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PREFACE

The research work presented in the thesis, including survey of literature,
identifying the research gap, conducting the experiments, data interpretation, preparation
of manuscripts and conference presentations are carried out by Miss Suranjana Patowary
under the supervision of Dr. Pankaj Bharali in the Department of Chemical Sciences,

Tezpur University.

The following publications and presentations are developed from the work

presented in this thesis.
Parts of Chapter 1 are published as one review article and one book chapter:

1. Patowary, S., Chetry, R., Goswami, C., Chutia, B., and Bharali, P. Oxygen reduction
reaction catalysed by supported nanoparticles: advancements and challenges.
ChemCatChem, 14(7):202101472, 2022.

2. Patowary, S., Chutia, B., Hazarika, K. K., and Bharali, P. Hybrid electrocatalysts
with oxide/oxide and oxide/hydroxide interfaces for oxygen electrode reactions. In:
Heterogeneous Nanocatalysis for Energy and Environmental Sustainability. Vol 1,
2022:111-132.

A version of Chapter 3 is under preparation for publication:

1. Patowary, S., and Bharali, P. A systematic study of non-PGM metal
hydroxides/oxides toward oxygen electrocatalysis (Manuscript under preparation).

A version of Chapter 4 is published as a journal article and is presented in two

conferences:

1. Patowary, S., Watson, A., Chetry, R., Sudarsanam, P., Russell, A. E. and Bharali, P.
Oxygen-Vacancy Rich Co304/CeQ; Interface for Enhanced Oxygen Reduction and
Evolution Reactions. ChemCatChem, 17(6): 202401759, 2024.

2. Oral presentation, CeO.>-modified Oxygen Vacancy-rich CosOs4 on Graphene
Nanoplatelets for Enhanced Oxygen Reduction and Evolution Reaction, “SusChemE
2.0” at ICT, Mumbai, from September 14 - 16, 2023.



3. Poster presentation, Graphene nanoplatelet supported CozO4@CeO; as bifunctional
electrocatalyst for oxygen reduction and evolution reactions in alkaline media,
“Electrochem2022” at The University of Edinburgh, Scotland, from September 4-6,
2022.

A version of Chapter 5 has been presented in a conference and another version of it

has been submitted to a peer-reviewed journal:

1. Poster presentation, A robust bifunctional Co030s—CeO, electrocatalyst with
crystalline-amorphous interfaces toward ORR and OER, ‘SusChemHeca’ at Tezpur
University, Tezpur, from March 14-15, 2024.

2. Patowary, S., Chutia, B., Gogoi, P. M. and Bharali, P. A robust bifunctional
C0304/CoxCe1x02-5/C electrocatalyst with crystalline-amorphous interfaces toward
ORR and OER (Manuscript submitted).

A version of Chapter 6 is under preparation for publication:

1. Patowary, S., Watson, A., Bhattu, S., Sudarsanam, P. Russell, A. E., and Bharali, P.
Simple hydrothermal route to synthesize CoOx(OH),/CeO2/C hybrid for enhanced

oxygen reduction and evolution reaction (Manuscript under preparation).
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marked.

(a—c) CVs of the as-synthesized catalysts at different
scan rates from 10-60 mV s, and (d—-e) Double layer
capacitances (Cpr) derived from slope of charging
current of the CVs.

Bar diagram showing mass specific ECSAs.

K-L plots for (a) Co304/CeO2/GNP, (b) Cos04/GNP, (c)
CeO2/GNP, (d) GNP and (e) number of electrons (n)
transferred in ORR in different potentials.

(@) LSVs of C0304/CeO2/GNP before and after 10,000
CV cycles, (b) CA for current retention of
Co0304/Ce02/GNP at potential 0.67 V vs. RHE, (c) LSVs
of commercial standard RuO2 and the as-synthesized
catalysts C0304/Ce02/GNP, Co304/GNP and CeO2/GNP
at 1600 rpm towards OER, and (e) bifunctionality index
of C0304/Ce02/GNP.

PXRD spectra of the as-synthesized catalysts.

(@) FTIR spectra (b)TGA curve in air atmosphere.

(a) Raman spectra showing Ip/lc values, and (b) Raman
spectra showing vibrational modes and shifts in Fog peak
in Co304/CoxCe1-x02-5/C.
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5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

(@) TEM images of Co304/CoxCe1-xO2-5/C (b) SAED
pattern with rings indexed to appropriate Miller planes
(c,d) HR-TEM images showing lattice fringes and
interplanar spacing (e-g) inverse FFTs of depicted areas
in (c).

(a) XPS survey spectra, and (b) O 1s core XP spectra
with Os/Oy ratios and %composition of Oy mentioned of
the as-synthesized catalysts.

Co 2p core XP spectra of Co0304/CoxCe1-xO2-5/C,
Co0304/C and CeO2/C.

Ce 3d core XP spectra of C0304/CoxCe1-xO2-5/C and
CeO2/C.

CVs of (a) as-synthesized -catalysts, (b) graphene
nanoplatelets, and (c) commercial 20 wt% Pt/C, in N»-
and O-saturated 0.1M KOH at scan rate 10 mV s,
LSVs of (a—c) the as-synthesized catalysts, (d) of
graphene nanoplatelets (C), and (e) of commercial 20
wt.% Pt/C, in O-saturated 0.1M KOH at scan rate 10
mV s,

(@) A comparative overlay of LSV@1600 rpm of the
studied catalysts in O»-saturated 0.1M KOH; scan rate
10 mVvs? and (b) Bar diagram of mass specific
activities of the catalysts calculated at 0.4 V.

(a—c) CVs of the as-synthesized catalysts at different
scan rates from 10-60 mV s, and (d—e) Double layer
capacitance (Cpr) derived from slope of charging
current of the CVs.

K-L plots and derived number of electrons (n) at 0.4 V.
LSVs@1600 rpm before and after 10,000 cycles for (a)
Pt/C, and (b) Co304/CoxCe1-xO2-3/C and their shift of
E1n.

Results of 6 h CA test at 0.5 V with their relative current

retention.
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5.15

6.1

6.2

6.3

6.4

6.5
6.6

6.7

6.8

6.9

6.10

6.11

6.12

(@) LSV@1600 rpm towards OER along with RuO, (b)
Bar diagram showing the overpotential@10 mA cm2,
and (c) Diagram showing bifunctionality index of
C0304/CoxCe1-xO2-5/C towards ORR and OER.

PXRD of CoOx(OH),/C and the Co/Ce/C hybrids with
JCPDS indexes.

(a) FTIR spectra, and (b) Raman spectra of the catalysts
with functional groups and vibrational modes indexed.
TEM  images of CoOx(OH),/C and the
CoOx(OH)y/Ce02/C (1:1, 3:1 and 9:1) hybrids.

FESEM images of freshly drop-casted electrodes and
used electrodes of (a) Co/Ce/C-1:1, (b) Co/Ce/C-3:1 and
(c) Co/Ce/C-9:1.

XPS survey spectrum of the Co/Ce/C hybrids.

Core XP spectra of the Co/Ce/C hybrids for (a) Co 2p,
(b) Ce 3d, (c) O 1s and (d) Bar diagram representing
%composition of Co?*** ions and Co?* /Co®" ratio.

EPR spectra of CoOx(OH),/C and Co/Ce/C hybrids (a)
overlay view for intensity comparison, and (b) stacked
view for better visual observation.

XANES spectra of the as-synthesized catalysts
CoOx(OH),/C, the Co/Ce/C hybrids, and three standards—
Co foil, CoO, C030x4.

CVs of the catalysts in (a) N»-saturated and (b) O»-
saturated 0.1M KOH at scan rate 10 mV s,

LSVs of the catalysts at different rotation rates from
400-3600 rpm for the Co/Ce/C hybrids (a) Co/Ce/C-1:1,
(b) Col/Ce/C-3:1, (c) Col/Ce/C-9:1, (d) CoOx(OH),/C,
and (e) CeO2/C.

(a) LSVs of the catalysts and commercial Pt/C at 1600
rom, and (b) bar diagram representing mass specific
activities at 0.5V.

Scan rate dependent CVs of (a) CoOx(OH),/C, (b)
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6.13

6.14

6.15

6.16

6.17

6.18

6.19

7.1

7.2

Ce0/C, (c) ColCe/C-1:1 (d) Co/Ce/C-3:1, and (e)
Co/Ce/C-9:1.

(@) Current vs. Scan rate plots with slope Cp., and (b)
bar diagram representing mass specific ECSA of the
catalysts.

Koutecky-Levich (K-L) plots of (a) CoOx(OH)y/C, (b)
Co/Ce/C-1:1, (c) Co/Ce/C-3:1, (d) Co/Ce/C-9:1, and (e)
CeO2/C.

Average number of electrons transferred in potential
range 0.55-0.7 V.

LSVs of the as-synthesized catalysts (a) CoOx(OH)y/C,
(b) Co/Ce/C-1:1, (c) Co/Ce/C-3:1, (d) Co/Ce/C-9:1, and
(e) commercial 20 wt.% Pt/C before and after 10,000
CVs.

Bar diagram consisting of half-wave potentials (Ei)
before and after ADT test and the corresponding shifts
in E1 are shown by line diagram.

(@ Chronoamprometry (CA) test results of
CoOx(OH)y/Ce0, 3:1 and commercial 20 wt% Pt/C
conducted at 0.4 V, and (b) Bar diagram representing the
% current retention of CA test.

(a) RDE-LSVs of the as-synthesized catalysts at 1600
rpm for OER in N»-saturated 0.1M KOH and scan rate
10 mV s~1. The dotted line represents the current density
of 10 mA cm=2. (b) Bar diagram representing the
overpotentials.

Schematic summary of chapter-wise experimental
findings.

A bar diagram comprising of the best catalyst from each

chapter and their catalytic performance indicators.
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