FEWILATUINY T

%) a I'4 H [ 1
NN Llazﬂ’l‘nLﬂi’lzﬂtﬂ%a\‘lﬁa'}ﬂﬂ'l pH

Arinanwaamasia Inddn

lag a3 2aaws Ugsmigm tdals

N8 2551



foyLaufi MRG 4980140

51 ﬂdﬂ%ﬁ%’ﬂuﬁuaa\lystﬁ

NINAUILAZNIIIAIITILATDINBIAAT pH

Ao nwadmasi I

Y

o5

A7, 1NNT UguanIos \0ale

Meadzuadianannisn amAIngimansdizyna

a o a v =~
N%'I'J‘VIEI'IREJL‘YI@IT%TQ HNITIDNLNATNITHAILKWD

GOST) mgu‘[ﬁm‘hﬁfm'mn aonuaﬁnawumﬁ%’ 8

[ g o 1o <
(@sndinluganitiilueagIve and. isuluasaduwalrsaaalyl)



UNANLD

SHalasInIg: MRG 4980140

A 'Y a ¢ A A o A o a & o
%a‘[ﬂsams: NIINAWILLISNIIILAINCHLATDINDIARN pH Y]‘Y]’]'%WﬂWﬂﬂL&JEIiWTVLWW']
4‘ -] = % dq‘

BAWBNIAVEY: A, INYNT ‘]Jf]‘]:?ﬂﬂ?i% Lﬂalﬁ]

mﬂ%’lmﬁq@lm%mm ATHEIN mma@%ﬂizqﬂﬁ
URIIN El’]i%’ElL‘YlﬂI%Iaﬁ‘Wﬁz’i]E]&ILﬂs’i”]W‘i&%ﬂ‘iL%ﬁﬂ
E-mail Address: pwalaip@hotmail.com

‘szsznmfmami: 1 NINHIAN W.¢1. 2549 fig 30 ﬁq%ﬂﬂ% W.¢. 2551

I@mmﬁifaﬁi’@qﬂsmdﬁﬁﬁ]:ﬂ'@um%ﬁ@ pH fe3ouannwasiilsa (PPy)
Wi Aduweddlisgnduenzidioinaienadwe lisfumaadiniheswenaiwed
Alsauuutuaawdon vuiunannii3aiu Taodlalaseslun vavatalwiua (HQS) (T
713161 HAMIABUAHEIEIIL PPYy-HQS fa pH padmsazamulinnusunniiBodn i

AT -50.54 £ 1.67 mVipH m amangdl 28°C lugad pH 2-12 uazlfiamlunisnauauss
#2uni1 1 WAl 23 PPy-HQS sunsalddnlanaisassmeluszuznmdszanms 1 16en
#BNIINHU 47 PPY-HQS H98ANNENTlumMIas) uwazndasila nNan13ianewinig
! + d { v o= 4 & ' +
aauauaida H Nalleaaudusuniu usadliiiuian PPy-HQS fiannuianzasea H g
maanziesmnafiia Cyclic voltammetry, UV-Visible spectroscopy, XPS W& ToF-SIMS
RNTNATUENA INVaINAN PPy-HQS lumsaausuadde pH d1Usznaudianszuiums
Protonation-Deprotonation bsnalswadN l3aLa9 uazNIzUIUMIIRanduainy HQS
Adanuanalawedilya launszuiumindsadtdunszuiunmsnunay be
a 1 a6 ad o v [ 1 a
MINAUINANITABURKEIAE pH vasNauwednlsarinlasldasldUsiusiia
Oxalic acid mItdussldUwasluljisorwefwe lsotuilviiasuses Iron oxalate
. ) a v aaa o v KX A 1 a6 a 6 & =3 % Y a A
dihydrate luzaaisuauljizen vldmibadeszninelsunwefweiuazaamanna liafiud
lg’ 1 v s et ;) a { 2 1 J |
Y FINa bANNTUIaINIINRsUUSUYasRauwaanNlsaniansiduswadswmdn 5467 +
0.70 mVipH uazdatanliilandinannderymildnumwundy 50 u lassmaidehuaasli
wintvanudulyldlunmaeiouaUnsalia pH slledsuweddilsa  lesnniinszuiums
= d'. c?; =3 v Y A d' A £ %3 A 6 a
wsunhouwrmdnna lialiudednagn warluewandsonanammadsznauddunad

Alvalrdanumeuwan Wi &5 aartuwan ALdau tiaanuszaInlwn T TN

- 2

aan: Waanla AIulalatw IIAN-1aT MINATIEHLTINUAD InadalwinuTaauni



Abstract

Project Code: MRG 4980140

Project Title: Development and Characterization of Conducting Polymer-based
pH Sensing Devices

Investigator: Dr. Walaiporn Prissanaroon-Ouajai
Department of Industrial Chemistry, Faculty of Applied Science
King Mongkut’s University of Technology North Bangkok

E-mail Address: pwalaip@hotmail.com

Project Period: 1 July 2006 to 30 June 2008

This research project aims to develop a pH sensor based on conducting
polypyrrole (PPy). Polypyrrole film was prepared by a simple one-step electropolymerization
of an aqueous solution containing pyrrole and hydroquinone monosulfonate (HQS) as a

dopant. Potentiometric pH responses of the PPy-HQS electrodes showed a response slope

of -50.54 £ 1.67 mV/pH (28 OC), a linear working range of pH 2 to 12 and a response time
less than 1 minute. The electrode stability was maintained over the period of a month. The
PPy-HQS electrode exhibited good repeatability and reproducibility. Interference studies
with several ions showed minimal effects on the potentiometric response of the PPy-HQS
electrode. A combination of cyclic voltammetry, UV-Visible spectroscopy, XPS and
ToF-SIMS revealed that the mechanism of pH sensitivity of the PPy-HQS film involved the
protonation and deprotonation of polypyrrole itself and the redox reaction of the
incorporated HQS. Both processes were reversible.

Potentiometric response of the polypyrrole film was improved by using oxalic
acid as a co-dopant. By adding oxalic acid, the adhesion between the polypyrrole film and
the supported stainless steel electrode was improved via the formation of iron oxalate

dihydrate at the initial stage of polymerization, leading to better potentiometric responses.

The co-doped PPy electrodes exhibited the greater slope response of -54.67 * 0.70 mV/pH
(28 OC) and were stable over 50 days after the first use. The research project revealed
excellent potential of polypyrrole film as a novel pH sensor with simple preparation on
cheap stainless steel electrode. Further development can be made on fabrication of a

combined electrode, like a commercial pH glass electrode, for convenient use.

Keywords: Polypyrrole, Quinhydrone, pH sensor, Surface characterization Potetiometry
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mﬂﬁﬂﬂ’lﬁLﬂiﬂ:ﬁﬂﬂaﬁuﬁaﬁugd (Advanced  surface  characterization)  LTW X-ray
photoelectron spectroscopy (XPS) Was Time-of-fight secondary ion mass spectrometry
(ToF-SIMS) W1sznauinuiaaTunsdAseInInausuadse pH 289 PPy LazwIhuInig
n3diudy tiesandJaseamauanilioulessulalasianaesddaa PPy azifiafifiu
Ardudszaslnweiidunan dayanldanlasinsispiandudslomilumaiamsada
Aa & o A A o A wada A o o & o A o

pH nnadwasi Wi Sslisand LLazwqma&lU@lﬂ@WE]LWQ%’]&JWI“EYI@]LLV]WIJ’JVLWW']LEJQLLﬂ’J

Ialuamaa
o ¢
1.2 amqﬂizﬁdﬂmm‘[ﬂsami

1) WaLeIoaT H1Ia pH anwadnasiin lWiadia PPy
di [ 1 1 a 6 o U
2) LWa‘mLmeamiﬂiuﬂgqmmmauauama pH 2a3waftasin il
3) LNBRSINAIIUIFLNENUITOANNN L NENTITINTIZA UMM TG RIB
R1UIINIANLLTUUFENTUG e

4) 1iaR AN BNLNNIB DU g TuTzaLUIWITIE
1.320ULUAVDINIIIVY

ac &, o A a & ]
lassmaidpijaiuianaiondd widiad pH - vesansazaslasnis
Fuazrdaunadinain Wi sia PPy  asuuad IWANAvinanmannan ey wazwawn
Y789 LIaTANNINNIZIINZIIRE N TR LRUEIRaN TR L UL A pH @Twmm@wg
Wndunadvadsniuainlalasuasldlulasiainones PPy uananuudanfudpaui@nis
KX A 1 Al 6 & A o =3 % v A dl' d' A
Badasznitedldu PPy uaztd Wihivhanmannd3aiia inenaziiunisnauauauazans

M U997 W
¢ A 1 Lo a o
1.4 UszTgrvnaranuirgavzlasuainlasenisisg

1) ldWaima27aen pH agnsdrafvinanwef e bW
v A [y o o v ae A °

2) ldidunuanuiuasiandnanweeasinddpdsmansni ludszgndly
MISu% MIsaula

3) ldanutuiienuyasniuazamiuludidszine

4) FNIDNNANUN WA ARNNIUITZALUI U UTIA Lo



1.5 MINUNMINENIdWLNEA (Literature review)

WadN13a (Polypyrrole, PPy) L‘f]u‘waaLN@%ﬁﬂWWW‘Hﬁ@%ﬁﬂﬁgﬂaﬂﬁﬂaH"N
Lst'umslLﬁaﬁflmﬂs:qﬂmﬂﬁmﬂuﬁm@m 9 unsmslidueiasdansraiaans (Sensor)
[1-5] moiiiftasan PPy Fawtiamsuaniaswlosawuazininle dsiussmunsavinanls
wdut Wi anzaslanen (lon-selective electrode) [6] nalnmsnavawosdaloaauuas
PPy dsznausis Ufiseninandszninglasauluasszanonuiay PPy Uifsennissuuas
1#11ls@aw (Protonation-deprotonation) w83 Aaw PPy uazilfisannmssuuazldliiaanvas
8136 [7]

waeUfmn lainsansmaasuudasdrdndWiwasisn PPy 1ila
FuARNUA TRz den pH 6199 fin [1,8] nudmsuanaon H vasisulnailes
Lﬁtl’s"ffadﬂizi_l’mmi Protonation LLaz Deprotonation aJ PPy mﬂmiﬁﬂwﬁlﬁadﬁu"nad
nn3sunaninlasonis wuin Asulwaflsafil@aas Dodecylbenzene  sulfonic  acid
(PPy-DBSA) (gﬂﬁ 1.1) ﬁ@i']ﬂﬂ'ﬁﬁﬂﬂﬁﬁgma:ﬁauﬂ'ﬁL%aﬂaﬁﬁmﬂ [9] ANNFNNHETEHING
AFngirasuadNan PPy-DBSA uazdn pH 1ad8135azaeiduanugunuiiTodh At
Wiy -38 mV/pH [10] Tagtaanlunisaausues uazss pH Alduduivrwaussansme
29957 I é’dLLa@ﬂugﬂﬁ 1.2 #l&u PPy-DBSA fidvwalng (Auft 1 cm?) daanlunns
AaUEWeILTZINms 600 AW TiluT9 pH 3-10 luumseAiflsy PPy-DBSA AiZuualdn (Aui 1
mm’) Manlunmsnauauasdszanm 50-100 3wilutas pH 2-12 [10] agnelsfiany Ay
PPy-DBSA fisfimsaauanassa pH 7ludwailiafiouiuadlniifioutdesdnisaeuauwes
da pH iU -59 mV/pH th atannil 25°C

035 (CH2)17—CH;

Fuil 1.1 lasvasrvmaalivas PPy-DBSA
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31 1.2 n7iNguLuvasilay PPy-DBSA Nwu1a (a) Wil 1 mm” ua (b) Wil 1 cm’ [10]

adwlalasu  (Quinhydrone)  waswandilsznoudls  wulsaduluu
(Benzoguinone) uazlalasn3uluu (Hydroguinone) (8a3&an 1:4) waziiluansidnnuiash
dadn pH Tasdmsuwasuudasasnsiuwnay dswinslassaironssas [11] é’mamlugﬂﬁ 1.3
NwspfEwN ld e umInaUFuasdaTasiaia pH Aassuanedwlalaswinian

Indifsarunnlwiibeuts fa -57 mvipH o amungdl 25 °C udsnanInldiuasazansnd
pH laitAin 9.5 [12]

OH

+ 2H"
- 2H*

o OH

3ui1 1.3 UjAsenmsaavauassianduiilunsa-Lugvas Quinhydrone [11]

Tudl @.¢1. 1994 Aquino-Binag etal. ladin1siainlalasuinNaunuWea-
fiaaaalsd (Polyvinyl chloride) uazihliinfeniduiduaguuanivan wud Wsudanan
IhnanmInauauasdadi pH ¥inAy 44 mV/pH *ﬁ'qmﬁgﬁ 25 °C [13] a9lsAanw dlasann
wadhitanae lsaiiautia L lwi uaznsnauiuuaswed hitanaslsduazadnlalaswin

Wansuengatnatatan finlraimsaevauadds pH Aladanudsauuanlundazais



22ININATDY AInuAaNT 9 AN IneneNtinaInlalaswinnauny PPy WagnUINn1g
Va af = | Y A o oM w i e
AaURKIAEAT pH BasdUuLANDIas liaansouidaniFasnvingnle (Reproducibility)
WavzuAtynisaspasns it nusasainlalasuwuas PPy Aquino-Binag
= v o @ & a \ go A o S o @
etal. 39ldUTudyslanaiewanamaiilialasmadunyWeidunadoafanulasaiie
vaindulalaswdr i luluansvesnanawaiilia (U 1.4) wazihwanawainldainns
ﬂ%’uﬂgﬂmméﬁaﬁq‘lmm%wLﬂuﬂﬁfuuuﬂ'aLLwamﬁﬁfw (Platinum electrode) @1835N1IN4

¢ Aa & &

il WA [14] wuitnseeuauaddadl pH vasiaul AgITIuAD -46 mV/pH ‘ﬁqmﬂgﬁ

¥
6 A =

25 °C LazaNNIning e watadinauasnsasouNaNiAe INITUIRNNIFIATZANGUT M
PR1UTWADY LASUNITITRITLANLATILNAANNNTTIATLNI BaNINNBWAITFILATIER

o ' o § o a A, o o & ' [ ° a a
AINAMEIARNANEANAaUT9ET 39 laraznum i lduaaluwdSunomunn

|
N

\/n OH

=

Va
OH

31N 1.4 lassasrimandvas Quinhydrone-functionalized Polypyrrole

lasnald 22 Wi alslunssaanzinediwafin wihdranafianefiwels-
') a Yy VS @ Aa 1\ P ) A A &
wrtuuuuad i dnvinndseffinangs i uwaafittu nes wia unafaniven (Glassy
carbon) tasandaqurafiliauifidusaIWifen (nert  electrode) lasuniudien
WaRLe bsLTtk a4 lsnay nwIdeneuwan leinsnenumsifianediue lsiosuues
Asn PPy  vuan WA nwannd I3afin [15] HeuainaswumIazanuaanunanan
(Iron dissolution) 31naRnaNNA BaAuNtduaralue welisinadeauifvaslan PPy
@3 la wananuu mMsiinuIdada (Adhesion force) T#ININEN PPy WAzt WABNNAN LS
siuznsarinlalasnslensaaananan (Oxalic acid) tJuaslad [16] lapwuinazifinan
984 Iron oxalate dihydrate fiawfaziialfAsowadiwe lsituaas PPy aruan
a v cj’du €d' a a Al 6 p.l'd a a

lavsnaidpiifiiaguezaidnasiaminaeionidy PPy Afdszdninngs
lunsnauanedsa pH MeITMIFNaNewNning LuuTwaawasl 31a1 unILasnaagn be
laafinsld Hydroguinone monosulfonate (HQS) LHuansldd 1iasarn HQS Alassainanne

adaaranuaInlalasw wazlturanannai lFatutiduws?TWdn umwfﬁlvxlﬁ’]ﬁﬁﬁmga

@
a A

FUNIANHRNTANILA T WA FNTRTINUAL WaTHANITAaUEUEIAD pH  289WaN PPy



AINA1T HENINHUDI LA DUUIN NN UINTHARATZRINITIRANNAN BT aRuuazNaN PPy
lasmsldnineanmaniduaslddin ivaiadszininmnuazarymildinuses173a pH 7
L@A3UNAIN PPy HaMINaaadn leannlassnnsiasil sansnlfidudayalunsiawiiaia pH

AnwadtwasiWi tNaldnaunuar Wl b auiea bl



2.1 @151ad

UNN 2

nIneaay

Pyrrole (99%, Fluka)

Hydroquinone monosulfonate, Potassium salt (Reagent grade, Merck)
Oxalic acid, Ox (Reagent grade, BDH)

Tri-sodium phosphate.10H,O , Na;P0O,4.10H,O (Reagent grade, Ajax)
Citric acid (ACS grade, Merck)

Boric acid (Reagent grade, Ajax)

Sodium chloride, NaCl (Laboratory grade, BDH)

Sodium nitrate, NaNO; (Laboratory grade, BDH)

Sodium sulfate, Na,SO, (Laboratory grade, BDH)

10) Magnesium sulfate, MgSO, (Laboratory grade, BDH)
11) Aluminium sulfate, Al,(SO,); (Laboratory grade, BDH)
12) Zinc sulfate, ZnSO, (Laboratory grade, BDH)

2.2 ainIniuaziaiasiie

Ag/AgCl Reference electrode (Metrohm)

Stainless steel (Material number 1.4316)

DC Power supply (Model GPC 3030D, Instek, Taiwan)

Digital multimeter/data acquisition system Multimeter (Model 2700,
Kiethley, US)

pH meter (Model 510, Eutech, US).

VMP Multipotentiostat with EC-Lab® software (Bio-Logic Science

Instruments, France)



7) Ultraviolet-visible spectrophotometer, UV-VIS (Perkin Elmer)

8) Scanning electron microscope, SEM (Model JSM-6480LV, JEOL, Japan)

9) X-ray photoelectron spectrometer, XPS (Model Kratos Axis Ultra DLD
spectrometer, Kratos, UK)

10) Time-of-flight spectrometer, ToF-SIMS (Model ToF-SIMS IV instrument,
ION-TOF GmbH, Germany)

2.3 35N1N1sNaaad

2.3.1 MIFalAT1zRNaanadnlsamamananisiad Wi

VauaLasNLIa (Pyrrole) Qﬂﬁﬂﬁu‘%qwﬁ@ﬂminé"ul,mua@mmﬁwgﬂ 2 a%s
Asuwadflsa (Polypyrrole, PPy) gm@ﬁ‘fﬂuﬁaUmﬂﬁﬂmiwa?zLua"lﬁlfﬁ%'umol,ﬂﬁVLWWmuu
fndasfl (Potentiostatic electropolymerization) lusnsazanudiinlasladdslsznaudavane-
L&Jai’mmﬁqwﬁaz Hydroquinone  monosulfonate  (HQS)  lasfltirdsaanlosan
(Deionized water, resistivity = 18.2 MQ-cm) ‘vﬁm{ﬁ DI tHuaiviazany gﬂﬁ 2.1 LR
WHWANLTARDLAN AT LadAN (Electrolytic cell) lumsasianzilas PPy

+ DC Power Supply —

R L RIC AR Wiz

Aa & 6
R1IazAuBlanlaTlas
""""" - 1l3znaualtNawalyas
WazE3 e

i

Adu PPy i

3UA 2.1 unumwasaianlasladnlunisanaseinay PPy



mae3suda Wi PPy dmiudinsnisaauauasdedn pH vasasazany i
Taomsssasewilay PPy uuta iinl49m (Working electrode) AiLagnannuriamannanly
qib (Material number 1.4316 sznauaiy Fe ~66%, C < 0.025%, Si 0.8%, Mn 1.8%, Ni
10.0%, Cr 20.0%, Mo < 0.3% uaz Cu < 0.2%) fifsagluviamnaon Ui 2.2) Auflveq
wanna saiulumssonziirindy 0.078 annstaudiwas leaddrlWingae (Auxiliary
electrode) ¥nanaannan ISaRuluidsdIny s aassuiay PPy SWSumIiaiziids
#uin inlagldudwmannalafuamwa 10 mm x 15 mm (Huriass Wivinanuuazas i
778 ﬂ'aumié&]me:ﬁnﬂﬂ%ﬁaw‘hmwazmmmﬁnnﬁﬂ%&ﬁwimm?ﬁ@ﬁawoagﬁm uaY

fedasin DI lasldadwmnitaldes (Ultra sonication)

_uriamdnnan 1Sadiu

|

1

1

- viainwaan :

! 1.58 URALNGT
|

1

]

|

3UN 2.2 vunannar lsadunlslumanedouilay PPy

iofnsmarsan I lumssseNzANay PPy fildUdrs HQS (unusas
sanwol PPy-HQS) @aminauauadda pH UIRNIEZANY  IWMIRILATIZREI LAINT
Wasnudasanazensg ldun enududuvasuanawasilaua: HQS lutas 25 mMm &
125 mM andluindanlugae 1.0 v s 2.0 Vv wszsnlunsindweiioduain 5 widl fis
15 Wl wasnifed§ATnaunafitmue shaa Wi lFnufieieufisy PPy s
W DI LLazLﬁuVLﬂuIm@@ﬂuﬁu%uasmfiasl 4 F2lug rewi e ziaaly

FWNTUNIRIATIZANAN PPy lasdl Oxalic acid LHuansléit/sia (Co-dopant)
Fmdanmigaanzilay PPy-HQS finsnal3thedu ifpsudilfanaslay ann Has 1w
FIRLANUNENTEI HQS Uay Oxalic acid MUEGU NN uIaIsNTaza8TIRaIinfL

50 mM uaztlanand ANaIN 1.5 V wazlsiaan lunsgaaszy 10 win



2.3.2 mydnsiausadanaad iWihaaainaita Cyclic Voltammetry

Cydlic Voltammetry (CV) Wwmefianmaad Wi ifisulsdnsanianioed
w93 Lasmaaunudng i lugsseninsdrdns il uausnnnindng IS angi
wasens  AudngWiiiduununnindnginieendietusesans  smndanuiaslimg
WH1 (Electroactive material) axifinufisoIaand SazdningRievainizuseendiatu
(Anodic peak) U8y WATEINITZUESANTH (Cathodic peak) o dumispasdnslWinfiife
0ANTLATULALIANTY AWAGY aNWUz3Li19384 Cyclic voltammogram il‘yua%iﬁ'ummﬁﬁﬂ
% Tevee ST AR AATIMIELNL  TRALALIWIaTA NN uazTRiauas
fSazABEANINT lad [uan

MAAANAMIsnaia CV Utznaudly Lwaslaunuiua3  (Voltammetric
cell) LLﬂzLﬂéax‘]ﬂ’mQ&lﬁﬂEﬂWW’]LLﬂzﬁi’mﬂﬁzLLa (Potentiostat) é’mamlugﬂﬁ 2.3 FNITLLTAR
Thaunuwed Usznaudies 21Win 3 42 (@97 99108 wasta819Be) wazanTazany
aianlnslas

@ @ @ A 4 vazany }

Potentiostat | Slaninylad ""-.,.1

27 WA G989 27 WA T A Wi

3uil 2.3 188 INHUATF M TUNITIATIEHaLinAiia CV

mﬁLﬂiﬁ:ﬁﬂmauﬁamdLﬂﬁ"l,w*?\lﬂuimamﬁﬁ'ﬂf:ﬁ 2 anmMe A8 N3
Tendljiioteendvesansldl  uaznslenziquant@maadinihaes Py lu
gsazaefidl pH 6199 laadmadenldi lnihldnuuazamiszaediiningled dunsln
a7 2.1 mimaamﬂﬂ%\ﬂ"ﬁumLLwaaﬁfmﬂu{'ﬂWWﬂﬁw e Ag/Ag/Cl T
$1989 sarmsunuandlWiuringy 50 mvis TeaiSusunuandnsinfuriny o v 'l
NM9UIN



A13797 2.1 ﬂ’]?ﬂdﬂﬂ’?@maﬂﬂvﬁWWJLﬂﬁ'ZWW7@W?UL?’)ﬂﬁﬂ cv

a < o Aa &
N1INAaag ARAVININI grvazatadaninalac

MRl jiseseanduasansldl | Glassy carbon a3lad

a 1 wa a 9 & [~ v v a A L e A
ﬂ']‘i’JLﬂi’]z%ﬂmauﬂ@lﬂ"lx‘]LﬂNVLWWW?J@\‘i T?L%ﬂﬂﬂﬂﬁvliﬁ%im gIazaguntWeINd pH 1N

PPy luasazanafnd pH dng9 \RaUNAN PPy e

2.3.3 ms’iLﬂiﬂzﬁnﬂi@ﬂﬂﬁuttaaﬁ'faﬂmﬂﬁﬂ UV-Visible Spectroscopy

UV-Visible Spectroscopy (UV-VIS) lmnafiafifignlslunsaneslassat
vaswaiimasih i nsganfuusslugag UV-VIS (300 — 1100 nm) pasweRiuaiinlnih
faanmsiadanfizasdianasoussninanauiaus  (Valence band)  uwazwaushluin
(Conduction band) wailuilana gmululassmsisoiiezldinefia UV-VIS efnwmnms
Wasuulasansmelassainsves PPy Lﬁaagjﬂumsa:mﬂﬁﬁmﬂmﬂum@-ma@haﬁ‘u

lunslianzinisganduusszesiisan PPy vildlasnssaamziilsuung
PPy 103230 Indium-Tin oxide (ITO) %3anszaniin k¥ i lsy PPy u®nIzaniin
Tnfasna ldugluansazanatiWinas pH 4, pH 7 waz pH 10 tJuaan 10 wfl vinlwuids
uazh i dadimaganiuuasldag 300 — 1000 nm

2.3.4 NM1YIATIZHLBINWA
weadanemdnlasalednltlumsiieneAidonniivesiay PPy u
lassmyisedlaun Scanning Electron Microscopy, X-ray Photoelectron Spectroscopy L8
Time-of-Flight Secondary lon Mass Spectrometry &#SUMTIATIEAMLINARA  X-ray
Photoelectron Spectroscopy kaz Time-of-Flight Secondary lon Mass Spectrometry wwlasy
AMNBRATIZHAN Assoc. Prof. Paul Pigram #n3iuflinm lumsdsiuauaaatnely
3131297 Centre for Materials and Surface Science, La Trobe University UseinApariasLaeY
A o ] o o a 6 o Qs A 6 3
MILATHNFIIABEWERIUMIIA LA alasmIssanzilay PPy @ag
iafiamaiad ldhasnnauua luaaun 2.3.1 lasld udwnanna Safiawwia 10 mm x
15 mm Hunan i weazn Wihge wkiwwannan Baiuniadeumaeiay PPy a2
° a 6 A d‘ly Aa [ ;
anih lWAanefiganuin doft




2.3.4.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) iwnafianlalunsiianzians e
NUWRINNINUNINVBIRNTADLNULURINAG  FINNIFINNTDILATIERRIa9a Tz Na LIRS
a0819laa28 ek SEM ﬁﬁﬂﬁwmﬂg\iq@ﬁa 100,000 1711 l@g@9MWINFYQUIUN

v Qs 1 { =Y U o A« & { g; o v
sazviauaInanIAaiilegnBidedBLanaTausINANNEIARUE Ml¥ SEM ®u1In
wenwelTIszez land 0.2 nm LLazéT’;ﬂﬂaﬁuaﬂwwsnluﬂﬂsﬁu'éLﬁﬂmauslﬁl,ﬂugmmuvlﬁ ilw

(% d'd =3 dw a £ a €d9‘ a Aa| 6 Aw ) a
lanwnluaasanuanvasfiuidlle lumsienediAuinueslay PPy ﬁmmngﬂmvl,ﬂm

U Stub LLE‘I&LﬂaQU@%Uﬂﬂdﬁ@%ﬂ’]‘ﬁLﬂiWZﬁVlﬂﬂ%’\‘i

2.3.4.2 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) dwnaiianlalunsianzi

24AUTENaURIRRAINANNANYITINE 5 — 10 nm lasm3BeTaRansd (X-ray) ANy

[
A A Aa &

WRI% (V) U anuin manmauﬁayilu%uwé’aa']mm6] V0907 NDNILHYABANI UAZ
Bundianasewmnaniiin IWladiinasen (Photoelectron) WasNwaal (Kinetic energy, Ey)
maaIWIm%ﬁﬂmauﬁ]:gﬂT@I@Um’%f'aﬁ@wﬁamu (Energy  analyzer)  Wasswianfien
(Binding energy, E,) v8sdianaseudaludianzuasazaauudazsiie ADNEWITIY

aumIh (2.1)
E, = hv-E, (2.1)

WAIWEARRSIVDIDLENATO WD UANBNIZVDIDZABULARLTRA  AIUI
a dl & 6 dly A v dl' 1 [ =< n‘
sannuansilevasmnaiiduesddsznovuuiuinld  wazifiesnndiwasnulamiieives
J @ v ] g: V-7 { [-%]
0zaay  IuagiuanzwIadoNvadazaaNadl  XPS  AdlWTayainsiiuanizniueidl
(Chemical state) 38 WuBz1@al (Chemical bonding) 'le@28 wananKL XPS H9an8150 brlu
MINaNZRTIUSIN e a8 [17]
A A9 o d ' . A [y
lawwmyidufilieIas XPS {u Kratos Axis Ultra DLD &9ilsznauein
urasriasIFendTia Al KO (Wad91% 1486.6 eV) ¥inaui 150 a6 siUnasuuuusnsig
(Survey spectrum) LLa::aLllﬂ@l%'&lLL‘LIUWJ’]&J&ZL%EJ@@G (High-resolution region spectrum) fn
tufinlagld pass energy LU 160 eV uaz 20 eV audau in3aidadianzigniiauliy
. . o A o { @ . o o A
(Calibration) laglfNaaad Au 4f,, TITWRINBEAWALIYINAL 83.98 eV FIniEUaUNATUN
o o ) o o v Aa o =~ [ { @ ¥ A
ldandsuligndasdronadedeny Aiaves C-C Selindanubamnfionriniy 285.0 ev Aud
a 6 1 % a 6 v gt o
lumsienedtinny 700 Um X 300 Um msdeneiidusidnesuiinlaslslysunsy
CasaXPS software (version 2.0.37, Casa Software Ltd. (UK))



2.3.4.3 Time-of-Flight Secondary lon Mass Spectrometry

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) Lﬂumﬂﬁﬂﬁll‘ﬁ'
Tunmsiianeiesddasznauszaulaiana (Molecular composition) PasRuiIRnUENLsTIN M
1 -2 nm Tagnsisleaaunan (Primary ion) Gsfinasaulugag 10° ev TUSRUAY wasem
mad"l,aaauﬁé‘ﬂﬁ]zgﬂmmvl,ﬂﬂ‘dﬁyuﬁuﬁawmmwu LLazﬂa@ﬂﬁiaﬂmgmﬂﬁﬁwé‘wm@m6]
aanin I@Uﬁﬂatql,mﬂﬁ%q@aaﬂmﬂﬁuﬁaLﬂu"laaau :138n71 Secondary ion WazazQN

Aeneidie wuamnlaifiiee (Mass spectrometer) iunaiu ToF-SIMS azlvidaya

]
=

Neanuihwinuesdiotas  (Fragment) fiuanaananainlaanafioguuiiniy  vinldnsw
jayanznulaianamsnuld [18]

Tassmsiseitldiaias ToF-SIMS j ToF-SIMS IV (ION-TOF GmbH,

Germany) lagdl Bismuth tJuunasriifialoaaunaniinasnu 25 keV 106 anuauluias
a . Q/c: ' -8 a
A1 (Analysis chamber) anauaulidIndy 1 X 107 nasf lumaianzi secondary

ion ¥nsszuvleasnuinuazlossuay Aunlumsdaszdiiyinny 100 tm X 100 Um A
sztdpalumdanzdimniniuinnii 7500 at m/z = 29

2.3.5 N1ATITRRANITAaLERIAD pH ALLNARA Potentiometry

Potentiometry LIu3TmMsAanzimvsunmvesansarasng laamsiasang
wasie i Wiweaisesfidsznaudsdn Inisasn laun 9w lFuuazdn lnisnads
AUENIAZALAIBEN9 é’mamlugﬂﬁ 24 o annzaugavaIn I Linl fitenaluuud
nauTeIEsaransiainin SalusnmaziunulidmslvavesnzusmAedumeluwisasias

Voltmeter

......... é ‘ 21281989 Ag/AgCl

2

31N 2.4 1588 IWAuadnlgluntsmegaunisneuauasse pH dagmaia Potentiometry



ﬂ’]‘jLﬁﬂﬂﬁﬁ%mLﬂﬁ‘ﬂax‘lﬁ’]‘iéf’lE]8"1\1Lﬁ@ﬁﬂ%l,’lmﬁ’mﬁ’mQQ%JVLWWWIfdﬂu W30
3ondnatnain 970197 (Indicating electrode) G35t FNTUBILTAS (E) 2FURBEALAW
T uIETaTaNaAt 9 URNNIIARES  (Nernst's  equation) [8] &#1WIUNNTIAAY
Wutuvadlosaulalasan (H) %3a 1 pH droinaiia Potentiometry 33NAMNENAUTAL
fndimaduasin i l5omn ssguns (2.2)

o (2303RT)
(nF)

E=E g[H"] (2.2)

A 0 . o o o & e A o | e Ao &

s E° whnudndlWihanasgiusesiaad, R whiudasfiveuds, T whnuamngiiduysal,

F iwhnudasnahried (96,487 gasutidalua) uaz n Aedwiudianaveuiitieadas dmiu
+ d Aa [

n=1(H) Ngannd 25°C azldauns (2.3)

E = E° +0.0591pH (2.3)

lasnunsdaanguadd il Tnuwdasundad 59.1 mV 1ie pH 2adansazansiasuly 1
1 J & > a 6 a 6
Wiy Fau Il enu AU NN BTN RUNITLAUEE

lassmspdldrunannan Sahauafaulay PPy 1Jutd Wi ldauiiaia

and Wi vasirasinaunuala198s  luansazanutinwas ﬁaul%munnﬂ%'aﬁaoﬁﬁmiﬂ%'u

f&NIW (Conditioning) 24N PPy lasnsusluansazasdsuann (Conditioning solution)

AGTUNINN 81382818 HQS 1Wudw 50 mM 1Tlwiianatngsiay 1 9% waztiadadnsbrannle

1137181902841 DI

2.3.5.1 n s ulIU (Calibration curve)

= %) & ' o 6 & o v v +
NNNNUYIY 1 JUnNWNNIAIZIUIZRINANDLDAN NUANNLTNTUVEI H T
Id s e 6 A QU A o d' a
WaNvad pH lastduanUFURHELTLEUATI JananuTunIW (Slope) A9 ™ gIWnQa
A o A P o , A o, o ¢ & ) '
ISD wwunWRlglunsiisunn pH ’LumsmamdLuagmﬂﬂmmaamaamimasm

=y

Tassmsisoiiezaanmwifioudsy  Tessedndvoamadlnith  (E) @
Wi T mdudamdnna lfafuedoufsy PPy uaztalWihdedads Agagel lu
aIneanadWiWesAT pH 699 lugae pH 1 — 13 ﬁqmﬂgﬁﬁad (28 °C) fndInivasiwas
ﬁ]:gﬂﬁi’mﬁ’mméad 2700 digital multimeter/data acquisition system (Keithley, US) wazwin
lagltlysunsa Xiink 2700 aumzﬁ"aé’nﬂWWﬂLﬁﬁg}aﬂmmﬁ wiomuMfifue

gsnzautiiasnlfduszuy  Universal buffer solution  @9t@3auann
RIINEAUNRNULDI 0.05 M Citric acid (CgHgO;), 0.2 M Boric acid (HBO;) waz 0.1 M
trisodium ortophosphate.12H,0 (Na;PO,.12H,0) lusansiudnsg lasfin DI Hudavi



AZANY AILEAILUNIAKNKIN N. [19] A1 pH Nuriassvadansazasininaiialaslsar Wiluie

Wi waztuiinlas 510 pH meter (Eutech, US)

2.3.5.2 N1771051 (Repeatability)

anusansalumsiasivastaia pH sansassauld 2 suuuy fa Electrode drift
waz Memory effect lasfi Electrode drift 1flumstasuutaswasdns i osn lninl5om
ajwag’lumsa:mmﬁas] Wuszeziiauwu [20] luminasasazinmyiaandngaadimas Wi
nNe 30 Wi Tusnsazampiiasitmuadafiasiuiuzezan 3 $9lus &1 Memory
effect 1unsansindng Inihvoaasiianai vﬁaLﬂ‘é"ﬂuu,ﬂaaasha"lwﬁ'amﬂﬁﬁﬂﬁﬁjui?a

Falugsazanofdl pH a9 sauldan [20]

2.3.5.3 auLaDT (Stability) 138 mqmﬂ"ﬁmu (Electrode lifetime)

AMLEn U927 A T uvin lalaamsiwinandang lWikuadLra s b

1 1 | o 9/2; U U L a A
§1382a08 pH 6199 lug4 pH 2 — 12 1 Junanans g 4 lasld Wi lsnuauwan dany
lumsazansdiuann (50 mM Has)lasdndimadazgniuiinllaunszns mInauauas

a o A oA e o W
L‘JN&Jﬂ'ﬁLUGU%LLU@G@U%‘]N%H&W@E}J

2.3.54 m'mlm:aavl,aaau (lon selectivity)

& o o & = \ + A A

ALV TN ITw  WunsAnsinsaeuauadde H  Llal

. i A | - - 2- + 2+ 2+ 3+ g o

lassausunin (Interfering ion) 81§ td% Cl, NO3, SO4 , Na, Zn , Mg and Al L ue1

1 o U . . A I a

ﬂuaglumm:ms fun5avinlasldit Fixed interference method [21] maLﬁJm‘%‘mmgmmaa

IUPAC lumsiadandlWiaasasazaodwinasnil pH d1v9 aziimadnlessnsuniuasly

lasaivqulilesawnasulanudutuasft 001 M lugsazmsdwives anudumwz
' A L. L. 2 A a

zasznMeNwluglresM1aINaNzas (Selectivity coefficient, K) Tidmuaziduans

AU mLLa@ﬂunm WNWIN 1.



UNN 3

Nﬂﬂ"l‘i‘i’lﬂaaﬁLLﬂZ%fﬂ'liiliNﬂﬂ'ﬁ‘ﬂﬂaElﬂ

lawmyidptudunmsvawguniniia pH AvhanweRwedthni lasuiu
dl a 6 a6 ad '
AMTAANEAURENAROUNANIADURUBIVDINANNOANLIA  (Polypyrrole, PPy)  d@ams
WRBUUURIAN pH VaIaNTazauNFNENAAAY Waw PPy Nanmlulassnmsiieill 2 i fe
A { g ¥ . é ¥ Lo o
1) Waw PPy 7lddas Hydroguinone monosulfonate (HQS) Gunuaasyansal PPy-HQS
A T | o . . A [ o o
waz 2) Asw PPy Nldddrsansazaanaunad HQS WAz Oxalic acid TIWNUAIURYSNSDL
PPy-HQS-Ox

3.1 NMFIATIERUALNATBUHNANIIADUEWDIVDIN AN PPy-HQS fa

nstdaswuilas pH

3.1.1 M3AnsIN9Lad Haa8maia Cyclic voltammetry

msanwanuiaslide Wi (Electroactivity) 189 HQS Sevminilusns
Teuaasidn PPy vinlasmsaunui Wi Glassy carbon lusnsazans HQS s 50 mM
lasfiaasnnIawni 50 mV/s 270 Cyclic voltammogram ﬁLLamlugﬂﬁ 3.1 wuiaNaves
nIzURDaNGIATY (Anodic peak) Uaz RAVBINIZUEIANTY (Cathodic peak) Adnd Wi 1.1 v
ez -0.2 V anud1au Wagainanuaasiisanumanialumafeljiioiiaendues HQS
Tosfiavasnszusaanfiatuusasfistjisoneondiatuses  HQS  luvnizAiReveinizus
JanTuuaaniLlfA3e13anTuva9 Benzoguinone sulfonate é’aLLa@a‘lugﬂﬁl 3.2 HANINARDY
AINENILEAIIN HQS Fanwieshde Wi lasiianszuiumsanaindidnasawas96unay
16 [22,23]
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E (V) vs Ag/AgCI

3‘1/1"7' 3.1 Cyclic voltammogram a3 Hydroqgionone monosulfonate lag/ 1527 Wi glassy

carbon &UNWIua1I8ca18 HQS 50 mM uazdanIn1Iaunts 50 mV/s WuiiAInuA

0.078 cm’
OH (@]
- 2H
—_— W
SO K* T SOz K*
+ 2H
HO 0o

31 3.2 UjA5e1Taansves Hydrogionone monosulfonate

audamaedlwiwesisy PPy-HQS luannzfid pH d19g Fnsilasns
aunuia PPy-HQS lussazanetiwines pH 4, pH 7 waz pH 10 é’aLLa@a‘lugﬂﬁl 3.3 WU
Cyclic voltammogram Va4 T PPy-HQS lusnsazautininas pH 4 (gﬂﬁ' 3.3a) LaNAUaY
NITURENGIATY uaz WavasnszussenTuidnsinm 1.0 V uaz -0.5 V audey 1asun
TussazaoiWinas pH 7 wudt RevasnszuseanGiatuydoudiuniadn 0.9 V uazdiny
AeaInTzuseanTITWANTUHEN 1 dunssfiandlninyszanos 0.65 V (gﬂﬁ' 3.3b) §1%IL
luansszanpwines pH 10 inﬂgﬁ'ﬂmmmmaaan%m%’u‘ﬁﬁé’ﬂwmzﬂ%a%uua:ma"ﬂu
dunuslugsang Wiy 0.6 v (gﬂﬁ 3.3c)



0.5

0.4 ~ ,(c)
{
] //I
0.3 A /II
/
i //’
0.2 - /1 (b)

Current (mA)

-0.6 -0.3 0.0 0.3 0.6 0.9 1.2 15
E (V) vs Ag/AgCI

gilﬁ' 3.3 Cyclic voltammograms va3Wan PPy-HQS laeaunulusisazarouwinas (a) pH 4
(—), (b) pH 7 (...) U8 (c) pH 10 (- - -) SaTIMTAUNY 50 mV/s AWNAINII 0.078

2
cm

maasuduniszasievainszugeandetuwlunedndlwinay  (Hesunu
TugsazanatWiWe s pH Wndn onaflasananmaassulaslassaamaaiives PPy
N1% NIZLIWANT Protonation Li‘iaaglumia:mﬂﬁﬁmmm‘mﬁmaa H ludSunann (pH
¢1) U8 NI2LIWMT Deprotonation L:fiaag’lumsa:mﬂﬁﬁﬂ’nwﬁwﬁumm H" ludSunaten
(PH §9) [24] wananuin Msnievesnseuasensumellillofldy PPy-HQS anaunuly
gsazaneuwiwes pH 7 waz pH 10 813Liaannsaaneal (Degardation) 2adWay PPy-
HQS Lﬁaaa’mﬂﬁﬁ‘%m‘%ﬁﬂ%’ﬂumsazmmuaé’aﬁwulmmmmaa Xie et al. [25] MV
an (Expulsion) vaslasausy HQS Wassnmadasuudaswaslulanauluisuninilss
3 N du -N= Iummzmmuamﬁ]Lﬂuﬁﬂmm@mﬁdﬁﬁﬂﬁmmiaﬂwia"LWﬁwaﬁ\lﬁw
PPy-HQS aaasuazrhlilidnngRievasnszuaidndudoaunuluasazaoinines pH 7
waz pH 10 [10]



3.1.2 msﬁﬂv’lm‘s@ﬂﬂﬁmmaﬁaﬂmﬂﬁﬂ UV-Visible Spectroscopy

lunsAnsmaues pH daanziih Wivasian PPy vilasmsdenesinig
ganduusdlugig UV-VIS wasfldn PPy dauuaznasiujionnussazansininainie
NaNN e LUR gﬂﬁ' 3.4a WFAINIANAULEIVBINAN PPy-HQS fsnaredile Tagwunms
g@ﬂﬁmmaﬁﬂszmm 400 nm waz 800 nm Gadusnwaerialves PPy ﬁag’luamazﬁ']

Wit [26] I@ymig@ﬂﬁuumﬁ 400 nm LAANNMILURBULLAITZAUNRINUVDIBLANATOW

(Electronic transition) lwszeuwsssu 1 luds z%’;u@i']ﬂﬁig@ﬂﬁul,l,mﬁ 800 nm Az
W&AIA9  Bipolaron state  @aillugnizmsinindwesnediilie  wasiiiavia s luvin
Unsennuansazaoiwines pH 4 (Eﬂﬁ 3.4b) uaz pH 7 (gﬂﬁ' 3.4c) wum‘sgﬂﬂﬁmmﬂu
SNEULALINUWIURRY PPy-HQS nauufji3en ugadin m snniensauaznaiy A8y PPy
faasagluaniazinlwih woefi Tugnie pH 10 wia snizius MIQANAULEIVBY
Biopolaron state 2a3W&u PPy i 800 nm ‘mUVIJJLLa:ﬂiﬂﬂgmigﬂﬂﬁuumﬁ"ﬁmﬂszmm 740
nm %&Lﬂums@@nﬁmmmﬂnm Afu PPy luan1e Dedoped duwanunu lagannizainsnd

saluannei i i wesisy PPy [26]

0.75

0.65 -

0.55 -
(b)

Abs

0.45 -

(c)
(a)

0.25 (d)

0.35

0.15
350 450 550 650 750 850 950
wavelength (nm)

311 3.4 mz/nﬂfwnﬁgmnﬁuum?m UV-Visible va9#aa PPy-HQS (a) rawiijisen uss

waIrUnsennuaIaca1aUWines (b) pH 4, (c) pH 7 uag (d) pH 10



3.1.3 N1IAITIZHLBINUA

3.1.3.1 Scanning Electron Microscopy (SEM)

NN SEM 28988 PPy-HQS fedauunudwmanndr$afia Touaasln
gﬂﬁ' 3.5 Wuilay PPy-HQS 1iannnmilaRauueamansinay dwHguinaslszanm
75-10 nm LLazvl,&iwué'ﬂwm:é‘mgmﬁﬂmLﬂuLLumaﬂﬂ:ﬁéﬂ (Cauliflower-like morphology) 9
dusnmoaemluvesidy PPy Agsamziuuuad i [9] 69ttu a1ansldin wenanvin
wihfidusnslddun PPy udr HQS ﬂ'aﬁmﬁﬁﬁ'Lﬂuﬁamﬁya‘lumnﬁ@agmﬂ PPy lasiaw
PPy-HQS Aedovlddanunmyszann 420 nm %oLﬂumiﬂizmmmﬂﬂizﬁ;ﬁmmm:v\dw

matiadisewedwa laoruuuued Wi [27]

31N 3.5 170 SEM ya3 Alsu PPy-HQS findavvnusiwinanna [saiiuedagimaia

wadiva [Ty uiad Wi

3.1.3.2 Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)

Tumsdessiiuinvasiisn PPy-HQS findsuunudwnannd3afin Tay
lfinafia ToF-SIMS wuin  wnaatUnasulumsdinseilesaual  (Negative-ion mass
spectrum) %dua@ﬂugﬂﬁ 3.6 UsnngiavaInsuanaingay (Fragmentation) 189"y HQS
[ m/z Wity 80, 81, 133, 187 waz 189 Wlunsiedin Imslessuauves HQS Faagiiy

a
A A

o A Aa A . A
Imqaiwmaa PPy ‘Y]a%li%ﬁﬂ’]’w‘l’mﬂit"gll']ﬂﬂia §N17¢ Bipolaron I@ULQ‘W’]ZQU’NU\‘] NWaN
o 1 ' o A 3 [ .
FWAI miz WINAL 187 WAz 189 TIRDAARSINL baaan Benzoquinone monosulfonate Lag
Hydroquinone monosulfonate anu&1eL  wadlwiAwimgniashdalwiiu dangagd

uRauuanvaIlay PPy tihasannmsiansialsmaia ToF-SIMS tdumsdanziide

e =De

a da = ' & & a [ ] L a A
PWAINUANMNANUIZNIH 1-2 nm LYiuk wannwURIUNaTY mﬂmamﬂﬁﬂgwm m/z

=p,
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Winnu 26, 42 uae 50 TaduiNavad CN, CNO uaz CN awdau lasRaasnaruduinei
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3171 3.6 Negative-ion ToF-SIMS spectrum ¥83W&y PPy-HQS Minsauuuukmnanna 3wy
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gﬂﬁ 3.7 uwaadunamunasulunsiiainzilosauuin  (Positive-ion mass

spectrum) wmfﬁﬂﬁﬂgﬁﬂmaamﬂmndms}aﬂmaavlaimmi(uau NnlaTIgIved PPy LTu

+ + + + o 1 1 e
CoHs, CsHs, CiH; uae CuH, annuusminasuainan linusmuonmaslendouuas

= A& = v Ve a A & Y o o a '
wan sadussddsznavvaananna aiuniluti IWihdwiunmsiefeudy PPy waasin

A Al e o ! & A | oA &
e PGERMGGE PPy mﬂmaLﬂumimaauammamamazauyim

x10°% 1

Intensity

0.5 -

C,Hs
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It
L N O B B

10
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317 3.7 Positive-ion ToF-SIMS spectrum 2a3Was PPy-HQS MR auuuukinnanna [saiu
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M13797 3.1
Anuassiavasgiugosnvnnglusuasinasuvaslsy PPy-HQS nlumadiaresiuuy

losauavuas laaauuin
Negative-ion spectra Positive-ion spectra
m/z Assignment m/z Assignment
16 o} 27 C,Hs / CH,=CH’
17 OH 29 C,Hs / CHa-CH,'
25 C,H 39 CsHs / CH,=C=CH"
26 CN 41 CsHs / CH,=CH-CH,
42 CNO' 43 CsH; / CH3-CH,-CH,-
50 CsN 55 C4H, | CHy=CH-CH,-CH,"
80 SO, 57 C4Hy or CoH,N'
81 SO.H 67 CsH;
133 CsHeS, 69 CsHy'
0 +
o SN
187  CeH;0,80; / 77 CeHs /
(0]
OH

. S05” . QCH{
189  CeHg0,S0; / 91 CH, I
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3.1.3.3 X-ray Photoelectron Spectroscopy (XPS)

MMM ARV BN A PPy daonafia XPS wuin dsznaudis 519
asuan lulasiau aandau uas Tainas é’mamlugﬂﬁ 3.8 Tagan319f 3.2 ugastSunm
mawwywiazé’aﬁﬂiﬁﬂg saTdu09 [SYN] Sendszanm 1:3 feudin Has Aldfluansle
tazaglugtvasinfelodoy winndusinaiuves xPs hitnngaygimuaes Na  Lag
waadindanzlosauauvas HQS whifua%ilumﬂsﬁwaﬁma%mao PPy WRZINWAAINETD
LEAIINWRN PPy-HQS ﬁmmu’%qw%(ga

w10

C1s

O1s

N1s
B 0 KLL

T T
800 600
Binding Energy (&%)

317 3.8 Survey XPS spectrum v83Wax PPy-HQS indauunurunannan [sais

A5 9N 3.2
& A a A A ' & e Ve a = o
B9AUTENaLYBIRUAT  PPy-HQS Tiadavuuuswnannarlsafiv  dedmimlaan XPS

spectrum

Atomic % [Stotall [N+]+ [NH] Excess

C 1s N 1s O 1s S 2p [Ntotal] [Ntotal] oxygen (%)

76.0 7.9 13.0 3.1 0.39 0.28 3.70
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lassgamaaiinazan1izmaaduadlay PPy-HQS ®1an303tAs12H baann
munaiu XPS uuuANazlBuags (High resolution XPS spectrum) madm@;u@ia:ﬁaﬁaﬂa
mﬂgﬂﬁ' 3.9a wuisnasu C1s dsznaudae C 5 wfia lag C1s A% Binding energy (BE)
248.7 eV, 285.1 eV uaz 286.0 eV FaaAfadnuANiUanlwvalsan@nues HQS, C-C uay
C-N lwrsuwiuitlsa (Pyrrole ring) Musey dw C1s 7idl BE gaﬁ 286.9 eV WAz 288.3 eV
§OAARDINY C-O uaz C=0 Awnanlassasnas HQS anilsfiany sasiiaiionatiaann
N32UIUN1T Over-oxidation a4 PPy Lﬁaaa’mmiﬂaué’nﬂﬂﬂ’lﬁ@iauﬁwgps:ijamﬂﬁ@
wadlNe LT [28] %aauuagﬂﬂumﬂﬁ@ Over-oxidation anudwldle lesan
2aM&IMaY [0)/[S] Newnnin 3 TR USunnwosoandanditiu 3.7% (@mwﬁ 3.2)
LRI SN MEI0NTIIUUENIINZANIIN SO; 11 HQS ua1 89819 nlassais PPy i
2N Over-oxidized NG

gﬂ‘ﬁ' 3.9b usAIFUNAsNTEY N1s F9anmsdasyd wudidsznaudas N 3
fia TNyl BE 400.3 eV, 401.4 eV uaz 402.5 eV Tsmanndadri -NH-, N waz N law
Tulasiaurdia N waz N7 1Aaanlassainovas PPy ﬁa%isl,uamaz Polaron W&z Bipolaron
[29] oK, Lﬁuﬁwulumﬁm%"lxﬁﬁ’w UV-Visible spectroscopy

WWwRLUNAINVES O1s (gﬂﬁ 3.9¢) Usznaudisy O 3 oila ldun SO,, C=0
uAz C-OH Sasngfafl BE 531.7 eV, 533.0 eV uaz 533.8 eV audeiy dwdumlnady
289 S2p Uanwmeiln Doublet peak (gﬂﬁ' 3.9d) FanmaiarsiRanuingsznoudas
S0; (168.2 eV) @9a1a1n HQS ﬁayﬂﬂmaa&"’]waa PPy w8z SO, ﬁgﬂaanfﬂ@é (168.8
eV) Ssdnwaaasduaiinasy S2p aenssaansasnudwslnasy S2p vasiay PPy 1
1618 Dodecylbenzene sulfonic acid Twaudsafirnmwan [9]

MM TINuRITEIAa Tof-SIMS uaz XPS wuin Waw PPy-
HQS ﬁé’f@mswzﬂﬁmazﬁimaﬁwmamﬁé’mamlugﬂﬁ 3.10
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31/1’7 3.9 High resolution XPS spectra 2¥avJ (a) C 1s, (b) N 1s, (c) O 1s uas (d) S 2p v&av

Wiy PPy-HQS iaRauusuawnanna [3aiu
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045 OH

HO

317 3.10 lasvasvmaadivreadulyldvasvasilsy PPy-HQS

msansMaUasuudailassasrsmaaiivasiay PPy-HQS lasianizating
nl t:l. o 1 = dl o aaa et n:l.d 1 v
Bendunsiinaslulasaulwisuninilsalavljisonnussazaiand  pH  ¢@9e e
maita XPS wuilavhiljisennuansazaisnsa (UWwes pH 4) suUnasy N1s 2898
(FUN 3.11a) Hdnwuzmlaunuilan PPy-HQS rewufisun (Un 3.9b) ndnade
Usznauds -NH-, N° uaz N asnadineldusidnedn Asu PPy-HQS wasindjisennu
. - o X o 4 -
ssazaofiunats (TWiWas pH 7) wudezasiulasiauialiulwin BE 398.4 ev (3U7
S { o aaa o { o
3.11b) @aduiaues -N=  [30] uazlavhujAsonusssczaranduius@Wives pH 10)
=) 1 ‘3’ 1 L ‘é 1 |2 a I
Wsw PPy-HQS azinngiianas -N= @uauag9Taausswud Usunmaay -N= daidu 25%
a 5 d‘y a a6 v & =S a
289U Ll ATLAUNIRNAL BN BRIV INAY waTLERd MLARTIMTIAaNIZUINMT
Deprotonation aﬂ'ﬁ\‘iﬁmyiﬂi [31] n3zuIKNIT Protonation-Deprotonation S RREAGEY PPy-HQS

Lﬁaa%i‘luamazm@-ma LLamlugﬂﬁ 3.12
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31U 3.11 High resolution N 1s XPS spectra %83y PPy-HQS nava1nyyjaseniy
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X\HQSI:T i\
oo\ / K O\

ZT

Acid 1| Base
(H*X) [l (NaOH)

31/1’7 3.12 n32UI4N17 Protonation uas Deprotonation vaINaN PPy-HQS lugn1iznsa-ius
[31]

3.1.4 HaZIANLINNIIFILAIITAaN1INaUAKDIRa pH 2asias PPy-HQS

lumstnsnasesanzlunmssauanzidensaauauedda  pH  2asiau
PPy-HQS vhlagmsUSuifoudndlvith e anudutusaswenawasils uwae anw
dutuas HQS Aldlunissaesesd uasbhAsufigaamedldndnsnmsaausnasda pH
ALLNAKA Potentiometry é’mamlugﬂﬁ' 3.13 WU mIdsuwasuanazlumisaanzia
WA BININUNGaNIRaUaEREIRe pH VaIWNAN PPy-HQS I@Uﬁ@imauauaaagizmw 455 —
50.5 mV/pH

aghalsfiany dlgandlwidlunissaasey (gﬂﬁ' 3.13a) 30 LI luMs
FATIH N (gﬂﬁ' 3.13b) wuin Wan PPy-HQS flefminavauasda pH 'laidsin lagan
ﬁﬂﬂ’szﬁdﬂd’l’sﬁlzﬁﬂ%w’]mﬂizﬁﬂWW’]ﬁlﬁ’]ULYII%ﬂ’]iE]E]ﬂ‘TiL@%%ﬁE]USJ’]ﬂ FIHAlANEN PP-HQS
"L&immmmﬁauuui}y‘smﬁﬂﬂﬁwvl,%“aﬁuvlﬁasmaugitﬁ slummzﬁﬁﬂ%ﬁnﬂﬂﬂwguﬁﬂﬂ (gﬂﬁ
3.13a) wIana lumsastaneiuwiinly (gﬂﬁ' 3.13b) Wawu PPy-HQS Afadwaziianu
wwann uazlifadanudamannal3ain dlvenuiashdanmnauanasda pH anad
nEamMINasaanun fndlnihuazmAldilsy PPy-HQS #f n1smeusuasda pH ﬁﬁq@
A0 15 V uar 10 wifl awden Tapanizainanazld Aduusiedauuinnsnni1s
sfiuldadsanysnl uazlianumunyszanm 420 nm

mﬂgﬂﬁ' 3.13c uaz gﬂﬁ' 3.13d  wuhenuduTuvasnanaluaTLIaLas
HQS ldssnadaninauauadda pH 2a9Wsy PPy-HQS adsdinudman snriwnyldnana
SuTuasNanaINasiladinit 50 mM ez lélay PPy-HQS Afnsmeuauasda pH @
Gynnmarnswszassnslunssuensidanisnauauasda pH  28sWsy  PPy-HQS

sansnagdldd annzlumsdanziildy PPy-HQS Ndnga Aa sIazaudwiunadie-
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— T
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E (mV)/pH

E (mV)/pH
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40.00 ~
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0.00

(b)

60.00 -
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40.00 -
30.00 A
20.00 4

10.00 A

0.00
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Time of polymerization (Min)

(d)

—

25 50 75 100 125 150

HQS concentration (mM)

31/171" 3.13 nanIRaURUEYe0 pH Vav Aay PPy-HQS Lﬁagné’amﬁ:ﬁﬁﬁm?z(fm 9 (a) [pyrrole] = [HQS] = 50 mM, 1381 10 #17 (b) [pyrrole] = [HQS] =
50 mM, AnelIWiAn 1.5 V (c) [HQS] = 50 mM, 1381 10 w17, anel Wi 1.5 V uaz (d) [oyrrole] 50 mM, 1381 10 w17, Anel Wi 1.5 v



Ty tudsznauais anuduturasvanaiNasilawas HQS winu 50 mM Jaudnd lWin
a9 1.5 V 1w 10 wif Tasfsungaesehlaldnansaouauassa pH gdﬁq@ caiulu
Aouil 3.1.5 uaz aandl 3.1.6 dunsAnsnanIAeLaEueIRe pH Basiay PPy-HQS 7
RILATIZARMILFNIIEAING

3.1.5 Han1InaudwaIna pH 2aslau PPy-HQS ALNARA Potentiometry

PNNMINARIUNIABLEUDIAE  pH  2adWay  PPy-HQS  éanaiia
Potentiometry é’mamlugﬂﬁ 3.14 wuin Naw PPy-HQS lianlun1saeuauas (Response
time) Wapan nande dndluihfiialadandnsesfiruiifsuianusmsazaoinves wasly
wWasuudasudasurfeBluamsazaoiineoiinnm 4wt dwsumTasasiug  pH
2NN 10 Ssdanududuaas H dasann asni 107 M) szldiamlumInausuaswn
3u Tagmansnsuedndlniassasldnasanniiisy PPy-HQS SuRaRUAT=aBIUE
ganandszunm 1 wih

300 1 oH 2
200 | PH 3
_ pH 4
O
: ] HS5
g 100 P
E(n pH 6
%) 0 - pH 7
>
< pH 8
E -100- pH 9
w pH 10
-200 1 pH 11
pH 12
'300 T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 220 240 260
Measuring time (sec)

3‘1!7"7' 3.14 dndivasvasilsy PPy-HQS lussazatutWiWasid pH 619 9

{ [ . . a s

U7 3.15 usasnmuLisuly (Calibration curve) YaWdaN PPy-HQS aLilu
MINBBATEWIN pH BadaTazananuAnsioaazadlay PPy-HQS tAsunud Hné989
Ag/AgCl lagnmifisudsud (Junamsnauauadda pH 2a3Wsn PPy-HQS vanue 7



>

DL NNFILATIZAMILFIAILLALINY IUTIITULALLIANGNIN® WU HaNTAaLERIRa pH
=) { = L 1 &
204NN PPy-HQS figmangil 28°C Autu -50.54 + 1.67 mV/pH luzae pH 2-12 &9
[ A [y @ ' ' . . .. 2 ' {
ANMURUNUTLTIFUATIAINGD A linear regression coefficient (r ) 471N 0.995 MINe
ang i fanudosuudasnnlunsiandazadd waadliAnisanuaIITalumIHNEaD
16 (Reproducibility) 289277@ pH 1ana NNk H9WUI1 WaW PPy-HQS aauauadda
d'd v & ] a 6 o Y a dl' & o A a
a3azauiuand pH g4 (pH 10-12) 6@ SadsannweRimasih lnihofieduuazirinnieioy
a & L= =) a 1
NN lalaTu SINNAAANNRANANALUNNTABURUEIABRNTAZALLUE (Salt error) [32]

E (mV) vs Ag/AgCI
o

3UA 3.15 nAALULTUUERININFNAUTIERIWANLTaavaIlay PPy-HQS i pH 989

1382818

anuaanIalumstad (Repeatability) 2asWan PPy-HQS 13150318914
Taglddn “Electrode Drift” @ldarnmyiadnsimasuasian PPy-HQS luainzanafisl pH 7
Mwuuanng 30 Wi iuam 3 Flus Tagsewinomataudazass Wan PPy-HQS anuiulag
wrluanTazansUTuaNN gﬂﬁ' 3.16 uwRASIAAWINENSITaRUaINAN  PPy-HQS #a1y
dosuudeaifohaiasmsszmodnivesioy lindusmsszaonia nas wialws @

a

Electrode Drift luan3azannIa (pH 4), 8138sa18nad (pH 7) WaSaIIZa8LUa (pH 10) Hen
WAy £2.70 mV, £2.74 mV uaz £1.29 mV anudeu lagen Electrode Drift Ladsaasflas

' > A o o F o A '
PPy-HQS f{dwvinny 32.24 mv Gawihnuinmmiadiazldanufenaaiiosud 10.04
BBV pH LT
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317 3.16 Electrode Drift uanydngivaavasilsy PPy-HQS lug13sza1uUwWiWes pH 4, pH 7
uaz pH 10 ﬁa’m%ﬁgn 30 w17l

200 -
150 - (a) pH 4
L
. \/\/\/\/\/\/\/\ I
3 pH 5
2 50-
2
O -
z (b) pH 8
o -50 I
-100 - pH 9
'150 T T T T T T 1
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time (min)

317 3.17 Memory Effect ugasdng [Wihasflas PPy-HQS Hauzlu () srsscarginines

pH 4 uaz pH 5 uaz (b) 7138za18UWiWas pH 8 uas pH 9 aau [Uuniuiial 1
59109
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Snwilisutandasiansonlwih sy PPy-Has luldmase damsdunaule
(Reversibility) 789n13aaUanadseaa pH Geanuisaneawlaglden “Memory Effect” @9ldan
myladndiaasasfsy PPy-HQS sauluanlumsasanaid pH d19g fu é’auamlugﬂﬁ
3.17 GausaslWifiniflsy PPy-HaS lfmssasinsasusnasiownin lagdrdnglwi
284NaN PPy-HQS ﬁ‘?@vl,ﬁazﬁﬁﬂﬂﬁlﬁmﬁ‘u‘qﬂﬂ%y‘aLﬁ'aﬁﬁﬂﬁwﬁ@mm:mUﬂ‘V\ILWa%ﬁﬁ pH
Windn laudn Memory Effect l4eN382a8nIa (AQRAUNKIZWING pH 4 uae pH 5) uazlu
RIITAUUR AARAUNUITHIN pH 8 uaz pH 9) Newuviiny £4.0 mv uaz 7.7 mv
audau lagd1 Memory Effect lafguasiay PPy-HQS fewiniy £5.8 mv Sawvianud
ANURAWANALNEY £0.11 wikauas pH it

wonINUUWMIAaUEUadRa pH asian PPy-HQS Wumsaauanasfils
Tuiufianemaiaouudas pH nade nniisudsulifanauandrsagedioiean L

azdumsia pH ¢ lUgs pH §9 W3891N pH g4 119 pH én aauaadlugi 3.18

400 -
300 A

200 A

E (mV) vs Ag/AgCl

-100 A

-200 -

-300 T T . .

pH

31!1"7' 3.18 nrifisuLsuvasilsy PPy-HQS il (a) 309 pH ¢y pH g9 () 4az (b) 30
911 pH g9 11/ pH 1 ()
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d = | A

AN 3.3 TaurAINALUIBUAEUMINBURMEIAE pH 2adWaN PPy-HQS
iU Adu PPy fuemzinuenedliafifungWeiduaiulalasu  (Hydroguinone
functionalized PPy) fiimy3duneuniinlas Aquino-Binag Wazamue [14] uaadlidAuinls
PPy-HQS HuszdnTawidnifany PPy fidaunyWeiduaiulalasuzas  Aquino-Binag
dl a K s Q/ 1 a dl dl v 1 v
asnndanutusesnvifisudiugandt (Lifewetasmane) madoawudesndt Tdnu
Qs [ v v v 1 g: v A v v = ‘ﬂl
Ay pH lalutinie wagldimlunsaevauestasnit wenanuudsliteladsovulucdes

PUAIUNIIRILATIZANNY waztdwluLuInaauwagIdnaae

A15797 3.3
walSeuiigumInauasadea pH vavilay PPy-HQS uaz Hydroquinone functionalized PPy

electrode

Hydroquinone

Characteristic su PPy-HQS o
functionalized PPy
electrode
ANNTHIBINTINNBULITY (MV/pH) -50.5 + 1.7 (28°C) -46.0 = 4.0 (25°C)
Detection limit (M) 1%x10"° 1% 10"
nalumsaauanad Aud) <100 600
%29 pH 7150 le 2-12 3-10
Electrode drift (mV) +20 +19
Memory effect (mV) +58 + 5.1

MNMISensddsmaiia CV, UV-VIS, XPS uay TOF finsnianudrtnsdu
819zaINTaTUNeNa lnMInauauadde pH vasWay PPy-HQS la ﬁdLLN%ﬂ’]WﬁLLﬁ@NIuEﬂ
7 3.19 lagnalnnismousuasda pH Usznausis 2 NszUInmMIsINAn WHie NITUINms
Protonation W&z Deprotonation fighumisnaslulasiawmesmals PPy 109 uasnszuiwms
Saanduas HAS Fuilusslduas PPy

Wsn  PPy-HQS Qﬂﬁmﬂ*’ﬁl,ﬂui?’ﬁ@@h pH  wasgTasastninasuas
FIRTANDITI LU WY UNa m{myj’ waztingndnsie isuiue pH #saldannialWiia
i Tagnanmnasaduaasluassf 3.4 wuin e pH vesmsazansitialdannds PPy-HQS
ez Iniuflaufadnsiwlaiifiu 1 wihe pH Tasuuuasinendesiuilan pH Aialdndamns
ROITHAAIIN® 0.86 Laz 0.90 WikI8 pH AUR 1AL ﬁ’:\‘iﬁa’l’i}Lﬁﬂd&l’ﬁ]’]ﬂﬂ’l’]&l“lju"llEldﬁ’]‘iﬂzmEl

NIFDI
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Redox of HQS

I E 2 H I I
OO 2008
X pog

Protonation - Base Base Protonation -
Deprotonation pcid Acid Deprotonation

of PPy of PPy

31li1 3.19 na lnmsnavauadsia pH va9Way PPy-HQS

A15797 3.4

A1 pH Ya9EIRZAE619 9 71 1691NN1TIA6 2877 PPy-HQS uaz12 [WAuiauria

fi1 pH N3ale

F1INCRY %’]‘ILWWWL*Q‘?JLLT?’J oﬂ’i) PPy-HQS AULANGIIVDY pH (d)
JWinas pH 4 4.00 3.67 +0.33
JWiWas pH 7 7.00 6.35 +0.65
Jiwas pH 10 10.00 9.64 +0.36
Wl 6.76 7.62 -0.86
wnaw 7.51 7.04 -0.47
sy 9.95 9.96 -0.01
a1t 11.19 12.09 -0.90

mﬁLﬂﬁ:ﬁ*’ﬂ’aymﬂﬁmaaﬁmmﬂlﬁ% “Paired t-test’ LTWNIINITUIINTD
PPy-HQS wazt IdBauiildnanisianuandanwlugsatianiata [33] @1 t 18150
fMurwlaanauns (3.1)

_dm

S

t (3.1)

38



fa dusz s, Aedniads LLaz@hLﬁmmummgmmaammLmﬂ@i’m"nao@h pH #ialdand
Yames (e d Tuanssi 3.4) MURIAU §I% n A8 SrunaITatafiande e

NMBaTzRIIazas 7 srednedugadluanssi 3.4 sansndiwioen
d = 0.00571 uaz s, = 0.63657 Daflauwnuluaums (3.1) 2zl ¢ = 0.02375 &9 t| Siensiay
e t Aafiannuiiadn 95% (t, = 2.45 §MTU 95%) [33] ¥ lmuana ladinisiadn
pH UoIm38za8T899 PPy-HQS wazi2 lWiidau Wwaﬁ"l,&iu@m@mamaﬁﬁfﬁﬁﬂﬁz’y

ﬂﬁﬁﬂma’]ﬂqﬂwﬂfﬁmumaa%’; PPy-HQS ##%5umsias pH ¥ihlasnyia
dndirasuasildn  PPy-HQS lumsazaetiined andwfvis PPy-HQS  aananalu
ssazmoliuann wazhanadninailuiude 9 'lu ﬁnﬂgﬂ‘ﬁ 3.20 FILFAIANNTNRUT VD
mm%’umaaﬂswmﬁﬂuﬂ{uLmzmqmﬂ*’ﬁmumaﬁv‘a PPy-HQS WU71 Wan1iaausuadda pH
289197 PPy-HQS Aaudrsnsiiuszaznaunnnit 30 3w leadinsdannusulszunm -50
mV/pH lug39 pH 2-12 atelsfimumyieneidoyansaiidlasldis “Paired ttest” 63
waasluenT9fi 3.5 uaasliifinin namInausuasda pH 2asW8y PPy-HQS Imadoaun
atnafivpiAynarnnarwll 34 Ju 1fasan It 209707 34 fdwnnnind t fiadia
anuLTan 95% Fefldrinny 2.45 #nIuTaya 6 T [33] Fandannnisnasavluing 34
RUNAAUASN PPy-HQS m\‘iﬁhu‘mﬁg@aaﬂﬁnﬂmgﬂﬂﬁﬁ"ﬁaﬁw%uﬂuﬁﬂww 3tta1aNa
3197 PPy-HQS fitasealdannlassmsisoiianansolddnlalaifin 30 Sundsanmsldom
asausn

300 -
200 -

100 A

-100 ~

E (mV) vs Ag/AgCl
o

-200 ~

'300 T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8§ 9 10 11 12 13 14

317 3.20 nIiguLsuvasiay PPy-HQS Mivwlgguiluszuziaa619 9 nasannisly

JUATILTA
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A1591 3.5

NENTIABUFUEIAE pH VoI WS PPy-HQS M138821381679 § Bada N Ilaawasiusn

e dl £ L =) o . ‘il o
’J%‘Y]SL"IN’]% ANNTWYDINTINLN B VLT Correlation |t| NOWITUHINN

(mV/pH) coefficient (r2) ]UN1T (3.1)
1 -49.0 0.9994 -
3 -49.8 0.9991 0.93
8 -50.4 0.9994 1.63
16 -51.0 0.9995 1.43
26 -50.8 0.9993 2.52
34 -47.6 0.9953 6.09

3.1.6 ANLD12IVBINAN PPy-HQS
] + Aa [ a .

MIANBIAINNLANZAY (Selectivity) da H wasWan PPy-HQS @283% Fixed
. = & Aa o o AW v a
interference method Tatdumstdvlesansumuadliluasazaratwmas asiilaasuneld
uiluaaun 2.3.54 nmyiadandioasvaslan PPy-HQS luansazanatwiwainilesan

a ' { ' a ' + '
sumuziiadnig U 3.21) wud1 Adu PPy-HQS fianuanzasda H g4 nandia naw
a o A A ' v A A v A 3+ , & 4
Weudsuiimadsauwldanniniieiilesausunis sndwiesmssuniuan Al winuui
' ° [% A L A ' e/ & & A A 3+ o [
sanavn N Wisudsuidoauueanldatnetaian nafanadlasnnanmady AT vl
Haaznaundansuzadoiulussszaoiwmes uazanasanadadnd Wi le
A o 2 A o & A
ANTHN 3.6 LRAIANMNTY LAz r VaINTIWABLYTY TINNIANAINaNZal
o ' + a

(Selectivity coefficient — FIUIKIINAAKNWIN U.) GOATABUAUES H VBIWNAN PPy-HQS
Walddl waziinndvlessusuniu andrasiianzasilamuiald wuinlsan PPy-HQS #

' + A A [ + 2+ - 2- A ~ A
AMAANZAIFIda H 1lafluuiy Na', Zn, NO; waz SO, tikasnniimudssuuzainaw

Wisudsudes (L £1 mvipH) sansfianaanianzasdn lusmen mssuniuann C uas
2+ o Y o A o 3+ = @ )
Mg~ fwaldanusurasnnWifisuysuaaad uaz mIsumuan A Sualdanugusas

A ) A & A, A
ﬂi’]WL'ﬂUUﬂ‘iUﬂﬂﬂﬂwqﬂﬂq@] ‘S’J&Jﬂdwmmﬂl,’i]’]zﬁ]dgdﬁ;m
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Mg2+

300 + . Na+|
X NO3-
200 1 «
Zn2+
O Al3+
> 100 - X
< X + S04 2-
(@)
< None
n 0 -
i — 1T9Ldu (None)
S
E -100 -
L
-200 ~ !
&
_300 T T T T T T T T T T 1
0 1 2 4 6 7 8 9 10 11 12 13 14
pH
3UN 3.21 nriizuysuvesilan PPy-HQS iflad loaausuniuaiaeig g
011319171 3.6

NanInauFuaIaa pH va3ian PPy-HQS iliadl laaausuninaiae1d 9 17u2% 0.01 M

VLE’JEIE]% ﬂi']li;tlzz%’ﬂ 2 @i’]ﬂ\‘iﬁlﬁﬂz'ﬂd tymuqmouf\ﬂaaauslm’gu
S, o) r K UuidN PPy-HQS
XPS ToF-SIMS
None -49.5 0.9990 - - -
zn” 48.7 09927 10 x 10° very weak Zn peak zn”" peak
Na’ -48.6 09961 10 % 10° no Na peak Na' peak
Mg’ 45.9 09921  10x 10"  weak Mg peak Mg~ peak
A -39.8 09609 46 % 10" Al peak A" peak
NO; -48.8 09977 10X 10" sy larler GRE]
so,” -48.6 09961 10X 10" aqu/laler ayu/ et
cl -43.9 09977 10X 10"° no Cl peak Cl peak
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MM RuAvas g PPy-HQS #8949 NuTluaNIazans e laaai
UM% 0.4 M ilunm 24 Tlug Lﬁaﬁﬂmnﬁg@ffﬁu wianvhuisenvasiay PPy-HQS
Aulopausuniwmanin (@997 3.6) Usng i wusmwad lasansunaukagun Mg™*
waz Zn’) uwazuei lwudyaavedlesausuniuiay (Na© uaz Cf) lumm:ﬁwué'zytywm
yosleann ALY Fatamnnuuiuinvasiay PPy-HQS %M IIanzieramnaia ToF-SIMS
WUR QN aved lanausunInaIulng) mihilasanninafia ToF-sIMs i lwnafiafisiasney
Iﬂﬁﬁuﬁmaﬂq@mﬂﬂdwmﬂﬁﬂ XPS é’oﬁumaagﬂﬁdw mMsfiNay PPy-HQS ﬁagwﬁ'ﬂaaau
iummﬁwg}%uﬂﬁumﬂwhvh B9sUMIBANINOUAKAIAD pH st anelsiony
sanInayUnIIgady wiansujisenvesldu PPy-HQS v s0,” uaz NO, dunaiia
XPS uaz TOF-SIMS 'Ief iilasanlulassaravasiay PPy-HQS § S uaz N tuasddsznoy

DEILLA7
U

a 6 al € 1
3.2 ﬂ"l‘i']Lﬂ‘i']gﬁLlag‘l’lﬂﬁaﬂNﬂﬂ"li@lﬂﬂﬁ%ﬂ\‘]“ﬂa\‘]ﬂa&l PPy-HQS-Ox @aan13

ilaawuilas pH

DuWAN PPy-HQS aziimInausuadda pH 1@ udanmsanwianyms
TF9u wodh wanseeuauedea pH Snudvauuetefisidynasnnasiull 34 Su
Taganmanesavluiuf 34 sunaiuilsy PPy-HQS UEIUngaaanInmannan et
Fodu Wi saiudedumdain mafuussfiedia (Adnhesion) Tewinsigunwosiuaiuas
mﬁﬂﬂﬁﬂvﬁaﬁum%ﬁﬂﬁmqﬂﬂﬂfmumaﬁtﬁ@ oH fisdnuazonafiudlszansawlums
AaUauaddn pH 1899130 le MIRNLTIEARATewINITEY PPY-HQS waziwannanl$adiu i
Taamsldasldysan (Co-dopant) TasansldUsniaenldlulassmsisvit de Oxalic acid
Tanazlddanyal PPy-HQS-Ox unuil§y PPy AildUsnasazannaszas HQS waz Oxalic

acid

A ea 1 1 Al € [ A a
3.2.1 M13IAT1HAITDLADILAINNEN PPy-HQS-Ox LALIAANNAT ISARNAILINATKA
XPS
= Aa 1 1 Al 6 I3 v ¥ A o
lunsAnsRITasdesznielay PPy-HQS-Ox  uazwannan iy vinlay
MIFUATIZANRNLNS  PPy-HQS-Ox  vuanmnanna Sahalasldiaalunswefiwa lsiosu
a { a g; { a J =3 £ v A
v 5, 10, 30 WAz 60 FWH LWeILATTRaIRUITENaUVAITUALAATRUMRANN ISRTANTN
1 =) L { é Q
tusnvainIwefiue laatu 1nJUf 3.22 Suaassdnasu XPS wuuAMNAZIBNAgITaY
C1s wWuin luzi9 5 Funfiusnuasnswedwalsioty azRuiNawas Cls N1 BE 288.3 eV
1 Qs é Qs 1 Q .
ad19TALY TINAGINa1 LuNaras O-C=0 uaz LIuSWMVa9 Oxalate ion WABEY
A a o A X A A ' ) )
0-C=0 aaadtiiananluny woRlwa st twAnTn NNNUIBAMUIINLTY M3lE Oxalic
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acid [usslaunwlunsden=vilsy PPy uuiamannatlaiuazyinldifasuaas Iron
(1) oxalate dihydrate (FeC,0,.2H,0) Junaniiinsosdasznitewadwesuazmann13afiy
WEINTUEIAATUAEY PPy auan wazTuaas Iron (II) oxalate dihydrate H1a81finussda
fareninafan PPy uazinannan l3ada [34] n3uiia Iron (Il) oxalate dihydrate fifnTande
sewsilan PPy uasdansnnén13afin uaasluwaunns [35]

Fe (s) (anwanna3afin) — Fe' (aq) +2 e (3.2)

Fe’' (aq) + C,0, (aq) + 2 H,0 —> FeC,0,.2H,0 (s) (3.3)

Cc=0
288.3 eV

(d) 60 sec

(c) 30 sec

(b) 10 sec

Intensity(d)

294 292 200 288 286 284 282 280 278
Binding Energy (eV)

317 3.22 High resolution C1s XPS spectra ¥a34WanNna1 [SaAunasanaasnsIcinas
PPy-HQS-Ox (Tl11787 (a) 5 34171 (b) 10 %17 (c) 30 w17 Uas (d) 60 w7
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3.2.2 HAN1SABUAWDIAD pH VaINax PPy-HQS-Ox LisunuNaa PPy-HQS
gﬂﬁ 3.23a LRAINTINNBUUTUVaINRN PPy-HQS-Ox WUINHANTABLRHES
1 Al 6 A a (o] A o I
da pH VeINTW PPy-HQS-Ox Nigmangil 28°C AauTu -54.7 & 0.7 mV/pH luzs pH 2-12
A o @ A [y o ' ' 2 @ { o A
TINNMUFUNUTLTIFUATIAINGY U 1 ¥iny 0.9935 WallSeunaunuiNay PPy-HQS
té v 1 e { v A/
Tilinan1Inauauadyitiy -50.5 = 1.7 mvipH (3U7 3.23b) uaaslilAuwiidn PPy-HQS-
a 1 dé/ 1 A A L a [ é/ 1a dl'
Ox {n1Inauauadsa pH §% nafe Ianutuveinwiisudiugau (lifawaTasnane)
wazanudoauutesnit  wananuu Wadnmargmilinuuesildn PPy-HQS-Ox (3U7
3.24a) Wy AanwtuveInTifisuludeudeasn wiliiWdy PPy-HQS-Ox azgnlddn
ANLATITUITOZIAUIUATT 50 T Iuutuen Wan PPy-HQS fiuanuguaadinsinifisy
Uaassnasanldguduin 34 u (3N 3.24b) uanaNUUGIWLIAIN PPy-HQS-Ox
HIAIFNINLAY "Lamq@aaﬂaaﬂmﬂihmﬁﬂﬂﬁﬁ"ﬁaﬁwé’wﬁuﬂﬁu PPy-HQS 13% mIsnay
N . [ y & -
PPy-HQS-Ox likamInauauadsa pH NGU% uazangmilinuwuiineriiiasanannitae

a

fandvasWay PPy-HQS-Ox nutnannan 13aiin a9 laatuneldusluaaun 3.2.1

300 ~
200 -

100 A

-100 -

-200 A

E (mV) vs Ag/AgCI

-300 A

'400 T T T T T T T T T

gilﬁ' 3.23 N lsuvad (a) Was PPy-HQS-Ox uag (b) Way PPy-HQS
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60.00 l (a) PPy-HQS-Ox

-~ —m g L [, —
50.00 4— . . - aga - EgE - "

40.00 -

30.00 - (b) PPy-HQS

Slope (mV/pH)

20.00 -

10.00 -

0-00 T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50

Storred Day

31N 3.24 anwTuveInTIWALUYTUNaI Nl TmuszeeI81619 9 Va3 (a) Wy PPy-
HQS-Ox uaz (b) Ay PPy-HQS
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UNN 4

ﬁ?"ﬂ AaNIINaaadtta 529]/0 LAl

4.1 a*gﬂwami‘nﬂam

A a dﬁ 6V v .
Aauwadnlsadaldtere Hydroquinone monosulfonate (PPy-HQS) &nN1Ta
a [ 6 & a 3 a a o = Y &
L@]iﬂwvl@ﬂ@Uﬂ’]iﬁ\‘]Lﬂi’]z‘ﬂLLUU“H%@]@%L@U'J@I’J?JLVI@‘IH@WBE]LNQﬂiL‘ﬁ‘ﬁ%LLUULﬂﬂJVLWWW YWV
I3 % ¥ A a a & A J A &
wanna ey WNAUBAIATIZALTINWNITUEY X-ray photoelectron spectroscopy (XPS) Uaz
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) LLamlﬁLﬁuﬁdm‘iLﬁ’lagmaa

losauavves HQS lusalswednlss TIFINalWAaN PPy-HQS aavauadde H lad Waw

PPy-HQS fanusuuasnwiisudsy -50.5 = 1.7 mV/pH ﬁqmﬁgﬁ 28°C Tuz79 pH 2 —
12 Tapldmlumineuauasdinin 1wt Adu PPy-HQS fmyiadiuaznaadnle Wy
gananfanudumizianzasde H §INN I@ﬂ"l,ajgﬂsumumﬂvl,aaau@me] anviu AT uaz
st masesimeluszesiien 1 @eunasanmsldiuaiiusn  wenaniiu
anazlumIgaaTzilsy PPy-HQS ww maasuulssdndlwivianailumwediwe-
Tsirtu  anudutuvasvauaiasilsanazanudutuuas HQS Wudu higinadans
AOUFUDIGA pH VNN

mIanzieumnaiia Cyclic voltammetry, UV-Visible spectroscopy, XPS
uaz ToF-SIMS ®aNInadunena bnsnauanadsa pH vadNay PPy-HQS 1usznaudie 2
ATTUIWMIITINABAS NITUIUNNT  Protonation-Deprotonation  uanulowadilsatad waz
nIzuIwMIIaandveiny  HQS fdetumeldneddilsa  lesnszuauminsseain
AszuInmMIEwnaU o

MINAUIHANNTABURUEIAE pH 2asan PPy-HQS vilasldaslavsy
1@ Oxalic acid MNMIIATIZAMBINATA XPS WUIMIANRSIAUSIwRIlUATELINMT
wodwelsttu vilWiAnTuas Iron oxalate dihydrate uaziinalunisiiunssdadnszning
Afu  PPy-HQS-Ox  uazdumanniliafin  ssnalwanususesnnwifisudsunesisy
PPy-HQS-Ox 1n3% LLazﬂ‘o"ﬁ’JUlfﬂﬁwﬁdﬂﬁiﬂaﬁmqmﬂ“ﬁmmﬁwﬁmﬁmﬂ'%smﬁsmﬁ‘w’?\lﬁw
PPy-HQS Namsmaaaﬁnﬂimamﬁ'{'}'ﬁfﬁtamlﬁl,ﬁuﬁamwuLﬂuvl,ﬂ"l@“fluﬂﬁm%wqﬂmrﬁ'ﬂ
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a Al 6 a A dl' A = d'- g: =3 U v a & =1
pH siedduwaddlsn  lasndnzuiumueisuiisuuiunannd afudadinegn
%ANAINTHI TuauwiaagionanawinaeasauNsuwad N lsalviduaneuedianniadsa

(Combined electrode) ad11t7 IHNLEaui? LiaauFzaInlwANT LT Y
4.2 TalABD UK

1 A 6 Aa A a o dl a & g; s

PMNHANINARBINL I AFUNRA LT ddnanwnazeIoauduaia pH balu
awae  agg IRy windadnivuin il Tnuase fﬁﬂLﬂuﬁaaﬁmiﬁ'@umgﬂLmumaaifﬁ@slﬁ
ANIERN LATNARAUNIADLRUDIAE pH lugﬂLLuwiNG] LT

1) Wesanluu1anszuaums asazasnaadsnsny pH tluasazanand
m‘s"l,ma%imaa@nm AIRUNNINARBLHANIABURUEIAD pH vasrsaza e luseAinisina
Y [ & 2 & A = A A = = o v o
MuaaIe199 Jndudndziaunianalsianmn smmmmmvl,oﬂ@amiﬂizqﬂm‘lmm’m

a A6 ada a a - . . A ;o a ' 1

pH sHaauwadAlsanuinadia Flow injection analysis mmm:ummaglumamaauwami
NARAILIDINY

2) muassuduinia pH s¥iaaana (Micro-pH electrode) Aaliuiuas
ﬁaiﬂﬂwag’lu"ﬁwmiwvl,ﬂml,um 0LAUV092270 pH Tilagana faltUSanmansazansn
o a & v A A o A A A & =2
dasmAenziiesann nzuwainotasluisasasivmaiiosfilananuwds (pA) Howlu
wauLLs (nA) WUl uazAATYINEaINNUMUNINYdN93 fINa MW leaawlds
a v g: v (3 J 4 . 1 g;
Rawin I dulddraanusasinndin 16iaias microsecond (Ls) LHv

3) msUsznaudaunadnlsadudidninsadisa hasnnlumsiadngioas
YasNauNaAN T uEITazay 9T udludadltin lWindedsanaawan  inlviieanu
sjamﬂmmz’?@ﬁﬂﬁmaﬁ mMIvalRnInIadSaanarinlaam eyt AN a9 BILU LI 9
UNIU389 (Substrate) dwdginuisuwedfilsa lagwria pH Nlaaziianwmziidu All-in-one

solid state pH sensor lazazliiidutliznavasmsazasatiay
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NNARAWIN N

Msesanasazatguninas

myazanonasiltlulasennsise (Iwszuy Universal buffer solutions <
szneuae  citic  acid (CgHgO7), boric acid (H3;BO3;) R trisodium phosphate
(NazPO,.12H,0)

FIRTaefRAn  pH 699 1ASENINMIHENTUDIETRTAY A D
Usznausis 02 M HBO; uaz 0.05 M CeHsO, Hussazals B @9ilsznausis 0.1 M
NasPO,.12H,0 ludamaiuens g asugadluanai n1

ssazananavuaesaulasldin DI Wudvihazany  anuussveslanan
(lonic strength) asaTazanpiWinasanualends=anms 0.16 M uwazdienuiuiwineiog
Tu4g29 0.004 to 0.66 e pH BasmIzazaLTMNasIalasldaq Inifaufuas pH meter
(Model 510, Eutech, US)

A3 N1 FaaIunlTlunmsasuuarsazareywinas

pH 0.2 M H;BO; + 0.1M pH 0.2 M H;BO; + 0.1 M
0.05 M CgHgO7 | Na3P04.12H>,O 0.05 M CgHgO7 | Na3PO4.12H,0
(mL) (mL) (mL) (mL)
2 195 5 8 85 115
3 176 23 9 69 131
4 155 45 10 54 146
5 134 66 11 44 156
6 118 82 12 17 183
7 99 101
LAN]ITNI DY

D. D. Perrin and B. Dempsey, Buffers for pH and Metal lons Control, Chapman and Hall,
London, 1974.
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Functionalized polypyrrole (PPy) with hydroquinone monosulfonate (HQS) incorporated as the dopant
has been prepared by a simple one-step electropolymerization of pyrrole at a stainless steel electrode
from aqueous solution. Potentiometric pH responses of the HQS-doped PPy electrodes showed a response
slope of —50.54 +1.67 mV/pH (28 °C), a linear working range of pH 2-12 and a response time less than
100s. The electrode stability was maintained over the period of a monﬁ’l. Compared with other PPy-based

Keywords:

Polypyrrole
Quinhydrone
Potentiometric sensor

pH electrodes reported previously, the HQS-doped PPy electrode shows significantly improved poten-
tiometric response slope, response time, reproducibility and stability. Interference studies with several
ions showed minimal effects on the potentiometric response of the modified electrode. A combination of
X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary-ion mass spectrometry (ToF-SIMS)

pH sensor was performed to investigate the surface composition and characteristics of the electrodes, including the
XPS chemical basis of the electrode performance. Cyclic voltammetry revealed the expected electrochemical
ToF-SIMS response of the HQS, which was electroactive in response to pH changes. HQS-doped PPy shows excellent

potential as a novel pH sensor, incorporating both the electroactive species and conducting support in an

integrated form, for a variety of applications requiring pH monitoring.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

There has been an increasing interest in the application of con-
ducting polymers for the development of sensors [ 1-3]. Conducting
polymers show mixed ionic and electronic conductivity, and there-
fore, act as ion-to-electron transducers. For this reason, conducting
polymers show great promise as robust, reliable electrochemical
sensors [4] and offer low cost fabrication with the possibility of
easy miniaturization and automation [5,6]. Polypyrrole (PPy) is the
most widely investigated conducting polymer and has found many
applications in potentiometric sensing (that is, ion-selective elec-
trodes). The open circuit potentials of partially oxidized PPy are
strongly affected by H* ions [7]. This effect offers the opportu-
nity for the construction of solid-state pH sensors. Lewenstam et
al. [8] have developed the theory to describe the mechanism of
ionic and redox sensitivity of p-type conducting polymers and to
explain the potentiometric response of PPy. Three effects have been
considered: (i) redox reactions between solution components and

* Corresponding author. Tel.: +66 2 9132500x4808; fax: +66 2 913250x4816.
E-mail address: pwalaip@hotmail.com (W. Prissanaroon-Ouajai).

0925-4005/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2008.09.007

the polymer film [9], (ii) protonation and deprotonation processes
of the polymer, and (iii) protonation and deprotonation processes
of the dopant ion [10,11]. The observed changes in the open cir-
cuit potential result from the electric charge exchange between the
polymer phase and solution, and the amount of exchanged charge
is dependent on the redox capacity of the polymer. In addition,
the potentiometric response of the PPy film depends on the ion-
exchange process occurring at the polymer/solution interface [7].
The charge created in the polymer film upon contact with acidi-
fied solution is compensated by the exchange of ions between the
polymer and the solution.

Recently, several studies have shown that PPy is a candidate for
replacement of the popular glass pH electrode [5,12,13]. However,
the potentiometric responses of PPy-based pH sensors were not
quite stable and the response time of these sensors was relatively
long (mostly more than 10 min) due to slow protonation and depro-
tonation of the PPy. In addition, PPy-based pH sensors to date have
had demonstrated poor reproducibility and have not satisfied the
market demands. Miniaturization of pH sensors and fabrication
of pH sensor arrays have enhanced the performance in response
time and signal generation. Prissanaroon et al. have reported the
micro-patterning of PPy films on poly(tetrafluoroethylene) (PTFE)

Please cite this article in press as: W. Prissanaroon-Ouajai, et al., A novel pH sensor based on hydroquinone monosulfonate-doped conducting
polypyrrole, Sens. Actuators B: Chem. (2008), doi:10.1016/j.snb.2008.09.007
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via an electroless copper interlayer [14]. It was found that the PPy-
patterned PTFE showed a good pH response of —37.8 mV/pH at 25 °C
within 100 s over the 2-12 pH range.

Quinhydrone, a combination of benzoquinone and hydro-
quinone (1:4), is a well-known molecular charge-transfer complex
that has found wide application in pH sensing [15]. It has been
reported that a quinhydrone-based solid composite pH sensor
exhibited an almost theoretical slope for the potential-pH depen-
dence (—57mV/pH at 25°C), with a working pH range up to pH
9.5 [16]. The poly(vinylchloride)-quinhydrone composite (PVC-QH)
has shown good potentiometric response with a slope of 44 mV/pH
at 25°C. However, there is a significant deviation in the range
of electrode response, due to segregation and variability in the
PVC-QH mix and non-reproducible fabrication steps [17]. Chemi-
cal incorporation of a quinhydrone functionality into a thin film of
conducting PPy was reported by Aquino-Binag et al. [18]. A syn-
thetic pathway was presented for attaching a redox hydroquinone
functionality to pyrrole in the 3-position. The potentiometric char-
acteristics of the hydroquinone-functionalized PPy film showed
a sub-Nernstian response of —46 mV/pH at 25°C and allowed
fabrication reproducibility. However, the synthetic procedure is
complicated and results in a modest yield of the compound.

The key aims of this research are to develop simple and repro-
ducible fabrication methods to produce a high-performance pH
sensing system. A simple one-step synthesis of quinhydrone-
functionalized PPy has been explored. PPy films were electropoly-
merized using hydroquinone monosulfonate (HQS), a compound
with a quinhydrone-like structure, as a functional dopant. Stainless
steel was used as a supporting electrode, instead of more commonly
used electrode materials such as platinum, gold and glassy carbon,
because of its low cost and ready availability. The electrochemistry,
surface and potentiometric properties of the HQS-doped PPy (PPy-
HQS) films were examined. This report demonstrates the utility of
the PPy-HQS modified electrodes in determining the pH of differ-
ent media and offers an alternative to conventional polymer-based
PH sensors that provides easier fabrication and greater sensitivity.

2. Experimental
2.1. Reagents

Pyrrole and Na3PO4,;10H, 0 were purchased from Sigma-Aldrich.
Hydroquinone monos{l\ffonate(HQS) and citric acid were purchased
from Merck. Boric acid was purchased from Ajax. All chemical
reagents were analytical grade and used as received, except pyrrole.
Pyrrole was purified by double distillation under reduced pressure
before use and stored at 4°C in the dark. Standard buffer solutions
of different pH were prepared with appropriate mixtures of cit-
ric acid, boric acid and Na3PO4;,10H,0 [19]. The actual pH of the
buffer solution was determined by a commercial glass electrode
connected to a 510 pH meter (Eutech, US). Deionized water (Milli-
Q; resistivity >18.2 MQcm) was used as the solvent for aqueous
solutions.

2.2. Preparation of PPy-HQS modified electrodes

The PPy-based pH sensor was produced by potentiostatic
electropolymerization in an aqueous solution containing 50 mM
pyrrole and 50 mM HQS. The working and auxiliary electrodes
were fabricated from stainless steel rods fitted into Teflon tubes
with an active coating area of 0.078 cm?. To prepare the samples
for surface characterization, the PPy-HQS films were electrode-
posited on stainless steel sheets (10 mm x 15 mm). The electrodes
were mechanically polished thoroughly with alumina, rinsed with

deionized water and subsequently cleaned in an ultrasonic bath
before each synthesis. The electropolymerization was performed
using a GW Instek Power Supply (Model GPC 3030D, Taiwan) in
a one-compartment cell with a constant applied potential of 1.5V
for 10 min at room temperature (28 °C). The PPy modified electrode
was then removed from solution and washed thoroughly with copi-
ous amounts of deionized water to eliminate any loosely bound
species. The electrode was dried in a desiccator for at least 4 h before
further characterization.

2.3. Cyclic voltammetry (CV)

Cyclic voltammograms were acquired with the PPy modified
electrode in various buffer solutions using a platinum rod as the
auxiliary electrode. Electrochemical potentials were recorded vs.
an Ag/AgCl reference electrode. All CV was performed at a scan rate
of 50mV s~ ! using a VMP Multipotentiostat with EC-Lab® software
(Bio-Logic Science Instruments, France). A glassy carbon disk was
scanned in 50 mM HQS solution, in order to study the electroactivity
of HQS.

2.4. Surface characterization

The surface morphology of the PPy modified electrode was
investigated using a JEOL JSM-6480LV scanning electron micro-
scope (SEM) (Japan), operated at 15kV. Sample charging effects
were reduced by applying a thin gold coating to the PPy prior
to analysis. X-ray photoelectron spectroscopy (XPS) experiments
were performed using a Kratos Axis Ultra DLD spectrometer with
a monochromatised Al K« radiation source (hv=1486.6¢eV) oper-
ating at 150 W. Survey and high-resolution region spectra were
recorded at analyzer pass energies of 160 eV and 20 eV, respectively.
The spectrometer energy scale was calibrated using the Au 4fy,
photoelectron peak, which has a binding energy (E;,) of 83.98 eV. A
low-energy electron flood source as used to counter surface charg-
ing during spectral acquisitions, and spectra were corrected for
charge shifting by referencing to the C—C component of the C 1s
peak (E, =285.eV). The analysis area was 700 pwm x 300 p.m.Time-
of-flight secondary-ion mass spectrometry (ToF-SIMS) data were
obtained using a ToF-SIMS IV instrument (ION-TOF GmbH, Ger-
many) equipped with a reflectron analyzer, a bismuth primary-ion
source and a pulsed electron flood source for charge compensa-
tion. The pressure in the analysis chamber was maintained at less
than 1 x 10~8 Torr. Negative-ion and positive-ion mass spectra were
acquired from a 100 wm x 100 wm area using a Bi3* primary-ion
beam operating at 25 keV. The mass resolution was typically greater
than 7500 at m/z=29.

2.5. Potentiometric measurements

Potentiometric measurements were conducted using a 2700
digital multimeter/data acquisition system (Keithley, USA). The PPy
modified electrode was conditioned in 50 mM HQS for 1 day and
rinsed thoroughly with deionized water before use as an indicat-
ing electrode. The open-circuit potentials (E.e) of the electrode
were recorded against an Ag/AgCl reference electrode after reach-
ing a steady state in the tested solution. A calibration plot was
constructed by plotting the E. (mV), against the pH value of the
solution.

Electrode performance and selectivity were evaluated in the
presence of various interfering ions using a fixed interference
method [20]. Electrode stability was monitored over a period of 34
days by storing the electrode in the conditioning solution (50 mM

HQS).
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Fig. 1. Cyclic voltammogram of a bare glassy carbon electrode recorded in 50 mM
HQS. Scan rate is 50 mV/s.
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Fig. 2. Redox reaction of hydroquinone sulfonate.
3. Results and discussion
3.1. Electrochemical study

In this study, HQS was selected for incorporation into the
PPy conjugated chains as a functional dopant because of its
quinhydrone-like structure. The electroactivity of HQS was inves-
tigated using cyclic voltammetry. Fig. 1 presents the cyclic
voltammogram of a bare glassy carbon electrode recorded in 50 mM
HQS. The pair of peaks at 1.10V and —0.20V are attributed to the
oxidation of hydroquinone sulfonate and the reduction of benzo-
quinone sulfonate, respectively, as depicted in Fig. 2. The result
shows that the HQS undergoes reversible electron transfer pro-
cesses [21,22].

The pH dependence of the voltammetric responses of the
PPy-HQS electrode was examined by scanning the electrode in dif-
ferent pH buffer solutions. The cyclic voltammetric response of the
PPy-HQS electrode at pH 4 (Fig. 3a) is characterized by a broad
quasi-reversible wave. Anodic and cathodic peaks were observed
at around 1.0V and —0.5V, respectively. At pH 7, the anodic peak
shifted negatively to 0.9V and an additional oxidation peak was
observed at around 0.65V, as shown in Fig. 3b. The anodic peak
broadened and shifted to more negative potential to 0.6V at pH 10
(Fig. 3c). The negative shifts of the anodic peak potentials associated
with decreasing H* concentration at the PPy electrode are associ-
ated with the structural change due to protonation-deprotonation
of the nitrogen atoms in the PPy units. These depend on the pH
of the solution to which the PPy is exposed [23]. In addition, the
cathodic peak disappeared when the electrode was scanned in pH
7 and 10 solutions. This may be attributed to the partial degrada-
tion and loss of electroactivity of the PPy films upon reduction in
basic solution, as previously reported in the literature [24].

Table 1

-0.6 -0.3 0.0 0.3 0.6 0.9 12 1.5
E (V) vs Ag/AgCI

Fig. 3. Cyclic voltammograms of a PPy-HQS electrodes recorded in different buffer

/s\olutions: (aQ)pH4 (=), (b)pH7 (/\ -)and (c) pH 10 (---). Scan rate is 50 mV/s.

Fig. 4. Scanning electron micrograph of a PPy-HQS film grown on a stainless steel
electrode.

The cyclic voltammograms show that the PPy-HQS electrode are
quite sensitive to pH changes. No significant memory effects were
observed when the electrode was transferred to a solution at dif-
ferent pH. The electrode displayed the voltammetric characteristics
of the replacement solution, indicating that the PPy-HQS electrode
rapidly reached equilibrium with the replacement solution. This
is consistent with the good reversibility in potentiometric mea-
surements observed for the PPy-HQS electrode, discussed later in
Section 3.3.

3.2. Surface characterization

An SEM image of a typical PPy-HQS film grown on stainless steel
is shown in Fig. 4. The polymer film has a spherical morphology
with a characteristic feature diameter in the range of 75-150 nm.
The cauliflower-like morphology often observed for PPy films was
not evidentin our study [25]. Spherical growth proceeds from fixed,
finite nuclei with a rate that is independent of the growth direction
[26]. Apart from acting as a redox dopant, the HQS may also be
acting as a nucleus for PPy formation.

Table 1 shows the composition of the surface of the PPy-HQS
electrode, as calculated from an XPS survey spectrum (not shown).
The expected elemental composition of PPy and the incorporated

Quantification analysis of a PPy-HQS coated stainless steel electrode by high—resolutionKPS.

Sample Atomic % }[{i“‘"::]] [N;b],‘*w; ! Excess oxygen (%)
Cls N1s S2p
PPy-QHS coated stainless steel electrode 76.0 79 31 0.39 0.28 3.70
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Fig. 5. Typical high resolution XPS spectra of (a) C 1s, (b) N 1s, (c) O 1s and (d) S 2p for PPy-HQS film.

HQS anions is observed, including carbon, nitrogen, oxygen and
sulfur. Fig. 5 shows typical high-resolution C 1s, N 1s, O 1s and
S 2p XPS region spectra and peak assignments for the PPy-HQS
electrode.

The fitting procedure in the present study was based on the
chemical structure of the PPy-HQS, considering the observed
[S]/[N] ratios of approximately 1:3, as shown in Table 1. In Fig. 5a,
the C 1s spectrum is deconvoluted into five components. The
components at 248.7 eV, 285.1eV, 286.0eV are attributed to the
aromatic carbon species in the HQS anions, C—C groups in the
pyrrole ring and C—N groups in the pyrrole rings, respectively.
The 0.9eV difference between the C—C and C—N components is
consistent with previous reports [25]. The obvious shoulder at
high binding energy comprises the carbon components C—O and
C=0, located at 286.9eV and 288.3 ¢V, respectively, and confirms
the incorporation of the HQS into (ﬁe PPy backbone. The appear-
ance of these two carbon components may also result from the

overoxidation of PPy when high potential was applied during the
electropolymerization [27]. The assumption of some over-oxidation
is supported by the [O]/[S] ratio of the PPy-HQS electrode, which
is greater than the stoichiometric ratio of 3:1 for SO3~ in HQS. The
shake-up structure observed on the high binding-energy side of the
C1ssignal derives from  — 7* transitions in the aromatic structure
of HQS anions and pyrrole rings [28].

As shown in Fig. 5b, the N 1s spectrum is deconvoluted into con-
tributions from three components, centered at 400.3, 401.4, and
402.5eV. These are attributed, respectively, to amine-like (—NH—)
nitrogen atoms, and to nitrogen atoms with single and double pos-
itive charges. The electron-deficient nitrogen species arise from
delocalization of electron density from the PPy ring as a result of
the formation of electronic defects (polarons and bipolarons) [29].
The O 1s spectrum (Fig. 5c) has been divided into three compo-
nents corresponding to SO3~(531.7eV), (=0 (533.0eV) and C—OH
(533.8eV). The S 2p (doublet) spectrum (Fig. 5d) has been fitted to
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Fig. 6. Negative-ion ToF-SIMS spectrum of PPy-HQS grown on a stainless steel electrode.

two species, one associated with the R—SO3~ group of the incorpo-
rated HQS (168.2 eV) and the other with the oxidized form of SO3~
(168.8 eV), which is consistent with previous observation [25].

As seen in Table 1, quantification of the XPS data reveals that the
sulfur content is greater than the positively charged nitrogen con-
tent, indicating a slight excess of HQS at the PPy-HQS surface. The
doping level is therefore represented by the ([N*]+ [1\}2\+])/[Nmt31]
ratio, instead of [Stot]/[Ntot] [25]. The doping level of the PPy-HQS
electrode is found to be 28%. This is consistent with other PPy
systems, which typically have doping levels in the range 25-33%
[29].

Fig. 6 presents the negative-ion mass spectrum for the PPy-HQS
electrode. The assignment of selected peaks is shown in Table 2.
A number of intense peaks associated with the fragmentation of
the HQS anions are observed; for example, peaks at m/z 80, 81,
133, 187 and 189. This confirms the incorporation of HQS anions
into the positively charged PPy backbone. Significantly, the peaks
atm/z 187 and 189 correspond to quinone sulfonate ions and hydro-
quinone sulfonate ions, respectively, indicating the presence of the
desired electroactive species at the outermost surface of the PPy
electrode. Another series of peaks at m/z26,42 and 50 are attributed
to CN—, CNO~ and C3N—, respectively, which are characteristic PPy
fragments.

A typical positive-ion mass spectrum of PPy-HQS grown on
stainless steel is shown in Fig. 7. Selected peak assignments are
listed in Table 2. These show a series of hydrocarbon fragments aris-
ing from PPy, such as CoHs*, C3Hs*, C3H;* and C4H7™, but do not
provide substantial additional molecular information. No evidence
for the presence of chromium or iron, arising from the stainless

steel substrate, was observed in the XPS or ToF-SIMS spectra, indi-
cating a continuous coverage of the PPy film. The film thickness
was estimated from charge passed during the polymerization to be
approximately 420 nm [30].

3.3. Potentiometric measurement

3.3.1. Potentiometric characteristics of PPy-HQS electrodes
Potentiometric responses of the PPy-HQS electrodes were exam-
ined as a function of pH by immersing the electrodes in different
buffer solutions. In all cases, the potential equilibrium response
time was less than 100s. The PPy-HQS electrodes have a response
slope of —50.54 4+ 1.67 mV/pH (28 °C), with a wide linear working
pH range of 2-12, as shown in Fig. 8. The linear regression cor-
relation coefficients are better than 0.995. The narrow response
deviation indicates potentiometric reproducibility of the electrode.
In addition, the PPy-HQS electrode responded well in basic solu-
tion (pH 10-12) and gave an insignificant salt error throughout the
study, which is unusual for conjugated polymers and conventional
quinhydrone electrodes [31]. Potentiometric response reversibil-
ity of the PPy-HQS electrodes was also investigated by comparing
responses during measurements performed at both increasing and
decreasing pH. No significant dependence on the direction of pH
change was observed. Comparing with the response slopes of
—-59mV/pH for a commercial pH glass electrode and —60 mV/pH
for the polyaniline-coated carbon nanoelectrode reported by Zhang
et al. [32], the sub-Nernstian slope of —50 mV/pH for the PPy-HQS
electrode seems to be a limitation. However, major advantages for
the PPy-HQS electrode over these other systems are simple fabri-
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Selected peaks, and their assignments observed in positive-ion and negative-ion ToF-SIMS spectra of PPy-HQS grown on stainless/s\teel.

Negative ion mass spectrum

Positive ion mass spectrum

m/z Possible ion{ragment/possible structure m/z Possible ioanagment/possible structure
16 (O 27 CyH3* [CH,=CH"*
17 OH~ 29 C,Hs*/CH3;—CHy*
25 Czl‘r 39 C3H3+/CH2=C=CH+
26 CN- 41 C3Hs* /[CH,=CH—CH,"*
42 CNO~ 43 C3H7*/CH3—CH,—CHy"*
50 C3N_ 55 C4H7+/CH2=CH_CHZ_CH2+
80 5037 57 C4Hg+ or C3 H7 N*
81 SOsH~ 67 CsH7*

133 CsHoS~ 69 CsHo*

0
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Fig. 7. Positive-ion ToF-SIMS spectrum of PPy-HQS film grown on a stainless steel electrode.
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300.00 - Table 4
pH values obtained for various liquids with PPy-HQS and glass pH/glectrodes.
¢3 200.00 4
%-, Sample pH values pH difference (d)
<
E“,, 100.00 1 Glass pH electrode PPy-HQS electrode
<
[ 0.00 A Buffer pH 4 4.00 3.67 +0.33
> Buffer pH 7 7.00 635 +0.65
%\ -100.00 | Buffer pH 10 10.00 9.64 +0.36
~= Milk 6.76 7.62 —0.86
W -200.00 Distilled water 7.51 7.04 -0.47
Liquid soap 9.95 9.96 -0.01
-300.00 Liquid detergent ~ 11.19 12.09 -0.90

c 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH

Fig. 8. Potentiometric responses to pH changes of the PPy-HQS electrodes. Values
are averages of seven calibrations of individual electrodes; error bars correspond to
one standard deviation.

cation and the very low cost of the supporting electrode (stainless
steel), offering potential for mass production.

Table 3 summarizes some important characteristics of the PPy-
HQS electrode, the hydroquinone-functionalized PPy electrode
reported previously by Aquino-Binag et al. [ 18] and the commercial
pH glass electrode. In comparison with the hydroquinone-
functionalized PPy electrode, the PPy-HQS electrode is a more
efficient pH sensor exhibiting better sensitivity to pH changes,
that is, greater response slope, smaller deviation in range, lower
response time and wider linear working range. Such a good poten-
tiometric response results not only from amino groups along the
PPy chain but also from the hydroquinone functionality attached to
the PPy backbone. PPy is an electrically conducting polymer con-
taining amino groups that can be protonated or deprotonated as a
function of pH [6], while the HQS, in this study, plays a dual func-
tion as a dopant of PPy and electroactive species responding to pH
changes. Fig. 9 illustrates a possible chemical structure of the PPy-
HQS film and its electrochemical mechanism. It is well known that
the quinone and hydroquinone system is a reversible oxidation-
reduction system in which hydrogen takes part in the electrode
reaction [15]. Therefore, incorporation of the hydroquinone mono-
sulfonate in the PPy backbone allows an increase in the electrode
sensitivity.

A titration of 1M HCl solution with 1M NaOH solution
yielded a similar endpoint when using the PPy-HQS electrode as
that obtained with a commercial glass pH electrode and phe-
nolphthalein indicator. Different samples, including three buffer

Table 3

solutions, milk, distilled water, liquid soap and liquid detergent,
were selected for pH measurements using the PPy-HQS electrode
as the pH sensor. The commercial glass pH electrode was also used
for comparison. It can be seen in Table 4 that the PPy-HQS electrode
gave a small difference (d) of less than 1 pH unit for all solutions.
The large differences observed for milk and liquid detergent may
have resulted from turbidity and the presence of some solid matter
inhibiting the performance of the PPy-HQS electrode.

A paired t-test, one of chemometric analyses, was employed to
determine whether there was a significant difference between the
pH values obtained by the PPy-HQS electrode and the glass pH elec-
trode [33]. The statistical t-coefficient was calculated as follows:

Sd

t (1)
where d and s, are the mean and standard deviation respectively
of d, the difference between paired values, and n is the number of
pairs. Taking values from Table 4 of d = 0.00571 and s4=0.63657,
we calculate that t=0.02375 at n="7. The critical value is t5=2.45
for 95% significance level [33]. Since the calculated value of |t| was
less than the critical value, it can be concluded that the PPy-HQS
electrode and the commercial glass pH electrode did not give sig-
nificantly different results for pH measurement.

3.3.2. Stability of PPy-HQS electrode

The influence of aging on the potentiometric behavior of the
functionalized PPy electrode was monitored over a period of 34
days by repeatedly introducing the electrode into the buffer solu-
tions, measuring the potentials and storing the electrode in the
conditioner. As seen in Fig. 10 and Table 5, the response slope
and therefore the sensitivity of the electrode are approximately

Electrode characteristics of the PPy-HQS electrode, the hydroquinone functionalized PPy electrode and the pH glass/e{lectrode.

Characteristic PPy-HQS electrode

/l\-lydroquinone—functionalized PPy electrode [18]

pH Glass electrode

Response slope (mV/pH) —50.5+1.7 (28°C)

Detection limit (M) 1x10-12
Response time (s) 100
Linear working range 2-12
Electrode drift (mV) +2.2
Memory effect (mV) +5.8

—46.0+4.0 (25°C) —59.2+0.1(28°C)
1x10°10 1x10°13
10
3-10 1-13
+1.9 <0.1
<0.2

-2 HY

| I I
X

HO'

\_/

O

Fig. 9. Proposed structure and electrochemical mechanism of the PPy-HQS film.
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Fig. 10. Potentiometric response to pH of the PPy-HQS electrode as a function of
time.
Table 5

Potentiometric response to pH of the PPy-HQS electrode as a function of/t\ime‘

Days Response slope Correlation Calculated |t|
(mV/pH) coefficient (1?) from Eq. (1)

1 —49.0 0.9994 -
3 —49.8 0.9991 0.93
8 —50.4 0.9994 1.63

16 -51.0 0.9995 1.43

26 -50.8 0.9993 2.52

34 —47.6 0.9953 6.09

constant over the duration of the experiment. The correlation coef-
ficients (r2) of the electrode also remain over 0.995 in the pH
working range of 2-12. However, a paired t-test described previ-
ously in Section 3.3.1 revealed that there was a significant deviation
of the original pH value after 34 days since the calculated value
of |t| was greater than the critical value at 95% significance level
(t5 =2.57) [33]. This observation suggests that the PPy-HQS elec-
trode could be used for multi-use pH sensors but may not be
efficient beyond 30 days after the first use. Nevertheless, the pro-
duction cost for the PPy-HQS electrode is relatively low, compared
with that for commercial glass pH electrodes, and it is well suited
to mass production.

3.3.3. Selectivity of PPy-HQS electrodes

The selectivity of the electrode was established by a study of
the interference effects of some common ions (Cl=, NO3~, SO42-,
Na*, Zn?*, Mg?* and AI**) on electrode potentiometric response.
Following the IUPAC recommendation that the interfering ion con-
centration is kept constant at 0.01 M and the pH is varied, the
selectivity coefficient (Kj;) may be estimated using the extended
Nerntian equation as follows [20]:

ai

Ky = @yrs )

Table 6

where g; and g; are the concentrations of the primary ion whose
charge is z; and the interfering ion whose charge is z;, respectively.
The concentration of g; corresponds to the intercept of the two
linear parts of the calibration curve: the first one describing sensi-
tivity to the primary ion and the second one defining the plateau
in the region of high interference [34]. The results shown in Table 6
indicate that the PPy-HQS electrode displayed high selectivity for
H* with respect to NO3~, SO42~, Na* and Zn2*; the results show
only a small decrease in the response slope, less than 1 mV/pH, and
small selectivity coefficients in the presence of the ions in question.
Both Cl- and Mg?* produced larger decreases in response slope.
The presence of AI3* yielded an even greater decrease, both in the
response slope and the correlation coefficient. In addition, a rela-
tively large selectivity coefficient was observed suggesting strong
interference. This is possibly the result of interference by Al(OH)s3,
which precipitated from solution at high pH.

XPS and ToF-SIMS investigations were performed on the sur-
faces of the HQS-doped electrodes soaked in 0.1 M solutions of the
interfering ions for 24 h. Except in the case of AI3*, XPS analysis
showed no presence, or only weak peak intensities, of the inter-
fering ions (see Table 6). The results are consistent with the good
potentiometric responses for the PPy electrodes even in the pres-
ence of these interfering ions. The presence of Al on the surface of
the PPy electrode soaked in AI3* solution supports the proposal that
the decreased potentiometric response of this electrode was caused
by the precipitation of Al(OH)s. Signals from most of interfering ions
were observed in ToF-SIMS spectra of the electrodes. It is impor-
tant to note that sampling depth of ToF-SIMS technique is in the
range of 1-2 nm whereas XPS analyzes to a depth of 5-10 nm [35].
Moreover, the sensitivity of ToF-SIMS is as much as three orders of
magnitude greater than that of XPS. It may be assumed that the
deeper interfering ions absorb into the surface, the greater their
effect on potentiometric response. No evidence for the presence of
either NO3;~ or SO42~ on the surface of electrodes soaked in these
solutions could be obtained by either XPS or ToF-SIMS, as signals
attributable to both were present in spectra of the electrode prior
to immersion.

4. Conclusion

PPy ion-selective electrodes for pH sensing incorporating a
hydroquinone functionality have been synthesized by a simple, low
cost, one-step electropolymerization process using HQS as a func-
tional dopant. The potentiometric pH responses of the PPy-HQS
modified electrodes show a slope response of —50.54 + 1.67 mV/pH
at 28 °C, a linear working range of pH 2-12 and an average response
time less than 100s. The electrode stability was maintained for a
month. Interference studies showed minimal effects of most com-
mon ions on the potentiometric responses of the PPy modified
electrode. Cyclic voltammograms showed the HQS to be electroac-
tive and to respond to pH changes. XPS and ToF-SIMS, revealed
that functionalized PPy electrodes incorporate electroactive hydro-

Potentiometric response of the PPy-HQS electrode in the presence of various interfering ions at a concentration of 0.01/1{/[.

Interfering ion Response slope (mV/pH) Correlation coefficient (12)

Selectivity coefficient (K) Signals of interfering ions

None —49.5 0.9990
Zn?* —48.7 0.9927
Na* —48.6 0.9961
Mg?* —45.9 0.9921
AB* -39.8 0.9609
NO3~ —48.8 0.9977
S04% —48.6 0.9961
Cl- —43.9 0.9977

XPS ToF-SIMS
1.0 x 102 Very weak Zn peak Zn%* peak
1.0x 10-8 0 Na peak Na* peak
1.0x 107 eak Mg peak Mg?* peak
46x104 1 peak AI?* peak
1.0x 10~ Not applicable Not applicable
1.0x10° 1 ot applicable Not applicable
1.0 x 1010 o Cl peak Cl- peak
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quinone species at the outermost surface. The advantage of this
approach is that the polymer-based pH sensor has electroactive
species and conducting support in an integrated form. Fabrication
of the PPy-HQS electrode is relatively simple, inexpensive and con-
venient for mass production. It, therefore, has great potential as a
novel pH sensor for pH monitoring not only in environmental and
industrial sectors but also in clinical and biological applications.
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Abstract

Functionalized polypyrrole (PPy) films have been
electropolymerized in an aqueous solution containing
pyrrole  monomer and hydroquinone monosulfonate
(HQS) as a functional dopant. The potentiometric pH
responses of the HQS-doped PPy modified electrodes
showed a slope response of 50.54 + 1.67 mV/pH (28 °C),
a linear working range of pH 2 to 12 and an average
response time less than 100 seconds. Adhesion between
the PPy film and the supported electrode was improved
by adding oxalic acid (Ox) as a co-dopant, leading to
better potentiometric responses. It was found that the
HQS/Ox-doped PPy electrodes exhibited the greater
slope response of 54.67 + 0.70 mV/pH (28 °C) and more
stable than those of the HQS-doped PPy electrodes. A
combination of X-ray photoelectron spectroscopy and
time-of-flight secondary ion mass spectrometry was
performed to investigate the surface composition and
characteristics of the electrodes, including the chemical
basis of electrode performance. Easy fabrication and
excellent potentiometric responses to pH changes of the
functionalized polypyrrole offer potential for a novel
integrated pH sensor with the polymer and attached
functional groups acting as electroactive species and
conductive support and mechanical support.

1. Introduction

Monitoring of pH of solutions is performed a
countless number of time everyday, in all pH dependent
chemical processes, especially in crucial areas such as
pharmaceutical industry and human health. Currently, the
most frequently used electrode for measuring pH remains
traditional glass membrane pH electrodes, which have the
disadvantage to be delicate, expensive and inaccurate at
very high and very low pH values because of alkaline
error and dehydration, respectively [1]. Polymer-based
pH electrodes have become an interesting alternative.
Polypyrrole (PPy), one of the most widely investigated
electrically conducting polymers, has been considered to
be a good candidate as pH sensors because of the ability
to incorporate ionic counter ions within PPy during its
formation by electropolymerization, known as doping
process. In addition, PPy structure includes amino groups
that can be protonated or deprotonated depending on the
pH value [2-3]. The potentiometric response of the PPy
pH sensor, however, was not quite stable and the
response time of this sensor was relatively long (mostly
more than 10 minutes) due to the slow protonation and
deprotonation process of the PPy-chains [4]. In addition,

PPy-based pH sensors did not satisfy the market demands
due to the reproducibility problem.

In this study, a one-step synthesis of functionalized
PPy has been explored. Hydrogquinone monosulfonate
(HQS) was used as a functional dopant due to its
quinhydrone-like structure which is a well known
molecular charge-transfer complex and has found wide
application in pH sensing [5]. Oxalic acid, acting as a co-
dopant, was also used in order to improve the adhesion
between the PPy film and the supported electrode [6].
The potentiometric responses and surface chemistry of
the functionalized PPy films were investigated. This
report demonstrates the ability of integrated
functionalized PPy based pH sensor in the detection of
pH of different media and offers an alternating to
conventional polymer-based pH sensors in terms of
fabrication and sensitivity.

2. Experimental
2.1 Preparation of functionalized PPy electrodes

The HQS-doped PPy film was produced by
potentiostatic electropolymerization in an aqueous
solution containing 50 mM pyrrole (Sigma-Aldrich;
double distilled) and 50 mM HQS (Merck). Addition of
50 mM oxalic acid (Merck) was required for preparation
of the HQS/Ox-doped PPy film. The working and
auxiliary electrodes were fabricated from stainless steel
rods fitted into Teflon tubes. A constant potential of 1.5
V was applied for 10 min. The PPy coated electrode was
washed thoroughly with deionized water and dried in a
desiccator for at least 4 h before further characterization.

2.2 Potentiometric measurement

Potentiometric measurements were conducted using a
2700 digital multimeter/data acquisition system (Keithley,
US). The PPy based pH electrodes were conditioned in 50
mM HQS for 1 day, and rinsed thoroughly with deionized
water before use as indicating electrodes. Standard buffer
solutions of different pH were prepared with appropriate
mixtures of citric acid, boric acid and NasPO,410H,0 [7].
The open-circuit potentials (Ec) of the electrodes were
recorded against an Ag/AgCI reference electrode after
reaching the steady state in the tested solution. Calibration
curves were constructed by plotting the E., (mV), against
the pH value of the solution. Electrode stability was
monitored over the period of 50 days by storing electrode
in the conditioning solution.



2.3 Surface characterization

XPS experiments were performed using a Kratos
Axis Ultra spectrometer with monochromatised Al Ko
radiation (hv = 1486.6 eV) operating at 150W. Survey
and high resolution region spectra were recorded using
160 eV and 20 eV analyzer pass energies, respectively.
TOF-SIMS mass spectra were obtained using a TOF-
SIMS 1V instrument (lon-TOF GmbH, Germany) with a
reflectron analyzer, a bismuth ion source (25 keV) and a
pulsed electron flood source for charge neutralization.

3. Results and Discussion

3.1 Potentiometric responses of functionalized PPy
electrodes

Potentiometric responses of the functionalized PPy
electrodes were examined as a function of the pH
changes. In all cases, the electrodes were immersed into
different buffered solutions and the potential equilibrium
response time was less than 100 sec. As shown in
Fig.1(a), the HQS-doped PPy electrodes have a sub-
Nernstian slope of 50.54 =+ 1.67 mV/pH. The
improvement in potentiometric response is observed in
Fig. 1(b) for the HQS/Ox-doped PPy electrodes
presenting the slope of 54.67 + 0.70 mV/pH. The linear
regression correlation coefficients are superior to 0.993 in
a wide working range of 2-12 for both types of PPy
electrodes. The narrow response deviation indicates
potentiometric reproducibility of the PPy-based pH
electrodes. Such a good potentiometric response possibly
results from hydroquinone functionality attached to the
PPy structure [5, 8]. In this study, the HQS plays a dual
function as a dopant of PPy and electroactive species
responding to pH change.

300.00 A
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100.00 A

0.00 +

-100.00 4

E (mV) vs Ag/AgCl

-200.00 1

-300.00 1

-400.00

Fig.1 Potentiometric responses (at 28°C) to pH changes
of the (a) HQS-doped PPy electrode; () and (b)
HQS/Ox-doped PPy electrode ( ®).

The potentiometric behavior of the functionalized
PPy electrodes has been studied during a period of 50
days to test the stability in time of the pH sensors. As
seen in Fig. 2, the sensitivity of the HQS-doped PPy
electrode decreases after 34 days while that of the
HQS/Ox-doped PPy electrode remains stable over the
period of study. The results indicate that the HQS-doped
PPy electrode seemed to be more efficient pH sensor
since it gave better sensitivity to pH changes and was
stable in time.
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Fig.2 Potentiometric response slopes influenced by aging
of the (a) HQS-doped PPy electrode; (¢) and (b)
HQS/Ox-doped PPy electrode (®).

3.2 Surface properties of functionalized PPy electrodes

XPS survey spectra for the HQS-doped PPy and the
HQS/Ox-doped PPy electrodes showed the expected
elemental composition of PPy and incorporated HQS
anions, including carbon, oxygen, nitrogen and sulfur.
Additional iron signal was observed for the HQS/Ox-
doped PPy electrode, probably originating from the
formation of iron(Il)oxalate. It has been previously
reported that iron(ll)oxalate was produced at the interface
between the PPy film and the supported electrode made
of stainless steel when oxalic acid was used as a co-
dopant, leading to more adhesion strength [6]. This
assumption was supported by the more dominant of C=0
component in the high-resolution C 1s XPS spectrum of
the HQS/Ox-doped PPy electrode (Fig. 3b) than that of
the HQS-doped PPy electrode (Fig. 3a)
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Fig.3 High-resolution C1s XPS spectra of the (a) HQS-
doped PPy electrode and (b) HQS/Ox-doped PPy
electrode.

Investigated by TOF-SIMS, a number of intense
peaks associated with the fragmentation of the HQS
anions such as peaks at m/z of 80, 81, 133, 187 and 189
were observed for both types of the functionalized PPy
electrodes. These peaks confirmed the incorporation of
HQS anions into the positively charged PPy backbone.
Significantly, the two latter peaks at m/z of 187 and 189



corresponding to quinone sulfonate ions and
hydroquinone sulfonate ions, respectively indicated the
presence of the desired electroactive species at the
outermost surface. Fig. 4 proposed a reversible electron
transfer process of an attached HQS anion, leading to
excellent potentiometric responses to pH changes of the
functionalized PPy electrodes.
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Fig. 4 Proposed redox reaction of HQS

Further, additional series of peaks with m/z of 144,
156 and 161 were detected only for the HQS/Ox-doped
PPy electrode. These peaks were contributed to FeC,0,’,
FeC;0, and FeC,0sH", respectively supporting the idea
of iron(Il)oxalate formation discussed previously. Strong
adhesion between the HQS/Ox-doped PPy film and the
supported electrode, resulting from the iron(Il)oxalate
interlayer, is a possible reason for the improved
potentiometric responses.

4, Conclusions

PPy with hydroquinone functionality has simply
been synthesized by a one-step electropolymerization
process using HQS as a functional dopant. The
potentiometric pH responses of the HQS-doped PPy
modified electrodes showed a slope response of 50.54 +
1.67 mV/pH at 28 °C, a linear working range of pH 2
to 12 and an average response time less than 100 seconds.
Addition of oxalic acid as a co-dopant resulted in the

formation of iron(ll)oxalate, enhancing the adhesion
between the HQS/Ox-doped PPy film and the supported
electrode and improving the potentiometric responses to
the more stable with a slope response of 54.67 + 0.70
mV/pH. Surface-sensitive analytical techniques have
shown that both functionalized PPy electrodes had
electroactive hydroquinone species at the outermost
surface. The advantage of this approach in terms of
processibility is that the polymer-based pH sensor has
electroactive species and conducting support in an
integrated form.
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