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Abstract A highly sensitive electrochemical sensor for the
simultaneous determination of catechol (CC) and hydro-
quinone (HQ) was fabricated by electrodeposition of gold
nanoparticles onto carbon nanofiber film pre-cast on an Au
electrode. Both CC and HQ cause a pair of quasi-reversible
and well-defined redox peaks at the modified electrode in
pH 7.0 solution. Simultaneously, the oxidation peak
potentials of CC and HQ become separated by 112 mV.
When simultaneously changing the concentrations of both
CC and HQ, the response is linear between 9.0 uM and
1.50 mM. In the presence of 0.15 mM of the respective
isomer, the electrode gives a linear response in the range
from 5.0 to 350 uM, and from 9.0 to 500 uM for CC and
HQ, respectively, and detection limits are 0.36 and
0.86 uM. The method was successfully examined for real
sample analysis with high selectivity and sensitivity.
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Introduction

Catechol (CC, 1,2-dihydroxybenzene) and Hydroquinone
(HQ, 1,4-dihydroxybenzene), which are two isomers of
dihydroxybenzenes, exist widely in industrial effluents,
such as the waste from oil refineries, coal tar, plastic,
leather, paint, steel and pharmaceutical industries [1, 2].
They have been included in the lists of priority pollutants to
be monitored by international bodies, such as the US
Environmental Protection Agency and the European Union
[3]. Furthermore, because CC and HQ have similar
structures and properties, they usually coexist. Reliable
analytical procedures are required for sensitive and
simultaneous determination in various matrices. To date,
various methods have been exploited for their determi-
nation such as high-performance liquid chromatography
[4], pH based-flow injection analysis [5], and synchronous
fluorescence [6]. However, chromatographic methods are
complicated, time-consuming and high cost, and optical
methods usually require an additional reagent for the
signal generation. Electrochemical methods are relatively
simple and provide an easy and fast way in simultaneous
determination of CC and HQ. To achieve simultancous
determination, some materials such as carbon nanotubes
(CNT) [7-9], poly (glutamic acid) [10], penicillamine
[11], aspartic acid [12] and mesoporous Pt [13] were used
to modify the electrodes. However, the detection limit was not
low and/or the acidic solutions were used for the above
modified electrodes, which cannot meet the demand of
practical application. The CNT/poly (3-methylthiophene)
composite film modified electrodes were used to the
simultaneous determination of CC and HQ, while the
background current was relatively high and separation of the
two peaks (101 mV) was lower [9]. Mesporous carbon-
modified electrode was reported with high sensitivity,
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however, it may suffer from mechanical instability because
the electrode was constructed by adsorption of carbon
material on substrates [14]. Activated glassy carbon electrode
prepared by anodization of glassy carbon was also reported,
while anodization damaged the glassy carbon electrode
seriously and reduced the lifetime of the electrode [15].
Therefore, the search of a reliable material for the electrode
modification is still of considerable interest for the simulta-
neous determination.

Since the invention of CNT, it has been used as modified
material on the electrodes due to its high electrical
conductivity, relatively remarkable mechanical and thermal
properties, large surface active groups, surface-to-volume
ratio, low-ohmic resistance, and easy mass production [16].
Carbon nanofiber (CNF) possesses the similar properties to
CNT. Importanly, CNF surpasses CNT in more edge sites
on the outer graphite planes and less order, which may lead
to more facile electron transfer [17], better dispersion and
wettability [18, 19]. CNF was expected to be more suitable
to act as modified material for electrochemical sensing and
biosensing. However, to our knowledge, only a few reports
existed on the development of the CNF modified electrodes
[20, 21]. In addition, gold nanoparticles (GNPs) have been
widely used to fabricate electrochemical and biological
sensors owning to their good conductivity, simplicity of self-
assembly through Au—S bond, excellent electrocatalytic
ability and biocompatibility [22]. Thus, the nanocomposites
of CNF and GNPs were the ideal candidates for electrode
modification and expected to acquire the simultaneous and
sensitive determination of CC and HQ.

Keeping this aim in view, this paper described that a
GNPs/CNF composite modified electrode fabricated by
electrodeposition of GNPs onto the CNF modified Au
electrode was used to simultaneous determination of CC
and HQ. The electrochemical behaviors of CC and HQ
were studied using cyclic voltammograms (CV) and
differential pulse voltammetry (DPV) at GNPs/CNF/Au
electrode. The influences of GNPs deposition time and the
pH of phosphate buffer solution were investigated. At the
optimum conditions, the peaks for CC and HQ were
separated by about 112 mV in pH 7.0 phosphate buffer.
The method had been applied to simultaneous determination
of CC and HQ in water sample with high selectivity.

Experimental

Reagents

CC and HQ (Fig. S1, see Supplementary material) were
purchased from Da Mao Chemical Reagent Co. Ltd.

(Tianjin, China, http://dmchem.cn.alibaba.com) and Zhan
Yun Chemical Reagent Co. Ltd. (Shanghai, China, http://
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www.shzychem.com), respectively. Chloroauric acid
(HAuCl4-3H,0) was obtained from Sinopharm Chemical
Reagent Co. Ltd. (Shanghai, China, http://sinoreagent.cn.
alibaba.com). CNF was obtained from Chengdu Organic
Chemicals Co. Ltd. (Chengdu, China, http://www.cioc.ac.
cn). Phosphate buffer solution was prepared by 0.1 M
KH,P0,4-Na,HPO,. All chemicals were of analytical grade.
All aqueous solutions were prepared with deionized water.

Apparatus and methods

All electrochemical experiments were conducted on a
CHI660D electrochemical workstation (Shanghai, China,
http://chi.instrument.com.cn). All experiments were per-
formed in a three-electrode cell system with the bare or
modified Au electrodes (2 mm in diameter), a Pt wire, and a
saturated calomel electrode (SCE) as working electrode,
auxiliary electrode, and reference electrode, respectively.
The electrochemical parameters for DPV were optimized at
50 mV amplitude and 0.2 s pulse width. For CV measure-
ments, potential ranges from —0.3 to +0.6 V at the scan rate
of 50 mV s~'. The surface morphologies of the modified
Au electrode were evaluated by scanning electron micro-
scope (SEM, JSM-6700F, Japan) images. The electrochem-
ical impedance spectroscopy (EIS) measurements were
performed in the presence of 2 mM [Fe(CN)s> 4] solution
containing 0.1 M KCI and plotted in the form of complex
plane diagrams (Nyquist plots). They were recorded with a
frequency range of 0.1-100 kHz. The amplitude of the
applied sine wave potential was 5 mV, with a formal
potential 0.22 V.

Preparation of the GNPs/CNF/Au electrode

The GNPs/CNF/Au electrode was prepared in three steps.
Firstly, the bare Au electrode was polished to mirror
smooth with 0.3 and 0.05 um AL,O3z slurry, in turn,
followed by sonicating in acetone, ethanol and deionized
water, and then cleaned by cycling in 0.5 M H,SO,4 in
potential range from —0.3 to +1.5 V for 12 cycles at scan
rate of 50 mV s '. Secondly, CNF was sonicated for 6 h in
[V(HNO3):V(H,SO4)=1:3]. It was then rinsed with deion-
ized water and evaporated to dryness. 5 pL CNF suspension
(1 mg mL™"), which was prepared by dispersing the desired
amount of acid CNF in N,N-dimethylformamide, was
dropped on the fresh Au electrode surface. Then the
electrode was placed under an infrared lamp to remove the
solvent. Thirdly, the CNF/Au electrode was immersed in
0.5 M KNOs; solution containing 5 mM HAuCl,. The
electrochemical deposition of GNPs was conducted for
4 min at —0.2 V. After that the GNPs/CNF/Au electrode
was obtained. The electrodes were rinsed by deionized water
and stored in phosphate buffer solution before use.
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Results and discussion
Characterization of the GNPs/CNF/Au electrode

Electrochemical impedance spectroscopy (EIS) is an efficient
tool for studying the interface properties of surface-modified
electrodes. The electron-transfer resistance (R.;) at the
electrode surface is equal to the semicircle diameter of the
Nyquist plots and can be used to describe the interface
properties of the electrode. Figure 1 showed the results for
the Niquist plots on bare Au electrode, CNF/Au electrode
and GNPs/CNF/Au electrode. For the bare Au electrode, the
R was 21.6£0.5 Q. After modifying CNF, the R (66.7+
1.0 Q), which was reflected by the appearance of substantial
increase in the semicircular part of the spectrum, increase
due to the blocking effect of CNF in the charge transfer
process. This is probably because the negative charges of
carboxylic groups on the purified CNF surface limit the
access of [Fe(CN)> "* ] to the electrode surface [23]. For the
GNPs/CNF/Au electrode, the R, decreased to 9.2+0.5 €,
revealing a very low electron-transfer resistance on the
GNPs/CNF/Au electrode. The results demonstrated that the
GNPs/CNF composite film was successfully immobilized
onto the Au electrode surface, and GNPs were excellent
electric conducting material and accelerated the electron
transfer.

The surface morphology of GNPs/CNF was characterized
by SEM. As shown in Fig. 2, a network-like structure of CNF
with the diameter about 150 nm was observed, which
indicated that CNF without aggregation was immobilized
on the Au electrode surface. Treatment of the CNF/Au
electrode with the HAuCl, solution was carried out by
electrochemical deposition. The number and radius of GNPs
increase with the increase of deposition time. The dense and
uniform GNPs with the average diameter about 80 nm were
obtained on CNF for 4 min deposition, while the aggregation
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Fig. 1 Nyquist plots of 2 mM [Fe(CN)s> ] containing 0.1 M KCI
solution at bare Au electrode (a), CNF/Au electrode (b) and GNPs/
CNEF/Au electrode (c¢). The frequency range is from 0.1 Hz to 100 kHz

occurred for 6 min deposition. The edges of outer wall on
CNF serve as suitable sites for the stabilization of GNPs and
the acid functional groups can improve the metal-support
interaction, then, GNPs on CNF surface exhibit high ratio
surface and stability. The above nanostructures of GNPs/
CNF are expected to have an excellent potential in
electrochemistry.

Electrochemical behaviors of CC and HQ at the electrodes

The electrochemical behaviors of CC and HQ at bare Au
electrode (a), GNPs/Au electrode (b), CNF/Au electrode (c)
and GNPs/CNF/Au electrode (d) were studied by CV and
DPV. Figure S2, S3 showed CVs obtained from 4 mM CC
or 4 mM HQ in 0.1 M phosphate buffer solution.

Fig. 2 SEM images of GNPs/CNF/Au electrodes with different
deposition time of GNPs. 2 (a), 4 (b) and 6 (¢) minutes
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Fig. 3 CV (A) and DPV (B) of
0.4 mM CC and 0.4 mM HQ in
phosphate buffer solution

(pH 7.0) at bare Au electrode
(a), GNPs/Au electrode (b),
CNEF/Au electrode (c¢) and
GNPs/CNF/Au electrode (d)

I/pA

06 04 02
A E/Vvs.SCE

Compared with bare Au electrode, there was an increase in
current response at modified electrodes and the increase order
was: [ (bare Au electrode) <[ (CNF/Au electrode) <[ (GNPs/Au electrode)
< 1(GNPs/CNF/Au clectrode) - Meanwhile, a decrease in the separa-
tion of peak to peak was observed and the decrease order was:
AE(ba.re Au electrode) < AE(CNF/Au electrode) < AE(GNPS/AU electrode)
< AE(GNPs/CNF/Au electrode)»  indicating nearly reversible or
quasi-reversible electron transfer kinetics for GNPs/CNF/Au
electrode interfaces. It may be ascribed to the high surface
area of CNF and efficient catalytic effect of GNPs.

Figure 3 showed the CV and DPV obtained for CC and
HQ coexisting at the above four electrodes. At the bare Au
electrode and GNPs/Au electrode, only one oxidation peak
was observed for both analytes, which indicated the
impossiblility for the simultaneous determination, but
gladly current response was found to enhance greatly at
the GNPs/Au electrode. At the CNF/Au electrode, the
oxidation waves of CC and HQ were clearly resolved with
peak potentials of 167 and 55 mV in DPV, respectively. The
increased separation can ascribe partly to the degree of the
electrostatic interaction between the CNF surface and these
phenolic compounds with different pKa values. Both HQ
(pKa=10.0) and CC (pKa=9.4) exist in their protonated
forms at pH 7.0 [24]. The fraction of positively charged HQ
was increased more than CC at the surface of pretreated
CNF, which was negatively charged [25]. This leaded to the

. S0 ,CC T
00 02 06 04 02 00 -02
B E/V vs.SCE

more beneficial conditions for electron transfer to HQ at the
acid CNF besides the more preferable structure of HQ,
capable of resonance stabilization of the intermediate, for
redox reaction. Moreover, after deposition the GNPs, the
peak currents had nearly two times higher than the response
currents at CNF/Au electrode, indicating that the GNPs
effectively catalyze the oxidation process of CC and HQ.
This may be that GNPs can effectively increase surface area
and active sites of electrode. Thus, such a large increase in
the separation of oxidation peak potentials associated with
an increase in the peak currents reflected GNPs/CNF
composite film acted as an efficient promoter to enhance
the kinetics of the electrochemical process. These results
indicated that the simultaneous or selective determination
was feasible at the GNPs/CNF/Au electrode.

Optimization of the general procedures

The pH of the solution and GNPs deposition time were
important influence factors for the electrochemical reaction.
Voltammetry was carried out to characterize effect of
solution pH on electrochemical behaviors of CC and HQ
in 0.1 M phosphate buffer solution as shown in Fig. 4A.
The results showed that the oxidation currents of CC and
HQ increased as the pH changing from 5.0 to 7.0, and then
decreased gradually from 7.0 to 10.0. This value of 7.0, at

Fig. 4 Effects of pH (A) and 60 [
GNPs deposition time (B) on 40 b — .
the peak currents of 0.4 mM CC /
(a) and 0.4 mM HQ (b) 50| /'
30} 4 g
<
= g o—_
=~ 40 - o
= 20} ~ /°/ ~~
a
»
30+
10t b
be
1 L L 1 L I 20 I Il 1 Il 1 1
5 6 7 8 9 10 1 2 3 4 5 6
A pH B ¢t/ min
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Fig. 5 (A) DPV of CC at (a) 0

5.0, (b) 10, (c) 20, (d) 40, (e) 60,
(f) 120, (g) 170, (h) 200, (i) 250,
(/) 350 uM in the presence of

150 uM HQ. (B) DPV of HQ at

(a) 9.0, (b) 40, (c¢) 100, (d) 160, < §
(e) 200, (7) 250, (g) 350, (h) = =
500 uM in the presence of ~
150 uM CC
S0r 0 100 200 300 h 0 200 400
C/pM C/pM
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which the currents reached the maximum, was chosen in
this work, and importantly, neutral environment can meet
the demand of practical application better.

The effect of the deposition time of GNPs was
investigated by means of DPV. The oxidation peak currents
of 0.4 mM CC and HQ on the GNPs/CNF/Au eclectrode
increased with increasing deposition time from 1 to 4 min.
From Fig. 4B we can see that the peak currents of CC and
HQ decreased slightly after 4 min deposition. This may be
associated with the decrease of the real surface area of the
electrode resulting from the aggregation of GNPs on the
electrode surface. Therefore, 4 min was selected in the
following investigation.

Simultaneous determination of HQ and CC

The utilization of the GNPs/CNF/Au electrode for simulta-
neous determination of CC and HQ was demonstrated by
changing the both concentrations. As shown in Fig. S4, the
DPV results indicated that the simultaneous determination
with well-distinguished two peaks at potentials, corresponding
to the oxidation of CC and HQ. The oxidation peak currents
of CC and HQ increased linearly with the concentration

of their own in the range of 9.0 uM to 1.5 mM
(/=0.4055+0.0877 C, C in uM, I in pA, R=0.9980) for
CC and (/=0.4527+0.0471 C, C in uM, [ in uA,
R=0.9993) for HQ. Thus, the selective and sensitive
determination of HQ and CC was achieved simultaneously
at this modified electrode.

With the dihydroxybenzene isomer concentration
increasing, the peak current increased at GNPs/CNF/Au
electrode. In the presence of 0.15 mM isomer, the oxidation
peak current of CC was linear to its concentration in the
range of 5.0 uM to 0.35 mM, and the linear regression
equation was /=0.3051+0.0845 C (C in uM, [ in pA, R=
0.9993) with detection limit of 0.36 uM (Fig. 5A). As
shown in Fig. 5B, the oxidation peak current of HQ was
linear to its concentration in the range of 9.0 uM to
0.50 mM, and the regression equation was /=0.5057+
0.0517 C (C in uM, I in pA, R=0.9987) with detection
limit of 0.86 uM. The detection limits of both CC and HQ
are lower than the modified electrode with Zn/Al hydroxide
film [26] and the glassy carbon electrode modified with
similar carbon material composite film (PASA/MWNTs) [8]
due to the electrocatalytic property of CNF and GNPs
described above.

Table 1 Simultaneous determination results for CC and HQ in local tap water

Recovery results for CC in local tap water containing HQ

Sample Tap water containing HQ (uM)

1 40 20
2 40 25
3 40 30

Recovery results for HQ in local tap water containing CC

Sample Tap water containing CC (uM)

1 20 20
2 20 30
3 20 40

CC added (uM)

HQ added (uM)

CC found (uM) Recovery (%)

19.1 95.7
25.9 103.5
30.7 102.4

HQ found (uM) Recovery (%)

19.4 96.8
30.6 101.9
40.9 102.3

Average of five measurements
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Stability, reproducibility of GNPs/CNF/Au electrode
and interference

The stability and reproducibility of the GNPs/CNF/Au
electrode were investigated by the measurement of the
response to the mixed sample containing 0.4 mM CC and
0.4 mM HQ. The relative standard deviation (RSD) of the
oxidation peak current by 8 successive measurements was
1.53% and 1.72% for CC and HQ, respectively. The
fabrication reproducibility was estimated at 5 modified
electrodes that were prepared under the same condition, and
the RSD was 1.86% and 1.94% for CC and HQ,
respectively. When the electrode was kept at 4 °C for
1 week, the peak currents remained more than 93.5% of
their initial values. The above results revealed the good
stability and reproducibility of GNPs/CNF/Au electrode
due to the strong adsorption between CNF on the electrode
surface and the firm combination of GNPs with CNF.

The interference of some common ions, small biomolecules
was evaluated. It was found that for 0.15 mM CC and 0.15 mM
HQ, 2.0 mM K", Na*, Mg*', Ca*", NH,", NO;, CI', Br,
glucose, cane sugar, uric acid, and citric acid did not interfere
with the determination (signal change below 5%).

Analytical applications

In order to assess the possible applications of this method in
direct simultaneous determination of CC and HQ, synthetic
samples consisting of CC and HQ in local tap water were
tested. The amounts of CC and HQ in the tap water sample
were then determined by calibration method and they were
summarized in Table 1. When known amount of CC and
HQ were added to tap water samples, quantitative recov-
eries of 95.7-103.5% were obtained. All the results
suggested the feasibility of the electrode in simultaneous
determination of CC and HQ in water samples.

Conclusions

Combining the advantageous features of GNPs and CNF,
GNPs/CNF composite film was constructed on the surface
of Au electrode conveniently and firmly. Under the
optimum condition, GNPs/CNF/Au electrode showed ex-
cellent sensitivity and selectivity properties and can
separate oxidation peaks towards CC and HQ, which were
indistinguishable at the bare Au electrode. The GNPs/CNF
film is expected to be an ideal electrode material for the
study of electrochemistry of the redox molecules. Besides
electroanalytical application, the prepared electrode with
the outstanding electrochemical properties and inherent
biocompatibility should have the potential to be used to
amperometric biosensors.
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