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energy density. However, the difference between theoretical and practical energy densities is
quite high. Therefore, in this study, zinc utilization in flexible printed zinc-air battery was
enhanced by adding anionic surfactants in 7 mol L™ KOH which is a traditional electrolyte.
These surfactants which are employed consisted of sodium dodecyl benzene sulphonate
(SDBS) and sodium dodecyl sulfate (SDS). In addition, an ethanol was also used to improve
SDBS and SDS capabilities. Then the battery cells which used various modified electrolytes
were examined by the battery analyzer. Additionally, the surface of discharged zinc electrodes
was investigated by scanning electron microscope. The results reveal that the capacity and the
energy of the batteries are doubled by using SDBS and SDS modified electrolyte. The use of
SDS modified electrolyte without ethanol is higher capacity and energy than the use of SDBS
additive. The proper concentration for a flexible printed zinc-air battery of both SDBS and SDS
is 0.4 mol L. Both SDBS and SDS modify the zinc electrode surface to become more porosity,
leading to improve the wettability of zinc electrode. Therefore the modified electrolytes can
easily penetrate to the zinc electrode, resulting in improvement of active species diffusion.
Moreover, addition of ethanol in the modified electrolytes can improve SDBS and SDS
capabilities when the surfactant concentration is higher than their critical micelle concentration
and the surfactant molecule with the large molecular structure is employed. Furthermore,
characteristics of surfactants (such as molecular structure and the CMC) should be taken into

account because they also affect the battery performance.

Department: Chemical Engineering Student's Signature

Field of Study: Chemical Engineering Advisor's Signature
Academic Year: 2016



Vi

ACKNOWLEDGEMENTS

Firstly, 1 would like to express my deep gratitude to my advisor, Assoc. Prof.
Soorathep Kheawhom for giving me the opportunity and for his invaluable guidance and
support. | would especially like to thank each member of my dissertation committee, Asst.
Prof. Pornchai Bumroongsri, Asst. Prof. Amornchai Arpornwichanop, Asst. Prof. Prakorn
Ramakul, Dr. Chalida Klaysom and Dr. Palang Bumroongsakulsawat for their constructive

suggestions on my research work.

I would also like to extend my warm thanks to Dr. Kittima Ngamsai who not only
changed my mind to move forward but who is also stand beside me always. Her friendship
and assistance meant a lot to me. My sincere thanks to Dr. Pawinee Sintarako for providing

support whenever needed.

Thank you to members of my research group who helped from time to time with

my research.

My deepest gratitude goes to my beloved family for their whole hearted love and
constant support. To my parents who supported me in all my pursuits. To my elder brother
who provided assistance in numerous ways. To my husband who encouraged me throughout
the time of my research. To my little girl Chuenjai, who provides me with unending

inspiration. | thank all of you for your patience.

This dissertation is particularly dedicated to my deceased father. Thank you for

everything you did for me.



CONTENTS

THAT ABSTRACT .ttt nnea e \Y
ENGLISH ABSTRACT ...ttt nnee s Y
ACKNOWLEDGEMENTS ...t Vi
CONT ENT Sttt b ettt e e b e sabeenree s vii
LIST OF TABLES ...t X
LIST OF FIGURES ...t Xi
CHAPTER | INTRODUCTION ..ottt 1
1.1 INEFOTUCTION ... bbbt 1
1.2 ReSEarch ODJECLIVE .....c..oieeiii s 2
1.3 SCOPE OF FESBAICH ...t 2
1.4 EXPected DENETITS ....c..oiiiiice e 3
1.5 DiSSErtation OVEIVIEW .........coviiiiiiiiiiiieieiesie sttt 3
CHAPTER Il LITERATURE REVIEWS ... 5}
2.1 Screen printing teChNIQUE ......ccvviiieiiic e 5
2.2 Problem of ZINC AN0UE .........cciiiiiiiiicicce e 6
2.2.1 PasSIVAtION OF ZINC ....ccveiiiiiiieiiiiee e 6
2.2.2 DiSSOIULION OF ZINC ... 7
2.3 Development of leCtrolyte..........c.covveiiiiiicie e 8
2.3.1 AQUEOUS EIECLIOIYLES.....c.viiieii et 9
2.3.2 NON-aquUeoUS leCIIOIYLE ......ccvveiee e 13
2.3.2.1 Solid polymer electrolytes..........cccevveiiiiiieieccc e 13
2.3.2.2 Room temperature ionic HQUIdS .......cccccvevieiieeiiicie e 15

2.3.3 Hybrid eleCtrolytes........cooiiiiiiiiie et 16
CHAPTER Il THEORY AND PRINCIPLE .......cooiiiiiieeeee 19
3.1 ZINC-AUN DAIEIY ...ttt 19
3.2 Electrochemical Cell............cooiiiiiiiie s 20
3.3 Actual cell potential ...........cccoiiiiieiii e 22

3.3, 1 ACTIVATION IOSSES ... ennnnnnns 23



Page

3.3.2 ONMIC I0SSES ..ottt 25
3.3.3 MaSS-tranSPOIt I0SSES........uevueeriiieiieie e ns 25
3.4 Fundamental of €leCtriCItY .........cccvevviiiiicie e 27
3.5 SUMACTANT ... 28
3.5.1 BASIC tNEOIY ..ot 28
3.5.2 Molecular structure of SUFfACLANTS ..........ccoovrireiiiineceee e 30
3.5.3 SUIACE ACHIVILY ...cveeviceic e 32
3.5.3.1 SUITACE tENSION ..ot 32
3.5.3.2 Interfacial teNSION ..ot 33
3.5.3.3 Surface and interfacial tension reduction ............ccccocevevnienereenne, 34

3.5.4 Self-assembled surfactant aggregatesS........ccoovvveevveveciieseere e 37
3.5.4.1 Micelles and critical micelle concentration..............ccoccovivreiennen. 38
3.5.4.2 Aggregate structures and Shapes ..........cccevvevieiieerisie s 40

3.5.5 Adsorption of surfactants at SUrfaces...........cccccvevveveiie v 43
3.5.5.1 Adsorption at liquid—gas and liquid—liquid interfaces ................... 43
3.5.5.2 Adsorption at liquid—solid interface..........ccocevvviieneneneniieene 46

3.5.6 ANIONIC SUMTACTANT........eiviiiieiieieee s 50
CHAPTER IV EXPERIMENT ..ottt 52
4.1 Materials and ChemicCalS..........cccooiiiiiiiiii e 52
4.2 Experimental Mmethodology .........coviiiiiiiiiieec e 53
4.3 Preparation of functional INK ... 53
4.3.1 Zinc —based functional INK............ccceveiiiiiiiiiie s 53
4.3.2 Gas dIfTUSION INK......c.oiiiiiiiiiiee s 54
4.4 Preparation of aqueous eleCtrolyte. ...t 54
4.4.1 Potassium NYAroXide..........ccoiiiiiieiiie s 54
4.4.2 Potassium hydroxide with surfactant.............ccoccevvevveieiienie e 54
4.4.3 Potassium hydroxide with surfactant and ethanol ...........c.ccccccoevvvevvennne. 54
4.5 Preparation of flexible substrate and separator.............cccoceveeveiiveresieesnenenn, 55

4.5.1 Polyethylene terephthalate (PET) substrate..........cccccooveviveieeieseernenene 55



=
4.5.2 Polytetrafluoroethylene (PTFE) substrate ............cccocveveveeiecve s 55 o
4.5.3 Polypropylene (PP) Membraneg..........cccocevveieeieiie e 55
4.6 Preparation of anode electrode. ..........ccveveiieieiiie i 55
4.7 Preparation of cathode electrode. .........cocovvvveveiie i 56
4.8 Fabrication of flexible printed zinc-air battery ..........ccoccovvevviieicveve e, 56
4.9 CharaCteriZatiONS. ........cveeiieieisie ittt 57
CHAPTER V RESULTS AND DISCUSSIONS........ccoiiiiieee e 58
5.1 Effect of potassium hydroxide cOnCentration .............cccceevvevveseerveresieeseennenns 58
5.2 Effect OF SUITACTANTS ..o 62
5.2.1 Sodium dodecyl benzene SUlfonate ...........cccceeeevveieciesecce e 63
5.2.2 Sodium dodecyl SUITate..........cc.eiveiiiie i 68
5.2.3 Comparison between SDBS and SDS ..........ccccocevveiviieieece e 73
5.3 Effect of ethanol on surfactant role.............c.ccoeoiiineiiininesce e 77
5.4 Morphological @nalySiS..........ccueiieiiiiiiieiece e 84
5.5 All €ffECS SUMIMAIY .....viiiiiiiiieii e 87
5.6 Electrochemical impedance inVeStigation.............ccocuvvrireienene s 89
CHAPTER VI CONCLUSIONS ...t 96
6.1 CONCIUSIONS ..ottt bbbt 96
6.2 Recommendations for the FUture WOork ............cccoceiiiininienene e 97
REFERENGES ..ottt ettt 98



LIST OF TABLES

Page
Table 2.1 Composition and properties of SPEs used (potentially) for metal-air
[0 LT =R 1 SRS 14
Table 3.1 Typical hydrophilic groups [12]. .....ccccooviiiiiiieiieeceeece e 29
Table 3.2 Typical hydrophobic groups [12]. ....ccccceveiieiieiiceeeee e 30

Table 3.3 Schematics of molecular surfactant structures and sample surfactants . 31

Table 3.4 Structures of surfactant self-assemblies as a function of surfactant
packing parameters and Shape [12].....cccccoeviieiriieiierese e 42

Table 4.1 List of the materials and the chemicals for electrolyte system
IMPPOVEMENT ...ttt et et b e e e e e s e teeaeaneesreenaeertesreeneeaneennen 52

Table 5.1 All impedances from equivalent circuit model of zinc-air battery. ....... 90



LIST OF FIGURES

Page
Figure 1.1 Schematic diagram of the dissertation OVerview. ...........cc.ccocevervrnnnne. 4

Figure 2.1 Schematic diagram of dissolution and oxide film formation in anodic
oxidation of Zn. (a) Initial state. (b) Prepassive film formation. (c) Zinc oxide

FOrMALION [L1]. oottt 7
Figure 2.2 Correlation of mass % KOH and the conductivity [7].......c.ccccoovrivnnnn. 9
Figure 3.1 The cross-sectional diagram of the zinc-air battery ...........c.cccoovevnne. 19
Figure 3.2 Correlation of cell voltage and current density which explain the loss
behaviors INthe Cell [37]. ..o 23
Figure 3.3 Example of Tafel plot [37]. ....cccvoieiiiieieee s 24
Figure 3.4 Simplified structure of surfactant [14]. .......ccccoovieieiiinininereees 28
Figure 3.5 Configuration of typical micelle [14] .......ccccoviiiiiiiiiieees 29
Figure 3.6 Physical properties of aqueous surfactant solution as a function of
surfactant CoNCENTration [14]. .....coviiiiiiiiiiieee e 38
Figure 3.7 Four region isotherms of surfactant adsorption [14]. ........cc.ccoevvvennnns 48
Figure 3.8 Surfactant adsorption on solid surfaces [14] ........cccocevvvienieniinininninnnnns 49
Figure 4.1 Schematic diagram of electrolyte improvement.............ccccocevvivennnn. 53
Figure 4.2 Anode electrode Pattern.........ccovuiiiirine i 56
Figure 4.3 Cathode electrode Pattern. ..........ccocoereiiircininereeeee e 56
Figure 4.4 Layer by layer configuration of the zinc air battery. ..........c.cccoovennnn. 57

Figure 5.1 Polarization curves of 5 mol L, 7 mol L™ and 9 mol L't KOH
electrolytes used in the flexible printed zinc-air battery with effective area of 1
CIMIZ, ettt ettt s ettt e ettt et ettt n e Attt en ettt en ettt en s 59

Figure 5.2 Correlations of current density and cell power of 5 mol L%, 7 mol L™!
and 9 mol L KOH electrolytes used in the flexible printed zinc-air battery with
EFFECHIVE Area OF 1 CMZ. ... 60

Figure 5.3 Correlations of discharging time and the cell voltage of 5 mol L, 7
mol L't and 9 mol L* KOH electrolytes used in the flexible printed zinc-air
battery with effective area of 1 cm? by 1 mA cm constant current discharging.. 61

Xi



Page
Figure 5.4 Correlations of KOH concentration and capacity and energy of the
flexible printed zinc-air battery with effective area of 1 cm? by 1 mA cm™
constant current diSCharging. ........coceovreiieieieiese s 62
Figure 5.5 Structural formula of sodium dodecyl benzene sulfonate. ................... 63

Figure 5.6 Polarization curve of 0.2 mmol L, 0.4 mmol L and 0.6 mmol L™
SDBS in 7 mol Lt KOH electrolytes used in the flexible printed zinc-air battery
With ffECtiVE Area OF 1 CIM2. ...eeee ettt ettt e et et et e e ereae e aeees 64

Figure 5.7 Correlations of current density and cell power of 0.2 mmol L, 0.4
mmol L™ and 0.6 mmol L™ SDBS in 7 mol L* KOH electrolytes used in the
flexible printed zinc-air battery with effective area of 1 cm?. .......cccocevevevevvevevnne. 65

Figure 5.8 Correlations of discharging time and cell voltage of 0.2 mmol L%, 0.4
mmol L™ and 0.6 mmol L™ SDBS in 7 mol L* KOH electrolytes used in the
flexible printed zinc-air battery with effective area of 1 cm? by 1 mA cm™
constant current diSCharging. ........cocoovvirieiieieiese s 66

Figure 5.9 Correlations of SDBS concentration in 7 mol Lt KOH and the capacity
and the energy of the flexible printed zinc-air battery with effective area of 1 cm?
by 1 mA cm constant current disCharging. ...........cc.ccoeevcuevreevereeeseecseseseeseeenns 68

Figure 5.10 Structural formula of sodium dodecyl sulfate. ...........cccccevviriiiiinnnns 69

Figure 5.11 Polarization curve of 0.2 mmol L, 0.4 mmol L* and 0.6 mmol L™
SDS in 7 mol L™ KOH electrolytes used in the flexible printed zinc-air battery
With ffECtiVE Area OF 1 CIMZ. ...eee ettt ettt ettt et et e e eae e eeens 70

Figure 5.12 Correlations of current density and cell power of 0.2 mmol L, 0.4
mmol Lt and 0.6 mmol L™ SDS in 7 mol L™ KOH electrolytes used in the
flexible printed zinc-air battery with effective area of 1 cm?. ........cccccoevevevevennne. 71

Figure 5.13 Correlations of discharging time and cell voltage of 0.2 mmol L%, 0.4
mmol Lt and 0.6 mmol L™ SDS in 7 mol L™t KOH electrolytes used in the
flexible printed zinc-air battery with effective area of 1 cm? by 1 mA cm
constant current diSCharging. ........cocooveiiieieieiesse e 72

Figure 5.14 Correlations of SDS concentration in 7 mol L™t KOH and the capacity
and the energy of the flexible printed zinc-air battery with effective area of 1 cm?
by 1 mA cm constant current disCharging. ..........cccocoeevcuerieeuereeeeiecreeee e 73

Figure 5.15 Correlations of surfactant concentration in the electrolytes and
maximum cell power for SDBS and SDS in 7 mol L™* KOH electrolytes
comparing with 7 mol L™t KOH eleCtrolyte. ..........ccccoveueveeveiricreieieeiecreeseeseaes 75

Xii



Xiii

Page

Figure 5.16 Comparison of the capacities of the flexible printed zinc-air battery
which employs various concentrations of SDBS and SDS in 7 mol L™t KOH
electrolytes and 7 mol L™ KOH electrolyte by 1 mA cm constant current
AISCNAIGING. ...t bbb bbb 76

Figure 5.17 Comparison of the energies of the flexible printed zinc-air battery
which employs various concentrations of SDBS and SDS in 7 mol L™* KOH
electrolytes and 7 mol L™ KOH electrolyte by 1 mA cm constant current
AISCNAIGING. ...ttt 77

Figure 5.18 Polarization curve of 0.2 mmol L, 0.4 mmol L™ and 0.6 mmol L™
SDBS with 20 %v/v ethanol in 7 mol L™t KOH electrolytes used in the flexible
printed zinc-air battery with effective area of 1 cm?..........cccccveviivieicsiesies 79

Figure 5.19 Polarization curve of 0.2 mmol L, 0.4 mmol L and 0.6 mmol L™
SDS with 30 %v/v ethanol in 7 mol L™ KOH electrolytes used in the flexible
printed zinc-air battery with effective area of 1 cm?.........cccocvveivevieiceicsies 80

Figure 5.20 Correlations of current density and cell power of 0.2 mmol L, 0.4
mmol L and 0.6 mmol L SDBS with 20 %v/v ethanol in 7 mol L KOH
electrolytes used in the flexible printed zinc-air battery with effective area of 1
o311 LT 81

Figure 5.21 Correlations of current density and cell power of 0.2 mmol L, 0.4
mmol L and 0.6 mmol Lt SDS with 30%v/v ethanol in 7 mol L* KOH
electrolytes used in the flexible printed zinc-air battery with effective area of 1
o314 82

Figure 5.22 Correlations of cell voltage and discharging time of 0.2 mmol L%, 0.4
mmol Lt and 0.6 mmol L SDBS with 20 %v/v ethanol in 7 mol L™ KOH
electrolytes used in the flexible printed zinc-air battery with effective area of 1
cm? by 1 mA cm constant current diSCharging. ..........cccocevevcuereeeverecveseeeseenens 83

Figure 5.23 Correlations of cell voltage and discharging time of 0.2 mmol L, 0.4
mmol Lt and 0.6 mmol L SDS with 30 %v/v ethanol in 7 mol Lt KOH
electrolytes used in the flexible printed zinc-air battery with effective area of 1
cm? by 1 mA cm constant current disCharging. .........ccooecevevevereerevereceeieeeeseeeans 84



Xiv

Page

Figure 5.24 Micrographs of zinc anode by scanning electron microscope: (a)
Before discharge (b) The cell discharged in 7 mol L™t KOH electrolyte (c) The cell
discharged in 7 mol Lt KOH + 0.4 mmol L™ SDBS electrolyte (d) The cell
discharged in 7 mol Lt KOH + 0.4 mmol L SDS electrolyte (e) The cell
discharged in 7 mol Lt KOH + 0.4 mmol L™ SDBS + 20 %v/v ethanol electrolyte
(f) The cell discharged in 7 mol L™ KOH + 0.4 mmol L SDS + 30 %v/v ethanol

BIECTIOIYLE. . s 85
Figure 5.25 Correlations of current density and capacity of all experiments by 1

MA cm2 constant current diSCharging. ..........ccoeeveveveeereeeererieeeseeee e 87
Figure 5.26 Correlations of current density and energy of all experiments by 1 mA
cm2 constant current disCharging. .........co.coeveeeuerecuereeeueseeeeeeeeie e 88
Figure 5.27 Equivalent circuit model of zinc-air battery...........ccccovivniniiiiinnnns 90

Figure 5.28 The Nyquist plots of the flexible printed zinc-air battery using 0.2
mmol L%, 0.4 mmol L and 0.6 mmol L™* SDBS in 7 mol L KOH electrolytes
comparing with 7 mol L™ KOH electrolyte by 1 mA cm constant current
discharging in frequency range of 0.1 Hz t0 10 KHzZ. .........ccccovvvviivveie e, 91

Figure 5.29 The Nyquist plots of the flexible printed zinc-air battery using 0.2
mmol L, 0.4 mmol L and 0.6 mmol L SDS in 7 mol L't KOH electrolytes
comparing with 7 mol L™ KOH electrolyte by 1 mA cm constant current
discharging in frequency range of 0.1 Hz t0 10 KHzZ. .........ccocovivieiv e, 92

Figure 5.30 The Nyquist plots of the flexible printed zinc-air battery using 0.2
mmol L%, 0.4 mmol L and 0.6 mmol L SDBS with 20 %v/v ethanol in 7 mol L-
1 KOH electrolytes comparing with 7 mol L™t KOH electrolyte by 1 mA cm
constant current discharging in frequency range of 0.1 Hz to 10 kHz. ................. 93

Figure 5.31 The Nyquist plots of the flexible printed zinc-air battery using 0.2
mmol L%, 0.4 mmol L and 0.6 mmol L SDS with 30 %v/v ethanol in 7 mol L™
KOH electrolytes comparing with 7 mol L™* KOH electrolyte by 1 mA cm™
constant current discharging in frequency range of 0.1 Hz to 10 kHz. ................. 94



CHAPTER I
INTRODUCTION

1.1 Introduction

Recently, metal-air batteries have received increasing attention because of their
high energy density [1, 2] as these batteries use oxygen from air, which is virtually
unlimited, for their cathode half-cell. The most important metal-air batteries include
lithium-air battery and zinc-air battery. However, lithium-air battery, which uses
lithium as its anode, has high cost and high toxicity, although it exhibits higher energy
density than zinc-air battery. In comparison, zinc-air battery shows comparatively
lower energy density but it use zinc which is relatively safe and cost effective, as its
anode [3]. Moreover, zinc is environmentally friendly, abundant and has low toxicity
[4]. Zinc-air battery is currently utilized in several devices such as hearing aids,
navigation lights and rail-way signals [5]

One type of zinc-air battery which has been receiving an interest is a flexible
printed zinc-air battery due to its simplicity, high throughput. Furthermore, the flexible
printed zinc-air battery allows the manufacture of flexible and low cost devices [6-8].

In theory, zinc-air battery has specific energy of 1350 Wh kg. Indeed, 200 Wh
kg of zinc air battery can only be utilized [5]. It can be calculated as around 15% of
the theoretical specific energy which is quite low. This information indicates that the
zinc in the battery is not fully utilized. Many reasons contribute to the difference
between practical specific energy and theoretical specific energy such as passivation of
zinc anode, zinc dissolution and shape change. Therefore, enhancement of zinc
utilization is considerable. The resolutions of such problems are the ways to improve
zinc utilization in the battery. In addition, the developments of the battery performance
are also important, because the high-performance battery which is the low loss of the
battery results in the high benefit. The development of electrolyte system will lead to

comprehensively develop zinc-air battery.



There are many research groups which have developed and improved the
performance of zinc-air battery by focusing on the electrolyte system. many types of
the electrolyte systems, included of aqueous electrolyte, non-aqueous electrolyte and
hybrid electrolyte, have been studied [9]. The purposes of the electrolyte system study
are to minimize zinc passivation, zinc dissolution and shape change in zinc electrode
during the operation of zinc-air battery. Furthermore, any undesirable effects should
not be generated by the use of developed electrolyte system. For example, Wang et al.
[10] suggested that the dendritic growth of zinc which is one type of shape change
problem is greatly inhibited by synergistic effect of Bi®* and TBAB at higher cathodic
overpotential. These compositions were added in 8 mol L* KOH for acting as
electrolyte. In addition, the adding both water and DMSO in 1-ethyl-3-
methylimidazolium — Dicyanamide (EMI-DCA) which is one of RTILs can improve
reversibility, cyclability and kinetics for the zinc redox reactions [11].

This work aims at enhancement of performance of a flexible printed zinc-air
battery by improvement of ionic and electronic conductivity of electrolyte system using
various additives. In order to improve the electrolyte system, sodium
dodecylbenzenesulfonate (SDBS) and sodium dodecyl sulfate (SDS) are used as the
additives with or without ethanol. The effects of these additives on characteristic and

performance of the flexible printed zinc-air battery are studied.

1.2 Research objective

1. To enhance the performance of a flexible printed zinc-air battery.
2. To investigate the roles and effects of sodium dodecylbenzenesulfonate
(SDBS) and sodium dodecyl sulfate (SDS) on the electrolyte of a flexible printed zinc-

air battery.

1.3 Scope of research

1. A principle of flexible printed zinc-air battery is studied.
2. Zinc-air battery is fabricated by screen-printing technique.



3. Three concentrations (5 M, 7 M and 9 M) of potassium hydroxide solution
are investigated to obtain the proper concentration for the best performance of flexible
printed zinc-air battery.

4.0.2 mM, 0.4 mM and 0.6 mM, sodium dodecylbenzene sulfonate and sodium
dodecyl sulfate are added in potassium hydroxide solution which is a traditional
aqueous electrolyte to enhance the performances of flexible printed zinc-air battery.

5. The effects of an ethanol on the surfactant function are examined to improve

the zinc utilization.

1.4 Expected benefits

1. The enhancing performance methods of the flexible printed zinc-air battery
have been obtained.
2. The proper electrolyte system for the flexible printed zinc-air battery has been

acquired.

1.5 Dissertation overview

One method to improve zinc utilization is improvement of electrolyte system
[12, 13]. In this study, two types of surfactants were utilized to enhance zinc utilization.
These surfactants consist of sodium dodecylbenzene sulfonate and sodium dodecyl
sulfate. The two surfactants are anionic surfactant which has the typical critical micelle
concentration (CMC) values at room temperature of 10°-1072 M [14] . Since the CMC
value is quite low for enhancing the zinc utilization in a zinc-air battery therefore, an
ethanol is also employed for both surfactants in this studied to enhance the surfactant
function. In addition, the effects of the surfactants and ethanol on characteristic and
performance of the flexible printed zinc-air battery were studied. Overview of the

dissertation is present in Figure 1.1.
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Figure 1.1 Schematic diagram of the dissertation overview.




CHAPTER Il
LITERATURE REVIEWS

Flexible printed zinc-air battery has been studied in order to enhance the battery
performance. In this study, the anode side (zinc electrode) and the electrolyte system
have been studied. Therefore, in this chapter, Screen printing technique, problem of
zinc anode, development of zinc electrode and development of electrolyte are reviewed

as follows.

2.1 Screen printing technique

Lately, small electronic devices for articles of daily use are increasingly
interesting resulting in increase in sales of these devices. Most small electronic devices
need the energy storage capacities which should be thin, flexible and meet to the design
needs. Screen printing technique is recently used in the fabrication of electronic devices
and batteries for simplicity, scaled-up, high-throughput and environmental friendliness.
Moreover, screen printing technique promises low-cost fabrication, light weight and
flexibility. VVarious types of flexible batteries have been fabricated using screen printing
technology e.g. lithium ion battery, zinc-silver battery, nickel metal hydride battery,
and zinc-air battery [15].

The screen printing technique capacitates the sequential deposition of current
collector, electrode and separator soaked with electrolyte onto a flexible substrate for a
battery application. The capacity of a screen printing battery is determined by the
amount and the layer thickness of screen print inks. This screen printing ink is rather
easy to adjust for optimum performance. The particle size must relate to the attended
printing technology. Generally, screen printing inks must have high viscosity in order
to stabilize the large particles (tens of microns) dispersions. Commercially, the particle
size of available zinc_powder is higher than 60 microns. This size is suitable for screen
printing inks. Flexible zinc—air battery using a screen-printing technique has been

developed. Zinc/carbon/polymer composite is used as an anode. A poly(3,4-



ethylenedioxythiophene) (PEDOT) is used as cathode. Both materials are printed onto
two sides of a photo quality paper. The effects of zinc/carbon combination and various
electrolyte compositions are demonstrated [16]. Suren and Kheawhom [8] fabricated
the flexible zinc air battery using an inexpensive screen-printing technique in order to
improve an energy density. The result showed that the flexible zinc air battery had high
energy density of 682 Wh kg . Additionally, the voltage and the charging time of the
flexible cell were not different in term of characteristic from non-flexible cell.
Furthermore, other types of batteries were fabricated. Flexible nickel metal
hydride (Ni-MH) rechargeable battery was fabricated using screen printed thin
technique. The capacity of the battery was 32 mAh [17]. Moreover, a flexible zinc-
silver rechargeable battery was produced using screen-printing on tattoo paper. This

appearance provided a maximum discharge capacity of 2.1 mAh cm [18].

2.2 Problem of zinc anode

2.2.1 Passivation of zinc

The passivation of zinc electrode takes place when the concentration of
hydroxide or salt in the electrolyte closed to the membrane is excess. The excessive
concentration results of the dissolution of zinc. Then the excessive ions precipitate and
form a compact film [13]. For zinc alkaline solutions, passive currents are found in the
pH range of 10-13 [19]. The passive layers occur over the zinc electrode surface. There
are two layers of the passive film including of 1) the external porous and white layer
which is formed by the precipitation of saturated zincate (Zn(OH)4% at the closer layer
to the anode electrode and 2) the light gray to black and dense layer which is ZnO. The
dense layer is favored by the lower pH. It takes place at the interface between the metal
and the electrolyte and acts as diffusion barrier to OH" ions [20]. The composition of
passive film is Zn(OH)2 and ZnO [13]. The prepassive film results of intermediate
species before the formation of zinc oxide. Furthermore, the passivation of the zinc
anode accompanied by local drying also occurs because of electrolyte loss in the cell

on charge [21].



In common alkaline electrolyte system, the energy and power densities of zinc
electrode reduce significantly with the decrease of hydroxyl group concentration due to
passivation of zinc surface. The use of very concentrated alkaline solution can reduce
zinc passivation due to high solubility of the passive film in the concentrated solution.
However, shape change can be taken place in too high alkaline concentration [13].

The additives such as silicate (SiOs?") which enhance the solubility of zinc are
absorbed on ZnO leading to block the precipitation of other zinc ions [13]. Therefore,
ZnO cannot coagulate at the zinc electrode surface. the passivation of the zinc surface
can be minimized by adding sodium dodecyl benzene sulfonate (SDBS) in alkaline
electrolyte. Furthermore, SDBS can improve the discharging capacity of zinc electrode
[22], particularly in dilute alkaline solution [23]. The mechanism of zinc dissolution

and the formation of oxide film are illustrated in Figure 2.1.
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Figure 2.1 Schematic diagram of dissolution and oxide film mechanisms in zinc anodic

oxidation. (a) Initial state. (b) Prepassive film formation. (c) Zinc oxide formation [13].

2.2.2 Dissolution of zinc

The high solubility of zinc in the concentrated alkaline solution result from the
formation of saturated or supersaturated zincate solution leading to the shape change of
zinc electrode and dendritic growth process [13]. The system performance is also
decreased and in worst case, internal short circuit occurs. The dissolution of zinc
electrode in aqueous alkaline electrolyte takes place in two steps. Firstly, the oxidation

of zinc to zincate occurs as shown in Equation (2.1). And then, when the zincate



saturated in such electrolyte, the precipitation of zinc oxide takes place (Equation (2.2)).
Equation (2.3) expresses the overall reaction of zinc electrode.

Zn+40H <Zn(OH); +2¢" E’=-1.25V vs SHE (2.1)
Zn(OH); ZnO+H,0+20H (2.2)
Zn+20H - ZnO+H,0+2¢ E’=-1.25V vs SHE (2.3)

In order to limit the solubility of zincate, there are three possible ways including
of: 1) decrease the hydroxide ion concentration of the electrolyte, 2) add some species
which lead to lowering of the solubility of the discharging product and 3) modify the
electrolyte system [24].

2.3 Development of electrolyte

The selection of electrolyte system is particularly necessary to develop the
performance of a zinc-air battery because the electrolyte is the electrochemical
controller of such battery. The electrolyte determines the recharging capacity and the
cell voltage as well as the obtaining energy of the battery. In addition, the transport
properties of active species (zinc ion and oxygen) and power density also depend on
the electrolyte.

The first primary zinc-air battery is commercialized in 1930s. Then there are
significant efforts in order to develop secondary zinc air batteries or rechargeable zinc
air batteries. The key of performance improvement is the selection of proper electrolyte
system. An aqueous electrolyte is the preferable electrolyte. Many research groups have
studied many electrolyte systems including aqueous -electrolyte, non-agueous
electrolyte and hybrid electrolyte [9], in order to gain insight into future development
of the electrolyte system. The details of these studied are shown as follows.



2.3.1 Aqueous electrolytes

Aqueous electrolytes which are alkaline electrolytes have been utilized in the
first time.. Potassium hydroxide (KOH) is the most commonly used alkaline electrolyte
due to high conductivity, high activity for both the air and zinc electrodes and good
performance at low temperature. The correlation of KOH concentration and the

conductivity is illustrated in Figure 2.1 [9].
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Figure 2.2 Correlation of mass % KOH and the conductivity [9]

Figure 2.2 shows that the highest conductivity is obtained at the KOH
concentration of 30 wt% (7 M) and 25 °C (room temperature). The conductivity is
higher with the operating temperature increase. However, 37 wt% KOH (9M) is widely
employed in many modern alkaline batteries, because high conductivity and low
corrosion gas are obtained at such concentration.

During discharging process, oxygen from surroundings diffused into the
cathode. These oxygen species are reduced to hydroxyl ions. These ions move into the
anode and react with zinc to form zincate ions (Zn(OH)4%). Then electrons are released.
These electrons are transported to the air cathode. After reaching their equilibrium
solubility level, ZnO occurs from the precipitation of zincate. These reactions can be
expressed as Eqautions (2.4) — (2.6) [25].
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Anode : Zn+40H —Zn(OH); +2¢”  E°=-1.250 V Vs SHE (2.4)
Zn(OH); —»ZnO+H,0+20H

Cathode : 0,+2H,0+4¢—40H"  E’=+0.401 V Vs SHE (2.5)
Overall : 2Zn+0,—2Zn0O (2.6)

From the occurring reaction, the water is used at the cathode. This water can be
reused in Zincate ion decomposition. The ZnO is the overall product. Additionally,
electrolyte dry out is another problem when having oxygen entering in the system for
the reaction. Therefore, both Zn-electrode failure and poor air cathode performance
diminish the battery’s life.

For zinc-electrode failure, dendrite growth, passivation, self-discharge and
shape change are the four main problems of poor cycle-life performance. The potential
solutions of these problems are adding the additives in electrode and electrolyte (either
inorganic [26] or organic [27]. These solutions have proven to be an effective way to
minimize some of the problems. Furthermore, the use of a large electrolyte reservoir
with sufficient OH" supply can prevent passivation well. However, the dissolution of
zincate ion may be increased resulting in higher rates of dendrite formation and shape
change. Moreover, when adding zincate solubility-reducing agent in electrolyte or
electrode to depress dendrite growth and shape change, the additive concentration has
to be controlled to avoid induced passivation [24]. In addition, the selection of the
suitable additive with the passivation effect is also necessary to obtain desirable battery
performance. The cycle life and capacity (material utilization) must be taken into
account [9].

Furthermore, electrolytes based acid including both inorganic (e.g., sulfuric
acid) and organic (e.g., methane sulfonic acid, polyvinyl sulfonic acid and polyvinyl
sulfuric acid) have been developed to minimize dendrite formation. However, the zinc
metal cannot stand in acid condition because it can be corroded by the acid. Therefore,
the acidic electrolytes are not appropriate.

Many additives were added to aqueous electrolyte for various KOH

concentrations in order to enhance the performance of zinc-air battery. For example, in
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1990, [28] used Quaternary ammonium compounds included amphionic SFB, resistone
QD, resistone TFR, tetramethylammonium bromide, tetraethylammonium bromide,
tetrapropylammonium bromide, tetrabutylammonium bromide and
benzyltrimethylammonium bromide in the 7 mol L™* KOH as electrolyte to enhance
zinc electrodeposites. Simple current-time techniques were utilized, in order to screen
potential alkyl groups and examine their effectiveness. Visual assessment and scanning
electron microscopy were also employed to investigate the zinc electrodeposits. The
results showed that a smoother relief and the reduction of dendritic growth were
improved by improvement of deposit morphology using quaternary ammonium
compounds. In addition, the various additives were added to 5.3 mol L KOH to
improve the passivation. These additives consisted of Cd, Ca(OH)2, Mg(OH)2, Al20s,
sodium boroheptonate, potassium orthophosphate, potassium ferricyanide, potassium
molypdate, potassium tungstate, potassium chromate, potassium tetraborate and boric
acid. The galvanostatic passivation experiments were utilized to examine the
passivation characteristics. The results showed that borate and chromate are the most
effective of the passivants tested. In addition, Auger analysis of the passivated electrode
surfaces implies that borate helps reducing the free hydroxyl species in solution leading
to reducing zincate solubility whereas the cause of passivation in case of chromate was
its strong oxidizing nature [24]. Furthermore, Bismuth ion and tetrabutylammonium
bromide (TBAB) were added in 8 mol LY KOH electrolyte as deposit-enhancing
additives of zinc electrode. Current time technique, potentiodynamic polarization and
scanning electron microscopy were utilized to investigate the dendritic growth of zinc.
The results indicated that the addition of Bi®* suppresses the dendritic growth of zinc in
the alkaline solution by substrate effect both at lower cathodic overpotential (n =-100
mV) and at higher cathodic overpotential (n = -200 mV). Moreover, the dendritic
growth of zinc is greatly inhibited by synergistic effect of Bi®* and TBAB at higher
cathodic overpotential [10]. Then, in 2004, Yang et al [22]. utilized sodium dodecyl
benzene sulfonate (SDBS) which is an anionic surfactant in dilute alkaline electrolyte
solution (20% KOH solution), In order to increase the capacity utilization of zinc anode.
They employed the measurement of discharge capacity, passivation polarization curve,
impedance spectra and scanning electron microscopy to investigate the anodic

passivation behaviors of zinc electrode. The results found that the discharge capacity
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of zinc anode increases up to 35% at moderate discharge rate of 40 mA/g. Furthermore,
the passive layer formed on the zinc surface has a loose and porous structure rather than
a dense and compact film by employing SDBS 2% in the dilute KOH solution. This
porous structure film facilitates the diffusive exchange of the solution reactant and
discharged product through the surface deposit layer. Therefore, anodic utilization of
zinc anode is improved [22]. Additionally, different kinds of surfactant and deferent
derivatives of benzene were studied to improve the performance of zinc batteries. The
galvanostatic technique was used to prepare electrolytic zinc powders in 12 M KOH, 4
wt% zinc oxide solutions in the present of different kinds of surfactant and organic
additive. The sweep voltammetry technique was employed to investigate the
electrochemical behavior and the results showed that the maximum corrosion rate is
found in zinc samples electrolyzed in the presence of cationic cetyl trimethyl
ammonium bromide (Zn-CTAB). In addition, scanning electron microscopy was used
to investigate the morphology and revealed that the zinc sample with cationic surfactant
has the highest surface area. Moreover, the high dendritic and secondary growth is
found by using zinc deposited with anionic surfactants, sodium dodecyl benzene
sulfonate (SDBS) and sodium dodecyl sulfate (SDS). Furthermore, naphthalene can
decrease corrosion rate and needle growth of zinc deposition. The addition of Triton X-
100 in anode gel gave the maximum electrical capacity. Anionic (SDBS and SDS)
surfactant additives resulted in higher electrical capacity than cationic [29]. Another
research of the additive addition is the use of several tetra-alkyl ammonium hydroxides
included tetramethyl ammonium hydroxide (TMAH), tetra-ethyl ammonium hydroxide
(TEAH), tetrapropyl ammonium hydroxide (TPAH), tetrabutyl ammonium hydroxide
(TBAH) and tributylmethyl ammonium hydroxide (TBMAH) in 6.6 mol L' KOH
electrolyte as novel inhibitors of Zn dendrite to replace the well-known tetraalkyl
ammonium bromides. Current—time technique using potentiostatic electrodeposition,
conductivity measurement, cycling test and scanning electron microscopy were utilized
to assess the efficacy of these hydroxides. The results indicated that the size of alkyl
groups and the added concentration affect the ability to inhibit Zn dendrite. The
additives govern cathodic current profile and morphology of the deposits. The addition
of these additives does not deteriorate conductivity of electrolyte. The inhibition ability
of zinc dendrite was found to follow the sequence: 0.01 M TPAH > 0.001 M TBMAH
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>(0.01 M TEAH. The addition of 0.1 M TEAH or 0.005 M TPAH into the blank solution
highly improves rechargeability during high current charge-discharge. Because of
comparing with those of known additives of tetra-alkyl ammonium bromides, the
proposed TAAHSs are environmentally cleaner and safer. Consequently, TAAHs used
as inhibitors of Zn dendrite in Zn-based secondary batteries can be better alternatives
to tetra-alkyl ammonium bromides. Etc.

Furthermore, the problem of zinc dissolution or corrosion is solved by adding
ZnO or (NHa)2CS in an aqueous electrolyte. This method was proposed by [30]. In their
study, V20s, ZnO, PbO and (NH4)2CS were added in 6 mol L' KOH. Potentiodynamic
polarization and triangular potential sweep voltammetric techniques were employed to
examine. The results revealed that the proper additives for reduction of corrosionZnO

and (NHa)2CS. However, they need to be used as the optimum concentration.

2.3.2 Non-aqueous electrolyte

The purpose of non-aqueous electrolyte development is to solve electrode
corrosion, dendrite formation, electrolyte drying out and air electrode flooding. These
problems occur in aqueous electrolyte system. The non-aqueous electrolyte has 2 kinds
including of solid polymer electrolyte (SPEs) and room temperature ionic liquids
(RTILSs). The details of 2 non-aqueous electrolytes are expressed as follows.

2.3.2.1 Solid polymer electrolytes

Solid polymer electrolytes (SPEs) are ionically conductive solid formed by
conducting salt(s) into polymer(s) [31]. The purpose of SPEs utilization is the
elimination of air electrode flooding which exists in aqueous electrolyte system.
Therefore, the battery life is enhanced. The electrode corrosion is also mitigated in SPEs
because of low convection.

SPEs (based on polyethylene oxide ) were discovered by Wright et al.[9]. They
exhibited extremely low conductivity (10® to 10" S cm?), resulting in their application
were limited. Consequently, the development of SPEs is concentrated on good ionic
conductivity as well as good thermal and mechanical properties. The polymers that

commonly used in alkaline SPEs are listed in Table 2.1 [9].
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In 1983, there was the study of ionic motion in amorphous phase above the glass
transition temperature (Tg). The results show that a high fraction of amorphous phase
gave higher conductivity than that of a crystalline phase. Therefore, the main method
of enhancing the ionic conductivity of SPEs is the use of high fraction of amorphous
phase In SPEs. In addition, the use of polyvinyl alcohol (PVA)/poly(acrylic acid)
(PAA) membrane also provides the high conductivity. However, high PAA content
reduces the mechanical strength of polymer membrane. Consequently, the enhanced
ionic conductivity and the desirable mechanical strength need to be taken into account

together.

Table 2.1 Composition and properties of SPEs used (potentially) for metal-air batteries

[9].

Composition Conductivity  Yield Cell performance
(Scm™) stress
(MPa)
Poly(epichlorohydrin-co- Discharge up to 14 mA
ethylene oxide)+ KOH (aq) 1073 ) cm2at 0.8 V (Zn-air
primary cell)
Polyvinyl alcohol + Reaches a discharge
poly(epichlorohydrin) + 32 capacity of 1296 mAh at
wt% KOH 10°-10° 5783 /0 and 25 °C (Zn-air
primary cell)
Polyethylene oxide + Reaches a discharge
polyvinyl alcohol + KOH 102 ) capacity of 1431 mAh at
(aq) C/20 and 25 °C (Zn-air
primary cell)

Polyvinyl alcohol p
poly(acrylic acid) + 32 wt% 101 3.47b -
KOH
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Composition Conductivity  Yield Cell performance
(Scm?) stress
(MPa)
Poly(acrylic acid) + KOH Reaches a discharge
(ag) 10° ] capacity of 1166 mAh/g
at 52 mA cm2 (Al-air
primary cell)

All property values correspond to the optimal experimental condition.
abMeasured at a pull rate of 200 mm min; film thickness 0.16 mm, width 10 mm.

2.3.2.2 Room temperature ionic liquids

Non-aqueous ionic liquids (ILs) have appeared as promising electrolyte
candidates for rechargeable zinc-air batteries. Non-aqueous ionic liquids (composed of
cations and anions) are salts which have low melting point approximately 100°C or
below, they are thus called room temperature ionic liquids (RTILS). Different selections
and combinations of cation and anion result in the diversity of RTILs. The advantages
of RTIL over the aqueous electrolyte are 1) no volatility liked aqueous electrolyte 2)
being completely ionic (no solvent ions) of that salt, this ionic nature can be utilized in
a wide electrochemical window. Generally, imidazolium (cation) is the key component
in most traditional RTILs, because it has a low melting temperature and a desirable
electrochemical stability [9]. There is the utilization of RTILs incorporated with
ammonium cation to improve an electrochemical window (EW). And it found that EW
is wider because an ammonium has better cathodic stability. Furthermore,
pyrrolidinium cations and bis(trifluoromethanesulfonyl)imide (TFSI") anionviscosity
and conductivity is also improved [32].

For the zinc electrode side, there are many the researches which investigated
aprotic RTILs (without dissociable H* and unable to donate hydrogen). These
researches included 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)
imide (BMPTFSI), 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(EMI-TFSI), 1-butyl-1-methylpyrrolidinium dicyanamide (BMP-DCA) and 1-ethyl-3-
methylimidazolium dicyanamide (EMIDCA).RTILs anions dominates the
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electrochemical behavior of zinc which composed of reaction mechanism, reaction
kinetics and Zn redox cyclability [9].

One advantage of aprotic RTILs utilization in zinc air battery is that zinc
corrosion (resulting from hydrogen evolution and be eliminated. Moreover, the aprotic
RTILs can also prevent zinc dendrite formation. Therefore, the use of RTILs-based
electrolytes for zinc air battery shows promising leads to reducing of dendrite

formation, avoiding electrolyte drying out and achieving reversible oxygen [9].

2.3.3 Hybrid electrolytes

Hybrid electrolytes are the combination of aqueous and non-aqueous electrolyte
system. Because of different advantages in each type, this combination can enhance the
performance of rechargeable zinc-air batteries. Since aqueous electrolytes have the
benefit of high reaction kinetics and RTILs have the benefit of zinc morphology control,
they are thus incorporated. There was adding RTILs in conventional alkaline aqueous
electrolyte in order to depress zinc dendrite formation while maintain high electrode
kinetic. One approach for the hybrid electrolytes is to mix non-aqueous RTILs with
other solvents to improve electrolyte conductivity and guaranteeing good electrode
kinetics for both the Zn and air sides. Because of the mobility of the ions, RTILs are
considered to have capably high conductivities. However, RTILs are high viscosity
which is their limitation [9]. Furthermore, the organic solvent (dimethyl sulfoxide;
DMSO) facilitates the solvation of zinc ions. It is capable of stabilizing oxygen
reduction reaction intermediate. Furthermore, a new electrolyte system composed of an
alkaline solution (9 M KOH + 5 wt% ZnO) modified with a small amount (0.5 wt%) of
room temperature ionic liquid 1-ethyl-3-methylimidazolium dicyanamide (EMI-DCA)
was proposed in order to suppress the uneven deposition of Zn in the conventional
alkaline electrolyte and prevent zinc dendritic growth. Cyclic voltammetry,
chronoamperometry, electrochemical impedance spectroscopy (EIS) and scanning
electron microscopy were utilized to study the mechanism for the modified Zn
morphology in the EMI-DCA containing electrolyte [9]. The results indicated that the
EMI-DCA containing electrolyte can suppress secondary nucleation process that leads

to Zn dendrite formation. Particularly, the zinc deposit morphology was modified by
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EMI-DCA. The two steps of the morphology change consist of 1) the zinc reduction
process and 2) the zinc film/electrolyte interface. The former step is increase of the
reduction overpotential, decrease of the reaction rate and narrowing the potential
variation during electrodeposition. The latter step is a result of EMI* cations being
specifically adsorbed on the deposited Zn [9]. The use of many compositions in hybrid
electrolyte increases the complexity of battery electrochemistry inevitably. Therefore,
the interaction of any compositions occurring in the cell needs to be delicately studied.

Another electrolyte that is utilized to improve the performance of rechargeable
zinc-air battery is a molten Lio.s7Nao.63Kos0COs3 eutectic electrolyte with added NaOH.
A stable cycling performance through 110 cycles with a highest coulombic efficiency
of 96%, and an average discharge potential of 1.04 V were obtained by using the molten
salt electrolyte [33].

In addition, the effects of various types of electrolytes and conducting agents
and the change in the additive contents to optimize the electrochemical performance
were examined. Such electrolyte included sodium hydroxide (NaOH) solution,
potassium hydroxide (KOH) solution, super-p, denka black, acetylene black, and ketjen
black. Charge-discharge capacities and cycle efficiency was utilized to evaluate the
electrochemical performance of the zinc anode. The results showed that the zinc anode
with 6 M KOH indicated a higher first discharge capacity and good cycle ability than
that with 6 mol Lt NaOH. Therefore, KOH was employed as the optimized electrolyte
in further experiment. The zinc anode with the additives showed higher first discharge
capacity and good cycle ability than pure zinc. The zinc anode containing super-p of
4% in 6 mol L™t KOH shows the highest performance [2].

Furthermore, there is the effort to fabricate a flexible solid-state electrolyte. This
electrolyte needs to be utilized as both a solid electrolyte and a separator. Therefore, a
nanoporous alkaline-exchange electrolyte membrane from natural cellulose nanofibres
was invented. The advantages of the solid-state electrolyte are the superior hydroxide-
ion conductive property, water retention within the nanoporous structure of the
membrane, low anisotropic swelling boosted the specific capacity and improved the
cycling stability of the battery compared to the commercial alkaline anion-exchange

membrane. In addition, the use of natural cellulose nanofibres with high water retention
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provides the development of high-performance, flexible, environmentally-friendly and
cost-effective rechargeable zinc-air batteries [34]



CHAPTER Il
THEORY AND PRINCIPLE

Zinc-air battery uses the electrochemical principle in its operation. Therefore,
in this chapter, principles of zinc-air battery and electrochemical cell are explained. In
addition, an actual cell potential and fundamental of electricity are also described.
Finally, because the surfactants are used to improve zinc utilization, theories of

surfactants are explained. The details of all topics are present as follows

3.1 Zinc-air battery

Generally, zinc-air battery comprised of a zinc anode, an air as cathode with gas
diffusion layer,a membrane separator, current collectors and an alkaline solution which
is used as an electrolyte. The cross-sectional diagram of the zinc-air battery is present
in Figure 3.1. In discharging process, the dissolution of zinc electrode involves two

steps.

Cathode
«4—— PTFE substrate
PET substrate —————» Sealant
Anode current collector
(silver ink) Cathode current collector
Anode active | (silver ink)
node active layer T
Y Gas Diffusion layer
Separator with electrolyte
Sealant

Anode

Figure 3.1 The cross-sectional diagram of the zinc-air battery

The first steps is the oxidation of zinc to soluble zincate ion (Zn(OH)4*) as

shown in Equation (3.1).
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Zn+40H — Zn(OH)4* +2¢° (3.1)

Secondly, the dissolved Zn(OH)4% saturates in the electrolyte and reaches its

solubility limit after that precipitation of zinc oxide (ZnO) takes place as Equation (3.2).

Zn(OH)4* — ZnO + H20 + 20H" (3.2)

At the anode, overall reaction consumes zinc and hydroxide ion (OH") from the
electrolyte, ZnO and water (H20) are generated (Equation (3.3)).

Zn+20H — ZnO + H20 + 2¢” (3.3)

Besides, the zinc anode an undesired reaction can occur by hydrogen evolution
reaction (HER). The reaction consumes Zn and H20 and produces Zn(OH)2 and Hz on
the surface of zinc particles that cause a self-corrosion and lower utilization of zinc as
shown in Equation (3.4).

Zn + 2H>0 — Zn(OH)2 + H» (3.4)

The oxygen reduction reaction (ORR) occurring at the cathode, the reaction

consumes oxygen (O2) and H20 and produces OH™ (Equation (3.5))

02 + 2H20 + 4e” — 40H (3.5)

3.2 Electrochemical cell

An electrochemical cell concerns in both an electrical and a chemical energy.
An electrochemical cell is therefore the device that is utilized to convert the energies
from electrical energy to chemical energy or reversal. The oxidation and reduction

reactions occur in the cell. These reactions are called redox reaction. An
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electrochemical cell consists of two half-cells (anode and cathode) which separate by
an ion exchange membrane. The half-cell of the oxidation reaction is anode whereas
the half-cell of the reduction reaction is cathode. The connector between two half-cells
may be a salt bridge or an ion exchange membrane in order to balance the charge in the
cell [35].

According to the attribute of the energy changes, there are two types of the
electrochemical cell: electrolytic and galvanic cells.

1) Electrolytic cell is the cell that is applied the different potential resulting in
occurring redox reactions. These reactions are non-spontaneous.

2) Galvanic cell is the cell that redox reactions spontaneously occur and
discharge the electrical energy. The operation of galvanic cell is contrary with the
electrolysis cell. It can also be described that the electrical energy is generated from the
chemical reaction in the cell.

In addition, the key of electrochemical cell is a standard potential of the redox
reaction that explains the behavior of any half-cell. The standard potential is the
measurement of any substances half-cell comparing with the standard hydrogen
potential (SHE). The SHE has the potential of O volt [36]. Because electrons transport
from low potential electrode to high potential electrode, the half-cell of receiving
electron has higher potential than the half-cell of donating electron. The mobility of
electron is reverse with the mobility of the electrical current. This current flows from
high potential to low potential.

The cell operation is described by the standard potential of the cell. The negative
standard potential indicates that the reactions in the cell are non-spontaneous.
Therefore, the cell needs the additional energy to drive the reactions. This phenomenon
is the electrolytic cell principle. On the other hand, the positive standard potential
indicates that the reactions in the cell are spontaneous. Therefore the electrical energy
is generated from the redox reaction. This phenomenon is the galvanic cell principle.

0
cell

The standard potential of electrochemical cell ( E_, ) can be explained by Equation (3.6)

ESell :E(()Zathode _EOAnode (36)
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is standard potential of cathode half-cell and E°

anode

where E°

cathode

is standard potential

of anode half-cell.

The primary zinc-air battery acts as only the galvanic cell that the redox
reactions of zinc generate the electrical energy. The calculation of the standard potential
of zinc-air cell can be expressed as follows.

Consider in Chapter 2, Section 2.1, the reactions that occur during the zinc-air
battery operation have been explained. The overall standard potential of zinc-air cell
can be calculated as Equation (3.7).

E?, =0.401-(-1.250) =1.651 (3.7)

This potential is represented theoretical voltage of the zinc-air cell. In practical
cell, the potential that closes to the standard potential is called open circuit potential
(OCP). This potential can be measured when no electrical current passes through the
cell. However, during cell operation, an electrical current must be passed through the
cell. This current leads to many losses. Therefore, an actual cell potential which is the
losses in the cell subtracts from the standard potential of the cell need to be understood.

The details of an actual cell potential are described as follows.

3.3 Actual cell potential

The cell potential (or cell voltage) during the operation is the potential which
has the effect of all losses. These losses are called polarization, overpotential or
overvoltage. The losses consist of activation, ohmic and mass-transport losses. The
correlation of cell voltage and current density that describe the losses is illustrated in

Figure 3.2. The details of each loss are described as follows.
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Figure 3.2 Correlation of cell voltage and current density which explain the loss

behaviors in the cell [37].

3.3.1 Activation losses

The inertia of the electrochemical reaction at electrode causes an activation
losses (77, ). This phenomenon concerns in the activation energy which the active

species must overcome. Indeed, the result of complex surface electrochemical reaction

steps is activation losses as well. However, in electrochemical reaction,

M 250-100mV. The voltage losses resulted from activation losses can be

approximated by Tafel equation (Equation (3.8)) [37].

RT | 38)

where « is electron transfer coefficient of the reaction that occurs at the electrode, i,

is the exchange current density, i is current density
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In order to determine exchange current density by Tafel plots, Equation (3.8)
can be utilized. The plot is illustrated in Figure 3.3. The usual form of Tafel equation is

rewritten and expressed in Equation (3.9). The extrapolated intercept at 77,, =0 shows

the exchange current density. It is a measurement of the maximum current that can be
extracted at negligible polarization. The slope of this plot shows transfer coefficient.

N =a+blIni (3.9)

Where a=(-RT /anF)Ini, and b=RT / anF . From Figure 3.4, a and b are obtained.

b is determined from the Tafel slope then a can be calculated. Therefore, i, can be

obtained from the substitution of a and b in Equation (3.22).

2.0 1

40 1
Exchange

/ Current

b

=
L
1

Log i (mA/cm?)
o
i

1.0 F

0.0 : ' |
T (mV)

Figure 3.3 Example of Tafel plot [37].
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3.3.2 Ohmic losses

Ohmic losses (7,,,) occur in both an electrolyte and an electrode. In an

electrolyte, the losses result from the ions flow resistance. In addition, these losses in
an electrode are the losses occurred from the electrons flow resistance which the
electron transports through the electrode. The reduction of the electrode resistance and
enhancement of the ionic conductivity of the electrolyte make the losses decrease. Since
both the electrolyte and the electrodes obey Ohm's law. The ohmic losses can be explain
by Equation (3.10) [37].

Mohm = iR (310)

where i is the current flowing through the cell, and R is the total cell resistance, which
includes of electronic, ionic, and contact resistance. The total cell resistance can be
determined by Equation (3.11).

R=R

+R ionic +R contact (3 11)

electronic

3.3.3 Mass-transport losses

The limitation of a reactant transfer rate generates mass-transport 10sses (77,

). These losses depend on, ability of a reactant in the reaction, a structure of electrode

and the current density usage. The losses occur because of finite mass transport rate at

the electrode limits the supply of fresh reactant and the evacuation of products [37].
The mass transport rate of active ions to an electrode surface can be explained

by Fick's first law of diffusion as Equation (3.12).

. NFD(C, ~C)

: (3.12)

where C; is its bulk concentration, C; is its concentration at the electrode surface and

o is the diffusion layer thickness.
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The measurement of current at the maximum rate is the limiting current (i, ). At

this point, a reactant can be supplied to an electrode, and it occurs when C, =0. The

limiting current can be determined by Equation (3.13).

i = ”F?CB (3.13)

Equations (3.12) and (3.13) can be rewritten as Equation (3.14).

3.14
Cs I (3.14)

The Nernst equation for the reactant species at equilibrium conditions is
presented in Equation (3.15).

RT
E,=E°+—InC 3.15
i=0 nF B ( )

The surface concentration is less than the bulk concentration when the current

is flowing, and the Nernst equation can be rewritten as Equation (3.16).

(3.16)

The potential difference is generated by a concentration change at the electrodes

leading to mass-transport losses. The losses can be calculated from Equation (3.17).

AE=n, =FlpCs RT [ 1 (3.17)
nF C; nF
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3.4 Fundamental of electricity

Electricity can be divided into two major systems which consist of direct current
(DC) and alternating current (AC). The direct current is utilized in zinc-air battery. The
fundamental parameters of electricity which need to be known before study of the
battery consist of:

1) Voltage (or potential; V) is the level of potential energy at a point in electrical
field. It is the energy that is used to move +1 charge from infinity or the 0 V point
toward any points. The typical unit is volt (V). Additionally, voltage is also called
electrical force or electromotive force. One volt of electrical force is the magnitude of
force which is used to drive one ampere of current passed through one ohm of
resistance.

2) Current (1) is the electron current flow which has the typical unit as ampere.
However, the direction of electron flow is opposite with the direction of electrical

current flow.

3) Resistance (R) is the characteristic of the conductor that allows the different
quantity of current passes through. The typical unit of resistance is ohm (). One ohm
is the resistance of conductor which is connected with one volt and is passed by one
ampere through the conductor. The resistance can be calculated from Equation (3.18)
which is Ohm’s law [38].

R=V/I (3.18)

4) Power (P) is the electrical energy which is employed within one time unit.
The typical unit of power is watt (W) or joule per second. Power can also be calculated
by multiplication of voltage and current. This calculation is presented in Equation

(3.19).

P=1.V (3.19)
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5) Electrical energy (E) is the quantity of the power in a time period. The typical
unit of the energy is watt multiply by time unit (such as watt hour etc.). The energy can
be determined by Equation (3.20).

E=[P.dt (3.20)

3.5 Surfactant

3.5.1 Basic theory

Surfactants or surface active agents are organic compounds which have at least
one lyophilic (solvent-loving) group and one lyophobic (solvent-fearing) group in the
molecule. Because water or aqueous solution is used as the solvent of surfactant, the
respect terms ‘hydrophilic’ and ‘hydrophobic’ are used. In the simplest terms, a
surfactant can define as it contains at least one non-polar group and one polar (or ionic)

group. The simplified structure of surfactant is illustrated in Figure 3.4 [14].

Hydrophile Hydroprobe

VRN
“J P P

N

Figure 3.4 Simplified structure of surfactant [14].

An adsorption and an aggregation are two phenomena resulting from these
opposing forces within the same molecule. The process of adsorption can be described
that surfactant molecules will migrate to air/water and solid/water interfaces and
orientate in such a fashion as to minimize, as much as possible, the contact between
their hydrophobic groups and the water [14]. Similarly, an alternative way of the contact
limitation between the hydrophobic groups and the water is the surfactant molecules
aggregated in the bulk solution with the hydrophilic ‘head groups’ orientates towards
the aqueous phase. The shape of these aggregations of surfactant molecules can vary
depending on concentration and range in shape. The shape is from spherical to
cylindrical to lamellar (sheets/layers) [14]. The aggregation process is called
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‘micellisation’ and the aggregates are known as ‘micelles’. Micelles ussually form at a

distinct and frequently very low concentration known as the ‘critical micelle

concentration’ or ‘CMC’. The various types of micelle are illustrated in Figure 3.5 [14].

(a) Cylindrical
Figure 3.5 Configuration of typical micelle [14]
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(b) Lamellar (c) Spherical

The hydrophilic portion of a surfactant may bring a positive or negative charge,

both positive and negative charges or no charge at all. These are classified as, cationic,

anionic, amphoteric (or ‘zwitterionic’) or non-ionic surfactant, respectively. The typical

hydrophilic groups are expressed in Table 3.1 [14].

Table 3.1 Typical hydrophilic groups [14].

lonic type Example Structure
Anionic Sulphate -0S020-
Sulphonate -S020
Ether sulphate —~(OCH2CH2)n0S020"
Ether phosphate —(CH2CH20)nP(0)O"
Ether carboxylate —(CH2CH20)nCO2
Carboxylate _C(0)Or
Cationic Primary ammonium —N*Hs
Secondary ammonium —N*(R)H2
Tertiary ammonium ~N*(R)2H
Quaternary ammonium “N*(R)s
Amphoteric Amine oxide -N*(R)s0™
Betaine —N*(R)3(CH2)aC(0)O"

Aminocarboxylates

~N*H(R)2(CH2).C(0)O"
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lonic type Example Structure
Non-ionic Polyoxyethylene (an —(OCH2CH2)nOH
‘ethoxylate”) —CH(OH)C=CH(OH)—
Acetylenic ~NHCH2CH-0OH
Monoethanolamine ~N(CH2CH20H)
Diethanolamine
. OH
Polyglucoside HO o~
HO
CHzoﬂ

There are many types of hydrophobe. Some of the common commercially

available ones are illustrated in Table 3.2.

Table 3.2 Typical hydrophobic groups [14].

Group Example Structure
Alkylbenzene Linear dodecyl- CH3(CH2)sCH(CesH4)(CH2)4CH3?
Linear alkyl® (saturated) benzene CH3(CH2)10CH2—

Branched alky!P n-dodecyl CH3(CH2)3CH-CH2—(CH2CH3)
(saturated) 2-ethyl hexyl (Cis—)CHs3(CH2)7=CH(CH2)CH2—
Linear alkyl” Oleyl CoHio(branched isomers)CeHa—
(unsaturated) Nonylphenyl _[OCH2CH(CHs)]n
Alkylphenyl (branched) (CHs)sSi[OSi(CH3)J0Si(CHz)s
Polyoxypropylene

Polysiloxane

aAlkylbenzene has a linear alkyl chain with, in the case of dodecyl, the phenyl group distributed
between the second and sixth positions on the aliphatic chain. The C6 isomer is illustrated above.
®Alkyl groups, whether linear, branched/saturated or unsaturated, are usually within the C8 to C18

chain length range.

3.5.2 Molecular structure of surfactants

The hydrophilic group makes the surfactant soluble in polar solvents such as

water. The hydrophobic group makes the surfactant soluble in non-polar solvents. Many

properties of a surfactant are determined by the relative sizes and shapes of the
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hydrophobic and hydrophilic parts of the surfactant molecule [14]. Surfactant
molecules can have one hydrophilic head and one hydrophobic tail, one hydrophilic
head and two hydrophobic, one hydrophobic tail terminated at both ends by hydrophilic
groups (bolaform surfactants or a, @ surfactants), hydrophilic heads of two surfactants
are combined with a rigid spacer which is a linear or ring organic structure (gemini
surfactants), and a number of hydrophilic (more than two) hydrophobic groups with
both groups linked in the same molecule by covalent bonds (polymeric surfactants).

These structures are expressed in Table 3.3 [14].

Table 3.3 Schematics of molecular surfactant structures and sample surfactants [14].

Schematic of surfactant structure Sample surfactants
Hydrophilic head Soap (sodium salt of fatty
(5/\/\/\/\/\/ acids)

~ ~ ~ Alkyltrimethylammonium

Hydrophobic tail salts

Polyoxyethylene alkyl ether
Alkyldimethylamine oxide

Alkylbenzene sulphonate
(j\\:\\j\/\/\\i\\// Phosphatidyl choline

(phospholipids)

Alkyl secondary amines

O\/\/\/\/\/\Q Bolaform quaternary
.@. Gemini phosphate esters

Polymeric alkyl phenol

ethoxylates
Silicone polymeric surfactants

Polyester surfactants

The hydrophobic group is the major cost of the surfactant because the
hydrophobic group is the largest part of the surfactant molecule. In the surfactant
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structure, the hydrophobic group is made up of hydrocarbon chains, fluorocarbon
chains, combination of fluorocarbon and hydrocarbon chains or silicone chains [14].
These hydrocarbon chains are synthesized from natural animal fats, natural vegetable
oils or petrochemicals because their structures are built up from ethylene. The
hydrocarbon chains can be linear or branched. These chains include polycycl_ic,
saturated, unsaturated or polyoxypropylene structures. The linear structure is desirable
due to its biodegradability [14]. Fluorocarbon and silicone chain surfactants in water
and non-aqueous systems reduce the surface tension lower than the hydrocarbon chain
surfactants. Both fluorocarbon and silicone chain surfactants have better chemical and
thermal stability than hydrocarbons. Moreover, they provide excellent wetting for low-
energy surfaces. However, their costs are higher than the hydrocarbon chain surfactants,

so they are used in limited applications [39].

3.5.3 Surface activity

The compound acted as a surfactant should exhibit surface activity. It means
that when the compound is added to any liquid at low concentration, it should be able
to adsorb on the surface or interface of the system. Additionally, the compound should
reduce the surface or interfacial excess free energy as well. The surface is a boundary
between air and liquid. The interface is a boundary between two immiscible phases
(liquid-liquid, liquid-solid and solid—solid) [14]. Surfactant activities are at a
maximum if the carbon atoms are between 10 and 18 at which level a surfactant has
good but limited solubility in water. If the carbon atom is below 8, a surfactant is very
soluble and if it is above 18, it is insoluble. Therefore, the solubility and practical
surfactant properties are somewhat related [39]. In order to understand how surfactant
reduces surface and interfacial tension, the concept of surface and interfacial tension
need to be understood at first [14].

3.5.3.1 Surface tension

The attractive forces between molecules in the bulk liquid are uniform in all
directions (zero net force). However, the molecules at the liquid surface cannot form

uniform interaction because the molecules on the gas side are widely spaced. The
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molecular interactions which are mainly between surface molecules and the subsurface
liqguid molecules (non-zero net force) are the other reasons of the non-uniform
interaction [14]. Therefore, the molecules at the liquid surface have greater free
potential energies than the molecules in the bulk liquid. This excess free energy per unit
area that exists in the surface molecules is defined as surface tension (y). Surface tension
is a thermodynamic property [14]. It can be measured under constant temperature and
pressure. Furthermore, its value represents the amount of minimum work required per
unit area to create a greater surface area. In addition, surface tension of the substances
decreases with increasing temperature because increasing temperature reduces the
cohesive energy between molecules. At the critical temperature, surface tension

becomes zero [14].

3.5.3.2 Interfacial tension

Interfacial tension is the tension that exists at the interface of two immiscible
phases. Generally, the value of interfacial tension is between the surface tension of two
immiscible liquids [14]. The interfacial tension between phases A and B, yas, IS

expressed by Equation (3.21):

YAB =7YA + YB — 2yAB (3.21)

where ya, y8 and yas are surface tension of A, surface tension of B, and interaction
energy between A and B per unit area, respectively.

The value of yas also indicates how similar the molecules at the interface are.
The interfacial tension (yas) will be small if the molecules of the two phases are similar
(large yas). The greater the similarity, the smaller the yas. Therefore, the interface
disappears (yas = 0) when the two phases become a single phase [14]. If one phase
(phase B) is gas, the interface forms at the surface of the condensed phase (phase A)
and the interfacial tension is equivalent to the surface tension of the condensed phase
(vyas = ya). Therefore, the tension produced by molecular interaction in the gas phase
and gas phase—condensed molecules phase is negligible because the gas phase are
widely spaced [14].
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3.5.3.3 Surface and interfacial tension reduction

The movement of enough molecules from bulk to the interface results in the
expansion of the interface by unit area. However, this move is hindered by the potential
energy difference between the interface molecules and bulk molecules. In order to
overcome this potential energy difference, a minimum amount of work is required [14].

The interfacial tension or interface free energy per unit area is a measurement
of this work. When surfactant is used in such a system, the surfactant molecules
transport towards the interface and the hydrophobic tail of the molecules either lie flat
on the surface (few surfactant molecules at the interface). For another way, while the
hydrophilic head orientates itself towards the polar phase, surfactant molecules align
itself to the less polar liquid (adequate number of surfactant molecules at the interface)
[14]. Then the cohesive forces between polar and non-polar molecules are destroyed by
these surfactant molecules. The polar and non-polar molecules at the interface are also
replaced. At the interface, the interaction of the molecules occurs between the
hydrophilic head of the surfactant and the polar phase molecules. In addition, this
interaction also occurs between the hydrophobic tail of surfactant and the non-polar
phase molecules. In this phenomenon, the tension across the interface is lower because
the newly developed interactions are stronger than the interaction between the non-
polar and polar molecules [14]. The tension reduction at the interface is identified as
surface tension reduction if one of the phases is gas or air. This reduction occurs because
gas or air molecules are mainly non-polar. Low concentration surfactant has a tendency
to adsorb at the surface or interface. This surfactant significantly reduces the amount of
required work to expand those interfaces. The better surfactants are obtained with the
stronger tendency. The denser surfactant packing at the interface results from the larger
reduction in surface tension [14].

The surface activity of surfactant is one of the most commonly measured

properties and can be quantified by the Gibbs adsorption equation:

dy=—X;[idy; (3.22)

where dyis the change in surface or interfacial tension of the solution (erg cm? = dyne

cm L or mJ m?=mN m™), i is the excess surface concentration of solute per unit area
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of surface or interface (mol cm? or mmol m2) and dy; is the change in chemical
potential of the solute in the solution. At equilibrium between the interfacial and bulk
phase concentrations, dy; = RTdlna; where R is the gas constant (8.314 x 10-'erg mol-
1K1 or 8.314 J mol! K1), T is the absolute temperature and a; is the activity of solute
in the solution. Then, the Gibbs adsorption equation can be rewritten as equation (3.23)
[14].

dy= —Z Idy; = —RTZ I';dlna; = —RTZ I'jdIn(x;f;)
i i i

= —RT Zi Fld(ln Xj + In fl) (323)

where x; is the mole fraction of solute in the bulk phase and f is the activity coefficient
of solute in the bulk phase. For dilute solution containing only one type of non-ionic
surfactant (102 M or less) and containing no other solutes, the activity coefficient of
surfactant can be defined as constant and the mole fraction can be replaced by its molar
concentration, C [14]. Thus Equation (3.23) becomes Equation (3.24).

dy=—Y.TidlnC (3.24)

I" is positive (solute concentration at the solution surface is higher than that in
the bulk liquid) when the surface or interfacial tension is decreased with the addition of
a solute (surfactant). I" is negative (solute concentration at the solution surface is lower
than that in the bulk liquid) when the surface tension is elevated with the addition of a
solute (such as K2COs ) [14].

For one ionic surfactant with dilute solution (10 M or less) that completely
dissociates (A*B), the Gibbs adsorption equation can be written as Equation (3.25).

d7/= —RT(FAd In da + FBd In aB) (325)

I'y = I'g due to electroneutrality and a, = ag.Then Equation (3.25) can be rewritten
as Equation (3.26) [14].
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dy=—2RTI,dInC (3.26)

The coefficient decreases from 2 to 1 with a decrease in the ionic surfactant
concentration at the interface when the mixture of non-ionic and ionic surfactants in
water with no electrolyte is employed. For the ionic surfactant solution in the presence
of electrolyte such as NaCl, KCI, NaBr and KBr the Gibbs adsorption equation can
express as Equation (3.27) [14].

dy= —RTI'dInC (3.27)
C
Wherey =1 + v

In the presence of electrolyte containing non-surfactant counterion, for the ionic
surfactant solution, the surface activity can be quantified with Equation 3.26 [16].

The surface concentration of surfactant or surface excess concentration (I") can
be determined by the representative Gibbs adsorption equation. The slope of a plot of y
versus log[C] at constant temperature shows the T" [14].

The critical micelle concentration (CMC) is represented by the CMC in the
curve where the surfactant molecules start forming aggregates. This aggregate is known
as micelles. Surfactant molecules are in monomeric form below CMC. At this point,
the surface or interfacial tension decreases dramatically with increase in the surfactant
concentration in the bulk. The slope of the curve below the CMC is constant. This value
reaches its maximum value because the surface or interface is saturated with surfactant
monomers [14].

The surface excess concentration expresses in Equation (3.28) for the dilute

solution of non-ionic surfactant.
I' = —— (Slope/2.303) (3.28)

The surface excess concentration expresses in Equation (3.29) for the dilute

solutions of ionic surfactant.
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The surface excess concentration expresses in Equation (3.30) for the ionic

surfactant solution in the presence of electrolyte [14].
- _ 1
r= AT (Slope/2.303) (3.30)

The area occupied per surfactant molecule (A) at the surface or interface can be

obtained from I" by using Equation (3.31).

10¢
A=_r (3.31)

where a is 16 for A in square angstrom and I" in mol cm™. N is Avogadro’s number
[14].

3.5.4 Self-assembled surfactant aggregates

In aqueous solution, at low concentration, a surfactant acts as monomers (free
or unassociated surfactant molecules). At the interface, these monomers which collect
together, form monolayer. They contribute to surface and interfacial tension lowering.
However, this phenomenon is highly dynamic molecules. It shows that surfactant
molecules arrive and leave the interface on a very rapid timescale. This phenomenon
occurs at the interface interact with the neighbouring molecules very strongly which
enables the rheological properties of the monolayer measurement [14]. Because the
surfactant concentration increases, the available area at the surface for surfactant
adsorption diminishes. Then surfactant monomers start accumulating in the solution.
Nevertheless, the hydrophobic tail of the surfactant molecules has extremely small
solubility in water and the hydrophilic head has extremely small solubility in non-polar
solvents. Therefore, the hydrophobic effect will drive surfactant monomers to form self-
assembled aggregates above certain aggregate concentration [14]. These aggregates are

micelles, vesicles, liquid crystals and reverse micelles. The aggregates exist in
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equilibrium with the surfactant monomers. All structures are dynamic in nature and
surfactant molecules constantly join and leave the microstructure on a timescale of
microseconds. However, the microstructures have a limited lifetime. Furthermore, the
energy difference between various microstructures is small, thus the physical forces of
the interaction become dominant. In addition, surfactant molecules can be transformed
between several types of aggregates by small changes in temperature, concentration,
pH or electrolyte strength [14]. Likewise, the properties of the solution show sharp
changes around the critical aggregation concentration. The formation of self-assembled
aggregates is evidenced by an increase in turbidity and organic dye solubility, a
decrease in electrical conductivity (ionic surfactants only) and stability in surface
tension, interfacial tension and osmotic pressure around the critical aggregation

concentration as illustrated in Figure 3.6 [14].

CMC

Physical properties

Turbidity
Solubility

1
1
i
1
1
1
1
1
1
1
1
1
: Osmotic pressure
1
1
[l
]
1
|
1
1
1
1

I . RS-

Surfactant concentration

Figure 3.6 Physical properties of aqueous surfactant solution as a function of

surfactant concentration [14].

3.5.4.1 Micelles and critical micelle concentration

Surfactant monomers can form a closed aggregate (micelle) at a certain
concentration, in which the hydrophobic tails are harbored from water while the

hydrophilic heads face water. This concentration is called is called the critical micelle
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concentration (CMC) which is the concentration of aggregation. The CMC is a
characteristic of the surfactant. At this point, monolayer adsorption is complete and the
surface active properties are at an optimum [14]. Above the CMC, the concentrations
of monomers are approximately constant. Therefore, the surfactant properties of the
solution do not significantly change because the monomers are the cause of the surface
activity. There is no surface activity of micelles. In addition any increase in the
surfactant concentration does not influence the number of monomers in the solution
however it affects the structure of micelles [14].

The typical CMC values at room temperature are 10°-102 M for anionic
surfactants, 1073107t M for amphoteric and cationic surfactants and 1075-10"* M for
non-ionic surfactants. The CMC can be affected by the surfactant structure, the
temperature, the presence of electrolyte, existence of organic compounds and the
presence of a second liquid. The following factors contribute to CMC decrease [14]:

(a) an increase in the number of carbon atoms in the hydrophobic tails
(b) the existence of polyoxypropylene group
(c) fluorocarbon structure
(d) an increased degree of binding of the counterions
(e) the addition of electrolyte to ionic surfactants
(F) the existence of polar organic compounds (such as alcohols and
amides)
(9) the addition of xylose and fructose
The following factors contribute to CMC increase [14]:
(a) branch hydrophobic structure
(b) double bonds between carbon atoms
(c) polar groups (O or OH) in hydrophabic tail
(d) strongly ionised polar groups (sulphates and quaternaries)
(e) hydrophilic groups placed in the surfactant molecule centre
(F) increase in the number of hydrophilic head
(9) trifluoromethyl groups
(h) an increase in the effective size of hydrophilic head

(i) an increase in the pH of weak acids (such as soap)
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(J) a decrease in pH from isoelectric region and increase in pH from
isoelectric region for amphoteric surfactants (low CMC at the isoelectric region and
high CMC outside the isoelectric region)

(k) addition of urea, formamide, and guanidinium salts, dioxane,
ethylene glycol and water soluble esters

The CMC is a useful tool which is utilized to select the surfactants for specific
applications or properties. Measurement of the change in physical properties such as
electrical conductivity, turbidity, surface tension, interfacial tension, solubilisation and
auto diffusion can determine CMC. The CMC decreases with increase in temperature
to a minimum and then increases with further increase in temperature [14]. For ionic
surfactants, the minimum appears to be around 25 °C and for non-ionic surfactants
50-C. The electrolyte concentration also affects to the CMC. Generally, the CMC of
ionic and non-ionic surfactants is higher in nonaqueous solvent than in water [14]. Most
formulators use mixed surfactants to improve the properties of products. Additionally,
commercial surfactants are mixtures because they are made from mixed chain length
feedstock and they are mixtures of isomers and by-products depending on their

synthesis. Purifying the surfactant to a great extent is not economically feasible [14].

3.5.4.2 Aggregate structures and shapes

For a stable formation of a structure of surfactant aggregate in an aqueous
system, the hydrophobic part of the surfactant molecule should exist in the internal
section of the aggregate while the hydrophilic heads should exist at the surface of the
aggregate. The hydrophilic heads in water, if ionic, will repel each other because of
same charge repulsion. The larger charge results in the greater repulsion and the lower
tendency to form aggregates [14]. The strong affinity for water is found at the
hydrophilic heads which space out to allow water to solvate the head groups. On other
sides, because of hydrophobic effect, hydrophobic tails can attract another one. Then
the surfactant molecules pack together when the concentration of the surfactant is high
enough. This phenomenon results of the interaction of the two opposing forces between
the surfactant molecules. This aggregate has various shapes and sizes depended on the
surfactant packing parameter which is the ratio of the hydrophobic group area (v/Ic) to

the hydrophilic head area (ao) as shown in Table 3.2 [14]. The v and Ic are the volume
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and length of the hydrophobic tail in the surfactant aggregate, respectively. The
definition of v and Ic can be express as Equations (3.32) and (3.33), respectively [14].

v=27.4+269n (3.32)

le<1.5+1.265n (3.33)

where n is the total or one less than the total number of carbon atoms of the hydrophobic
tail in the surfactant aggregate, v is in cubic Angstrom (A%) and Ic is in A. Ic is 80% of
the fully extended chain for saturated straight chain [14].

Table 3.4 shows structures of surfactant self-assemblies which are a function of
surfactant packing parameters and shape. Firstly, spherical micelles are formed where
the value of surfactant packing parameter is less than 1/3 (single chain surfactants with
large head group areas such as anionic surfactants). The spherical aggregates are
extremely small. The aggregate radius is approximately equal to the maximum
stretched out length of the surfactant molecule [14]. And then when the surfactant
packing parameter is between 1/3 and 1/2 (single chain surfactants with small head
group areas such as non-ionic surfactants and ionic surfactants in high salt
concentration), cylindrical micelles are formed. The aggregate size and shape will
change from spherical to cylindrical form when the effective size of hydrophilic head
groups is reduced by any change in solution properties. For example, the effective
hydrophilic area of ionic surfactants is reduced by adding an electrolyte because the
increased counterions reduce the repulsion between ionic polar head groups. In
addition, the formation of cylindrical shape can also occur from addition of co-
surfactant with a smaller head group size [14]. Furthermore, vesicles, liposomes and
flexible bilayers are formed when the surfactant packing parameter is between 1/2 and
1 (double chain surfactants with large head group areas such as phospholipids,
surfactants with bulky or branched tail groups and the mixture of anionic and cationic
surfactants with single chain at nearly equimolar concentration). The surfactant shapes
are truncated cone and cylinder, respectively [14]. Because the packing parameter

approaches unity, the lamella becomes flat and planar (double chain anionic surfactants
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in high salt concentration). Only the flexible lamellar bilayer bends around and joins in
a sphere (vesicle). This structure keeps aqueous solution both inside and outside of the
sphere. Liposomes which are concentric spheres of vesicles (layers of an onion
arrangement) are formed by gentle shaking of surfactant in water. The size of the
liposomes is more than a micrometer [14]. Moreover, the liposomes can easily be
identified with a polarising light microscope due to the internal bilayer structures of the
liposomes are optically active. Vesicles are formed from liposomes by ultrasonication,
ultrafiltration or microfluidisation. The size of the vesicles is nanometre and can only
be detected by electron microscopy. Vesicles are used as drug delivery agents, model
components for cell membranes and cationic softeners in detergency [14]. Finally,
inverted or reverse micelles are formed where the surfactant packing parameter is
greater than 1 (surfactants with small head groups or large tail groups such as double
tailed anionic surfactants). Their structures are formed in non-polar solvents. In the
structures, head groups are clustered together and tails are extended towards the solvent.
They can form water-in-oil microemulsions because they have the capacity to take
water into their cores [14]. Therefore, hydrophilic materials can also be dissolved into
the reverse micellar core (engine oil additives, hydraulic oils and cutting oils). In
addition, inverse micelles are often used for the separation of biological molecules such
as proteins [14].

Table 3.4 Structures of surfactant self-assemblies as a function of surfactant packing

parameters and shape [14].

Surfactant shape Surfactant packing Surfactant
parameter (v/lcao) aggregates
; / <1/3

Cone

@ 1/3-%

Truncated cone Cylindrical micelle
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Surfactant shape Surfactant packing Surfactant

parameter (v/lcao) aggregates

E 1/2-1

Truncated cone

il

Cylinder Bilayer
f \ Reverse micelle
>1 -

Inverted truncated

cone

Reverse

cylindrical micelle

3.5.5 Adsorption of surfactants at surfaces

The adsorption mechanisms of surfactant consist of many processes such as
such as dispersion, coating, emulsification, foaming and detergency. These interfaces
are liquid—gas (foaming), liquid-liquid (emulsification) and liquid—solid (dispersion,
coating and detergency). The details of the adsorption mechanisms are described as

follows.

3.5.5.1 Adsorption at liquid—gas and liquid-liquid interfaces

The surfactant concentration affects the adsorption of surfactants at interfaces.
At very low concentration, surfactant molecules lie flat on the surface. An increase in
surfactant concentration in the bulk increases surfactant molecules on the surface and
surfactant tails start to orient towards gas or non-polar liquid because there is not
enough space for the surfactant molecules to lei flat on the surface. These molecules
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adsorb at the interface and form monolayer until the surface is occupied at which point
the molecules start forming self-assembled structures in the liquid [14].

Adsorption can be measured by direct or indirect methods. The direct methods
consist of surface microtome method, foam generation method and radio-labelled
surfactant adsorption method. However, these methods have several disadvantages.
Therefore, the amount of surfactant adsorbed per unit area of interface (I') at surface
saturation is mostly determined by indirect methods namely surface and interfacial
tension measurements along with the application of Gibbs adsorption equations [14].
The T" value is significantly affected by surfactant structure, presence of electrolyte,
nature of non-polar liquid and temperature. Adsorption isotherms are used to relate the
bulk surfactant concentration (C) to I'. The Langmuir adsorption isotherm generally

represents surfactant solutions as shown in Equation (3.34) [14].

C
max a (334)

r=r
where I'max is the maximum surfactant adsorption at infinite dilution in mol cm™ and a

is a constant in mol cm™. a is expressed as shown in Equation (3.35) [14].

AGO

a= %exp (E) (3.35)

where § is the thickness of the adsorption layer, G° is the free energy of adsorption at
infinite dilution, R is ideal gas constant and T is the absolute temperature [14]. Then

Equation (3.34) can be rewritten in the linear form as expressed in Equation (3.36).

C C a
T +

rmax rmax

(3.36)

In case of the surfactant adsorption is of the Langmuir type, the plot of C/T’
versus C is a straight line. The values of I'max and a can be then determined from the

slope (1/T'max) and intercept (a/T'max) of this plot [14].
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The Szyszkowski equation relates surface tension (y ) to C as shown in Equation
(3.37)

T=Yo—Y = R gl (S + 1) (3.37)

where 7 is the surface pressure of a solution, y, is the surface tension of pure solvent
and v is the surface tension of the surfactant solution. The Frumkin equation [14]
derived from Equations (2.18) and (2.21) shows the relationship between y and I'j,.«
in Equation (3.38) [14].

T =7Yo—Y = RTI[ 5«In (1 Py ) (3.38)

Fmax

If the interaction between the adsorbed surfactant molecules and electrostatic
charge of surfactant ions is incorporated in Equation 2.18, the Langmuir equation
becomes Equation (3.39) [14].

_ _ C
FT G e () -

where b is a constant representing the non-electrostatic interaction between adsorbed
surfactant molecules, Z is the valence of surfactant ion (zero for non-ionic surfactant),
e is the elementary charge, ys is the surface electric potential and k is Boltzmann’s
constant [14].

The efficiency of surfactant adsorption is determined as a function of minimum
bulk surfactant concentration, C that produces saturation adsorption (I'max) at the liquid—
gas or liquid-liquid interface. This minimum concentration is defined as pC20 which
is (- log C20) reducing the surface or interfacial tension by 20 dyne cm™ (z = 20 dyne
cm™). With C20, T lies between 84 and 99.9% of I'max [14]. The larger the pC20 (smaller
the C), the more efficient the surfactant is in adsorbing at the interface and reducing the

surface tension at liquid—gas or interfacial tension at liquid—liquid interfaces [14].
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3.5.5.2 Adsorption at liquid—solid interface

Many interactions are used to adsorb any surfactants on any solid surfaces.
These interactions include of the hydrophobic bonding, electrostatic interaction, acid—
base interaction, polarization of = electrons and dispersion forces. Hydrophobic
bonding occurs between the hydrophobic surfactant tail and the hydrophobic solid
surface (tail down adsorption with monolayer structure) or between the hydrophobic
tails of the surfactant adsorbed on the hydrophilic solid surface and the hydrophobic
tails of the surfactant from the liquid phase (head down adsorption with bilayer
structure) [14].

Electrostatic interactions occur between the ionic head groups of the surfactant
and the oppositely charged solid surface (head down adsorption with monolayer
structure). Acid-base interactions occur because of hydrogen bonding or Lewis acid—
Lewis base reactions between solid surface and surfactant molecules (head down with
monolayer structure). Polarization of 7 electrons occurs between the surfactant head
group which has electron rich aromatic nuclei and the positively charged solid surface
(head down with monolayer structure). Dispersion forces occur because of London-
van der Waals forces between the surfactant molecules and the solid surface
(hydrophobic tail lies flat on the hydrophobic solid surface while hydrophilic head
orients towards polar liquid) [14].

The adsorption isotherms are generally be used to describe the adsorption of
surfactants. A simple adsorption experiment at a constant temperature is set up to
support this description. The known amounts of solid adsorbent are dispersed into a
constant volume of dilute surfactant solution. The initial surfactant concentrations are
varied. The mixture is then shaken until reaching to its equilibrium. For each solution,
the moles of surfactant adsorbed per unit mass of the solid (Ns) can be determined from
Equation (3.40) [14].

N, = LoCV (3.40)

m
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where Ngnax IS the initial concentration of surfactant in the liquid phase before
adsorption, C, is the concentration of surfactant in the liquid phase after the equilibrium
is reached, V is the volume of liquid phase and m is the mass of the adsorbent. Then,
the Langmuir adsorption isotherm can be expressed in linear form as Equation (3.41)
[14].

C C a

= +

NS Ns,max Ns,max

(3.41)

Where Nsmax 1S the maximum moles of surfactant adsorbed per gram of adsorbent at
equilibrium. The slope and intercept of a plot of C/Ns versus C are 1/Nsmax and a/Nsmax,
respectively. In addition, the surface concentration of surfactant on solid surface, T’

(mol/area), can be determined from Equation (3.42) [14]

& _ (CO_Ce)V
Ag Agm

= (3.42)

where As is the surface area per unit mass of the solid adsorbent.

The log Ns versus log Ce (Equation (3.40)) or the log I" versus log Ce (Equation
(3.41)) is plotted to generally analyse characteristics of surfactant adsorption isotherm
on solid surface. These plots have four region isotherms as shown in Figure 3.7. [14]

Region 1 represents the adsorption at low surfactant concentration. Linear
adsorption isotherm exhibits a slope of 1 in this region, which can be explained by
Henry’s adsorption isotherm. And surfactant molecules adsorbed on the solid surface
as seen in Figure 2.5 do not interact with each other and the zeta potential of the solid
surface is unchanged. Hydrogen bonding (hydrophilic solid surface) or hydrophobic
bonding (hydrophobic solid surface) is the interaction of non-ionic surfactant adsorbed
on solid surface [14]. Electrostatic interaction (hydrophilic solid surface) or
hydrophobic bonding (hydrophobic solid surface) is the interaction of ionic surfactants
adsorbed on solid surface. In region 2, isotherm of adsorption shows an increase in a
slope greater than 1. In the region 2 (Figures 3.7 and 3.8), surfactant molecules move

toward the solid surface and form hemimicelle on the hydrophilic solid surface (head
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down adsorption) or monolayer on the hydrophobic solid surface (tail down adsorption)
[14]. Because of the bulk concentration increases, surfactant molecules interact with
the previously adsorbed surfactant molecules by hydrophobic bonding and create
surface aggregates (bilayer formation on solid surface known as admicelle) on the
hydrophilic solid surface. The break between regions 1 and 2 represents the surfactant
concentration where the first hemimicelle or admicelle is formed [14]. The
concentration of the surfactant in region 2 is well below the CMC. The charge of the
solid surface is neutralised by the adsorption of oppositely charged ionic surfactants in
this region. In region 3, the slope of the isotherm decreases because the rate of bilayer
formation decreases and the adsorption occurs on the least energetic part of the solid
surface. In region 4, the plateau adsorption occurs due to micelle formation in the bulk

liquid and slope of the isotherm levels off [14].

4
z
>
S
| -
)
E
o> CMC
9O

log[Ce]
Figure 3.7 Four region isotherms of surfactant adsorption [14].
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Figure 3.8 Surfactant adsorption on solid surfaces [14]

The amount of adsorbed surfactant at surface saturation can be reduced by an
increase in the hydrophilic head group size. On the other hand, the surfactant adsorption
may be increased, decreased or maintained by an increase in the hydrophobic tail length
[14].

If the surfactant molecules are not closely packed, the surfactant adsorption on
solid surfaces can be increased by an increase in the chain length of the tail. If the
adsorption of surfactant on the solid surface is because of polarization of = electrons,
the amount of surfactant adsorbed on the surface is reduced at surface saturation. If the
adsorbed surfactants are closely packed on the solid surface, an increase in the chain
length of the surfactant tail will have no effect on the surfactant adsorption [14].

The solid surface charge can change with the change in pH of the solution
resulting in the adsorption of ionic surfactants on the charged solid surface changes.
The increase in pH leads to more negative solid surface. The adsorption of anionic and
cationic surfactants is also affected by the pH. When the pH increases, the adsorption
of anionic surfactants will decreases whereas the adsorption of anionic surfactants will

increases [14]. In addition, the change in pH also changes the ionic groups in the
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amphoteric surfactant structure making it either positively or negatively charged or
neutral [14].

For the temperature, the increase in temperature increases adsorption of non-
ionic surfactants on solid surfaces because the solubility of non-ionic surfactants in
water decreases with increased temperature. On the other hand, the increase in
temperature decreases the adsorption of ionic surfactants on solid surfaces since the
solubility of ionic surfactant increases with increased temperature. Moreover, the
adsorption of ionic surfactants can increase with the presence of electrolytes in case of

the solid surface has the same charge as the surfactant head groups [14].

3.5.6 Anionic surfactant

The surfactants that dissociate in water into a negatively charged ion and a
positively charged ion are called anionic surfactants. The hydrophilic head of these
surfactants is negatively charged (anion). Anionic surfactants are the most common and
inexpensive surfactant. They are sold as alkali metal salts or ammonium salts. Anionic
surfactants are the most commonly used class of surfactants in cleansing applications
[14]. In addition, the ability of these surfactants is to emulsify oily soils into wash
solutions. They can lift soils, including particulates, from surfaces because the
negatively charged head group is repelled from most surfaces, which also tend to be
slightly negatively charged. The reverse action to a cationic surfactant where the
positively charged head group is adsorbed onto a surface gives an antistatic and
conditioning effect [14].

The significant foaming will be generated by the great majority of anionic
surfactants in solutions above their critical micelle concentration (CMC), which is a
desirable attribute in most cleansing applications. However, this foam can restrict the
use of anionic surfactants in areas where foam is a problem [14].

According to the polar group, anionics can be classified as follows [14].
-Sulphonates

Aromatic — alkylbenzene, alkyltoluene, alkylxylene, alkylnaphthalene

Aliphatic — a-olefin sulphonates, alkane sulphonates, sulphosuccinates

-Sulphates



Alkyl sulphates e.g. sodium lauryl sulphate (SLS)
Alkyl ethoxy sulphates e.g. sodium laureth sulphate
-Phosphate esters
-Carboxylates

-Soaps, isethionates, taurates
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CHAPTER IV
EXPERIMENT

In order to enhance the battery performance, the electrolyte system was
improved. The surfactants were used by adding to a traditional electrolyte which is
potassium hydroxide solution in order to enhance the cell performance in term of zinc
utilization. The surfactants can reduce passivation layer which results in the
enhancement of zinc utilization. In this study, two anionic surfactants consisted of
sodium dodecylbenzene sulfonate and sodium dodecyl sulfate were used. In addition,
an ethanol was used to help enhancing surfactant functions. The details of the materials

and chemicals and the methodology are present as follows.

4.1 Materials and Chemicals

The materials and the chemicals which were employed in the electrolyte

improvement are expressed in Table 4.1

Table 4.1 List of the materials and the chemicals for electrolyte system improvement

Material Molecular Formula Company
Silver conductive ink Ag NovaCentrix
Zinc powder Zn Ajax Finechem
Sodium silicate Naz2SiOs AppliChem
Graphite C Sigma Aldrich
Poly(tetrafluoroethylene) (CF2CF2)n Sigma Aldrich
Potassium hydroxide KOH Ajax Finechem

Sodium dodecylbenzenesulfonate ~ CisH29NaO3S Sigma Aldrich
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Material Molecular Formula Company
Sodium dodecyl sulfate C12H2sNaO4S Sigma-Aldrich
Ethanol C2HsO QRéC™

4.2 Experimental methodology

The overview of electrolyte improvement is presented in Figure 4.1.

Electrolyte system improvement

l \ 4 l

‘ Anode preparation ‘ ‘Cathode preparation ‘ ‘Electrolyte preparation‘

A 4
‘ Battery assembly ‘

'

‘ Battery analysis and characterization ‘

—» Study of KOH concentration effects

—» Study of surfactants effects

> Study of surfactants and ethanol effects

Figure 4.1 Schematic diagram of electrolyte improvement.

4.3 Preparation of functional ink

The methods to prepare functional ink are shown below:

4.3.1 Zinc —based functional ink

The zinc-based functional ink or anode electrode was prepared by mixing 98%
by weight of zinc powder (Ajax Finechem), 2% by weight of sodium silicate
(AppliChem) used as a binder.
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4.3.2 Gas diffusion ink
The gas diffusion ink was prepared by mixing 78% by weight of graphite (20
pum, Aldrich), 20% by weight of polytetrafluoroethylene (40 um, Sigma Aldrich) and

2% by weight of sodium silicate used as binder.

4.4 Preparation of aqueous electrolyte

4.4.1 Potassium hydroxide

Because the concentration of KOH affects the battery performance in both zinc
utilization and the conductivity, the concentration effect was thus investigated. The
electrolyte was prepared using potassium hydroxide (KOH) (Ajax Finechem). To study
the effect of potassium hydroxide concentrations, three concentrations of KOH
consisted of 5 mol L, 7 mol L™t and 9 mol L™* were studied. These KOH concentrations

were employed as the battery electrolyte.

4.4.2 Potassium hydroxide with surfactant

The proper concentration of KOH would be selected. The two surfactants,
consisted of sodium dodecylbenzenesulfonate (SDBS) and sodium dodecyl sulfate
(SDS), were employed. Three concentrations, consisted of 0.2 mmol L2, 0.4 mmol L
and 0.6 mmol L™, of each surfactant were investigated. These concentrations are in the
range of critical micelle concentration of the surfactants. Firstly, the surfactants were
dissolved in deionized water. Then, the granular KOH was put in the surfactant solution
and mixed together. The solution was left for cooling. Finally, the solution was used as

the electrolyte for the fabrication of the battery.

4.4.3 Potassium hydroxide with surfactant and ethanol

In order to study effect of ethanol, 95% ethanol was added to the all mixed
solutions of KOH and the surfactants. In order to study SDBS effect, 20 v/v% ethanol
was used. And 30 v/v% ethanol was used in the study of SDS effect. The amount of the

ethanol addition depended on the white particle of the surfactants on the surface of the
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mixed solution. Then, the mixed solutions, included ethanol, were used as the
electrolyte for the fabrication of the battery.

4.5 Preparation of flexible substrate and separator

4.5.1 Polyethylene terephthalate (PET) substrate

A 3.0 x 3.0 cm? polyethylene terephthalate (PET) substrate was cut and used as

anode substrate.

4.5.2 Polytetrafluoroethylene (PTFE) substrate

A 3.0 x 3.0 cm? polytetrafluoroethylene (PTFE) substrate was cut and used as

cathode substrate.

4.5.3 Polypropylene (PP) membrane

A 1.5 x 1.5 cm? polypropylene (PP) membrane was cut and used as separator.

4.6 Preparation of anode electrode

A commercial nano-silver conductive ink (NovaCentrix, 43%) was employed
to fabricate the anode current collectors. A screen-printing technique was used in this
step. The nano-silver ink was printed on PET substrate with the effective area of 1.0 x
2.0 cm?. Then, anode current collectors were annealed at 100°C for 30 minutes.

The zinc-based functional ink was then deposited onto the anode current
collector using the screen-printing technique with the effective area of 1.0 x 1.0 cm?
and annealed at 100 “C for 30 minutes. The zinc anode electrode pattern is illustrated in
Figure 4.2.
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Anode current collector
(Silver ink printed on PET Substrate, ——

annealed at 100 'C for 30 min)

Zinc based ink
(zinc, sodium silicate binder, = |

annealed at 100 °C for 30 min)

Figure 4.2 Anode electrode pattern.

4.7 Preparation of cathode electrode

A commercial nano-silver conductive ink (NovaCentrix, 43%) was employed
to fabricate the cathode current collectors. A screen-printing technique was used in this
step. The nano-silver ink was printed on PTFE substrate with the effective area of 1.0
x 2.0 cm?. Then, cathode current collectors were annealed at 100°C for 30 minutes.

The gas diffusion ink was then deposited onto the cathode current collector
using the screen-printing technique with the effective area of 1.0 x 1.0 cm? and annealed
at 100 °C for 30 minutes. The air cathode electrode pattern is illustrated in Figure 4.3.

Cathode current collector
pm  (Silver ink printed on PTFE substrate,

annealed at 100 'C for 30 min)

Gas diffusion ink
(graphite, polytetrafluoroethylene, sodium silicate

binder, annealed at 100 °C for 30 min)

Figure 4.3 Cathode electrode pattern.

4.8 Fabrication of flexible printed zinc-air battery

The zinc-air cell was assembled layer by layer. First, one drop of electrolyte was
dropped onto the anode and cathode. Then a 1.5 x 1.5 cm? polypropylene separator was

soaked in electrolyte for 5 minutes and was hung on the air for 1 minute to reduce
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droplets of electrolyte from the surface of separator. The same quantity of the all
electrolyte experiments was thus maintained. Then the separator was placed on the
anode. Next, the cathode was placed on top of the separator. The borders of the batteries
were sealed by double sided tapes. The configuration of flexible printed zinc-air battery

is illustrated in Figure 4.4.

Cathode substrate =——

Cathode current collector
Gas diffusion layer
Separator with electrolyte

Anode active layer
Anode current collector

Anode substrate

Figure 4.4 Layer by layer configuration of the zinc air battery.

4.9 Characterizations

The characteristic and the performance of the battery were investigated by
battery analyzer (Battery Metric, MC2020). The polarization curve was obtained by
varying the discharge current density, correlations of discharging time and the cell
voltage, capacity and energy of the flexible printed zinc-air battery tested by 1 mA cm-
2 constant current discharging.

Electrochemical impedance spectroscopy (EIS) measurement was performed
using a potentiostat with impedance measurement unit (AMETEK, PAR VersaSTAT
3A) with the frequency range of 10 kHz to 0.1 Hz and the amplitude of 10 mV.

The morphologies of the anodes were analyzed by Scanning electron
microscope (SEM (6400)).



CHAPTER YV
RESULTS AND DISCUSSIONS

Enhancement of the battery performance can be done by several methods. One
of the methods is modification of electrolyte system by the surfactant addition. SDBS
and SDS are the candidates of this improvement. In this chapter, the results of SDBS
and SDS addition were investigated. The cell performances of these additions were
studied. The considerable parameters which were examined consist of polarization
curve, cell power, capacity and energy. Effect of potassium hydroxide concentration,
effect of surfactant and effect of ethanol on surfactant role were revealed in this chapter.
Furthermore, in order to confirm the results, the morphology of zinc electrode was also
investigated. All resulting details are shown as follows.

5.1 Effect of potassium hydroxide concentration

Potassium hydroxide is favored electrolyte for zinc-air battery due to a good
conductivity [40]. However, the proper concentration needs to be taken into account.
The use of high KOH concentration can reduce the passive film on the zinc surface
because the passive film can be dissolved by high concentration of alkaline solution.
On the other hand, too much dissolution results in the shape change [11] while the low
concentration of KOH leads to higher passive film in the cell. Additionally, it also
affects the conductivity of the cell to become lower. Therefore, the proper concentration
of KOH is investigated by considering the zinc-air performance. Three KOH
concentrations consisted of 5 mol L 7 mol L™t and 9 mol L were studied. The results
are present as follows.

Firstly, the behaviors of the battery cell were studied by polarization curve (The
correlations of cell voltage and current) as illustrated in Figure 5.1. The polarization
curve shows the internal resistance of the cell. Normally, this curve has three regions
of activation loss, ohmic loss and concentration loss. In this study, only ohmic loss was

considered. In Figure 1, the lowest resistance is found with 7 mol L' KOH. The higher
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resistance is found with 9 mol L™ and 5 mol L, respectively. In order to obviously
compare, this information has been used to calculate its power, then it is illustrated as
the correlations of cell power and current density (Figure 5.2). The results showed that
the cell power of 7 mol L is highest for every current density. Subsequently, the cell
power of 9 mol L™ and 5 mol L are lower, respectively. Moreover, this information
also expresses the maximum power of the cell. Additionally, the results showed that the

maximum power is obtained at 5 mA current density for all KOH concentrations.
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Figure 5.1 Polarization curves of 5 mol L%, 7 mol L™ and 9 mol L* KOH electrolytes

used in the flexible printed zinc-air battery with effective area of 1 cm?.
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Figure 5.2 Correlations of current density and cell power of 5 mol L2, 7 mol L™ and 9
mol L't KOH electrolytes used in the flexible printed zinc-air battery with effective area

of 1 cm?.

In addition, the cell power is not only considered, but the battery capacity (mA
h) and energy (W h) are also taken into account in order to investigate the battery
performance. In this study, constant current mode was used to test the battery capacity
and energy. Therefore, the correlations of discharging time and cell voltage are obtained

as shown in Figure 5.3.
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Figure 5.3 Correlations of discharging time and the cell voltage of 5 mol L™, 7 mol L-
Land 9 mol L* KOH electrolytes used in the flexible printed zinc-air battery with

effective area of 1 cm? by 1 mA cm constant current discharging.

The correlations in Figure 5.3 show that the cell voltages quickly decrease at
the initial stage, particularly the cell voltage of 5 mol L. Then, the cell voltage of 5
mol L steadily decreases with the highest decreasing rate. The reason of this reduction
is that the use of 5 mol L™t KOH has more passive film at the zinc surface than 7 mol
L and 9 mol L during the discharging step. The use of high concentration KOH can
dissolve more zinc oxide which is the main component of passive film [9]. Therefore,
the use of 7 mol L™ or 9 mol L* KOH results in higher zinc utilization in the battery.
However, too much solubility of the passive film generates the shape change and the
corrosion problems, leading to the reduction of battery capacity [13]. Furthermore, the
cell voltages and the discharging times are utilized to calculate the capacity and the
energy. The correlations of KOH concentration and the capacity and energy are
illustrated in Figure 5.4. It shows that the highest capacity and energy are obtained with
the use of 7 mol L™* KOH. It corresponds to the highest conductivity of the KOH

solution which is obtained around 7 mol L at 25°C [9]. Subsequently, lower capacity
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and energy are obtained with the use of 9 mol L™* and 5 mol L** KOH, respectively.

Consequently, the proper concentration of KOH is 7 mol L™.
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Figure 5.4 Correlations of KOH concentration and capacity and energy of the flexible

printed zinc-air battery with effective area of 1 cm? by 1 mA cm constant current

discharging.

5.2 Effect of surfactants

In this study, surfactants consisting of sodium dodecyl benzene sulfonate and

sodium dodecyl sulfate were investigated. Both surfactants are anionic surfactants.

They were selected because anionic surfactant can improve the battery capacity in

previous study [29]. The molecular structures of both surfactants are quite same. They

have twelve carbon atoms of hydrophobic group and sulfur oxide acting as hydrophilic

group. However, the difference of both surfactants is they have the different group

between hydrophilic and hydrophobic groups in their molecules. SDBS has phenyl

group while SDS has oxy group. This different molecular structure results in the
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different properties in term of the stability of the molecule. The results of SDBS and

SDS additives in the traditional electrolyte are present as follows.

5.2.1 Sodium dodecyl benzene sulfonate

Sodium dodecyl benzene sulfonate has a sulfonate acting as hydrophilic group
and an alkylbenzene acting as hydrophobic group [39]. This structural formula is
illustrated in Figure 5.5. SDBS is not easy to oxidation but is easy to compound with
various additives. SDBS is a high content anionic surfactant with properties of
dispersity. International security organizations have been recognized it as safe
chemicals [14]. According to the results from section 5.1, 7 mol L™t KOH is the proper
concentration. Therefore, SDBS was added in 7 mol L KOH. Then, the mixing
solutions were employed as the electrolyte in flexible printed zinc-air battery. After

that, the resulting analysis has been done. The results are shown as follows
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Figure 5.5 Structural formula of sodium dodecyl benzene sulfonate.

Generally, characteristics of a battery are investigated by polarization curve and
capacity and energy examinations. For capacity and energy examinations, constant
current mode is favorably employed. Therefore, the results of these examinations are
revealed as the correlations of discharging time and cell voltage. The details of these
investigations are shown as follows.

The polarization curves of SDBS modified electrolyte in flexible printed zinc-
air battery are illustrated in Figure 5.6. The results showed that polarization curves of
all SDBS concentration are nonlinear, particularly at low and high current densities in
ohmic loss region. Additionally, the lower slope is obtained at low and high current
density and the higher slope is found at the middle current density. These curves

indicate that SDBS help reducing the cell resistance. This phenomenon is the role of
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surfactants which can be described as follows. Surfactants which adsorb on the solid by
covering zinc surface to protect passive layer deposition. The zinc surface will be
modified by surfactant to become more porosity. This phenomenon can improve the
wettability of that solid [39]. Due to this property, the addition of SDBS which is a
surfactant in traditional electrolyte can thus increase the penetrating capability of the
electrolyte in zinc electrode, resulting in the improvement of active ion diffusion.
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Figure 5.6 Polarization curve of 0.2 mmol L, 0.4 mmol L and 0.6 mmol L SDBS
in 7 mol L™ KOH electrolytes used in the flexible printed zinc-air battery with effective

area of 1 cm2.

Consider Figure 5.6, it is found that the lowest internal resistance of the cell is
obtained at 0.4 mmol Lt SDBS, owing to the lowest slope of the correlation. The higher
internal resistances of the cell are found at 0.2 mmol L™ SDBS and 0.6 mmol L'SDBS,
respectively. The highest internal resistance is found at 0.6 mmol LSDBS because of
self-aggregation of SDBS. This phenomenon will occur when the used surfactant
concentration is higher than critical micelle concentration (CMC) of that surfactant.

The aggregation can impede the diffusion of active ion. The supporting reason of this
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effect can be observed from the correlation of 0.6 mmol L™SDBS at high current
density which is straight line and is significantly higher slope than 0.4 mmol L™* SDBS
and 0.2 mmol L SDBS. The higher slope implies the higher resistance.

Another important parameter which has to be used to compare the cell
performances is the cell power. The correlations of current density and cell power are
illustrated in Figure 5.7. The correlations are inverted asymmetric parabola. The
maximum power is obtained at current density of 5 mA cm. This result is similar to
the result of traditional electrolyte. However, the powers of the cell with modified
electrolyte are higher than that of the cell with traditionally electrolyte. Consequently,
the employment of SDBS in electrolyte can improve the cell performance.
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Figure 5.7 Correlations of current density and cell power of 0.2 mmol L%, 0.4 mmol L-
1and 0.6 mmol Lt SDBS in 7 mol L™ KOH electrolytes used in the flexible printed
zinc-air battery with effective area of 1 cm?.

Furthermore, two considerable parameters which need to be investigated are

capacity and energy. Generally, the capacity of the battery is the amount of charges in
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the battery which has the unit of milliampere hour (mA h). This capacity depends on
the amount of active species in the battery and the battery efficiency (or the loss).
Additionally, Energy of the battery does not only relate to the charge but it also concerns
the cell voltage. Therefore, the unit of battery energy is watt hour (W h). In order to
compare the performance of the batteries, capacity and energy are investigated. The
correlations of cell voltage and discharging time are examined. These correlations of

SDBS for various concentrations are illustrated in Figure 5.8.
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Figure 5.8 Correlations of discharging time and cell voltage of 0.2 mmol L, 0.4 mmol
Lt and 0.6 mmol L™ SDBS in 7 mol L™* KOH electrolytes used in the flexible printed
zinc-air battery with effective area of 1 cm? by 1 mA cm constant current discharging.

In Figure 5.8, the result of SDBS additive show that the highest cell voltage is
obtained by using 0.4 mmol L' SDBS. In addition, the cell voltage of 0.2 mmol L
SDBS is close to 0.4 mmol L' SDBS. These results agree with polarization curve at
low current density which reveals that the cell voltages of 0.2 mmol L' and 0.4 mmol
L' SDBS are close. However, the discharging time is lowest at 0.2 mmol L' SDBS. It

implies that the amount of SDBS in the electrolyte is insufficient to adsorb on whole
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zinc. Therefore, the zinc is not completely utilized. Furthermore, the use of 0.6 mmol
L' SDBS results in the highest discharging time. It indicates that the amount of SDBS
is sufficient for adsorbing on the zinc electrode. However, the lowest cell voltage is
found by using 0.6 mmol L' SDBS. The self-aggregation of SDBS which impedes the
diffusion of active ion is the cause of the lowest voltage.

The capacity that is considered in this study is the discharging capacity which
can be calculated from Equation (5.1). Similarly, the energy of the battery in this study
is the discharging energy which can be calculated from Equation (5.2). The capacity
and energy of the battery in this study for various SDBS concentrations is illustrated in
Figure 5.9.

q= [ Idt (5.1)
E= [ IVdt (5.2)

Where q is the discharging capacity
| is the electrical current
t is the time
E is the discharging energy

V is the cell voltage
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Figure 5.9 Correlations of SDBS concentration in 7 mol L™t KOH and the capacity and
the energy of the flexible printed zinc-air battery with effective area of 1 cm? by 1 mA

cm constant current discharging.

Figure 5.9 shows that the capacity increases with increase of SDBS
concentration. Therefore, the highest capacity is obtained with the use of 0.6 mmol L™*
SDBS. Subsequently, the lower capacity is obtained with the use of 0.4 mmol L and
the lowest capacity is obtained with the use of 0.2 mmol L SDBS. The reason of these
results is explained as aforementioned. In addition, the highest energy is obtained at 0.4
mmol L™ SDBS. For 0.2 mmol L and 0.6 mmol L™ SDBSs, the energy of the battery
reduces which the energy of 0.2 mmol L SDBS is slightly less than that of 0.6 mmol
Lt SDBS. These results are affected from insufficient SDBS and self-aggregation of

SDBS as aforementioned.

5.2.2 Sodium dodecyl sulfate

Sodium dodecyl sulfate has a sulfate acting as hydrophilic group and a dodecyl
acting as hydrophobic group [39]. This structural formula is illustrated in Figure 5.10.
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For the experiments, various concentrations of SDS were added to 7 mol L KOH
which is the proper concentration from section 5.1. Then, this SDS modified electrolyte
was used in flexible printed zinc-air battery in order to investigate the cell performance.
The results of these experiments are shown in the same analysis as the use of SDBS.

The details of these results are revealed as follows.

Figure 5.10 Structural formula of sodium dodecyl sulfate.

Firstly, polarization curves of the cell using SDS modified electrolyte are
illustrated in Figure 5.11. Characteristic of the curves are similar to polarization curve
of SDBS modified electrolyte. Therefore, SDS also helps reducing the cell resistance
by decreasing ohmic loss of the cell. SDS adsorbing on zinc electrode by covering zinc
surface to protect passive layer deposition can improve the wettability of the zinc
electrode, the penetrating capability of the electrolyte in zinc electrode thus increases,
resulting in the improvement of active ion diffusion. However, the used concentration
has to be sufficient for the amount of zinc electrode in the cell. Consider Figure 5.11,
the correlations of 0.4 mmol L SDS and 0.6 mmol L™ SDS are not linear. It indicates
that the amount of these SDS concentrations is sufficient for the zinc electrode,
therefore, they can help improving the zinc utilization. Nevertheless, at 0.2 mmol L™*
SDS, the amount of SDS is insufficient for the zinc electrode, thus, the correlation of
0.2 mmol L-1 SDS is linear. Additionally, insufficient SDS is not only unimproved for
the zinc utilization, but it can also increase the cell resistance. This phenomenon can be
observed from the correlation of 0.2 mmol L SDS is lower curve level and higher
slope than 0.4 mmol L SDS and 0.6 mmol L SDS. Moreover, the cell behavior with
0.4 mmol L SDS and 0.6 mmol L SDS are not much different because some of SDS
molecule can self-aggregates at 0.6 mmol L SDS, thus the existing SDS can not fully

perform.
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Figure 5.11 Polarization curve of 0.2 mmol L, 0.4 mmol L™ and 0.6 mmol L™ SDS

in 7 mol L™t KOH electrolytes used in the flexible printed zinc-air battery with effective

area of 1 cm?.

Subsequently, the cell power of SDS modified electrolyte was investigated. The

correlations of current density and cell power are also illustrated in Figure 5.12. The

results showed that the maximum power is obtained around current density of 5 mA

cm2. At low current density, the cell powers of all concentrations are quite equal.

However, at high current density, these cell powers are obviously different. The use of
0.4 mmol L* SDS gives the highest cell power. The uses of 0.6 mmol L™* SDS and 0.2

mmol L SDS give the lower and the lowest cell powers, respectively. The cell powers

of SDS modified electrolyte are higher than that of the cell with traditionally electrolyte.

Therefore, the use of SDS in electrolyte can improve the cell performance.
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Figure 5.12 Correlations of current density and cell power of 0.2 mmol L, 0.4 mmol
Lt and 0.6 mmol L SDS in 7 mol L™t KOH electrolytes used in the flexible printed
zinc-air battery with effective area of 1 cm?.

Then, capacity and energy of the battery were investigated in order to compare
the cell performance. The correlations of cell voltage and discharging time of SDS for

various concentrations are illustrated in Figure 5.13.
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Figure 5.13 Correlations of discharging time and cell voltage of 0.2 mmol L, 0.4

mmol L and 0.6 mmol L™ SDS in 7 mol L' KOH electrolytes used in the flexible

printed zinc-air battery with effective area of 1 cm? by 1 mA cm™ constant current

discharging.

In Figure 5.13, the highest cell voltage is obtained at 0.4 mmol L of SDS
because the self- aggregation of SDS does not occur at this concentration. Consider 0.6
mmol L SDS, the discharging time is higher than 0.4 mmol L* SDS however, the cell
voltage is lower. These results cause from the aggregation of some SDSs and the higher
adsorption of SDS on the zinc electrode. For 0.2 mmol L SDS, both cell voltage and
discharging time are lower than that of 0.4 mmol L* SDS and 0.6 mmol L SDS
because the amount of SDS is too little.

Subsequently, the capacity and energy of SDS are calculated using Equations
(5.1) and (5.2), respectively. The capacity and the energy of various SDS concentrations
are illustrated in Figure 5.14. The results showed that the higher capacity is obtained
when the higher SDS concentration is employed. Because the use of higher SDS
concentration results in more zinc electrode utilization, the capacity thus increases. For

the energy, the highest energy is obtained at 0.4 mmol L™ SDS. The lower and the
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lowest energies are obtained with using 0.6 mmol L SDS and 0.2 mmol L SDS,
respectively. The reason of these results is described as aforementioned. Consequently,
the parameters which affect to the cell performance include of characteristic of

surfactant molecule, CMC of surfactants and the proper amount of surfactant.
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Figure 5.14 Correlations of SDS concentration in 7 mol L' KOH and the capacity and
the energy of the flexible printed zinc-air battery with effective area of 1 cm? by 1 mA

cm2 constant current discharging.

5.2.3 Comparison between SDBS and SDS

As aforementioned, the molecular structure of SDBS and SDS are quite same.
Therefore, the capabilities of SDBS and SDS are compared. These comparisons will
show polarization curve, cell power, capacity and energy of the cell. In this section, the
similarity and the difference of the results are described as follows.

Firstly, polarization curve is discussed. The results from SDBS and SDS
utilizations are the same. Polarization curves in ohmic loss region of both SDBS and

SDS are nonlinear. The polarization curves of the SDBS and SDS modified electrolytes
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reveal that at low and high current density, the slope is quite flat while at the middle
current density, the slope is higher. These phenomena occur because SDBS and SDS
can reduce the cell resistance. According to the role of surfactants, when surfactants
adsorb on the solid by covering zinc surface to protect passive layer deposition. The
zinc surface will be modified by surfactant to become more porosity. Then, the
wettability of that solid can be improved. Then, the penetrating capability of the
electrolyte in zinc electrode is also improved, resulting in the improvement of active
ion diffusion. In Figures 5.6 and 5.11, both SDBS and SDS can improve the cell
performance in this way except the use of 0.2 mmol L™* SDS. Because 0.2 mmol L*
SDS is too low concentration for the amount of zinc electrode in the cell, the cell
performance was not improved. The comparison of 0.2 mmol L between SDBS and
SDS reveals that the cell behavior with each surfactant is different. It may cause from
the CMC of that surfactants. The CMC of SDBS is lower than that of SDS [41]. These
CMCs depend on temperature and the solvents [41]. The optimum surface active
properties are obtained at the range of CMC point [39]. Therefore, 0.2 mmol L of
SDBS which is in its CMC range can be better surface active properties than 0.2 mmol
L of SDS which is in lower its CMC range. The CMC point is not only considerable
parameter, the proper amount of the surfactant to the amount of zinc in the electrode is
also important parameter which needs to be considered as well. The results in Figure
5.6 show that the correlation of 0.4 mmol Lt SDBS is lower slope than that of 0.2 mmol
L1 SDBS. It indicates that the zinc electrode needs more SDBS in order to improve the
cell performance. In addition, 0.4 mmol L™ SDS and 0.6 mmol L SDS which are in
the CMC range can thus be better the cell performance than 0.2 mmol L SDS.
Furthermore, the cell powers are considered. The results reveal that SDBS and
SDS modified electrolytes can improve the cell power. The maximum powers of SDBS
and SDS modified electrolytes are higher than that of traditional electrolyte except the
use of 0.2 mmol L SDS as illustrated in Figure 5.15. The maximum power of 0.2 mmol
L1 SDS is lower than that of 7 mol L™t KOH because this concentration is lower than
the CMC range of SDS. It indicates that the employment of surfactants in lower CMC
range is not beneficial in this case. Moreover, the use of SDS modified electrolyte
shows higher maximum power comparing with the use of SDBS modified electrolyte.

The maximum powers of both surfactant additives are found at concentration of 0.4
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mmol L. It implies that 0.4 mmol L™ is the best concentration comparing with 0.2
mmol L and 0.6 mmol L for both surfactants.
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Figure 5.15 Correlations of surfactant concentration in the electrolytes and maximum
cell power for SDBS and SDS in 7 mol L™ KOH electrolytes comparing with 7 mol L
1 KOH electrolyte.

Finally, the capacity and energy of SDBS and SDS are compared. The capacity
of SDS modified electrolyte utilization is higher than that of SDBS modified electrolyte
utilization for all concentrations. This comparison is illustrated in Figure 5.16. The
capacity of both surfactants increases with increase of their concentrations. In addition,
it is found that the use of SDBS and SDS modified electrolytes gives higher capacity
comparing with 7 mol L* KOH which is the traditional electrolyte (Figure 5.16). It
indicates that these modified electrolytes can also enhance zinc utilization. Then, the
energy of both modified electrolytes is compared. The results of this comparison are
illustrated in Figure 5.17. The energy of SDS modified electrolyte utilization is also
higher than that of SDBS modified electrolyte utilization for all concentrations. The

reason of these results is SDS is smaller molecule than SDBS, leading to SDS can be
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efficiently compacted. Therefore, the cell performance with SDS is better than that with
SDBS. Additionally, the energy of both surfactants is higher than that of the traditional
electrolyte. It also reveals that SDBS and SDS can help enhancing the battery
performance. Moreover, the highest energy is obtained at 0.4 mmol L for both SDBS
and SDS. Therefore, concentration of 0.4 mmol L™ is the best concentration comparing
with 0.2 mmol L and 0.6 mmol L for both surfactants. A specific energy of the
flexible printed zinc-air battery with traditional electrolyte is 22.36 mWh g while
specific energies of the batteries with 0.4 mmol L™ SDBS and 0.4 mmol L SDS are
43.32 mWh g* and 65.21 mWh g%, respectively.
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Figure 5.16 Comparison of the capacities of the flexible printed zinc-air battery which
employs various concentrations of SDBS and SDS in 7 mol L™* KOH electrolytes and

7 mol Lt KOH electrolyte by 1 mA cm constant current discharging.
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Figure 5.17 Comparison of the energies of the flexible printed zinc-air battery which
employs various concentrations of SDBS and SDS in 7 mol L™t KOH electrolytes and

7 mol L KOH electrolyte by 1 mA cm™ constant current discharging.

5.3 Effect of ethanol on surfactant role

According to the results of effects of surfactants on the cell performance which
show that the amount of surfactants should correspond to the amount of zinc electrode
in the cell. This surfactant amount should be also in the range of its CMC in order to
obtain the highest benefit. For example, 0.6 mmol L™ SDS in Figure 5.13 shows the
highest discharging time which imply that the amount of SDS is sufficient, however,
the cell voltage is lower. These phenomena imply that self-aggregation can occur in this
concentration, because the concentration is higher than its CMC. Therefore, the
addition of a substance to suppress the aggregation or shift CMC of the surfactants is
one of the methods which can enhance zinc utilization. In this study, ethanol was
selected to suppress the aggregation because it is a common solvent. In addition, the

molecular structure of ethanol has both hydrophobic and hydrophilic groups thus it acts
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as a surfactant as well. Ethanol was added in the modified electrolyte with the same
amount. The results of the ethanol additions in term of polarization curve are illustrated
in Figures 5.18 and 5.19.

The addition of ethanol in the modified electrolyte was utilized in the flexible
printed zinc-air cells. Then the cells had been analyzed. The results which are illustrated
in Figure 5.18 reveal that the use of KOH + SDBS + ethanol as electrolyte shows the
same cell behavior as the use of KOH + SDBS. However, the cell voltage is lower than
the use of traditional electrolyte in low current density. Because the conductivity of
ethanol is poor, the conductivity of the cell reduces in low current density region. For
the high current density, the effect of ethanol in term of change in surfactant CMC is
presented. The amount of SDBS molecule is sufficient and the concentration also is in
the CMC range therefore the cell voltage in this region is higher than that of traditional
electrolyte. For SDS surfactant, the result of ethanol addition reveals that the
polarization curves are linear for all concentrations as shown in Figure 5.19. In this
Figure, the cell voltage of traditional electrolyte is higher than that of KOH + SDS +
Ethanol electrolyte. This phenomenon occurs because the conductivity of ethanol is
poor. Furthermore, ethanol also acts as a surfactant therefore it competes SDS to adsorb
on the zinc surface layer. This competition makes the weak interaction between SDS
and zinc surface [42] leading to some of SDS molecules are withdrawn from the zinc
surface. Therefore, the addition of ethanol occurs as two mechanisms including of CMC
region shifting (aggregation dispersing) and surfactant competing [42]. The
conductivity of excess ethanol also needs to be considered.

Moreover, the cell powers of both SDBS and SDS are considered. The results
showed that the cell powers of both surfactants are the same behavior. The maximum
power is obtained with use of 0.6 mmol L™ as illustrated in Figures 5.20 and 5.21. The
lower power is obtained with the use of 0.4 mmol L™ and 0.2 mmol L, respectively.
This phenomenon is the effect of ethanol conductivity which is rather poor. The same
amount of ethanol was added to the modified electrolytes for the same surfactant. The
ethanol amount was considered from the amount that can make the white particle on
the surface of all modified electrolytes disappears. It results in the amount of the
residual ethanol from the micelle dissolution for 0.6 mmol L* of both surfactants is

smallest, leading to the internal resistance of the cell is lowest. However, the purpose



79

of the ethanol addition is to enhance surfactant role. Ethanol will help thoroughly
dispersing surfactant aggregation to adsorb on the zinc electrode. Therefore, the
addition of ethanol should improve surfactant capability particularly the cell capacity.
In this study, constant current mode was used in discharging step. Consequently, the
correlations of cell voltage and discharging time are examined as illustrated in Figures
5.22 and 5.23.
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Figure 5.18 Polarization curve of 0.2 mmol L, 0.4 mmol L and 0.6 mmol L SDBS
with 20 %v/v ethanol in 7 mol L' KOH electrolytes used in the flexible printed zinc-

air battery with effective area of 1 cm?.
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Figure 5.20 Correlations of current density and cell power of 0.2 mmol L, 0.4 mmol
L and 0.6 mmol L SDBS with 20 %v/v ethanol in 7 mol L* KOH electrolytes used

in the flexible printed zinc-air battery with effective area of 1 cm?.
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Figure 5.21 Correlations of current density and cell power of 0.2 mmol L, 0.4 mmol
L't and 0.6 mmol L SDS with 30%v/v ethanol in 7 mol L™t KOH electrolytes used in
the flexible printed zinc-air battery with effective area of 1 cm?.

Figure 5.22 and Figure 5.23 are compared and the result shows that the addition
of ethanol in SDBS electrolyte improves both the cell voltage and discharging time
because ethanol helps dispersing SDBS on zinc electrode. Thus, it can impede the
micelle formation and can improve SDBS adsorption on the zinc electrode. Therefore,
the zinc utilization is enhanced and the cell resistance is also reduced. On the other
hand, the addition of ethanol in SDS electrolyte does not improve both the cell voltage
and discharging time because ethanol acts as a surfactant in this case. Therefore, ethanol
competes SDS to adsorb on zinc surface resulting in the weak interaction between SDS
and zinc surface. Some of SDS molecules are withdrawn from the zinc surface.
According to previous work, Huang et al. ([42]) presented that ethanol would shift the
CMC region of surfactant if that surfactant had large molecular structure. On the other
hand, ethanol would compete surfactant adsorption if that surfactant had small
molecular structure. Therefore, ethanol affects to SDBS and SDS modified electrolytes

in different mechanisms.
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Figure 5.22 Correlations of cell voltage and discharging time of 0.2 mmol L, 0.4
mmol L™ and 0.6 mmol L™* SDBS with 20 %v/v ethanol in 7 mol L™* KOH electrolytes
used in the flexible printed zinc-air battery with effective area of 1 cm? by 1 mA cm™

constant current discharging.
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Figure 5.23 Correlations of cell voltage and discharging time of 0.2 mmol L, 0.4
mmol L™ and 0.6 mmol L SDS with 30 %v/v ethanol in 7 mol L't KOH electrolytes
used in the flexible printed zinc-air battery with effective area of 1 cm? by 1 mA cm™

constant current discharging.

5.4 Morphological analysis

In order to comprehend zinc surface electrode modification when the surfactants
are added in the electrolyte, the morphology of zinc electrode is investigated. The zinc
electrodes from the cell with various modified electrolytes which is completely
discharged are analyzed by SEM. These samples consist of 1) zinc electrode before
discharge 2) zinc electrode of 7 mol Lt KOH electrolyte 3) zinc electrode of 7 mol L*
KOH + 0.4 mmol L SDBS electrolyte 4) zinc electrode of 7 mol L' KOH + 0.4 mmol
L1 SDS electrolyte 5) zinc electrode of 7 mol L™* KOH + 0.4 mmol L™ SDBS + ethanol
electrolyte and 6) zinc electrode of 7 mol L™* KOH + 0.4 mmol L SDS + ethanol
electrolyte. The micrographs of zinc electrodes for all samples are illustrated in Figure
5.24.
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Figure 5.24 Micrographs of zinc anode by scanning electron microscope: (a) Before
discharge (b) The cell discharged in 7 mol Lt KOH electrolyte (c) The cell discharged
in 7 mol L't KOH + 0.4 mmol L™ SDBS electrolyte (d) The cell discharged in 7 mol L-
1 KOH + 0.4 mmol L SDS electrolyte (e) The cell discharged in 7 mol Lt KOH + 0.4
mmol Lt SDBS + 20 %v/v ethanol electrolyte (f) The cell discharged in 7 mol L™t KOH
+ 0.4 mmol L SDS + 30 %v/v ethanol electrolyte.
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Figure 5.24(a) is a micrograph of zinc surface before discharge. It shows the
surface of zinc granules. These granules have the smooth surface. When the cell with 7
mol Lt KOH electrolyte had been already discharged, the stacks of surface layers are
found. These stacks are the dissolution of zinc which is normal reactions in discharging
step as shown in the cycles of Figure 5.24(b). In addition, the partial zinc surface is also
found that the porosity of the surface is decreased because the dark gray color is found
at surface of the granules and small spots deposit on the granules. This appearance
indicates that the zinc electrode is not completely utilized. For the zinc surface after
discharging which uses surfactant and KOH as the electrolyte, the zinc surface is
obviously modified. The granules of the normal zinc surface disappear. However, the
stacks of surface layers which are the normal discharging appearance are thoroughly
found in both SDBS (Figure 5.24(c)) and SDS utilizations (Figure 5.24 (d)). It indicates
that SDBS and SDS can enhance zinc utilization. Furthermore, the needle-like
crystallized structure is also found. This appearance agrees with previous research by
Yang et al [22]. The zinc surface morphology is modified by SDBS and SDS resulting
in higher porosity. The higher porosity of zinc electrode leads to more penetration of
the electrolyte to the zinc electrode. Moreover, SDBS and SDS also suppress passive
film because the small spots are not found on the zinc surface as illustrated in Figures
5.24(c) and 5.24(d), respectively. For the addition of ethanol in the SDBS modified
electrolyte, the surface of zinc electrode which is completely discharged shows the
granules of normal zinc surface. The porosity of the zinc surface is also close to the
zinc surface before discharge. Additionally, the needle-like crystallized structure which
is high porosity is also found as illustrated in Figure 5.24(e). It indicates that the
addition of ethanol can improve SDBS capability. Finally, the addition of ethanol in the
SDS modified electrolyte results in the surface of zinc electrode as illustrate in Figure
5.24(f). The zinc surface in Figure 5.24(f) shows that the granules of zinc are found.
This appearance is the effect of SDS withdrawal resulted from the competition of
ethanol to adsorb on zinc surface as aforementioned descriptions. Therefore, the

morphology of zinc surface does not change.
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5.5 All effects summary

In order to compare the battery performance, capacity and energy need to be
considered. Therefore, capacity and energy of SDBS and SDS with and without ethanol
for modifying electrolyte are taken into account. The correlations of surfactant
concentration and capacity are illustrated in Figure 5.25. Also, the correlation of

surfactant concentration and energy are illustrated in Figure 5.26.
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Figure 5.25 Correlations of current density and capacity of all experiments by 1 mA

cm constant current discharging.
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Figure 5.25 reveals that the addition of SDBS and SDS in traditional electrolyte
significantly improves capacity of the battery. The capacity increases with increasing
the surfactant concentration for the modified electrolyte without ethanol. In addition,
the addition of SDS is higher capacity than that of SDBS. Furthermore, the capacity of
SDBS modified electrolyte with ethanol is slightly higher than the modified electrolyte
without ethanol. Similarly, the capacity of SDBS modified electrolyte with ethanol
slightly increases except at 0.6 mmol L™ SDS. The energy of each surfactant with and
without ethanol is considered in Figure 5.26. The results reveal that the addition of both
SDBS and SDS in an electrolyte significantly improves the energy. The highest energy
is obtained from the use of SDS without ethanol. The lower energy is obtained from the
use of SDBS with ethanol, SDS with ethanol and SDBS without ethanol, respectively.
Moreover, the proper concentration of surfactants for flexible printed zinc-air battery
which fabricates electrode by print screen technique is 0.4 mmol L. The important

parameters that affect the battery performance consist of 1) molecular structure of the
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surfactant 2) amount of surfactant usage and its CMC. These parameters result in the
self-aggregation of the surfactant and the amount of zinc electrode which surfactant
will adsorb. In this study, because flexible printed zinc-air battery was used, the zinc
electrode and the volume of electrolyte usage per effective area are quite constant.
Therefore, the mole of surfactant is only defined as concentration. For the addition of
ethanol, it will help improving the battery performance when the surfactant with the

large molecular structure is employed.

5.6 Electrochemical impedance investigation

Electrochemical impedance spectroscopy (EIS) is employed to investigate the
battery performance. In this study, the range of frequency which is employed is 10 kHz
to 0.1 Hz with amplitude of 10 mV. For zinc air battery, the equivalent circuit model
that shows in Figure 5.27 is used to explain the electrochemical cell configuration [43].
The term impedance of EIS is the frequency dependent resistance of current flow passed
through circuit element (resistor, capacitor, inductor, etc.). Impedance assumes an AC
current of specific frequency in Hertz which is cycles per second. In a zinc-air battery,
zinc anode side is higher reaction rate than air cathode side therefore, zinc anode
reaction effect is expressed in high frequency. From the equivalent circuit, the elements
are described as follows. Ri1 represents the internal resistance of the cell which is total
ohmic resistance of the cell [43, 44]. These internal resistances are shown at the real
axis (Z’) intercept of the impedance spectra at high frequency. Rz is associated with the
anode reaction (redox reaction of zinc). Rs is associated with the cathode reaction
(redox reaction of oxygen in the air) [44]. Warburg impedance (Wo) represents the
diffusion element in relatively low-frequency. In this study, the battery cell with various
concentrations of SDBS and SDS modified electrolytes are investigated by EIS. The
results of all parameters from equivalent circuit model are reveals in Table 5.1. In
addition, the Nyquist plots of the cell with SDBS, SDS, SDBS+ethanol and
SDS+ethanol are illustrated in Figures 5.28 -5.31, respectively.
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Figure 5.27 Equivalent circuit model of zinc-air battery.

Table 5.1 All impedances from equivalent circuit model of zinc-air battery.
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Concentration R R2 R3 W
Substance

(mmol L?) Q) Q) Q) (S.secd)
KOH 7 x 108 17.9500 12.5200 8.7820 0.0125
0.2 13.3600 5.6710 51.1900 0.0106
SDBS 0.4 10.1900 4.0546 13.7500 0.0118
0.6 11.3540 4.1536 100.2450 0.0123
0.2 0.2805 0.1955 126.6000 0.0780
SDS 0.4 0.2561 0.1530 125.0000 0.0716
0.6 0.2531 0.1646 147.3000 0.0684
0.2 1.2239 0.9782 2.3020 0.0329

SDBS +
0.4 1.0130 0.4341 3.0730 0.0146

Ethanol
0.6 1.1690 0.4786 0.5860 0.0291
0.2 5.1440 4.1650 29.8500 0.0281

SDS +
0.4 6.5570 2.6550 4.6670 0.0150

Ethanol

0.6 2.5650 1.4420 2.7050 0.0182
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Figure 5.28 The Nyquist plots of the flexible printed zinc-air battery using 0.2 mmol
L, 0.4 mmol L and 0.6 mmol L SDBS in 7 mol L' KOH electrolytes comparing
with 7 mol L't KOH electrolyte by 1 mA cm constant current discharging in frequency
range of 0.1 Hz to 10 kHz.
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Figure 5.29 The Nyquist plots of the flexible printed zinc-air battery using 0.2 mmol
L, 0.4 mmol Lt and 0.6 mmol L™ SDS in 7 mol L™ KOH electrolytes comparing with
7 mol L KOH electrolyte by 1 mA cm constant current discharging in frequency
range of 0.1 Hz to 10 kHz.
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Figure 5.30 The Nyquist plots of the flexible printed zinc-air battery using 0.2 mmol
L1, 0.4 mmol L and 0.6 mmol L SDBS with 20 %v/v ethanol in 7 mol Lt KOH
electrolytes comparing with 7 mol L™t KOH electrolyte by 1 mA cm constant current
discharging in frequency range of 0.1 Hz to 10 kHz.
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Figure 5.31 The Nyquist plots of the flexible printed zinc-air battery using 0.2 mmol
L1, 0.4 mmol L? and 0.6 mmol L SDS with 30 %v/v ethanol in 7 mol L KOH
electrolytes comparing with 7 mol L™t KOH electrolyte by 1 mA cm constant current

discharging in frequency range of 0.1 Hz to 10 kHz.

Consider Table 5.1, the parameter which denotes the redox reaction of zinc
anode is R1 and Rz. Therefore, R1 and Rz are focused in this consideration. The results
show that R1 corresponds with R2. The tendency of R1 is similar to that of R2. The
highest R1 and Rz are found when the cell with 7 mol L™* KOH is examined. It indicates
that the passive film occurs, resulting in performance degradation of zinc anode.
Subsequently, the cells with SDBS modified electrolytes have higher R1 and Rz than
the others. R1 and Rz of the cell with 0.2 mmol L SDBS modified electrolyte is higher
than that of the cells with 0.4 mmol L and 0.6 mmol L SDBS modified electrolyte
which have quite similar R1 and R2. These results are also illustrated in Figure 5.28.
Then, the next lower R1 and Rz is R1 and Rz of SDS + ethanol modified electrolyte. The
high concentration results in the low R1 and Rz. The Nyquist plot of the cell with SDS
+ ethanol modified electrolyte is illustrated in Figure 5.31 which corresponds with the
results from section 5.3. The next lower R:1 and Rz from SDS+ ethanol modified
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electrolyte is SDBS + ethanol modified electrolyte. The Nyquist plot of the cell with
SDBS + ethanol modified electrolyte (Figure 5.30) illustrates that all concentrations
have nearly similar impedance. Finally, the lowest R1 and Rz are obtained with the cell
using SDS modified electrolyte as shown in Table 5.1 and Figure 5.29. Consequently,
the sequence of R1 and Rz from EIS is R1 and Rz of the cells with SDBS > SDS+ethanol
> SDBS+ethanol > SDS. These results agree with the aforementioned results. However,
Rs which is the resistance of cathode reactions need to be finely studied in order to
clearly comprehend because the results in Table 5.1 show the effect of these modified

electrolytes on Rs,



CHAPTER VI
CONCLUSIONS

6.1 Conclusions

In this research, electrolyte system of the zinc-air battery was studied in order
to improve the battery performance. Due to the big difference between theoretical and
practical capacity, enhancement of zinc utilization is focused. The flexible printed zinc-
air battery was employed because of its simplicity, high throughput. Firstly, the effect
of potassium hydroxide (KOH) concentration which is the traditional electrolyte on the
cell performance was studied. The optimum KOH concentration would be obtained in
this investigation and would be used in the electrolyte modification. Then the
electrolyte was modified by adding the surfactants. These surfactants consist of sodium
dodecylbenzenesulfonate (SDBS) and sodium dodecyl sulfate (SDS) which are anionic
surfactants. In addition, an ethanol was employed to improve the surfactant role. For
the battery analysis and characterization, battery analyzer and electrochemical
impedance spectroscopy were used to analyze the battery performance. Scanning
electron microscope was employed to analyze the morphology of zinc electrode.

The results of KOH concentration effect show that 5 mol L™ KOH is too low
concentration because the lower capacity and energy is obtained. This phenomenon
occurs because the low KOH concentration leads to high passive film. In addition, 9
mol Lt KOH is too high concentration which results in too much zinc dissolution.
Therefore, 7 mol L™* KOH is the optimal concentration in term of both low passive film
and high conductivity. The KOH concentration of 7 mol L™ KOH was thus used for
electrolytes modification.

For the electrolyte modifications, the results show that the use of SDBS and
SDS as the additives in traditional electrolyte enhances the zinc utilization because they
improve the wettability of the zinc electrode. Therefore, the electrolyte can easily
penetrate to the zinc electrode, leading to better diffusion of active species. Moreover,

the morphology of the zinc electrode was modified by using both SDBS and SDS.



97

These modifications are increase in zinc porosity and passive film suppression.
Furthermore the results reveal that SDBS and SDS double the capacity and energy
compared with the traditional electrolyte. The best concentration of both SDBS and
SDS is 0.4 mmol L comparing with 0.2 mmol L™ and 0.6 mmol L. However, the
amount of surfactants has to be sufficient for the zinc electrode. Additionally, because
SDBS and SDS have low CMC, ethanol is employed to solve this limitation. The results
show that ethanol can improve surfactant role when the surfactant concentration is
higher than CMC and the surfactant molecule with the large molecular structure is
employed. However, the addition of ethanol is not only ineffective but it also disturbs
the battery when the surfactant molecule with the small molecular structure is
employed. Finally, all the modified electrolytes are compared in term of the zinc anode
resistance by using EIS. The results reveal that the zinc anode resistance with SDBS
modified electrolytes is higher than that with SDS+ethanol modified electrolytes which
is higher than that with SDBS+ethanol modified electrolytes. The lowest zinc anode
resistance is obtained when the battery cell with SDS modified electrolytes are used.
However, to appropriately select the surfactants, the cost of surfactant also needs to be

considered.

6.2 Recommendations for the future work

1. The effects of all electrolyte modifications on the air electrode (cathode) need
to be studied because the results from EIS show the effects of modified electrolyte on
the cathode.

2. Modification of zinc electrode by the surfactants is interesting to study
because it can also improve the zinc surface.

3. The effects of ethanol concentration in the modified electrolyte on the cell

performance have to be studied.
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