Journal of Hazardous Materials 201-202 (2012) 250-259

Contents lists available at SciVerse ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

A graphene oxide-based electrochemical sensor for sensitive determination of
4-nitrophenol

Junhua Li®P-* Daizhi Kuang??, Yonglan Feng??, Fuxing Zhang?P, Zhifeng Xu®P, Mengqin Liu?:P

a Department of Chemistry and Material Science, Hengyang Normal University, Hengyang, 421008, Hunan, PR China
b Key Laboratory of Functional Organometallic Materials of Hunan Province College, Hengyang Normal University, Hengyang, 421008, Hunan, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 5 September 2011

Received in revised form 7 November 2011
Accepted 23 November 2011

Available online 29 November 2011

A graphene oxide (GO) film coated glassy carbon electrode (GCE) was fabricated for sensitive determina-
tion of 4-nitrophenol (4-NP). The GO-based sensor was characterized by scanning electron microscope,
atomic force microscopy and electrochemical impedance spectroscopy. The electrochemical behaviors
of 4-NP at the GO-film coated GCE were investigated in detail. In 0.1 M acetate buffer with a pH of 4.8,
4-NP yields a very sensitive and well-defined reduction peak at the GO-modified GCE. It is found that the
GO film exhibits obvious electrocatalytic activity toward the reduction of 4-NP since it not only increases
the reduction peak current but also lowers the reduction overpotential. Based on this, an electrochemical
method was proposed for the direct determination of 4-NP. Various kinetic parameters such as transfer
electron number, transfer proton number and standard heterogeneous rate constant were calculated,
and various experimental parameters were also optimized. Under the optimal conditions, the reduction
peak current varies linearly with the concentration of 4-NP ranging from 0.1 to 120 M, and the detection
limit is 0.02 wM at the signal noise ratio of 3. Moreover, the fabricated sensor presented high selectivity
and long-term stability. This electrochemical sensor was further applied to determine 4-NP in real water
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samples, and it showed great promise for simple, sensitive, and quantitative detection of 4-NP.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The analysis of aromatic nitrocompounds such as nitrobenzene,
nitrotoluenes and nitrophenols in natural waters and effluents
is of prime importance for environmental control due to their
appearance from a wide range of activities [1]. These compounds
have toxic effect on humans, animals and plants and they give an
undesirable taste and odor to drinking water, even at very low con-
centration [2]. For these reasons, many aromatic nitrocompounds
have been included in the environmental legislation. In particular,
4-nitrophenol (4-NP) is one of the nitrophenols cited in the List of
Priority Pollutants of the U.S.A. Environmental Protection Agency
(EPA) due to its toxicity and persistence [3]. Acute inhalation or
ingestion of 4-NP in a short time for humans can cause headaches,
drowsiness, nausea and cyanosis [1].In addition, 4-NP was reported
as potential carcinogen, teratogens and mutagen [4], so its applica-
tion should be strictly controlled and supervised. Unfortunately,
4-NP is still widely used as intermediates in the production of
pharmaceuticals, dyestuffs and pesticides, such as fenitrothion and
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parathion insecticide which can reversely hydrolyze to form 4-NP
[5,6]. In addition, 4-NP can also be used as leather fungicide and
acid-base indicator [5]. Therefore, 4-NP will be inevitably released
into environment to cause pollution during its production and
application for agriculture and industry. Therefore, it is very urgent
and important to develop simple and reliable method for determi-
nation of trace amounts of 4-NP in environment.

Until now, the widely used methods for determination of 4-NP
are spectrophotometry [7], fluorescence [8], gas chromatography
(GC) [9], capillary electrophoresis [4] and high performance liquid
chromatography (HPLC) [10]. Traditional spectrophotometry and
colorimetric methods are easily interfered by related compounds.
GC methods can sometimes require relatively expensive reagents
and need beneficiation and derivatization before analysis and it
cannot be used directly to aqueous samples. HPLC and capillary
electrophoresis methods are good alternative methods, but they
need high cost to buy columns and waste more organic solvents [7].
Thus, there is a demand for new analytical technique with cheap
instrument, low cost, simple operation, time saving and real-time
detection for 4-NP. Moreover, the easy electrochemical reduction of
nitro groups at the aromatic or heterocyclic ring, whose mechanism
is discussed in monographs [11], permits very sensitive determi-
nations of a number of genotoxic and ecotoxic nitro-compounds
using modern voltammetric techniques at modified electrodes
[12]. In this regard, electrochemically analytical technique is an
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alternative to monitor lower concentration of 4-NP in environment.
In order to enhance the sensitivity of electrochemical sensors, the
working electrode employed in familiar electrochemical technique
often needs surface modifying. Recently, Mhammedi et al. [12] used
hydroxyapatite modified electrode to investigate the electrochem-
ical behaviors of 4-NP and realize the determination of 4-NP with
lower detection limit of 8 nM. Though many other modified elec-
trodes based on carbon nanotubes [13-15], nano-gold [16], silver
particles [17] and ionic liquid [ 18] have been also reported to detect
4-NP with satisfactory results; it is still a challenge to fabricate a
new electrochemical sensor based on novel materials with excel-
lent electro-catalysis properties by simpler preparation.

Since the discovery by Geim and co-workers in 2004 [19],
graphene, a flat monolayer of sp2-bonded carbon atoms tightly
packed into a two-dimensional honeycomb lattice, and character-
ized as “the thinnest material in our universe” [19,20], has received
considerable attention due to its high surface area (~2600 m2/g),
high chemical stability, and unique electronic, mechanical prop-
erties [21]. This unique nanostructure holds great promise for
potential applications in nanoelectronics [22], hybrid [23], lithium
ion batteries [24] and sensors [25]. In the past decades, sev-
eral forms of carbon materials (e.g. Cgo [23], ordered mesoporous
carbon [26], carbon nanofiber [27] and carbon nanotubes [28])
have been used for developing different kinds of electrochemical
devices; especially the carbon nanotubes-based electrochemi-
cal sensors were most widely investigated. However, several
works have demonstrated that graphene usually exhibit better
electroanalytical performance than the extensively used carbon
nanotubes [29,30]. Graphene oxide (GO), one of the most impor-
tant derivatives of graphene, also has a large surface area, excellent
conductivity and strong mechanical strength. Furthermore, the
oxidized rings of functionalized and defective GO sheets contain
abundant C—0—C (epoxide) and C—OH groups, while the sheets
are terminated with C—OH and —COOH groups [31,32]. Defects
of GO may change its electronic and chemical properties. The
functionalized and defective GO sheets are more hydrophilic and
can be easily dispersed in solvents with long-term stability [33].
Moreover, they are more easily produced in mass quantities as
compared with the carbon nanotubes. They may be used to pre-
pare some novel GO-based films, which could facilitate the further
manipulation and processing of these materials for developing
novel electronic devices, such as chemical sensors and biosensors.
Recently, GO-based electrochemical sensors have been developed
for the sensitive determination of dopamine [30], caffeine [34],
2,4,6-trinitrotoluene [35] and used as a platform for immobilizing
glucose oxidase to construct new glucose biosensors [36].

The aim of this work is to fabricate a novel and stable elec-
trochemical sensor for ultra sensitive determination of 4-NP. The
working electrode used in this method was modified with GO which
was simply prepared from graphite. Compared with bare electrode,
the electro-reduction peak of 4-NP was remarkably heightened at
GO modified electrode, and it can be used as an analytical sign
for 4-NP determination. The experimental parameters such as the
concentration of GO, pH value and accumulation conditions were
optimized and the kinetic parameters of the electrode process were
detailedly discussed. Finally, this method was successfully applied
to determine trace amounts of 4-NP in real water samples with
satisfactory results.

2. Experimental

2.1. Reagents

Graphite powder (spectrum pure), H,SO4, KMnO,4 and H,0,
(30wt%) were obtained from Shanghai Chemical Reagent Co.

(China). 4-NP was purchased from Sigma-Aldrich, and its stock
solution of 0.01 M was prepared by dissolving the required amount
of 4-NP in redistilled water and then kept in darkness at 4 °C. Work-
ing solutions were freshly prepared before use by diluting the stock
solution. An acetate buffer (pH 4.8) of 0.1 M was always employed
as a supporting electrolyte. All other reagents were of analytical
reagent grade and used as received. All solutions were prepared
with redistilled water, and the solutions were deaerated by bub-
bling high-purity nitrogen before the experiments. The pH values
of the solutions were adjusted with 0.1 M HCl and NaOH.

2.2. Apparatus

All electrochemical experiments were performed on a CHI660D
electrochemical workstation (CH Instrumental Co., China) with a
conventional three-electrode cell. A bare or modified glassy carbon
electrode (GCE, d=3 mm) was used as working electrode. A satu-
rated calomel electrode (SCE) and a platinum wire were used as
reference electrode and auxiliary electrode, respectively. The pH
measurements were carried out on PHS-3C exact digital pH meter
(Shanghai REX Instrument Factory, China), which was calibrated
with standard buffer solution every day. Fourier transform infrared
(FTIR) spectra were recorded on a FTIR-8700 infrared sepectropho-
tometer (Shimadzu, Japan). Scanning electron microscopy (SEM)
image was obtained from JSM-6700F field emission SEM system
(Jeol, Japan) which was operated at an acceleration voltage of
15.0kV. Atomic force microscopic (AFM) images were recorded
with a Nanoscope IV atomic force microscope (Digital Instruments)
using a tapping mode.

2.3. Synthesis of graphene oxide

GO was synthesized directly from graphite by a modified Hum-
mers method [37]. Generally, 1g graphite was ground with 50 g
NaCl for 10 min. NaCl was then dissolved and removed by filtra-
tion with water. The remaining graphite was stirred in 23 mL of
98% H;S04 for 8 h. KMnOy4 (3 g) was gradually added while keep-
ing the temperature less than 20°C. The mixture was then stirred
at 80°C for 45 min. Next, the redistilled water of 46 mL was added
and the mixture was heated at 105 °C for 30 min. The reaction was
terminated by addition of redistilled water (140 mL) and 30% H, 0,
solution (10 mL). The resulting mixture was washed by repeated
centrifugation and filtration, first with 5% HCl aqueous solution and
then with distilled water. Finally, the GO product was obtained after
dried in vacuum.

2.4. Preparation of modified electrode

For fabrication of modified electrodes, the modifier suspen-
sion was prepared by dispersing 10.0 mg GO in 2.5 mL DMF under
ultrasonication for 30 min. Prior to modification, a bare GCE was
polished to form a mirror-like surface with 0.3 and 0.05 pm alu-
mina slurry on micro-cloth pads, then washed successively with
HNO3;—H,0 (1/1 by volume), anhydrous alcohol and redistilled
water in an ultrasonic bath and dried in air. Then the prepared
suspension of 5.0 wL was coated onto the fresh GCE surface using
a micropipette, followed by evaporating the solvent under an
infrared lamp. After the solvent was evaporated, the electrode sur-
face was thoroughly rinsed with redistilled water and dried in the
air. The obtained electrode was denoted as GO/GCE. In order to
eliminate the memory effect, the modified electrode was treated
in the blank supporting electrolyte before every measurement
by successive cyclic voltammetric sweeps until the steady curve
appeared. The modified electrode was stored at4 °Cin a refrigerator
when it was not used.
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Fig. 1. Characterizations of graphene oxide: (A) FT-IR spectrum of GO, (B) SEM image of GO, (C) AFM image of GO.

3. Results and discussion
3.1. Characterizations of the prepared graphene oxide

The prepared GO was kermesinus and dispersed well in water,
DMF and other organic solvent. As shown in Fig. 1A, the spectrum
of FT-IR of GO showed that the peak at 3300cm™! attributes to
O—H stretching vibration, the peak at 1750 cm~! attributes to C=0
stretching vibration, the peak at 1480cm~! attributes to deforma-
tion of O—H, the peak at 1225 cm~! attributes to vibration of C—0O
(epoxy), and the peak at 1035 cm~! attributes to vibration of C—0
(alkoxy). Then, the Boehm method [38] was further employed to
quantify the content of these surface oxygenic functional groups.
The total content of oxygen-containing groups was 0.49 mmol/g
with 18.4% (0.09 mmol/g) C=0 group, 42.9% (0.21 mmol/g) O—H
group, and 38.7% (0.19 mmol/g) C—O groups. The experimental
results indicated that some functional groups of negative charge
were successfully grafted in carbon ring of GO during its prepa-
ration. The morphologic characterization of the prepared GO was
firstly examined by SEM and the obtained image is shown in
Fig. 1B. It can be seen that the basic shapes of the GO look like
pieces of the leaves or flakes. It also indicates that GO sheets pos-
sess highly porous nanostructure, which may allow the free entry
of 4-NP into the inner layers, increasing utilization of the whole
film. To further characterize the exact structures of the GO sheets,
AFM was employed for getting more information of the internal

construction. Fig. 1C shows a tapping-mode AFM image of exfo-
liated GO sheets. The sample was prepared by depositing a GO
aqueous dispersion (0.1 mgmL~1) onto a new cleaved mica surface
and dried under vacuum at room temperature. The cross-sectional
view of the AFM image indicated that the average thickness of the
sheets is about 1.0 nm, which indicated that the GO flakes had sin-
gle layer. In the image, small GO sheets with a size of 200-300 nm
and large sheets with size of more than 1 wum were observed. This
unique nanostructure may be attractive as potential material for
developing novel types of highly sensitive and stable electrochem-
ical sensors for the determination of 4-NP.

3.2. Electrochemical characterizations of the modified electrode

Electrochemical behaviors of the modified electrode were inves-
tigated using [Fe(CN)g]3~/4~ as redox probes by cyclic voltammetry
(CV) firstly. Fig. 2A showed the CVs of GCE (a) and GO/GCE (b)
recorded in 5mM [Fe(CN)g]*~/4~ (1:1) solution containing 0.1 M
KClatascanrate of 100 mV s~!. Atbare GCE, a couple of well defined
redox peaks were observed with peak-to-peak separation (AEp)
of 86 mV. When the electrode was coated with GO, the peak cur-
rents of redox peaks decreased obviously, which could be attributed
to the negatively charged carboxyl group on GO surface [39,40],
blocking the diffusion of [Fe(CN)g]*~/4~ from solution to electrode
surface. Moreover, the decrease of AEp (72 mV) was observed at
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Fig. 2. CVs (A) and EIS (B) of bare GCE (a) and GO/GEC (b) in 5mM [Fe(CN)g]>~/4~
(1:1) solution containing 0.1 M KCI. The scan rate of CV is 100 mV s~'; the frequency
range of EIS was from 0.1 to 10° Hz at the formal potential of 0.17 V.

GO/GCE and it indicated that GO film could improve the reversibil-
ity of the electrode reaction process.

For further characterization of the modified electrode, the
electrochemical impedance spectroscopy (EIS) was used in the
frequency range from 0.1Hz to 10°Hz at the different formal
potentials (—0.3 to +0.3 V). At the potential of 0.17V, the Nyquist
diagrams formed by semi-circle and straight line curves are most
common and representative. So, Fig. 2B presented the Nyquist dia-
grams of bare GCE (a) and GO/GCE (b) in 5mM [Fe(CN)6]3-/4-
containing 0.1 M KCI at 0.17V. It can be seen that a small well
defined semi-circle at higher frequencies was obtained at the
bare GCE, indicated small interface impedance. When GO was
deposited on the surface of GCE, the impedance value was much
larger than that at GCE, which could be attributed to the neg-
ative charges on GO film, introducing a electrostatic repulsion
into the electrode/solution system, leading to a lower rate of
the electron transfer of Fe(CN)63—/4-. This phenomenon also
demonstrated that GO was successfully immobilized on the GCE
surface.

3.3. Cyclic voltammetrics of 4-NP

Fig. 3 showed CVs of GCE (a and c) and GO/GCE (b and d) in
the absence (a and b) and presence (¢ and d) of 0.1 mM 4-NP at
100mVs~1. No redox peak was observed at GCE without 4-NP. The
same phenomenon was also obtained at GO/GCE. From this, it can
be concluded that GO is electro-inactive in the selected potential
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Fig. 3. CVs of GCE (a and c) and GO/GCE (b and d) in the absence (a and b) and
presence (c and d) of 0.1 mM 4-NP in 0.1 M acetate buffer. Scan rate: 100mVs-1;
pH: 4.8; accumulation time: 60 s; accumulation potential: 0.2 V.

region. When 0.1 mM 4-NP was added into 10 mL acetate buffer (pH
4.8), 4-NP shows an irreversible behavior at the bare GCE (Fig. 3¢c)
with relatively weak redox current peaks at Ep, (anodic peak
potential)=0.475V and Ep. (cathodic peak potential)=—0.502V.
However, as can be seen from Fig. 3d, 4-NP exhibits a pair of
well-defined redox waves on the GO/GCE with E,;=0.382V and
Epc=—-0.448V, and the reduction overpotential of 4-NP becomes
lower than that on the bare GCE with a positive shifting of 54 mV. As
expected, the redox peak currents are markedly higher than those
at the bare GCE, which suggests that GO is an effective mediator
in the electrocatalytic redox of 4-NP, and especially the reduc-
tion peak current increased larger compared with the oxidation
peak current. The obvious enhancement of reduction peak cur-
rent and positive shift of reduction peak potential indicate that GO
exhibits effective catalytic ability to reduce 4-NP, and this is due to
the attractive characteristics of GO, such as subtle electronic char-
acteristics and strong adsorptive capability. The GO should have
very strong adsorptive capability for 4-NP, because there are sev-
eral interactions between them. First, the interaction between GO
and 4-NP can be hydrogen bonds and some hydrophobic force
[37,41], since the —OH and —COOH groups on GO sheet can form
strong hydrogen-bonding interaction with —OH and —NO, groups
in 4-NP. Second, 4-NP has an aromatic structure, so there may
be m- stacking between GO and 4-NP. Finally, there may be
some electrostatic interaction between GO and 4-NP since there
is a nitrogen atom that could be positively charged in 4-NP. These
interactions cause the high loading efficiency of 4-NP on GO. Fur-
thermore, the reduced-GO prepared by the chemical reduction of
GO with hydrazine [42] exhibited less electro-catalysis effect on
redox of 4-NP compared with GO. Because there are few oxygen-
containing groups on reduced-GO, its adsorption capacity for 4-NP
is lower, resulting in the redox currents of 4-NP on reduced-GO
lower than those on GO. In addition, the reduction peak poten-
tial obtained at GO/GCE was higher than that at single-wall carbon
nanotube coated electrode (—0.72V, vs. SCE) [13], multi-wall car-
bon nanotubes-Nafion modified electrode (—1.0V, vs. SCE) [14]
and lithium tetracyanoethylenide modified electrode (—0.70V, vs.
Ag/AgCl) [43] in aid conditions. Therefore, a substantial decrease
in reduction overpotential has been achieved in the present study
with GO/GCE, and the reduction peak current can be chosen as an
analytical signal to detect 4-NP.
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Fig. 4. The effect of GO/DMF concentration on the peak current of 0.1 mM 4-NP. The
conditions are the same as those in Fig. 3.

3.4. Optimization of experimental parameters for determination
of 4-NP

3.4.1. Effect of GO/DMF concentration

Fig. 4 depicts the influence of concentration of GO/DMF suspen-
sion on the reduction peak current of 0.1 mM 4-NP. As gradually
improving the content of GO/DMF suspension, the peak current of
4-NP greatly enhances. While increasing the content of GO/DMF
suspension from O0mgmL-! to 4mgmL-!, the effective surface
area and the accumulation efficiency accordingly improve. Conse-
quently, the surface concentration of 4-NP increases and then the
reduction peak current also enhances. When further increasing the
content from 4mgmL-! to 6mgmL-!, the reduction peak current
of 4-NP decreases slightly, suggesting that if the modified film is
too thick, it is unbeneficial for 4-NP sensing. In this work, the best
content of GO/DMF was selected as 4mgmL-1.

3.4.2. pH effect

The effect of the buffer solution on the sensor response was
tested in four different buffer solutions (phosphate, acetate, cit-
rate, and borater) with the concentration of 0.1 M. When the acetate
buffer solution was used, the baseline was steady and high sensi-
tivity was obtained. In this sense, the acetate buffer solution was
chosen.

The effect of pH on the reduction of 0.1 mM 4-NP at GO/GCE
was investigated by CV in the pH range from 3.6 to 5.8. As shown
in Fig. 5, the reduction peak current of 4-NP increased gradually
with increasing pH from 3.6 to 4.8, and the maximum current was
achieved at pH 4.8. With further increasing pH, the reduction peak
current conversely decreased. Therefore, pH 4.8 was chosen for the
subsequent analytical experiments. With the solution pH increas-
ing from 3.6 to 5.8, the E,c of 4-NP at GO/GCE shifted negatively
and linearly. The linear regression equation can be expressed as Epc
(mV)=— 0.0923 pH+0.0022 (R2=0.9931). According to the Nernst
equation of EPC=E9 —[(2.303mRT)/(nF)] pH [44], the ratio of m/n
was calculated to be 1.56; where m is the proton number interven-
ing in the reduction process, n is the number of transfer electron, R,
T and F have their usual meanings. From this conclusion, it can be
known that the proton transfer number could be calculated easily
if the number of transfer electron was got.

3.4.3. Scan rate effect
Useful information involving electrochemical mechanism usu-
ally can be acquired from the relationship between the peak current
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Fig. 5. The effect of pH of buffer solution on the current response and potential
response of 0.1 mM 4-NP. Other conditions are the same as those in Fig. 3, except
that the pH of buffer solution is variable.

and scan rate. The effect of scan rate on the reduction of 4-NP was
also investigated. Fig. 6 showed CVs of 0.1 mM 4-NP at GO/GCE
with different scan rates. The reduction peak current increased
gradually with the increase of scan rate. As shown in the insert
of Fig. 6, the reduction peak current increased linearly with the
scan rate in the range of 20-250mVs~! and it can be expressed
as: Ipc (1074 A)=—4.7033v (mVs~1) — 87.2051 (R? = 0.9852), which
indicated that the reduction of 4-NP on GO/GCE is a typical
adsorption-controlled process. Consequently, it can be used to pre-
concentrate micro-quantity of 4-NP onto the surface of GO/GCE for
quantitative analysis. In order to decrease the background current
and obtain high sensitivity, the scan rate was chosen as 100 mV s~!
for the further experiments.

3.4.4. Effect of accumulation conditions

Accumulation can improve the amount of 4-NP absorbed on
the electrode surface, and then improve determination sensitiv-
ity and decrease detection limit. In order to evaluate the influence
of accumulation potential on determination of 4-NP, the reduc-
tion peak currents of 0.1 mM 4-NP after 60s accumulation under
different accumulation potentials were measured by linear sweep
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Fig. 6. CVs of 0.1 mM 4-NP at GO/GCE with different scan rates and the plot for
the dependence of the reduction peak current on scan rate shown in insert. Curves
(inside-outside) are obtained at 20, 40, 60, 80, 100, 150, 200, and 250 mV s, respec-
tively. Other conditions are the same as those in Fig. 3, except that the scan rates
are variable.
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Fig. 7. The possible reduction mechanism of 4-NP at GO/GCE.

voltammetry (LSV). The reduction peak current increased remark-
ably when the accumulation potential shifted from —0.30 to 0.20V.
However, the downtrend of reduction peak current was obtained
under more positive accumulation potential. Therefore, 0.20V was
selected as an optimum accumulation potential for determination
of 4-NP. In addition, the reduction peak current increased grad-
ually with accumulation time up to 60s at a fixed accumulation
potential of 0.20V. More 4-NP could be adsorbed on the electrode
surface with extending accumulation time. Afterwards, the peak
current increased much slightly as further increasing accumula-
tion time. This phenomenon could be attributed to the saturated
adsorption of 4-NP at the electrode surface. Considering both sen-
sitivity and work efficiency, the optimal accumulation time of 60 s
was employed in the further experiments.

3.5. Measurement of kinetic parameters of the electrode process

3.5.1. Electron transfer number (n) and proton transfer number
(m)

Electron transfer number n is the basic parameter of an electrode
reaction. Bulk electrolysis with coulometry was used to determine
the electron transfer number of 4-NP reduction process at GO/GCE.
The electron transfer number n can be obtained by Frarday equation
[45]:

AQ

H=W (1)

where AQ is charge involved in the reaction (AQ=Q4-np — Qbjank)»
c is concentration of 4-NP, V is volume of electrolyte, F is Fara-
day constant. From the result of bulk electrolysis with coulometry
(Q4-np=0.2352C, Qpjank =0.0625C, and c=0.1 mM, V=10mL), the
electron transfer number n was calculated to be 2 which is accor-
dant with the previous report [18]. Through the above described,
we have got the ratio of m/n=1.56, so the proton transfer num-
ber (m) was calculated to be 3. Therefore, the electro-reduction of
4-NP on GO/GCE is a two-electron and three-proton process, and
the possible reduction mechanism of 4-NP under our experimen-
tal conditions could be deduced in two routes which were listed
in Fig. 7. From Fig. 7, it can be seen that the intermediate prod-
ucts of the reduction of 4-NP maybe contain the free radical of OH®,
rather than OH~ group. This is because that if the OH™ exists, it
can directly produce H,0 as reduction production in acid condi-
tions, but in that case the chemical equation cannot balance. So, we
assume that some free radicals of OH* as well as O®* may be appear in
the electro-reduction process under our experimental conditions.
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Fig. 8. The plot for the dependence of the reduction peak potential on natural log-
arithm of scan rate.

3.5.2. Charge transfer coefficient (a)

With anincrease of scanrate, the cathodic peak potential shifted
negatively (seen in Fig. 6). The relationship between Epc and the
natural logarithm of scan rate (Inv) was shown in Fig. 8. It can
be seen that Epc changed linearly vs. Inv with a linear regres-
sion equation of Epc (mV)=-0.5192 —0.0297 Inv (R?> =0.9940) in
the range from 20 to 250mVs~!. For a totally irreversible elec-
trode process, the relationship between the potential (Ep) and
scan rate (v) could be expressed as following equation given by
Laviron [46]:

RT RTKO RT

_ 0 Pl (=
Ep=E +<omF)ln<anF> (anF)an (2)
where ais the electron transfer coefficient, n is the number of trans-
fer electron, R, T and F have their usual meanings. Thus, the value
of an can be easily calculated from the slope of Epc vs. Inv. In this
system, the value of an was calculated to be 0.86 (taking T=298,

R=8.314, and F=96 500). According to foregoing research results,
as n=2, a can be calculated to be 0.43.

3.5.3. Effective surface area (A) and diffusion coefficient (D)

The electrochemical effective surface area for bare GCE and
GO/GCE can be calculated by the slope of the plot of Q vs. t1/2
obtained by chronocoulometry using 0.5 mM K3[Fe(CN)g] as model
complex based on the equation (3) given by Anson [47]:

2nFAcD!/2t1/2
W=

+ Qa1 + Qads (3)
where A is effective surface area of working electrode, c is con-
centration of substrate, n is the number of transfer electron (n
of K3[Fe(CN)g] is 1), D is diffusion coefficient (D of K3[Fe(CN)g]
is 7.6 x 1076 cm?2 s~ [48]), Qq; is double layer charge which could
be eliminated by background subtraction, Q,qs is Faradaic charge.
Other symbols have their usual meanings. Based on the slope of the
linear relationship between Q and t!/? in Fig. 9, the effective surface
area A could be calculated to be 0.0791 cm? and 0.1735 cm? for GCE
and GO/GCE, respectively. The results indicated that the electrode
effective surface area was increased obviously after electrode mod-
ification, which would increase the adsorption capacity of 4-NP,
leading to enhance current response for the prepared electrochem-
ical sensor. The diffusion coefficient (D) and Faradic charge (Qq4s)
of 4-NP at GO/GCE can also be measured using chronocoulometry
based on Eq. (3). After background subtraction, the plot of Q against
t1/2 showed a linear relationship with slope of 3.569 x 10~4 C/s!/2
and Q.45 0f3.1827 x 10> C.Asn=2,A=0.1735 cm? and c=0.1 mM,
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Fig. 9. (A): Plot of Q-t curves for the GCE (a) and GO/GCE (b) in 0.5 mM K3z [Fe(CN)s]; (B): plot of Q-t'/2 curves for the GCE (a) and GO/GCE in 0.5 mM K3 [Fe(CN)s]; (C): Plot of
Q-t curves for GO/GCE in 0.1 M acetate buffer (pH 4.8) in absence of (a) and in present of (b) 0.1 mM 4-NP; (D): plot of Q-t'/2 curve for GO/GCE in present of 0.1 mM 4-NP

(background subtracted).

D was calculated to be 8.896 x 10~>cm?2s~!. According to the
equation of Q,qs=nFAIs, the adsorption capacity of I's could be
obtained as 9.505 x 10~8 mol cm~2 which is much higher than that
at ionic liquid modified electrode (2.47 x 10~2 molcm~2) [18] and
hydroxyapatite modified electrode (7.12 x 1019 molcm~2) [5];
and the obtained I's is also higher than the coverage of mono-
molecular layer, so it further demonstrates that GO has excellent
adsorption property toward 4-NP.

3.5.4. Standard heterogeneous rate constant (ks)

The standard heterogeneous rate constant (ks) for totally irre-
versible reduction of 4-NP at the modified electrode was calculated
based on Eq. (4) [49]:

ks = 2.415 exp (_0'22F

) D'/2(E, — Ep/z)*1/2V1/2 (4)

where E, and E,, represent the peak potential and the
half-height potential in LSV, respectively. Other symbols
have their usual meanings. In this work, Ep—Ep;,=101mV,
D=8.896 x 10> cm?s~!, y=100mVs~!, and T=298K. Therefore,
ks was calculated to be 1.544 x 103 cms—1.

3.6. Calibration curve

In order to obtain an analytical curve for the fabricated
sensor, the quantitative analysis of 4-NP concentration using
GO/GCE was performed with LSV under the optimized exper-
imental conditions and the results were shown in Fig. 10. It
can be seen that the cathodic peak current was proportional
to 4-NP concentration in the range of 0.1-120 wM. The linear
regression equation can be expressed as Ipc (107> A)=—-3.5094C
(109 M) — 0.1075, with a correlation coefficient of 0.9975. The lin-
ear range was broader than the reported ranges obtained from
some modified electrodes such as silver amalgam paste elec-
trode [2], apatite/CPE [12], MWNT-Nafion/GCE [14] and silver
particles/GCE [17]. The detection limit (S/N=3) is estimated to
be 0.02 uM, lower than those from hydroxyapatite-based [5],
MWNT-based [15] and gold-based [16] electrochemical sensors.
The lower detection limit indicated that the proposed method
could potentially be used to sensitively monitor 4-NP concen-
tration. A detailed comparison of the performances of different
electrochemical sensors for the determination of 4-NP is sum-
marized in Table 1. From Table 1, it can be concluded that
the GO/GCE is an excellent platform for the detection of 4-NP,
and the superior performance of the prepared sensor could be
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Table 1

Comparison of the performances of different electrochemical sensors for 4-NP.
Electrode materials Linear range (M) Correlation coefficient Detection limit (M) Stability keep Recovery (%) References
AgA-PE? 0.2-100 - 0.3 - - 2]
HNP/GCE¢ 1.0-300 0.9996 0.6 82% (30 days) 96-104 [5]
Apatite/CPE 0.2-100 0.9835 0.008 - 86.2 [12]
SWNTY/GCE 0.01-5 - 0.0025 93.5% (14 days) 98.8-104.2 [13]
MWNTe-Nafion/GCE 0.1-10 0.9980 0.04 94.4% (12 h) 102.6-104.6 [14]
MWNT/GCE 2-4000 0.9965 0.4 - 96-102 [15]
Nano-gold/GCE 10-1000 - 8 95% (7 days) 97-97.7 [16]
Silver particles/GCE 1.5-140 0.9800 0.5 - - [17]
Ionic liquid/CPEf 3-800 0.9940 0.1 - - [18]
LiTCNES /GCE 0.027-23.2 0.9990 0.0075 - 101.1-105 [43]
SMA"/GCE 0.3-45mgL! 0.9976 0.02mgL! - 99.5-102.2 [50]
Nanoporous gold 0.5-10mgL~! 0.9941 - - - [51]
Nano-Cu,O/Pt electrode 10-1000 0.9985 0.1 - - [52]
GO/GCE 0.1-120 0.9975 0.02 83% (30 days) 99.0-102.3 This work

2 AgA-PE: silver amalgam paste electrode.

HN: hydroxyapatite nanopowder.

GCE: glassy carbon electrode.

SWNT: single-wall carbon nanotubes.

¢ MWNT: multi-wall carbon nanotubes.

f CPE: carbon paste electrode.

& LiTCNE: lithium tetracyanoethylenide.

h SMA: sodium montmorillonite-anthraquinone.

a n o

ascribed to the electrocatalytic activity and the adsorption ability
of GO.

3.7. Reproducibility, stability and interference

The fabrication reproducibility for ten modified electrodes was
carried out by comparing the reduction peak current of 0.1 mM 4-
NP. The relative standard deviation (RSD) was 3.25%, revealing that
this method had good reproducibility. The stability of the electrode
was also investigated by measuring the electrode response with
0.1 mM 4-NP every 10 days. Between measurements the electrode
was stored at 4°C in a refrigerator. The current response decreased
to 90% after 10 days, while 86% of the original response retained
after 20 days. The electrode still retained 83% of its original response
even after 30 days.

On the other hand, in order to evaluate the selectivity of the pre-
pared sensor, the influence of some possible interfering substances
was examined in pH 4.8 acetate buffer containing 4-NP of 0.1 mM
and 0.1 pM, respectively (shown in Table 2). It can be seen that
most of the phenols had no influence on the signals of 4-NP with
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Fig. 10. LSV responses of increasing 4-NP concentration, from a to j, 0.1, 2, 10, 20,
30, 40, 50, 65, 80, 95, 120 M, respectively. Insert: the dependence of peak currents
on the concentrations of 4-NP. The other conditions are the same as those in Fig. 3.

deviations below 5%, but the nitrophenols were found to affect the
determination because they contain the same nitro groups that can
be reduced near the potential of 4-NP. However, their influence
is not significant at low concentrations. Additionally, some inor-
ganic ions such as 500-fold concentration of Na*, K*, Mg2*, Ca2*,
Ni2*, Co2*, Cu?*, Cl-, Br—, I=, NO3~, SO42-, have no influence on
the signals of 4-NP with deviations below 3%. The results obtained
from reproducibility, stability and interference tests indicated that
GO/GCE might be suitable for analytical application.

3.8. Analytical application

The possibility of applying the present electrochemical method
for 4-NP determination in five real water samples from the local-
ity was evaluated. No signals for 4-NP were observed when these
water samples were analyzed, which may be attributed to that no
4-NP is in water samples or the concentration of 4-NP is lower
than the detection limit. Thus, the determination of 4-NP con-
centration was performed by the standard addition method. The
results are listed in Table 3. It can be seen that the results of pro-
posed method are in agreement with the value obtained by HPLC
method [53]. However, HPLC method needs more cost for reagent,
on the contrary electrochemical method has many advantages such
as low cost, easy fabrication and simple operation, so it is worthy of

Table 2

Influence of interferences on the determination of 4-NP (n=3).
Interfering Concentration  Relative Concentration Relative
substances (mM)? error (%)  (pM)P error (%)
Phenol 10 0.36 1 0.12
Pyrocatechol 10 -2.12 1 1.34
Hydroquinone 10 3.53 1 -2.33
Hydroxyphenol 10 3.12 1 -1.15
Phloroglucinol 10 -135 1 1.26
2-Aminophenol 10 0.63 1 0.45
4-Aminophenol 10 -1.02 1 -0.69
2-Chlorophenol 10 1.53 1 1.59
4-Chlorophenol 10 1.24 1 -1.62
Bisphenol A 10 4.03 1 3.81
2-Nitrophenol 1 15.32 0.1 535
3-Nitrophenol 1 12.71 0.1 5.27
2,4-Dinitrophenol 1 10.89 0.1 4.88

2 Coexisting 4-NP of 0.1 mM.
b Coexisting 4-NP of 0.1 WM.
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Table 3

Determination of 4-NP in water samples by GO/GCE.
Samples Added (pM) Found? (M) Relative error (%) RSDP (%) Recovery (%)

HPLC method Proposed method

Drinking water 5.0 4.83 4.95 2.48 3.25 99.0
Lake water 10.0 9.77 9.92 1.54 3.14 99.2
River water 15.0 15.29 15.34 0.33 2.66 102.3
Underground water 20.0 20.26 20.04 -1.09 412 100.2
Domestic sewage 25.0 25.45 25.28 -0.67 3.87 101.1

2 Average value of five measurements.
b Relative standard deviation for the proposed method (n=5).

development. It is also clear that the recoveries of the developed
method are in the range from 99.0% to 102.3%. These results indi-
cate that the proposed method should be reliable, effective and
sufficient for 4-NP determination. Additionally, the interferences
in water samples can be almost neglected.

4. Conclusion

A novel GO-based electrochemical sensor for 4-NP was suc-
cessfully fabricated and the performance of this sensor was
dramatically improved due to the excellent electrical conductivity,
strong adsorptive ability and large effective surface area of GO. The
modified electrode exhibited a high electrocatalytic activity and
good selectivity toward the reduction of 4-NP. Compared with the
bare electrode, the reduction current of 4-NP increased greatly and
the reduction peak potential shifted positively, and the fabricated
sensor was applied to detect 4-NP in water samples with satisfied
recoveries from 99.0% to 102.3%. These results indicated that GO
was a good candidate of advanced electrode materials and could be
combined with other functional materials to fabricate the sensing
interface for more applications in the fields of electroanalysis.
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