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a b s t r a c t

Highly uniform dendritic silver nanostructures as a new electrode material, have been synthesized by
electrodeposition on the glassy carbon (GC) electrode with assistance of polyethylene glycol 400 (PEG-
400) as a soft template, to achieve a superior electrocatalyst with enhanced detection sensitivity in
electroanalysis compared to conventional bulk Ag electrodes. The effects of the growth conditions such
as concentrations of the reagents and applied potentials on the morphology and structure of as-prepared
tree-like nanostructures have also been investigated by scanning electron microscopy (SEM), atomic
force microscopy (AFM) and X-ray diffraction (XRD). In the silver nanodendrites (AgNDs), the diameter
lectrodeposition
oft template
lectrocatalyst
ultiwalled carbon nanotubes

lectrochemical impedance spectroscopy

of the trunk is around 100–200 nm with length up to 10–40 �m, and the length of its branches can reach
10 �m. In addition, the electrocatalytic behavior of this modified electrode was exploited as a sensitive
detection system for the reduction of RDX high explosive, hydrogen peroxide and hexacyanoferrate
(HCF) by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) techniques. Also, the
obtained results were compared to multiwalled carbon nanotubes (MWCNTs) and bulk silver electrodes.
These studies show that the nanodendritic silvers significantly increase the electron-transfer rate of the
electrochemical reactions by as much as 1–2 orders of magnitude.
. Introduction

Nanotechnology has recently become one of the most excit-
ng forefront fields in analytical chemistry and design of new
seful electrocatalysts [1–3]. Beside of the development of ultra-
ensitive electrochemical sensors and need to miniaturization of
ensing devices, various nanomaterials and nanostructures have
rawn considerable attentions due to their unique size and proper-
ies. Therefore, traditional macroelectrodes are being replaced with
heir nanostructure analogues [4,5]. The predominant advantages
f using nanostructure modified electrodes compared to typical
acroelectrodes is their large effective surface area, considerable
ass transport, high catalytic activity, and their ability to exert con-

rol over the local environment at the electrode surface [4,5]. The
xisting of very sharp edge sites and defects on the nanostructures,
auses a suitable interaction between redox species with nanos-
ructure modified electrode surface which is resulted to decrease

verpotential of the electrochemical reactions to become more
eversible than that displayed by the same material in a conven-
ional form [6,7].
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At the present time, micro/nanoscaled materials, due to their
unique optical, electrical, magnetic, and catalytic properties are
being synthesized and investigated for their potential application
in various fields, such as electroanalysis [8,9], optoelectronics [10],
energy generation/storage [11,12], and catalysis [13,14]. Recently,
considerable efforts have been focused on the design, synthesis, and
application of high ordered inorganic crystals with specific sizes,
shapes, and hierarchies. Different kinds of nanomaterials, such as
metals [3], semiconductors, oxides [14], and carbon nanotubes [15],
and different nanostructures such as nanowire [16,17], flower-like
[18,19], urchin-like [20], mushroom-like [21], and dendrite-like
[22–26] have been reported based on different advanced strategies.
Noble metal nanostructures have been the subject of most intensive
research due to their novel properties and intriguing applica-
tions in different areas such as electronic, magnetic, catalysis,
chemical and biological sensing, optical, micromechanical device
and surface-enhanced Raman scattering (SERS) detection [27–31].
The intrinsic properties of metal nanostructures are determined
by their size, shape, morphology, composition, and crystallinity
[32–35]. Accordingly, silver has been extensively exploited in a

variety of applications such as catalysis, through electronics, pho-
tonics and photography. Silver electrodes have a great importance
in electroanalysis and sensing devices, and as yet they have been
used to detect some important compounds such as hydrogen per-
oxide [36], l-cysteine [37], benzyl chloride [38], 6-mercaptopurine
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experiments, which were performed by using a saturated Ag/AgCl
electrode. A platinum wire counter electrode was employed for all
98 B. Rezaei, S. Damiri / T

39], enzyme [40], DNA [41], hemoglobin [42], and myoglobin
43].

The excellent nanodendritic structure of silver, as a new elec-
rode material, has a very high specific surface area along with
umerous active sites and sharp edges which can be promising its
pplications in the electrochemical systems. Since the discovery of
arbon nanotubes, various nanoparticles [3,4] and nanostructure
lectrocatalysts such as nanotubes [6,44] nanowires [16,17,45,46],
anoflowers [47], nanorods [48,49] nanofiber [50], and porous
tructures [7] have been introduced as new valuable morphol-
gy of the electrode materials in the electrochemical sensors or
ther related applications [1], that improve significantly the sens-
ng capability of the conventional macroelectrodes. In comparison
o spherical particles, nanowires have recently attracted much
ttention, which own a number of unique physical and electronic
roperties that endow them new and important activities. Using of
hree-dimensional (3D) Ag nanodendrites with tree-like structures
ntroduce a new attractive strategy for designing of the electrocata-
yst morphologies and the modification of conventional electrodes
hat can be used in the electroanalysis or other electrochemi-
al systems. Dendritic patterns are essential phenomena that are
bserved in non-equilibrium conditions for metallurgic, inorganic,
nd organic crystal growth; hence provide a natural framework for
he study of disordered systems [51]. The diffusion-limited aggre-
ation (DLA) model and the anisotropic crystal growth are widely
sed to explain and analyze these growth phenomena [52–56].

n the electrodeposition methods, some processes such as kinetic
nisotropy in the reduction of Ag+ ions [26] and the lack of elec-
rolyte play an important role in the formation of Ag dendrites
57].

Up to now, a few methods have been exploited for the fabrica-
ion of noble metal dendrites including the electrochemical depo-
ition, the irradiation reduction, the pulse sono-electrochemical
echnique, the ultrasonic-assisted solution reduction and the dis-
lacement reaction [24,54,58–62]. Many of these routes use water
oluble polymers such as polyvinyl alcohol (PVA) and poly(vinyl
yrrolidone) (PVP) as protecting agents [54,61,62]. Ye et al.
eported the fabrication of silver dendrites on silicon wafers via
n electroless metal deposition technique [63]. A very interesting
echnique for the synthesis of silver dendrites by electrochemi-
al deposition in aqueous solution at the presence of DNA was
eported by Chen et al. [64]. Here, the dispersion property of DNA
nhanced the stability of silver dendrites with the basic units of
NA interacting with the silver particles to enhance the surfactant
roperties. A mixed surfactant system of cetyltrimethylammoni-
mbromide (CTAB) and sodium dodecyl sulfate (SDS) was reported
y Zheng et al. for synthesis of silver nanowires and dendrites

n an aqueous medium [65]. Also, other strategies such as the
lectroreduction of AgNO3 in ammoniacal solution [26], the elec-
rodeposition with the assistance of triblock copolymer P123 [24],
sing a surfactant-free method by a suspension of zinc micropar-
icles as a heterogeneous reducing agent [23], the replacement
eaction in AgNO3 aqueous solution [66] and a electrochemical syn-
hesis on a Ni/Cu substrate with superhydrophobic surfaces [67]
ave been introduced for the preparation of tree-like Ag nanos-
ructures.

This paper describes a simple and reliable electrochemical
trategy for the modification of glassy carbon (GC) electrodes
ith silver nanodendrites to achieve a superior electrocatalyst
ith enhanced detection sensitivity in electroanalysis compared

o conventional bulk Ag electrodes. Electrodeposition is an effi-

ient method to synthesize new materials with high yields, and
he nanoparticle shapes and sizes can be readily controlled by
djusting the preparation conditions [68]. Therefore, at first sil-
er nanodendrites on GC electrode were prepared by means of
lectrodeposition technique at controlled potential conditions by
a 83 (2010) 197–204

employing polyethylene glycol-400 (PEG-400) as a soft template,
and was discussed their morphology, structure, and formation
mechanisms. Then, the electrocatalytic behavior of this modi-
fied electrode was evaluated by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) techniques using
hexacyanoferrate (HCF: K3Fe[CN]6), as an electrochemical probe,
and these studies were compared to multiwalled carbon nan-
otubes modified GC and conventional bulk Ag electrodes. HCF is
a substance that undergoes reversible electrochemical reaction on
various electrodes and is widely used as an electrochemical probe
to investigate the characteristics of films on electrode surfaces. Also,
the reduction of some important compounds such as hydrogen
peroxide and RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine; also
known as cyclonite or hexogen) high explosive was evaluated and
compared to other electrodes. The detection of explosives and
related compounds has received considerable attention for national
security and environmental applications. RDX high explosive, sim-
ilar to other nitramine materials, is mutagenic, toxic and has the
tendency to persist in the environment [69]. Also, the detection and
determination of hydrogen peroxide are of practical importance in
chemical, biological, clinical, environmental and many other fields
[36]. The Ag nanodendritic modified electrode was found to have
very electrocatalytic behavior toward the reduction of mentioned
compounds that make it ideal material for the fabrication of elec-
trochemical sensors.

2. Experimental

2.1. Apparatus and reagent

2.1.1. Materials and chemicals
All chemicals, unless mentioned otherwise, were of analytical

grade and were used as received. All aqueous solutions were made
with demineralized water, which was further purified with a Milli-
Q system (Millipore) with the resistivity not less than 18.0 M� at
25 ◦C. Universal buffer (boric acid, phosphoric acid, acetic acid and
sodium hydroxide, 0.1 mol L−1) solutions with different pH val-
ues were used for the study of the pH influence. The MWCNTs,
bought from Iran’s Research Institute of Petroleum Industry and
synthesized by chemical vapor deposition (CVD), had a diameter of
8–15 nm, a length of ca. 50 �m and the purity of >95%.

2.2. Electrochemical measurements

Electrochemical measurements were carried out at room tem-
perature in a conventional three-electrode cell, powered by an
electrochemical system comprising the Autolab system with
PGSTAT 12 and FRA2 boards (Eco Chemie B. V., Utrecht, Nether-
lands). The system was run on a PC using GPES and FRA 4.9
software. For impedance measurements, a frequency range of
100.0 kHz to 10.0 Hz was employed. The ac voltage amplitude
used was 5 mV, and the equilibrium time was 10.0 min. Before
each experiment, the solution was purged by nitrogen gas for
10.0 min.

The potentiostatic deposition of silver was accomplished by
using a silver wire quasi-reference electrode (AgQRE) immersed
directly in the silver plating solution, except for silver-free control
experiments. The MWCNTs, similar to other reports, was pretreated
in nitric acid solution [70], then it was abrasively immobilized on
a preheated glassy carbon electrode (5 min at 50 ◦C) by gently rub-
bing of the electrode surface on a filter paper supporting the carbon
nanotubes [71].
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.3. Preparation and characterization of silver nanodendrites

The electrodeposition of silver nanodendrites was carried out
sing an electrochemical cell test with a three-electrode config-
ration in the electrolyte. A planar glassy carbon electrode (GCE)
as used as the working electrode, a platinum electrode, spaced
ith 15 mm from GCE, as the counter electrode, and a silver wire

s a semi-reference electrode. Before electrodeposition process, the
CE was carefully polished with 5.0 �m alumina slurry on a pol-

shing cloth, then washed ultrasonically in methanol and water,
espectively. For the deposition, a chronoamperometry mode at
he constant potential of −0.8 V vs. AgQRE for a period of 20.0 min
as applied. Here, 0.02 mol L−1 silver nitrate (Aldrich, 99.999%)

olution was prepared into a homodisperse mixture of PEG-400
polyethylene glycol 400)/H2O (1:1, v:v) and it was used as the
lectrodeposition electrolyte. After synthesis, the silver nanocrys-
als deposited on the working electrode were thoroughly washed
ith acetone droplets and water, and dried at 50 ◦C for 2 h.

The product was characterized by powder X-ray diffraction
XRD) on a Philips Xpert-MPD Model 3040 X-ray diffractometer
quipped with Cu K� radiation. Microscopic observation of the
lectrode surfaces was performed by an atomic force microscope
AFM) (DualScopeTM scanning probe-optical, DME model C-21,
enmark) in air. Average surface roughness of the samples and

heir density of summits were measured from height profile of
FM images using DME SPM software (version 2.1.1.2). Also, the
canning electron microscopy (SEM) images were recorded with a
hilips XL Model 30 microscope.

.4. Determination of the microscopic surface area of the
lectrodes by in situ voltammetric methods

For evolution of surface area of each used electrode in this
esearch, e.g. MWCNs and AgNDs modified GC electrodes, and Ag
lectrode, it was used an individual electrochemical method for

ach case. The surface area of the conventional Ag electrode was
alculated using the differential double layer capacitance (Cd) of
he actual electrode surface, by assuming that the capacitance of the
ouble layer for the polycrystalline silver electrode in 0.1 mol L−1

ClO4 solution amounts to 28.0 �F cm−2 [72,73]. This metal shows

ig. 1. Typical SEM images of the products obtained for the electrodeposition time of 1200
d) X-ray diffraction (XRD) pattern of AgNDs deposited on the GCE.
a 83 (2010) 197–204 199

a well-defined double layer region, and it is possible to estimate
the pseudo-capacitance through the dependence of the capacitive
current with the potential sweep rate. This method does not have
a suitable efficiency for the determination of real surface area of
AgNDs modified GCE. Thus we compared the amount of charge
consumption for the reduction of 200.0 �mol L−1 RDX by cyclic
voltammetry on the silver or AgNDs electrode in the conditions
of 0.1 mol L−1 universal buffer with pH 7.0 and the scan rate of
100 mV s−1 for the estimation of microscopic surface area of modi-
fied electrode. The surface area of GC electrode was 0.0314 cm2 and
for the AgNDs modified electrode, the microscopic surface area was
found nearly 3.44 times greater (0.1080 cm2).

The microscopic area of the MWCNTs modified glassy carbon
electrode was obtained by cyclic voltammetry using 1.0 mmol L−1

HCF as a probe [70]. The electroactive surface area of this modified
electrode was about 1.15 times larger than the bare GC electrode.

3. Results and discussions

3.1. Morphological characterization of the prepared Ag
nanodendrites electrode

Typical SEM images of the products exhibit that Ag crystals
obtained under the mentioned experimental conditions possess a
nanodendritic structure (see Fig. 1a–c). It can be observed that sil-
ver dendrites were obtained in a large quantity and good uniformity
by this route. The individual Ag dendrites have two- and three-
dimensional structures with one trunk (long axis) and branches
(short axes). The nanorods in each branch are parallel to each
other and in the same plane, and make an angle of about 60◦

with the trunk, which indicates that the Ag dendritic crystals grow
along a preferential direction. The diameter of the trunks is around
200–300 nm and their length up to 10–40 �m. The length of the
branches can reach 10 �m. More interestingly, during the growth
process of silver nanocrystal, each branch can also be a trunk to sup-

port the growth of silver nanorods. Thus, the self-replication makes
this kind of silver nanocrystal have a more advanced structure.

In Fig. 1d, it has been shown an XRD pattern of silver dendrites
on the GCE support synthesized at 20.0 mmol L−1 silver nitrate for
20.0 min of electrodeposition time. The five diffraction peaks can

s at −0.8 V (vs. AgQRE) from a 20.0 mmol L−1 AgNO3/(H2O/PEG, 1:1) solution (a–c).
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of PEG-400, the growth rate is mainly in the vertical direction and
ig. 2. SEM images of samples synthesized under similar conditions with those of
he sample shown in Fig. 1 with only one experimental parameter changed as; (a)
pplied potentioal: −0.6 V and (b) the PEG-400/H2O with ratio 1:5 (v:v).

e indexed to diffraction from the (1 1 1), (2 0 0), (2 2 0), (3 1 1),
nd (2 2 2) of face-centered cubic (fcc) silver crystals. The lattice
onstant calculated from the XRD pattern is 4.063 Å, a value in
greement with the reported value of a = 4.086 Å from JCPDS 04-
783. Also the distance between interplanar spacing of {1 1 1}
lanes was determined 0.2321 nm, which is in accordance with the
1 1 1} lattice spacing of fcc Ag (d1 1 1 = 0.2359 nm) [61]. The peaks
ppear broadened, which implies that the samples are nanocrys-
alline in nature.

We also investigated the relations between the morphology of
ilver particles and various experimental parameters including the
pplied potentials and the concentrations of AgNO3 and PEG-400
s well. Product morphology is largely determined by the applied
otential since it decides the electrochemical driving force in the
onstant potential mode. At the potentials lower than −0.6 V (vs.
gQRE), the density of nanodendritic structures is low, and the
imension of the structures reduce (Fig. 2a), while more dense
ilver dendrites, with larger dimensions and complex dendrites
ith numerous side branches are observed when the potential is

ncreased to −0.8 V (see Fig. 1a–c). By changing the potential from
0.6 to −0.8 V, the diameters of the trunk and branches increased

rom 100 to 300 nm and 40 to 150 nm, respectively. After the poten-
ial was further increased to −1.0 V, the uniformity of the products
as changed and some high density irregular dendritic silver crys-

als were formed (not shown).
It is believed that the growth mechanism of the dendritic or tree-

ike structures follows on the basis of a DLA mode [52,74]. Cluster

ormation occurs by sticking of particles together with random path
n the selected deposited nuclei, allowing the particles to form a
rowing structure. The used polymer provides significant control
ver the nucleation and directional aggregation which gives rise
a 83 (2010) 197–204

to a non-equilibrium system thereby favoring the formation of sil-
ver dendrites [75]. Here, the silver precursor is electrochemically
reduced to form silver isotropic particles, and they can kinetically
coagulate to form anisotropic structures as the concentration of the
polymer is increased. The anisotropic silver nanoparticles arrange
themselves in a linear shape which provides the reaction envi-
ronment for the formation of a trunk. Dendritic growth occurs at
the tips and stems of branches. As the stem grows in length new
shorter branches are formed continuously at the tips. Barkey et
al. [76] explained the formation of dendritic morphology based on
the anisotropy created by the elementary chemical reaction equi-
librium involved in the deposition. However, their case is entirely
different from the present case as here the deposition is carried
out in a 3D cell unlike theirs, which was carried out in a quasi 2D
cell. Here we introduce an interfacial anisotropy by complexing of
the Ag+ in the presence of PEG-400. Initially, interfacial free energy
is constant due to the planar substrate surface; however, once the
deposition of Ag starts anisotropy is formed for Ag+/PEG complexes,
because the adsorption energy of the complexes may vary drasti-
cally depending on the different planes on which the complex is
adsorbed compared to the free Ag+ ions.

In the investigation of parameters, we also observed that the
morphology of the resultant particles is very sensitive to the con-
centrations of AgNO3 and PEG-400. The sample prepared with a
low amount of PEG-400 (see Fig. 2b) changed from the dendritic
morphology and silver particles were obtained without any well-
defined shape. It is quite obvious that PEG-400 is very crucial for the
formation of silver dendrites, and it has a structure-directing effect
in the electrodeposition process. This could be explained by the fact
that on small addition of polymer, large numbers of uncomplexed
Ag+ ions remain in the solution and the Ag+ ions can get adsorbed
and reduced on the substrate surface. Since kinetic anisotropy for
the reduction of Ag+ is much less compared than that of the silver
complex, dendritic structures are not observed [26]. The complete
complexing of Ag+ ions with PEG-400 is the most dominant factor
in determining the morphology, thus we observe the predominant
formation of dendritic morphology in the case of higher additive
concentration (see Fig. 1a and b).

In this work, we also used an electrolyte containing higher con-
centration of Ag+, 0.05 mol L−1 AgNO3 in the PEG-400/H2O (1:1,
v:v), to prepare silver nanomaterials for comparison purpose. The
product was deviated from tree-like structure and some microsized
silver particles with various shapes along with some high dimen-
sion dendrites were formed, almost independent of the applied
potential (not shown). This may be due to the fast growth of silver
with high concentration of reductive reactants.

In nucleation and growth studies it is also important to deter-
mine the grain size, topography of growth, roughness, height of
clusters, etc. Such quantitative information may be obtained from
the AFM studies. AFM images of silver structures show that after
200 s of electrodeposition at −0.80 V, a large number of small clus-
ters randomly distributed on the GC electrode surface are formed
(see Fig. 3A and B). After 1200 s from deposition, the mentioned
clusters grow highly in vertical direction with various sizes, as
shown in Fig. 3C. The height of nanodendritic clusters increases
with time up to about 10 �m in vertical direction with grain size of
about 100 nm (see inset (d) of Fig. 3). The main effect of the PEG-
400 is to inhibit additional nucleation and to direct vertical and
dendritic growth of the metal on the electrode surface. Accord-
ing to the cross sections of AFM images in the insets of Fig. 3, it is
observed that by using electrodeposition process in the presence
the clusters has been slightly separated.
The density of summits (Sds, the number of peaks per surface

area) and the surface roughness parameters of the samples which
are expressed in terms of the mean roughness (Sa), the root mean



B. Rezaei, S. Damiri / Talanta 83 (2010) 197–204 201

F ver na
2 on lin

s
e
a
i
c
a
t
s
h
r

i
i
e

T
S
m

The potentiostatic deposition of silver nanocrystallites on GC
electrode was accomplished by applying the potential from 0.0
to −0.8 V vs. AgQRE for 1200 s (see Section 2.3). Representative
current–time transient for this electrodeposition is shown in Fig. 4.
ig. 3. Three-dimensional AFM images of working electrode after deposition of sil
0.0 mmol L−1 AgNO3/(H2O/PEG, 1:1) solution. Insets (a–c) show typical cross-secti

quare of the Z data (Sq) and the mean difference between the high-
st peaks and lowest valleys (Sz) were calculated by SPM software
nd are presented in Table 1. The roughness parameters for AgNDs
ncreased with the electrodeposition time. Furthermore, a same
orrelation was also observed between the roughness parameters
nd the density of summits. The roughness parameters depend on
he Z-value, which is the vertical distance that the piezoelectric
canner moves. When the surface includes deep depressions and
igh peaks, the tip moves up and down over a wide range and the
oughness parameter of surface should be high.
The presence of sharp branches and defects on the AgNDs, sim-
lar to sharp edges and defects on the carbon nanotubes, which
s responsible for their electrocatalytic behaviors, can enhance the
lectron-transfer kinetics of the electrochemical reactions.

able 1
urface roughness parameters of the electrodes extracted from the AFM images
entioned in Fig. 3.

Sample Roughness parameters Sds
d (�m−2)

Sa
a Sq

b Sz
c

A 4.09 nm 5.40 nm 43.05 nm 0.2–1.5
B 1.48 �m 1.85 �m 9.38 �m 6.5–8.0
C 1.84 �m 2.17 �m 10.40 �m 12.0–14.0

a The mean roughness (Sa).
b The root mean square of the Z data (Sq).
c The mean difference between the highest peaks and lowest valleys (Sz).
d The number of peaks per surface area (Sds).
noparticles for (A) 0.0 s, (B) 200.0 s, and (C) 1200.0 s at −0.8 V (vs. Ag wire) from a
es of AFM profiles, and inset (d) shows a 2D AFM image (1 �m × 1 �m) of AgNDs.

3.2. Voltammetric and electrochemical impedance studies

3.2.1. Electrochemical characteristics of the AgNDs electrode
Fig. 4. Current–time transient for the preparation of AgNDs at the constant potential
of −0.8 V vs. AgQRE for a period of 20.0 min in the presence of 0.02 mol L−1 AgNO3

into a homodisperse mixture of PEG-400/H2O (1:1, v:v). Inset shows the applied
constant potential mode.
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the Rct showed only less than 5% decrease of the initial response.
ig. 5. Cyclic voltammograms of the AgNDs modified GC electrode in the various
Hs.

ilver has been previously shown to be stable on GC and highly
rdered pyrolytic graphite electrodes [36,38]. The successive cyclic
oltammograms of AgNO3 solution in PEG-400/H2O (1:1, v:v),
ith GC as working electrode and an AgQRE as the reference

lectrode, similar to other reports [38,77], show the character-
stic features of the diffusion-controlled electrodeposition in the
athodic branch and stripping of the metal from the electrode
urface in the anodic branch. Also, the electrodeposition reac-
ion take place more readily in the second and subsequent scans
nd their reduction peak is positively shifted with respect to the
rst scan, due to facilitating the nucleation and deposition pro-
ess.

The electrochemical behavior of the AgNDs modified GC elec-
rode was characterized by CV and EIS measurements. According
o the voltammograms represented in Fig. 5, this electrode shows
wo sharp, pH dependent redox peaks and the reduction and oxi-
ation peak positions in the universal buffer solution with pH
.0 were located at +0.2 and +0.8 V, respectively, versus Ag/AgCl.
he redox peaks reflect the electrochemical reaction between Ag
nd Ag2O/AgO. Two cyclic voltammograms obtained in pH 2.0
ondition demonstrate by decreasing the final oxidation poten-
ial of silver nanostructures (+0.6 V instead of +0.9 V) the related
eduction currents of Ag2O/AgO considerably diminish, and then
he potential window is extended. The potential window of the

odified electrode, similar to the conventional Ag electrodes, is
imited between the oxidation potential of silver and the hydrogen
volution potential. This pH dependent region having a relatively
onstant background current is very useful for the sensing appli-
ations of the reducible compounds. By increasing the pH of the
uffer solution, the AgNDs are oxidized easier but the hydrogen
volution potential increase, that it is provided suitable conditions
n the relatively wide pH range for the electroanalysis systems.

The stability of AgNDs modified GC electrodes in the organic
nd various pH solutions was examined by repetitive voltammet-
ic scanning at the scan rate of 100.0 mV s−1 in the basic (pH 10.0),
cidic (pH 2.0), neutral (pH 7.0) and organic (acetonitrile) solutions.
elative standard deviations (RSD) of the cathodic background cur-
ents at −0.4 V after 50 continuous potential cycling between 0.0
nd −0.8 V were 6.3, 1.5, 5.2 and 3.4%, respectively. In the relatively
igh acidic or basic solutions the AgNDs can gradually be dissolved
nd demolished. Thus for the electroanalysis applications, it is bet-

er to use the AgNDs electrodes in the pH range 5.0–8.0, and to
pply potential lower than oxidation region of Ag and before the
volution of hydrogen gas (see Fig. 5), to obtain the best and the
tablest conditions.
Fig. 6. The Nyquist diagrams of the impedance (Zim vs. Zre) for the bulk Ag,
AgNDs and MWCNTs electrodes. Other conditions: 0.1 mmol L−1 K3[Fe(CN)6] and
0.1 mmol L−1 KCl solutions by applying an bias of 0.1 V and ac voltage with 5 mV
amplitude in a frequency range from 10.0 Hz to 100.0 kHz.

The electrocatalytic activity of the silver clusters was tested by
electrochemical impedance spectroscopy studies using K3Fe[CN]6
as a redox probe to evaluate the electron-transfer kinetics of the
electrodes. Here, the charge transfer resistance of the reactions at
AgNDs/GC electrode was compared to the bulk silver and MWC-
NTs modified GC electrodes. Fig. 6 shows a typical Nyquist plots
of the impedance (� cm2) on the mentioned electrodes recorded
at +0.1 V as dc-offset for the frequency range of 100.0 kHz–10.0 Hz
in the presence of 0.1 mmol L−1 HCF and 10.0 mmol L−1 KCl solu-
tion. The Nyquist plot for this system consists of a semicircle
portion observed at higher frequency range corresponding to the
electron-transfer-limited process and a linear part at lower fre-
quencies representing the diffusion-limited process. The EIS data
were approximated using FRA 4.9 software and complex non-
linear least square (CNLS) approximation method, from which
electron-transfer kinetics as charge transfer resistance (Rct), solu-
tion resistance (Rs), double layer capacitance (Cdl) or constant
phase element (CPE) and a mass transfer element W (Warburg
impedance) were extracted. The EIS data obtained for the bulk
Ag electrode was fitted to the Randles circuit: Rs(C[RctW]), but for
MWCNTs and AgNDs electrodes the modified Randles’ model in
which Cdl was replaced by frequency-dependent constant phase
element was used to explain experimental data. By using this
method, the electron-transfer resistance, Rct, for the AgNDs mod-
ified GC, bulk Ag and MWCNTs electrodes obtained 104.6, 2265.2,
and 58.3 � cm2, respectively. The apparent electron-transfer rate
constant kapp can be obtained from the conventional equation [78]:

kapp = RT

n2F2ARctC
(1)

where n is the number of electron transferred (n = 1), A is the
microscopic area of the electrodes, C is the concentration of the
[Fe(CN)6]3− (in mol cm−3), R, T and F have their usual meanings.
Thus, the value of kapp for the AgNDs is about 22.0 times higher
than that of the bulk Ag electrode, demonstrating enhancement
of charge transfer reaction kinetics. Also, the dendritic Ag nanos-
tructures show an electrocatalytic behavior very near to MWCNTs
electrodes. This behavior of AgNDs, similar to nanotubes, may be
attributed to the presence of very sharp edge sites and nanowires on
the tree-like structures. Also on using the electrodes after leaving
them unused for period of two-weeks in the ambient conditions
the electrocatalytic behavior of AgNDs was again unchanged and
The results showed good reproducibility and compared well with
those obtained using a freshly prepared electrode. The good stabil-
ity and repeatability of modified electrode is related to the stability
of the silver nanostructures on the GC substrate [36,38] and the
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Fig. 7. Cyclic voltammograms of different electrodes in pH 7.0 for the reduction
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ity for hydrogen peroxide through various pathways, for example
f (a) 0.0 �mol L−1, (b) 100.0 �mol L−1, (c) 100.0 �mol L−1 RDX at the scan rate of
00 mV s−1 on the (A) AgNDs modified GC, (B) bulk silver and (C) MWCNTs modified
C electrodes.

resence of a little amounts of PEG-400 polymer in the AgNDs
hat as a coating agent can partly prevent or decrease the oxida-
ion process of dry silver nanostructure. On the other hand, here,
he AgNDs electrocatalyst has been used for the reduction process,
hus oxidized form of silver on the surface of AgNDs can be electro-
hemically reduce and convert to metallized Ag. This activation is
erformed by some cycling the potential on the modified electrode

n the negative potential window and in pure buffer solutions until
he background current to be constant.

.2.2. Detection of RDX high explosive on the AgNDs
As a further test of the good electrocatalytic properties of the Ag

anodendrites, cyclic voltammetry is a useful tool to characterize
he sensing behavior of the electroactive species on the electrode
urface. Fig. 7 illustrates several CVs of 100.0 and 200.0 �mol L−1

DX in pH 7.0 on the three types of electrodes: on the (A) AgNDs
oated glassy carbon, (B) conventional bulk Ag and (C) MWCNTs
odified GC electrodes. It is observed that AgNDs shows a well-

efined stripping peak, while the other two electrodes do not. The
lectrochemical reaction involves multi-step reduction of the nitro
roup to hydroxylamines, which subsequently convert to amine
roups at more negative potentials [69,79]. This increase in the
eak current and the lowering of reduction potential are clear evi-
ences of the catalytic effects of the AgNDs toward the reduction
f RDX. This compound has significantly higher electroreduction
ctivity on the Ag electrodes in comparison to MWCNTs or other
arbon electrodes. The presence of very high edge and defects on
he MWCNTs enhance the redox activity of RDX. On the other hand,
he accumulation of this compound on the high specific surface area

f AgNDs along with the presence of very high edges and nanowires
n this modified electrode leading to significant enhancement of
he RDX cathodic current on it. A similar behavior is expected for
ther reducible species.
Fig. 8. The impedimetric responses of the bulk Ag and AgNDs/GC electrodes for
100.0 �mol L−1 H2O2 in the acetonitrile/0.1 mol L−1 TBAH solution by applying a bias
of −0.3 V and ac voltage with 5 mV amplitude in a frequency range from 10.0 Hz to
100.0 kHz.

In reproducibility tests, it was found that the RSD of the cyclic
voltammograms currents of 100.0 �mol L−1 RDX (pH 7.0) for ten
replicate measurements was 3.8%. To study the reproducibility of
the electrode preparation five modified electrodes were prepared,
then cyclic voltammograms of 100.0 �mol L−1 RDX on them were
recorded. Here, the relative standard deviations were found 14.9%
(from measurements of cathodic peak currents at −0.58 V). The rea-
son of this deviation is changing of the microscopic surface area of
the five different electrodes, so altering the mentioned cathodic
currents. By normalizing of the microscopic surface area of the
AgNDs electrodes (see Section 2.4), the RSD between the different
electrodes reduce to <5.0%.

Long-term stability is one of the most important properties of
sensors, biosensors and electrocatalysts. To further test the long-
term stability of the Ag clusters under ambient conditions, some
cyclic voltammograms for 100.0 �mol L−1 RDX were carried out on
the modified electrode within a period of ten days. The results were
relatively reproducible and compared well with those obtained
using a conventional Ag electrode. The average values from ten
experiments showed a RSD near to 5.5%. Therefore, no signifi-
cant aging effect on the electrocatalytic properties of AgNDs/GC
emerged from our experiments, at least within a period of ten days.

3.2.3. Performance of the modified electrode in the nonaqueous
solutions

The MWCNTs modified GC electrodes shows relatively low
physical stability in the organic solvents, and the reported
researches about it are limited. But, the metallic nature of the silver
nanodendrites on the GC cause to that they have suitable stabil-
ity in the hydrophobic solutions. The aging and stability of the
Ag clusters in the organic conditions was examined by the deter-
mination of the cathodic background currents at −0.4 V within a
period of ten days after potential cycling between 0.0 and −0.8 V in
the acetonitrile solution containing 0.1 mol L−1 tetrabutylammo-
nium hexafluorophosphate (TBAH) as the supporting electrolyte.
The results showed a <5% decrease in the background currents after
ten days. This property offers a useful electrodic material for various
electrochemical applications in the organic solution.

In this section, the reduction behavior of H2O2 on the bulk Ag
and AgNDs modified GC electrodes in the acetonitrile solvent was
investigated. Bulk silver has been shown to exhibit catalytic activ-
autocatalysis and the formation of an oxide layer [4,36]. Fig. 8
shows typical Nyquist plots of the impedance (� cm2) on the
mentioned electrodes recorded at −0.3 V as dc-offset in the pres-
ence of 100.0 �mol L−1 H2O2 in acetonitrile solution. It has already
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een acknowledged that silver can act catalytically to decom-
ose hydrogen peroxide to water and oxygen [36]. Therefore,
he first semicircle seen in the impedance spectrums of Fig. 8 is
ttributed to the reduction of oxygen, produced via the silver-
atalyzed decomposition of hydrogen peroxide. The values of Rct

f the first semicircle for the AgNDs and bulk Ag are 1247.4 and
8297.2 � cm2, respectively. Thus, the kapp on the AgNDs/GC elec-
rode, estimated from the experimental results using Eq. (1), is near
o 55.0 times higher than that of bulk Ag electrode, indicating that
he nanodendritic structures exhibited very good electrocatalytic
ctivity toward H2O2.

. Conclusion

In this paper, we have used a simple and rapid electrochemical
oute for the modification of GC electrodes by the silver nanoden-
rites with well-defined shapes. It is found that electrodeposition
ime and the concentration of PEG-400 play an important role
n controlling the growth morphology of the silver particles. Low
oncentrations of polymer yield isotropic particles whereas its
igh concentrations after an extended period give particles in
he shape of dendrites. The AgNDs, similar to MWCNTs modi-
ed electrodes, significantly improves analytical performances of
he corresponding sensors compared to the conventional elec-
rodes. Specifically, the high amounts of sharp edges and defects
n the dendrites as electroactive sites along with their large micro-
copic surface area enhance significantly the electron-transfer rate
f the reduction processes compared to conventional bulk Ag
lectrodes, which is comparable to the electrocatalytic behav-
or of MWCNTs electrodes. This fabrication method no doubt
ffers a promising platform for various sensing and biosensing
pplications, and it may be extended to prepare various useful
lectrocatalysts with dendritic nanostructures from other noble
etals. Also, the results suggest that electrodeposition could be
versatile way to create electrocatalyst with high efficiency and

urface area, for various applications such as in the fields of
lectroanalysis, batteries, fuel cells or other electrochemical sys-
ems.
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