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ABSTRACT

With the rise of the environmental concefran combustionof fossil fuels, the demand for the
alternativecleanenergy sources has increas@de of the alternativess rechargeable batteries.
Among manytypes ofrechargeable batteries, lithivion batteriehave beerthe most promising
due tothehigh energy density and long lifespan. Tuerentlithium-ion batteries, however, hold

a drawbaclkasthey utilize organic electrolyte The useof organic electrolyte not only raigs
safetyand environmental concerns, but alesults in a higher manufacturing cost than would be
with aqueous electrolyse Therefore, these issues can be solved by reyathe organic
electrolytes with aqueous electrolytesmong the many types of lithimon batteries with
agueous electrolyseRechargeable Hybrid AqueousitBery (ReHAB) was selected this project

ReHAB utilizes lithium manganese oxideiMn204) as he cathode and zinc as the anode.
LiMn 204 is a good candidateecause tightly bounded lithium ions mak#&ln 204 stable in air and

water Also, it showsa small volume variation between lithiated and +itimated stats. Zinc

metal waschosenbecause of & low redox potential, good reversibility, high oyetential for
hydrogen evolution in acidic environment, large specific capacity, good corrosion resistance, and
cost effectiveness.

While ReHAB s free of the problems posed by organic electrolytesitional Liion batteries,

the current ReHAB technology must be improved to perform competitively in market. More
specifically regarding the zinc anode, there are issues of corrosion, dendrite formation, and
hydrogen evolution. Therefore, the goal of thisject was to synthesize novel zinc anodes via
electroplating with additives (organic and inorganic) reported in literature to mitigate issues of
corrosion, dendrite formation, and hydrogen evolution (side reactiong)he selected organic
additives werecetyl trimethylammonium bromide (CTAB), sodium dodecyle sulfate (SDS),
polyethylene glycol 8000 (PEG), and thiourea; and the inorganic additives were indium (lII) sulfate,
tin (IV) oxide, and boric acideach anode was characterized by the following meamnts to

rate its performance: float current (for side reactions), corrosion cuwgcigbility, x-ray
diffraction (for crystalline structure andnhdication of high/low deposition efficiency), and
scanning electron microscope (for morplypip

All the anodes created with the inorganic and almost alltwébrganic additives performed better
than the commercial zinc anode. Among the organic additives test&DZmerformed the best,
with thelowest float current and corrosion currentasgrements and the highest retention of 79%
at the end of its 1080cycle. Among the inorganic additives tested, each fared very similarity,
with similar float current andorrosion rate, and retainimg average’8% of the initial discharge
capacity athe end ofL000" cycle.

Between the organic and inorganic additives, however, the XRD results suggested that in general
the zinc deposition efficiencies may be lower for inorganic additives (and thus less favourable
when scaling up for commercial prodwet). If the lowercurrentefficiency of inorganic additives
(hinted by the XRD results) is verified to be true, then the organic additives that either performed



better than oas well as the inorganic additives would be the better choidbdamext genation
of ReHAB.



ACKNOWLEGEMENTS

| would like tosincerelythank my supervisor Dr. P. Chen for the opportunity heophaaded me,
andhis supportand guidance throughout myavis t e r 0.His svaluathleadvieehasguided
meto grow as a researchardto be able taeachto the point where | am now.

| also would like to thank Dr. Yongguang (Wiley) Zhang and Yan Zhao for being wonderful
mentorsandshowing me hovexiting research can b&ly sincere thankalsogo to the past and
currentlab membersn  Dr . C h éontltes guiganae,urpining, and suppoftao (Sunny)

Zhu, Yan (Ryan) Yu, Ye TiarDr. Yang Liu,Dr. Alireza Zehtab YazdDr. Xianwen WuAishuak
Konarov,Dr. Hongbin Zzhaol 6 m a | s o myfheads Juhgbwa Yunung Eun KimyYung
Priscilla Li, Kathy Wang,Kyungsil (Leal) Chung,Sherriza Khapand Nagma Zerifior making

my gradiatelife unforgettable

As well, I very much thanlor. Tuan K.A. Hoang and Dr. The Nam Long Doan for providimng
athoroughfeedback on my thesis. Thevarm encouragement and guidance have taught me how
to become &etterresearcher.

Finally I 6 wery grateful tomy God for giving methe strength and wisdom throughout my
graduate studiemndcomplete another chapter of my life. | also owe my deepestugiato my
beloved parents and my brother for their endless love, encouragement, and support.



DEDICATION

Dedicated to My Family

Vi



Table of Contents

AUTHOROS DECN.ARATL.O ittt seere e e i
Y = 1S 1 ¥ 2 USSP i
ACKNOWLEGEMENTS ..ottt ettt e e e semt e e e e e s e bbb be et e e e e e s smmme e e e e s s s nnnnrbeeeeaees] V.
IS Ao o U =T TP ix
IS 0 ) =0 [ X
Chapter 1: INtroduCtion OFf TRESIS........uuuiiiiiiie e e e s 1
1.1 RESEAICH MOUIVALIQN.......ciiiiiiiiiiiee et e e e e e e e e s eamt e e e e e e s e nsneeeeeees 1
1.2 RESEAICH ODJECHVES. .. .o e e e e e e e e e e e e e ee s s s e e e s e e e e e e e e e e e eeaas 2
1.3 OULIINE Of THESIS. . .uteitiiiiiiiiiiiiiiiieeee ettt eeee e e s e s s s e s s e e e s e e s smmme e e eeeeeeeeeessesnsnnnnnne 3
Chapter 2: Introdction to ReHAB and Problems of ANOdE..............ooooiiiireeicccccee e 4
2.1 History of Rechargeable AQUEOUS BAtEEIES.........uuuuuiiiiiimmee e 4
2.2 Rechargeable Hybrid AQUEOUS BatIErIES. ........uuuiiiiiieiiiice ettt rmmee e 5
2.3 Zinc Anode in Rechargeable Hybrid AQUeous Batteries..............cccuvvimemiiiiiieieee e 6
2.3.1 Behaviour of Zinc Metal in Various ENVIrONMENES...........ccuvviiiiiiieeeieeiee e 8

2.4 SYNtheSIS Of ZINC ANOUE........uiiiiiiiiiiiiiieree e eeee e e e e e e e e eeees 13
2.4.1 ElECIrOPIALING. .. eeeteeeeeiiiiiiiie ettt teeer et e e e e e e s eeeer e e e e e e e e e e e 14

ST Ao [0 11 Y= PEEPRR 18
2.5.1 Fundamentals/Mechanisms Of AddItIVES...........eeiiiiiiiiiicce e 18
2.5.2 CategorieS Of AQUITIVES ..o e e e e rmmne e 20

2.6 Physical Characterization TEChNIQUES..........ccuuiiiiiii e 21
2.6.1 Xray Diffraction (XRD)........ooooiiiiiiiiiiieeeeeeeeet et 21
2.6.2 Scanning Electron MiCroSCOPY (SEM)........uuuiiiiiiiiiiiiiceme ittt ee e 22

2.7 Electrochemical Characterization TEChNIQUES.............uuviiiiiieeeiiieeeee e 22

P A R (o = L O = o | SO PRRRPRT 22

W A o T {0 1] I I =T PRSPPI 22
2.7.2 Galvanostatic ChardBiSCNArge..........coiiiiiiiiiii e 24
Chapter 3. Synthesis of Zinc via Electroplating with AJditiVES.............ccoouiiiiimmnniiiiiiee e 26
1 700 I 111 0T [ T £ T USRS 26
3.2 EXPerimental PrOCEUUIES. .........ooiuiiiiiiiee ettt ettt e e e e e e e s smme e e e e e e 27
3.2.1 BAttErY OMPONENTS. .. .uuuuutiuutiiiniinniiimmme e e e e e e et e e et e e et e e et et et eaeess e a e e s s e e e e e eeeeeees 27

G T2 N g To To [T o =T 0= = 1o ] o PP 27

Vii



3.2.3 Characterization Technique CoNditiONS. ......cccoeeiiiieiiiiicre e 29

3.3 RESUIL QN DiSCUSSIOMN......uuuuueuiiiiiiiiemreeeee et ee e e e eeeeeeeeeeeeameeasassaaaesasaeasaasaeessseaamsseesssnssnnnrnnes 30
3.3.1 Determining Zinc Electroplating ConditiQn..............ccoouiimmniiiiiieeee e seeee e 30
3.3.2 Treatment Of Brass FOll..........oooiiiiiiiiieeiii e 33
3.3.3 Comparison of Two Substrate&raphite and Brass Fails...........ccccccvvvvvviieeeiiiiiieccceen, 35
3.3.4 Optimal Additive CONCENIIALIONS...........uueeeiiieeeiiiiime e e e ammee e e e e e 36
3.3.5 Effect of Organic AAItIVES ...........eviiiiiiiiee e amnee e 40
3.3.6 Effect of INOrganic AAItiVES. ..........uuiiiiiciccr e eeee e 48

G o] g o311« o USRS 54

Chapter 4. FULUINE WOIK ...t e e e e e e s rmmne e r e e e e e e e as 56
S (=T =] o To =P PRPR ORI 57

viii



List of Figures

Figure 1 - Comparison of the different battery technologies in terms of volumetric and gravimetric

ENEIGY UENSILY [2] i ettt e e e e et e e e e e e s s amme e e e e e e e e e e e e e e nnne s 1
Figure 2 - Pourbaix (E+) diagram of zinc iwater at 25°C [28].........uueviiiiieiiiiieenniiiiieeeee e 9
Figure 3 - Pourbaix diagram of Zn, LiMn204, and LiFePO4 [3] (supplementary document)........ 10
Figure 4 - Phase diagm of zineoxide at the different temperatures [26]..................ooeveeeeeicicnnns 12
Figure 5 - Zinc plating with (A) no additive, (B) NP16, (C) NP16 and S40, (D) NP16 and OCBA, and
(D) NP16, OCBA, QN0 SA0 [B4] . eiiieeeiiiiiiiiiiiiieeeeeteeee e e e e ssiiseaeeeeeessmamtaaeeeaassssssaneeaaeeessmmmeeeesesnnnnes 15
Figure 6 - Hull cell experimental setup (A) front view of the actual experimental setup showing the
external connection (B) side view and (C) tOP VIEM..........uueiiiiiieiiieeeeeeiiiiee e rmmee e 16
Figure 7 - Zinc deposited on a graphite foil via Hull cell experiment............cccccccoviicceeeiiiiciiinnnnnn. 17
Figure 8 - (A) Schematic of xadiation for a simple crystal lattice (B) Relationship between thggBra
angle and experimentally measured diffraction angle[60]................oooii e, 21
Figure 9 - Tafel curve with line extrapolation indicating corrosion parameters.[61]..................... 23
Figure 10- (a) A typical galvanostatic charge and discharge profile of ReHAB operated at 4C (b)
cyclability and coulombic efficiency of ReHAB with undoped Lida [3] .........cvvveveeeiiiiiiiiiieeninnee 24
Figure 11- Schematics of parallel cell (a) front and (D) tOP VIEW............uvviiiiiiiiiecceeee e 28
Figure 12- Cyclaiblity of ReHAB with synthesized zinc anodes electroplated at current densities of 30,
50, 80 mA/cm for 10min and commercial zinc foil (Commercial)............cccccoveiiiieeesieieece e 32
Figure 13- Cyclaiblity of ReHAB with synthesized zinc anodes electroplated at 50nt4drm

deposition time of 6, 8, 10, 15, 20min and commeradlizinc foil (Commercial).............ccccvvvvvvinnnn 33
Figure 14 - Result of the discharge capacity retention and the cyclability plot from ReHAB with brass
foil substrate exposed to different treatments (Hull CellltesUL..............oooovviiiiieeeiiiiiiiiiie e 34
Figure 15- Result of the discharge capacity retention and the cyclability plots from ReHAB with brass
foil substrate exposed to different treatments (Parallel cell reSult)..........ooooimniiiiiiiis 35
Figure 16- Result of the discharge capacity retention and the cyclability plots from ReHAB with graphite
and brass foil as anode substrates (Hull Cell r@SUIL)............oooiiiiiieeeiiice e 36
Figure 17 - SEM images of zinc deposits with 0 (no additive), 50, 100, and 500ppm of boric acid in
electroplating bath (magnification LK).............oooiiiiiiii e rree s 37
Figure 18- Float current oReHAB with electroplated anode with 0, 50, 100, and 500ppm of boric acid
iN leCtroplating DALRL..... ... e e e e e e e e e eeee e ——————— 38
Figure 19- XRD of zinc electroplated (A) without additives and (B) with 100ppm of boric .acid...39
Figure 20- XRD and SEM images of the commerciali ZinC fOil.............cccoiiieemiiiinnn 41

Figure 21- XRD of the electroplated zinc without any additiadow and high current densities. For
lower current density XRD was obtained from Hull cell, and the high current density from paralil cell

Figure 22- XRD results of the zinc anode elmplated with organic additives................oevvvvvvvieen..: 42
Figure 23- SEM images of synthesized anode with organic additives (magnificatian .5K)........... a4
Figure 24- Float current of ReHAB with zinc deposited with/without organic additives and
commercialized ZINC TOIl.........o o ettt eer e e e e e e e e e e e e e e e 45
Figure 25- Retention and cyclability of the ReHAB with zinc anode with orgadiditives and
commercialized ZINC TOIl...........oooii e aaa e A7
Figure 26- XRD results of the zinc anode electroplated with inorganic additives....................c... 49
Figure 27 - SEM images of synthesized anode with inorganic additives (magnificatian.2k)........ 50
Figure 28- Float current of ReHAB with zinc deposited with inorganic additives and commercialized
41 o3 o | PSP 51



Figure 29- Retention and cyclability of the ReHAB with zinc anode with inorganic additives and
COMMENCIANZEA ZINC TOIL.....uueiiiiiie et e e e e e s s ener et e e e e e e e e s s ensneeees 52

List of Tables

Table 1- Summary of deposited samples with zinc deposition time and corresponding current @dnsities
Table 2- Summary of the deposited sampleshwtieir zinc deposition time and corresponding current

(0 =T ST 1= SRR 32

Table 3- Summary of corrosion potential and current of the electroplated anode with 0, 50, 100, and
500ppm of boric acid ielectroplating bath................ouviiiiice 38

Table 4- Corrosion potential and current for the synthesized zinc with and without organic additives and
commercialiZed ZINC fOIl. ... oo e e e rr 46

Table 5- Corrosion potential and current for the synthesized zinc with inorganic additives and
commercialized ZINC fOIl. ... oo e e e 52



List of Abbreviations, Symbols and Nomenclature

AGM Absorptive Ghss Mat

CTAB Cetyl Trimethylammonium Bromide

FESEM Field Emission Scanning Electron Microscopy
I Total Current

lcorr Corrosion Current

] Current Density

icorr Corrosion Current Density

L Distance

NMP 1-methyl2-pyrrolidinone

ocv Open Circuit Volage

PEG Polyethylene Glycol 8000
PPM Parts Per Million

PVDF Polyvinylidene Ruoride
ReHAB Rechargeable Hybrid Aqueous Battery
SHE Standard Hydrogen Electrode
SDS Sodium Dodecyle Sulfate

Vv Voltage

Vo Corrosion Potential

XRD X-ray Diffraction

I Anodic Tafel Constant

f Cathodic Tafel Constant

Xi



Chapter 1: Introduction of Thesis

1.1 Research Motivation

Since the eighteenthcentury, fossil fuels have been an excellent energy source in many
applications.They, however, have since rased environmental concerns due tt@r harmful
combustion wasteand fast depletion ratdhe combustion products, suchasbon dioxide and
sulphur dioxide, contributed to the global warmiagd sme havepredicted that the oil and gas

will deplete inless than 40 year§l]. The search for and the developmenttaf cleaner energy
sources have bednand still arei actively pursued. And oudf many approaches, the area of
chemical rechargeable batterieds calledsecondary batteries) has gaegemuch interest and
investmentas is evident today in their ubiquitousness for their storage capacities, reduction in

material waste as well as pdlon/by-products.

The first batterywas inventedn 1800 by Volta,and in 1895, the idea and demonstratiora of
rechargeable battenyere carried out byGastonPlanté. Since themwvarious types obecondary
batteries have beepropose, such asickelcadmium,nickelmetathydride and lithiumion
batteriesAmongthese differenbatterieslithium-ion batterierave beethe most promisingue
to thehigh energy density (shown kigure 1) and long lifespaf2, 3].

'

Lighter weight ~—3»

400

300

200
Lead-
acid

T T T T
0 50 100 150 200 250
Energy density (W h kg™7)

Smaller size —>

Energy density (W h ")

—_
o
o

Figure 1 - Comparison of the different battery technologies in geofrivolumetric and gravimetric energy den§iy



Despite the many advantagesti@ditional lithium-ion bateries there isone major drawback

the useof organic electrolyte With organic electrolytg the lithiumion batteries can beperated

at a wide voltage rangébut due to the flammable and toxic characteristics of the organic
electrolytes, safety and environmental concerns amsth the leakage of the electrolydd3].
Moreover,the manufacturingwvith organic electrolyteis complicated and expensive as they are
moisture and @ - sensitive[3, 4]. Thus,the organic electrolytecanbe replaced with aqueous
electrolytes to solve these problemAmong different kinds of aqueous batterié&echargeable
Hybrid Aqueous Rttery (ReHAB)wasselected for this reporReHAB, asany otherproposed
batteries still needssomeimprovements. In this report, the studiestba anode to impravthe

performance of ReHARrepresented.

1.2Research Objectives

The projectgoalwasto developnovd zinc anode via electroplating to improve upon the current
ReHAB technology operatingith a commercialize zinc anode. The comamized zinc anode

in ReHAB faces many problems, such as corrosion, dendrite formation, and hydrogen evolution
[5]. Therefore, the goal was to create novel anodes by employing various addnioes D
mitigate the aforementioned problendsiring the synthesis of the zinc ano#er this study 7
different additivesvereselected: CTAB, SDS, PEG, thiourea, tin oxide, boric acid, and indium

sulfate.

The crystalline structuresf the zinc deposited witthe additiveswere studiedwith XRD to
understand how each additive modified the structliheir morphologies were observed with
SEM. To determine whethehey assigtdin alleviatingthe current zinc problems in ReHABe
corrosion andbattery testsvere carried out. Lastly, to examine if these electroplated anculdd

replace the commercialized zinc foil in ReHAB, the batteries were assembled with the synthesized

anodeand tested



1.3 Outline of Thesis

This thesis contains 4 chapters:
Chapterl contains the overview and the research objectives
Chapter Ancludestheliteraturereview on the aqueous batteriggroduction to
electroplatingandfundamentals of additives
Chapter3 presentshe experimental methodologigechnique usedf sample
analysis experimental data arahalysis and conclusion

Chapter4 contains the future work



Chapter 2: Introduction to ReHA B and Problems of Anode

2.1History of RechargeableAqueousBatteries

With the rise of the environmentabncerns with the combustion wasteom fossil fuels, the
demand for the alternative renewable energy sources has also inctrasetithe cleagstenergy
source is the secondary batterieSmong the many types of rechaadpde batteriedjthium-ion
bateries are one of the most promising batteries as they showreghy density and loridespan.
They can also operate at wide electrochemical stability windoyvoltage range at which
substance is sta)lef 3-5V [3]. Hence,they havebeen used in various applications, such as
portable electronicand vehicles

Despite these advantages, thesea drawback of lithiumon batteries due to its use of the
traditional organic electrolyse The organic electrolyge are highly toxic and flammable.
Moreover,the manufacturingost of the lithiurrion bateries is expensivdue to the organic
electrolytes being moistureand air sensitive. In order to mitigate these issube,employment
of aqueous electrolysecan be made Although, the aqueous electiptes show smaller
electrochemical stability window compaison to the organic electrolygethey canguarantee
safety, environmentally friendliness, ardiuced manufacturing cost

In 1994, Dan and colleagugg] introduced the first aqueous rechargeable lithiam battery

(ARLB), which conssted of lithium manganse oxide(LiMn204) asthe negative electrode (or
anoderndcarborrodas thepositive electrode (or cathod&uringthecharge process, the lithium

ions deintercalated from the positive electrode (or cathode) and intercalatethahegative

electrode (or anodeand vice versa durinfedischarge proces$he authors determined that the
electrodes were stablethepotentialr ange of 2. 3V O Vongistedold. 5V wh
LiOH as the electrolytg6]. The ARLB demonstratethiigher operating voltage than the leaxd

battery butpooter battery cyclingperformancg?, 8.

Since the invention of ARLB, other types ARLB werealso introducedln 2007, G.J. Wangt
al. [9] studied ARLB withlithium trivandate(LiV 30g) anode andLiMn 204 cathode operatinm
2M lithium sulfate electrolytqLio.SQu). The authors confirmed that both tife synthesized
electrodesvere stable itheaqueous satkion, andthe batteries with these electrggeoducedhe



15t coulombic efficiency of 89.2%andthe retention 0/53.5% after 100 cycle[9]. These results

indicatedtheimprovement®f ARLB in comparison tdéhose reported ithe earlier literature.

J . L u o pg stwliedahe pffect oxygen an aqueouslectrolytein theaqueous rechargeable
batteries. The batteryas composed dithium iron phosphate (LiFeP{as the cathoddithium
titanium phosphatéLiTi2(PQy)3) asthe anodeand Li-.SQy asthe electrolyte.By removing the
oxygenfrom the electrolytethe batteries wereble to retain over 90% of capacity untdaD
cycles[10]. With the presence of oxygen, however, the capacity of the batterydaéty. These
resultsdemonstratethat he absence of the oxygen in the eldgteoprolongedhe cyclability of

the batteries due to the reduaddince othe anode reacting witine oxygen

2.2Rechargeable Hybrid AqueousBatteries

Out of manytypes of aqueous batterieRechargeable Hybrid Aqueousery(or ReHAB) was
selected for this projedReHAB, invented n 2012byCh e n 6 s r e sudliaes lKMN,Ogas o u p ,
the cathod, zinc foil as the anodenda chloride solution containing lithium and zinc ions as the
electrolyte The combination of the cathodadathe anode produces the battery voltaigel.8V

[3]. The batteryelivers the energy density 60-80 Wh kg?, which is higher than thaff the lead

acid battery30-50 Wh kg'), the onewith anaqueous electrolyteurrently used in the practical
applicationd 3]. Also, ReHAB could run up to 1000 cycles with 90%itsf original capacity.

The mechanism of ReHAB morecomplexas two ions zincas well adithium ionsi takeapart
during cycling of the bagries. Duringthe chargeprocesslithium ions are déntercalated from

the cathode ashown inthe following reaction:
LiMN204© Li1xMn2Os + XLi* + x€ (2)

Simultaneouslyzinc ionsin the electrolytare depositednthe anode

Zn**+2e0 Zn (2)

The reverse reactioms (1) and (2)are expecteduring thedischarge process

If the batterieavere operate ideally, the arrent effigenciesof chemicalreaction (1) and (2)
would be 100%ach But, in reality, side reactions occur along with the abbwve reactionsThe

cathodic side reaction is watglectrolysisas shown below

5



2H200 4H+ O2(g) + 4e (3)
And d the anode, thenainside reactions the evolution of hydrogen:

2H" +2e 0 Hz(g) (4

Due to these sideeactions (3and (4), the current efficiencied the main reactiongl) and (2)
aresmaller tharthosein the ideal situationWith the smaller cuent efficienciesof the main
reactions, the capacity of thetteay decreases, and eventudlie cycle life of the batteris
affected 11]. Thus, it is important to inhibgide reactions during charge and dischafgebattery

in order tonot only maintain a high capacity, but also prolong the battery life.

2.3Zinc Anode in Rechargeable Hybrid Aqueous Batteries

In aqueous batteries, various types of metals can be selected as thsactodealuminum[12],

iron [13], magnesiuni14], or zinc[3, 14]. Among these different metal@nc isthe most suitable

to be used in agueolmmase electrolyte batterielsie to its low redox potential, good reversibility,
high overpotential for hydrogen evolution in acidic environment, large specific capacity, good
corrosion resistance, and cost effeatieeq 3, 14, 15]. Hence,many aqueous batteries, espdgial

alkaline batteries, utilize zinc metal as #t/de

Even though there are a number of advantages of using zinc metal in aqueous batteries, zinc battery
has not been commercialized due to several limitatioaigly fromthe electrodes. On the anode
side, the problems need to be solved aretal corrosion, dendrite formatioandhydrogen gas

(H2) evolution[5, 16]. Each will be described below in more detail.

Metal corrosioncontributes to the capacity decreasing overtiifige corrosionon the metal
surfaceleads to thdoss ofactive metal surfacér electrochemical reactiondVith the faster
corrosion rate, th battery will lose its capacity at a faster rate, and eventiadlyi6]. Moreover,
the corrosion rate depends on sheface area ad sample As well, since the corrosion of a metal

is coupled with the hydrogen gas evolution, suppression of hydrogen gas also suppresses corrosion.

Another contribution to the failure of the battery is the formation of the degdritéich decreases
its coulomhic efficiency[17, 18]. A dendriteis formed due to uneven zinc ion depositids.this

unbalanced zinc deposition continui® dendrite starts to grow at the regioirhigh deposition



and eventuallyeaclesthe otherside of theelectrale creatinga shortcircuit [19]. Short-circuits

in batteries resulbverheating, fire, and in extreme cases, expladi2g.

H> gas is generated as a parttod side reactions. In theory, all of the electrons transferred from
the anode tthecathode during zinc metal oxidation shoallbbe consumed in the main reactions.
In reality, however,@me of the electrons are spent in the side reacmoducing H gas), which
leads tolower coulombicefficiency and evaporation of the electroftés a result, the battery
will lose its capacity. Therefore, the modification of zinc is necessanjtigatethese problems

to enhance the performancetioé zinc aqueous batteries.

Many ideas have been proposed and verified in modifying zinc electrode, swith additives

or other metals.

In 2013, S. Leet al [2]] investigated the effect of the additi@d O3, Bi>O3, and 1r03) onthe
zinc electroden the zineair batteries The authors preparedphysical mixture of zinc powder
andthe additives With these electrodesess hydrogen gas and smaller corrosiomerurwere
observedAmong three additivegjnc powders witlaluminum oxide shoedthe lowest hydrogen

gas evolution and corrosion currefil].

Aside from tle usage of additives, alloyingjanothemethodto modify the zinc anode to prevent
the aforementioned problenG.W. Leeet al [22] studied the effects of zinc alloy the zinc-air
batteriesWhen thealloy wascomposed 090% zinc, 2.5% nickel, and 7.5% indiythehydrogen
overpotentialwas shiftedto -2.009V, and when it contained 90% zinc, 7.5% nickeld &5%
indium, the overpotentiakhifted to-1.725V[22]. Theseoverpotentialavere more negative than
that with thepure zinc 0f1.609V[22]. In conclusionthe alloy with90% zinc, 7.5% nickel, and
2.5% indium showedoodreversibilityandthe lowestcorrosion current.

Yet another method to inhibit thidz evolution is to coat the zingarticleswith other metals. Y.
Choet al[23] coatedthe zinc particles withvaryingconcentrations of lithium bororxale (LBO)

by a solution process methd&hen zinc particles were coated with 0.1 %tLBO, it produced
theleasthydrogengasi theindication of thdowestcorrosion rate. Moreover, it also enhanced the

dischargecapacity from 1.57Aljobtainal from untreated zinc electrod®)1.7Ah[23].

Finally, dendrite formatiorareshown to benhibited byadditives[24]. J. Kanet al.[18] studied

the effect of P, sodium lauryl sulfateand Triton %100 on zincpolyaniline batteriesEach

7



additive was added tan electrolyte 2.5M ZnGl + 2M NHsCl2. The results showed th#te
addition of Triton X-100 createdhe most smooth zinsurface and prolonged cycle lifsEom 23

(battery without any additives) to 79 cycl4s].

2.3.1Behaviour of Zinc Metal in Various Environments

In order to enhance the performance of Ziased batteriesinderstandinghe behaviour of zinc
in different environmemtis an assetThere ardour main factors affecting the behavioafrzinc
in aqueous solutia the pH [3], typesof ionsin the solution25], oxygenconcentration$26],

andthetemperaturg¢25] of thesdution.

2.3.1.1Effect of Ph

PH of the electrolyteinfluencesthe behaviour of zind=igure 2 is the Pourbaix (or ) diagram
of zinc at room temperaturA.Pourbaix diagranshows theoxidation products of a metalin this
case,of zinc metali at specific environmestthe metal is subjectet [27]. From theoxidation
products shownn the diagram, the state tfie metal (stable or oxidized) idetermined.For
example, ZA" on the diagranrepresentshe oxidation d zinc (or zinccorrosior). The Pourbaix
diagram also indicates hydrogen and oxygen evolution regions with the dattiedilinesa and
b in Figure 2. Below linea, hydrogen is produced and above Imehe oxygn. Betweetines a
andb, water(H20) is generatedl he slanted lines indicate that gaguilibriumpotential decreases

with increasing pH.
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Figure 2 - Pourbaix (EH) diagram of zinén waterat 25°C[28]

When pH is reducedjnc becomes oxidized to zinc isaccording toFigure 2 asfollows:
ZnO Zr?t + 2e (5)

This zinc oxidation reaction also represents #uec corrosion.The corresponding cathodic
reaction is theevolution of hydrogemgas

2H" +2e9 Hz(g) (6)

This process occurs spontaneously when zinc is exposad acidic medium As well, H
evolution is also side reactioim other wordswhether the battery withn acidic electrolyte is in
operation or idlethe generation dfiydrogen gas is unavoidabRecall that lgdrogenevolution
is undesirableas it leads to reductiorof current efficiency ah evaporation otthe agueous

electrolyte.Thereforethebatterywill fail to operatef the current efficiencgonstantly falls

However, the Pourbaix diagram also shawa potential belowlV, zincis immuneto corrosion
evenin acidic solutionTherebre, it is important to findnoptimalenvironment conditiofor zinc

if the electrolytan thebatteryis acidic



In fact, J. Yanet al [3] hasdetermined the suitablacidic environmentn which zinc should

operate The authors showed thahenthe batteryconsisted of LiMpOs as the cathode actv

material and zinc as the anode, the batteagable to operate at a wide randestectrochemistry

window as shown ifrigure 3. The [H of the electrolyte, howevewas keptiower than 6.8 to

prevent zinc hydrolsis[3]. Includingthe considerations of £andH: evolution,the solubiity of

electrolyte salts, and therductivityof the electrolytethe authors concluded titae optimal pH

was 4 withanoperating voltage rangérom 1.4V to 2.1Vvs.standard hydrogen electrodeHE)

[3]. This battery showed impressive battery performance of 90%ypafciy retention athe 1000

cycle[3].

V vs. SHE

15— 0: evolution
LiMn20s
T el G
1-0 1 -r\‘\\ N \;\
1 R R —— ' _L_IF_GEO_Q_ _ _\_\_,\
1.8V
0| A 123V
e Stability
-0.5 — T window
e § T
1.0 ~~o_
H. evolution \ZN(\OHTz -~
15— g
0 3 7 11 14
pH

Figure 3 - Pourbaix diagranmof Zn, LiMn204, and LiFePO#3] (supplementary document)

If the solution pH is highpxide layes are formedon the surface ofinc due tothe available

hydroxide (OH) ionsin solution which carreducecorrosion[14, 29, 30]. In neutral and alkaline

electrolytes, the products zinc oxidation vary deending on the pH of the soluti¢8]:

Zn + 40H © [Zn(OH)4? + 2e

or

Zn + 40HO ZnO2 + 2¢
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or

Zn + 20HO Zn(OH)+ 2e (9)
or
Zn + HO©° ZnO + H (g) (20)

Once the oxidatioproductsareformed during dischargethey redissolve backnto the alkaline

electrolyteaszinc isamphoteriq14, 31).

Other cases in whicthé oxdation products do not dissolve out, it woulegativelyaffect the
battery performanceFor exampleJ. Zhaoet al. [31] studied zinc anode in zirar batteries.
Without ary treatmerd on the zinc anode, the batteriesly lasted 180 cycles, whethe
batteries with theinc anodewith MoOs additive(zinc-MoOs) prolongedthe cycle lifeup to 360
cycles[31]. This was due to the passivated fiformedon the surface of the aitige-free zinc
amode. The zindVloO3z anode, on the other hand, was less likely to passipedducinga better
cycle lifein the alkaline batteries

2.3.1.2Effect of Solution/Electrolyte

Aside from tte pH of the electrolyte or solution, the types of electrolyte used also influences the
behaviour of zinc. If the solution contains ions that enhance the corrosion rate of dhaetatal

is likely to corrode faster.

D.J. Hubbardet al.[25] studied the effecdbf chlorideand nitride batkon the corrosion of zinc
metals[25]. In thechloride bathincreasingoss oftheoxide layer andeduction in potentialvere
observed with increasing chloride concentraiidherefore, theorrosion atewasincreasedlue

to the loss othe oxide layer.In thenitride bath, howevethe oxide layerwasnot affectecanda
steadystate potential was obtainetius,the corrosion of zinc was nareatlyinfluenced bythe
nitride ions.Hence, zinc was morailnerable to corrode in the presence of chloride ions than that

in the nitride ions.
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In analkaline electrolyte, the corrosion of zinc is influenced by the prodwetted duringinc
dissolution[29]. The zinc corrosion potential in KOH electrolyte, for exampéa be determined

from the partial oxidation of zinc and the reduction reastashown belo29]:

Zn + 40H O [Zn(OH)4? + 2e (11)
2H,0 +2e0 Hy+ 20H (12)

B. Szczesnialet al. [29] investigated the corrosioof zinc sheet in the solutions containing
different salts: ZnGl(pH = 3.75),ZnCl> + NH4Cl, NH4Cl, and KOH[29]. The corrosion of the
zinc sheewasdetermined bymeasuring the hydrogen evolution ratéhenthe zinc sheet was
exposedo KOH, the highest hydrogen evolution rate was achieved, and the lowbstanCl,

bath.This means that higher zinc corrosion waservedvhen it was inhe KOH solution, than
in the ZnCl, solution.Hence, higherinc corrosion occurred in alkaline Istions than in acidic

solutiors.

2.3.1.3Effect of OxygenConcentrationand Temperature oSolution/Electrolyte

The oxygen content and temperature of the electr@ige play impotant roles on the zinc
behaviour.The oxygen concentration in the solution also affectedinesion Depending on the

state of the zinmetal the oxidation reaction of zimoetalreacting with oxygen can be found as:

Zn(s)+¥» & (g)° ZnO (s) (13)
Zn () +% QG (g)© ZnO (s) (14)
800 1
2004 Zn-rich !
boundary:
700 49999
600 (
o) T.(Zn)=419.6 :C ¢
= 500 :
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Figure 4 - Phase diagram of zinroxide at the different temperaturgzf]
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Figure 4 is the phase diagram of zinc oxide at various oxygen concentrations over a range of
temperatureAbove the Znrich boundary or at 50% of oxygeitine zinc metal or liquid zinc (if
temperature is above 419®) becomeginc oxide[26]. If the oxygen concentratiois over 65%,

ZnQ, is createdSince the melting point of zinc is relatively hjghese arstable for a wide range

of temperaturein a battery

D.J. Hubbarcet al.[25] studiedthe effect 0fO. concentration in the ettrolyteon zinc corrosion
by recording he steadystate potential of zinc in oxygesoncentrated and deoxygenated
electrolyte (no oxygen)The results showed thahe potential of zinc in the deoxygenated
electrolyte was smaller than that in the oxygedadlectrolyte. Thisepresentethatthe zincwas

more likely to corrode in the oxygenated electrolyte timanin the deoxygenated electrolyte.

Temperature also plays an important role on zinc corro3io@sameauthors[25] also studied
the effect of temperature on zinc corrosiorthie oxygen concentrated aqueous electralyig
placing zinc in bthsat40°C and 80°C. At the lower temperature, higheraion potential was
observeddue to the presence of zinc hydiax andzinc oxide at lower temperature. At higher
temperaturethe hydroxides was convertedto zinc oxide,forming aprotective layer at 80°C.

Thereforethe corrosion ratef the zincwasreducel ata higher temperature

2.4 Synthesisof Zinc Anode

In general, an anods defined as a good electrodeciinsistent composition, stability in the
electrolyte, and good electrochemical performances are acliefletMany methods to improve
the performance of zinc ithe aqueoudatteries are proposed, suchtlas usage of zinc alloy
powdersthesynthesis of fibre or gel fmed zinctheaddition of polymer additivet® zincor the
battery electrolytd32]. In order to createan anode meeting the criteria this project the

electroplatingvith additiveswaschoserto synthesizéhe desiredinc anoddor ReHAB.

13



2.4.1Electroplating

Electroplatingis a processo depositmetal cations inelectroplating solutioronto a desired
electrodeby introducingelectrical curreninto the systemElectroplatingwas first invented and
demonstratedh 1805by Luigi Brugnatelli, who usedvoltaic pile to electroplate gol®3]. Since

its conceptionit hasgained a great attentioot onlyamongresearchers, but algoindustries for
various purposes, such e production otorrosionresistance coatings and removal of metal

ions in wastewatdi34, 35].

Electroplating has attracted attentidar its advantages of cosffectiveness andsimple
experimental setips [36, 37]. Moreover,the structure, propertyas well as theéhicknessof the
deposited systeman be controlled bgontrolling theexperimental conditionsincemany factors
influence the grath of thedeposits[36]. Some of thee factors are temperatui@g], pH [39],

current density39], concentrations of ions present in electrolt6, 41], adlitives [42], and
substrate$43]. For instancethe electroplated depds mayshow smaller grain sizenincrease
in hardness, amaldecrease in ductilitwith highercurrent density44]. Therefore, amptimization
of many factorsis required to producéhe optimal structure and properties fapplication of

interest

Various electrodepositiocondtions havebeen studied in different types of electroplating bath
such as cyanide, zincate, or chloridé&]. High throwing power § measuref how evenlythe
sample was depositedan be obtainedith a cyanide battbut it isenvironmentallytoxic 1 thus,
researchexsearched to repladke cyanide batto cyanidefree bath, such as chloride and sulfate
bath[46]. C. Huet al.[37] comparedhe effect ofchloride and sulfate electroplating balthe
authors concluded that the deposits from the sulfate bath siagiealdissolutionefficiencythan
those from the chloride batfihe morphology ofinc createdn thechloride bathwaslarger and

rougher than that from the sulfate bath, indicatimigaerpossibilityof dendrite formation.

K. Raeissiet al.[39] studied how the morphology arige texture of the electroplated zinc vary
depending on pH and current densitilse authors observed that as the current density increased,
the size of the grain decreased at pH 2, but opposite results alpiget grain sizeleposited

with a higher thecurrent density)This observatiordue tothe percentage othe basal planea(
plane perpedicular to principle axig39].
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J. Hsiehet al. [34] studied the effectfoadditivesthat were addeduling zincdepositionin a
chloride bath.The authors employedhree different additivesn the electroplating bath:
(polyoxyethylene nonyl phenyl ethe(NP16), o-chloro benzyl aldehyde(OCBA), and
polyoxyethylene lauryl aminéS40). Dependingon the additiveused the morphology ofthe
deposits variedWithout additives, the formation of dendrite wasbservedrom the SEM image
The adition of one or more additives changed the dendritesliffexentmorphologies as shown
in Figure 5 (B-E). Thus, introducing the additivesinto the electroplating batmodifies the
morphology of the deposits.

Figure 5 - Zinc plating with (A) no additive, (B) NP16, (C) NP16l&840,
(D) NP16 and OCBA, and (D) NP16, OCBA, and £34)

2.4.1Mechanisms

An electroplating process analogous tan electrolytic cell (reverse of gaanic cell). Ina
galvanic cell, metal ions from the cathode dissolve out and the same or other métead ddui®n
deposit onto the anodin electroplating, lie reverse reactions ocasa current is applied to the
system The cathodic antheanodic reactions during electroplating are shown below:

M%* + ZeO M (15)
MO M% + Ze (16)
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Where M is the méal ions dissolved in aqueous solution

The theoretical amount afepositedmetal can be calculated using &at a aw. SThe actual
amount however,is less than the theoreticahlue due to the side reactiortd hydrogen and
oxygen evolutiorat the cathale and anodeaespectivelyln other words, e current efficiency,
which depends on the applied current ahe electroplating solutionis then affected by the
presence of these side reactiphg.

Dependingon the type ofmetal usedasthe anode, it can eithdre consumed or notluring
electroplating The examples ofa consume@nodearezinc andcopper andthe non-consumable
anodeare lead and chon. Whena consumable metal is used, it deeto beregularlyreplaced

with a newmetal and foranon-consumable anode, the electrolyte has to be replenished.

2.4.2Hull Cell

Hull cell is a useful tool to identify the optimal current densityelectroplate metal ions far
specific applicationHull cell refers taan electrodeposition tank with a cathode angled with respect
to ananode asshownin Figure 6. When thecathodeand anodeare connected to the external

circuit, the circuit becomes completaedacurrentstartsto flow.

(A)

Anode Cathode

Figure 6 - Hull cell experimental setup (A) front view of the actual experimental setup
showing the external connection @jleviewand(C) top view
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The shape of the Hull cell container is desitygaech thaionsaredepositedvith varying current
densitiesalong the cathodedence,the deposits with various current densities can be generated
from a single experimerjé8]. The results of the Hull cell ahownin Figure 7. The left side
placel nearest to the anodexposed to the highest current densaydtheright sidethe lowest
current densityTheintensity of the deposits becorfighter from left to righti an indication of

lower metal deposition.
The local currentlensity atspecifc locationcan becalculated using the following equatipif)]:
O Oouvp g mED (15)

Wherej is thelocal current density on cathode (A/§m is thetotal current applied to the system

(A), and L is thalistance from high current density encpahel (cm)

This equation is only valid for the deposiéeatedin between 1 to 8 cnon the cathodend
electroplated ir267mL of electroplating solution

Figure 7 - Zinc deposited oa graphite foil via Hull cell experiment

2.4.3Parallel Cell

After determining thedesiredcurrent density fronthe Hull cell experiment, a parallel cell
experiment waperformed Unlike the Hull cell setip, the cathode and the anaate placedin
parallel to each othén the parallel cellThedistance betweethe o electrodess obtainedrom
the Hull cell container where theptimal current densitywas determinedThe purpose of
conducting thearallel cell experiment wase analyze the deosited sample more accurately.
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2.4.4Treatment ofBrass Foil

A brass foilwasused as substratéo depositzinc ions and also acted as the current colleator
theReHAB. The brass foilvaspretreated before the electrodepositadrzincin order to provide
a good contact between the substrate amddpositednetal A good contacbetween thershould

result in a smalfesistanceind produce better battery performance.

T.M.H Saberet al. [50] studied warious brass treatment methoddegreasing with acete,
mechanical cleaning, acid cleaningdagiectrochemical cleaning. Théyund out that cleaning

with acetone did not change the surface of brass, and electrochemical cleaning removed the most
of the zind changing the alloy concentration, and thuspreterred For the mechanical cleaning

it removed the oxide layer on the surface of the brass foil, but scratches were present. As for the
chemical method, 25 vol. % HN@llowed the dissolution of both copper and zleaying similar
composition as theulk alloycomposition Whenthe authors combimkhelasttwo methods, thy

obtainedthe optimal resultf5]].

2.5 Additives

Additives areusually added tanelectroplating batbecause they take a part in the nucleation and
growth process of the deposits. Hence, depending on hbiec of additive used during
electroplatingthe growth behaviour and eventually the properties of the depibibe affected

[52]. Thus, he modifie structure of zinc wilindeed affecthe battery performances.

2.5.1Fundamentals/Mechanisms of Additives

The behaviour of additives during electroplating can be explainedhdymechanisms of
chemisorptionand physisorptionChemisorptiordescribeschemical reactionsreatingcovalent

bonds betweethe surface ofa substrate and adsorbatélence,electron transfer and electron
sharing are present. Physisorption, on the other hand, occurs by van der Waals force that attracts
adsorbate to the surfacétbe substrates. This process doesraquireelectron transfein most

of the cases, additives adsorb and desoamatjual rate. If the rate is not the saihe additives

become a part of the depositfieyalsocan be consumed in the electrocheinieactions[48]
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How additivesaffea zinc depositionn real life has been studied by many researchers through
experimentsThe studies showed that as the additives adsorbecheutdace, thewffecton the
kinetics of the electron transfethe zinc depositioniissolution, or boti53]. Also, the zinc
deposition ishindereddue to some of the unavailable active sites taleby the additive. This
process may vary for each additibased orits characteristics and the interaction between the
substrate and the additiyg4]. The additives also influences the zinc nucleation and its growth
orientation by changing the concentration of growth site and anions, diffusion coefficietiteand
activation energy of aniorj48].

A. Gomeset al. [54] found that oncehe additives ¢etyl trimethylammonium bromidéCTAB)
and Triton %x100) were adsorbed onto the substrates, the surface availatlecfdeposition was
blocked and thus, the metal ion deposition was hindered. Mord¢bgexdditiveslso changethe
orientation of the adsorbed laye8]. The same groupA; Gomeset al [53]) also found out that
the orientation of the deposigthout additives was (002), and this orientation was changed to
(110) and (101) with CTAB and PEG, respectively.

Other than theseffectsdescribed aboveadditives can balso used for other purposeschk as
leveling and brightenindglhe purpose of usingVeling additiveis to even at the roughnessn
the surfaceWhenuneven current distribution is preseat,ough surface is obtained due to the
diffusion andheohmicresistanc¢48]. This rough surfaceam be levelled out with levelling agent,
which changeshediffusion and ohmic resistant@anactive controlBy changingnto theactive
control, noRuniform depositionoccus over the rough surface foroduce an evenly levelled
surface [48]

The brightening additivess the name indicatgsroduces shiny deposits bgducing the size of
the crystallites smaller than the visible light wavelenf#h]. There are three mechanisms how
brightening agents work:diffusion-controlled leveling, grain refining, and random
electraleposition49].
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2.5.2Categories of Additives

Additives can be categorized int@rious groups. In thiproject they are divided into two
categories:organic and inorganic additiveBr general,organic additives qovide smooth and

bright surface by changing the shape and the size of the deposits and increasing the deposition
overpotential[53, 54]. As forinorganic additivestheycan accelerate metal ion deposition rate

[56]. Other than theseffects some of the organic and inorganic additivesease theorrosion
resistancg¢57]. Each additive influensghe deposition ints unique way, andombination otwo

or more additives mageneratesynergistic effects.

Shanmugasigamaast al.[58] studied the effects afieorganic additive, polyvinyl alcohol (PVA)
duringelectroplating zinc imcyanide-free alkaline bathThe Hull cell setup was used to deposit
zinc in henon-cyanide bath containing zinc oxide and sodium hydroxideen PVA was added
into the alkaline electroplatingbaths,the current eftiency at the cathode was improvadd
refined graindepositwas obtained. Also, the speeftthe ratedetermining step was controlled by

PVA because it was able émtrap zinc hydroxyl anions.

J.C. Ballesterost al. [59] studied the effect of polyethylene glycol 200(REG) on zinc

electrodepositin processn achloride bath. The authors found out that PEG firas adsorbed
ontoasubstrate and then steredback into the electrolyt&Vith the presence of PEG.71mg of
zinc was deposited in the potential range®#l to-1.7V, whereas only 0.66gnwas deposited

without PEG[59]. Thus, PEG was able to increase the zinc deposition rate

C. Hu et al. [37] selected three additives tetraethylenepentamine (TEPA), potassium
diphosphate (PDP), and potassium sodiumagertetraphydrate (PSTT )Xo electroplate zinm a
sulfate bathThe smoothessurface was obtained wh PDP was usednd followed by PSTT.
Betweerthe twq higher stripping efficiency was achieved with PSTT (62.4%) than that with PDP
(40.6%)[37]. When TEPA was usedgndrites were formemther tharasmooth surfaceé hence,

it wasnot favoured.

20



2.6 Physical Characterization Techniques

2.6.1 Xray Diffraction (XRD)

X-ray diffraction (XRD) is an experimental tool used for studying the crystal strgctdire
materials. XRD determines t crystallinity of a materidbased on the constrive interference

createdasincident rays interaoith the sample.More specificlly, photons from the radiation
interact with the electrain anatom creatingunique waves ashown inFigure 8. The obtained

data providsthe information about the crystal structures of the materials.

(A) (B)

Incident X ray beam (in phase) Diffracted beam (in phase) s X-ray detector

X-ray source
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Figure 8 - (A) Schematic of-xadiation fora simple crystal lattice
(B) Relationshipbetweerthe Bragg angle and experimentally measured diffraction §6@]e

The relationship between the wavelength of the rays and the material can be expiéssed
Braggbs | aw:

€ _ Qi Q¢ —
Where n is the ordef diffraction, dis the spacing between two adjacent planes of atomsghe

wavelength of the electromagnetic radiation,anslt he scattering angl e

In order to identify the coordinate of the planes or distance between ths, ftdlosving equation

is used:
Q et
nmo Q o

Where a is the lattice parameter; and h, k, aardthe Miller indices plane coordinate in x, y, and

z-direction.
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2.6.2 Scanning Electron Microscopy (SEM)

Scanning electron microscpgSEM) is a tool used to understand the topology of materials
micro and nano scale. How SEM works is tasit sends out a beam of high energy electrons to
a samplesignals are produced during the electsample interaction. The signatsllected by

the electron collector, contain the information aboustraple, such as morphology and chemical
composition othe materials.This technique is carried out in a vacuum chamber to minimize the
interference during the interaction between the sampletandiectrons. If the material is not
conductive, it maye charged during the process, which creates difficulties in image acquisition.

Thus, norconductive materials may be coated before the collection of images.

2.7 Electrochemical Characterization Techniques

2.7.1 Float Current

Float current is a current required to compensate for the capacity lost duringtisd®ifge of
a battery. Aftethe battery is fully charged and at stationary statehe unwanted side reactions
occur, causinghe batery voltage to decreas@o keep the battery dull capacity, current is
constantly applied to the battery. Measuring the amount of cufoerfloat current)needed
indirectly indicates the amount eide reactions occurring the battery after fully ltarged. For

the industry applications, smaller float currendésired

2.7.2 Corrosion Test

Corrosion behaviour of zinc metal is studied with Tafel extrapolatiand the polarization
resistance method$afel extrapolation method used taleterminethe corrosion rate of metal
in anaqueous solution by applying mixed potential th¢@@}. Whencorrosion occus onametal,
acathodic an@nanodic ractions occurThe combination of these haiéll potentialfrom these
reactiongor polarization of two potentials to the same intermediate potentizd)lexdcorrosion

potential, Eor, Or mixed potential.

This method is carried ouwith linear polarization techniqueyhich scansan electrode ovea

range of voltageand measurethe resulting currentWith the obtained data semtlog plot is
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generatedshownin Figure 9. The corrosion rate & metal can be determined from the slope of
the linear regiofi27]. By extrapolating linar regiononthe cathodic andnodic curves, corrosion
potential, Eor, and corrosion curreaensity icorr, are determined:hevalue ofcathodiccorrosion

current densityic) is the samasthe valueof anodic current densitfya).

Cathodic polarization curve

Tafel line extrapolation
+0.2
0 —
w —0.2
Anodic polarization curve
Tafel line extrapolation
-0.4
-0.6 H
loorr g |
-0.8 : corr \J‘ I
1076 1074 1072
i (log scale)

Figure 9 - Tafel curve with line extrapolation indicating corrosion paramef{éy

Determined corrosion current can provide information about corrosion rate because the corrosion

current is proportional to the corrosion rakeir relationship is expressed as follows:

e A ok wom O av
# OO0l OEO,.RFQ 9

Where E.W. is the equivalent weight of the sample, and d is the sample density.

Another method to understand the corrosioraohetal is the polarization resistance, Rp. By

assuminga small overpotentiakhe polarization resistangé&kp) can be calculated using

A I S
6 &1 T

Y
Q Q

Wherg andf are the anodic and cathodic Tafel constants, which can be determined with
L Q
T Tl I#
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Wherg and] are the anodic and cathodic polarization/overvoltageis the corrosion current
density, anda and t are anodic and cathodic current density.
The overvoltagean be expresedas:
T ¥ Oy ©O
Where Eorris the mixed potential, and.k&is appliedpotential

By combining the two overpotential equatspiiafel constants can be determined. If there are
unknown corrosion parametetbgen theslopes of the cathodic and anodic linear regianghe
Tafel plot can be used Bs andf , respectivelyThese values are then used to calculatelRp.

themetal has high Rp, is highly resistance to corrosion.

2.7.2 Galvanostatic ChargeDischarge

ReHABs with the synthesized anodesdathe commercialized zinc fodre galvanostatiddy

cycledbetween 1.4 to 2.1VTypical galvanostaticcharge and dischargeofiles are shown in
Figure 10a.
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Figure 10- (a) A typicalgalvanostaticcharge and dischargerofile of ReHABoperated at 4C
(b) cyclability and coulombic efficiency of ReHAB with undoped kOMA3]

Both charge and discharge curves show two diffgsleiéausan indication otwo-phase lithium

extraction and intercal@n processs [3]. As the number of battery cgc increasesthe
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polarization of the battery also increases. This leads to the discharge capacigubmbic
efficiencyto decreasas shownn Figure 10b. After the cyclaiblity testthe capacity retention can

be calculated witlthe capacitiesrom the firg and the last cyel
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Chapter 3. Synthesis of Zinc via Electroplating with Additives

3.1 Introduction

Since the invention ofechargeable agous batteries, the studies wéw materials for the
electrodedave been carried out. In $hproject, ReHAB was selected. ReHAB consists of lithium
manganese oxide (LiM@s) as the cathode active material. Lida is a good candidate as a
cathodematerialin the aqueous batteriégcause tightly bounded lithium ions mak&l n.O4
stable in air and watd6]. Also, it showsa small volume variation between lithiated and fion
lithiated state [3]. As for the anode, zinc metal was selected beocafuses low redox potential,
good reversibility, high ovepotential for hydrogen evolution in acidic environment, éesgecific

capacity, good corrosion resistance, and cost effectivéBeb4 15].

Theoretically,anideal performance is expected from ReHAB, but in reality, there are still some
rooms to improveThis projectwasfocused on the modificatiord the zincanode When zinc is
utilized intheaqueous batterieafew problems associated with zinc metal esigdey are; metal
corrosiondendrite formationandhydrogen gas (£ evolution[5, 16]. In order to allevate these
problems, many studigd?7, 18, 21-23] have been conducted mitigate the aforementioned
problems with zinenetal

In this projectzinc was synthesizeda electoplatingwith additives 7 additives (4 organic and 3
inorganic additives) were selectedmodify the structure of the zinc deposit§he performance

of the zinc with thesadditives were then analyzed via XRD, SEM, battery and corrosion tests.
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3.2 Experimental Procedures

3.2.1Battery Components

3.21 Cathode

The synthesis of the cathodeascarried outas described: 86 wt.% analytical grade of Lydn
(MTI Co.), 7 wt.% KS6 graphite (Timcal), and 7 wt.% polyvinylidene fluoride (PVDF, Kynar,
HSV900) were mixedh n-methyt2-pyrrolidone (NMP, Sigmaldrich Co., 99.5% purity) using
Planetary Centrifugl Mixer (AR-100, ThinkUSA) for 2 minutes. The mixed slurry was then casted
on a graphite foil (Alfa Aesar, 99.8%) apthcedin 60°Cvacuum chambdor 3 hours The dried

slurry was cut ira circlewith 12mm diameter.

3.2.2 Electrolyte

A mixture of zincsulfate and lithium sulfate was used as the electrolyfé.zinc sulfate
heptahydrate (Alfa Aesar Co., 98%) a2l lithium sulfate (Sigma, 98%) were dissolved in DI
water, and its pH was adjusted to 4 usnfjuric acid.

3.2.3 Separator

Theseparatoused in the batteries was absorptive glass mat (AGM, NSG Corporation). It is highly
porous that it can absorb a large amount of electrolyte.

3.22 Anode Preparation

3.22.1 Electroplating Solution

The electroplating solution was prepared by dissolviélylzinc sulfate (Alfa Aesar, 98%), 0.1M
ammonium sukite (Sigma, 99%), and 100ppmealditive in Diwater. The selected additivegre

cetyl trimethylammonium bromide (CTAB, Signma, 98%), sodium dodecyle sulfate (SDS,
Signma, 99%), polyethylene glycol @D (PEG, Signma, MW 8000, 99%), thiourea (Alfa Aesar,
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99%), indium (II) sulfate (Sigma, 99.99%), tin (IV) oxid&dma, 99.9%), and boric acidigema,
99.5%). Each of the additisevas added to thdextroplating bathndividually.

3.22.2 Hull Cell

Hull cell experiment was carried out & plastic Hull cell containeas shownin Figure 6. The
consumable anode, in this case zinc foil, was placed on the left side of the contaiaegthnde

on the right As according to the theory, 267mL of the electroplating solution was used in each
experimentDirect curren{1A and1.5A) wasappliedusing BK Precision machirte the Hull cell
setup for 10 minutes at rootemperatureThen, the synthesized samplesre dried overnight in

air.

3.22.3 Parallel Cell

The parallel celsetup is shownin Figure 11. A cathode an&nanode were placed 5cm apart
facing each other. Fon¢ parallel cell experiment, 100mL of electroplating solution was used. The
electrodes used the parallel celwere the same as those usethaHull cell. Directcurrent was
introduced to the systeasingBK Precision for 10 minutes. After the syntrseghe samples were

dried overnight in air.

External Circuit

External Circuit

-

Figure 11 - Schematics of parallel cell (a) front and (b) top view

28



3.22 4 Substrates

Two different substrates were selected: graphite (Alfa Aesar, 99.8%) and braBkdgitaphite
foil was selected becausegood battery performance was observed when itusad as the
substrate for the cathode in ReHABhe brass foil wahosen as anothéype of substratet
deposit zinc onA good contact between the zinc deposits and thes bodlswvas assumetb be
madeas brass contains zinthis hypothesis was verified through experinsent

There was no treatment done on the grapioil. As for the brass foithe optimal brass treatment

was determined by comparidgferent reatment methds.

3.22.4.1 Brass Foil Treatment

In this projectfour treatment methods were geted: no treatment, mechaniaiemical, and the
combination of mechanical and chemical methods. As for the mechanical treatment, the surface of
the brass foil was sded usinga sand paper. Aftethe sandingthe brassvas washed with DI

water to remove any residuals left the surface

As for the chemical treatment was carried out using nitric acid (HMOAfter the brass foil was
cut into an appropriate sizetiwas dipped int®5 vol. % HNOs solution for 5 seconds, and

thoroughlywashed with DI watefThen,it was dried in air.

After each treatment, the brass foil was used as the substrate to deposit zinc.

3.2.3 Characterization Technique Conditions

The crysallinity of the synthesized anoa@easanalyzedvith D8 Discover power xay diffraction
(XRD, Bruker Co., CuR 1.5406A , 40kV, and 40A). The samplesrescannedéxsitu) over2
theta range 10 t80° at the rate 00.003 °mint with LynxEye detectorThe XRD results were
analyzed with the Bruker XRD search match program EVA

The morphologies of the synthesizatbdes were examinedth field emission scanning electron
microscopy (FESEM, Carl Zeiss Ultra Plus Field EmieaiSME, Zeiss Co.), operatati 10kV.
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The orrosiondataof the aspreparedsamplesand the commercialized zirweas collectedwith
VMP3 potentiostat/glvanostat (BieLogic Science Instrument Co.). The corrosion current and
potentialweremeasuredh a three electrode cell systday applying linear polarizatiotechnique
The working, counter, and reference electrodes were zinc, platinum, ancbB@iHgspectively.
The electrode was scanned betwe@25V to 0.25V fromits open circuit voltage (OCV) at the
rate of 0.166mV/sThe surface area of the tested electrode was %litiwas used to coert

corrosion current densifycor) to corrosion currenficor).

The cycle life of the batteries withe synthesizednd the commercializeahodes were tested in

coin cell type batteries. These batteries contained the cathode, electrolyte, antuesepatator
asdescribed in the above sections. The gabssatic chargelischarge cycling of the batteries were
carried out at room temperature at k@ (1C = 120mAh/gwith NEWWARE battery testdrl4]
(NEWWARE Battery Test System, Neware Co. Ltd., China). The battery was cycled between
1.4V to 2.1V.

The same battery tester was used to perform the float cuestnFor thistest, twoeelectrode
SwagelockH-type cells were used.he potential of the batteries were maintained at 2.1V for 7

days at room temperatyrand the current necessary to maintain the potentiatecasded

3.3 Result and Discussion

3.3.1Determining Zinc Electroplating Condition

Before the synthesis okinc with the additives, theelectroplating conditions to depogite
minimum amount of zingequiredto run ReHAB asthe one with comnercialized zinc foil
(Rotometals, thickness 0.2mmgre determing Since there were twonknownvariablesi the
current desity and the deposition timeyo experiments were carried out. In the first experiment,
deposition time wafixed to find the optimal current densityo synthesize zinc that can produce
good ReHABperformance athe one with the commercialized zjmndin the second experiment,
the deposition time was varibg fixing the determined current denditythe previous experiment

to investigaténow deposition time affects the performance of ReHAB.
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Theseexperiment weredonein theHull cell setup.Just to note thatinc depositionn this section

was carried out on the graphite foil substrate.

As shownin Table 1, the deposition time was fixeid 10 minutes dr all the samples, and the
were depositeavith different current densities (30, 50, and 80 mAdcrithis experiment also
indicated what morphology of zinc would be suitable in ReHAB sysbamausenorphology ofa
depositchanges with current density.

Tablel - Summary of deposited samples with zinc deposition time and corresponding current densities

Sample # Deposition Current Density
Time (min) (mA/cm?)
1 30
2 10 min 50
3 80

After the electrodeposition of zinthe samfeswere tested in ReHAB, and their results are shown
in Figure 12. The battery with the zinc electroplated with 30mA?@howedfast capacityfading

in comparison to theneswith higher current densities arlde commercialized zinc foil. The
batteries with 50 and 80 mA/érshowed comparableatteryperformance as the aswith the
commercialized zinc foil. Hencig,was enough to use 50mA/éio electroplate zinasthe battery

with this anodeould maintain highcapacity as the commercialized zinc foil battery.
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1 Cyclability
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—4&— 80mA/cm2
—v— Commercial
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Cycle #

Figure 12 - Cyclaiblity of ReHAB with synthesized zarodes electroplated atirrent densities
of 30, 50, 80 mA/cfifor 10minand commerciakinc foil (Commercia)

The next experiment was favestigate how the performancé ReHAB would changewith
deposition time. &r this experiment, the current density was fixad50 mA/cn? and the

deposition time was varied from 6 to 20 minutes.

Table2 - Summary of the deposited samples with their zinc deposition time and corresponding current densities

Deposition Time (min)  Current Density (mA/cm2)

6

8
10 50

15
20

Figure 13is the g/clability of ReHAB withthe zinc anode®lectroplatedor variousdeposition
time. When ReHAB employed the anodes electroplabed fand 8 minutes, the capacite@she
batteries were lower than the one with zinc electroplaaed 0 min When the zinaeposition

time was higher than 10 min, very similar battery performance was obsasvélde one
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electroplated for 10 mirHence, the current density of 50mA/fandthe depositiontime of 10

min wereselectedas the electroplating conditiotssynthesizezinc anode.

Cyclability
11 5
—=&— 6min
1o —e— 8 min
g’ 9 —4a— 10min
% —wv— 15min
= —4— 20min
..2‘ |
.g 7 .
g 6
O
qé’ 5
8y
]
a 3
(&)
= 2
(&)
(O]
o 1
n
0 50 100 150 200 250 300
Cycle #

Figure 13- Cyclaiblity of ReHAB with synthesized zinc ancelestroplated abOmA/cm for deposition timef 6, 8,10, 15,
20min and commercialized zinc foC¢mmercia)

3.3.2 Treatment of Brass Foil

Before uing the brass foil asa substratdor the anode, the surface of the brass undertieee
different reatmentskFirstly, two treatment methods were comparetchanical and chemical
treatmerd. After the treatment,iac ions weredeposited on th&eatedsurface of the brass foil.

The performance of ReHAB with these anodeshiswnin Figure 14.
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Figure 14 - Resultof the discharge capacity retention and the cyclability plot from ReHABbnatss foil substrate exposed to
different treatmentéHull cell resulf

When there was no treatment done on the brass foil, the lowest discharge cajeationref50%
wasobtained athe 300" battery cycle. The highest capacity retention was found when the brass

foil wastreated with nitric acid

The capacity wasvell maintained when the brass foil was treated with nitric aldis implies
thatagoodcontact between the substrate and the electroplated zinc was aetievrethe surface
was treated with acidlThe mechanical sandirgpowed bettebattery performancéan the one
without anytreatmers, but its performance was worse than the one ghitmcally treatedorass
foil substrate At the 300" cycle, the average capacity retentmrReHAB with the mechanical
sandingwas smaller than that witthe acidtreated brass foil. Als@ large error baindicated
polishing withthe sandpaper is unreliadal Therefore, the treatment with nitric acid was preferred

and selected

In the next experimenthe effect of combininghe mechanical and chemical methoglas
investigated ag.M.H Saberet al[50] achievedthe optimal resultsokide-free and scratcfree
brass surfageby combining thewo methodsThe performanceof ReHAB with this substrates

summarizedn Figure 15.
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Figure 15 - Result ofthe discharge capacity retention and the cyclability plaim ReHAB with brass foil substrate exposed to
different treatments (Parallel calesulf

Theeffectof combininggheme c hani cal and chemical t r-acidd ment s
is stown inFigure 15. As shownin the capacityretention and cyclability plotshe performance

of ReHAB with the brass treated with both methgelseratedimilar performances the onavith

thebrass foil treated whit only acid.Hence ,modifying the surface ofhe brass foilwith only acid

was sufficient to produce good ReHAB performance. Therefoig,nitric acid was used to treat

the brass foito enhance the contact (or reduce the resistance) between the brass tbié a

deposits

3.33 Comparison of Two Substrates Graphite and Brass Foils

The comparisorof two substrateg§graphite and brass foilyas carried ouin this sectionin the
beginning of the projecthé graphite foil wagprimarily used but its flible propertyled the
graphite foil to be easily tormhus,the brass foil was chosen to replace the graphite foil as the

substrate for zinon deposition.

In order to identify whetheahe performance of ReHAB with the brass foil was compatible as that
with the graphite foilReHAB was assembled with these substratbs.performance of ReHAB

with the zinc anode electroplated e graphite antheacidtreated brass fois shownin Figure
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16. ReHAB with lrassfoil is| a b e | |A@ddTreaes 6 0 thenbdttery withgraphite foil as
@Graphite Foild
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Figure 16 - Result of the discharge capacity retention and the cyclability plots from ReHAB with graphite and brass foil as
anode substri@s(Hull cell result)

From the results shown abowahout 17%higher capacity retention wabservedvith ReHAB
with the acid treated brad®il than that withthe graphite substratat the end of 300cycle In
other wordsthe battery capacity was well maintained when brassviis used as the substrate
for the anodeThus,only brass foil was used dBe substratéin electroplating)and the current
collector(in ReHAB).

3.34 Optimal Additive Concentrations

The amount of additivesedduring electroplating influences tpeoperty of the depositand thus,
many studie$62-66] have been carried out to determine tptimal additive concentrations

this sectionthe optimal additive concentratiosm wereidentified.

In order to comare the effect of each additivairly, the optimal concentrationf eachadditive
wasrequired In this project, howevegne of the additives was randomly selected and its optimal

concentration waassuned to besqual tathe optimal concentratioof the rest otheadditivesdue

36



to the time constrain.he randomly selected additive was boric acid, and its optimal concentration

was determined in this section.

For identifying its optimal concentratiofmur different concentrations of boric acikereseleced:
0, 50, 100, and 500ppm

Figure 17 - SEM images of zinc deposits with 0 (no additive), 50, 100, and 500ppm
of boric acid in electroplating battmagnification 1Kk)

With different cancentrations of boric aciddifferent morphologies were obtained. The SEM
images indicated that in general, stack&m@fgularplateletswere generateds showrin Figure

17. Similar structure to these SEMhages waalsoseen in C. Het al.[37]. This kind of structure

is obtained when high current density is applied to deposit zind6dhsWith smallercurrent
density, the morphology of the zinc depogitsatedin a zinc sulfate solution would become

regularhexagonal crystalline structufg3, 67].

When there was no additive used, the zinc deposits were coalsegualtar As the concentration
of boric acid increased, the size of tteposits became small@ndmoreuniform. From the SEM

images, 100 and 500ppm of boric acid produgaiformly distributed zinc deposits.
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