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ARTICLE INFO ABSTRACT

Keywords: Raman spectroscopy is a powerful analysis technique that shows its full potential when a high amplification of
Spectroelectrochemistry the Raman signal is achieved. In this sense, Surface-Enhanced Raman scattering (SERS) has been the most widely
Raman used phenomenon for analysis. SERS provides the amplification of the Raman intensity due to the interaction of
Eg::gi;s mol.ecules with a plasmf)nic naPosFructured surface. The enhan.cement of the Raman signal can be also obtalZned
Electrochemistry during the electrochemical oxidation of a metal electrode; this phenomenon was denoted as Electrochemical-

Surface Oxidation Enhanced Raman Scattering (EC-SOERS) and yields a good Raman signal enhancement
with high reproducibility. Until now, only chloride and bromide have been employed in EC-SOERS, using a silver
electrode to generate silver chloride and silver bromide nanocrystals. In this work, a new EC-SOERS substrate
based on the electrogeneration of silver hexacyanoferrate (II) nanocrystals is presented which provides a very
sensitive Raman response. The electrogeneration of this new material can be easily followed using spec-
troelectrochemistry since the characteristic Raman bands of the nanocrystals lie outside of the fingerprint region
used for the analysis where the detection of most of the target molecules is performed. Indigo Carmine has been
selected as target molecule, obtaining a very good response at nanomolar level under Raman resonance and non-

resonance conditions.

1. Introduction

Nowadays, the search for new nanomaterials with different chemi-
cal, optical or electrical properties is a hot topic. Ferrocyanides, Prussian
blue (PB) and analogues have shown excellent optical and electrical
properties of interest in several fields, such as plasmonic devices [1],
electrocatalysis [2], supercapacitors [3], batteries [4,5], nanomedicine
[6,7] and Raman spectroscopy [2,8]. Due to their wide range of appli-
cations, the development of new and easy-prepared nanomaterials is of
great interest for many researchers in different fields of chemistry and,
in particular, in chemical analysis. In this work, silver ferrocyanide
nanoparticles are electrochemically generated during the oxidation of a
silver electrode with application in the enhancement of the Raman
signal for analytical purposes.

Raman spectroscopy is a powerful analytical technique that provides
unique vibrational information, which makes it one of the most selective
techniques for the identification of compounds. Moreover, with the
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discovery of Surface Enhanced Raman Scattering (SERS) in the mid-1970s,
Raman spectroscopy boosted their applications in analysis [9]. Recently,
some in-situ studies have been published showing the potential of this
technique for understanding fundamental reactions of interest in catal-
ysis, surface science and energy science [10-12]. SERS phenomenon can
overcome the greatest limitation of Raman spectroscopy, which is the
low Raman signal, amplifying the intensity of the scattered light from 3
to 10 orders of magnitude due to the molecule’s interaction with a
plasmonic nanostructured surface [13-15] or with semiconductor/di-
electric nanocrystals [16,17]. The enhancement of the Raman signal is
attributed to two different effects: electromagnetic (EM) and chemical
(CM) mechanisms. Whereas the first mechanism is associated with the
surface plasmon resonance (SPR) of plasmonic structures with light [13,
15,18] or with optical resonances in the case of semiconductor/di-
electric nanocrystals [16,17], the second one, CM, is attributed to a
charge transfer between the molecule and the SERS substrate [13,16,17,
19-21]. In the case of metal nanoparticles, it is generally accepted that
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EM mechanism presents a higher contribution to the enhancement of the
Raman signal for metal NPs, presenting an enhancement factor (EF) of
10°-107 [22-24], while the EF attributed to CM is around 102-10° [19,
20,25]. Usually, the EF of the CM in semiconductor/dielectric nano-
crystals is higher than in plasmonic nanoparticles [16,17]. The synthesis
and structure of these plasmonic NPs are key factors in the Raman
response, being able, under some conditions, to detect even a single
molecule (SM) [26-28].

Although metallic substrates are typically the most studied in SERS,
substrates based on dielectric/semiconductor materials are becoming
increasingly popular in recent years [16,29-32]. When dielec-
tric/semiconductors are used as SERS substrates, the CM mechanism has
a high impact in the enhancement of the Raman signal due to a charge
transfer between the valence band (VB) or the conduction band (CB) of
semiconductor and the highest occupied molecular orbital (HOMO) or
the lowest unoccupied molecular orbital (LUMO) of the molecule [16].
In contrast, the EM has a low contribution to the EF in semiconductors
since the plasmonic band lies in the UV (for VB) or IR region (for CB) of
electromagnetic radiation, so no resonance in the visible region is ex-
pected. However, some semiconductors have been tuned to exhibit
plasmon resonance in the UV-visible [33,34] or NIR [35] region. In any
case, different types of optical resonances yield a strong intensification
of the local electromagnetic field, contributing to the EM [17]. EF in
semiconductors have demonstrated to be almost as effective as metal
NPs obtaining EF around 10°-10° [16,36]. The main advantages of these
materials are the tunability of the properties [37,38] (by doping or
modifying crystal lattice defects), the chemical stability and the low
price.

SERS is the most known and commonly used phenomenon in Raman
signal enhancement, but not the only one. A few years ago, our research
group discovered a new and complementary phenomenon to enhance
the Raman scattering during the oxidation of a silver electrode under
particular electrolytic conditions, known as Electrochemical-Surface
Oxidation Enhanced Raman Scattering (EC-SOERS) [39]. This phenome-
non has been demonstrated to be highly reproducible [40,41] and
analytical enhancement factors higher than 10° have been reported
[42]. The precipitating agent used, such as chloride or bromide, leads to
different nanocrystals with distinct properties, resulting in characteristic
Raman responses for different molecules [43] when silver ions are
generated by oxidation of the electrode surface.

In this work, potassium ferrocyanide (K4[Fe(CN)g]) is proposed as a
new precipitating agent to obtain a very sensitive EC-SOERS response.
The oxidation of a silver electrode, in the presence of K4[Fe(CN)g] in
acidic medium, produces silver ferrocyanide (AgHCF) nanocrystals
deposited on the electrode surface. Further oxidation of the silver elec-
trode yields an enhancement of the Raman scattering. Electrochemical
and Raman responses are simultaneously recorded using Time-resolved
Raman spectroelectrochemistry (TR-Raman-SEC), obtaining an
outstanding enhancement of the Raman signal, higher than usually re-
ported for EC-SOERS.

The new conditions proposed in this work provide a better
enhancement of the Raman signal and allow the detection of molecules
in nanomolar concentration. Indigo carmine, Fig S1, used as a food
colorant in the U.S.A. and E.U. to produce a blue color, has been selected
as target molecule and detected under non-resonance and resonance
Raman conditions.

2. Experimental section
2.1. Reagents and materials

Indigo carmine (IC, ACROS Organics), perchloric acid (HClOy,
70-72% EMSURE® ACS, ISO, Reag. pH Eur, Merck), potassium hex-
acyanoferrate (II) (K4[Fe(CN)gl, HCF, 99+%, ACROS Organics), Potas-
sium hexacyanoferrate (III) (K3[Fe(CN)gl, 99+%, ACROS Organics),
potassium chloride (KCI, 99+%, reagent, ACROS Organics), potassium
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bromide (KBr, 99+%, reagent, ACROS Organics), silver perchlorate
(AgClOy4, 99% ACROS Organics). All chemicals were used as received
without further purification. Aqueous solutions were freshly prepared
using ultrapure water provided by a Milli-Q Direct® purification system
(Millipore, 18.2 MQ cm resistivity at 25 °C and TOC 2 ppb).

2.2. Instrumentation

SEC experiments were performed using two different customized
SPELEC-RAMAN instruments (Metrohm-DropSens). One integrates a
laser source of 785 nm, and the other one a laser wavelength of 638 nm.
Laser power in all experiments was 100 mW (318 Wem?) for 785 nm
laser source and 20 mW (64 Wem ™~ 2) for the 638 nm laser source. Both
instruments have integrated an appropriate spectrometer and a poten-
tiostat. SPELEC DropView software (Metrohm-DropSens) was used for
synchronized data acquisition with high temporal resolution, allowing
the visualization and analysis of the spectroelectrochemistry data.

Silver screen printed electrodes (AgSPEs) from Metrohm-DropSens
(AgSPE, C013) were used as three electrode electrochemical cell in all
experiments. These electrodes consist of a silver working electrode of
1.6 mm diameter with a carbon counter electrode and silver paint as a
pseudo-reference electrode.

2.3. Spectroelectrochemistry experiments (SEC experiments)

Linear sweep voltammetry (LSV) was selected as electrochemical
technique to perform the Raman SEC experiments. The scan rate was
fixed at 0.02 V-s~! in all experiments and the potential was scanned from
—0.10 Vto +0.40 V (0.1 M HCIO4 + 1 mM K4[Fe(CN)g]), from —0.05 V
to +0.50 V (0.1 M HCIO4 + 5 mM KBr) or from 0.00 V to +0.40 V (0.1 M
HCIO4 + 5 mM KCD). All potentials are referred to the silver pseudo-
reference.

All Raman spectra were registered with 1 s of integration time,
simultaneously with the electrochemical response.

3. Results and discussion

In this work, a new methodology for the electrochemical synthesis of
AgHCF nanoparticles is proposed. The developed method consists of the
oxidation of a silver electrode in acidic medium and in presence of a low-
concentration potassium hexacyanoferrate (II). This electrochemical-
chemical reaction provides well-defined nanocrystals. When a target
molecule is present in the analyzed solution using TR-Raman-SEC, the
enhancement of its Raman spectrum during the oxidation of the elec-
trode can be observed. This phenomenon, known as EC-SOERS, was
reported a few years ago by our research group [39]. Inset in Fig. 1A
shows the enhancement of the Raman spectra of IC during a LSV in
which a AgHCF SOERS substrate is electrogenerated. LSV is compared
with the voltaRamangram at 1524 cm?, evolution with the applied
potential of one of the main bands for IC in Fig. 1A. As can be observed,
at +0.25 V, the Raman signal starts to increase, leading to well-defined
spectra from this potential onwards (yellow and purple lines in the
inset). The inset shows some spectra registered at different potentials: at
0.00 V (blue line), only a peak related to perchlorate is found; at +0.20 V
(orange line), the Raman peak related to AgHCF starts to increase, and
the perchlorate-related peak keeps constant; at +0.30 V (yellow line) the
spectrum shows the Raman peaks for IC and AgHCF; and, finally at
-+0.40 V (purple line), a very well-defined spectrum for IC and AgHCF is
detected because of the enhancement of the substrate. The Raman peaks
obtained for IC are in good agreement with those described in literature
[44,45] and the band assignment can be found in the Table S1.

The voltammetric response indicates that two processes are taking
place during the oxidation of the AgSPE. An anodic peak related to the
oxidation of Ag to generate AgHCF (Kps = 100®) is observed around
+0.08 V. After the precipitation, an oxidation current, with an onset
around +0.20 V, related to the oxidation of Ag to Ag™ is observed. These
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Fig. 1. A) Voltammogram (black line, left axis) compared with VoltaRamangram at 1524 cm ! (blue line, right axis) of 1 uM IC in 1 mM K4[Fe(CN)g] and 0.1 M
HCIO,4 on a AgSPE. Inset shows the IC spectra at 0.00 V (blue line), +0.20 V (orange line), +0.30 V (yellow line) and +0.40 V (purple line). B) SEM images of AgHCF
generated during the SEC experiment with 25000x and 50000x (inset) magnification. The sample was prepared by oxidation of a silver electrode in 1 mM Ky[Fe
(CN)e] and 0.1 M HClO4. C) Voltammogram (black solid line, left axis) of 1 mM K4[Fe(CN)e] in 0.1 M HCIO4 on a AgSPE compared with voltaRamangram at 2084
cm ! (blue line, right axis). The inset shows the v (CN) spectra at 0.00 V (blue line), +0.20 V (orange line) and +0.40 V (green line). D) Comparison of the v (CN) in
the spectra for AgHCF particles generated during the SEC experiment (garnet line), and the spectra of the different possible compounds, from bottom to top: Prussian
blue (blue line), potassium ferrocyanide (orange line), silver ferrocyanide (yellow line), silver ferrocyanide after 24 h (crystal, purple line), potassium ferricyanide
(green line), silver ferricyanide (pale blue line) and silver ferricyanide after 24 h (crystal, gray line). The potential was scanned from —0.10 V to +0.40 V with a scan

rate of 0.02 V s ! for all SEC experiments.

silver ions can also be intercalated into the crystallographic lattice of
AgHCF, as was previously described for other HCF and PB analogues
[46-49]. It can be seen that the electrochemical response is the same in
presence (Fig. 1A) or absence (Fig. 1C) of the target molecule. This
behavior demonstrates that the electrochemical processes are only
related to the oxidation of the silver electrode and the AgHCF precipitate
generation. The surface of the electrode has been studied by Scanning
Electron Microscopy (SEM) (Fig. 1B). These images provide information
about the shape and size of the generated nanocrystals. Fig. 1B shows
SEM images of the electrogenerated AgHCF nanocrystals. A high surface
recovery by these agglomerated nanocrystals can be observed, which
present homogeneous sizes, finding nanocrystals around 30-50 nm.
Some agglomerates of these particles can be appreciated in the inset of
Fig. 1B.

The generation and evolution of this material can be followed by TR-
Raman-SEC, using a 1 mM K4[Fe(CN)g] in 0.1 M HCIO4 solution and a
AgSPE as Ag" source, Fig. 1C. In this case, the Raman response provides
valuable information about the material generated on the WE surface,
since the AgHCF exhibits a strong Raman band at 2084 cm ! (inset
Fig. 1C), corresponding to the stretching mode of cyanide (v(CN)). The
evolution of this peak at 2084 cm ™! is plotted versus the applied po-
tential (voltaRamangram, Fig. 1C). After the AgHCF electrochemical

generation, the Raman signal at 2084 cm ! starts to increase, reaching a
maximum at around +0.37 V. It is noteworthy that the AgHCF Raman
peak growth evolves at lower potential than the spectra of the molecule,
which suggests a correlation between the electrogeneration of AgHCF
particles and the enhancement of the Raman signal.

To identify the material deposited on the WE surface during the first
anodic peak in the LSV experiment, Raman spectra of the electro-
generated precipitate have been compared with Raman spectra of
chemical synthesized compounds (Fig. 1D). From the literature, it can be
expected that mostly Ag4[Fe(CN)g¢] was generated, but the oxidation of
this product could lead to Ags[Fe(CN)g] by oxidation of [FeH(CN)G]“’ to
[FeHI(CN)6]3’. Another related compound could be Prussian blue (PB),
whose electrochemical generation by redox reactions of ferrocyanide
has been reported [50,51].

In order to check and confirm which of these compounds is generated
under our experimental conditions, silver ferrocyanide (Ag4[Fe(CN)g])
and silver ferricyanide (Ags[Fe(CN)g]) were chemically synthesized by
chemical precipitation, mixing a silver perchlorate and potassium ferro/
ferricyanide in equimolar proportions. The precipitated product was
rinsed with water and separated by centrifugation. This washing pro-
cedure was repeated three times. These products were labelled in Fig. 1D
as “Ag4[Fe(CN)g]” (yellow line) and “Ags[Fe(CN)¢]” (pale blue). The
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obtained products were then dispersed in water and aged for 24 h to lead
to bigger crystals, labelled as “Ag4[Fe(CN)¢l, 24 h” (purple line) and
“Ags[Fe(CN)gl, 24 h” (gray line). Besides, commercial samples of PB
(blue line), potassium ferrocyanide (orange line) and potassium ferri-
cyanide (blue line) were analyzed, and the corresponding Raman
spectra were compared with the ones obtained under our electrolytic
conditions in Fig. 1C. From the different spectra in this figure, the
electrochemically generated AgHCF seems to be crystalline Ags[Fe
(CN)e] because of the clear matching of the two spectra and the differ-
ence with the others. The clear difference between the Ag4[Fe(CN)g] and
Ag4[Fe(CN)gl, 24 h spectra indicates that, for this compound, the elec-
trochemical generation directly yields a crystal lattice like the aged
precipitate.

The role of the potential in the evolution of the Raman enhancement
is undoubtedly very interesting for understanding EC-SOERS. A AgHCF
substrate was generated by performing a LSV from —0.10 V to +0.40 V
with a scan rate of 0.02 Vs !ina 1 mM K4[Fe(CN)g] and 0.1 M HCIO4
solution. Once the AgHCF substrate was generated, it was thoroughly
rinsed with deionized water and a 0.1 M HCIO4 solution. Then, a 1 yM
IC + 0.1 M HClO4 was added on the substrate, obtaining the spectrum
(garnet line) shown in Fig. 2, where no Raman bands were observed,
demonstrating that the substrate is not active when only the molecule is
added on the substrate. However, when a solution containing 1 uM IC +
0.01 M Ag* + 0.1 M HClO4 was added on the substrate, the spectrum
(green line) of IC was clearly defined as can be shown in Fig. 2,
demonstrating the enhancement of the SOERS substrate. Therefore, the
role of potential is the generation of Ag cations which activate the
SOERS substrate.

The use of AgHCF as substrate for Raman enhancement presents
some advantages, such as low spectroscopic interference with adsorbed
molecules. AgHCF only shows Raman peaks in the silent region (gray
zone in Fig. $2, 1800-2800 cm ™) and small interferences in the region
below 600 cm ™1 (blue zone, Fig. S2), while no bands are observed in the
typical fingerprint region of most molecules (green zone, Fig. S2,
600-1800 cm’l), like other similar HCFs and PBs [8]. This fact allows
the simultaneous assessment of substrate generation and molecule
detection.

This new substrate allows the detection of IC with good sensitivity,
obtaining clearly defined signals even at micromolar range (orange line,
Fig. S2). However, the sensitivity of the method for IC detection can be
further improved with additional Raman enhanced phenomena, such as
Raman resonance (RR), which can be observed under specific laser
wavelengths (Fig. S3) as has been reported in the literature [44,52]. In
this work, the main laser source employed is 785 nm, so it should not be

10000
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Fig. 2. Raman spectrum corresponding to a 1 uM IC + 0.1 M HClO4 solution
added on the AgHCF substrate generated on a AgSPE (garnet line) and a 1 uM
IC + 0.05 M Ag" + 0.1 M HCIO, solution added on the AgHCF substrate
generated on a AgSPE (green line).
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expected a RR process using this laser source (red line, Fig. S3). How-
ever, a laser source with a shorter wavelength can be used to improve
the sensitivity and the limit of detection (LOD); in our case, a 638 nm
laser source presents RR (orange line, Fig. S3). Concentrations as low as
10 nM can be detected using this laser (green lines, Fig. 2B and 2D).

To evaluate the performance of AgHCF as EC-SOERS substrate, the IC
Raman response was evaluated for three different precipitating agents:
5 mM KBr, 5 mM KCl and 1 mM HCF. All solutions were freshly prepared
in 0.1 M HClO4 as supporting electrolyte.

Fig. 3A shows the Raman spectra for a high concentration of IC,
between 1 and 100 uM. No Raman response is obtained when using KBr
(blue line), indicating that the generated structures based on KBr do not
yield an enhancement of the Raman signal for IC. The other well-known
precipitant used in EC-SOERS is KCl. In this case, a 100 uM IC solution in
this electrolytic medium is tested (purple line), obtaining a good
response. However, a much more sensitive Raman response is observed
using K4[Fe(CN)¢] as precipitating agent (garnet line), obtaining a
higher signal with a concentration 100 times lower. Lower concentra-
tions of IC are represented in Fig. 3B. In this case, only KCl and K4[Fe
(CN)g] were employed as precipitating agents, since KBr substrates did
not show any Raman enhancement for this molecule. A 10 pM IC solu-
tion was tested in KCl showing a low intensity but defined spectrum. As
was expected, a better response is obtained for K4[Fe(CN)g], being able
to detect a concentration as low as 50 nM. When the sample was studied
under resonance conditions (638 nm laser source), lower concentrations
could be detected 10 nM (Fig. 2B, green line). This spectrum, however,
shows a better response for 1585 cm™! peak. For this reason, this peak is
the one represented versus the applied potential in the VoltaRamangram
(Fig. 2D, green dotted line). The evolution of these spectra with potential
is illustrated in Fig. 2C and Fig. 2D. These figures show the comparison
between the LSV for each experiment (solid line, left axis) and the vol-
taRamangram at 1524 cm ™! (non-resonance, blue, garnet and purple
dotted lines) or 1585 em’! (RR, green dotted line). The inset shows the
VoltaRamangrams for 10 uM IC in KBr (inset in Fig. 2C) and 10 uM IC in
KCl (inset in Fig. 2D). Orange line represents the limit of detection (3o,
three times the standard deviation) [53], confirming that there is no
signal at all for IC in KBr, while the peak for 10 uM IC in KCl is, un-
equivocally, a band of the molecule that can be easily distinguished from
noise.

One of the main advantages of SEC techniques is that they provide
dynamic information about the studied system since the evolution of the
Raman spectra with the applied potential can be followed. Thanks to
this, it is possible to identify the detector’s electronic noise signal in a
given experiment, since the sample presents a range of potentials where
no signal is found, which coincides with the potential region in which
the appropriate substrate has not been generated to detect that mole-
cule. A clear noise evolution is obtained during the first part of the LSV,
where any molecule is detected. This is a clear advantage of TR-Raman-
SEC with respect to a simple Raman experiment.

In order to compare the different substrates, the enhancement factor
(EF) obtained for IC under different electrolytic conditions described
above was assessed. However, since the substrate is changing due to the
applied potential during the SEC experiment, it is very challenging to
determine the number of molecules adsorbed on the substrate and,
therefore, it is not feasible to obtain the EF. A good alternative is to
calculate the analytical enhancement factor (AEF) [54,55] in which only
the concentration of the molecule in solution is considered, and the
obtained Raman intensity is compared with the one obtained for the
molecule in absence of an EC-SOERS substrate. An ordinary Raman
spectrum of 0.5 mM IC (in water) was measured to assess the AEF, ac-
cording to Eq. S1, yielding an AEF of 3-102 for KCl (0.1 mM IC, 0.1 M
HCIO4, 5 mM KCI) and an AEF of 4.10* for HCF (1 UM IC, 0.1 M HCIOy4, 1
mM K4[Fe(CN)g]). For more information about the AEF calculation, see
the S4 section in the Supplementary Material. These results show an
improvement of two orders of magnitude of the EC-SOERS substrate for
IC in an electrolytic medium with HCF, where AgHCF is generated. This
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Fig. 3. Results for different IC concentrations and different precipitating agents are presented, all with 0.1 M HClO4. A) Comparison between spectra taken at the
oxidation vertex potential for 100 uM IC in 5 mM KClI (purple line) and 5 mM KBr (blue line) and 1 pM IC in 1 mM K4[Fe(CN)s] (garnet line). B) Spectra taken near
the LOD, 10 pM IC in KCI (purple line), 50 nM in K4[Fe(CN)s] (garnet line) and 10 nM in K4[Fe(CN)g] with Raman resonance (RR, green line). C) and D) show a
comparison of the voltammogram (solid lines) and voltaRamangram (dotted lines) for the principal peak in each experiment (1524 cm! for all, except for Raman

Resonance experiment, green line, where the peak at 1580 cm™! is chosen).

improvement is also demonstrated for uric acid (UA), which presents an
AFEF of around 10* for KCl versus 10° for HCF. In contrast, caffeine, for
example, shows an EC-SOERS response in KCl and KBr [43] but no
Raman response in HCF (data not shown). The differences in the
enhancement factors are probably due to the different interactions be-
tween the molecule and the Ag/AgHCF/Ag" substrate, with molecules
such as IC or UA interacting more favorably with AgHCF/Ag" crystal
nanoparticles.

One of the advantages of AgHCF substrates is the capability of
detection of different molecules. As an example, Fig S5 shows the
spectroelectrochemical signals corresponding to four different mole-
cules (5 uM alizarin red S, 10 uM ponceau4R, 10 uM bromophenol blue
and 10 uM riboflavin) obtained during a LSV. Potential was scanned
from —0.10 V to +0.40 V at a scan rate of 0.02 Vs !ina 1l mM K4[Fe

reproducibility is very important. Up to now, potential controlled ex-
periments provide very sensitive substrates with a reproducibility
typical of SERS, around 20% of relative standard deviation (RSD) [13].
More reproducible experiments can be obtained using galvanostatic
strategies. Fig. 4 shows the VoltaRamangrams of five experiments

(CN)e] and 0.1 M HCIO4 solution, containing the target molecule. All the
experiments were performed in a AgSPE. As can be observed, similar
voltammograms, Fig S5A, are recorded for the four analytes, indicating
that a similar EC-SOERS substrate is obtained in all cases. However, the
enhancement of the Raman signal is different for each analyte. For
analysis, the experimental conditions have to be optimized for the target
analyte. In all cases, a clear voltaRamangram, Fig S5A, is observed
during the oxidation of the Ag/AgHCF electrode, obtaining well-defined
Raman spectra at the oxidation vertex potential, Fig S5B.
The new AgHCF substrates for EC-SOERS are very sensitive,
providing, to the best of our knowledge, the highest EF reported for
SOERS to date. For analytical applications, not only sensitivity but also

o
a

tis

25

Fig. 4. VoltaRamangrams at 1524 cm™ corresponding to five galvanostatic
experiments obtained by applying a current of +5 pA for 15 s and +100 pA for
10 s in a 500 nM IC + 1 mM K4[Fe(CN)¢] + 0.1 M HCIO4 solution using

a AgSPE.
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performed by applying a current of +5 pA for 15 s to generate the AgHCF
nanocrystals and a subsequent +100 pA current for 10 s to generate Ag
cations in order to activate the SOERS substrate. The experiments are
performed in a 500 nM IC+ 1 mM K4[Fe(CN)g] + 0.1 M HClO4 solution,
using a AgSPE. As can be seen, responses with good reproducibility are
obtained, showing a 9% of RSD at t = 25 s, demonstrating the good
capability of EC-SOERS methodology for analysis in a very short time
and using a small sample volume, only 50 uL. Optimization of the
experimental conditions is mandatory for obtaining EC-SOERS sub-
strates for analytical purposes. This work opens new gates for designing
Raman-SEC experiments for the detection of molecules at trace level.

4. Conclusion

A new precipitating agent, potassium hexacyanoferrate (II), has been
used in this work to obtain EC-SOERS responses during a TR-Raman-SEC
experiment. K4[Fe(CN)g] induces the generation of Ag4[Fe(CN)¢]
(AgHCF) polydisperse nanocrystals, as has been deduced from the
Raman spectra and the SEM images.

K4[Fe(CN)g] presents advantages over other precipitating agents
such as KCI or KBr. On the one hand, the Raman bands related to AgHCF
are present in the silent region for most molecules providing a substrate
with no interferences, allowing a simultaneous study of the substrate
and the analyte. On the other hand, a more sensitive Raman response is
obtained using this electrolyte medium for certain molecules such as IC
or UA.

IC has been selected as test molecule to compare the different elec-
trolytic conditions. K4[Fe(CN)g] has proven to provide greater
enhancement of this analyte than KBr or KCl. Concentration as low as 50
nM can be detected using this precipitating agent, under non-resonant
conditions, but this signal can be improved by tuning up the laser
wavelength to promote Raman Resonance, enabling the detection of 10
nM IC. The limit of detection can be easily found during the experiment,
using the voltaRamangram, calculating three times the standard devia-
tion (30) in the zone where no signal is expected, being able of clearly
differentiate between noise and signal.

Finally, the AEFs for IC and UA are presented using K4[Fe(CN)g] or
KCl as precipitating agent. It is found that K4[Fe(CN)g] provides AEF two
orders of magnitude higher than KCl for the studied conditions. This
difference can be attributed to the interaction between the analytes and
AgHCF/Ag" crystal particles, which seems highly promoted, favoring a
nanocrystal-molecule charge transfer and providing a more significant
amplification of the Raman signal at anodic potentials using silver
electrodes.
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