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Chapter 5

5.1. Abstract

A novel synthesized composite of cobalt tungstate (CoWO.) and polypyrrole (ppy) was
effectively developed by hydrothermal method, followed by in situ polymerization. The first
time reported CoWO./ppy composite was characterized by implementing numerous
physicochemical methods like XRD, XPS, HR-TEM, BET, and FT-IR. The further assessment
of electrochemical performance was conducted through LSV, CV, EIS, and Tafel polarization
measurements. The composite demonstrated significant catalytic activity for the alkaline water
oxidation reaction (WOR), attaining an extremely low overpotential of 170 mV at a current
density of 10 mA cm™ (n10) and a Tafel slope of 61 mV dec™. The values demonstrate a
significant enhancement over the individual electrocatalytic performances of CoWOas and
polypyrrole, highlighting the synergistic effect of the composite. The superior electrocatalytic
activity of the composite material is further validated by its lowest charge transfer resistance
(15 Q) and standard energy of activation (18.57 kJ mol™), indicating enhanced electron
transport and reduced energy barriers for the reaction. The research indicates that CoWOu/ppy

serves as a promising material for efficient electrocatalytic applications.

5.2. Introduction

An enormous amount of work has been put into creating a green energy alternative due to the
world's ever-increasing energy needs, growing environmental concerns, and excessive usage
of fossil fuels. Renewable energy sources like wind and solar electricity show promise, but
installation and storage are expensive [1]. Electrochemical water splitting is widely regarded

as a highly favorable strategy for achieving carbon neutral production of hydrogen and oxygen,
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offering several advantages such as high purity of products, minimal CO; emissions, and the
ability to store energy from constantly renewable sources like wind, and tidal power, solar
photovoltaics, solar thermal [2].

In this regard, Efforts in research have largely centered around the oxygen evolution
reaction (OER) and the hydrogen evolution reaction (HER), two pivotal steps in
electrochemical water splitting, as viable means of creating sustainable energy like hydrogen
fuel [3,4]. The water electrolysis process is impeded by OER, a sluggish kinetic process that
must be improved [5]. OER hence necessitates the creation of an inexpensive and effective
electrocatalyst, mostly based on the widely accessible and earth-abundant elements. Among
the top performing electrocatalysts for the OER are noble metal oxides, especially RuO: and
IrO: [6]. However, the lack of abundance and substantial cost of noble metal oxides highlight
the necessity of developing affordable non-noble metal-based electrocatalysts with superior
catalytic activity.

Numerous oxides based on 3d-transition metals have been created as OER
electrocatalysts because of their distinctive electrical structure, abundance, and comparatively
inexpensive cost [7—11]. Cobalt related substances have demonstrated themselves as being
highly efficient electrocatalysts for overall water splitting because of their high stability, cost
effectiveness, and strong catalytic activity towards OER [12,13]. Cobalt is a superior transition
metal for electrocatalysis because of its redox potential, which is closer to the oxygen reduction
range of water (E = 1.23 V vs. RHE) with multiple oxidation states (Co®"/Co*") [14].

Tungsten has been shown to have the highest adsorption energy for hydrogen

intermediates (H*) among earth-abundant transition metals, which means it can increase the
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combining of H* to create H> in the HER [15]. According to certain research, tungsten-based
OER electrocatalysts showed that tungsten might lower kinetic barriers in the OER process
because of its high electron capture affinity [16,17]. Therefore, the bimetal combination based
on cobalt and tungsten can improve the kinetics. Although it is still much less effective than
RuO: or IrO-, cobalt tungstate (CoWOa) has recently demonstrated encouraging OER activity
[18].

Since the discovery in the early 1900s, polypyrrole (ppy) has drawn much interest
because of its special electrical characteristics, such as its high conductivity and stability,
making it appropriate for various uses in sensors, electronics, and the biomedical industry [19].
Several synthesis techniques, including chemical oxidation and electrochemical deposition,
may be used to customize the polymer's various morphologies, which include films,
nanoparticles, and nanotubes [20]. When coupled with other materials, ppy has a synergistic
effect in the context of electrocatalysis for the OER [21-23]. This improvement results from
its capacity to serve as a conductive support, which raises the electrocatalysts' overall stability
and charge transfer. The incorporation of ppy into electrocatalytic systems can lead to increased
active surface area and facilitate the transport of ions and electrons, which are critical for
efficient OER performance [19]. The exploration of ppy in OER applications highlights its
potential as a versatile material that enhances catalytic performance and contributes to
developing more sustainable energy technologies. As research continues to uncover its
properties and interactions within composite materials, ppy stands out as a promising candidate

for advancing electrocatalytic processes.
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Through a hydrothermal technique and in situ polymerization, we have effectively
created a CoWO4/ppy composite by utilizing the exceptional catalytic properties of CoWOs4
and a conductive support polymer. The combination shows a strong synergistic impact and
better catalytic activity than CoWOQ4 and ppy components. Its crystalline integrity and distinct
shape are confirmed by structural and morphological investigations. The strength of the
composite is shown by its remarkable stability and endurance in alkaline solutions (1 M KOH).
These results highlight the potential of readily available and cost-effective electrocatalysts and

provide opportunities for additional research into cutting-edge materials for OER applications

5.3. Experimental

5.3.1. Materials

Sodium tungstate dihydrate (Na2WO4:2H20) (AR, Merck, 99.9 %), pyrrole (AR, Merck,
99.9 %), cobalt chloride hexahydrate (CoCl.-6H>0) (AR, Merck, 99.9 %), ferric chloride
(FeCl3) (AR, Merck, 99.9 %), sodium hydroxide (NaOH) (AR, Merck, 99.9 %). All the

chemicals were applied just as they were delivered, without any further processing or refining.

5.3.2. Synthesis of Polypyrrole (ppy)

Polypyrrole was synthesized via oxidative polymerization using anhydrous ferric chloride
(FeCls) as the oxidant. Initially, A total of 0.2 mL of pyrrole monomer was mixed into 50 mL
of deionized water for dispersion under constant stirring to ensure uniform mixing. A 50 mL
aqueous solution of 0.5 M of FeCls was then added to the dispersion dropwise while
maintaining uninterrupted stirring under a nitrogen environment. This will ensure the

formation of uniform, porous ppy structures, that enhances surface area and charge transfer
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efficiency. It also ensures good adhesion of ppy to CoWOs, leading to efficient Fermi level
tuning [10]. The reaction mixture was kept at a controlled temperature of 0—5 °C and allowed
it to polymerize for 4 hours. An optimal reaction time of 3—6 hours ensures homogeneous,
porous ppy layers, enhancing charge separation and electrochemical performance [24]. Also,
polymerization at low temperatures (0-5 °C) promotes the formation of long, interconnected
ppy chains with high conductivity and porous structures that enhance ion diffusion and charge
mobility [25]. The resulting polypyrrole precipitate was filtered and repeatedly washed with
deionized water and methanol until a neutral pH was achieved, ensuring unreacted materials

and by-products were removed. Finally, the purified product was dried at 50 °C for 24 hours.

5.3.3. Preparation of CoWO4

For the synthesis of CoWOys, a solution of sodium tungstate (3.3 g, 0.1 mol) and cobalt chloride
(0.893 g, 0.25 mol dissolved in 15 mL of deionized water) were prepared separately and
combined under constant stirring. The resulting mixture exhibited a thick red color, and its pH
was adjusted to 8 using a sodium hydroxide solution. The prepared solution was then loaded
into a 50 mL Teflon-lined stainless-steel autoclave and heated hydrothermally at 160 °C for a
duration of 24 hours. The obtained catalyst was thoroughly rinsed repeatedly with both
deionized water and ethyl alcohol to eliminate contaminants and subsequently dried at 120 °C

for 6 hours.

5.3.4. Preparation of CoWOQO4/ppy composite

The CoWO./ppy composite was synthesized using a method similar to the procedure employed

for polypyrrole synthesis. In this process, 0.5 g of the prepared CoWOa. was introduced into
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the reaction mixture before the initiation of the polymerization process, making the process
unique and advantageous for catalyst development. The resulting composite was purified by
washing thoroughly with distilled water, ethanol, and acetone multiple times to remove any

impurities. The purified composite was then dried at 100 °C for 12 hours.

5.3.5. Electrode fabrication

The catalyst ink was formulated by suspending 1 mg of the catalyst in a blend of 20 pL
deionized water, 40 uL ethanol, and 10 pL of 5 % Nafion. The dispersion was ultrasonicated
for 1 hour to ensure uniform mixing. Subsequently, 60 pL of the prepared solution was drop-
cast onto pre-cleaned fluorine-doped tin oxide (FTO) plates (1 % 1 cm? area). The coated plates

were dried at room temperature and employed as the working electrode.

5.4. Characterizations
5.4.1. Physicochemical characterizations

The crystallinity of the fabricated catalysts was examined utilizing powder X-ray diffraction
(XRD) on a Rigaku Smart Lab 9 kW diffractometer with a wavelength of 1.514 A. The FT-IR
spectra of prepared catalysts was characterized by ATR-FTIR (Bruker, ALPHA model)

Spectrophotometer in the frequency range 500-4000 cm .

The morphology and
microstructures of the prepared catalysts were looked through high-resolution transmission
electron microscopy (HR-TEM) using a Thermo Fisher Technai 20 G*. A K-alpha XPS device

was used for the X-ray photoelectron spectroscopy (XPS) analysis for knowing the elemental

composition and oxidation states of metals. Further, the specific surface area of a material is

Department of Chemistry, IIT (BHU) 160



Chapter 5

calculated using the BET and the study was performed on N» adsorption desorption isotherm

on Quantachrome Autosorb instrument.

5.4.2. Electrochemical characterizations

Electrochemical characterizations of the prepared catalysts were performed on CHI-608C
instrument developed by CH Instruments, USA. The instrument facilitated the examination of
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and Tafel
polarization, enabling comprehensive analysis. The aforementioned techniques were carried
out as per established protocols described in previous studies [22,26]. The experiments used
three electrode system in a Pyrex glass cell. The setup consists of a counter electrode, which
was a circular platinum (Pt) foil, sourced from Aldrich, with a surface area of 8 cm? and a
purity of 99.9 %. For the working electrode, a glass plate coated with fluorine-doped tin oxide
(FTO) was utilized, featuring a surface area of 0.50 cm?. A Hg/HgO reference electrode is used,
immersed in a 1 M KOH electrolyte, to provide a stable reference potential for the
electrochemical measurements. To establish a link between the electrolyte and reference
electrode, a salt bridge containing agar-agar and KCI was used. All potential measurements
contained within the study were cited to a Hg/HgO/1 M KOH reference electrode, which has
a standard potential of 105.3 mV relative to the normal hydrogen electrode (NHE) [27]. To
relate potential values measured by the Hg/HgO reference electrode to the reversible hydrogen

electrode (RHE), Equation 3.1 could be used which is already discussed in Chapter 3.

EruE = Engngo + 0.0592xpH + E Hggo 3.1)
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5.5. Results and discussion
5.5.1. Physicochemical characterizations
5.5.1.1.  XRD analysis

The XRD pattern of the as-prepared materials is presented in Figure 5.1. At 20 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 CoWOa were visible. These peaks matched with the monoclinic
CoWOu crystal planes (010), (001), (—110), (011), (—111), (200), (002), (—=201), (—=211), (—112),
(031), (—202), (—311), (—231), (—140), and (—312) respectively. Every diffraction peak matched
with the typical JCPDS card number 15-0867 [28,29]. The slight shift in the peak
corresponding to (-111) plane after the incorporation of ppy confirms the dispersion of ppy and
not the intercalation over the CoWOQO4 nanoparticles, as evident from the slight difference in the
d spacing value (0.003 nm) [30]. The XRD pattern of the CoWOa4/ppy composite highlights
the amorphous properties of ppy and the crystalline nature of CoWO4. The broad hump in the
range of 16° to 35° in the CoWO4/ppy composite pattern is due to the amorphous nature of the
ppy. 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.

kA
o B cosB

(3.2)

Where, the XRD wavelength is denoted by A,
the full-width half maximum (FWHM) by ,

Bragg’s angle by 0.
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The fixed value of the crystal shape coefficient (k) is 0.89 [31].

The mean crystallite diameter has been discovered to be 19.41 nm for CoWO4 and

19.62 nm for the composite material.
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Figure 5.1. XRD patterns of a) ppy, b) CoWO4, ¢) CoWO4/ppy composite.

The slight increase in crystallite size can be attributed to the sample preparation
process. The composite material was analyzed via XRD in the form of a thin film, which was
heated at 70 °C for at least five hours. It is well known that temperature influences crystallite
organization, leading to a marginal increase in crystallite size. To confirm this effect, we

conducted XRD analysis of the composite material both before and after heating, as shown in

Figure 5.2 [32].
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Figure 5.2. XRD patterns of CoWO4/ppy composite material, a) before heating and b)

after heating the sample.

5.5.1.2.  FT-IR analysis

Figure 5.3 represents the FT-IR spectra of composite as well as pure CoWO4. FT-IR confirms
the incorporation of ppy in CoWOs as shown in the figure. In the 500-4000 cm™' frequency
range, tungsten states of type ABO4 displayed distinctive stretching vibration bands. The well-
defined broad band at 632 cm™! was assigned to the stretching frequency of the Co-O-W mode,
while the band at 817 cm™ was attributed to the O-Co-W-O stretching vibration mode [33].
The peak at 1301 cm™ is ascribed to the C-N stretching frequency and the intense peak at 1180
cm’! is due to C-H in-plane stretching [34]. For ppy, the band at 1553 cm™ corresponds to the

antisymmetric stretching vibration of the C=C bonds in the pyrrole ring, while the band at 1460

Department of Chemistry, IIT (BHU) 164



Chapter 5

cm™ is linked to the symmetric stretching vibration of the same bonds. The stretching
frequency of the O-H group due to the moisture, was attributed to the significant peaks at 3432
cm ' and 1648 cm™! in the CoWO4 FT-IR spectra [35]. This indicates that the prepared samples
retain the ability to absorb water molecules from the air, even after undergoing annealing

treatment. Furthermore, the aliphatic C-H peak appeared at 2920 cm ™' [36].

O-H (H-bond)

Transmittance (a.u.)

500 1000 1500 2000 2500 3000 3500 4000
Wave number (cm™)

Figure 5.3. FT-IR of CoWO4 and CoWOa4/ppy composite.

5.5.1.3. HR-TEM analysis

To probe the shape of CoWOu/ppy, TEM study was performed. Figure 5.4 (a) and (b) display
the TEM imaging of the sample at various magnifications. The shape of the nanoparticles is

found to be distorted oval or cubic which has the ppy nano layer of 4.28 nm thickness encased
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the CoWO4q particles in the produced CoWOu/ppy sample. The particle size is found to be in
between 20 to 50 nm having an average particle size of 37 nm (Figure 5.4 (e)). Figure 5.4 (b)
also showed close interaction between CoWO4 and ppy. TEM scans showed that the
CoWOu/ppy composite was effectively produced by attaching ppy to the entire outer layer of
CoWO4. To confirm this, the TEM image of pristine CoWOa, as shown in Figure 5.5 (a),

demonstrates the absence of any layering on the nanoparticles.

7

N\

AN

Figure 5.4. a) TEM micrograph of CoWOu4/ppy catalyst, b) magnified TEM micrograph of
composite, ¢) HR-TEM micrograph of CoWOu/ppy catalyst, d) SAED pattern of composite,

e) Particle size distribution of composite.
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A substantial amount of active surface area was expected to be provided by the
CoWOu4/ppy structure connected to one another, enhancing the total quantity of active sites
available to the electrolyte. Moreover, the microstructural observation reveals that the
CoWO./ppy particles exhibit highly faceted morphologies, which generally arise from
anisotropic crystal growth. Such faceted structures are advantageous as they expose more
crystallographic active planes compared to unfaceted morphologies, thereby facilitating
efficient adsorption and electron transfer during the OER process. Also, the d spacing measured
from the lattice fringes found from the HR-TEM image (Figure 5.4 (c)) is 0.35 nm that is
proximal to the d spacing of (0 1 1) plane of monoclinic phase of the prepared catalyst.
Moreover, the SAED pattern of CoWO4/ppy nanocomposite reveals the well-defined rings,
confirming its polycrystalline character (Figure 5.4 (d)) [37]. These rings correspond to the
crystal planes of monoclinic phase of composite material which is already indexed from the

XRD analysis.

Figure 5.5. TEM micrographs of, a) pristine CoWQO4 and b) CoWOu4/ppy.
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5.5.1.4. XPS analysis

XPS is a powerful analytical method for analyzing the composition and oxidation states of
atoms in as-synthesized catalysts. The spectra provide detailed insights of the composition of
the CoWOu/ppy, identifying the existence of Co, W, N, C, and O as shown in Figure 5.6.
Figure 5.6 (a) presents the core-level spectra of Co 2p. The two strong peaks observed at
binding energies (B.E.) at 780.6 eV and 796.4 ¢V correlate with Co 2p3» and Co 2pisp,
respectively. These peaks arise from the spin-orbit coupling of the two terms and are
characteristic of cobalt in the Co*? oxidation state. Additionally, the satellite peaks observed at
B.E. 786 eV and 803 eV further confirm the presence of cobalt oxide. Similar results are
reported by S. Rajagopal et al [28]. For W 4f, as (Figure 5.6 (b)) the two intense peaks
observed at binding energies 34.68 eV and 36.86 eV correspond to W 4f7, and W 4f5),
respectively. These peaks are characteristic of tungsten in the +6 oxidation state (W*°) [28].
For O 1s, two strong bands at 529.9 and 531.9 eV are observed. The first one corresponds to
the M-O bond for O 1s and the latter one is for Ovac> 1s. This dual peak is common in catalysts
consisting of metals in several oxidation states [26]. Ovac>" ions are found in the oxygen-
deficient region where the effective nuclear charge is slightly higher than that felt by electrons
of 1s for O* ions in the M-O bond and hence appear at a little higher binding energy (2 eV) as
shown in Figure 5.6 (¢) [26,38]. Furthermore, for N 1Is, the two peaks at 399 and 401 eV are
ascribed to C-NH-C and =N-C (Figure 5.6 (e)), and for C 1s three peaks ascribed to O-C=0,
C=0/C=N, and C-O/C-N at BE’s 284.2 eV, 285.8 eV, and 288.1 eV, respectively (Figure 5.6

(d)) [39,40]. The successful synthesis of the CoWO./ppy composite is confirmed by the
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presence of Co, W, O, C, and N, along with structural and chemical validation from XRD and

FT-IR analyses.
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Figure 5.6. High resolution XPS spectra of a) Co 2p, b) W 4f, ¢) O 1s,d) C 1s, e) N 1s.

5.5.1.5.

BET analysis

The textural properties, including surface area, pore volume, and pore-size distribution of the

synthesized CoWO4/ppy nanostructures, were systematically analyzed using the BET method.

Figure 5.7 (a) presents the nitrogen adsorption—desorption isotherm recorded at 77 K, with the

inset (Figure 5.7 (b)) illustrating the corresponding pore size distribution curve obtained via

the BJH model (Barrett-Joyner-Halenda model). The isotherm is classified as a Type IV
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isotherm with H2-type hysteresis, which is characteristic of mesoporous materials. This
observation suggests the presence of interconnected pore networks within the nanostructures,
a feature that facilitates rapid ion transport and enhances electrochemical performance. The
BJH pore size distribution curve further supports the mesoporous nature of the material, with
pore sizes predominantly ranging from 2 to 40 nm [41]. The specific surface area of the
CoWOu4/ppy nanostructures was determined to be 12.8 m? g, while the average pore diameter
was found to be 30.05 nm. Additionally, the total pore volume was measured to be 0.1061 cm?
g'. These textural parameters indicate that the synthesized nanostructures possess a well-
developed porous architecture. The presence of a high surface area coupled with a mesoporous
structure is particularly advantageous for electrochemical applications, as it ensures a greater
number of active sites for charge transfer and facilitates efficient electrolyte penetration [42].
This, in turn, can significantly improve the electrochemical performance by enhancing ion

diffusion and charge transfer kinetics.
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Figure 5.7. a) The gas adsorption—desorption isotherm curve of CoWOQu/ppy and, b)

inset shows the BJH plot for the porosity evolution of CoWOu4/ppy.

5.5.2. Electrochemical characterizations
5.5.2.1. OER study

In a 1 M KOH electrolyte, at ambient temperature, the electrocatalytic activity of ppy, CoWOa,
and CoWO4/ppy nanoparticles for the OER was assessed. At scan rates of 20 mV s™! for CV
and 0.5 mV s for LSV, measurements were performed within a positive potential window of
1.1 Vto 2 V vs. RHE. Figure 5.8 (a) display the typical LSV curves for the prepared catalysts
and bare FTO electrode. It clearly demonstrated that the nanocomposite material has the lesser
overpotential of 170 mV for achieving 10 mA cm (110) than the CoWO4 nanoparticle (Figure

5.8 (¢)) and other catalysts which are previously reported in the literature (Table 5.1). This
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increase in electrocatalytic activity might be due to the increase in oxygen vacancies [26] which
is already confirmed from the XPS data of the composite material (Figure 5.6) and CoWO4

nanomaterial (Figure 5.9).
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Figure 5.8. a) LSV of prepared catalysts along with bare electrode at 0.5 mV s™! scan rate in 1
M KOH electrolyte at 25 °C, b) Tafel slopes, ¢) Comparison of overpotential among the
synthesized materials and the bare electrode, d) CV of FTO/CoWOu/ppy electrode in non-
faradaic region at varying scan rates, e) Cqai plot for FTO/ CoWOu4/ppy electrode f) Comparison

of Tafel slopes among the synthesized materials and the bare electrode.

The importance of oxygen vacancies in improving the electrocatalytic efficacy of

materials for the OER was emphasized by Liu ef al. [43]. According to their research, enhanced
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OER activity is closely correlated with a larger density of oxygen vacancies. This improvement
is ascribed to the distinct electrical structure that the vacancies bring about, creating an
environment on the catalyst surface that is rich in electrons. These vacancies' excess electrons

improve the catalyst's interaction with adsorbed intermediates [44,45].
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Figure 5.9. High resolution XPS spectra of a) Co 2p, b) W 4f, ¢) O Is.

To ensure consistency in the material loading and surface roughness of the electrodes,
the electrocatalytic functionality of the prepared samples was further investigated by
determining both the specific current density (current per unit mass, Equation 3.3) and the
true current density (current per unit of active surface area, Equation 3.4), as already discussed
in Chapter 3 [46]. By referring the CV (Figure 5.10), three types of current densities, apparent
(Japp), true (Juue), and specific (jspec) Were determined for composite material as well as for
CoWO4 (Figure 5.11), and ppy (Figure 5.12), for comparison, with the overpotentials
corresponding to specified current densities. These results are summarized in Table 5.2.

The apparent and true current densities, normalized either by the geometric surface area

of the electrode or the oxide roughness factor, provide valuable insights into the
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electrochemical kinetics of oxygen evolution. Specifically, japp reflects the overall activity
based on the electrode's external surface area, while juwe accounts for the intrinsic activity by
considering the actual electrochemically active area. Such normalization techniques are crucial
for comparing catalytic performance across different systems and for gaining a deeper
understanding of the underlying reaction mechanisms. The apparent current density (japp) of
the composite material is higher than that of pristine CoWO. due to the incorporation of
polypyrrole (ppy), which increases the surface area and provides additional active sites for
intermediate adsorption, thereby enhancing charge transfer efficiency. A similar trend is
observed for the specific current density (jsecific). However, the true current density (jirue) 1S
lower in the composite material, as it is normalized by the surface roughness, which is greater

in the composite compared to pristine CoWOa.
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Figure 5.10. CV of prepared catalysts and bare electrode.
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Figure 5.11. CoWOu4: a) CV in non-faradaic region at different scan rates, b) Tafel polarization

curves at different temperatures, ¢) Tafel polarization curves at different concentrations of

KOH, d) corresponding Cq plot, ) corresponding Arrhenius plot, f) order of reaction.
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Table 5.1. Comparison of various parameters of electrocatalytic OER for transition metal

based and hybrid materials reported in the literature.

Overpotential
Tafel slope /
Material (mv) / Electrolyte | References
mV dec?
10 mA cm?
C0304/C02Mn04 540 - 0.1 M KOH [47]
Mn304/CoSe> 450 49 0.1 M KOH [48]
CosWeC 343 72.6 1 M KOH [49]
Porous Co304 460 89 0.1 M KOH [50]
CoP hollow
400 57 1 M KOH [51]
polyhedron
ppy/ionic liquid 583 55 1M KOH [52]
C005MngsWO4 400 84 0.1 M KOH [53]
CoNiMn-
369 77 1 M KOH [54]
LDH/ppy/rGO
ZnWOy 636 155 1 M KOH [11]
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ZnWO./ppy 507 84 1 M KOH [55]

NiWOu/Ni 363 - 1 M KOH [56]

Table 5.2. Electrode kinetic parameters

Electrode Overpotential Current density at Ca (mF cm?) R¢ ECSA Tafel Slope
(mV) at (em?)  (mV dec?)
E=1.65V
10 mA cm™
(mA cm?)
japp jtrue jspeciﬁc
Bare 530 (gl) 0.40 0.38 0.80 0.04 1.04 0.52 192
FTO/ppy 630 2.50 2.86  5.00 0.03 0.88 0.44 105
FTO/CoWO, 220 3847 051 76.94 3.04 76.00 38 75
FTO/CoWOJ4/ppy 170 4635 035 92.70 5.25 131.25  65.62 61

Figure 5.8 (b) presents the Tafel plots of the synthesized samples, offering valuable
information about the OER kinetics of the catalysts. As observed, the Tafel slope of
FTO/CoWOu/ppy is 61 mV dec™, that is smaller than the CoWO4 (75 mV dec™), and ppy (105

mV dec™). This lower Tafel slope indicates superior catalytic kinetics for composite material,
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as a smaller slope corresponds to a faster electron transfer rate during the OER process (Figure
5.8 (f)). The improved performance of FTO/CoWOu4/ppy could be ascribed to its peculiar
composition and framework, which synergistically enhance the active sites and optimize the
interaction with intermediates involved in the OER mechanism. This least tafel slope and
highest current density of composite is further explained by the Nyquist plots from EIS.

The double-layer capacitance (Cai) was estimated through CV conducted in the non-
faradaic potential range of 1.15 V to 1.20 V vs. RHE, at scan rates varying from 5 mV s™' to
150 mV s (Figure 5.8 (d)). A linear relationship was obtained by illustrating the scan rate
against the current density (Figure 5.8 (e)). The slope of this line is measured to be 10.5 mF
cm™. Cqi was then estimated as half the slope of this straight line, as described by Equation
3.5 (Chapter 3) [57]. Further analysis included determining the roughness factor (Ry) and the
electrochemically active surface area (ECSA) of the catalysts, both critical parameters for
assessing catalytic performance. The Ry, calculated using Equation 1.25 (Chapter 1) [58],
provides insights into the distribution and accessibility of active sites within the catalyst. The
ECSA, determined using Equation 1.24 (Chapter 1), serves as a direct measure of the number
of exposed active sites, which are vital for facilitating electron and proton transfer between the
electrode and the electrolyte, as well as for driving the electrolysis process [59]. Among the
studied catalysts, CoWOa/ppy exhibited a significantly higher Cq value of 5.25 mF cm™ and
an ECSA of 65.62 cm?, outperforming the other materials (Table 5.1). This elevated ECSA
highlights the abundance of accessible active sites in composite, which enhances its catalytic

efficiency by accelerating interfacial charge transfer processes. The combination of high Cai,
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large ECSA, and favorable Rr underscores the potential of composite for high-performance

catalytic applications.
70 10 —
——FTO a) 9_—-0—FTO/C0W04/ppy b)
604/ FTO/ppy —a— fitted
—o—FTO/CoWO, 8 i
504/—e— FTO/CoWO /ppy 74 0/9—0%9\
: o” 0
—~ ~ 6 7 O‘Q
C 40 c o 8
:’ N’ 5"‘ 0//° \:\
N 304 s 5 /0 2
N. NI 4 020'01 Cy 0\:\
q§ WD b
24 C ¥
10- 14 R, %
0 o
U \J L) J T 1 'l L L T T T 1 T T U
20 40 60 80 100 120 14 16 18 20 22 24 26 28 30 32
7' (Q) YAK(®)
5 —FTO/Co\\’()‘IppyI c) 70- d)
=
== 60
o7 1.6
2 ,:E* 50+
o 154 2
Z = 40
= %
~
= 144 Q .
= S 30
]
£ 134 20+
10-
1.2 T T T T T T 0.52 0.44
0 2 4 6 8 10 12 '] 'l
Time (hrs) FTO PPy CoWO, CoWO,/ppy

Figure 5.13. a) Nyquist plots of prepared catalysts and bare electrode at 1.3 V vs. RHE, b)
Circuit fitted Nyquist plot of FTO/CoWOu/ppy electrode, ¢) Chronopotentiometry stability test
for FTO/CoWOu4/ppy electrode, d) Comparison of ECSA among the synthesized

electrocatalysts and the bare electrode.

The EIS results align well with the LSV results, providing an in-depth understanding
of the electrocatalytic efficiency of the substances under investigation. The Nyquist plot

analysis was performed using an equivalent Randles circuit model, shown in the inset of
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Figure 5.13 (b). This model incorporates key components: R, illustrating the solution
resistance; and R, which corresponds to the impedance to charge transfer at the interface
between the electrode and electrolyte [60,61].

EIS was used to evaluate the charge transfer kinetics of adsorbed intermediates at the
electrode-electrolyte interface [62]. This technique provides critical insights into the resistance
and efficiency of charge transfer processes, which are key factors influencing the overall
catalytic performance. A lower R¢ value reflects improved charge transfer efficiency,
highlighting the effectiveness of the catalyst in facilitating electron movement between the
active sites and the reactants. As depicted in Figure 5.13 (a), the Nyquist plot from EIS reveals
a semicircle formed at the onset potential of the OER. The EIS measurements were conducted
with an amplitude of approximately 5.0 mV, spanning a frequency range from 100 kHz to 0.01
Hz, given an initial potential of 1.3 V vs. RHE. The obtained semicircle was analyzed using a
Randle circuit model to extract key elements, that includes solution resistance (Rs) and charge
transfer resistance (R¢). The fitted results, presented in Figure 5.13 (b), indicate that the R
value for CoWO4/ppy is 15 Q. The significantly lower R value for CoWO4/ppy than the
CoWO4 (48 Q) and ppy (52 Q) suggests that it exhibits superior charge transfer efficiency.
This enhanced performance can be linked to the synergistic interactions within the CoWO4/ppy
composite, including the availability of a larger density of active sites at edges and the presence
of oxygen bonds, which reduce the overpotential required for the OER. The reduced R

facilitates faster electron transfer, thereby improving the catalytic activity for OER.
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5.5.2.2.  Stability and durability

In many industrial and environmental processes, catalysts are essential because they allow for
very efficient and selective chemical reactions. However, problems with stability and durability
frequently limit their practical use. For catalytic systems to remain cost-effective and work
well over the long run, certain characteristics are essential. To explore this characteristic, the
stability and durability of the CoWO./ppy composite electrode was extensively assessed with
chronopotentiometry in a 1 M KOH electrolyte solution. The chronopotentiometry shows a
little increment in overpotential till few hours because the newly formed oxygen bubbles create
resistance at the surface of the electrode and to overcome this resistance it needs some extra
potential to achieve equilibrium [62,63]. Once equilibrium is reached, FTO/CoWOu4/ppy
electrode displayed consistent durability, with less significant change in potential over the
period of 12 hrs, as shown in Figure 5.13 (¢). The findings implied that, after achieving the
equilibrium, the electrode's catalytic performance was unaffected by the gas bubble formation
during the process, indicating its suitability for real-world applications. Continued
advancements in this field will play a crucial role in meeting global energy, environmental, and

economic challenges.

5.5.2.3. Thermodynamic Study

The prepared catalyst CoWOa/ppy composite was thoroughly studied to evaluate essential
thermodynamic parameters, including the standard activation entropy (AS%), standard
electrochemical activation energy (AHe«"), and standard activation enthalpy (AH%). Since

these parameters are temperature-sensitive, the temperature was kept constant at 25 °C during
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the entire study except for Tafel polarization curves for which the temperature range was 25
°C to 55 °C (Figure 5.14 (a)) and corresponding Arrhenius plots are shown in Figure 5.14 (b)).
The thermodynamic parameters for the catalysts have been compared and summarized in Table
5.3.

The CoWO./ppy composite has shown the lowest electrochemical energy of activation,
and thus favors faster kinetics as per the Arrhenius equation, in comparison to its counterparts
i.e. ppy and CoWOs. Thus, the prepared composite serves as a more efficient electrocatalyst.
Another parameter transfer coefficient (o), which measures the efficiency of electron transfer
during the reaction, was evaluated using a=2.303RT/bF, where, F is the Faraday constant, b is
the tafel slope, T is the absolute temperature and R is the gas constant. The transfer coefficient
for the composite material is maximum and found to be 0.96 (Table 5.3), which is highest

among the prepared catalyst defining its faster electron transfer efficacy.
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Figure 5.14. a) Tafel plots of FTO/CoWOu/ppy electrode at increasing temperatures from 25
°C to 55 °C, b) Arrhenius plot, ¢) Tafel plots of FTO/CoWOu/ppy electrode at varying

concentrations of KOH d) order of reaction.

Thermodynamic parameters like AH* and AS% were calculated using the formulae
from Equations 1.28 and 1.30, which is already discussed in Chapter 1. The earlier one gives
an insight into the energy demand and the later one explains the degree of randomness during
the transition state of the reaction. The standard electrochemical energy of activation (4H.,")
and the standard enthalpy of activation (41H”) provide insights into the energy required to drive

the reaction. As evident from the data, both values are lower for the composite material,
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indicating that it requires less energy to facilitate the reaction. Furthermore, the negative values
of the standard entropy of activation (45%) confirm the occurrence of an adsorption process,
as they reflect a decrease in system randomness. Notably, the composite material exhibits the
most negative AS% value, further supporting this observation. In Table 5.3, the average of
these quantities is given, illustrating the superior performance of the composite. Further, the
Tafel slope (b) was calculated from anodic polarization plots at increasing temperatures.
Finally, the frequency factor, calculated as kgT/h, incorporates both Planck’s constant (h) and
the Boltzmann constant (kg), and provides insight into the occurrence of effective collisions

between reactants that result in the catalytic reaction.
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Table 5.3. Thermodynamic parameters

Electrode Standard Standard Transfer Standard
electrochemical electrochemical coefficient enthalpy of
energy of entropy of activation (o) activation
activation
(-AS.™) (AH™)
(J K'mol ) (kJ mol ™)
(kJ mol™)
Bare 58.02 52.82 0.31 63.07
FTO/ppy 53.23 28.14 0.56 62.47
FTO/CoWO4 19.147 108.48 0.78 32.08
FTO/ CoWO4/ppy 18.57 114.65 0.96 34.47

5.5.2.4. OER Mechanism

We initially determined the order of reaction for the produced samples employing various
concentrations of KOH to gain insight into the OER mechanism [64]. This study uses a KNO3
electrolyte to maintain a constant ionic strength of 1.5 while the concentration of OH™ ions was

changed from 0.25 M to 1.25 M using KOH. Each concentration's Tafel polarization curves
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were noted (Figure 5.14 (c)), and a graph was created by plotting the log (current density)
against log [OH"]. The resulting plot yielded a straight line, and as shown in Figure 5.14 (d),
the slope of this line reflects the reaction order.

The non-integral values obtained for the order of the reaction, occurring at the catalyst
surface, have been a common observation as reported earlier [22,26]. This trend can be
attributed to the interaction of OH™ ions with the catalyst surface, leading to the adsorption and
ionization of hydroxyl groups in the process [65]. Furthermore, these non-integral values are
also influenced by the overall surface saturation by adsorbed intermediates, including oxygen-
based species produced during electrochemical oxygen evolution. This behavior affects the
catalysts' performance throughout the reaction and happens under Temkin adsorption
conditions, where, as surface coverage increases, the adsorption energy exhibits a linear
decline [66].

The OER in basic medium is a crucial half-reaction in electrochemical energy
conversion systems such as alkaline water electrolysis. It involves the oxidation of hydroxide
1ons (OH") to molecular oxygen (O:) through a multi-step process, accompanied by the transfer
of four electrons involving a single electron transfer at each stage. The incorporation of
polypyrrole (ppy) enhances charge transfer kinetics, facilitating a more efficient electron
transport process. This accelerated charge transfer subsequently promotes the rapid adsorption
of reaction intermediates onto the active metal sites, thereby improving the overall
electrocatalytic activity. The presence of ppy likely increases the electrical conductivity and
modifies the electronic environment of the catalytic sites, leading to improved interaction

between the catalyst surface and the reactive species. Consequently, this enhancement in
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charge transfer and intermediate adsorption contributes to the superior catalytic performance
of the composite material. The first step involves the adsorption of OH™ ions occurs at the
active sites of the metal (Co/W), leading to electro-sorption as described in Equation 5.1. This
process is accompanied with the development of an O=0 bond via intermediates like OH*, O*,
and OOH*, that are adsorbed on the active sites, resulting in Co/W-O bonding (Equations 5.2,
5.3, and 5.4). As a component of the OER process, these chemical steps have been thoroughly

studied in the past [22,67,68].

OH™ + Co/W — Co/W +OH*+e~  (5.1)

OH*+OH — O*+ H,O + e (5.2)
OH + O* - OOH* + ¢~ (5.3)
OH + OOH* — O; + H2O + ¢~ (5.4)

5.6. Conclusion

The novel CoWO./ppy composite was successfully synthesized through a hydrothermal
method followed by in situ polymerization, and its structural and chemical properties were
extensively characterized using HR-TEM, FT-IR, XRD, BET, and XPS. The comprehensive
characterization confirmed the successful formation of the composite material and its unique
properties that contribute to its enhanced performance. The electrocatalytic performance of the
CoWOu4/ppy composite for the OER in 1 M KOH demonstrated significant improvements over
its individual components, CoWO. and ppy. Under identical experimental conditions, the
composite exhibited a notably lower Tafel slope, which is indicative of superior catalytic

kinetics and a more efficient OER process. It is also noteworthy that the electrocatalytic
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performance of the CoWO./ppy composite obtained in this work surpasses that of other similar
ppy based hybrid materials reported in the literature. This improvement can be attributed to the
synergistic interaction between CoWOs and the conductive ppy network, which facilitates
efficient charge transfer, enhances structural stability, and provides a higher density of
electrochemically accessible active sites. Such a combination results in superior OER activity
compared to previously reported ppy based catalysts. Furthermore, the composite
demonstrated almost first-order reaction kinetics with respect to OER, highlighting its
effectiveness and the favorable interaction between CoWOs and ppy in promoting the reaction.
The CoWO.4/ppy composite also exhibited excellent surface adherence to the FTO plate during
stability tests, indicating its durability and long-term operational stability, which are critical for
practical applications in energy conversion devices. These results collectively underscore the
CoWO./ppy composite as a superior electrocatalyst for OER compared to its individual
counterparts, showcasing both enhanced catalytic performance and long-term stability.

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 CoWO.4/ppy
composite 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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