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Abstract: In room temperature ionic liquids (RTILs) of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF,), for the first time, silver
(Ag) particles were successfully electrodeposited onto an indium tin oxide (ITO)-coated glass substrate by galvanostat and cyclic voltam-

metry (CV) methods, respectively. The obtained scanning electron microscopy (SEM) images not only demonstrated that silver particles
were fabricated on the ITO substrate, but also indicated that the applied current density is the main factor affecting the morphologies of
silver particles prepared by the galvanostat method. Subsequently, the obtained cyclic voltammograms (CVs) indicated that the electrode-
position mechanism of Ag particles on the ITO substrate is different from that on the Ag-coated ITO substrate, as was also discussed by
chronoamperometry based on the previously developed nucleation mode. Presenting the generation of sliver particles onto an ITO sub-

strate in RTILs is the main contribution of this paper.
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1. INTRODUCTION

Due to the key applications of metal nanoparticles in electro-
catalysis, many methods were developed to prepare metal
nanoparticles [1, 2]. Recently, silver nanoparticles have attracted
considerable interest because of its application in electrocatalysis
and oxygen reduction reaction (ORR). For example, Lin [3] pre-
pared colloidal silver nanoparticles-modified electrode and studied
its electrocatalysis towards the electrochemical behavior of Cyto-
chrome ¢, in which silver nanoparticles were prepared by the re-
duction of AgNO; using NaBH, as reducing agents. Shao [4] pre-
pared silver-modified BagsSrgsCogsFep20;55 (BSCF) cathodes
used in the intermediate-temperature solid-oxide fuel cells, on
which ORR was thoroughly investigated. Generally, there are two
typical methods to fabricate metal particles, i.e., (a) chemical re-
duction, as addressed in ref. [3] and [4]. (b) electrochemical
method, for instance, Yang [5] electrodeposited silver nanoparti-
cles onto an mercaptoacetic acid coated gold electrode by poten-
tiodynamic and potentiostatic techniques, in which the obtained
silver nanoparticles were characterized by SEM.

Room temperature ionic liquids (RTILs) have received consid-
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erable attention due to its excellent features, for instance, low-
volatility, non-toxicity, non-flame, higher conductivity compared
to the common organic solvent, and higher solubility for organic
substance when comparing with the aqueous solution [6-9]. Unfor-
tunately, to the best of our knowledge, the application of RTILs in
large scale was poorly reported, i.e., the significant application of
RTILs still remains unrevealed though numerous papers concern-
ing RTILs were published every year. Thus, developing novel
applications of RTILs has become into an important task for chem-
istry researchers. We have successfully utilized RTILs as electro-
lytes in probing ORR [10], bioelectrochemistry fields [11] and
preparation of polymers [12]. The electrodeposition of silver parti-
cles in RTILs has been reported by A. M. Bond [13], in which
silver nanoparticles were prepared onto a glassy carbon electrode
from a kind of RTILs of DIMCARB [14] by electrochemical
methods.

ITO (Indium Tin Oxides) is a highly degenerated n-type semi-
conductor, with a low electrical resistivity of 2x10™* Q¢ cm and a
wide band gap (from 3.3 eV to 4.3 eV) [15], showing a high trans-
mission in the visible range. ITO-coated glass has been widely
used as a substrate in many applications including solar cells, heat-
reflecting mirrors, antireflective coatings, gas sensors and flat
panel displays [16]. For instance, Ballarin [17] fabricated self-
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assembled gold nanoparticles modified ITO electrodes, in which
ITO glass was functionalized by bifunctional crosslinkers prior to
the self-assembly process. Dong [18] prepared poly(aniline-co-o-
aminobenzenesulfonic acid) three-dimensional tubal net-works
modified ITO electrode and studied its catalysis towards the elec-
trochemical behavior of Cytochrome c¢. ITO glass was also utilized
in our previous work, in which a MnO,-coated ITO electrode was
prepared by a CV technique[19]. Thus, it can be concluded that
ITO glass is an ideal substrate on which electrochemical experi-
ment could be performed very well. Summarily, based on the previ-
ous literatures, to our knowledge, so far, there is no paper reporting
the electrodeposition of silver particles onto an ITO substrate in
RTILs of EMIBF,.

In this paper, silver particles were electrodeposited onto an ITO
substrate from RTILs of EMIBF, by a galvanostat method, fol-
lowed by the characterization of SEM images. Then, CV technique
was employed to fabricate the silver particles-modified ITO sub-
strate, and it was found that CVs obtained on the ITO substrate
were different from that obtained on the silver-coated ITO sub-
strate. Lastly, the nucleation mechanism of silver particles on the
ITO substrate and on the Ag-coated ITO substrate was preliminar-
ily probed by chronoamperometry. Presenting the fact that Ag par-
ticles could be electrodeposited onto an ITO substrate from RTILs
of EMIBF, is the main contribution of this paper.

2. EXPERIMENTAL

2.1. Chemicals and materials

Room temperature ionic liquids (RTILs) of 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMIBF,) with a purity of
more than 99% were bought from Hangzhou Chemer Chemical
CO., Ltd (China). ITO (Indium Tin oxides) glass substrates were
purchased from Shenzhen Hivac Vacuum Photo-Electronics Co.
Ltd (China).The molecular structure of EMIBF, is shown in
scheme 1. Silver nitrate and other used reagents were all purchased
from Tianjin Chemical Reagent Co. Ltd (China).

H3C_

Scheme 1. EMIBF,

2.2. Apparatus

Scanning electron microscopy (SEM) was performed on a Hi-
tachi S-570 microscope (Japan) operated at 20kV. Electron diffrac-
tion spectroscopy (EDS) was recorded on a WD-8 X-ray energy
instrument (Japan). Electrochemical measurements were all con-
ducted on a CHI 660B electrochemical workstation (Shanghai
Chenhua Apparatus, China).

2.3. Preparation of silver particles onto an ITO
substrate
In the electrochemical measurement, a conventional three-
electrode cell was employed, in which an ITO glass (geometrical
area is 0.4 cm”) was used as the working electrode, and a platinum
wire and a quasi Ag electrode were utilized as the counter and ref-
erence electrode, respectively. It should be mentioned that the

quasi-reference electrode was prepared according to the previous
literature [20], i.e., a well-cleaned silver wire was immersed into
EMIBF, solution containing ImM Ag" (in form of AgNO3), giving
rise to a quasi reference electrode (denoted as Ag'/Ag), and the
quasi reference electrode was separated from the bulk solution with
a glass frit while using.

Prior to the experiment, the ITO substrate was dipped into ace-
tone at least for 5 min to remove the adsorbed greases, and then the
ITO substrate was thoroughly rinsed by redistilled water. Before
dipping into the RTILs of EMIBF,, the as-cleaned ITO substrate
must be dried by air to avoid introducing water into EMIBF, solu-
tion. The auxiliary electrode of platinum wire was immersed in a
concentrated nitric acid for 2 min, and then the auxiliary electrode
was rinsed by the doubly distilled water thoroughly and dried by
air. To avoid the influence of oxygen, prior to experiment, nitrogen
gas was bubbled into EMIBF, at least for 20 min to remove the
dissolved oxygen molecules. It must be noted that during the ex-
periment, nitrogen gas was flowed over the RTILs of EMIBF, to
avoid the interference of oxygen and water.

3. RESULTS AND DISCUSSION

3.1. SEM images for the silver particles obtained by
galvanostat method

Galvanostat method is a method in which the current between the
working electrode and counter electrode was kept constant. For the
electrochemical reduction reaction, a cathode current should be
applied through the potentiostat/galvanostat instrument. Gal-
vanostat method has been widely employed to fabricate metal parti-
cles mainly due to its simple manipulation [21]. In this work, vari-
ous cathodic currents were applied onto the well-cleaned ITO sub-
strate, and the applied period was 5 min. The obtained samples are
shown in Fig.1. As can be seen, when the current density is
15pA/cm’, several large flower-like particles are exhibited as
shown in image A of Fig.1, while as the current density is
25uA/cm?, except for the flower-like particles, some smaller parti-
cles were formed on the ITO substrate, as shown by image B. With
the increasing of current density, more small particles were gener-
ated on the ITO substrate as shown by image C and image D. Tafel
plot tells one that the lower current density leads a lower overpo-
tential, and higher current generates a higher overpotential [22]. As
reported previously [23], the lower overpotential favors the two-
dimensional (2D) nucleation and growth, and the higher overpoten-
tial benefits the three-dimensional (3D) growth controlled by the
incorporation of adatoms into the lattice. That is to say, lower over-
potential is favorable to the nucleation and crystallization growth
over the substrate surface, thus, as the current densities were lower,
some larger particles were exhibited as shown in image A of Fig.1.
While as the current densities were higher, three-dimensional (3D)
growth was favored, giving rise to small particles. Additionally, as
demonstrated in previous studies [24] of metal deposition on sin-
gle-crystal substrate, surface defects provide nucleation sites of a
different nature to the rest of the homogeneous surface, and the
deposition process was facilitated at these defects. Probably, when
the overpotential is higher, more potential defects on the ITO sub-
strate were activated, giving rise to more surface defects on which
nucleation and crystallization process could proceed easily, leading
to the generation of more small particles as shown by image C and
D.
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Figure 1. SEM images of Ag particles prepared from EMIBF4
having SmM Ag’ by galvanostat method, in which the perturbation
is 5 min and the applied constant current densities are different.
(A): 15pA/em® (B): 25pA/em® (C): 50pA/em® (D):100pA/cm?.
The inset image in image A is the pure ITO substrate employed.

To confirm the existence of silver elements, EDS spectra was
measured as shown in Fig.2, in which the absorption peak of silver
was clearly exhibited. It should be mentioned that before SEM
measurement, to get clear images, Au vapor was sprayed on the
samples, thus, the peak corresponding to Au was displayed in the
EDS spectra. Evidently, element of Si exhibited in EDS spectra
was resulted from the glass used.

3.2. Cyclic Voltammograms (CVs) of Ag' in
EMIBF4

Cyclic voltammetry (CV) has been used as a powerful technique
to fabricate nanoparticles mainly owing to its simple manipulation.
For example, Fang [25] prepared platinum nanoparticles onto
aligned carbon nanotubes (ACNTSs) from an aqueous solution of
H,PtCls by CV successfully. As described in ref.5, silver nanoparti-
cles was also prepared by CV.

Fig.3 is the typical cyclic voltammograms (CVs) for EMIBF,
containing 0.5mM Ag’, which was obtained at 50mV/s for 10 cy-
cles. The dotted line in Fig.3 is the CVs obtained in EMIBF,, sug-
gesting that ITO-coated glass substrate is electrochemically stable,
or in other words, no electrochemical reaction of ITO was found
during potential sweep, allowing us to use ITO glass as a substrate.
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Figure 2. EDS spectra of the obtained Ag particles.
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Figure 3. Cyclic Voltammograms (CVs) obtained on an ITO elec-
trode in EMIBF4 containing 0.5 mM Ag’, in which the dotted line
was obtained in the absence of Ag'. CVs were recorded at 50mV/s
for 10cycles.

When silver ions (in form of AgNO;) were introduced, several
couples of redox peaks are observed in the employed potential
range. Here, it can be seen that with the increasing of sweep cycle
numbers, peak current gradually enhanced, suggesting that some
substances were formed on the ITO substrate based on our previous
work[26]. After scrutinizing Fig.3, as can be seen, with the increas-
ing of cycle numbers, the reduction peak current at around -0.5V
enhanced obviously, however, its oxidation peak was not clearly
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Figure 4. SEM images of Ag particles prepared by CV as shown in
Fig.3. The inset in the top right corner is the pure ITO substrate
used.

exhibited though there are some oxidation current plateaus dis-
played in the potential range from -0.44V to -0.2V. Generally, a
current plateau in CVs corresponds to an ideal capacitance behav-
ior, thus, this capacitance behavior supported that some substances
were formed on the ITO substrate because of the continuous poten-
tial sweep. The peak at -0.8V and that at around 0 V will be dis-
cussed as follows. Fig.4 is the SEM images obtained by CV as
described in Fig.3, strongly indicating that CV is a feasible tech-
nique to electrodeposite Ag particles onto the ITO substrate. Com-
pared to those particles generated by the galvanostat method, it
seems that the particles prepared by CV are more uniform. To our
knowledge, this is the first time to report the immobilization of Ag
particles by CV on an ITO substrate.

To confirm the origin of peaks observed in Fig.3, CVs of Ag"
with various concentrations are displayed in Fig.5. One can see that
with the increasing of concentration, both the reduction peak at
about -0.5V and oxidation peak at 0 V all enhanced evidently. For
instance, the dashed line in Fig.5 is the CVs for SmM Ag'in
EMIBF,, whose peak currents, including the reduction peak current
and oxidation peak current, are the largest ones among these peaks
exhibited. Therefore, it is reasonable to attribute the reduction peak
at -0.5V to the electrochemical reduction of Ag’. Meanwhile, the
reduction peak at -0.5V is a normal peak, i.e., a hill-like peak, indi-
cating that the electrochemical reduction process of Ag" was con-
trolled by a diffusion process (as was proved by the linear relation-
ship between peak current and square root of scan rate, which was
not presented in this paper). Interestingly, the oxidation peak is an
abnormal peak with irregular shape. In principle, the peak potential
separation of AE,, i.e., AE,=E,-E,. (Ep, and E,, are the anodic peak
potential and the cathodic peak potential, respectively.), should be
close to 59 mV if the reversible electrochemical process contains
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Figure 5. CVs obtained in EMIBF4 containing various concentra-
tions of Ag'on an ITO electrode; the concentrations of Ag' are
0.5, 1, 2, 5SmM, respectively. Scan rate: S0mV/s.

one electron [27]. As for Fig.5, the value of AE, alters greatly when
the concentration of Ag" was different. Besides, cursory estimation
tells one that the charge consumed by the reduction of Ag" does not
amount to the charge consumed by its oxidation process, if we
supposed that the peak area is reckoned as the charge consumed.
Hence, the oxidation peak at OV should not correspond to the elec-
trochemical oxidation of Ag, though Palomar-Pardavé [28] has
thought that the oxidation peak at 0.04V vs SCE corresponds to the
silver dissolution from a vitreous carbon substrate. Probably, the
oxidation peak appearing at 0V corresponds to a mixed process that
contains the dissolution of Ag from ITO substrate to EMIBF, and
other unknown processes. More direct proofs are really required in
the further work.

Additionally, with the increase of Ag" concentration, the reduc-
tion peak was dramatically positively shifted, implying that the
higher concentration of Ag" lowered the overpotential of the elec-
trochemical reduction of Ag’, as seldom observed in the aqueous
solution. Probably, along with the formation Ag particles on the
ITO substrate, the electrochemical reduction process of Ag™ was
accelerated, that is to say, the reduction mechanism of Ag'on the
ITO substrate should be different from that on the Ag-coated ITO
substrate. Interestingly, in contrast to the reduction peak, the oxida-
tion peak potential was slightly positively shifted when the concen-
tration of Ag" was increased, implying that the oxidation reaction
of Ag became more difficult as the concentration of Ag" was in-
creased. Maybe, due to the formation of silver particles on the ITO
substrate, the overpotential of electrochemical oxidation of Ag was
enhanced correspondingly, leading to a positive-shifting of oxida-
tion peak potential. Unfortunately, due to the limited solubility of
AgNO; in EMIBF,, CVs for the higher concentrations of Ag” were
not measured.
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Figure 6. A) CVs obtained on an ITO electrode in EMIBF4 con-
taining 0.5 mM Ag", in which line a was obtained in the absence
of Ag’. The scan rates are 10, 20, 50, 100, 150 mV/s, respectively.
B) CVs obtained on the Ag-coated ITO electrode in EMIBF, con-
taining 0.5 mM Ag', the scan rates are 10, 20, 50,100,150,
300mV/s, respectively.

As documented above, it seems that the reduction mechanism of
Ag' on the ITO substrate differs from that on the Ag-coated ITO,
therefore, the influence of scan rate on the reduction peak of Ag"
was performed on the ITO substrate and Ag-coated ITO substrate,
respectively, as shown in Fig.6A and Fig.6B. Here, the Ag-coated
ITO is the ITO substrate on which Ag particles were electrodepos-
ited by CV for 10 cycles as illustrated in Fig.3. It can be seen that
as shown in Fig.6A,with the increase of scan rate, the reduction
peak current enhanced correspondingly, a well-defined line de-
scribing the relationship between the reduction peak current and the
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Figure 7. A) I-t curves obtained by applying various potentials on
the ITO substrate. From up to down the applied potentials are -
0.61, -0.59,-0.57,-0.55,-0.53 and -0.48V vs Ag'/Ag reference elec-
trode. B) I-t curves obtained by applying various potentials on the
Ag-coated ITO substrate. From up to down the applied potentials
are -0.59, -0.57, -0.55,-0.53 and -0.51V vs Ag'/Ag reference elec-
trode.

square root of scan rate was obtained (data not shown here), sug-
gesting that the reduction reaction of Ag" on the ITO substrate was
controlled by a diffusion-process, meanwhile, one can observe that
with the increase of scan rate, the reduction peak potential was
slightly negatively shifted. While for the case on the Ag-coated
ITO substrate, as shown in Fig.6B, the reduction peak potential was
dramatically negatively shifted when the scan rate was increased,
indicating that when the scan rate is high, the overpotential corre-
sponding to the reduction reaction of Ag" was enhanced greatly.
The comparison between Fig.6A and Fig.6B intrigued us to probe
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the nucleation process of those silver particles immobilized on
different substrates, as shown below.

3.3. Chronoamperometry

To clarify the nucleation mechanism of Ag particles, chronoam-
perometry [23] was employed. The obtained i-t curves are shown in
Fig.7A and Fig.7B. Fig.7A was obtained by applying the various
potentials on the ITO substrate for 12s, in which the applied poten-
tial from up to down were -0.61, -0.59,-0.57,-0.55,-0.53 and -
0.48V, respectively. One can see that when the applied potential is
-0.61V, there is a current peak appearing at around 3s, and then the
current value was dramatically attenuated. When the applied poten-
tial is -0.48V, as shown by the dotted line in Fig.7A, no current
peak was observed, suggesting that no reduction reaction of Ag"
took place. It also can be seen that the current peak was varied from
a sharper peak to a sluggish one as the applied potential ranged
from -0.61V to -0.48V. Additionally, the peak-time(t,), corre-
sponding to the current peak, was also increased with the variation
of applied potentials when ranging from -0.61V to -0.48V. The
shape of Fig.7A is very similar to the published [29] plots describ-
ing the simulated transient for instantaneous nucleation. Fig.7B was
obtained by applying the various potentials on the Ag-coated ITO
substrate, in which the applied potentials from up to down were -
0.59, -0.57,-0.55,-0.53 and -0.51V, respectively. As shown in Fig.
7B, also, there a current peak at a certain time in each curve. Inter-
estingly, the peak-times are almost identical, which is significantly
different from that exhibited in Fig 7A. We also notice that, in
Fig.7A, the values of steady-state current plateau appearing in i-t
curves almost remain constant except for the case when the applied
potential is -0.48V. However, the steady-state current plateau in
Fig.7B was evidently lowered when the applied potential was
changed from -0.59V to -0.51V. Generally, the steady-state current
plateau corresponds to a capacitance-like electrode [30], which can
reflect the variation of the modifiers on the electrode surface, or in
other words, as the substances immobilized on the electrode are
different, various steady-state current plateaus should be exhibited.
Thus, based on the various current peaks and current plateaus, one
can conclude that the reduction process of Ag' on the ITO substrate
differs from that on the Ag-coated ITO substrate.

Based on the previous reports [31], so far, there are two typical
nucleation modes proposed. One was the instantaneous nucleation
mode that metal atoms were deposited at the same time in the infi-
nite active sites on the electrode surface, the other one was the
progressive nucleation mode that the metal atoms were deposited in
the finite active sites on the electrode surface one by one. Corre-
spondingly, there are two formulas describing above nucleation
modes when using chronoamperometry to probe the nucleation
mode [32], as shown below.

2 2
1 1.9542 t . .
[Tj = i ){lexp{1.2564[t1|} (1) instantaneous nucleation

m

m

2 2 2

1 1.2254 t . .
— | = 1- -2.3367| —

[I J (t/tm){ exp{ [[ ) }} (2) progressive nucleation

m m

In which, 7 was current at time ¢ and /,, was the maximum current
obtained at time #,,.
By plotting the experimentally obtained (I/7,,) vs. (#/t,) [13] and
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Figure 8. A) Curves of dimensionless current against time, in
which the datum were selected from the curve at -0.61V in Fig.7A.
The dot-dashed line represents the instantaneous nucleation model
and the dotted line corresponds to a progressive nucleation model,
the thick solid line was plotted based on the measured data.

B) Curves of dimensionless current against time, in which the
datum were selected from the curve at -0.59V in Fig.7B. The dot-
dashed line represents the instantaneous nucleation model and the
dotted line corresponds to a progressive nucleation mode, the thick
solid was curved based on the experimentally obtained data.

overlaying the values for the theoretical curves, a direct comparison
can be made. The data used in Fig.8A was selected from the first
curve of Fig.7A measured at -0.61V. The thick solid line is the
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experimentally obtained plot, while the dot-dashed line and dotted
line were obtained based on the formula (1) and formula (2), re-
spectively. It can be seen that at the initial stage, the thick solid line
fits the progressive nucleation plot very well, however, as the value
of #/t, exceeds unit, the deviation between the real line and theoreti-
cal line gradually increased. Similar results were obtained when
other potentials, i.e., -0.59,-0.57,-0.55,-0.53 V, were employed.
These results strongly demonstrated that at the initial stage, the
electrodeposition of silver particles was mainly dominated by a
progressive nucleation process. Probably, the progressive nuclea-
tion model could partially account for the formation of silver parti-
cles with large size as shown in Image A of Fig.1. The data used in
Fig.8B was chosen from the curve of Fig.7B plotted at -0.59 V, in
which the thick solid line was plotted based on the experimentally
obtained data, and the dot-dashed line and dotted line were curved
based on the formula (1) and formula (2), respectively. Obviously,
the obtained plot could not fit the theoretical line, though the ten-
dency of thick solid line is similar to that of the dotted line in some
degree. Thus, based on the plots in Fig.8A and Fig.8B, it can be
inferred that the nucleation process on the ITO substrate accords
with the progressive nucleation mode to some extent, and the nu-
cleation process on the Ag-coated substrate is a complex nucleation
mode. Therefore, on the ITO substrate, the progressive nucleation
model generated a silver-immobilized ITO surface that has uniform
structure, leading to a slightly negative shifting of reduction peak
potential when the scan rate was increased as shown in Fig.6A.
While on the Ag-coated ITO substrate, the complex nucleation
model yielded a complex surface coated by silver particles, giving
rise to a dramatically negative shifting of reduction peak potential
when the scan rates were enhanced, as shown in Fig.6B.

We must admit that the preparation of silver particles by electro-
chemical method was a complex process [28], which is related to
many factors, such as potential, electrolyte, current densities, and
etc. Also due to our limited techniques, the exact formation mecha-
nism of silver particles on ITO substrate in EMIBF, could not be
well revealed in this preliminary work, and more works are re-
quired in the further investigation. But, we are confident that this is
the first time to report the immobilization of silver particles onto
ITO substrates by both galvanostat method and CV in RTILs of
EMIBEF,, as is the main contribution of this work.

4. CONCLUSION

In this paper, silver particles were successfully electrodeposited
onto an ITO substrate from RTILs of EMIBF, containing Ag" by
galvanostat method and CV, respectively. SEM images of silver
particles indicated that the morphologies of Ag particles are related
to the applied constant current densities closely, and it was revealed
that the lower current density is favorable to the formation of larger
particles and the higher current density is beneficial to the genera-
tion of small particles with uniform distribution. Also, it was dem-
onstrated that CVs of Ag” obtained on the ITO substrate are differ-
ent from that obtained on the Ag-coated ITO substrate. Using
Chronoamperometry technique, the possible nucleation process of
Ag particles was discussed based on the previously developed for-
mula, testifying that the nucleation process of Ag particles on the
ITO substrate suits the progressive nucleation mode in some de-
gree, and that on the Ag-coated substrate was thought as a complex
one. Further works are in progress.
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