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ABSTRACT

STRATEGIES TO IMPROVE THE CATHODE PERFORMANCE FOR
MnO2/Zn AND NiMH BATTERIES

Dar 1 gNeodgtOzg iir
Doctor of PhilosophyMetallurgical and Materials Engineering
SupervisorProf. Dr-Tay f ur Ozt U0r k

January 2024147 pages

This thesis addresses the pivotal role of Energy Storage in our modern world,
focusing on Mn@Zn and NiMH alkalinebatteries. Two primary objectives guide
this research: optimizing MnCzathode composition for enhanced rechargeability
and replacing cobalt with cesffective carbon in NiMH battery cathodes for

improvedperformance and affordability.

To achieve the fst objective, a combinatorial approach using magnetron sputtering
is adopted to modiffvinO, structure with Bi, Na and NResults show promising
cathode compositions, such asoNao3dNio.odVino.44Ox, exhibiting reversible
characteristics and outperfommgi pure MnQ cathodes by over doubla terms of
reversible capacity.

In the context of NiIMH battery cathodes, conventional slurry methods are employed
with various carbon additives and blending techniques. The study identifies
challenges in achieving optal performance, highlighting the importance of
selecting appropriate carbon additives. The -pestorming cathode combines
carbon black with plasma black using the disjpersnethod. However, all carbon

bearing cathodes fall short of cdiblaearing cathde performanceElectrochemical



and structural investigations provide insights into the challenges faced, revealing
issues with poor contact, insufficient surface coverage, and the absence of cobalt.
The study sheds Iig on the development of cob#lee cathodes, emphasizing the

need for improved electrode production methods and new additives to address

chal | en g eNsOOH forenationansl oxygen evolution reaction.

In conclusion, the research contributes valuable findings for enhancing the
electrochemical performance and eeffectiveness of Mn&Zn and NiMH alkaline

batteries, offering potential solutions for advancing energy storage technologies

Keywords: Alkaline battery MnO. cathode Combinatorial approachCo-free
cathode, NiMH battey

Vi



¥Z

MnO2 Zn VE Ni MH BATARYALAR KCKN KATOT Gt
STRATEJKLERK

Dar i cNegdeat Ozgilr

DoktoraMet al ur ji ve Mal zeme Miuhendi s
Tez YOneticisi: Prof . Dr. Tayfur
Ocak 2024147 sayfa

Bu tez,enerjide pol amanin modern dinyami zdaki K i
MnOz/ Zn vV e Ni MH al kal in pill er lzerine
yonlemdiirk.i t emel amac bul MnOnakatota d i r .
kompozisyonunun iyilestirilmis sarj edil e
katottr 1 nda performansin geliisgiimikonteslitivre
mal i yet | i kar bdor.n il e degistiril mesi

| | Kk amaciaciuhaymp@ls y nMa Bie Ni kullani | arak
yapti |l mistir. Bu meotda rfy &laslyiom| wa k kaagnbml| a
sistemi kull a8oh @&c dlaNa RMNb.4404 giPi umut verici

kat ot kompozisyonl ar | mp o zgiodssytoenrlnaerk t g¢ge roil udg
0zellikler sergilemekte ve geskatotld@® nisebi

gorke ikati ndan fazla bir kapasite goésterm

Ni MH pil katotl ar bagl ami nda, cesitli
teknikleri ile gel eneks el camur yonteml er i kul I
performans elde etme konusundakilzark | ar a diukykgautn ckeakrebroerk , k &
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maddel er i seciminin onemini vurgul amaktadir
di spersiyon yonoemsikahlanilkapakzkkar i yahi n
Ancak, tum karbon ic¢ceren katotl ar, kobal't
kal makElaedkitrr.oki myasal ve yapl! sal i ncel emel e
i cgobr ol er sunmakt a youzuepy, kzaapyliaf ma seimavse, kyoeht aelrt:
gi bi sorunlari1 ortaya c¢I1 karmaktadir. Cal i1 sm
I B1 tut maKit @OH eo lpukssuimue,n evrim reaksiyonu gi
almak i1¢in iyilestirilmiygeniel klat kot madeti mr

duyul an i htiyaci vurgulamaktadir.

Sonug¢ olaamagk 1 bdbiave NIMH @kalin pillerin elektrokimyasal

performansi ni ve maliyet etkinligini artirm
enerji depolama teknolojilerinin ilemee s i icin potansiyel cozuml e
Anahtar KelimelerAlkalin piller, MnO:k at ot , kombi natoryal yakl as

katot, NiMH piller
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CHAPTER 1

INTRODUCTION

There is arise in the global demand for enavgichrequiresefficientways to store
theenergy There is an ever increasisyift to renewableenergy such as solar and
wind, due tothe environmental concerns. Howevéney are intermittentn their
nature with large fluctuation of generated powele energy transmissiocsystems
cannot handle such fluctuatio@onsequently, there igiging need for intermediary
energy storage system that can mitigate the intermittent nature oértbevable
energy In thisrespectenergystorage systems are quite important.réla@enumber
of energy storagsystemsbut among thesdatteries attragnuch aténtion due to

theirversatility and effectie energy storage capabilities.

The alkalne batteriesffer significant potenl for grid energy storage becausey

can store energy on a large scaldoreover,they are costeffective require less
maintenance andapable ofoperatingin a wide temperatureange Therefore

alkaline batteries can be regarded as a dependable option for statiodayeygy
storage applications.

Thisthesispursueda dual objective. @e is to optimize Mn@cathodecomposition
so as to developrachargeable Mng&¥Zn battery. Th@therconcentratesn a battery
which is already rechargeable, i.e. NiMidtteries, andims todevelop cobalfree

cathodeso as to makthemcosteffective

MnO./Zn batteries offer a sigicant advantage in terms of theostwhich makes
them quite attractive. Their low cost is primarily attributed to the abundance of MnO
in the Earth’s Cr ust .JZnldateriesnighatntheydarea wb a ¢ k



normally not rechargeableThere is a considerable interest orstructural

modificationsthatwould impart rechargeabilitjo MnO2/Zn.

In the current study, aystematic combinatorial approach is adopteddéemtify
cathode compositions tmpartrechargeabilitfo MnO> based cathodes alkaline
batteries. Mn@was therefore modifiedby incorporationof Bi, Na and Nications.
Thesemodifications were implemented using magnetron sputt@ringmbinatorial
geometryyielding, in a singledeposition,36 cathodeseachhaving a different
compositon. A total 72 cathodes were deposited whiobvered anextensive

compositionatange forthe quaternary system

Another alkaline battery is theickel-metal hydride (NiMH) which is a well-
establishedechnology. Anode currently used are based o ABtal hydrides
making use of rarearth metals. awer cost alternative® ABs are available but
needs to be developetdihere is also a need to develop better cathode. NiOH)
cathodes typically incorporate cobalt compounds. While, cabaltiditiveenhances

the electrochemical performance of NiMH batterieshitgh cost is of considerable
concern. In addition,abalthasfinite resources, making its continued use in batteries
potentially unsustainable in the long term. Consequently, research endeawors
focused at reducing or eliminating cobsdtas tanakethebatterieamore affordable

and sustainable

In the presenivork, we aim to develop Géree cathodefor NiMH batteriesThree
carbonadditiveswere used insteaccarbon black (CB), plasma black (PB) and
carbon nanotube (CNTActive materials for cathodewere prepared usintyvo
different methods, namely; batlilling and dispersionThese methods wer@dopted

soasto address the fundamental challentiest exis$ in cathode development.

This introduction chapter lays the foundation for the entire thesis. It introduces the
context of the current researc@hapter Zomprises the study conducted MnO»
focusing on thei modifications and optimizinghe composition It details the
experimentamethodausedin cathode fabrication as well sschniques employed in

electrochemical characterizatiduite a wide compositional range was covexed



compositionsvereidentified whichhave a potential to impart resigeability to the

cathodes.

Chapter 3dealswith NiMH battery so aso developCo-free cathodes. It explores
the alternativearbonadditivesas areplacementor Co andtheir integationof them
with the active materialising different blendingechniquesThe chapter points out
alternative approaches that can dopted todevelop cathodesf performance
comparable with that achieved witlolgalt additive.

The final chaptergives a summary of this study in terms of background,
methodology, results and dissimns. It provides the main findings, contributions
and implications of the study. It algmwints outthe recommendations for future

research directions based on the outcomes of the study.






CHAPTER 2

SEARCH FOR MnO2 BASED CATHODES FOR ALKALINE BATTERIES
VIA COMBINATORIAL APPROACH

In order to develop new cathode compositions for alkaline ¥#rOsecondary
bateries a combinatorial study wasdertaken. Tlsi study involves the modification
of MnO: with the ternary additionsf Bi2Os, Nap./MnO. and NiO.The aim is to
identify compositions yielding rechargeabilitywith improved electrochemical

performance

2.1 Background

MnO-/Zn alkaline batteriemakeuseof manganese dioxide (Mm{as the cathode,
zinc (Zn) as the anode, and an alkaline electrolyte, typically potassium hydroxide
(KOH) solution. They offer a cosdffective solution for energy storage and are

known for their stability and safety.

The technology behind Mnfxn alkaline batteries has a long higtdating back to

the early 2€h century. In 1901, Thomas Edison invented the first rechargeable
alkaline battery using an alkaline electrolyte. In the 0596Union Carbide
Corporation 1,2] filed patentonalkalinebatteries with Mn@as a cathode matat]
which had a higher theoretical capacity and was more stable tharalineatives
Today, MnQ/Zn alkaline batteries continue to be widely used in various
applications, and researdaontinuesto further improve their performance and

durability.
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Figure2.1. Schematic representation of a commercial M#0 battery [3.

Despite many other battery technologi®nO./Zn battery isstill the mostused
primary battery This is due to the fact that the active materials are cheap and easily
accessiblen nature as well as the technology is mature and reliable. A schematic
representation of a commercial Mgin battery is given in Figure 2.1. These
batteries have a tiglytpacked sealed construction. The Mm@thode shown in dark
grey color,which is a mixtureof the active materialgarbonmaterials(to impart
conductivity) and electrolyté€to impart ionic conductivity[4]. Metallic Zn powder
mixed with little amount oZnO, electrolyte and a polymeric gelling agent is used
as arode [4. This anode is wrapped with a separator of nonwoven cellulose or
synthetic polymer material. The current is collected via the outer casing of the battery
for the cathode and via a pin wel to the steeltnegative terminal. There is also a
safety vent to relieve gases under aggressive operation condifibeswhole
assembly is pressed together to assure an airtight seal. In the, vaittethe help

of a protective capcurrent colleatrs of cathode and anode are isolated from each

other.

The main electrochemical reamtis occurring during dischargeMnO2/Zn battery

are given through Equations 2213.



2MnQO; + 2H0 + 2 « 2MnOOH + 20H Cathode Equation2.1
Zn + 20H o ZnO + KO + 2e Anode Equation 2.2

Zn + 2MnQ + H:0 « ZnO + 2MnOOH Overall Equation 2.3

In the cathoded] reduction of MnQ to MNnOOH occurs. This reactidsreferred to
ashomogeneoustage where protons and electrons are inserted to the IditiCe.
Although, the reaction in Equation 2.1 looks like a reaction between two solid
phases, the original crystal structure of Mm@mains thesame during the aetion

[7]. The Nernst equatioof the homogenoustageis given in Equation 2.4. It is seen
that this isa singlephase reactiowheretheconcentration of the Mn species changes
during operation. According to thexjuation2.4, the cell voltage shouldlecrease
continuouslyduringdischargingwhich isconsistentvith experiment$8].

% % TBILW [-6—— Equation2 4

During discharge at thenode oxidationreaction of the metallic Ztakes placeAs

can be seen in Equation 2.2, two electrons can be liberated per Zn atom yielding a
total theoretical capacity &20 mAh/g [9. When the reactions in the cathode and

the anode areonsidered the overall reactianthatgiven in Equation 2.3.

It is possible to further reduce the cathode active madtes given in Equation 2.5
[10]. This reaction is an irreversible reaction and once®4ris formed the battery

dies.
3MnOOH + eA Mnz0s+ OH + HO Equation 2.5

These batteries wemmmercialized as primary batteries mainly due to irreversible
phase formation at the cathod€g cycled,the capacitydecaysrapidly. Moreover,
there are other factors that causepacity decayThese ee; zinc poisoning from
anode [3 and mechanical instabilities due to volume changemgwharging and
discharging 11,12].



There is much effort to make these batteries rechargeable and vast number of
different strategies habeentried. Manickam et al.13] studied the influence of
using LiOH as electrolyte and found that cyclic behavior considerable enhanced
compared to using KB as electrolyte. Shen et al. [14howed that excess
electrolyte and proper charging can effectivehycrease the cyclic stability.
Development of new electrode structures that can mitigate volurokaiges also

found effective [11 Adding conductive additiveso MnO, was found tobe
beneficial[15].

Limiting the depth of discharge is another strateipgrging of the discharged MaO

is studied by Boden et al. [[lL&nd showed that the first electron process of reduction

of MnO:> to MNOOHwasreversible. Moreover, they confirm that the formeds®in
wasinactive. Thiscapacitywas almost completelgversible if the 45 % of the first
electron capaty (317 mAh/g) wasused [16], further discharging causes the
formation of the irregrsible phase. Kang and Lianfj/ found that above mentioned
rechargeability of the Mng&cathodewasa function of the edctrolyte concentration

and reversibility is favored for loweroncentrations of KOH. McBreen [1&lso
studied and confirmed the fact that as the depth of discharge increases, the

reversibility decreases

The majority of the researdimsfocusedon the us of chemical additives the
cathode For example, titanium dioxide has found to decrease the charge transfer
resistance anihcrease the cyclic stability [19,RRaghuveer et al. [35howed that

it waspossible to suppress the formation of the irreNde phases to some extent
with the use of BaBi@ Effects of B¥Os and TiB are studied by Biswal et al. [R2
andobtainedmprovements in both the discharge capacity and cyclic stability. It is
found that alkaline earth oxide83 prevent the zinpoisoning and extents the life

of the battery. However, they were nable to suppress the formation of the
undesirablephasesRechargeabilityvasimprovedwith the use of Ba(OH)[24], it
suppresses the dissolution of Mnspecies and therefore irrevénsi phase
formation. BaS®@is also foundo beeffective but onlyfor severalcycles [L1,25].
Daniellvad et al. [2§ investigated many compounds of Ba, Sr and oxides of Ce, Sn



and La.Theyfoundseveralf theseadditiveseffectivebut detailed electrociacal
study was absent. Best resultererreported by Yadav et al. [27,R&hey have
reached 8®5% of the full two electron capacity (617 mAh/g) for over 6000 cycles
with the use of Cuntercalated Bbirnessite MnQ@. Examples of the additives used

in the literatue are summarized in Table 2.1.

Table2.1 Summary of the adtives used in the literature [R9

Additive Ref. Result
BaSQ [11] Improved cyclic stability for 25 cycles by 24%

BaMnQy [11] Furtherimproved cyclic stability over BaSO
Ba(OH) [24] Capacity and cyclic stability is improved for limited cycle

by prevention of M#* dissolution

TiO2 [20] Increased capacity by reducing charge transfer resistar
BaBiOs [21] Found effective irsuppression of the irreversible phase
formation

Bao.sKoBi  [21] Although initial capacity is decreased, cyclic stability is

O3 enhanced
TiB2 [30] Decreases capacity fade and works better witDBi
PbO [31] It stabilizes the crystal structure of thetive material and

increases cyclic performance

Bi2O3 [32] It forms the layered form of Mnfand suppresses the
formation of irreversible phases, it is found to be the mc
effective additive

Cu+BirOs [27] Enhanced capacity is maintained for over 66¥€les

Bi-Os additive has attracted considerable attentitm and Manthiram [32
suggested that Biact as a catalysind changes the reaction route from irreversible
phase formation to reversible Mn(QH)his latter phasepon charge transforms
backto the layered polymorph (birnessite) of Mn@he interpretation oYu [33]
was slightly different. He proposed that>Bs leads tothe formation of Bi-Mn



complexeghat cannot transforito the irreversibleMnzO4 phaseBruck et al. using
X-raydiffraction shovedthe presence of Bii n t he i AVn@:(birnasgite)r o f
and argued that this hinders the formation o&®kby limiting Mn** diffusion.

Although the mechanism of reversibility induced by the use #8s controversial
the resul are consistent. It is shovas reviewediboveandin many otherstudies
that the second electron reaction presented with Equation 2.5 is suppressed and

insteadthefollowing reactiontakes plac¢6].
MnOOH + HO + € « Mn(OH),+ OH Equation 2.6

Equation 2.6 is the second electron reduction process which is a heterogeneous
reaction occuing between two solid phaseq.[8loreover, this is a dissolution and
precipitation reaction involag Mn(OH)* intermediate [3% This reaction can be
represented with a Nernst equation as in Equation 2.7. It can easily be seen that this

reaction should provide a flat discharge plateawepsrted in the literature [34,B5

% % T8¢ B0 [-6— Equation 2.7

Redox pokntial (V)

Figure2.2. Pourkaix diagram of MrO-H phases [3p
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Pourbaix diagram of Mi®-H phases is givem Figure 2.2 It can be seethat
between the Mn®and Mn(OH} stability regions there arestability regions of
irreversibleMn>0s and MrsO4 phass. In the literature, reduction products of MnO
are confirmed to be MOz [37] and MnrsO4 [10]. Therefore, it can be said that
presence dBi®* species in the system, somehow, helps to bythasstabilityregions

of the irreversible phases.

2.1.1 Anode

) g
{Zn(OH), )
ZnO < Zn(OH),? |

|
i Zn(OH) 43_'}

Jojeledas

Figure2.3. Representation of fundamental problems that restrict the performance
of the Znanode in alkaline electrolyte. (1) passivation, (2) shape change, (3)
dendrite formation, (4) hydrogen evolution, and (5kate crossover to the

cathode [B
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Anode for the Mn@Zn primary batteriesand RAM (Rechargeable Alkaline
Manganese Dioxide Zindjatteries is the Zinc metfl,38]. Thedischarge reaction
mechanismgiven in Equation 2.2 involves dissolution of Zn into zincate ions
(Zn(OHY?) then precipitation of ZnO solid phase once the electrolyte becomes
oversaturated with respect to zincatesif88]. This reaction is a reversible process

yielding 820 mAh/g of capacity [9

Although theoretically Zn/ZnO redox couple in alkaline electrolyte is reversible,
their usage in rechargeable batteries are limited due to several fundamental
problems passvation, shape change, dendrite formation, hydrogesiution and

zincate cros®ver,Figure 2.3.
Passivation

During discharge, when the zinc electrode is used moderately or extensively, a
sufficient amount of Zn dissolves. This dissolution can lead ttota saturation or
supersaturation of the electrolyte, ultimately resulting in the precipitation of ZnO,
shown as (1) in Figure 2.3, on the surface of the elget4d. The formation of the
passivation layer decreases the electrical conductivity afléotrode, blocks pores,

and restricts the movement of ions towards the underlying Zn particles. As a result,
the power capability and discharge capacity of tieetedde are reduced [BIThe
complete process of passivation can also include -stdi# adorption and
nucleation/growth processes, but theselmaisms are under discussion]j41

In the literature, two types of ZnO precipitates are identified. Type | ZnO is
characterized by its porous, loose, and white nature, and it is formed when there is
local supersaturation of zincatethe absence of convection [4@n the other hand,

Type Il ZnO is nonporous, compact, light gray to black, and is considered to be
primarily responsible for the transformationzific into a passivatedate[43]. The
dewelopment of Type | material is not influenced by the applied current density; it
initiates when the zincate concentration at the electrode reaches a critical value, and
the Type Il film forms subsequently beneath the Type I film when the overpotential

exceeds approximately 0.15 V [#4 This transition signifies a shift from a
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passivation mechanism based on zincate concent@d¢ipendent dissolwan
precipitation to a potenti@lependent solidtate mechanism. Thtransitionregime
facilitates the predicton of the maximum discharge duration at a given current
density to prevent passivation [45].

There are several strategies employed in the literature to suppress or minimize the
formation of passive film. Utilizing nanostructured materials can impede the
formation of this film by employing particle sizes smaller than the afitfreshold

for passivation [4p Liu et al. [47] studied nanoparticles in an alkaline Eh
rechargeable battery and achieved excellent cyclic stahilith no proof @
passivation.The additives used in electrolytes are also found to be effective. For
example, addition of 2 wt. % sodium dodecyl benzene sulfonate surfactant to the

electrolyte has found to sumgss the surface passivation 48
Shape change

It refers to the repositiong of zinc within the electrode during the discharge and
charge cycles, as it dissolves in one location and subsequesiBposits in a
different area. This phenomenon arises from the movement of zincate ions in the
electrolyte, coupled with uneven dibuition of current across the electrodeface

[49]. Consequently, zinc accumulation occurs in specific regions, resulting in a
reduction of the active surface area and leading to irreversible capacity degradation
with each cycle. The extent of shape ambecomes merpronounced with higher
chargedischarge currents, increased KOH concentration, and a larger fraction of the
zinc capacity utilized in each hatfcle, known aghe depth of discharge (DOD)
[49,50]. According to Nakata et al.[S§1] in situ X-ray diffraction mapping study of

a ZnONIOOH cell, during the initial cycles, metallic zinc deposition predominantly
occurs at the edges of the electrode. However, the shalysthatthe subsequelyt
deposition accumulates the centewhich is attributed to the diffusion of zincate

ions from the more active edge sitssipplementedy precipitaton caused by

supersaturatian
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Shape change problem can be mitigated by several techniques. Using £5@Hl)
anode additive [92s quite effectiveit reversibly bonds with zincate ions and forms
calcium zincate which is an insoluble compound. This mechanism effectively
confines the discharge products in close proximity to their origin, preventing their
migration and reducing concentration gradienisirdy the charging process. The
inclusion of Ca(OH) has the dual benefits of enhancing zinc utilization and
extending the overall cycle life [93In addition to directly mixing Ca(OH)nto the
anode, alternative approaches involve introducing Ca{@itt) the electrolyte and
separator to chieve comparable outcomes [54,55]. Parker et al. p€sented a
novel approach where they developed a-seffporting, threelimensiamal Zn
sponge anode using cast powder emulsions. The presence of pores in thegs
structure restricts the movement of zincate ions during discharge, effectively
suppressing shape change. Ssoiid gel polymer electrolytes offer an alternative

to free liquid electrolytes, providing a anes to mitigate shape alge [57. Perhaps

the simpler alternative to mitigate the shape change is to cycle the battery with a
limited DOD. Ingale et al. showed that excellent capacity retention is possible when
only the20 % of the capacity is used [5&onsdering that the batteries question

haslow cost,it is possible to commercialize the battery with limited DOD.
Dendrite formation

It is a similar Zn depositiomechanisnas explaine@bove Precipitation of the Zn
happens in dendrite form instead of chunky pattern. The morphology in which the
Zn precipitation occur, rely on several factors like; current density, overpotémtial,
choice ofsubstrate, temperaturadielectrolyte concentratiob$-61]. Bockris et al.

[62] showed that overpotential is the dominant factmmpared to current dehgi
Dendrites are quite problematic because, when it is long enough, it can penetrate
through the separataesulting in a shottircuit. Diggle et al. [63 studied this
phenomenon thoroughly and suggested that the initiation of the dendrites is a
diffusion controlled proces3his is in contrasto growth of the nucleated dendrites
which is an activation controlledrpcess. However, Wang et al. [6faimedthat

both initiation and growth are diffusion controlled processes. Moreover, they showed
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that high current densities, low zincate concentration and high KOH concentration
favor the dendritic growth, which are related with diffusional mechanisms. The
opemtion condition and the cell constructieffiects the way of dendrite formation

in terms of geometry andystallographic orientations [64].

There are several strategies to deal with the dendrite formation. One way is to use
penetration resistant separaton commercial batteries polyamide separators are
used for this purpose [g5Addition of BiOs into the system found to be effective in
suppression of the dendrite formation by forming intermediate oxide phase¥ of Bi
and zincate ionp-68]. Parker €al. developed a sefupporting, 3D Zn sponge for
alkaline batteries; thegvaluatedtie anode in Nin [55,56], AgZn [69 and Znrair
batteries [7D The structure forms a stable conductive network and assures a more
homogeneous current on the surfacetlod anode, which inhibits the dendrite
formation. Furthermore, increased surface area and the porous structure that prevents
zincate ions from migrating too far from the electrode surface help to suppress the
dendrite formation. It is, also, possilidgprevent the dendrite formation by applying

a pulseatharging protocol [7]1 If the protocol is optimizedt is possible to suppress

the formaton of the dendrites completely.
Hydrogen evolution

HER is anothemajorproblemin Znanodelt happens because the potential at which
the reaction occurs is less negative than the reduction of Aaixe, HER reaction
is themodynamically more favorable [J2HER reaction can be expressad

follows;
Zn + 20O o Zn(OH)2+ H; Equation 2.8

During charging the two reactions of HER afwlO reductioni.e. zincdeposition
competesvith each other causing a decrease in the coulombic efficiency. This also
results inan increasén internalpressure of the cell and imase in cell resistance
[72]. HER may becontrolled usingadditives in the anod@dditives suchas;In203

[74], In [75], Bi [7€6, can successfully increase the HER overpotential and suppress
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the reaction. Moreover, saturatitite electrolyte with ZnO careduce the reaction

rate [77. As a consequence of HER reaction,skidicharge is observed
Zincate crossover

The formation of zincate, Zn(Okf), ions is a part of the anode reaction, see
Equation 2.2, it forms as an interdiagte species. Once these ions are formed they
are free to migrate to the cathode and form Zgn(hetaerolite) at the cathode

[78]. This phase increases the resisyivlly six orders of magnitudeMore
importantly, ZnMnOxs is an irreversible phase andlgaeases cyclife profoundly

[79]. Even if the reaction between cathode and the zincate ions are prevented or
another cathode rather than Mn{3 used, zincate crossover, still, is a problem

because of active materiaks [8Q.

Anion exchange ionomec®ated on the anodart prevent zincate crossover [8]],82

This coating can permeate the ions selectively so that, it allows the passage of OH
and H but not the zincate ions [BIPrevention of zincate redistribution through the
electrolyte eliminatesiacate crosover anddendrite formation [8R Additional

layer of separator made out of Ca(@ki4)found to be effective in hindering zincate
crossover because Ca(QHpn reversiblegeact with the zincate ions [b4Semi

solid gel polymer electrolytesan, also, prevent zincate crossowglifmiting zincate
diffusion [83.

In overall, zinc is an attractive anode material for many battery technologies due to
its low cost, environmentally benign nature, high and reversible capalthgugh,
there are may drawback®f using Zn anode, it is possible to mitig#tem sathat.

they can be used a s effective electrode material.

2.1.2 Separator

Separators are used for electrical insulation between the anode and cathode to
prevent short circuiting. This way electsoproduced from redox reactions das
directed tathe external circuit for usable electricity. A proper separator must be an
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electronic insulator, ionic conductor, stable in electrolyte, stamfflexible so that

it does notlose its function during paessing and during use. It must be an ionic
conductor, otherwise ions, Olnd H, cannot diffusehrough it. Therefore,the
separatorsust be porous to permit the passafjmns and water molecules [84

Primary alkaline batteries in the markenerally use a separator consists of multiple
layers of cellulose fiber combined with artificial fibers like nylosyon or polyvinyl
alcohol [84. Cellulose fiber is a cosgffective solution which provides gdavetting
properties, resistarib dendritegrowth with 75% of pore volume. Furthermore, a
nonwoven membrane, see Figure 2.4, can be used with cellophane to improve the
absorption of electrolyte which is quite important in terms of nrassport in the
electrolyte [6%.

Secondary batteries, like RAM, have higher standards for separator matetial due
extended cycle life anduration oftheir use. The separator must have a higher
puncture resistance to prevent shorting caused by dendrite growth and it must impede

the zin@te crossover to prevent zinc poisoning at the cathode.

Figure2.4. A typical polyamide nonwoven separator [65

Stability of the separator inside the electrolyte is an important aspect. Cellulose and

cdlophane materials have a tendency to deteriorate over time inside the alkaline
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electrolytes due to KOH reacts with tieéher bonds in the cellulose [8%After
repeagdcycles, the breakdown of the cellulose leads to poor wetting properties. The

degradabn can be remedied by employihigher concentrations of KOH [B6

Polyamide combined with cellophane is tbemmon separator in commercial
rechargable batteries like RAM and Ehn. Polyamide is excellent in terms it$

stability in the electrolyt@and itis puncture resistambr dendrite growth. However,
as with other separators, polyamide lacks the capacity to selectreslgnp the

zincate crossover [65

Different separator membranes are developed to effectively filter out the zincate ions
selectivdy. Membranes, like the composite of polyvinyl alcohol and polyetherimide,
can achieve selectivity in ion exchange by separation acgptdiheir size much

like a sieve [8. As mentioned earlier, Ca(OFgeparator bounded by PTFE can be
used as an addinal layerto prevent zincate crossovigd]. Duay et al. [88 have
developedceramicseparatorsvith high ionic conductiity which cansuccessfully

prevent mcate crossover

Composite plymeiic separators with a higher performance in terms of ionic
corductivity, wetting properties and puncture resistamere developedwhich
includes composites opolyvinyl alcohd-polyacrylic acid [89 and polyvinyl
alcohotpolyvinyl chloride [90, but they were ineffective against zincate crossover.

2.1.3 Electrolyte

Primay and secondary Mn&¥n alkaline batteries commercially employs KOH
electrolyte. The choice of concentration depends on several factors like; cell
potential, ZnO solubility and limitinguwrent [91. For the concentration range of
25-30 wt. % KOH, theionic conductivity is maxnum and for the concentration
range of 2535 wt. % KOH, redox kinetics ohe anode is, also, maximized [91
Eventhough, as the KOH concentration increases, specific capacity obtained from

electrodesncreasesthis leads to icreasedolubility of Zn species as well and this
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causes deterioration in the electrochemiparformance of the battery [P1
Thereforethe main aim in electrolytes to maximize the ionic conductivity while

minimizing the solubility of Zn species.

Themost popular approach to limit the ZnO dissolution is to saturate the electrolyte
with ZnO prior to assembling the cell [F7lt should be kepin mind that pre
dissolved ZnO contributes to battegpacity asvell [92]. For NiZn batteries, Lim

et al.[93]. showed that samples with pdessolved ZnO in their electrolyte had a
longer cycle life compared to samples with nogissoled ZnO in their electrolyte
However, this approach is not applicable for MfD batteries due to zinc

poisoning of the cathode

Using lower concentration of KOH is another strategy. The concentration of KOH is
lowered in order to lower the Zn solubility while other compounds such as;
potassium fluoride, potassium borate, potassium phosphate and potassium carbonate
are added tdie electrolyte to remedy the decrease in ionic conductivityaiosver
concentration of KOH [94,95].

For the MnQ/Zn batteries, LIOHs a common additive to the electrolylieis shown
that saturating the electrolyte with respect to LIOH enhances ttie stability of
the cell quite remarkably [13Hertzberg et al[96] optimized the KOH:LiOH ratio
and showed that both proton and lithium insertion occurs and increases the capacity
of the cathode while preventing Znk®y formation Two main mechanisnofind

to be active when LiOH used as an electrolyte additive; in the presenceaid.a
reversible phase, ¥MnO,, forms due to Li intercalation and this phas®es not
interact with zincate iongurthermorelLiOH decreases the solubility of Mn species
therefore prevents the irreversible phase formations winicteases theyclic
stability [13,97,98. There are several drawbacks of using LIOH additive. Li
insertion in to the system decreases the conductaiyit might lead to the

formationirreversible spinel phases with"l[P8].

Triethanolamine (TEAJs another common additive used for electrolittés shown

that TEA can react with dissolved Mmelding reversiblespeciesand as aresult
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decreasetheformation of the irreversibl manganese oxides [9®oreover, it also
reacts with zincate ions and prevents a@ecpoisoning of the cathode [1J00
Significant improvement in the capacity of the cathode is observed when 10 vol. %
of TEA is addedo the 85 M KOH electrolyte [10]L Additionally, it facilitates the
formation of low surface areduring zinc precipitations and increasése cell

lifetime considerably [101

It is also possible to use gel polymer electrolytes. Yadav EtG#] adapted a two
electrolyte system in which polyacrylic acid is used with KOH at the anode side and
MnSQ; used at the cathode sideloreover, polyacrylic acid based polymer gel

electrolytes arébeingconsidered as electrolyte fibexible batterieg103).

2.1.4 Cathode

MnO:z as an active material is quite popular in battery applications dit® -
cost, high capacity and beg environmentally benign. Thapplicationscover
alkaline MnO2/Zn batteries [27], Lion batteries [104], N#on [105], Mgion
[106,107] and Znion [108109. Although, it iswell-established cathode material
MnO:; suffers fromlow dectronic conductivity [11€0.17], rechargability [113114],
low diffusion kinetics [115,116and lowv structural stability [118.20.

There area number ofpolymorphs ofMnO2 which exhibit uniquearchitecture
giving rise to different forms of pores and tunnels. Due to this variation in structure,
electron transfer kinetics awliffusion kinetics diffeffrom each other depending on

its polymorph[104,121,122]. Polymorphg MnOz2a r eMnOxx -MBiO2, R-MnOs,
y-MnOz, -MdO. a n dMn®, [123], Figure 2.5.All polymorphs have the same
fundamental unit, i.eMn*" with its six oxygen neighboysforming a MnQ
octahedron. Thpolymorphs differ from eadn the way howMnQOs octahedon links
together [104t
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R-MnO,

y-MnO, 8-MnO, A-MnO,

Figure2.5. Polymorphs of Mn@(purple: Mn and red: O) [124

2.1.4.1 Electrolytic Manganese Dioxide 9)

Most chemically and electrochemically most active polymorph of theNin® + he vy
MnO- [104]. Therefore, it is the proper choice for battery applicatipidnO> used

as a cathode in batteries are generally classified in three groups depending on their
origin. These are natural (NMD), chemical (CMD) and elegtiolmanganese

dioxide (EMD) [12]. Although, NMD is used in the pasgcentbatteries employ

CMD or EMD because of its higher Mn content, purity and enldnce
electrochemical performances [125,126 T h e s iMnpis tlasalyeelated vy

to B-MnOzand RMnOz. Itforms by i rr egul aMnOxand RMnOxg r o wt h
Figure 2.6.

EMD is used extensively imkaline batteriesAt first they were used in primary cells
making use of Hinsertion mechanism [128]. Although primarywias still possible
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to make use of EMD reversiblynder specific conditions [37,128,129Many
attempts were made to improve the capacity and rechargeabilEBMbXY. Vast
number of additives were investigated; T{@0], TiB2 and TiS [130], BaSQ [11],
Bi [131], AgsBiOx [132], NaBiOs[133], etc. Modification of EMD further studied
with a variety ofsurfactants [134136].

(a) Pyrolusite (3-MnO;) (b) Ramsdellite

(¢) ¥ -MnO>

Figure26.( ¢ MnGgs( Nsutite) is formedMiDy t he
(Pyrolusite) and (b) MnO- (Ramsdellite) [12]

In summary,many studies were conducted EMD electrodes andonsiderable
improvementsveremade inits electrochemicgberformanceHowever, there is still
a large room for improvement since the full theoretical two electron ¢ggacinot

be used reversibia the useful voltage window.
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2.1.4.2 Hollandite (U)

0-MnO2 as polymorph that can be found in nature widely and it has a tetragonal

crystal structure. The Mnoctahedrons arrange themselves into a double chain
structure along the-axis through a common edge connection mode. These double

chains share a vertex angle with their neighboring double chains, resulting in the
formation of (1x1) and (2x2), see Figur&2The (2x2) tunnels have spacing of 4.6

A which is large enough *tCa* Naget)asmeld at e mi
as water molecules [137].

I n the | iterature, ther-dnOaasacatheeactivst udi e
material. Thesstudies mainly focused on the Zion batteies making use of mildly

acidic electrojtes. For example, Xu et al. [I3@ported a 210 mAh/gitial capacity

at 0.5 C rate usind M ZnSQ electrolyte.With MnSQy addition to the ZnS©

electrolyte Pan et al. [13%chieved a capacity increase to 285 mAh/g. Moreover,

the benefits of electrolyte modification were quite drastic and they achieved an
excellent cycling perfonance. Gao et al. [14Qried to optimize the battery
architecture with use of acetylene black asaductive additive and reacheden

higher initial capacityf 330 mAh/g.

Al t h oMgris widely used in other battery technologies, there are only few
study relatedto MnO./Zn alkaline batteries. Wang et al. [I4bynthesized

mi cr os p hMnOgand confpared its performance with a commercial EMD
electrode. They reported that the capacity was inferior to the commercial electrode
but the discharge potentials showed an incre@daag et al. [L4R were able to
produce nain@ with @0sto 26nfm indiameter. Their results were better

than EMD electrode in terms of capacity, discharge potential and rate capability.

|t I s cNMn©sacan bé praduced avith sophisticated methods to yield better
performance than commercially available EMDc#iledes. Howeveltthere is little
intereston this particular polymorph of MnQ within the context ofMnO./Zn
alkaline batteries
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2.1.4.3 Pyrolusite (b)

Pyrolusite is the most stable, easily synthesized, stoichiometric and ordered
polymorphof MnO. with a rutie-type tetragonal structure [143,14%With the (1x1)
structure, i1t is the polymorph that has the
However, it can still accommodate to small size cations, likeLif and Nd&

[145,146].

KOH

Mn(OH),

KOH:LIOH=1:3

LiMn,0,

. Mn-O octahedron o HO el 2¢- discharge
H
2e-cha
. BI-0 octahedron p —p 20 charge
5

Figure2.7. Phase transformation of £)s/ 1nO. composite cathode in KOH and
KOHY/LIOH electrolytes [9%

Si mi | -MnOy, thereiminotnu ¢ h r e s e aMnOJas welh Thts ee tg

the smaller tunnel size.dBreen[134 st udi ed t he edvUn@ar@lr ences be
y-MnO- and stated that the irreversibility mechanism was different from each other.

Direna et al . [ 1 ofdifferent eleceratytes op the mowntidl df e u s e

the MnQ/ Zn c e |-MnOuGhaemiet g [14Bassessed the electrochemical
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performance of Mn@producedby methane and sulfuric acid digestion treatment
from CMD and EMD. They showed that the sampitht h eMin@ structure had
the best performance in extended cyclidgrtzberget al. [9 prepared a BOs/ f
MnO. composite cathode and reported exceptional cyclability disdharge
capacity. However, in the presence of@®i  t-Mn®- sfiucture turns into layered

0-MnO:; structure upon the first discharge, see Figure 2.7.

2.1.4.4 Birnessite (i)

The <cryst al-MmeOi consisttouMn® octatiedrals with manganese
vacancies. These octahedrons are arranged together to form a 2WHagleare
stacked on top of each other, see Figure Ptiere isa 7 . O cind\ betsvgen
adjacemnlayers [13T.

Previously, it was explained that when Mn@ed in batteries it forms irreversible

phases and therefore, it is an active material for primary batteries. It could be made
rechargeable et least to some extent \intited depth of dischargd 6,18 and with

the use of additivef9]. The real rechargeability was imparted on the system with

the use of Bi based additiveBhis leadstd he f or ma iMn@ structufe t he o
[32]. Therefore,a vast number ofstudiesis dewted to birnessite striigre
[27,32,79,149150].

The exact mechani-Mnd:cathodesis noeclea,butonlysmialy i n ¢
amount of Bi is enougto improve the rechargeabilif$3,151. It seemghat how

Bi is incorporated intadhe structureanatter little and &MnO> can be synthesized

directly, onceBi can be added during processidg,15(0. The startingpolymorph

MnO:; has little importance since wiBi additive [27,96 they transforno &MnO-

upon first charge, see Figure 2.7

In early studiesthe positive effeic s o f -MaG was gmited to few cycles. This
effect can bebtained witHow loading of activenass [152 An electrode prepared

with Bi>Osz and metallicCu achievedeaty full two electron capacity of the MnO
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reversible for over 6000 cycles witlitca noticeable caxity decay [2]. Similar to

Bi3* cations, Cd'i s t hought to intercahGthchwithin th

decreases the charge transfer resistance and this in turn inaiaseapability
drastically [2§. When this electrode is cpled with the Zn anode the cyclic stability
of the cathode decreased drastically due to zincate crosHasegrossible to further
improve the battery with use of Ca(QHpeparatord minimize zincate crossover
[54].

2.2  Imparting Rechargeability

While MnGy/Zn batteries are typically considered as primary, they can be made
rechargeable. Nevertheless, their stability is limited and can only be cycled 100 to
200 times provided thatéhdepth of discharge remains-25 % of the first electron
theoretical capaty [10]. Due to their limited rechargeability, these batteries are
unsuitable for grid storage which requires a cycle life in excess of 5 years (typically
one cycle per dayyith an acceptable capacity [153 he restricted rechargeability

of MnO2/Zn batteies often linked to the irreversible phase formation at the cathode
during discharging of the cell. In the first electron reaction, the reduction 5ftbin
Mn3* occurs through a homogemes proton insertion process [8]3%he second
electron reaction, dwever, involves the formation of Mhtogether with MBO4
phase [154156. However, this phase is irreversible, resulting in the depletion of
active material during cycling. Unfortunately, the formation of this irreversible phase
is also found to occur ding the hitial electron exchange [32,1pThis implies that

the first electron exchange is not entirely reversible either. Howevemploying

low mass loading [158] or incorporating additives
[11,19,20,24,27,30,149,150,152,]15@®chargeability candattained.

In order to enhance the cyclic stability, cathode modification with additives was
widely investigated19,24,27,149 . Il ni tial studi ed®nOuer e
Although, some success was achieved with this polymorph via the use of additive
such as TiQ@ [19,20, Ba(OH) [24] or BaSQ [11], the best performance was
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reported for BiOz additive[30,149,15(. Later studies [27,19%uggested that the
0-MnOz is a more suitable polymorph for rechargeabldiaptions. Dzieciuch et al.
[799st udi ed mo dMnOziwithaBt2Q3 and remoifted Reversible capacities
up to 60to 80 % of the full theoretical capacityn et al. [32 studied the effects of
Bi-Os and concluded that Bispecies suppresses the formation of the irreversible

phasedy changing the redon routes.

Yadav et al. [27,159nvestigated the effects of simultaneous additémBi®* and

Cuon the performance of the Ma®@athodes. They managed to achieve nearly full
theoretical capacity which was stable for over 6000 cycisismga NiOOH counter
electrode). The performance was compromised when a Zn anode is used due to zinc
poisoning. However, they remedied the situation with a use of a Cag@phrator.

Their results were quite outstanding in terms of both capacity anid syability

but, it must be mentioned that discharge potentials, especially for the seconahelectro

process, were relatively low.

It is evident from the discussions made above that the performance of the MnO
cathodes can be significantly enhanced thihoogpdifications on its structure. For

present studyhree cations, namely; Na Bi®* and N?* were chosen to modify the

structure of the cathode. Nand Bf*wer e chosen for their pot
MnO; structure which is essentifar rechargeable performanc27,16Q. Ni%* was

chosen as being an alternative cathode material & [4&1].

2.3  Experimental Procedure

2.3.1 Magnetron Sputtering

Magnetron Sputtering a film deposition technique used in high vacuum conditions.
In this method a magtic field is employed to create a plasma of ionized gas on the
surface of the target materials tieto be deposited on the substrate. The magnetic
field accelerates these ions towards the target and as aofesullision between the
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targetand theons,atoms from the target are ejected and deposited onto the substrate.
Magnetron sputtering provides high control over the thickness and the composition

of the filmsdeposited on the substrate

Figure2.8. Photograph of the Nanovak magnetron sputtering equipment.

The equipmentised in this studygontains a cubical vacuum chamber with 50 cm
length paramer in every directionFigure 2.8. Tere are in total 4arget holders
(guns), hree ofwhich are bcatedperipherallywith a 350 mm diameter circle with
120°%intervals, Figure 2.9T h e s e haysesitarged-inch in diameter. Théourth

gunis at the center housing3ainch diametetargetused for the bassomposition.

The relative position of the peripheral targeith respect tahe cettral gun is given

in Figure 2.10 The central gun is located directly below the substrate holder and
92.5 mm away from it. The peripheral guns are located 175 mm distant from the
centrd gun. However, they are tilted with 4%ngle and adjustments were made so
that the lower edge of the periphetaigetlies within the same plane as the central

gun’s surface plane. T targetswas blsolvarreed auton o f t h e
using thckness monitors that are positioned near the corners of the triangular

substrate holder. Proper adjustments were made on individual guns so that two
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thickness monitors away from the gun that was being calibrated registers the same

deposition rate.

Figure 2.9. Photograplof the Nanovak magnetron sputtering equipment showing
the inside of the vacuum chamber.

The substrate holder is in a triangular form waitcular 36 housings, Figure 2.11
The holder consists of two layers of puncktinless steel sheet of slightly different
housing diametersThetop layer consists of holes with 12.5 mm diameter and the
bottomlayer consists of holes with 13 mm diaere The substrate used were circular
with 12.7 mm diametewhich fits into the holes.

Thedeposition experimentart withplacingthe targets to the guns apldcing the
substrates into the substrate holder which are then placed in its holder within the
vacuum chamberThen, the whole syste is taken under vacuum until the base
pressure reaches 2*#@orr. High purity argon and oxygagases (bot99.999 %
pure,Linde Gaz Ing.are fed to the system. Argon is usespplasmagasand oxygen

is fed to the chambeas extra oxygen sour@® as tckame sure that the deposited
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layers are not oxygen deficiefithe feed rateswere20 and 13 sccm for the argon

and oxygen, respectively.

Substrate Holder

Py Substrate Hoider 1o
Corner Guns (2 inch) Central Target

Distance 92.§ mm

99.3 mm il Adjustment plane

Central Guns (3 inch)

Figure2.10. Schematic presentation of the relative gun positions.

13mm

125 mm

Figure2.11. Schematic presentation of the sample holder.
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Power is applied on the guasdthe plasmas generatedThen, the gate valvis
adjustedso that the vacuum in the chamber is stabiliae& mTorr. The system
operatedor 5 minutes prior to experiment while the shuttiensthe guns and the
substrate holdawere inclosedposition Thiswas for the purpose efeanng to the

targetssurface before the actual deposition

Three sets ofubstrates were used in a given experiment. The first set was glass
substrates which were used for thickness measurements. This was achieved by
breaking the glass and measuring the thickness of the deposited film in SEM. The
second set was aluminum subtsawhich were used for EDS measurements, i.e. to
measure the chemical makeup of the deposited film. The third set was the main set
with nickel was used as substrates used as cathode in electrochemical tests.

2.3.2 Target Fabrication

Targets used in the presestudy were NiO, BiOs, Na./MnO. and MnQ. The
former three were 2 inches in diametee produced in this study and tad#er, i.e.
MnO, was3-inchin diameter procured fro@hangsha Xinkang Advanced Materials
Co., Ltd.

The fabrication oftargetsmakesuse ofprecursor oxides in powder form. Then, a
green body is obtained by mixing these powders with few drops of DI water as a
binder and pressg them in a deformable die [1§2These dies are rings made out

of PTFE material with 65 mm of inside diameter, 5 mm of wall thickness and 5 mm
of height. The pressurna compactionwas 100 MPa. The green bodies are then
sintered to obtain discs to be used as targets. The targets gdnpafear the sintering

are larger than -ihch in diameter hence, they acet with water jet to2-inch

diameter.

For NiO target, the precursor waikel nitrate (Ni(NQ).6H20) (Merck KGaA).

The precursowascalcined at 8068C for 1 hour and the pure Ni@hase is obtained.
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The green body obtained was sinteatd 250°C for 7 hoursSEM image and the
photograph of thearget is given irFigure 2.12

a) b)

Figure2.12. NiO sputter targeta) SEM imageof target in assintered condition
andb) photograph othetarget

b)

Figure2.13. Bi»Os sputter target. & EM imageof target in assintered condition
andb) photograph ofhetarget.

Bi>Os sputter target was synthesized fr@ismuth oxynitrate (BIO(OH)(NOs)s)
(Merck KGaA) Bi>Os; wasobtained after calcining the precursor at 83Q0for 90
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minutes. Then, a green body is prepdrech these powders and sintered at 600
for 5 hours. The SENMnage and the photograph of #aeget is presented in Figure
2.13

NaMnGQ; targetwasused as &la sourcelnitial attempts to fabricataO was not
successfulln order to obtain this target, MDs powderswerefirst synthesized from
Mn(NOs)2 (Merck KGaA) precursor by calcination at 606G for 5 hoursThis yields
Mn2Oz which is thenmixed with N&eCOs (Merck KGaA) via ball milling. Resch
planetary ball mill(PM 400 MAtype)was used for this purpostie milling was
carriesat 100 rpm for 4 hoursl0 % excess N&Os was usedn the mixture so as to
ensureNaMnQ; stoichiometry. The mixture was calcinatl 950°C for 15 hours.
The resultingphase was-NaMnQ,. The powders were then compacted and sintered
at 1350°C for 15 hours. The resulting targetas3-Nao MnO,. The SEM images
and photograph of the target are given in Figufel

b)

Figure2.14. Nao./MnO- sputter target. &3EM imageof target in assintered
conditionandb) photograph ofhetarget.
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2.3.3 CathodeFabrication

Thick film cathodes, were prepared using magnetron sputtering with a combinatorial
approachA total of four targetsvere used in fabrication, Figure 2.15i>03, NiO

and Na.-MnO were used ageripheral targets and Ma@asused asentral target.

The substrate holder was mimicking the target undern&€aéhholder comprised a

total of 36substrates triangular form.

Figure2.15. Schematic representation of combinatod@position of cathodes via
magnetron sputtering.

In this configuration each substrate has a different composition. Chemical
composition of the deposited film was determined ukiD&.For the purpose of the
determination of chemical composition, depositizvas carried on aluminum
substrate. Although the use of nickel would have been desirable, this was not
possible as the cathodes themselves had nickel in thier.compositions are
determined by collecting EDS dgqte0 mm working distance and 30 kV accaterg
voltage)for one minute from the three corners of fanple. ie compositiorwas

then reporteds the average dii¢se three measurements.
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Table2.2 Magnetron sputtering power setting for differenssstsamples.

Power loading (Watt)

Experiment Bi2O3 Nao.7/MnO; NiO MnO>
I 30 100 100 100
Il 20 100 50 120
1l 15 100 25 120
\Y 15 100 35 120
Vv 10 50 25 120
VI 10 25 25 120
0.00 na MD

/\1 - lO 150

LN I 0,275

025 .*/ 0580 0.400

0,525
0,650
0,775
0,900
1,025

Bi000 020 040 060 080 100 Nj
a) b)

Figure2.16. Ternarycompositional diagram of the mtoced thick film cathodes
from a) experiment | and frolm) experiment V.

A total of six sets of cathodes were produced using different power loadings on the
targets, Table 2.2. Of thesg&periments | and IWerechosenastheycovergreater
portions of the ternary diagram. The positions of the cathodes are shown in Figure
2.16. The compositiors represented bghe atomic fractions of BNa-Ni elements
which arenormalized to 1Mn content is agisted accordingly and is sho as

contour maps.tlis seen that experimentcbver cathodesearNi corner of the
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diagram, whileexperimeniV comprisecathodesich in Na. There are in total of 72
cathodes that amnough to cover thgreater portion ofhe compositional diagram.

The compositions of the cathodes are listed in Table 2.3

Table2.3 List of the thick film cathodes.

No. Bi Na Ni Mn Formula
1 0.03 0.50 0.21 0.26 Bio.od\ao.50Ni0.220MNo.260x
2 0.04 0.47 0.24 0.25 Bio.04AN&0.4MNi0.24MNo.250«
3 0.02 0.47 0.28 0.23 Bio.0aN&o.4MNio.28MNo.230x«
4 0.03 0.47 0.22 0.27 Bio.odN@o.4MNi0.22MNo.270x
5 0.05 0.40 0.31 0.24 Bio.osN&o.4dNio0.31MNo.240x
6 0.04 0.38 0.36 0.22 Bio.oANao 38Nio.3eMNo.220x
7 011 0.31 0.31 0.28 Bio.11N&0.31Ni0.31MNg.260x
8 0.08 0.31 0.35 0.26 Bio.odN&o.31Ni0.33MNo.260x
9 0.06 0.26 0.43 0.26 Bio.odN@o.2éNi0.43VIN0.260x
10 0.05 0.21 0.53 0.22 Bio.osNao.21Nio.53VINg 220y
11 0.18 0.14 0.38 0.30 Bio.1dN&0.14Ni0.38MIN0.300«
12 0.14 0.17 0.37 0.32 Bio.1dNao.1Ni0.37MnNo.320x
13 0.10 0.15 0.48 0.27 Bio.1d\@0.19Ni0.48MN0.270x
14 0.07 0.15 0.55 0.24 Bio.oMNag.15Ni0.55MINg 240«
15 0.02 0.13 0.65 0.20 Bio.o2Nao.13Ni0.68MNo.200x
16 0.27 0.09 0.36 0.28 Bio.2ANao.odNio.3eMNo.260x
17 0.21 0.10 0.40 0.29 Bio.21N&o.1dNi0.4dMINg.2d0x
18 0.15 0.09 0.47 0.29 Bio.18N@o.0dNi0.47MNo.2d0x
19 0.11 0.07 0.58 0.25 Bio.11N&o.0MNio.58MNg. 250
20 0.07 0.04 0.68 0.21 Bio.oMNao.04Nio.6eMNo 210«
21 0.03 0.03 0.77 0.16 Bio.odNao.0dNio.77MNo.160x
22 0.48 0.03 0.26 0.23 Bio.4dN&0.0dNi0.2dMINo.230x«
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Tabl e

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

0.30
0.22
0.13
0.08
0.04
0.03
0.67
0.50
0.34
0.20
0.11
0.08
0.04
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.04
0.03
0.03
0.03
0.07
0.05
0.04
0.04
0.03

2.

3
0.04
0.05
0.08
0.04
0.00
0.02
0.02
0.01
0.03
0.03
0.01
0.00
0.01
0.02
0.78
0.75
0.76
0.71
0.72
0.72
0.64
0.63
0.62
0.63
0.55
0.54
0.55
0.56
0.55

(cont 6d)

0.42
0.48
0.56
0.67
0.81
0.83
0.17
0.33
0.43
0.52
0.68
0.75
0.83
0.88
0.01
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.05
0.03
0.04
0.04
0.05
0.07

0.25
0.25
0.23
0.20
0.15
0.12
0.13
0.15
0.21
0.24
0.20
0.18
0.12
0.09
0.20
0.22
0.21
0.24
0.24
0.24
0.29
0.31
0.31
0.30
0.35
0.37
0.36
0.35
0.35

Bio.3d\@o.04Ni0.42MNp.250x
Bio.22N@o.09Ni0.4gMNo.250x
Bio.1dNao.0dNio.58VIN0.280x
Bio.odNao.0aNio.6MNo.2d0x
Bio.odNao.0d\i0.810MNo.150x
Bio.od\ao.0aNi0.83VINg.120x
Bio.s7Nao.0aNi0.17MNo.180x
Bio.soN@0.01Ni0.33VIN0.150x
Bio.3aNao.0dNio.4dVINo.210x
Bio.2dN@o.0dNi0.52VIN0.240x
Bio.1a1N@o.01Ni0.68VIN0.200x
Bio.odNao.odNio.73VINo.160x
Bio.0aN&0.01Ni0.83VINo.120x
Bio.0aiN@o.02Ni0.89VINo.0s0x
Bio.0aiN@o.7dNi0.01MNo.200x
Bio.0iNao.79Ni0.0aMNo.220x
Bio.oiNao.76Ni0.02MNo.210x
Bio.0aN@o.71Ni0.02VINo.240x
Bio.oaN@o.72Ni0.02VINo.240x
Bio.0iNao.72Ni0.0dVINo.240x
Bio.oaNao.64Ni0.0dVINo.2d0x
Bio.odNap.63dNio.0dVIN0.310x
Bio.odNao.62Ni0.04MN0.310x
Bio.odNao.63Nio.09VINo.3d0x
Bio.oAN@o.53Ni0.0dVIN0.350x
Bio.ogN@o.54Ni0.04MNo.370x
Bio.04N@o.53Ni0.04MN0.360x
Bio.0aNao.58Ni0.09VIN0.350x
Bio.odNao.53Ni0.0AMN0.350x
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Table 2.3 (contdd)

52 0.12 0.43 0.04 0.42 Bio.12N@0.43Ni0.04MNo.420x
53 0.09 0.45 0.04 0.42 Bio.odNa@o.48Ni0.04aMNo.420x
54 0.06 0.49 0.05 0.40 Bio.odN&o.4dNi0.09VIN0.400x
55 0.05 0.48 0.06 0.41 Bio.osN@o.48Nio.08VN0.410x
56 0.04 0.49 0.08 0.39 Bio.0aN&o.49Ni0.0dVIN0.390x
57 0.03 0.48 0.10 0.38 Bio.odNa@o.4d\i0.20MNo.3¢0x
58 0.25 0.24 0.05 0.46 Bio.28N@o.24Ni0.09MN0.460x
59 0.18 0.30 0.05 0.47 Bio.1dN&0.3dNi0.09VIN0.470x
60 0.12 0.35 0.06 0.47 Bio.12N&o0.38\i0.0dVIN0.470x
61 0.08 0.39 0.07 0.46 Bio.od\@o.39Ni0.0MMN0.460x
62 0.06 0.40 0.09 0.45 Bio.oeNao.4oNio.0dMNg.450x
63 0.05 0.39 0.12 0.44 Bio.osN&o.3dNi0.12MN0.440x
64 0.04 0.38 0.16 0.41 Bio.oaNao.38Ni0.16VIN0.410x
65 0.45 0.11 0.04 0.40 Bio.4sN&0.11Ni0.04MNo.400x
66 0.39 0.12 0.05 0.44 Bio.3dNao.12Ni0.09MN0.440x
67 0.23 0.21 0.06 0.50 Bio.2adN@&o.21Ni0.08MNo.500x
68 0.14 0.30 0.07 0.49 Bio.14N&0.3dNi0.07MN0.490x
69 0.08 0.35 0.10 0.47 Bio.odNao.33Ni0.10MIN0.470x
70 0.07 0.36 0.12 0.45 Bio.oNao.3éNi0.12MN0.450x
71 0.06 0.34 0.17 0.44 Bio.odN&o.3dNi0.17MNo.440x
72 0.04 0.33 0.22 0.40 Bio.oaN&0.33Nli0.22MNo.400x

Having selected the conditions of sputtering, two additional sets of samples were
produced under identical conditions. One set was produced on glass substrates, the
other on nickel substrates. Thicknessto€k film cathodes were measured using
glass substrates with SEM. For this purpose, glass substetelsroken in half by
application of a small pressure from the back side of the coating. The frgueces

are placed in SEM in a vertical manner ahé thickness of the deposits are
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determined from thEEM imageThe thick filmsproduced in this wawere typially
2.5 Ppm, Figure 2.17

Figure2.17. SEM image of a crossection of a typical thick film cathode,
Bio.odN&o.19Ni0.48VINo 270x.

Cathodes were deposited on nickel substratestarctural and electrochemical
characterizationsiickel substrates used were 12.7 mm in diameter Wi€hO inu m
thickness. The mass of coating deposited on the substrate was determined by
weighting the substrateefore and aftethe depositionThe weights of theathodes

were typically0.5 mg.

234 Anode Production & Cell Assembly

The anode used in tloairrentbatteres is zinc. However, there are many drawback
of employing zinc as the anode as explained in details in secfidh [P. order to
assess the properties of the cathodes without detrimental effects of the anode, a metal

hydride (MH) anodevasused as countelectrode in the cell assembly.

Theanodesverepreparedisinga slurry routeFor this purpose wt. % PVA binder
is dissolved in large amount of DI water. The dissolution is performed a?@00
while constant stirring on a hot plate. After thissolution, 98 wt. % of ABpowder
(Lazo.sCes.3P10.5Nd1.4NisoCo12. Mns dAl47) was added to the solution and the
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temperaturavas decreased @b °C. The gitrring is continuedat 75°C until desired
rheological propertiewasobtained. Theesultingslurrywas theapplied on discs of
nickel foam with 12.9 mndiameter using a spatula. The wet electrisdest dried

at 75°C for overnight and then pressed watipressure d5 MPa.The mass of AB
-which is expected to have a dischappacity of 28@nAh/g- was 100 times that
of the capacity of the cathode (617 mAIM@O2). This ensured that the cells were

cathode limited

Argon
Hydrogen
Vacuum

thermocouple

J 1
|
=i

FURNACE
FURNACE

Figure2.18. Schematic illustration of the equipment used for external charging of
the MH anodes.

There is a mismatch problem with the charge states of the cathode and the anode.
MnO- based thick film cathodeme the charged state when they are depositesl. T
anode®AB5, howeverare in discharged stat€o remedy this mismatcthe anodes

are put in chargedstate by a special treatment. For this purpose, using a special
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furnace, Figure. 2.18., the ABowders weresubjected td atm of H pressure at
100°C for 3 hoursThe treatment involved filling the furnace with argon, theken

the furnace under vacuum. This is carried out three times.

Reference electrode
(Hg/HgO)

Spring Stainless steel
current collector
Teflon casing
a)
Separator
Anode Cathode
b)

Figure2.19. Schematic illustrationf the Swagelok cells used &) three electrode
configuration with a referencéeetrode used for CV tests ahjitwo electrode
configuration used for charghischarge tests.

The cells are assembled in a Swaletype design, Figure 2.19he current
collectorswerestainless steebds with 12.9 mm of diameter. The cell incorporated
a spring on the anode sidéo ensure agood contact at all times during the
experiments.Two configurations were used. In chajecharge cycling the
configuration was that of two electrodes, Figure 2.19 a). In the caS¥ ,ahree
electrodes were empled, the third being the reference electrode Hg/HgO Figure
2.19 b).
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The cathodewereemployed ashick film deposited on nickel substrate, i.e. without
the use otonductive agent or binder. The electroltas 6 M KOH. he separator
wasl 80 pm Freudenberg FS 2226.

Before the assembly, the electrodes and the separator are kept in the electrolyte for
15 minutes After the assemblythe cells were kept waitingor 3 hours beforg¢he
start of any test.

2.35 Characterization

2.3.5.1 ElectrochemicalCharacterization

Chargedischarge cycling as well as cyclic voltammetry were carried out @sing
multi-channelBioLogic MPG2 potentiostagalvanostatThe tests wereerformed
inside an isothermaést cabinetCV testswereperformed using the three electrode
configuration as shown in Figure 2.89. Here, a Hg/HgQvas usedas reference
electrode The testsvereperformedwith 2 mV/s sweep rate with a voltage window

between0.6 and 0.5 V against Hg/Hg®@he testsare continued foi5 cycles.

Chargedischarge tests of the thick film cathodesre carried outising the two

electrode cofiguration Figure 2.1®). During the testaconstant ur r ent of 30
was usedSince, the batteriewerein charged state, the experiments started with
dischaging to 0.5 V against MH anode. The charging ended using the dE/dt < 50

mV/h protocol i.e. charging istoppedwhen the charge profile forms a plateau.
Chargedischarge wasontinued for 25 cyclesa waiting periodf 15 minutes was

employed after eaatycle. Thesegparameters are far from exploiting the full capacity

of the cathodedyut were chosero as to rapidly scan all tlrathodesand pickup

the promising compositions.
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2.3.5.2 Structural Characterization

All the thick film cathodes before and after thbamedischarge cycling are
investigated via XRD. For this purpose, Bruker D8 Advancayxdiffractometer is
used with a copper tube. The scanning rate wasid and the step sizaf 0.02°.

Structural investigations were carried aiging FEINova Nan&EM. This was
equippedvith anEDS detector which where necessary wsed folocal elemental

analysis.

2.4 Result & Discussion

2.4.1 Structure of Deposited Thick Film Cathodes

Three examples of XRD pattern recorded from different regions of the ternary
diagramis given in Figure 2.20Here, the intensities of the peaks are normalized
with respect to the (200) peak of the nickel substrater&ig20. a) is represdative

of themajority of cathodeslepositedn this work. It is seen that the data consist of

a broad hump aroundyZ15° and 3 sharp peaks coming frahe nickelsubstrate

onto which the cathodes were deposited. Ignoring the Ni peaks, only feature in the
diffractogramss the hump at@=15°. Fig. 2.20.b) showsXRD pattern of a Brich
cathode This time there is a more pronounced hump arowuwB® °. The humps

are typical of amorphous structure, indicating that the deposited cathodes are not
crystalline.Only afew cathodes deviatigom this kehavior and thesare mainly
locatedclose to Ni corneof theternary diagram, an example of which is given in
Figure2.20c). Here in addition to Ni peaks, there are additional well defined peaks

implying that the cathodeseacrystalline/nanocrystalline
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Figure2.20. XRD dataof the representative sampla3Bio.odNao.so0Nio.21MnNo 260x,

b) Bio.sMNao.0Nio.17MNo.10x, C) Bio.oiNao.oNiogdMnooOx. “ * 7 ref er s t o met a
nickel peaks from the substratacation of the samples on the ternary diagram is
shown in the right.

2.4.2 Electrochemical Performance

Electrochemical performance of the cathodes was investigated starting from Bi
corner of the ternary diagm. Cyclic voltammetry, charggischarge profiles at
selected cyclefor samples near Riorner are giveim Figure2.21. Cyclic stability

of the cathodes is given as inset in the chaligeharge pofile curve Here,only
three samples are showepresentinghe samples in thiarea.lt is seen thathe
voltammetry in all three samples show® redox couples. The first redox couple is
located betweer0.4 and 0.0 V. The secomheis located between 0.2 and 0.4 V.
Thepeaksin the latteredox couplgrobablybelongs to oxidation and reduction of
nickel [161,163. This was checked by testing a bare nickel electrode. The
voltammogram recorded frothis test is reported in Figure 2.ZPhis has yielded
peaks occurring between 0.2 and 0,48¥ was expectett is seen that capacities as
high as 150 mAly is possible for the sample dBitNao.o2Nio.33Mno.150x but, this
capacity is only available for one cyclBo determine the capacity contribution of

nickel substrate to the whole capacity of the cathode, cliasgbarge cycles are
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performed on bare nickesubstrate, Figure 2.22. This has yielded a discharge
capacity around 3 mAh/@\ high initial capacity and a wetlefined voltage platea
around 1 V is possible in Bich region of the ternary diagram and these cathodes
may be sitable for primary battees.
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Figure2.21. Examples of electrochemical perfaante of bismuth rich cathodes.
Bio.sdNa0.02Ni0.33VINo.150x, b) Bio.3agdNao.12Nio.09MN0.4580x, C) Bio.4sN&o.11Nio.04

Mno.4Ox, figures on the left showtke CV results, figures in the middle shows the
chargedischarge profiles for the’*15", 15" and 2%' cycles with cyclic discharge
capacity data inlet. Figures on the right shows the locations of the samples on the
ternary diagram.
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Figure2.22. Electrochemical perforance of bare nickel substrates, figorethe
left shows the CV result, figure in the riggtionvs the chargelischarge profilefor
the F, 5", 15" and 2% cycles with cyclic dicharge capacity datalet.

Chargedischarge characteristics of the sample frookeli corner are given on the
right-hand side in Figure 2.2All the sample from this region showed stabilized
capacity after few cycles. It is clear thaesle cathodesork quite reliably Bateries
assembled with these Mich cathodes are, in faaipt too far of NiZn cells [161

The discharge profiles, however, develops at low voltages typically below 0.9 V
against MH anode hencenergy density in thbatteriesare not sufficiently high

This isdue tousing MH as anode if Zn was usestead the voltage values would
have been muchhigher. Furthermore, 0.5 V coff voltage reslis in lower

capacities than their fufiotential.

Figure 2.23 refer to samples neackel corner on the ternary diagram.can be
stated thatNi(OH)/NIOOH redox reactions dominates the overallctiems for

nickel rich samples.

The region where Naontent is higher than 0.8jsplay different characteristics
Exampledrom this regionaregiven in Figire 2.24 Similar to the Bi rich thick film
cathodes, the voltammograms shows electrochemical acthatgly for the first
cycle. Then thectivity diminishes. Thisvasaccompanied by a capacity decay in
the chargealischargecycling. However the capacity decatyis timeis moregradual
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compared to Brich cathodes The discharge voltages are quitav and the

capacities arémited.
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Figure2.23. Examples of electrochemical penfaance of nickel rich cathodes).
Bio.odNao.0ANi0.67MNo.200x, b) Bio.odNao.0dNio.e2MNo.120x, C) Bio.2dN&0.0dNio.52MNo 24

Oy, figures on the left shows the CV results, figures in the middle shows the
chargedischarge profiles for the®*15", 18" and 2%' cycles with cyclic discharge
capacity data inlet. Figures on the right shows the locations of the samples on the
ternary diagram
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Where sodiuntontent is in the range of 0.3<Na<{®4< Mn<0.5), the cathodes
have far superior performances. This regiamresponds to .8<Na<0.8 in the
ternary diagramThe voltammogramshswn on the left in Figure 22reveal a
stabilized performance which is a good indication of raelgity of the redox
reactions.Chargedischarge characteristicg cathodes were quiteoteworthy and
were around 80 mAh/galthough, there waguite a variationof this value in the
cathodes. Most ofthick film cathodes in this region, for example
Bio.12Nao.43Nio.0dMNo.420x, showsstable capacityith cycling and thera drastic

capacity lossvas observedomewhere during operation.

It is noteworthy that the discharge capacities of the cathodes with Na content
between 0.3<Na<0.&re quite highThe capacities reported for ethregions are
substantially lessThis is prdvably due to the low Mn content of these samples. The
discharge capacityfahe Birich cathodes in their first cycles are high with an
extended dischige plateau as shown in Figure 2.Zlhe capacity from these
cathodes comes from, probably, irreversgilase transformation thatcurafter the

first discharge providing usable capacities onlytifer first cycle It should be stated
that this study covers compositionther than B<Na<0.5& 0.4<Mn<0.5. i.e.
cathodes where N8.5and Mn<0.4as well asegions where Na <0.3 & Mn>0.45
where the performances fall shortlodse obtained with.3<Na<0.5 0.4<Mn<0.5.
Hence, it can be concluded that improved performaaoebe obtained in cathodes

with equimolaNa and Mncontent
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Figure2.24. Examples of electrochemical penfeance of sodium rich cathodes.
Bio.o1Nao.78Ni0.02Mno.160x, b) Bio.odNao.62Ni0.04VING.310x, €) Bio.osNao.54Nio.04VINo.37

Ox, figures on the left shows the CV results, figures in the misltbevs the
chargedischarge profiles for the’*15", 15" and 2%' cycles with cyclic discharge
capacity data inlet. Figures on the right shows the locations of the samples on the
ternary diagram.
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Figure2.25. Examples of electrochemical performaméeathodes where
0.3<Na<0.5a) Bio.odNap.3aNio.1MNo.440x, b) Bio.odNao.3dNio.12MNo.440x, C)
Bio.12N&o.43Ni0.0dMnNo.420x, figures on the left shows the CV results, figures in the
midde shows the chargdischarge profiles for the®*15", 158" and 2% cycles with
cyclic discharge capacity data inlet. Figures on the right shows the locations of the
samples on the ternary diagram.

2.4.3 Structural Analysis

As was reportedbove the thick film cathodes asdeposited stajen general, have

an amorphous structure. Following the electrochemical testing, XRD investigations
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arecarried outon the dismantled cathodes. Figure 2t2fresents the XRpattern

of three cathodefsom theregion 0.3<Na<0.%& 0.4<Mn<0.5. Here, the datavers

only theportion10% 2 8 < 4n3rder to eliminate the peaks from nickel grdds.

It is seen thathe pattern s c ons i MG ICPDY42t3h7), s@e Figure

2.25 a). Some samples show adlitional peakaround2q =33 °. This belonggo

crystalized KOHprobably deposited from electrolyba the surface of the cathodes.

The data is collected without washing the cathodes not to remove the coating.
Actually, all the 72 cathodes showed the@ r mat i on o-MnOtphase.l ayer e
However,additional peakslid arise for the cathodes near the cosméithe ternary

diagram Thephasddentification was not possible duetteir low intensities

It should be pointed out that the purpose ofdlreent study was to develop a layered
structure for the cathodes and the fact that the majority of the cathoparticular
those in regiorD.3<Na<0.5& 0.4<Mn<0.5 had 4 a y e-Me(d stracture shows

that the aim was achieved with a success
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Figure2.26. XRD data of the thick film cathodes after 25 chadigcharge cycles
in their char geMnhnOsICROSE231T, @)Bio1N@MNeogas t o O
Mno.420x, () Bio.osgNao.4dNio.08VINo.410x, (d) Bio.14Nao.30Ni0.07MNo.adOx.
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Similar to postmortem XRD analysis, cathodes were also $tigated structurally
using SEM. Figure 2.2%fefers to SEM images from tweamples ondrom
0.3<Na<0.5 & 0.4<Mn<0.5 regiomamely Bb.12Nao.4Nio.0aMno.420x cathode and
the other from Ni corner, BbdNao.odNio.sMno20Ox. It is seen that the cathode in
Bio.12N&o.43Ni0.0aMnNo.420x haslost is continuity and broken into piecdtsis clear that
the thick film deposit is exfoliated from the nickel substaatd someof the pieces
are not in their place The drastic capacity decay observed in these cathodes is
probably originating from the active material lasshe cathode due to these peeling
off effect. All cathodesn 0.3<Na<0.5 &0.4<Mn<0.5 regioni.e. best performing
region,showedthis fragmentation in their SEM images aalll consistently showed
a drastic capacity decaguring cycling. Figure 2.27.b), in contrast referdo,
Bio.odNao.oANio.eMNo.20x, from the Ni rich cornerHere thedepositd film remains

in place and show no sign dfagmentation The stable charggischarge
performance recorded from these cathpdegFigure 2.23. probablydue to the

stability of the deposited film.

Figure2.27. SEM images after 25 chargiischargecycles in their charged stat.
Sample from 0.3<Na<0.5 and 0.4<Mn<0Bg.1Nap 43Nio.0AMno 420y, b) sample
from Ni corner, Bi.odN&o.oaNio.sMNo.200x.
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The fragmentation of the thickim deposits is attributed to the volume changes
during charging and discharging. Rrahe lattice parameter data [158 can be
shown that the volume changes of 23.2 % occurs during the first electron process
alone for a pure Mn@cathode. Most probaplthe fragmentation observed for the
best performing samples are related with their higher capacities which should result
in higher expansions.

It should berecalledthat the cathodems the current study is just a thick film
deposited on metallic substea The volume expansion under the current condition
would easily result in fragmentatioft. is possible to remedy thisonventional
cathode preparation using a slurry method. With the use of suitable binder and

conductive additives, adverse effect ofgireentations can easily be avoided.

2.4.4 Full Potential of Selected Cathode Compositions

When maximum capacities aibed during the experimentsere considered,
cathodes with improved performances fallaregion encircled in Figure 2.2&
this figure five cathode compositiorare shown with maximum capacitiae all in
80 8 mAh/g. Considering the center of the circle the cathode haavarage

composition oBio.odNao.3dNio.0odVINg.440x.

The performanceof the selectedathodecompositions can beompared with a pure
MnO- cathode producedia magnetron sputtering, i.e. cathode obtained using the
central target during the deposition, see FigRuEh This purecathodeforms a
reference state for the current study. Voltammogram and clégeargeprofiles
measured for this MnQhick film cathode are given in Figure 2.29is sen that

the voltammogram showsjaiite enhanced electrochemical activity in the first cycle
at lower potential region. Then tlaetivity is lost upon cycling asould beexpected
from a primary batteryThedischarge capacitfipund in the first cyclés quite high

with a value of 180 mAh/grhis value is reduced steadily with cycling reaching a
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value of 40 mAh/g at F0cycle. The best performing cathodes, i.e. those dadirc

in Figure 2.28 has twice the capacity, i.e. 80 mAh/g. Considering thap#uific
capacities are given in terms of theass of the whole coatingscdn be said thahe
factor would be even greater than 2 if capacities were expressed per mas3:0f Mn
It is obvious that tb best performing samples yietdichhigher reversible capacities
thenthat ofpure MnQ cathode.

Na Mn

I 0,150
g 0,275
0,400
0,525
0,650
0,775
I 0,900

1,025

0.20

e —-0.00
Bj{000 020 040 060 080 100 Nj

Figure2.28. Cathodes with improved electrochemical performance.

Considering the cathodes encircled in Figure 2.28, the compositiensot too far
off the composition of NaMn©CV given inFigure 2.25may be considered typical
of thisNaMnQO, cathodedoped withBi and Ni CV pattern given in Figure 2.28r
pure MnO., however, is different. The reduction peaksboth CVs are located
between-0.6 and-0.2 V. But,the former CVreveals a broad peak whilke pure

MnO- reveals well separated two peaks irs ti@gion.
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Figure2.29. Electrochemical performance of pure Miick film cathode. Figure
on the left shows the CV result and figure on the right shibevshargelischarge
profiles for the 1, 5", 15" and 2%' cycles with cyclic discharge capacity data inlet.

The reduction peaksertered near0.4 V in Figure 2.2%an be assigned to the first

electron reduction of Mng) given inEquation 2.1i.e.
MnO2 + H:O + € &« MnNOOH + OH

This is the first electron exchange reactighereMn*" is reduced ta Mn®* (see
sedion 2.]). The potential windowrom 0.5V t0-0.6 V (Hg/HgO)employed in the
present study falls within the region of fivst electronexchangeHowever, reaction
continues further with the second electron exchd8@H as givenwith Equation
2.6 i.e;

MNOOH + HO + € « Mn(OH)+ OH

Considering above reactions it can be said that the second electron reaction occurs
at higher voltages for pure MaQOTherefore well separated peaks are visiieCV

data of the pure MnOOn the other hangure MnQ is not capable of transforming
reversible species hence the second reaction is probably belonging to irreversible

phase formation given in equation 2.5.
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Figure2.30. Electrochemical performance ofdiNao.24Nio.0dViNng.620x with
extended voltage window. Figure on the left shows the CV result, figure in the
middle shows the chargtischarge profile for the® 5", 15" and 2% cycles with
cyclic discharge capacity data inlet. Figure on the right showlsd¢h&on of the
sample on the ternary diagram.

In order to assess the full potential of the eneddomposition given in Figure 2,28

a new sample from this regievastested with extended voltage windosee Figure
2.30 CV testthis timewasperformed between 0.5 artl.0 V (Hg/HgO) instead of

0.5 and0.6 V. With the use of the extended voltage window, the single reduction
peak of MnQ observed throughout this study is now splits into two peaks. The first
peakis centered at0.3 Vwhichis smilarto the first peak of the pure Mn@robably
arising fromthereaction given in Equation 2.0n the other hand, the second peak

is centered neaf.75 V is prolably arising from the reaction given in Equation 2.6.

In conformity with CV test, chargdischarge tests were also modified anddbue

off voltage of 0.5 V against MH anodeasreducedo 0.0 V. Profiles recorded for
the cathodare given inFigure 2.30. The profilshovn is consistent with the CV
patternas it is associated wittvo reductionreactionsAs was discusseith section

2.1, the first electronreactioninvolves proton intercalatiorwhich occurs with a
declining voltage while the secondelectron reaction involvalissolution and
reprecipitation reaction with a voltage plateau. Thesedifferent voltage regimes
are clearly visible in Figure 2.3MHowever, the discharge voltage five second

electron process hasvery low value around 0.2 V against MH anctiee value of
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0.2 V is too lowto be usablén a commercial battery. The value would be better if a
Zn anode was used (around 0.7 Jill, it is not high enough for commercial

purposes.

Figure2.30shows thatvith cut-off voltage reduced to zero the discharge capacity
of this representative cattie, Bio.odNa&o.24Nio.odMNo.620x is as high as 540 mAh/g.
This value reflects the full potential of these cathodes which is nearly the 88 % of
the full theoretical capacity of a pure MpOConsidering the cathode is not
consisting of pure Mngalone, it carbe said that almost the full theoretical capacity

is achieved with this composition.

It should be noted that this impressive discharge capacity of 540 mAh/g is obtained
in the first cycle. In subsequent cycles the disghaapacity is not more than 15
mAh/g. When the cellvasdismantledno cathode coatings were present on nickel
substrate. Thus the cathode wasmpletdy dissolvedin the electrolyte and no
reprecipitation on the cathode has taken place. Thus it was not surprising that the
discharge capatyi obtained with second and later cycles were not more ttian
obtained with bare nickel electrodeseFigure 2.22. Different values are a result of
different weights of the deposited films.

The thick film nature of theurrentelectrodes seemingly hiats the reprecipitation
of the cathode probably as a resultdiffusion of the active material in dissolved
state away from the electrode surface. This prolreght be remedied with these
of gel electrolyte as well as with proper electrode architectuthat prevents the
dissolved species moving away from the electrode surfaggiding the complete

discharge offers another solution.

2.5 Conclusion

In this study, a combinatorial approach is adopted to develop new cathode
compositions for alkaline Mnf¥n rechargeable batteries. Ternary additives of

Bi2Os3, Na./MnO. and NiO areused to alter the structure of MpQUsing the
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magnetron sputtering 72 samples are produced with wide compositional range. The
electrochemical and structural investigations carrigda these samples. It is found

that except for the cathodes rich in terms of a single oxide, samples showed
amorphous structures in as prepared condition. This amorphous structure transforms
t o-Mn®. upon chargalischarge cycles. The bismuth rich cate®dad primary
battery characteristics and a satisfactory capacity is chigwaed for the first cycle.
Ni-rich composition®ffer reliable cathodes which seem to have a good potential for
NiZn batteries. The best performing cathodes are thewitiesequmolar Na and

Mn contents which fall within the composition ranfe)4<Bi<0.14, 0.30<Na<0.48,
0.04<Ni<0.17 and 0.41<Mn<0.49.

Finally, it is worth noting that the compositional interval given for the best
performing samples falls within a region relativedpse to the composition of
NaMnQ. The thick film cathodes may be considered as Bi and Ni doped versions of
NaMnQ,. Therefore, NaMn@were identified apromisingcathodegprovided that
theissues related to tHeagmentation and dissoluti@f the cathdesare mitigated

with a slurry method with a careful designadéctrode architecture.
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CHAPTER 3

DEVELOPMENT OF COBALT FREE Ni(OH) 2 CATHODES FOR NiMH
BATTERIES

In this study carbomdditives, namelgarbon black (CB), plasma black (PB) and
carbon nanotube (CNT) are useiher solely or in combination to explore the
possibility of replacing expensive cobaltditives used in cathodes for NiMH
batteries Two different production methodsere used in @paring the active

material, namelyall milling and dispersion method.

3.1 Background

NiMH as an alkaline battery iquite attractive owing tats high energy storage
density, high rate capability, high tolerance to low and high temperatures, high
tolerance @ overcharge and ovedischarge, and netoxic materials [164].
Therefore, they find many applications like; hybrid electric vehicless
transportation at a wide temperature range, integrated smart energy solutions grid
storage and telecommunication kap power [163. Research on NiMH batteries
dates backo 1950s, but commercial use was only possible after the development of

Co-Al modified LaNi hydrogen storage alloys used as andd&][

NiMH batteries can be made in variety of geometries from dmttibn cells to large
prismatic cells. Most commageometriesre shown in Figure 3.The button cells
consist of pressed powder electrodes that are wrapped with a nickel screen. The
cathode is formed by pressing Ni(QHictive powder mixed with Co@nd other
additives and conductive agents. Similarly, anode is formed by pressing a hydrogen
storage alloy together with binders and additivieshe cylindrical cellson the other

hand, the electaes are in the form of a thin, flexible, spirally wound she&he
cathodejs in the form of a pastapplied to a nickel foam. The makeuptloé paste
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is the samas thain buttoncells. The anode is also fabricated from a paste applied

on anickel foam or a nickel felt [166

SAFETY-
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/" NEGATIVE
— | / ELECTRODE
ELECTRODES |
: _ GASKET
SEPARATOR |E s
NEGATIVE Q ]
ELECTRODEY L
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CONNECTOR|E :
STEEL CAN~ - i e

Figure3.1. Schematic representation of cross section of the Nayltdrical and
button cells [166

Electrochemical reactions during chargingolve the following reactions;

Ni(OH)2 + OH < NIiOOH + HO + € Cathode  Equation 3.1
M+HO+e€e - MH + OH Anode  Equation.3
Ni(OH)2 + M « NiOOH + MH Overall Equation 3.3

During charging the cathogli(OH)2 is oxidized toNiOOH. The reaction involves
removal of a proton from the cathoded combines with OHorming HO at the
surface of the electrod&67]. At the anode sidametal is reduced tmetal hydrde
The watemolecules in contact with the anode splits in toadd OH ions. Then,
the protons get intercaled into the metabtructure [168 The overallreaction
therefore involveghe oxidation of Ni* to Ni** and the reduction of Mto M.

During discharging threverse reactions takes place
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Overcharginghe battery willead to wateelectrolysis on the cathode surface which
results in oxygervolution [L69. This reactior(OER) is given in Egation3.4. This
reaction causes gasild-up and hence increases the internal pressitinen the cell

and mightead to cell failureTo prevent this, the quantity of active mateiehnode

is adjusted so that tas extra capacity comparedtie cathode. This is such thit
OER occurs thamesultingoxygen can diffuse to the anode side and form water
moleculegeacting with extra hydrogen in the anode. Teiombinatiorreaction is

given in Euation3.5.

40H & 2H0 + O + 4e Cathode Equation 3.4
O2 + MHx+4 <+ MHyx + 2H.0 Anode Equation 3.5
2H0O + 2€ & 20H + H» Cathode Equation 3.6
MHx + H2 & MHx2 Anode Equation 3.7
Nickel Hydride
electrode electrode
Overcharge
40H" Ni 2H,0+0,+4e 0, .
MH
\ .
e
H,O xOH Charge
NiOOH L MH, ’
Charge capacity [
QH" l T
Ni©OH), | [ M Discharge
Overdischarge I OH" xH,0
2e+2H,0 Ni 20H +H, Hy S | e
MH
Separator impregnated with
| | KOH solution

Figure3.2. Schematic representation of electrodes in NiMH battery with-over
charge/overdischarge reserves [1J71
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Like OERwhich takes place witbverchargingwhen the battery is ovalischarged
hydrogen evolution reactiofHER) takes place [170In HER wateris hydrolyzed
at the cathode surface, yielding Odns and H gas, as shown in Equation 3.6.
Hydrogen tha diffuses to the anode side and absorbed byrtél electrode, see
Equation 3.7 Reactionstaking place in ovecharge/ovedischargeare shown in
Figure 3.2

AlthoughNiMH battery isquitea mature technologyt is still under study for further
improvanents. Aside from accidental failure of the battery via shorting and physical
damage, there are a lot of inhatr@roblemsthat causes performance dec@yne
suchproblem is seldischarge. The first generation NiMH batteries had a severe
seltdischargeproblem whichresuled typically 30% of capacity loss in a month
duringthe batéry storage [17R There could be many reasons for thésay Nitride

ions decomposed from the polyamide separators can react with the electrodes
causig a loss of charged capity [173. Dissolvable species in the anad@another
reason for the capagiloss [174. During cycling electrodes expand and shrinks,
this could result in deposits on the separator which rergsthe rate of self
discharge [17p Other causes afapacity decay areydrogen desorption from the
anode [176andthereaction of hydogen with cathode [177

In order to suppress the sdicharge in NiMH batteriethere are many approaches
that have been taken. Spe@aparatorsvere selectedn order to eliminate nitride
ions. Theuseof a sulfonated separator [J#@ an acrylic acid grfded polypropylene
separator [17Pwas successful in minimizinghe deposition on the separator.
Removal of Co from the 7 type anode was also helpful [18Coaing the surface
of the cathod&ith PTFE/CMC filmshindersthe reaction with the Hand thusyields
lower seltdischarge rate [1§1Feng et al[187 reported that Cu encapsulation of
the anode casuppress the setfischargeand modificationsof the eletrolyte is

another apprach as given by Wang et al. [183

Aside from the capagijtlosses due to setfischargethere are also many reasons

why NiMH batteries lose capacity during cycling. One reason is the pulverization of
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the negative electrode due tolwme expansionral shrinkage during cycling [184

This degradation in MH electrode deteriorates the meitt and iont conductivity

of the anode [185 Anodeif not resistant may oxidein alkaline environment
resulting in deterioration alectronicand ionic conductivity which mig also cause
capacity loss [186,187

Cathode is alssubject taifferent degradadn mechanisms. Volume changealso
occur in this electrode. The expansion and shrinkage during cyebsglts in
pulverizaton and active material loss which nagocausea breakdown of CoOOH
conductive networkl75,188. Moreover, he conductive networknaybe damaged
by y-NiOOH phase formatiofil89. A | s -dNiOOH phase is an irreversible phase
at the normal operation vojasand thereforéeadsto a capacity loss [189].

Longterm storagestorage atigh temperatur low temperature operatisrand
high rate operation enhanttee degradation mechanismshNiMH batteries [19Q.

311 Anode

The anodeised in NiMH batteries are allsthat has the ability of storing hydrogen.

This classof materials, the soalled hydrogen storage alloysasfirst introduced

by Gibb and Thomagl9l] and def i ned as “stoiclboometrici o met r

compound in which there is the presence of antetaly dr ogen bond” .

of bonding in these materials are generally metdiiénce their properties are like
metals in terms of appearance, that and electrical conductivities. Furthermore,
these alloys are based on #lements from the 1IIA/IIl A groups on the periodic
table.

A hydrogen storage alloy should satisigveralrequirements to be able to be used
as an anode material. Theseuiegments as listed by Hond 92 whichare suitable
hydrogen equilibrium high electrochemical charghkscharge capacity, good
electrochemical catalysis, easy formatiaxcellent corrosion resistancgpad

kinetics, highefficiency, long cycle life and low @st.
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Anode functions througlproton intercalation reactiowhich is quitecomplex It
advances irfour steps as shown in Figure 313%4,193. At the anodéelectrolyte
interface the charge transfer reacttakes place, andtomic hydrogems adsorbed
at the surfaceThrough diffusional processesgsorbed hydrogeis thenabsorbed
by the alloy On the other hands a competing mechanisatsorbed hydrogens can
recombine together to form ;Hmolecules dissolved in the electrolyte. Later,

dissolved H can cfange itsstateand form H gas.

MHabs

o F

M+ H,O+e === MHy

TN

YaHy )y <e—— V2Hag)

Figure3.3. Reaction steps involekin the proton intecalation process [193

The classification of metal hydrides is commonly done according to their
stoichiometric compositiongndare represented as; ABype, AB-type, ABtype

and AB-type [194. The A component shows the elements that can form stable
hydrides and the B componenis the element that -catalysis the
intercalation/deintercalation reaction of protons while impgrtstability to the
material [195]. Sandrock and Thomas [L.96ade an xtensive surveyon the
properties of metal hydrides. ABype alloys stepped faard among others with

high hydrogen capacity and good reversibility. Due to the ease in replacing both
component A and B partially with other elements, it is possible tor tée
propertiesAs a resultABs-type hydrgen storage alloys are widelycapted as the

anode material for NiMHbatteries. However, search for better hydrogen storage
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alloy materialscontinues due to increasing demand fagher capacity, faster

chargedischarge capabilities andaer cost.

A vast number of researeasdevoted toABs alloys. A partialAl replacemets of
B component inLaNis-type alloys found to suppress the pulverization #rel
corrosionandhence suppress thagacity loss of anodd97]. Qingxue etal. [199
optimized the Ce and La ratio in A compongaias to obtaihighest cycle life. Guo
et al. [199 showed howthe capacity rate capability andcycle life arerelated with
Ce and Nd contents of the alloy. The pulverizatate can be decreasked Zr [200]
and Ti [20] additions. Moreoverhow thesealloys are producelsochanges the
properties [20204].

Surface treatments were found to be very effective in enhancing the electro¢themica
performance Coatings of Pd [205]Cu [206], Co [20F, and Ni alloys 20§ can
successfully prevent the alloy oxidation and prol@mgcycle life. Fluorination of
the surface can alsncrease the initial discharge capacity anelventingoxidation

improvesthe cycle life ad [209.

Homogeneity of the alloy is an important consideratioronse elements tend to
segregatealuring fabricationwhich adverselyaffects the cycle life. Thereforghe
alloys are often annealedrior to electrode preparaticso as tohomogenize the

composition ad prolong he cycle life [210,21}1

Additivesare often used in the fabrication of anoGe.fine powdemwhen added to
the anodeshowed improved conductivity, suppressed HER #nldad abetter
mechanical stability [21]2 Modification of ananodewith CaO4 yielded lower
charge transfer resistance ggmdducedhigher disclarge capacity [21]3 Other Co
compoundswere also found beneficial [2]l4Teflonized carbon can form-I3
conductive network which improves the mecleahstability and cycle life [215
Similar advantages maybe obtained winbon nanotulse[214. Y203 can be added
to the syem as a corrosion iithitor [217]. Rare earth oxidearefound to be quite

effective especid} for high temperatee ard high rate application [218,2]L9 astly,
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it possible to alter the properties and increase the mechanical stability of the electrode

by employing differentledrode preparation methods [320

3.1.2 Separator

One of the great advantages of a NiMH battery is their resistance tolerge and
overdischage. The resistance comes from the recombination reaaliengssed
above However, for this reactions to occur, the separator must have a good
permeability for Qand H gases. This can be achiewsih the use of separators
that are staved for electrolye. But, theseparatorst the same timshouldcontain
sufficient amount of electrolyte to allow for the redox reactions. Thereitore,
necessary to desigime separatorsvith due atention to all these aspects [321
Properties like dischargeapacity, power and cycle life can be improveithva

proper separator usage [65

There are different ways in whichelseparators las ther function in NiMH
batteries [22223; lower gas permeabilifjower electrolyte permeatiomirying,
compression ge to volume change of the electrodesey wauld be caused most of
the timeby the formation of precipitates in the poreshaf separator hence clogging

themanddegrading the separator performance [223

Commonly used eparatorsin NiMH batteries are ggamide andpolyolefin.
Anothertype of separator can be acrylic acid grafted polypropylene, these separators
can effectively block the passage of ions dissolved from the negative electrode and
prevent positive electrodkegradation meanwhile it increaglbs eletrolyte holding
capabilities [224t Nitrogen containing separators are often associatedaditarse
effectswhich may be replaced wiulfonated separators [2R3wakuraet al. [226
investigated the possibility of using a polymer gel electeoiystead of a separator.
They have developed one such separator/electrolyte from potassium salt of cross
linked polyacrylic acid and KOH solution. The performance of the battery

constructed with this separator/electrolyte performed better in terms @ityagoad
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cyclic stability. More sophisticated separator productions are also under

investigation i.e. hydroentangled @Wompositenonwoven fabrics [237

3.1.3 Electrolyte

Electrolyte is responsible from mass transfand ionic conductionbetween
electrodesTherefore it is an important componeirt NiMH batteries.The choice

of electrolyte can affect the OER potential, power, structural changes and electrode
deterioration. The redox characteristics of the electrodes are highly effectieel by
ions in the eleolyte [228. Furthermore, the kinetics of the OER depends more
strongly on the electrolyte than the cathode in the system. Small addition of LIOH in
to the KOH electrolyte can increase the charge acceptayndacreasing OER
potential [229.

The electryte related problems during operation often involves the inadequate
amount of electrolyte soaked in the separator. Loss iartteint ofelectrolytecan

be caused by an increase the surfaceareaof the active materialcaused by
pulverization. Moreoveryenting of the cell due to high pressure build up and

corrosion of the electrodes are also resilale from theelectrolyte loss [230

Many improvement strategies were develofgednprovedelectrolyte performance
Khaldi et al. [23() investigated theoncentration 0KOH in relation tothe battery
peformance. They showedhat less aggressive concentration enhances the
maxmum capacity, cyclic stabilityand reducespolarization and corrosion of the
electrods. Saturating the electrolyte with ZnO, de@ed the corrosion rate of MH
electrode thesby increased the cycle life [232]. Shangguan et al.][@B%osedhe
useof NaOH electrolyte with NaB®@ additive which enhancednany properties of
the battery especiallyhe high temperature performance. Tleme group also
worked with NaWO4 additive and found similar resul{234]. The improvements

were related with théormationof thin surface film on the cathode material.
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Another problem with aqueous alkaline electrolyte is hydrolygash might take
place with overcharging.It was reported that the addition of ferrocyanide to the
electrolyte increaseshe overpotential for OERand as a result suppresses
completely even at prolonged owararging[235.

Lastly, theuse of gel [236] or polymer [23&lectrolytesareunder investigation in
order to preventhe corrosion,pulverizationof the electrodes whichiesults inan

increasedstability window for the electrolyte.

3.14 Cathode

NiMH batteriesmake use ohickel hydroxideas thecathode material. It is an active
material with excellent cyclistability which istheresult of highly reversible redox
reactions. Due to its high reversibility is used in manpattely chemistriesNiZn
[238], NiCd [239], NiH2 [240] and NiMH [190Q.

Generally nickelhydroxide particlespherical in shape atseal in NiMH batteries.
These are synthesized by a -@eciptation process [241which involves

precipitating the material from its prasors togethewith Co and Zn [24PR

NiMH cell is designso that the cathode during charge and discharge transforms
bet ween t heNi(QHkars e-OCQtfas diven in Equation.B The
conductivity of-NiOOH phase isonsiderably larger thaB-Ni(OH)2. Due tothis

increase in conductivifydischarging théattery is easier than chargingHtowever,
duringthedischargether e si st i v -&i(OHg fpreningon tbefsurf@ce of the
B-NiOOH particlesisolates the inner core tiie particles and full capacity of the
material cannot be achieved. Co and éfided duringco-precipitationsynthesis
increases he i nheri ng c-Nii©Hpand thus helpigg tooréachtthe e 3
full capacity p43.

Reactiongaking place ircathodeare quite complexFigure3.4. They involve 244
four structuresp-Ni(OH)2, B-Ni(OH)2, -Ny OOH -Ali®@@H. Buring charging
0-Ni(OH)2t r a n s f o-Ni@GH wherdag-NifPH).t r ansf oNiI@OH.i nt o f
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Thelatter reaction is normally preferred in NiMH batterieg n eNgOH). is the

cathode active material. However, if os@drargh ¢ o c-BliO®@Hscanfe further

o0 X i di zNeQDH.tThis rgsults ira large volume expansion accomparaéien

resulting inthe pulverization of the cathode [2#5. Di scha-NgO0OGH- fooffnh vy
Ni(OH)2 o r -Ni@®H)2 is possible but this reaction occurslinver cell potentials

and t h eNtO©F can lee consided as an irreversible phase [46 Last | vy,
Ni(OH)p has e c an t-Ni@gh)sHdy agingin alkalineceledirolyte.

discharging

3 h ) _
B-Ni(OH), o B-NiOOH +H* +e¢

- charging
~

~\
\\ ;
ageing o overcharging
~
~
; . i
discharging SO
UNi(OH)) e T-NiOOH + H* 4 ¢”

charging

Figure3.4. The schemef the chemical species and electrochemical processes of
nickel hydroxide edctrode [244

3.1.4.1 B-Ni(OH)2

The structure of B-Ni(OH)2 is similar to brucite, Mg(OH) [228]. Schematic
illustration of the crystiastructure is shown in Figure 3.Bhe layer to layedistance

is around 0.46 nm [247These layers are stacked on top of each other to form a
layered structurevhich arebonded together with Van der Wablsnds. This can be
visualized as the layers are formed by hexagonal planar orientatiofi oddméi with
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OH ions at the octahedral site. Three @dths lays above the plane of?Nions and

three OHions lays below.

Figure35. The scheme of t h#Ni(QH).\Geenspherestfi uct ure of
redspheres: ®, white spheres: H244].

3.1.4.2 UNi(OH):2

The str eN(@H2r 8 o f mNi(Dld)ras deen inFigure 3.Both phases

consistof | ayers as explained aNi(@WephasesThe di ff e
contains intercalated species like watelecules, CE anions or cations like K

and Nd. These intercalated speciegpandthe interlayer distance to 0:0.9 nm

depending on the species [24Moreover, water molecules inside the structure

forms strong Hbonds with the OHgroups in the layers with stabilzes the structure

[248].

XRD patterns of both Ni(OH)phases are shown in Figure 3Ffom the pattern it

can easily be seen that the (001) peak corresponding to the layer to layer distance

70



shifts to lower anglewith a-Ni(OH)2. This is because the intercalated species are
increasing the interlayer distance. Mover, the water molecules dot havefixed
coordinates in the system, they rather rotate and translate within the interlayers.
Therefore, neighboring layers cantriorm in ordered manner anesulting insome
mismatch within the structureThis randomly orientedayers form a highly
disorderedso-called turbostatic structur§249]. This structure translates as peak

broadening on the XRD patternsseen, in Figte 3.7.

Figure36.The scheme of t h&NiQH.\GeensphersstlNi uct ur e
red spheres: € white spheres: H blue spheres: C [Z4

The average oxidatiostate of Ni in both phases Nf(OH). is two. On the other

hand, for their charged states th-e oxi da
NiOOH the oxidation state for Ni is +2.90 ahdo r -Ni®QOH it s +3.67 [250

0.9 electrons are exchanged gledrons &Ne at om
exchanged per Ni or a/ y r e ac tNi(OH)5-WNiOAHhredoxecduple e , a

provides higher discharge capacity.
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0-Ni(OH),
(001)

(100) (110)
(002) f11.1)

intensity (arb. units)

Figure3.7. X RD p at t-Ni(DH)s( adbfo vpe-Ni(OH)n(delow) collected
with Cu Kytarget on Ni substrates [244

Wh e n-Ni(PH). electrodesare overc h ar gNiQOH yhase forms. This

transformatioris accompanied by E&rge volumechange which causes mechanical
strains.As cycling continuous, repeat@dlume expansion and shrinkage results in
the pulverizationof the cathodeand in conductivity losses which decreases the

capacity drastical |l y:NiODH ghase bfterrreated Witb r mat i on

the performace decayn these batteries [2h1Howe v e r , -NA(@H).rusediin
NiMH batteries cyclingth b att ery bet we enesultaild alargog hases wi |l
volume change due tineal r eady exi sting intercalated sp

couple has both a higher capacity and a higher cycle life. FFomtine, due to larger
interlayer separation, intercalation and deintercalation mechanisms proceeds easier

f o #Ni(QH)2 giving rise to higher diffusion coefficient for the ppas and higher
reversbility [252].
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It is obvious that the electrochemical prapere s o f o/ y system 1is
system. Except ,-Ni(OH): aag eksa | ti eNiE€HmrSmabiliing o

t h eNi(@H)2 structure is an issue of conservable intetestommercialize this

redox couple. Lij253, for example, has successfullalsilized the structure with

Al modification.Event hough o/ vy r edthastructoramaywelli s s up
be stabilizedthere is n@wommerciaNiMH battery produced with this redox couple.

Thisisb ec aus e t he-NifOH)gnmaterialcanbt bet progucdavith good
macroscopic properties in terms of pores, particle size and sihadeads to an
unacceptably low tapl e n s FNi(QH). arf certainly far more superior in this
respect[254] . H o w e-WigDH), phasécould beproduced withsimilar tap

density,it can certainly replace conventional redox couple in NiMH batteries.

3.1.4.3 b-NiOOH

During charging ofN(@H:NMhdidebatxt e g-est he®
NiOOH without major changes in the crystal structure. As a result of the
transformation, the interlayeri st ance i ncreases from 4.60
plane parameter, a, deca s es fr om 3. 1 3.GheArysal sirucire8 2 A |
can be expressed as NiGheets of edgsharing Ni@ octahedrorwith H* ions

located between the sheets and oxygema forming a HCP structure [Z63 he

neighboring layerare bonded together witi-bonds[256].

3.1.4.4 2-NiOOH

Oxidation product b -Ni(OH)2i s  iNIO®H pphase. This phase can also form

from B-Ni(OH)2 upon high charging rates amdth high concentrgon of alkali

electrolytes [25F The structureis similart o-Ni@OH. In the basal plane the unit

cell parameter, a, is 2.82 A, but the di.
intercal ated speci es, however on average

y-NiOOH contains Ni* defects therefore, the oxition gate of Ni exceeds +3 [2h8
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3.1.45 Research Trends in NiMH Cathodes

Ni(OH). as acathodeactive material is in use for over a century but it is far from
beingprefect. There are many probleasssociated witlthis materialdespite many
improvements that are madwer the years T he f o r-Mi@QHipbase o f Y
accompanied by electrode swelling wamajor drawback because it results an
premature failure of the cell. Chemical nifachtion done with Zn and Cd [2b®%ere

quite effective in suppressing the formatidrttas phase. Cchowever because of

its toxicity, was replaceavith Co. Different Cecompounds; CoO, GO4, Co(OH)»

etc.,are used for this purpose withegt success [260

Three different methods are utilizéat theuseof cobaltin Ni(OH). cathodesOne
methodis to replace som&li with Co atoms. Tis is achieved by eprecipitation
method which greatly enhances the electronic and protonic covituofithe active
material and suppressesh NiOQH phase formation [261Direct addition of Co,
CoOor other Cebased compounds to the electrode slurry is another method. As a
result of this technigye network of CoOOH precipitatésrm on the surface of the
Ni(OH). particles resulting in improvedonductivity. However, this conductive
network may notbe homogeneouand could ¢ad to degradation problems [262
Usually both methods, i.e. adding Co througkpeecipitation and mixing it in the
slurry, areusedtogetherensuring improved cathode performance. The third method
involves the use of Ni(OH)already coated witfCoOOH using wet precipitation
[263] or mudslurry [264 methodand thus maybe consideredsasore sophisticated
version of the latter metho@histhird methodwasfound to be the most beneficial

in yielding fully functional cathode foNiMH batteries.Zn also produces quite
beneficial efécts on cathode performance [R65 increase the cyclic stability of
the cathode by deiNOPH[A4G. t he f or mation of vy

Additional elementsMg and Caare beneficiabspecially at elevated temperatures
where they increasthe potentialdifferencebetweenoxidation reaction and OER
[266] . Compositional mo d i-Ni(OH).avithiAbimosderaor e al s o d

stabilize the structure andakeuse ofmoreb enef/ixcirad d @mx J.coupl e [ 267
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Just like CoOOH surface coating$\i(OH). was also produced witlYb(OH)s
coating [268. This coatingwas found to be quite effective in terms of high
temperature performance. Moreover, He ef289 employed sequential coating of
Yb(OH) followed by Co(OH). They optimized theamount of coating and
achievedquite satisfactory results; the cathode showed 92 % charge acceptance at
60°C which wa more than double of the value foremated oonly Co(OH). coated

cathodes.

Additives sed is slurry preparation is not restrictedCo. CuO, when added
together with Co compounds,n hances the <cyclic stabili:
phase formation. Thisvas achieved because in the presence of CuO, CoOOH
conductive networkkorm faster and mee homogeneously [2T0ZnO and ¥Os
additives were effente in suppressing OER [2F.IReplacing commonly used Co
based additives with NalCoO, changes he st r «CotO®OHe iCa@ObIp vy
which has a higher stabilitin aggessive operating conditiorf272]. Rare earth
oxides of Er, Tm Yb, and Lu are found to incre@deR potential so enhanctse

high temperature charge agptarce and cyclic stability [218,273Cak: [274] and
Ca(BQy)2 [275 additives were also studied and found to improtee high
temperatire performance of the battery.

Cost reductions always a target in any kinof commodities and the batteries are
not excepted. In this respect the replacement of Co additives isaquaiteern due
to their high costFurthermore, he use ofNi foams as current collectst alsq
contributeto the high cost ahe cathodet$ replacement withan-foam typenickel

substrates [276or Ni-coated 3D steel sheets [2Frelded promising results.

3.1.4.6 Use of Carbonin Cathodes

Cathodes produced for eashgrsion of Ni(OH) made use of graphite mixture to
impart condudvity [278]. Later, Edison developed cathodes by precipitating
Ni(OH)2 particles on graphite flak¢o enhance the contact between the pladifor
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better conductivity [27P Graphite hadan oxidation and swelling problem during
operation, which resulted in dismantling active powders from the graphite flakes.
Edison than changegraphite with nickel flakes and increased the cyclic stability,

because Ni wastable in alkaline solution [280

Even though Edison abandoned the use of carbon as a cor@actditive, the
research with carbon continuedunchanget al. [28]1 made an extensive research

on optimizingthe cathode in terms of conductiaelditive, binderand dopants. In

their work they have used two different carbon derivatives, namely; graphite and
acetylene black, and optimized their relative ratio with respect to each other and the
ratio of conductive additives and active material. yiteportedgood capacities but

no datawas giva on cyclicstability. Sierczynska et al. [283tudied graphite and
multi-walled carbon nanotubes (MWNT) prepanesing different methods. The
capacities obtained we®0and276 mAh/g for the graphite containiagdMWNT
(110170 nn) containing electroes respectivelyHowever, allelectrodeshowed a
capacity decay within 50 cycles. Carbon ntae (CNT) is added as an extra
conductive additive to an electrode that contains CoO and increased the high rate

performance of the battery [283

Carbon speciebavelow densityand ahydrophobic naturgvhich makes it hard to
havea homogenous mixture during slurry preparationguke CasasCabanas et al.
[284] showed that the homogeneity can be increased vianiliiig process and the
performance of the electrodges a resultan be increased. Peticulated vitreous
carbon is synthesized and usedNi(OH)2 electrode, but the performance was not
satisfactory P85. Takasaki et al. [180,286isinga fluidized bed gstemcoated the
surface of Ni(OH) particleswith anoxidation resistant carbon. Their results were
quite promising and the performance of the battery was comparable with the
commercial batteries. Later, the same group used the same oxidation registant ca

and emplged a granulation process and reported equally satisfaetsuits [287.

Having a physical mixture of carb@ulditivesand the active material, are found to

suffer frominsufficient contact between particles which decreases the activeahater
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utilization. Moreover, being a low density matetia use of carbon decreases the
active material content in tleéectrodegausingvolumetricinefficiencies [280,28B
This haded theresearchers to use oftae materialan compositeform. Zhanget
al. [289 prepared such a composite bym@cipitation of the active material on the
surface of carbon black (CB) powders. This close contact between carbon and active
material yielded excellemtapacityandup to 100 cycles with a goayclic stability.
Volodin et al.[289] produced compositassing differentarbonadditivesexplored
their conductivitiesand the resulting capacitieShey reported that the Ni(OH)
alone had an electrical conductivity of 3.718/cm, this value was improved to
1.33x107 S/cm 3.9x10%, 6.8x10° S/cm and 8.9x10? S/cm for graphite carbon
nanotibes carbon nanofiberand graphene like materiaisspectively. They report
capacities but not the cyclic performandée et al. [290 employed a similar
procedure and eprecipitated the nansized active material omporous carbon
substratefigure 3.8. Theychieved a capacity more than the 289 mA/gich is
theoreticacapacity of b-Ni(OH).. Furthermore, no capacity decagisobserved for
20000 cycles. It is also possible to coat the surface of N{@djticles by
carbonzation of organic molecules [2P1The use b composites providetarge
contact area that enhancesnductivity. Moreover,they enhance the mechanical
integiity of the cathodeandas a result they increaselerance to volme change
[292,293. For example, Li et al. [294produced Ni(OH) particles anchored on
reduced graphene oxide material and readhewst full capacity and did not

observea capacitydecayup to50 cycles.

From the review given above it can be concludeditietesearch trend in replacing
cobalt in cathode madeuse of carbon additives with a considerable success.
However, havinga physical mixture during slurry preparatiaoes not yield
capacities comparable to commercial cathoddserefore, there is a need for
methods that can provide good electrical contact betwleercarbon and active
material better than that achieved withomwentional slurry preparatioiihe use of
sophisticated mthods such as precipitation of active material on carbon additives

may be used with considerable success, but such processes are quite costly and would
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not help reduce the cost of cathode fabricatidew materials angrrocedures are

required to achievénts purpose

Figure3.8. Schematic representation of porous carbon supported nano NMi(OH)
particles pecipitation [290.

3.1.4.7 Formation of The Conductive Network with Cobalt

In commercial NiMH batteries, Coissed t o i mpar tNi@Hnducti vit
paticles. Oshitani et al. [260,295tudied different cobalt based compounds and

their use irthe preparation of cathodeshdy presented a mechanism for conductive

network formation involving a 2 step processgu¥e 3.9. The first step is the

standing step in which Co based compound get dissolves?as@oplex ions in

the electrolyte turninghe electrolytento bluecolor. Once the electrolyte is super

saturated with r es p-@o¢QHyforms via precipitatiort Shenp | e x | o n ¢
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second step is the charging. During the first charging of the electrode, precipitated
-Co(OH) phase transforms into CoOOH phase which is both stable and
conductive. Having evaluated different Co based compounds Oshitani et al
concluded that CoO is the best option because it has the highest solubility in the
electrolyte. The advantages of this mechanism is that it forms a homogeneous
network which assures good electrical contact between conductive agent and particle

as well asmparting strength to theesdtrode.

standing charging

-
-~

/ # /
2 " 4 /
7 / 7
0.0, Ol /
8 7 / #
- P >
a7 17 :
Ni(OH), CoO Ni(OH), p3-Co(OH), NiOOH CoOOH
+ +
(Ni, Co) (OH), (Ni. Co)OOH
) L solid-state
solution precipitation reaction
CoO —-{a(ﬂ)complex B-Co(OH). (71 A-CoOOH
blue ion

Figure3.9. Mechanism for onductive network formation [26.0

The formation of CoOOOH on the active particles improves the performance of the
cathode. It increaserevesibility, increases oveotential for OER, therefore
increases charge acceptance and suppresses thr o wphése [24R,26§,296
However, CoOOH network can deteriorate upon cycling with time or upon
aggressie discharge to under 0.7 V [49To overcane this problem, Lichenbg et

al. [299 used MnQ as additive to the cathode mixture and improved the stability of
CoOOH Li et al. [299 investigated the effects of forming the CoOOH network by
chemical oxidation instead of electrochemical formatidimey reported that
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chemically oxidized material had a higher reversibility and more durability at lower
voltages. Other methods which leads to improved cathode performance include
electroless deposition of cobalt on the surface of NigdB)Q], electrcoxidation
pretreatment thatonverts CoOOH into GO [301]. Moreover, pretreatment by
discharging the electrode firgirior to initid charging of the electrode found to

enhance the stability of the conductive network and conducf30].

3.2 Search for Cobalt Free Cathodes

Ni(OH)2/NiOOH redox couple as a battery cathode material is widely used in
different battery technologies due to its excellent reversibility. The battery
technologies that uses Ni(OHjctive material are; NiCd [303NiH2 [304], NiFe

[305], NiZzn [238] and NMH [259]. It is quite a challenge to fully utilize this
materials excellent properties due to the fact that Ni¢@Han insulating material

with a band gap of 3:8.5 eV [306. Hence, conductivity must be imparted on the
systemvia external modifications. To achieve this purpose, general approach is to
incorporate Cébased compauds into the cathode system [260,R9%/hen Co

based compounds are used they transforms to CoOOH conductive network
encircling the active material. Thisansformation proceeds in two steps; the first
one is the standing step after cell production in whictb@sed compounds dissolve

in the electrolyte and once the electrolyte becomes supersaturated with respect to
dissolved Co complex ions, Co(OH)haseprecipitates on the active material and
forms a homogeneous network, the second step is the initial charging of the cell in
which the precipitated Co(Otlhetwork change its structute CoOOH conductive
network [260,295. Formation of a continuous and hogeneous conductive
network is assured. Exploiting this mechanism, enhancesetlesibility of the
cathode [30} , i nhi bits or del-NQO8l, unwarged phase mat i on
[308] and inceases the OER overpatal [307.

Co is an additive with mangppealing properties. However, much work is devoted

to replacing this material becausfdts high cost [180,286Carbonaceous materials
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are attractive for replacing Co, because of their high condtycéiad low cat. Liu

et al. [309 studied the effect of adding nansized Ni(OH) particles into
conventional micron sized particles. During their studies, they used graphite as the
conductive agent and reported capacitie28% mAh/g. Yunchang et al. [2B1
attempted to optimize conductive additives usgngphite and acetylene black and
reached capacities as high as 2ii8h/g. Takasaki et al. [180,3P@eveloped a
coating technique employing a fluidized bed of Ni(@lgarticles and spraying
oxidation resistant carbon to the bed. Their results were odistpand they reached

the full theoretical capacity of the cathode active material. More sophisticated
materials are also used. For example, wittidged graphene aerogel, it was possible

to cycle the battery for 5000 cycles with 85 % capaatgntion [3.0], or with the

use of reduced graphene oxide capactfés33 mAh/g were possible [2R4arbon
nandubes are also attracted much attention. In many studies CNT are used and its
benefits are reported ;a&€NT addition increases the specifiapacity [31],
enhances active material utilizatioBd8R,312], improves rate capability [282,313]
and discharge voltage [312,31&urthermore, it is found that with the addition of
CNT, y-NiOOH phasdormation can be inhibited [3].3

Observing the trends of the research in carbon replacesheabalt, it is seen that
nanasized carbon derivatives perform better. However, addition of carbon is not
enough on its own. Incorporation of the carbon in the system must yield a good
contact bewveen conductive particles and active matsrikor example, Nie et al.
[290] precipitated Ni(OH) particles on porous carbon and reported full theoretical
capacity for 20000 cycles with no sign of capacity decay. Therefore, in this study
three differenhano carbon derivatives; carbomadik (CB), plasma black (PB) [3L4

and CNT, are used. And, two different compaosite production techniquesyitiiaky

and dispersion, are employed to assure good conductive contact by forming
C/Ni(OH)2 composite powders.
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3.3  Experimental Procedure

3.3.1 Materials

The active mat er i aFNioyCoo@sdnod@H)tchmmerciad t udy

powders. These powders were sphetitahapeand had an average palticize of
9.8 um, .10F). Gigure 810 B) showshigh resolubn SEM image off3-

Nio.91C00.045ZN0.04{ OH)2. Here it is seen thdhe powder is covered wiflmade up of

nanoeplateles of extreme small size.

b)

Figure3.10. SEM images o) Ni(OH). powder,b) surface of Ni(OH)powder

Carbon derivatives used as conductive additives ararslim Figure 3.11. From
Figure 3.11a), particulate form of CB can be seen. This powder has an average
particle size of 60 nm and BET surface area of 6%/9. PB powders, Figure 3.11

b), had a morphology of flaky graphitic powder consisting of, on average, 8.7 layers
[314]. This graphene like material had a d (002) of 0.3792 nm and a BET surface
area of 302 fig. CNT, Figure 3.11 (c), had 92 % of puritkl (was the major
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impurity plustrace amount of Cu and J-én the form oflong entangled fibers with

a diameter 08-10 nm

Figure3.11. SEM images of a) CB powder, b) PB powder ah@NT powder

3.3.1.1 Plasma Black

Plasma black was synthesizeg @ur research group usiregmn RF Plasma reactor
(Tekng 30 kW systemFigure 3.12. The reactor was operaad.97 barOther
operating parameters thfe reactor is given in Table 3Nlethane and hydrogen with
99.995 vol. % purities are used precursorsThese were fed into th@rch with

argonas a carriegas (5slpm).

It was possible to produce carbon materials wiffeent morphologies, surface
areas and interlayer distances by the change of production parametertéf @ko.
The ratio is adjusted by keeping the £field rate constant at 2 slpm and changing
the fed rate of Hfrom 0 to 2 slpmThe resulting powdshaddifferentmorphologies
dependingon the production paramesePlasma black used in this work produced
with CHa (slpm)H2 (simp) = 2.0:1.0. This had BET surface area36R nt/g and
d(002)of 0.3792 nm, average number of graphitic layeas8.7.Details of plasma
black synthesis can be fourdreferencdg314].

83



Table3.1 Operating parameters for the peef314].

Parameter Unit Values
Plasma power kw 25
Chamber pressure bar 0.97
Carrier gas (Ar) slpm 5
Central gas (Ar) slpm 15
Sheath gas (AH>) slpm 60-6
Quenching gas (N slpm 150

Camer Gas

Injector

RF Power
Supply

Quench - Gas

Exhaust

Plasma. Gas
& & €0 ¢

Sheath Gas
I

Figure3.12. Schematic illustration of the thermal plasma reactor uspdoiduction
of the PB powder [314

Bottom
Collector

Cyclone
Collector

H, CH,
Scroll Pump Nanopowder Collector Precursors

3.3.2 C/Ni(OH)2 Powder Production

As was discussedbovehaving a physical mixture of carbon and active material

during slurrypreparationis not enough to yield good electrochemigatformance
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in the cathoddecause of lose contact betweahg particles. Examies of studies
where carbon and active materials are prepared cam@osite structure were given
involving quitesophisticateanethodsHere o simple methods are proposédl|

milling and dispersion method.

3.3.2.1  Ball Milling Method

VRN

__/

Figure3.13. Schematic representation of badilling method, grey spheres are steel
balls, green spheres are(@H). and black spheres are carbon derivatives.

In order to obtain a homogeneous mixture and a goodciobétween carbon and
Ni(OH). particles ballmilling procedure was employed, Figure 3.1Ror this
purposea PM 400 MAtype Retsch planetary batill wasused. All the samples
are produced with 5 wt. % carbon and 95 wt. % Ni(£dd}ive materialA stanless
steelvial of 100 mlvolumewas usedvith stainless steel ballsf 10 mm diameter

The ball to powder ratio was 10Themilling wascarried out at 100 rpm for 4 hours
with change in rotation direction in every 30 minutes with 5 minutes of rest time

after each rotatianThe SEM images ahe resulting powders are givam Figure
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3.14 It is seen that the surface of the active particles is thoroughly covered with
carbormaceougmaterials.Nanoplatelet structure of the Ni(Oklpowders shownni

Figure 310 b) wasno longer visible in milled powders.

D b)

Figure3.14. SEM images of produced C/Ni(Orjomposite powders via ball
milling method at x30000 magnification; a) carbon bldgk;arbon black + plasma
black,c) carbon black + plasma bla¢kcarbon nantibe.

3.3.2.2 Dispersion Method

This method is based on the fatket carbonaceouadditives gets negatively
charged on their surface whelispersed in an org& solventDI water mixture
[315]. ConverselyNi(OH): particles assumes positive charge on their surfaegawh
dispersed in DI water [316

The method makes usé two different dispersionsFigure3.15. The first one is
prepared by@ding 0.02 grams of carbon into ca. 40 ml of 40%iacetone and DI
water mixture. Tie mixtureis thenultrasonicated for 15 minutes to obtain a stable
dispersion. The dispersion was staljjeesumably,due to the negative charge

induced on the carbon patrticles.
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Figure3.15. Schematic representation of dispersion method, green spheres are
Ni(OH)., black spheres are carbon derivatives ardighs represestthe charge
on the particles.

The second dispersiamasprepared by adding 0.38 grams of Ni(Qidpwder into
ca. 40 ml of DI wateultrasonicatedor 15 minutes. However, due to higher weight
of Ni(OH) particles, this dispersion was notsiableasthat prepared with carbon.

After the ultrasonication process the dispersion containing carbon particles were

completely black anthat with N{OH)2 particles were completely green.

In order to form the C/Ni(OH)composite, the green dispersion placed oot plate

at 50°C degree and the dispersion is stirred with a magnetic fish. The black
dispersion is then added to the system from the bottom of the green dispersion with
the help of a pipette. This addition was done quite slosirlyp by drop.

The final mixture containingpoth dispersiongvas then kepon the hot plate under
stirring to evaporate the acetone &idvater. The resulting powders was completely
black indicatinga good coating of carbam the active material surface. Figure 3.16

shows SEMmicrograph of cathode active materials prepared with dispersion
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processinglt seen thatoverage of the particento the surface of Ni(OHwasnot

as good as that achieved with ball milling.

Figure3.16. SEM images of produced C/Ni(Oromposite powders via
dispersion method at x60000 magnificatiaphcarbon blackp) carbon black +
plasma blackg) carbon blak + plasma black + carbon nanbe.

3.33 Electrode & Cell Production

Electrodeswere prepared from C/Ni(OH)composite powders employing a slurry
route. First, PTFE dispersiamas prepared. For this purpo&d FE dispersion §0
wt. %) was weighted in a container so that the mass of the PTFElpamias 5 wt.
% of the total mass of the slurrignoring the water content. Thetine dispersion
wasstirred on a hot plate at room temperature for 15 minbtédefore stirringa.
10 ml of DI waterwasaddedto the dispersion. Therctive powderwasadded to
thedispersiorand stirring continued faan hourat room temperaturét the end of
this period if the slurry viscositywas too low, heater on the hot platadusted to
around90 °C andallow the slurry evaporate untihe proper rheologicatonditions
wereobtained (viscosity similar to that of molasses).
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The slurrywasthen applied on a nickel foaused as aubstrate with a spatula and
dried at 79°C for overnight. Lastlythe electrodghereby obtainedvas pressed with
25 MPa pressure @typical thicknessf 0.35 mm.

For this studyatotal of 8 different electrodesereproduced as presented in Table
3.2. All electrodes ha® wt. %carbon additiveThis means that taking into account

the PTFE binder (5 wt%), 90 wi of the electrode as active material. This value

is quite high especially compared to studies undertakere$aarch purposes (see
Table 3.3). Where different carbon additives were used together, they were mixed in
proportions, totaling to 5 w&b6. Wherecarbon black and plasma blaslas mixed,

each was mixe@.5 wt. %.In the case of the mixture of carbon black, plasma black
and carbon nanotubebey were mixed 1.878,875 and 1.2%t. %, respectively.

Table3.2 List of the samples used in this study.

No. Sample List

CB (5 wt. %) Dispersion

CB (5 wt. %) Ball mill

PB (5 wt. %) Dispersion

PB (5 wt. %) Ball mill

CB (2.5 wt. %)+ PB (2.5 wt. %) Dispersior

CB (2.5 wt. %) + PB (2.5 wt. %) Bathill

CB (1.875 wt. %) + PB (1.875 wt. %)

+ CNT (1.25 wt. %) Dispersion

8 CB (1.875 wt. %) + PB (1.875 wt. %)
+ CNT (1.25 wt. %) Ball mill

9 Co(OH) (12 wt. % Ball mill

~N O o b~ WN P

In addition to 8 electrodes, a reference ele@rads also prepared, Table .3[his

electrode was prepared with Co additaed produce via ball milling. For this
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purpose, 12wt. % Co(OH) was mixed withNi(OH).. After ball milling, the

electrode was prepared usithg slurry routeas explained above.

Negative electrodes wefBs-type hydrogen storage alloy with the composition of
Laio.sCes3Pro.sNd1 aNisoCo12 Mns sAl 4 7 The electrodewereprepared using PVA as
binder For this purpose? wt. % PVA is dissolved in a large amount of DI water
heated t®00°C undercontinuousstirring. Once the binder (PVA) is dissolvete
active materialvasaddedand the temperature wescreasetb 75°C. The stirring
wascontinued untila slurry witha proper rheology was obtained. Then, sintibar
cathodes, the slurry is applied on a nickem, dried and presseglielding an
electrodetypically 0.70 mm thickThe capacity of the anodegere at least 5 times
that of the theoretical capacity of the(OH). cathods. Thisassure tha the cells

werecathode limitedwith the result that the measured capaistthat ofcathods.

Top opening

Stainless steel

Sprin
pring ? current collector

Teflon casing

Anode Cathode
Separator

Figure3.17. Schematic illustration of the Swagelok type cell.

Chargedischarge tests were carried osinga Swagelok cell, Figre 3.17.Thisis
a PTFEbody andcomprisesof 12.9 mmdiametriccurrent collectors made out of

stainless steel, and a stainless steel sgnnthe anode sid® assure good contact
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within the cellat all times.Before the cell was constructetie cathode, the anode

ard the separatqFreudenberg FS 2226 type polypropylene separe80opy m t)h i ¢ k
were kept in the electroly{® M KOH solutior) for 15 minutesThen, the electrodes

were stack together with a separator between thEmst the anode was loaded
followed bythe separator and then the cathdde cell waghen sealed with PTFE
rings. Lastly, 23 drops of electrolyte added to the cell from the top opewimgh
wasthen closedo make the cell air tighBefore testing all cells weilleept waiting

for 3 hours.

In the case of reference cathotiee procedure was slightly differeditter the cell
was constructedhe Swagelok cell was pum adrying ovenand kept at 68C for 24
hours Then, the cell is removed from tbeenandair cooledto room temperature.
This wasadopted fronOshitani et al. [29basa result of whichCo(OH) dissolves
and then reprecipitats. The cellwas then subjected topretreatmentescribed by
Morimoto et al. [302 which involveddischarging at constant voltagef -0.5 V
(MH) for 7.5 hours The cell was kept waiting f@& hoursbefore testing.

3.34 Characterization

3.3.4.1 Structural & Morphological Characterization

Structural characterizatiorwas carried outwith an xray diffraction equipment

(Bruker D8 AdvancpusingCuKqr adi ati 66 @A) =ht580 kV acc
voltage and 40 mA current. The step size used was’@0@ the scanning rate was

2 %min. The morphological studies weoenducted using a FEI Nova NanoSEM

equipment using@ secondary electron detector.

3.3.4.2 ElectrochemicalCharacterization

The chargealischage performances of the cells weneasured using a 16 channel

BioLogic MPG2 potentiostagalvanostat For this purposean isothermal &ttery
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cabinet was used as shown in Figure 3.18. The catonédins 4 vertical shalfthat
can move independently froeach other. Each of these shelhantains 4 cell
holders adding up tatotal of 16 test channels. It is possible to replacecétis in

this cabinetvithout disturbing the cells in operation.

BioLogic MPG2

Independently
moveable shelfs

Swagelok cell

Cables

Figure3.18. Schematic illustration of the isothermal battery cabinet with
independently moveable shelfs.

The chargealischarge characteristics of theells were tested with the same
procedure. After the cellssembly, all the batteries weeept waited for 3 hours to
reach an equilibrium prioottesting. Then, the test startedh charging the battery
to 120 % othe theoretical capacity dfi(OH)2 active materialThe discharge cycles
were conducted untila cutoff voltage of 1V against MH anodevas reached.
Chargedischarge cyclingests were carried ouising 0.2 C rate based on the
theoretical capacity of the cathode and the amount of activeusedsn the celll5

minutes of waiting periodasemployedafter each charge and dischatg®btain a

stalde open circuit potential (OCV) for the subsequent cycle.

Linear sweep voltammetry (LSWyas initially carried out using the Swagelok cell.
This, however, have led to scattered data especially when emt&rdide regime of
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OER This wastherefore abandoned and tests were carried out using a flooded cell,

as shown in Figure 3.19

Hg/HgO was used as reference electroteorder to minimize the resistance
between the cathode and the reference electrbddijpt of the reference electrode
kept as close to the cathode as possitbeinter electrode wagpaessed nickel foam
Moreover, the counter electrode used had a surface area much larger thahdhe
cathode tareduce thaunnecessaryesistanceBefore the LSV teststhe cathodes
wereactivated ging a cyclic voltammetry (CWyith 0.2 mV/s rate between 06

V against Hg/HgO. Then the LSV tesascarried out from open circuitoltageto
0.6 V(Hg/HgO) with 2 mV/s rate. Thaestswere conducted using the BiolLogic
MPG2 potentiostagjalvanostat.

Reference
Electrode

Counter
Electrode
Cathode

Figure3.19. Schematic illustration of the flated type cell. Red crock is the
cathode connection, blue crock is the anode connection andaghencee electrode
used is Hg/HgO.

Electrochemical impedance (EI8)easurementaere conductedusing Swagelok
cell usng MH as the counter electrode. No reference electrode was used in this

measuremenBefore the test, the cellgereactivated with chargdischarge cycling
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with the parametergiven aboveThreecycleswereemployed for this purpose for
the C/Ni(OH)» cathodesln the case of referen@athode 1%ycles wereemployed
asit takesmore cycles to activate thmathodefully. The EIS measurementere
conducted in the charged state in ordehave a better understanding of OER as
OER occurs on theurfaces o€harged cathode. For the study a 5 mV of perturbation
voltage is used and the frequency range Wwesveenl10 kHz and 0.1mHz.

Measurements &re taken using GAMRY Reference 3000 potentiostat/galvanostat

3.4 Result & Discussion

3.4.1 Charge & Discharge Performance

This presenstudyaims to replac€o additive in cathod&ith carbon additives. So
as to form a reference statecathodevas prepared usingo additive as explained
in section 3.3.3Capacity versus cycle number obtained for dathode is given in
Figure3.2Q It is seen that thialll activation of the cathodequiresapprox.15 cycles
after which he capacityeachesvalue 0f240 mAh/g.The capacity increase then
slowing downand the full theoretical capacity of 289 mAh/g is reachfer 100
cycles.The trend is such thahe cellwould continue its performance in stable

manner

Figure 3.21 shows theyclic performance withcarbon blak additive Here the
capacity in both cathodes, i.e. prepared with dispersion method and with ball milling
method improves with cycling, but fails to reach capacities obtained with Co
additive. The cathode prepared with dispersion method performs hetteavwng
reached a capacity of 210 mAh/g, changes its trend and become subject to a capacity
decay. In terms of cyclic stability, the cathode prepared with ball milling performs

better, though the capacity is significantly less.
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Figure3.20. Specific capacity versus cycle number of conventional NigOH)
positive electrode where the active materials were processed with Go(OH)
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Figure3.21. Specific capacity versus cycle number with cathode prepared with
carbon black.

Cyclic stability of cathode witplasmablack is given in Figure 3.2 his time both

the ball milled powder and dispersion processedthodes yielded similar
characteristicsBoth samples reached the maximum capacity at their fourth cycle.
The maximum capacityvas 201 and 206 mAh/g for dispersion and ball milled
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cathodes respectively. ofh cathodesshoweda capacity decay, this was more

pronouncedor cathodeprepared with dispersion method.
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Figure3.22. Specific capacity versus cycle number with oalé prepared with
plasma black.

Carbon black and plasma black gretedifferentin termsof theirmorphology The
former is a hard carbasphericalin shapewhich possibly forms small conductive
particles in contact with Ni(OH)particles. Whereas, the plasma black is graphene
like flaky graphitic powders which possibly exfoliates and wraps the NiOH)
particles. To investigate the synergedftects cathodesvere preparedvhere both
carbons, i.e. carbon black and plasbiack, were combinedogetherin equal
proportionsand used as additive§he results are given in Figure 3.2Bhe
dispersion proceedcathodeyieldedbetterresultsas comparetb cathodeprepared
singly bothcarbon black or plasma black. It reached a capacity of 228 mAh/g at its

third cyde. Bothcathodeshoweda capacity decay.
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Figure3.23. Specific capacity versus cycle number with cathode prepared with
carbon black and plasma black.
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Figure3.24. Specific capacity versus cycle number with cathode prepared with
carlon black,plasma black and CNT.

The last sample setasprepared by adding CNT into the carbon black and plasma
black. The resultare given in Figure 3.24ata given fo9 cycles are sufficient to
describe the overall tren@he capacityreached is the highest obtained so far with a
value of 238 mAh/g. This value was obtained with ball milled cathode. The value

obtained with dispersiowas210 mAh/g.
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All cathodesdescribed above are collected together in Tat8eHere cathodes are
listedin terms of their maximum capacityadecreasing ordeCarbon black seems
to perform better with dispersion methdtis couldbe explainedsuch thatwith
small particles as carbon bladdall milling would not yielda homogenous mixture
[284] resultirg in inferior performance. Whereas suwsthall and sphericatarbon
black could belispersed quite homogenously in the dispersion meiimlsituation
with respect taCNT containingcathodes are reverse. Here with the presenkigbf
aspect raticCNT addtive, dispersion does not work well. Instead such additives
yield a more homogenous slurry liall milling. It should be mentioned thplasma
black isintermediate between carbon black and CNTemms of aspect ratio and

seem to be affected lelsg the methodof preparation

Table3.3 List of the samples prepared with carbon derivatives together with their
maximum capacities. The samples are listed in the order of highest to lowest
maximum capacities.

Maximum
Cathode .
Capacity (mAh/qg)
CB (1.875 W. %) + PB(1.875 wt.%) _—

+ CNT (1.25 wt. %) Ball mill
CB (2.5 wt. %)+ PH2.5 wt. %) Dispersion 228
CB (1.875 wt. %) +PB (1.875 wt. %)

+ CNT (1.25 wt. %) Dispersion 210
CB (5 wt. %)Dispersion 209
PB (5 wt. %)Ball mill 206
PB (5 wt. %)Dispersion 201
CB (2.5 wt. %) +PB (2.5 wt. %) Ball mill 176
CB (5 wt. %)Ball mill 126
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Table 3.4 containlterature data concerning the similar studigsorted for Ni(OH)
cathode employing a variety oérbonadditives and preparationethods. Cdoodes
prepared by Wu et al. [3],7Zhang et al[318] and Sierczynska et al. [Z8are
similar to the current work but rather than replacing Co additives altogether, they
replaced only a part of it with limited successlditives used by Yunchang, et al.
[281] and Liu et al. [31Pwere all carbon based, i.e. no Co additive at all, the
capacities reached with a mixture of graphite and acetylene black, was close to full
capacity, i.e. 289 mAh/g, but the fraction of addis used were quite high i.e. 25

wt. %. This value is very much greater than the current targeted value of 5 wt. %.
Cathodes synthesized via precipitation of Ni(@#ijectly on carbon additas, ie.
studies g Li et al. [294], Nie et al. [290yield quite high capacities with quite
desirable cyclic performance. Unfortunately, no data was reported on the amount of
additives used in synthesizing the cathodes and where reported the fraction is quite
high.

The capacitiesbtained in the current work widome of the cathodes prepared with
carbon areyuite comparable to vads reported in Table 3.4specially considering

the fact that this was achieved with 5 wt. % additive. Of course the target in the
current work with carbon additives was to reach thlecapacity, i.e. 289 mAh/g as
was the case with Cloearing cathode.

All the cathodesprepared using carbon derivatives behawedimilar way The
capacity reaches a maximum value within few cyclesthadit starts to decrease
thereafter.This is in cofrast to thereferencecathode preparedsingCo. Here the
capacity constantly increases with cycling until the theoretical capaaieached

To investigatehe reasons for this difference, we have selected a cathode prepared
with dispersion method coritbing the equal proportions of carbon black and plasma
black, displaying a capacity of 228 mAh/g. Investigations involved structural and

electrochemical analysis, the results of which are given below.

99



Table3.4 Additives, preparation method, specific capacity and cyclic performance
reported for NiMH cathodes.

Max Capacity
No  Additive Binder Preparation Specn‘]c (mAh/g) @ Reference
Method Capacity last cvele
(mAh/g) y
CNT
L (@t %) PTFE  physical o4 200 @ 30th Wu et al.
CoO CMC mixing cycle 2008 [317
(8 wt. %)
Carbon
black PTEE  Precipitated
2 (1wt %) on carbon 281 ig(l)th@ | ggggg;f al.
CoO CMC  black cycle (318
(4 wt. %)
Graphite
0 PTEE . Sierczynska
3 gwt. %) Physical 255 235I @50th ot al. 2010
0 HPMC  Mixing cycle [282]
(3 wt. %)
CNT
0 PTFE . Sierczynska
4 g""t' %) Physical 76 202| @50th i 41, 2010
0 HPMC  Mixing cycle [282]
(3 wt. %)
Graphite PTEE H
acetylene : Yunchang
5 plack cmc  Physical o og0 Nodata  etal. 1995
mixing [281]
(25 wt. %)
5 Graphite PTFE  physical 235 No data Liu et al.
Precipitated
Reduced on reduced 283 @ 50th Lietal.
7 graphene No data 283
i graphene cycle 2011 [294
oxide oxide
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Table34( cont 6d)

Porous
carbon
0 PTEE  Precipitated 345 @ .

8 (15 wt. %) on porous 345 20000th Nie et al.

expanded 2017 [290

. carbon cycle

graphite

(20 wt. %)

Oxidation Fluid-bed Stable Takasaki et
9 resistant CMC coating No data capacity @ al. 2013

carbon (CB) method 800th cycle [180,284

3.4.2 Structural Analysis

In order to see the structural evolution of the cathodes during cyckfig, were
constructed using carbon additive and cobalt addifine cells were subjected to
chargedischarge cycles and XRPpatterns are collecteflom the cathodes after
selectedcycles by opening the cell. Figure 3.8Bows the XRD patterns of the
cathodes with carbon and Figure 3.@towsthose recorded fronthe reference
cathodesHere t he s pect r a2% soas ngtitounelude pegks coming2 6
from nickel substrate

In Figure 3.25 al | the rel evant phaNi(@B).pbate Ni SPp ¢
isseerwithapeak at °2h8 peak®2 @ 81 8belbngst o-NiBOH. In
addition to these, ther®ThHiss-NiD@Hphdsei t i on a
In theas prepared conditipn n | y -Ni(@Hg ph@se is seen asuld beexpected

because this is the starting phase. Upon first charge, it is seen that formation of the

y-Ni OOH -Hi©@H pBase proceedogetherlt is further seen thdtoth of these

phasesre present in both cigeed and discharged conditions.
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Figure3.25. XRD patterns recorded from the samples removed from the cells
assembled witlsarbon additiveThe data is collected for the as preparmusie

and from the samples from their first, third and eighth cycles. Black data is for the

as prepared sample, red data is for the samples at their charged states and blue data

is for the discharged state.
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Figure3.26. XRD patterns recorded from the samples removed from the cells
assembled witleobalt The data is collected for the as prepared sample and from

the samples from their first, third and eighth cycles. Black data is for the as

prepared sample, red data is for the samples at their charged states and blue data is

for the discharged state.
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It appears thag-NiOOH phase is irreversible in tloperation voltage windowsed
during the testThep r e s e nNi@OH atfthe @lischarged s&awhich should not
normally be presentmeans that some of the active material cannot be discharged.
This is probably due tthe loss of contact between the powders and the current

collector upon volume expansion associatetd tvi  tNIDOH phase formadin.

The variation of phase fractions during cycling would yield useful métion.
However, such detailedRD studycould not bedone because the active materials
wereembedded inside the nickehichdecreasethe quality of the data coming from

the actve material. Furthermore, the phase transformation in the cathode starts from

the current collector sidevhereas XRD dataerecollected from the front [330

XRD patternscollected in the same way from theference cathode arghown in

Figure 3.26. Thesaresignificantly different tharthose collected frorthe cathode

described abovélere p e a k s -Ni(OH)and@-NiOOH do exist. There are also

two additionalpeaksoriginating form cobaltOne is located & 6 = 2 6 whil®

belongs taCoOOHand theother isCo(OHpa t 2 8 % Thi8 mear® that complete
transformation from Co(OH)to CoOOH is notachieved. The peak from the

Co(OHpi s al most at t heNiOOH phase.[Tlisomakes ithardelma s t h e
to read the datdMore importantly there isay-NiOOH peak in these patterns

The pr e sNQO¢H én the tarbgn bearing electrodes and its absence in the
cobalt bearing electrodes is the key finding of this studyis proposed that

differences in the performances of tahode®riginate fromthis difference.

SEM imagesfrom the cathodes removed from the cells aftercathods after

chargedischarge cyclearepresented in Figure 3.2As can be seen from the figure
the carbon containing cathode shows a lot of pores within the nickel fimam
contrast the reference cathodappears to be soun@his means that particle drop

outhave taken place from cathod&h carbon additive.
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Figure3.27. SEM images o08) thecarbon bearing cathode angthe cobalt
bearing cathodat 500 magnifications.

SEM images are also presentettigher magnification in Figure 3.2Blorphology

of the powders of the carbon containing cathode sézbemore granular and more
independenbf each other. On the other hand, particles in the reference cathode
seems likemergedtogether. This igprobablydue to CoOOH conductive network

formation mechanism explained in section 3417.

Figure3.28. SEM images o8) thecarbon bearing cathode angthe cobalt
bearing cathodat 500 magnifications.
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The current batteries work betweBNi(OH)2/ BliOOH redox couple. This was
what was observed with the reference cathgediOOH do occurfor the carbon
bearing cathoddyut it is not desirable [259,3RIThe formation of this phase results
in massive volume change which causagmentations of powdeeand powder drop
outs [189,259,321Moreover, the formation gfNiOOH isthe cause of the memory
effect in these batteries which is an anothechanisnior thecapacity deay [32Q.
The f or ma t-Ni@OH plagde starts ®om yhe initial cyclé€sgure 3.25. This
is not common as normally this phas®velops slowly with cyclingn the work of
Singh [189 the phasewas seerat later stageef cyclingi.e. after 50 cycledn the
present casdy o t-Ni @ OH -&dli®O@H f@m together suggesting that ttweo
reaction are competing with each other.

3.4.3 Electrochemical Analysis

Electrochemicahnalyses on carbon bearing cathode abaltbearing onénvolved
studieson charge profile, LSV and EIS. Charge profiles are usefdtudy the
oxidationof Ni(OH)2 andOER whichare expected to take plat later stages of
charging.

Charge profiles recorded from carbon bearing andb&ing electrodes are
presentedn Figure 3.29Here, the red data shows the chamgsdile of the reference
cathodeat its 1%h cycle. The blackone is that otarbonbearing cathodat its 3d

cycle. Thecycleswere selected athe cycle where activatiowas completeThe
chargingin the reference cathode starts at 1.25 V and rises steadily until the voltage
of 1.40V is reachedvhich corresponds ta charge ofLl75 mAh/g. After that, the
voltage rises rapidly to a value of 1.48 V. This transition region corresporuas to
additional65 mAh/g of charge. The total charge attaiirethese two regimes i.e.
chargingregime andhe transitioral regime add up to 240 mAh/g which is exactly
the discharge capacity drawn from the cathode at the corresponding discharge cycle.
Then, the voltage rpfile forms a plateawat around 1.48 This observation is
consistent wittAyep and Notten [322vho studied the kinetics of the OER in NiMH
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batteries. They found that during the charging of the cathode, i.e. during the

oxidation reaction of the nickel, th@otential of the cell shows a sloping behavior

until the battery nearly reaches full charged condition. After this pibi@tvoltage

starts to rise rapidly and reaches a plateau. Once thisipliataahieved then OER

takeover athe mainreaction.Thist r an s i

ti

on

regi me

designated

treated as overpotential for OERuring theperiod of rapid risesome of the current

is spend on charging the cathode and some is spent on the OER i.e. two raegetions

in completionwith each other.
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Figure3.29. Charge profiles obtained during cycling of the batteries. On the graph

regions of nickel oxidation reaction and OER are indicated as well as OER

overpotential,

n.

The situation is different for the carbon bearing cEfle charging starts from 1.32

V and rises steadily with continued charging and eventually reaches the plateau.

There aretherefore, only two regimesnd theadditional regime observed in €o

bearing athode is absent. t

can

be

sai d

t hat

t he

overpot e

small and oxidation reaction and OER reactions start to compttesach other

from the early stages of the charging.
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Figure3.30. LSV curves olained from the samples in floed cell design. On the
graph regions of nickel oxidation reaction and OER are indicated. The red arrow
pointed downward indicates the peak top formaticcuared for the reference
cathodeand the black arropwointed upward indicat the peak top formation is not
finalized.

The process of charging and OER may be investigated in more detail using LSV.
The curves recorded foarbon bearingnd Cebeaing cathodes are shown in Figure
3.30.Thereference a t h a3V eldtasshows a fully formeakidationpeaklocated

at 0.46 V Hg/HgO) andforms a tail at the end whiatould be assigned tOER. On

the other hand, the data cdrbon bearig cathodedoesnot form a complete peak
insteadthe oxidation peak an@ER tail mergdogether i.eboth reactions overlap.
The peak formation starts at 0.3a%d 0.35 \for theCo-bearingcathodeand carbon
bearing oneThis indicates that charging starts at lower voltages for the reference
cathodewhich is also apparemh Figure3.29 Moreover, the slope of the OER tail

is more inclined for the cathode prepared with carbon derivativigher slope of
thistail couldimply amore aggressiv@ER for carbon bearing cathade
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Figure3.31. Sclematic illustration of the flocetl type cell during OER. Red crock
is the cathode connection, blue crock is the anode connection and the reference
electrode used is Hg/HgO. Bubble formation on the surface of the cathdde a
particle drop out at the bottom of the cell are observable.

Aggressivebubble formationwas infact observablewvith naked eye. Figure 3.31
shows a photograph takefuring the test.Here intensebubbling wasevident
togetherwith particle drop out which is accumulated at the bottom tife flooded

cell.

During the operation of the cells the aadles reaclWER regmes.Thereforecarbon
bearing cathodenust experience this drop out which axplainwhy the capacity
decagin these cathodes with cyclinfhecathodewith cobaltalso experiences OER
but the reaction this time rotasaggressive and the conductive network provales
better mechanical stabilifpr the electrode. As i@sult,no observable particidrop

out takeglace, hence no capacigcay occurs.

Thefindingsreported aboveuggest that in order to have a stable and high capacity
cathodes in NiIMH batterieghe charge reaction and the OER should be well
separatedrbm each other. Snook et al. [323udied the kineticef OER and its

effect on the performance of the battery. They concludedQEd could not be
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avoidedsince otherwiséhe batteryvill not be activatedHowever, excessive oxygen
evolution results in capacity fading and incompletdization of active material.

Moreovet t hey obser ved a-NOOHfarmdiant ween OER

Carbon bearing andbalt bearing elgrodes were also studied wetectrochemical
impedance spectroscopy (El®)ata recorded argiven in Figure 3.32From the
Nyquist plot presented, it can bees that lower frequency region forms a depressed
semicircle, this is the characteristic shape of a charge transfer resistance combined
in parallel with adouble layer capacitancEhe semicirclesnboth the samplesere
depressed to a similar exteimplying that thedouble layer capacitancef the
cathodesare comparable to each other. Moreover, since the diameter of the
semicirclein the reference cathods larger, its charge transfer resistance at the
cathode interface is higher. As the frequency eses a straight line with a 45
angle emerges which represents the damte diffusion, Warburg impedance. In
this regime the process is purely diffuslonited and the regime is moexident for

the referenceathode This purely diffusion controlletegime is only observable for

thecarbon bearingathodef the data is zoomed in.

In the lowest frequency region, the system becomes more complex and the slope of
the 450 straight line increases. The Warburg slope is related to the diffusion
resistance and a higher slope means slower diffusion in the system. The slope of the
Warburg component is quite similar to each other for bathodesLastly, the bulk
resistance carbe interpreted form the data as the point where the semicircle
intersects the real axis. This bulk resistance is a combination of the effects form the
electrolyte, separator and the electrodes. It is seen that the bulk resistance is higher

for the referenecathode
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Figure3.32. EIS results of the cathodes.

It is obvious from theEIS studies that the reference cathoeleals no improved
kinetics over thecarbon bearing cathodén fact, in terms of bulk resistance and
charge transfer resistan€@o-bearingcathodeis inferior. Therefore, the superior
performance of the referencathodecannotbe explainedhrough conductivityThis
might be due to the fathatconductivenetworkformedin the reference cathode
through dissolution andrecipitationreaction prevents direct contact between the
Ni(OH). active material and the electrolyte. It is possithlat carbon derivatives are
not as preventive as the CoOOH networallowing some contactbetween the

electrolyte.

It should be mentioned thali(OH): is also used as a catalyfor OER in alkaline
media [324. Hence, exposure to the electrolyte temvecatalyzingeffecton OER
reaction. Moreoverthe same can be trusith y-NiOOH. As was shown in Figure
3.16,the full surface coverage was not attained fordddodegpreparedwith the
dispersion method. Although, open surfaces of Ni( d)ticles were not observed
for the ballmilled cathodesit is possible that the carbon coatiggls damaged
during cycling exposing the active material to electrolyte
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't i s al seNilkOdHwrp htats atNIiO®H phases viith intdroalategl
water molecules with certain specigsions[244]. Lack of drect contact between
the active material and the electrolyte should result in no accessible water molecules
to intercalate with in the structyiee nce 1t s h o-ANIOQH fermgtignr e s s

The resultsas discussed above, clearly shinat the carbomearingcathodedall

short with respect to referencathodein terms of bottthe capacity andhe cyclic
stability. This was trueregardless of the method gkeparation ofC/Ni(OH).
composite powder and of the type and combination of the cadbditives usedit

was interesting that although EIS suggésts the carbon bearirgathodeare better

in terms of bulk resistance and charge transfer resistance, the charge profiles and
LSV showedhemain oxidation reaction of Ni(OHpccurs ahighervoltages in the

carbon bearingathode It is important to stress that in the case of carbon bearing
cathode the charging regime and OER are not well separated implying a small

overpotentialfor OER.

If carbonis to replace cobalt in NiMHcathodes it is necessary to fiméhys to
increase the overpotential for OER. This could be achieved via findsuifable
additive and/omodifying thesurface coveragso as to establistontact between
carbon and the active materidlternatively, thesame aim may be achieved by
lowering the charging potential of the cathode which may be obtained also by a

suitable surface modification

35 Conclusion

A studywasundertaken to replace cobattditivesused in the cathodes of the NiMH
batterieswith lower cast carbonadditives. In order to achieve this goal three carbon
additiveswereemployed solely or in combinationBwo preparation methods were
used for C/Ni(OH), composite powder which were thought to ensure the
homogeneityas well as establish go@tntact between the carbon and Ni(QH)

cobalt bearing cathode wasalso prepared for comparison purpo3ése results
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showedthat cathodes prepared with cobalt can deliver its full capacity without a
capacity decayCathodes prepared with carbdid not reachthe full capacity and

they had poor cyclic stability. The performances of the carbon bearing cathodes
variedwith thepreparation method of the composite powdéese differences were
assigned tdhe aspect ratios of the powders such tHepersionmethod works
relatively wellwith additivesof low aspect ratioTherefore, dispersiomethod is

more suitable with carbon blaggowder Similarly ball milling was found to be
exhibit better performance with CNT additivex-situ XRD studies ordismantled

cells showed asignificant difference between cavh bearing cathodes and -Co
bearing ones. With cobalt, the study showedwass expect ed, -t he
Ni(OH). and3-NiOOH. Carbon bearing cathodes hgtNiOOH phasan addition.
TheaggressivdOER andassociated particle draqut werethought to ben relation

with the formation of-NiOOH in thelatter cathodesThe study on charge profile as
well as LSV showedhat in Caebearingcathodes theegime of clarging and the
regime of OER werevell separaté. In the case of carbon bearing cathodes this was
not the cas. Two scenarios were proposgtlas to improve the performance of the
cathode; one was useadditivesthat would shift charging profile to lower voltages
and the other, moreuitful approachto use additives that will rise voltages causing
OER.
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CHAPTER 4

GENERAL CONCLUSION

In this thesesa study was carried out arathodes used in rechargeable alkaline
batteriesTwo batterychemistriesvereinvestigategdone was Mn@Zn and the other
was NiMH. Both chemistries ammportantas low cosbatteries whichmay be used

in stationaryapplicationse.g. grid energy storage.

For MnGy/Zn acombinatorial approacivasadoptedand MnO, wasmodified with
Bi2O3, Nay.oaMnO2 and NiO for the purpose of improving thechargeability Two
experimentswere carried out each yielding6 compositons making a total 72
cathodesThe results were given in Bia-Ni ternary diagram, Mn content were
mapped in termef contourlines. Tesing of thick film cathodesgainstMH anodes
showed that cathodes near Bi corner shoaacityonly in the first cycle meaning
that they might be useful as primary batteries. Batteries Mieeorner provides a
reliable behaviorand are quite attractiveas rechargeable chemistry, which is the
basis for well-established NiZnbatteries. Cathodes rich inNa did not have
satisfactory performance as tHegetheir capacity fast with cyclingCathodes wh
near equimolar Na and Mn, dio.odNao.3dNio.odNo.440«, performedwell and were
identified as potential cathode composition for rechargeable Mnatterieslt

was proposed that capacity decay which was observed in these cathodes are due to
their formas thickfilm cathode deposited on nickel substratechitdo exfoliate as

a result of volume change caused by cyclibgias further proposed that the use of
slurrymethod wouldoleratesuch volume changes and would yield cathodes of high

cyclic stability.

NiMH batteries are already waetlstablished as rechargeable batteries. Efforts to
reduce their cost continues with regard to both anode and cathode. In the case of

cathodethe use oo isimportant with regard to cost reduction as it has quite a high
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share in their cosin order to poduce Cefree cathodes for NiMH batteries three
carbon typesvereused. These are carbon black, plasma black and carbon nanotube.
Considering thathte performancevould dependyreatlyon the contact betweethe

active powdergconductive additiveandtheirhomogeneitytwo production methods
wereemployed. Th@newasball milling method and the other was dispersibne

latter methoaxploits the surfacehargeshat woulddevelop orcarborandNi(OH).
particles.Thereforetwo dispersions werpreparedne with @arbon inacetoneDI

water solution and one witdi(OH)2 in DI water.Two dispersionsvere then mixed

togethetryielding composite powder.

Cells were prepared using a slurry method and vested foitheir performance. A

cell with a Cebearing cathode was altgsted for comparison purposé&se results

showed that cathodes prepared with cobalt can deliver its full capacity without a

capacity decay. Cathodes prepared with carbomdideachthe full capacity and

they had poor cyclic ability. The performances of the carbon bearing cathodes

variedwith thepreparation method of the composite powder. These differences were

assigned to the aspect ratios of the powders such that, dispersion method works
relatively wellwith additivesof low aspect ratio. Therefore, dispersion method is

more suitable with carbon black powder. Similabgll milling was found to be

exhibit better performance with CNT additive.-Bxu XRD studies ordismantled

cells showed asignificant difference betweerabon bearing cathodes and -Co

bearing ones. With cobalt, the study showedwass expect ed, -t he prese
Ni(OH)a n dNi@GBOH. Car bon b e arNQOOH phase tnladdlitoea.s had vy
The aggressivOER andassociated particle drajut werethought to belueto the

presence f-NiQOH in thelatter cathodesThe study on charge profils avell as

LSV showed that in Gbearingcathodes theegime of charging and the regime of

OER are well separated. In the case of carbon bearing cathodes this was net the cas

Two scenarios are proposed as to improve the performance of the cathode; one

was to usadditivesthat would shift charging prdé to lower voltages and the other,

morefruitful approach, to use additives that will rise voltages cauSER.
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