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ABSTRACT: In situ surface-enhanced Raman spectra (SERS) have been
recorded during silver potentiodynamic electrodeposition onto HOPG electrodes
from solutions containing silver perchlorate and picolinic acid (PA). Modification
of the composition and pH of the electrolyte has allowed us to achieve an
adequate control of the electroactive species distribution in solution. The
adsorption behavior of different PA species on silver growing crystallites has been
studied by using the potential dependence of SERS signals. Analysis of
the vibrational bands from additive molecules has allowed us to establish that
at pH > 3.0 the PA anion is the most stable species on the electrode surface, whereas
the predominant species in solution is the zwitterion. At pH 0.3, adsorption of
zwitterion and anion species onto the silver surface, even though the PA cation is
predominant in the solution, has been evidenced. For all the SERS spectra it was
possible to infer the adsorption geometry and the ClO4

− ion coadsorption. Detection
of intensified signals of the adsorbed additive is facilitated by the morphological
characteristics of the particles (globular flower-like structures), which results to be a good active SERS substrate on the HOPG
electrodes. Spectroelectrochemical experiments are correlated with the SEM micrographs of the silver crystallites.

1. INTRODUCTION

Electrodeposition of nanostructured silver particles is possible
when the electrode material, the electrochemical parameters,
and the solution composition to be used during the experiment
are carefully selected.1−3 Many authors have shown that the
application of complex potential-time programs can be used to
obtain a good control of the size and distribution of deposited
metallic crystals.4,5 The influence of organic molecules on the
electrodeposition process has been extensively studied to obtain
a plated film with determined properties (bright, smooth,
rough, etc.).2,6,7 When particles are deposited, their character-
istics depend on both the composition of the electrolyte and
the chemical structure of the additive molecules. Organic
molecules with different functional groups act as effective
ligands of silver ions, leading to the formation of complex
species in solution.8 Furthermore, these molecules can be
strongly adsorbed either on the electrode surface or on the
growing crystallites. Processes such as the complexing reaction
and the adsorption of additives have a notable influence on the
nucleation reaction rate, resulting in deposits with different
morphology.6 The adsorption of complex ions and/or additive
molecules can be tuned on the substrate by changing only the
electrode potential and the additive concentration. In this way, the

thermodynamic and kinetic aspects of the metal electrocrystalliza-
tion depend on these parameters. In fact, it has been demonstrated
that the shape, size, and particles distribution on the surface can be
successfully controlled by the deposition potential.9

Surface-enhanced Raman spectroscopy (SERS) is a highly
sensitive and selective method for studying the molecular
composition at the electrode/electrolyte interface. In situ SERS
measurements can provide information about the chemical
structure, orientation, and specific interactions of adsorbed
molecules on the electrode surface during the electrochemical
process.10−12 Commonly, silver electrodes are electrochemi-
cally modified (by oxidation−reduction cycles) resulting in a
high surface roughness, which has been demonstrated to be
highly sensitive for adsorbate detection as active SERS substrates.
However, these electrodes show a high degree of surface
inhomogeneity. In the present study silver particles were
deposited onto HOPG, and SERS experiments were coupled
to cyclic voltammetry measurements, to achieve a better insight
into the additive participation during electrodeposition.13,14
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Pyridine-carboxylic acid molecules which have carboxyl and
pyridinic-nitrogen groups were used to study the silver
deposition. The acidic−base functions of these molecules are
given by three different species, depending on the solution pH,
i.e., protonated, zwitterion, and anion. The influence of picolinic
acid (PA) molecules on the nucleation and growth mechanism
has been recently studied for copper and silver deposition.15−18

The reported results have shown that PA species can be strongly
adsorbed on the growing nuclei surface, thereby inhibiting the
surface reactivity, and as a consequence, the crystallites grow as
dendritic microstructures. Many SERS studies of adsorbed pyridine
carboxylic acids on metal substrates have been mainly focused on
the effect produced by changing the solution pH12,19−21 and the
applied potential,22,23 whereas a few publications have been on in
situ studies of the electrodeposition process, i.e., formation of a new
phase with structures (SERS active sites) that induce preferential
adsorption of the additive.6,24−26 The aim of this study is the
molecular tracking of the picolinic acid molecules during the silver
particles electroformation onto HOPG by in situ Raman
spectroscopy, under different experimental conditions. Spectro-
scopic analysis of the adsorbed species from solutions at different
pH has allowed the chemical composition in the electrochemical
interface to be correlated to the deposited silver structures.

2. EXPERIMENTAL SECTION
2.1. Chemicals. All solutions were prepared from analytical

grade reagents and purified water (18.2 MΩ.cm resistivity)
using a Millipore Milli-Q system. The electrolyte employed
was 1 mM AgClO4 (BDH Chemicals Ltd.) in 0.5 M HClO4
(J. T. Baker) at pH 0.3 or in 0.1 M KClO4 at pH 3.0 and 6.5.
Solutions with picolinic acid (Sigma-Aldrich) concentrations
ranging from 0.5 to 5.0 mM were prepared. The electrolyte pH
was adjusted by addition of HClO4 or KOH concentrated
solutions. All aqueous solutions were freshly prepared and
deoxygenated with purified nitrogen prior to each experiment.
Analytical determinations of the PA species in solution were

carried out by nuclear magnetic resonance spectroscopy (NMR)
with a BRUKER 400 MHz spectrometer (Advance II) and a BBI
inverse detection probe. The 1H NMR spectra were recorded for
5.0 mM PA after addition of different amounts of AgClO4 at pH
3.0 or 6.5 (10% deuterated water) as was previously detailed.15

2.2. Electrochemical Measurements. Potentiodynamic
electrodeposition of silver was performed at room temperature
in a conventional three-electrode glass cell. Highly oriented
pyrolytic graphite (HOPG from SPI Supplies, Brand grade SPI-
1, 10 × 10 mm2), sealed into a Teflon holder (0.283 cm2), was
used as the working electrode. The basal plane surface of
HOPG was cleaved using adhesive tape immediately prior to
use. A Pt wire and a silver wire immersed in the Ag+ electrolyte
were the counter and quasi-reference electrodes, respectively.
All potentials are reported versus the Ag0/Ag+ (1 mM)
reference electrode (EAg0/Ag+ = −0.30 V vs the potential of
saturated calomel electrode). Reproducible initial states of the
HOPG surface were obtained by applying a pulse at 0.4 V for
1 min, prior to each experiment.27,28 Cyclic voltammetry
experiments were performed at very low scan rates, starting
from 0.4 V with the scan directed towards negative potentials
by using a computer-controlled potentiostat Autolab PGSTAT
with GPES software (ECO CHEMIE B.V.).
2.3. Raman and SERS Spectroscopic Measurements.

Raman and SERS spectra were measured with a confocal micro-
Raman spectrometer (Renishaw InVia system), equipped with
a Leica microscope and a 63× water immersion objective

(NA = 0.9). The excitation line was 632.8 nm (from He−Ne
laser) with 0.3 or 3.5 mW laser power for SERS or normal
Raman spectra, respectively. The illuminated area in all Raman
experiments was 1.0 μm2.
Ex situ SERS experiments were performed with a drop of

5.0 mM PA or 0.5 mM PA + 1.0 mM AgClO4 (at pH 0.3, 3.0, or
6.5) solution, deposited onto the HOPG electrodes containing
silver crystallites, which were deposited by a potential scan from 0.4
to −0.4 V and reversing up to −0.1 V in 1 mM AgClO4 + 0.1 M
KClO4 (pH 3.0) solution. The in situ SERS spectra were carried
out simultaneously with the potentiodynamic scan (at 1 mV s−1)
for silver crystallite deposition HClO4 (KClO4) + AgClO4 + PA
solutions at pH 0.3, 3.0, and 6.5 in a homemade-Teflon cell
specially designed for the confocal microscope configuration.
Samples of HOPG were fixed to the bottom of the cell (circular
area with a 0.72 cm diameter). A Pt wire loop (concentric with the
working electrode) and a Ag wire were employed as the counter
and quasi-reference electrodes, respectively. The setup used for the
Raman scattering acquisition mode included 10 s accumulation for
each point in the spectra. The electrochemical control was performed
with a potentiostat/galvanostat EG&G PAR-273 interfaced to a
computer, the potential for each synchronized spectroelectrochemical
experiment being recorded at the end of each accumulated spectrum.
The experimental setup for the in situ spectroscopy was checked by
the potentiodynamic and potentiostatic measurements with results
identical to those obtained in a conventional cell. Raman spectra were
represented as relative intensities of the signals, taking as a reference
the symmetric stretching of ClO4

− ions (932 cm−1) except where
absolute values are specified.

2.4. Morphological Characterization. The morphology
of silver crystallites was examined using a Field Emission Gun
Scanning Electron Microscope (FEG-SEM) JEOL JSM-7401F.
Images were acquired in the backscattered electron mode with
5 kV acceleration voltage and a filament current of 10 μA.

2.5. Computational Details. For the assignments of PA
vibrational modes in solution, theoretical calculations were carried
out by the DFT method, with the exchange correlation functional
B3LYP and the triple-ζ basis function set CEP121G,29,30 as set up in
the Gaussian09 suite of programs.31−33 All model chemistries were
optimized without any constraints, with a local minimum being
ascertained by the absence of any imaginary vibrational frequency.
When it was necessary to plot the calculated Raman intensities,
these were corrected for temperature and finite frequency.34

3. RESULTS AND DISCUSSION
3.1. Chemical Characteristics of Picolinic Acid (PA). 2-

Pyridine carboxylic acid (picolinic acid, PA) has two functional
groups, the carboxylic group in the α-position and the pyridinic
nitrogen, whose acid equilibrium constants are pKa1 = 1.03 and
pKa2 = 5.21, respectively.35 Depending on the solution pH and
the PA analytical concentration, three different chemical
identities, namely, +HNC5H6COOH (H2Pic

+), +HNC5H6COO
−

(HPic), and NC5H6COO
− (Pic−), can be found in aqueous

solutions (see sequence of reaction 1)

To study the silver electrodeposition mechanism in the
presence of different PA species, the chemical identification of

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp4104867 | J. Phys. Chem. C 2014, 118, 4167−41804168



molecules in the electrolyte and adsorbed on the electrode
surface is required. Silver was electrodeposited in solutions at
pH 0.3, 3.0, and 6.5, where the equilibrium concentration of
protonated H2Pic

+, zwitterion HPic, and anion Pic− species is
predominant, respectively (see Figure S1 in the Supporting
Information). Raman spectra of 0.15 M PA in 0.5 M HClO4
(pH 0.3) or 0.1 M KClO4 (pH 3.0 and 6.5) solutions are shown
in Figure 1. Table 1 contains the Raman bands from Figure 1

and their assignments, which were obtained by computational
calculations based on DFT for each chemical identity
(considering a model with individual molecules in vacuum)
and by comparing with the Raman spectra of PA solutions in
the literature.19,36,37

All Raman spectra have an intense signal at 933 cm−1

corresponding to the Cl−O stretching vibration from the
supporting electrolyte, which was used as the internal standard
for the spectral normalization in the SERS experiments
discussed below.38

Protonation of both functional groups of PA was detected by
the presence of Raman bands associated with the correspond-
ing vibrational modes of the different species. When the pH is
0.3, the characteristic Raman signals of the H2Pic

+ species are
those at 810 cm−1 (ring breathing + stretching of the C−
COOH bond) and 1736 cm−1 (symmetric stretching of the
CO group).37

The spectra of PA solutions at pH 3.0 and 6.5 show the band
associated to the stretching of the C−COO bond combined
with in-plane bending of the COO group at 838 and 845 cm−1,
respectively. Evidence found of the carboxylic group deproto-
nation can be explained by the molecular symmetry present in
the electron clouds of both indistinguishable C−O bonds, in
the zwitterion and anion species. Another feature is the
presence of a strong signal at 1389 cm−1 (combined vibrational
mode νs(COO) + β(CH) + β(NH) or νs(COO) + β(CH)) in
the spectra, where HPic and Pic− are the predominant species
(Figure 1b and c, respectively). However, this signal (very
weak) is also present at pH 0.3 (Figure 1a), which is due to a
small amount of zwitterion coming from the acid−base
equilibrium (around 16% of the PA analytical concentration).
The band at 1011 cm−1 in the cation and zwitterion spectra was

attributed to the trigonal ring breathing mode (ν12), in
agreement with the assignments given by Sala and co-
workers.36 This signal is shifted to a lower wavenumber
(1003 cm−1) when the pyridine nitrogen is not protonated. In
contrast, the bands at 1040 and 1038 cm−1 for H2Pic

+ and HPic
are shifted to higher wavenumbers in the anion spectrum,
indicating that the band position is highly sensitive to
protonated nitrogen in the aromatic ring.36 Moreover, the
ν19b and 19a ring combined modes appeared distinctly at 1437
and 1475 cm−1, respectively, but only in the Pic− anion
spectrum.

3.2. Formation of Silver(I)−PA Complexes in Solution.
The feasibility to form soluble complexes with Ag+ ions
depends on the predominant PA species in the solution. In
addition, the concentration of [Ag(L)]+ complexes in solution,
with H2Pic

+, HPic, and Pic− species as the ligand L, could be
regulated by changing the pH and the ratio between PA and
Ag+ ion concentrations. Thus, reactions 2 to 4 for the 1:1
complexes formation can occur under different experimental
conditions.

+ ⇆+ + +H Pic Ag H PicAg [ ( )]2 2
2

(2)

+ ⇆+ +HPic Ag HPicAg [ ( )] (3)

+ ⇆−+ Pic Ag PicAg [ ( )] (4)

To determine the electroactive species involved in the
electrodeposition process, it was necessary to identify the
complex species present during the electrochemical experiment.
To carry this out, Raman spectra of 0.15 M PA + 0.15 M Ag+

solutions at the three selected pH’s were recorded. At pH 0.3,
the spectrum (results not shown) was identical to that of Figure
1a; therefore, the formation of [Ag(H2Pic)]

2+ complexes
(reaction 2) was not considered (H2Pic

+ has no available
groups to interact with Ag+ ions). On the other hand, Raman
spectra of [Ag(HPic)]+ and [Ag(Pic)] complexes could not be
obtained since very high concentrations (much higher than the
limit of solubility) were required for their detection.
The molecular structure and the stability constants of both

[Ag(HPic)]+ and [Ag(Pic)] complexes were established by
analysis of nuclear magnetic resonance (1H NMR) spectra
at pH 3.0 and 6.5 as was described previously.15 The com-
parative analysis of the spectra (results not shown) of the
5.0 mM PA solution after addition of different amounts of
Ag+ ions permitted us to establish that: (i) Both HPic and
Pic− ligands interact with Ag+ ions through the carboxylate
group and (ii) the stability constants for 1:1 complexes, given
by reactions 3 and 4.

+ ⇆

= ±

+ +

+
−

HPi Ag HPiccAg [ ( )]

K (pH 3.0) (11.5 0.6) MAg HPic[ ( )]
1

(3)

+ ⇆

= ±

+ −

−

Pic Ag PicAg [ ( )]

K (pH 6.5) (800 100) MAg Pic[ ( )]
1

(4)

By considering the acid dissociation and complex stability
constants, the chemical composition of the electrolytes at
different pH and analytical concentrations of PA could be
established (Table 2). Data in Table 2 show that at pH 0.3 the
content of complex species in solution was negligible in all
cases, whereas Ag+ ions remained almost completely
uncomplexed when the zwitterion species was predominant
(at pH 3.0). Moreover, although the equilibrium concentrations

Figure 1. Raman spectra of PA (0.15 M) in (a) 0.5 M HClO4
(pH 0.3) or 0.1 M KClO4 (b) at pH 3.0 and (c) at pH 6.5 aqueous
solutions. (*) Main Raman band from ClO4

− ions. (‡) Signal at
1648 cm−1 from the 632.8 nm laser plasma.
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were very low, the amount of [Ag(HPic)]+ was slightly higher
than that of Pic− or [Ag(Pic)] in every case. Finally, the
predominant species at pH 6.5 were the uncomplexed Pic−

species, Ag+ ions, and [Ag(Pic)] complexes. Thus, the
electroactive species composition in the electrolyte depends on
the analytical concentration of the additive and the solution pH.
Standard potentials for the electroreduction of the complex species
were estimated with the values of stability constants given in eqs 3
and 4 (see section S.2. in the Supporting Information).
3.3. Ex Situ SERS Spectra of PA Adsorbed on Ag

Crystallites. To obtain information on the chemical identity of
the PA molecules and complex species when they are adsorbed on
the surface of silver crystallites, SERS spectra were recorded after
casting a drop of 5.0 mM PA (Figure 2a) or 0.5 mM PA + 1.0 mM

AgClO4 (Figure 2b) solutions at different pH onto HOPG
modified with the Ag deposit. New silver crystallites were deposited
on the substrate in each experiment, which is the reason it was not
possible to achieve a quantitative comparison between the spectra.
It is important to note that no SERS spectra of PA molecules
(results not shown) were observed on the HOPG surface free of
crystallites because the graphite surface is not SERS-active and the
PA solutions were very diluted (10−3 M). Thus, the supported silver
crystallites were the SERS active centers which allowed the
detection of PA vibrational modes in the ex situ configuration.
Experimental values of the frequencies of the ex situ SERS

spectra of PA and [Ag(L)]+ complexes adsorbed on the
crystallites at pH 3.0 and 6.5 (Figure 2) are shown in Table 1.
Assignments of the SERS bands were performed by comparison

Table 1. Wavenumbers (in cm−1) and Vibrational Assignments of the Normal Raman and Ex Situ SERS Spectra of PA at
Different pHc

aDenoted using Wilson notation.39 bSignals only present in SERS spectra. Key: β = in-plane bending, ν = stretching, and δ = in-plane deformation
modes. cAssignments of the main PA vibrational modes were obtained by DFT calculations (between parentheses) and by referring to the
literature.36,37 For comparison, data from PA solutions at pH 6.5 (Table 1) were included.
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with the Raman spectra in solution and from the literature. In
addition, frequencies of the main vibrational modes, given
between parentheses, were calculated by DFT taking into
account the interaction between one silver atom and the most
stable molecular structure at each pH (data given in Figure S3
and Table S3 in the Supporting Information).
Both ex situ SERS spectra of PA and Ag−PA solutions at pH

0.3 show common bands with different intensities at 933, 1580,

and 240 cm−1, which were assigned to the Cl−O stretching
vibration of the perchlorate ion,38 the G mode from HOPG
substrate produced by the silver crystallites,40,41 and the Ag−O
bond stretching mode,14,42,43 respectively. The signal at low
frequencies can be related to the silver surface oxidation or to
the ClO4

− adsorption on the crystallites.
In Figure 2, there are no noticeable SERS signals from the

additive in the spectra at pH 0.3, which is indicative that the

Table 2. Concentrations at Equilibrium of PA Species Present in 1.0 mM AgClO4 Solutions with Different PA Concentrations
and pHa

aValues calculated considering the acid dissociation (sequence of reactions 1) and the complex stability (reactions 3 and 4) constants. Predominant
species concentrations are shaded in the table.

Figure 2. Ex situ SERS spectra of PA adsorbed on silver crystallites deposited on HOPG electrodes, from a solution containing (a)
5.0 mM PA in 0.5 M HClO4 (pH 0.3) or in 0.1 M KClO4 (pH 3.0 and 6.5) and (b) 0.5 mM PA + 1.0 mM AgClO4 in 0.5 M HClO4 (pH 0.3) or in
0.1 M KClO4 (pH 3.0 and 6.5). Silver crystallites were deposited onto HOPG by a potentiodynamic scan from 0.4 to −0.4 V and finally scanning up
to 0.1 V at 2 mV s−1, in 1.0 mM AgClO4 + 0.1 M KClO4 (pH 3.0) solution. (*) Main Raman band from ClO4

− ions. (c) Molecular structure
orientation during adsorption of Pic− species on the silver crystallite surface.
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H2Pic
+ cation (relevant species in solution) is not adsorbed on

silver. In contrast, at pH 3.0 and 6.5, characteristic signals of the
adsorbed PA species are observed in both ex situ SERS spectra,
besides the signals from the ClO4

− ions and the HOPG surface.
It is noticeable that in the presence of PA or silver complexes
(Figure 2a and b) at pH 3.0 and 6.5 the SERS signals of the
Pic− at 845, 1052, 1384, 1441, and 1474 cm−1 (Table 1) were
clearly identified. These results could be explained by
considering that picolinate species form surface complexes
(Ag0−Pic−) with the silver crystallites, as was demonstrated by
other authors.44 Evidence of the Ag0−Pic− formation is given
by the analysis of the most intense SERS signals in conjunction
with DFT calculations (Figure S3 and Tables S3 and S4 in the
Supporting Information). One particular characteristic noted in
the SERS spectra at both pH’s was the wavenumber change of
the trigonal ring breathing mode (ν12), produced when the
molecule was adsorbed, i.e., from 1003 cm−1 (Raman spectra of
Pic− solution) to 1014 cm−1 (in the SERS spectra). This feature
is due to the nitrogen of the pyridine ring interacting directly
with the crystallites.19 Similar results concerning pyridine-
carboxylic acids adsorption on electrochemically activated silver
electrodes have been published.12,20,21,37 Thus, ex situ SERS
spectra show that PA molecules undergo deprotonation upon
adsorption, the Pic− anion being the stable adsorbate species,
even for the solution at pH 3.0 where the HPic zwitterion
predominates (Table 2). Moreover, the intense signal at around
240 cm−1 attributed to both Ag−N and Ag−O stretching
contributions supports the validity of a chemisorption process for
the Pic− anion on silver, via both the ring nitrogen and carboxylate
groups as well as the feasible oxidation of crystallites.14,42,43

On the other hand, analysis of SERS spectra taking into
account the specific surface selection rules, where a preferential
intensification is observed for vibrational modes with
components perpendicular to the surface, allowed us to
determine the adsorption geometry of molecules on the
surface.45,46 In particular, changes in the relative intensity for
the trigonal ring breathing mode (at around 1014 cm−1) can be
an important criterion for determining the orientation of
aromatic molecules.47 Since this signal is the most intense in
SERS spectra at pH 3.0 and 6.5, it is possible to infer that the
additive molecules are perpendicularly adsorbed on the silver
surface. Furthermore, by considering the strong intensities of the
symmetric stretching mode of the COO− group (at 1384 cm−1)
and the bending mode δ(OCO) at 845 cm−1, it is suggested that
the Pic− species are positioned by the carboxylate group on the
silver crystallites. Other features observed in the ex situ spectra are
the presence of C−N stretching bands (at 1441 and 1474 cm−1)
and the absence of typical bands of the protonated pyridinic ring

(1039 and 1625 cm−1).22 Therefore, it is possible to conclude
that Pic− species (at pH 3.0 and 6.5) are adsorbed perpendicularly
to the SERS active surface through both functional groups
(i.e., the pyridinic-nitrogen and the carboxylate), as represented in
Figure 2c, in agreement with published results.12,23

As previously mentioned the ex situ SERS spectra for
complexes and PA molecule adsorbates at pH 3.0 and 6.5 show
the same signals with different relative intensities. These results
indicate that the adsorbed species is the same (the picolinate
anion), in the presence or absence of Ag+ ions, and when added
to the Pic− species forms surface complexes with the Ag atoms,
as shown in Figure S3 in the Supporting Information.6,48

3.4. In Situ SERS Spectra of PA during Silver
Electrodeposition. Adsorption of picolinic acid at the
electrode/electrolyte interface and its influence on the silver
electrodeposition process were studied by spectroelectrochem-
ical experiments carried out in solutions of different pH and PA
concentrations. Potentiodynamic scans from 0.4 to −0.4 V
returning up to 0.5 V at 1 mV s−1 in 1.0 mM AgClO4 + x mM
picolinic acid (0 < x < 5.0), in 0.5 M HClO4 (pH 0.3) or in
0.1 M KClO4 (pH 3.0 and 6.5) solutions, were applied to the
HOPG electrode, and the Raman scattering was simultaneously
recorded. The following analysis of the spectroelectrochemical
results was performed separately according to the pH of the
solution.

3.4.1. At pH 6.5. Figure 3a shows the potentiodynamic j/E
profiles of the HOPG electrodes in solutions containing
different concentrations of PA at pH 6.5 and 5 mV s−1 scan
rate. When the additive is absent (black dotted curve), a
cathodic peak (C0) at −0.15 V was observed, which
corresponds to the electroreduction of Ag+ ions (reaction 5).

+ →+ −Ag e Ag0
(5)

On reversing the potential scan at −0.4 V, the silver deposition
continues until −0.05 V (cathodic current density nonzero),
and the characteristic peak (A0) for silver stripping at 0.065 V
was defined. The intersection between the cathodic and anodic
curves at around −0.10 V together with the peak potentials for
deposition and dissolution are indicative of a 3-D nucleation
and growth process for silver electrodeposition, with the charge
transfer step not being reversible.27

As seen in Figure 3, the presence of PA produces noticeable
changes in the potentiodynamic behavior of silver deposition
onto the HOPG electrodes. At pH 6.5, the shifting of the
cathodic peak (CI′) to more negative potentials along with two
anodic contributions (A0′ and A0″) for silver stripping are
highlighted (light and dark purple curves). The first feature is
produced by adsorption of additive molecules on the electrode

Figure 3. Potentiodynamic j/E profiles of silver deposition and dissolution onto HOPG electrodes in 0.1 M KClO4 or 0.5 M HClO4 solutions with 1
mM AgClO4 + x mM PA (0 < x < 5.0) at (a) pH 6.5; (b) 3.0; and (c) 0.3. Scan rate: 5 mV s−1.
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surface with the peak CI′ being assigned to the electroreduction
of silver complexes (reaction 6).15 This assignment is perfectly
coherent since the complexes in solution presented high
stabilities and a higher electroreduction overpotential than that
required for uncomplexed Ag+ ions. By considering the stability
constant K[Ag(Pic)] (pH 6.5) = 800 ± 100 M−1 for the [Ag(Pic)]
complexes (reaction 4), it is possible to establish that for
5.0 mM of PA many Ag+ ions are complexed with Pic− ligands
in solution, while for 0.5 mM PA + 1.0 mM Ag+ solutions, only
about 20% of Ag+ ions form complexes (Table 2). Despite the
presence of two different electroactive species in solution (Ag+

and [Ag(Pic)]), a single broad peak CI′ of deposition was
observed (Figure 3a). Therefore, its assignment corresponds to
the simultaneous reduction of both species (reactions 5 and 6).

+ → +− −Ag Pi Picc[ ( )] e Ag0
(6)

As mentioned above, the observed shifting of the CI′ peak
potential was produced by the adsorption of the additive
molecules onto the HOPG surface. If we consider that
adsorption of PA may also occur on the Ag growing crystallites,
then the inhibition of the CI′ current density for increasing PA
concentration (Figure 3a) can also be explained.
To confirm this reaction mechanism, the chemical

identification of the adsorbed species was performed by
following the silver deposition process with simultaneous
recording of the surface spectra.49 In situ SERS spectra
recorded at different potentials during the silver potentiody-
namic electrodeposition at 1 mV s−1, in the presence of 0.5 and

5.0 mM of picolinic acid at pH 6.5, are shown in Figure 4.
The SERS spectra contain a band at 932 cm−1 from the Cl−O
stretching vibration of ClO4

− ions from the supporting electrolyte
(marked with *),38 which was employed as the internal standard
for normalization of the surface spectra. It is well-known that the
analysis of absolute intensities of the adsorbate SERS signals
allows the surface concentration of the molecules to be
estimated.49 However, in practice, quantification of the adsorbed
species on the crystallites is very complicated to achieve because
the number of active sites for enhancement of the Raman
scattering is being constantly modified throughout the experiment,
in an equivalent way to variation of the silver surface roughness.50

When the PA concentration is 0.5 mM, the SERS signals
from the additive begin to be detected from −0.05 V (Figure 4a),
although the cathodic current in the voltammogram starts to be
noticed at −0.25 V (Figure 3a). The increase in the relative
Raman intensity with applied overpotential is directly related to
the type of morphology and size of the silver crystallites obtained
at the different potentials, which are optimal for producing
the SERS effect even for the G band of the HOPG substrate at
1579 cm−1. Increasing the additive concentration to 5.0 mM
resulted in the SERS spectra of the adsorbed molecules being
detected at more negative potentials (Figure 4b) and SERS
intensity lower than that for 0.5 mM. This effect is directly
related to the inhibition in the silver electrodeposition process
observed in the voltammograms (large deposition overpotential
and decrease of the cathodic current), due to the large quantity
of Pic− anion adsorbed on both HOPG and silver surfaces.

Figure 4. In situ SERS spectra at different potentials during potentiodynamic silver deposition and dissolution onto HOPG electrodes in 0.1 M
KClO4 + 1 mM AgClO4 + x mM PA, where x = 0.5 (a) or x = 5.0 (b) at pH 6.5. Scan rate: 1 mV s−1. (*) Main Raman band from ClO4

− ions.
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The most intense SERS bands in the spectra recorded at
potentials more negative than −0.05 V were at 844, 1052, 1384,
1441, and 1474 cm−1, which correspond to the picolinate anion
adsorbed species with the geometry shown in Figure 2c, with
both functional groups interacting directly with the surface.
Furthermore, the relative intensities did not reveal significant
changes when the applied potential and the PA concentration
were modified. As a consequence, its geometry of adsorption
may be assumed to be invariant.
The enhancement of the Pic− bands was also noticeable

when the potential scan was reversed, even after reaching the
dissolution potential of the crystallites (at around 0.1 V). This
feature indicates that silver dissolution was not complete even
at anodic potentials where SERS-active silver clusters remain on
the HOPG surface. Moreover, the increase or decrease in the
intensity of the ClO4

− band at 932 cm−1 occurred in a fashion
similar to that of the PA spectrum throughout the spectroelec-
trochemical experiment, indicating coadsorption of ClO4

− ions with
the organic additive. Because the coadsorption of ClO4

− involves a
very weak interaction with the silver surface, the wavenumber of the
νs(ClO4

−) is the same as in the bulk solution, thus the band at 932
cm−1 derives from both the coadsorbed ClO4

− ions on the silver
surface and the ions present in the electrolyte.51

3.4.2. At pH 3.0. Figure 3b shows the j/E potentiodynamic
behavior of HOPG in 0.1 M KClO4 + 1.0 mM AgClO4 in the
absence or presence of 0.5 or 5.0 mM PA at pH 3.0, recorded at
a scan rate of 5 mV s−1. The voltammetric response (pink and
red curves) shows a shifting of the onset potential for silver

deposition together with a displacement of the CI′ potential
with respect to that obtained in the absence of the additive
(C0), similar to that observed at pH 6.5. However, in this case,
an additional cathodic shoulder C0′ at around −0.25 V was
evidenced. This feature that stands more noticeable when the
scan rate and the concentration ratio [PA]/[Ag+] are low can
be clearly associated with the Ag+ ions electroreduction
(reaction 5) at low overpotentials.
Raman spectra recorded during the potential scan for silver

deposition and dissolution at pH 3.0, in the presence of 0.5 mM
(a) and 5.0 mM PA (b), are shown in Figure 5. The changes in
the relative intensities of the Raman bands produced by
electrode potential modification were similar for solutions at
pH 6.5 and 3.0, in spite of the voltammograms being different
(Figure 3). In general, the in situ experiments at pH 3.0 show
the same bands as those observed for ex situ configurations
(Section 3.3) obtained by deposition of a drop of PA or PA +
Ag+ ions solutions on silver deposited structures (Figures 2 and 5).
Thus, the species present at the interface at pH 3.0 were the same
as those at pH 6.5, i.e., the Pic− anion and/or [Ag(Pic)]
complexes, with both functional groups interacting with the silver
surface.
During the positive potential scan, silver deposition

continued up to −0.11 V, and the SERS signal intensity
increased; however, when dissolution of the crystallites began,
the intensity of the whole spectra diminished. It was noticeable
that at 0.35 V and 0.5 mM PA (Figure 5a), when the dissolution
current was negligible, the SERS spectrum presented a very

Figure 5. In situ SERS spectra at different potentials during silver potentiodynamic deposition and dissolution onto HOPG electrodes in 0.1 M
KClO4 + 1 mM AgClO4 + x mM PA, where x = 0.5 (a) or x = 5.0 (b) at pH 3.0. Scan rate: 1 mV s−1. (*) Main Raman band from ClO4

− ions.
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intense and broad signal at 240 cm−1 associated with the Ag−N
or Ag−O interaction of the PA molecule with the silver surface
and/or due to the feasible crystallites oxidation.12,23 Within the
experimental setup and the mechanism hypothesized, it is not
possible to decide whether the band at 240 cm−1 is associated
with Ag−N or Ag−O interactions; however, it is possible to
observe that this band is present in the SERS spectra that
indicates specific interaction between the picolinic acid species
and Ag crystallites.12,23

Considering the equilibrium concentrations of the PA species
(Table 2), the analysis of different PA analytical concentrations
at pH 3.0 indicates that more than 90% of Ag+ ions are
uncomplexed and that the concentration of the [Ag(HPic)+]
complexes is negligible. For this reason, the CI′ peak should
not be associated with the reduction reaction of this species.
Furthermore, the quantities of both the [Ag(HPic)+] and
[Ag(Pic)] complexes present in solution were quite similar.
However, the Raman spectrum corresponded to only the Pic−

anion and [Ag(Pic)] complexes, which implies that the effective
value of pKa in the electrode/electrolyte interface was lower
than in the solution bulk. This effect may have been due to
several factors: First, the concentration of H+ ions was expected
to be very low in the vicinity of the metal surface relative to the
bulk solution, due to the surface being positively charged (the
potential of zero charge was −0.71 V).52 Second, the effective
pKa was lower as a result of an increased stability of the ionic
species (anion) to the charge-neutral (zwitterion), due to a
Coulombic attraction type “image charge” to the surface.

Furthermore, the surface complexes Ag0−(Pic−) were more
stable because the Ag0 interacted with the anion through two
sites (functional groups), the pyridinic-nitrogen and COO−,
while the interaction with the zwitterion was only by COO−

(see Figure S3 and Table S3 in the Supporting Information).
Therefore, the anion was preferentially adsorbed on the silver
crystallites with the chemical equilibrium on the electrode
surface being different from that occurring in the bulk
solution.53−55 Thus, we can conclude that the current peak
CI′ observed at pH 3.0 was associated with the reduction of
[Ag(Pic)] complexes (reaction 6).

3.4.3. At pH 0.3. In the presence of the additive, no
significant changes were evidenced in the potentiodynamic
profiles at pH 0.3 (Figure 3c). Only a small shifting on the
electrodeposition potential (C0 current peak) to more negative
values, with the decrease in the cathodic charge, was observed, a
feature that depends on the PA concentration. Furthermore,
the absence of any other current peak in the voltammograms
shows that the cationic species H2Pic

+ were not coordinated to
Ag+ ions in solution, and as mentioned above, they were also
not adsorbed on the HOPG surface. Therefore, the observed
slight reduction of the deposition charge is related to the HPic
adsorption on both the HOPG and silver surfaces, mainly
because its content in solution is not negligible (Table 2).
Figure 6 shows the in situ Raman spectra recorded during the

potentiodynamic scan in solutions at pH 0.3. Although
deposition and dissolution of silver crystallites occur on the
substrate (Figure 3c), the signals from the PA vibrational

Figure 6. In situ SERS spectra at different potentials during silver potentiodynamic deposition and dissolution onto HOPG electrodes in 0.5 M
HClO4 + 1 mM AgClO4 + x mM PA, where x = 0.5 (a) or x = 5.0 (b) at pH 0.3. Scan rate: 1 mV s−1. (*) Main Raman band from ClO4

− ions.
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modes were not observed in the spectra at different potentials
for 0.5 mM PA (Figure 6a). Moreover, the HOPG band
(1579 cm−1) which remained constant in intensity, the band
from surface defects (1390 cm−1) which was absent, and the
increase in the baseline at 0.0 V during silver dissolution were
the only changes observed. These results show that the
deposited silver crystallites did not produce any Raman signal
enhancement of HOPG, and the H2Pic

+ species are not
adsorbed on its surface, in agreement with the electrochemical
behavior.
Notably, when the PA concentration was increased to 5 mM

a potential dependence of the spectra (Figure 6b) was
observed, mainly given by an increase in the SERS spectrum
of PA at around −0.26 V. This effect seems to contradict our
previous results (Figures 2 and 6a), where it was determined
that the H2Pic

+ species did not form complexes in solution with
Ag+ ions, and they were not adsorbed on the electrode surface.
However, considering the species distribution curve for the PA
acid−base equilibrium (Figure S1 in the Supporting Informa-
tion and Table 2), when the PA concentration was 5 mM, 16%
of zwitterion was present in the solution bulk, which may thus
be adsorbed onto the silver surface. Moreover, taking into
account the cation and zwitterion species at pH 0.3, it should
be noted that the SERS evidence indicates that only HPic was
adsorbed on the silver structures, which is due to the available
functional group. Thus, by decreasing the analytical PA
concentration, the amount of zwitterion in solution reached a
value below the detection limit for the SER spectroscopy with
the experimental setup used (Table 2 and Figure 6a). However,
signals in Figure 6b do not fully correspond to the adsorbed
Pic− spectra as in the ex situ (Figure 2) and in situ (Figure 5)
experiments, as shown in Figure 7.

In the spectrum of Figure 7, it is possible to identify two
different species adsorbed onto the silver crystallites: anion and
zwitterion. Adsorbed Pic− species were characterized by the
vibrational modes of the aromatic ring ν1, ν19b, ν19a, and ν8b,
associated with the SERS spectra bands at 1050, 1437, 1474,
and 1595 cm−1, respectively (Table 1), and the adsorption of
HPic species was determined by the signals at 1038 cm−1 (ν1)
and 1614 cm−1 (ν8a), typical of the protonated pyridinic ring
(Table 1). Similar results were also reported for PA adsorption
in acidic solutions (pH < 1) on silver and copper electro-
des12,19,22 and silver colloids.56 The strong intensification of the
signal at 1013 cm−1 (ν12, trigonal ring breathing) implies that
the adsorbed molecule was perpendicular to the surface.12,47

However, as the zwitterion species HPic had the protonated
nitrogen in the pyridinic ring, the adsorption geometry was not
the same as that for the anion Pic− given in Figure 2c.
Therefore, it is proposed that at pH 0.3 both HPic and Pic−

species interacted with the silver surface, the former through
the carboxylate group and the latter by both functional groups
with the adsorption configuration of the pyridine ring
perpendicular to the surface (Figures 7b and S3 in the
Supporting Information).

3.5. Morphological Characterization of Silver Crystal-
lites. The morphological characteristics of the deposited silver
crystallites were established by SEM micrographs. SEM images
in Figure 8 were obtained after removing the electrodes from
the cell at various stages of the voltammogram during the silver
electrodeposition in solutions of different compositions. After
deposition at −0.4 V in the absence of PA (at pH 3.0), SEM
image 8a reveals large silver structures containing dendritic
branches. The ramifications are flat and smooth (thickness of
approximately 100 nm) with dimensions varying between 300
and 700 nm. In addition, various small structures without any
sharp features on the HOPG substrate are also observed.
Silver crystallites deposited in the presence of PA at pH 0.3,

as expected from spectroscopic and voltammetric measure-
ments, were similar to those obtained without additive,
although being slightly smaller and containing minor sharp
branches. On the other hand, when the electrolyte pH was 3.0,
the morphology of the crystallites was markedly different as
they were smaller and globular, with flower-like structures
composed of nanosheets with a thickness of around 20 nm. At
−0.4 V, these highly nanobranched silver structures conformed
by intercalated flat flakes have diverse sizes between 0.5 and 0.9
μm. At pH 6.5, the structures obtained were morphologically
similar to those obtained at pH 3.0, but they were smaller (up
to 500 nm in diameter) in agreement with the electrochemical
results, where we observed that the deposition charge was also
diminished (Figure 3).
When the potentiodynamic scan was reversed, the electro-

deposition of silver continued on the substrate surface, but
there were no great changes in the morphology or size of the
structures up to −0.1 V in the absence of PA (Figure 8b). At
pH 0.3 and 5 mM PA, the silver dissolution was obvious at this
potential by the loss of the dendritic morphology of the
crystallites (Figure 8b). Complete dissolution of crystals was
observed at potentials greater than 0 V.
The quantity, polydispersion degree, and average size of the

silver structures on the HOPG were diminished when the
potential scan was continued to potentials higher than −0.1 V
for 5 mM PA solutions at pH 3.0 and 6.5. By following the
potential scan up to 0.1 V, i.e., after the A0′ peak (Figure 3),
the crystallites are smaller, and the dispersion in size is higher

Figure 7. (a) In situ SERS spectrum at −0.08 V during silver
potentiodynamic deposition and dissolution onto HOPG electrodes in
0.5 M HClO4 + 1 mM AgClO4 + 5 mM PA at pH 0.3. (b) Scheme of
the molecular orientations for HPic and Pic− species adsorption on the
silver crystallite surface, respectively.
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than that obtained at −0.1 V, due to a partial deposit
dissolution. On the basis of these results, we can establish that
the influence of PA addition on the structure morphology
depends on the solution pH. Also, it is important to note that
the cation species of PA (at pH 0.3) did not produce any
significant modifications on the deposited structures, whereas
the HPic and Pic− species caused a drastic inhibition of the
particle growth, with a resulting smaller range in size dispersion.
The change in morphology of Ag deposits could have been
caused by one of the following effects: (i) PA species forming
complexes with Ag+ ions in solution, with the deposition
reaction potential being shifted to more negative values and (ii)
the Pic− species (in excess) partially covering the growing
particle surface by adsorption on preferential sites on the
crystal, which induced an anisotropic growth.
3.6. Influence of the PA Concentration on SERS

Spectra. Figure 9 shows the in situ SERS spectra recorded
at −0.1 V in solutions containing 0.5 and 5.0 mM PA at pH
values of 0.3, 3.0, and 6.5. The intensity scale is indicated in
absolute values to be able to compare the magnitude of the
SERS intensification by the silver crystallites formed under
different conditions. At pH 0.3, the characteristic SERS signals
from the HPic and Pic− species were evidenced only when the
PA concentration was 5.0 mM. This result is consistent with
the equilibrium concentrations of the different species, which

indicated that the zwitterion predominates at this pH (Table 2).
In contrast, the greatest intensification of the adsorbed species, the
Pic− anion, at pH 3.0 and 6.5 was observed when the PA
concentration was 0.5 mM. These results show that the
enhancement of Raman scattering obtained was principally
due to the morphology of the structures and did not depend
on the adsorbed species concentration, at least at pH 3.0 and 6.5.
The most intense signals were found at pH 3.0 which corresponds
to the anion species adsorbed on the crystallites.
Flower-like silver crystallites with intercalated flat planes were

obtained at pH 3.0 and 0.5 mM PA, with a diameter of
approximately 1 μm (Figure 9b). The morphology of these
structures is adequate to achieve an optimal interaction between
the electric field of the incident light and the surface plasmon on
the crystallite.57,58 We have seen that the presence of the additive
as [Ag(Pic)] complexes in the electrode/electrolyte interface
promoted this type of growth. Furthermore, the selective
adsorption of Pic− and coadsorption of ClO4

− ions on the crystal
faces of the structures favored the anisotropic growth.
The structure of these flower-like silver particles (Figure 9b)

has been demonstrated to be very promising as SERS-active
substrates, and the enhancement obtained was related to the
high local fields generated on the flake-built structures and in
particular to the depth of the gaps between flakes.3 The
junctions of thin sheets in the nanoflowers resulted in very

Figure 8. SEM micrographs of the HOPG electrode after silver deposition by potentiodynamic scan up to different potentials (Figure 3) in 0.1 M
KClO4 + 1.0 mM AgClO4 solutions at pH 3.0 or in 0.5 M HClO4 + 1 mM AgClO4 + 5 mM PA (pH 0.3) and 0.1 M KClO4 + 1 mM AgClO4 +
5.0 mM PA (pH 3.0 and 6.5). Scan rate: 2 mV s−1.
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small gaps, forming SERS hot spots which were regions that
presented a very large enhancement of the local electric fields
due to interacting dipoles in the gaps.59,60

When the organic adsorbate is present at high concen-
trations, as in the case of 5 mM PA solutions at pH 3.0 or using
alkaline solutions (where the Pic− anion concentration was very
high), the growth of silver was inhibited, and the crystallites
formed are small and have rough structures. Accordingly, the
SERS effect was not favored since these structures had a lower
density of SERS active sites.

4. CONCLUSIONS
In the present study, we have monitored the silver electro-
crystallization process onto HOPG surfaces in the presence of
PA. The Raman spectra of PA solutions allowed the
identification of cation H2Pic

+, zwitterion HPic, and anion
Pic− species, which were predominant in solution at pH 0.3,
3.0, and 6.5, respectively.
From the voltamperometric experiments, it was established

that the mechanism for silver electrodeposition onto HOPG
electrodes in the presence of PA depends on both the pH and
the composition of the solution. When the electrolyte pH was
0.3, the potentiodynamic behavior of silver deposition and
dissolution was similar to that obtained in the absence of the
additive. Also, using data from the Raman spectra in both ex
situ and in situ modes, it was determined that H2Pic

+ species were

not adsorbed on the silver crystallites. However, by increasing the
concentration of PA, it was possible to detect the adsorption of
zwitterion and anion species, whose concentrations in the bulk
solution were extremely low. Moreover, in the voltammograms at
pH 3.0 with low PA concentration, two cathodic peaks were
detected, which were associated with the electroreduction of the
free Ag+ ions and [Ag(Pic)] complexes. The deposition process
was simplified to a single reduction wave, attributed to the metal
complexes [Ag(Pic)] when the electrolyte contained a larger
additive concentration as in the case of pH 6.5. In situ SERS
spectra confirmed that the adsorbed species at pH 3.0 and 6.5 was
the anion. A configuration for the adsorption of PA (zwitterion
and anion) molecules with the aromatic ring plane perpendicular
to the Ag surface was established by the in situ and ex situ Raman
spectra. The zwitterion species interacted with the silver surface
only by the COO− functional group and the anion through the N
atom in the pyridinic ring and one of the oxygen atoms of the
COO− group. It is important that the ClO4

− ion coadsorption was
detected in the whole potential range scanned. In addition, the
spectroscopic results confirmed the decrease in the value of the
effective acid dissociation constant of PA at the electrode/solution
interface, compared to the bulk solution.
Finally, the enhancement of Raman intensity was directly related

to the morphology and size of the silver crystallites, which were
optimal for producing the SERS effect of the adsorbates, even that
of the HOPG surface. The maximum SERS signals of PA
molecules were obtained at pH 3.0 in the presence of 0.5 mM PA,
being a particular active SERS substrate given by the Ag particles
with a globular flower-like structure, which supported intense local
fields in the many deep gaps present between the flakes.
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(54) Vaźquez, C. I. Electrochemical Formation of Metallic and
Bimetallic Nanostructures. Influence of Organic Compounds, PhD
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