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Abstract—Efficient synthesis of silver nanoparticles stabilized by cetyltrimethylammonium cations
(Ag@CTA+) is carried out in aqueous medium by methylviologen-mediated electroreduction of silver chlo-
ride nanospheres stabilized by surface-active CTA+ cations (AgCl@CTA+, diameter ~330 nm), on a glassy
carbon electrode at potentials of the MV2+/MV•+ redox couple. The nanospheres AgCl@CTA+ can be
reduced immediately on the electrode at a low rate and the resulting metal is deposited on the electrode. In
the mediated reduction, the metal is not deposited on the cathode but the quantitative reduction of AgCl to
Ag@CTA+ nanoparticles proceeds completely in solution volume at the theoretical charge. In aqueous solu-
tion, the nanoparticles are positively charged (electrokinetic (zeta) potential is +74.6 mV), their characteristic
absorption maximum is at 423 nm and the average hydrodynamic diameter is 77 nm. Isolated Ag@CTACl
nanoparticles have the size of 39 ± 15 nm. The preferential form of metal nanoparticles is sphere with the
diameter of 34 ± 24 nm; nanorods are also obtained in small amounts (4%); the average size of metal grains
is 8–16 nm.
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INTRODUCTION
Recently, small and ultrasmall metal particles pro-

gressively attracted attention due to their unusual
properties and the wide diversity of their potential
applications in catalysis, electronics, biomedicine,
optics, analysis, etc. [1–7]. Their best developed and
most widely accepted synthesis is the chemical reduc-
tion of metal ions and complexes in solution by various
reducers. Electrochemistry is used rarely for synthe-
sizing metal dispersions (sols). This is explained pri-
marily by the fact that as a rule the metals generated by
reduction of their ions and complexes are deposited on
the electrode surface. In the presence of stabilizers of
metal nanoparticles (NP), the fraction of deposited
metal decreases but still remains sufficiently high.
Thus, when silver NP are synthesized by the reduction
of silver ions in the presence of polyvinylpyrrolidone
widely used for stabilization of metal NP, the fraction
of deposited metal reaches 80% [8, 9]. Hence, all the
methods developed for electrosynthesizing metal NP
in the solution volume should solve in one way or
another the problem of their deposition. Thus, the
method of pulsed sonoelectrochemistry [10–12] com-
bines the accumulation of NP on the electrode surface
during short-term electroreduction with their subse-

quent transition to solution by supersonic treatment of
the electrode. Reetz et al. [13–22] carried out the elec-
troreduction of ions in aprotic organic media by using
surface-active tetraalkylammonium or phosphonium
cations as the supporting electrolyte. For the same
purpose, we have proposed to use the mediated syn-
thesis [23–32] the difference of which from aforemen-
tioned electrochemical methods is that the stage of
metal ion reduction is transferred from the electrode
surface to the solution bulk. In the process, the medi-
ator is reduced on the cathode and its reduced form
diffuses to solution bulk where reduces a metal ion or
complex. This either completely eliminates or mini-
mizes the metal deposition on the electrode. The effi-
ciency of this method was recently demonstrated for
the synthesis of NP of Pd [23–27], Ag [28, 29], Au
[32], Co [31]. By means of this method, metal NP
were synthesized in the absence and in the presence of
stabilizers in aqueous, water-organic, and nonaqueous
media from metal salts and complexes or by in situ
generation of metal ions in solution at the metal anode
dissolution during electrolysis.

Insofar as the stage of metal ion reduction does not
proceed on the electrode, in contrast to other electro-
chemical methods, the method of mediated elec-
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trosynthesis represents also a fundamentally new pos-
sibility of generating and synthesizing metal NP in
processes where the metal ion reduction on the elec-
trode is either hindered or impossible, e.g., as a result
of insolubility or limited solubility of their salts, at
their incapsulation in micelles, polymer globules or
other matrices, immobilization on nonconducting
solid supports, or when the cathode and the salt are in
different liquid phases. One of these possibilities was
demonstrated for electrosynthesis of nanocomposite
materials silicate-core/silver-shell by methylviologen-
mediated reduction of insoluble salt AgCl [30]. The
present study provides experimental substantiation to
yet another possibility of mediated synthesis of metal
NP involving encapsulation of their salts in micelles by
the example of preparation of silver NP in aqueous
medium via the methylviologen-mediated reduction
of AgCl nanospheres stabilized by the shells formed by
surface-active cetyltrimethylammonium cations
(AgCl@CTA+).

EXPERIMENTAL
In this study, we used the methods of cyclic vol-

tammetry (CV),dynamic light scattering (DLS), pre-
parative electrolysis, scanning electron microscopy
(SEM), scanning transmission electron microscopy
(STEM), powder X-ray diffraction, and UV-visible
spectroscopy.

Reagents and Working Solutions

Methylviologen dichloride MV2+⋅2Cl– (Acros
Organics), AgNO3, cetyltrimethylammonium chlo-
ride (CTACl, Acros Oraganics), and NaCl were used
without additional cleaning. Twice distilled water was
used as the solvent.

The solution of AgCl@CTA+ nanospheres used in
CV, DLS, and preparative electrolysis was prepared by
the well-known procedure [33] by adding drop-wisely
300, 150 and 1200 μL of aqueous solution of AgNO3
(0.05 M) to 5, 2.5, and 20 mL of aqueous solution of
cetyltrimethylammonium chloride CTACl (0.02 М),
respectively, on active stirring by a magnetic stirrer.
The solution remained transparent for a long time and
became opaque in the end of drop-wise addition but
remained homogeneous. The final concentration was
as follows: 2.8 mM (0.40 g/L) AgCl, 18.7 mM CTA+,
15.9 mM chloride ions, and 2.8 mM nitrate ions.
During the further stirring for 1 h 20 min, the solution
became white.

Solution of AgCl (2.8 mM (0.40 g/L)) was synthe-
sized by a similar procedure by adding in drops the
aqueous AgNO3 (0.05 M) solution to the aqueous
solution of sodium chloride (0.02 М).

Solution used in all electrochemical experiments
were neutral (рН 6–7), no supporting electrolyte was
added, and conductivity was provided by solution
components.

Cyclic voltammograms (CV curves) were recorded
by means of a potentiostat P-30S (Elins, Russia)
(without IR compensation) in nitrogen atmosphere at
the potential scan rate from 10 to 200 mV/s. A glassy
carbon (GC) disk electrode (diameter 3.4 mm) pressed
into perfluorinated polymer was used as the working
electrode. The electrode was cleaned by mechanical
grinding before each measurement. A Pt wire served as
the counter electrode. The potentials were measured
and are shown with respect to the aqueous saturated
calomel electrode (SCE) connected with the working
solution by a bridge filled with supporting electrolyte
and having the potential of –0.41 V with respect to 
(Fc+/Fc). The temperature was 295 К.

Preparative electrolysis was carried out in a dia-
phragm (porous glass) three-electrode glass cell under
potentiostatic conditions in argon atmosphere at room
temperature (Т = 295 K) by means of P-30S potentio-
stat. During electrolysis, the solution was stirred by a
magnetic stirrer. The working electrode represented a
glassy-carbon plate (S = 3.5 cm2); the SCE reference
electrode was connected with the working solution by a
bridge with supporting electrolyte. The counter elec-
trode represented a Pt wire immersed in supporting
electrolyte solution. After the end of electrolysis, the
solution was studied by the CV method on an indicator
GC electrode (diameter 3.4 mm) immediately in the
electrolysis cell and also by UV-visible spectroscopy.

The samples for studying the Ag0@CTACl particles
formed in electrolysis by the methods SEM, STEM,
and powder X-ray diffraction, and also for measuring
the electrokinetc (zeta) potential of particles were pre-
pared as follows. The solution after electrolysis was
centrifuged for 2 h at the rate of 15000 rpm; in the pro-
cess, every 0.5 h, the maximum possible volume of liq-
uid was removed from the precipitate surface. The
solution over the precipitate was of lemon color. In the
final system, a small layer of liquid remained on the
precipitate. This suspension was studied by the powder
X-ray diffraction method. For SEM, STEM, and
zeta-potential determination, the suspension was dis-
persed in distilled water by sonication. For SEM, the
resulting solution was placed on the surface of tita-
nium foil preliminarily cleaned by sonication in water
and acetone. Then, the sample was dried in air on gen-
tle heating (to 40°C). For STEM, the solution was
placed on the surface of 3-mm copper grid covered by
a formvar film and then dried.

For studying nonstabilized Ag0 particles, the solu-
tion after electrolysis was centrifuged for 0.5 h at a rate
of 15000 rpm; solution over the precipitate was trans-
parent. The precipitate was washed with water and
then dispersed in distilled water. The resulting solution
was prepared to its analysis by SEM and STEM meth-
ods by the procedures described above.

DLS method was used for measuring the hydrody-
namic diameter and the zeta potential of particles in
solutions. The measurements were carried out with the
use of Malvern Instrument Zetasizer Nano setup (Mal-
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vern Instruments, UK). The measured autocorrelation
functions were analyzed by programs Malvern DTS.

Electron-microscopic analysis. The morphology of
samples was studied on high-resolution scanning elec-
tron microscope Merlin (Carl Zeiss, Germany)
equipped with ASB, SE, and STEM detectors. The
elemental analysis was carried out by means of EMF
detector AZTEC X-MAX (Oxford Instruments, UK)
combined with a microscope.

X-ray diffraction measurements of samples were
carried out on automatic X-ray diffractometer Bruker
D8 Advance (Germany) with the attachment Vario
and the linear coordinate detector Vantec. We used
CuKα1 radiation (λ = 0.154063 nm) monochromatized
by a Johansson curved monochromator; the X-ray
tube working mode was 40 kV, 40 mA. Powder diffrac-
tion patterns were obtained at room temperature in the
Bragg-Bretano geometry with a f lat sample.

The sample in its liquid form was placed on a sili-
con plate which reduced the background scattering.
Once the layer was dried, several layers were applied
on it to increase the total amount of sample. Diffrac-
tion patterns were recorded in the range of scattering
angle 2θ 3°–90°, step 0.008°, spectrum collection
time 0.1–4.0 s in a point. Several diffraction patterns
were obtained under different experimental conditions
and different times of spectrum collection.

The obtained data were processed by using the soft-
ware package EVA1. For identifying crystalline phases,
the powder metallurgy database (ICDD PDF-2, Release
2005) was used. The complete-profile analysis of dif-
fraction data by the Rietveld method with minimiza-
tion of the deviation between experimental and theoret-
ical curves was carried in terms of the software packgage
TOPAS2, the convergence parameter Rwp was 6.87.
Based on the refined data, the size characteristics of sil-
ver grains were calculated by several methods.

UV-visible spectra were collected on spectrometer
Perkin-Elmer Lambda 25.

RESULTS AND DISCUSSION
AgCl@CTA+ Nanospheres in the Absence of Mediator

The synthesized aqueous solution of AgCl@CTA+

nanospheres was studied by DLS and CV methods, as
well as the aqueous solutions of CTACl (0.02 М) and
AgCl (0.4 g/L) for comparison.

DLS studies. For CTACl, we observed nanoparti-
cles with the average size of 14 nm (polydispersity
index (PdI) 0.493) (Fig. 1a); for AgCl, nanoparticles
with diameter of 248 nm (PdI 0.190) were observed
(Fig. 1b). In the AgCl–CTACl system, no nanoparti-
cles of individual components were observed and
those observed were of the different size (331 nm) (PdI
0.376) (Fig. 1c). Naturally, AgCl nanoparticles can

1 EVA v.11.0.0.3. User Manual. SOCABIM 2005.
2 TOPAS/TOPAS R/TOPAS P. User Manual. BRUKER. AXS

GmbH, Karlsruhe, West Germany, 2005.

bind the surface-active cations CTA+ to afford new
coarser particles which, according to [33], represent
AgCl@CTA+ nanospheres.

CV studies. In water, CTACl (0.02 М) is neither
oxidized nor reduced in the accessible potential range
from –1.40 to +1.00 V. The CV of AgCl (0.4 g/L)
(supporting electrolyte: 15.9 mM NaCl + 2.8 mM
NaNO3) demonstrate a spread-out peak of AgCl
reduction with oscillations (C1) and, in the reverse
scan, a peak corresponding to reoxidation of the metal
silver deposit А1 (ЕА1 = 0.22 V) (Fig. 2a, curve 1). In
multicycle voltammograms, the cathodic branch is
transformed: the spread-out peak is replaced by a clear
adsorption peak of AgCl reduction ( ) at –0.09 V
(Fig. 2а, curves 3–5). With the increase in the cycle
number, the heights of cathodic and anodic peaks
gradually decrease.

The electrode exposure at the potential of AgCl
reduction (–0.50 V) virtually does not change the peak of
adsorbed silver oxidation (А1) (Fig. 2b). From these
results, it follows that only AgCl nanoparticles originally
deposited on the electrode during solution stirring are
reduced on the electrode. Colloidal AgCl which gradu-
ally precipitates and during CV measurements is present
in solution as the precipitate is not reduced.

The CV curve of the aqueous solution of
AgCl@CTA+ nanospheres prepared by the above pro-
cedure demonstrates a much less intense peak of AgCl
reduction (С1), which lacks clear maximum, demon-
strating only the current ascending region at Е =

1'C

Fig. 1. Diagram of size distribution for (a) CTAC NP
(0.02 M). AgCl NP (0.4 g/L), (c) AgCl@CTA+ NP in water.
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‒(0.11–0.30) V. In the reverse scan, a conjugated
reoxidation peak А1 of metal silver deposited on the
electrode is observed at Ер = 0.21 V (Fig. 3, curve 1).
After 1-min electrode exposure at the potential of
AgCl reduction (Е = –0.5 V), the reoxidation peak
height increases; the prolonged exposure leads to the
further increase in its height (Fig. 3, curves 2–4). It is
evident that here, in contrast to AgCl, it is the AgCl
nanoparticles nondeposited on the electrode but dis-
solved and delivered to the electrode surface by diffu-
sion that are reduced. This result is an additional argu-
ment for the existence of AgCl in solution exclusively
as AgCl@CTA+ and the reduction of the latter parti-
cles on the electrode. Nanospheres are sufficiently
large (~330 nm) and have correspondingly a low diffu-
sion coefficient; hence, their reduction current is very

low. For the same potential scan rates, their current in
the peak is ~50 time lower than the reduction current
of AgNO3 of the same concentration, i.e., the silver
ions bound into AgCl@CTA+ nanospheres are
reduced at a very low rate immediately on the elec-
trode. The resulting metal silver is deposited on the
electrode. It should also be mentioned that in the pres-
ence of AgCl@CTA+ the reduction of the supporting
electrolyte begins already at the potential of –1.10 V,
i.e., the deposition of metal silver on the GC electrode
during the CV measurements makes easier the sup-
porting electrolyte reduction by ~0.30 V.

AgCl@CTA+ Nanospheres in the Presence 
of Methylviologen as the Mediator

CV studies of methylviolgen. The CV curve of
methylviologen (2 mM) in the water/0.02 M CTACl
medium demonstrates three reduction peaks С2, 
and С3 (ЕС2 = –0.79 V, ЕС2' = –0.98 V, ЕС3 = –1.11 V)
and two reverse peaks of reoxidation А2 and А3 (ЕA2 =
–0.56 V, EА3 = –0.86 V) (Fig. 4a). If in place of CTACl
we use NaCl of the same concentration, we observe
two reversible one-electron peaks typical of MV2+

reduction to MV•+ radical cation and neutral diamine
MV0 С2 and С3, respectively (ЕС2 = –0.87 V, ЕС3 =
‒1.29 V, ЕA2 = –0.51 V, ЕА3= –0.73 V) (Fig. 4b). The
(Ер – Ер/2) value and the potential difference between
the reduction and reoxidation peaks exceed the theo-
retical value for a one-electron reversible processes,
which is explained by the large voltage drop iR due to
the low concentration of the supporting electrolyte. As
regards their potentials, the reduction peaks on this
background correspond to peaks С2 and С3, and the

2'C

Fig. 2. CV curves of AgCl (0.4 g/L) in the medium of
water/0.0158 NaCl–0.0028 М NaNO3: (a) with initial
potential scanning in (1, 3–5) cathodic and (2) anodic
direction: (1) 1st, (3) 2nd, (4) 4th, and (5) 6th cycles, Еin =
0.05 V; (b) after electrode exposure at Е = –0.5 V for (1) 1,
(2) 2, and (3) 3 min, Еin = –0.5 V. v = 100 mV/s.
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Fig. 3. CV curves of AgCl@CTA+ nanospheres in the
medium of water/0.0187 М CTACl: (1) original solution,
Еin = 0.05 V and after electrode exposure at Е = –0.5 V for
(2) 1, (3) 2, and (4) 3 min, Еin = –0.5 V. v = 100 mV/s.
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Fig. 4. CV curve of MV2+ (2 mM) (a) in the medium of water/0.02 M CTACl with initial potential scanning into (1–4) cathodic and
(5) anodic direction. Insert: at different potential scan rates v, mV/s: (1) 10, (2) 20, (3) 50, (4) 100, (5) 150, (6) 200, Еin = 0.03 V; (b) in
water/0.02 M NaCl medium with initial potential scanning in (1–2) cathodic and (3) anodic direction, Еin = 0.05 V. v = 100 mV/s.
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reoxidation peaks correspond to reoxidation peaks by
the background of CTACl. (The complete coinci-
dence of potentials is impossible because CTACl exists
in solution as micelles so that the solution conductivity
differs from that of a NaCl solution of the same con-
centration). Hence, MV2+ is partly bound in the
CTACl micelles and the bound form of MV2+ is
reduced at potentials of peak . The resulting radical
cations quickly and quantitatively leave the micelles so
that their further reduction and reoxidation proceed
from the unbound state.

The presence of individual peaks for MV2+ bound
in micelles ( ) and unbound (С2) points to the low
mobility of equilibrium between them. According to
Fig. 4a (insert), as the potential scan rate decreases,
the ratio of heights of peaks С2 and  increases. Thus,
peak  is much lower than С2 at potential scan rates
of 10, 20 mV/s and their heights become virtually equal
at 100 mV/s. Insofar as the potential scan rate is
inversely proportional to the time for reduction and
the ratio of peak heights is related to the ratio of con-
centrations of the reduced substance from its unbound
and bound states, this can be formulated differently: as
the time for reduction of the methylviologen unbound
form increases, the fraction of substance reduced from
this form also increases. This means that this not too
mobile equilibrium is sufficiently mobile for shifting
considerably according to the Le Chatelier principle if
one considers the CV curves on the time scale.

The electrode exposure at the potential of reduc-
tion peak С2 (Е = –0.80 V) does not induce any con-
siderable change in the height of the radical cation
reduction peak (Fig. 5); this means that in this

2'C

2'C

2'C

2'C

medium, the MV•+ radical cation is not adsorbed on
the electrode surface. Hence, the stage of AgCl reduc-
tion by MV•+ radical cation proceeds not on the elec-
trode surface but in solution bulk, which favors the
synthesis of metal nanoparticles in solution bulk.

CV Studies of the AgCl@CTA+ Nanosphere 
in the Presence of Methylviologen

The morphology of the CV curve of this system
substantially differs from that of the summarized curve
of methylviologen and AgCl@CTA+ nanospheres
taken separately (Fig. 6a). The difference is that the
methylviologen curve lacks the reduction peak  and
the intensities of the other two peaks are approxi-
mately twice higher, whereas the heights of the reverse
peaks of its reoxidation are virtually the same. More-
over, in the anodic region an additional reoxidation
peak А4 appears at Ер = 0.84 V if the reversal occurs
after the second reduction peak (Fig. 6a).

Electrode exposure at the potential of AgCl reduc-
tion (Е = –0.50 V) increases the peak of oxidation of
generated Ag0 (А1) (Fig. 6b), while for its exposure at
the potential of the methylviologen reduction peak С2
(Е = –0.80 V), the oxidation currents of generated
MV•+ and Ag0 are independent of the exposure time
(Fig. 6c). In this case, the peak А1 of Ag0 oxidation
(Ер = 0.14 V) is very weak. It deserves mention that at the
exposure at both potentials (Е = –0.5 and –0.8 V), three
peaks of MV2+ reduction are observed in the reverse
cathodic branch, i.e., the CV curve of methylviologen
has the same form as in the absence of AgCl.

In aggregate, the obtained data can be interpreted
as follows. In the aqueous CTACl solution both in the
presence and in the absence of methylviologen, silver
chloride takes the form of AgCl@CTA+ nanospheres
that are not adsorbed on the electrode and are reduced
at a very low rate due to their low mobility. The reduc-
tion product is metal silver deposited on the electrode
and oxidized at Ер = 0.16 V. As to the state of methyl-
viologen, it changes radically in the presence of AgCl
where methylviologen is in the free state. This suggests
that CTA+ cations are completely bound in
AgCl@CTA+ nanospheres and that nanospheres fail to
bind methylviologen. Thus, in the CV curve the peak
of methylviologen bound form is absent (peak  in the
absence of AgCl) and, correspondingly, the height of
peak С2 doubles. As to the increase in the peak С3
height, we attribute this to superposition of the current
from the supporting electrolyte reduction which in the
presence of AgCl@CTA+ nanospheres starts at –1.10 V.
The supporting electrolyte reduction results in the
appearance in solution of free and/or micelle-bound
hydroxide ions. The oxidation of the latter explains the
appearance of the reoxidation peak А4 at ЕА4 = 0.84 V.

Methylviologen radical cations generated by the
reduction of free methylviologen are neither bound in

2'C

2'C

Fig. 5. CV curves of MV2+ (2 mM) in the medium of
water/0.02 M CTACl: (1) original solution (Еin = 0.03 V)
and after electrode exposure at Е = –0.80 V for (2) 1, (3) 2,
and (4) 3 min (Еin = –0.80 V). v = 100 mV/s.
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micelles nor adsorbed on the electrode but reduce
AgCl in AgCl@CTA+ nanospheres in solution volume
(Scheme). This determines the growth of two first
peaks of methylviologen reduction С2 and , the
decrease in the reoxidation peak of its radical cations
А2, and the small amount of metal deposited on the
electrode when the latter is kept at potential of radical
cation generation (–0.80 V). The metal deposition
takes place only in the initial moment of electrolysis
when nanospheres are reduced immediately on the
electrode. Later, they are reduced by the mediator
mechanism in solution volume and cease to be depos-
ited on the electrode. After the reduction of
AgCl@CTA+ nanospheres, the oxidation of deposited
Ag0, and the subsequent reduction of AgCl formed,
the liberated CTA+ cations bind methylviologen; this
is why the CV of methylviologen shows the peak of
reduction of its bound form  (Figs. 6b, 6c).

Thus, these results are the voltammetric evidence
that the mediated electroreduction of AgCl@CTA+

nanospheres can produce metal nanoparticles in solu-
tion volume at potentials of generation of methylviol-
ogen radical cations.

Preparative Mediated Electrosynthesis 
of Ag@CTA+ Nanoparticles

For preparative electroreduction, we used a solu-
tion of the same composition as for voltammetric
studies; the CV curve measured in this solution is
identical that shown above (Fig. 6a). The electrolysis
was carried out at the potential of the peak of methyl-
viologen reduction ЕС2 = –0.92 V. During the elec-
trolysis, blue stains of MV•+ radical cations evolved
from the glassy carbon plate used as the cathode and
quickly disappeared in solution bulk. The original
opaque white solutions immediately started to trans-
form into yellow, which is typical of metal silver
nanoparticles. In time, the yellow color intensified
and the solution became yellowish brown. After the
theoretical charge was passed, a green tint appeared
and at 18% excess of charge the solution acquired the
blue color typical of methylviologen radical cations.
This pointed to the complete reduction of AgCl in the
system and the appearance of a large amount of MV•+

in solution. This is why the electrolysis was stopped.
Excessive MV•+ was reoxidized by air oxygen. As a
result, we obtained a homogeneous yellowish-brown
solution. In is evident that the quantitative reduction
of AgCl occurs once the theoretical charge has been
passed and green color has appeared due to superposi-
tion of blue from methyviologen radical cations on
yellowish-brown. It is interesting that during the
period of electrolysis (31 min), the current did not
decrease as it usually does at electrolysis but on the
contrary increased from –3.3 to –4.6 mA.

2'C

2'C

Fig. 6. CV curves of the MV2+ (1.87 mM)–AgCl (0.4 g/L)
system in the medium of water/0.0187 M CTACl: (a) with
initial potential scanning in (1–4) cathodic and (5) anodic
direction, Еin = 0.03 V; (b): (1) in initial solution, Еin =
0.03 V; (2) after the electrode exposure at Е = –0.50 V for 1,
(3) 2, and (4) 3 min, Еin = –0.50 V; (c) (1) original solution,
Еin = 0.03 V; (2) after electrode exposure at Е = –0.80 V for 1,
(3) 2, (4) 3 min, Еin = –0.80 V. v = 100 mV/s.
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Scheme. Methylviologen-mediated reduction of AgCl@CTA+ nanospheres to form Ag@CTA+ nanoparticles.

The electron spectra of solution after the electroly-
sis demonstrated a wide twin absorption band with the
maximum at 423 nm, usually attributed to silver
nanoparticles [34] (Fig. 7). The band in the UV region
(256 nm) corresponded to MV2+.

The CV curve in the cathodic region (Fig. 8) is vir-
tually identical to that of methylviologen in the
absence of AgCl in solution (Fig. 4a). The synthesized
silver nanoparticles were neither adsorbed nor depos-
ited on the glassy carbon electrode. This was indicated
by the constant weight of the cathode during electrol-
ysis and the absence of Ag0 oxidation peak when the
electrode was exposed for 3 min to solution at open
circuit without stirring. After the electrolysis, in the
anodic region, a peak appeared at ЕА4 = 0.86 V (Fig. 8)
which corresponded to oxidation of hydroxide ions
formed in the reaction of oxygen with the excessive
amount of generated methylviologen radical cations.

The DLS data indicated that the electrolysis solu-
tion contained polydisperse (PdI = 0.506) nanoparti-
cles: as regards intensity, the average size of particles

was 8 nm (11%) and 77 nm (89%), and as regards the
number, the average size was 5.3 nm (100%) (Fig. 9).
Only coarser particles (77 nm) can be unambiguously
attributed to metal nanoparticles stabilized by CTACl,
whereas the finer particles may represent both metal
particles and CTACl micelles.

The results of analysis of the deposit isolated from
solution by the method of powder X-ray diffraction
unambiguously pointed to the presence of crystalline
silver Ag0. According to the obtained data, the suspen-
sion sample represented a mixture of crystalline sub-
stances, which included the cubic form of crystalline
silver3 the interference peaks of which substantially
differ as regards their shape and width from the other
peaks present in the diffraction pattern (Fig. 10).

Assuming that the additional crystalline compo-
nents in the sample could be either methylviologen
dichloride or cetyltrimethylammonium chloride, we
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carried out the corresponding XRPD experiments
with these compounds; the experimental curves are
shown in Fig. 10. These figure also shows the positions
of diffraction peaks of silver chloride; however, the
comparison of diffraction patterns points to the
absence of these substances in the suspension.

The size of coherent scattering regions, i.e., the
smallest crystalline domains constituting silver parti-
cles or crystals, was calculated with the use of the soft-
ware package TOPAS2 by several methods: the values
calculated from the half-width of reflexes (LVol-
FWHM) and from the integral intensity of reflexes
(LVol-IB) represent the grain size weight-averaged
throughout the volume and parameter CrySizeG is
the grain size in the direction normal to analyzed
planes for the Gaussian type of broadening (table).

The obtained data (table) indicate that the sample
is nanostructural because its average grain size is 8–
16 nm. The analysis of the data makes it possible to
note that the grain size in the direction normal to this
family of planes turns out to be sufficiently close to
their size found by different methods of calculation.
To a certain degree, the average grain size character-
izes the shape of grains or the degree of its deviation
from the sphere, because, for example, for spherical
grains this value should coincide with the size calcu-
lated only in a certain direction. In our case, the grain
shape can be assumed to be close to globular.

According to the SEM data, the main size of iso-
lated nanoparticles is 39 ±15 nm (Fig. 11a). The
STEM image shows that not only metal nanospheres
with the average size of 34 ± 24 nm and nonideal shape
are formed but also a small number of nanorods of var-
ious diameters (13–22 nm) and various lengths (reach

85 nm and more) (Fig. 11b). The ratio of nanorods to
nanospheres is about 1 : 25.

The energy-dispersion spectrum of particles
(Fig. 12) shows the presence of silver, chlorine, and
carbon. It is obvious that a sufficiently large number of
CTACl is bound with silver nanoparticles and they are
deposited together at their evolution. The positive
charge of particles dispersed in water agrees with this
conclusion, as follows from the average zeta potential
+74.6 mV.

Fig. 7. UV-visible spectrum of MV2+ (1.87 mM)–AgСl
(0.4 g/L) in the medium of water/0.0187 M CTACl after
the reduction at Е = –0.92 V followed by 40-fold solution
dilution with water.
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Thus, the methylviologen-mediated electrore-
duction of AgCl@CTA+ nanospheres in aqueous
medium produces silver nanospheres stabilized by
CTA+ cations adsorbed on their surface
(AgCl@CTA+). Their reduction leads to a decrease in

the nanoparticle size from 330 nm for AgCl@CTACl
to 39 nm for Ag@CTACl. Such a strong change in the
particle size is apparently associated not only with
the escape of chloride ions from the nanoparticle
composition and modifications in their structure

Fig. 10. Experimental diffraction patterns of (1) suspension sample after correction for the background scattering, (2) CTACl,
and (3) methylviologen. The position of interference peaks corresponding to crystalline silver (Silver, syn., code no. 01-087-0720)
is indicated by vertical lines marked with squares with plane indices. For a comparison, the vertical lines marked with circles show
the positions of interference peaks corresponding to the crystalline form of silver chloride (code no. 01-085-1355). For better visu-
alization, the curves are shifted with respect to one another along the intensity axis.
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from loose to denser but also with another restructur-
ing leading to formation of several Ag@CTA+

nanoparticles from one AgCl@CTA+ nanosphere
(Scheme).

For a comparison and also as an additional sub-
stantiation to the role of CTA+ cations in stabilization
of metal nanoparticles, we carried out analogous elec-
trosynthesis of metal nanoparticles in the absence of
CTACl by changing the latter by NaCl of the same
concentration.

Mediated Electrosynthesis of Ag Nanoparticles 
in the Absence of CTACl.

After a certain period upon the addition of methyl-
viologen (1.87 mM) to the colloid solution of AgCl
(for synthesis and composition, see Experimental),
the solution became transparent and a white coarse-
grained sediment appeared on the bottom. Colloid
solution was obtained again by supersonic treatment
but in several seconds after its cessation virtually all
AgCl precipitated. It should be noted that in the pres-
ence of CTA+ we failed to observe such an effect of
MV2+ on the precipitation of AgCl dispersion, which
can be considered as an additional argument for stabi-
lization of AgCl nanoparticles by CTA+ cations.

The CV curves of this system demonstrate four
reduction peaks (ЕС1' = –0.15, ЕС1 = –0.63, ЕС2 =
‒0.93, and ЕС3 = –1.32 V) (Fig. 13a), where the latter
two peaks pertain to reversible two-step reduction of
methylviologen. Due to precipitation, the heights of
the first two peaks are poorly reproducible and they

are often virtually indiscernible but sometimes can be
seen (Fig. 13a). In the reverse potential scan started
from the first weakly pronounced peak , the peak of
reoxidation of Ag0 deposited on the electrode (А1)
appears (Fig. 13a). As the reduction time is increased
by electrode exposure at Е = –0.3 V, this peak grows
and a peak of reduction of adsorbed AgCl ( ) appears
in the reverse branch at –0.10 V (Fig. 13b). It is evident
that in the presence of methylviologen, AgCl is not
deposited quantitatively and remains partly in solution
to be reduced at potentials of the first peak.

If the scan reversal occurs at the second reduction
peak С1, the reverse branch contains only the peak of
reoxidation of deposited silver А1 (Fig. 13c). As the
time of reduction at –0.60 V increases, the amount of
deposited metal also increases; moreover, this amount
is larger as compared with the reduction at potentials
of peak . This means that at the С1 peak potential,
AgCl is also in its reduced form. However, it is unclear
how it was reduced: immediately on the electrode or
by the mediated process with electrochemically gener-
ated methylviologen radical cations as in case of
[PdCl4]2– [23–25].

As in the previous system with CTA+, methylviolo-
gen MV2+ serves as the mediator at the potentials of
radical cation generation. This follows from the fact
that the peak of oxidation of deposited metal silver
decreases when the electrode is exposed at potential of
the first reduction peak of methylviologen С2 (–0.80 V)
(Fig. 13d). However, in this system, in contrast to the
previous one, the radical cations MV•+ are adsorbed
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Fig. 12. Energy-dispersion spectrum of silver nanoparticles stabilized by CTACl on a titanum support. 
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on the electrode, inducing the growth of their oxida-
tion peak А2 with the increase in reduction time
(Fig. 13d).

Preparative methylviologen-mediated electrore-
duction of AgCl was carried out at the controlled
potential Е = –1.0 V. From the very beginning of elec-
trolysis, the solution started to become blue, i.e., took
the color of radical cations MV•+, and gradually all
solution acquired blue color and its intensity
increased. During the electrolysis, the current gradu-
ally decreased, the theoretical charge was passed in
13 min, and the final solution was dark blue. After the
end of electrolysis, solution was stirred for 15 min; in the

process, its color disappeared and coarse agglomerates
of dark metal particles were formed on the bottom; no
white AgCl deposit was left in the system. The generated
metal was not deposited but remained completely in
solution, which followed from the invariant electrode
mass during the electrolysis.

At supersonic treatment, the formed agglomerates
were broken and the solution became opaque. The
precipitate was separated from solution by centrifuga-
tion, washed with water, and dispersed in water by
sonication. The resulting suspension quickly precipi-
tated as coarse particles. Nonetheless, the DLS
method revealed the presence of micrometer particles

Fig. 13. CV curves of the system MV2+ (1.87 mM)–AgСl (0.4 g/L) in the medium of water/0.0158 M NaCl–0.0028 М NaNO3
(а) with initial potential scanning in (1–4) cathodic and (5) anodic direction, Еin = 0.05 V; (b) (1) original solution, Еin = 0.05 V;
after electrode exposure at Е = –0.30 V (2) for 1, (3) 2, and (4) 3 min, Еin = –0.30 V; (c) (1) original solution, Еin = 0.05 V and
after electrode exposure at Е = –0.60 V for (2) 1, (3) 2, and (4) 3 min, Еin = –0.60 V; (d) (1) original solution, Еin = 0.05 V; after
electrode exposure at Е = –0.80 V for (2) 1, (3) 2, and (4) 3 min, Еin = –0.80 V. v = 100 mV/s.
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in solution (1096 nm as regards intensity and 1091 nm
as regards number, PdI = 0.545).

SEM and STEM studies demonstrated that metal
silver in suspension was not nanosized but represented
coarse agglomerates of adhered particles of different
size and shape (Fig. 14). The energy-dispersion spec-
trum showed that the particles mainly contained only
silver (56.89 at %).

CONCLUSIONS

In this study, we demonstrated experimentally the
possibility of efficient mediated electrosynthesis of
metal nanoparticles from their salts encapsulated in
micelles by the example of silver NP in aqueous
medium by methylviologen-mediated reduction of
AgCl nanospheres stabilized in shells of surface-active
cetyltrimethylammonium cations (AgCl@CTA+).
Nanospheres AgCl@CTA+ (~330 nm) can be reduced
on the glassy carbon electrode at a very low rate and
generated metal is deposited on the electrode. For the
mediated reduction at the potential of the
MV2+/MV•+ redox couple, the process is fast, the
metal is not deposited on the cathode, and at Q = 1 F
the quantitative reduction of AgCl to Ag@CTACl par-
ticles (39 ± 15 nm) proceeds in the solution bulk. The
average size of metal grains in these particles is 8–16
nm. In solution, the metal nanoparticles exist in the
form of Ag@CTA+, as follows from the value of their
electrokinetic (zeta) potential (74.6 mV). The positive
charge keeps them from agglomeration. Nanoparticles
were characterized by the methods of UV spectros-
copy, XRPD, and electron microscopy (SEM,
STEM). It is noteworthy that the metal forms not only
nanospheres but also a small number of nanorods. In
the absence of CTACl, the analogous methylviologen-
mediated reduction of AgCl also proceeds efficiently
but produces only micrometer metal particles that
form aggregates and are of various shapes.
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