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Abstract 
 

Effective water splitting by electro catalysts provides greater potential for producing 

hydrogen fuel in renewable energy devices. To use high-performance water splitting 

electrocatalysts, an economically stable, viable, and effective electrocatalyst with lower 

activation potential barriers is usually required. We provide a solvothermal approach to 

develop of active electrocatalyst (WS2@UiO-66) catalyst for effective and quick 

hydrogen evolution process. In general, the WS2/UiO-66 heterostructure allows for an 

efficient water splitting process. The hydrogen evolution reaction (HER) and the 

oxygen evolution reaction (OER) may better diffuse and transfer electrons across the 

heterojunction interface due to the open structure and increased number of active sites 

of this bifunctional design. A current density of 10 mA/cm2 may be reached in an 

alkaline solution with the WS2 @UiO-66 by applying an overpotential of just 121.1 mV 

for HER and 220 mV for OER. Tafel slope values of 272 mV.dec-1 for the HER and 

OER catalysts are the best. WS2@UiO-66 can also sustain HER/OER activity for 24 

hours at a current density of 10 mA/cm2.WS2/outstanding UiO-66 bifunctional catalytic 

performance can significantly speed up its utilization in overall water splitting. This 

research might cover the way for new methods to develop and prepare very cost-

effective energy storage and conversion catalysts. 

 

 

Key Words: Electrochemical Water splitting, Tungsten sulfide, UiO-66, Hydrogen 

Evolution Reaction (HER), Oxygen Evolution Reaction (OER) 
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Chapter 1 

Introduction 

Because of the rising environmental pollution and energy crises, exploration and 

advancement of hydrogen energy has become much more urgent[1-3].For its unlimited 

source from water and zero greenhouse gas emissions, hydrogen is seen as a favorable 

future energy carrier[4, 5].For its extremely high energy density and caloric values, It is 

expected to be utilized extensively in both transportation and stationary energy [6, 7]. 

Water splitting, which is powered from variable renewables such as wind power and 

solar, may create high purity hydrogen at a low cost[8, 9]. The water splitting process 

consists of two process Oxygen Evolution Reaction at the anode and Hydrogen 

Evolution Reaction at  the cathode[10, 11] . Noble metal catalysts which are currently 

the best effective catalysts for the process of water splitting, but as a result of their lack 

and huge cost, they are not economically viable for large-scale applications [12, 13]. As 

a substitute to noble-metal catalysts, transition metal sulfides have evolved. Because 

they are abundant on Earth, the cost of catalysts will be significantly reduced[14, 

15].Their poor efficiencies for HER and OER, on the other hand, fall short of the 

commercial need for water electrolysis. As a result, exploitation of these earth-abundant 

catalysts with high stability and activity should be given top priority [13, 16, 17]. 

According to the findings of a recent research, heterostructure electro catalysts are 

better than single-component catalysts when it comes to the process of water splitting. 

The lattice deformation and ligand mismatch that occur at the heterojunction contact 

lead to the formation of exposed edges and defects. [18-20].During the HER or OER 

processes, these defect midpoints might function as active sites for middle adsorption. 

Furthermore, the 3D design enables for rapid mass dispersion and greatly lowers 

overpotential, notably at the high current densities for OER and HER[21, 22]. Recent 

study has showed that two-dimensional WS2 based materials might be effective 

electrocatalysts due to the high thermoneutral GH of transition metal and chalcogenide 

edges [23-25]. Exfoliation of WS2 liquid phase nanosheets is widely acknowledged as a 
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reliable method for producing large yields of active layered LPE (liquid phase 

exfoliated)-WS2 nanosheets. The electrocatalysts are greatly aided by LPE-WS2, which 

has extensively exposed edges and a low impedance to charge transfer[24]. 

Tungsten disulfide (WS2) is another TMDs material that has a similar crystal and 

electrical structure to MoS2 and has been the subject of current research due to its high 

HER activity[26, 27]. Changqi Sun et al. also discovered that increasing the intrinsic 

conductivity of WS2 enhanced HER activity in N-doped WS2 nanosheets. Despite 

substantial progress, the search for HER catalysts has mostly focused on the 

development of platinum-free electrocatalysts, ignoring the incorporation of additional 

driving elements[25]. 

In this paper, we propose a rational design of WS2/UiO-66 2D nanostructure for OER 

and HER catalysis in alkaline conditions. These WS2@UiO-66 2D nanostructure on 

Nickel foam, which can minimize WS2 aggregation, promote mass diffusion, speed 

electron transport, and provide HER and OER additional active sites. Because of the 

synergistic effect generated at the heterojunction interface between WS2 and UiO-66 

phase, which can provide rapid charge transit, which may dramatically improve HER 

and OER performance in alkaline solution. WS2 film is made up of tiny WS2 clusters 

that are built up of smaller WS2 nanosheets, and this hierarchical film may be employed 

as a self-supported electrode for HER when combined with a metal substrate. The WS2 

nanosheets' random orientations and small sizes would considerably aid in the exposing 

of active edge locations. As a result, the WS2 film electrocatalyst exhibits superior 

electro catalytic performance, including a low overpotential (121 mV) to reach current 

density of -10 mA/cm2, and excellent catalytic durability by performing ultralong HER 

operations in basic environment at a static over potential (> 24 h). 

 

1.1 The Basics of Water Splitting 
 

In water splitting, the three most common components are a cathode/anode pair, an 

electrolyte that is mostly composed of water, and an external bias. [28, 29]. During the 

process of electrochemical water splitting, there are two separate reactions that take 

place: the anode-based OER and the cathode-based HER (cathode). A simplified 

representation of a water-splitting system is shown in figure 1. During the electrolysis 
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process, the surfaces of the cathode and the anode produce gases composed entirely of 

H2 and O2, respectively. Different mechanisms are used, one of which is determined by 

the electrolyte. 

 

Figure 1: Represents the splitting process of overall water (OER at anode to produced O2 and HER at 

cathode produced H2 via reduction of H+). Exclusive copy rights 2021 Li, W., et al. [30] 

 

While at acidic electrolyte 

 HER                     4H+ + 4e-                         2H2                    E=0V              Eq (1) 

 OER               2H2O + 4e-                           O2 + 4H+             E=1.23V        Eq (2) 

In basic electrolyte  

 HER          4H2O +4e-                                           2H2 +4OH-1          E=0.828V      Eq (3) 

 OER         4OH-1 - 4e-                           2H2O +O2              E=0.402V       Eq (4) 

Final water splitting reaction 

         2 H2O                              2 H2 + O2                                        Eq (5) 

    

The potential thermodynamical voltage that is required for the water splitting is 1.23 V 

at 1 atm and 298 K. Irrespective of whether the electrolyte is alkaline or acidic in nature 

[31]. Because of this, the voltage that is applied to the water during the electrolysis 

process must be higher than 1.23 volts. Because of fundamental activation impediment, 

the excess potential is defined as the overpotential. 
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                    EOP =E + EA + EC + ER         E=1.23 V                                     Eq (6) 

Over potentials for OER and HER are denoted by the symbols EA at the anode and EC 

at the cathode. Electrolytic diffusion and surface polarization, for instance, may both 

contribute to the generation of excessive potential. In addition to this, it is essential to 

take into consideration the possibility of a counter-electromotive force. In order for 

electro catalysts to be effective against OER and HER, it is necessary for the cathode 

and anode surfaces to carry out two essential EC and EA activities. By using electro 

catalysts as cathode or anode materials, it is feasible to reduce EA and EC, and the 

electro catalytic behavior increases yield on considerable gains.[30]. 

1.1.1 Hydrogen Evolution Reaction 

 

Hydrogen evolution reaction is done on 2 stages in which two electrons are transfer on 

the cathode sides. During this electrochemical reaction both the Volmer-Tafel and 

Volmer-Heyrovsky processes are two distinct routes. As shown in Figure 2 during these 

2 stages of cathode side. 

 

 

Figure 2 “[(The H2 evolution tool on the apparent of an electrode in acidic liquids. 

Copy rights 2014 Morales, C.G., and et.al.) ]”[32]. 

The Volmer-Tafel and Volmer-Heyrovsky mechanisms follows desorption phenomena 

both chemical and electrochemical, respectively. The reactions mentioned below 
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The Volmer reaction. 

Volmer reaction is an electrochemical method that results in hydrogen adsorption.  

Where proton combines with electron on the surface of catalyst in acidic solution to 

create the active intermediate H*. 

Heyrovsky reaction 

Another sort of electrochemical desorption method is the Heyrovsky reaction. H* reacts 

with the H* and the electrons to produce H2 molecules in an acidic electrolyte. 

In acidic solution 

                               M-H* + H+ + e-                                M + H2                         Eq (9) 

Tafel reaction 

The mechanism for the process of chemical desorption happens while two adsorbed 

molecules of H* are combine at the catalytic surface and to produce H2. 

For the acidic and or the alkaline solution 

2M-H*                            2M + H2                       Eq (10) 

 

1.1.2 Oxygen Evolution Reaction 

 

 In comparison to HER on cathode, OER on the anode is a 4-electron mechanism 

including numerous intermediates. The OER is kinetically sluggish and has a significant 

overpotential associated to the hydrogen evolution process owing to the multiple step 

mechanism and energy required (HER). Furthermore, because it functions differently in 

acidic and basic media, OER is highly dependent on the pH of the electrolytic nature 

solution. Using a 0.404V potential, two H2O molecules are oxidized in acidic. Using 

1.230 V, the OH- group is transformed into O2 and H2O in this alkaline medium (vs 

RHE). From the foregoing, it can be deduced that the mechanism is less active  more 

capably in an acidic environment than in an alkaline one [33, 34]. 

During OER, the subsequent reactions happen:  

At Acidic Electrolyte 

 

H2O + (M)                               (M)-*OH + H+ + e-          Eq (11) 

   (M)-*OH                                  (M)-O* + H+ + e-          Eq (12) 

                (M)-O* + H2O                            (M)-*OOH + H+ + e-     Eq (13) 

(M)-*OOH                                 (M) + O2 + H2O + e-          Eq (14) 

While at Alkaline Electrolyte 
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  OH- + (M)                           (M) -*OH + e-   Eq (15) 

(M)-*OH + OH-                       (M) -O* + H2O + e-  Eq (16) 

    (M)-O* + OH-                      (M)-*OOH + e-  Eq (17) 

(M)-*OOH + OH-                          (M) + O2 + H2O + e- Eq (18) 

 

Numerous intermediates, for example the *OH, O*, and *OOH, have been reported to 

be produced throughout the OER phase. [35]. Additionally, an electrocatalyst's 

electrical structure determines its ability to produce *OOH and adsorb *OH, that 

consumes a considerable impact on OER effectiveness. [36]. 

1.2 Overall process for water splitting affecting parameters 
 

1.2.1 Band gap 

 

Because light can only be absorbed by a small band gap, the band gap itself has to be 

big enough to accept the majority of the light that is being transmitted through it. Band 

gaps in the PEC water splitting process ranging from 1.6 to 2.2 are adequate for the 

absorption of the majority of the solar spectrum.[37]. It is very necessary to boost the 

charge-carrying capacity of catalysts in order to generate effective activity when the 

catalysts are coupled with functional materials.[38]. 

1.2.2 Crystallinity 

In generally, research have revealed that catalyst activity rises as crystallinity rises. 

Electron-hole pair recombination is eliminated and electron transport is improved 

because high crystallization prevents grain boundary development and lattice defects.  

[39]. 

 

1.2.3 Particle Size 

 

The particle size has a big influence on catalytic action, with a general trend toward 

small particle sizes with a lot of specific surface area. The molecule should be as tiny as 

possible. Furthermore, the greater the surface area, the greater the amount of reactant 

adsorption. The reduction in particle size does not result in an increase in electro 

catalytic activity in a way that can be predicted. The possibility of electrons and holes 
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recombining increases in proportion to the proximity of the charges to one another. As a 

result, a particle size that is ideal must be determined [39, 40]. 

 

1.3  Evolution Parameters for Overall Water Splitting 
 

Evolution methodologies for the OER, HER, and the total water splitting for efficiency 

are required to compare various types of electro catalysts. In overall, the most efficient 

and scalable approaches for estimating the effectiveness of splitting are the (i) activity, 

(ii) selectivity, and (iii) stability methods.[41]. 

1.3.1 Activity 

 

To evaluate the performance of a water-splitting catalyst, many evolution parameters 

can be employed. For the oxygen evolution process and HER systems, the three most 

important factors to evaluate the kinetic activity of Tafel slope, current rate, and the 

turnover frequency (TOF). Tafel slop is a critical characteristic in defining a catalyst's 

behavior. It's a graph that depicts the relationship between the current generated by an 

electrochemical cell. It illustrates how the response rate and the over potential are 

related because a lesser overpotential is required to achieve. [42]. In other words, and 

furthermore active catalyst has a larger current density and a smaller Tafel slope. The 

ability to achieve a current density of 10 mA/cm2 or more is commonly acknowledged 

as a key factor in thermodynamic evolution. [43]. Therefore, selecting the correct 

catalyst with strong electrocatalytic activity reduces activation overpotential 

significantly. The TOF reveals how many moles of H2 or O2 are created each unit 

active center in each amount of time, reflecting inherent activity of the catalyst [44-46]. 

 

1.3.2 Selectivity 

 

In spite of its significance, the selectivity of water splitting is a metric that is seldom 

taken into account. Estimating the rate at which water degrades using the faradic 

efficiency method is the preferred method. Reactants in an external circuit take on a 

certain portion of the total charge in order to complete the circuit.[47]. The Faradaic 

efficiency may be used to determine the selectivity of an OER or HER catalyst. How 

many electrons can be transmitted via the Faradaic efficiency of the catalyst.[45]. Gas 
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chromatography may be used to measure the Faradaic efficiency of the water splitting 

process (GC). As a result of using this method, the FE values of several well-known 

HER catalysts are equal to one hundred percent. The FE of a typical OER catalyst is 

lower than one hundred percent because to a number of different energy losses.  

 

To calculate the Faradaic efficiency for OER calculations, the following formulae are 

commonly used:  

Faradaic efficiency= IR ND/ID NRNCL                                                    Eq (20) 

1.3.3 Stability 

 

One of two approaches will be used to measure catalyst stability[31, 48]. 

Chronoamperometry is the first, whereas cyclic voltammetry, or LSV measurement is 

the second. It is possible to see time-dependent fluctuations in current or potential even 

when the potential or current density is held constant. The reliability of the findings will 

be assured if the length of the experiment is more than ten hours. The over potential of 

LSV curves will normally grow after a given number cycles, and a lower increase of 

overpotential indicates higher stability. 
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Chapter 2 

Literature Review 

2.1 Tungsten Sulfide and their hybrids in electrochemical water 

splitting. 
 

Transition metal hallucinogenic, particularly WS2, exhibit high catalytic activity and are 

extremely stable, making them suitable 2D materials for energy applications. 

TMDs have proved to have considerable promise as CO2 reduction and water splitting 

catalysts in both theoretical and empirical studies. [49]. WS2, on the other hand, has a 

low electrical conductivity, which limits charge transfer and electro catalytic activity. 

[50]. By changing the structure of WS2, a typical two-dimensional material, to expose 

more active sites, the catalytic performance can be considerably improved. [51]. The 

development of composites is one of the many strategies for enhancing electrical 

conductivity that can be used to overcome the big barrier. [52, 53]. 

Wang et al. the first time, an innovative strategy was established for developing and 

producing a NiO/Ni ornamented with WS2 nano sheet arrangement on carbon cloth 

(NiO/Ni/WS2/CC) composite. It permits an alkaline electrolytic cell with a current 

density of 10 mA/cm2 at a 1.42 V overpotential, the lowest of any figure ever reported. 

The excellent performance is largely due to the unusual 3-D prearrangement and 

multiphase interaction between WS2, NiO, and Ni. [54]. Peng et al. studied that 3D 

Co9S8/WS2 electrode material configuration, Co9S8/WS2 has been reported as an 

active electro catalyst for water splitting. In an alkaline medium, electro catalysts with 

hydrogen-evolving 3-D electrodes may yield current densities of up to 10 mA/cm2 with 

an over potential of 138 millivolts (mV). This multifunctional electrode may also be 

used to build a high-performance alkaline water electrolytic cell with a current density 

of 10 mA/cm2 and a cell voltage of 1.65 V.[55].  

A unique TiO2@WS2 hybrid was produced by combining a hydrothermal process that 

required two steps with selective etching. W2 ultra-thin Tin oxide nanotubes with acid-

etched surface areas were used as a substrate for the development of nanosheets, which 

created various layers with visible active-edges. This was accomplished by using the 

nanotubes as a support for the growth of the nanosheets. 
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Pure TiO2 or WS2 needed larger over potentials and onset currents, while the hybrid 

needed just 10 mA/cm2, which is a significant difference. 

Additionally, during the alkaline HER process, enhanced cycle stability was discovered, 

viewing its potential for future applied application. [56]. Tayebi et al. studied 

WS2/WO3 was synthesized for photo electrochemical water splitting process. The 

electro-current density of the produced catalyst was extremely high. When the WS2 

nanosheets were deposited, the photocurrent density rose dramatically, especially for 

the WO3/WS2 electrode, with peaks of about 6.6 mA/cm2 current density at 1.75 V vs. 

Ag/AgCl. The charge transfer at the photoanode–electrolyte interface is linked to the 

semi-circle radius in a Nyquist plot, reducing the semi-circle radius in an EIS Nyquist 

plot revealed that charge transfer from tungsten disulfide nanosheets to W/WO3 

substrate was simpler than charge transfer from WS2 nanosheets to WS2/WO3 

substrate. [57]. There are more charge carriers, improved charge separation, and charge 

migration because of this. The nanostructures demonstrated a severalfold increase in 

photocurrent density 0.15 mA/cm2 at 1.23 V vs. RHE in photoelectrochemical total 

water splitting compared to the plain sulfides. [58]. Liu et al. created high-quality 1T' 

phase WS2 nanomaterials and 2H phase WS2 nanostructures using a simple colloid 

synthesis approach, as illustrated in Figure 3. (a). 

The strong connection between a positive charge surfactant and WS2 made 1T'-WS2 

very stable after surface treatment, allowing it to stand effectively disseminated in a 

polar solvent.1T'-WS2 had a low 200 mV overpotential, a small Tafel slope of 50.4 

mV/dec, and exceptional stability at 10 mA/cm2, as shown in Figure 3. (g-i). 
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Table 1 The electrocatalytic activity of WS2 doped with metal components. 

Catalysts Reaction 

type 

Electrolyte Current 

density 

(mA/cm2) 

Overpotential 

(mV) 

Tafel 

slope 

(mA/de

c) 

Ref. 

WS2-Co HER 0.5M H2SO4 10 134 76 [59] 

WS2-Co OER 1M KOH 10 303 79 [60] 

WS2-Co HER 0.5M H2SO4 10 210 49 [61] 

Co-WS HER 0.5M H2SO4 10 330 74 [62] 

Ni-WS HER 0.5M H2SO4 10 265 55 [62] 

Co-WSx HER 0.1M 

phosphate 

solution 

5 238 78 [63] 

WS2-V HER 0.5M H2SO4 10 148 71 [64] 

WS2-Nb HER 0.5M H2SO4 10 750 167 [65] 

W1-

XS@Mox 

HER 0.5M H2SO4 10 178 68 [66] 

W1-

XS@Cox 

HER 0.5M.H2SO4 10 121 67 [67] 
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Figure 3: “[(TEM images of WS2 hybrid for (a) NPs and (d) NCs, HRTEM images for WS2 hybrid with 

(b) NPs and (e) NCs, Atomic structure model for c-axis view of WS2 hybrid with (c) NPs and (f) NCs, 

(g)LSV OER, (h) TAFEL plot, I Electrochemical surface area at different scan rates. 

Copy rights are reserved.2018 Liu et.al. )]” [68] 

 

Doping WS2 with an appropriate metal element is a conventional way for improving its 

electro catalytic performance. Co-doped WS2 ternary nanosheets were successfully 

made by Shifa et al the addition of co-loaded tungsten sulphide led to the formation of 

additional active sites, notably along the highly active S edge. In terms of electro 

catalytic performance, CoxW (1-x) S2 outperformed pure WS2. A current density of 10 

mA/cm2 was recorded at an overpotential current density of 121 mV, and a Tafel slope 

of 67 mV/dec was detected. [67]. Xu et al. studied that co-doped WS2 was also 

produced, and the performance of OER was studied. The electrical contact between the 

Co and S atoms is the reason for this. 

When compared to pure WS2, the overpotential property of Co-WS2 was reduced from 

492 mV to 303 mV for 10 mA/cm2 current density and displayed decent stability. 

The performance of OER was increased by the addition of Co2+ and Co3+ to Co-WS. 

This led to an increase in OOH* formation and an increase in the capacity to fix 
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oxygen.[60]. Shi et al.  Studied EDS and EELS analyses which shows, 100% of the Co 

doped was absorbed in to the WS2 lattice utilizing flame vapor depositions in order to 

create Co-doped W18O49 nanotubes on F.T.O. At the optimal Co doping concentration, 

the nanotube overpotential dropped by 220 mV, and the Tafel slope dropped from 

122/dec to 49 mV/dec at the same current densities.[61]. 

 

Table 2 The effectiveness of WS2 As an electro catalyst by non-metallic elements. 

Catalysts  Type of 

reaction 

Electrolyte Current 

density 

(mA/cm2) 

Overpotential 

(mV) 

Tafel 

slope 

(mA/dec) 

Ref. 

WS2-N HER 0.5M 

H2SO4 

100 197 86 [25] 

WS2-N,P HER 0.5M 

H2SO4 

10 59 35 [69] 

WS2(1-

X)Se2x 

HER 0.5M 

H2SO4 

10 167 107 [70] 

WS2(1-

X)Se2x 

HER 0.5M 

H2SO4 

10 156 69 [71] 

WS2-O HER 0.5M 

H2SO4 

10  

- 

47 [72] 

WS2(1-

X)P2X 

HER 0.5M 

H2SO4 

10 98 71 [73] 

WS2(1-

X)Se2x 

HER 0.5M 

H2SO4 

10 88 46 [74] 

WS2(1-

X)Se2x 

HER 0.5M 

H2SO4 

10  

- 

105 [75] 
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WS2@Co(1-

x),S,N 

HER 0.5M 

H2SO4 

10 250 64 [76] 

WS2@Co(1-

x),S,N 

OER 1M KOH 10 365 53 [76] 

 

Water-splitting efficiency can also be improved by using non-metallic metal doping. 

Maiti et al. The electro catalytic hydrogen production capabilities of exfoliated P and N 

co-doped WS2 were obtained at the same level as those of pure Pt. When WS2 was co-

doped with nitrogen and phosphorus, the end product was mesoporous structures that 

had many active sites. This made it simpler for HER to form the Volmer and Heyrovsky 

phases. Enhancements were also made to the electrocatalytic capabilities of on-metal 

elements such as Se and O. PNEWS2's electrocatalytic activity may be easily seen by 

referring to Figure 4, where its modest over potential of 59 mV and its moderate Tafel 

slope of 35 mV/Dec .[25, 70]. Fu et al. developed a method to generate WS2 (1-x) Se2x 

by first salinizing and then sulfurizing WO3. When added to the crystal structure of 

tungsten disulfide, selenium has no effect on the structure of the catalyst since its radial 

radius is far bigger than that of sulphur. An initial 80-volt over potential and an 85-

volt/dec rate were observed in the Se2x-WS2 (1-x) monolayer, which was shown to be 

more effective. This section of the Tafel is known as the Slope. [77]. 
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Figure 4: “[((a) At a current density of 200 mv/cm2, performance of catalyst for PNEWS2, NEWS2, 

EWS2,BULK WS2, Pt/C glassy carbon electrode PNEWS2, NEWS2,EWS2,BULK WS2, Pt/C glassy 

carbon electrode PNEWS2, NEWS2,EWS2,BULK WS2, Pt/C glassy carbon electrode 

(b) PNEWS2, NEWS2, EWS2, BULK WS2, Pt/C glassy carbon electrode catalytic performance at 

current density 30 mv/cm2(c) Tafel plot at 200 mv/cm2 current density(d) Tafel plot at 30 mv/cm2 

current density). Exclusive copy rights. Exclusive copy rights 2018 Maiti et.al.)]” [69] 

A semi-conducting catalyst is created whenever two or more elements are melted 

together to form a single substance.[78]. The majority of heterojunctions have precise 

nanostructures that have been shown to improve electrochemical efficiency. [79, 80].  
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Table 3 (“[Characteristics activity of the six heterojunction catalysts mentioned were, WS2 hybrids of 

oxide of metal, hydroxide, noble metal, elemental sulfide, phosphide, and elemental carbon”)  

Catalysts Reaction 

type 

Electrolyte Current 

density 

(mA/cm2) 

Overpoten

tial (mV) 

Tafel 

slope 

(mA/d

ec) 

Ref. 

WS2/Gr-NF HER 0.5M H2SO4 10 185 86 [81] 

WXSCoy/HC

F 

HER 0.5M. H2SO4 10 228 111 [82] 

WXSCoy/HC

F 

HER 0.5M. H2SO4 10 437 99 [82] 

WS2/HCF HER 0.5M H2SO4 10 402 288 [82] 

WS2/HCF OER 0.5M H2SO4 10 754 243 [82] 

WS2/SG HER 0.5M H2SO4 10 250 53 [83] 

WS2@W HER 0.5M H2SO4 10 108 46 [84] 

WS2@Si HER 0.5M H2SO4 0.29 99 45 [85] 

WS2/Acetyl

ene black 

HER 0.5M H2SO4 0.33 - 147 [86] 

WS2@CNTs OER 0.1M KOH 11 780 62 [87] 

WS2/Carbon

/ WS2 

HER 0.5M H2SO4 10 175 57 [88] 

WSX/MoS2 HER 0.5M H2SO4 10 213 74 [89] 

WS2@Grap

hdiyne 

HER 0.5M H2SO4 10 140 54 [90] 
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WS2@N-

enriched-

carbon foam 

HER 0.5M H2SO4 10 153 58 [91] 

WS2@Ni5P4

-Ni2P 

HER 0.5M H2SO4 10 94 74 [92] 

WS2@Co-

Se2 

HER 0.5M H2SO4 10 160 44 [93] 

WS2@Co-S2 HER 0.5M H2SO4 100 245 270 [94] 

WS2@MoS2

+Bi2S4 

HER 0.5M H2SO4 10 293 - [95] 

WS2@CdSe HER 0.5M Na2SO4 10 400 56 [96] 

WS2@Pd HER 0.5M Na2SO4 10 130 82 [97] 

WS2@MoS2 HER 0.5M Na2SO4 10 129 72 [98] 

WS-Ni HER 1M KOH 10 38 98 [99] 

WS2@CoS2 HER 0.5M Na2SO4 10 97 66 [100] 

WS2/Ni@Ni

O 

HER 1M. KOH 10 40 83 [54] 

WS2/Ni@Ni

O 

OER 1M. KOH 50 347 108 [54] 

WS2/rGO@

WO3 

HER 0.5M.H2SO4 10 113 37 [101] 

WS2@Metal 

hydroxide 

HER 1M KOH 10 150 - [102] 

WS2-

Pt@rGO 

HER 0.5M H2SO4 10 57 47 [103] 
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WS2@Pd HER 0.5M H2SO4 10 175 54 [104] 

WS2@Pt HER 0.5M H2SO4 10 80 55 [105] 

WS2@Pt HER 1M KOH 10 - 27 [106] 

WS2@CoP HER 0.5M H2SO4 10 150 64 [107] 
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Chapter 3 

Material and Methods 

3.1 Materials 
 

For the fabrication of all the electrocatalysts, analytical grade chemicals and compounds 

were utilized (with no processing or purification). Chemicals used include sodium 

tungstate dihydrate (Na2WO4-2H2O), and Sodium sulfide (Na2S) from Sigma-Aldrich. 

Merck was a significant contribution to the development of DMF and MMP (NMP). 

Duksan Pure Chemicals is in the business of producing powdered activated carbon. For 

the purpose of conducting microbiological analysis, BDH ethanol (C2H5-OH) and 

deionized water were obtained from a laboratory. 

 

3.2 Preparation of Pure WS2 

 

The WS2 NPs electrocatalyst was made using an analytical grade Na2WO4-2H2O and 

Na2S in a hydrothermal process with no additional purification. 20 mmol Na2WO4-

2H2O and 20 mmol Na2S were mixed in 50 mL distilled water and agitated constantly 

for 30 minutes to generate a clear solution in a conventional synthesis. Finally, at 220 

°C for 6 hours, the suspension was transferred onto hydrothermal Teflon steel. 

Centrifugation and ethanol rinsing were used to recover the resultant solution. Finally, 

the product was collected after being vacuum dried at 70°C. 

3.3 Synthesis of WS2/UiO-66 Hybrids 
 

A one-pot solvothermal synthesis was used to synthesize WS2 and MOF hybrids at 

various concentrations. WS2 and ZrCl4 were added to a solution of 1,4-

benzendicarboxylic acid (BDC), dimethylformamide (DMF), and acetic acid in 

different weight percent ratios (1:1, 1:2, 1:3). For full inclusion of the reactants, the 

solution was agitated for 30 minutes and then sonicated for 5 hours. The mixtures were 

heated for 24 hours in a Teflon-lined stainless-steel autoclave at 120°C. The autoclave 

was cooled to room temperature when the reaction period was completed. 
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Centrifugation was used to separate the solid product, which was then washed three 

times with DMF and ethanol. Finally, the product was dried overnight at 70°C. 

3.4 Characterization and Electrochemical Study 
 

An X-ray diffractometer was used to perform compositional analyses and phase studies 

on the developed catalyst (XRD; STOE Germany). The 2θ range for the test was 0°–

90°, and Cu-K radiation was used. SEM (JEOL-instrument JSM-6490A) was used to 

study and investigate the catalyst's structure and morphology, as well as the lattice 

structure. Brunauer-Emmet-Teller (BET) performed to evaluate surface area and pore 

size distribution. 

Using a three-electrode cell configuration, the electrocatalytic activity was determined 

under ambient conditions. The electrolyte was a solution of 1.0 M KOH. The counter 

electrode was composed of Ag/AgCl. The working electrode was constructed of catalyst 

on Ni-foam, while the counter electrode was built of Pt wire. For calculations following 

the formula, the potential was changed to a reversible hydrogen electrode (RHE) for 

standardization equation-1. 

ERHE= EAg/Agcl +0.059pH +EO
Ag/Agcl       (1) 

Where pH= 14 

EO
Ag/Agcl=0.1976 

The performance of electrocatalysts was evaluated using cyclic voltammetry (CV), 

linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS), and 

chronopotentiometry. In a potential range of 0 to 1.5 V, linear sweep voltammetry 

(LSV) was utilized at a scan rate of 10 mV/s. In the potential range of (0–0.6 V), cyclic 

voltammetry measurements were made at various scan speeds (10, 20, 50, 100, 150) 

and reported at 50 mV/s. In Tafel plots, overpotential was drawn on the y-axis and log 

of current density was plotted on the x-axis. The slope was determined by means of a 

linear equation 2. 

ἠ = mlogj + a                                           (2) 

 

Electrochemical impedance spectroscopy (EIS) has a frequency range of 0.1 Hz to 2 

MHz and a 10-mV alternating voltage amplitude. Chronopotentiometry was used to 
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check the electrocatalyst's stability. The rate of change of potential with constant current 

(10mA/cm2) is calculated in chronopotentiometry. Stability curves were frequently 

delivered within 24 hours. 

To determine the stability of the produced catalyst, chronopotentiometry tests were 

performed for 86400s. Electrochemical impedance spectroscopy (EIS) was performed 

over a frequency range of 200 kHz-100 mHz using an Alternating Current (AC) voltage 

of 10 mV. The electrochemical active surface area was calculated using. Eq (21)  

ECSA=Cờ /Cs                                         (3)                                                                   

Here Cờ shows dual layer capacitance while and Cs shows plain surface identified 

capacitance per unit area, with a suitable range of 0.040 mF.cm-2. 
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Chapter 4 

Results and Discussion 

4.1. Characterization of WS2@UiO-66 based different 

electrocatalysts 

4.1.1. X-ray diffraction analysis  

The given Figure 5 shows the XRD pattern of the prepared samples of tungsten 

disulphide.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a

) 
(b) 

(c) (d) 

(e) 

Figure 5 Powder X-ray diffractometry (a) bulk WS2 (b) Exfoliated WS2 (c) WS2@UiO-66 (1:1) (d) WS2 @UiO-

66(1:2) (e) WS2 @UiO-66(1:3) 
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Figure 5 reveals pure and well crystalline peaks of tungsten disulfide nanosheets at 

14.36°, 32.76°, 39.59°, 44.05°, 49.79°, and 58.49° analogous to the diffraction planes of 

(002), (100), (103), (006), (105) and (110), respectively. These patterns are well 

matched with the XRD patterns of the conventional WS2 having hexagonal lattice ( 

JCPDS: 84-1398) [108].Other modest diffractions were seen in the  (1 0 0), (1 0 3) 

(105), and (1 1 0) planes. For the hexagonal phase, both diffractions and peak intensities 

correspond well with the standard JCPDS (JCPDS 08-0237) database[68].UiO-66 was 

effectively synthesized, as evidenced by the emergence of three distinct peaks position 

at 2θ = 7.38,  8.56, and 25.67° [109]. Any defect in its crystalline structure is not 

visible. All the hybrids display the usual UiO-66 peaks, namely those corresponding to 

the crystallographic planes (111) and (002) at 7.2° and 8.0°, respectively. Moreover 

crystallites size calculate using  Scherrer formula given in equation-3[110]. 

D = k ƛ/(FWHM)*(Cosθ)        (3) 

In the above equation FWHM is the integral width (it is basically area under the curve 

divided by maximal height, taken in radian), D is the apparent size of the crystal and K 

is a constant whose value is near to 1 (i.e., 0.94), Cu-K 1.54 is the x-ray wavelength, 

and θ is the Bragg angle. 

An average crystal size of 240 Å of bulk tungsten disulfide was calculated using 

Scherrer calculator, Exfoliated WS2 is 277 Å, WS2@UiO-66(1:1) is 244 Å, WS2@UiO-

66(1:2) is 234.5 Å and WS2@UiO-66(1:3) is 179 Å. 

 

4.1.2 Scanning Electron Microscope (SEM) 

 

 The microstructures of the synthesized material were determined via SEM 

examination. Irregular nanosheets of the synthesized WS2 is produced shown in figure 

6(a, b). Based on the SEM morphology of WS2@UiO-66 (1:1), Nanoparticles without 

any discernible form might be produced if either structure has just a single kind of 

shape structure dominating, which is also due to agglomeration. Although certain 

particles can be observed imbedded in the structure, there is no way to tell them apart. 

This method of synthesis resulted in a chaotic structure with aggregated particles. UiO-

66 structures formed in clusters can be seen in WS2@Uio-66 (1:2) (Figure-6(d). It's 

https://cyberleninka.ru/article/n/scherrer-formula-estimation-of-error-in-determining-small-nanoparticle-size
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possible that UiO-66 polyhedral was formed on WS2 Sheets as a foundation. UiO-66 

has a difficult to  developing  a regular crystalline structure [111]. The morphologies of 

UiO-66 samples described in the literature have generally composed of uneven 

intergrown microcrystalline polyhedral shape[7, 112]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

(e) 

Figure 6 SEM Image of (a) Bulk WS2 (b) Exfoliated WS2 (c) WS2@UiO-66 (1:1) (d) WS2@UiO-66(1:2)  (E) 

WS2@UiO-66(1:3) 
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4.1.4 BET 

 

Nitrogen adsorption was used to measure the surface area of this type of structure. 

Using pore size distribution curves and BET analysis many properties can be 

determined like pore size distribution, pore volume of the hybrid and surface area, as 

shown in Figure-7(a-b).  As by the Brunauer–Deming Teller classification, the isotherm 

produced for WS2@UiO-66 (1:2) is of type IV. WS2@UiO-66(1:2) nanosheets had a 

pore volume, pore diameter, and surface area of 0.23165 cm3/g, 4.9 nm, and  125.06 

m2/g, respectively which is very large compared to previous reported WS2 nanosheets (  

pore volume is  0.067 cm3/g, and surface area of 65.05 m2/g, respectively)[113] . 

Because prepared materials have a large surface area, the synthesized material might 

have many active sites on surface and help with electrolyte interaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a

) 
(b) 

Figure 7 (a) BET adsorption isotherm (b) Pore size distribution curve 
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4.2 Hydrogen Evolution Reaction (HER) 
 

Figure-8(a) illustrates electrocatalytic HER performance curves for bulk WS2, 

Exfoliated WS2, WS2@UiO-66 (1:3), WS2@UiO-66 (1:2), and WS2@UiO-66 (1:1), as-

synthesized catalysts (1:3). Part (a) of Figure-8 shows the linear sweep voltammetry 

(LSV) charts of all materials. LSV is a metric for electroactive substances' chemical 

reactivity. WS2@UiO-66(1:2) demonstrated enhanced HER activity with a small 

overpotential of 121 mV and the current density of the sample is observed to be 10 

mA/cm2, as seen in the graphs. At the observed current density of 10 mA/cm2, WS2 

Bulk, Exfoliated WS2, WS2@UiO-66 (1:1), and WS2@UiO-66 (1:3) demonstrated low 

HER activity with an overpotentials of 149 mV, 153 mV, 123 mV, and 136 mV, 

respectively. Tafel plots show how the overpotential's response rate is related. Tafel 

Slope in Figure-4(b) can be used to deduce the response mechanism in the HER. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Tafel plot of HER might give the rate-limiting phase. The electron transport is 

faster in the sample having low Tafel slope, so to achieve high current density and low 

Tafel slope is needed along with low over potential. Exfoliated WS2 had the greatest 

(a) 

(b) 

Figure 8 (a) LSV HER curves of Bulk WS2, Exfoliated WS2 , WS2 @UiO-66(1:1, 1:2, 1:3).(b) Corresponding  

TAFEL plots of Bulk WS2 , Exfoliated.  WS2 and WS2 @UiO-66 (1:1, 1:2, 1:3) 
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Tafel slope of 410 mV/dec, whereas WS2@UiO-66 (1:2) had the lowest with 272 

mV/dec, 390 mV/dec, 381 mV/dec, and 364 mV/dec for bulk WS2, WS2@UiO-66 (1:1) 

and WS2@UiO-66 (1:3) respectively. When the Tafel value is low, hydrogen creation is 

expedited, and when it is high, it is slowed. The WS2@UiO-66 (1:2) HER exhibits a 

little decline in performance over the course of 24 hours, but stays constant. It was 

found that the most effective HER water-splitting catalyst is WS2@UiO-66 (1:2), 

which is comparable to a number of other highly efficient catalysts (Table-5). There are 

several factors that contribute to the enhanced performance, including surface area, 

metal synergy, and the availability of conductive channels in the MOF network 

 

4.3 Oxygen Evolution Reaction (OER) 
 

Figure 9(a) shows LSV polarization curves used to assess OER activity of the prepared 

electrocatalysts WS2@UiO-66(1:2) requires an overpotential of round about 220 mV to 

attain 10 mA/cm2 current density, which is less than bulk WS2 (380 mV), Exfoliated 

WS2 (403mV), WS2@UiO-66(1:1) (300mV), WS2@UiO-66(1:3) (330mV). Figure-9(b) 

shows a Tafel diagram of the OER reaction kinetics. In compared to bulk WS2 (185 

mV/dec), Exfoliated WS2  (445 mV/dec), , WS2@UiO-66(1:1) (355 mV/dec), 

WS2@UiO-66(1:3) (320 mV/dec) and WS2@UiO-66(1:2)  (140  mV/dec), WS2@UiO-

66(1:2)  exhibits the shortest Tafel slope 140 mV/dec. WS2@UiO-66(1:2), It offers the 

highest production for HER as well as OER electrocatalytic water-splitting and is 

comparable to several highly effective catalysts previously reported (Table-5). The 

higher surface area as well as the efficient electron transport networks with the 

appearance of conducting passageways supplied by the MOF network are responsible 

for the enhanced performance. Due to synergistic effects, bimetallic catalysts typically 

outperform single metal component catalysts in the water oxidation process, with 

structural and dependent on composition enhancements of active sites and the capacity 

to increase the current over potential and current density characteristics. An open 

structure and bimetallic synergy enable rapid mass movement and enhance electron 

transmission because a greater number of accessible catalytic sites are easily available. 

[114]. 
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Electrochemical Impedance Spectroscopy (EIS) is yet another parameter which is 

important for the understanding of the kinetic mode of the prepared catalyst. The 

frequency range used for EIS was 200 kHz–0.1 Hz. Figure 10(a) demonstrates a 

Nyquist plot with actual impedance on the x-axis as well as fictitious impedance on the 

y-axis. The Nyquist plot which has a simple Randles circuit gives information on charge 

transfer resistance (Rct), Solution resistance (Rs), and faradaic capacitance at the 

electrode/electrolyte interface (Cf). Table-4 shows the comparative values. Small 

charge transfer resistance (Rct) values, in general, are associated with rapid charge 

transfer kinetics[2, 115].  

In comparison, WS2@UiO-66(1:2) exhibits interface between catalyst and electrolyte 

with the lowest charge transfer resistance. Rapid kinetics are proposed by the tiny Rct of 

WS2@UiO-66(1:2), which corresponds with Tafel slope attributes and LSV results. 

Electrochemical Active surface area is an excellent method for determining catalyst 

activity (ECSA). Electrocatalysts with higher ECSAs require lower reaction 

(a) 

(b) 

Figure 9 (a) LSV OER  curves of Bulk WS2 , Exfoliated WS2, WS2 @UiO-66(1:1, 1:2, 1:3).(b) 

Corresponding  TAFEL plots of Bulk WS2, Exfoliated WS2 and WS2@UiO-66 (1:1, 1:2, 1:3). 
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overpotentials. ECSA is calculated by determining the double-layer capacitance (Cdl) 

using Equation (4). 

 

ECSA = Cdl/Cf           (4) 

Cdl= (YO
*

 RP) 1/α           (5) 

             Rp 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 Comparative value of Rct, Rs, and ECSA. 

(a) (b) 

(c) (d) 

Figure 10 (a) Electrochemical Impedance Spectroscopy (EIS), Nyquist plots of all prepared hybrids (b) 

CV of WS2@UiO-66 (1:2) at different scan rate (c) CV of all prepared hybrids at scan rate of 50mV/S (d) 

Stability test at fixed current density of 10mA/cm2 
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Electrocatalyst Rct (ohms) Rs(ohms) ECSA (cm2) 

WS2@UiO-66(1:1) 5.4 9.3 831.71 

WS2@UiO-66(1:2) 2.65 4.7 1068 

WS2@UiO-66(1:3) 4.6 5.9 586 

Bulk WS2 11 45 400 

Exfoliated WS2 9.8 42 542 

 

 

To check the cyclic stability of the prepare hybrid, cyclic voltammetry of WS2@UiO-66 

(1:2) was done at various scan rates. Figure 10(b) demonstrates a steady increase in 

exchange current density when voltage is increased, indicating cyclic stability, strong 

electrocatalyst efficiency, and low resistance of prepare catalysts, as well as a 

considerable drop in charge transfer resistance as potential is increased. Cyclic 

voltammetry (CV) of Bulk WS2, Exfoliated WS2, and WS2@UiO-66 (1:1, 1:2, 1:3) 

were carried out at 100 mV/s scan rate in 1.0 M KOH electrolyte solution to identify the 

correlation among current density and voltage over a range (Figure. 6(c)). CV graphs 

provide information on redox reaction thermodynamics and the electron-transfer 

reaction kinetic model. The CV curves clearly reveal two well-defined redox peaks. In 

comparison, WS2@UiO-66 (1:2) has a larger current density, implying lower diffusion 

layer resistance and cyclic stability. The charge that travels through the cell is 

equivalent to the current density. 

 

Furthermore, the catalyst's durability is crucial for commercializing the hydrogen 

production as a fuel concept. Figure-10(d) shows the stability of WS2@UiO-66 (1:2) 

after 24 hours of testing. The potential response was found to remain consistent after the 

WS2@UiO-66 (1:2) catalyst was activated, with no significant reduction in activity. 
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Table 5 Comparisons of electrocatalyst HER and OER activity with previously reported catalysts. 

 

Electrocatalysts Current 

density 

(mA/cm2) 

Overpotential 

HER 

(mV) 

Overpotential 

OER 

(mV) 

Stability

(hours) 

Ref. 

 

WS2@UiO-

66(1:2) 

10 121 220 24 This work 

 

Mo2S/ UiO-66 

10 129.4 180 24 [7] 

 

CoOx/ UiO-66-

300 

10 - 283 10 [116] 

 

WS2@Co3S4 

NW/CC 

10 82 280 24 [1] 

Ag/ WS2 10 180 - 24 [117] 

WS2-Co 10 210 - 24 [61] 

Ni/WS 8.6 250  24 [118] 

W1-xS2-

Mox@CFP 

10 178 - 18 [119] 

WS2@Co(1−x),S,N 

 

10 220 365 - [120] 
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Conclusions 

One of the most innovative technologies that is now available is one that generates 

hydrogen by splitting water into its component parts in order to alleviate worries about 

the environment and provide a sustainable source of energy. A variety of transition 

metal Sulfides, nitrides, and carbides are being investigated as water-splitting 

electrocatalysts. Developing highly catalytically active bifunctional catalysts with low 

conductivity and charge transfer for OER and HER difficulties is a difficult and time-

consuming undertaking. For HER and OER, the researchers are looking at novel 

catalyst material with larger energy conversion rate and small overpotential. Some of 

these bifunctional heterostructures are demonstrated to exhibit increased performance of 

OER and HER processes, resulting in the production of hydrogen fuel. This work 

demonstrates the one-pot solvothermal method used to produce the 2D bifunctional 

Tungsten disulfide embedded with UiO-66 (WS2@UiO-66) hybrids and their structure 

affects its properties and performance of water splitting. The results also showed that by 

using different reactions and different reactants conditions for hybrid production results 

in varied interactions between WS2 and UiO-66. As a result, the morphological 

geometry, and electro catalytic characteristics of the catalysts are affected. WS2@UiO-

66 (1:2) demonstrated exceptional electro catalytic activity, achieving a current density 

of 10 mA/cm2 with HER overpotentials of 121 mV and OER overpotentials of 220 mV. 

The WS2@UiO-66 (1:2) maintain their stability after 24 hours so this electrocatalyst 

very suitable for commercialization. Increased surface area, metal synergistic effects, 

and excellent electron transport route adjustment, the MOF network's presence of 

conductive pathways all contribute to enhanced performance. These discoveries lay the 

foundation for bi-functional hybrids electro catalysts design and production in water-

splitting devices. To develop better catalysts understanding, a deeper understanding at 

the molecular level of process kinetics, the electron transfer mechanism and electro 

catalysts structural information is required. 
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Future Recommendations 
 

Despite a significant amount of research and a number of significant advances, it will be 

quite some time before the technology that splits water into hydrogen and oxygen can 

be put to practical use. Future catalyst development efforts should focus on a number of 

main goals, include improving the water-splitting process more ecologically and 

economically viable. (i) In depth mechanistic investigations of catalysts at the atomic 

level are still lacking. An in-depth look of the catalytic mechanism might point you in 

the right route for improving the materials' capabilities. The process's kinetics and 

catalytic mechanisms may be thoroughly investigated combining theoretical modelling 

and in-situ characterization techniques. (ii) Catalyst performance can't be easily 

compared due to the use of a variety of calculation method, such as different substrates 

for catalysts varied electrode preparation processes, different catalyst mass loadings, 

different operating conditions, etc. The establishment of standardized testing is critical 

for comparing different materials studied at various points and times. To properly 

communicate the results, the use of standard techniques under equal standard 

circumstances to make objective comparisons of electrocatalyst activity is 

recommended. (iii) Despite the fact that water-splitting is a hot issue of research. In 

conditions of new catalyst materials with advantageous design structures, properties, 

and active sites, there are still a few areas that need to be investigated. (iv)A catalyst's 

charge transfer characteristics have not been thoroughly examined. 
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