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4.1. Abstract 

The creation of effective and affordable water oxidation catalysts is a major obstacle to enhance 

the performance of large-scale energy solutions based on electricity-driven hydrogen 

generation from water. Significant attempts were made to increase the catalytic efficiency of 

electrocatalysts derived from 3D-transition metals, particularly those based on cobalt, which 

are seen to be viable options for non-noble catalysts in electrocatalytic water splitting. In the 

present article, we have synthesized various stoichiometries of cobalt tungstate via a one-pot 

hydrothermal method. The prepared catalysts were then thoroughly characterized by XRD, FT-

IR, Raman Spectroscopy, HR-TEM, and XPS. Afterwards, electrochemical studies like LSV, 

CV, EIS, and Tafel polarization analysis were done to test the potential of the electrocatalysts 

for oxygen evolution reaction (OER) in basic environment. Among the various stoichiometries, 

the lowest overpotential was found to be 220 mV for CoWO4 to provide 10 mA cm−2 current 

density (), which is better than the benchmarking IrO2 (313 mV). Further, it has the lowest 

Rct and Tafel slope of 56 Ω and 75 mV dec-1, respectively among other prepared catalysts. 

4.2. Introduction 

The environment and the people, both have suffered as a result of the quick depletion of fossil 

fuels [1]. To generate energy on a wide scale and at a low cost, clean and sustainable 

alternatives must be developed [2]. In this regard, electrochemical technologies like water 

splitting, fuel cells, and batteries will successfully lessen the effects of environmental 

degradation and the fossil fuel crisis [3,4]. As a clean, effective, and sustainable energy source, 

hydrogen is becoming increasingly important in the shift to a low-carbon future [5,6]. The 
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electrochemical conversion of H2O into H2 and O2 is important because of its relevance to 

energy conversion [7,8]. 

The two half-cell processes that make up water electrolysis are cathodic hydrogen 

evolution (HER) and anodic oxygen evolution (OER) [9,10]. In contrast to HER, OER is 

kinetically poor and occurs at far higher overpotentials [11,12], which encourages researchers 

to look for active catalysts with significantly lower overpotentials [13,14]. The best 

electrocatalysts for OER at present, are precious metal oxides such as RuO2 and IrO2 [15–17], 

because of their favorable binding energy with reaction intermediates (*OH, *O, and *OOH), 

but their high cost and limited availability prevent their widespread use. To increase the 

electrolysis process's efficiency, efforts are still being made to find inexpensive, effective, and 

thermodynamically stable OER electrode materials. 

Numerous affordable materials have been created as sophisticated OER electrocatalysts 

as a result of the enormous efforts put forward. Transition metal hydroxides and oxides have 

garnered increased attention among different electrocatalysts because of their compositional 

benefits; yet, because of their weak conductivity and unsatisfactory electronic structure, they 

also require a high overpotential to achieve a desired current density [18,19]. Consequently, it 

is essential to alter the electronic structure of transition metal oxides and enhance their 

electrical conductivity to improve catalytic performance. As demonstrated for Te-doped 

materials [20,21], such electronic modulation can significantly enhance activity. We have 

employed a similar manner to achieve comparable improvements in conductivity and catalytic 

behavior. 
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WO3 exhibits a reversible surface oxygen ion exchange aptitude and an exceptional 

oxygen storage capacity to facilitate reactant activation because of the multi-valence oxidation 

states of W (W6+, W5+, and W4+) [22]. Notably, of all the tungsten oxides, hexavalent tungsten 

oxide (WO3) is extremely reliable [23]. According to studies, WO3's oxygen vacancies alter its 

electronic framework to increase its electrocatalytic functionality in addition to enhancing its 

electrical conductivity [24,25]. A few numbers of research employing WO3 as an 

electrocatalytically operational component for OER have been published thus far. Because of 

the sluggish charge transfer at the WO3/water interface, pure WO3 continues to perform 

inadequately in OER [26]. Since CoOx nanoparticles are well-known for being superior water 

oxidation catalysts, sub-nano cobalt oxide catalysts are applied to the WO3 surface. With a 

dramatically better current density and a 13-fold rise in OER activity, the Co-modified WO3 

significantly improved the performance of WO3 in OER [27]. Because of their exceptional 

physio-chemical characteristics, including superior electrochemical activity, good stability, 

low level of toxicity, affordability, environmental friendliness, and earth abundance, metal 

tungstites MWO4 (where M = Co, Ni, Zn, Mn, Cu, etc.) have been regarded as promising 

electrode materials for OER [28,29]. 

By varying metal stoichiometries, we could optimize and greatly increase the stability 

and boost OER efficiency. In the present study, we have synthesized CoxW2−xO4 (x= 0.5, 1.0, 

1.5) via a one-pot hydrothermal method. The prepared catalysts were gone through various 

physicochemical techniques like XRD, FTIR, Raman Spectroscopy, HR-TEM, and XPS to 

fully investigate the morphology and structure of these materials. Further, a thorough 
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assessment of the electrocatalytic efficacy of the prepared electrocatalysts was conducted in 1 

M KOH solution. 

4.3. Experimental 

4.3.1. Materials 

Cobalt chloride hexahydrate (CoCl2·6H2O) (AR, Merck, 99.9 %), sodium tungstate dihydrate 

(Na2WO4·2H2O) (AR, Merck, 99.9 %), sodium hydroxide (NaOH) (AR, Merck, 99.9 %), 

ethanol (99.9 %), and double distilled water. All the chemicals were applied just as they were 

delivered, without any further processing or refining. 

4.3.2. Preparation of CoxW2-xO4 

The cobalt tungstate nanomaterials were synthesized using a hydrothermal approach. Initially, 

two precursor solutions were prepared by taking stoichiometric amounts of sodium tungstate 

dihydrate (Na2WO4·2H2O) and cobalt chloride hexahydrate (CoCl2·6H2O), dissolved in 15 mL 

of deionized water separately (Table 4.1). These solutions were then combined under 

continuous stirring, leading to the formation of a thick red colored suspension. The pH of the 

reaction mixture was carefully maintained to 8 using sodium hydroxide (NaOH) solution, 

added dropwise under vigorous stirring to ensure uniformity. The resulting homogeneous 

solution was transferred into a 50 mL Teflon-lined stainless-steel autoclave and underwent 

heating hydrothermally at 160 °C for 24 hours to facilitate controlled crystallization of CoxW2-

xO4. After completion of the reaction, the precipitated product was collected and thoroughly 

washed repeatedly with double distilled water and ethanol to eliminate any remaining 
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impurities or unreacted species. At last, the purified material was dried at 120 °C for 6 hours 

to obtain the desired CoxW2-xO4 catalyst. 

Table 4.1. Required stoichiometric amounts of metal precursors used for the synthesis of cobalt 

tungstate nanoparticles. 

Catalysts 

 

(Na2WO4·2H2O) (CoCl2·6H2O) 

No. of 

mmol 

Amount 

(g) 

No. of 

mmol 

Amount 

(g) 

Co0.5W1.5O4 1.5 0.495 0.5 0.119 

CoWO4 1.0 0.330 1.0 0.238 

Co1.5W0.5O4 0.5 0.165 1.5 0.357 

 

4.3.3. Electrode fabrication 

For preparing the ink of catalyst, 1 mg of the synthesized catalyst was dispersed in a solvent 

consisting of 20 µL deionized water, 40 µL ethanol, and 10 µL of a 5 % Nafion. This mixture 

was subjected to ultrasonication for 1 hour to achieve a homogeneous dispersion, ensuring 

uniform distribution of catalyst particles within the solution. Following the ink preparation, 60 

µL of the well-dispersed suspension was carefully drop-casted onto pre-cleaned FTO glass 

substrates, each with a dimension of 1 × 1 cm². The coated electrodes were then left to dry at 
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ambient temperature, allowing solvent evaporation and the formation of a uniform catalytic 

film. These prepared FTO coated electrodes were subsequently utilized as working electrodes 

for electrochemical analysis. 

4.4. Characterizations 

4.4.1. Physicochemical characterizations 

A comprehensive suite of analytical techniques was employed to investigate the 

morphological, structural, vibrational, and elemental composition of the prepared cobalt 

tungstate catalysts. The samples were analyzed to determine their phase composition and 

crystalline structure using X-ray diffraction (XRD) patterns, recorded on a Rigaku Smart Lab 

9 kW diffractometer with a wavelength of 1.514 Å. The diffraction patterns were recorded over 

a 2θ window of 10° to 90°, with a scan rate of 4° min⁻¹. The vibrational characteristics and 

functional groups present in the CoWO₄ samples were examined using Fourier transform 

infrared (FTIR) spectroscopy. The spectra were acquired in the wavenumber range of 500–

4000 cm⁻¹ using the ATR-FTIR (Bruker, ALPHA model) spectrophotometer. Raman 

spectroscopic measurements were conducted to further probe the vibrational modes and 

structural properties of the samples. The spectra were collected at room temperature over a 

wavenumber range of 150–1000 cm⁻¹ using a Raman spectrometer α-300, AFM SNOM. The 

particle size, morphology, and structural integrity of the CoWO₄ catalyst were investigated 

using high resolution transmission electron microscopy (HR-TEM). The TEM micrographs 

were captured using a Thermo Fisher Technai 20 G2 microscope. The elemental composition 
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and chemical states of the CoWO₄ samples were identified using X-ray photoelectron 

spectroscopy (XPS). The spectroscopic analysis was performed on a K-alpha XPS equipment. 

4.4.2. Electrochemical characterizations 

Electrochemical evaluation of the prepared materials was conducted employing a three-

electrode system at room temperature. All electrochemical assessments were conducted on a 

CHI-608C electrochemical workstation manufactured by CH Instruments, USA. A high-purity 

(99.9 %) circular platinum (Pt) foil having exposed surface area of 8 cm², procured from 

Aldrich, was employed as the counter electrode. The working electrode consisted of fluorine-

doped tin oxide (FTO) coated glass plates with an active area of 0.50 cm², onto which the 

electrode material was deposited. A Hg/HgO electrode, immersed in a 1 M KOH electrolyte 

solution, was utilized as the reference electrode to maintain a stable electrochemical potential. 

The electrochemical activity of the synthesized materials was systematically analyzed using 

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

voltammetry (CV). EIS measurements were performed to assess charge transfer resistance. 

These experiments were carried out over a wide frequency range, spanning from 10 mHz to 

100 kHz. A perturbation of 5 mV was applied during the EIS measurements to ensure accurate 

impedance characterization. In this study, all measured electrochemical potentials were 

referenced against the Hg/HgO electrode in 1 M KOH. The standard potential of the Hg/HgO 

reference electrode (E0
Hg/HgO) is 105.3 mV vs. NHE. Equation 3.1 could be used for converting 

the potential to RHE scale, which is already discussed in Chapter 3. 

ERHE = EHg/HgO + 0.0592×pH + E0
Hg/HgO                                   (3.1) 



Chapter 4 

 
 

 

Department of Chemistry, IIT (BHU)  123 

 
 

4.5. Results and discussion 

4.5.1. Physicochemical characterizations 

4.5.1.1. XRD 

Figure 4.1 illustrates the XRD data of the three prepared cobalt tungstate (CoxW2-xO₄) samples. 

The diffraction patterns confirm that all three materials adopt a monoclinic crystal structure 

characteristic of the wolframite-type phase. At 2θ values of 15.5°, 18.9°, 23.7°, 24.6°, 30.6°, 

36.3°, 38.4°, 41.2°, 44.3°, 45.7°, 52°, 53.9°, 61.7°, 65.1°, 68.6°, and 71.8°, the diffraction peaks 

for CoWO₄ were visible corresponding to (010), (001), (−110), (011), (−111), (200), (002), 

(−201), (−211), (−112), (031), (−202), (−311), (−231), (−140), and (−312) crystal planes, 

respectively. These values exhibit strong agreement with previously reported data in the 

literature, particularly those documented in references [30,31], as well as in the standard 

reference files from JCPDS file no. 15-0867. A crucial observation from the XRD analysis is 

the absence of additional diffraction peaks corresponding to unreacted precursor materials, 

indicating that the synthesized CoxW2-xO₄ samples are phase-pure. 

 The Debye-Scherrer equation (Equation 3.2), which is already discussed in Chapter 

3, was utilized to ascertain the crystallite size (D) of the prepared catalysts. This offers essential 

assessment on the structural characteristics of the synthesized nanoparticles by connecting the 

average crystallite size to the widening of diffraction peaks in the XRD pattern. A quantitative 

assessment of the nanoscale characteristics of the as-prepared samples was provided by 

estimating the crystallite size by examining the full width at half maximum (FWHM) of the 

intense diffraction peak. 
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𝐷 =
𝑘𝜆

𝛽 cos𝜃
                                             (3.2) 

Where, the X-ray wavelength is represented by λ,  

β denotes the full width at half maximum (FWHM) of the diffraction peak,  

θ corresponds to the Bragg’s angle,  

The Scherrer constant (k), which accounts for the shape of the crystalline domains, is taken as 

0.89, as commonly adopted in the literature [32].  

Based on this calculation, the average crystallite size was determined to be 

approximately 22.40 nm, 19.51 nm, and 26.19 nm for Co0.5W1.5O₄, CoWO4, and Co1.5W0.5O4, 

respectively. 

 

Figure 4.1. XRD patterns of a) Co0.5W1.5O4, b) CoWO4, c) Co1.5W0.5O4. 
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4.5.1.2. FT-IR 

An effective analytical method for examining the vibrational properties of synthetic materials 

is the FT-IR, recorded in the 400–4000 cm⁻¹ spectral region. The FT-IR spectra of the cobalt 

tungstate (CoxW2-xO₄) as synthesized and its other two stoichiometries are shown in Figure 

4.2. Different vibrational modes that correlate to the bonding interactions found in the 

synthesized materials are shown by the spectra. The stretching vibrations of the Co–O–W mode 

are responsible for the noticeable wide band at around 624 cm⁻¹, whilst the O–Co–W–O 

stretching vibration is responsible for the peak at 804 cm⁻¹ [33]. Additionally, the W=O=Co 

stretching vibration is identified by a distinctive band at 1636 cm⁻¹. The stretching vibrations 

of hydroxyl (-OH) groups are linked to a relatively wider band at around 3370 cm⁻¹, which 

clearly shows the existence of water molecules in the produced samples [28]. This implies that 

the materials' propensity to absorb ambient moisture persists even after annealing. 
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Figure 4.2. FT-IR of (a) Co0.5W1.5O4, (b) CoWO4, (c) Co1.5W0.5O4. 

4.5.1.3. Raman Spectroscopy analysis 

Raman spectroscopy is acknowledged as an effective and non-destructive analytical method 

for examining the structural order and disorder in crystalline materials. This technique offers 

essential insights into the vibrational properties of synthesized samples. Figure 4.3 illustrates 

the Raman spectra of cobalt tungstate (CoxW2-xO₄), emphasizing the unique vibrational 

characteristics of each material. The spectra exhibit a prominent peak at 885 cm⁻¹, along with 

several medium-intensity bands at 770 cm⁻¹, 690 cm⁻¹, 539 cm⁻¹, 408 cm⁻¹, 339 cm⁻¹, 277 
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cm⁻¹, 210 cm⁻¹, 190 cm⁻¹, 161 cm⁻¹, 134 cm⁻¹, and 94 cm⁻¹. The observed peaks align with the 

characteristic vibrational modes of CoWO₄, corroborating previously reported findings [34]. 

 

Figure 4.3. Raman spectra of (a) Co0.5W1.5O4, (b) CoWO4, (c) Co1.5W0.5O4. 

The peaks at 885 cm⁻¹ and 770 cm⁻¹ are associated with the symmetric and asymmetric 

stretching vibrations of the W=O bond, comparable to similar modes reported for ZnWO₄ and 

CdWO₄ [35,36]. Weak bands identified at 690, 539, and 408 cm⁻¹ correspond to the Co-O bond 

[37]. Additionally, the peak at 339 cm⁻¹ is attributed to the moderate scissoring motion of WO₂ 

as well as W-O-W [37]. The Raman peak observed at 210 cm⁻¹ is likely associated with an out-

of-plane vibrational mode, reflecting structural distortions within the lattice. Additionally, a 

weak band detected at 277 cm⁻¹ is attributed to the bending vibrational mode of the octahedral 

[WO₆]⁶⁻ units. The lower-frequency bands at 134, 161, and 190 cm⁻¹ are associated with 
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interchain torsional deformation modes, which enhance the structural flexibility of the material 

[38,39]. Finally, the band at 102 cm⁻¹ corresponds to lattice vibrations, reflecting the intrinsic 

structural dynamics of the synthesized material [40]. 

4.5.1.4. HR-TEM 

The structural and morphological features of the prepared cobalt tungstate (CoWO₄) 

nanoparticles were examined using TEM, as depicted in Figure 4.4. The TEM image (Figure 

4.4 (a)) reveals that CoWO₄ nanoparticles exhibit a nearly spherical morphology, with particle 

size distributed in the range of approximately 20-60 nm. Further structural insights were 

obtained from HR-TEM and SAED patterns. The SAED image (Figure 4.4 (b)) display a 

combination of both spot and ring diffraction patterns, indicating the polycrystalline nature of 

the synthesized tungstate material. The HR-TEM analysis (Figure 4.4 (c)) reveals well-defined 

lattice fringes with determined interplanar spacings of 0.42 nm and 0.50 nm, which correspond 

closely to the d-spacings of the (0 1 1) and (1 0 0) crystallographic planes of monoclinic 

CoWO₄ nanoparticles, respectively. 

 Moreover, the estimated average particle size is calculated from histogram plot as 

shown in Figure 4.4 (d) and found to be approximately 36.88 nm. The combination of 

polycrystallinity and nanoscale morphology suggests that these materials may exhibit 

enhanced surface area and unique physicochemical properties, making them suitable for 

applications in electrocatalytic OER. 
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Figure 4.4. a) TEM micrograph of CoWO4 catalyst, b) SAED pattern of CoWO4, c) HR-TEM 

micrograph of CoWO4 catalyst, d) particle size distribution of CoWO4. 

4.5.1.5. XPS 

XPS was implemented to analyze the chemical states of surface atoms and elemental 

composition in the synthesized cobalt tungstate nanoparticles (CoWO₄). High-resolution XPS 

spectra provide deeper insights into the electronic states of the elements. The Co 2p core-level 

spectra for crystalline CoWO₄ (Figure 4.5 (a)) exhibit two distinct peaks at approximately 780 

eV and 796 eV, related to the Co 2p3/2 and Co 2p1/2 spin-orbit doublet, respectively. Such 
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binding energy values are characteristic of the Co²⁺ oxidation state, indicating that cobalt exists 

predominantly in its divalent state [41]. Furthermore, the presence of satellite peaks at binding 

energies of 786 eV and 803 eV provides additional confirmation of the existence of cobalt 

oxide. These findings are consistent with previous reports by S. Rajagopal et al. [42]. 

 

Figure 4.5. High resolution XPS spectra of a) Co 2p, b) W 4f, c) O 1s. 

Similarly, the W 4f core-level spectra for CoWO₄ (Figure 4.5 (b)) display two 

prominent peaks around 34 eV and 36 eV, which is ascribed to the W 4f7/2 and W 4f5/2, 

respectively. This confirms that tungsten is present in its +6 oxidation state, consistent with the 

expected chemical composition of CoWO₄ [42]. The analysis revealed the presence of two 

distinct types of O²⁻ ions in the synthesized material, denoted as OI and OII, which were 

differentiated based on their binding energy positions (Figure 4.5 (c)). The O 1s spectrum 

exhibited a characteristic splitting, where the binding energy of the OI 1s peak was 

approximately 3.0 eV more than that of OII. Such a dual peak structure in the O 1s region is 

commonly observed in metal oxides containing cations with multiple oxidation states. The 
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observed differences in binding energy suggest that OII²⁻ ions are situated in fully coordinated 

oxygen environments, where each ion is encased with a complete set of six nearest-neighbor 

O²⁻ ions. In contrast, OI²⁻ ions are associated with oxygen-deficient regions within the lattice, 

indicating the presence of oxygen vacancies [43]. The deviation in the comparative intensity 

of the OI/OII ratio is directly correlated with changes in the concentration of oxygen vacancies 

[44]. The observed binding energies confirm the chemical integrity of the material, offering 

valuable insights into its electronic structure and surface characteristics, which are crucial for 

its potential applications in catalysis, energy storage, and electronic devices. 

4.5.2. Electrochemical characterizations 

4.5.2.1. OER study 

The electrocatalytic efficiency of prepared cobalt tungstate nanoparticles for OER in alkaline 

environment was methodically assessed by LSV, CV and EIS measurements. Figure 4.6 (a) 

displays the LSV polarization curves, offering a thorough evaluation of the OER performance 

across the catalyst series. The overpotential values to obtain current density of 10 mA cm-² 

(10) for Co0.5W1.5O4, CoWO4, and Co1.5W0.5O4 were 230 mV, 220 mV and 260 mV, 

respectively as shown in Figure 4.6 (c). Among the catalysts, the CoWO4 displayed the lowest 

overpotential demonstrating that this doping level best optimizes the OER catalytic activity. 

The trend implies that on increasing the tungsten content, the catalytic performance 

significantly reduces, perhaps owing to variables such as lattice deformation, active site 

passivation, lower electrical conductivity [45] or a decline in oxygen vacancies [46]. Liu et al. 

performed a thorough investigation on the effect of oxygen vacancies in boosting the OER 
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performance. Their results demonstrated a substantial link between the concentration of 

oxygen vacancies and the total catalytic activity of the OER. Specifically, they proved that an 

increased density of oxygen vacancies greatly enhances the reaction kinetics, leading to greater 

catalytic efficiency [47]. The fundamental mechanism behind this increase is linked to the 

electronic changes generated by oxygen vacancies. These defects operate as electron-rich sites, 

significantly changing the electronic structure of the catalyst and promoting stronger contacts 

between the catalyst surface and chemical intermediates [48,49]. 

To ensure a standardized evaluation of catalytic performance, the electrochemical 

efficacy of the prepared electrocatalysts was examined by determining the specific current 

density (current density per milligram of the catalyst), as well as the true current density, using 

the equations, which is already discussed in Chapter 3 (Equations 3.3 and 3.4) [50]. These 

estimates account for changes in material loading and electrode surface roughness, so 

permitting a more accurate assessment of intrinsic catalytic activity across various samples. 

 CV measurements, presented in Figure 4.7, were employed to extract key 

electrochemical parameters, including three distinct current densities: apparent current density 

(japp), true current density (jtrue), and specific current density (jspec). These estimates, along with 

the related overpotentials for given current densities along with other kinetic parameters, for 

all the prepared catalysts, (Figure 4.8 and 4.9) are reported in Table 4.2. The apparent and 

true current densities, normalized either by the geometric surface area of the electrode or by 

the oxide roughness factor, give essential insights into the kinetics of the OER. Such 

normalization is critical for correctly comparing the catalytic effectiveness of various 

materials, as it mitigates the effects of morphological variances and electrode roughness on the 
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measured electrochemical performance. By applying this multi-faceted approach to current 

density measurement, a more exact knowledge of the intrinsic activity of the catalysts is 

attained. This technique provides for a reliable assessment of their electrocatalytic potential, 

permitting the discovery of ideal compositions and structural alterations for better OER 

efficiency. 

 

Figure 4.6. (a) LSV curves recorded at a scan rate of 0.5 mV s⁻¹ in 1 M KOH at 25 °C, (b) 

Tafel slope analysis of the investigated catalysts, (c) comparison of overpotential values for the 

prepared catalysts, (d) CV of the FTO/CoWO4 electrode in the non-faradaic region at varying 

scan rates, (e) corresponding Cdl plot for the FTO/CoWO4 electrode, and (f) Tafel slope 

variation across the prepared catalysts. 
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The kinetics of the OER were determined by Tafel plots, which depict the relationship 

between overpotential (η) and the logarithm of current density (log j) utilizing analytical Tafel 

equation (η = b log j) [51]. The Tafel slopes for Co0.5W1.5O4, CoWO4, and Co1.5W0.5O4 as seen 

in Figure 4.6 (b), have been calculated to be 148 mV dec−1, 75 mV dec−1, and 107 mV dec−1 

respectively. The values were derived by linear regression of the Tafel plots. A decrease in 

Tafel slope indicates improved reaction kinetics, signifying more effective charge transfer. 

Among the analyzed materials, CoWO4 demonstrated the lowest Tafel slope. The enhanced 

catalytic activity seen with this equal stoichiometric ratio highlights the efficacy of the doping 

method in modifying the material's electronic characteristics. The comparison of the tafel 

slopes of prepared cobalt tungstate catalysts are shown in Figure 4.6 (f). Further, this smaller 

tafel slope along with the lower overpotential and higher current density is validated from 

Nyquist plots, showing lowest charge transfer resistance amongst the rest of the prepared 

stoichiometries. 

 

Figure 4.7. CV of prepared catalysts. 
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Figure 4.8. Co0.5W1.5O4: a) CV in non-faradaic region at different scan rates, b) Tafel 

polarization curves at different temperatures, c) Tafel polarization curves at different 

concentrations of KOH, d) corresponding Cdl plot, e) corresponding Arrhenius plot, f) order of 

reaction. 
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Figure 4.9. Co1.5W0.5O4: a) CV in non-faradaic region at different scan rates, b) Tafel 

polarization curves at different temperatures, c) Tafel polarization curves at different 

concentrations of KOH, d) corresponding Cdl plot, e) corresponding Arrhenius plot, f) order of 

reaction. 
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Table 4.2. Electrode kinetic parameters  

Electrode Overpotential 

(mV) at 

10 mA cm-2 

Current density at 

E = 1.75 V 

(mA cm-2) 

Cdl  

(mF cm-2) 

Rf ECSA 

(cm2) 

Tafel Slope 

(mV dec-1) 

  japp jtrue jspecific     

FTO/Co0.5W1.5O4 230 31.85 0.57 63.70 2.22 55.50 27.75 148 

FTO/CoWO4 220 38.47 0.51 76.94 3.04 76.00 38.00 75 

FTO/Co1.5W0.5O4 260 21.36 0.76 42.72 1.12 28.00 14.00 107 

 

The electrochemically active surface area (ECSA) was assessed by evaluating the 

double-layer capacitance (Cdl) within a narrow potential window, ensuring the absence of 

faradaic contributions. The Cdl measurements were conducted by recording CV curves at scan 

rates ranging from 5 to 150 mV s⁻¹ (Figure 4.6 (d)). The difference between the anodic and 

cathodic current densities (Δj = jₐ - j𝚌) was analyzed, and the resulting values were mapped as 

a function of the varying scan rates (Figure 4.6 (e)). A linear fit was then applied to these data 

points to determine the slope of the prepared electrodes. The Cdl value, which corresponds to 

half of the slope obtained from this linear relationship, was estimated using the relevant 

equation (Equation 3.5), which is already discussed in Chapter 3 [52]. A higher Cdl value 

corresponds to an increased ECSA, which directly correlates with the availability of more 
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electrochemically active sites. Also, the roughness factor (Rf) gives vital insights into the 

spatial distribution and accessibility of active sites within a system. The higher Rf value 

suggests an extended and more favorable adsorption surface, suggesting improved contact 

between the electrode material and the electrolyte. This parameter is quantitatively calculated 

using Equation 1.25 (Chapter 1) [53]. The ECSA was determined by applying the relevant 

approaches (Equation 1.24) (Chapter 1) and the enhanced performance of the FTO/CoWO4 

electrode material, as indicated by a greater ECSA, suggests a larger number of accessible 

catalytic sites, thereby contributing to improved electrochemical activity (Figure 4.10 (d)). 

These active sites are essential for promoting efficient electron and proton transfer between the 

electrode and the electrolyte, which significantly influencing the electrochemical reaction 

dynamics. Additionally, these sites actively participate in the electrolysis process, contributing 

to overall catalytic performance. 

EIS was applied to investigate charge transport kinetics between the electrolyte and the 

electrode material throughout the electrocatalytic process. Measurements were done at a given 

potential to determine the charge transfer resistance (Rct) and the solution resistance (Rs) in the 

low and high-frequency regions, respectively [54]. Figure 4.10 (a) depicts Nyquist plots, 

where the FTO/CoWO4 electrode exhibits a smaller semicircle, suggesting decreased charge 

transfer resistance (Rct) of 56 Ω relative to both derived catalysts. The increased charge 

transport capabilities of the transition hybrid catalyst may be due to its high electronic 

conductivity, enabled by the integration of the electrocatalyst with the substrate. This enhanced 

conductivity facilitates fast electron mobility in the high-frequency region and corresponds 

well with the Tafel slope study. Notably, the FTO/CoWO4 electrode displays faster reaction 
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kinetics. The lowered charge transfer resistance further validates the high conductivity and 

lower resistance for electrolyte ion transport at the electrode interface, significantly enhancing 

oxygen evolution. The interpretation of the Nyquist plot is conducted using an equivalent 

circuit model (Randles circuit), as depicted in the inset of Figure 4.10 (b). This model provides 

a systematic representation of the electrochemical processes occurring at the electrode-

electrolyte interface. The model incorporates several key resistance components such, Rs 

which denotes the solution resistance; Rct which corresponds to the charge transfer resistance 

at the electrode-electrolyte interface [55,56]. The EIS results align well with the LSV 

experiments, offering a detailed insight into the electrochemical behavior and catalytic 

efficiency of the investigated materials. 
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Figure 4.10. (a) Nyquist plots, (b) fitted Nyquist plot of FTO/CoWO4 electrode, (c) 

chronopotentiometry test of the FTO/CoWO4 electrode, and (d) ECSA variation for the 

synthesized catalysts. 

4.5.2.2. Thermodynamic study 

The fundamental thermodynamic parameters that govern the electrochemical process were 

meticulously evaluated through a systematic investigation of electrodes composed of 

FTO/CoxW2-xO4. The research sought to ascertain the standard electrochemical activation 

energy (Hel
0≠), the standard entropy of activation (S0≠), and the standard enthalpy of 
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activation (H0≠). During the course of the experiments, the reference electrode was 

maintained at a constant temperature of 25 °C, while anodic polarization curves were taken in 

a 1 M KOH electrolyte across a temperature varying from 25 °C to 55 °C (Figure 4.11 (a)). 

Arrhenius plots were meticulously constructed to examine the temperature dependence of the 

electrochemical reaction (Figure 4.11 (b)). A comparative evaluation is presented in Table 4.3. 

As anticipated, the FTO/CoWO4 electrode exhibited the lowest electrochemical 

activation energy among the tested materials, signifying that the composite required less energy 

to initiate and sustain the reaction. This observation highlights the superior catalytic efficiency 

of the composite material in comparison to other stoichiometries. The transfer coefficient (α) 

was determined according to Equation 1.29 (Chapter 1). The calculated mean value of α for 

the FTO/CoWO4 material was determined to be nearly one, suggesting a highly effective 

charge transfer mechanism. 

Additional thermodynamic parameters were obtained through the application of 

standard equations (Equations 1.28 and 1.30), which is already discussed in Chapter 1, with 

their mean values presented in Table 4.3. The Tafel slope (b), expressed in mV dec⁻¹, was 

obtained from polarization curves measured at increasing temperatures, providing insights into 

the reaction kinetics. Additionally, Planck’s constant (h) and the Boltzmann constant (kB) were 

incorporated into the frequency term to obtain kBT/h, further refining the analysis of activation 

parameters. 
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Figure 4.11. (a) Tafel polarization plots of the FTO/CoWO4 electrode at various temperatures, 

(b) corresponding Arrhenius plot, (c) Tafel polarization plots of the FTO/CoWO4 electrode at 

varying KOH concentrations. (d) reaction order determination. 

The initiation of adsorption during the electrochemical oxygen evolution process is 

most pronounced for the FTO/CoWO4 electrode, suggesting a higher density of active sites 

accessible for the adsorption of reactive intermediate species. This observation aligns well with 

the significantly negative value of S0≠, which indicates a more ordered transition state and a 

strong interaction between the electrode surface and the reacting species. The thermodynamic 

parameters associated with this process are comprehensively presented in Table 4.3. These 

values have been derived following the established methodology detailed in the literature [57], 
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providing deeper insights into the energetic and entropic aspects governing the electrode's 

catalytic performance. 

Table 4.3. Thermodynamic parameters  

Electrode Standard 

electrochemical 

energy of 

activation 

(Hel
0≠) 

(kJ mol-1) 

Standard 

electrochemical 

entropy of activation 

(-Sel0≠) 

(J K-1mol-1) 

Transfer 

coefficient 

() 

Standard 

enthalpy of 

activation 

(H0≠) 

(kJ mol-1) 

FTO/Co0.5W1.5O4 19.91 105.56 0.39 26.47 

FTO/CoWO4 19.14 108.48 0.89 32.08 

FTO/Co1.5W0.5O4 49.20 50.88 0.55 58.27 

 

4.5.2.3. Stability and durability 

When assessing an electrocatalyst's feasibility for large-scale commercial applications, its 

operating efficiency and long-term durability under applied current or potential are crucial 

considerations. Chrono potentiometric experiments were performed in a 1 M KOH electrolyte 

solution to evaluate the stability of the CoWO4 electrocatalyst. Figure 4.10 (c) shows the 
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chronopotentiometry response (CP) at a constant current density of 10 mA cm-2 for 12 hours 

continuous operation. The findings suggest that FTO/CoWO4 electrode had electrochemical 

stability which maintained continuous water electrolysis for around 12 hours. CP analysis 

reveals a small increase in overpotential during the first few hours of operation. This transient 

rise can be attributed to the accumulation of newly generated oxygen bubbles at the electrode 

surface, which introduces resistance to charge transfer. To compensate this resistance and 

maintain reaction kinetics, an additional potential is required until equilibrium is established 

[58,59]. Once the system reaches a steady-state condition, the FTO/CoWO4 electrode 

demonstrates remarkable stability, exhibiting only minimal fluctuations in potential over a 

continuous 12-hour period, as shown in Figure 4.10 (c). This sustained performance highlights 

the electrode's ability to maintain catalytic activity despite the persistent formation and release 

of gas bubbles. The consistent electrochemical response suggests that the electrode structure 

and active sites remain robust, effectively facilitating oxygen evolution while mitigating the 

adverse effects of bubble-induced resistance. These findings reinforce the potential of 

FTO/CoWO4 as a durable and efficient electrocatalyst for long-term OER applications. 

4.6. OER Mechanism 

The reaction order for the OER was determined by systematically varying the hydroxide ion 

(OH⁻) concentration, following the methodologies outlined in the literature [60]. The 

calculated reaction order values for each catalyst were found to be non-integral, a phenomenon 

commonly reported in previous studies [61,62]. This deviation from integer values has been 

attributed to multiple factors, including the complex interplay between OH⁻ adsorption, the 

ionization of surface hydroxyl groups [63], and the overall surface coverage by adsorbed 
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oxygen-containing intermediates formed during electrochemical oxygen evolution under 

Temkin adsorption conditions [64,65]. To quantify the reaction order, Tafel polarization 

measurements were conducted on individually prepared electrodes. The study employed KOH 

concentrations ranging from 0.25 M to 1.25 M, while maintaining a constant ionic strength 

using KNO₃ as a neutral supporting electrolyte (Figure 4.11 (c)). The polarization curves 

obtained at different KOH concentrations were analyzed by plotting log (current density) 

against log [OH⁻] at various applied potentials (Figure 4.11 (d)). The slopes of the resulting 

linear fits were then determined to establish the reaction order, providing critical insights into 

the mechanistic aspects of OER on the investigated electrode materials. 

The availability of active sites, which are essential for promoting the reaction, is the 

primary determinant of the OER mechanism for the very effective CoWO4 catalyst. The 

catalyst's active metal (M) sites are adsorbed with hydroxyl radicals (OH*) in the first step, 

which causes hydroxide anions (OH⁻) to be oxidized via electron transfer to generate M−OH. 

The formation of M−O species is then followed by the loss of an electron and a proton from 

M−OH or by the attachment of more hydroxyl radicals. As the reaction proceeds, electron and 

ion transfer from metal to oxygen species facilitates the oxidation process that produces a metal 

hydroperoxide intermediate (M−OOH). The catalytic cycle is subsequently maintained by the 

M−OOH species' subsequent breakdown, which releases molecular oxygen (O₂) and 

regenerates active M−O sites. This mechanism is already discussed in Chapter 3. 

OH− + M → M + OH* + e−                        (3.6) 

OH* + OH− → O* + H2O + e−                           (3.7) 

OH− + O* → OOH* + e−                            (3.8) 
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OH− + OOH* → O2 + H2O + e−                 (3.9) 

Since, it involves continual electron transfer at many stages, the OER process is 

dynamic by nature. A larger density of defect sites is introduced which greatly enhances the 

catalyst's surface area and improves the adsorption and desorption of chemical intermediates 

(M−O, M−OH, and M−OOH). In an alkaline media, this structural advantage speeds up the 

oxidation process. 

This proposed OER mechanism closely aligns with the electrochemical pathway 

introduced by Bockris [64]. However, it is crucial to recognize the possible presence of 

alternative reaction pathways, including the Bockris-Otagawa peroxide route and the 

Krasil’shchikov mechanism [64], which may also contribute to oxygen evolution under 

specific conditions. In the suggested mechanism, oxygen-containing species, specifically O* 

and OH*, act as key surface-adsorbed intermediates, playing a critical role in the catalytic 

process. The transition metal sites, denoted as 'M' (where M corresponds to Co and W), serve 

as active centers that facilitate electron transfer and intermediate stabilization throughout the 

reaction. 

4.7. Conclusion 

In this study, the cobalt tungstate nanoparticles (CoxW2-xO₄) were successfully synthesized 

using one-pot hydrothermal synthesis. The structural and morphological characteristics of 

materials were systematically analyzed using XRD, FT-IR, Raman Spectroscopy, HR-TEM, 

and XPS. These comprehensive methods successfully proven the elemental composition as 

well as the crystalline nature of the nanoparticles. To evaluate their potential as electrode 
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materials for OER, the electrochemical characterizations were investigated through CV, LSV, 

EIS, and Tafel polarization. Comparative electrochemical evaluations revealed that CoWO4 

possess significantly higher electrocatalytic activity toward OER in alkaline medium owing to 

least overpotential of 220 mV () The superior electrochemical performance of CoWO₄ can 

be attributed to its structure, smaller particle size, and narrow particle size distribution, which 

enhances charge transfer efficiency. This study not only provides valuable perspectives on 

designing high-performance electrocatalysts for renewable energy applications but also opens 

avenues for the development of sustainable energy solutions. The enhanced performance and 

stability of the CoxW2-xO₄ to make it a promising candidate for use in future energy conversion 

technologies, contributing to the ongoing efforts to address global energy challenges and 

advance sustainable energy systems. 
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