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Abstract

Project Code : MRG 5980219
Project Title : Novel Zn/MnO2 battery with continuous geopolymer matrix
Investigator : Dr.Kaewta Jetsrisuparb
Faculty of Engineering, Khonkaen University
E-mail Address : kaewta@kku.ac.th
Project Period : May 2, 2016 — May 1, 2018

Continuous worldwide economic development and population growth have
steeply increased the demand for energy storage devices. For this purpose, batteries are
frequently used, which require high stability, high power, high energy density and low
cost. The state-of-the-art Li-ion battery has achieved a durability of several thousands of
hours and delivers both high power and high energy density; nevertheless, scarcity and
safety issues of lithium cannot be ignored. This drives the need for alternative energy
storage systems. In the present study, zinc anode with geopolymer binder was prepared
and its potential application as anode materials for Zn/MnO, battery and alkaline water
electrolysis has been investigated. Zinc has received considerable attention as anode
material for battery applications due to its attractive cost, safety and availability. The use
of geopolymer as electrode binder has been motivated by the ease of preparation, low
cost, and design flexibility. In addition geopolymer matrix contains a pore solution that
may serve as electrolyte, facilitating ion transfer. The mixed ionic/electronic property of
the geopolymer possesses potential as battery materials. Cyclic voltammetry (CV) has
been carried out to characterize the electrochemical behavior of the electrodes composed
of zinc powder, fly ash geopolymer and graphite or multiwalled carbon nanotubes
(MWCNT). The prepared electrodes containing geopolymer binder suffer from its high
resistance due to the formation of insulation layer of ZnO as well as the insulation
property of geopolymer. The lack of high conductivity makes the prepared electrode not
suitable as battery materials yet the prepared electrode containing MWCNT may be
attractive as anode for alkaline water electrolysis for hydrogen production. The FE-SEM
images indicated that the composite electrodes containing MWCNT were better dispersed

than those containing graphite. The surface morphology, homogeneity and chemical



compositions lead to the change of the electrocatalyst activity towards oxygen evolution
reaction (OER).
Keywords : Geopolymer, carbon nanotubes, alkaline water electrolysis, Zn/MnO,
battery
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Executive Summary

On the basis of a continuing economic development and population growth, the
demand for energy has been constantly increasing, but the fossil fuels are depleting and
the environmental problems as results of fossil fuel usage are well known. This leads to
a major challenge to deliver enough energy supply to the society while minimizing the
use of gas, oil or coal. Renewable energies such as wind or solar can be seen as
solutions for next generation energy sources as replacement of the hydrocarbon based
fuels. However, one major concern of most renewable energy sources is the unreliable
production, a mismatch between energy demand and supply is highly probable. For these
reasons, it is crucial to find a safe and reliable technology to efficiently store such energy
and buffer the power supplied from intermittent renewables. The state-of-the-art electrical
energy storage technologies are batteries and supercapacitors. Both offer their
advantages for a specific application. Another alternative to store energy is in the form
of hydrogen. Water electrolysis is seen as a suitable mean to produce hydrogen from

renewable source.

Among batteries, Zn/MnO, battery is a promising energy storage technology for various
applications. Although this type of battery is less popular compared with Li-ion battery
because of its inferior energy density, zinc and MnO, are cheaper, safer and more
abundant than lithium. In addition, zinc are 100 % recyclable. Both zinc and MnO, can

be produced with reasonably high surface area, suitable as electrode materials.



Attempts have been made to incorporate cement in alkaline battery. The cement is
commonly used as a binder to improve the strength of concrete. The use of cement as
a battery component allows design flexibility and easy scale-up of the system. When the
battery is integrated as construction material, low energy density of Zn/MnO, battery is
compensated by large surface area of the concrete, enabling high storage capacity.
However, the production of cement is energy intensive and causes impact on
environment and health. An alternative to Ordinary Portland Cement (OPC) is
geopolymer cement (GPC), which can be produced from industrial byproducts (e.g. fly
ash from coal combustion). Therefore GPC can be seen as a more sustainable

environmental construction material.

Geopolymer is an alkali aluminosilicate binders formed under basic conditions. To
prepare geopolymer, fly ash or alumininosilicate-reactive materials is mixed with strong
alkaline solution such as NaOH, KOH, sodium silicate or potassium silicate, forming
chemical crosslinked long-chain inorganic polymer material between tetrahedral AlIO, and
SiO, (Si—O-Al bonds). The presence of aluminosilicate particles hardens the geopolymer,
leading to superior mechanical properties to OPC. Moreover, GPC offers several
advantages such as heat resistance and fire retardant (up to 1000 °C), high dimensional
stability, high resistance to a range of different acids and salt solutions, immunity to
degradation of alkali-aggregate, and low thermal conductivity. The synthesized
geopolymer also possess reasonable electrical conductivity of 1.5:10°° S/cm at room
temperature. Besides, an inherently high residual pH environment of GPC may offer
potential benefits to ion transport in the electrolyte of alkaline batteries. Since electrical
and ionic conductivity are prerequisites of the electrodes and the electrolyte, respectively,

geopolymer could be the material of choice for electrochemical applications.

The aim of this study was to investigate the potential use of geopolymer binder for zinc-
based electrodes in electrochemical applications. Composite electrodes containing zinc,
carbonaceous materials (MWCNT and graphite) and different geopolymer contents were
prepared. The morphology and chemical composition of the composite electrodes were
characterized by FE-SEM/EDX and XRD analyses and their electrochemical behaviour

in 1 M KOH were studied by cyclic voltammetry (CV). The results indicated that although



zinc is distributed throughout the matrix, the high resistance of geopolymer may inhibit
the formation of electronic percolation. The electrochemical behaviour of zinc was not
observed, therefore the prepared electrodes may not be suitable for zinc anode battery.
Nevertheless, the composite electrodes showed lower overpotential for the OER than
that of zinc. The electrocatalyst activity of the electrode composites for OER is largely
affected by the electrode composition. Such electrodes may find use as anode in alkaline

water electrolysis for hydrogen production.

HD%R19 I

1. NaMazANEIATY

Lﬁa\‘iﬁnﬂﬂtymama:Taﬂ%”auLLazﬂszl,l,amsakﬁﬂﬁwﬁ'&a’m ﬁﬂﬁﬁmiﬁ’ﬁ'ﬁqq

= & a a X a ~ & o
naunuudindunllugamnnisuaauniaiivanniu nszuunsnfadudindes
mﬂIuIaﬁﬁﬁluﬂa@ﬁuﬁﬂﬁtﬁ@ﬁwmi’uau"l,@aaﬂvlfm“luﬂ%mmmnﬁd 0.5 A Iunﬂe] 1
o e £ A A a & A A o & A
auvasthwinyudundnuiadudadusunguaslnngmashisaunszan [1] ainuiie
o . R o o A A & A &~ v A o o ' ~

sananIznuaInanishizgilalniweiinaunuyudiudluligiu Seizgainand
qmauu”ﬁlﬂﬁﬁmﬂ”ugu%mm? ﬂwﬁdﬁl,mé”@ga FaNUNwNK In1Tnaaldnazasnis
MINANTAUVBINTA bF [2], [3]

A A & o A A a & A A o &

lalnfwaiiduisqiiandramudadulniwefdszinnuilafiaansndiaey
1e1ngann azadn Imm"’a@;ﬂaﬂmmuﬁﬁﬂMﬁmﬂﬁﬂm”a@;m”qﬁu VT AULABED L8N
wikn idwnay uazidiaes lasawizidaesnuduizgasduvasilalnfiwaiminaula
WU magim (ALO;) WAEBANN (SI0,) 1N uazdIaIdUVBILFLINYARINNITY
naa bW TN s Insl TN Tutvgtiudnisldufuuning analan launfalinaas
Midwvast®olszuim 500 aruaudad Iudsznalnanuiiaidiaasny 3 a1uawaN
ATTUIBNNIHEAS WLl [4]

o 6 a 6 @ & a @ '

lunszuaunssuaneiilalwawedazlddan lalidudinszduizquaslaoau
o v Aa a aa . A e d
lAifaduezailudfiinana (A,Si0;) Taliqmantdlunindendszanu noluguiu
maaﬁiaiwﬁma%}:ﬁiuLaqamaaﬁmazmiazmﬂ"l,amanvlsnﬁuﬁgagﬁﬂniﬂ Pore solution
saduwdadvdrdg A ldiiansi induazinlasauld (51-7] qmaud@nialnu
aanavilnalalndiwasvanuidn bl lanaziiunlsluisas inad

mathiaglenasiwindwudandnsnadszgndllumaluvadlddng
s lagisuusniiennniidsngwunisnaniawvaslansilfiduanuudusg

s v A @ o o A 6 & ] Yo A 6
1%'3@@]‘]:@13\1@3’1\1LNaﬁ&lNﬁﬂﬂsﬁL&l%@lLﬂ%L’mﬂuﬁu I@mam Meng LLREATHE vL(ﬂW]‘ITLSJ%@]&IW



ududsznavvasuuaiaad [8] laswudransazaiulugwiu (Pore solution) Ba9Tiuud
fomautfidwos uazaansnilessuld Jammnnihanlaidudidningladld (1] Ted
vosuuaaeInlEiaqgraairuudinudniadlalnfwefidwdusiudsznaundnuang
W7o lua wAlNG LazBLANINT AN kIT TR N BTN WNWNIRNAYN RLUALAaT LIRS
o A A4 va A a & o
AR R UALAaIN M BLAN INT LaANAR DI UL T WY ILRAT BANIHIFINITDAANULLL
sUTvsuuaae ldauanudainvagls susawawnduuuaaIuuunnuild
WIOUULANAI Lo
Tuwiwddandslaanwranuduldlalasnivinalalndwasuinaunwnvls
A & A o A & o a P a Aa A
Buudinaiduizgdeudemuluindinzfualua Semazaolugniuvesilolniiueid

aNnudulug uaziidn pH 89 wazannasi leaawld [7]

2. Jnniszasa
2.1 INaNAWILLALADSI oA litduuuun 3 lalnawasiBany e

22 WadnmszAnTmMwaadnuaLaaIINynanilalnfas

a d' [ £Z ci =S a a

RUIELIAG insasuntaaanlszaidlutan 2 annn1sane1UssanTAIW 09
—_— q

e A o P a & o @ P & = wn b
wuatnaisnanilalnfiwaiandran asannatugduazfnmgmaataniginmh
LANUDITIRINEANTD Lo INRLN BT TN TERIY WUTIAM VLT ILTIVDITILAZAMNRINITE

& A = & VR <& o @ @ 4

lumaduindidnlnsaduagivaindznavvasindudrany iduduirdulsznavves
LTNRUADRITAZANHA1ILAr USRI FINZR lasanuriimelusnuwiaoiiaansIsuea
"uaai’a@ﬁiaiw§Lua§ﬁﬁmmﬁ’mwmvl,wwlqa Usuraslalnfiwasniteauinluvinlwan b
WDIWsd wannu e ldAazvinlw s i W ﬁﬂﬁm@qmawﬁﬁmwmﬂu%

Fni 1 [ a 6 it =} 1 > a AR o 1l
LUALADST RINALANITIATIEANI NN LAT LN LgAINGVaIRINEE F9vin bR laannsn
@iﬂLﬁuﬂﬁﬁﬁTy@”aﬁ"Lﬁ'mLmuvl,’j”ua:'«ﬁ"]LﬂuﬁaaLﬁﬁwuu’m’mmﬁﬁiﬂﬂmg'mﬁumsﬁw”’sﬁ
ﬁﬁiaiwﬁmai%amJi:mmﬁalﬂum:mumﬂﬁuwﬁ'&mumﬂwmLﬂﬁﬂ”@l%gﬂ%”ﬁ
v A & A a Y 4 o = A A o
fanzAualug wazI N NIINEA g laTlawaINNITHENTN G989aAI0ANNAULHAINL
”agaﬁ"l,éfmﬂwan'ﬁ%”y
3. 95naa09
3.1 a0

Av ) v o A A o o ' o o o %
Tusuwdaelmdaasria F Aldanlswwiugmng 2smiasidns Ussimelng 1o

WHuundsagdiludiing Geflasdusznaumaaiidiuaaslu @] arsazarenlsldud



a aF .. Aaa
ladalansanlad (NaOH, 85% u3gnT, ACI Labscan Limited, Uszine'lng) lodouda
tN& (Na,SiO;, Ndsznauale 12.0-12.8% Na,O uag 28.5-30.5% SiO,, Wee-rin Chemical
Limited Partnership, Uszina'lng) viewiluansuaushanianarosi (MWCNT, >90%

a af . . ' s § a v
u3gNT, 10 nm diameter, Nano generation, Uszindlng) uazususinzanlsluidinsd
x:§ a ns‘ ' [ a 1 [ n:in v di a [
TInNNUIFNTVOIUHUFINZFIYINAY 99.94% a1anTiazhldainiaIasdiaiek
frudsznauniaai (Optical Emission Spectroscopy) (ARL 3460 OES, Thermo Fischer

Scientific) laglunmsnagaulTuNnFIneENTNUN 1x2 AN TUALNAT

o &
3.2 NSLAIUNDIRINTH
= 03‘ Qv (] Qv

3.2.1 NNSHAIYNVIRINTRINLHBFINSH

TNUHWRINZFNAALTUNUNVUIA 1%2 @1TITUALNAT LASIINITONBNININIVA
a ' [ a di ) o 3 a 6 6 £ ~ o d'eq: ]
AvadunnRInzfiNaiatudedeantos (Zno) loiemusatfarinanuaza1anaImHm
INTRINNBUININILTILMININI IO LN URINSTLABANIN 1% 101T 1L TUALN AT Lﬁ'aszq

A A A ¥ o aaa 1 gt ad 1 1 o &
Wl fAsovasurusins&Nudwennaninga ldnesey

& = ag o (o’f A ® =S Aa 6 a

3.2.2 THAARNIILAS LN AL SFILAIITHDIDIANINIAIINI lalnAtnaIAnanlnadn
m”u@aumse%me:ﬁm”'su,m]Lma'%'mm”a@;ﬂs:ﬂammmlugﬂﬁ 1 loanguiaaey
Fanzfuasviansuau lULULRaN 8T (MWCNT) #3aunsIne lusasiaiudaniana
v 12:6:1 way 6:6:1 lagltladanlaasonlad 1 luarsuazlofaudana lwaaanain
dodTunasdaidu 6:4 arwdrau altluniinszduidiaes ludamaiudinande
fsavany Aardu 12:10 (WI8:U50103) lastuaawlINHENLEIa08NURITHIN TR
lodonlaasenloduazlodaugaing FA: NaOH: Na,SiO, adlulnssuass Aarduaa
AIFIW 12:5:3 (WIadalIuaTealInnes) AUAAUNFDINIBRITIALTIAW 10 WA LA
LGN MWCNT %38 untiWd asluansnninlinarniudalian 2 wil TuaawnzIuLdu[g
> a 1 di =4 Qs 5 o n:i U A a a ai
RINCAUAZNINGDLHITWATY 5 WIN NAIINHWIIFIINENIARoLURTENLAR WD
a va d? n:i a U qq;
@3N ATV UIANUA 2 ANT1UTUALNAT (ANNENT 1 TU.XANATIT 1 TU.) NN
ﬂdam‘lﬁf&@gL%@@”’sﬁqmwgﬁﬁaaLﬂunmﬁmﬁu INRUVIIBLANINTAN L6 ﬁqm%gﬁ
65 aALTaLT lauRinlUNaaaatIaT 3 TILN9 FINIUNITRILATIZHIA3 lalwaluasas
ﬂéﬁaﬁ'umié'aLﬂﬁzﬁm"ﬁSLﬁﬂIm@mm"'a@;ﬂizﬂauLm'@mﬁ'umaﬁvlaiLﬁuwaé'aﬂzﬁua:i'a@

AsUanadluInARINTRIATIZRYI BN INTantd la lwawaSiBany e



10

NaOH:Na,Si0, Graphite NaOH:Na,SiO;  Zinc powder
5:3 (viv) or MWCNT 1:1 (viv)
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2 min
1. Mix FAwith NaOH 2. Add graphite or MWCNT. 3. Add zinc powder.
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and Na,SiO,.
; Cure at
N'i 65°C, 3 hrs
I 5. Store ovemight 4 Dip Ni foam
Composite = in a plastic box into paste.
Composite electrode containing water.
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A9 1 ANBUSAWAIVDILHWFINZARAINNNITANFIIBINATA CV NaaTINITFLNY

WAy 1 waz 10 mVis meldansazasdidninsladniduiusuaztdunais

After Reaction

Number Electrolyte Scan
Rate
(mV/s)
1 KOH 6 luans 1
2 CH,COONa 1.77 luas 1
3 KOH 6 Tuans 10
4 CH,COONa 1.77 luans 10
5 KOH+ CH,COONa 6.77 1
Tuans
6 KOH 1 M 10
7 KOH 1 M 1
8

wHUFINzRNawMIAaLJA3EN
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=< =< 6 ] v A v a . .
myansanuduninuarasnUsznauvauiugInz&aamnaiia X-ray Diffraction
(XRD) 1 20 luw149 10-80 847 UFAINAYRIRINTHaAN bIAN 38 BIFLATAATBIRINE

& ] o ¥ ad o P
NINBBUATRAINIRULNUAILID CV @]GE'].]‘Y] 4

I N

-

3

S A k KOH1M 1 mVi/s |

g A A A

=

7 A _

c

[9)

2

= A KOH1M 10 mV/s]
A A N

CH3

CHBCEONa 1 rTlV/S

COONa 10 mV/s|
n i

20 30 40 50 60 70 80
26 (°)

31 4 HaNIATIIATIEEMNBIAUTZNE VB IR UEINT WIBUABUALUNURINEENNIL
mnasaulfisensondiad uazUnsunsantn lus138za1s CH;COONa 1.77 M
KOH 1 M ka2 6 M IN1309AN18AI1NNTRLNK 1 mV/s Waz 10 mV/s

4.2 msﬁnquan‘ssumalwﬂuﬂﬁﬁLﬁﬂfrmswiwzﬁuafuﬂLmzé'aﬂﬂaﬁ
aaninsladlaglrinaia cyclicvoltammetry
matialiseneendiaduuazlfAsensantusesurnsineFlussazarudianing
"La@T‘ﬁLfl‘u,l,fummmﬂuﬂmmamlugﬂﬁ 5 AR IAINANBULNNTNADDNTLATUYDILHY
fFanz@auldainuidudu KOH 1 M (Eﬂﬁ' 5 (a)) WndanwaslndlfsanuNan13anEn
Qmauu”ﬁmﬂﬂﬂwmﬁmaa Cai uazame [11] lumsaunlUa191sin (anodic sweep) WU
ﬂﬁﬁ%maansfim‘ﬁ'uﬁ'mﬁ@ﬁﬂszmm -1.43 V 1§l Ag/AgCl 1ilu2 8195 LLawq@ﬁi
Uszanm -0.9 V nnsaandiatuazvinldifiadediaa (Zn(OH),2) uaz (Zn(OH),?) 1du
WAAAI LaanTUsznaufAedwdadudiudiasiAafiasuldy Zn0 tadouuwiuigs
ﬁqmauﬂ'ﬁLﬂuamuﬁaaﬁ'umiﬁ'@m’amaaé’aﬂzﬁ JARNInganIAad JaTen
p0NTLaTY Lasunudawnay (cathodic sweep) ﬁ]:Lﬁuﬁ'ﬂﬂi:LLaﬁLLammiLﬁ@ﬂﬁﬁ%m
0aNTLATWENATI F9019921ARNAEY ZnO anazasaananluzdues (Zn(OH),?) lw
sansdmoldsuilduduianuasazassianinsladlagasiuaziineandiasu uazidoan
amueadngaa e]aazé‘am@;Lﬁumﬂﬁ@mmaﬁlﬂuauLLamﬁamﬂﬁ@ﬂﬁﬁ%ﬁ@”ﬂfuﬁ

ANNAANgU AN -1.4 V
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auanudutuzas KOH an 1 M ifu 6 M anfadfisoneandiatuiian
dnaeng 1.5 V uazmisiiasandiatudniiudelisen glaglinunsanasvasnszua @9
maﬂﬁhavl,@i”jﬂﬁmnmﬂj’maaL1_|aﬁmﬂﬁumNa@iam‘mzmwﬁmn"’msﬁmaoﬂg‘jﬁ%m
sandiatudiaranzansldunnin vilinsdudavas (zn(OH),?) g9liAadn wazlsifa
duadovvaseanlasunurwinginzdluaazaudidninglad aruoandiatuia
dufiudaly nmysunudaunsunaadliifwinmafaUfasesanduinnidwieldsanms
FUNUALS9% A1 pH gw:mwalﬁm%gﬂa:m:1LLa:ﬁﬂ'wmiamﬂ@i”’maa’s”a@ﬂ@le&iLﬁ@muﬁ
\Judselomt (high self discharge rate) [12] lua13aza1s CH,COONa 1.77 M nau'laiwy
wsasmsiinaendiatuiiTaanuessinzg tusinzaean lasnifaduiounusinsasuns
ﬂ”ummmfuuw:ﬂ”amﬁag wazldgnazatsaanluansazaisiniae S9guganisiAa
panBLaTuvasaIned 1adinny polarize é’qﬂzﬁﬁmm@mﬁnﬁgﬁmzé’ammLﬁumnﬁ@
sanfiaturasindusandian wiefisuninfAsen oER wileulutueluewasmnda

lalasianlumansniingas lnw

a) b)
0.05 T T T T T T T T T T T T
0.12 i
0.04 J
0.10 i
0.03 4
0.08 i
< 0.02-1 i g
= Z 0067 i
2 001+ ] 2
3 3 004 i
3 3
0.00 4
0.02 i
-0.01 4
0.00 i
-0.02 4
-0.02- i
-0.03 . . . . . . T T T T T T
48 16 14 12 10 08  -06 18 16 14 12 10 08
Potential vs Ag/AgCI (V) Potential vs Ag/AgClI (V)
c)
0.12 : . i . i
0.10 KOH+CH,COONa .
0.08 i
< 006 ]
<
g
5 004 i
o

0.02

0.00

-0.02 4

18 16 14 12 10 0.8
Potential vs Ag/AgCl (V)

l:. = = a aaa a ot aaa a o s 1 a dd‘
z‘ll‘ﬂ 5CV Lﬂmummumsmﬂﬂgmmaanmwﬁmmzﬂgmmmnmu VDILUNBRINSEN

MIAIFNBATIMSELNWA 1 mV/s uaz 10 mV/s T (a) B1aninslad KOH 1 Tuas (b)
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aidnInlad KOH 6 luans (c) Bianlnslad CH,COONa 1.77 luans lawld Ag/AgCl
1Ju781984

mnmsmaaﬁaawa;ﬂ"lsi’*h&ﬁﬂimvlmfﬁfudaNaeiaﬂizﬁﬂfmwuazwqﬁﬂﬁu
a Aaaa a 6 1 s 1 A& 6 a 1 1 o Ft:l'

miatiedjisenIaandagetaian 61 pH vasdianinsladinadaainudrsdndgnlsluns
2ONTLATUVRINIFINE BLanInI laanaan pH &9 LAAaaNTaTWNANNAIANgtasning
= e o ' A A o . @ = 1 &
WnInsladandan pH é1 wazldnunsiiesendiaturaduduaInsfuanzBianIng lad
adunans wenanidinuitnanudutu 6 M dasmsaunugerinliniaiad jizen
Jantunigadae iasnndannssunungahlinianuvivesd jisoreandiatuanads
Taunsllnaantrsanzg

4.3 nﬁsﬁugﬂﬂ?’adaﬂﬁﬁ‘%ﬂﬁmansﬁwaaé’anzﬁ
Wan3ITETedudsldgninanaanuuunIINaaes I@ﬂnﬁfugﬂmﬁiml‘ﬁ'ﬁqﬂa

IwﬁmaﬁﬁmﬂmﬁL%iauﬂszawuLLazﬁ’i"ﬂ@;m‘lwﬂﬂ (current collector) L atsznauLina

alanlnia T,@ﬂmsl,ﬁani’a@;ﬁﬂﬂﬂﬁﬁa:@”mﬂmamiﬁﬁﬂﬁﬁ%maane’fjlﬁlﬁu FanTu

%

. & (2 = a 1o aaa a & (2 Ao A va a
LLE‘]ﬁi’]ﬂ@l%uﬁlz(ﬂadﬁJﬂ’]’]&JLﬂﬂfJi vlumﬂgmmnumanlm’lam lummﬁmuvlﬁ'lmuﬂl,ﬂa

@

o ° % ° 4 < A& {
Waduizginluw lasvhnsnasastiugddadianinia 2 uuy (3UN 6)

U

37 6 WisuiisuanuwwestIsInzfueluanldanmuasoaiilenfweslasly

a & LT & A A
Iuaa:man (a) LLﬂz‘ﬂﬂﬂﬂ’ﬁL@l%ﬂN“ﬂ"ﬂ@Elﬂ’ﬁ‘]_hElﬁ']uwﬁll"llE]G“ll’]ﬁ\‘i']J%LLNuuﬂLﬂﬂIWN (b)

1 qq/' Ag v aa qu = o va & 6 R 1 v di
lagwuinndugUdolusazaianiuiianunmvnliliaidnnsladduruldnnn e
z £ ] o a o A 1 s ¥ =1
Juztudr limusnilunaseulasimati cv iufl deunsdnmgmuauti@msiwnad
wudsiimaina izl NaoH 4 M nalwaidninsladdurwdnldlwinuazaynalang
s o o a fa & 6 o aaa ci a ,&’ =4 G s s a d' 1
RUNENUAAAN La%ALANINT lad 1a pFngUfiTenMifiadwdSouifioununidinzg Al

o AN v o Aaa o A o &
§1382818 NaOH wagsnz& lavuisenudaa lahiwalasiiamalalasanduadu
° ' a o . | A a s P a o & A
FUIUNN [10] LEULABINUITHINIUTYIR Lo lnRiasAnLI AW adnialuaaaaianNue

“ A 1 s = 3 o Aaaa Lt s fa & 6 s 3 a a '
suiiugiuissnzfludanaluaridjisonnuasenladdianinslad asuuasnzdunsdin



a

' a <& ' a ° x> A oA A A
ma:gzyLau"l,ﬂmme:mumnmwmimaaaLLa:m'«mﬂmaﬂ:a‘nmaaagmhmm
AR

o X a & ° A& ' a
MIANEAN MUV INKAITIL LA lasduaIBlanaTouazaadniIe (SEM) lduniivad
I RLa AW 3 TGvastualuananrin CV wazwradvin CV A 90 sau mngﬂﬁmﬁuvl,@ﬁ'l

o a A o o LA o L A Ao o 8 o

sonzmlfsunnansaziounaniduzduriaiorsnnainsus slansuzasuadny

AN UeUad ZnO [13] (gﬂﬁ' 7)

317 7 ANBUIININMBENTND8 (a) WIFINF waz (b) maFInzANusluansazanaladonls

A3an lraANNLTNT® 4 M

mngﬂﬁ' 8 (a) LLamgﬂi”]waw%é‘mxﬁua‘[mﬁaunmau cVv lasfanwu:
adunasUnagurinliuuginssnasveshassiiniannmarnd fAsnilenawe s
1 (geopolymerisation) Lijataganzfualuariuminagaumsiniefudruaasnafid
gﬂiﬁaﬁﬂwm:‘ﬁ'mﬁﬂﬂﬂ lasdndnnsteunuwiiauwiiiaes InnI@nwI204 [14] |6
LLaﬂaﬁaﬁ’ﬂwm:ﬂﬁLﬁﬂLmuvlmmﬂlumgaLLU@IL(ﬂa’%‘ﬁﬁgﬂiwﬂfoi”wml,siuﬁwﬁauﬁ’un”u (Boulder)
el gﬂ‘ﬁ' 8 (b) I@mLmuvlmﬁftl,ﬁaLﬁ@msa:auuumz’;mmfudawa’l,ﬁgryLﬁﬂﬁuﬁ’;’lumi

3

i §isendsliiuaesdivszBninmwaasiuazaansovi liiuaiaasiianiianadas

a) faw CV

k  10um
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UM 8 Tualuanfidinzd 28% lavinavmadoniidiagilalnfiwesiduansondszau
Wa (a) fewi lnesay CV uaz (b) wasi lunesau cv lussazansladsylaasan
loganudutu 4 M 8a51nN5a6A% 10 mV/s 1 90 Jau [15]

(7
> A A

nmInasey CV wuiridingafidilalnawe fidantszawlailsngu jazen
panFLatunIasanTuressingd deanaiialdannsanssvaslSunmainsdluszninan
5:umnwﬁugﬂm‘%5§d@Taaﬁ'm”aﬁ'umiazmﬂé'aﬂﬁvl,aﬁ wonldidudugaait

(1) Maasautrdsdasldasazas NaOH azansrinaasiielwiAanszuinnnsile
Tndwelsietn

(2) m‘iﬁ‘]mﬂmgu;sﬂLLETﬁIaT,Wﬁmafﬁmsazmalugw;u Afanauduwus pH 3
10 [6], [7] V‘iﬂﬁagmﬂﬁm:ﬁﬁazjiauq msa:mﬂugwgﬂmﬁaﬂaiw§Lua§ua:ﬁ'§ww”a
nuasazansladonlaasenlodgneandlad

' @
2

a ada a a v 5 6 t.i v
(3) AAINNITNITLASHNNNINAREY CV NaauttIadluasazaruaan batline b
RIREANUDUTN I LN AN U Lave§Ins &
o & A A o A 2 A o & A X A
asnmNasan g FnaInzAiaunIaTasey CV Falinswamaaiundu (Un
6) LNaaATUABWANTLEYI ManTazanudlanInylad wananianuauniuvasdlalng
& o ) o aA < ‘A A o A & = o o
waingarhlvaunmadinginnzansluinlidiniatslunmaididnaseu 3slduaniag
HaNLAHa NI lalnALu oS LAz NIRINZ RN LWL NI AW TaawudnnisiRuaTSuan
(carbon additive) L1 LFuloarTuan luiaqilalndweivililiilalnfiwaiiianiai
% vaa &L wa ° ¥ o '
v 1d@Esdu (16] wenanguauddlunsininwiizgaiiuan 13u acetylene black
uaz viaasuaww e daiunadltluiuaeasIniiiainsaiduua luaiNaaan1sAaLa

6 a o el om ¥ a
lasauaziiusaun I ILUaLaass e anaae (3U7 9) [17]

A F B 180
—Zn 160
Zn/CNT
1.6 Zn/AC
Zn/AB

140

120
1.2 100

80

Voltage / V

0.8
60

0.4 40

Discharge capacity / mAhg

20

' L

0 20 40 60 80 100 120 140 16

o

0 20 40 o0 80 100 120 140 160 180 200 220 240
. -

Capacity / mAhg Cyele number / N

3 9 HanINaReUYIEANTA WY BITIRINFLULLALABTT rechargeable TilFanTuaw
THAFI 6 [17]
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]
A AN

4.4  maanvamenannuaziiledaasdadonzanadlalnanasizas
Uszan
4.4.1 INTNAVBIIFAAISUINGABUPN3LIN3IN@aNTIAK (Oxygen evolution
reaction)
wa @ K v a ;:i &/ oq: 1
Qaamﬂmmwmmau (electrode paste) tNaTUILILLLLN TAUEIBHNINYDI
11sznaudsunT INdrIariaaTuauu IBLULHIIRaN 8T (MWCNT) NeFanzd uazila
Infwed ansaen1ananIwad MWONT uazuntiwduaasluzin 1o lasaziduldd
MWCNT Sansastduwriaaasiuni IﬂslLwia:‘viaﬁl,éfumugmﬁnmaﬂs:mm 10 W lwluas
1 > 6 & =1 [l
fIUAN BN T ALdunSanazdamalugialuasan

a) MWCNT 1000x b) MWCNT 10000x

c) wATNE 1000x d) wnsknd 10000x

sU 10 anwmENINNEAINANN FE-SEM 2a3viaansuaumli (a, b) uazuns e (c,d)

u
AMRIVLIE 1000 b¥I AT 10000 LN AINEIAU

naINMIAnENANNLTuKENLATaIAUITNaUTEIFINGE LATING MWCNT 3laln
a & aq: n:i a v d' 1A a 6 o ai %
et uaztafiaoald dausadlugud 11 wodhdlalwfiwesiiansnzniduadugiu (18]
Tupmuzl MWCNT usasansmieiiaf 25° (sUuunlassaine 002) uaz 43°(Guuunlassasng

o [ = % £ { 4 a
101) AUE1AL TILFAIDIANBIUNANTEALUN IUUULRNLARENYRS MWCNT [19] LlaLda
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MWCNT $auriudiinlnsaiwayt Mdsznauais FAZn:MWCNT wii 12:6:1 ldwuded
LEAIBN MU0 MWCNT thasanniuSuno, MWCNT fidh dmsuunylndaswuiataian
fidunibs 27° (suunlaseaing 002) Saugaslassasvesnan 20] laganwmelasaing
wasunsdaznuludrodns FAZnuntlWeg snemslasiainivesnadsnzanuiaunig
WA 36° 39° 43° AT 54° GﬁaLLamﬁagﬂuqumm%ﬁaﬁ@hme 002 100 101 W@z 102
AURIAL [21] gﬂLLUUIﬂsaa%”'m@”aﬂdnLLa@alugﬂﬁ 12 GelassaonanvesBonaznuln
GrogenimILanged nande FA:Zn:Graphite L8z FA:Zn:MWCNT FaluBuinudiogng
RENT SINUANHIERATES ZnO NEUWIS 32° uas 34° [22] BorAaduluszninenis
w3gadianinge lagdfisunseninssinsfuazansazaoany wusudianlnsnnaunad
nwuin linsassnwazanudundnludun

(101)
(002)
(002) (100) (102)
| " & Zn powder

~ et Lo
3 |l
p .
L JL ‘ Graphite
> == =t
o L l FAZn:Graphite = 12:6:1
c kL i
o) Mmm P T | T T e ¥ . —
C
- J\_ FA:Zn:MWCNT = 12:6:1

WMM‘M ikl it

(002)
“’Mm (001) MWCNT
A, by v
i g g Geopolyrf'ler
LN B I | l T i ot 'I T 1T ¢v 7T l T 1T 11 '[ T v 1 1 I T T 171 '[ LI B I Trne '[ LI L B

20 25 30 35 40 45 50 55 60 65
26 (°)

31 11 31JLL1J1JmSL§mLuu%“a?;Lﬁnsﬁmaa&aﬂimmﬂauwaﬁﬂ AUsznavaly

FA:Zn:MWCNT uazFA:Zn:Graphite vy 12:6:1 lasil3ouifivunudaqiindu Flalnd
\WWas MWCNT uns e uaznaganzs)

WANBLAG: ANUFIVEIRA (Peak intensity) S miLunsIWduazniBadiulwaans 10 i
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101 102
:a:llﬁ 12 Iﬂidﬁ%’]dNﬁﬂﬁWUl%ﬂ’]iaLﬂiﬁzﬁ XRD ﬁ@‘i’nmu',a 002 100 101 Lkae 102

AN

awnﬂniﬁwmﬁ:ﬁnwwﬁthWMMWﬁnquuﬁuﬁa%umaaﬁmﬂiﬂ@ﬂauwaﬁﬂﬁdﬂ
wnafta FE-SEM uaadluzuf 13 (a) fi9 (d) 3UN 13 (a) uaaanwaasin9zasdianiniad
Usznauedis FAZnMWCNT = 12:6:1 laoiufizasiuiuazdansmzainzdlnaga
A7y MWCNT ussnianmsiniiaandfisendlanofines it wananidiny
1 aid a 1 v = a K % =3 al' £ ' a
vudunansuzduvandondnvesdddurinagain vauis FA Ndsldazasland
ansasidunsinauianansanadiule nadaninaadSunmdlalndiwes (FA:Zn: MWCNT
° o a ' & ) o @ & A
= 6:6:1) ¥ W MWCNT Ja18Ru i uundunazividuiaunuauinduiita 431nau
v v { g { { { v v
inTungsln U7 13 (b) 1la MWCNT Qmmuﬁmmmﬂﬂﬁ wﬁnmaaawmmmﬂﬂﬁm
luagludigandszanuilolndiuat (3U1 13 () asnndidninsawaridanunitaann
g { =) o v 1 =) a 1 U, L=
PuLiadnnIaadSinmansazan oy vnsnad iU ssansain sanalidnsnszanuan
s 6 1 dql’ = o n:qi’ a n:i s
vasirgasuauuuyldiduiiadoaniu wenaninssauiunmmazaoiand szaud
v lwuntindauaaduian (3UN 13 (d)) AN LTUNT ANl U AnTnnikauasuas
21980 M I N8I b6 1 FInz 2 L T TaTIRIINANITLIIZA9 WARINITDILATIER
A A o A o A & & o P P A &
90 EDX iWallugunifagrasdinzfuazasuauanaaniiaqiontszauilalnfiues
' (% & A9 [ A A @ & & A
(lauwaq) Tagarfueunlaluiaqiiendszaunlslunisduasidinnaiaes
13znavals MWCNT (gﬂﬁ 13 (a) Waz (b)) ﬂswngLf]ul,ﬁaLﬁmﬂ”umnﬂiﬂagtmﬂLmivLWGT

fifluwaluasen (U 13 (0) uaz (d))



22

a) FAZn:MWCNT =12:6:1 b) FA:Zn:MWCNT = 6:6:1

c) FA:Zn:Graphite = 12:6:1 d) FA:Zn:Graphite = 6:6:1

W
e DY

-

3111 13 NMMWAA2I19 FE-SEM YPasdanlniaaunadnilsznauaiy FA:Zn:MWCNT 7

8alasula (a) 12:6:1 Uaz (b) 6:6:1, uaznaunaanfiUsznaudas FAZnuns g
8aTLAsNIA (c) 12:6:1 uag (d) 6:6:1.

UM 14 uma4 cyclicvoltammogram uazaNudIAndMAaUfATon luwadly
81782818 KOH NA8LTNT% 1 1813 N9aI18WNW 10 mV/s laglSauAgunis
A Ana A & ) = & Ao Aa & A
\fiaUfATon3IaentuasunugInsfuaz1aNdslo IwdiwosiTantsza
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0.12 4 ——2Zn plate
{1 —— Geopolymer
——FA:Zn:MWCNT = 12:6:1
0.08 4 FA:Zn:MWCNT = 6:6:1

1 ——FA:Zn:Graphite = 12:6:1
—— FA:Zn:Graphite = 6:6:1

—
o

£

5 0.04 +

T | Anodic sweep

oy — —_

2] -] g ==

@ 0.00 =<

g i * 0.010

= Cathodic sweep

= 008

o -0.04-+ e

—

S | 0.006

U 0.004

-0.08 - i
0.002 >4
1 0.000 - .
0.0 04 0s 12
-0.12

r—+ I~ I -~ L & L =J - a4 1
20 15 -10 -05 0.0 0.5 1.0 1.5 2.0

Potential vs Ag/AgCI (V)
317 14 CV 2090UuAL0TNRIATIEH luanTazany KOH fianaaintu 1 lua1s
o = v & o A Ao P 2 o o
AATIRUNY 10 MV/s TILRAILMABAIANIANMWNNINATIINIA LA 10 mA / cm? T30 16

FERIMIAANTELFLD I UAN

fwTuuHudIngAwutsfivnlwiAel jismaandiatusosuriudins fszning-1.43
9 -0.0 V iflaifinunieingnede Ag/AgC swdunaviamnmsiial Jisenesndiatuued
wHugInzAvWAnszuauan snrmzn el jAsoeenfiatuvesndudinzdi
AoutnInfunUNIIeNTIaTHY B REIN Fluansazans NH,Cl enudutu 2.34 M
8z 0.51 M ZnCl, [12] lussazassaa latimsiiadjAseneandietuvesqginzfiaain
mssmuaavassInzannaodudefiua zn(OH), uaz Zn(OH), %aﬁnﬂniumsﬁugﬂﬁ
TUTaU (FNNT (2-3)) [11]

Lfiaﬂ’%mmmaas‘ﬁaﬁmvl,aaau’Lumm:mﬁﬁqﬁg@vaaa:ﬁﬂﬁl,ﬁ@%umaaé‘amﬁ
sonloduniivounudined (mums (4) susenzdoanladivininfiduaniunuuas
Lﬂuqﬂaﬁﬂ@iammwiﬂizmwaamiazmUSLSﬂIﬂS"La@TLLazluﬁqmﬁawq@m’ls
Wiadfsenasndiatwassainzd@vnlvnisiiad fisonanadadaunn [11] anwmens

P WAN BV BINTHARD LRIV IFINTR

Zn+40H™ - ZIn(OH)3™ + 2e~ (2)
Zn+30H™ - Zn(OH)3 + 2e~ (3)
Zn(OH);~ =» ZnO + H,0 + 20H™ (4)

40H™ - 0, + 2H,0 + 4e™ (5)
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nzuaualndnusasljisonaandiatudnassnanuesdnd -1.1 V (@un13 (5))

A v & 1 Qq: s Qs
GIN] LLN@’IGI%L%%’N“E%T@G&GT\:’&E aﬂvlsnﬁ ngﬂﬂziﬂ ﬂl%ﬁ’ﬁazaﬂ Elﬂaﬂ’]vl,ﬂﬁl,l,ﬂz%@@aaﬂ?ﬂﬁﬂ

'
= o

a E a [ ' a A a > o A & (3
N?Tﬂx‘]“ﬂ’)ﬂLﬂﬂI‘ﬂi@]l%ﬂﬁ;@] ‘Yl’]l‘lﬁLLN%adﬂ&ﬁﬁ]Zﬁﬁ&lNﬁﬂUaLﬂﬂI‘YlivLﬁ@]LLﬂZﬁ’]lﬂiﬂ
= g

WedfAsueendiatule fsiviliiduisdasinavesuuaiaaisan ladssnzfifiasain

a

o 6 ) v u L%
nsansarvasfaui idgyidsanuanisalunisgliwuszaaergnisldnuvas
wuaae3 [11] agslsnaunisiial fisosandiadulusmeiiionszus ualndn laild
a :3 Aa & fn:i A 1 (> a o 6
adulusnsazarodidnInslaanidunans [12] GInN8ANNINNNTIANLAIVINEA A DUN
flanneandiatulidnginilumsazaodidningladnidudanlas
WAL BINIIAAU AT TANTUDDILHUFINTFINAUN -1.42 V TIA0NT19289
G ni a aaa a o Qs a? 1 >3 = G ni a aaa a L é
wanifiad JAsedantuitazivinnuiasivaesianiiadjisenoendiasu 59013
WNINIZLUDINAAN A INRANNTNRINERALAN INTAD0NINNTIFINTRBLAN INTA a1Vl
% ' 1 o Aa fn:i 5 a v di Rt v
losaudsnefldmunsanauanidridninduled ihedsvdgsengmisldnuuazanuaani
lumaylivaestadinzgdidnlnialasnsdianisiafeunvesdinzilaaau 3aiinns
UszyndldiTnisdne 9 1w muﬁm"'a@;ﬁﬁimaa%agwgmﬁuﬁmﬁ'xﬁuﬁ 23] 1w
alanlniatvesassuaInzd loaauluszniimaied jiseneandiati
m”’gﬁﬁﬁiaiwﬁmaiflm"’a@lL%auﬂs:mmzﬂizﬂauﬁw FINH Ltam‘”ﬁqm‘fﬂau
(FA:Zn:MWCNT uas FA:Zn:Graphite) laafifiniAalwuiduweiusia s (current collector)
v A o a A & A o e V2 & A ' a Aaa
wiazfinsdanzfagludianlnianguanzidu udinfliiiminauauasdensiiad fisen
2aNTLATUVDIFINLH UAzUIAINTIN voltammogram Aaanue23 lalwdiuas (3lalwa
waithoasuuiinifalww) asanilalnfweionsvlidadidniniadanudumugs
Y a A 2] . =1 & W v
waAzaAUINNMENTHALNNZRIATINIS (FA:Zn:MWCNT %38 Graphite 1w 6:6:1) At laHa
wilauidn JsnuhdleIndweilguaudfiinanudunmulwldiuingidnine
WIIINITILATIER FE-SEM / EDX 92WAAINIINTLANUUAIFINLFLAZANTLOUARDA
&< & A A . @ A ' [ A o b o ' &
MItIuuaael (JUN 13) nItedivanaiatiaiagninlnvianadsldauy ol n1saa
ﬂ%mmmsﬁ@Lmzsl,m”a@;L%auﬂi:mumﬁ]mm’LﬁLﬁ@miﬁa@”’m%a“mm&ﬁnmam%amia
o o o ¥ dak ' < a & a = AA o '
nuvasiagin I nddn adelsfinuafivsnmwninazanss Ti8inIntandaandin
@a1i193N FA: Zn: MWCNT %38 uwn3 e 6:6:1 azianugfasiBanasi
A AdAa X A o edgoe & aw ' ° o & Aaa
NIzhaLa luAnNAaTuLladn N NUIBLENINTANIANTN 0.6 V §1RTUTINNI Lo
InSwasiToudszan uaz 1.1 V nsuuduson:d tedniniafiadjisensandiati

vaslaasenladlosauiivnliiineandiauauaiauns
40H™ — 0, + 2H,0 + 4e~
(6)

v ed < Aaa a e A a a a '
mmmmaﬂﬂmamwaamﬂmiaiwaLuasmauﬂszmmﬂmummunmmu

2

ganzanvinlwazidunaddanszurnnisiiatalastanlunszuannisueniiaao lWwa

(alkaline water electrolysis) tW31zUjnTeiduariinuadasnaanisiiaoandian
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(oxygen evolution reaction, OER) Iuﬂizu’aumﬂwﬂﬁ’wﬁSJVLW‘VU’]I@U polymer electrolyte
membrane electrolyzer [24] 21U LANGIITEIAINNAIIANE (overpotential) AT ALY
i:‘ﬁ’haLl,r;iué'aﬂ:?mawg’sﬁé'aLm’lzﬁﬁumauﬁ@mﬂﬁmmamam"'a@; FavannLiauas
fonzfdulansiaogninunlfideduazazdadlud §iten OER nadu Tasdnnsin
é’dﬂ:ﬁwauﬂ”ﬂamaanvl,sn@i(l,ﬁal,i'aﬂﬁﬁ%m OER [25], [26] FIUA AL RRAN N FIUHENVD
finfinazdanuaunsalumassdjisornisiiaesnBianisudani [271-[29] Gafinifia
IV\I&JLﬂu';”a@;ﬁl,%m:awﬁﬁlzﬁwmiﬁﬂum%'5LﬁﬂIm@a%mﬁ”um:muﬂfml,mﬁwﬁ’sﬂ"LWﬂﬁ
Lﬁaqﬁ]’mﬁﬂ%mmﬁuﬁﬁagq [25] WRETILAA overpotential VaILNTe1 OER gt le
{0

anuavanduasmaialisnssndiasuaunsaiwdiouisudss&nsaw
20391815 IN5AdnIL alkaline water electrolysis 1 lagmaueluafiaanudrsenglums

a

WU jAsereandiatud usasldiiuisanuswisnlumslinasauwlwnlad [25]

'
v

Toyaangun 14309 2 uazaen 2 Vl,@i’ﬁﬁn’l‘sagﬂmﬁ'ﬂﬂ“lwwmaa"ﬁ'aLL@iawﬁ@ﬁﬁ%IaIw
=) § { { a Y é

Saifandszaui 10 mAem® igunnAvas Tug13azay KOH 1 luans dsaziiln
FNNALANANIINT McCrory kazamue ladnsn @597 b iasazany KOH 1 luansunums

l5a3avans NaOH [25]

MIN 2 useIMaIsuifisuainuesdang  (overpotential) 289UfA%En19LAA
aandlaw (OER) lawlt Ag/AgCl fuansredsdrnsutndidaniniafladlalndiuesibas
dazauluanniz masunuualudn 1 10 mA/em? Namwnndvas luansazans KOH 1 M

lasfifnifalwaduudniirlww (current collector)

Overpotential (mV)
P Loading (g/cm?)

at 10 mA/cm’”
Geopolymer 830 0.17
FA:Zn:MWCNT = 12:6:1 724 0.25
FA:Zn:MWCNT = 6:6:1 650 0.20
FA:Zn:Graphite = 12:6:1 768 0.19
FA:Zn:Graphite = 6:6:1 914 0.32

[
v A &

Arnwasdandninliiiad jAiseansiiaeandian (OER) Bva992818n1INIA

=h.

a

§9LATTHRAINTEQUIZNOY FAZN:MWCNT Uaz FA:Zn:Graphite N8aTa% 12:6:1 diein

=

anuasanglunisiiedfisenesndiatuiasninganaivadisilolnfwaiianiey o

Re

1 = a a 1 aaa u 1 A Qs 1 1 ?,’ s
wu1sanuidusz@ninwlunmassd §isermsWnannnidt dsseanaindainnnii
=1 = ' 1 1 Q = =1 v Fé U
289 MWCNT %3aunsivd Snaniznudadianudsdndidisainias Gianaveyladn
ﬂ%mmmaaa”aqﬁiaiwﬁmaﬁﬁw%wa@aqmawuyﬁmﬂwmLﬂﬁmﬂﬂdn"'aqﬂﬁuauﬁlﬁu

weidluinaaninga Lﬁaa@ﬂ%mmmam"’a@)‘ﬂaiwﬁLuasfaal,ﬂué'mwmu FA:Zn:MWCNT @a



26

6:6:1 WuAaNa9ANglunstial §Aiso1 OER @‘i’ﬁ'ﬁ'q@ (650 mv # 10 mA/cm?) Wia
Lﬂ'%m_lLﬁﬂuﬂ"‘umgaﬁl,ﬁﬂimﬂﬁﬁamﬂ:ﬁmﬂi‘a@]‘ﬂs:nauﬁue] uaadInduszantainluns
T51dusaualualunszuiunis alkaline water electrolysis lunmzi92515nInsadid
8AI&IUVBI FA:Zn:Graphite WAL 6:6:1 AA1ANNGA9ANE luATLAa OER gagauazd
ANMULRNIZRNTD ﬂﬁq@mﬂﬁwmlﬁﬂumga walualwnIzuInMTLELINY ININNTURAING
Po9UszAnSnndasianinsafid MWCNT iudrudsznavluninfiad jAsun OER
HANTTITUNLINTAINUREAAABINY Dubey WazAmss [30] 1a851891137 MWCNT &
UszEnsnwlunassd §isen oER snniluunylvg twanzlasaulaasenlodsuisn
Al fAsernuarnuunwsaslulasegsns (defect) lu MWCNT gaglwnisiiad §isen
sandiatuvaslaasanlodifaaiaandland o4 [30] wananiaw FE-SEM 189 FA:
Zn: Graphite = 6:6:1 ugadlilAwILATINGnTzaa7 lua (Eﬂ‘ﬁ 13(d)) 3nwafilaseans
agﬂ"l,@‘f'haqﬁﬂszﬂawaa’s”a@ﬂ,umgfsSLﬁﬂimﬂ (WNT MG ez MWCNT) i’;m%mﬂqmauﬁ
mwﬂmﬁmﬁmﬁ’mam"’aaamdawa@iamsl,ﬁ@ﬂﬁﬂ%m OER lunszuaumisusntizen
I Bowsnenanudnsdnguas OER annmsanmniadianinsadidslalnawefidey
Uszmuiudigaffououdouiudiss joson i lansofainfouazlanzoonlod
va'lal [25), [31] ama"l,iﬁﬁqmauﬂ“ﬁmaLﬂﬁiWﬂﬁLLazﬁmgnuﬁﬂmmaamgfaﬁﬁamﬁzﬂmw
ﬁiaiwﬁmaﬁﬁwﬁL%auﬂszmuﬂ'ﬁmmmﬂ%’ﬂﬁmmzaulumsﬂ%’uﬂ;ﬂﬁﬁ%ﬂuﬂ%
¢a b

]
aAdAaAa

4.4.2 qmauﬂamﬂﬂﬁﬂmﬁmaaiﬁaé’anzaﬂuafafwamaiﬂ%auﬂixm%

mﬂwamiw@aaoﬁﬂdnmwudwfm)‘L%auﬂs:muﬁmuﬁ%wﬁyaziwﬁlwia
UszEnsnwwestasianlnga %ammﬁmmu@waa‘fﬁIaIwﬁmaﬂfuaawalﬁmﬁmm
wsatoideulssasdiinaseuuazrililidsingmafasendiaturasdonz luda
alanlnsananlndn uaﬂmﬁamﬂmnﬁw'faqmi’uauuﬁ’s nafludanazasnaldiagin
"LWvﬁﬂumg'sLLa:agmﬂé'aﬂx?fLﬂé“%@ﬁ'umﬂ?J'\‘l"fu aoiudsldinmsnaseaulagnasannnis
thedianTnsamariasuniniialWuud levinmstuaad 0.4 MPa Wwnan 1 wifl Aause
lﬁLLﬁaﬁqmﬁQﬁﬁaa

T,@m”a@;ﬂﬂ%ﬂ@%ﬁLﬁ@ﬂiﬂﬁLLﬁﬂﬁUamwﬁﬂ ilasananumansnlunsinlnvi
i’;uﬁg\awams’ia”ﬂﬁ'i:y’j'mﬁwawm'i‘uammﬁﬂ (CB) asludarnlwuuaiaods rechargeable
fszansanaiedu (17]

fnsuanninandnsnddasiulaginasznidiasy:finsinsaiuen de
18.03 : 36.21 : 1.33 lagvhminasoulusiazais KOH 6 M Tagsuualudnaunudl -
15 £9 -0.8 V Lflpuriug281989 Ag/AgC (gﬂﬁ' 15)3INMINA8a 1 30U WuLaluania
fl —1.2 v iflafloutiy Ag/AgC! 110137 inInasey 1 saufluaadiinaandiaduin

senzdvhufisonnuaaen laddianInsladiliiessdsznauiwaloaaw zZn(OH),> (Wa
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A1) a3auns 2 Laia zn(0H),2 IudSunaunnaziigedean loaNauiaiauflves
s a . . a a 6 ea A 2{1 a
BUNAFINEH (passive film 189 ZnO) ANBHSUDITIARAN L TANLARDLUAILBN LRIV
apmasinzAnudansundugniuuszaugaldansazasdan ladaansounseiule
WREHLN9EIY AIBuaNNTNTUYe laasandalaaan (OH) nuwsngenmaainzd
meldruiauasiatasninanutuTwuad laatanda oo o uNNWAINFUNINL
ssszapdianinsladlagasy Ujisereendiasuiinedsfanaldaninenlsnmlans
o s a g e U aaa a Q =
anlod lasaudinauazazifiaduia A2 asaums 3 ayullaiufismeandiaturasdonzd
Qq: aaAan a g Fi‘ ] Qs = 1 Qs A ' Qs a
misasfAsefedunanuddngdanuandini $9lunsdinen CV va9udusinz&
(3U7 5) laiusasnisifiaia A1 uaz A2 fuoniuatataian
TuaIn@naunuwnung A3 NUSIIE —1.2 V Las8aanaaINUNANIINAaaduad Cai
WATADAL [11] WATHANITNARDY CV VBILNUFINGE LT Tidean loaniaaiafauflvas
> a 1 Qq: o v dd’ 1 augl' a
aumadinzfagiu gnazapeen lWluamsazansiws ildFinza@nadmoldduiimu
o aaa s Aa & 6 & a a = ‘3 3 a =
i fisenusszasdianinslad iaduuaziiona A3 9u anwusuamItiawae
ANTLATUNI 3 NALANUREAAFDINUNAVEY Cai hazane [11] a9 lsnanmnaaasithsl
a A o C% s ni 1 Qs a o v a s = g dni
LRAINAIANTUAINNU IULNWFINF YN IRUSHNRINTRANINR0ANIINARBILALRINZEAN
anaandlad L limansanauuimefitawssti g le asimlaimadudmwiusen

A A a X ' = X
WUINUTUIUNTEUEN Lﬂ@mua@a\‘]aﬂqﬂl.%uvl,@“ﬁ@

—— 1st Cycle
—— 2nd Cycle
0.16 —— 10th Cycle
3 70th Cycle
0.14 -
012 -
0.10 -
o 0084
E 0.06 -
3 0.04-
0.02 -
— J—
0.00 -
002 4 FA:Zn:CB
0.04 18.03:36.21:1.33
T T T T T T T T T T T 1

: : : —

-1.6 -1.5 -14 -13 -1.2 -11 1.0 -09 -0.8 07
Vvs. Ag/AgCl (V)

sl 15 namInagey CV 2a3tasInsEndslaIndwesizenyszau (FA:Zn:CB =

v o

18.03 : 36.21 : 1.33 lawaa) luanIazans KOH 6 M o guunndl DINEATINTTUN® 10
mV/s



28

A o AN o A A o o Aa A o ) a 1%
WatWa CV NielSounsunuanemenIsinaaandatwluinwginsdnisldainy
T HUaIBLENINT Lad KOH t¥inny 6 M (gﬂﬁ 5) NUINHAMUULANAIIN WO EITALIY
I@ma"'ﬂwmzmﬂﬁ@aaﬂfﬁmfmaw"'ﬁiaiwﬁmai‘ﬁﬁi’a@;L%auﬂszmuﬁfuﬁé’nwmﬂﬂﬁlﬁm
AU CV 209K WRINFIURITaza18 KOH 1 M 398130817 ba 31 Imaai”’mﬁﬁa”ﬂﬁmuﬂug
A a o‘oqj =1 1 1 a & 6 o v U U A& 6
wgumaaﬂaiwamasuuma@lamil,l,wwadamnimvlam ke utuwuasdianng laa
ﬁé’uw”aﬂ‘"uagtm@é’anzﬁmﬂm”aﬁé’aLﬂi’l:ﬁﬁaﬂﬂ'j'mnm’mLiuﬁumaaaﬁﬂimvlamﬂlu
81382818 (bulk concentration)
Lﬁaa@é'@dmagmaé’an:ﬁaﬂmﬁé’@ﬁhuiﬂmmamad FA:Zn:CB vvinnyU 18.07 :

18.07 : 1.32 @“i‘]gﬂﬁ 16 wumaiadfAsonesndiasuuazAans 3 laud A1, A2 uaz A3

v
v AadA

d' ) ] a tv 1 a s 1 o =t o a 6 -di
AFIULRUILALINY LAUTUINIZLFRARNIANNRAFIBFINEH IWUINAD Lo lwRLN oS Bay
Usern

1st Cycle

0.06 = 2nd Cycle
A3 —— 10th Cycle
70th Cycle

0.04 4

0.02 4

0.00

Current (A)

-0.02 4

/ FA:Zn:CB
-0.04 -
18.07 :18.07:1.32

VT T T T 1
-1.6 -15 14 -1.3 -1.2 -11 -1.0 -0.9 -0.8 -0.7

Vwvs. Ag/AgCl (V)

31l 16 naMIMAREU CV 2a3TaFINENTTlaIndfwesizanyszau (FA:Zn:CB =

=

18.07 : 18.07 : 1.32 lasuIa) uanTasans KOH 6 M o NN IYDINIANNIFUNH 10
mV/s ANAIAL

sInuismaesontasinandiloInAwesioutszau Sedlanudayediobs
Tasanwzwnida Il uwuuainass mmam”aqms”uauu;uﬁmmzmsﬁué“mgaﬁﬂﬁ \fia
Tawaneiatnsdidnaseunaziamafanszualwrinld mwdassmafalfasms
@aﬂsr?maaagmﬂﬁoﬂzﬁlumﬂﬁﬁﬂdwﬁmaﬁ%awﬂixmuuamiugﬂﬁ 17
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danzaluoimea
2Zn+0, — 2Zn0

1
FEMIRMTIAT OBV TUR

Zn+2H,0 — Zn(OH), + H,T

Zn+40H — Zn(OH),” + 2e

Anodic sweep (A1)

Zn+40H — Zn(OH),” +2¢

Zno lassasemngne

; Anodic sweep (A2)

Zn+30H — Zn(OH), + 2e
OH"
oH
OH

Zn(OH), Cathodic sweep (A3)

Zn(OH),” +2¢ — Zn+40H

P o a aana a a o = & daa a & A
E]J‘YI 17 mwmaaamimmﬂgmmaansm,@]“]jmaaagmamn:ﬂumwmiaiwaLuaimau

SIPFEAs b
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5. ayUuazInnInluanIInaaas
51 nsAnwmaaantianmsinitiaivasuiudonzdludidninsladifinnans
uazdwiua

mnmsﬁﬂmqmauﬂ'ﬁmﬂﬂﬂwmﬁT,@ﬂWW]ﬂﬁﬂ Cyclicvoltammetry — UaILLH®
sansameldannzanuduaefdroii Wu:hn’mﬁ@aan%mﬁ'umamtiué’aﬂ:?mzqqﬁ
gnzanudueswnn (6 M KOH) uszazifiaaaasfienuidudisiasnit (1 M KOH)
Lﬁaqmﬂwﬁmﬁmﬁmmﬂﬁﬁ%maan%mﬁ'uﬁﬂﬁﬁ@%uﬂﬁu Zno fitamaanisnaniausas
fanzfdee1atisaanisia self discharge luuuaaassle anannuidudnins wuin
mnﬁ@aaﬂ%mfﬂumm:mUmﬁ'aLﬁﬂﬁuﬁmwmmﬁﬂﬁgmdﬂumsa:mmm Baas
ganalianuasAnduasassuuaiaeisd anzenadudafiliann (1 M KOH) 3

WazmNnzandanisiin lle

52  NSNAIANTHUDIUAWHINZE

5.2.1 ﬂ"immnnsﬁ@ﬂﬁﬁ‘%m‘%@”ﬂﬁumaaLtmuﬁdﬂzﬁﬁuagljﬂ”uﬂ’l‘m,wimaavl,aaau
fanzAganIazanodidininglad 3InmMmasas cyclicvoltammetry lasmyauwnudaunay
wuinflelgsasimssunm (scan rate) a;mﬂ’mﬁ@ﬂﬁﬁ%mﬁ'@”ﬂfuﬁmﬂfu anasunelein
N§@m°'msﬁ°uaaﬂﬁn’%maan%m“ﬁuﬂhaglﬂﬁmgfsaﬁﬂ:ﬁ ldidavnnsaunudounsulosaud
azmUayjlumsazmUSLﬁﬂImVLamﬂuu%nmiﬂﬁm‘%mminﬂﬁﬂﬂLm:uwnga"lﬁﬁﬁﬁu M3
maaaﬁmaﬁﬂﬂﬂszqﬂﬁ@imﬁaLﬁuﬂizﬁﬂﬁmwmaw&ﬂ@ﬂﬂﬁ@m”aom@sﬁ'uvlaaaul,ﬁa
FINANIUNIVBINRAN I VRIU NI eanTiaT LﬁaﬂafuQunwnﬁwﬂﬁﬁ%m’%@”ﬂﬁuuaz
limaiasantwialdodadusafoy  wazonvszaanindesenlliiosanmsifaian

lasaluanaenzd

5.2.2 INMIANBIMIFUNKTBUNAUEINUGIBIN wanannistiad Jisensansn
Pa9FINZALAD FInziEnuaansaieljisensandiatiluizninimssunudaunasldas
dl uqz' 6 o deq’ a [ dd‘ 1l £Z 6 a a L% J
WARINTUNAN ZnO Azane ﬂﬂ%wummaaadﬂxawagmsflmﬂamﬂ@msaaﬂmmmu
WINWANTWZWLINNTTLIwMIaLnudaunaulunmasad  cyclicvoltammetry  1Junn3
F1RAINITITILLALADTT UFAITNIIZHININITTITILLALA D3I AANINANTAUYAITIN bl

' v Aa =2 ¥ o ¥ 6=l
ﬁx‘lNﬂI%Lﬂ@N’W% ‘ﬂdLﬂ%‘llﬂﬁ]’Tﬂ@]“llﬂOLLU@]L(ﬂE]TiLL‘LI‘U rechargeable

52.3 miﬁm:nwamaoﬁ'@]mus’%ﬂzﬁ@iaqmauu“@“mavlwmLﬂﬁmaw”’sé'oﬂzﬁ
Aaa A ¢ A
waluanialalnfwasiBanyszan
& & o = A A & A A Ad o & '
mnmsmugﬂmmnmi@amIaIwamasmawﬂs:mu WU RINTRNWN I 3]
a aAaa L 1 Qq/, Q ‘é Y
ugaINAaUsen3aende9sinsd aundngrezinidusn F9anvaziiasnnannany

% ~ a & a o ~ A & 2 a o @ A
mumumaaﬂaiwamawga PSunmaasiuilalndwasluandelinnuday winiidlaln
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SaslulSunanunAn Az 0Ny MUAIUNIBYDIT7 kAR INTaULAW YA RINA LA
& D = PR VI @ AR A A9 o A o ' <A
7 UTIUTS MINNRASEINVIRINTRI WD UM RaNN TN aaaAMNUAIUNIL atnd l3Aa
MINUFARIBFINTFIWIINAU LINUANULANAN 81992 TN TITN T AVAIFINL AN
LN EILARNNEINMNANIZLAN ZnO TIDUaNIN Y IR INNRASEINVIRINTR I k1AL
FIRAAINAIUNI LANINTN msw’iuﬁ%’@mm”aquuamﬁaﬁﬂwmLLa:miﬁué'@ﬁﬂﬁ

ia3ernsdianaTen wazaRsaugaInaialfiseninenduainssinz & le

= 6 1 6 1 V=N =1 q?
53 msanswanm lduazriaasuanmiludaamanianisiiiafivesss
Y s A Aas a ¢ A
snzanaluwanadlalnawasisanilszain
< o Adaa A ¢ A \ ) o o & el
PI§INzANTA LalwdnasiTandszau limunzgununmstinan lsidwinnuaiaass
Lﬁaaﬁ]’mmmﬁmmuqq wanauwuInadndsznavuluwiaviilvaasinisiiaeandian
(oxygen evolution reaction, OER) annansasatsaan laviduaandiaulunscuiunmisuen
Wiee WA (alkaline water electrolysis) LRanuLad
nsuaalalasaulasnisusniae iwndsenaudasl jAsendes da UfA5en
m3tfialalasian (hydrogen evolution reaction, HER) waziffisennisiineandian (OER)
A Y aaa { a v A < . [ ..
$INITUINANT OER ﬁLﬂuﬂgﬂsmﬁm@mﬁq@ o duTUui1nua8aIN (rate determining
step) MatAnaas N stind fAselasnslraaissd fiTen (electrocatalyst) thaaa
overpotential 184 OER F3danuinduuazyinldnmisuaalalasiauilszantaw
= 1A a d' ) U ] ) eq: = a {nq/'
NaIINMIAN WL RNAS INuRT U T T wi Wi N T L a0 9193 La INR LN a T
Janususnduainssljisen iwiedndsmiudisen OER uazmstdvrianiuamn
A a \ & daa a ¢ A < &, X
wlunduasiduuddlurndslalnfwesiBonyszawituiusiuaa overpotential 2839
Uf3eneandiatusossnsazaisaan lainanunwuiunszug (current density) Ly
10 mA/cm2 b¢ fatdSeufisunuaNinT WAL ANuaIwL 1@ overpotential 2849771 dN
N ndiauudsgeniriandviaanivawunlu uenanviaaiveumluazdudaiad jisen
OER TrufuiiniAalwufiduas nmshlwvfigauaznisnizaszasriamivanuilu
lununingslalwfwasdninatndensdinalwnisiial §Aisen OER lussazanuas
€ a a a n:;' n&/ d' ivn:ql/ =1 C™ nq/’ d'n:l
A laNHUTEANTAIWE I HaNIINARDIN LA LT WUWINIINITNA WITALD LA N i

a a A X
YILRNTANNEIUW

6. 2oLanannzdaInsTUIIwIE lwanIan
o PR = '
6.1 VOLABILUINANISANBIAD
@ <& A A A Aa & o A & a ' A
m'iweummLLU@\L@]aiﬂuaiaiwaLuanﬁumLmauﬂs:muuuqummUgaq@m:
waln lhidulasigsninaasuznuanainazlwanundnssnsn wazltwduiuaiaas
4 =1 = = o = § 1 L= Qq: = ‘é { 1
‘maLﬁamﬁaLm_mﬂwaamuuqm’iUummuﬁagmﬂy NITILTURWINIIRIINT 8
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Abstract

The requirements for electrode materials are high electronic conductivity, fast kinetics, high mechanical
stability, and high chemical stability under oxidative and reductive environment. In this work, composite
electrodes have been prepared containing geopolymer (made from fly ash (FA)), zinc, and multiwalled
carbon nanotubes (MWCNT) or graphite deposited on a nickel foam with different compositions
(FA:Zn:MWCNT or FA:Zn:Graphite, mass ratio = 12:6:1 or 6:6:1). While the commercial zinc plate
demonstrated clear oxidation and reduction reactions during cyclic voltammetry, no electrochemical
reactions of zinc were observed with the composite electrodes. The composite electrodes suffered from
high resistance, which could not be overcome even with reduced geopolymer content. The FE-SEM
images indicated that the composite electrodes containing MWCNT were better dispersed than those
containing graphite. Moreover, the composite electrode containing FA:Zn:MWCNT = 6:6:1 showed a
lower overpotential for oxygen evolution reaction (OER) compared to those with FA:Zn:Graphite at the
same mass ratio. The surface morphology, homogeneity and chemical compositions lead to the change
of the electrocatalyst activity towards OER. The electrode containing MWCNT may be attractive as
anode for alkaline water electrolysis for hydrogen production. Further experiments should focus on
optimization of the electrode composition to enhance its conductivity, activity and stability.

Keywords: Geopolymer binder, Zinc electrode, Cyclic voltammetry, Oxygen evolution reaction.
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1. Introduction

Nowadays, the demand for safe, environmentally friendly, robust and reliable energy storage is
continuously increasing due to the growing needs of renewable power generation to replace the use of
depleting fossil fuels [1]. Although the technology of lithium ion batteries is well established in mobile
and stationary applications, lithium has a limited reserve and a high future demand has been forecasted
[2]. From an industrial viewpoint, zinc batteries are of particular interest since these represent a safe,
environmentally friendly, and potentially cost-effective alternative to the state-of-the-art lithium ion
batteries [3, 4].

Zinc as electrode material has been extensively studied [5-8] and electrically rechargeable zinc
electrode based batteries are developing [4]. However, zinc dissolution at high pH leads to a high self-
discharge rate, limiting its use in many electrochemical applications [9]. Zinc is also applied as an
electrocatalyst for the production of hydrogen by water splitting. Incorporation of zinc into the metal
oxide catalyst shows an enhancement of the reactivity of oxygen evolution reaction (OER) in alkaline
electrolyzers [10, 11].

Electrodes can be produced in various sizes and shapes according to the applications. To ensure fast
reaction kinetics, the active surface area is commonly enlarged by using (nano)powders. Binders are
usually added to hold the electrode materials together and offer mechanical stability to the electrode. In
addition, binders should facilitate electron and ion transfer to assist electrochemical reactions. Polymer
materials such as PVDF, PVA, PTFE are commonly used as binders [3] due to their high chemical
resistance, but their electronic insulation property leads to high electrode resistance. Alternatively,
construction materials such as cement have been used for their high strength and the high alkalinity in
the pore solution may aid the ion transport [12]. Yet, the production of cement is energy-intensive and
cement industry is estimated to produce at least 5-7% of the CO, emission [13]. Geopolymer is seen as
a potential alternative to cement [14]. During geopolymerization, dissolution of aluminosilicate with
alkaline solution takes place leading to a network of geopolymer. The physical structure of geopolymer
is mostly amorphous gel with a small amount of crystalline zeolite formed during geopolymerization
[15]. It has the strength comparable to the cement counterpart and can be produced from waste. In
addition, the presence of the alkaline pore solution of the geopolymer can serve as an electrolyte (pH
typically higher than 10) [16, 17]. Moreover, geopolymer possesses reasonable electrical conductivity of
1.5x106 S/cm at room temperature [18]. Therefore, geopolymer could be regarded as a potential binder
for electrodes.

Carbonaceous materials such as graphite, acetylene black and carbon nanotubes are commonly used
as additives to improve the electronic properties of materials [19, 20]. Incorporation of carbon nanotubes
in geopolymer has proven to reduce the absolute value of impedance and feasibly increase the electron
conductivity of the geopolymer [21].

The aim of this study was to investigate the potential use of geopolymer binder for zinc-based
electrodes in electrochemical applications. Composite electrodes containing zinc, carbonaceous materials
(MWCNT and graphite) and different geopolymer contents were prepared. The morphology and
chemical composition of the composite electrodes were characterized by FE-SEM/EDX and XRD
analyses and their electrochemical behaviour in 1 M KOH were studied by cyclic voltammetry (CV).
The result indicated that although zinc is distributed throughout the matrix, the high resistance of
geopolymer may inhibit the formation of electronic percolation. The electrochemical behaviour of zinc
was not observed, therefore the prepared electrodes may not be suitable for zinc anode battery.
Nevertheless, the composite electrodes showed lower overpotential for the OER than that of zinc. The
electrocatalyst activity of the electrode composites for OER is largely affected by the electrode
composition. Such electrodes may find use as anode in alkaline water electrolysis for hydrogen
production.

2.Materials and Methods
2.1. Materials

Class F fly ash (FA) from Mae Moh Power Plant in Lampang province, Thailand was used as
aluminosilicate source for geopolymer binder. The chemical composition of the fly ash has been reported
previously [22]. Sodium hydroxide (NaOH, 85% purity, ACI Labscan Limited, Thailand), sodium
silicate (Na;SiOs, solution containing 12.0-12.8% Na,O and 28.5-30.5% SiO,, Wee-rin Chemical
Limited Partnership, Thailand), zinc powder (99.9% purity, Ajax Finechem, Auckland, New Zealand)
and multi-walled carbon nanotubes (MWCNT, >90% purity, 10 nm diameter, Nano generation,
Thailand) were used as received. Commercial zinc plate (tested area 2 cm?) was used as control
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experiment in cyclic voltammetry. The purity of the zinc plate is 99.94% as determined by optical
emission spectrometer (ARL 3460 OES, Thermo Fischer Scientific).

2.2. Preparation of Composite Electrodes

The composite electrodes were prepared in one-pot as shown schematically in Fig. 1. The fly ash (FA)
was mixed with zinc powder and MWCNT or graphite with the mass ratio of FA:Zn:MWCNT or
FA:Zn:Graphite = 12:6:1 and 6:6:1. The FA was activated using 1 M NaOH and Na;SiO; solution with
the ratio of 6:4 (v/v), respectively. The ratio of FA to liquid was 12:10 (m/v). The electrode components
were added as follows: First, the FA was mixed with 1 M NaOH and Na,SiOs; solution with
FA:NaOH:Na;SiO; = 12:5:3 (m/v/v) using a ceramic pestle. The liquid solution was added dropwise to
form a smooth paste for 10 minutes. Second, graphite or MWCNT was added into the paste and mixed
with the rest of NaOH and Na,SiOs solution for two minutes. Third, zinc powder was added to the slurry
and the mixing continued for 5 minutes till the paste thickened. Next, the electrode paste was cast on a
nickel foam current collector (2 cm long x 1 cm wide) and left to set at room temperature overnight.
Finally, the electrodes were cured at 65°C in a closed plastic container in the presence of water for 3
hours. For geopolymer electrode, the same sequence of preparation was applied without the addition of
zinc powder and carbonaceous materials. The final deposited area was 2 cm? (1 cm x 1 cm, two-sided).

2.3. Material Characterization

Powder X-ray diffraction (XRD) patterns were collected on a diffractometer (Model D8 Discover, Bruker
AXS, Germany) using Cu Ka radiation with 1 = 1.5418A, 40 kV and 44 mA, at a scan range of 20°-65°
at room temperature and scan speed of 1° per min. The morphology and compositions of the cross-
sectional areas of various electrodes were studied using a field emission scanning electron microscope

(FE-SEM, Carl Zeiss Auriga) at an acceleration voltage of 3 kV.

NaOH:Na,Si0, Graphite NaQH:Na,Si0;  Zinc powder
5:3 (viv) or MWCNT 1:1 (viv)

O .
10 min 2 min
Sl

1. Mix FAwith NaOH 2. Add graphite or MWCNT. 3. Add zinc powder.

and Na,SiOs;.
l 5 min

i = Cure at L Ni foam
NS _ =@m 65°C,3hrs i
= A— paste
=
= ——
c - = 5. Store overnight 4. Dip Ni foam
omposite = in a plastic box into paste.
Composite electrode containing water.

Fig. 1. Schematic representation of electrode preparation.

2.4. Electrochemical Characterization

Electrochemical characterization was carried out using a Gamry R600 potentiostat. Prior to the cyclic
voltammetry (CV) experiments, the cell was conditioned under open circuit voltage (OCV) to ensure
constant voltage for at least 10 minutes using a two-point-probe cell with a nickel foam counter electrode
(CE) and a commercial zinc plate or composite electrodes with geopolymer binder as working electrode
(WE). Prior to use, the zinc plate was polished with sandpaper, rinsed with ethanol and sonicated in
ethanol for 15 minutes to remove grease and contaminations on its surface.
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The CV experiments employed a three-point-probe cell with a zinc plate or electrode composite WE,
an Ag/AgCl in saturated KClI reference electrode (RE), and a nickel foam CE (Fig. 2). A Luggin capillary
filled with KCl salt bridge was placed in the electrolyte near to the working electrode surface to minimize
errors caused by iR drop. The electrolyte was 1 M KOH solution. A nickel foam was used as counter
electrode. All experiments were carried out at room temperature with the scan rate of 10 mV/s. The
current density (A/cm?) is reported to eliminate the effects of geometrical surface area. In this way,
different electrode materials can be compared.

RE WE CE

! | |
!

S
HeaE
G
e

ey
PR

PFA container

Fig. 2. Three-point probe configuration for cyclic voltammetry experiment with a nickel foam
counter electrode (CE), Ag/AgCl in saturated KCI reference electrode (RE) and zinc plate or
composite electrodes as working electrodes (WE). The electrolyte used in this study is 1 M KOH
solution at room temperature.

3. Results and Discussion

To investigate the crystallinity and composition of zinc, graphite, MWCNT, geopolymer and the as-
prepared electrodes, XRD analysis was carried out as shown in Fig. 3. The geopolymer was amorphous
as indicated by the absence of any crystalline peaks [23]. The XRD pattern of MWCNT shows
characteristic peaks for the plane (002) and (101) at 26 = 25° and 43°, respectively, confirming the
nanocrystalline hexagonal structure of MWCNT [24]. When the MWCNTS are incorporated in the
electrode paste containing the ratio of FA:Zn:MWCNT = 12:6:1, these peaks are not detected in the XRD
pattern because of the low intensity. For graphite, a sharp peak at 26 = 27° relative to plane (002) is
found, indicating a crystalline structure [25]. This characteristic graphite peak is clearly seen in the
FA:Zn:Graphite sample. The diffraction pattern of zinc powder shows prominent peaks at 26 = 36°, 39°,
43° and 54° which can be ascribed to the (002), (100), (101) and (102) planes, respectively [26]. These
characteristic diffraction peaks can also be found when zinc is incorporated in the electrode composites
(samples FA:Zn:Graphite and FA:Zn:MWCNT). It is likely that the composites may contain trace
amounts of ZnO as indicated by small peaks at 26 = 32° and 34° [27]. ZnO could have been formed when
zinc powder was exposed to the alkaline solution during electrode preparation. No other diffraction peaks
were detected, indicating that no other crystalline species exist in the electrode composites.
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Fig. 3 XRD patterns of electrode composites containing ratios of FA:Zn:MWCNT and
FA:Zn:Graphite = 12:6:1 compared to starting materials (geopolymer, MWCNT, graphite,
and zinc powder). Peak intensities for graphite and Zn powder were scaled down 10 times for
better comparison.

FE-SEM/EDX analyses were carried out to investigate the morphology and confirm the distribution
of elements present in the composite electrodes. As depicted in Fig. 4(a), the cross-sectional surface of
the electrode with FA:Zn:MWCNT = 12:6:1 appears rough and is covered with MWCNT bundles and
products of the geopolymerization reaction. Few rod-like crystal structures of gypsum imbedded in the
matrix can be observed. In addition, the original sphere shape of undissolved FA is still visible. With a
decrease in geopolymer content (FA:Zn: MWCNT = 6:6:1) the MWCNT bundles are more dense and
more agglomerated, likely because of the higher concentration (Fig. 4(b)). When MWCNT is replaced
by micronsized graphite, various crystal sizes of graphite particles coexist in the geopolymer matrix as
well as undissolved FA (Fig. 4(c)). Since the viscosity of the electrode paste rises with decreasing
geopolymer content, mixing is less effective, resulting in nonhomogeneous distribution of carbonaceous
materials. A decrease in the geopolymer content leads to formation of graphite clusters (Fig. 4(d)).
Thereby the utilization of graphite could be less effective and may eventually lower the conductivity.
Although no specific structure is observed for zinc, the EDX analysis confirmed the presence of zinc and
carbon throughout the matrix of each electrode composite (not shown). The insets symbolize the
distribution of carbonaceous materials in the electrode matrix. The composite electrodes containing
MWCNT (Figs. 4(a) and (b)) appear more homogeneous than those containing micronsized graphite
particles (Figs. 4(c) and (d)).
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a) FA:Zn:MWCNT = 12:6:1 b) FA:Zn:MWCNT = 6:6:1

c) FA:Zn:Graphite = 12:6:1 d) FA:Zn:Graphite = 6:6:1

Fig. 4. Cross-sectional FE-SEM images of electrode composites containing FA:Zn:MWCNT
with mass ratios of (a) 12:6:1 and (b) 6:6:1, and composites containing FA:Zn:Graphite with
mass ratios of (c) 12:6:1 and (d) 6:6:1. Figure insets are schematic representations of
carbonaceous materials (MWCNT and graphite) distribution in the composites.

Figure 5 shows the voltammograms obtained in 1 M KOH using a scan rate of 10 mV/s. During the
anodic sweep of the commercial zinc plate, a zinc stripping loop from -1.43 to -0.9 V is observed, as a
result of the oxidation of zinc that causes a positive current flow. The shape of this zinc stripping loop is
quite similar to zinc oxidation in a solution containing 2.34 M NH.Cl and 0.51 M ZnCl; solution [9]. In
alkaline solution, oxidation of zinc leads to zinc dissolution to form zincate complex ions that dissolve
in the alkaline electrolyte (Eq. (1-2)). Cai et al. [28] reported that oxidation of zinc in 1 M KOH shows
two prominent anodic peaks according to formation of Zn(OH),> and Zn(OH)3". Once the concentration
of zincate complex ions reaches saturation, a porous ZnO layer deposits on the zinc metal surface (Eq.
(3)). This ZnO layer acts as an insulating layer as well as barrier for electrolyte diffusion, and eventually
stops oxidation of zinc, causing dramatic current drop [28]. This behaviour is characteristic for
passivation of zinc. In the last step of the anodic sweep, oxygen gas is formed by oxidation of hydroxide
ions when the potential applied on the electrode is more than 1.1 V (Eq. (4)).

Zn+ 40H™ - Zn(OH)2~ + 2e- 1)
Zn+30H™ - Zn(0H); + 2e" @)
Zn(OH)3™ - ZnO + H,0 + 20H™ (3)

40H™ - 0, + 2H,0 + 4e~ (@)
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Fig. 5. Cyclic voltammograms of composite electrodes in 1 M KOH with a scan rate of 10 mV/s.
The inset figure presents the overpotentials at 10 mA/ cm? measured during anodic
sweep.

During the cathodic sweep, a second anodic peak is observed at -1.1 V, indicating that the insulating
ZnO layer is dissolved in alkaline solution and removed from the surface. Zinc is then exposed to the
electrolyte and oxidation can further take place. This emphasizes the difficulties of alkaline zinc batteries
since dissolution of the passive film leads to capacity loss and shortens the battery lifetime [28].
Oxidation during the cathodic sweep, however, has not been observed in neutral electrolyte [9], implying
that dissolution of oxidation products is higher in alkaline electrolyte than in neutral electrolyte.

The zinc reduction loop starts at -1.42 V. The amplitude of current generated in the cathodic loop is
comparable to the sum of oxidation peaks. The difference could be due to the diffusion of zinc oxidation
products away from the electrode. Thus the zinc plate is not fully rechargeable if the ions migrates away
from the electrode. To improve the electrode lifetime and capacity, the electrode could be designed to
restrict ion motion. Different methods have been applied, for example, incorporation of structured
materials such as activated carbon [5] in the electrode to accommodate the ions during oxidation.

In the presence of geopolymer binder, the voltammograms of composite electrodes containing
zinc and carbonaceous materials (FA:Zn:MWCNT and FA:Zn:Graphite) are similar to that of the
geopolymer electrode (Fig. 5). Despite the presence of zinc powder in the composite electrodes, no
current response associated with zinc oxidation is observed. Since the geopolymer could potentially lead
to high electrode resistance, reduction of binder content by half (FA:Zn:MWCNT or graphite of 6:6:1)
has been investigated, yet the same trend is obtained. The result implies that the insulating property of
geopolymer inhibited the reaction kinetics of active zinc in the electrodes. Although the FE-SEM/EDX
analyses show distribution of zinc and carbon throughout the electrode matrix (Fig. 4), the formation of
a conductive path may not be completed. Further reduction in the binder content may help to form
electronic percolation however the mechanical stability will be lower. We found that the composite
electrodes with mass ratio FA:Zn:MWCNT or graphite of 6:6:1 have a low mechanical stability.

The oxidation of hydroxide ions to oxygen (Eq. (4)) of all electrode composites takes place at lower
than 0.6 V which is considerably lower than that of zinc plate (>1 V). Such lowering of the voltage
required for oxidation of hydroxyl ions to oxygen could be beneficial for hydrogen production by water
electrolysis, because the sluggish kinetics of the oxygen evolution are the bottleneck of polymer
electrolyte membrane electrolyzers [29]. Nickel-based electrodes are well-known to have a catalytic
activity in OER [30-32] and nickel foam is considered a suitable a substrate for electrocatalyst loading
due to its high surface area [11]. The presence of nickel foam as current collector of the composite
electrodes might as well play a role in lowering the oxidation potential.

The overpotential is one of the electrocatalytic kinetic parameters used to evaluate the performance
of electrocatalysts. A low overpotential is preferred since it indicates a low activation energy, implying
superior electrocatalytic ability [11]. The inset of Fig. 5 and the data in Table 1 show the overpotential
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at 10 mA/cm? at room temperature and 1 M KOH. These conditions are slightly different to the protocol
developed by McCrory et al. [33] since 1 M KOH was used instead of NaOH [11].

Table 1: Comparison of the overpotentials vs Ag/AgCl of various composite electrodes measured
during anodic sweep at 10 mA/cm? in 1 M KOH at room temperature, and composite loading on a
nickel foam current collector.

Overpotential (mV) Loading (g/cm?)

at 10 mA/cm?
Geopolymer 830 0.17
FA:Zn:MWCNT = 12:6:1 724 0.25
FA:Zn:MWCNT =6:6:1 650 0.20
FA:Zn:Graphite = 12:6:1 768 0.19
FA:Zn:Graphite = 6:6:1 914 0.32

The overpotentials of composite electrodes containing FA:Zn:MWCNT and FA:Zn:Graphite of
12:6:1 are slightly lower than that of the geopolymer electrode, implying better electrocatalytic
performance. For these samples, only small effects of MWCNT or graphite were observed at this mass
ratio, which may indicate that high amount of geopolymer predominates the electrochemical property of
the composite electrodes. When reducing the geopolymer content, the composite electrode containing
mass ratios FA:Zn:MWCNT of 6:6:1 shows the lowest overpotential (650 mV at 10 mA/cm?) for OER
compared to the other electrodes, while the electrode with mass ratio of FA:Zn:Graphite = 6:6:1,
however, shows an inferior OER performance. The result found is in good agreement with Dubey et al.
[34]. They reported that MWCNT has a superior activity towards OER over graphite because the
hydroxide ions react with defects (displacement or absence of carbon atoms) in MWCNT, facilitating the
dissociation reaction of hydroxide to oxygen [34]. Moreover, the FE-SEM image of FA:Zn:Graphite =
6:6:1 indicates that the graphite is poorly dispersed (Fig. 4(d)). These results may imply that the activity
of OER is largely affected by the electrode composition (i.e., graphite versus MWCNT) as well as
homogeneity of the samples. Although the overpotentials found for the composite electrodes are still
high compared to typical noble metal and metal oxide electrocatalysts for OER [11, 33], the
electrochemical property and morphology of composite electrodes using geopolymer binder can be
tailored for further improvements.

4. Conclusions

Electrode composites have been prepared containing geopolymer, zinc, and carbonaceous material
(MWCNT or graphite) deposited on a nickel foam current collector. The electrochemical behaviour of
composite electrodes containing geopolymer strongly depends on the electrode composition (fly ash content
and carbonaceous material). During cyclic voltammetry, the commercial zinc plate shows a pronounced
oxidation and reduction, while no electrochemical reactions of zinc are observed with the composite
electrodes. This is likely due to the high resistance of the composite: when binder (in this case geopolymer)
is present, the resistance of the electrode increases and predominates the electrochemical properties of zinc.
The prepared electrodes might not be suitable for zinc anode batteries. Even though no zinc reactivity was
seen, the composites containing MWCNT were better dispersed than those containing graphite (as
evidenced by FE-SEM). In addition, the electrode composite containing MWCNT at the mass ratios of
FA:Zn:MWCNT = 6:6:1 showed a lower overpotential for OER than its graphite counterpart during the
anodic sweep, indicating that these materials could be used as anodes for alkaline water electrolysis for
hydrogen production. Therefore, geopolymer could be considered an interesting material of choice as
electrode binder for OER electrocatalysts. Further tests should be conducted to establish the feasibility of
the geopolymer composite electrodes.

Greek Symbols
0 Diffraction angle (Fig. 3), deg.
A Radiation wavelength, nm

Abbreviations

CE Counter electrode

Ccv Cyclic voltammetry

EDX Energy Dispersive X-Ray Spectroscopy
FA Fly ash

FE-SEM  Field emission scanning electron microscopy
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MWCNT  Multi-walled carbon nanotubes
ocv Open circuit voltage

OER Oxygen evolution reaction
OES Optical emission spectrometer
PFA Perfluoroalkoxy alkane

PTFE Polytetrafluoroethylene

PVA Polyvinyl alcohol

PVDF Polyvinylidene fluoride

RE Reference electrode

WE Working electrode

XRD X-ray diffraction

Acknowledgments

This work has been supported by the Thailand research fund (MRG5980219) and office of the Higher
Education Commission. The authors would like to thank Ms. Supanniga Awiruttpanich, Ms. Sarisa
Nuchsuwan for electrode preparation, Mr. Napapon Massa-Angkul for carrying out OES experiment of
commercial zinc plate, Dr. Jesper Knijnenburg and Dr. Pornnapa Kasemsiri for fruitful discussions.

References

1. Gyuk, I.; Johnson, M.; Vetrano, J.; Lynn, K.; Parks, W.; Handa, R.; Kannberg, L.; Hearne, S.;
Waldrip, K.; and Braccio, R. (2013). Grid energy storage. US Department of Energy.

2. Talens Peir6, L.; Villalba Méndez, G.; and Ayres, R.U. (2013). Lithium: Sources, production, uses,
and recovery outlook. Journal of the Minerals, Metals & Materials Society, 65(8), 986-996.

3. Mainar, A.R.; Colmenares, L.C.; Blazquez, J.A.; and Urdampilleta, 1. (2018). A brief overview of
secondary zinc anode development: The key of improving zinc-based energy storage systems.
International Journal of Energy Research, 42(3), 903-918.

4, Linden, D.; and Reddy, T.B. (2002). Handbook of batteries (3" ed.). New York: McGraw Hill
Professional.

5. Li, H.; Xu, C.; Han, C.; Chen, Y.; Wei, C.; Li, B.; and Kang, F. (2015). Enhancement on cycle
performance of Zn anodes by activated carbon modification for neutral rechargeable zinc ion
batteries. Journal of the Electrochemical Society, 162(8), A1439-A1444.

6. Zhang, X.G. (2006). Fibrous zinc anodes for high power batteries. Journal of Power Sources, 163(1),
591-597.

7. Zhang, N.; Cheng, F.; Liu, J.; Wang, L.; Long, X.; Liu, X.; Li, F.; and Chen, J. (2017). Rechargeable
aqueous zinc-manganese dioxide batteries with high energy and power densities. Nature
Communications, 8(1), 405.

8. Parker, J.F.; Chervin, C.N.; Nelson, E.S.; Rolison, D.R.; and Long, J.W. (2014). Wiring zinc in three
dimensions re-writes battery performance - Dendrite-free cycling. Energy and Environmental
Science, 7(3), 1117-1124.

9. Thomas Goh, F.W.; Liu, Z.; Andy Hor, T.S.; Zhang, J.; Ge, X.; Zong, Y.; Yu, A.; and Khoo, W.
(2014). A near-neutral chloride electrolyte for electrically rechargeable zinc-air batteries. Journal of
the Electrochemical Society, 161(14), A2080-A2086.

10. Liu, X.J.; Chang, Z.; Luo, L.; Xu, T.H.; Lei, X.D.; Liu, J.F.; and Sun, X.M. (2014). Hierarchical
Zn,Co3xO4 nanoarrays with high activity for electrocatalytic oxygen evolution. Chemistry of
Materials, 26(5), 1889-1895.

11. Suen, N.T.; Hung, S.F.; Quan, Q.; Zhang, N.; Xu, Y.J.; and Chen, H.M. (2017). Electrocatalysis for
the oxygen evolution reaction: Recent development and future perspectives. Chemical Society
Reviews, 46(2), 337-365.

12. Meng, Q.; and Chung, D.D.L. (2010). Battery in the form of a cement-matrix composite. Cement
and Concrete Composites, 32(10), 829-839.

13. McLellan, B.C.; Williams, R.P.; Lay, J.; Van Riessen, A.; and Corder, G.D. (2011). Costs and carbon
emissions for geopolymer pastes in comparison to ordinary portland cement. Journal of Cleaner
Production, 19(9-10), 1080-1090.

14. Srinivasan, K.; and Sivakumar, A. (2013). Geopolymer binders: A need for future concrete
construction. ISRN Polymer Science, 1-8.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

53

Provis, J.L.; Lukey, G.C.; and Van Deventer, J.S.J. (2005). Do geopolymers actually contain
nanocrystalline zeolites? a reexamination of existing results. Chemistry of Materials, 17(12), 3075-
3085.

Lloyd, R.R.; Provis, J.L.; and Van Deventer, J.S.J. (2010). Pore solution composition and alkali
diffusion in organic polymer cement. Cement and Concrete Research, 40(9), 1386-1392.

Cyr, M.; and Pouhet, R. (2016). Carbonation in the pore solution of metakaolin-based geopolymer.
Cement and Concrete Research, 88, 227-235.

Cui, C.M.; Zheng, G.J.; Han, Y.C.; Su, F.; and Zhou, J. (2008). A study on electrical conductivity
of chemosynthetic Al,0s-2SiO- geoploymer materials. Journal of Power Sources, 184(2), 652-656.
Payakaniti, P.; Pinitsoontorn, S.; Thongbai, P.; Amornkitbamrung, V.; and Chindaprasirt, P. (2017).
Electrical conductivity and compressive strength of carbon fiber reinforced fly ash geopolymeric
composites. Construction and Building Materials, 135, 164-176.

Marinho, B.; Ghislandi, M.; Tkalya, E.; Koning, C.E.; and de With, G. (2012). Electrical
conductivity of compacts of graphene, multi-wall carbon nanotubes, carbon black, and graphite
powder. Powder Technology, 221, 351-358.

Kusak, I.; Lunak, M.; and Rovnanik, P. (2016). Electric conductivity changes in geopolymer samples
with added carbon nanotubes. Procedia Engineering, 151, 157-161.

Chindaprasirt, P.; Jaturapitakkul, C.; and Sinsiri, T. (2007). Effect of fly ash fineness on
microstructure of blended cement paste. Construction and Building Materials, 21(7), 1534-1541.
Somna, K.; Jaturapitakkul, C.; Kajitvichyanukul, P.; and Chindaprasirt, P. (2011). NaOH-activated
ground fly ash geopolymer cured at ambient temperature. Fuel, 90(6), 2118-2124.

Hsu, Y.W.; Wu, C.C.; Wu, S.M.; and Su, C.C. (2017). Synthesis and properties of carbon nanotube-
grafted silica nanoarchitecture-reinforced poly(lactic acid). Materials, 10(7), 829.

Zhang, K.; Zhang, Y.; and Wang, S. (2013). Enhancing thermoelectric properties of organic
composites through hierarchical nanostructures. Scientific Reports, 3, 3448.

Li, H.F.; Xie, X.H.; Zheng, Y.F.; Cong, Y.; Zhou, F.Y.; Qiu, K.J.; Wang, X.; Chen, S.H.; Huang,
L.; Tian, L.; and Qin, L. (2015). Development of biodegradable Zn-1X binary alloys with nutrient
alloying elements Mg, Ca and Sr. Scientific Reports, 5, 10719.

Knijnenburg, J.T.N.; Hilty, F.M.; Krumeich, F.; Zimmermann, M.B.; and Pratsinis, S.E. (2013).
Multimineral nutritional supplements in a nano-CaO matrix. Journal of Materials Research, 28(8),
1129-1138.

Cai, M.; and Park, S.M. (1996). Spectroelectrochemical studies on dissolution and passivation of
zinc electrodes in alkaline solutions. Journal of the Electrochemical Society, 143(7), 2125-2131.
Sapountzi, F.M.; Gracia, J.M.; Weststrate, C.J.K.J.; Fredriksson, H.O.A.; and Niemantsverdriet,
J.W.H. (2017). Electrocatalysts for the generation of hydrogen, oxygen and synthesis gas. Progress
in Energy and Combustion Science, 58, 1-35.

Pérez-Alonso, F.J.; Adan, C.; Rojas, S.; Pefia, M.A.; and Fierro, J.L.G. (2014). Ni/Fe electrodes
prepared by electrodeposition method over different substrates for oxygen evolution reaction in
alkaline medium. International Journal of Hydrogen Energy, 39(10), 5204-5212.

Seetharaman, S.; Balaji, R.; Ramya, K.; Dhathathreyan, K.S.; and Velan, M. (2014). Electrochemical
behaviour of nickel-based electrodes for oxygen evolution reaction in alkaline water electrolysis.
lonics, 20(5), 713-720.

Fabbri, E.; Habereder, A.; Waltar, K.; Kétz, R.; and Schmidt, T.J. (2014). Developments and
perspectives of oxide-based catalysts for the oxygen evolution reaction. Catalysis Science and
Technology, 4(11), 3800-3821.

McCrory, C.C.L.; Jung, S.; Ferrer, I.M.; Chatman, S.M.; Peters, J.C.; and Jaramillo, T.F. (2015).
Benchmarking hydrogen evolving reaction and oxygen evolving reaction electrocatalysts for solar
water splitting devices. Journal of the American Chemical Society, 137(13), 4347-4357.

Dubey, P.K.; Sinha, A.S.K.; Talapatra, S.; Koratkar, N.; Ajayan, P.M.; and Srivastava, O.N. (2010).
Hydrogen generation by water electrolysis using carbon nanotube anode. International Journal of
Hydrogen Energy, 35(9), 3945-3950.



&“b?ﬂ.wﬂ e

Submission Confirmation
1 message

Btoreccurce Technology Sun, Jul 1, 2018 of 2240 AM
&::-—mﬂ
ancrew. hum@york.ac uk

Iespi@itku ac.in. dan sangpolyu.edu i, nontsuitku ac th

Bioresource
The: wmum cument treng, perspeciives and apportunities
e at, Kaewt Jesper T Danied C Tsang; Andrew John Hunt,
Nh:h'lwe:\lﬂmm
Dear Andy,

‘We have received your aricie “Ligrin-based maierials for acsorplion: current trend, perspectives and opportunBes”
for congicerafion for publication in Sloresource Technology.

Your manuscript wil be given a reference number once an editor has been assigned.
To track the stafus of your paper. piease 30 the folowing:
1. Go fo this URL: hitps.ees
2. Enter these iogn detats:
Your usemame -

lmﬂbmm!ﬂt“-&hﬂummmm

3. Cack jAsthor Login]
This takes you 10 the Authar Main Mer.

4. Cack [Submissions Being Processed]

Thank you for submitting your work 1o this jounal
Piease do not hesBate 1o contact me ¥ you have ary queries.

1Ond regands,

Bloresource Technoogy

For further assistance, please visit our Cusiome s support site af PSp Thep L Mstin/ 7923, Here
you can search for solutions on a range of fopics, find answers to frequently asked quesSions and leam more about
EES via interactive tufortals. You will also find our 24/7 support contact detalls should you need any further assistance
from ane of our customer support representatives.

Pizase nole that the ediiorial process varies considerabily fom joumal to journal. To view & sampie edilorial process,
u:ﬂhﬂt
hitpihelp 792308 _jor 160

54



