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Abstract

The depletion of traditional energy supplies, that is, fossil fuels, has increased interest in
hydrogen as a source of clean energy. As a fuel, hydrogen boasts a high energy density,
carbon-free byproducts, and the ability to be stored. Water splitting is a carbon-neutral
method for the sustainable creation of hydrogen. However, the process requires high-
performance, stable, and inexpensive catalysts for kinetic and economic viability. Diverse
catalysts have been investigated for the effective production of hydrogen through the water
splitting process. At operationally relevant current densities, tungsten carbide is a resilient
and electrochemically active material with low Tafel slopes and overpotentials equivalent
to the standard catalyst platinum. This thesis is to describe the advances that Tungsten
carbide and its hybrids have achieved in water-splitting. Particular focus has been given to
popular techniques that can enhance the catalytic capabilities of the hybrids for the whole
process, beginning with the synthesis procedures and their influence on the structure and
properties. In order to determine the optimal class of materials in accordance with hydrogen
production procedures, a significant insight into future considerations for catalytic

enhancement is also provided for researchers and industry alike.
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Chapter 1

Introduction
1.1 Background

As the population of the world is increasing at a rapid rate, it results in the use of more
energy. According to research, a 26% increase in the world population will occur by the
end of 2050, and with this increase, the usage of the world's primary energy will also be
increased by a factor of 50% [1, 2]. This increase in world energy usage is leading the way
towards the depletion of the energy reservoirs, i.e., oil reservoirs, gas reservoirs, and fossil
fuels [3-5]. In a report published by the international energy agency, the estimated usage
of energy can reach up to 13.371 billion tons of oil (btoe) in 2012, and by the year 2035, it
will reach 18.30 btoe representing a growth of 1.37% [6]. The use of fossil fuels also gave
rise to many problems like global warming, as carbon dioxide CO is produced as a result
of the use of fossil fuels, and it is the primary contender of green house effect and is the
most dangerous greenhouse gas as its lifetime is too large, along with these other problems
are water contamination, air pollution and many more [7-10]. So, if this issue is not
addressed properly, by the end of 2052 the overall temperature of the earth could rise by
1.5°9C [1, 11]. Because of these issues, scientists tried to find an alternate way of producing
energy that is (a) green with no carbon emission (not harmful to our environment) (b)
sustainable, and, (c) renewable [12]. This alternative way of energy will reduce the use of
fossil fuels by providing the same amount of energy, and reduce the emission of CO will
also be reduced to a greater extent [13]. Among all the proposed solutions for the given
problem, the best one is the production of hydrogen for energy purposes, as it fulfills all
the criteria for green energy [14-16]. Hydrogen fuel can be produced from renewable
sources. As a result, its life cycle is also clean and renewable [17-19]. It is a carbon-neutral
and highly efficient source of energy because of its high energy storage capacity. The
energy density of hydrogen makes it a potential alternative to carbon-based fuels. In
addition to these benefits, hydrogen is used to power pollution-free autos, as a household
fuel, and for aircraft propulsion [20, 21]. Hydrogen can be produced mainly through 3
techniques, i.e. (a) Steam Methane Reforming (In the presence of steam Methane is
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converted into hydrogen gas and carbon dioxide), (b) Coal Gasification (Here coal is used
instead of methane to produce the same products i.e., H> and COz in the presence of steam),
and (c) Water Electrolysis (Here water in the presence of electricity and catalyst is
converted into hydrogen and oxygen. Figure 1 shows all three methods for hydrogen
production. Among the anticipated techniques mentioned, the electrochemical method is
the best technique in terms of the cleanness and efficiency of hydrogen production.
Presently hydrogen is mainly produced from fossil fuels, about 95% and the remaining 4%
of hydrogen is taken from renewable resources i.e., electrochemical study (water
electrolysis) [22-24]. As currently most of the need of energy is fulfilled from fossil fuel
and in the result CO; is produced along with hydrogen and with-it fossil fuel are going
toward depletion. So, the best alternative method left behind is that of water splitting

method for the production of hydrogen with zero carbon emission [4].

a

Methane - * H,
Steam Methane CH#2H;0 =+ dHe
Reforming Steam - = C0,
b
Coal - » M,
. : C+2H;0 —» 2Hz#
Coal Gasification - o
Steam > = 0y
T e e ————————
Water [ = Hy
Water
Electrobysi 2H0 = IH,+0,
i b Electricity - * 0,

Figure 1: (a) Steam Methane Reforming (b) Coal gasification (c) Water Electrolysis [22]

Water splitting is basically the breaking of a water molecule into hydrogen and oxygen
with the help of a catalyst [25, 26]. Because only water is used as raw material and the
products are hydrogen and oxygen, this process is environmentally friendly as no carbon
is produced in the meantime [27-29]. Besides this, oxygen produced is also used in
different industries, so it increases the economic probability of the electrolysis process.

Diverse approaches exist for separating water.



(a) Photocatalytic water splitting, which uses visible light and a photocatalyst to divide
water [30-32].

(b) Electrochemical water splitting: In this method, an electrocatalyst is utilized to split

water into its constituents, hydrogen and oxygen, utilizing electricity [33-36].

(c) Photobiological water splitting occurs with the aid of an algae bioreactor; the yield

of hydrogen production is decreased utilizing this method [37-39].

(d) Radiolysis, the major drawback with this method is that nuclear wastes are
produced at the end [40].

The thermodynamics of water splitting shows that the reaction is a multi-electron process
and endothermic reaction [41]. As the reaction is endothermic so it will require a certain
amount of energy to fulfill the Gibbs free energy change (AH = 238 KJ mol ) [42].
Hydrogen production from water simply requires 2.458 eV of energy which is an
alternative to a potential difference of 1.22 V for the displacement of 2 electrons, and as 4
electrons are needed to produce two moles of hydrogen, so 4.915 eV of energy is required
in whole [43]. Water splitting involves two half-reactions: hydrogen evolution reaction
(HER), in which reduction of protons occurs to produce hydrogen, i.e., Hz, and the oxygen
evolution reaction (OER); in this reaction, oxidation of water takes place to form oxygen
gas [44]. The kinetics of both these reactions shows that the reactions are not favored
without a catalyst. To carry the reactions feasibly, there is a need to find a suitable catalyst
that overcomes the energy barrier and speeds up the overall water-splitting reaction. In this
regard, Pt catalyst is used most often for hydrogen evolution reaction while Ir/Ru based
compounds are used as a benchmark for oxygen evolution reaction. But due to the high
cost and limited availability of these noble metals, the process of water splitting cannot be
applied on an industrial scale. Due to these reasons, a catalyst for the process is needed,
which is not only readily available but also exhibits high catalytic activity and stability.
Transition metals sulfides, carbides, and phosphides are the good competitors having all
the required properties of a good catalyst for HER, and transition metals phosphate, oxides,

and hydroxides are among the good catalysts for OER [45].



Among the catalysts, tungsten carbide WC is the best catalyst for hydrogen production by
providing a low Tafel slope and low overpotential compared to other catalysts. WC is a
material made by the covalent bond of tungsten and carbon atoms having good strength
and melting point. The use of tungsten carbide in place of Pt in water splitting shows
promising results as it provides? the same efficiency by reducing the cost [46]. The
catalytic activity of tungsten carbide depends on the method of preparation, the raw
materials used, and the reaction temperatures [47]. Tungsten carbide usually exists in two
forms, i.e., tungsten carbide (WC) and tungsten dicarbide (W-C). Both of these forms
synthesize simultaneously in the synthesis of carbide [48]. The crystal lattice of WC is
hexagonal, and that of W>C is orthorhombic [49], and in these two forms, WC shows lover
Tafel slope and overpotential as compared to W>C [50]. The physical, chemical and
mechanical properties of tungsten carbide are presented in Table 1 [51].

Table 1: Properties of WC [51]

Property Value Range Units
Poisson’s Ratio 0.2-0.22 -
Young’s Modulus 600-686 GPa
Density 15.25-15.88 g/lem?®
Hardness 17.0-36.0 GPa
Melting Point 2,727-2,920 °C
Compressive 3.35-6.83 GPa
Strength

Despite these properties, pure WC has strong adsorption for H due to which it shows low
activity for hydrogen evolution reaction in alkaline media [52]. So, to enhance the HER
activity of tungsten carbide some modification must be done. The best way to do it is to
make hybrids of WC with MOFs [53].

Prussian blue (PBNPs) is a metal-organic framework with Fe as a central atom connected
to ligands discovered recently is used for the preparation of various hybrids because of its

properties. Due to its large surface area and metal active sites, hydrogen intermediates are



adsorbed and converted to hydrogen molecules (H2) [54]. In PBNPs iron is present in the
+2-oxidation state with carbon and +3 oxidation state with nitrogen due to this quality
electron transfer to the conduction band is very fast [54-56]. Some of the fascinating
properties of these PB complexes include their solubility, stability, porosity, low density,

flexible molecular structure, and variable physical and chemical properties [56].

UiO-66 is also a MOF of Zr central atom with benzene 1-4 dicarboxylic acid as the organic
ligands. The crystal structure of UiO-66 is in the form of an octahedron which possesses
large surface area. Moreover, UiO-66 has high mechanical, electrical, and chemical
stabilities [57]. Formation of high charge density and polarization takes place because of
the strong bonding of the carboxylate O atom and Zr (1) atom. With such properties, UiO-
66 is one of the promising candidate for the water splitting technique [58]. As the electron
transfer in any catalyst is strongly dependent on the crystalline nature of the catalyst so
MOF always finds itself a suitable candidate for it because of the presence of metal as a
center atom [59, 60].

Keeping this literature in mind that tungsten carbide will enhance its catalytic activity with
MOFs we synthesize hybrids of WC with Prussian blue PBNPs and UiO-66 MOFs and
study its electrochemical behavior. The synthesis route of pure tungsten carbide by the
solid-gas reaction is discussed along with the hybrid synthesis by hydrothermal for UiO-
66 and the sonication method for PBNPs. The electrochemical result shows the better
activity of hybrids compared to that of the pure catalyst. This enhanced activity of the
hybrids is purely due to the structure modification, increased surface, and synergistic

effects of both the material in the hybrid.

1.2 Electrochemical water splitting (Fundamental Aspects):

As shown in Figure 2, in electrochemical water splitting, the electrolyzer is composed of
three parts the electrolyte, the anode, and the cathode. Catalyst is used on the surface of the
cathode and anode to enhance the overall reaction of the water splitting. The reaction starts

when voltage is applied from an external source. The HER reaction takes place at the



cathode, producing hydrogen gas and the OER reaction occurs at the anode, and the final

product, in this case, is the oxygen gas. The overall reaction to water splitting is
1
Hzo s Hz + EOZ

In acidic media, this reaction is
Atcathode 2H* + 2¢e~ - H,
At Anode H,0 - 2H* + 1/20, + 2e”
In neutral solution
At Cathode 2H,0 + 2e~ — H, + 20H™
At Anode 20H~ — H,0 + 1/20, + 2e~

Water electrolysis is classified into 4 different categories based on the type of electrolyte
used they are (a) Alkaline water electrolysis [61-64] (b) microbial cell electrolysis (c) solid
oxide electrolysis [62, 65, 66] (d) PEM water electrolysis [62, 67, 68].

HER

Figure 2: HER and OER reactions of water splitting [69]

In 1789 Troostwijk and Diemann jointly introduced the phenomena of alkaline water
electrolysis [23, 62, 69-71]. In this process, two molecules of alkaline nature, i.e.,

potassium hydroxide and sodium hydroxide, are reduced to hydrogen Hz molecule and



hydroxyl ion at the cathode. The H. produced eliminates from the cathode and released in
the form of gas. The OH ion move toward the anode under the sway of an electric charge.
At the anode, it splits into %2 of O. and one molecule of water [23, 63, 72]. In 2005 Penn
state university and Wageningen University, two research organizations introduced a new
novel electrolysis technique in which organic matter was used and called microbial
electrolysis cell [23, 73-75]. During this process, first, the substrate was oxidized into COy,
proton, and electrons at the anode. With the help of an electric circuit, these protons and
electrons move towards the cathode through electrolyte and external circuits respectively,
and combined there to produce hydrogen [23, 74]. In comparison to water electrolysis,
microbial electrolysis cell requires a small amount of external energy as well. In 1980,
Donitz and Erdle introduced solid oxide electrolysis, a method for efficiently producing
pure hydrogen Compared to other electrolysis procedures, the temperature and pressure of
this process are substantially elevated [76, 77]. This method utilizes water as steam and O
conductors that are typically derived from nickel/yttria-stabilized zirconia. [78]. In 1966
Grubb discovered proton exchange membrane electrolysis to cover the short coming of
alkaline water electrolysis. Some of the merits of using the proton exchange membrane are
high proton conductivity, low thickness, and high-pressure operations. Catalysts used for
PEM electrolysis are Pt for HER at the cathode and 1rO2/RuQ; at the anode for OER [77,
79, 80]. The basic principle of water splitting is the same for all the categories and involves
two reactions, i.e., hydrogen evolution reaction HER and oxygen evolution reaction OER.

1.3 Hydrogen Evolution Reaction (HER):

As the kinetics of HER is comparatively simple, therefore it is the most studied
electrochemical reaction of water splitting. HER reaction has been explored for all the
transition metals. HER is the combination of three chemical reactions (3 steps) that is
adsorption, chemical, and electrochemical desorption. These three reactions are named 1:
Volmer reaction, 2: Heyrovsky reaction, and 3: Tafel reaction [23, 81-83]. Basically, HER
is two electron transfer mechanism which is initiated by Volmer reaction. The mechanism
is different for acidic and alkaline medium. For acidic medium intermediate of hydrogen
(H") is formed by the evolution of a hydronium ion that are absorbed on electrode surface

while in case of alkaline medium it is the water molecules that act as proton source. So,



hydrogen molecule is produced using two different ways which strongly depend on the
surface coverage of hydrogen intermediate. If this surface coverage of the intermediate is
high, then Tafel step will be the rate limiting step in which two adjacent intermediate
combine and form a molecule of hydrogen. When the coverage is low then the rate limiting
step is the Heyrovsky reaction in which a single intermediate will attract the proton and
electron in acidic medium and electron and water molecule in the basic medium [84-86].
Water splitting usually takes place when the energy given is high enough to overcome the
over potential and losses [87].

Volmer reaction:
H,0 + M + e~ - MH,;s + OH™ (In alkaline medium)
H* + M + e~ -» MH,,, (Inacidic medium)
Heyrovsky reaction:
MHg, 4 + H,0 + e~ > M + OH™ + H, (Inalkaline medium)
MH,;; + Ht + e~ > M + H, (Inacidic medium)
Tafel reaction:
2MH,y, = 2M + H,

The free energy of hydrogen adsorption depends on the catalyst. The free energy of a good
catalyst must be close to zero. This is because of the low adsorption, which leads the way
toward the poor interaction of the proton and electrode surface. If the free energy is high,
then it will be difficult to break the bond between a catalyst surface and hydrogen [85, 88,
89].

1.4 Oxygen Evolution Reaction (OER):

Oxygen evolution reaction is also a four-electrode process. Here also, the mechanism of
the reaction is different for acidic and alkaline solutions. For acidic media, oxidation of
water takes place to produce oxygen gas and hydrogen gas. On the other hand, in alkaline
media, it is the hydroxyl ion that oxidizes into water and oxygen. The overall mechanism

of both types of media is discussed as



For acidic media,
H,0 +e¢—> HO® + H* + e~
HO* - 0°+ H*+ e~
0° + H,0 -» HOO®" + HY + e~
HOO®* —e +0, + Ht + e~
In basic media, the reactions are
OH™ +e—> HO® + e~
HO®* + OH™ - 0" + H,0 + e~
0° + OH™ - HOO™ + e~
HOO® + OH™ - ¢ +0,+ H,0 +e~
Here e signify the active surface area of a catalyst. Here in the oxygen evolution reaction,

the potential determining step is the step that possesses a high energy hindrance. The free

energy of an ideal catalyst is seen to be 1.23 eV [85].

1.5 Key Performance Indicators (KPI):

The evaluation parameter for water splitting is the catalyst activity which can be
determined from certain key parameters like Tafel slope and overpotential. Besides this,
available active sites are also the key factor of an electrocatalyst which can be enhanced
through the formation of high surface area structures, making nanostructures, and making
changes in the morphology [90]. Tafel slope is a plot that correlates reaction rate with the
overpotential. For an ideal catalyst, it is necessary to have a low Tafel slope and high
current density [85]. Tafel slope is related to the current density logarithmically by the
following relation
n=a+ b log (j/jo)

In this equation, 1 is the overpotential, b is the Tafel slope, j is the current density, jo is the
exchange current density [91-93], and it is obtained when the overpotential is taken as zero,

and basically, it's the intrinsic catalytic activity of an electrode under equilibrium condition.



Actually, a good catalyst has a high jo and a low Tafel slope (b). Overpotential is another
parameter for determining catalyst activity. Overpotential is the extra potential that is
required to start the reaction of the catalyst, whether it is for HER or OER. The value of
overpotential is always greater than the equilibrium potential. For an ideal catalyst, the
overpotential is low, so the lower the overpotential of a catalyst, the better that catalyst will
be and the higher the electrochemical activity of the catalyst will be. The stability of a
catalyst is another important parameter in the evaluation of a catalyst in the production of
hydrogen. The stability of a catalyst can be measured using two methods, i.e.,
galvanometric/potentiostatic electrolysis and CV (repetitive cyclic voltammetry or LSV
(linear sweep voltammetry. In CV and LSV, change in over potential after certain cycles
indicate the stability of the whole electrolysis process, whereas, in the other method,
changes in the potential with respect to time are monitored at constant current density[94].
Another key parameter in catalytic water splitting is the faradaic efficiency. It is the number
of electrons that participated in the hydrogen evolution reaction that is provided by an
external circuit.The catalytic rate of a catalyst was first proposed by Michel Boudart in
1968 in terms of turnover frequency (TOF). It is the number of molecules that are reacting
per site in one second [95]. It is one of the important KPIs in electrochemical water
splitting. TOF can also be defined as the number of molecules that are taking part in a
reaction and transformed to desired product per site in unit time [96]. Due to the non-
uniform availability of the active sites of different catalysts, it is quite difficult to find out

the turnover frequency of some catalysts. It is normally calculated by using the given

equation TOF = LQ_AF- In this equation, A is the working electrode area, and n is the number

of moles of active material [97, 98].

1.6 Problem Statement

The demand and use of energy are increasing day by day and the only source of energy in
the past was the natural resources i.e., oil and natural gas but with time these resources are
depleted so researchers find an alternative for it in the shape of hydrogen which is a clean
and pollution free source of energy. Hydrogen can be produced through many techniques
like catalytic water reforming from methane and water splitting technique. Water splitting

is used to produce H: in the presence of a catalyst. At first noble metal like Pt was used as
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a catalyst for this purpose but as they are more expensive and going to be depleted therefore
there is a need to synthesize such catalyst which enhance the kinetics of the reaction and is
less costly. In this research WC based hybrids will be used as a catalyst to produce
hydrogen gas. The method of electrochemical water splitting will be used in this research

which is the splitting of water through electrolysis.

1.7 Research Objective

The research objective is as follow

e Synthesis and characterization of WC hybrids
e Lowering the overpotential of prepared hybrids
e Application of hybrids for HER (hydrogen evolution reaction) to see catalytic

performance.

1.8 Scope of Study

As Pakistan is a developing country and it has lack of many resources in form of energy so
hydrogen production will cover that deficiency of energy because we can use that hydrogen

as a fuel and in electricity and many more.

e One of the best advantages is that hydrogen produced in this process is renewable
and as water is used which is the most abundant in nature so there is no problem of
depletion of water. Moreover, the use of transition metals as a catalyst will reduce
the use of precious noble metal and prevent it from depletion.

e Hydrogen produced in the process of water splitting has many applications like it
can be used as a domestic fuel, it can be used in vehicles, it can also be used as a

raw material for many chemicals like ammonia etc.

1.9 Chapter Summary

This thesis consists of 5 chapters. The acquaintance of each chapter is given in the

following chapters.
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Chapter 1 delivers vision of the subject, background and contemporary problems
related to the work. It also clarifies the problem statement, research objectives and
scope of the planned study.

Chapter 2 will sketch the literature review achieved to describe the previous work
done on the synthesis of WC hybrids, previous method technique, water splitting
and its factors. It also includes review based to compare WC based hybrids with
different hybrid electrocatalysts.

Chapter 3 covers the methodology related to the synthesis of pure WC, pure
PBNPs, pure UiO-66 and hybrids.

Chapter 4 elaborate the result and discussion. The analysis of XRD and SEM to
describe the phase of crystal structures and morphology of the synthesized
catalysts. The chapter also elaborate Electrochemical studies of the active catalysts
and its stability.

Chapter 5 reviews all the findings and conclusions in the current study and

provides the future recommendation for the related work.
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Chapter 2

2.1 Literature Review:

Literature Study

A lot of research has been carried out on the water splitting process for the production of

hydrogen because of the depletion of the energy reservoirs. Transition metal carbides

sulfides and phosphides gain immediate attention because of its platinum like properties.

Among these transition metal the metals of carbides have been studied because it possesses

exceptional electrocatalytic activity. In this regard many researchers studied WC and

shows that WC has Pt like behavior in both alkaline as well as acidic electrolytes. Further

it is noticed that the electrocatalytic activity can be enhanced by making hybrids of WC

with different metal organic framework. this enhancement in the activity is because of the

synergistic effects of the material present in the hybrids. Some of the previous work done

on tungsten carbon and its hybrids are given in table 2.

Table 2: Comparison of different electrocatalyst

Catalyst Synthesis Method | Reaction | Over Tafel Current Electro | Ref
type potential slope(mV/dec | density lyte
(mV) ) (mA/cm?
)
Ni-WC Hydrothermal OER 130 75 10 05M | [99
method H:SOs | ]
WC- Electro spinning OER 378 93 10 1M [10
Nikle followed by KOH 0]
doping calcination
Ni>-W4C- | CVD Process HER 63 112 10 M [10
W;C/ KOH | 1]
CNFs
Ni-W4C- | CVD Process OER 270 52 30 1M [10
WsC/ KOH | 1]
CNFs
WsCosC | Solid gas HER 59 45 10 1M [10
@NC Reaction KOH 2]
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WeCosC Solid gas OER 286 54 10 1M [10
@NC Reaction KHO 2]
Mo- Sample Mixing HER 179 81 10 Acidic | [10
WC/NCS | followed by Solid or 3]
Gas Reaction neutral
media
W,C-HS Solvo thermal HER 153 67.8 10 0.5 [10
Process H,SOs | 4]
W1xNixC | Hydrothermal HER 190 102 10 Alkali | [10
NCs/NF Method ne 5]
Solutio
n
W1xNixC | Hydrothermal HER 148 81 10 Acidic | [10
NCs/NF Method Solutio | 5]
n
WC@NP | Pyrolysis Method | HER 51 49 10 0.5 [10
C H,SO4 | 6]
H-wWC Solid Gas HER 160 102 10 0.5 [10
Synthesis H2SOs | 7]
B-wC Solid Gas HER 313 138 10 0.5 [10
Synthesis H2SOs | 7]
W,C-NC- | Solid Gas HER 145 96 10 1M [10
WN Reaction KOH 8]
W-C Hydrothermal HER 274 145 10 0.5 [10
Process H.SOs | 9]
2 % Fe- Hydrothermal HER 197 102 10 0.5 [10
W.C Process H.SO4 | 9]
2% Co- Hydrothermal HER 157 122 10 0.5 [10
W.C Process H.SOs | 9]
2% Ni- Hydrothermal HER 57 39 10 0.5 [10
W,C Process H:SOs | 9]
WN- W,C | Solid Gas HER 242 85 10 0.5 [11
Synthesis H,SO4 | O]
P-WCx - HER 118 55 10 0.5 [11
NWs/CC H,SOs | 1]
P-WCx - HER 122 56 10 1M [11
NWs/CC KOH 1]
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Co- Solid Gas HER 98 - 10 M [11
WC/CN Reaction KOH 2]
i-WC-G | Solid Gas HER 120 38 10 0.5 [11
Reaction H2SOs4 | 3]
- Solid State HER 120 69 10 0.5 [11
W,C/WN | Reaction H,SOs | 4]
@G
MoS,/WC | Solvothermal HER 200 41 10 0.5 [11
/RGO Method H.SOs | 5]

2.2 Synthesis of Pure Phase WC:

There are different methods for the synthesis of tungsten carbide with different results in

the final product. They are discussed here one by one.

2.3 Hydrothermal method:

In a typical synthesis of tungsten carbide (WC), 5 gm of AMT, i.e., Ammonium Meta
Tungstate, was dissolved in hot deionized water, and 4.6 gm of corn starch was added to
the above solution, and the solution is well-mixed. This solution was transferred to a
Teflon-lined autoclave and placed in the oven for 8 hr at 200°C. After 8 hr, the solution
was taken out and dried at 250°C by using the spray drying technique. In the end, the
product was obtained by calcining the precursor for 1 hr in a vacuum furnace at 980°C [46].
In another synthesis, WC was hydrothermally prepared from WOs3 precursor in this
method, 0.6597 gm of sodium tungstate dihydrate (Na,WO4.2H>0) and 0.5286g of
ammonium sulfate (NH4).SO4 was dissolved in 15ml of deionized water. After the solution
was thoroughly mixed, 3M HCI was added solution to maintain the PH of the solution at
2. Then the solution was poured into a Teflon-lined stainless autoclave and started the
reaction at 180°C for 8 hr in the oven. After the reaction time was completed, the precursor
was washed with water and ethanol three times and then dried at 60°C. Then prepared,
WO3 was taken and mixed with glucose with a molar ratio of W/C = 0.078 in deionized
water and stirred for 20 min. After this, the solution was transferred to a Teflon-lined
autoclave and heated in the oven at 180°C for 8 hr to form carbon-coated tungsten oxide
nanorods. In the end, the prepared precursor was calcined in a tube furnace in Ho/Ar media
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(VH2/Var = 1:3) at 900°C for 3 hr Schematic is shown in Figure-3 [116]. J. Bernard
d'Arbigny et al. synthesized WC from ammonium meta tungstate (AMT) and glucose by
varying the ratio of AMT/glucose from 1.102 to 1.117%. In this method, a blend of AMT
and glucose was made by mixing in deionized water, and the blend was poured into a
Teflon-lined autoclave and heated at 170°C for 12 h in an oven. Then at the completion of
the reaction, the precursor was dried overnight at 70°C. Then the prepared precursor was
heated at 900°C for 2 hr using Argon as a medium. To methanise, the free carbon heat
treatment of the product is done in a hydrogen medium from 20°C to 900°C [117]. Leyan
Xiong et al. also used ammonium meta tungstate AMT and glucose in different ratios and
mixed it in deionized water to make it a transparent solution. The solution was then poured
into a Teflon-lined autoclave and heated at 180°C for 12 h. Then the solution was dried at
100°C for 3 hr, and at the end, the prepared precursor was calcined at different temperatures

in a tube furnace in hydrogen media to get WC nanopowder [118].

Addition of glucose
e ;2‘ )(I
Hydrothermal - s

Syntesized WO3 nanorods Carbon-coated WOs nanorods

Evaporation

’ — \ Carburization

-
”A, = Ha+Ar 9007 \L-.;/\’

—

WC nanorods

Figure 3: Synthesis of WC from WO3 precursors [118]

Yi Wang et al. used the hydrothermal method. In his method, he dissolved 4g of

cetyltrimethylammonium bromide (CTAB) in 20 ml of deionized water, and the solution
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was stirred for 20 minutes. Then he poured this solution into another solution of 20 ml
containing a different molar ratio of AMT and glucose. The resulted solution was then
treated hydrothermally at 180°C for 24 hr in a sealed Teflon-lined autoclave to prepare the
precursor. In the end, the precursor was calcined at 900°C under Hz/N2 flow (VH2/VNz =
1:3) for 60 minutes to 240 minutes to get the final product, i.e., Nanochain-structured
mesoporous tungsten carbide [119]. Gopal Boopathy et al. took 5 g of ammonium meta
tungstate AMT and dissolved it in hot deionized water and added 4.6 g fructose to the
solution. After proper mixing, the solution was transferred to a Teflon-lined autoclave and
heated for 12 h at 220°C. After the completion of the reaction, the precursor was dried
using the spray-dried technique at 250°C. To get the final product, i.e., WC, the precursor
was heated at 900°C for 2 hr in a vacuum furnace Schematic is shown in Figure 4 [120].
YiWang et al. synthesized WC by using a simple hydrothermal method. First, a transparent
solution was prepared by dissolving AMT and glucose in deionized water. The molar ratio
of glucose to AMT was 100:1. The solution was then heated at the rate of 5°C min™ in a
Teflon-lined autoclave for 12 h; the end temperature was 170°C. The precursor was then
washed several times with ethanol and deionized water and, in the end, dried at 70°C in a
vacuum oven. The prepared sample was then calcinated at 950°C in pure Argon media in
the quartz tube and then carbonized at 950°C in argon flow for 2 hr. Finally, free carbon
was removed from the prepared product by heating it at the same temperature in a hydrogen
medium. The Schematic is shown in Figure 5 [121]. Jing Gao et al. took 13.2 g of sodium
tungstate hydrate (Na2WO4-2H20) and dissolved it in 500ml deionized water. After

mixing, 2 mol dm of HCI
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Figure 5: Synthesis of WC from AMT and Glucose [123]

solution was added to it dropwise and maintained the pH of the mixture to 1. Then 1 g
oxalic acid was added to the mixture and stirred for 30 minutes. Then the solution was
transferred to a hydrothermal reactor and put on a stove, raised the stove temperature to
100°C at a rate of 10°C/min, and kept at this desired temperature for approximately 4 hr.
After the completion of the reaction, the reactor was cooled to atmospheric temperature.
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The precursor was washed with deionized water and ethanol and then dried at 60°C for 24
hr. Now 10 g of the prepared precursor was taken in a quartz boat and transferred to a tube
stove, and keep it under N2 flow for 30 min to remove all the air. Then he started heating
the precursor at 10°C/min and rising up to the final temperature of 650°C for 6 hr under
hydrogen (Hz2) and methane (CH4) flow; the ratio of H, to CH4 was 2:3. Then the product

was cooled at room temperature for further use [122].

2.2.2 Solid-State Reaction:

F.F.P. Medeiros et al. synthesized tungsten carbide (WC) using a solid-gas reaction. In this
typical synthesis, Ammonium Para tungstate APT and tungsten blue oxide TBO were used
as tungsten sources. 3 g of APT or TBO was taken in a boat and put in the reactor and
heated for 2 hr at a rate of 5°C/min up to 850°C under CH4 + H; flow. The flow of the CH4
+ Hz was 20I/min [123]. J.Ma et al. synthesized tungsten carbide using graphite and WOs3
precursors. Stoichiometric amounts of both the chemicals were mixed in a ball mill in argon
media for 10 hr. The powder to ball weight ratio was 1:10, and the speed of the mill was
350 rpm. After 10 hr, the sample was transferred to a boat and heated in a furnace at 1215°C
for 1 hr. The temperature gradient during the reaction was 10°C/min [124]. Monsur Islam
et al. mixed lota-carrageenan (IC) with chitin in a weight ratio of 1:4. After proper mixing,
he added WOs to the mixture and kept the ratio of WO3/C 1:6, and vortexed for 10 min.
Once the biopolymer was mixed properly, he took 5 g of this mixture and dissolved it in
15 ml of pure water using a spatula. A gel-like solution was formed named polymer
composite precursor (PCP). The PCP was heated at various temperatures under nitrogen
gas flow to get the required product of WC [125]. Kai-Fei Wang et al. synthesized WC by
mixing WOs and carbon black with different molar ratios (2.7, 2.9, 3.1, 3.5, and 3.7) in an
agitated motor for 20 min. Then 10 g of the mixed powder was poured into the alumina
boat, which was accommodated in a constant temperature zone. The sample was then
heated to the desired temperature and kept under the protection of Argon flow. The heating
rate was 5°C/ min. The sample was cooled at the rate of -10°C/min before the removal of
the sample from the furnace. The prepared mixture was kept inside a constant temperature
zone, and the temperature of the furnace was raised to the required values at a heating rate
of 5°C min L. In order to initiate the calcination process, the mixture was kept for 6 hr under
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a hydrogen flow rate of 100 ml min . The Schematic is shown in Figure 6 [126]. Angel
T. Garcia-Esparza et al. prepared tungsten carbide nano rods from tungsten chloride WCle
and ethanol. In the typical synthesis, WCle was dissolved in ethanol. The metal precursor
reacted rapidly and formed HCI and a stable precursor of metal-ortho ester. Sonication of
the precursor was done to increase the rate of solubilization. 0.5 g mpg-CsN4 was added by
drop impregnation type process to maintain the weight ratio of precursor compound at 1:1.
In the end, the finally synthesized precursor was put in an alumina boat and heated from
1073K to 1373K under nitrogen flow to obtain the final product [127]. Rasit Koc et al. took
WOs3 as a source of tungsten and carbon black as a source of carbon. A split furnace was
used for the preparation of precursor gas. This furnace is used to prepare a carbon-coated
WO:s3 gas using propylene as a coating gas. In its typical synthesis, 200 g of the precursor
is placed in the furnace, and the vessel is purged with Argon and then heat the furnace to
600°C. When the temperature reached this value, it was kept at this temperature for 30 min.
Then the vessel was filled with propylene gas, and the sample was kept under the pressure
of 3-5 atm for 5-20 min. Thermal carking of propylene increased the pressure inside. The
residual gas was discharged, and the vessel was filled with fresh propylene. The whole
process was repeated every three cycles [128]. Chunan Ma et al. prepared WC using AMT

(ammonium meta tungstate) and deionized water.
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Figure 6: Synthesis of WC from WO3 and carbon black [128]

2.2.3 Chemical Vapor Deposition (CVD) Reaction Synthesis:

Generally, in the CVD process, the preparation of tungsten carbide takes place through 2
steps. First, a reducing agent, most likely Hydrogen, is used for the reduction of some type
of tungsten salt and then the carburization of that tungsten salt with hydrocarbon gas. As
an example, we take WClg as the precursor of tungsten, so we will reduce it with the best
reducing agent, i.e., Hz, and carburize it with a hydrocarbon which is methane gas. The
overall reaction that will take place is as followed as

WCle(g) + Hz(8) + CHu(g) = WC(s) + 6HCI(g)

If the temperature range of the above reaction is between 800 to 1200°C, then the free
energy of the reaction will be between -469 to -630 KJ. Basically, the supersaturated vapors
formed in the vapor phase synthesis are relatively less stable than that of the solid nano
powder thermodynamically. So, the molecules present in the vapor phase react and form a
condensed phase. With the help of these vapor phase reactions, one can prepare nano
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powder of high purity, and with these other properties can also be controlled like size,
shape, reaction rate, and crystal structure.

A lot of research work has been done so far on the preparation of nano size WC using the
CVD process. Usually, for the preparation of WC using CVD process materials like (WCle)
[129], tungsten hexafluoride (WFs) [130], or (W(CO)e) [131] are generally used because
they are easily reduced by hydrogen gas and have low volatilization temperature. Many
other carbon source materials ( hydrocarbons) like propane (CzHs) [132], acetylene (C2H>)
[133], and methane (CH4) [123, 134] are favored and used as carburizing agents. Among
all these materials, methane is widely used due to its various properties in the chemical
vapor deposition process [135].

Hojo et al. utilized the flow method to carry out the vapor phase reaction at a pressure of 1
atm. WCle that had been reduced from the source was transported by a mixture of CH4-Ns
to the reaction zone, where it was combined with hydrogen. It was discovered that the
temperatures at which the streams of WCIs-CHs-Ns + Hs were mixed influenced the
qualities of the powders that were made. So the mixing was carried out using two different
routes or techniques. In technique (A), the streams were mixed at a low temperature
(400°C) before entering the reaction zone. In method (B), on the other hand, the streams
were combined at a high temperature in the middle of the reaction zone. The temperature
of the reaction is usually the temperature present in the center of the reaction zone, ranging
from 1000 to 1400°C. By means of natural sedimentation, the powders that were created
are eventually collected in a flask [129]. Won et al. synthesized WC through the vapor
phase method. In the typical synthesis used by Won et al., the oxygen and water vapors
were removed from the hydrogen (99.9 percent), acetylene (99.9 percent), and argon (99.9
percent) gases by passing them through copper turnings that were heated to 923 K. The
temperature of the vaporizer was used to regulate the partial pressure of WC1e, and the
temperature of the line that connected the vaporizer and the reactor was raised to around
670°C to prevent condensation of WC1s (B. P. = 619.9°C). The purity of the WCl1e that
was utilized in this study was 99.9 percent. The reactor used in the experiment was made
up of an alumina tube that had a 3 cm internal diameter and was 60 cm long. After cleaning
the precursor with argon gas, the reactor was next subjected to the flow of hydrogen gas

that had been saturated with WC1s. A preliminary test was performed in which the start of
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WC took place from WCle when a mixture of CoHz/argon mixture was put into the reactor.
This test was used to determine whether Hz> was saturated with WC1e. The hydrogen
chloride that was formed was absorbed in water that had been distilled, and the electrical
conductivity of the solution that was produced as a result was measured to determine how
far along the reaction had gotten. Because of the low temperature in the vaporizer, there

was only a minute amount of hydrochloric acid created, which is shown in Figure 07 [133].

vent,

Figure 7: Schematic of the CVD Process [135]

2.2.4 Synthesis of WC Hybrids:

Zesheng Li et al. synthesized the WC hybrid using an asynchronous high-temperature
technique to synthesize the WC/HMG composite support. A polystyrene (PS) microsphere
was used as an atoning template during this process. Ammonium meta tungstate (AMT)
and Graphene oxide (GO) were the precursors. A modified version of Hummers' process
was used to create the GO, and it was then distributed in deionized water. Drop by drop,
160 mL of PS microsphere dispersion with a mean size of 3 mm and a concentration of 5
mg mL* was added to 100 mL of GO solution (2 mg mL™). Then the prepared solution
was poured into a magnetic stirrer and stirred for 60 minutes. After this, 50 mg of AMT
were put into the previously prepared mixed solution, and it was stirred again for 60
minutes. The prepared solution was concentrated through simultaneous heating and

magnetic stirring then it was freeze-dried to remove any remaining moisture. In the end,
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the product that was dried was transferred to a tube furnace, where it was heated at 850°C
for two hours in an argon atmosphere at a heating rate of 5°C min. To provide a point of
comparability, HMG was manufactured as well by following a similar procedure as
WC/HMG, but without the inclusion of AMT in the process. The WC/HMG/Pt
electrocatalyst was created by using a process that involved instant microwave heating and
reduction. An ultrasonic bath was used to combine a certain quantity of H2PtCls and
WC/HMG with ethylene glycol for a period of 30 min. After thoroughly combining the
ingredients, the solution was placed in a microwave oven, where it was heated up to the
boiling point and kept at that temperature for a period of 30 sec. The product in its prepared
state was washed with deionized water, followed by its drying in a vacuum. The HMG/Pt
and Pt/C electrocatalysts with similar Pt content were synthesized as well so that a
comparison could be made between the two. Approximately 30% of the electrocatalyst's
mass was composed of platinum, according to its chemical analysis [136]. Jie Zhang et al.
also prepared a hybrid of WC in nitrogen-doped carbon. The hybrid M—N-C was made by
impregnating and pyrolyzing a mixture of melamine, ammonium meta tungstate (AMT),
and an organic carbon source. The combination contained Fe (NO3)3.9H20,
Co(NOz3)2.6H20, and Fe(NO3)39H20. The carbon source for the polycondensation
polymerization process was resorcinol-formaldehyde resin and silica was employed as the
rigid template for the material. In the beginning, distilled water was used to dissolve 500
mg (3.96 mmol) of melamine, 0.835 g of AMT, as well as a specific amount of silica and
Fe (NOs)3.9H,0/Co (NO3)2.6H20. After that, 0.550 gm of resorcinol and 0.95 mm of
formaldehyde diluted to 37% in water were mixed into the aqueous solution while it was
being stirred. After the reaction was completed, the fluid was poured into a beaker and
heated to 85°C for 3hr. Following the termination of the reaction, the solution mixture was
heated to 80°C for an entire night in order to eliminate the solvent, and then it was calcined
at temperatures ranging from 700 to 900°C for 3 hrs. The silica particles were removed
from the synthesized composites by first washing them in 30 mm of 1M (KOH) at a
temperature of 120°C for 3 hrs. After that, the composites were washed in distilled water
until the pH of the solution became neutral. After drying in a vacuum oven for one night,
the product was then named Fe/Co/WC@NC [137]. Feng long Sun et al. synthesized a
hybrid of WC and cobalt that was saturated with carbon. In this study, the following steps
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were taken to get the mixture: The raw material, i.e., WC powder, was mixed well with
graphite and Co (the mass ratio of graphite, WC, and Co, is 0.1:1:1), and the powder was
then crushed for 30 minutes with a ball crusher. The number of charges to balls stayed at
20:1. 150 g of the above graphite/WC/Co powder was packed into a corundum crucible
and heated in a furnace at a temperature of 1700°C for 2 hours in the reduction media. Then
it was cooled down at a rate of 2°C/min. When the temperature of the metal was reduced
to room temperature, deionized water was used to wash it. For metallographic study, a
piece of the C/W/Co alloy was cut and polished. The alloy was electrolyzed in order to get
WC powder. The electrolyte used in this electrolysis process was CoCly, an alloy of WC
that was acting as an anode, and titanium acted as a cathode, and the time of the completion
of the whole process was 120 hrs. The powder that didn't dissolve was first washed and
then dried. In the end, the dried powder was treated with 98 percent sulfuric acid (H2SO4)
at 250°C by dropping nitric acid (HNO3) for the removal of free graphite [138]. Can Liu et
al. synthesized WC carbon composite for hydrogen evolution reaction (HER). Chemical
oxidative polymerization was the most common way for the production of polyaniline from
aniline. In the meantime, the sulfuric acid that was prepared reacted with the soluble
sodium tungstate to make hybrid precipitates that were made up of insoluble PANI and
undetectable HoWO.4 [139]. Young-Jin Ko et al. also synthesized a WC hybrid with
nanowall. In the typical preparation, Tungsten carbide nanowall film was made on an
NCD-coated Si wafer using a surface-carburized tungsten cathode and direct current
plasma-assisted CVD (DC-PACVD). This is how WC nanowalls are usually made. In the
CVD chamber, the substrate was exposed to the hydrogen plasma. The total amount of
hydrogen gas moving through the chamber was 150 SCCM, and the pressure in the
chamber was 100 Torr. The details of the whole process that how it is prepared, what is
essential for the growth of the catalyst, and all the characterizations are reported [140].
Peng Xiao et al. prepared WC-MOC composite. It is usually made by mixing
(NH4)6M07024.4H,0 and NaWO4.2H-0 together. This makes nanowires of molybdenum-
tungsten complex oxides while using (NH4)sM07024.4H,0 alone only makes a much larger
micro belt of MoOa. It was seen that the shape of the precursor did not change by varying
its molar ratio. For our ease, the samples are named by the molar ratio of tungsten to

molybdenum that is present in the precursor. The nanowires of molybdenum-tungsten
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complex oxides with a molar ratio of 1:2 and 1:4 (W: Mo) are called nw-W>MoO3 and nw-
WsMo0QO3, while their corresponding carbides are called nw-W.MoC and nw-WsMoC. The
nw-WsMoC and nw-W>MoC keep their structure of interwoven nanowires with the mean
size of 15-20 nm after they are carburized. Figure 8 shows the preparation procedure used
by Peng Xiao [141]. Abdullah M. Al-Enizi et al. prepared graphene and WC composite. In
its typical synthesis method, graphene and WC were suspended in 100 mL of 5 M KOH
solution to make 5, 10, and 20% graphene/WC. They were named as 5%, 10%, and 20%
WC@GNFs. After 1 hour of stirring, the slurries were sonicated again for 1 hour. The
produced slurries were then heated in a microwave oven in a single continuous pulse for
50 s. The produced slurries were subsequently heated in a muffle furnace (Carbolated,
Thermo Fisher Scientific, 1400°C, USA) for 24 hours at 120°C. Then they were allowed to
cool naturally, filtered, and washed with distilled water. The prepared nanocomposites

were then dried at 50°C overnight under vacuum [142].

(NH,);Mo,0,,+4H,0

7724
+
Na,WO,*2H,0
‘Hydrothermal
==
850 °C

Figure 8: Synthesis of WC and molybdenum carbide composite [143].

2.3 Electrochemical Activity

Tao Zhao et al. prepared WC hybrids using two different temperatures and compared the
electrocatalytic activity of both the samples. In his paper, he reported that the WC hybrid
prepared at 800°C has low Tafel slope of 75.5 mV/dec than the one prepared at 600°C (96.2

26



mV/dec). He also added that the overpotential also followed the same trend as that of the
Tafel slope. The overpotential of the WC ( 800) was 375 mV, and that of the WC ( 600)
was 495 mV for an OER reaction Figure 9 shows the results illustrated by Tao Zhao et
al.[143]. Soumyabrata Roy et al. reported the activity of HER and OER of Ni substitute in
tungsten carbide in an alkaline solution. In his paper, he reported a lower Tafel slope of
135 mV/dec for Ni-WC and an onset potential of 120 mV for HER and a Tafel slope of 57

mV/dec and an overpotential of 310 mV for OER. The overall results are shown in Figure
10 [144].
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Figure 9:Polarization curves of the prepared samples for OER (b) Tafel slope of the corresponding
samples for OER [145].
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Figure 10:(a) Polarization curves of different materials for HER. (b) corresponding polarization
curves for OER [146].
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Jin Soo Kang et al. prepared nanoporous tungsten carbide. They reported that the
overpotential of WC was 187.1 mA cm?/ mV and its Tafel slope was 87.8 mV/dec [145].
Lulu Qiao et al. reported that the OER overpotential of nanohybrid WC was 238 mV and
its Tafel slope was 59 mV/dec. The same sample gave an overpotential of 98 mV at a
current density of 10 mA/cm? and a lowest Tafel slope of 50 mV/dec for an HER reaction.
Figure 11 shows the polarization curves and Tafel slopes of OER and HER, respectively
[146]. The overpotential of tungsten carbide reported by lee et al. was 444 mV with a
current density of 20 mA cm? in 0.1 M H>SOs electrolyte [147]. A composite of
MoS2/WC/RGO prepared by Yan et al. in his research showed that the composite had
excellent HER activity with a Tafel slope of 41 mV/ dec in 0.5 M H2SO4 and an onset
potential of -0.11 V [115]. Jiabo Wang et al. also showed that making a composite of WC
gives good HER and OER activities. In his research, he made a composite of N doped
graphene with WxC, which showed the smallest overpotential of 77 mV at a current density
of 10 mA/cm? for HER, and the Tafel slope of this composite was observed to be 45.91
mV/dec, which was the smallest in all the samples prepared. Similarly, for OER, an
overpotential of 467.6 mV was observed for the current density of 10 mA/cm? and the
Tafel slope of the sample, in this case, was 36.2 mV/dec [148]. A hybrid named
W>C/MWCT was prepared by Qiu fang Gong, the Tafel slope of which was determined to
be 45 mV/dec, and the overpotential of the prepared hybrid was reported to be 123 mV at
a current density of 10 mA cm? in 0.5 m H.SO4 electrolyte [149, 150]. Yan-Tong Xu
prepared WC@NPC and performed its electrochemical analysis. He observed that the
prepared sample had good HER performance with an overpotential of 51 mV at a current
density of 10 mA cm, which was the smallest in all the prepared samples, and the Tafel
slope of this sample was examined to be 49 mV/dec [106]. Meng qi Zeng et al. produced a
second hybrid of tungsten carbide and graphene, WC/graphene, and examined its Tafel
slope and overpotential. According to him, a low overpotential of 120 mV and a Tafel slope
of 38 mV/dec indicated that the sample has exceptional catalytic characteristics [113]. P.
Bretzler produced tungsten carbide and conducted the CsH2POs electrochemical
investigation. He showed that in the given electrolyte, WC possessed good activity because
of tungsten carbide in CsH2PQOg4. Further, he observed that the electrochemical study was

strongly dependent on temperature. The cyclic voltammetry of the prepared catalyst is
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shown in Figure 12 [151]. Tables 3 show the electrochemical performances of some WC
catalysts and their hybrids for both HER and OER reactions.
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Figure 11: a) LSV polarization curves of OER, (b) the corresponding Tafel plots for OER, (c)
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Table 3: Electrochemical Water Splitting Performance of WC and its Hybrid for HER and OER.

S.no Catalysts Target Over Tafel Current Electrolyte Ref
reaction | potential slope density
(mV) (mV/dec) | mA/cm?
1 W,C/NG HER 77.82 45.95 10 0.5 M H;SO. | [148]
2 N-WC nano array HER 89 75 10 0.5 M H;S0. | [152]
3 P-W-C HER 55 39 10 0.5 M H;SO. | [153]
4 WC-W,C/PNCDs HER 101 90 10 1 M KOH [154]
5 W,N/WC HER 148.5 47.4 10 1 M KOH [155]
6 ES-WC/W,C HER 75 59 20 0.1 M KOH | [156]
7 WC,/C HER 264 85 10 0.5 M H,S0;, | [157]
8 WC nanowalls HER 160 67 10 0.5 M H,SO. | [140]
9 WC microsphere HER 50 118 1 1M H,SO4 | [158]
10 WC commercial HER 100 73 1 1M H,SO4 | [158]
11 WC-CNT HER 489 122 10 0.5 M H,S0, | [159]
12 CNS@WCI/GF HER 65 61 10 1MHS0s | [160]
13 WCh; HER 80 89 1 0.5 M H,S0, | [161]
14 WC HER 248 - 10 0.5 M H,S0, | [140]
nanocrystalline
15 7.5 wt% Pt/W,C HER 5 103 1 1 M H,SO4 | [158]
16 Pt/WChs HER 22 27.1 20 0.5 M H,SO, | [161]
17 Fe-WCN HER 100 47 10 1 M H.SOs | [162]
18 WC/CB HER 175 - 1 0.5 M H2SO4 | [163]
19 WC HER 100-150 84 38.5 0.5 M HzSO4 | [127]
20 N-WC nanoarray OER 470 - 60 0.5 M H2SO4 | [152]
21 W,N/WC OER 320 94 10 1 M KOH [155]
22 | Co/W-C@NCNSs OER 323 75.5 - 1M KOH [164]
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Chapter 3

Material and Methodology

3.1 Materials:

The chemical and reagents used in this research are Ammonium meta tungstate dihydrate
(AMT) purchased from sigma Aldrich, Fructose, Potassium hexacyanoferrate tri hydrate
(PHCF) (Ka[Fe(CNeg).3H20]), terephthalic acid (BDC) (CsHsO4) from Merck, Zirconium
chloride ZrCl;, Dimethylformamide (DMF)(CsH7NO) from Merck, Acetic acid
(CH3COOH), Ethanol (C2HsOH) from BDH, Hydrochloric acid (HCL), Polyvinylidene
fluoride (PVDF)(C2H2F2)n from sima Aldrich, N-methyl-2-pyrolidone (NMP)(CsHgNO)
from Merck, Activated carbon from Duksan pure chemicals, and deionized water from
Sigma Aldrich.

3.2 Synthesis of pure Tungsten Carbide (WC):

For the synthesis of pure tungsten carbide precursor was synthesized first using
hydrothermal method then calcinate this precursor using solid gas reaction. Precursor is
prepared by mixing 5 g AMT and 4.6 g fructose in deionized water. After proper mixing
poured the solution to a Teflon lined autoclave and heat it for 12 h at 220°C. after the
completion of the reaction the prepared precursor was washed with ethanol and deionized
water 3 times each and then dried at 70°C overnight. Now put this precursor in a tube
furnace and heat it at 1050°C for 2 h under Ar/Hz environment. The flow rate of Ar/H; is
3/1 throughout the reaction. Over all schematics is given in Figure 13.

3.3 Synthesis of Pure Prussian Blue (PBNPs):

In the preparation of pure Prussian blue 2 mmol of potassium hexacyanoferrate trinydrate
is dissolved in 100 ml HCI (0.1) solution. The solution is then sonicated for 8 h in ultra-
sonication bath. After the completion of sonication, the blue colour product is washed with
ethanol and deionized water and dried in vacuum oven at 40°C overnight.
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3.4 Synthesis of Pure UiO-66:

This MOF was synthesized using solvothermal method. In this method 150 mg Zirconium
chloride (ZrCl4) and 115 mg of terephthalic acid (BDC) was dissolved in 30 ml of DMF
solvent. Add 2 ml Acetic acid to the above solution and mix it for 2 h followed by 20
minutes ultra-sonication. After 20 minutes sonication transfers the solution to 100 ml of
Teflon lined autoclave and heat it at 120°C for 24 h. after the completion of the reaction
washed the prepared product with DMF and ethanol to remove extra ions and any non-

reacted reactants and then dried at 70°C overnight in oven.

3.5 Synthesis of WC and Prussian blue Hybrids:

Hybrids are prepared through in situ technique in which we grow WC on Prussian blue
cubes. Three hybrids are synthesized containing different ratios of WC and potassium
hexacyanoferrate trihydrate. Hybrid with equal ratio of WC and PHCF (1:1) is named as
WC 1, hybrid with ratio of WC to PHCF (2:1) is named as WC 2, and hybrid with ratio of
WC to PHCF (1:2) is named as WC 3. All the hybrids are prepared using same procedure
with varying quantities of WC and PHCF. In the typical synthesis of hybrid WC 1 dissolve
2mmol of WC in 100 ml HCL solvent(0.1molar) and then add 2 mmol PHCF in it and
sonicate it for 8 h in ultra-sonication bath. After 8 h washed the solution with deionized
water and ethanol and then dried it at 40°C overnight. In WC 2 4 mmol of WC is used and
in WC 3 4 mmol of PHCF is used the rest of the procedure is same as that of the WC1.

3.6 Synthesis of WC and UlO-66 Hybrids:

Hybrids of WC with UiO-66 are also synthesized using hydrothermal method. WC 4 is the
hybrid with WC/ZrCl4 equal to (1:1), WC5 have ratio of WC/ZrCls equal to (2:1), and
WC6 have WC/UiO-66 ratio equal to (1:2). In the typical synthesis of WC 4 equal amount
of WC and ZrCly is taken and mixed in 30 ml DMF already contain 115gm BDC. Then
add 2 ml Acetic acid to the solution and mix it for 2 h. After proper mixing sonicate the
solution for 20 minutes. Now the solution was transferred to Teflon lined stainless steel
autoclave and heat it for 24 hours at 120°C. When the reaction is completed cool the
autoclave to room temperature and wash the solution with DMF and ethanol several times.

After complete washing dry the product at 70°C for 24 h in oven. In WC 5 the amount of
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W(C is double to that of ZrCls and in WC 6 the amount of ZrCl, is double to that of the WC

and the rest of the procedure is the same as that of WC 4.

3.7 Preparation of electrode:

In the preparation of working electrode first ink was prepared and then it was deposited on
treated Nickle foam. Nickle foam was treated before the deposition with HCL and ethanol.
In the ink preparation 2.5 mg of PVDF, 5 mg of carbon black and 42.5 mg of prepared
catalyst were mixed in 0.3 to 0.4 ml of NMP solvent and sonicate it for 4 h in ultra-
sonication bath. After 4 h the prepared ink was deposited on Nickle foam. After the
deposition the catalyst was dried at 80°C overnight and press under 1 bar pressure before
use.

Fructose AMT

Stirring mixing Hydrothermal Reactor Heating at 180° Washing WC precursor

Prepared WC Drying Washing Tube Furnace

Figure 13: Process Flow of the Method Used for the Preparation of Catalyst.
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Chapter 4

Result and Discussion

4.1 Material Characterization:

For the detailed study of material nature X-ray diffraction (XRD) (STOE-SEIFERTX PER
PRO) is used. This XRD is used for the compositional analysis, Phase formation and for
the crystallinity of the prepared catalyst. Cu-Ka radiation is employed in the process with
20 values in the range on 0 to 90°. for the morphological study and elemental analysis of
the prepared catalysts scanning electron microscopy (SEM) (JEOL-JSM-6490A) was used
coupled with Energy Dispersive X-ray (EDX).

4.2 Electrochemical Analysis:

For the electrochemical study of the fabricated catalysts Origa lys (model number 5) is
used with three electrode assembly. The working, counter electrode and reference
electrode. Catalyst that was deposited on the Nickle foam is used working electrode in the
process. The reference electrode is Ag/AgCl and platinum wire is used as a counter
electrode. We use 1 molar KOH solution as electrolyte in our experimentation process. The
potential was converted to a reversible hydrogen electrode (RHE) for easy computations.

The equation for RHE used is as follows
ERHE = E agiagcl + 0.059*PH + E° ag/agcl
In the given equation PH is 14 and the value of E° ag/agci is 0.1976.

Tests that are performed for the electrochemical characterization of the fabricated catalysts
are linear sweep voltametery (LSV), Cyclic Voltametery (CV), Chronopotentiometry, and
electrochemical impedance spectroscopy (EIS). LSV was performed at 10 mV/s scan rate
with a potential range of 0 to 1.5 V. CV was performed at different scan rates with a

potential range of 0 to 0.6 V. Tafel slope was calculated using equation: n=c log I + a
Here ) is the over potential, | is the current, a is Tafel constant, and c is the Tafel slope.

Over potential is plotted on Y-axis and log of current density on X-axis.
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EIS was performed at a voltage amplitude of 10 V and a frequency range of 0.1 Hzto 2 M

Hz. For checking the stability of catalyst chronopotentiometry was performed for 24 h.

4.3 Results and Discussions:

4.3.1 Phase Determination and Crystal Size:

X-ray diffraction technique was used to determine the Phase and the crystal structure and
crystal size of the prepared catalyst. Figure 14 (a) shows the XRD pattern of pure tungsten
carbide powder. These peaks are in correspondence with hexagonal crystal plane of WC
(JCPDS 65-4539). The peaks appeared at 20 angles of (31.3), (35.7), (48.2), (64.1), (65.4),
(73.1), (75.6), (84.1) corresponding to the planes of (001), (100), (101), (110), (111), (200),
(102), (201) respectively. The occurrences of these peaks at the given planes and angles
conform the fabrication of hexagonal WC confirmed from literature [165]. Figure 14 (b)
shows the XRD pattern of prepared pure Prussian Blue. This figure shows that peaks
appeared on the planes (200), (220), (400), (420), (422), (440) and (600) corresponding to
the angle of 20 values of (24.8), (26.5), (28.1), (36.6), (43.6), (47.8), and (51.8)
respectively. these peaks are in correspondence with JCPS card number (73-0687) which
conform the synthesis of pure Prussian blue (PBNPS) also confirmed form literature [166].
The XRD pattern of pure UiO-66 is shown in figure 14 (c). the figure shows that planes
(111), (002), (006), and (110) were indexed at 260 values of 7.4°, 8.4°, 26°, and 44.2°. The
values were in corresponding with the values of literature which confirm the formation of
UiO-66. Figure 14 (d), (e), (f), (g), (h), (i) shows the XRD pattern of the prepared hybrids
i.e, WC 1, WC 2, WC 3, WC 4, WC 5, and WC 6. In all the hybrids of WC with PBNPs
the peaks are appeared at 20 angle of (24.8), (31.5), (35.6), (48.2), (64.1), (65.4), (73.1),
(75.6), (84.1) corresponding to the planes of (200), (001), (100), (101), (110), (111), (200),
(102), (201) respectively. The presence of 200 plane at 20 angle of 24.8 is the prominent
peak of PBNPs in all the samples while the peaks at 35.6, 48.2, and 64.1 are the prominent
peaks of WC which conform the synthesis of our hybrid. Moreover, from these peaks we
can also conclude that no change in the crystal structure appear in WC after the
modification of PBNPs. The slight shift in the prominent peak of WC near 35° in all the
hybrids compared to the pure is due to the increased crystal size. Compared to the hybrids
of PBNPs there is a large shift in all the peaks of UiO-66 hybrids i.e., WC 4 and WC 6
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toward the right. And this shift indicate the decrease in the crystal structure and results in
larger surface area which enhance the catalytic activity. Here in WC 4 and WC 6 the
prominent peaks were appeared at 20 values of 34°, 37.1° 53.1° and 73.2° corresponding
to the planes of 001, 100, 101, and 110 respectively. while in Hybrid WC 5 shift can be
seen only in the peak appear at 350 this is because WC is present in higher ratio in this
hybrid, so no shift occurs in other peaks and is the same as that of pure WC peaks. The
average crystallite size of all the samples was calculated using X-ray broadening technique

through Scherrer’s equation [167].

L = (K. ) (FWHM)(cos6g)

In this equation L is the crystallite size

K is the Scherrer’s constant, and its value is 0.9 (shape Factor)
A is the wavelength of X-rays and its value is 0.15406(nm).
FWHM is the full width at half maxima.

g is the Bragg angle.

The calculated average crystal size of pure WC, pure PBNPs, WC 1, WC 2, WC 3, WC 4,
WC 5, and WC 6 are (617), (387), (533.85), (704.428), (552), (249.166), (371.8), and
(246.833) respectively detailed is given in table 4.
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Figure 14:XRD of the (a) Pure WC, (b) Pure PBNPs, (c) Pure UiO-66, (d) Hybrids.
Table 4: crystal Size and peak position and FWHM of the prepared samples.
Electro | Peak Position FWHM Crystal Size Averag
catalyst e
Crystal
lite Size
AO
Pure | 31.492, 35.634, 0.146, 0.182, 0.182, 598, 480, 500, 927, 582. 617.4
wWC 48.264, 63.993, 0.109, 0.178.
73.068
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Pure 17.5,24.35, 0.14,0.189,0.189,0.189,0. 574,430,411,446,151,310 387.0
PBNPs | 34.8,39.22,50.3 582,0.287
3,53.9
WC1 | 31.492, 35.643, 0.182, 0.182, 0.255, 474,480, 352, 927, 716, 392, | 533.85
48.264, 63.993, 0.109, 0.146, 0.218, 396.
73.068, 30.663, 0.218.
34.826.
WC 2 | 31513, 35.434, 0.146, 0.146, 0.146, 598, 605, 631, 928, 979, 334, | 704.428
48.264, 64.011, 0.109, 0.109, 0.291, 856.
73.068, 65.833, 0.133.
84.055.
WC3 | 31.486, 35.634, 0.146, 0.146, 0.218, 598, 605, 415, 679, 979, 393, 552
48.264, 63.976, 0.146, 0.109, 0.218, 199.
73.068, 30.976, 0.437.
43.376.
WC 4 7.34,25.32, 0.437, 0.583, 0.291, 186, 142, 291, 295, 272, 309. | 249.166
31.24, 35.40, 0.291, 0.328, 0.328.
48.08, 72.934.
WC 5 7.35, 25.32, 0.437, 0.583, 0.157, 0.22, | 186, 142, 554, 393, 410, 546. | 371.8
31.245, 35.407, 0.22, 0.189.
48.08, 72.934.
WC 6 7.5,25.22, 0.537, 0.553, 0.241, 182, 138, 291, 295, 265, 310. | 246.833
31.24, 35.40, 0.251, 0.318, 0.318.
48.08, 72.934.

4.3.2 Morphological Study and Energy Dispersive X-ray (EDX):

Scanning electron microscopy was used to study the morphology of the fabricated samples.
Figure 15 (a) shows the SEM image of pure WC. From the figure it is clear that the
prepared WC has spherical shape cubes of non-uniform sizes. The figure also tells us that
powder of WC combines to form cluster of WC particles. Figure 15 (b) is the SEM image
of pure UiO-66. Spheres of UIO-66 can be clearly seen same is reported in the literature.
Figure 15 (c) is the SEM image of Pure PBNPs. From the figure cubes of PBNPs with
unform size can be seen clearly such cubes are also reported in literature [168, 169]. Figure
15 (d), (e), (f) are the SEM images of hybrids WC 1, WC 2, and WC 3. In all the images
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both the compounds mixed with each other and form shapeless particles. The improper
shapes are due to the synthesis route for the preparation of hybrids. In WC1 and WC2 none
of the compound is dominant on the other while in WC 3 cubes of PBNPs can be seen with
W(C particles fused on the surface of cubes. Due to these cubes like structure formation
surface area of this hybrid is increased and, in the result, it gives better activity compared
to WC 1 and WC 2. Figure 15 (g), (h), (i) are the SEM images of WC 4, WC 5 and WC 6.
As in the WC 5 the percentage of WC is greater as compared to that of UiO-66 so we can
clearly see that the WC particle completely suppress the particles of UiO-66 and as a result
sphere cannot be clearly seen as can be seen in WC 4 and WC 6. In case of these hybrids
small clusters are formed compared to the hybrids of PBNPs and because of that it provide

greater surface area than the hybrids of PBNPs

Energy Dispersive X-ray (EDX) of the best catalyst i.e., WC 3 is performed to confirm that
our hybrid has all the necessary elements. The result of EDX shows that hybrid WC 3 is
composed of tungsten (W), Carbon (C), and iron (Fe). The atomic percent of W, C and Fe
i540.3, 2.6 and 57% as shown in figure 15 (k). This shows that the all the three components
are present in the sample which confirmed the successful synthesis of WC and PBNPs
hybrid. The weight percentage of W, C, and Fe in the sample was 89, 8, and 2 percent. As
iron and tungsten both are very good conductor so due to their synergistic effects the charge
transfer ability of the is enhanced in the result electrocatalytic performance is improved
even further. Figure 15 (j) is the EDX of WC 4 in which the percentage WC and Zr is
given. The result tell us that the hybrid is composed of W, C, Zr, and O with atomic weight
percent of (9.8), (67.9), (4.4) and (17.9) respectively. and the weight percentage of all these
elements are (54.5), (24.7), (12.1), and (8.7).
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Figure 15: (a-i) SEM images of all the prepared hybrids and pure samples (J, k) EDX of WC 4 and
WC 3.

4.4 Electrochemical Study:

4.4.1 Hydrogen Evolution Reaction:

For the electrochemical study of pure WC, pure PBNPs, Pure UiO-66 and their hybrids a
three-electrode assembly is used in 1 molar KOH solution. Figure 16 (a, b) shows linear
sweep voltametery curves of HER. From the figure it is clear that the prepared hybrids
have greater activity as compared to pure WC, pure PBNPs, and pure UiO-66. The
overpotential reported of pure WC, pure PBNPs, and pure UiO-66 is 24, 209 mV, and
201mV at 10 mA/cm? current density. The hybrids WC 1, WC 2, WC 3, WC 4, WC 5, and
WC 6 have over potential of 207, 178, 162, 144, 161, and 104 respectively at a current
density of 10 mV/cm?. Compare to other hybrids WC 6 possess least over potential of 104
mV representing good HER activity. Tungsten carbide is one of the best conducting
materials that’s why electron charge transfer occur easily and give us low over potential.
Moreover, WC, Zr and Fe all materials are the active site for hydrogen evolution reaction.
In the structure of PBNPs there are two oxidation states of iron i.e., (Fe?* and Fe®*). With
carbon the oxidation state of iron is +2 and with nitrogen +3 oxidation state of iron is
present. The oxidation state of W is +4 with carbon in WC. The oxidation of Zr is also +4
with oxygen in UiO-66. Due to greater number of active sites in Prussian blue and UiO-66
compared to WC the electron transfer due to these compounds is faster as compared to

electron transfer in WC as a result higher reduction of H™ to Hz occur in them. Therefore,
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the HER activity of PBNPs and UiO-66 is higher than that of WC as can be seen in the
figure 3. The increased electro catalytic hydrogen generation is ascribed to the increased
number of active sites in nanocomposites (WC@UiO-66) and compact heterojunctions
between WC and UiO-66. This increase could be attributable to more active edge sites on
the surface of the UiO-66 and WC which limit charge carrier recombination and quick
charge carrier migration, resulting in better electro catalytic H2 generation. Further the
activity of the hybrids of UiO-66 is grater than that of the hybrids of PBNPs because of the
larger surface area of Zr MOF and its porous nature as compared to Fe MOF. So the
exposed active sites are more in the UiO-66 which results in rapid electron transfer and

give us a low over potential of 104 mV.

To further study the catalytic activity of the prepared hybrids Tafel slope is calculated using
the following equation [169]

n=clogl+a

here is the over potential, c is the Tafel slope, | is the current density and a is the Tafel

constant.

In general, Tafel slope is inversely proportional to the activity of a catalyst. The lower the
Tafel slope of a catalyst the higher the activity of that catalyst. Tafel slope corelates over
potential with reaction rate. The mechanism of HER reaction can be found out using Tafel
slope because it also tells about the rate limiting step of HER. Smaller Tafel slope mean
high electron transport mean high activity of the catalyst with low over potential. The Tafel
slope of the prepared catalyst for HER is shown in figure (e, f). Form the figure it is clear
that pure WC have the highest Tafel slope and hybrid WC 6 has the lowest Tafel slope
among all the fabricated catalysts i.e., 43 mV/dec. Tafel slope of pure WC, Pure PBNPs,
pure UiO-66, WC 1, WC 2, WC 3, WC 4 and WC 5 are (116), (106), (109), (79), (71),
(67), (62) and 85 mV/dec respectively. these values of Tafel slope confirmed that hybrid
WC 6 gives the highest activity and pure WC shows least activity among the prepared set
of catalysts. Because of the low slope of WC 6 i.e., 43 mV/dec it follows Volmer-

Heyrovsky mechanism [170]. The over all kinetics of the reactions are given as

Volmer Step: H;O + M + e- - M -H + OH™!

42



Heyrovsky Step:
H20 + M + -H a5 + € — Hp + OH™L.

In the above equations M is our working electrode which work as adsorption sites for water
molecules. The water molecule in the KOH solution dissociates on the surface of working
electrode into adsorbed hydrogen and hydroxyl free ion in the VVolmer step, and then that
adsorbed hydrogen interacts with more molecules of water and reduced to hydrogen
molecule and another hydroxyl ion in the Heyrovsky step. From the literature it was studied
that the dissociation of water in the Volmer step can be enhanced by using WC and its
hybrids with various MOFs. This is because of the conductive nature of WC and large
surface area and porous nature of MOFs. Supporting this literature study our prepared
hybrids of WC with PBNPs i.e., WC 3 and with UiO-66 i.e., WC 6 both shows outstanding

results due to the synergistic effects of both materials in both the hybrids.

4.4.2 Oxygen Evolution Reaction:

The performance of OER of the prepared hybrids is also find out using linear sweep
voltametery in 1 molar KOH (alkaline) electrolyte. In OER four electron transfer
mechanism is used instead of two electron transfer mechanism. Among the prepared
samples hybrid of WC with UiO-66 i.ie., WC 6 shows the least over potential of (152) at
10 mA/cm? current density in 1 M alkaline electrolyte. The other prepared hybrids i.e., WC
1, WC 2, WC 3, WC 4, WC 5, WC 6, pure WC, Pure UlO-66, and pure PBNPs required
an over potential of (192), (190), (178), (173), (185), (152), (223), (350), and (360)
respectively to attain a current density in the same electrolyte solution as shown in the
figure (c, d). WC 6 shows better activity among all the catalyst because of the presence of
Ui0O-66 which has high stability, highly porous in nature and a high surface area than that
of PBNPs and WC. Moreover, the enhanced catalytic activity of all the hybrids as
compared to the pure compounds is also because of the synergistic effects of both the
compounds in the hybrids. The overall properties of the hybrids are enhanced, and, in the
result, the catalytic activity is also improved. The better OER catalytic performance of WC
1, WC 2, and WC 3 as compared to pure WC and pure PBNPs is also because of the
synergistic properties of both the materials in the hybrids. Conductive properties and

enhanced surface area increases the charge transfer and as result the activity is enhanced.
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The Tafel plot of all the prepared samples are shown in figure (g, h). As can be seen in the
figure that WC 6 has the smallest Tafel slope of 63 mV/dec and the lower the Tafel slope
the better the activity of that catalyst. This low Tafel slope indicates that WC6 has a fast
oxygen evolution charge transfer ability with enhanced reaction Kkinetics for
electrocatalytic OER, this statement is verified from the EIS spectroscopy as shown in
figure. The Tafel slope of all other hybrids i.e., pure WC, pure PBNPs, Pure UiO-66, WC
1, WC 2, WC 3, WC 4, and WC 5 are (159mV/dec), (187), (196), (136), (132), (102),
(105), and (113mV/dec) respectively. The Tafel slope of pure WC suggests that the
adsorption rate of hydroxyl ion on the surface of catalyst is poor, but with the addition of
PBNPs and UiO-66 the OER activity is enhanced giving us low Tafel slope values. This
phenomenon is because of the absorbed oxygen with the cation sites of transition metals.
In the hybrid the heterostructure of Fe, W, and Zr speed up the electron transport and as a
result electrochemical performance is improved as compared to that of pure compounds.
The overpotential of some hybrids are given in table 5 for comparison with the work of

this paper.

Table 5: Comparison of some catalyst with this research.

Catalyst Reaction | Electrolyte | Tafel Over Current | Reference
Type slope | potential | density
(mA/cm?)
WC@UiO66 HER 1 M KOH 104 10 This work
OER 1 M KOH 152
W2N/WC HER 1 M KOH 47.4 148.5 10 [171]
OER 1 M KOH 94 320
WCx/C HER 05M 85 264 10 [172]
H2S04
W>C-HS HER 05M 67.8 153 10 [173]
H2S04
WC- Nickle OER 1M KOH 93 378 10 [174]
doping
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Co/W- OER 1MKOH | 755 323 10 [175]

C@NCNSs
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Figure 16:(a, b) LSV curves for HER, (c, d) LSV curves for OER. (e, f) Tafel plots of HER, (g, h)
Tafel Plots of OER.

4.4.3 Cyclic Voltametery:

To study the relation between current density over a range of voltage (0 to 600mV) cyclic
voltametery of all the fabricated catalysts was performed at a scan rate of 100mV/s as
shown in the figure 17 (a, b). The graph of CV gives information about the
thermodynamics of the oxidation and reduction reactions as well as about the Kinetics
model of the electron transfer reactions. As can be seen form the figure that two distinct
redox peaks are present in the CV graph correspond to the oxidation peak above and the
reduction peak below [177]. From the CV of a catalyst, we can find out area under the
curve and from that electrochemical active surface area (ESCA) is determined. Figure 17
(c) shows the CV graph of WC 6 at different scan rates from 0 to 50 mV/s. in the given
potential range two redox peaks are shown. Transfer of charge take place between the redox
sites through WC 6, and ions are transferred through the electrode’s pores with no change
in the structure. From the profile of CV, it is clear that it stays consistent with gradual
increase in the area as the scan rate is increased which shows strong cyclic stability, better
electrocatalytic efficiency, and low resistance of the catalyst. By increasing the scan rate,
the impedance of the absorber layer is decreased, resulting in a high current density. As the
scan rate increases, the redox peaks increase gradually, indicating that the redox activity is

confined to the surface of WC 6, and proving the stability of the catalyst.
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Figure 17:(a) CVs of WC@PBNPs hybrids (b) CVs of WC@UiO-66 hybrids (c) CV curves of WC
6 at different scan rates, (d, ) TOF of the hybrids for HER, (f, g) TOF of Hybrids for OER.

4.4.4 Electrochemical Impedance Spectroscopy and Chronopotentiometry:

One of the important parameters to further study about the catalytic activity of fabricated
catalyst electrochemical impedance spectroscopy (EIS) is performed. EIS of all the
prepared catalysts are shown in the figure 18 (a, b) along with the analogues circuit. The
test was performed in a frequency range of 200kHz to 0.1Hz in 1 molar alkaline electrolyte.
In the Nyquist plot imaginary impedance is given on the y- axis and real impedance is
given on the x-axis. EIS is used to find out the charge transfer resistance R, polarization
resistance Rp, Warburg resistance W (resistance due to electrode to electrolyte interface),

and faradic capacitance Cp. the values of the resistance are given in the table. Generally,
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from the literature it is studied that small values of Rct have rapid charge transfer ability
[178]. Our best catalyst i.e., WC 6 has a small semicircle as compared to other catalysts
indicating that this catalyst offers low charge transfer resistance and hence shows good
electrocatalytic activity also verified from its Tafel slope values. Values of charge transfer
resistance and solution resistance is given in the table 6. One of the effective approaches
for finding the electrocatalytic performance of a catalyst is to find out electrochemical
active surface area (ECSA). The performance of a catalyst is directly proportional to
ECSA. The larger the electrochemical active surface area of the catalyst the better will be
the performance of that catalyst. ECSA of the catalyst can be find out using the following
equation [179].

ECSA = Cp/Cs

In the above equation the value of specific capacitance is constant and given as 40 puF/cm2.
Cp is the electrochemical capacitance, and it is equal to Cp = A/(2*m*k) (V2-V1)

Here

A is the area under the CV curve and it is determined from the CV curve through origin

software.

m is the mass loaded.

k is the scan rate on which experiment is performed here it is 0.05V/s
V>-V1 is the final and initial potential here its value is 0.6 V.

The electrochemical active surface area of the prepared catalyst find out is given in the
table.

For the practical applications of a catalyst stability or durability of that catalyst is an
important parameter. It can be seen by finding the changes in the over potential current
density with time using chronopotentiometry. The stability test of WC 6 is performed for
20 h to get chronopotentiometry curve in 1 molar KOH electrolyte solution. From the

figure 18 (c) it can be seen that the catalyst shows excellent stability with a small drop in
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the activity as time passes. This stability is because of the structural properties of the

catalyst.

Table 6: Resistance and ECSA of the prepared samples.

Catalyst Rs Ret ECSA
wcC 6.1878 2.4108 2170
PBNPs 7.6218 3.8167 1828
UiO-66 3.107 1.9296 2188.36
WC1 2.1558 1.7712 2694
WC 2 3.264 1.5214 2458.333
WC 3 1.81 1.03 3504.312
WC 4 5.778 0.898 3288.061
WC5 6.2753 0.289 3111.37
WC 6 5.996 0.257 6431.719
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Figure 18:(a, b) EIS of the prepared samples, (c) Chronopotentiometry of WC 6.

4.5 Proposed Mechanism:

For HER the proposed mechanism will be that of VVolmer-Heyrovsky. This can be found
out from the Tafel slope values. In the first step an intermediate of H* is formed from the
adsorbed hydrogen on the electrode surface. In the second step a molecule of hydrogen is
formed from the electrochemical desorption of hydrogen generated in the first step. The

overall mechanism is shown in figure and the corresponding reactions are given as
1. Volmer Reaction

Ho0 + e — H* + OH"
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2. Heyrovsky Reaction:

H20 +e +H* — Hz + OH’

For OER a four-step mechanism is used as shown in the figure the reactions that are taking

place are given as
M+ OH — MOH +¢
MOH + OH" — MO + H20 + e

MO + OH — MOOH + ¢

MOOH+OH - M+ 02 + H0 + &
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Conclusion and Future Prospects:

Summarizing this review, hydrogen can be used as the prime source of energy in the near
future as other conventional sources of energy are diminishing at a rapid rate. To address
this issue, many researchers showcase their skills and prepare different catalysts that can
be used to enhance the production of hydrogen through electrocatalytic water splitting.
Because of its low cost, high stability, the greater number of operational sites, and
catalytically active nature, transition metal-based catalysts are the most effective catalysts
for hydrogen production. Among the transition metal catalysts, tungsten carbide and its
hybrids show the most promising results. The conclusions that have been made from all
this research about WC and its hybrids can be summarized as

1. The purity of the synthesized WC is strongly dependent on the route of the synthesis
method. The smallest over potential observed for tungsten carbide hybrid is
observed to be 51 mV which is prepared by sample pyrolysis technique as shown
in Table 2.

2. The catalytic activity of the WC can be improved up to a great extent by making
hybrids of it with different MOFs and materials having large surface areas.

3. The catalytic activity of WC and its hybrids are like that of platinum metal with a
low Tafel slope and low overpotential for both HER and OER. However, the
activity is greater in HER as compared to OER in alkaline media.

4. From the above research and evaluation, it is concluded that the WC prepared by
Lulu Qiao has the best activity by providing the lowest overpotential of 98 mV and

Tafel slope of 54 mV/dec for a typical hydrogen evolution reaction.

Although a lot of progress has been made in the synthesis of effective catalysts and
researchers have succeeded in the preparation of WC and its different hybrids, which shows
the similar activity as benchmark catalysts, there are many challenges and issues that still
need to be addressed before the commercialization of water splitting process for hydrogen
production using WC as electrocatalyst. The study of active sites of WC and other
transition metal catalysts for HER mechanism needs attention and requires immediate

research. Stoichiometric study of tungsten and carbon for HER reactions is also an area
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that needs improvement. Enhancement in the catalyst nanostructure is also needed for a
larger active surface area and for the study of synergistic effects. Another region that needs
to be addressed is the preparation of hybrids of WC with conductive materials for better

transmission of charge carriers.
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