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논논논문문문 개개개요요요

본 연구에서의 나노 다공성 박막의 표면은 지름이 평균 3nm인 수많은 동
공으로 이루어져있다.이런 특유한 구조로 인하여,실제 면적이 평평한 표면
보다 훨씬 커지고,반응에 필요한 충돌 횟수가 증가될 것으로 예상된다.증
가된 면적에 의한 촉매 현상을 연구한 논문들은 다수 발표되어있지만,동공
안에서 증가된 충돌수로 인한 촉매 현상을 실험적으로 증명한 논문은 발표
되지 않았다.그래서 PartI에서는 나노 다공성 구조로 증가된 충돌횟수가
실제 반응에서 촉매작용의 한 요소로서 기여하는지를 알아보기 위하여 글루
코오즈 (glucose),과산화수소(hydrogenperoxide)의 산화반응과 pH 측정을
수행하였다. 상대적으로 반응이 느린 글루코오즈의 산화반응과 mass
transporteffect가 없는 pH 전위차 측정에서 나노 다공성 구조자체에 의한
촉매 현상을 확인하였다.
PartⅡ에서는 나노 다공성 백금의 촉매능력을 마이크로 전극에 적용하여
glutamate효소 센서를 만들었다.이 센서의 원리는 glutamate가 효소에 의
해 분해되고,이 반응에서 생성된 과산화수소를 백금표면에서 산화시킴으로
서 그 전류를 측정하는 것이다.지름이 25 μm인 전극에 나노 다공성 백금
을 전기화학적으로 도금하고 글루타민 효소를 비전도성 폴리머인
poly-m-PD를 전기 중합 방식으로 전극 표면에 고정하였다.나노 다공성 마
이크로 백금 전극이 평평한 전극보다 전류가 4배 이상 큰 것을 확인하였다.
PartⅢ에서는 고체상 기준전극으로서 나노 다공성 백금의 가능성을 알아
보고,칩 상에서 구현하는 실험을 수행하였다.나노 다공성 백금 산화물은
pH 반응에서 좋은 선형성과 낮은 이력현상을 보인다.따라서 일정한 pH 환
경 하에서 나노 다공성 백금은 기준전극으로서 거동할 것으로 예상된다.
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poly-m-PD막을 입혀서 백금 표면의 평형반응을 방해하는 물질을 차단했고,
마이크로 칩에 적용하여 고체상 기준전극으로서의 가능성을 확인하였다.



- iii -

목목목 차차차

논문 개요
그림 목록

CCChhhaaapppttteeerrrⅠⅠⅠ...IIInnntttrrroooddduuuccctttiiiooonnn⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 111

1.Nanotechnology ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 1
2.Nanoporousmetallicthinfilm ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 3

CCChhhaaapppttteeerrrⅡⅡⅡ...CCCaaatttaaalllyyysssiiisss'''ooorrriiigggiiinnnooofffttthhheeennnaaannnooopppooorrrooouuusssssstttrrruuuccctttuuurrreee ⋯⋯⋯⋯⋯⋯ 888

1.Introduction⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 8
2.Experimental⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯14
2.1.Reagents ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯14
2.2.Instruments⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 14
2.3.Preparationofreversemicellesolution⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 15
2.4.Electrodepositionofnanoporousplatinum ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 15
2.5.Electrochemicalexperiments⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 16

3.ResultsandDiscussions⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯17
3.1.Characterizationofnanoporousplatinum ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯17
3.2.Amperometricresponsetoglucoseandhydrogenperoxide⋯ 20
3.3.PotentiometricresponsetopH ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯26

4.Conclusions⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯29



- iv -

CCChhhaaapppttteeerrr ⅢⅢⅢ...EEEllleeeccctttrrroooccchhheeemmmiiicccaaalllOOOxxxiiidddaaatttiiiooonnn ooofffHHHyyydddrrrooogggeeennn PPPeeerrroooxxxiiidddeee aaattt
NNNaaannnooopppooorrrooouuusssPPPlllaaatttiiinnnuuummm EEEllleeeccctttrrrooodddeeesssaaannndddttthhheeeAAAppppppllliiicccaaatttiiiooonnntttoooGGGllluuutttaaammmaaattteee
MMMiiicccrrrooossseeennnsssooorrr ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯333111

1.Introduction⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯31
2.Experimental⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯33
2.1.Reagents ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯33
2.2.Instruments⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 33
2.3.Preparationofreversemicellesolution⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 34
2.4.Electrodepositionofnanoporousplatinum ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 34
2.5.Glutamateoxidaseimmobilization⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯34

3.ResultsandDiscussions⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯36
3.1.Characterization ofnanoporous platinum ⋯⋯⋯⋯⋯⋯⋯⋯⋯ 36
3.2.OxidationofH2O2atflatandnanoporousPtinPBS⋯⋯⋯⋯ 38
3.3.Effectofthepolym-PD membraneonH2O2oxidation⋯⋯⋯ 43
3.4.AmperometricdetectionofH2O2andglutamate⋯⋯⋯⋯⋯⋯⋯ 45

4.Conclusions⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯51

CCChhhaaapppttteeerrrⅣⅣⅣ...NNNaaannnooopppooorrrooouuusssPPPlllaaatttiiinnnuuummm TTThhhiiinnnFFFiiilllmmm aaasssaaaSSSooollliiiddd---SSStttaaattteee
RRReeefffeeerrreeennnccceeeEEEllleeeccctttrrrooodddeeefffooorrrMMMiiinnniiiaaatttuuurrriiizzzeeedddSSSyyysssttteeemmm ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 555222

1.Introduction⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 52
2.Experimental⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 57
2.1Reagents⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 57



- v -

2.2Instruments⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 57
2.3.Preparationofliquidcrystals⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 58
2.4.Electrodepositionofmesoporousplatinum andpoly-m-PD ⋯⋯⋯ 58
2.5.Fabricationofmicrofluidicchip⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 59
2.5.1.SU-8moldforPDMSchannel⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 59
2.5.2.Metalelectrodesandassembly⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 60

2.6.ElectrodepositionofAgandAgClonaworkingelectrodespotina
chip ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 61

3.ResultsandDiscussions⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 62
3.1.Effectofnanoporousstructure⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 62
3.2.Effectofaredoxcoupleinthesolution⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 64
3.3.Stabilitiesofplatinum oxideelectrodes⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 66
3.4.Effectofpoly-m-PDlayer⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 67
3.5.Performanceinvoltammetry⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 67
3.6.Performanceinpotentiometry⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 68
3.7.Applicationformicrochip⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 71

4.Conclusions ⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 75

Reference
ABSTRACT
감사의 글



- vi -

그그그림림림 목목목록록록

FFFiiiggguuurrreee111...Schematicrepresentation oftheeffectofporestructureon
electrochemicalreactions.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 10

FFFiiiggguuurrreee222...SchematicrepresentationofcollisiontrendsataflatPtand
L2-ePt.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 11

FFFiiiggguuurrreee 333...Cyclic voltammograms of flat Pt (r.f 2.40) and L2-ePt
electrodeshaving variedroughnessfactorsin1M H2SO4 at
thescanrateof200mV/s.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 18

FFFiiiggguuurrreee 444...Plot of roughness factor vs.charge passed for L2-ePt
deposition.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 19

FFFiiiggguuurrreee555...EffectoftheroughnessfactorsofL2-ePtandflatPtonthe
signalsfor6mM glucose.Y axisisthecurrentdividedby
apparent surface area. The signals were determined in
quiescentsolutions100safteraddingglucose.⋯⋯⋯⋯⋯ 21

FFFiiiggguuurrreee666...EffectofthegeometricfactorofL2-ePtandflatPtonthe
signalsfor6mM glucose.Y axisisthecurrentdividedby
realsurfacearea.Thesignalsweredeterminedinquiescent
solutions100safteraddingglucose.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 22

FFFiiiggguuurrreee777...EffectoftheroughnessfactorsofL2-ePtandflatPtonthe
signalsfor30 μM hydrogenperoxide.Y axisisthecurrent
dividedbyapparentsurfacearea.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 24

FFFiiiggguuurrreee888...EffectofthegeometricfactorofL2-ePtandflatPtonthe
signalsfor30 μM hydrogenperoxide.Y axisisthecurrent



- vii -

dividedbyrealsurfacearea.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 25
FFFiiiggguuurrreee999...PotentiometricresponseofvariouselectrodestoapH shift

from 7.4to2.0.Eo.cwasrecordedinaeratedandstirredPBS
solution.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 27

FFFiiiggguuurrreee111000...Eo.cversuspH curvesof(A)L2-PtO and(B)flatPtO.pH
was decreased by adding 2M H3PO4 to 0.1 M Na3PO4
(diamond)andthen increasedby adding 2M NaOH again
(square).⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 28

FFFiiiggguuurrreee111111...CyclicVoltammogramsofaflatPlatinum andananoporous
Platinum electrodein1M H2SO4.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 37

FFFiiiggguuurrreee111222.Linearsweepvoltammogramsof1mM H2O2 inPBS ata
flatandananoporousPtelectrodesof25µmindiameter.⋯ 40

FFFiiiggguuurrreee111333...Linearsweepvoltammogramsofoxidationof1mM H2O2in
a deaerated PBS solution atpH 7.4 from nanoporous Pt
electrodeswithvariousdiameters,25µm (roughnessfactor:
299),76µm (288),and178µm (320),respectively.Scanrate
is1mV s-1.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 42

FFFiiiggguuurrreee111444...Linearsweepvoltammogramsof1mM H2O2 inPBS ata
polym-PD membranecoatedflatandnanoporousPtelectrode
of25µm indiameter.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 44

FFFiiiggguuurrreee111555...CalibrationcurvesforamperometricdetectionofH2O2atflat
andnanoporousPt.Thediameteroftheelectrodeswas25
µm.The insetshows the raw signals from amperometric
measurements.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 46



- viii -

FFFiiiggguuurrreee111666...Schematicdiagram ofenzymaticglutamatesensorbasedon
flatandnanoporousPtelectrodes.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 48

FFFiiiggguuurrreee111777...Calibrationcurvesforamperometricdetectionofglutamateat
enzymaticbiosensorbasedonflatandnanoporousPt.⋯⋯ 50

FFFiiiggguuurrreee111888...(A)ResponsesofL2-ePttopH changesin astirredand
air-saturatedphosphatebuffersolution.(B)Eoc versuspH
curves.pH wasdecreasedbyadding2M H3PO4to0.1M
Na3PO4(diamond)andthenincreasedbyadding2M NaOH
again(circle).⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 56

FFFiiiggguuurrreee111999...ResultsofchoronopotentiometryforH1-ePtO (dotted)and(b)
flat PtO (solid), under constant current condition of 1
mA/cm2,inPBSsolution(pH 7.3).⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 63

FFFiiiggguuurrreee222000...Chronopotentiometriccurvesof(A)flatPtO,(B)H1-ePtO
(r.f.318),and (C)H1-ePtO/poly-m-PD (r.f.236)toadded
Fe(CN)63-/4-,in aerated and stirred PBS solution (pH 7.3).
The concentrations of K3Fe(CN)6 and K4Fe(CN)6 were
increasedfrom 0to0.5mM at100s(indicatedbyarrows)
by injecting theirconcentratedsolutions.⋯⋯⋯⋯⋯⋯⋯ 65

FFFiiiggguuurrreee222111...CyclicvoltammogramsobtainedinPBS containing 0.5mM
K3Fe(CN)6and 0.5 mM K4Fe(CN)6,using a glassy carbon
diskelectrode(area:0.071cm2)asaworkingelectrodeand
SCE(thinline)orH1-ePtO/poly-m-PD (r.f.236)(thickline)
asareferenceelectrode.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 69

FFFiiiggguuurrreee222222...Potentiometricresponseobtainedinphosphatebuffer(0.15M,



- ix -

pH 7.4)as increasing chloride concentration up to 0.1 M.
⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 70

FFFiiiggguuurrreee 222333...The microchip (up) and the micro-electrochemicalcell
(bottom).⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 73

FFFiiiggguuurrreee222444...PerformanceofH1-ePtO/poly-m-PD asreferenceelectrode
embedded in microchannelduring voltammetric (A) and
potentiometric(B)mesearements.⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯⋯ 74



- 1 -

CCChhhaaapppttteeerrrIII...IIInnntttrrroooddduuuccctttiiiooonnn

111...NNNaaannnooottteeeccchhhnnnooolllooogggyyy

Nanotechnology is one ofthe mostrapidly rising research fields in
technology.Itisthescienceofmaking thingsunimaginablysmalland
getsitsnamefrom ameasureofdistance.A nanometer,ornano,is
one-billionthofameter.Thisisaboutthesizeofaclusterofatomsor
smallmolecules,sometimes a large molecule.Nanotechnologists work
withthissmallmaterials.
Many experts credit the idea to Richard Feynman, who is a
well-recognizedNobellaureatephysicist.Inhismemorialspeechgivenin
1959,hecalledit“There’splentyofroom atthebottom.”Hedescribed
thetheorythatscientistscouldmakedevicessmallerandsmaller-all
thewaydowntotheatomiclevel.Althoughhedidnotusetheword
nanotechnology,thespeechgotmanyscientiststhinkingabouttheworld
oftheverysmall.Butthisidearemainedonlyatheoryoveryearssince
then.
Atthattime,nowayexistedtoidentifyand/orrecordthestructuresof
moleculeswiththatsize.Asthenineteeneightiesbegan,tworesearchers
foundabreakthrough.GerdBinnigandHeinrichRohrer,whoworkedat
a IBM laboratory in Zurich Switzerland,invented whatthey called a
scanning tunneling microscope (STM)[1].This historicalinvention led
scientiststoobservemoleculesand even atomsin greaterdetailthan
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everbefore.
Once nano-sized structures in nature started to be unveiled,the
subsequentstepforscientiststotakewastofindawaytocreatetheir
own.Bythemiddleof1980s,scientistshadfocussedtheirresearchon
carbon.They were especially interested in using carbon to make
nano-sizedstructures.In 1985,RobertCurl,HaroldKrotoandRichard
Smalleyreportedanew allotropeofcarbonmaterials.Theyevaporated
carbonbyshininglaserlightatagraphitesurfaceandcooledthevapor
to an extremely low temperature.From thesoots,they succeeded in
separating buckminsterfullerene,C60,and identifying its structure that
resemblesasoccerball.
ThenextremarkablemilestonewasthatJapanesescientistSumioIijima
foundcarbonnanotubeswithsix-sidedatomicstructuresin 1993.The
tubesasmadewereextremelystrongandpossessednovelproperties.It
is believed thatnanotubes willpossibly replace the carbon graphite
currentlybeing usedtomakeairplanepartsandprovidenew platform
for various sensors,display devices,and electronic components as
suggestedbynumerouspublications[2,3].
Asforapplicationsofnanotechnologytothecomputerchip,computer
scientistshopethatnanotechnologydevelopmentwillhelpbreakbarriers
towardcomputersinthenextgenerationintermsofsizeandspeed.In
2002,IBM announcedthatithadcreatedtheworld’ssmallesttransistor
basedontheelementsilicon,whichwas fourtoeightnanometersthick.
Fabricationofnano-structurewithvariousmaterialotherthancarbon
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hasbeen vigorously studied.Forexample,Pt,Pd,Au,Zr,and many
othershasbeenemployedtomakenano-structures[4-7].

222...NNNaaannnooopppooorrrooouuusssmmmeeetttaaalllllliiicccttthhhiiinnnfffiiilllmmm

Oneofthehotissuesin nanotechnology research isfabrication and
application ofnanoporous metalfilms,which has a greatmany of
nanoporesof1-100nm indiameter.Metalswithnanostructuresareof
considerable interestforapplications in catalysis,batteries,fuelcells,
capacitors,and sensors[8,9].However,only a limited knowledge is
availablenow inconcerning how tomakesuchfilmsandwhattobe
practicallyappliedfor.Withrespecttothefabrication,itwaspublished
that electrochemical deposition can be carried out from surfactant
solutionwithahexagonallyotropicliquidcrystallinephase(H1 phase),
micellesolution(L1phase),orbelow micelleconcentration(cmc).
Attard et al. reported nanoporous platinum is obtained by
electrodeposition in the lyotropic liquid crystalline phase (H1 phase),
consistingofthenonionicsurfactant(octaethyleneglycolmonohexadecyl
ether, C16EO8), hexachloroplatinic acid (H2PtCl6) and water[10].
Transmissionelectronmicroscopy(TEM)studiesoftheelectrodeposited
platinum (H1-ePt)revealedahighlyporousstructurethathadcylindrical
holes25Å(±1.5Å)indiameterarrangedonahexagonallattice.
Thisliquidcrystallinephasecomposedof42wt% ofsurfactantand29
wt% ofwaterwashighly viscoussothatdiffusion ratetowardsthe
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electrode surface is sluggish and requires very long time for
electrodeposition.Moreover,thepolarization attheelectrodesurfaceis
serious because ofthe depletion ofthe platinum precursor and the
accumulationofbyproductssuchasprotonandchlorideion.Asaresult,
chemical polarization of electrochemical interface may cause poor
reproducibilityanduniformityoftheplatedfilms.Electrodepositionina
viscousphasebringsaboutanotherproblem whenitcomestothinfilm
formation on a largearea.On a smallsurfaceareaofthesubstrate
electrode,forexample,less than 1 mm in diameter,H1-ePtcan be
uniformly electrodeposited.However,theuniformity oftheplated film
becomespoorastheelectrodeareaincreases.
Stuckyet.al.suggestedanalternativetotheproblematicdepositionin
aliquidcrystallinephasebyshowingthatthenanoporousplatinum films
can be prepared by the potential-controlled self-assembly method in
dilute surfactantsolutions (<cmc)[11].Although the dilute surfactant
solution in this method indeed allows faster electrodeposition, the
correspondingnanoporousstructuresuffersfrom strongdependenceupon
thepotential.Sincetheelectricalfieldatthesurfacesubstantiallyaffects
themorphologyoftheplatedplatinum,nanoporousplatinum filmsarenot
producedatacertainrangeofpotential,atwhichbilayersareformedor
theself-assembledstructureofthesurfactantsaredisorganizedonthe
electrodesurface.
Anotherelectrochemicalmethodistodepositametalfilm inthereverse
micelle solution phase (L2 phase).L2 phase forms like thataqueous
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dropletsaresurroundedby surfactant.Ataglanceitmightnotseem
thatthe platinum deposition readily takes place because the aqueous
regions containing platinum precursors are individually enclosed by
nonpolar moieties of surfactant molecules.However,Coppola et al.
reportedthattheprotonself-diffusionwasactivealongtheneighboring
aqueousdomainsasthewatercontentexceeds13wt% inL2phaseof
binary mixtureofTriton X-100andwater[12].Thusitisconceivable
thatL2 phase with relatively high watercontentmay work as an
alternative template for electroplating nanoporous metals.The high
fluidityofreversemicellesolutionowingtorelativelyhighwatercontent
andthenonionicreversemicelleassembly,whichisfarlesssensitiveto
any electricalfield than ionic surfactants,suggesta more convenient
pathwaytoproducenanoporousplatinum electrodes.Themixtureof50
wt% TritonX-100,45wt% 0.3M NaCl,and5wt% HCPA at40℃
wasidentifiedtobeareversemicellesolution.Thenanoporousplatinum
film asmade(L2-ePt)ispredictedtohavehighlyroughsurfaces.The
transmission electron microscope (TEM) images confirmed the
morphologyofthehighlyroughL2-ePt,onwhichtherewerenumerous
nanopores.Thediameterofnanoporesisdeterminedtobeabout3nm
andtheporesaredenselydistributedwithpore-poredistanceof6nm.
Whether nanoporous platinum is formed in liquid crystalphase or
reversemicellephase,threecommoncharacteristicsarefound.First,this
structure provides a chance ofhighercollision frequency as wellas
enlarged active surface area.Because faradaic current is obviously
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proportionalto both the active surface area and collision frequency,
corresponding reaction currentshould increaseon nanoporousplatinum
surface.Second,ithas specific pore diameter.According to IUPAC
(InternationalUnion ofPure and Applied Chemistry),pore scale has
classifiedbymicropore(<2nm),mesopore(2­50nm),andmacropore(>
50nm).A typicalcaseofmicroporeiszeolite.Naturalzeoliteshavea
unique interconnecting lattice structure,which is arranged to form a
honeycomb framework comprised ofchannels and pores (< 1 nm).
Zeoliteattractspositivelychargedmoisture,odorsandgasmoleculesand
trap them in its crystalline structure.As molecules can enter the
zeolite'sporesandselectively react,zeolitegeneratessizeselectiveor
shape selectivecatalyticreaction.Zeoliteas a catalysthas a serious
disadvantagethatporediameteristoosmall.Itisnoteasy to enter
bulky biomolecules (e.g. glucose, glutamate) through the zeolite's
micropore.Therefore,nanoporousstructurewithlargerporesisrequired
formanycatalyticapplications.Third,thethicknessofathinfilm can
beeasilycontrolledbyelectrochemicalmethod.Ifporesaretooshallow,
meaningthoseinathinfilm,thecatalyticeffectofnanoporousstructure
mightnotbeenough.Ontheotherhand,unnecessarilydeepporesmake
itdifficultfor electrochemicalreaction products to escape from the
nanopores.Controlling film thickness is an issueofgreatimportance
whiletheporesizeanddepthofzeolitefilmsarehardtocontrol.Inthis
respect,itisa valuableaspectthatthethicknessofthenanoporous
platinum film isgovernedbychargepassingduringtheelectrodeposition.



- 7 -

Chemicaland bio-sensoris one ofthe promising applications using
nanoporousplatinum thinfilms.ItwasreportedthatH1-ePtselectively
enhanced the amperometric signals and thus could be utilized as a
nonenzymaticglucosesensor[13].Moreover,thenanoporosityofH1-ePt
increasestheexchangecurrentoftheelectrodesurfaceandremarkably
improvestheperformanceasapH sensingmaterial[14].
L2-ePtcanreplaceH1-ePtforglucose-,glutamate-,andpH sensors.In
addition,L2-ePtsuggestssomeadvantagesoverH1-ePt.Itispossibleto
electrochemicallydepositonalargeareaowing tothismixture'shigh
fluidity.AndL2-ePtismuchmorefavorableformassproductionbecause
TritonX-100isevencheaperthanC16EO8,whichisusedfortheliquid
crystallinephasetomakeH1-ePt.
Inthisstudy,theenhancedcatalyticpowerofnanoporousplatinum is
demonstrated in termsofsurfacearea enlargementeffectand unique
structuralfeatureofnanopores.And biosensorand referenceelectrode
basedonL2-ePtandH1-ePtaredescribed.
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CCChhhaaapppttteeerrrⅡⅡⅡ...CCCaaatttaaalllyyysssiiisssooorrriiigggiiinnnooofffttthhheeennnaaannnooopppooorrrooouuusssssstttrrruuuccctttuuurrreee

111...IIInnntttrrroooddduuuccctttiiiooonnn

Many papers addressing catalysis ofthe nanoporous platinum have
recently reported.Birkin etal.obtained voltammograms for oxygen
reduction on H1-ePt microelectrodes[15].They explained that highly
enhanced oxygen reduction currentand the positive shiftofoxygen
reductiononsetpotentialareattributedtothelargesurfacearea.Evans
et.al.demonstrated that H1-ePt microelectrodes could be excellent
amperometricsensorsforthedetectionofhydrogenperoxideoverawide
range of concentrations[16].They accounted for the electrocatalytic
phenomenaofnanoporousplatinum thin filmson thebasisofgreatly
enlarged surface area.Kucernak et al.reported application of the
nanoporous platinum as a catalyst for oxygen electroreduction and
methanolelectrooxidation[17].Parketal.proposednonenzymaticglucose
detection based on nanoporous platinum and ascribed selectively
enhanced anodic current to the intrinsic structural feature of the
nanoporoussurface[13].
Thesepapersareunequivocallysayingthattheelectrocatalyticactivity
ofnanoporousplatinum resultsfrom theincreasedratiooftheapparent
torealelectrodesurfaceareas,whichisnormallyindicatedbyroughness
factor.
This chapter addresses the novel structural effect of nanoporous
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conductorsurfacesby investigating amperometricresponsestoglucose
and hydrogen peroxide,and potentiometricsignalsbecauseofthepH
change.
Electrochemical oxidation of glucose involves a sluggish electron
transfermechanism[18].Hydrogenperoxideundergoesfacileoxidationon
platinum surface upon appropriate potentialdifference.Thus,glucose
oxidation is kinetic-controlled while hydrogen peroxide oxidation is
diffusion-controlled.Theamperometricresponsestotheglucoseoxidation
areproportionaltothe'real'area,namelynanoscopicsurfaceareaofthe
electrode.On the otherhand,the oxidative currentdue to hydrogen
peroxideisalmostregardlessofthenanoporousroughness[19].Deeper
anddensernanoporesonanelectrodesurfaceleadtohigherratioofthe
nanoscopictotheapparentsurfacearea,indicatedby largerroughness
factor.The nanoporous electrode exclusively enhances the faradaic
currentsofthesluggishreactionasdepictedinFigure1.
Figure2showscollisionaspectsataflatandL2-ePtelectrodesurface.
InaflatPtelectrodesurface,reactantscollidewiththewallintheone
dimensionaldirection.Contrary to the flatPt,reactants in a narrow
channelofthenanoporousPtareputintodifferentenvironmentinterms
ofcollision mode.Collision frequency isobviously proportionalto the
probabilityofelectrontransferatanidenticalexperimentalcondition.The
deepandnarrow nanoporousstructuresignificantly raisesthecollision
frequencybetweenthewallandreactantssothatthefaradaiccurrents
ofsluggishreactionsshouldincrease.
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FFFiiiggguuurrreee111...Schematicrepresentationoftheeffectoftheporousstructure
onelectrochemicalreactions.
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FFFiiiggguuurrreee222...SchematicrepresentationofcollisiontrendsataflatPtand
L2-ePt.
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Thisarchitecturaleffectofthenanoporousstructurecanbeappliedto
potentiometricsensing inasimilarmanner.PotentiometricpH response
attainsbymeasuringopencircuitpotential(Eoc),whichisdefinedasthe
potentialwhennetcurrentiszero.Ideally,apotentiometricsensorshould
have atleastone nonpolarizable interface,on which any particular
current does not produce further overpotential. That is why Eoc
measurementismorereliableatlesspolarizablesensinginterface.The
equilibrium exchangecurrentdensity,i0,isa quantitativecriterion of
polarizability[20]. It is evident that the electrode/solution interface
becomes proportionally less polarizable as i0 climbs. The Eoc of
metal/metal oxide is determined by the equilibrium between the
metal/metaloxideandproton.ItwaspreviouslyreportedthattheEocat
theinterfacesofmetaloxidesdependsontheredoxequilibrium asthe
follow[21].

MOχ +2δH++2δe-⇆ MOχ-δ + δH2O
Sincemetal/metaloxideequilibriaarebasicallyestablishedinconfined
surfacereactions,i0 shouldbeproportionaltothesurfacearea.Ifthe
areaoftheflatelectrodeisnotlargeenoughtoproduceasufficiently
high i0,Eoc willbe unstable.In addition to the enlargementofthe
electrode area,the geometric feature ofnanopores may contribute to
raisei0.Highercollisionfrequencyoftheprotonsbyactivesitesonthe
nanopores'wall provides fastresponse time and more stable open
circuitpotential.Consequently,nanoporousplatinum structureisexpected
torespondmorequickly,sensitively,andreproduciblytopH variationby
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itsextremelylargerealareaandhighcollisionfrequency.
Thenanoporousplatinum oxide(H1-ePtO)asahydrogenion-selective
sensing material was reported[14]. According to the report, bare
nanoporous platinum oxides exhibitnear-Nernstian behavior(e.g.,-55
mV/pH inPBS),ignorablehysteresis,ashortresponsetime,andhigh
precision,whichareremarkablybetterthanthoseofflatplatinum oxides.
However,geometriceffectofthenanoporescouldnotbeverifiedbecause
pH responses were recorded using H1-ePtand flatPtwith identical
apparentareaanddifferentrealarea.Thisstudywasaimedtoshow and
investigatethesurfacegeometriceffectofthenanoporousthinfilms.
L2-ePtwasusedthroughouttheexperiments.L2-ePthasnoproperty
thatisdifferentfrom H1-ePtexceptfabricationprocedure.Rather,L2-ePt
isconvenientto handle.Forexample,electrodeposition in thereverse
micellesolution isfareasierthan thatofH1-ePtand producesmore
uniform surfacewhenappliedonlargearea.
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222...EEExxxpppeeerrriiimmmeeennntttaaalll

222...111...RRReeeaaagggeeennntttsss

Hydrogenhexachloroplatinatehydrate(Aldrich,99.995%),tritonX-100
(t-Octylphenoxypolyethoxyethanol, Sigma), sodium chloride (Junsei
chemicals Co., LTD., 99.5 %), sulfuric acid (YAKURI PURE
CHEMICALS CO.,LTD.,85%),NaH2PO4(DAE JUNG Co.,LTD.,98.0
%),Na2HPO4•12H2O(DAEJUNG Co.,LTD.,98.0%),potassium chloride,
H3PO4(YAKURI PURE CHEMICALS CO., LTD., 85 %), hydrogen
peroxide(Junseichemicals Co.,LTD.,30 %),D-(+)-glucose (sigma),
Na3PO4(Aldrich,96%)wereusedwithoutfurtherpurification.

222...222...IIInnnssstttrrruuummmeeennntttsss

Electrochemicalexperiments were performed using an electrochemical
analyzer (modelCH 660,CH Instruments Inc.,Austin,TX 78733).
Ag/AgCl (saturated KCl) or Hg/Hg2SO4 (saturated K2SO4) and a
platinum wire (dia.0.5 mm) were used as reference and counter
electrodes,respectively.In electrochemicaltestsforH2O2 and glucose,
platinum rodelectrodes(dia.1mm)wereusedasasubstrateelectrode
for the nanoporous platinum film and flatelectrode.In pH test,a
platinum microelectrode(dia.25 μm)andaplatinum rodelectrode(dia.
0.25 mm) were used as a substrate electrode for the nanoporous



- 15 -

platinum film and flatelectrode,respectively.Eoc measurements were
carried outusing a homemade multipotentiometer.A combination pH
electrode(ROSS8102,Orion)wasusedtochecksolutionpHsduringEoc
measurements.

222...333...PPPrrreeepppaaarrraaatttiiiooonnnooofffrrreeevvveeerrrssseeemmmiiiccceeelllllleeesssooollluuutttiiiooonnn

Triton X(Tx-100) 50 wt%,0.3 M NaCl 45 wt%,and hydrogen
hexachloroplatinatehydrate5wt% weremixedandthetemperaturewas
raised to60℃,atwhich pointthemixturebecomestransparentand
homogeneous.And thetemperaturewaslowered to room temperature
(23-26℃)

222...444...EEEllleeeccctttrrrooodddeeepppooosssiiitttiiiooonnnooofffnnnaaannnooopppooorrrooouuusssppplllaaatttiiinnnuuummm

Platinum deposition was carried out on a polished platinum rod
electrodeatconstantpotential(-0.2V vsAg/AgCl)inreversemicelle
solution sustaining temperatures of nearly 40 ℃. The resulting
nanoporousplatinum electrodewasplacedindistilledwaterfor1hto
extractthe Tx-100,and the extraction procedure was repeated 3-4
times.Theelectrodewasthenelectrochemicallycleanedusingacycling
potentialbetween0.68and-0.72V versusHg/Hg2SO4 in1M sulfuric
aciduntilreproduciblecyclicvoltammogramswereobtained.
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222...555...EEEllleeeccctttrrroooccchhheeemmmiiicccaaallleeexxxpppeeerrriiimmmeeennntttsss

ThesurfaceareasofthePtelectrodesweredeterminedbymeasuring
theareasunderthehydrogenadsorption/desorptionpeaksofthecyclic
voltammograms(scanrate,200mV/s)in1M sulfuricacidsolution.A
conversion factorof210 μC/cm2 wasused todeterminetheelectrode
area[22].
Thenanoporousplatinum electrodewasevaluatedasaglucosesensor
inaerated0.1M phosphatebufferedsaline(PBS)solutioncontaining0.15
M NaClandinacellcontaining5mLofPBS(pH 7.4).Amperometric
curves were obtained in a quiescent solution a few seconds after
stoppingthestirringthatwasrequiredtomixthematerialsadded(i.e.,
glucose, H2O2). Current changes 100 s after adding glucose to
concentrationsof1,3,6,10,15,and20mM weretreatedasspecific
responsestotheglucoseinthesolution.Eachexperimentwasconducted
afterdryingplatinum electrodes,whichwereelectrochemicallycleanedin
1M sulfuricacid,foradayintheair.
A platinum oxidelayershouldbeformedontheelectrodesurfacefor
potentiometricpH sensing.Todoso,0.6V versusAg/AgClwasapplied
toL2-ePtandflatPtelectrodesinPBSsolution(pH 7.4)for600s.And
theelectrodeswerestabilizedinPBS solutionforahalfday.AndpH
measurementswereconductedinstirredsolutionsusingL2-ePtO andflat
PtO asworkingelectrodeandanAg/AgCl(saturatedKCl)asreference
electrode.
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333...RRReeesssuuullltttsssaaannndddDDDiiissscccuuussssssiiiooonnnsss

333...111...CCChhhaaarrraaacccttteeerrriiizzzaaatttiiiooonnnooofffnnnaaannnooopppooorrrooouuusssppplllaaatttiiinnnuuummm

Theplatinum film electroplatedfrom areversemicellesolution(L2-ePt)
hastremendouslyextendedsurfaceareajustlikethatfrom theH1phase
(H1-ePt).ThecyclicvoltammogramsoftheflatPtandL2-ePtelectrodes
show thetypicalredoxbehaviorofplatinum itselfandtheadsorptionand
desorptionofhydrogeninH2SO4solution(Figure3).
From thepeakareaofhydrogenadsorption,roughnessfactorsofthe
electrodeswerecalculatedwiththefactthatamonolayerofhydrogen
correspondstoabout210 μC/cm2forrealsurfacearea.Figure4shows
thatthe roughness factoris proportionalto the charge thatpassed
duringL2-ePtelectrodeposition.Thisresultindicatesthatporesareopen,
and theinnerwallsofporesareexposed,forthemostparts,tothe
solution.Thustheporesactaselectrochemicallyactivesurface.
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FFFiiiggguuurrreee 333...Cyclic voltammograms of flat Pt (r.f 2.40) and L2-ePt
electrodeshavingvariousroughnessfactorsin1M H2SO4 atthescan
rateof200mV/s.
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FFFiiiggguuurrreee 444...Plot of roughness factor vs.charge passed for L2-ePt
deposition.
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333...222...AAAmmmpppeeerrrooommmeeetttrrriiicccrrreeessspppooonnnssseeetttooogggllluuucccooossseeeaaannndddhhhyyydddrrrooogggeeennnpppeeerrroooxxxiiidddeee

Amperometricmeasurementswereperformedat0.5V versusAg/AgCl,
which waspositiveenough tooxidizeglucoseand hydrogen peroxide.
L2-ePt electrodes with various roughness factors were formed by
controlling the charge passed during the deposition process.These
electrodes were then used to measure the signals for glucose and
hydrogenperoxide.
Figure5showsthatlineardependenceoftheresponsesofL2-ePt to
glucoseconcentration on theroughnessfactors.Becausey axisisthe
currentdividedbyapparentsurfacearea,thisplotimpliesthatenhanced
surfaceareahasstrongeffectonglucoseoxidation.
Figure6explainstheeffectofgeometricfactoronL2-ePt.Expended
surfaceareaisexcluded becausecurrentwasdivided by realsurface
area.Roughness factortherefore means the density ofpores.Large
roughnessfactorimpliesthatcollisionfrequencyintheinnerwallofthe
nanoporousstructureisgreaterthanthatflatPt.Asroughnessfactor
increasesby,signalsalsoincrease.So,itindicatesthatgeometricfactor
clearlyexistsinthecatalysisofthenanoporousPtonsluggishredox
reactants.
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FFFiiiggguuurrreee555...EffectoftheroughnessfactorofL2-ePtandflatPtonthe
signalsfor6mM glucose.Y axisisthecurrentdividedby apparent
surfacearea.Thesignalsweredeterminedinquiescentsolutions100s
afteraddingglucose.



- 22 -

                                                                                                                                                                                                                                                                                                 

            

                        

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 50 100 150 200 250

Roughness factor

Si
gn

al
 r

ea
l/u

A
cm

-2

FFFiiiggguuurrreee666...EffectofthegeometricfactorofL2-ePtandflatPtonthe
signalsfor6mM glucose.Y axisisthecurrentdividedbyrealsurface
area.Thesignalsweredetermined in quiescentsolutions100 safter
addingglucose.
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Oxidation ofhydrogen peroxideforroughnessfactorisacontrastto
thatofglucose.Forallroughnessfactorsincrease,thesignalofflatPt
issimilartothatofL2-ePt(Figure7). Figure8showsthatcurrents
divided by realarea are in inverse proportion to roughness factors.
These results indicate that diffusion-controlled hydrogen peroxide
oxidation almostoccursatoutsideofelectrodesurfacebeforeentering
reactantsintheinsideofthepore.Thatistosay,geometriccatalytic
effectofnanoporousstructuredoesn'tappearon rapidly oxidizableor
reduciblereactants.
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FFFiiiggguuurrreee777...EffectoftheroughnessfactorofL2-ePtandflatPtonthe
signalsfor30 μM hydrogenperoxide.Y axisisthecurrentdividedby
apparent surface area. The signals were determined in quiescent
solutions100safteraddinghydrogenperoxide.
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FFFiiiggguuurrreee888...EffectofthegeometricfactorofL2-ePtandflatPtonthe
signalsfor30 μM hydrogenperoxide.Y axisisthecurrentdividedby
realsurfacearea.Thesignalsweredeterminedinquiescentsolutions100
safteraddinghydrogenperoxide.Inset:Logarithmicscaleforthisplot.
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333...333...PPPooottteeennntttiiiooommmeeetttrrriiicccrrreeessspppooonnnssseeetttooopppHHH

Figure9showspotentiometricresponseofL2-ePt(dia.25 μm)andflat
Pt(dia.0.25mm)toapH shiftfrom 7.4to2.0.RealareaofL2-ePt
(5.976x 10-4 cm2)issmallerthanflatPt(1.371x 10-3 cm2).ButpH
responsetime(T95% of~60s)ofL2-ePtisfasterthanflatPt(T95% of~
200 s).Although realarea ofnanoporoussurfaceissmall,numerous
nanoporesofferhighcollisionfrequencyofprotoninitsactivesitesand
fastPt/PtO equilibrium.Accordingly,architecturalofnanoporoussurface
accelerates pH response time and provides more stable open-circuit
potential.
Figure10showstheeffectofnanoporousstructureonpH linearityand
slope.L2-ePtO showsgoodlinearityoverawidepH rangefrom 2to12,
whereasflatPtdeviateseriouslyfrom linearity.AndthepH responseof
L2-ePtO exhibitsnearNernstianbehaviorwithaslopeof-51mV/pH.
ButflatPtO hasapoorslopeof-42mV/pH.Consequently,architecture
with many nanoporesisanotherreason why thenanoporousplatinum
thinfilm workswellasapH sensor,thoughrealareaofnanoporous
platinum issmallerthanflatPt.
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FFFiiiggguuurrreee999...PotentiometricresponseofL2-ePtO andflatPtO toapH shift
from 7.4to2.0.EocwasrecordedinaeratedandstirredPBSsolution.
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FFFiiiggguuurrreee111000...EocversuspH curvesofL2-PtO (A)andflatPtO (B).pH
wasdecreasedbyadding2M H3PO4 to0.1M Na3PO4 (diamond)and
thenincreasedbyadding2M NaOH again(square).
Realarea:L2-ePtO(5.976x10-4cm2),flatPtO (1.371x10-3cm2)
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444...CCCooonnncccllluuusssiiiooonnnsss

Weinvestigatedelectrocatalysisofthenanoporousstructureintermsof
highcollisionfrequencyaswellasenhancedsurfaceareabyexamining
amperometricandpotentiometricbehavior.
Faradaiccurrentonaflatplanarelectrodeisobviouslyproportionalto
the surface area. However, diffusion-limited system involving fast
electrontransferproducesamperometricresponsesthatisnotafunction
ofnanoporosity,normally indicated by roughnessfactor.On theother
hand,when it comes to sluggish reaction such as electrochemical
oxidation ofglucose,the faradaic currentsensitively depends on the
nanoscopic surface area.The amperometric responses to reactants in
kinetic-controlled system can be selectively amplified overinterfering
species undergoing facile electron transferby introducing nanoporous
structure.Asforglucoseoxidation,ananoporouselectrodecanproduce
evenlargercurrentthanaflatonewiththeidenticalapparentareadoes.
And the amplification magnitude reaches several hundred times
depending on the roughness factor.These results are unambiguously
attributedtotheenlargementoftherealsurfaceareaduetonanoporous
structure.However,thedetailed experimentsin thisstudy showsthat
collision frequency enhancement driven by the structuralfeature is
anotherorigin.Evenifananoporousandaflatplatinum electrodesare
settohaveanidenticalrealsurfacearea,thecurrentfrom theflatPtis
notashighasthatfrom thenanoporousPt.
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Potentiometricresponsesrevealanotheraspectofnanoporoussurface
effect,inwhichnomasstransferbutsurfaceequilibrium isinvolved.In
practice,L2-ePtwith smallerrealsurfacethan flatPtshowed faster
responsetime,betterlinearity,andnear-nernstianslope,allofwhichare
owingtouniquenanoporousstructure.
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CCChhhaaapppttteeerrr ⅢⅢⅢ...EEEllleeeccctttrrroooccchhheeemmmiiicccaaalllOOOxxxiiidddaaatttiiiooonnn ooofffHHHyyydddrrrooogggeeennn PPPeeerrroooxxxiiidddeee aaattt
NNNaaannnooopppooorrrooouuusssPPPlllaaatttiiinnnuuummm EEEllleeeccctttrrrooodddeeesssaaannndddttthhheeeAAAppppppllliiicccaaatttiiiooonnntttoooGGGllluuutttaaammmaaattteee
MMMiiicccrrrooossseeennnsssooorrr

111...IIInnntttrrroooddduuuccctttiiiooonnn

Nanoporousplatinum hasreceived much attention with regard to its
potentialapplications.Corresponding research efforts have produced a
numberofimpressiveapplications[13-14,15,17,23-28],oneofwhichis
applicability ofnanoporousplatinum fortheenhancementofhydrogen
peroxide (H2O2) redox current[16]. Although accurate and reliable
detectionofH2O2isofinterestinmanyfields,ithasnotbeeneasyto
detect H2O2 accurately with amperometric techniques because its
electrode reactions are complicated and voltammograms tend to be
irreproducibleatthemajorityofelectrodesurfaces[29,30].
A mechanism forthe oxidation ofH2O2 atplatinum electrodes has
recently beendiscussedindetailandprovidesanadequateexplanation
forthelackoflinearityobservedintheelectroderesponse.Halletal.,in
aseriesoftheirpapers[31-35],reportedthatthecurrentresponsedueto
H2O2oxidationisundermixedkineticanddiffusioncontrol.
Glutamateisan importantneurotransmitterin themammalian central
nervoussystem,andneuronalpathwaysinthebrainthatuseglutamate
asatransmitterareheavilyimplicatedinseveralneurologicaldisorders
suchasschizophrenia,Parkinson’sdisease,epilepsy,andstroke[36,37].
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Thesepathwaysarealsoinvolvedindrugabuseandaddiction.Accurate
information aboutthedynamiclevelsofglutamatein theextracellular
spacesoflivingbraintissuewouldmakeasignificantcontributiontoour
fundamentalunderstanding oftheroleofglutamatein thesedisorders,
and helps advance therapeutic strategies. Thus the sensitive and
selectiveglutamatemicrosensorisingreatdemandtocollecttemporal
variationofglutamateonarealtimebasis.Themosttypicalmethodof
glutamate biosensor is to make enzyme electrode by immobilizing
glutamateoxidaseon to a substrateelectrodesuch asplatinum.The
information of glutamate concentration is extracted from the
amperometric oxidation currentofH2O2 as a productofthe enzyme
reaction.ThatiswhytheenhancementofH2O2oxidationcurrentisthe
keyissuetoobtainbetterglutamatemicrobiosensor.
We describe here electrochemicalbehavior of H2O2 at nanoporous
platinum (L2-ePt) microelectrodes with a variety of area,and the
apparentelectrocatalyticeffectin termsofH2O2 redox processes.And
theglutamatemicro-biosensorbased on nanoporousPtwasdeveloped
anddiscussedincomparisonwiththatbasedonflatplatinum.
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222...EEExxxpppeeerrriiimmmeeennntttaaalll

222...111...RRReeeaaagggeeennntttsss

All the chemicals including hydrogen hexachloroplatinate hydrate
(Aldrich),triton X-100(Tx-100) (Aldrich),sodium chloride (Aldrich),
1,3-phenylenediamine(m-PD) (Aldrich), L-glutamate oxidase (Yamasa
Co.)wereusedwithoutfurtherpurification.1mM 1,3-phenylenediamine
and 0.025% glutaldehydeaqueoussolutionswereutilized forenzyme
immobilization.AllelectrochemicaltestsforH2O2 and glutamatewere
carriedoutinatemperature-controlledcell,whichhas10mL of0.1M
phosphatebufferedsaline(PBS)containing0.15M NaClatpH 7.4and
37±0.2°C.

222...222...IIInnnssstttrrruuummmeeennntttsss

Allelectrochemicalmeasurementswereperformedinathree-electrode
system. Potentiostat for electrochemical experiments was an
electrochemicalanalyzer (ModelCH750,CH Instruments Inc.Austin,
TX).ReferenceelectrodeandcounterelectrodewereanAg/AgClanda
platinum wire,respectively.Asworkingelectrodes,nanoporousplatinum
microelectrodeswerepreparedusingteflon-coatedPt-Iralloywireswith
threedifferentdiameterof25,76and 178µm.A commercialized flat
platinum diskmicroelectrodewith25µm indiameterwaspurchasedfrom
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CH InstrumentsInc.

222...333...PPPrrreeepppaaarrraaatttiiiooonnnooofffrrreeevvveeerrrssseeemmmiiiccceeelllllleeesssooollluuutttiiiooonnn

Tx-10050wt%,0.3M NaCl45wt%,andhydrogenhexachloroplatinate
hydrate5wt% weremixed,andthetemperaturewasraisedto60℃,at
whichpointthemixturebecomestransparentandhomogeneous.Andthe
temperaturewasloweredtoroom temperature(23-26℃)

222...444...EEEllleeeccctttrrrooodddeeepppooosssiiitttiiiooonnnooofffnnnaaannnooopppooorrrooouuusssppplllaaatttiiinnnuuummm

Platinum wasdepositedonapolishedPt-Iralloyelectrodesatconstant
potential(-0.2V vs.Ag/AgCl)inreversemicellesolution.Theresulting
nanoporousplatinum electrodewasplacedindistilledwaterfor1hto
extracttheTX-100,andtheextractionprocedurewasrepeated3-4times.
The electrodes were then electrochemically cleaned using a cycling
potentialbetween1.0V and-0.45V versusAg/AgClin1M sulfuric
aciduntilreproduciblecyclicvoltammogramswereobtained.

222...555...GGGllluuutttaaammmaaattteeeoooxxxiiidddaaassseeeiiimmmmmmooobbbiiillliiizzzaaatttiiiooonnn

Inordertoimmobilizeglutamateoxidase(GLOx)onflatornanoporous
Pt,electrodeswereimmersed in a solution containing 2.5 mg GLOx,
0.0025 % glutaraldehyde, and 1 mM 1,3-phenylenediamine.
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1,3-phenylenediaminewaselectropolymerizedontheelectrodeandGLOx
wasentrappedinsidepolymernetworkduringvoltagecyclingfrom 0.2V
to0.7V atascanrateof10mV/s,2segment.
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333...RRReeesssuuullltttsssaaannndddDDDiiissscccuuussssssiiiooonnnsss

333...111...CCChhhaaarrraaacccttteeerrriiizzzaaatttiiiooonnnooofffnnnaaannnooopppooorrrooouuusssppplllaaatttiiinnnuuummm

NanoporousPtwaselectrodepositedinaTX-100basedreversemicelle
phase.Incaseofelectrodepositiononelectrodewithmicroscalesurface,
itiseasytofabricateinfluidicreversemicelle(L2)phase. ThePtfilms
asobtainedwereconfirmedby checking cyclicvoltammogramsofthe
nanoporous Pt, which have tremendously large hydrogen
adsorption/desorptionpeaks(r.f300)(Figure11).
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FFFiiiggguuurrreee111111...Cyclicvoltammogramsofaflatplatinum andananoporous
platinum electrodein1M H2SO4
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333...222...OOOxxxiiidddaaatttiiiooonnnooofffHHH222OOO222aaatttffflllaaatttaaannndddnnnaaannnooopppooorrrooouuusssPPPtttiiinnnPPPBBBSSS

Fig.12showstheH2O2–involvedelectrochemicalbehaviorfrom flatand
nanoporousPtmicroelectrodes.Thevoltammogram oftheflatelectrode
is different from that of typical diffusion-controlled reaction at
microelectrode.Theflatmicroelectrodegivesnegligibleoxidationcurrent
in this potential window and ill-defined reduction current. The
electrochemical behavior of H2O2 at flat Pt microelectrode is
kinetic-controlled.
ThisisnotsurprisingbecausetheelectrontransferofH2O2ataflatPt
microelectrodeisnotfastenough to meettheinbound sphericalflux
from thebulksolution.Incontrast,thelinearsweepvoltammogram of
nanoporous Pt electrode produces the well-defined plateau for both
oxidationandreductionofaqueousH2O2atpH 7.4.Theonsetpotential
ofH2O2oxidationatnanoporousPtshiftedinlesspositivedirectionso
thattheconsiderablecurrentforH2O2oxidationisobservedaround0.35
V where oxidation currentatflatPtis almostzero.Moreoverthe
limitingcurrentsofthenanoporousPtaremuchhigherthanthatofflat
Pt.TheseresultsunequivocallyindicatethattheredoxprocessesofH2O2
atnanoporousPtarecontrolledbydiffusionwhilethoseattheflatPtis
kineticcontrolled.
Itisbelieved thatsuch enhancementoffaradaiccurrentsand onset
potentialshiftofH2O2 oxidation resulted from thecatalyticability of
nanoporous Pt.There are a lotofnanopores on the nanoporous Pt
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surface,whichprovidemorefavorableconditionforH2O2oxidation.First
ofall,nanoporous surface has tremendously enlarged area thatcan
participate in faradaic reaction. The roughness factor, which was
determined by voltammogram in 1M H2SO4,showsseveralhundreds
timeslargerareaofthenanoporouselectrodethanthatoftheflatone
with the identicalapparentarea.In addition,itis probable thatthe
geometriceffectofnanoporesisalsoresponsiblefortheenhancementof
faradaiccurrent.Thenarrow porestructureoffersmuchmorechancesto
collidewiththeinnerwall.Theconcertedeffectoftheenlargedareaand
the geometric feature makes H2O2 redox process,especially oxidation,
fastenoughforthevoltammetricbehaviortobediffusion-controlledin
spiteofthehighfluxduetosphericaldiffusionatthemicroelectrode.

   



- 40 -

    

-4

-3

-2

-1

0

1

2

3

4

-0.10.10.30.50.70.9

Potential/V

C
ur

re
nt

 d
en

si
ty

/m
A

cm
-2

nanoporous Pt

flat Pt

FFFiiiggguuurrreee111222...Linearsweepvoltammogramsof1mM H2O2 inPBS ata
flatandananoporousPtelectrodesof25µmindiameter.
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Fig.13 is the linear sweep voltammograms of H2O2 oxidation at
nanoporous Ptwith the diameters of25 µm,76 µm,and 178 µm,
respectively.Theroughnessfactorswerecontrolledtobe300(299±16)in
ordertoobservetheeffectofelectrodeareatothecurrentdensity.As
theelectrodeareaincreases,theoxidationandreductioncurrentsgrow
withthesameplateaushape.ThereactionrateofH2O2isfastenough
atthenanoporousPtsurface.Namely,thereactionisdiffusion-controlled.
However,in termsofthecurrentdensity,thetrend isinversed.The
calculatedcurrentdensitiesare3.28x10-3 A/cm2 (25µm),1.80x10-3

A/cm2 (76µm),and7.94x 10-4 A/cm2 (178µm),respectively.Larger
electrode area produces lowercurrentdensity.Itis ascribed to the
contribution ofsphericaldiffusion atthemicro-disk electrode.Asthe
electrode area is enlarged, or the microelectrode becomes
semi-microelectrode,the fraction oflateraldiffusion to planar mass
transportbecomeslowered.Asaresult,theinboundflux ofH2O2 per
unit electrode area decreases as it becomes more like 1-D planar
diffusionsystem.
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FFFiiiggguuurrreee111333...Linearsweepvoltammogramsofoxidationof1mM H2O2in
adeaeratedPBSsolutionatpH 7.4from nanoporousPtelectrodeswith
variousdiameters,25µm (roughnessfactor:299),76µm (288),and178
µm (320),respectively.Scanrateis1mV/s.
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333...333...EEEffffffeeeccctttooofffttthhheeepppooolllyyymmm---PPPDDDmmmeeemmmbbbrrraaannneeeooonnnHHH222OOO222oooxxxiiidddaaatttiiiooonnn

Figure14isthelinearsweepvoltammogramsofH2O2oxidationatpoly
m-PD depositedflatandnanoporousPtwiththediametersof25µm.
ComparedwithbarenanoporousPt,thepresenceofpolym-PD onthe
nanoporousPtmakesskewedandreducedthewell-definedplateau of
the voltammogram.This is attributed to slow diffusion rate ofH2O2
through the dense poly m-PD membrane.Although oxidation and
reduction currentofH2O2 atpoly m-PD deposited nanoporous Ptis
smallerthanthatofbarenanoporousPt,itisstillfarlargerthanthatof
polym-PD depositedflatPt.Accordingly,onecanseetheenhancement
infaradaiccurrentduetonanoporousstructureeveninthepresenceof
polym-PD membraneforenzymeimmobilization.
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FFFiiiggguuurrreee111444...Linearsweepvoltammogramsof1mM H2O2 inPBS ata
polym-PD membranecoatedflatandnanoporousPtelectrodesof25µm
indiameter.Scanrateis1mV/s.
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333...444...AAAmmmpppeeerrrooommmeeetttrrriiicccdddeeettteeeccctttiiiooonnnooofffHHH222OOO222aaannndddgggllluuutttaaammmaaattteee

In order to show the applicability to H2O2 sensor, amperometric
measurementofH2O2 wascarried outatboth flatand nanoporousPt
electrodes.Applied potentialwas0.4V vs.Ag/AgCl,atwhich limiting
currentcouldbeacquired.Figure15showsthattheslopeofcalibration
curveattheflatPtwas2.4pA per10µM andthatatthenanoporousPt
was9.7pA per10µM.Thus,nanoporousPtwasmoresensitiveforH2O2
thanflatPtbyfourtimesinthisexperiment.
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FFFiiiggguuurrreee111555...CalibrationcurvesforamperometricdetectionofH2O2 atflat
andnanoporousPt.Thediameteroftheelectrodeswas25µm.Theinset
showstheraw signalsfrom amperometricmeasurements.
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H2O2 isaproductofvariousenzymereactionsin metabolism.In this
study,amicrosizeenzymaticbiosensorsweremanufacturedbyentrapping
glutamate oxidase on flat and nanoporous Pt electrodes during
electropolymerizationof1,3-phenylenediamine.Theoxidationofglutamate
byglutamateoxidase(GLOx)producesstoichiometricamountofH2O2and
α-ketoglutaratesothattheconcentrationofglutamatecanbedetermined
from theelectrochemicaloxidationcurrentofH2O2.Thereactionstaking
placeattheelectrodeareasfollows;

Theschematicdiagramsofenzymaticglutamatesensorspreparedonflat
andnanoporousPtareshown in Figure16.H2O2 asaproductofthe
enzyme reaction is oxidized atthe Ptsurface.Itis conceivable that
nanoporous Pt could catalyze the electron transfer reaction of H2O2
oxidation.Ifso,glutamatesensorbasedonnanoporousPtwouldproduce
largerresponsestoglutamatethanthatbasedonflatPt.
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FFFiiiggguuurrreee111666...Schematicdiagram ofenzymaticglutamatesensorbasedonflat
andnanoporousPtelectrodes.
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Figure17showshow theenzymaticbiosensorsmanufacturedonflatand
nanoporousPtrespondtoL-glutamate.Theslopesofthecalibrationcurves
forflatandnanaporousPtare2.0pA per10µM and7.6pA per10µM,
respectively.ThesensitivityofnanoporousPtforglutamateisfourtimes
higherthanthatofflatPt,whichissimilartotheresultofH2O2detection.
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FFFiiiggguuurrreee111777...Calibrationcurvesforamperometricdetectionofglutamateat
enzymaticbiosensorbasedonflatandnanoporousPt.Thediameterofthe
electrodesis25µm.Theinsetshowstheraw signalsfrom amperometric
measurements.
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444...CCCooonnncccllluuusssiiiooonnnsss

NanoporousPtsurfacehavingnumerousnanoporeswithdiameter3nm
exhibitsthesignificantenhancementofredox currentofaqueousH2O2.
Owingtonanoporosity,theonsetpotentialof H2O2oxidationshiftsinless
positivedirection.Thesephenomenacanberationalizedbynotingthatthe
electrodesurfaceareaisexpandedbyseveralhundredfoldsandthenovel
geometricfeatureoffersevenmorechancestointeractwithinnerwallof
thePtsurface.Thesepropertiescanbeusedtomakeamicroelectrode
sensing aqueousH2O2.TheelectrocatalyticpowerofnanoporousPtfor
H2O2 oxidation highlightsatmicroelectrodeswheretheinbound flux is
remarkably high compared with flatsurfacedueto sphericaldiffusion.
Immobilizing enzyme onto the nanoporous surface,one can extend its
usefulness to a practicalapplication to enzymatic microsensor.In this
study,glutamatesensorwasfabricated and tested todemonstratehow
nanoporousPtprovideagoodplatform formicrobiosensors.
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CCChhhaaapppttteeerrr ⅣⅣⅣ...NNNaaannnooopppooorrrooouuusss PPPlllaaatttiiinnnuuummm TTThhhiiinnn FFFiiilllmmm aaasss aaa SSSooollliiiddd---SSStttaaattteee
RRReeefffeeerrreeennnccceeeEEEllleeeccctttrrrooodddeeefffooorrrMMMiiinnniiiaaatttuuurrriiizzzeeedddSSSyyysssttteeemmm

111...IIInnntttrrroooddduuuccctttiiiooonnn

Most of electrochemical experiments are conducted in either
three-electrode cell or two-electrode cell.And electrochemical cells
almost always require one or more reference electrode.Potentiostat
circuitis designed to have bonding portwith high inputimpedance,
whichisconnectedwithreferenceelectrode.Thus,negligiblecurrentis
allowedtoflow through thereferenceelectrode.Asaresult,constant
potentialismaintained atthereferenceelectrodeside.Thatway the
potentialoftheworking electrodecan bedefined and controlled with
respecttothereferenceelectrode.
The internationally accepted primary reference[38] is the standard
hydrogen electrode(SHE),ornormalhydrogenelectrode(NHE),which
hasallcomponentsatunitactivity:

Pt/H2(α=1)/H+(α=1,aqueous)
Potentials are often measured and quoted with respectto reference
electrodesotherthantheNHE,whichisnotveryconvenientfornormal
experiments.A common reference is the saturated calomelelectrode
(SCE),whichis
           Hg/Hg2Cl2/KCl(saturatedinwater)
Correspondingpotentialis0.242V vs.NHE.Anotheristhesilver-silver
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chlorideelectrode.
Ag/AgCl/KCl(saturatedinwater)

withapotentialof0.197V vs.NHE.
Although many reference electrodes are developed and used
commercially,mostreferenceelectrodesaremacroscopicscale.Because
miniaturization of the electrochemical sensor or
micro-total-analysis-systems(μ-TAS)attractsscientists'attentionnow,
smallerandsimplerreliablereferenceelectrodeisveryrequired.Todate
Ag/AgClcovered with a suitable protective layer[40-42] has been
adoptedby μ-TAS[39].However,thissystem needsaprotectivelayer
because itis difficultto avoid dissolution ofAgCleven in highly
concentrated chloride solutions.Moreover,since the AgCl layer is
insulating,theprotectiveouterlayercannotbeformedbyelectrochemical
deposition,which is an appropriate method for miniaturized systems
requiringthelayersexclusivelyonthetopofthetinyconductingspots
of interest. Moreover, Ag/AgCl demands a constant chloride
concentration,whichisalesscommonconditionthanaconstantpH.
Solid-state reference electrodes based on metaloxides have been
addressedwiththeaim ofdevelopingpotentialalternativestoAg/AgCl
for miniaturized systems because metal oxides are favorable for
conventional patterning processes and develop constant potential
accordingtothepH ofsurroundinprinciple.Unfortunately,mostmetal
oxidesareostensibly suitableforsolid-statepH sensorsbecausethey
produce unstable and irreproducible potentialin response to pH.As
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pH-sensitivematerials,they aresuffering from non-Nerntian behavior,
hysteresis,and interferencefrom redox-activecouples[21].IrO2 isthe
solematerialthathasbeenrecommendedbyanumberofreportsowing
toitslow sensitivitytoredoxinterference,low hysteresis,andpotential
stabilityoverawidepH range[43,44].
Thisstudy suggeststhatnanoporousstructureispossibleasanother
alternativesolid-statereferenceelectrode.Thenanoporousstructurehas
advantageinaspectofpolarizabilityoverconventionalflatelectrodes.
Theidealreferenceelectrodemusthaveanon-polarizableinterface,on
which any particularcurrentdoes notproduce furtherover-potential.
Bockrisetal.mentionedthattheequilibrium exchangecurrentdensity,i0
is a quantitative criterion of polarizability[45].The electrode/solution
interfacebecomesproportionallylesspolarizableasi0 climbs.Therefore,
i0 should be sufficiently high to sustain a constantpotentialatthe
interface.Sincethemetal/metaloxideofametalelectrodeinvolvesa
surface-confined reaction,it is predicted that i0 should be linearly
dependent on the surface area. The nanoporous surface structure
enormously enlarges the area ofmetaloxide,which is exposed to
solution in the nanopores.Accordingly,the exchange current,i0,for
nanoporousmetalelectrodesisexpectedtobemuchhigherthanthatof
flatelectrodes.
According topreviouspaper[14]about pH response'sperformanceof
H1-ePt,barenanoporousplatinum oxidesexhibitnear-Nernstianbehavior
(e.g.,-55mV/pH inPBS),ignorablehysteresis,ashortresponsetime,
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and high precision,which are remarkably better than those offlat
platinum oxides. The study strongly suggests the usefulness of
nanoporousplatinum inapplicationssuchassolid-statepH sensors.
ThenobleperformanceofnanoporousPtassolid-statepH sensitive
materialsimpliesthatthenanoporousPtfunctionswellasareference
electrode of electrochemical cell whose pH is kept constant.The
following presentshow nanoporousplatinum oxideelectrodeswork as
innovativesolid-statereferenceelectrodes,which arepotentially useful
forminiaturizedelectrochemicalsystems,suchasfordetectionunitson
microfluidicchips.
AlthoughL2-ePtalsoshowsperfectNernstianresponsesandnegligible
hysteresistopH change(Figure18),H1-ePtisappliedinthisreference
electrodepartdue to convenienceofelectrodeposition on a chip.For
example,electrodepositionofH1-ePtcanbecarriedoutonasmallspot
withouta storehouse,which is required to keep surfactantsolution
becauseofhighlyviscousliquidcrystallinesolution.
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FFFiiiggguuurrreee111888...(A)ResponsesofL2-ePtto pH changesin a stirred and
air-saturatedphosphatebuffersolution.(B)EocversuspH curves.pH was
decreasedby adding 2M H3PO4 to0.1M Na3PO4 (diamond)andthen
increasedbyadding2M NaOHagain(circle).
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222...EEExxxpppeeerrriiimmmeeennntttaaalll

222...111RRReeeaaagggeeennntttsss

Octaethylene glycolmonohexadecylether,C16EO8, (Fluka),hydrogen
hexachloroplatinatehydrate(Aldrich),and1,3-phenylenediamine(m-PD)
dihydrochloride (Aldrich) were used without purification to fabricate
nanoporousPtandpoly-m-PD layer.A negative,epoxy-typephotoresist,
SU8,anditsdeveloperfrom Microchem Corp.(Newton,MA,USA)were
usedtomakethemoldsforPDMSchannels.ForpatterningPtelectrode,
hexamethyldisilane (HMDS) (J.T.Baker,Phillipsburg,NJ,USA),a
positivephotoresist,AZ5214-E),and itsdeveloperAZ300MIF (Clariant
Corp.,Muttenz,Switzerland)wereused.Polydimethylsiloxane(PDMS)
slygard184waspurchasedfrom Dow-corning.

222...222IIInnnssstttrrruuummmeeennntttsss

Electrochemicalexperiments were performed using an electrochemical
analyzer (Model CH660, CH Instruments Inc., Austin, TX 78733).
Ag/AgCl(saturatedKCl)andHg/Hg2SO4 (saturatedK2SO4)wereused
asareferenceelectrodeandaplatinum wireasacounterelectrode.The
substrateelectrodeforthenanoporousplatinum film wasaplatinum disk
electrode (0.020 cm2).Another Ptdisk electrode was polished with
alumina(0.3 μm and0.05 μm)andusedasaflatPtelectrode.
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222...333...PPPrrreeepppaaarrraaatttiiiooonnnooofffllliiiqqquuuiiidddcccrrryyyssstttaaalllsss

C16EO8 (0.42 g), distilled water (0.29 g), and hydrogen
hexachloroplatinate hydrate (0.29 g)were mixed,and the temperature
was raised to 80 °C - the mixture then became transparent and
homogeneous.Electrodes were then inserted into the homogeneous
mixtureandthemixturewascooledtoroom temperature(23–26°C).At
this stage,the mixture becomes a highly viscous liquid crystalline
material.

222...444...EEEllleeeccctttrrrooodddeeepppooosssiiitttiiiooonnnooofffnnnaaannnooopppooorrrooouuusssppplllaaatttiiinnnuuummm aaannndddpppooolllyyy---mmm---PPPDDD

Platinum deposition was carried out on a polished platinum disk
electrodeatconstantpotential(-0.06V vsAg/AgCl)inliquidcrystalline
solution.The resulting nanoporous platinum electrode was placed in
distilled water for 1 hr to extract the C16EO8,and the extraction
procedurewasrepeated.Theelectrodewasthenelectrochemicallycleaned
usingacyclingpotentialbetween0.68and-0.72V versusHg/Hg2SO4in
1 M sulfuric acid, until reproducible cyclic voltammograms were
obtained.Itisbelievedthathexagonallycylindricalporousstructuresof
platinum (H1-ePt) are formed during this procedure,as previously
described[10,46].
Theelectrochemicalpolymerizationof1,3-phenylenediamine(m-PD)was
done using a previously described method[47,48].In brief,a thin
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poly-m-PD layerwasfabricated on aplatinum oxidesurfaceby five
cyclic scans of potentialbetween 0.6 and 1.0 V versus Ag/AgCl
(saturated KCl) at 5 mV/s in a phosphate buffered saline (PBS)
containing10mM m-PD

222...555...FFFaaabbbrrriiicccaaatttiiiooonnnooofffmmmiiicccrrrooofffllluuuiiidddiiicccccchhhiiippp

222...555...111...SSSUUU---888mmmooollldddfffooorrrPPPDDDMMMSSSccchhhaaannnnnneeelll

In previousstudy[49],fabrication processofmicro-chip isdescribed.
Corning2947slideglasseswereusedassubstrates.Afteraslideglass
wascleanedinpiranasolution(H2SO4:H2O2=3:1)for1h,itwasrinsed
withDIwater,acetone,methanolandDIwatersequentially.Thecleaned
slideglasswasbakedonahotplateat150℃ tohydratethesurface
for10 min and was cooled to room temperature.HMDS(hexamethyl
disilane)was coated by a spin-coaterfrom Won Corporation as an
adhesion promoterat4000 rpm for30 s and excessive solventwas
vaporizedbybakingtheglassonhotplateat150℃ for5min.
SU8onthecooledslidewasspin-coatedat1800rpm for30swhich
resultedina10–11㎛ thickSU8film.Then,theSU8-coatedslideglass
wasbakedonhotplatesintwosteps:at65℃ for2minandat90℃
for5min.Aftercool-down,theslidewasexposedtoUV light(365nm)
withintensity of16mW/cm2 for10sin amask aligner,MDE-4000,
from Midassystem Co.Ltd.(Daejeon,Korea)usingachannelpatterned
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maskandwasbakedagainat65℃ for1minandat90℃ for2min.
Then,thecooled slidewasdeveloped with SU8developerfor∼1min
underclosemonitoring.AftercarefulrinsewithisopropylalcoholandDI
water,theSU8patternontheslidewascuredonahotplateat175℃
for2htofacilitatesurfaceadhesion.
ForpreparationofthePDMS layerwithpatternofthechannels,one
partofthecuringagentwasaddedto10partsofthePDMSbase.After
mixingthem carefully,themixturewasdegassedinavacuum chamber
for30min.Then,thePDMSmixturewaspouredontothepreparedSU8
mold.ThePDMSwasthermallycuredat62℃ for2h.

222...555...222...MMMeeetttaaallleeellleeeccctttrrrooodddeeesssaaannndddaaasssssseeemmmbbblllyyy

A Corning 2947 slide glass was cleansed and HMDS-coated as
previouslydescribed.Then,AZ5214-E wasspin-coatedat2000rpm for
30 min and was baked at100 ℃ for1 min.The PR coated slide
exposed toUV light(365nm)with intensity of16mW/cm2 for5s
usinganelectrode-patternedmaskandwasbakedat100℃ for5min.
Forimagereversal,PR ontheslidewasfloodedwithUV radiationfor
15s.Thepattern wasdeveloped with AZ300MIF for∼1min under
closemonitoringandrinsedwithDIwater.
Theglassslidewasdriedbyair-blowing.TwentynanometersthickTi
and 100 nm thick Ptlayers were sequentially deposited by a Radio
Frequency Magnetron sputter system from Atek systems (Incheon,
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Korea).Then,theTi/Ptlayerwassoakedintoacetoneandlift-offwith
theaidofsonicationin3510E-DTH from Bransonic(Danbury,CT,USA)
for5min.Theareasofworking,reference,andcounterelectrodeswere
0.00785cm2,0.00343cm2,and0.0314cm2respectively.ThePDMS layer
withamicrochannelpatternwasattachedonthePt-mountedslideglass.

222...666...EEEllleeeccctttrrrooodddeeepppooosssiiitttiiiooonnnooofffAAAgggaaannndddAAAgggCCClll ooonnnaaawwwooorrrkkkiiinnngggeeellleeeccctttrrrooodddeeessspppooottt
iiinnnaaaccchhhiiippp

PDMSchamberwasattachedtoworkingelectrodespotaroundsoasto
expose only electrode surface to solution.Working Ptelectrode was
electrochemically cleaned in poured1M H2SO4 in aPDMS chamber
until typical cyclic voltammogram of platinum is appeared. And
electroplatingofAgwasconductedbybulkelectrolysisat0.0V versus
Hg/Hg2SO4in100mM KNO3containing10mM AgNO3upto2.8C/cm2.
To electrodepositAgClon a Ag deposited working electrode spot,
anodiccurrent(0.4mA/cm2)waspassedbyusingchronopotentiometric
techniqueinsaturatedKClsolutionforabout4000s.ThecolorofAgCl
platedonAghasdarkgray.
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333...RRReeesssuuullltttsssaaannndddDDDiiissscccuuussssssiiiooonnnsss

333...111...EEEffffffeeeccctttooofffnnnaaannnooopppooorrrooouuusssssstttrrruuuccctttuuurrreee

Figure 19 shows the results ofchronopotentiometry conducted with
H1-ePtO andflatPtO.Constantanodic(1 μA/cm2)currentwasallowed
toflow until1000s.ThepotentialchangeofH1-ePtO (79mV)ismuch
slowerthanthatofflatPtO (378mV)for1000s.IttellsthatEoc of
H1-ePtupon a galvanostaticalcurrentundergoeseven smallerchange
thanthatofflatPt.ThisindicatesthehighnonpolarizabilityofH1-ePtO,
whichisoriginatedfrom itsextremelyhighsurfacearea.
Thisadvantageofhighnonpolarizabilityismoreclearintwo-electrode
system,especiallyconsistingofmicroelectrode.Inthissystem,Eocofa
micro flatPtelectrode as a reference electrode is expected to be
unstable because high currentdensity willbe imposed on the small
electrodearea.Ontheotherhand,theEocofamicroH1-ePtelectrodeis
morestableandsteadyowingtoitshighnonpolarizability.

  



- 63 -

      
0.2

0.3

0.4

0.5

0.6

0.7

0 200 400 600 800 1000 1200
Time/s

P
ot

en
tia

l/V

flat PtO

H1-ePtO

FFFiiiggguuurrreee111999...Resultsofchoronopotentiometry forH1-ePtO (dotted)and
flatPtO (solid),underconstantcurrentconditionof1 μA/cm2,inPBS
solution(pH 7.4).
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333...222...EEEffffffeeeccctttooofffaaarrreeedddoooxxxcccooouuupppllleeeiiinnnttthhheeesssooollluuutttiiiooonnn

Figure 20 shows the open-circuitpotentials(Eoc)ofH1-ePtO (figure
20B)andflatPtO (figure20A)in PBS bufferwith orwithoutredox
couple.Figure20A showsthattheEocofflatPtO isverysensitiveto
thepresenceoftheFe(CN)63-/4- redoxcouple.Thisiscommonlyfound
formostmetaloxides.Fogetal.reportedthatplatinum oxidewasmost
sensitive to the Fe(CN)63-/4- couple among the metal oxides they
tested[21].ThesurfacepotentialofflatPtismainlydeterminedbythe
redoxequilibrium oftheFe(CN)63-/4-couple.
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FFFiiiggguuurrreee222000...Chronopotentiometriccurvesof(A)flatPtO,(B)H1-ePtO
(r.f.318),and(C)H1-ePtO/poly-m-PD (r.f.236)toaddedFe(CN)63-/4-in
aerated and stirred PBS solution (pH 7.3).The concentrations of
K3Fe(CN)6 andK4Fe(CN)6 wereincreasedfrom 0to0.5mM at100s
(indicatedbyarrows)byinjectingtheirconcentratedsolutions.
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Ontheotherhand,theresponseofH1-ePtO isquitedifferenttothatof
flatPtO,asshown in Figure20B.Although theEoc isstillseriously
affected by the Fe(CN)63-/4-couple,the contribution ofPt/PtO grows
markedly.Thisresultindicatesthatthesurfaceequilibrium ofPt/PtO is
notaminorfactorindeterminingtheEoc’sofelectrodeswithnanoporous
structures.Thisisnotsurprising when itisbornein mind thatthe
exchange currentofnanoporous Pt/PtO increases enormously as the
surface area is increased.Meanwhile the exchange current due to
Fe(CN)63-/4- climbsslowly compared with thatofPt/PtO becausethe
contribution of the electrochemicalreaction of Fe(CN)63-/4- does not
increaseasmuchasthesurfacecontribution[13].Thereforetheresultsin
Figure20indicatethatthenanoporoussurfacemorphology suppresses
therelativecontributionofFe(CN)63-/4-totheEoc,thoughitremainsfar
from perfect.

333...333...SSStttaaabbbiiillliiitttiiieeesssooofffppplllaaatttiiinnnuuummm oooxxxiiidddeeeeeellleeeccctttrrrooodddeeesss

InordertocheckthestabilityofnanoporousPt/PtO,thesensitivityof
theEoctopH wasmonitoredforseveraldays.TheEocofH1-ePtO was
maintainedforatleast6days.Theaveragepotential(pH 7.3)was0.367
V versusSCE withastandarddeviationof0.011V (n=4).TheEocof
flatPtO wassounstablethatthestandarddeviationreached0.028V for
anaveragevalueof0.319V overthesameperiod.H1-ePtO coatedwith
poly-m-PD also showed stable potentialaverage of0.327 V and a
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standarddeviationof0.006V.

333...444...EEEffffffeeeccctttooofffpppooolllyyy---mmm---PPPDDD lllaaayyyeeerrr

AsFigure20shows,H1-ePtO islesssensitivetotheFe(CN)63-/4-couple
than flatPtO.Howeverthe presence ofFe(CN)63-/4- stillaffects its
sensitivitytopH.Inordertoeliminatetheinterferencebyredoxcouples
more effectively,a compactnonconducting polymer(poly-m-PD)was
applied.Figure20C showsthatthepoly-m-PD layerisan excellent
barriertostopredoxcoupleswhiletheflatPtO instantlyrespondstothe
addition ofa Fe(CN)63-/4- couple.Although H1-ePtO shows a slower
responsetotheredoxcouplethanflatPtO,theredoxcoupleretainsa
strong influence.However,theH1-ePtO/poly-m-PD exhibitsalmostno
response to the redox couple. This result indicates that
H1-ePtO/poly-m-PD is a promising candidate for practicalreference
electrodesinneutrallybufferedaqueoussolutions,suchasbiofluids.

333...555...PPPeeerrrfffooorrrmmmaaannnccceeeiiinnnvvvooollltttaaammmmmmeeetttrrryyy

In order to prove the performance of H1-ePtO/poly-m-PD as a
reference electrode,the results of voltammetric measurements using
H1-ePtO/poly-m-PD were compared with those using a SCE.Cyclic
voltammograms obtained with SCE and H1-ePtO/poly-m-PD had
identicalshapeswith an E1/2 differenceof0.30V,asdemonstratedin
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Figure21.

333...666...PPPeeerrrfffooorrrmmmaaannnccceeeiiinnnpppooottteeennntttiiiooommmeeetttrrryyy

TheperformanceofH1-ePtO/poly-m-PD asareferenceelectrodewas
alsodemonstratedin potentiometricapplication using Ag/AgClwireas
indicator electrode for chloride ion (solid circle in figure 22).The
Ag/AgClindicator electrode acts as a typicalchloride ion-selective
electrodein combination with H1-ePtO/poly-m-PD.Thesupplementary
study showedthatH1-ePtO/poly-m-PD rarely showed theinterference
from chloridebelow theconcentrationof0.1M.Thus,thepotentiometric
system composed ofAg/AgCland H1-ePtO/poly-m-PD performsasa
goodchlorideISEovercorrespondingconcentrationrange.
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FFFiiiggguuurrreee222111...CyclicvoltammogramsobtainedinPBS containing 0.5mM
K3Fe(CN)6and0.5mM K4Fe(CN)6,usingaglassycarbondiskelectrode
(area:0.071 cm2) as a working electrode and SCE (thin line) or
H1-ePtO/poly-m-PD (r.f.236)(thickline)asareferenceelectrode.
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FFFiiiggguuurrreee222222...Potentiometricresponseobtainedinphosphatebuffer(0.15M,
pH 7.4)asincreasingchlorideconcentrationupto0.1M.AgClonAg
wire (Ag/AgCl) was used as an indicator electrode. And
H1-ePtO/poly-m-PD (r.f.100)orAg/AgCl(saturatedKCl)wasusedas
areferenceelectrode.
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333...777...AAAppppppllliiicccaaatttiiiooonnnfffooorrrmmmiiicccrrroooccchhhiiippp

Microchip equipped with micro-electrochemical cell based on
H1-ePtO/poly-m-PD was constructed (figure 23). The
micro-electrochemicalcellcontainsthreeplatinum electrodes,on which
varioussurfacemodificationsmaybeperformed.Fortheapplicationin
voltammetry,H1-ePtO/poly-m-PD wasformedontheelectrode2,andall
thethreeelectrodewereused(typeA).Forpotentiometry,electrode2
and 3arecoated with H1-ePtO/poly-m-PD and Ag/AgClrespectively,
and then only thetwoelectrodeswereused astwo-electrodesystem
(typeB).
The performance of the micro-electrochemical cell equipped with
H1-ePt/poly-m-PD as solid-state reference electrode was tested in
voltammetry and potentiometry. Figure 24A shows the cyclic
voltammograms measured in A-type micro-electrochemicalcell.The
cyclicvoltammogramsshow typicalbehaviorsreportedbytheprevious
study forthe similarmicro-electrochemicalcellwith Ag/AgCl,which
wasisolatedwithpolyelectrolytesaltbridge,asreferenceelectrode[50].
Figure24B showsthepotentiometricresponsemeasuredwith type-B
electrochemicalcell.ItshowsthattheH1-ePtO/poly-m-PD embeddedin
micro-chambertogetherwith Ag/AgClperforms as a good reference
electrode like it acts in bulk electrochemicalcell(figure 22).The
voltammetric and potentiometric application of H1-ePtO/poly-m-PD
illustrates the usefulness for microanalysis system of solid-state
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referenceelectrode,especiallynanoporousplatinum.
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Ag/AgClH1-ePtO\poly-m-PDDummyType-B

Flat PtH1-ePtO\poly-m-PDFlat PtType-A
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Ag/AgClH1-ePtO\poly-m-PDDummyType-B

Flat PtH1-ePtO\poly-m-PDFlat PtType-A
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FFFiiiggguuurrreee 222333...The microchip (up) and the micro-electrochemicalcell
(bottom).The micro-elctrochemicalcellwas consisted with three Pt
electrode;electrode1(0.00785cm2),2(dia.0.00343cm2),and3(0.0314
cm2).Theelectrochemicalcellhastwochambers,andelectrode1and2
areinthesamechamber.Theheightofthechamberswas30µm,and
thechambersareconnectedbymicro-channelwhoseheightandwidth
are30µm.
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FFFiiiggguuurrreee222444...PerformanceofH1-ePtO/poly-m-PD asreferenceelectrode
embedded in microchannelduring voltammetric(A)and potentiometric
(B)mesearements.(A)Cyclicvoltammogram of0.5mM ferricyanideand
0.5mM ferrocyanidein PBS (pH 7.4)using Pt’s(electrode1and 3)
depositedbysputteringasworkingandcounterelectrodes.Scanrate;1,
2,4,6,8,10mV/s.(B)Eoc obtainedinphosphatebuffer(0.15M,pH
7.4) as increasing chloride concentration up to 0.1 M. Ag/AgCl
electroplatedonelectrode3andH1-ePtO/poly-m-PD on2wereusedas
anindicatorandareferenceelectrode,respectively
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444...CCCooonnncccllluuusssiiiooonnnsss

Thisstudyshowsagoodpossibilityofnanoporousplatinum structure
forsolid-statereferenceelectrode.Nanoporousstructurehasenormously
large surface area due to a greatmany ofnanopores with 2-3 nm
diameter.Exchangecurrentforthesurfaceequilibrium reactionofPt/PtO
isproportionatetoelectrodesurfacearea.So,exchangecurrentofthe
nanoporousPtismuchgreaterthantheflatPt.Accordingly,nanoporous
Ptmaintains the more stable open circuitpotentialin constantpH
condition.
Interference from redox couples can be completely eliminated by
appropriateblockinglayers.Thedepositedpoly-m-PD layerpresentsan
exampleofthesuccessfulsuppressionoftheeffectoftheFe(CN)63-/4-

couple.
H1-ePtO/poly-m-PD system providesseveralvaluableopportunitiesfor
variouselectrochemicalapplications,forexample,chemical/biosensorsand
micrototalanalysissystems.Itiseasy tomakeandittakesonly a
short time to fabricate reproducible products, thus favoring mass
production.Moreover,H1-ePtO/poly-m-PD canbepatternedinasmall
scale because its fabrication procedure is based on electrochemical
methods.It is believed that H1-ePt/m-PD system as solid-state
referenceelectrodeispotentially usefulforminiaturizedelectrochemical
systems,such as the electrochemical detection units integrated in
microfluidicchips.
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TTThhheeeEEEllleeeccctttrrrooocccaaatttaaalllyyytttiiiccceeeffffffeeeccctttooofffNNNaaannnooopppooorrrooouuusssSSSuuurrrfffaaaccceee
aaannndddiiitttsssAAAppppppllliiicccaaatttiiiooonnnsss

                                        Ji-HyungHan
Departmentofchemistry
Graduateschoolof
SungshinWomen'sUniversity

Nanoporousmetalsurfacesin thisstudy arecomposed ofnumerous
nanoporeswithdiameterof3nm.Becauseofthisuniquestructure,itis
expected that active realsurface and collision frequency could be
remarkablyenhanced.Weinvestigatedtheapparentelectrocatalysisthat
isobservedatthenanoporouselectrodesintermsofcollisionfrequency
aswellassurfacearea.Basedonthefundamentalresearchontheorigin
of the apparent electrocatalytic behavior, two practical applications
includingmicro-glutamatesensorandsolid-statereferenceelectrodewere
demonstrated.Overall,thisthesisconsistsofthreepartswithrespective
issuesasfollows.
PartIaddressed the novelstructuraleffectofnanoporous platinum
surfacetotheamperometricresponsestoglucoseandhydrogenperoxide,
and potentiometric signals due to pH changes.Geometric effect of



nanopores was verified in both faradaic reaction ofsluggish glucose
oxidationandnon-faradaicsystem ofopencircuitpotentialrespondingto
anypH change.
In partⅡ,theapparentcatalyticability ofnanoporousplatinum was
exploitedtodevelopeenzymaticglutamatemicro-sensor.Theoxidation
current of hydrogen peroxide generated in enzymatic reaction was
amplified by nanoporousplatinum,which had been electroplated on a
Pt/Ir alloy wire.1,3-phenylenediamine was electropolymerized on the
electrodeforimmobilizationofglutamateoxidase(GLOx).Thesensitivity
ofnanoporousplatinum forglutamatewasfourtimeshigherthanthatof
flatplatinum.
PartⅢ reportedtheutilizationofnanoporousplatinum foranew kind
ofsolid-state reference electrode.The anodized nanoporous platinum
provides many electroanalyticalcharacteristics such as near-nerntian
behavior,low hysteresis,andashortresponsetimeinpH responsethat
suggesttheapplicationtoasolid-statereferenceelectrodeinaconstant
pH condition. In addition,Poly-m-PD layeron nanoporous platinum
oxide effectively suppresses the interferences by redox-active species,
whichareoftenseriousproblemsintheconventionalIrOxsystem.Itwas
showed thatthe solid-state reference electrode ofpoly-m-PD coated
nanoporousplatinum can besuccessfully integrated in themicrofluidic
system onaglasschip.
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쁘신 본경 언니,정말 감사드리고,언니 닮은 예쁜 아기 낳으세요.그리고 말 안 듣는
저 때문에 많이 고생하셨던 효진 언니,가끔씩 정말 무섭지만 너무나 귀여우신 윤미
언니,카리스마 선영 언니,모두 감사 드려요.선배님들이 있었기에 대학원 생활동안
많은 것을 배우게 됐어요.더 좋은 후배가 되도록 노력하겠습니다.끊임없는 질문에
가끔씩 난감해 하시지만 제가 이해하기 쉽게 말씀해 주시고,때로는 고민을 상담해
주시는 정말로 착하신 란아 언니,정말 감사 드려요.언니 없었으면 졸업 못했을 거예
요.그리고 내 후배들… 조교로서 선망의 대상인 연주,웃는 모습이 귀여운 범진아.
정말 고마워.우리 연구실을 부탁한다.자주 뭉치지 못해서 아쉬웠던 동기들..선자,
윤정이,지선이,유나,혜용아,좋은 논문 쓰길 바랄께.그리고 알고 보면 터프한 연경
언니에게도 감사의 말씀 드립니다.연식군,나 때문에 고생 많이 했다.좋은 여자 친
구 생기길..그리고 열심히 대학원 생활하는 지영아.좋은 논문 쓰고 얼굴 좀 자주 보
자.
대학원 생활로 힘들어 하던 나를 격려해주고 챙겨줬던 승근아,정말 고마워.앞으로



네가 하는 일 다 잘 될꺼야.그리고 나의 귀염둥이 동생들… 효정아,승민아,항상 웃
으면서 커야 한다.
마지막으로 저를 지금껏 키워 주시고,항상 걱정해주시는 부모님께 감사하다는 말씀
을 드립니다.항상 건강하세요.행복하세요.제가 부모님 곁을 든든하게 지켜드리겠습
니다.

2006년 6월 논문을 마무리하며

한한한 지지지 형형형 올림
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