Accepted Manuscript

Quantitative Raman spectroelectrochemistry using silver screen-printed electrodes

Daniel Martin-Yerga, Alejandro Pérez-Junquera, Maria Begofia Gonzalez-Garcia, et
Juan V. Perales-Rondon, Aranzazu Heras, Alvaro Colina, David Hernandez-Santos,
Pablo Fanjul-Bolado

PII: S0013-4686(18)30091-4
DOI: 10.1016/j.electacta.2018.01.060
Reference: EA 31042

To appearin:  Electrochimica Acta

Received Date: 22 September 2017
Revised Date: 3 January 2018
Accepted Date: 9 January 2018

Please cite this article as: D. Martin-Yerga, A. Pérez-dunquera, Mari.Begoi. Gonzalez-Garcia, J.V.
Perales-Rondon, A. Heras, A. Colina, D. Hernandez-Santos, P. Fanjul-Bolado, Quantitative Raman
spectroelectrochemistry using silver screen-printed electrodes, Electrochimica Acta (2018), doi: 10.1016/
j-electacta.2018.01.060.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.electacta.2018.01.060

Quantitative Raman Spectroelectrochemistry using silver screen-

printed electrodes

Daniel Martin-Yerga*!, Alejandro Pérez-Junqueral, Maria Begona Gonzalez-Garcial, Juan V. Pera-

les-Rondon?, Aranzazu Heras?, Alvaro Colina?, David Hernandez-Santos?, Pablo Fanjul-Bolado**1

DropSens S.L. Edificio CEEI, Parque Tecnolégicd\deirias, 33428 Llanera, Asturias, Spain

“Department of Chemistry, Universidad de Burgos, Riiaael Bafiuelos s/n, E-09001 Burgos, Spain

Corresponding Authors

*E-mail; dmartin@dropsens.com

**E-mail: pfanjul@dropsens.com




Abstract

Surface enhanced Raman scattering (SERS) is a fudwerhnique based on the intensification of the
Raman signal because of the interaction of a mt#deaith a nanostructured metal surface. Electro-
chemically roughened silver has been widely useSERS substrate in the qualitative detection of ana
lytes at the ultra-trace level. However, its patdrfor quantitative analysis has not been widedyleit-

ed yet. In this work, the combination of time-resml Raman spectroelectrochemistry with silver
screen-printed electrodes (SPE) is proposed ayvel nethodology for the preparation of SERS sub-
strates. Thén situ activation of a SERS substrate is performed senelbusly with the analytical detec-
tion of a probe molecule, controlling the procedated to the preparation of the substrate ancdparf

ing the analytical measurement in real time. Thalte show the good performance of silver SPE as
electrochemically-induced surface-enhanced Ramaitesing substrates. Raman spectra were recorded
at fairly low integration times (250 ms), obtainingeful spectroelectrochemical information of the-p
cesses occurring at the SPE surface with excdllastresolution. By recording the microscopic soefa
images at different times during the experiment,cogelated the different data obtained: structural
optical and electrochemical. Finally, theesitu activation process was used to obtain a suitisbgtu
SERS signal for ferricyanide and tris(bipyridingjrenium(ll) quantification. The detection of theaan
lytes at concentrations of a few tens of nM wassjiibs with a low integration time (2 s) and gooe-pr
cision, demonstrating the exceptional performarfdae@Raman spectroelectrochemical method and the
possibility to use cost-effective screen-printedcabdes for applications where a high sensitiigty

needed.

Keywords. surface-enhanced Raman scattering; screen-priglecirodes; electrochemistry; Raman

spectroelectrochemistry



1. Introduction

Surface enhanced Raman scattering (SERS) wasnfirstiuced by Fleishmaet al. in 1974, from their
studies using electrochemically roughened silvefases and pyridine as a model Raman probe [1]. In
this experiment was put in evidence the spectacutaement of the Raman signal in a roughenedrsilve
electrode. Thenceforth, the use of such SERS sibstwas generalized and extended to other metals
such as gold and copper [2]. Since the first discpvVSERS substrates have been mainly used for qual
tative analysis [3—6]. However, the quantitativgr@ach has not been widely exploited yet, motivated
by some problems regarding the sensitivity andierreproducibility, among others. In this sense, th
recent use of metal nanopatrticles (NPs), which ideoa better SERS signal, have displaced the em-
ployment of silver roughened substrates in reallieggons, mainly due to the highest sensitivity

achieved [7,8].

Due to the importance of Raman spectroscopy asuacterization technique, when it is combined with
powerful quantitative electrochemical methods, ib&ential of the technique is significantly am@di
[9,10]. Raman spectroelectrochemistry (Raman SEQ)iges information about the vibrational states
of molecules, and therefore, about their functiagraups and structure, which makes it one of thetmo
useful spectroelectrochemical techniques [11,12]cdmbination with an easy and rapid substrate-pre
aration elevates it to a top interest in the figlachemical analysis, especially for traces andhtrtices,
taking advantage of the high sensitivity achievedhe SERS effect. Additionally, if the spectrodiee
chemical experiment is carried out resolved in t{fiR-SEC), the possibilities to obtain proper résul
are improved due to the careful control in the ptét applied (dynamic electrochemistry) [13], winic
set a difference with the application of discretgéeptial values (stationary electrochemistry) [£4,1
TR- SEC experiments open the possibility of colfitrgithe electrochemical potential of the system in

precise way and at any time of the experiment, igca plus for SEC. Thus, TR-SEC allows, using



most of the potentialities of the dynamic electemical techniques, opening a wide spectrum of new

possibilities such as the characterization of nialtem operando conditions [16].

In spite of the current generalized use of metas NPmany quantitative electrochemical surface en-
hanced Raman scattering (EC-SERS) experiments4JlGHe employment of roughened metal elec-

trodes presents some advantages over substrated baschemically synthesized NPs, because the
preparation is easier, faster and simpler (it dogsrequire complicated experimental protocols) and

could offerin situ activation [17].

Therefore, the use of an electrochemical pretreatttoeachieve a roughened SERS substrate represents
a benefit in this sense [1,18,19]. However, in nadshe cases, due to the difficulty of couplingatto-
chemical techniques with Raman spectroscopy, thstsate preparation is carried @x sity and then,

the species are left to adsorb on the surfacedeeral minutes to obtain an appropriate opticahaig
[20,21]. Several examples ex situactivated silver electrodes for SERS-based adsays been report-

ed [22,23]. Although this approach is usually ugedupossible time-dependent decrease of the surfac
and plasmon properties of the substrate could ofgmuadsorption of other species or changes in the
surface features, etc.), which would lead to loatical signals than the ones obtained by ugingjtu
activation. Due to these unavoidable changes, maantitative experiments carried out so far can suf

fer from lack of reproducibility, making the tecljoe less reliable.

In order to overcome these problems,ithsitu preparation of the SERS substrate provides, amtng
ers, the following advantages: 1) An accurate @brdf the electrochemical parameters such as oxida-
tion and reduction potentials, as well as the ged® or the pulsed time; 2) A careful control oé th
nanostructures prepared, due to the real and simaduis monitoring of both electrochemical and spec-
troscopic signal; 3) The possibility of having thbe molecule while the substrate preparatioaks t

ing place, which could yield some spectroscopiaaigvith a much more analytical quality, obtaining
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information about the SERS effect of the nanostmaést formed on the electrode surface during all the
experiment. These benefits in the simultaneousgpadion and measurement process open a new ave-

nue for analytical application of TR- Raman SEdrgkadvantage of the SERS effect.

On the other hand, screen-printed electrodes (SR&#® recently been described as substrates for
SERS [24,25] and there are only few examples wtherg are used as EC-SERS tools [26—28]. Among
others, metal SPEs have the advantage of beensdisigp cheap and easy-to-use electrodes. They also
can be reproduced in shape and composition wigaaonable precision. Besides, all three electrodes
are integrated in the same device, namely, posdfahe reference and counter electrode is abdglute
reproducible, which could confer more repeatabilityhe protocol of preparation. Finally, SPEs coul
be coupled to a specific cell that provides a rdpoible methodology in the experimental protocdl. A
these features make metal SPEs suitable candittates used in Raman SEC analytical application.
Therefore, it is important to obtain informationoab the behavior of roughened Ag SPEsmasitu
SERS substrates, and especially about the dynammoegses leading to the situ activation. Further-
more, new uses of SPE as SERS substrates for teemileation of certain analytes in an easy, rapid

and cost-effective way can be a very promisingijioantitative applications of TR- Raman SEC.

In the present work, the real-time situ activation of readily-available silver SPEs withcekent
time/potential resolution (one spectra acquireché® ms) is proposed to obtain information abbat t
processes leading to a SERS active substrate. iBgaglectron microscopy (SEM) was used to obtain
information about the structural features of tHeesiSPEs at different stages of the substrategoaep
tion, and correlate it with the Raman SEC reslitgo common analytes were selected to show the ca-
pabilities of this methodology: ferricyanide ana truthenium-bipyridine complex ([Ru(bp}}"). On

the one hand, ferricyanide was used as proof oftemnbecause cyanide-based species usually have
vibrations that show few characteristic bands edqiiencies above 2000 ¢mwhich are very useful for

studying the SERS effect on screen-printed eleesoBor instance, the SERS effect of KCN was used
5



to study the electrodeposition of silver nanopéeticon platinum electrodes [29]. Ferri/ferrocyanide
couple was also used as probe species for testngudtaneous Raman and UV/VIS SEC cell [30]. It
has also been observed that both the ferri/fermidgastrongly interact with Ag and Cu surfaces [B{]
forming chemisorbed layers on the electrode surfa®e the other hand, [Ru(bp}f' is a very interest-

ing molecule because it is widely employed as aehéar SEC systems [32,33] and it is the most
common detection label in electrochemiluminesceassays [34] due to its great performance and sen-
sitivity. Some works dealing with the SERS detattid [Ru(bpy}]** using silver electrodes have been
reported [35,36]. However, the SERS detection e liypically performed in a subsequent step after
the electrochemical activation of the silver eledt. The objective of this work is to demonstréie t
analytical capabilities of the situ activated silver SPEs for the quantitative ancigeedetection of

ferricyanide and [Ru(bpy)** at very low concentrations using a fast and céfsttive methodology.

2. Experimental

2.1. Instrumentation

In situ Raman SEC was performed by using a compact angratesl instrument, SPELEC RAMAN
(DropSens), which contains a laser source of 785 Tms instrument was connected to a bifurcated
reflection probe (DRP-RAMANPROBE) and a specificll d®r screen-printed electrodes (DRP-
RAMANCELL). The laser spot size is about 200 umESPC RAMAN was controlled by DropView
SPELEC software, which allows performing simultanre@nd real-time spectroelectrochemical exper-
iments, with totally synchronized data acquisitibigure S1 shows the instrumental setup for Raman
spectroelectrochemistry employed in this work. SHERP-C013, DropSens) were also used through-
out the work. These devices consist of a flat cezaard on which a three-electrode system comgyisin
the electrochemical cell is screen-printed. Thekimgy silver electrode is circular with a diametérld
mm, and the device has also an auxiliary electrodde of carbon and a silver electrode which acts as

pseudoreference. Carbon SPEs (DRP-110, DropSems)al#® used. These devices have a 4 mm circu-
6



lar working electrode made of carbon, being thentauand reference the same as in the DRP-C013
electrodes. All spectroelectrochemical measuremeate performed at room temperature and using a

solution of 60 pL. The reported potentials aretesldo the silver pseudoreference electrode.

A JEOL 6610LV SEM was used to characterize the wagrlkilver electrodes at different stages of the
electrochemical activation. An open source pythenips developed by D. Martin-Yerga, parti-

cleCounter [37], was used for the automatic cogndind sizing of particles from the SEM images.
2.2. Reagents and solutions

Potassium  ferrocyanide, potassium ferricyanide, agwum chloride and tris(2,2'-
bipyridyl)dichlororuthenium(ll) hexahydrate [Ru(bglf* were purchased from Sigma. Ultrapure water

obtained with a Millipore DirectQ purification sgsh from Millipore was used throughout this work.
2.3. Raman SEC measurements

RamanSEC experiments for ferri/ferrocyanide el@ttemnical conversion using carbon electrodes were
performed by applying a cyclic voltammetry from 30.to -0.40 V at a scan rate of 0.05 V, a step
potential of 0.002 V. Raman spectra were registei#idl an integration time of 1 s and a laser poofer
185 mW (considering the spot size, the power bfasararea is around 65 W/@mSERS experiments
with silver SPEs were performed by applying a Imgaeep voltammetry technique from +0.30 V to -
0.40 V at a scan rate of 0.05 V, s step potential of 0.002 V and equilibrationeiof 1 s. Raman spec-
tra were registered with an integration time of50.2 and a laser power of 258 mW (power by surface
area around 90 W/cih For quantitative measurements, the Raman irtiegréime was increased to 2 s
to be able to detect a higher number of photors, hierefore, increase the sensitivity. The SERSadi
depends on several experimental parameters, babtiditions were selected to generate a high inrtens

ty SERS effect.



3. RESULTSAND DISCUSSION

3.1. Time-Resolved Raman SEC of ferri/ferrocyanide on carbon SPEs

In order to demonstrate the correct performancthefRaman SEC instrument and the usefulness of
TR-Raman SEC, the experimental setup was initigdlijdated by following the electrochemical pro-
cesses of the ferri/ferrocyanide redox couple abara SPEs. Both species can be easily differedtiate
by Raman detection since ferricyanide shows oné&aypand at 2125 cily whereas ferrocyanide
shows two bands at 2049 and 2086'cffigure S2). Although ferricyanide theoretically has two Ra-
man vibrational bands in this range[38,39], they\&ry close in wavenumber, and, therefore, thesir r
olution is difficult to achieve experimentally, tdsng in a spectrum with one band. SEC measuresnent
of 0.05 M ferricyanide in 0.1 M KCI were performbg recording a cyclic voltammetry between +0.50
V to -0.40 V at a scan rate of 0.05 V. Raman spectra were acquired every 1 s, obtaiiegspectra
each 0.05 V, which is a fairly good temporal refolu Figure 1 shows a 3D-surface of the temporal
evolution of the Raman spectra in the range 20@D 221" (where the cyanide vibrational bands usual-
ly are observed) while performing a whole cyclidtammetry.Video S1 shows dynamically the evolu-
tion of the Raman spectra during the cyclic voltaetmyy which clearly shows the correlation between
the Raman response and the electrochemical tramafion of the redox couple. The initial single band
of ferricyanide at 2125 cihdecreased when the potential was scanned towamgistive potentials.
Then, when the electrochemical reaction takes pdacthe electrode surface and the ferricyanide-s r
duced, the two ferrocyanide Raman bands startepiow. The opposite spectroscopic process occurs
when the potential was scanned in the reversetiired hisVideo S1 shows the excellent performance
of the Raman SEC setup to study electrochemicalgsses that take place on the surface of SPE, and
highlights the time resolution of the technique ethmakes possible to study a dynamic electrochémica

process.



[FIGURE 1]
3.2. Time-resolved dynamic study of thein situ EC-SERS effect on silver SPEs

After demonstrating the usefulness of the expertaiesetup in the study of dynamic electrochemical
processes, thie situ electrochemical activation to generate a SERSrs®BRE substrate was evaluated
by TR-SERS SEC and microscopic imaging. After testifferent oxidation-reduction potentials, scan
rates and pretreatment times, some optimum conditvath high reproducibility and sensitivity were
chosen. Again, ferri/ferrocyanide redox couple whesen as a model electrochemical and Raman ac-
tive system. A linear sweep voltammetry of ferricigle 10° M in 0.1 M KCI from +0.30 V to -0.40 V

at a scan rate of 0.05 V* svas performed. The SERS effect on the electrodaciwas generated

situ, in order to study the process dynamically. Ramaecsa were recorded simultaneously every
0.250 s, thus providing time-resolved informatioery 0.0125 V (it would be possible to use shorter
integration times or slow scan rates if a highe€Sine resolution were necessary). Most Raman SEC
studies have used higher integration times but arfigw works have shown the usefulness of millisec-
ond spectra acquisition [9,10]. This highlights ariehe advantages of this technique, which allows

to get some specific Raman information at diffesrnimes. The electrochemical response obtained
during the potentiodynamic experiment is illustcaiie theFigure 2A together with the evolution of the
peak intensity of the Raman band at 2078"¢band assigned to the cyanide-group vibratiorf&r a
baseline correctiorkigure S3 shows the typical Raman spectra obtained at diftgpotentials with the
increased peak due to cyanide vibrations whenilher surface become SERS-active, whergagsir es
2B-D show the SEM images recorded when the linear swekg@mmetry is stopped at different poten-
tials, in order to get structural information oétélectrode surface during the SEC experiment.volte
ammetry starts with an intense anodic process atidig that a good amount of the silver surfaceeis b
ing oxidized at these potentials according to #aetion AJ > Ag(l) +1€. In presence of Glinsoluble

AgCl is generated on the electrode surface, inargabe roughness and porosity in comparison to the
9



pristine surface, as can be observed comparin@iid images of the initial silver SPEigure 2B)

and when the voltammetry was stopped at +0.06iguf e 2C). The initial homogeneous silver surface
was transformed into a surface with numerous waihgacted submicron particles of AgCl, confirmed
by EDX analysis and the appearance of a Raman [d@hat 230 crit (Figure S4). No SERS effect for
ferricyanide was detected at these potentials dubé presence of AgCl particles, which are neither

active nor capable of producing the enhancemethdgurface plasmon [41,42].
[FIGURE 2]

Although some SERS effect has been reported fadipgr on Ag/AgCI particles [43,44], there is no
evidence of having such effect for ferricyanidehiase experimental conditions, due to thee®tess in
solution, which precipitate immediately any Agation. Increasing the electrode roughness ist@ifa
considered as fundamental to produce a signifis&iRS effect [1,23]. However, these results demon-
strate that the surface needs to have specificeptiep to produce the SERS effect (excitation ofese
plasmons [45]), and, in this case, the roughnesdfits not sufficient. From 0 V onwards, a widedan
intense cathodic process, attributed to the reduaif the previously formed AgCl, was observea{

ure 2A, blueline). This cathodic process (between 0 V and -0.4@n4 the initial anodic process (be-
tween +0.30 V and 0 V) exchange a similar chargd{2vs 2678 uC, respectively), suggesting that all
the oxidized silver is subsequently reduced, geimgra new silver roughened electrode surface. The
Raman baseline increased drastically with a maxirmiensity at a potential of -0.18 VFigQure S3),

and quickly decreased afterwards (returned to tbeigus values at a potential of -0.25 V). An incre
ment of the baseline intensity is usually attriloute fluorescence of some species, and therefortéjs
case, it could be tentatively assigned to this ggeenhanced by the initial growing of Ag NPs (ineta
enhanced fluorescence [46]) or the coexistenceeshfsilver and a thick layer of AgCIl. Simultaneous
with the decreasing of the baseline, a Raman ba207%8 cnt began to grow from -0.19 V onwards

(Figure 2A, red line) next to a lower-intensity band at 2030 tobserved as a shoulder) [47,48]. The
10



use of TR experiments allows us to determine tlaetetime where a maximum SERS effect is detected,
which in this case is reached between -0.30 a0 -0, just after the silver reduction process has f
ished. SEM imageHigure 2D) obtained at -0.35 V demonstrate that only Ag ldRsobserved on the
electrode surface (composition confirmed by EDXlgsig, Figure S5A). Thus, NPs of different sizes
with approximated spherical geometry were obtaimethese conditions with an average diameter of
176 + 100 nm (distribution histogram Figure S5B) and with a particle density around 4.5%10
NPs/cni. Thein situ generation of these fresh NPs led to the sigmifi@ERS effect as has been

demonstrated in earlier works [29,49].

Video S2 displays the TR-SERS SEC measurements record@tydhis experiment (from 160 to 2800
cm™), which clearly highlights the usefulness of tehnique to get dynamic time-resolved information
able to show slight changes in the SEC respondecthad be used to study complex mechanisms oc-

curring on the surface of SPEs and correlate theémsiructural properties.

The SERS spectra could be tentatively assignedrt@yanide, since, in normal Raman, only emerges
one band at 2125 ¢hand ferrocyanide spectrum shows two bands at 2642086 cil (Figure S2).
However, it is interesting to study whether theiahiferricyanide is converted to ferrocyanide het
working potential window with silver electrodes. SExperiments were performed with higher ferricy-
anide concentrations and by starting the voltanyratra potential where the silver is not oxidizéea (
avoid overlapping in the voltammetric response ttuéhe silver electrochemical processes with high
currents). Voltammograms obtained at rising feaimge concentrations show an increasing cathodic
process with a peak potential between -0.19 arB-V. (Figures 3A). Additionally, the evolution of
the Raman spectra for 0.025 Midure 3B) suggests that the reduction of ferricyanide toofeyanide
takes place at a potential close to the reductiasilwer, so the Raman signals obtained are maiaky

to ferrocyanide, or probably, to some kind of prassdlue derivate generated on the electrode srfac

during the electrochemical reduction [50-52]. A d@mound 500 cthis also observed during the TR-
11



SERS SEC experiments (purple line, Figure S3), wisan agreement with similar bands found previ-
ously for prussian blue in presence of silver stiies [53]. Therefore, it is reasonable to assumae t
prussian blue would be also formed on the electsatitace under these conditions. If this was tlseca
as prussian blue have a absorption band closeQmm0[53] and the laser excitation is 785 nm, itldo

be possible the influence of the resonance Ranfantefnd the spectra obtained in the SERS experi-
ments would be due to surface-enhanced resonanoarRacattering (SERRSY.ideo S3 shows the
TR-Raman SEC experiment of the transformation aidganide to ferrocyanide (with possible prus-
sian blue generation). Initially, a band appeare@125 cni (assigned to ferricyanide) with a small
band at 2096 ch (possibly due to some interaction with silver dosk of the molecule symmetry in
comparison with ferricyanide in solution). Two ndands increased quickly at others Raman shifts
(2030 cnt and 2083 ci) closer to the values of the SERS signals. Fumbez, some interaction of
the generated product with the silver surface matestrated in the previous SERS experiment sinee th
signals are slightly shifted and the band at 2080 & much smaller than that expected for ferrocya-

nide in solution.

[FIGURE 3]

3.3. Analytical performance of EC-SERS slver SPEsfor ferricyanide detection

The analytical performance of the situ activated silver SPEs was evaluated for the detecif low
concentrations of ferricyanide. In this case, dagmation time of 2 s was used to detect a greater-
ber of photons than in the previous studies angs,tho detect lower concentrations of the species.
However, 2 s is still a quite low integration timmemparing to the typical quantitative Raman experi-
ments. As was demonstrated before, the spectrumthé higher-intensity bands was that one regis-

tered at potentials near -0.35 V, when all theesilvas been totally reduced. The intensity of ekt
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2078 cni of the optimal spectrum was chosen as the analygignal because is directly correlated to
the initial ferricyanide concentratioRigure 4A shows the variation of the spectra with the cotreen
tion andFigure 4B shows the relationship between ferricyanide cotraéon and the peak intensity in

a range between 5-%6- 2.5-1F M. At low ferricyanide concentrations, the peakeirsity increases
linearly with the concentration, but the responsedmes saturated at higher concentrations. This be-
havior seems to follow a Freundlich-like adsorptisotherm as demonstrated by the good correlation
observed in th&igure 4B. This adsorptive behavior can be explained becties8ERS substrate has a
defined number of active sites and the SERS regpdegends on the surface coverage of those sites as
described by other authors [54,55]. The total saitm would be observed when all the active sites a
occupied. This fact may also be in agreement viighadsorption of prussian blue on the electrode sur
face. The limit of detection calculated as the @mti@ation given by three times signal-to-noiseoratas
1.5-10° M. This limit of detection is well below the onlgat can be obtained using only electrochemical
measurements [56,57]. The use of low-cost dispesdBIEs with the dynamic electrochemical activa-
tion andin situ acquisition of Raman spectra allows the deteatiovery low concentrations of ferricy-
anide in a straightforward way and in only few set® The precision between measurements (using
different electrodes) was excellent for a SERS-thassay, obtaining 8.4% as the RSD (n=7, for 2.5-10
® M). This demonstrates the reliable performancéhefmethodology employed in this work to make

guantitative measurements by the TR-SERS SEC erpets, taking advantage of the SERS effect.
[FIGURE 4]
3.4. Analytical performance of EC-SERS silver SPEsfor [Ru(bpy)s]** detection

Thein situ TR-SERS SEC method with the dynamic activatiothefsilver SPE is useful for the sensi-
tive detection of different species. This is dentaied by performing the detection of [Ru(bg$),

which is usually employed as a spectroelectroch&mmodel or as a detection label in ECL assays [34]
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The Raman spectra of [Ru(bgl/) also varied dynamically with the potentials applieding the volt-
ammetry performed for the surface activation asttiated in thé&igure 5A, which shows the variation
of the intensity of the Raman band at 1032"amith the potential. This experiment was also eatmut
with a 0.250 s integration time and using 5° M of [Ru(bpy)]?* in 0.1 M KCI and applying a linear-
sweep voltammetry between +0.30 and -0.40 V at 0.83. However, in this case, there is no faradaic
process along the potential sweep, because theceleemical reaction of [Ru(bpy}* take place at

higher potentials. Therefore, the spectra obtathethg the experiment are due to the initial specie

The TR-SERS SEC method was used to evaluate theitgize detection of [Ru(bpylf* by recording
the band intensity at 1032 ¢nof the most intense SERS spectrum at differenteomations of the
analyte Figure 5B). In this case, the response was only studiedvatcbncentrations to avoid the satu-
ration of the active sites as observed in the presiexperiment-igure 5C shows the calibration plot

obtained with a linear range between 5 28d 21§ M and the following linear equation:
I, (counts) = 12.4 + 29246 {[Ru(bpyf }(uM) (equation 3)

The detection limit calculated as the concentragjimen by three times signal-to-noise ratio was 2J1

8 M. The precision of the assay, determined by nré@gtive times the solution of 2- 0V was 7.8%
(RSD). These results demonstrate that the dynaledtrechemical activation of the silver SPEs wiith
situ detection of the SERS spectra is a powerful mefbothe sensitive, precise and rapid detection of
different analytes. It is interesting to highlighie good precision obtained in these quantitatE&S
assays, which could be tentatively ascribed torsévactors: the Raman probe records the average op
tical response with a spot diameter of around 200 which reduces the influence of small heterogene-
ous features (hot spots or individual nanopartialél different activity). Screen-printed electredare
mass-fabricated using the reliable thick-film teclogy in a reproducible way, and their disposapilit

avoids the need to manually clean and regeneratsiltrer surface as it happens for conventional-ele
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trodes. Also, the use of the robust spectroelelcnoical Raman cell with specific positions for the

electrode and the probe ensures that the distamtarsgle remain constant between experiments.

[FIGURE 5]

4. Conclusions

In the present work, we have studied dynamicallyaihigh time-resolution tha situ electrochemical
activation of silver SPEs, in order to generateE®RS-active substrate fam situ quantitative purposes
with a high sensitivity and reproducibility. We leavecorded in real-time the Raman SEC data of the
processes occurring at the silver SPEs using Idegration times. The good correlation between the
SEC data and the microscopic structural featuresiged relevant information about the activation
process of Ag electrodes (widely employed for SHRRSed assays), in order to deepen intdrtretu
SERS substrate generation. TR-SERS SEC has bewitedgdor the analytical determination of ferri-
cyanide and [Ru(bpy)’* at very low concentrations (15-21 nM with an imipn time of only 2 s),
which demonstrates the outstanding usefulnesseohtiwel SEC method with disposable low-cost elec-
trodes for the detection of analytes in extremely toncentrations. Besides, the quality of the yial
cal results (LOD, LOL and RSD) are fairly good cargd with those usually obtained for normal
guantitative Raman experiments, which enhancespertance of this technique in analytical quanti-
tative applications. Finally, from this work, it Wbe possible to design TR-SEC methods to quaatify
large number of analytes, taking advantage of tieatgootential of the Raman technique, combined

with the high sensitivity enhanced by the SER Sotffe
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Figure 2. A) Evolution of the Raman peak intensity (baselineamied) at 2078 cih(red line) during
the linear sweep voltammogram (blue line) perforn@dctivate the surface of screen-printed elec-
trodes. A solution of IOM of Ferricyanide in 0.1 M KCI was used. Integoatitime was 0.250 s. SEM
image of the surface of screen-printed silver ebelets atB) the initial stage (pristine electrod€))
after performing the electrochemical pretreatmemnf+0.30 to +0.05 V anB) after performing thén

situ electrochemical activation stopping the poteratal.35 V. Scale bars are 1 um in all images.
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electrodesB) Potential-dependent evolution of the Raman spdotra solution of 0.025 M ferricya-
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Figure5. A) Evolution of the Raman peak intensity at 1032'dned line) during the linear sweep volt-
ammogram (blue line) performed to activate theaa@fof screen-printed electrodes. A solution of 0.5
1M of [Ru(bpy}]?* in 0.1 M KCI was used. Integration time was 0.85B) EC-SERS spectra (baseline
corrected) obtained at the optimum potentials (betw-0.3 and -0.4 V, integration time: 2 s) fofedi

ent [Ru(bpy}]** concentrations (0.05, 0.1, 0.2, 0.5, 1 and 2 p®))Linear relationship between the
Raman peak intensity at 1032 ¢rfor the EC-SERS spectra and the concentratioRafpy}]** in

0.1 M KCI.
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