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PREFACE

The research work illustrated in this thesis comprises the literature review,
research objectives, experimental work, data analysis and interpretation, and preparation
of this dissertation. The selective content of dissertation has been structured as
manuscript of research articles, review article and book chapters, which has been
published in peer-reviewed journals and book publishing house. Two research articles,
one review article, two book chapters along with five conference presentations are
accomplished by Bhugendra Chutia under the direct supervision of Dr. Pankaj Bharali of
Department of Chemical Sciences, Tezpur University.

The following publications and presentations are developed from the work presented in
this thesis.

Selected portions of Chapter 1 were published as one review article and two book
chapters, and one book chapter has been submitted for publication:

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,
Volume 1: Energy Applications, Wiley, 2022, Chap 4, ISBN:1119771994,
9781119771999.

3. Goswami, C., Chutia, B., and Bharali, P. Metal and metal oxide-based
nanomaterials for electrochemical applications, Inemerging nanostructured
materials for energy and environmental science, Springer Cham, 2019, Chap 12,
ISBN:978-3-030-04473-2, eBook ISBN:978-3-030-04474-9, 499-530

4. Chutia, B., Goswami, C., and Bharali, P. Metal oxide-based electrocatalysts for
metal-air batteries, In metal-air batteries: Principles, progresses and perspective
(Submitted to CRC press/July 2022).



A version of Chapter 3 (Section 3A) was published as a research article and was
presented at a conference:

1. Chutia, B., Patowary, S., Misra, A., Rao, K. N., and Bharali, P. Morphology
effect of Co304 nanooctahedron in boosting oxygen reduction and oxygen
evolution reactions. Energy & Fuels. (Under Revision)

2. Poster presentation, CosOs nano-octahedron anchored on carbon as
morphology-controlled bifunctional electrode for oxygen electrocatalysis,
National conference on “sustainability, medicine and clean energy” at
Department of Chemical Sciences, Tezpur University on 1% March 2022.

A version of Chapter 3 (Section 3B) is submitted for publication:

1. Chutia, B., Chetry, R., Rao, K. N., Singh, N., Sudarsanam, P., and Bharali,
P. Insight into the structure-activity relationship of sponge-like structured
C0304/C electrocatalyst. (Communicated/October 2022)

A version of Chapter 4 is submitted for publication and was presented at a
conference:

1. Chutia, B., Bhuyan, P. S., Saikia, S., Deka, R. C., and Bharali, P. Decoding
the role of CeO. in enhancing oxygen reduction activity of CuO/C
nanostructures (to be submitted)

2. Poster presentation, Decoding the Role of CeO: in Enhancing Oxygen
Reduction Activity of CuO/C Nanostructures, “National Conference on
Research at the Interface of Chemical, Biological and Material Sciences” At
Tezpur University, Tezpur, on 10" March 2023,

A version of Chapter 5 was published as a research article and was presented at a
conference:

1. Chutia, B. and Bharali, P. Oxygen deficient interfacial effect in CeO.-
modified Fe2O03/C for oxygen reduction reaction in alkaline
electrolyte. Catalysis Communications, 164: 106432, 2022.

2. Poster presentation, Design of FexOy-CeO2/C nanohybrids with rich oxide-
oxide interface toward bifunctional oxygen electrocatalysis, International

conference on “materials chemistry and catalysis” (Virtual Mode) organized



by Department of Chemical Sciences, Tezpur University, on 4" and 5" March
2021.

A version of Chapter 6 was published as a research article and was presented in
conference:

1. Chutia, B., Hussain, N., Puzari, P., Jampaiah, D., Bhargava, S.K., Matus, E.V.,
Ismagilov, 1.Z., Kerzhentsev, M. and Bharali, P. Unraveling the role of CeO: in
stabilization of multivalent Mn species on a-MnO2/Mn304/CeO>/C surface for
enhanced electrocatalysis. Energy & Fuels, 35(13):10756-10769, 2021.

2. Oral presentation, Bifunctional oxygen electrocatalysis over CeO, modified a-
MnO2/Mn304/C hybrid hetero-nanostructures, “7% International e-Conference on

Current Trends in Chemical Research” at Nowgong College, on 22" August
2020.

3. Poster presentation, Unification of electro-catalytic oxygen reduction reactions
and water oxidation: CeO, promoted spinel Mn3O4 nanostructures on carbon,

“National Conference on Recent Advances in Applied Sciences” at Gauhati
University, Guwahati, on 17 "-18 " May 2019.

4. Poster presentation, Enhanced Oxygen Electrocatalysis Over Mnz04/CeQ,/C
Nanohybrid Composite, “Organix-2018" at Tezpur University, Tezpur, on 20"-
21% December 2018.
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curves of C, Pt/C, Sp-Co304/C, and Co304/C at
1600 rpm, e) K-L plot at 0.50 V, f) Tafel plots of
Sp-C0304/C and Co30./C.

a) Plot of electrons transfer number at a wide
potential range, b) chronoamperometric (CA) test,
c) accelerated durability test (ADT), and d) mass-
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Cai measurements for determining ECSA in 0.1 M
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4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

EDX spectra of the ECs. a) CuO/C, b)
CuO/Ce0,/C and c) CeO/C. The Tables in the
inset of the respective images represent the At.%
and Wt.% of the elements.

a, b) TEM images of CuO/CeO/C (inset of b
shows the particle size distribution), ¢) HRTEM
image and d) SAED pattern of CuO/CeO>/C.

a) XPS survey spectrum, b) core-level Cu 2p, ¢c) O
1s, d) core level Ce 3d and d) C 1s XPS spectrum
of CuO/CeQO2/C.

N2 adsorption-desorption isotherms of (a) CuO/C,
(b) CuO/CeO2/C and (c) CeO2/C hybrid (the inset
displays the corresponding pore size distribution
curves), and (d) TGA profile of CuQO/C,
CuO/Ce02/C and CeO/C in air atmosphere.

a) CVs of CuO/C, b) CuO/CeO2/C and c) CeO./C
in N2 and Oo-saturated 0.1 M KOH solution at a
scan rate of 50 mV s,

ORR polarization curves of a) CuO/C, b)
CuO/Ce0>/C and c) CeO,/C in Oz-saturated 0.1 M
KOH solution at a sweep rate 5 mV s™*, K-L plots
of a) CuO/C, b) CuO/CeO,/C and c) CeO./C at
0.35, 0.40, 0.45 and 0.50 V (the ‘n’ values are
calculated at 0.40 V).

Electrocatalytic ORR performance of the ECs. a)
LSV polarization curves of carbon, CuO/C,
CuO/Ce0>/C and CeO,/C at 1600 rpm, b) mass-
specific activity of CuO/C, CuO/CeO./C and
Ce0O,/C, c¢) ORR Tafel slope and d)
chronoamperometric test upto 6 h for
CuO/Ce0,/C and Pt/C.

Cai measurements for determining ECSA in 0.1 M
KOH. Left panel (a,c,e) represents CVs of CuO/C,
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5.1

5.2

5.3

5.4

5.5

5.6

CuO/Ce0>/C and CeO,/C at various scan rates.
The right panel (b,d,f) is the slope obtained from
respective CV data..

a) XRD patterns of C, CeO>/C, Fe,03-CeO,/C and
Fe;03/C, b) Raman spectrum of Fe;Os/C (i),
Fe>03-CeO2/C (ii) and CeO»/C (iii) and c¢) EDX
pattern of Fe;O3-CeO/C. (Cu peak observed in
the EDX spectrum appear due to carbon-coated
Cu grid used during the measurement.)

a-d) TEM and HRTEM images EC Fe»03-Ce0,/C
(inset of ¢ shows the SAED pattern for the EC),
and e) particle size distribution of Fe203-CeO2/C.
N2> adsorption—desorption isotherms of (a)
Fe>03/C (b) Fe203-CeO2/C and (c) CeO2/C (inset
shows the corresponding pore size distribution
curve) and d) TGA profiles of Fe.03/C, Fe,Os-
CeO2/C and CeO>/C in air atmosphere.

XPS spectra of Fe203-CeO./C EC: a) Survey
spectrum, b-e) core level XPS spectrum of Fe 2p,
Ce 3d, Olsand C 1s, respectively.

a) CVs of C, Fe203/C, Fe2,03-Ce02/C and CeO2/C
in N2 (dash-dotted lines) and O (solid lines)
saturated 0.1 M KOH solution. b) ORR LSV
curves of C, Fe;,03/C, Fe,03-CeO,/C and CeO,/C
at 1600 rpm. c) Tafel plots of the ECs.

ORR polarization curves of a) CeO2/C, b) Fe;0s-
Ce02/C, c) Fe203/C and d) K-L plots of Fe20s/C,
Fe>03-Ce02/C, CeO,/C, Pt/C and C derived from
the LSV polarization curves at 0.50 V, e) number
of electrons transferred at various potentials and f)
mass-specific activity (MA) of the as-prepared
ECs.
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5.7

5.8

5.9

6.1

6.2

6.3

6.4

Cai measurements for determining ECSA in 0.1 M
KOH. a-c) represent CVs of Fe 0s/C, Fe2Os-
Ce0»/C and CeO2/C, respectively at various scan
rates (insets show the corresponding slope
obtained from respective CV data).

ORR polarization curves of a) Fe;03-Ce0,/C-37,
b) Fe203-CeO2/C-73, c¢) mass-specific activity
(MA) and d) number of electrons transferred at
various potentials evaluated for Fe,O3-CeQ,/C-37
and Fe;03-Ce02/C-73

a) chronoamperometric test for Fe>O3-CeO2/C and
Pt/C, b) accelerated durability test (ADT) for
Fe>03-CeO2/C.

a) XRD patterns of Vulcan carbon, a-
MnO2/Mn304/C, a-MnO2/Mn304/Ce0,/C and
Ce0,/C (The symbols o, * and # represent the
peaks corresponding to Mn3Os4 o-MnO2, and
CeOo, respectively), b) Raman spectra of CeO,/C,
a-MnO2/Mn304/C and a-MnO2/Mn304/Ce0,/C
ECs, and c¢) EDX pattern of o-
MnQO2/Mnz04/CeQ>/C.

EDX spectra of the ECs. a) a-MnO2/Mn30./C, b)
a-MnO2/Mn304/Ce0,/C-37,

¢) a-Mn0O2/Mn304/Ce0./C-73 and d) CeO2/C.
High-angle  annular  dark-field  scanning
transmission  electron microscopy (HAADF-
STEM) image and the mapping distribution of a-
MnO2/Mnz04/CeO,/C hybrid nanostructure (a),
layered image (b), Mn (c), Ce (d) and carbon (e).
a-e) TEM and HRTEM images and SAED pattern
(inset of ¢) of a-MnO2/Mnz04/CeO2/C hybrid
nanostructure, and f) particle size distribution of
a-MnO2/Mnz04/Ce0>/C evaluated from the TEM
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6.5

6.6

6.7

6.8

6.9

image (b)..

a) XPS survey spectrum and core-level XPS
spectrum of Mn 2p of a-MnO2/Mn304/C and a-
MnO2/Mn304/Ce0./C  (b), O 1s of a-
MnO2/Mn304/C, o-MnO2/Mn304/CeO2/C  and
Ce02/C (¢), Ce 3d of a-Mn0O2/Mn304/Ce0,/C and
CeO02/C (d) and C 1s of a-MnO2/Mn304/Ce0>/C
(e).

N2 adsorption-desorption isotherms of (a) a-
MnO2/Mn304/C, (b) CeOx/C and (¢) o-
MnO2/Mn304/Ce0,/C hybrid (the inset displays
the corresponding pore size distribution curves),
and (d) TGA profile of a-MnO2/Mnz04/C, a-
MnO2/Mn304/Ce0,/C and CeO2/C in air
atmosphere.

a) CVs of a-MnO2/Mn304/C, a-
MnO2/Mn304/Ce0,/C and CeO2/C hybrid in N2
(dash-dotted lines) and O (solid lines) saturated
0.1 M KOH solution at a scan rate of 50 mV s,
b-d) ORR polarization curves of oa-
MnO2/Mn304/C, o-MnO2/Mn304/Ce0,/C  and
CeO2/C in Oz-saturated 0.1 M KOH solution at a
sweep rate of 5 mV st e) ORR polarization
curves of different ECs at 1600 rpm, f) K—L plots
of different samples at —0.50 V (vs. Ag/AgCl).
Electrocatalytic ORR  performance of oa-
MnO2/Mn304/C, a-MnO2/Mn304/Ce02/C and
Ce0>/C. a) the number of electrons transferred at
various potentials; b) mass-specific activity and c)
specific activity.

Cai measurements for determining ECSA in 0.1 M
KOH. The left panel (a, c, e) represents CVs of a-
MnO2/Mn304/C, 0-MnO2/Mn304/Ce02/C and
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6.10

6.11

6.12

CeO>/C at various scan rates. The right panel (b,
d, f) is the slope obtained from respective CV
data.

a,b) LSV curves of in Oz-saturated 0.1 M KOH
@10 mV/s scan rate at different rpm and K-L plot
for a-MnO2/Mn304/Ce0,/C-37, respectively, c,d)
LSV curves and K-L plot for a-
MnO2/Mn304/Ce0,/C-73, respectively and e)
limiting current densities of the ECs at 1600 rpm.
ORR Kinetics, durability, and stability of a-
MnO2/Mn304/Ce0,/C hybrid nanostructure. a)
Tafel plots, and b) Nyquist plots of a-
MnO2/Mn304/C, o-MnO2/Mn304/Ce0O2/C  and
CeO2/C (inset of Figure b shows the equivalent
circuit used for fitting the experimental data), c)
chronoamperometric test for a-
MnO2/Mn304/Ce0,/C and Pt/C, and d) LSV plots
of activity retention test after 1000 redox cycles.

a) ORR and OER activities of «a-
MnO2/Mn304/Ce0,/C compared with Pd/C and
Pt/C, b) OER LSV curves of the ECs.
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Chapter

Scheme

2.2.1

2.2.2

2.2.3

6.1

LIST OF SCHEMES

Title

Schematic illustration of the synthesis of Oct-
Co304/C.

Schematic illustration of the synthesis of Sp-
Co304/C.

Schematic illustration of the synthesis of a-
MnO2/Mn304/CeO,/C hybrid.

Schematic illustration of a-MnO2/Mn304/CeQ,/C
catalyzed ORR and OER.
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