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Abstract A simple and eco-friendly electrochemical meth-
od to reduce graphene oxide precursor was employed for
fabrication of graphene sheets modified glassy carbon elec-
trode, and then, the resulting electrode [electrochemically
reduced graphene oxide (ERGO)/glassy carbon electrode
(GCE)] was used to determine p-aminophenol. The experi-
mental results demonstrated that the modified electrode
exhibited excellent electrocatalytic activity toward the redox
of p-aminophenol as evidenced by the significant enhance-
ment of redox peak currents and the decreased peak-to-peak
separation in comparison with a bare GCE. A highly sensi-
tive and selective voltammetry determination of p-amino-
phenol is developed using the ERGO/GCE. This method has
been applied for the direct determination of p-aminophenol
in artificial wastewater.

Keywords Electrochemically reduced graphene oxide -
Modified electrode - p-Aminophenol - Voltammetry

Introduction

p-Aminophenol (p-AP) is a synthetic intermediate or a degra-
dation product of the antipyretic and analgesic drug paraceta-
mol, and has been found to be detected in pharmaceutical
preparation of paracetamol [1]. Because of the distinct neph-
rotoxicity and teratogenic effect of p-AP, the maximum con-
tent of p-AP in pharmaceuticals has been limited to 50 ppm by
the United States and European pharmacopeia [2]. In addition,
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p-AP is used as a fundamental chemical material for the
production of chemical inhibitor, dyestuff, developer, and so
on, which result in a substantive release of p-AP into the
environment as ecological pollutants. So far, the content of
p-AP in discharged wastewater should be less than 1.0 mg L™
according to the standard of China [3]. Therefore, in view of
major concerns about health and environmental protection, it
is necessary to develop a simple, fast, sensitive, and accurate
analytical method for determining p-AP in pharmaceutical
tablets and wastewater.

At present, a number of methods have been proposed to
determine p-AP, such as chromatography [4], capillary elec-
trophoresis [5], spectrophotometry [6], and electrochemical
methods [7, 8]. Among these methods, the former three
techniques usually require a complicated sample pretreat-
ment process, expensive instruments, and long analysis time
that make them unsuitable for routine analysis. Since p-AP
is electroactive, and most electroanalytical techniques are
less time-consuming, inexpensive, selective, highly sensi-
tive, have good reliability and quick response, electro-
chemical techniques can be considered as a strong alternative
to the abovementioned methods for the determination of p-AP.
The electrochemical detection of p-AP at the conventional
electrode by voltammetry is difficult owing to the high
overpotential and poor sensitivity. Recently, much effort has
been made to developing nanomaterial-modified electrodes for
the purpose of achieving sensitive and selective determination
of p-AP.

Graphene, a single layer of carbon atoms packed into
a dense honeycomb crystal structure, was a novel and
promising carbon material since experimentally discov-
ered in 2004 due to its unique nanostructure and extraor-
dinary properties [9-11]. Graphene sheets have high
electrocatalytic activities and extraordinary electronic
transport properties, and they have been investigated as
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electrode modifications in fields of electrochemistry and
electroanalytical chemistry [12, 13]. For instance, it has
been reported that graphene film-based biosensors have
the capability for simultaneous determination of biomo-
lecules such as dopamine, ascorbic acid, and uric acid
[14]. Nafion/graphene nanocomposite films were utilized
as enhanced sensing platform for ultrasensitive determi-
nation of lead and cadmium [15, 16]. Also, Lin’s group
has utilized the graphene-modified electrodes to obtain a
high-performance electrochemical sensor for paracetamol
[17]. However, graphene films on electrodes in these
researches are usually prepared by chemical reduction
of graphene oxide (CRGO) sheets [18-20]. Such a prep-
aration methodology involves some toxic chemicals. Re-
cently, electrochemical reduction of graphene oxide (GO)
to graphene, which has been reported by several research
groups [21-23], has arisen more interest due to its fast
and green nature. Generally, GO is first assembled on the
electrodes as precursor by solution deposition methods,
and then is subjected to electrochemical reduction. Here,
by using electrons as the reducing agent, this method is
green, fast, simple, and will not result in contamination
of the synthesized material. In addition, the as-prepared
electrochemically reduced GO, named as ERGO, are
directly immobilized on the conducting substrate (elec-
trode), facilitating widespread applications in chemical
sensors and biosensors [24, 25]. Furthermore, this meth-
od was further expanded to achieve one-step electro-
chemical synthesis of graphene-based nanocomposites,
such as graphene/metal nanoparticles [26], graphene/metal
oxides [27], graphene/conducting polymers [28], and so on.
Therefore, the electrochemical performances and applications
of electrochemically reduced graphene oxide are promising
and will be further developed.

In this paper, a simple, economical, and eco-friendly
method was used to fabricate ERGO-modified glassy
carbon electrode by applying a constant cathodic poten-
tial on GO/glassy carbon electrode (GCE), and a new
electrochemical sensor for sensitive and selective deter-
mination of p-AP using the ERGO-modified electrode
was presented. Compared with the bare glassy carbon
electrode, ERGO-modified electrode could intensively
enhance the redox peak currents and decrease the over-
potentials of p-AP. In addition, the oxidation peak cur-
rents of p-AP were found to be sensitively responding
to the p-AP concentration, and a good percentage of
recoveries was obtained at the modified electrode when
it was used to determine p-AP in real water samples.
Based on these results, we believe it is a promising
method for on-site analysis of p-AP in wastewater and
practical industrial product. This work would enlarge
the application range of graphene in electroanalytical
chemistry.
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Experimental
Apparatus

Electrochemical measurements were performed on a CHI 832
electrochemical workstation (Shanghai Chenhua Instrument
Company, China). A conventional three-electrode system was
used throughout the experiments. The working electrode was
a GCE (d=3 mm), graphene oxide-modified GCE (GO/GCE),
or electrochemically reduced graphene oxide-modified GCE
(ERGO/GCE); the Ag/AgCl (3 mol L' KCI) electrode was
the reference electrode and a platinum wire as the auxiliary
electrode. The ultrasonic cleaner (KQ 100E, 100 W, Kunshan,
China) was used to exfoliate GO. The morphology of synthe-
sized ERGO sheets was characterized using scanning electron
microscopy (SEM, Hitachi, S-4800, 15 kV). All the pH values
were measured with a PHS-3C precision pH meter (Leici
Devices Factory of Shanghai, China), which was calibrated
with standard buffer solutions every day.

Reagents and solutions

p-AP (obtained from Aladdin Reagent Co. Ltd, Shanghai,
China) was used without further purification. Its stock solu-
tion was prepared with anhydrous ethanol and then stored at
a refrigerator with 4 °C to avoid light. Phosphate buffer
solution (PBS) was prepared by mixing the stock solutions
of 0.1 M KH,PO,4 and 0.1 M Na,HPOy, at different rations to
adjust the pH value of 6.47. Spectral graphite (about 50 pum,
Shanghai Carbon Co., Ltd.) was used to synthesize GO.
Other chemicals were all of analytical grade. All experi-
ments were carried out in a supporting electrolyte of PBS
(0.1 M, pH 6.47) at room temperature (25+1 °C). Cyclic
voltammetric experiments were performed with a scan rate
of 100 mV s' unless otherwise stated.

Preparation of ERGO-modified electrode

Firstly, GO was synthesized from graphite by the modified
Hummers method [29, 30]. The as-synthesized GO was
suspended in water to give a brown dispersion, which was
subjected to dialysis for 1 week to completely remove
residual salts and acids. Exfoliated GO was obtained by
ultrasound of the 0.5 wt% GO dispersion.

Prior to modification, the substrate GCE was polished
successively with 0.3 and 0.05 um Al,O5; power and rinsed
thoroughly with doubly distilled water between each polish-
ing step. After that, the GCE was sonicated in acetone and
doubly distilled water each for 5 min, and dried under N,
blowing. Then, 6 uL of the exfoliated GO dispersion was
dispersed on the surface of pretreated GCE. After drying in
air, a GO/GCE was obtained. Subsequently, the GO/GCE
was immersed into 20 mM KH,PO, solution, and a cathodic
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potential of —0.7 V was applied to the GO/GCE by using
potentiostat for about 10 min. By this method, ERGO/GCE
was prepared. Then, it can be used for electrochemical
analysis of p-AP.

Experimental procedure for electrochemical analysis

A certain volume of stock solution of p-AP and 10 mL 0.1 M
PBS were added into an electrochemical cell, and then the
three-electrode system was inserted into the cell. The cyclic
voltammetry was performed at a scan rate of 100 mV s ' to
investigate the electrochemical behavior of the ERGO/GCE in
analyte of p-AP. The differential pulse voltammogram (DPV)
was recorded to achieve the quantitative analysis (with a step
increment of 4 mV, pulse amplitude of 50 mV, and pulse
period of 0.2 s).

Results and discussion
Characterization of ERGO-modified electrode

After GO sheets were deposited on the surface of glassy
carbon electrode, referred to as GO/GCE, they were reduced
by the electrochemical method, and ERGO sheets were
obtained. Figure 1 shows the typical cyclic voltammograms
(CVs) of GO electrolysis on GCE by scanning the potential
from 0 to —1.5 V, where a large reduction current starting at
about —0.6 V is observed during the first cycle of scanning.
The large reduction current could be attributed to the reduc-
tion of the functional oxygen-containing groups on GO
sheets [22]. Interestingly, in the following scanning cycles,
the reduction peak disappears completely, which indicated
that the electrochemical reduction of GO is irreversible.
Based on these results, it is reasonable to speculate that
GO can be effectively reduced when a cathodic potential
more negative than —0.6 V is imposed. As observed from the
inset of Fig. 1, slices of crumpled silk veil waves that were
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Fig. 1 CVs of GO/GCE in 20 mM KH,PO,. The inset was the SEM
image of ERGO/GCE prepared at a cathodic potential of —0.7 V

wrinkled and scrolled are obtained under a reduction poten-
tial of —0.7 V. This morphology is consistent with the
reported results of graphene in literature [31-33]. The sec-
tion of wrinkled structure is attributed to the 7=—7t interaction
within sheets of graphene. It is just this wrinkled nature that
renders the graphene sheets stable and beneficial for main-
taining a high surface area on the electrode.

Fourier transform infrared spectroscopy (FTIR) of the
prepared ERGO films were also characterized (Fig. 2).
Curve a shows the pure GO, the bands around 976, 1,056,
1,226, 1,276, 1,384, 1,580, and 1,727 cm ' are attributed to
the oxygen-containing functional groups on GO [21, 34],
while the band at ca. 1,619 cm ' could be due to the O-H
stretching deformation vibration of intercalated water. After
electrochemical reduction, the FTIR adsorption bands of oxy-
gen functionalities decrease significantly and even disappear
(curve b), which confirmed the successful conversion of GO
into graphene.

Electrochemical behavior of p-AP at ERGO-modified
electrode

The electrochemical behavior of p-AP on ERGO/GCE was
investigated by CV. For comparison, the CVs of bare GCE
and GO/GCE were also conducted. At the bare GCE (Fig. 3,
curve a), a pair of relatively weak redox peak currents
corresponding to the electrochemical redox of p-AP was
observed at an anodic peak potential (£p,) of 0.188 V and
a cathodic peak potential (£,.) of 0.112 V. When the GO
films are deposited on GCE surface (Fig. 3, curve b), the
redox peak currents of p-AP on GO/GCE both decrease
obviously arising from the poor electrical conductivity of
the deposited GO films. However, after electrochemical
reduction, as can be seen from curve ¢ of Fig. 3, p-AP
exhibits a pair of well-defined redox waves on the ERGO/
GCE with £,,=0.145 V and E,=0.115 V, and the peak-to-
peak separation (AE) is only 30 mV, indicating that fast
electron transfer rate kinetics occur on ERGO/GCE. Compared
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Fig. 2 FTIR spectra of GO (a) and ERGO films (b)
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Fig. 3 CVs obtained for 0.1 mM p-AP at the bare GCE (a), GO/GCE
(b), and ERGO/GCE (c) in 0.1 M PBS (pH 6.47) at a scan rate of
100 mV s™'. Curve d is the CV of ERGO/GCE in the absence of p-AP

with the bare GCE or GO/GCE, the redox peak currents
obtained on ERGO/GCE were much larger and the AE,
was much lower, which are clear evidences of excellent
electrocatalytic activity of ERGO toward p-AP. In addition,
the AE, of p-AP on ERGO/GCE in this work is much
smaller than that of 58 mV on CRGO-Chitosan/GCE [35],
114 mV on conductive polymer modified carbon fiber micro-
electrode (CFME) [8]. The electrochemistry of ERGO/GCE
in pH 6.47 PBS was performed as control experiment
(curve d), and no obvious redox currents were observed.
Besides, it can also be seen from Fig. 3 that the background
current of ERGO/GCE is much larger than that of the bare
GCE, indicating high specific capacitance of graphene films
on electrode.

Effect of electrochemical reduction potential
on electroactivities of ERGO

ERGO prepared at different electrochemical reduction

potentials will have different electrocatalytic activities toward
p-AP. Figure 4 shows the CVs of ERGO/GCE fabricated at
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Fig.4 CVs of ERGO/GCE prepared at different cathodic potentials
of—0.5,-0.6, 0.7, 0.8, —0.9, —1.2, and —1.5 V in 0.1 mmol L™* Pp-AP;
the other conditions are the same as Fig. 3
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different cathodic potentials in 0.1 M PBS containing 0.1 mM
p-AP at a scan rate of 100 mV s '. Obviously, with the
negative shift of reduction potentials applied on GO/GCE,
both the background currents and the redox peak currents
of p-AP on the resulting ERGO/GCE increase significantly,
indicating an enhanced electrical conductivity of ERGO films.
However, when the potential is negative than —0.7 V, it
is found that a new pair of redox peaks at 0.31/0.27 V
appeared. The new redox peaks probably resulted from
adsorption of p-AP at ERGO surface through 71—t inter-
actions. The more negative the applied potentials, the
higher the delocalized electron density of ERGO, thus,
the adsorption is stronger. To ensure enough detection
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Fig. 5 a CVs acquired on ERGO/GCE with 0.1 mM p-AP in support-
ing electrolyte of 0.1 M PBS (pH 6.47) at different scan rates from
0.02, 0.04, 0.06, 0.08, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5 Vs' (from a to j). b
The plot of the redox peak currents of p-AP versus scan rate. ¢ The
relationship between E;, and log v
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Fig. 6 CVs obtained at ERGO/
GCE with 0.1 mM p-AP in the
PBS with pH values of 4.49,
5.59, 6.47, 6.98, 7.38, and 8.04.
Inset shows the plot of redox
potentials versus pH values.
Scan rate, 100 mV s

Current/uA

8.04 PH4.49
4P
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sensitivity and relieve the fouling of electrode surface, a
reduction potential of —0.7 V was selected to fabricate
ERGO-modified electrode.

Effect of scan rate on the peak current and peak potential

To further investigate the mechanism of electrochemical
redox of p-AP, the effect of scan rates (v) on the voltam-
metric response of p-AP on ERGO/GCE was investigated
(Fig. 5a). It is clear that both the redox peak currents
enhanced with increasing the potential scan rate. As can
be seen in Fig. 5b, the redox peak currents were found
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linearly proportional to the square root of scan rate
ranging from 0.02 to 0.5 Vs '. The linear regression
equations are I, (microamps):0.9021v]/2—2.4361 v,
millivolts per second, R=0.9966) and /,. (microamps)=
—1.2628v"*+3.5853 (v, millivolts per second, R=0.9949).
This indicates that the modified electrode reaction of p-AP
is a diffusion-controlled process. Figure 5c displayed the
relationship between the peak potential (£},) and the loga-
rithm value of scan rate (log v). With increasing the scan
rate, the oxidation peak potential shifted positively and
the reduction peak potential shifted negatively. When v>
03 Vs the E,, and E,c were linearly dependent on the log v

Fig. 7 DPVs on ERGO/GCE
for different p-AP 120+
concentrations (a—): 0, 0.01,
0.05, 0.1, 0.5, 0.8, 1.0, 4.0, 7.0, T
and 10 uM in 0.1 M PBS. Inset |
is the relationship of current 110
responses to p-AP |
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with the regression equations of E,, (volts)=0.1937+0.0636
log v (v, volts per second), £y, (volts)=0.0584—-0.0862 log v
(v, volts per second) with R=0.9984 and 0.9946, respectively.
Based on the Laviron theory with slopes of the lines R7/(1—«)
nF and —(RT/anF), the value of the electron transfer coeffi-
cient () and the electron transfer number (r) were calculated
as 0.43 and 2.

Effect of pH value

It is generally reported that proton transfer was always
involved in the electrochemical oxidation of phenol com-
pounds to form quinone [36, 37]. Therefore, the solution pH
will influence the electrochemical behavior of p-AP. Figure 6
shows the influence of pH on the redox reaction of p-AP at
the ERGO-modified electrode. As can be seen, with increas-
ing the solution pH value from 4.49 to 8.04, the redox peak
potentials shifted negatively, and the linear regression equa-
tions were expressed as E,, (volts)=0.5872—-0.0664 pH and
E, (volts)=0.4864—0.0584 pH with correlation coefficients
of 0.9953 and 0.9989, respectively. Based on the equation
of dEp/dpH=0.059m/n, in which, m is the number of
proton, and n is the number of electron transfer, m/n
was calculated to be 1.12 and 0.99 for the oxidation and
reduction process, respectively. It indicates that the num-
ber of proton and electron involved is equal in the elec-
trochemical redox process of p-AP. Integrating the results
obtained in scan rate and pH studies, two protons and two
electrons should be involved in the electrochemical oxi-
dation of p-AP to form quinone. In this experiment, the
redox peak currents of p-AP reached a maximum at a pH
value of 6.47; thus, pH 6.47 PBS was chosen as the
supporting electrolyte.

Calibration curve

In order to validate the practicality of this method for p-AP
quantitative analysis, the dependence of the oxidation peak
current of p-AP on its concentration was investigated in
0.1 M PBS using DPV due to its high sensitivity and
excellent resolution (Fig. 7). Under the optimized experi-
mental conditions, the I, was linearly proportional to the p-
AP concentration in the range of 0.01-10 uM (inset of
Fig. 7). The linear regression equation was /,, (microamps)=
2.983+3.52 ¢ (micromolars), with the correlation coefficient of
0.9964. The detection limit was 2.9x10™° mol L™" based on
the signal-to-noise ratio of 3, which is much lower than
those obtained on CFME modified with p[NVCzVBSA1]
composite (1.0 uM) [8], GCE modified with CRGO
(0.057 uM) [35] and SWNTs/POAPE (0.06 uM) [7]. There-
fore, the present method based on ERGO/GCE has a much
higher sensitivity compared with the above electrochemical
methods.
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Table 1 Interference of

external matters to Interference ~ Concentration  Signal

response of the (1M) change

electrode to 4 uM p-AP (%)
MgSO, 4,000 -2.7
Ca(NOs), 4,000 -3.6
ZnS0y 4,000 +3.3
FeSO4 4,000 +4.6
Pb(Ac), 4,000 +2.9
AlCl; 4,000 —4.1
Phenol 200 +4.6
Resorcinol 200 -3.5
Paracetamol 200 -3.8
Glucose 200 -29
Dopamine 200 -4.9
Lysine 200 +2.4
0-AP 8 —4.5

Reproducibility and stability are the two vital characteristics
for the modified electrode, which should be investigated for
analytical determination [38]. The measurement reproducibil-
ity of the ERGO-modified electrode was studied with the same
4-AP concentration. After each measurement, the surface of
ERGO-modified electrode undergoes ten successive CV
sweeps between —0.2 and 0.6 V at 100 mV s ' in the 0.1 M
PBS (pH 6.47) to be regenerated. Determination of 4 uM 4-AP
using six electrodes prepared independently with the same
procedure results in a relative standard deviation (RSD) of
4.6 %. One modified electrode for eight times repetitive meas-
urements of the oxidation currents of 4-AP results in a RSD of
only 2.5 %. These results indicate a good reproducibility of
ERGO-modified electrode. And the response of the modified
electrode to 4.0 M 4-AP only decreased 12.6 % of its initial
response after stored in a refrigerator at 4 °C for a month. This
result revealed that the present modified electrode has excellent
stability for the detection of p-AP.

Interferences
The influence of potential coexistent interference compounds

has been studied for the possible analytical application of the
proposed method. If the presence of some metal ions or

Table 2 Determination of p-AP in water samples (n=4)

Tap water River water Wastewater

p-AP p-AP p-AP
Added (uM) 3.00 3.00 3.00
Determined (uM) 2.92 2.92 3.05
RSD (%) 2.3 4.6 3.8
Recovery (%) 97.3 98.7 101.7
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organic compounds altered the average current signal of
p-AP by less than +5 %, we considered that caused no inter-
ference. In the case of 4 UM p-AP, the influences of several
inorganic and organic species on the p-AP signals were tested,
and the results were shown in Table 1. One thousand-fold of
Mg**, Ca**, Zn*", Fe**, Pb*", AI**, CI, NO5~, SO,%7, 50-fold
of phenol, resorcinol, paracetamol, glucose, dopamine, lysine,
and twofold of 0-AP did not interfere with the oxidation signal
of 4 uM p-AP. The results clearly proved the reasonable
selectivity of the proposed method for the oxidation of p-AP.

Analysis of real water samples

In order to assess the applications of the developed method for
sensitive determination of p-AP, synthetic water samples con-
taining p-AP in local tap water, river water, and wastewater
without any pretreatment were tested. The standard addition
method was used to determine p-AP in water samples. All the
samples were determined for four times under the same con-
ditions. The results are listed in Table 2. The recoveries of p-AP
at ERGO/GCE are in the range from 97.3 to 101.7 %, declaring
that this method is effective and reliable.

Conclusions

In this article, we have successfully employed an electrochem-
ical reduction method using GO as a precursor for the fabri-
cation of ERGO-modified GCE. The modified electrode for
the determination of p-AP was demonstrated. This modified
electrode showed an excellent electrocatalytic activity towards
the redox reaction of p-AP. Owing to the unique properties of
ERGO, including extraordinary electronic transport character-
istics, high surface area, and good 7—7t interaction, the ERGO-
modified electrode obviously promotes the sensitivity of the
determination of p-AP with a low detection limit. The pro-
posed method was applied to detect p-AP in water samples
with satisfactory recoveries from 97.3 to 101.7 %.
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