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ARTICLE INFO ABSTRACT

Keywords: A comparative analysis of the electrodeposition of copper nanoparticles (CuNPs) was studied on highly oriented
Copper nanoparticles pyrolytic graphite (HOPG) and vitreous carbon (VC) substrates from solutions containing different supporting
Electrodeposition electrolytes (NaySO4 and HySOy).

I(\:I?trx:aceous substrates Voltammetric results indicated the presence of a single cathodic process, corresponding to the reduction re-

action of Cu®" ions to Cu®, for the solutions studied, using the HOPG substrate. The solution containing NaySO4
as supporting electrolyte was found to be more effective because the copper reduction process occurs at more
positive potential values, reaching the highest current density. For the VC substrate, two cathodic processes were
evidenced, with the formation of Cu™ ions as intermediate species. As in the HOPG substrate, the use of the
solution containing Na;SO4 showed the better behavior for copper electrodeposition, being the most favored
process on VC. This behavior could be explained by considering the existence of structural defects in the VC,
which would facilitate Cu nucleation.

The nucleation and growth kinetics of CuNPs on HOPG electrodes corresponded predominantly to a model
including progressive nucleation on active sites, and diffusion controlled growth, presenting a good correlation
with the scanning electron microscopy images. For VC substrates, the kinetics analysis did not yield conclusive
results. Different morphological features of Cu deposits were observed on HOPG and VC, presenting the former a

larger covered area.

The HOPG/CuNPs modified electrodes evidenced an enhancement in the catalytic activity towards the nitrate

reduction reaction.

1. Introduction

In the last decades, the extensive use of nitrogenous fertilizers agri-
cultural [1-4] areas has produced an increase in the level of nitrate in
groundwater, reaching the water drinking resources. The risks associ-
ated with the consumption of water with higher concentrations of ni-
trate have been extensively studied [5-8]. The major is infant
methaemoglobinaemia, which reduces the ability of red blood cells to
release oxygen to tissues. The World Health Organization established
that the limit value of nitrate concentration in drinking water for this
affection is 50 mg/]1 from short-term exposure [9]. Furthermore, the
intake of nitrate has been related to the increase in specific cancer [10,
11], even at nitrate levels in drinking water below the current drinking
water standard [12]. Therefore it is evident the need to develop reliable
techniques to detect and quantify the concentration of nitrate ions.
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Actually, there is a wide variety of methods for nitrate detection and
several reviews have been reported on the subject [13-15]. Among
them, the chromatography is one of the conventional techniques with
high sensitivity, detection range and detection limit. However, it is more
expensive compared to other techniques, since it requires sample
preparation and specialized equipment for accurate measurements [13].
Flow-injection analysis is a low cost and simple operation method used
in laboratory, whose results are comparable with those of chromatog-
raphy, besides it requires low volumes of reagent and sample. Some of
the procedures employed in this analysis are based on the reduction of
nitrate to nitrite ions, for example by passing the samples through a
cadmium-copper reduction column, with subsequent photometric
determination of the formed nitrite using colour-forming reagents. One
of the drawbacks of this method is that the sensitivity decreases for high
nitrate concentrations. Spectrophotometry is often used for
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nitrate/nitrite detection due to its simplicity, but many of the applied
procedures are time consuming and vulnerable to interferences caused
by different ions. They are based mainly on the reaction of the anion
with detecting reagents, and the subsequent measurement of the
absorbance of the formed product, which is proportional to anion con-
centration. Nevertheless, these methods are not suitable for in-situ
measurements.

Recently, electromagnetic sensors and biosensors have been devel-
oped, which present the possibility of measuring in-situ. Electromag-
netic sensors measure physical properties in terms of impedance, being
highly reliable and low cost, with fast response. However, these sensors
have some drawbacks such as the variation of the impedance that
changes according to the sensor configuration and leading to sensitivity
modifications, and the environmental conditions (temperature, pres-
ence of contaminants/ions), that affect the measurement precision. As
for the biosensors, based on the interaction of nitrate ions with biolog-
ical material, they show better results than electromagnetic sensors in
terms of sensitivity. However, these biosensors are expensive and pro-
duce chemical waste.

The electrochemical techniques for detection of these anions have
shown to have a good sensitivity and a simple operation in comparison
with other methods, eliminating toxic reagents in the nitrate measure-
ments or toxic wastes [14]. The electrochemical system has the ability to
convert the nitrate anions into a potential difference, current or
impedance. Furthermore, in the recent years the miniaturization ca-
pacity of electrochemical sensors has been demonstrated, reporting
excellent results in the detection of nitrate ions [16,17].

The use of electrodeposited metal nanoparticles like electrocatalyst
material for nitrate reduction, has been reported in numerous articles
due to it allows the control of the morphological features of the material
through the adjustment of parameters such as pH [18-20], potential
[21,22], type of precipitant and additives [23], electrolyte composition
[24], and electrolyte supports [25,26]. In turn, these structural prop-
erties have a huge role in the ability of the material as electrocatalyst
[27].

Previous works have proved the high performance of supported
copper nanostructures as an electrocatalyst material for reduction of
nitrate ions, including different substrates such as metals [28-30],
boron-doped diamond (BDD) [31], stainless steel [32], and different
types of carbonaceous substrates like glassy carbon (GC) [33,34],
graphite [35], highly oriented pyrolytic graphite (HOPG) [36], and
graphene oxide (GO) [37,38]. In all cases, acceptable results of nitrate
detection have been obtained, being relevant to carry out a comparison
study between them.

The use of different anions for the electrodeposition of copper
nanoparticles has been studied, comparing the effects of non-complex
anions like ClO4, NO3 and SO% [39-42]. Even though sulfate anions
have shown to exhibit a greater adsorption on the substrate surface than
the other anions, it has been widely used for copper electrodeposition on
carbonaceous substrates, both as copper salt and as a part of supporting
electrolyte [43-48].

The aim of the present work is to carry out a comparative analysis of
the formation of CuNPs by electrodeposition, using different substrates
(HOPG and VC), and supporting electrolytes containing the SO anions
(NaySO4 and HSO4). The nucleation and growth process was studied by
conventional electrochemical techniques (cyclic voltammetry and
chronoamperometry), and the obtained nanostructures are character-
ized by scanning electron microscopy (SEM). The electrocatalytic effect
of the systems towards the reduction of NO3 anions, was evaluated
qualitatively by cyclic voltammetry.

2. Experimental
The electrocrystallization of copper was carried out in a conventional

three-electrode electrochemical cell at a temperature of T = 298 K. The
working electrodes were HOPG and VC, both inserted into a Teflon
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holder, providing an exposed area of 0.1633 cm? and 0.0794 cm?,
respectively. The VC electrode surface was mechanically polished with
emery paper of progressively finer grain size, followed by 0.3 pm
alumina paste, and then rinsed with tri-distilled water. The HOPG
electrode (SPI II grade, SPI Supplies, USA) was a sheet prepared by
cleaving the first layers of the surface with a piece of sticky tape
immediately prior to use. A Saturated Calomel Electrode (SCE) and a Pt
sheet (1 cmz), were used as reference and counter electrode, respec-
tively. All electrode potentials mentioned in this work, are referred to
SCE. The solutions used for copper electrodeposition were:

i) 1 mM CuSO4 + 0.1 M NazSO4
ii) 1 mM CuSOy4 + 0.1 M H2SO4 and for the electrocatalytic analysis:
iii) 0.1 M NaNOs3 + 0.1 M NazSO4

All the electrolytic solutions were prepared with ultrapure chemicals
(E. Merck, Darmstadt) and tri-distilled water. Prior to each experiment,
the solutions were deaerated by nitrogen bubbling.

Cyclic voltammetric measurements and chronoamperometric studies
were performed using a computer-controlled EG&G Princeton Applied
Research model 273 A potentiostat-galvanostat. The morphology of
supported copper nanoparticles was analyzed by scanning electron mi-
croscopy (SEM) with a Zeiss MA 10 microscope. The catalytic activity of
the CuNPs-modified electrodes was evaluated qualitatively by cyclic
voltammetry.

3. Results and discussion
3.1. Voltammetry

Cyclic voltammetry was used to analyze the electrodeposition of Cu
on HOPG and VC substrates, from solutions with different supporting
electrolytes. Fig. 1a) shows cyclic voltammograms of the system HOPG/
Cu from 1 mM CuSO4 + 0.1 M NaySO4 solution (solution i). In the
negative scan direction, a cathodic peak is observed, which corresponds
to Cu reduction according to the reaction (1), and in the reverse scan, the
oxidation of Cu is evidenced by an anodic peak at E = 0.09 V.

Cu’t 4 2e - Cu D

Voltammetric results with different features are also shown in Fig. 1a
for the system VC/Cu. A small peak appears at a potential value of 0.1 V,
followed by a more noticeable peak, which can be associated to the
reduction of Cu™ to Cu™ (reaction 2), and of Cu™ to Cu (reaction 3),
respectively. It is well known that in certain cases, the copper ions
discharge taking place in two steps, is evident in cyclic voltammograms
[39,49,50].

Cu”t +2¢ » Cut (2
Cu’ + 2¢ > Cu 3)

The voltammetric response for HOPG and VC electrodes in the so-
lution containing 1 mM CuSO4 + 0.1 M H5SO4 (solution ii) is exhibited
in Fig. 1b. A different behavior is observed in both cases, i.e., the for-
mation of Cu deposits on HOPG begins at potentials more negative than
in the solution i, while for VC, the peaks representing the two reduction
stages are observed separately. The process is favored in VC and it could
be explained by considering the existence of structural defects in the VC
surface, which would facilitate Cu nucleation [40]. It is well known that
HOPG surfaces may have structural defects such as edge planes, ridges,
fissures or cracks, which play an important role during the initial stages
of metal nucleation and growth. This fact is attributed to the polar C-O
functional groups (hydroxyl, carbonyl, carboxylate, etc.) terminating
the defects sites, that influencing the metal adsorption. The difference
with VC surfaces is related to the fact that, due to its manufacturing
method, the VC is more disordered not only microstructurally but also
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Fig. 1. Cyclic voltammograms for Cu electrodeposition in 1 mM CuSO4 with a) 0.1 M NaySO4 (soln. i) and b) 0.1 M H,SO4 (soln. ii), at |[dE/dt| = 10 mV s~!, on HOPG

and VC electrodes.

electronically than HOPG, promoting the nucleation process [51-54].
Also, Bolzan [47] reported that probably, carbonyl groups are the most
effective sites for the electron transfer and they may determine the
number of nucleation sites for copper electrodeposition.

Anyway, for both carbonaceous substrates, it was found that the
solution containing NasSO4 as supporting electrolyte is more effective
because the process occurs at more positive potential values. From these
results, it could be inferred that, in the presence of HySO4 as supporting
electrolyte, the SO7~ anions could be adsorbed on the surface, blocking
active sites for copper deposition [36,41,42].

3.2. Chronoamperometric results

The metal electrodeposition usually occurs through nucleation and
growth mechanisms and the current transients can provide useful in-
formation about the process. For this reason, typical current transients
were peformed for Cu on HOPG and VC electrodes. All of them were
characterized by a gradual current increase until a maximum is reached
within the final portion falling according to the Cottrell equation [55].
Fig. 2a shows representative experimental transients for Cu on HOPG
and VC electrodes in the solution i, at E = —0.42 V, selected in a region
after the reduction peak in cyclic voltammograms. The current
maximum for VC substrate is i, = —420.75 pAcm’2 at ty, = 0.18 s, while
for HOPG, although a greater maximum current peak is obtained (i, =
—702.39 pAcm_Z), it is reached at longer times (t; = 0.22s). This dif-
ference could be associated to the presence of the first stage of the
deposition process (eqn. (2)), considered the rate-determining stage [39,
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49,501, in which the Cu™ ions could be adsorbed on the VC surface until
a more negative potential is reached and a total discharge of this in-
termediate specie is produced.

The transients for both electrodes carried out at a more negative
potential value (E = —0.55 V) in the solution ii, are presented in Fig. 2b.
In this case, the maximum current as well as the time when this
maximum occurs, are similar. This behavior could be interpreted
considering that, as the number of active sites depends on the electrode
potential [43], Cu nuclei population increases as the deposition poten-
tial becomes more negative, leading to quite similar iy, and t;, values for
VC and HOPG substrates.

In order to obtain some information about the kinetics of the elec-
trodeposition process, the model proposed by Sharifker and Hills [56]
was used to determine the type of nucleation and growth mechanism,
instantaneous or progressive. For this study, experimental transients
were compared with dimensionless curves plotted according to the
following equations:

2 1.9542 t ?
:7 = {1 - exp{ —1.2564 <I_> } } instantaneous (1b)

m

m

2
2 1.2254 r\?
;7 == {1 —exp [ —2.3367 (t_) ] } progressive (2b)

. m
mn tm

where ip, and t;, are the peak coordinates, namely the maximum current
density and the time where this current is reached, respectively.
Fig. 3a shows the comparison of the experimental current transients
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Fig. 2. Representative experimental current transients for Cu electrodeposition on HOPG and VC electrodes in a) 1 mM CuSO4 with 0.1 M NaSOj4 (soln. i) and b) 0.1

M H,SO, (soln. ii) solutions.
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Fig. 3. Comparison of experimental transients with theoretical curves for Cu electrodeposition on HOPG in a) soln. i and b) soln. ii.

recorded during the electrodeposition of Cu on HOPG electrode from the
solution i, at different potentials, with the theoretical dimensionless
curves obtained from eqns. (1) and (2). It was evidenced that this pro-
cess follows a progressive nucleation mechanism for the three potentials
values. For the solution ii, the metal electrodeposition occurs through a
model of progressive nucleation at E = —0.65 V. At more positive po-
tentials, the nucleation follows initially a progressive type mechanism at
short times, passing through a transition zone and reaching instanta-
neous nucleation at longer times (Fig. 3b).

For the CuNPs/VC modified electrode, obtained from solution i, the
electrodeposition process follows a progressive nucleation mechanism
for the applied potentials values (Fig. 4a), as for the system CuNPs/
HOPG. An intermediate mechanism between progressive and instanta-
neous was obtained when the solution ii was used for the generation of
copper deposits (Fig. 4b).

3.3. Surface analysis

A morphological analysis of the surface electrode after applying a
simple potentiostatic pulse in the studied electrolytic solutions, was
carried out by SEM, in order to analyze the effect of the substrate in the
process and to validate the nucleation mechanism type.

The copper crystals obtained on HOPG from both solutions con-
taining NaySO4 and HSO4 (pulse parameters: E = —0.65 V, t = 400 s),
together with the corresponding histograms, are exhibited in Fig. 5.
Regarding the crystal size, the presence of particle with different di-
ameters corroborates clearly the progressive type mechanism derived by
the Sharifker and Hills model, i.e. new nuclei are continuously generated
during the whole deposition process.

A great density of hemispherical particles distributed on the sub-
strate is observed for the Cu deposits generated from solutions

a) 1
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0.8 —Progressive
= 06 e E=-0.20V
E 0o E=-0.30V
= 04

0.2

0 1 T T T 1
0 5 10 15 20
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containing NapSO4 (Fig. 5a), while for those formed from the acid so-
lution, the existence of small nanocrystals coexisting with larger parti-
cles is evidenced, which grow forming aligned agglomerates, preferably
on edges steps of the HOPG substrate (Fig. 5b). The presence of particles
with different sizes indicates that a progressive type mechanism pre-
vails, corroborating clearly the one derived by the Sharifker and Hills
model. The covered area for both systems was estimated, resulting in
16.4% and 20.8% of the geometric area, respectively. From the corre-
sponding histograms, a larger number of small particles with diameters
33-50 nm were evidenced for the copper deposits.

Fig. 6a shows a representative SEM micrograph of Cu-decorated VC
electrode, obtained after applying a potentiostatic pulse of E = —0.42 V,
with a deposition time of t = 450 s, to the substrate. The crystals exhibit
a dendritic morphology consisting in a flower-like shape, randomly
distributed on the substrate surface. This type of deposits was also
observed by Grujicic and Pesic [43] on VC, and it can be attributed to
initially formed Cu nuclei by disproportionation of Cu™, which coexist
with smaller crystallites resulting of direct reduction of Gu?*. This
assumption is also supported by the voltammetric and chronoampero-
metric results obtained for this system. The particle size distribution
reveals a large number of small particles with diameters 38-50 nm and
some large ones with diameters up to 299 nm. In this case, the calculated
covered area was 8.1% of the geometric area. When the deposits were
formed at E = —0.65 V, t = 450 s, a larger number of small particles of
about 31 nm and a larger particle density are evidenced, with a covered
area of 15%. In this case, the number of particles with a diameter greater
than 130 nm is negligible.

From SEM analysis, it can be observed that in the sulfate solution as
well as in the acid electrolyte, the Cu electrodeposition process on HOPG
substrates does not present significant changes regarding the morpho-
logical features, finding, in both cases, hemispherical nanoparticles
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Fig. 4. Comparison of experimental transients for Cu electrodeposition on the VC substrate with theoretical curves in: a) soln. i and b) soln. ii.
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Fig. 5. SEM images of Cu deposits on HOPG electrode obtained from solutions: a) 1 mM CuSO4 + 0.1 M NaySO4 and b) 1 mM CuSO4 + 0.1 M HySO4, with the

corresponding histograms. Inside: 30Kx magnification.

distributed preferentially on the step edges of the surface. However,
relevant differences in the Cu nucleation and growth process on VC
surfaces, are evidenced both in the distribution and in the size of the
nuclei formed. Cu crystallites are randomly distributed on the surface
due to the different location of the active nucleation centers on its sur-
face. For the system generated from the NaySO4 electrolytic solution,
flower-shaped dendritic structures were found , while for acid solutions,
a large amount of small CuNPs distributed on the surface was detected.
The marked influence of the electrolytic solutions on the deposits
morphology on VC can be related to the defects of substrate, which could
interact with the electrolytic media directing the nucleation and growth
of the crystallites in different ways [23].

3.4. Electrocatalysis

The electrocatalytic effect of the supported CuNPs formed from the
different supporting electrolytes on HOPG and VC electrodes, was
verified qualitatively by cyclic voltammetry. Fig. 7 shows voltammetric
results for CuNPs in 0.1 M NaNOs3 + 0.1 M NaySO4 and 0.1 M NaySOg4
solutions. In the blank electrolyte (inset), featureless voltammograms
were observed in the potential region —0.2 < E/V < —1. At more
negative potential values, a cathodic current increase is evidenced,
related to the hydrogen evolution reaction. In the presence of nitrate
ions a cathodic peak was registered related to the reduction nitrate re-
action. An enhancement in the catalytic activity for the reduction of
NOj3 anions was evidenced when the particles were generated on HOPG
from solution i (Fig. 7a). For solution ii (Fig. 7b), the voltammetric
response for the CuNPs/VC modified electrode evidenced a behavior
similar to that of the CuNPs/HOPG system, although in the latter, the
anion reduction reaction starts earlier (E = —0.51 V).

Therefore, it could be considered that the use of HOPG as a support

for CuNPs prepared from either electrolytes, results in a good electro-
catalyst material for nitrate reduction reaction. Unlike HOPG, it could be
possible to use VC as support for only the CuNPs generated from the
solution containing sulfuric acid. From these results, it could be inferred
that the presence of predominantly small particles, and consequently a
larger covered area, enhanced the catalytic activity for the nitrate
reaction.

4. Conclusions

Copper electrodeposition occurs in a single stage for HOPG in the
studied solutions, while for the VC substrate the presence of two stages
of the reduction process, were evidenced. In both substrates, it was
found that the solution containing NasSO4 is more effective because
copper reduction occurs at more positive potential values, being the
most favored process in VC due to the existence of defects in its struc-
ture, which would facilitate Cu nucleation.

The kinetics of nucleation and growth of CuNPs on HOPG was pre-
dominantly progressive, presenting a good correlation with SEM images
of the crystals. HOPG showed a preferential distribution of hemispher-
ical nanoparticles on the step edges of the electrode surface for both
electrolyte solutions used. In the case of VC, the nucleation mechanism
varied from progressive to instantaneous mode, not leading to conclu-
sive results. The deposits presented different morphology distribution in
both substrates, showing flower-shaped dendritic structures for the de-
posits generated from NasSO4 solutions and randomly distributed
hemispherical particles for the acid electrolytes with a large number of
small NPs.

The modified HOPG/CuNPs and CV/CuNPs electrodes showed a
catalytic effect for the reduction of nitrate, evidencing an enhancement
in the catalytic activity when the particles were generated on HOPG



N. Zurita and S.G. Garcia

300 -

n° particles

150 A

38 88 131 173 215 257 299

diameter / nm

n° particles

Results in Engineering 17 (2023) 100800

30000 -

20000 -

10000

31 59 81 98 115 132 148 176 227

diameter / nm
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Fig. 7. Cyclic voltammograms for CuNPs in 0.1 M NaNO3 + 0.1 M Na,SO4 solution, prepared with (a) soln. i and (b) soln. ii, on HOPG and VC electrodes.|dE/dt| =

20 mV s~ . Inset: The same systems in blank electrolytes.

from solutions containing NaySO4. In the presence of HySO4 as sup-
porting electrolyte, similar maximum reduction currents were obtained
for HOPG and VC modified substrates.
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