
1. Introduction
Among a lot of methods to obtain silver particles of nano- 
or/and microsize, electrochemical approaches belong to 
the most prospective ones regarding environmental and 
economical issue. They can be conventionally classified 
into two groups: (і) template and (іі) non-template. As 
usual, according to template methods organic/inorganic 
materials with nanosized specific geometry forms may be 
used.  For example, through electrodeposition in support 
with nanopores [1,2], or in the certain tracks [3] it is 
possible to obtain nanowires with specified diameter. The 
template function can be performed even by gas bubbles 
to form nanoporous silver as shown in [4]. One of the 
non-template methods is deposition by pulse electrolysis 
which is characterized by a wide range of possibilities 
[5-10]. It is a non-stationary electrodeposition of metals 
that influences nucleation process and particle growth by 
such parameters as τon and τoff. The nucleation/growth 
under pulse period causes depletion of electrolyte layer 

into metal ions close to substrate/deposit interface. 
During pause, due to diffusion, the ion concentration 
of deposited metal at boundary layer becomes equal 
to that in the bulk of the electrolyte [11]. Consequently, 
diffusion control is minimized and formation of particles 
is operated mainly by the kinetic factor. This tendency is 
increased by lowering of portion of pulse duration in the 
pulse-pause cycle, in other words by decreasing of duty 
cycle (γ):

For controlled nucleation and growth of nuclei the so-
called “double” pulse was used, where nucleation pulse 
period (τon1) was shorter and had higher cathode potential 
than growth pulse (τon2)  [7,8].

Electrochemical deposition of nano- and/or micro 
size particles has been  studied mostly in aqueous 
solutions. However, salt hydrolysis constrains keeping a 
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certain pH value; there is undesirable side process of 
hydrogen reduction at relatively high E values; during 
pause high chemical activity of metal particles on the 
electrolyte components and/or water narrows the using 
of aqueous medium. Therefore, in the last decade 
the solutions based on organic solvents have been 
used more often. Thus, electrochemical formation of 
silver nanoparticles was shown in acetonitrile [6,12] 
and ethanol [13] solution. Using silver [14], palladium 
[15] and silver-palladium [16], the efficiency of pulse 
electrolysis was shown in combination with the medium 
of organic aprotic solvents, where their molecules are 
characterized by high electron-donor properties. Using 
a solvent with weak acidity instead of water the reaction 
environment can be expanded. Therefore dipolar 
aprotic solvents (protophilic or protophobic) are used 
very often in wet chemistry. Large organic molecules or 
their ions are difficult to dissolve in water, unless they 
have some hydrophilic site(s). This is the reason why 
water is not suitable as a medium for reactions involving 
large hydrophobic molecules. On the other hand, dipolar 
aprotic solvents are only weakly structured and can 
dissolve many large hydrophobic species. In modern 
electrochemistry the dipolar aprotic solvents are being 
used as electrolytes.

The present work is a continuation of such studies 
and focuses on the formation of nanostructured silver by 
pulse electrolysis in acetonitrile solutions of AgNO3. 

2. Experimental procedure
Silver was deposited in acetonitrile solutions of 
0.01 M AgNO3 under cathode potentials 
(0.0 ≤ E ≤ –1.5) V at constant temperature 20°С in a 
three-electrode cell with the volume of 50 cm3. Cathode 
surface area was the surface of ITO-glass (Indium 

Tin Oxide glass, Aldrich; 70-100 Ω/sq, 10×10 mm). All 
potential values were estimated vs. AgCl reference 
electrode. Electrodeposition was carried out by pulse 
electrolysis using potentiostat IPC-Pro. Pulses of E were 
specified as square pulse with τon = 6 ms and pause 
τoff = 90 – 490 ms. All the silver deposits obtained were 
washed by acetonitrile, isopropanol and after that dried 
in the flow of air. 

Morphology of the deposited silver particles was 
studied using the scanning electron microscope FEI 
NovaNanolab 200. All the images were taken at electron 
beam with current 0.13 nA and voltage 10 kV in vacuum 
around ~ 3×10-6 mbar.

3. Results and discussion
Within a whole studied range of pulse current parameters 
silver deposits were formed by discrete particles 
(~20–50 nm) or/and their agglomerates (~0.2–2 μm) 
and uniformly distributed on the cathode surface 
(Fig. 1). This behavior might be determined by 
equipotential surface of ІТО-glass and equal 
concentration of metal ions at near-substrate electrolyte 
layer [5].

Dynamics of particle growth by time (Fig. 2) indicate 
the tendency of nucleation directly on ІТО-glass surface 
mainly under first pulses. Under next pulse-pause 
cycles nucleation take place at the surface of already 
made particles, indeed it is the growth of silver particles 
beginning from nano- to micron size. Therefore number 
of pulse-pause cycles or total time of electrodeposition 
process is an important parameter which is responsible 
for size of deposited particles.

With the increase in cathode potential from 0.0 to 
–1.5 V under constant τon and τoff the values of current 
become higher almost proportionally (Fig. 3). It might 

    
Figure 1. SEM images  of  ITO-glass  surface  after silver electrodeposition in acetonitrile solution of 0.01 M AgNO3 under E = 0.0 (a) and –0.5(b) V.  
         Depositions were carried out by pulse electrolysis under τon = 6 and τoff = 190 ms.
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be the consequence of the ohmic drop, since the ion 
concentration is low and no supporting electrolyte was 
used. At higher potentials the rate of silver reduction 
increases too. That was showed by SEM images in 
Fig. 1 as an increment of the number of silver particles 
formed on ІТО-glass surface. That tendency is motivated 
by kinetic control of nucleation process and obviously 
it is typical behavior under metal electrodeposition 
[5].

A change of silver particle geometry under pulse 
electrolysis depending on the cathode potential, τon 
and τoff is presented in conventionalized diagram 
(Fig. 4). Within the observed potential range mostly 2D 
particle formation (flakes) and their agglomeration was 
observed at lower E values while 3D particle formation 
(bulk particles) was observed at higher potentials 
(Figs. 4b–4e). It can be explained in the following way: (i) 
during pause due to the high electron-donor properties 
of acetonitrile molecules, the H3C–CN:→ Ag donor-
acceptor interaction can be possible and constitutes 
the reason for acetonitrile adsorption on the surface of 
deposited silver particles; (ii) under pulse the organic 
molecules can be desorbed from the surface to the bulk 
of the electrolyte. Obviously, at low E values applied 
energy is not enough to remove acetonitrile molecules 
totally, and organic layer can be destroyed mostly at 
the edge of silver nuclei or already formed particles 
where there is the highest charge concentration. This 
is why at low cathode potentials the so-called flakes 
of silver were observed, because of preferable growth 
process mostly over one crystallographic facet. With 
the increase in E value, current density increases and 
causes almost full desorption of organic molecules 
from the particle surface. This results into bulk particle 
growth, i.e., 3D growth process. However, not every 
small deposited particle had a chance to growth during 
pulse electrolysis (Figs. 4b–4f). Most probably, “special 
areas” of the cathode surface were uncertainties of 
the commercial ITO glass, e.g. chemical composition, 
surface properties, etc. Moreover, it is not clear why 
some small particles (~20–50 nm) were located only 
around their agglomerates or directly on the surface of 
the big ones (~0.2–2 μm). In future studies we intend to 
make an insight into the matter.

 

 

Figure 2. SEM-images of ITO-glass surface after silver electrode-
position in acetonitrile solution of 0.01 M AgNO3 under 
E = –1.0 V during 15 (a), 25 (b) and 50 (c) s. Depositions 
were carried out by pulse electrolysis under τon = 6 and 
τoff = 190 ms.

Figure 3. Dependency of current density vs. cathode potential 
of ITO-glass in acetonitrile solution of 0.01 M AgNO3 at 
pulse electrolysis under τon = 6 and τoff = 190 ms.
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The relation of τon value to τoff (τon:τoff), which is used 
quite often instead of γ, is also a practical regulation 
of the metal-ion diffusion under pulse electrolysis. 
The change of τon:τoff or duty cycle results to different 
geometry of particles. For example at constant τon = 6 ms 
but increasing of τoff from 90 to 490 ms (γ value change 
from ~0.06 to ~0.01) the change of agglomeration to 
more discrete particles has been observed (Fig. 4a, 4d, 
4f). It can be explained by the concentration equilibrium 
between solvated silver ions at pre-electrode layer and 
in the bulk of the electrolyte, i.e., diminishing of the 
diffusion control.

4. Conclusions
Using pulse electrolysis in the cathode potential range 
of 0.0 ≤ E ≤ –1.5 V with pulse-pause cycling τon = 6 ms, 

90 ≤ τoff ≤ 490 ms in acetonitrile solutions of 0.01 M 
AgNO3 guarantees deposition of silver made of discrete 
particles (~20–50 nm) and their agglomerates (~0.2–2 μm) 
uniformly distributed on the ITO-glass surface. Total time 
of electrodeposition, cathode potential, and pulse/pause 
durations showed significant influence on the silver 
particle growth and their morphology. At higher cathode 
potentials the quantity of nuclei increases and their 
further growth leads to bulk particles. Increase in the 
pause under pulse electrolysis results in the formation of 
discrete particles and decreases their agglomeration. 
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Figure 4. Conventionalized diagram about geometry of silver particles, deposited on ITO-glass surface in acetonitrile solution of 0.01 M AgNO3 
         by pulse electrolysis, depending on cathode potential, pulse duration and pause.
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