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Abstract

Owing to the ever-increasing global energy demand, the utilization of non-
renewable and non-sustainable fossil fuels has increased manyfold. The
combustion of fossil fuels has a severe negative environmental impact.
According to the sixth assessment report by IPCC (Intergovernmental Panel on
Climate Change), published in 2021, the global temperature has increased by
nearly 1.1°C since 1850-1900 due to the release of heat-trapping gases into the
atmosphere, which is anticipated to grow further in a few years. Hydrogen gas is
a sustainable, energy-dense, and carbon-neutral energy carrier, which is the most
suitable alternative to fossil fuels to realize global energy demands. Solar energy
is one of the most abundant natural resources, and it can be converted into
electricity energy and used further for hydrogen production. However, regional
or seasonal factors make solar energy sources generally discontinuous and
variable. Electrochemical water splitting to produce hydrogen and oxygen is one
of the most sustainable and non-carbonaceous strategies for converting electrical
energy to chemical energy, thus overcoming the intermittent nature of solar
energy. Out of the two composite reactions of overall water-splitting (OWS), i.e.
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER), the
OER is inherently sluggish owing to the involvement of four proton-coupled-

electron-transfer (PCET) steps.

To increase the efficiency of the OWS process, the transition metal-based
oxides have emerged to be effective in facilitating the water-splitting reaction and
speeding up the kinetics. The incorporation of high-valent 4d or 5d metals like
W or Mo into metal oxides leads to the formation of stable oxides (ABOs ) where
W and Mo are present as an oxy anion, [BO4]? (B = Mo/W) and A represent the
transition metal. These bimetallic oxides possess such an electronic structure that
the surface adsorption-desorption kinetics of the reaction intermediate for these
ternary oxides would be optimum. However, bimetallic oxides (BMOs) like
transition metal molybdates (TMMs) and transition metal tungstates (TMTs) are

found to undergo structural transformation to metal oxides, hydroxides, or



oxyhydroxides under alkaline conditions. The unique electronic properties of the
BMOs can directly affect their electrochemical stability. However, the BMOs
lack bifunctionality and stability. In this regard, the spinel ferrite materials have
been found to exhibit bifunctionality towards water splitting as well as structural
robustness during the alkaline electrolysis. In this thesis entitled “Deciphering
Structure-Activity Correlation in Bimetallic Metal Oxide Catalysts During
Electrochemical Water Splitting”, the electrocatalytic transformation of
wolframite-like TMMs/TMTs and spinel ferrites towards in-situ evolved
electroactive species has been studied, and the structure-activity has been
established to decipher the water splitting mechanism, coupled with the DFT
study. The experimental electrokinetic study of the activation energy, rate-
limiting step, reaction order, charge transfer coefficient, etc., is also essential to

study the comprehensive water splitting mechanism.

Therefore, in the first work chapter, the study on the hydrothermally
synthesized Fe-based TMM/TMT, i.e., FeMoO4 and FeWO4, has been carried out
experimentally and theoretically to study the influence of Fe on the electronic
structure and the energetics of the electroactive species formation. The greater
activity of the molybdate analogue was evident from the low overpotential of 244
(£5) mV compared to 282 (+£3) mV for FeWO4 at 10 mA cm™. FeMoOy also
showed a higher TOF of 2.7x 107 s”!'. The time-dependent quasi-in situ Raman
analyses (Raman analyses performed immediately after the electroanalysis)
reveal a potential-driven hydrolytic dissolution of [MoO4] from FeMoOs to
form a-FeO(OH) as the electroactive species, while FeWO4 remains relatively
stable. The higher ionic character of the Fe-O-Mo bond and low decomposition
enthalpy (AHp) of FeMoOs favour the electrocatalytic decomposition of
FeMo0Os. The peroxo (O-O) bond formation is found to be rate-limiting with a
minimum potential barrier of 38 kJ mol™ in the case of FeMoQas. This chapter
combines the experimental and theoretical study of the effect of electronic
structure and bonding in the catalyst on its in-situ transformation during

electrocatalytic OER.



In the following work chapter, NiMoO4 and NiWO4 have been studied as
bimetallic metal oxide catalysts as the OER electrocatalysts, and their in-situ
structural transformation during alkaline electrolysis has been studied. Through
the quasi-in-situ Raman examination of the electrodes, it is found that after a few
CV cycles, the NiMoO4 transformed to NiO(OH)ep (ED: electrochemically
derived), while NiWOys stays stable. NiMoOs first transforms to the isolable NiO
phase in the absence of potential, which then transforms into NiO(OH)ep when
subjected to a potential bias. At the same time, such transformation is absent in
NiWOs. The conversion of NiMoO4 into NiO(OH)gp is due to the more ionic
nature of the Ni-O-Mo bond, contrary to the Ni-O-W bond, which has more
covalent characters. The in-situ evolved NiO(OH)ep showed a lower
overpotential and lower Tafel slope of 238 (£6) mV and 26 mV dec™h
respectively. This study explains that monoclinic NiMoO4 is an inherently
unstable electro(pre)catalyst that undergoes structural transformation to

NiO(OH)gp as the real catalytic phase.

The following work chapter investigates the in-situ transformation of
MnMoOjs to the final active phase during OER in alkaline pH. It was observed
that MnMoO4 undergoes alkaline dissolution to form o-MnO», which further
transforms to 6-MnO, as the final active phase under potential bias. While
transforming from a-MnO: to 6-MnO> phase, an intermediate thermally stable
mixed-phase 0/0-MnQO; is formed after 10 CV cycles. This mixed phase has the
overpotential of 239 mV at 333 K. Anodic transfer coefficient (o) of 0.7 and
unimolecular reaction order for [OH]- are obtained from temperature-dependent
OER investigation. The enhanced OER activity on a/6-MnO> is due to the rapid
electrokinetics owing to a low activation barrier of 9.77 k J mol™! and a high
exchange current density (jo) of 0.095 mA cm™. The DFT study on 8-MnO> shows
that the cleavage of the OH.q (ad = adsorbed) bond to generate the Oaq is the rate-
limiting step for OER. Here, the OER process is elucidated by tracking the
reactive phases produced by the MnMoOs pre-catalyst, comprehensive electro-

kinetics, and theoretical analysis.



The subsequent chapter deals with a comparative OER study of a series of
3d TMTs, A"™WVY04 (M = Mn/Fe/Co/Ni), correlating their electronic structure
with their electrochemical stability by experimental and theoretical studies. The
variation of 3d metal atoms in [AOg]on helps to understand the role of 3d metals
in controlling the electronic structure and stability of the tungstate lattices under
anodic potential. Among all the examined TMTs, MnWO4 shows the most labile
structure, whereas NiWOy is stable up to a high anodic potential of ~1.68 V (vs
RHE). Potential-dependent hydrolytic [WO4]? dissolution to form AOx active
species depends on the electronic properties of the lattice-like crystal field
splitting energy (CFSE), formation enthalpy (AHy), decomposition enthalpy
(AHg), and Madelung energy. The analysis of the magnitude of the Lowdin and
Bader charges on A of the A-p2-O-W bond confirmed the highest degree of ionic
characters in the Mn-O-W bond, which gradually decreased on moving from Mn
to Ni in the 3d series. The degree of ionicity or covalency in the MWOq lattice

directly influences the catalysts' electronic structure, stability, and activity.

The last work chapter studies the electrocatalytic bifunctional performance
of structurally stable bimetallic spinel oxide. The ca. 5 nm SnFe>O4 nanoparticles
have been prepared, and their electrocatalytic activity is compared with that of
the parent ferrite, Fe3Os. SnFe2Os4 nanoparticles behaved as a bi-functional
electrocatalyst under alkaline conditions, with a fair OER and HER activity and
appreciable long-term stability at lower cathodic/anodic potentials. After a 12 h
OER-CA at a high potential of 1.64 V (vs. RHE), SnFe;O4 transformed to a mixed
phase of Fe(O)OH, indicating the participation of Fe in the OER process. The
higher activity was evident from a low activation energy of 28.71 kJ mol™ for
OER performed by SnFe>O4, which is threefold less than Fe3Os. However,
understanding the reaction mechanism on an atomic scale is crucial to studying
the role of heteroatom (here, p-block Sn) doping in improving catalyst activity.
The density functional theory (DFT) study of the OER mechanism on the (001)
plane of the inverse spinel SnFe;O4 and Fe3O4 shows the formation of OOHagq is
the RDS for SnFe,04, while Oaq formation is found to be the RDS for FezOs. It

11

is discovered that a synergy between Fe'l'loy and the nearby Sn'on atoms is



responsible for stabilizing the OER intermediates, thereby enhancing the

catalytic OER activity of SnFe,O4as compared to the parent Fe;O4 catalyst.
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