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A B S T R A C T   

This study presents a novel electrochemical (EC) methodology for activating the SERS features of disposable 
silver screen-printed electrodes (AgSPEs) using a pseudohalide as a precipitating agent to guide the assembly of a 
nano-filamentous silver network responsible for a strong SERS enhancement. To the best of our knowledge, the 
use of thiocyanate for SPEs activation for quantitative purposes has not been reported before. In order to better 
study this complex system, time-resolved (TR) operando spectroelectrochemistry (SEC) measurements were 
performed by SERS and UV-Vis and correlated with SEM imaging of the electrode surface at different steps. 
Moreover, to significantly increase the reproducibility of the assays, a rapid EC protocol was proposed for the 
first time to obtain a reliable Ag/AgSCN reference electrode (RE) and a comprehensive optimization process was 
conducted to determine the critical parameters. Additionally, propranolol, as an emerging pharmaceutical 
pollutant has been selected as a model molecule to demonstrate the applicability of the method for rapid (3 min) 
quantitative analysis in the nM range from real river and tap water samples.   

1. Introduction 

Raman SEC is making progress in the field of analytical chemistry, 
holding great promise in bridging the gap between laboratory-based 
techniques and practical on-field applications [1]. Studies show that 
the EC potential has a strong effect on SERS measurements, influencing 
both the electromagnetic (EM) and the chemical (CM) mechanisms [2, 
3]. EC polarization of the SERS substrate has proved to modulate 
controlled adsorption of target molecules, bring higher specificity, 
higher sensitivity and other benefits [4,5]. EC-SERS has proved to be a 
robust and fast analytical technique for the detection of a wide variety of 
analytes [1], being one of the most promising analytical techniques in 
the near future [4]. The existence of ready-to-use SPEs substrates in
creases the accessibility and feasibility of these methods for 
cost-effective implementation on a larger scale. These ceramic plates 
already include all three electrodes that are needed for SEC measure
ments. Working electrodes (typically Ag, Au or Cu relevant for SERS) are 

not suitable for sensitive SERS analysis, but an atomic restructuring of 
the surface (activation) can be easily performed in a fast and repro
ducible way using EC oxidation and reduction steps. The EC activation 
of the AgSPEs substrates can also take place in the presence of the an
alyte, in-situ [6,7], leading to better control over the experimental 
environment, better reproducibility and higher sensitivity. Additionally, 
the fast generation of fresh and disposable SERS substrates, avoids 
probable long-term stability issues. 

A limited number of analyte-targeted in-situ activation procedures 
using commercially available AgSPEs have been reported up to date for 
the successful detection of fentanyl [8], naratriptan [9], folic acid [10], 
[Ru(bpy)3]2+ [6] and ferricyanide [6]. The EC method was optimized in 
each study with respect to the target analyte, since some parameters 
significantly influence the resulted nanostructures and their interaction 
with the analyte. Further exploration is required to fully comprehend 
the impact of different variables on the resulted SERS substrates, 
including the pH, the presence and concentration of a precipitating 
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agent, as well as the specific EC technique employed. It has been 
established that the role of the counter anions present in solution is 
crucial [7]. Martín-Yerga et al. [7] studied the effect of different elec
trolytes for the analysis of ferricyanide on AgSPEs. They observed that 
the activation in the presence of Cl− leads to 9 times higher enhance
ment of the Raman signal compared to activation in the presence of 
weakly or noninteracting anions with the metallic electrode surface, 
such as NO3

− . For this reason, Cl− in different concentrations was mostly 
used as precipitating agent in previously reported studies [6,8–10]. The 
influence of Br− [11] was reported in one study where AgSPEs were 
activated in oxidation (EC-SOERS) for the analysis of clopyralid in tap 
water. Pseudohalides, such as SCN− have not yet been explored as a 
supporting electrolyte component for SERS enhancement for quantita
tive purposes. Through the S and N atoms, it demonstrates strong af
finity towards silver, chemisorbing onto its surface in a S-bound, 
N-bound or bridge bound manner [12,13]. In various steps of the Raman 
SEC experiments, complex chemical (chemisorption, precipitation, 
complexation) and physical (physisorption) interactions with the elec
trode surface may occur, able to significantly contribute to the genera
tion of a good SERS substrate for the detection of the target analyte. 

Propranolol, a β-blocker commonly used for treating various car
diovascular conditions, was selected as a model molecule. The extensive 
therapeutic use of these substances is accompanied by a significant 
release into the environment [14] posing risks to ecosystems and aquatic 
organisms [15]. Propranolol, detected in various environmental com
partments (up to 2.27 nM in rivers [16]) is prioritized for worldwide 
environmental monitoring [17,18]. Additionally, sources of drinking 
water may be contaminated with potential acute or chronic toxicity 
towards humans [19]. Liquid chromatography coupled with mass 
spectrometry is the standard technique employed for the detection of 

β-blockers [19,20], but routine monitoring is problematic, requiring 
centralized analysis and highly skilled personnel. Hence, more acces
sible techniques, such as EC-SERS, are investigated for on-site environ
mental monitoring [21]. 

In this work, in-situ and operando SEC techniques are used to 
develop a method for quantification of propranolol (Fig. 1). In this re
gard, a new methodology for activation of SERS features on disposable 
AgSPEs is proposed using for the first time KSCN as precipitating agent. 
To the best of our knowledge, up to now pseudohalides have not been 
explored for activation of SPEs for quantitative purposes. The optimized 
TR-Raman SEC has been employed to successfully quantify propranolol 
in the nanomolar range in a simple, fast, sensitive and selective manner 
from spiked river and tap water samples with no pretreatment needed, 
other than a simple filtration for turbid river samples. Additionally, FE- 
SEM and EDX surface imaging and time-resolved UV–VIS SEC has been 
employed to gain a better insight on the processes occurring during the 
TR-Raman SEC measurements. 

2. Materials and methods 

2.1. Reagents and solutions 

( ± ) Propranolol hydrochloride (≥99%), perchloric acid (HClO4, 
60%), boric acid (≥99.5%), phosphoric acid (≥85 wt% in H2O), acetic 
acid (≥99%) and potassium chloride (>99.0%) were purchased from 
Sigma-Aldrich (St. Louis, USA). Potassium thiocyanate (KSCN, 99%) was 
acquired from VWR International (Pennsylvania, USA) and lithium 
perchlorate (LiClO4, > 99%) from ACROS Organics (Geel, Belgium). 
Sodium hydroxide (99.3%) was purchased from Lachner (Neratovice, 
Czech Republic). All reagents were analytical grade and used as received 

Fig. 1. Scheme of analytical principle.  
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without further purification. 
All solutions were prepared using high purity water acquired from a 

Milli-Q® Direct Water Purification System, supplied by Millipore 
(18 MΩ⋅cm resistivity at 25 ◦C). 

2.2. Instrumentation and electrodes 

TR-Raman-SEC instrumentation consisted of a customized SPELEC- 
RAMAN device (Metrohm-DropSens, Spain) equipped with a 785 nm 
laser source. A Raman probe (DRP-RAMANPROBE, Metrohm-DropSens, 
Spain) was connected to this instrument. For the experimental proced
ures, a custom-made cell designed for SPEs was employed. The instru
ment was controlled using DropView SPELEC software (Metrohm- 
DropSens), enabling real-time and synchronized spectroelectrochemical 
data acquisition. 

Metrohm-DropSens AgSPEs (AgC013) were used for the EC-SERS 
experiments. They consist of a 1.6 mm silver working electrode, a car
bon auxiliary electrode and a silver pseudo-reference electrode (pseudo- 
RE). To improve the reproducibility for calibration and problem sam
ples, it was necessary to modify the pseudo-RE before the experiments. 
In order to do this, a current of 100 µA was applied for 5 s to the pseudo- 
RE in a blank solution of 0.1 M LiClO4 and 10 mM KSCN. After the 
procedure, the electrode was rinsed with ultrapure water and it was let 
to dry. Thus, a stable RE of Ag/AgSCN was established. 

2.3. TR-Raman-SEC measurements 

DropView SPELEC software was used for TR-Raman-SEC measure
ments to record both the Raman spectra and the EC information 
simultaneously in a synchronized manner. The laser output power 
throughout the measurements was 262 mW if not otherwise stated. An 
integration time of 1 s was applied across all TR-Raman-SEC experi
ments. The electrochemical technique used to roughen AgSPEs for TR- 
Raman-SEC experiments was cyclic voltammetry (CV). All potentials 
are referred to Ag/AgSCN RE if not otherwise stated. A CV was applied 
between –0.50 and +0.30 V, starting at –0.10 V in anodic direction for 2 
cycles. Unless otherwise stated, a scan rate of 0.02 V s–1 and a step po
tential of 2 mV were used for the electrochemical measurements. The 
TR-SEC measurements were conducted at ambient temperature, adding 
50 µL working solution on the AgSPEs. 

2.4. Surface characterization 

The morphology of the activated substrates was studied using an 
ultra-high-resolution Field-Emission Scanning Electron Microscope (FE- 
SEM), model GeminiSEM560 (Zeiss), applying an electron beam of 
2.00 kV and collecting the response of the secondary electrons with an 
in-lens or a lateral detector. 

In order to characterize the substrate at every step, four SEM images 
were taken during the optimized activation CV at the two upper vertexes 
and the two lower vertexes. The CV procedure was applied on 4 elec
trodes in blank solution and stopped at the following potentials: +0.30 V 
(first cycle), –0.5 V (first cycle), +0.30 V (second cycle) and –0.50 V 
(second cycle) respectively. The electrodes were rinsed with ultrapure 
water and analyzed to observe the structures that are formed in oxida
tion and reduction steps. 

Energy-dispersive X-ray (EDX) spectroscopic measurements were 
took using the equipment coupled to the FE-SEM equipment previously 
described, using the detection system X Ultim Extreme (Oxford Instru
ment), with active area of 100 mm2. 

Processes that take place at the surface of the electrode and in so
lution during the activation CV were investigated by UV–VIS bidimen
sional spectroelectrochemistry (BSEC). For these measurements, a 
bifurcated optical fiber (QBIF600-UV–VIS, Ocean Optics) was connected 
to a deuterium light source. For normal configuration experiments, a 
reflection probe consisting of 6 illumination optical fibers and a central 

collection optical fiber (FCR-7UV200–2–2.5 ×100-ME-SR, Avantes) was 
connected. The reflection probe was positioned with the help of the 
home-made cell [22]. For parallel configuration measurements, two 
bare optical fibers with a diameter of 100 µm (Ocean Optics) were 
positioned facing each other on the surface of the working electrode 
(Ag010, Metrohm-DropSens) at a distance of 0.2 mm. One of the optical 
fibers was connected to the light source, while the other was connected 
to the spectrometer. In order to perform the experiments, 50 µL of so
lution was placed on the surface, covering the three-electrode system as 
well as the ends of the reflection probe and the bare optical fibers. The 
spectra recorded in the initial solution served as the reference spectrum 
for all experiments. Metrohm-DropSens silver electrodes (Ag010), 
fabricated in the same manner [23] were used for these experiments 
because of the higher surface area of the working electrode (4 mm). This 
allowed an easier integration with the setup for BSEC measurements. 

2.5. Quantitative analysis 

The applicability of the developed SEC methodology has been tested 
on tap and river (filtered) water samples spiked with propranolol. 
Spiked samples were prepared in ultrapure water at concentrations of 15 
and 30 nM propranolol, using the stock solution of the standard. River 
water was collected from Arlanzón river, Burgos (42◦20’15.1"N 
3◦42’40.2"W) and used in the same day after a simple filtration using 
regular filter paper in order to remove large visible constituents. River 
and tap water samples were diluted in a 1:1 ratio with the electrolyte 
and precipitating agent. 

For quantitative purposes, the intensity of the characteristic Raman 
band of propranolol at 1367 cm− 1 was monitored. The data collected 
during the activation CV procedure (potentiodynamic step) and after it 
(potentiostatic step) were compared at –0.30 V (vs. Ag/AgSCN) in terms 
of sensitivity and reproducibility. The SERS intensity of propranolol was 
extracted from the spectra collected at 150 s for the potentiodynamic 
step, whereas for the potentiostatic step, an average of the Raman in
tensity at 1367 cm–1 was calculated from 3 to 10 s, considering that in 
the first 2 s the equilibration of the system is still taking place. The 
estimated limit of detection (LOD) was calculated based on the slope of 
the calibration curve (n = 3) and the standard deviation of the response. 

3. Results and discussion 

3.1. In-situ potentiodynamic activation of AgSPEs 

The Raman SEC response of 1 µM propranolol during the EC acti
vation of AgSPEs is illustrated in Fig. 2 A. The main characteristic 
Raman bands of propranolol [24,25] at 1367 cm–1 and 1565 cm–1 cor
responding to stretching C-C vibrations and bending C-H vibrations of 
the naphthalene ring (Fig. S1A) are highly enhanced during the for
mation of the SERS substrate. The evolution of the Raman signal of 
propranolol during the SEC experiment, has been monitored as voltaR
amangram at 1367 cm–1 along with the EC signal (Fig. 2B). 

The voltametric procedure is conducted in anodic direction starting 
from –0.10 V (vs. Ag/AgSCN). During the SEC experiment involving two 
CV cycles, several processes can be identified. In the first anodic scan, a 
well-defined peak around +0.18 V is observed, corresponding to the 
oxidation of the silver electrode surface with the immediate precipita
tion of the Ag+ to AgSCN (Ksp = 1.03 ×10–12). Depending on the used 
KSCN concentration, the reaction may continue with the formation of 
soluble Ag+ complexes [26,27], such as [Ag(SCN)2]− . In the cathodic 
scan of the first cycle, the formerly generated silver salts and complexes 
are reduced to metallic silver nanostructures at around –0.20 V and 
–0.05 V respectively. In the second cycle, the metallic silver is once 
again oxidized with distinctive anodic peaks for Ag0 nanostructures 
previously generated (at +0.09 V) and bulk silver (+0.15 V). This dif
ference is because Ag0 nanostructures require less energy to be oxidized. 
Similar to the first cathodic scan, in the second cycle, once again the 
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reduction of various forms of silver compounds is recorded. At this point, 
a great enhancement of the Raman signal of propranolol is observed 
(Fig. 2 A, red solid line Fig. 2B), due to the adsorption of this analyte on 
the electrosynthetized Ag SERS substrate. Although propranolol is 
known to strongly adsorb on noble metal surfaces [28], within the 
studied potential range, no EC interference was expected as its oxidation 
is occurring above +0.90 V (vs. Ag/AgCl) [28]. Different concentrations 
of propranolol tested during activation demonstrated that the analyte 
does not interfere with the aforementioned processes at concentrations 
up to 0.5 µM (Fig. S1B). Nevertheless, at concentrations above 1 µM 
propranolol, the EC processes are slightly hindered (data not shown). 

To the best of our knowledge, this is the first time that the use of 
SCN− is proposed for the modification of Ag electrodes in EC-SERS ex
periments for quantitative purposes. It is worth mentioning that when 
similar experiments were performed using chloride as precipitating 
agent at 0.1 M, the signal for 1 µM propranolol was absent (data not 

shown), which makes the presented strategy outstand in comparison 
with classical ways to generate EC-SERS substrates. To further study the 
SCN− modified system, the surface modifications at key points of the 
SEC experiment have been monitored by SEM and EDX analysis. After 
the first oxidative step (+0.30 V) a relatively uniform dendritic coverage 
of the electrode with densely formed AgSCN precipitate is observed in 
the SEM micrograph (Fig. 3A). The presence of the silver salt is 
confirmed also by the EDX analysis by the emerging peaks of S and N 
atoms (Fig. S2A). The subsequent reduction step leads to the formation 
of heterogeneous clusters of Ag0 nanostructures from AgSCN with sizes 
that do not surpass 100 nm (Fig. 3B). A significantly different surface 
morphology is observed after the second oxidative step with the for
mation of a rougher surface with AgSCN covered elongated nano
structures (Fig. 3C, Fig. S2B). The progressive nanostructuring of the 
surface will eventually lead in the last reduction step to the formation of 
a dense 3D network of filiform Ag0 nanostructures (Fig. 3D) potentially 

Fig. 2. 3D Surface plot showing the evolution of the Raman signal of propranolol for the second CV cycle on AgSPEs (A) and CV (blue) and voltaRamangram at 
1367 cm–1 (red) during the first (dashed line) and second (solid line) CV cycles (B). Measurement conditions are 0.1 M LiClO4, 10 mM KSCN and 1 µM propranolol. 

Fig. 3. SEM images of the AgSPEs surface during activation at the two upper vertexes and two lower vertexes of the EC procedure: +0.30 V (first cycle) (A), –0.50 V 
(first cycle) (B), +0.30 V (second cycle) (C) and –0.50 V (second cycle) (D). 
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capable of entrapping the analyte at numerous hot spots with increased 
SERS activity. Thiocyanate as a precipitating agent, besides limiting the 
Ag+ loss during the oxidative steps, through the formation of a multi
layered covalently-bridged AgSCN chain networks [29,30], guides the 
electrogeneration of the filamentous silver network during the cathodic 
steps, favoring a high EM enhancement. 

Significant Raman signal enhancement for propranolol is expected to 
occur during the noble metal nanostructuring taking place in the 
reduction steps. Due to an incipient phase of the nanostructuring taking 
place in the first cathodic scan, only a slight increase in intensity of 
propranolol band at 1367 cm–1 (Fig. 1B) can be observed. However, 
during the second cathodic scan, along with the maturation of the 
metallic network, a continuous and significantly (35-fold) higher signal 
increase emerged, showing an absolute maximum at about –0.45 V. A 
similar concentration-dependent SERS enhancement profile has been 
observed also for the other clearly distinguishable bands of propranolol 
at 395 cm–1, 927 cm–1 and 1565 cm− 1 (Fig. S1A) out of which the 
former two could not be allocated to a specific moiety or type of inter
action based on the current band assignment from the literature. 

The evolution of the characteristic Raman bands of SCN− [31] was 
also monitored at 225 cm–1, 450 cm–1 and 2114 cm–1 (Fig. S1A), bands 
attributed to stretching Ag-S and Ag-N vibrations, NCS angle bending 
and stretching C–––N vibrations respectively. These bands present similar 
behavior. During oxidation, a slight increase of the signal is observed 
(Fig. S3) due to their binding to the electrogenerated Ag+ in the close 
proximity of the electrode. During the cathodic nanostructuring of the 
substrate, a further increase of the Raman intensity is occurring up to 
approx. –0.17 V due to the significant contribution of the EM enhance
ment. At the same time, the rising Raman band around 2070 cm–1, 
attributed to free SCN− ions further supports the dissolution of the silver 
precipitate [30]. Continuing the cathodic scan, the signal drops again 
due to molecular reorientation [12,13] and the built-up of excess elec
trons at the electrode interface that weaken the Ag – thiocyanate bond 
[30]. Similar pattern is observed for the second cycle at a higher 
magnitude due the continuous maturation of the metallic nano
structured network. 

TR-UV-Vis bidimensional SEC analysis [22] was also performed in 
the same experimental conditions in order to better understand the 
mechanisms involved in the activation process. This method involves 
two spectroscopic setups, namely normal and parallel arrangements, 
operating simultaneously. While a light beam samples the system 
perpendicularly to the working electrode surface, another light beam 
passes through the solution parallel to the electrode surface. Conse
quently, this yields one EC and two spectroscopic signals for the same EC 
process. As a result, BSEC allows for the distinction of processes occur
ring in the solution and those occurring on the electrode surface during 
an EC reaction within a single experiment. Fig. S4 shows the recorded 
spectra (Fig. S4A and B) and the voltammogram together with the 
concomitantly obtained voltabsorptograms in normal (Fig. S4C and D) 
and parallel (Fig. S4E and F) configuration. First and second potential 
cycles are plotted separately for a better understanding of the process. 
Therefore, the change of absorbance is recorded for the two arrange
ments. A wavelength of 425 nm has been selected to describe the 
response in normal configuration because it is typically related to silver 
plasmonic nanostructures. For this system, the a very broad band is 
observed in the region between 320 and 450 nm (Fig. S4A), indicating 
that not well-defined geometries are obtained for the Ag nanostructures, 
in good agreement with the recorded SEM images (Fig. 3). For parallel 
configuration, 230 nm has been selected to describe the behavior of the 
system because it is related to SCN− absorption [32], Fig. S4B. It is 
noteworthy, that in parallel configuration neither silver ion nor silver 
thiocyanate complexes are detected in solution during the oxidation 
step, only when the applied potential is higher than +0.30 V, the silver 
thiocyanate complexes are detected. As can be observed in Fig. S4C, 
during the first cycle, the absorbance in the voltabsorptogram in normal 
configuration increases during the oxidation of the electrode surface 

(around +0.15 V) due to the generation of AgSCN precipitate, in good 
agreement with the SEM images (Fig. 3A). During the reduction to Ag0, a 
fast growth of the absorbance takes place (around –0.2 V) due to surface 
nanostructuring. Simultaneously, the evolution of the absorbance in 
parallel configuration can be analyzed (Fig. S4E). As can be seen, the 
absorbance decreases during the oxidation of the silver electrode 
because the concentration of SCN− is decreasing in the diffusion layer. 
When the reduction of the precipitate takes place, during the cathodic 
scan, an increment of absorbance is observed due to the releasing of 
SCN− from the crystals to the diffusion layer. A similar behavior is 
observed in the second cycle, with the mention that in normal config
uration, a decrease of the absorbance is observed during the oxidation 
step due to the dissolution of silver nanostructures. However, the value 
of the absorbance at the anodic vertex potential is higher than the one 
attained in the first cycle, because of a higher amount of precipitate 
present in a more nanostructured manner (Fig. 3C). In the cathodic 
vertex potential, a higher value of absorbance in normal configuration is 
reached due to the maturation of the nanostructured matrix observed in 
the SEM images (Fig. 3D). The progressive darkening of the electrode 
surface at the different stages of the CV can also be visually observed 
(Fig. S5). 

3.2. SEC optimization for propranolol detection 

EC generation of SERS active substrates is significantly affected by 
various easily controllable parameters, such as the EC technique, elec
trolyte composition or precipitating agents. Diverse nanostructured 
surfaces are formed by varying these parameters, with differences 
regarding shape, size, density [7] and overall surface charge that could 
modulate their interfacial interaction (physisorption, chemisorption 
[33], complexation, etc.) with specific analytes. In this context, several 
key parameters such as electrolyte, KSCN concentration and upper 
vertex potential during CV were investigated and optimized for pro
pranolol detection. 

In order to avoid confusing surface effects, the nature of the elec
trolyte has to be carefully selected from those that do not present specific 
adsorption on silver surface, such as SO4

2− , NO3
− , F− and ClO4

− [34]. In 
our study, the enhancement of propranolol’s Raman signal was moni
tored during the SEC experiments in 0.1 M HClO4 (pH 1) and 0.1 M 
LiClO4 (pH 6.1). The concentration of KSCN and the EC parameters were 
fixed for comparison. In both cases, the Raman signal enhancement for 
propranolol was greater in the second CV cycle, but it was at least two 
times higher in the presence of LiClO4 (Fig. S6). The pH and counterions 
[35] of the tested electrolytes could affect the morphology of the 
generated nanostructures and their physicochemical interaction with 
the analyte. Therefore, LiClO4 was selected and used as supporting 
electrolyte for the following experiments. 

The influence of different concentrations (1–25 mM) of KSCN over 
the Raman signal enhancement of propranolol was also investigated 
(Fig. 4) while keeping all other parameters fixed. Increasing concen
trations of the pseudohalide may influence the fraction of soluble silver 
complexes in the oxidative steps, the rate, yield and morphology of the 
forming nanostructured silver network as well as the adsorption- 
desorption processes during the cathodic scan. All voltametric peaks 
involving the transition of Ag0 → Ag+ and Ag+ → Ag0 respectively are 
positively correlated with the increase of KSCN concentration (Fig. 4A 
and Fig. 4B). Interestingly, a dichotomic behavior in the evolution of the 
SERS signal of propranolol over the two CV cycles (Fig. 4C) dependent 
on the low (< 5 mM) or high (> 5 mM) levels of the precipitating agent 
is observed. At low KSCN levels (1 mM) the highest Raman enhance
ment for propranolol is recorded during the first CV cycle, whereas at 
rising concentrations of the pseudohalide (above 5 mM) the trend is 
changing, achieving the highest spectroscopic signals during the second 
CV cycle. Obviously, for quantitative purposes experimental conditions 
offering the highest sensitivity with acceptable intermediate precision is 
desired, choosing 10 mM as optimum KSCN concentration for further 
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assays. Critically low KSCN concentrations (≤ 1 mM) should be avoided 
since lower amounts of resulting AgSCN precipitate will not be able to 
prevent massive electrolytic silver dissolution and significantly limits 
the metallic nanostructuring of the electrode. Under such experimental 
conditions, the SEC profile tends to approach the behavior reported in 
presence of anionic electrolyte components forming soluble silver salts 
[7], such as NO3

− . 
Since the density and morphology of the AgSCN nanostructures 

formed in the oxidation step is crucial for the generation of the SERS 
substrate, the position of the upper vertex potential was modulated 
between +0.20 and +0.40 V with KSCN concentration fixed to 10 mM. 
No difference is observed in the enhancement pattern of propranolol’s 
SERS signal. In all cases, the signal amplification of propranolol 
occurred in the cathodic scan of the second CV cycle. Differences were 
observed only for the intensity of the signal (Fig. 5A), the highest value 
being recorded using +0.30 V as upper vertex potential. Nevertheless, if 
the upper vertex reached +0.60 V accompanied by massive silver 
dissolution (Fig. 5B), the highest signal amplification was observed in 
the first CV cycle. Still, the signal is 17 times lower than in the optimum 
conditions (+0.30 V upper vertex). This could be due to the extensive 
electrochemical damage of the surface and loss of AgSCN or due to the 

influence of free Ag+ ions, together with soluble complexes such as [Ag 
(SCN)2]− . Furthermore, multiple undesired oxidation products released 
in solution may later adsorb to the surface and affect the generation of a 
dense metallic nanostructured network (Fig. S7). Under these extreme 
oxidation conditions, the fraction of free Ag+ (unbound to SCN− ) seems 
to be high enough to generate a reduction peak at about +0.40 V, 
although the resulting morphology of the silver nanostructures at the 
end of the two reduction steps (Fig. S7) do not seem to be well correlated 
with the SERS enhancement of propranolol (Fig. 5B). 

Analyzing the Raman spectroelectrochemical data, several issues 
were observed among the first measurements. The position of the 
oxidation and reduction peaks of the EC procedure shifted from one 
experiment to another. Moreover, the SERS signal of propranolol during 
the SEC experiment presented a very high RSD% of 36% (Fig. S8A), 
possibly related to the lack of fine control over the applied potential, 
which is a common problem of commercial SPEs with silver pseudo-RE. 
To circumvent the uncontrolled adsorption of SCN− on the silver RE 
during SEC experiments incriminated for the observed lack of repeat
ability a fast preconditioning of the pseudo-RE prior to each measure
ment was performed. As such, 100 µA was applied to the pseudo-RE for 
5 s in a solution of 0.1 M LiClO4 and 10 mM KSCN, generating AgSCN 

Fig. 4. First (A) and second (B) cycles of the potentiodynamic activation in the presence of different KSCN concentrations. Raman intensity at 1367 cm–1 during the 
SEC experiments (C). For a more accurate comparison, the Raman intensity was represented as an average of signal during 15 s of the anodic scan, for both cycles 
from –0.50 V to –0.20 V. Measurement conditions are 0.1 M LiClO4 and 0.5 µM propranolol. 
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sub-micron particles uniformly covering the electrode’s surface 
(Fig. S9). The resulting Ag/AgSCN RE greatly improved the precision of 
the recorded EC-SERS signal of propranolol (RSD% = 14%) in the sub
sequent SEC measurements (Fig. S8B). 

3.3. Effect of subsequent electrode polarization 

The modulation of the EC potential can affect the structure of the 
double layer, modifying the orientation and adsorption of chemical 
species in the vicinity of the SERS substrate [36] and leading to changes 
in enhancement for different vibrational modes of the molecule. How
ever, it should be noted that there is no distinct potential at which a 
given target molecule’s Raman signal is enhanced – this depends on the 
type of metal substrate [36,37] laser wavelength and on the surrounding 
medium (pH, electrolyte, concentration, matrix etc.) [1]. Nevertheless, 
most often, additional SERS enhancement occurs at negative potentials 
because of the aforementioned mechanisms. The benefits of applying a 
negative potential during SERS measurement for analytical purposes 
was previously demonstrated for many molecules such as levofloxacin 

[38], thiabendazole [39], caffeine [40], paraxanthine [40] and others. 
For more information on the subject, the reader is directed to reviews on 
this special topic [1,41]. 

In this study, a negative potential from –0.10 to –0.90 V in 0.20 V 
increment was further applied for 20 s right after the in-situ activation of 
the AgSPEs (Fig. 6A). Once again, the SERS response of propranolol at 
1367 cm–1 was monitored. Interestingly, an additional nearly two-fold 
increase (compared to the signal at –0.30 V during activation) of the 
SERS signal of propranolol at –0.30 V is observed followed by a decrease 
of the Raman enhancement at lower potential step values (–0.5 to 
–0.9 V). All the Raman bands in the recorded spectra are simultaneously 
increased at -0.30 V (Fig. 6B), including the bands at around 225 cm–1 

and 2114 cm–1 related to the chemisorbed SCN− . Since there are no 
expected electrochemical reactionsat this potential, a slight plasmonic 
resonance shift along with molecular reorientation and stabilization of 
the electrical double-layer through adsorption-desorption processes 
could be the responsible for the overall increase of the signal. The pre
sent results show that the application of a constant negative potential 
further improves the sensitivity of the studied Ag SERS substrate, in 

Fig. 5. The second CV cycles and VoltaRamangrams at 1367 cm–1 emphasizing different upper vertex potentials with different colors (A) and CV and VoltaR
amangram at 1367 cm–1 for extreme CV conditions. VoltaRamangrams are represented with dashed line, while EC signals with solid line. Measurement conditions are 
0.1 M LiClO4, 10 mM KSCN and 0.5 µM propranolol. 

Fig. 6. SERS intensity of propranolol at 1367 cm–1 after activation, during a cathodic scan from –0.10 to –0.90 V in 0.20 V increment (A) and comparison between 
spectra during (red) and after activation (blue) (B). Measurement conditions are 0.1 M LiClO4, 10 mM KSCN and 1 µM propranolol. 
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comparison with the in-situ performance of the substrate during its 
electrochemical synthesis. 

3.4. Quantitative analysis 

The method underwent calibration assessment, where the EC-SERS 
response was systematically monitored across a range of concentra
tions spanning from 10 nM to 100 nM, with three replicates performed. 
The TR-Raman SEC technique allows for the analysis of numerous data 
points, enabling multivariate regression analysis when needed, for 
example for more complex samples containing interferents. However, 
for simplicity, univariate analysis can also be employed. The analysis 
can be conducted at any stage during the potentiodynamic activation CV 
method, as long as there is a noticeable SERS enhancement of pro
pranolol or during a stable potential applied to the working electrode 
following activation. 

Within this study, the distinctive Raman band associated with pro
pranolol located at 1367 cm–1 was taken into consideration for data 
analysis during activation (Fig. 7A) and after activation (Fig. 7B), when 
a fixed potential of –0.30 V (vs. Ag/AgSCN) was applied for 10 s. Linear 
regression analysis was comparatively performed both with the 

potentiostatic (Fig. 7C) and the potentiodynamic (Fig. S10) data. A 
slight improvement in linearity (R2 0.996 vs. 0.982) is observed in the 
former case explained by a stabilized system and a more uniform 
interaction of propranolol with the substrate during a potentiostatic 
step. Additionally, a 30% increase in the method sensitivity (avg. slope 
[counts nM–1] ± SD 20.28 ± 4.24 vs. 26.48 ± 3.95) with an estimated 
LOD of 3.66 nM is recorded, mainly due to favorable plasmonic effects 
induced by the applied potential. Considering the short integration time 
(1 s), further lowering of these limits could be potentially attained. 
Nevertheless, it is worth noting that the current method outperforms in 
terms of sensitivity and selectivity the previously described SERS 
(lowest LOD 7.9 nM reported by Levene et al. [42]) and EC [43–46] 
(lowest LOD 5.6 nM [46]) sensors for propranolol detection. Further
more, with one exception [37], the reported SERS sensors for propran
olol are based on noble metal colloids [42,47] that often encounter 
reproducibility and stability problems, whereas this study proposes the 
robust and fast in-situ activation of commercially-available AgSPEs 
fabricated in a reproducible manner at a large-scale. 

As matrix effects often alters the monitored SERS response, the 
applicability of the developed EC-SERS method has been tested in spiked 
river and tap water samples. Good recoveries (Table 1, Fig. 7C) were 

Fig. 7. Evolution of the Raman signal at 1367 cm–1 for increasing concentrations of propranolol during the activation procedure (A) and after the activation 
procedure, at –0.30 V (B). Three measurements were taken for each concentration. Calibration curve using the average Raman intensity at –0.30 V during the 
potentiostatic step. Blue and purple points represent the river and tap water samples at 15 nM concentrations and green and yellow points represent the river and tap 
water samples at 30 nM concentration (C). 
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obtained at two concentration levels (15 and 30 nM propranolol) with 
RSD% < 13%. The good figures of merit obtained with this methodology 
for the detection of propranolol in tap and river water suggest that the 
method is robust to slight changes of common ions such as chloride, 
which is a classical ion used in the generation of Ag SERS substrates. 
Nevertheless, it is expectable that samples with high ionic content, such 
as seawaters, will provide significant interference with the present 
methodology. 

The pH of surface waters tends to vary in the range of 6.5 - 8.5, thus 
further studies were performed to better understand the influence of pH 
over the SERS enhancement of propranolol. For this, the Raman signal of 
propranolol at 1367 cm− 1 was recorded in Britton Robinson buffer 
(BRB) solutions of various pHs, containing 10 mM KSCN and 0.1 M 
LiClO4 (Fig. S11). The SERS enhancement reaches the highest values 
within the slightly acidic / neutral range (pH = 6 – 7), leveling off 
significantly in more acidic or alkaline media. In more alkaline media, 
the neutral form of propranolol, detrimental for SERS enhancement 
[24], becomes dominant. Furthermore, such media should also be 
avoided due to the reported chemical instability of the analyte [48] and 
the initiation of silver hydroxide formation. As propranolol remains in 
its cationic form (>99%) up to pH 7.6, the observed decrease of the SERS 
signal below pH 6 may be related to both EM (suboptimal electrode 
surface nanostructuring) and CM (undesired ionic effects occurring at 
the surface) enhancement mechanisms, that will require further in
vestigations. Therefore, for a more reproducible SEC quantitative 
assessment of propranolol levels in real surface waters, samples could be 
buffered (BRB, pH 6). 

4. Conclusions 

A novel approach for activating AgSPEs using KSCN as a precipi
tating agent is proposed for the first time. Through the subsequent 
oxidation and reduction cycles, thiocyanate guides the progressive 
build-up of a tridimensional nano-filamentous silver metal network 
which effectively enhanced the SERS signal of propranolol. This study 
has pointed out some key factors that play a significant role in the 
performance of EC-SERS substrates, such as the influence of the poten
tial window and thiocyanate concentration on the final Raman 
enhancement. Furthermore, the benefits in terms of sensitivity and 
linearity of an additional potentiostatic step following the potentiody
namic activation were highlighted. The proposed method was success
fully employed for quantifying propranolol and analyzing spiked river 
and tap water samples in the nM range (LOD 3.66 nM). Given its 
robustness, cost-effectiveness, and rapid activation and measurement 
times (3 min), the proposed SEC method holds significant potential for 
monitoring pharmaceutical residues such as propranolol. In future 
studies, a better understanding of the underlying critical physicochem
ical mechanisms that occur at the electrode-substrate interface and 
control the SERS enhancement will be pursued. Also, the applicability of 
the method to biomedical samples could be assessed, carefully consid
ering the effects of the more complex matrixes. Lastly, it would be 
interesting to study the reversibility of the adsorption processes of PRNL 
on the substrate and the possibility of generating recyclable EC-SERS 
substrates. Nevertheless, preparation of in-situ disposable SERS sub
strates using electrochemistry is a very interesting strategy to minimize 
the cost of the analysis. 

Funding 

Ministerio de Ciencia e Innovación and Agencia Estatal de Inves
tigación (MCIN/AEI/10.13039/501100011033, PID2020-113154RB- 
C21), Ministerio de Ciencia, Innovación y Universidades (RED2022- 
134120-T). 

CRediT authorship contribution statement 

Moldovan Rebeca: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization. Bodoki Ede: Writing – re
view & editing, Writing – original draft, Visualization, Validation, Su
pervision, Resources, Project administration, Methodology, 
Investigation, Funding acquisition, Formal analysis, Data curation, 
Conceptualization. Colina Alvaro: Writing – review & editing, Writing – 
original draft, Visualization, Validation, Supervision, Software, Re
sources, Project administration, Methodology, Investigation, Funding 
acquisition, Formal analysis, Data curation, Conceptualization. Perez- 
Estebanez Martin: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Software, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization. Heras Aranzazu: Writing – 
review & editing, Writing – original draft, Supervision, Resources, 
Project administration, Investigation, Funding acquisition, Formal 
analysis. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be available at the data repository of the Universidad de 
Burgos. 

Acknowledgements 

M. P.-E. acknowledges Junta de Castilla y León and European Social 
Found for his predoctoral contract. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.snb.2024.135468. 

References 

[1] R. Moldovan, E. Vereshchagina, K. Milenko, B.-C. Iacob, A.E. Bodoki, A. Falamas, 
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