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Abstract

The first introductory chapter deals with the idea of methanol economy and the role of

electrocatalytic MOR in methanol economy. The technological aspects of MOR in DMFC and

methanol assisted HER is explicitly discussed. The chapter sets the tune with the discussion of

various descriptors, such as (i) facile red-ox ability of active metal sites, (ii) electron occupancy in

eg orbital, (iii) metal-oxygen covalency, and (iv) defect engineering and lattice strain in enhancing

MOR. The significance of Ni based metal oxide in implementing these descriptors for alkaline

MOR with the formation of Ni-OOH has been comprehensively mentioned in this chapter.

The first two working chapter (2A and 2B) offers a uniquely comprehensive exploration of

structural and surface properties of RP oxides toward methanol oxidation reactions. Solution

combustion-synthesized La2−xSrxNiO4+δ (x = 0 – 0.8) Ruddlesden–Popper oxides is explored by

optimal doping with bivalent Sr2+ in the A site to enable the tetragonal distortion and oxidation

of Ni2+ to Ni3+ which ultimately resulted in enhanced covalent hybridization of Ni 3d – O 2p

with a closer proximity of the O 2p band to the Fermi level. This chapter propose a detailed

mechanism over La1.4Sr0.6NiO4+δ considering a lattice oxygen-mediated methanol oxidation

reaction, owing to Fermi-level “pinning” at the top of the O 2p band, which facilitated lattice

oxygen atoms prone to oxidation. The role of active species of Ni–OOH with the help of lattice

oxygen atoms and oxygen vacancies in La1.4Sr0.6NiO4+δ is studied during the methanol oxidation

reaction.

In subsequent chapter 2B, La2−xSrxNi1−y(Mn/Fe/Co)yO4+δ is explored for enhanced

MOR. The optimised La1.4Sr0.6NiO4+δ is further doped with Co2+ in the B site, to enhance the

Ni3+ with t62g d1x2−y2configuration exhibiting a tetragonal distortion with compression in axial

bonds and elongation in equatorial bonds. This structural modification fostered an augmented

overlap of d2z orbitals with axial O 2p orbitals, leading to a heightened density of states at the

Fermi level. Consequently, this facilitated not only elevated electrical conductivity for MOR but

also a noteworthy reduction in the charge transfer resistance.

Chapter 3A and 3B is devoted for the exploration of reducible CeO2 support with doping

of Ni, Sr and Zr, (Ce1−x−yNixSryO2−δ and Ce1−x−yZrxNiyO2−δ) for MOR. In Chapter 3A,

with the help of structural and surface studies, reducible CeO2 support in Ni and Sr co-doped,

Ce1−x−yNixSryO2−δ solid solution facilitate Ni2+ to Ni3+ oxidation as well as evolution of lattice

oxygen during MOR. The successful synthesis of Ce1−x−yNixSryO2−δ helped in formation of Ni

- OOH surface intermediates with Ni in 3+ oxidation state, where the evolved lattice oxygen

eased the CO oxidation process in order to bring out the better CO-tolerant methanol oxidation

activity. In chapter 3B, the highly reducible CeO2–ZrO2 support in the Ce1−x−yZrxNiyO2−δ

solid solution effectively facilitates the Ni2+ to Ni3+ oxidation process and the evolution of



lattice oxygen during methanol oxidation. Both the study shows the unique importance of the

electronic interactions between the active site and the support and involvement of lattice oxygen

in the methanol oxidation reaction.

The role of lattice strain in molybdates by doping of Co2+ in NiMoO4 is described in

chapter 4. The co-existence of two phases α and β along with the creation of strain resulted in

structural modification by weakening the bonds between Ni - O and Mo - O in the crystal lattice

and activation of lattice oxygen, creating vacancy. The result of optimizing the coordination

environment is the formation of Ni-OOH which is a beneficial diffusion path between the catalyst

surface and electrolyte, and improved conductivity, favourable for improving MOR performance

which was corroborated with DFT studies.

The last working chapter discuss the catalytic efficacy and improved mass activity of

morphologically engineered metal-free graphitic carbon nitride towards MOR. The quantum

dots show higher methanol oxidation activity due to its abundant edges in nano morphology

and maximum atomic percentages of active site of pyridinic N with the thorough probing of

electronic properties. The 0D g-C3N4 when supported on conducting polyaniline, not only shows

higher electrocatalytic methanol oxidation activity but also demonstrates excellent CO tolerance

to be a suitable and applicable metal-free anode catalyst in DMFC. The electrostatic interaction

between 0D g-C3N4 and conducting PANI fibres may have improved the electrical conductivity

and methanol adsorption of CNQD-PANI electrocatalyst and also played a role in oxidizing the

adsorbed CO to upsurge the CO tolerance.

An overall conclusion of the entire work with a future outlook is portrayed in chapter 6.
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Chapter 1

Introduction

The global population’s escalating reliance on energy, driven by factors such as urbanization,

rising living standards, and the growing importance of technology, is projected to result in a

substantial increase in energy demand. Projections suggest that by 2050, global energy demand

will soar to approximately 660 quadrillion British thermal units, marking an annual growth

rate of 15% [1]. The relentless demand for energy has led to a significant depletion of fossil fuel

reserves. Furthermore, the uncontrolled combustion of fossil fuels has led to the accumulation of

greenhouse gases such as CO2 in the atmosphere. Given the limited availability of fossil fuels and

the environmental consequences of their use, there is a pressing need for innovative technologies

that provide clean and sustainable energy alternatives to meet the ever-growing energy demands

of human society. The primary objective of human civilization in the 21st century is to strike

a balance between modern living and environmental harmony by exploring alternative energy

sources.

An affordable and practical alternative to traditional fuels is methanol, which contains

more H2 by mass per litre than pure liquid H2 (98.8 g of H2 per litre of methanol at room

temperature compared to 70.8 g in liquid H2 at 253 ◦C) [2]. This characteristic suggests that

methanol can serve as a safe carrier fuel for H2. Methanol boasts a reported octane number of

108.7 compared to gasoline’s 91, indicating that the methanol-air mixture can be compressed

further before ignition, thereby enhancing engine efficiency and ensuring cleaner emissions.

Methanol can leverage existing infrastructure used for gas and diesel, reducing infrastructure

and dispensing costs without emitting soot or smoke upon combustion. These unique attributes

provide a solution to the pressing issues of depleting fossil fuel reserves and pave the way for a
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feasible ”Methanol Economy.” The distinct qualities of methanol, including its lower flammability

risk, high octane fuel with favorable combustion characteristics, and high energy density of

approximately 4820 Wh/L, drive the emergence of the methanol economy as a promising future

prospect even compared to H2 [2, 3]. Being a liquid at ambient conditions, methanol can be

handled, stored, and transported with ease, utilizing existing infrastructure supporting global

methanol trade. In the methanol economy, methanol and dimethyl ether act as substitutes for

fossil fuels in the production of fuels, chemicals, and various other raw materials. The concept

of a methanol-based economy encompasses economic and technological considerations related

to the production, distribution, and utilization of methanol as an energy carrier or fuel across

diverse applications. Consequently, the accelerated adoption of methanol in the energy sector has

already resulted accounting for 40% of total production. By 2015, emerging energy applications

had utilized 75 million metric tonnes of methanol. Worldwide, approximately 200,000 tonnes of

methanol are consumed daily, either as a chemical feedstock or as a transportation fuel. Figure

1.1 illustrates global methanol consumption [4].

Figure 1.1: Global consumption of methanol

The production of methanol primarily relies on syngas in the following manner:

CO + 2H2 → CH3OH (∆H = −90.84 kJ/mol) (1.1)

The particular synthesis process is exothermic and occurs at low temperatures and high pressures,

primarily facilitated by a copper-based catalyst [5]. The catalysts operate at temperatures
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aroun 230 ◦C and pressures of 50–100 atm, as established by Imperial Chemical Industries (ICI).

Another approach involves producing methanol from natural gas (CH4) directly, leveraging its

abundance and ease of extraction. However, this method faces challenges due to methane’s

chemical properties, including the difficulty of activating the C–H bond [6]. Researchers have

also explored utilizing CO2 for methanol production using suitable catalysts [7–9]. Efforts to

reduce the temperature and pressure requirements for methanol synthesis have led to innovative

pathways, such as producing methanol via methyl formate and successive hydrogenolysis. This

technique involves carbonylation in the liquid phase using sodium or potassium methoxide as a

homogeneous catalyst [10].

1.1 Methanol Oxidation Reaction: A Crucial Reaction of Methanol

Economy

Methanol oxidation Reaction (MOR) is a vital reaction of great technological relevance

in view of its potential use as a fuel in methanol economy. Its importance can be validated by

implementing its potential aspect in Direct Methanol Fuel Cell and Methanol Assisted Hydrogen

Evolution Reaction.

1.1.1 Direct Methanol Fuel Cell (DMFC)

The idea of methanol economy is viable with the concept of DMFC to hunt for a clean,

effective energy source. The best thing is that it can utilise all by-products and even CO2 can

be recycled back to methanol again. DMFC belongs to the subcategory of proton exchange

membrane (PEM) fuel cells, where methanol production is harnessed to generate electricity

independently of hydrogen reliance. Utilizing DMFC, which leverages affordable methanol over

expensive hydrogen, can lead to a substantial reduction in carbon emissions. A DMFC has

the potential to offer 2–3 times the energy density of the Li-ion batteries in the future [11, 12].

Figure 1.2 shows a schematic of DMFC components.
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Figure 1.2: Schematic diagram showing DMFC components

The complete reaction in a DMFC involves a methanol/water mixture directly fed at the

anode compartment, where it undergoes direct oxidation to carbon dioxide. Protons generated

at the anode migrate through the polymer electrolyte to the cathode, where they react with

oxygen undergoing reduction to produce water. Electrons flow through an external circuit to the

cathode, producing electricity, while protons migrate through the PEM to reach the cathode.

Conversely, oxygen from the surrounding air undergoes reduction at the cathode, resulting in the

production of water and heat through the reaction of oxygen with protons and electrons. This

process is referred to as the oxygen reduction reaction. Water vapour at the cathode leaves the

cell mainly by diffusion and natural convection. The released heat is dissipated to the methanol

solution on the anode side and to the ambient air on the cathode side. MOR in the anodic

compartment can be carried out both in acidic and alkaline medium.

Acidic medium

Anode reaction : CH3OH+H2O → CO2 + 6H+ + 6e− E0 = 0.016 V vs RHE (1.2)

Cathode reaction :
3

2
O2 + 6H+ + 6e− → 3H2O E0 = 1.229 V vs RHE (1.3)

Alkaline medium

Anode reaction : CH3OH+OH− → CO2 + 6e− + 5H2O E0 = 0.016 V vs RHE (1.4)

Cathode reaction :
3

2
O2 + 6e− + 3H2O → 6OH− E0 = 1.229 V vs RHE (1.5)

Overall reaction : CH3OH+
3

2
O2 → CO2 + 3H2O (1.6)
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MOR in the anodic compartment is the bottle neck reaction of DMFC with the efficient utilization

of methanol.

1.1.2 Methanol Assisted Hydrogen Evolution Reaction

Recently, methanol assisted HER has been regarded as a practical approach to the

generation of hydrogen [13–15]. This strategy is similar to the electrochemical water electrolysis,

while the methanol addition in electrolytes is the only major difference. This technique has a

number of benefits, such as enhanced HER, simplified methanol storage and transportation,

less dependency on fossil fuels, and the potential cogeneration of valuable formate. During

methanol assisted HER, the hydroxyl groups of methanol lose electrons which would oxidize

it completely or partially. Typically, methanol oxidizes over electrodes in fuel cells to produce

hydrogen and CO2 greenhouse gas [16–18]. In this reaction, methanol can be utilized in a

selective way for the synthesis of formate or formic acid avoiding the formation of CO2. This way

of utilization of methanol for selective synthesis of specific chemicals, such as formate or formic

acid (HCOOH) called selective electrochemical methanol oxidation reaction [19]. On combining

selective electrochemical MOR with hydrogen can boost the efficiency of H2 generation at the

cathode by reducing its overpotential while producing products with high added values at the

anode for CO2 replacement as shown in Figure 1.3.

Figure 1.3: Schematic diagram showing methanol assisted HER
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Anode : CH3OH+ 4OH− → HCOOH+H2O+ 4e− E0 = 0.016 V vs RHE (1.7)

Cathode : 4e− +H2O(l) → 4OH−
(aq) + 2H2(g) E0 = 0 V vs RHE (1.8)

1.2 Fundamentals of MOR

MOR appears to be the bottleneck reaction in DMFC, methanol-assisted HER, and

methanol upgradation, in both acidic and alkaline conditions [20–22]. Researchers have explored

MOR as a substitutionary pathway to expedite anodic oxidation, aiming to overcome sluggish

kinetics and substantial overpotential of OER [23]. The electrocatalytic mechanism for MOR in

DMFC involves a six - electron transfer process, proceeding via either a CO pathway or a CO -

free pathway, depending on the adsorbates and intermediates formed during the reaction. MOR

can occur in both acidic and alkaline mediums, with the latter being preferred due to faster

kinetics and reduced risks of corrosive electrode materials. We have discussed the stoichiometric

anodic reactions in acidic and alkaline medium in the previous section. In alkaline MOR, CH3OH

oxidation reaction occurs with the help of OH− ions. The conversion of CO to CO2 in alkaline

media is facilitated by OH− groups, while in acidic media it is provided by water dissociation. The

advantage of alkaline medium over acidic media lies in bisulfate and perchlorate ions inhibiting

CH3OH adsorption or replacing adsorbed OH− ions, due to sluggish kinetic reactions at high

potential. MOR in alkaline medium proceeds through either O - H activation or C - H activation

mechanisms [20, 24, 25]. Following is the detailed O - H activation mechanism in basic medium

where M is the metal:

M + CH3OH
OH−
→ M(CH3OH)ads (1.9)

M(CH3OH)ads +OH− → M(CH3O)ads (1.10)

M(CH3O)ads +OH− → M(CH2O)ads (1.11)

M(CH2O)ads +OH− → M(CHO)ads (1.12)

M(CHO)ads +OH− → M(CO)ads (1.13)

M(CO)ads + 2OH− → M+CO2 +H2O (1.14)
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CO poisoning in MOR

COad is found to be the most stable surface adsorbate among all other methanolic

fragments in O-H activation pathway as seen in equation 1.13. It is one of the worst catalyst-

deactivating processes, especially for platinum group metal catalysts. CO is more easily combined

with the Pt catalyst due to its polar molecule character (the adsorption energy of CO is 134

kJ/mol, while H2 is 87.9 kJ/mol) [26]. This hinders the electrode kinetics, conductivity and

mass transfer, further blocking of catalyst-active sites affecting MOR kinetics. The conventional

methods to address the CO-poisoning issue of Pt electrocatalysts include alloying Pt with a

second metal [27, 28], creating composite structures, engineering surface strain [29], atomic

ensemble effect, etc which enhance the activity and durability for MOR . Switching to non

noble metal-based catalyst or to alter MOR mechanism to C-H activation is one of the best

alternatives to tackle the CO poisoning issue.

In the case of C-H activation, it occurs with the dissociation of methanol into numerous

carbonaceous intermediates (COOH, CH2OH, COH, CHOH, and HOCOH) through the removal

of H in each step from C-H after the adsorption of methanol.

M + CH3OH
OH−
→ M(CH3OH)ads (1.15)

M(CH3OH)ads +OH− → M(CH2OH)ads (1.16)

M(CH2OH)ads +OH− → M(CHOH)ads (1.17)

M(CHOH)ads +OH− → M(COH)ads (1.18)

M(COH)ads +OH− → M(HOCOH)ads (1.19)

M(HOCOH)ads +OH− → M(COOH)ads (1.20)

M(COOH)ads +OH− → M(CO2)ads (1.21)

M(CO2)ads +OH− → M+CO2 +H2O (1.22)

Spectroscopic studies revealed that MOR undergoes parallel pathways in which it proceeds

via either a CO pathway or a CO - free pathway involving six electrons. Here CO pathway

could be considered analogous to O - H activation pathway whereas CO free pathway could be

analogous to the C - H activation pathway. In the case of the CO pathway, CO* is formed after
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the deprotonation of COH* or CHO* Then CO* combines with a surface hydroxyl OH* and

converts to COOH*, which is further oxidized to CO2. During the process, in acidic medium

OH* is formed by water dissociation and OH- is formed in basic medium On the other hand of

CO free pathway, instead of directly deprotonating, potential intermediates like CHO*, COH*,

or CH2O* would engage with OH* to create CHOOH*, C(OH)2*, or H2COOH*, respectively.

These doubly-oxygenated species then undergo dehydrogenation to generate CO2, either through

COOH* or CHOO*. In alkaline media, the easier formation of OH* would efficiently remove the

adsorbed carbonous species and result in faster kinetics [30].

Due to the complexity of the reaction mechanism and a consequential sluggish kinetics

resulting into higher overpotential the choice of catalytic materials becomes crucially critical.

Often studies focus in to exploring the mesoporous and conductive catalysts to enhance the

materials’ durability and charge transfer efficiency. The porosity is another physical property

that enhance surface area, but careful control is needed to achieve the optimal pore size, as small

pores may hinder mass transport rates despite increasing surface area [31]. Key characteristics

required for practical application of catalytic materials include good electrical conductivity, large

surface area, strong bonding with the catalyst, mesoporous structure, efficient water handling,

corrosion resistance, and easy catalyst recovery. Despite our foundational understanding, catalysts

optimized for commercial viability remain elusive. Consequently, recent efforts have been directed

towards more sophisticated approaches to comprehend the role of catalysts and make future

predictions. In the subsequent sections, we will employ a more nuanced method to grasp the

significance of catalysts in MOR.

1.3 Descriptors of MOR as Guidance to Engineering Efficient

Electrocatalysts

A catalytic descriptor is a property of a catalyst or the interface between a catalyst and

electrolyte that can be easily adjusted and directly linked to the reaction efficacy. It should

serve both an explanatory and predictive role, helping to illuminate the activation processes and

provide insights into how to enhance the reaction rate. Several researchers studied and reached

a global consensus on the catalytic descriptors influencing the OER. The anodic reaction OER

being mechanistically similar to MOR in acidic or alkaline condition, for practical purposes the

learning can be extracted for understanding the descriptors of MOR as well. The correlation
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between catalytic activity and descriptors has proven invaluable for comprehending fundamental

aspects of the MOR, guiding future experimental studies, and facilitating high-throughput

computational screening of potential catalysts.

Given the severe reaction conditions of MOR in alkaline or acidic environments at elevated

potentials, non-noble metal-based oxides are widely recognized as predominant and promising

catalytic materials capable of long-term stability and resistance to CO [32]. Among non-noble

metals, Ni-based oxides have garnered significant research interest due to their favourable surface

oxidation properties, cost-effectiveness, and abundance. The ability to adjust the electronic

structure of Ni by varying its oxidation state and creating vacant 3d orbitals renders it particularly

suitable for use in MOR under alkaline conditions [33–35]. In the following sections we will

discuss the descriptors such as (i) facile red-ox ability of active metal sites of the catalyst, (ii)

electron occupancy, (iii) covalency, and (iv) defect engineering and lattice stain of mostly the Ni

based catalysts in influencing the MOR efficacy in terms of overpotentials and current densities

1.3.1 Facile Red-Ox Ability of Active Metal sites

For Ni-based catalysts operating in an alkaline environment, the initial stage involves

the creation of a layer of Ni(OH)2, which subsequently undergoes conversion into Ni- OOH,

featuring nickel in a 3+ oxidation state. This Ni-OOH layer is recognized as the active phase

for catalyzing methanol oxidation. Research indicates that the redox couple of Ni2+/Ni3+ plays

a pivotal role, as the primary Ni– OOH species generated through surface restructuring can

effectively modulate the electronic configuration of active sites, thereby facilitating the methanol

oxidation reaction [36]. The sequential reactions are outlined below:

Ni(OH)2 +OH− → Ni(OH)3 + e− (1.23)

Ni(OH)3 → NiOOH+H2O (1.24)

NiOOH+ (CH3OH)ads → (CH3O
−)ads +Ni(OH)2 (1.25)

NiOOH+ (CH3O
−)ads → (CH2O

−)ads +Ni(OH)2 (1.26)

NiOOH+ (CH2O
−)ads → (CHO−)ads +Ni(OH)2 (1.27)

NiOOH+ (CO)ads → CO2 +Ni(OH)2 (1.28)

9
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The facile oxidation of Ni2+ to Ni3+ and the consequent formation of the crucial intermediate

species Ni-OOH are recognized as key descriptors of MOR [37, 38]. When Ni2+ undergoes

oxidation to Ni3+, it generates an accessible charge-transfer orbital, which becomes available

for electron transfer processes during methanol oxidation to CO2. However, the creation of

available charge-transfer orbitals near the Fermi energy level poses a fundamental challenge

[39]. One potential solution to this challenge could involve substituting Ni2+ ions within a

reducible support to facilitate the Ni2+ → Ni3+ oxidation process. Furthermore, if the reducible

support exhibits oxophilic properties and has a propensity for adsorbing oxygenated species

such as -OOH at lower potentials, it could further enhance the oxidation of CO to CO2. Among

the range of low-cost oxides, CeO2 is of particular interest as a result of its high surface area,

significant surface defects, and high oxygen storage capacity (due to facile redox of Ce4+/Ce3+

sites) [40–42]. In this context, a sizable number of reports showing excellent promotional and

anti-poisoning activities of CeO2 for MOR are available in the literature [43, 44].

1.3.2 Electron Occupancy

In non - noble metal-based oxide catalysts, especially in perovskites, the active site metal

adopts an octahedral geometry. The d orbitals of transition metals in octahedral coordination

split into triply degenerate states of t2g and doubly degenerate states of eg. During electrocatalytic

oxidation, the strength of binding with oxygen-containing intermediates, such as -OOH, on

catalytically active metal sites is being found to be depended on the electron occupancy in the eg

states. This is because the egorbitals of surface transition metal ions in metal oxides participate

in σ-bonding with surface adsorbates. Oxides with an eg occupancy that is too low (eg < 1)

bind oxygen-containing intermediates too strongly, while oxides with an eg occupancy that is too

high (eg > 1) bind too weakly. Systematic investigations on perovskites demonstrated that the

egoccupancy of the 3d electron can serve as an activity descriptor for the OER [45]. Optimal

binding with the oxygen-containing intermediates is achieved when the eg occupancy is close to

unity [45–47].

As stated before, when Ni2+ is oxidized to Ni3+, an available charge-transfer orbital is

formed which is then available for the electron transfer process during methanol oxidization to

CO2. However, it is fundamentally challenging to create available charge-transfer orbitals near

the Fermi energy level in traditional Ni(OH)2 due to these six-coordinated Ni atom without

subjecting the material to impractical potential. Wang et al. with a non-stochiometric Ni(OH)2
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nanoribbon structure having alternating 4
6 -coordinated Ni edge atoms demonstrated that when

the coordination number of Ni is reduced to four, electrons can be delocalized near the Fermi

energy level which ultimately generates an available charge-transfer orbital to facilitate the

six-electron transfer process during MOR [39]. The nano-ribbons of Ni(OH)2 synthesized by

the authors possessed four-coordinated Ni atoms with two dangling bonds, and the structure

was perceived as an intermediate configuration between an extended octahedron and square

planar as shown in Figure 1.4(a). The electron transfer mechanism was shown by the pictorial

demonstration in Figure 1.4(b), which corroborated the isosurface charge results (Figure 1.4(c)).

Despite the importance of four-coordinated Ni atoms in the establishment of charge-transfer

orbital due to delocalization, they showed that this four-coordinated Ni atom must be paired to

a neighbouring six-coordinated Ni atom in order to achieve efficient methanol oxidation.

Figure 1.4: (a) t2g and eg electronic orbitals of regular NiO6 octahedron, NiO6

octahedron extended along z axis, NR-Ni(OH)2, and NiO4 square planar (b) charge
transfer process on alternating four-six-coordinated arrangement in NR-Ni(OH)2; (c)

iso-surface of charge density of NR-Ni(OH)2

Hao et al. have recently explained the importance of the particular descriptor of electron

occupancy in eg orbital in one of their MOR investigations [15]. In a typical NiO, the eg

orbitals are occupied by two spin-up electrons hindering the transfer of electrons into the vacant

orbitals of the adsorbed species to form feedback bonds due to the Pauli exclusion principle.
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With the oxidation/hydroxylation of the NiO surface, there is only one spin up electron on

the NiOOH eg orbital, which would allow effective electron transfer into the adjacent orbital.

They have synthesized Fe2O3/NiO heterojunctions with ultrafast solution combustion strategy

and demonstrated that the near unity electron occupancy in the eg of Ni3+ provide unique

collaborative active sites for the favourable dynamic conversion of methanol to formate and

inhibiting further oxidation.

1.3.3 Covalency

The covalency is another crucial feature of the catalyst that is regarded as one of the

descriptors to minimize the charge-transfer resistance for any electrocatalytic reaction. The

hybridization of the metal d orbitals and O 2p orbitals occur due to the spatial overlap and

energetic similarity of the electronic states, which result in σ-bonding states, with largely oxygen

character, and σ*-antibonding states with largely metal character. As the Fermi level moves

down in energy and closer to the O 2p states, the antibonding states below the Fermi level

exhibit greater oxygen character. A stronger covalency of the metal-oxygen bond should shift

the insulating character of the material to semi metallic nature and thereby facilitate the MOR

activity. The aliovalent substitution in transition metal oxides can result in the redistribution of

an electronic density between metal and ligand. The degree of metal–oxygen hybridization is

tuned by the choice of transition metal ion and its oxidation state, both of which modify the

number of d electrons and the electronegativity of the metal ion [48, 49].

Wang et al. explored coordinated phosphate oxyanions to modify the d-band center of Ni

sites and enhance Ni - O covalency, thereby boosting catalytic activity towards MOR. The authors

grew different oxyanions (NiOOH-TOx, T= P, S, and Se) on commercial nickel foams to study

its effects toward MOR by anionic species [50]. Among the different oxyanions, the coordinated

phosphates effectively tailor the d band center of Ni sites and increases Ni-O covalency, promoting

the catalytic activity. Dubale et al. developed a surface electronic structure-tuning strategy for

the development of a non-noble metal aerogel Ni97Bi3 with unexpected electrocatalytic activity

and durability toward MOR [51]. The introduction of atomically dispersed trace amounts of Bi

into NixBiy induced strong electronic effects, which optimally shifted the d-band center of Ni,

and thereby enhanced the conductivity of the material.
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1.3.4 Defect Engineering and Lattice strain

Defect engineering has been considered as an effective strategy to optimize the number

and reactivity of active sites as well as electrical conductivity of catalysts, rendering them to

be promising candidates for MOR. Defects cause the crystal lattice’s regular arrangement to

be disrupted enhancing chemical and physical properties to impact various properties such as

conductivity, selectivity, and activity [52–54]. Defect engineering can enhance active sites due to

the surface electronic structure modification and optimization of adsorption energy of reaction

intermediates. One of the most common defects, vacancies, are those that result from atoms

being absent from lattice positions. Oxygen vacancy is widely used in transition metal oxides

due to their low formation energy and critically influence the material properties, including the

electronic structure and ionic/electronic conductivity. The formation energy of oxygen vacancies

increases with the energy difference between the upper edge of the O 2p band and the Fermi

level and have a direct influence on the M - O bonds near the oxygen vacancies. Various methods

have been used to generate oxygen vacancies in metal oxides during synthesis or post-synthesis

treatments which include thermal treatment, reduction processing, cation/anion doping, plasma

treatment etc. Among them, both the thermal treatment and reduction processing tune the

concentration of oxygen vacancies in oxides by reducing the transitional metal cations to its

lower valence state [55–57]. In Ni based oxides for MOR, as Ni - OOH is regarded to be the

electrocatalytically active species generated from the oxidation of Ni(OH)2 in alkaline medium,

Phan et al. explored on Ni film how structural defect sites on Ni - OOH by the creation of O -

vacant sites or - OH vacant sites play active role in the methanol oxidation following formate

pathway as pictorially depicted in Figure 1.5(a) [58]. The DFT - calculated energy diagram

of vacancy formation established that the generation of O - defect sites is more feasible than

the OH− vacant sites, where the Gibbs free energy (∆G) in the potential range 1.10 - 1.40 V

vs RHE is less than zero for O - defect sites (Figure 1.5(b)). Therefore, the authors created

oxygen vacancy in Ni- OOH as shown in Figure 1.5(c) by cycling the catalyst in 1 M KOH at a

lower potential of 1.10 – 1.40 V vs RHE, and tried to explore the role of O vacancy following

the formate pathway for MOR. They observed a drastic increase in current at potential of

1.32 V vs RHE indicating that MOR occurs in the region of potentials where O - vacancy

formation is favourable (Figure 1.5(d)). The onset potentials for methanol oxidation and the

Ni- OOH formation perfectly coincided, demonstrating that the methanol oxidation takes place

immediately after the electrochemically active O - vacant Ni - OOH species is produced on the

surface of the catalyst.
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Figure 1.5: (a) Schematic depiction of O-vacancy and OH-vacancy formation mecha-
nisms (b) the energy diagram of vacancy formation (c) Deconvoluted O 1s spectra of the
Ni film after 50 CV scans between 1.10 - 1.40 V (d) CVs for the Ni film in the absence

and presence of 0.5 M CH3OH in 1 M KOH solution at 4 mV s−1

Yang et al. studied the influence of oxygen vacancy in ultra - thin NiO nanosheets which

enhanced the electron transport properties of the catalyst [59]. The difference in the annealing

time enhanced the oxygen vacancy of NiO. Oxygen vacancy rich NiO exhibited an activity

2.3 times higher than the pristine material. The heightened activity can be attributed to the

existence of an oxygen vacancy, generating a novel defect level that acts as a platform for

electronic transitions from the valence band to the conduction band (Figure 1.6(a-d)). Boron

doped NiCo2O4 enhanced the electrocatalytic MOR activity and stability of the electrocatalyst

by creating oxygen vacancies and reducing the binding strength of intermediate species as

reported by Naveen kumar et al. [56]. On replacing Co with B, oxygen vacancies were created in

the system that acted as the active sites for methanol adsorption. Moreover, the substitution of

B increased the adsorption energy of methanol and also decreased the adsorption energy of the

product formate, which further facilitated the oxidation reaction. The authors explored various

positions to generate the oxygen vacancies, and the optimal energy configuration indicated a

preference for oxygen vacancies to be in proximity to the dopant B. Huang et al. explored cerium

oxide supported CoFe - N co-doped carbon nanotubes with abundant oxygen vacancies for MOR

[60]. CeO2 can improve reactants surface adsorption and promote electron transfer behaviour

because under oxygen-deficient conditions. CeO2/CoFe -NCNTs - 2 showed significant catalytic

activity for the electrocatalytic methanol oxidation in alkaline electrolytes, achieving a current
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density of 281.40 mA cm−2 at 1.0 V (vs. Ag/AgCl).

Figure 1.6: Calculated DOS of NiO samples without (a) and with (b) oxygen vacancy.
(c) Illustration of the adsorption of methanol molecules onto the surface of VO-NiO
sample and the deformation charge density of NiO with oxygen vacancy. (d) Adsorption

energy of methanol molecules on the NiO and VO-NiO samples

Lattice stain is yet another defect that can generate active sites and weaken the adsorption

strength of intermediate species, enhancing CO endurance ability and thus contributing to

superior MOR performance. Advances in strain engineering lies in their ability to fine-tune

complicated catalytic reactions, where minute modifications to surface characteristics and

electrical structure might drastically alter desired reaction products’ activity and selectivity.

The strain effect is aroused by the change of atom-atom bond length or by the induced lattice

mismatch [61–63]. Modification of oxide electronic structure by strain can alter oxygen vacancy

formation and migration energetics of intermediates and products. Aliovalent metal doping

is found to be an efficient strategy to disrupt the symmetric charge distribution around the

active metal and induce the lattice strain which further creates vacancy [64]. Moreover, it is

also observed that strain engineering minimizes the CO position effect during the MOR by

accelerating the reaction CO*→COOH* [64, 65].
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1.4 Objectives and Scope of the work

Understanding MOR mechanism is the prerequisite for the rational design of an efficient

catalyst to implement in DMFC and methanol assisted HER technology. In the previous section

we have summarised the mechanism and different descriptors to improve MOR mechanism via

heterogeneous transition metal-based catalysts. The critical analysis of the descriptors can

characterize the catalyst’s structure-activity relationship by using surface electronic structure.

With unremitting efforts, five main descriptors have been identified and put out, which include

facile red-ox ability of active metal sites, eg orbital occupancy, metal-oxygen covalency, defect

engineering and lattice stain. Therefore, there remains a significant scope to systematically and

thoroughly study the descriptors in Ni based metal oxides for ameliorating the state of the art

of MOR.

In Chapter 2A of this thesis, we have systematically enhanced Ni-oxidation states by

doping Sr2+ in A site, and have probed the MOR mechanism over single-phase La2−xSrxNiO4+δ.

Aliovalent doping at the A site with rare-earth cations like Sr2+ with the molecular formula

of has oxidized Ni2+ to a higher valency to Ni3+ to attain the charge neutrality with a lower

electron occupancy with a configuration of t62gd
2
z , and also created an elongation along the

z-axis. We have also demonstrated that the optimum substitution of Sr2+ in La2−xSrxNiO4+δ

can enhance the catalytic activity by modifying the extent of Ni - O covalency and electronic

conductivity. The optimal aliovalent doping facilitated the extent of overlap of the t2g and eg

orbitals of Ni along with O 2p orbitals, resulting in semi metallic feature of La1.4Sr0.6NiO4+δ. In

Chapter 2B, we synthesised La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ by doping Co, Mn and Fe in B

site. With optimal doping of Sr2+ in the A site and Co2+ in the B site, Ni3+ with t62g d1x2−y2

configuration in La1.4Sr0.6Ni0.9Co0.1O4+δ exhibited a tetragonal distortion with compression in

axial bonds and elongation in equatorial bonds. These structural modifications in both studies

demonstrated enhanced MOR activity compared to their pristine states.

In Chapter 3A, we doped Ni2+ in the fluorite CeO2 to create higher reducibility in the

catalyst as well as oxygen vacancies in CeO2. This study exhibited with the help of structural and

surface probes that the reducible CeO2 support in Ni and Sr co-doped Ce1−x−yNixSryO2−δ solid-

solution can easily facilitate the Ni2+ → Ni3+ oxidation and also release the lattice oxygen during

the methanol oxidation reaction. While the Ni3+ species facilitated the formation of –OOH surface

intermediates, the evolved lattice oxygen facilitated the CO oxidation process, enhancing the

CO-tolerant methanol oxidation activity of Ce1−x−yNixSryO2−δ. The electrocatalytic activity for
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MOR of Ce0.9Ni0.05Sr0.05O2−δ exhibited a 50% increase compared to pristine CeO2. In the positive

potential of MOR, the Ce4+ in CeO2 was reduced accompanied by parallel oxidation reactions

of lattice oxygen evolution (O2− → ½ O2 + 2e−) in pristine CeO2 and Ni2+ → Ni3+ oxidation in

Ni-doped materials. A similar idea was extended in chapter 3B of reducible Ce1−x−yZrxNiyO2−δ

solid solution. The highly reducible CeO2–ZrO2 support in the Ce1−x−yZrxNiyO2−δ solid solution

effectively facilitated the Ni2+ → Ni3+ oxidation process and the evolution of lattice oxygen

during methanol oxidation, resulting in improved CO tolerance and enhanced methanol oxidation

activity in Ce1−x−yZrxNiyO2−δ catalysts.

In chapter 4, another descriptor micro-strain was analysed in pristine NiMoO4 and the

Co-doped Ni1−xCoxMoO4 using diffraction data and HR-TEM micrographs. The results exhib-

ited a notable development of strain in optimally doped mixed-phase Ni0.7Co0.3MoO4 material.

Additionally, the presence of Ni3+ ions, oxygen vacancies, and ECSA was most pronounced in the

specific doped molybdate. This combination resulted in superior electrocatalytic methanol oxida-

tion activity over Ni0.7Co0.3MoO4. Furthermore, the electrocatalytic oxidation of methanol over

Ni0.7Co0.3MoO4 yielded the value-added product of formic acid and demonstrated a significant

enhancement in methanol oxidation rate reinforced by hydrogen evolution reaction performance.

Chapter 5 discusses a set of completely metal free catalysts. The 2D nano-sheets, 1D

nano-rods, and 0D quantum dots of graphitic g C3N4 were studied for MOR, and among the three

different dimensional g C3N4 materials, the quantum dots showed higher methanol oxidation

activity due to its abundant edges in nano morphology and maximum atomic percentages of

active site of pyridinic N. The 0D g C3N4 when supported on conducting polyaniline, not only

showed higher electrocatalytic methanol oxidation activity than the commercial Pt/C but also

demonstrated excellent CO tolerance to be a suitable and applicable metal-free anode catalyst

in direct methanol fuel cell applications.

In the final chapter the complete work has been summarised and a future outlook has been

discussed.
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Chapter 2A

Electro-Oxidation Reaction of

Methanol over La2−xSrxNiO4+δ

Ruddlesden–Popper Oxides

2A.1 Introduction

Inorganic materials belonging to the perovskite family, in particular the simple perovskites,

have been intensively studied as electrocatalysts for catalyzing relevant electrocatalytic reactions.

Ni-based RP oxides, such as La2NiO4+δ with a K2NiF4 structure, can be considered as promising

alternatives for MOR catalysts due to their superior mixed ionic and electronic conductivity in

comparison to traditionally used perovskite oxides [66, 67]. The typical structure of La2NiO4+δ

consists of corner-sharing NiO6 octahedra of LaNiO3 perovskite layers and alternating LaO

rock-salt layers along the c axis, yielding a relatively open structural framework to afford

hyper-stoichiometric oxide ions in the interstitial of the rock-salt layer for high oxygen diffusivity

and ionic conductivity compared to that of the common electrode materials [68]. During the

incorporation of interstitial oxygen atoms, the host structure provides electrons to the surface

oxygen and holes in the valence band [69]. Indeed, such interstitial oxygen and holes play an

important role in determining the overall electrochemical properties [66]. The layered structure

also leads to distinct cationic coordination environments as well as unique anionic defect forms.

Although, sufficient work has been done towards understanding the structural properties and

charge-transfer kinetics of La2NiO4+δ [70–74], few of them have been dedicated to utilizing this
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unique charge-transfer mechanism for electrocatalysis [75–77], and no comprehensive investigation

exists on exploring La2NiO4+δ for MOR.

However, the insufficient room-temperature electrical conductivity of La2NiO4+δ has been a

performance “bottleneck” that has dogged the efficient and fruitful exploration of electrocatalytic

materials. Aliovalent doping at the A site with rare-earth cations like Sr2+ with the molecular

formula of La2−xSrxNiO4+δ has shown a higher magnitude of electron density than that of

pristine La2NiO4+δ [78, 79]. Indeed, Sr2+ doping in La2−xSrxNiO4+δ would oxidize Ni2+ to

a higher valency to attain the charge neutrality and consecutively the octahedral Ni3+ would

show a lower electron occupancy in the eg level. Suntivich et al. has shown that the eg orbital

of the surface-transition-metal ions participate in σ-bonding with a surface-oxygen-related

adsorbate, and its occupancy can be used as a descriptor for anodic oxidation reactions [80].

Importantly, Vojvodic and Nørskov have used, cannily, electron occupancy in eg as an effective

descriptor of the electro-oxidation reaction and have demonstrated that decreasing the eg-orbital

occupancy resulted in a stronger M–O binding energy, facilitating the water-splitting reaction

[47]. Experimental investigations have demonstrated that the eg occupancy close to ∼1.2 can

promote the best OER [81]. The degree of covalency between transition-metal 3d orbitals and

O 2p orbitals has also been probed as a descriptor for the OER for water splitting [82]. This

mechanism hinges on a lattice-oxygen-mediated pathway, wherein the lattice oxygen is utilized

when the EF crosses the transition-metal 3d and O 2p - hybridized band. This results in the

formation of ligand holes which activate the lattice oxygen to combine with chemisorbed OH

and produce O2
-. A similar mechanism has also shown high electrocatalytic oxygen evolution

with RP oxides.

Electrocatalytic MOR is a homologous reaction to OER. However, these descriptors have

neither been explored for evaluating the MOR mechanism nor have RP oxides been studied

comprehensively as MOR catalysts, despite their promise. Here, in the present work, we have

systematically enhanced Ni-oxidation states by doping Sr2+ in the A site and have probed

the MOR mechanism over single-phase La2−xSrxNiO4+δ. We have demonstrated, with the

help of experiments and DFT calculations, that the optimum amount of Sr2+ substitution in

La2−xSrxNiO4+δ promotes high MOR activity by enhancing the extent of Ni–O covalency and

electronic conductivity. These theoretical calculations, coupled with experimental observations,

indicates that a lattice-oxygen-mediated MOR occurs, enabling the involvement of oxygen-vacant

sites via the facile formation of Ni–OOH as a key active intermediate species.
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2A.2 Experimental & Theoretical methods

2A.2.1 Synthesis of La2−xSrxNiO4+δ (x = 0 - 0.8)

La2−xSrxNiO4+δ (x = 0 - 0.8) were synthesized using a facile single-step solution combustion

method. This is a low temperature-initiated, energy-efficient single-step synthesis, where

propellant chemistry is followed between the oxidizer metal nitrates and fuel glycine [83–85]. In

a typical synthesis, stoichiometrically appropriate amount of metal precursors, La(NO3)3· 6H2O

(SRL chemicals, 99%), Sr(NO3)2 (Sigma Aldrich, 99%), Ni(NO3)2· 6H2O (SD fine, 99%), and

fuel C2H5NO2 (Sigma Aldrich, 99%) were dissolved in ∼50 mL of deionized water in a 300 mL

borosilicate dish. The organic fuel glycine complexes with the metal cations in the solution. The

homogeneous solution was then introduced into a preheated muffle furnace maintained at 450 ◦C.

In the beginning, the solution boiled with frothing and foaming and underwent dehydration.

At the time of complete dehydration, combustion started with a burning flame on the surface,

where the metal-fuel complexes decomposed exothermically, with the evolution of CO2, N2 and

H2O. Within 10 minutes of combustion, a voluminous solid product was formed, which was left

to cool to room temperature, and then ground to a fine powder in a mortar and pestle.

2A.2.2 Synthesis of La1.4Sr0.6NiO4+δ/PANI

PANI, which has been used as a conducting support for La1.4Sr0.6NiO4+δ/PANI for

electrocatalytic applications was synthesized as per previous reports [86, 87]. Ammonium

persulfate (0.183 g, SRL Chemicals, 98.0%.) was dissolved in 10 mL of 1 M HCl (SRL chemicals,

99%) and was poured cautiously into aniline (0.298 g, Advent chemicals, 98%) dissolved in 10

mL of 1 M HCl. The mixed solution was stirred immediately to initiate the polymerization

reaction. The resultant green solution was filtered and washed with water and methanol to

remove the oligomers. Finally, it was dried at 70 ◦C for 12 h in a hot air oven to obtain the

solid powder of PANI. The solution-combustion-synthesised (La1.4Sr0.6NiO4+δ) was aged in a

1 M NaOH (Finar, 96%) solution for 24 h. The synthesized PANI powder was added in the

alkaline dispersion of La1.4Sr0.6NiO4+δ in a weight ratio of La1.4Sr0.6NiO4+δ: PANI = 4:1, and

was vigorously stirred at room temperature for 24 h. The resultant was filtered, washed with

water, and dried at 70 ◦C for 12 h in a hot air oven to obtain the solid composite.
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2A.2.3 Structural, Surface and Electronic Characterisation

The crystal structure of the synthesized La2−xSrxNiO4+δ material was probed by high-

resolution powder X-ray diffraction using a Rigaku Ultima IV X-ray diffractometer with Cu

Kα radiation λ = 1.5418 Å at a scan rate of 0.5◦ min−1 and a step size of 0.01◦. The average

nanocrystalline diameters (D) were calculated from the broadening of the highest peak using

Scherrer’s formula,

D =
0.9λ

BCosθ
(2A.1)

where B is the full-width at half-maximum, λ is the wavelength of the radiation, and θ is the

corresponding angle. The powder X-ray diffraction patterns were refined with the Fullprof

program suite. Rietveld refinements were carried out by varying the parameters, such as the

overall scale factor, background and profile parameters, unit-cell lattice parameters, atomic

positions, half-width, shape, isotropic thermal parameters, oxygen occupancy, etc. The crystal

structure was further probed by HR-TEM (Tecnai G2, F30) under an accelerating potential of

300 kV with a point resolution of 2 Å and line resolution of 1 Å. The XAFS measurements of

the pellet of powder samples were carried out at the BL36XU beamline on Spring-8. Structural

analysis was performed using the Demeter software platform. The reported crystal data were used

for calculating Feff . The surface morphology of the synthesized La2−xSrxNiO4+δ materials was

studied using a FE-SEM. The non-stoichiometric oxygen content in the La2−xSrxNiO4+δ series

was determined using iodometric titrations [88, 89]. Oxygen over stochiometry of the synthesized

RP oxides was directly linked with the Ni3+ → Ni2+ reduction according to the formulation

La2−xSrxNi
2+
1−τNi

3+
τ O4+ τ

2
, where δ = τ

2 , and the content of Ni3+(τ) was determined using KI.

In a typical titration, 0.1 g of the oxide sample was dissolved in a 4 mL HCl solution containing

1 g excess KI (Finar, 99%). The liberated I2 due to reduction of Ni3+ was titrated against

standardized Na2S2O3 (Sigma-Aldrich, 99.99%) using a starch solution (ACS, 1% solution, Alfa

Aesar) as an indicator. The reactions are summarized below:

2Ni3+ + 2I− → 2Ni2+ + I2 (2A.2)

I2 + 2S2O
2−
3 → 2I− + S4O

2−
6 (2A.3)

Summary: 2Ni3+ + 2S2O
2−
3 → 2Ni2+ + S4O

2−
6 (2A.4)
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2A.2.4 Electrocatalytic Methanol Oxidation

Electro-oxidation of methanol was evaluated in a conventional three-electrode glass cell

equipped with a La2−xSrxNiO4+δ modified GCE as the working electrode, Ag/AgCl in saturated

KCl as the reference electrode, and a Pt electrode as the counter electrode. Aqueous solution of

0.5 M NaOH served as the electrolyte. The cell was connected to the Origaflex OGF 500 electro-

chemical workstation. CV and CA of the catalysts were investigated in an alkaline electrolyte

with different methanol content and at varied potential-sweep rates at room temperature. In

all measurements, potential in Ag/AgCl is converted to RHE in 0.5 M NaOH according to the

following equation: ERHE = EAg/AgCl + 0.059× pH + 0.1976. The final liquid products after CA

were analyzed using 1H NMR AV NEO 400 MHz (Bruker). About 0.4 mL of the electrolysis

solution, 0.1 mL of D2O, and 5 mg of 4-nitrophenol (as an internal standard) were added into

the NMR tube for identifying the product. An electrochemical impedance study was carried

out using a Biologic SP-150 electrochemical workstation, with the conventional three-electrode

system in an alkaline mixture of 0.5 M MeOH and 0.5 M NaOH over a frequency range of 40 kHz

to 100 MHz with a sinusoidal excitation signal of 10 mV. The resulting Nyquist plots were fitted

to the appropriate equivalent circuit using EC-Lab V11.31. The Tafel slope of La2−xSrxNiO4+δ

with and without methanol was calculated from the fitting of the linear portion of the Tafel

plot. The ECSA was determined by conducting double - step chronoamperometric experiments,

wherein the electrode potential was swept between non-faradic potential (1.0 V vs RHE) and

faradic potential (1.8 V vs RHE). This was done in the presence of an electrolyte comprising 0.1

M potassium ferricyanide and 0.1 M KCl. This potential is sufficient to oxidize the [Fe(CN)6]
4–

(aq) to [Fe(CN)6]
3– (aq). Area under the charging - discharging curve was calculated, and was

accordingly plotted with time to obtain the ECSA by using the following Cottrell equation.

Q = 2nFAD1/2Cot
1/2π−1/2 (2A.5)

where Q = charge in coulomb F = Faraday constant n = Number of electrons being transferred

A = Area of electrode (cm2) D = Diffusion coefficient of [K3Fe(CN)6] ( 7.6×10−6cm2s−1) t =

time (s) Co = concentration of K3Fe(CN)6 (mol cc−1).
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2A.2.5 Electronic-Structure Modelling

Electronic-structure-based geometry-optimization calculations of the pristine La2NiO4+δ

and doped La2−xSrxNiO4+δ were performed using a plane-wave basis with plane-wave energy cut

off of 500 eV and the GGA for the exchange-correlation energy using the PBE [90] functional, as

implemented in VASP 5.3.5 [91–93]. The initial coordinates for the geometry optimization of

La2NiO4+δ were taken from the literature [94]. For all of the calculations, 6×6×3 k-point mesh

with Monkhorst-pack scheme were used for geometry optimization and single-point properties

calculation, except where 3×6×3 k-point mesh with Monkhorst-pack scheme were used. The

DFT (PBE) + U methodology (with an additional Hubbard-like term, U) was used to consider

strong on-site Coulomb interaction of localized (3d and 4f) electrons, which were not correctly

described by PBE functional. We applied the onsite Coulomb interaction U into all of the GGA

calculations with the setting of Ueff@La = 5.5 eV, Ueff@Ni = 8.33 eV, as reported in previous

literature for these kinds of materials [82]. In our calculations, we used La1.5Sr0.5NiO4+δ to

mimic the properties of La1.4Sr0.6NiO4+δ, which simplifies the structure and coordinates of the

unit cell.

2A.3 Results and discussion

2A.3.1 Structural, Surface and Electronic properties

The X-ray diffraction patterns in Figure 2A.1 (a) demonstrate that the solution-combustion-

synthesized La2−xSrxNiO4+δ oxides crystallized in a phase-pure Ruddlesden Popper structure,

consistent with the reported literature [69, 76, 79, 88, 94]. La2−xSrxNiO4+δ oxides for x = 0 - 0.6

exhibited tetragonal symmetry with I4/mmm space group [JCPDS No. 81-0742]. With a higher

amount of doping of Sr2+ (x = 0.8), the polymorphic La1.2Sr0.8NiO4+δ crystallized in a lower

symmetric orthorhombic structure, with space group Fmmm, along with the primary tetragonal

structure [88]. However, there was no impurity of La2O3 or NiO phases observed in the XRD

patterns of any of La2−xSrxNiO4+δ oxides. The magnified view of the XRD patterns for the

(103) and (110) peaks in Figure 2A.1(b) shows a gradual shifting of peaks to a higher angle with

increasing Sr2+ doping in the lattice, suggesting a shrinking of inter-planar distances of d103 and

d110 due to doping of a smaller cation in the A site [95, 96]. The average nanocrystalline size

calculated from the highest-intensity peak of the (103) reflection was found to be approximately

60 nm for the pristine and doped La2−xSrxNiO4+δ oxides.

23



Chapter 2A. Electro-Oxidation Reaction of Methanol over La2−xSrxNiO4+δ Ruddlesden–Popper
Oxides

Figure 2A.1: (a) Powder XRD patterns of solution-combustion-synthesized La2−xSrxNiO4+δ,
(b) magnified view of (103) and (110) of La2−xSrxNiO4+δ with Sr2+ doping, (c) Rietveld
refinement of La1.4Sr0.6NiO4+δ, (d) variation of lattice parameters and unit-cell volume with

Sr2+ doping doping

To have further insight into the structural information, the powder XRD patterns were

refined with Rietveld refinement considering the I4/mmm space group, where La and Sr were

randomly distributed at 4e (0,0,z) sites, Ni at 2a (0,0,0) and the two inequivalent oxygen atoms

O1 at 4c (0, 0.5,0) and O2 at 4e (0,0,z) Wyckoff sites. The powder pattern of La1.2Sr0.8NiO4+δ

was not refined as the particular oxide crystallized in mixed tetragonal and orthorhombic phases.

A representative fitting is shown in Figure 2A.1(c), and the refined lattice parameters, along with

atomic occupancy, are provided in 2A.1. The reliability factors Rexp, Rwp, Rp and χ2 represent

satisfactory refinement results. The variation of the lattice constants of La2−xSrxNiO4+δ (x =

0 - 0.6) is shown in Figure 2A.1(d). The lattice constants ‘a’/‘b’ decreased gradually, whereas

‘c’ increased with an increase in Sr doping. The tetragonal elongation along the ‘z’ axis of the

unit cell is explained by Jahn - Teller distortion. Substitution of trivalent La3+ with bivalent
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Sr2+ in the A site brings about charge neutrality and, therefore, Ni2+ oxidizes to Ni3+ in the

B site. The Ni2+ sites in the octahedral environment possess asymmetrical occupancy of the

electron in the eg orbital with t2g
6eg

1 configuration, which could be responsible for tetragonal

elongation [97]. The elongation along the ‘z’ axis signifies a lesser overlap of dz2 and axial O 2p,

whereas compression along the equatorial plane indicates a higher overlap of dx2−y2 and O 2p

with increase in Sr2+ up to x = 0.6. The significant shrink along the equatorial plane has also

reduced the unit-cell volume upon Sr2+ doping [98].

Table 2A.1: Rietvield refined lattice parameters and atomic occupancy of
La2−xSrxNiO4+δ (x = 0 - 0.6)

Cell parameters (Å) Cell volume
( Å3)

χ2 Occupancy
a= b c La Ni Sr O1 O2

La2NiO4+δ 3.861 12.69 189.2 1.15 1.025 1.000 - 0.985 0.963

La1.2Sr0.8NiO4+δ 3.833 12.70 186.6 2.09 0.674 0.576 0.612 1.060 0.823

La1.6Sr0.4NiO4+δ 3.814 12.72 185.2 1.74 0.747 0.569 0.502 1.136 0.945

La1.4Sr0.6NiO4+δ 3.811 12.73 184.6 1.25 0.480 0.537 0.700 1.163 1.126

To corroborate the tetragonal elongation in substituted oxide, XAFS measurements were

performed on La2NiO4+δ and La1.4Sr0.6NiO4+δ. XANES at the Ni K-edge are shown in Figure

2A.2 (a). The Ni K-edge spectrum of La1.4Sr0.6NiO4+δ was shifted from 8340.3 eV (peak top of

the edge of the standard sample of La2NiO4+δ and La1.4Sr0.6NiO4+δ) to 8341.0 eV. These results

indicate that the oxidation state of Ni ions of La1.4Sr0.6NiO4+δ was higher than that of La2NiO4+δ.

This was also in accordance with earlier reports [99]. Fitting of the extended X-ray absorption

fine-structure region around the Ni ions of La2NiO4+δ exhibited Ni–O distances of 1.9130 Å

(4-coordinate) and 2.2471 Å (2-coordinate), whereas La1.4Sr0.6NiO4+δ displayed a distance of

1.8534 Å (4-coordinate) and 2.2890 Å (2-coordinate) (R range 1-2.4 Å, R-factor; 8.0% and 5.7%,

k3 - weighted Fourier transforms of the XAFS data, as shown in Figure 2A.2(b,c). The Ni-O

distances confirm the apparent compression along the equatorial plane and tetragonal elongation

upon Sr2+ doping in the substituted RP oxides. It was difficult to determine definitively the

effect of O atoms on La1.4Sr0.6NiO4+δ (or coordination number around Ni ion) because doping

allowed for a more complex Ni-O path, complicating estimations of the Debye-Waller factor.

However, Rietveld refinement provided an interesting observation on oxygen occupancy: with

higher bivalent-ion doping at the A site, the occupancy of oxygen also became larger (see Table

2A.2). To corroborate this observation, the experimental excess-oxygen content was calculated

from iodometric titration. Table 2A.2 shows the amount of oxygen over stoichiometry δ. With

the increment of Sr doping from 0.2 to 0.8, over stoichiometric oxygen content was enhanced
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gradually from 0.0133 to 0.0290. It could be concluded that the excess oxygen level might be

the extra oxygen occupying vacant space in the lattice [88].

Figure 2A.2: (a) Ni K-edge XANES spectra of pristine La2NiO4+δ and substituted
La1.4Sr0.6NiO4+δ. Fitting of the extended X-ray absorption fine structure region around

the Ni ions of (b) La2NiO4+δ and (c) La1.4Sr0.6NiO4+δ

The nano-structural features of La1.4Sr0.6NiO4+δ were probed with HR-TEM micrographs,

as shown in Figure 2A.3. The La1.4Sr0.6NiO4+δ particles in Figure 2A.3(a) exhibited diffuse

shapes, with an average size of 93 nm. High-resolution image of La1.4Sr0.6NiO4+δ in Figure

2A.3(b) showed the lattice fringes with characteristic interplanar distances of 0.268, 0.285 and

0.311 nm, corresponding to (110), (103), (004) planes of tetragonal symmetry, respectively.

The corresponding SAED in Figure 2A.3(c) corroborates this tetragonal structure. A similar

morphology of the other substituted La2−xSrxNiO4+δ oxides was also observed from FE-SEM

micrographs as shown in Figure 2A.4.

Figure 2A.3: HR-TEM images (a,b) and SAED pattern (c) of La1.4Sr0.6NiO4+δ
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Figure 2A.4: SEM images of (a,b) La2NiO4+δ (c,d) La1.8Sr0.2NiO4+δ(e,f)
La1.6Sr0.4NiO4+δ (g,h) La1.4Sr0.6NiO4+δ (i,j)La1.2Sr0.8NiO4+δ

The surface chemical bonding and the elemental electronic states of the elements in

La2−xSrxNiO4+δ were probed by XPS analyses. The survey spectra in Figure 2A.5(a) represent

the elemental composition, and the core-level spectra of La 3d and Ni 2p (Figure 2A.5(b))

were not analyzed further due to the overlap of Ni 2p3/2 and La 3d3/2 satellite peaks [100,

101]. Detailed analyses were carried out with Ni 3p core-level spectra plotted in Figure 2A.5(c).

The deconvolution indicates that the pristine La2NiO4+δ is comprised of mostly bivalent Ni2+,

whereas La2−xSrxNiO4+δ simultaneously contains Ni2+ as well as Ni3+ due to the Sr2+ doping

in A site [102, 103]. The pristine La2NiO4+δ exhibited 8.6% of Ni3+. The percentage content

of Ni3+ in La2−xSrxNiO4+δ gradually increased from 17.06% with x = 0.2 to 27.3% with x =
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0.8. The Ni3+ formation with 3d7 electrons accounts for the moderate tetragonal elongation

in pristine La2NiO4+δ, and pronounced elongation in La2−xSrxNiO4+δ as observed in Rietveld

refinement and EXAF analysis. The deconvoluted core-level spectra of O 1s in Figure 2A.5(d)

shows three distinguishable peaks at 531.2 eV due to lattice oxygen OL [104–106], at 533.5

eV due to adsorbed oxygen species in the defect sites OS, and at 534.8 eV corresponding to

hydroxyl species of surface-adsorbed water molecules OW [107, 108]. The surface oxygen content

at the defect site was quantified from the area under the curve of surface oxygen with respect

to the total area under O 1s core level spectrum (OT). The total oxygen content is given by

OT= OL+ OS + OW. Although pristine La2NiO4+δ showed defect-site surface-oxygen content

around 26.2%, upon higher Sr2+ doping (x = 0.6) the defect-site oxygen increased up to 75.08%.

However, at Sr2+ doping of x = 0.8, the surface oxygen decreased, indicating a lower amount of

vacant sites. It can be concluded from core-level O 1s spectra that the vacant sites are maximal

for La1.4Sr0.6NiO4+δ, whereas the biphasic structure might have been responsible for the reduced

extent of defect sites.

Table 2A.2: Over stoichiometric oxygen, defect site oxygen species, Ni3+ concentration

Catalysts
Over stoichiometric

oxygen by
iodometric titration (δ)

Adsorbed oxygen
species in the defect sites
by core level XPS (OS)

Ni3+ concentration
estimated by

core level XPS %

La2NiO4+δ - 26.2 8.6

La1.8Sr0.2NiO4+δ 0.0133 37.8 17.06

La1.6Sr0.4NiO4+δ 0.0215 45.12 22.2

La1.4Sr0.6NiO4+δ 0.0283 75.08 25.6

La1.2Sr0.8NiO4+δ 0.0290 29.07 27.3
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Figure 2A.5: (a) XPS survey scan and (b) Ni 2p and La 3d core level spectra (c) Ni
3p and (d) O 1s in La2−xSrxNiO4+δ (x = 0 - 0.8)

2A.3.2 Electrocatalytic Oxidation of Methanol

The activity of solution-combustion-synthesized La2−xSrxNiO4+δ series towards methanol

oxidation was investigated from cyclic voltammetry in 0.5 M NaOH at a scan rate of 50 mV s-1.

The cyclic voltammograms of La2−xSrxNiO4+δ oxides in the absence of methanol are presented

in Figure 2A.6 and exhibit behavior typical of a Ni-based electrode in an alkaline system. A

current density observed starting at a potential value between 1.4 V to 1.8 V vs RHE corresponds

to the charge-transfer process of a Ni-O/Ni-OOH (Ni2+/Ni3+) redox couple [109]. Due to the

increasing number of potential sweeps along the potential 1.0 to 1.9 V vs RHE, a thick layer

of Ni - OOH was formed on the lattice surface with Ni in the 3+ oxidation state which was
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confirmed from CV studies and XPS [110, 111].

Figure 2A.6: CVs of La2−xSrxNiO4+δ 0.5 M NaOH at scan rate 50mV s-1 in the absence of
methanol

The cyclic voltammogram of La2−xSrxNiO4+δ oxides in 0.5 M NaOH at scan rates from

10 to 100 mV s-1 were performed, where the anodic and cathodic current densities increased

linearly with the scan rate (cf. Figure 2A.7 ). A peak shift was observed at a higher scan rate

probably due to the less time available for the complete formation of Ni-OOH species [22].

Figure 2A.7: CVs of (a) La2NiO4+δ, (b) La1.8Sr0.2NiO4+δ, (c) La1.6Sr0.4NiO4+δ,
(d) La1.4Sr0.6NiO4+δ, and (e) La1.2Sr0.8NiO4+δ in 0.5 M NaOH at scan rate 10 - 100

mV s−1 in the absence of methanol
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Further, MOR activity of the synthesized oxides was studied by the addition of 1.5 M

MeOH to 0.5 M NaOH electrolyte solution. A significant change in the CV curve is noticed with

a characteristic peak showing MOR activity around 1.59 V vs RHE with current densities of

0.10, 0.20, 0.61, and 0.17 mA cm−2 for La1.8Sr0.2NiO4+δ, La1.6Sr0.4NiO4+δ, La1.4Sr0.6NiO4+δ,

and La1.2Sr0.8NiO4+δ, respectively, as shown in Figure 2A.8a. All the catalysts exhibited a

well-separated anodic peak in forward (If) and backward scan (Ib) modes. The forward scan peak

depends on the amount of MeOH oxidized by the electrode modified by the oxide catalysts. The

characteristic hysteresis observed in the backward-scan is attributed to the oxidation of adsorbed

electrogenerated intermediate species formed during the forward sweep. This phenomenon has

also been reported earlier over the oxidic catalysts [112–116]. It is readily apparent that the

trend of MOR activity is increased from La2NiO4+δ to La1.4Sr0.6NiO4+δ, and again decreases

in La1.2Sr0.8NiO4+δ, with La1.4Sr0.6NiO4+δ exhibiting the highest extent of MeOH-oxidation

behavior, with a maximum current density of 0.61 mA cm−2 at 1.59 V vs RHE potential, as

shown in Figure 2A.8 and its inset. It should be noted that the OER is also inevitably strong

in the same potential window [117]. The comparison of CV traces of MOR and OER in the

same potential window over La1.4Sr0.6NiO4+δ (Figure 2A.8(b)) exhibited that the OER started

beyond 1.6 V vs. RHE, whereas the onset anodic potential of MOR was at 1.45 V vs RHE over

La1.4Sr0.6NiO4+δ. Further, the Tafel plot in Figure 2A.8(c) displayed a lower Tafel slope (118.9

mV dec−1) for MOR compared to that of OER (303.3 mV dec−1) over La1.4Sr0.6NiO4+δ. The

results apparently indicated a much favorable MOR kinetics within the experimental potential

window over the synthesized RP oxide. The scan-rate dependency of MOR activity of highly

active La1.4Sr0.6NiO4+δ for MOR was studied, and the results are provided in Figure 2A.8(d). It

is observed that the current density of MOR increased with increasing scan rate. The inset of

Figure 2A.8(d) demonstrates the linear relationship between the peak current and square root of

the scan rate, indicating a diffusion-controlled electrochemical process [118, 119].
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Figure 2A.8: CVs of (a) La2−xSrxNiO4+δ series in 0.5 M NaOH and 1.5 M MeOH
at scan rate of 50mV s-1 (b) CV for La1.4Sr0.6NiO4+δ in the presence and absence of
methanol at a scan rate of 50 mV s-1 (c) Tafel plots of La1.4Sr0.6NiO4+δ for MOR and
OER and (d) Scan rate dependent CV study of La1.4Sr0.6NiO4+δ in 0.5 M NaOH and

1.5 M MeOH

In order to achieve higher current density, as well as better MOR activity, conducting

polymer PANI was used as a support of La1.4Sr0.6NiO4+δ [120–122]. The cyclic voltammograms

of La1.4Sr0.6NiO4+δ/PANI composite and unsupported La1.4Sr0.6NiO4+δ during MOR in alkaline

medium (0.5 M NaOH and 1.5 M MeOH at 50 mV s−1 scan rate) are provided in Figure 2A.9(a).

La1.4Sr0.6NiO4+δ/PANI revealed a significant 5-fold increment in oxidative peak current density

for MeOH oxidation at 1.59 V vs RHE, with an increased MOR current density of 3.34 mA

cm-2. The strong synergistic oxide-support interaction in La1.4Sr0.6NiO4+δ/PANI may have

improved charge transfer between the conducting polymer and the active La1.4Sr0.6NiO4+δ, and

thereby enhanced the electron exchange behavior in the composite system for better MOR

efficacy. ECSA can also influence the MOR efficacy, and therefore the ECSA was calculated

over the pristine and the composite materials (Figure 2A.9(b)) [123–125]. The calculated ECSA

of La1.4Sr0.6NiO4+δ/PANI was 0.219 cm2, an order of magnitude higher value than that of
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La1.4Sr0.6NiO4+δ (0.07 cm2). This clearly justifies the higher efficacy of the composite material.

The electrochemical stability of the catalyst is another vital factor, which was evaluated by CA

technique. CA studies of the most active La1.4Sr0.6NiO4+δ and the composite La1.4Sr0.6NiO4+δ

/PANI were carried out in 0.5 M NaOH and 1.5 M MeOH at MOR potential of 1.61 V vs

RHE, as shown in Figure 2A.9(c). The unsupported La1.4Sr0.6NiO4+δ and the composite

La1.4Sr0.6NiO4+δ/PANI exhibited a very stable MOR phenomenon, as they preserved quite

constant current density throughout the MOR process for 12 h. An increment of current density

was also observed for La1.4Sr0.6NiO4+δ /PANI catalyst during this CA study. The robust

steadiness of the hybrid composite with enhanced current density during MOR activity confirmed

the synergistic interaction between and La1.4Sr0.6NiO4+δ and PANI in the system.

Figure 2A.9: CVs of (a) La1.4Sr0.6NiO4+δ and La1.4Sr0.6NiO4+δ/PANI in 0.5 M NaOH
and 1.5 M MeOH at scan rate of 50 mV s-1 (b) Plot of charge against time according
to Cottrell equation over La1.4Sr0.6NiO4+δ and La1.4Sr0.6NiO4+δ/PANI and (c) CA of
La1.4Sr0.6NiO4+δ and the composite La1.4Sr0.6NiO4+δ /PANI in 0.5 M NaOH and 1.5

M MeOH at MOR potential of 1.61 V vs RHE

The well-resolved peak in the backward-scan during MOR over the pristine as well as

PANI supported La1.4Sr0.6NiO4+δ is attributed to the oxidation of adsorbed intermediate species.

The gaseous CO could be an intermediate during MOR. Therefore, to confirm CO poisoning or

tolerance, a CO-stripping experiment was performed on La1.4Sr0.6NiO4+δ and La1.4Sr0.6NiO4+δ

/PANI-modified electrodes (Figure 2A.10). Apparently, CV traces were almost identical in the

absence or in the presence of feed gaseous CO. This confirmed no evidence of CO poisoning over
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the pristine La1.4Sr0.6NiO4+δ or supported La1.4Sr0.6NiO4+δ /PANI catalysts, and the peak in

the backward-scan during MOR over the materials was due to the oxidation of any adsorbed

intermediate species other than CO [126, 127]. Absolute no CO poisoning was a significantly

valuable advantage of MOR over the synthesized materials for durable DMFC applications.

Figure 2A.10: (a) CO stripping study of La1.4Sr0.6NiO4+δand La1.4Sr0.6NiO4+δ /PANI in 0.5
M NaOH

According to the above electrocatalytic studies, La1.4Sr0.6NiO4+δ stands out to be the most

active catalyst among the La1.4Sr0.6NiO4+δ oxides. The support PANI could further enhance

the MOR efficiency. The higher catalytic efficiency of La1.4Sr0.6NiO4+δ could originate from its

inherent electronic properties. The detailed structural, electronic and surface characterization

have already indicated tetragonal distortion in the lattice due to oxidized Ni2+ and enhanced

surface-adsorbed oxygen at the defect sites of La1.4Sr0.6NiO4+δ. Therefore, next, we probed the

MOR mechanism in detail over the most active La1.4Sr0.6NiO4+δ, with the help of DFT and

XPS studies.

2A.3.3 Mechanistic Probing

The DFT calculations were carried out on pristine La2NiO4 and La1.5Sr0.5NiO4+δ using

plane-wave basis with plane-wave energy and GGA for exchange-correlation energy functional
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(see computational details). The computed TDOS for La2NiO4 and La1.5Sr0.5NiO4+δ are shown

in Figure 2A.11(a). In the case of pristine La2NiO4, the Ni 3d-orbitals split into t2g and eg,

and the occupied orbitals of Ni t2g and eg along with O 2p orbitals construct the valence band

below EF. On the other hand, the DOS of the unoccupied eg orbitals above EF contribute to

the conduction band, and the band gap between occupied and unoccupied eg orbitals are ∼4 eV

indicating an insulating nature of the pristine oxide. In case of Sr2+ doped La1.5Sr0.5NiO4+δ

(Figure 2A.11(b)), there is a clear overlap of the t2g and eg orbitals of Ni along with O 2p

orbitals, and the continuum in the EF region apparently signifies the semi-metallic feature of

La1.4Sr0.6NiO4+δ [128]. This can happen due to the formation of highly oxidized Ni3+ as also

has been observed from XAFS and XPS studies due to doping of Sr2+ in the A site. The

strong hybridization between the Ni 3d states of eg symmetry and O 2p states lead to the

formation of overlapping valance and conduction bands that cross the EF. With Sr2+ doping,

the increased overlap between Ni 3d and O 2p states lowers the energy between occupied O

2p states and unoccupied Ni 3d states, and ultimately enhances the Ni 3d - O 2p covalency.

The Ni 3d - O 2p hybridisation may be triggered from the closer proximity of Ni3+ with

the equatorial oxygen, as has been observed from structural investigations. The difference in

the bonding between the pristine and Sr2+ doped oxides are schematically depicted in Figure

2A.11(c & d). The enhanced covalency due to lattice doping of Sr2+ enables La1.4Sr0.6NiO4+δ to

behave as a more active catalyst than the pristine La2NiO4+δ analogue. The above theoretical

calculations show that the unoccupied eg band of the highly-oxidized Ni3+ shifts downward

and overlap with the O 2p band, resulting in band ‘hybridization’. The hybridization of these

bands may result in Fermi-level ‘pinning’ at the top of O 2p band [129]. This phenomenon

was further explored experimentally by determining the maximum position of the valence band

from the onset of the valence band XPS, as shown in Figure 2A.11(e). The binding energies of

the onset edge indicate the position of valence-band maxima, and, for all practical purposes,

the valence-band spectra obtained from XPS coincide with the DOS [130]. It is apparent

that the onset of the valence band is below EF for pristine La2NiO4+δ. However, with more

extensive doping of Sr2+, the onset edge of the valence band shifted gradually towards the left,

indicating pinning of the Fermi level, as well a greater overlap of the valence and conduction

bands. It may be inferred that the delocalization of valence-band electrons vis à vis higher

covalency facilitated La1.4Sr0.6NiO4+δ to exhibit highest MOR activity. The higher extent of

covalency and mobility of electrons was further probed by an EIS study of La2−xSrxNiO4+δ based

electrodes under MOR conditions (0.5 M NaOH and 1.5 M MeOH). The representative Nyquist

plots of La2−xSrxNiO4+δ oxides are shown in Figure 2A.11(f). This Figure 2A.11(f) reveals a
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large semicircle arc for La2NiO4+δ and La1.8Sr0.2NiO4+δ, while smaller semicircles are observed

for higher Sr2+ doping. La1.4Sr0.6NiO4+δ exhibited the smallest semicircle at high frequency,

indicating the lowest charge-transfer resistance, as well as the highest electronic conductivity,

owing to higher covalency of the material. The optimum amount of Sr2+ doping has induced the

transition from insulator to half-metal, which, in turn, enabled the facile mobility of electrons

and the highest degree of MOR activity over La1.4Sr0.6NiO4+δ. The electronic conductivity was

further improved by dispersing the La1.4Sr0.6NiO4+δ over PANI, as can be observed from the inset

Nyquist plot of Figure 2A.11(f). The arc of the semicircle in Nyquist plot was greatly decreased

for La1.4Sr0.6NiO4+δ/PANI composite compared to La1.4Sr0.6NiO4+δ. This huge reduction of

charge-transfer resistance ( ∼ 20-fold) is due to PANI, which improved the electrical conductivity

and ion diffusion during the MOR and as a whole, further enhanced catalytic efficacy [131].

The above results summarise that the close proximity of O 2p centre position to the Fermi

Level resulted in Fermi-level pinning at the top of O 2p band. This can significantly influence the

lattice-oxygen stability of these oxides by rendering them prone to facile oxidation. Therefore,

we propose a lattice-oxygen-mediated methanol-oxidation reaction over the La2−xSrxNiO4+δ

oxides as shown in Figure 2A.12(a). The reaction may start with the distorted NiO6 with

oxygen vacancy in the lattice. The hydroxyl anion from the electrolyte can be adsorbed on the

adjacent site of the catalyst to yield the key intermediate of Ni-OOH species. We have indeed

observed the formation of Ni-OOH species on the catalyst surface (vide Figure 2A.5 and 2A.7),

and La1.4Sr0.6NiO4+δ exhibited the highest concentration of Ni-OOH among the oxides. The

formation of the Ni-OOH species was further probed by the XPS study of O 1s core-level spectra

of the highly efficient La1.4Sr0.6NiO4+δ after 7h CA studies. The deconvoluted O 1s spectrum

of exhausted La1.4Sr0.6NiO4+δ in Figure 2A.12(b) shows that, in addition to the usual OL, OS

and OW peaks, there is an extra peak at 535.5 eV corresponding to the Ni-OOH species on

the surface of the catalyst. It must be noted that the corresponding peak of Ni-OOH was not

observed in the fresh La1.4Sr0.6NiO4+δ catalyst. Thus-formed Ni-OOH may enable adsorption of

MeOH in the form of Ni-OOCH3. The oxygen vacancy in the doped oxides facilitates -OH−

adsorption with a low energy barrier. Incidentally, the oxygen vacancy was found to be highest

over La1.4Sr0.6NiO4+δ (vide Figure 2A.5 and Table 2A.2)

36



Chapter 2A. Electro-Oxidation Reaction of Methanol over La2−xSrxNiO4+δ Ruddlesden–Popper
Oxides

Figure 2A.11: (a)Density of states plot for (a) La2NiO4+δ and (b) La1.5Sr0.5NiO4+δ,
respectively. ↑ and ↓ denote two different spin-states. Schematic representation of Ni
3d-O 2p overlap for (c) La2NiO4+δ and (d) La1.4Sr0.6NiO4+δ. (e) Valence band XPS
of La2−xSrxNiO4+δ and (f) Nyquist plots of La2−xSrxNiO4+δ oxides. Nyquist plot for

La1.4Sr0.6NiO4+δ /PANI in inset

To validate the product, we have analyzed further the liquid electrolyte obtained after the

methanol-oxidation reaction by 1H NMR studies, and the corresponding spectra are shown in

Figure 2A.13. The 1H NMR data revealed the presence of the peak around 8.3 ppm, indicating

the formation of HCO2H as one of the products during the methanol-oxidation reaction. The

Faradaic efficiency of HCO2H formed was calculated and tabulated in Table 2A.3. No other

liquid product was observed, and the gaseous products were not analyzed over the materials.
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The efficient and selective electro-oxidation of methanol to high-value-added HCO2H over the

La1.4Sr0.6NiO4+δ is also a very important aspect from a commercial and industrial point of view.

Figure 2A.12: (a) Proposed methanol electro-oxidation to HCO2H over La2−xSrxNiO4+δ

involving the lattice oxygen and oxygen vacant sites via formation of the key active species Ni -
OOH. (b) O 1s core level spectra of La1.4Sr0.6NiO4+δ after methanol oxidation reaction to show

the formation of Ni-OOH intermediate species

Figure 2A.13: 1HNMR spectra after 4h of chronoamperometric study in 1.5 M MeOH
and 0.5 M NaOH medium
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Table 2A.3: Faradaic efficiency of product HCO2H

Catalysts
Faradaic efficiency

of HCO2H formation (%)

La1.8Sr0.2NiO4+δ 9.3

La1.6Sr0.4NiO4+δ 8.3

La1.4Sr0.6NiO4+δ 11.9

La1.2Sr0.8NiO4+δ 10.4

2A.4 Conclusion

La2−xSrxNiO4+δ(x = 0 – 0.8) Ruddlesden Popper oxides were synthesized by a single step

single step solution combustion method. Several important conclusions have emerged:

(i) Structural characterization demonstrated that the La2−xSrxNiO4+δ oxides with x = 0 - 0.6

resulted in a single, clean-phase tetragonal structure with I4/mmm space group, whereas higher

amount of doping of Sr2+ (x = 0.8) crystallized in a lower symmetric orthorhombic phase, along

with the primary tetragonal phase. Substitution of trivalent La3+ with bivalent La2−xSrxNiO4+δ

in the A site invoked charge neutrality, and, therefore, Ni2+ was oxidized to Ni3+, exhibiting

a compression along the equatorial plane, alongside tetragonal elongation along ‘z’ axis. The

percentage content of Ni3+ was found to be highest in La1.4Sr0.6NiO4+δ. A significant amount

of oxygen vacancy was also observed in the synthesized materials with a maximum extent of

vacancies in La1.4Sr0.6NiO4+δ.

(ii) La1.4Sr0.6NiO4+δ exhibited the highest efficacy towards methanol oxidation in alkaline medium

compared to other synthesized homologous RP oxides. The catalytic efficacy of La1.4Sr0.6NiO4+δ

was further enhanced when PANI was used as the conducting support.

(iii) Mechanistic insights into MOR over the La2−xSrxNiO4+δ oxides were probed, finding that

the electronic properties induced by structural deformation and the oxygen defects are due to

aliovalent doping in A site. The optimum doping of (Sr2+) in La1.4Sr0.6NiO4+δ resulted in a high

degree of Ni3+ 3d - O 2p hybridisation with a close proximity of O 2p centre position to the Fermi

level. This not only resulted in higher conductivity but also in Fermi-level pinning taking place

at the top of the O 2p band, with facile oxidation of lattice oxygen of La1.4Sr0.6NiO4+δ. Based

on these experimental and theoretical findings, we propose an oxygen-vacancy-induced lattice-

oxygen-mediated methanol-oxidation reaction mechanism. Taken together, these important

overall conclusions point towards RP oxides as being a most promising family of MOR catalysts,

capable of further ‘tuning’, optimization and refinement in our quest to bring about sustainable

energy conversion, realize the ‘Methanol Economy’, and reduce CO2 emissions.
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Chapter 2B

Electro-oxidation Reaction of

Methanol over

La2−xSrxNi1−y(Mn/Fe/Co)yO4+δ

Ruddlesden-Popper oxides

2B.1 Introduction

The key scientific challenge in MOR using a layered perovskite is to enhance the activity by

tunning the structure by creating vacancy, defects and mixed oxidation state. The configuration

of La2NiO4 creates a relatively open structural framework surface that allows oxygen exchange

properties where oxygen from the perovskite layer can occupy interstitial sites of the rock

salt layer and diffuse laterally [132–136]. Throughout the process of incorporating interstitial

oxygen atoms, the host structure supplies electrons to the surface oxygen while creating holes

in the valence band. The presence of interstitial oxygen and holes has a significant impact on

determining the comprehensive electrochemical properties.

In chapter 2A, we explored how aliovalent doping at the A site with varied concentrations

of rare-earth cation Sr2+ can alter the electron density of La2−xSrxNiO4+δ than that of pristine

La2NiO4 and oxidize Ni2+ to a higher valency to attain the charge neutrality, where the octahedral

Ni3+ sequentially would show a lower electron occupancy in the eg level. With optimal doping of

bivalent Sr2+ = 0.6, La1.4Sr0.6NiO4+δ exhibited a very high methanol-oxidation reactivity [132].
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This inturn can amend the electrical conductivity of the material with either oxygen deficiency

or oxygen excess. On the other hand, this doping can create mixed valence in the B site, which

effectively can play a major role in MOR.

In the present work, we try to further explore the MOR activity of La2−xSrxNiO4+δ by

doping of Mn, Fe and Co at the B site. Herewith, we enhanced the percentage of Ni to higher

oxidation state with the formation of active redox centers (Ni2+/Ni3+) and investigated the

MOR mechanism over pure phase La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ. Through a combination

of experimental observations and DFT calculations, we have provided evidence that doping at

the B site resulted in high MOR activity by further improving electrical conductivity via DOS.

The combination of theoretical calculations and experimental observations suggests that MOR

occurs with the formation of Ni-OOH as a crucial active intermediate species.

2B.2 Materials and methods

2B.2.1 Synthesis of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ

A low temperature one step solution combustion synthesis method was adopted for the

synthesis of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ. It involves a propellant chemistry between

the oxidizer, metal nitrates, and the fuel glycine [137, 138]. In this method of synthesis,

stoichiometrically appropriate amounts of metal precursors, La(NO3)3· 6H2O (SRL chemicals,

99%), Sr(NO3)2 (Sigma Aldrich, 99%), Ni(NO3)2· 6H2O (SD fine, 99%), Co(NO3)2· 6H2O

(Sigma Aldrich, 99%), Fe(NO3)3· 9H2O (Sigma Aldrich, 99%), Mn(NO3)2· 4H2O (Sigma Aldrich,

99%) and fuel C2H5NO2 (Sigma Aldrich, 99%) were dissolved in 50 mL of deionized water in a

300 mL borosilicate dish. The mixture was introduced to preheated furnace at 450 ◦C. In the

beginning, the solution boiled vigorously and underwent dehydration, after which the surface

ignited. Upon achieving complete dehydration, a combustion process commenced leading to the

exothermic decomposition of the metal-fuel complexes, accompanied by the release of CO2, N2,

and H2O. The dehydrated product burned with a temperature reaching up to 1000 ◦C yielding

a voluminous product. The resultant mixture was calcined at 1000 ◦C to obtain pure phased

material.
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2B.2.2 Structural, Surface and Electronic Characterisation

High-resolution powder XRD using a Rigaku Ultima IV X-ray diffractometer with CuKα

radiation (λ = 1.5418 Å ) was adopted to investigate the structural characterization of synthesized

La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ at a scan rate of 0.5◦ min−1 and a step size of 0.01◦. The

average nanocrystalline diameters (D) were calculated from the broadening of the highest peak

using Scherrer’s formula,

D =
0.9λ

BCosθ
(2B.1)

where B is the full-width at half-maximum, λ is the wavelength of the radiation, and θ is the

corresponding angle. Fullprof program suite was adopted to refine the powder X-ray diffraction

patterns. Rietveld refinements were carried out by systematic variation of various parameters,

including the overall scale factor, background and profile parameters, unit-cell lattice parameters,

atomic positions, Full width half maxima, shape, isotopic thermal parameters, oxygen occupancy,

and other relevant factors. ED-XRF was used to probe the actual atomic ratio of the synthesized

La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ, with the help of an Epsilon 1; PAN analytical instrument.

HR - SEM was carried out with FE - SEM, (FEI - ApreoS) at 30 kV acceleration. The surface

composition, elemental oxidation state and bonding was probed by XPS with the help of Thermo

Scientific K-Alpha surface-analysis spectrometer housing Al Kα as the X-ray source (1486.6 eV).

The base pressure at the analysing chamber was maintained at 5 × 10-9 mbar. The data profiles

were subjected to a nonlinear least-squares curve fitting program with a Gaussian-Lorentzian

production function and processed with Avantage software. B.E. of all XPS data was calibrated

vs the standard C 1s peak at 284.85 eV.

2B.2.3 Electrocatalytic Oxidation of Methanol

OrigaFlex OGF500 electrochemical workstation was used for the electrocatalytic MOR.

A typical three-electrode setup comprising of Hg/HgO (1 M KOH) as the reference, Pt as the

counter electrode and GCE as the working electrode was used. The GCE was modified by

drop casting the catalyst ink on its surface of area 0.07 cm2. GCE was polished using 0.05 µm

alumina slurry before drop casting the catalyst ink. The catalyst ink was prepared by dispersing

the physical mixture of 5 mg of the synthesized catalyst and 2 mg of carbon black in 1 mL of

methanol and 10 µL Nafion solution. An aqueous solution of 0.5 M NaOH served as electrolyte.
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ECSA was determined by conducting double - step chronoamperometric expert experiments and

calculated using Cottrell equation as elobrated chapter 2A.

To evaluate the MOR, CV was carried out in 0.5 M NaOH and 0.5 M MeOH. CA was

adopted to study the stability of the catalysts. In all measurements, potential of Hg/HgO is

converted to RHE in 0.5 M NaOH according to the following equation: ERHE = EHg/HgO +

0.059× pH + 0.098. The concentration of the surface Ni - OOH layers after CV cycles in NaOH

medium was calculated with respect to the geometrical surface area according to the following

equation

Ip =

[(
z2F2

4RT

)
Aτ∗ν

]
(2B.2)

Ip = Peak current density (mA cm-2), Z = No. of electrons transferred, R = Gas constant, T =

Temperature, A = Geometrical area of the electrode (0.07 cm2) ν = scan rate, and τ∗ = surface

coverage of Ni - OOH. The liquid products after CA were analysed using 1H NMR (Bruker AV

NEO, 400 MHz). For this, about 0.4 mL of electrolysis solution, 0.1 mL of D2O, and 5 mg of

4-nitrophenol (as an internal standard) were added into the NMR tube to identify the product.

EIS study was carried out at 1.56 V vs RHE to study the electron transfer for MOR over a

frequency range of 0.1 Hz to 1 MHz with a sinusoidal excitation signal of 10 mV using a Biologic

Sp-150 electrochemical workstation with the conventional three-electrode system in an alkaline

mixture of 0.5 M MeOH and 0.5 M NaOH.

2B.2.4 Computational Details

The geometry optimization and electronic structure calculations of La1.5Sr0.5Ni0.9(Mn/Fe/

Co)0.1O4+δ were performed using plane-wave basis with plane-wave energy cut-off of 500 eV and

GGA for exchange-correlation energy functional in the version of PBE [90] as implemented in

VASP 6.3.2 [139–142]. Initial coordinates for geometry optimization of La1.5Sr0.5NiO4+δ was

taken from our previous work on La1.5Sr0.5Ni0.9M0.1O4 materials [132]. La1.5Sr0.5Ni0.9M0.1O4

unit cell (a=7.692 Å, b=19.230 Å, c=12.711 Å, α=β=γ=90◦) was created by replacing one of

the La with Sr in a 2×5×1 supercell of La1.5Sr0.5NiO4 and then geometry optimization was

done. For all the calculation, 4×2×3 k-point mesh with Monkhorst-pack scheme were used.

DFT (PBE) + U methodology (with an additional Hubbard-like term, U) was used to consider

strong on-site Coulomb interaction of localized electrons (3d and 4f electrons), which is not

correctly described by PBE functional. We applied the onsite Coulomb interaction U into all
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of the GGA calculations with the setting of Ueff@La = 5.5 eV, Ueff@Ni = 8.33 as reported in

previous literatures [94].

2B.3 Results and Discussion

2B.3.1 Structure, Surface and Electronic Properties of Catalysts

The structural information and phase purity of the solution combustion synthesized

La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ was probed by powder XRD. The representative XRD patterns

as shown in Figure 2B.1(a), indicate that the synthesized materials crystallized in phase-pure

Ruddlesden Popper structure and are in good agreement with the reported profiles [132, 134,

143–145]. La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ exhibited a tetragonal symmetry with I4/mmm

space group [JCPDS No. 81-0742]. There was no impurity of La2O3, NiO, Fe2O3, MnO, CoO

phases observed in the XRD patterns of any of the synthesized doped oxide.

To have further insight into the structural information, the powder patterns were refined

using Rietveld refinement. The refinement employed a pseudo-Voigt profile function, and the

background correction was carried out using six polynomial functions. In this context, the

I4/mmm space group was considered where La and Sr are randomly distributed at 4e (0,0,0)

sites, Ni/Co/Fe/Mn at 2a (0,0,0) and the two inequivalent oxygen atoms, O1 at 4c (0, 0.5,0)

and O2 at 4e (0, 0, 0) Wyckoff sites. The refinement profiles are shown in Figure 2B.1(b). The

black coloured line represents the obtained empirical curve and the superimposed red coloured

one designates the fitted curve with theoretically calculated intensities. The apparent fitting

and the reliability factors, such as Rbragg, and χ2 ensures the formation of single-phase solid

solutions with lattice doping of Sr2+ in A site and Mn/Fe/Co in B site of La2NiO4+δ. The

corresponding lattice parameters obtained from refinement and reliability factors Rbragg and χ2

are provided in Table 2B.1. It has been observed in our previous report that the lattice constants

‘a’/‘b’ decreased gradually, whereas ‘c’ increased with an increase in Sr2+ doping at La3+ site

[132]. This tetragonal elongation along ‘z’ axis of the unit cell was explained by Jahn - Teller

distortion due to the formation of Ni3+ in B site. The asymmetrical occupancy of electrons in

the eg orbital, characterized by a low-spin t62gd
2
z configuration, exhibited by the Ni3+ sites in an

octahedral environment, was identified as the cause of the observed tetragonal elongation. As

the Sr2+ concentration increased up to x = 0.6 in La1.4Sr0.6NiO4+δ, the elongation along the

‘z’ axis was an indicative of a reduced overlap between dz2 and axial O 2p orbitals, while the
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compression along the equatorial plane suggests an enhanced overlap between dx2-y2 and O 2p

orbitals. However, interestingly here we observe that with further doping of Mn/Fe/Co in B site,

this trend reverses and ‘c’ decreases sharply while ‘a’/‘b’ increases gradually (Figure 2B.1(c)).

The increased concentration of Ni3+ due to B site doping may cause the switching of electronic

configuration over to t62g d1x2−y2 from t62gd
2
z . This phenomenon in Ruddlesden Popper phase

oxides is already reported [75, 97, 146]. The configuration t62g d1x2−y2 would permit enhanced

overlap of dz2 and axial O 2p while reduced overlap of dx2-y2 and O 2p orbitals. The significant

shrinkage of axial plane and expansion of equatorial planes subsequently increased the unit cell

volume of the system, and this was found most profound with Co2+ doping in the B site.

Figure 2B.1: (a) Experimentally observed XRD patterns with the simulated one, (b)
Rietveld refinement of synthesized La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ (c) Variation of

lattice parameters “a/b” and “c” with B site doping
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Table 2B.1: Rietveld refine lattice parameters and atom occupancy of La1.4Sr0.6NiO4+δ and
La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ

Catalysts

Cell
parameters

(A)
Cell

volume
(A)

χ2 Rbragg
Occupancy

a=b c La Sr Ni Fe/Mn/Co O1 O2

La1.4Sr0.6NiO4+δ 3.811 12.73 184.6 1.25 0.48 0.70 0.53 - 1.16 1.12

La1.4Sr0.6Ni0.9Fe0.1O4+δ 3.813 12.73 185.0 3.37 3.46 0.40 0.68 0.21 0.47 1.75 1.32

La1.4Sr0.6Ni0.9Mn0.1O4+δ 3.815 12.70 184.9 3.58 5.7 0.39 0.55 0.34 0.52 1.84 1.38

La1.4Sr0.6Ni0.9Co0.1O4+δ 3.819 12.61 185.2 1.19 1.66 0.51 0.66 0.22 0.51 1.76 1.16

The ED-XRF of the prepared catalysts inferred that the actual doping concentration of

Sr, Fe, Mn and Co was similar to the theoretically calculated values (Table 2B.2).To further

verify the extent of Sr doping on the A site and Co doping on the B site, ICP-OES analysis was

conducted with the synthesized material. The ICP results in Table 2B.3 show that the elements

fall within the anticipated weight percentage range, exhibiting a margin of ±2%.

Table 2B.2: ED-XRF of La1.4Sr0.6NiO4+δ and La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ

Catalysts
XRF (wt%) Calculated (wt%)

La Sr Ni Fe Co Mn La Sr Ni Fe Co Mn

La1.4Sr0.6NiO4+δ 62.5 18.0 19.5 63.6 17.1 19.2

La1.4Sr0.6Ni0.9Fe0.1O4+δ 61.9 16.6 20.3 1.2 63.6 17.2 17.2 1.8

La1.4Sr0.6Ni0.9Mn0.1O4+δ 61.1 16.8 20.7 1.2 63.6 17.2 17.3 1.72

La1.4Sr0.6Ni0.9Co0.1O4+δ 58.9 18.1 20.4 2.4 63.6 17.1 17.2 1.9

Table 2B.3: ICP-OES of La1.4Sr0.6NiO4+δand La1.4Sr0.6Ni0.9Co0.1O4+δ

Catalysts
Wt(%)

La Sr Ni Co

La1.4Sr0.6NiO4+δ 54.95 14.65 15.77

La1.4Sr0.6Ni0.9Co0.1O4+δ 58.9 15.07 14.12 1.9

The nano-structural features of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ were probed with HR-

SEM images shown in Figure 2B.2. The synthesized materials exhibited a diffuse structure. The

EDAX mapping in (Figure 2B.2) demonstrates the homogeneous distribution of Sr, Fe, Co and

Mn in La2NiO4+δ matrix.
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Figure 2B.2: (a) FE - SEM images and corresponding EDAX mapping of (a) La1.4Sr0.6NiO4+δ

(b) La1.4Sr0.6Ni0.9Mn0.1O4+δ (c) La1.4Sr0.6Ni0.9Fe0.1O4+δ and (d) La1.4Sr0.6Ni0.9Co0.1O4+δ

XPS analysis was employed to probe the surface chemical bonding and electronic states of

the elements in solution combustion synthesized La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ. The survey

spectra in Figure 2B.3(a) indicate the presence of metals on the surface in their expected atomic

ratio. We have considered Ni 3p for deconvolution instead of Ni 2p due to the overlapping peaks

of Ni 2p3/2 and La 3d3/2 satellites [100, 147–149]. Ni 3p core level spectra of La1.4Sr0.6NiO4+δ

revealed the simultaneous presence of Ni2+ and Ni3+ due to Sr2+ doping (Figure 2B.3(b)).

The deconvoluted Ni 3p spectra reveal Ni2+ peaks at 66.7 and 68.5 eV, corresponding to the

spin-orbital splitting of Ni 3p3/2 and Ni 3p1/2, respectively. Likewise, the peaks observed at

71.2 and 73.7 eV correspond to the Ni3+ state of Ni 3p3/2 and Ni 3p1/2, respectively [150–152].

The partial substitution of Fe, Mn and Co in B site further enhances Ni3+ concentration. The
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percentage content of Ni3+ gradually increased from 24.3% without B site doping to 34.3%

with Co doping (vide Table 2B.4). The increase in the proportion of Ni3+ formation with B

site doping was characterized by 3d7 electrons having electronic configuration t62g d1x2−y2 which

accounts for the elongation of equilateral ‘a’/‘b’ and compression of axial ‘c’ as observed from

Rietveld refinement of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ.

Figure 2B.3: (a)XPS survey spectra and (b) Ni 3p core level spectra
of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ

The increase in Ni3+ concentration can be attributed to the presence of higher 2+ oxidation

states of the dopants (Mn/Fe/Co) in the B site. Illustrated in Figure 2B.4(a), the Fe 2p spectra

of La1.4Sr0.6Ni0.9Fe0.1O4+δ feature two pairs of peaks corresponding to Fe 2p3/2 and Fe 2p1/2.

Upon deconvolution, the spectra reveal the coexistence of both Fe2+ and Fe3+ states. The peaks

observed at 710.8 and 724.3 eV belong to Fe2+ of Fe 2p3/2 and Fe 2p1/2, while those at 714.3

and 726.8 eV correspond to Fe3+. Additionally, two satellite peaks were observed at 718.0 and

729.8 eV. Upon deconvolution, the high-resolution Mn 2p spectrum of La1.4Sr0.6Ni0.9Mn0.1O4+δ

(depicted in Figure 2B.4(b)) exhibited the peaks at 639.2 and 654.0 eV attributed to Mn2+

of Mn 2p3/2 and Mn 2p1/2, whereas Mn3+ states were identified at binding energies of 644.1

eV (2p3/2) and 655.5 eV (2p1/2) [153, 154]. In case of Co 2p spectrum (Figure 2B.4(c)), the

spin-orbit doublet of the Co 2p3/2 and Co 2p1/2 peaks were further deconvoluted into four

distinct peaks. The peaks that appeared at 779.7 and 794.8 eV are assigned with Co3+, while
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the ones at 781.0 and 796.3 eV corresponds to Co2+ [155–157]. When analysing the distribution

of 2+ ions within the B site, it becomes evident that Co2+ displayed the highest percentage,

reaching 60.99%. In contrast, both Mn2+ and Fe2+ exhibited lower proportions, accounting for

33.8% and 32.9% respectively. The composition La1.4Sr0.6Ni0.9Co0.1O4+δ, which possessed the

highest Co2+ concentration, also demonstrated a simultaneous rise in Ni3+ concentration, as

documented in Table 2B.4.

Figure 2B.4: (a) Fe 2p core level spectra of La1.4Sr0.6Ni0.9Fe0.1O4+δ (c) Mn 2p core
level spectra of La1.4Sr0.6Ni0.9Mn0.1O4+δ (d) Co 2p spectra of La1.4Sr0.6Ni0.9Co0.1O4+δ

The deconvoluted core-level spectra of O 1s (Figure 2B.5) show three distinguishable peaks

at 531.2, 533.4 and 535.5 eV corresponding to lattice oxygen (OL), adsorbed oxygen species in

the defect sites (OS), and hydroxyl species of surface-adsorbed water molecules (OW) [22, 158].

The total oxygen content in the surface was calculated from the area under the curve to the

total area of the spectra, where total area is OT= OL+ OS + OW. The defective surface oxygen

on La1.4Sr0.6NiO4+δ was 74.1% and it increased to 77.8% with partial doping of Co2+ in B site.

The highest occurrence of Ni3+ and Co2+ could be attributed to the formation of the maximum

surface oxygen vacancy in La1.4Sr0.6Ni0.9Co0.1O4+δ.
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Figure 2B.5: (a)O 1s core level spectra of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ

Table 2B.4: Ni3+ Concentration, Bivalent concentration of dopants, Defect site oxygen species,
and surface –OOH concentration

Catalysts Ni3+ (%) Co2+/Fe2+/Mn2+ OS (%)
Surface concentration

Ni-OOH (γ∗ ) (mol cm−2)

La1.4Sr0.6NiO4+δ 24.3 - 73.1 7.61×10−8

La1.4Sr0.6Ni0.9Fe0.1O4+δ 27.6 32.9 74.3 1.88×10−7

La1.4Sr0.6Ni0.9Mn0.1O4+δ 33.3 33.8 75.6 1.16×10−7

La1.4Sr0.6Ni0.9Co0.1O4+δ 34.3 60.9 77.8 3.67×10−7

Investigation was carried out to examine the influence of ECSA on the activity of MOR Fig-

ure (2B.6). The ECSA calculated using Cottrell equation of shows that La1.4Sr0.6Ni0.9Co0.1O4+δ

exhibited the highest ECSA of 9.87 cm2 compared to other Ruddlesden Popper oxides inferring

the better efficacy of the material towards MOR (Table 2B.5).
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Figure 2B.6: Plot of charge against time according to Cottrell equation of
La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ

Table 2B.5: ECSA of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ and La1.4Sr0.6NiO4+δ

Catalysts ECSA (cm2)

La1.4Sr0.6NiO4+δ 0.07

La1.4Sr0.6Ni0.9Fe0.1O4+δ 1.31

La1.4Sr0.6Ni0.9Mn0.1O4+δ 8.12

La1.4Sr0.6Ni0.9Co0.1O4+δ 9.87

2B.3.2 Electrocatalytic Oxidation of Methanol

The electrocatalytic activity of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ was systematically ex-

plored for methanol oxidation reactions with the help of cyclic voltammetry measurements

conducted in 0.5 M NaOH and 0.5 M MeOH at a scan rate of 50 mV s-1. Initially, the materials

were activated in 0.5 M NaOH by cycling 25 scans within a potential window of 0.8 to 1.8 V vs

RHE at a scan rate of 10 - 100 mV s-1 prior to the screening of MOR. The cyclic voltammograms

obtained in 0.5 M NaOH exhibited a distinguishable peak at 1.49 V vs RHE (labelled as I) in

the forward scan and another at 1.15 V vs RHE (labelled as II) in the reverse scan as shown

in Figure 2B.7. These peaks demonstrated characteristic behaviour associated with Ni-based

electrodes, indicating the oxidation of Ni and the formation of -OOH species linked to Ni2+/Ni3+

redox couple. The CV trace in Figure 2B.7 also indicated an additional minor peak at 1.36 V vs

RHE (labelled as Peak III) during the forward scan and at 1.26 V vs RHE (labelled as Peak IV)

during the reverse scan for La1.4Sr0.6Ni0.9Co0.1O4+δ [159–161]. The minor peak corresponds to
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the oxidation of Co3+/ Co4+ and was in accordance with previous findings in the literature. No

corresponding peaks were evident for the oxidation of Mn2+ or Fe2+.

Figure 2B.7: CVs of La1.4Sr0.6O4+δ, La1.4Sr0.6Ni0.9Fe0.1O4+δ, La1.4Sr0.6Ni0.9Mn0.1O4+δ and
La1.4Sr0.6Ni0.9Co0.1O4+δ in 0.5 M NaOH with a scan speed of 50 mV s-1

Interestingly, as the scan rate was elevated from 10 to 100 mV s-1, an increase in peak

current density was observed, indicating the formation of a more substantial layer of -OOH species

enriched with Ni3+ on the catalyst’s surface (Figure 2B.8). The surface concentration of these

-OOH layers was quantified using peak current densities, revealing that La1.4Sr0.6Ni0.9Co0.1O4+δ

possessed the highest -OOH surface concentration of 3.67×10−7 mol cm−2 among the catalysts

(as tabulated in Table 2B.4). Notably, the highest level of Ni - OOH formation was achieved

when the scan rate was 50 mV s-1, designating it as the optimal scan rate for methanol oxidation.

At scan rates exceeding this optimal value (ranging from 60 to 100 mV s-1), the oxidation peak

associated with Ni2+ shifted to higher potentials. Simultaneously, the growth rate of surface Ni -

OOH species was compromised in comparison to lower scan rates (as illustrated in Figure 2B.8).

This incomplete oxidation of Ni2+ could be attributed to limitations in the reaction kinetics,

wherein insufficient time was available for the process to achieve completion [22, 162].

The MOR activity of the synthesized La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ catalysts in 0.5 M

NaOH and 0.5 M NaOH electrolyte was carried out at scan rate of 50 mV s-1, and the CV traces

are shown in Figure 2B.9(a). With the introduction of methanol, the oxidation peak of Ni and

Co became indiscernible, and a rapid surge in current density occurred as a result of methanol

oxidation. The methanol oxidation peak was observed after the Ni oxidation peak suggesting the

–OOH layer as the active species for MOR. All the catalysts exhibited a distinguishable anodic

and cathodic peak in the forward and reverse scan. The surge in anodic peak was observed at

1.58 V vs RHE with current density 6.25 mA cm-2 for La1.4Sr0.6NiO4+δ.
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Figure 2B.8: CVs of (a) La1.4Sr0.6O4+δ, (b) La1.4Sr0.6Ni0.9Fe0.1O4+δ, (c)
La1.4Sr0.6Ni0.9Mn0.1O4+δ and (d) La1.4Sr0.6Ni0.9Co0.1O4+δ in 0.5 M NaOH with a

scan speed of 10 to 100 mV s-1

With the doping of the B site, the MOR potentials were shifted to a much lower value

with enhanced current densities of 7.96, 12.4 and 21.4 mA cm-2 for La1.4Sr0.6Ni0.9Fe0.1O4+δ,

La1.4Sr0.6Ni0.9Mn0.1O4+δ, La1.4Sr0.6Ni0.9Co0.1O4+δ, respectively. To corroborate the results with

the intrinsic activity of all the catalysts, the MOR activity was further normalized with the

ECSA, and the obtained data are plotted in Figure 2B.9 (c). The appearance of the anodic peak

during the forward scan could be attributed to the oxidation of methanol, whereas the cathodic

peak might be associated with the oxidation of the remaining adsorbed species present on the
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catalysts’ surface. Apparently, the peak current density increased with partial doping of Mn, Fe

and Co in the Ni Site, and La1.4Sr0.6Ni0.9Co0.1O4+δ exhibited the highest current density with

a significant lower onset potential. The observed correlation between the formation of surface

-OOH species and the MOR current densities provides compelling evidence for the significance

of -OOH as the principal catalytic species driving MOR over the Ruddlesden-Popper oxide

catalysts. The doping of Co2+ in the B site resulted in increasing the surface oxygen vacancy,

coupled with heightened Ni3+content. This synergistic effect facilitated the increased formation

of –OOH species on the catalyst’s surface, thereby enhancing the MOR activity significantly

by facilitating easy methanol adsorption on Ni - OOH active sites. It should be noted that the

slightly higher onset potential of MOR over the doped Ruddlesden-Popper oxides compared to

the theoretical value of the oxygen reduction reaction suggests that while the materials may

not directly contribute to the potential application of DMFCs, they hold promise for both

the treatment of methanol-rich industrial wastewater and potential utilization in masking or

substituting the oxygen evolution reaction for H2 production.

Figure 2B.9: (a) CVs of La1.4Sr0.6NiO4+δ and La2−xSrxNi1−y(Mn/Fe/Co)yO4+δ in 0.5 M
NaOH and 0.5 M MeOH with a scan speed of 50 mV s-1 (b) CVs La1.4Sr0.6NiO4+δ and
La2−xSrxNi1−y(Mn/Fe/Co)yO4+δ in 0.5 M NaOH and 0.5 M MeOH w.r.to ECSA (c) Activation
energy plot of La1.4Sr0.6NiO4+δ and La2−xSrxNi1−y(Mn/Fe/Co)yO4+δ in 0.5 M NaOH and 0.5

M MeOH
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Assessing the catalysts’ activity for MOR involves activation energy which is another

crucial parameter [163–165]. The activation energy was determined with the help of Arrhenius

plot of current density (ln j) vs. temperature (T-1) at methanol oxidation potential over

La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ and La1.4Sr0.6NiO4+δ. The temperature was varied from 25

to 50 ◦C with a gap of 5 ◦C in alkaline 0.5 M MeOH electrolyte solution. The slope from the

activation energy (Ea) is shown in Figure 2B.9(c). The lowest MOR activation energy of 7.38 kJ

mol-1 over La1.4Sr0.6Ni0.9Co0.1O4+δ rationalized its high MOR activity.

2B.3.3 Evaluation of MOR Kinetic Parameters and Stability over

La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ

In light of the significant performance exhibited by La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ,

an intensive exploration of the kinetic parameters was conducted over the Co doped material.

The reaction order of MOR over La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ was calculated from the

methanol concentration studies. Voltammetric responses of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ

were obtained at different methanol concentration, and a linear relationship was obtained by

plotting the current density with methanol concentration in logarithmic scale as shown in the

inset of Figure 2B.10(a). The slope was calculated using the equation log I = log nFk + m logC,

where n is the number of electrons, F is the Faraday constant, k being the reaction constant, m

is the reaction order, and C is the concentration of methanol [166]. The reaction order of MOR

obtained from the slope of the curve was 0.36 over La1.4Sr0.6Ni0.9Co0.1O4+δ.
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Figure 2B.10: (a) Methanol concentration study (inset: log C Vs log I plot MOR showing
order of the reaction) (b) scan rate dependent study in 0.5 M NaOH and 0.5 M MeOH (inset
square root of scan rate vs current density) and (b) logarithmic plot of scan rate with current

density for La1.4Sr0.6Ni0.9Co0.1O4+δ

Next, the scan rate-dependent studies were employed to conduct a detailed kinetic analysis

of MOR over the optimized catalyst as shown in Figure 2B.10(b). As the scan rate is increased

from 10-100 mV s-1, the current density also increases respectively [167–170]. On plotting

the square root of the scan rate against current density, a linear correlation was observed

with a regression coefficient (R2) of 0.97 (Figure 2B.10(b) inset). This suggests that the

methanol oxidation reaction overLa1.4Sr0.6Ni0.9Co0.1O4+δ follows a diffusion-controlled pathway,

in accordance with the Randles-Sevick equation. The logarithmic curve of peak current density

vs. scan rate showed slope of 0.22 confirming the MOR over La1.4Sr0.6Ni0.9Co0.1O4+δ is a

diffusion-controlled process rather than a surface-controlled phenomenon (Figure 2B.10(c)).

Figure 2B.11(a) displays the results obtained from double-step chronoamperometry experi-

ment of La1.4Sr0.6Ni0.9Co0.1O4+δ conducted under two different potentials [44, 171]. The first

step involved applying an oxidation potential of 1.56 V vs RHE for 60 seconds, followed by a

second step at 1.0 V for 60 seconds. The experiments were performed both in the presence and
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Figure 2B.11: (a) Double step chrono amperometry of La1.4Sr0.6Ni0.9Co0.1O4+δ with and
without methanol at 1.56 V and 1.0V vs RHE. (b) IC vs IL vs Time (s) of

La1.4Sr0.6Ni0.9Co0.1O4+δ

absence of methanol, and the corresponding data were plotted. As methanol concentration was

increased, current density increased correspondingly at 1.56 V vs RHE, while there was no incre-

ment in current density at 1.0 V vs RHE irrespective of the methanol concentration. The charge

value associated with the forward chronoamperometry is significantly higher than that observed

for the backward chronoamperometry and also the charge value in the forward scan increased

with increase in methanol concentration. The rate constant for methanol electro-oxidation was

calculated from the double-step chrono amperometry using the following equation

Ic/IL = γ1/2
[
π1/2erf

(
γ1/2

)
+ exp (−γ) /γ1/2

]
(2B.3)

where IC is the catalytic current of La1.4Sr0.6Ni0.9Co0.1O4+δ in presence of methanol, IL is the

limiting current in the absence of methanol. γ is the argument of error function and is equal to

kCot, where k is the rate constant in cc mol-1s-1, t being the elapsed time in s, and Co is the

bulk methanol concentration in mol cc-1. The above-mentioned equation can be simplified as

the following one by considering the value of γ > 2.

Ic/IL = γ1/2π1/2 = (kC0t)
1/2π1/2 (2B.4)

The rate constant of MOR can be calculated with the above equation from the plot of IC/IL vs

t1/2 by varying the methanol concentration (Figure 2B.11(b)). The rate constant of MOR over

La1.4Sr0.6Ni0.9Co0.1O4+δ is 1.60 × 103 cc mol-1s-1 as calculated from methanol concentration

from 0 M to 2 M. The calculated rate constant, which is in line with values reported in the
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literature, demonstrates that the catalyst La1.4Sr0.6Ni0.9Co0.1O4+δ effectively overcomes the

kinetic barrier for methanol oxidation and significantly reduces the overpotential within the

overall electrocatalytic system [171, 172].

Figure 2B.12: (a) CA of La1.4Sr0.6Ni0.9Co0.1O4+δ at 1.56 V vs RHE in 0.5 M NaOH and 0.5
M MeOH for 10 h (b) CO stripping study of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δin 0.5 M NaOH
(c) Stability study of La1.4Sr0.6Ni0.9Co0.1O4+δ up to 300 cycles (inset: CV up to 300th cycle)
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Long term stability of the catalyst is one of the crucial aspects in evaluating electrocatalysis.

The assessment of stability of La1.4Sr0.6Ni0.9Co0.1O4+δ was conducted with the help of CA and

CV studies. Figure 2B.12(a) shows the CA of La1.4Sr0.6Ni0.9Co0.1O4+δ in 0.5 M NaOH and 0.5

M MeOH for 10 hours at potential of 1.56 V vs RHE. The progressive decline in current density

observed during the initial 100 minutes can be attributed to the gradual occupancy of active

sites by reaction intermediates. It was observed that current density maintained 95% as the

initial current density. The constant and stable long-term current response can be attributed to

the highly tolerant nature of La1.4Sr0.6Ni0.9Co0.1O4+δ against CO poisoning as shown in Figure

2B.12(b) The result of the long-term cyclic stability test by CV analysis for 300 cycles is shown

in Figure 2B.12(c). The improved cycling stability further corroborates the high stability and

CO tolerant nature of La1.4Sr0.6Ni0.9Co0.1O4+δ for a prolonged period of time. Following the

extended MOR study, the electrolyte was subjected to 1HNMR analysis to assess the composition

of the liquid product as shown in Figure 2B.13. The analysis of the data unveiled that the sole

liquid product observed during MOR was formic acid with a concentration of 2.46 × 10-6 ppm

for La1.4Sr0.6Ni0.9Co0.1O4+δ. The conversion was found to be the highest compared to the other

synthesized Ruddlesden Popper oxides as shown in bar plot of Figure 2B.14.

Figure 2B.13: 1HNMR spectra of the electrolyte of (a) La1.4Sr0.6NiO4+δ(b)
La1.4Sr0.6Ni0.9Mn0.1O4+δ (c) La1.4Sr0.6Ni0.9Co0.1O4+δand (d) La1.4Sr0.6Ni0.9Fe0.1O4+δ after 4

h of CA in 0.5 M MeOH and 0.5 M NaOH medium at MOR potential
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Figure 2B.14: Bar plot depicting the concentration of formic acid with respects to the catalysts

2B.3.4 Introspection of the Material’s Electronic & Surface Properties in

MOR

The electrochemical investigations reveal that La1.4Sr0.6Ni0.9Co0.1O4+δ emerges as the

optimal catalyst for MOR. This significant catalytic performance stems from the carefully

tailoring of optimized A-site doping by Sr2+ and B-site doping by Co2+. The augmented

oxygen vacancy on the catalyst’s surface, coupled with the deliberate induction of Ni3+, may

synergistically refine the electronic properties of La1.4Sr0.6Ni0.9Co0.1O4+δ, thereby endowing

it with a pronounced capability in MOR. Therefore, we endeavored to delve into the MOR

activity in light of the material’s electronic properties through theoretical calculations, EIS

and XPS studies. The DFT calculations were performed on the optimized crystal structures of

La1.5Sr0.5NiO4 and La1.4Sr0.6Ni0.9Co0.1O4+δ, as illustrated in Figure 2B.15.
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Figure 2B.15: Optimized Geometry of La1.5Sr0.5NiO4 and La1.5Sr0.5Ni0.9Co0.1O4+δ. Silver,
Red, Blue, Cyan and Yellow spheres denotes La, O, Ni, Co and Sr atoms, respectively

To streamline our computations, we employed La1.5Sr0.5NiO4 as surrogate, capturing the

essential traits of La1.4Sr0.6NiO4+δ. In a preliminary approximation, the foremost influencers

governing interactions between incoming reactants and a metal surface are expected to arise

from the Fermi-level electrons. This principle is rooted in the notion that when the Fermi

level aligns with regions of high DOS, it significantly impacts catalytic activity. The outcomes

of our DFT investigations (Figure 2B.16) have revealed intriguing insights. Specifically, for

the pristine La1.5Sr0.5NiO4, the projected DOS at the Fermi level registers a modest value

of 7.2 eV. In contrast, upon doping at the B site with elements such as Fe, Mn, and Co in

La1.4Sr0.6Ni0.9Fe0.1O4+δ, La1.4Sr0.6Ni0.9Mn0.1O4+δ, and La1.4Sr0.6Ni0.9Co0.1O4+δ, respectively,

the DOS values elevate to 7.8, 8.7, and 10.5 per eV. Strikingly, the La1.4Sr0.6Ni0.9Co0.1O4+δ

compound demonstrates a high DOS at the Fermi level, consequently leading to enhanced

catalyst conductivity for the process of MOR.

Figure 2B.16: DOS plot for La1.4Sr0.6NiO4+δ, La1.4Sr0.6Ni0.9
Fe0.1O4+δ, La1.4Sr0.6Ni0.9Mn0.1O4+δ and La1.4Sr0.6Ni0.9Co0.1O4+δ

61



Chapter 2B. Electro-oxidation Reaction of Methanol over La2−xSrxNi1−y(Mn/Fe/Co)yO4+δ

Ruddlesden-Popper oxides

In order to further investigate the conductivity of the synthesized catalysts, EIS study

was conducted. This would shed light on the movement of electrons at the interface between

the electrode and the electrolyte. Figure 2B.17(a) shows the Nyquist plot of La1.4Sr0.6NIO4+δ,

La1.4Sr0.6Ni0.9Mn0.1O4+δ, La1.4Sr0.6Ni0.9Fe0.1O4+δ and La1.4Sr0.6Ni0.9Co0.1O4+δ in alkaline 0.5

M methanol solution. Among the series, La1.4Sr0.6Ni0.9Co0.1O4+δ exhibited the smallest semi-

circle arc. This can be attributed to its enhanced electrical conductivity and significantly

diminished charge transfer resistance. It is important to highlight that the cobalt-doped

La1.4Sr0.6Ni0.9Co0.1O4+δ also displayed a high DOS projection value at the Fermi level due to

the better overlap of dz2 orbitals with O 2p orbitals. These findings strongly indicate a rapid

electron transfer process, contributing directly to its superior MOR activity. Equivalent circuits

were extracted from the Nyquist plot, as illustrated in Figure 2B.17(b), and the corresponding

parameters have been compiled in Table 2B.6. In Figure 2B.17(b), the circuit associated with

La1.4Sr0.6Ni0.9Co0.1O4+δ showcases a dual-phase element arrangement. The initial element per-

tains to the charge transfer resistance (Rct) and the formation of the double layer (Cdl), while the

subsequent element corresponds to the adsorption resistance (Rad) and adsorption capacitance

(Cad). The Rct value for La1.4Sr0.6Ni0.9Co0.1O4+δ, measured at 263.3 Ω, emerges lower in compar-

ison to other doped Ruddlesden-Popper oxides, affirming its superior electron transfer capability

conducive to heightened MOR activity. Moreover, within the secondary phase of the circuit

(Figure 2B.17(b)), the lower Rad value (205.9 Ω) for La1.4Sr0.6Ni0.9Co0.1O4+δ, as opposed to coun-

terparts such as La1.4Sr0.6NiO4+δ, La1.4Sr0.6Ni0.9Fe0.1O4+δ, and La1.4Sr0.6Ni0.9Mn0.1O4+δ, under-

scores its heightened oxidation propensity for adsorbed species like CO, with improved methanol

conversion efficacy to CO2. The circuit employed for La1.4Sr0.6NiO4+δ, La1.4Sr0.6Ni0.9Fe0.1O4+δ,

and La1.4Sr0.6Ni0.9Mn0.1O4+δ differed in configuration (Figure 2B.17(c)), and the fitting param-

eters detailed in Table 2B.6 affirm the comparatively lower conductivity of these catalysts.

To delve further into the material’s conductivity, the analysis was extended to encompass

Bode phase and admittance, as depicted in Figures 2B.18(a and b). Remarkably conductive

characteristics of La1.4Sr0.6Ni0.9Co0.1O4+δ are evident from its Bode phase angle plot (Figure

2B.18(b), portraying a phase angle surpassing - 90 ◦.The diminishing impedance magnitude (|Z|)

at lower frequencies for La1.4Sr0.6Ni0.9Co0.1O4+δ indicates a reduction in material resistance and

an augmentation in electron flow through the electrode (Figure 2B.18(c)) [173–175].
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Figure 2B.17: (a) Nyquist plots of La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ (b) Nyquist fitted circuit
diagram of La1.4Sr0.6Ni0.9Co0.1O4+δ (c) Nyquist fitted circuit diagram of La1.4Sr0.6NiO4+δ,

La1.4Sr0.6Ni0.9Fe0.1O4+δ and La1.4Sr0.6Ni0.9Mn0.1O4+δ

Figure 2B.18: (a) Bode Phase angle and (b) Bode admittance plots of
La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ

Table 2B.6: EIS parameters obtained from fitting of Nyquist plot

Catalysts/
Parameters

La1.4Sr0.6NiO4+δ La1.4Sr0.6Ni0.9Fe0.1O4+δ La1.4Sr0.6Ni0.9Mn0.1O4+δ La1.4Sr0.6Ni0.9Co0.1O4+δ

Rs(Ω) 62.57 29.26 25.27 24.23

Rct(Ω) 7254 821.8 380.2 263.3

Rad(Ω) 9053 251.4 1717 205.9

Cdl(F) 14.91×10−7 7.36×10−6 9.15×10−6 12.48×10−6

Cad (F) 14.5 ×10−6 1.56 ×10−8 2.41×10−6 26.8×10−6

To gain a comprehensive understanding, further we examined the O 1s core level spectra

subsequent to the reaction. The corresponding data is illustrated in Figure 2B.19. It is noteworthy

that an additional peak emerged alongside the regular OL, OS, and OW peaks. Specifically, the

peak identified at 534.7 eV corresponds to the Ni-OOH layer, which forms on the catalyst’s surface
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[173, 176]. The consequential formation of the Ni-OOH layer potentially enhances the catalyst’s

ability to adsorb MeOH, presumably in the form of Ni-OOCH3. It is important to underscore that

among the catalysts studied, La1.4Sr0.6Ni0.9Co0.1O4+δ exhibits the highest percentage of Ni-OOH

content at 47.4%, in contrast to La1.4Sr0.6Ni0.9Mn0.1O4+δ (25.0%) and La1.4Sr0.6Ni0.9Fe0.1O4+δ

(22.0%). This elevated concentration of Ni-OOH in La1.4Sr0.6Ni0.9Co0.1O4+δ also plays a pivotal

role in augmenting the MOR performance.

Figure 2B.19: O 1s spectra after MOR

2B.4 Conclusion

We have successfully adopted the one step solution combustion synthesis for pure phase

tetragonal Ruddlesden Popper La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ oxide with a space group of

I4/mmm. Aliovalent doping of Sr2+ in A site and Co2+, Fe2+ and Mn2+ in B site resulted in

enhanced Ni3+ concentration with t62g d1x2−y2 configuration. Consequently, a distorted tetrag-

onal structure resulted with compressed “c” and elongated “a/b”. Overall, a compression in

unit cell and a notable presence of surface oxygen with maximum extend was observed in

La1.4Sr0.6Ni0.9Co0.1O4+δ. Among the other synthesized oxides, La1.4Sr0.6Ni0.9Co0.1O4+δ demon-

strated the most superior efficiency in catalyzing methanol oxidation in an alkaline medium. The

optimum doping of Sr2+ in A site and Co2+ in B site induced high density of states of 10.5 eV in

the fermi level resulting in a metallic character with high conductive nature. The introduction
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of Co2+ increases the proportion of Ni3+ and regulates the electronic structure of the material;

creating abundant oxygen vacancies on the surface which is beneficial for its catalytic activity.

This endeavor offers a foundation for the creation of diverse, high-performance electrocatalysts

for MOR, which are non-Pt-based and can potentially tackle real-world environmental and

energy challenges.
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Chapter 3A

Electro-oxidation Reaction of

Methanol over Reducible

Ce1−x−yNixSryO2−δ: A Mechanistic

Probe of Participation of Lattice

Oxygen

3A.1 Introduction

Upon oxidation of Ni2+ to Ni3+, an available charge-transfer orbital is formed which is

then available for the electron transfer process during methanol oxidation to CO2. However, it

is fundamentally challenging to create available charge-transfer orbitals near the Fermi energy

level [32, 36, 39, 177]. A solution to this could be substituting Ni2+ in reducible support to

facilitate the Ni2+ → Ni3+ oxidation. Moreover, if the reducible support shows oxophilicity and

is prone to adsorption of oxygenated species such as Ni - OOH at a lower potential, then it

may further promote the oxidation of CO to CO2 [178]. Among the range of low-cost oxides,

CeO2 is of particular interest as a result of its high surface area, significant surface defects, and

high oxygen storage capacity (redox Ce4+/Ce3+ sites) [42, 179, 180]. In this context, a sizable

number of reports showing excellent promotional and anti-poisoning activities of CeO2 for MOR

are available in the literature [43, 44]. However, most of the reports only focus on the surface
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dispersion of active metal on CeO2 and their limited interactions. Further, the unanswered

fundamental questions are: (i) Does the reducible support of CeO2 facilitate the Ni2+ → Ni3+

oxidation? (ii) Can the formation of Ni - OOH be controlled to accelerate the sluggish kinetics

of MOR? (iii) Does the lattice oxygen from reducible support facilitate the CO oxidation? There

lies no fundamental report on the exact role of reducibility of the support vis-à-vis the influence

of lattice oxygen of CeO2 in MOR mechanism.

Therefore, in this chapter, we have ionically doped the active site of Ni2+ in the fluorite

CeO2 matrix by a novel solution combustion method to yield Ce1−xNixO2−δ. The bivalent

Ni2+ is expected to create higher reducibility as well as oxygen vacancy in CeO2. Further,

in order to enhance the reducibility and oxygen vacancy, we have co-doped bivalent alkaline

earth metal Sr2+ in the CeO2 lattice to produce Ce1−x−yNixSryO2−δ. This is the first report on

enhanced MOR activity as well as CO tolerance over Ni and Sr co-doped CeO2 lattice. The

mechanistic elucidation showed that Ni2+ acted as the active site for CO adsorption, and the

lattice oxygen was utilized for CO oxidation. Mere dispersion of Ni and Sr on the surface of CeO2

or non-reducible Al2O3 could not execute the CO oxidation efficiently due to the unavailable

lattice oxygen. Detailed ex-situ XPS analysis showed that the Sr co-doping in reducible CeO2

has helped Ni2+ oxidation and facilitated the availability of lattice oxygen. The aim of this work

was to investigate the role of lattice oxygen in the electrocatalytic properties, for example, if

there is any role of the lattice oxygen in removing the CO poisoning effect during methanol

electro-oxidation. We found that, indeed, the suitable reducible oxide can influence Ni2+ → Ni3+

oxidation and thus can form the key active species Ni - OOH and lattice oxygen also plays a

crucial role in CO oxidation to exhibit better MOR activity.

3A.2 Methodology

3A.2.1 Synthesis of CeO2, Ce1−xNixO2−δ and Ce1−x−yNixSryO2−δ

The pristine CeO2, Ni-doped CeO2 (where x = 0.03, 0.05, and 0.07), Ni and Sr co-

doped CeO2 (Ce1−xNixO2−δ, where x = 0.05 and y = 0.03, 0.05, and 0.07) catalysts were

synthesized by the low-temperature-initiated facile single-step solution combustion method.

This self-propagating combustion method utilizes the propellant chemistry involving highly

exothermic metathetical chemical reactions between oxidizer and fuel [42, 132]. Here, metal

nitrates, Ce(NO3)3· 6H2O (SRL chemicals, 99%), Ni(NO3)2· 6H2O (SD fine, 99%), and Sr(NO3)2
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(Sigma Aldrich, 99%) were taken as oxidizer and glycine (Sigma Aldrich, 99%) was used as

fuel. Due to the aqueous phase homogeneous precursor, the solution combustion synthesis offers

a precise and uniform formulation of the desired composition on the nano scale. In a typical

synthesis of Ce1−x−yNixSryO2−δ, calculated amounts of Ce(NO3)3· 6H2O, Ni(NO3)2· 6H2O, and

Sr(NO3)2 (Sigma Aldrich, 99%) were dissolved in ∼50 mL volume of deionized water in a 300

mL borosilicate dish. The dish containing the redox mixture was introduced into a preheated

muffle furnace maintained at 450 ◦C. Initially, the solution boiled with frothing and underwent

dehydration. At the point of complete dehydration, the surface ignited, burning with a flame

with a temperature reaching about 1000 ◦C and yielding a voluminous solid product within a

couple of minutes. The chemical reaction for synthesis can be represented as follows:

2(1− x− y)Ce(NO3)3 · 6H2O+ 2xNi(NO3)2 · 6H2O+ 2ySr(NO3)3 + 2C2H5NO2+

(3x + 3y − 2.5− δ)O2 → 2Ce1−x−yNixSryO2−δ + 4CO2 + (17− 12y)H2O+ (4− x− y)N2

(3A.1)

To benchmark the solution combustion synthesized catalysts, the homologous materials were

also synthesized by physical mixing methods. 5%NiO/5%SrO/CeO2 and 5% NiO/5%SrO/Al2O3

were prepared by physical grinding of both of the solution combustion synthesized individual

oxides in their respective calculated amount for 2 h with an agate mortar and pestle.

3A.2.2 Structural, Surface and Electronic Characterisation

The actual atomic ratio in the synthesized Ce1−x−yNixSryO2−δ materials were probed by

ED-XRF with the help of an Epsilon 1; PAN analytical instrument. The structural characteriza-

tion of Ce1−x−yNixSryO2−δ (x= 0, 0.03 - 0.07; y = 0.03 - 0.07) was performed with a Rigaku

Ultima IV XRD with Cu Kα radiation (λ = 1.5418 Å) at a scan rate of 0.4◦ min−1 and step size

of 0.01◦ in the 2θ range between 10◦ - 90◦. Scherrer’s formula,

D =
0.9λ

BCosθ
(3A.2)

where B is the full-width at half-maximum, λ is the wavelength of the radiation, and θ is the

corresponding angle was used to calculate the average nanocrystalline diameters (D). Rietveld

refinement of the powder diffraction patterns were carried out using Fullprof program suite by

varying the overall scale factor, background and profile parameters, unit-cell lattice parameters,
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atomic positions, half-width, shape, isotopic thermal parameters, and oxygen occupancy. The

surface of the synthesized materials was studied by employing Microtrac BEL Corp mini-II

surface area analyzer. Prior to the N2 sorption measurements at 77 K, samples were degassed

in vacuum at 200 ◦C for 2 h. The specific surface area was estimated using software of the

instrument based on the BET equation. HR-SEM was carried out with FE-SEM, (FEI-ApreoS)

at 30 kV acceleration. XPS were collected to study the surface composition, elemental oxidation

state and bonding with the help of Thermo Scientific K-Alpha surface-analysis spectrometer

housing AlKα as the X-ray source (1486.6 eV). The instrument was operated at 72 W. The

base pressure at the analyzing chamber was maintained at 5×10-9 mbar. The data profiles

were subjected to a nonlinear least-squares curve fitting program with a Gaussian-Lorentzian

production function and processed with Avantage software. The B.E. of all XPS data was

calibrated vs the standard C 1s peak at 284.85 eV. H2-TPR was carried out with 50 mg of the

synthesized samples. The materials were subjected to reduction under 10% H2/Ar gas mixture

with a flow rate of 30 cc min-1 and a heating rate of 10◦ min−1. H2 consumption was monitored

using a gas chromatograph (Varian 8301).

3A.2.3 Electrocatalytic Oxidation of Methanol

Electrocatalytic oxidation of methanol was performed in a standard three-electrode system

using OrigaFlex OGF500 electrochemical workstation. The Hg/HgO electrode in 1 M KOH was

used as the reference and a Pt wire was used as the counter electrode. The working electrode

was prepared by drop casting the catalyst ink onto the GCE (3 mm, 0.07 cm2 area). Before drop

casting the catalyst ink, the GCE was polished using 0.05 µm alumina slurry. The catalyst ink

was prepared by dispersing the physical mixture of 5 mg of the synthesized catalyst and 2 mg of

carbon black in 1mL of methanol and 10µL Nafion solution. An aqueous solution of 0.5 M NaOH

served as electrolyte. ECSA was determined by conducting double - step chronoamperometric

expert experiments and calculated using Cottrell equation as elobrated chapter 2A [123]. CV

studies were carried out at different methanol concentrations in alkaline electrolyte medium.

The stability of the catalyst was studied for 24 h using CA studies at room temperature. In all

measurements, the potential of Hg/HgO is converted to RHE in 0.5 M NaOH according to the

following equation: ERHE = EHg/HgO + 0.059× pH + 0.098. The concentration of the surface Ni

- OOH layers after CV cycles in NaOH medium was calculated with respect to the geometrical
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surface area according to the following equation

Ip =

[(
z2F2

4RT

)
Aτ∗ν

]
(3A.3)

Ip = Peak current density (mAcm-2), Z = No. of electrons transferred, R = Gas constant, T

= Temperature, A = Geometrical area of the electrode (0.07 cm2) ν = scan rate, and τ∗ =

surface coverage of Ni - OOH. The liquid products after CA were analysed using 1H NMR

(Bruker AV NEO, 400 MHz). About 0.4 mL of electrolysis solution, 0.1 mL of D2O, and 5 mg

of 4-nitrophenol (as an internal standard) were added into the NMR tube for identifying the

product. EIS study was carried out at 1.54 V vs RHE to study the electron transfer for MOR

over a frequency range of 0.1 Hz to 500 kHz with a sinusoidal excitation signal of 10 mV using a

Biologic Sp-150 electrochemical workstation with the conventional three-electrode system in an

alkaline mixture of 0.5 M MeOH and 0.5 M NaOH. The Tafel plot was constructed by using

steady-state response and its slope is calculated accordingly.

3A.2.4 CO Oxidation

The CO oxidation experiments were performed over the as-synthesized catalysts in 0.01M

NaOH to evaluate the CO tolerance of the materials. The electrochemical cell was made

airtight and the electrolyte was purged with Ar for the removal of any dissolved oxygen.

Chronoamperometry was carried at different potentials with a continuous purge of 10% CO in N2

at a flow rate of 5 cc min-1. The evolved gases were quantified using GC (NUCON-5765, India)

equipped with a flame ionization detector for CO2. GC was calibrated using a standard gas

mixture (CHEMIX speciality gases and equipment, India) under standard conditions. Ultrapure

Ar (99.9%) was used as a carrier gas. Around 300 µL of gas was collected after 15 min of CA at

each potential from the headspace of the electrochemical cell with a gas-tight Hamilton syringe

and was injected into the GC column. The concentration of CO and CO2 at each potential were

calculated from the area under the peak.
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3A.3 Results and discussion

3A.3.1 Structural, Surface and Electronic Properties

The prepared catalysts demonstrated through the ED-XRF analysis that the combustion

synthesis yielded an actual doping concentration of Ni and Sr similar to the theoretically

calculated values (Figure 3A.1 Table 3A.1 ).

Figure 3A.1: Representative ED-XRF Plot of Ce0.9Ni0.05Sr0.05O2−δ

Table 3A.1: ED-XRF of Ce1−x−yNixSryO2−δ (x = 0.03 - 0.07; y = 0.03 - 0.07)

Catalysts Calculated (%) XRF (%)
Ce Sr Ni Ce Sr Ni

Ce0.97Ni0.03O2−δ 98.7 - 1.2 98.0 - 1.9

Ce0.95Ni0.05O2−δ 97.5 - 2.10 97.1 - 2.87

Ce0.93Ni0.07O2−δ 96.9 - 3.05 97.0 - 2.95

Ce0.92Ni0.05Sr0.03O2−δ 95.8 1.95 2.18 94.6 2.31 3.07

Ce0.9Ni0.05Sr0.05O2−δ 94.5 3.28 2.19 94.8 2.39 2.84

Ce0.88Ni0.05Sr0.07O2−δ 93.1 4.63 2.21 92.7 4.68 2.55

The representative XRD patterns of pristine CeO2, doped Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05

Sr0.05O2−δ along with the simulated pattern are shown in Figure 3A.2(a). The XRD patterns of

the rest of the materials of the series (Ce0.97Ni0.03O2−δ, Ce0.93Ni0.07O2−δ, Ce0.92Ni0.05Sr0.03O2−δ

and Ce0.88Ni0.05Sr0.07O2−δ) are plotted in Figure 3A.2(b). The combustion synthesized pristine

and the doped catalysts showed relatively broad XRD peaks indicating a nano-crystalline nature

of the materials. The crystallite sizes of the solution combustion synthesized materials calculated

using Scherrer’s method with respect to the highest intense peak of (111) were 15.19, 8.02, and

5.85 nm for CeO2, Ce0.95Ni0.05O2−δ, Ce0.9Ni0.05Sr0.05O2−δ, respectively. Apparently, with doping
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of Ni and co-doping of Ni and Sr the material became further nano-crystalline in nature [181,

182]. The pristine CeO2 crystallized in a phase pure cubic fluorite structure with the space group

Fm3̄m (JCPDS 34-0394) [179, 180, 183] . Upon Ni doping, Ce1−xNixO2−δ did not show any

additional diffraction peak corresponding to Ni or NiO phases. Even with co-doping of Sr there

was complete retention of pure fluorite phase in Ce1−x−yNixSryO2−δwithout any SrOx impurity

as can be seen from the XRD patterns in Figure 3A.2(a) and Figure 3A.2(b). The absence of

any Ni, NiO and SrOx diffraction peak can be rationalized with the substitutional doping of Ni

and Sr cation in the Ce site with a formation of solid solution. This substitutional doping of Ni

and Sr in the fluorite lattice by combustion synthesis was further corroborated when the similar

loading of Ni and Sr in 5% NiO/CeO2, 5% NiO/5%SrO/CeO2 prepared by physical mixing did

show a strong evidence of NiO peak at 2θ = 43.4◦ (JCPDS: 04-0835) and SrOx peak at 2θ =

37.4◦ (JCPDS: 75-0263) (Figure 3A.2(c). The XRD pattern of 5% NiO/5%Sr/Al2O3 is also

plotted in Figure 3A.2(c), where the NiO peaks are prominently present.

Further, the Rietveld refinement was carried out with the experimentally collected powder

diffraction patterns. A pseudo-Voigt profile function was used and the background correction

was done using six polynomial functions. The refinement was carried out by substituting Ni and

Sr cation in place of Ce at the Wyckoff sites 4a and oxygen in 8c, and the refinement profiles

are shown in Figure 3A.2(d). The black coloured line represents the obtained empirical curve

and the superimposed red coloured one designates the fitted curve with theoretically calculated

intensities. The apparent fitting and the reliability factors, such as RBragg, and χ2 provided in

Table 3A.2 ensures the formation of single-phase solid solutions with lattice doping of Ni and

Sr in CeO2 matrix. The corresponding lattice parameters obtained from refinement are also

provided in Table3A.2. The Shannon’s ionic radii of six coordinated Ni2+ is 0.69 Å, whereas

Ce4+ in CeO2 is of 0.87 Å [184]. Therefore, a substitutional solid solution would result in a

slightly contracted unit cell. The refined lattice parameters and the unit cell volumes of CeO2

and Ce1−xNixO2−δ (x = 0.03, 0.05 0.07) in Table 3A.2 indeed indicated a slight shrink in the

unit cell size of doped materials compared to the pristine one due to the lattice substitution

of Ni in CeO2. It should be noted that the unit cell of Ce0.9Ni0.05Sr0.05O2−δ exhibited a slight

expansion upon the additional doping of Sr2+ (with an ionic radius of 1.18 Å), as evident from

the refinement studies presented in Table 3A.2. Even though the X-ray scattering factor of

oxygen is low compared to that of cerium, the refined oxygen occupancy obtained from the

refinement can give us a trend in the variation of oxygen content. The decrease in oxygen content

as point defect is expected as a result of aliovalent substitutional doping. A decrease of oxygen
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content from 2.00 in pure CeO2 to 1.98 in Ce0.95Ni0.05O2−δ and 1.97 in Ce0.9Ni0.05Sr0.05O2−δ

is evidently significant as shown in Table 3A.2. This further confirms the creation of oxygen

vacancy with ionic doping of Ni2+ in CeO2 lattice.

Figure 3A.2: (a) XRD patterns of CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ (b)
Ce0.97Ni0.03O2−δ, Ce0.93Ni0.07O2−δ, Ce0.92Ni0.05Sr0.03O2−δ and Ce0.88Ni0.05Sr0.07O2−δ (c) 5%
NiO/CeO2, 5% NiO/5%SrO/CeO2 and 5% NiO/5%SrO/Al2O3 and (d) Rietveld refinement of

CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ
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Table 3A.2: Rietveld refine lattice parameters and atom occupancy of CeO2, Ce1−xNixO2−δ

(x = 0.03, 0.05, 0.07) and Ce0.9Ni0.05Sr0.05O2−δ

Catalysts
Cell parameters

(A)
Cell volume

(A◦3)
χ2 RBragg

Occupancy Wycoff site

a = b=c Ce Ni Sr O Ce Ni Sr O

CeO2 5.411 158.5 4.5 6.18 1.00 - - 2.00 4a 4a 8c

Ce0.97Ni0.03O2−δ 5.411 158.5 2.6 3.43 1.00 1.02 1.99 4a 4a 8c

Ce0.95Ni0.05O2−δ 5.408 158.2 0.57 0.66 0.97 0.05 - 1.98 4a 4a 8c

Ce0.93Ni0.07O2−δ 5.406 158.0 2.1 3.25 0.96 0.05 1.98 4a 4a 8a

Ce0.9Ni0.05Sr0.05O2−δ 5.416 158.8 0.69 0.76 0.92 0.05 0.05 1.97 4a 4a 4a 8c

The surface morphology along with EDAX pattern of CeO2, Ce0.95Ni0.05O2−δ and

Ce0.9Ni0.05Sr0.05O2−δ are shown in Figure 3A.3. The FE-SEM micrograph of pristine CeO2 was

porous in nature. Interestingly, with co-doping of Ni and Sr the morphology was completely

different. The EDAX pattern in Figure 3A.3 demonstrates the high distribution of Ni and Sr in

the matrix.

Figure 3A.3: FE-SEM and SEM-EDAX of (a) CeO2, (b) Ce0.95Ni0.05O2−δand
(c) Ce0.9Ni0.05Sr0.05O2−δ

The different surface morphology on doping intrigued us to further study the specific

surface area and electrochemically active surface area of the synthesized materials. N2 adsorption-

desorption isotherms of CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ exhibited type II

isotherms indicating the nano porous nature of the materials (Figure 3A.4(a)). The type II

adsorption isotherm shows large deviation from Langmuir model of adsorption, and the significant

increase in the in the amount of N2 adsorption at P
Po∼1 is attributed to the multilayer adsorption.

The specific surface area estimated from BET equation were 36.39, 42.87 and 51.36 m2 g-1 for

CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ, respectively. It was interesting to find out

a subtle increasing specific surface area with co-doping. The pore-size diameter estimated by

the BJH model confirmed the presence of mesopores with average pore diameter of ∼3 nm [185,
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186]. The activity of MOR can be greatly influenced by the ECSA [132, 187, 188]. The ECSA

was calculated from the plot in Figure 3A.4(b) obtained from CA studies using the following

Cottrell equation. The pristine CeO2 exhibited the ECSA of 0.82 cm2, while Ce0.95Ni0.05O2−δ

also showed a similar value of 0.83 cm2. Surprisingly, Ce0.9Ni0.05Sr0.05O2−δ possessed a ECSA

as high as 2.72 cm2. It should be noted that as Sr doping increased ECSA with the active sites

exposed for further increment in methanol adsorption and oxidation.

Figure 3A.4: (a) N2 adsorption - desorption isotherm, and (b) Charge vs. time plot of CeO2,
Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ

3A.3.2 Electrocatalytic Oxidation of Methanol

The electrocatalytic activity of MOR of carbon-supported pristine CeO2 and doped

Ce1−xNixO2−δ and Ce1−x−yNixSryO2−δ were studied at different scan rates in 0.5 M NaOH and

0.5 M MeOH. Before the screening of MOR, the materials were activated in 0.5 M NaOH by

cycling 25 scans within a potential window of 0.8 to 1.8 V vs RHE at a scan rate of 10 - 100 mV

s-1 as in Figure 3A.5.

Table 3A.3: Ni - OOH surface concentration

Sample
Surface concentration

Ni - OOH (τ∗) mol cm−2

Ce0.95Ni0.05O2−δ 2.1×10−9

Ce0.92Ni0.05Sr0.03O2−δ 5.6×10−8

Ce0.9Ni0.05Sr0.05O2−δ 5.7×10−7

Ce0.88Ni0.05Sr0.07O2−δ 5.5×10−9
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Figure 3A.5: CVs of Ce1−x−yNixSryO2−δ (x = 0.05, y = 0.03 - 0.07) in 0.5 M NaOH at the
potential scan rates in the range 10 - 100 mV s-1

The CV traces of the CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ in alkaline media

are shown in Figure 3A.6(a). The typical cyclic voltammograms show peaks corresponding to

double layer charging, Ni oxidation and Ni - OOH formation in forward cycle, and reduction in

reverse scan. A mild peak at 1.39 V vs RHE observed in the presence of 0.5 M NaOH indicated

the formation of surface Ni - OOH layer with a red-ox couple of Ni2+/Ni3+ as also has been

mentioned in earlier reports [187, 189]. The increase of peak current density with the increase in

scan rate from 10 to 100 mV s-1 suggested the formation of a thicker layer of Ni - OOH species

with Ni3+ over the materials with a higher scan rate (Figure 3A.5, Table 3A.3). It was interesting

to observe that with the doping of Ni and Sr the concentration of Ni - OOH species increased

gradually, with Ce0.9Ni0.05Sr0.05O2−δ exhibiting the highest −OOH species concentration of

5.7× 10−7 mol cm−2. Apparently, the co-doping of Ni and Sr in CeO2 facilitated the formation

of surface Ni - OOH, a key intermediate species for the efficient MOR.
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Figure 3A.6: CVs of CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δin (a) 0.5 M NaOH, (b)
in 0.5 M NaOH and 0.5 M MeOH with a scan speed of 50 mV s−1 (c) Bar plot depicting variation
of current densities with respect to Ni and Sr co-doping and (d) CVs of CeO2, Ce0.95Ni0.05O2−δ

and Ce0.9Ni0.05Sr0.05O2−δ in 0.5 M NaOH and 0.5 M MeOH normalized with catalyst loading

Next, we screened the synthesized material for catalytic MOR activity and the representa-

tive CV traces of pristine CeO2, doped Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ are plotted

in Figure 3A.6(b). With the addition of methanol, the oxidation peak of Ni was obscured and a

sharp increase in current density was observed due to the oxidation of methanol. The methanol

oxidation peak was observed after onset of Ni2+ oxidation peak, suggesting Ni - OOH as the

active species for methanol oxidation [190, 191]. All the catalysts exhibited distinguishable and

well-separated anodic and cathodic peaks in forward and backward scans. The anodic peak in

the forward scan was due to the oxidation of methanol, while the cathodic peak might be due

to the oxidation of the rest of the adsorbed species on the surface of the catalyst [170, 192].

The surge in anodic peak was observed at 1.54 V vs RHE with current densities 0.56, 2.36,

and 5.76 mA cm−2 for CeO2, doped Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ, respectively.

The current density normalized with the amount of catalyst loaded on the surface of glassy

carbon is shown in 3A.6(d). Apparently, the peak current density increased with Ni doping

in Ce1−xNixO2−δ up to x = 0.05, and with Sr co-doping in Ce1−x−yNixSryO2−δ up to y =

0.05. The detailed current densities with respect to Ni and Sr co-doping are provided in Figure
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3A.6(c). Further enhancement in concentration of Ni and Sr deteriorated the peak current

density and Ce0.9Ni0.05Sr0.05O2−δ emerged as the optimum catalyst for efficient MOR activity.

It must be noted that the CV traces in alkaline media exhibited highest formation of Ni -

OOH surface species over Ce0.9Ni0.05Sr0.05O2−δ, which apparently helped the particular material

demonstrating the best MOR activity [191]. The doping of bivalent cations Ni and Sr in CeO2

apparently created the intrinsic oxygen vacancy, which facilitated the formation of surface Ni -

OOH species in alkaline media for efficient MOR activity.

Figure 3A.7: CVs of 5% NiO/5%SrO/CeO2, 5% NiO/5%SrO/Al2O3 and e0.9Ni0.05Sr0.05O2−δ

(a) 0.5 M NaOH and 0.5 M MeOH (b) 0.5 M NaOH at scan rate of 50 mV s−1

To corroborate the role of oxygen vacancy, we performed control MOR experiments with

5% NiO/5%SrO/CeO2 and 5% NiO/5%SrO/Al2O3, where the intrinsic oxygen vacancies are

comparably negligible. Figure 3A.7(a) shows that the peak current densities are significantly

lower in the physical mixtures compared to the ionic solid solution catalysts. Even, the CV

traces in alkaline media did not show any evidence of surface Ni - OOH species formation (Figure

3A.7(b)). This clearly indicates that the efficacy of MOR crucially depends on the oxygen vacancy

created by the lattice substitution of Ni and Sr in CeO2, and not on mere surface dispersion of the

active sites. When MOR experiment was performed over 5% NiO/5%SrO/Al2O3, the material

exhibited further deteriorated activity indicating the importance of the reducible support.

The intrinsic oxygen vacancy and the cationic doping may incur covalency vis à vis

conductivity in the material. The conductivity plays a significant role in an electrocatalytic

process. Therefore, the EIS study was carried out to analyse the electron transfer mechanism

taking place at the electrode-electrolyte interface. Figure 3A.8(a) shows the Nyquist plot of

CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ in alkaline 0.5 M methanol solution. With the

gradual increase in Ni and Sr co-doping the semi-circle arc lowered steadily attributing to higher

electrical conductivity and very less charge transfer resistance indicative of a rapid electron

78



Chapter 3A Electro-oxidation Reaction of Methanol over Reducible Ce1−x−yNixSryO2−δ: A
Mechanistic Probe of Participation of Lattice Oxygen

transfer process in the MOR process. Among the series of materials, Ce0.9Ni0.05Sr0.05O2−δ

exhibited the lowest charge transfer resistance, which directly contributed to its highest MOR

activity [193]. Further, we plotted the Bode phase angle (Figure 3A.8(b)) and Bode absolute

impedance (Figure 3A.8(c)) to evaluate the RC time constant and admittance value for the

synthesized catalysts. The obvious shift in the phase angle peak to a higher frequency region and a

decrease in peak height of Ce0.9Ni0.05Sr0.05O2−δ compared to pristine CeO2 and Ce0.95Ni0.05O2−δ

in Figure 3A.8(b) as well as the slope at higher frequency from Bode absolute impedance in Figure

3A.8(c) indicate an improved charge transfer efficiency to the adsorbed reactant to facilitate the

methanol oxidation reaction over Ce0.9Ni0.05Sr0.05O2−δ. The significantly low RC time constant

as well as high admittance value calculated for Ce0.9Ni0.05Sr0.05O2−δ (vide Table 3A.4) also

indicate a seemingly fast electron transfer process over the material for a facile MOR [194–196].

To analyse it further, the corresponding circuits were obtained after fitting the Nyquist plot.

Figure 3A.8(d) shows the circuit corresponding to Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ.

The first phase element is associated with charge transfer resistance (Rct) and double layer

formation (Cdl), whereas the second phase element is associated with adsorption resistance (Rad)

and adsorption capacitance (Cad) [197, 198]. The corresponding values are provided in Table

3A.4. A lower Rct over Ce0.9Ni0.05Sr0.05O2−δ (436.3 Ω) compared to Ce0.95Ni0.05O2−δ (1860

Ω) rationalizes the higher MOR activity over the co-doped catalyst. Also, the lower Rad over

Ce0.9Ni0.05Sr0.05O2−δ (2.4 Ω) compared to Ce0.95Ni0.05O2−δ (40.9 Ω) in the second phase of the

circuit in Figure 3A.8(d) indicates the ease of oxidation of the adsorbed species like CO on the

surface of Ce0.9Ni0.05Sr0.05O2−δ. The circuit obtained from fitting the Nyquist data of CeO2 is

plotted in Figure 3A.8(e). Apparently, the circuit constructs in a different manner, and also the

Rct and Rad over the pristine material are significantly higher than the doped samples.
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Figure 3A.8: (a)Nyquist plots (b)Bode Phase angle (c) Bode Admittance of CeO2,
Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ Nyquist fitted circuit diagram of

(d) Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ and (e) CeO2

Table 3A.4: EIS parameters obtained from fitting of Nyquist plot

Catalysts /
Parameters

CeO2 Ce0.95Ni0.05O2−δ Ce0.9Ni0.05Sr0.05O2−δ

Rs(Ω) 36.8 24.4 50.3

Rct(Ω) 2077 1860 436.3

Rad(Ω) 1816 40.9 2.49

Cdl(F) 21.4×10−6 52.5 ×10−6 76.2 ×10−6

Cad(F) 3.43 ×10−4 5.2 ×10-5 41.7 × 10−6

RC Time constant(s) 0.415 2.12 ×10−3 1.03 ×10−4

Admittance(S) 0.027 0.040 0.098
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3A.3.3 Evaluation of Kinetic Parameters

The data obtained from the voltammetric response of CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05

Sr0.05O2−δ catalysts towards methanol oxidation reaction were subjected to a detailed kinetic

analysis to understand the activity, order and rate determining step of the reaction. The Tafel

studies were carried out in a steady state response. A CA response was carried out for 300 s

at the catalytically active potential region of MOR (Figure 3A.9(a-c)), and the current density

obtained after reaching the steady state (at 150th s) was plotted against the potential with and

without iR correction (Figure 3A.9(d-f)).

Figure 3A.9: CA responses and Plot of current density vs potential (V vs RHE) with and
without IR drop correction of (a, d) CeO2 (b, e) Ce0.95Ni0.05O2−δ (c, f) Ce0.9Ni0.05Sr0.05O2−δ

The Tafel plots in Figure 3A.10(a) were obtained from the steady state polarization curve

constructed using the iR corrected potentials. Ce0.9Ni0.05Sr0.05O2−δ exhibited a Tafel slope of

126.7 mV dec−1, while Ce0.95Ni0.05O2−δ and CeO2 exhibited a slope of 177.2 mV dec−1 and 286.0

mV dec−1, respectively. Existing literature propose that the rate determining step of methanol

oxidation is the C–H bond dissociation for which the theoretical Tafel slope would be 120 mV

dec−1 at the methanol oxidation potential [199, 200]. However, the Tafel slope of methanol
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oxidation also may show a large deviation from ideal values owing to the adsorbed intermediates

on the surface of the catalysts. As observed, Figure 3A.10(a) shows a Tafel slope of 126.7 mV

dec−1 for Ce0.9Ni0.05Sr0.05O2−δ near to the theoretical value. On the contrary, Ce0.95Ni0.05O2−δ

and CeO2 exhibited a high Tafel slope of 177.2 and 286.0 mV dec−1 , respectively. This low

Tafel slope of Ce0.9Ni0.05Sr0.05O2−δ is in good agreement with the ideal theoretical value of 120

mV dec−1 indicating a single electron transfer for C–H bond dissociation as the rate determining

step. The deviation of the Tafel slope from the ideal value in Ce0.95Ni0.05O2−δ and CeO2 suggest

that the formed oxidative intermediates block the surface of the catalysts preventing accessibility

of fresh reactant molecules on the active sites.

Figure 3A.10: (a) Tafel plot of CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ (b) log
C Vs log I plot of Ce0.9Ni0.05Sr0.05O2−δ for MOR showing order of the reaction (c) scan rate
dependent study of Ce0.9Ni0.05Sr0.05O2−δ in 0.5 M NaOH and 0.5 M MeOH (inset square
root of scan rate vs current density) (d) logarithmic plot of scan rate with current density for

Ce0.9Ni0.05Sr0.05O2−δ

The reaction order of the electro oxidation of methanol over Ce0.9Ni0.05Sr0.05O2−δ was

calculated from the plot of log I (A) vs. log C (C) using the equation log I (a) = log nFk + m

logC, where n is the number of electrons, F is the Faraday constant, k being the reaction constant,

m is the reaction order, and C is the concentration of methanol [199]. Voltammetric responses of

Ce0.9Ni0.05Sr0.05O2−δ were obtained at different methanol concentration, and a linear relationship
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was obtained by plotting the log I (A) with. log C (M) in Figure 3A.10(b). The slope of 0.47

corresponds to the reaction order = ½ with respect to methanol over Ce0.9Ni0.05Sr0.05O2−δ [199].

The further kinetic introspection of MOR over the optimized catalyst Ce0.9Ni0.05Sr0.05O2−δ

was done with the help of scan rate dependent studies. When the scan rate was varied in

the range of 10 – 100 mV s−1 with the catalyst Ce0.9Ni0.05Sr0.05O2−δ, an increase in anodic

oxidation current was observed with increasing scan rate. A linear relationship was observed

between the square root of scan rate and current density with a regression coefficient R2 =

0.99 following Randles-Sevick equation (Figure 3A.10(c) and inset) [191]. A slope of 0.30 was

obtained from the logarithmic plot of peak current density (mA cm−2) vs. scan rate (mV

s−1) (Figure 3A.10(d)). The value is close to the theoretically expected value confirming the

MOR over Ce0.9Ni0.05Sr0.05O2−δ is a diffusion-controlled process rather than a surface controlled

phenomenon. Activation energy is another key parameter to assess the MOR activity of the

catalysts. This was determined from Arrhenius plot of current density (ln j) vs. temperature

(T−1) at methanol oxidation potential of CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ. The

temperature was varied from 25 to 50 ◦C with a gap of 5 ◦C in 0.5 M NaOH and 0.5 M MeOH

electrolyte solution. The activation energy (Ea) was obtained from the slope as in (Figure 3A.11)

[201–203]. The doped catalyst Ce0.9Ni0.05Sr0.05O2−δ exhibited the lowest activation energy of

18.7 kJ mol−1, whereas Ce0.95Ni0.05O2−δ and CeO2 exhibited the activation energies of 24.1

and 47.3 kJ mol−1, respectively. The low activation energy of Ce0.9Ni0.05Sr0.05O2−δ could be

attributed to the highly adsorbed -OH in the alkaline medium, which facilitated the formation of

surface Ni - OOH on the catalyst to carry forward the MOR with a lower energy barrier [199].

Figure 3A.11: Activation Energy plot of MOR over CeO2, Ce0.95Ni0.05O2−δ, and
Ce0.9Ni0.05Sr0.05O2−δ
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The durability of the catalyst for methanol oxidation is one of the most important terms

of paramount interest. The major challenge is the CO poisoning that deteriorates the long term

catalytic activity [204]. The stability of the best catalyst in the series Ce0.9Ni0.05Sr0.05O2−δ

was examined by recording repetitive CVs for 300 scans in 0.5 M NaOH at a scan rate of 50

mV s−1 in the presence of 0.5 M methanol (Figure 3A.12(a)). No significant decrease in the

peak current density (inset of Figure 3A.12(a) confirmed the stability of Ce0.9Ni0.05Sr0.05O2−δ

towards methanol oxidation reaction. Further, the CA study of Ce0.9Ni0.05Sr0.05O2−δ was carried

out at 1.54 V vs RHE for 12 h duration. Figure 3A.12(b)). shows almost a steady current

density indicating a very stable methanol oxidation efficiency for long period of time over

Ce0.9Ni0.05Sr0.05O2−δ. A minute drop in the current density with a significantly long-term MOR

could be due to the CO poisoning of the Pt counter electrode. A mechanistic introspection of CO

tolerance has been addressed in the following section. To confirm the chemical robustness of the

material after prolonged period of stability study, XRD pattern of the exhausted catalyst was

studied as shown in Figure 3A.13(a). The exhausted Ce0.9Ni0.05Sr0.05O2−δ maintained its fluorite

structure. However, some amorphous nature observed can be attributed to the presence of carbon

black in the electrocatalytic ink used during MOR. The surface morphology was retained in the

exhausted catalyst with a high dispersion of the dopants (Figure 3A.13(b)). The detailed ex-situ

XPS analysis of all the exhausted catalysts (in Figure 3A.16 - 3A.18) unveiled the molecular

reaction mechanism. Overall, the observation suggests that the exhausted Ce0.9Ni0.05Sr0.05O2−δ,

despite its prolonged stability study, retained its chemical robustness.

Figure 3A.12: Stability study of Ce0.9Ni0.05Sr0.05O2−δ up to 300 cycles (inset: forward scan
up to 300th cycle) (b) CA of Ce0.9Ni0.05Sr0.05O2−δ at 1.54 V vs RHE in 0.5 M NaOH and 0.5

M MeOH for 12 h
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Figure 3A.13: (a) XRD, (b) FE-SEM image and EDX map of
the exhausted Ce0.9Ni0.05Sr0.05O2−δ

After a prolonged MOR study, the electrolyte was subjected to 1HNMR to evaluate the

liquid product. The corresponding spectra are shown in Figure 3A.14. The data revealed the

formation of formic acid at 8.3 ppm as the only liquid product during MOR and no other liquid

product was observed. Concentration of formic acid produced over CeO2, Ce0.95Ni0.05O2−δ and

Ce0.9Ni0.05Sr0.05O2−δ at 1.4, 1.6 and 1.8 V vs RHE is represented in Figure 3A.15.

Figure 3A.14: 1HNMR spectra of the electrolyte of (a) CeO2, (b) Ce0.95Ni0.05O2−δ and (c)
Ce0.9Ni0.05Sr0.05O2−δ after 4 h of CA in 0.5 M MeOH and 0.5 M NaOH medium
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Figure 3A.15: Concentration of formic acid produced over CeO2, Ce0.95Ni0.05O2−δ and
Ce0.9Ni0.05Sr0.05O2−δ at 1.4, 1.6 and 1.8 V vs RHE

3A.3.4 Mechanistic Probe and Involvement of Lattice Oxygen

The high current density and long-term stability of Ce0.9Ni0.05Sr0.05O2−δ towards methanol

oxidation intrigued us to probe the mechanism of the reaction over the material. As electro-

oxidation is a surface bound phenomenon, the electronic environment of the surface elements

was thoroughly mapped before and after MOR via ex-situ XPS studies. The surface atomic

percentages of the elements before and after MOR obtained from XPS studies are provided in

Table 3A.5.

Table 3A.5: Surface atomic percentages of elements before and after MOR from XPS

Catalysts
Before reaction (Atm%) After reaction (Atm%)
Ce Sr Ni O Ce Sr Ni O

CeO2 18.49 81.51 7.49 92.51

Ce0.95Ni0.05O2−δ 17.54 0.34 82.12 8.22 1.10 90.68

Ce0.9Ni0.05Sr0.05O2−δ 15.33 1.69 0.18 82.17 3.47 0.25 0.36 95.92

The high-resolution core level Ce 3d spectra of as-prepared CeO2, Ce0.95Ni0.05O2−δ and

Ce0.9Ni0.05Sr0.05O2−δ before the MOR are shown in Figure 3A.16(a). Each Ce 3d spectrum

contains 10 peaks with first 5 peaks labelled as v corresponding to Ce 3d5/2 and next 5 peaks

labelled as u corresponding to Ce 3d3/2 [42, 205]. The well separated peaks labelled as v′′′ and

u′′′ at 901.8 and 918.1 eV are the characteristics for Ce4+ (3d5/2 and 3d3/2) corresponding to Ce

3d94f0O2p6 final states configuration. The other two doublets labelled as v-u (at 884.8 and 904.5

eV) and v′′-u′′ (892.4 and 911.0 eV) correspond to primary photoionization from Ce4+ with Ce

3d94f2O2p4 and Ce 3d94f1O2p5 final states, respectively. The additional peaks labelled as vo

-uo and v′-u′ at binding energies of 881.3 and 903.6 eV and 886.6 and 909.3 eV, respectively

correspond to Ce 3d94f1O2p5 and 3d94f1O2p6 final states in 3+ oxidation states [206]. The
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relative surface concentration (C) of Ce3+ and Ce4+ were estimated from deconvoluted peak

areas (A) with the help of the following equations:

ACe4+ = Av +Au +Au′′ +Av′′ +Av′′′ +Au′′′ (3A.4)

ACe3+ = Av′ +Au′ +Av0 +Au0 (3A.5)

CCe3+ =
ACe3+

ACe3+ +ACe4+
(3A.6)

The deconvoluted Ce 3d spectra confirmed the presence of Ce in both 4+ and 3+ states in

as-prepared CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ as can be seen in Table 3A.6.

Apparently, with doping of Ni and Sr the concentration of Ce3+ increased gradually in the

synthesized materials. Figure 3A.16(b) demonstrated the Ce 3d spectra of the exhausted

catalysts CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ after MOR. Interestingly, the relative

concentration of Ce4+ and Ce3+ was changed with higher abundance of Ce3+ in the exhausted

catalysts compared to the as-prepared ones. The reduction of Ce4+ → Ce3+ was observed to

be maximum over Ce0.9Ni0.05Sr0.05O2−δ. As positive potential of MOR causes the oxidation to

happen, the reduction of Ce4+ in CeO2 must be accompanied by parallel oxidation reaction(s).

These parallel oxidation reactions could be rationalized by lattice oxygen evolution (O2− → ½

O2 + 2e−) in pristine CeO2 as well as Ni2+ → Ni3+ oxidation in Ni-doped materials. Owing to

ceria having a highly reducible oxide lattice oxygen evolution is a reasonable phenomenon. In

fact, the easily available lattice oxygen can increase the CO oxidation rate to make the catalysts

CO tolerant.
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Figure 3A.16: Ce 3d core level spectra (a) before and (b) after MOR

To probe the Ni oxidation state and its further oxidation during MOR, we have mapped

the Ni 2p core level XPS spectra for as-prepared and exhausted Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05

Sr0.05O2−δ (Figure 3A.17). The Ni 2p spectra in Figure 3A.17(a) for the as-prepared catalysts

exhibit two main peaks corresponding to spin orbital coupling Ni 2p3/2 and 2p1/2. The deconvo-

luted spectra of as-prepared materials exhibited co-existence of Ni2+ (at 855.5 and 872.3 eV)

and Ni3+ (at 857.3 and 873.3 eV) substituted in CeO2 matrix [187, 207]. Table 3A.6 shows

that the concentration of Ni3+ became higher with Sr co-doping. Two shakeup satellite peaks

were also observed at 861.3 and 865.0 eV in the as-prepared materials [207, 208]. Ni 2p core

level XPS spectra for the exhausted Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ are plotted in

Figure 3A.17(b) . Apparently, the abundance of Ni3+ was significantly enhanced in exhausted

catalysts after MOR (Table 3A.6). It can be concluded that the facile Ce4+ → Ce3+ reduction

has facilitated the Ni2+ → Ni3+ oxidation during MOR over the Ni doped catalysts. Thus,

formed Ni3+ enabled formation of the key surface intermediate species Ni - OOH for efficient

methanol oxidation reaction.
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Figure 3A.17: Ni 2p core level spectra (a) before and (b) after MOR

Further, we evaluated the O 1s core level spectra of as-prepared and exhausted CeO2,

Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ (Figure 3A.18). The deconvoluted O 1s of the fresh

catalysts in Figure 3A.18(a) did show three distinguishable peaks at 530.0, 532.5, and 534.2 eV

corresponding to lattice oxygen (OL), surface oxygen vacancy (OV), and hydroxyl species of

surface-adsorbed water molecules (OW) respectively [59, 209–211]. As expected, to compensate

the charge balance there was a gradual increase in surface oxygen vacancy with co-doping of

aliovalent Ni and Sr in CeO2. Moreover, the broadly distributed peak corresponding to OV in

Ce0.9Ni0.05Sr0.05O2−δ could be due to the presence of surface oxygen vacancy in the vicinity of

Ce3+ [212]. Post MOR, the O 1s spectra of the exhausted catalysts CeO2, Ce0.95Ni0.05O2−δ and

Ce0.9Ni0.05Sr0.05O2−δ are plotted in Figure 3A.18(b). Apparently, the deconvoluted O 1s spectra

of Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ exhibited an extra peak at 533.2 eV corresponding

to the surface bound intermediate Ni - OOH species formed during methanol oxidation in addition

to the usual OL, OV and OW peaks [213]. While the relative intensity of the peak corresponding

to Ni - OOH was highest in Ce0.9Ni0.05Sr0.05O2−δ, it was not at all observed in case of pure

CeO2. It was also observed a shift of Ni - OOH to higher binding energy from Ce0.95Ni0.05O2−δ

to Ce0.9Ni0.05Sr0.05O2−δ. It must be noted that a prominent occurrence of Ni - OOH layer with

a red-ox couple of Ni2+/Ni3+ was also observed in CV traces of Ce0.9Ni0.05Sr0.05O2−δ earlier.

We can infer that the high extent of reduction of Ce4+ → Ce3+ in Ce0.9Ni0.05Sr0.05O2−δ during

MOR has facilitated the Ni2+ oxidation to Ni3+ and consequently expedited the formation of

intermediate Ni - OOH species for better methanol oxidation.
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Figure 3A.18: O 1s core level spectra (a) before and (b) after MOR

Table 3A.6: Concentration (%) of Ce3+, and Ni3+ before and after MOR

Catalysts
Ce3+ Ni3+

Before MOR After MOR Before MOR After MOR

CeO2 18.4 27.9 - -

Ce0.95Ni0.05O2−δ 20.5 46.0 22.4 62.6

Ce0.9Ni0.05Sr0.05O2−δ 33.7 64.8 42.0 77.9

To corroborate the facile reduction of Ce4+ → Ce3+ accompanied by the evolution of

lattice oxygen (as indicated by the XPS analyses), we probed the reducibility of Ce4+ with

the help of H2-TPR experiments. The H2-TPR data in Figure 3A.19(a) shows three peaks at

511, 639 and 935 ◦C associated with pristine CeO2. While the merged low-temperature peaks

correspond to the reduction of surface-bound Ce4+ → Ce3+, the higher temperature peak is

assigned to the bulk reduction of Ce4+ [214–218]. Apparently, the lattice oxygen in the bulk

CeO2 reacts with feed H2 at higher temperature, whereas the weakly coordinated surface oxygen

of CeO2 easily reacts with H2 at lower temperature [216]. The doped materials, Ce0.95Ni0.05O2−δ

and Ce0.9Ni0.05Sr0.05O2−δ exhibited three distinguishable peaks. Whereas the first peak may

correspond to the reduction of Ni2+, the second and the third peaks correspond to the surface

and bulk reduction of Ce4+ → Ce3+, respectively [219, 220]. Evidently, the co-doping of Sr and

Ni significantly decreased the reduction temperature of bulk Ce4+ compared to the other two

catalysts, indicating an easy evolution of lattice oxygen in Ce0.95Ni0.05O2−δ to react with the

feed H2 [221].

The higher reducibility of Ce4+ Ce0.9Ni0.05Sr0.05O2−δ might have also facilitated the lattice

oxygen evolution in the positive potential window, which in turn probably helped to increase
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the CO tolerance of the material. Gaseous CO, which is an oxidation intermediate of methanol

oxidation, gets adsorbed and blocks the active sites as poison. By utilizing evolved lattice oxygen,

a facile CO oxidation reaction at lower potential can render the material more tolerant to CO

by converting it to CO2. Therefore, CO oxidation in an inert atmosphere was performed over

Ce0.9Ni0.05Sr0.05O2−δ at a potential range from 1.25 to 1.75 V vs RHE and the gaseous product

CO2 was measured using GC. Figure 3A.19(b) shows the % CO oxidation and Figure 3A.19(c)

shows the formation of CO2 over CeO2, Ce0.95Ni0.05O2−δ and Ce0.9Ni0.05Sr0.05O2−δ as function

of anodic potential. It is worth mentioning that the catalysts exhibited CO oxidation potentials

that were considerably lower than the potential required for the oxygen evolution reaction from

water. The highest CO oxidation was observed over Ce0.9Ni0.05Sr0.05O2−δ outperforming the

other two materials. It can be inferred that the facile lattice oxygen evolution owing to higher

reducibility of Ce4+ has helped the CO oxidation over Ce0.9Ni0.05Sr0.05O2−δ. Based on the

observation, the overall methanol oxidation reaction over Ce0.9Ni0.05Sr0.05O2−δ can be expressed

as:

Ce0.9Ni0.05Sr0.05O2−δ+xCH3OH+xH2O → Ce4+0.9−xCe
3+
x Ni0.05Sr0.05O2−δ+xCO2+3xH2 (3A.7)

Figure 3A.19: a) H2-TPR over CeO2, Ce0.95Ni0.05O2−δ, and Ce0.9Ni0.05Sr0.05O2−δ (b) Per-
centage of CO conversion and (c) CO2 concentration in ppm at different potentials
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3A.4 Conclusion

Ce1−x−yNixSryO2−δ (x = 0 – 0.07, y = 0 – 0.07) synthesized by solution combustion method

crystallized in a phase pure fluorite phase. The materials were nano-crystalline in nature with a

high surface area and porosity. The co-doping of aliovalent Ni and Sr has created a sizable oxygen

vacancy in the ceria lattice. The electrocatalytic oxidation of methanol was found to be highest

over Ce0.9Ni0.05Sr0.05O2−δ. The kinetic evaluation showed that the diffusion-controlled methanol

oxidation goes through the C-H bond scission as rate-determining step over Ce0.9Ni0.05Sr0.05O2−δ.

The order of the overall reaction was found to be half. The detailed mechanistic introspection

revealed that the co-doping of Sr with Ni has facilitated the reduction of Ce4+ → Ce3+ in

Ce0.9Ni0.05Sr0.05O2−δ during anodic oxidation reaction. The higher reducibility of the support

has facilitated the Ni2+ → Ni3+ oxidation, which in turn helped to yield the key intermediate

species of Ni - OOH to expedite the sluggish kinetics of MOR. Additionally, the low charge

transfer resistance over Ce0.9Ni0.05Sr0.05O2−δ also facilitated the electrocatalytic activity. The

high reducibility of ceria further helped in lattice oxygen evolution, which was consumed for

CO oxidation reaction at low anodic potential and enhanced the CO tolerance and durability

of Ce0.9Ni0.05Sr0.05O2−δ towards -methanol oxidation reaction. The overall conclusions points

towards the importance of electronic interactions between the active site and support and

involvement of lattice oxygen in methanol oxidation reaction in order to realize the ‘Methanol

Economy’ in future.
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Chapter 3B

Unveiling the Mechanistic

Significance of Reducibility and

Lattice Oxygen Evolution in the

Ce1−x−yZrxNiyO2−δ Catalyst for

Methanol Electro-Oxidation

3B.1 Introduction

Research has indicated that the redox couple of Ni2+/Ni3+ plays a crucial role in facilitating

MOR by promoting the formation of key Ni - OOH species through surface reconstruction,

which, in turn, modulates the electronic structure of active sites. The oxidation of Ni2+ →

Ni3+ creates charge-transfer orbitals that enable electron transfer during the methanol oxidation

process to CO2. However, the creation of available charge-transfer orbitals near the Fermi energy

level poses a fundamental challenge. One potential solution is substituting Ni2+ in a reducible

support to facilitate Ni2+ → Ni3+ oxidation. Furthermore, if the reducible support exhibits

oxophilic properties, then it readily adsorbs oxygenated key MOR species such as Ni - OOH at

lower potentials. Among the various reducible oxides, CeO2 has attracted particular interest

due to its high surface area, significant surface defects, and notable oxygen storage capacity

characterized by redox Ce4+/Ce3+ sites [42, 180]. We have seen in chapter 3A, how reducible
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support of CeO2 facilitates the Ni2+ → Ni3+ oxidation and shows oxophilicity which is prone

to adsorption of oxygenated species and creating Ni - OOH at a lower potential and further

promote the oxidation of CO to CO2 [222]. Even though ZrO2 cannot be efficiently reduced by

H2, several kinds of research showed that oxygen storage capacity can significantly be enhanced

by the insertion of ZrO2 in CeO2 lattice by forming the Ce1−xZrxO2 solid solution [223, 224].

Though the exact origin of the enhanced redox properties, particularly, the mechanism of the

reduction process is still a matter of debate, there is general agreement that the Ce1−xZrxO2

solid solution creates mobile lattice oxygen available for reduction [225]. However, the concept

of utilizing a reducible Ce1−xZrxO2 solid solution support to enhance the oxidation of the active

site Ni2+ →Ni3+ and thereby improve the kinetics of MOR has not been investigated in the

literature. The main objective of this study in this chapter is to synthesize a pure phase solid

solution of Ce1−x−yZrxNiyO2−δ and evaluate its performance and understanding the significance

of the reducibility of the material in the methanol oxidation reaction. This study not only

introduces a novel material system and optimization method for developing cost-effective and

efficient catalysts for MOR but also offers valuable insights into the underlying mechanistic

aspects.

3B.2 Materials and Methods

3B.2.1 Synthesis of CeO2, Ce1−yNiyO2−δ and Ce1−x−yZrxNiyO2−δ

The single-step solution combustion method was adopted to synthesize pristine CeO2,

Ce1−yNiyO2−δ (where y = 0.05), and Ce1−x−yZrxNiyO2−δ (where x=0.35, 0.55 and y=0.05)

catalysts. Metal nitrates such as Ce(NO3)3· 6H2O (SRL chemicals, 99%), Ni(NO3)2·6H2O

(SD fine, 99%), and Zr(NO3)2·6H2O (SD fine, 99%) were used as oxidizers, while glycine

(Sigma Aldrich, India) was used as fuel. This combustion method involves highly exothermic

metathetical chemical reactions between the oxidizers and fuel and utilizes propellant chemistry.

The stoichiometrically calculated amount of the oxidizers and fuel glycine were dissolved in

approximately 50 mL of deionized water in a 300 mL borosilicate dish. The dish containing the

redox mixture was then placed into a preheated muffle furnace maintained at 450 ◦C. Initially,

the solution boiled and foamed, undergoing dehydration. Upon complete dehydration, the

surface ignited, burning with a flame, and the temperature reached about 1000 ◦C, resulting in a
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voluminous solid product. The chemical reaction for the synthesis can be represented as follows:

2(1− x− y)Ce(NO3)3.6H2O+ 2yNi(NO3)2.6H2O+ 2xZrO(NO3)3 + 2C2H5NO2+

(3x + 3y − 2.5−δ)O2 → 2Ce1−x−yZrxNiyO(2−δ) + 4CO2 + (17− 12y)H2O+ (4− x− y)N2

(3B.1)

To benchmark the solution combustion synthesized catalysts, the homologous mate-

rials were also synthesized by physical mixing methods. 5%NiO/35%ZrO2/CeO2 and 5%

NiO/35%ZrO2/Al2O3 were prepared by physical grinding of both the solution combustion

synthesized individual oxides in their respective calculated amount for 2 h with an agate mortar

and pestle.

3B.2.2 Structural, Surface and Electronic Characterisation

ED-XRF was used to study the actual atomic ratio of the synthesized Ce1−x−yZrxNiyO2−δ

materials with the help of an Epsilon 1; PAN analytical instrument. The structural character-

isation of Ce1−x−yZrxNiyO2−δ was performed with a Rigaku Ultima IV XRD having Cu Kα

radiation (λ = 1.5418 Å) at a scan rate of 0.4◦ min−1 and step size of 0.01◦ in the 2θ range

between 10◦ - 90◦. Scherrer’s formula,

D =
0.9λ

BCosθ
(3B.2)

where B is the full-width at half-maximum, λ is the wavelength of the radiation, and θ is the

corresponding angle was used to calculate the average nanocrystalline diameters (D). Fullprof

program suite was used for Rietveld refinement of the powder diffraction patterns by varying

the overall scale factor, background and profile parameters, unit-cell lattice parameters, atomic

positions, half width, shape, isotopic thermal parameters, and oxygen occupancy. HR-TEM

(JOEL - JEM 2100F) was further used to probe the crystal structure of the catalysts. The

microscope was operated with an accelerating potential of 200 kV with a point resolution of

0.19 nm and line resolution of 0.1 nm. The sample for the analysis was prepared by dispersing

about 1- 2 mg in methanol and drop casting over copper grid (200 mesh). Microtrac BEL Corp

mini-II surface area analyzer was employed to study the surface of the synthesized materials.

The samples were degassed in vacuum at 200 ◦C for 2 h prior to the N2 sorption measurements

at 77 K. BET equation was used to estimate the specific surface area. The high-resolution
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scanning electron microscopy was carried out with FE-SEM, (FEI-ApreoS) at 30 kV acceleration.

XPS were collected to study the surface composition, elemental oxidation state and bonding

with the help of Thermo Scientific K-Alpha surface-analysis spectrometer housing Al Kα as

the X-ray source (1486.6 eV). The instrument was operated at 72 W. The base pressure at

the analysing chamber was maintained at 5×10−9 mbar. The data profiles were subjected to a

nonlinear least-squares curve fitting program with a Gaussian-Lorentzian production function

and processed with Avantage software. The B.E. of all XPS data was calibrated vs the standard

C 1s peak at 284.85 eV. The H2 TPR was carried out with 50 mg of sample. The sample was

subjected to reduction under 10% H2/Ar gas mixture with a flow rate of 30 ml min−1 and

a heating rate of 10 ºC min−1. H2 consumption was monitored using a gas chromatography

(Varian GC 8301).

3B.2.3 Electrocatalytic Oxidation of Methanol

Origa Flex OGF500 electrochemical workstation with three electrode system was used to

carry out electrocatalytic oxidation of methanol. The working electrode was prepared by drop

casting the catalyst ink onto a GCE (3 mm, 0.07 cm2 area). Before drop casting the catalyst

ink, the GCE was polished using 0.05 µm alumina slurry. The catalyst ink was prepared by

dispersing the physical mixture of 5 mg of the synthesized catalyst and 2 mg of carbon black

in 1 mL of methanol and 10 µL Nafion solution. The final catalyst loading on the GCE was

0.05 mg. Hg/HgO in 1 M KOH electrode was used as reference and a Pt wire was used as the

counter electrode. Aqueous solutions of 0.5 M NaOH served as electrolyte. The ECSA was

derived from the chronoamperometric expert studies and calculated using Cottrell equation as

elaborated in chapter 2A [123]. CV studies were carried out at 0.5 M methanol concentration in

alkaline electrolyte medium. CA for 10 h and cycle studies for 300 cycles were conducted to

study the stability at room temperature. The liquid products after CA were analysed using

1H NMR (Bruker AV NEO, 400 MHz). About 0.4 mL of electrolysis solution, 0.1 mL of D2O,

and 5 mg of 4-nitrophenol (as an internal standard) were added into the NMR tube to identify

the product. In all measurements, potential in Hg/HgO is converted to RHE according to the

following equation: ERHE = EHg/HgO + 0.059× pH + 0.098. The concentration of the surface Ni

- OOH layers after CV cycles in NaOH medium was calculated with respect to the geometrical

surface area according to the following equation

Ip =

[(
z2F2

4RT

)
Aτ∗ν

]
(3B.3)

96



Chapter 3B. Unveiling the Mechanistic Significance of Reducibility and Lattice Oxygen Evolution
in the Ce1−x−yZrxNiyO2−δ Catalyst for Methanol Electro-Oxidation

Ip = Peak current density (mAcm-2), Z = No. of electrons transferred, R = Gas constant, T =

Temperature, A = Geometrical area of the electrode (0.07 cm2) ν = scan rate, and τ∗ = surface

coverage of Ni - OOH. The Tafel plot was constructed by using steady state response and its

slope is calculated accordingly. EIS study was carried out to study the electron transfer for

MOR over a frequency range of 1000 kHz to 50 mHz with a sinusoidal excitation signal of 10

mV using a Biologic Sp-150 electrochemical workstation with the conventional three-electrode

system in an alkaline mixture of 0.5 M methanol and 0.5 M NaOH.

3B.2.4 CO Oxidation

CO tolerance of the materials were performed over the as-synthesized catalysts in 0.5 M

NaOH. The electrochemical cell was made airtight and the electrolyte was purged with Ar for

the removal of any dissolved oxygen. Chronoamperometry was carried at different potentials

with a continuous purge of 10% CO in N2 at a flow rate of 10 cc min−11. The evolved gases

were quantified using gas chromatography (NUCON-5765) equipped with a flame ionization

detector for CO2. GC was calibrated using a standard gas mixture (CHEMIX speciality gases

and equipment, India) under standard conditions. Ultrapure Ar (99.9%) was used as a carrier gas.

Around 100 µL of gas was collected after 15 min of CA at each potential from the headspace of

the electrochemical cell with a gas-tight Hamilton syringe and was injected into the GC column.

The concentration of CO and CO2 at each potential were calculated from area under the peak.

3B.3 Results and Discussion

3B.3.1 Structure and Surface Properties of the Synthesized Catalysts

The catalysts synthesized through solution combustion process exhibited concentrations

of Ni and Zr that were similar to the values theoretically calculated as shown in Figure 3B.1

and Table 3B.1. The crystal structure of CeO2, Ce1−yNiyO2−δ and Ce1−x−yZrxNiyO2−δ were

investigated by powder XRD as shown in Figure 3B.2(a) exhibited the typical characteristics

peaks of the phase pure cubic fluorite lattice for all the synthesized materials [JCPDS 34-0394].

The crystallite size of pristine CeO2 was found to be 15.19 nm, whereas Ce0.4Zr0.55Ni0.05O2−δ

exhibited a significantly smaller crystallite size of 4.7 nm (details are in Table 3B.1). No extra

peak corresponding to metallic Ni or NiO or ZrO2 confirmed the formation of the solid solution
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[42, 179, 180]. Further with doping in the solid solutions, there was apparent shifting of the

peaks at higher angle with doping (Figure 3B.2(b)). The Shannon’s ionic radii of six coordinated

Ni2+ and Zr4+ are 0.69 and 0.72 Å, respectively, whereas the ionic radius of six coordinated

Ce4+ in CeO2 is of 0.87 Å. Therefore, a substitutional solid solution would result in a slightly

contracted unit cell and d111 spacing leading to the appearance of the peaks at higher angle. The

XRD patterns of Zr0.95Ni0.05O2−δ, 5%NiO/35%ZrO2/CeO2 and 5%NiO/35%ZrO2/Al2O3 are

plotted in Figure 3B.2(c). Evidently, the separate characteristic peaks of NiO (JCPDS-04-0835)

and ZrO2(JCPDS-79-1769) were observed in the XRD pattern of 5%NiO/35%ZrO2/CeO2.

Figure 3B.1: Representative ED-XRF Plot of Ce0.6Zr0.35Ni0.05O2−δ

Table 3B.1: ED-XRF and crystallite size of Ce1−x−yZrxNiyO2−δ (x = 0.35, 0.55, y = 0.05)

Catalysts
Crystallite size

(nm)
Calculated (%) XRF (%)
Ce Zr Ni Ce Zr Ni

CeO2 15.19

Zr0.95Ni0.05O2−δ 16.4 96.7 3.27 97.1 2.84

Ce0.95Ni0.05O2−δ 8.02 97.5 - 2.10 97.1 - 2.87

Ce0.6Zr0.35Ni0.05O2−δ 14.33 70.6 21.5 2.47 75.0 21.3 3.61

Ce0.4Zr0.55Ni0.05O2−δ 4.67 51.3 45.9 2.70 60.6 36.4 2.95
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Figure 3B.2: (a) XRD patterns, (b) zoomed in version of XRD patterns of CeO2,
Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δ, (c) XRD patterns of
Zr0.95Ni0.05O2−δ, 5%NiO/35%ZrO2/CeO2 and 5%NiO/35%ZrO2/Al2O3 and (d) Rietveld refine-
ment patterns of CeO2, Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δ

To elucidate the information on the volume of unit cell and other lattice parameters,

Rietveld refinements were carried out on the diffraction patterns by substituting Ni and Zr in

place of Ce at the Wyckoff sites 4a and oxygen in 8c, and the refinement profiles are shown in

Figure 3B.2(d). In the Figure, the black coloured line represents the experimentally obtained

data, whereas the superimposed red coloured line designates the fitted curve with the theoretically

calculated intensities, and the blue curve at the bottom signifies the difference between them.

The reliability factors of fitting, such as RBragg, and χ2 provided in Table 3B.2 shows the goodness

of fitting. Apparently, the cubic unit cell length of pristine CeO2 (a = 5.411 Å) decreased with
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Ni doping (a = 5.408 Å) in Ce0.95Ni0.05O2−δ, and was further decreased to 5.38 and 5.34 Å

in Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δ, respectively. The gradual decrease in the

unit cell length and corresponding shrinkage of cell volume confirmed the formation of the solid

solution with lattice doping of Ni and Zr ions in the cubic fluorite unit cell. Although oxygen

has a lower X-ray scattering factor than cerium, we can still use the refined oxygen occupancy

obtained from the refinement to observe the trend in the variation of oxygen content. Aliovalent

substitutional doping of bivalent Ni2+ in place of Ce4+ is expected to cause a decrease in oxygen

content as a point defect. A decrease of oxygen content from 2.00 in pure CeO2 to 1.98 in

Ce0.95Ni0.05O2−δ is evidently visible in Table 3B.2 further corroborating the lattice substitution.

Greater oxygen vacancy levels may exert a pronounced influence on the MOR activity of the

doped materials.

Table 3B.2: Rietveld refine lattice parameters and atom occupancy of CeO2, Ce1−yNiyO2−δ

(y = 0 0.05) and Ce1−x−yZrxNiyO2−δ (x = 0.35, 0.55, y = 0.05)

Catalysts

Cell
parameters

(A)
Cell

volume
(A◦3)

χ2 Occupancy Wyckoff site

a=b=c Ce Ni Zr O Ce Ni Zr O

CeO2 5.411 158.5 4.5 1.00 - - 2.00 4a 8c

Ce0.95Ni0.05O2−δ 5.408 158.2 0.57 0.97 0.054 - 1.98 4a 4a 8c

Ce0.6Zr0.35Ni0.05O2−δ 5.38 156.0 1.45 0.60 0.050 0.34 1.65 4a 4a 4a 8c

Ce0.4Zr0.55Ni0.05O2−δ 5.34 152.6 1.58 0.40 0.052 0.54 2.07 4a 4a 4a 8c

The nano structural features as well as the alteration in the lattice distance due to the

substitutional doping was probed by HR-TEM. Both the pristine CeO2 and the representative

doped solid solution Ce0.6Zr0.35Ni0.05O2−δ exhibited a diffused porous structure (Figure 3B.3(a,d).

The interplanar distance, observed through XRD, was further investigated using HR-TEM

analysis. CeO2 displayed interplanar distances of 0.302 nm and 0.266 nm for the (111) and (200)

planes, respectively (Figure 3B.3(b)), while Ce0.6Zr0.35Ni0.05O2−δ exhibited shrunk interplanar

distances of 0.299 nm and 0.263 nm for the corresponding planes (Figure 3B.3(e)). The

corresponding SAED patterns also verified the presence of these lattice planes (Figure 3B.3(c,f)).
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Figure 3B.3: HR-TEM images of (a, b) CeO2, (d, e) Ce0.6Zr0.35Ni0.05O2−δ and SAED pattern
of (c) CeO2, (f) Ce0.6Zr0.35Ni0.05O2−δ

Electrocatalysis being a surface phenomenon, next we studied the surface properties of the

combustion synthesized materials. The FE-SEM micrographs in Figure 3B.4 show the surface

morphology of pristine CeO2, , Ce0.6Zr0.35Ni0.05O2−δ, and Ce0.4Zr0.55Ni0.05O2−δ. The pristine

CeO2 showed a porous surface, whereas on doping with Ni and Zr the morphology changed to

flaky. The EDAX elemental mapping showed a very high distribution of Ni and Zr along with

Ce throughout the matrix.

Further, the surface area was studied, and all the materials exhibited a type II isotherm

with a negligible hysteresis in N2 adsorption - desorption isotherms specifying the macro porous

nature of the surface (Figure 3B.5(a)). The average surface area estimated from BET equation

was found to be 35 – 40 m2 g−1 for the pristine as well as the doped materials, whereas the

average pore diameter estimated from BJH plot was 46 nm. The ECSA plays an important role in

electrocatalytic activity of a material, and it was calculated with the help of CA studies using the

Cottrell equation (Figure 3B.5(b)). The pristine CeO2 and the only Ni doped Ce0.95Ni0.05O2−δ

exhibited the ECSA of 0.82 and 0.83 cm2, respectively. Interestingly, with co-doping of Zr in

Ce0.6Zr0.35Ni0.05O2−δ the ECSA was increased to 1.84 cm2 while Ce0.4Zr0.55Ni0.05O2−δ exhibited

ECSA of 1.50 cm2. This increased electrochemical active surface area indicates the potential

efficacy of the doped materials towards enhanced MOR activity.
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Figure 3B.4: FE-SEM images and EDAX of (a) CeO2, (b) Ce0.95Ni0.05O2−δ,
(c) Ce0.6Zr0.35Ni0.05O2−δ and (d) Ce0.4Zr0.55Ni0.05O2−δ

Figure 3B.5: (a)N2 adsorption - desorption isotherm, and (b) Charge vs. time plot of CeO2

Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δ
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3B.3.2 Evaluation of Electrocatalytic Oxidation of Methanol

To evaluate the MOR activity of pristine CeO2, doped Ce0.95Ni0.05O2−δ and Zr0.95Ni0.05O2−δ

as well as Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δ in alkaline medium, CV curves were

recorded in 0.5 M NaOH and 0.5 M MeOH solution. The materials were first activated by

cycling several scans in a potential window of 1.0 – 1.8 V vs. RHE in alkaline 0.5 M NaOH

electrolyte solution before the MOR. The CV traces in alkaline solution without methanol in

Figure 3B.7 show almost no significant peak in case of pristine CeO2 and a prominent anodic

peak at 1.43 V vs RHE and counter cathodic peak at 1.36 V vs RHE in the doped materials.

The anodic peak may correspond to the formation oxyhydroxides (Ni - OOH) species associated

with the oxidation of higher valency Ni, while the counter cathodic peak is might be associated

with the corresponding reduction process of Ni - OOH suggesting a red-ox Ni2+/Ni3+ process

in the experimental potential window [22, 39, 187, 226–229]. Formation of thicker layer of Ni -

OOH with Ni3+ was further supported when the corresponding peak current density increased

gradually with the increase in the scan rate from 10 to 100 mV s−1 (Figure 3B.6) over the doped

materials. It was interesting to observe that the surface concentration of Ni - OOH species was

higher in Ce0.95Ni0.05O2−δ compared to Zr0.95Ni0.05O2−δ. The Ni - OOH surface concentration

determined with respect to the geometrical surface area according to the Butler-Volmer equation

as mentioned in experimental section. With doping of Zr the surface concentration of Ni - OOH

species was further increased, and Ce0.6Zr0.35Ni0.05O2−δ exhibited the highest Ni - OOH species

concentration of 8.9 ×10−8 mol cm−2 (Table 3B.3). However, lower concentration of Ni - OOH

species was observed with the highest Zr doped material, Ce0.4Zr0.55Ni0.05O2−δ. Apparently, the

optimum Ni and Zr co-doping in CeO2 has created oxygen vacancy, which in turn facilitated the

in situ formation of the key intermediate species of Ni - OOH for efficient methanol oxidation

reaction [39, 230]. Interestingly, the surface concentration of formed Ni - OOH was significantly

lower in the physical mixtures of 5%NiO/35%ZrO2/CeO2 and 5%NiO/35%ZrO2/Al2O3, which

are incidentally possessing no or significantly low oxygen vacancy (Figure 3B.6, Table 3B.3).

The absence of Ni - OOH species formation on the surface of 5%NiO/35%ZrO2/CeO2 and

5%NiO/35%ZrO2/Al2O3 was clearly depicted in CV traces in 0.5 M NaOH.
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Figure 3B.6: CVs of Ce1−x−yZrxNiyO2−δ in 0.5 M NaOH at the potential scan rates in the
range 10 - 100 mVs-1

Next, we screened the materials for MOR and the CV traces in presence of methanol in

alkaline electrolyte are provided in Figure 3B.7(b). Apparently, a noticeable enhancement in the

peak current density was observed in the CV curves manifesting an outstanding electrochemical

response of the catalytic materials towards MOR. The distinguished anodic peak in the forward

scan is assigned to the extent of oxidation of adsorbed methanol, whereas the peak in backward

scan is considered to be responsible for the oxidation of absorbed intermediates from MOR

[170, 231, 232]. It should be also noted that the peak associated with the Ni - OOH formation

was almost obscured due to the high peak current density associated with the MOR. The

characteristic MOR peak current density at 1.60 V vs RHE in the forward scan has significantly
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Table 3B.3: Ni - OOH surface concentration

Sample
Surface concentration

Ni - OOH (τ∗) mol cm−2

Ce0.95Ni0.05O2−δ 2.1×10−9

Zr0.95Ni0.05O2−δ 7.9 ×10−9

Ce0.6Zr0.35Ni0.05O2−δ 8.9×10−8

Ce0.4Zr0.55Ni0.05O2−δ 8.4 ×10−8

5%NiO/35%ZrO2/CeO2 1.24 ×10−8

5%NiO/35%ZrO2/Al2O3 1.20 ×10−8

increased in case of Ce0.95Ni0.05O2−δ (2.43 mA cm−2) compared to pristine CeO2 (0.63 mA

cm−2). In fact, the current density of MOR was also higher in the case of Ce0.95Ni0.05O2−δ than

Zr0.95Ni0.05O2−δ. With optimum doping of Zr in Ce0.6Zr0.35Ni0.05O2−δ, the current density was

found be highest with 13.12 mA cm−2. And the current density reduced with further doping of

Zr in Ce0.4Zr0.55Ni0.05O2−δ (9.04 mA cm−2). Ce0.6Zr0.35Ni0.05O2−δ exhibited the highest current

density signifying the optimized doping increased the number of electrocatalytic active sites,

hence by improving the intrinsic catalytic activity towards MOR. Based on the observation that

the MOR peak in the CV traces occurred after the formation of the Ni - OOH associated with

the Ni2+/Ni3+ oxidation peak, it can be concluded that the Ni - OOH species formed in situ

are the active species, as previously reported in the literature [39, 233]. Further corroboration

can be provided by the fact that the MOR current density showed a clear proportionality with

the surface concentration of the Ni - OOH species over the solution combustion synthesized

catalysts.

The high concentration of surface bound Ni - OOH species helped Ce0.6Zr0.35Ni0.05O2−δ

to exhibit the best MOR activity. The physical mixtures of 5%NiO/35%ZrO2/CeO2 and

5%NiO/35%ZrO2/Al2O3 did not show any significant MOR activity (Figure 3B.7(c and d)). The

variation in MOR current density with doping of Zr and Ni is depicted in a bar plot in Figure

3B.8. It should be noted that the onset potential of MOR over Ce0.6Zr0.35Ni0.05O2−δ exhibits

superiority to those of similar Ni-based materials (Table 3B.4). Further, we compared the MOR

activity of Ce0.6Zr0.35Ni0.05O2−δ with those of bare GCE and standard 20%Pt/C (Figure 3B.9).

Bare GCE did not show any MOR activity, whereas 20% Pt/C exhibited a lower current density

of 9.32 mA cm–2, however, at lower onset potential. The elevated onset potential compared

with the theoretical value of the oxygen reduction reaction suggests that while the material

may not directly contribute to the potential application of DMFCs, it holds promise for both

the treatment of methanol-rich industrial wastewater and potential utilization in masking or

substituting the oxygen evolution reaction for H2 production.
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Figure 3B.7: CVs of CeO2, Ce0.95Ni0.05O2−δ, Zr0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ, and
Ce0.4Zr0.55Ni0.05O2−δ in (a) 0.5 M NaOH with a scan speed of 50 mV s−1, (b) in 0.5 M
NaOH and 0.5 M MeOH with a scan speed of 50 mVss−1, CVs of Ce0.6Zr0.35Ni0.05O2−δ, 5%
NiO/35%ZrO2/CeO2 and 5% NiO/35%ZrO2/Al2O3 in (c) 0.5 M NaOH and (d) 0.5 M NaOH

and 0.5 M MeOH with a scan speed of 50 mV s−1

Figure 3B.8: Bar plot depicting variation of current densities with respect to Ni and Zr
co-doping
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Table 3B.4: Comparison table showing superior onset potential of Ce0.6Zr0.35Ni0.05O2−δ over
other Ni-based catalysts

Catalysts Electrolyte
Onset potential
(V vs RHE)

Ref

Boron doped
NiCu2O4

1M KOH+
1M MeOH

1.39 [234]

CeO2-NiO
1M KOH+
1M MeOH

1.43 [235]

NiSe2/NC-450
1M KOH+
0.5 M MeOH

1.33 [236]

NiZn1000@CuO
1M KOH+
1.5 M MeOH

1.41 [237]

Ni/CuCo2O4
1M KOH+
0.5 M MeOH

1.35 [238]

Ni-WC/C
1M KOH+
0.5 M MeOH

1.3 [239]

NiCoSn alloy
1M KOH+
1M MeOH

1.35 [240]

NiO NS@NW/NF
1M KOH+
0.5 M MeOH

1.45 [241]

Ni/NiO
1M KOH+
1M MeOH

1.38 [226]

Ni-Ni-2
1M KOH+
1M MeOH

1.4 [242]

La1.4Sr0.6NiO4+δ/PANI
0.5M NaOH+
1.5M MeOH

1.36 [132]

Ce0.9Ni0.05Sr0.05O2−δ
0.5 M NaOH+
0.5 M MeOH

1.35 [222]

Ce0.6Zr0.35Ni0.05O2−δ
0.5 M NaOH+
0.5 M MeOH

1.35 This work

Figure 3B.9: CVs of Ce0.6Zr0.35Ni0.05O2−δ, 20% Pt/C, Bare GCE in (a) 0.5 M NaOH (b) 0.5
M NaOH and 0.5 M MeOH
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The above discussion rationalized the significance of the formation of surface bound Ni

- OOH species due to the high oxygen vacancy and its primary influence towards efficient

methanol oxidation activity over the co-doped catalysts. The charge transfer resistance invoked

by oxygen vacancy is another crucial factor to tailor the surface electronic configuration vis à

vis conductivity of the material for efficient electrocatalytic activity [243–245]. Therefore, EIS

measurement was carried out in alkaline 0.5M MeOH solution to probe the electrical conductivity

and charge - transfer behavior on the electrode - electrolyte interface. A distinct semicircular

arc was observed over the catalytic materials in the measured frequency range, as depicted in

Figure 3B.10(a). This can be attributed to the combined effects of charge transfer resistance and

double - layer capacitance at high frequency, along with intermediate adsorption at low frequency.

As the doping of Ni and Zr increased gradually, the semicircle arc decreased, suggesting a

significantly faster electron transfer rate. To elaborate more regarding the impedance of the

material, Bode phase and admittance have been studied (Figure 3B.10(b - c)). The Bode

admittance plot illustrates that a reduction in the impedance magnitude (Z) in the low-frequency

range indicates a decrease in the material’s resistance and an enhanced electron flow through the

electrode [174, 175]. This behaviour was observed in Ce0.6Zr0.35Ni0.05O2−δ compared to other

materials (Figure 3B.10(b)). Ce0.6Zr0.35Ni0.05O2−δ demonstrates highly conductive behaviour

based on its bode phase angle plot (Figure 3B.10(c)) showing a phase angle less than -90 ◦C,

which signifies a maximum possible phase shift between voltage and current and indicates an

insulator behaviour. Further analysis of the system was carried out with circuit fitting (Figure

3B.10(d)) and evaluating the parameters generated from the circuit (Table 3B.5). The initial

phase element in the circuit represents the parallel combination of charge transfer resistance

(Rct) and double-layer capacitance. The significantly lower Rct value of Ce0.6Zr0.35Ni0.05O2−δ

(548.5 Ω ) compared to other materials indicates improved charge transfer during MOR on this

optimized oxide. Additionally, the lower adsorption resistance (Rad) value of 92.8 Ω highlights

the enhanced oxidation ease of CO species adsorbed on the catalyst’s surface [246, 247].
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Figure 3B.10: (a) Nyquist plot (b) Bode absolute impedance, and (c) Bode phase angle plots
of CeO2, Ce0.95Ni0.05O2−δ, Zr0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δ

(d) Nyquist fitted circuit diagram

Table 3B.5: EIS parameters obtained from fitting of Nyquist plot

Catalysts CeO2 Ce0.95Ni0.05O2−δ Zr0.95Ni0.05O2−δ Ce0.6Zr0.35Ni0.05O2−δ Ce0.4Zr0.55Ni0.05O2−δ

Rs (Ω) 45.7 35.8 32.1 30.7 28.7

Rct (Ω) 2178 1710 6090 548.5 1368

Rad (Ω) 3720 9.01 1830 92.8 230.6

Cdl (F) 5.65 ×10−6 11.5 ×10−6 5.59 ×10−6 29.7 ×10−6 24.9 ×10−6

Cad (F) 16.53 ×10−6 26.8 ×10−6 5.98 ×10−6 72.1 ×10−6 91.5×10−6
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3B.3.3 Evaluation of the Kinetic Parameters

In order to evaluate the kinetic parameters of the MOR, such as order of the reaction,

rate constant, rate determining step, Tafel slope, activation energy was calculated over the

synthesized catalysts CeO2, Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δ

. The existing literature suggests that ideally a theoretical Tafel slope of ∼ 120 mV dec−1 is

an indicator of splitting of the first C-H bond of CH3OH as a rate determining step in the

overall methanol electro oxidation reaction [166, 248, 249] Whereas, a large deviation from the

ideal theoretical value may happen due to the adsorption of intermediates on the surface of the

catalyst [250]. A CA response was carried out for 250 s at the catalytically active potential region

of MOR (Figure 3B.11). The current density obtained after reaching the steady state (at 150

s) was plotted against the potential with and without iR correction with R as uncompensated

resistance (Figure 3B.12). The Tafel studies were carried out using the steady state polarization

curve constructed using the iR corrected potentials [251].

Figure 3B.11: CA responses of (a)CeO2, (b) Ce0.95Ni0.05O2−δ, (c) Ce0.6Zr0.35Ni0.05O2−δ and
(d) Ce0.4Zr0.55Ni0.05O2−δ for 250 s at catalytically active region.
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Figure 3B.12: Plot of current density vs potential with and without iR drop correction of
(a)CeO2, (b) Ce0.95Ni0.05O2−δ, (c) Ce0.6Zr0.35Ni0.05O2−δ and (d) Ce0.4Zr0.55Ni0.05O2−δ for 250

s at catalytically active region.

The Tafel plot depicted in Figure 3B.13(a) exhibits a lower slope of 112.5 mV dec−1 over

Ce0.6Zr0.35Ni0.05O2−δ, demonstrating excellent conformity with the theoretical value. However,

a significant deviation was observed with the other catalysts in the series. The study con-

cludes that the C-H bond dissociation could be the rate determining step over the optimized

Ce0.6Zr0.35Ni0.05O2−δ catalysts, whereas the intermediates formed during MOR gets strongly

attached over the surface of other catalysts. As Ce0.6Zr0.35Ni0.05O2−δ turned out to be the cham-

pion catalyst by outperforming the other materials, further evaluation of the kinetic parameters

was carried out only with the optimized material. The reaction order of the electro-oxidation

of methanol over Ce0.6Zr0.35Ni0.05O2−δ was calculated using the equation log I = log nFk + m

logC, where F is Faraday constant, k being reaction constant, m is the reaction order, and C is

the concentration of methanol [252]. Voltammograms were collected with different concentration

of methanol (Figure 3B.13(b)), and a linear relationship was obtained from the voltammetric

responses of Ce0.6Zr0.35Ni0.05O2−δ at different methanol concentration by plotting log I vs. log

C with a slope of 0.37 at peak potential (1.60 V vs RHE) (inset of Figure 3B.13(b)). The results

indicate that the overall MOR order is ½ with respect to methanol over Ce0.6Zr0.35Ni0.05O2−δ.

Next, the kinetic evaluation of the optimized catalyzed was carried out by varying the scan

rate from 10 to 60 mV s−1 in 0.5 M MeOH and 0.5 M NaOH electrolyte. Figure 3B.13(c)

shows that the anodic current density increased with the increase in scan rate and a linear
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relationship was observed when square root of scan rate was plotted with the current density.

The observed linear relationship between the square root of scan rate and current density in the

inset of Figure 3B.13(c) with a regression coefficient R2 = 0.99 indicates that the MOR over

Ce0.6Zr0.35Ni0.05O2−δ undergoes a diffusion-controlled pathway by following the Randles-Sevick

equation. From the logarithmic curve of peak current vs scan rate in Figure 3B.13(d) a slope of

0.57 was obtained. The value is close to the theoretically expected value of 0.50 confirming the

MOR over Ce0.6Zr0.35Ni0.05O2−δ is a diffusion-controlled process rather than a surface-controlled

phenomenon [167, 253].

Figure 3B.13: (a) Tafel plot of CeO2, Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ and
Ce0.4Zr0.55Ni0.05O2−δ (b) Methanol concentration study of Ce0.6Zr0.35Ni0.05O2−δ (log C Vs
log I plot of Ce0.6Zr0.35Ni0.05O2−δ for MOR of showing order of the reaction) (c) scan rate
dependent study of Ce0.6Zr0.35Ni0.05O2−δ in 0.5 M NaOH and 0.5 M MeOH (inset square
root of scan rate vs current density) (d) logarithmic plot of scan rate with current density for

Ce0.6Zr0.35Ni0.05O2−δ
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Double step chronoamperometry was carried out by setting the two-step potentials at MOR

oxidation potential (i.e at 1.60 V vs RHE for 60 s and at 1.0 V for 60 s) in presence and in absence

of methanol, and the obtained data are plotted in Figure 3B.14(a). The current density was

found to increase with an increase in the concentration of methanol at MOR oxidation potential,

decreases rapidly at 1.0 V vs RHE, and becomes almost equal and steady irrespective of methanol

concentration. The forward and backward potential step chrono amperometry of the modified

electrode in absence of methanol showed an almost symmetrical chronoamperogram, whereas

the charge value associated with the forward chronoamperometry is significantly higher than

that observed for the backward chronoamperometry (inset of Figure 3B.14(a)) demonstrating

the irreversible nature of electro oxidation of methanol over Ce0.6Zr0.35Ni0.05O2−δ [44]. Further,

the rate constant for methanol electro-oxidation was calculated using the Equation:

Ic/IL = γ1/2
[
π1/2erf

(
γ1/2

)
+ exp (−γ) /γ1/2

]
(3B.4)

where IC is the catalytic current of Ce0.6Zr0.35Ni0.05O2−δ in presence of methanol, IL is the

limiting current in the absence of methanol. γ is the argument of error function and is equal to

kCot, where k is the rate constant in cc mol-1s-1, t being the elapsed time in s, and Co is the

bulk methanol concentration in mol cc-1. The above-mentioned equation can be simplified as

the following one by considering the value of γ > 2.

Ic/IL = γ1/2π1/2 = (kC0t)
1/2π1/2 (3B.5)

The slope derived from the Figure 3B.14(b) with different methanol concentration from 0 M

to 2 M shows that the rate constant of MOR over Ce0.6Zr0.35Ni0.05O2−δ is 7.30 × 104 cc mol−1

s−1. The calculated rate constant is comparable with the values reported in the literature

and clearly indicates that the catalyst Ce0.6Zr0.35Ni0.05O2−δ efficiently surpasses the kinetic

barrier for methanol oxidation as well as competently reduce the overpotential for the overall

electrocatalytic system [44, 169, 254, 255].
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Figure 3B.14: (a) Double step chronoamperometry of Ce0.6Zr0.35Ni0.05O2−δ with and without
methanol at 1.6 V and 1.0V vs RHE. (b) Ic vs L vs Time (s)

Another key parameter for MOR reaction is the activation energy of the catalysts. Arrhenius

plot of current density (ln j) vs. temperature (T−1) at methanol oxidation potential of CeO2,

Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ, and Ce0.4Zr0.55Ni0.05O2−δ was adopted to determine

the activation energy. The temperature was varied from 25 to 50 ◦C with a gap of 5 ◦C in 0.5 M

NaOH and 0.5 M MeOH electrolyte solution [256]. The activation energy (Ea) was obtained

from the slope of Figure 3B.15. The the optimized catalyst Ce0.6Zr0.35Ni0.05O2−δ exhibited an

MOR activation energy of 21.1 kJ mol−1. Ce0.4Zr0.55Ni0.05O2−δ and Ce0.95Ni0.05O2−δ showed a

slightly enhanced activation energy of 23.5 and 24.1 kJ mol−1, respectively. Whereas the pristine

CeO2 demonstrated a comparatively very high activation energy of 47.3 kJ mol−1. A lower

activation energy indicates a faster MOR kinetics over Ce0.6Zr0.35Ni0.05O2−δ.
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Figure 3B.15: Activation Energy plot of MOR over CeO2, Ce0.95Ni0.05O2−δ,
Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δ

It is prime for an electrode material is to retain its potential stability vis à vis durability for

a prolonged period of time against the major challenge of CO poisoning for practical applicability.

The long-term stability of the catalyst was first confirmed using cycle study up to 300 cycles at

a scan rate of 50 mV s−1. It was observed that the current density was maintained 99% of the

initial current density for Ce0.6Zr0.35Ni0.05O2−δ (Figure 3B.16(a)). Further, the CA studies for

10 h at 1.6 V vs RHE in 0.5 M NaOH and 0.5 M MeOH electrolyte solution was carried out

to confirm the stability of the catalyst. Figure 3B.16(b) shows a stable and constant current

response of Ce0.6Zr0.35Ni0.05O2−δ during 10 h of MOR indicating the high tolerable nature of

the materials against CO poisoning. The results depict that the stability retained establishing

the high CO tolerance of the materials and indicating the prospective of practical applications.

After the prolonged MOR study, the electrolyte was subjected to 1HNMR to evaluate the liquid

products. The corresponding spectra are shown in Figure 3B.17. The data revealed the formation

of formic acid at 8.3 ppm as the only liquid product during MOR and concentration of formic

acid produced over CeO2, Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δ

were calculated to be 0.0097, 0.128, 1.74 and 0.285 µmol respectively
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Figure 3B.16: (a) Stability study of Ce0.6Zr0.35Ni0.05O2−δ up to 300 cycles (b) CA of
Ce0.6Zr0.35Ni0.05O2−δ at 1.6 V vs RHE in 0.5 M NaOH and 0.5 M MeOH for 10 h

Figure 3B.17: 1HNMR spectra of the electrolyte of CeO2, Ce0.95Ni0.05O2−δ,
Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δafter 4 h of CA in 0.5 M MeOH and 0.5 M

NaOH medium.
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Further, to confirm the reproducibility of the catalyst, we have carried out three cycles of

single Ce0.6Zr0.35Ni0.05O2−δ electrode by changing the electrolyte as shown in Figure 3B.18(a). It

has been observed that for the first two instances there was absolutely no change in the current

density, however at the third run there was a nominal deduction of the current density. The

stability of Ce0.6Zr0.35Ni0.05O2−δ was also compared with the bare GCE and standard catalyst

(20% Pt/C) (Figure 3B.18(b)). It has been observed that the current density of 20% Pt/C

significantly dropped only within an hour probably due to the electrocatalyst poisoning by

chemisorbed carbonaceous species formed during the methanol oxidation. In case of bare GCE,

there was no indication of MOR as current density was near to almost zero.

Figure 3B.18: (a) CVs of Ce0.6Zr0.35Ni0.05O2−δ single electrode by changing the electrolyte
three times (0.5 M NaOH + 0.5M MeOH) at scan rate of 50 mV s−1 (b)Stability study of
Ce0.6Zr0.35Ni0.05O2−δ, 20 %Pt/C and bare GCE in 0.5 M NaOH and 0.5 M MeOH for 10 h

The XRD pattern of the exhausted Ce0.6Zr0.35Ni0.05O2−δ catalyst was studied to confirm

the chemical robustness of the material after prolonged period of stability study (Figure 3B.19(a)).

Fluorite structure was retained by the catalyst with minute amorphous carbon black from the

electrocatalytic ink. The surface morphology as shown in Figure 3B.19(b,c) was retained in the

exhausted catalyst as observed from FE-SEM images.

Figure 3B.19: (a) XRD (b, c) FE-SEM image of the exhausted Ce0.6Zr0.35Ni0.05O2−δ after
10 h of MOR
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3B.3.4 Redox properties and mechanistic probe

The intriguing findings regarding the MOR activity, which can be attributed to the precise

tuning of doping within the solid solution, have captivated our interest in exploring the underlying

redox properties of the materials in correlation with the mechanism of the MOR reaction. Ex-situ

XPS was employed to map the surface composition of the solid solution catalysts before and

after the MOR process. Figure 3B.20 illustrates the Ce 3d XPS patterns, revealing multiple

distinctive bands arising from various Ce 4f energy level occupancies. The Ce 3d core level

spectra of all oxides exhibited a total of 10 peaks, as depicted in Figure 3B.20 (a). The first

five peaks, labelled as v correspond to the Ce 3d5/2 level, while the subsequent five peaks,

labelled as u correspond to the spin-orbit splitting of Ce 3d3/2 [130, 212, 257–259]. The peaks at

900.0 and 918.7 eV labelled as v′′′ and u′′′ are the characteristic Ce4+ (3d5/2 and 3d3/2) peak

corresponding to 3d94f0O2p6 final states configuration. The doublets at 884.4 and 904.8 labelled

as v - u corresponds to Ce 3d94f2O2p4 configuration, whereas peaks at 891.0 and 911.4 eV

(v′′-u′′) corresponds to Ce 3d94f1O2p5 final states of Ce4+ oxidation state [130, 180]. Peaks at

binding energies 880.5 - 902.8 and 887.7- 909.4 eV labelled as v0 - u0 and v′ -u′ corresponds to

Ce 3d94f2O2p5 and Ce 3d94f1O2p6 final states of Ce3+ oxidation states. The relative surface

concentration of Ce3+ was calculated using the following equations:

ACe4+ = Av +Au +Au′′ +Av′′ +Av′′′ +Au′′′ (3B.6)

ACe3+ = Av′ +Au′ +Av0 +Au0 (3B.7)

CCe3+ =
ACe3+

ACe3+ +ACe4+
(3B.8)

The presence of both Ce4+ and Ce3+ observed in the as-prepared oxides is tabulated in

Table 3B.6. Apparently, the concentration of lower valent Ce3+ increased gradually with the

extent of Ni and Zr doping. Higher Ce3+ percentage is an indicator of the formation of enhanced

oxygen vacancy that might have improved the catalytic properties [260–262]. Interestingly, the

core level Ce 3d XPS data of the exhausted catalysts after MOR (shown in Figure 3B.20(b))

exhibited higher abundance of Ce3+ concentration than the corresponding as prepared catalysts

and the highest occurrence of Ce3+ was observed in the exhausted Ce0.6Zr0.35Ni0.05O2−δ. During

the MOR process, where a positive potential promotes oxidation, the reduction of Ce4+ → Ce3+

must occur alongside parallel oxidation reactions. These parallel oxidation reactions can be

attributed to the evolution of lattice oxygen (O2- → ½ O2 + 2e−) in or/and the oxidation of
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Ni2+ → Ni3+ in Ni-doped materials. Due to the high reducibility of ceria in the ceria-zirconia

solid solution the evolution of lattice oxygen is a plausible phenomenon. In fact, the evolution of

lattice oxygen enables CO oxidation, making the catalysts more tolerant to CO [43, 263].

Figure 3B.20: Ce 3d core level spectra (a) before and (b) after MOR

In order to investigate the oxidation state of Ni and its subsequent changes during the

MOR process, we conducted mapping of the Ni 2p core level XPS for as-prepared and exhausted

samples of Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ and Ce0.4Zr0.55Ni0.05O2−δ (Figure 3B.21).

The Ni 2p spectra of both the as-prepared and exhausted catalysts exhibited distinct Ni 2p3/2

and Ni 2p1/2 components. The deconvoluted spectra confirmed the presence of Ni2+ (855.1

and 872.5 eV) and Ni3+ (857.1 eV and 874.2 eV) species [264, 265]. Additionally, two satellite

peaks were observed at higher binding energies of 861.3 and 865.3 eV [265]. Table 3B.6 revealed

a gradual increase in Ni3+ content from 22.4% to 49.7% with increasing Zr doping in the as-

prepared catalysts. Notably, there was an enhancement in Ni3+ content after the MOR process

in the exhausted catalyst. It can be inferred that the reduction of Ce4+ → Ce3+ simultaneously

oxidized Ni2+ →Ni3+ during MOR under positive potential. The formation of Ni3+ species

acted as active sites for the generation of the Ni - OOH layer and subsequent MOR reactions.
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Among the solid solutions, this phenomenon was apparently most prominent over the optimized

Ce0.6Zr0.35Ni0.05O2−δ catalyst.

Figure 3B.21: Ni 2p core level spectra (a) before and (b) after MOR

Figure 3B.22 displays the deconvoluted O 1s spectra of the as-synthesized fresh solid solution

catalysts. The three typical peaks at binding energies of 529.7, 531.9, 533.4 eV correspond to

the lattice oxygen (OL), surface oxygen vacancy (OS), and hydroxyl species of surface-adsorbed

water molecules (OW) respectively [266, 267]. Apparently, the introduction of bivalent Ni2+

resulted in the significant increase of oxygen vacancy (OS) due to the charge compensation.

The O 1s core level spectra of the post MOR exhausted catalysts exhibited four distinct peaks

(Figure 3B.22(b)). The peaks at 529.5, 531.9, 533.4, 535.8 correspond to OL, OS, Ni - OOH and

OW, respectively. The extra peak labelled as Ni - OOH corresponds to the intermediate that is

formed during MOR [268, 269]. There was a minute shift of the peak corresponding to OW and

Ni - OOH to a higher binding energy, probably due to the change in the electronic environment

caused by the higher doping of Zr in the CeO2 lattice. It was interesting to observe the decrease

in the surface concentration of lattice oxygen (OL) after the MOR reaction (Table 3B.6). This

corroborates our claim that the reduction of Ce4+ → Ce3+ during MOR is not only facilitating

the parallel oxidation of Ni2+ → Ni3+ but also helping the evolution of lattice oxygen, and

thereby reducing the surface concentration of OL. Presence of optimal concentration of Zr in

the lattice of Ce0.6Zr0.35Ni0.05O2−δ apparently exhibited the maximum extent of Ce4+ reduction
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vis à vis Ni2+ oxidation and oxygen evolution. The evolution of lattice oxygen during MOR

increased surface oxygen vacancy, promoting the formation of the key intermediate species Ni -

OOH. The evolved oxygen likely aids in the oxidation of the intermediate CO, thus making the

catalyst CO-tolerant.

Figure 3B.22: O 1s core level spectra (a) before and (b) after MOR

Table 3B.6: Concentration (%) of Ce3+, and Ni3+ before and after MOR

Catalysts
Ce3+ (%) Ni3+ (%) Lattice oxygen (%)

Before After Before After Before After

CeO2 18.4 27.9 30.2 19.4

Ce0.95Ni0.05O2−δ 20.5 46.0 22.4 62.6 65.6 15.7

Ce0.6Zr0.35Ni0.05O2−δ 41.0 49.0 42.5 68.7 51.2 5.0

Ce0.4Zr0.55Ni0.05O2−δ 41.6 48.7 44.3 63.2 58.2 11.2

The above discussion leads to the fundamental property of high reducibility of ceria-zirconia

solid solution [270–272]. To corroborate the facile reduction of Ce4+ → Ce3+ accompanied by

the evolution of lattice oxygen (as indicated by the XPS analyses), we probed the reducibility of

Ce4+ in the pristine and the solid solutions with the help of H2-TPR experiments. Figure 3B.23

shows the H2 TPR over CeO2, Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ, and Ce0.4Zr0.55Ni0.05O2−δ.

Three distinct peaks were observed at 511.0, 639.0 and 934.6 ◦C labelled as u, v and w, respectively

over pristine CeO2. The low-temperature peaks labelled as u and v corresponds to Ce4+ to

Ce3+ reduction in the surface, while w is assigned to bulk reduction of Ce4+ to Ce3+ [273–275].

On the contrary, Ce0.95Ni0.05O2−δ exhibited three peaks at 395, 480 and 934.6 ◦C denoted as
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u1, v and w corresponding to the reduction of Ni2+, surface Ce4+ and bulk Ce4+. Apparently,

the introduction of Ni in the CeO2 matrix promotes the reducibility of the material at lower

temperatures. Notably, the consumption of H2 further increases at lower temperatures over

Ce0.6Zr0.35Ni0.05O2−δ, and Ce0.4Zr0.55Ni0.05O2−δ indicating a very high reducibility of the solid-

solution with the introduction of Zr in the lattice. The amount of H2 consumed by the pristine

CeO2 was 0.128 mmol g−1, whereas the H2 consumption over the optimized catalysts was found

to be 0.320 mmol g−1.

Figure 3B.23: H2 TPR over CeO2, Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ,
and Ce0.4Zr0.55Ni0.05O2−δ

Gaseous CO, an intermediate oxidation product of methanol during MOR, tends to adsorb

and block the catalyst active sites, acting as a poison. A favorable oxidation of adsorbed CO to

gaseous CO2 would keep the active site clean. We observed that the increased reducibility of the

solid-solution catalysts played a crucial role in facilitating lattice oxygen evolution within the

positive potential window. The evolved oxygen may react with the adsorbed CO to enhance

the material’s CO tolerance. To investigate this phenomenon, a series of CO stripping and CO

oxidation experiments were conducted in an inert atmosphere on Ce1−x−yZrxNiyO2−δ, spanning
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a potential range from 1.20 to 1.75 V vs RHE. From the CO stripping experiment it is clearly

evident that Ce0.6Zr0.35Ni0.05O2−δ exhibited the highest CO oxidation on its surface at potential

of 1.2 V vs RHE (Figure 3B.24(a)). Correspondingly, the oxidation of CO was carried out and

the percentage of CO oxidation over CeO2, Ce0.6Zr0.35Ni0.05O2−δ, and Ce0.4Zr0.55Ni0.05O2−δ as a

function of anodic potential (significantly lower than the potential required for oxygen evolution

from water) is plotted in Figure 3B.24(b). Interestingly, Ce0.6Zr0.35Ni0.05O2−δ exhibited the

highest degree of CO oxidation, surpassing the other three materials. The ease of lattice oxygen

evolution, facilitated by the increased reducibility of Ce4+, contributes significantly to the highest

CO oxidation of Ce0.6Zr0.35Ni0.05O2−δ. Based on these observations, the overall MOR over

Ce0.6Zr0.35Ni0.05O2−δ can be expressed as:

Ce0.6Zr0.35Ni0.05O2−δ + xCH3OH+H2O → Ce4+0.6−zCe
3+
z ZrNiO2−δ + xCO2 + 3xH2(δ

′ > δ)

(3B.9)

Figure 3B.24: (a) CO stripping and (b) Percentage of CO conversion at different potentials of
CeO2, Ce0.95Ni0.05O2−δ, Ce0.6Zr0.35Ni0.05O2−δ, and Ce0.4Zr0.55Ni0.05O2−δ

3B.4 Conclusion

Atomistically dispersed Ni in Ce1−x−yZrxNiyO2−δ (x = 0.35, 0.55 and y=0.05) synthesized

using the solution combustion method exhibited a pure fluorite phase upon crystallization

with significant oxygen vacancies. The oxygen vacancies contributed to the high electrochem-

ical surface area of the materials. The combustion synthesized solid-solutions possessed a

nanocrystalline structure with a large surface area and porosity. Among the compositions tested,

Ce0.6Zr0.35Ni0.05O2−δ demonstrated the highest electrocatalytic activity for methanol oxidation
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with a current density of 13.12 mA cm−2. The kinetic evaluation indicated that the rate-

determining step for methanol oxidation involved the cleavage of the C-H bond, which occurred

via diffusion control on Ce0.6Zr0.35Ni0.05O2−δ. The overall reaction followed a half-order rate law

with an activation energy of 21.1 kJ mol−1 over the optimized catalyst Ce0.6Zr0.35Ni0.05O2−δ.

Detailed ex-situ spectroscopic analysis revealed that Ce0.6Zr0.35Ni0.05O2−δ exhibited a facile

Ce4+ → Ce3+ reduction along with parallel Ni2+ →Ni3+ oxidation and lattice oxygen evolution.

The formation of Ni3+ as well as evolution of lattice oxygen during MOR increased surface

oxygen vacancy, and thereby promoted the formation of the key intermediate species Ni - OOH

to facilitate the sluggish kinetics of methanol oxidation. The evolved oxygen likely aided the

oxidation of the intermediate CO, thus making the catalyst CO tolerant. Overall, these findings

underscore the significance of electronic interactions between the active site and the support, as

well as the involvement of lattice oxygen, in realizing a future ”Methanol Economy”.
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Chapter 4

Engineering lattice strain in Co -

doped NiMoO4 for boosting

Methanol Oxidation Reaction

4.1 Introduction

Methanol, the fuel used in DMFCs, boosts ease of storage, transport, and refilling, offering

an energy density surpassed only by hydrogen. Generally, in fuel cells, methanol oxidizes

over electrodes to yield hydrogen and CO2 greenhouse gas. However, the primary hurdle to

implementing DMFC technology in large-scale applications stems from inherent limitations

associated with the MOR at the anodic compartment, including frequently sluggish kinetics and

low power density. On a different note, the coupling of the electrochemical HER with MOR

represents an innovative approach to achieve energy-efficient hydrogen generation, along with the

co-generation of the valuable formate or formic acid. By integrating selective MOR with water

electrolysis and reducing the voltage required for water electrolysis, it becomes possible to enhance

the efficiency of hydrogen generation at the cathode, while simultaneously generating high-value

products at the anode, potentially substituting CO2. Therefore, designing and developing novel

catalytic electrode materials is clearly an important parameter for effective, durable and efficient

MOR activity. Noble metals, particularly electrocatalysts based on Pt and Pd, are commonly

employed compounds known for their strong catalytic activity in MOR. However, despite their

significant potential for sustainable energy conversion, their widespread use is hindered by their
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expensive price tag and scarcity, structural and chemical instability and by - products of CO

intermediate poisoning. Among transition metal - based catalysts utilized for the MOR to

switch from noble metals, nickel-based materials demonstrate both high catalytic activity and

cost - effectiveness. Studies have shown that Ni2+ tends to be converted to the high - valence

Ni3+ during the reaction process to form the Ni2+/Ni3+ coexistence generating highly active

surface-intermediate species referred to as Ni - OOH for electrocatalytic oxidation of methanol

[276–279]. It is well known that the combination of two or more transition metal oxide can

exhibit a synergistic contribution in catalytic activity towards methanol oxidation by bifunctional

mechanism of MOR and resistance to CO poisoning which is much better than simple individual

oxides ref. Nanostructured nickel molybdates are one such example that is ideal for anode

materials in MOR. Doping of the Fe/Co/Mn atom into the NiMoO4 nanostructure were proven

to improve the catalytic activity by creating lattice strain. Lattice-strain engineering via lattice

compression or tension is an effective way to enhance electrocatalytic activity by manipulating

surface electron configuration [280, 281]. This method can alter the intrinsic interatomic distances

as well as modulate the electronic structure of the active centre, affecting the binding energy of

adsorption and in turn the catalytic reaction kinetics. One method for artificial introduction of

strain by traces in the system is by doping of heteroatom. Heteroatoms alter interatomic bond

lengths by either stretching or compressing them through competing coordination. This process

induces local lattice strain within the nanomaterial, precisely adjusting both the electronic

structure of the metal surface and promoting the intrinsic activity of the reaction site. In this

work, Ni1−xCoxMoO4 nano rods were synthesized hydrothermally and characterized considering

that the doping of Co2+ ions play a significant role in MOR via creation of lattice strain in the

system. The optimal doping of Co doping resulted in a mixture of α and β-NiMoO4 , which not

only induced the maximum lattice strain but also facilitated the formation of Ni3+ and oxygen

vacancies, the crucial species for the generation of Ni - OOH intermediates during MOR.

4.2 Materials and Methods

4.2.1 Synthesis of Ni1−xCoxMoO4 (x = 0, 0.1, 0.3, 0.5)

Ni1−xCoxMoO4 was prepared by one step facile hydrothermal synthesis. In this typical

synthesis of NiMoO4, 2 mmol of Ni(NO3)2· 6H2O (SD fine, 99%), Na2MoO4 (SD Fine Chem

Limited, India) were dissolved in 30 mL of DI water and stirred for 30 min to obtain a homogeneous
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mixture. The solution was then transferred to 50 ml Teflon lined stainless steel autoclave and

maintained at 160 ◦C for 15 h in oven. After naturally cooling to room temperature, the obtained

precipitate was washed well with a copious amount of deionized water and then dried overnight

at 80 ◦C in vacuum oven to obtain a dehydrated sample. The powder was grinded well and

calcined at 450 ◦C for 2h. For the Co doped sample, to the abovementioned procedure, various

concentrations of Co(NO3)2· 6H2O(99%, SRL chemicals) (0.2 mmol, 0.6 mmol and 1 mmol) were

added, resulting in compounds with Ni1−xCoxMoO4 stoichiometry [282, 283].

4.2.2 Structural, Surface and Electronic Characterization

The actual atomic ratio of the synthesized Ni1−xCoxMoO4 materials was studied using

ED-XRF with the help of an Epsilon 1, PAN analytical instrument. Phase purity and crystalline

nature of the as-prepared samples were analysed by XRD using a Rigaku Ultima IV XRD with

Cu Kα radiation (λ = 1.5418 Å) at a scan rate of 0.4◦ min−1 and step size of 0.01◦ in the 2θ

range between 10◦ - 60◦. The average nanocrystalline diameters (D) were calculated from the

broadening of the highest peak using Scherrer’s formula,

D =
0.9λ

BCosθ
(4.1)

where β is the full-width at half-maximum, λ is the wavelength of the radiation, and θ is the

corresponding angle. The surface morphology was characterised by high-resolution scanning

electron microscopy with FE-SEM, (FEI-ApreoS) at 30 kV acceleration. To probe the crystal

structure and lattice strain created in the catalysts, HR-TEM (JEOL-JEM 2100F) was further

used. The microscope was operated with an accelerating potential of 200 kV with a point

resolution of 0.19 nm and a line resolution of 0.1 nm. The sample for the analysis was prepared

by dispersing about 1–2 mg in methanol and drop-casting over a copper grid (200 mesh). XPS

were collected to study the surface composition, elemental oxidation state, and bonding with the

help of a Thermo Scientific K-α surface-analysis spectrometer housing Al Kα as the X-ray source

(1486.6 eV). The instrument was operated at 72 W. The base pressure at the analyzing chamber

was maintained at 5 × 10–9 mbar. The data profiles were subjected to a nonlinear least-squares

curve fitting program with a Gaussian–Lorentzian production function and processed with

Avantage software. The BE of all XPS data was calibrated versus the standard C 1s peak at

284.85 eV. Microtrac BEL Corp mini-II surface area analyzer was employed to study the surface

area of the synthesized materials. The samples were degassed in vacuum at 200 ◦C for 2 h before

127



Chapter 4. Engineering lattice strain in Co - doped NiMoO4 for boosting Methanol Oxidation
Reaction

the N2 sorption measurements at 77 K. BET equation was used to estimate the specific surface

area.

4.2.3 Computational Details

The geometry optimization and electronic structure calculations of the Ni1−xCoxMoO4

was performed using plane-wave basis with plane-wave energy cutoff of 500 eV and GGA for

exchange-correlation energy functional in the version of PBE [284–286]. For all the calculation,

4×4×4 k-point mesh with Monkhorst-pack scheme were used.

4.2.4 Electrocatalytic Oxidation of Methanol

Electro-oxidation of methanol was evaluated in a conventional three-electrode glass cell

equipped with Ni1−xCoxMoO4 modified glassy carbon electrode as the working electrode, Hg/HgO

in 1 M KOH electrode as the reference electrode, and a Pt wire as the counter electrode. The

working electrode was prepared by drop-casting the catalyst ink onto a GCE (3 mm, 0.07 cm2

area). Before drop casting the working electrode was polished with 0.05µm alumina slurry.

The catalyst ink was prepared by dispersing the physical mixture of 5 mg of the synthesized

catalyst and 2 mg of carbon black in 1 mL of methanol and 10 µL of Nafion solution. Aqueous

solutions of 0.5 M NaOH served as the electrolyte. MOR was evaluated using cyclic voltammetric

studies (CV) in 0.5 M NaOH and 0.5 M MeOH. Stability study was carried out using CA at

MOR potential and cycle studies. Hydrogen Evolution Reaction HER was also studied using

LSV and CA. In all measurements, potential of Hg/HgO is converted to RHE in 0.5 M NaOH

according to the following equation: ERHE = EHg/HgO +0.059× pH+0.098. The liquid products

after CA were analysed using 1H NMR (Bruker AV NEO, 400 MHz). For this, about 0.4 mL

of electrolysis solution, 0.1 mL of D2O, and 5 mg of 4-nitrophenol (as an internal standard)

were added into the NMR tube for identifying the product. The ECSA was determined by

conducting double - step chronoamperometric experiments, wherein the electrode potential was

swept between non-faradic potential (1.0 V vs RHE) and faradic potential (1.8 V vs RHE). This

was done in the presence of an electrolyte comprising 0.1 M potassium ferricyanide and 0.1 M

KCl. This potential is sufficient to oxidize the [Fe(CN)6]
4– (aq) to [Fe(CN)6]

3– (aq). Area under

the charging - discharging curve was calculated, and was accordingly plotted with time to obtain
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the ECSA by using the following Cottrell equation.

Q = 2nFAD1/2Cot
1/2π−1/2 (4.2)

where Q = charge in coulomb F = Faraday constant n = Number of electrons being transferred

A = Area of electrode (cm2) D = Diffusion coefficient of [K3Fe(CN)6] (7.6×10−6 cm2 s−1) t =

time (s) Co = concentration of K3Fe(CN)6 (mol cc−1). EIS study was carried out at 1.77 V vs

RHE to study the electron transfer for MOR over a frequency range of 500 kHz to 0.1Hz with a

sinusoidal excitation signal of 10 mV with the conventional three-electrode system in an alkaline

mixture of 0.5 M MeOH and 0.5 M NaOH at 10 mV s−1 using a Biologic Sp-150 electrochemical

workstation.

4.3 Results and Discussion

4.3.1 Structure, Surface and Electronic Properties of Catalysts

The structural information of the hydrothermal synthesized Ni1−xCoxMoO4 was probed by

powder XRD. The representative XRD patterns as shown in Figure 4.1(a) indicate that NiMoO4

crystallized in monoclinic phase with space group c12/m1 (JCPDS- 33-0948). No secondary

phases such as NiO or MoO3 were found in the XRD pattern, which infers the formation of phase

pure compound. With the increase of the Co doping amount, the characteristic peaks belonging

to α - NiMoO4 broadened and slightly became amorphous in nature. As NiMoO4bis doped with

Co2+, an extra peak at 2θ = 26.5◦(♦) was observed corresponding to (002) plane of β - NiMoO4

[287–289]. The intensity of (002) plane gradually increased with Co doping, and Ni0.5Co0.5MoO4

exhibited the maximum formation of β- NiMoO4 among the synthesized catalysts. From the

structural point of view, α - NiMoO4 and β-NiMoO4, both exhibit monoclinic structure, but

in the α-form, Ni2+ and Mo6+ ions both occupy the octahedral sites [MoO6], while in the β -

form, Ni2+ still in octahedral sites, however Mo6+ ions are in the tetrahedral sites [MoO4] [290,

291]. Figure 4.1(b) shows the percentage composition of α and β phases of NiMoO4 with Co

doping. The actual bulk concentration of the elements derived from the ED-XRF data matched

well with the theoretically calculated values (Table 4.1). The crystallite size of pristine NiMoO4

calculated from the Scherrer’s formula was found to be 36.2 nm, whereas Ni0.9Co0.1MoO4,

Ni0.7Co0.3MoO4 and Ni0.5Co0.5MoO4 exhibited reduction in its crystallite size to 32.0, 28.4 and
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27.9 nm, respectively. The co-existence of the mixed phases due to the aliovalent doping of Co

played a pivotal role in creating lattice strain in the system. The presence of micro strain (ε)

was calculated using the equation ε = B/4tanθ, where B is the full-width at half-maximum,

and θ represents the corresponding diffraction angle. It was determined that the micro strain

increased from 3.8 µm/m in pristine NiMoO4 to a maximum of 4.6 µm/m in Ni0.7Co0.3MoO4.

However, further doping of Co in Ni0.5Co0.5MoO4 led to a slight reduction in micro strain to 4.5

µm/m. The variation of micro strain with Co doping is also presented in Figure 4.1(b).

Figure 4.1: (a) XRD pattern if NiMoO4 and Ni1−xCoxMoO4 (b) Variation of micro strain and
phase ratio with Co2+ doping and (c,d,e,f) FE-SEM images of (c) NiMoO4, (d) Ni0.9Co0.1MoO4,

(e) Ni0.7Co0.3MoO4, (f) Ni0.5Co0.5MoO4

Table 4.1: ED-XRF of NiMoO4 and Ni1−xCoxMoO4

Sample Calculated (%) XRF (%)
Ni Mo Co Ni Mo Co

NiMoO4 37.9 62.0 42.0 57.9

Ni0.9Co0.1MoO4 41.2 55.8 3.0 34.1 62.0 3.8

Ni0.7Co0.3MoO4 26.5 60.0 13.5 26.5 62.0 11.4

Ni0.5Co0.5MoO4 20.5 54.9 24.5 24.8 62.0 24.9

The morphological features of the pristine and the doped materials were analysed by

FE-SEM. The FE-SEM micrographs in Figure 4.1(c-f) shows the nano-structural features of

Ni1−xCoxMoO4. The pristine NiMoO4 exhibited long rod-like morphology with an average length
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of ∼5.6 µm as seen in Figure 4.1(c). However, the average length of the rods decreased with

increasing doping of Co, and it was found to be ∼0.5 µm over Ni0.7Co0.3MoO4 (Figure 4.1(d)).

The similar features have also been observed earlier [292–294]. The rod like morphology crumbled

with further increase in Co doping, and Ni0.5Co0.5MoO4 exhibited agglomerated particles (4.1(f)).

The EDAX mapping in Figure 4.2 demonstrates the homogeneous distribution of Co in NiMoO4

matrix.

Figure 4.2: EDAX Mapping of (a) NiMoO4 (b) Ni0.9Co0.1MoO4 (c) Ni0.7Co0.3MoO4 (d)
Ni0.5Co0.5MoO4
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Figure 4.3: HR-TEM images and SAED pattern of (a-d) NiMoO4 (e-h) Ni0.9Co0.1MoO4 (i-l)
Ni0.7Co0.3MoO4 (m-p) Ni0.5Co0.5MoO4

The nano structural features and the lattice strain in the system created by Co doping

was investigated by HR-TEM analysis as shown in Figure 4.3. The HR-TEM micrographs of

NiMoO4 in Figure 4.3(a) confirmed the presence of irregular long rods as depicted in FE-SEM

images. The interplanar distance of 0.399 and 0.580 nm corresponding to (220) and (110) planes

calculated from the fringe distances shown in Figure 4.3(b, c) confirms the monoclinic α phase

of pristine NiMoO4. SAED pattern in Figure 4.3(d) also corroborates the same. Interestingly, a

minor shrink in the (220) and (110) interplanar distances were observed with aliovalent doping

of smaller Co in Ni0.9Co0.1MoO4 and Ni0.7Co0.3MoO4 (Figure 4.3(f, g) and 4.3(j, k)). The nano

rod like morphology of the particles (Figure 4.3(a, e, i)) was disrupted to agglomerated one

(Figure 4.3(m)) with gradual doping of Co as was also observed in FE-SEM micrographs. The

presence of the β phase in Ni0.5Co0.5MoO4 was confirmed by the observation of (002) plane with

a spacing of 0.35 nm as shown in Figure 4.3(n, o) [288]. The corresponding SAED patterns in

Figure 4.3(p) also verified the presence of these lattice planes from α and β phases.
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Figure 4.4: Strain distribution diagrams εxx and εxy of (a) NiMoO4, (b) Ni0.9Co0.1MoO4, (c)
Ni0.7Co0.3MoO4 and (d) Ni0.5Co0.5MoO4

Analysis of local atomic spacing variations in HR-TEM micrographs enables the precise

measurement of local strain with high spatial resolution. FFT patterns were obtained from

the HR-TEM images to analyse the lattice strain in the synthesized molybdate systems. For

enhanced comprehension of the structural attributes exhibited by Ni1−xCoxMoO4, an inves-

tigation employing GPA of FFT was conducted utilizing high-resolution TEM imagery. The

inset of the Figure 4.3(g,k and o) shows the enlarged TEM images obtained from GPA analysis

which confirms the presence of strain in the lattice planes. As depicted in the Figure 4.4 the

lattice manifests pronounced strain in εxx and εxy . In the image, the transition from blue to red

corresponds to a strain profile in lattice from lower to higher intensity. The corresponding strain

distribution diagram in Figure 4.4. shows that with the introduction of Co, the lattice strain

distribution became more pronounced with Ni0.7Co0.3MoO4 overwhelming the highest strain

depicting significant colour changes in the strain field implying lattice distortion in the crystal

interior. Further Co doping increased the β phase of NiMoO4, however didn’t exhibit prominent

strain.

XPS analysis was employed to probe the surface chemical bonding and electronic states of

the elements in hydrothermal synthesized Ni1−xCoxMoO4. The survey spectra in Figure 4.5(a)

indicate the inclusion of Ni, Co, and Mo on the surface in their expected atomic ratio. The

133



Chapter 4. Engineering lattice strain in Co - doped NiMoO4 for boosting Methanol Oxidation
Reaction

high-resolution Mo spectrum (Figure 4.5(b)) demonstrates that the typical spin–orbit doublet

corresponding to Mo 3d5/2 and Mo 3d3/2 with binding energies of 233.1 and 236.2 eV, respectively,

evidencing the prevalence of the Mo6+ oxidation state [295–297].

Figure 4.5: (a) XPS survey spectra and (b) Mo 3d core level spectra of (a)NiMoO4 and (b)
Ni1−xCoxMoO4

The deconvoluted Ni 2p spectrum in Figure 4.6(a) revealed the simultaneous presence

of Ni2+ and Ni3+. The high-resolution deconvoluted Ni 2p spectrum shows main peaks at

855.3 and 873.3 eV corresponding to Ni2+ 2p3/2 and 2p1/2, whereas at 857.8 and 876.3 eV

corresponding to Ni3+ 2p3/2 and 2p1/2, respectively [295, 298]. Interestingly, the concentration

of Ni3+ gradually increased from 22.8% in pristine NiMoO4 to 28.1% in Ni0.7Co0.3MoO4 with

increasing doping of Co. However, the Ni3+ concentration was diminished at maximum doping

of Co in Ni0.5Co0.5MoO4. The details are provided in Table 4.2. The core level spectra of Co 2p

in Figure 4.6(b) exhibited the spin-orbit doublet of the Co 2p3/2 and Co 2p1/2 corresponding to

the 3+ and 2+ oxidation states of Co. The peaks at 780.6 and 796.7 eV correspond to 2p3/2

and 2p1/2 of Co3+, whereas the peaks at 783.9 and 798.7 eV corresponds to 2p3/2 and 2p1/2 of

Co2+, respectively. Two satellite peaks were also observed at 787.7 and 802.7 eV for the Co core

level spectra.

The O1s core level spectra from the pristine and the doped oxides exhibited three dis-

tinguishable peaks at 530.6, 532.2, and 533.2 eV, ascribed to the lattice oxygen (OL), oxygen

vacancies (OV), and lattice bound water molecules (Ow), respectively.
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Figure 4.6: (a) Ni 2p (b) Co 2p and (c)O 1s core level spectra of NiMoO4 and Ni1−xCoxMoO4

The binding energies of the present peaks are in good agreement with the reported values

[299–302]. A notable and gradual increase of oxygen vacancies was observed with the increment

in Co doping. The percentage of OV increased from 5.4% in pristine NiMoO4 to the maximum

of 34.2% in Ni0.7Co0.3MoO4 (vide Table 4.2). It is worth noting that the optimal Co doping in

Ni0.7Co0.3MoO4 not only induced maximum lattice strain but also facilitated the formation of

Ni3+ and oxygen vacancies, the crucial species for the generation of Ni - OOH intermediates

during MOR.

Table 4.2: Ni3+ Concentration, Defect site oxygen species, and surface Ni - OOH concentration

Catalysts Ni3+ Ov
Surface concentration

Ni-OOH (τ∗) (mol cm−2)

NiMoO4 22.8 5.4 6.53×10−8

Ni0.9Co0.1MoO4 23.1 16.6 5.73×10−7

Ni0.7Co0.3MoO4 28.1 34.2 6.66×10−6

Ni0.5Co0.5MoO4 19.6 20.4 1.90×10−6
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Figure 4.7: (a) N2 Adsorption - desorption profile and (b) Plot of charge against time according
to Cottrell equation over NiMoO4, Ni0.9Co0.1MoO4, Ni0.7Co0.3MoO4 and Ni0.5Co0.5MoO4

Electrocatalysis predominantly occurs at the surface interface, where a higher specific

surface area and suitable pore volume play pivotal roles in enhancing electrocatalytic activity.

This is attributed to the increased exposure of active sites and the reduction of ion diffusion

lengths. Analysis of N2 adsorption-desorption isotherms, as depicted in Figure 4.7(a), revealed

type II isotherms with minimal hysteresis for both pristine NiMoO4 and solid solutions of

Ni1−xCoxMoO4, suggesting a macro-porous surface nature with an average pore diameter of 55

nm. The surface area calculations presented in Table 4.3 indicate that Ni0.7Co0.3MoO4 possesses

a notably higher surface area compared to other materials. The ECSA was calculated with the

help of CA studies using the Cottrell equation Apparently, Ni0.7Co0.3MoO4 exhibited the highest

ECSA compared to the other synthesized molybdates indicating a better MOR efficacy of the

material (Table 4.3).

Table 4.3: BET and ECSA of NiMoO4 and Ni1−xCoxMoO4

Catalysts
BET Surface area

(m2g−1)
ECSA (cm2)

NiMoO4 10.01 0.23

Ni0.9Co0.1MoO4 17.66 0.09

Ni0.7Co0.3MoO4 18.63 2.45

Ni0.5Co0.5MoO4 6.37 0.048
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4.3.2 Electrocatalytic Oxidation of Methanol

The MOR electrocatalytic activity of pristine NiMoO4 and doped Ni1−xCoxMoO4 was

thoroughly explored with the aid of CV in 0.5 M NaOH and 0.5 M MeOH at a scan rate of 50

mV s−1. The materials were initially activated by cycling several scans in a potential window

of 1.0 – 2.0 V vs. RHE in alkaline 0.5 M NaOH electrolyte solution before the MOR. The CV

traces in alkaline solution without methanol in Figure 4.9 show an anodic peak at 1.25 V vs

RHE corresponding to the formation -OOH species associated with oxidation of Ni2+ and a

counter cathodic peak at 1.1 V vs RHE with the corresponding reduction process of Ni3+ → Ni2+

process in the experimental potential window [147, 277, 300, 301, 303]. As the Ni oxidation peak

is masked by the oxygen evolution reaction occurring at a higher potential, CVs at a zoomed-in

potential window of 0.8 to 1.8 V vs RHE is shown in the inset of Figure 4.9(a). The particular

peak current density associated with the Ni - OOH formation increased with the increment in

the scan rate along with an anodic shift (Figure 4.8). The peak shift was probably due to the

less time available at higher scan speed for the complete formation of Ni - OOH species. The

concentration of the Ni - OOH layer formed on the surface of the catalyst was quantified using

the anodic and cathodic peak current densities as shown in Figure 4.8. A good linear dependence

of anodic and cathodic peak current densities (jap and jcp) with the square root of the sweep rate

was observed. The significantly higher slope revealed a better diffusion property of the OH–, in

favour of the generation of electroactive Ni - OOH species. It was observed that Ni0.7Co0.3MoO4

exhibited the highest formation of Ni - OOH equivalent to 6.66×10−6 mol cm−2 among all the

catalysts (Table 4.2). Interestingly, the Ni2+/Ni3+ redox peak, which was at 1.41 V vs RHE

over NiMoO4 reduced to 1.25 V vs RHE over Ni0.7Co0.3MoO4. The presence of lattice strain

due to the Co doping in NiMoO4 might have facilitated the extent of peroxidation of Ni2+ at a

lower potential for the formation of Ni - OOH species.
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Figure 4.8: CVs and linear plot of scan rate vs current density of NiMoO4(a,b), Ni0.9Co0.1MoO4

(c,d), Ni0.7Co0.3MoO4(e,f) and Ni0.5Co0.5MoO4(g,h) in 0.5 M NaOH

Further, the materials were assessed for their MOR activity in 0.5 M MeOH and 0.5 M

NaOH at scan rate of 50 mV s−1 as shown in Figure 4.9(b). The presence of methanol modified

the CV curves dramatically, and a rapid surge in the anodic peak was observed confirming the

oxidation of methanol. It was observed that the peak corresponding to the oxidation of Ni

diminished and the methanol oxidation peak became more prominent. It could be conferred

that the backward cathodic peak corresponds to the oxidation of intermediates formed on the

surface of the catalyst. The pristine NiMoO4 exhibited a distinguishable peak for MOR at 1.81

V vs RHE with current density of 19.8 mA cm−2. With the doping of Co, there was drastic

increment in the current density with Ni0.7Co0.3MoO4 exhibiting the highest current density

of 169.5 mA cm−2. Interestingly, the potential was also shifted to lower value of 1.77 V vs

RHE with Co doping compared to the pristine NiMoO4. Further increment in Co2+ doping

resulted in decrease in the MOR current density. This could be due to the significant increment

in β phase interfering the catalytic process of Ni2+ to form active sites. It can be inferred that

the maximum lattice-strain in Ni0.7Co0.3MoO4 along with the maximum presence of Ni3+ and

oxygen vacancies might have played a pivotal role in enhancing the MOR activity [304, 305].
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Figure 4.9: CVs of NiMoO4, Ni0.9Co0.1MoO4, Ni0.7Co0.3MoO4, and Ni0.5Co0.5MoO4 in (a)
0.5 M NaOH with a scan rate of 50 mV s−1, (b) in 0.5 M NaOH and 0.5 M MeOH with a scan

rate of 50 mV s−1

4.3.3 Kinetic Parameters and Durability study

The activation energy (Figure 4.10(a)) was determined through the Arrhenius plot of

current density (ln j) vs temperature (T–1) at methanol oxidation potential over NiMoO4 and

Ni1−xCoxMoO4 and the temperature was varied from 25 to 50 ◦C with a gap of 5 ◦C in alkaline

0.5 M MeOH electrolyte solution [163, 306]. Ni0.7Co0.3MoO4 exhibited the lowest slope signifying

least activation energy and thereby rationalized the fastest MOR kinetics. The superior MOR

kinetics significantly depends on the charge-transfer property of the material. Therefore, the

electrical conductivity and charge-transfer behaviour on the catalyst – electrolyte interface were

also evaluated with the help of EIS measurements at constant potential of 1.77 V vs RHE in an

alkaline 0.5 M MeOH solution (Figure 4.10(b)). Semicircles observed in the higher frequency

region for all catalysts attributed to the Rct value along with double layer capacitance and

the semicircle in the low frequency region corresponds to intermediate adsorption and their

consequent to final products [293, 307]. It is worth noting that Ni0.7Co0.3MoO4 exhibited the

lowest arcs among the materials indicating the lowest charge transfer resistance as well as fastest

rate of electron transfer for a facile electro-oxidation process. To delve deeper into the material’s

impedance characteristics, we conducted an analysis of its Bode phase and admittance (Figure

4.10(c and d)). In the Bode plot, the phase angle (θ) and impedance (|Z|) are allied with the

frequency, and it further indicates the electron transfer kinetics of the catalysts [197, 198]. A

low phase angle and low slope at a higher frequency region indicates a shorter electron lifetime,

indicating a swifter electron transfer between the surface of Ni0.7Co0.3MoO4 and methanol [198].
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The corresponding circuits were obtained after fitting the Nyquist plot (Figure 4.10(e)) and the

corresponding resistance and capacitance values are tabulated in Table 4.4. The low Rct (22.8

Ω) observed for Ni0.7Co0.3MoO4 indicates rapid charge transfer across the electrode–electrolyte

interface. This is also evidenced by the superior Cdl value (2.9 × 10−3 F) of Ni0.7Co0.3MoO4

compared to pristine NiMoO4 (5.4 × 10−6 F). Furthermore, the decrease in adsorption resistance

confirms the complete removal of intermediates from the surface of Ni0.7Co0.3MoO4. The DFT

study was done to understand a deeper insight into the electronic structure of the mixed phase

Ni0.7Co0.3MoO4 catalysts. The band - gap (∆Eg) was calculated upon doping with Co from the

density of states (DOS, Figure 4.11(a, b)) analysis. We observed a band gap of ∼ 1.05 eV for

NiMoO4 (black), and Ni0.9Co0.1MoO4 (green, Figure 4.11(a)). Whereas, the reduced band gap

of ∼ 0.3 eV for Ni0.7Co0.3MoO4 suggests that the catalyst exhibits superior conductivity.

Figure 4.10: (a) Activation Energy, (b) Nyquist plot of MOR (c) Bode Phase angle (d) Bode
absolute impedance and (d) equivalent circuit of NiMoO4, Ni0.9Co0.1MoO4, Ni0.7Co0.3MoO4,

and Ni0.5Co0.5MoO4

Table 4.4: EIS parameters obtained from fitting of Nyquist plot

Catalysts/ Parameters NiMoO4 Ni0.9Co0.1MoO4 Ni0.7Co0.3MoO4 Ni0.5Co0.5MoO4

Rs(Ω) 23.06 39.4 22.8 54.6

Rct(Ω) 144.2 76.6 46.4 429.9

Cad(Ω) 8873 263.4 61.1 374.1

Cdl(F) 5.4 ×10−6 1.4 ×10−6 2.9 ×10−3 2.8 ×10−6

Cad (F) 0.14×10−3 0.14×10−3 0.1×10−3 33.3×10−6
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Figure 4.11: (a) DOS plots for NiMoO4 (black), Ni0.9Co0.1MoO4 (green) and Ni0.7Co0.3MoO4

(blue), and (b) Projected DOS for Ni0.7Co0.3MoO4

As Ni0.7Co0.3MoO4 stands out to be the superior catalysts among the synthesized molyb-

dates, further evaluation of the MOR kinetic parameters was carried out only with this optimized

material. The order of the methanol oxidation reaction over Ni0.7Co0.3MoO4 was evaluated from

the voltametric responses of Ni0.7Co0.3MoO4 towards MOR at different methanol concentrations

as shown in (Figure 4.12(a)). A linear relationship was obtained by plotting the current density

with logarithmic scale of methanol concentration (inset of Figure 4.12(a)). The equation log I

= log nFk + m log C was utilized to determine the slope, where n represents the number of

electrons, F is the Faraday constant, k denotes the reaction constant, m stands for the reaction

order, and C signifies the concentration of methanol. A slope of 0.37 corresponds to the ½

reaction order of Ni0.7Co0.3MoO4towards MOR. The further kinetic introspection of MOR over

the optimized catalyst was done with the help of scan rate-dependent studies. The scan rate was

varied from 10-100 mV s−1 in alkaline 0.5 M MeOH solution. As observed in Figure 4.12(b), a

gradual increase in anodic current density was observed as scan rate is varied from 10 - 100 mV

s−1. A linear correlation was observed on plotting the square root of scan rate vs current density

with regression coefficient R2= 0.99 following Randles Sevick equation as shown in the inset of

Figure 4.12(b). Additionally, the logarithmic relationship between peak current density and scan

rate Figure 4.12(c) displayed a slope of 0.51, indicating that the mechanism is diffusion-controlled

rather than surface-controlled mechanisms in the observed phenomenon.
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Figure 4.12: (a) Methanol concentration study of Ni0.7Co0.3MoO4 (inset: log C Vs log I plot
of Ni0.7Co0.3MoO4 for MOR showing order of the reaction) (b) scan rate dependent study of
Ni0.7Co0.3MoO4 in 0.5 M NaOH and 0.5 M MeOH (inset square root of scan rate vs current

density) (c) logarithmic plot of scan rate with current density for Ni0.7Co0.3MoO4

Figure 4.13: (a) Double step chrono amperometry of Ni0.7Co0.3MoO4with and without
methanol at 1.77 V and 1.0V vs RHE. (b) Ic vs IL vs Time (s) of Ni0.7Co0.3MoO4
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Double step chronoamperometry was adopted to study on the rate constant of MOR over

Ni0.7Co0.3MoO4. Figure 4.13(a) displays the results obtained from double-step chronoamperom-

etry experiment of Ni0.7Co0.3MoO4conducted under two different potentials. MOR potential of

1.77 V vs RHE was applied for a period of 60 s with further change in the potential to 1.0 V

vs RHE to next 60 s. With an increase in methanol concentration, there was a corresponding

increase in current density at 1.77 V compared to the RHE. However, there was no alteration in

current density at 1.0 V versus RHE regardless of methanol concentration. The rate constant

for methanol electro-oxidation was calculated from the double step chrono amperometry using

the following equation.

Ic/IL = γ1/2
[
π1/2erf

(
γ1/2

)
+ exp (−γ) /γ1/2

]
(4.3)

where IC is the catalytic current of Ni0.7Co0.3MoO4 in presence of methanol, IL is the limiting

current in the absence of methanol. γ is the argument of error function and is equal to kCot,

where k is the rate constant in cc mol-1s-1, t being the elapsed time in s, and Co is the bulk

methanol concentration in mol cc-1. The above-mentioned equation can be simplified as the

following one by considering the value of γ > 2.

Ic/IL = γ1/2π1/2 = (kC0t)
1/2π1/2 (4.4)

A MOR rate constant of 0.36 × 103 cc mol−1s−1 was determined analysing the plot of Ic/IL

versus t1/2 (Figure 4.13(b)) with the variation of methanol concentration. This obtained rate

constant aligns well with earlier reports, suggesting that Ni0.7Co0.3MoO4 effectively overcomes

the kinetic barrier for methanol oxidation as well as notably reduces the overpotential [308].

The assessment of Ni0.7Co0.3MoO4 for long term MOR was studied with the help of CA

measurements in 0.5 M NaOH and 0.5 M MeOH electrolyte solution at potential of 1.77 V

vs RHE for 12 h. As shown in Figure 4.14(a), the currents quickly decreased at the initial

stage probably due to the formation of intermediate species during MOR. Ni0.7Co0.3MoO4

exhibits excellent electrochemical stability, as evidenced by the minimal change in current density

even after continuous electrolysis for 12 h. Further, long term stability of Ni0.7Co0.3MoO4 was

confirmed using the CV cycling for 300 cycles in 0.5 M MeOH at scan rate of 50 mV s-1 as

shown in Figure 4.14(b). The current density remained consistent after 300 cycles, affirming the

outstanding stability of Ni0.7Co0.3MoO4.
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Figure 4.14: (a) CA of Ni0.7Co0.3MoO4at 1.77 V vs RHE in 0.5 M NaOH and 0.5 M MeOH
for 10 h (b) Stability study of Ni0.7Co0.3MoO4up to 300 cycles (inset: CV up to 300th cycle)

4.3.4 Methanol Upgradation and Assisted HER

Upon completing the CA studies, the electrolyte was subjected to 1HNMR analysis to

determine the liquid products and the data are presented in Figure 4.15. Apparently, formic

acid was found as only liquid product upon electro-oxidation of methanol and its concentration

was found to be 1.95 × 10−3 mol over Ni0.7Co0.3MoO4. Figure 4.16(a) highlights the highest

conversion of methanol to the upgraded value-added product formic acid over Ni0.7Co0.3MoO4

among the synthesized molybdate catalysts. The yield of formic acid as product has intrigued

us to explore the molybdate catalysts for alcohol assisted HER. This is an innovative process to

attain energy-efficient hydrogen generation with the combination of HER along with selective

oxidation reaction that lowers the potential barrier of the anodic site and also improves the

hydrogen evolution efficiency at the cathode [13, 309, 310]. To evaluate the combined hydrogen

production and methanol oxidation, we conducted voltammetric analysis on the most promising

material, Ni0.7Co0.3MoO4, in 0.5 M NaOH solutions, both with and without methanol. As

depicted in Figure 4.16(b), Ni0.7Co0.3MoO4 demonstrated significant HER activity in an alkaline

environment, with an overpotential of -0.59 and -0.64 V vs RHE at current densities of -10.0

and -20.0 mA cm−2, respectively. Upon the addition of 0.5 M MeOH to the alkaline electrolyte,

the overpotential notably decreased to -0.57 and -0.60 V vs RHE at current densities of -10.0

and -20.0 mA cm−2, respectively. Evidently, Ni0.7Co0.3MoO4 proves to be a proficient catalyst

for MOR-reinforced HER performance. The durability of the electrode was also verified by

chronopotentiometry in the absence and presence of methanol. In Figure 4.16(c), it can be

observed that Ni0.7Co0.3MoO4 demonstrated notable stability both in the presence and absence

of methanol electrolyte at -20.0 mA cmcm−2, with the potential being steadily maintained
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constant for 12 h.

Figure 4.15: 1HNMR spectra of the electrolyte of NiMoO4, Ni0.9Co0.1MoO4, Ni0.7Co0.3MoO4,
and Ni0.5Co0.5MoO4 after 4 h of CA in 0.5 M MeOH and 0.5 M NaOH medium

Figure 4.16: (a) Bar plot depicting the concentration of formic acid with respect to the
catalysts, (b) LSV showing HER performance over Ni0.7Co0.3MoO4,in presence and in absence
of methanol, and (c) Chronopotentiometry of Ni0.7Co0.3MoO4 in 0.5 M NaOH and in 0.5 M

NaOH + 0.5 M MeOH electrolyte

Intrigued by the excellent activity and stability of Ni0.7Co0.3MoO4 in MOR assisted HER,

Ni0.7Co0.3MoO4 were drop-casted onto the surface of carbon cloth as the electrodes to construct

a two-electrode system (Ni0.7Co0.3MoO4/CC||Ni0.7Co0.3MoO4/CC) for evaluating the methanol-

assisted water splitting performances. The schematic representation and the corresponding

experimental set-up are shown in Figure 4.17(a & b). The performance of Ni0.7Co0.3MoO4 for

methanol-assisted water splitting was evaluated in the absence and presence of methanol. The

comparative LSV traces of Ni0.7Co0.3MoO4/CC in 0.5 M NaOH and in 0.5 M MeOH + 0.5 M
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NaOH electrolyte are shown in Figure 4.17(c). Apparently, the overall water electrolysis (OER

coupled with HER) required a cell voltage of 1.84 V to achieve 10 mA cm−2 current density, while

the methanol-assisted water electrolysis (MOR coupled with HER) required a lower cell voltage

of 1.68 V to attain the same current density, revealing great cell efficiency and good kinetics for

electrolysis of MeOH-NaOH solution. The peak at 1.87 V vs RHE corresponds to Ni2+/Ni3+

redox peak. The practical suitability of large-scale hydrogen generation in presence of methanol

at a lower cell voltage was revealed by stability study at different current density via chrono

potentiometric experiments as shown in Figure 4.17(d). The minor positive shift is credited

to the surface blockage due to irreversible intermediate formation and bubble attachment that

decreases the effective contact portion between the electrode and electrolyte.

Figure 4.17: (a) Schematic representation of two electrode system (b) pictorial representation
of experimental set up (c) LSV curves of Ni0.7Co0.3MoO4 in 0.5 M NaOH + 0.5 M MeOH

electrolyte (d) chronopotentiometry at different current density
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4.4 Conclusion

The pristine NiMoO4and the Co-doped Ni1−xCoxMoO4 were synthesized via a facile hy-

drothermal method. While the pristine material exhibited crystallization in a monoclinic α-phase

with a nano-rod-like morphology, an increase in the Co doping level led to the presence of mixed α

and β phases. Analysis of micro-strain using diffraction data and HR-TEM micrographs revealed

a notable development of strain in optimally doped mixed-phase Ni0.7Co0.3MoO4. Additionally,

the presence of Ni3+ ions, oxygen vacancies, and ECSA was most pronounced in the specific

doped molybdate. This combination resulted in superior electrocatalytic methanol oxidation

activity over Ni0.7Co0.3MoO4. Detailed kinetic analysis indicated that methanol oxidation over

Ni0.7Co0.3MoO4 followed a diffusion-controlled mechanism with a significantly low activation

energy barrier. Furthermore, the electrocatalytic oxidation of methanol over Ni0.7Co0.3MoO4

yielded the value-added product of formic acid and demonstrated a significant enhancement in

methanol oxidation rate reinforced by HER performance. Overall, the findings highlight the

promising potential of Ni0.7Co0.3MoO4 water splitting with implications for sustainable energy

conversion technologies.
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Chapter 5

Polyaniline supported g-C3N4

quantum dots surpass benchmark

Pt/C: development of

morphologically engineered g-C3N4

catalysts towards “metal-free”

methanol electro-oxidation

5.1 Introduction

In the earlier chapters, we have explored the role of Ni in different crystalline environments

for methanol oxidation in alkaline medium. In this chapter, we tried to develop an efficient

metal-free electrocatalyst for MOR. Recently, N-doped carbon electrocatalysts, like N-doped

graphene and carbon nanotubes, are popular choice of metal-free catalysts due to their significant

activity. Here, in this work, we have explored the catalytic efficacy and improved the mass

activity of metal-free g-C3N4 materials towards methanol oxidation. Since Wang and Domen

[311] reported that polymeric defecteous g-C3N4 can efficiently produce hydrogen from water,

the study towards this promising metal-free catalyst has attracted serious attention. Among the

several allotropes of C3N4 like α, β, cubic, pseudocubic, and graphitic structures, g-C3N4 that
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is structured with the help of polyheptazine (or tris-s-triazine) unit is considered to be most

stable chemical structure under a varied extreme environment, and pyridine-like N in the triazine

configuration is believed to be the active sites for electrocatalytic reactions [312]. Dissecting the

3 D bulk g-C3N4 into 2 D nano-sheets, 1 D nano-rods and finally to 0 D quantum dots are the

happening research areas due to the desired combination of high reactive specific surface area

and direct molecular transport phenomenon [313, 314]. The nitrogen configurations and content,

including quaternary N (or graphitic N), pyridinic N, and pyrrolic N vary accordingly with the

size and the surface morphology. And, it is believed that pyridinic N and quaternary N are the

main active sites for OER and HER [315]. The 2 D g-C3N4 nanosheets have a typical sp2 network

with weak van der Waals interactions across the layers showed an obvious increase in density of

states at the conduction band edge and specific surface area with respect to the bulk counterpart

[316]. Further, the controlled cutting of the nano-sheets to 1 D nano-rods, and 0 D quantum

dots also showed significant quantum confinement effects and possess excellent properties like

bright fluorescence, water solubility, and above all, non-toxicity [317–319]. However, these

morphologically engineered g-C3N4 materials were never studied as active catalysts for methanol

oxidation. Additionally, in spite of significant studies on N-doped carbon electrocatalysts, the

glaring challenges are: comparatively poor nitrogen content, unstable framework structure of

carbon, and the moderate catalytic efficacy in extreme electrochemical conditions. Therefore, it

is of high interest to introspect the role of the N- and the C- skeleton of g-C3N4 as a function of

size and morphology of g-C3N4 towards methanol oxidation. Here, in this work, 2 D, 1 D, and 0

D g-C3N4 were successfully prepared from bulk g-C3N4 directly by a thermal-chemical etching

process. The materials were thoroughly characterized and were studied for methanol oxidation

reaction in basic condition. The 0 D g-C3N4 when supported on conducting polyaniline, not

only showed higher electrocatalytic methanol oxidation activity than the commercial Pt/C but

also demonstrated excellent CO tolerance to be a suitable and applicable metal free catalyst.

5.2 Experimental Section

5.2.1 Controlled Synthesis of Nano-sheets, Nano-rods and Quantum dots of

g-C3N4

The synthesis of different nano morphologies of g-C3N4 is presented in Figure 5.1. The

process starts with melamine to synthesize the bulk g- C3N4, and then its consequent CNNS,
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CNNR and CNQD. The bulk g-C3N4 was produced by calcining melamine (Sigma Aldrich, 99%)

at 550 ◦C for 4 h at a ramping rate of 2.5 ◦Cmin−1. The synthesized bulk g-C3N4 was grounded

to fine powders with the help of mortar and pestle. The exfoliated nano-sheets of g- C3N4 was

synthesized by thermal etching of bulk g-C3N4 [320–322]. About 0.5 g of bulk g-C3N4 was

calcined at 550 ◦C for 2 h with a heating rate of 5 5 ◦Cmin−1 in a muffle furnace. A light-yellow

colour powder of exfoliated CNNS was obtained. The 0.25 g of CNNS were acid etched by a

mixture of concentrated H2SO4 and HNO3 for 16 h under ultra-sonication, and the formed clear

acid solution was diluted with deionized water (1 L) to produce a colloidal suspension. The

colloidal suspension was filtered through a 0.22 µm microporous membrane to get rid of the

acids to obtain the CNNR. Following that, the nano-rods were further redispersed in 30 mL

of deionized water under ultra-sonication. The suspension was shifted to a teflon-lined 50 mL

autoclave and was heated at 200 ◦C for 10 h. After the completion of heating, once the room

temperature was reached, the yellowish solution of CNQD was produced, which was further

filtered through a 0.22µm microporous membrane.

5.2.2 Synthesis of Quantum Dot g-C3N4 Embedded Polyaniline Nano-Fibres

About 20 mg of CNQD was homogeneously dispersed in 100 mL of deionized water, and

20 mg of aniline (19.6 µL) (Advent Chemicals, 99%) was added to it under constant stirring for

2 h at room temperature. The reaction mixture was ice-cooled, and a freshly prepared aqueous

solution of ammonium per sulphate (250 mg in 100 mL water) (SRL Chemicals, 98.0%) was

added drop-wise to the reaction mixture. The reaction mixture was at a constant temperature

of 5 ◦C for another 24 h without stirring for polymerization [323, 324]. A deep green-coloured

precipitate was formed, which was washed with water, acetone, and methanol to get rid of the

oligomers and excess ammonium per sulphate. The washed precipitation was finally dried to

obtain CNQD - PANI.
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Figure 5.1: Schematic illustration of the synthesis of exfoliated CNNS, CNNR and CNQD.
The quantum dots of g - C3N4 were embedded on polyaniline nano-fibers in the last step

5.2.3 Structural, Morphological and Electronic Characterization

The studies on the crystalline nature of the synthesized g-C3N4 materials was carried

out by Rigaku Ultima IV XRD with Cu K−α radiation (λ = 1.5418Å). The scan rate during

data collection was 1◦ min−1 and step size of 0.01◦ in the 2θ range between 10◦ - 60◦. Average

crystallite size (D) has been estimated by using Debye-Scherrer’s formula:

D =
0.9λ

BCosθ
(5.1)

where B is the full-width at half-maximum, λ is the wavelength of the radiation, and θ is the

corresponding angle. The structural information was also derived from HRTEM (JEOL/JEM

2100). The samples were prepared by dispersing in water followed by soaking with a 200 mesh

Cu grid. The FT-IR of the synthesized g-C3N4 were collected on a JASCO FT-IR- 4200 with

KBr pellet, and the Raman spectra were obtained using a UNIRAM 3300 Raman spectrometer

with 532 nm laser source. The surface morphology and the particle sizes of the synthesized

nano g-C3N4 materials were studied using FE-SEM (FEI-Apreo S). XPS of the materials were

collected on thermoscientific K−α surface analysis spectrometer with Al Kα as X-ray source.

The PL spectra were recorded at room temperature using a Horiba scientific Flurolog steady

state spectro-flurometer under excitation wavelength ranging from 320 nm to 400 nm. DRS was

carried out on JASCO V-670 UV-visible spectrophotometer.
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5.2.4 Electrocatalytic Oxidation of Methanol

The electrochemical experiments were performed by an Auto lab potentiostat PGSTAT128N

using a conventional three-electrode system. The electrodes were CNNS, CNNR, CNQD, and

CNQD - PANI modified GCE as a working electrode, a Pt-wire as an auxiliary electrode, a

saturated Ag/AgCl as a reference electrode. The polished GCE was of 3 mm in diameter

with 0.07 cm2 surface area. About 10 µL solution of synthesized nano materials in methanol

dispersion were drop casted on GCE, and methanol was evaporated at ambient temperature for

electrochemical studies. The electrochemical MOR was recorded by CV technique at 0.05 V s−1

scan rates in an alkaline mixture 0.5 M methanol with 0.5 M NaOH. The current per weight of

active catalysts (active mass) was used for all calculations.

5.2.5 Electrochemical Impedance Studies During Oxidation of Methanol

Electrochemical impedance studies were carried out using Biologic Sp-150 with the con-

ventional three electrode system over a frequency range of 50 kHz to 50 mHz with a sinusoidal

excitation signal of 10 mV. The three electrode system include CNNS, CNNR, CNQD and

CNQD PANI modified glassy carbon as the working electrode, Pt wire as the counter electrode,

and a saturated Ag/AgCl as the reference electrode. Impedance of all samples were measured in

an alkaline mixture of 0.5 M methanol and 0.5 M NaoH. The Nyquist plot fitted to appropriate

equivalent circuit using EC-Lab V11.31.

5.3 Results and discussion

The thermal etching of bulk g-C3N4 in aerobic condition is a cost effective, and easy

to scale-up top-down approach to synthesize CNNS. The hydrogen-bonds in cohesion with

polymeric melon strands in the bulk layers are unstable during oxidization, and produced the

nano sheets. The obtained CNNS were acid etched to produce CNNR. During this step, CN

bonds combined with tri-s-triazine units were oxidized to produce oxygen-based functional

groups, including carboxylate, on the margin and on the substrate. This lead to orientational

cleavage of nano-sheets to CNNR. At the end, CNQDs were produced from CNNR under the

hydro-thermal process of controlled chemical scissoring.
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5.3.1 Crystallinity and Morphology

The pristine g-C3N4 shows a weaker diffraction peak at about 13 ◦ corresponding to in-

plane structural packing motif of tri-s-triazine units along (100), and a stronger one at about 27◦

corresponding to interlayer stacking of aromatic segments along (002) [320, 325, 326]. Consistent

with the literature reports, CNNS showed these two peaks in Figure 5.2(a). The weak (100)

reflection appeared at 2θ = 12.8◦ with a d100 spacing of 0.69 nm, whereas the strong (002)

appeared at 27.9◦ with d002 spacing of 0.319 nm. The XRD profile of bulk g-C3N4 shows very

high crystallinity and the (002) peak is positioned at 27.5◦. Upon thermal etching, the position

of the highest intense peak in CNNS is increased by ∼ 0.4◦ from the bulk materials indicating

denser packing due to exfoliation, which is also in accordance with existing literature [321, 327].

The crystallite size of CNNS calculated from Scherrer’s formula with the help of stronger (002)

reflection was found to be 8.19 nm. The CNNR produced from the sheets did not show any

significant (100) reflection, and the (002) position was shifted to lower angle by 0.25◦ than that

of CNNS. Due to acid etching of the g-C3N4 sheets, the in-plane packing of tri-s-triazine units

were ruptured, and consequently the aromatic stacking might have widened in CNNR showing

a shift in lower angle reflection. The corresponding d002 was calculated to be 0.322 nm for

CNNR confirmed the lighter packing compared to CNNS. Further, the hydrothermal treatment

of CNNR that produced CNQD did retain the weak diffraction of (100) and almost insignificant

(002) suggesting the rupture of aromatic stacking in the quantum dots. This was further proved

by the FT-IR spectra in Figure 5.2(b). The peak at 1640 cm−1 in CNNS corresponds to the

typical stretching modes of CN heterocycles of triazine units which gradually disappeared in

CNNR and CNQD [328, 329]. The other sharp aromatic CN stretching frequencies at 1240, 1330,

1425 and 1580 cm−1 were apparently present in CNNS, and were obscured after acid etching and

hydrothermal treatment suggesting gradual rupture of aromatic stacking [330, 331]. However,

the characteristic breathing mode of triazine units at 805 cm−1 stayed in CNNS as well as in

CNQD [332]. On the other hand, hydrothermally produced CNQD possessed a strong peak

at 1385 cm−1 due to the bending vibrations of – O– H along with a – C = O stretching peak

at 1723 cm−1 in the hydrophilic carboxylate groups [333, 334]. The broad bands at around

3200 cm−1 were indicative of stretching vibration modes for – NH of g-C3N4 [326]. Raman

spectroscopy was also used to understand the vibrational properties of C3N4 materials, however,

the resolution of the recorded Raman spectra of CNNS, CNNR, and CNQD samples with 532

nm laser source (Figure 5.2(c)) was fairly poor due to fluorescence interference. Several feeble

153



Chapter 5. Polyaniline supported g-C3N4 quantum dots surpass benchmark Pt/C: development
of morphologically engineered g-C3N4 catalysts towards “metal-free” methanol electro-oxidation

characteristic peaks of CN stretching frequencies at 1280, 1480, 1600 cm−1 were observed in

CNNS [335–337] which disappeared in CNNR and CNQD materials.

Figure 5.2: (a) XRD, (b) FT-IR of bulk g-C3N4, CNNS, CNNR and CNQD and (c) Raman
spectra of CNNS, CNNR, and CNQD

The electron micrographs studies in Figure 5.3 revealed the successful formation of the

nano-sheets, nano-rods and quantum dots. Apparently, the free-standing nanosheets were with

thickness of few nanometres, and the edges of the sheets were ragged in order to minimize their

TEM images of as-prepared CNQD revealed the formation of well separated quantum dots with

average diameter of 7 nm (Figure 5.4(d)). The HR-TEM images (Figure 5.4(e)) showed the

lattice fringes of CNQD corresponding to d002 spacing 0.313 nm which was consistent with the

d002 spacing derived from XRD study. The distribution of particle size of CNQD is shown in

(Figure 5.4(f). surface area as observed in the FE-SEM in Figure 5.3(a-c) and TEM images in

Figure 5.4(a). The CNNR was 40–50 nm long with a width of 5–7 nm (Figure 5.4(c)).

Figure 5.3: (a) FESEM image of CNNS, (b) TEM image of CNNS, (c) FESEM image of
CNNR
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Figure 5.4: (a) FE-SEM of CNNS; (b) TEM of CNNS; (c) TEM of CNNR; (d) TEM of CNQD;
(e) HR-TEM of CNQD; (f) particle size distribution of CNQD

The PL investigations further probe the formation of quantum dots of g-C3N4, which emit

bright blue luminescence under UV excitation (Figure 5.5). The quantum dots also showed the

excitation wavelength-dependent PL spectra. When the excitation wavelength was varied from

320 to 400 nm, the maxima of the PL profile shifted to longer wavelengths (Figure 5.5). The

intrinsic luminescence mechanism of CNQD may be attributed to the π– π∗ transition in the

aromatic ring, however, depending on the polydispersity of the size, it exhibited the excitation

wavelength dependent PL.
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Figure 5.5: PL spectra of CNQD excited at different wavelength.

5.3.2 Electronic Properties

The chemical states of CNNS, CNNR, and CNQD were analysed by XPS. The survey

spectra showed three major peaks corresponds to C 1s, N 1s, and O 1s in Figure 5.6(a). The

intensity of the O 1s peak steadily increased from nano-sheets to nano-rods and was found highest

with the quantum dots. The surface composition of C, N and O are provided in supporting

information (Table 5.1). The significant increase in oxygen content indicates the oxidation of

nano sheets due to acid treatment, and further oxidation of nano-rods due to hydrothermal

treatment. The number of energy level decreases upon quantization of the bulk material, and

therefore the band gets narrower resulting higher band gap. The VB spectra of the synthesized

Table 5.1: Surface composition of C, N and O in CNNS, CNNR and CNQD

Sample C (%) N (%) O (%)

CNNS 35.72 57.54 6.74

CNNR 21.65 31.71 46.61

CNQD 201.17 9.12 70.81

materials are plotted in Figure 5.6(b). The binding energies of the onset edge signifies the gap in

the energy between top of VB and Fermi level, and practically the VB spectra coincide with the

DOS [83]. The onset edge of VB has shifted from 1.95 eV in CNNS to 2.15 eV in CNNR. This

clearly indicates the widening of band gap in CNNR than that of CNNS. The glaring widening of
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the band gap was observed in CNQD, where the onset was at 3.05 eV. To confirm the quantum

confinement, the band gap of the CNNS, CNNR, and CNQD samples were estimated from the

DRS by using the Kubelka–Munk equation, and represented in Figure 5.6(c-d). The g-C3N4

is an indirect band gap material with allowed transition. Therefore, K was estimated with the

following formula K = (1−R)2

2R , where R is % reflectance. The band gap of CNNS, CNNR, and

CNQD was found to be 2.25, 3.67, and 4.82 eV, respectively. The enlarged band gap of the

CNNR with respect to CNNS may be ascribed to higher degrees of oxidation in the nano rod.

The maximum band gap of the quantum dots than the nano-rods and nano-sheets are due to

the quantum confinement, which is in agreement with the literature [338]. The chemical states

control the band gap of the materials, and therefore, the core level spectra of C and N were

collected. Figure 5.6 (e) shows the high-resolution C 1s spectrum with a doublet peak, which is

deconvoluted into sub-peaks. The peak at 284.3 eV may originate from adventitious carbon (sp3

C - C) or sp2 C - C bonds, while 285.6 eV may correspond to C - NH2 species [314, 339–341].

The other two higher binding energy peaks at 287.6 and 288.5 eV are attributed to N = C -

N coordination and the N - C - O groups, respectively. It should be noted that the oxidized

samples contain more N - C - O species. The N 1s core level spectra in Figure 5.6(f) show a

broad peak that could be deconvoluted into three component peaks at 398.5, 399.8, and 401.1

eV. The dominant nitrogen peak centered at 398.5 eV is due to sp2-bonded N bound to two

carbon atoms (C- N = C, s-triazine rings, pyridine-like nitrogen atoms). The peak at 399.8

eV originates from tertiary nitrogen N–(C)3 groups. Another binding energy peak at 401.1 eV

is ascribed to amino functional groups (C - NH2). It is apparent from the spectra that the

atomic percentages of pyridinic N, which are considered to be the main active sites for various

electrocatalytic reactions [315, 342], are highest with the CNQD (54.8%), and marginally lower

in CNNS and CNNR (∼ 50.6%). The highest binding energy peak at 406.1 eV observed only

with CNNR and CNQD could be due to the NO2 that is derived from the oxidation of amino

groups. The thermochemical oxidative etching of the nano-sheets oxidized the amino group in

CNNR and CNQD.
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Figure 5.6: (a) XPS survey spectra, (b) XPS valence band spectra, (c) UV- visible spectra,
and (d) Kubelka-Munk plot of CNNS, CNNR, and CNQD. High resolution core level spectra of

(e) C 1s, and (f) N 1s of CNNS, CNNR, and CNQD

5.3.3 Electrocatalytic Oxidation of Methanol

After through characterization of the CNNS, CNNR, and CNQD samples, the electrocat-

alytic methanol oxidation properties were studied in alkaline solution (Figure 5.7). The CV plots

of CNNS, CNNR, and CNQD catalyst in 0.5 M NaOH electrolyte in Figure 5.7(a-c) showed

no characteristic peak in alkaline medium in the potential range of -0.2 to 0.8 V. However, the

respective current densities were slightly different in 100th cycle compared to the first cycle. The

MOR activities of three samples were performed by adding 0.5 M MeOH in electrolyte solution

of 0.5 M NaOH. As revealed in Figure 5.7(d-f), the electrocatalytic oxidation of methanol over

CNNS, CNNR, and CNQD modified electrodes were noticeable as all the samples showed the

characteristic peak for methanol oxidation around 0.58 V with the anodic current density of
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10.6, 6.8, and 13 A g−1, respectively in first cycle. Apparently, the MOR activity of CNQD is

maximum among the three C N-based catalysts.

.

Figure 5.7: CVs of CNNS (a) CNNR (b) CNQD (c) in 0.5 M NaOH with a scan speed of 50
mV s−1. CV traces of MOR of CNNS (d) CNNR (e) CNQD (f) modified GCE in the mixture of

0.5 M Methanol in 0.5 M NaOH solution

Again, to get better insight, we measured the ECSA of different CN based catalysts using

cottrell equation from double step CA experts and the slope obtained is shown in Figure 5.8. To

calculate ECSA was calculated using Cortell equation. The calculated ECSA values in Table

5.2 indicated the area of electroactive surface in CNQD (0.0011 cm2) is way higher than other

two electrodes. Compared to nano-sheets and nano-rods, the higher surface area along with the

abundant edges of CNQD [343] made it a superior MOR catalyst among the three.
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.

Figure 5.8: ECSA of CNNS, CNNR and CNQD

The catalytic activities were further compared by analysing electrochemical impedance

spectroscopy during MOR activity of the g-C3N4 catalysts at 0.58 V using 0.5 M Methanol in

0.5 M NaOH solution. The Nyquist plots are given in Figure 5.9(a) along with the corroborated

equivalent circuit to fit the experimental data in Figure 5.9(b). The results of EIS study are

summarized in Table 5.3. The lowest semicircle arc of the Nyquist plot and the lowest value

of charge transfer resistance (Rct) in CNQD signified the faster interfacial charge transport

on CNQD electrode to provide the best MOR activity among the CN based electrocatalysts.

Nonetheless, the anodic current densities of MOR were drastically dropped in 100 th cycle as

shown in Figure 5.7(d-f). The anodic current densities of MOR for CNNS, CNNR, and CNQD

were 6.1, 6.5, and 10.8 A g−1, respectively after 100th cycle. The decrement of anodic peak

current with cycles is quite less for CNQD in comparison with CNNS. Again, the appearance of

a small but noteworthy oxidation peak around the same position of 0.58 V in reverse scan during

the MOR activity of CNNS and CNQD modified electrodes denoted the oxidation of adsorbed

carbonaceous species like CO in backward scan. We may assume that the carbonaceous species

like CO, which were produced in forward scan during MOR, were adsorbed on the surface of the

electrocatalyst, and effectively produced the catalyst poisoning to provide oxidation in reverse

scan [344]. Therefore, we conclude that CNQD is very promising for electro catalytic methanol

oxidation, though, the cycle stability and little CO poisoning were the matter of concern. It

should be recalled that N 1s spectra showed CNQD possessed maximum atomic percentages of
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active site of pyridinic N, which could be responsible for highest MOR activity of the quantum

dot [315, 342]. However, probably the slow dissolution in the electrolyte solution of the CNQDs

with electrochemical cycle in addition to poor electronic conductivity of the material are the

reasons of the electrochemical instabilities. The homogeneous decoration of CNQDs with proper

chemical interaction on a conducting polymer may resolve the issue of dissolution and limited

electronic conductivity. Henceforth, we have prepared a homogeneous nanocomposite of CNQDs

with conducting PANI by effective chemical interactions between –COOH groups of CNQDs and

–NH- in PANI polymer chains [345, 346].

.

Figure 5.9: (a) Nyquist plots and (b) equivalent circuit of CNNS, CNNR, CNQD during MOR

5.3.4 Characterization of CNQD - PANI Nanocomposite

The CNQD - PANI nanocomposite was prepared by in-situ polymerization of aniline in

presence of CNQD (1:1 wt. ratio) and ammonium per sulphate at low temperature. In this

process, the CNQD acted as an organic acid (as it is having with – COOH groups) as well as

the structure-directing agent. CNQD protonated the aniline to form anilinium cations. The

anilinium cations provided a self-assembly with the organic acid to form an aniline filled vesicle
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which directs the polymerization after addition of APS into PANI nanotubes [330]. Basically, the

electrostatic interaction between the -COO− part of CNQD and N centres of PANI would provide

a homogeneous distribution of CNQD in composite structure and restricted the agglomeration

of it to improve the catalytic activity. In the UV-Vis studies, CNQD exhibited a small hump

around 225 nm as shown in Figure 5.10(a). However, CNQD - PANI nanocomposite revealed

three absorbance peaks at 362 nm (π - π∗ transition), 500 nm (polaron - π∗ transition), and

880 nm (π- polaron transition). The appearance of the typical absorption peaks in CNQD -

PANI confirmed the occurrence of emeraldine salt state of PANI chains in the nanocomposite

[347]. The PL spectroscopy in Figure 5.10(b) displayed the effective quenching of the CNQD

fluorescence after formation of the CNQD - PANI nanocomposite. The earlier studies reported

that the complexation between the QDs with π - conjugated polymers can effectively quench the

luminescence of the QDs by intermolecular interaction induced static quenching [348]. Herein,

the in-situ polymerization of aniline in presence of CNQD provided a cooperative interaction

between CNQD and PANI polymer chains as CNQDs are electrostatically interacting with PANI

chains in emeraldine salt state of CNQD - PANI nanocomposite.

The comparative XRD study of CNQD and CNQD - PANI is shown in Figure 5.10(c).

The powder XRD pattern revealed that the feeble (100) peak of CNQD was shifted towards

lower angle at 12.28 ◦ in CNQD - PANI. The enhancement of d100 spacing in CNQD - PANI

clearly confirmed the interaction between CNQDs with PANI in the composite. The XRD

pattern of CNQD - PANI also confirmed the amorphous nature of the composite as it showed a

broad peak cantered at 25.21 ◦, which was the typical periodicity of PANI polymers reported

earlier [323]. The FT-IR spectrum of CNQD in Figure 5.10(d) exhibited the typical bands at

1723, 1640, 1385, 1090, and 805 cm−1 were respectively for carboxylic -C=O stretching, -C=N

stretching, carboxylic -OH bending, -C-N stretching, and bending vibration of the triazine unit

[328]. Appearance of a broad absorbance band at 3430 cm−1 was exclusively by the vibration of

N - H and O - H bonds. After formation of CNQD - PANI composite, CNQD retained its typical

bands for triazine unit at 803 cm−1 along with -C = O stretching, -C = N stretching, and -C -

N stretching at 1715, 1620 and 1070 cm−1, respectively. The appearance of characteristic bands

at 3220, 1505, 1410, 1294, 1140 cm−1 for N – H stretching, C = C stretching of quinoid rings, C

= C stretching of benzenoid rings, -C – N stretching respectively, which proved the formation of

PANI chains by in-situ polymerization in presence of CNQDs. The core level XPS of C1s of

CNQD - PANI shows the highest peak from adventitious carbon (sp3 C–C) or sp2 C-C bonds

(Figure 5.10(e)). On the contrary, CNQD showed the higher content of C 1s from N = C – N
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Figure 5.10: (a) UV - visible spectra (b) PL spectra excited at 320 nm (c) XRD profile and
(d) IR spectra of CNQD and CNQD - PANI. High resolution core level spectra of (e) C 1s, and

(f) N 1s of CNQD - PANI. (g-h) FE-SEM, and (i) TEM images of CNQD - PANI

and N – C - O coordination. The N 1s spectra (Figure 5.10(f)) showed significant differences

than that of CNQD. The atomic percentages of pyridinic N in CNQD - PANI was found be

highest (∼ 90.8%), which is almost double the content in pristine CNQD. The SEM image study

in Figure 5.10 (g-h) revealed the one-dimensional nanofibers with different diameters and several

micrometre length in CNQD - PANI nanocomposite. The SEM study also evidenced the rougher

surface of the nanofibers. The rougher surface in the high aspect ratio nanofibers would increase

the available surface area and escalate the ion diffusion process for the electrocatalyst which

may accelerate the electro catalysis activities. In HR-TEM images shown in Figure 5.10(i), the

CNQD - PANI composite again showed the nanofibrous morphology with various diameters.
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The clear contrast difference between the edges and the central part of the nanofibers denoted

the nanotube morphology. The CNQDs are residing on the wall of the nanotubes as it directed

(as an organic acid) the nanotubular structures in in-situ CNQD - PANI composite.

5.3.5 MOR Activity of CNQD - PANI

The MOR activity of CNQD - PANI nanocomposite was investigated in alkaline medium.

The CV plot of the CNQD - PANI modified electrode in alkaline medium is shown in Figure

5.11(a). In comparison with the CV in alkaline medium of CNQD modified electrode in Figure

5.11(a), the CNQD - PANI composite showed 10 fold increment of current density in similar

condition. Introduction of PANI into CNQD effectively increased the current density herein.

The MOR study using 0.5 M methanol in alkaline medium of CNQD and CNQD - PANI is given

in Figure 5.11(b). The CNQD - PANI nanocomposite revealed a significant oxidative peak for

MOR around 0.54 V. It was found that the current density (mass activity) of MOR reaction

was increased from 13 A g−1 in CNQD to 28.4 A g−1 in CNQD - PANI, which was 120% of

enhancement of electro catalytic activity over CNQD - PANI nanocomposite compared to the

pristine quantum dot. It should be noted that the presence of active site of pyridinic N was

double in CNQD - PANI than that of pristine CNQD. Again, in Figure 5.11(c), it was very

encouraging to observe that there was no significant decrease in peak current density for MOR

even after 150th cycle of electro-oxidation by CNQD - PANI. The current density of methanol

oxidation by CNQD - PANI in first cycle (28.4 A g−1) was remained consistent in 150th cycle,

which was measured to be 27.7 A g−1. The voltammograms recorded at various concentrations

of methanol from 0.5 to 5.0 M in Figure 5.11(d) divulged the effect of the concentrations of

methanol on the MOR efficacy of the CNQD - PANI modified electrode. The MOR current

densities increased with the enhancement of methanol concentration in alkaline medium [349].

Noticeably, the inset of Figure 5.11(d) revealed the linear relation of MOR current densities with

methanol concentration. We have also studied the EIS to exhibit the better MOR activity over

CNQD - PANI electrode. The EIS spectra shown in Figure 5.11(e) depicted the lesser semicircle

arc in CNQD - PANI modified electrode and corresponding equivalent circuit Figure 5.11(f)

received by fitting the EIS data revealed the lower Rct value (shown in Table 5.3) confirmed the

better interfacial charge transport on CNQD - PANI which elevated the MOR activity in CNQD

- PANI.
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Figure 5.11: (a) CVs of CNQD and CNQD PANI in 0.5 M NaOH with a scan speed of 50mV
s−1, (b) CV traces of MOR of CNQD and CNQD PANI modified GCE in the mixture of 0.5 M
Methanol and 0.5 M NaOH, (c) CV traces of first (black line) and 150th cycle (red line) in 0.5
M Methanol and 0.5 M NaOH, (d) CV curves of MOR of CNQD - PANI in different methanol
concentration. (e) Nyquist plots and (f) equivalent circuit of two electrodes during MOR above

mentioned conditions

The exceptional ECSA of CNQD - PANI as shown in Table 5.2 gave a piece of strong

evidence for enhanced MOR reaction with the proper dispersion of CNQD on PANI with very

less agglomeration (Figure 5.12(a)). To evaluate the stability of catalyst, CA study of MOR

was performed on CNQD and CNQD - PANI modified electrodes. As shown in the Figure

5.12(b), CA curves showed current density change in 3600 s at 0.54V. In the starting, the current

densities decreased steeply because of the adsorption of the reaction intermediate on the surface

of the catalyst and then turn to stable with the time.
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Figure 5.12: (a) ESCA of CNQD PANI (b) CA curves of CNQD and CNQD - PANI based
electrodes at 0.54 V during MOR using 0.5 M Methanol in 0.5 M NaOH.

Table 5.2: Summary of MOR activity and ECSA of all the catalysts

Catalysts If (A g−1) Ig(A g−1) Current density (mA cm−2) ECSA (cm2) If/Ib

CNQD - PANI 28.4 7.93 1.06 0.0043 3.58

CNQD 13 3.78 0.18 0.0011 3.43

CNNR 6.8 No peak 0.09 0.0002 4.43

CNNS 10.6 2.58 0.10 0.0007 4.10

Furthermore, the stability of the CNQD - PANI based electrocatalyst was tested by cycle

study up to 1000 cycles by two different concentrations of methanol. The Figure 5.13(a) clearly

indicated that the current density is stable at above 92% of the initial value even after 1000 cycles

irrespective of concentration. This study clearly confirmed the extremely stable catalytic activity

of CNQD - PANI nanocomposite for methanol electro-catalytic oxidation in alkaline medium.

The restriction of dissolution of the quantum dots from interacted polymer matrix along with

the higher electrical conductivity due to integration of PANI in the CNQD - PANI composite

are probably the prime factors for enhanced electrocatalytic activity of quantum dot herein. To

compare the MOR activity of CNQD - PANI nanocomposite with commercially available Pt/C

material, we have performed the MOR of all the materials in 0.5 M NaOH electrolyte using

0.5 M methanol and the voltammograms are shown in Figure 5.13(b). The 20% Pt/C modified

electrode exhibited the characteristic methanol oxidation peak at -0.15 V (vs. Ag/AgCl) in

alkaline medium. Interestingly, the CNQD - PANI nanocomposite based composite outperformed

the 20% Pt/C based catalyst as the Pt/C based electrode exhibited the MOR current density

(mass activity) of 12.15 A g−1, which was much lower than the current density of 28.4 A g−1

shown by CNQD - PANI based electrode. It is noteworthy that, Cui et al. earlier reported the

MOR current density of commercial 20% Pt/C (Johnson Matthey) in 0.5 M methanol to be

∼9 A g−1 in similar alkaline condition [350]. The comparison of the MOR current densities of

CNQD - PANI with other materials can clearly be shown by a representative bar plot in Figure
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5.13(c), which indicated the best MOR performance of CNQD - PANI composite compared

to Pt/C, PANI and CNQD itself. To benchmark our catalyst, we have compared the MOR

performance of CNQD - PANI with other metallic catalysts under alkaline medium, and the

data is presented in Table 5.2. It is clear that the metal free CNQD - PANI even outperforms

many metallic catalysts.

.

Figure 5.13: (a) The change of current density of MOR with cycles over CNQD PANI in 0.5
M and 5M methanol concentration, (b) CV curves of different samples for methanol oxidation,
(c) Bar diagram to show the comparison of MOR current density, and (d) CO stripping curve of

the samples in 0.5 M NaOH as electrolyte

The CO poisoning is another impending problem in Pt or other metal based electrocatalysts

and it is always challenging to avert the CO poisoning in an electrocatalyst to enhance the

catalytic activity. To compare the CO tolerance, we preformed the CO stripping evolution studies

on CNQD, CNQD - PANI, and Pt/C modified electrodes and the corresponding voltammograms

are shown in in Figure 5.13(d). In the CO-stripping experiment, the intense peak at 0.16 V was

observed in commercial Pt/C based electrode after bubbling CO for 15 min over the catalyst-

modified working electrode. Typically, the generated oxidation peak is fairly attributed to the

oxidation of adsorbed CO to CO2 on the electrocatalyst surface and catalyst poisoning is linearly

related with the intensity of the peak. The CNQD modified electrode also exhibited a small

hump around 0.3 V vs Ag/AgCl in CO purged condition to show a minimal CO adsorption on its

surface. The limited CO adsorption over CNQD was also noticed during MOR study in Figure

5.13(d), where a small CO oxidation peak was perceived in reverse scan. Very interestingly, the
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CNQD - PANI based electrode did not exhibit any trace of CO oxidation even after similar CO

gas feeding. This experiment clearly advocated the better CO tolerance of CNQD - PANI based

electrocatalyst compare to CNQD, and most importantly, to Pt/C based commercial electrodes.

The presence of PANI can contribute the conversion of CO to CO2 during electro catalytic MOR

to upsurge the CO tolerance of the modified electrode material by interacting with water in

electrolyte [351, 352]. Again, CO has stable resonance [+ C≡O–], with a positive charge at

the carbon atom, which can be attracted by the lone pair electron at the N-atoms in PANI to

provide CO adsorption on PANI nitrogen [353]. Thus CNQD becomes free from CO poisoning.

The postulate mechanism of the MOR by CNQD based catalyst in alkaline medium is shown in

Figure 5.14 [354, 355]. In a probable mechanism, the CH3OH is absorbed on the catalyst surface

firstly. Afterwards, it can form CNQD-COad which provides CO2 interacting with OH- or the

CNQD - OHad which are present in alkaline medium. Additionally, the methanol oxidation can

undergo by two partial oxidation pathways having HCOOH or HCHO as intermediate. However,

in all cases the complete reaction is associated with 6e− and the final product is CO2. We

didn’t probe the exact mechanism, although, anticipated the mechanism as shown in Figure

5.14. Overall, the prepared CNQD - PANI nanocomposite demonstrates not only the high

electrocatalytic MOR activity but also shows exceptional CO endurance, which can make it a

potential metal free anode catalyst in DMFCs applications.

Table 5.3: Summary of the electrochemical parameters for MOR

Catalysts Rs (Ω) Rct (Ω) Cdl (µF)

CNQD - PANI 37.54 755.63 55.77

CNQD 58.50 4532.56 33.52

CNNR 62.77 7507.51 21.53

CNNS 68.53 9100.20 25.78

.

Figure 5.14: The possible mechanisms of MOR activity on CNQD electrocatalyst in alkaline
medium.
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5.4 Conclusion

In conclusion, three morphologically engineered g-C3N4 materials (2 D CNNS, 1 D CNNR,

and 0 D CNQD) has been successfully synthesized from bulk g-C3N4 by a thermo-chemical

etching process and are though characterized through XRD, FT-IR, XPS, FE-SEM, TEM, PL

spectroscopy. The g-C3N4 materials are employed as completely metal free electrocatalyst for

MOR in alkaline medium. Among the three different dimensional g-C3N4 materials, CNQD shows

best electro catalytic methanol oxidation activity owing to its abundant edges in quantum dot

morphology and maximum atomic percentages of active site of pyridinic N which are responsible

for better MOR. However, electro catalytic process on CNQD is not stable as it shows a significant

current density drop from 13 A g−1 in first cycle to 10.8 A g−1 in 100th cycle. The instability is

attributed to slow dissolution of catalyst in alkali medium and less electrical conductivity of the

electrode materials. The issue was solved by incorporation of PANI nanofibers with CNQD by

synthesizing novel CNQD - PANI nanocomposite through in-situ polymerization of aniline in

presence of CNQD. The completely metal free CNQD - PANI nano composite shows high current

density of 28.4 A g−1 in first cycle which retains up to 92% even after 1000 electro catalysis

cycles. The composite catalyst also reveals better MOR activity to the commercial 20 wt% Pt/C

catalyst, and much higher CO tolerance property than the latter in MOR. The electrostatic

interaction between CNQD and conducting PANI fibres can effectively hold the CNQDs to

restrict the dissolution. Again, presence of PANI can also improve the electrical conductivity

and methanol adsorption of CNQD - PANI electrocatalyst which led to better MOR activity of

the metal free catalyst. The PANI nanofibers also play a role of catalysing the adsorbed CO

species into CO2 during MOR in alkaline solution to upsurge the CO tolerance. Finally, the

enhanced durability, better electro catalytic activity compare to commercial 20% Pt/C, and

great CO tolerance of synthesized metal free CNQD - PANI can make it greatly favourable to

provide efficient and cost-effective electrocatalyst for DMFC in real fuel cell applications.
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Conclusion and Outlook

The study herein offers a systematic and chronological assessment of the descriptors

concerning Ni-based oxide catalysts, aiming to enhance our comprehension and optimization of

the MOR. While extensive research has already been conducted on evaluating catalytic descriptors

in OER, these comprehensive investigations mark the inaugural endeavour to systematically

unravel the catalytic descriptors relevant to MOR. The study delves into descriptors such as

(i) the facile redox ability of active metal sites, (ii) occupancy of eg orbitals, (iii) metal-oxygen

covalency, and (iv) defect engineering and lattice strain.

In Chapters 2A and 2B, we investigated descriptors such as electron occupancy in the

eg level and covalency in Ni-based La2NiO4+δ Ruddlesden-Popper oxides. Employing solution

combustion synthesis, we produced pure Ruddlesden-Popper oxides with abundant surface

oxygen vacancies. Chapter 2A revealed intriguing structural insights, particularly with Sr2+

doping in La2NiO4+δ, where we observed tetragonal elongation accompanied by a reduction

in lattice constant a/b and an increase in the c parameter, resulting in Jahn-Teller distortion.

This was confirmed through refinement and XAFS studies. Optimal Sr2+ doping induced a

high degree of Ni3+ 3d–O 2p hybridization, positioning the O 2p center close to the Fermi

level, thereby transitioning the material from insulator to semi-metal and facilitating electron

mobility. Consequently, La1.4Sr0.6NiO4+δ exhibited enhanced MOR activity due to increased

conductivity and facile oxidation of lattice oxygen. Conversely, additional doping on the B-site

with (Mn/Fe/Co) in Chapter 2B reversed this trend, leading to a sharp decrease in the ’c’

parameter and gradual increase in ’a’/’b’. The heightened concentration of Ni3+ resulting from

B-site doping potentially prompted a shift in the electronic configuration to t62g d1x2−y2 from
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t62gd
2
z , transitioning from semi-metallic to metallic behavior, as corroborated by DFT calculations.

This transition culminated in La1.4Sr0.6Ni0.9(Mn/Fe/Co)0.1O4+δ exhibiting high MOR activity.

In subsequent chapters focusing on fluorites (Chapter 3A and 3B), we employed ionic

doping of CeO2 with Ni2+, Sr2+, and Zr2+ via the solution combustion method, aiming to

enhance reducibility and oxygen vacancies. The study investigated the use of reducible solid

solution supports to promote the oxidation of Ni2+ → Ni3+ at active sites and improve MOR

kinetics, employing Ce1−x−yNixSryO2−δ and Ce1−x−yZrxNiyO2−δ solid solutions. Increased

reducibility in these catalysts facilitated lattice oxygen evolution within the positive potential

window, enhancing CO tolerance through reaction with adsorbed CO. The enhanced ease of

lattice oxygen evolution due to increased Ce4+ reducibility significantly contributed to superior

CO oxidation.

The concept of lattice strain was studied with doped NiMoO4 in chapter 4. Hydrothermal

synthesis was adopted for NiMoO4 and Co doped NiMoO4 to create strain in the system. Lattice-

strain engineering via lattice compression or tension paved away to enhance MOR in NiMoO4

by surface reconstruction by adjusting the metal surface’s electronic structure and promoting

the intrinsic activity of the reaction site. During MOR, significant concentration of formic acid

led to explore the molybdates for methanol assisted HER.

As we moved from metallic to non-metal-based catalyst, in the last and final chapter,

controlled synthesis was adopted to make metal-free g C3N4 with different morphology from bulk

to quantum dot. The controlled cutting of the nano-sheets to 1D nano-rods, and 0D quantum

dots also showed significant active catalysts for methanol oxidation. The implementation of

thermal etching in aerobic condition followed by hydrothermal treatment to create CNQD from

CNNS via CNNR resulted in creating abundant edges. The maximum percentages of active site

of pyridinic N and abundant edges were responsible for MOR. Incorporation of PANI solved the

stability issue by the electrostatic interaction between CNQD and conducting PANI fibres that

effectively hold the CNQDs to restrict the dissolution.

6.1 Future Scope of Work

The research presented in this thesis makes a significant contribution to the realm of

catalysis via various descriptors on electrocatalytic MOR. Through meticulous investigation

and analysis, the work seeks to shed light on underlying mechanisms and descriptors of various
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Ni-based oxides and a metal free catalyst aiming to uncover fundamental insights into their

performance. In the future, there are numerous promising directions for further research and

development. These potential areas of concentration include:

(i) Taking advantages of high-throughput computing and machine learning methods, the structure-

activity relation can be studied from a wide range of degrees of freedom and descriptors can be

effectively extracted from the atomic microscale.

(ii) Using operando techniques to probe active sites will be a direct means of identifying the active

centre and improving the certainty of the reaction processes that underlying it. This will be more

useful to clarify what parameter governs and what pathway is more thermodynamically favourable

for MOR. These include in-situ XAS, in situ DRIFT corroborated with DFT computations,

femtosecond spectra, NAP-XPS, NAP-STM, etc.

(iii) The majority of earlier studies were only carried out in the half-cell. Setting up of DMFC

which is cost effective, economically practical and easy to handle in real devices would be

desired to further probe their promising application property. Methanol assisted green hydrogen

production is currently a focal point in the realm of hydrogen generation. This method offers

the potential to create clean hydrogen energy with reduced energy consumption. Efforts in

combining hydrogen generation and methanol oxidation reactions necessitate highly efficient

bifunctional catalysts.
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