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Chapter 1 Introduction

1.

I1Moti vati on

Nowadawdtcentier wi t nBegeéengohdfemprtdrogny t o

t hdce mand of boomi ng econoinyo a hFo snsatlluafad e | gsa s

be

r e

¢he @maikmer gyl?Wbut eetdhef owosilld fuels are |

sumed nowadays, two critical I ssues of

i sing, thus bringinrfimaléydtotsenti druetll & t

I suffer from the end of supplies some
eawdrn,g fossil featedd anorenonremogws htacsl le xon
and wateglrolpall | wai minndg o4aTadk easl ti tmeagt,e tchheas
avoralwli ééf Aaoger s mgeudiumesntwsor | dwi de econ.
el olpmeegit mesti ence and technloil @mgsyaott iov ecr
sil fuels is an urgent prhioghlty gefefeiowire s
rgypeshBteoer ochemical ener(gyEGP)svemsi on
sidered as a promising rephkaéacdarmentc hefmi
rgy to electrical ener,gywhiacshbaeghii-ebemén
ign emissions and exctctUhlkinke opematirema

our ces -ssaalhe asso Hoears gagin de Iweicentdr i ci ty gener a

cadhel eVectricityel @&ctmoonechteheoldisalb | e

These EECS technologies are now being

devel opment of modern portable electronic

1



wel | as hybrid eleatrhymmri dekbdcaines alviphu
Supercapadaitttcared esebhd Aremaikmodei meadt bant h
EECSyst'dBased on different «conwerstshene eand
EECS sesthéemst di ff erfematt fieniesscgtyr ocqdeehngsmiecyasle d
wa-hbur per anfitcewer \Withd mg)aW ¢ )t wo most i mport a
to be evsadtdhadtener gy contents afllerme¢leaciapms
bet ween these two propert i ecso ncpiampebveenmedx pr e s
energy cBfrueill iddlelss can ee@erggasgstems, h
supercapacitor s -paorwee rc osnysls etaetniseedy iaess hiimg ht he i
positiAint hougrmheet hEEE@S ¢xnsdiefifser ent energy
char acttereiys wakdse,ct r oc hemiod aal og ihmirl awoirtdiseg s a
consist of sttparaltedt bydeasnn el ectrolyte. The
on the el ecgternoedrea tsiumrgf laiceersss ndmeé | eonhsblp®. acr
electrolyte to complete the reaction, and
power =electricity. As key components of ar
el ectrilol haee ws b bsotna ntthiea | p eerdfffo® &R n< e s tod m. Wt
there hmaepy beesearch and devel opment conc
investigations focusing on electrolyte are
and preparation of an i deal eill efct ueon e et |
per f o nmoafncan EECS system in different ways.

El ectrolyte plays a critical role in e:
systeml udt egrsalstthaeercnea,l stability, mgowdre der

2



| idred g @somsFeiegu-i)diol e x damplieo,nitc cfondluedt volt

has a profound influence on!%%hi gahorad u ateisv e
electrohygbnwimoli Il ity asdalbbw shewsesiouy st
capability, cwhiibopgrowes We&msitithge propenty of

conductthievietlypot ent yak window al so has a maj
as wel | as édhteea gyppareatsing. pot ent ibalsedi nd
electrolyte is theoretwvioadghdwaytfseprel bwi 8gO0r ¥ac
about 1.23 V (thed pove@lnutiiadn wi enaotwi confs Ha't
tempertEWwheer@asotgani c el ectr ol ywtaem airs uiad fliyc
operated a%®rvtea ciOngd gteheofvoaln EECS system ¢
feasi ble and effective approacbptomaehngvt
el ectrolyte aprtoeemitsiang weonedbogve & d®donme ttyher mal
properties |ikegbpobinnhg paint sotubetrity et
electrolyte stability and thereby a¥#fect t
No-ndeal asdadmparniyed by the el ectnroomeynteen deg
al so recognized as t he?%Acetaudaitnldgysc a ursgpeo sosfi bsl hec

an electrolyte to satisfy all the requirem



Figure 1-1. Physical, chemicaklectrochemical effects of the electrolyte on an EECS sy

Repoducedrom referencel7, with permission fronRoyal Society of Chemistry

12 Fumdnent alElsecdfr ol yt es (material s an

El ectrocheemicesl

A ocnventi onal el eondokyie®ei sobotioni di s
solvent. Duringprcoheadrsgsen oEEQ@S$ schatrgm, t he i ¢
el ectrolyte to affacivled Haadrt gtemge oanipecspakd d ®n ga
chemical '*Tekacnabose of electrolyte, inclu
operating potenti al wi ndow,; t he physical
interaction with electrode materi aHEE t he

system pée&PIfnorgmamereal , an ideal electrolyte
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properties: (1) good ionic conductivity; (

t her mal stabi leilteyc;t rO&hemroml sisn@bility; (
materi al s; (6) -flloavnma slcen;s i (t7?d) aenrdv inromn ment al
and easy to commerciali ze; and so on. Thus
at preseatws stvomutl e fover al | performance t o ¢
its drawbacks to fulfill the requirement o

To date, various electrolytes hamae been

showhi guw2ien l1lt hiesl etchtensudisywti else d 1 tnyt oepshiyfsfi icdad nt

propewhiicelsi qjue d el ectstaltet el acdrodblyiteé. Wit

D
D

ctrolyte, it can be faugrutehoeurs gormbeudpfetea s endt ¢

n
o

vent Aittipgrigsadnita,lye tobfet mafj pyres f oirs tmolsit E

elbbaussed sol uti on, which has outstanding

o]
o]
c

mobility and®®Reooenwtglsymase dyel egt aodl gitleg @ao
in sight, particul arl y ftohrdiilgh ho menr atoinn gb af
window supe?di obiase doehewistriol wrtieque structur
are burvwheionh ngreate more possibilquiekl|l y o
grab resecbaethdowmever, these |liquid electro
problem @®mud dfstseiega | ong.Thaasklo éit caft er -uorrn iqruga
sofsithat e electrolytes are good alternative:c
foldable, portable, micro df*hedearabsewet
sofsitat e electrolytemubtefasi mply cohmaffipgur at
withokingl aaeoudr wio@ger alsl. , a various of el

5



designed and developed in recent year s, a

i mportant functions for an EECS system.

Electrolyte
[ I |
Liquid Solid-state
electrolyte electrolyte
Aqueous Non-aqueous Quasi-solid All-solid
electrolyte electrolyte electrolyte electrolyte
. Organic || Hydrogel polymer Solid polymer
— Acid — }
electrolyte electrolyte electrolyte
— Alkaline | Tonic liquid| | Organogel polymer Polyelectrolyte
electrolyte
| Neutral L | Mixtures || Ionogel polymer Inorganic solid-state
electrolyte electrolyte

Figure 1-2. Classification of electrolytes for an EECS syst@&epoducedfrom referenc

17, with permission fronRoyal Society of Chemistry

Aqueous ed xbtet rdbiliwitdeesde eeatygdesal kal i ne ar
typically r28@r el@HNtaZ2@d bgi gini fi cant advant at
el ectroéytredeamalhy t eni cc ccnopnadruecdk-awiiglyus-oor s o
state el eEamroeé¢yampl e,comsnedhac mbH® Qleacs ra | yt
high ionic condygadt dvaGHL YQ)BTo n0 .cH NS bagarreaati on
influence on 3%MhHe icomidou cad mwaewaythi v ittsy hd agrhre
if the i1 on oonbtbegtroamoisdo &GELSt sys tSe@as use
el ectrol ytthee bmeacxausuem condHpR@ii bt gatheadMue f

concentr tSiaome atul2ess al so apply foKFi adrkal i n



1-3, at room( 2°@mptehatonghesti vity of KOH sol u
2530% concentratThat (i7s MWK Hhbsatt t 2zirmes pr e
M KOH solution as their electrolyte. It IS

operiamn edot h acink da udnwsialbliudid d infgoeIr @eanfte mi c a |

reactions. Acid and alkaline &odlthellt sraace
are as foll ows.

Aci di c

HOR H,Y 2H'+ & E°= 0 V vs SHE(

ORR pj 20,+ B*+ &Y H,0 E°= BV 2vs SHE (1-2)

Over al | Hy+pj20,Y H,0O E°= BV 2vs SHE (1-3)

Al kal ine

HOR Ho+ 2 1DY 2 HO + & E=-0.39 vs SHE (14)

ORR pj 20, +H,0 + @Y 20H" E°= 0.40 V vs @HE

Over al | Hy+pj20,Y H,0O E°= BV 2vs SHE (1-6)

Besides acid and al kal i feeNaSIGeicst nadl Idymtl e/s ,u sread

in some EECSTahseysnhéemge efl@erctnebyteael i s the
corrosion issue in stroARffhmoudhanhbdeal kakst
ion si ze, i on mobility and ion transportat

interaction between electrolyte and electr



possible indication on the electrolyte des
KOH concentration (mol L™
2 3 4 5 6 7 8 9101112
0.8 L= Conductivity 115
[ —@— ZnO Solubility
«— + —A— Zn/Zrf" exchange current density ® 1
‘_E g 06} 410 ‘:_T
O <« E— U =
N g
vé\ =
£ 204 2
54 05 2
25 T3
S E 0.2
O
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KOH concentration (wt%)
Figure 1-3. Electrolyte conductivity, Zn/Z# exchange current density, and z
solubility as a function of KOH concentration. Reprinted from reference 37
permission from John Wiley and Sons.
General ly, aqgueous electrolyte is the
advantage of safety. Water is the solvent
friendlyl amdhabbae. Compared with oreoamns ¢ s

el ectrol yt ebeayxsedndhad gy f wowriitdhhatreo concerns

consi dé®attbesother hand,

highly

active metal s, such

shobédcarefully handl*®d in

t

h e

Howe vt é&dder,awb aak r fw

EECS devices voltage wil!/

8

t he

as

an

be

r

C

(

organic solwv

l ithium and

i nert atmosp

restricted

aqueousacehiieegit s oHiyghe ener gy yeeert 5 iotnye.d , Ast

by

operati rmaplsapgehyi at f e



in which the hydrogen evl IWMsS.HE,n wrheialcda itome oc
evolution reactiilo® @gSaoHEe ntTihael ried ealbsceult gases
oxygen may destroy the packuwulgae at eannt i BHC S

ri%stk.

1.4 OrEgeaeaicol yte

Aytpi cal or gaminsieltesctofolcytnaddlucti ve salt
The nature of conductive sahfftoandésolEEECISH
Ssystems, such as ion size and type, I on
temperature and potential, interaetriesgrys ebe
stable potential wi?ndow (ESPW), and so on.

An idreq@dni cs hsoaullvde nhtave the ability to di
and provide a relatively high ESPW. Most i
during the charge and discharge rmtnmiimsi oo f
properti ematodr ioalganmake them at the risk o
environment. Thus, the fabrication and ass
shoul d baeviudédiroywatcset roifctwat er mol ecahgsre8iedaa
i mpteisdg(wattmay | ead to the EECS s y'STtheamh piesr f
why the dcdamahdcbbéiring prooeshdastofv ery amiigh s
andsuaclolsyt | y. Tchrea tfsaeceaborrd f or organic sol ve
temperMateudl ewer t eonfpariad ws eo kg @m it d egelntentt h

t hreesul ting in big dif f%Roernceex aonp loe,e raacte tnogn



and propyleneecawlbomatse CPGMoailsy oused eat g a
doubl e | ayer capacitors (EDLlLECSE)DLCT hnea tsp elcM
organi cdidgiamhaemgte dve ¢ rhetaesmgnegr awhiirlee t he capa-
the EDLC with 1M PC solvent obviously decl
T4T*A fleiwt ematverfmeaisi ng on broadening the
an organic solvent, such as some additives
An i deal conductive salt for an organi
conductivity. Theorwat iuca iy ndeetth &y c o wd u ¢ taic ¥
concentration“*®mdei bonmobntéenhyration of a
l i mt oed he nabb slsiol y of solvent with conduct.i

| arbel pfdycttleel sol vent viscosity paanrdt iicolne ss

have moretfmesgomtton the electrolyte. But
solvent, the aifcamsst ccaommatr emdoveo t he countery
thus resulting in relatively | ow toybondMcti v

tetraethyl ammonium wetirmfAGMroblovasm (JTEAB
whereas the cosdatt’@&ig yarodu'dld M .HB S cm

Aging and degradation of am®araenE CiSmpsoyrsttanm

i ssue need to be addressed. Har sh working
degradatiani oAsdwermei ously, the outstandi
is the wide operating potenti al wi ndow. S
el ectrolyte canZ2eWewolIrteaaged. ubhhowever, the e>
is also a big challenge for the electrode
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materials may suffer fromosxd dateoinr sdesk a
some gasespomfOchwhsciC®wwsi bl dedamage for a
pack* Tghee. understanding of aging and degr ad:
protection of an EECS8asgestéemfibDdechamlint lsiet e
behind this phenomenon, and stoimetbBrder hmegae
alreadgppleieemddeeply wunderstand t h-er ymsetcahlani
microbal afmaic( @8M) magneti €®3resenadamces maNMR

neutron scatitersingmi(@AdNSYHeXd mrd med ron .

1.5 LiogqhuElcectrolyte

lonic liquid is a good electrolyte can:
uni que physical and chemical properties,
el ectrochemical stabiflliatnymablodw ¢ y ol gei ldiatl v

compeod of solely cations and ni drhmauswiitth irs
known as room temp'efP@rareomuodrleyn ssadd scat.i
I i quiidms daarZdegl[i EMiM] a mmdegiJulE ME] phos gelgp ni um
P2)}sa sul (eg,]iMsm), pyrr oeg,BdBYR, uaand s o olny. The
emp!l oyreidodfisoni c | ibgiug (dtsr i &1 @ or omet hd)n,esul f
bi s(fsluddromnyl Y)i ,mi dexpahflelSupohrab) ¢ PEGganBmi de (
t etr abforuactrigp. ( BRRds ed on the differegitoriad i on
|l iquids can be <classified into three type

(Fi gu-#)ed 1
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IONIC LIQUIDS
Aprotic Protic Lwitterionic
o B Q.. & o

< 0 < = B B/
& C* ° OBW ° C*A- .

BH* A
° ° o o B = 5

c BH* HA 4 Er
Imidazolium based IL sulfonate- SO.
HiC,_ e, CaHly CaHsNH, containing ?
N / . itteri
N@N HNO, NOs zwitterion
N
- © || e
N(CF3S0,), cany C2HsNH3 H,c—N~7

Figure 1-4. Classification of dnic liquids. Reprinted from reference 58, with permis

from IOP Publishing

Actual l y,s iaornei chilgihgluyi dd unabl e materi al s
composition of amromustacatuo®nemiana certain
properties. This 1na&ctterei sntoisda aaft tirarcitd viei gth
meet the requirement ofhsomghspbkei bpti BELS&
and cati ons Fcommimpdyteifon-basa@dumonic | iquids
|l arger ESPWsdawoaldieudm i eanihaviei dweitd er2*i% ni ¢ ¢
As nmtei oned pneEECSsIswpsgemi wi @h adCNr ainygt é C)
normally have a v2lt8aye Aiwmontghbagewabbel2dsay
t he degreadeacttiroonde materials as well as el ec
combination oatmeni @hii @¢i hicoomi dvi & lhesd tarnadl yatne

vol tagé%bMi t® VYVespect-based mi diaizjeE M| uvjy i BoF,
12



el ectrolyte, a highlan °G2dnadsu cbteievni tayc hoife viedd na
| i gwasdded ed eddlowelvetre this valwue iss ssudch |
as TEABEWi th a conductiVvattg25Hthe 50el9a tmSv eclny
conductivity values of i1 onic liquid electr
The high viscosity of ionic |iquideekéctr
thereby significantl|l y Theeareatsiec alhley ,c otnhdeu cv i

much | ower than thBRor oéxampghai|fc t[bEM gi] g oBoFyg t

o]
>
o

[ BMJavr]  BF12 cP®®dmeds pecti vely, whereas th
organic electroad9tad®‘Cmgmuehyasmahl elSome ca:
' i quid are si mi |l aorf ttoh es usrpfeaccitaal n tsst.r uBcetcuarues ea
tend to aggregate in ionic ligd®Thewkifohei s
the ionic |liquid electrolyte wusually cannct
organic electrolyte.

The combination of ionic | imgal derwiathi vo
strategy to draw the advilainghaagslkes eof r bbythety
| ower viscosity, thus boostminxgt uhrieg hoefr iicomi
with organic solvent wusually exhibits supe
el ectroFgt ee xtéhsep Int Ixe citedo 12y M [ EMI MDMEF6] ar
organichasamlvemductivity a’s whglkhasgetdnsmSr
supertihoan tsyol el[yEMIavni[cB Fldi]gieildd® caduaelt ytve t y of
cmMat ‘C28However, notagaflonnicombi qui d with orga
provebewceiftnie EECS system. Mor e tahhd edirt a whna csk

13



brought from the mixture of both.

1.B5l-sd&t ectrol yte

Nowadays, we arenenpt®mnagalttecotma roccshe mg ¢ a l

period with t heeldecntameda roafb | fel egexbielclad oai de vy i

str etelheacbtlreoni ¢ di splays, and so on. Howe v e
meirt s are | argely | imited by the bul ky bat
l iquid electrolytes. To end this, one appr

sofsitat e alternatives, making t hret aBEbHGS sy st
As a promstsang elot ¢ tdrso leywtges,otceambi stehal t h e
foll owi ng c¢ hlargac tieorniisct Facosn:dau(cltqgil v idt ye.l ectr ol
pri nparroypefrtyntlee esdoniic #Howduet|jvithe. i onic
mechani smtihal soteiclaluvs&oitodus matri x materi al
charge carriers. I t i & n cmoniolnal ny ycacenkaheonwt | r eadt gi
t wo i mpor tamotnt frtaatud red e al ionicTleendughi viot
concentrati olnamgdnb ecphraorvg ed echabelreg®@mo d i on mob
guar aaft ebem ve ment of tHegeod hdirmensionrsal st
mechapicp€Eheéyswell ing ratio (di mensi onal S

i mporitnainttat eval uate t he pelrdotr rm@isyteae pnreombirs

solid membrane, a Itdseessviet il vingy rat i wantwe t hm
i depalpgrtt hwsso!l i e membr ane wi | | not suffer
fluctuation of the humidity environment. Al

14



and streaemeival hreebqui r ement of some stretch
el ectroni(c3)deex celsl ent ther mal , c hfenmi cal ,
el ectrochemical energy system often suffer:
environment ex amp lues,e dt heed eccammdnyt e f400r% zi nc
hi gbncent KDtH SThert keabosroel,i d el ectwibhgut amew
degradati on I n hargsuhar amtve e onfnoent smosot lal y
el ectrochemical energy system.

With the rapi-st greoweé he otf r csloyitied devel opn
divided into twooilsachbe elpesalaigplatasi el ectr o

The following sections wil/ provide det ali

-

espectively.
1.6. 1sQisatsditk ectrol yte

Curragrtt! pyol ymerGPeEHb et mokyt extensively s
whi cahl Biesal | e d-soalss ogautaescit r ol yt e due to the pr
i n®F%W™s shdowmubaeh&PEsS usual loff h@mpmpygmead and
|l iquid electrolyte or a conductive salt di
serve asdgitmeel stilomead tnked wloirguitd pghape 1 nto t
Various ©pol ymer matrices have been explor
inclpdlpgethyl ene oxide) (PEO), poly(vinyl
fl uehreixdaef | uor opr o-dyFP e h g Xpme(tPhWOF met hacryl at
poly(vinyl chloride) (PVC), poly(vinyl al
poly(acrylonitrile) (PAN), Poodpr(celtactl omee)t h(

15



chitosan, and so on.

Figure 1-5. Schematic diagrams of (a) a gel polymer electrolyte, (b) a dry solid pc

electrolyte, and (c) a polyelectrolyte.

I n thisasekdde®insthle difkermh&iel lofbd i gluads
into three types: hydr ogel pol ymer electro
pol ymer el ectrolyte. Hy dGrPdagleil ¢ lpvwod syerer a = | @
pl asti ciozerexampl e, P VAy d rso gteht & opsobl syimtep o pu k ar
prepared wi bthQ afH® e rKiOsHs dfa O, ‘K'@lheanhdaNa Cl

reportefdi lam,t hfilnexi bl e, -aand braacthearypelaibd ¢

electrolyte which is synthesized f%¥ d6maa mi
organic solvent is appli@@dmedsisadrgfnogtee
electrolyte. Same wi t hwet hdei sacrugsasneitice allbi ogguai ndo

pol ymer el ectrol yte niomramwrad d sye & alnma tbtee3oyp evw @alt t

V'8 hi ch i s much hhyidgrhoegre It hpaonl ytnheart eolfectr ol y-
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be contsoneoremgopxaoltyenmeatrm,db d@amgn new type of GPE
ionogel pol ymer electrolyte.offheocoogdlucpol
el ectmaoilnyltye depend on témplnayted ei mft he ndys tl
the propertyampgd! ipeod ymer host

Overall, the conductivity ot &P& ebeout ¢
because of the presentsaofrkeegqguaddpbaseer wh
fori ohe rather t hsathatter ep thd oec.k eldlo veoMard, GPE s
dr awbacks, such as thedpdoyi mgcbahi cakust
water is used as the solvent.
1. 6.- 20 KitdkEt ect rol yt e

I n tthe sisojsitahltle el ectrol ytes are divided
el ect(rSoPIEyY)p @l yel ectr ol ysttea taen de Aishosrirgeaing tdrers o | i
1-5b,SPE i s fars®|l yesaitem whi ch consi shtosutofanay p
| i qui di hpphasoenducti vastiyghhfasSPtEhe sGRBtsyst em,
move across the polymer withoWwtEOany ddhei gnc
commosned pol ymer pabradedldgesitlnydliundhiinugmhi am be
and | ithium sulfur battery. iltoyohhei pbotgsl &
t heharged pol ymer Ehgubs . LA shownsioan m
pol ychaaypensl|l ectrolyte c hcaoinndsu,c t wingr eparso pteh &
achieved by-ttype polex@amgadmyit@tscoleilecs ool gt e |
state phase composed of:SPRQIra@geaniaeni mateé reical

reported by Fhlapekphrewsed sol i d el ecdtrantleg t e,
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electrolyte is not able to be fl exidfl e, b e
i nor garitcatsoleilse calrsod ya do wigivseusasluley has good
stabi loibtuys tanme crhani caan pbepeperyat eduisnihigh

1502098d®?

1.7 Str Uhceasuirse of

Thmaiorb | esxotfi viehiasrtebphle $i gpehf ghmance el ec
materi al ectfrodachemi cal energy systems, i)
me c h asbiesimnd di fferent electrolyte materi al
of wexeration electrochemical energy syste
benadalkl ectr orhied edeovieces .h htehide st geasiasn dwahlar
of different electrolytel enadartriphgsiweale, i@
el ectrochemical properties were optaitmi zed
di fferent FEQS-6&gditems.a breakdown of work
this thesis.

This thesis is orChamitzead riloduses rcoeapeée:s
background, motivation, <c¢lassification of
and the scope Chfaptipeee £2betss ss wime kkey per f or |
techniques empl oyed t hnoudgehpotuht dtehteai 1t B e spirs
Subsecdueriter 3 through 5. Three different
di scussed c¢chmpsebk &8gufeonctl3ses on a novel str

pH of the electrolyteteaevyrovomteaget oaerdhan
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t he goal of hi ghkaqgeueerugy rdeednosgihthyp obieer abl dst [theirti he
a functionalized nanocell ul ose/ graphene o0x

used as T omyddircdsaihe seollacdt rol yte in faliexi bl «

batt €hiaes @les &r i bfeusncda i onal i zed cell vl osel/ g
conducting solid electrolyte with a 3D ir
el ectrolyte thoaalpggluice@ sshulal ¥ uel cel l gas
al c othhoalp.tseummear i zes the i mportant results a

direction that the work may take.

Chapter 3 Chapter 4 Chapter 5
Zinc-iodide flow battery | Zinc-air battery Fuel cell sensor
Ethanol / Water Excess ethanol / Water

Anode

e |C,H,0H + H,0 —> CH,COOH + 4H" + 4

Oyt 4H" + 4e” —> 2H,0

Oxygen (From air) Excess oxygen / Water

9 Jaydey)n

A hybrid aqueous
electrolyte design

An enhanced redox
flow battery voltage

A novel strategy
towards a high energy
density all-aqueous
redox flow battery

A solid electrolyte with A solid electrolyte with
functionalized nano- functionalized graphene
cellulose based materials | oxide based materials

saAj2adsiad pue suoisn|ouod

An hydroxide-conducting: « An proton-conducting 3D
laminated structure ! interpenetrating network
membrane structure membrane

aje}s-pijos-||e / ajejs-isenb :3)Aj01303|3 pIjos
snoanbe-uou ; snoanbe :3}4]04303|3 pinbiq
suoljed1ISSe|d pue sjejuawepuny 334]04303|3

)
1
)
)
1
)
1
1
)
1
1
)
1
)
)
1
)
I
1
I
1
1
)
1
1
:
1 flexible zin-air battery sensor

]
1
A thin-film rechargeable : * A micro alcohol fuel cell
1
]

Chapter 2

Morphological and compositional analyses: FTIR, XPS, XRD, SEM, TEM, EDS
Physical properties: mechanical property, WU
Electrochemical properties: EIS, battery evaluation, fuel cell sensor evaluation

Figure 1-6. Schematic illustration of the remeh topics throughout this thesis.
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Chapter 2 Characterization Techniques

This chapter presents some key perfor mai
eval uatmadrer o&l s and systemsl ndetvipies he d i n
mor phol ogintpaolsiandna | anal yses arseppéli lkedaso
eXxt endsyi vc har ancatneorcioznep otshé¢ e el sghnt bk wthd esidne mb
wotr kA variety of electrochemicmdr ftercrhann agal e
el ectrochemi dalclauylsthgmzi nc i odi de Isaotrt.er vy,
The detailed experi ment al procedur es, char

mat erials are provided within the proceedi
2. Mor phol ogi cal and Compositional Anal y:c

2.1.1 Fourier TranmRSpecmrostoayed (FT

FTT R spec®®d ss @ao p/ye ruys ecdo nmeotnhod t o recogni

structures of organic compounds, mai nly [
i nformati on and i s fairlw. i AdxpehalgRes ahf
spectroscopy include:

) bett e+ oiigrealr ati os;

ithe ability to record complete spectra in
Basically, the wuseful parts of the infr

materi awav dhlawregtah rangi ngTheome220@dt phd6é ©(

of this range of the I R are not bi g enought

vi brational excitation of covalently bonde
20



beAthe characteristic of organic compounds
of vibrational motions of their constituent
related to the energy of the cortrhees peoxnidsitnign
bonds and functional groups in the pol ymer
positions in the IR spectrum with the char
synthesized pol ymer -ImRttox geseenrexldlyy e bmo

structur e.

2. 1-RayX Photoelectron Spectroscopy (XPS)

XP&®% | so recognized as electron spectro
is a prevalent characterization tool for
chemical staXKeays nwiprhnkhplwe, energy irrad
emi ssion of el ectrons by photoelectric ef
el ectrons that é&scsapref dae m ttchpe ImattoeerliOaln m)
based on t hiengeleencetrrgoyn. bTihned bi ndi ng ener gy ¢
el ectrons can directly identify the el emen
relative amounts obheseXsPilBadisbméntzed]| hot hide |
guant ilfeggmerhtes ei n t hxet ateev ed loghetdremloyetred i N ma
also the different chemical states of the
2. 1-RayX Diffraction ( XRD)

XROB®’1 s a versatile characterization tec
of crystal struct urXr aaynsd fartoonmitch es psacu rnagge i

sample to produce difthacanghepaddrer espondi
21



Ther &xy source I s swept over -maysngt opeaingi

are collected, processed and counted by th
t he fsipcecar yst al orientadi bawohsthbhbhoalamplyekE
bel ow,

ne- 2=d sfi n (2)

wheradnn,d@rnedpr esent the order of the spectr.L
t her aXy s, the spacing between diffracting p
The diffraction pattern at specifocthlaeagl e
t heoretical diffraction pattern calcul ated
Having said this, XRD patterns cannot be p
have ordered crysta¥rapylsaneos privatcciedtdpraadcter
t hesiXsSRD is used to i dethdtidyeltdet rdeelvyetl eosp ed!
crystal structures.
2.1.4 Scanning Electron Microscopy (SEM)
SERMMi s a powerful i maging tool used to i
features of micro and nanostructured mater
power f ul beam of el ectrons, and projectin
backtsecraetd el ectrons. The image resolution i
beam and can be on a nanotnheetseiSEMTIr wimli lcr loene t

to investigate the distinct nanostructures

2. 1.msmrasi on El ectron Microscopy (TEM)

TEfR% s one of the essential physical «che

22



direct visuali®@amoomphofogphesismmpae to SEM.
el ectron beam as t hel utoiuonc ei maog ecsr.e aH oew ehvi egr|
which detects backscattered or reflected el
which are transmitted through a thin sampl
to produce the |foiwsalTEIMmagoe .r eTshoilsvealf eat ur e
including the visualization of crystal or
sampl es.

2.1.6 Energyadispecsroscapy (EDS)

EDS orP®EBX an el emental analysis techni
and quantificad i omemifc atlh ec osnapnopsliet i on . Thi s
coupled to BBMS&EWMstoem to be conducted sim
anal ysis. The EDS sigmalysi emobtednédomyt de
the interaction wifthuohe sramdprécdt rhxen -relang anh.€ dT t
speci fi ementeadhh chhl provides blue print for
EDS result i's displragy dc awsnfthsu epeerstaemmwme w K t
show various el ements found in the sample.
fimapsgwh ch shows the distribution of l ocal i z
sampl e. The maps show varying intensities
el ement s. This is particularly interesting

i nonrigca constituents to clearly i dentify the

23



2.2 Physical Properties

2.2.1 Mechanical Property

Pol ymeric matebasadd a@onrdp poiltyerserare oft e

mechanically wemé&t alosmnpaneédca&i ami cs. Howev
pol yhmeesed composites are used in structur al
to appreciable stresses. The mechani cal pr

been somewhat otwalk®&h’sseri ousl y n

There are a bewildering number of mecha
t hesissteasnbuebpt soameasure the deformati on
isapplied at a esotnrsatianntc urravtees. aSter eassms e Xxtr er
measure o @membhtarcal propertidéene Dlietdhleopm

is the elastic modul us of t he nmmaatmoduwmllus | B.

force of |l oad F
Stresss . (2)
cressestional area A
. L-Lo
Strai= (3B)
0
Y 0 d tStreESS 2
oubtsg modu g—r :
g train ( )
wherniesLthe original l ength of the speci men

2.2.2 Water Uptake (WU)

WU 4% s a measurement which exhibits th
el ectrolyte membrBame WO ofetmembrnrdadre wadera
t he membmacéani cal properties as well as i

of memhcahet &tes WU property, thus inducin
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To calcul ate WU, t héeydeenmed mdembornad rzee di swaft
temperatur e nfsaumr a2oknaliluemttohe saturated memb

weiegdh i mmedi ately after the remove of watetl

me mbriastevacuum ACr ifeod a&2t4 8Or s . The dried m
i mmedi ately in a plastic sealing bag. The
wYP — pTmm (5)

whewW@( %WweanWsrgre the water uptake by weigh

wet membrane and the weight of dry membran

2.2.3 Thermal Gravimetric Analysis (TGA)
TGA®%1 s a continuous process to study ¢t
mat er i al s -baansde dp ocl oyhmpedir nivtod sy es t he measurem
weight as the reaction temperature is chan
Mass i se lIsoushtstiafncteh contains a volatile frac
slowly as reacatdponaimiedlimsovdrhea domparati v

range, and finally |l evels off as the react

2.3 Electrochemical Properties

23 .1loni ¢c Conductivity Measure via Electroch
The accuratei measucemdotto¥ity through

is of prime significance for #Theomrmdwactaictiet

property can be evaluated through the mes

me mbr ane against the fJwhw cdf ial tkenronvant iarsg AcC
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me

ot

t h

SPp

w h

el

t h

eq

w h

ab

2 ..

t h

t hod. The AC icapedarsceae f me dthehnti ah atl-lo earnt wo
rmi nal Thnee tttheondrsi.nal s meulggested to be appl
sistivity of i on condhact at s e@idtyhell owmi mead i

interfaci al resi st-aecmi naldupothldd zas e d
asure the resistivity 1irkg)nat eheaksodtrhibg
her 1| s&amdeofwereennocuegh t o be negl Blraed iim tthn
esi s, all ttesd smgqmdwdteidv ittbyr mA@ianpfeaarm c e
ectroscopfgioec tmocleaxapceceuirnaetmeh al | dat @ onduct i
| cul ated using the following equation:

A — (B)
effieshe ¢ omduwcltiisvistaympl e | ength (or distan
ectrodes i,Ritshd hmemlersamsd)anc@&nadf t h-be c me m
ctional are®°3f the membrane
Further moneconkdecti on behavior of the n
e relationship between the conductivity
uation bel ow:

1A 1] — ( 2)
ere sed he activation energy for ion cond
solute temper dther d,r egqrueency factor.
Battery performance evaluation
This section provides an overview of thi

at may be employed to evaluate the perfo
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as epemcuit voltage (0OCV), operatimegivolct ac

capacoflt gmfifci ci ency, voltage efficiency, el
stability are essenevalupaedmenerisedihimag d s the
battery in Chapter 3 ambdegzenpamametbatsecgyn

with galvanodynamic polarization and gal va
fudilscharge and galvanostatic cycling.
2.3.2.1 Galvanodynamic polarizati on
Thealganodynami te mhniaguues &tda oteo tehveal duegr e
departuresofoparbathgryoltage from its OCV
chargi ngl tecuusrgrad ntys carri ed out by applying 1
(charging) currents with tpheoghatstsewvyel gl &éc g
responding potentials are recorded as a fu
charge pol aThaiaftfi eme tae vieestt ween t he operati
di scharge or charge overpotential) direct
associated withtraandfvart i pol arnidz antaisesn at ea
ohmic reseiascthhnc@mpoofnent of the electroche
el ectrolyte, we pltheermgreni mpoohamncel o8 s,
from the internal resistance of the electr
bet weehetheodes Bma pdwern raberysiety of the b
a function of current density by multiplyi

density, producing the power density and t

N

. 362l vsatnabtuidal s c hmenrdgecycl i ng

27



The capacity dét dbamiteme ¢ tclamo ughs cghaal rvgaen c
technique by applying a fixetifdvekhaggei su

The capacity of babyergei mansteh ebembl 0de

whol e Aateéextryemdl gchhagefaoblve i ndicates |
t he bGaltwarnwostatic cycling is an accelerat
el ectrochemical durability of batteries. T

the responded discharge and charge voltage
negative (discharge) antnpoempambpsgrmramiog @)
pol ari zattle da&lstamgstatic cycling test [
conditions, including discharge/ charge cur
time |l engfh aodtaget for eacthercsycwiel.l Adaflf eod

resul ts.

23 . FBuel <cell sensor performance evalwuation

Theuelserddr peramermmd uad ed bymeanbplaineat i
el ectrodeEadws € mb h yed ercitmeom lnyftaen e s .i Ehibe | MBA e d
by sandwiphiepgrtie masbr angeass wliitfhf ucsG ibfine recl i eac
( Fuel Cell s Eticpynchlence ni,nttched evsEiAr ed si ze a
housing with two Pt wires asseqtusromrerhtousalnlge
MEA assesmbalkelded in the humidity chamber wi
for 72 h to equilibrate the components wif
housiishhgen i nserted into theentfectmMamgeadkreai ce

concentration of eshpnepastdndaddwaomedi op
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the ethanol vapor is generated by purging t
i's initiated by pumpgag intohéehdesimedr vabl
response curves, I ncluding the parameters
recover ti me, are reckhadhl ds eomp lae dwags trad p erau

and the average oéneanhopaceamener was tak
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Chapter 3 An All -AqueousElectrolyte Redox Flow Battery with

Unprecedented Energy Density

3.1 Introduction

I n order to meet the soaring worl dwid
ener gy r esnotuergcreast dadr @ Inet cot rtiocdaaly gr i ds, such
energy. However, these renewabl e power out |
to their fluctuation al ong?!%Si¥thhu st,hea cghraenage
for advanced energy stdarlaage ngy sotua mpsu ttso amidt
grids is | ooming. Redox flow batteries (RI
flexible power and energy storage®8migina
contrastenol capdsubbatteries, R FaBcst isvt eo rma ted rei
in externdfF°Yhes eredwixr s.eactions ochaati veast e
surfaces when | i gguiid teol echter ccleytle iTsh efrled vwirnre
be increased thputro (tMWMh ) mea@aawet tby si mply e
reseltdidi r.

Among vari ous -vRamBa dsiyusm ernesd,o xa Ifll ow batter

of the most pr omdan dipdeantedisme t ¢ ingl fzedn it s |

efficiency as well as excell ent elge ddtirgdhc he
energy demand, its merits are | argely | i mi
electrolyte volume and concentration, t he

by two factors: (1) number of!'¢eanéfewrbdt:t

vol t®greus, enhancing battery voltage coul c
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ap

el

vV O

b a

mo

mo

el

t h

aq

pr oacewitmg alcihgh ener gy density.

l nspired by thisagqguemuesp tR,FBwa rhiaovtes breem |
evated battery voltage because of their

| vie'%'Ne-aqueous-RFEFBE hamwen typical illustrat.i
|l (ee@e O V), whi ch ¢ whnt loyr-sadid rhbhin nudnalt it tehrii lerm
ttery t'%t&%h2Moolwegvye.r , -a dheesceu sPROFMB S hhame t he
evitable drawbacks: Firstly, because of

nsitive to moistuyrgN On wehd!Seicrondé ygas ol
bil i tayguieno unso nsnailcint isbwsveirst han i nPLtalseilry, aq
st ofaqgueeo nsRFBs hamuen based-ceh |t wethi ae vof

ectrolyte Il ess than 5-uml., Adncrmeguievcedsyp a

i t IRIFBm preopgosed by using a compxltdtvesl ys piean

the agqueous <cathol-gqee cws maittchhfT ugpy amiotdr
monstr atye dheingsh teareesr gas wel | as |l ong cycl e
ttery structure which possesagseohse BHBa
wever, owing to this specific Yateteengy acss
r ameincbr ane must be assembled to ebvenr nate
sues, the manufacture of which wil/ l arg
ow bl@?t%Adésioest he resistance of ceramic me
e -saegumous RFBs cannot discharge at- a ver
ueous -agnude osuesmiRFBs merecifalri Za-wmoeoumevh RFBSs
e still'?Byrieptacedabieg the ydenceaptmudft irmnil
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exchange membr aaqudess gRFBer hasalbeen put f
the flexibility to allow new electrolyte ¢
hi gh ener gy daegnuseiotuys fRFB asng saelelm. t hi s compl
structure also brings new challenges to ¢
|l eakage and membrane fabrication.

The pursuit of hiadgéhqg ueenoceursg yR FdBesn shiasi emse tf o
period until early in 2015, Li et ath. repo
zipolyiocagqgadeoas | fl ow battery, whicH ows app!
enldi t hiommbatteril s, demmoncsdgxaftu nqaqaelbuisgint gt
energy densi3%u rRtFiBe rs yismpmaawuema st RFEBsalpler f o
still burgeoning in these years. But | itt]
enhancing btadtempr owvé t alge eameuregoy sc aRpFaBesi.t yT
because in theory, the high battery voltag
to the narrow water el ect¥2#Howsiver potcomtsii a
kinetic, the practical water splitting pot
potenti al of hydrogen/oxygen €Viofl uthenl ow
hydrogen evolution poteeamtdarhbiime dal wkiatlh nteh an
evolution potenti al in acid medium in one
potential window!dhers,as hlei qguatas el 8Ytroly
restraining factor in aqueous solution if
Then, the next | ogi calt hgeu evs0tl itaagqgued csufsh aRIFIBtsc
According to the pourbaix diagr am, the pH
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influence on the redox *Bgtearicedul 6fy ebsetr v
potenti al tabl e, we ocamtfahd obthatmesame pate
di fference between acid and alkaline envir
-0.763 V (Zn2+/ Zn) versus standard hydrog:¢
el ectrol y31®3% hEeqrueaat sipoat & reilio 16 D a t\/@/f(lln) ver sus

SHE is gained in aBRBATine solution (Equat:i

Il n axcli dcA o: 1] E°=10. 7V6 3 (3-1)
In al kb&I(ineAOo:1T 1/ E-=1.2wm0 (3-2)
Therefore, by s tbmapsley etnwnirmgt meme doird t hi s
voltage will significantly inhciremasei fegred
from acid and to alkaline electrolyte), whi
For the first time, this ingenious design ¢

energy deagueéqgudé$ oRFdd liirs tpriogppowor k. Si mply
novel strategy opens a promagueguesnoaniggyh f or

density RFBs.
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3.2 Experiment al Met hods
3.2.1 Battery cell assembly

I n anodel lhaldinc plaata wWisthvaepgparse mtnod
copper foil as currert lcolghapthont.e Ifroidatwhad
cmserved as cat-Bbdel amdsktasnlceassent col |l
available cation eXdiWand®e pmembhr J15A)( Mafsi o
to be sandwiched between two half <cell s. F
with :QwnHefC 00O 1 h and then wasHhked owi tlh ¢
h. Secondly, the Naef itoonanislf7e r bt ri 2@n0ddD MW eb M
h and then washed wi%h fdoei olnilz.edL avattley, at
membr anes were treafedowi thhltd KGHdnagt 10e
conductive membr anewi tTh ed iofrfi ggri edmatl «an dhher tyrt &
by dissolving appropd i%a®dedmpiod ) swiOme 9 ke d idre
Al drich) in deionized water. The volume of
cat hoeelhal fThe toersi gnienrael parneoplayr ed wi th corr
of potassium By Br5dr deal(&KOdHed osmol arity.

assembl ed Fasyg ealh®dwn i n

Figure 3-1. Photographs of the hybralkaline Znrl-flow battery cell configuration.
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3.2.2 Characterization and el ectrochemical

The cyclic voltammogr am-etleesctt rwalse aoacerddu
CHI660C workstation (CH Instruments, USA).
(filled with 3M KCIlI) electrode were used a:
reectively. Testing was performed in 0.1 M
to deter mine tere((ﬁfrdyztnenrteidadxs poat )et Jheea b d 0ol gt €.
determine th@BEA)otedodox absi of Discharge and

carried out by a recurrent gal vanTle pul s

mor phol ogy of the membrane was i maged by S

3.2.3 Permeability measurements.
Permeabil ity ofl17 nwa st hirnovuegsht iNgpaftieodh i n a

di ffusion cell. All tHeomembndonesowewiet hca.i

of 22&@Mdcan t hi ckness of 170 mntelTlhewass |l 250 c
The | eft compdr twwimeht SWwewmrstatitnd 22vn ands 4 M KOI
respectively. The right compar tsmerngs pveacst if v €
To detect the zincate ions that were diff
solution (c0.l9 emlt)edwaesrery hour and then di
mi xed acid sol utHGIn aonfd O00.HAREQ modli nldat e i ons
transformed into zinc ion during this proc
sampl e s ofl fudarieomts aitf fdusi on ti me were-ready
OES (Perkin El mer Ltd., USA). According to

standard zinc ion solutions, the zinc i on
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obt ai nfehdke permeabil ity coefficient can be c
W —— = —FaT O] -3)
Where P is the ion pneirhne absi Itihtey noeovébérfajncei e rht
A is the eoeff ebei me)inbm@akea €Cecmhe inisdfal con
ions in the | efs(mafirlesgbatt cro @p g htemedt WU me

solution (mL). Assumption is suggested tha

3.3 Results and Discussions

I n this study, on the basis of))td@ombov
pair i s chosen as the cathode rZena(c(?HZ\ne spe
anode to compose -aghgdus dRTEBRLe dEl glodshtitreant aedsl t
acti o0hH wifa-ettveact ron transf er . alsodoindee ohfa st hbee
promising cathode redox candidates owing t
from its high so)Yubnlagyefoserl 8cmodl yt e,

deliver hi gh?fonreerogvye rd e ptdhieteysax t pot enti al (

SHE) makes it possibl'é® to avoid water el ec
) ¢A © o) E°=0.536 V (3)
)y O ) P K=723N1°C) (25 (%)
As i n EdHdyatawmnb88 constructed) biynttdel wtdido rt |

(potassium iodide (KI) s'é12fhieosol glwethpt gye
dramatically i mprove)@Vitthh tthhee pirnecsreemadsei nogf c
), other polyiodide 8pe owidd (adwswoh) bies ftohreme d

predominant el ectroactive species and the
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sol uburoinng edri(sgcuRader,g3zi nc oxi dation reaction
al kaline potassium hydroxi de Z(nKG@-)—I))ia)mcsl winae
|l i beratefhelelcéectomens travel through an ex!
producing )eilsect edwe) ¢agt. itnhteo cat hode once ha
el ectrons. Aftmitdreatseasnef tramearKode to cathod
Duri ngeFd(gaurebp , 3t he reverse redox reactions
which zincate is reduced i n)ad sziomxc ddezpeads ibta

) at the cat hotdter.avMelasn wwhhirlceuughKk t he membr ane

Te overall working principle-)oRFBt hceanp rboep «
described as foll ows:

Anode:: T/ ( cAo:1 1/ E=i 1. ¥60 (B)

Cathode:) cA © o) E%=0.536 V (3-7)

Overall:: T ) 1t/ P :1/( 0) E%=1.796 V (3-8)

(a)

v - ¥
e Discharge ¢
Cathode :

€
== =—
Cathode

o K @ Zn(OH) ";’ Iy or ® K @ Zn(OH) "x, Iy er
=) K*ion transportation(duringdischarge) 4= K*ion transportation(during charge)

Figure 3-2. Schematic illustration of the working principle of (a) discharge and (b) charge

processes of th@esigned alkaline Ziv redox flow battery.
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Theoreti caidlew, gtnleids-)alR&wBllynew&hghs its c

counterpart Biwg @3) B.i AT ed&s g 1in battery vo

enhancement in energy density, |l Wwhwehmakeaa
assumptZmnméathalt i s unlimiteds alnuwt itchre icsonk e
Then, the <cal culdaetn soint yd eetnahi a nsc eonfie netn earrgey a s

O ® ¢t V6w
CQTT

WE a0 d'DETQODARE | QDA
wher e F I S t he Faraday constant 96485
transferred durr eagctraemtc,t i ®@ni P)etslodnod e e !
OCV i s tthenbmtmnhalyvoltage.

(1) For cohivleowi batt eiZwn

Zn 3+ 44"+ 3I1E=1.299 V

WET Yp ¢ P& ww
OCQTmT

WE a6 a®EIQDAME | AU

¢ @& @'
(2) For -efkawi hat Zear y

Zn 3+410¥% Zn( @FH) 3E=1.796 V

- w w
©f &6 & @ IONEMmE | QD ‘p““g(pfmp& ? 0@ W

Therefore, according to the clafiflcawababomner P

al kal-iofnleovnbattery, the theoretical vol umet

WE X 9o&o0
Y

WE Q60 @ETIQNARE E QG Mt 0 X

mht o@ @
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Zn(Ol:I)f'f Zn Zni*lZn cur*/out |3: /-

. VO,*/Vo
V3+N2+ 2I Ce4+‘,'ce3+
0.ag7y | €IeT | W] cufe Fe*'/Fe** | By, fBr-
| I | | | |
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Znfacid)-1, flow battery, E_, = 1.299 V

Zn{alkaline)-1, flow battery, E,., = 1.796 V

Figure 3-3. The standard redox potentials of various candidate redox pairs suitable

aqueous redox flow battery.

2.25
2.00+
{ Alkaline battery OCV :1.83V

.>_ 1.754 ‘
i ! 0.47 V gap
.5 1.50- ; )
-E Conventional battery OCV :1.36V
% 1.25-:
o 1.004

0 75_' ~—Alkaline Zn-l, flow battery
{ ——Conventional Zn-l, flow battery

0-50 v L v 1] d L] v L] v L | v
0 10 20 30 40 50 60
Time /s

Figure 3-4. The opercircuit-voltage between conventional and desigak@line Znl,

redox flow battery.
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The practical demonst Faugied)n3 aolfs oo psehno wesi re
0.47 V potenti al gap existing bet Weugne t he
35 cyclic voltammetry (CV) megs wri drhe rBtMs Kdft
solution were performed tZon(IO:IIf;E)thmirleelokh@ai
typical vol tammogram shape of zinc electroc
evolution peak. Al so, at)ehettrcolvyptlt ¢ asmmmoygs a
))) redox reaction witbhaobi oxylgpeinngvobsei oa
entire scan range. Al of these features d

al kal-) REB Zn

2+
Zn — Zn Al — |-

3

Current/ mA
o

1Zn*— Zn
-4 |, =3I

2.0 -1.5 1.0 -0.5 0.0 0.5 1.0 1.5
Potential / V (vs Ag/AgCl)

Figure 3-5. Cyclic voltammograms of 0.1 M ZnAavith 3 M KOH (green curve) ai

0.1 M KI (yellow curve) on a glassy carbon electrode at a scanning rate of 56.m\
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The evaluation of the battery perfor man
densities (19 .~1h0®r thao <ol akeep thhed anced
concentrations of KtOQHcanhbblyyteessblbut oan awe
each external electrolyte reservoir. A pol
bet ween two electrodes & oi dnani tAs pei6,@w g rian
the battery specific capacity was investig
cmMas a function of+)tha@t twinyctesnt s @lt i toinom.f TI
specific capacesstsl wegrebtained tabmoB9t €
(6M) with the increa8etinttaskeol mpeessneen:!

are still considerablyV Fl gw&re ©Bhan the theo

KOH{anclyte) / Kl-l (catholyte)

o - ] ] —E ]
20 Cut voltage 2.0V

Potential / V

0.5{---—--=-d - —— - - -——bk -
Cuit voltage 0.9V

1 Current 20 mA cm™
0.0 L L | D
0 40 80 120 160 200 240

Volumetric Capacity / Ah L™

Figure 3-6. Representative galvanostatic charge and discharge curves in different

electrolyte concentratigrat a current density of 20 mA ¢n
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400

Current: 20 mA cm®

M Theoretical
I Practical

321.6

w

o

o
1

Y

Specific Capacity / Ah L™
s 5

2M 4M 6M
KI/ I2 concentration

Figure 3-7. The practicalspecific capacity compared with the theoretical values

function of the catholyte concentration.

Il n this work, in order to get the highe
solutions are chosen for tHesbhargeytcmeski
for each cycle. The anolyte (KOH solution)
KOH solution is -BMol dhereonpthwol yme (&110 mL
of Kl;sahdtion is 6M. The di sc&haame tchue relndc
area %s Herem we make an assumption to calc

for the st aG)e aosfpecchtaar ge (SO
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The following is the calculation procedure

(1) The theoretical capacity calculation o
7 & 7 s “O(:’)‘E
YN 'Qw QMR w DD _
CQTT

where F is the Faraday ncuonmbsetra naf 9e614e8c5t r G/ nns
during reaction per mol e) rseod autta motn,. o 1liAsh t=h
6 M) c onc e n t'Yr QOB O DO —— oc® 6 0

The anol yte analb un,dasndr ¢ et amatpaaney | i mitat
catholyte reactahsol dthieomnw ol amédO omL KI Ther e
capacity of the battery is 3.216 Ah.

(2) The numberducfedeladdterroml®d @ghr di scharge
When the battery discHHhr g%ds mfOcr =10Llh ,4 tAhte rel
rel eased. Because 1Ah, =t B60dPoc @amtd c@f@8 48 S COm
mol after 10 h discharge.

(3) The concanter atoinen adft ezi 10 h di scharge
The ratio of zincate and el ectrYvams( iHoduce
+ ¢ so the amount of zincate ions is 0.02

mlTheref ore, the coonncenfttreart i1loOn ho fd izsicnhcaartgee ii
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Based on the calcul atTaob8leabove, we make a

Table 3-1. Zincate ion concentration as a function of discharge time in 6M anolyte solution.

Di schar ge Oh 1 h 2 h 4 h 6 h 8 h 10
Zincate ion 0O 0.010.0:0.0f0.0°0.1212(0. 1¢

Uni t s: mol /

The | oss of capacity comes from the rest
As discus)sedl abbwvr, can be ach)ienmted Ky sblut
| deal |l 'y, eqQuradacatnso umitt hofKIl sol ution, ai ming
of)y soluti on. Howe) aro,nsi,n saadki teixare ntded pol vy
can afeoméeé through interactigon)s amglt ween |
Therefore, t he )piroancst iccaanln oaamoruenatc ho ft he t heo
l eading to the | oss eoofr ectaipcaacli tvya | cuoensp. a r(e2d) tE
The cationic exchange Nafion membrane was
resist the movementh()@,H))anya)nedxu'vmen'enegs ak+ onec
medi ator can smoot kRlcy rodetst t ® Cohdeen twe
The EDX of Nafion membrane after discharge

sides to confirm the el abd@t.s exi sting in
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Table 3-2. The elemental analysis of cycled Nafion 117 membrane on anode and cathode

sides obtained from EDX.

C O F S K
Anode ¢17.! 7.1 61.¢ 2.8 3.6
Cathode 14.! 7.0 47.¢ 1.5 4.3
Zn I Au Tot

Anode ¢ 1.6 1.5 3.8 100
Cathode 12.: 8.7 3.8 100

Units: wt %

The EDX result i)dlusmemttse sarteh apr esne matn do r
membr ane, indicating that the electrolyte
can be ascribed to the hydrophilic natur e
hydrophilic pol ymeritwthi the casdustandensf
|l nevitably, a small number of hydrated ani
wi th water mol ecul es. I n order to invest
permeabiIitZyn(@fH))zinn‘aeNmtsingwgteaS)jIV(lo di fferen

concentrations of KOH solution (2M and 6M)

corresponding concentrations of KI sol uti

battery conditicdnszioianrﬁd@}b)t(e)d”u. s®d tud ri othnes wer

the |l eft compartment to create maxiimuwmei on:

38 the concentzrra(t@i)-d))nisonosf izni ntchaet er i(ght c¢comp

the incmpeasnemagioh time in both 2M and 6M

coefficienZtng @—If)iminrscaitcer oss Nafi onmiitf¥ obt a

and 117%caefmihon 2M and 6M preparedvelreadtr olKy

ions ®&xitht rieservoirs and can smoothly shut
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the charges in thg batntsernyr. tHiyedrloexitd er e(s@H

with zinc to form a Zall@H)on of potassium

Saturated Zn(OH); ™~ solution 2M KI solution

2M KOH
(b)
= 0.060
S 0.055] ® 2MKOH - 2MKI, P=6.74 x 107 cm’ min”
E 0.050] ® 6MKOH-6MKI, P=11.62x 10" ¢cm’ min”
= ®
S 0.0454 Y
T 0.0401 ./0 £
t ] o
@ 0.035. ./ e E1:
c 0.030- Ve ° 3
=] 1 o P E 6
O 0.025- S o .
c ] o :
© 0.020- a® E,
4x 0.0154 / 3 0
T | 5
O 0.0101 5
o v T . J ¥ T T T v
N 3 6 9 12 15

Time (hours)

Figure 3-8. (a) The photograph of diffusion cell in simulation of actual battery te
condition. (b) The zincate ion concentration in permeate side with Nafion 117 me
as a function of time (insert figure: zincate ion permeability coefficients with Nafi@

membrane in 2M and 6M solution).
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For a vanadium redox flow battery (VRFB

essential for membrane. Compar edowvivtahn atdhi eu n
permeability, t he Nafion sfilVl membranés i
performance with | ow ion permeability. Ov €

bl ocked by the Nafion membrane and have re

but still a small aan(u@,H)),ofa)midlmdlssiwree@ ayde:
across the membrane, which finally results
(3) Polarization: Il n this work, graphit

) )) redox reaction to simgml y ode mdn K- Baalt kea | ti
However, the graphite foil |l argely | imite:
surface area. Even though it i s-)iRnFB hset iplrlel
exhibited distinguished performance.

AshewnFiignu-9,e tshe a) R&Bi onanZnun in a wide
region from 20 Wiad h1adthemAleccmease of employe
produced more electricity and finally reac
Lcat hol yt e. Benefiting from t hp RFEBghthel t
prominent energy 'dansbtytef wa3O0Oabhwhvedt at
the highest energy deagudgyuDbRRB reesyds ttoafm daxr
knowl edge. TFhegudi@eax®r odmtisna summary of the
alalqueous RFBs. With respect to battery pof
) RFB shows the best perfor macemgedmoadoal f |
batteries.
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300 400

EI 1 3305 wWn " [ —
= 250 4 ; 6M KOH / 6MKI / 6MI, L é
& —n

- 1 202.2 ahL" 300 =
2200 9 S
o ] I E
@
2 150 - 3 1200 ©
@ 3 ®
o °
= 100+ I >
T { Theoretical 100 E
L 50 Specific Capacity 321.6 An L 8 o | S
(75 | Energy Density 577.6 Wh L @ |

n T T T T T ¥ T ﬂ

0 20 40 60 80 100
Current density / mA cm™

Figure 3-9. Influence of the discharging current density on the achie

specific capacity and energy density.

350
A\
— 3004 All-agueoous RFBs systems *

this work

= 250+
- Zinc/Bromide-iodine

200 + . .
? Zinc/lodine
% 1501

P P
O 601 1
) VFB,
> Polysulfide/lodine,
- 40 - o TEMIgMA/MV,.V.V
S
()]
(- 2() o BTMAP-VIBTMAP-Fe
L o TEMPO/Vioogen Poly(TEMPO)/Zinc
[® ] FMN-NaI&errocyanide 9
0 r

06 08 10 12 14 16 18
Open Cell Voltage / V

Figure 3-10. Diagram of energy density of adlqueous redox flow battery in recent y

compared with the value in this work.
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2.7

(a) { 6M KOH (anolyte) / 6M KI - 6M I3 (catholyte)
2.4
> o
= 2.1- ) /
3 1
€ 1.8
s 1
- L
Q
o 1.5-
! ™
1.24 44% depth of discharge per cycle
{ current: 20mA cm®
0-9 v T T v T v L] . T v L
0 25 50 75 100 125 150 175 200
Time/h
b 500
( ) 1204 6M KOH (anolyte) / 6M Kl - 6M |, (catholyte)
8 100- P—P—P— P —P—P—9——d———— ~400
>, 80
Ty B oA A& A b, -300
c A A
@ 60-
Q R e e @
— - — 200
£ 40-
-l —a— Coulombic efficiency
204 -A-Voltage efficiency L 100
—@— Energy efficiency 20h per cycle .
0- Energy density Current: 20mA cm
—————r7r71——71—7——+10
0 1 2 3 4 5 6 7 8 9 10 1N
Cycle Number

Figure 3-11. (a) Longterm cell cycling performance of voltage curve an2A cmi? anc

(b) the corresponding coulombic efficiency (CE), voltage efficiency (VE), e

efficiency (EE), and energy detysof the experimental Zh RFB.
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achieved a 100% coul ombic efficiency durin
energy effi ci ewmatiiecsn s xfhridom t6e5d% ftlauc&0 %. The

three parts on the zienlcecpratte ashage: chas

dend?t3bDtueds .ng di scoheamregreal lzyi nti sissol ved into t
pr odchni(n@Hl)ons in anolyte. Ho we voefrf,e riefd tihnert
anol ytezm(n@H)ohe reach their solubility | im
produced addopr ¢ hhiepietletcea rode surface, cau

resistance bHAlIlsbe duecthgoddarge, zinc wild.l
el ectrode but at a different poseicttiroond,e raensd
a |l oss of usable capacity. Furthermore, zi
to a result-comtcohtedt izamnicd &t Fehce rreofdoerpen,s i a f
each three or four cycles, a fresh zinc pl e
to achieve sittayp.]l eFiemalrlgy, demsenwngyobdéns ity
during all of the cycles (200 h), which is

alalqueous RFB.
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(a) 24

6M KOH (anolyte) / 6M KI - 6M I, (catholyte)

2.2
>
= 20 -
: e |
- 2]
5 1.8 ‘”'l'l iJlil>
prer)
0O 1.6
149 4n discharge - 1h charge per cycle
- Current: 10mA cm’®
0 20 40 60 80 100 120 140
Time/h
120 25
(b) 6M KOH (anolyte) / 6M KI - 6M I, (catholyte) | -
100 + -
k20
2 3
=~ -
o z
c
,Q m-l,“lnnlnnnnnnu.];mn“nuun“hn“ - g
0 o SRIRISIIBAIIIIIBIAA A2 m
= 40- 0 g
w —a— Coulombic efficiency >
204 -—A-Voltage efficiency E’
—a— Energy efficiency 2h per cycle o g
ol Energy density Current: 10mA cm” } w
v T ¥ T Y T ¥ T v T T T . 0
0 10 20 30 40 50 60 70

Cycle Number

Figure 3-12. (a) Shoriterm cell cyclingperformance of voltage curve at 10 mA€anc

(b) the corresponding CE, VE, EE, and energy density of the experimeritaREiB.

The cycling perf oy mamhE ewad allskal i mee <tni
shdretrm cycl esatwitht soemrgm d el isrhgprttesti ng,
charge cycling performance of the battery
with eaeélbusharytcl 2 at a cu?rr eAnst sdrdorgamir téyn 30 f
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(on

t

4,

theabaatéltychuating charge voltage wit

uring the very early stages, Eho@H(itrer m d

nol yt)eji andat hol yte) to afford a charge o

mnstable performance in charge processing

X h

40

t

00 %

B)

. 4

bits a very smaldi spconlaarrgiez avtoilotna gwei tgha pa

hours, the discharge voltaglkamwgaes wdlitl dc

around 2.0 V. During the overal/l 70 cyc

coul ombic efficiency and a prgogmrei 8g

which demonstrates a swep¢RR88r cycling

Concl usi ons

n summary, a novel strat-agyeoosvarddohki

attery has been put forward in this work

chieved by enhancing batcta@any/balst age, oprd

ol

ff

h e

at influence on redox pair potential . Tt

t

i s

S

\

age can be effectively enhanced, final
strategy, -aweedemoabREBt @eclaleahkggyg hi
ity oflw33Mm. 5a Wh 47 V anode potential e
entional counterpart, whiaqghieiou st hre dhoixg l
ery obtainedono Wiy eRaH Bl @ad liagded &xxhi bi t s
i ng performance with 100% coul ombic ¢
ciency and high @meairmgtyaidreed iitry G0 ~h .2 0}

e preliminargygresumésoasecpabiméenges st
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preparation i ssue, el ectrolyte crossover p
are needed to perfect this system in the f
membr aneacthigd!|l gl ectrocatal ys*#*Oared abtly an de
al kal-) ReEBZsaystem demonstrates a new design
atalgueous redox flow battery, and more | mg
approach for-valthaegesniehdggglyi-gahluleous el ectroc

energy device.
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Chapter 4 Laminated Crosslinked Nanocellulose/Graphene

Oxide Electrolyte for Flexible Rechargeable ZineAir Batteries

411l ntroducti on

I n order to spumegbeedaviebompment albbife e
essential to producagembmsitte,rifelsexwii bbihfitti yh ree
l4Me t-amilr rechargeable batteries are consi dei
uni quepbdmaéd systems that consume inexhaus
resulting in a high*“*Reotetctumat| boaeztipgyd de
attracted most attention,oehmgrbobomemheéiat ibe
safe op&YRaetcieonnt. progress in f 1 exmoonset rzaitnecd
wi t h a-bpsleydmerechargeabl e zi-emeragy dandietry
mechanical MAnnhewmgdedirgmsconcept -bDypetziench
air battery has al so bké e cperkoophbad aidt twhaietr mou ret
af | exi bslhea pfeidbo ezri nc aimi bBauréerzeydwionkrbeads mensi

been devel oped representing a consider abl

desi*However, in pothablre mapptlisc at kbeull skrygel y
battery configurations, as &°>%@sult of rel
To this end, one approach i s to-sswap agq

alternati veasi,r nbasaktitnegr izeisncsaf erThel mghtnhen sam
r etlead t o -sttheetlesswmtlrial yt es ar e insufficient
ret eamndgloompl ex syni*h@®&fo sapdoesesst hese challe

have soughtcitscotdiidgthe yelrdds egrondbyphese oOkede (¢
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oxidatioafnptodatt grldPGiOthea s f Ibelkes demonstr a
promi sing beandsidtagefout standing physi cochce
el ectrochemt® %Addprtd poenratlil eign oG ied ext wehi c
with abuneamtt aoxy gegn groups (epoxy, hydr oxy
can be easily funcitdmiomtiuZ®d®wiong mpo oviee it
raemgof oxygen functional groups on its ba
exfoliateddtopegrnzedd svelldti on of I ndi vidual
organic sol veditrsectasmdl a Hrea@miblhddvhigrkiea ot ferrd e
by vacuumbé¥ Pl tration.

Howevespi tde all the opevaglrepmrdeamid@Ohga f
el ectrolyte membrane, its advantages are
mechanically t/ddBGshs enptmddintedngeh e -sftraenedi ng GO
me mbr hees at tprraaccttiivceal f carplpitdat at iedmct nol yt e
Sstorage slywsteemmhsance t he mefcihladreendsbleos tproe rag tel
into GO matri x. Among ¢ hdeuémuhe i mMmast owlh ume
renewabl 8 imetcorginatgead alksi nder and suirt@ace n
| ow kiogh ,hygyroskeyibiéyporous substrate the
mat eri al s.c oPnasritdiecrual balriet g inn tde rr eesctt ;cdaftiddl es e
becaustep voft b& pmahsiigohn s u rhfi ggdhe saint dvan,d &l mer gat i
strengthening effect, good mentahya nfiicmd mamd
applications 17" Meamoncha chpeelsit golelsyt sr @ d «cthi vien a
hydroxyl groampshe ceadditlhy sregfhafshnicaim dodn@ad i z at
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condwets andi beadviahicP8dbatteries.

I n t hiess dmaptt he frierpsotr t t i ome-s & rwéca mir readt
nanocellul ose/ GO membrane fwxtonoducochablViezqgdatw
ammoni um ( QA) groups t o -shteatappellieecdt raad ya e |
rechar geaibrl eibegfthtgpeyf unct i omrmaaloiczed UQAB @G G)O
me mbridgradr i c atcehde miihcrmatut glhon ahbelzay e b by at i on,

I i nki ne xacrhda nigoen§Fp rgodetees s

0 OH  coon & /O'ENJ “' / \ir a
?n AN ! ‘ M}'N_\"s'%o_cﬁ:j — {m\ p il
7 —
woe” by d by ©  Functionalization oﬁ'b/o o}l\ v
Graphene oxide sheet \oﬁ T " 1A Functionalized GO sheet
! & Filtration layer by layer
wooc” 5 + yer by R
or —CHy “HH/‘
O o4 weN-,So—cH, Laminated structure electrolyte
W “o—cHy ! +
OH OH o1  Functionalization
Cellulose fibre HMH
(0} (0]
_ glutaraldehyde

‘ Crossinking

Figure 4-1. Schematic diagram of the overall preparation procedure (functionali

filtration, crosslinking and hydroxideexchange) for the QAEGO membrane
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4. 2 Experi ment al Met hods
4. Syhthesis of graphene oxi de

Graphenwas xdsylret hesi zed byébmehbBodmpr omedal
graphite flakes:SQFB68t mLcoSP&¢HOnmtlie dH8H %) w
mi xed caref-nobt yomnf aasbun@raphite powder (.
andcmanically stirred for 1 hga4( ITheq), waese asd
slowly into the mixed soluticdcd,fa@amdl@ hke. ok
cooling down the mixture, di sti0l(eed dndi oni
3 0 %) were added dropwise and then stirred
centrifuged and washed with DDI water, HCI
GO nanosheets we+we yolmtgai ned by freeze
4 2Preparati omamfofdedlelrwsl os e

Thr ee sprergesf i of ng, enzymati-te fpnwaaeaeys si n
proceeded hteo cperl d dufl oeslratr f hér es Bl eached Soft\
( NeBFyr unswi ck, FCapwded h hthewas condubNoedmbRFUSI
m |l 1 (Quebec, Camnugd3)dtomi tdh sd nrteewyalautei drme o1
an enzyme t rmredti mevdts pacflaptrhiee dmioxuttu rwei tohf t wo
(i .e., Mannanase and (Xylaarkd 9 at)tganir,nofrhSMnvio z y
pul p s us pFeinnsaelalayy, met hter eat eds @wé mpawwatsh mBabsl h e ¢
water tonreametvedow@lsenhar ged i ntagawhne hPFEIhemi

revolution to 3000&.to produce cellul ose f
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4 3Functionalization of QAFGO and QAFC

I n order to obtafimngtuiad mralhniazegd aG@onhQ@AF G
( QAFC) , Di me t-(htyrl ionce tadoexcyd i[I3y | ) pr op yOP) a mmo n
(42 wt. % in methanol, Sigmar Al 8r dsrhi)e diva s e
GO (60mg) was dispersed in toluene (60ml)
suspensi on. cellul ose fibres (300 mg) was

sonication for 2 h to obitoani.n DaMASQPaSh [ wea sc eal d (

GO and <cellulose suspension in ratio DMAO
functionalization was <carried out at room
Then, the suspension was centhi éubgaedobndnad

remove the unreacted traces of DMAOP. At |
and stored in DDI water.
4 AFabricationcohdbgtdroeri QAFCGO membr ane
The hydomoxdiude i ve QAFCGO membranendvas f a
QAFC through v ac uluim kfi inlgte neatitdamigoen @mr ose s s .
vacuum filtration was carri&tnloutt Ymgamilt er
QAFGM( , 1 Ymgt mLobtain a | aminated structur
then chefmiinkledcmwodsh 10 wt % glutaral dehyde
acid (HCIl) i n acetone at -exachmnigemparsa tpu roe
i mmersing theé MemK®OHame |l iuni on and equilibr
chlor)neo@€6@terion i)nto heydHargdd MmOKbr ane

washed with DDI wat er -cuomtdiulc tp H eo fme7mb rTahnee hwy
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rangeb@m wvBads t har(atbhye otbhi ckness of AB)01 was
4 5Fabricat i-othatod rseodh-ai gebédlbk éeziync

A recharegaablbatzierey was f-ayprayeat enétthlodo
which the el ect rtabdaecset vineertamepriba caence .f aZdenc pel
were prepared as zinc el eacitrr obdaet tfeorry ,r ergeuslpae
zinc pellet was made of pure zinc power (p
was consisted ofn miamoof pbwder cacaobo bl ack
fl uecrdi@xafl|l uoropropene) polymer binder. An
nanoparticles (<50 nm partfich et isoanzael, eSliegent
materi al sprayed onto a c@atbalny <tl oithk (dawared
mg 3006 Elos wt .féon NaL IEQUWilount i on, laonnd Plo-wde rm | n
propanol was sprayed onto a carbon cloth (I
with a catalyst?Afotagdr agi oy, 1t Bemgl emtrode
60 AC for 1 h.
4 . 6Char act er iezdetcitam cahredni cal measur ement

The morphol ogy of the membrane and the ¢
electron microscopy (SEM) (LEO FESEM 1530)
(TEM) (Bruker AXS D8 Advance) TIRouf(Aeat ar at
X-ray photoelectron spectroscdpypyh@XXS3ournad
X-Ray Diffraction (XRD) (I NEL XRG c3a@d@d) wer
crystal structure after f unrcotcihoenmiiczaat iionmp e

spectroscopy (EI'S) (VersaSTAT MC potentiost
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from 100 kHz to 0.05 Hz with potenti al am
di scharge polarization dataewédone @adl lae cstcadh
1.0 “hwi tshofcfutvol tage of 0.5 V for the dis
Di scharge asmwercdacgericgadal out by a recurren
fixed current tHweintsh tea of ¢y aifAe tdo msins tfionr

foll owed by 10 min for charge.

4, 3 Results and Discussions

I n thia ¢thasptivautcet ured nanocewhbkbubygaeh€&®in
anfdunctionalized wiomlufltit glvley quyadroxiadeg amm
to be applieedtad ea el ®elcugtol yydlei dani rf | beaxtitbelrei,
ThOAfuncti omalbiceé d(uUQAPAFBEEGEM®O mefmbbraineat ed t hr
chemifcamhct i onlad ydgratyfeoht r at-li iomk i nogreoadsid a nigoen
pr oeskBor the functionalizatioenrpmetédoxysid
propyl ] ammoni um hcahsl ofrea kdeec t (eRIMAaOsP )t he f unct
comtianig quat eum@a@Ad) amaonoentyider so.x i Tlee conducti v
al kaline tshteebhi ghdygtiisvuer fd&@ngeyOoPvi de d by quat
ammoni umwgrobpsareaet tadatedwaidyyt or gani ¢ compoun
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Figure 4-2. Proposed threstep reaction mechanism for GO/Cellulose su
functionalization with DMAOP.
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Photograph of the QAFCGO membrane showing

Figure 4-4. The stability of GO film and QAFCGO membrane in water. (a) GO film, (b)

QAFCGO membraneithout crosslinking, (c) QAFCGO membrane after crosslinking.
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Figure 4-5. (a) FT-IR spectra. (b) wide region XPS spectra. (c) deconvoluted XPS spectra
in the C 1gegion. (d) XRD pattern of GO, PC, QAFGO and QAFC.
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Figure 4-6. (a) lonic conductivity of the GO, PC, QAFGO, QAFC and QAFCGO. (b)
Arrhenius plot of ionic conductivity of the QAFGO, QAFC and QAFCGO membranes as

a function of temperature. (c) A schematic illustration of ion transport mechanism with

QAFGO and QAFC.
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Figure 4-7. (a) A schematic image of rechargeable zcbattery using the QAFCGO
membrane. (b) Charge and discharge polarization curves of the batteries using the
QAFCGO and A201 membranes. (c) Galvanostatic charge and discharge cycling of the
batteries usinghe QAFCGOand A201 membranes at a current density of 1 mA with

a 20 min per cycle period (10 min discharge followed by 10 min charge).
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Figure 4-8. The power density plots of zirair batteries using the QAFCGO and A201

membranes ateurrent density of 1 mA crh

Table 4-1. Properties of the QAFCGO and A201 membranes.

lonic Water In-plane Throughplane Anisotropic
Membrane conductivity? uptake swelling ratio  swelling ratio swelling
(mS cm') (9gh (%) (%) degree
QAFCGO 33.3 1.24 14.3 21.8 1.5
membrane
A201 42.0 0.25 2 6 3
membrane

8 onic conductivity measured at room tempe.

As shdéewmgu®med gl avhinnsharntge perfotmamece
ziimac r battery was i nvestigated using the

measurement was carried otutn daetr aa tcnoonsspthaenrti o
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Figure 4-9. Galvanostatic discharge of zhair batteries using the QAFCGO and A201
membranes at a current density of 1 mAlcm

Porous structure zinc electFiogefli&r4or t
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Figure 4-10. SEM images of the (a) fresh zinc electrode and (b) cycled zinc electrode. (c)

XRD pattern of the cycled zirelectrode.
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Figure 4-11. SEM images of the (a) fresh QAFCGO membrane and (b) cycled QAFCGO
membrane. (c) Stresdrain curves of QAFCGO membrane before after galvanostatic

charge and discharge cycling.
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Figure 4-12. The scheme and photographs of the flexible -aincbattery using the

QAFCGO membrane under stress with different bending angles.
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Chapter 5 Green Solid Electrolyte with Cofunctionalized
Nanocellulose/Graphene Oxide Interpenetrating Network for

Fuel Cell Gas Sensor

5.1 Introduction

Gas sensors have seen a booming market owing to thénexeasing demand of
multitudinous gas detection and monitoring in industrial process, public and domestic air
quality, food and drug safetgnd automotive systertf* 18> Based on differenphysical,
chemical, ancelectronic mechanisms, gas sensor devigege various typescluding
semiconducting metal oxide sensor, electrochemical sensor, optical sensor, catalytic
combustion sensor, eté® 1’ For example, seroonducting metal oxide sensors widely
exploit 2D metal oxides materials to detect target gas by physisogia chemisorption
processes originating from their enhanced surface to volume ratio and high surface area
oxides. Moreover, some gasochromic oxides, such assMé@s; and NbOs, have
sensitivity to exposed reducing gases by color chandfgmong all the sensors
electrochemical gas sensavhich operates by reacting with tlgas of interest and
outputting an electrical signal proportional to the gas concentrdtamattracted much
attention due to its selective, accurate and linear response for target gas components in a
complex environmerit® 183 19 Recently, in order to overcome thgueous electrolyte
leakage problems, electrochemical gas sensor is moving toarsatdssolid-state package
with the requirement of portability and safé$y.!9! Several converanal ceramic solid
electrolytes have the capability to conduct ions at high temperature, and thus can be

employed to construell-solid-stategas sensors, such as yttstabilized zirconia (YSZ)
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based oxygen sensor and sodium super ionic conductor (NX$) based chlorine gas
sensorl9 192193 However efficient solid iorconductingelectrolyte at roontemperature
is still achallenge for solid electrochemical gas sensdt.

Cellulose, one of the most sustainable and environmetitadhydly materials on
the planet, is currentlwidely utilized in electrochemical systerhs.1%+1% Qwing to its
specific linear chain molecular structure consisting of repeated glucdsewitii many
exposedsurface hydroxyl groups, cellulose is easily chemical modified to conduct protons
or hydroxide ionsat room temperatureand can be applied asan ion-conducting
electrolyte!®® 197 Also, due to its hydrogen bonds avah der Walls forcebetweenthe
hydroxyl groups on the surface of fibers, cellulose can be fabricated into a stable three
dimensional fibrous membradeHowever, because of its fibrous network structure,
cellulose membrane fails to block gases flogvthrough its inner porous channels,
resulting in unsuccessful application as solid electrolyte in electrochemical gas sensor
individually. Some specific 2D materiaksich as molybdenum disulfide (MgSgraphene,
graphene oxide (GO), have relatively strong absorption or barrier performance to gas
molecules, owing to their basal surfaces and prismatic é¢fy&8.For example, MoS
shows a high affinity to selected model gas species because of the strong adsorption energy
of gas molecules to the basal surface of 2D M&5\mong all the 2D materialgraphene
oxide (GO)whichhas low permeabilitpf most gasesuch as methanathanol methane
and carbon dioxid& 1°%2%js expected to be utilized as an effeetadditve into cellulose
basedsolid electrolyte to tune its gas permeatibtoreover, due to the abundant oxygen
containing groups, GO can be covalently crosslinked with cellulose fibers and chemical

80



modified with a host of functional group$! making itan ideal candidate material in

electrochemical gas sensor applications

Ethanol / Water Excess ethanol / Water

Il

I | 1
Alcohol fuel cell sensor Oxygen (From air) Excess oxygen / Water
Direct ethanol fuel cell principle

Safe driving with alcohol detection

Figure 5-1. Schematic diagram of an AFCS and its electrochemical principle.

In this work, taking the advantage oétlmique properties dfothcellulose ad GO,
a co-functionalizedcellulosebased membrane with GO modificatimasdeveloped and
applied as solid electrolyte &n electrochemical gas sengor the detection of alcohol
(ethanol) As shown inFigure 5-1, the ethanol gas sensor is designed on the basis of direct
ethanol fuel cellprinciple, namely alcohol fuel cell sensor (AFC®Jhen the ethanol
molecules diffuse into the anode, the ethanol oxidation reaction (EOR) is triggered
releasing protons and eleats.Protonstravelthroughthe solid electrolyt@ndreact with
the oxygen from the air at the cathqgdendergoing oxygen reduction reaction (ORR) and
generatingvater as the productransferred electrons from anode to cathode are collected
as theelectical signalghat couldorovide information othe concentration of input ethanol
vapor.A promising response to the ethanol vapor was achieved f&&RE8& made from
co-functionalized cellulose/GO membrane, showing excellent linearity as well as sensitiv
response to the alcohol detectiovith a low limit of 25 ppm. The appreciable

characteristics demonstrate a new possibilityeiovironmentally benigeellulose based
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materials utilized as ieoonducting solid electrolyte in electrochemical systems,

paricularly in electrochemical gas sensor.

5 2 Experiment al Met hods
5. 2Syint hesi s of graphene oxi de

Theynthesis of GO was i n accomedtafh®de. wi t
First .S®8%O0OH mL) R®d485mMLH were mixed care
bottom flask wunder an ice bath condition.
concentrated mamnxiedalalcy ds taindr engé cthor 1 h. The

KMnfd 18 g) was added slowly into the mixtur

50Cfor 16 h. The oxidation reaction was t
Distilled deionized :0D0) mvhptwer ¢ 480dend ) d @
mi xture and stirred for 30 min. Afterward,
DDwat er, 5% HCI , and ethanol respectivel y.

by f-degkag of GO suspensi on.
5. 2Preparation of cellul ose nanofibers

The cellulose nanofibers were prepared
pul p ( New @Barnuandsawi ctkhe foiurgihn go,r eenzy mat-i ¢ pro
refining. First, the original pul p was di s
Canada) with up -ppconi 300@0 Teeolubinomrsmzyme t
wi t h mi Xt uernezymes t wo . e. Mannanase and Xyl
(Franklinton, USA) to gain a uniform pulop

suspension was thoroughly washed with DDI
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by PFI wiiltlh 3Wa®liOwp emsenmstibepr oduce cell ul ose

5. 3Fabrication of functionalized cell ol osel/
I n order to obtain proton conductive cel
as precursor to functi onmdn esheeetls uwiotste s
groups. First, cellulose was mixed with GO
a uniform cellul ose/ GO suspension. The amo!l
and 10% with respectn,t oMPtTHVES owealsl ualdodseed ndar sos|
cellul ose/ GO mixture with mass ration of
ambient temperature for 48 h. After washin
unreacted tr acexXOonMmasMPaTdMiS, ani 3kOn% ot hed mai nt
ambi ent temperatuse tfher rz2duhti At srowaitd on
washed with DDI wat et¢f utha tdbotnailn ztehde csed |l fud noi
The resultingemealoltwlno sed Gdu traebmb rcaanee dwasy v

filtration a¢cdndéenvdcuencth fBbr 62h.

5. 2Characterization and electrochemical mea

The morphol ogies of cellulose nanofi ber
i maged by SEM (LEO 1530)Adavnadn cTeB M c @Brral kcehre n
crystal structure of cellulose nanofibers,
FTI'R (Avatar 320) , X PaSX-r (aTyh esrarwor cSec)i eanntd fti er
machine (ABMETY .7 &0 3ni xLleodr e@d ws ainanf uncti on W
analyzing XPS peaks wi t h dheorcmeadtued i Biht

me mbr ane perfor med via electrbBheniPdalncet
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Ver sastat MC potentiostat) in frequency r a

voltage amplitude of 100 mV.

5 8. El ectrochemical gas sensor evaluation
The el ectrochemical gas sensor perfor ma

with a series of cellulose/ GO membranes. TI

prepared membranes with commerci al GDE ( Fu

coated with 60% Pt/ C catafloyrstbaatth aanPadd oand
Then, the MEA was punched into desired size
Pt wires as current collectors. Before tes"
stalkiglh the humi did4g3cR®&maikd RBTBO% for 7
egui brate the components with the desired
then inserted into the testing device to e\

five times and the average of each par amet

5. Resul ts and Discussions

As shdowmgb2emercaptopropyl trimethoxysi/l
as functional precursor to conduct the fun
MPTMS ar e hydrcoonydzeends eadn dt os eflofg mst hanobr ok s |
intermediates. After lkeinntagialsiogr bgerd ugpmrst a htr
bondi ng, these intermediates are covalent]
and GO nanosheets throughThéamr, rtemevmér od p tw
on the tail end of MPTMS are oxidized to suU

and GO the ability to -fcomdtuicdn glrioz ed smi Xtals
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nanofi bers
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Functlonallzatm!)t . Flltratlon
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Figure 5-2. (a) Schematic

diagram of the overall preparation procedure (functionalization,

filtration) for the SACGO membrane. (b) Proposed thatep reaction mechanism for

cellulose/GO surface functionalization with MPTMS.

ASs s h o Min

wrapped and

t he net wor k

gwihes chematic il lustration t he

covered by GO nanosheets, and

of celltliun @ s edni memdfiniomerl s ,i nrtes |
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net wotrrkuctur e. The numerous <cellul ose nanc
structure by hydrogen 28&indisn @ ntdh & ame chle r a Wa ¢
robust Meeenwhiolne, the GO nanosheets are in
whole cellulose fibrous skeleton, creating
The TEMFiimgagas {ows an entangl i nlgi kaen ds tcrouncptl
of cellul ose nanofi bers. After the additi
uni formly covered miyg &GrdbgeT h@O srua nf caschee emtosr p(h o
me mbr anes charae adctiyetrhEzM. | n t he afbsreantcieomdl! IGXL
cellul ose (®AQ)abmeimbr ainse a nki g G4daeg, h wshuirlfea cteh
SAcdunctionalized cellulose/ GO (SACGO) me I
sur frRaicgeb-de duecowvetge of GO nanosbhaseéd wi:

system.

Figure 5-3. Photographs of SAC and SACGO membranes, and schematic illustration of

SACGO me mbr a n edinensional merpendtrétingesteucture.
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Figure 5-4. (a) A TEM image of cellulose nanofibers. (b) A TEM image of cellulose
nanofibers wrapped and covered by GO nanosheets. (c) A SEM image of SAC membrane
with a fibrous network surface. (d) A SEM image of SACGO membrane with a flat and
dense surface (SACG@®embrane here indicates the cellulose matrix mixing with 6%

weight percentage of GO, i.eeSACGO).

To confirm the successful sul foni c ac
transf or m-liRnf rsgreectt u (€ Toifo maolni zed <celalnuel ose/
and SACGO membr anFe gabrbee clomptame dspeaectrum of
the peak tdts 2344 gomst t @t cvhiibrgat hydr oxyl gr
occurred 'as 298680 gomdt rteot cviHbMEpntadifo NnCpeaks at
1450'remi on are correspondpilnagn et ob etnhde -nHC H/ i abr
H pim&@ bendi nrgocaknidn gCH i br &%?9i hoen roef p rceeslelnutlaotsie

|l ocat ed alrloowhadr el Od3@e st 0 e€C c@-C n@ys wmme Cr i ¢ vib
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Tk glucose ring stretching prlo’d&t%fst etrwo |
functional il Ratsiperc,t rtulme oF T SACGO membr ane r €
assigned pleaks eo@tiviibgh,r aG-© ont, r eatnadhiCng, whi c
the successful gr af t i nAcgo nrt eaa oti inogn udlreed iapes®@ @o nt
and MPTMS. Alternativellemea greswiamalhle poak
to the vi-®BC aitri otnhe fsiSliane groups o0f%% he f ur
Ther &y photoelectron spectroscopy (XPS
me mbe ans carried out-l Ror eoulptt # mefhhet ser Fdt
anal yzed-r eébsyol wit g lo n spectra of C 1s, wher
functionali zati ofi gadbee, d @ @ @e=VQy | (& 8AW-CID ne V) ,
(287.60€V([287.-Q €X86.-G/-BV()284£298&)mi |l ar |y,
after functionaltirzaatdfonSAQGGE@ nCe nmbsr asigecal s o
charact erFii gteisee) p elmkts t(he WW€akiigmi énsiany | gf
which is in agreel Rwi tihndtihceatrn eegu ltthse osfuck™® s
oxygemtainingl glroue/sGOGfarcke | MPTMS. Meanwhi |
eV assin©GitofCthe grafted pi?éilcnudriscoart i MPGT M
presence of the SA functional groups on t

nanosheets, corrolbRrraes wmilgt ©our perious FT
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Figure 5-5. (a) FT-IR spectra. (i) Deconvoluted XPS spectra in the C 1s region of CGO
and SACGO membranes. (d) Crasctional SEM image of SACGO membrand.i)(e
EDX mapping images of the cressction of SACGO membrane (SACGO membiizere

indicates theellulose matrix mixing with 6% weight percentage of GO, -8ACGO).
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To further elucidate the existence and
on cell ul ose ande GO & udilf saEeere Rigy s @By r OBED X)
mapping of SACGO mefbg@abee. i st exémn bb ¢ efdoumd
Si and S (contained in the silane and sul f
and O are homogeneously distributed throug
t hseuccessful fimncStAGGMBinnzati Bnom the SEM cr
of SACGO nreinmps-Ee) e @ditmernesd on al | ayered str
through SACGO membrane. The typicalo sbteruct
effective to tune t hehe omadmwadoadm dafcpttiavkiet iaen

transporitt®®@hannel s.

=
o

| T in plane
B through plane

o o =
o © (N
X .

Conductivity (mS cm™)
o
P

PC PGO

o
o

Figure 5-6. In-plane and througplane conductivity of PC and PGO membrane (PC:

pristine cellulose; PGO: pristine graphene oxide without functionalization).

I n consideration ofs)protonscompoctawntitt y
conductivity is commonly measur-pdaaéopgot b

conducétZlHowegver, itmepmpaotione,conducti vity
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membr ane, -planetprough conductivity, i s n

appl i é%Dii fofnesr. en't me mb r smen d ¢ arsetnibntgr e @é tplE ced
procedwlre Icead to morphological anisotropy
conducétTtwvartef or e, reglyameg oandducon vimy to
transportation ability I S l naccur at e i n |
ani sotropy. I n this weprlka,ntei nampd @@l pootsd
conductivity for cellulose and GO composit

mi xXi ng 3%, 6% and 10% weight ©percentage of
SACGOSAGGO a%ACA®. As Fs hpavwme itpnleameducd i vity
(8.mB3 MBS AC me mby asmniegni ficantly i mpnomed co
functionalized membt@.niesd ¢hMSilgubBoes ei f ®PiCyat i n
successful graft of SA grbupshentaddietiaaoho
cellulose -maamexcondhectiinvity gradi@k0y r ai
SACGO membrane), which mddamcttilatal it @ de XGIOs
the migration of protons mdtonigs thhec pUd aen eGQ@
effective i1 onic conductivity along the sur
of fSAncti onalized GO into cellulose nanof il
ion transport channel s tad%é&.igmitlhaer | nye mbarsa ns!
Fi gb-than®6 t he -ptl harnceu choonBIAIC t mevnibisryaanles o r e mar k
hi gher tmafmu rtchtaito noad mzreddn @@ 59 WS cHowever,
wi t h increasing GO weight percenplagree i nt
conductivity exhibites a gradual descendin
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cm( XHYACGO membhheandkdcreapéaok chbindumaii vliiy ydt
to the GO nanveasmleley salsend the plane t hat

through the dirétion of the thickness.
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Figure 5-7. (a) In plane and (b) through plane proton conductivities of the SAC and

SACGO membranes. (c) Anisotropic conductivity values of SAC and SAQ&®@branes.
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I n order to further iIinvestigate the proc
cellul ose/ GO membranes Ri @6-&aaclccourldaitnegd taon dt h
of -pilmne t@l aheowpmThuet ISWAICt ineesmb riasnoet r @hichb
characteristic with anisotropy value of 0
transported equally in both horizontal and
in the nmMmamgh8Eeher) ( However, affuecti omabdded
t heplianne c on d+BACIGOI tEMasG&o fme3mbr anes are obyv
compared to phase obunheopght with the ani
respectivel y. This anisotropi d hieoninsecomnaoetu
functionali zed GO into t he cellul ose na.i
transportation channels along the plane o
bl ocking | ayers that | imit thefptbéeomsembopa
Fige8e) Parti cIAGGO yme morrpliladnetbendoct i vit
its tpilraorueghcounterpart by ei ghutncttiinensal hizgh
| ayers stack within the cent ufl@rs epmattons ftcr
across the membrane but fast proton trans
(Fi gbBe3 ) Therefore, the excess addition of
SACGO membrane) i's not subtzlhlusef @f phactd

decrease-pdfantethrcomnglicti vity.
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(1 ) In plane conductivity (2)

In plane conductivity (3) In plane conductivity
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SAC membrane SACGO membrane with a low GO level SACGO membrane with a high GO level
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- Cellulose matrix ~ === Graphene oxide nanosheet Protons transportation Fast transportation along GO sheets . Protons

Figure 5-8. A schematic illustration of ion transport mechanism with SAC and SACGO

membranes with different GO additive lesel

Watept ake of the membrane is a critical
presence ofe wpret omel eaml be di ssociated fr
then hydrated *?Wittoh otxhoeniaind icofnsaxoni um i on:
along the hydrogen bbamsdsa, nmedvivaeigrodddtelr y tr a
Accordingly,eiwatemdi mmpleasabl e during ion tr
uptake would be favourabl e FHiogrbBjeohhe wahd:
uptakes of the cellul ose/ GO membranes are

that of the commercdi algy Nadti om?ifiecmbr arse ow3 4

to the excellent hydrophilic nature of ce
net work of the membrane which play an i mpo
within the i%8er nadnsstqrueatcer,e.t he high we
cell ul ose/eGO arsesnibsstanprotons in moving alo
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me mbrane, resulting in promising ionic con
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Figure 5-9. Water uptakes of SAC, SACGO membranes, and commercial Nafion 117.

The practical performance of the cell ul
AFCSdemonstrated in a setup consisting of
sensor, data | oggeFi g&h®l. cDhmpuecere acnamyare
is membrane electrode assembly ( MEA), in w
t wommer ci al gas diffusion electrodes (GDEs

mi mic the relative temperature and humidi't

through the alcohol simulator. Themrd eadert ¢
out with the air and enter into the sensor
the electrochemical reaction occur s. Next,
finally analyzed in the teremspahseomput emn:t

characterized by four di fferent par amet er s

hei ght and peak area. Il n theory, peak are
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el ectrons which is in prilogpmaolti mol @ @ultéee. aAn
the ethanol concentration shows a |inear r

for calcul atbitilng by Equation (

Apeak
= il
¢ nFV ( )

wheaies t he ethanol cofMg«Ldesn tirhag imppesa ki haert enaa,mb a p
transferred el ectrons Hins tthhee eH aercatdhaoys hceommi sc

the fixed vodpor sdmpepltddniont ¥ the sensor.
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Figure 5-10. Photographs of sensor testing setup and housing with MEA, and diagram of

the experiment saip and typical response curve for sensor testing.
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v Ethanol Q Water @ Functional groups \,,"gwf’eo nanosheets /\/Vcellulose nanofibers

Figure 5-11. The schematic of protons and ethanol vapor transportation in cellulose/GO

membrane.

| i g &bd 8§ the performance efunscdnonrad | ma d
SAC and SACGO membr anes asroel utteisotne de giuni veatl hea
al cohol concentrati oBnAQ B AsC)d eoffi n5e0d nmags dtLh e r
of al cohol per 100 mL of bl ood. Evidentl vy,
area and peak height among these three mem
AFCS. Compared to thamree PEi,th hfeu SAICI oneanlbi zed
can easily conduct protons in its inner st
However, aBi gsbwbéavnt Hen resi dual et hanol vap
reaction may p@smemlhmramnueg hf tdlm tStAe anode t o
porous network structur e, and finally caus
the addi-ftumant iodn&lAi zed GO which is | ess pet
membr ane exhiobi tperbetrtmamceendsie to its resi
transfer. Afterme&mb rbaansseedn ¢ die SRAECHEO an al mo

response curve from its initiaHi gtoeisB) , d e mc
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Addi t i onapgbity, time sensor prepared form SACC
restptoon an et hanol standard solution?equiva
correspondingdnitno tt hoef d2ebt epcptm et hanol i n hur
SACGO bases aksesocal cul ated as asoffuet¢cthiammo]|
standard solution, Wwhi gtbrl1 & ho wse |l grceaatvi bt ynae
critical i ssue for gas sensor. Il n order tc

SACGWased sensor was testedndnacetspnaseapo

equal ' i qui d concemhitgwurilg ont .he AsSAEBOwWm asrd
demonstrates excellent selectivity of etha
cureoefeswater and acetone were observed, but

t he same concentration.
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Figure 5-12. Response curves of SACEfiased sensor to water, ethanol and acetone

vapors fromstandard solutions of the same concentration.
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