) SHN

University of East Anglia

Development ané&abricationof New
Electrode Materials for Hybrid Battery /
Supercapacitor Devices

A thesis submitted to thdniversity of East Anglia for the degree of
Doctorof Philosophy

April 2022

Sarah Ali Alshehri
Energy Materials Laboratory
School of Chemistry

Norwich



Contents

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

ListofFi gureséeéeééeéeéecééeceeceéecééecéecéeéeccet.
List of Tableséééeéééeéécecéécéécééeeééecéeééeéé.
List of Abbreviations and Symbol séééééééeéeéeéé

"""""""""""""""

Chapter 1. Introduction X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

THESIS OULIINE. ...ttt e e 2
Overview éééeééeécéeéee. eéeéeéeé. . eéceeéeéeée. 4
1.1.Energy StOrage SYSIEIM........ccoiiiiiiieeieiiiieeeie et e e e )
D 2T 11 (=] =SOSR 6
1.2.1. Battery Chemistry TYPES.......cccovviiiviiriiiiiiimmmreeeeeeeeesiiiisss s e e s ememsnssnnnnnnneeeee sl
1.3, SUPEICAPACITOLS. ...ttt ieeeaiitbb bttt et e e e e e e e eeme e e e et e e e e e e e e e e e e e e s e s s ammne s 9
1.3.1. Types Of SUPEICAPACITAL. .......evviiiiiiiiiieii et mmme e 12
1.3.11. CarbonCarbon (EDLC) supercapacitor.................ccuuvvvvrmmmeeeeeeeeeeennnnnnnns 12
1.3.12. PSEUAOCAPACIIOLS. ... .ci e i e e e eeeeeeeeeeeeeeee e 13
1.4.Batteresand Supercapacitor EIECIroOlytes. ...........uuvuviiiiiiiieeeiiiiiiiiiiieeeeeeeen 15
1.5 Conducting POIYMELS......cooiiiii e 17
1.6. Carbon electrode materialS............oooooiiiiieeen e 23
1.7. Modification of carbon electrodeising reduction of diazonium salts........... 25
1.8 QUINONES. ...t e et e e e e et eeeee s e e e e e e e e et e e et teatt s mmme e e e e eeeeeaessannnnn s emmeessnnnnnns 26
1.9.POlyOXOMELAIAtEB . .........oeiiiiiiiiiiiiii e 29
L1.10. REIBIENCES. ...ttt ettt e eneee 32

Chapter2.El ectrochemical techniqgues and5experi me

EleCtrOCNEMIUSTIY....coiiiiiiiie e e eeer s 36



2.1 Electrochemical teChNIQUES............uuueiiiiii e 38

2.1.1. CyClic VORGMMELIY. .. e eeee e 38
2.1.2. Adsorbed VOItAMMETLY.........uuueiiieeee e ireee s e e e e e e e 42
2.1.3. CNroNO@MIPEIOMELLY......uuiiiiiiiiiiiiiieeeeeeemr ettt e e e e e e e e e e e e e e s immme e e e e e e e 45
2.1.4. Capacitance and charging current in electrochemical experiments........ 48
2.1.5. Galvanostatic (charg@isCharge)............ooevvvvviiiuiiicccreeeeeeeree e eeeeens 52
2.1.6. Electrochemical quartz crystal microbalance (EQCM).............cceevvvvviennn. 53
2.1.7. Electrochemical impedance spectroscopy (ELS)........cccccvvviiiiiieenciiinnnnee. 55
2.1.7. L. NYQUIST PIOLS...cueiiiiiiii e mmme e e 58
2.1.7.2. The Bode and Phase platS............uuueiiiiiiiceceiecieen e eeeein e 59
2.1.8 Impedance COMPONENIS.......ccoiiiiiiiiiiieeee s eeeenes e eeees 61
2.1.8.1. CAPACIOL. ...eeeeieeiiiiieeee ettt meee e aeee e 61
2.1.82. RESISIANCE ... .uuiiiiiiiiiiiiiiiie ettt ettt e e e e e e e e err et e e e e e e e e e e e e e e e e e e s s s amnne s 61
2.1.8.3. Warburg component (W).........uuueieiiiiee e cceeeiiies e eveeeen e 62

,,,,,,,,,,,,,,,,,,,,,,,,

BV - 1 (= £ = | 63
2.3, INSITUMENTS ...t e ot e e e e e e et e e e e eemeneeeeenes 63
2.4. Assembly of hybrid battery/ supercapacitQr.............cccceeeeiiieecvvvvveeiieeeennn. 64
B B U= (=] =T 10T 65

,,,,,,

0 30 | 0 67
G300 I [ 1 0 To (¥ Tod 1 o o HA P RRPRRPPPRRRRR o ¥ 4
3.2. Experimental SECHOM..........cooiiiiiiiii e e 69
3.3. RESUILS and DiSCUSSION.......ccceiiiiiiiiieiiiiemme e e e e ee ettt emeee e es 70
3.3.1. Electrochentd Characterisation oAnthraquinone irgolution.....................Z0

///////



3.3.2.Variable Scan Rate Cyclic Voltammetry (VSR/) of anthraquinongvith lithium

............................................................................................................................. 71
3.3.3. Modification of anthragqUINONE...........cooiiiiiiiiiiiii e 75
3.3 4. TIration Of AQ-LI..ccceeee et e e e e e e e 79
3.3.5. ElectrochemicaQuartzCrystalMicrobalance (EQCM)............cccccceeeeiinneee 87
3.3.6. Galvanostatichargedischarge measurements..................evveiicreeeeennnnnns 90

3.3.7. Capacitance and specific capacitance of@BRand AQLi measurements..93
YU 1 0] 4T Y RPN 95
I L= (=] =T [0TSR 96

EnergyStorage ¢ é € é 6 é 6 ééééeééeéééeéeéeéeé e¥reé
N o o SRR UPRRPR a8
N 1 0T U Tox 1 o T o U 98
4.2. EXPErimental SECHOML........uviiiiiiiiiiiie et 102
4.2.1. Polymerisation and Characterization of Lewis acidipyMrole-borane........ 102
4.3. RESUIS @Nd DISCUSSION......uviiiiiiiiiiiiiiieeeeeeieieeeee e e e e e e e e e e e smmme e e e e e e e e e e 103

........................................................................................................................... 103
4.3.2. Electrochemical quartz crystal microbalance measurements............... 105
4.3.2.1EQCM Of POIYPYITOIE. ... 106
4.3.2.2.EQCM Of POIYL .....oeieiiiiiieee e eeeeeeee e 107
4.3.2.3.EQCM Of PO .....ccoeeeeeeeeeeeeeeeee e eeeen e e e e e 108
4.3.2.4. EQCM Of POIYB ....ciiiiiie ettt ettt annse e e e s nnnnaeaaa e 110
4.3.3. SEM of Polypyrrole and PORLy.............coooviiiiiiiiiie e 111
4.3.4.SEM Of POIVZ....ooeiiiiiiiiiiieee e 114
4.3.5. Cyclic Voltammetry of filMS..........uuiiiiiiiiiiiie e 116
4.3.6. Galvanostatic (ChargPischarge) measurements..............ccccceeeveeeeennnn. 119
4.3.6.1. Galvanostati¢chargedischarge) measurement of pbly........................ 119
4.3.6.2. Galvanostatic (chargdischarge)measurements of gdbgnd polys.......... 120



4.3.7. Electrochemical impedance spectroscopy measurements(ElS)........... 124

4.3.8. Spectroelectrochemistry of polypyrrole and doly.......cccccoeeeeeiiiiiiiieeennn. 128
A4, SUMMIATY . ...ceeieiiiiieeeeeettie e smen b e e et e e e e e e e e e e e e anena s s e e e eas 132
T S U= (=] 1= o] PSRRI 133

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o302 1 PR 135
o300 R [ 0T [ T4 1 o] o ST SRRRR 135
5.2. EXperimental SECHOM............ccooiiiiiiiiiieeee e 137
5.2.1. Electrochemical Characterization methods............ccccccviiieeciiiiiiinnnnnnn. 137
5.3. ReSUItS and DiSCUSSION......ccceeeeiiiiiiiiieiiieeee e e e e e e e e e ee et e e eeeeseennnnns 138
5.3.1 CycClic VORAMMETIY.. ..ot e e 138
5.3.2. Electrochemical Impedance Spectroscopy (EIS).......cccceevveiiiiiicecnnnnnns 139
5.3.2.1.EIS Of POIYECE ... ..ottt eernr e e nnrae e e e 140
5.3.2.2.EIS 0f POIYEAQ .....ovcveveeieeeeeeeeesteeeeeeees s ettt smnms s eneeeeenn e 141
5.4. Galvanostatic of Hybrid battery/ supercapacitor of-payl................cccee 143
5.5. SpecificCapacitance of hybrid battery/supercapacitor ofpay1................ 144
N ST U [ 111 0= T 2P 145
5.7, REIEIENCES. ...ttt eeeer et e e nene e 146

Chapter 6. Covalently-Linked PolyoxometalatePolypyrrole Hybrids: Electropolymer

Materials with Dual Mode Enhanced Cl@pacitive

B. AIMN ettt e e e e e h b e e e e e s ammne e e e e e e e an 148
L300 I [ 1 f0To [ Tod 1 o] o PSPPSR 148
6.2. Experimental SECHOM............oooii it 151



6.3. RESUILS ANADISCUSSION ... ccnee e 154

6.3.1. CyCliC VORAMMETIY. ..o e e 154
6.3.2 Electrochemical Quartz Crystal Microbalance (EQCM).............cccccennne 158
(SCTC T =1 =Tt 1 o 1Y/ o1 £0 1Yo 0] o) V2SS 161
6.3.4. Electrochemical Impedance Spectroscopy of PPy; P&yd PPy2............ 165
6.3.5. Specific Capacitancesbtained from cyclic voltammetry......................... 168

6.3.6. Galvanostatic chargdischarge (GCD) Analysis of capacitance and staldifiey
L YU [ 11 0 F= T2 PSPPI 174
B.5. REIEIENCES. .. v ————- 175

,,,,,,,,,,,,,,,,,

7.1 Conclusionand fULUIE WOIK ...........oovvvivuuiiiiiiire e e e 182
7.2 APPENAIX et 185
List of publications, presentation, posters, and awards...............cccvvveemeeeeene. 185



"""""""""""""""""

Figure 1.1Ragone plot for typical common energy storage devices.................. 6]
Figure 2.1Schematic digram QfapacitOr............ceuviiiiiieiiiiieaceeeeeee e 9
Figure 3.1 Classification of SUpercapacitors..........ccccceeeieiiisceeciiiiiceeee e 11
Figure 4.1Electric double layer Capacitor...............uuuuiiiiiiieceeeiiieisee e e e e e e e 12
Figure 5.1Scheme of PSeUdOCapacitor.............ooooiieiemme e 13
Figure 6.1 Three different types of faradas@pacitor.............cccccevveiiiiieanninnnnn. 14
Figure 7.1 Effect of electrolyte on electrical sugapacitor performance............. 15

Figure 8.1a) is polythiophene, (b) polypyrrole, (c)polyaniline, (d) is polypyridih8
Figure 9.1 Showsmechanism for polymerization of polypyrrole..............c.e...... 20
Figure 10.1Shows structures of polaron and bipolaron wher §fedopant anioindl
Figure 11.1 Schematic of structures of diffrent carban...............ccccveeee 25
Figure 12.1 Redoxreactionsof anthraquinone radical anion adidnion................ 28

Figure 13.1 Scheme of squares show the reax chemistryof anthraquinone in different

Figure 14.1 Shows the reduction of [PM@Oag]* to form [PMa2040]?” throughout the
ISCNAIGE PrOCCESS. ...ttt ettt eeet e ettt e e e e e e e e e e e e e s ammeeeeens 30

Figure 15.1 Shows Keggin and WeHlBawson Strucures.............cccceeevvvvvieeneennnn. 31

Figure 2.1 a)Electrochemical cell witlwo electrode configuratiom)Electrochemical cell
with three electrode configuration................ccooiiiiiieeeiii e 37
Figure 2.2 a)Typical cyclic voltamnogram Epc andEpa are reduction and oxidation peak

potentialsof ferrocene in 0.1 M of' [BusN] PFs with acetonitrile at 100 mV-'sb) Typical

cyclic voltammetry,potential VS time............ccuvveviiiiiiiceciiiiiieiieeeeeeeeeee e AL
Figure 3.2 Shows example of reversible adsorption voltammetry....................: 43
Figure 4.2 Potential over timen achronoamperometry experiment................... 45
Figure 5.2 Typical chronoamperometigurve of arelectrochemicahnalyte..........46

Figure 6.2 Potentiattime kinetics resulting from a current step measurement.. 49

Figure 7.2 Currenttime kinetics resultingrbm a linear voltage sweep applied to circuit

Figure 8.2 Currenttime and currenpotential plots which result from a cyclic linear

potential sweep applied t0 RC CIFCUIL..........coiiiiiiie e eeee e 51



Figure 9.2 Galvanostatic (chargéischarge) cycle..........ccooeeeiiiiiiiceeec e 53
Figane2 Quartz cr.uy.s.t.al..el.ec.t.r.ode....b4

Figure 10.2b) Photograplof aquartz crystal electrode................evvviiiiceeinnnnen. 54

Figure 11.2Shows sinusoidal waveform response in linear system. It shows Phase shift
angle which used to explain the reactions at the interfaces electrochemically57

Figure 12.2Example ofuniversal circuit(a) andRandleircuit (b)...................... 58

Figure 13.2a) Shows Nyquist plot of a simple electrochemical impedance syblem.
Electrical circuit which corresponding to the Nyquist plot.............cccccvviiieeennnee. 59

Figure 14.2Example of Bode plot showing the association betwWednand frequency

Figure 1.3A typical lithiumrion bateryé ¢ é e é e é e éeéeééeéeéeéeée. .. 68
Figure 2.3 Anthraquinonén 0.05 M of ['BusN] PFs,CHsCN at different scan rage
(0.05,0.1,0.2,0.25,0.75/8) ..ccoociiieiee ettt 70
Figure 3.3 The effect of lithium(0.03M), on the redox waves of anthraquinatel00
mV/s using 0.05M ofnBusN] PFs, CHsCN as supporting electrolyte at various Li
concentration (0.004, 0.005, 0.006, 0.007, 0.009.M).........cceeevviiiiiiccceeeeeenn 41
Figure 4.3Redox of anthraguinone showed ratlaaions and dianion of AQ.......72
Figure 5.3 Cyclic voltammetry of anthraquinone modified on the surface of GCE using
0.05M of ['Bug][PFe] in CH3CN at (0.05, 0.1, 0.2, 0.25, 0.5, 0.75, 1 V/s), itis not IR
(ol0] 0 0] 01T 0 ES7= 1= To PR PP PPPPPPPPPR 73
Figure 6.3Peak current vs. square root of scan rate for the rduction/oxidation of
anthraquinoneThe peak currents are linearly dependent on scan.rate............... 74
Figure 7.3 Reduction ofanthraquinon&- diazonium chloride by cyclic voltammetry with
[NBug][PFe] in acetonitrileat 100 mV/s. Figure 7.3 b) 20 cycles of the redox waves of
anthraquinone witf"BusN] PFsin acetonitrile at 100 mV/S..........cccccvvvvviiieevieennnns 76
Figure 8.3 The reduction o&nthraquinon&- diazonium chloride to modify a glassy

(o= 11 o Jo T a =] [=To1 1 0 Lo L= NN T RO 77

Vii



Figure 9.3 Shows redox behaviour of surfaadsorbed anthraquinone at negative potential
,(at 100 mV/s, with 0.05M @tBusN] PFs,CH:CN) and the effect of lithium ions which
shiftedthe redox potential to more positive values...............ccevvviieeeiiiiiiiiiieeee, 79

Figure 10.3Nyquist plot of anthraquinormodified electrode in presence and absence of
Li* at first addition of Li(0.009M), second (0.007M), third (0.006M) and fourth (0.005M)

Figure 11.3 EIS of anthgratiuone, 0.05M §BusN] PFs, CH3CN.........ooeerriinrnnne 81

Figure 12.3EIS of AQ-Li ,addition of (0.007) Li, 0.05M of [BusN] PFs,CH3CN..82

Figure 13.3EIS of AQ-Li, addition of (0.006M) Li,0.05 M['BusN] PFs, CH3CN...83

Figure 14.3EIS of AQ-Li, addition of (0.005 M)0Q.05M of["BusN] PFs, CHzCN...84

Figure 15.3EIS of AQ-Li (4),0.05 M of [NBW][PFe],CH3CN .......cooevveiiiiiiiinnnne 85

Figure16.3Cy cl i ¢ v ol t ammo g r-Z2adm aozfo na nutdherpabgsubit ni odnae
showing the EQCM frequency change on each cycle.............cccovvvieeeei e 38

Figure17.3Cy cl i ¢ vol tammogram of anthra8ui none

Figure 18.3Chargedischarge galvanostaticpf a carbon fibre symmetric supercapacitor

Figure 19.3@) Chargedischarg of anthraquinonearbon fibre asymmetric supercapacitor

b) Chargedischarge of anthraquino#i¢hium asymmetric hybrid

battery/supercapacitbré ¢ € ¢ é é € é é e ééééeéééeéééeéeé. . €é91
Figure 20.3Shows 100 cycles of AQi chargedischarge with 0.05 M of Both
["BusN][PFs] and 0.03 M Li[CLQ] in acetonitrile.............ccccvvvveeiivieeeeeeciiee e 92

Figure 21.3CV of AQ at 100 mV/s with 0.05 M of [NB4} [PFe] after adding Li2.94

Figure 4.1 The structures of Noyrrolyl boranes: (NGH4)B(CeFs)2 1; (NCsH4)B(CeCls)2
2; (NC4H2)B{3-5-(CF)CeHz} 23 ...ttt 100

Figure 4.2 Electrons delocalized into vacant Pz orbitals...............ccccooovieeee. 101

Figure 4.3a) 20 cycles polymerization of pyrrole 0.1 M["BusN][B(CsFs)4] and CHCI>
at 100 mV/sb) 20 cycles polymerisation of 0.(0NC4H4)B(CsFs)2(polyl) in 0.1
M["BusN][B(CeFs)4] and CHCI, at 100 mV/s.c) Polymerisation of pol® with ["BusN]PFs
in CH3CN, 20 cyclesd) Polymerisation of pol§vs Ag, 20 cycles with 0.1 M of Bas&in
DCMatloOmVig é é 6 ¢ 6 ééééééeééeéecééeéééeé. .xans

Figure 4.4EQCM o0f20 cycles of PPy0.1 M of Barkoin DCM at 100 mV/s......106

viii



Figure 4.5EQCM of20 cycles 00.01 M ofpolyl, 0.1 M of Barkoin DCM at 100 mV/s

Figure 4.6 a)20 Cyclic voltammograme of poB/ b) The corresponding plots of mass
added during the first 6 polymerisation cycles of @dly EQCM measurement8.1 M of
BarFoo IN DCM. ...ttt enet e e e e e et e e e e e e e nenannreeeeas 108
Figure 4.7 Cyclic voltametry of pol$ at 100 mV/sThe corresponding plots of mass
added during the first 6 polymerisation cycles of Bdly EQCM measurement3,1 M of
BarFoo N DCM... ..ttt ereee e e 110
Figure 4.8 SEM cross section of a 200 cycle PPy film with BAr&nion. @) Image
showing ca 2 em thick fil m betbyEDXalememqab xy and
map (O blue, C yellow, F red) with presence of F indicating the PPy &i)ri. énd O signal
across the section indicating presence of the film...........ccccooiiieee, 112
Figure 4.9a) SEM image of pol{, b) EDX which is the consistent with analysis through a
15.6 pm thick (200 cycle) layer of pdlyThe polyl film was on a GC electrode which
presents the relative atomic % of C, O, and.F.......cccooovvviiiiiiiiiceei e 113
Figure 4.10SEM cross section of a 200ag Poly@) film with BArFis anion. @) Image
showing fragmented, ca 2 em thick fb)l m bet we
EDX elemental map (Cl blue, F green, O yellow, C red) with presence of F and Cl indicating
the Poly@) film. (c¢) Cl and F eémental maps whith increased concentration indicating
presence Of the filM. ... 115

Figure 4.1120 cycle film, comparison between polypyrrole and fpatycapacitance, 0.1

M of BarFoin DCM at 100 MV/S......uuiiiiiiiiiiiiiie e ieee e 116
Figure 4.12CV of a20 cyclefilm of poly2in 0.1 M of BarFoi n DCM at 100 mV/ s
........................................................................................................................... 117

Figure 4.14a) The first ten and last ten cycles of a series of 6000 galvanostaticicharge
discharge cycles recorded for a payhodified GC electrode immersed in DCM containing
0.1 M ['BusN][B(CeFs)4] at 1 A/g over a D1 V range;b) Repeated galvanosiathargé
discharge cycles recorded for a symmetric @otpoly(1)i modified CC supercapaciton
DCM containing 0.1 M'IBusN][B(CeFs)4] at 20 A/g;c) images of the symmetric
poly(1):poly(1)i modified CC supercapacitor assembly in b) during chardlefi) and
discharging (right) to illuminate a green LED connected across the capacitor device

terminals (d) Showsan example of electrochemical cell that appliedPolyl......... 119

iX



Figure 4.15a)Chargedischage opoly2, b)chargedischarge of polgwith 0.1 M of BarFo

N DCM ittt e e e s rmnne e e e e e e e bt e e e eamr e e e e nnraeeaae e 120
Figure 4.16Capacitance retention of pdlypoly2 and poly are2000 cyclesn 0.1 Mof
BarFoo N DCM.....oeii et emme e e e e enne e 122
Figure 4.17Polyl andPPy with 0.1 M of"BwN]BF4in CHCN............c.cvvvvvneeee. 125
Figure 4.18a) Nyquist, b) Bode;)Phase plot of poB/in 0.1 M of Barkoin DCM with
three electrode SYSIEIM......... s 126
Figure 4.19poly3 with 0.1 M of ["BUsN]BF4in DCM........cccuvviiiieiiiiiiiieeeieeennn 127
Figure 420 polyl(a) and polypyrrolgb) with 0.1 M of"BusClO4 in CHsCN. Potentials are
VS S0ild state AQ/AQCI FEfEIENCE..........uvieiceee e 129

Figure 1.520 Cyclic voltametry of GCE modified with (N{El4)B(CeFs)2in 0.1 M
["BusN][BF 4] and CHCN at 100 MV/S......ccuuriiiieiiiiiiiiiieeeeee e esiiee e esseessees 138

Figure 2.5Nyquist plot of hybrid baéry/supercapacitor of pol¥-AQ. B) Nyquist plot of
supercapacitor Of POIY CF..........oiiiiiiiiiiiiee e 139

Figure 3.5EIS of polyl-CF of hybrid battery / supercapacita) Nyquist plot, b) Bode
plot, ¢) Phase plot and d) Fitting circuit of pblZF................ooorriiiiiiieee 140

Figure 4.5EIS of supercapacitor/hybrid battery of pblxQ.a) is Nyquist polt, b)is Bode
plot, c) is phase plot and d) is the fitting circuit of PEAM .........cccceeeeeeeeeriiriiieenn. 141

Figure 5.5 Capacitance retention of ARoly1 for the first 1000 cycles were performed
under nitrogen using cyclic voltammetry (20 cycles) in 0.1 M tetrabutylamum
tetrakis(pentafluorophenyl) borate in dichloromethane at 100 mVis................. 143

Figure 6.5 Shows a picture of an LED on and off during a galvanostatic experahent

the hybrid battery/supercapacitor during charging tiohés during discharge timel44

Figure 1.6 Typical structures of polyoxometalates, (A) is [#@aq]™, (B) is Keggintype
[XM 12040]*"*, (C) WelkDawson type [$M1s0¢2], (D) is Preyssletype[MPsW3oO110) 242,
(E) Keplerate [M@z2037{CHaCOORo(H20)72]*% ....onveveieiieie e, 149

Fi g @t SBheme ofpyrrole and organoimidbexamolybdate aniobbased monomérand

Figure 3.6 Cyclic voltammogram of [MeD1¢]> (black trace) and monomerl (blue trace)
in 0.1 M 'BusN]BF4#/MeCN at 25 °C vs Ag/AgCl at scan rate 100 mV/s............ 14



Figure 4.6 Schemeof Electropolymerization of Monomérto produce PRyL....... 155

Figure 5.6a) Backgroundcorrected CVs of PR§ co-polymer film recorded vs Fc/Fat
various scan rates vs Ag/AgCl, and b) A gdturrent peakgt vs the scan rates)(for
reduction ofPPy1 co-polymer film. Electrolyte is 0.1 M"BusN][BF4] in CHsCN at 25 °C,
scan rate 100 mV/s, working electrode GCof 77amu r f ace ar é a.é16% é é .

Figure 6.6a) Shows cyclic voltammetry of momer1 (Black line) and monomet (red
line), 70: 30 pyrrole to form PPy and PPy2. b) PPy modified by electropolymerisation on
the Pt surface, dyoelectropolymerizatioof monomer 1 70:30 pyrrole on FTO to form PPy
1; and d) Coelectropolymerization of monomer 2 70:30 pyrrole to formZRiPyFTO. All

measurements were carried out by using 0.IBW/N]BF4 in CH:CN with an aqueous

Figure 7.6 FTO electrodes modified with: (a) glymer PPyl, and (b) cepolymer PPy
2. The colours are exhibited by the reduced states oflRiPg PPy2 polymericfiims..157

Figure 8.6 a)PPyin acetonitrile with 0.1 MBusN]BF4 at 100 mV/s.................. 158
Figure 8.6 b)PPy1 in acetonitrile with 0.1 MBusN]BF4 at 100 mV/s.............. 159
Figure 8.6 c)PPy2 in acetonitrile with 0.1 MBusN]BF4 at 100 mV/s.............. 159

Figure 9.6 SEM imges oPPy-2 copolymer modified on FTO electrode, 10 cycles, at 50
em(a), 20em(c), aund..lem(.d)..r.es.ol.ut.iébns
Figure 10.6 TEM crosssectional view images of PRy the film made on FTO (10 cycles)
with thickness of 60 nm. A) 100 nm layer of the deposited film, b)ntO@f the deposited
film topography. C) it represents at 500 nm c¥sesstional and d) it represents Mo map
which is the violeftoloured of the deposited polymeric..................ovvvvviimenneeee. 162
Figure 11.6XPS spectrum of the Mo 3d core levels for PRfplue) and PPy
copolymers (red) of 2depositioncycle film thickness. The data were calibrated with the
carbon signal @t 288 @V..........uuiiiiiiiiii e 163
Figure 12.6Nyquist plot, b) Bode plot, ¢) phase plot and d) electrochemical circuit fit of 10
- cycle deposited filmsfdPPy at 0.9 V and PPy and PPy2 at 0.6 V vs Ag/Ag with 1 mA
current. Points are experimental data, and lines are data. fitted........................ 165
Figure 13.6CVs of PPy1 (black trace) and PP¥ (red trace) of 10 cycles film thickness
on FTO electrode in 0.1 MBusN]BF4#/CHsCN at 25 °C vs Ag/AgCl at scan rate 250 mV/s

Figure 14.6 (a) CV showing the {Me} redox wave inPPy1. (b) CVs of an {M@a}-PPy
inclusion film showing the loss of POM after the first redox cycle. (c) Consecutive cyclic
voltammograms of 8Py 1 film showing minimal changes from redox cycle 1 to 15. (d) A

Xi



plot of current peakyc vs the scan rates)(for reduction of polypyrrolk& copolymer film.

Conditions: electrolyte 0.1 MBusN]BF4in MeCN, scan rate 100 mV/s, working electrode

0.07 cnt GC, Ag/AGCI as reference electrode. ........c..ocueveeeereceeeeieeee e 168
Figure 15.6Galvanostatic chargéischarge curves for 10 cycle PPy, PPand PPy2

films on GC electrodes. Electrolyte: 0.1 RB{sN]BF4/MeCN at 25 °C vs Ag wire reference
Figure 16.6Capacitance retention % of (a) RPwnd (b) PPy2 of 10 cyclesdeposited

film thicknesson GC electrodefor the first 1200 cycleElectrolyte: 0.1 M

["BusN]BF4/CH3CN at 25 °C vs Ag wire reference...........oocvvveeieiiiicmniiiieeeeeene 173

Xii



rrrrrrrrrrrrrrrrrrrrrrrrrrrr

Table 1.1The main features of rechargeabbgteries with their applications........ 8
Table 3.1Electrode behaviour (AQ, AQi(1), AQ-Li(2), AQ-Li(3) and (AQLIi(4))

calculated from the electrochemical circuit fit of the experimental EISusatg Autolab

N[0} 2=t 0 TP PUPPPRPPIN 86
Table 3.2Shows the specific capacitance (from CV at 100 mV/s) of AQ andLiAdp
O RSP PSR 93
Table 3.3Shows specific capacitance (from GCD) of AP and AQLi ............... 95
Table 4.1Represergoxidation/reduction opyrrole/polymerization................... 105

Table 4.2Specificcapacitance values obtained from cyclic voltammograms oflppbly2
and pol\8 films on GC electrodes (20 polymerisation cycles), recorded at 10 and 108 mVs
SCAN rALBIN DCM....ciiiiiiiei it r e eeeee e e s snensee e 117

Table 4.4Electrode behaviour (PPy, PalyPoly2, Poly3) calculated from the

electrochemical circuit fit of the experimental EIS data................ccooivieeeevinnnnens 128

Table 6.1XPS Surface Elemental Analysis..............iiiiiieeeeiiiicieee e 163

Table 6.2Electrode behaviour (PPy, PRyand PP3y2) calculated from the electrochemical
circuit fit of the experimental EIS data..............c.evvuiiiiieeeiiiiiiieecee e 167

Table 6.3Specific capacitance &Py, PPyl, and PP32 obtained from CV analysis at 250
NV S ettt et ettt re s 169

Table 6.4Specific capacitance of PPy, RRyand PP3y2 obtained from GCDraalysis172

Xiii



List of Abbreviations

AC Alternating current

AC Activated carbon

AQ Anthraquinone

A Area ofElectrode

Bu Butyl

"BwN Tetran-butylammonium

Cai Double layer capacitance

Cs Specific capacitance

CF Carbon fibbe

CNTs Carbon Nanotubes

CE CounterElectrode

Cv Cyclic Voltammetry

C Capacitance

DC Direct current

DCM Dichloromethane

EDLC Electric Double layer supercapacitor
EIS Electrochemicalmpedancépectroscopy
E Electrode potential

aE Thepeak potential separation
EQCM Electrochemical Quartz Crystal Microbalance
FTO Fluorinedoped tin oxide

F Faraday<onstant (96485.3 C.md)
y'Q Frequency change (Hz)

Xiv



GCE Glassy carbon electrode

HESS Hybrid energy storage system
I Current (A)
ip PeakCurrent (A)
LED Light Emitting Diodes
LAMPs Lewis Acid Modified Polymers
ya Mass change of the quartz crystal (g)
MeCN Acetonitrile
m Mass
PPy Polypyrrole
POM Polyoxometalate
P Power density
Rs EquivalentSeriesResistance
Ret ChargeTransferResistance
RE Referenceelectrode
SEM ScanningelectronMicroscopy
t Time (s)
TEM TransmissiorkElectronMicroscopy
g can rate (V/s)
&/ Potential change
\% Cell voltage
WE Working Electrode
W Warburg impedance
XPS X-ray PhotoelectrorSpectroscopy

XV



Acknowledgemens

| would like to thank my supervisors Dr. John Fielden, Prof. Gregory Wildgoose, and Joseph

Wright for their support throughout my PhD.

Many thanks to UEA for providing excellent facilities includirgn excellent lab environment

for PhD students.

Many thanls to the Saudi government and PNU for their generous support during my PhD in

the UK.

A big thank you to both John Fielden atie Wildgoose groups for their help and support

during my PhDespecially Robin, James, Ahmad, Sarah, @iaBethanyandKevin.

Many thanks to my frienddind AbdulrahmanrAl Saud, Anita Morling, Veronica anduygu
for keepng in touch with meand encouraghg me throughout all these years, especially in

difficult times during Covid19.

Finally, a huge thankou to my family, especially Mum, Dahdmy brother for their support.

XVi



Definitions

Cycle life Thenumber of cycles under specified conditions that are available from a secondary

battery before it fails to meet specifiedteriaas to performance.

Capacity The total number of ampéiours that can be withdrawn from a fully charged cell or

battery under specified conditions of discharge.

Capacity retention The fraction of the full capacity available from a battery under specified

conditions of discharge after it has been stored for a period of time.

Internal impedance The opposition oresistance of a cell or battery to an alternating current

of a particular frequency.

Internal ResistanceThe opposition or resistance to the flow of an electric current within a cell

or battery, the sum of the ionic and electronic resistances of treoglonents.

Reference electrodd=lectrode that has a reproducible potential against which other electrode

potentials may be measured.
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Energy density Theratio of the energy available from a battery to its volume (Wh/L).

Power densityThe ratio of the power available from a battery to its volume (W/L).

Over dischargels dischargepast the point where the full capacity of the battery has been

obtained.

Overvoltage The potential difference between the equilibrium potential of an electrode and

that of the electrode under an imposed polarization current.

Specific capacitancel hecapacitance divided by mass or area of active material.

Hybrid battery/ supercapacitor Type of energy storage system that can store and release

electricity. It combineseatures of botlvatteresand capacita.
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Chapter 1



Thesis outline

This thesisdescribeghe electrochemical properties of active materials, sudi-pgrrolyle
boranes and polyoxometalgtelypyrrole hybrids, and their application as electrodes for use

in hybrid battery/supercapacitor devices. The thesis is divided into 7 chapters. The first chapter
introduces the background to the research in thesis. The second chapter describes all

electrochemical techniques used throughout this research and all the experimental methods.

Chapter 3 describesdevelopment of hybrid battery/supercapaci®or based on
anthraquinone/lithium for use in hybrdiffusional battery devicesThe investigation was
carried out by electrochemical methods including cyclic voltammetry, Electrochemical
impedance spectroscopy (EIS), galvanostatic (chdiggharge technique) and

electrochemical quartz crystal microbalance (EQCM).

Chapter 4 presents a study of the electropolymerisation of thigyridlyli
bis(pentafluorophenyboranemonomer and compares the resulting material (@okgth the
known conducting polymer poly(pyrrole) by using different electrochemical methods. It also
compares polymers formed from other Lewis acidipyxrole-boranes withNi pyrrolyli

bis(pentafluorophenyboranein terms of capacitance and stability.

Chapter 5 focuses on fabrication of a new supercapacitor/ hybrid battery which is made for the
first time from anthraquinone as a negative electrode and pslypositive electrode. In
addition, it describes the electrochemical behaviors of supercapacitor/hybrid battery of AQ

polyl wusing different electrochemical techniques including cyclic voltammetry



electrochemical impedance spectroscopy (EIS), electrochemical quartz crystal microbalance
(EQCM), and chargéischarge techniques. Also, measurement of specific capacitance and
stability were done in this chapter by different methods, including cycliammetry and
galvanostatic (chargdischarge) methods. Finally, after studying the electrochemical
behaviors of the new hybrid battery/ supercapacitor, we applied devices of the new hybrid

battery/supercapacitor successfully.

Chapter 6 describelse investigation dfiybrid polyoxometalat@olypyrrole films in which the
polyoxometalates are covalently linked to the pyrrole monomers. These were
electrosynthesisedn the surface oboth glassy carbon electrod@nd FTO glassX-ray
photoelectron spectroscopy (XPS) and enedggpersive xray (EDX)elemental analyses were
done which indicate that polyoxometalate loading is higher than in conventional noncovalent
inclusion films. Also, the covalent attachment can prevent loss obyatyetalates on initial
reduction cycles. In this work, we applied different electrochemical methods including cyclic
voltammetry, electrochemical impedance spectroscopy and galvanostatic-disargege

measurements.

Chapter 7 is the conclusion of timork and future research suggestions. Also, appendices
including list of publications, presentations, and posters that presented at conferences. Finally,

awards gained during the PhD are presented.



Introduction

Overview

Since thaevolution of using lithiurvion batteries in devices, researchers are still concerned by
toxicity, metal leaching and safety. Lithium ion batteries (LiIBs) contain heavy metals such as
Mn, Ni, Cu and Co which affect the environmé&htOne of the problems for lithiufion
batteries is that overcharging can lead to thermal runaway and then, explosion?br fire.
Therefore, this research aims to avoid this problem by using redox molecular materials instead
of metals by developing new electrode materials for use in supercapsditat/batteries. The

goal of developing this kind of supercapacitor is to be safer, faster, rechargeable, more
environmentally friendly and cheaper than metal based systems. Also, using potentially flexible
electrodes opens use in wearable and flexilileéudevices. In this research, the goal is to try

to discover stable materials with high capacitance that can be used in supercapacitors/hybrid
batteries. Therefore, the characterization of materials is carried out by electrochemical
techniques such as dic voltammetry, electrochemical impedance spectroscopy (EIS) and
electrochemical quartz crystal microbalance (EQCM). After that, the data is analysed to find
out the stability of the material for long cycle life, the capacitance and specific capacitance.
Finally, after the successful test of the supercapacitor, it is applied in devices. The following
pages will introduce polypyrrole, -Nyrrolyl borane, anthraquinone and polyoxometalates
which can be used as electrode materials for hybrid battery supgtoagavices. In addition,

they will introduce carbon electrode materials that can be used in supercapacitor applications

and the method to modify carbon electrode materials.



1.1.Energy storage system

With population growth, increasing energyqu@ements, and the temporal and geographic
variability and diffuse nature of renewable energy suppliesew energy storage materials

have become urgently required to enable replacement of fossil fuels. The use of petrol and
other fossil fuels, such as diesel, gas, and coal as sources of energy, has become essential to
modern life. The burning of fossil fueleads to increased levels of carbon dioxide in the
atmosphere which threaten the environment through climate change. Since December 2015,
the level of carbon dioxide has exceeded 400 ppm, an increase of nearly 50%nolugirel

levels¥ Transportation in particular is responsible for acnagiount of C@emissiong”

Consequently, the worldwide aim is to switch to using clean, renewable energy sources,
within the next 30 yeard. There are three sources of renewable energy that caseleto
generate abundant heat energy. These are biomass, geothermal and solar. Of these, solar energy
is the best because geothermal sources depend on location and cultivating biomass takes up

space needed to grow food and for naffire.

Because solar and many other renewable energy sources (wind, tidal, wave) depend on
environmental factors thaary (e.g. location and weather) they are unreliable for applications
requiring a constant, or predictable supply/demand cycle. This means it is necessary to develop
effective energy storage systems, such as batteries and supercapacitors. The Ragone plot i
Figure 1.1. shows the specific power and the specific energy for energy storage devices. This
shows that batteries have more power density than capacitors whereas capacitors have more
energy density than batteries. Supercapacitors are in the middleebetapacitors and

batteries. Consequentltipercapacitors can combine features in between these two devices in



term of high power and energy densities. Fuel cells have the highest power densities compared

to other typical energy storage devices.

w
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Figure 1.1Ragone plot for typical common energy storage devices. Reproduced with
permission from reference 6.

1.2. Batteries

Batteries are electrochemical devices that can convert chemical energy to electrical energy.
This conversion occurs through redox reactibr@ oxidation at the anode, and reduction at

the cathodé that lead to electrons passing through the externaliciiche electrolyte enables

charge to be transferred in the cell between the two electrodes by migration of anions and
cations, balancing the movement of electfén$he maximum electrical energy that can be
stored and supplied to the anode /cathode electrodes is described by the change in Gibbs energy

&G (equation 17



&G =-nFE (1)

WhereF is Faraday constant (96487 C/mol) amdhe number of electrons transferred

between electrodek; is standard electrochemical potential (V).

1.2.1. Battery chemistry types

Batteries can be divided into two typgesonrechargeablerimary batteries andsecondary
(rechargeable) batteriesPrimary batteries are a great source of power for many electd
portable devices. Magnesium (Mg/MgQ alkaline (Zn/alkaline/Mng) and lithium/solid

cathode are examples of primary batteries.

Nickel-cadmium batteries (NiCd) can be used in industrial applications due to the fast charge
capability although NiCd diteries have some issues including toxicity which affects the
environment. Nickemetal hydride batteries (NMH) that appeared around 1989 have less
problems with toxicity than NCd because (NMH) contains hydrogen which is absorbed in

the alloy insted of using cadmiurf!

Lithium ion batteries were launched commercially in 1991 by $bmythium ion batteries
(LIB) consist of carbon (graphite) as a negative electrode and lithium cobalt oxide @4CoO
generally lithium compounds) as a positive electtdlighe Lithium/carbon alloys can form

by the reaction between lithium and carbon dige@The main advantage in lithium batteries
is the voltage range which extends to 3.01 V and the low density of lithium, only 0.5% g/cm
The suitable electrolytes for lithium ion batterieslaheum salts, such as bis(trifluoromethane)

sulfonimide lithium (LiTFSI) salt which can provide a wide potential windfdtv.

Sodiumion (Naion) battery chemistry has gained more attention in the past eight years.

Sodium has advantageous characteristics as it isilitjie next alkali metal after lithium, and



also inexpensive (beaae 75% of the earth is covered by salt water which is the main source
of sodium). Therefore, a large number of research articles have investigaimul bdteries

from around 2010 onwards, although -lda batteries have some issues including the
decomposion of electrolyte at high potential values, leading to degradation of the capacity

during the chargeéischarge proces¥?

Table 1.1The main fetures of rechargeable batteries with their applicati®ns.

Rechargeable Advantages Disadvantages Applications
Batteries
1.Lead-acid Inexpensive Low specific energy Vehicles
Popular Toxic And marine

Low temperature

2.Nickel-cadmium | Excellent cycle life Toxic Portable tools and
batteries of storage equipment
3.Nickelmetal Higher capacity Heavy Hybrid electric
hydride more tharNi-Cd vehicles

High energy and

power density

4.Lithium -ion High specific energy, Expensive Portable and
batteries Long lifetime Slow recharge timeg consumer electroniq
High power Safety concerns and electric
equipment




1.3. Supercapacitors

Electric field (V)

Q_I_ C——————— ——|—q
Platearea |[C—— ———

Figure 2.1 Schematic digram of a capagito

A capacitor is a device that can store and release electrical charge with a long cléle life.
Helmholtz layers which are produced when charge is separated during polarization at the

electrode / electrolyte interface can be described by the following equation:
= (Vd (2)

Wher:é sUthe dielectric ris elautslyta didectric tonstat,és v ac uu

thickness of the double layer charge separation distanc iarttie electrode surface arfé3.

Supercapacitors contain two electrodes with a-&lentrically conductive separator igh
prevents the two electrodes from making electrical contact (Figuré®?3)percapacitors are
advanced energy storage devices that provide high capacitance and power density with long
cycle life and they can adapt to cope with a variety of operating environments, such as
tolerating high humidy and temperaturé¥! According to Figure2.1 the capacitance is the

electric charge that can be stored on the capacitor with the difference in potential between two



parallel plates. The unit of capacitance is the Farad which can be described as charge,

coulombs, divided by the difference in vgjeabetween the plates.
C=Q/N (3

Where C is the capacitance, Q is the amount of charge and V the difference in voltage between

the plates. The energy storedsinapacitor can calculated bgifowing equation:
E=CV/2 (4)

Where E is energy stored in capacitor, C is the capacitance and V is the difference in voltage

between electrodes.

Figure 2.1 shows a diagram of a capacitor and the electric field between two plates. Q+ and
Q- are equivalent charges on the platéspercapacitors store more charge than capacitors
because they have different structures to capacitors, for example hayeg surface area.

Also, supercapacitors have higher energy density compared to capacitors and low internal
resistance compared to batteries. Therefore, supercapacitors provide higher power densities
compared to rechargeable batteries. Supercapacitersmare expensive compared to

capacitors.

The first carbon supercapacitor was patented by Becker in 1957, and the first supercapacitor
used in a device in 1970. Widespread utilization of supercapacitors was somewhat limited until
around 1985. After ik time, supercapacitors have become a significant interest in research,
especially for hybrid electric vehicl&§! Another supercapacitor that was developed by
Conway is the faradaic supercapalttRecent or fp
research has focused on raising energy density for capacitors and thus, currettlgf a |
electronic devices are relying on supercapacitors which provide higher power densities than

batteries. The majority of research is interested in supercapacitors because the characteristics

of supercapacitors are better in lifetime and power thaiudithon batteries as well as
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conventional capacitors. Supercapacitors can store more energy than capacitors, in the same
way, supercapacitors can charge and discharge faster than batteries because the electrodes of
supercapacitors have a large surface emegpared to capacitors and this can hold more charge
than capacitors. The lifetime of supercapacitors ranges from 500,000 to 1,000,000 cycles which
is in between capacitors (unlimited cycle number) and lithium ion batteries which are limited

to around 1000 cycles!* 71 Consequently, high power density and long lifetime give
supercapacitors the ability to cover the disparity between lithium ion batteries and conventional
capacitors'*! Therefore, supercapacitors with long life time and high power density are very
interesting andrersatile for applications recently, such as automotive and portable détlices.
Figure 3.1 represents classifications of supercapacitor which can be divided into three types:
electric double layer capacitors, hybrid supercapacitors and pseudocapacitors. According to
Figure 3.1, the electrodes inpercapacitors can be pseudocapacitors such as metal oxides and
conducting polymers or electric double layer capacitors including carbon nanotubes, graphene,
and activated carbon. The electrode of supercapacitors can be also hybrid which is combined

betwe@ pseudocapacitor and EDLCs.

Supercapacitors
Electric double Hybrid Pseudocapacitors

layer capacitors

111 l_l_l

Carbon Activated Metal Conducting
nanotubes Graphene carbon oxides polymers

Figure 3.1 Classification of supercapacitors.
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1.3.1. Types of Supercapacita

1.3.1.1. Carboncarbon (EDLCs) supercapacitor

The theoretical basis for electric double layer capacitors (EDLCs) wagléiveioped by
Helmholtz in 1853 and then Backer patented porous carbon material as an electrode to form
EDLCs. In 1971, the first commercial supercapacitor was produced by the Nippon electric

companyé!
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Helmholtz layer molecules

Double layer

Figure 4.1Electric double layer capacitor

Due to the difference in energy storage mechanism, supercapacitors are divided into two types:
the first one is electric doublayer capacitors (EDLCs). EDLCs can store energy by capturing
the charges at the interface of electrode /electrolyte and redeth&@m. EDLCs have a long

cycle life, more than 100,000 cycles, they can be used in nonaqueous and aqueous electrolyte
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but the potential window in nonaqueous media (3V) is wider than aqueous media (1.2V). The
storage of charge in EDLCs is by the electtstsystem (double Helmholtz layers) (Figure

4.1).

Therefore, a supercapacitor contains two electrodes which consist of two equivalent capacitors

in series and the capacitance can be explained by the following equation
1/C=1/C+1/C (5)

Where C and C are the capacitance in Fararfghe two electrode$?

1.3.1.2. Pseudocapacitors

The second type of supercapacitor is faradsupercapacitors which are often called
Apseudocapacitorso (figure 5.1). Pseudocapac

ions in the faradaic process is slow.

Polarized solvent molecules sglyated ions
——~ Adsorbed redox ions

}
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Dauble layer

Figure 5.1Scheme of Pseudocapacitor.
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Faradaic pseudocapacitors depend on rebler&radaic redox processes. Faradaic capacitors
can provide more capacitance than EDI?8sThe faradaic reaction extends the potential
window during electrochemical reaction and this enables the material to gain more specific
capacitanc&! There are three kind efectrochemical process used to develop supercapacitors

by using faradaic capacitandbge first process is redoxaetions occurring in ions from the
electrolyte and the second process is adsorption of ions from the electrolyte. Both are surface
mechanisms and therefore they depended on the surface area of the electrode. The last process
is the doping and undoping af active conducting polymer material at the electtddeigure

6.1 showsthree different types of faradaic capacitor resulting in threerdiffephysical
proccesses occuring on the surface. The first type (a), known as underpotential deposition
involves adsorption of metal ions as a monolayer. The second type (b) is when ions are reduced
electrochemically onto or near the surface with redadiaic proccesses. The third mechanism

(c) occurs when faradaic reaction leads to ions intercalating into the layers of an electrode

material without changing its crystallographic phi8e.

a) Underpotential b) Redox c) Intercalation
Deposition Pseudocapacitance Pseudocapacitance

Au + xPb?* + 2xe” = Au'xPb,gRUO,(OH) +6H*+ e” ¢> RuO, 5(OH),,5|Nb,Os + xLi* + xe €= Li,Nb,0s

X

W obq‘q.o & o & ng””s;»e' Hydrous grain Hbin Insertion host Li*in
& & ®,& ro\. boundary . ! " material electrolyte
X
Q S & 8 4~ electrolyte VOYP /
°° N ° °
o = S
e 5 2| 00900
E . o ¢ E ° ° o
: : v 3 00000 -
8 . ‘U_' -E L) -]
= o
. 0 . 5 00000
: 050 = S YOS
© 90000
© ° @) > .
° 90000

Figure 6.1 Three different types of faradaic capacitor. Figure reproduced with permission

from reference 21.
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1.4. Batteries and Supercapacitor electrolytes

Electrolytes are amssential component and an important part in supercapacitors which can
impact their performancd he electrolyte plays a role in the capacity, cycling, power density

and balancing and transferring charge between the electrodes in the cell.

Ion size
*  Matching
between pore
size and ion size

Electrochemical
stability
Concentration

Figure 7.1Effect of electrolyte on electrical supercapacitor (ES) performance. Figure

reproduced with permission from reference 22.

To choose a suitable electrolyte, it should be high in ionic conductivity and have a good
potential window stability, be nereactive with other materials (stable electrochemically),
have a high ionic ancentration, low resistance and viscosity and be inexpensive. There are

three types of electrolytes that can be used in supercapacitors. The first are electrolytes

15



normally used in aqueous solutions, such aS@ or KOH, which can also be used in
acetonirile or propylene carbonate. Their conductivity is approximately 1 S/cm but the main
drawback of this type of electrolyte is the potential window cannot exceed 1.23 V (because of
the decomposition of water to#D> occurs at around 1.2V). The potential window limits the
energy stored in the device which means increasing the potential window leads to increases in

the energy density of supercapacitors according to the following eqiiétion.
E=%CV (6)

The second kinaf electrolyte solution is neaqueous (aprotic, organic), which can have a
potential window of up to 3 V. Most diees currently used this kind of electrolyte because the
potential window is higher than aqueous electrolytes and they are able to operate in a wide
temperature window30 to +50C for acetonitrile. The disadvantage of this kind of electrolyte

is that hey are flammable and present a potential explosion risk due to the high vapour pressure
of organic solvents. Acetonitrile is used as a solvent in many commercial supercapacitors. The
most positive point of the combination of salt electrolyte with soligeigh conductivity due

to low viscosity but the disadvantages are that it is flammable, toxic and volatile which limits
the usage in high performance supercapadfioréie last type is ionic liquids (ILs), which are
attractive due to their nevolatile, heatresistant and less flammable nature. The potential
windows of ionic liquids arerém 3.5 to 4 V. lonic liquids can be developed with different
physicochemical properties and because of this, ionic liquids have been described as designer
solvents. The main disadvantage of ionic liquids (IL) electrolytes is their conductivity is low
(less than 10 mS cr) and also they are less compatible with microporous catbridsing

solid electrolytes in batteries is an excellent choice because they are safer than liquid
electrolytes and the temperature window is wider. Many researchers are interested in solid
electrolytes which can be used for many applications, such as fuel edlr biatteries and
lithium -sulfate as well as solid lithium batteries and sensors. anar@xides and sulfides are

16



examples of soligtate electrolyte8% Figure 7.1 shows some information that describes five
characters related to electrolytes and electrochemical supercapacitors (ES). These properties
are capacitance, equivalent series resistance (ESR), power density, cycle life, energy density

and thermal stability.

1.5. Conducting polymers

Alan HeegerAlan MacDiarmid, and Hideki Shirakwaere awarded the Nobel prize in 2000
because of the discovery of conducting polynfétsyhich can be synthesized by chemical or
electrochemical methods. Conducting polymers, known as cateidigoolymers or synthetic
metals, are effective in capacitors. This is due to high conductivity and high capacitance. The
conjugat ed po l-gonmeate sfaybridizet polgnheticyesséntial chains that in
some cases show more electrical comgitg than inorganic materials including
semiconductors and met#d8.?%l The most extensive research to date on conductive polymers
has been on polypyrrole, polyaniline, polythiophene and polypyridine, which are exausés
archetype®® The conducting polyer can be synthesized from its monomers by
electrochemical methods, such as cyclic voltammetry (electropolymerisation), as well as
chemical methods, enabling straightforward deposition on an electrode surface. The charge can
be stored and released throutjie redox (reduction/oxidation) processes of the resulting

polymert3l
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Figure 8.1a) is polythiophene, (b) polypyrrole, (c)polyaniline, (d) is polypyridine.
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The arrangement of bonds (single and double cachdoon bonds) in the aromatic rings of

the conducting polymer helps to enhance the conductivity of conducting polymers (figure 8.1).

Polypyrrole (PPy) has been used for many applications including sesspescapacitors,
batteries, and corrosion protectidt.To synthesise polypyrrole electrochemically, piyerole

is oxidised sweeping the range between 0 to 1.1 V vs Ag. Electropolymersation of pyrrole has
been studied from the time when Diaz et al made polypyrrole film electrochenti#allihe
polymerization of polypyrrole monomers can be broken down into three processes (Figure
9.1)13 The first process is oxidation of monomers to form radical cations. The second step is
deprotonation and dimerization of the radical cations. The third step is chain propagation by

continued oxidation and oligomerisation of the cationic monofférs

During the electropolymerisation of polypyrrole, the polymer is partially oxidiagadduce

film of PPy/ PPyBFs if the electrolyte is for example’'BusN]BF4 ("BwN*™ = tetran-
butylammonium}34 The polymer oxidation needs the ingilon of doping anions to maintain

the polymer electroneutralitf? 3 When the potential is swept to positive voltage the charge

is increased in polypyrrole whereas when the potential is reversed, the charge decreases as the

film of polypyrrole is reduced its natural form.
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Figure 9.1 Shows mechanism for polymerization of polypyrrole.

In the electropolymerisation process, the oxidation or reduction of the monomers leads to
formation of a polymer that is partially oxidized or reduced. This is referred tedapipg
(oxidation) or rdoping (reduction). Generally, the conductivity of the polymer increases when
the doping level is increased and the dopingdolging process depds on the nature of
polymer and the movement of anion and cation in sollittbithe oxidation (doping anions)

or reduction (doping cations) depends on the involvement of the anions or cations which are
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referred to as dopants. For example, during the oxidation, cations are formed which require

anions to compensate the chalfje.

The level of polypyrrole doping (oxidation) ranges from 20 to 40 % which depends on the
concentration of polypyrrole and the conditions of synthé3isThe conductivity of
polypyrrole is 1650 S/cm which is higher than some polymers, such as polyarffHA/mn

Ni) (0.1-5 S/cm)i28! Polypyrrole éectrical conductivity can vary a lot, which limits its usage

in applications. The conductivity of PPy varies because it depends on the synthesis and also

the doped iof!!

The combination of polypyrrole with carbon materials helps to enhance the conductivity of
polypyrrole. Figure 10.1 shows the polymerization of polypyrrole when polypyrrole doped by
anions the polypyrrole become conductive and the conductivity is ranges betwe&0010

S/cm(3

Figure 10.1Shows structures of polaron and bipolaron wherg &e dopant anions.
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During polypyrrole oxidation the positively charged polymer film of polypyrrole brings in
inclusion anions whereas throughout theddging (reduction), the anionseaforced out:”!

The polypyrrole has a cationic polymer backbone, therefore, the polypyrrole units have positive
charge which can copensate the anions used in solution during the redox préeEse

redox waves of polypyrrole present faradaic capacitance chmgee kinetics during charge
-discharge cycle$! However, much research has demonstrated that the cycle life stability is
limited (poor) due to the structural breakdown during the repeated etliaai@rge, which

results from ingress and egress of anions dttie doping/deloping proces?

Figure 10.1 shows the oxidized states of polypyrf8ldhe first step involves production of

a radical cation (polaron). In the second step polypyrrolexigdized again, producing a
bipolaron or another independent polaf8hBipolarons are responsible for the conductivity

of polypyrrole. The cycle life of #h conducting polymer is low compared to the combination

of conducting polymer and carbon materials because of the effect of dopingdapihg

during the electropolymerisation process whereas the combination of conducting polymers

with carbon materials lva high power because of sorption and desorption offitf.

Polypyrrole application in supercapacitor devices is limited because of the dsfi@én
supercapacitor pr o f®Betaiseosthedanmnuatiot)of stdble tadicald i n g .
cations (polaron) is easy,-8ubstituted pyrrole can polymerize by oxidative polymerization
through electrochemical or chemical methods. Therefore, the resulting polymer can also be
developed (e.g functionality and soility). 8! Consequently, the functionalization of
polypyrrole can develop the specific properties of polypyrf§lérhe functionalization of the

monomer of pyrrole by functional groups leads to a new polymer and properties including a
unique structure, mechanics, conductivity and morphdfBgiX-substituted pyrroles can be

made with a redox active group. In previous research, by using 1989 Lian & Dong method,
hexacyanoferrate was entrapped in polypyrrole layer. The result of cyclic voltammetry
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presaited redox waves of Fe(CH) Fe(CN)}*>.*8l Also, another study used pyrrole ietives

of the chromophore [Ru(bpy)3Jwhere bpy is 2 Dipyridine, which showed redox couplés.

Some organometallic complexes withshbstitution of pyrrole that deridefrom cyclam,
porphyrins or polypyridines provides excellent modified electrode kinetics. Some research
used 3substitued pyrrole instead ofdubstituted pyrrole which is higher conductivity than N
substituted pyrrole. However, the synthesis-stiBstitited polypyrroles is less straightforward

than the synthesis of-Bubstituted polypyrroles?

1.6. Carbon electrode materials

Carbon is aversatile material that can be used in many areas, such as supercapacitors, water
purification and gas separatiBf. Carbon can be found in different types, such as glassy
carbon, carbon fibre (which may be woven into cloth) and ftanbon materials including
nanotubes, Bckminster fullerenes, and graphene (Figure 11.1). This variety of carbons helps
the engineer to match the exact material to a given applic&itthas become more attractive
because it has many advantages, such as low cost, large potential window, and high electrical

conductivity.

The glassy carbon electrode (GCE) is one of the most popular in electrochemistry bedause GC
is inexpensive, has negligible porosity, excellent electrochemical behavior and a wide potential
window ®? The surface of GCE is homogeneous which allows the electrode to be reused when

the electrode is polished.

Carbon fibre can resist corrosion, unlike some other polymer fibers, especially at high
temperatures. Carbditre is usually used in applications that require lightweight, portability,
wearability and strengtf®! It has high porosity, is stable chemically and has excellent

electrical conductivity which is important for many applicatiBfisThe advantages of carbon
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fibre enable its use to support composite materials. Carbon fiber has an excellent wear

resistance, high specific strength and modiifiis.

Microporous carbons are the essential materials that can be used to make the electrodes for
supercapacitors. The most attractive features of microporous carl®res large specific
surface area which helps to improve the capacitance and also, a high electrical conductivity

which is important for power applicatioRg!

Graphene has become interesting in supercapacitor applications that are required to be flexible
and portable. The redeactive component based on graphene is fixed to the graphitic network

by Van der Waalsnteractions This helps to keep the characteristics of the dolayler
capacitance for graphene which is modified on the electf#i@aphene has a large surface

area and high conductivity which allows electrons to neagly. However, many studies have

found that pristine graphene does not make a good electrode material whereas graphene hybrid
-which is graphene combined with other materials such as conducting polymers or organic or
inorganic materials has more advdages as an electrode material including high stability and
high capacitance compared to pristine graphene. Graphene oxide is another type of graphene
which consists of one layer. The graphene oxide is the result of the treatment of graphite during

the oxdation reactioi”) Figure 11.1 shows a schematic of structures of different carbons.

Carbon nanotubes have become extensively used in energy storage applications,
electrocatalysisand electrochemical aryslis due to their large specific surface area, high
conductivity and they are chemically and thermally st&Bl€arbon nanotubes are similar to
graphene, carbon nanotubes are one dimensional carbon allotropes which are hollow, and the
structures are cylindrical ereas graphene is adinensional nanostructure which contains

oxygen functional groups. Carbon nanotubes have been used for supercapacitor applications
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since 199%° Singlewalled carbon nanotubes are formed from a single rolled up graphene

sheet, multwalled carbon nanotubes are bfiibom several graphene shelts.

Figure 11.1Schematic of structures of diffrent carbon. Figure reproduced with permission

from reference 60.

1.7. Modification of carbon electrodes using reduction of diazonium salts

Diazonium salts are a group of organic compounds which can staregon functional group
R-N*2x" where R represents organic residue (e.g alkyl or aryl) amejpkesents organic or an
inorganic counteanion. The first reaction of diazonium salts was reported in 1858 by Griess

when they discovered some reactions reltaetew class of diazonium salid.

Lots of methods have been used to improve the stability and electrochemical performance of

organic electrodes. Polymerization of organic compounds (such as conducting polymers) is an
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example of thi$?? Here though, we focus on electrochemical grafingactions that enable
organic layers to deposit on solid surfaces electrochemically. Electrografting can be used a
wide range of materials, for example carbon, metals and their @adgsolymers. Modifying

carbon material with an electroactive group is a quick method that can be used to increase
capacitance because of the redox wave of the faradaic reé@tilectrografting processes

can occur on a number of materials such as carbon, metals, their oxides and péymers.
Organic compounds, such as anthraquinone can be attached the surface of carbon electrode by
reduction of diazonium salts. The substrate can attach to the surface of the carbon electrode by
several methods. The first one is the substrate can attach to @heesofricarbon covalently.

The second method is physisorption. The substrate adsorbs on the surface of carbon
electrodd®® Redox active organic molecules have been studied for many applications because
they are inexpensive, lightweight and can be designed with high prefigithough the

surface modification with such molecules is a common methods in energy storage, there are
some disadvantages including lack of control ongtedted layer in structures and also, the

nature of diazonium chemically which can be hard to maniplfate.

1.8. Quinones

Many applications need suitable energy storage to provide high power. EDLCs have fast and
long cycle life (1000 000 times), despite this, the energy density of EDLCs is low which limits
their applications. However, EDLCs can be improved by using ele@solyhich provide a

large potential window or by designing new electrodes. Quinone derivatives have become

interesting as electroactive groups in rechargeable lithiummbatteries because of their
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properties, such as high redox potential vs lithifnTherefore, quinone derivatives can
develop the energy density of materféfs Anthraquinone has two redox waves (Scheme 1)
which can store energy and have a more negattential window compared to other quinones

in organic solutions. Anthraquinone electrochemically shows different behavior depending on
the media (electrolyte and solvent). First, producing a semiquinone radical anion which is
unstable. The second steqduces the quinone dianidfigure 12.1 shows thredox chemistry

of the anthraquinone radical anion and dianion and Figure 13.1 summarises the aqueous

electrochemistry of anthraquinone.

Anthraquinone has become attractive for many researchers bectheséast redox behaviour,

low cost and high faradaic capadfty.In many examples, anthraquinone was synthesised by
the DielsAlder reactiorf®® Anthraquinones and their derivatives have the fast reaction
behaviours needed in organic cathodic materials, but the redox potentials of anthraquinone and
its derivatives are less than the potential of conventional inorganic electrtetéaia§® The
modification of carbon material with anthraquinone will combiwe capacities electric

double layer capacity and faradaic capacity from the reduction of the organic compound. This
helps to enhance the capacity of the material. Anthraquinone derivatives have become
extensively important and studied in many fieldduding biochemistry, pharmacology and
electrochemistr{® The anthraquinone derivatives can be used in anticancer drugs, in textile
industries, rechargeable batteries and supercapacitor applidéftioi¥é! For examps,
Campbellet al developed anthraquinone modified graphene macro assemblies as hybrid
battery/ supercapacitor which increased energy storage capacity 3 fold (23W#h/kg).
Anthraquinone can be used to modify carbon fibre as the negative electrode throughout the
charging ad ruthenium oxide as the positive electrode in supercapaéiiobmithaquinone

and 1,2dihydroxybenzene modified carborbfec electrodes were studied as an asymmetric

supercapacitor using 1M 8Oy as electrolyte resulting in the energy density doubling
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compared to a symmetric supercapacitor with two unmodified carbon fibre eledtfbdes.
Anthraquinone with porous carbon nanotubes can improve supercapacitor application and
enhance the specific capacitance of supercapafitbrsRecently,1,5diamino4,8
dihydroxyanthraquinone was modified by a nitrogen doped graphene aerogel which can
increase energy density of supercapacitors. The modification occurred by formatwaleht

bonds and the existence of intermolecular hydrogen bonds ofdidifbne4,8
dihydroxyanthraquinone, which provided good stability and reversibilty during the eharge
dischage proces€! Also the sodium anthraquiossulfonate composite graphehydrogels

for supercapacitor electrodes provide high specific capacitance 387.43 F/g at 1 A/g and

excellent cycle stability of 91.11% after 10000 cycles at 107Alg.
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Figure 12.1Redox reactions of the anthraquinone radical anion and dianion.
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1.9. Polyoxometalates (POMSs)

Polyoxometalates are a class of metal oxide cluster anions predominantly based on

molybdenum, tungsten or vanadium addenda atoms. Also, polyoxometalates can contain

heteroatoms including silicon, oxygen and phosphBfUBOMs have dynamic structures that

range from several angstroms, to nanansah scale and have an unmatched range of physical

and chemical properties. Broadly, they divide into three cldssepolyanions based only on

Mo, W or V addenda atomfgr example the [MO19]™ Lindqvist structures; heterpolyanions

such as the Keggin [XMOao]™ and WellsDawsontypes [%M180s2]™, where X can be many
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different main group or transition elements; and giant, partially reduced clusters such as

[M0132037A CH3C O2)30(H20)72] #2179

Polyoxometalates are inexpensive as faradaic supercapacitors and have fast electrochemical
redox reactions. The variety of structures and scales of Fé3d$o extensive research starting
in the beginning of the 1996¥! Polyoxometalates are known to store op2# electrons,

because of this POMs are called electron sponges in some research (figufél 14.1).

[PM0,50,40]* [PM04,0 )%™

. . 24-electrons redox ® ®

discharging

charging
Figure 14.1Shows the reduction of [PMgDag]*> to form [PMa204)?” throughout the

discharge proccess. Figure was reproduced with premission from reference 80.

POMs have excellent stability and can transfer electrons electrochemically with no change in
structures®? Polyoxomelates have various properties and many applications due to their redox
waves, ionic charge,hptochemical response and conductitity Polyoxometalates can be
used for many application including supercapacitors, lithium batteries as cathodic material and
sensors, corrosion resistant coatifglsMore detail on polyoxometalates is provided in

Chapter 6.
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Keggin

Wells-Dawson
Figure 15.1Shows Keggin and WeHlBawson structures. Figure was reproduced with

permission from referenté.
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Electrochemistry

Electrochemistry is an essential field of chemistry to study electron kinetics between electrodes
and electroactive species. There are many examples related to the importance of
electrochemistry. For example, fuel cells and supercapacétastrochemicabynthesis of

useful chemicals, electrochemical devices for solar energy conveasidelectrochemical
sensors!! To analyze electrochemical reactions, a three electrode system is typically used
which applies a specific potential between electrodes in the cellir$theectrode is a working
electrodesuch as carbyg platinum, mercury ayold, which is the electrodehere the procedure

of interest occur$ and the second eleotte is a reference electrode, such as a saturated
calomel electrodéSCE) or silver quasireference electrodéhe third electrode is a counter
electrode, such asPt ekectroce [ The benefit of using the counter electrode is to avoid current

passing througthereferenceslectrodeandmakethe measurement gfotentialaccurate.

Figure 2.1(a) shows an electrochemical cell with two electcodégurations.

Potential difference (E) = @QsS)working electrodd IR-(Qm-QS)Reference electrode (7)

Where the IRerm is the Ohmic drop which is the electric resistance in solution between the
working electrode and reference electrodg.i€the potential of metal electrode and Qs is the
potential of solution and the charge separation will ke@3. Therefore, changen E can
cause unknown alterations in IR and thus change @) working. Therefore, the change in

potential at the working electrode would not be contrdfled.
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Figure 2.1 a)Electrochemical cell with two electrode configuratibpElectrochemical cell

with three electrode configuration.
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In the threeelectrode system (figure2.1 b), thetential of the working electrode is controlled

vs the reference, and no current flows between the working and reference electrodes, while the
counter electrode completes the circuit with the working electrode. So, if the working electrode
is oxidising tke substrate (acting as the anode) the counter electrode will be reducing it and vice
versal®l The potential difference between working and counter electrodes is not controlled and
can become very high as the counter electrode may need to oxidise or reduce solvent/electrolyte
to drive the process at the working electrofliso, the third electrodglays role to make sure

that reference electrode is not affected by Ohmic IR drop and the potential of the reference

electrode will be stabl@.*

2.1. Electrochemical techniques

2.1.1. Cyclic voltammetry

Cyclic voltammetry ighe most commonly used technique in electrochemistry cihent is
recorded as a function of the applied poterdiadlused to characterize the electrochemistry
that happesat the interface between the electrode and the electsdyttion. Figure 2.2
shows a reversible cychmoltammogranof ferrocene. It is an example to show the redox wave
where Eais the oxidative peak potential ang: 5 the reductive peak potenti&lectroactive
species can show a range l#haviours ranging from reversible to irreversibife.cyclic
voltammetry the applied potentias sweptfrom initial potential, k, to a final potential, £zand

back again to E (Figure 2.2b).
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In reversible cyclic voltammetry, as the potential increases, oxidation starts and the current
increases as the driving force for electron transfer increases. Then, when most of chemical
species is oxidized (around the electrode) the current drops belegliston of substrate near

the electrode means that fresh substrate has to diffuse to the electrode. As the potential is swept
back in the opposite direction, the reduction peak appears, and the current will be in the
opposite direction to reduce the sjigsc For irreversible processes, which occur if there is a
slow electron transfer or a chemical reaction that follows electron transfer, reaction may be in
one direction and the peak current of reduction will be absent, or a large separation may be

observe between the oxidation and reduction peaks.
E12=E%= (Epc+ Epd/2  (8)

Where E s the standard reduction potential

The peak current increases by increasing the scan rat®ahuesSewik equation(equation
number 9)an explain this relationship, at rapid scan rdtegliffusion layer is small and then
provide large current whereas at slow scan rate, the diffusion layer is large which means the

diffusion of analyte to theurface of electrode is slow that leads to small cuffent
Ip = 2.6X1PNFACDY2 g2 (9)

Wherelp, = peak current (A)p = number of electrons; = Faraday constant (964&5mol?),
A = Area (cnf), C* = Bulk [A] (mol.cni®), Dx = Diffusion coefficient (crfs),g = se&an r a
(VsH.Bl For a reversible one electron process (corresponding to fast electron transfer

behaviour), this becomes:
Ip = 2.6X1CPADYA] bui g-'? (10)
And for an irreversible onelectron process (slow electron transfer):

Ip = 2.6X10°4 DY A]bukA g-? (11)
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Where U is the transfer coefficient (0< U <1

During irreversible processes, the electron transfer is hindered. Theliffeience between a
reversible and irreversible is thgwhglcarent i al

be described by following equation:
& kp =| Ep (anodic)i Ep(cathodic) (12)

Where E (andic) and E (cathodic) are the peaks potential of oxidation and reduction and the

separation for a fully reversible process of one electron is 5§ fV.
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Figure 2.2(a) Typical cyclic voltamnogram Epc andEpa are reduction and oxidation peak

potentialsof ferrocene in 0.1 M of'BusN]PFs with acetonitrile at 100 mV/gb) Typical

cyclic voltammetry potential vs time.
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2.1.2Adsorbed voltammetry:

Species can be adsorbed onto electrodes during electrochemical processes, or before
conducting electrochemical experiments, and this changes their behaviour. Also, adsorption
can be used for the determination of traces of metsl”! During the adsorption process, a

thin layer of the electroactive species sticks onto the electrode surface reducing or eliminating
diffusion. There are two situations. First, in ideal reversible kinetics, the redox peak currents
are identical inbothscahi r ecti ons and occur at g=0.dhes ame
second situation is an irreversible process, where the forward and backward peaks will be
shifted and separated which means€Rgp. In the second situation an overpotential needs to

be applied to drive the reaction, separating the forward and reverse peaks. Transfer of
electroactive species from the bulk of solution to electrode can happen by adsorption during
solution experiments. When adsorption and diffusion occur at the samel@tieochemical

results are complicatdd.
OX(solution) *——» OX (adsorbed)
OXadsorbedft® ¢y Redadsorbed)

Redsolution) «—— p Redadsorbed)

This shows a reversible electron transfer which is complicated by adsorption processes which

are in equilibrium with diffusion for the oxidised and reduced stdtes.
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ip / (n*F? / RT)vAT.”

n(E-Ep)

Figure 3.2 Shows example of reversible adsorption voltammetry.

If the chemical species A and B are redox reactants adsorbed on the electrode surface
A(ads) + e «—» B(ads)

The amount of chemical species A and B on thetrelde can be quantified by the surface

coverage | witth the unit mol c¢cm

Jota= A t )s(t) + (13)

Wherwaii § covadtages f he cover agesg(tpifthecdverage c al s

of chemical species.

Figure 3.2 represents adsorption cyclic voltammogram. The peak current can be described as

following equation

Ip=(PF 4 RT )1otag A(14)
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In addition, Ip is proportional to the scaneathich is different to the situation with solution
phase voltammetry wergi$ proportional to the square root of the scan rate. Furthermore, the

width of the peak at half height is
3.53RT/F=9.6 mV at25*C (15)

And the potential of the forward and backward peaks are symmetrical with no diffusion

process. In the case when the forward scan is integrated
ddt=  Fvbal (16)

The totd coverage can be measured from the area uthéecyclic voltammogram for each

peak
1a=bal A]le=be[B] (17)

Where I and I are the adsorption coefficients which are the standard Gibbs energies of

adsorption A and B.
1A = expfae Ga/RT) (18)
1 B = -a=®/RT) (19)
And the potential of the adsorbed species A and B will be as following equation

E*(A/B)(ads) = E«(A/B)(aq)RT/FIn(ba/bs) (20)
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2.1.3. Chronoamperometry

Chronoamperometry is the electrochemical technique which can measure current in a certain
time with applied specific potential. The difference between chronoamperometry cdmpare
with cyclic voltammetry is the potential of working electrode is fixed at a certain voltage for

specified periods of time during the experiment.

V2

E (V)

Vi

Time /s

—

Quiet Time

Figure 4.2 Potential over timen achronoamperometry experiment
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Current(A)

Timel/s

Figure 5.2 Typical chronoamperometgurve of arelectrochemical analyte.

When the experiment starts the potential is held:atr¥il the end othequiet time. Then, the

potentialis steppedip or down td/», where the substrate can be oxidized or reduced.

The Ottrel equation explaisthe rate of the Faradatomponent of the current which is related
to the electron transfer reduction/oxidation reaction. The redox decays at alineelectrode
arevery slow and th€ottrell equation is described below:

£°00 &0
Q -

o “P

Wherei is the current passed, n is the number of electrons passed through reduction/oxidation
conditions A is the area of electrode (énc* is the analyte concentratioD,is the diffusion
coefficient (cnd st) andt is time (s). The Faradaic current is controlled by the @ftéhe

electrochemical reactiorFigure 4.2 showsV: which is the initial potential value with no
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current in this pointV: is the final potential whicltauseselectron transfer reaction. For
maaoelectrodes, such as GCE, the diffusion can limit the cuurgittit becomezero. Figure

5.2 represents the relationship between current and time during chronoamperometry. The spike
shows the current from the substrate starting to react when thesgegatentiaV, is achieved

and drop in current as the diffusion layer is established. After that, the current drops down

gradually versus time because of the consumption of sub$ttate
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2.1.4. Capacitance and charging current irelectrochemical experiments:

When the electrochemical circuit is charged and the current is constant the following equation

will apply

E=Er+Ec=iRs+q/G (22)

whereq = Hdt and the current is constant.

E = i(Rs +t/Cy) (23)
And therefore the potential will increase linearly with time as shown in figure 6.2.
When the capacitor is uncharged which means (q=0andt=0)
q=EGIL - (24)
For charging the double | ayer capacitance th

Where U is the transition ti me.
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Resultant(E)

Slope =i/Cd

iRs

Applied (i)

t

Figure 6.2 Potentialtime kinetics resulting from a current step measurement.
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Applied E(t)

Resultant i

vCd

Figure 7.2 Currenttime kinetics resulting from a linear voltage sweep applied to circuit.
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Applied E

Er

Slope = -v

Slope =v
t
| Resultant [1= f{t)]
L] Cd
i
t
-0Cq
Resultant[i = f(E)]
vCyq

1

E» E
-uCq4

Figure 8.2 Currenttime and currenpotential plots which result from a cyclic linear potential

sweep applied to RC circuit.
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Figure 7.2 (a) describes a linear potential sweep which means potential increases with time
linearly. When the potential is applied to the electrochemical circuit, the equation number 14

will be applied again and therefore

gt = Rs(dd25)dt ) +q/ C
if g=0 att=0
i =d1-gxB(t/RsG)]  (26)
Then, the current increases fowhcimcazbeseenimnd (¢

figure 7.2 (b). Therefore, the steady state current is used to evalute the double layer capacitance
Cq. Figure 8.2 represents currefitne and current potential resulting from a cyclic linear

potential sweep which applied to the cirdtat.

2.1.5 Galvanostatic (chargedischarge)

Galvanostatic measurement is an electrochemical techwitjoe can measure the capacitance

of active material, stability, and capacitance retention.

The specific capacitance can be calculated from galvanostaticéatiachargefataby using

thefollowing equation.
0 Eldt/(m)dE  (27)

Wherel is the current (A)mis the mass of active material (§)gure 9.2 is an example charge

-discharge cycle of an active material through galvanostatic methods.
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Potential / V

Time /s

Figure 9.2 Galvanostatic (chargeischargekycle

2.16. Electrochemical quartz crystalMicrobalance (EQCM)

Electrochemical Quartz Crystal Microbalance (EQCM) is a powerful frequency control tool
thatcan beused to deposit polymer matesain an electrode surfaaad monitor the changes

of mass by the chae in frequencyhat occur®n a quartz crystal oscillatorhe data obtained
consist of a cyclic voltammogram showing the oxidation / reduction cycles, and the change in
frequency over time indicating deposition of mass on the electrode suffaeerysal is
connectedo two wire electrodeso that a film can bdeposied on avorking electrode which

is usually gold or carbon according figure 10.2 (a and b)Sauerbrey invented EQCM in
1959['3 EQCM has been used to investigate polymer films. It also used in pharmaceutical

industry to monitor théindingof proteins in drugs
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Quartz crystal Active surface

Connecting /

metal wires

Electrical connectors

Figafae@2 Quartz crystal electrode.

Figure 10.2b) Photograplof aquartz crystal electrode

The Sauerbrey equation is the relationship between the frequency change and the mass changes

during the experimentiescribed by the following equation.

yo 63— (28
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Whereeefis thechange in frequency @) Cfis the sensitivity factor of the crystal (0.084%
ng! cm?, @ mis the mass change per unit (ng9rand the negative sign means inciegshe

mass of polymeleadsto a decreasén the frequency**

2.17. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedancspectroscopy isan advanced technique used examine the
electrochemical behaviours of active materials under-eguilibrium conditions ando
analysehe behaviour of supercapacitor electmded describe charge transfer resistaanu

ion diffusion processs This method isbased on applyng a small voltage to the )
electrochemical cell at various frequencies which help to not distribute the equilibrium state
throughout the experimentt is an alternating current technique, this prevents the system
reaching equilibrium current because of thdatan in voltage with frequency®! Recently,

many researchers are interestedisng impedance measurements. As an example of this,
corrosion rates, biosensors, supercapacitors, fuel cells, batteries and organic coatings

permittivity are all applications of EI&¢!

Electrochemical impedance spectroscopy is a technique to measure the impedance
electrochemically over a wide range of frequency. In EIS method, an alternating current
excitation isapplied to the experiment with a wide range of frequencies to measure the
impedance. Figure 11.2 represents the sinusoidal waveform response in linear system which
can be described by equation number 29. According to figure 11.2, there is constaniftime sh
between potential and current waves which is named phase angle shift (Q). To keep the linear
kinetics in the electrochemical impedance spectroscopy system, a small amplitude AC potential

(5-10 mV) is usually applied.

Ey=Ezs i n ¥ (29)
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Also I = dQ/:do s ¥1(3B)

WhereE(t) is the potential attimdésoi s t he ampl i tude of the sign:

tis the time] is the currentQ is the charge on capacitGr
Therefore, the current is out of phase with the potential by 90 degrees in an ideal capacitor.
This can be explained by

Zc=j [l ¥ C(31)
Where Q W p which is the imaginary unit.

k=Ls i n( ¥{32)Q)
Where is {is the single response of instaneous current at the maximum amplitiide.
The current and potential are out of ph&se.
The total impedance can be shown by

Z=Rez+ImZ (33)

Where Re is the real part of the impedamhedas the imaginary part which stsfthe phase and

magnitude*sa 1

| Z| =ImZ&R e(24)
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S VA4

Phase shift Q

Figure 11.2shows sinusoidal waveform response in linear system. It shows phase shift angle

which used to explain the reactions at the interfaces electrochemically.

EIS results are showm a Nyquistplot and aBode plot. Nyquist platdisplay imaginary
impedancdreactanceyeras the real impedandeesistanceljvhereas th&ode plot indicates
the relationship between the impedance anafdgequency, in this techniquedectrochemical
circuits can be characterised blye Randlesequivalent circuit. Universal circuit is another
electrochemical circuit that can be used for carbon maé&fbFigure 12.2 shows examples

of universal and Randles circuits.

The universal circuit is usually used for cardmsed supercapacitors which can be applied for
porouselectrodes. Universal circuit can help to give a suitable resistance and capacitance
values?? The Randles circuit is generally used as a simple circuit for electrochemical

impedancespectr@copy to explain the behaviour electrochemically. The simplest Randles
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circuit consists of solution resistance)Bnd double layer capacit{q). Randles circuits can

be connected in parallel or series.

b)

C = 1.00pF

C=100pF R=50000

Figure 12.2Example ofuniversal circuit(a) andRandlecircuit (b).

The counter electrode, such as platinum (wire or mesh) is usually used to measure and allow
the current flow through the celh three electrode experiments;edierence electrode is used
to maintain a wetdefined and constamotential differenceln this thesis, all the impedance

measurements presented were performed with a-éheetrode set up.

EIS is a useful technique to investigate the kisetfadoping processes and ion diffusion into

the polymef!
2.1.71. Nyquist plots

The Nyquist plot sbws the relationship between the imaginary impedance component and the
real impedance at each excitation frequency. Fidg@r2a) shows the semicircle of Nyquist

plot and represesthe maximum capacitan@g the peak of the semicircle on tineaginary

axis Figurel3.2b) represerstan example of Randi&ircuit wereR; is solution resistanc€:

andR: are the capacitance and resistance of double layer capacitor respectively.
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a) Decreasdrequency b)

v

* max 1/(RZC1) K2

Maximum capacitance Rl ‘J\/\/-i'

-

RK RK+Rp

Figure 13.2a) Shows Nyquist plot ofisimple electrochemical impedance syst&m

b) Electricalcircuit which corresporidg to the Nyquist plot.

2.17.2. The Bodeand phase plots

The Bode plot is the relationship between absolute impedance and the andiregpiencies
which can be seen ifigure 14.2in the same waythe phase plotpresents the relationship
between the phase angle versus the change in frequem@xample phase plot is presented

in figure 15.2.
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1Z |/ n

Frequency / Hz

Figure 14.2Example of Bode plot showing the association betwegnand frequency.

Phase

Frequency /Hz

Figure 15.2 Example of a Phase plot showing the association between phase and frequency.
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2.1.8. Impedance components

After measurement of electrochemical cell impedance components such as resistance of
solution Ry), capacitor of EDLCsCal), resistance of EDLCSR) and Warburgmpedance

(W) are effective way to mimic the experiment behaviour and model the electrode. In addition,
it is important to understand the current response of an electrochemical cell. There are many
components to modéhe electrical circuit physically, such as capacitors, resistors, inductors.
This research will explain specifically the component that used to model hybrid
battery/supercapacitor application only which is capacitors, resistance, and Warburg

impedance.

2.1.8.1. Capacitor
Capacitors are two electrodes separated bycoonuctivematerial which enable charge to be
stored. Capacitoare describetly equation 35.
0 — @9
2.18.2. Resistance

There are some essentiakistances that can be found in any type of supercapdodthr
electric double layer capacitolSPLCs) or Faradaic capaciteywhichare thaesistance ahe
solution andthe resistance othe capacitor. The resistor can be described by following

equdion.

Y —  (36)
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2.18.3. Warburg component (W)

This component is usually used to define the diffusion of electrolyte. For most electrochemical
experiments, the reaction rate is limited by how fast a species can diffuse to the electrode
surface. Warburg impedance is the component that can be used &b thean diffusion

process.

1 max, seen ithe high frequencgomainin the Nyquist plot, is calculated with the following

equation.
¥ max = 1(370)R. C)

Wherg & w ds the maximum capacitance whistusually chosen after fitting data in the
high frequencydomain (semicirclein the Nyquist plot. R is the resistance and C is the

capacitor value.

Modeling supercapacitors helps to estimate the performance of supercapacitors, and this leads
to lower cosand shortens the time to fabricate supercapacitors. As an example of these models
are the intelligent model, electrical double layer model, porous electrode moeejuavalent

circuit model?Y! In this work, we focused ohé equivalent circuit model, which is an essential
model to analyze Nyquist, Bode and phase plots for the impedance of hybrid battery

supercapacitor device.

62



Experimental section

All synthetic experiments were performed under dry nitrogen or argon using schlenk line
techniques. Anhydrous solvents were dried refluxing the solvent and collected by

distillation. The solventsveredegasedby using nitrogen gas.

2.2. Materials

Al l chemicals were purchased from Sigma Al d
chemicals were used without any further puri
using 30m then 10m polycrystabyOnd eadldu nimoan.d Ts
counter electrodeé hwas eplea tsind evreieb BAIgN D@ e el e
e X p e r.iSymthesis of anthraquiofrzdiazonium chloride-was done ¥ using Milner

method??. ["BuN][B(CsFs)4] electrolyte (Barko), N-pyrrolyl borane and polyoxometalates

where synthesised by members of Wildgoose or Fielden groupspusitighedmethodd?!

[24]

2.3. Instruments

Scanning electram Jeol JISM5900LV SEMEDS.
microscope(SEM)
Elemental analysis CarloErba Flash 200&lemental Analyser.

Transmission Electron Philips CM200 FEGTEM fitted with a Gatan SC206ius CCD camera argh
Microscope (TEM) Oxford Instrunents 80 mmM EDX SDD running Aztec software.

XPS VG ESC Alab 250 with a monochronmn
UV-Vis spectroscopy Agilent Cary 60 U\tvis spectrophotometer.

FT-IR spectroscopy Perkin ElImer FFIR spectrum BX and Bruker FIR XSA spectrometers.
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24. Assemblyof hybrid battery/supercapacitor

Fibre supercapacitors were assembled from modified carbon fabric electrodes with a non
conductive separator between them. The electrolytes used were organic solutions of
["BusN][B(CeFs)a] (BarFo),["BusN]BF4, and [BusN]PFs. These two fabrielectrodes are

sealed. Figure@?2 shows the structure of Fabric supercapacitor.

Separator

Carbon fibre

Figure 16.2Fabric supercapacitor with separator betwibem.
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Modification of carbon electrodes using anthraquinone with lithium ions for a hybrid
battery /supercapacitor

3.Aim

In this chaptewe develop hybrid battery /supercapacitors based on anthraquinone/lithium for
use inhybrid-diffusional battery devices. The investigation was carried out by electrochemical
methods including cyclic voltammetry, electrochemical impedance spectroscopy (EIS),
galvanostatic (chargeischarge technique) and electrochemical quartz crystal Inailenace

(EQCM).

3.1. Introduction

The initial development of lithium ion batteries occurred between 1970 and'L¥8@y are

now used in many electronic devices, such as laptops and cell phones, solar and electric
vehicles because of many positive gsimcluding high columbic efficiency, high energy
density, and low selflischargé? Although automotive LiBs have some issulue to the large

serial parallel numbers, and expense, LiBs still have excellent cajfhEityure 1.3 shows a

typical lithium-ion battery®!

These days, carbon materials which contain oxygen functipoaps can be used as cathodic
electrodes for lithiumon batteries. The reaction between the oxygen functional groups of
carbon materials and lithium ions is important for lithium storage and the electrode cydle life.
The main cathodic materials used in commercial lithiom Ibatteries are inorganic metal
oxides, such as lithium cobalt oxide and lithium nickel manganese cobalt®xidsvever,

using metal oxides as cathodes for the LiB gives rise to high energy costs in production and
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recycling, and also threatens the environment through miffinBy comparison, using
molecular redox materials instead mdox active metals is inexpensive, fforic and
environmentally friendly. Graphite is already commonly used as an anodic material in lithium
ion batteries because of some advantages, such as low cost, excellent cycle life and its structure
which leads tointercalated lithium ion through the layéfisTherefore, in this work, we
developed a new cathode by nfamition of carbon electrode with anthraquinone.
Anthraquinone as mentioned in chapter 1 has become interesting to enhance the capacity of
materials because the combination of anthraquinone with carbon material for example will
combine two kinds of capaaitce (electric double layer capacitance and faradaic capacitance).
The combination of anthraquinone with lithium was studied by different electrochemical
methods. The hybrid battery /supercapacitor combines high capacitance with excellent life

cycle stabity.

e — o

Li* Conductive Electrolyte

Figure 1.3A typical lithium-ion battery, Figure reproduced with permission from reference
[4]
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3.2. Experimental section

Ant hr adi meao@i um chloride was syntH&slilzed f
chemicals were purchased from Sigma Al drich
(CF) and the chemicals were used without any
were polished wusing polycrystallpiecd i Died mon c

subsequently by alumina 0.3 Om. The counter

used as a reference electrode. The experi mejl
el ectrode i mmersed i n dr yofBaN]Jviegénlte c(tarcoeltyotne tar
mmol of anadiraazqouniinuomech!| ori de). Acetoandrile
coll ected by distillation. The el ectrol yt

("BuN] F was wused as purahased hfeormoal If i eapéepon
el ectrode was performed wunder nitrogen and

mul ticycle voltammetric scans.
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3.3. Results and Discussion

3.3.1. Electrochemical characterisation cAnthraquinone in solution

Figure2.3s hows ant hraquinoneb6s el ectrochemical be

to figure2.3,two redox waves of anthraquinone are seen at low scan rate and at high scan rate.

30 ——0.05 V/s|
——0.1V/s
20 4 —0.2V/s
——0.25 V/s
——0.75V/s
10 4
<§. ] [
= B 4 N
5
— B
| = -
3 104 ’
204
-30 -
T - 1 ! T » Ll ' Ll
25 20 15 -1.0 0.5

Potential vs [FeCP,]%*(V)

Figure 2.3Anthraquinone in 0.05 M'BusN]PFs,CHsCN at different scan rates (0.05, 0.1,
0.2,0.25,0.75 VI/s).
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3.3.2. Variable Scan Rate Cyclic Voltammetry (VSFCV) of Anthraquinone with
Lithium

Figure 3.3 shows the typical redox wavesuathraquinone affected by addition of lithium ions
that leads to change the shape of the oxidative wave and disappearance of the second reduction

wave. The oxidative peak increased after each addition of lithium ions.
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Figure 3.3The effect of lithium ios on the redox waves of anthraquinone at 100 mV/s using
0.05 M of ['BusN]PFs,CH3CN as supporting electrolytaf various Li concentration (0 M,
0.004M, 0.005M, 0.006M, 0.007M, 0.009 M)

To explain figure 3.3, ion pairing of the anthraquinoadical anion with Li shifts the second
reduction to more positive potentiala( -1.3 V instead 0f1.9 V). This gives the sharp peak
after the initial wave that stays in more or less the same place. This likely results from ion
pairing or coordinationfoAQ" with Li*, similar to the protonation described in chapter 1 figure

13.1. Some of the ion paired material deposits on the cathode and continues getting reduced
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(producing the extra current betwedn5 and-1.8 V compared to no Li). The sharp positive
peak on reoxidation €a.-1.25 V) results from dénsertion of Li as the deposited AQon the

electrode surface is reoxidisgd.
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Figure 4.3Redox of anthraquinone showed radical anions and dianion of AQ.

Figure 4.3 shows the redox processes of the anthraquinone radical anion and dianion.
According to Figure 4.3, the reduction mechanism of anthraquinone has two steps which
therefore generate two redox waves. The first step appears reversible on the dimkacal
typical cyclic voltammetry scan, but produces the semiquinone radical anion which is unstable
over longer periods of time. This is the first process observéghat-0.7 V. The second step

atEi»=-1.4 V produces the quinone dianion.
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Figure 5.3Cyclic voltammetry of anthraguinone modified on the surface of GCE using

0.05M of 'BusN]PFs in CH3CN at (0.05, 0.1, 0.2, 0.25, 0.5, 0.75,1 V/s), it is not IR

compensated.

Figure 5.3 shows cyclic voltammetry of anthraquinone modified GCE &tugascan rates
from 0.05 V to 1 V/s with 0.05 M"BwN]PFs in CHsCN. At 0.1 V/s the redox wave of
anthraquinone appears very clearly whereas at 0.05 V/s it almost disdppaarsthe shape

of the redox peak changes with scan rate, similar to observations in other &tldies.

separation of the forward and reverse redox peaks bet@&dEnandl . 0

= 15 mV, I R uncompensated), S u g g=ebnV). mhg
main peak is broad (for example at 0.1 V/s the width atheadfht is 0.35 V and at 0.25 V/s it
is 0.3 V) too wide for an ideal 1 electron or 2 electron process, suggesting that there could be

a range of different surface attached AQ states (for example some covalently bound, and some
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physisorbed) rather than arfeet monolayer and also that the second reduction process could
start to appear under the main peak. The continued reduction current and weak peak beyond
1.25 V is similar to the observations in the presence bfMbiere material deposits on the
electroek, and implies the second reduction process is spread over a wide potential range. Also,
Figure 2.3 shows that in the solution voltammetry, the peak separation of the second reduction
of AQ changes a lot with increased scan rate, suggesting a relatoxelglskctron transfer that

may change with chemical attachment to electrode.
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Figure 6.3Peak current vs. scan rate for the reduction/oxidation of anthraquinone.The peak

currents are linearly dependent on scan rate.

The dependence of the peak current vs the scan rate for the reductive and oxidative processes

of the AQ modified electrode, based on the data from Figure 5.3, are shown in Figure 6.3. The
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linear dependence on scan rate, rather than square root of scasonéitens that this is a

surface confined process.

3.3.3. Madification of anthraquinone

Figure 7.3 a) shows the reduction of anthraquir®dézonium chloride in a multicycle
voltammetric scan. 20 cycles were used to deposit anthraquinone onféoe sifithe carbon
electrode. It can be seen that the capacitance of the anthraquinone functionalised electrode
increases with the number of cycles. The current peak of diazonium ion reduction can be seen
at about-1.6 V for the glassy carbon electrodettwD.05 M of [BusN]PFs in acetonitrile
electrolyte. This is constent to research by Marko Kullapsrel. when they grafted
anthraquione on glassy carbon electrode using in situ generategir@ht@quinone-
diazonium cations in 0.1 M of tetrabutylamniam tetrafluoroborate in acetonitrile. They
found the peak current of the reduction of diazonium ions at 0.28 V and ¢*4Fiure 7.3

b) shows 20 cycles of the redox waves of anthraquione with 0.1 RBafN]PFs in acetonitrile

at 100 mV/s. Figure 8.3 shows the reduction of anthraquiBedi@zonium chloride to modify

a glassy carbon electrode.

75



Current / pA
&

First cycle

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
Potential / V vs Ag

b) 6 -

Current / A

~ First cycle

-2.0 -1.5 -1.0 -0.5 0.0
Potential / V vs Ag

Figure 7.3 a)Reduction of anthraquinorzdiazonium chloride by cyclic voltammetry with
["BwN]PFs in acetonitrile at 100 mV/skigure 7.3 b)20 Cycles of the redox waves of
anthraquinone with"BusN]PFs in acetonitrile at 100 mV/s
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Figure 8.3The reduction of anthraquinofZe diazonium chloride to modify a glassy carbon
electrode.

Figure 7.3 a) shows the reduction of anthraquir@aézonium chloride in a multicycle
voltammetric scan. 20 cycles were used to deposit anthraquinone on the surface of the carbon
electrode. It can be seen that the capacitance of the anthraquinonenlisettb electrode
increases with the number of cycles. The current peak of diazonium ion reduction can be seen
at about-1.6 V for the glassy carbon electrode with 0.05 M ukN]PFs in acetonitrile
electrolyte. This is constent to research by Markoldfdre et al. when they grafted
anthraquione on glassy carbon electrode using in situ generategair@ht@quinone-
diazonium cations in 0.1 M of tetrabutylammonium tetrafluoroborate in acetonitrile. They

found the peak current of the reduction of didaaomions at 0.28 V and 0.17 ¥/
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Figure 7.3 b) shows 20 redox cycles of the anthraquinone film. The experiment was recorded
in acetonitrile with [BusN]PFs and 20 cycles run to make sure anthraquinone layers are stable.
According to figure 7.3 b) the electrografting of anthraquinone occurred which means
anthraquinone reacted with the surface of glassy carbon electrode and formed a strong bond on
the surfaceof carbon electrode. As a result, monolayers of anthraquinone can be covalently
grafted on the carbon electrode. This strategy is called chemisdtptiigure 8.3 shows the
mechanism of the reduction of anthraquine2eiazonium chloride which can modify glassy
carbon electrode. Therefore, anthraquinone can enhance the propedtebam electrode

because of faradaic contribution to the double layer capacitghce.
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3.3.4. Titration of AQ-Li

The surfacemmobilized anthraquinone was titrated with® land cyclic voltammograms
measured over a voltage range frétrio 1.5 V (Figure 9.3). The first CV shows the adsorbed
anthraquinone (synthesized in Figure 7.3) with no &nd redox processes betwegi® and

2.0 V. Then, after adding Lithium ions anghning the cyclic voltammetry again the redox

process were shifted to more positive potential (+0.30t8 V). After each CV, EIS was

applied.
65
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Figure 9.3Showsredox behaviour of surfaeadsorbed anthraquinone at negative potential,
(at 100 mV/s, wittD.05 M of 'BusN]PFs, CHsCN) and the effect of lithium ions which
shifted the redox potential to more positive values.
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Figure 10.3Nyquist plot of anthraquinormodified electrode in presence and absence of
Li* at of Li* (0.005M), (0.006M), (0.0.007M) and ( 0.009M).
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Figure 11.3EIS of anthraquinone, 0.05M dHuN]PFs, CHsCN.
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Figure 12.3EIS of AQ-Li™, addition of (0.007 M) Li, 0.05M of [BusN]PFs, CHsCN.
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83



/ Ohm

Z

5000 -
] 5000
4000 - '
e 4000
| s AQ-Li (3)data
3000 - [ —— AQ-Li (3) fitted
; £30004 |
ln £ L]
| 0 \
2000 :‘ — ~
r + AQ-Li(3) data N 20001
/ —— AQ-Li (3) fited
1000 : 1000 -
f‘J '
04 0-
— T T T T T T T T T T 1 L ki I I IR
500 1000 1500 2000 2500 3 10' 102 10° 10* 108 108
Z'/ Ohm Frequency / Hz
80+
Ii‘a
601 = AQ-Li (3) data
0 Y AQ-Li(3) fitted
o ] [
ol A\ \es{wle,
% x B t-'lll'lllrln' \ i
g LY TN :
\\i."‘-nn.«ﬁ"....‘i..« -}\
[ ]
0_
-20 T T T T T
10 10° 10° 10* 108 108

Frequency / Hz

Figure 14.3EIS of AQ-Li™, with 0.005 M L, 0.05M of [BusN]PFs, CH:CN.

84



5000
4000

£ 3000 ;‘"
E .

» AQ-Li (4) data

N 2000 ! —— AQ-Li (4) fitted

1000 4 N

T T T ’ T ’ I T T T 1
500 1000 1500 2000 2500 3000

Z' 1 Ohm
80 -
704,
" -
60 " = AQ-Li (4) data
0 501w — AQ-Li(4) fitted|
9 b
2 40 4 L]
T [
o 304 N
2 n
2 20- i -
o ‘mi
10- o N
. pL ]
[ ]
-10 4
10’ 102 10° 10* 10° 108
Frequency / Hz

5000 1

4000 4"

\ = AQ-Li (4), data
' AQ-Li (4), fitted
£3000 |
=

N 2000 -\
1000

0

| L | R | R | R |
10 102 10° 10* 10° 108
Frequency / Hz

Figure 15.3EIS of AQ-Li", after addition of 0.004 M Lj 0.05 M of [BusN]PFs, CHsCN.

85



Table 3.1Electrode behaviour (AQ and AQ™) calculated from the electrochemical circuit

fit of the experimental EIS data using Autolab Nova 1.11.

Sample R1/0Ohm | R2/0Ohm Cl/F YO C2/F
AQ 297 570 2.24x10° 109 1.27x10°
(0.007 M of Li") AQ-Li* 346 507 2.491x0° 206 3.70x10°
(0.006 M of L) AQ-Li* 307 500 2.04x10° 173 3.80x10°
(0.005 M of L) AQ-Li* 365 478 2.51x10° 200 3.84x10°
(0.004 M of L) AQ-Li* 398 465 2.61x10° 152 4.00x10°

Figure 9.3howsthe impact of lithium on the redox waves of anthraquinonsdxtrochemical
titration at different additions of lithium with 0.05 MHusN]PFs electrolyte in acetonitrile
using cyclic voltammetry. The typical redox waves of anthraquinone shifted to more positive
values and increased the redox peak of anthraquinihesach addition of lithium ions. This

is consistent with research by the Compton gfupigure 10.3 presents electroctieah
impedance spectroscopy of the anthraquinoraified electrode in the presence and absence
of lithium ions (Nyquist plot). Adding lithium results in increased capacitafceording to
figure 10.3, from Nyquist plot, the diameter of the semicirclessponds to the size of charge
transfer resistance. The diameter of the semicircle in the Nyquist plot for AQ (figure 10.3) was
bigger than AGLi, which means the addition of lithium improved the electrolyte and the
reaction between AQ and Li. Consequenttye diameter of the semicircle for AQQwas much

lower for each addition of Li which means the reaction between AQ and Li increased.
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Figure 12.3,13.3,14.3 and 15.3 show the fitting data of the 0.007 M, 0.006 M, 0.005 M and
0.004 M addition of lithium ion on anthraquinone modified glassy carbon (figurel1.3). Table
3.1 showsR: which is the resistance of solutioR; and C; represent theesistance and
capacitance of double layefS; shows the Faradaic capacitance. According to Table 3.1, the
value of solution resistance is similar which is expected. In addition, the double layer
capacitance value is similar. The value of the resistahtteealouble layer becomes slightly
lower per every addition of lithium. Finally, the value@fwhich is the Faradaic capacitance

is slightly increased and this is explains why the semicircle from Nyquist plot becomes smaller
by each addition of LithiumThe Bode plot in all cases, represents the relationship between
impedance and frequency. From Phase plot, in all cases, the value of phase is 079

which is close to an ideal capacitance (90)

3.3.5. Electrochemical quartz crystal microbalance (EQCM)

Electrochemical quartz crystal microbalance experiments were applied using electrochemical

cell connected bg quartz crystal oscillatdo the potentiostat. The cyclic voltammogram was

run while monitoring changes in frequency. The CV potential was sweptirdno 0.1 V for

ant hr a-gdi anoaei um chl orli.dle tdoe plo.s2i tVi drmo,r arhce cvy

after adding Li

87



40
- 4-20
—— 1st cycle|
-100 H ——3rd cycle| - -40
—— 5th cycle|
4-60
<ﬂ. .""t," 80 jmm)
% -200 - ?
E ——1002
o 53
~4-120 Z
-300 - ; -~
e sl - -140
- -160
-400 + B A A 1180
— 11— -200

Potential vs. Ag /V

Figure16.3Cycl i ¢ voltammogram (R2@80am¥nhspumothhopot |
d e p o sshotvingghe EQCM frequency change on each cycle.

20
)
0+ ' Jo
-20 -
-40 4 1st cycle
<§L 1 3rd cycle] {.50 =
= -60 4 —— 5th cycle -~
= )
o ] 2
£ -80 S
(@) 1 __.'.' g
-100 --100 =
-120 A P EE R R
-140 - revesensen.
i AR e R T R e P R A 1-150
f’::'.'°“""¢'°"' . - * et ev esrerre s
160 - cereesans -
T T T T T T T T T T T
-15 -1.0 -0.5 0.0 0.5 1.0 1.5

Potential vs. Ag/V

Figure173Cycl i ¢ vol tammogram (100 mV/s) of anth
M) .

88



El ectrochemical guartz crystal mi cr ob2al ance
di azonium chloride (2 mmdBluN] BR Fa cgeutroen idtér. i3l et
cyclic voltammogrZamaaeabnaomhrcadgoirnodee and fre

deposition of anthraquinone on the surface

17.3 shows the cyclic voltammogrhmsaddefeegu
in the presence of |l ithium. Accor-dDfgdg6vo fig
and consequently changed in the mass which d

AQ ++2B#i—>AQLi

According to figure 16.3 and 17.3, the frequency decreases in each cycle, which indicate
increased mass because of AQ film deposition in 16.3 and inclusiofi inkiin 17.3. The
change in frequency calculated according to the Sauerbrey equdtiom is mentioned in

chapter 2 equation number 28.
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3.3.6. Galvanostatic chargealischarge measurements

Figure 18.3(a) shows galvanostatic chadlggeharge of a carbon fibk@rbon fibre (CF:CF)

supercapacitor. It shows a potential range of 0-8.8®V because the blank carbon fibre only

has electric double layer capacitance.
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Figure 18.3Chargedischarge (galvanostatic) of a carbon fibore symmetric supercapacitor.
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Figure 19.3a) Chargedischarge of anthraquinofarbon fibre asymmetric supercapacitor.

b) Chargedischarge of anthraquinoiighium asymmetric hybriebattery/supercapacitor.
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Figure 19.3(a) presents the anthraquinocakon fibre (AQ:CF) supercapacitor charge
discharge that shows a potential range from 1.11td5 V which is higher than CEF
supercapacitor. This is because AQ:CF is combines both electric double layer charging and
faradaic redox charging which increases the capacitdfigere 19.3 (b) shows the excellent
electrochemical behaviour of anthraquinéiigum hybrid battery /spercapacitor (AQ:Li),

with further increased voltage range. It shows stable ckaisgbarge behaviour (Figure 20.3).

This means it is durable and stable with a long lifetiftie specific capacitance was calculated

according to equation number 27 (Chaer
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Figure 20.3Shows 100 cycles of AQi chargedischarge with 0.05 M of BothBuN]PFs

and 0.03 M Li[CLQ] in acetonitrile.
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Figure 20.3 represents a chadjscharge (galvanostatic) of AQ) of the first ten and the last

ten of 100cycles. The experiment runs using the maximum constant current with 0.05 M of

["BusN]PFs and 0.03 M of Li[CIQ] (which was optimised by testing at 0.01, 0.02 and 0.03 M)

in acetonitrile. As a result, it shows good electrochemical behaviour for the first 100 cycles.

3.3.7. Capacitance and specific capacitance of AQF and AQ-Li measurements

Capacitance of anthgainonecarbon (GCE) and anthraquoione lithium (A§ were

indicated from cyclic voltammetry measurements using the following equation

&

¢ w0

oy

where(E)dE is the area of the cyclic voltammogramjs the mass of the polyméim (g),

nis the voltage scan rate (WsandmEis the potential range. The capacitance of AQ was

indicated from C¥ whick

t hedc@apacitante

F. Therefore, the specific capacitance of AQ andlAQan beseen in table number 3.2.

Table 3.2Shows the specific capacitance (from CV at 100 mV/s) of AQ and.ixdp GCE.

Sample F/g
AQ 19.20
AQ-Li 24.15
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Figure 21.3CV of AQ at 100 mV/s with 0.05 M of BusN]PFs after adding Li.

Galvanostatic chargdischarge were carried out using carbon fiber Zwith 0.05 M of
["BwN]PFs in acetonitrile. From galvanostatic charge discharge, the capacitance of
supercapacitor of ACF was 21 F/g whereas the capacitance oflA®as 59 F/g (Tabl8.3).

The specific capacitance of Galvanostatic chaigeharge measurement are different from
those obtained by CV, particularly for the AQsystem where the GCD value is nearly three
times higher. Possibly, this is due to the working electrode forb€xg a glassy carbon
electrode, while carbon fibre was used as a working electrode for GCD measurement, so
surface area and porosity would be different. Also, cyclic voltammetry and galvanostatic
chargedischarge measurement are different techniquesparticular chargelischarge
measurements are better able to reveal capacitance from slower processes than cyclic

voltammetry.
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Table 3.3Shows specific capacitance (from GCD) of AP and AQL..

Sample F/g

AQ-CF 21.3

AQ-Li 59
3.4. Summary
Theombination of anthraquinone with |1 ithiu
met hods i ncluding -dgaslcvhamgst)at i el e(cahrarcder
spectroscopy and cyclic voltammetry. The h
capace twnth excell ent l'ife cycle stability

rom Speci I C capaC|tance (6] g
( f GCD) i fi i f 5% F/J

for a symmetr-car bono hiC&Euesn@@h®@® capacitor.
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Lewis Acid Modified Conducting Polymer Materials for Electrochemical Energy

Storage

4. Aim

This chapter studies the electropolymerisation of tligyiRolyli bis(pentafluorophenyl)
borane monomer and compares the resulting material with the known conducting polymer
poly(pyrrole) by using different electrochemical methods. It also compares polymers formed
from other Lewis acidic Nyrrole-boranes witiNi pyrrolyli bis(pentafluorophenyl) borane in

terms of capacitance and stability.

4.1. Introduction

Polypyrrole (PPy) is one of the important conducting polymers, that can be used in many
applications including energy storage, electromagnetic shgglaind corrosion protectich.
Pyrroles are Mheterocycles and are electron rich aromatics due to participation of the nitrogen
| one p a-system. PPy tahbe synthesized chemically or electrochemically by oxidizing
pyrrole. Although PPy has lots of advantag@scluding excekent specific conductivity and
stability- it also has some limitations, such as rigidity and lack of processabilithiese
restrict the applicability of PPy for use in coatings and other materials. To improve on these
limitations, pyrrole derivatives with modified properties are being explored for many
applicationd® Pyrrole derivatives are present in many natural products, such as vitamin B
and can also be used in material andage science, which has led to increased efforts to find

synthetic methods, such as REabrr and HantzscH!

Pyrroles and their derivatives are one of théoped polymers that can be used as organic

cathodic materials for rechargeable batteries and supercapacitors. The reason for using PPy as
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a cathode material is becausé@&®high specific energy, stability, and high theoretical capacity.
Despite these advantages, PPy suffers from low practical capacity because of the doping

process’

Previouswork in the Wildgoose research group focused on the synthesis and electrochemical
properties of borane Lewis acids, and their applications in electrochemical frustrated Lewis
pairs for energy application®. This work was expanded into investigating the effect of borane
Lewis acid groups on pyrroles, resulting in synthesis of tpyiblyl boranesl to 3 (Figure

4.1). The change in the electron donating ability of the aromatic ring can be seen in the reduced
B-N bond length bond, and also by the more positive oxidative peak potential during cyclic
voltammetry. Figure 4.2 shows the coupled electron density can delocalizes into thé>zacant

orbital in the borane.

Linking Lewis acid groups to the pyrrole ieases the stability of both pyrrole and borane.
This is because the organic ring can contribute electrons to the vacant orbitals on the Lewis
acidic compound. In research published in 2002 by Douglade and Fabre, they polymerized the
monomer trig(pyrrolyl)borane with the Lewis acid bonded to the pyrrole nitrogen cEhtre.
During the electropolymerisation, the potential for oxidation is higher and tleat@d for

borane reduction is loweFabre reported the synthesis and electropolymerisatioms (i

pyrrolyl) borane, B(NGH4)3, finding that the resulting polymer films were rRoonducting, N
derivatisation with Lewis acids can be expectedfioence both polypyrrole structure through

the steric bulk of the borane, and electronic properties due to -doneptor interactions
between the pyrroldl and vacant orbital on boror’! Therefore, the borane can improve

porosity, electronic conductivity, ion diffusion and better supercapacitor perforfiance.

Therefore, allLewis acidic Npyrroleboraneswere already avkable to investigate and

characterize electrochemically to do this research (figure 4.1).
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Figure 4.1 The structures of Noyrrolyl boranes: (NGH4)B(CsFs)2 1; (NCsH4)B(CsCls)2 2;

(NC4H4)B{3-5-(CFs)CsHz} 23.

Figure 4.1 shows the structures of the tiMépyrrolyl boranes used in this work. All pyrrolyl
boranes are affected by steric bulk and electronic effédtsis means the large aromatic ring
groups on the boron centre ingyrrolyl boranes may lead to an increase in the pore size
between chains compared to the polypyrrole chain which is more close to each other.
Consequently, the steric bulk of the aromaroups on the boron can increase the pore size

between the chain¥!
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Figure 4.2Electrons delocalized into vacant &bitals.

In this researchpreliminaryinvestigationby the Wildgoosegroupindicatedthatthe pyrrolyl
boranex<ouldbe electropolymerize@ndindicatedincreaseatapacitancéor Polyl compared

to PPy In this chapterwe fully investigatethe chargestoragecapabilitiesof LAMPS based
onpolylto poly3 by usingcyclic voltammetry glectrochemicampedanceapectroscop{ElS),
electrochemicalquartz crygal microscopy (EQCM) and galvanostatic(chargedischarge)
techniquesWe discusshow the stericandelectronicinfluenceof the boranecanimprovethe
properties.This work isabout the electrochemical properties of the monomers and films and

alsothe ability of the films to store charge (supercapacitors).
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4.2. Experimental section

4.2.1. Polymersation and characterization ofewis acidic N-pyrrole -boranes

Each of threeNi pyrrolyli bis(pentachlorophenyl)boranes was polymerised and the polymer
characterised by cyclic voltammetry, EQCM and galvanostatic (cithsgbarge).
Electrochemical impedance spectroscopy (EIS) was used to compare and investigate them on

carbon electroal.

The specific capacitance of pélypoly2 and poly were tested in blank solution of 0.1 M

Barko with DCM using a threelectrode system.

All electrochemical techniques were used to investigetgs acidic Npyrrole-borane®on the

carbon electrode usy three electrode system. The counter electrode was platinum. The
reference electrode was silver wire electrode. The carbon electrogeavhsi shed by al u
3 OnThe working electrode mmer sed in dry solvent (aceton

[[BuN] [ B4 el ectrol yte.
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4 . 3. Results and discussi on

4.3.1. Electrochemical characterization and electropolymerisation dfii pyrrolyl i
boranes

Figure 4.3 a) and b) show capacitance increasing with each cycle resulting in increeesed

during polymerisation of both PPy and Phlyhis capacitance increase is seen in increased
current for Poly between 0 and 0.6 V whereas PPy (Figure 4.3 a) showed an increase in the
range between 0.1 to 0.4 V vs Ag. This shows that PPy and Palgidorbed onto the surface
successfully. The potential needed to electropolymerize pyrrole is smaller than for the borane
derivative which means the N lone pair can delocalize into the éPaptybital in borane, but

this makes the borane derivatives heraxidise, which means a higher positive potential is

needed to initiate electropolymerisation.
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Figure 4.3a) 20 cycles polymerization of pyrrole 0.1 M["BusN][B(CsFs)4] and CHCI, at
100 mV/s.b) 20 cyclespolymerisation of 0.0INC4H4)B(CsFs)2(polyl) in 0.1
M["BusN][B(CeFs)4] and CHCI, at 100 mV/s.c) Polymerisation of polg with ["BusN]PFs
in CH:CN, 20 cyclesd) Polymerisation of pol§ vs Ag, 20 cycles with 0.1 M of Bas&in
DCM at 100 mV/s.
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Figure 4.3(c) and (d) show electropolymerisation of palyd pol\3. The potential was applied
from -0.1 V to 1.8 V for polg and pol\8. At 1.5 V the oxidation of poB/occurred and then
the potential was reduced to the starting poter@id V. At 1.4 V the oxidation of po8/
occurred and therefore the potential was reduced to the starting poténtial/. The
capacitance of material (pdyincreased from 0 V to 1 Whereas the capacitance of @ly

increased from OV to 1.2 V.

To compare the oxidation of pyrrole with other monomers in the same conditions (0.1 M of
BarFo in DCM). All monomers are shifted to more positive potentials which can be seen in

the table 41.

Table 4.1Represents oxidation/reduction of pyrrole/polymerization.

Compounds Ep(OX)/V pyrrole/polymerisation
Polyl +1.21
Poly2 +1.5
Poly3 +1.4
PPy +1.09

4.3.2. Electrochemical quartz crystal microbalance measurements (EQCM)

EQCM measurements were carried out to investigate the polymer growth and mass deposited.
EQCM measured with a three electrode system where a glass carbon substrate was the working
electrode, Pt was the counter electrode and silver was the reference electrode. The changes of
mass at the working electrode are monitored by the change in frequency which occurs on a

quartz crystal oscillator.
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4.3.2.1. EQCM of polypyrrole
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Figure 4.4EQCM o0f20 cycles of PPy0.1 M of Barkoin DCM at 100 mV/s.
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4.3.2.2. EQCM of Polyl

a)
1500
1000
< 500
=
1=
o 04
S
(@]
-500 4 2 cycle
—— 6 cycle
—— 18 cycle
-1000
-0.5 0.0 0.5 1.0 1.5 2.0
Potential / V
b)
— 2 cycle
' —— 6 cycle
-10000 -
N -15000 -
I -
& -20000 -
c
[ .
=}
E,' -25000 4
L .
-30000 -
-35000 -
-40000 T T - T - 1 y T - 1
-0.5 0.0 0.5 1.0 1.5 2.0
Potential / V

Figure 4.5EQCM 0f18 cycles of 0.01 M of poly, 0.1 M of Barkoin DCM at 100 mV/s.
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4.3.2.3. EQCM of poly(2)
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Figure 4.6 a)20 Cyclic voltammograme of polg. b) The corresponding plots of frequency
change during the first 6 polymerisation cycles of pdly EQCM measurement8.1 M of

BarFoin DCM at 100 mV/s.
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Figure 4.4 represents electrochemical quartz crystal microbalance (EQCM) of conventional
polypyrrole using0.1 M of Barko in dichloromethane. Figure 4.4 (a) shows the cyclic
voltamogram to deposit polypyrrole film on the surface of carbon electrode whitggeise 4.4

(b) shows the frequency vs potential during EQCM of conventional polypyrrole. The frequency

change for polypyrrole is smaller, indicating that less material is deposited.

EQCM of poly2 is shown in figure 4.6 a) and b). The potential was $v¥rem 0 to 2V, and

the frequency grew steadily indicating deposition of poly

Figure 4.7 (a) represents EQCM of @lyy using cyclic voltammetry with frequency ranged
from 10 to 16 Hz. The potential was swept from 0OV to 1.8V. Figure 4.7 (b) shows the

frequency vs potential during deposited of 3oly

SEM was carried out for paly PPy and pol®. All polymers were the glassy carbon electrodes
(GCE) using 200 polymerisation cycles for each of them with three electrode system. The
investigation shows that the péaljilm is substantially (7 or 8 x) thicker than p@lpand PPy

(Figures 4.8 to 4.10). This is consistent with the higher mass deposited fbr poly
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4.3.2.4. EQCM of poly3
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Figure 4.7 Cyclic Voltammetry of pol at 100 mV/sThe corresponding plots of mass
added during the first 6 polymerisation cycles of Bdly EQCM measurement3,1 M of
BarFoin DCM
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4.3.3. SEM of polypyrrole and polyl

To investigate the morphology pblyl compared to polypyrrole, samples were prepared by a
200 cycleelectrodeposition of the polymer onto a glassy carbon electrode. The glassy carbon
electrode was sealed in epoxy and cut into a cross section by the UEA technical team before
imaging. The film thickness can be seen visually in the SEM images, and algoERxX
elemental maps which distinguish the films by showing elements (F) which are only associated
with the PPyborane derivative or counter anion. The 200 cycle film for Pislyabout 7 or 8

times thicker than the PPy film, consistent with increased ahegosition observed by EQCM.
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Figure 4.8 SEM cross section of a 200 cycle PPy film with BAr&nion. &) Image showing

ca 2 em thick film bet weenb)EXekementaimap (| assy
blue, C yellow, F red) with presence of Fizating the PPy film.€) F and O signal across
the section indicating presence of the film.
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Figure 4.9a) SEM image of pol¥, b) EDX which is the consistent with analysis through a
15.6 pm thick (200 cycle) layer of pdlyThe poly film was on a Glectrode which

presents the relative atomic % of C, O, and F. Obtained from James Courtney, Wildgoose

group.
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4.3.4. SEM of poly 2

A poly2 film was prepared on a glassy carbon electrode using 200 polymerisation cycles, and
crosssectioned in the same way as the BRalyd PPy films. According to figure 4.10 the SEM
ofpoy2s hows a film around 2 t o01(31% nadgimilactk whi c
PPy. This can be seen through the EDX maps which show increased concentration of Cl and
F. The decreased thickness relative to padyconsistent with a lower mass and the lower
frequency change observed in EQCM measurements. Compary®with polypyrrole, the
thickness of the films is similar but the frequency change is smaller, consistent with around
50% of the mass. This may suggest that theZifdiy is less dense which would be expected

for all of the boranes but it is not seerthe polyl result. However, such interpretation must

be treated with caution as the EQCM experiments were done in different experiments to the
depositions for SEM measurements. Any drift in the potential of the Ag pseudo reference lead
to different extent®f deposition of film, particularly considering the very different areas of

the EQCM substrate (0.504 énrand glassy carbon voltammetry electrode (0.0%).cm
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the Poly@) film. (c) Cl and F elemental maps whiticreased concentration indicating
presence of the film.
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4. 3. 5. Cyclic voltammetry of fil ms

To investgate the charge storage properties of lpady film of polyl was studied in
dichloromethane (DCM) as electrolyte usifiBuUsN][B(CeFs)4] and 'BusN][BF 4] at scan rate
100 mV/s According to figure 4.11, when pblywas compared with PPy by cyclic
voltammetry, the capacitance of a 20 cycle fdiyn was 8 times higher. This indicates that
the Poly film is storing more charge per unit area, but trghbr mass deposited per cycle

means that specific capacitance is likely similar to PPy.

Palyl
200 - —— Polypyrrole |

150 4
100 4

50 <

Current / pA
(=]
1

50 -

100 -

=150 <

-200 — —
-1.0 0.5 0.0 0.5 1.0 15

Potential /v vs [FeCP,]

Figure 4.1120 cycle film, comparison between polypyrrole and fpatycapacitance, 0.1 M
of Barkoin DCM at 100 mV/s.
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Table 4.2Specific capacitance values obtained from cyclic voltammograms df, paiy2

and polB films on GC electrodes (20 polymerisation cycles), recorded at 10 and 100 mV/s

scan rates in DCM.

Specific capacitance (F/g)
Sample polyl poly2 poly3
10 mV/s 50 11 39
100 mV/s 41 9 21.2
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Figure 4.12CV of a 20 cycle film of pol2 in 0.1 M Barkoin DCM at 100 mV/s.
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Figure 4.13CV of a 20cycle film of polg in 0.1 M Barkein DCM at 100 mV/s.

Figure 4.12 is the cyclic voltammogram of pdlgfter 20 electrodeposition cycles, at a scan
rate of 100 mV/s. Figure 4.13 shows the cyclic voltammetry of poaiso after 20
electropolymerisation cycles at the same scan rate. The specific capacitancel ,op plgB/
and poly were calculated accordinto equation number 21 and shown in table 4.2, using
EQCM data to estimate the mass depositée.specific capacitance of palwas 50 F/g at 10
mV/s and 41 F/g at 100 mV/s which are higher than specific capacitance 2fgoolypol\3

according to tabld.2. The specific capacitance of PPy at 100 mV/s calculated from CV is 79

Flg.
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4.3.6. Galvanostatic (chargalischarge) measurements
4.3.6.1. Galvanostatic (chargelischarge) measurement of Polyl

Galvanostatic (chargeischarge) measurements were carried out by modifying the electrode

with Polyl, inserting the electrode in blank electrolyte solution and running for 6000 cycles.
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Figure 4.14a) The first ten and last ten cycles of a series of 6000 galvanostaticicharge
discharge cycles recorded for a pajyhodified GC electrode immersed in DCM containing
0.1 M ["BusN][B(CeFs)4] at 1 A/g over a 01 V range;b) Repeated galvanostatic charge

discharge cycles recorded for a symmetric @ghpEly(1)i modified CC supercapacitan
DCM containing 0.1 M'TBuN][B(CsFs)4] at 20 A/g;c) images of the symmetric
poly(1):poly(1)i modified CC supercapacitor assembly in b)rishg charging (left) and
discharging (right) to illuminate a green LED connected across the capacitor device
terminals.The data is obtained from James Courtney, Wildgoose gfoughowsan
example of electrochemical cell that appliedRmiyl.
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4.3.6.2. Galvanostatic (chargelischarge) measurements of poly2 and poly3
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Figure 4.15a) Chargedischage of, po8, b) chargedischarge of polg with 0.1 M of Barko
in DCM.
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Figure 4.14 shows galvanostatic charge discharge ot poihe chargedischarge was repeated
for 6000 chargidischarge cycles. As can be seen from Figure 4.14 the resulting icharge
discharge curves are stable over 6000 repetitive cycles, with no signs of voltage instability of

the polyl material or other degradati in performance.

Figure 4.15 (a) shows the first chaidjscharge of PoBwhich was repeated for 2000 cycles.

Figure 4.15 (b) represents chaigdjscharge of pol§ that repeated 2000 cycles.

For all three polymerghe average specific capacitanceorgled for GCE electrode
under these conditions can be estimated from the slope of the galvanostatic discharge

curve according to equation (27) in chapter 2.
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Figure 4.16Capacitance retention of pdlypoly2 and pol\8 are 2000 cycles i.1M of
BarFoin DCM.

Table 4.3Specific capacitance of pdlypoly2 and pol\3

Sample F/g
Polyl 90.4
Poly2 19
Poly3 48.1

Table 4.3 shows the specific capacitance of hopoly2 and poly8 from GCD that was
calculated according to equation number 27 (chapter 2) by dividing capacitance which
calculated from GCD of each material by the mass of material. It is likely that GCD gives

higher values because it reveals capacitamme flower processes that the CV timescale does
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not pick up. This is also seen to some extent in the difference between capacitance measured
at 10 mV/s and 100 mV/s in the CV. According to table 4.3, Jpslyows high specific
capacitance (90.4 F/g) comparedpoly2 (19 F/g) and pol$ 48.1 F/g. in the same way, the
specific capacitance of pdthat calculated from cyclic voltammetry was 41 F/g which is
higher than polg (9 F/g) and pol$ (21.2 F/g). The values for pdyare significantly lower

than those obtained by Courtney and Wildgoose, the reasons for this are subject to further

investigation that is beyond the scope of this tH&Sis.

Polyl, poly2 and poly3 all have hidp molecular weights for their monomers. These are 411.00
(1), 575.55 2) and 503.09 g/mol for3] vs only 67.09 g/mol for pyrrole. Supposing a similar
doping level (0.33 per monomer) and using the same voltage range as poly(pyrrole) allows
theoretical maxnum capacitance to be approximated of 100 F/g forlpalg F/g for polg

and 83 F/g for poly, while poly(pyrrole) has a theoretical maximum capacitance of over 600
F/gl*? In the literature, and in our CV measurement, the typical specific capacitance of
polypyrrole is in the range between 40 to 100 E¥hin other words, no more than 1/6 oéth
theoretical maximum. For pdly we obtair60 F/g by CV 90 F/g by GCD), much closer to the
theoretical maximum of 100 F/g. This shows that, considering molecular weight, iBoly
performing better than the other borane derivatives and PPy and gettingliynase to its
supposed theoretical maximum capacitangmtentially suggesting different charge storage

mechanisms to PPy.
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4.3.7. Electrochemical impedance spectroscopy measurements (EIS)

EIS is a powerfutechnique to study kinetics amavestigate pol§, poly2 and poly on the

surface of carbon electrodes. This was carried out using a three electrode system at with a blank
solution with a frequency range from 10 to ®1Bz. The electrochemical impedance
spectroscopy was carried out in aajive region to get the comprehensive details aboufipoly

poly2 and poly properties. Figures 4.17, 4.18 and 4.19 show the results and the
electrochemical circuit fit used to fit the results. For all cases, Nyquist plot shows two parts, a
semicircle whth represents the highest frequency area that corresponds to the charge transfer
resistance. The second part is the straight line which represents the low frequency, and it shows
the ion (electrolyte) charging during chardischarge process. The Bode p#btows the
relationship between the frequency and impedanéecording to figure 4.17(b), it is clear

that polyl has less impedance than conventional PPy and this means higher capacitance can be

expected for poly than PPy.
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Figure 4.17Polyl andPPy with 0.1 M of [BusN]BF4in CH3CN.
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Table 4.4Electrode behaviour ( PdlyPPy, Poly2, Poly3) calculated from the
electrochemical circuit fit of the experimental EIS data.

Samplel Rs (Y R1(Y C1(F) C2(F) Yz( € Mh o
Polyl | 206.19 498 2.82x10° 6x10* 209

PPy | 251.56 | 622.79 | 2.521x1® 7x10° 10.4
Poly2 | 663.81 | 3735.7 | 2.8421x1¢ 9x10° 113
Poly3 | 855.57 | 6.7x10° | 3.7451x10 | 9.9x10° 4.13

Table 4.4 shows the results calculated from the electrochemical circuit fit of the
electrochemical impedanepectroscopy experiments data for all materials (pdhPy, pol

and poly3. Rs is the resistance of solution, according to table 4.41puhg less resistance
compared to other materiaS; andR; are the electric double layer capacitance and resistance.
According to table 4.4 the capacitance of electric double layer is different f& gquadypolyd

to polyl and PPy which all carried out in the same condition of electrolyte and sdBsent.
represeh the capacitance of material and according to Table 4.41psitpws highest

capacitance compared to other mateiiadensistent with other measurements.

4.3.8. Spectroelectrochemistry of polypyrrole and polyl

Spectroelectrochemical measurements veareied out because formation of charge carriers
(polarons and bipolarons) in polypyrroles can be observed in theidibe spectra. Because
Polyl, compared to PPy, appears to get much closer to its theoretical maximum specific
capacitance, we used speelectrochemistry to observe bipolaron formation and see if the

spectra suggested any electronic differences.
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Films for spectreelectrochemistry were prepared on conductive fluorine tin oxide
(FTO) glass using by cyclic voltammetry with 10 cycles. Then, the film tested by
spectroelectrochemistry using blank solution of 0.1 TBALCI@ acetonitrile.
Spectroelectrochemistry of pdlyand PPy exhibit similar spectra for oxidized films of
polyl and PPy. Both figures 4.20 a and b show a broad absorption at wavelengths above
600 nm This indicates formation of the bipolarons which relate to conductivity and
charge storage for both pdlgnd PPy. The PPy spectrum curves up towards a maximum
beyond 1000 nm. This is consistent with literature showing an absorption maximum of
around 120 nm (1.0 eV) for oxidized PPl but polyl appears to reach a flat
maximum between 800 and 900 nm. Therefore, the differenpkes an electronic
influence of the borane groups on the chain of PPy and bipolarons, or transitions
emerging within the borane groups as positive charge is delocalised onto them. In
addition, more evidence for the influence of the borane groups isirs¢lea greater
increase in low energy absorption for pbgompared to PPy. Deposition of the film is

not perfectly uniform, and the masses deposited on FTO are unknown, but the similar
absorbances at 500 nm (where there are no absorptions from the) lsoiggest that a
similar amount of PPy backbone is seen in both measurements. Therefore, the greater
increase in low energy absorption for pbindicates more charge carriers form and

storage of more charge per formula unit.

Generally, the borane groum ipolyl (and poly/3) may facilitate improved
performance through two mechanisms. First, the bulky Bt may lead to a more
porous, less dense structure as has been shown for inclusion of bulky2hibins.

bulk provides and prevents collapse of ion channels leading to improved charge
transport and stability, and gives greater accessibility of alleopblymer for oxidation

and increased contribution from douldser charging through the porous polymer
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matrix. Some evidence is seen for this in the lower resistances found in impedance fits,
and in the lower density for pdy(though not pol§) suggestd by the combination of

SEM and EQCM results. The second mechanism is suggested by the
spectroelectrochemistry through the different oxidised spectrum (different peak)
indicating electronic interaction between borane and pyrrole inlpdlgne pair
donatbon from F could stabilise positive charge and enable its delocalisation onto the
borane. This likely happens in pdlput not poly2 because F lone pairs interact better
with the aromatic system than CI lone pairs. This may be enabling the boranelin poly
to stabilise a higher level of oxidation on the pyrféteThus, when ply1 is oxidised,

a large amount of the electron density may be removed from the borane unit which
increases the accessible charge per monomer to result in a higher theoretical maximum

capacitance € than would be assumed based on underivatized PPy.

NOTE IN PROOF: Since this thesis was examined fresh EQCM data has been obtained
for Polyl indicating a much lower frequency change (and thus lower mass deposited)
per cycle than presented above. However, determination of capacitance by CV at 100
mV/s diredly on the EQCM substrate, giving certainty in mass, produced a very similar
specific capacitance value (45 F/g) to that presented above which was obtained by
measuring capacitance on a voltammetry electrodesatichatingthe mass based on

the old (high nass) EQCM results. The new data are not presented here for the sake of
consistency in approach: it has not been possible to perform the same measurements on
poly2 and poly8. The new EQCM data, combined with the existing SEM, could imply

a lower density fothe polyl film than PPy, as also suggested for @olowever, this

work has raised questions about the reliability of both the EQCM measurements, and
the comparability of depositions carried out on EQCM substrates and voltammetry

electrodes when thereasnear eightold difference in area. Such issues are most likely
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behind the very high (300 F/g) specific capacitance value reported foi pgly
Courtney and Wildgoose in their patéithaving measured the capacitance directly on
a known mass of poly we can be confident that its specific capacitance lies within the

range of 40 90 F/g presented here.

4.4. Summary

Polyl poly2 and poly8 were characterised using a variety of electrochemical and other
techniques. The specific capacitance of fpelas found to be of the order of 50 to 90 iy,
excellent value considering its high molecular weight, possibly resulting from stabilisation of
increased positive charge by the borane. Paiso demonstrated a much wider stable
operating voltage windowhen used in a symmetric supercapacitor device of £ 4 V and
exhibited a more stable charge storage performance over 6000ichscharge cycles. The
comparison of poly, poly2 and poly shows that the specific capacitance of fialy the
highest. Polf has the lowest specific capacitance, which is acceptable considering its high

molecular weight and reduced ability of the chlorine groups to stabilise positive charge.
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Chapter 5
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DevelopingNew electrodeMaterial for Hybrid -Battery / supercapacitor application

5. Aim

The aim of the work in this chapter is to fabricate a new supercapacitor/ hybrid battery from
anthraquinone as the negative electrode and the polypyrrole borardeagothe positive
electrode. In addition, the electrochemical behaviors of thepdigl supercapacitor/hybrid
battery are studied using different electrochemical techniques includatig egltammetry,
electrochemical impedance spectroscopy (EIS), electrochemical quartz crystal microbalance
(EQCM), and chargelischarge techniques. Also, measurement of specific capacitance was
carried out by different methods including cyclic voltammednd galvanostatic (charge
discharge) methods. Finally, after studying the electrochemical behaviors of the new hybrid
battery/ supercapacitor, we applied device of the new hybrid battery/supercapacitor device to

light LEDs successfully.

5.1 Introduction

Supercapacitors are the most demanding energy storage system currently comparable with the
conventional lithiuraon batteries. This is because of their high power densities and their long
cycle life stability!*?*! Electrode materials are one of the keys to improve the performance of
supercapacitors. The behaviour of Faradaic capacitance is controlled by redox reactions and
ion diffusion*?>! Quinones as organic compounds have bsed in many applications to store
energy due to their fast redox (electrochemical) behaviour, good chemical durability and high
capacitanc&?%! For example, they have been used in aqueous flow batteries instead of

vanadium?’! |t has been reported that anthraquinone is an effective way to increase
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capacitance and store energy. For example, éiVal reported that -aminoanthraquinone
modified selfassembled graphene hydrogels increase speejpacitance of to 258 F/g at 0.3
Alg compared to unmodified graphene hydrogels 1931 #JgPickup et al used a
supercapacitor of anthraquinone modified carbon fibre electrode with unmodified carbon fibre
and Nafion as separator with 1 M sulfuric acid. As a result, the average capacitance was 40%
and the energy density 56 t69% higher than unmodified carbon fibre matefi.Juanli Liu

et al reported that modification of carbon cloth by oxidation with-diiminoanthraquinone

and reduction of hydrazine provides high specific capacitance (921 R)Fdtrh.0 mA/cr

and the capacitance remained 116% after 20000 cycles in 1.88&.F*% Recent research

by Lei Xu et al examined asupercapacitor of 1,4,5i8trahydroxyanthraquinone/graphene
which exhibits specific capacitance of 259 F/g at/§ and retained 97.9% capacitance after
10000 cycles at 20 /4.1*31 Chenet al used anthraquinone with hierarchical porous carbon
nanotubes whicehowed higher specific capacitance (710 F/g) at mass ratio of 7/5 compared
with unmodified HPCNT (304 F/g) at 1 A/§*3 Campbellet al developed hybrid battery
/supercapacitor of anthraquinone modified graphene rassemblies, which increased
electrical energy storage capagitpre than untreated graphene maassemblies 2.9 timés!

Zhang et al used 1,5iaminoanthraquinone molecules on graphene material and the
composite exhibit high specific capacitance (277 f/g) at 5 mV/s compare with the pristine DAA
and RGO which are 7.5 F/g and 63y respectivel§*3? In all of these examples
anthraquinone enhances reversible energy staagugcity because thphenolic rings can add

and extract two protons and two electrons to store eféfgFhis means anthraquinone has
two electron reduction/oxidation Faradaic reactions that help totatorharges compared to

many trandion metal salts that can only store one electrh.
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According to chapter 4 polyhas high specific capacitance and stability compared to Nther
pyrrolyl-bis(pentachlorophenyl)borané&herefore, in this chapter for first time we fabricated
a new hybrid battery/supercapacitor of AQlyl and studied the behawrs and specific
capacitance, stability, and chargdischarge by using electrochemical methodse
combination of both (AGolyl) gives an excellent storage system, with fast chdiggharge
with long cycle life and significantly increasegbecific capacitance compared to (AF)

supercapacitor.

5.2. Experimental section

5.21. Electrochemical characterisationmethods

Cyclic voltammetry experiments were performed in acetonitrile or DCM with supporting

electrolyte["BusN]BF4 at ascan rate of 100 m/g.

Galvanostatic chargéischarge experimentgeremeasured by charging a supercapacitor at

the maximum constant current and discharging at constant current throughout specific voltages.

Electrochemical impedance spectroscopyS| measurements were performed at 0.01 V
with Ag wire referencevith a frequency range from 10 to®18z that represents an evaluation
of charge transfer resistance and electrolyte diffusion in Wléhanthraquinone and
polyl(polyBarFo) electrodesFor the supercapacitor of both materials (anthraquirmolgl)
the potential was set up at tleapacitive potentiabf polyl. All EIS measurements were
performed using three electrodes whereas asymmetric hiatiry /supercapacitor useuda
electrodesconsisting of amnthraquinone film modified on carbon fibre as a cathode electrode

andpolyl modified on carbon fibre as the anode electrode. Experimentaldegéitted using
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the Randles equivalent circuit. All electrochemical measungsneere performed using the

Autolab PGSTAT302N potentiostat/galvanostat module (Metrohm).

5.3. Results and discussion

5.3.1. Cyclic voltammetry
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Figure 1.520 Cyclic voltametry of GCE modified witiNC4H4)B(CsFs)2in 0.1 M
["BusN][BF4] and CHCN at100 mV/s.

Figure 1.5 showthe stability of polit in ["BusN][BF 4] with acetonitrileby using 20 deposition
cycles. The potential window is wider than conventional polymers which is around 0 to 1.8 V
compared with polypyrrole which is usually from 0 t& 1The cyclic voltammetry of poly

gives a nearectangular shape, indicating near ideal capacitive behaviour, with high
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capacitance indicated by the high charging and discharging currentd. wadytested in
different electrolytes, but usifCsH4)B(CsFs)2in 0.1 M ['"BusN][BF 4] and CHCN provides
the highest capacitance and this can be used as an anode to fabricate hybrid

battery/supercapacitor.

5.3.2. Electrochemical Impedance spectroscopkIS)
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Figure 2.5Nyquist plot of hybrid battry/supercapacitor of pahAQ. B) Nyquist plot of
supercapacitor of poly CF.

Figure 2.5 shows the Nyquist plots of both HeGF and Pol§-AQ. It can be seen that the
semicircle of poly-CF islarger than pol§-AQ, indicating higher resistance. Estimating from
figure 2.5, the diameter of the p@hAQ semicircle gives a resistanceaaf. 40 Ohm whereas
for polyl-CF it is close to 80 Ohm. Also, the straight line part for pdl extends further

into the low frequency domain, which may be linked to Warburg diffusion, while the shorter
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straight line for pol{-AQ tends to indicate faster reaction, due to the absence of low frequency

data associated with slower processes.

5.3.2.1.EIS of polyl- carbon fibre (poly1l-CF)
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Figure 3.5EIS of polyl-CF of hybrid batry / supercapacitoa) Nyquist plot, b) Bode plot,
c) Phase plot and d) Fitting circuit of pahCF.
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5.3.2.2.EIS of polyl-anthraquinone(polyl-AQ)
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Figure 4.5EIS of supercapacitor/hybrid battery of pblxQ: a) Nyquist plot, b) Bode plot,
¢) Phase plot, d) Fitting circuit of pdyAQ.
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