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A simple and facile nonenzymatic electrochemical sensor for the amperometric detection of H.O> was
developed using a copper (I1) ion-doped polyimide (PI)-modified glassy carbon electrode (GCE). The
resulting Cu/PI-GCE exhibited sufficient electrocatalytic activity for both the reduction and oxidation
of H202 over a wide pH range. In the cathodic detection mode at -0.2 V vs. Ag/AgCl, the linear
calibration range of H.O was 0.01 mM to 20 mM, and the limit of detection was found to be 3.8 uM
(S/N=3). In the anodic detection mode at +0.6 V vs. Ag/AgCl, the Cu/PI-GCE showed a wide linear
range from 0.03 mM to 5 mM, and the limit of detection was determined to be 14.1 uM (S/N=3). In both
detection modes, the response time was less than 4 s. The Cu/P1-GCE showed acceptable selectivity and
was able to detect the presence of H2O: in tap water. Furthermore, the Cu/PI-GCE exhibited excellent
reproducibility and long-term storage stability (under dry conditions).
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1. INTRODUCTION

The rapid and exact detection of hydrogen peroxide (H20>) is necessary because it is not only an
important byproduct of various oxidases but also an essential compound in food production and in
clinical, pharmaceutical, sterilization and environmental analyses [1-5]. Among the various analytical
methods for H20> [6-10], electrochemical detection is popular owing to its low detection limit and low
cost compared with those of other techniques and is widely applied for both enzymatic and nonenzymatic
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sensors [11-14]. Because of the environmentally sensitive nature of enzymatic biosensors, nonenzymatic
sensors have aroused great interest in recent years [15-17].

Transition metal materials are also promising for the development of nonenzymatic H2O> sensors
because of their high electrochemical activity [18-22]. Various transition metal materials in different
forms, such as TiO [23], Cu20 [24], PdO [25], gold [26], and ZnO [27], have been applied in the
electrochemical field. Among these transition metal materials, copper-based compounds, such as CuO
nanorod bundles [28], Cu2.O microcubes [29], Cu nanoparticles [30], and DNA-Cu complexes [31], have
received much attention in recent years because of their excellent properties. However, relatively few
reports have been found on the application of copper inorganic salt-based electrochemical sensors.

Polymer films have the characteristics of a light weight, a high specific strength, excellent
physical and chemical stabilities, and a low cost [32-34] and have been applied in the electronics [35],
energy [36], environmental [37], biological [38], and health care [39] fields. Among various polymer
films, polyimide (P1) has a rigid-rod backbone and is frequently used as a coating layer and film adhered
to a metal substrate.®® In addition, the flexibility and stretchability of Pl give it a wide range of
applications for future electronics. In fact, P1 films have been employed as flexible thermal microelectro
mechanical system (MEMS) devices [41, 42] and humidity sensors [43, 44]. However, the intrinsic
insulating property of Pl restricts its application in the field of electrochemical sensors.

Recently, we used Pl as a support matrix for electrochemical sensors to develop a carbon black
and carbon nanotube hybrid composite-doped PI film-modified electrode for the simultaneous detection
of ascorbic acid, dopamine and uric acid.*® In this study, as another example of a PI-film-based
electrochemical sensor, we report a copper (1) ion-doped PI (Cu/Pl) film-modified glassy carbon
electrode (GCE) for the nonenzymatic electrochemical detection of H,O,. Taking advantage of metal
ions as catalysts and the physical and chemical stabilities of PI, the Cu/PI film-modified GCE (Cu/PI-
GCE) exhibited highly sensitive, selective and stable electrocatalytic activity for the reduction and
oxidation of H2O>. The combination of metal inorganic salts (CuSOs) and Pl would enhance not only
the conductivity of PI but also the reproducibility and long-term life of the sensor.

2. EXPERIMENTAL PROCEDURE

2.1. Materials and reagents

Copper sulfate (CuSQOas), uric acid (UA), ascorbic acid (AA), glucose, fructose, sodium hydroxide
(NaOH), N,N’-dimethylacetamide (DMACc), phosphoric acid, glacial acetic acid, boric acid and H20>
were obtained from Sinopharm Chemical Reagent Co., Ltd., China. DMAc was dried by anhydrous
molecular sieves before use. A 0.1 M Britton-Robinson (BR) buffer (prepared by mixing 0.1 M NaOH
and 0.1 M solutions of phosphoric acid, acetic acid, and boric acid) was used to prepare the electrolyte
for the acidic, neutral and alkaline solutions. All other chemicals were of analytical grade and were used
without further purification.
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2.2. Apparatus

The morphologies of the surface of the PI-modified glassy carbon electrode (GCE, 3 mm
diameter, Shanghai Chenhua, China) and Cu/PI-GCE were observed using field emission scanning
electron microscopy (FE-SEM, IGMA-HD, ZEISS, Germany) and atomic force microscopy (AFM,
Being Nano-instruments CSPM-5500, BenYuan, China). Electrochemical measurements were
performed with a CHI 750D workstation (Shanghai Chenhua, China). A conventional three-electrode
system with the Cu/PI-GCE as the working electrode, a thin Pt wire as the counter electrode and
Ag/AgCI (sat. KCI) as a reference electrode was employed in this study. All measurements were
performed in air at room temperature, which was approximately 20°C.

2.3. Fabrication procedures of the Cu/PI-GCE

The preparation process of Pl was previously reported [45]. The as-obtained PI (30 mg) was
diluted in DMAC solvent (0.57 g) and sonicated for 30 min to make a homogeneous solution. The CuSO4
solution was prepared by putting 15 mg of CuSOg into 0.5 mL of DMACc and sonicating the solution for
30 min. The P1 solution was mixed with the CuSOg solution and sonicated for 30 min, which is referred
to hereafter as the Cu/PI solution. The disk plane of the GCE was sequentially polished with 1.0, 0.3,
and 0.05 um a-alumina slurries to obtain a shiny surface. The cleaned electrode was rinsed and sonicated
with distilled water and ethanol to remove any adhering alumina. Next, the GCE surface was coated by
a casting Cu/PI solution (10 pL), and then the electrode was allowed to dry for 24 h at room temperature.
The as-obtained sensor is referred to as the Cu/PI-GCE. The preparation procedure used to create the
Cu/PI-GCE and the H20> sensing methodology are shown in Scheme 1.
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Scheme 1. Preparation procedure for the Cu/P1-GCE and H2O> sensing methodology.

3. RESULTS AND DISCUSSION

3.1. Surface morphology of the PI film-modified electrodes

The SEM and AFM images of the PI-modified GCE (PI-GCE) and the Cu-doped PI-modified
GCE (Cu/PI-GCE) are shown in Fig. 1. The PI-GCE has a smooth surface (panels A and C). In contrast,
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after doping with CuSOg, a dispersed ball-shaped image was observed (panels B and D). These images
indicate that the thickness and surface roughness are increased because of the inhomogeneity of the
physical mixing of the Cu ions and PI. However, by successfully doping the PI-GCE with Cu ions, an
improvement in the conductivity of the film can be expected.
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Figure 1. SEM and AFM images of the PI-GCE (A, C) and Cu/PI-GCE (B, D).

3.2. Electrochemical properties of the Cu/P1-GCE

3.2.1 Cathodic electrocatalytic activity of the Cu/PI1-GCE toward H20>

Fig. 2A shows the cyclic voltammetry response of the Cu/PI-GCE in a deoxygenated 0.1 M BR
buffer (pH 9.0) during 100 repeated potential scans. Two separated oxidation peaks and reduction peaks
were observed after several initial potential scans. Here, the two separated reduction peaks probably
correspond to the stepwise one-electron reduction of Cu(ll) to Cu(l) and Cu(l) to Cu(0), whereas the two
separated oxidation peaks likely correspond to the one-electron oxidation of Cu(0) to Cu(l) and of Cu(l)
to Cu(ll). Another possibility is that different binding modes of Cu exist within the PI film, and two
kinds of Cu ions with different environments lead to separated redox couples of Cu(I1)/Cu(l). The shape
of the CVs was almost unchanged even after 100 additional repeated cyclic voltammetry scans (a total
of 200 scans). Although the detailed electrochemical reaction mechanism is still unclear in this stage, at
least it is safe to assume that the doped Cu ions maintain stable electrochemical properties even within
the PI film.
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Figure 2. (A) Cyclic voltammograms (CVs) of the Cu/PI-GCE in a deoxygenated 0.1 M BR buffer (pH
9.0). The potential scans were repeated 100 times. (The starting potential was +0.6 V). (B) CVs
of the Cu/PI-GCE, Cu-GCE, PI-GCE, and bare-GCE in a deoxygenated 0.1 M BR buffer (pH
9.0) in the presence of a 5 mM H20..

To confirm the electrocatalytic activity of the Cu/PI-GCE toward H.O2, we next measured the
CVs in the presence of H.Oz by using 4 electrodes: (1) the Cu/P1-GCE, (2) the Cu-GCE, (3) the PI-GCE,
and (4) the bare-GCE. In the case of the Cu/PI-GCE, a large cathodic current appeared from -0.15 V to
-0.7 V. This potential range almost corresponds to the reduction potential range of the Cu/P1-GCE shown
in Fig. 2A, which suggests that the Cu ions act as electrocatalysts for H.O> reduction according to the
following schemes.

Cu(ll) + & — Cu(D) (Eq. 1)

1/2 H,02 + Cu(I) — OH™ + Cu(ll) (Eq. 2)

However, for the Cu-GCE, although a small cathodic current can be observed in the same
potential region, the magnitude of the current is much smaller than that of the Cu/PI-GCE. These results
clearly indicate that Cu ions doped in PI can act as an efficient electrocatalyst for H>O2 reduction.

3.2.2 Anodic electrocatalytic activity of the Cu/PI-GCE toward H>O>

To confirm the electrocatalytic activity of the Cu/PI-GCE toward H20», cyclic voltammetry
measurements of the Cu/PI-GCE with different concentrations of H>O> were performed in a 0.1 M
deoxygenated BR buffer solution (pH 9.0) (Fig. 3). Both the cathodic and anodic currents increased
clearly with increasing concentrations of H2O., which suggests the possibility of both anodic and
cathodic determination of H2O> by a single electrode. In the case of anodic detection by the Cu/PI-GCE,
we speculate the following mechanism.

1/2 H,02 +Cu?* — 1/202 +H" + Cu*  (Eq.3)

Cut — Cu® +e (Eq. 4)

H.0: reduces Cu?* to Cu*, and the oxidation current due to Eq. 4 can be monitored by the
catalytic current. These results clearly support our speculation that Cu ions doped within a PI film play
a crucially important role in the generation of this electrocatalytic activity of the Cu/PI-GCE.
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Figure 3. (A) Cyclic voltammograms (CVs) of the Cu/PI-GCE in different concentrations of H20: (0-
10 mM) in the positive potential range; the starting potential was 0 V. (B) CVs of the Cu/PI-GCE
in different concentrations of H.O> (0-10 mM) in the negative potential range; the starting

potential was +0.4 V. [CuSO4] = 30 mg mL*. A deoxygenated 0.1 M BR buffer (pH 9.0) was
used as the electrolyte.

3.3 Optimization of the measurement and preparation conditions

Next, we optimized various operational conditions and preparation conditions of the Cu/PI-GCE-
based nonenzymatic H2O- sensor. Fig. 4A illustrates the effect of the applied potential upon the steady-
state cathodic current responses to a 1 mM H20O> solution (red) and background current (blue). Although
the H20O. response itself increased with decreasing potential, the background current from the
electrochemical reduction of the dissolved oxygen in the electrolyte substantially increased, and the
baseline drift was also extensive when the negative potential was greater than -0.3 V. Thus, an applied
potential of -0.2 V was selected for the following cathodic H.O> sensing experiments.
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Figure 4. (A) Effect of the applied potential on the steady-state cathodic current response to a 1 mM
H20- solution (a) and background current (b). (B) Effect of the applied potential on the anodic
current response to a 1 mM H20- solution (a) and background current (b). The electrolyte is air-
saturated 0.1 M BR buffer pH 9.0. [CuSO4]=15 mg/mL.

A similar experiment was performed for the anodic response in the potential range from +0.4 V
to +0.8 V (Fig. 4B). Although the anodic catalytic current increased with potential, the noise level also
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increased, and the drift of the baseline was large in the high-potential region. Therefore, we selected
+0.6 V for the following anodic H20- sensing experiments.

In some nonenzymatic H2O> sensors [21, 46], alkaline conditions are essential to obtain sufficient
responses. However, for common and universal applications, such restricted conditions are not
preferable, and detection in a wide pH range is ideal. Therefore, the effect of the pH of the electrolyte
on the H20O> response was evaluated (Fig. 5A). The applied potential was fixed at +0.6 V for anodic
detection and -0.2 V for cathodic detection, respectively. In both cases, a relatively high pH (8 to 12)
seemed to be suitable, and the Cu/PI-GCE sensor could be used in both neutral and acidic solutions. This
feature is one of the advantages over other nonenzymatic electrochemical H.O> sensors [21, 46], and the
sensor can be expected to have future applications in environmental and biological samples. As described
above, the Cu ions are the key catalysts of this system. As such, the effect of the concentration of CuSO4
during the preparation of the H20O- response was studied next (Fig. 5B). The concentrations of 20 mg/mL
and 15 mg/mL CuSOs gave the best results for the anodic and cathodic determination of H.Oo,
respectively. The large capacity of PI gives a free volume combination for the CuSOsa.
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Figure 5. (A) Effect of the pH on the cathodic current (a, applied potential -0.2 V) and anodic current
(b, applied potential +0.6 V) responses to a 1 mM H20O> solution. [CuSO4] = 15 mg/mL. (B)
Effect of the CuSO.4 concentration used for the preparation of the Cu/PI-GCE on the responses
of the cathodic current (a) and anodic current (b) to a 1 mM H20- solution.

3.4 Amperometric response characteristics of the Cu/P1-GCE to H.O>

The amperometric oxidation and reduction current curves obtained under the optimized
conditions for a series of H20 solutions with different concentrations are shown in Figs. 6A and 7A,
respectively. Figs. 6B and 7B show the plots of the oxidation and reduction currents toward the
concentration of H20.. The calibration curve for the reduction of H,O in the range of 1.0x10° mol L™
t0 2.0x102 mol L is I (uA) = 0.1584 + 13.2798 C (umol L) with a correlation coefficient of 0.9956,
and the detection limit was found to be 3.8 pmol L™ (S/N=3). The calibration curve for the oxidation
of H20; in the range of 3.0x10° mol L to 5.0x10-3 mol Lt is I (uA) = 0.0764-+3.782 C (umol L)
with a correlation coefficient of 0.9997, and the detection limit was found to be 14.1pmol L™ (S/N=
3). The performances were very comparable to those for the amperometric sensors for H>O> that have
been recently reported (Table 1) [18, 21, 24, 46, 48-49].
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Figure 6. (A) Steady-state anodic current responses of the Cu/PI-GCE sensor for successive additions

of different concentrations of H.Ox. (Inset is the enlargement of the lower concentration region).
(B) Calibration curves of the H.O> obtained with the anodic mode. The inset is an enlargement
of the linear part of the calibration curve. (C) The amperometric response of the Cu/PI-GCE for
successive additions of 0.2 mM HO,. The inset is the linear relationship between the H20-
concentration and the current response. (D) The amperometric responses of the Cu/PI1-GCE for
successive additions of 0.2 mM H20> and the mixture of 0.2 mM H,O> and 0.2 mM possible
interferents (i.e., glucose, fructose). All measurements were carried out at an applied potential of
+0.6 V in an air-saturated 0.1 M BR buffer (pH 11). [CuSO4] = 20 mg mL™.
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Figure 7. (A) Steady-state cathodic current response of the Cu/PI-GCE sensor for successive additions

of different concentrations of H2O,. (Inset is the enlargement of the lower concentration region).
(B) Calibration curves of the H>O> obtained with the cathodic mode. The inset is an enlargement
of the linear part of the calibration curve. (C) The amperometric response of the Cu/PI-GCE to a
0.2 mM H.O: solution. The inset shows the linear relationship of the H>O> concentration and the
current response. (D) The amperometric responses of the Cu/PI-GCE for the successive additions
0f 0.2 mM H20: and the mixture of 0.2 mM H202 and 0.2 mM possible interferents (i.e., glucose,
fructose, UA, and AA). All measurements were carried out at -0.2 V vs. Ag/AgCI in an air-
saturated 0.1 M BR buffer (pH 10). [CuSO4] =15 mg mL™.
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Figs. 6C and 7C show the oxidation and reduction current responses to successive additions of
H>O> under the optimized conditions. Both the oxidative and the reductive current increase to reach a
stable plateau within 4 s after adding the H>O> into the electrolyte; this result indicates that the
permeation and diffusion of the H.O within the Cu/PI layer is sufficiently fast, which leads to a rapid
response. The Cu/PI-GCE exhibited good repeatability with a relative standard deviation (RSD) of
5.25% and 6.36% for the anodic and cathodic detection, respectively, after 15 successive measurements.

3.5 Selectivity and stability of the Cu/P1-GCE

Selectivity is an important parameter for nonenzymatic H.O> sensors. The effect of the various
potentially interfering substances was tested to determine the selectivity of the present sensor. As shown
in Figs. 6D and 7D, even at an applied potential of +0.6 V and -0.2 V, the current responses from the
interferents are below 95.8% and 90.2%, respectively. These results indicate that the Cu/PI-GCE sensor
gives a rather favorable selectivity to H2Ox.
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Figure 8. (A) The reproducibility of five independent Cu/PI-GCE sensors to 0.2 mM H20.. (B) Long-
term stability of the Cu/P1-GCE to a 0.2 mM H20: solution. The applied potential is + 0.6 V vs.
Ag/AgCl, 0.1 M BR buffer solution (pH 9), n=3.

To study the reproducibility of the electrode preparation, 5 electrodes were prepared under the
same conditions; the reproducibility was determined to be 1.9% for these electrodes. In addition, stability
is another essential parameter for the practical usage of nonenzymatic sensors. The long-term stability
of the Cu/PI-GCE was examined by detecting a 0.2 mM H2O: solution at + 0.6 V 10 times with an
interval of 5 days. When not in use, the sensor was placed in the lab in room temperature air. In the case
of the Cu/GCE (without PI), the response was decreased less than 15% after 1 month of storage (drift
rate: 2.9%/day). Compared with the stability characteristics of the Cu/GCE, the recorded amperometric
response of the Cu/PI1-GCE exhibited almost no decline, and, even after 1 month of storage, 100.6% of
the initial current was maintained (Fig. 8B). Therefore, this satisfactory stability performance is related
to the stable characteristics of PI. Thus, it could be concluded that the Cu/P1-GCE sensor is highly stable
and would function reasonably well for approximately 1 month. These results are better than other
copper-based nonenzymatic H20- sensors that are prepared by complicated fabrication procedures [4,
21].
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Table 1. Comparison between the sensors investigated in this study and other H>O2 sensors

. Linear range LOD Sensitivity

Electrode material (MM) (MM) (A MM cm?) Ref
FeS (F4) 0.5-20.5 0.15 36.4 15
Cu,OMS-rGO 0.005-2.775 10.8 Not given 18
Cu@CuO/GCE 0.003-8 0.21 Not given 21
Cu20/GNs/GCE 0.3-7.8 20.8 Not given 24
Nafion/NPC-CB/GCE 0.003-2.338 1.2 3.91 46
CuO/rGO/Cu,0/Cu 0.5-9.7 0.05 366.2 47
GO-Ag nanocomposite 0.1-11 0.028 0.1218 48
Co@Pt NPs 1.0-300 0.3 2.26 49

Cu/PI-GCE (anodic) 0.01-20 0.0038 188.0 This

Cu/PI-GCE (cathodic) 0.03-5 0.014 355 work

Cu,OMS = cuprous oxide microspheres; rGO = reduced graphene oxide; Cu,O = cuprous oxide
nanocubes; GNs = graphene nanosheets; GCE = glassy carbon electrode; NPC = nanoporous copper;
CB = carbon black; and FeS (F4) = ferrous sulfide nanosheets.

3.6 Real sample analysis

The practical application is an important characteristic with which to judge the performance of a
sensor. H20: is frequently used for sterilization of bottles of drinking water. Thus, the determination of
residual H20> in drinking water is important in the food industry. To demonstrate the feasibility of the
Cu/PI-GCE sensor for routine analysis, it was used to determine H2O> in real drinking water. The
amperometric detection of H2O in drinking water samples was carried out by the standard addition
method, and the results are shown in Table 2. The results obtained by the Cu/P1-GCE were in satisfactory
agreement with those obtained by the standard titration method.

Table 2. Analytical results for H202 in drinking water

Measured by the proposed H>O> biosensor

Number Added Found RSDa Recovery
Detected (mM) (mM) (mM) %) %)
1 Not found 50 51.5 4.8 103.0
2 Not found 100 105.0 3.9 105.0
3 Not found 200 213.0 3.5 106.5

2 RSD (%) calculated from three separate experiments

4. CONCLUSIONS

A new copper ion-doped polyimide-modified electrochemical sensor was demonstrated through
the simple physical one-step adsorption method. In the electrochemical measurements, the as-obtained
Cu/PI-GCE exhibited good electrocatalytic activity toward both the oxidation and reduction of hydrogen
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peroxide. The Cu/PI-GCE showed good linear response, a rapid response time, a low detection limit,
high selectivity, good operational stability and excellent long-term storage stability. The novel Cu/PI
composite will offer many potential applications in various electronics, including biosensors,
bioelectronics devices and biocatalysts.
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