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3.1. Abstract

Designing high-efficiency electrocatalysts for water oxidation has become increasingly
important in the catalysis field owing to its implications for renewable energy production and
storage. The production of hydrogen (H) from water is hampered by the very sluggish kinetics
of the water-splitting process. Enhancement of effective oxygen evolution reaction (OER)
electrocatalysts is also required to understand the primary barrier to OER. This article
investigates the electrochemical activity of magnesium-doped bismuth copper titanate (Mg-
BCTO) as an efficient catalyst for the OER in water electrolysis, a critical step in hydrogen
production for sustainable energy. The synthesized materials, including various
stoichiometries of Mg-doped BCTO, undergo thorough physical and electrochemical
characterizations using XRD, FT-IR, Raman, FE-SEM, HR-TEM, XPS, CV, LSV, EIS, and
Tafel polarization analyses. Remarkably, Mg0.1 doped BCTO demonstrates superior
performance, achieving a current density of 10 mA c¢cm at a very low overpotential (110) of
265 mV and with a Tafel slope of 92 mV dec?. This finding not only highlights the
electrocatalytic efficiency of Mg doped BCTO but also positions it as a promising model for
the development of highly active and stable water oxidizing catalysts, contributing to the

advancement of clean energy technologies.

3.2. Introduction

The search for alternative energy sources has become more important in the 21% century owing
to a number of interrelated issues. First off, there are worries over the diminishing reserves of
fossil fuels due to their limited supply, which might run out by the middle of this century,

according to forecasts [1]. Furthermore, the necessity of reducing CO, emissions in order to
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lessen the negative consequences of climate change has highlighted the need for sustainable
and renewable energy alternatives. Photocatalytic water splitting, which uses solar energy to
make clean hydrogen, is one potential path in this search for clean energy [2,3]. Since hydrogen
is a fuel that is both ecologically benign and adaptable, this approach holds a lot of promise.
Furthermore, there is no environmental harm caused by the oxygen that is created as a
consequence of water splitting [4,5]. However, reducing the amount of electrical energy used
during the process is crucial if water splitting is to be an economically feasible method to
generate electricity [6]. Effective electrocatalysts are thus needed to support the various
reactions involved in water splitting, especially the OER, which is a crucial stage in the
procedure [7].

Due to the strong OER activity, metal oxide-based electrocatalysts like RuOxand IrOx
have classically been preferred [8]. Nevertheless, the high cost of these materials prevents their
widespread use. Consequently, research on more affordable alternative electrocatalysts having
activity that is at par with or even better than current ones is ongoing. The family of materials
known as perovskite-based electrocatalysts has demonstrated potential in this aspect [9-11].
Perovskite compounds have proven to be catalytically very active in a variety of applications
and display a wide range of characteristics. However, issues including sluggish reaction
kinetics and poor stability under extreme pH conditions prevent their utilization in OER [12].
Despite these obstacles, researchers are looking at material changes and optimization
techniques to improve the performance of perovskite-based electrocatalysts for OER.

Multimetallic compounds such as CaCusTisO12 (CCTO), a typical ACusTisO1
(ACTO, where A = Sr, Nai2 Biyzor Nai2 Y12, Nawz Laie, Bias, Y23, Lazs, Cd, Ca) have drawn

interest among the materials under investigation because of their exceptional dielectric
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characteristics and thermal stability [13]. These materials have been extensively studied for
other applications, but their potential for OER remains relatively unexplored. Similarly,
Bi23CusTisO12 (BCTO) has been discovered as a possible OER catalytic candidate due to its
structural similarity with CCTO. However, its electrocatalytic properties for this particular
application are still in the early stages.

To address this gap, we have used sophisticated method such as the semi-wet approach
to synthesize BCTO and Mg doped variants Bi2sCu3-«MgxTisO012 (where x =0, 0.05, 0.1, 0.2)
[13]. To thoroughly examine the structure and morphology of these materials, we have used a
variety of characterization techniques, including energy dispersive spectroscopy (EDS), field
emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FT-IR), Raman Spectroscopy, and transmission electron
microscopy (TEM). Additionally, a thorough assessment of the electrocatalytic activity of
BCTO and Mg doped BCTO for OER has been conducted in an alkaline electrolyte solution
having 1.0 M KOH. Compared to other variants, Mg0.1 doped BCTO (Mgo.1BCTO) has
demonstrated considerably lower overpotential, indicating particularly promising OER activity
among the investigated materials.

Thus, our work contributes to the development of sustainable energy technologies by
advancing the development of effective and affordable electrocatalysts for OER. To
completely comprehend the underlying principles and maximize the performance of these
materials for practical application in hydrogen generation and other areas, more research is

necessary.
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3.3. Experimental

3.3.1. Materials

Copper acetate Cu(CH3COO)2-H20 (99 % Merck, India), bismuth nitrate Bi(NO3)3-5H20
(purity around 98 % Merck, India), titanium oxide TiO2 (purity around 98.5 % Merck, India),
citric acid (99.5 % Merck, India), magnesium acetate Mg(CH3COO)2-H20 (purity around 98.5

% Merck, India).

3.3.2. Synthesis of BCTO and Mg doped BCTO

A semi-wet technique was used to synthesize Biz3Cus-xMgxTi4O12 (where x = 0, 0.05, 0.1, and
0.2) from a previously reported literature [13], which are termed as BCTO, Mgo.osBCTO,
Mgo1BCTO, and Mgo.2BCTO for x = 0, 0.05, 0.1, and 0.2, respectively. The stoichiometric
ratios of copper acetate, magnesium acetate, titanium oxide, and bismuth nitrate were used in
this method. For this, a solution of copper acetate, magnesium acetate, and bismuth nitrate was
mixed in distilled water, afterwards, it was combined with solid TiO.. A suitable quantity of
citric acid, that acts as a fuel, was made soluble in distilled water, and then incorporated into
the mixture. A hotplate was used to heat the resulting solution to a temperature range of 343
to 353 K in order to remove moisture. BCTO and Mg-doped BCTO powders having fluffy

mass were formed when the gasses were removed.

3.3.3. Preparation of working electrode

The FTO (fluorine-doped tin oxide) substrate was cut into 1x1 cm? pieces and cleaned using
ethanol, acetone, and water in that order. To create a hydrophilic surface, ultrasonication was

done for about an hour during the cleaning process. In order to prepare the catalyst ink, 1 mg
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of the prepared catalysts, was dissolved in a mixture of 40 pL ethyl alcohol, 20 uL double
distilled water, and 10 pL of 5 % nafion solution used as a binder. After that, the mixture was
ultrasonically treated for about an hour. After that, 20 pL of the resultant ink, was drop casted
onto the FTO substrate and allowed to air dry at ambient temperature. After applying the
catalyst ink coating, the FTO plates were dried in an oven at 373 K for a few hours, to be used

as working electrodes in the studies that followed.

3.4. Characterizations
3.4.1. Physicochemical Characterizations

Using a diffractometer (Rigaku Smart Lab 9 kW), powder X-ray diffraction (XRD) at a
wavelength of 1.514 A, was used to examine the crystalline nature of the prepared samples.
The FTIR spectra of prepared catalysts was characterized by ATR-FTIR (Bruker, ALPHA
model) Spectrophotometer in the frequency range 500-1500 cm ™. A Raman spectrometer (a-
300, AFM SNOM) was used to record the Raman spectra. Using transmission electron
microscopy (TEM) on a Thermo Fisher Technai 20 G? and field emission scanning electron
microscopy (FE-SEM) on a Nova Nano-SEM, the morphologies and microstructures of the
materials were investigated. X-ray photoelectron spectroscopy (XPS) investigation was

conducted using K-alpha XPS device.

3.4.2. Electrochemical Characterizations

The electrochemical studies were conducted with a three-electrode system within a single
compartment glass cell made up of Pyrex. The setup comprised a circular platinum (Pt) foil
with an area of 8 cm?, obtained from Aldrich with a purity of 99.9 %, serving as the counter

electrode, coated FTO (fluorine-doped tin oxide) plates with a 0.50 cm? area acting as the
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working electrode and a reference electrode utilizing Hg/HgO in a solution of 1 M KOH. The
electrochemical cell was cleaned before use by first boiling it in a 1:3 mixture of H>SO4 and
HNOs, then heating it in ultrapure water. The cell was then repeatedly rinsed with ultrapure
water, followed by acetone, and finally dried in an oven at 80 °C for 30 to 40 minutes. Pt wire
was then immersed in a 20 % HNOs solution for a short while after being cleaned with pure
water, and FTO was ultrasonically cleaned using ethanol, soap solution, and water in that order
to produce a hydrophilic surface. To bridge the electrolyte in the cell with the reference
electrode, a luggin capillary salt bridge was established. This bridge was made with KCI and
agar-agar. All recorded potentials in this investigation, were referenced to the Hg/HgO/1 M
KOH reference electrode, with a standard potential (E%gmgo) of 105.3 mV vs. the normal
hydrogen electrode (NHE) [14]. The electrochemical characterizations were conducted using
a CHI-608 C instrument manufactured by CH Instruments, USA. Various electrochemical
techniques were employed, including cyclic voltammetry (CV), impedance measurements
(EIS), and Tafel polarization investigations. These techniques were employed following
established methodologies as referenced in prior studies [15,16].

As per Equation 3.1, all potentials measured with the Hg/HgO reference electrode

were transformed to correspond with the reversible hydrogen electrode (RHE).

Erre = E%gmgo + Engmgo + 0.0592xpH (3.1)
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3.5. Results and discussion
3.5.1. Physicochemical Characterizations
35.11. XRD

The X-ray diffraction pattern depicted in Figure 3.1 illustrates the presence of BCTO phase
(identified by JCPDS card no. 46-0725) in both Mg-doped and undoped BCTO samples, where
the peaks correspondingto (200),(211),(220),(310),(222),(321),(400),(422),and
(4 4 0) planes align closely with those of CCTO (JCPDS card no. 75-2188). The small peak
around (211) plane is the secondary phase of rutile TiO2 (JCPDS card no. 21-1276), which is
present in trace amounts in all the samples. These patterns closely resemble those that have
already been documented [13,17]. By employing the Debye—Scherrer’s formula (Equation

3.2), the crystallite size (D) of the synthesized samples were determined [18].

kA
- [ cos @

(3.2)

The diffraction angle is indicated by 0, the full-width half maximum (FWHM) is shown
by B, and the XRD wavelength is represented by A. The crystal shape coefficient (k) is fixed at
0.89 [19]. BCTO, Mgo.0sBCTO, Mgo.1BCTO, and Mgo.BCTO ceramics were found to have

average crystallite diameters of 34.97 nm, 43.96 nm, 47.08 nm, and 45.02 nm, respectively.
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Figure 3.1. XRD patterns of a) BCTO, b) MgoosBCTO, ¢) Mgo1BCTO and d)

Mgo.BCTO catalysts.

3512, FTIR

Figure 3.2 displays the FT-IR spectra of the BCTO and Mg doped BCTO ceramic materials,
highlighting specific peaks that elucidate the material's composition and bonding properties. A
tiny absorption peak at 547 cm™! is ascribed to the bending mode of copper oxide (CuO) [20].
The band recorded at 594 cm™! specifically corresponds to Ti—O stretching vibration. This band
signify the formation of perovskite phase of the bismuth copper titanate ceramic [21,22].The
absorption band at 743 cm™! is linked to a Bi—O metal oxide bond, indicating the presence of
bismuth oxide in the structure [23]. The bands observed at 1098 cm™ is ascribed to the C-N

bond stretching [24].
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Figure 3.2. FT-IR spectra of a) BCTO, b) MgoosBCTO, ¢) Mgo:BCTO, d)

Mgo2BCTO catalysts.
3.5.1.3. Raman Spectroscopy

Figure 3.3 illustrates the Raman spectrum of Bi23Cuz—xMgxTisO12 for x value of 0.1 recorded
in the range of 200-1000 cm™*. The spectra reveal multiple modes at 263, 432, 511, 606, and
708 cm L. The modes observed at 432 and 511 cm!, associated with Ag symmetry, suggest the
rotational movement of TiOe (octahedron) and the related anti-stretching vibrations of the Ti—
O-Ti bonds [25,26]. The presence of the modes at 432, and 511 cm™* confirms the phase of

bismuth titanate in the synthesized catalysts [27].
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Figure 3.3. Raman spectrum of Mgo.1BCTO.

According to lattice dynamic calculations (LCD), the mode associated with stretching
vibration of Ti—-O-Ti typically appears at 708 cm ™ [28]. Nevertheless, as stated by C. Mu et
al., this mode can shift to higher wavenumbers [29]. The weakest mode was observed around
263 cm ! may indicate the presence of a CuO phase, which contrasts with the XRD results,
where no phases other than the bismuth copper titanate phase were detected. Such low-
frequency vibrations in perovskite oxides are often associated with the relative motion of Bi—
O and Ti—O sublattices. These modes can be interpreted in terms of longitudinal optical (LO)
and transverse optical (TO) phonon splitting, which originates from long-range Coulomb
interactions in polar crystals. The presence of both LO and TO contributions reflects the
anisotropic nature of lattice vibrations and is commonly observed in ferroelectric and
perovskite systems. Incorporating this interpretation strengthens the assignment of the

observed bands, highlighting that the 263 cm™! peak is not an artifact but an intrinsic vibrational
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mode of the Mg-BCTO structure. This detailed understanding further supports the structural
integrity of the lattice and demonstrates that doping does not suppress the fundamental phonon
activity of the bismuth titanate phase. This discrepancy arises because Raman spectroscopy is
more sensitive than XRD, making it capable of detecting phases that XRD could not [27].

Raman spectra of other stoichiometries are shown in the following Figure 3.4.
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Figure 3.4. Raman spectra of a) BCTO, b) Mgo.0sBCTO, ¢) Mgo.2BCTO.

3514. FE-SEM

The field emission scanning electron microscopy (FE-SEM) images for the
Bi2sCu3—xMgxTi4012 (Mg doped BCTO) particles with x = 0.1 are shown in Figures 3.5 (a)
and (b). The micrographs show that most of the particles have forms that resemble cubes, yet
there is a discernible variance in the sizes of the particles among the samples, which is a feature
common to the BCTO structure [27,30,31]. As shown in Figure 3.5 (f), the average particle

size for the composition with x = 0.1 is found to be around 0.35 pum [13].
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Figure 3.5. a, b) SEM images of Mgo1BCTO at different magnifications, ¢c) TEM image of
Mgo1BCTO, d) HR-TEM image of Mgo1BCTO, e) SAED pattern, f) Particle size distribution

of Mgo.1BCTO with standard deviation.

Figure 3.6 and Figure 3.7 illustrates the use of EDS and elemental mapping to further
examine the constituent distribution and composition of Mg doped BCTO particles. All the
anticipated elements, i.e., Bi, Cu, Mg, Ti, and O are present in the sample for x = 0.1. This
thorough examination confirms that the specified stoichiometric ratios were reached with the
introduction of trace amounts of TiO2 and CuO. It also shows that the host and replaced
elements are equally distributed across the sample. Additionally, FE-SEM images (Figure
3.8), EDS spectra and elemental mapping (Figure 3.9 and Figure 3.10) of BCTO and other

Mg doped BCTO stoichiometries are provided for comparison.
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The SEM micrographs (Figure 3.8) reveal distinct morphological differences between
undoped and Mg-doped BCTO ceramics. The undoped sample (Figure 3.8 (a)) shows mostly
unfaceted grains with irregular outlines, whereas the Mg-doped samples exhibit more
prominently faceted grains with well-defined crystal faces. Interestingly, faceted structures are
visible even in the undoped material despite the relatively low-temperature processing
conditions, suggesting an inherent tendency toward anisotropic growth. However, the degree
of faceting is enhanced in the Mg-doped samples, indicating that Mg incorporation promotes
anisotropy and preferential growth along specific crystallographic planes. In addition to
faceting, a noticeable reduction in average grain size is observed with increasing Mg content,
suggesting that Mg doping simultaneously inhibits grain growth while promoting more

ordered, anisotropic morphology.
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Figure 3.6. a) FE-SEM image of Mgo.1BCTO, b) Corresponding EDS spectra.
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Figure 3.7. Elemental mapping of Mgo.:BCTO.

3.5.15. HR-TEM

The transmission electron microscopy (TEM) technique was utilized to examine the detailed
microstructure of the Mg doped BCTO (Mgo1BCTO). In Figure 3.5 (c), the TEM image
reveals that the Mg doped BCTO particles possess cubical shape of crystalline particles
aligning well with the observations from scanning electron microscopy (SEM) analysis. Due
to particle agglomeration, some particles are found to be larger in size which is a common
property of such materials [32]. Further, the HR-TEM image shown in Figure 3.5 (d), reveals
distinct lattice fringes with interplanar spacing of 0.37 nm. This spacing correspond to the (2
0 0) crystal plane of the Mgo.1:BCTO material. Moreover, the selected area electron diffraction
(SAED) pattern depicted in Figure 3.5 (e), taken from a specific region of the material,
displays a combination of discrete dots and rings. This pattern is indicative of a material that

exhibits polycrystalline characteristics [31]. These detailed TEM observations not only
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corroborate the findings from SEM analysis but also reveal the intricate nature of the Mg doped

BCTO material.

Figure 3.8. FE-SEM images of a) BCTO, b) Mgo.0sBCTO, ¢) Mgo..BCTO, d) Mgo2BCTO.
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Figure 3.10.

EDS spectra and elemental mapping of BCTO ceramic material.
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3.5.1.6. XPS

The catalyst's (Mgo.:BCTO) coordination environment and chemical state were analyzed using
X-ray photoelectron spectroscopy (XPS). The spectra ascertain the constituents of the Mg
doped BCTO, revealing the presence of Mg, Bi, Cu, Ti and O as shown in Figure 3.11. These
results elucidate the binding states of the various constituents inside the catalyst. The high-
resolution Mg 1s spectrum displays one distinct peak at binding energy of 1,303.5 eV. Figure
3.11 (a) represents the deconvolution of this peak. This observed peak is indicative of MgO,
thereby affirming the existence of Mg ions in the +2 oxidation state within the ceramic material
[33]. The Bi 4fs;2 and Bi 4f7/; states are represented by two prominent and symmetrical peaks
at 163.36 eV and 158.7 eV, respectively, in the high-resolution XPS spectra of the Bi 4f core
level for the Mg doped BCTO sample [34]. The intrinsic spin-orbit coupling, which splits the
Bi 4f core level into two sublevels, is the source of these peaks. This splitting is shown in
Figure 3.11 (b), which displays a thorough scan of the Bi 4f spectrum. The presence of the Bi
element in its trivalent form (Bi%*) is indicated by these binding energies [35]. Figure 3.11 (c)
depicts the Cu 2p XPS spectrum of the Mgo1BCTO sample, where the peaks with binding
energies of 933.2 eV and 953.1 eV correspond to the Cu 2pz and Cu 2py states, respectively,
showing the existence of +2 (Cu?*) oxidation state of Cu. The appearance of satellite peaks at
943.7 eV and 963.1 eV further validates this [36,37]. The spin-orbit doublet of Ti, namely the
Ti 2ps2 and Ti 2py states, is represented by the two separate peaks seen at around 457.21 eV
and 463.2 eV respectively (Figure 3.11 (d)). According to earlier reported research [38,39],
these binding energies are in line with the existence of tetravalent Ti ions (Ti**) inside the TiO;
lattice. On the spectrum's lower binding energy side, two different O% ion types were found

(Figure 3.11 (e)). About 2.0 eV more binding energy can be seen for Ovac 15 peak than the O
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1s peak in M-O bond. Oxides that include cations in several valence states often exhibit this
dual peak structure for O 1s [40]. It has been proposed that O*> ions of M-O bond, are
surrounded by a full complement of six nearest-neighbor O? ions, while Ovac®™ ions are located
in oxygen-deficient regions [41]. In oxygen-deficient regions, the effective nuclear charge of
an Ovac?™ 1s electron is higher relative to an O* 1s electron in M-O bond due to the reduced

screening effect [40].
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Figure 3.11. High resolution of XPS spectra of a) Mg 1s, b) Bi 4f, ¢) Cu 2p, d) Ti 2p, e) O1ls.

3.5.2. Electrochemical characterizations
3.5.2.1. OER Study

The electrocatalytic activity of all the synthesized catalysts was assessed using linear sweep
voltammetry (LSV) and electrochemical impedance spectroscopy (EIS). Figure 3.12 (a)

displays the LSV, measured at a scan rate 0.5 mV s, for BCTO and Mg doped BCTO. Figure
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3.12 (a) demonstrates that the catalytic current rises as the Mg doping increases. Nevertheless,
as the doping increases from Mgo1BCTO to Mgo2BCTO, a decline in catalytic activity was
detected, most likely because of the structural morphology collapsing [42] or a decrease in
oxygen vacancy formation [43]. Liu et al. discovered that the presence of oxygen vacancies
has a substantial impact on boosting the performance of the OER. They observed that an
increase in oxygen vacancies correlates with enhanced OER performance [44]. Oxygen
vacancies provide an abundance of electrons, which enhance the attachment of adsorbates to
the catalyst surface via interactions between the surface and the adsorbate [45,46]. In line with
these findings, Mg doping has been reported to promote the generation of oxygen vacancies,
which in turn improves the electronic conductivity of the system and contributes to the
observed enhancement in OER activity. Thus, the superior activity of Mgo..BCTO can be
attributed to an optimum balance between vacancy generation and structural stability, whereas
excessive Mg incorporation (Mgo..BCTO) likely disrupts this balance, leading to reduced
performance.

The overpotential for Mgo.1BCTO was around 265 mV for achieving 10 mA cm (110),
which is the lowest and has the highest current density among all the prepared stoichiometries
(Figure 3.12 (c)) and almost equivalent to the overpotential of the state of the art catalyst RuO>
(240 mV) [8]. In order to standardize the amount of material and roughness of the electrode on
the substrate, the activity was also determined by calculating the current density per mg

(specific current density) (Equation 3.3), and the true current density (Equation 3.4) [47].
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Figure 3.12. a) LSV at a scan rate of 0.5 mV s in 1 M KOH at 25 °C, b) Tafel slopes,

c) Variation of overpotential with as prepared catalysts and bare electrode, d) CV of

FTO/M@o1BCTO electrode in non-faradaic region at different scan rates, e)

Corresponding Ca plot for FTO/Mgo.1BCTO electrode f) Variation of Tafel slopes with

as prepared catalysts and bare electrode.

jspec

]true

Where, Rt is roughness factor.

Japp

material loading

Japp
Rf

3.3)

(3.4)

From the CV, (Figure 3.13) the values of three current densities viz. apparent (japp),

true (jiue), and specific (jspec), iN addition to the overpotential values (at specified current
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densities), and other kinetic parameters, for the prepared catalysts are provided in Table 3.1
(calculated from different plots of other catalysts and bare electrode as shown in Figure 3.17,
3.18, 3.19, and 3.20). Either the japp Or the jiue, Normalized by the geometric surface area of
the electrode or the oxide roughness factor, may be used to indicate the kinetics of

electrochemical oxygen evolution.
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Figure 3.13. CV of prepared catalysts and bare electrode.

The analytical Tafel equation was used to calculate the Tafel slope, which is a measure
of catalytic activity (n = b log j) [48]. A low Tafel slope value is desirable for efficient
electrocatalysts because it indicates faster reaction kinetics. Among the catalysts tested,
Mgo.1.BCTO demonstrated the most favorable catalytic activity, indicated by its significantly
lower Tafel slope value of 92 mV dec? (Figure 3.12 (b)), confirming its superior Kinetics
relative to the other samples (Figure 3.12 (f)). The Tafel slopes for the other catalysts and the

bare electrode are listed in Table 3.1 for comparison. This lower Tafel slope and higher current
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density for Mgo.1BCTO were further validated by Nyquist plots, which showed that, it has the
lowest charge transfer resistance among the other stoichiometries studied, underscoring its

efficiency as an electrocatalyst.

Table 3.1. Electrode kinetic parameters.

Electrode Overpotential Current density at Ca (WFem?)  Rr  ECSA  Tafel Slope
(mV) at (em?)  (mV dec?)
E=1.75V
10 mA cm™
(mA cm™)
japp jtrue J spec
Bare 341 (m) 4.88 938 14.78 20.82 0.52 0.13 250
FTO/BCTO 188 ((m1) 12.00 1240 36.36 38.70 0.96 0.24 192
FTO/Mgo.0sBCTO 392 24.00 1543 7272 62.20 1.55 0.38 180
FTO/Mg,..BCTO 265 66.00 14.09 200.00 187.35 4.68 1.17 92
FTO/Mgo.BCTO 309 46.00 26.74 139.39 68.8 1.72 0.43 143

The double layer capacitance was determined by conducting cyclic voltammetry (CV)
in the non-faradaic region (0.90 V — 0.95 V vs. RHE) with scan rates ranging from 20 mV s
to 150 mV s (Figure 3.12 (d)). A graph was generated by plotting the scan rate against the
current density to get a linear plot (Figure 3.12 (e)). The measure of Cq (Equation 3.5) could

be determined by taking half of the slope of this line [49].

Department of Chemistry, 11T (BHU) 95



Chapter 3

4j
2d(Vp)

Car = (3.5

Where, 4j is charging current density,

Vp is scan rate.

The investigation included the calculation of the electrochemically active surface area
(ECSA) and roughness factor (Ry) of the catalysts. The R¢ value offers valuable information on
the arrangement and dispersion of active sites in a system. A value of Rt higher than 1 indicates
a larger and more advantageous adsorption region which is calculated from Equation 1.25
[50]. The ECSA was calculated using the relevant methods (Equation 1.24), and it was found
that Mgo1BCTO exhibited a higher double layer capacitance (Cai) value of 187.35 pF cm™ and
a larger ECSA of 1.17 cm? compared to the other catalysts (Table 3.1). A higher ECSA value
indicates that the material has a greater number of active sites that are exposed. These active
sites play a critical role in facilitating the transfer of electrons and protons between the
electrolyte and the electrode, and they also engage in the process of electrolysis [51].
Additionally, The ECSA measurements have been normalized to mass loading of catalysts and

the results are shown in Figure 3.15 (a).
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Figure 3.14. a) Nyquist plots, b) Fitted Nyquist plot of FTO/Mgo.1BCTO electrode.

The rate at which charge is transferred between adsorbed intermediates at the electrode
interface was assessed using electrochemical impedance spectroscopy (EIS) [52]. The EIS
measurements were performed at 0.90, 1.00, 1.05, 1.15, 1.25 and 1.35 V vs. RHE (Figure
3.16) in the frequency range of 100 kHz to 0.01 Hz at 5 mV perturbation amplitude, but
reported at onset potential, which is visually represented through Nyquist plots, as illustrated
in Figure 3.14 (a). Also, Nyquist plots normalized by mass loading of the catalysts are
illustrated in Figure 3.15 (b). In these plots, the appearance of a semicircle on the Zrea axis is
indicative of charge transfer resistance (Rct). Notably, if the semicircle originates from the
origin of Zwea axis, it also encompasses the solution resistance [52]. When comparing the
Nyquist plots of prepared catalysts, the Mgo:BCTO displayed the smallest semicircle
curvature. This suggests that Mgo1BCTO presents the lowest charge transfer resistance during
the OER. The reduced resistance is likely due to the optimized ECSA of the Mgo.1BCTO,
which facilitates a greater accumulation of charge near the electrode surface, thereby

enhancing the overall electrochemical performance.
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Figure 3.15. a) Comparative ECSA for all the prepared catalysts normalized by mass loading,

b) Nyquist plots normalized by mass loading of the catalysts.

The semicircles observed in Nyquist plots at different frequency regions represent the
adsorption and desorption processes of reactive intermediates (H/OH") and the charge transfer
resistance (Rct). These EIS findings are consistent with the LSV experiments and provide a
comprehensive understanding of the catalytic performance of the materials. The analysis of
Nyquist plot is based on an equivalent circuit model, depicted in the inset of Figure 3.14 (b).
This model includes Rs, representing the solution resistance; Ri, indicating the electrode
surface resistance from the catalyst to the electrode surface; and R, corresponding to the
charge transfer resistance [53,54]. Typically, a lower Rt value indicates a more rapid electron

transfer process.
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Figure 3.16. Nyquist plots of FTO/Mgo.1BCTO electrode on increasing potential.
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Figure 3.17. a) CV of FTO/Mgo2BCTO electrode in non-faradaic region at different scan rates,

b) Tafel polarization curves of FTO/Mgo.BCTO electrode at different temperatures, c) Tafel

polarization curves of FTO/Mgo2BCTO electrode at different concentrations of KOH, d)

Corresponding Cqi plot for FTO/Mgo.BCTO electrode, e) Corresponding Arrhenius plot for

FTO/Mgo.BCTO, f) order of reaction for FTO/Mgo.2.BCTO electrode.
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Analysis of the fitting data reveals that the Mgo..BCTO exhibits the lowest Rt value of
29.57 Q. In comparison, BCTO, Mgo.0sBCTO, and Mgo..BCTO show Rt values of 94.40 Q
and 65.20 Q, and 48.20 Q respectively. These results demonstrate that the Mgo1BCTO
achieves optimal charge transfer efficiency and enhanced catalytic activity
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Figure 3.18. a) CV of FTO/Mgo.osBCTO electrode in non-faradaic region at different scan
rates, b) Tafel polarization curves of FTO/Mgo.osBCTO electrode at different temperatures, ¢)
Tafel polarization curves of FTO/Mgo.0sBCTO electrode at different concentrations of KOH,
d) Corresponding Cai plot for FTO/Mgo.osBCTO electrode, e) Corresponding Arrhenius plot

for FTO/Mgo.0sBCTO electrode, f) order of reaction for FTO/Mgo.0sBCTO electrode.

Department of Chemistry, 11T (BHU) 100



Chapter 3

ES o
1

™~

1

e

'
()

Current density (A cm™)

ES
1

o

) 0:\
a & ——25% b ] ——0.25 M KOH C
100 mV s g 1- £ 04 —0.50 M KOH
gy e 3} 9 ——0.75 M KOH
v < < | —roomxon
omy s’ E 04 E 14| ——1.50 M KOH
40 m S 3’
20mVs’ - =
ImV s g =
> -1 U -2
= =]
= =
@ -]
- -2 = -3
Sy ot
= =
= ©
o0 -3 on -4
2 2
90 091 0.92 093 094 0.95 w11 12 13 14 15 0 L 12 13 14 15
Potential (V) vs. RHE Potential (V) vs. RHE Potential (V) vs. RHE

®

Current density (pA em?) _

~

n
=
=

e) | _135v]

@ 135 \'I f)

S
n
1

n
e
L

o
in
1

&
n
1
[
=
1

ol
o
1

log (Current density/A em?)

a
n

0 20 40 60 80 100 T T T T T T T T T y f
- -0.6 -0.4 -0.2 0.0 0.2
Scan rate (mV s I) 3.00 3.05 3.10 315 320 325 330 335 340

1000/T (K™ log [OH']

Figure 3.19. a) CV of FTO/BCTO electrode in non-faradaic region at different scan rates, b)
Tafel polarization curves of FTO/BCTO electrode at different temperatures, c¢) Tafel
polarization curves of FTO/BCTO electrode at different concentrations of KOH, d)
Corresponding Cai plot for FTO/BCTO electrode, e) Corresponding Arrhenius plot for

FTO/BCTO electrode, f) order of reaction for FTO/BCTO electrode.
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Figure 3.20. a) CV of bare FTO electrode in non-faradaic region at different scan rates, b)
Tafel polarization curves of bare FTO electrode at different temperatures, c) Tafel polarization
curves of bare FTO electrode at different concentrations of KOH, d) Corresponding Cqi plot
for bare FTO electrode, €) Corresponding Arrhenius plot for bare FTO electrode, f) order of

reaction for bare FTO electrode.
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3.5.2.2. Thermodynamic study

To determine several key thermodynamic parameters such as, the standard electrochemical
energy of activation (AH¢%), the standard entropy of activation (AS’), and the standard
enthalpy of activation (AH%), all the prepared catalysts were investigated. To ensure consistent
conditions, the reference electrode was kept at a constant temperature of 25 °C throughout the
experiments. The curves for anodic polarization were recorded in a 1 M KOH solution at
temperatures ranging from 25 °C to 55 °C. (Figure 3.21 (a)). These curves were then used to
make corresponding Arrhenius plots, which are depicted in Figure 3.21 (b). The comparative
data of thermodynamic parameters for BCTO and Mg doped BCTO are shown in Table 3.2.
As anticipated, the FTO/Mgo.1BCTO electrode demonstrated a lower electrochemical
activation energy than the other stoichiometries. This suggests that the Mgo.1BCTO material
requires less energy to drive the reaction forward, making it more efficient as an electrocatalyst.
The transfer coefficient (o) was calculated using the relation a=2.303RT/bF, where T is the
absolute temperature, F is the Faraday constant, b is tafel slope, and R is the gas constant. For
Mgo1BCTO, the average value of a was maximum, indicating efficient electron transfer during

the reaction.
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Figure 3.21. a) Tafel polarization curves of FTO/MgoiBCTO electrode at different
temperatures, b) Corresponding Arrhenius plot, c) Tafel polarization curves of

FTO/Mgo.1BCTO electrode at different concentrations of KOH d) order of reaction.

Further thermodynamic parameters, such as AS” and AH% were determined using
Equations 1.28 and 1.30, which is already discussed in Chapter 1. These parameters provide
insights into the energy requirements and the degree of disorder associated with the reaction
transition state. Their average values are listed in Table 3.2, highlighting the superior
performance of the Mgo1BCTO catalyst. The Tafel slope (b), which is derived from the
polarization curves obtained at different temperatures, is expressed in mV dec™®. A lower Tafel

slope typically indicates better catalytic efficiency and faster reaction kinetics. Finally, the
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frequency factor, which includes Planck’s constant (h) and the Boltzmann constant (kg), was
calculated as ksT/h. This factor contributes to understand the frequency of successful collisions
between reactants leading to the reaction. Overall, these analyses underscore the enhanced
catalytic properties of the FTO/Mgo..BCTO electrode compared to its stoichiometries.

The FTO/Mgo.1BCTO electrode exhibits the highest adsorption for the electrochemical
generation of oxygen, indicating a greater number of active sites available for the adsorption
of reactive species. This is consistent with its most negative AS’ value. Table 3.2 presents

detailed thermodynamic values, which can be calculated using the method described in [55].

Table 3.2. Thermodynamic parameters.

Electrode Standard Standard Transfer Standard
electrochemical electrochemical coefficient enthalpy of

energy of entropy of activation (o) activation
activation (AH."%) (-AS.*%) (AH™)

(kJ mol™) (J K''mol) (kJ mol™)
Bare 58.06 28.72 0.24 104.38
FTO/BCTO 46.52 68.55 0.31 106.35
FTO/Mgo.0sBCTO 42.14 72.46 0.33 114.83
FTO/Mgo.BCTO 32.24 93.05 0.64 155.76

FTO/Mgo.BCTO 37.28 79.08 0.41 116.41
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3.5.2.3.  Stability and durability

A catalyst has to show remarkable stability in addition to strong catalytic activity in order to
be suitable for real-world uses and commercialization. Assessing the long-term stability and
durability of an electrocatalyst is crucial to ensure its effectiveness and reliability for practical
applications. To assess this aspect, the stability of the FTO/Mgo1BCTO electrode was
thoroughly tested through extended chronopotentiometry in a 1 M KOH electrolyte solution.
As shown in Figure 3.22, the chronopotentiometry results indicated that the electrode
continued to have a consistent potential profile even after 12 hours of continuous operation.
This observation suggests that the electrode's catalytic activity was not adversely affected by

the gas bubbles formed during the process, highlighting its potential in practical applications.
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Figure 3.22. Chronopotentiometry test at a constant current of 10 mA cm™2.
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3.5.2.4. OER mechanism

For understanding the mechanism of OER, we first calculated the order of reaction for the
prepared catalysts using different concentrations of KOH [56]. In this study, the OH" ion
concentration is varied from 0.25 M of KOH to 1.25 M of KOH by maintaining the constant
ionic strength to 1.5 using KNOs electrolyte. The Tafel polarization curves were recorded at
each concentration (Figure 3.21 (c)) and a graph between log (current density) vs. log [OH]
was plotted. The curve plotted was found to be a straight line and the slope of this straight line
gives the order of reaction as shown in Figure 3.21 (d).

For each catalyst, the values obtained were non-integral, which is not uncommon and
has been reported in several studies [57,58]. This phenomenon can be explained by the
adsorption and ionization of OH" on the catalyst surface, where hydroxyl groups are involved
[59]. Additionally, the total surface coverage by adsorbed intermediates, such as oxygen-
containing species formed during the electrochemical generation of oxygen, contributes to
these non-integral values. This occurs under Temkin adsorption conditions, which consider
that adsorption energy decreases linearly with increasing coverage, influencing the behavior
of the catalysts during the reaction [60,61].

The oxygen evolution reaction (OER) process in alkaline media typically involves four
electrochemical steps, including one electron transfer at each step. The process begins at the
active sites of the metal (M), where OH" ions are adsorbed and released. This is followed by
the electro-sorption of OH" ions, as described in Equation (3.6). Subsequently, an O-O bond
is formed through a series of intermediates, including OH*, O*, and OOH*, which are adsorbed

at the metal's active sites, denoted by M-O bonding (Equations (3.7), (3.8), and (3.9)). These
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chemical steps are well-documented in previous research as part of the OER mechanism

[42,48].
OH +M — M+ OH* + ¢ (3.6)
OH* + OH — O* + H,0 + & (3.7)
OH+ O* — OOH* + ¢~ (3.8)
OH™ + OOH* — 0 + H,O + &~ (3.9)

This mechanism closely resembles the electrochemical pathway proposed by Bockris
[60]. However, it is crucial to acknowledge the potential existence of alternative pathways,
such as the Bockris-Otagawa peroxide route and Krasil'shchikov's pathway [60]. According to
the proposed mechanism, O* and OH* serve as surface-adsorbed intermediates, with 'M" acting
as the active site on the surface. This highlights the complexity and versatility of the OER
process, where different pathways and intermediates can influence the overall reaction

dynamics.

3.6. Conclusion

The catalysts were evaluated for their potential as electrocatalysts to facilitate the oxygen
evolution reaction (OER) in an alkaline medium (1 M KOH). The experimental results
indicated that BCTO and Mg doped BCTO could be synthesized in a cost-effective and
straightforward manner using a semi-wet process. Notably, the FTO/Mgo1BCTO electrode
exhibited the lowest Tafel slope, highlighting its superior electrocatalytic activity for OER in
an alkaline environment. This catalyst demonstrated nearly first-order kinetics for the OER
process, emphasizing its efficiency. Among the tested catalysts, Mgo.1BCTO also had the

lowest standard electrochemical activation energy, further confirming its effectiveness.
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In addition to its application in OER, BCTO and Mg doped BCTO materials show
promise to electrode materials for energy conversion and other applications. By utilizing
efficient OER catalysts like Mgo.1BCTO, large-scale practical water splitting can be achieved,
providing the efficient and clean energy required to meet modern energy demands. This
advancement holds significant potential for addressing current and future energy challenges

by enabling the development of sustainable energy solutions.
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