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Abstract

Bipolar electrochemistry, which generates an asymmetric reaabivitihe surface of conductive
objects in a wireless manndras become promising fieldfor various applicationslt enable the
coupling of anodic and cathodic redox reactions at the opposit@ttigsbipolar electrode (BPENd
providesa new paradigm for electrochemical sensiBtgectrochemiluminescence (ECL), thight-
emitting process generated by electrochemical means, could transfer the electrochemical signal into
light emission under bipolar electrochemisiriie primary goabf this dissertatiors to developeliable
BPE ECL sensing systemof detecting electractive species and biarges using thin-layer
electrochemistryand AC square wave excitation with merits of kijloughput, miniaturization,

multiplicity, versatility, low cost andsimple instrumentation.

Chapter 1Ifirst presents a detailed literature review on the principle and background of bipolar
eledrochemistry with its relevant applications such as electrodeposition, electrocatalysts scagehing
motion generation. Specificallyhe ECL applicationin bipola electrochemistrys discussedh detail
on its history, mechanismandapplication in anlgte sensing. The concept aretentdevelopment of

theclosed BPE systeire also illustrated

Chapter 2 describes tipeocessof designing thdipolarelectrodethin-layer (BETL) ECL system
in detecting electroactive species inoa-concentration range. 3D printing techniques are used to
fabricate versatile bipolar celtontaining theeportingsystemanda thin-layer structure. Preliminary
tests ofthe BETL system are performed to investigate the effects of diffamhtonfigurations and
experimental parametend/ith the helpof the pre-attempts of cell design, the final established BETL
system with an isolatedoublecell desgn is demonstratedin addition tothe ECL performance,
simultaneou®lectrochemical simulation is employed to provatensightview of the BETL system
and correlate the electrical signal with the ECL response. Ferrocianidganide and
hydroquinme/benzoquinoneedox sytemsarestudied, providing their concentration profiknd other
importantelectrochemical parameters agidressing the reéime ECL response fromlectrochemical

reactions within théhin-layercell. Also, the electric fieldlistributionin the BPE systens extensively



studiedconcerningnany influential factorandit explainsexplicitly the ECL intensityariationduring

the experiment.

Chapter 3 hightyhts the development of th&C square wave bipolar ECL system with high
sensitivity and flexibility. This EClsensingsystem, in a closed configuration witilephase separation,
is capable oamplifying the signal frontheregeneration o&nalyteby emplying the AC square wave
excitaion. Significant signal/noise gaiis achievedy accumulatinghite ECL response over multiple
measureegenerateycles Ferricyaniden the solution, polymerized MB confined on the surface-MB
conjugated DNA monolayeand DNA loop as a model of ECParerespectivelyquantified Also, the
frequencydependentlectric field distributionis the AC BPE celis characterizethy the help ofthe
solution potentialeasurement

Chapter 4 focuses on thedaedstudieso improvetheperformance of the AC square wave bipolar
ECL system. Efforts havbeentakenincluding the modification ofcarbon electrodes, the uséa
photon countingghotomultiplier tubgPMT), and theMB intercalationmethodwith DNA.

Chapter 5summarizes the findings of the reseafthe recommended future work for both the
BETL and AC square wave bipolar ECL systara statecccording to the contributed topics to these
projects.
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Chapter 1 Introduction
1.1 Bipolar Electrochemistry
1.1.1 Basic Concept and Background

Over the past decade, bipolar electrochemi@BE) which generates an asymmetoiehavioron the

surface of conductive materials in the absence of a direct ohmic contact (wireless), has emerged as a
usetl tool in various aspects of applications, such as electrodepésitmrcentration enrichmeirf;
sensind’*®, photosplittindg?, catalysi&®, andmation generatiotf!’. With its novel configuration, it is

capable of overcoming many drawbacks of existing electrochemical teeknand apparatuses,
including the difficulty & making electrical contact to subscale electrodesumiéorm potential
difference control ovaheelectrodesurface andsimultaneousegulation and readout of large electrode

arrays.

In bipolar electrochemistry, a conducting object, which is call@golar electrode (BPEijs positioned

in an electrolyte solution under the influence of an external electricvigidh is applied beteen two

driving electrodes by a power source. Without the electric field, the immersed object is at a mixed
potental En. Whenthe electric field is applieddue tothe current flowing through the system, a
polarization of two sides of Ehobject occurand makes iinto separateathodic and anodic regions.

Both anodic and cathodic reactions can occur on differdes sif the same electrode.
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The principle obipolar electrochemistng illustratedn Schemel.1, a conductin@bjectwith a length
of | is immersedn the electrolyte without wire emection. When an externabltage(E«w) is applied
between two driving electroddxy the power supplya linear potential gradieit establishedn the
electrolyte solution. If we assume the distance between the two driving electradmsdisgnoe the
inevitable potential drop on the two driving electrodes, then the electric field (potential gradient) in the

solution is given by

] (0]

0
As a consequence of the electric field, theEBBs an equipotential body, will float to an equilibn
potential value Erg, adjusted by the surrounding solution potential. Accordingly, there would be a
potential difference at each lateral position of thecteode/solution interface. Inther words a
polarization potential, given by tttfference of the solution potentiaith respect tdhe BPE, arises.
It will serve as the driving force that leads to electrochemical reduction and oxidatio® cathodic
region and anodic region, respectivélyf we assume the solution potential at the cathodic end of the
bipolar electrode i®, and at the anodic ensflO . O 'O, as a fraction oE, denote a¥6, is the
maximum polarization potential difference betweenekiremitiesof the BPE It is proportional to the

length @ of the bipolar electrode arhe applied wltage(Eor)*&2°.
Y6 0 O 1 a — «a

Note thatin a more accurate cailation, the numerator ovérshould not be the applied voltaBe: but

the potential difference betweedhetwo driving electrodeslue to theinevitable potential drop at the
driving electrode/solution interfac&hatis the overptentialrequired forthe electrochemicateaction

to happen at the driving electrode atudprovide the current that polarizes the BPE. One idea of
minimizing theinterfadal potentialdrop and maximimg the utilization of potential drop across the
solution is to put the bipotaelectrode in a microchannel that almost has the same length as the
electrolytic bath in which it resid€sBecause ofhe high resistance of the channel, the overwhelming
majority of Eq: is droppedinearly across the lengthf the microchannellt facilitates the accurate
measurement of the potential difference acrdes BPE and quantitively theoretical analysis of
reactions happen at both BPE erdsaddition by using this configuration, we can significantly reduce
the requiredapplied voltge and alsoweaken the reactiohappeimg on both driving electdesby
introducing aconsideral# solution resistanceés a resultunexpectedurface chemistrgnthe driving

electrode anthe massie concentration change in the soluticenbe prevented

The value o¥6 is directly related to the reactivifit the ends of the polarized bipolar electrode interface.

With a sufficientY6, reduction and oxidation can take place at the cathodicaeddanodic end



simultaneouslyThe object behaves at the same time as a cathode and thiawayvhy we refer it as
abipolar electrod¢BPE) More accurate speaking, thése particular location where the potential of
the solution equal Egre. On both the cathodic and anodpoles the overpotential(polarization
potential)s, noted as the potential difference between the solution and the eleatitiEation along

| is the driving forcehat leads to the reduction and oxidation, respectifgljor the overpotential at
the cathdic end ang for the overpotentiaat theanodic end)Because otharge neutrality within
this conductive bipolar electrode, an electrochemical process giad@ef the BPE must be coupled
electrically atthe samerateby an opposite process at the otpele

For example, elembactive specief andONgan undergo the following reactio®i neé © O andO;j

+né O Rj. Therefore the minimum potential valuep \kin, thatis needed ttriggerthese two reactions

at the polarized interfaces at both extremities of the bipolar eleatesdbe otainedfrom the Nernst
equationregardingthe standard potentials of the two redox couples and their concentriatithres
solution. A accurate wayfor experimental conditions) to determine this value, would be to perform a
cyclic voltammetry experimentising a comparable material to the BPE as working eleéidtithe

condi t ipdhnisfaifMed, these faradaic retions occur spontaneously at both extremities.

The BPE could be any conductive mateaich agarbon, metals, semiconductors or coated insulators
with any characteristic dimension and geomeémyeimportantpoint is the substrate must have a highe
conductivity than the surrounding mediuihe dimensionof the BPE which determines the electric
field appliedacross it will have adired influence on the kinetics of the two redox reactitys
determhing the magnitude of polarizationin the case othe electrodeposition process, this will,
therefore, have a consideraidiuenceon the morphology of the deposit, ranging from crystaltin

amorphous

Bipolar electrochemistry, like conventional electrochemistry, reqainedectrolyte that can support
the separate oxidation and reduction reactiongeri concentrated electrolyte, with a langemberof

free mobile ions, is tooonductiveto support the electric fields induce bipolar electrochemistry. A
dilute electrolyte, with a lowumber of free or mobile ions, is a relatively poor conductor and can
support the electric fields needed for bipolar electrochemistig.ditierence in conductivity provides

a driving force for the movement of current through the bipolar electrode.



Fi g LXCearrent flow and (b) Rastance distribution ithe open BPE cell'he total currentio
flowing through the BPE celiff anopen system) coulde dividedinto two fractions in the vicinity of
the bipolar electrodé One fraction of itjspe, is the faradic current which flows through tHgpolar

electrodevia electronic conductiarThis currenensursthe electrochemical reactions océngr at

both endof the BPE The other fractionthe bypass currerinps, is the current flow in the solution

caused by migration of charged species. Theraliseatrelation between these three terfgy(re
1.1(a)):

The relativefraction of the current passing through the solution andetbetrode depends ahe
solution resistanc®s, and dobal resistanc&spe from both electron and mass transfer efféggre
1.1(b)). Due toa much smalleRs thanRepg, the solution resistance determines the electric field in the
solutionin this parallel circuit. As a result, the potential difference obtained at the two ends of the
BPE/solution interfacés mainly governedby the uniform potential gradient across #udution. The
determindion of igpe can be achieved directly through the use of split bipelectode$? Increasng

the ionic strength of the solution leads to an incréaske bypass current. Comparably, the majority
of the total current passes through the electrolyte solution rathethttwargh BPE in an open system.
Therefore, the deformation of the eliéc field by faradaic reactions on the BPE will be negligible and
resemble a linear electric field if the conductivity of the electrolyte solution is higimg a very
conductive bipolar electrode andh@h-resistance solution will minimize,s Another approachto
completely overcome the bypass current is toausesed bipolar configuration, so the current could

only flow through the bipolar electrode.

Whenconrsideringthe kinetis, we could build up a straightforward model of electh@msfer limited
reaction for qualitatively understanding tlaeadaic currenprofile along thebipolar electrodéy using
the Butleri Volmer relatiorf®. Several aspectsan influence the kinetic behavior of bipolar

electrochemistry. First, the applied voltage dominatesritezfacial ptential difference across the



length of the BPEandconsequently the electrochemicahcgons happeng on the surface. Second,

the electrode nature and geometry (both drivindthe bipolar electrodes) also play essentiafole

in determining the m&ction condition.In addition electrochemical processes, likalsorption
heteogeneous electron transfer, and mass transfer, would have effects on the bipolar electrochemistry,
like what is happening ioonventional electrochemistry. Forample, when dealing with lardepolar
electrods or high electric fields, there would becompetition between electron and mass transfer
(including diffusion and migration of electroactive species). In bipolar electrochemistry, the potential
gradient aavss the solutiofis treatedaseven and uniform. However, whesgpd becomes comparbd

with ipps asin cases when thBPE is a similar sizeasthe driving electrodethenthe electric field

distribution influenced by the generated concentration gradients shoultbadd@n into accoupit?e,

As found bytheresearchers, instead of a single object, the bipolar electrode could also be assembled
by connecting separated electrodes electricallyttegeNyholm and cevorkers recognized that two
individual electrodes could be connected outside the electrochemical cell and thus act as a single bipolar
electrode.They found that the induced potential difference between two microband eledimodes
capillary electrophoresiander high separation voltagecreased as a function of the applied voltage

and interelectrode distanda.addition the induced current was proportional to the potential difference
and concentration of the redox couple in tHetgan. Consequently, th phenomenon is realized useful

in characterizing the behavior of bipolar electrochemid®®gsedon this method the current flowing
through can thus be measured by creating split BPEs and wiring them to an ammeter exterior to the
fluidic space directly. They alsaneasured thaolution potentiahndcurrent density distribution in the

BPE systemand the resulivas examinedby surface plasmomesonancdSPR)spetroscopy Two

small modified reference electrode tips were put in different locations in the solution under the
externaly applied voltage and connected outside to a voltmeter. As a result, the@x#onpotential
difference between these two specjf@ntswasacarately measuredeflecting the electric field across

the solution. Besides, the current density distribution at the BPE/solution interfacebecadduired

by positioning the tips clos® the BPE sugce. The voltage between these two vaogely placed

reference electrode tipgasproportional to the current density passing in the region of th#é.tips

I n the theoretical wor k dtheaBPE gotentialprafile busiryasglit o u p
electrode design. The middle portion of the bipolar electwagremoved, leaving two microband
electrodes separated at their outer edglessetwo microband electrodegereconnected outside by a
voltmeterto measure # potential difference. By way aonnecting the two split electrodés an
ammeter instead o voltmeter, the currerthat should pass throughcantinuousBPE of the same
lengthasthe separabg distancebetween the two microbandsuld also be measuredirectly. This

measured current is in great agreement with the calculated duararthe theoreticalassumption.



1.1.2Applications of Bipolar Electrochemistry

As mentimed before, bipolaglectrahemistry is a phenomendmat hasbeenknownfor quite a long

time butwasless popular for a few decades. At that time, the community of chemists mainly worked in
the field of electrolysis, corrosion, and battetiés However, recently, it has attracted considerable
attention. The fabrication of electric contacts between Cu particlbgpblar electrochemistryppened

the door to interests of materials and nanoscielideas various aspectsf applications, such as
electrodeposition, ECLmotion generatiofl, snsing®, separation, detection, photosplittthgand
catalysis Some applications will be discussed here as an insightful understanding of bipolar

electrochemistry.
1.1.21 Electrodeposition

One topic related tbipolar electrochemistry is Janus particleamedafter the Roman god depicted
with two facesThese objects exhibit different physicochemical properties on two oppositeanidles
are key components of a significant number of apjtinatthat have attréed an increasing interest in
the past several yedt&’. Special effects are devoted to the synthasidsurface modificatiof these
anisotropic bjects, endowing themith many amazing features as a unique class of materials ranging
from solid-state libraries, sensor, motion generation, opétestronicdevices, sethealing materials
to photocatalysisSo fay the great majority of methods exigj for the generatio of Janus particles
break their symmetry by using interfacessorfacesbut are limited by a low timspace yieléf.
Becais bipolar electrochemistryallows the bulk production in a singiep technique with a highly
controlleddeposit structure and morphology as wekamgnificantly improvedield®, it now becomes
anappealingand unique tool for bulk and wireless synthesia®fmmetrianaterials comparedith
other techniques such ascrofluidic system®, protection/deprotection mechanisfsithography’,
Langmuiii Blodgett depositiorl®, microcontact printing®®, and metal strippin’. The production
guantity often limits théattertechnique$decause the mditiation occurs in &awo-dimensional reaction
space. Howeverbreaking the asymmetry by way bipolar electrochemistrjias two significant
features. Frst, the gradient of polarization potential along the surface of the objectlmmnidnipulated
secondlit allows anintrinsically asymmetric reactivitipy the varyingpotential difference between the
solution and th&PE

For metal deposition, t@oneeringvorks were carriedut byB r a dslgreup.6rheyave extensively
studied the use @PEfor electrodeposition d?dcatalysts onto micrscaleparticles graphite pader,
carbon nanotubesind nanofiberé:*3. For the first publication, a Pd sailas reducedt the cathodic
pole with the organic solvent oxidized at the anodic polthemicrometersized amorphous graphite
particle$®. The eched membrarseor cellulose papswith one absoring layer of particlesvereused

to ensuragheirimmobilization
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Based on theidevelopmenbf controlled bipolar microand nanaelectrodepositiorof Pd catalysts,

gold®, coppet®, nickel’, andmany other metals haween successfully deposited various typesf

substrates. For example, Bohn eteaiperimentedo deposit Cu on a very thin Au electrétidattah

took advantage of BPE to functionalizzarbon substrates with asymmetric copper particles

electrodepositedrom a bulk solutiod®. The spatial orientation of this metal deposis highly

controlledby two successive potential stegnd adjustinghe viscosity of the surrounding medium as

well as manipulating the applied electric field. By SEM study, they founddtffatent electric field
orientations dominated the copper cluster topology (centered or noncenfdredPE was well

adaptedo modfy carbon substrates with metal asymmetricadligd the topology of the deposivas

controlledby the alignment o$ubstratesn the electric field(Figure 1.2). By a philosophy of using
electric field pulse, the modification tfo sides of the electrode with coppesisachieved®.
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Ulrich et al. proposed the use of a bipolar electrode to create a surfadeergraf nolecular

functionality?””. The adsorption or desorption of specific molecutesild becontrolled along the

conducting surfacey the gradients of parization potential A self-assembld monolayer §AM) of

HS-CH4-(0O-CoHa)e-COOH (MPEQ was first formed on the gold electrodby employingprotein

immobilizationproceduresBy desorbing the thiolboth cathdically and anodicallyit thengenerated

afunctional molecular gradient across BIE surface(Figurel1.3).
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composition with applied potentied shownin the lower right portio of the frame. (bA plot of the
AES atomicpercentage ofd and S as function of lateral position along the BfEAdapted with
permission from49]. Copyright © (20D) American Chemical Society.
Ramakrishnan in our group used bipolar elatposition to forma onedimensional chemical
composition gradient cEdSon a Au surface Figure 1.4(a))*°. Under AES and Raman spectroscopy
characterization after electrodepositidiey found that the film formed represedtthecontinuous one
dimensional soligstate matdal libraries. Agpredicted from simple thermodynamic consideratibere
werethree distinct deposition zonddear the cathodic pole of the BPE, the CdS deposit wasctd
at the middle point, there was an excess of S elenagigt between these twogiens, a nearly

stoichiometric CdS wasebtained(Figure 1.4(b)).

Our group also reported the bipolar synthesis dfAAgalloy gradients om stainless steel substrzte
Theinterfacial potentiafjradient in bipolar electrochemistry cadsiee rates of electrodeposition of Ag
andAu tovary along the length of the BPE andvgth the chenical composition. The resulting surface
morphology of the AgAu film showeda uniform coverage of deposited material composed of a broad
distribution of spheroidal surface asperiti@snultaneougnergydispersive Xray spectroscop{EDS)
characterizatin indicatesa nearly linear gradient across the lateral position from approximately 55%
Ag to 100% Ag.A selfassembled monolayer of a Rarative benzenethiol molecule wésen
allowed to form on the alloy surface f8urfaceenhanced Raam spectroscop{SERS studywith the
result in agreement with the observation reported, that the optical extinctiori AliAgloy would
increase proportionigl to the Ag fractiordue to theelectromagnetic enhancement of Raman scattering
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Ishiguroet al. usedthe bipolar manner to achieve electrochemical dopingttyintroduction ofthe
dopant. Conducting polymersvere formed across the bipolar electrodes with composition
gradient$®2%%, They alsoinvestigatedan electrochemical surfacmodification via an electroclick
reaction,namely, theazidealkyne cycloadditionusing electrogenerated Cu(l) species on a bipolar
electrodg(Figure1.5)°%. The Cu(l) iongenerated by reduction on the cathodic pole would catéhe
electroclick reaction After introducing different groups such dke perfluoroalkyl group and
rhodaminethey found that this electiick methodmade it possible to create veitafunctionality

gradient surfaces in a BPE manner.

Loget reportedndirect bipolar electrodeposition vithe pH-triggered precipitation mechanigmA
localized pH gradienwvasestablished at the surfaofthepolarizedobject by way ofwater electrolysis
andit could be usedo toposelectivelydeposit organic layers such as electrophoretic deposition paints
(EDPs) or inorganic layerswvhich arenorelectroactiveprecursos. By this method localized and

asymmetriagyeneratiorof EDP, silica, silicone, titanatandtitanium dioxidewasachieved

Laurent reported the first BPE experiment carried out in an laniad with different charactéstic

sizes ranging from the millimeter to the micrometer $éaldheyuseda roomtemperature ionic liquid

to produce Janus particles modified with a conducting polymer, polypyrrole (PPy). The films
electropolymerized on the glassy carbon beaele thinner and smoother with improved propies

like low surface roughness, thickneaadbetter mechanical stability.

1.1.22 Electrocatalysts Screening

One approach for discoverirgffective electrocatalysts it rapidly evaluate candidateaterials by
arraybased screenifitf®. People can extract kinetic and thermodynamic information from it and then
subjectpromising materials to more extensive and quantitative tesfiegeral methodhavebeen
utilized for screening electrocatalyst§he first approachwhich involved methanol oxidatiorwas
reported by Smotkin usingpH-sensitive fluorescent indit@®®. An alternative methois to monitor

the currenpassing throughdividually addressable workirgjectrodeyetat the cost of sophisticated
microfabrication and smaller librarf&$*. A third technique employs scanning electrochemical
microscopy (SECMY, rasteredaser beatf or optical fibef®. However,this method is slow because
each arrayis scannedgially. Recently, Tao took advantage ®®PRmicroscop§’ to measurehanges

in the local refractive indexdm electrocatalytic redions.
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To developa parallel and straightfwardmeans for screening electrocatalyst candigdabes method
of electrodissolutiorat bipolar electrodes hagen introducedAt first, Crools §roup reported a new
type of sensing platform based on Adectrodissolutionof a metallic bipolar electrodé. This
dissolution povided a permanent record of a sensing/recognition event. Fesdlaleported a method
thatwassuitable for rapid screening afargescale array of electrocatalgst The approacheliedon
simultaneoug\g electrodissolutiomnd activation obxygen reductiomeaction(ORR) at the anode and
cathode ofthe BPE, respectivel. The anodic poleserecomposed of parallel Ag microband electrqgdes
and ORR eletrocatalyst candidatesere depositedonto the cathodic poles difie indiumdoped tin
oxide (ITO)bipolar electrodéFigure1.6). When different overpotentialgere required to drive ORR
for different catalystatthe cathode, the numbgof Ag microbands that dissoldeveredifferent. That
means theravasa thermodyamic relationship between the dissolved number and the activity of the
electrocatalgtspresent on the cathodic pole.

Then,according tdahisidea,Crooks etl. extended the catalysts screening method of ORR to bimetallic
electrocatalyst candidatésHe changed the identity of theporter from Ag to Cr, in case that ORR

and Ag oxidationdok place spontaneously due to a comparable negative potential of Ag. He deposited
Cr microbands tathe anodic poles of ITO bipolar electrode.1 Pd candidates with different
compositiorwere dispesedat the cathodic poles of the array of BPEs by uaip@gpzajet controller.

They calculated thés by counting the number of Cr microbands eliminated and prévaithe

Pd Co electrocatgist wasthe most effectivevhich was consistent wit SECM resultsThis method

was also suggested poovide quantitative kinetic information about electrocatalytic reactions.
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F i g L7(a Schene of the experimental design. (Bluorescencenabled electrochemical

microscopyimageshowing the oxidation of 10 mM&,i n 0. 1 M NaOH at eatalyt

spot s o0 wahdepostedRad CF arrg'®. Adapted with permissiondm [15]. Copyright ©

(2013) American Chemical Society.

Apart fromthe dissolutionapproach Zhangreported the usef aclosed bipolar electrode combined
with an electrogeneratefluorescent probéo reveal electrochemical and electrocatalytic acti¥ity
Heterogeneouslectrochemical process were imaged spatially and temporally by coupling a
conventional oxidation reaction ta spedic fluorogenic reduction witha largearray containing
thousands or more parallel bipolar microelectrodéguie 1.7). The time derivative of fluorescence
intensity can be used to obtain information pamable to traditional electrochemical current and their
mutual orrelation, makes it a useful platform for hitiroughput, multicomponent and parallel

screening in submicrometer or even diffractionited resolution.
1.1.23 Electrochemiluminescence (ECL)

\[/

Ru(bpy)3" H
+ CO. 2

Ru(bpy)s”
-+ 0204 H..,

anode —— X X X » cathode

Ru(bpy),?* —> Ru(bpy),** + " (1)
Ru(bpy),** + C,0,2 —> C,0," +e" 2)
C,0,~—CO,~ +CO, (€©)
Ru(bpy),** + CO,"~ —> Ru(bpy),>** + CO, (4)
Ru(bpy),*+ CO,~ —> Ru(bpy),*+ CO, (5)
Ru(bpy),* + Ru(bpy);*—> Ru(bpy),***+ Ru(bpy),* (6)
Ru(bpy),** —> Ru(bpy),?* + hv (7)

F i g L&Tke generation of ECL at a BPE attte ECL mechanism in the presence of caed™.
Adapted with perngsion from [L1]. Copyright © (20B) American Chemical Society.
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The advantage of bipolar electrochemistry lies in the absence of direct electrical conrection
facilitates portable device fabrication, endowingvith a promising sensinglatform for spatially
resolved analytical measurement with the merits of miniaturization, multiplicity and even integration
on labon-chip systems with low cost. With the exsgan of this methodology to a largeale bipolar
array format, it is possibl® achieve high throughput electrochemical detection on multiple electrodes
simultaneously attributing to its wireless mann¢owever, due to the lack of physical contact, the
implementation of bipolar electrochemistigsbeen hampered by an inabjlio monitor the current

fling through the BPEElectrochemiluminescencfeCL), the light-emitting process generated by
electrochemical means, i alternative to transduce the chemical (electrical) signahtaptical signal.

It hasbeen widely useih various analytical applications as a convenient andthighughput reporting
method. The ECL platform does not require an excitation light somates éree from the effects of
scattered light compared with fluorescence. A very commonly used ECL system consistspgfsRu(

as thelight-emitting species and ATA or oxalateanions as a cereactant'’2. In this case, Rbpy)s?*
andTPrA get oxidized to form Ribpy):3* andTPrA* * After a subsequent electron transfer, the excited
state Rufpy)s?™ forms and therit relaxeswith concomitanemission ofa photon.The mechanism of
Ru(bpy)s** ECL in the presence of,04> is shown inFigure1.8. In the BPE system,ug to the charge
neutrality,the ECL reportingreaction will be coupled with the analygensingeaction Thusthe ECL
intensity here can directly shatlve analyte informatianThe intensity of light cowd be directly read

out by chargecoupled devicdCCD) camerasor optical microscopes. ECL i very usefutool for
analytical detectiobecause it can providgs with the current information in the bipolar electrode
Bipolar electrochemistry, which all@vsensor reamlit without a direcelectrical connection to the
working electrode, when combined with ECL, could serve as a powerful way of collecting information
on procesassoccurring at bipolar electrodes. The reduction of the analyte of interestcatttioele will

be related to thRu(bpy)s?* oxidation at the anode withe followingECL emission proportional to the
BPE current.
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Manz and ceworkers were the first to udeCL to detect analytem a separdabn systemusing a

Awirel esso wasdhépoldrelectrodéwhey dekscribed a microfluidic systdmousing a
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floating, U-shaped platinum electrode detect the presence of Rpf)s?* related lightemitting
compounddy theelectrkinetic chomatogrghy (Figure1.9). This bipolarsystemwas also employed
in separating and detecting various amino siéd-reactants foRu(py)s*>* ECL at the anodic pole).
However, Manz6s a pthedetectioh of saaatants fomRulipys;d-based ECL
(typically molecules bearing amirfienctionalitiesy?’47>.

Crook groupthenproposed an indirect detectiosingECL emission abipolar electrodg, which
decoupled thé=CL reportingreactionfrom the electrochemical seéng reaction The analyte in the
sensing reaction does triateract chemicallyvith the lightemitting speciedn the ECL processThe
systemwas configured so thatthe faradaic process occurring at the cathcehd of theBPE was
correlatedo theECL emissiorat the andic end.Due to thdntrinsic charge balance of electrochemical
cells, the sensing and ECL reactavereelectricaly coupled This methodroadenghe spectrum of
analyte candidathat carbe detected by EClo any electroactive species by the presence-ofactant

in the systembeyond the former limit that only analytes participating in the E2iction at the anode
could be measuredrhey also found that changing the relative size armhgtry between anode and

cathodecouldenhance thdetectionsensitivily.

02 H20 hv
A
PL-NPs #
Ru(bpy)32* Ru(bpy)33*
+TPrA\/ + TPIA™*
Gold\lcathode -— anode
// /S S S // / 7 /7

F i g Ll @a) Theexperimental configuration of fabeled DNA detection using BPE EEL(b)
ECL emission on bipolar electrode array at£85.0 V'®. Adapted with permission fromi] [76].
Copyright © (2@8) (2009) American Chemical Society.

Since thisinterestingwork by Crooks, ECL, especially for th&u(bpy)s*>* system, has been frequently
used in indirect reporting of bipolar current, thus creating an idea of analytical detection with advantages
like high sensitivity, low cost and fabricating portable devitean ECL analytical platform for
detection of DNAwasexemplified, based on the concept of DNA hybridizatiorbigolar electrode
array consising of a variety of 1 mm long gold microbandsvas decoratedwith a specific
oligonucleotideas probes. In this case, cDNA labeled with platinum nanopantieesecruitedo the
cathale of these bipolar electrodes. These Pt particles catalyzeedOction at the cathode and
triggered ECL emission at the amg@igure1.10(a)). The platformcan be usetb detectthe presence
of biological molecules without electrical contdcMany similar experiments have beemédt verify
thefeasibility of DNA detection such as bipolar arraff$¢8° (Figure1.10(b)).
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Based on the method proposed by Nghohattwo individual electrodes could behave as a bipolar

electrode andacilitate direct current measurement by connecting to mmeter®!, Crooks$ group

extendedhis approach to provide a theoretivairk to correlate ECL emission and current profile at

the BPE, confirming the viability and accuracy of BPE ECL to chemical andly3isdr strong

correlaton confirmsthe viability and accuracy of ECL to chemical analy§igre1.11). Besides, a

method of snapshot voltammetry relying on théeptial difference between the electrolyte solution

was createdith a triangularshapedipolarelectrodeor extracting usefullectrochemical parameters

in the spatial domain, whickiasin good agreement with traditional voltammétry

Another helpful application is ECL quering. Landers and eworkers develogd an intramolecular

ECL quenching assay for the detection of DNA hybridization, accordirtetpiienomenon that ECL

intensity decreased proportiolyalto the concentration oferrocenemethanotjuenche®. Sanjun

employed this idea for sensitive detectiodesfocenemethan@nd molecular oxygéh

Laurentet al.broadenedhe emerging field of analytical applications of ECL, using a new approach to

detectredoxactive molecules indirectlyelying on the geeration of local pH gradierfts They

combined a pksensitive fluoresent dye such as fluorescein with reduotive biomoleculesThese

biomolecules areither oxidized or reduced at one extremity of a B&kf the analytical evels

visualizedby localized modulation of fluorescence intepsietected by fluorescence spescopy.

The ECL BPE platform thus provides a new paradigm for electrochemical sensing with excellent

sensitivity, versatility without the requirement of an excitation light source and free from the effects of

scattered lighcompared with fluorescenc&ccording to its indirect measurement, a variety of analytes,
such as biomarkef®®, DNA’, RNA8, drug® andquencher molecu! were detected and quantified

using the BPE platform with high throughpt, low cost, multiplearray and portable device

fabricatior{®78.
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1.1.3 Closed Bipolar Electrochemistry

Open system
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Bipolar electrochemistry can be divided into open bipolar electrochemistry and closed bipolar
electrochemistr. Figure 1.12 illustrates the difference between the two configurations. Open bipolar
electrochemistryRigure 1.12(a)) occurs when BPIE wholly immersedn a suitable electrolgt with

two driving electrodes preseintthe same solution. In ded bipolar electrochemistrigurel.12(b)),

a physical barrier is created between two drivétertrodes and separates the electrolytedigtinct
compartments. A single BPE, of whitihe anodic and cathodic poles are phyBijcesolated by this
barrier becomes the only current pathway itsétiegardless othe potential drop of the driving
eledrodes/electrolyte interface, the closed bipolar electrochemistitie fraction of voltage dropped

at the BPE/electrolyte interfats substatially equal to the potential applied on the driving electrodes,
due to its serial circuitin other wordsthe BPE will behave as an infinite resistance before reactions
can happen on twpoles The potential drop in the solutiaathusminimized andthe electrolyten
practiceacts asmetalwire between the driving electrodes and BPE. Onatbi®unt, electrochemistry
will occur ata relatively low applied voltage. At eacpole of the BPE, thesurroundingsolutionis
isolated from the otheyole by the barrier, leadintp aphase separaticntirely.

Several advantages halween showirfrom the closed BPE system compareith the open one. First,
there is no bypass for the current to flow. Consequesthhea curent flowing in the solution caused
by migration of charged specieseliminated andtheoretically, 100% current efficiengthe current
flow through the BPE/the current flow through the driving electroteathieved Electrochemistry
couldthusbe initialized witha muchlower applied voltag&vith only faradaic current flowg through
this closed systepallowing theanalyte detection with the merits of enesgywing. Secondyecause of
the phase separation of two compartments in the presence of a barrier, mateldmpossible
interferences from one to another, satisfying the requirement of spaidliti@s in microscale

application Owing to the phase separatjeeactions happéng at two compartments can hadiéferent
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chemical compositiomand solvent environmes)tsuch as aqueous/orgarnsolation Therefore,the
analyte would nobe consumedt the diving electrodeMore importantly in the case of ECL sensing
the overwhelming background ECL from the driving eledé will beremoved Third, this separate
configuration permits remote control of detection. Accordindlgposable sensingalf cells canbe
coupledo the saméalfreporting cell, applicable for rapid and consecutivebip diagnostics. Fourth,
the closed BPEetupallows simultaneousensing usingnelectrode array with changing analyte and
differentelectrode modificationovercoming the limitatiofin an open gstemin which one universal
solution environmenis usedLast theBPEis not size dependent. &imopensystem, the polarization
potential difference across the BPE balypend®onthe electridield in solution andhe length of the
BPE, while in the closed systertheexternalpotential is mainly applied at the BPE/electrolyte interface

to facilitate electron transfet the BPBwith the minimizedpotential drop across the electrolyte

Potentiostat

(a) AgrAgCl (b)

....................

e —>
WE1 WE2

Ag/AgCI

Carbon
< fiber

.. Fc*
d < Fc
Fi g 1l ¥&) Schematic diagram ofcarbonfiber electrodd CFE) being used to study the oxidation

of Fc. @) Simplified cell configuration of a closed bipolaicroelectrod®. Adapted with permission
from [86]. Copyright © (202) Ametican Chemical Society.

The concept o& closed BPE systemvasformedinitially from a Ph.D. thesis from Drexel University
in 2004, Even though thereereexamples of closeBPE before that, such as carlfityer electrode
(CFB), theywere not describedn that way. This first paper involvethe closed BPE system as the
establishedconcept was publishedin 20125 The configuration depicted using a cardiber
microelectrode which was different from the closed BPE system pkeoptudied later onHigure
1.13(a)). A small carbon fiberwas sealedh a pulled glass capillary pipet as a bipolar elatrorhe
carbon disk pointing outside was the anode for Fc oxidation, while the internal carbon fibdraserve
the cathodic pole of the BP®&ith backfilled electrolyte Two nonpolarizable Ag/AgCl reference
electrodeswere usedwith a relatively small drivig voltage and this voltage was dropped almost
entirely at the solution interface adjacent to the twasearidhe BPE. Because of its series connection,
they could directly measuthke electrochemical response of the BPE from the driving elect'diaen
replacingthe internal solutionvith ferricyanide, the E. shifted about 250nV negatively. Becausef
thedifficulty to control the size of the interior fibandcompletely replace the internal solution confined

in the capillary they then created an eeqimental setup with two separate teiectrode cellsTwo
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microworkingelectrodes 1 and 2, are connedasthetwo ends of th8PE (Figurel.13(b)). Therefore,

the current flowing through the BPE could be just read from the working terminal of the potentiostat.
In a later work, a theeticaland experimental study of the steadgte voltammetric behavior on the
closed bipolar microelectrodesere discussetl. The result shoed the additional requirement of
voltage to drive théaradaic reactiosloweddown the voltammetric respogsvith its shapalepenihg

on the ratio of limiting current on both poles.

[enuajog

I'wo-direction driving cathode

ECL solution )

+ + )
Phosphate buffer

(b)

Two-direction driving anode

Fi g 1l 4a) The fundamental configuratiaf the dualchannel bipolar ECL sensor. (b) The
potential distribution. (c) Theisual ECL behavior under differentiging voltages™. Adapted with
permission from79]. Copyright © (20B) American Chemical Society.

With its developmenttheclosed BPE systeimasbeenwidely usedn detection, especially ithe ECL
approach. For example, a microfluidiased closedipolar system used as an ECL sensing platform
was presentetly Zhand®. The driving anode and cathode were inserted into respectivelyoging
channel and supporting channel created by photolithographic microfl(idgese1.14). Because the
BPE in the middle served as the single path f@ dinal channel mode, the current efficiency was
improved to 100% as we mentioned earlier. Temgebackground ECL signal from the driving anode
was eliminatedbecause the supporting channel cmstano ECL solution. By using this cell design,
TPrA as theco-reagentdopamine as the guenching agent, were detected with either an incogasing
decreasing ClLversus concentration when injecting them into the reporting chahbh€k and
ferricyanide n the supporting channelere also detectedith ECL intensiy proportional to their

concentrationexhibiting a detection limit of severgIM.

This ECL sensing platform, with one closed BPE in the middle between two separated channels, was
further extendd toamultichannel closed bipolar syst&rPt-deposited ITOsvereusedas two bipolar
electrodes with improved signal stability. In this fidhtured doubldipolar electrode ECL sensing

platform, all the oxidants and reductamtsredirectly relatedo a shgle ECL process in theentral
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reporting eservoir.H>O,, ascorbic acid, TPA, glucose and blood sugare detectedvith good

performancainderhigh-throughputparallel sensingn a molecular keypad lock approach.
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F i g L She pinciple of (a) antibody andb) aptametbased ass&§ Reprintedwith permission
from [89]. Copyright © (205) American Chemical Society.

In addition to those common analytes, cancer biomarkers basadlosed BPE array were also
detected iimultichannelmicrofluidics with excellent reproducibilitynderECL imagind®. A group of
parallel ITO BPEs connected detection channels and sensing channalglass substratblanc
bioprobeswere immobilized on the cathodekectrochemically depositedith Au film. Those probes
were coupledvith silica nanoparticles doped withionine, whichis agoodelectrontransfer mediator
with a much more negative reduction potential thanlitthe antibodybased assay demonstrated, the
first-antibody was immobilizedon the surfaceand the secondary antibodyas conjugatedvith
thionine silicananopartiles (Figurel.15(a)). Whenintroducing theeancer biomarker, a sandwich assay
was formed so the reactiorhappeningon thebipolar cathode shifted from.@eduction to thionine
reduction, resuibg in an enhanced ECL signal at the anode. While in the aptzased assayhe
thionine silica nanoparticles labeled aptamwess hybridized with capture DNA on the surface at the
bednning (Figure 1.15(b)). After incubation wih the target protein, the nanoparticlesre releass
and hence decreag the ECL signal. By these methods, AFSA, ATR andthrombin were detected
by either of the two assays with ECL increase versus concentratitcce@ersa The cancer biomé&er
adenosine in K562 cells extragas quantifiedo about 3.23 pmotAl.
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F i g Ll eéhe structure and mechanism of the etlennel bipolar LED eleaide sensdf.
Adapted withpermision from [L2]. Copyright © (205) American Chemical Society.
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A novel sensing strategy was reported on the closed bipolar sgteamneaing a split BPE with a
light-emittingdiode (LED)(Figure1.16)*2. Here he current flowing through the BRi®uldbe read out
by the luminescence dieLED, andthe LED luminous intensitwasquantitively related to the reaction
at the end of the BPHhereactionshappeimg at both ends of the BP&buld be sensitively rad and
recognized by even nakegesowing to theultrahigh current efficiencin the closed bipolar system
By usingthis sensingstrategy, there is no need for expensive ECL reagent and instrygetmsth
improved signal stability. Various model analytesre measuredith goad performanceusingthis
LED BPE array.
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Chapter 2 Electrochemiluminescence (ECL) Sensing Usinfpe Bipolar Electrode

Thin-layer (BETL) System

2.1 Introduction
2.1.1 Thin-Layer Electrochemistry

Electrochemical processes often need to be studied not ottigmiacroscopic but also timeicroscopic
scale of analyf&. The concept of thitayer electrochemistryas first introdgedin the 1960s which
built up the foundation of studiesth theoretically and practically in tledectrolysisof solutions in a
narrow gap between two electrodes. They later applisddbhnique to the study of thénetics of
hydrolysis ofp-benzoqinoneiminé. The electrochemical behaviof adsorbed molecugsuch as
iodide and iodindgons at platinumelectrodes were demonstrated thin-layer chronopotentiometry
with considerable elucidative power duehtatthe total amount of reactant within such small volume
is no greaterthan the amount adsorbed on the electrode surface at equilibiféiminstead of
chronopotentiometry, slow linear sweep voltammetry intkive layer was derived theoretically and
verified experimentallylt could distinguishthe second reaction from the backgrdwcurrent. Great
simplicity wasinherent i it owing to thepresence otliffusion-limited mass transfer. Briefly, depending
on the method used to display informatitirin-layer electrochemistrgan be classified into thilayer
chronopotentiometf, linear sweep voltammetfy, steadystate current methodstc. A variety of
designs and modified electrodase appliedfor minimizing the IR drop, eliminating edge effect,
suppressingesidual currat, precise position manipulation, fast solution &thdwashout for the sake

of good accuracy and reproducibifty’. Thin-layer electrochemistry has significant benefits over the
corresponding mabds involvinghe bulksolution, such as small sampig@lume (=10 ml), negligible
convection, simplified mathematical descripti@and enhanced signal response. Heniceportant
kinetic parameters such aste constarit, diffusion coefficientD, andthe numbepf electronan canbe
evaluatedwithout difficulty®>®8, Before thin-layer electrochemistry, the study of the kinetiufs
chemical reactions following electron transfaaslimited to systemsn whichtherate of the chemical
reaction is relatively rapid (with small hdife). While in thin-layer chronopotentiometry, the species
are confined at the electrode so that accurate measurements of considerably smaller rate constants can

be carried out
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F iug 2el.Schematic diagram of a singiectrode thidayer celf®. Reprintedwith permission from
[99]. Copyright © 2000, John Wiy and Sons

A thin-layer cell can have many different electrooi&teriat such as gold, graphite, platinum, mercury,
or other metalsin addition it can have various configuratiorisy example, @lan-parallel electrode
configuration. Athin layer ofsolutionof thicknesd is heldbetween two planparallel electrodewith
anareaA. To keep the solution concentration in tha layerconstanttheexperimentakolution can
be heldin contact with a large volume of the sam&gon through the face of the thin layéy.four-
electrode setup or threxdectrode setupould either bempbyed The formeroneconsistof a pair of
planeparallel electrodes, a counter electrode, and a standard reference electshdeyramFigure
2.1. Two working electrodes can be controlled independenthdéferentpotential A threeelectrode
setup will use an inert wall instead of one of the planar eledrbdst, if omitting the reference and

courter electrods, wewill have a simple twelectrodethin-layer cell.

The application othe steadystate method is a unique featuretluih-layer electrochemistrythat is

impossible to achieve under ordinary electroanalytical conditiamgersam and Reilly have proposed
the principles and potential applicatiobg measuring the D values of a redox couple basethen
measurement of the limiting steadiate currentiss, followed bya coulometric analysis of the thin

layert®®10l Theissbetween closely spaced twin working electrodes is given by thei@guat
(id)s¢ —— ——

wheren is the number of eleains transferred in the redox reactiénis the value of the Faradak,is
the projected electrode ardayjs the total concentration of electroactive @ps in the thin layel, is
the thickness ahesolution between the two working electrodes,andDr is the diffusion coefficient
of the oxidized and reduced speciespessively.D valuesare calculateéccording to the following

equations:

O (ia)ss@@ 750 ; O (ig)ss@it 7D
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whereisqcy andisqa) are the limiting steadgtate currents at the cathode and anode, respecti¥aly

the charge required to reduce all the oxidized species betweeletihedes once the condition @f,

has been reache@. is the charge required to oxidia# of the reduced species in the thin layer at the
iss condition. ThelR effect is notvery importantonce the steadstate condition habeen achieved
becauselte current flows between the two working electrodes and not through the bulk solution.

In the steadystate method, a limiting steadyate current is generated through the cell if two facing
electrodes are made sufficiently cathodic anatar) thusmaintaining the concentration of the reduced
form and oxidized form of reactant at zero at tegpectiveelectrode surfase Species obtained by
reduction at one electrode can diffts@andbe oxidizedat the other working electrod€his exidence

of alimiting diffusion current depends on the establishmersteddystateconcentration polarization.
The paired thin-layer cell enabls a constant concentration gradient to be builtthp valueof the

gradient carbe controlledby varying thanterelectrode spacing.

F i g 22Sehematic illustration of the formation of a steatigtecurrent by reference to the
concentration profile of O and iR a thin layer for gradually increasing values of E at one of the
electrodes (anod®}. Reprintedwith permission from101]. Copyright ©(1965 Elsevier B.V.

Figure2.2. illustratesthe formation of the steaebstate currenits Initially, the potential pplied to both

the working electrodes is made sufficiently negative to ensure that the spetiessolution are all
reduced form. If the potential of one of the electrodes (the anedhjftedtowards positive values,
oxidation of R will begin at somealue of the anode potential; the concentration of the oxidized form
will increase, and theoncentration of the reduced form will decrease. The flow of &ohacross

the thin layer cabe expresseregardingts surface concentration:

— 00— 0 ——(1)

The total number of molecules of O and R in the thin layer is constant: 0 0

5 (2)
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By solving (1) and (2)

o] — (3)
0 - — -4
0 — — — =5
When the anode poteak becomes sufficientlpositive 0 vanishes and the current becomes a

maximum value {)ss Hence it follows from Eqn. {56) that
(id)ss—,
where g=crt+Co, and$ ——

Thus, the limiting stedy-state current is directly proportional to a function of the diffusion coefficients
of the oxidized andeduced form, total analyte concentration the electrode area, and inversely

proportional to the distandmtween the electrodes.

This steadystatemethodcanbe usedn several waysfor examplethe determination of the diffusion
coefficient. If the concentrations of the oxidized fornx at0 and of the reducddrm atx = | are both
zero, Egn. (1) can be veitten

(i)ss €080 @ £ 00 © (6)

If one of the electrodeis the thinlayer cell is disconnected (for example, the anode) the current will

flow only to the cathode as long as the oxidiregterial remains in the thin lay. By measuring the
electric quantity Q used in the reduction ofl2caus® & "Of&and® - & , inserting

then into (1), we obtainO (i) X 7O and’O  (ig)sdX 7O

In addition if the reactant concentration in the thin layer can be disturbed by a chemical reaction, the
rate of appearance or decay may just be followed by recording the cliri®generally applicable in
investigatingthe rates of first ohigherorde chemical reactions following (or preceding) electron
transfer by continuously monitoring the reactant concentration with time. For example, this principle
hasbeen appliedo the study of the rate of the benzidine rearrangement under varying aaditio
acidity and ethanol concentratif After establishing a limiting steaeltate current by maintaining

the concentratiof both speciesat zero athe respective electrodsurface, then the current would

decay exponentially with time as the reduspéciesk is removed by the irrevébbe pseuddfirst-
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order rearrangement to produce afectreinactive species P under the potential range. The
determination ok by steadystate current decay is independernthai-layer parametersandA, as well
as the initial concentration of reactaprovided the sign&lsis of ameasurable magnitude.

Theedge effect causes the deviation of experimental results from the theoretically expected value and
an importantportion of the background curremt thin-layer electrochemistrylt is defined asthe
diffusion of the electroactive species into the thkiper from the perimeter of the volureement®, In

a typical scenario in which the solution inside is in contact with the bulk solution surrounding the thin
layer, the semiinfinite diffusion from the bulk causes a residual current proportional ¢o th
concentration of all species electrolyzed at the potential of the working electrode. This diffusional
transfer of material will thus result imonlinearityin the volammogram when trying to deduce useful
electrochemical information. Complete eliminatiwfrihis edgeeffect poses a difficult design problem
because a solution contact mbst madewith the reference and auxiliaglectrode. Contributions to

the current fomthereductionof surface metal oxides oatalytic reduction of the solvent will albe
moreimportantin thin layer than irsemiinfinite techniquesecause #ypical thinlayer of solution
contains only 6 10'° mole of electroactive speciesguivalat to approximately thremonolayers on

the electrode surfacén practice, much smatksidual currents can be attain®dexcluding oxygen,

using small solutiothickness, and minimizing theurrent contribution from electrolysef hydrogen

ion or formationreductionof the surface metal oxides by pog the electrode in moderate potehtia

range.

The edge effect care minimizedoy confiningthe solution peripheral to the thin layer to a small volume,
such as in a thin layealso. A weltminimized elge effect then would be achieved by creating a
minimized electrode edge to area rifioEdge effet diffusion can alsde avoidedf a quantity of
solutionis just sufficient to fill the thin layerbetween the two working electrod®sin the case o
thin-layercell with two working electrodesdependent potentiabntrol could be applied to them with

a referenceelectrode and auxiliary electrode externalowever, vihen thepotentialis applied, a
sudden riseand fall ofanodic currentvere observed, probablgssociated with switching transients,
capacity currents, and IR drop betwédbkaworking electrode andhe auxiliary electroddn addition

the steadystate current obtained with the feelectrode techgue does not reflect the proportion of
oxidized to reduced forms initially presenttime solution. Alternatively, twelectrodesteadystate
voltammetryis suggested to be more convenient with the elimination of the external reference and
auxiliary electodes. It will produce a steadyate current limited by that species initially preserd in
smaller concentration and may be arranged to prodteaystee currents even proportional to a
species following/proceeding with tlebemicalprocess or formingn insoluble produtt. The two-
electrock steadystatevoltammetrycanbe classifiednto three conditionsf the two working electrodes

of athin-layercell are connecteth series with aariable voltage supply and no oxidizable or reducible
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substances are present in gw@ution, 0 current will flow (excepting background and capacitive
currents) untithe applied potential reaches the decomposition potential of trensdhan oxidizable

or reducible species is present (but not both), the applied potential attiwbmirrent fows will be
the difference between the decomposition potential ofstieent on one side and the potential of
oxidationreduction of the elgroactive species on the otlstde If both oxidizable and reducible forms
are solublén the solution, forexanple, Fe(ll)-F e (, thgn the current flowing dhe steady statavill

be determined by the smaller of the two quantitie$(@x>9x=o0 - (Cr*)x=i] 0r DO[(Co®x=0 - (Co®)x=1]*°L

A feature of thdwo-electrode system is thtte backgrouncturrentat the workingelectrale must be

negligible compredto the initial steadystate currenthus, to exclude oxygen and other impurities and

surface oxide formation is of great necesditythe paper published by Mcduffie, a chloride medium

with mercurycoated working electrodegsasused The anode of th pai r t hen served a
calomel referece electrodé®, minimizing IR drop and facilitating potential contr@\ Teflon cup and

collar isolated the solution in the thin layfeom the bulk solution by effectively trapping tlselution

between mercurgoated electrdes.

In 1987, Bardds group descr i bedsnoothetettrede surfasec h e mi ¢
and an apparatus to produce adjustable and variable interelectrode spacing with piezoelectric drive
elementof 0 to 5500 nm to probe homogeneoasid heterogeneous electron transfer reacfiorster

appling a steppotential, the current response would undergo a transition from Cottrell sthie to
steadystate.Undera higher step potential witkufficient separation, the chronoamperometric curve

would follow Cottrell behavior, proportional t6'€, over a easonablyvide time window.Theresults

of electrochemical measurements with dissolved species and pdgyeeswerereported showing

good agreement of steadtate current for Fe(C)* concerningthe physical diffusion of species
betweerelectroes

2.1.2 Nanogap Towards Single Molecule Detection

3+

F i g 23xNanogap electrode device witharge amplification by repeated electron traf&ier
Reprintedwith permission from106. Copyright © £013) American Chemical Society.

When this thin layer comes down to smaller nanometer gap (even smaller), single molecule

electrochemistry can be achie¥®d The development of methodisr detectingand manipulating
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matter at the level of individual macromolecules represents one ofitical scientific advancements

of recent decade$he gproachon single molecule detectidyased on thelectrochemicainethodwith
ultimate sensitivity beconsemore and moreappealingbecauseit can be easily combined with
microelectronics oa microfluidics chip to create large parallel assays at relatively low Thete are
three primary motivations in performing electrochemistry near or at single molecule limit. First, it
allows the verification of fundamental theoriefselectrontransfer reactions, includingoublelayer
structure, mass transfer, heterogeneous kinetiteven statistical nature, in regimeéhatare unable

to betestdbefore, thus exploring the limits of lomegtablished assumptih Second, a new window
on populéion heterogeneities and the microscopic dynamics of systems ranging from catalytic
nanoparticles to single enzymissprovidedby enabling the new technique panoscale fundamental
experimens. Third, new types of electrochemical assays on mesoscaesystch as individual living
cells with single molecule fingerprinting can be envisioned, so that the sensitivity and selectivity would
be improvedeventhoughthe absolute number of targeblacules is inherently limited. Because only
one or a few electronare transferregper molecule in theslectrochemicafaradaic processt is
impossible to detethis tiny amount of charge using tbenventionaklectroctemical instrument. Thus,
chargeamplification by redox cycling, a means of increasing the number of electrons invislved
necessary for single molecutectrochemicatietection. Athin-layer cell geometry consisting of two
parallel electrodeis employedone of the electrass is biased at sufficient anodic potentadone of
theelectrodsis biased at sufficient cathodic potenbath in the diffusion limiting regiorso that target
molecules undergo repeated alternating reduction and oxidation, as illustiaigud @®.3. Eachredox
molecule thus shuttles thousands or even millions of electrons per second betweenrtduesiea
short timewith a gap distance comparable or smaller than the thickngbe diffusion layertime,
generating aletectal® current This approach is in principle applicaltteall redox speciethat are

chemically reversible over the time scalalaf measurement.

]<—- 20 nm —»r

wax
sheath

condua‘ﬁé_]
substrate

e

F i g 24Smglemolecule detectiowith SECM. Molecule A trapped between thedipd surfact®,
Reprintedwith permission fronj108]. Copyright © (1995) American Association for the
Advancement of Science

The first report of singlenolecule detection by electrochemical approaeals published in 1995 using

a scanning electrochemical microscope lipdasd structurt® The electrochemical behavior of a
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single moleculeouldbemonitoredby trapping a small volume of alulie solution of the electroactive
species betweem PtIr ultramicroelectrode tip within ~10 nm and a conductive substifédere2.4).
As the molecule moved into and out of the electsulestrate gaphe anodic currentgakswere
observedstochastically

Recently, the challenge of achieving spatial localization of a single molbatlmuld diffuse freely

in solutionhas beemvercomé®™!® A s i mpt e b & g u wasrppertedoc singld molecule
electrochemical detection with current anticorrelation and low backgroued realized in droplet
format!l Two of the four channelwere filled with the electrolytesolution and Ag/AgCl quasi
reference counter electrodéhe potential between the tweference electrodein the barrelsvas
contrdled with a small offsgtandthe resulting ion current was used as a feedback digdgitecthe
meniscus contact with the working electralefacé'>!13, Pyrolyzed carbon was filled into the other
two channels to creatwo working microelectrodes. The two working electrodes wWeneconnected

in series and measwras a wholed increase the overall electrode area. In aoldlitd thelow surface
area of the carbon microelectrodedich significartly enhancd the eletrochemicalsignatto-noise
ratio, an extreméy low background noise level of d&A wasthen accomplished by further confining
the analyte in the droplet format at the end of the pipet. The order of magnitude improvement compared
with stateof-the-art microfabricated devices about (~10 fA) is capable of detecting individoigicule

by redox cycling in a dilute concentration conditidnin the case of using Ru(N}#", individual redox
cycling about ca. 30 fA was alstiownatfterbringingthe tip into contact with the substrate and then
continwusly retradng it until a moleculewas trappedvithin the droplet. In the case of ionic liquid
due tothe exceptional low diffusion coefficient isuch relatively viscous medt&!'® the single
molecule redox cycling event is resolved with a peak currenédf~at both the tip and the substrate
working ekctrodesdifferentfrom the background curreof aboutl fA. The enhanceelectric field

by this diffusion layer effedhcreassthelimiting current across the nanoghpemphasizing the role
of migration'?’, It resembésthe scenario that a 2086ld limiting current enhancement is made as a

result of migration byalargerelectric field between the generator and collector electt8des

Other thanthe tip-based nanoelectrode, the geometry of a-glek system using lithographic
microfabrication seems to be more promising in single molecule deteé&ti, microfabrication
yields excellen flexibility in a varietyof shape¥®, arrays desigii®, and point-of-careintegrationof
channels, valveandpumpg2*!22 e.g., multiple ad identical devices can be fabricaiadparallel in

the samehip, allowing forsystematiceadout and studi&S. Second, independent characterization can
be geatly facilitated In thedualplatesystem, for example, by sacrificing one of the parallel devices,
the resulting knowledge abadiiiedevice structureramaticaly reduces the number of unknowns when
mockling the devices theoreticallyhird, thewell-proven fabrication processeghich harness the vast

expertise existing in the field of lithographwpsed fabrication, will improve its reliability and
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reproducibility by a systematicand iterative design,rather than the laba-intensive tip-based
nanoelectrode fabricationoHith, the anodic and cathodic curreare anticorrelatedoy nanofluidic
redox cycling, useful fothediscrimination of interfering signalThesedistinct advantagesndowthis
technique amxciting candidate for biosensing applicatiét36,

Nanofluidic channels with integrated electrodes have demonstrated an incr@agecular sensitivity

by severd orders of magnitude comparedth conventional voltammetty-28 A novel chipbased
device was fabricatedor the detection ofedoxactive compounds such as hexacyamafte and
neurotransmitter dopaine fluctuations in real timé°. The dependere of the current on the
concentration of hexacyanoferrate was determined in an amperometric measurement, ahowing
characteristi anticorrelated behavior for anodic and cathodic currents with almost 100% cycling
efficiency. In the spatiotemporal detectionchemical fluctuations, the chipas incorporatehto the

flow cell. It is capable of resolving chemical gradients amidimd local concentration fluctuations at
various positions in real time, featuring the crucial requirement for future applicatinasmapping

the neurotransmitterelease from chemical synapses in a cellular network.

Studying the heterogeneous electtansfer kinetics of fast outsphere reactiong®> 1 cm/s) by
conventional voltammetric methods represents a major experimehtdlenge because these
measurements are orggnsitive to heterogeneous kinetiogth electrontransferratescomparable to
themass transport rates. While by knowing the exact geomethgefectrode by dugbarallel design
and lithographic methodast kinetic information is accessible. Zevenbergen anavarkers used
nanogap fluidic channel abb50nm in height taletermine electretransfer kinetics for fast chemically
reversible reaction®8y using this device, they fourttatthe standard heterogeneous rate constant k
for ferrocenedimethanplFc(MeOH) depends sensitively on the compositioh the supporting
electrolyte.

A bionanofluidic sensing device integrating all the elements of molecular recognition, signal
transduction, and detectiontana confined, femtolitescale reaction volumewas fabricated The
recognition element, coppeontaining protein enzyme tyrosinase locally immobilizedin a
microfabricated nanochannel which serves as an electrochemical transducer. The presence of phenol
results in a redfime steadystate current because eachyene molecule produces a streanpadduct
molecules at a given rate until theoutinely diffuse into the external reservoir. The volume is
sufficienty small to study the content of an individual biological cell and electrochemically explore
enzyme kinetis at the singlenolecule levelThe adding of biological recognition enzyme element will
reduce the common electrochemical specificity problem to a selection of a few molecular species from

a complex mixture.
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2.2Preliminary Designof the BETL System
2.2.1 Motivation for Research

We design and investigaa novel ECL sensing platform tietect electrochemidglactive specieat

low concentration, usingipolar electrochemistrin athin-layerconfiguration. The platformyhich is
calledthe bipolarelectrodethin-layer (BETL) system, isassembled from 3D printed componeifs
key advantage of bipolar electrochemistry is that electrochemicalaeseainproceed withoua direct
electrical connection to the bipolar electrodle a conventional threelectrode system, thiotal
information is provided by measuringthe current at the working electrode. The ECL intensity,
represening the coupled reaction ratkappeing atboth ends of thBPE,could be recorded by a CCD
camera omphotanultiplier tube in the absence direct electrical connection As discussed in the
introduction thin-layerelectrochemistrgan address the electrochemical behavitowfconcentration

of analyte at microvolumeswith great mathematical simplicity. More importantign enhanced
response coulthe achievedy charge amplification from repeated redox cycling in the thin layer
between two paired electrodes standardpower supplycould be employed as the excitation source
for thenecessargensing and reporting processmakingthe bipolar ECL dvicea promising candidate
for pointof-care devicdabrication. In the BETL system, the thin layer and the bipolar cell doaild
isolatedentirely. As a result, the analyte in the thin layer and other spedtaged taECL reporting will

not interfere with each otheApart from other sophisticated cell fabrication methadich as
photolithography the emerging 3D printingechniquecan supplant the previous methods due to its
rapid prototyping, easy testing of new conceptsamdigurations versatility, andower cost

2.2.2Reagents and Device Fabrication

Tris(2,2Npipyridyl) dichlororuthenium( )  h e x a hbpyWkClLB.@, 99984, SigmaAldrich),
Potassium fer gFe(€CNyan9 %B)e, (P9t a(skki um hexacyanoferr
(K4Fe(CN)3H 0,09 9 . 5 %,-Aldfich) gHesaaminerutheniurd  Chloride RU(NH3)6Cls, 98%,
SigmaAldrich), Hexaaminerutheniung ~ Ghloride (Ru(NHs)sCl2, 999%, SigmaAldrich), Sodium

perchlorate monohydra@®acClO) ( 099. 0%, Fl uka()Q S%.d5Aesan), Bwbidad at e
phosphate monobasic ( O%d.piosphateibaskeehydroBcOEN.t 0 %, c)
EMD), p-Benzoquinone( 099 . 5% HPLC, FI| @¥@AlfaAesayydr oqui none

All solutions were prepared using deionMilied, wul't

Q water purification system (MillipreSigma, Burlington, MA)AIl reagentswere useds received

without further purification.
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F i g 25(a 3D printer (Maker Bot Replicator). (b) PLA filament

3D printing was used to fabricate the whelectrochemicatell designThe P printer used hereas
aMaker Bot Replicator 2(Figure2.5(a)). The material used for the device fabrication in the experiment
wasthe inexpensig PLA filament(polylactic acid)which wasdurable and consistent for higimpact
strength prottypes and fixturegFigure 2.5(b)). In the printing process, the filamemasfed into the
printing head through a tating gear, then hésd above the glass transition temperature and ejected
from the nozzled theprinting stage in a prelefinedrate Through layetby-layer construction, the
desired structurerasbuilt up.

All the 3D building componentsvere designedusing Sketch Uf (Trimble Navigation Limitedl with
STL extension.

BEaB

F i g Z26aMakerBot: Printing software.

The STLfile wasloadedinto MakerBot PrintBrooklyn, NY), attached to the print@figure2.6). The
desiredresolutionjnfill percentageandspeedvereall adjustedo creag a specific objeqiroperty For
atypical print the settingvasasfollows: infill density 35%;infill pattern hexagongllayerheight: 0.1
mm, numberof shells 2; filamentdiameter 1.77mm; travel speed 150 mm/s; extrudertemperature
184 ; building platetemperature64 . The extruder will bdneated up to about 1&by the heating
element built in the printing head.

Surface smoothing of the printed objeatas accomplishedia exposure to THF yeor. 30 mL THF
was poured into a glass dish and heated to 80 € while covered with@rlie the THF condensation
level reached the top 1/4 of the dish, the printed objects attached to a secondary lid via metal wire were

suspended under the THF vapor 6@ s just above liquid THF. After treatment, pieces were rinsed

30



with deionized(DI) water and allowed to degas for approximately 60 min at room temperature to

remove theexcessTHF before usk&®.

Driving electrodesre two10 mm x 10 mm x 1 mrgold foils, locatedat the sides of the bipai cell

(like in Scheme.1). A DC power supply (9122A, BK Precision) was usegrtwvideanappliedvoltage
between two driving electrodebnages from ECL emissionere collectedy aCCD camera (B10,

Nikon) operated irmanual mode with parameters set as follows: ISO sensitivity: 6400; shutter speed
1s; white balance: auto. Then the images stored in Rékatweretransferred to the computer and
analyzed using ImageJ softw&td@he ECL intensityvas obtainethy measuring the integrated density
from theRGB signal

2.3 Preliminary Test ofthe BETL System and Influencing Factors onthe ECL Performance
2.3.1 Cell Design

2.3.1.1 OpercCell Design

ECL Intensity (10° Counts)
.

13 14 15 16 17 18
Applied Voltage (V)

F i g ZA7EEL intensity of gold rod bipolar electrode in a glpstidish.

The first device tested hemasa glass petrdish (10 cm in diameter) with a gold rodtisig in the
middlebetweertwo driving electrodes on both sides, as an dppolarcell. The distance between two
driving electrodesvas10 cm, andthe bipolar gold rodvasabout 20 mm in length, @&m in diameter.
According to thditerature ECL could be quenched by anion radicals, especiadlyhe presence of
oxygen fromtheenvironment!. The ECL solutior{f5 mM Ru(py)sClz, 25mM NaC,O4in pH=7 PBS
buffer) was therefore degassed withfidr 20min before transfeing it to the petridish. The first ECL
experimentvas operatetly focusng the cameranto the bipolar anode while gradually increasing the
applied voltagén darkness As shownin Figure2.7, there is nambservabld&eCL emission until applied
voltage passe2V, then ECL intensity stagto increase; but after an inflection point, the ECL intensity
then decreasde approximately zerdl his effectcan beexplained bytwo reasons: (i)f the externdy
applied voltage igoo high the potential difference between two endshef BPEis far beyond the
thermodynamic threshold of the E@&action causing competing reactions to occur atBRE&E anode
such as water oxidatip which can be confirmedybthe bubbls on the gold anode after the ECL

experiment(ii) Film formation(black deposit) on the BPE anadith the oxidation ofjold/Ru(bpy)s**,
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whichimpede the ECL emission. As a result, it is necessary to select the appropriate applied voltage,
avoidingtoo high to precludeompetingreactionsor significant film formatios, or toolow to trigger
bipolar electrochemistry

2.3.1.2 ClosedCell Design

Instead ofan opercell, a closed bipolar electrode systemstested in which thebipolar electrodevas
isolatedinto two compartmentslt has two significant advantages, first, in a closedp, the ECL
solution and the analytare separatedhatis critically necessary for analytical wodonsidering the
presence ointerference. Seconthe potential acroghe substrate isssentiallyequal to the potential
applied across thériving electrodesAs a result, ie applied vahgeneeded to trigger ECLngission
would beremarkaly lowered Third, since there is naypass currenthe total reactiomateis limited
by the bipolar reaction, ensurimagnorestable performanceith less suiace chemistry on the driving
electrodesMore importanty, in the case of ECL bipolar sensirthe background emission from the

driving electrode will besliminated

sensing compartment [

!
| |

N\

reporting compartment

Fi g 28Tep view(a)and side view(b) of themountingcell.

A newmountingcell desigris shownin Figure2.8 with its top view(a) and side viewb). The cell was
composed of two compartments, the ECL solution reporting compartment and sensgagtment. In
the middle of the cell, a half rad notch with a diameter of 2mdmaccanmodateshe BPEs gold rad
and a small printed rectangular block with another half round raotble bottomwasused to holdhe
BPEandcreatetwo compartmentsHigh vacuum greasgas used to fill in any gapBue totheclosed
configuration, the reporting compartmét® mm 10 mm 10 mm) for the analytecould be much
smaller tha ECL one, thus allowing detectiablowvolumes. In the sensingompartmen(cmm 50
mm 56 mm), acylinder (42 mm in diameterwas printed outto accommodate & camera mount

( CMR, -32,.Tiofdis). An externahigh-resolutionsecondary lensgGomputarTV lens 12.5mm,
1:1.3) was screwedinto this camera mounthe lenswas setto a focal length ofi n f i andthey 0
lowestf-numberwasusedto have the largest aperéufor capturingthe maximunamount oflight. The
focallengthof it wasservedas the pralesigned length between the lens and the bipolar electrode anode.

As a result, the ECL light emitted from the bipolar anodeldenterthe lens and theexit as parallel
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light. With a CCD cameralignedin the opticalpath, theparallellight can becaptured entirelythus
ensuring a efficient way to record the ECL emission intendlityaddition to the optical optimization,
the side view design all@dthe camerdo focus tle ECL emission dhecrosssectional surfaceof the
bipolar anodewvhich hal a uniform polarized electric field. Two slotgere printed for holding the
driving electrodeswith a small hole on top of each side wiall wire connectiorpassthrough
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Fi g 2A9EEL intensity as a function of (a) applied voltage (pH&j pH (at7 V).

By using this3D printedmountingcell, the ECL intensity dependence on applied voltage andasH
examined The analyte in the sensing compartm&as0.1 M PBS buffer (pH = 7) fanitial tests In
Figure2.9(a), it shows a similar trend as showrFigure2.7. At 5.5 V, the ECL becomes obsebig,
sinceit passes the thermodynamics threshold of both reaaiimmsing on the bpolar electrodewith

a higher applied voltagean increasing trend of ECL emissiappears firstthen followed by a
decreasing trendThe onset voltag€5.7 V) is reduced comparetb the open cell, implying the
extrenely reduced voltage loss aclosed BPE systenfrigure2.9(b) shows the ECL intensity change
as a function opH adjusedby HCIO, or NaOH whenmaintaining thecell at 7V. Basedon thepeak
emission,the optimal pH for ECL emission isbetween6-8, which agreeswith the previous
literaturg*75130131 The oxalate/Ruipy)s?* system goes through anidative-reduction reaction, in
which GO4* as the reactive specieBK=5.18 at 25 ) need to be oxidizedat an appropriate pH
condition

Driving

Driving
anode

cathode

e

N

S ¢ h e2m&he £hemaic illustration of the gp cell
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After establishing the working framework of EGEnsingn the bipolar electrode systeanovelgap
cell configuration was proposad havemuchenhancedsensitivity underthe twin-electrode redox
cyclingon the basisfaa multichanneklosed bipolar systeth Thebasic principlés shownin Scheme
2.1: two driving electrodegrovided the electric field across the celland two bipolar electrodes
embedded in twblocksareseparated by a small gapus dividing the cell into three partee anode
compartmentthe gap, anccathodecompartmentThe solution in the cathode compartment is th&é EC
solution, while the solution in the anode compartmensigpportingelectrolyte solutionThe solution

in the gapcontainsaredox couplein this case, ferricyanide/ferrocyanidéthe applied voltagés high
enough to triggerlectrochemicakeactionsin the gap, simultaneously thenmould besix reactions
happening in the cell together with ECL emission. The reaction on the driving electrode in the cathode
compartment is hydrogen evolutiandthatin the anode compartmentigter oxidation. The reaction
ontheBPEsurface in the cathode coamtment is the ECL reaction, whighcoupledwith the Fe(CNy*
reduction on theppositeend in the gap. The reaction on BIRE surface in the anode compartment is
the hydrogen evolution, whidk coupledwith the FeCN)s* oxidation in the gapln a small gap, the
redox couple will undergo repeatable redox cycling with an amplified cuBemtuse the redox
analyte in the gap is usuallyaliow-concentrationscale, th&CL emission in theell is determinedy
the redox couplen the gap.

a -ﬂ b‘
L

Fi g2 &) The 3D model omountinggap cell. (b)themeasuring setuwith a secondaryens
and camera.

Thegap celldesignwascombinedwith thecameranouning system prewiusly describedandthe final
detection systeris shownin (a)and (§. Except forthe anod¢5 mm 40 mm 48 mm) and cathode
compartmen20mm 27mm 25mm), the gap in the middeasbuilt up by two smalBD printed
blocks(10 mm 15mm 25mm). In the middle of each block, there ib@le.A gold rod (he BPE)

was inserted into the hole and sealed by epAkgr 24 hourscuring,the gold rod endwerepolished

by abrasivesandpaper(MicroCut Discs, P800, P1500, P2500, P4000, Buehler) and finely polished by
alumina (1.0 &m, 0.3 &m, 0. 05 € m, B uflash Wwith thg i n
block faceandthe electrode hadmirror-like finish. By fixing one block an@¢hangng the horizontal
position of the otheone, the gap distan@®uldbe adjustedor each experimenf syringewas used

to fill the gapchamler with the samplesolution A clampwas usedo tightly hold these two building
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blocks togetherThe anodeompartmentfilled with ECL solutionwasonly 5 mm in lengthto match

the focallength of the secondary lens. The cathode compartwesfilledwith 10 mM HCIO..

a B 1mM KzFe{CN)s/KsFe(CN)g in the 2mm gap b —_ 14
1mM KsFe{CN}o/KaFe{CN)s in the 1mm gap %
—_ # 0.1 M NaClQy in the 2mm gap Sz 4
2 14 =] *
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= oo, ]
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] * H u
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CRER 35 4 4.5 5 5.5 6 65
Applied Voltage (V) Applied Voltage (V)

Fi g 2ulr 1) ECL comparisorof thegapin 1 mm and 2nmin themountinggap cell (b) ECL
comparisorof 0.1 M NaClQ and1 mM NaCIQ, with a gap size 0100 m

A rough comparisowas madéy arranging the gap into two different sizésaboutl mmand2 mm.
As shown inFigure2.11, whenintrodudng ferri-ferrocyanidento the2 mmgap, the onset voltage of
ECL changs from approximately5 V to 3.2 V. After narrowing the gapo 1 mm, the onset voltage
shiftsto the leftand shows a larger ECL responséhatsameapplied voltage. The intensity of the ECL
is stronglyinversdy proportional tahegap sizeéhough considering the minimized potential difference
due to the shririkg of thegapfrom 2mm to Imm. The role ofthesupporting electrolyteoncentration
was also examineds illustrated inFigure2.11(b), 0.1 M NaCIlO, with a highersupporting electrolyte
concentratiorshowsanenhanced ECL responsempaedto 1 mM NaClQ; in the samel00e ngap.
Accordingly, both thesupportingelectrolyte and redox couple witifluencethe onset voltage of ECL
emission and its intensity. High concentration of redox cocpigributes tothe redox cyclingin the
gap while a high concentration ofhe supporting electrolytéowers down the IR drop in the thin layer
by reducing theesistancgproviding more overpotential for faradaic reactions hajmggon the bipolar

electrode inner surfaces
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Fi g2l Z&) ECL calibration plot versusske(CN)}/KsFe(CN) concentration, each error bar
represents the standard deviation of five independent measurements. @glié€ition plot versus
Ru(NHs)sClo/ Ru(NHs)6Cls concentration, each error bar represents the standard deviation of 5
independent measurements. f@pbes of ECL from BPE of Jce(CN}/KsFe(CN) concentration of
1,2,3,5,8and20 mM.

The optimalECL measuremeris obtainedoy seting the applied voltagsuch that significantvater
oxidation reactios and considerable film formatisndo not occyrwhile still maintaining a stable
bipolar ECL emissionA calibration curvewas plotted by applying a cotent voltage at 5. and
measuing its ECL response dfs;Fe(CN}/K4Fe(CN) couple from 0 mM to 20 mNh 0.1 M NaCIQ,
(Figure 2.12(a) (c)) It showsa proportional relationship betweghe ECL intensity and argte
concentration, yet is not perfectly linear. ECL calibration of anotherredox couple
Ru(NHs)sClo/Ru(NHs)sCls wasthentried fromconcentratios of 0.5mM to 10mM, showing a linear
regionbefore3 mM and then beame plateauingFigure2.12(b)).

al o b

Corrected ECL Intensity (10° Counts)

Time (s)

Fi g2l ¥a) Corrected ECL intensity asfunction of timeafter poten&l switching from 0 tb.5V
of 1 mM KsFe(CN)/ KisFe(CN}. (b)Theblackeningof the gold bipolar electrode surface dadilm
formation.
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One phenomenoobservedvasthe gradual loss of signal over time, after potentias appliedo the
ECL cell. The EQ. signalwasalways thestrongest at the beginning when turning on the DC supply
and then it decreadeas timewent on in a stepdown speed. For example,tlie EQ voltagewas
steppedo 50 V, and while collecting optical images, ECL signal decays awe (Figure2.13(a)).
Another phenomenowas the graduablackering of the gold bipolar anode surfackt 4.5V which
only praducesvery weak ECL emission the BPE surfacebecomes dark black after 30 min,

demonstrating the graduagold film formation from gtd oxidationruthenium oxidation(Figure

2.13(b)).

2.3.2 Electric Field Characterization andits Influence onthe ECL Performance in the BPE
System

2.3.2.1 Potential Profile in the Open BPE System

Literaure?581132 suggests arelectric field distribution measuremecan aid in understanding the
instability of ECL emissiorand obtaina welldefinedcalibration curve, enlightened by the literature
aboutthe electric field distribution measuremétit-'*2. A series of experimentseaxe conductedo
addresstte potential profile in the BPE system
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F i g 21 4he potential difference between two gold wire in an open glassdigtrcell versus
applied volage with10 mM NaClOs and5 mM KsFe(CN}/KsFe(CN).

Two small gold wires (0.051m in diameteryvere immerseth an open BPE celtonsisting of apetri
dish (5 mm in diameterand separated by distance of Zm. Thkey were connectedo an external
voltmeter. The DC power supphlyas then used to providéhe electric field in the BPE system
Thereforethe reading on the voltmeter, which eaquedb thesolutionpotential difference at these two
points,could be drectly measured as a function of applied voltatye polarization of gold wire by
the electric fieldcouldbe ignoreddue to thesubtle current flowing across it)wb solutions of 10nM
NaClOQs and5 mM KsFe(CN)/K4sFe(CN) were testd as shown ifrigure2.14. The potential difference
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between two gold wires is proportional to the applied vol&igea risingpointthatcorresponds tthe
thermodynamic threshold of reactions happening at two driving electrodes. Be&irgalue a tiny
amount ofnorfaradaiccharging current couldeimmediatelygeneratedfter applyingthe voltageby
the temporarycharging of driving electrodesiowever the resultingelectric fieldwould quickly fall
closeto zeroby the developmenbf thedoublelayer. Only after the thresholdouldarelatively stable
potential gradiengeneratedhn the solutionFigure2.14 shows thab mM KsFe(CN}/K4Fe(CN)} has a
greatermpotential differencehan 10 mM NaCIQ, past4 V. According to the literatufé®, a lower ionic
strength should lead to a higher potential gradiethe BPE systenThe oppositeobservatiorin our
resultindicates thathelargercurrentfrom thereaction ofredoxactive speciesn the drivingelectrodes

will enhance the electric field in the solution.

We foundthe electridfield in the solution should baeterminel by two main factorsandsometimes
they work together contradictorily: (Iheionic strength of the solutiofzor the same magnitude of
current flow, lower ionic strength with higher solution resistance would cadatger potential drop
in the solutionHowever if the sdution resistance becomes the main redsoimmpeding the current
flow, after acertainapplied voltage, the amount of curramtreasef solution withhigher ionic strength
would compensate for the weakening of solution resistance, thus creating a larger electri¢Heeld
solution (2) Theredoxactivespeciesand its concentratioin the solution. Irsimilarionic strength, the
electroactive spaes witha lower thermodynamic potential barrier would offer méaeadaiccurrent
flow underthe sameapplied voltage, and thus enhanttthe electric field across the systetime higher
concentration, thénigher faradaic current generate@he alternation of reactiomechanismfrom
solvent decompositiowould strongly shift the onset potential of establishingwstaimble potentid
gradient in the solutian
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re 88
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F i g 2l &) Potential measurement setup in an open PDMS cell. (b) Potential difference versus
applied voltage in watef, MM NaClQ, andacetonitrile.

These conclusionsere confirmedy usingan openPDMS cell(40i | 1 1t ) usingpure water
andnonaqueous solvent acetonitrés the electigte (Figure2.15(a)). As expected, iRigure2.15(b),
at the applied voltage belowAj acetonitrile has largerpotertial difference than pure wateecause

acetonitrile has a higher solution resistaresulting fromits lower dielectric constant. While afte%
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acetonitriledemonstrates a lower potential differencethat its solvent decomposition potential is

muchlargerthan theaqueousolution.

One phenomenorobservedhere wasa large initial potential difference across two gold vérehat

decaysexponentiallyafter poweris appliedto the cell.lt resembleghe observation fim the ECL

experimen(). Other than thendesirablesurfacechange on the bipolar electrodegpotential gradient

changeacross the BPE plays a maongportantrole in determining the ECL deterioration.
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The efect of degassing during the experiment on the electric field was also examined by this open cell,
as shown irFigure2.16(a). In the same solution of XM HCIO,, beforethe appliedvoltage of 3V,
the one without degassing showhigherpotenial differencethan the one without degasginNhile
after 3V, the potentiadifference of thedegassed solvemiow exceeds thaondegassed solvenin
another measurement ofiM NaClQ, a similarbehavioris demonstrate¢in Figure2.16(b)). When
comparing the potential difference variation itmM NaClQ, and 10 mM NaClQ,, below 3V, the
solutionwith alower supporting electrolyte concentration bdargerpotential difference, whilabove
3V, the contrary is the casAt the low voltage range, thane with higher solution resistance from
lower ionic concentratiorwill result in a large electric fieldin the case of charging curteonly (the
establishment ofhe double layer is more difficult with lower ionic concentratiopy or only small
faradaic current is presemtbove this range, lower solution resistance fraigherionic strength will
facilitate he current flowby an adequatdaradaicreaction for instance solvent decomposition. Now
the current enhaiing effectdominates in the electric field distribution agklowsa larger potential

gradient in the solution.

Degassing during the expemt leads toconvectionin the solution However this convection will
have a doublsided effect in determining the electric field distribution. At leyplied voltage, in which
charging current from ion migration prevails, gsmventwithout degassing exhilsta higher electric
field. Through charging, doublayers form on both driving electrodes. On the driving anode wisch

positively chargedthe total excess charge density on the solution side of the dayble(both the
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Helmholtz plane and diffusiodayer)should be in an opposite signthe charge on the metal electrode.
Excess anions are thus attradethe doubldayer of the driving aode; inthe samevay, excess cations
are attractedb the double lger of driving cathode bthe electrostatic force. Téion migration caused
by the formation othe doublelayer generateshe nonfaradaiacharging current andives rise to the
electric field across the solutiom the presence dd convection force, theroces of double layer
formationwill be interruptedthusredudng thecharging current and theagnitude of thelectricfield.
However, as the applied voltagereasesthe contributionfrom faradaic reaction starts to dominate
the current flowAn accelerated mass transfarthis voltageange would lead tahigher currentlow,
thuscreatinga larger electric field than in a stationagndition However, the drawback diegassing

is theinstability of theelectricfield caused byisturbednass transfer. For a stable ECL to be measured,
degassings not optimal

2.3.22 Potential Profile in the ClosedBPE System
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F i g 2 7&he solution potential at the positions of wire 1 an8PE mtential and their difference
as a function of applied voltage
Next, we examinethe potential profile measuremeanta closedBPE cell. As shown inScheme2.2,
two small gold wiresvereon either side close to the gold bipolar rod surfad¢ee ECL soluton was
addedto the anode compartmergnd 10 mM HCIO4 was addedto the cathode compartment. Three
voltmeters were used tmeasure the potential difference betwemgtd wire 1andwire 2, driving

cathodeandwire 2, and driving cathodandthe BPE By calculation, theolarizedpotentid of wire 1,
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2, and thebipolarelectrodeand allalso obtaine@s shownn Figure2.17. Initially, therewasno faradaic
current, the potential dhewire came from the charging polarization thfe solution temporarilyAs
theapplied voltagencreasd, it showsa clearpotential separation between the solution potential at the
BPE cahodicand anodic endg heinterfacial potetial drop onthe BPE surfaces frorheterogeneous
electron transferaccoungdfor this separationSurprisingly, the potential differentetweerthe BPE
andwire 2wasmuch smaller than thaetweerwire 1 andhe BPE Thisimbalance shoulte attributed

to thedifferent capabilityof the two solutions to polagzhe BPE To be more exact, the overpaotial
requiremenfor H, evolutionin HCIO4 solutionwaslargerthanthat forRu(bpy)s>* oxidation in the ECL
solution in order tokeepan equivalent heterogenous faradalectrontransfer Furthermore, the
generated kbubblesfrom H; evolutionwould beabsorbean the BPE surface and caussignificant

potential drop.

2.3.23 Potential Profile in the Gap BPE System
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F i g 21r 8he solution potential at the positions of wire 1 and 2, wire 3 in theagapheir
difference as a function of applied voltagben the gap solutiors il mM KsFe(CN)}/KsFe(CN}.
Following the ECL experiment, the characterization of gaentialprofile wasundetakenin the gap
cell. Similarly, ECL solutiorwasaddedo the anode compartmeand10 mM HCIO, wasadded tahe
cathode compartmera. wire 3 wasembeddedhto the gapgo measurghe solution potential in the gap.
Voltmeter 3measurd the potential difference betweéhe gold wireandthe driving cathodéScheme
2.3). When the gawvas filledwith 1 mM KsFe(CN)/KsFe(CN}), the potential of wire Waslinear to

the applied voltagewhile the potentiabf wire 3, which represeatthe solution potential in the gap,
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behavedike anfiSo curve(Figure2.18). The potential of wire 3 increagslowly at the beginning and
thengrew in a steep slope after 4, \demonstrahg a selfadjustmentof the gap solution After the
inflection point at 4V, the increment of potential required to mainttia equilibrium of theeactions
attheleft BPE (wire 3- wire 2) beame signifi@antly higher than the reactionatthe rightBPE (wire 1

- wire 3). The value ofwire 1- wire 3wasrelativestable indicatingthatit hadreache the diffusion-
limited region for Fe(CNy* oxidationon the right BPE inner surfagevhile the reactions on the left
BPE (Ru(bpy)?* oxidation at 1.2V and Fe(CNy* reduction at 0.3W, with a potentialseparatiorof

0.90V), still requiredalarger overpotentiab facilitate theelectron transfer rate
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F i g 21 % he solution potential at the positions of wire 1 and 2, wire 3 in theagapheir
difference as a function of appliedltage when the gap solution is 10 mM HCIO

By changing the gap solution froiisFe(CN)s/KsFe(CN)} coupleredox couple to HCIQ) the data
exhibitedan exponentiagrowth (Figure2.19). The redox reactionf KsFe(CN}/K4Fe(CN) couplein
the gapwould to some extenactas aneffective depolarizer, modifing the potentiain the gap A
similar phenomenonvas previously discussedas a mixed potentiah the mixed potential theory
according tahe literature of corrosion experimetifs It would depolarize te potential in the gap at
the initial stage, in which a small potential increesaldpromote dargercurrent generation in the gap.
While in HCIO,, the solutiorpotentialwouldincrease untiinitiation of redoxreactiors from thesolvent
decomposition

In summary, the whole potential profile study provides us the irssighbipolar electrochemisg on
the basis otheelectric field distribution andeveals tais that:

(1) The time decay of the potential gradient in the BPE sysfiéen applying the external voltage has

animportantinfluence on the stability of the ECL signal

(2) Low ionic strength with high solution resistance skavargerpotential drop only beforacertain
voltage then high ionic sangth with lower resistance facilitatsolvent decomposon and
increasehe current in the systewith alargerpotential dropHigher concentrations aictiveredox

couple wouldalways @hance the current flow in the systaswell aghe electric field.

(3) A smallamount ofnorfaradaiccharging current is not capable of generatisgistainablelectric

42



field across the solution for BPE reactions after the establishment adaléelayer.

(4) Fortheclosed BPE cell confguration, different solutions in the anodedarathode compartment
will have different polarizabiliies towards the bipolar electrodBoth the ionic strengthandthe
redox reactios in the separate compartments determine the current flowing througRPEha8
shown inFigure 1.12, with changing R and R (solution resistanceand active speciei the
solution the total resistancdR{: = R1 + Rz + Repg) in this series circuit wouldrary accordingly

resulting in thesimultaneas change itgpe

(5) For a gap cell with twdBPEs, the potential mp between each BPE determinedby the
overpotential requirement for reactions happgrat both endsand the solution potential in the
gap will adjust itselproportionally Electroactive species in the gags as a depolarizer to modify

the potential.

(6) The effect of degassing as convection force shotsabeffed in electric field distributionWhen
charging currenfrom ion migration prevails, degassing will interrupt ffrecess oflouble layer
formation and cause a reduction of electric field strength; wheffiathdaicreaction starts to
dominate, the faster mass transfer will lead toigher electric field by agreate current flow.
However,in both casg degassing will resuih an instability in the magnitude of tleéectricfield.

2.3.24 Effect of Channel on Potential Profile
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As discusseckarier, in the open cell, loating the electrolyte concentian to decrease¢he applied
voltageis noneffective Instead, a channel design may be more useful to increase the potential drop as
the driving force for bipolar electrochemistry. Mple cells(50mm 20mm 15 mm) with different
channel sizesvere fabricatedy 3D printing In addition toa fully open celiwhich was 30 mm wide

cells withchannel size of B]nm, 4mm, and8 mm in squareshapewerefabricatedas shown irFigure

2.20(a). Two gold wiresvereplaced atheexits of thechannebr separated bthesamedistance as the
channel length in theully open cellto measure the solution potential differends shownin Figure

2.20(b)(c),the potential differencm either deionized water 10 mM NaClQ, is inverse proportional
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to the chanael size, with 2 mm channélaving a vale more than twicaslargeas the open channel
Therefore, a channel desigmimre effectivdo enhancehe electric field.

W deionized water
] 1mM NaClo4
¢ ¥

# 10mM NaClo4

Potential Difference (V)
"

Applied Voltage (V)

Fi g 22 X&) 3D prined channel cells with &m ina squareshapeor potential profile
measurement. (lHotential difference versus applied in the cell of pure waterM NaClQ,, and 10

mM NaClQ..
conductance(é s/cm) |resistance(M 3 )
Deionized water 0.62 1.61290322€
1mM NaClo 112 0.008928571
10mM NaClO 1084 0.000922509

T a b2l1.the resistance different solution measured by a conductivity meter

In the2 mm channel cellas the applied voltage increases td/1%he potential differences about 11
V, showinganenhanced electric field in the céfligure2.21(a) (b)) Note that the potential profile for
different solutions with changing ionic strengtfiows almost no differengeeven witha hundredfold
resistancehanggTable2.1). Still, deionized watehasa slightly largerpotential difference d@he low
voltagerangedue toits higher resistancewhile 10 mM NaCIlQO, hasa higherpotential difference dhe
high voltagerangedue togreaterfaradaic current contribution.
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F i g 22 2otential Difference in thepen cell versus applied voltage inalgzed water, 1M
NaClQy in the open cell.
Whenreplacingthe channelcell with the fully open ongthe effect of ionic strength svident The
potential gradienin deionized wateis higher at firstthen exceededy 10 mM NaClQ; (Figure2.22).
At alow applied voltageduring the formation of theloublelayer by ion migration, the counterions
will come close to the driving electrodanions to the anode and cations to thihade, thus creating

a revesd electric field which could offset part of the external electric field. As a remulktlectrolyte
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solution with more ionsvould have dower potential gradient thahe onewith fewerions.However,
at ahighvoltage, inthesolution with lessesistance, the reactions at both driving electrodeprcaesd
faster hence generating more positive ions at the anode and negative ions at the fEibwiey by
subsequent faradaic currdram ion migration. Tis createcklectric field in the forwarddirection can
be added to theriginal oneto providea higher potential gradiemt solution

2.3.25 ECL Performanceunder the Electric Field Change
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Fi g 22 F&)Simultaneousneasuremesbf the potential difference and ECL intensig a
function of time in 30min at anappliedvoltage af7.5 V. (b) ECL intensity measurement as adtion
of time in70sat7.5 V.

At last, the ECL intensitghangewas correlateavith the time decay of the electric fields shown in
Figure2.23(a) (blue circle), afteswitching the voltage t@.5 V, the potential difference between two
gold wires decreases expentially at thefirst 1 min, thenstabilizesat around 3V even after 30nin.
The ECL intensity measured simultaneously also shows a rapid deteriondtilty ; thenit holds
relativdy constam for a few minutesAfter that the ECL intensitydecaysagain graduallyfor an
extendedperiod. The anode surfaceas observedlackenedafter the experiment Another ECL
experimentvas also takehy recording its emissitfor a short time abo@0s. A fastdecayis observed

before20s, andthen theECL intensityreaches aomparaby} stable valueRigure2.23(b)).

Based on the results, the fast decay of Bk signal in tle BPE system shoulde ascribedo the
potential gradient decreagdnena voltageis applied Ontheone hangdtransientcharging current will

pass across the systewith the formation ofthe double layer; on the other harttie surface
concentration of reactive species will be the largest at the beginning, then the concentration gradient
dropsas the thickening of thdiffusion layer. The exponential decay tfe potential gradientis
describedasthe same as th€ottrell behavior ofcurrentin a chronoamperometexperimentWhile,

the slow ECL decayis not related to the potential gradient, but from the chemistcyring on the

BPE anode surfacBubbles(oxygen)formedon the BPE anode surfatteatsuppressdthe ECL. More
importanty, the accumulated film formation on the anedesresponsible fothe gradually ECL signal
deterioration.
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In a word, from all the studies abowesideshe analyte concentratipwe have figured outhe applied
voltage,measuring timgooint, degassinghe composition and resistance of the solutiboth in the
compartments and the gagm)d surface chemistry on the BPE,alld affect the ECL performance.
An appropriate time point for measurement should be carefully selected toebdfenpotential
instability at the beginning stage, time constionp andundesired surface chemistry.

2.3.3 Remaining Issues in the Printed Thin Layer

Short Circuit Experiment
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Fi g 22 4CL intensity of NaCl@only andl mM KsFe(CN}/K4Fe(CN) under short circuit

Th Up to this point, the thin layer regions width has been created by manually assembling parts, to set
the BPE inner surface distandéherefore the two BPEshadthe possibility of shorcircuiting. Like

shown inFigure2.24, the ECL intensityf 1 mM KsFe(CN)}/KsFe(CN)overlapswith that ofNaCIO

only. Thus, a spaceis expectedo be incorporatedin the next fabricatiorio furtherimprove the
performance of thehin layer. In addition a flow cell design isrequired to facilitate the solution
replacement.

2.4Experimental Section:Cell Design and Electrochemical Analysis

2.41 Reagens

T r i s-Bipggridyd) dichlororuthenium( ) h e x a hbpWkCLBH.@, 99(9FuSigmaAldrich),
Potassium fer gFe(€EN}ah9 e, (P9t a(ski um hexacyanoferr
(KsFe(CN)Y3H 20, 09 9 . 5 %,-AldSch)gSodium perchlorate monohydradaCliO) ( 09 9 . 0 %,
Fluka), Sodium oalate ( 09 9. 5%, Al fa pAesph)lat e Somdbinomasi c ( O
Scientific), Sodium phosphate, Dibasamhydroug O 9 9 . 0 %p-Befzbginone( 099. 5% HPL C,
Fluka), Hydroquinon€99%, Alfa Aesar)

All solutions were prepared using deionized, ultrafddva t er (18. 3 Mq c ili-gener at

Q water purification system (MilliporeSigma, Burlington, MA). All reagenisre usedas received

without further purification.
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2.42 Device Fabrication

F i g 22 &) Printed central building block withlargehole in the middle for holding BPE rod and

four holes around for screws. (b) The peripheral cell for cetiiralayer cell insertion and collecting
window for thelens

From the success othe previousgap cell,a new doublecell configurationadapted forthe ECL

measurementvasfabricatedwith the use ofh commerciallyavailablespacerand flow cell degn as

follows:

The bipolar electrodehin-layer (BETL) system with doubleell configuation was fabricatedoy
MakerBot Replicator 2 3D printetAll the 3D parts constructing this systenere fabricatedas
described in Section 2.2.2

The doublecell configurationwas composed dafwo parts: the peripheral ECL cell and the central
bipolar electrodéhin-layercell. For the central bipolar cethgold rod (GF85112232, diameter 2ndn,
SigmaAldrich) was cutinto two identical pieces (I®m long) as bipolar electrodes. Eaiflthe BPE
was respectively insertednd sealedby an epoxyadhesive (Loctite, 1C) in a cylindrical hole in the
middle of a printed central building blockigure 2.25(a)) as half of thehin-layer cell, for 24 hours
until its full solidification. Then the inner face of each h#ilin-layer cell was coarsely polished
following the same cedure irSection 2.2.2After each step of polishing, the bloakas sonicateth

1:1 water/ethanol mixture for 10 min to remove the particle residines design minimizethe edge
effect by also creating thin layer of solutioninstead of le bulk solution around the electrode.
Simultaneously, the other end of thipolarelectrode was polished in a similar sequence while allowing
it to extrude out of the block surface tmpide enoughelectrode surface area for ECL emission and
wire connetion for electrochemical characterization afterwdttectrachemical cleaningvas then
appliedto boththeinnerand outer surfaes of the bipolar electrodes by cycling them in 0.5M sulfuric
acid from-0.5 to +1.5V at a scan rate of 0.X/s for 40 cycles. The cleaned gold electrodese
throughlywashedwith D.I. water and ethanchnd driedunder flowing nitrogenn addition each block
had a small round cavity of 1.58m in diameter as inlet/outlet,rbm side away from the cylindrical
hole, and centrosymmetric to each other. Tygon microbore tubing (0.508 ID x1.524 mm OB; Cole

Parmer, Vernon Hills, lllinoisyvas implantednto the inlet/outletsando sealed by epoxyA crossflow
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cell gasket (MFL044, 12.72 m, BrvasSpiagednsidethe inner faces of two blocks serving as the
spacer to create micronsize cavity between bipolar electrodesith BPEs aligned in the middle of
the elliptical cavity of itBy this design, the edge effagasminimizedby confining the solution in a
thin layer in the elliptical cavity surrounding the BRE&.each of the building block, theveerefour
printed holesandtheywere threadetly ahandtap (M4, High-SpeedSteel, Grainger)Nylon screws
rubber arings, noametal washesandnylon hex nutgGrainger)were used to mechanically clartiye

two half-thin-layer cells together to achieva solutiortight seal. Metal parts were not used here to
avoid their corrosion and polarizatioausedy theelectric field present under bipolar electrochemistry.
The wholeassemblyesembled two-electrode flow cell configuration. The inlet tubing was connected
directly to a syringe pump@ndthe outlet tubingvasplacedin acollecion reservoir Solution sample
was injected from the syringe through the inlet, pasacrosgshe confinedthin-layerregion between
the inner faces of two bipolar electrodes #loded to theto the waste reservoir via the outl&his

fluidic arrangement allowethcile solution exchange.

In addition to thehin-layercell, a peripheral ECL cell was also 3D printed for holdingtkielayer

cell and bipolar ECL experimerfigure2.25b)). One side wall of the peripheral cell perpendicular to
the bipolar electrode alignmemtas printedwith a circular hollow for installing a @ount for a
secondary lensQomputarTV lens 12.5mm, 1:1.3) followed bythe epoxy seal. The settingof the
secondary lenwas describeth Section 23.1.2. In the middle of the peripheral ECL cell, a rectangular
groove was reserved to embed the cenhiatlayer cell. Paralleichannelsare on both sides allowing
the ECL sdution to flow throudp the whole ECL cell as an open BPE system. T@onm 10 mm
slots with 1 mm thicknesswere printednext to the side wall for driving electrodes placement.
Considering the chemical compatibility of PLA material and possible permeationgthdayers,
Polydimethylsiloxane (PDMS, Sylgard® 184; 10bhse curing agent) coating was introduced to all
the imer face of the ECL cell to isolate it fronthe electrolyte solutionThe PDMS mixture was
carefully coatedon the surface and cured in an oven at 50 € (below the PLA glass transition

temperature of 65 €) for 3 has.

2.4.3ECL experiment

Two gold foils (1 mm in thickness) witlthesizeof 10mmxL0 mmwere useds driving electrodes and
located in pinted slots in the peripheral ECL cell. A DC power supply (9122A, BK Precision) was used
to provide the electric field in the BPE system. Images from ECL emission were collected by a custom
CCD cameral®7000, Nikor) with an exposure time &s. The cameravas operateth manual mode

with parameters set as follows: ISO sensitivity: 6400; shutter dpeewvhite balance: auto. Images
were storedn RAW. formatand analyzed by lageJ software from RGB value. the ECLintensity

voltage measurement, the applied volt&ygradually increasedith atime interval of 10s. In the
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intensitytime dependent measurementanstant applied voltage, the voltage is applied firs66os
until the stabilization of electric fidlin the system. Then the ECL is recorded immediately after
charging the solutiorby a syringe pump

2.4.4Thin Layer Characterization

The preliminary characterization of the thin layems tested using a conventional ¢lerelectrode
system Silver wirewas useds aquasi-reference electrodendplatinum wire counter electrodeas
insertedinto the thin-layer cell through the microfluidic tube attached to the inlet and auBeasic
cyclic voltammetry testvas employed to indicate the successful fabrication of thin layer based on 3D
printed building blocksLinear sweep voltammetrfSV) and chronoamperometryCA) in a two
electrode systenand dual electrode voltammetry (DECV) the generatoicollector sytem were
employedio characterize the thin laydrhe parametsrarerespectivelydescribedn the main text.

A two-electrode setup was used instead tifraeelectrodesystemto resemble the behavior of a thin
layer under the BETL systeniinear sweep voltammetry (LSV) andchronoamperometry (CA)
experiments were performed at room temperathite the eference ad countering terminals were
shorted together as a simulation of the-electrode configuration in the BETL ECL experiments. All
potentialsare reportedas the difference betwedhe two bipolar electrodes. In the LSV study, the
potential of one bipolarlectrode was held constant, and potential of the other bipolar electrode was
swept linearly from zero tthe desiredvalue with different scan &s (1 mV/s to 50mV/s) until
observingplateau currentt represents thECL variation when gradually incraag applied voltage in
the BETL systemin the CA study, a series of step potent{al30 mV to 1100 mV)wasappliedfirst;
thenthe currenis recordedmmediately aftecchanging the solutiorAs a result, the current response
can be correlated witkECL intensity change under constant applied voltagthe BETL system
implying the gap solution composition change as a function of tiAle.the electrochemical
characterizatiomwere performedunder abipotentiostafjalvanosta{Model WaveDriver 20QPine)for

system control and data acquisition.

The microscopicelectrochemical active surface area of each BPE inner sweharacterizedby
theintegration of the gold oxide reduction peak in a cathodic scan. The current minimum that follows
the gold «idation peak in the voltammograia usually takeras an indication that a monolayer
coverage ofjold : oxygen ratio of 1:1 is reach&d It wasdoneby using 0.1 M phosphate buffgyH

7.4) and consistedith two CV scans betweei®.1 and +1.2 V at a scan rate of 50 fsi#llowing the
literaturé®. Oxide formation stagdat +0.65 V, and the area under the gold oxide stripping peak in the
second scawas takeras a measurement attive surface area. According to the average calculated

value integrated from different measurements, the BPEdlhaactive surface area of 0.039%cith
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a roughness factor of 1.2&ndthe BPE 2 ha an active surface area of 0.041 with a roughnegerfac
of 1.31.

After characterizing the BPE surfadie thin layer cells dimensions need to be determined. next
However, there is nowell-defined method in a threeelectrode systeminstead, linear sweep
voltammetry(LSV) used ina two-electrode systerand chronoamperometryCA) in the generator

collector systenareadaptedto characterize the thin layer.

a Linear Sweep Voltammogram b Dual Electrode Cyclic Voltammogram
generator

400 1 1mM KsFe(CN)e/KiFe{CN)e
TmM KsF e{CjekuF o CNe

0.5M NaCIO4

Current (HA)

Current (A)

0 1mM KFo{CNJKaFo(CN)s:

0.0 L

05MNaCI4 25.01

collector

-20.0 T ™ ™ ™ ' ™ ™ ™ - - 50.0
100.0 100.0 300.0 500.0 700.0 900.0 100.0 150.0 400.0 650.0
Potential (mV) Potential (mV)

Fi g22 @) LSV of pure water, 0.5 NaClO4, 0.1mM KaFe(CN)/KsFe(CN), and 1mM
KsFe(CN}/KsFe(CN)in 0.5M NaClOy, in the 3D printedhin-layercell usinga two-electrode
system (b) Dualelectrode cyclic voltammogra(®@ECV) of 0.5M NaClQO,, and 1mM
KsFe(CN}/K4Fe(CN)in 0.5M NaClQ in the 3D pintedthin-layercell with thecollector potential
set as200 mV, andthe generatopotentialscaming from 0to 700 mV, scan rate30 mV/s.
First, LSV was taken usintpe thin-layer cell with theworking terminal connected to one of tAPE,
while the reference and counter terminaisre shorted together and connected to the other BPE. As
shown inFigure 2.26(a) (blue), the one with 0.81 NaCIlOs has only anegligible capadiive current
linear to the applied valgearoundseveral hundred nA untihe appearance of water decomposition.
When the solution is changed@d. mM KsFe(CN)}/K4Fe(CN) (green, it showsa significant current
from the faradaic redox reaction in the thin layérhigherconcentraion of 1 mM hasa much larger
current responsaBoth thecurrents display a plateau after 58, indicating the diffusiodimited

steadystatein an idealkwin-electrode thin layer.

50



Sweep limits (K1)
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Initial potential 0| mv v |vsREF «

rising falling

mV

Final potential 700| mv v |vsREF v

Sweep rate (K1)
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Potential (E2)
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Electrode range (K1) Electrode range (K2)

Initial Range Autorange Initial Range Autorange

Default v| pA W | on v Default v| pA v/ |On

Dual electrode control

Mode | collection Mode

F i g 22 78he parameter setting of a DECV experiment as a genawaitector system.

While treating it asa generatecollector systemseverabotentiostatparameters on the settingguire
clarification A conventional threelectrode systemvasemployedhere with two working electrodes
for collecting both currentesponsesThe reference and counter electrederequasisilver wire and
platinum wire respectively inserted in the noituidic tubings as mentionegreviously Dual electrode
cyclic voltammetry (DECV)was performed As depicted irFigure2.27, the potential of one BPE
scannedrom 0 mVto 700mV, which issignificantlypositiveto oxidize KsFe(CN}); while the potential
at the other electrode is fixed-@00mV for afastreduction of kkFe(CN) back to KiFe(CN}.

DECV was first operated to compare the voltammogram of M.5NaClO, and 1 mM
KsFe(CN}/KsFe(CN}in this electrolyte in only half forward scanKigure2.26(b)). In 0.5M NaClOs,
bothcurrentresponseareflat, with thegenerator currenihcreasing slighthafter 700mV. It shouldbe
attributedto the traceamount of gold gidation on the generator BREatcannot be collectecdn the
collector.1 mM KsFe(CN}K4sFe(CN}) with equivalent reduced and oxidized fostmowsmuch larger
responsef which thegenerator and collect@urrens are inexactsymmety. It is worth mentioning
that the plateau currents dhe two-electrode system LSV and threkectrode DECVare at

approximately the samalue of 423 AA. Thethin-layerdistancecan be obtaineldased on the equation:

T &1#$
1

with parameters: n=1, F=96485, geometric surface area=0.0314%f, since the thickness of the
spacer is around 14, the time scale it takes to build up suctliffusion layer thickness is around

0.1s Therdore, theelectrode geometric aréa treatedasthe same as the crosectional area of the

diffusion field. $ ———=7.01*10%n?s,# —— 0.000002i i #AA i The thickness of the

thin layer is tha calculated to be(4 Am, which is close to the thickness of the spacer2of Am. If
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we consider theoughness factor of 1.28 would be calculated to be 2& (as obtained from previous

surface characterizatian)

Dual Electrode Cyclic Voltammaogram

a

Collector

°
g

Current (UA)

2
3

-30.0

00
-700 -200

Potential (mV)

300

Dual Flectrode Cyclic Voltammogram

Collector

0o 500.0

Potential (mV)

400.0 200.0 200.0 400.0

Fi g2 g&)DECV of (a) 0.2mM KaFe(CN}, (b) 2mM KsFe(CN) in 0.5M NaClO; in the 3D

printedthin-layer cell with the collectorpotentialset as

50 mV, andthe generatopotentialscanning

from 500 to -500 mV (scan rate (i) 10nV/s, (ii) 30mV/s, (iii) 50 mV/s, (iv) 100mV/s, (v) 200mV/s)

DECYV with ferricyanideonly in the thin layemwasthen carried out witlkoncentratiosaof 0.2mM and

2mM. The generator BPE pattial wassweptfrom 500to -500mV using different scan rates from 10

mV/s to 200mV/s, andthe collectorwassetat 500 mV.

As shown inFigure 2.28(a), contrary tothe

acceptediteraturé®’, on the generator the response does not display-dike curvewith a cathodic

and anodic peak corresponding to the reductionsBEKCN) and back oxidatin. The reasowould be

explainedoy the geometry of thidin layer which has aufficiently smallthickness and restricted region

of diffusion. Once Fe(CNY is reduced in the generator, it will quickly diffuse to the collector and be

oxidized,thusno more generated Fe(Gil)s presentWhen the generatecandackward laterharely

anyFe(CN}* will be oxidized on the generatorsacha confined thin layeBesidesthe currenvalues

from the generator and collector are not proportional to the scamsaeciallyat the concentratiorof

2 mM, they almostoverlap with each other, also indicating restricted diffusion regiofFigure

2.28(b)).

O

O

O

O

F i g 22 %he thin layercreatedoy the spacer, blue
outlet.

cirdendicate the contact regions as inlet and

In this 3D printedthin-layercell, the confinedyeometryallowsacollection efficiencyof 1(Figure2.29).

Becausef a sufficiently small thicknessedox ative species reduced at one electrode will diffuse to

the other electrode for oxidatioapidly. Also, the solutionis trappedn the thin layer with almost no

diffusion from thebulk solutionby the thin layer created by the caviventhoughwith a possible

diffusional pathwaythrough the microfluidignlet and outlet, the edge effect colid ignoreddue to
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the minimized contact ratjat is different from other generataollector sysenms in whichthe bulk

solution surrounds the thin layer

As discusseearlier, the oxide filmformation simultaneouslpccurswith the oxidation ofRu(bpy)s**
to Ruppy)s**, particularlywith aredox couplén a high concentration and undemnigh applied wltage
Fortunately, this film cabe easily removelly a papertowel, andthe ECL carrecoverback to a high

magnitude.

In addition tothe surface chemistry on the BPE anode outsidegtibege inthe thin layer may also
causethe ECLdeteriorationin repeated measuremsgnsuch aghe passivatiorof BPE surface in the
thin layer Such a grfacestructure variatioman changelectrontransferkinetics and thectivesurface
area A convenient methodasemployedto reacivatethe BPE surface without dismantling ttién-
layercell for polishing Insteadthe BPE surfacweas electrochemically cleanéd filling the thin layer

with a0.5M H,SQ; and independdly scaming each BPE from0.2 to +1.5V at a scan rate of O\M/s

for 40 cycles using the thresectrode system. Experimental data shows that with the help of
electrochemical cleaning inside the thin laydre surfacewas regaeratedto almost itsoriginal

condition

Another inextricable problem of using ttten-layercdl under BPE electrochemistig themethodof
voltage applicationIf the solution is introduced firgbllowed by switchingthe power supply to a
certainvoltage because of the electric fietime decay,the driving force for thehin-layer reactions
andECL reactionare not constarttefore the stabilization of thedectricfield. If the DC powers turned
on firstfor a period it canprovidea stable elddc field afterward. Howeverthe infill of the sample
will induce an enhanced magansfer by convectioihe second case selectedsince it takes a short

time for the solution tequilibrate

In order to mitigate all the problems discussed, an optimized experimental designdwiithlacell
configurationwas useds the final approach to precisely correlate the ECL emission intensity with the
electrochemical behavior in the thayer. The BPE anode outside the thin layer was cleaned after each
set of ECL experiments to remove gold film formation. For constalthge measurement, the DC
power supply was set to a specific applied voltage fos 6til a stable electric field imé solution

was attainedNext, employing a syringe pump, aboutb@f the solution was introduced into the thin
layer through the inketo ensure complete evacuation of the old solution. The ECL intewsity

subsequently recordex a function of timéy continuous images capture.
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2.5 Resuls and Discussion

2.5.1 Principle and Theoretical Illlustration
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S ¢ h e2d8chematic illustrations of the bipolar electradim-layer (BETL) system and its potential
profile.

The basic working principle of this bipolar electrabim-layer (BETL) systenis illustratedin Scheme
2.4. An external voltagerovided bya DC power supplys appliedto two driving electrodegplaced at
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both ends of the open peripheral cellststaintheelectric fieldnecessarjor bipolar electrochemistry.

In the middle ofthe cell two bipolar electrodes sealed in teeparag barriers areplaced parallel to
each othewith a thin layebetweerthem sening as an embedded centtin-layercell. Two solution
channelsre positioned alongside ttten-layercell, allowing thereportingeCL solution to flow across
theentirereservoiras an open BPE system. The electric field distribution is thus simplified witieut
consideration of thalepolarizability of active species in the thin layer, creating a uniform and
corntinuouspotential gradient imposed on the centhah-layer cell section. The sizxf the solution
channe$ areminimized(4 mm 8 mm) to ensure aubstantiakolution potentiableclinealongthe
channelengthwhich is in the same horizontal positiasthe thin layer. Another benefit dfis system

is thatthe isolateddoublecell design physically and chemically separatesdansing reactiowithin

the centrathin-layercell and reporting reaction outsiddoreover theanalytewill not be consumedt

the driving electrodewhile the design alsavoids the possible interference or contamination from the
reportingsolution in the peripheral cell.

Under the influence othe externaly applied voltagea potential gradientill be establishedn the
solution in the peripheral cell. When redastive analyte O/Rs introducedn the thin layerdifferent
potential energy levslall imposed orthe solution andhe BPE by polariation. By satisfying the
overpotential requirement, a sequential and cascade electron ti@fesacross thehin-layer cell.

Six redox reactionsake placesimultaneouslyn the whole system. Ithis particular experimenthe
peripheral celis filled with the ECL reporting solution consisting of M Ru(py)s** as thelight-
emitting species,and 25 mM NaC;0, as cereagent dissolved in pH=7 PBS buffer to maintain a
congant pH. The reaction taking place on the right BPE anode is the oxidation GipRsf( to
Ru(bpy)s®** followed byECL emissionwhichis coupledwith the reduction of oxidized form O on the
cathode in the thin layer. The reaction taking place on the right BPE cathode surfaesdtutibn
coupled with the oxidation of reduced form R on the other EneECL provides a conveniemtay of
indirectanalytedetectionas an alternativeo current readout. Due to the Iamalyteconcentrationn

the thin layer compared to excessivespecies in the ECL solution, undbe propose®BETL system,
the behavior cECL is determined by the electrochemical performance inside the thinTagamalyte

in the thin layer, imtherwords act ual ly acts as an fiel ectrochemioc

andH* reductionatthetwo terminals of thehin-layercell.

Forbetterunderstandinthis system, electrochemiaaiaracterizationunderpotentiostatontrol using
this thin-layer cell were also taken to simulatee ECL experiments. The driving force for the BETL
system deriing from the electric fieldacrass the solution can be directly representecylying a
potentialto thetwo BPESs. In the simulation, electrical contagismade by connecting oigePEto the
workingterminaland connecting thether BPEo thecounter and reference termimdithe potentiostat.

Linear Sweep Voltammetry (LSV) and Chronoamperometry (@&eemployedo mimic this BETL
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system. IrtheLSV study, one of the electrodessgroundedyhile the potential of the other electrode
wasswept linearly in time. The currerésponsehusrepresergd ECL signal intensityas a function of
theapplied voltage in the ECéxperimentin contrastin the CA study, the potential of one electrode
wassteppedo a certainvalue, and the current respengasrecordeds a function of timel'he obtaired
voltammogram ould thus be used toelucidate the ECL intensity variation versus time when
maintaining a constant applied voltage. In this diattrodethin-layer configuration,redox species
couldundergo electron transfer on both electrodes and diffuse back and forth rapidly. As anmigsailt,
in common bulk LSV and CA, with thexceptof the initial processno substantiatiepletion effecin

the difusion layerwould be observed

Moreover, to mitigate the edge effettie solution in the thin layer wadmostisolated from the bulk
solution byonly thenarrowinlet and outletonnections to thmicrofluidics tubesThe solution samples
were degassed withyldt least 13nin toeliminateoxygen from ambierds a means of reducingduce
the background currenbue to the tightly screwethin-layer cell, the dearatedsolution in the thin
layerwas effectively trappetdetween dual electrodes within ttr@ssflow cell gasketGiven thatthe
smallgravitation flow in the cell caused by its vertical alignmenhfinitesimally smalland thus haa
negligibleeffect on the behavior dhe solution in the thin layeit couldbe treateds stationaryAs
previously explainedn eachreplacementun, the firstsmall portion ofthe solutionwasdiscardedo
avoid remaininganalytefrom the previousexperiment set. A partial correctidar chargingof the
double layercan be thereforemadeby subtrating the current respons&hen only thesupporting

electrolyteis presenat the samg@otential.

v
12V o

Figure2.30.(Left) Simple ECL instrumentation of the BETL system witticublecell configuration
CCD camera and mounted secondary lens. (Right) The imagesMfBe(CN)*/Fe(CN)}*> from 6
to 12V with an exposure time of &

The finaldoublecell configuration consisted of@eripheralcell anda central thirfayer, asshownin
Figure2.30 (left). A CCD camera is used to record the ECL intertsitgugh a secondary leriSigure
2.30 (right) shows typical images when gradually increasing the voltddee reasoror these noideal
focused imagess from the edge of the extruded BPE surface #maits the ECL light ina dispersive

way.
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2.5.2 ECL and Electroanalysis of the BETL System Using Ferrocyanidé~erricyanide Redox
Couple

Fe(CNj* e © Fe(CN}*

Fe(CN* e © Fe(CN}*

H.O e O 1/2H 2 OH )

1/2H,0 e O 1/40, H* ¢

Ei 4 N
N r

H* reduction  Fe(CN),*/Fe(CN)/* water oxidation

l l | | | |
I 1
-0.4 0 0.15 0.8
d 5
hJ 4
b A H* left
decrease pH
block

water oxidation:

H,0-e =0,
Side reaction

for increasing net

Fe(CN) *
(CNDs Fe(CN),*> reduction:

Fe(CN)> + e = Fe(CN)*

Fe(CN)* reduction:

Majority current  Fe(CN);* + e = Fe(CN)*
contribution

Fe(CN)* reduction:
Fe(CN).> + e = Fe(CN)*

contribution

Fe(CN),* oxidation:
Fe(CN)* - e = Fe(CN) >

\ Fe(CN),* oxidation:

Fe(CN),* - e = Fe(CN).>

Fe(CN),* oxidation:
Fe(CN),* - e = Fe(CN) >

Fe(CN)* only

Fe(CN),* oxidation:

I
[
|
|
|
|
|
|
|
|
|
[
| Majority current
[
|
|
|
|
[
[
' Fe(CN),* - e = Fe(CN)g*
|

|

|

[

dee rea;tion Side reaction
for lnczeaSI)n? net for increasing net
Fe(CN . : Fe(CN),*
< H ‘reduptlon: (CN)e H* reduction:
2H*+ e =H, 2H*+ e =H,
i« block| i block
OH- left | OH- left
increase pH | increase pH
N
] 5
Potential

57



C M m ml 1 i L Feten [

M Fetcn), —
FelCN)> -=-==> H* Fe(CN),” K C )
FE(CN)(;" only + Fe(CN),* L — +C ) | — |+ L ““”‘::' i > |+ ':[CNL‘ == chcr»:; N
FelCN),* H, Fe(cn), & ) C )
L S (5 L - H, = Ll Ho H, I
] ] [ Feten® M 7;—-rN‘ €= = ->Fe(cn),” [T]
) e(CN), C (CN), A9 )
Fe(CN),> only |+ Felcn) N +C ) | —— [ Teemy ) —_ r:rN e-reem” |
* Fe(CN), C Fe(C rd )
L L o Ho = _\H o H (.
] Il M ey [T [7] FelCN)* 4 - = -y Feicn),> [T] [ « N 7]
) C
CN), 4 - = % g ff (cN), /
Fe(CN).*/Fe(CN).? Fe(CN) Fe(CN)* ¢ - - - Fe(CN)," Fel(CN,* 4 - - -y Fe(CN)
(CN),*/Fe(CN)> |4 | = AN, —— Wl —— " ol
Fe(CN),* 4 = =  FelCN) Fe(CN) ) C N C )
(I = = 1, L L o H J7 ] HO H, &

Y

Potential

S ¢ h e2m@) Potential diagram showing f#alue of H+ reduction, Fe(C)yFe(CN)* redox
reaction and kD oxidation and their potential separation. Thjn-layerreaction processes of
Fe(CN)* only versus potential beeen two bipolar electrodes tine unbufferedolution.(c) The
cartoondemonstrating three casafsFe(CN)}* only, Fe(CN)* only, and equaFe(CN)}*/Fe(CN)>.

Ferrocyanide/ferricyanide couple, th@st commonly used electrochemical redox molecules, were
empl oyed in the thin | ayer, as the first figati
investigatethe BETL system.Taking only KiFe(CN} present inthe unbufferedsolution in the thin

layer as an examplé&s¢heme2.5(b)). When gradually increasinghe potential between two bipolar
electrodestherewill be no redox reaction at the beginning. The current response is only from the
norfaradaiccharging effet and possible background current (impuritiesyvhich the charging current

will not producdaradaicrelevant ECLemission After passing the thermodynamic threshold, solvent
(water) starts to decompogia H* reduction, Fe(CNJf gets oxidized by coupling with it and generates
Fe(CN)*. Once Fe(CNy¥ is generated, it can diffuse to the inner bipolar cathoddamedducegthen

the redox cycling of Fe(CNJ/Fe(CN)}*> in the thin layer initiates and contribstéo the current
response. Becausige formal potentidk, of Fe(CN)}* reduction is far mar positive than Hreduction,

the redox cycling of Fe(CM)/Fe(CN)}> can proceedat a fast speed with lower overpotential
requirement. At the same time; Irleduction is still proceeding, that is the driving forcettod net
Fe(CN)}* increase in thenin layer. Besideghe pH in the thin layer would increase due to continuous

H* reduction andits change corresponds to the net Fe@€N)mount increase. Later on, current
contribution fromHr educt i on i s n eotf fsou frBeiditeiddidiberstoped bthe i o n e
shifted equilibrium from the pH change The current from Fe(CN§/Fe(CN)}* redox reaction
contributeghe mosthecause dfheir equako. If further increasing the potential, water oxidation with

a higher potential barrigran also take plac€inally, all four reactionsv Y § Y co-occur(oxidation

W +Y =reductionY 4y due totheelectroneutrality) and reach their steady state.
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In summary, for only KFe(CN) present in the thin layer as the example, the direct rdfasdhe
currentincrease ishe net amount increase offl{CN)s and consequent enhancement of redox cycling.
While H" reduction, served as a side reaction, isnbleectbut essential reason. Without Feduction,
Fe(CN)}* cannot be generated, let aldhe ferro-/ferricyanide redox cycling. Even so, the saingial
current response comes from Fe(€MNFe(CN)}* redox cycling with only little contribution from H
reduction due to their difference in potential separdi&mmeme2.5(a)). A cartoon demonstrating three
casesof Fe(CN)}* only, Fe(CN)* only and equaFe(CN)}*/Fe(CN)}* in the thin layer is shown in
Scheme2.5(c).

2.5.2.1 ECL and Electroanalysis of Ferrocyanid&erricyanide in the Unbuffered Solution

Bipolar ECL experiments and elesthemical snulations for the BETL system were carried out
initially in an unbuffered solution of 0.5 M NaClOs using three different ratios of
ferrocyanide/ferricyanide species with sametotal concentration of 2nM: ferrocyanide only,
ferricyanide onlyandequal ferocyanide/ferricyanide.
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Fi g 23 X&) ECL emission intensity of @M ferrocyanide only, ferricyanide ongndequal
ferrocyanide/ferricyanide in 08 NaCIQ as a function of applied voltage. (b) LSV curvettoe
electrochemical simulation as a function of potential between bipolar electrodes, scamiate: 5

The black curve inFigure2.31(a) shows the ECL performance oM KsFe(CN) in 0.5 M NaClQ
when graduallyincreasingthe applied voltage between two driving electrodes. Around, éhe
backgrounetorrected ECL signal starts to increase and then esacklativelystable region at 8.3.
The LSV simulationwas takenundera two-electrodesystem(Figure 2.31(b), black curve)in the
beginning, there is a small increasethie current response due the nonfaradaiccharging andhe
possibletrace amount of background current, whishnot capble of generatingpbservableECL
emission in the BETL system. Thpparenbnset appears at around ¥.4indicating the participation
of proton reduction. With its presence, Fe(€N)an be oxidized to Fe(CH). In this case, Fe(Ch

is always the ta-limiting reagent for Fe(CN}/Fe(CN}* redox cycling. As the net amount of

Fe(CN)}* increases, current keepgowing until it reaches the diffusiehmited steady state
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(approximately at 8.V in Figure2.31(a) and 0.7% in Figure2.31(b)). In the steady state, the ratio of
Fe(CN)}*/Fe(CN)}* stays constapshowinga welldefined plateau current as well as the stable ECL
emission.

Linear Sweep Voltammogram
75.01

20mV/s

Current Sl;lA)

w
=}

-3.0 T T T T T T T d
-100.0 200.0 500.0 800.0 1100.0
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Fi g23 2SV of 2mM KsFe(CN)in 0.5M NaClGQ; in the thin layerat different scan rates from 5
mV/s to 20mV/s.

In the LSV data, what is also interesting is the influence of scan rate, the one with slow scanvsate sho
an early onset and higher current response in the growth region, though thdfiehaaene plateau
currenteventually(Figure2.32). This phenomenon cdre explaineds follows During the scan, the
one with aslowerrate willgenerate more Fe(CN)by H* reduction at the same potential point, making
an upshift of the curve. Usually, inthe commonbulk LSV, because of the presence of diffusion and
depletion effect, fast scan rate should displaigaercurrent response tharvicscan rateHowevet in

the twoaelectrodethin-layer cell, both oxidation and reduction tdrro-/ferricyanide on the opposite
electrode cooperate to decide thrrentresponseMore Fe(CNy* would enhancehe Fe(CN}*
/Fe(CN)* couple redoxcycling, generating higher current in that Fe(€N3$ the limiting reagent in
the case of KFe(CN) only. As a consequence gsber scan rate with more Fe(Gfiformation would
show higher current response before they reach the same stadgsynchrously. In this system,
instead ofiffusion control, thesteadystatenature is more dominant the case oKsFe(CN) only, at
these scan rates. However, because FefQh)Fe(CN)}* conversion willceaseat the same extebyy

ain pH b Ingc le hefeavil beg difference in the final Fe(GN)Fe(CN)* ratio andpH as well

as the current responsetire steady stateven adifferent scan rates.
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Fi g2a3 3@) ECL emission intensity ofraM potassium ferrocyanide in OM NaClO, as a function
of time. (b) CA curve fothe electrochemical simulation at different step potatiThe step potential
was heldat 10Q 30Q 50Q 70Q and 90mV.

Instead of gradually increasing the applied voltage, by keeping the sysieonatanapplied voltage,
the ECL behavioican giveoutthecompositiorprofile of active species in the thin layEigure2.33(a)
demonstrates the ECL intensity change as a functigimafwhen controllinghevoltage. In thicase,
the applied voltage is preset f60 s, andthen the analyte solution is introduced to the thin lalger.
minimizes the inevitable electric field drop irediately after the voltage switchingt 7.4V, there is
anobviousupward trend, while at highervoltage of 8.3V, ECL intensity increases much faster and
finally reaches a plateau region. CA simulation with different step potentials reflects thetegityn
change while maintainintihe applied voltage constanfigure2.33(b)). At 100mV, there isonly the
charging current. Theery slowincrease at 300 mié probablydue to theeduction ofatraceamount
of trapped Q. At a potential of 500 mV, the current response grows up clearly via Fe¢EN)
accumulation by the help of'Heduction, however, this accumulation is not fast enaugaccount of
the small overpotentialsothere is stilla graduallyincreasingtrend in he ime range of 120 s. It
resembles the ECL intensity change at V.4While at 900 mV, the necessary conversion from
Fe(CN)* to Fe(CN)* is acceleratedrnally, the KsFe(CN)/KsFe(CN) couple ratio reaches a stable
value witha well-definedsteadystat current.The ECL plot shows the appearance aftaadystate
with stable ECL emission at 8\8as well.
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Fi g 23 4A of 2mM KsFe(CN} at different gep potentialsn the thin layer cell with solution
change first. The step potentiahs heldat 10Q 300 50Q 70Q and 900mV.

Figure 2.34 shows he resultsof chronoamperometrpperatedafter thesolution changewith the
nonfaradaicharging current decagxhibitingat the beginningThe faradaic currenthenincreasedy
the conversion of Fe(CNJ to Fe(CN}*, similar to in Figure 2.33. The only difference liest the
potential of 90 mV. Here he necessary conversismaccomplishedluring the period of charging
current decaypbscuring the growth of the faradaic curtéftte slow conversiom Figure2.33(b) is
also due to the presence of flow teapelssone product after immediately replacing the solution.

Then thesolution inthe thin layer was changed to ferricyanide onlgs result shows larger onset
voltage of observable ECL signal than ferrocyanide only, also with a smalleio§iopeement versus
applied voltage (see blue curveRigure2.31(a)). It intrinsically suggestslargerpotential separation
of Fe(CN)}* reduction coupled with water oxidation rather than that of Fe{CbRidation coupled
with H* redwction. Also, the steadystateECL intensity is much smaller than the case gFd¢{CN}
only. In the LSV simulationKigure 2.31(b)), thelarge onset potential and a gentle slope of current
growth, verifying this higherpotential equirement antheslow Fe(CN)* to Fe(CN}* conversiorfrom

its slow kineticsln addition in the unbufferedolution, water oxidation would low#ne pH in the thin
layer, furtheimpedingthis conversion. As a result, Fe(GNaccumulation wuld be slowed down and

even stopped.
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Linear Sweep Voltammogram
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Fi g 23 %SV of 2mM KsFe(CN)in 0.5M NaClGQ, in the thin layerat different scan rates from 5
mV/s to 50mV/s.
Another significant phenomenon lies in the LSV behaviokaadbusscan ratesHigure2.35). Different
from ferrocyanide only, here the current respongbeffast £an is higher thatheslow scan in similar
potential rangewhich complies with the LSV of theommonthreeelectrode system. Even though
Fe(CN)* is the limiting reagent at the beginning, onces igenerategdits oxidation backward is fast
enough. As a result, the current respaaseainly controlledy Fe(CN)* reduction coupled with water
oxidation. The slow kinetics of Fe(Cf)reduction makes the linear diffusidimited nature now more
dominant (decidd byv'?).
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Fi g 23 @) ECL emission intensity of M potassium ferricyanide in O NaClO; as a
function of time (b) CA curve fortheelectrochemical simulation at different step potentials. The step
potentialwas heldat 10Q 300 500, 700, and 900mV.
In the intensitytime-dependent study of ferricyanide only at@nstantapplied voltagea noticeable
ECL signal increasshows umat 7.4V due to thegradualaccumulation of Fe(CNY by water oxidation
(Figure2.36(a)). For applied voltage at 8\3, it finally reacheshe steady emission state, yet with its
magnitude much less théor ferrocyanide onlylt should be attributed to theggerpotential barrier

togetherwith the declining ofpH in the thin laye which works astrongemegative feedback to stop
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net Fe(CNy* accumulation. In the CA simulation curves Kifjure 2.36(b), they have much flatter
slopescompared to those for ferrocyaniolely, andhavelower current responsas well, implying the
largerpotential requirement of Fe(CN)reduction coupled with water oxidation. Because of the slow
rate of Fe(CNy* to Fe(CN)}* conversion, for potential at 90@V, in the end, the plot stidoes not
reachits steady state

Current vs. Time
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Fi g @B &A of 2mM KsFe(CN} at different step potentials on ttien-layercell with solution
change first. The step potentiahs heldat 1M, 300 50Q 700 and 900mV.
Figure2.37 shows he CA of2 mM KsFe(CN} after the infil of the solution Now different from 2nM
K4Fe(CN}, the necessary conversion at 99U can notbe done in the time range 8@ s, confirming
the slow kinetics of Fe(CNh reduction.

Experiments based on the BETL system were also caniedith an equalferrocyanide/ferricyanide
couple as a function of applied voltay@hat is distinct isa twostep ECL increment andralatively
stable intermediate stagee shownin Figure2.31(a). The onset voltage of observable ECL signal
becomes much smalléosllowed with a rapid increase in the first step. T8V voltammogram also
shows thecorresponding twatepcurrent increment, which is moewidentat aslow scan rateRigure
2.31(b) and Figure 2.38). As mentioned before, the majority of current contribution stems from
Fe(CN)*/ Fe(CN}* redox cyclingBecaise ofthe same &n reduction and oxidation, a small increase
in the overpotential would result in an apparent current increase until it reaches ipdtestu current

At this stage, almost no side reaction can occur, so the ratio of R&(EWJCNs* remainsat 1:1 and
the plateau current is diffusidimited. However, when furthencreasng the potential (above 5anV),

a second step growth appewigh the help of side reaction and provideggaghwayof changing redox
couple ratio. Bagkon their diffusion coeffcients:$ =0.65 107 cnrs?, $ =0.76 10

" cn?s?, the optimized Fe(CNJ/Fe(CN)}* ratio for maximum current should be around:11.
Therefore, the second current increase is maihig to the result of Fe(CNy to Fe(CN}* net

convesion dso with some contribution from water decomposition
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Linear Sweep Voltammogram
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Fi g23 &SV of 1 mM KiFe(CN)/KsFe(CN)in 0.5M NaClOs in thin-layercell atscan ratesf 3
mV/s and 20nV/s.

When comparing the LSV curves with different scan gafer example, the onat 20 mV/s
demonstratea vaguetwo-step current increase compamith that of 3mV/s. The fastscan shows
higher current value thahelow scan in theseond step before reachirige steady stateesembling
the performance of ferricyanide only further proesthe reasoffior the second current increase, that
is, Fe(CN)* to Fe(CN)* conversion by water oxidatiorFigure 2.38). The steady current in the
intermediate stage & mV/s is owing to the build-up of a constantoncentration gradient bthe
thickening ofthedepletionlayerunde a slow scan rateThe twocurrent curves overlap together in the

first step,indicating thathe reactions in the thin layer are only kinetic controlled in this process.
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Fi g 23 %&) ECL emission intensity ofilaM equal ferrocyanide/ferricygde in 0.5M NaClOsas a

function of time (b) CA curvefor the electrochemical simulatia@t different step potentials. The step
potentialwas heldat 10Q 300 500, 700, and 900mV.

Figure 2.39(a) shows thdime-dependentECL performance of equivalent ferrocyanide/ferricyanide.

Instead ofhearly no ECL emissiqgrit now initiates from aonsiderablenagnitude and experiences a

period of decayfinally reaching the stable emission regidhe intensity decay should lscribed to

the reduced mass transfer, from btitbstagnancyf flow in the thin layer after solution introduction

and the depletion effect from thickening of thdiffusion layer. The responses of CA in the
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electrochemical simulation is similar the ECL study, bu with a small contribution ofnonfaradaic
charging effect. It arrives quasisteady state with eelatively fixed Fe(CN}*/Fe(CN)* ratio much
faster tharferro- or ferricyanide onlyKigure2.39(b)).
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Fi g 24 (&) CA curveof 1 mM KsFe(CNY/KsFe(CN)in 0.5M NaClOy at different step potentials
with solution change first. The step potentias heldat 10Q 300, 500 70Q and 90amV. (b) At 500

mV for 60sand 180s.
Figure2.40(a) demonstratethe CAof 1 mM KiFe(CN)}/KsFe(CN} afterthe solution chang. All the
curvesstill show a quick decayput this timethe nonfaadaiccharging current decay msainly the
reasm ratherthan thereducedmass transfer due the gradual resting of the solution flow. At some
st ep pot e nlkeé beHaviorisaobsérvegwhiends more evident ahelongertime range (see
Figure 2.40(b)). The initial current dropis assignedo the charging effect andepletion of reactive
species on thelectrodesurface. Then, the back diffusion of reduced/oxidized species from opposite
electrodes rduilds the concemttion gradient and recowethe current. Notice that there is a second
current drop afterward. As mentioned before, the potential separatfea(©N)* oxidation coupled
with H* reduction is smaller than that of Fe(GNjeduction coupled with water wation. At 5@ mV,
only H* reductioncouldkeep goingo convert Fe(CNy* to Fe(CN}* in the net amountHowever, only
the net conversion of Fe(CNY to Fe(CN)}* can lead to a current increase due to their diffusion
coefficient difference. Hence, itakes the redox couple ratio further deviaben the optimized value,

leading to a current decrease.

When comparing the ECL intensity of the ferrocyanide only, dganide only and equivalent
ferrocyanide/ferricyanid@aving the same total concentratimgetherin 0.5 M NaClQ solution as a
function of applied voltage, equalliRe(CN)}/KsFe(CN)} has the smallest onset voltage, becdhese
KsFe(CN)}/KsFe(CN) couple can undergo redox cycling itself with small overpotential in advance to
the side reactin. Onset voltage fo2 mM KsFe(CN) appears second, followed BynM KsFe(CN)
(Figure2.31(a)), due to the difference in potential separation. The stable ECL intensity abides by this
order: KiFe(CN)>KiFe(CN}/KsFe(CNE>KsFe(CN}, as a resulbf the pH changein the thin layer.

The LSV simulationof them has thredistinct plateau currestanalogous to the ECperformance
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(Figure2.31(b)). Based on the previous discussidre d¢urrent ofthefinal steadystatedepends otthe
Fe(CN)*/Fe(CN)}* ratio. For KFe(CN) only, in addition to the slow conversion of Fe(GN}o
Fe(CN)*, the pH decreasieom water oxidatiorwould activdy slow down and even stop Fe(GN)
accumulation,prevening it from reaching the optimized Fe ratioBesides, asolution of 2 mM
K4Fe(CN) has aslightly higher plateau current than that bfmM KiFe(CN)/KsFe(CN}. In the
confined thin layer, pH change is directly relevartheFe(CN)*/Fe(CN)*> mutual conversiorEqual
K4Fe(CN)/KsFe(CN) should have a lowgrsH in the steady state thaguFe(CN}) only, of which the
oxidationis requiredby H* reduction This more acidic conditiothat facilitates H* reduction but
hindess wateroxidationresults in more Fe(Ch butless Fe(CNy-, whichis adverse ttheiroptimized

ratio based on the diffusion coefficient.

Current vs. Time
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F i g 24 BBA of 2mM ferrocyanide, ferricyanide and equirocyanide/ferricyanide with solution
change first for step potential held at 569 in 60sand 180Cs.
When comparing the CA results of @M KsFe(CN)}, 1 mM KsFe(CN}/KsFe(CN), and 2mM
KsFe(CN) by applyinga step potential of 50éhV afterthe solution change, three curremiagnitudes
are demonstrated with an initial charging current d¢e€egure2.41). EqualKsFe(CN)/KsFe(CN) has
the highest current due tbe coexistence ofthe reduce@nd oxidized forra The differencédetween
the other two can be explained by the smaller potential bdreisveenKFe(CN) oxidation and
coupledH* reduction rather thathat betweeiKsFe(CN) reductionand coupledvater oxidation2 mM
K4Fe(CN) displays a highercurrentresponsehan2 mM KsFe(CN) since500mV is only capable of
triggeringthe oxidation oK4Fe(CN) to KsFe(CN}.
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F i g 24 ZCL emissionintensity of 2mM ferrocyanideferricyanide and equal
ferrocyanide/ferricyanide in 08 NaClO, as a function of time for applied voltage setting at\8.3

(b) CA curvefor the electrochemical simulatiai step potential held at 906V.
Foranalyte detection, a relatively high applieltage should be employed to geneesteughpotential
gradient in the BETL systeno havea stable ECL emission. At this voltage, both tdduction and
water oxidation can proceed with fast kinetics, pro\ddiwo directionsfor adjusting the Fe(CNY
/Fe(CN)* ratio and reachinghe steady state in a short tin#e direct comparisoiis madefrom the
ECL intensitytime changet 8.3V (Figure2.42(a)). In the beginning, equal ferrocyanide/ferricyanide
has the highest ECL inteibsby the coexistence of reduced and oxidized farhedecreasingrendis
due tothe stagnancy of flow in the thin layer atttk depletion effectForthe other two solutionghe
Fe(CNY/ Fe(CN)* ratio can be changedsiith the help of water decomptisin, followed by the ECL
increaseWhen arrivingatthe steady state, ferricyanide only has the lowest intensity die strongy
shifted equilibrium bythe pH blocking effect andts slow reductionkinetics the ECL ntensity of
ferrocyanide onhovempasses that of equal ferrocyanide/ferricyanide, owing to that the former one
would have anore optimizeKsFe(CN}/KsFe(CN) composition in a higher pH conditiaithesteady
state.The correspondingCA studyis operatedt 900 mV (Figure2.42(b)), showing differensteady
statecurrentsThepH change from thisnbuffered evironment a isanapparenbbstructive factofor
the current responsef Fe(CN)* only. Basically it lies in the fact that the potential barrier between

reaction W ¢ is largerthan that between reactionY .
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2.5.2.2 ECL and Electroanalysis oFerrocyanide/Ferricyanide in the Buffered Solution
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Fi g 24 3a) ECL emission intensity of &M ferrocyanide only, ferricyanide ongndequal
ferrocyanide/ferricyanide in 0 pH=7 PBS buffer as a function of thppliedvoltage between
driving electrodes. (b) LSV curve ftie electrochemical simulation as a functiof potential
between bipolaelectrodes, scan ratend//s.

To understand further the role that pH plays in determiningthe ECL behavior of
ferrocyanide/ferricyanide species in the BETL system and address the best approach-aftreelox
analyte deteatin, 0.1 M phosphate buffer solutig@BS) of pH=7wasutilized as an alternativto the
solution environment. The buffer capacityiis excessof the likely pH change induced bferro-
ferricyanidecouple conversionThe Hack curve inFigure 2.43(a) and (b) shows the ECL behavior
versus applied voltagand its LSV simulation of 2nM K4Fe(CN} in the buffer. Same as ithe
unbufferedcondition, Fe(CNy*- convertsto Fe(CN)* by H' reduction and tht facilitatesthe redox
cycling between thenmuntil reachinga welldefined steady statdloreover, he slope of theurrent

increase isargerthan inthe unbufferedolutionbecause ofhis adequate H
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Fi g 24 4SV of 2mM K4Fe(CN) in 0.1M PBS buffer in thehin-layercell at different scan rates
from 5mV/s to 20mV/s.
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A slight difference here is that the LSV simulationthe current responseatastscan rat®f 20mV/s
does not reach its steady state while scanning tor806omparedvith theunbufferedsolution Figure
2.44). In this case, adequate buffer keeps providirigfét the Fe(CN)* to Fe(CN)* conversion
eliminatingthe pH blockingeffect While inthe unbufferedolution, the pH increase generategative
feedbackhatstops tle netconversionin otherwords, to reach steady state earlier. The eliminating of
theblocking effect also accounts for tleeallercurrent resporesin theslower scan(for example, ab

mV/s), owing tothe overrun othe optimizedredox couple ratio under continuous conversion.
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Fi g 24 &) ECLemission intensity of .M potassium ferrocyanide in OM. PBS buffer as a

function of time. (b) CA curve faheelectrochemical simulation at different step potentials. The step
potentialwas heldat 10Q 300 500, 700, and 900mV.

Figure 2.45(a) demonstrates thECL intensity variation for ferrocyanide onlyith constantapplied
voltage. At 8.3/, the ECL intensity increases quickly and reaches its plateau r@giemorrespondin
CA accurately simulates the ECLrfmrmance Figure 2.45a)). Notice that at 90 mV, the current
responsealropsa little like the ECL at 8.3V. That confirms the asimption that the steady state in the
thin layer herein is not the one withe optimized Fe(CNy/Fe(CN)}*> ratio for maximum current
response, but a coordinated one relyingtancontrolledpH. After reaching the optimized ratio, the
sustaining H donor enables further conversiorFe(CN}* to Fe(CN)}*, thus loweringthe current

response.

A smaller slope and larger onset voltage are still observed on ECL of ferricyanide th@binffered
solution when gradually increasing the applied voltage, demonstrating its large potential requirement
and slow kinetics Kigure 2.43(a), blue) Whereas herethe ECL intensity in theelatively stable
emission region at the end is close to ferrocyanide only. LSV simulatiBigime 2.43(b) resembles

the ECL result, in which the blue curve and black aishow the same magnitude of plateau current.

In the bufferedsolution,sufficientbuffer capacity is capable of maintainitige pH canstant no matter

the extent othe sidereaction andit excludeghe hindrance frorthe subsequerpH decrease
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Fi g 24 6a) ECL emissionntensity of 2mM potassium ferricyanide in OM PBS buffer as a
function of time (b) CA curve fortheelectrochemical simulatioat different step potentials. The step
potentialwas heldat 10Q 300 500, 700, 90Q and 1100mV.

Figure2.46(a) demonstratethe ECL-time performance of ferricyanide only in O(MLPBS buffer.At
8.3V, it reachedhe stableegion with intensity muckargerthan in 0.1 M NaCl@ In this case, the
stablepH will not retardthe generation dfe(CN)* by water oxidation. When looking at the CA curve
in Figure2.46(b), at 900mV, the plateau currenis not achieved within 126, unlike the resulin the
unbufferedsolution. The bufferedsolutionused her@xtends the time requirdd reachingthe steady
stateby eliminating the pH blocking effecA higher step potentigll100 mV) would facilitatethe

process to the steady state in 60 s.

For the equal ferrocyanidéerricyanide couple in 0.1 M PBS buffer, its ECL and electrochemical
behavior as a function of voltage are equivalent to thoskeirunbufferedsolution with a twestep
increaseandan intermediate stag€igure2.43(a) and (b), red). The ECL or current change should be
divided into two parts: (1) increase from the overpotential appligdetorigin Fe(CN)*/Fe(CN)>

couple; (2) signal increaseofnits following ratio change by water decomposition.
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Fi g 24 @) ECL emission intensity of @M equal ferrocyanide/ferricyanide @1 M FBS buffer
as a function of time. (b) CA cun¥er the electrochemical simulati@t different step potentials. The
step potentialvas heldat 10Q 300, 500, 700, and 900mV.
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For equal Fe(CN¥/Fe(CN)* at aconstantipplied voltage, the EClniensityundergoes a time decay
and then becomes relative stable, behaving the saméhesunbufferecgolution Figure2.47(a)). CA
data gives out the exact simulation of ECL plot, with CA curve ofdd@esembling ECL with applied
voltage at 7.4/ and curve of 90@nV resembling ECL with applied voltage at 8 3Figure2.47(b)).
The intensity or current decaye ascribetb the stop of convection after solution replacementtaad

depletion effect.

The signficant conclusidn is drawn fronfrigure2.43(a) when comparing ECL intensity versus applied
voltage ofthe threecompositions ird.1 M FBS buffer. Their onset voltages follow the sasequence

as inthe unbufferedolution. Howeverthe ECL intensity of ferricyanide onlgt the end grows to a
similar level as the other two. No matter ferrocyanide only, ferricyanide only or both presentaunder
controlled pH, they should have the sasteadystateresponse finally. Theufficient buffer capacity
eliminates the negative feedback which stops Fe{Catcumulation caused ky shiftedequilibrium

In their linear sweep voltammogramSiqure 2.43(b)), even though with different shapes of current

response, theyould have the samsteadystatecurrent value.

a 120 | b
70
L ® e

3 100 . .
5 ® a g p ol ! vy ! I
S ® . A -
) " - -
> 60 . . E
[ 5 40
[
E 40 L] A m K Fe(CN), only ” ——K_ Fe(CN), only
o - R e K,Fe(CN)/K Fe(CN), ——K,Fe(CN)/K Fe(CN),
“ o A 4 K.Fe(CN), only —— K Fe(CN), only

A A oa 20
0 - y * y * ’ * L 1 1 1 1 1

0 20 40 60 80 0 20 40 60 80 100 120
Time (s) Time (s)
Fi g 24 &) ECL emission intensity of M ferrocyanide, ferricyanide and equal
ferrocyanide/ferricyaide in0.1 M FBS buffer as a function of time for applied voltage at\8(B)
CA curvefor the electrochemical simulatiaf step potential held at 908V (black and red curve) or
1100mV (bluecurve).

While looking at their ECL intensity change ahigh applied voltageof 8.3V, different from inthe
unbufferedsolution,they have the same magnitude of ECL intenaityen reaching the steady state
(Figure2.48(a)). At this voltage, both Heduction and water oxidation insidetthin layer can proceed
with fast kinetics. Irthe bufferedsolution, without pH blocking effect, regardless of theigioriratios,
their ECL emissiorat the steady statevould be the samender afixed pH. In the corresponding CA
study, step peintial at 900mV is notsignificantenough to reacthe steady state in the time range.
While a step potential at 1180V could facilitate the slow kinetics of Fe(GfiYo Fe(CN)* conversion

and reaclthe steady state timelyFgure2.48(b)).
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Linear Sweep Voltammogram
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Fi g2i4 ESV of 2mM KsFe(CN)in 0.1 M PBS buffer and 0.23B1 NaCIOs in thethin-layercell
atascanrate of D mV/s.

The differencebetweerthe unbufferedand buffered solution is evident in the L®YFe(CN}* only
in a broader scan range while keeping the same ionic stréfigtire2.49). In the thin layer, IRdrop
plays a vital role in determininghe current response comparedttie bulk electrolysis.In a pre
experiment not discussed in the dissertatibe,solution with digher ionic strength alwayswoduces
alargercurrentresponselo make a rational comparisdhe concentration of NaCkih the unbuffered
solutionwascarefully controlledo 0.238M thathas a same ionic strength as@.PBS buffer(pH=7).
Thecurrentcan be reachdtie steady state atund 900 mV at acan rate of 2thV/sin the unbuffered
solutiont while in the bufferedsolution,it keeps going up even after DV, showing a continuous

conversion ofFe(CN)* to Fe(CN)}*> at the controlleghH together with water electrolysis.

In Figure2.45, the CA of ferrocyanide only a highsteppé potential inthe bufferedsolutiondeclines

slightly afterachieving the maximum current. We calliei bi as e d r e adcAsdisousseds ondi t i
the current response shoudd determinedby the Fe(CN)*/Fe(CN)}* redox cycling. Based on their

diffusion coefficiens, the optimized ratidor maximum current should be aboul:11. Howeverthe

steady state isecessaly not the one withthe optimized Fe ratian the presence of side reactions
Regardinghe CA offerrocyanideonly, after reaching theptimized ratio, Fe(CNJ would keegbeing

oxidized by H reduction leading to an attenuated current resp@Rgpure2.45(b), green curve). Also,

in the CA ofequal ferrocyanide/ferricyanide, there is a potential range duriigpwhly H* reduction

canbe triggeed This fibiased reaction conditiod would keep brcing the conversion dfe(CN)*to

Fe(CN)*, thus reducing the curreslightly (Figure2.47(b), blue curve).
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F i g &5 @A curves of 2nM KsFe(CN} in thethin-layercell at step potential at 5080Q and 900

mV in (a) 0.1M PBS buffer (b) 0.2381 NaClQ..
The nAbi asedi triearcdthinitager sgskem o further testified bthe CA of 2 mM
K4Fg(CN)es in both0.1 M PBS bufferand0.238M NaClO; under a longer time range 5@ mV, 800
mV, and900 mV. As in 0.238M NaClO; (Figure2.50(a)), at 500mV, 160 sis requiredfor Fe(CN}*
accumulationio reach the steady statehie at 900mV, the vast majority of accumulation cproceed
in a few seconds:inally, all three cuent curvegeach the same value wigim identicaredox cyding
of Fe(CN)*/Fe(CN)*. On the contraryin 0.1 M PBS bufferthey are different at the enalnd the one
at 500 mV exceesthatat 900 mV after about 10s (Figure250(b)).The HfAbi ased rdoeact i ol
can easily describe iin theunbufferedNaCIlQ; solution the sibsequent pH increaf®m H* reduction
will retard and even staghe coupledconversion of Fe(CNJ to Fe(CN)*; while inthe conversion of
Fe(CN)* to Fe(CN)*, the controlled pH would facilitate theontinuous coversion resuling in a
Fe(CN)j*/Fe(CN)* ratiothatpasses the optimizemhe At 900mV, the optimized ratio is reached in a
short time, followed by &urther conversionvhich lead€o a current deterioration. Instealle relative
slow conversion undex potential of 500 mV makes tir@(CN)*/Fe(CN)}> composition still befo
the optimized oneEssentially, the final goal of the processes in the thin layer is to balance reactions
WYy Y with differentpotential separatian Inthe unbufferedolution,the graduapH change will
balance H reduction and water oxidatiaapidly. As a consequence, CAs at different step potentials
would have the same current response, inttiegthavelt e s a me i nd samegpH variatiop a ct a nt
and subsequentthesame final steady state wiltiixed FeCN)s>*/Fe(CN)}* ratio. It canbe confirmed
by the same plateau current leveFigure2.32. In Figure2.50, the current ir0.238 M NaClQ at 5@
mV coincides with that ird.1 M PBS bufferindicating that an ignorable negative feedback of pH
change; vkile ata higher potentia) the current responsi@ 0.1 M PBS buffeis higherthanin 0.238 M
NaClO,, implying thatat these potentialshe final steady state in an aqueous solution of phsl
give rise to a higher currentgmnse with a bettefe(CN)*/ Fe(CN)}* ratio than thatin the solution
of pH=7.
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a Linear Sweep Voltammogram b Linear Sweep Voltammogram
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The LSV shows a similar result th&tmM KsFe(CN}in 0.238M NaClO, always displays a higher

current response than 1 M PBS buffer at eachscan rateKigure2.51(a)). A higher pH condition

than the neutratonditioncan thus contribute to a fast redox cycling in the thin layigure 2.51(b)

implies the same conclusion in another way, inclia lower current value is obtained by an acidic pH

conditionresultingfrom the water oxidationsed forKsFe(CN), compared to constant pH = 7.

In conclusionjn this ferro-ferricyanidesystemwith equal total concentratioregardless othe initial
compositiors, if the pHis controlled the final steady state should be identical and stissame
Fe(CN)*/Fe(CN)* ratio. Because ofhe electrical equality on bothipolar electrodes in the BETL
system, once an imbalance between water oxidation arédtctionoccurs it would result in the
correspondinghange othe Fe(CN)}*/Fe(CN)* ratio, thusvaryingthe current respons€&his process
will not be ceasd until the rebalance dhem thenthe currentemainsconstant. In a word, it is the
final pH in athin layer that determines the final Fe(GNJe(CN)* ratio as well as the current response
undera certain potential. Inhe unbufferedolution the pH changeis corresponihg to theFe(CN)*
/Fe(CN)* composition change synchronousis a esult,different initial compositionsvould have
various steady states with inconsisteHt and finalFe(CN)}*/Fe(CN)* ratios Also, the time ittakes
to reach the steady statethe unbufferedolutionis shorter than irthe bufferedsolutionowing to the

pH blocking effect.
2.5.2.3 Sample Detection and Analysis

From the aforementionesystematicstudy on the BETL system, the concentration peadiithe redox
active species shoulthe analyzedn solution with sufficient buffer capacity. Itlailvs the efficient
i nterconversion of redox coupl e byinalfsteadydseteineact i

the thin layer regardless of itstinl composition Becaus¢he ECL intensity varies over timender the
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applied voltageas a refletion of the reattime solution compositigrthe ECL intensity in the stable
emission region under enough overpotential shbaldneasui In that case, botthe oxidation and
reductionof electroactive species coupledth the solvent decomposition instdthe thin layer can
proceed with fast kinetics, providing both directidosadjusting the redox couple ratio and reaching
its steady stte witha diffusion-limited current in a short time undaconstanpH.
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Fi g 25 Za) Steadystatecurrent as a function of totédrro-ferricyanide concentration, the values
are sampling &0 s from theinsetplot. Inset: Chronoamperometry (CA) curves iffedlent total
ferro-ferricyanide concentrations in OM. PBS buffer for potential held &0mV. (b) Stable ECL
emission intensity as a function of totatro-ferricyanide concentration with applied voltage held at
8.3V. The values represeatleast hree independent measurements, and each measuremeitiss at
after the replacement dieanalytesolution Concentration range:{M to 10mM.

CA simulation and ECL experiments in tBETL system forthe ferro-ferricyanide redox couple with
different total concentrations fromi M to 10mM in 0.1M PBS buffer were carried oukigure2.52).

In the CA, the ®p potential between two bipolar electrodess held at 900mV, which was high
enough for it to reach thdiffusionlimited steady state quickly. Then tisteadystatecurrentwas
sampled a60 s and plotted versus total concentratidfigre 2.52(b)). It demonstrategxcellent
linearity, indicating the reliability of analyte detection blye diffusion-limited steadystatecurrent.
According tothe CA simulation, ECL experiments were carried out under similar concentration range
in thesamebuffer withtheapplied voltage held at 8\3 which was proved before to providaough
overpotential fothethin-layercell. The ECL intensitywas masuredvith an exposure time of $ata
sampling time of 60 as inthe CA simulaton, explicitly in the region of stable ECL emission. Each
experiment was at least taken three times to testify its reproducibdiliprecise linear correlation
between thestable ECL emission intensity and total redox couple concentiiatid@monstratedith

an R value of 0.98, igreatagreement with our expectatidfigure2.52(a)). The inset plot shows the
ECL signal for concentration below 1pM, still in a proportional relationship. Based on the standard
deviation from bekground measurement, the detection liafithis system towarderro-ferricyanide

is about7 { M according to aignal (S) to noise (N) ratiof 3. The detection limit should be further

minimized easily byncreasinghe exposure time and better detegtievice.
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F i g 25 A curves of Fe(CN}/Fe(CN)* in total concentration of 8iM with ratios of 1:9, 3:7,

5:5, 7:3, 9:1 in 0.M PBS buffer at (a) 20mV (b) 300mV.

In addition to the concentration calibration, by taking advantagheppotential separation, itan
differentiatethe composition othereducedand oxidized formaof a certainredoxactive species in the
BETL system from its steady statoy employinga moderateapplied voltage. As mentioned earlier,
there is a twestep ECL increase andalativelyflat emission in the intermediate stagasus applied
voltagewhenusingequalferrogyanide/ferricyanide. During this stagbe Fe(CN)*/Fe(CN)}* couple
can undergo rapid redox cycling in the absence of solvent decomposition, so the ratio ot’Fe(CN)
/Fe(CN)}* remairs constant and generagediffusionlimited current. Thiscurrent value is co
determined by the concentration of each fona is diffusion coefficientt can therbe used to provide
the composition information ofhe analyte. Chronoamperometry of different ratios of Fe@N)
/Fe(CN)* at 1:9, 3:7, 5:5, 7:3,:9 in total concentration of @M in 0.1M PBS bufferwere operate

at 200mV and 300nV, those are proven to be moderate potentials among the intermediatEigiamge.
2.53 shows the resultswith 5.5 ratio exhibiting the highest current response and 1:9 eathobiting

the lowest current resnse after thanitial decay.
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Fi g 25 4a) Stable CA current response as a function of ferrocyanide/ferricyanide ratio with the
same total concentiah of 2mM in 0.1M PBS buffer. Black: 200nV, Red: 300nV. Inset:
Chronoamperometry (CA) curves of differeatrbcyanide/ferricyanide ratio in OM PBSbuffer for
potential held at 20thV. (b) Stable ECL emission intensity as a function of ferrocydeideyanide
ratio of 2mM in total concentration dhe constantapplied voltage. Black: 6.9, Red: 7.0V.
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Figure 2.54(a) compares the relatively stable current by sampling eachthe CA curvesin Figure
2.53 at60s. A triangular plotis shownwith anascending trend describégt an increasing Fe(Ch)
concentrationleadng to a larger anodic current on one BPE inner surfaite excess Fe(CNJ.
However, after thdighestpointin the middle, adescending current response is then observed. The
reduced Fe(CNJ concentratiorcausest now to bethe limiting reagent in théhin layer and further
diminishes the current response with less ofTfte modeled current responsecarding to their
diffusion coefficientis drawn as the dashed lirexacty matching with the experimental datdhe
applied voltages of corresponding E€xperimentsverecarefully chosen at 6.9 and Ao ensurea
moderate electric field in the BETL systemaasadequate arpotential for redox cycling yetithout

the presencef the side reaction. Stable ECL emission intensity6@ts is measured to obtain the
intensityratio plot. A similar trianguladike plot is in excellent agreement with its electrochemical
simulationand matches well with the modeled ECL emissidemonstrating the possibility of using

the BETL system to readowomposition information of redeactive species as tlamalyte

2.5.3ECL and Electrochemical Study ofthe BETL System Using Hydroquinone/Benaquinone
Redox Couple

To illustrate its applicationthe BETL systenwas subsequently employéa the electrobhemical
analysis ofthe biologically active, aromatic molecule ih&nzoquinone (Q) and its reduced form:
hydroquinon€QH>), which hasmuchmore complicatedlectrontransfemechanisnand often serves
as a model fothe neurotransmitter diagnosis.

Linear Sweep Voltammogram
a Cyclic Voltammogram b 150,04

Current (uA)
Current (uA)
2

4.0 . B - . - . - - "
~600.0 -400.0 -200.0 0.0 200.0 400.0 0.0 2500 500.0 750.0 1000.0
Potential (mV) Potential (mV)

Fi g25 ) CV ofl mM Q/QH; in thethin-layercell in 0.1M NaClOsfrom 150to -450mV, scan
rateat 30 mV/s. (b)LSV of 1mM Q/QH: in 0.1 M NaCIQy in thethin-layercell from0to 1000mV,
scan rateat30 mV/s.

The hydroquinone/benzoquinone gyatwasfirst characterizedby cyclic voltammetry(CV) usinga
threeelectrodesystem withanequalamount of hydroquinone/benzoquindriemM Q/QH,) inthe 3D
printedthin-layer cell. After sweeping the potentifdlom 150to -450mV at a scanate of 30mV/s, it
showeda reduction peak aP30 mV, indicating the reductionf Q (Figure2.55a)). An anodic peak

corresponding to the back oxidation apgekat -140 mV in the reverse sm In the following Inear
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sweep voltemmogram(LSV) carried outusingthe same solutigrsurprisingly, even withan equal
amount of Q and QH, the onset voltageaaignificant current growtishowed upntil 500mV. This
behaviorwascompletely different from thereviousferri-ferrocyanidesystemin which only a small
overpotentials necessaryor an apparenturrent responsd his irreversibility of Q and QH must be
related to theomplexityof their electrontransfermechanismsNoticethat the current responsétbe
hydroquinone/benzoquinone systawolved withatwo-electron tansferwastwo times larger thatine
ferricyanide/ferrocyanide systeimvolved witha one-electrontransfer.

Dual Electrode Cyclic Voltammogram

Current (pA)

—— collector (-500mV)
collector (-600mV)
—— generator (-500mV)
generator (-600mV)

~200.0
Potential (mV)

Fi g2 @ECV of 1mM Q/QH:in 0.1 M NaClIGO, in the 3D printedhin-layercell with generator
potential scaning from 300to -500mV or -600mV/s, scanrateat 30 mV/s, collector potentiait 300
mV.

The DECV was conductedby scaming the generator from 30 -500 mV or -600 mV at 30mV/s
while keeping the collector potential at 30 (Figure 2.56). The reductioncurrentresponse othe
generatoandoxidation current response tre ollector both increaskafter-150mV, matchng well
with the reduction peain the CV curve Whenchangingthe final potentialfrom -500to -600 mV, a
second current increasesobserved due tthe participation oH* reduction on the generataklso,

the response from the collectwasin exact symmetric witlthe generatgrindicating the weldefined
geometry of thehin-layercell.

Cyclic Voltammogram b Linear Sweep Voltammogram
a 0 200.0
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Fi g2y @) CVof 2mM Q in thethin-layercell in 0.1M NaClO, from 200to -400mV, scan rate
is 0 mV/s. (b)LSV of 2mM Q in 0.1 M NaClIQ; in thethin-layercell from 0 to 1000mV, scan rate
at 30 mV/s. Both compared t& mM Q/QH..
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The CV curve of benzoquinonenly (2 mM Q) exhibited a significantly largeccathodic pealat the
same position abmM Q/QH: (Figure2.57(a)), elucidatinghereductionof Q. Howeverit also showed
alargeranodic pealcompared td mM Q/QH,. We ascribedhe anodic peak tthe backoxidation of
the redution productof Q, but not the oxidatioof original QH.. Figure2.57(b) displayed a large onset
voltage of current at &mV with slow current growthAs obtained fromthe CV resut, the reduction
peak of Q appeadat about200mV. In order to reduc® in a twoeelectrode system, water oxidation
needto proceed at the BPE anode a coupled reactioAfter that, the redox cycling in the thin layer
could thenbe initiatedbetween Q and its reduced farm otherwords, it is the potential separation

between Q reduction and water oxidation teat tothelargeonset potential and slow current growth.

Dual Flectrode Cydic Voltammogram

150.0 4

100.0 4

Collector
50.04

0.04 i

Generator
-50.04

—— collector (-500mV) 2mM Q

100.01 collector (-600mV) 2mM Q

—— generator (-500mV) 2mM Q
generator (-600mV) 2mM Q

Current (pA)

-150.0
-700.0 -200.0 300.0

Potential {mV)

Fi ga5 @ECV of 2mM Q in0.1M NaClIO, in the 3D printedhin-layercell with generator
potential scaning from 300to -500mV or -600mV, collector potential set &0mV, compared
with previous DECV of InM Q/QH..

In the DECV Figure2.58 showeda similar symmetricbehaviorfor 2mM Q as1 mM Q/QH,, but with
the current response@ times larger. It proved that both the current responseagere only from the
reduction of Q and the oxidation of its conjugated reduced form, wbilérom QH,. If QH, was
oxidizedduring this process, the collectrrentshould be higher than generatoirrent Besidesthe
collector potential at 300nV wasnot enough to oxidize QHeffectively. Otherwise the collector
current shouldesemble the magnitude of DECV ofrfiM Q.
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Cyclic Voltammogram Cyclic Voltammogram
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Fi g2 ®V of 2mM QH; in thethin-layercell in 0.1M NaCIO, (a)-2607 6007 - 4507 400mV.
(b) -4007 60071 - 45071 400mV. Both scan rateare30 mV/s.

When performing the C\b6f hydroquinone only2 mM QH,), the electreactive species and their
corresponding redox reactions in thenzoquinondiydroquinone system was elucidated The
appearance of twanodic peaks anavb cathodic peakmdicatedthe complexityin electrontransfer
mechanismsKigure 2.59%a)). According to the literatureghe active species anaductioroxidation
potentialin the Q/QH, systemstronglydependn the protonation/deprotonatiferm influenced bythe
pH condition The anodic peakat-126mV wasassigneas the oxidation of Q-which wasthe radical
anion fromthedeprotonation of Qkfollowed byH radical dissociation. The anodic peaitt 217mV
wasassignedsthe oxidation ofQH, which isthe deprotonated form of QH\n ambiguousathodic
peak3 at87 mV wasassigneds the reduction of Qtiwhich wasthe protonated form of Q.he dher
reduction peak at-250 mV wasassignedas the reduction dhe originalQ (Another sayig wasthe
reduction of semketals (QH) by the dimerization of QH-from oneelectron transfer). Note that the
peak lincreased while the peak 2 decreased in the second scan after the fildbweeer, the
integration of the two peakn the firstand second scawasequivalen; indicating the chage in the
relative ratio of Qand QH after the first scan.

A similar CV wasshownby only changing the initial potential frol260 mV to -400 mV (Figure
2.59(b)). However, theQ- oxidation peakn the first sca in the latter situation became larger than the
former situation followed by a small€@H oxidation peak. Tls change in peak sizes, whi
corresponded to the difference in twmmposition of Q-and QH, should be atibuted to thdocal pH
variationnear the electrode surfarem theinduction period of the CVThe nitial potential at400
mV wasnegative enough to triggertieduction inducing asubsequernpH increasewhich converted
more QH to Q-". Surprisindy, the two peaks ithe second scan iooththetwo CV curvesmatched

well with each othemwing to the same lower limit potential be¢dhe second scan for pH adjustment
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a Linear Sweep Voltammogram b Dual Electrode Cyclic Voltammogram
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Fi ga6e @)LSV of 2mM QH;in 0.1M NaCIO, in the 3D printedhin-layer &ll from Oto 1000
mV. (b) DECV of 2mM QH with generator potential scaimgfrom -500to 500mV or 700mV,
collector potential set a500 mV. Scan rate 30mV/s.

Figure2.60(a) showed the LS\¢urveof hydroquinoneonly (2 mM QH,) in the 3D printedhin-layer
cell. It staredto grow up at abou00 mV, then reache a first semiplateauregion ataround620to
900 mV. The rising ofthe current response must be relatedhaccumulation of the oxidized form
with the helpof H* reduction.According tothe previousCV characterizationQ- should @ oxidized
to Q first. The potential difference between @t-126 mV and H evolution at around4d00 mV was
very close t00mV. By increasing the overpotential great mangxidized formwasgeneratedvith
the participatio of QH oxidation facilitating an enhanced redox cyclirapd showing arelativdy
stable current responsethe semiplateau regionA further increase aft&@00mV might be related to

the participation of water oxidation or the oxidatiof undissociated QHtself.

DECV was carriedout when thesweeping theenerator potential fror600to 500mV or 700mV
while keepng thecollector & -500 mV for hydroquinoneonly (Figure 2.60(b)), showing awo-peak
feature.We assignethe first peak starting ab.2 V to Q:oxidation and the second peak starting at 0.2

V to QH oxidation.A relative stable peak current appexdafter 0.6V, analogous to the LSV behavior.

a 25 Linear Sweep Voltammogram
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—— 100uM Q/QH,
20 ——1mM QiaH,
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Fi g2a &)LSV of 0.1M NaClOy, 100 M Q/QH,, 1 mM Q/QH, and10 mM Q/QH; in thethin-
layer cellfrom ata scan rate &0 mV/s. (b) LSV comparison di.1 M NaCIQ: and 100 M Q/QH.

Figure 2.61(a) compared the linear sweep voltammogram8.&fM NaCIQ,, 100 M Q/QH;, 1 mM
Q/QH;, and 10 mM Q/QH; together, withL0 mM Q/QH. having thelargestcurrent response close to

2.2 mA. The onset voltagat around0.5 V could be explainedexplicitly by the overpotential
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requirement to coupl® reductionwith QH oxidation. Asillustratedin the CVstudy,most ofthe QH,
would be present in the form of QMith a smallamount of Q3 and theoverwhelming majority of)
would be present in the form of Q withtreace amounof QH*. Eventhougha low overpotentiabf 0.5

V wascapable of drivingheredox cycling between Q and (the curentwaslimited by theamount
of Q-. Only after the coupling aghemainspeciesgouldthe current response shawoticeablencrease
by the redox cycling between Q-QH, Q andQH* entirely. In addition with the participation oH*
reduction the relative ratio othe reduced/oxidized species cowto beadjusted showing aurther
current increaséby increaing the oxidized form)Aware that forl mM or 10 mM Q/QH,, asteady
state plateau curremtasobserved at 0.V; while for 100 M Q/QH, thecurrent continued increasing
even after 2 V (Figure2.61(b)). In the thin layer,le oxidation of QHand Q- werealso coupled with
H* reductionin addition tothe reduction of Q and QHAs aconsequenceyH would keep increasing
with more oxidized form generatedror a higher concentratioof Q/QH,, the substantiabH change
towardsa higrer value wouldhamperthe conversion to the oxidized form which producing a higher
current responséilso, goldoxidefilm would on the BPE surface angeaken the current resporse
retardingthe adsorptive electron transfer in thgroguinonequinonesystem particularly in the case
of a higher redox couple concentratidhexplaired the decrease iourrent after 11 V for 10 mM

Q/QHe.
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Fi g 26 &) ECL emission intensity in the BETL systen0.1 M NaCIlQ, and Q/QH (100puM, 1
mM, and10mM in each redoed and oxidized formgs a function of applied voltage. (b) Comparison
of 0.1 M NaCIQ;, 100 M Q/QH,. (c) Comparison of 1M Q/QH, andtheshort circuit condition.

(d) Calibration curve of ECL intensity versus Q/¢d@ncentration.
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After the electrochemat simulation, the EClperformancef thehydroquinonebenzoquinonsystem
wasinvestigatedusingthe BETL systemFigure2.62(a) plottedthe ECL emission intensity @&.1 M
NaClQ,, 100 M Q/QH;, 1 mM Q/QH,, and10 mM Q/QH, as a finction of applied voltage. Similar to
the LSVresult both the ECL intensities fdrmM and10 mM Q/QH: increased rapidly after the onset
voltage and then reachelde plateau region witsteadystateemissiors. By further increasing the
applied voltagethe ECLintensity decline much fast than whaas observeéh the LSV simulation.
For the hydroquinondenzauinone systemit had a much higher potential requirementthan the
ferricyanideferrocyanidesystem. As shown iRigure2.62(b), theplateau currentorresponding tthe
steadystateappeaed after 09 V, whereas fothe ferricyanideferrocyanidesystemit wasaround 07
V. In the BETL systemthis differencevasmanifested by the appearancelud stableECL emission
at 96 V for 1 mM Q/QH, compared t®B.3 V for 1 mM KsFe(CN}/K4Fe(CN}. This higher applied
voltage along withthe doubld electrontransfemumnbern in thehydroquinonebenzoquinone system
could both result ina fierce competing £evolution on the BPE anode outsideerridng the ECL
emission by bubble formation aradisorption on the surfac&his hypothesisvas supported byan

intensity recoverypy shifting the applied voltage to a lower value atiterECL decline.

The ECL intensitywas calibrated versus Q/QH. concentrationfrom 0.1 to 10 mM; each point
represerdgdthe average of three independent measuremieéstsoweda linear relationshigxcept for
10mM (Figure2.62(d)). 10mM Q/QH., whichhad a total concentration of 20M, wastwo timesthe
highesttotal concentratiorusedin the ferricyanideferrocyanide systenBeyond that, the number of

electrorstransferedper redox evenwasalso doubledh thehydroquinonebenzoquinonsysten(n=2).

The Ru(bpy)s** in the ECL solution in the peripheral celVasonly of 5 mM. This muchenhanced
redox cycling in the thitayermadethe Ru(bpy)s?* oxidation on the BPE anode outsttie ratelimited
step which wasrestrictedby the diffusion o5 mM Ru(bpy)s?*. A validating ECL testwas takerby
removing the spacer astiortcircuitingthetwo BPE inner surfaces as one BRE.intensitystaredto
increasdrom 66 V and reackedthe maximunbefore8 V (Figure2.62(c)). CompetingO, evolution
just discussed should account for the quick Edf&cline after that. Itwas worth noting that the
maximum intensity in the shicircuit situationwasat thesamemagnitude a&0 mM Q/QH,, proving
both the reaction raselependent orthe Ru(bpy)s?* diffusion. In other word, the reaction in théhin-
layerwassaturatedThe difference in applied voltagested ontheadditionaloverpotentiafequirement
onthetwo BPEinnersurfacego drivethe Q/QH; redoxcycling; while in theshortcircuit situation the

two BPEworkedas a single BPE
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Fi g 26 3BA of 2mM QH. in thethin-layercell in 0.1M NaClO, at potentialfrom 300to 1000
mV.

Figure2.63 showed theehronoamperometr{CA) of 2 mM QH. by applyingstep potentialsrom 300
mV to 1000mV. Below 500mV, only a small currenvasobservedUndersuch dow potential only

Q- in small amountwas oxidized by the reduction of Hto Q, of which theaccumulationwas
considerableslow under a poteidl just above theequirement QH oxidation did not take place
because oits higher oxidation potential requirement. After 60/, like 700mV, for example the
currentstaredto increase apparentliy this condition QH wasoxidized to QH or Q, butin very slow
reaction kinetics whichould notreachthesteady stata time. While at 850mV and 900mV, it would

proceed fast enougimdersuch aarger overpotentiakxhibiting the steadystate currenbefore60 s.

At 950 mV or 1000mV, thecurrentgrew up to themaximumrapidly followed byevena small decay.
It should bethe resultof the undesired conversion the oxidizedform together with thesmall gold

oxide formatiorwhich induced dargerelectrontransferresistance.
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Fi g 26 4a) CA comparison of .iM QH: in the 3D printedhin-layer cell for 60sand 180s (a) at
650mV (b) at 850mV. (c) Corresponding ECL experiment in the BETL system of ECL intensity as a
function oftime at anappliedvoltage at 0 V.
When comparing the CAurvesat 650 mV with a time range of 60 s or 180 s, as shown irFigure
2.64(a), the currenkept increasingeven after 18QsThis slower increase shoulik dtributedto the
smallconversion ofQ- to Q, and theoxidation of QHatavery slow speed-igure2.64(b) showedthat
the CA currentat 850mV reactedthe maximumatjust 60s indicating the rapid conversion of Qté
its oxidized form andhe obtainingof an optimizedoxidized form/reduced for(O/R) ratio. After 60
s, the currentroppedin a gentle slope, resembling thienilar behaviorin the CA at 950mV or 1000
mV in 60 s (Figure 2.64). It againconfirmedthe pass of theoptimized O/R ratioby the undesired
conversion of Qb The correspondind=eCL experimentwas takersimultaneouslyunder anapplied
voltage of 7.0v (Figure 2.64(c)), showinga time-dependent performaneeatcted well with the CA
result
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Current vs. Time
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Fi g2 &) CAof 1mM Q/QH:in 0.1M NaClQ, in thethin-layercell at potentialfrom 300to
1400mV. (b) Comparisorof CA of 1 Q/QhH and2 mM QH. at 300mV (c) at 500mV (d) at 700mV
for 60s.

Figure2.65(a) showed theCA of 1 mM Q/QH, by applyingstep potentials from 300 1400mV, with
asignificant current increass the potential above0OmV. In thecase of InM Q/QH,, even though
the oxidizedandreduced formwereboth presenedin the thin layer originallythe fastredox cycling
couldonly happeruntil thefulfillment of the potentl requiremenbetweerQH and Q The reincrease
atthe potentialmore tharl000mV wasattributedto the participation of water oxidatidhatcreded a
newsteady state

When comparinghe CA of 1 mM Q/QH:; and2 mM QH. together at 300mV or 500 mV, the current
responsef 1 mM Q/QH, wasgreaterthan2 mM QH; (Figure2.65(b)(c)). This behavior verifiedhe
presence ofhe redox cyclingpetweena small amount of Q-andQ under the casef equalQ/QH..
From 300 mV to 500mV, the larger overpotentiavould facilitate theQ/Q- redox cyclingand also
initiate the Q/QH redox cycling showing a higher current valugowever, whersteppinghe poential
to 700 mV, the currentespons®f 2 mM QH; excee@dthatof 1 mM Q/QH, at 53s (Figure2.65(d)).
In this condition2 mM QH. with moreH* asa fibufferd would mitigate thepotential barer between

the oxidation obetweerQH andthe reduction obxidizedform by the protonation of.
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Fi g2a6 6A of 1mM Q/QH. in thethin-layercell at (1)500mV initially (2) 500mV immediately
after a CA at 120@nV for 60s.

The CAof 1 mM Q/QH; at500mV was carried autwice with the secondun performedmmediately
afterapre-CA at 1200mV. As shown inFigure2.66, both tre current responsdad thesamemagnitide
about 2GQ !, indicatingthe moderataedox cyclingbetweenQ- andQ. Moreover, thepreCA at 1200
mV did not change the O/R ratio atttk protonatiorform (like from QH to Q-) in the Q/QH system.
According tothis behaviorit is apparento concludethe majority ofthe currentat the potential above
700mV in Figure2.65(a) should come from the redox cycling of Q/Qkhichcannotbe triggeredat
500mV.
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Fi g2e @) CAof 2mM Q in0.1 M NaCIQy in thethin-layercell at potentialfrom 300mV to
1700mV. (b) The @mparisorof CA of 1mM Q/QH;, 2 mM QH,, and2 mM Q at 850mV. Inset: CA
of 2mM QH; at 850mV for 200s
Figure2.67(a) demonstrated the CA @mM Q at step potentialfrom 300to 1700mV. The significant
current decay dominates in alletlturrent esponses, whiclvas uttelly different fromthe casein
hydroquinone only or equivalent hydroquinone/benzoquin@he. potential separation betweén

reduction andhe coupled water oxidatiom this systenwasmore thar8B00 mV. As a result, dew
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850mV, the currentvasonly from the charging decagnd thereduction oftrace amount QH while
above850 mV, Q, as amajor componentcould undergahe reduction to Q-by the help ofwater
oxidation (or gold oxidation) At an extremely high potential G400mV or 1700mV, the faradaic

current increase/ould evensurpass theharging current decay

Figure2.67(b) comparedhe CAof 2mM QH,, 1 mM Q/QH,, and2 mM Q togetherdisplayingthree
completely different behaviordnitially, 1 mM Q/QH. showeda highercurrent responstan2 mM
QH due tothe presence oboththe reducedorm (mainly QH?) andoxidizedform (mainly Q), under
anoverpotentiaenoughto fulfill the requiremenbf redox reactiondHowever for hydroquinone only
(2 mM QH), more QH other than Q, as the corresponding oxidized famuld begeneratedy the
help of H reduction The potential separatiobhetveen QH (mainly QH) and its QH pair ismuch
smaller than that between Q and QMoreoverQ reduction has a very complicated process sty
kinetics and adsorption effet As a consequence, thedox cyclingof 2 mM QH. becameasterthan
1 mM Q/QH: when sufficient QM wasaccumulatedand thusts current response exceedbd latter
one For benzoquinone onl{2 mM Q) at 850mV, only a small amount of Qould be reduced by the
help of water oxidatiomindersuch dargepotential separatigrshowinga low current rsponse in the
CA result Thecomplexityin Q reductiononone BPEsurfaceandpossiblegold oxide formatioron the
other BPEsurface as a coupled reaction to convert Q to its rediacedwould further attenuate the

current responsas well
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Fi g 26 &) ECL emissiomntensity of2 mM QHz, 1 mM Q/QH,, and2 mM Qin 0.1M NaCIO; as
a function of applied voltage. (b) LS3fmulation as a function of potential between bipolar
electrodes, scan raten®v/s.

The ECLexperiment of 2 mM QH,, 1 mM Q/QH,, and2 mM Q in the BETLsystenwereconducted
by gradually increasing the applied voltdg&ure2.68(a)). Thesequence in thensetvoltageof ECL
(2 MM QHz,1 mM Q/QH;, and2 mM Q) andthe magniude of ECL intensitf{2 mM QH, > 1 mM
Q/QH: > 2 mM Q) wasin agreement withhe LSV simulation(Figure2.68(b)), confirming the effect
of potential separatiofrom both the analyte and solvent. The EG&clineafter the maximunwas

ascribedo thecompetingO. reactionunder a high applied voltage discussed previously.

89



} ;

[e2]
o
o
T
i
~

H
S
——

400 |-

200 -

ECL Intensity (10 *Counts)
S
JE—

0 20 40 60 80 100
Total Q/QH, Concentration (M)

ECL Intensity (10 °Counts)

0 5 10 15 20
Total Q/QH , concentration(mM)

F i g 26 ®Btable ECL emission intensity as a function of total hydroquib@mzoquinone
concentratior{fluM to 20 mM) at 9.6V. Eachdata pointepresers at least three independent
measurementsnd each measuremassampledat 60 s after the replacement eblution

Finally, the calibration plot of thieydroquinonebenzoquinonesystemwas obtainedby measurig the
ECL intensityas a function oits total concentration ranging front M to 20 mM. The applied voltage
wassetat 9.6V, which provided a sufficient overpotentitdr thethin-layercell to reach thdiffusion
limited steady state with dike ECL emissionvithin a sampling time 060 s. Figure2.69 showed that
the ECL intensityconcentratiorplot followed an excellentinear rehtionshipwith R?> = 0.99,except
for 10mM and 20mM. As mentionedRu(bpy)s?>* concentration in the ECL solution the BETLwas
5 mM, with only one electrotransferred by its oxidation; whitbe number ofelectrontransferedper
moleculein the Q/QH system is twice of itWith Q/QH. concentration higher thaktd mM, due to the
overwhelmindy enhancededox cycling in the thin layer, theatelimiting step ofthe BETL system is
insteacthe Rubpy)s?* diffuson in the reportingell. Calculated from the calibration pldhe detection
limit of the BETL system towards theydroquinonebenzoginone system wasround 3t M with a
linear dynamic range aboditorders of magnitudéhis reduced detection limit comparedttee ferro-

ferricyanide redosystenshould be attributed tdoubledelectrontransfer numbeper redox molecule.
2.6 Conclusiors

By far, we have designed a novel ECL sensing platforrthe detection oélectroactive species the
low-concentration range, usighin-layer configuratioron the basisfabipolar electrochemistry. The
platform, whichis termedasthe bipolar electrodéhin-layer (BETL) system, issimply fabricatedoy
3D printed techniqueSignificantly enhanced charge amplification is achieveddpeatable redox
cycling within thethin layerwhich only requires amall volumeof sample The amplified current
responseés transducedo a corresponding ECL emissi@ithe BPE outside thehin layerandreadout

by a commerciallyavailable CCD camera. The sensing eaand reporting case aseparatedn a
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doublecell configuration while under the open bipolar electrochemistiypalyte such as ferricyanide
ferrocyanide anchydroquinone/benzoguone redox couplesare studied extensivelyoy the ECL
performanceThe obtained detection lintid dateis as low agt- for theferricyanideferrocyanide
systemand3t- for hydroquinone/benzoquinorsystemwith a linear dynamic range abotibrders

of magnitude Further detailed information such asmposition,thermodynamics, kineticand pH
effectis alsostudiedby addressing electrochemical reactions withirthivelayerinstantaneously. This
system eliminates the neéat a direct electrical connection to tB#E by way of ECL readout and
avoids a heavyduty potentiostat setu@imultaneous electrochemical simulation is employed to
provideaninsightview of the BETL system artd correlate th&CL intensity with thecurrent respnse
Moreover the electric field profile in the BPE system vimgestigated systematicalpncerningnany

influential factors andit explainsexplicitly the ECL variatiorduring the experiment
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Chapter 3 AC Square Wave Bipolar ECL System
3.1 Introduction
3.1.1AC Bipolar Electrochemistry

Bipolar electrochemistry islwayscarried out byan externaDC power supply, whih geneates a stable,
onedirection electric field across tledectrolyte solutionThepolarity of the driving electrodes defines

the BPE cathode and anodé¢owever, instead ad DC voltage the AC voltageexcitation, as a well
established technique iwonventionalelectrochemistry, is also suitable in bipolar electrochemistry.
When atime-dependent/oltage program(in different shapes or frequencies, i.e., square wave)
employedin the bipolar system, an iterative switch of the electric field acrosssiblutionwill occur

from a continuousalternation of the polarity on the driving electrodes. As a result, a repeating mutual
exchange of the reduction and oxidation waudgbpenon the same BPE end from afternateshift
betweenthe cathode andreode. The first topic involving in AC bipolar electrochemistry was the
synthesis of bifunctional particf8 At first,aDC voltagewas triedto synthesize bifunctional particles

by switching its diection after a péwd. However,it turned out to béifficult to controlthe deposition

area by only varyinghe applied voltage and treating time, since the electric field gradually decreased
due to smalgenerated oxygemubbleson the éectrode surface. Them&C square wave voltagd 50

Hz wasemployed in the open bipolar gedhowingarelativelyconstanelectric field A variety of glass
carbon (GC) particlethat stayed in the agarose gel netwodandwicheetweendriving electrodes
were successfully modified with gold or platinum in siteselective manner in onetep
bifunctionalization The highspeed pulse electrolysis seemed to reduce the formation of oxygen
bubbles ando avoid thegeneration of Joule heat thatuld dissolvethe agarose gel around driving
electrodes. Therhis AC bipolar system was employed to address the iterative electropolymerization

of aromatic monomers on both ends &RE
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F i g 3IrPeoposed PEDOTibre-propagatiormechanisms. (a) Electrophoresis of charged polymers,
(b) precipitation of PEDOTibres (c) propagation dibresfrom the opposite end and (d) further
growth of PEDOTibres™®. Reprinted with permission froni39]. Copyright© (2018) Springer

Nature.

In contrast to the film formation of aromatic monomers, Koizumi reported the propagstion

conducting polymer microfibres and subsequent network formation thtbaglectropolymerization

of 3,4-ethylenedioxythiophenand its derivatives bthe AC bipolar electrolysi§®. Two gold wires
were placed Inm apartas the BPE# the electolysis cellhavingEDOT monomer and B@ the
solution. Initially, whenapplyingan external electric fieldhe electropolymerization of EDOTook
place at the anodic pglendthe sarificial reduction of BQ to Qkiprocee@dat the anodic pol€&nce
the polaritywas invertedunder an AC frequencyt 5 Hz, the polymeffibres started to grow from the
other end othe Au wire (Figure 3.1). The resulting polymerwas typically doped and lehcationic
charges with good conductivity, atitlisit couldbe electrophoresed under the influencthefexternal
electric field. As a result, ivasnot deposited as a film but in anisotropicmorphology. iring the
electrolysis, the PEDOfibre terminalswere activatedor agradual propagatigmandfinally, the tip of
one propagatindibres met the tip of dibre growing from the other Au witeAfter thebridge, the
propagatio stoppe abruptly andthe two Au wires now acted as a single BPlEe change inréquency
influencal on the diameter the degree of branchin@nd the propagation rabgy altering thediffusion
length of charged polyars during electrophoresié. higher frequencywith smalker diffusion length
increase the number of generated PED@Dbres and their network connection by a higher local
concentrationyhile ata lower rateAn extremelyhigh frequency would end uip formingbarelyany
polymerfibres since itheecd enough time for building up double layers itoaer concentration of

theelectrolyte
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3.1.2 Transient Potential Step ECL Expement

A+e > A (reduction at electrode) (1)
D-e¢ —»D" (oxidation at electrode) (2)
A"+ D" 1A% 4D (excited state formation) 3)
LA* A 4+ By (light emission) 4)
Treatment ECLin
of ECL » Ru(bpy)g2* EGL
Theory t{aggients RUbPY)3=" Oxalate as  polymer  TPrAas bioasgfzy
%ESCL 1972 coreactant 1982 coreactant 1g9ag
1977 1987

1970 198 2+1 990
First ECL Magnetic Ru( bpr)g ECL at
experiments field effects as ECL label ultramicro-
1964 1969 Qfsﬂgﬂ‘?gg?’ 1984 electrodes

1993
F i g 32Teneline of ECL experimeit’. Reprinted with permission from40]. Copyright ©
(2004) CRCPRESSLLC.
Whentradng the history of electrochemiluminescence (EClhere was no coeagent involvedat the
beginning time(Figure 3.2). In a conventional threelectiode system, the ECL is observed on the
working electrode by the annihilation between cation radicals and anion sadial annihilation
generatesnexcited stat®f theemission specieandthenthe emissioris producedrom the radiative
decay ofit. At the earliest stage, the cation radécahd anionradicak were generatetby cyclic
electrochemical stepsuch asa CV. Hercules was the first to report theroduction of
chemiluminescencdy the electrogeneratiorof the anion andcation radicals of various organic
aromaticsusing AC techniques. Feldberg had derived, using digital coerpiegchniquestheoretical
equationswhich relaedthe ECL intensity to the current, timand kinetic parameteuantitivelyin a
double potential step motté In his assumption, the lightasproducedupon an aniomadicatcation

radical annihilation followed bg very fastradiative decay (£&?Y).

Fi g 83(a& Theoretical computer plot @ UM versus tt whenkt; = 0.0. (b) Theoretical pk of
the integrated intensity ratio uegkt; with experimental fit DPA, rubrene and TPP presetited
Adapted with permission fronif2]. Copyright © 1969 American Chemical Society.
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