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Facile and stable nanocomposites, carbon nanocages (CNCs)-reduced graphene oxide (RGO), were devel-
oped via one-pot in situ solvothermal reaction in this study. Transmission electron microscope, scanning
electron microscope, X-ray diffraction, Raman spectroscopy, energy dispersive X-ray spectroscopy,
atomic focus microscope, N, adsorption/desorption isotherms, thermogravimetric analysis and Fourier-
transform infrared were performed to characterize the CNCs-RGO hybrid material. The electrochemical
detections of catechol (CC) and hydroquinone (HQ) were investigated by means of cyclic voltammetry
(CV) and differential pulse voltammetry (DPV). The excellent electrocatalytic activity and reversibility
have been shown on the modified electrode toward oxidation of both CC and HQ in 0.04 M acetate buffer
solution (pH=4.0). The relationship between the oxidation peak current of CC and its concentration
was linear over the range from 1 to 400 wM in the presence of 100 WM HQ, and the linear relation-
ship between the oxidation peak current of HQ and its concentration can be obtained range from 1 to
300 pM in the presence of 100 M CC. The detection limits (S/N = 3) for CC and HQ were 0.40 and 0.87 uM,

respectively.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Phenolic compounds are ubiquitous in nature since they are
formed during biological degradation processes, and they are
widespread used in the production of dyes, photostabilizer, devel-
oper, plasticizers, cosmetics, pesticides and some pharmaceuticals
[1]. Catechol (1, 2-dihydroxybenzene, CC) and hydroquinone (1, 4-
dihydroxybenzene, HQ) are two isomers of dihydroxybenzene and
often coexist in environmental samples as pollutants with high tox-
icity and low degradation in the ecological environment [2,3]. CC
and HQ are considered as environmental pollutants by the US Envi-
ronmental Protection Agency (EPA) and the European Union (EU)
[4]. The acceptable emission of phenolic compounds according to
the national standard of China (GB 8978-1996) is 0.5 mg mL~! (for
dihydroxybenzene, 0.00454 M) [5]. It is difficult to separate and
determine them due to the similar structures and properties of
the dihydroxybenzenes [G]. Therefore, it is necessary to establish a
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simple, fast and reliable analytical method for sensitive and
selective determination of dihydroxybenzene isomers in var-
ious matrices. A myriad of methods have been exploited to
meet the rising demands for the determination of dihydrox-
ybenzene isomers, such as liquid chromatography-ultraviolet
spectrometry, [7] chemiluminescence [8], mass spectrometry
[9], spectrophotometry [10], synchronous fluorescence [11] and
electrochemical methods [12,13]. Among them, electrochemi-
cal methods demonstrate the merits of low cost, fast sample
separation, straightforward operation and comparatively high
sensitivity. However, direct determination of dihydroxybenze iso-
mers is an obstacle for conventional electrode owing to the
oxidation-reduction of the dihydroxybenzene isomers are largely
overlapped in many cases [14,15]. Driven by this need, it is vital to
fabricate novel electrochemical sensor for distinguish dihydroxy-
benzene with high sensitivity and good selectivity.

Carbon nanocages (CNCs), nanosize cage-type mesoporous car-
bon material with a regular framework as well as nanographene
shell, have aroused considerable interest in recent years [16-18].
As a promising candidate material, CNCs are of importance in
a wide range of applications including rechargeable batteries,
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hydrogen production and storage, catalysis, sensing, and drug and
gene delivery owing to their unique geometrical structure, excel-
lent physical and electrical properties [19,20]. Up to now, the
most common methods to prepare CNCs are conventional hard-
templating, sacrificial templating, soft templating, and template
free method [17]. Sacrificial templating method is demonstrated
to introduce a porous structure into the graphitized carbon, fine
polymeric or inorganic particles were served as the template for
formation of carbon layers on their surfaces. From such templates
with a core-shell structure, nanoporous carbons are obtained by
removing the template at the core [21,22]. High-yield CNCs have
been prepared by pyrolysis of ethanol and ferrous oxalate at 550 °C
for 12 h in this study [23]. These CNCs with unique structural fea-
tures are expected to meet the demands for electrode materials
with high sensitivity, good cycling and favorable conductivity.

Since its discovery at 2004 [24], graphene, a two-dimensional
(2D) one atom thick nanomaterial consisting of sp? hybridized
carbon, has attracted considerable attention from both experi-
mental and theoretical scientists in recent years [25]. It exhibits
potential advantages of low cost, high surface area, excellent con-
ductivity, high electrocatalytic activity, good mechanical strength,
high mobility of charge carriers and extraordinary electronic trans-
port property [26,27]. Reduced graphene oxide (RGO) is generally
obtained via reduction of GO. However, RGO is hydrophobic and
tends to form irreversible agglomerates due to van der Waals
interactions and strong m-m stacking [28]. By incorporation of
nanomaterials on the surface of RGO, the aggregation problem of
RGO could be minimized or prevented [29]. Various methods have
been performed to prepare RGO, and the thermal reduction of GO
was proven to be an effective and reliable method to produce RGO
owing to its low cost and massive scalability [30,31]. In addition,
RGO supported nanocomposites have been fabricated aiming to
improve electrocatalytic activities such as electron transport on
modified electrode surfaces [32,33].

In this work, CNCs-RGO composites were prepared through one-
pot hydrothermal method using RGO as good supports for CNCs,
and their morphology and crystal structures were investigated in
some details. And the CNCs-RGO composites were performed for
electrochemical detection of CC and HQ.

2. Experimental
2.1. Reagents and apparatus

All reagents were attained as analytical grade and used directly
without further purification. All experiments of distilled water
(18.2M€) was from Milli-Q plus (Millipore, USA). CC, HQ and
ferrous oxalate were purchased from Aladdin (Shanghai, China).
Graphite powder was obtained from Xilong Chemical Co., Ltd.
(Guangdong, China). CC and HQ were respectively dissolved into
distilled water to obtain 1.0mM standard stock solution, which
were further diluted by water to desired concentrations before use.
Working solutions were freshly prepared by diluting the stock solu-
tion 0.2 M acetate buffer (pH=4.5) before use and kept at 4°C in
dark.

Electrochemical experiments were carried out on a CHI 650D
electrochemical workstation (Shanghai Chenhua Instruments Co.,
China) with a conventional three-electrode system, which con-
tains an Ag-AgCl (saturated KCI) reference electrode, a platinum
wire auxiliary electrode and a bare or modified glassy carbon
electrode (GCE) as working electrode (3.0 mm diameter). All pH
measurements were conducted on a Mettler Toledo FE-20 pH meter
(Shanghai, China).

Transmission electron microscope (TEM) was obtained from
a JEM-1230 electron microscope (FEI Tecnai G220, Ltd., USA) at
300KkV. Scanning electron microscope (SEM) was conducted on

JEOL electron microscope (JEOL JSM-6010 LA, Ltd., Japan) equipped
with an energy dispersive X-ray spectrometer (EDS, Japan). X-
Ray diffraction (XRD) was employed to characterize GO, CNCs
and CNCs-RGO nanocomposites using a Bruker D 8-Advance X-ray
diractometer (Germany). The scan rate was 6°min~!. Fourier-
transform infrared (FTIR) spectra of GO, CNCs and CNCs-RGO
nanocomposites were measured on a Nicolet 6700 FTIR instru-
ment in the range of 800-4000cm~'. Atomic force microscope
(AFM, CSPM5500, China) was allowed to observe surface morphol-
ogy of GO, CNCs and CNCs-RGO. Raman spectra were obtained
via Reinishaw confocal spectroscopy with 532 nm laser excitation.
Thermogravimetric analysis (TGA) was carried out on TGA 209 ther-
mal degradation analyzer (NETZSCH TG 209 F1) with a heating
rate of 10°C under N,. N, adsorption/desorption isotherms were
measured at 77.30 K on a Micromeritics Gemini VII 2390 volumet-
ric adsorption system. All experiments were performed at room
temperature.

2.2. Preparation of CNCs-RGO

GO was prepared according to Hummer’s method [34]. The CNCs
were prepared following Li’s method [23]. Then, 1 mg GO was dis-
persed in 10 mL distilled water and ultrasonicated for 30 min to
form a homogenous solution (0.1 mg mL~1), followed by addition of
1.0 mg CNCs and ultrasonic agitation for 5 min. The resulting solu-
tion was put into a Teflon-lined stainless-steel autoclave of 25 mL
capacity at 180 °C for 5 h, followed by natural cooling to room tem-
perature. The precipitates were collected by centrifugation, and
finally dried at 60°C under vacuum.

2.3. Preparation of CNCs-RGO/GCE

Prior to modification, the bare GCE was polished to a mirror-
like with 0.3 wm, and 0.05 pm vy-alumina slurry respectively, then
washed successively with distilled water, ethanol and distilled
water in an ultrasonic bath for about 3 min and dried in N, blowing
before use. Then 5.0 L of the CNCs-RGO (3 mg mL~!) mixture solu-
tion was deposited on the fresh prepared GCE surface and allowed
to dry in ambient air for 12 h to obtain CNCs-RGO modified elec-
trode. For comparison, GO/GCE and CNCs/GCE were fabricated with
the similar procedure.

3. Results and discussion
3.1. Characterization of GO, CNCs, and CNCs-RGO/GCE

The TEM image of CNCs is presented in Fig. 1a, and it shows the
uniform tetragonal projected shapes and hollow structure. It indi-
cates that the sizes of CNCs are approximately 25 nm. In addition,
the lattice of CNCs is confirmed by the HRTEM image and shown
in Fig. 1b. It can be observed that the lattice spacing of CNCs is
0.182 nm. The SEM image of GO and TEM image of CNCs-RGO are
presented in the Fig. 1cand Fig. 1d, respectively. The typically crum-
pled and wrinkled structure of GO and CNCs-RGO is observed. As
for Fig. 1d, it displays that CNCs is uniform distribution on RGO,
indicating CNCs-RGO was successfully created by the process of
hydrothermal reaction.

XRD patterns of GO, CNCs and CNCs-RGO are clearly observed in
Fig. 2a. The XRD pattern of GO displays sharp diffraction peak seated
at 10° corresponding to carbon (00 1) diffraction, which is typical
in GO. It can be observed from the XRD patterns of CNCs and CNCs-
RGO that two relatively low intensities of diffraction peaks located
at 21° and 43° presumably assigned to (002) and (1 0 1) diffraction
of hexagonal graphite (JCPDS card no. 41-1487). It indicated low
crystallinity or disordered graphite of CNCs and CNCs-RGO.
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Fig. 1. TEM (a) and HRTEM (b) images of CNCs; (c) SEM image of GO; (d) TEM image of RGO-CNCs.

Raman spectroscopy was carried out to further studying
graphitic structure of GO, CNCs and CNCs-RGO, and the results
are present in Fig. 2b. The two strong Raman peaks situated at
around 1357.67 and 1588.02 cm™! are associated with the D-band

(the vibration of sp3 hybridized carbon atoms) and G-band (the
vibration of sp2 bonded carbon atoms) of GO, CNCs and CNCs-RGO.
Particularly, the intensity ratio of the D-G bands implies the size of
sp? domains and the structural disorder of GO, CNCs and CNCs-RGO

Fig. 2. XRD patterns (a), Raman spectra (b) and FTIR images (d) of GO, CNCs and CNCs-RGO; (c) EDS spectrum of CNCs-RGO sample.
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[35,36]. After combining with RGO, the intensity ratio of the D-G
bands for CNCs-RGO increased comparing with CNCs. This could
be ascribed to the oxygen-contain groups within GO have been
removed by thermal-reduction and 7 network has formed in the
crystal structure of CNCs-RGO [37].

EDS of CNCs-RGO is confirmed and shown in Fig. 2c. It
displays that major element C and O are presented in CNCs-
RGO, demonstrating that GO was mostly reduced and CNCs-RGO
nanocomposites were finally obtained. FTIR was also performed
to characterize the major functional groups of GO, CNCs and
CNCs-RGO. It can be observed in Fig. 2d that there are several char-
acteristic peaks of various carbon-oxygen functional groups in FTIR
spectrum of GO, the peaks located at ~1063 cm~! and ~1232cm™!
could be conform with C—O stretching vibration and C—O—C
stretching vibration, and the peaksat~1374cm~!,~1728 cm~! and
~3375cm~! should be assigned to C—OH stretching vibration, C=0
in carboxylic acid and carbonyl moieties, and O—H in hydroxyl and
carboxyl [34]. And the peak at ~1627 cm~! could be attribute to
the remaining sp? character. In the case of CNCs, the features in the
FTIR spectrum (Fig. 2d) meet with the O—H stretching vibration at
~3432 cm~!, the O—H deformation vibration at 1371 cm~!, the C=C
stretching vibration at 1578 cm~1, and the C—C stretching vibration
at 1166 cm™!. After interaction with GO, it can be found that no
obvious peak is observed on CNCs-RGO spectrum, indicating most
reduction of GO, and CNCs have combined with GO successfully,
which is consistent with the EDS result.

AFM was used to investigate surface morphology of GCE,
GO/GCE, CNCs/GCE and CNCs-RGO/GCE. As displayed in Fig. S1,
three dimensional of GCE, GO/GCE, CNCs/GCE and CNCs-RGO/GCE
with an area of 2508 nm x 2508 nm indicated that after modifica-
tion with the GO, CNCs on the GCE, the surface of the GO/GCE,
CNCs/GCE became rugged comparing with the relatively flat and
smooth surface of GCE. It is noted that the surface of CNCs-RGO/GCE
was relatively smooth comparing with CNCs/GCE. It may be the rea-
son that the CNCs has been combined with RGO. The dark and light
areas represent the lower and higher regions on the surface. The
surface roughness (Sa-Roughness average) of bare GCE, GO/GCE,
CNCs/GCE and CNCs-RGO/GCE were calculated to be 0.0381, 2.242,
5.56 and 4.96 nm. These results suggest that CNCs-RGO has been
decorated on the electrode interface.

TGA measurements were allowed to confirm the thermal sta-
bilities of GO, CNCs and CNCs-RGO under a N, atmosphere. It can
be seen from Fig. S2 that GO has the tendency to lose weight
below 100°C in virtue of the thermal decomposition of the water
molecules onto the hydrophilic GO surface through physical com-
position. At around 200°C, the second significant loss weight
happened in this process, it may be caused by the loss of the oxygen-
containing functional groups of GO [38,39]. From TGA curve of
CNCs, it clarifies that the two main loss weight took place at
150°C and 200 to 360°C. While a sharp increase in the weight
loss appeared at the temperature exceeded 360°C, it may be the
resulting of a little loss of amorphous carbon [40]. The TGA curve
tend to stable when the temperature is above 410°C, illuminat-
ing that no significant weight loss would happen in this step. The
TGA curve of CNCs-RGO composite discloses the expected thermal
behavior. And the phenomenon indicates that thermal stability of
CNCs-RGO composite is higher than that of GO and CNCs under the
temperature is below 450°C.

Nitrogen adsorption-desorption isotherms and the correspond-
ing pore size distribution curve of CNCs and CNCs-RGO are shown in
Fig.3.From Fig. 3a and c, one can find that the curve slowly increases
at low relative pressure of 0.10-0.40, then a sharp increase occurs
in the range of 0.40-0.80, which is the type-IV shape. Particularly,
the existence of mesopores can be justified by the hysteresis of the
desorption curve and the sharp increase of the adsorption capac-
ity in the medium relative pressure region [41]. It can be obviously

observed from Fig. 3b and d that a narrow poresize distribution
was mainly concentrated on approximately 4.7 nm. It has been
proven that quick molecules and ion diffusion would take place
within poresize larger than 2 nm in aqueous electrolyte has been
exemplified [42]. Brunauer-Emmett-Teller (BET) measurements
bear out that the specific surface areas of CNCs and CNCs-RGO
are 170.24m?2/g and 388.94m?/g, respectively. All these results
demonstrate that CNCs-RGO are prospective to have excellent elec-
trochemical properties with increasing surface area.

3.2. Electrochemical behavior of modified electrode

The electrochemical properties of an electrode was examined at
[Fe(CN)g]3~/4- by cyclic voltammetry (CV). From Fig. 4a, CVs of bare
GCE, GO/GCE, CNCs/GCE and CNCs-RGO/GCE in 1 mM Fe(CN)g3—/4-
containing 0.1 M KCl can be observed, and it is worth noting that
a pair of well-defined redox peaks on CNCs-RGO/GCE with higher
redox peak currents in comparison with other electrodes. As the
electron transfer rate for the ferricyanide is inversely proportional
to the AE, [43], as a consequence of lower AE, implies a higher
electron transfer rate. The peak potential separation (AEp) at bare
GCE, GO/GCE, CNCs/GCE and CNCs-RGO/GCE are calculated to be
90, 358, 76 and 67 mV respectively. This result indicates that the k°
value of CNCs-RGO/GCE prove to be the highest. Additionally, after
the combination of CNCs and RGO, CNCs-RGO/GCE shows the high-
est redox peak current (I,) among the other electrodes which may
be the reason that the promotion of the electron transfer process
at the modified electrode surface with improved ultrahigh surface
area and good electronic conductivity [41].

Electrochemical impedance spectroscopy (EIS) was further con-
ducted to study the interface properties of electrode surfaces. The
electron transfer kinetics of [Fe(CN)g]3~/4- at different electrodes
are shown in Fig. 4b. In a typical Nyquist plot, EIS consists of two
parts: the linear part at low frequency and semicircle part at high
frequency. Linear part is diffusion controlled process, and the semi-
circle part is in conformity to the electron transfer resistance (Ret).
It can be obtained that the Ret value for [Fe(CN)g]3~/4~ correspond-
ing to the bare GCE is found to be 50 2. After modification with CNCs
on the GO, CNCs-RGO/GCE (30 £2) is proved to be the smallest fol-
lowed by CNCs/GCE (35 €2) and GO/GCE(4500 €2). All these results
demonstrated that CNCs-RGO film was successfully immobilized
on the GCE surface, which has better electrochemical properties
and promotion of electron transfer process than that of bare GCE,
GO/GCE and CNCs/GCE, and these results are supported by the CV
data mentioned above.

3.3. Electrocatalytic oxidation of CC and HQ

CV was used to characterize electrochemical behavior of CC and
HQ at CNCs-RGO modified GCE in 0.04 M acetate buffer (pH=4.0).
The CVs of 100 uM HQ and 100 M CC at bare GCE, CNCs/GCE,
GO/GCE and CNCs-RGO/GCE are presented in Fig. 5. It can be
observed that only one oxidation peaks appears at the bare GCE.
It may be ascribed to the fact that the oxidation peak of CC and HQ
overlap. It indicates that two phenol isomers cannot be separated
by the bare GCE. In the case of GO, it cannot separate the oxida-
tion peaks of CC and HQ either. The two distinctly well-separated
oxidation peaks can be obtained from CNCs/GCE at potentials of
0.258V and 0.371V corresponding to the oxidation of CC and HQ,
respectively. From CNCs-RGO/GCE, the two well-defined oxida-
tion peaks are also observed. It is obvious that the oxidation and
reduction peaks of CC and HQ can be separated intensively and the
peak currents increased comparing with the CNCs/GCE. This can be
attributed to the further promotion of the electron transfer rate of
CC and HQ. It suggests that a simple and sensitive electrochemical
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Fig. 3. Nitrogen adsorption-desorption isotherms of CNCs (a) and CNCs-RGO (c) (black and red symbols represent adsorption and desorption isotherms, respectively), and

corresponding pore size distributions of the CNCs (b) and CNCs-RGO (d).

Fig. 4. a: CVs of GO/GCE (a), GCE (b), CNCs/GCE(c) and CNCs-RGO/GCE (d) in 1 mM [Fe(CN)g]>~/4~ (1: 1)+0.1 M KCl at a scan rate of 100 mV s~'; b: EIS of GCE (a), CNCs/GCE
(b), CNCs-RGO/GCE (c) and GO/GCE(d) in 1 mM [Fe(CN)s ]34~ (1:1)+0.1 M KCl at a scan rate of 100mV's ~! and the applied ac frequency range: 0.05 Hz-100 kHz.

method exhibits promising performance for simultaneous deter-
mination of CC and HQ.

3.4. pH effect

The effect of pH value (pH 1.0-7.0) on the response of 100 uM
CC and 100 wM HQ in the buffer systems at CNCs-RGO/GCE was
investigated by CV and is shown in Fig. S3. The deficiency of pro-
tons would took place at higher pH value bringing about decrease
the oxidation peak currents of CC and HQ with a rise in pH from
1.0 to 7.0. Additionally, the consequence of the decrease peak
current values may be caused by electrostatic repulsion between
the two dihydroxybenzene isomers and CNCs-RGO. The reasons
should be that in the case of high pH solution, CC and HQ are apt
to turn into anions, and the pKa values for CC and HQ were 9.4
and 10.3 respectively [44]. It was noted that the peak potentials
of CC and HQ were verged to shift nearly to more negative val-
ues linearly with increasing of pH values, suggesting that protons

participate in the electrode reaction. The linear regression equa-
tions of CC and HQ are Ep, (V)=0.57974 — 0.04635 pH (R=0.9929),
Epa (V)=0.47636 — 0.04683 pH (R=0.9935), respectively. The slopes
of the two regression equations are very close to the theoreti-
cal value of 59 mV/pH for two electrons and two protons process
[45,14]. It points out that electron transfer is accompanied by an
equal number of protons. In addition, the pH=4 was chosen the
best optimal value, which not only drew near the pH values of the
water body with strong electrochemical signals, but also with high
sensitivity and good selectivity.

3.5. Effect of scan rate

The effect of scan rate on the response of 100 wM CCand 100 uM
HQ in the mixed solution was also investigated by CV in the poten-
tial range from —0.2 to 0.8V. From Fig. 6a, it can be observed
that the oxidation peak potential shifts positively and the reduc-
tion peak potential shifts negatively with the increase of scan rate.
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Fig. 5. CVs of 100 wuM CC and HQ at bare GCE, CNCs/GCE, RGO/GCE and CNCs-
RGO/GCE in 0.04 M pH 4.0 acetate buffer solution at a scan rate of 100mVs-'.

As shown in Fig. 6b and c, the redox peak currents Ipc and Iq of
CC and HQ increase linearly with square root of scan rate. The
regression equations of CC (Fig. 6b) were Iq (WA)=54.342-510.614
V12 (V1125-112 R=0.9911) and Ipc (nA)=-50.438+482.367 v'/?
(V1125112 R=0.9916). And the regression equations of HQ (Fig. 6¢)
were Ipq (A)=60.967-537.383 v'/2 (V12s-1/2, R=0.9886) and
Ie (RA)= —41.925 +379.711 v'/2 (V125-12, R=0.9919). These
results demonstrate that the electrochemical processes is a typical
diffusion-controlled processes.

3.6. Simultaneous determination of CC and HQ

The simultaneous determination of CC and HQ at CNCs-
RGO/GCE by differential pulse voltammetry (DPV) was shown
in Fig. 7. Under the optimized conditions, the individual deter-
mination of CC and HQ in their mixtures was first investigated
under the concentration of one species changed, whereas other

specie remained constant. Fig. 7a shows different concentrations
of CC in the mixtures with 100 wM HQ by DPV. A linear relation-
ship between oxidation peak current of CC and its concentrations
can be obtained. The regression equation is I (wA)=-0.2055 Ccc
(LM)—39.2129 (R=0.9836) (inset of Fig. 7a). The detection limit
for CC is estimated to be 0.40 uM (S/N=3). In the same way,
Fig. 7b displays the oxidation peak current of HQ in the presence
of 100 wM CC, which is linear to its concentration with a regres-
sion equation of I, (WA)=—0.0726 Cyq (WM) — 48.7762 (R=0.9924)
(inset of Fig. 7b). The detection limit for HQ is 0.87 uM (S/N=3).
The DPV of binary mixture of CC and HQ with different concentra-
tions was displayed in Fig. 7c. The regression equations of CC and
HQ were [, (WA)=-0.0650 C¢cc (M) —47.8940 (R=0.9951) and I,
(A)=-0.0952 Cq (M) — 31.7065 (R=0.9942) respectively. Com-
paring with previous literatures, the modified electrode displays
low detection limit and broad linear range. The results are pre-
sented in Table 1. Particularly, it is found that, although the sensing
properties of detection limit and sensitivity of CNCs-RGO nanocom-
posites are not the best compared with some previous works, while
the sensing performance of the obtained CNCs-RGO could be fur-
ther improved by optimizing the synthesis conditions, such as
reactant ratio, reaction temperature and reaction time, etc. [46].
Therefore, the modified electrode can behave as a promising elec-
trode for simultaneous and sensitive determination of CC and HQ
without interference with each other.

3.7. Interference effect

Some possible interferents are evaluated in the waste water.
Interference effect of a myriad of species, such as 4M of K*, Na*,
10mM of Ca2*, Ni2*, Zn2*, Fe?*, Fe3*, Cu?*, AI3*, Mg?*, Cl-, S042-
on CCand HQ determination were performed. These results display
no significant influence (signal change below 8%) on the signals of
100 wM CC and 100 wM HQ. Moreover, a certain concentrations of

Fig. 6. (a) CV of 100 wM CC and HQ on CNCs-RGO/GCE in the pH 4.0 acetate buffer solution, redox peak current of CC (b) and HQ (c) vs. the square root of the scan rate.

Table 1
Comparison of different electrodes used in simultaneous determination of CC and HQ.
Electrode Isomer Detection limit (M) Sensitivity (LWA/LM) Linear range (M) Ref.
CCHQ 0.75 0.059 1-300 [5]
0.75 0.056 1-400
CCHQ 0.74 0.16 1-250 [47]
0.62 0.19 1-230
CCHQ 0.20 0417 0.5-300 [48]
0.16 0.402 0.5-300
CCHQ 0.60 3.94 2-100 [49]
0.60 3.74 2-100
CCHQ 1.8 0.07 5.5-540 [50]
2.6 0.19 8-391
CcC 0.40 0.2055 1-300 This work
HQ 0.87 0.0726 1-400
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Fig. 7. (a) DPV of CNCs-RGO/GCE in the presence of 100 wM HQ with different concentrations of CC (a-h: 1, 10, 30, 50, 70, 100, 200, 400 wM) in 0.04 M pH 4.0 acetate buffer
solution at a scan rate of 100 mV s~'. (b) DPV of CNCs-RGO/GCE in the presence of 100 uM CC with different concentrations of HQ (a-i: 1, 10, 20, 30, 50, 70, 100, 200, 300 ..M)
in 0.04 M pH 4.0 acetate buffer solution at a scan rate of 100 mVs~'. (c) DPV of CNCs-RGO/GCE in the presence of binary mixture of CC and HQ (a-i: 1, 10, 20, 30, 50, 70, 100,

200, 300 wM) in 0.04 M pH 4.0 acetate buffer solution at a scan rate of 100mVs~!.

Table 2
Simultaneous determination results for CC and HQ in water sample.
Samples Tap water Added (M) Found (M) Recovery (%) RSD (%)
CC HQ cC HQ CC HQ cC HQ cC HQ
1 0 0 5 5 517 4.88 1034 97.6 0.98 1.21
2 0 0 10 10 9.75 10.34 97.5 103.4 0.56 0.33
3 0 0 15 15 15.24 14.87 101.6 99.1 0.89 1.26

phenol and resorcinol show no interference with the quantitative
detection of CC and HQ.

3.8. Real sample analysis

In order to evaluate the validity of CNCs-RGO/GCE, the sam-
ples containing CC and HQ prepared from local tap water was
performed. It can be seen that the prepared electrode shows selec-
tivity and sensitivity for CC and HQ. The recoveries are in the range
from 97.5% to 103.4%. The results are shown in Table 2, indicating
that the proposed method could be efficiently carried out for the
determination of CC and HQ.

4. Conclusions

CNCs-RGO composite film was fabricated on the bare electrode
and employed for electrochemical simultaneous detection of CC
and HQ. The obtained CNCs-RGO hybrid materials via synergistic
effect exhibited higher film forming ability comparing with the
single element, which enhanced the stability of the modified elec-
trode. Due to the addition of CNCs to RGO, the surface of electrode
becomes more porous, larger surface area and more excellent con-
ductivity. The characterized results demonstrated that CNCs have
been decorated on the RGO successfully. By taking advantage of

these merits, we perform CNCs-RGO for electrochemical detection
of CC and HQ. It showed excellent catalytic activity and enhanced
reversibility for the electrochemical redox reaction of CC and HQ
by enlarging specific surface area of CNCs-RGO and synthetic inter-
action between CNCs and RGO. The developed sensor elucidated
encouraging selectivity and sensitivity toward CC and HQ, which
has potential for further application for similar phenolic substance
detection.
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