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Abstract
The electrochemical synthesis of silver nanoparticles (nano-Ag) has been successfully carried out on glassy carbon
electrode (GCE) and indium tin oxide electrode (ITO) using 1-butyl-3-methylimidazolium tetrafluoroborate (BMT)
as green electrolytes. Further the electrodeposited nano-Ag modified ITO electrode has been examined using atomic
force microscopy (AFM), and X-ray diffraction studies (XRD). The electrodeposited Ag nanoparticles on ITO were
found in the size range of 5 to 35 nm. The nano-Ag film modified GCE was further coated with nafion (Nf) and BMT
(1 :1 ratio) mixture and found to be stable in BMT and in pH 7 phosphate buffer solution (PBS). The nano-Ag/BMT-
Nf film modified GCE successfully applied for the oxygen reduction reaction in neutral pH (pH 7.0 PBS). The
proposed film modified GCE successfully reduces the over potential and show well defined reduction peaks for the
detection of dissolved oxygen using cyclic voltammetry (CV) and rotating disc voltammetry (RDE). The film also
applied for the detection of dissolved oxygen using electrochemical impedance spectroscopic studies (EIS).
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1. Introduction

Oxygen reduction reactions are chemically and biologically
important reactions. Chemically modified electrodes have
been well known for the detection of important compounds
[1 – 4]. Various types of electrodes have been reported for
the electrochemical reduction of oxygen. Particularly, in
physiological pH condition, the electroreduction of oxygen
at mediated Melanocarpus albomyces laccase cathode [5],
electroreduction of oxygen to water at �wired� Pleurotus
ostreatus laccase cathode [6], the pH-dependence of oxygen
reduction on multiwalled carbon nanotube modified GCE
[7], electrocatalytic reduction of oxygen on plumbagin
modified GCEs were reported [8]. Next the application of
nanoparticles as electrocatalyst for the oxygen reduction
process has been found as interesting topic in the new era.
For example, electrocatalytic reduction and determination
of dissolved oxygen at the preanodized screen-printed
carbon electrode modified with palladium nanoparticles
[9], oxygen reduction at Au nanoparticles electrodeposited
on different carbon substrates [10], gold/platinum hybrid
nanoparticles supported on multi walled carbon nanotube/
silica coaxial nanocables as electrocatalysts for oxygen
reduction [11], gold nanoparticles dispersed into poly(ami-
nothiophenol) as a novel electrocatalyst and evaluation of
electrocatalytic activities for dioxygen reduction [12] were
reported. In nanoparticles, particularly, silver has been
found as a promising catalyst for the oxygen reduction

reaction because of its high activity for the oxygen
reduction, relatively low costs and withholds the good
alcohol-tolerance capacity [13 – 16]. Numerous reports have
been found for the chemical and electrochemical synthesis
of silver nanomaterials which could be used as catalysts for
the oxygen reduction reactions [17, 18], respectively.

Ionic liquids employed synthesis of nanoparticles
emerged as a new interest in the field of green chemistry.
Nanostructure materials have been synthesized using ionic
liquids as green electrolytes. For example, green synthesis of
gold nanoparticles stabilized by amine-terminated ionic
liquid and their electrocatalytic activity in oxygen reduction
[19] and green synthesis of highly stable platinum nano-
particles stabilized by amino-terminated ionic liquid and
applied for dioxygen reduction and methanol oxidation [20]
were few examples. In particular, the chemical and electro-
chemical synthesis of silver nanostructures using ionic
liquids as green electrolytes has been found as interesting
one in the green chemistry. Some of the examples are
chemical synthesis of Ag and Au nanostructures like
nanoparticle, cluster and nanowire formation [21], prepa-
ration of AgX (X¼Cl, I) nanoparticles using ionic liquids
[22], one-step synthesis of conducting polymer – noble metal
nanoparticle composites using an ionic liquid [23], ionic
liquids of bis(alkylethylenediamine) silver(I)) salts and the
formation of silver (0) nanoparticles [24], structure and
morphology controllable synthesis of Ag/carbon hybrid
using ionic liquid as soft-template [25] and partially
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positively charged silver nanoparticles [26] were reported.
The electrodeposition of silver particles and gold nano-
particles from ionic liquid-crystal precursors [27], employ-
ing plasmas as gaseous electrodes at the free surface of ionic
liquids: deposition of nanocrystalline silver particles [28],
electrodeposition of silver from the �distillable� ionic liquid
[29], synthesis of silver nanoparticles in ionic liquid by a
simple effective electrochemical method [30] also reported.

In this report, we attempted to fabricate the Ag nano-
particles using ionic liquid (BMT) as green electrolyte. The
surface morphology of nano-Ag film modified ITO has been
examined by using AFM, and X-ray diffraction studies. The
nano-Ag/BMT-Nf film modified GCE successfully em-
ployed for the detection of dissolved oxygen in the neutral
pH (7.0 PBS) using cyclic voltammetry and RDE tech-
niques. The EIS technique also employed for the detection
of dissolved oxygen using nano-Ag/BMT-Nf modified GCE.

2. Experimental

2.1. Reagents

1-Butyl-3-methylimidazolium tetrafluoroborate (BMT)
(purum> 97%, HPLC), silver per chlorate, anhydrous,
97%, Nafion (per fluorinated ion exchange resin, 5% weight
solution in lower aliphatic alcohols/H2O mix (contains
15 – 20% water)) were purchased from Sigma-Aldrich
(USA). All other chemicals (Merck) used were of analytical
grade (99%). Double distilled deionized water was used to
prepare all the solutions. A phosphate buffer solution (PBS)
of pH 7.0 was prepared using Na2HPO4 (0.05 mol L�1) and
NaH2PO4 (0.05 mol L�1).

2.2. Apparatus

All electrochemical experiments were performed using CHI
1205a potentiostats (CH Instruments, USA). The BAS GCE
(˘¼ 0.3 cm in diameter, exposed geometric surface area
0.07 cm2, Bioanalytical Systems, Inc., USA) was used. A
conventional three-electrode system was used which con-
sists of an Ag/AgCl (saturated KCl) as a reference, bare or
nano-Ag/BMT-Nf modified GCE as working and platinum
wire as counter electrode. Particularly, for nano-Ag film
deposition process ionic liquid filled (BMT) Ag electrodes
(Ag/ionic liquid) has been used as the reference electrodes.
For the rest of the electrochemical studies Ag/AgCl
(saturated KCl) was used as a reference. Electrochemical
impedance studies (EIS) were performed using ZAHNER
impedance analyzer (Germany). The AFM images were
recorded with multimode scanning probe microscope (Be-
ing Nano-Instruments CSPM-4000, China). The dissolved
oxygen was measured using a commercial DO meter 323-A
(WTW Wissenschaftlich-Technische Werkst�tten GmbH,
Germany). The buffer solution was entirely altered by de-
aerating using nitrogen gas atmosphere. The oxygen gas was
purged as required and the concentrations were measured

using the commercial DO meter. The electrochemical cells
were kept properly sealed to avoid the oxygen interference
from the atmosphere. For our convenience, indium tin oxide
(ITO) thin film coated glass electrodes have been used for
the AFM analysis.

2.3. Fabrication of Nano-Ag Film

Prior to the electrochemical deposition process, the GCE
was well polished with the help of BAS polishing kit with
aqueous slurries of alumina powder (0.05 mm), rinsed and
ultrasonicated in double distilled deionized water. The GCE
was electrodeposited with silver nanoparticles by perform-
ing in 1 mL BMT containing 1 mM AgClO4 and the
potential cycling between 1.2 and 0 V at the scan rate of
0.05 V/s for three cycles. Figure 3A shows the cyclic
voltammograms of the electrochemical deposition process
of nano-Ag film on GCE. The anodic oxidation of Ag occurs
at 0.69 V and cathodic reduction occurs 0.39 V. Continuous
cycling and growth of the corresponding peaks validates the
deposition of Ag nanoparticles on the GCE surface. Further
the silver nanoparticles modified GCE was washed with
deionized water and dried for 5 minutes. To prevent the easy
oxidation of Ag nanoparticles, the nano-Ag modified GCE
surface has been coated with 4 mL of nafion and ionic liquid
(BMT) mixture (ratio (1 : 1)) and dried in air and kept in
refrigerator for 2 hours at 4 8C. Further the nano-Ag/BMT-
Nf modified GCE has been employed in BMT for different
scan rate studies. Surface cleaned ITO glass electrode has
been immersed in 1 mL BMT containing 1 mM AgClO4

(potential cycling between 1.2 and 0 V at the scan rate of
0.05 V/s for three cycles) for the electrodeposition of Ag
nanoparticles.

3. Results and Discussion

3.1. AFM Analysis

The surface morphology of electrodeposited Ag nano-
particles has been examined using AFM. Here the AFM
studies could furnish the comprehensive information about
the surface morphology of nano-Ag on the ITO surface. The
AFM parameters have been evaluated for 1400� 1400 nm
surface area. The surface morphology of nano-Ag film was
examined by using the tapping mode (Fig. 1A). Figures 1A
and B show the 2D and 3D magnified view of the electro-
deposited nano-Ag film (3 cycles) on ITO. Figure 1C and D
shows the cross-sectional and granularity normal distribu-
tion chart of Ag nanoparticles electrodeposited on ITO
surface. From Figure 1A, we can see the existence of Ag
nanoparticles in obvious manner with the average size range
of 5 to 35 nm. The other amplitude parameters such like
roughness average (sa) for nano-Ag film (1400� 1400 nm)
was found as 1.96 nm. The root mean square roughness was
found as 2.91 nm. By using the combination of skewness and
kurtosis values, it is possible to identify the film surfaces
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which have relatively flat top and deep valleys. The skew-
ness (Rsk) measures the symmetry of variation of the surface
about its mean plane. Positive skewness value (1.58)
obtained for nano-Ag film shows that the surface comprised
of disproportionate number of peaks which indicates that
the Ag nanoparticles were unevenly allocated on the ITO
surface. Next, the kurtosis (Rku) is a measure of the
unevenness or sharpness of the surface. A surface that is
centrally distributed has a kurtosis value greater than 3. In
this film, the kurtosis value was found as 7.26. Based on the
height normal distribution chart for nano-Ag film (Figure
not shown) average height of the Ag nanoparticle is found as
4.5 nm. However, maximum number of Ag nanoparticles
exhibited in 2.0 nm height, respectively.

The granularity normal distribution chart (Fig. 1D) shows
that the average diameter of silver nanoparticles has been
found as 16.1 nm. In particular, the maximum number of
particles has been found in the size range of 14 nm. The total

number of Ag nanoparticles found for the 1400� 1400 nm
surface area was 1078. Further the electrodeposition process
of the nano-Ag film has been optimized by varying the
concentration and scan rates. All these variation studies
have been examined using AFM and shown in Table 1. For
the increasing concentration and scan cycles the size of the
nanoparticles falls in the higher dimensional size ranges,
respectively. Therefore, for the application process we have
followed three cycles (0.05 V/s) as optimized deposition
condition for the fabrication of Ag nanoparticles. Finally the
above AFM results clearly illustrate the surface nature of
the nano-Ag film on the ITO.

3.2. XRD Analysis

XRD has been employed to validate the proposed Ag
nanoparticles structure on the ITO. Figure 2 shows the XRD

Fig. 1. Tapping mode AFM image of electrodeposited nano-Ag film on ITO (3 cycles). (A) Topographic (2D), (B) magnified three
dimensional views (3D) of nano-Ag film on ITO. (C) Cross-sectional analysis graph and (D) granularity normal distribution chart for the
nano-Ag film.
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patterns obtained for the Ag nanoparticles on ITO surface.
Three different and important characteristic peaks obtained
for the electrodeposited Ag nanoparticles. They are, 38.14
(111), 44.30 (200) and 64.51 (220). The remaining peak
pattern corresponds to the ITO surface. This three peaks
(38.14 (111), 44.30 (200) and 64.51 (220)) validate the
presence of Ag nanoparticles. Based on this XRD pattern
we propose that the electrodeposited Ag nanoparticles
possess the face centered cubic structure (fcc) [21, 31, 32].
Finally, based on this XRD analysis the nanostructure of the
silver particles has been verified.

3.3. Characterization of Nano-Ag/BMT-Nf Film Modified
GCE

The influence of scan rate on the electrochemical response
of nano-Ag/BMT-Nf modified GCE in BMT was inves-

tigated. Cyclic voltammetry was performed for the different
scan rate studies. Figure 3B represents the cyclic voltammo-
grams of nano-Ag/BMT-Nf film modified GCE in BMT at
different scan rates. In the 1.2 to 0 V potential range the
nano-Ag/ BMT-Nf film exhibits one sharp anodic peak and
broad cathodic peak at 0.56 and 0.32 V, respectively. The
anodic and cathodic peak current increases linearly with
respect to the scan rate in the range from 0.01 to 1 V/s. The
scan rate also affects on both the anodic and cathodic peak
current peak positions. For the increasing scan rate, the
anodic peak current was decreasing. At the same time, the
cathodic peak current becomes much broader in the higher
scan rates. The inset of Figure 3B shows the plot of anodic
and cathodic peak current vs. scan rate. The corresponding
linear regression equations were found as Ipc (mA)¼ 6.565v
(V/s)� 0.024, R2¼ 0.996 and Ipa (mA)¼ 2.649 v (V/s)þ
0.945, R2¼ 0.972. Linear increase in the anodic and cathodic
peak currents of nano-Ag/BMT-Nf film according to the
scan rate illustrates that the film was typical characteristic of
surface controlled thin-layer electrochemical behavior,
respectively.

3.4. EIS Analysis

The electrochemical activity of nano-Ag/BMT-Nf modified
GCE has been examined using EIS technique. Impedance
spectroscopy is an effective method to probe the features of
surface modified electrodes. This study was employed to
analyze detailed electrochemical activities of modified
electrode with individual or mixed components. The com-
plex impedance can be presented as a sum of the real, Z’ (w),
and imaginary Z’’ (w), components that originate mainly
from the resistance and capacitance of the cell. From the
shape of an impedance spectrum, the electron-transfer
kinetics and diffusion characteristics can be extracted. The
respective semicircle parameters correspond to the electron
transfer resistance (Ret) and the double layer capacity (Cdl)
nature of the modified electrode. Figure 4 shows the
Faradaic impedance spectra, presented as Nyquist plots
(Z’’ vs. Z’) for the nano-Ag film, nano-Ag/BMT-Nf film
modified GCE and bare GCE. The bare GCE exhibits
almost a straight line (a) with a very small depressed semi

Table 1. AFM analysis table for the Ag nanoparticles deposition process by varying the solution concentration and number of cycles.

S. No Concentration of AgClO4

in 1 mL BMT
No of cycles
(scan rate 0.05 V/s)

Average diameter of the
Ag nanoparticles

1 1� 10�3 M 3 16.1
6 42.3
9 115.3

2 5� 10�3 M 3 141.3
6 108.7
9 139.6

3 1� 10�2 M 3 78.3
6 95.6
9 103.5

Fig. 2. X-ray diffraction pattern of nano-Ag film on ITO.
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circle arc (Ret¼ 0.83 (Z’/kW)) represents the characteristics
of diffusion limited electron-transfer process on the elec-
trode surface. At the same time, the nano-Ag film modified
GCE shows like a depressed semi circle arc with an
interfacial resistance due to the electrostatic repulsion
between the charged surface and probe molecule Fe
(CN)3�=4�

6 (b). This depressed semicircle arc (Ret¼ 0.49
(Z’/kW)) clearly indicates the lower electron transfer
resistance behavior comparing with the bare GCE. At the
same time, the nano-Ag/BMT-Nf film modified GCE�s Ret

has been found as 1.16 (Z’/kW). The increase in the value of
electron transfer resistance (Ret) due to the coating of BMT
and nafion as a bilayer on the nano-Ag film modified GCE
surface. Thus, the electron transfer process will become as a
slow process on the nano-Ag/BMT-Nf film modified GCE.
Finally, these results clearly illustrate the electrochemical
activities of the nano-Ag and nano-Ag/BMT-Nf film
modified GCEs, respectively.

3.5. Electrocatalytic Reduction of Dissolved Oxygen at
Nano-Ag/BMT-Nf Modified GCE

Figure 5A shows the cyclic voltammograms of nano-Ag/
BMT-Nf modified GCE in the presence of oxygen saturated
solution. The amount of dissolved oxygen was measured by
using commercially available oxygen meter. Figure 5A
shows the cyclic voltammograms of nano-Ag/BMT-Nf
modified GCE in a pH 7.0 PBS solution in the presence of
various concentrations of dissolved oxygen. As it can be
seen in Figure 5A, a single reduction peak at�0.44 V can be
observed in the pH 7.0 PBS solution for the oxygen
reduction reaction. Further it can be noticed that there is a
great increase in the cathodic peak current at nano-Ag/
BMT-Nf film modified GCE for the increasing concentra-
tions of dissolved oxygen in pH 7.0 PBS (Fig. 5A, curves a –
i). Here the increasing reduction peak current clearly shows
the electrocatalytic activity of the nano-Ag/BMT-Nf film
modified GCE surface. The catalytic peak potential for the
oxygen reduction is found at�0.44 V for nano-Ag/BMT-Nf
film modified GCE, whereas for the bare GCE it fails to
exhibit reduction peak for the dissolved oxygen and shows a
small diminished peak at around �0.81 V. Also, the
cathodic peak current of nano-Ag/BMT-Nf film modified
GCE is increasing along with the increasing concentrations
of the dissolved oxygen in pH 7.0 PBS. Therefore, a decrease
of about �0.37 V in over potential and the significant
enhancement of the reduction peak current is achieved with
the nano-Ag/BMT-Nf modified GCE. This result is a clear
indication for the occurrence of electrocatalytic reduction of
dissolved oxygen at the nano-Ag/BMT-Nf modified GCE.
The inset of Figure 5A shows the reduction peak current vs.
concentration plot for the electrocatalytic reduction of
dissolved oxygen. The calibration plot resulted as linear one
with the linear regression equation of Ipc (mA)¼ 3.4382 C
(mg/L)� 0.3982, with a correlation coefficient of R2¼
0.9962.

Fig. 3. (A) Consecutive cyclic voltammograms of Ag nano-
particles deposition process on GCE using 1 mL BMT containing
1 mM AgClO4 in the potential range of 1.2 to 0 V (scan rate:
0.05 V/s) for 3 three cycles. (B) Different scan rate study of nano-
Ag/BMT-Nf film modified GCE in BMT. Scan rate in the range of
0.01 – 1 V/s. Inset: plot of anodic and cathodic peak current vs.
scan rate.

Fig. 4. Electrochemical impedance spectra of (a) bare GCE, (b)
nano-Ag film and (c) nano-Ag/BMT-Nf film modified GCE in
pH 7.0 PBS containing 5� 10�3 M [Fe(CN)6]

�3/�4 (Amplitude:
5 mV).
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Next the RDE technique was employed for the detection
of dissolved oxygen in pH 7.0 PBS. The nano-Ag/BMT-Nf

film modified GCE rotation speed was set to be as 600 rpm
and the reduction progress has been examined within the
potential range of 0 to �0.9 V (Fig. 5B). For the increasing
concentrations of dissolved oxygen, the reduction peak
current increases at the nano-Ag/BMT-Nf film modified
GCE. The reduction peak current vs. concentration of the
dissolved oxygen has been plotted and shown in the Inset of
Figure 5B. The calibration plot resulted as linear one for the
0.2 to 1.1 mg/L concentration range. The from this calibra-
tion plot the linear regression equation was expressed as Ipc

(mA)¼�37.45 C (mg/L)� 1.058, with a correlation coef-
ficient of R2¼ 0.999. These result clearly indicates the
electrocatalytic oxygen reduction occurs at the nano-Ag/
BMT-Nf film modified GCE. The electrocatalytic reduction
of dissolved oxygen has been compared with bare Ag
electrode. Figure 6 shows the CV response of bare Ag
electrode and nano-Ag/BMT-Nf film modified GCE for the
electrocatalytic reduction of dissolved oxygen. At the Ag
electrode, the oxygen reduction appears as sharp peak at
around �0.8 V. At the same time, nano-Ag/BMT-Nf film
reduces the over potential and the corresponding peak
appears at �0.44 V. This shows that the proposed film is
more suitable for the detection of dissolved oxygen compar-
ing with the bare Ag electrode. Furthermore the obtained
result is comparable one with previous literature reports,
respectively (Table 2).

Fig. 5. (A) Cyclic voltammograms of nano-Ag/BMT-Nf film for
the detection of dissolved oxygen in pH 7.0 PBS. Dissolved
oxygen concentrations were in the range of (a – i): 0.3, 0.5, 0.8, 1.2,
1.6, 2, 2.5, 2.9, and 3.4 mg/L, (a’) bare GCE¼ 3.4 mg/L (scan rate:
0.1 V/s). Inset: calibration plot of reduction current vs. concen-
tration of dissolved oxygen. (B) RDE voltammograms of nano-
Ag/BMT-Nf film for the detection of dissolved oxygen in pH 7.0
PBS. Dissolved oxygen concentration were in the range of (a – h):
0.2, 0.3, 0.4, 0.5, 0.6, 0.85, 1.0, and 1.1 mg/L. Inset: calibration plot
of reduction current vs. concentration of dissolved oxygen.

Fig. 6. (A) Cyclic voltammetric response for the detection of
dissolved oxygen (0.8 mg/L) at bare Ag electrode (curve a) and
nano-Ag/BMT-Nf film modified GCE (curve b).

Table 2. Comparison table for the oxygen reduction reaction. PBS: phosphate buffer solution; SWNT: single-walled carbon nanotubes;
AB: acetylene black; UPD: under potential deposition

Type of film Solution (pH) Oxygen reduction potential (V) Reference

GCE/Au-Ag alloy nanoparticles (7.2) �0.55 [a] [33]
Ag-deposited microelectrode 0.01 M KCl �0.4 [34]
GCE/(Ag-MnO2)/SWNT/Nafion
GCE/(Ag-MnO2)/AB/Nafion

1 M KOH �0.4 [a] [35]

Au(111)/Ag-UPD 0.5 M KOH �0.4 [36]
GCE/nano-Ag/BMT-Nf film PBS (7.0) �0.44 This work

[a] approximate value
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3.6. Impedimetric Detection of Dissolved Oxygen at
Nano-Ag/BMT-Nf Modified GCE

Figure 7 shows the Nyquist curves obtained for the specific
response of dissolved oxygen detection and adsorption at
the nano-Ag/BMT-Nf modified GCE. The plot of real
component (Z’) and the imaginary component Z’’ (imagi-
nary) resulted in the formation of a depressed semicircular
Nyquist plot. This type of impedance spectrum is an analytic
of a surface modified electrode system where the electron
transfer is slow and the impedance is controlled by the
interfacial electron transfer at high frequency. Open circuit
potential was applied for this investigation. The concen-
tration range of oxygen dissolved was measured using the
commercially available oxygen meter. The electron-transfer
resistance (Ret) changes from the baseline response for
every each increasing concentrations of dissolved oxygen,
Ret vs. dissolved oxygen concentration (mg/L) and calibra-
tion plot shown in the inset of Figure 7. The electron-
transfer resistance increases with the increasing concentra-
tions of dissolved oxygen which gives rise to a linear-type
detection response in the range of 0.2 to 1.1 mg/L. The
depressed semicircular arc diameter increases upon the
increasing concentration of dissolved oxygen indicates the
increasing concentration of oxygen hinders the electron
transfer process and increases the electron transfer resist-
ance of the corresponding film, respectively. Several models
were attempted and best fit for the data has been used. Up to
1.1 mg/L the experimental data fitted and the regression
equation obtained for the detection of dissolved oxygen at
the nano-Ag/BMI-Nf film modified GCE was Ret (kW)¼
1.745 C (mg/L)þ 0.888, with a correlation coefficient of
R2¼ 0.988. Finally, this result clearly explicates the possible
impedimetric detection of oxygen reduction using nano-Ag/
BMT-Nf modified GCE.

4. Conclusions

Here we report a simple method for the electrochemical
fabrication of stable Ag nanoparticles (using ionic liquid
(BMT) as green electrolytes) modified GCE and ITO. The
electrodeposited nano-Ag film has been characterized by
using AFM and X-ray diffraction studies. The nano-Ag/
BMT-Nf film modified GCE was found to be effective for
oxygen reduction reactions in neutral pH conditions. Over-
all, the proposed film is very easy to fabricate using ionic
liquids as green electrolytes, ecofriendly and could be
applied to various types of oxygen reduction reaction
related studies.
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of dissolved oxygen.
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