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Abstract

In this thesis, the electrochemical behaviour of novel carbon-based materials is investigated in
respect of supercapacitor applications. The first chapter explains the concern over climate
change, potential for renewable energy, and significance of energy storage. Much emphasis is
placed on the mechanism (e.g., electric double-layer capacitance and pseudocapacitance) and
electrode materials (e.g., carbon and metal oxides) for supercapacitors. The second chapter
introduces the basic principles of electrochemistry as well as electrochemical methods and

characterisation techniques used in this work.

In the first project, the electrochemical oxidation of Mn?* ions to manganese dioxides is carried
out on boron-doped diamond electrodes via cyclic voltammetry. A composite electrode is
fabricated by potentiostatic deposition of MnO2 on boron doped diamond, and its
electrochemical performance is then measured. The motivation of this work is to illustrate that
MnO2, a cheap material with pseudocapacitance, can improve the overall performance of

carbon-based composite electrodes for supercapacitor applications.

The second work exploits carbonised seaweed paper, which is a biomass-derived carbon
material. MnO> is deposited on seaweed paper-derived carbon potentiostatically to form a
composite for electrochemical measurements and characterisation. Seaweed paper after
carbonisation benefits from electric double-layer capacitance, whilst incorporation of the
pseudocapacitive MnO; further extends the potential window and specific capacitance of the

hybrid electrode materials as supercapacitors.

The third study investigates nickel treated filter paper for supercapacitor applications. Carbon
derived from filter paper is produced at low carbonisation temperature with in situ nickel

treatment. Its electrochemical behaviour is researched by removing or keeping the nickel



particles. Particularly, faradaic battery-type characteristics is observed electrochemically on
account of conversion of nickel into electroactive nickel hydroxide in aqueous alkaline media.
Nickel treated filter paper acts as a promising supercapacitor material which is economical and

environmentally friendly.

The fourth research involves a number of carbon materials derived from biomass and biowaste
with bimetallic cobalt/manganese metal-organic frameworks (MOFs) modification. The
composite materials take advantage of the electric double-layer capacitance from the biomass-
derived carbon and faradaic battery-type contributions from the pyrolysed MOFs in alkaline
electrolytes. In particular, the bulk carbon-based electrode material bears favourable

comparison with its powdery counterpart in supercapacitor applications.

Overall, this thesis reports the electrochemical studies of novel carbon-based materials for

supercapacitor applications in regard to renewable energy and energy storage.



Acknowledgements

First and foremost, |1 would express my sincerest and deepest gratitude to my supervisor,
Professor John S. Foord, for accepting me as a DPhil student in his group. His support and
guidance throughout these years have been most precious and memorable. Especially, many
thanks for his patience and understanding during the pandemic in 2020 and 2021. This thesis

would not have been accomplished without his help and kindness.

I would like to thank the postdoctoral group members, Dr. Luyun Jiang, Dr. Martin Rosillo-
Lopez, and Dr. Emina Hadzifejzovic for their academic help and advice in the lab and in the
office. I am also grateful to the other group members who are all doctorate degree holders now,
Cai Xiaosheng, Thomas Hiu-Ming Lau, Ella Bentin, Wang Chenbo, and Scarlett Ma Yue for

their support in daily life and help with my studies.
I would like to individually thank Yutang. | am especially grateful for his company in Oxford.

| would like to thank my classmates and friends in Fudan University Shanghai and Imperial
College London, Chen Chen, Guo Yang, Fan Tao, Zhang Bingjie, and Li Yuxin for their
friendship that lasts for ten years or more. | would also like to thank my friends and colleagues
in PwWC Shenzhen, Darren, Faye, Rebecca, Chris, Iris, and Kate for their support especially

when | decided to resign and start my DPhil.

I would like to thank some friends whom | met in past years, Shen Shaojie, Su Guanglong,
Deng Jialin, Guo Rujing, Ju Liyun, and Ma Xiaoshan. | would like to separately thank Xu

Zheng for his friendship and our fun discussions.

Last but not least, my boundless gratitude must go to my beloved parents, Wang Lianfu and
Chen Aili, and family members. They have given me everything and words just fail me. All
the best to my cousin, Chen Bozhang.



May Shanghai have good fortune.



Contents

ABSTRACT ettt R b e n e re e I
ACKNOWLEDGEMENTS ...t i
CONTENT S et b e e s h e e b e e e b e e e an e e sn e e s b e e nneeanneenneeanns V
GLOSSARY et X
LIST OF FIGURES ... XVII
LIST OF TABLES ... oottt XXX
CHAPTER 1 INTRODUCTION ..ot 1
1.1 Energy Storage deVIiCES — OVEIVIEW ........ccccviiieiiieiieiiesteesteeeesteeste e ssaesteesre e ssaesnesnnesreas 1
111 CHMAte CRANQE .....ooeiceeeee ettt re e 1
1.1.2 Renewable energy and energy StOrage ........cccvevueveeiieerieieeieeriesee e esee e sre e 2
1.1.3 Electrochemical energy STOrage ........cccvecueiieiieiie e 2
L.1.3. L FUBH CRIIS ..t 4
1.1.3.2 BAEEIIES ...ttt 5
1.1.3.3 SUPEICAPACITONS. .....vieveeie ettt ettt te ettt et e e e reesreeseesreesreennesreenneans 7

1.2 Electrode materials — CarbON ... 12
1.2.1 AHOtropes Of CArbON.........cccviiiiiece e 12
1.2.2 Conductive diamond - boron-doped diamond.............ccccovvvivieeiieiiie e 14
A RS Y 11 4 1] PSS RUP TP 15
A o (0] 0T {1 SRR 16
1.2.2.3 Surface MOAIfICAtION ........ccveiiiiiiiii i 17
A N o] o [ o U1 o] LSO 17
1.2.3 Biomass-derived CarbON ... 18
1.2.3.1 PrEPAIATION . ...cuiiiiiiee ettt ettt ettt et nne et e nnes 18



I B o (0] 0T =SS 20

1.2.3.3 MOGITICALION ...ttt 21
R AN o] o [oF: 14 o] SRS 22

1.3 Electrode materials — carbon-based COMPOSITES .........ccccvevverieiiieiieie e 22
L4 AAIMIS bbbt E et n s 24
RETEIEINCES ...ttt 26
CHAPTER 2 EXPERIMENTAL THEORIES AND TECHNIQUES ............ccooeiie 47
2.1 Electrochemical fundamentals.............ccocooiiiiiiiiieieee e 47
2.1.1 ElECIIrOUE PrOCESSES ...ecvveiveeiieeiecieeiteetesteeste et e st e te e e s e e e ae s e e s baenbeanaesreeneeneesreeneans 47
2.1.2 EQuilibrium eleCtroChemMISIIY ......c.cooviiiiiiee e 50
2. 1.3 EIeCtrode KINETICS .....oviiiieiieiieiciteie e 51
2.1.4 IMASS TFANSPONT.....ccieieiiii ettt e et e et e e e be e e s beeesbeeenntes 53
2.2 Electrochemical Methods. .........ccoiiiiiii e 56
2.2.1 ChroNO@MPEIOMELIY ....ccuveiiieie ettt sttt et e s reesre e e sreere e 56
2.2.2 CYClIC VOIAMMELIY ... 56
2.2.3 Galvanostatic charge-disCharge...........cccov e 58
2.2.4 Electrochemical impedance SPeCIrOSCOPY ........ccveiveeieiieerieeieieesresie e sre e, 58
2.2.5 Electrochemical CeIIS ..o 60
2.2.6 Instrumentation and experimental SEt-Up.........cccceviieiiiiiii i 62
2.3 Characterisation tECNNIGUES ........ccuiiiiiiiiciie e 63
2.3.1 Scanning eleCtroN MICIOSCOPY ....vviiuieiieeiieeriee st et e sreeste s e sbeestreesreesreeesreesraeenree e 63
2.3.2 Energy-dispersive X-ray SPECIIOSCOPY .....viivieiiearieeiieeitiesieasieesteeesseesseeasseesseeasee e 64
2.3.3 X-ray AiffraCtioN.........ccooiiiiii e 64
2.3.4 X-ray photoelectron SPECLrOSCOPY ....cceeiviiiiieiieiiieeiie ettt 65
2.3.4.1 XPS fUNAAMENTALS ..ot 65

Vi



2.3.4.2 AUQET BIECLION ...t ra et re e e 68

2.3.4.3 SAEIITE PEAKS ....c.viieiecieeie et 69
2.3.4.4 MUILIPIEt SPIHLLING ....veveeie et 70
2.3.4.5 P1asmon 10SS PEAKS .......ccuveiiiiieiieie ettt 70
RETEIEINCES ...ttt bbbt 72

CHAPTER 3 ELECTROCHEMICAL DEPOSITION OF MANGANESE OXIDES

ONTO BORON-DOPED DIAMOND ELECTRODES ..o 76
3L INEFOTUCTION ...ttt bbbt n e ene s 76
3.2 EXPEIIMENTAL ..ottt re e r e raenne e 79
3.2.1 Chemicals and MAterialS. ... 79
3.2.2 Equipment and experimental SEt-UP .......cccevieieeie it 79
3.2.3 Preparation and modification of BDD electrodes ...........ccccccevvveviiieiieieccicseenn, 80
3.3 RESUILS aNd AISCUSSION .....ccuiiiiiiieiiitii ettt 80
3.3.1 Electrochemical characterisation of BDD electrodes.............c.ccoeevrineiiniencncnne. 80
3.3.1.1 Electrochemical characterisation: redoX SPECIES ..........cccveveieeiieeieiieie e, 80
3.3.1.2 Electrochemical characterisation: electrolyte............ccccocvvveiieiiiie i, 84
3.3.2 Surface characterisation of BDD and MnO2/BDD electrodes............cccccooerveunnne. 86
3.3.2.1 Scanning electron MICIOSCOPY .....cveiveeireeieireesteeiiesiesteesteeeesteesteeaesraesreesesreenreens 86
3.3.2.2 X-ray photoelectron SPECIIOSCOPY .....ccvveivieiiieiiieiteesieesieesve et 88
3.3.3 Electrochemical oxidation of Mn2* on BDD electrodes ...........ccccovvvreiiririrerereennn. 89
3.3.3.1 Cyclic voltammograms of Mn?* at BDD €leCtrodes ...........cccoevevreerererneveeenrenns 89
3.3.3.2 Effect of scan rate and CYCle.........ccoviiiiiiiiic e 93
3.3.4 Potentiostatic deposition of MNO2 on BDD eleCtrodes ...........ccccvvvviienciienennnnn, 95
3.3.4.1 Effect of deposition potential .............cccoovveiiiiii i 95
3.3.4.2 Effect Of @leCtrOIYLE .....oceeeieeee e 104

Vil



3.3 4. 3 ETTECE OF SCAN T ...eeeeee et ettt e e e e 106

3.3 4.4 EffeCt OF CYCHING .vocveeiece et 109
3.4 Conclusion and COMPATISON ..........eiverieiierireie e e se e sre e seeste e sreesreeraesreesreaneesres 111
RETEIEINCES ... bbbttt bbb bbbt 113

CHAPTER 4 CARBONISED SEAWEED PAPER FOR SUPERCAPACITOR

APPLICATIONS L.t n e nne e ne e 122
AL INTFOAUCTION ...ttt bbbt 122
O o 1= 0 LT o) = | SR 123
4.2.1 Chemicals and MAterials...........ccooiiiiiiiiiiiee e 123
4.2.2 Electrochemical MeasuremMeNtS..........ccouiiiiiriiineise s 124
4.2.3 Preparation of carbonised seaweed Paper ...........ccccovveveiieiieiesiee s 124
4.2.4 Deposition of MnO2 on carbonised seaweed Paper ........ccccevverererereseseeeereeenn, 125
4.3 RESUILS AN ISCUSSION ......cviiiiiitiitiieiisiest ettt 125
4.3.1 Characterisation of carbonised seaweed Paper ........c.ccccevvievvevieiieseese e 125
4.3.1.1 Energy-dispersive X-ray SPECIIOSCOPY ....cvevveereireeireeieieesieesesseesseeseesseesseesenns 125
4.3.1.2 Scanning electron MICIOSCOPY .....ccvveireereiiesieeieseeste e e ste e e sre e sreesreeneans 126
4.3.1.3 Brunauer-Emmett-Teller Surface Area Analysis .........cccccovveveiieieeve e 127
4.3.1.4 X-ray photoelectron SPECLIOSCOPY ......ecveiveerieeieiiesieeieseesre et sre s 127
4.3.2 Wetting effect on carbonised seaweed Paper..........ccccevveiieiiie e 129
4.3.3 Influence of metal current COlECTON .........ccoviiiiiiiii e, 130
4.3.4 Seaweed-based supercapacitors in aqueous electrolytes ...........ccccocevvveiieiinenne. 131
4.3.4.1 Influence of carbonisation teMPErature ..........cccoveveeiiieiie s 131
4.3.4.2 Difference between the positive and the negative potential windows................ 137
4.3.5 Electrochemical deposition of manganese dioXide...........ccccocvveviievieiieciec e, 138
4.3.5.1 XPS characterisation of carbonised seaweed paper/MnOa.........ccccevvreereenene 140

viii



4.3.5.2 FESEM characterisation of carbonised seaweed paper/MnOz............ccccvvvennnee. 141

4.3.5.3 EDS characterisation of carbonised seaweed paper/MnOs;.........cccccccvvvervennenne. 141
4.3.5.4 Deposition POLENLIAl...........cceiiiiiiiiii e 142
4.3.5.5 DEPOSITION TIME ...vveiieiecie ettt nreenneenes 143
4.3.5.6 Electrochemical performance - cyclic voltammetry...........cccccoveviviveiccieennee, 145
4.3.5.7 Electrochemical performance - galvanostatic charge-discharge...............c......... 148
4.3.5.8 Electrochemical performance - stability teSt..........ccccoovvviiieii i 150
4.3.5.9 Electrochemical performance - electrochemical impedance spectroscopy ........ 153
4.4 Conclusion and COMPAKISON .....c..ccviiieie et re e ae e e sreeeenres 155
RETEIEINCES ...ttt bbbt b e n et 158

SUPERCAPACITOR APPLICATIONS ... 164
5.1 INEFOTUCTION ...t bbbttt bt 164
5.2 EXPEIIMENTAL ......cviiiiiiecie et e be e ste e s re e beennenre s 165
5.2.1 Chemicals and MaterialS...........ccoeiiiiiiiiiiee e 165
5.2.2 Preparation of carbonised filter paper with nickel treatment (Ni-FP) .............. 165
5.2.3 Electrochemical MeasuremMentS. .........cccoovririirinencisesee e 166
5.3 ReSUILS aNd dISCUSSION ......cuvviieiiiiiieieie sttt 166
5.3.1 Surface characterisation of Ni-FP ........c.cccccooiiiiiiiic e 166
5.3.1.1 Scanning eleCctron MICIOSCOPY ......civveiieeiieiiieiie st e stte et e re e srae e sae e 167
5.3.1.2 X-ray diffraCtion .......c.cooiiiiiiiic e 167
5.3.2 Alkaline and neutral eleCtrolytesS ..........cccoveiiiiiii i 168
5.3.3 POteNntial FANGE........eoiie it 170
5.3.4 Removal of Nickel PartiCles ..o 172
5.3.5 Influence of scan rate and temperature of carbonisation..............ccccoeeeveniinnnn, 175



5.3.6 Galvanostatic charge-disCharge...........coooieiiiii i 188

5.3.7 STADIIITY TEST ... nne s 191
5.3.8 Electrochemical impedance SPEeCIrOSCOPY .......ecvereerieeieieeieaiesee e eiesreesie e 191
5.4 Conclusion and COMPATISON ..........civeieiierireie e seeste e sre e sreeste e sreesaeeraesreesseaneesres 193
RETEIEINCES ...t e ettt 195

CHAPTER 6 METAL-ORGANIC FRAMEWORKS MODIFIED BIOMASS FOR

SUPERCAPACITOR APPLICATIONS ... s 199
6.1 INEFOTUCTION ...ttt bbb 199
6.2 EXPEIIMENTAL ......ceiiiiiiecc ettt e s ra e reeneenre s 201
6.2.1 Chemicals and MaterialS............ccoeiiiiiiiiie e 201
6.2.2 Preparation of carbonised MOFS/DIOMASS ..........ccccccveieiiciiiic e 201
6.2.2.1 Synthesis of carbonised MOFs/HINOKI WOOd............c.ccoveveiiieiieiicic e 201
6.2.2.2 Synthesis of carbonised MOFs/rice hUSKS..........c.ccooevveiieiiiiciccc e 202
6.2.2.3 Synthesis of carbonised MOFs/seaweed Paper .........ccccvevveeeiieieciieseeire e 202
6.2.2.4 Synthesis of carbonised MOFs/phenolic resin modified Hinoki wood.............. 203
6.2.3 Equipment and experimental SEt-UP ........ccccoeiiieiieie e 203
6.3 RESUILS aNd dISCUSSION ......uiviiiiiiiiieeie et e 204
6.3.1 Surface characterisation of carbonised MOFs/biomass materials ..................... 204
6.3.1.1 Scanning eleCctron MICIOSCOPY ......civveiieeirieiieeiee et srae e 204
6.3.1.2 X-ray photoelectron SPECIrOSCOPY ....ccveeiriiiiieitieiieesiee e e see s e see e sree e 205
6.3.2 Electrochemical performance of carbonised MOFs/Hinoki wood ..................... 207
6.3.3 Electrochemical performance of carbonised MOFs/rice husks.............cc.c....... 212
6.3.4 Electrochemical performance of carbonised MOFs/seaweed paper .................. 213

6.3.5 Electrochemical performance of carbonised MOFs/Phenolic resin modified

IO et nnnn 216



6.4 Conclusion and COMPATISON .........c.civeiieiierie e see e rte e e se e e e sre e e sreesseaneesres 225

R I EINCES ...t e et e e e e e e e e ettt e e e e e e e e aa e e e e 227
CHAPTER 7 CONCLUSIONS ...ttt a e 232
AAPPENDIIX .o ettt r et e e e e e e e e —aaaas 236

Xi



Glossary

Roman symbols

Symbol Meaning Usual Units
a activity none

A area cm?

c, [c] concentration of species ¢ mol cm

C capacitance F

Cs specific capacitance FglorFcm?
d charge separation distance m

D diffusion coefficient cm? st

E electrode potential \/

E° standard electrode potential \Y/

E]9 formal electrode potential \/

Eeq equilibrium potential \/

f FIRT vl

F the Faraday constant (= 96485) C mol*

i current A

lo standard exchange current A

xii



ia/c

kO

kc/a

q(Q)

Ret

Ro

anodic/cathodic current

peak current

faradaic current

charging current

flux

standard heterogenous rate constant

rate constants for the cathodic/anodic reactions

mass

molar mass

number of electrons transferred

charge

universal gas constant (= 8.314)

charge-transfer resistance

solution resistance

time

temperature

mobility of ion

linear potential scan rate

charge of the ion

A
mol cm™ s

cm st

g mol?

none

Jmolt K?

none

Xiii



Zs faradaic impedance Q

Zim imaginary part of impedance Q

ZRe real part of impedance Q

Zy Warburg impedance Q
Greek symbols

Symbol Meaning Units

a transfer coefficient none

y activity coefficient none

&r dielectric constant none

€0 permittivity of free space C2N1im?

n overpotential \/

A wavelength of light nm

® electrical potential \Y/

0] work function of a phase eV

v frequency of light st

o charge density Ccm?

® angular frequency, 2zf st

Xiv



Abbreviations

Abbreviation

Meaning

AFC

BET

BDD

CA

CE

CNT

CP

Ccv

CVvD

EDLC

EDS/EDX

EIS

ESR

FESEM

GCD

HsDOBDC

alkaline fuel cells

Brunauer-Emmett-Teller surface area

boron-doped diamond

chronoamperometry

counter electrode

carbon nanotube

chronopotentiometry

cyclic voltammetry

chemical vapour deposition

electric double-layer capacitor

energy-dispersive X-ray spectroscopy

electrochemical impedance spectroscopy

equivalent series resistance

field emission scanning electron microscopy

galvanostatic charge-discharge

2,5-Dihydroxyterephthalic acid

XV



HER

HTC

IHP

IMFP

LSV

NHE

OHP

ORR

PBS

PEMFC

RDS

RE

rGO

SHE

SEM

SOFC

WE

XPS

XRD

hydrogen evolution reaction

hydrothermal carbonisation

inner Helmholtz plane

inelastic mean free path

linear sweep voltammetry

normal hydrogen electrode

outer Helmholtz plane

oxygen reduction reaction

Phosphate buffer solution

polymer electrolyte membrane fuel cell

rate determining step

reference electrode

reduced graphene oxide

standard hydrogen electrode

scanning electron microscopy

solid oxide fuel cell

working electrode

X-ray photoelectron spectroscopy

X-ray diffraction

XVi



List of Figures

Figure 1.1 A simplified Ragone plot of various energy storage and conversion devices.*.....4
Figure 1.2 Summary of operating details of different types of fuel cells.®8.............c.cccoevurnnnn. 5
Figure 1.3 Schematic representation of operating mechanism of Li-ion battery with graphite
anode and LiC0o02 Cathode.®............c.coueiiviieiieceee e 6
Figure 1.4 Schematic diagrams of (a) charge and (b) discharge mechanisms in electric double
JAYE CAPACITONS.3A........eececeee ettt ettt ettt ettt et n ettt ssn ettt en s enees 7

Figure 1.5 Schematic diagrams of faradaic mechanisms generating pseudocapacitance: (a)

underpotential deposition, (b) surface redox system, and (c) intercalation system.®° ............... 9
Figure 1.6 The graphite SErUCLUIE.S ........c.cvoviieeeeeiee ettt 12
Figure 1.7 The graphene StruCtUrE.52............c.oviiveeicceeee et 13
Figure 1.8 Structure of diamond.8.............ooiiiiiieceeeeeee e 14

Figure 1.9 Representation of the energy diagram of selected states in the band gap of

BHAMONG.EE ...ttt 15
Figure 2.1 Schematic diagram of a proposed electrical double-layer model.* ....................... 48
Figure 2.2 Schematic diagram of a general electrode reaction pathway.! ............cccccoevvvrnnene, 51

Figure 2.3 (a) A basic potential step experiment, (b) concentration profile of reactant for
various experiment times, and (c) current recorded against time.2...........cccccocveeeeeeeveennne, 56
Figure 2.4 (a) A potential sweep experiment with reverse scan, and (b) the obtained cyclic
V0] =1 1T 010 o T 24T 57
Figure 2.5 Schematic of GCD curves with several Cycles. ..........cccovvivieviiiii e, 58
Figure 2.6 (a) Randles equivalent circuit. (b) Various equivalences of faradaic impedance.!59
Figure 2.7 A Nyquist plot with kinetic control and mass transfer control regions at high and

low frequencies, reSPECHIVEIY.Y ..........viieeeeeeeecce e 60

Xvii



Figure 2.8 Schematic diagram of a two-electrode cell.h............ccoovvvivevereeeieceee e 61

Figure 2.9 Schematic diagram of a three-electrode Cell. ..........cccccovveviieeceiecce e 62
Figure 2.10 Simplified schematic of an SEM instrument.’ ............cccocovveeeiiveeeseeeeenenas 64
Figure 2.11 X-ray diffraction based on Bragg’s 1aw.Z...........cccoevvuiiieeriiesiieeeee s 65
Figure 2.12 Schematic diagram of an XPS SPeCtrometer.??.............cccoevveeervivivessenerenennns 67

Figure 2.13 Inelastic mean free path of photoelectron as a function of kinetic energy with a
fitted “UNIVEISAL CUIVE .23 ...ttt ettt ettt n e n s 68
Figure 2.14 Schematic view of (a) photoelectron emission process, (b) X-ray fluorescence

process, and (c) KLiLs Auger emission process, adopted from?2.............ccovevvevveieeeeesnnns 69

Figure 2.15 Schematic representation of shake-up and shake-off processes, adopted from?’.

Figure 2.16 Aluminium 2s and 2p spectrum with plasmon loss peaks.®...........cccccovvvevnnnne 71
Figure 3.1 Cyclic voltammograms of BDD in 0.1 M nitric acid after electrode scanning. Scan
rate: 100 MV S2FOr 20 CYCIES. .....vvvieieeececececececeetcececee ettt 81
Figure 3.2 Cyclic voltammograms of 1.0 mM FcCH20OH in 0.1 M KCI at BDD electrodes.
Scan rate: 100 mV s, Potential range: -0.1 t0 +0.6 V VS AQ/AGCL. ......oovvvvircieeeereerren, 82
Figure 3.3 Cyclic voltammograms of 1.0 mM Ru(NH3)sClz in 0.1 M KCI at BDD electrodes.
Scan rate: 100 mV s, Potential range: -0.4 t0 +0.1 V VS AQ/AGCL. ....ovvvrrirereeeereerren, 83
Figure 3.4 Cyclic voltammograms of 1.0 mM Ks[Fe(CN)e] in 0.1 M KCI at BDD electrodes.
Scan rate: 100 mV s, Potential range: -0.2 t0 +0.6 V VS AQ/AGCL.......oovvvverierreeerren, 84
Figure 3.5 Cyclic voltammograms of bare BDD at 100 mV s? in (a) 0.5 M H2SO4, (b) 1 M
KOH, (c) 1 M KCI and (d) 0.5 M NaxSOg, respectively. Potential range: -1.5 to +1.5 V. Red

lines: operating WindowW OF MINO2.........coiiiiiiiiiie e e 85

XViil



Figure 3.6 (a) Cyclic voltammograms of bare BDD and GC electrodes with the same geometric
surface area exposed to solution, and (b) CVs of bare BDD in different neutral electrolytes.
Scan rate: 100 MV S ..o s 86
Figure 3.7 SEM images of a bare BDD (a) and MnO- deposited on BDD electrodes through

chronoamperometry at +0.85V vs Ag/AgCl for 100 s (b), 300 s (c) and 600 s (d), respectively.

Figure 3.8 XPS spectra of survey scan of bare BDD and MnO2/BDD (100 s, +0.85 V). ......88

Figure 3.9 XPS spectra of (a) Mn 2p scan and (b) Mn 3s scan of MnO,/ BDD (100 s, 0.85 V).

Figure 3.10 Schematic diagram of Mn 3s multiplet splitting of Mn**...........c.cccovvvvvivenne, 89
Figure 3.11 Cyclic voltammograms of Mn?* on a bare BDD substrate (three scans). Electrolyte:
0.1 M MnCl; and 0.1 M NazSOy4; potential window: -1.0 to +1.5 V; scan rate: 100 mV s...90
Figure 3.12 Pourbaix Diagram of Manganese (adapted from Pourbaix).® .............cccccvevunne 92
Figure 3.13 Cyclic voltammograms of Mn?* on bare BDD substrate (first scan) at scan rates
of 2, 5, 10, 25, 50 and 75 mV s, respectively. Electrolyte: 0.1 M MnClz and 0.1 M NazSOxq;
potential WINdOW: 010 +1.5 V. oot 94
Figure 3.14 Cyclic voltammograms of Mn?* on bare BDD substrate (1% and 2" scans) at (a) 5
mV stand (b) 75 mV s, respectively. Electrolyte: 0.1 M MnCl; and 0.1 M NazSO4; potential
WINAOW: 010 1.5 V. oo 95
Figure 3.15 Chronoamperograms of MnO- deposition in 0.1 M MnCl, and 0.1 M NaSO4 on
bare BDD electrodes at constant potentials of +0.15, +0.25, +0.35, +0.45, +0.55, +0.65, +0.75
and +0.85 V vs Ag/AQCI for 50 s, reSPeCtiVElY. ......c.cooviiiiiiie e 96
Figure 3.16 Chronoamperograms of MnO- deposition at +0.65 V vs Ag/AgCl for 50 s.

Electrolyte: 0.1 M MnCl2 and 0.1 M Na2SO4. .....eeuviiiiiiiiiiiiiieeeee e 96

XiX



Figure 3.17 (a) Cyclic voltammograms of bare BDD and BDD electrode after deposition at
0.65 V for 600 s and (b) CVs of BDD after deposition at 0.65 V for 50, 100, 200, 300 and 600
s. Experimental parameters: scan rate: 100 mV s*; potential window: 0 to +0.8 V; electrolyte:
BIM KCLL bbb bbb bbbt 97
Figure 3.18 Chronoamperograms of MnO; deposition at +0.75 V vs Ag/AgCl for 50 s.
Electrolyte: 0.1 M MnCl2 and 0.1 M Na2SO4. ...c.ccveiiiiiiiiiie it 98
Figure 3.19 Cyclic voltammograms of bare BDD and BDD electrode after deposition at +0.75
V for 100, 200, 400 and 600 s. Experimental parameters: scan rate: 100 mV s*; potential
window: 0 to +0.8 V; electrolyte: M KCl........coooiiiiiicce e 99
Figure 3.20 (a) Charge integrated from the chronoamperograms and (b) mass of MnO;
calculated of BDD deposited at +0.75 V vs Ag/AgCI as a function of the deposition time,
TESPECTIVEIY. ..ottt e et e et e e te e s be e tesaeesaeeteereenteeteaneenre s 100
Figure 3.21 Schematic of MnO, growing (adapted from Augustyn, Simon et al. 2014).%"..101
Figure 3.22 Chronoamperograms of MnQO_ deposition at +0.85 V vs Ag/AgCl for 50 s.
Electrolyte: 0.1 M MnCl2 and 0.1 M Na2SO4. ...c.ccvviiiieiiiiiiieiieeieie e 102
Figure 3.23 Chronoamperograms of bare BDD in a solution containing (red) 0.1 M MnCl; and
(black) 0.2 M KClI, respectively in 0.1 M Na2SOg at +0.85 V vs Ag/AgCl for 50 s. ............ 103
Figure 3.24 (a) Charge integrated from the chronoamperograms and (b) mass of MnO;
calculated of BDD deposited at +0.85 V vs Ag/AgCl as a function of the deposition time,
FESPECLIVRIY. .o e et e et e e aes 103
Figure 3.25 (a) Cyclic voltammograms of BDD after deposition at +0.75 and +0.85 V for 200
s, respectively, and (b) CVs of BDD after deposition at +0.85 V for 50 — 600 s. Experimental

parameters: scan rate: 100 mV s*; potential window: 0 to +0.8 V; electrolyte: 3M KCI. ....104

XX



Figure 3.26 Cyclic voltammograms of MnO./BDD deposited at +0.85 V for 50 s in an
untreated solution (black) and a de-aerated solution (red), respectively. Experimental
parameters: scan rate: 100 mV s*; potential window: 0 to +0.8 V; electrolyte: 3M KCI. ....105
Figure 3.27 Cyclic voltammograms of MnO>/BDD deposited at +0.85 V for 200 s in four

electrolytes. Experimental parameters: scan rate: 100 mV s; potential window: 0 to +0.8 V.

Figure 3.28 Cyclic voltammograms of MnO>/BDD deposited for 300 s at +0.85 V at scan rate
of (a) 5, 10, 25 and (b) 50, 100 and 200 mV s*, respectively. Experimental parameters:
electrolyte: 3M KCI; potential window: 0 to +0.8 V. Less deviation and more rectangular
shapes at lower scan rate in (a), while more deviation and less rectangular shapes at higher scan
[ L | () TSRS SSURTS 107
Figure 3.29 The common logarithm of anodic peak current of MnO2/BDD electrode deposited
at +0.85 V vs Ag/AgCI for 200 s as a function of 10g10 (SCaN rate).......cccccevervrerieneereeinnnn. 109
Figure 3.30 Cyclic voltammograms of MnO./BDD deposited at +0.85 V for 600 s.
Experimental parameters: electrolyte: 3M KCI; potential window: 0 to +0.8 V; scan rate: 100
0O T (oY a0 [0 [0 I o [T 110
Figure 3.31 Capacitance retention of MnO2/BDD deposited at +0.85 V for 600 s. Experimental

parameters: electrolyte: 3M KCI; potential window: 0 to +0.8 V; scan rate: 100 mV s for 2000

Figure 4.1 EDS images of seaweed paper carbonised at 900 °C. ..........cccccevieiiieviieiieesnnn 126

Figure 4.2 SEM images of (a) & (b) raw seaweed paper, and (c) & (d) seaweed paper

CarboNISEd At 1300 CC. ...ttt ettt r et re e e b e nre s 126
Figure 4.3 XPS survey spectrum of seaweed paper carbonised at 900 °C. ...........cccccevvenene 128
Figure 4.4 Fitting of XPS C 1s spectrum of seaweed paper carbonised at 900 °C............... 129

XXi



Figure 4.5 Cyclic voltammograms of seaweed paper carbonised at 900 °C at a scan rate of 200
mV s with different soaking times in (a) negative and (b) positive potential windows. .....130
Figure 4.6 CV comparisons of seaweed paper carbonised at 900 °C and only current collector
at (a) negative and (b) positive potential ranges at 200 MV S ....oviceciecececec e 131
Figure 4.7 CV curves of seaweed paper carbonised at 600 °C with increasing scan rates and
two potential windows. (a): 0 to -0.8 V, 2 to 25 mV s%, low current; (b) 0 to -0.8 V, 50 to 200
mV s, increased current compared to (a); (c) 0 to +0.8 V, 2 to 25 mV s, low current; (d) 0 to
+0.8 V, 50 to 200 mV s, increased current compared to (c). Overall, the current response is
low in both potential windows and at all scan rates of the sample carbonised at 600 °C. ....133
Figure 4.8 CV curves of seaweed paper carbonised at 900 °C with increasing scan rates and
two potential windows. (a): 0to -0.8 V, 2 to 25 mV s, high current; (b) 0 to -0.8 V, 50 to 200
mV s, increased current compared to (a); (c) 0 to +0.8 V, 2 to 25 mV s, high current; (d) 0
to +0.8 V, 50 to 200 mV s, increased current compared to (c). Overall, the current response
is higher in both potential windows and at all scan rates compared to the sample carbonised at
600 °C. The difference of CVs between the two potential windows will be discussed in detail
TN 23142, et bRt Rt R ettt bbb ne e e neens 134
Figure 4.9 Dependency of specific capacitance of the 900 °C seaweed with increasing scan
rates (2 to 200 mV s) in two potential windows (a) 0 to -0.8 V and (b) 0 to +0.8 V. ......... 135
Figure 4.10 CV Comparisons of the 900 °C seaweed paper at (a) 2 mV st and (b) 200 mV s
in different potential FANGES. .......cvvi i 138

Figure 4.11 XPS (a) Mn 2p and (b) Mn 3s spectra of 900 °C carbonised seaweed paper/MnOs..

Figure 4.12 FESEM images of 900 °C carbonised seaweed paper/MnO: of (a&b) 200s and

(C&A) 12008 UEPOSITION. ..eeviieiieeieeciie ettt et e et e st e e sbeeanbeesreeenneesreeenees 141

xxii



Figure 4.13 EDS images of 900 °C carbonised seaweed paper/MnO2 with 200 s deposition.

Figure 4.14 Chronoamperograms of MnO: deposition at different potentials. .................... 143
Figure 4.15 Chronoamperograms of MnO- deposition at 1.15V with 50 s deposition. The
background current (blue) is much lower than the faradaic current (red) for deposition. .....144
Figure 4.16 Mass loading of MnO: as a function of deposition time. The mass loading
increases linearly with depoSition tIMe.........cccocvviiiiiicic e 144
Figure 4.17 Cyclic voltammograms of carbonised seaweed paper/MnO- at deposition time of
200 s with increasing scan rates (a) 2 to 25 mV st and (b) 50 to 200 mV s™. (a) At low scan
rates, current response is lower but CV shapes are more rectangular; (b) At high scan rates,
current response is higher but CVs face more deviation from rectangular shapes. ............... 146
Figure 4.18 Chronopotentiograms of seaweed paper/MnO; at the deposition time of 200 s with
increasing current densities (0.5 to 10 A g1). The GCD curves are linear at all current densities,
and the charge-discharge time is longer at lower current density............cccooveveevieieeieciiennnn, 148
Figure 4.19 The capacitance retention of the 900 °C carbonised seaweed paper at the current
density of 1 A g™ for 20000 CYCIES. ......cvvreriereeeccese e 150
Figure 4.20 The capacitance retention of seaweed paper/MnO2 (900 s deposition) at the current
density of 1 A g* after (a) 50 cycles and (b) 2000 CYCIES. .......coovvrrvrerereeeeereeee s 151
Figure 4.21 The capacitance retention of seaweed paper/MnO- with the deposition time of 200
sat the current density 0F 1 A g7 oo 152
Figure 4.22 Nyquist Plots of seaweed paper and seaweed paper/MnO; with different deposition
1B, bbbt 153
Figure 5.1 FE-SEM images of (a) raw filter paper and (b) Ni-FP carbonised at 800 °C......167
Figure 5.2 XRD patterns of Ni-FP carbonised at 800 °C with (a) Ni and (b) CaCOs3

ChAraCtErISTIC PRAKS. ...veitieiiee ettt be e nreas 168

XXiil



Figure 5.3 Cyclic voltammograms of Ni-FP carbonised at 800 °C in 1 M KOH and 1 M KC1
at the scan rate 0f 2 MV S 169
Figure 5.4 Cyclic voltammograms of Ni-FP carbonised at 800 °C in 1 M KOH, 1 M KCI, 1| M
NazSOs and 3 M KCl at the scan rate 0f 2 MV s ..o 170
Figure 5.5 Cyclic voltammograms of Ni-FP carbonised at 800 °C in 1 M KOH and 1 M KC1
at the scan rate of 2 mV s from 0.2 10 -0.6 V VS SHE. ......ccoeveveveviiiiieieseeeese e 171
Figure 5.6 Cyclic voltammograms of Ni-FP carbonised at 800 °C in 1 M KOH, 1 M KCI, 1 M
Na2SO4 and 3 M KCl at the scan rate of 2 mV s from 0.2 t0 -0.6 V vs SHE.............c........ 171
Figure 5.7 Cyclic voltammograms of 800 °C Ni-FP, Ni-FP Etched and FP in 1 M KOH at the
scan rate of 2 mV s in a potential range 0f 0.1 10 -0.7 V. ..ccevevevereeeeeeee e, 173
Figure 5.8 Cyclic voltammograms of 800 °C Ni-FP, Ni-FP Etched and FP in 1 M KOH at the
scan rate of 2 mV s in a positive potential window of 0t0 +0.7 V. ....cceveeveveveiereeeeinee, 174
Figure 5.9 Comparison of CV curves of Ni-FP carbonised at 800 °C in 1 M KOH at the scan
rate of 2 mV s in two potential WINAOWS. ...........cveereireerecececeeecececceeee s 174
Figure 5.10 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of 2
mV s from 0 to +0.7 V. Peaks observed for 800 and 900 °C Ni-FP..........cccccoevvvrvvrrrrrrnrnn. 176
Figure 5.11 Close-up cyclic voltammograms of 600 (enlarged), 700, 1000, 1100 and 1300 °C
Ni-FP at the scan rate of 2 mV s between +0.3 and +0.6 V. Peaks also observed for these
samples apart from 800 and 900 °C Ni-FP. ........ccccciiiiiiiiiiic e 176
Figure 5.12 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of 5
mV s from 0 to +0.7 V. At 5 mV s, CVs of 800 and 900 °C Ni-FP are observed with more
distortion. Current response of other samples is Still [OW.............cccovviiiiiiiiiicc 177
Figure 5.13 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of
10 mV st from 0to +0.7 V. At 10 mV s, CVs of 800 and 900 °C Ni-FP face further distortion

compared to 5 mV s, Current response of 1000 to 1300 °C Ni-FP starts increasing. ......... 177

XXV



Figure 5.14 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of
25 mV s from 0 to +0.7 V. At 25 mV s, CVs of 800 and 900 °C Ni-FP are further distorted,
where anodic peaks disappear but cathodic peaks still exist. CVs of 1100 and 1300 °C Ni-FP
are observed With peak SEPAration. ..........cccceiieireieiie e sre s 178
Figure 5.15 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of
50 mV st from 0 to +0.7 V. At 50 mV s%, CVs of 800 and 900 °C Ni-FP are further distorted
as well as CV of 1000 °C Ni-FP. CVs of 1100 and 1300 °C Ni-FP are still observed with clear
peak separation and higher CUrreNnt reSPONSE. ........cvciieiieiiecie e 179
Figure 5.16 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of
100 mV st from 0 to +0.7 V. At 100 mV s, CVs of 800 and 900 °C Ni-FP are further distorted
with cathodic peaks also disappeared. CV of 1000 °C Ni-FP still has cathodic peak. Well-
defined peaks and CVs with high current are observed for 1100 and 1300 °C Ni-FP. ......... 180
Figure 5.17 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of
200 mV s from 0 to +0.7 V. At 200 mV s, CV of 1300 °C Ni-FP is still well-defined, but
CV of 1100 °C Ni-FP faces distortion at high potential. CVs of 800, 900 & 1000 Ni-FP are
more distorted. In addition, CV signals of 600 & 700 °C Ni-FP are low at all scan rates. ...180
Figure 5.18 Cyclic voltammograms of 800 °C Ni-FP at (a) 2 to 25 mV s, (b) 50 to 200 mV's°
1 and 1100 °C Ni-FP at (c) 2 to 25 mV s, (d) 50 to 200 mV s, in 1M KOH in a positive
potential range of 0 to +0.7 V. 800 °C Ni-FP only shows CVs with well-defined peaks at low
scan rates in (a) but faces distortion at high scan rates in (b); 1100 °C Ni-FP still shows CVs
with well-defined peaks at all scan rates in (C) & (). .ooovevieiiiieiiiiie e 183
Figure 5.19 The specific capacitance of 600, 800, 1100 and 1300 °C Ni-FP as a function of the
SCAN TALE. ...ttt E e 185
Figure 5.20 The specific capacitance retention of 600, 800, 1100 and 1300 °C Ni-FP as a

TUNCEION OF The SCAN TALE. .ottt e et et et et eeeeeeeeeeeeeeeeeeeeeeeeeeeneneeeeeneens 186

XXV



Figure 5.21 Plots of I, (cathodic peak) as a function of v/ for Ni-FP carbonised at 1100 °C.

Figure 5.24 GCD curves of (a) 800 °C & (b) 1100 °C Ni-FP at various current densities. Non-
linear discharge curves are observed due to contributions from faradaic battery-type materials.
Results from the figure are calculated and listed in Table 5.2........ccccccoovevviieiiciie e, 189

Figure 5.25 The specific capacitance of 800 & 1100 °C Ni-FP at different current densities.

Figure 5.27 Plots of specific capacitance retention of (a) 800 °C & (b) 1100 °C Ni-FP against
CYCHING NUMDET ...ttt e et re e steereesre e beaneesre s 191
Figure 5.28 (a) Nyquist plots and high-frequency region (b) of 800 °C Ni-FP after 1%, 1000,
2000™ & 3000™ cycles. Both ESR and Ret increased With CYCIES. ..........covevveeeeeeveeeeeeennnn, 192
Figure 5.29 (a) Nyquist plots and high-frequency region (b) of 1100 °C Ni-FP after 1%, 1000,
2000"" & 3000™ cycles. The ESR and Rt values of 1100 °C Ni-FP are lower compared to
800 °C NI-FP in FIQUIE 5.28. ... .ot 192
Figure 6.1 Schematic diagram of bimetallic MOFS Synthesis.2............cccocevvveeieesveeencenns 200
Figure 6.2 SEM images of carbonised MOFs modified (a) rice husks, (b) seaweed paper, (c)
& (d) Hinoki wood waste (Via in-Situ method). ..........ccceviiiiiiieccce e 205

Figure 6.3 XPS spectra of carbonised MOFs modified biomass materials. ...............c......... 206

XXVi



Figure 6.4 XPS spectra of (a) Mn 3s and (b) Co 2p regions of carbonised MOFs/rice husks.
(@): Mn(l1l) indicated from peak splitting of 6.0 eV; (b): Co(ll) and Co(lll) confirmed from
SALEIIITE FRALUIES. ..ot 207
Figure 6.5 Cyclic voltammograms of carbonised MOFs/Hinoki wood in 1 M KOH at scan
rates of 2, 5, 10, 25, 50, 100 and 200 mV s (a) and (b) 2, 5, 10 mV s*. Potential range: -0.1 to
0.4 V. ettt e e 208
Figure 6.6 Cyclic voltammograms of carbonised MOFs/Hinoki wood at 100 mV s in 1 M
KOH (black) and 3 M KCI (Fed). ......ccveiieiie e 209
Figure 6.7 Cyclic voltammograms of carbonised MOFs/Hinoki wood at 50 mV st in 1 M KOH
with different potential windows. (a): upper potential limited by OER; (b): lower potential
limited by dissolution of metal OXIdES. .........ccceciiiiiiicc e 210
Figure 6.8 Cyclic voltammograms of carbonised MOFs/Hinoki wood in (a) 1 M KOH and (b)
1 M KCI at different scan rates. Potential range: -0.1 to +0.5 V. (a): faradaic peaks and

capacitive response are both observed in KOH; (b): only capacitive response observed in KCI.

Figure 6.9 Specific capacitances of carbonised MOFs/Hinoki wood as a function of scan rate
in KOH and KCI with two potential windows. Sample tested in KOH has better capacitance
than tested in KCI due to faradaic ContribUtioNS. ...........ccocooeiiiiiiiiiie e, 211
Figure 6.10 Cyclic voltammograms of carbonised MOFs/rice husks in 1 M KOH at different
scan rates (a) 2 to 200 mV st and (b) 2, 5, 10 mV s*. Potential range: -0.1 to +0.5 V......... 212
Figure 6.11 Cyclic voltammograms of carbonised MOFs/rice husks in (a) 1 M KOH at 50 mV

st with two potential windows and (b) CV comparison in KOH and KCI electrolytes at 100

XXVii



Figure 6.12 Cyclic voltammograms of carbonised MOFs/seaweed paper in 1 M KOH at

different scan rates (2 — 200 mV s). Potential range: (a) -0.1 to +0.4 V & (b) -0.1 to +0.5 V.

Figure 6.13 (a) Cyclic voltammograms of carbonised MOFs/seaweed paper in 1 M KOH at 50
mV s with different potential windows and (b) CV comparison in KOH and KCI electrolytes
AL 100 MV S oo bbb 214
Figure 6.14 Cyclic voltammograms of Sample 1 at different scan rates (a) 2 to 200 mV s and
(b) 2,5,10 mV stin 1 M KOH. Potential range: -0.2t0 0.4 V. ....ocvvvrvverercccrenenenne 216
Figure 6.15 (a) Cyclic voltammograms of Sample 1 in 3 M KCI at different scan rates and (b)

CV comparison in KOH and KCI electrolytes at 25 mV s. Potential range: -0.2 to +0.4 V.

Figure 6.16 (a) Anodic and cathodic peak current of Sample 1 in 1 M KOH as a function of
square root of scan rate and (b) current of Sample 1 in 3 M KCI as a function of scan rate. 219
Figure 6.17 Cyclic voltammograms of Sample 2 at different scan rates (a) 2 to 200 mV s* and
(b) 2,5,10 mV stin 1 M KOH. Potential range: -0.2t0 0.4 V. ....ocovvrvvrrrrreeenennne 220
Figure 6.18 (a) Cyclic voltammograms of Sample 2 in 3 M KCI at different scan rates (2 to
200 mV s) and (b) CV comparison in KOH and KCl electrolytes at 25 mV s™. Potential range:
S0.210 H0.4 V. ot 220
Figure 6.19 (a) Anodic and cathodic peak current of Sample 2 in 1 M KOH as a function of
square root of scan rate and (b) natural logarithm (current) of Sample 2 in 3 M KCl as a function
of natural 10garithm (SCAN FAtE).........cueiieeiieiie e 222
Figure 6.20 Galvanostatic charge-discharge curves of Sample 2 in KOH at different current
densities (2) 0.5t0 20 Agtand (D) 5,10, 20 A gL oo 223
Figure 6.21 (a) Galvanostatic charge-discharge stability test of Sample 2 and (b) capacitance

retention against cycle number at a current density of 1 A gL in KOH.........cccccovevvvcernane. 224

XXViil



Figure A.1 Cyclic voltammograms of MnO2/BDD deposited at +0.85 V for (a) 50 s, (b) 100 s,
(c) 200 s, (d) 300 s, (€) 400 s and (f) 600 s at scan rate of 5, 10, 25, 50, 100 and 200 mV s,
respectively. Experimental parameters: electrolyte: 3M KCI; potential window: 0 to +0.8 V.
Calculation of specific capacitance in Table 3.3 is based on CVs in this figure. .................. 236
Figure A.2 CV curves of seaweed paper carbonised at different temperatures (600 to 1300 °C)
with increasing scan rates (2 to 200 mV s1) in two potential windows (0 to -0.8 V & 0 to +0.8
V). Calculation of specific capacitance in Table 4.2 & 4.3 is based on CVs in this figure...237
Figure A.3 Chronoamperograms of MnO- deposition at +1.15V with different deposition times
(50 to 1200 s) compared to background current. Calculation of mass of MnO_ deposited is
based on the i-t curves in this fIQUIe. .........cooveiiiii e 239
Figure A.4 Cyclic voltammograms of carbonised seaweed paper/MnQ at different deposition
times (50 to 1200 s) with increasing scan rates (2 to 200 mV s). Calculation of specific
capacitance in Table 4.4 is based on CVs in this figure. .........ccccooceiieiiiie s 240
Figure A.5 Chronopotentiograms (GCD) of seaweed paper/MnO; at different deposition times
(50 to 1200 s) with increasing current densities (0.5 to 10 A g™). Calculation of specific
capacitance in Table 4.5 is based on GCD curves in this figure...........cccccoveviiveiicie e, 241
Figure A.6 The capacitance retention of seaweed paper/MnO. with different deposition times
(50 to 600 s) at the current density 0Ff 1 A gl v 242
Figure A.7 Cyclic voltammograms of 600 to 1300 °C carbonised Ni-FP in 1M KOH from 2 to
200 mV s in a positive potential range of 0 to +0.7 V. Calculation of specific capacitance in

Table 5.1 is based on CVS iN this fIQUIE. .......cooviiiiiiii e 243

XXiX



List of Tables

Table 3.1 Cyclic voltammetric data for redox systems in KCI solution at BDD at 100 mV s™.

Table 3.2 Gravimetric and areal specific capacitance of MnO./BDD electrode calculated from
CVs at 100 mV s with different deposition time (0 to 600s) at +0.75 V.......cccccceveverernnn. 101
Table 3.3 Gravimetric specific capacitance (F g) of MnO2/BDD electrodes with different
deposition time from 50 to 600 s at +0.85 V calculated from CVs at 5—200 mV s2........... 108
Table 4.1 Surface area and pore size of seaweed paper carbonised at different temperatures
obtained from BET @nalYSiS.........cccveiiiiiiiiiiiie et 127
Table 4.2 The specific capacitance of seaweed paper at different carbonisation temperatures in
the negative potential Window (0 10 =0.8V). ....cociiiiiiiieieee e 136
Table 4.3 The specific capacitance of seaweed paper at different carbonisation temperatures in
the positive potential window (0 t0 +0.8V). ....cooiiiiiiieiecc e 136
Table 4.4 The specific capacitance (F g*) of seaweed paper/MnO- at different deposition times
FTOM GV S, bbbt bbbt 147
Table 4.5 The specific capacitance (F g*) of seaweed paper/MnO- at different deposition times
FTOM GCD. ..ot 149

Table 4.6 Electrochemical performance of MnO./carbon-based electrodes for supercapacitors.

Table 5.1 The specific capacitance (F g*) of Ni-FP carbonised at different temperatures...182

Table 5.2 The specific capacitance (F g) of 800 & 1100 °C Ni-FP at different current densities.

Table 5.3 Electrochemical performance of carbon-based composite electrodes modified with

Ni(OH): or transition metal oxides for SUPErcapacitors. ..........ccocvevverierererenene e, 193

XXX



Table 6.1 Atomic ratios of samples according to XPS survey Spectra. .........cccceevvvvervvenenne. 206
Table 6.2 Specific capacitance of the carbonised MOFs/biomass sample. Experimental
parameters: electrolyte: 1 M KOH; potential window: -0.1t0 +0.5 V. ......ccccoivviviveiviiennn, 215

Table 6.3 Summary of peak separation and specific capacitance of Sample 1 in KOH and KCI.

Table 6.5 Summary of specific capacitance of Sample 2 in 1 M KOH via CV and GCD. ..223
Table 6.6 Electrochemical performance of MOF and carbon-based electrodes for

U0 LcT (= 1= o | (0] £ S S PSS 225

XXXI



Chapter 1 Introduction

This introductory chapter presents a brief background of climate change, renewable energy and
electrochemical energy storage devices including fuel cells, batteries and supercapacitors
among which supercapacitors are specifically focused on. The electrode materials for
supercapacitors are reviewed such as carbon materials and transition metal oxides/hydroxides.
The discussion covers the production, properties, modifications and applications of these

materials. The chapter ends with the aims and objectives of the subsequent chapters.

1.1 Energy storage devices — overview

1.1.1 Climate change

Adopted in December 2015, the Paris Agreement aims to tackle climate change and its negative
impacts by limiting global warming and reaching global peaking of greenhouse gas emissions
as soon as possible.r Although some development strategies are not mandatory, most countries
have been carrying out ambitious action under this legally binding international treaty on
climate change since it entered into force in November 2016.2 To achieve the goals of the
agreement, the competitive zero-carbon solutions are established by more and more countries.?
In addition to financial assistance, climate-related capacity building support for developing
countries as well as technology development and transfer are guaranteed under the framework.*
Particularly, the power and transport sectors benefit from this trend where many opportunities
have been sparked, encouraging countries to work out more ambitious and positive plans in the
future.® For instance, advances in electric vehicles and hybrid electric vehicles do well in

reducing greenhouse gas emissions.®



1.1.2 Renewable energy and energy storage

Apart from the global climate crisis, a swift transition to renewable and sustainable energy
technologies is formidable but essential on account of fast depletion of conventional and non-
renewable energy sources such as coal, natural gas and petroleum, also known as fossil fuels
and increasing amount of energy consumption.” Therefore, clean and renewable energy
resources are substituted for fossil fuels to help people to meet the goals of cutting down

greenhouse gas emissions and maintaining considerably high energy demand.®

Nowadays, people have made great progress in utilising renewable energy sources including
solar energy, wind energy, biomass, geothermal energy, hydropower from waves and tides.®
However, power generation from some renewable sources is not always constant as wind
power is uncontrolled and solar power is only available during daylight hours. On the other
hand, energy consumption is not constant either due to the on-peak and off-peak characteristics
of human activity and industrial production.'® ! Hence, development of energy storage devices
where energy is stored after generation when unneeded, and converted for use on demand has
become a prevalent strategy to utilise these new energy sources more efficiently, stably and

reliably.'> 13
1.1.3 Electrochemical energy storage

Currently, four types of large-scale energy storage systems are available after power generation
including mechanical, thermal, chemical and electrochemical storage.'* Amid the mentioned
technologies, storing energy in electrochemical methods is designed for use in industry and
commerce where it has demonstrated high efficiency, flexibility, and versatility.'® Batteries,
supercapacitors and fuel cells are three representative energy storage devices which store and

release energy in electrochemical processes and are studied on the frontiers of science.!* 1°



In an electrochemical energy storage system, the fundamental principle is usually the same. In
other word, the systems share common features to some extent. Normally, the device is
composed of two electrodes separated by an electrolyte and a separator. The electrode where
the oxidation reaction occurs is named the anode, while the other electrode where the reduction
reaction occurs is called the cathode. The conducting electrolyte allows ionic flow, whereas the
separator is electronically insulating which prevents electric contact of the electrodes. Thus,
redox reactions take place at the electrodes, and electrons generated move through an external
circuit when the device is discharged, and energy is released. On the opposite side, an external
voltage is applied across the electrodes that drives the flow of electrons and redox reactions at

the electrodes during device charge and energy storage.® 11 14,16

However, the operating mechanisms are always different for the three systems. For example,
the active materials for energy storage and conversion stay in the same compartment in a
battery as a closed system. Contrast that with a fuel cell, an open system, whose active materials
such as oxygen and hydrogen are delivered from the outside. On the other hand, the
mechanisms of one system can be different as well. In a supercapacitor, energy storage may
not involve redox reactions, instead, it is achieved via charge separation at the
electrode/electrolyte interface (so-called electrical double layer by Helmholtz), and therefore

this type of supercapacitor is named electric double-layer capacitors (EDLCs).Y

Such difference in device mechanisms, materials and chemistry leads to distinguishable power-
energy characteristics of energy storage devices, as depicted in a simplified Ragone plot in
Figure 1.1. Batteries are considered as intermediate energy and power systems that own an
established position in application markets. In comparison, fuel cells have high specific energy,
whereas supercapacitors have prominent specific power characteristics. Up to now, no single
electrochemical energy storage system can power the transport sector as competitively as
internal combustion engines. However, high-performance electrochemical energy storage
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devices have been progressing at full speed with the development of fabrication of hybrid

structures, design strategies, novel materials and synthesis technologies. %16
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Figure 1.1 A simplified Ragone plot of various energy storage and conversion devices.*®

1.1.3.1 Fuel cells

In fuel cells, chemical energy is stored in fuels such as hydrogen, methane and methanol, and
then directly converted into electrical energy. Various types of fuel cells have been operating
with different temperatures, net electrode reactions, and solid or liquid electrolytes, as depicted
in Figure 1.2.*® Alkaline fuel cells (AFC) and polymer electrolyte membrane fuel cells
(PEMFC) work at low temperature where hydrogen is employed as fuel with high energy
densities and less greenhouse emissions.*® Unfortunately, small amounts of the undesirable CO
in H2 stream leads to poisoning of the Pt catalyst at the anode.?’ Furthermore, the precious
metal catalyst Pt is costly in PEMFC.2! On the contrary, solid oxide fuel cells (SOFC) require
low-cost catalysts but higher operating temperature.?? Fuels employed in SOFC are extremely
flexible including gaseous, liquid and solid fuels such as dimethyl ether?, n-butane®*, octane?,

biomass?® and coal?®’. So far, utilisation of fuel cells as a stationary energy source is the most



promising commercial application. Meanwhile, they can be built in a hybrid configuration with
batteries or supercapacitors for portable electronic automobiles.?® The ability to reduce the
material cost (e.g., catalysts and electrolytes) and the fabrication cost is the key to a large-scale

fuel cell market.?®
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Figure 1.2 Summary of operating details of different types of fuel cells.
1.1.3.2 Batteries

As the most commercially successful electrochemical devices, batteries are extensively used
in portable electronic devices such as transport, mobiles, computers as well as stationary power
storage. Although a variety of materials are available in commercial batteries, they can be
divided into two categories: primary batteries (e.g., carbon-zinc, alkaline and lithium) that are
non-rechargeable and secondary batteries (e.g., lead acid, lithium ion, NiMH and Ni-Cd) that

are rechargeable.**

Li-ion batteries offer high specific energy and specific power compared to other batteries.?

The operating mechanism involving lithiation (i.e. intercalation/insertion) and de-lithiation (i.e.



deintercalation/extraction) between the electrodes in a Li-ion battery is illustrated in Figure
1.3.%° Currently, they have drawn most of the attention and are dominant in the global battery
market owing to their excellent energy and power densities, cycle life, compact size and
portability. A number of studies on negative electrode materials (anode), positive electrode
materials (cathode), solid electrolyte interface and electrolytes for Li-ion batteries have been
carried out to achieve significant improvement.®! Alternatively, researchers are searching for
novel battery systems with high performance so as to surpass the theoretical specific energy
value of Li-ion batteries such as LiCoO2/graphite and LiFePOa/graphite systems (around 400
Wh kg).32 Among these new systems, Li-S, Na-ion, Na-S, Li-air, Zn-air and flow batteries
(e.g., Zn-Br2 and vanadium redox) are attempting to compete with or to replace the market

position of Li-ion batteries.>
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Figure 1.3 Schematic representation of operating mechanism of Li-ion battery with graphite

anode and LiCoO> cathode.3°



1.1.3.3 Supercapacitors

Supercapacitors, sometimes named electrochemical capacitors, ultracapacitors or hybrid
capacitors, are energy storage devices lying between batteries and conventional dielectric
capacitors. Supercapacitors are classified into two categories relying on their charge storage

mechanisms: electric double layer capacitors (EDLCs) and pseudocapacitors.

In EDLCs, charge is stored at the electrode-electrolyte interface electrostatically. The
mechanism is analogous to a conventional physical capacitor where no faradaic reactions take
place, although conducting electrolytes in EDLCs are substituted for insulating barriers in
dielectric capacitors between two electrodes. Upon polarisation, positive ions and negative ions
in the electrolytes accumulate at the surfaces of two electrodes that are negatively and
positively charged, respectively, forming two electrical double layers and accomplishing
charge separation, as depicted in Figure 1.4 (a).3* The electrical double layer refers to the
charged electrode surface and the opposite charge layer formed by the ions in the electrolytes.
During the discharge process in Figure 1.4 (b), charge rearrangement in the double layer gives
rise to a displacement current. A more complicated model to describe the charge layer in the
electrolytes involves a compact layer and a diffusive layer. In fact, details of the electrical

double layer are complex and will be further discussed in Chapter 2.
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Figure 1.4 Schematic diagrams of (a) charge and (b) discharge mechanisms in electric double

layer capacitors.®*



Similar to a battery, the two electrodes in an EDLC are separated physically by an ion-
permeable membrane (i.e., separator) to prevent short circuit. In addition, binder materials are
always employed to provide adhesion among electrode active materials, current collectors and
other additives to ensure the performance and flexibility of a supercapacitor. Polymers such as
Nafion, polyvinylidene fluoride (PVDF) and polytetrafluoroethylene (PTFE) are conventional
and widely-used binder materials in supercapacitors.®® More recently, eco-friendly cellulose,
lignin, and chitosan derived binders as well as conducting polymers such as polyaniline are
produced with low cost.*® Although binder materials are not as important as electrode active
materials in affecting the performance of supercapacitors, they still play a role in electrode

preparation.

As the energy is stored in charges at the electrode surface in an EDLC, it should have a rapid
response to potential change and delivers energy quickly.®” The non-faradaic process also
contributes to long cycle lives and little capacity loss.® The capacitance of the double layer is
defined as C = &re0A/d, where & is the dielectric constant of the electrolyte, &o is the vacuum
dielectric constant, A is surface area of the electrode and d is the charge separation distance (or
thickness of the double layer).1"-34 % Since the d value is in angstrom range (2 to 10 A) and the
capacitance is proportional to A, high capacitance is anticipated for materials with high
electrode surface area. However, the limited surface area of current electrode materials is
responsible for inferior amounts of energy stored compared to batteries and pseudocapacitors,

the other type of supercapacitors.!*

In Conway’s definition, three faradaic processes can result in pseudocapacitance: (a)
underpotential deposition, (b) surface redox reactions of electrode materials including RuO>
and MnOg, and (c) intercalation of ions into host compounds such as MoSz and TiS», as shown
in Figure 1.5.17:40-43 |n the field of pseudocapacitors, energy is mainly stored and released by
fast and reversible redox reactions at the electrode surface, originating from the second charge
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storage mechanism of supercapacitors mentioned above. The faradaic redox reactions that
generate pseudocapacitance are always located on the surface or near-surface of the electrodes.
The electrochemical behaviour of pseudocapacitors is similar to that of EDLCs where the
electrode potential is a linear function of the charge stored, but the mechanism is faradaic in

origin and this is why the prefix ‘pseudo’ is used here.!’ 4> 43

A noble metal oxide, RuO,, is a typical transition metal oxide material exhibiting
pseudocapacitance through redox reactions. High specific capacitance up to 1300 F g* and
good cycling stability are obtained for RuO2.* However, further studies are hindered due to its
disagreeable high cost and scarcity.*® Instead, cheaper pseudocapacitive materials such as
MnO; and conducting polymers (e.g., polyaniline and polypyrrole) are focused on in spite of
their poor electrical conductivity and short cycling life. The approach to overcoming these

problems will be explained later in this chapter.
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Figure 1.5 Schematic diagrams of faradaic mechanisms generating pseudocapacitance: (a)

underpotential deposition, (b) surface redox system, and (c) intercalation system.*°

At early stages of supercapacitor studies, a number of electroactive materials undergoing
faradaic redox reactions are also described as pseudocapacitive by some researchers in
supercapacitor applications such as NiO, Ni(OH)., CoO and Co3O4. However, they are

classified into battery-type electrode materials by others because their electrochemical



behaviour is related to a battery (i.e., a flat discharge plateau under constant current, and well-
defined redox peaks in CV) rather than a pseudocapacitor (i.e., a triangular charge/discharge
curve under constant current, and a quasi-rectangular CV shape). In fact, most of these
materials have been employed as active materials in primary or secondary batteries for a long
history. To avoid confusion, only those materials (e.g., RuO2 and MnQO3) that are faradaic in
nature but share similar electrochemical signature of EDLCs are presented as pseudocapacitive
electrodes, whereas the other electroactive materials (e.g., Ni(OH)2 and CoO) are called

faradaic battery-type electrodes in this work.

To construct a supercapacitor, it is uncommon and impractical to use only one material based
on a single mechanism. For example, symmetrical EDLCs based on carbon black have a limited
working window in aqueous solutions, leading to smaller energy density.*® Inspired by battery
design, asymmetric devices combining a EDLC negative electrode (e.g., activated carbon) with
a faradaic positive electrode (e.g., pseudocapacitive MnQO2, battery-type PbO2 and Ni(OH)2)
have been reported. These devices are labelled as graphene-MnQO;, carbon nanotubes-NiO,
activated carbon-Ni(OH). asymmetric supercapacitors, etc.*® The electrochemical window and
the energy density of such asymmetric devices are much higher than those of carbon-based

symmetrical EDLCs.*

Furthermore, fabrication of hybrid materials has been proposed in single electrode design as
well. In this case, composite electrodes are produced where carbon materials with high surface
area serve as a support for other electroactive materials.>® For instance, a carbon/metal oxide
composite electrode was prepared by precipitating RuO2 nanoparticles on reduced graphene
oxides surface.*’ Such strategies not only enhance the electrical conductivity of metal oxides
but also lead to improved electrochemical properties of the materials.*® Various materials have
been combined to develop composite electrodes for improved device performance including
specific capacitance, energy density, power density, rate capability and cycling stability.*®
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Commercially, supercapacitors were first marketed in 1978 by NEC Corporation for computer
memory back-up.* However, the market progressed slowly until Conway did much work on
RuOx based supercapacitors from 1980 to 1990s, who not only distinguished supercapacitor
behaviour from battery, but also expanded the knowledge of EDLCs and pseudocapacitors in
electrochemical energy storage.*® In 1980s, the development of electrode materials enhanced
capacitance values, while the improvement of electrolytes lowered internal resistance of the
devices, leading to the use of supercapacitors in military applications.>® In most commercial
supercapacitors, their specific energy is typically 1 — 10 Wh kg, equivalent to a specific
capacitance value between 5 — 50 F g1.5 Although the specific energy for a supercapacitor is
lower than most batteries (10 — 250 Wh kgl), its charge/discharge rate (seconds to minutes) is
much quicker than batteries (hours). Additionally, the cycle life of a supercapacitor (103 — 108
times) is greater than a battery (1000 — 1500 times).>? Such properties enable supercapacitors
to serve in industrial and commercial sectors where fast power delivery with long cycle life is
demanded with some compromises to the energy density. Thus, a configuration of
supercapacitors in conjunction with batteries or fuel cells as a hybrid energy storage system
has become advantageous. Remarkably, one of the recent leading developments in
supercapacitors is the regenerative braking systems of electric vehicles and hybrid electric
vehicles (e.g., Toyota Yaris, Peugeot Citroén, Mazda 6).>> Upon deceleration in a car,
supercapacitors are able to recover almost 80% of the braking energy in a short time as they
can store energy rapidly, whereas batteries can only reach 30% recovery within the same

time.%
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1.2 Electrode materials — carbon

1.2.1 Allotropes of carbon

Carbon, an essential element for living systems, also plays a significant role in energy storage
devices.>® For example, as an allotrope of carbon, graphite is the most popular negative
electrode material in commercial Li-ion batteries.’® At present, carbon-based materials have
been widely investigated in supercapacitor applications due to their unique physical and
chemical properties.® These carbonaceous materials range from conventional diamond,
graphite and activated carbon to novel fullerene, carbon nanotubes (CNTs) and graphene.®’
Activated carbon is one of the most commonly used EDLC electrode materials with high
surface area, moderate electrical conductivity and low cost.%® Although activated carbon with
a specific surface area as high as 3000 m? g** was obtained, its specific capacitance is limited

by other parameters such as pore size distribution and pore structure.®

1.42 A

i
|

Figure 1.6 The graphite structure.>®

Graphite has a hybridisation type of sp? where 2s orbital and two 2p orbitals in a carbon atom
hybridise. Within the graphite plane, each carbon atom is covalently bonded with three carbon
atoms in a hexagonal arrangement with a bond length of 0.142 nm and a bond angle of 120"

The interplanar distance of graphite is 0.335 nm with weak van der Waals force between layers,
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as shown in Figure 1.6. The non-bonded valence electrons in carbon atoms become delocalised,

enabling graphite to conduct electricity.®

Graphene

2D Planar Structure Honeycomb Lattice
of Carbon Atoms

Figure 1.7 The graphene structure.5!

In addition to conventional carbon for EDLC applications, novel allotropes of carbon have
been discovered more recently such as Ceo, graphene and CNTs.%2 Among all forms of carbon,
graphene and CNTs have been broadly explored as potential electrode materials in energy
storage because of their unique electrical conductivity, mechanical resilience, chemical and
thermal stability.%® Graphene consists of a two-dimensional layer of carbon atoms (sp?
hybridised) in a hexagonal honeycomb lattice nanostructure (Figure 1.7). It is considered as a
structural block to build other sp? carbon allotropes in different dimensionalities. For example,
graphite is composed of stacked layers of graphene while one-dimensional CNT is formed by
rolling graphene sheets. Geim and Novoselov were awarded the Nobel Prize in Physics in 2010
for they investigated and isolated graphene with groundbreaking experiments.®* However,
these artificial materials suffer from agglomeration, complex synthesis and fabrication
processes, and high cost of large-scale production, limiting their scalability and commercial
applications in supercapacitors.®® An alternative is to obtain carbon from conventional and
natural resources with modifications, such as heteroatom-doped carbons (e.g., boron doped
diamond) and biomass-derived carbons (e.g., cellulose, lignin and starch derived carbon),

which are abundant, eco-friendly and low-cost.5®

13



1.2.2 Conductive diamond - boron-doped diamond

Diamond is a crystalline allotropic form of carbon with sp? hybridisation, where 2s orbital and
three 2p orbitals in carbon hybridise to form four hybrid orbitals with similar characteristics.
Each carbon atom in diamond is tetrahedrally bonded with four carbon atoms with same bond
lengths (0.154 nm) and bond angles (109.47°), as shown in Figure 1.8.5" It shows unique
properties such as high mechanical hardness (1 x 10* kg mm2) and thermal conductivity (>
2200 W m K1).%8 with a wide bandgap of 5.45 eV, diamond is insulating before doping with
heteroatoms (e.g., boron, nitrogen, phosphorus and sulphur) to improve its electrical
conductivity (~ 1026 S cm™).%° Boron is the most common dopant due to a low charge carrier
activation energy (0.37 eV above the valence band), and boron-doped diamond (BDD) has

been studied as a promising material in various fields.™

Figure 1.8 Structure of diamond.®’

The boron doping level leads to different behaviour of BDD. A p-type semiconducting boron-
doped diamond is obtained at a lower doping level (~ 10*" - 10'® B atoms cm™®). Semi-metallic
behaviour of BDD (electrical conductivity up to 10° S cm™) is achieved with a higher boron
doping level (~ 10% - 10?* B atoms cm™) as p-type holes in diamond overlap with boron

acceptor state, allowing current to flow without thermal activation. Other dopants such as
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nitrogen and phosphorus can provide diamond with n-type semiconducting property with
charge carrier activation energy (i.e., 0.6 eV for phosphorus doping and 1.6 eV for nitrogen

doping) below the conduction band, as shown in Figure 1.9.8
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Figure 1.9 Representation of the energy diagram of selected states in the band gap of

diamond.®®
1.2.2.1 Synthesis

Chemical vapour deposition (CVD) is a major approach to growing thin-film diamond on a
substrate. In a typical CVD process, a gas mixture of hydrocarbon and hydrogen (e.g., CHs and
H>) with or without a dopant (e.g., boron) is first activated via a hot filament or microwave
plasma at a low pressure (~ 10 - 50 mbar) and a high temperature (~ 2200 - 2800 °C).”* The
mixture then undergoes reactions to produce radical precursors for sp® carbon deposition onto
substrates such as silicon.”> Meanwhile, formation of sp? bonds is inhibited due to hydrogen
terminated surface sites.”® Controlled electrical conductivity is achieved by adjusting the
dopant source (e.g., B2Hs, B(CHs)3 and B(OCHs)s) and doping amount (108 - 102 boron atoms
cm®) during CVD growth.” In general, BDD exhibits the behaviour of a semiconductor with
a low doping level (< 10*° atoms cm™), while it acts as a semi-metal with a high doping level
over 10%° atoms cm™3."
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1.2.2.2 Properties

In various electrochemical applications, BDD presents unique advantages over conventional

metal-based and sp? carbon electrodes including:

A wider electrochemical potential window. The potential window of BDD surpasses
3.0 V in aqueous solutions, which is much larger than that of other commonly used
electrodes such as Au, Pt and glassy carbon resulting from high overpotentials for
oxygen and hydrogen evolution reactions.”® In non-aqueous media, the value is even
higher (> 4.0 V) as the sp® carbon is too inert to catalyse the decomposition of organic
solvents.”

Lower background signals. The capacitive current and double layer capacitance of
BDD is up to an order of magnitude lower than that of a glassy carbon electrode.’®
Furthermore, the faradaic contribution is negligible due to moderate numbers of
electroactive oxygen functionalities on the BDD surface (non-diamond surface
impurities). Therefore, the signal-to-background ratios of BDD are enhanced for
sensing purpose as compared to other electrodes.”

Resistance to fouling. BDD has a weak adsorption of contaminants, helping to maintain
its clear electrochemical signals for sensing.®

Physical and chemical stability. BDD remains stable and functional in
sonoelectrochemical analysis owing to its mechanical robustness.®! Its high tolerance
to chemicals under extreme conditions is also favourable such as strong acid.®
Biocompatibility. BDD is available for in vivo analysis of drugs and neuronal

neurotransmitters.8?
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1.2.2.3 Surface modification

Although BDD possesses excellent physical and chemical properties, surface modification is
necessary to enhance its catalytic activity and electrochemical responses for electrocatalysis
and electrochemical energy storage applications.?* 8 In addition to surface grafting by
chemical reactions and metal ion implantation, electrodeposition of nanoparticles is another

convenient way to modify BDD for improved performance.”

A number of species can be deposited onto BDD to form composite electrodes such as metals,
alloys and metal oxides.®® The metal elements used for modification include titanium (Ti),
palladium (Pd), platinum (Pt), silver (Ag), copper (Cu), gold (Au), etc.8® Deposition of metal
alloys (e.g., Pt-Ni, Pt-Cu, Pt-Ru, Pd-Ni, etc.) always show better electrocatalytic activity
compared to single metal decoration.8” Metal oxides such as RuO2, MnOz, TiO, have also been
widely employed, and sometimes metal-metal oxides/BDD composites are produced for
different applications (e.g., Ta-TiO2/BDD for supercapacitors and Pt-RuO./BDD for fuel

cells).®
1.2.2.4 Applications

The excellent properties and easy modifications of BDD enable itself in various
electrochemical applications such as electro-analysis, electrocatalysis, electrochemical energy
storage and conversion, etc. BDD first found its extensive application in electrochemical
sensors with high sensitivity and good reproducibility.®® Inorganic pollutants (e.g., heavy metal
ions and nitrite, etc.)®, organic molecules (e.g., hydroquinone, ascorbic acid, phenol and
dopamine, etc.)®* and biomolecules (e.g., protein, RNA and DNA, etc.)®? have been detected
and analysed by BDD-based electrodes. Electrocatalysis of BDD includes synthesis of organics,
degradation/oxidation of organic pollutants, and fuel cell related applications (e.g., CO2

reduction, O reduction, methanol and ethanol oxidation).*® In particular, electrochemical and
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photoelectrochemical reduction of CO2 comes under the spotlight in recent years. Not only
does it dispose of a greenhouse gas, but also useful compounds are formed as fuels. To achieve
higher efficiency in CO2 reduction, BDD electrodes are decorated with Ag and Cu
nanoparticles.’* BDD electrodes have also been reported to construct supercapacitors, Li-ion
batteries and solar cells. In supercapacitor fabrication, BDD with porous structures was
produced to improve the performance of EDLCs. For example, honeycomb nano-porous
structured BDD exhibited a 200 times larger specific capacitance in comparison with as-
deposited BDD films.®® On the other hand, electroactive pseudocapacitive materials such as
RuO2, MnO. and conducting polymers are combined with BDD electrodes for higher

capacitance.
1.2.3 Biomass-derived carbon

Biomass materials are abundant renewable resources derived from plants, animal and marine
organisms. Due to their sustainability and low cost, biomass-derived materials have been
studied for different applications including hydrogen storage, energy storage, water treatment,
carbon dioxide capture and catalysis.” Plant-based biomass is eco-friendlier compared to
others, and can be used as energy sources directly.®® It is often referred to as lignocellulose,
which is composed of varying proportions of cellulose, hemicellulose and lignin.*® The sources
of biomass include forest crops (e.g., bamboo and wood), agricultural residues (e.g., rice husks,
coffee shells, and wheat straw), industrial, domestic and marine wastes (e.g., waste paper,

sugarcane bagasse, cassava peel, and seaweed biopolymer).1%
1.2.3.1 Preparation

Biomass can be converted into carbon via carbonisation (i.e., pyrolysis and hydrothermal
carbonisation), activation (e.g., physical activation, chemical activation, and microwave-

induced activation), or a combination of both. In this way, materials with tuneable properties
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such as specific surface area, pore size distribution, electrical and thermal conductivity, and
mechanical strength are produced by controlling experimental parameters (e.g., gas atmosphere,

chemical agents, temperature, ramping rate, and time).%’

Pyrolysis is a carbonisation process carried out in a limited oxygen or inert gas atmosphere at
high temperatures (500 - 1200 °C).1%! Although biomass-derived carbon with high specific
surface areas has been prepared by a direct pyrolysis step, it is always followed by an activation
process to increase the specific surface area and porosity.1% Furthermore, most biomass
precursors contain considerable impurities, which could act as porogens and chemical agents

for activation during the pyrolysis process.'%

Compared to pyrolysis, hydrothermal carbonisation (HTC) is a thermo-chemical process where
a lower temperature (120 - 250 °C) and a pressurised aqueous atmosphere are selected. A
product named hydrochar with a high content of oxygen-containing functional groups and a
low specific surface area is prepared after the HTC process.’® Although hydrochars can be
employed as electrodes for energy storage directly, subsequent pyrolysis or activation is usually
required to improve the properties of the materials (e.g., electrical conductivity, porosity,

surface area, etc.).1%

Physical activation is performed in an environment of air, steam or CO2, commonly after the
pyrolysis process. The temperature for air activation (< 500 °C) is lower than that for steam
(800 - 1200 °C) and CO- (800 - 1000 °C) activation. On the other hand, the latter two are more
commonly used to tune pore size distribution by controlling the activation time. In general, the

porous and electrochemical properties are improved after the physical activation process.'%

Chemical activation is conducted at a lower temperature (450 - 900 °C) compared to physical
activation. Common agents include KOH, ZnClz, FeCls, H3POs, and KHCOgz, among which

KOH is mostly used to activate biomass precursors.’?” Materials induced by KOH activation
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have large surface areas and porous structures, which not only benefit from chemical activation
but also carbon lattice expansion by metallic K intercalation.'®® ZnCl; acts as a deoxygenating
and dehydrating agent by reduction and removing water in a simple one-step activation
process.'% Other chemical agents as well as activation methods (e.g., microwave-induced and
physicochemical activation) are also employed to enhance the properties and performance of

biomass-derived carbon.0

1.2.3.2 Properties

Pore structure is important for the performance of carbon. According to IUPAC nomenclature,
pores with different diameters are classified into micropores (< 2 nm), mesopores (2 — 50 nm)
and macropores (> 50 nm).1! Carbon materials with well-distributed pores enable ions to move
with low resistance in the pores and pathways, which is achieved through changing the

conditions of carbonisation/activation.®’

As the materials are not fully graphitised during carbonisation and activation processes, some
oxygen-containing groups still exist on the carbon surface, which contribute to
pseudocapacitance.® Such contributions are derived from redox reactions of different

functional groups including hydroxyl groups, carbonyl groups and carboxylic groups:*?

C-OH=>C=0O+H"+e" (1-1)
>C=0+e¢ =2>C-0 (1-2)
—COOH = —-COO- + H* + e~ (1-3)

However, excessive oxygen-containing groups lead to a low electrical conductivity.''® The
electrical conductivity of carbon is another parameter that affects its electrochemical
performance. This can be improved by increasing the graphitisation degree during high-

temperature preparation, facilitating ion diffusion and electron transfer in electrochemical
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measurements.** When the temperature of treatment is increased, the surface wettability of
carbon materials towards aqueous solutions is enhanced simultaneously.''®> On the other hand,
higher temperature is not only energy consuming, but also harmful to the surface area and
porosity of the materials.*'® Therefore, a certain balance between porosity, numbers of
functional groups and graphitisation degree should be obtained for excellent electrochemical

performance.
1.2.3.3 Modification

In order to produce carbon with higher specific capacitance, one strategy is to dope carbon with
heteroatoms (e.g., sulphur, boron, oxygen, nitrogen, and phosphorus), accomplished by mixing
biomass with heteroatom precursors or by post-treatment. For example, nitrogen doped carbon
materials exhibited better wettability and electrical conductivity. Additionally, carbon with
nitrogen and sulphur-containing functional groups shows larger capacitance through

pseudocapacitive contributions.'’

In addition to physical/chemical activation and heteroatom doping, other methods of
modification such as compositing electrochemically active materials with biomass-derived
carbon are conducted by researchers. Hybrid carbon-based hydrogels and aerogels are
produced by incorporating other functional materials (e.g., CNTs and rGO) into biomass-
derived carbon, showing good capacitance and stability in bent state.!*® Combination of
faradaic active materials such as transition metal oxides and conducting polymers with
biomass-derived carbon also provides improved performance of the hybrids because they have
higher specific capacitance compared to carbon despite poorer electrical conductivity and

cycling stability. !
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1.2.3.4 Applications

Biomass-derived carbon has first been developed as adsorbents for environmental
contaminants such as metallic (e.g., chromium, copper, lead, mercury, cadmium, etc.), non-
metallic (e.g., phosphate, sulphur, fluoride, molybdate, thiocyanate, etc.) and organic (e.g.,
dyes, pesticides, phenolic compounds and pharmaceutical compounds) pollutants due to its
excellent adsorption capacity.!? In addition to pollutants from aqueous solutions, it acts as a
promising material in gas adsorption (e.g., CO2, Hz2, NO2 and H>S). It is not only effective in
capture of greenhouse gases and pollutant gases, but also in hydrogen storage with low cost,
stability and regeneration.’®® Recently, biomass-derived carbon has been used in energy
applications. Due to its unique 3D hierarchical porous structure, biomass-derived carbon serves
as promising materials in fuel cells, supercapacitors and batteries. It is also fabricated into
electrocatalysts for hydrogen evolution, oxygen evolution and oxygen reduction reactions to

replace traditional noble metal catalysts.?!

1.3 Electrode materials — carbon-based composites

Materials with pseudocapacitive or faradaic battery-type properties possess significantly higher
theoretical specific capacitances and energy densities than carbon-based EDLCs. Therefore,
composite electrodes combining faradaic active materials such as transition metal oxides or
conducting polymers with conductive carbon materials have been widely investigated.*®
Hydrous ruthenium oxide (RuO2-xH20) is one of the most studied intrinsic pseudocapacitive
materials in supercapacitor applications as it undergoes a multi-electron transfer mechanism
during fast faradaic redox reactions. The charge storage reaction for RuO2 involves proton

insertion/extraction in acidic solutions, expressed by the following reaction:

RuO; + xH* + xe” = RuO2—(OH)x (0 <x<?2) (1-4)
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RuO- has been coated on porous carbon structures such as activated carbon, CNTs, graphene,
carbon black and carbon aerogels, resulting in improved specific capacitance without

sacrificing the stability and power density of the composites.*

Unfortunately, the commercial application of RuO- is limited by its high cost, so another
pseudocapacitive material, MnOg, is substituted for RuO> and incorporated into carbon-based
composite electrodes due to its cheapness and low toxicity.® Although MnO- suffers from poor
electrical conductivity, dispersing MnO> particles onto conductive carbon networks can
enhance the overall electrochemical performance as well as the mechanical strength and the
effective utilisation of the composite materials.'? A number of carbon backbones (e.g.,
graphene, carbon nanofibers, carbon paper, CNTs, etc.) are studied for MnO-based composites,
exhibiting better stability and capacitance compared to a single component, either carbon or
MnO,. The charge storage reactions involve surface absorption/desorption and

intercalation/deintercalation of protons or alkali metal cations,*?® as shown in Reaction 1-5:
MnO; + C* + e = MnOOC (C*=H", Li*, K", Na*, etc.) (1-5)

Some other compounds (e.g., Coz0s, MnO, Ni(OH)2, NiO, etc.) that are redox active but not
pseudocapacitive can be implemented in carbon-based composite electrodes as well.*% 46 Most
of these faradaic battery-type materials interact with hydroxide anions on changing the
oxidation states, occurring not only at the surface but also in the bulk of the materials.*?* For

example, some of the corresponding redox reactions proceed as:

C0O + OH" = CoOOH + & (1-6)
C0304 + OH" + H20 = 3CoOO0H + ¢’ (1-7)
COOOH + OH" = Co0;, + H,0 + ¢ (1-8)
NiO + OH = NiOOH + ¢’ (1-9)
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Ni(OH)2 + OH = NiOOH + H,0 + ¢ (1-10)
MnO + OH & MnOOH + ¢ (1-11)

More recently, transition metal complexes such as metal-organic-frameworks (MOFs) are
introduced by researchers. MOFs are assembled from metal ions and organic ligands, and the
metal ions can show redox properties for energy storage. However, the electrical conductivity
of MOFs is even worse than most metal oxides, limiting their use in supercapacitors. To
overcome their non-conducting nature, MOFs or precursors of MOFs can be dispersed within
the carbon framework first. Afterwards, the mixture undergoes pyrolysis to obtain metal
oxides/carbon composites. A variety of metal ions (e.g., Fe?*, Co?*, Mn?*, Ni?*, Cu?*, and
bimetallic/trimetallic ions) have been studied as well as organic functionalities and carbon

substrates.12®

In summary, fabrication of composite electrode materials based on carbon backbones and
faradaic active species is a main approach to producing high-performance candidates for

supercapacitor applications.

1.4 Aims

This thesis is composed of seven chapters, aiming to investigate the electrochemical behaviour
of novel carbon materials (i.e., boron-doped diamond and biomass-derived carbon) and their
composites for supercapacitor applications. The aims and objectives of the following chapters

are:

Chapter 2 introduces the electrochemical theories and methods for the experiments. It covers
the basic principles of electrochemistry and emphasises the application of electrochemical
measurements to study real chemical systems. In addition, fundamental principles of

characterisation techniques used in the projects are also explained.
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Chapter 3 focuses on the electrochemical behaviour of Mn?* on boron doped diamond
electrodes first. The electrochemical performance of BDD/MnO, composite electrodes are then

measured to increase the specific capacitance for supercapacitor applications.

Chapter 4 exploits the electrochemical properties of biomass-derived carbon using seaweed
paper as the precursor. The carbonised seaweed paper then serves as a carbon substrate (EDLC
source) for potentiostatic deposition of manganese dioxide (pseudocapacitive source) to obtain

composite electrodes for further electrochemical measurements as supercapacitors.

Chapter 5 develops nickel treated biomass-derived carbon from filter paper. By removing or
maintaining the nickel particles, its electrochemical behaviour is studied. The composite
electrodes are then measured in alkaline electrolytes with nickel converted into faradaic active

nickel hydroxide for supercapacitor applications.

Chapter 6 prepares a number of biomass-derived carbon materials from seaweed paper, rice
husk, cypress wood and floorboard waste with bimetallic cobalt/manganese MOFs
modification. After pyrolysis, the carbon/bimetallic metal oxides composites are studied for

supercapacitor applications.

Chapter 7 concludes the thesis by summarising the key results.
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Chapter 2 Experimental Theories and

Techniques

In this chapter, electrochemical fundamentals and methods featured in the thesis are explained.
The emphasis is placed on electrode process, equilibrium electrochemistry, electrode kinetics
and mass transport. Afterwards, electrochemical methods such as chronoamperometry (CA),
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS) are introduced as well as instrumentation and experimental set-
up. Additionally, the background of characterisation techniques employed is described,
including scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS),

X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).

2.1 Electrochemical fundamentals

2.1.1 Electrode processes

In an electrochemical cell, two kinds of processes occur at an electrode. The first type is called
non-faradaic processes which refers to processes where charges (i.e. electrons) do not cross the
electrode/solution interface.! However, external currents will still flow in these processes such
as adsorption/desorption due to changes of solution composition or potential applied. In an
extreme case (e.g., ideal polarised electrode) where only non-faradaic processes are observed,
the behaviour of the electrode/solution interface resembles that of a dielectric capacitor, given

by the equation:

=1 (2-1)
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where C is the capacitance (Farads, F), g us the charge stored (Coulombs, C), and E is the
potential across the capacitor (Volts, V). Charge will accumulate on the metal sheets and a
charging (also called capacitive) current will flow when a potential is applied across the

capacitor.

Analogous to a capacitor, a charge g™ on the electrode and a charge g° in the solution exist at
the electrode/solution interface with g™ + g = 0 at all times at a given potential. g™ is caused
by an excess or deficiency of electrons, while ¢° arises from an excess of electrolyte ions or
oriented dipoles in solvent. The electrical double layer formed by the two charged layers (i.e.
Helmholtz model) can be thus interpreted as a capacitor with two metal plates.? However, the
double layer capacitance is often dependant of the potential applied, which is different from
that of a real capacitor. In fact, the structure of the electrical double layer is more complicated
than the simple model above. Therefore, the Helmholtz electrical double layer model was

further developed by others.®
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Figure 2.1 Schematic diagram of a proposed electrical double-layer model.*
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Figure 2.1 shows an improved model of the double-layer region with multiple layers on the
solution side. The closest layer to the electrode that contains specifically adsorbed species and
solvent molecules is called the inner layer (also called the compact, Stern or Helmholtz layer).
The inner Helmholtz plane (IHP) is defined by the centres of the specifically adsorbed ions in
the inner layer with a potential ¢ and a charge density of ¢' (uC cm™). Solvated ions that are
non-specifically adsorbed can approach the electrode only to a longer distance via long-range
electrostatic forces, and the locus of centres of these closest solvated species is called the outer
Helmholtz plane (OHP) with a potential ¢2. Extending from the OHP to the bulk solution, the
diffusion layer where solvated ions are distributed has an excess charge density of ¢%, and the

total charge densities (where charges q are divided by the electrode area A) can be termed by:
05 =o' + 09 = —oM (2-2)

The overall double layer capacitance Cq is equal to the series capacitance of the OHP (Cn) and

the diffuse region (Cp), depicted as*:

i: i_|_ 1 (2'3)

Ca CH Cp

Notably, the energy storage mechanism of EDLCs is based on the presence of the non-faradaic

processes and double layer capacitance.

The other type of processes where electrons are transferred across the electrode-electrolyte
interface are called faradaic processes, resulting in oxidation and reduction reactions.® These

processes are governed by Faraday’s law as follows:

m=%<% (2-4)

Fn

where m is the mass of the reactant or product, Q is the charge passed, M is the molar mass of
the reactant or product, F is Faraday constant (96485 C mol™?), and n is the stoichiometric

number of electrons transferred in the redox reaction.
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The energy storage mechanism of pseudocapacitors and batteries is achieved via faradaic
processes and redox reactions. In most electrochemical experiments, the faradaic currents for
redox reactions are of key interest if the double layer capacitance is negligible. However, the

non-faradaic current should also be considered when it has larger magnitudes.®
2.1.2 Equilibrium electrochemistry

In this part, electrochemical processes involving charge transfer across the electrode/solution
interface (i.e., faradaic processes) will be presented through thermodynamics. Consider a

faradaic electrode process:
O(ag) + ne'm) = Rag (2-5)

where the oxidised form O in the solution is reduced to species R in the solution phase by
accepting n electrons which come from the electrode phase. A potential difference (¢m — ¢s) is
established at the electrode/solution interface when charge separation develops between the

two phases, irrespective of the equilibrium.®

In order to measure the potential difference, a reference electrode chosen by convention and
taken with zero potential (i.e., the standard hydrogen electrode) is introduced to complete the
circuit. When a dynamic equilibrium is reached, the measured potential difference of the O/R

electrode E is given by the Nernst equation:

E=E"+Xp%e (2-6)

nr ar

where E? is the standard electrode potential (V), R is the ideal gas constant (8.314 J K* mol?)
T is the temperature (K), n is the number of electrons involved in Reaction 2-5, F is the Faraday

constant (96485 C mol™), and ao and ar are the activities of O and R, respectively.

As the activities of the species are always unknown, the Nernst equation is rewritten as:
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E=E°+%1n% = o 4 &y Yol9] (2-7)
nF  agr nF  yRr[R]

[0]

1o RT
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Tin 12 (2-8)

E=E'+X et My,
nF YR nF [R]

— 0
=Ef +

n

where E}’ =E°+ %ln’y’—o is the formal potential (V), y is the activity coefficient which is
R

unitless, and [O] and [R] are the concentrations of species, respectively.
2.1.3 Electrode kinetics

For an electrode reaction, the electrode kinetics can be controlled by the rates of processes
including mass transport, electron transfer, preceding or following chemical reactions (e.g.,
dimerization and protonation), and surface reactions (e.g., adsorption, desorption, and
crystallisation), as shown in Figure 2.2. As some processes such as electron transfer depend on
the electrode potential, a theory explaining the potential dependence of an electrode reaction is

required quantitatively.
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Figure 2.2 Schematic diagram of a general electrode reaction pathway.*
Considering a one-electron transfer process in Reaction 2-5, the net current i of the reaction is:

i =iq+ic=FA(kq[R]o = kc[O]o) (2-9)
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i, = FAk4[R], (2-10)
i, = —FAk.[0], (2-11)
Vnet = Kq [R]O - kC[O]O (2-12)

where i and ic are the anodic and cathodic currents (A), respectively, A is the electrode area
(cm?), F is the Faraday constant, ka and kc are the respective heterogeneous rate constants for
the oxidative (backward) and reductive (forward) reactions (cm s™), [R]o and [O]o are the
surface concentrations of species A and B (mol cm™), respectively, and vnet is the net fluxes of
material to the electrode surface (mol st cm™). In particular, the anodic/oxidative current is
taken as positive, different from conventional polarographic studies where i is positive for the

cathodic/reductive current.

The heterogeneous rate constants are predicted using the transition state theory and are

expressed in an Arrhenius form’:
ko = k%xp[(1— a)f (E — EP)] (2-13)
ke = k%exp[—af(E — Ep)] (2-14)

where k° is the standard rate constant, « is the transfer coefficient with a value between zero

and unity, f = F/RT, E is the potential applied, and EJP is the formal potential.
The current-potential relation then becomes:
i = FAK°([R]o exp[(1 — &) f(E — Ef)] — [0]o exp[—af (E — EP)]) (2-15)

When equilibrium is reached where the net current i is zero and E = Eeq, Equation 2-15 becomes

the exponential form of the Nernst equation 2-8: of (Fea=Ef) — [0]./[R]..
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At equilibrium, the cathodic or anodic current in Equation 2-15 can be expressed in io, the

exchange current:
ip = FAK°[0]:"%[R]¢ (2-16)
where surface concentrations of the species []o are the same as the bulk concentrations [] «.

The variation of the current-potential characteristic, known widely as the Bulter-Volmer

equation or the current-overpotential equation, is obtained®:

— i 1Bl ,a-a)rn _ 19 ,-afn ]
LTI 0.6 (2-17)

where the overpotential » = E — Eeq. The equation predicts how the current changes as a
function of the overpotential and other parameters. When a large value of io exists, a negligible
activation overpotential is capable of driving the reaction. The electrode kinetics is so fast that
the system is always at equilibrium, which is called a reversible or Nernstian system. In
contrast, a large driving force (i.e., overpotential) is required to induce current flows if ip has a
small value. The kinetics of the electrochemical system are so sluggish that it is regarded as an
irreversible process. Particularly, the current is also limited by mass transport rather than the

kinetics at extreme overpotential despite the exponential factors of .
2.1.4 Mass transport

Mass transport, or mass transfer, may contribute to the overall reaction rate for particular
reactions. Mass transport in solution takes place in three ways, which are diffusion, migration

and convection.

Diffusion results from uneven concentration distributions and occurs down the concentration
gradient. The diffusional flux j (mol s cm?) for a species is quantified mathematically by

Fick’s 1% law of diffusion:
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= _po ]
j= Dax (2-18)

where D is the diffusion coefficient and is characteristic of the diffusing species, c is the

concentration of that species, and Z—; is the concentration gradient at any point x.

Consider the change in concentration at point x as a function of time, and the relationship is

expressed by Fick’s 2" law of diffusion:

ac _ . 9%

at 7 ox2 (2-19)

In three dimensional Cartesian coordinates (X, Y, z), the differential equation is extended as:

ac _ (a_zc d%c azc) (2-20)

at dx2 a_yz az2

The concentration changes of reactants or products close to the electrode surface are predicted

by this law.

Charged species can move to or from the electrode induced by the electrostatic force as a result
of the potential gradient (¢m — ¢s) between the electrode/solution interface and the external
electric field (d¢/dx) in bulk solutions. Such effects contributing to mass transport are called

migration. The flux jm caused by migration is given by:

_ 3¢ _ _ |zIFD 0¢ ;
Jm X —UC—— = ———C— (2-21)

where u is the ionic mobility which is dependent on ionic charge and size, and solution
viscosity, c is the concentration of the species, g—i’ is the electric field or potential gradient, z is
the charge of the ion, and other terms are defined above.

For many electrochemical reactions, interpretation of data is complex when rate of mass
transport varies and migratory fluxes changes. To simplify the mathematical treatment of

experiments, the migration effects of electroactive species are made negligible by adding an
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excess of supporting/background electrolytes in high concentrations (> 0.1 M) compared to the
analyte. The supporting electrolyte which does not participate in the electrochemical reaction
carries most current in the bulk solution, and most electroactive species reach or leave the
electrode by diffusion. The addition of supporting electrolyte also increases the solution
conductivity and decreases the uncompensated resistance drop. Beyond the benefits above, the
supporting electrolyte ensures a small thickness of the diffuse layer (10 - 20 A), enabling
electroactive species to experience almost full potential drop (¢ém — ¢és) with little ¢, interference
(i.e., g2 — #s= 0). In addition, a high concentration of supporting electrolyte helps to establish

a constant ionic strength of the solution.*2%

Convection occurs when an imbalance of forces exists in the solution, including natural
convection and forced ones. Natural convection which is always undesirable results from
thermal gradients or density differences in the solution. Forced convection is carried out by
external bubbling, pumping or stirring. Reproducible electrochemical results are obtained
sometimes by deliberately introducing forced convection (e.g., a rotating disc electrode). The

flux arises from concentration shifts due to movement of the solution with a velocity vx is given
by:

Jj=cv, (2-22)
In general, the Nernst-Planck equation to describe linear (one-dimensional) mass transport
consisting of diffusion, migration and convection is written as:

J = —DZ—;—%DC%-I-CU,C (2-23)

To avoid complex electrochemical systems, experiments conducted in this thesis are designed
with elimination of migration and convection effects by adding supporting electrolyte and

keeping still experimental conditions.® 2
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2.2 Electrochemical methods

2.2.1 Chronoamperometry

Chronoamperometry is a basic potential step where current is measured as a function of time.
As shown in Figure 2.3 (a), the initial potential of the working electrode E1 is in the region
where no faradaic processes occur. The chronoamperometric experiment starts when the
potential is stepped from E1 to E2, and faradaic currents are yielded immediately. The current
detected falls with time as the concentration gradient decreases, the diffusion layer thickens,
and depletion of electroactive materials applies. The current-time response on a planar

electrode in the diffusion-controlled region is described by the Cottrell equation:

nFADY/2¢,
= Tai2i1/2 (2-24)
where the terms have been defined above.
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Figure 2.3 (a) A basic potential step experiment, (b) concentration profile of reactant for

various experiment times, and (c) current recorded against time.*
2.2.2 Cyclic voltammetry

Cyclic voltammetry (CV) is an extremely powerful and widely practised potential sweep
method for electrochemical studies. In a CV experiment shown in Figure 2.4, the potential is

swept with a certain scan rate v (V st) to a switching potential (E;) or time (t;). At the switching
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point, the direction of the scan is reversed, and the potential is swept back to the initial value
at the same scan rate. Meanwhile, the current is recorded as a function of potential, which are
called the i-E curves (i.e., cyclic voltammograms). In particular, CV without a reversal scan is

known as linear sweep voltammetry (LSV).®
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Figure 2.4 (a) A potential sweep experiment with reverse scan, and (b) the obtained cyclic

voltammogram.!

The electrode behaviour is classified into three ranges: reversible (Nernstian), quasi-reversible
and irreversible depending on the competition between the rate of electrode kinetics and mass
transport.® In a reversible behaviour, the electrode kinetics are so rapid (large standard rate
constant ko and exchange current i) compared to mass transport that Nernst equation is obeyed
at the electrode surface. The peak current for a reversible system at 25 °C is given by Randles-

Sevcik equation®®:

ip = (2.69 X 10°)n3/24D"2cv?/? (2-25)
For an irreversible process at 25 °C:!

ip = (2.99 X 10°)n(n' + a)'/2AD*2cv*/? (2-26)

where n’ is the number of electrons transferred before the rate determining step (RDS), and «

is the transfer coefficient of the RDS.
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2.2.3 Galvanostatic charge-discharge

Galvanostatic charge-discharge (GCD) is performed by applying a constant current step to a
cell for characterisation. Normally, the potential is recorded as a function of the charge-
discharge time in GCD, so this method is also called chronopotentiometry (CP). The
electrochemical system (e.g., a battery or a supercapacitor) is charged to a cell potential at a
constant current, after which the discharge process begins immediately at the same current.
GCD is employed to measure the specific capacitance, energy and power densities of
supercapacitors.’> * Furthermore, the cycle life of a device can be investigated by simply
prolonging charge-discharge cycles in GCD, as shown in Figure 2.5. Compared to CV, tests

via GCD are closer to practical operating situations of an energy storage device.*?
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Figure 2.5 Schematic of GCD curves with several cycles.
2.2.4 Electrochemical impedance spectroscopy

In addition to potential steps/sweeps or current steps, the system can also be studied by

imposing an alternating signal which is a small perturbation.* In electrochemical impedance
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spectroscopy (EIS), the impedance (Z) is described as the response of the system to the

frequency (f) of the a.c. voltages:

E@®)

i(0) (2-27)

Z(f) =

For a complex system with a phase angle difference between i and E, it is convenient to use
the complex notation:

Z(w) = Zge _jZIm (2'28)

where o is the angular frequency (w = 2zf), j? = -1, and Zr and Zim are the real and imaginary

parts of the impedance, respectively.
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Figure 2.6 (a) Randles equivalent circuit. (b) Various equivalences of faradaic impedance.*

Zre is plotted against Zim in a Nyquist plot for different frequency values. The Randles
equivalent circuit is a frequently used model to represent the electrode processes, as shown in
Figure 2.6.%° In the equivalent circuit, the total current is composed of the faradaic current is
and the non-faradaic current ic. A series resistance Re is present in the circuit which is related
to the solution resistance. The double layer capacitance associated with the charging current ic

is represented by Cq, which is in parallel to the impedance of the faradaic process Z:. The
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faradaic impedance Z is considered as a combination of the charge transfer resistance Ret which
models the faradaic reaction and the Warburg impedance Zy which depicts the resistance to
mass transport. Other equivalences of the faradaic impedance have been proposed such as the
subdivision of Z; into the series resistance Rs and the pseudocapacity Cs. In the high frequency
region of the Nyquist plot shown in Figure 2.7, the series resistance Rg is extracted from the
real axis intercept, and the charge transfer resistance R is given by the diameter of the circular
plot. As the frequency falls, the Warburg impedance becomes a more important factor at low
frequencies where mass transport plays a role.

ZI.'H

Mass
transfer
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Figure 2.7 A Nyquist plot with kinetic control and mass transfer control regions at high and

low frequencies, respectively.
2.2.5 Electrochemical cells

In an electrochemical experiment, the experimental cell could comprise a working electrode
(WE) where reactions of interest occur, and a reference electrode (RE) whose potential should
be known and not affected by the passage of current. In this case, the potential of the working
electrode is controlled or observed with respect to the reference electrode, and such

arrangement is called a two-electrode cell, as depicted in Figure 2.8.1
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Figure 2.8 Schematic diagram of a two-electrode cell.?

Conventionally, the normal hydrogen electrode (NHE), or standard hydrogen electrode (SHE)

is accepted as reference with a potential of zero and components at unit activity:
Pt|H2 (1 atm) |[H* (aqueous, a = 1)

For experimental convenience, potentials are measured with respect to some RE other than

SHE. One common RE is the saturated calomel electrode (SCE):
Hg|Hg2Cl2|KCI (saturated in water), with a potential 0.242 V vs. SHE.
Another reference widely used is the silver-silver chloride electrode:

Ag|AgCI|KCI (saturated in water), the potential of which is 0.197 V vs. SHE.
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Figure 2.9 Schematic diagram of a three-electrode cell.?

When the passage of current i is appreciable, the potential of the RE may shift and it cannot
serve as a constant reference. Furthermore, a voltage drop equal to iR in the measured
potential is no longer negligible, which is caused by the solution resistance Ro. To eliminate
these changes, a counter or auxiliary electrode (CE) is introduced in a three-electrode cell
arrangement (Figure 2.9). In this design, the current is passed between the WE and the CE.
Meanwhile, the potential difference is measured between the WE and the RE with tiny current
passing through. As a result, the potential of the reference electrode is stable and the ohmic

drop iR is insignificant.*
2.2.6 Instrumentation and experimental set-up

The electrochemical experiments were performed with an Autolab PGSTAT128N
potentiostat/galvanostat (Metrohm Autolab, Utrecht, Netherlands) connected to a PC running

NOVA software version 2.1.

The electrochemical cell is a typical three-electrode configuration which is composed of a
working electrode, a reference electrode and a counter electrode. In Chapter 3, a boron-doped
diamond electrode mounted in a PTFE holder serves as the working electrode. In Chapter 4, 5

and 6, bulk biomass materials are attached to a Pt current collector, which are used as the
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working electrode. Powder biomass samples are drop coated on a glassy carbon electrode,
assembled in a PTFE holder and employed as the working electrode. Chapter 4, 5 and 6 were
accomplished in collaboration with the Korea Institute of Energy Research who have provided
the biomass samples. Other experimental parameters are described in detail in the respective

chapters.

2.3 Characterisation techniques

2.3.1 Scanning electron microscopy

In the scanning electron microscopy (SEM) technique, the surface of a sample is scanned with
a focused electron beam, as shown in Figure 2.10. The electron beam irradiates the sample,
creating useful images which contain information about the surface morphology of the sample.
When incident electrons from an electron gun (e.g., tungsten filament, lanthanum hexaboride,
and field emission) strike upon the sample surface, two types of electron scattering occur.
Electrons that are deflected elastically are called backscattered electrons, which are scattered
back to the detector without loss of kinetic energy. In contrast, secondary electrons with lower
energy (< 50 eV) are outer shell electrons emitted from the sample due to inelastic scattering.
As secondary electrons can only escape from 5 - 10 nm of the sample surface, more can reach
the detector and the signal of topographic information is highly localised with better resolution.
Backscattered electrons with less resolution from deeper locations within the sample can
provide data for composition analysis especially for samples with larger atomic number.® In
general, samples should be solid and stable in high vacuum as well as electrically conductive

and completely dry for a conventional SEM test.
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Figure 2.10 Simplified schematic of an SEM instrument.*’
2.3.2 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS or EDX) works as an addition to SEM. The
excitation source of EDS is also an electron beam. However, an X-ray detector in EDS is
substituted for the electron detector in SEM. In addition to signals from secondary electrons
and backscattered electrons, characteristic X-rays are emitted when an electron beam interacts
with a sample, which causes removal of an inner shell electron from the sample. The vacancy
in that inner shell is then filled by an outer shell electron, and the energy difference is released
as the characteristic X-rays.'® The energy of the X-rays is characteristic of different atoms, and
therefore is used to measure the abundance of elements and identify their distribution in the

sample.
2.3.3 X-ray diffraction

X-ray diffraction (XRD) is widely used to characterise and identify unknown crystalline
materials. An X-ray beam is generated by an X-ray arm and directed towards the sample, as
shown in Figure 2.11. The diffracted rays are produced due to constructive interference of

scattered rays when Bragg’s law is satisfied:

nA = 2dsinf (2-29)
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where n is the diffraction order, A is the wavelength of radiation, d is the spacing between lattice

planes, and 4 is the incident angle.

The diffracted X-rays are collected, and their intensity is measured by a detector arm which
rotates at different 26 angles. The as obtained intensity, 26 angles and peak widths of an XRD
pattern are checked against a database to identify materials and determine their structures,
orientations or spacings.'® In this thesis, XRD analysis was conducted with a Philips X’Pert

Pro diffractometer producing Cu-Ka (A = 1.54 A) radiation, operating at 30 mA and 40 kV.

Figure 2.11 X-ray diffraction based on Bragg’s law.%
2.3.4 X-ray photoelectron spectroscopy
2.3.4.1 XPS fundamentals

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis, is a powerful surface-sensitive quantitative technique based on the photoelectric effect
to determine the surface elemental composition, chemical and electronic states, and electronic
structure of a material.?! The process of electron emission via electromagnetic radiation is
called the photoelectric effect, and the electrons emitted in this way are named photoelectrons.
In practice, a monochromatic X-ray beam (e.g., Mg K, at 1253.6 eV or Al K, at 1486.6 eV)
bombards a sample, which causes ejection of core electrons from the material to the

surrounding vacuum where they are detected, as shown in Figure 2.12. The X-rays are able to
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penetrate up to 10 um of the sample surface, but only electrons close enough to the top surface
(< 10 nm) can escape without loss in kinetic energy. A photoelectron spectrum shows the
distribution of photoelectrons and the kinetic energy measured in vacuo.! The kinetic energy

of the photoelectron Ex detected has the following relationship:

where hv is the energy of the photon, the binding energy Eg is the energy to remove the electron
from the initial state, and ¢ (3 - 4 eV) is the work function of the spectrometer. Thus, it is
common to display a plot of the electron intensity versus the binding energy Eg instead of Ex
in a spectrum. As the binding energy of an electron for different elements and atomic levels is
discrete, the elemental composition of the surface region can be determined except hydrogen
and helium. The characteristic peak intensity (i.e., peak area) is proportional to the number of

an atom in the sample surface:

n; = Ii/Si (2-31)
1i/Si
ni/n] m (2'32)
n; 1i/Si
€= Mo (2-33)

CXng L/

where n is the number of the element i, I; is the peak intensity, Si is the sensitivity factor, Ci is

the percentage atomic concentration, and j is another element in the sample.
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Figure 2.12 Schematic diagram of an XPS spectrometer.??
The intensity of an electron that reaches the surface is based on the Beer-Lambert law:
lg = lox e (2-34)

where Iq is the intensity of an electron after it has travelled from a depth of d in the solid to the
surface, lo is the intensity of that electron when emitted at a depth of d, and 4 is the inelastic
mean free path (IMFP) of an electron in a solid, which is identical to the mean escape depth.
The sampling depth is defined when the depth d = 3/, where 95% of the detected electrons
come from. For instance, A is mostly in the range of 1 - 3.5 nm for Al K, radiation, leading to

an analysis depth of 3 - 10 nm for XPS under these conditions.?®

The inelastic mean free path A is dependent on the kinetic energy of the electron. As 4 depends
weakly on the material where the electron is travelling, it can be calculated or estimated from
a ‘universal curve’ where A is plotted as a function of the kinetic energy of the photoelectron
(Figure 2.13). It can be seen from the curve that XPS is highly surface sensitive particularly in
the kinetic energy range of 20 - 100 eV.
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Figure 2.13 Inelastic mean free path of photoelectron as a function of kinetic energy with a

fitted “universal curve’.?3

Furthermore, formation of a chemical bond can lead to a redistribution of charge of outer
electrons, resulting in a slight change of the binding energy of a core electron. An increase in
the binding energy is observed if valence electron charge is withdrawn from the atom (positive
oxidation state), whereas a decrease in the binding energy results from addition of valence
electron charge (negative oxidation state). Such subtle but reproducible change in the binding
energy is called ‘chemical shift’, which can provide chemical bonding and oxidation state
information of an element.?* Apart from the photoemission process discussed above, other

phenomena may be observed in XPS spectra.
2.3.4.2 Auger electron

A hole is available in the atomic core level after electron emission by irradiation with electrons
(i.e. EDS) or X-rays (i.e. XPS) as above, after which an electron from an upper energy level
can fill the vacancy and the excited state of the ionised atom will return to a lower energy state
(i.e. relaxation).?> Meanwhile, the energy difference resulted from this process can be released

in the form of electron emission (Auger electron) or photon emission (X-ray fluorescence), as
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shown in Figure 2.14. For example, a core vacancy in the K shell is filled by an electron from
L1 shell, and the energy liberated simultaneously ejects an Auger electron from the Lz shell in

Figure 2.11 (c).

® KLL,

Auger electron

(a) (b) (c)

/

2py (L) —o-0-0-0— — 000 —00-0-0—
L) —o o —— @ -0
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1s (K A
s (K) O - -0

Figure 2.14 Schematic view of (a) photoelectron emission process, (b) X-ray fluorescence

process, and (c) KLiLs Auger emission process, adopted from?.
2.3.4.3 Satellite peaks

Satellite structures may take place during the photoelectron emission process, leading to shake-
up and shake-off peaks. In a shake-up transition shown in Figure 2.15 (a), a valence electron is
excited to a bound state simultaneously when a photoelectron is emitted. Different from the
shake-up effect, the excitation of a valence electron to a continuum state (ionised) occurs in the
shake-off transition during the photoemission event. The kinetic energy of the photoelectrons
involved in shake-up and shake-off transition is lower in this way, which is displayed as

satellite peaks appearing at higher binding energy side of the main photoelectron peaks.?
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Figure 2.15 Schematic representation of shake-up and shake-off processes, adopted from?”.
2.3.4.4 Multiplet splitting

Multiplet splitting is an important phenomenon that occurs in atoms containing unpaired
electrons in the ground state. When a vacancy in the core level (e.g., 2p, 3d, and 4f) is available
due to photoelectron emission, spin-orbit interaction takes place and energy level splitting is
produced. Therefore, a doublet of peak is observed for core levels with two final stated such as
2p12 and 2psz2, 3ds2 and 3dsy2, and 4fs, and 4f72.2 For s orbit in most cases, no splitting is
observed as the total angular momentum quantum number J can only be % (e.g., 1Sup).
However, the unpaired electron left in the s core level can couple with the unpaired electrons
in the valence levels (e.g., coupling of Mn 3s electron with Mn 3d electrons). As a consequent,

different final states are created and multiplet peaks are present in the spectrum.?®
2.3.4.5 Plasmon loss peaks

Typically observed in metals or materials with free electrons, plasmon loss peaks occur in both
XPS and Auger spectra. The photoelectrons emitted can excite collective oscillations of the
conduction band electrons (i.e., plasmons), and thus discrete energy loss in integer multiples
of the characteristic plasmon frequency (i.e., plasmon loss peaks) is seen in a spectrum. An

example of these energy loss features of an aluminium metal (2s and 2p spectrum) is shown in
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Figure 2.16 with several discrete plasmon loss structure of 15.3 eV.* In some cases, plasmon
loss peaks can provide extra information, but some may only interfere with other characteristic

peaks, complicating quantification of a spectrum.

Al 2s

Al 2p
Plasmon Lines

Plasmon Lines

180 160 140 120 100 80
Binding Energy (eV)

Figure 2.16 Aluminium 2s and 2p spectrum with plasmon loss peaks.*
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Chapter 3 Electrochemical Deposition of

Manganese Oxides onto Boron-Doped Diamond

Electrodes

In summary, Boron-doped diamond (BDD) is first characterised by cyclic voltammetry (CV)
with three well-studied redox systems and several aqueous electrolytes. As a promising carbon
material, the BDD electrode is then employed to study the electrochemical oxidation of Mn?*
ions to manganese oxides via CV. Afterwards, it serves as an electrode substrate to fabricate a
pseudocapacitor, where the low cost and environmentally friendly MnO; is deposited
potentiostatically. The as-prepared MnO2/BDD composite electrode is characterised by SEM
and XPS, followed with electrochemical characterisation using cyclic voltammetry. The CVs
show that the capacitance rises with typical pseudocapacitive behaviour and excellent rate
performance after the deposition of MnO.. In the stability test, 84.5% of the capacitance is
retained after 2000 cycles at a high scan rate of 100 mV s*. The results indicate when using
diamond materials, the MnO> modified boron-doped diamond is a promising candidate for

supercapacitor applications.

3.1 Introduction

Boron-doped diamond (BDD) electrodes have been studied in various electrochemical
applications since the 1980s due to their excellent physical and electrochemical properties.
These properties include low background current, wide potential windows, and high robustness
both chemically and structurally, which allow their use in the field of electrochemical analysis,

electrochemical and photoelectrochemical oxidation of environmental pollutants,
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electrocatalysis and energy storage applications.> BDD electrodes have been considered as
promising materials for electrochemical energy applications in past years. They are used for
energy storage and conversion systems such as batteries, fuel cells, supercapacitors, solar cells

and CO> conversion.!

BDD has been explored for the construction of lithium-ion batteries. With a boron doping level
of 102 B cm™3, reversible specific capacity up to 370 mAh g* was found on BDD films grown
on carbon felt substrates, indicating effective lithium intercalation into BDD electrodes.? Due
to its stability and electrochemical properties, BDD acts as a substrate to support catalyst for
fuel cell applications.® Catalysts including metals/alloys (e.g., Pt, Pt-Ru, Pd-Ni) and metal
oxides (e.g., Pt-RuOy, Pt-TiO2, Pt-RuO2-RhO.) are decorated on BDDs via electroless or
electrochemical deposition, thermal deposition and sol-gel process.> # For instance, Pt
nanoparticles are coated on BDD electrodes for oxygen reduction and methanol oxidation
reactions, showing excellent electrocatalytic activity and superior stability.® The
photoelectrochemical and electrochemical reduction of CO2 to CO on BDD electrodes has been
explored widely.® BDD electrodes modified with silver nanoparticles show high selectivity of
products (i.e., CO: Ho) under irradiation towards CO- reduction in neutral aqueous electrolytes
on account of the synergetic effect of Ag particles and BDD substrates.” In addition to the
formation of CO, organic compounds that serve as fuels are also produced via CO> reduction
on BDD electrodes.® For example, copper nanoparticles are decorated on BDD electrodes via
electrochemical deposition or simple wet chemistry process.® Species such as ethanol, formic
acid, formaldehyde, acetic acid, acetaldehyde, and acetone can be formed through

electroreduction of CO, on Cu modified BDD electrodes.'®

As a conductive material with favourable properties, BDD has also been utilised as an electrode
material as well as an electrode substrate to construct energy storage devices such as electrical
double layer capacitors (EDLCs) and pseudocapacitors.'* 12 However, the capacitance of a bare
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BDD (i.e., 3— 10 pF cm?or 10 — 20 F g%) in aqueous solutions is lower due to limited surface
area compared to other nanocarbons such as graphene (i.e., theoretical value ~21 uF cm™ or
550 F g1).*® To improve the performance of BDD-based supercapacitors, two approaches have
been proposed. The first one is to expand the surface area by creating diamond nanostructures.
For instance, diamond foam (0.60 mF cm™), honeycomb structured diamond (0.67 mF cm™),
porous diamond (0.14 mF cm?), steam activated BDD (0.84 mF cm™2) and BDD coated silicon
nanowires (0.10 mF cm?) with enlarged surface areas have been produced to achieve better
performance.'* ¥ The alternative way is to modify BDD substrates with redox species (e.g.,
conducting polymers and transition metal oxides) to construct composite electrodes.
Pseudocapacitive metal oxides including RuOx (132 F g*) and MnO; (326 F g*) are coated on
BDD electrodes to produce supercapacitors with improved performance.** *® Other composite
electrodes such as BDD/Ni(OH), (1601 F g*) and BDD/polyaniline (526 F g*) are also
fabricated with enhanced capacitive behaviour.}” However, it should be noted that the mass
loading of these faradaic active species is low (~ pg cm?), which may lead to much worse
capacitive value when scaled up. A higher specific capacitance value is easily obtained if the
‘dead” weight of the BDD substrate is neglected by some researchers during the capacitance
calculation. Furthermore, the capacitance retention for some of these electrodes are relatively
poor (~70% after 1000 cycles), limiting their potential applications as practical

supercapacitors.?

To summarise, both approaches mentioned could be combined to produce a BDD-based
supercapacitor with larger surface area and redox species modification. Among these materials,
researchers have drawn their attention to MnOz as it is low-cost, abundant and environmentally
friendly. MnO., can be incorporated into BDD through various techniques such as
cathodic/anodic electrodeposition, sol-gel coating, electrochemical oxidation of Mn and

electrophoretic deposition.8
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One aim of this chapter is to explore the electrochemical properties of BDD as electrodes for
EDLCs. The second aim is to fabricate MnO2/BDD composite electrodes via potentiostatic
anodic electrodeposition for pseudocapacitor applications. The electrochemical oxidation of
Mn?* ions on BDD electrodes is studied using CV before the anodic electrodeposition of MnO;

on BDD surface.
3.2 Experimental

3.2.1 Chemicals and materials

Hexaammineruthenium(I11) chloride [Ru(NHs)eCls, 98%], potassium hexacyanoferrate(lll)

[KsFe(CN)s, ACS reagent, = 99.0%], ferrocenemethanol [CiiH12FeO, 97%], potassium

chloride [KCI, ACS reagent, 99.0-100.5%], manganese(ll) chloride tetrahydrate [MnCl>-4H>0,

ACS reagent, =98%], sodium chloride [NaCl, ACS reagent, =99.0%], sodium sulphate
[Na2SOs, ACS reagent, = 99.0%], potassium hydroxide [KOH, ACS reagent, = 85%],

sulphuric acid (H2SO4, ACS reagent, 95.0-97.0%) were purchased from Sigma-Aldrich.
Hydrochloric acid (HCI, 37%, Certified AR for Analysis) and nitric acid (HNO3s, 68-70%,
Certified AR for Analysis) were purchased from Fisher Chemical. Chemical reagents were
used as received without further purification. All aqueous solutions were prepared using ultra-

pure water from Millipore (resistivity ~ 18.2 MQ cm at 25°C).
3.2.2 Equipment and experimental set-up

All electrochemical experiments were performed with an Autolab PGSTAT128N
potentiostat/galvanostat (Metrohnm Autolab, Utrecht, Netherlands) equipped with Nova
software. The measurements were conducted at room temperature using a standard three-
electrode configuration, as described in Chapter 2. The set-up consists of a platinum coil

counter electrode and a silver/silver chloride reference electrode (immersed in 3 M KCI), along
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with a boron doped diamond wafer working electrode. BDD wafers ([B]>10%° atoms cm) of
10 x 10 x 0.6 mm were purchased from Element Six Co (UK) and assembled in a home-built

PTFE holder with a circular area of 0.38 cm? (a diameter of 0.70 cm) exposed to the solution.
3.2.3 Preparation and modification of BDD electrodes

Prior to use, BDD electrodes were soaked in aqua regia (1:3 HNO3z and HCI) overnight to
remove contaminants. The electrodes were then scanned in 0.1 M HNO3 for 20 voltammetric
cycles between -1.5to +2.7 V at 100 mV s1. The electrochemical oxidation of Mn?* was carried
out by cyclic voltammetry in an aqueous solution of 0.1 M MnCl; and 0.1 M Na>SQO4. The
potentiostatic deposition of MnO, on BDD was conducted in the same solution at a constant
potential. The electrochemical performance of the bare BDD and the MnO,/BDD electrodes
was examined in the selected aqueous solution. Other parameters including scan rate, potential
window, deposition potential, deposition time, electrolyte type and cycle number are
specifically mentioned in Chapter 3.3 below. All potentials mentioned in this chapter were

measured against the Ag/AgCl electrode (3M KCI, +0.210 V vs NHE), unless specified.

3.3 Results and discussion

3.3.1 Electrochemical characterisation of BDD electrodes
3.3.1.1 Electrochemical characterisation: redox species

Prior to use, BDD electrodes were cleaned and scanned in 0.1 M nitric acid between -1.5 to
+2.7 V at 100 mV s for 20 cycles. This process aims to yield active surfaces with a high
concentration of oxygen functional groups, and to remove contamination and deactivating
layers.t® Better electrochemical signals with less background contributions were produced after

electrode scanning, as shown in Figure 3.1.
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Figure 3.1 Cyclic voltammograms of BDD in 0.1 M nitric acid after electrode scanning. Scan

rate: 100 mV s for 20 cycles.

The electrochemical behaviour of BDD was first examined by cyclic voltammetry using
ferrocenemethanol in 0.1 M KCI solution at a scan rate of 100 mV s, The result is shown in

Figure 3.2, and the reaction mechanism of the redox system is given in Reaction 3-1:

0
0

Fe
<

(3-1)

)

I
-
@

(-

Peak separation, AEp, was obtained as the potential difference between the anodic and the
cathodic peak (Epa and Epc). The AE, values and the ratios of the anodic peak current to the

cathodic peak current (ipa/ip,c) of the redox couples are listed in Table 3.1.
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Figure 3.2 Cyclic voltammograms of 1.0 mM FcCH20OH in 0.1 M KCI at BDD electrodes.

Scan rate: 100 mV s, Potential range: -0.1 to +0.6 V vs Ag/AgCl.

Table 3.1 Cyclic voltammetric data for redox systems in KCI solution at BDD at 100 mV s,

Redox Species AEp/mV ipalipc
FcCH.OH 85 1.05
Ru(NH3)e> 83 1.03
[Fe(CN)e]* 236 0.95

A AEjp value of 85 mV is suggestive of rapid electron transfer for the FCCH2OH system,

which is further confirmed by the i o/ip c value without deviation from unity.?°

The voltammetry of another typical redox system, Ru(NH3)s>"*, was then carried out at the

electrodes, as shown in Figure 3.3 and Reaction 3-2:
Ru(NHs)e®* + e = Ru(NH3)6®" (3-2)

This well-studied system has been reported to have outer-sphere electron transfer mechanism
with rapid kinetics and is insensitive to electrode surface functionalities and impurities.?! 22
The AE, value is 83 mV, and the ipa/ipc value is 1.03. Both values are similar to the

ferrocenemethanol redox system, indicating nearly reversible electrode kinetics at the BDDs.
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Figure 3.3 Cyclic voltammograms of 1.0 mM Ru(NH3)sClz in 0.1 M KCI at BDD electrodes.

Scan rate: 100 mV s, Potential range: -0.4 to +0.1 V vs Ag/AgCl.

Last, the ferrocyanide/ferricyanide redox couple was studied at BDD electrodes (Figure 3.4

and Reaction 3-3):
[Fe(CN)e]* - & = [Fe(CN)s]* (3-3)

As an inner-sphere electron transfer reaction, this electron transfer process is more sensitive
to electrode surfaces.?? Different from the previous two redox systems, the AEp value (236 mV)
of the [Fe(CN)s]*"* redox couple is in large excess of 57 mV, which is expected for slow

electrode kinetics.
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Figure 3.4 Cyclic voltammograms of 1.0 mM K3[Fe(CN)s] in 0.1 M KCI at BDD electrodes.

Scan rate: 100 mV s, Potential range: -0.2 to +0.6 V vs Ag/AgCl.

In this session, three different electroactive species were investigated on the BDD electrodes.
FCCH20H/FcCH20H* and Ru(NH3)s®*2* exhibited fast electron transfer kinetics, whereas
[Fe(CN)e]*™* showed a quasi-reversible electrochemical response. Based on the
characterisations above, the BDD electrode is a valid candidate for further electrochemical

analysis.
3.3.1.2 Electrochemical characterisation: electrolyte

Four aqueous electrolytes were employed to investigate the operating potential window of
BDD electrodes prior to MnO: deposition. The CVs of BDD electrodes in H.SO4, KOH, KCI
and NaxSOg4 are shown in Figure 3.5. It can be seen that in the acidic solution (H2SOs4, etc.), the
lower potential window is limited by hydrogen evolution reaction (HER). Furthermore, strong
acidic electrolytes are less environmentally friendly, can cause corrosion of current collectors
and impair device safety. By contrast, oxygen evolution reaction (OER) is related to the upper

limit of its potential window in the alkaline solution (KOH, etc.). The oxygen produced may
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cause loosening of active materials, which is detrimental to the long-term functionality of the

electrode.®

Nearly only capacitive current (non-Faradaic process) was observed within a wide potential

window of -1 to +1 V in the neutral aqueous electrolytes (KCI and Na>SQg, etc.). This range

covers the normal potential window of a MnO: electrode (0 to +0.8 V vs Ag/AgCl), so neutral

electrolytes would be used for subsequent experiments.?*
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Figure 3.5 Cyclic voltammograms of bare BDD at 100 mV st in (a) 0.5 M H2SO4, (b) 1 M

KOH, (c) 1 M KClI and (d) 0.5 M NazSOs, respectively. Potential range: -1.5 to +1.5 V. Red

lines: operating window of MnQOx.
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The comparison of CVs of a BDD and a glassy carbon (GC) electrode under the same condition
is illustrated in Figure 3.6 (a). A GC electrode, which is produced by thermal degradation of
polymer resins, is one of the most commonly used working electrodes in electrochemical
experiments owing to its hardness, thermal stability, chemical and electrochemical inertness,
wide potential window and high electrical conductivity.?® The BDD electrode has lower
background current response than the GC electrode, enabling itself to be a promising substrate
material to investigate further electrodeposition of MnO. The influence of neutral electrolytes
(e.g., type of cations and anions, and concentration) on the performance of BDD electrodes
was also studied, as shown in Figure 3.6 (b). No correlation between type of the ions,
concentration of the solutions and CV responses was found on BDD electrodes under the

chosen potential window (0 to +0.8 V).
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Figure 3.6 (a) Cyclic voltammograms of bare BDD and GC electrodes with the same geometric
surface area exposed to solution, and (b) CVs of bare BDD in different neutral electrolytes.

Scan rate: 100 mV s,

3.3.2 Surface characterisation of BDD and MnQO2/BDD electrodes

3.3.2.1 Scanning electron microscopy
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SEM images of a pure BDD electrode and MnO2 modified BDD electrodes after different time
of potentiostatic deposition are shown in Figure 3.7. No particles are observed on a bare BDD
in Figure 3.7 (a). Afterwards, MnO; particles start growing from the edges of the BDD because
of lateral electrical conductivity of BDD electrodes, as shown in Figure 3.7 (b). The areas that
are not covered with MnO. particles at the beginning have less boron dopant concentrations,
therefore are less conductive and consequently experiences inhibited MnO, deposition.?®
Visible agglomeration of particles is observed with longer deposition time in Figure 3.7 (c).
Dense particles agglomerate together with cracks to cover the entire surface of the BDD with

the undesirably long deposition time, as shown in Figure 3.7 (d).

(a) (b) - 100s deposition:  Ju

SR ¢

&

.\‘
\

A D71 x600 100 um -

(c) ,300s deposition

WD, 9. 4mm 10.0kV#x200 " 200um

A D7.1 x600 100 um

Figure 3.7 SEM images of a bare BDD (a) and MnO- deposited on BDD electrodes through
chronoamperometry at +0.85V vs Ag/AgCl for 100 s (b), 300 s (c) and 600 s (d), respectively.
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3.3.2.2 X-ray photoelectron spectroscopy

XPS spectra of the bare BDD and the MnO2/BDD are presented in Figure 3.8. The survey scan
indicates that the major components of the BDD surface are carbon (89.0%) and oxygen
(10.4%). The dominant C 1s peak at 284.6 eV is attributed to the diamond carbon and the O 1s
peak at 532.6 eV indicates the oxygen functionalities on the BDD surface. In addition to the C
1s and the O 1s peaks, Mn 2p and Mn 3s peaks are observed in the survey of the MnO2/BDD
electrode. Furthermore, the O 1s peak is larger while the C 1s peak is smaller after deposition,

confirming the introduction of manganese oxides particles onto the BDD surface.

——B8DD
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Mn2p
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|
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Figure 3.8 XPS spectra of survey scan of bare BDD and MnO2/BDD (100 s, +0.85 V).

The high-resolution XPS spectra of Mn 2p and Mn 3s are shown in Figure 3.9. The Mn 2p
spectrum shows significant split spin-orbit components (Mn 2pz. and Mn 2p1,2), and the Mn
2ps;2z component centred at ~642 eV is attributed to Mn(1V) as in MnO2.2” The Mn 3s peak with
two multiplet split components is caused by coupling of non-ionised 3s electron with 3d
valence-band electrons, as shown in Figure 3.10. The multiplet splitting of 4.8 eV in the Mn

3s region is obtained for Mn(1V), which further diagnoses the Mn oxidation state.?®
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Figure 3.9 XPS spectra of (a) Mn 2p scan and (b) Mn 3s scan of MnO,/ BDD (100 s, 0.85 V).
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Figure 3.10 Schematic diagram of Mn 3s multiplet splitting of Mn**.
3.3.3 Electrochemical oxidation of Mn?* on BDD electrodes

3.3.3.1 Cyclic voltammograms of Mn?* at BDD electrodes

Figure 3.11 shows the CVs for oxidation of 0.1 M MnClz in 0.1 M Na>,SO4 on BDD electrodes.
Na2SO4 acts as a supporting electrolyte for the Mn?* precursors, and the solution is weakly
acidic as Mn?* can hydrolyse to form Mn(OH)x and H".?® The anodic peak (pa1) can be
assigned to the oxidation of Mn(ll) to Mn(IV) on the electrode surface. On the reverse scan,

the cathodic peak (pc,1) is associated with the reduction of Mn(IV) to Mn(Il). The mechanism

of MnO; formation has been discussed in a number of papers.3% 3% 32
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Figure 3.11 Cyclic voltammograms of Mn?* on a bare BDD substrate (three scans). Electrolyte:

0.1 M MnCl; and 0.1 M Na2SO4; potential window: -1.0 to +1.5 V; scan rate: 100 mV s

The overall reaction for the anodic MnO2 deposition is given by a two-electron transfer process:
Mn?* + H,0 — MnO; + 4H" + 2¢ (3-4)
However, it is unlikely that the reaction can occur in one single step. Instead, a multiple-step

mechanism has been proposed.®® 3132 First, a single electron transfer step where Mn?* ions are

oxidised to soluble Mn®* precursors has been suggested, shown in Reaction 3-5:
Mn?* — Mn®* + ¢ (3-5)
The unstable Mn®* formed in the previous step can disproportionate to Mn?* and Mn**. Mn**

ions are then hydrolysed to form MnO; on the substrate surface. Thus, the disproportionation

pathway is given by Reaction 3-6 and 3-7:

2Mn3" — Mn?" + Mn* (3-6)

Mn** + 2H,0 — MnO; + 4H* (3-7)
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On the other hand, the Mn®* ions may hydrolyse to form an insulating intermediate, MnOOH.
The intermediate is then oxidised to MnO: in the subsequent step. The mechanism of the

hydrolysis pathway is shown as following:

Mn®* + 2H,0 — MnOOH + 3H* (3-8)

MnOOH — MnO, + H* + ¢ (3-9)

In addition to the formation of a Mn®* intermediate, another possible electron transfer process
of simultaneous H2O oxidation can take place.? In this mechanism, H2O is first oxidised at the
electrode surface, which generates adsorbed hydroxyl radicals (‘OHags). Mn?* ions then
undergo oxidation with *OHads to form MnOz. The mechanism of the H>O oxidation pathway,

also named advanced electrochemical oxidation process, is given by the following:

H20 — "OHags + H* + ¢ (3-10)

Mn2* + 2°OHags — MnOy + 2H* (3-11)
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E (V vs SHE)

Figure 3.12 Pourbaix Diagram of Manganese (adapted from Pourbaix).3

As a transition metal, Mn has various valence states such as Mn(Il), Mn(l1l), Mn(1V) and
Mn(VI1). Different manganese oxide phases (MnO2, Mn2Os and Mn304) can be synthesised
electrochemically by adjusting the pH of solutions and the potential applied, according to the
Pourbaix Diagram of Manganese in Figure 3.12.3 In addition to the reactions of MnO:
deposition discussed above, the following side reactions including formation of Mn.O3 and
regeneration of Mn*/MnOOH occur inevitably at the electrode surface as a result of the

complex chemistry of manganese®!:

2Mn2* + 3H,0 — Mn;03 + 6H* + 2¢° (3-12)
MnO; + Mn2* + 2H,0 — 2MnOOH + 2H* (3-13)
MnO; + Mn2* + 4H* — 2Mn®* + 2H,0 (3-14)

The oxidation peaks (pa2) appearing between +0.5 V and +0.6 V in Figure 3.11, which are

more obvious in the second and the third cycles, can be attributed to the underlying reaction:

92



MnOOC — MnO; + C* + ¢ (3-15)

where C* = H* or Na*

Oxidation of the manganese (I11) compounds formed during the first cycle give rise to the
anodic peak (pa2) from the second cycle. In fact, Reaction 3-15 shows the charge storage

mechanism for MnO; as a pseudocapacitive electrode material .8 34
3.3.3.2 Effect of scan rate and cycle

Figure 3.13 shows the first CV scan of Mn?* on BDD electrodes with varying scan rates from
2to 75 mV s In all the CVs, the current saw a jump after +0.8 V until the oxidation peaks
appeared between +1.3 and +1.45 V during the anodic scan. The anodic peak current increased,
but the anodic peak potential shifted irregularly when the scan rate was raised. At low scan
rates (e.g., 2 and 5 mV s1), the oxidation reactions had more time to take place on the electrode
surface. For example, the scanning time at 2 mV s is 37.5 times higher than that at 75 mV s°
! while the larger current at 75 mV s’ cannot compensate for the shorter scanning time, leading
to the quantity of charge passed at 2 mV s is larger than that at 75 mV s. As a result, the
insulating intermediate MNnOOH and product MnO. with low electrical conductivity covered
the active sites of the electrode at low scan rates. Thus, the oxidation peak moved to higher
potentials at the partially deactivated electrode compared to one with clean surface. As an
irreversible reaction, the overpotential for the oxidation of Mn?* would increase at higher scan
rates. Nonetheless, less intermediates and products were formed due to less time for the
reaction at higher scan rates, so that the electrode surface had more active sites than the ones

scanned at lower scan rates.3% %
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Figure 3.13 Cyclic voltammograms of Mn?* on bare BDD substrate (first scan) at scan rates

of 2, 5, 10, 25, 50 and 75 mV s, respectively. Electrolyte: 0.1 M MnClz and 0.1 M NazSOxq;

potential window: 0 to +1.5 V.

The formation of the insulating layer can be further confirmed by the reduction of the anodic
peak current in the second cycle, as shown in Figure 3.14. At the scan rate of 5 mV s, a thick
electro-deposited layer of MnOz should be formed during the anodic cycle at the electrode
surface, but it was not completely reduced at the reverse scan. Therefore, the oxidation peak
current after +1.2 V dropped rapidly at the second anodic cycle. When the scan rate went up to
75 mV s, a smaller amount of MNnOOH and MnO; were produced on account of less time for

relevant reactions, leading to less changes in the shape of the CV during the second cycle.®!
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Figure 3.14 Cyclic voltammograms of Mn?* on bare BDD substrate (1% and 2" scans) at (a) 5
mV stand (b) 75 mV s?, respectively. Electrolyte: 0.1 M MnCl, and 0.1 M NaySO4; potential

window: 0 to +1.5 V.
3.3.4 Potentiostatic deposition of MnO2 on BDD electrodes
3.3.4.1 Effect of deposition potential

The anodic deposition of MnO> was first carried out by applying 8 operational potentials (i.e.,
+0.15 to +0.85 V vs Ag/AgCl) in the electrolyte of 0.1 M MnCl; and 0.1 M Na;SOas. The
potential started from +0.15 V and ended at +0.85 V which lasted for 50 s at each potential, as
shown in Figure 3.15. The current-time deposition curve saw an obvious increase in the current
signal at +0.75 V, and the current jumped more rapidly at +0.85 V. To optimise the deposition
parameter, three anodic potentials (+0.65 V, +0.75 V and +0.85 V vs Ag/AgCl) were selected

for the following studies.
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Figure 3.15 Chronoamperograms of MnO> deposition in 0.1 M MnCl; and 0.1 M Na>SO4 on

bare BDD electrodes at constant potentials of +0.15, +0.25, +0.35, +0.45, +0.55, +0.65, +0.75

and +0.85 V vs Ag/AgCl for 50 s, respectively.
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Figure 3.16 Chronoamperograms of MnO: deposition at +0.65 V vs Ag/AgCl for 50 s.

Electrolyte: 0.1 M MnCl2 and 0.1 M Na>SOa.

Figure 3.16 shows the i-t deposition curves at +0.65 V vs Ag/AgCl for 50 s with low current

response (107 — 10 A). After each deposition (50 to 600 s), the electrolyte was replaced with
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3 M KClI, and the cyclic voltammograms were then recorded at 100 mV s, as shown in Figure
3.17. Although a larger current signal, namely capacitance, was observed after deposition in
Figure 3.17 (a), the asymmetric CV curve did not exhibit the rectangular and symmetrical
characteristics of pseudocapacitive MnO,.*® Furthermore, Figure 3.17 (b) shows that the
voltammograms remained almost the same regardless of the deposition time as a result of low
potential applied and current response. According to the Pourbaix Diagram in Figure 3.12 and
other studies, Mn2Os or MnzO4 can be formed at low anodic potential, which explains the

difference between the voltammograms in Figure 3.17 and what was expected for MnO2.®
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Figure 3.17 (a) Cyclic voltammograms of bare BDD and BDD electrode after deposition at
0.65 V for 600 s and (b) CVs of BDD after deposition at 0.65 V for 50, 100, 200, 300 and 600
s. Experimental parameters: scan rate: 100 mV s*; potential window: 0 to +0.8 V; electrolyte:

3M KCI.
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Figure 3.18 Chronoamperograms of MnO: deposition at +0.75 V vs Ag/AgCl for 50 s.

Electrolyte: 0.1 M MnClz and 0.1 M NazSOa.

Figure 3.18 shows the i-t deposition curves at +0.75 V vs Ag/AgCl for 50 s with higher current
response (10° — 10 A) than the i-t curves at +0.65 V (Figure 3.16). Presumably, the current
drops off because an insulating layer is formed on BDD surface. Afterwards, CVs were
conducted in 3 M KCI at 100 mV s, as shown in Figure 3.19. Enhanced capacitive response
was observed with quasi-rectangular and symmetrical characteristics, and the current increased
with deposition time. The broad peak between +0.4 and +0.6 V results from the redox reaction
of MnO: in electrolytes with cations (C* = K*, Na*, H™, etc.), as mentioned above in Reaction

3-15:

MnOOC — MnO2 + C* + ¢ (3-15)
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Figure 3.19 Cyclic voltammograms of bare BDD and BDD electrode after deposition at +0.75
V for 100, 200, 400 and 600 s. Experimental parameters: scan rate: 100 mV s*; potential

window: 0 to +0.8 V; electrolyte: 3M KCI.

Assuming 100 % Faradaic efficiency via the electrodeposition of MnO2 on the BDD electrode,

the amount of MnO- can be calculated using the following equation:

m = QMMTLOZ (3'16)
2eNgy

where Q is the charge passed (C) and integrated from the chronoamperograms in Figure 3.18,
M is the molecular mass of MnO2 (86.94 g mol™), 2 is the number of the electrons involved in
the redox reaction, e is the electron charge (1.6 x 10°*° C), Na is the Avogadro constant (6.02
x 1022 mol™). eNa can also be denoted by F, the Faraday constant (96485.3 C mol™), which

means the electric charge of one mole of electrons.

Figure 3.20 shows the mass of MnO> deposited is controllable by varying the potentiostatic
deposition time at +0.75 V. Higher loading of MnO> can be readily achieved by extending the
deposition time. For instance, a mass of 1.2 ug MnO2 was obtained when the deposition time

reached 600 s.
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Figure 3.20 (a) Charge integrated from the chronoamperograms and (b) mass of MnO;
calculated of BDD deposited at +0.75 V vs Ag/AgCI as a function of the deposition time,

respectively.

The gravimetric specific capacitance (Cg) and the areal specific capacitance (C,) are calculated

from the CV measurements:

[22 1aE
Cgravimetric = zEAlEvm (3-17)
[22 1aE
Carear = zEAlEvA (3-18)

where | is the current (A) with background current of bare BDD subtracted, E is the potential
(V), 4E is the potential window of 0.8 V, v is the scan rate of 0.1 V s, m is the mass (g) of

MnO;, A is the geometrical area (0.38 cm?) of the BDD electrode exposed to the electrolyte.

The specific capacitance and the mass of MnO> calculated are listed in Table 3.2. At the scan
rate of 100 mV s, the areal specific capacitance of MnO2/BDD (0.12 — 0.56 mF cm™) is about
17 — 80 times higher than that (7.0 pF cm™) of a bare BDD electrode by introducing up to 1.2
ug of MnO2. However, the gravimetric specific capacitance reached up to 217.9 F g at the
deposition time of 200 s, and retained lower than 200 F g™* by increasing the deposition time.

The reason is that only the MnO> surface is contributing to the capacitance due to the poor
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electrical conductivity of MnOz. The Carea Value increases when higher loading mass of MnO>
is reached with more active surface area, but the Cyravimetric Value decreases as the active surface

per amount of MnO; eventually reduces, as shown in Figure 3.21.

Redox at MnO, surface i Redox at MnO, surface

Figure 3.21 Schematic of MnO; growing (adapted from Augustyn, Simon et al. 2014).%

Table 3.2 Gravimetric and areal specific capacitance of MnO,/BDD electrode calculated from

CVs at 100 mV s with different deposition time (0 to 600s) at +0.75 V.

Deposition MnO2 MnO>
_ Coravimetric Careal MnO2 mass loading thickness
time
(Fg? (mF cm?) (Hg) (g cm?) (nm)
(s)
0 / 0.0070 / / /
100 167.7 0.12 0.26 0.68 0.52
200 217.9 0.27 0.47 1.2 0.93
400 177.4 0.38 0.82 2.1 1.6
600 174.5 0.56 1.2 3.1 24

In summary, the pseudocapacitive behaviour of MnO: is observed after the deposition at +0.75
V with a low mass loading (i.e., 3.1 pg cm™ at the deposition time of 600 s). The deposition
potential is further raised to +0.85 V to obtain higher mass loading of MnO- in the following
experiments.
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Figure 3.22 Chronoamperograms of MnQO_ deposition at +0.85 V vs Ag/AgCl for 50 s.

Electrolyte: 0.1 M MnClz and 0.1 M NazSOa.

Figure 3.22 shows the chronoamperograms at +0.85 V vs Ag/AgCl for 50 s with much higher
current response (10° — 1073 A) than the i-t deposition curves (10— 10° A) at +0.75 V (Figure
3.18). The capacitive current of the BDD substrate is negligible (< 0.05%) compared to the
faradaic current, as shown in Figure 3.23, so the mass of MnO> can be directly calculated using

the charge passed integrated from Figure 3.22.
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Figure 3.23 Chronoamperograms of bare BDD in a solution containing (red) 0.1 M MnCl; and

(black) 0.2 M KClI, respectively in 0.1 M NaxSO4 at +0.85 V vs Ag/AgCl for 50 s.
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Figure 3.24 (a) Charge integrated from the chronoamperograms and (b) mass of MnO>

calculated of BDD deposited at +0.85 V vs Ag/AgCI as a function of the deposition time,

respectively.

Figure 3.24 shows that the mass of MnO: deposited rises linearly at +0.85 V. For example, a
mass of 11 ug MnO> was easily obtained by extending the deposition time to 600 s at +0.85 V,

which is 9.2 times higher than that of the same deposition time at +0.75 V.
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Figure 3.25 (a) illustrates the cyclic voltammograms with the same deposition time of 200 s
but different deposition potential (+0.75 and +0.85 V). While maintaining its rectangular shape,
the electrode deposited at +0.85 V provided an enhanced CV signal on account of an increase
in the amount and the surface of MnO». The rectangular consistency of the CV curves at the
scan rate of 100 mV s with different deposition time at +0.85 V is presented in Figure 3.25
(b), where excellent pseudocapacitive behaviour of MnO: is revealed with shorter deposition
time. A rise of deposition time of 600 s leads to thicker MnO: film with less ideal voltammetric

response, which reduces the electrical conductivity of the electrode. %
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Figure 3.25 (a) Cyclic voltammograms of BDD after deposition at +0.75 and +0.85 V for 200
s, respectively, and (b) CVs of BDD after deposition at +0.85 V for 50 — 600 s. Experimental

parameters: scan rate: 100 mV s*; potential window: 0 to +0.8 V; electrolyte: 3M KCI.
3.3.4.2 Effect of electrolyte

To evaluate whether oxygen affects performance of the electrode, CV was also conducted in
an oxygen-free solution, as shown in Figure 3.26. The CV curve in the deoxygenated solution
is similar to the one in an untreated solution, indicating dissolved oxygen has no influence on

the CV response in the chosen potential range.
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Figure 3.26 Cyclic voltammograms of MnO./BDD deposited at +0.85 V for 50 s in an
untreated solution (black) and a de-aerated solution (red), respectively. Experimental

parameters: scan rate: 100 mV s*; potential window: 0 to +0.8 V; electrolyte: 3M KCI.

Figure 3.27 shows CVs of the as-deposited electrode in KCI and NaCl solutions with different
concentrations. Similar to the CVs of a bare BDD in neutral electrolytes, all CV curves in
Figure 3.27 represent typical characteristics of MnO2 without much difference. No simple
correlation between ion mobility, solution viscosity and capacitance is found whilst other
factors such as solvation effect, ion-ion interaction and pore size make it more difficult predict
the most suitable concentration and electrolyte for a specific material.>® The difference of the
CVs in Figure 3.27 is most likely to be attributed to change of the electrode surface morphology

during each CV scan.*°
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Figure 3.27 Cyclic voltammograms of MnO>/BDD deposited at +0.85 V for 200 s in four

electrolytes. Experimental parameters: scan rate: 100 mV s*; potential window: 0 to +0.8 V.
3.3.4.3 Effect of scan rate

The effect of scan rate on CV response of the MnO2/BDD electrodes deposited for 300 s at
+0.85 V was investigated over the range 5 — 200 mV s, as shown in Figure 3.28. CVs of
MnO2/BDD electrodes deposited at different times (50 — 600 s) are shown in Figure A.1
(Appendix). In Figure 3.28, the current rises with scan rate for the MnO2/BDD electrode. The
electrode starts exhibiting deviation from ideal pseudocapacitive behaviour at higher scan rate
in Fig 3.28 (b). Nevertheless, most cyclic voltammograms retain quasi-rectangular shapes and
display remarkable rate performance. For example, The Cq value is 142.9 Fgtat 5 mV s and
retains 141.2 F g at 200 mV s with 98.8 % retention of the capacitance in the 300 s deposition.
The gravimetric specific capacitance is listed in Table 3.3. The Cq value reached up to 178.3
F g at 5 mV st with 50 s deposition, while it fell to 104.3 F g** at 200 mV s with 600 s
deposition. As mentioned above, the capacitance eventually deteriorated when the MnO>
loading passed an optimal amount due to the poor electrical conductivity of MnO2 (10° - 10

S cm1).11:38 41 The insulating property of bulk MnO- is the main drawback for MnO, based
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composite electrodes as it blocks ion transport within the electrode and increases the charge

transfer resistance.'®
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Figure 3.28 Cyclic voltammograms of MnO2/BDD deposited for 300 s at +0.85 V at scan rate
of (a) 5, 10, 25 and (b) 50, 100 and 200 mV s*, respectively. Experimental parameters:
electrolyte: 3M KCI; potential window: 0 to +0.8 V. Less deviation and more rectangular
shapes at lower scan rate in (a), while more deviation and less rectangular shapes at higher scan

rate in (b).
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Table 3.3 Gravimetric specific capacitance (F g*) of MnO2/BDD electrodes with different

deposition time from 50 to 600 s at +0.85 V calculated from CVs at 5 — 200 mV s,

Scan rate Deposition time (s)
(mV st 50 100 200 300 400 600
5 178.3 163.6 146.7 142.9 129.9 127.0
10 161.3 151.3 144.4 145.9 133.0 130.4
25 134.2 143.6 145.8 148.6 135.4 131.0
50 128.5 145.6 150.0 151.7 136.7 129.0
100 128.7 149.5 152.1 150.2 132.8 120.8
200 130.9 151.6 149.0 141.2 121.1 104.3
An empirical equation i = av®, or logwo i = logio a + b logio v, can be used to decide the

mechanism of the electrochemical system in CV measurements, where a and b are adjustable
parameters, i is the peak current, and v is the scan rate. The b-value is determined from the
slope of the logio i versus logio v plot, as shown in Figure 3.29. If b = 0.5, a diffusion-controlled
mechanism (e.g., faradaic battery-type processes) is indicated. In contrast, a b-value of 1
represents a near-surface process (i.e., surface-controlled mechanism), such as non-faradaic
capacitive behaviour in EDLCs and fast faradaic redox reactions in pseudocapacitors.*? The b-
value is used to distinguish pseudocapacitive materials (e.g., MnO2) from battery-type
electrodes (e.g., LICoO: and LiFePOa). Figure 3.29 shows that the slope of the plot of logio (i)
against logio (v) is 1.033, which is close to 1 rather than 0.5. Therefore, the electrochemical
behaviour of the MnO./BDD electrode has a surface-controlled mechanism due to the

contribution from the pseudocapacitive material, MnO..
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Figure 3.29 The common logarithm of anodic peak current of MnO2/BDD electrode deposited

at +0.85 V vs Ag/AgCl for 200 s as a function of logio (scan rate).
3.3.4.4 Effect of cycling

Long-term cycling is another essential factor which determines the performance of a
supercapacitor in practical applications.®® The cycling stability of the MnO2/BDD electrode
was recorded in CV at a high scan rate of 100 mV s. Figure 3.30 shows that the CV curve
changed slightly during the first 200 cycles and then remained stable up to 2000 cycles. 84.5%
of the initial capacitance was retained after 2000 cycles, as shown in Figure 3.31. Degradation
of the capacitance is mainly due to weak binding between the BDD substrate and deposited

MnQO,. 1t
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Figure 3.30 Cyclic voltammograms of MnO./BDD deposited at +0.85 V for 600 s.

Experimental parameters: electrolyte: 3M KCI; potential window: 0 to +0.8 V; scan rate: 100

mV st for 2000 cycles.
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Figure 3.31 Capacitance retention of MnO2/BDD deposited at +0.85 V for 600 s. Experimental
parameters: electrolyte: 3M KCI; potential window: 0 to +0.8 V; scan rate: 100 mV s* for 2000

cycles.
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3.4 Conclusion and comparison

The areal specific capacitance of MnO,/BDD (0.12 — 3.8 mF cm?) in this work is larger than
most of the conductive diamond based EDLCs reported (0.10 — 0.84 mF cm2), as the benefits
of pseudocapacitive MnO2 deposition.’® Meanwhile, the gravimetric specific capacitance result
(up to 218 F g1) is better than some other MnO; or carbon-based composite materials (e.g.,
Mn/Pb mixed oxides 185 F g, MnO/nanographite 120 — 160 F g, MnO2/CNTs 80 — 200 F
g1, but is poorer than some MnO2/conducting polymer electrodes (e.g., MnO2/polyaniline 715
F g%, MnOz/polypyrrole 620 F g1).#3 4 However, the MnO»/BDD electrode keeps stable at a
level of 84.5% capacitance retention after 2000 cycles, which is more competitive in practical
supercapacitor applications than other BDD or MnOz/conducting polymer-based materials
with high capacitance value (~ 70% — 80% capacitance retention after 500 — 1000 cycles).! 4
Furthermore, it should be noted that the BDD electrode only acted as a conductive substrate
with subtle background effects/contributions, and the specific capacitance would not be raised

continuously by increasing MnO2 mass loading due to its poor electrical conductivity.

In this chapter, the electrochemical behaviour of boron-doped diamond electrodes was
investigated first. As a remarkable electrode for electrochemical sensing applications, the
features of negligible capacitive current, high stability and wide potential window enable itself
for studies of electrochemical energy applications. Electrochemical oxidation of Mn?* ions on
BDD electrodes was then carried out via cyclic voltammetry, leading to the formation of MnO>
in multiple chemical and electrochemical steps. To improve the performance of energy storage
devices, MnO2/BDD pseudocapacitors were fabricated by depositing MnO. on diamond
potentiostatically. The successful deposition of MnO. was confirmed by various
characterisation techniques such as SEM and XPS. Effects of deposition potential, deposition

time, electrolyte, scan rate and cycling were also studied. In the future, use of novel carbon
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materials with porous and conductive nanostructure, and incorporation of other metal elements,
including cobalt, iron, and nickel can be conducted to construct supercapacitors with enhanced

performance.
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Chapter 4 Carbonised Seaweed Paper for

Supercapacitor Applications

A cellulose-derived biomass material, seaweed paper, is utilised as the carbon source in this
project. The seaweed paper is first carbonised at various temperatures, which affects the
morphology, surface area and pore size of the material. Afterwards, the electrochemical
performance of the carbonised seaweed materials is measured by cyclic voltammetry (CV) in
two potential ranges (0 to -0.8 VV and 0 to +0.8 V vs Ag/AgCl). The highest specific capacitance
of 226 F g* in the negative potential window is obtained whereas the value is 47.9 F g in the
positive potential window. To improve the performance at the positive potential side,
pseudocapacitive MnO: is potentiostatically deposited on the carbonised seaweed paper, which
raises the specific capacitance of the material to 156 F g™ without obvious loss of stability.
Characterisations and electrochemical measurements of the materials including SEM, EDS,
XPS, CV, GCD and EIS are carried out. The results show an increase in the overall specific

capacitance and hence the possibility of commerciality of the carbon-based materials.

4.1 Introduction

The supply and storage of energy is a key technological challenge for which electrochemical
storage devices can play an important role. One important device is the supercapacitor, a device
with capacitances typically in the range of 10® — 10* F offering rapid charge/discharge and
repeated cycling.! To date, most supercapacitors have been fabricated based on carbon
materials, with high surface area and porosity, typically activated carbon, although more
recently manufactured nanocarbons such as carbon nanotubes (CNTSs) and graphene have

attracted considerable interest.> * The manufacturing processes for these new nanocarbon
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materials however lacks scalability and eco-friendliness.* An alternative is to obtain carbon
materials from natural resources, which are abundant, low cost, and environmentally friendly,
and whose processing can be easily automated.® Cellulose fibre is an excellent candidate, for
which seaweed is of interest since it grows in water and develops rapidly. Seaweed fibres can
be converted into conductive carbon materials by a one-step thermal treatment to produce
materials with high surface area.® Such materials could be ideal for supercapacitor applications
where the electric double layer is the basis of the observed capacitance.” Nevertheless,
nanocarbon materials have certain drawbacks - such as poor performance for the positive
electrode, which can be typically addressed by adding pseudocapacitive materials (redox active
chemical species) such as Ru0,.2° The high cost and the toxicity of RuO2, however, make it
less favourable.® Meanwhile, other low-cost materials such as MnO; have drawn researcher’s
interest.® 1% One purpose of the present project is therefore to investigate the preparation of
supercapacitor materials based on thermally treated seaweed paper nanocarbons. The second
is to modify the seaweed paper carbon materials with electrochemical deposition of
pseudocapacitive MnO». The performance of the as-prepared materials as supercapacitors is

then measured in electrochemical methods along with other characterisation techniques.

4.2 Experimental

4.2.1 Chemicals and materials

All solutions used as part of this project were prepared from Milli-Q water (resistivity ~ 18.2

MQ cm at 25 °C). Manganese(I]) chloride tetrahydrate [MnCl2-4H,0, ACS reagent, =98% ],
sodium sulphate [Na2SOa4, ACS reagent, =99.0%], and potassium chloride [KCI, ACS reagent,

99.0-100.5%] were purchased from Sigma-Aldrich. The precursor solution for deposition was
prepared by dissolving 0.1 M MnClzand 0.1 M NaSOg in distilled water. The electrolyte for

electrochemical measurements was made of 3 M KCI.
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4.2.2 Electrochemical measurements

All electrochemical experiments were performed with an Autolab PGSTAT128N
potentiostat/galvanostat (Metrohm Autolab, Utrecht, Netherlands) equipped with Nova
software. When a three-electrode configuration was used, it consisted of a Ag/AgCI reference
electrode (3M KCI), a Platinum plate counter electrode (1x1 cm?) and a Platinum current
collector holding the sample (cut into 1x1 cm?) as a working electrode. The carbonised seaweed
paper was left to soak in distilled Milli-Q water for 3 days prior to use. CVs were measured at
different scan rates of 2, 5, 10, 25, 50, 100 and 200 mV s™* while GCD was carried out at current

densities of 0.5, 1, 2.5, 5and 10 A g% in 3M KCI.
The specific capacitance calculated from the CV is based on the following equation:

E2
_ Jg I(E)AE
T 2(E1-E2)mw

c (4-1)

Where | is the current, E is the voltage, E1-E> is the potential window (-0.8 to 0 VV and 0 to +0.8
V), v is the scan rate and m is the mass of the material.

The specific capacitance calculated from the GCD is based on the following equation:

C = 1,,At/AV (4-2)

Where I is the discharge current density (A g1), 4t is the discharging time (s), and AV is the

potential window of discharge (V).
4.2.3 Preparation of carbonised seaweed paper

The raw seaweed paper used in these experiments were obtained from Marine pulp Co. Korea.
Raw seaweed paper was carbonised in a quartz tube reactor installed in a furnace. First, the
samples were heated to 600 °C under an inert nitrogen atmosphere for 0.5 h in a pre-treatment

step. Afterwards, the temperature was increased with a ramping rate of 5 °C min for the
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subsequent carbonisation at temperatures of 700 °C, 800 °C, 900 °C, 1000 °C, 1100 °C and

1300 °C. The latter carbonisation procedure lasted for 0.5 h.
4.2.4 Deposition of MnO2 on carbonised seaweed paper

The carbonised seaweed paper was immersed in the Mn2* precursor solution and a constant
positive potential (+1.15 V vs Ag/AgCl) was applied for a fixed time (50 to 1200 s) to deposit

MnO:.

4.3 Results and discussion

4.3.1 Characterisation of carbonised seaweed paper

Morphological characterisation of carbonised seaweed paper was carried out using EDS and
SEM while the specific surface area and the average pore size was analysed by BET. The

chemical composition of carbonised seaweed paper was determined by both XPS and EDS.
4.3.1.1 Energy-dispersive X-ray spectroscopy

EDS was performed on seaweed paper after the carbonisation process, as shown in the
spectrum in Figure 4.1. At a carbonisation temperature of 900 °C, the atomic percentages were
86.98% carbon, 10.74% oxygen, 0.52 % calcium and 1.76 % other elements altogether.
Through carbonisation, the percentage of carbon increased whereas the percentage of oxygen

decreased.
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Figure 4.2 SEM images of (a) & (b) raw seaweed paper, and (c) & (d) seaweed paper

carbonised at 1300 °C.

4.3.1.2 Scanning electron microscopy
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SEM images showed the morphology change of the seaweed paper before and after
carbonisation. Before carbonisation, the seaweed paper is made up of a network of rough and
thick fibres, as shown in Figure 4.2. The images of seaweed paper after carbonisation showed

that the fibres became smoother and thinner, yet the primary structure was not changed.

4.3.1.3 Brunauer-Emmett-Teller Surface Area Analysis

BET analysis of N2 adsorption isotherms was carried out in order to estimate the surface area

and pore size of the carbonised seaweed paper. The results are listed in Table 4.1 below.

Table 4.1 Surface area and pore size of seaweed paper carbonised at different temperatures

obtained from BET analysis.

Carbonisation temperature (°C) 700 800 900 1000 1100 1300

Specific surface area (m? g?) 277.39 304.34 340.98 89.40 5.30 6.40

Average pore size (nm) 2.1 2.2 2.1 2.8 15.8 15.3

As can be seen from Table 4.1, the surface area of carbonised seaweed paper increases to a
maximum at 900 °C and then decreases rapidly. The average pore size starts increasing from
1000 °C and reaches a maximum size of 15.8 nm at 1100 °C, indicating that small pores in the

seaweed paper were destructed during carbonisation.?
4.3.1.4 X-ray photoelectron spectroscopy

In addition to EDS, the chemical composition of carbonised seaweed paper at 900 °C was also
studied using XPS. The survey and the fitted C 1s spectra are shown in Figure 4.3 and 4.4. The
presence of carbon and oxygen is confirmed by C 1s and O 1s peaks at 285 eV and 532 eV,

respectively. The seaweed paper carbonised at 900 °C is composed of 85.94% carbon, 11.70%
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oxygen and 2.36% other impurities. It is confirmed that most of the materials are graphitised
carbon with some oxygen containing functional groups after fitting the C 1s spectrum. This is
particularly advantageous as other biomass derived materials (e.g., rice husks and coconut shell)
contain large numbers of impurities which are difficult to remove.'? The result is highly

consistent with that of EDS, and the slight difference might be attributed to:

1. Asseaweed is a natural material and prone to variations, all characterisations may vary
for different pieces carbonised at the same temperature.
2. XPS, as a spectroscopic technique, only probes several nanometres into a sample

surface whereas the surface area analysed by EDS is on a micrometre order.
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Figure 4.3 XPS survey spectrum of seaweed paper carbonised at 900 °C.
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Figure 4.4 Fitting of XPS C 1s spectrum of seaweed paper carbonised at 900 °C.
4.3.2 Wetting effect on carbonised seaweed paper

In order to ensure that the electrolyte ions have maximum access to the pores, carbonised
seaweed paper was soaked in distilled water for three days. This process aims to facilitate a
higher capacitance, which allows the material to store larger amounts of energy. The seaweed
paper carbonised at various temperatures was cut into 1x1 cm? and measured by CV. The pieces
of seaweed paper were first soaked in water for different lengths of time. A piece of carbonised
seaweed paper was then attached to a Pt current collector, and CVs were conducted at 200 mV
s’ to study the influence of soaking time on the performance of the material. It was found in
Figure 4.5 that leaving the seaweed paper soaking for 72 h was necessary for an improved

performance.
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Figure 4.5 Cyclic voltammograms of seaweed paper carbonised at 900 °C at a scan rate of 200

mV st with different soaking times in (a) negative and (b) positive potential windows.
4.3.3 Influence of metal current collector

In a commercial supercapacitor, current collectors made of conductive materials such as metal
are employed.*® A platinum-plate holder was used as a current collector here as it is inert, stable
and conductive. To study whether the current collector would affect the capacitance
performance, a system with the platinum plate only was compared to the one that held the
seaweed paper carbonised at 900°C with the current collector, by taking CV scans of both at
200 mV st from 0to -0.8 V and 0 to +0.8 V. From the CV curves in Figure 4.6 it was confirmed

that the current holder was making a negligible contribution to the overall capacitance.
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Figure 4.6 CV comparisons of seaweed paper carbonised at 900 °C and only current collector

at (a) negative and (b) positive potential ranges at 200 mV s,
4.3.4 Seaweed-based supercapacitors in aqueous electrolytes
4.3.4.1 Influence of carbonisation temperature

In supercapacitors, the structure of the carbon material which affects its surface area and
porosity is a major factor that determines the specific capacitance.’* As discussed in the
characterisation analysis, the temperature of carbonisation has a significant influence on the

structure of the carbonised seaweed paper.

In research on carbonised filter paper materials conducted by L. Jiang et al, filter paper
carbonised at increasing temperatures from 600 °C to 1700 °C was studied for supercapacitor
applications.® The result showed that a specific capacitance of 115.5 F g'* was obtained for the
sample carbonised 1500 °C. Nonetheless, a carbonisation temperature of 600 °C led to a
specific capacitance of only 3.2 F g*. Similar to the filter paper, it was presumed that the
temperature of carbonisation may well affect the capacitance of supercapacitors produced from
carbonised seaweed paper here. Supercapacitors were made from seaweed paper carbonised at
600 °C, 700 °C, 800 °C, 900 °C, 1000 °C, 1100 °C and 1300 °C, and the electrochemical

performance of the materials carbonised at various temperature was evaluated by cyclic
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voltammetry from 0 to -0.8 V and 0 to +0.8 V, a negative and a positive potential window, as
shown in Figure 4.7 (600 °C) and Figure 4.8 (900 °C). CVs of seaweed paper carbonised at

other different temperatures (600 to 1300 °C) are shown in Figure A.2 (Appendix).

In general, the current response rises with increasing scan rates for samples carbonised at all
temperatures. In Figure 4.7, the sample carbonised at 600 °C displayed a tiny current signal
which was mainly attributed to the metal current collector. The material carbonised at 600 °C
is neither porous nor conductive to achieve high capacitance. The more pores on the seaweed
paper were generated when the carbonisation temperature increased, the more accessible they
were by the electrolyte ions to form double-layer capacitance. In addition, the electrical
conductivity of the material was improved upon carbonisation, leading to lower resistance and
better capacitive performance of the material. However, when the highest temperature of
carbonisation was reached, pores inside the material were destructed and it only worked as a
smooth and conductive carbon electrode such as graphite and glassy carbon, resulting in low

surface area and low capacitance.
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Figure 4.7 CV curves of seaweed paper carbonised at 600 °C with increasing scan rates and

two potential windows. (a): 0 to -0.8 V, 2 to 25 mV s, low current; (b) 0 to -0.8 V, 50 to 200

mV s, increased current compared to (a); (c) 0 to +0.8 V, 2 to 25 mV s, low current; (d) 0 to

+0.8 V, 50 to 200 mV s, increased current compared to (c). Overall, the current response is

low in both potential windows and at all scan rates of the sample carbonised at 600 °C.

Figure 4.8 shows CV curves of the seaweed paper carbonised at 900 °C from 0 to -0.8 V and 0

to +0.8 V at different scan rates (2 to 200 mV s1). At low scan rates (2 to 25 mV s?), the CVs

display ideal capacitive behaviour (quasi-rectangular shape). However, the ideal capacitive

behaviour became more irregular with an obvious loss in the specific capacitance when the

scan rate was raised (50 to 200 mV s?).
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Figure 4.8 CV curves of seaweed paper carbonised at 900 °C with increasing scan rates and
two potential windows. (a): 0to -0.8 V, 2 to 25 mV s, high current; (b) 0 to -0.8 V, 50 to 200
mV s, increased current compared to (a); (c) 0 to +0.8 V, 2 to 25 mV s, high current; (d) 0
to +0.8 V, 50 to 200 mV s, increased current compared to (c). Overall, the current response
is higher in both potential windows and at all scan rates compared to the sample carbonised at
600 °C. The difference of CVs between the two potential windows will be discussed in detail

in4.3.4.2.
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Figure 4.9 Dependency of specific capacitance of the 900 °C seaweed with increasing scan

rates (2 to 200 mV s1) in two potential windows (a) 0 to -0.8 V and (b) 0 to +0.8 V.

The reason why the specific capacitance decreased with increasing scan rate in Figure 4.9 is
that transfer of ions is limited to the carbon surface, giving rise to greater inaccessible pore
portions of the electrode layer at higher scan rates. The phenomenon is characteristic of all
types of EDLC supercapacitors, which reflects the limited mass transfer kinetics within the

porous electrode layer.'®

The structure, properties and electrochemical performance of the carbonised seaweed paper are
affected by the temperature of carbonisation, as seen from the results above. Particularly, the
specific capacitance of the material changed with carbonisation temperature. The best
performance of carbonised seaweed paper was observed at 900 °C which achieved a specific
capacitance of 226 F gt in the negative potential window and 47.9 F gt in the positive potential
window at the scan rate of 2 mV s™. The values of specific capacitance calculated from the
CVs of the materials taken at 2, 5, 10, 25, 50, 100 and 200 mV s are listed in Table 4.2 and
4.3 below. The fact that the specific capacitance decreased with increasing scan rate is observed
in all samples carbonised at different temperatures (600 to 1300 °C) and both potential

windows (0 to -0.8 V and 0 to +0.8 V).
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Table 4.2 The specific capacitance of seaweed paper at different carbonisation temperatures in

the negative potential window (0 to -0.8V).

Specific Capacitance/ F g at temperature of carbonisation/ °C

Scan rate/mV s 600 700 800 900 1000 1100 1300

2 0.127 245 60.7 226 27.0 18.6 0.137

5 0.0488 12.8 54.4 183 24.7 17.1 0.0743
10 0.0323 7.27 46.9 142 23.9 16.2 0.0578
25 0.0246 3.22 34.1 96.5 15.8 15.1 0.0472
50 0.0221 1.63 22.5 69.3 13.9 9.53 0.0413
100 0.0205 0.794 126 47.6 12.3 5.32 0.0370
200 0.0167 0.340 6.24 29.7 10.0 2.86 0.0308

Table 4.3 The specific capacitance of seaweed paper at different carbonisation temperatures in

the positive potential window (0 to +0.8V).

Specific Capacitance/ F g* at temperature of carbonisation/ °C

Scan rate/mV s 600 700 800 900 1000 1100 1300
2 0.00914 5.49 195 479 438 3.31 1.80

5 0.00564 2.00 150 425 350 2.31 1.05

10 0.00496 0.896 108 356  3.26 1.79  0.626
25 0.0048 0.312 545 251 3.55 118 0.341
50 0.00495 0.163 3.10 18.7 3.93 0.953 0.236
100 0.00533 0.110 1.97 13.3  4.09 0.792 0.174
200 0.00472 0.0711 125 895  3.62 0.575 0.121
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As discussed previously, the results of CVs and characterisation of the carbonised seaweed
paper indicated that:

. As the temperature of carbonisation rises, electrical conductivity of the carbonised
seaweed paper was boosted, which was advantageous to electron and ion transport. During
carbonisation, a fraction of oxygen functional groups was removed, which caused a decrease

in the electrical resistance.

At certain temperatures of carbonisation (800 and 900 °C), large specific surface areas
of the material were achieved, and the electrical conductivity was promoted at the same time.
The capacitance of carbonised seaweed paper reached a maximum when the electrical

conductivity and the specific surface area were appropriately balanced.

. The structure of the carbonised seaweed paper became smoother and most micropores
in the carbon were destroyed upon carbonisation at higher temperatures, leading to a decrease
in porosity and specific surface area. Although the ions could easily access the surface of the
carbonised seaweed paper, a decrease in the specific capacitance was inevitable due to less

pores available in spite of the continuous increase in electrical conductivity.
4.3.4.2 Difference between the positive and the negative potential windows

As seen in Figure 4.10, the positive range shows much lower capacitance yet more symmetric
and quasi-rectangular CV shapes compared to the results of the negative potential one. The
reason is that when a supercapacitor is being charged, cations are adsorbed into the negative
electrode whereas anions are desorbed and/or exchanged with cations at the negative
electrode.'® The size of hydrated positively charged ions such as K* are smaller than that of
hydrated negatively charged ions such as CI°, which enables cations to access the smaller
micropores in the seaweed paper.l” Furthermore, some oxygen-containing functional groups in

the carbonised seaweed paper such as hydroxyls and carbonyls have greater affinity for cations
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than anions, allowing easier diffusion into micropores of the material.®®* Meanwhile, these
oxygen functional groups could provide pseudocapacitive contribution due to faradaic
processes which could achieve higher capacitance and more asymmetric CV shape on the

negative side.®
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Figure 4.10 CV Comparisons of the 900 °C seaweed paper at (a) 2 mV st and (b) 200 mV s

in different potential ranges.
4.3.5 Electrochemical deposition of manganese dioxide

As seen from the discussion above, the carbonised seaweed paper exhibits higher specific
capacitance value in a negative potential window. In order to improve the performance at the
positive side, pseudocapacitive material can be incorporated into the carbonised seaweed paper
such as transition metal oxides and conductive polymers.® % Chronoamperometry, a
potentiostatic deposition method, was introduced here by immersing the carbon material in a
Mn?* precursor solution and applying a constant positive potential for a fixed time to deposit

MnO..

The method for the deposition has been employed and changed from A J. Saterlay.?

Manganese chloride precursor was used instead of perchlorate as potassium perchlorate can
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cause a solubility issue in long-standing electrochemical analysis when the inner electrolyte of

a reference electrode is potassium chloride.?

When a positive potential is applied, the electrochemical oxidation of Mn?* occurs on the

seaweed paper surface, shown as follows:
Mn?* + 2H,0 — 2" — MnO; + 4H* (4-3)

Due to the existence of non-faradaic current, current efficiency via this reaction would not

reach 100%. The mass of MnO2 deposited can be calculated by Faraday’s law below:
m = AQ*M/2F (4-4)

Where AQ is the charge Q1 passed during the deposition subtracts the background charge Q:
given by non-faradaic current (capacitive current). The background solution consists of 0.2 M
KCI + 0.1 M Na2SO4 without the 0.1 M MnClI> precursor, where the addition of 0.2 M KClI
aims to keep the same ionic strength for the electrolyte system. M is the molecular weight of

MnOg, which is 86.94 g mol™, and F is the Faradaic constant, which is 96485 C mol™,
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4.3.5.1 XPS characterisation of carbonised seaweed paper/MnO;

The chemical composition of electrodeposited MnO2> on carbonised seaweed paper was

examined by XPS, as shown in Figure 4.11. The oxidation state is identified by the binding

energy of Mn 2ps/2 peak at 642 eV and energy splitting of Mn 3s peak of 4.8 eV, which indicates

that Mn (IV) was the main component from electrodeposition.*
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Figure 4.11 XPS (a) Mn 2p and (b) Mn 3s spectra of 900 °C carbonised seaweed paper/MnOx.
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4.3.5.2 FESEM characterisation of carbonised seaweed paper/MnO;

FESEM images were recorded after deposition, as seen in Figure 4.12. Nanoflower-like MnO>
were coated onto the skeleton of carbonised seaweed paper when the deposition time was 200
s. For a much longer deposition (1200 s), the material was fully covered by bulk MnO; and the

carbon structure of the seaweed paper was difficult to observe.

EHT = 2.00kV Signal A = SE2 Mag= 20.00 KX r‘l EHT = 2.00 kV Signal A = SE2 Mag= 50.00 KX

WD = 3.3mm Date :26 Dec 2019 Aperture Size = 30.00 pm 1 WD = 34 mm Date :26 Dec 2019 Aperture Size = 30.00 pm

200 nm EHT = 2.00kV = Mag= 20.00KX 100 nm EHT = 2.00kV Signal A = SE2 Mag= 4948KX
e WD = 20mm Date :26 Dec 2019 Aperture Size = 30.00 pm | WD = 2.0 mm Date :26 Dec 2019 Aperture Size = 30.00 pm

Figure 4.12 FESEM images of 900 °C carbonised seaweed paper/MnO: of (a&b) 200s and

(c&d) 1200s deposition.

4.3.5.3 EDS characterisation of carbonised seaweed paper/MnO-

It can also be confirmed from Figure 4.13 that MnO2 was coated on the carbon structure. The
overlap of Mn and O images show that it was metal oxide that was deposited. The percentage

of carbon drops dramatically as most atoms were covered by MnO> and remained undetected.
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MAG: 3000x HV: 15kV_WD: 7.5mm

Figure 4.13 EDS images of 900 °C carbonised seaweed paper/MnO; with 200 s deposition.
4.3.5.4 Deposition potential

The deposition potential is an important parameter to obtain materials with enhanced
electrochemical performance. For an anodic deposition, if the potential is too low, the electrode
reaction cannot be driven or the reaction rate is too slow. However, if the potential is too high,
the reaction rate would be too fast and other side reactions such as oxygen evolution reaction
could make the deposition uncontrollable and irreproducible.?® Seven positive potentials were
studied here and it is found that deposition at +1.15 V vs. Ag/AgClI can provide a balance

between reaction rate and stability, as shown in Figure 4.14.
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Figure 4.14 Chronoamperograms of MnO: deposition at different potentials.
4.3.5.5 Deposition time

After the deposition potential was chosen, direct deposition at +1.15 V vs. Ag/AgCl was carried
out from 50 s to 1200 s, as shown in Figure 4.15 (50 s) and Figure A.3 (Appendix, 50 s to 1200
s). Mass of MnO deposited was calculated by the method above using Faraday’s law and the
mass loading of MnO- is shown in Figure 4.16. Obviously, longer deposition time results in
higher loading of MnO: on the carbonised seaweed paper. In addition, a linear relation can be
observed from the deposition mass-time curve, which indicates the concentration of the

deposition solution remains almost unchanged and no side reactions such as OER takes place.
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Figure 4.15 Chronoamperograms of MnO- deposition at 1.15V with 50 s deposition. The
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Figure 4.16 Mass loading of MnO> as a function of deposition time. The mass loading

increases linearly with deposition time.
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4.3.5.6 Electrochemical performance - cyclic voltammetry

To evaluate the improvement in performance of carbonised seaweed paper/metal oxide hybrid
supercapacitors with different deposition times, cyclic voltammetry (CV) measurements were
investigated first at scan rates from 2 to 200 mV s™. CVs and specific capacitance values of
different samples and conditions are shown in Figure 4.17 (200 s deposition), Figure A.4

(Appendix, 50 to 1200 s deposition) and Table 4.4.

For function of these deposits as a pseudocapacitance source, two charge storage mechanisms

of MnO- have been proposed:
MnOz + C+ +e = MnOOC (4'5) and (MnOZ)surface + C+ +e = (MnOZ-C+)surface (4'6)

where C* = Na*, K*, Li*, H3O". The first one is based on the intercalation and de-intercalation
of protons or alkali metal cations. The second one implies the surface adsorption and desorption

of cations on MnQ,.12
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Figure 4.17 Cyclic voltammograms of carbonised seaweed paper/MnO; at deposition time of
200 s with increasing scan rates (a) 2 to 25 mV st and (b) 50 to 200 mV s™. (a) At low scan
rates, current response is lower but CV shapes are more rectangular; (b) At high scan rates,

current response is higher but CVs face more deviation from rectangular shapes.

First, better current response was observed after depositing MnO2 onto the seaweed paper due
to contribution made by the pseudocapacitive MnO,. Second, measurements under different
scan rates were performed. The specific capacitance of seaweed paper/MnOz (200 s deposition)
reached up to 156 F g* at 2 mV s and 28.8 F g* at 200 mV s. This excellent performance
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can be attributed to the material structure which facilitates the transport of charges and provides

abundant active surfaces for charge transfer reactions, ensuring a better utilisation of the

material.2*

At higher loading mass of MnOg, the specific capacitance dropped more rapidly as the scan

rate increased (e.g., 1200 s deposition), as shown in Table 4.4. Notably, the specific capacitance

at higher scan rate (3.84 F g%, 200 mV s, 1200 s) is even lower than that of a non-deposited

sample (8.95 F g%, 200 mV s™) because the material is fully covered by MnO; and therefore

increased electrical resistance limits the access of electrolytes into the material at faster scan

rates.?

Table 4.4 The specific capacitance (F g*) of seaweed paper/MnO; at different deposition times

from CVs.

Deposition time (s)

Scanrate (mVs?t) 0 50 100 200 300 450 600 750 900 1200
2 479 679 69.0 156 112 975 957 732 739 769
5 425 619 618 147 898 873 878 66.2 644 652
10 356 55.6 544 130 740 73.7 760 548 520 511
25 251 426 411 98.7 469 505 546 346 325 36.0
50 18.7 30.3 315 73.7 291 320 36.6 204 188 195
100 133 198 225 496 16.1 16.8 199 106 8.77 8.97
200 895 125 147 288 6.37 7.61 869 507 372 384
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4.3.5.7 Electrochemical performance - galvanostatic charge-discharge

To learn more about the electrochemical performance of the material, GCD (also known as CP)
measurements were carried out at five current densities (0.5 to 10 A g2), as shown in Figure
4.18 (200 s deposition) and Figure A.5 (Appendix, 50 to 1200 s deposition). Similar to the CV
results, the specific capacitance of seaweed paper/MnO2 and non-deposited seaweed paper at
a current density of 0.5 A gt are 248 F g and 55.2 F g%, respectively, as shown in Table 4.5.
A remarkable enhancement in the specific capacitance also confirms the benefit of

incorporating MnQOx.

As the current density increased from 0.5 to 10 A g, the specific capacitance of seaweed
paper/MnO; (200 s deposition) dropped from 248 F g to 79.2 F g. Meanwhile, for longer

deposition time sample (1200 s deposition), the specific capacitance is as low as 1.20 F g* at
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Figure 4.18 Chronopotentiograms of seaweed paper/MnQ: at the deposition time of 200 s with
increasing current densities (0.5 to 10 A g). The GCD curves are linear at all current densities,

and the charge-discharge time is longer at lower current density.
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Table 4.5 The specific capacitance (F g*) of seaweed paper/MnO:; at different deposition times

from GCD.
Deposition time (s)
Current  Density
0 50 100 200 300 450 600 750 900 1200
(Ag?)
0.5 55.2 871 114 248 189 120 114 799 816 955
1 46.4 708 73.1 218 139 113 0913 700 68.8 831
2.5 295 438 477 173 844 88.8 60.0 48.1 449 570
5 196 271 313 135 41.7 627 33.8 248 21.8 28.8
10 10.7 113 25.0 79.2 113 255 375 4.17 167 120
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4.3.5.8 Electrochemical performance - stability test

Stability is another important factor which determines the performance of supercapacitors in
practical applications.?® The cycling performance at 1 A g of the sample carbonised at 900 °C
without deposition is shown in Figure 4.19. The capacitance retention of the carbonised
seaweed paper retains above 90.0% of its initial value after 10000 cycles, indicating this

biomass-derived carbon material has an excellent stability.
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Figure 4.19 The capacitance retention of the 900 °C carbonised seaweed paper at the current

density of 1 A gt for 10000 cycles.
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High MnO2 mass loading samples gave rise to degraded long-term electrochemical cyclability.
For example, the material (900 s deposition) only retained approximately 60% of its original
capacitance value after 2000 cycles (Figure 4.20 (b)). Noticeably, nearly 20% of the initial
capacitance was lost just after 50 cycles, as shown in Figure 4.20 (a). The result can be
explained by the electrochemical dissolution of MnO: during the test and its low structural

stability and flexibility.% 2
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Figure 4.20 The capacitance retention of seaweed paper/MnO> (900 s deposition) at the current

density of 1 A gt after (a) 50 cycles and (b) 2000 cycles.
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However, for samples with relatively lower MnO, mass loading, the capacitance retention is
better with a percentage of 88.3%, as shown in Figure 4.21 (200 s deposition) and Figure A.6
(Appendix, 50 to 600 s deposition). Furthermore, higher specific capacitance values than the
initial were observed during cycling due to activation of more porous structure in the

carbonised seaweed paper which was beneficial for diffusion of ions.* > 28
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Figure 4.21 The capacitance retention of seaweed paper/MnO- with the deposition time of 200

s at the current density of 1 A g,
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4.3.5.9 Electrochemical performance - electrochemical impedance spectroscopy

- Os

- 200s
300s
600s

4r - 900s

Figure 4.22 Nyquist Plots of seaweed paper and seaweed paper/MnO; with different deposition

times.

EIS is an important tool for the study of the characteristics of conductivity and charge transport
in the material/electrolyte interface.?® Figure 4.22 shows the Nyquist plot of carbonised
seaweed paper and seaweed paper/MnO- of different deposition times (200 s, 300 s, 600 s and
900 s) in 3 M KCI solution. The intersection of the curves at the real part represents the
equivalent series resistance (ESR) of the electrochemical system (including the bulk resistance
of the electrolyte solution, inherent resistance of electroactive material, and contact resistance
at the active material/current collector interface), whereas the semicircles display the charge
transfer resistance (Rct) at the working electrode/electrolyte interface.®® The Nyquist plot in
Figure 4.22 shows that the low MnO2 mass loading samples have only slight effect on the
electrical conductivity loss of the overall system compared with the high MnO2 mass loading
samples. For the sample with the deposition time of 900 s, a larger semicircle at the high-

frequency region and a higher ESR value indicate a bigger R¢t and a poorer electrical
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conductivity. Additionally, the steep shape of the low-frequency region represents an ideal

capacitive behaviour, indicating the fast mass transport for the 200 s deposition sample.!
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4.4 Conclusion and comparison

The carbonised seaweed paper was first employed as negative electrode materials (0 to -0.8 V
vs Ag/AgCl) in neutral aqueous electrolytes for supercapacitor applications, providing high
specific capacitance of 226 F g and capacitance retention (~90% after 10000 cycles). The
obtained capacitance is mainly based on electric double layer capacitance (EDLC), and is
higher than a number of biomass-derived carbon (e.g., bamboo, wood, rice husk) or novel
carbon-based (e.g., CNTs and graphene) negative electrode materials whose specific
capacitance is normally less than 200 F g with shorter cycle life.® 142432 |n order to improve
the electrochemical performance of carbonised seaweed paper as positive electrode materials
(0to +0.8 V vs Ag/AgCl), MnO> was deposited onto the carbonised seaweed paper via a simple
potentiostatic method. The specific capacitance and capacitance retention of as-prepared
MnO>/carbonised seaweed paper is compared to other MnOz/carbon-based electrodes reported,
as listed in Table 4.6. The MnO>/carbonised seaweed paper reveals high specific capacitance
and cycle life in contrast to other MnOz/carbon composites. In addition, a free-standing
MnO>/carbon composite is fabricated conveniently, and is made from renewable and fast
grown seaweed-based biomass with low cost, scalability and eco-friendliness, which bears
favourable comparison with production of other carbon-based materials. In the future, seaweed
paper-derived carbon composite materials with specific micro/mesopore structures and

chemical modification can be studied to further improve their electrochemical performance.
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Table 4.6 Electrochemical performance of MnOz/carbon-based electrodes for supercapacitors.

Specific Scan Current Capacitance

Sample Capacitance ~ Rate Density Retention

(Fg™h (mvs?)  (Agh (cycles)

MnO./seaweed paper (this work) 248 / 0.5 ~88%, 5000
MnO2/CNTs* 115 / 0.5 ~95%, 1000
MnO2/Graphene? 310 2 / ~95%, 15000
MnO2/Graphene/CNTs% 331 200 / ~90%, 1000
MnO,/wood carbon3® 55 / 1 ~93%, 10000
MnO2/banana peel carbon3® 140 / 0.3 ~92%, 1000
MnO./carbon aerogel®’ 124 5 / ~60%, 1000
MnO2/hemp carbon® 340 / 1 ~938%, 3000

In this chapter, a novel carbon material derived from biomass, carbonised seaweed paper, was
used to produce hybrid supercapacitors. Carbonisation of seaweed paper imparted the material
with good supercapacitor characteristics. This was confirmed by a range of characterisation
techniques, including SEM, XPS and EDS. After carbonisation, the seaweed fibre structure
was found to be smoother and smaller. When the carbonisation temperature increased to a
certain degree, the electrical conductivity increased as well as the porosity and the surface area.
For electrochemical measurements of the carbonised seaweed paper, cyclic voltammetry was
used and showed that the material has an excellent specific capacitance (226 F g) in a negative

potential range. Electrodeposition of manganese dioxide by chronoamperometry was employed,
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which enhanced the specific capacitance from 47.9 F g™ to 156 F g* in a positive potential

range without obvious loss of the stability (i.e., >88% after 5000 cycles).

In later chapters, we will focus on improving the performance of other biomass-derived
materials such as filter paper as hybrid supercapacitors. This could be achieved by
incorporating other electroactive materials (e.g., transition metal hydroxides, metal oxides and
metal organic frameworks) into the carbon structure. This chapter has presented a method to
synthesise a hybrid supercapacitor from a novel and environmentally friendly material. The
demonstrated good capacitance retention and competitive capacitance value qualifies modified

carbonised seaweed paper for usage in supercapacitor applications.
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Chapter 5 Carbonised Filter Paper with Nickel

Treatment for Supercapacitor Applications

In this project, another type of carbon material derived from biomass, carbonised filter paper
is produced at relatively low temperatures with a simple in situ nickel treatment. The as-
prepared nickel treated carbonised filter paper (Ni-FP) is then easily constructed as a positive
electrode by electrochemical cycling in aqueous alkaline media for supercapacitor application.
The Ni-FP carbonised at 800 °C exhibits a high specific capacitance of 258 F g while the
material carbonised at 1100 °C retains 99.3% of its original specific capacitance at a high
discharge current density of 5 A g after 2000 cycles. The electrochemical performance renders
Ni-FP as a promising substitute for other novel carbon-based materials as supercapacitors in

an environmentally friendly and economical way.

5.1 Introduction

In last chapter, carbonisation of seaweed paper was followed with electrochemical deposition
of MnOz. Alternatively, functionalisation prior to carbonisation can be achieved as well. A
low-cost carbon source filter paper and a popular metal element Ni are selected here. The
carbonisation process with nickel treatment helps to obtain graphitised carbon materials from
filter paper with lower thermal energy input and less chemical contamination, as opposed to
other complicated physical or chemical treatments to produce carbon.! On the other hand,
nickel nanoparticle-based NiO and Ni(OH). are considered to be promising battery-type
electrode materials for supercapacitors due to their excellent theoretical specific capacitance
values (i.e., NiO 2573 F g%, and Ni(OH), 2081 F g), low cost and environmentally friendly

impact.2 However, the poor cyclability and electrical conductivity has limited their
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applications, leading to unsatisfactory specific capacitance and cycle life.®> Recently,
incorporation of nickel oxide/hydroxide into conductive carbon-based materials to form

composites has been proposed to enhance the electrical conductivity and overall performance.*

Previous studies showed that the carbonised filter paper modified with nickel acts as an
efficient catalyst for hydrogen evolution reaction (HER) after electrochemical activation and a
promising capacitive negative electrode material in neutral electrolytes for aqueous-based
supercapacitors after chemical etching of the nickel nanoparticles.® However, its application in
supercapacitors on the positive potential side remains unexplored. Therefore, one aim of this
project is to convert Ni-FP into energy storage materials by electrochemical activation in
alkaline solutions on the positive potential side. In the meantime, Ni etched filter paper is
studied as a counterpart on the negative potential side. To evaluate the properties and
performance of the materials, characterisation and electrochemical methods such as FE-SEM,

XRD, CV, GCD and EIS are conducted in this work.

5.2 Experimental

5.2.1 Chemicals and materials

Nickel(Il) nitrate hexahydrate [Ni(NO3)2-6H20, puriss. p.a., = 98.5% (KT)], potassium

chloride [KCI, ACS reagent, 99.0-100.5%], potassium hydroxide [KOH, ACS reagent, >85%],

sodium sulphate [Na,SO4, ACS reagent, =99.0%] were purchased from Sigma-Aldrich. All

solutions used as part of this project were prepared from Milli-Q water (resistivity ~ 18.2 MQ

cm at 25 °C).
5.2.2 Preparation of carbonised filter paper with nickel treatment (Ni-FP)

For nickel treatment, the Whatman® Cellulose Filter Paper was immersed in a methanol

solution containing 30 wt.% (Ni(NO3)2-6H20) under microwave for one hour, after which it
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was soaked for 11 h at 50 °C and dried at 80 °C in the oven. The samples were then heated at
600 °C for 0.5 h in a N2 atmosphere with a temperature ramp of 25 °C h'. Afterwards, they
were carbonised at 700, 800, 900, 1000, 1100 and 1300 °C for 0.5 h under vacuum (10~ mbar)
with a temperature ramp of 5 °C min, respectively.® The as-prepared Ni-FP samples were

used to evaluate the electrochemical performance.
5.2.3 Electrochemical measurements

All electrochemical experiments were performed with an Autolab PGSTAT128N
potentiostat/galvanostat (Metrohm Autolab, Utrecht, Netherlands) equipped with Nova
software. A three-electrode system, consisting of the sample held by a platinum current
collector as the working electrode, a platinum plate (1 x 1 cm?) as the counter electrode, and
mercury-mercuric oxide electrode (Hg/HgO electrode with 1 M KOH as the internal electrolyte,
+0.110 V vs NHE) as the reference electrode, was used through CV, GCD, and EIS analysis.

The equilibrium reactions of the Hg/HgO electrode are shown as below:
Hg = Hg?* + 2¢ (5-1)
Hg?* + 20H" = Hg(OH), = HgO + H,0 (5-2)

In alkaline solutions, a Ag/AgCI reference electrode has a limited life time as silver oxide can
be formed on the silver wire, but a Hg/HgO electrode remains stable under this condition.
Therefore, the electrochemical performance was studied in an alkaline electrolyte (1 M KOH
vs Hg/HgO) and in three neutral electrolytes (1 M KCI, 1 M Na>SO4 and 3 M KCI aqueous

solutions vs Ag/AgCl with 3 M KCI, +0.210 V vs NHE) for comparison.

5.3 Results and discussion

5.3.1 Surface characterisation of Ni-FP
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5.3.1.1 Scanning electron microscopy

e
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Figure 5.1 FE-SEM images of (a) raw filter paper and (b) Ni-FP carbonised at 800 °C.

Figure 5.1 shows the FE-SEM images of raw filter paper and Ni-FP carbonised at 800 °C.
Layered and long fibres are observed in the raw filter paper, whereas spherical nanoparticles
are distributed densely and homogeneously on the surface and in the bulk of the Ni-FP
carbonised at 800 °C. The layered and long fibres were also broken into leaves with embodied

particles upon carbonisation, as shown in Figure 5.1 (b).
5.3.1.2 X-ray diffraction

The XRD patterns of Ni-FP carbonised at 800 °C are shown in Figure 5.2. The nickel
diffraction peaks (JCPDS 04-0850) are observable in the pattern, demonstrating that the
nanoparticles seen in the FE-SEM image are Ni metal. Calcium carbonate impurities (JCPDS
47-1743) are also observed in XRD, which is common in biomass-derived carbon materials.®
In addition, the peak at 26 value of 26° can be attributed to the (002) plane of the graphitic
layer, which indicates Ni treatment also lowered the temperature for obtaining conductive

carbon compared to non-Ni treated filter paper.> -8
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Figure 5.2 XRD patterns of Ni-FP carbonised at

characteristic peaks.

5.3.2 Alkaline and neutral electrolytes
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An alkaline electrolyte (1 M KOH vs Hg/HgO) and three neutral electrolytes (1 M KCI, 1 M

Na>SO4 and 3 M KCI vs Ag/AgCl) were used to study the electrochemical performance of the

Ni-FP carbonised at 800 °C by CV in a three-electrode system at room temperature (298 K).

CV curves were taken at a scan rate of 2 mV s with the potential range from 0.1 to +0.8 V for

KOH and 0.1 to +0.9 V for the others. To compare the voltammograms more easily, all

potentials were converted to a standard hydrogen electrode (SHE) as the reference electrode.
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Figure 5.3 Cyclic voltammograms of Ni-FP carbonised at 800 °C in 1 M KOH and 1 M KCl

at the scan rate of 2 mV st

The CV curves of the material in 1 M KOH and 1 M KCI are shown in Figure 5.3. Apparently,
redox peaks are observed from the CV in 1 M KOH, which corresponds to the electron transfer
process of Ni(IT) <> Ni(III).° The reason is that spontaneous dissolution of Ni occurs followed
by the formation of Ni(OH). film after being immersed in alkaline electrolytes.l® 1!
Additionally, the gradual growth of Ni(OH)2 structures is accelerated by electrochemical
oxidation during CV scans in KOH solution.'® In contrast to the CV in KOH, only a quasi-
rectangular shape was detected for the CV in 1 M KCI, which is normally attributed to electric
double layer capacitance only. Similarly, CV curves displaying quasi-rectangular shapes
without redox peaks in 1 M Na>SO4 and 3 M KCl are observed in Figure 5.4. Hence, it is found
that OH" ions took part in the electrochemical reaction and are related to the redox peaks from
the difference of the CV curves. The strong redox peaks in 1 M KOH are ascribed to the

following electrochemical process occurring at the electrode/electrolyte interface:

Ni(OH)2 + OH" = NiOOH + Hz0 + ¢ (5-3)

169



—— M KOH
- — IMKCI
- - -3MKCl
—-— 1M Na,SO,

Current Density (A g™)

0.0 0.2 0.4 0.6 0.8 1.0
Potential (V vs SHE)

Figure 5.4 Cyclic voltammograms of Ni-FP carbonised at 800 °C in 1 M KOH, 1 M KCl, | M

Na,SO4 and 3 M KClI at the scan rate of 2 mV s,
5.3.3 Potential range

For comparison, CV curves were also taken at 2 mV s from 0.2 to -0.6 V (vs SHE) in the
same electrolytes as mentioned above. It is clearly seen from Figure 5.5 that the area enclosed
by the CV in 1 M KOH is basically the same as that in 1 M KCI apart from redox peaks around
0 V in KOH. The peaks are attributed to redox reactions of oxygen functional groups and
adsorbed or dissolved oxygen on the surface of the materials.!? The possible reactions in

alkaline electrolytes are as follows:

>C=0 + H,0 + e — >C-OH + OH" (5-4)
*0, + 2H20 + 4e” — 4*OH" (5-5)
*02 + H20 + 26" — *HO2 ;: *HO2 + H20 +2e" — 3*OH" (5-6)
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Figure 5.5 Cyclic voltammograms of Ni-FP carbonised at 800 °C in 1 M KOH and 1 M KCl

at the scan rate of 2 mV s from 0.2 to -0.6 V vs SHE.
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Figure 5.6 Cyclic voltammograms of Ni-FP carbonised at 800 °C in 1 M KOH, 1 M KCl, 1| M

Na>SO4 and 3 M KCI at the scan rate of 2 mV st from 0.2 to -0.6 V vs SHE.

The CV curves in the same potential range in 1 M Na>SO4 and 3 M KCI are similar to those
discussed above, as shown in Figure 5.6. Therefore, the Ni-FP works better as a positive

electrode material in alkaline than in neutral electrolytes due to faradaic contributions.
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5.3.4 Removal of nickel particles

In a previous study, nickel particles were removed by immersing the Ni-FP in 30% HNO3 and
the consequent Ni-removed FP was used for supercapacitor application in a negative potential
range (0 to -0.8 V vs Ag/AgCl).? It was also suggested in the work that nickel could lead to a

faster graphitisation at 800 °C, which was normally 1500 °C without nickel treatment.> & 3

To better understand the role of nickel in the material, the electrochemical performance of Ni-
removed FP and FP without nickel treatment was also evaluated by CV. Both samples were
carbonised at 800 °C, tested in 1M KOH as the electrolyte in two potential ranges (0.1 to -0.7
V and 0 to +0.7 V vs Hg/HgO), after which the results are compared to the CV of Ni-FP

carbonised at 800 °C.

Figure 5.7 shows that the largest specific capacitance obtained from the enclosed curve area
within the CV was observed in the Ni-removed sample in the potential range of 0.1 to -0.7 V.
The value is more than three times as large as that of the Ni-FP sample, whereas non-nickel
treated sample has the lowest capacitance. The reason is that more micropores were exposed
to the electrolytes after the removal of nickel particles, which increased the accessibility of the

material and thus the current response as well.®
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Figure 5.7 Cyclic voltammograms of 800 °C Ni-FP, Ni-FP Etched and FP in 1 M KOH at the

scan rate of 2 mV s in a potential range of 0.1 to -0.7 V.

However, the Ni-FP sample shows a higher enclosed area than the other two when CV was
conducted in the potential window of 0 to 0.7 V, as shown in Figure 5.8. This enhanced
electrochemical behaviour is owing to the faradaic process where electrons transfer between
the electrode and the electrolyte, changing the oxidation state of Ni(OH). as discussed
previously. As for the FP sample without nickel treatment, its porosity and conductivity
properties are poorer, therefore leading to the least competitive electrochemical performance

in both potential windows among all three samples.
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Figure 5.8 Cyclic voltammograms of 800 °C Ni-FP, Ni-FP Etched and FP in 1 M KOH at the

scan rate of 2 mV st in a positive potential window of 0 to +0.7 V.
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Figure 5.9 Comparison of CV curves of Ni-FP carbonised at 800 °C in 1 M KOH at the scan

rate of 2 mV s in two potential windows.

Figure 5.9 compares the CV curve of Ni-FP carbonised at 800 °C in the negative potential
range to that in the positive range. In addition to the capacitive charge storage within both given
potential windows, the faradaic behaviour of the Ni-FP in the positive potential window
9,10, 14

enables itself to be a promising positive faradaic electrode for energy storage devices.
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5.3.5 Influence of scan rate and temperature of carbonisation

The important roles of alkaline electrolytes and nickel for the application were discussed above.
On the other hand, the structure of carbon also affects its performance as a supercapacitor.
Hence, a prior question comes that what parameters can be changed when we convert cellulose-
based biomass into conductive carbon via thermal treatment.® In this section, the influence of
carbonisation temperature on the electrochemical properties of carbonised Ni-FP was
examined. The nickel treatment was the same but samples were carbonised under different

temperatures in vacuum at 700, 800, 900, 1000, 1100 and 1300 °C, respectively.

The electrochemical performance of the Ni-FP was first determined by CV in 1 M KOH from
0 to +0.7 V vs Hg/HQO. Figure 5.10 to 5.17 compare the CV curves of samples carbonised at

different temperatures, with increasing scan rates at 2, 5, 10, 25, 50, 100 and 200 mV s,

Figure 5.10 shows that samples carbonised at 800 °C and 900 °C exhibited larger current
response than the other samples at the scan rate of 2 mV s. Furthermore, the CV curve of the
800 °C sample consists of two couples of faradaic redox peaks, as labelled in Figure 5.10. The

observed faradaic peaks are corresponded to the redox reactions of o and B-Ni(OH)2.%8

Figure 5.11 shows the enlarged CVs of the 600, 700, 1000, 1100 and 1300 °C samples between
+0.3 and +0.6 V, indicating that although the current recorded was much lower than the 800 °C

and 900 °C ones, redox peaks can still be observed.
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Figure 5.10 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of 2

mV st from 0 to +0.7 V. Peaks observed for 800 and 900 °C Ni-FP.
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Figure 5.11 Close-up cyclic voltammograms of 600 (enlarged), 700, 1000, 1100 and 1300 °C

Ni-FP at the scan rate of 2 mV s between +0.3 and +0.6 V. Peaks also observed for these

samples apart from 800 and 900 °C Ni-FP.
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Figure 5.12 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of 5
mV st from 0 to +0.7 V. At 5 mV s, CVs of 800 and 900 °C Ni-FP are observed with more

distortion. Current response of other samples is still low.
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Figure 5.13 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of
10 mV st from 0to +0.7 V. At 10 mV s, CVs of 800 and 900 °C Ni-FP face further distortion

compared to 5 mV s, Current response of 1000 to 1300 °C Ni-FP starts increasing.
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The CV curves are similar at low scan rates (5 and 10 mV s!) except the reduction peaks shifted
to more negative values with the increase of the scan rate, whereas the anodic peaks shifted to
more positive values and overlapped with the current from water oxidation process (i.e.,

oxygen evolution reaction) for the 800 °C and 900 °C samples, as shown in Figure 5.12 and

5.13.

Current Density (A g™

0.0 0.2 04 06 0.8
Potential (V vs Hg/HgO)

Figure 5.14 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of
25 mV s from 0 to +0.7 V. At 25 mV s, CVs of 800 and 900 °C Ni-FP are further distorted,
where anodic peaks disappear but cathodic peaks still exist. CVs of 1100 and 1300 °C Ni-FP

are observed with peak separation.
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Figure 5.15 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of
50 mV st from 0 to +0.7 V. At 50 mV s, CVs of 800 and 900 °C Ni-FP are further distorted
as well as CV of 1000 °C Ni-FP. CVs of 1100 and 1300 °C Ni-FP are still observed with clear

peak separation and higher current response.

As shown in Figure 5.14 and 5.15, when the scan rate increased to 25 and 50 mV s, the CV
shapes of the 800, 900 and 1000 °C samples faced more distortion and the oxidation peaks
disappeared. Meanwhile, the reduction peaks also became less obvious when the scan rate
further reached 100 and 200 mV s for these samples. However, we observed well-defined
redox peaks from the CV curves of the 1100 and 1300 °C samples at all medium and high scan
rates (25 to 200 mV s1), as shown in Figure 5.14 to 5.17. In particular, Figure 5.17 shows that
the CV of the 1300 °C sample still exhibited a symmetrical peak shape at the highest scan rate

of 200 mV s,
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Figure 5.16 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of
100 mV st from 0 to +0.7 V. At 100 mV st, CVs of 800 and 900 °C Ni-FP are further distorted
with cathodic peaks also disappeared. CV of 1000 °C Ni-FP still has cathodic peak. Well-

defined peaks and CVs with high current are observed for 1100 and 1300 °C Ni-FP.
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Figure 5.17 Cyclic voltammograms of 600 to 1300 °C Ni-FP in 1M KOH at the scan rate of
200 mV st from 0 to +0.7 V. At 200 mV s, CV of 1300 °C Ni-FP is still well-defined, but
CV of 1100 °C Ni-FP faces distortion at high potential. CVs of 800, 900 & 1000 Ni-FP are

more distorted. In addition, CV signals of 600 & 700 °C Ni-FP are low at all scan rates.
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It is known that peak separation in CV is commonly used to evaluate the reversibility of the
redox reaction. In general, all samples have better reversibility at low scan rates. However, the
observation above indicates that the samples have slow electrode kinetics of charge transfer
and limited ion transport to accessible pore surfaces with increasing scan rates, resulting in a
reduced reversibility of the process, whereas the 1100 and 1300 °C samples show lower peak
separation dependency on the scan rate and more excellent reversibility due to higher electrical

conductivity and lower resistance.®

The specific capacitance was calculated from the integrated area of the CV curves, according

to the following equation:

C = JIdE (5-7)

2mvAE

Where C is the specific capacitance (F g1), | is the current (A), E is the potential (V), m is the

mass of the material (g), v is the scan rate (V s) and 4E is the potential window (V).
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The cyclic voltammograms are shown in Figure 5.18 (a) & (b) for 800 °C Ni-FP, (c) & (d) for
1100 °C Ni-FP, and the calculated specific capacitance is listed in Table 5.1. CVs of Ni-FP

carbonised at others temperatures (600 to 1300 °C) are shown in Figure A.7 (Appendix).

Table 5.1 The specific capacitance (F g) of Ni-FP carbonised at different temperatures.

Temperature of carbonisation (°C)

Scan rate (mV s) 600 700 800 900 1000 1100 1300

2 0.974 27.0 258 131 96.9 70.6 34.9
5 0.783 21.1 219 120 77.8 30.8 19.8
10 0.555 155 147 116 74.0 28.3 18.8
25 0.383 7.39 72.8 921 66.9 32.2 21.9
50 0.284 3.77 38.3 54.9 541 34.3 24.8
100 0.198 1.89 19.4 25.0 35.8 33.9 25.7
200 0.130 0.906 9.42 11.8 20.4 30.0 24.2

The CV curve shows tiny current flow and specific capacitance (< 1 F g*) for the Ni-FP
carbonised at 600 °C in spite of observed redox peaks. The current response and the specific
capacitance (0.9 — 27 F g) saw a rise at 700 °C, as shown in Table 5.1. At the low scan rates
(2,5 & 10 mV s?), the specific capacitance reached a maximum for the Ni-FP carbonised at
800 °C (e.g., 258 Fgtat2 mVvs? 219 Fgtat5 mV st and 147 F g* at 10 mV s?) in Figure
5.18 (a) & Table 5.1, and dropped gradually for the samples carbonised at higher temperatures
of 900 to 1300 °C (~ 96.9 to 18.8 F g). As discussed above, the CV curves faced more
distortion at higher scan rates for all samples but those carbonised at higher temperatures were
less affected (e.g., Figure 5.18 (c) & (d) for 1100 °C Ni-FP). As a consequence, the specific
capacitance of the Ni-FP carbonised at 900 °C was the highest among all samples at the
medium scan rates of 25 mV s (92.1 F g%) and 50 mV s (54.9 F gY). When the scan rate
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increased to 100 and 200 mV s, the best results were recorded for the Ni-FP samples

carbonised at 1000 °C (35.8 F g) and 1100 °C (30.0 F g1), respectively.
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Figure 5.18 Cyclic voltammograms of 800 °C Ni-FP at (a) 2 to 25 mV s, (b) 50 to 200 mV's"

1 and 1100 °C Ni-FP at (c) 2 to 25 mV s, (d) 50 to 200 mV s, in 1M KOH in a positive

potential range of 0 to +0.7 V. 800 °C Ni-FP only shows CVs with well-defined peaks at low

scan rates in (a) but faces distortion at high scan rates in (b); 1100 °C Ni-FP still shows CVs

with well-defined peaks at all scan rates in (c) & (d).

The reasons are considered as follow:

During carbonisation, most cellulose content was removed and pores were generated.

The porosity reached its highest value at 800 °C and then went down as pore structure

was destroyed at higher temperatures. The samples carbonised at higher temperatures
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have larger pore size, but lower pore volume and smaller specific surface area. It is
known that more micropores and suitable pore size are related to better double-layer
capacitive performance and easier diffusion of ions into pores.®

Meanwhile, as the temperature of carbonisation increased, the electrical conductivity
of the materials increased, which led to a decrease in the resistance of the system as
higher temperature could contribute to removal of oxygen-containing functional groups
and thus improve the degree of graphitisation. The increase in conductivity gives rise
to faster faradaic processes without which the current response could be hindered.*’
Therefore, a high capacitive response was observed for the 800 °C Ni-FP at low scan
rates. Although lower conductivity is correlated with a decrease in the specific
capacitance, the high surface area and enough time for the faradaic reaction and
diffusion of ions into pores could easily compensate for the loss.

Also, better results were obtained for the samples carbonised at higher temperatures
(900, 1000 and 1100 °C) at faster scan rates, where quick mass transport and charge
transfer could still be achieved because of larger pore size and better conductivity.
However, when the temperature of carbonisation reached 1300 °C, the specific
capacitance dropped again at all scan rates because the increase in conductivity and the
pore size could not counteract the closure of micropores and interparticle voids, and the

lower surface area.'®
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The correlation between the scan rate and the specific capacitance of the Ni-FP is shown in
Figure 5.19. Overall, the specific capacitance values decreased with increasing scan rates, as
the electrolyte ions lacked sufficient time to approach the inner pore surfaces of the Ni-FP
samples and the electrode kinetics was slow at higher scan rates. At low scan rates, the ions
intercalated well with the outer and inner pore surfaces of the material and the electrode
reaction can keep pace with the electron flow rate.*® Such a capacitance decrease can be less
obvious with the increase of the carbonisation temperature. For example, the Ni-FP carbonised
at 1100 °C still had its 70% capacitance retention at high scan rates, as shown in Figure 5.20.
In addition, the 1100 °C and 1300 °C samples face increase of specific capacitance at the scan

rates from 10 to 100 mV s due to further activation of the materials.

300

—=—8600°C
—+—800°C
‘\ 1100 °C

N
B~
o

= — 1300 °C

™

L

® 180 |

c

LY

©

R0t

3]

O

L

8 8o

[=H

7] e

0 -

1 1 1 L 1 L 1 L |
o 50 100 150 200

Scan Rate (mv s™)

Figure 5.19 The specific capacitance of 600, 800, 1100 and 1300 °C Ni-FP as a function of the

scan rate.
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Figure 5.20 The specific capacitance retention of 600, 800, 1100 and 1300 °C Ni-FP as a

function of the scan rate.

It is also noticed from Figure 5.21 that the CV curve has an excellent linear relationship
between the cathodic peak current and the square root of the scan rate for 1100 °C Ni-FP,

indicating that the faradaic electrode reaction is a diffusion-controlled process.?
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Figure 5.21 Plots of I, (cathodic peak) as a function of v¥? for Ni-FP carbonised at 1100 °C.
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Figure 5.22 Cyclic voltammograms of 1100 °C Ni-FP at the scan rate of 50 mV s™* for 700

cycles.

A significant increase in currents and peak separation was noted with increasing cycle number
at a constant scan rate of 50 mV s for 1100 °C Ni-FP, which showed an enhanced
electrochemical performance and a slightly degraded reversibility in Figure 5.22. The specific
capacitance would increase in the first ~700 cycles and then became stable, as shown in Figure
5.23, presumably owing to the gradual conversion of conductive Ni to faradaic Ni(OH). by
electrochemical oxidation and activation of pores in the carbon-based material during the

cycling.*®
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cycles.
5.3.6 Galvanostatic charge-discharge

The specific capacitance of the 800 °C and the 1100 °C Ni-FP was also calculated from the
GCD measurements at different current densities of 0.5, 1, 2.5, 5 and 10 A g}, according to the

following:
Cgalvanostatic discharge = J Idt/4E (5-8)

Where | is the discharge current density (A-g2), tis the discharge time (s) and AE is the

potential window (V).
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Figure 5.24 GCD curves of (a) 800 °C & (b) 1100 °C Ni-FP at various current densities. Non-
linear discharge curves are observed due to contributions from faradaic battery-type materials.

Results from the figure are calculated and listed in Table 5.2.

Table 5.2 The specific capacitance (F g*) of 800 & 1100 °C Ni-FP at different current densities.

Current Density (A g1)

Temperature of Carbonisation

0.5 1 2.5 5 10
°C)
800 291 199 153 101 49.2
1100 45.7 41.8 38.7 38 36.3

The nonlinear curves display charge/discharge plateaus originating from the conversion of
Ni(OH)2 to NiOOH, indicating a typical faradaic battery-type electrode behaviour.?* Table 5.2
and Figure 5.24 show the gravimetric specific capacitance at different current densities
according to the equation above. Although the specific capacitance of the 800 °C Ni-FP is
much higher than that of the 1100 °C Ni-FP at 0.5 A g, this value of the 800 °C Ni-FP
decreased more rapidly than that of the 1100 °C Ni-FP when the current density increased, as

shown in Figure 5.25 and 5.26. The reason is that a higher conductivity and a larger pore size
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of the electrode lead to better rate performance by maintaining fast electron transfer and ion
transport.> 22 The specific capacitance and rate performance of the samples are consistent with

the results of the cyclic voltammograms analysed previously.
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Figure 5.25 The specific capacitance of 800 & 1100 °C Ni-FP at different current densities.
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Figure 5.26 The capacitance retention of 800 & 1100 °C Ni-FP at different current densities.
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5.3.7 Stability test

The cycling stability is also crucial for the practical application of the electrode. Therefore, the
cycling performances of the 800 °C and the 1100 °C Ni-FP were carried out up to 2000 cycles
at a high current density of 5 A g*. As shown in Figure 5.27, the capacitance retention of the
800 °C Ni-FP is 74.3% after 1000 cycles and 54.4% after 2000 cycles. However, the 1100 °C
Ni-FP sample still retained about 99.3% of its capacitance after 2000 cycles. The excellent
capacitance retention and rate performance of 1100 °C Ni-FP confirm potential application of

nickel hydroxide modified biomass-derived carbon supercapacitors in the future.
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Figure 5.27 Plots of specific capacitance retention of (a) 800 °C & (b) 1100 °C Ni-FP against

cycling number.
5.3.8 Electrochemical impedance spectroscopy

EIS is a useful tool for the study of the characteristics of conductivity and charge transport in
the material/electrolyte interface.?® Both equivalent series resistance (ESR, the intersection of
the curves at the real part) and charge transfer resistance (Rct, the semicircles in Nyquist plots)
increased after cycling. The Nyquist plot of the 1100 °C Ni-FP indicates a lower R¢t and a

higher electrical conductivity compared to those of the 800 °C Ni-FP, which explains better
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electrochemical performance at higher scan rates, larger current densities and more cycling

numbers, as shown in Figure 5.28 and 5.29.
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Figure 5.28 (a) Nyquist plots and high-frequency region (b) of 800 °C Ni-FP after 1%, 1000,

2000™ & 3000™ cycles. Both ESR and R increased with cycles.
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Figure 5.29 (a) Nyquist plots and high-frequency region (b) of 1100 °C Ni-FP after 1%, 1000™",

2000™ & 3000™ cycles. The ESR and R values of 1100 °C Ni-FP are lower compared to

800 °C Ni-FP in Figure 5.28.
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5.4 Conclusion and comparison

To clarify the electrochemical performance of Ni-FP in this work for supercapacitor
applications, the results are listed and compared to other carbon-based composite materials
modified with nickel hydroxide species or transition metal oxides in Table 5.3. The specific
capacitance of Ni-FP carbonised at 800 °C is comparable to some reported carbon-based
composite electrode materials, but its capacitance retention is worse as a result of the typical
drawback of battery-type materials. However, Ni-FP carbonised at 1100 °C shows longer cycle
life with subtle capacitance loss, indicating both high specific capacitance and capacitance
retention might be achieved simultaneously in Ni-FP materials with more precise modifications

in the future.

Table 5.3 Electrochemical performance of carbon-based composite electrodes modified with

Ni(OH): or transition metal oxides for supercapacitors.

Specific Scan Current
Sample Capacitance Rate Density Capacitance Retention

(Fg? (mVs?)  (Ag?)

Ni-FP 800 °C (this work) 258 2 / ~74.3%, 1000 cycles
Ni-FP 1100 °C (this work) 71 2 / ~99.3%, 2000 cycles
Ni(OH)./Graphene® 218 1 / ~94.3%, 3000 cycles
NiO/CNTs?* 245 2 / /
MnO2/CNTs? 115 / 0.5 ~95%, 1000 cycles
NiO/Activated carbon?® 90 10 / /

193



In addition, it is worth mentioning that the specific capacitance of NiO/carbon or
Ni(OH)2/carbon composites reported in some studies reaches more than 3000 F g%, which is
even higher than the theoretical specific capacitance of Ni(OH)2 (i.e., 2081 F g1).> 427 The
possible reason is that only the weight of electroactive materials is considered in the
capacitance calculation, but the weight of carbon substrates, binders and conductive additives
(i.e., ‘dead weight’) is excluded, which does not compromise Ni-FP prepared in this work as a

competitive candidate for supercapacitor applications.

In this work, we have successfully developed an approach to fabricating Ni-FP and converted
the as-prepared Ni-FP to energy storage materials by electrochemical activation and cycling in
alkaline solutions on the positive potential side where the material exhibits an obvious faradaic
response, superior specific capacitance and excellent cycling stability. The Ni-FP carbonised
at 800 °C showed a high specific capacitance of 258 F g while the material carbonised at
1100 °C retained 99.3% of its original specific capacitance at a high discharge current density
of 5 A g ! after 2000 cycles due to their faradic battery-type behaviour. Additionally, Ni etched
FP provided ideal electric double-layer capacitance on the negative potential side. This study
illustrates that the composite possesses potential as an active material in high-performance
energy-storage applications. Furthermore, the carbon substrate derived from biomass material
in this study, which is more environmentally friendly and economical, could be a promising

substitute for other novel carbon materials such as graphene and carbon nanotubes.
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Chapter 6 Metal-Organic  Frameworks
Modified Biomass  for  Supercapacitor
Applications

In this chapter, bimetallic Mn/Co metal-organic frameworks (MOFs) are grown on novel
carbon materials derived from abundant or waste biomass such as Hinoki wood (Japanese
cypress), rice husks, seaweed paper and phenolic resin modified Hinoki wood (floor board
waste). Mixed metal oxides/nanocarbon hybrids obtained after carbonisation are characterised
by SEM, XPS and electrochemical methods including cyclic voltammetry (CV). Apart from
the electric double-layer capacitance provided by the carbon source, the materials show
improved electrochemical performance due to faradaic redox reactions from the pyrolysed
MOFs when CV is conducted in alkaline electrolytes. In particular, the carbonised
MOFs/phenolic resin modified Hinoki material synthesised via an in-situ growth of MOFs
exhibits a good specific capacitance (128 F g, rate capability and stability (90.0% retention
after 10000 cycles) in KOH solution, which acts as an innovative bulk electrode material in

supercapacitor applications.

6.1 Introduction

In recent studies, a number of carbon materials were used as electric double-layer capacitor
electrodes due to their intrinsic physical and chemical properties, long stability, processability
and compatibility, etc.X Among all widely investigated sources, biomass derived materials
which are rich in carbon have shown excellent electrochemical performance for supercapacitor
electrodes.?® However, some of them are industrial products or agricultural produce such as

potato starch and soybean, which are less economical as compared to biomass waste materials.®
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Herein, cheap biomass such as Hinoki wood and seaweed paper together with bio-waste such
as rice husks and floor board waste made of phenolic resin modified Hinoki wood are utilised

as potential electric double-layer electrode materials.

On the other hand, metal-organic frameworks (MOFs), novel materials with metal ions and
organic ligands (Figure 6.1), have been broadly studied in various fields including gas storage
and separation (e.g., Hz, CO2, CH4 and NHs), drug delivery, sensing and catalysis.” Recently,
research on MOFs as a faradaic source of energy has been carried out in electrochemical
devices for energy storage.® ° In some studies, MOFs are directly employed as electrode
materials due to their regular porous structures. However, most MOFs have poor electrical

conductivity and their stability performance is only limited to several hundred cycles.®

CO(NO3)26H20
Mn(Ac),-4H,0

Solvothermal at 130 °C
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HO 2\ e
HO O ‘ .f-’ﬁ:\  " # R
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Bimetallic MOFs

Figure 6.1 Schematic diagram of bimetallic MOFs synthesis.?

Combination of MOFs with conductive materials to form composites is first proposed to solve
the electrical conductivity issue.'® For example, MOFs/polyaniline composites are prepared as
free-standing electrodes as the conducting polymer allows fast electron transport.* More work
is based on compositing MOFs with carbon to obtain electrode materials such as Co-
MOF/carbon cloth, Zn-MOF/reduced graphene oxide and Ni-MOF/carbon nanotube.'? The as-
obtained materials can be further converted into metal oxide/carbon composites through

pyrolysis which eliminates the organic ligands in MOFs.°
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Herein, mixed metal oxides in conductive carbon structures are obtained after pyrolysis of
bimetallic Mn/Co MOFs-based biomass-derived carbon hybrids. Pyrolysed MOFs here are
electroactive (faradaic battery-type) electrode materials while carbonised biomass serves as an
EDLC (non-faradaic and capacitive) electrode and a conductive substrate. In this way, the
hybrid supercapacitors are assembled for high performance electrochemical energy storage

devices.

6.2 Experimental

6.2.1 Chemicals and materials

Potassium chloride [KCI, ACS reagent, 99.0-100.5%], potassium hydroxide [KOH, ACS
reagent, >85%], DMF [HCON(CHzs)2, ACS reagent, >99.8%], Nafion™ 117 containing
solution, manganese(ll) acetate tetrahydrate [Mn(Ac)2-4H20, >99%], and cobalt(ll) nitrate
hexahydrate [Co(NO3).-6H20, ACS reagent, >98%] were purchased from Sigma-Aldrich. 2,5-
Dihydroxyterephthalic acid (HsDOBDC) was obtained from TCI. Hinoki wood (Japanese
cypress trees) and phenolic resin modified Hinoki wood (floor board waste) were obtained
from Daeshin Lumber. Rice husks were obtained from Daewon GSI, and was ground in mortars

with pestles. Seaweed paper was obtained from Marine pulp Co.
6.2.2 Preparation of carbonised MOFs/biomass
6.2.2.1 Synthesis of carbonised MOFs/Hinoki wood

Mn(Ac)2:4H20 (0.340 mmol), Co(NO3)2-6H-0 (0.227 mmol) and H4sDOBDC (0.150 mmol)
were dissolved in a mixture solution of 10 mL DMF, 0.6 mL ethanol and 0.6 mL water. The
solution was then heated at 130 °C in an oil bath. The reaction was carried out for 16 hours.

Afterwards, the solution was cooled to room temperature, and the product was collected on a
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filter paper. Finally, the product was rinsed with DMF and methanol, and then dried under

vacuum.

Hinoki was carbonised with two temperature steps in a quartz tube furnace under N>
atmosphere. First, a piece of Hinoki wood was heated up to 600 °C with a ramping rate of 0.5
°C min', and then further carbonised until 1000 °C with a ramping rate of 5 °C min'. After

carbonisation, the bulk carbon sample was milled to a thin disk with a thickness of 0.3 mm.

3.0 g of MOF-74 (Mn/Co) was dispersed in 15 mL methanol with a mild sonication for 1 min.
The MOF solution was then poured on a piece of pre-treated Hinoki carbon under a vacuum
condition. The MOFs/Hinoki carbon was dried at room temperature, and then carbonised in a

quartz tube furnace at 700 °C for 2 h with a ramping rate of 2 °C min™ under N, atmosphere.
6.2.2.2 Synthesis of carbonised MOFs/rice husks

Mn(Ac)2-4H20 (0.340 mmol), Co(NO3)2-6H20 (0.227 mmol) and HsDOBDC (0.150 mmol)
were dissolved in a mixture solution of 10 mL DMF, 0.6 mL ethanol and 0.6 mL water. Ground
rice husks (30 mg) pre-activated at 400 °C were added to the solution, and then heated at 130 °C
in an oil bath. The reaction was carried out for 16 h after which the solution was cooled to room
temperature, and the product was collected on a filter paper. Finally, the product was rinsed
with DMF and methanol, and then dried under vacuum. The as-prepared MOFs/rice husks were
carbonised in a quartz tube furnace at 700 °C for 6 h with a ramping rate of 2 °C min under

N2 atmosphere.
6.2.2.3 Synthesis of carbonised MOFs/seaweed paper

Mn(Ac)2:4H20 (0.340 mmol), Co(NO3)2-6H-0 (0.227 mmol) and H4sDOBDC (0.150 mmol)
were dissolved in a mixture solution of 10 mL DMF, 0.6 mL ethanol and 0.6 mL water. A piece
of seaweed paper was added to the solution, and then heated at 130 °C in an oil bath. The

reaction was carried out for 16 h after which the solution was cooled to room temperature, and
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the product was collected on a filter paper. Finally, the product was rinsed with DMF and
methanol, and then dried under vacuum. The as-prepared MOFs/rice husks were carbonised in

a quartz tube furnace at 700 °C for 4 h with a ramping rate of 2 °C min™* under N2 atmosphere.
6.2.2.4 Synthesis of carbonised MOFs/phenolic resin modified Hinoki wood

For Sample 1 prepared by a two-step approach, the process was the same as the synthesis of
carbonised MOFs/Hinoki carbon in 6.2.2.1 where a piece of phenolic resin modified Hinoki
wood was substituted for normal Hinoki here. In this method, MOFs were synthesised first and

mixed with pre-treated biomass before final carbonisation.

For Sample 2 prepared in an in-situ way, the process was similar to the synthesis of carbonised
MOFs/rice husks in 6.2.2.2 where a pre-treated piece of phenolic resin modified Hinoki wood
was substituted for rice husks. Herein, MOFs were synthesised on pre-treated biomass before

final carbonisation.
6.2.3 Equipment and experimental set-up

All electrochemical experiments were performed with an Autolab PGSTAT128N
potentiostat/galvanostat (Metrohm Autolab, Utrecht, Netherlands) equipped with Nova
software. The measurements were conducted at room temperature using a standard three-
electrode configuration, as described in Chapter 2. All potentials mentioned in this chapter
were measured against the Ag/AgCI electrode (3M KCI, +0.210 V vs NHE), unless specified.
Other experimental parameters such as scan rate, potential window, current density, electrolyte

type and cycle number are specifically mentioned in Chapter 6.3 below.

For MOFs modified rice husks and seaweed paper samples, the set-up consists of a platinum
coil counter electrode and a silver/silver chloride reference electrode (immersed in 3 M KCI),
along with a glassy carbon working electrode assembled in a home-built PTFE holder with a

circular area of 0.38 cm? (a diameter of 0.70 cm) exposed to the solution. A 2 mg mL™

203



suspension was prepared by mixing the milled samples in water. After homogenisation by

sonication, 10 puL of the suspension was drop coated on the glassy carbon electrode and coated

with 10 pL of Nafion™ 117 solution.

For the other bulk samples (modified Hinoki wood and waste), the materials were directly used
as working electrodes (held by a Platinum current collector). The experimental set-up is the

same as that in Chapter 4 and 5.

6.3 Results and discussion

6.3.1 Surface characterisation of carbonised MOFs/biomass materials
6.3.1.1 Scanning electron microscopy

SEM images in Figure 6.2 clearly show that the pyrolysed MOFs particles are well dispersed
among the biomass carbon surfaces. The homogeneous nanoparticles indicate the formation of
mixed bimetallic metal oxides on carbon structures. Hence, the SEM results suggest that hybrid

materials are synthesised successfully and are eligible for further studies.
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Figure 6.2 SEM images of carbonised MOFs modified (a) rice husks, (b) seaweed paper, (c)

& (d) Hinoki wood waste (via in-situ method).
6.3.1.2 X-ray photoelectron spectroscopy

XPS survey spectra were undertaken to analyse the surface chemical composition of the
carbonised MOFs modified materials, as shown in Figure 6.3 and Table 6.1. Carbon and
oxygen are dominant while manganese and cobalt are detected as well in all samples. The
reason why a high amount of manganese and cobalt in the carbonised MOFs/rice husks was
observed is that it is easier for powdery rice husks to adsorb MOFs during the synthesis,
whereas lower amounts of bimetallic species were found in other biomass samples. From the
high-resolution spectrum of Mn 3s, a peak splitting of 6.0 eV pointed to an oxidation state of
Mn(Il). The satellite feature of Co 2p indicated mixed valency, with mixed oxidation states of

Co(Il) and Co(lll), as shown in Figure 6.4.
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Figure 6.3 XPS spectra of carbonised MOFs modified biomass materials.

Table 6.1 Atomic ratios of samples according to XPS survey spectra.

1000

800 600 400
Binding Energy (eV)

200

0

Carbonised
C 0] Mn Co

MOFs/biomass

Rice husk 57.28 28.25 7.21 6.45
Hinoki wood 91.57 7.13 0.17 0.12
Seaweed paper 91.82 6.46 0.52 0.33
Sample 1 93.57 6.23 0.09 0.11
Sample 2 92.65 6.90 0.27 0.18
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Figure 6.4 XPS spectra of (a) Mn 3s and (b) Co 2p regions of carbonised MOFs/rice husks.
(@): Mn(1l) indicated from peak splitting of 6.0 eV; (b): Co(ll) and Co(lll) confirmed from

satellite features.
6.3.2 Electrochemical performance of carbonised MOFs/Hinoki wood

The CV curves of the carbonised MOFs/Hinoki wood sample in aqueous 1M KOH electrolyte
at increasing scan rates from 2 to 200 mV s are presented in Figure 6.5. The observed redox
peaks can be attributed to the mixed metal oxides from the pyrolysed bi-metallic MOFs, while
other current mainly results from the capacitive behaviour of carbonised biomass. Notably, the
CV curve retains the shape of a combination of faradaic current and capacitive current at a high

scan rate of 200 mV s, indicating good rate performance of the composite electrode.
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Figure 6.5 Cyclic voltammograms of carbonised MOFs/Hinoki wood in 1 M KOH at scan
rates of 2, 5, 10, 25, 50, 100 and 200 mV s (a) and (b) 2, 5, 10 mV s™*. Potential range: -0.1 to

+0.4 V.

Figure 6.6 shows the comparison of the CV curves recorded at 100 mV s in 1 M KOH and 3
M KCl solutions, respectively. The CV curve in 3 M KCI has a quasi-rectangular shape without
apparent redox peaks, which is similar to a pure capacitive response. The reason is that the
redox reaction here involves the participation of hydroxide, OH", and the concentration of OH"
in the neutral KCI solution (107 mol L) is much lower than that in 1 M KOH (1 mol LY), as
introduced in Chapter 1.3. Therefore, the redox peaks are almost unobservable in KCI and the
system does not benefit much from the faradaic process. In addition, the fact that the relevant

electrode process is pH dependant leads to the shift of the peak potential.
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Figure 6.6 Cyclic voltammograms of carbonised MOFs/Hinoki wood at 100 mV st in 1 M

KOH (black) and 3 M KCI (red).

To investigate whether the operating potential window (-0.1 to +0.4 V) can be widened, CVs

of the material were conducted at 50 mV s under different potential ranges, as shown in Figure

6.7. The upper potential limit can be extended to +0.5 V with a stable current, whereas higher

upper limits gave rise to a sharp increase in the current due to oxygen evolution reaction (OER).

On the other hand, the lower potential limit is related to the dissolution of the mixed oxides to

lower valences. The irreversible transformation can lead to capacitance fading in a stability

test.1
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Figure 6.7 Cyclic voltammograms of carbonised MOFs/Hinoki wood at 50 mV st in 1 M KOH

with different potential windows. (a): upper potential limited by OER; (b): lower potential

limited by dissolution of metal oxides.

Figure 6.8 shows the CV curves from -0.1to +0.5 V in KOH (a) and KCI (b), respectively. The

specific capacitance derived from the voltammograms as a function of the scan rate are

summarised in Figure 6.9. In general, the specific capacitance in KOH is higher than that in

KCI, mainly due to the contribution from the mixed metal oxides. Furthermore, the higher rate

capability in KOH indicates the structure of the carbonised MOFs/Hinoki sample provides

pathways for OH" diffusion and faster electron transfer at all scan rates.* 14
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Figure 6.8 Cyclic voltammograms of carbonised MOFs/Hinoki wood in (a) 1 M KOH and (b)

1 M KCI at different scan rates. Potential range: -0.1 to +0.5 V. (a): faradaic peaks and

capacitive response are both observed in KOH; (b): only capacitive response observed in KCI.
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Figure 6.9 Specific capacitances of carbonised MOFs/Hinoki wood as a function of scan rate

in KOH and KCI with two potential windows. Sample tested in KOH has better capacitance

than tested in KCI due to faradaic contributions.
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6.3.3 Electrochemical performance of carbonised MOFs/rice husks

CV curves of the carbonised MOFs/rice husks sample in KOH at scan rates from 2 to 200 mV
s are shown in Figure 6.10. Similar to the CVs of the previous sample, both anodic and
cathodic peaks are observed at all scan rates. Meanwhile, the peak separation is less than 80
mV at a high scan rate of 200 mV s*, indicating fast and reversible faradaic process at the

electrode surface.
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Figure 6.10 Cyclic voltammograms of carbonised MOFs/rice husks in 1 M KOH at different

scan rates (a) 2 to 200 mV st and (b) 2, 5, 10 mV s*. Potential range: -0.1 to +0.5 V.

The mixed metal oxides also acted as a catalyst for OER, which limited the upper potential
window, as shown in Figure 6.11 (a). Different from the CV curve in KOH, Figure 6.11 (b)
shows that the CV in KCI has no obvious redox peaks as the faradaic contributions from the
mixed metal oxides are negligible in a neutral electrolyte. The specific capacitance is
proportional to the integral area of the CV curve at the same scan rate. Therefore, a much larger
CV shape in KOH corresponds to a higher specific capacitance value compared to the CV

conducted in KCI.
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Figure 6.11 Cyclic voltammograms of carbonised MOFs/rice husks in (a) 1 M KOH at 50 mV

st with two potential windows and (b) CV comparison in KOH and KCI electrolytes at 100

mV s,
6.3.4 Electrochemical performance of carbonised MOFs/seaweed paper

Figure 6.12 (a) & (b) show the CV curves of the carbonised MOFs/seaweed paper sample at
different scan rates with potential windows ranging from -0.1 to +0.4 V and -0.1 to +0.5 V,
respectively. As shown in Figure 6.12 (a), a pair of redox peaks appeared between 0 and +0.1
V, demonstrating the integration of the faradaic behaviour of metal oxides and the capacitive
behaviour of carbonised seaweed paper. In contrast, another cathodic peak at around +0.35 to
+0.4 V was observed in Figure 6.12 (b) when the upper potential limit was extended to +0.5 V.
The reason is that the oxygen evolution reaction was stronger in the latter case, and therefore

the peak is related to higher activity in oxygen reduction reaction on the reverse scan.®
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Figure 6.12 Cyclic voltammograms of carbonised MOFs/seaweed paper in 1 M KOH at

different scan rates (2 — 200 mV s?). Potential range: (a) -0.1 to +0.4 V & (b) -0.1 to +0.5 V.

Figure 6.13 (a) shows that the carbonised MOFs/seaweed paper also face the problem of a

limited potential window, which is akin to the carbonised Hinoki wood and rice husk samples.

However, better electrochemical performance was obtained in KOH originating from the

faradaic process, as shown in Figure 6.12 (b).°
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Figure 6.13 (a) Cyclic voltammograms of carbonised MOFs/seaweed paper in 1 M KOH at 50

mV st with different potential windows and (b) CV comparison in KOH and KClI electrolytes

at 100 mV s,
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The specific capacitances of MOFs modified carbonised Hinoki wood, rice husks and seaweed

paper are listed in Table 6.2. The rate performance for carbonised MOFs/Hinoki wood

maintains well across all scan rates. For example, the capacitance at 200 mV s retains 74.9%

of that at 2 mV s*. However, specific capacitances of MOFs modified rice husks and seaweed

paper decrease faster with increasing scan rates. The decreasing trend is a result of the limited

diffusion of the electrolyte within the pores.® The higher capacitive performance of MOFs

modified rice husks and seaweed paper at low scan rates is attributed to higher loading amount

of mixed metal oxides via the in-situ synthesis of the materials, which increases the faradaic

behaviour of the materials.

Table 6.2 Specific capacitance of the carbonised MOFs/biomass sample. Experimental

parameters: electrolyte: 1 M KOH; potential window: -0.1 to +0.5 V.

Sample (MOFs/) Hinoki wood

Scan rate (mV s?)

Rice husks

Specific capacitance (F g™)

Seaweed paper

2 29.1
5 27.3
10 28.0
25 285
50 27.8
100 25.6
200 21.8

49.1

48.8

46.1

44.0

41.3

37.2

324

71.1

53.6

43.6

33.6

28.3

24.0

20.3
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Before preparation for electrochemical measurements, rice husks and seaweed paper samples
were ball milled and drop coated onto a glassy carbon electrode, which means only micrograms
of the material was tested. Furthermore, drop-coated samples may well detach from the
electrode even with a protective binding agent, leading to decreased capacitive performance
during further tests. On the contrary, the Hinoki sample (~mg) could be directly used as a
working electrode. Although carbonised MOFs/Hinoki exhibited lower capacitance compared
to the other two samples, bulk carbon (Hinoki) is more attractive than powder carbon (milled

rice husks and seaweed paper) in supercapacitor applications.

6.3.5 Electrochemical performance of carbonised MOFs/Phenolic resin modified Hinoki

In order to obtain bulk materials with improved electrochemical performance, phenolic resin
modified Hinoki, an industrial waste, was modified with MOFs in two ways. For Sample 1,
MOFs were synthesised first, and then mixed with pre-treated biowaste before final
carbonisation, while MOFs were in-situ synthesised in the presence of pre-treated biowaste
before final carbonisation for Sample 2. Thus, more bimetallic particles could enter the

channels of biomass-derived carbon due to in situ growth of MOFs in Sample 2.
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Figure 6.14 Cyclic voltammograms of Sample 1 at different scan rates (a) 2 to 200 mV s* and

(b) 2,5,10 mV stin 1 M KOH. Potential range: -0.2 to +0.4 V.
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The CV curves of Sample 1 at various scan rates in KOH are shown in Figure 6.14. A pair of
redox peaks are well defined at certain scan rates (2 to 100 mV s™), whereas the peaks are
unobservable at 200 mV s™. The reason is that higher scan rates gave rise to larger peak

separation as the faradaic process became more irreversible.®

Figure 6.15 (a) shows the CV curves in KCI with changing scan rates. Compared to the CV in
KOH, the quasi-rectangular CV shapes in KCI solution without obvious redox peaks are
indicative of an electric double-layer capacitance mechanism. Furthermore, the current

response in KCI is smaller due to lack of faradaic contributions, as shown in Figure 6.15 (b).
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Figure 6.15 (a) Cyclic voltammograms of Sample 1 in 3 M KCI at different scan rates and (b)

CV comparison in KOH and KClI electrolytes at 25 mV s, Potential range: -0.2 to +0.4 V.

The peak separation and the specific capacitance of Sample 1 at different scan rates in KOH
and KCI solutions are listed in Table 6.3. The results in KOH show that the sample has an
excellent rate capability until a scan rate of 50 mV s, At high scan rates such as 100 and 200
mV s, slow electrode kinetics and inaccessible surface area caused by limited ion transport
time led to decreased specific capacitance.” However, the specific capacitance in KOH is still

higher than that in KClI at all scan rates as a result of contributions from faradaic redox reactions.
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Table 6.3 Summary of peak separation and specific capacitance of Sample 1 in KOH and KCI.

Scan rate AEp Specific Capacitance in KOH  Specific Capacitance in KCI
(mV s%) (mV) (Fg? (Fg?
2 65.5 51.0 14.1
5 95.6 54.1 9.66
10 131.0 54.9 9.00
25 2114 52.4 9.25
50 297.1 46.3 9.38
100 417.9 33.7 8.79
200 / 17.3 7.67

As shown in Figure 6.16 (a), the linear relationship between the anodic/cathodic peak current

and the square root of the scan rate indicates diffusion-controlled electrode processes in KOH

solution.*® 18 In contrast to a diffusion-controlled mechanism where a square root dependence

is seen, Figure 6.16 (b) shows that the current is directly proportional to the scan rate in KCI

solution, demonstrating a typical capacitive behaviour.'® 1
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Figure 6.16 (a) Anodic and cathodic peak current of Sample 1 in 1 M KOH as a function of

square root of scan rate and (b) current of Sample 1 in 3 M KCI as a function of scan rate.

Figure 6.17 shows CV curves at different scan rates for Sample 2 in 1 M KOH solution. Two

redox peaks are notably observed at low scan rates and disappeared at 200 mV s, which

resembles the voltammograms of Sample 1. However, large current response is present in

Sample 2, indicating that it has more excellent electrochemical performance than Sample 1. In

addition, the peak separation in Sample 2 shifts more with increasing scan rates compared to

Sample 1 because more MOFs entered the channels of biomass owing to the in-situ growth of

MOFs in Sample 2, resulting in greater electrochemical irreversibility with faster scan rates.
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Figure 6.17 Cyclic voltammograms of Sample 2 at different scan rates (a) 2 to 200 mV s* and

(b) 2,5,10 mV stin 1 M KOH. Potential range: -0.2 to +0.4 V.

Figure 6.18 (a) shows the CV curves of Sample 2 in 3 M KCI at various scan rates ranging
from 2 to 200 mV st. The quasi-rectangular shape without obvious redox peaks is observed,
which is typical for electric double-layer capacitance and different from the CV curve in KOH

due to faradaic contributions, as shown in Figure 6.18 (b).
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Figure 6.18 (a) Cyclic voltammograms of Sample 2 in 3 M KCI at different scan rates (2 to
200 mV st and (b) CV comparison in KOH and KCl electrolytes at 25 mV s, Potential range:

-0.2to +04 V.
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The peak separation and the specific capacitance of Sample 2 in KOH at different scan rates
are summarised in Table 6.4, along with the specific capacitance in KCI. A highest specific
capacitance of 128 F g* is obtained at low scan rates of 5 and 10 mV s in KOH while the rate
capability remains excellent from 2 to 50 mV s*. Furthermore, the specific capacitance of
Sample 2 in KCl is also higher than that of Sample 1, indicating that the in-situ growth of MOFs
in Sample 2 not only improves the faradaic behaviour but also provides the sample with better

electric double-layer performance.

Table 6.4 Summary of peak separation and specific capacitance of Sample 2 in KOH and KCI.

Scan rate AEp Specific Capacitance in KOH  Specific Capacitance in KCI
(mVs?) (mV) (Fg? (Fg?
2 75.6 127 32.4
5 115.8 128 33.0
10 156.0 128 32.8
25 251.8 115 31.1
50 367.6 87.9 28.6
100 528.7 50.1 24.6
200 / 19.7 194

The anodic and cathodic peak currents of Sample 2 in KOH solution were plotted against the
square root of the scan rate. The linear relationship in Figure 6.19 (a) exhibits a diffusion-
controlled process for Sample 2 in KOH, which is same as Sample 1 as discussed above. In

Figure 6.19 (b), the peak current in KCI solution was plotted on a natural logarithm scale for
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Sample 2. The slope values are 0.94 and 0.86 for the anodic and cathodic peaks with linearity,
clearly demonstrating that the non-faradaic mechanism has a dominant position in the electrode

behaviour of Sample 2 in KCI.

(@) (b)

= Anodic

* Cathodic
e Cathodic Slope = 0.86
0.04 - R2=0.997 R? = 0.995

Peak current (A}
f=]
Ln {current (A))

= Anodic
Slope = 0.94
R?=0.997

0.04 -

: : . : : : . : : . :
0 005 01 015 02 025 03 035 7 © -5 4 -3 2 -1
(Scan rate)"™ (v )2 Ln (scan rate (V s))

Figure 6.19 (a) Anodic and cathodic peak current of Sample 2 in 1 M KOH as a function of
square root of scan rate and (b) natural logarithm (current) of Sample 2 in 3 M KCl as a function

of natural logarithm (scan rate).

To further evaluate the electrochemical properties of Sample 2, chronopotentiometry (CP), also
known as galvanostatic charge-discharge (GCD) measurement, was performed in 1 M KOH
solution at various current densities from 0.5 to 20 A g%, as shown in Figure 6.20. The non-
linear charge discharge curves at all current densities are representative of faradaic behaviour

of the sample in KOH, which is consistent with the CV results.
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Figure 6.20 Galvanostatic charge-discharge curves of Sample 2 in KOH at different current

densities (a) 0.5t0 20 A gt and (b) 5, 10, 20 A gL.

Table 6.5 Summary of specific capacitance of Sample 2 in 1 M KOH via CV and GCD.

Scan rate (mV s)  Specific Capacitance Current Density Specific Capacitance

(Fg¥) (AgY) GD)

2 127 0.5 115

5 128 1 108
10 128 2 96.7
25 115 5 80.0
50 87.9 10 65.0
100 50.1 20 46.7
200 19.7 / /

The specific capacitance of the sample can be calculated based on the equation: Cs =IAt/mAV,
where 1/m is the current density (A g?), 4t is the discharge time (s), and AV is the voltage

window (V). As shown in Table 6.5, a highest specific capacitance of 115 F g™ was observed
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at 0.5 A g%, and increasing current density led to decreased specific capacitance, which is in

accordance with the specific capacitance obtained from CV.

The stability test was also examined by CP at a current density of 1 A g™ for 10000 cycles, as
shown in Figure 6.21. The specific capacitance was 90.0% of the initial value afterwards,
suggesting remarkable long-term stability of the material. Therefore, Sample 2 is the most
competitive candidate for high-performance electrochemical supercapacitor applications

among all MOFs modified materials studied in this chapter.
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Figure 6.21 (a) Galvanostatic charge-discharge stability test of Sample 2 and (b) capacitance

retention against cycle number at a current density of 1 A g* in KOH.
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6.4 Conclusion and comparison

The electrochemical performance of Sample 2 (i.e., pyrolysed MOFs/biowaste-derived carbon)

is compared to some reports on MOF and carbon-based supercapacitor applications, as listed

in Table 6.6. Although the specific capacitance is moderate (128 F g) among selected MOF-

based electrodes (57.5 — 207 F g), the biowaste-derived carbon sample in this work survived

in the stability test with only 10% capacitance loss after 10000 cycles, which is more

competitive than most MOF based materials with cycle life up to several thousand cycles. More

importantly, MOF based materials are mixed with conductive agent (e.g., acetylene black) and

binder (e.g., polyvinylidene fluoride) and then coated on a current collector (e.g., nickel foam)

for electrochemical measurements in many studies, but free-standing and additive/binder-free

composite materials are produced here.

Table 6.6 Electrochemical

supercapacitors.

performance of MOF

and carbon-based electrodes for

Specific Scan Current
Sample Capacitance  Rate Density Capacitance Retention
(Fgh)  (mVs?h) (Ag?
Sample 2 (this work) 128 10 / ~90.0%, 10000 cycles
Calcined Co-MOF?° 150 / 1 ~100%, 3400 cycles
Fe-MOF/CNTs? 57.5 5 / up to 200 cycles
Co-BPDC MOF?2 179 10 / ~77.4%, 1000 cycles
Co-MOF film?® 207 / 0.6 ~98.5%, 1000 cycles
Calcined Fe-MOF/carbon?* 139 / 0.5 ~83.3%, 4000 cycles
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Herein, a group of biomass-derived novel carbon materials were modified with bimetallic
Co/Mn metal-organic frameworks (MOFs). The carbonised composite materials were then
used for supercapacitor applications. In contrast to the electrochemical behaviour in neutral
solutions, the electrochemical performance of the material in alkaline solutions not only
benefited from the carbonised biomass (electric double-layer capacitance) but also from the
pyrolysed MOFs (faradaic redox reactions). The sample synthesised via the in-situ growth of
MOFs in phenolic resin modified Hinoki wood showed a specific capacitance of 128 F g in
KOH electrolyte, indicating better electrochemical performance than in KClI electrolyte as well
as other samples measured in KOH. Different from powdery samples such as milled rice husks
or seaweed paper, the bulk material can be directly employed as a working electrode without
binding agents (Nafion) or conductive substrates (glassy carbon electrodes). Furthermore, the
material has excellent rate capability to some extent and long stability (90.0% of its initial
specific capacitance retained after 10000 cycles at 1 A g1) in a galvanostatic charge-discharge
test. Therefore, the studies demonstrate that MOFs modified carbon derived from cheap and
waste biomass materials provides the energy storage and supercapacitor applications with a

positive effect.
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Chapter 7 Conclusions

In this thesis, novel carbon-based materials were investigated with regard to renewable energy
and energy storage devices. In detail, the carbon sources (e.g., boron-doped diamond,
carbonised seaweed paper, filter paper, biowaste, etc.) were modified with various electroactive
materials (e.g., manganese dioxide, nickel hydroxide, and pyrolysed bimetallic metal-organic

frameworks) for electrochemical studies in supercapacitor applications.

In Chapter 3, the electrochemical behaviour of boron-doped diamond electrodes was studied
for electrochemical energy applications. Electrochemical oxidation of Mn?* on the electrodes
was conducted via cyclic voltammetry, resulting in the formation of MnO- in multiple steps.
To improve their performance for energy storage, MnO2/BDD hybrid pseudocapacitors were
fabricated by incorporating MnO. into BDD via potentiostatic deposition. As a result, the
current response and obtained specific capacitance of the hybrid was much larger than that of
a bare BDD electrode on account of pseudocapacitive MnO: deposition. Experimental
parameters such as deposition potential, deposition time, electrolyte, scan rate and cycling were
also studied. Other carbon structure with better performance should be considered in the future

for supercapacitor applications.

In Chapter 4, a carbon source derived from seaweed paper was substituted for BDD to construct
supercapacitors. The seaweed paper was carbonised at different temperatures, and some
samples showed good specific capacitance in a negative potential range in CV. Potentiostatic
deposition of manganese dioxide was employed to prepare hybrid supercapacitors, which
enhanced the specific capacitance in a positive potential range without obvious loss of the
stability. In addition, this improved performance was achieved by a relatively low mass loading

of MnO; deposited, indicating that an economical and convenient modification method was
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employed here. Other biomass-derived carbon is to be focused on as well as electroactive

materials later.

In Chapter 5, another biomass-derived carbon material, carbonised filter paper, was produced
at relatively low temperatures with a simple in situ nickel treatment. The as-prepared nickel
treated carbonised filter paper (Ni-FP) was easily constructed as a negative electrode material
by etching the Ni particles. Meanwhile, a positive electrode is obtained by electrochemical
activating Ni-FP in aqueous alkaline media for supercapacitor applications. The Ni-FP
exhibited a superior specific capacitance and excellent cycling stability on the positive potential
side due to faradaic battery-type contributions from converted nickel hydroxide in KOH.

Cheaper biomass sources and novel faradaic species are to be studied.

In Chapter 6, a number of biomass-derived novel carbon materials (i.e., seaweed paper, rice
husks, Hinoki wood, and floor board waste) were modified with bimetallic Co/Mn metal—
organic frameworks (MOFs). The electrochemical performance of the material in alkaline
solutions not only benefited from the carbonised biomass (i.e., capacitive source) but also from
the pyrolysed MOFs (i.e., faradaic source). Notably, better electrochemical performance in
KOH than in KCI electrolyte was observed owing to the faradaic mechanism of metal oxides.
In addition, different from powdery samples, bulk materials can be directly employed as an
electrode without binding agents or substrates for electrochemical experiments. MOFs
modified carbon derived from cheap and biowaste materials has a positive effect in

supercapacitor applications.

To compare the results in each chapter, BDD electrodes in Chapter 3 mainly acted as
conductive substrates in supercapacitors with subtle capacitive contributions. The
electrochemical performance was largely improved by introducing pseudocapacitive MnO> via

potentiostatic deposition as hybrid supercapacitor electrode materials. However, the specific
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capacitance cannot be increased continuously with higher MnO2 mass loading. In Chapter 4,
seaweed paper derived carbon with porous and conductive nanostructure was thus produced.
Different from BDD, carbonised seaweed paper not only served as a conductive substrate, but
also provided considerable electric double layer capacitance in a negative potential window.
The incorporation of MnO: into carbonised seaweed paper via a potentiostatic deposition
method similar to Chapter 3 further improved the specific capacitance at a positive potential
side with excellent stability. Apart from the use of pseudocapacitive MnQO; in Chapter 3 and 4,
faradaic battery-type material was employed in Chapter 5. Nickel treated filter paper
carbonised at 800 °C showed superior specific capacitance but inferior stability compared to
the MnOgz/carbonised seaweed paper composites in Chapter 4 due to the battery-type
electroactive contribution and behaviour of Ni(OH). In addition, the Ni treatment of filter
paper was produced under lower carbonisation temperatures, and ideal electric double-layer
capacitance was observed on nickel treated filter paper after Ni particles being removed. In
Chapter 6, a battery of cheaper biomass/biowaste derived carbons were prepared with
pyrolysed bimetallic Co/Mn MOFs modification. Although the specific capacitances were not
as high as those of MnO/carbonised seaweed paper in Chapter 4 and Ni-FP in Chapter 5, these
bulk biowaste derived carbon composite materials showed potential of scalability and stability
in commercial applications. To summarise, the whole work displayed competitive results
among a number of studies in supercapacitors, as discussed in the conclusion section of each
chapter. In particular, carbon materials were prepared with low cost and simple steps, modified
with electroactive materials at convenience, and employed as composite electrodes for
measurements directly in this work. Hence, the potential of novel carbon-based materials for
supercapacitor applications provides us with a competitive candidate in energy storage from a

new perspective.
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In the future, different types of raw materials such as other fast grown seaweed/algae species
and biomass wastes can be studied as novel sources of high-quality carbon, which requires
fundamental understanding of conversion mechanisms of activation/carbonisation processes.
More importantly, most biomass materials have their unique natural structures through
biological evolution, and such diverse structural templates should be utilised well for biomass
carbon fabrication. Therefore, preparation of controllable and hierarchical porous nanocarbon
structures is highly promising and desirable, as parameters including porosity and pore size
distribution have a significant impact on the electrochemical performance such as specific
capacitance and rate capability. Furthermore, incorporation of other electroactive components
into carbon can be optimised and developed, and the as-prepared carbon-based composite
materials can not only provide additional electrochemical performance in supercapacitors but
also see plenty of scope for a wider range of applications. Last, preparation of flexible, free-
standing and large-scale devices for practical and commercial applications remains
challenging, but carbon-based materials fabricated as fibres or foams may meet such

requirements.
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Appendix

Figure A.1 Cyclic voltammograms of MnO2/BDD deposited at +0.85 V for (a) 50 s, (b) 100 s,
(c) 200 s, (d) 300 s, (€) 400 s and (f) 600 s at scan rate of 5, 10, 25, 50, 100 and 200 mV s,
respectively. Experimental parameters: electrolyte: 3M KCI; potential window: 0 to +0.8 V.
Calculation of specific capacitance in Table 3.3 is based on CVs in this figure.

(a) 50s (b) 100s
——200mV s ——200mv s’
4.0%10% - 1.0x10°* [-
2.0x10° 5.0x10° | —— 5mv s’
< <
£ E
g 0.0 | g 00}
=2 =]
& 5]
2.0x10% 5.0x10° [
-4.0x10°% -1.0x10% |
Il 1 L 1 1 Il 1 1 1 Il
0.0 0.2 0.4 06 0.8 0.0 0.2 0.4 08 0.8
Potential (V vs Ag/AgCl) Potential {V vs Ag/AgCI)
(c) 200s (d) 300s
0x10*
L pe—— —200mvsT
3.0x10° |
-1
1.0x10* 2.0x10™ |
— 5mvs’ — 5mvs’
< L 1ox10t |
= =
I 0.0 | g
5 5 0o
&} 5]
1.0x10% |
1.0x10% |
20107 |
72.0)(1 04 L 1 L 1 1 '3.0)(104 L 1 1 1 L
0.0 0.2 0.4 0.8 0.8 0.0 0.2 0.4 08 0.8
Potential (V vs Ag/AgCI) Potential (V' vs Ag/AgCl)
(e) 400s (f) 600s
8.0x10* X
——200my s’ T 200mye
4.0%10% -
400107 |
& — 5mvs’
z 2010 T 20007
b= €
£ £
=} - =] 0.0 |
s} 00 O
2.0x10% |
-2.0x10* -
-4.02107 |-
*4.0)(1 04 L 1 L 1 1 L 1 1 1 L
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

Potential (V vs Ag/AgCI)

Potential (V vs Ag/AgCl)

236



Figure A.2 CV curves of seaweed paper carbonised at different temperatures (600 to 1300 °C)
with increasing scan rates (2 to 200 mV s) in two potential windows (0 to -0.8 VV & 0 to +0.8

V). Calculation of specific capacitance in Table 4.2 & 4.3 is based on CVs in this figure.
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Figure A.3 Chronoamperograms of MnO> deposition at +1.15V with different deposition times (50 to 1200 s) compared to background current.
Calculation of mass of MnO- deposited is based on the i-t curves in this figure.
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Figure A.4 Cyclic voltammograms of carbonised seaweed paper/MnO- at different deposition times (50 to 1200 s) with increasing scan rates (2

to 200 mV s). Calculation of specific capacitance in Table 4.4 is based on CVs in this figure.
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Figure A.5 Chronopotentiograms (GCD) of seaweed paper/MnO: at different deposition times (50 to 1200 s) with increasing current densities
(0.5to 10 A gY). Calculation of specific capacitance in Table 4.5 is based on GCD curves in this figure.
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Figure A.6 The capacitance retention of seaweed paper/MnO; with different deposition times

(50 to 600 s) at the current density of 1 A g™.
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Figure A.7 Cyclic voltammograms of 600 to 1300 °C carbonised Ni-FP in 1M KOH from 2 to
200 mV s in a positive potential range of 0 to +0.7 V. Calculation of specific capacitance in

Table 5.1 is based on CVs in this figure.
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