

E.1 Cu UPD 

 

Figure E.1. a) CV curves of WS2 film in 0.1 M H2SO4 (black curve) and in 2 mM CuSO4 in 0.1 M H2SO4 (red 

curve); b) ratio of Cu stripping charge to hydrogen adsorption charge as a function of adsorption 

potentials on WS2 film. 

Table E.1. Summary of the Cu stripping charge and hydrogen adsorption charge at different potentials for 

WS2 film. 

Potential vs. RHE (V) QH (μC/cm2) QCu
 
(μC/cm2) QCu

 
/ QH 

+0.335 38.9 282.0 7.2 

+0.355 35.0 249.1 7.1 

+0.385 27.7 217.3 7.8 

+0.415 23.7 171.4 7.2 

+0.435 20.3 121.6 6.0 

+0.455 17.1 59.2 3.5 

+0.465 15.7 28.1 1.8 

+0.475 14.2 8.6 0.6 

+0.485 13.0 4.0 0.3 

+0.495 11.8 2.9 0.2 

+0.505 10.6 2.2 0.2 

+0.535 7.6 0.9 0.1 

+0.565 5.3 0.6 0.1 

+0.595 3.7 1.1 0.3 
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E.2 Evaluation of HER activity 

 

Figure E.2. Linear sweep voltammetry (LSV) curves of different WS2 films in 0.1 M H2SO4. Scan rate: 5 

mV/s. 

 

Figure E.3. a-f) Cyclic voltammetry (CV) measurements of different WS2 films.   
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Figure E.4. Fitting plots showing the extraction of the corresponding Cdl from Figure E.3. 

 

Figure E.5. CV curves forWS2 films in 0.1 M H2SO4 (black curves) and in 2 mM CuSO4 in 0.1 M H2SO4 (red 

curves). 
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Figure E.6. Linear sweep voltammetry (LSV) curves of different MoS2 films in 0.1 M H2SO4. Scan rate: 5 

mV/s. 

 

Figure E.7. a-d) Cyclic voltammetry (CV) measurements of different MoS2 films. 
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Figure E.8. Fitting plots showing the extraction of corresponding electrochemical double layer 

capacitance (Cdl) from Figure E.7. 

 

Figure E.9. CV curves for corresponding MoS2 films in 0.1 M H2SO4 (black curves) and in 2 mM CuSO4 in 

0.1 M H2SO4 (red curves). 
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E.3 DFT modeling 

The optimized lattice constant is 3.168 Å for the primitive cell, containing one Mo 

and two S atoms (Mo–S = 2.415 Å and Mo-Mo = 3.168 Å), which is in good agreement 

with experimental
[24]

 and previous theoretical values.
[25]

 The growth of metal clusters 

on the basal (0001) plane was modelled on a 5 x 5 supercell of MoS2 monolayers, 

which leads to negligible interactions between the system and their mirror images. A 

vacuum region of 20 Å was added along the normal direction to the MoS2 

monolayers to avoid interactions between adjacent images. The Mo- and S-

terminated edges were created by truncating MoS2 monolayer along the (101̅0) 

crystallographic plane, with a vacuum width of 20 Å. The Brillouin zone was sampled 

using a 9 × 9 × 1 Monkhorst-Pack
[26]

 k-point mesh for both the basal plane and the 

Mo- and S-terminated edges. All structures are relaxed with fixed lattice constants 

until the Hellmann-Feynman force on each atom becomes smaller than 0.001 eV Å
─1

. 

To investigate the possible growth mode and mechanism of Cu and Cu cluster on 

the MoS2, the average binding energy (Eab) was calculated as follows:   

Eab = 1
n⁄ (Etotal − Esubtrate − n ∗ Emetal)                                                                   (1) 

where Etotal is the total energy of the Cu-MoS2 system, Esubtrate is the total energy 

of the MoS2 substrate, Emetal is the energy of the single Cu atom, and n is the number 

of Cu atoms. According to the above definition, a negative value of Eab indicates that 

the process is exothermic and favourable adsorption process. To search the most 

stable configuration, we considered three high symmetry adsorption sites (Figure 

E.10), i.e., H site (hollow site above the center of hexagons), TMo site (top site 

directly above a Mo atom), and TS site (top site directly above an S atom). The Eab of 

a single Cu atom at the H, TMo, and TS sites are −1.63, −1.76, and −1.18 eV, respectively, 

indicating the most stable adsorption site of Cu atoms is the T-Fe, where the Cu 

atoms form 3-fold coordination with S atoms (Figure E.11). Cu dimer and trimer have 

an Eab of −1.79, and −2.06 eV, respectively, with the triangular Cu-trimer found to be 

0.17 eV more stable than the linearly formed Cu-trimer.  

At the Mo- and S-edges, the adsorption of a single Cu atom is found energetically 

more favourable at the Mo−Mo and S−S bridge sites, respectively, as shown in Figure 

E.12 and Figure E.13.  The binding energy of a single Cu atom at the Mo-edge is 

calculated at −3.33 eV compared to −3.59 eV on the S-edge, suggesting that the S-

edge is more active towards Cu adsorption than the Mo-edge. The stronger binding 

of the Cu to the MoS2 edges than to the basal (0001) plane (Eb =−1.76 eV for single 
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Cu atom), suggest that Cu atoms will favourably segregate to the edges rather grow 

on the basal (0001) plane.  

 

 
Figure E.10. Top view of (5 x 5) monolayer of MoS2 showing the different Cu adsorption sites explored: 

H=hollow site above the center of hexagons, TMo = top site directly above a Mo atom, and TS = top site 

directly above a S atom. Color scheme: Mo = pink and S = yellow. 

 
Figure E.11. Optimized structures and the average binding energies (Eab) of Cu monomer, dimer, and 

trimer on MoS2 basal (0001) plane. Color scheme: Mo = pink and S = yellow, Cu = brown. 



- 174 - 

 

 

Figure E.12. Optimized structures and the average binding energies (𝐸𝑎𝑏) of Cu monomer, dimer, and 

trimer on the Mo-edge of MoS2. Color scheme: Mo = pink and S = yellow, Cu = brown. 
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Figure E.13. Optimized structures and the average binding energies (Eab) of Cu monomer, dimer, and 

trimer on the S-edge of MoS2. Color scheme: Mo = pink and S = yellow, Cu = brown. 

E.4 XAS 
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Figure E.14. a) XANES spectra for Cu_MoS2@0.21 V (black curve) and Cu foil (red curve); b) theoretical 

model of XANES system revealed particle size induced changing in XANES features for metallic Cu, and 

the smallest particle used for the modeling possessed a cluster size of 3.0 Å (R3) containing 12 Cu. 

As shown in Figure E.14, the similar shape in region A between the sample and Cu 

foil suggests that there might be direct Cu-Cu bonding in the sample. In addition, 

the clearly resolved drift (~2 eV) in edge energy position (B, indicated by the arrow) 

indicates that there exists a different Cu species other than Cu-Cu direct bonding.  

 

 
Figure E.15. Cu-K edge EXAFS spectra of Cu_MoS2@0.21 V plotted as χ (k) with k-weight of 3. The black 

curve represents the experimental data and the red curve shows the fitted spectra.  
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Figure E.16. Fit results corresponding to the Cu K-edge EXAFS FT spectra of Cu_MoS2@0.44 V (a) and 

Cu_WS2@0.465 V (b). Data are plotted as open circles and fits as red line; c, d) Cu-K edge EXAFS spectra 

of Cu_MoS2@0.44 V (c) and Cu_WS2@0.465 V plotted as χ (k) with k-weight of 3. Black curves represent 

experimental data and red curves show fitted spectra. 
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  Chapter 7
Summary and outlook 

Transition Metal Chalcogenide based Functional 

Materials for Renewable Energy Conversion 

    Increasing energy consumption and the urgent need for environmental protection 

calls for the development of efficient and environmental friendly energy resources. 

Among the renewable energy resources, solar energy is by far the largest exploitable 

resource and can be directly or indirectly stored by numerous techniques. For 

instance, photovoltaics (PV) can convert light into electricity with semiconductor 

materials that exhibit photovoltaic effect; artificial photosynthesis captures and 

stores solar energy in the form of chemical bonds in Solar Fuels such as hydrogen, 

methane, methanol or other hydrocarbons.  

    The utility of transition metal chalcogenides (TMCs) relies on diverse factors, 

including their photovoltaic properties (suitable band gap), variability in 

physicochemical properties (can exist in form of several polymorphs), and superior 

catalytic properties for applications such as hydrogenation, electro-driven hydrogen 

evolution and CO2 reduction, etc. Within this thesis, advanced Operando X-ray 

Absorption Spectroscopy together with X-ray photoemission techniques were 

utilized to probe the localized interface to have a deeper understanding of their 

catalytic mechanisms towards energy conversion. 

    Interest in iron pyrite (cubic FeS2) as a photovoltaic material has increased 

significantly, because of its earth-abundancy, nontoxicity, and its suitable band gap 

(~0.95 eV) for solar cell applications. Although photovoltaic cells based on pyrite 

single crystals show large photo-current densities (> 30 mA cm
−2

) and high quantum 

efficiencies (> 90 %), the low open-circuit voltage (VOC) of 200 mV limits their solar 

energy conversion efficiency to ~3 %. Orthorhombic marcasite (FeS2) and hexagonal 

troilite (FeS) are generally believed to be detrimental phases for photochemical 

performance, as they have much smaller band gaps, and it has been suggested that 

even trace amounts of these phases would cause the low VOC reported for pyrite 

films. However, the optical band gap energy of marcasite has been determined by 

diffuse reflectance spectroscopy to be 0.83 ± 0.02 eV, and the optical absorbance of 
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marcasite and pyrite in the near infrared-visible (NIR-Vis) region appears to be quite 

similar. Therefore, the presence of marcasite is unlikely to undermine the 

photovoltaic performance of pyrite, and it is therefore worth considering whether 

significant efforts should actually be spent on eliminating marcasite traces from 

pyrite preparations. In addition, it remains unclear if trace amount of marcasite can 

overcome limitations of pyrite solar cells from the perspective of material design. In 

Chapter 2, we present FeS2 films with mixed pyrite-marcasite phase junctions 

prepared by sulfurization of sputtered Fe thin layers on highly doped Si wafers. The 

mixed phase films show highly improved photo-currents of 4.30 mA/cm
2
 compared 

to 0.14 mA/cm
2
 (0.5 V vs. MSE) of phase pure pyrite films. Apart from the 

considerably improved photo-response, the dark current is greatly reduced. 

Furthermore, the presence of marcasite significantly increased the stability of the 

film against photo-corrosion. Thus, in contrast to the traditional view that marcasite 

is a detrimental phase for pyrite-based solar cells, our experimental results suggest 

that marcasite is beneficial for the charge separation and stability of pyrite films. We 

propose that the enhanced photocatalytic performance is owing to efficient charge 

separation across the pyrite-marcasite (p/m-FeS2) phase junction. This hypothesis is 

corroborated through state-of-the-art calculations based on the Density Functional 

Theory (DFT) with Hubbard corrections for the electron correlation in the localized 

d-Fe orbitals (DFT+U), where we find that a staggered band alignment with offsets of 

0.43 eV and 0.71 eV exists between the valence and conduction bands of marcasite 

and pyrite, respectively. This staggered alignment with both bands of marcasite 

higher in energy than pyrite indicates that photo-generated conduction band 

electrons will flow from marcasite to pyrite and vice versa for photo-generated 

valence band holes in mixed-phase FeS2 thin films. These findings point to efficient 

charge separation in the mixed systems, as the primary origin of the observed higher 

photo-activity (i.e. photo-current) of the mixed marcasite-pyrite thin films as 

compared to the pure pyrite films. The band alignment at the phase boundary 

contributes to the enhanced charge separation and transfer across the interface, and 

the migration of electrons to the pyrite phase accounts for the significant 

improvement in stability. The controlled introduction of p/m-FeS2 phase junctions 

reported here provides a promising approach for designing iron sulfide based PEC 

cells. 

     The group 6 TMCs MoS2 and WS2 are promising alternative non-noble metal 

catalysts to drive the electrocatalytic H2 evolution reaction (HER). However, their 
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catalytic performance is inherently limited by the small number of active sites as 

well as their poor electronic conductivity. In Chapter 3, we have presented a 

versatile method to prepare highly defective tungsten sulfide which exhibits an 

improved activity in the electrochemical H2 evolution reaction. We have 

demonstrated the generality of this method by applying it to WS2 supported on 

various substrates (SiO2/Si, Si3N4, and carbon fiber paper). The S/W ratio, and with 

that the HER activity, can be tuned via changing the H2 annealing temperature, time 

and H2 concentration. With decreasing S/W ratio, we succeeded in tuning the 

amount of S vacancies and W nanoparticles which are more active than the basal 

planes of WS2. The superior catalytic activity towards hydrogen evolution has been 

supported by a low Tafel slope of 54 mV/decade for highly defective tungsten sulfide 

(WS0.44). We presume that the remarkable HER performance of the highly defective 

tungsten sulfide films relates to their unique properties which feature the following 

advantages: (1) nanostructuring and texturization during H2 annealing treatment 

generate more active sites; (2) the intrinsic catalytic activity of the W clusters on 

either perfect or defective basal planes contributes to the improvement of HER 

activity; (3) the presence of metallic W in the defective WS2−x films improves the 

intrinsic electronic conductivity thus facilitating charge transfer through the films. 

Our approach does not only provide a fundamental platform to study the role of 

sulfur vacancies and W content in highly defective WS2−x in the HER, but it is also 

applicable to a wide range of other transition metal chalcogenides. To arrive at a 

conclusive understanding of the role of metallic W species in the HER over-defective 

WS2−x, further studies, ideally under electrochemical operando conditions, are 

needed. 

     Molybdenum disulfide (MoS2) is a highly promising catalyst for the hydrogen 

evolution reaction (HER) to realize large scale artificial photosynthesis. By tuning 

the arrangement of the S atoms, MoS2 can convert from the semiconducting 2H to 

the metallic 1T phase. Such a re-arrangement of S atoms is typically caused by 

interlayer atomic plane gliding induced by the intercalation of small molecules or 

cations. Alkali metal cations, especially Li, are typically used to intercalate between 

the MoS2 layers to induce the 2H to 1T phase conversion. Numerous studies have 

reported the structural change (extensive layer displacement or bond distortion) of 

2H-MoS2 to 1T-MoS2 after Li intercalation, and DFT modeling suggests that the 

catalytic improvement of Li-intercalated MoS2 can be attributed to octahedral and 

distorted MoS2 phases. Nonetheless, a more direct role of the Li ions, which are 
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inevitably present in 1T-MoS2, in HER catalysis has never been proven. In Chapter 

4, we have systematically employed a suite of complementary experimental and 

computational techniques to investigate the influence of Li adsorption on the phase 

conversion and HER activity of MoS2 catalysts. The promoting effect of Li adsorption 

on 2H-MoS2 in enhancing the electro-catalytic hydrogen evolution was shown for 

the first time. With the assistance of IR spectroscopy and using NO as a probe 

molecule, we experimentally determined the number of active sites for LixMoS2 

catalysts, which allowed us to determine the TOF of the catalysts. Both experimental 

and theoretical results indicate that the intrinsic HER activity of 1T-LixMoS2 has been 

overestimated in the recent literature. We emphasize that adsorption of Li on the 

edge sites plays a critical role in enhancing proton reduction, in contrast to the 

traditional view where only the 2H-1T phase conversion has been presumed to be the 

major reason for enhanced HER activity. Following these results, we believe that an 

appropriate amount of adsorbed Li on TMDs would change their corresponding 

electron density, resulting in a beneficial alteration of the activity in electro-catalytic 

reactions involving proton adsorption and reduction. 

Crystal phase controlled syntheses of 2H, 1T and amorphous MoS2 have been 

utilized to tune their catalytic activity. Despite each polymorph of MoS2 has been 

reported as active HER electrocatalyst, insights into the origin of the intrinsic 

activities of these materials is still lacking. In Chapter 5, we show how the structure 

and surface properties of 2H, 1T and amorphous MoS2 impact on HER activity and 

stability and change under HER reaction conditions by a combined ex-situ and 

operando X-ray spectroscopy approach. Distorted Mo-S and Mo-Mo bonds were 

observed in both 1T and amorphous MoS2 thin film electrodes. Besides, both core 

level Mo 3d and valence band photoemission spectra indicate that 1T and amorphous 

phase MoS2 have a similar electronic structure although Li is only present in 1T 

phase. The distortion in 1T phase MoS2 is caused by lithium intercalation and 

gradually changes back to 2H phase accompanied by a decrease in HER activity 

under high overpotentials. By contrast, amorphous MoS2 (Am-MoS2) retains its 

intrinsic Mo-S and Mo-Mo distortion as well as high HER activity after 24 h 

electrochemical testing under the same conditions. Electrochemical operando X-ray 

absorption spectroscopy was performed to probe the local binding and electronic 

structure of MoS2 under HER conditions. The results show that structure distortion 

plays a key role in determining the activity of MoS2-based electrocatalysts for HER. 
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Although the nature of the H2 evolution sites in transition metal dichalcogenides 

(TMDs) materials is known, it remains challenging to experimentally determine the 

number of active sites NA in such systems being a crucial parameter for meaningful 

current density evaluations. The electrochemically active surface area (ECSA) of 

hydrogen evolution (HER) catalysts is mostly assessed via measurement of the 

double layer capacitance (Cdl). Other methods such as CO stripping or Cu 

underpotential deposition (UPD) are commonly used for noble metals to determine 

the number of active sites for HER. Underpotential deposition (UPD) refers to 

electrochemical deposition of metal atoms at potentials more positive than those 

required for bulk deposition and is particularly convenient in determining the 

number of active sites for noble metal electrodes or noble metal particles loaded on 

inert supports. Recently, the UPD phenomenon on metal chalcogenides (e.g. CdS, 

WS2, Pd3P2S8) was reported to provide access to NA. However, further studies are 

required to investigate the UPD adlayer formation and to correlate it with 

catalytically active sites playing a role in the HER mechanism. In Chapter 6, we 

investigate the use of Cu UPD as a method to evaluate the number of HER 

electroactive sites for TMDs using the showcase examples MoS2 and WS2. Using 

grazing incidence extended X-ray absorption fine structure spectroscopy (EXAFS) at 

the Cu K-edge, we structurally characterize the Cu adsorption sites on TMDs. In 

combination with electrochemical measurements and theoretical modelling, we 

show that Cu UPD can be used as a robust tool for estimating NA, thereby allowing 

for the comparison of intrinsic activities of different TMDs towards HER 

electrocatalysis. 

Outlook 

To achieve a sustainable society with solar energy, we need suitable 

semiconducting materials and robust efficient electrocatalysts to store energy from 

sunlight as chemical fuels (solar fuels). The results presented in Chapter 2 

demonstrate the use of earth abundant FeS2 films to construct potential PEC cells. It 

would be highly interesting to check the charge lifetime of mixed pyrite-marcasite 

phase FeS2 films and FeS2-based solar cells with well-defined pyrite/marcasite phase 

junctions. However, the major challenge is that marcasite can be easily converted to 

pyrite phase during the preparation process which makes the well-defined phase 

junctions more difficult. Therefore, aside from the device fabrication, the sample 
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preparation method can be improved to get more control over the phase 

composition. 

The defect engineering approach presented in Chapter 3 can be readily applied to 

other TMCs electrocatalysts. By creating sulfur vacancies and metal particles on 

TMCs basal planes, their inert intrinsic activity can be tuned. However, a deeper 

understanding on the structural models need to be resolved. Ideally, an operando 

XAS study would be useful to check the bond structure and chemical states of 

defective TMCs during HER process. 

The in-situ FT-IR spectra with NO as a probe molecular revealed the adsorption of 

Li on MoS2 edges in Chapter 4. Combined with XAS and electrochemical 

measurements, we show the role of Li adsorption in enhancing HER performances of 

MoS2 catalysts. The approaches used here would be also interesting to investigate 

the influences of other alkali metals such as Na, K, Rb, Cs, etc. on MoS2 phase 

transformation and HER activity. Furthermore, hard X-ray photoelectron 

spectroscopy (HAXPES) can be further used to check the mobility of Li in MoS2 

under HER conditions. 

Different polymorphs of MoS2 catalysts are evaluated in Chapter 5 towards HER. 

Even though structure distortion was shown to contribute to the improvement of 

MoS2 catalytic activity, insights towards the HER mechanism need to be resolved. 

The application of in-situ grazing incidence XAS at both Mo K-edge (20 keV) and S 

K-edge (2.5 keV) for different MoS2 phases (2H, 1T and amorphous) can add 

additional information on the HER mechanisms on MoS2, which would help to 

design more efficient TMCs-based electrocatalysts. 

 Cu UPD was shown in Chapter 6 as a method to evaluate the number of 

electrocatalytic active sites for TMCs. In-situ XAS at Cu K-edge can be further 

applied to study the Cu UPD process on TMCs. In addition, Cu UPD can also be used 

as a surface modification methodology to tune the catalytic activity of TMCs towards 

HER or CO2 reduction reaction (CO2RR), other metals such as Au, Ag or Pt can also 

be introduced via galvanic replacement reaction. 

The results presented in this thesis show that TMCs can be used as both PEC 

electrode and electrocatalysts. The main issue of utilizing TMCs for light absorption 

or catalysis are activity and stability. By tuning their phase composition and edge or 

defective sites, we manage to improve the stability and activity towards PEC and 

HER applications. Importantly, a better understanding of their catalytic activity help 
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to develop more efficient catalysts from the perspective of material design. However, 

further systematic investigations on phase controlling synthesis and HER 

mechanisms on TMCs are needed. 
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