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Abstract

Direct liquid fuel cells, attributed to their high energy density and ease of
fuel handling, have been regarded as a promising technology for power
generation and thus attracted world-wide attentions in the last decades.
However, due to the sluggish reaction kinetics of the conventional liquid
fuels even with the use of noble metal catalysts, the commercialization
progress of the direct liquid fuel cells is still being greatly hampered. To
address this issue, a novel system using an electrically rechargeable liquid
fuel (e-fuel) for energy storage and power generation has been recently
proposed and demonstrated. The liquid e-fuel is stated to be attainable from
diverse kinds of materials such as inorganic materials, organic materials,
and suspensions of particles. Furthermore, it is reported that, in comparison
to conventional alcoholic liquid fuels, the liquid e-fuel possesses a lot of
advantages such as: 1) superior reactivity even on carbon-based materials,
which thereby eliminates the usage of any noble metal catalysts; ii) low
freezing point, which hence allows the operation of the cell at wide
temperature range; and iii) rechargeability, which therefore enables the e-
fuel to be used for more than 100 cycles, greatly reducing the fuel
production cost. Hence, attracted by the superiorities of the e-fuel, the
objective of this thesis is aimed at examining the performance of a direct
liquid fuel cell using an e-fuel containing vanadium ions through

experimental and numerical approaches. To begin with, an active liquid e-

\



fuel cell was developed to experimentally study the effects of various
structural parameters and operating conditions on the cell performance. It is
found that the direct liquid fuel cell using e-fuel demonstrated an impressive
performance with an open-circuit voltage of 1.15 V, a maximum current
density of 1980 mA cm™, a peak power density of 857.0 mW cm™ and an
energy efficiency of 41.6 %. Secondly, to enable the application of this
liquid fuel cell in mobile devices, a passive fuel cell using the e-fuel, free
from any auxiliary equipment, is designed and fabricated. The passive cell
was refuelled 25 times and achieved a stable operation for over 350 hours,
presenting its capability for long-term operation. Furthermore, using a
transparent cell, a side reaction, found at the anode side of cell, was also
examined and proved to be hydrogen evolution reaction. Thirdly, to
demonstrate the wide applicability of the e-fuel under diverse kinds of
environment, an all-climate liquid fuel cell is designed, fabricated, and
tested, which demonstrated the operation capability of the liquid e-fuel
under sub-zero environment. Fourthly, apart from the experimental works,
a numerical study is also carried out to provide a deep understanding to the
complex physical and chemical processes within this passive fuel cell.
Lastly, to present the capability of this fuel cell for large-scale application,
a liquid fuel cell stack is designed, fabricated, and studied, which is also
demonstrated to be capable of powering a toy car stably and thus justifies

its great potential for achieving commercial applications in the future.

Vi



Table of Contents

ACKNOWIEAZEMENLS......ccuviiiieiiieiieeie ettt il
ADSIIACE ...ttt ettt st st v
Table Of CONENLS ....c..eviiiiiiiiieiieeeeeee e vii
List Of FIUIES ..c.veeuiiiiiiiieieeeeec e Xiii
List Of TabIes ....couveiuiiiiiiiiieieeeteeeeee e Xix
ADDIEVIAIONS ....ouiiiiiiieiicieetec ettt XX
NOMENCIATUTE ...t Xxil
Chapter 1  INtrodUCtion..........c.ceviieiiieiiieiieie et 1
1.1 Background ..........cccueeiiiiiiiiiieiiicieee e 1

1.2 FUEL CRILS .ot 2

1.3 Direct liquid fuel CellS........ooviriiiriiniieieeieeece e 3
1.3.1 FRALUTES ...t 3

1.3.2 Research and development ...........cccceeeveerieniienieenieeniieniee 3

1.3.3 Electrically rechargeable liquid fuel (E-fuel)..........c..c........ 6

1.3.4 Working principle.........cceecvierieriieniieniieieeie e 8

1.3.5 State-of-the-art performance..........c.ccoceeeviierieeciienienieeens 10

1.3.6 Remaining challenges and iSSUES...........cccevvereenierieneennens 11

1.4 Objectives of this thesis ........ccccveeeiieriiiiiieieciiee e 11

1.5 RETEICNCES ....eeviiniieiieciieieete et 15

Vii



Chapter 2 Single cell fabrications and characterizations....................... 19

2.1 INtrOAUCHION ...c..eiiiiitieiieiitete et 19
2.2 Fuel cell fabrication and assembly...........ccccoevieriiinieniieinienene, 19
2.2.1 Flow field and heating plates ...........cccocueeviierciienieniieieenee. 20
2.2.2 Preparation of MEA ........cocoiiiiiiiiiiieeceeeee e 20
2.2.3 Preparation of fuel.........c.coocvveiieniiiiieiiieeeeeeee, 22
2.3 Characterizations of electrodes ..........ccceveruerieniriineenenieneees 23
2.3.1 Material characterization .........c..cccccecereenieeieereenenieneenens 23
2.3.2 Surface morphology characterization .............cccceeeveeueennee. 23
2.3.3 Electrochemical performance characterization................... 24
2.4 Characterizations of MembIranes...........ccoceevvereenieeieneenenieneenens 24
2.5 Characterizations of e-fuel SOIUtioN .......ccccecvevierieriiiniencnieeees 25
2.5.1 Electrochemical performance characterization................... 25
2.5.2 ViSCOSItY MEASUICMENL ....c..eeeevieereeiieniieeieenereeeeenareeseenenes 25
2.6 Characterizations of fuel cells........ccccovvieviriiniininiiniiiieeee 26
2.6.1 TeStiNG SYSIEM....ccuvieiieeiieiieeiiesiieeieeeiie et e eee e eaae e 26
2.6.2 Fuel and oxidant supply System.........ccceeeuverveenirenieeneeennen. 27
2.6.3 Temperature controlling System...........ccccevevveerirenieeneeennen. 27
2.6.4 Polarization CUIVES........coeevueeieriieniieienieenie et sieeniesiee s 27
2.6.5 Constant-current discharging behavior...........ccccoecveenenen. 28
2.6.6 Long-term operation behavior ...........cccceeeeeveieeniienieenieennen. 28
2.6.7 Faradic, voltage and energy efficiencies...........ccccccueeueenne. 28

vili



2.6.8 Electrochemical impedance Spectroscopy .........cceeveevennee. 29

2.7 SUIMNIMATY .eenitiieiiieeiieeeieeeeeeeitee et e et e e sbte e sbeeesabeeesabeeesaseesnseas 30

2.8 RETRICNCES ....euveiiiniieiieeiteteee ettt 31
Chapter 3 Performance characteristics of an active fuel cell................. 33
3.1 INtrodUCHION ..ottt 33

3.2 Working Principle .........ccceeeiieiieiiieiieeiecieee e 36

3.3 EXPEIIMENLS ...eovvieniieiiieiieeiieeiie e eieeeieeieesiteetee e eaeeseaeenaeeeenes 36
33T E-fuel ell..eoiiiiiiiiiiiiiee e 36

3.3.2 Experimental apparatus and test conditions........................ 37

3.4 Results and diSCUSSION ....c..eeveruieriiriiniieiiciereeie e 38
3.4.1 General performance..........c.cceeeeeeiieniienciienieeie e 38

3.4.2 Physical and chemical characterizations of anode.............. 39

3.4.3 Effect of the cathode catalyst loading............c.cceeeveerieenneen. 41

3.4.4 Effect of the membrane thickness..........ccccceceverieniincenens 43

3.4.5 Effect of the operating temperature ............cceeeeeerreenveennens 44

3.4.6 Constant-current discharging behavior ............cccocceevveenneen. 46

3.4.7 Long-term operation behavior ...........cccoecveevieniiienienieennens 48

3.5 SUMMATY c..oeviieiiieeeeeee et sbee et ens 50

3.6 ReferenCes ... couveuieiiiieiieiecece e 52
Chapter 4  Performance characteristics of a passive fuel cell ................ 64
4.1 INtrOAUCTION ...ttt 64



4.2 Working Principle ........c.oecueeeiiiiiiiiiieiieieeeeeee e 65

4.3 EXPETIMENLS ....veeviieniieiieeiieeiieeieeeieeeteeieeeieeseeesbeeseesnseenseesneeenne 66
4.3.1 Preparation of MEA ........coooiiiiiiiiiieeceeeeee e 66
4.3.2 Cell assembly and experimental apparatus...............c......... 66

4.4 Results and diSCUSSION .....ceveruieriierierieniieieeie e 68
4.4.1 General performance.............ccceevveeriienieenienieeeeeee e 68
4.4.2 Effect of the current collector design............ccceeuveruveeneenne. 69
4.4.3 Effect of the e-fuel compoSition...........ceevveerveeiiienieenneennee. 71
4.4.4 Long-term operation behavior ...........c.ccoeeeevieeniienieenieennen. 72
4.4.5 Visualization of anode flow channels ...........c.cccceevieneenee. 74

4.5 SUIMIMATY ..eeeiuiiieiiieeeiieeeiteeeieeeeieeesbteesbeeesbeeesabeessaseessnseesnseeennne 77

4.6 RETEICNICES .....veviiiieniiiiiecieee e 79

Chapter 5 Design and development of an all-climate liquid fuel cell ...88

5.1 INtrodUCHION ..c..eeviiiiiiiriieiectee e 88
5.2 EXPEIIMENLS ...eovviiiieeiiieiieeieeieeeiieeieesteeieeseeeeeeesaveeseesneeenseesnnes 92
5.2.1 Preparation of a membrane electrode assembly.................. 92
5.2.2 E-fuel cell setup and instrumentation ............cccceeervereennene 92
5.3 Results and diSCUSSION ....c..ecuevuieriiriiiniieiicierieeeeeee e 95

5.3.1 Characterizations of the e-fuel, electrode, and membrane..96

5.3.2 General performance..........cocceeecveerieeciienieeieeie e 100
5.3.3 Effect of the operating temperature ............cccccceeeveeeeennee. 102
5.3.4 Effect of the e-fuel flow rate..........coeeuvevieeiiienieiiieeeee. 103

X



5.3.5 Constant-current discharging behavior .............ccceeueeneee. 105

5.3.6 Demonstration of a lab-scale e-fuel cell operation in a sub-

ZETO ENVITONIMENT ...ventiiieiienieeiienieete et seeeie ettt e e 109

54 SUMMEATY c..eeviiiiiieeiteeee ettt ee e e e 110
5.5 RefeT@NCES ....eouviiiiiiiiiciieieee s 112
Chapter 6 Mathematical modeling ...........ccoceeevieviienieniieieeieeeee, 124
0.1 INtrodUCHION ......eeuiiiiiiiiieicecceeee e 124
6.2 Model formulation ..........cccceeerieniininienieieeeeeeee e 125
6.2.1 Physical and chemical processes ............cceeeveerverveenneennen. 125
6.2.2 Model asSumMPLIONS ........eecveeruieeiiieniieeiieie e esiee e eiee e 127
6.2.3 GOVErning €qUAtIONS .......cc.eerureerreerieeerrerieeeieeneeesreesseennnes 127

6.3. Results and DiSCUSSION ......c..cocvevuieriiriinieienieneeieeeeeee e 134
6.3.1 Model validation ..........ccccceceeverieniinenieneeieeceeeee 134
6.3.2 Effect of the anode thickness .........cccccecevievenieneencnnenne. 136
6.3.3 Effect of the anode porosity ..........ccceeevevieeiieniescieeieenee. 138
6.3.4 Effect of the cathode catalyst layer thickness................... 140
6.3.5 Effect of the oxygen concentration .............ccceeveeveennennee. 141

6.3.6 Effect of the anodic/cathodic exchange current density ... 142

6.4 SUMMATY ....eviiiiiieeiieeeiee ettt ettt e ee e eeeaeeas 144
0.5 REfEIeNCES .. .couviiieiiiiiiieieeceee e 146
Chapter 7 Design and development of a fuel cell stack ...................... 158

Xi



7.1 INOAUCTION ...ceeieiieeeieeeeeeeeeee e eees 158

7.2 EXPEIIMENLS ...eovvieiieiieeiieiieeieeniieeteesiteeaeeseteereeaeeseneenseesaee e 160
7.2.1. Preparation of the membrane electrode assembly ........... 160
7.2.2. Experimental apparatus...........ccceeveeeeevenieeieeneeeieeieenne 161

7.3 Results and diSCUSSION ......eeverieriiiiiiniiniieiecienieeeeeeee e 162
7.3.1 Characterization of the blended binder cathodes............... 162
7.3.2 General performance..........ooceeceereeeiieenieeiieeree e 163
7.3.3 Effect of the cathode binder composition ......................... 165
7.3.4 Lab-scale stack demonstration............ccceceeveerveneeneennenne. 170

7.4 SUMMATY ...evieiiiieeiieeeiee ettt e st e et e st e e sabeeesabeeeaeeas 172

7.5 REfETENCES ....couviiieiieieciieieeeeee e 174

Chapter 8  Conclusions and future Work ............ccecceeviiiiiiiiieniiieeeen. 185

8.1 CONCIUSIONS ...ttt 185

8.2 FULUIC WOTK ....eriiiiiiiiciiiiiieieceeee e 189

Appendix I Publications during PhD study at The Hong Kong Polytechnic

UNIVETSIEY «eetvteitieeiie ettt ettt et et e et e stteeabeeaeeesbeeseesnseeseeenseenseesnseenns 191

il



List of Figures

Figure 1.1 Working principle of a direct liquid fuel cell fed with the e-fuel.

Figure 2.1 Design of a direct liquid fuel cell fixture using the e-fuel. ..... 19

Figure 2.2 Fabrication of a direct liquid fuel cell fixture using the e-fuel.

Figure 3.1 Working principle of a liquid fuel cell using e-fuel. ............... 36
Figure 3.2 (a-b) General performance of this liquid fuel cell at 60°C......39
Figure 3.3 (a-b) Surface morphologies of the catalyst-free graphite-felt
ANOAC. .ttt ettt b ettt 40
Figure 3.4 Electrochemical kinetics of the catalyst-free graphite-felt
electrode (a) before and (b) after thermal treatment................ccccveenneennee. 41
Figure 3.5 Polarization curves and power density curves of this liquid fuel
cell with various cathode catalyst loadings. ..........cccecvevieiiiienieniieieenen. 43
Figure 3.6 Polarization curves and power density curves of this liquid fuel
cell with various membrane thicknesses. ........ccccoceeveriierienennienienenene 44
Figure 3.7 (a) Polarization, power density, and (b) EIS curves of this liquid
fuel cell at various operating temMpPeratures...........cceeeveerreerveereeeseeerueennnes 45
Figure 3.8 (a) Constant-current discharging behaviors of this liquid fuel

cell and (b) comparison of three efficiencies at various operating

Xiii



LEMPETALUTES. ...eevuviieriieeeeiieeriee et ee et e et e et e e et e e st e e sabeeesabeeesabeeenaseeennne 47
Figure 3.9 (a) Long-term discharging behaviors of this liquid fuel cell and
(b) the comparison of 1%t and 50 discharging curves.............cccccoevuveee.... 48
Figure 3.10 Faradic, voltage and energy efficiencies of the fuel cell during
1ONG-tETM OPETALION ...ttt ettt ettt ettt eeae e e e 49
Figure 3.11 Disassembled membrane electrode assembly (MEA) after
1ONZ-tETMN OPETALION. ...eevieniieeiiieiie et eiee ettt ettt et e e enaeenaeeeenas 49
Figure 3.12 (a-b) XRD curves and SEM images of the cathode catalyst
layer (i) before and (ii) after long-term discharging..............cccccecvvenneennee. 50
Figure 4.1 (a) Working principle, (b) design, and (c) fabrication of a
PasSIVe TUCL CEIL. ..oouiiiiiiiiciiee e 66
Figure 4.2 (a) General performance of a passive fuel cell; (b) Comparison
of the peak power density of the passive fuel cell with the data available in
the Open [ItEratUre. .......cccveeiiieiiecieeieee et 69
Figure 4.3 Designs of five current collectors. .........cccevvveveivenieneeniennene. 69
Figure 4.4 Polarization and power density curves of this passive fuel cell
with different deSigns. ........ceeovieriieiiiiii e 70
Figure 4.5 Polarization and power density curves of this passive fuel cell
with various e-fuel concentrations. ...........coceeveevuereeneenienienenieneeneens 72
Figure 4.6 (a) Long-term discharging behavior and comparison of the 1%
and 25" discharging curves of this passive fuel cell (insert). (b) The Faradic,

voltage, and energy efficiencies of this passive fuel cell. ..........c...ccc.... 73

Xiv



Figure 4.7 (a) Design and (b) fabrication of a fuel cell with a transparent
anode flow fleld. ... 74
Figure 4.8 Visualization of the anode flow channels with (a-d) complete
MEA, (e-h) used and (i-1) fresh thermally treated graphite felt anode.....75
Figure 4.9 Voltage profile of the hydrogen-oxygen fuel cell fed with the
generated gas from the anode side of the passive fuel cell. ..................... 77
Figure 5.1 Experimental setup of this liquid fuel cell at sub-zero
ENVIFONMMENL. ......eiuiiniiiiieetieteeiteit ettt ettt ettt ettt et st saesresaeeneeaeen 93
Figure 5.2 Kinetic viscosity and ionic conductivity of this liquid e-fuel, and
ionic conductivity of the membrane (Nafion 117) at an operating
temperature range from -20°C t0 20°C........oocvieiiieriienieeiieieeeeeee e 97
Figure 5.3 Cyclic voltammetry curves of the catalyst-free graphite-felt
anode at an operating temperature range from -20°C to 20°C. .............. 100
Figure 5.4 (a-b) General performance of this liquid fuel cell at -20°C; (c)
energy efficiency and (d) peak power density comparisons with the data in
the Open TItEratUre. .......cccvieieieeiieie et 101
Figure 5.5 (a) Polarization curves, power density curves, and (b)
resistances of this liquid fuel cell at an operating temperature range from -
20°C 10 20°C ittt 103
Figure 5.6 (a) Polarization curves, power density curves, and (b)
resistances of this liquid fuel cell with flow rates from 10 mL min™! to 60

L I L 07C ettt e e et e e e e e e et e eeaeeeaeens 104

XV



Figure 5.7 (a) Polarization curves, power density curves, and (b)
resistances of this liquid fuel cell with flow rates from 10 mL min™! to 60
ML MinT at -20°C .. 105
Figure 5.8 Constant-current discharging curves of this fuel cell at an
operating temperature range from -20°C to 20°C with the e-fuel of (a) 0.5
M and (b) 1.0 M V25 H0NS. ..eoviviieiiicieeeeeceeeeeee e, 106
Figure 5.9 Energy loss and efficiency analysis of this fuel cell using the e-
fuel containing (a-€) 0.5 M and (f-j) 1.0 M V" ions at -20 to 20°C. .....107
Figure 5.10 Faradic and Energy efficiencies of this fuel cell at an operating
temperature range from -20°C to 20°C with the e-fuel of (a) 0.5 M and (b)
1.0 MLV HOMIS. ottt 108
Figure 5.11 (a) Demonstration of a lab-scale fuel cell operation in a sub-

zero environment and (b) potential applications of this e-fuel cell

tECHNOLOZY. 1 eviiiiieiieciie ettt 110
Figure 6.1 Schematic of the domain of passive liquid fuel cell. ............ 126
Figure 6.2 Model validation..........ccccooeevierienieninienieieceenceesesieeee 134

Figure 6.3 Effect of the e-fuel composition on the concentration
distribution of V2" ions at the anode ...........cccoeveveieieeieeieeeeeeeene, 135
Figure 6.4 Effect of the anode thickness on the cell performance.......... 137
Figure 6.5 Effect of the anode thickness on the concentration distribution
of V2* i0ns at the anode. .........ccoeveveieieirieieieieieieeeeee e, 137

Figure 6.6 Effect of the anode porosity on the cell performance............ 138

XVi



Figure 6.7 Effect of the anode porosity on the concentration distribution of
V2 i0ns at the anode. .......c.ceveveveueueieieieieieieiceieeeeeee e, 139
Figure 6.8 Effect of the CCL thickness on the cell performance............ 140

Figure 6.9 Effect of the oxygen concentration on the cell performance.

Figure 6.10 Concentration distributions of V?* ions at the anode and
oxygen at the cathode. ..........cooieiiiiiiniinii e 142
Figure 6.11 Effect of the (a) anodic and (b) cathodic exchange current
densities on the cell performance. ..........ccccoeoieeiiieiiiniienienieeeeeie e 143
Figure 7.1 Contact angles of (a) Nafioni.o, (b) NafionosPTFE s, and (c)
PTFE1o cathodes, reSpectively. .......ccccocueeiiiiiieiiieieeieeieeeeee e 162
Figure 7.2 Surface morphologies of (a) Nafionj o, (b) Nafiono.sPTFE s, and
(c) PTFE o cathodes, respectively.........cccoeiierieniiinieniicieeieeee e, 163
Figure 7.3 General performance and peak power density comparison of (a-
b) active and (c-d) passive fuel cells with the data available in the open
JIEETATUTE. ..eeeiitetieiieeit ettt st et 164
Figure 7.4 Design of a fuel cell with a transparent cathode endplate. ...165
Figure 7.5 Constant-current discharging behaviors of the fuel cell with
three Cathodes. ......co.eevuiiiiiiii e 166
Figure 7.6 Visualization of the flow channel of the fuel cell with three
different cathodes. .......c.ccooiriiriiiiiie e 167

Figure 7.7 Constant-current discharging behavior of the transparent fuel

XVii



cell assembled with Nafioni o cathode..........cccooeeiniiniiiiniiniiicnee, 168
Figure 7.8 Experimental set-up and polarization & power density curves of
(a-b) the active and (c-d) the passive fuel cell assembled with three
CAtNOAES. .. 169
Figure 7.9 (a) Design and (b) fabrication of a fuel cell stack. ................ 170
Figure 7.10 (a) The consistency of two individual cells. (b) General
performance of this passive fuel cell stack.........coccevvviriininiincnnennene. 171
Figure 7.11 (a) Design and (b) fabrication of a fuel cell powered toy car. (c)

Constant-current discharging behaviors of the fuel cell stack. .............. 172

XVili



List of Tables

Table 3-1. Cost comparison of conventional direct liquid fuel cell and direct
€-TUCL CLL .. 63

Table 4-1. Comparison of power densities among various liquid fuel cells.

Table 5-3 EIS fitting results of this fuel cell at operating temperatures from
220°C 10 207C. e 122

Table 5-4 EIS fitting results of this fuel cell with anolyte flow rates from

10 to 60 mL min™! at -20°C and 0°C.......cccooveveverriririerereeieeeeeeee 123
Table 6-1 Structural parameters. ...........ccceevveeiieerieeiiienie e 152
Table 6-2 Properties and parameters. ............eccveeveeeeieeniienieenieeneeenieenees 153
Table 6-3 Electrochemical parameters............cceveeeciienierieeneenieeieeeee. 154

Table 7-1 Comparison of power densities among various active liquid fuel

XiX



BEV

CC

CCL

CDL

Cv

DEFC

DFAFC

DLFC

DMFC

EE

E-fuel

EIS

FCEV

FE

HER

IEM

MEA

ocv

OR

ORR

PEMFC

Abbreviations

Battery electric vehicle
Current collector
Cathode catalyst layer
Cathode diffusion layer
Cyclic voltammetry
Direct ethanol fuel cell
Direct formic acid fuel cell
Direct liquid fuel cell
Direct methanol fuel cell
Energy efficiency
Electrically rechargeable liquid fuel
Electrochemical impedance spectroscopy
Fuel cell electric vehicle
Faradic efficiency
Hydrogen evolution reaction
Ion exchange membrane
Membrane electrode assembly
Open-circuit voltage
Open ratio
Oxygen reduction reaction

Proton exchange membrane fuel cell

XX



PID

PTFE

SCCM

SCE

SEM

VE

XRD

Proportional-integral-derivative

Polytetrafluoroethylene

Standard cubic centimetre per minute

Saturated calomel electrode
Scanning electron microscope
Voltage efficiency

X-ray diffraction

XXi



ay

Nomenclature

List of Symbols

Specific area, m'!

Species concentration, mol m™
Diffusion coefficient, m? s™!
Potential/voltage, V

Equilibrium potential, V

Faradic constant, A s mol!

Cell constant

Cell height, m

Current density

Reference exchange current density, A m™
Reaction rate constant, m st

Flux, mol m? s’!

Number of participating electrons
Normal vector

Universal gas constant, J mol! K-!
Source term

Operating temperature, K

Time, s

Mobility, mol s kg ™!

XXii



V Volume, L

1% Stoichiometric coefficient
w Cell width, m
z Valence of ion
Greek
a Charge transfer coefficient
Y Reaction order
) Thickness, m
£ Porosity
3 Voltage efficiency, %
n Faradic efficiency, %
o Conductivity, S m'!
] Potential, V
0] Energy efficiency, %
Superscripts
0 Initial
ccl Cathode catalyst layer
eff Effective

ref Reference

XXili



Subscripts

aver

ccl
cdl

H+

init

KCl

0;

theo
S 042 -
V2+

A\

Anode

Average

Cathode

E-fuel

Cathode catalyst layer
Catalyst diffusion layer
Proton

Species

Initial

Potassium chloride
liquid

Membrane

Oxygen

Solid

Theoretical

Sulphate ion
Vanadium (II) ion

Vanadium (III) ion

XXIV



Chapter 1 Introduction

1.1 Background

To date, with the advancement of technology and the rapid development of
human society, the fast growth of energy consumption has drawn more and
more attention across the globe. According to the World Energy Statistical
Review, the global energy demand has been growing continuously at an
annual growth rate of around 3% during the past decades. [1] Therefore,
more and more efforts have been dedicated to the realization of stable and
sustainable power supply world-wide. At present, the energy supply around
the world majorly relies on the usage of fossil fuels including petroleum,
coal, and natural gas. [2] It has been reported that, in 2018, over 70% of the
global energy demand depended on oil, natural gas and coal. However, the
large-scale utilization of conventional fossil fuels has caused many
problems and resulted in increasing concerns. On the one hand, the
overexploitation of the fossil fuel resources accelerated their depletion,
which is expected that if the consumption rate of fossil fuels keeps rising,
the storage of current natural gas and coal is expected to be exhausted by
2060. [3] On the other hand, the usage of fossil fuels, which is the major
origin source of global greenhouse gases, has led to an unignorable negative
impact on the ecological environment and further triggered climate
problems all over the world. [4] Therefore, it is an imperative task to reduce
the utilization of fossil fuels so that the emissions of carbon dioxide can be

reduced, and the resource shortages can be prevented.
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To this end, more and more efforts have been made on the development of
novel power generation systems so as to produce energy in a clean, efficient
and environmental-friendly way and thereby achieve the sustainable
development. Among all types of the power generation systems, the fuel cell
is considered to be one of the most promising technologies and has received
great interest.

1.2 Fuel cells

The fuel cell generates power by directly converting the chemical energy
stored in the fuels into electricity via the electrochemical reactions. To date,
a wide range of fuel cell systems using different types of fuels has been
developed, such as the hydrogen-oxygen fuel cells, and direct liquid fuel
cells. [5,6] Out of all types of fuel cells, the hydrogen-oxygen fuel cells are
the most well-studied fuel cell technology, which attracted great attentions
over the years. [7] The major advantages of hydrogen-oxygen fuel cells
include high power density, low emissions, high efficiency, silent operation
and low cost, all of which thereby make them the potential power generation
system for future applications. However, the major limitations for hydrogen-
oxygen fuel cells arise from the intrinsic nature of the gaseous hydrogen
used. [8] Due to its low flammability limit, hydrogen is highly explosive
even at room temperature, making it dangerous for numerous applications
in daily life. Such potential risk thereby leads to strict safety standards for

the storage, transportation, and production of large amounts of hydrogen gas,



which consequently results in high technical requirements and costs.
Therefore, the widespread commercialization of hydrogen-oxygen fuel cells
is still being greatly hindered. To this end, in an attempt to enable the ease
of fuel handling, the direct liquid fuel cells using liquid fuels have been
extensively studied in the past decades. [9]

1.3 Direct liquid fuel cells

1.3.1 Features

Utilizing the liquid fuels, the direct liquid fuel cell (DLFC) has received
ever-increasing attention world-wide. The conventional direct liquid fuel
cell is typically fed with alcoholic liquid fuels such as ethanol and methanol,
which thereby greatly eased the fuel handling, storage, and transportation in
comparison to the gaseous hydrogen, making it to be a candidate with great
potential for commercialization. [10] However, due to the poor reaction
kinetics of liquid fuels, the DLFC is still not able to provide satisfactory
power density and energy efficiency. Furthermore, the performance of
DLFC also shows strong temperature dependence, which thereby greatly
impeded the further improvement of its system efficiency as it always
requires auxiliary heating system to boost its performance while resulting in
undesired extra energy loss.

1.3.2 Research and development

In the recent decades, considerable research efforts have been made on the

development of DLFCs. Up till now, various types of liquid fuels such as
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methanol, ethanol, formic acid, dimethyl ether and sodium borohydride
have been used and studied for their application in the DLFCs. To begin
with, the earliest type of DLFC, the direct methanol fuel cells (DMFCs)
have been most intensively studied due to the relatively high
electrochemical activity of methanol. For example, Baronia et al. developed
an active DMFC, which achieved a peak power density of 118.4 mW cm™
at 100 °C with the PtCo/rGO being used as anode. [11] In another work, Zou
et al. used the unsupported Pt-Ru catalyst for passive DMFC and
demonstrated a peak power density of 47.18 mW cm™. [12] Moreover, to
alleviate the methanol crossover problem, Yang et al. synthesized a
composite Nafion®/SBA-15 membrane for DMFC and achieved a power
density of 117 mW cm 2 at 60°C, which is 80 % higher than the cell using
recast Nafion while is 23 % higher than that with commercial Nafion 117.

[13]

While exhibiting superior performance, the methanol with its toxic nature
restricted the practical applications of DMFCs. Ethanol, as an alternative,
therefore, has attracted much attention due to its safety and higher energy
density. [6] Furthermore, the ethanol is a promising renewable fuel source
which can be obtained from biomass fermentation process. However, due to
the strong C-C bond inside the ethanol structure, its reaction kinetics is
relatively sluggish, therefore leading to a low cell voltage and efficiencies.

To address this issue, previous works have tried to increase the operating
4



temperature for the direct ethanol fuel cells (DEFCs). Kumar Choudhary et
al. analyzed the effects of the operating temperature on the DEFC and found
that the cell performance is able to be enhanced from 9.15 to 16.23 mW cm’
2 as the temperature raised from 40 to 80 °C. [14] However, on the other
hand, the elevated temperature not only may trigger the membrane
dehydration issue, but also can result in reduced system efficiency. Thus,
using another strategy, Yoon. et al. have fabricated a novel nanosized
GaPtMnP alloy anchored on N-doped multiwall carbon nanotubes anodic
catalyst to enhance the reaction kinetics, through which the cell is found to
achieve a peak power density of 86.64 mW cm™2 at 70 °C. [15] However,
up till now, even though tremendous efforts have been made on the
performance advancement of DEFCs, the current performances of DEFCs

are still far from the requirement for large-scale application.

Another promising alternative, formic acid, has also been widely studied
due to its low toxicity. Compared with methanol, the formic acid exhibits
advantages including non-flammability, obtainability and less crossover
issue. [10,16] However, it also possesses many disadvantages such as the
high market price and low volumetric energy density. Furthermore, the
oxidation of formic acid may form undesired CO intermediate, which may
poison the cathode catalyst and thereby deteriorate the cell efficiency and
durability. [17] To address this issue, Yang ef al. synthesized a heat-treated

Pd-based bimetallic anodic catalyst, which is found to greatly improve the
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resistance to CO poisoning and thereby allows the cell to achieve a
maximum power density of 137 mW cm™2. [18] Nevertheless, currently, the
durability of direct formic acid fuel cells (DFAFCs) is still limited by the
deactivation of Pd-based catalyst especially under high formic acid
concentration, which therefore makes the development of cheap and stable

catalysts still in an urgent need. [19]

In summary, up till now, though lots of efforts have been made on the
development DLFCs, their performances are still far from expectation,
which thus greatly restricted their commercialization progress. The major
challenges arouse from the sluggish liquid fuel oxidization reaction kinetics,
the high costs and scarcity of noble metals catalyst, as well as the poor long-
term stability and durability. Therefore, the screening of novel liquid fuels
with cost-effectiveness and superior reactivity is an essential requirement to
boost the performance of the DLFC and further realize its future practical

applications.

1.3.3 Electrically rechargeable liquid fuel (E-fuel)

Recently, a novel fuel named the electrically rechargeable liquid fuel (e-fuel)
has been proposed and attracted increasing attention worldwide. Radically
different from the liquid alcohol fuels utilized by the conventional liquid
fuel cellls such as methanol and ethanol, the liquid e-fuel owns a lot of

advantages. [20] Firstly, it possesses wide material selectivity, as it can be



made of various electroactive species including inorganic materials (e.g.,
metal ions), organic materials (e.g., alloxazines) and suspension of particles
(e.g., polysulphide-based nanofluid). Secondly, this liquid e-fuel is
electrically rechargeable, where it can be recycled and then recharged using
an e-fuel charger through a simple electrochemical reaction and thus greatly
reducing the e-fuel production cost. Thirdly, this liquid e-fuel is found to
exhibit good electrochemical reactivity even on carbon-based materials,
which thereby not only could eliminate the usage of noble metal catalyst
during the fuel cell fabrication and significantly reduce the cell manufacture
cost, but also could dramatically improve the fuel cell durability. In addition,
compared to the conventional liquid fuels such as ethanol that contain strong
carbon-carbon bonds in their chemical structures, the e-fuel with rapid
reaction kinetics is believed could considerably boost the power density and
energy efficiency of the fuel cell.

Inspired by the superiorities of the liquid e-fuel, a direct liquid fuel cell fed
with the e-fuel containing vanadium ions as fuel and oxygen/air as oxidant
is proposed and developed. The advantages of using this vanadium-based e-
fuel have mainly three folds: i) it allows a low cell fabrication cost as it can
be used without any catalysts; ii) it ensures a low fuel fabrication cost as it
is electrically rechargeable; and iii) it can be charged through a mature
technology named all-vanadium redox flow battery. Furthermore, by

utilizing the novel e-fuel, this liquid fuel cell is still allowed to be capable



of altering its storage capacity and output power independently. Its storage
capacity is controlled via changing the e-fuel volume and concentration,
while its output power can be adjusted by altering the electrode size so as to
meet the application requirement. Moreover, this liquid fuel cell can also be
refueled by simply replacing the exhausted e-fuel with the fresh/recharged
liquid e-fuel just as the conventional alcoholic liquid fuel cells, which
therefore can enable almost indefinite consistent operation. With the above-
mentioned advantages, it is thus believed the novel e-fuel to be a promising
alternative fuel and could at last enable the liquid fuel cell to be a promising
power generation system for future practical applications.

1.3.4 Working principle

The structure of the fuel cell utilizing liquid e-fuel is depicted in Figure 1.1.
Similar to the conventional liquid fuel cells, it contains a membrane
electrode assembly (MEA), which is comprised of a catalyst-free graphite-
felt anode, a conventional oxygen cathode, and a proton exchange
membrane. The MEA is clamped by a pair of graphite flow fields engraved
with a serpentine flow field, a pair of current collectors and a pair of
endplates. In addition, the fuel cell system also includes a peristaltic pump
for the e-fuel delivery, a gas cylinder and mass flow meter to control the

oxidant delivery and other external accessories.



During the operation of this liquid fuel cell, the oxygen is supplied to the
cathode side to meet the protons and electrons and then produce water
following the equation as shown below:

0, + 4H* + 4e”~ & 2H,0 E® =+ 1.23V (1)

In the meanwhile, at the anode side, the liquid e-fuel containing vanadium
ions is delivered into the cell, where the V> ions are oxidized to V3" ions
and the electrons released are then transported to the cathode through the
external circuit:

4V% o 4V3*t + 4e” E® = —0.26V (2)

Inside the cell, the protons are transported from the anode to the cathode
side through the proton exchange membrane to balance the charge, where
the overall reaction can therefore be described as follows: [21]

4V?t + 0, + 4H' & 4V3* 4+ 2H,0 AE® = 1.49V 3)
Compared to the conventional liquid fuel cells utilizing alcohol liquid fuels,
such as ethanol (1.14 V), methanol (1.21 V) and ethylene glycol (1.09 V),
this liquid e-fuel is able to provide a theoretical voltage as high as 1.49 V,

therefore making it a more promising candidate for real application.
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Figure 1.1 Working principle of a direct liquid fuel cell fed with the e-fuel.

1.3.5 State-of-the-art performance

As discussed in section 1.3.2, to date, various kinds of liquid fuels have been
used for powering the DLFCs. However, though lots of efforts have been
made on improving the cell performance, they are still far from the
commercialization requirement. For example, as the most common type of
DLFCs, the current DMFCs can only achieve a peak power density of
around 100~180 mW cm™ under an operating temperature of 60~100°C.
While in most cases, the DEFCs, as for another type of DLFCs, can only
reach a peak power density lower than 50 mW c¢m™ under room temperature.
The DFAFCs, in contrast, can deliver a peak power density of 30 to 200
mW cm? at the room temperature depending on the different cell
configurations. The reasons for the performance differences demonstrated

between the DLFCs using various liquid fuels mainly include: i) different
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reaction kinetics of the liquid fuels used; ii) different cell configurations;
and iii) different catalysts and membrane used during cell assembly.

1.3.6 Remaining challenges and issues

Despite the fact that the DLFCs have made tremendous progress, they still
face some obstacles and challenges. Firstly, the conventional liquid fuels
such as methanol and ethanol can only be used once, which therefore greatly
increased the fuel fabrication cost. Secondly, due to the sluggish reaction
kinetics of the current liquid fuels, the usage of expensive noble metal
catalysts is unavoidable, which thereby results in both high cell fabrication
cost and limited cell performance. In addition, to enable a better
performance, the conventional DLFC systems always require a high
operating temperature, which therefore leads to both increased system
complexity and degraded system efficiency. Therefore, it is of significant
importance to identify a novel liquid fuel to resolve these problems and
develop a powerful, efficient, cost-effective and durable direct liquid fuel

cell system.

1.4 Objectives of this thesis

The primary objective of this thesis is to develop a direct liquid fuel cell
employing the novel liquid e-fuel containing vanadium ions and oxygen/air
as reactants and study the system performance through experimental and
numerical approaches. Firstly, an active liquid fuel cell utilizing peristaltic

pump for e-fuel delivery is designed and fabricated with extensive studies
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carried out to comprehensively examine its power generation potential
under different operating parameters. To demonstrate the superior reactivity
of the proposed liquid e-fuel, the reaction kinetics of liquid e-fuel oxidation
reaction on the carbon-based electrode without any noble metal catalyst is
first examined. Meanwhile, a comprehensive performance characteristic of
this fuel cell on the effects of catalyst loading, membrane thickness, and
operating temperature are also conducted so as to attain the best system
performance. With a higher cathode catalyst loading, the sluggish reaction
kinetics of oxygen reduction reaction is found to be greatly enhanced and
enabled the cell to achieve an unprecedented peak power density of over
800 mW cm at 60 °C. Secondly, in order to enable the application of the
proposed liquid fuel cell in portable electronic devices such as mobile
phones and laptops, a passive liquid fuel cell using diffusion and natural
convection for fuel delivery without any auxiliary equipment is designed
and fabricated. The effects of current collector designs and e-fuel
compositions on the mass transport behavior and further the cell
performances are studied. Moreover, the long-term operation behavior of
the passive fuel cell is also investigated. Eventually, a passive fuel cell with
a peak power density of 116.2 mW cm™ and capable of operating stably for
over 350 hours is demonstrated, which therefore revealed its great prospect
for future applications. In addition, the hydrogen evolution, which is an
unexpected side-reaction in the fuel cell, is also identified, studied, and

12



visualized using a transparent fuel cell. Thereafter, to enable the application
of the designed liquid fuel cell under all-climate conditions especially under
sub-zero environment, the fuel cell performance at -20 to 20 °C is examined.
By optimizing the operation parameters, the cell is demonstrated to be
capable of running stably at -20 °C without any internal or external heating
systems. Using the liquid e-fuel, the fuel cell is found to achieve a peak
power density of 76.8 mW c¢m2 and an energy efficiency of 25.2% at 30
mA cm 2 at -20 °C, outperforming all the conventional direct liquid alcohol
fuel cells operating under sub-zero environment and even at room
temperatures. Such a superior performance as a result of the fast reaction
kinetics of liquid e-fuel and its low freezing point makes this developed
liquid fuel cell to be a hopeful candidate with wide applicability under all-
climate conditions. Fourthly, to gain an in-depth understanding of the
underlying mechanisms of this direct liquid fuel cell using e-fuel and
provide more insights for its future performance advancement, a transient
model is developed. The numerical data shows a superior agreement with
experimental results, which not only demonstrates its accuracy but also
helps to analyze the concentration distribution of reactive species within the
cell, showing the limited mass transport of e-fuel to be the major reason
restricting the cell performance. In addition, various structural parameters
such as the anode thickness, anode porosity, and CCL thickness are also

studied, where their increment are all found to improve the cell performance.
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Meanwhile, the effect of oxygen concentration is also examined, where the
usage of oxidant with a higher oxygen concentration is found to be able of
achieving a higher cell voltage while the predominant reason limiting the
operational current density range is found to be arising from the anode side
due to the slow e-fuel transport. Furthermore, the anodic and cathodic
exchange current densities are also demonstrated to influence the cell
performance due to the significant roles of electrodes catalytic reactivity in
influencing the anode and cathode overpotential. Finally, during the
operation of the fuel cell, it is found that, the water generated at the cathode
following the oxygen reduction reaction could lead to water flooding
problem and further limit the cell performance. To address this issue, in this
work, by manipulating the cathode composition, a blended binder cathode
using both Nafion and polytetrafluoroethylene (PTFE) as binding agents is
fabricated and studied. The effects of the cathode composition on its water
removal ability are examined using a transparent flow field, while the
influences on the cell performance are also analyzed. Utilizing the optimized
blended binder cathode, a fuel cell stack is designed and fabricated, which
is demonstrated to be capable of powering a 3D-printed toy car running

stably showing great potential for achieving future commercial applications.
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Chapter 2 Single cell fabrications and characterizations

2.1 Introduction

The procedures for the fabrications and characterizations of the fuel cell and
its key components are introduced in this chapter. Section 2.2 introduces the
design and preparation procedures of the fuel cell, which includes the fixture,
the MEA, and the e-fuel solution. Sections 2.3, 2.4 and 2.5 introduce the
characterization methods for the electrode, the membrane and the liquid e-
fuel, respectively. In addition, section 2.6 introduces the performance
evaluation methods of the fuel cell, such as polarization curve test, constant-
current discharging behavior test and the electrochemical impedance
spectroscopy test.

2.2 Fuel cell fabrication and assembly

To evaluate the fuel cell performance, a home-made fuel cell fixture is
designed and fabricated, as shown in Figures 2.1 and 2.2. At each side of the
MEA, a plastic endplate, an aluminum heating plate, a gold-coated copper
current collector and a graphite flow field engraved with serpentine flow

channel are used.

End plate

Heating plate
Heating plate  Cathode Anode l / 2

End plate\ l Menibrane 3 D |
| Y— a2
’ - | \/ Flowfﬁeld [

Flow field Gasket Anode current collector
Cathode current collector

Figure 2.1 Design of a direct liquid fuel cell fixture using the e-fuel.
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Furthermore, to avoid the leakage of gas and liquid fuel, several pieces of
polytetrafluoroethylene (PTFE) gaskets are placed among the components.

The whole configuration is fixed tightly by four bolts and nuts.

Cathode current collector Anode current collector

End plate

& / Flow field Flow field \ “y1 End plate

Anode Cat/hode QO%

Membrane

I

Heating plate = \ ! -
eating plate Gasket Gasket @ @ Heating plate
= §
: CC00

Figure 2.2 Fabrication of a direct liquid fuel cell fixture using the e-fuel.

2.2.1 Flow field and heating plates

A serpentine flow field is engraved on the graphite plate to provide the e-
fuel/oxygen delivery passages. The flow channels are designed to be 1.0 mm
deep and 1.0 mm wide. Meanwhile, on the top of the aluminum heating plate,
there are two holes opened for placing the electrical heating rod.

2.2.2 Preparation of MEA

The MEA with an active area of 2.0 cm x 2.0 c¢m is prepared and placed in
the middle of the cell, which is consisted of a commercial proton exchange
membrane sandwiched by a catalyst-free graphite felt anode and a
conventional Pt/C coated carbon paper cathode. The procedures to fabricate

each component are presented in the following sections.
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2.2.2.1 Preparation of anode

The procedures for the fabrication of the thermally treated graphite felt

anode are given as follows:

1)

2)

3)

A large piece of graphite felt (AvCarb G100, Fuel Cell Store) is cut off
with a size of 10.0 cm % 10.0 cm.

The graphite felt is put into a muftle furnace and then heated at 500°C
in air for 5 hours to improve its wettability and electrochemical
reactivity.

After naturally cooled down inside the muftle furnace, the thermally
treated graphite felt is taken out and then cut into small pieces (2.0 cm

x 2.0 cm) before being used for the fabrication of MEA.

2.2.2.2 Preparation of cathode

The procedures for the fabrication of the home-made Pt/C coated carbon

paper cathode are given as follows:

1y

2)

3)

4)

Appropriate amount of 60 wt. % Pt/C powder (Johnson Matthey Co.,
USA), 5 wt. % Nafion (Fuel Cell Store, USA) and ethanol are blended
to obtain a mixed solution.

The mixed solution is put into an ultrasonic bath for 30 mins to ensure
its uniformity and obtain the final catalyst ink.

The carbon paper is cut into a size of 5.0 cm % 4.0 cm and then fixed on
a heating plate using the tape with an exposing area of 4.0 cm x 4.0 cm.

A spray gun is used to uniformly spray the prepared ink onto the carbon
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)

6)

7)

paper.
Wait for the catalyst layer to be dried.

Repeat the procedures 4) and 5) until the carbon paper reaches the
desired catalyst loading.

The coated carbon paper is cut into four pieces each with a size of 2.0

cm x 2.0 cm before use.

2.2.2.2 Preparation of membrane

Nafion series membranes are employed as the proton exchange membrane,

which are pretreated following the standard procedures:

1y

2)

3)

4)

)

The as-received Nafion membrane is immersed into 3.0 wt.% H>0»
solution and boiled in the water bath for 1 hour.

The membrane is taken out from the 3.0 wt.% H>O» solution and then
immersed into the deionized water and boiled in the water bath for 1
hour.

The membrane is taken out from the deionized water and then immersed
into 1.0 M H2SO4 to be boiled in the water bath for 1 hour.

The membrane is taken out from the 1.0 M H>SO4 and again immersed
into the deionized water and boiled in the water bath for 1 hour.

The membrane is cut into a size of 3.0 cm x 3.0 cm and stored in the

deionized water before being used for the MEA fabrication.

2.2.3 Preparation of fuel

The liquid e-fuel is prepared with the procedures as follows:
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1) Appropriate amount of vanadyl sulfate powder and sulfuric acid (98%)
are added into the deionized water.

2) The mixed solution is kept stirring until a uniform solution is obtained.

3) After cooled down to room temperature, the mixed solution is
transferred into a volumetric flask and then added with the deionized
water until it reaches the line marked on the volumetric flask.

4) The mixed solution is fed into a typical flow cell to obtain the final
liquid e-fuel, where the charge duration was changed in accordance
with the e-fuel concentration needed.

2.3 Characterizations of electrodes

2.3.1 Material characterization

The X-ray diffraction (XRD) is a common technique that is used for the

composition analysis. During the test, it generates the X-ray directed to the

sample and then records the sample rotated angles and the intensity of
reflected X-ray, which thereafter can be used to compare with the standard

X- ray diffraction pattern for analysis. Using this technique, the XRD

(D/max 2500PC) with Cu Ka radiation (A = 0.15406 nm) is used to examine

the compositions of the electrodes.

2.3.2 Surface morphology characterization

The scanning electron microscope is a common equipment that is used to

characterize the morphology of a sample. It scans the surface of the sample

using a focused beam of electrons, which then produces various signals that
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contain information about the surface topography. Using the field emission
scanning electron microscope (SEM) (Tescan MAIA3, Japan), here, the
morphology of the electrode including the pore size, the catalyst distribution,
and the fiber alignment of the electrode are characterized.

2.3.3 Electrochemical performance characterization

The method used for examining the electrochemical performance of the
electrode is named cyclic voltammetry, which has been used widely. The
cyclic voltammetry test is conducted with a three-electrode electrochemical
cell, in which the anode, platinum mesh and saturated calomel electrode
(SCE) is used as working electrode, counter electrode and reference
electrode, respectively. During the CV tests, the e-fuel containing 0.1 M V2*
ions in 1.5 M H>SOq is used, while the voltage range is set to be between
0.1 and-1.0 V.

2.4 Characterizations of membranes

The electrochemical impedance spectroscopy (EIS) is a common method
that is used to measure the impedance of a system by altering the current
signal. Here, using this technique, to examine the ionic conductivity of the
membrane, a home-made cell is designed and fabricated. The membrane is
placed between two pieces of stainless-steel plate and then tested through
conducting the EIS via the electrochemical workstation (Autolab PGSTAT
302 N, Netherlands) at a frequency range from 0.01 to 10° Hz. The

resistance of the membrane is recorded, and its ionic conductivity is then
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calculated following the equation as shown below: [1]

Om (Scm™!) = (1)

Rmaym

where 6y, and q, ,,, represent the thickness and the effective area of the
membrane sample, respectively. R,,, represents the ohmic resistance of the
membrane, which is obtained through the real-axis intercepts of the Nyquist
plots, resulting from the contact resistance and ion-conducting resistance of
the membrane. The test is conducted for three times to ensure the
repeatability.

2.5 Characterizations of e-fuel solution

2.5.1 Electrochemical performance characterization

In order to determine the ionic conductivity (o, ) of the liquid e-fuel, the EIS
tests are also conducted for the liquid e-fuel in an electrochemical cell using
the electrochemical workstation (CHI-660e¢, CH Instruments, China). The

ionic conductivity is calculated according to:

Ge (Scm‘l)z%j‘(szxRie )
Where ok represents the ionic conductivity of KClI standard solution. Rk
and R, represent the overall resistance (including contact resistance and
ion-conducting resistance) of the KCI standard solution and the liquid e-fuel,
respectively. [2] G represents the cell constant, which is first calibrated using
1.0 D KCl standard solution at 25 °C. [2,3]

2.5.2 Viscosity measurement

The Ubbelohde viscometer is a common instrument that has been used for
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measuring the liquid viscosity for decades. [4] It uses a capillary-based
method for measuring the viscosity and is capable to be used under various
temperature conditions and withstand the corrosive environment. Here,
using the Ubbelohde viscometer, the viscosity of the liquid e-fuel is
measured under various operating temperatures. [4]

2.6 Characterizations of fuel cells

2.6.1 Testing system

The setup for performance test of the fuel cell is shown in Figure 2.3, which
mainly includes the liquid fuel cell, the fuel cell testing system, and the
liquid e-fuel and oxidant supply system. The Arbin BT2000 is used to carry
out the polarization curve test, constant-current discharging behavior test as

well as the long-term discharging behavior test.

E-fuel tank Peristaltic pump Active fuel cell

Figure 2.3 Experiment set-up of a direct liquid fuel cell using the e-fuel.

26



2.6.2 Fuel and oxidant supply system

The peristaltic pump is used to feed the liquid e-fuel stored in the tank to the
anode side of the fuel cell. Meanwhile, an oxygen cylinder is connected to
a mass flowmeter (Cole-Parmer, USA) to control the oxygen flow rate
feeding into the cathode side of the fuel cell.

2.6.3 Temperature controlling system

A proportional-integral-derivative (PID) temperature controller (Anthone
Electronic Co. Ltd., China) is used to heat the fuel cell. It is consisted of a
pair of heating rods and a pair of K-typed thermocouples for heating and
temperature monitoring, respectively. During the tests, the heating rods and
the thermocouples are inserted into the heating plates of the fuel cell to heat
the cell to desired operating temperature.

2.6.4 Polarization curves

The polarization test can provide the relationship between the voltage output
and the applied current density loading. It can be used to analyze the
contribution of different polarization losses including the activation loss,
ohmic loss, and mass transport loss. The activation loss, dominant at low
current density region, is majorly influenced by the activation energy
required to initiate the electrochemical reaction. The ohmic loss is attributed
to the ohmic resistance of the cell components. The mass transport loss
results from the consumed reactive species near the electrode surface, which

is dominant at the high current density region where reactants are depleted.
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During the test, the discharging current density of the fuel cell started from
0 mA cm? kept increasing while the cell voltage is being recorded. The
polarization curve can be obtained when the cell voltage drops below the
cut-off voltage, from which the open-circuit voltage (OCV), peak power
density, and maximum current density of the cell could be obtained.

2.6.5 Constant-current discharging behavior

The constant-current discharging test is an efficient approach to determine
the operating behavior of the fuel cell during its real application, which not
only accurately reveals the real performance of the system, but also
measures its efficiencies and further evaluates its capability for practical
applications. During the constant-current discharging test, the cell is
operated under a constant current load while the voltage response being
recorded.

2.6.6 Long-term operation behavior

The long-term operation behavior test is first conducted following the same
method as the constant-current discharging behavior test. Afterwards, when
the e-fuel is exhausted, the used e-fuel is first taken out from the tank. Then,
the fresh liquid e-fuel is added into the tank to conduct the test again. The
test will be conducted repeatedly to examine its long-term stability.

2.6.7 Faradic, voltage and energy efficiencies

In addition to the constant-current discharging behavior, the Faradic, voltage,

and energy efficiencies are also essential on evaluating the performance of
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a fuel cell. To begin with, the Faradic efficiency 7, which is also known as

the fuel utilization efficiency, can be obtained with Eq. (4): [5]

7= [i(®)dt 3)

CinitVF

where t is the duration of the discharging process; i(t) is the discharging
current; ¢;,;; represents the initial concentration of V2* ions in the e-fuel
solution, V is the volume of the e-fuel solution and F is the Faraday constant.
The energy efficiency (&), as one significant indicator in evaluating the
capability of the fuel cell to efficiently convert chemical energy to electricity,

is calculated based on the product of the voltage efficiency (¢ = %) and
theo

Faradic efficiency (1): [5]

Eaver
§=@xn=_"=

Etheo

X7 4
Where E,,.. is the average discharging voltage, while E;;., is the
theoretical average voltage. AE is the theoretical voltage which is calculated

based on the Nernst equation as: [6]

. Cinitygo RT 1, w2+
B _ focmltAEdC _ fo [E™+ F ln(cv3+)]dc
theo — - (5)

Cinit Cinit

where R is the universal gas constant and T is the absolute temperature.
2.6.8 Electrochemical impedance spectroscopy

The EIS test, as discussed above, is a powerful tool in the diagnosis and
characterization of fuel cell performance. [7] To examine the resistance of
the system, the electrochemical workstation (CHI-605C, CH Instruments,
China) is used to conduct the EIS test for the fuel cell. During the test, the

cell is first operated under the same condition as the polarization curve test,
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except being placed under the open circuit condition where no discharging
current is applied. Afterwards, the EIS test is being conducted at a frequency
range between 0.01 to 10° Hz for analyze the resistance.

2.7 Summary

In this chapter, the fabrications of the direct liquid fuel cell including the
preparation method of MEA are introduced. Moreover, the characterization
techniques for the electrode, the membrane, the e-fuel solution and the fuel

cell are described detailly.
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Chapter 3 Performance characteristics of an active fuel cell

3.1 Introduction

In an attempt to reduce environmental pollutions and achieve sustainable
energy development, more and more efforts have been devoted to develop
alternative technologies for power generation in the last decades. [1] Fuel
cells, as an advanced energy conversion system, which can continuously
convert chemical energy into electricity, have therefore been extensively
studied since its first invention in the middle of the 19" century. [2-4] After
decades of research, hydrogen fuel cells, which utilize hydrogen as fuel with
its fast reaction kinetics on the Pt catalysts and the zero-emission feature,
are regarded as the most promising fuel cell system. [5-7] However, up till
now, the real application of hydrogen fuel cells is still being constrained by
some challenges mostly associated with the hydrogen production, storage
and transportation. Therefore, liquid fuel cells, utilizing alcohol fuels
towards achieving higher energy density and easier fuel handling, have been
proposed and deeply investigated especially in recent years. [8,9]
Nonetheless, due to the sluggish reaction kinetics of alcohol liquid fuels,
even on noble metal catalysts, [10,11] the performances of conventional
liquid fuel cells are still limited, which has greatly restricted their
application scenarios. It is therefore of paramount importance to propose
other potential fuels suitable for the operation of liquid fuel cells towards

achieving a better performance.
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Recently, a novel electrically rechargeable liquid fuel (e-fuel) has been
proposed and attracted worldwide attention. [12,13] Radically different
from conventional liquid fuels, such as methanol and ethanol, this e-fuel is
typically made of various electroactive species including inorganic
materials (e.g., metal ions), organic materials (e.g., alloxazines) and
suspension of particles (e.g., polysulphide-based nanofluid). Comparing to
conventional liquid fuels, this e-fuel offers three major advantages. [12]
Firstly, this e-fuel can be recharged and recycled by a simple
electrochemical reaction, greatly reducing the e-fuel production cost of the
system. It was reported that the e-fuel solution can be used for over 100
cycles, showing a coulombic efficiency of around 98% and a capacity decay
rate of 0.1% per cycle and thus proving its excellent rechargeability. [12]
Secondly, this e-fuel shows a high electrochemical reactivity even on
carbon-based materials, thereby eliminating the use of any noble metal
catalysts, which not only thus dramatically reduces the cell fabrication cost,
but also greatly improves the fuel cell durability. Thirdly, many liquid fuels
(e.g., ethanol) suffer from the difficulty of breaking strong carbon-carbon
bonds on the existing electrocatalysts, seriously limiting the fuel cell power
density and energy efficiency, while this e-fuel exhibits super faster kinetics
and complete oxidation (typically one-electron transfer process),
dramatically boosting the fuel cell performance and in turn reducing the fuel
cell system cost per unit power.
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Although the lithium-ion battery technology has achieved great success
during its commercialization process and becomes the most widely used
power source in battery electric vehicles (BEV), [14-16] its low energy
capacity, as well as long recharging duration, seriously restrict the travel
distance of BEV and their market penetration. [17-19] In comparison, the
fuel cell using e-fuel can independently alter its storage capacity (via
changing the e-fuel volume and concentration) and power (via changing the
electrode size), respectively. Meanwhile, the e-fuel cell can be recharged by
simply replacing the exhausted e-fuel solution with a fresh one, like
refueling gasoline, which greatly shortens the recharging time.

Inspired by the e-fuel concept, herein, we demonstrate a direct liquid fuel
cell fed with the e-fuel solution as fuel and the pure oxygen as oxidant. Like
conventional fuel cells, this e-fuel cell has a sandwich-like structure
consisting of a catalyst-free graphite-felt anode and a conventional oxygen
cathode separated by a proton exchange membrane. In addition, the e-fuel
cell system also includes an e-fuel/oxygen delivery system and other
external accessories. It is experimentally found that this fabricated e-fuel
cell achieved an extraordinarily high peak power density of 857.0 mW cm-
2 and a maximum current density of 1980 mA cm2 at 60 °C. Hence, the
above-mentioned advantages make the present e-fuel cell system a
promising candidate for powering fuel cell electric vehicles (FCEVs) in the
future.
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3.2 Working Principle

The structure of the liquid fuel cell including a membrane electrode
assembly (MEA), which is sequentially clamped by flow fields, heating
plates, and current collectors is shown in Figure 3.1. It employs the oxygen
reduction reaction (ORR) at its cathode side, while using a liquid e-fuel
containing vanadium ions at its anode side. The overall reaction inside the
cell is given as:

VZ* 420, + HY - V3* +-H,0 E® = 1.49V (1)

By utilizing this liquid e-fuel, the cell achieves a high theoretical voltage of
1.49 V under standard state condition, which exceeds those of hydrogen fuel

cells (1.23 V) [21] and other common alcohol fuel cells.

End plate Flow field Anode Membrane Cathode Current collector

Figure 3.1 Working principle of a liquid fuel cell using e-fuel.
3.3 Experiments

3.3.1 E-fuel cell

The MEA with an active area of 2.0 x 2.0 cm? was prepared using the
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method as discussed before. [20] Four different kinds of cathode with
various Pt/C catalyst loadings of 0.5, 1.0, 2.0 and 4.0 mg cm™ were prepared.
While four commercial membranes including Nafion 211 (25.4 pm), Nafion
212 (50.8 um), Nafion 115 (127.0 um) and Nafion 117 membranes (183.0
um) with different thicknesses were pre-treated for further investigation.
The graphite felt (AvCarb G100, Fuel Cell Store, USA) used as the anode
was thermally treated in the air at 500°C for 5 hours. The MEAs were
assembled into the homemade fixture as reported before to fabricate the
liquid e-fuel cell. [20]

3.3.2 Experimental apparatus and test conditions

The experimental setup contains a liquid e-fuel cell, a proportional-integral-
derivative (PID) temperature controller (Anthone Electronic Co. Ltd., China)
and other relevant accessories. The PID temperature controller consists of a
pair of heating rods and a pair of K-typed thermocouples for heating and
temperature monitoring, respectively. During the experiment, the cell was
first heated while being fed with deionized water at anode and humidified
oxygen with a flow rate of 250 sccm at cathode. When the cell reached the
targeted operating temperatures, the deionized water was replaced by the e-
fuel to conduct further tests. The e-fuel was first prepared by dissolving
VOSO4 powder into sulfuric acid and then charged using a flow cell. [20]
The charged e-fuel was purged with nitrogen consistently during the whole

experiment in order to prevent oxidation by the air. The polarization and
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constant-current discharging tests were conducted and recorded with a fuel
cell testing system (Arbin BT2000, Arbin instrument Inc.). The
electrochemical impedance spectroscopy (EIS) of the cell (from 0.01Hz to
100 kHz) was conducted by an electrochemical workstation (CHI-605C, CH
Instruments, China). The X-ray diffraction (XRD) (Rint-2000, Rigaku,
Japan) with Cu Ka radiation (A = 0.15406 nm) and the scanning electron
microscope (SEM) (SU5000, Hitachi, Japan) were used to examine the
composition and morphology of the cathode, respectively, both before and
after the long-term operation. The morphology of the anode was also
characterized using the SEM. An electrochemical workstation (CHI-605C,
CH Instruments, China) was used to conduct the electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) tests. The EIS tests were
conducted with a frequency range between 0.01 to 10° Hz. The CV tests
were conducted by a three-electrode electrochemical cell, in which the
graphite felt (both of pristine graphite felt and thermally treated graphite
felt), platinum mesh and saturated calomel electrode (SCE) were used as
working electrode, counter electrode and reference electrode, respectively.
The e-fuel solution for CV tests is an aqueous solution containing 0.1 M V2*
ions and 1.5 M H2SOy4, and the voltage range was 0.1 to -1.0 V.

3.4 Results and discussion

3.4.1 General performance

In this work, a liquid e-fuel cell assembled with the cathode of 4.0 mg cm™
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Pt working at 60 °C was examined. As shown in Figure 3.2 (a), the cell
presents an open-circuit voltage of 1.15 V and demonstrates a peak power
density of 857.0 mW cm™, which indicated that the performance was
effectively enhanced. Such a superior peak power density not only
substantially surpasses conventional liquid fuel cells, but also comparable
to the hydrogen-oxygen fuel cells. [22-25] In addition, the cell further
achieves an energy efficiency of 41.8 % at 200 mA c¢cm (Figure 3.2 (b)),
demonstrating a much higher efficiency in comparison to the conventional
alcohol fuel cells. [26-30] These results prove that increasing the operating
temperature and the cathode catalyst loading are effective methods to
overcome the major performance limitation of the liquid e-fuel cell resulting
from the sluggish kinetics of the ORR. [31,32] Thus, with the advantages of
ease of e-fuel handling and fast response, this present cell is believed to be

a promising competitor for real applications in the future.
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Figure 3.2 (a-b) General performance of this liquid fuel cell at 60°C.

3.4.2 Physical and chemical characterizations of anode

The surface morphology of the catalyst-free graphite-felt anode was
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characterized by the SEM. It is seen from Figures 3.3 (a-b) that the catalyst-
free graphite-felt anode built with its interconnected carbon fibers, [33]

thereby eliminating the use of noble metal catalysts. [34,35]

(a)

Figure 3.3 (a-b) Surface morphologies of the catalyst-free graphite-felt
anode.

To evaluate the electrochemical performance improvement of the catalyst-
free graphite-felt anode after thermal treatment, cyclic voltammograms (CV)
test was firstly carried out at different scan rates and the results are shown
in Figures 3.4 (a-b). Without thermal treatment, there is no distinct oxidation
peak corresponding to the oxidation of the V2* ions. In contrast, a clear and
high anodic peak appears after thermal treatment, indicating that the e-fuel
solution is highly reactive on the thermally treated graphite-felt electrode
even without using any noble metal catalysts. Such a performance
improvement after the thermal treatment is mainly attributed to the
following aspects: 1) the reaction between oxygen and graphite felt creates
oxygen functional groups (e.g., hydroxyl functional groups), which can
accelerate the vanadium-ion oxidation; [36] ii) meanwhile, the reaction will

also create numerous pores on the surface and thus enlarge the specific

40



surface area; [37] and iii) the formation of oxygen functional groups further
improves the hydrophilicity and thus increases the effective surface area.
[34,38,39] Thus, this striking feature ensures the e-fuel cell with cost-
effectivity and durability. [34] It should be also mentioned that radically
different from the catalyst layer made of granular materials in conventional
direct liquid fuel cells, the anode of this direct liquid e-fuel cell is made of
fibrous graphite-felt materials, which has a dual-scaled pore structure
(primary pores formed by voids among the fibers and secondary pores inside

fibers created by thermal treatment). [40,41]
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Figure 3.4 Electrochemical kinetics of the catalyst-free graphite-felt
electrode (a) before and (b) after thermal treatment.

3.4.3 Effect of the cathode catalyst loading

As mentioned, this liquid fuel cell, with the superior reactivity of liquid e-
fuel even on graphite felt, successfully frees the anode from any catalysts.
[20] On the other hand, the poor reactivity of oxygen at the cathode side
becomes a great barrier hampering the overall cell performance. One

common approach of improving the reactivity of oxygen is to increase the
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cathode catalyst loading, as a higher catalyst loading can provide a larger
active surface area and thereby efficiently enhance the ORR. [42] Hence, to
examine the influences of catalyst loading on the e-fuel cell performance,
cathodes with four different Pt loadings of 0.5, 1.0, 2.0, and 4.0 mg cm™ are
prepared and assembled into the e-fuel cell for examination. A series of
polarization curves and power density curves are obtained at room
temperature (Figure 3.5). It can be viewed that within the tested catalyst
loading range, the fuel cell performance improves with the Pt loading. As
the catalyst loading increases to 4.0 mg cm, the maximum current density
and peak power density boosts up to 1740.0 mA cm and 588.7 mW cm™,
respectively. Such an improved performance proves that the cathode catalyst
loading is a crucial factor that influences the reaction kinetics of oxygen
reduction, [43] which further determines the overall cell performance. It is
also worth to mention that, a further increase of the catalyst loading above
4.0 mg cm is not examined in this study for two reasons. Firstly, a higher
catalyst loading will induce a thicker catalyst layer, which may deteriorate
the mass transport and also decline the ORR activity, thereby limiting the
cell performance. [44] Moreover, to fulfill the requirement for real
application, the capital cost of this system needs to be low. Considering the
fact that the cell is able to generate a performance comparable to hydrogen
fuel cells at 60 °C, with a loading of 4.0 mg cm™, a further increase of the
catalyst loading is thus considered not to be cost-effective. Therefore, in this
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work, the cathode achieving the best performance with a Pt loading of 4.0

mg cm is chosen for further studies.
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Figure 3.5 Polarization curves and power density curves of this liquid fuel
cell with various cathode catalyst loadings.

3.4.4 Effect of the membrane thickness

Membrane is one of the most crucial components in this liquid fuel cell. On
one hand, it plays an important role to prevent the crossover of liquid e-fuel,
as the permeation of e-fuel to the cathode would lead to mixed potential and
further results in large voltage loss. [45,46] On the other hand, it should also
allow the ease of protons transport between the two half-cells so as to reduce
ohmic loss. As widely demonstrated before, the commercial Nafion
membranes with a large thickness could prevent the crossover of reactive
species more effectively, while it may also lead to higher internal resistance,
which thereby results in significant voltage loss according to the Ohm’s law.
[47,48] Hence, to examine the effect of membrane thickness, membranes
including Nafion 117 (183.0 um), Nafion 115 (127.0 pm), Nafion 212 (50.8

um) and Nafion 211 (25.4 pm) are selected for investigation at room
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temperature (Figure 3.6). It can be viewed from the polarization curves that,
as the membrane thickness increases, the liquid fuel cell performance
decreases. Overall, the cell assembled with the membrane of the least
thickness (25.4 um) outperforms the other membranes, demonstrating the
best performance. Such result suggests that the ohmic resistance of the
membrane plays a key role on the cell performance, while the influences of
crossover seems not to be obvious. However, it is predicted that a thin
membrane may eventually induce severe crossover of reactive species,
thereby limiting the cell performance. Hence, in this work, to ensure the cell
with a higher peak power density, Nafion 211 membrane is considered as

the best choice for the liquid e-fuel cell.
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Figure 3.6 Polarization curves and power density curves of this liquid fuel
cell with various membrane thicknesses.

3.4.5 Effect of the operating temperature
As mentioned in the previous section, the sluggish kinetics at cathode is one

of the major limitations restraining the overall fuel cell performance. To
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overcome this problem, other than increasing the cathode catalyst loading,
raising the operating temperature is another effective approach that has been
widely demonstrated. [49,50] Hence, to examine the effect of the operating
temperature, experiments were conducted from 23 to 60°C as shown in
Figure 3.7 (a). It is found that, when operated at 60°C, the cell achieves a

maximum current density of 1980.0 mA cm™ with a peak power density of

857.0 mW cm.
a b
( ) 1.8 1000 ( ) 0.6 -
Anode: E-fuel (0.75 M V(Il) + 3.0 M Hz804), 60 mL min"  —#—60°C Anode: E-fuel (0.75 M V(Il) + 3.0 M Hz2S0s), 60 mL min
Cathode: Oz, 250 sccm 45°C Cathode: Oz, 250 sccm —23°C
1.5 [-Membrane: Nafion 211 30°C — Membrane: Nafion 211 30°C
4800 .
—v—23°C £ 45°C
o 60"
1.2 z 04k 60°C
2 -600 §, E
g 09} é‘ i
S {400 '@
o L N L
S 0.6 8 Y 02
™ {200 &
03| 3
(=]
o
0.0 L L L L 0 0.0 h s
400 800 1200 1600 2000 2400 0.0 0.3 0.6 0.9 1.2
Current Density (mA cm?) Z' (ohm)

Figure 3.7 (a) Polarization, power density, and (b) EIS curves of this liquid
fuel cell at various operating temperatures.

Its performance improvement under a higher operating temperature can be
mainly attributed to the following reasons. Firstly, the elevation of operating
temperature is an effective method that improves the sluggish reaction
kinetic of oxygen reduction, [51] and thereby reduces the voltage loss.
Furthermore, while the e-fuel is able to exhibit fast reaction kinetic even
under room temperature due to its good reactivity, the higher operating
temperature can indeed improves the e-fuel conductivity and lowers the

viscosity, [52] which facilitates the reactants transport and thereby reduces
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the cell internal resistance. [42,53,54] Additionally, the ionic conductivity
of Nafion 211 membrane is also closely related to the operating temperature,
and a higher ionic conductivity can be presented at 60°C due to the improved
diffusion and migration process of protons through the membrane. [55-57]
In summary, with the increase of the operating temperature, the resistance
of e-fuel cell can be reduced as proven by the EIS results (Figure 3.7 (b)),
which in turn leads to the exceptionally high cell performance. However, it
is worth to mention that, the elevated operating temperature would, on the
other hand, result in a more aggravated cross-over of vanadium ions and
oxygen molecules through the membrane, [58] which would eventually lead

to a severe fuel loss and performance degradation of the system.

3.4.6 Constant-current discharging behavior

The constant-current discharging test is widely applied for the examination
of the actual operating behavior as well as the energy losses of a fuel cell
system. Utilizing this method, here, the fuel cell was tested under an
operating temperature range from 23 to 60°C at 200 mA cm with the e-fuel
containing 0.75 M V(II), as shown in Figure 3.8 (a). The associated energy
losses and three efficiencies are also calculated and summarized in Figure

3.8 (b).
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Figure 3.8 (a) Constant-current discharging behaviors of this liquid fuel cell
and (b) comparison of three efficiencies at various operating temperatures.

It is observed that the increase of operating temperature leads to an increased
discharge voltage plateau and thereby a higher voltage efficiency (VE),
which primarily results from the lowered cell resistance in view of the
enhanced conductivities of both the liquid e-fuel and the membrane as
demonstrated earlier in Figure 3.7 (b). [52,59] Furthermore, this temperature
variation also results in a higher discharge capacity leading to a larger
Faradic efficiency, which is due to the fact that the elevated temperature can
accelerate the reaction kinetics on both sides, enhancing the utilization of
the liquid e-fuel. However, it is worth mentioning that, as the temperature
rises, it simultaneously leads to an aggravated crossover of both the e-fuel
and oxygen molecules, [53,60] which would result into a serious capacity
loss. Overall, only a minor improvement on the discharge capacity are found.
Nonetheless, the energy efficiency (EE) of the e-fuel cell elevates from 36.6%
to 41.8% with the temperature increase to 60°C, proving that high operating
temperature can effectively improve the discharging performance of this

liquid e-fuel cell.
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3.4.7 Long-term operation behavior

Long-term stability is of significant importance before realizing the
widespread application of a fuel cell system. [61] Here, to examine the
ability of this cell for long-term operation, the cell has been refueled for 50
times and discharged at 10 mA cm™ at 60°C.
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Figure 3.9 (a) Long-term discharging behaviors of this liquid fuel cell and
(b) the comparison of 1% and 50 discharging curves.

The discharge curves are presented in Figure 3.9, while the efficiencies of
these 50 cycles are calculated in Figure 3.10. It is shown that the present
system is able to achieve a continuous and stable power generation for
nearly 60 hours, with its almost instantaneous rechargeability through
replacing the exhausted e-fuel with fresh ones. Furthermore, the cell also
presents a relatively stable efficiency, with only a minor EE decrease of 1.4 %
after 50 times refueling, indicating its potential for stable operation at high
operating temperatures. However, it is noteworthy that the EE of this system
at 10 mA cm? is much lower in comparison to its efficiency achieved at 200
mA cm? (Figure 3.8 (b)), which is attributed to the prolonged discharge

duration leading to a more serious crossover of reactive species and a lower
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e-fuel utilization efficiency. [62,63]
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Figure 3.10 Faradic, voltage and energy efficiencies of the fuel cell during
long-term operation

Hence, in the future, the development of a membrane with better selectivity
could be a research direction with great importance for the enhancement of
the liquid e-fuel cell performance of long-term operation at higher operating
current densities. After the long-term operation test, the cell was then
disassembled and the MEA without any obvious appearance damage can be

seen as shown in Figure 3.11.

Thermally treated \ Pt/C coated carbon
graphite-felt anode Nafion 211 paper cathode

Figure 3.11 Disassembled membrane electrode assembly (MEA) after long-
term operation.

To further examine the durability of the cathode, its XRD patterns (Figure

3.12 (a)) and SEM images (Figure 3.12 (b)), both before and after the long-
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term operation are obtained. It can be seen from these results that, little
changes can be observed after the long-term operation, indicating the good
chemical stability of the cathode, which again proves the capability of this
liquid e-fuel cell for long-term operation. It is also worth to mention that,
attributed to the excellent reactivity of the e-fuel even on carbon-based
materials, which eliminate the use of any noble metal catalysts, this present
system also demonstrates with a system cost estimation per unit power as
low as US$1286.74 kW-!, showing it to be much more cost-effective than

the conventional direct liquid fuel cells. (Table 3-1)
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Figure 3.12 (a-b) XRD curves and SEM images of the cathode catalyst layer
(1) before and (ii) after long-term discharging.

3.5 Summary

In this work, we have demonstrated the operation of an e-fuel cell that is
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free of anode catalysts and capable of achieving a peak power density of
857.0 mW cm at 60°C. It is revealed that a higher catalyst loading at the
cathode side, along with the increase of operating temperature, can
effectively resolve the limitation induced from the sluggish ORR kinetic and
further boost the cell performance. In addition, the cell further attains an
energy efficiency of 41.8 % even at 200 mA ¢cm with a stable operation of
~60 hours, illustrating its ability for efficient power generation and excellent
long-term operation stability. It should be mentioned that the increase of
operating temperature and the decrease of membrane thickness present a
positive effect on the cell performance, but both can induce severe crossover
of reactive species thereby deteriorating the cell performance especially
during constant-current discharging. Hence, with the development of
membranes with better selectivity and catalysts with better catalytic
reactivity for oxygen reduction reaction, it is believed that this e-fuel cell
could achieve even better performance, positioning it as a promising power

generation technology in the future.
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Table

Table 3-1. Cost comparison of conventional direct liquid fuel cell and direct

e-fuel cell.
Cathode Membrane Anode MEA PPD COS;(F\;Z:HH Ref
2 2 2 2 2 .
(USD m™) (USD m™) (USD m™) (USD m™) (mW cm™) (USD kW)
Formic $ 16017 $ 500 $11147 64-
. Pt black Nafion Pt-Ru black $ 27664 48.51 $57027.42
acid - . 2 66
(7 mg cm™) series (4 mg cm™)
$9171 $ 500 $11147 65-
Methanol Pt black Nafion Pt-Ru black $20818 20.1 $103572.14
2 . 2 67
(4 mg cm™) series (4 mg cm™)
$ 6889 $ 500 $ 8371 65,
Ethanol Pt black Nafion Pt-Ru black $ 15760 29.9 $52709.03 66,
(3 mg cm?) series (3 mg cm?) 68
$10457.36 $ 500 $70 65
E-fuel Pt/C 60% Nafion . $11027.36 857 §$1286.74 ’
2 . Graphite felt 66
(4.0 mg cm™) series

MEA: Membrane electrode assembly;

PPD: Peak power density.
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Chapter 4 Performance characteristics of a passive fuel cell

4.1 Introduction

As a result of the increasing needs of renewable energy, the development of
sustainable power generation systems has become a major research
direction and drawn world-wide attention. In comparison to other existing
technologies, fuel cell technology has been acknowledged as a promising
candidate and utilized in numerous applications including electric vehicles,
mobile devices, and even power stations. [1-3] Among the various types of
fuel cell, direct liquid fuel cells attributed to their high energy density and
ease of fuel handling, have been extensively studied. [4-5] Nevertheless, to
realize the commercialization of direct liquid fuel cells, especially in small
devices such as mobile phones and laptops, it is necessary to minimize or
completely eliminate auxiliary equipment such as pumps, air blowers, and
heat controllers from the system. [6-8] Passive fuel cells, using diffusion
and natural convection for fuel delivery, have therefore received extensive
studies in recent years. [9-10] However, as a result of the slow reaction
kinetics of conventional liquid fuels, poor performance, such as lower peak
power density than the typical active liquid fuel cells, is a major limitation
of these passive liquid fuel cells. [11-12] To boost the performances of
passive liquid fuel cells, it is thus of paramount importance to explore

alternative fuels with better reactivity.
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Recently, a novel concept named the electrically rechargeable liquid fuel (e-
fuel), which possesses many advantages such as rechargeability and
superior reactivity over the conventional liquid alcohol fuels, was presented.
[13-16] Herein, drawn by the superiorities of the e-fuel, a passive fuel cell
has been designed and fabricated utilizing the liquid e-fuel and paired with
the ambient air for electricity production. This passive fuel cell using the
liquid e-fuel impressively results in a peak power density of 116.2 mW cm’
2 along with a stable operation for over 350 hours, which therefore place it

as a promising candidate with great prospects to realize future applications.

4.2 Working Principle
The passive fuel cell structure (Figure 4.1) includes a membrane electrode
assembly (MEA), an e-fuel tank, a pair of current collectors and endplates.
During the cell operation, the V?* ions in the e-fuel are oxidized to V3" ions
at the anode side, while the oxygen reduction reaction (ORR) occurs at the
cathode side. The overall reaction is thus given as:
1 1
V2++H++ZOZ —>V3++§H20 AE =149V (1)

The theoretical voltage of this system is 1.49 V, [14] which is higher than

those of many common direct alcohol fuel cells.
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Figure 4.1 (a) Working principle, (b) design, and (c) fabrication of a passive
fuel cell.

4.3 Experiments

4.3.1 Preparation of MEA

The MEA of this passive fuel cell (2.0 x 2.0 cm?) was fabricated following
the method reported before, [14] where a thermally treated graphite felt and
a Pt/C coated carbon paper (2.0 mg cm™) was used as anode and cathode,
respectively. [14] Nafion 117 pretreated following the standard procedure
reported previously was used as proton exchange membrane in the middle

of the MEA. [14]

4.3.2 Cell assembly and experimental apparatus

The passive fuel cell system consisting of an e-fuel tank and a pair of current
collectors and end plates was fabricated. The home-made e-fuel tank was
prepared using acrylic with two holes drilled on its top for e-fuel injection.
Deionized water was sprayed onto the cathode to pre-humidify the electrode
surface while 20.0 mL e-fuel to be supplied into the cell was injected into

the tank before further tests. Five current collectors (CCs) with different
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designs and open ratios (ORs) were fabricated using graphite, namely CC1
to CCS5. Among them, CC1 and CC2 adopted the circular perforation design,
while CC3 to CC5 adopted the rectangular parallel channels design. [9] The
OR of each current collector from CC1 to CC5 is 25.97%, 28.27%, 35.00%,
50.00%, and 70.00%, respectively. In addition, a transparent fuel cell with
an acrylic end plate and a graphite current collector engraved with a
serpentine flow filed was also fabricated to enable the visualization of the
gas evolution process at the anode. For the transparent fuel cell, a peristaltic
pump was used for the e-fuel delivery at ~5.0 mL min!, while the cell is
under open circuit condition during the test.

The polarization and long-term discharge tests were performed using an
Arbin BT2000 (Arbin instrument Inc.). All experiments were conducted at
ambient condition. For the long-term operation behavior test, the Faradic,

voltage and energy efficiencies are calculated using the following equations

[15]:
Faradic efficiency (%) = [ide (1)
CinitVF
Voltage efficiency (%) = Eaver _ Baver ()
Etheo fginit[E0+¥ln(cX§I)]dc

Cinit

Energy efficiency (%) = Faradic efficiency x Voltage efficiency (3)

i(t) is the discharging current, while c;,;; and V represents the initial
concentration of e-fuel and volume of e-fuel, respectively. E g0 and Epe,is

the average discharging voltage and theoretical average voltage calculated
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based on the Nernst equation, respectively.

4.4 Results and discussion

4.4.1 General performance

The general performance of this developed passive fuel cell is as depicted
in Figure 4.2 (a), where the cell is assembled with CC5 and using an e-fuel
of 1.0 M V** ions. The cell is found to achieve an open-circuit voltage (OCV)
of 1.29 V with a peak power density of 116.2 mW cm™. It is worth to
mention that, during the operation of this passive fuel cell, the V** ions
would inevitably transport through the membrane to the cathode side, which
thereby leads to a mixed potential due to the simultaneous oxygen reduction
reaction and vanadium oxidation reaction and hence resulted in the potential
loss. [14] However, when compared with the conventional passive and
active liquid fuel cells reported before, as shown in Figure 4.2 (b) and Table
4-1, [29-49] this passive fuel cell utilizing the e-fuel is found to demonstrate
a much higher peak power density. Such an outstanding cell performance is
ascribed to the superior reactivity of the e-fuel at room temperature along
with the optimized current collector design which allows the ease of e-fuel
delivery. Hence, it is considered that this passive fuel cell fed with the e-fuel

possesses great potential for future applications.
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Figure 4.2 (a) General performance of a passive fuel cell; (b) Comparison
of the peak power density of the passive fuel cell with the data available in
the open literature.

4.4.2 Effect of the current collector design

As one of the main components of a passive fuel cell, the current collector
(CC) plays multiple roles during the cell operation, which include allowing
the conduction of electrons between the electrode surface and the external
circuit, providing the pathways for the fuel delivery and products removal
as well as giving support to the electrode. [17] It is hence essential for the
current collector to have superior electric conductivity and ease of fuel
transport. [9] In this work, five CCs with various opening patterns and ratios
are designed and fabricated to optimize the cell performance. As shown in
Figure 4.3, CC1 and CC2 adopted the circular perforation design, while CCs

3-5 adopted the rectangular parallel channels design. [9]

CC1 CC2 CC3 CC4 CC5

Figure 4.3 Designs of five current collectors.

All the CCs are assembled into the passive fuel cell to conduct the
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polarization tests and the results are as presented in Figure 4.4. It can be seen
that, feeding the cell with an e-fuel of 0.6 M V** jons, both the maximum
current density and the peak power density of the cell raise with the
increment of the CC open ratio. In addition, the concentration loss at the end
of the polarization curve is found to decrease in this order. Such result is due
to the fact that, a higher open ratio of CC can provide larger pathways for
fuel supply, which thereby facilitate the transport of both oxygen and the e-
fuel. [17] However, it is worth noticing that allowing a higher reactant
contact area through a CC of high open ratio could on the other hand lead to
a high interfacial ohmic loss due to the sacrificed electric contact area for
electrons transport, which can eventually limit the cell performance. [17]
Still, overall, CC5 with its highest open ratio achieved the best performance
among all the CCs tested and is therefore chosen and used for further studies

in this work.
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Figure 4.4 Polarization and power density curves of this passive fuel cell
with different designs.
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4.4.3 Effect of the e-fuel composition

As mentioned, the passive fuel cell only utilizes natural diffusion and
convection for fuel delivery. [10] Hence, for a given cell design, the
concentration of fuel in the tank is a major variable with significant
influence on the mass transport of reactants and the availability of sufficient
reactants to the reactive surface, which is of paramount importance towards
determining the cell performance. [18] Here, in order to examine the effects
of the e-fuel concentration on the cell performance, the liquid e-fuel with
V2" ions concentration varying from 0.2 M to 1.0 M are studied. As shown
in Figure 4.5, the activation and concentration losses of the cell are found to
reduce effectively with the increase of e-fuel concentration. It is because the
high concentration of reactive species can lead to a raise of the fuel
concentration gradient between the tank and electrode surface, which
thereby results in an enhanced mass transport. [18] This improved e-fuel
delivery thereby can help to provide more reactive species to the anode and
hence promote the e-fuel oxidation reaction, leading to a better cell
performance. However, it should also be noted that the usage of e-fuel with
higher concentration would on the other hand promote the crossover of V*
ions through the membrane and thereby lead to the loss of fuel. [19]
Furthermore, the permeated V2" ions to the cathode side can also result in a
mixed potential due to the simultaneous e-fuel oxidation and oxygen

reduction reactions, which can further deteriorate the cell performance.
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Figure 4.5 Polarization and power density curves of this passive fuel cell
with various e-fuel concentrations.

4.4.4 Long-term operation behavior

It is a crucial requirement for the passive fuel cell to attain a superior long-
term stability before realizing its wide commercialization. Here, to study the
long-term operation behavior of this system, the passive fuel cell has been
tested at 5.0 mA cm and refueled for 25 times. The discharge curves are as
shown in Figure 4.6 (a), while the associated efficiencies - Faradic, voltage,
and energy efficiencies are calculated using the equations as reported before
[15] and as shown in Figure 4.6 (b). The cell is found to achieve a stable
operation for over 350 hours, with little difference between the discharge
curves obtained at the first and last cycle, indicating the excellent long-term
stability of this system. It is also found that, in comparison to the discharge
curve obtained at the first cycle, the cell voltage at the last cycle is slightly

lower. Such a phenomenon may be ascribed to the crossover of reactive
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species across the membrane inducing the accumulation of vanadium ions
at the cathode side, which thereby block the reactive surface of the catalysts
and enlarges overpotential loss. [14-15, 21] Furthermore, it is worth
mentioning that, an unexpected gas evolution phenomenon was observed at
the anode side during the test, which can also obstruct the reactive surface
at the anode and hamper the mass transport of reactants, resulting in the
fluctuation of cell voltage as demonstrated in the discharge curves. [22-23]
This phenomenon is later proved as a spontaneous hydrogen evolution
reaction and discussed extensively in the next section. Such a reaction
accompanied with the inevitable crossover of e-fuel through the membrane
would result in the loss of reactive species, which thereby lead to the loss of
Faradic efficiency and further reduces the energy efficiency of the cell.
Overall, this present passive cell is found to achieve a stable energy
efficiency of ~40% during the 25 times of refueling tests, demonstrating its

superior capability for long-term operation.
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Figure 4.6 (a) Long-term discharging behavior and comparison of the 1% and
25" discharging curves of this passive fuel cell (insert). (b) The Faradic,
voltage, and energy efficiencies of this passive fuel cell.
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4.4.5 Visualization of anode flow channels

As discussed in the previous section, during the long-term operation of this
passive fuel cell, an unexpected gas evolution phenomenon is observed at
its anode side, which limits the transport of the reactants and deteriorates the
cell performance. [21] In order to further observe and examine this
phenomenon, a transparent cell is designed and fabricated as shown in
Figure 4.7, where a new graphite current collector engraved with a
serpentine flow field is fabricated and used as the anode current collector

while CCS5 is used at the cathode side.

(a) Anode flow field .
I 1\ ¢
Cathode current collector  J Py
x . (d
g
I
B . End plate

Gasket
Anode
Membrane

- Cathode

End plate Gasket Anode flow field Anode Membrane Cathode Cathode current collector

Figure 4.7 (a) Design and (b) fabrication of a fuel cell with a transparent
anode flow field.

This transparent cell is assembled three times using the same MEA used for
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the previous tests, a used graphite felt, and a fresh graphite felt, respectively.
Four different solutions, including 3.0 M H2SO4, and 1.0 M VO?*/V3/V*
in 3.0 M H2SOy, are fed into the anode side of the cell and the results are as
shown in Figure 4.8. Gas evolution was only observed when the e-fuel of
1.0 M V?* is used (Figure 4.8), which thereby indicate the occurrence of a

spontaneous gas evolution reaction.

3.0 M H,S0, 1.0MVO* in30MH,SO,  1.0MV**in3.0MH,SO, 1.0M V2 in 3.0 M H,SO,

(C) (b)

Figure 4.8 Visualization of the anode flow channels with (a-d) complete
MEA, (e-h) used and (i-1) fresh thermally treated graphite felt anode.

Considering the superior reactivity of V2* ions, even without any catalyst,
the following reaction as reported before might have happened, [24-25]
which results in a hydrogen generation process:
1
V2t + Ht - V3t +oH, (2)

To prove and justify this idea, the generated gas is then collected from the

outlet of the transparent cell by water displacement method and then fed into
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a typical hydrogen-oxygen fuel cell, which results in an OCV of 1.11 V
(Figure 4.9) similar to the value obtained when this cell is fed with pure
hydrogen, thereby proving the presence of a spontaneous hydrogen
evolution reaction (HER) at the anode side. It is worth to mention that,
during the visualization tests, a similar gas evolution phenomenon is
observed in the cell using the used MEA and the used graphite felt, while a
less severe gas generation process is observed when the fresh thermally
treated graphite felt anode is tested (Figure 4.8). [24] Such a phenomenon is
considered to be attributed to the superior catalytic reactivity of Pt, which
penetrate from the cathode side across the membrane after the cell operation.
[26-27] It is also worth to stress that, this spontaneous HER should be
regarded with great importance in this passive fuel cell system as it could
severely deteriorate the cell performance from the following aspects: i) the
HER can occupy the reactive surface on the anode and lead to large
overpotential loss; [28] ii) this HER will consume the reactive species and
lead to fuel capacity loss; and iii) the generated hydrogen gas can hamper
the mass transport of the fuel and results in large mass transport polarization.
[21] Moreover, in the future, for the fuel cell at industrial-scale, such HER
may also raise safety concerns and thus may require proper ventilation
system to avoid any fire or explosion hazards. It is therefore a critical
consideration to develop an electrode of good reactivity to the e-fuel

oxidation reaction while suppressing the spontaneous HER so as to gain a
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better cell performance. In addition, it is also essential to prevent any
potential contamination from the environment during the cell assembling
and develop a membrane that can efficiently suppress the transport of
catalyst from the cathode side so as to attain a more stable cell performance.
Other potential strategies including: i) using the fuel with lower V2" and H*
concentrations to slow down the reaction kinetics; and ii) developing
selective catalysts or adding additives which can suppress the HER; may

also help suppress this undesired HER.

1.5
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Figure 4.9 Voltage profile of the hydrogen-oxygen fuel cell fed with the
generated gas from the anode side of the passive fuel cell.

4.5 Summary

In this work, a passive fuel cell utilizing the liquid e-fuel and ambient air for
power generation is designed and fabricated. It is found that both the current
collector open ratios and e-fuel compositions show a major effect on the

transport of reactant inside the cell, which thereby greatly influences the cell
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performance. The cell remarkably demonstrates a peak power density of
116.2 mW cm along with a stable operation for over 350 hours, which even
outperforms many conventional active liquid fuel cells. Such a superior
performance therefore validates the capability of this developed passive fuel
cell for wide-spread application in the future especially for powering mobile
devices. However, it is also found that a spontaneous hydrogen evolution
reaction happens at the anode, which would decrease the e-fuel capacity and
further deteriorate the cell performance. It is thus believed that further
performance enhancement of this passive fuel cell can be achieved in the
future with the development of electrode with superior reactivity to the e-
fuel while also suppressing the undesired hydrogen evolution reaction.
Water flooding, which is another critical issue responsible for limiting the
performance of this passive fuel cell, also needs to be addressed as it can
hamper the delivery of oxygen and thereby deteriorate the reaction kinetics
at the cathode side. It is therefore essential to investigate the influences of
water flooding on the cell performance and develop a suitable membrane

and electrode to attain a better cell performance in the future.
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Table

Table 4-1. Comparison of power densities among various liquid fuel cells.

Tem Peak Power
Fuel Type Year Anode catalyst Membrane . P Density Ref
O 2
(mW cm™)
Pt-Ru
2021 Nafion 117 25 14.91 29
(2.0 mg cm?) aton 29]
Pt-Ru
2020 Nafion 117 30 8.36 30
(2.0 mg cm?) aton (30]
Passive | 2017 Pt-Ru black Nafion 117 RT 137 [31]
(8.0 mg cm?)
Pt—Ru black
2014 1o Nafion 212 RT 18 (32]
(4.0 mg cm?)
Pt-R
2010 u Nafion 115 22-24 50 [33]
(5.0 mg cm?)
McOH Pt: Ru
2020 (3.0:1.5 Nafion 115 60 69.94 [34]
mg cm?)
Pt-Ru/C-Ti
2017 C-T0 Nafion 115 45 43.75 [35]
(4.0 mg cm?)
Acti Pt-Ru/Vulcan
ctive
2016 XC-72 Nafion 117 40 ~23 [36]
(1.0 mg cm?)
PtRu black
2008 U blac Nafion 117 RT 38 [37]
(3.0 mg cm?)
Pt-Ru/C
2008 M ® -ADP 30 ~6 38
(1.0 mg cm?) oreane [38]
Pd/NRGO
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87



Chapter 5 Design and development of an all-climate liquid fuel cell

5.1 Introduction

Concerns over the energy crisis and environmental impacts of using fossil
fuels have attracted an increasing attention towards the development of
clean and sustainable power generation as well as energy storage systems.
[1-3] Among the various advanced power generation systems, hydrogen fuel
cells, with their compact structure and high energy density, are considered
as one of the most promising candidates for various applications, as well as
gradual acceptance in the transportation sector to power future electric
vehicles, [4,5] i.e., fuel cell electric vehicles (FCEVs). However, after
several decades of investigations and commercialization, their widespread
application, in terms of market presence and penetration, is still being
hindered by the various difficulties and safety issues mostly pertaining to
the problematic handling of gaseous hydrogen. [6,7] Alternatively, liquid
fuel cells, typically using liquid alcohol fuels, have drawn worldwide
attention owing to their high energy density, inbuilt safety, and ease of fuel
handling. Although promising, some critical engineering issues, including
low energy efficiency and power density of these conventional direct liquid
fuel cells still need to be addressed to attain substantial cell performance and
widespread commercialization. [8,9] Therefore, it is of vital importance to
propose alternative and suitable fuel candidates, other than the commonly
used liquid alcohols, to energize future fuel cells.
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Generally, the operation of fuel cells involves heat/mass/ions/electron
transport and electrochemical reactions, all of which are greatly influenced
by temperature, particularly in sub-zero environments. [10,11] Therefore,
beyond the common high and room operating temperatures, stable and
efficient performance of fuel cells at low and sub-zero temperatures are also
expected to be attainable, as fuel cells will be undoubtedly exposed to
various climatic conditions in practical applications. [12,13] However,
operating the conventional fuel cells under sub-zero temperatures has been
reported to be confronted with some critical challenges. For instance, the
sluggish oxidation reaction kinetics of liquid alcohol significantly limit their
operating temperature windows as well as their application scenarios. [14,15]
In addition, the ice formation at sub-zero environment, may not only plug
the porous catalyst layer to prevent electrochemical reactions by starving
the reactants and reducing the electrochemically active area, but can also
lead to an internal short circuit, thereby raising safety concerns. [16,17]
Performance loss resulting from insufficient ionic conductivity is another
challenge for sub-zero temperature operation of fuel cells. In an attempt to
overcome these challenges, previous studies on the operations of
conventional liquid fuel cells at sub-zero temperatures incorporated a cold-
start strategy, in form of either external or internal heating strategy and its
associated thermal control system, to rapidly raise the cell temperature at
the beginning of the operation. [18,19] However, this additional heating
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system for rapid startup not only adds more weight and design complexity
to the fuel cell structure, but also deteriorates the system efficiencies. [20,21]
It is therefore of paramount importance to develop an electrochemical power
system that is completely free of any heating system while enabling a rapid
startup and stable operation in a sub-zero environment.

Recently, a novel electrically rechargeable liquid fuel (e-fuel) has been
proposed [22,23] and demonstrated. [22,24] Rationally different from the
conventional liquid fuels, the liquid e-fuel, which functions as the storage
medium, has the potential to be made from various electroactive materials
including, but not limited, to metal-ions. We therefore introduce a liquid e-
fuel made of vanadium ions for the anodic reaction, paired with oxygen at
the cathode side, to demonstrate the operation of a liquid e-fuel cell. Unlike
the conventional liquid alcohol fuels, the liquid e-fuel offers an excellent
reactivity on carbon-based materials and thus completely removes the need
of any noble metal electrocatalyst for the liquid e-fuel oxidation, which
significantly reduces the fabrication cost of the cell and enhances its power
density, energy efficiency, as well as life-time of the system. Following this,
a novel liquid fuel cell, utilizing a graphite-felt anode without any catalyst,
is fabricated. In addition, the e-fuel is electrically rechargeable through an
e-fuel charger and hence allows an operation for more than 100 cycles,
which in turn significantly reduces production and recycling costs of the e-
fuel. The typical low freezing point of this liquid e-fuel containing vanadium
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ions which is ~ -30°C [25] is another significant feature and advantage,
which enables the fuel cell to potentially achieve a sub-zero temperature
operation.

In this work, the operation of a liquid fuel cell, competent to efficiently
converting a liquid e-fuel to generate stable electricity at sub-zero cell
temperature as low as -20°C, without involving any form of internal or
external heating system is demonstrated. Different from the common cold-
start strategies prominent in existing conventional fuel cells, whose
temperature needs to be rapidly raised at the beginning of their operation,
this e-fuel cell system utilizes a cold-start-free operation strategy, such that
cell temperature is maintained at sub-zero while demonstrating stable and
high performances. Under this operating condition, the e-fuel cell was able
to achieve stable and consistent operation at sub-zero temperatures as low
as -20°C, demonstrating a high power density (76.8 mW c¢m?) and energy
efficiency (25.2 % at 30 mA cm), thereby presenting it as a very promising
fuel cell candidate for wide range operating temperature and applications.
To the best of our knowledge, the successful operation of fuel cells under
the aforementioned cell structure and operating conditions has never been
reported to be achieved by either hydrogen-oxygen fuel cells or any
conventional direct liquid fuel cells. This significant advance thus highlights
significant direction for the development of sub-zero temperature fuel cell
technology, particularly for energizing future FCEVs with an all-climate

91



operation.

5.2 Experiments

5.2.1 Preparation of a membrane electrode assembly

In this work, a membrane electrode assembly (MEA) with an active area of
2.0 cm % 2.0 cm, consisting of a commercial proton exchange membrane
sandwiched between a thermally treated graphite felt and a carbon paper
with Pt/C coated was prepared. [24] The commercial membrane Nafion 117,
with a geometric size of 3.0 cm x 3.0 cm, was pre-treated using the standard
procedure previously reported. [24] It was boiled in 3.0 wt. % hydrogen
peroxide solution, deionized (DI) water, 1.0 M sulfuric acid solution and DI
water, successively, with each boiling process lasting for 1 hour. Afterwards,

the treated membrane was stored in DI water before further use.

5.2.2 E-fuel cell setup and instrumentation

The structural design of the fuel cell, as reported before, [24] consists a pair
of graphite flow field engraved with serpentine flow channel, gold-coated
current collector, aluminum plate, and plastic endplate was fabricated to
investigate the e-fuel cell performance. To avoid any leakage of gas and
liquid, several pieces of polytetrafluoroethylene (PTFE) gaskets were used
during assembling. On the cathode, pure oxygen at 250 sccm was supplied
using an oxygen cylinder through a flow meter (Cole-Parmer, USA).

The experimental setup containing a fuel cell, a low-temperature chamber,
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a thermometer working with thermocouple (K-type) for monitoring the

operating temperature and other accessories, is illustrated in Figure 5.1.

Connect to Connect to
Oxygen supply Electric load

Low-temperature chamber

Peristaltic pump

E-fuel cell

—_————_———

Figure 5.1 Experimental setup of this liquid fuel cell at sub-zero
environment.

Before testing, the liquid e-fuel container was first placed in the low-
temperature chamber for pre-cooling after purged with N». In the meanwhile,
the fuel cell was pre-cooled by a 3.0-M sulfuric acid aqueous solution,
which was left to circulate until the fuel cell reached the target temperature.
During the test, the cell temperature was well-controlled and maintained
throughout the whole experiment by cooling the environment with no
obvious temperature rise. The polarization and constant-current discharging
curves were recorded by the fuel cell testing system (Arbin BT2000, Arbin
instrument Inc.).

The electrochemical impedance spectroscopy (EIS) for the fuel cell was
conducted (between 0.01 and 10° Hz) via an electrochemical workstation

(CHI-605C, CH Instruments, China) in order to investigate the contribution
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of different resistances, while the ionic conductivity of membrane was
measured through a home-made cell (between 10> and 10° Hz) via
electrochemical workstation (Autolab PGSTAT 302N, Netherlands). Before
the measurement, the membrane was immersed into 3.0 M H,SO4 for 24
hours. Afterwards, its ionic conductivity (o,,) was calculated using:

om (Sem™) = om— @
where 6,, and a,,,, represent the thickness and the effective area of the
membrane sample, respectively. R, represents the ohmic resistance of the
membrane, obtained through the real-axis intercepts of the Nyquist plots,
which results from the contact resistance and ion-conducting resistance in
the membrane. In order to examine the effect of vanadium ions on the
membrane conductivity, its conductivity has also been measured after
immersing the membrane into the e-fuel of 1.0 M V** for 24 hours. The
cyclic voltammetry tests for the thermally treated graphite felt, and the EIS
tests for the liquid e-fuel (between 1 and 10° Hz) were conducted in an
electrochemical cell using the electrochemical workstation (CHI-660e, CH

Instruments, China). The ionic conductivity (o.) of the liquid e-fuel was

then determined according to:
0o (S cm™1) = ZeXRkal _ o 3)
Re Re
where ok represents the ionic conductivity of KCl standard solution. Rk
and R, represent the overall resistance (including contact resistance and

ion-conducting resistance) of the KCI standard solution and the liquid e-fuel,
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respectively. [26] G represents the cell constant, which was first calibrated
using 1.0 D KCI standard solution at 25°C. [26,27] The viscosity of the

liquid e-fuel was measured using the Ubbelohde viscometer. [28]

5.3 Results and discussion

Conventional liquid fuel cells have been mostly operated and studied at
room and high temperatures. [29,30] However, as a power generation
system, the operating temperature of liquid fuel cells would apparently
fluctuate with different places, seasons, and climate areas. To extend the
operational temperature range of these systems, it is expedient to also
investigate their operations and performances at sub-zero temperatures.
Operating fuel cells at sub-zero temperatures, however, raises a few
concerns that could limit the overall system performance. To begin with,
properties of the liquid fuel including concentration, conductivity, viscosity,
and diffusivity could be affected at such a low temperature. Without doubt,
these would also affect the mass transport of reactive species to the
electrochemical reaction sites and transport properties such as membrane
conductivity. Previous studies on the operations of common liquid fuel cells
at such a low temperature therefore incorporated pre-heating systems which
are on the other hand detrimental to the system efficiencies. Here, with the
introduction of liquid e-fuel cells, the need for pre-heating system is
eliminated. The use of a catalyst-free graphite-felt as the anode, in lieu of

the commonly used noble metal electrocatalyst, for the oxidation of liquid
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e-fuel in this low temperature fuel cell not only demonstrates an improved
reaction kinetics but also improves the system life cycle and reduces the
system cost. In addition, as the liquid e-fuel possesses rapid reaction kinetics,
the fuel cell is equipped with instantaneous cold-start ability, which in turn
facilitates rapid start of the cell at the set temperature whenever and
wherever needed. Considering the influences of the low operating
temperature on the liquid fuel cell, we therefore examine the: 1) effects of
operating temperatures on the properties of the liquid e-fuel, membrane, and
electrode; and ii) operations and performances of a liquid e-fuel cell at a
sub-zero temperature as low as -20°C, without involving any form of
internal or external heating system. The results from the various

investigations are presented and discussed in the following sections.

5.3.1 Characterizations of the e-fuel, electrode, and membrane
5.3.1.1 E-fuel performance

The liquid e-fuel can be typically made of different electroactive species
such as inorganic materials, organic materials, and suspension of particles.
[22] The chemical composition of the liquid e-fuel determines its intrinsic
properties including ionic conductivity and viscosity, and further influences
the overall fuel cell performance. [25] Another important parameter,
operating temperature, also shows a great impact on the properties of liquid
e-fuels. Here, the liquid e-fuel containing vanadium ions with its least

applicable temperature of ~-30°C enables the cell to be operated in sub-zero
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environments. Hence, as shown in Figure 5.2, the viscosity and ionic

conductivity of the liquid e-fuel were measured at -20°C to 20°C.
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Figure 5.2 Kinetic viscosity and ionic conductivity of this liquid e-fuel, and
ionic conductivity of the membrane (Nafion 117) at an operating
temperature range from -20°C to 20°C.

It can be seen that the viscosity of the liquid e-fuel elevates as the operating
temperature declines, which is due to the decreased kinetic energy of water
molecules and ions in the liquid e-fuel at low operating temperatures. Such
a trend therefore limits the mobility of ions and results in large transport
resistance and further lowers ionic conductivity of the e-fuel, thereby
demonstrating the significant influence of low operating temperature on the

e-fuel properties. [31,32]

5.3.1.2 Membrane performance

As discussed, the fuel cell operation at low temperatures not only limits the
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transport properties of liquid e-fuels but also influences the transport
properties of the ion-exchange membrane. As illustrated in Figure 5.2, with
the operating temperature drops to -20°C, the membrane conductivity also
declines from 48.09 to 19.81 mS c¢cm!. Such variation is considered to be
associated with the hindered proton transport through the membrane, which
follows two major mechanisms - diffusion and migration. As the operating
temperature declines, the increasing liquid e-fuel viscosity hinders the
relative motion between water molecules and protons, leading to a lower ion
mobility through the membrane and further restrict the diffusion and
migration process of protons, which thereby reduces the membrane
conductivity. Other than the operating temperature, a lower membrane
conductivity of 30.52 mS c¢cm is also found at 20°C after immersing the
membrane into the e-fuel made of 1.0 M V2* ions for 24 hours to absorb the
metal ions. Such a phenomenon is mainly due to the following reasons: 1)
the relatively poor mobility of vanadium ions through the membrane in
contrast to the protons; and ii) the penetration of vanadium ions into the
membrane matrix blocks the ionic conduction pathways inside the
membrane and thereby results in the reduced ionic conductivity. [33] It is
worth to mention that, similar to protons, the vanadium ions, which can also
transport through the membrane and lead to the crossover phenomenon, was
reported to show a reduced permeability through the membrane with the
declining operating temperature. [34] It is due to the fact that, the diffusion
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coefficient of vanadium ions and protons reduces as the operating
temperature declines, which thereby greatly restricts the transport of these
species across the membrane. Still, to lessen vanadium ions crossover and
its corresponding negative impacts on the cell performance, [35,36] we

therefore utilized a thick membrane (Nafion 117) in our study.

5.3.1.3 Electrode performance

The cyclic voltammetry (CV) is a common method to quantitatively analyze
the reaction kinetics of an electrochemical system. [37] Here, to demonstrate
the effects of operating temperature on the anode -electrochemical
performance, the CV curves were obtained at various temperatures, as
shown in Figure 5.3. It is shown that, as the temperature declines, the distinct
peaks at -0.25 V and 0.4 V are weakened, indicating an inhibited
electrochemical reactivity of the electrode. Such a reactivity deterioration
mainly comes from the decreased oxidation/reduction reaction rate and
increased e-fuel viscosity. It is believed that the rise of the e-fuel viscosity,
which results from a reduced kinetic energy of ions, is associated with the
declined ions mobility in the liquid e-fuel and therefore hinders the transport
of electroactive species moving towards or out from the reactive sites. Such
a phenomenon thereby greatly deteriorates the reaction kinetics of the liquid
e-fuel oxidation reaction and restricts the electrochemical performance of
the electrode. It should also be mentioned that, the superior electrochemical

reactivity of the anode is attained after thermal treatment, where the formed
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oxygen functional groups on the graphite felt would not only aid the
vanadium-ion oxidation reaction, but also enhance its hydrophilicity and

hence enlarges the effective surface area of the electrode. [38,39]
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Figure 5.3 Cyclic voltammetry curves of the catalyst-free graphite-felt
anode at an operating temperature range from -20°C to 20°C.

5.3.2 General performance

As shown in Figures 5.4 (a-b), it is experimentally found that this liquid e-
fuel cell can be at -20°C while achieve a superior performance including a
high open-circuit voltage (1.26 V), maximum current density (390 mA cm
%) and peak power density (76.8 mW cm2). Furthermore, it is able to

demonstrate an energy efficiency of 25.2 % at 30 mA cm™.
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Figure 5.4 (a-b) General performance of this liquid fuel cell at -20°C; (c)
energy efficiency and (d) peak power density comparisons with the data in
the open literature.

Compared to conventional liquid fuel cells, the present liquid e-fuel cell
possesses the following two advantages: 1) it is not only free from any noble
metal catalysts for the liquid e-fuel oxidation, but also still able to generate
impressive power density and energy efficiency; and ii) it eliminates the
needs for extra internal or external pre-heating system while being able to
be operated under sub-zero environment. These features greatly expand the
operating temperature window and application scenarios of this system. As
presented in Figures 5.4 (c-d), all of the results achieved by this cell are way
higher than the sub-zero and even room temperature performances of
conventional liquid fuel cells as summarized in Tables 5-1 and 5-2. [43-59]
Such a notable performance improvement not only highlights significant
directions towards the development of sub-zero temperature fuel cells, but

also offers great potentials for applications in the future fuel cell electric
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vehicles.

5.3.3 Effect of the operating temperature

As mentioned earlier, the operating temperature as an important parameter,
not only influences the viscosity of the liquid e-fuel and electrode reactivity,
but also closely related to the membrane conductivity, which thereby has
great impacts on the overall system performance. To investigate the
influence of low operating temperatures on the liquid e-fuel cell in detail,
experiments were conducted at 20 to -20°C. As shown in Figure 5.5 (a),
significant voltage drops are obtained at the beginning of the polarization
curves as a result of activation loss, which is considered to be resulted from
the relatively slow reaction kinetics at cathode, [40] in comparison to the
fast vanadium-ion oxidation reaction at the anode side. [22] Meanwhile, as
mentioned above, due to the crossover phenomenon of vanadium ions, the
permeated vanadium ions at the cathode side will result in both vanadium-
ion oxidation and oxygen reduction reactions concurrently and thereby leads
to a mixed potential. [41] Moreover, it can also be seen that, from 20 to -
20°C, the maximum current density decreases from 660 to 270 mA cm,
while the peak power density of the e-fuel cell declines from 199 to 67 mW
cm, demonstrating a declining rate of -9.75 mA cm™ °C! and -3.3 mW cm-
2°C-1, respectively. Such a declined performance is mainly due to the rise of
the membrane and liquid e-fuel resistances, as revealed by the EIS results in

Figure 5.5 (b) and Table 5-3. However, the peak power density obtained at
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-20°C is still comparable to those of the common liquid fuel cells at ~ 20°C
(or above) as summarized in Table 5-2, which hence demonstrates the

capability of this fuel cell to operate under sub-zero environment in the

future. [42]

(@) 14 250 (b) 150 -
Anode: 0.5 MV +3.0 M H:S0:, 20 mL min"  —e—20°C Anode: 0.5 M V2" + 3.0 M H:804, 20 mL min' = 20°C
1.2 | Cathode: Oz, 250 sccm 10°C o Cathode: Oz, 250 sccm 10°C
o°c 1200 E 120 o ok el oc
1.0 -10°C o 4 -1OQC
: ——-20°C E RGC Ri * 'FZ_S c bt
= . -~ Fiting Data
2 08Ff 150 é £
) 2 5 .
S 06 100 2§
o S \
> 04f [=]
.
150 ©
0.2 g
o
0.0 L L L 0 h L N R
150 300 450 600 750 0 30 60 920 120 150
Current Density (mA cm?) Z'(ohm)

Figure 5.5 (a) Polarization curves, power density curves, and (b) resistances
of this liquid fuel cell at an operating temperature range from -20°C to 20°C

5.3.4 Effect of the e-fuel flow rate

The mass transport of liquid e-fuel inside the fuel cell is closely related to
its flow rate, which hence plays important roles to determine the overall fuel
cell performance. Hence, to examine the influences of the flow rate,
experiments were conducted at the flow rate between 10 to 60 mL min’!
under 0°C and -20°C. During the cell operation at 0°C, with the increase in
flow rate as shown in Figure 5.6 (a), the maximum current density increases
from 420 mA cm to 540 mA cm? while the peak power density boosts from
97.7 to 147.9 mW c¢m, which hence achieves a 51.4 % higher peak power
density. Such an upgraded performance is as a result of the fact that the
increase in flow rate facilitates and improves the mass transport of reactants,
which thereby results in the reduced resistances, as revealed by EIS results
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in Figure 5.6 (b) and Table 5-4.
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Figure 5.6 (a) Polarization curves, power density curves, and (b) resistances
of this liquid fuel cell with flow rates from 10 mL min! to 60 mL min™' at
0°C

Furthermore, the fuel cell performance obtained at 60 mL min™! under 0°C
(Figure 5.6 (a)) is even comparable to its performance at 20 mL min™! under
10°C (Figure 5.5 (a)), suggesting that the increment of the flow rate can
ameliorate the limited mass transport observed at low operating
temperatures, proving it to be an important factor towards the enhancement
of the overall cell performance. Similar trend is also observed when it was
operated at -20°C, as shown in Figure 5.7 (a), with a maximum current
density of 390 mA cm and a peak power density of 76.8 mW c¢m at 60
mL min’'. In the meanwhile, as presented in Figure 5.7 (b) and Table 5-4,
the resistances also decrease as the flow rate increases at -20°C. It is worth
noting that, attributed to the inhibited ion mobility inside the membrane and
liquid e-fuel at lower operating temperatures, all of the resistances at -20°C

are much higher than their corresponding values at 0°C.
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Figure 5.7 (a) Polarization curves, power density curves, and (b) resistances
of this liquid fuel cell with flow rates from 10 mL min™' to 60 mL min! at -
20°C

5.3.5 Constant-current discharging behavior

An efficient approach to determine the operating behavior of the fuel cell
during its real application is to perform the constant-current discharging test.
It not only accurately reveals the real performance of the system, but also
measures its efficiencies and further evaluates its capability for practical
applications. As presented in Figures 5.8 (a-b), the constant-current
discharging tests were performed at 20 to -20°C with a liquid e-fuel of 0.5
M and 1.0 M V2*. When the cell is fed with the liquid e-fuel of 1.0 M V?*,
it is found that the operating temperature which drops from 20 to -20°C leads
to an obvious reduction in energy output, where the discharging capacity
drops from 17.45 to 11.15 Ah L-!. In the meanwhile, the discharge voltage
plateau also shows a trend of decreasing as the operating temperature drops,

indicating a degraded fuel cell performance.
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Figure 5.8 Constant-current discharging curves of this fuel cell at an
operating temperature range from -20°C to 20°C with the e-fuel of (a) 0.5 M
and (b) 1.0 M V** ions.

Such a phenomenon is primarily due to the following reasons: i) based on
the Nernst equation as shown in Figure 5.9, the theoretical voltage of the
cell decreases with the decline of operating temperature; ii) the low
operating temperature reduces the ionic conductivity of the membrane and
liquid e-fuel, hence leading to the rise in internal resistance of the system
and further limiting the voltage plateau; and iii) the hindered mass transport
of electroactive species declines the reaction rate of the liquid e-fuel at lower
operating temperatures, which therefore reduces the energy output. The
energy efficiency is one significant indicator in evaluating the capability of
the fuel cell to efficiently convert chemical energy to electricity, which is
calculated based on the ratio of actual generated energy to theoretical energy
stored in the fuel cell. It can be influenced by the crossover phenomenon
and the internal resistances. In this work, the energy efficiencies of the fuel
cell under different operating temperatures were calculated to reflect the fuel

cell performance. (Figure 5.10)
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Figure 5.9 Energy loss and efficiency analysis of this fuel cell using the e-
fuel containing (a-¢) 0.5 M and (f-j) 1.0 M V" ions at -20 to 20°C.
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As shown in Figure. 5.10 (b), feeding with the liquid e-fuel containing 1.0
M V?*, the energy efficiency of the cell decreases from 39.7 % to 25.2 % as
the operating temperature decreases to -20°C, due to the increase in
activation loss and restricted mass transport of electroactive species. The
energy losses at each operating temperature were also analyzed, as shown

in Figure 5.9 (with 0.5 M and 1.0 M V?%).

(a) 100 o v (b) 100 Anode: 1.0 M V*" + 3.0 M H280, 20 mL min”" Faradic efficiency
Anode: 0.5 M V** +3.0 M HzSO4, 20 mL min Faradic efficiency hode: .0 M HzS04, 20 mL mi Eara ic eﬂwuen y
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Figure 5.10 Faradic and Energy efficiencies of this fuel cell at an operating
temperature range from -20°C to 20°C with the e-fuel of (a) 0.5 M and (b)
1.0 M V* jons.

Despite the decrease in the cell performance at lower operating temperatures,
this present fuel cell, attributing to the low freezing point of the liquid e-fuel
and its high reactivity on carbon-based materials, is capable of achieving a
much higher energy efficiency even at -20°C without any heating system in
comparison to the conventional liquid fuel cells operated even at room
temperature (~20°C) or above, as summarized in Figure 5.4 (c) and Table 5-
1. Hence, the present fuel cell with its capability of achieving an energy
efficiency of 25.2 % at -20°C, opens a window for its further application in

the future fuel cell electric vehicles in virtually all-climate areas.

108



5.3.6 Demonstration of a lab-scale e-fuel cell operation in a sub-zero
environment

As mentioned, the liquid e-fuel cell with its compelling features and
advantages positions the cell to satisfactorily operate in a sub-zero
environment. Hence, to practically demonstrate the ability of this cell for
power generation, the cell along with a set of LEDs were placed inside a
freezing low-temperature chamber (Figure 5.11 (a)). The LEDs arranged in
form of PolyU (The Hong Kong Polytechnic University) emit a luminous
warm yellow light on top of the ice in this freezing environment, proving
that the e-fuel cell not only works at -20°C, but can also generate stable
electricity to power the lights and to brighten the freezing winter during its
real application. Hence, this fuel cell, with its e-fuel rechargeability, all-
climate operation capability, fast-response, cost-effectiveness, and
durability (Figure 5.11 (b)), shows great potentials for diverse applications
such as powering electric vehicles, airplanes, cities, industries and
emergency power for grid. However, it is undeniable that this system is still
being confronted by some limitations such as a relatively low energy density
in comparison to conventional liquid alcohol fuels and compressed
hydrogen and the continuous need of oxygen during the cell operation,
which thereby hampers its application scenarios such as in space craft or in
submarine. It is therefore considered to be of paramount importance to try

to increase the solubility of vanadium-ions as well as screen and develop
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other materials for the e-fuel fabrication so as to gain a higher energy density
in the future. These findings therefore suggest further directions for more

future studies and investigations on this novel liquid e-fuel cell technology.

All~climate opera®©®"

Figure 5.11 (a) Demonstration of a lab-scale fuel cell operation in a sub-zero
environment and (b) potential applications of this e-fuel cell technology.

5.4 Summary

In this work, the operation of a liquid e-fuel cell, completely free of any
internal or external heating systems, capable of stably and continuously
generating electricity at sub-zero cell temperatures as low as -20°C is
demonstrated. The liquid e-fuel cell employs a graphite-felt free from any
catalyst as anode and is experimentally found to exhibit a superior cell
performance including a peak power density of 76.8 mW c¢m and an energy
efficiency of 25.2 % even at -20°C, outperforming all of those conventional
liquid alcohol fuel cells that were operated and tested at sub-zero and even
at higher temperatures (20°C or above). It is believed that this present cell
possesses the prospects to achieve higher and better performance after future

modifications including, but not limited to, the optimization of the cell
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structure and component materials, such as more suitable e-fuels of higher
reactivity, energy density, and lower freezing point. It therefore opens a path
for the development of liquid e-fuel cells towards achieving a better fuel cell

performance with even wider operational temperature range.
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Table

Table 5-1 Energy efficiency comparison among various liquid fuel cells.

Discharge Energy Liquid Catalysts for liquid fuel
Year Temp. Ref.
condition efficiency fuel oxidation
PtRu black
2004 8V 30°C 17 % Methanol 43
(4 mg cm™?)
PtRu black
2005 035V 21-23°C 15.4 % Methanol 44
(4 mg cm™?)
PtRu
2006 0.6V 10°C 23.9% Methanol 45
(4 mg cm™?)
Pt-Ru
2011 11.1 mA cm? R.T. 8% Methanol 46
(8 mg cm™?)
Pt:Ru
2011 03V 16~26°C 16.2 % Methanol 47
(5 mg cm™?)
Pd—Ce0,/C
2012 20 mA cm? 25°C 122 % Ethanol 48
(1 mg cm™?)
Pt-Ru black and Pt-Ru/C
2014 40 mA cm? 25°C 15.5% Methanol 49
(4+0.2 mg cm?)
PtRu black and PtRu/C
2014 035V 25+1°C 20.6 % Methanol 50
(2 mg cm™?)
Pt-Ru/Pt black
2015 100 mA cm? 30°C 22.7% Methanol 51
(4 mg cm™?)
Pd-Ce0O2/C
2015 20 mA cm? R.T. 6.57 % Ethanol 52
(1 mg cm™?)
Pt-Ru/C
2017 035V 25°C 23.1% Methanol 53
(4 mg cm™?)
20°C 39.7%
10°C 37.0 %
S S This
2021 30 mA cm? 0°C 33.1% E-fuel Catalyst-free graphite felt .
worl
-10°C 27.5%
-20°C 252 %
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Table 5-2 Peak power density comparison among various liquid fuel cells.

Peak power
Liquid
Year Temp. density fuel Catalysts for liquid fuel oxidation Ref.
uel
(mW cm?)

2004 20°C 14.00 Methanol PtRu black (4 mg cm™?) 43
2004 23°C 16.50 Methanol Pt/Ru (4-6 mg cm?) 54
2006 2°C ~16 Methanol PtRu (4 mg cm™?) 45
2007 18.4°C ~23 Methanol PtRu (4 mg cm™) 55
2008 R.T. 58.00 Ethanol PtRu black (3 mg cm™?) 56
2009 20°C 58.00 Ethanol Pd-(Ni-Zn)/C (1 mg cm?) 57
2009 20-22°C 18.4 Ethanol Pd/MWCNT (0.7 mg cm™2) 58
2011 16~26°C 33 Methanol Pt:Ru (5 mg cm?) 47
2014 25+1°C 43.0+0.9 Methanol PtRu black and PtRu/C (2 mg cm™?) 50
2015 R.T. 47 Ethanol Pd-CeO2/C (1 mg cm™?) 52
2017 25°C 29 Methanol Pt-Ru/C (4 mg cm?) 53
2019 20°C 54 Ethanol Pd/C (5 mg cm™?) 59

20°C 199.2

10°C 150.7

This
2021 0°C 118.9 E-fuel Catalyst-free graphite felt
work
-10°C 76.7
-20°C 67.4
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Table 5-3 EIS fitting results of this fuel cell at operating temperatures from
-20°C to 20°C.

Temperature L Re Ret Qct Ra Qa
C) (nH) | (Ohm) | (Ohm) (Ohm™ s™) et (Ohm) (Ohm™ s™) fla
-20 3.958 0.648 181.50 0.056 0.920 1.722 0.013 0.751
-10 3.838 0.626 131.10 0.059 0.916 1.864 0.010 0.796
0 3.872 0.509 58.47 0.061 0.905 1.025 0.011 0.787
10 3.861 0.459 32.42 0.065 0.906 | 0.413 0.015 0.765
20 1.187 0.350 18.73 0.114 0.880 | 0.053 0.007 0.917
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Table 5-4 EIS fitting results of this fuel cell with anolyte flow rates from 10
to 60 mL min™! at -20°C and 0°C.

Temp. Flow rate L Ra Rt Q. R4 Qa

() (mL min™) (nH) (Ohm) (Ohm) (Ohm™! s") e (Ohm) (Ohm! s") o
10 3.960 0.654 199.90 0.055 0.921 1.754 0.013 0.755
20 3.958 0.648 181.50 0.056 0.920 1.722 0.013 0.751
2 40 3.852 0.598 134.80 0.059 0.919 1.633 0.010 0.795
60 3.852 0.608 121.00 0.059 0.918 1.661 0.010 0.799
10 3.714 0.512 89.66 0.059 0.912 0.773 0.013 0.776
20 3.718 0.508 75.17 0.059 0.911 0.703 0.014 0.770
’ 40 3.819 0.501 67.30 0.061 0.910 0.655 0.011 0.795
60 3.831 0.494 62.50 0.062 0.904 0.607 0.019 0.729
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Chapter 6 Mathematical modeling

6.1 Introduction

In recent decades, due to the growing needs for energy across the globe, the
search for sustainable energy sources to replace the traditional fossil fuels
has attracted increasing attention. [1-3] To date, diverse kinds of novel
power generation systems have been developed, among which the proton
exchange membrane fuel cell (PEMFC) employing hydrogen as fuel has
received great attention. [4,5] However, hampered by the difficulties of
hydrogen production, storage, and transportation, the widespread adoption
of PEMFC:s is still being restricted. [6,7] As an alternative, liquid fuel cell
using alcohol fuels instead of hydrogen is believed to be a promising
candidate. [4,8,9] While the liquid fuel cells avoid the difficulties associated
with the handling of gaseous fuels, their limited performance become the

major barriers in their commercialization process. [10,11]

Recently, an innovative fuel cell using an electrically rechargeable liquid
fuel (e-fuel) has attracted research attentions worldwide. [12-14] Using the
e-fuel and oxygen, we have developed a liquid fuel cell and investigated its
performance under various operating conditions. [15,16] While the
demonstrated system has presented its superior performance, it is believed
that there remains a large room for further performance improvement in the
future. Therefore, it is necessary to develop a mathematical model that can

simulate the processes in the system under different conditions as: 1) it can
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help to gain an in-depth insight on the complex physical and chemical
processes which occur inside the cell; [17-20] and ii) it can give an effective
and economical approach to predict the influences of various structural and
operation parameters on the fuel cell performance and further provide

directions for future system improvement.

In this work, a two-dimensional transient model has been developed for a
liquid fuel cell fed with the e-fuel. To begin with, the experimental data has
been compared with the simulation results for validation, which is found to
show a good agreement. Thereafter, to illustrate the effects of various
structural parameters and operating conditions, the cell performance is
simulated by varying the e-fuel compositions, oxygen concentrations,
electrode porosity and thickness, as well as exchange current densities.
Moreover, to gain an extensive knowledge for the e-fuel cell and analyze
the major factors limiting its performance, the concentration distributions of
reactive species in the cell are obtained to provide substantial information

inside the cell.

6.2 Model formulation

6.2.1 Physical and chemical processes

The computational domain of the cell is presented in Figure 6.1, comprising
of the anode/cathode current collectors, a porous anode, an ion exchange
membrane (IEM), and a porous cathode diffusion layer (CDL) coated with

cathode catalyst layer (CCL). During the cell operation, the e-fuel would
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transport from the tank to the anode surface for the oxidation reaction as

shown below:[12]

Anode: V2t > V3t + e~ E2=-026V (1)
The released electrons would then follow the external electrical circuit to
reach the cathode side. Meanwhile, the oxidant will diffuse through the CDL
to the CCL surface to react with the protons and electrons as:[12]

Cathode: 0, + 4H" + 4e~ - 2H,0 E2=+123V (2)
The overall reaction can thus be expressed as:[12]
Overall: 4V2* + 0, + 4H* - 4V3* + 2H,0 E°=149V (3)
Therefore, thermodynamically, the theoretical voltage of this cell is as high

as 1.49 V, which exceeds that of the convectional alcohol fuel cells and

PEMFCs.[12]
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Figure 6.1 Schematic of the domain of passive liquid fuel cell.
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6.2.2 Model assumptions
To simplify the multiple physical and chemical processes occurring inside

the cell, the computational 2D model considers the following assumptions:

1) Properties of anode, cathode and membrane are regarded to be

homogeneous and isotropic.
2) The crossover of liquid/gas flow across the membrane are neglected.
3) Side reactions are neglected.
4) The liquid water generated during the cell operation is ignored.
5) The two-step dissociation of sulfuric acid is fully completed.

6.2.3 Governing equations

6.2.3.1 Anode

6.2.3.1.1 Mass transport

The mass transport of various species at the anode side mainly follows
diffusion and migration. Following the Nernst-Plank equation, the molar
flux (IVi) of each specie i can be described as:[21]

N, = =D{"'VC; — zu"F (0, (4)
where C; and z; is the concentration and charge number of species i (i = V¥,
V3*, HY, SO4%), respectively. F denotes Faradic constant. The effective
diffusivity (Die 11 ) in the porous anode is given by the Bruggeman relation
as: [22]

Dieff — Sal.SDi (5)
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where €, represents the porosity of anode and D; represents the diffusion
coefficient of specie i. The effective mobility (uf Ir ) in the porous anode

follows the Nernst-Einstein relation as: [23]

ff
eff _Df
Ui = r (6)

The mass conservation of each specie inside the anode at the transient state

can be expressed as:[24]

0eqCi

LN, = S; (7)

The source term S; is the consumption/production rate of the species i
resulted from the electrochemical reactions occurred in the porous anode,

which is represented as:[17]

Si =1l (8)

NngF

where v,, n, and i, denote the stoichiometric coefficient, the number of

participating electrons and the anode current density, respectively.

6.2.3.1.2 Charge transport
Inside the porous anode, the liquid fuel is considered as electrically neutral.
Therefore, the electroneutrality can be described by (i = V2, V3*, H, SO4%):

[25]

ZZi Ci =0 (9)
During the cell operation, the charges transfer from the liquid phase to the
solid electrode phase and generate current. Therefore, the charge

conservation can be described as:[17]
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i@ =V lg ==V igg (10)

where 1, is the total ionic current due to ions transfer in the solutions (i =
V, V3, HY, SO4%), which is given by:[17]
lag = FXz N, (11)

while 7, ; represents the total electronic current as: [17]

las = —0TV0, (12)

f

where @, and a;f are the electric potential and effective electronic

conductivity of anode, respectively. The a(ff T is calculated by the

Bruggeman correction as: [25]
ol = (1 -0, (13)
where g, is the electronic conductivity of the anode.

6.2.3.2 Cathode

6.2.3.2.1 Mass transport

At the cathode side, the diluted species approximation was used to describe
the species transport. The air is diffused through the porous CDL to the CCL

and the oxygen flux (IVOZ) is defined by Fick's law: [26]

No, = =D/’ ve,, (14)

where Cy, is the concentration of oxygen. The effective diffusivity Dgic Tis

given by the Bruggeman relation as: [22]

3

DSff = eccl/cdlEDOZ (15)

129



where &cci/cqr represents the porosity of the CCL or CDL and Dy,
represents the diffusion coefficient of oxygen. The mass conservation at

cathode side is given by:

oL + VNo, = S, (16)
where the source term (Sp,) can be represented as:[27]
So, = 221 (17)

neF
where vy,, n. and i, denote the stoichiometric coefficient, the number of

participating electrons and the cathode current density, respectively.

It is worth mentioning that when pure oxygen is used, the cathode is
assumed to be fully filled with oxygen, where the oxygen concentration in

the CCL and CDL are expressed as:[26]
COZ=C82,pure (1 8)

6.2.3.2.2 Charge transport
During the cell operation, the charge conservation in CCL is described

by:[17]
=V =-V-Iiy (19)

where 1., is the total ionic current due to ions transfer, which is given by:[17]

?,l) = _accl,lv Q)c,l (20)
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where o, ; and @, are the ionic conductivity and ionic potential of CCL,
respectively. 1. is the total electronic current due to electron transfer in the

solid CCL following the Ohm’s law:[17]
E = _O-CCl,SVQC,S (21)

where o, s and @ ; are the electronic conductivity and electric potential of

CCL, respectively.

6.2.3.3 Ion exchange membrane

Since there is no reaction in the IEM, the ionic current (1,,,) transport across

membrane is given as:[17]

Un) = _vad)m (22)

where g, and ¢, are the ionic conductivity and ionic potential of the
membrane, respectively. Furthermore, the conservation of charge in the

membrane gives:[17]
V'i,=0 (23)

The proton flux (Ny+) through the membrane is expressed as:[17]

N—H;:%:_"Tm Vo, (24)

6.2.3.4 Electrochemical kinetics

In the anode, the interfacial reaction kinetics between the anode surface and

liquid e-fuel are governed by the Butler-Volmer equation: [17]
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la = @yaloa(Cyae) o (Cypan)os exp (45700) —exp (- 57)] 25)

where a, , denotes the anode specific area. o, , and o, is the anode
anodic and cathodic charge transfer coefficient, respectively. n, represents
the anode overpotential. The reference anodic exchange current density is
defined as:[17]

loa = Fkg (26)

where k, is the rate constant for anode reaction. While in CCL, Tafel

equation is adopted for the calculation of the cathode current density: [26]

cet ve acFy

. . 2 C C

ic = Qycloc| rer | €xp (—) 27)
Coo RT

ccl ref

W 29)
1 Cg <G,

where a, . denotes the CCL specific area, iy, represents the reference
cathodic exchange current density, a. denotes cathode charge transfer
coefficient and 7, represents cathode overpotential. The reaction order (y,)
is set to be zero when the oxygen concentration in the CCL (ngl) exceeds
the reference concentration (C gzef ). The overpotentials on anode and cathode

are represented as:[17]

Najc = Q)a/c,s - (Da/c,l - Ea/c (29)

where the anode equilibrium potential (E,,) is defined by the Nernst equation

as:[17,21]

E, = E¢+%In (Cﬁ) (30)

Cy2+
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In the meanwhile, the cathode equilibrium potential (E.) is defined as:
E.=E? 31

where E?2 and E? is the equilibrium potentials of the anode and cathode half

reactions, respectively.

6.2.3.5 Boundary conditions

It is assumed that no inward flux exists at the outer wall of the domain,

which can be expressed by:

—#N, =0 (32)

In the anode, at the tank/current collector interface, the concentration of
species i is assumed to be constant, which is expressed as:[26]

C,=C? (33)

where C? is the initial concentration of species i. Similarly, at the interface
between the cathode current collector and outside, the oxygen concentration

is assumed to be constant as:[26]

Co,=C3 . (34)
where CJ , 18 the initial concentration of oxygen.

At the electrode/membrane interfaces, the ionic potential is assumed to be

continuous, which can therefore be expressed as:[17]
Q)a/c,l - (Z)m =0 (35)
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Moreover, the flux of species is at the anode/membrane interface are given

as:[17]
N, =0( #H") (36)
Ny =2 (37)

6.3. Results and Discussion

6.3.1 Model validation

To begin with, the model is first validated by comparing the numerical
results with the experimental data. As reported, the experiment was
conducted using a home-made passive fuel cell where the e-fuel composed
of V2" ions in 3.0 M H2SO4 and ambient air are supplied as reactants. Using
the same operation parameters, the simulated results show a good agreement
with the experimental data under a wide range of e-fuel concentrations from
0.2 to 1.0 M V2" ions as presented in Figure 6.2, which thereby demonstrates

the accuracy of the model developed.

2.0 Anolyte: E-fuel (V** + 3.0 M H2S04) o 0.2Mexp.
| Oxidant: Ambinet air 0.4 M exp.
Temperature: 25 °C 0.6 M exp.
v 0.8 Mexp.
1.5 < 1.0 M exp.
—#—0.2 M sim.
— 0.4 M sim.
S 0.6 M sim.
g 10 .
(o)) . sim.
8
S
0.5
0.0

0 50 100 150 200 250 300
Current Density (mA cm?)

Figure 6.2 Model validation
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A further analysis of the simulation results shows that, the cell performance
is found to be significantly enhanced with the increment of the e-fuel
concentration. Such a change can be traced back to the presence of more V2
ions on the electrode surface (Figure 6.3). When examined under the same
current density, the concentration of V2* ions within anode is found to
increase with the e-fuel concentration, which enables a lower concentration

polarization loss and further ensures a better cell performance. [28]
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Figure 6.3 Effect of the e-fuel composition on the concentration distribution
of V2" ions at the anode

Moreover, the performance boost can be ascribed to the improved mass
transport due to the enhanced diffusion process. It is also worthy noticing
that irrespective of the e-fuel composition used, when the discharging
current density approaches the respective maximum current density, the

concentrations of VZ* ions in the electrode are all identical and extremely
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low, which thereby demonstrates the limited mass transport to be the major
reason restricting the cell performance. However, undeniably, the deviation
in the cell voltage between the model and experiment results becomes
relatively larger as the liquid e-fuel concentration gets higher and the
discharging current density rises. Such a difference is considered to arise
from the assumptions made during modeling. For instance, the assumption
of no liquid e-fuel crossover through the membrane ignored the possible
mixed overpotential loss induced, while the ignorance of liquid water
generated during cell operation disregards the negative impacts associated
with the water flooding issue, which therefore make the model to be unable
of achieving a perfect fitting with the experimental results.

6.3.2 Effect of the anode thickness

As a key structural parameter, the anode thickness has a great impact on cell
performance. On the one hand, a thicker anode could ensure a larger surface
area and thereby offer more reactive sites for the electrochemical reaction
to lower the polarization loss. On the other hand, the larger anode thickness
may lead to a longer path for the species transport and thereby result in a
higher mass transfer resistance to limit the cell performance. [29] Therefore,
to examine its actual influence, using the model developed, the effects of
anode thickness are studied here. As in Figure 6.4, the cell using five
different anode thicknesses including 1.0, 1.5, 2.0, 2.5, and 3.0 mm have

been simulated, where the cell performance is found to be improved with
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the anode thickness.

2.0
Anolyte: E-fuel (1.0 M V** + 3.0 M H2S0a) —=—3, =1.0mm
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Figure 6.4 Effect of the anode thickness on the cell performance

More detailly, both the cell voltage and maximum current density boost as
the anode thickness increases. Notably, the passive fuel cell using 3.0 mm
anode exhibits a maximum current density of 280 mA c¢cm, which thereby
demonstrates the significant role of anode thickness in determining the cell
performance.
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Figure 6.5 Effect of the anode thickness on the concentration distribution of

V2" ions at the anode.
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Furthermore, it is noted that when examined under the same current density,
the cell with a thicker anode is found to present a higher V** ions
concentration distribution (Figure 6.5), which thereby allows the cell to be
with better performance by alleviating the concentration polarization loss.
6.3.3 Effect of the anode porosity

The transport of reactive species inside this fuel cell mainly follows
diffusion and migration. Therefore, in addition to the anode thickness, the
anode porosity is also a key parameter that influences the delivery of
electroactive species to the reactive surface and further determines the cell
performance. Here, different anode porosities of 0.6, 0.7, 0.8, and 0.9 have

been used for numerical studies to analyze its effects (Figure 6.6).
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Figure 6.6 Effect of the anode porosity on the cell performance.

It shows that, at the low to middle current density region, the cell voltages
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using anodes of different porosities are similar. While in contrast, the cell
maximum current density is found to increase with the anode porosity,
where it rises from 190 mA cm? (0.6) to 230 mA cm™? (0.9). Such a
phenomenon is considered to be attributed to the higher reactants
permeability as a result of larger anode porosity, which thereby ensures the
electrode surface to be with higher e-fuel concentration. At 180 mA cm™
(Figure 6.7), for example, the concentration of V2* ions in the anode with a
porosity of 0.9 is much higher than that with a porosity of 0.6, which
therefore justifies the improved reactant mass transport. It is due to this
enhanced mass/charge transport inside the fuel cell, a lower concentration
polarization loss inside the porous anode is achieved which thereby lowers
the overpotentials and enhances the cell performance. [26]
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Figure 6.7 Effect of the anode porosity on the concentration distribution of
V2" ions at the anode.
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6.3.4 Effect of the cathode catalyst layer thickness

Similar to the porous anode, the CCL is also an essential part that not only
influences the oxygen transport but also provides reactive sites for the
cathode oxygen reduction reaction. Hence, the CCL thickness is also pivotal
to the cell performance. In this section, numerical model has been used to
study the effects of CCL thickness and the results are shown in Figure 6.8.
It suggests that the cell voltage gets higher with the increment of the CCL

thickness, which indicates an improved overall cell performance.

2.0 Anolyte: E-fuel (1.0 M V?* + 3.0 M H2S04) —#—5,,=10um
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Figure 6.8 Effect of the CCL thickness on the cell performance.

In more detail, for instance, the open-circuit voltage of the cell can be seen
to increase to 1.65 V as the cathode catalyst thickness increases 100 pum.
Such a boost in cell performance is due to that a thicker CCL can provide

more reactive sites and thereby lowers the cathode activation overpotential
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to achieve a higher cell voltage. [27] However, it is worth mentioning that,
the thicker CCL can also impede the oxygen transport due to the lengthened
channel and further show a negative effect on the cell performance
eventually. [30]

6.3.5 Effect of the oxygen concentration

During cell operation, the oxygen molecules are needed to transport through
the CDL to reach the CCL for participating the reactions. Hence, the oxygen
concentration is another major factor which is critical for the cell
performance. As presented in Figure 6.9, the cell fed with the pure oxygen
is found to achieve a higher cell voltage in comparison to its performance

when fed with ambient air.
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Figure 6.9 Effect of the oxygen concentration on the cell performance.

Such a result is due to the presence of more oxidant molecules within the

cathode by using pure oxygen, which thereby leads to a lower activation loss
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and further lower the cathode overpotential. However, it is also found that,
using both the pure oxygen and the ambient air as oxidant, the cell exhibits
the same maximum current density. On top of that, as presented in Figure
6.10, even when ambient air is fed, the oxygen concentration gradient from
the outlet to the CCL remains small in spite of the discharging current
density approaching the maximum current density, which thereby suggests
the oxygen concentration be sufficient throughout the whole test. In contrast,
at near the maximum current density, the concentration of electroactive
species inside porous anode is found to be extremely low. Such a
phenomenon thus indicates that the major reason limiting the fuel cell
performance arises from the insufficient electroactive species inside the
porous anode, while the oxidant due to the relatively high diffusion

coefficient of gaseous oxygen is not the primary cause.
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Figure 6.10 Concentration distributions of V2* ions at the anode and oxygen
at the cathode.

6.3.6 Effect of the anodic/cathodic exchange current density

Besides various structural parameters, the electrocatalytic activity also
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affects the system performance. The exchange current density is an indicator
of the electrode -electrocatalytic activity, which can reflect the
electrochemical kinetics of the reactions. [31] Therefore, here, the effects of
exchange current density on the cell performance are investigated (Figure

6.11), where their increments are found to boost the cell performance.
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Figure 6.11 Effect of the (a) anodic and (b) cathodic exchange current
densities on the cell performance.

For instance, the cell voltage is found to be increased as the cathodic
exchange current density rises, demonstrating the importance of cathode
catalytic reactivity towards the cell performance. More detailly, at 50 mA
cm?, the cell voltage has been found to elevate to 1.32 V as the cathodic
exchange current density increased to 100 A cm™, proving an improved cell
performance due to lowered cathode overpotential. Similar performance
enhancement is also found with the increase of anodic exchange current
density, where a lower anode overpotential results in a better cell
performance. Overall, the highest anodic and cathodic exchange current
density are proved to offer the best cell performance. Therefore, it is

believed that, increasing the exchange current densities via developing
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porous anode and cathode catalyst materials with better catalytic reactivity
should be regarded as an efficient approach to boost the fuel cell
performance.

6.4 Summary

In this work, a 2D transient model for the liquid fuel cell fed with the e-fuel
has been developed. This numerical data shows a superior agreement with
experimental results, which not only demonstrates its accuracy but also
helps to analyze the concentration distribution of reactive species within the
cell, showing the limited mass transport of e-fuel to be the major reason
restricting the cell performance. In addition, various structural parameters
such as the anode thickness, anode porosity, and CCL thickness are also
studied, where their increment are all found to boost the cell performance.
Meanwhile, the effect of oxygen concentration is also examined, where the
usage of oxidant with a higher oxygen concentration is found to be able of
achieving a higher cell voltage while the predominant reason limiting the
operational current density range is found to be arising from the anode side
due to the slow e-fuel transport. Furthermore, the anodic and cathodic
exchange current densities are also demonstrated to influence the cell
performance due to the significant roles of electrodes catalytic reactivity in
influencing the anode and cathode overpotential. In the future, it is believed
that with the development of catalysts with excellent electrocatalytic

reactivity especially for the oxygen reduction reaction, the cell performance
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can be further boosted and finally achieve the commercialization of the

system.

145



6.5 References

1. M.K. Singla, P. Nijhawan and A. S. Oberoi, Hydrogen fuel and fuel cell
technology for cleaner future: a review, Environmental Science and
Pollution Research, 2021, 28, 15607-15626.

2. J. Wang, H. Wang and Y. Fan, Techno-economic challenges of fuel cell
commercialization, Engineering, 2018, 4, 352-360.

3. N. Sazali, W. N. Wan Salleh, A. S. Jamaludin and M. N. Mhd Razali,
New perspectives on fuel cell technology: A brief review, Membranes, 2020,
10, 99.

4. N. Shaari, S. K. Kamarudin, R. Bahru, S. H. Osman and N. A. I. Md
Ishak, Progress and challenges: Review for direct liquid fuel cell,
International Journal of Energy Research, 2021, 45, 6644-6688.

5. S. K. Suraparaju, S. K. Natarajan and P. Karthikeyan, 2019.

6. M. E. Scofield, H. Liu and S. S. Wong, A concise guide to sustainable
PEMFCs: recent advances in improving both oxygen reduction catalysts and
proton exchange membranes, Chemical Society Reviews, 2015, 44, 5836-
5860.

7. M. M. Whiston, I. s. M. Lima Azevedo, S. Litster, C. Samaras, K. S.
Whitefoot and J. F. Whitacre, Hydrogen storage for fuel cell electric vehicles:
Expert elicitation and a levelized cost of driving model, Environmental
Science & Technology, 2020, 55, 553-562.

8. B. Ong, S. Kamarudin and S. Basri, Direct liquid fuel cells: A review,

146



International journal of hydrogen energy, 2017, 42, 10142-10157.

9. P. Kumar, K. Dutta, S. Das and P. P. Kundu, An overview of unsolved
deficiencies of direct methanol fuel cell technology: factors and parameters
affecting its widespread use, International Journal of Energy Research, 2014,
38, 1367-1390.

10. S. Abdullah, S. Kamarudin, U. Hasran, M. Masdar and W. Daud,
Modeling and simulation of a direct ethanol fuel cell: An overview, Journal
of Power Sources, 2014, 262, 401-406.

11. S.Basri, S. Kamarudin, W. Daud and Z. Yaakub, Nanocatalyst for direct
methanol fuel cell (DMFC), International Journal of Hydrogen Energy, 2010,
35, 7957-7970.

12. X. Shi, X. Huo, Y. Ma, Z. Pan and L. An, Energizing fuel cells with an
electrically rechargeable liquid fuel, Cell Reports Physical Science, 2020, 1,
100102.

13. X. Shi, X. Huo, O. C. Esan, L. An and T. Zhao, Performance
characteristics of a liquid e-fuel cell, Applied Energy, 2021, 297, 117145.
14. X. Shi, X. Huo, O. C. Esan, Y. Ma, L. An and T. Zhao, A liquid e-fuel
cell operating at— 20° C, Journal of Power Sources, 2021, 506, 230198.

15. X. Shi, Y. Dai, O. C. Esan, X. Huo, L. An and T. Zhao, A passive fuel
cell fed with an electrically rechargeable liquid fuel, ACS Applied Materials
& Interfaces, 2021, 13, 48795-48800.

16. X. Shi, X. Huo, O. C. Esan, Y. Dai, L. An and T. Zhao, Manipulation of

147



Electrode Composition for Effective Water Management in Fuel Cells Fed
with an Electrically Rechargeable Liquid Fuel, ACS Applied Materials &
Interfaces.

17. O. C. Esan, X. Shi, X. Su, Y. Dai, L. An and T. Zhao, A computational
model of a liquid e-fuel cell, Journal of Power Sources, 2021, 501, 230023.
18. S. Abdullah, S. K. Kamarudin, U. A. Hasran, M. Masdar and W. R. W.
Daud, Electrochemical kinetic and mass transfer model for direct ethanol
alkaline fuel cell (DEAFC), Journal of Power Sources, 2016, 320, 111-119.
19. K. Oh, H. Yoo, J. Ko, S. Won and H. Ju, Three-dimensional, transient,
nonisothermal model of all-vanadium redox flow batteries, Energy, 2015,
81, 3-14.

20. T. T. Pham, F. Mollaamin, M. Monajjemi and C. M. Dang, A review of
2019 fuel cell technologies: modelling and controlling, International Journal
of Nanotechnology, 2020, 17, 498-513.

21. K. Knehr, E. Agar, C. Dennison, A. Kalidindi and E. Kumbur, A
transient vanadium flow battery model incorporating vanadium crossover
and water transport through the membrane, Journal of The Electrochemical
Society, 2012, 159, A1446.

22. M. Ismail, D. Ingham, K. Hughes, L. Ma and M. Pourkashanian,
Effective diffusivity of polymer electrolyte fuel cell gas diffusion layers: an
overview and numerical study, International Journal of Hydrogen Energy,
2015, 40, 10994-11010.

148



23. X. Zhou, T. Zhao, L. An, Y. Zeng and X. Yan, A vanadium redox flow
battery model incorporating the effect of ion concentrations on ion mobility,
Applied energy, 2015, 158, 157-166.

24. S. Won, K. Oh and H. Ju, Numerical analysis of vanadium crossover
effects in all-vanadium redox flow batteries, Electrochimica acta, 2015, 177,
310-320.

25. H. Sathisha and A. Dalal, Two-Dimensional Unsteady Simulation of
All-Vanadium Redox Flow Battery, Journal of Thermal Science and
Engineering Applications, 2016, 8.

26. L. An, Z. Chai, L. Zeng, P. Tan and T. Zhao, Mathematical modeling of
alkaline direct ethanol fuel cells, international journal of hydrogen energy,
2013, 38, 14067-14075.

27. X. Su, Z. Pan, L. An and Y. Yu, Mathematical modeling of direct
formate fuel cells incorporating the effect of ion migration, International
Journal of Heat and Mass Transfer, 2021, 164, 120629.

28. Z. Yuan, J. Yang, Y. Zhang and X. Zhang, The optimization of air-
breathing micro direct methanol fuel cell using response surface method,
Energy, 2015, 80, 340-349.

29. S. Kumar and S. Jayanti, Effect of electrode intrusion on pressure drop
and electrochemical performance of an all-vanadium redox flow battery,
Journal of Power Sources, 2017, 360, 548-558.

30. S. Matar and H. Liu, Effect of cathode catalyst layer thickness on

149



methanol cross-over in a DMFC, Electrochimica Acta, 2010, 56, 600-606.
31. Z. Pan, Y. Bi and L. An, Mathematical modeling of direct ethylene
glycol fuel cells incorporating the effect of the competitive adsorption,
Applied Thermal Engineering, 2019, 147, 1115-1124.

32. H. Meng, A two-phase non-isothermal mixed-domain PEM fuel cell
model and its application to two-dimensional simulations, Journal of Power
Sources, 2007, 168, 218-228.

33. M. Ghasabehi, M. Ashrafi and M. Shams, Performance analysis of an
innovative parallel flow field design of proton exchange membrane fuel
cells using multiphysics simulation, Fuel, 2021, 285, 119194.

34. K. Oh, S. Won and H. Ju, A comparative study of species migration and
diffusion mechanisms in all-vanadium redox flow batteries, Electrochimica
acta, 2015, 181, 238-247.

35. Y. Q. Xue, H. Guo, H. H. Shang, F. Ye and C. F. Ma, Simulation of mass
transfer in a passive direct methanol fuel cell cathode with perforated current
collector, Energy, 2015, 81, 501-510.

36. E. Ali, H. Kwon, J. Choi, J. Lee, J. Kim and H. Park, A numerical study
of electrode thickness and porosity effects in all vanadium redox flow
batteries, Journal of Energy Storage, 2020, 28, 101208.

37. S. Zhang, S. Beale, U. Reimer, M. Andersson and W. Lehnert, Polymer
electrolyte fuel cell modeling-A comparison of two models with different
levels of complexity, International Journal of Hydrogen Energy, 2020, 45,

150



19761-19777.

38. F. Wandschneider, M. Kiittinger, J. Noack, P. Fischer, K. Pinkwart, J.
Tiibke and H. Nirschl, A coupled-physics model for the vanadium oxygen
fuel cell, Journal of Power Sources, 2014, 259, 125-137.

39. R. Chen and T. Zhao, Mathematical modeling of a passive-feed DMFC
with heat transfer effect, Journal of Power Sources, 2005, 152, 122-130.
40. W. Cai, S. Li, L. Feng, J. Zhang, D. Song, W. Xing and C. Liu, Transient
behavior analysis of a new designed passive direct methanol fuel cell fed
with highly concentrated methanol, Journal of Power Sources, 2011, 196,

3781-3789.

151



Tables:

Table 6-1 Structural parameters.

Symbol Description Value Unit Ref.
h Cell height 0.02 m [15]
w Cell width 0.02 m [15]
Sano Anode thickness 0.0015 m [17]

Om Membrane thickness 25 um [32]
bcar Thickness of CDL 260 um [33]
bl Thickness of CCL 10 um [33]

&, Porosity of anode 0.68 / [34]
Ecdl Porosity of CDL 0.7 / [35]
Eccl Porosity of CCL 0.3 / [35]
a,, Specific area of the porous anode 16200 m! [36]
ay el Specific area of the CCL 2x10° m! [33]

g, Electrical conductivity of the solid phase 1000 Sm'! [36]
O Membrane conductivity 5.5 Sm'! [26]
Ocars Electrical conductivity of CDL 5000 Sm'! [37]
Occls Electrical conductivity of CCL 2000 Sm'! [37]
Occl Tonic conductivity of CCL 3.05 Sm'! [17]
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Table 6-2 Properties and parameters.

Symbol Parameter description Value Unit Ref.
C 32+ Initial concentration of V* 1000 mol m [15]
c 33+ Initial concentration of V** 200 mol m [15]
C ?ﬁ Initial concentration of H* 6000 mol m [15]

C 0021,"-,. Initial concentration of Oz in air 8.584 mol m? [26]

C9, pure | Initial concentration of pure O: 40.876 mol m [26]
C Z‘;f Reference concentration of O 40.876 mol m [26]
D2+ Diffusion coefficient of V* 2.4x 1010 m?s™! [38]
D3+ Diffusion coefficient of V3* 2.4x 1010 m?s™! [38]
Dy+ Diffusion coefficient of H 9.3x10° m?s™! [38]

D2~ Diffusion coefficient of SOs* | 1.07 x 10” m?s™! [38]
Do, Diffusion coefficient of Oz 2.5%x103 m?s™! [39]
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Table 6-3 Electrochemical parameters

Symbol Description Value | Unit | Ref.
a Anode anodic charge transfer coefficient 0.4 / Est.
aa
a,. Anode cathodic charge transfer coefficient 0.6 / Est
o, Cathode charge transfer coefficient 0.5 / [26]
k, Anode reaction rate constant 7x10% | ms?t | [34]
iy Reference cathodic exchange current density 0.11 Am? | [40]
E? Anode equilibrium potential -0.26 VvV | [15]
E? Cathode equilibrium potential 1.23 A% [15]
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Nomenclature

ay: Specific area, m'!

C: Species concentration, mol m™
D: Diffusion coefficient, m* s!

E: Potential/voltage, V

E’: Equilibrium potential, V

F: Faradic constant, A s mol!

h: Cell height, m

i : Current density, A m?

iy: Reference exchange current density, A m
k: Reaction rate constant, m s°!

N: Flux, mol m? s’!

n: Number of participating electrons
7 Normal vector

R: Universal gas constant, J mol! K-!
S: Source term

T: Operating temperature, K

t: Time, s

u: Mobility, mol s kg

v: Stoichiometric coefficient

w: Cell width, m

z: Valence of ion
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Greek

a: Charge transfer coefficient
¥: Reaction order

d: Thickness, m

&: Porosity

1: Overpotential, V

o: Conductivity, S m’!

@: potential, V

Superscripts

0: Initial

ccl: Cathode catalyst layer
eff: Effective

ref: Reference

Subscripts

a: Anode

c: Cathode

ccl: Cathode catalyst layer
cdl: Catalyst diffusion layer
H*: Proton

i: Species
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I: liquid

m: Membrane

0:: Oxygen

s: solid

SO Sulphate ion
V2*: Vanadium (II) ion

V3*: Vanadium (III) ion
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Chapter 7 Design and development of a fuel cell stack

7.1 Introduction

Due to the rapid change of climate and imminent energy crisis, the
development of renewable energy to replace conventional fossil fuels for
power generation has become an imperative option across the globe in the
last decades. [1-3] Among the diverse types of renewable power generation
systems, the proton exchange membrane fuel cell (PEMFC) using hydrogen
and oxygen for electricity production has received an increasing attention.
[4,5] The PEMFC possesses a lot of advantages including high efficiencies,
zero emission, and fast refueling. [6,7] However, up till now, the production,
storage, and transportation of hydrogen still lack effective solutions and
hence greatly restrict the commercialization progress of PEMFCs. [8]
Alternatively, direct liquid fuel cells (DLFCs) using liquid alcohols have
made notable progress and are considered to be a promising power
generation candidate. [9-11] However, while the DLFCs cracked the fuel
transportation difficulties faced by PEMFCs, by using liquid fuels, their
limited power densities are still far from practical application requirements.
[11]

Recently, a novel fuel cell using the electrically rechargeable fuel (e-fuel)
for power generation has been demonstrated, [12,13] where the e-fuel can
be made of a wide range of electroactive materials. As discussed above, by
employing vanadium-based e-fuel and oxygen as reactants, we have
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developed a liquid fuel cell and demonstrated its power generation
capability under different operating conditions. [14-18] While the cell is
proved to exhibit a substantially improved performance which exceeds other
conventional direct alcohol fuel cells, it is found that the water generated at
the cathode during the cell operation due to the oxygen reduction reaction
could lead to water flooding problem. [19] Such a phenomenon would block
the reactive sites at the cathode and further impede the mass transport of
reactive species, which thereby could lead to unstable and limited cell
performance, especially at low oxidant flow rates. [19]

Hence, in this work, to resolve the water flooding problem in the fuel cell,
polytetrafluoroethylene (PTFE) as one of the widely used hydrophobic
binding agents, [20,21] has been blended with Nafion and used as the binder
for cathode fabrication. It is believed that the PTFE not only helps with the
excessive water removal to avoid water flooding problem during the cell
operation, but also reduces the cathode production cost due to its cheaper
price in comparison to Nafion. [21] Using this blended binder cathode, a
fuel cell with an improved cell stability and a higher peak power density in
comparison to the cell using pure Nafion for the cathode is demonstrated.
Furthermore, a fuel cell stack, using the blended binder cathode, has also
been designed and fabricated, of which an excellent performance
consistency between its two individual cells is found and is capable of
powering a 3D-printed toy car. The significant cell performance and
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demonstration achieved in this work thus present the fuel cell as a promising
device feasible for future real-world applications.

7.2 Experiments

7.2.1. Preparation of the membrane electrode assembly

The home-made MEA used in this work consisted of an anode, a cathode
and a Nafion 211 membrane in the middle. The graphite felt (AvCarb G100,
Fuel Cell Store) was thermally treated in the air for 5 hours at 500°C before
its usage as the anode to enhance its hydrophilicity and activity. Meanwhile,
the Pt/C coated carbon paper cathodes were prepared following the
previously reported method. [13] The catalyst ink was first prepared by
mixing 60 wt. % Pt/C (Johnson Matthey Co., USA) as catalyst, 5 wt. %
Nafion (Fuel Cell Store, USA) and 60 wt. % PTFE (Fuel Cell Store, USA)
of different weight ratios as binder, and ethanol as solvent. Afterwards, the
ink was sprayed onto the carbon paper to form the catalyst layer with a
metallic loading of 2.0 mg c¢cm™. In this work, by altering the binder
compositions during ink preparation, three types of cathodes using 100 wt.%
Nafion, 50 wt.% Nafion and 50 wt.% PTFE, and 100 wt.% PTFE were
prepared and are denoted as Nafionio, NafionosPTFEos, and PTFE;,,
respectively. The Nafion 211 membrane was pretreated following the
reported standard procedure to ensure high proton conductivity and reduce
the membrane area resistance, which in turn lowers the ohmic polarization

loss of the cell for better performance. [13]
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7.2.2. Experimental apparatus

The surface morphologies and hydrophobicity of each fabricated cathode
were characterized by the field emission scanning electron microscope
(SEM) (Tescan VEGA3, Czechoslovakia) and the contact angle test
instrument (Theta Flex, Biolin, Sweden), respectively. The transparent fuel
cell was designed and fabricated using a transparent acrylic plate to visualize
the water flooding phenomenon at the cathode. During the test, the e-fuel is
delivered to the anode by a peristaltic pump at a flow rate of 60 mL min™!
from a tank of 120 mL e-fuel, while pure oxygen was fed to the cathode at
a flow rate of 10 sccm. The polarization curve tests were conducted using
another home-made active [13-15] and passive fuel cells [16] as reported
before, both of which have an active area of 2.0%2.0 cm?. For the active fuel
cell, the e-fuel and the oxygen were fed into the cell at 60 mL min! and 10
sccm, respectively. While for the passive fuel cell, a current collector with
an open ratio of 70 % was adopted. [16] Both cells used 20 mL e-fuel during
the tests. The stack performance was investigated with a home-made fuel
cell stack, which consists of two individual passive fuel cells each with 20
mL e-fuel tank. The active area of each individual cell in the stack was
2.0*4.0 cm?. The polarization and constant-current discharging tests were
carried out using an Arbin BT2000 (Arbin Instrument Inc.). All the

experiments were performed under room temperature.
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7.3 Results and discussion

7.3.1 Characterization of the blended binder cathodes

Excellent water management has been well recognized as a critical
requirement to provide the fuel cell with superior performance. [22,23] On
the one hand, good wettability of the electrode plays significant influence
towards securing a suitable humidity to ensure adequate membrane
hydration level and thereby allowing the ease of ion conduction and a lower
ohmic loss. [22] However, it is also required for the electrode to be capable
of removing excess liquid water so as to prevent water flooding. [24] Hence,
in this work, to achieve a balance between adequate membrane hydration
level and cathode water removal ability, the hydrophobic PTFE has been
blended with the hydrophilic Nafion during the catalyst ink preparation for
the cathode fabrication. [25] Then, to investigate the effects of the binder
compositions on the hydrophilicity of the cathode catalyst layer, the water
contact angles of the prepared cathodes have also been tested as shown in

Figure 7.1.

@) Nafion1.0 (b) Nafion0.5 PTFEO.5 (©) PTFE1.0
6 = 140.00 0 =152.99 0 =158.42°

Figure 7.1 Contact angles of (a) Nafionio, (b) NafionosPTFEos, and (c)
PTFE; o cathodes, respectively.

It is observed that, a contact angle of 140.00°, 152.99°, and 158.42° is
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presented for the Nafionio, NafionosPTFEos, and PTFE;o cathodes,
respectively. Such result thereby suggests that the use of more PTFE during
electrode fabrication can result in better hydrophobicity as expected, which
thereafter can enhance the water removal ability of the cathode. [24]
Furthermore, to examine the effects of the binder composition on the surface
morphologies of the cathodes, the SEM images of the three cathodes have
also been captured. As presented in Figure 7.2, no obvious morphology
change is found, which thereby demonstrates that the addition of PTFE to
Nafion does not make any significant influence on the cathode catalyst layer

structure.

Figure 7.2 Surface morphologies of (a) Nafion o, (b) NafionosPTFEg s, and
(c) PTFE; o cathodes, respectively

7.3.2 General performance

In this work, to address the water flooding issue, the hydrophobic PTFE
ionomer has been blended with the conventional Nafion resin and used as
the binding agents to fabricate a blended binder cathode. The fabricated
NafionosPTFE.s cathode using a blended binder of 50% wt. Nafion and 50%
wt. PTFE is then examined and the results are as shown in Figures 7.3 (a)

and (c). It can be seen that, with the active and passive cell design, a peak
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power density of 552.68 and 120.90 mW cm™ has been demonstrated,
respectively. Such a superior performance not only exceeds that of the pure
Nafion/PTFE cathodes as presented below, but also substantially surpasses
those of the conventional alcohol fuel cells (Figures 7.3 (b) and (d) and
Tables 7-1 and 7-2). [34-56] Thus, with the advantages of achieving a
balance between an adequate membrane hydration level and a satisfactory
cathode water removal ability as demonstrated in the following sections, this
presented blended binder cathode is believed to be a promising candidate
for future use. Furthermore, this fuel cell system should be considered as a

powerful competitor with promising potential for practical applications.
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Figure 7.3 General performance and peak power density comparison of (a-
b) active and (c-d) passive fuel cells with the data available in the open
literature.
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7.3.3 Effect of the cathode binder composition
7.3.3.1 Visualization of cathode flow channels

As discussed previously, the water flooding problem at the cathode could
severely deteriorate the cell performance. [26] Hence, to evaluate the impact
of the prepared cathodes on the cell performance and demonstrate their
abilities for water removal, a fuel cell with a transparent cathode flow field
has been designed and fabricated (Figure 7.4) to enable the visualizations of

the water flooding phenomenon.

/ \ Ano%skel\ Current collector
Membrane Anode flow field

/ Cathode
"
/ Cathode flow field

End plate Acrylic plate

\

Figure 7.4 Design of a fuel cell with a transparent cathode endplate.

Three cathodes of different binder compositions have been assembled into
the cell for the analysis and the results are as shown in Figures 7.5 and 7.6.
It can be seen that, when Nafion o is tested, the cell can only be operated
for ~50 mins before the cell voltage drops to 0.5 V. Such a limited cell
performance is mainly caused by the poor water removal ability of the
cathode as evidenced in Figure 7.6, where obvious water flooding
phenomenon can be seen especially at points A4 and As. It is attributed to
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the presence of excessive liquid water which not only covers the active
reaction surface, but also impedes the transport of oxygen molecules,
resulting in insufficient oxidant feeding and thereby leading to the sudden

voltage drop. [27]

1.50 Anolyte: E-fuel (1.0 M V(Il) + 3.0 M H2S04) Nafion, , (A)
Oxidant: Oxygen, 10 sccm o
FMembrane: Nafion 211 Naflon, FTFE, (B)
Current density: 150.0 mA cm? PTFE,, (C)
1.25}-°
b C,
; A,
>
2 1.00
—
o \( 4
> N C-
0.75
0.50 L— —
0 40 80 120 160 200

Time (mins)

Figure 7.5 Constant-current discharging behaviors of the fuel cell with three
cathodes.

In order to further justify this conclusion, immediately after the cell voltage
drops to 0.5V the oxygen flow rate has been increased from 10 to 500 sccm
and as shown Figure 7.7, a sudden voltage jump can be seen right after the
change of the oxygen flow rate and the cell is found to be capable of
operating stably thereafter. Such a phenomenon therefore again proves that
the limited cell performance using Nafion; o arises from the poor cathode

water removal ability while the high oxygen flow rate can help with the
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water removal due to the enhanced gas sweeping effect on the liquid water,

which thereby alleviate the water flooding issue. [28]

0.00 h (A,) 0.25h (A,) 0.75h (A,)

0.83 h (A5

0.50 h (As)

0.00 h (B,) 2.00 h (B,) 3.00 h (B)

0.00 h (C)) 0.50 h (Cy) 1.00 h (C5) 2.00 h (Cy) 3.00 h (Cs)

Figure 7.6 Visualization of the flow channel of the fuel cell with three
different cathodes.

In contrast, for the fuel cell using NafionosPTFEos and PTFE; o cathodes,
the cell is found to be capable of operating stably for three hours under the
same operating condition. Furthermore, as shown in the photos (Figure 7.6),
the cathode flow channels are also found to be relatively dry during the
whole test, which thereby proves the improved water removal ability of the
cathode with the addition of PTFE during the electrode fabrication. In
summary, water flooding is found to be of critical issue which could
influence and limit the cell performance, however, the NafionosPTFEq s and
PTFE: cathodes have been proven to ease water removal during the cell

operation.
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Anolyte: E-fuel (1.0 M V(II) + 3.0 M H2SO4)
Oxidant: Oxygen, Nafion, PTFE .
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Figure 7.7 Constant-current discharging behavior of the transparent fuel cell
assembled with Nafion o cathode.

7.3.3.2 Polarization and power density curves

The wettability of the cathode not only closely relates to its water removal
ability but also plays a pivotal role in influencing the membrane hydration
level, which further determines the cell performance. [26] Hence, to further
evaluate the effects of the binder compositions, the polarization tests have
been conducted for cells assembled with three different cathodes, as shown
in Figure 7.8. It can be seen that, with both the active (Figures 7.8 (a-b)) and
passive (Figures 7.8 (c-d)) fuel cell designs, NafiongsPTFEos cathode is
demonstrated to achieve the best cell performance. Such a result is due to
that the NafionosPTFEo s cathode can achieve a more balanced membrane
hydration level and cathode water removal ability. [29] In comparison to
NafionosPTFEos, the Nafionio cathode due to its better wettability can

ensure the membrane with higher ionic conductivity and thereby a lower
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ohmic loss. [19,22] However, it can also result in the difficulty of removing
excess water generated during cell operation, which thereafter hampers the
oxidant delivery and further deteriorates the cell performance. In contrast,
the PTFE o cathode, though grants better oxidant delivery, also results in
larger ohmic loss and thereby limits the cell performance as it adversely

influences the membrane hydration level. [30]
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Figure 7.8 Experimental set-up and polarization & power density curves of

(a-b) the active and (c-d) the passive fuel cell assembled with three cathodes.

Therefore, overall, the NafionosPTFEq s cathode with its best performance
among all the cathodes tested and lower price than the Nafionio cathode, is
believed to possess great potential for future applications. It is also worth
mentioning that, when tested in the passive fuel cell, the PTFE; cathode

demonstrate a better and preferable performance in comparison to the
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Nafionio cathode, which thereby proves the significant effects of water
flooding on the passive fuel cell performance.
7.3.4 Lab-scale stack demonstration

7.3.4.1 General performance

As proved in the previous sections, using the Nafiono sPTFEo 5 cathode, this
presented fuel cell is found to achieve a performance exceeding that of
conventional direct liquid fuel cells. Hence, to demonstrate the potential of
this fuel cell for real application, in this work, a liquid fuel cell stack
consisting of two cells has been designed and fabricated as shown in Figure

7.9.

Figure 7.9 (a) Design and (b) fabrication of a fuel cell stack.

To begin with, in order to confirm the performance consistency of individual
cell, independent tests have been conducted on both cells under the same
operating condition and the results are as presented in Figure 7.10 (a). It is
observed that the two individual cells show an excellent performance
consistency over the whole tested current range, which thereby proves the
good reproducibility of the fabricated cell and justifies its potential for mass
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production and wide application in future. [9] On top of this, the
performance of the whole stack has also been investigated as shown in
Figure 7.10 (b). It is found that the whole stack is able to generate an open
circuit voltage of 2.37 V, a peak power of 1771.8 mW, and a maximum
current of 1441 mA. Such a superior performance, that outperforms the
majority of conventional liquid alcohol cell stacks at the same size in the
open literatures, [31-33] therefore presents this system to be of great

potential in realizing practical applications in the future.

(a) (b)
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Figure 7.10 (a) The consistency of two individual cells. (b) General
performance of this passive fuel cell stack.

7.3.4.2 Stack demonstration for powering a toy car

To further exhibit the application potential of this system, as a prototype
demonstration, a home-made toy car powered by the prepared liquid fuel
cell stack is designed and then fabricated using the 3D printing technology,
as shown in Figures 7.11 (a-b). Before starting, the constant-current
discharging test has been first performed for the liquid fuel cell stack and
the results are shown in Figure 7.11 (c). During the operation at 20 mA, the

stack exhibits a stable operation for ~5 hours indicating the capability of this
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cell for continuous power generation. Afterwards, when assembled into the
toy car, it is found that the stack is capable of generating enough power to
drive the toy car stably. Such a result therefore again suggests that this fuel
cell stack is of great potential to achieve real application such as powering
the future fuel cell electric vehicles. However, it is worth mentioning that,
one major limitation of this system is its relatively low energy efficiency of
12.55 %, which may be attributed to the reactive species crossover issue and
the undesired side reaction at the anode side as reported before, [16] both of
which can result in the loss of fuel capacity. Therefore, it is suggested that
future studies are still required to address these problems before realizing
the widespread commercialization of this system.

(a) Liquid fuel cell stack (C)
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Figure 7.11 (a) Design and (b) fabrication of a fuel cell powered toy car. (c)
Constant-current discharging behaviors of the fuel cell stack.

7.4 Summary
In this work, by manipulating the cathode composition, a blended binder

PTFE/Nafion cathode is fabricated and examined in an e-fuel cell. It is found
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that, introducing PTFE during cathode fabrication not only allows a more
balanced membrane hydration level and cathode water removal ability, but
also reduces the cathode production cost, which thereby grants the cell
higher peak power density, better stability, and lower capital cost.
Furthermore, to demonstrate the application potential of this system, a liquid
fuel cell stack consisting of two individual cells has also been designed and
fabricated. This stack is found to exhibit an excellent performance
consistency for its two individual cells and is capable of powering a toy car,
which therefore presents this system as a promising device feasible for
future study and real applications. However, it is also found that the energy
efficiency of this stack is still limited, which thereby requires future

investigations.
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Table

Table 7-1 Comparison of power densities among various active liquid fuel
cells.

PPD
Fuel | Year | Anode catalyst | Membrane | Temp (mW cm?) Reference
PtSn/ C o
2021 (1.0 mg cm?) Nafion 115 | 80 °C 31 [34]
Pt-Ru/C o
2020 (1.0 mg cm?) Nafion 117 | 40 °C 7.86 [35]
EtOH
PtRu o
2018 (2.0 mg om?) Nafion 117 | 80 °C 10 [36]
Pd/C o
2018 (1.0 mg om) Nafion 117 | 50 °C 7.5 [37]
Pt-Ru/C
° ~ 150
2019 (5.0 mg om?) Nafion 117 | 80 °C 5 [38]
Pt-Ru o
2019 (4.0 mg om?) Nafion 212 | 60 °C 51.78 [39]
MeOH
Pt-Ru o -
2018 (2.0 mg om?) Nafion 117 | 60 °C 90 [40]
Pt-Ru black o
2018 (4.0 mg om) Nafion 212 | 45 °C 18 [41]
Pd/C o
2020 (1.2 mg om?) Nafion 117 | 65 °C 71 [42]
Formic | 2020 PyC o | Nafion 115 | 70 °C 22 [43]
. (0.5 mg cm™)
acid P/C
2019 (2.0 mg em?) Nafion 212 | 60 °C 128.9 [44]
Pt/C o
2017 (2.0 mg em?) Nafion 117 | 70 °C 46 [45]
This
E-fuel | 2021 / Nafion 211 | R.T. 552.68
work
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Table 7-2 Comparison of power densities among various passive liquid fuel
cells.

Fuel | Year | Anode catalyst | Membrane Temp (m\I;VP(]:)m‘Z) Reference
2018 |, szl'ggm_z) Nafion 117 | 30°C 7.68 [46]
2018 |, Ofgl'ggm_z) Nafion 115 | 22-25°C | 1.124 [47]
Ho 2018 (4.()}:;';2111_2) Nafion 117 | 30°C 1.55 [48]
2016 | (40 ifé Ccm'z) Nafion 115 | R.T. ~0.7 [49]
2020 | 4.52';;“2 ICn'Z) Nafion 117 | R.T. 16.133 [50]
2020 |, ole_ggmﬂ Nafion 117 | 30°C 8.36 [51]
MeOH
2019 | 4.52';;“2 ICn'Z) Nafion 115 | 25-27°C | 5.865 [52]
2017 é;ﬁ‘gbﬁi‘l’ﬁ) Nafion 117 | R.T. 13.7 53]
2020 | i‘fé (im-Z) Nafion 117 | 25 16.99 [54]
Fzg.r(‘iic 2013 | 4.OII,I(1jé((::m'2) Nafion 117 | R.T. 45 [55]
2011 | (1 i‘fé (ém_z) Nafion212 | RT. 25.1 [56]
E-fuel | 2021 / Nafion211 | R.T. 120.90 VTVEE(
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Chapter 8 Conclusions and future work
Direct liquid fuel cell, a promising power generation device, has attracted
great attention with its tremendous superiorities such as high energy density
and ease of liquid fuel handling. To achieve the further performance
advancement of this technology, this thesis has reported on the experimental
and numerical investigations of a liquid fuel cell using a novel electrically
rechargeable liquid fuel, and the detailed procedures and finding obtained
during the study have been presented in Chapters 2-7. Salient results are

summarized as follows:
8.1 Conclusions

1) Fed with a novel liquid e-fuel, a direct liquid fuel cell consists of a
catalyst-free graphite-felt anode and a conventional oxygen cathode
separated by a proton exchange membrane is developed. The effects
of the operating and structural design parameters on the cell
performance have been examined. Experimentally, it is found that
this liquid fuel cell, operating at 60°C impressively results in an
open-circuit voltage of 1.15 V, a maximum current density of 1980
mA cm?, a peak power density of 857.0 mW c¢m and an energy
efficiency of 41.6 %. These performances are much higher than the
conventional alcoholic direct liquid fuel cells and are even
comparable to the performance of hydrogen fuel cells reported in the
open literature. Moreover, to present its ability for long-term

operation, the cell has been refueled for 50 times and achieved a
185



iii)

stable operation for ~60 hours, demonstrating its good stability.

To enable the application of the liquid fuel cell for powering portable
devices including mobile phones and laptops, a passive liquid fuel
cell utilizing the e-fuel for electricity production has been designed
and fabricated. Thermodynamically, this passive liquid fuel cell
offers a theoretical voltage as high as 1.49 V, which is much higher
than those of many conventional liquid alcohol fuel -cells.
Experimentally, it is found that this passive fuel cell, operating at
room temperature, impressively produces an open-circuit voltage of
1.29 V, a maximum current density of 200 mA cm?, and a peak
power density of 116.2 mW cm™2. These performances are much
higher than both the conventional passive and active liquid fuel cells
reported in the open literature, which hence proves the great
potential of this system for future applications. To present the ability
of this passive fuel cell for long-term operation, the cell has been
refueled 25 times and achieved a stable operation for over 350 hours,
demonstrating its good stability. In addition, hydrogen evolution, a
side reaction, has also been found to occur at the anode side and been
further demonstrated using a transparent cell.

A cold-start-free liquid fuel cell, capable of operating stably under a
wide temperature range is designed and fabricated. The fuel cell fed
with the liquid e-fuel is found to be able of achieving stable and
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consistent operation at sub-zero temperatures as low as -20°C,
making it a very promising fuel cell candidate for wide range
operating temperature and applications including the electric vehicle
industry in the future. To begin with, the effects of operating
temperature on the liquid e-fuel, membrane, and electrode are
examined. Thereafter, experimentally, this novel liquid fuel cell is
found to be able achieving an open-circuit voltage of 1.26 V, a
maximum current density of 390 mA c¢cm, a peak power density of
76.8 mW cm, and an energy efficiency of 25.2 %. Apparently, all
these results are higher than the performances achieved by any
conventional liquid alcohol fuel cells operating under subzero
environment and even at room temperatures. Furthermore, to
practically demonstrate the ability of this fuel cell for power
generation, the cell along with a set of LEDs has been placed inside
a freezing low-temperature chamber, where the LEDs arrangement
in form of PolyU (The Hong Kong Polytechnic University) emits a
luminous warm yellow light under the freezing environment,
proving that the e-fuel cell not only works at -20°C but can also
generate stable electricity to power the LEDs and to brighten the
freezing winter during its real application.

For gaining an extensive knowledge of this liquid fuel cell and
analyzing the major factors limiting its performance, a two-
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dimensional transient model has been developed. To begin with, to
validate the mathematical model developed, the simulation results
have been compared with the experimental data, which shows a good
agreement. Thereafter, the effects of various structural parameters
such as the anode thickness, anode porosity, and CCL thickness are
studied, where their increment are all found to boost the cell
performance. Meanwhile, the effect of oxygen concentration is also
examined, where the usage of oxidant with a higher oxygen
concentration is found to be able of achieving a higher cell voltage
while the predominant reason limiting the operational current
density range is found to be arising from the anode side due to the
slow e-fuel transport. Furthermore, the anodic and cathodic
exchange current densities are also demonstrated to influence the
cell performance due to the significant roles of electrodes catalytic
reactivity in influencing the anode and cathode overpotential.

During the operation of this fuel cell, the oxygen reduction reaction
at the cathode could lead to water flooding problem, where the
accumulated water at the cathode would block the catalyst reactive
sites and further impede the mass transfer of reactive species
resulting in an unstable cell performance. To address this issue, the
hydrophobic PTFE ionomer is blended with the conventional Nafion

resin and used as the binding agent to fabricate a blended binder
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PTFE/Nafion cathode. It is found that, the blended binder cathodes
not only ease the water removal and avoid the water flooding
problem, due to its beneficial hydrophobicity, but also help the cell
to attain a better performance in comparison to the pure Nafion
cathode. Using this blended binder cathode, a fuel cell with an
improved cell stability and a higher peak power density in
comparison to the cell using pure Nafion for the cathode is
demonstrated. Furthermore, a fuel cell stack, using the blended
binder cathode, has also been designed and fabricated, of which an
excellent performance consistency between its two individual cells
is found and is capable of powering a 3D-printed toy car. The
significant cell performance and demonstration achieved in this
work thus present the fuel cell as a promising device feasible for

future real-world applications.

8.2 Future work

Both an active and a passive fuel cell using the liquid e-fuel for power

generation have been designed and fabricated, while the effects of various

operating conditions on the cell performance have been examined. The

application of this fuel cell under sub-zero environment has been addressed

by the all-climate fuel cell developed, while a blended binder cathode has

been prepared, which not only improved the water management but also

demonstrated its application potential inside a fuel cell stack for powering a
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toy car. There are some future works that will be done:

)

iii)

The usage of pure oxygen during cell operation not only increase the
system complexity but also restricted its application scenarios. Thus,
to enable the application of this fuel cell in air-tight situation such as
outer-space and submarine, the hydrogen peroxide will be used to
substitute the oxygen.

In addition to the currently used e-fuel containing vanadium ions,
the e-fuel can also be attained from other kinds of materials. Hence,
novel e-fuels made of other materials will be fabricated to examine
their performances and analyze the flexibility of this fuel cell when
it is fed with different e-fuels.

As the sluggish oxygen reduction reaction at the cathode side of the
fuel cell is the major reason hampering its performance under sub-
zero environment, the liquid fuel cell fed with the e-fuels of different
compositions at either side will be designed and fabricated to enable

a better low-temperature performance.
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