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Copper nanoparticles (Cu-NPs) have been electrochemically synthesized onto a poly(o-phenylenediamine) (PoPD-) coated glassy
carbon electrode (GCE). Electrochemical properties and surface characterizations were studied using cyclic voltammetry, atomic
force microscopy (AFM), scanning electron microscopy (SEM), and X-ray diffraction (XRD) analysis. Cyclic voltammetry, AFM,
SEM, and XRD confirmed the presence of Cu-NPs on the electrode surface. Cu-NPs are firmly stabilized by surface attachment
of the PoPD functionality that can be attached to the electrode surface, thus becoming an integral part of the polymer backbone.
The Cu-NPs—polymer film-coated GCE (Cu-NPs/PoPD/GCE) showed excellent electrocatalytic activity toward the reduction of
hydrogen peroxide (H,0,) and nitrite (NO3). Amperometry was carried out to determine the concentration of H,0, and NOJ at
—0.3 V. The dependence of the current response on the H,O, concentration was explored under neutral conditions, and an
excellent linear concentration range from 1.0 X 107® to 1.0 X 10~ M was found. The Cu-NPs/PoPD/GCE allows highly
sensitive, low working potential, stable, and fast amperometric sensing of H,O, and NO;. This is promising for the future
development of nonenzymatic sensors. The real-sample analysis of commercial H,O, samples was performed using the proposed

method, and the obtained results are satisfactory.
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Electrodes modified with nanoscale materials are widely used for
the fabrication of chemical and biosensors. Because our aim is to
prepare a reliable, reproducible, selective, and fast monitoring sen-
sor for a specific analyte, for this purpose, nanoparticles (NPs) are
promising tools because they could facilitate electron-transfer reac-
tions, and this could be coupled with ease of miniaturization of
sensing devices to nanoscale dimensions. Nanoparticles are suitable
for important applications in chemical/biochemical sensing because
of their hi%lllosurface-to-volume ratio and highly effective catalytic
properties.

The development of a hydrogen peroxide (H,0,) sensor has
been considered important in biomedical and environmental appli-
cations. It is necessary to determine H,O, not only in chemical and
industrial processes such as disinfection and wastewater treatment,
but also as an intermediate product of an enzyme reaction in bio-
chemical processes.”’12 For this purpose, many types of H,O, sen-
sors have been developed. In practice, measuring H,O, by using
electrochemical sensors is more advisable because of its simplicity,
low cost, and suitability for field anal sis,! 14 Recently, enzyme-
based sensors'>'® and nonenzymatic2 2% electrochemical sensors
were reported for the detection of H,0O,.

Nitrite ions are produced as an intermediate during the biodeg-
radation of nitrogenous wastes and in effluents from various indus-
tries. Nitrite is ubiquitous within environmental, food, industrial,
and physiological systems. Electrochemical reduction of nitrite and
its determination are of environmental importance. The products of
the electrochemical reduction of nitrites depend on the conditions of
the reduction such as electrode material, pH, coexisting ions,
etc.”?7 A review deals with the analytical methods reported for
nitrite determination.’® Recently, a sensitive and selective kinetic
method was developed for the determination of nitrite,” a nitrite
determination was based on a horseradish peroxidase/catalase
biosensor,” and a sandwich-structured SiO,/cytochrome c¢/SiO, on
a boron-doped diamond film electrode’! was reported.

In recent years there have been many studies on the incorpora-
tion of metal particles within a conducting polymer matrix, such as
polyaniline or polypyrrole.ﬁ'37 This incorporation can be achieved
readily by the reduction of the appropriate metal salt at the conduct-
ing polymer interface. The interest in these materials lies in the fact
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that they are promising materials in the fields of catalysis and elec-
trocatalysis. By this strategy, the incorporation of noble metals
within the porous polymer matrix produces a highly dispersed
noble-metal catalyst with a greater surface area and a much lower
probability of agglomeration of the metal particles.38'4

In the present work, we have prepared copper NPs on a
poly(o-phenylenediamine) (PoPD) film-coated electrode. Surface
characterizations were performed using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and atomic force microscopy
(AFM). Electrochemical and electrocatalytic properties of Cu-NPs/
PoPD nanocomposite modified electrodes were tested. The Cu-NPs/
PoPD/glassy carbon electrode (GCE) shows an excellent electro-
catalytic activity toward H,O, and nitrite. Using amperometry, the
linear range and detection limit for H,O, and nitrite were estimated.

Experimental

Reagents and apparatus.— o-Phenylenediamine was purchased
from Sigma-Aldrich (St. Louis, MO). Hydrogen peroxide (30%,
w/w), sodium nitrite, sodium hydroxide, sodium sulfate, potassium
ferrocyanide, potassium ferricyanide, lithium perchlorate, and so-
dium hydroxide were purchased from Wako Pure Chemicals (Osaka,
Japan). Sodium acetate and sodium dihydrogen phosphate were re-
ceived from E-Merck (Darmstadt, Germany). Copper sulfate pen-
tahydrate was received from Ishizu Seiyaku Ltd. (Osaka, Japan), and
other chemicals were of analytical grade and used without further
purification. Double-distilled water was used in all experiments. Di-
luted H,0, standard solutions were freshly prepared directly before
use.

Electrochemical measurements were performed by a CHI750A
Electrochemical Work Station. GCEs from BAS and indium tin
oxide-coated glass electrodes were purchased from Merck Display
Technologies Ltd. Platinum wire was used as the counter electrode.
All cell potentials were measured with respect to a Ag/AgCl [KCI
(sat.)] reference electrode. AFM images were recorded with a mul-
timode scanning probe microscope system operated in tapping mode
using Beijing Nano-Instruments CSPM-4000 (Ben Yuan Ltd.,
Beijing, China). X’Pert PRO Diffractometer (PANalytical, Almelo)
with Cu radiation was used for XRD analysis. A Hitachi Scientific
Instruments (London, U.K.) model S-3000H scanning electron mi-
croscope was used for surface image measurements. Electrochemi-
cal impedance measurements were performed using an impedance
measurement unit, IM6ex ZAHNER, Messsysteme (Kroanch, Ger-
many). All pH measurements were performed with a Suntex model
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Figure 1. (Color online) (A) CVs for deposition of PoPD film onto GCE
from an electrolyte containing 2.5 X 1072 M o-phenylenediamine and 0.1
M Na,SO, (pH 1), scan rate = 50 mV/s. (B) CVs of PoPD/GCE in an aque-
ous electrolyte containing H,SO, + Na,SO, (pH 1). Scan rate: (a) 10, (b) 20,
(c) 40, (d) 60, (e) 80, and (f) 100 mV/s.

SP-701 pH meter (Jiangsu, China). The working electrode for the
electrochemical quartz crystal microbalance (EQCM) measurement
was an unpolished AT-cut Au-coated 8 MHz quartz crystal (pur-
chased from CH Instruments). The diameter of the quartz crystal
was 13.7 mm and the gold electrode diameter was 5 mm. Before
use, the Au-coated quartz crystal surfaces were cleaned by exposure
to piranha solution (one part of 30% H,0, in three parts of H,SO,)
for 2 min, rinsed with pure water, and then dried in a nitrogen
environment. All experiments were carried out at an ambient tem-
perature of 25 * 2°C.

Electrode modification.— The GCE working electrode was pol-
ished carefully with alumina powder (0.05 pm) on a soft polishing
cloth (Buehler). After sonicating in absolute ethanol, then in water
for 5 min, successively, it was treated with cyclic scanning in the
potential range from —0.5 to 1.2 V at the scan rate of 0.1 V s~!in
0.1 M H,SO, until a stable cyclic voltammogram for a clean GCE
was obtained. The electrodeposition of PoPD was carried out from a
nitrogen-purged  aqueous  electrolyte  solution  containing
2.5 X 1072 M o-phenylenediamine monomer and 0.1 M Na,SO,
(pH 1) by cycling the potential between —0.40 and +1.20 V at
0.05 V s7!. A thin film made with 30 deposition cycles was used in
all experiments. When removed from the solution, the PoPD modi-
fied GCE was rinsed with distilled water to remove unbound mate-
rials from the electrode surface and then dried by nitrogen gas.

Cu-NPs deposition.— Cu-NPs were deposited electrochemically
onto PoPD-coated GCEs from solutions of 0.01 M CuSO,
+ 0.1 M NaClO, under different applied potentials from —0.4 to
—1.4 V (vs Ag/AgCl1).*" After the modification with Cu-NPs, the
electrode was thoroughly washed to remove unbound materials from
the electrode surface and then was dried in air for 30 min.

Results and Discussion

Electrochemical deposition of PoPD.— The consecutive cyclic
voltammograms (CVs) recorded by using GCEs dipped in a mixture
containing 2.5 X 1072 M o-phenylenediamine and 0.1 M Na,SO,
(pH adjusted to 1 using H,SO,) under nitrogen-saturated conditions
showed an oxidation peak at 0.7 V (Fig. 1A). In the subsequent
cycles, the oxidation current decreased at 0.7 V with a simultaneous
appearance of a redox wave at (EO’) 0.02 V due to the formation of
PoPD. This clearly shows the oxidation of the o-phenylenediamine
and the formation of a PoPD film on the GCE. This result is in good
agreement with previous reports.‘”’43 According to the proposed
mechanism for the electropolymerization of o-phenylenediamine,
the monomer was initially oxidized anodically to give the monoca-
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Figure 2. (Color online) (A) CVs of PoPD film formation onto a Au-coated
quartz crystal electrode from a pH 1.0 aqueous, 0.1 M Na,SO, solution

containing 2.5 X 107> M o-phenylenediamine. (B) The mass changes on a
Au quartz crystal in EQCM measurements. Scan rate = 0.02 V/s.

tion radical, which then underwent chemical coupling to produce a
dimer that could be further oxidized. The dication of the dimer could
undergo either polymerization to produce a linear chain polymer or
become cyclized to yield a ladder structure of a phenazine ring
through the polymerization of the oxidized products.‘”’4 46

Figure 1B shows the CVs of the PoPD/GCE electrode in a
N,-saturated aqueous electrolyte containing 0.1 M H,SO,4 and 0.1 M
Na,SO, (pH 1) at different scan rates. It is clear that the peak current
increases as the scan rate, v, increases, while the peak potential is
practically insensitive to the change in v, and the peak separation
(AE,) is nearly 0.04 V. Within the tested v range (10-100 mV/s), the
peak current, i, varies linearly with v as can be seen in Fig. 1B.
This indicates that the electroactivity of the PoPD film in 0.1 M
H,SO,4 + 0.1 M Na,SO4 SBH 1) is similar to that of surface-
attached electroactive sites.

The EQCM is a powerful instrument that is capable of detecting
very small mass changes on the Au-coated quartz crystal electrode’s
surface that accompanies the electrochemical process occurring on
the electrode surface. EQCM is an extremely sensitive sensor ca-
pable of measuring the mass changes in the nanogram range on the
quartz crystal. Typical EQCM experiments were performed and
changes in mass were recorded concurrently with the consecutive
CVs over scanning cycles between 0.4 and 1.2 V in H,SO,
+ Na,SO, (pH 1) containing 2.5 X 1072 M o-phenylenediamine at
a scan rate of 0.02 V s~! (Fig. 2A and B). Sauerbrey’s equation
(Eq. 1) was used to calculate mass loadings on the quartz crystal™™

change in mass (Af) = — (2f3/A | wp)Am 1

where A is the piezoelectricity area (0.196 cm?), p is the quartz
density (2.648 gcm™), u is the shear modulus (2.947
X 10" dyne cm™ for AT-cut quartz), and f; is the resonance fre-
quency of the quartz crystal can be used to calculate the changes of
the mass (Am) taking place at the electrode surface from the changes
of the resonance frequency (Af) of the quartz crystal.

Figure 2B shows that the corresponding mass changes for the
EQCM recorded during the electrochemical deposition of PoPD us-
ing the consecutive cyclic voltammetry. The increases in the mass
noticed in Fig. 2B are consistent with the growth of the PoPD film
on the gold electrode. This experimental result confirmed that the
deposition potential for PoPD film formation mainly occurred be-
tween +0.6 and +1.2 V (vs Ag/AgCl), and the total mass of PoPD
was found to be 2.153 pg. Figure 3A and B demonstrates the CVs
and the corresponding mass changes during Cu-NPs deposition onto
PoPD-coated Au from solutions of 0.01 M CuSO,4 + 0.1 M NaClO,
under different applied potentials from —0.4 to —1.4 V (vs Ag/
AgCl). As observed in Fig. 3B, the major mass changes were ob-
served from —0.40 to —1.2 V, which confirmed that Cu-NP deposi-
tion occurred.** However, the cathodic current increased up to —1.7
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Figure 3. (Color online) (A) CVs of Cu-NPs deposition onto PoPD/Au-
coated quartz crystal electrode from an aqueous solution containing 0.01 M
CuSO, + 0.1 M NaClO,. (B) The mass changes during Cu-NPs deposition
onto PoPD/Au quartz crystal in EQCM measurements. Scan rate
=0.02 V/s.

V because of the hydrogen evolution reaction at higher cathodic
peak potential.so’5 " "This observation was supported by earlier
reports,so’51 and they found that a continuous mass increase is ob-
served as the potential is scanned in the cathodic direction during
the deposition of Cu-NPs. After the frequency change during the
potential scanning from —0.4 to —1.7 V, the amount of Cu NPs
deposited on the PoPD film was estimated to be +422 ng.

The loading mass of Cu-NPs on a PoPD modified electrode was
evaluated by varying the deposition cycles. The CVs were recorded
in a 0.1 M phosphate buffer solution (PBS) after the deposition of
Cu-NPs on a PoPD modified electrode by changing the scanning
cycles. It can be observed that the response current of the Cu-NPs/
PoPD/GCE first increased with the increase of Cu-NP loading.
However, the size of the copper particles also increased with the
increase of sweeping cycles, and larger sized particles decrease the
catalytic activity of copper particles. As we observed from SEM
(Fig. 4b) and AFM (Fig. 4c and d) studies, the highly uniform
Cu-NPs were observed for single sweeping deposition. Based on

(a)

Cu(200)

| PR W E——

Intensity (a.u)

Cu(111)

80.0nm

0.0nm

10000nm x 10000nm

these observations, we selected a single sweeping (from —0.4 to
—1.7) for the deposition of Cu-NPs on a PoPD modified electrode
throughout this study.

Surface characterizations.— As shown in Fig. 4a, Cu(111) and
(200) peaks were observed in XRD results of Cu-NPs. The peaks of
the XRD pattern for the sample in Fig. 4a can be readily indexed to
a cubic phase of Cu-NPs; the reflection peaks at 26 = 43.44 and
50.64 are indexed as [111] and [200] planes of copper, respectively,
in good agreement with the reported data.’? Using SEM, the Cu-
NPs/PoPD film modified electrode was investigated and, from the
SEM image shown in Fig. 4b, Cu-NPs and PoPD films were con-
firmed on the electrode surface. Figure 4c and d shows the AFM
images of Cu-NPs deposited on a polymer-modified electrode. The
AFM topography image clearly predicted the homogeneous disper-
sion of Cu-NPs, and the particle sizes were found to be in the range
of 100 £ 25 nm. The phase diagram shows the Cu-NPs (Fig. 4d)
embedded into the polymer film uniformly. Using an AFM image
analyzer, the approximate film thickness was found to be 80 nm.

Electrochemical studies.— Electrochemical impedance spectros-
copy (EIS) was used to further characterize the modified electrodes.
The modification of the electrode surfaces by a resistive monolayer
results in their passivation and, hence, alters their ac response. In
terms of a Randles equivalent circuit, two components are affected:
At high frequencies, where the electrode reaction is purely kinetic
controlled, the heterogeneous charge-transfer resistance is expected
to increase due to the inhibition of the electron-transfer rate; at
lower frequencies, the Warburg impedance is expected to deviate
from a linear dependence on w2, Figure 5 shows the impedance
spectra of Cu-NPs/PoPD/GCEs, PoPD/GCEs, and bare GCEs in 5
mM [Fe(CN)¢]>*~ in 0.1 M KClI solution. It can be seen that the
bare GCE electrode shows a low frequency straight line with a very
small semicircle (diameter = 103 ) at high frequencies, indicating
a diffusion-controlled process for the redox couple (Fig. 5, curve ¢).
The Nyquist plots recorded in the presence of the only PoPD-
polymer film-coated GCE show a very small semicircle in the high
frequency region (curve b). However, the Cu-NPs/PoPD/GCE

Figure 4. (Color online) (a) XRD images
of Cu-NPs on a PoPD film. (b) SEM im-
age of a Cu-NPs/PoPD film-coated elec-
trode. (c) AFM images of a Cu-NPs/PoPD
film-coated electrode. (d) Topography im-
age.

[ 50.00Deg

0.00Deg

10000nm x 10000nm

Downloaded 05 Jun 2009 to 210.32.174.50. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Society, 156 (7) E118-E123 (2009) E121

80K~

60K~

/Q

= 40K
N

20K

0 - 050 100 150 200 250 300 350 400

R
[ I I I [ [ I
0 20K 40K 60K 80K 100K 120K

Z./Q

Figure 5. EIS of Cu-NPs/PoPD/GCE (curve a), PoPD/GCE (curve b), and
bare GCE (curve c¢) in 5 mM [Fe(CN)4]*”*~ + 0.1 M KClI solution.

showed a straight line from higher frequency to lower frequency
(curve a). The presence of the straight line from lower to higher
frequencies agrees with the lack of complete blocking under the
experimental conditions of this work. The decreasing charge-transfer
resistance for the Cu-NPs/PoPD/GCE is because Cu-NPs can act as
an electron-transfer medium with an enhanced electron-transfer rate
also indicates that Cu-NPs had been attached to the PoPD/GCE
surface. The impedance spectra were fitted to a standard Randle
equivalent circuit consisting of a parallel combination of a capacitor
(C) and Nernst impedance (N) in series with the charge-transfer
resistance, R.. The solution resistance (R,) is a series combination
of charge-transfer resistance R and the Nernst impedance (N). This
circuit models a cell where polarization is due to a combination of
kinetic and diffusion processes (inset of Fig. 5). The Nyquist plot for
this circuit is shown in Fig. 5, curve a. The following values were
obtained: (N) = 64.66 Warburg impedance of constant diffusion,
C=279.2 nF, R, =704 Q, and R, = 232.6 k(). These results in-
dicate that electron transfer is highly promoted in the presence of
Cu-NPs on the electrode surface.

Figure 6A shows the CVs recorded in 0.1 M PBS, (pH 7.0) using
a PoPD/GCE (curve a), Cu-NPs/PoPD/GCE (curve b), and a bare
Cu electrode (curve c¢). The Cu-NPs/PoPD/GCE shows (curve b)
two cathodic peaks (C1 at —0.11 V and C2 at —0.15 V) and an
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Figure 6. (Color online) (A) CVs of [curve (a)] PoPD/GCE, [curve (b)]
Cu-NPs/PoPD/GCE, and a [curve (c)] bare Cu electrode in 0.1 M PBS. (B)
CVs of Cu-NPs/PoPD/GCE modified electrodes in the (a) absence and pres-
ence of (b) 400 and (c) 600 uM H,0,. A PoPD/GCE in the presence of
600 M H,0, (curve d). Scan rate: 20 mV s~'; supporting electrolyte: 0.1
M PBS (pH 7.0).
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Scheme 1.

anodic peak (Al at —0.03 V). Only a single peak corresponding to
the total redox transition of CuO/Cu could be obtained when the
scan rate was higher than 40 mV. According to the reports, C1 and
C2 correspond to Cu''O — Cule and Cule — Cu, respectively,
and the anodic peak (Al) comes from the formation of Cu,O and
CuO multilayers.”* Another reduction peak C3 (—0.54 V) and
oxidation peak A2 (—0.34 V) correspond to the redox reaction of
PoPD.* From these data, we confirmed that Cu-NPs are incorpo-
rated into the polymer film.

Electrocatalytic reduction of H,0,— To investigate the electro-
catalytic activity of the Cu-NPs/PoPD/GCE, electrochemical cata-
Iytic reduction of H,0O, was investigated by cyclic voltammetry
(Fig. 6B). There was no reduction peak observed at bare GCE (curve
e) and PoPD/GCE (curve d) in the presence of H,O in the potential
range from 0.2 to —0.9 V, suggesting that both electrodes are inac-
tive toward the direct reduction of H,O,. However, at the Cu-NPs/
PoPD/GCE, the reduction peak current at about —0.30 V was
greatly enhanced in the presence of H,O, corresponding to the de-
crease in the oxidation peak current, suggesting a typical electro-
catalytic reduction process of H,O,. The reduction peak current in-
creased with the concentration of H,0, (curves b and c). These
results indicate that a mediated reduction of H,O, takes place at the
Cu-NPs/PoPD/GCE.>*> Based on the earlier reports,s“'56 the
mechanism for a mediated reduction of H,O, at theCu-NPs/PoPD/
GCE is a coupled chemical-type reaction mechanism as shown in
Scheme 1.

Amperometric determination of H0,.— The Cu-NPs/PoPD/GCE
was used as an amperometric detector in an electrochemical cell,
and the working potential was fixed at —0.3 V. The supporting elec-
trolyte was a 0.1 M PBS (pH 7.0). The Cu-NPs/PoPD/GCE quickly
responds to dynamic changes in the H,O, concentration and reaches
a constant value within 3 s (Fig. 7A). With each addition of H,0,
the sensor gave an additional response, which clearly demonstrates
that the Cu-NPs/PoPD/GCE can be employed as an amperometric
detector in hydrodynamic amperometry. The relationship between
the amperometric step signal and the concentration of H,O, was

0.0001

Ipc(A)

Current

0 300 600 900 1200
[H20:](1M)

T
0 400 800 1200 1600 2000
Time (sec)

Figure 7. (Color online) (A) Amperometric responses recorded with the
Cu-NPs/PoPD/GCE at —0.3 V upon successive additions of H,O, in 0.1 M
PBS (pH 7.0) from 1.0 X 107 to 1.0 X 1073 M, rotation rate = 1000 rpm.
The inset shows the magnified scale for low concentrations of H,O,. (B) The
calibration plot of H,O,.

Downloaded 05 Jun 2009 to 210.32.174.50. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



E122 Journal of The Electrochemical Society, 156 (7) E118-E123 (2009)

O""I""l"'
0 200

T 1T

400 600 800
Time(sec)

Figure 8. (Color online) Amperometric response for interferences recorded
using Cu-NPs/PoPD/GCE at —0.3 V upon successive additions of 300 uM
H,0,, 5.0 mM AA, 5.0 mM DA, 1.5 mM NADH, and 5.0 mM UA in 0.1 M
PBS (pH 7.0).

investigated for the range 1.0 X 107 to 1.0 X 1073 M, and a sub-
stantially low detection limit of 0.1 X 107® M [signal-to-noise ratio
(S/N) = 3] was obtained (Fig. 7B). A linear relationship exists up to
1.0 X 107 M, and the linear regression equation y(wA) = 0.10x
+ 3 shows a correlation coefficient (r2) of 0.999.

We measured the content of H,O, in commercially available
antibacterial and glass-cleaning solutions using a Cu-NPs/PoPD/
GCE. The diluted H,O, solution was mixed with 10 mL of PBS and
then analyzed using the standard addition method. The relative stan-
dard deviation (RSD = 1.62%, n = 5) and the recovered ratio on the
basis of this method were investigated and the value is between
97.33 and 99.10%. The results obtained using the proposed method
(2.920%) and the manufacturer’s labeled values (~3%) are in
agreement.

We examined the role of common biological interferences such
as ascorbic acid (AA), dopamine (DA), the reduced form of nicoti-
namide adenine dinucleotide (NADH), and uric acid (UA) on
steady-state current measurements of H,O,. In this experiment the
potential was kept at —0.3 V, and the amperometric response for the
successive additions of 300 uM H,0,, 5.0 mM AA, 5.0 mM DA,
1.5 mM NADH, and 5.0 mM UA at the Cu-NPs/PoPD/GCE was
recorded. It was observed that the addition of 300 wM H,0, gave a
fast response and the possible interferences did not show significant
response at this modified electrode (Fig. 8). These results clearly
indicate that AA, DA, NADH, and UA do not interfere with the
steady-state current of H,O, at —0.3 V.

Electrocatalytic reduction of nitrite at Cu-NPs/PoPD/GCE.— In
this work, the nitrite (NO3) electrocatalytic reduction at the Cu-NPs/
PoPD/GCE was studied by cyclic voltammetry. Figure 9A shows
CVs of the Cu-NPs/PoPD/GCE in the absence (curve a) and pres-
ence (curve b) of NO;. As shown in Fig. 9A for the PoPD/GCE
(curve d) and the bare GCE (curve e), no redox response of NO; can
be seen in the potential range from 0.3 to —0.7 V. However, at the
Cu-NPs/PoPD/GCE, the reduction current was greatly increased due
to catalytic reduction of NO3, whereas the oxidation peak decreased.
The decrease in the oxidative peak current together with the increase
in the reductive peak current confirmed that the Cu-NPs on the
PoPD/GCE demonstrated a catalytic ability for NO, reduction. The
electrochemical reduction peak current for NO, was observed only
under acidic conditions because at pH 1, free nitric oxide (NO) is
generated in the solution containing nitrite due to the disproportion-
ation reaction of nitrous acid®>®
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Figure 9. (Color online) (A) CVs of Cu-NPs/PoPD/GCE modified electrode
in the (a) absence and (b) presence of 1.0 mM NOj in 0.5 M HCIL. The
PoPD/GCE in [curve (c)] the absence and [curve (d)] presence of 1.0 mM
NO;. Scan rate: 50 mV s~'. (B) Amperometric responses recorded with the
Cu-NPs/PoPD/GCE at —0.3 V to the successive addition of NO; in 0.5 M
HCI from 5 M to 22 mM, rotation rate = 1000 rpm. The inset shows the
calibration plot of NOj.

3HNO, — H* + NOj + 2NO + H,0 (2]

According to earlier reports,57’58 the proposed electrochemical re-

duction mechanism of generated nitric oxide at the Cu-NPs/PoPD/
GCE is as follows

Cu(0) + NO + nH* — Cu(oxidized) + NH; [3]

As shown in Fig. 9B, the amperometric response of the Cu-NPs/
PoPD modified glassy carbon disk electrode was recorded upon the
successive addition of NOj into a continuously stirred buffer solu-
tion at an applied potential of —0.3 V (vs Ag/AgCl). Upon the
addition of NO3, the steady-state current of the Cu-NPs/PoPD modi-
fied glassy carbon disk electrode achieved 96% of its value in less
than 5 s. Such a fast response is attributed to a direct electron trans-
fer between Cu-NPs and the PoPD glassy carbon disk electrode. The
inset of Fig. 9B illustrates the dependence of the electrocatalytic
current on the concentration of NO;. The response to NO; is linear
in the range from 5 wM to 22 mM (7? = 0.998). The detection limit
was 5 uM at a S/N ratio of 3. When common anions such as 20
mM NO3, 20 mM SOy, 15 mM SO3, and 15 mM CO%" were tested
with 200 wM NO5, the catalytic current of NO, was not depressed
in the presence of these anions. On the basis of these results, NO;
can be selectively monitored using the Cu-NPs/PoPD/GCE.

The stability of the Cu-NPs/PoPD/GCE and the reproducibility
of the electrochemical behavior were investigated by cyclic voltam-
metry. Under continuous potential sweeping at 100 mV s~! be-
tween 0.2 and —0.9 V in 0.1 M PBS (pH 7.0), an insignificant decay
in the peak currents was observed during the initial cycles (2% for
the first 50 cycles), and the rate of current decrease then decreased
(4% after 500 cycles), which indicated that the Cu-NPs/PoPD film is
strongly attached to the electrode surface. The reproducibility of the
Cu-NPs/PoPD/GCE was also investigated by measurement of the
response to 100 uM H,0, in 0.1 M PBS (pH 7.0). The RSD was
2.3% for seven successive additions. The RSD was 1.8% for the
measurement of 100 wM NO3 in pH 1.0 aqueous solution (n = 7).
The electrode fabrication reproducibility was examined at five dif-
ferent Cu-NPs/PoPD/GCEs prepared under the same conditions, and
the RSD was 3.2%. On the basis of these results, the Cu-NPs/PoPD/
GCE can be easily prepared and employed as an amperometric sen-
sor for the determination of H,0O, and nitrite in real-sample analysis.

Conclusions

The electrochemical synthesis, characterization, and electrocata-
Iytic properties of Cu-NPs incorporated into a PoPD film modified
GCE and its application as an amperometric sensor for the detection
of H,O, and nitrite have been demonstrated. The Cu-NPs/PoPD/
GCE shows excellent stability and electrocatalytic activity toward
the reduction of H,O, and nitrite. Cyclic voltammetry, EQCM,
SEM, AFM, and XRD results reveal that Cu-NPs cover the electrode
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surface. We have demonstrated a real-sample analysis of H,O, using
a Cu-NPs/PoPD/GCE, and the results obtained are satisfactory.
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