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Abstract The authors describe a method to anchor gold nano-
particles (AuNPs) on carboxy-functionalized multi-walled
carbon nanotubes (c-MWCNTs) utilizing chitosan as dispers-
ing and protective agent. A sensor for the simultaneous deter-
mination of hydroquinone and catechol was then fabricated by
placing this nanocomposite on a glassy carbon electrode
(GCE). The morphology and composition of the nanocom-
posites were characterized by scanning electron microscopy,
transmission electron microscopy, energy-dispersive X-ray
spectroscopy and X-ray powder diffraction. The electrochem-
ical behavior of the modified GCE was studied by electro-
chemical impedance spectroscopy, cyclic voltammetry and
differential pulse voltammetry. The modified GCE exhibits
good electrooxidative activity towards hydroquinone and cat-
echol and therefore was used for simultaneous determination
of both, with typical voltages of 30 and 130 mV (vs. SCE). A
linear reponse is found for the 0.5 uM to 1.5 mM hydroqui-
none concentration range, and for the 5.0 uM to 0.9 mM
catechol concentration range. The respective lower detection
limits are 0.17 and 0.89 uM (at an S/N ratio of 3). The
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sensitivity is 644.44 pA mM ' cm? for hydroquinone and
770.98 pA mM ' cm? for catechol.
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Introduction

Hydroquinone (1,4-dihydroxybenzene, HQ) and catechol (1,2-
dihydroxybenzene, CT), two isomers of the dihydroxybenzene,
have been widely used in pharmaceutical industry, cosmetics
manufacturing, rubber antioxidant, condiment field and other
fields [1, 2]. As highly toxic organic compounds both for hu-
man health and environment, HQ and CT attract much attention
on their sensitive and selective determination. Among many
detection techniques such as chemiluminescence, capillary
electrophoresis and high-performance liquid chromatography
[3—6], non-enzymatic electrochemical detection is a potential
and effective method for the simultaneous determination of
HQ and CT because of its advantages of rapidity, sensitivity,
stability and simplicity [7]. However, the overvoltages of their
electrocatalytic oxidation and overlap between their oxidation
peaks restrict the simultaneous electrochemical detection of HQ
and CT [8]. Consequently, it is fascinating and challenging to
establish a novel electrochemical method for their simultaneous
determination.

Multi-walled carbon nanotubes (MWCNTS), considered as
good catalyst template for the preparation of novel functional
nanocomposites, have paved the approach for further con-
struction of enhanced sensing platform for their particular
characteristics [9]. However, the application of MWCNTs is
limited by their low dispersion and aggregation among
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individuals in aqueous solution [10]. To solve this problem,
water-soluble groups, such as carboxylic acid groups, were
introduced into MWCNTSs’ surface by continuous sonicate
with a mixture of concentrated H,SO4 and HNO;5 [11].
Moreover, the carboxy-functionalized MWCNTs (c-
MWCNTs) have been widely used in the construction of elec-
trochemical sensors [12]. Zhai et al. reported an electrochem-
ical sensor based on sulfonated graphene sheets and c-
MWCNTs for the determination of clenbuterol, with a linear
range of 1.0 x 10°— 5.0 x 10 ® mol L ™" and a low detection
limit of 4.6 x 10~ mol L' [13].

The introduction of nanomaterials such as gold nanoparti-
cles (AuNPs) has been widely applied to the field of electro-
chemical sensing due to their good stability and remarkable
conductivity [14—16]. Nevertheless, the aggregation between
AuNPs severely affect their electrocatalytic performance for
electroactive species [17]. To improve the dispersion of
AuNPs, some dispersing and protective agents, such as
polyvinylalcohol, poly(vinylpyrrolidone), Tween 20 and
Chitosan (CTS), have been used during the formation of uni-
form morphology of AuNPs [18-20]. As a kind of natural
polymer, CTS has been applied to the research of electro-
chemical sensing due to its advantages of multiple functional
groups (amino groups and hydroxy groups) and film-forming
properties [21]. The positively charged CTS film can be com-
bined with negatively charged c-MWCNTs in aqueous solu-
tion under ultrasonic condition [22]. AuCl, can be largely
adsorbed onto the surface of the positively charged CTS film,
and then in-situ reduced by reductant to form AuNPs with
high dispersion. Accordingly, we used chitosan as dispersing
and protective agent to synthesize AuNPs anchored on the
surface of CTS doped c-MWCNTs in our present study, which
was feasible and novel.

Herein, a sensitive electrochemical sensor for simultaneous
determination of HQ and CT was fabricated by a GCE mod-
ified with c-MWCNTs/CTS/Au nanocomposites which were
synthesized with CTS as dispersing and protective agent. This
nanocomposites can be further applied in the studies of mate-
rials science, optics and other electrochemical fields. The
schematic illustration for the preparation of c-MWCNTs/
CTS/Au nanocomposites (A) and c-MWCNTs/CTS/Au/
GCE (B) are displayed in Scheme 1.

Experimental
Materials and Reagents

HQ, CT, phenol and resorcinol were supplied by Tianjin
Kemiou Chemical Reagent Co., Ltd. (Tianjin, China, http://
www.chemreagent.com/); Chloroauric acid tetrahydrate
(HAuCl4-4H,0, Purity >99.9%) was got from Shanghai
Reagent Factory (Shanghai, China, http://shiyicr.company.
lookchem.cn/); CTS (Molecular Weight: 5-6 % 10°, Purity
>90% deacetylation) was purchased from Shanghai Yuanju
Biotechnology Co., Ltd. (Shanghai, China, http://www.
yjbiotech.cn/); NaBH,, HNOj, CuCl, and H,SO,4 were
provided by Guangdong Guanghua Chemical Factory Co.,
Ltd. (Guangdong, China, http://www.jinhuada.com/);
MWCNTs (Purity >95 wt%, Inside Diameter: 3—5 nm, Outer
Diameter: 8—15 nm, Length < 50 um) were obtained from
Aladdin Industrial Corporation (Shanghai, China, http://
www.aladdin-e.com/). The 0.1 mol L™ phosphate buffered
saline (PBS, pH 7.0) was employed in electrochemical
investigations. The other reagents with analytical reagent
grade were used in this study and the deionized water was

Scheme 1 The schematic a
illustration for the preparation of
c-MWCNTs/CTS/Au
nanocomposites (a) and c-
MWCNTs/CTS/Au/GCE (b)
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obtained by a Millipore system (Milli-Q, China, Resistivity
>18 MQ-cm, http://www.merckmillipore.com/CN/zh?bd=1)
was used to prepare the aqueous solution.

Apparatus and Electrochemical Measurements

The transmission electron microscopy (TEM) was performed
using a Tecnai G* F20 S-TWIN (FEI Electron optics, USA)
measurement operating at 200 kV. The images of scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) were acquired using a JSM-6700F
(JEOL, Japan) measurement at operating voltage of 10 kV.
The X-ray powder diffraction (XRD) datas were obtained
using Cu K« radiation at light tube power of 2.2 kW on a
Bruker D8 Advance (Bruker AXS, Germany) measurement.
The dynamic light scattering (DLS) experiments were per-
formed on a particle size analyzer, model Zetasizer 1000HS
(Malvern instruments, UK). The experiments of electrochem-
ical impedance spectroscopy (EIS), cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) were carried out
using a CHI 660D electrochemical workstation (Shanghai
CH Instrument Co., Ltd., China) with a classic three-
electrode system. Here, the bare GCE (diameter: 3.0 mm), c-
MWCNTs modified GCE (c-MWCNTs/GCE), c-MWCNTs/
CTS modified GCE (¢c-MWCNTs/CTS/GCE) and c-
MWCNTs/CTS/Au modified GCE (c-MWCNTs/CTS/Au/
GCE) were used as working electrodes, respectively. The Pt
wire electrode and saturated calomel electrode (SCE) were
used as counter electrode and reference electrode, respective-
ly. All experiments were performed at room temperature
(25 £ °C). The experimental parameters used for conducting
EIS, DPV and CV experiments were specified in ESM.

Synthesis of c-MWCNTs/CTS composites

The c-MWCNTs were prepared following the procedure in
ESM. The c-MWCNTSs/CTS composites were prepared using
a synthetic method reported by the literature with minor mod-
ifications [22]. In brief, 20 mg of c-MWCNTs was added into
20 mL of deionized water and completely dispersed by ultra-
sound to form a suspension (1.0 mg/mL). After that, 4 mL of
CTS (0.5 wt%) was introduced into the above dispersion and
kept continuous sonicate for 1 h. The black c-MWCNTs/CTS
composites were collected by centrifugation at 6000 rpm with
the relative centrifugational force of 333 1g for 10 min, washed
three times with deionized water and dried in an oven at 40 °C
for 8 h.

Synthesis of c-MWCNTSs/CTS/Au nanocomposites
The c-MWCNTs/CTS/Au nanocomposites were prepared

by in-situ reduction. In a typical method, 10 mg of c-
MWCNTs/CTS composites was thoroughly dispersed in

deionized water (20 mL). Then, 0.4 mL of HAuCl, aqueous
solution (1.0%, mass ratio) was introduced and kept in con-
tinuous ultrasound for 30 min. After that, excessive ice-cold
NaBH, solution (1.2 mL of 10 mM) was subsequently
added dropwise under stirring condition. This reaction was
carried out at room temperature for another 1.5 h. The final
products were collected by centrifugation at 6000 rpm with
the relative centrifugational force of 3331g for 15 min,
washed three times with deionized water and dried in air.

Modification of electrode

The GCE was polished to a mirror-like surface using 1.0 and
0.3 pm alumina slurries. The polished GCE was washed with
deionized water, followed by ultrasound in a mixture solution
of ethanol and water (1:1, v/v ratio). This GCE was dried in a
stream of N,. Then 1 mg of c-MWCNTs/CTS/Au nanocom-
posites were ultrasonically dispersed in 1 mL of deionized
water. The suspension (5 uL) was painted onto the surface
of GCE and dried in air at room temperature.

Results and discussion
Choice of Materials

MWCNTs, with high surface area, unique electrical and
mechanical properties, can promote electron transfer be-
tween electrochemically active compounds and electrodes.
The Hydrophilic c-MWCNTs can improve MWCNTSs in
synergistically electrocatalytic ability and adhesive ability,
which make them favorable catalyst template for electro-
chemical sensors. In addition, CTS was used as dispersing
and protective agent for its properties of film-forming abil-
ity, excellent adhesion and bridge cross linker. Moreover,
the positively charged CTS film can be combined with
negatively charged c-MWCNTs in aqueous solution under
ultrasonic condition. To improve the stability and conduc-
tivity of the nanocomposites, AuNPs was introduced into
the c-MWCNTs/CTS. AuCl, can be adsorbed onto the
surface of the positively charged CTS film, and in-situ re-
duced into well dispersed AuNPs. Accordingly, we synthe-
size Au NPs anchored on the surface of CTS doped c-
MWCNTs in our present study, and a sensitive electro-
chemical sensor for simultaneous determination of HQ
and CT was fabricated by a GCE modified with c-
MWCNTs/CTS/Au nanocomposites.

Optimization of method
The following parameters were optimized (Fig. S4B and C):

(a) Sample pH value; (b) volume of HAuCl, solution.
Respective data and Figures are given in the Electronic
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Supporting Material. The following experimental conditions
were found to give best results: (a) A sample pH value of 7.0;
(b) A HAuCly solution of 0.4 mL.

Characterization of c-MWCNTs/CTS/Au
Nanocomposites

Fig. S1 shows the SEM images of c-MWCNTs (A), c-
MWCNTs/CTS composites (B) and c-MWCNTs/CTS/Au
nanocomposites (C, D). As shown in Fig. STA and B, the
various-length c-MWCNTs with different orientation and the
c-MWCNTSs/CTS composites with compact network structure
were clearly observed. Fig. S1C shows that many bright Au
NPs were deposited on the surface of the c-MWCNTs/CTS
composites. By further observation, in Fig. S1D it can be seen
that the obtained Au NPs were uniformly anchored on the
surface of compact network structure and without obvious
aggregation.

The morphology of the nanocomposites was identified by
TEM. Figure 1 displays the TEM images of c-MWCNTs (A),
c-MWCNTs/CTS composites (B), c-MWCNTs/CTS/Au
nanocomposites (C, D). As illustrated in Fig. la, the c-
MWCNTs with typical tubular structures and smooth surface
were clearly seen. Overall observation from Fig. 1b shows that
the surface of the c-MWCNTs was covered by CTS films and
no longer as smooth as before. It can be seen from Fig. 1c and

Fig. 1 TEM images of c-
MWCNTs (a), c-MWCNTs/CTS
composites (b), c-MWCNTs/
CTS/Au nanocomposites (¢, d)

@ Springer

d that the well-dispersed AuNPs were near-spherical nanopar-
ticles with a diameter of 12 + 5 nm. Figure 1c shows a distri-
bution of the synthesized AuNPs on the c-MWCNTs/CTS
composites, suggesting c-MWCNTs/CTS/Au nanocompos-
ites were successfully synthesized by this method of in-situ
reduction. Fig. S2 is the Nanoparticles size deduced from
DLS, which is in agreement with the size measured by TEM.

The composition of the c-MWCNTs/CTS/Au nanocom-
posites was studied by XRD and EDX. The XRD patterns of
¢c-MWCNTs/CTS composites (A), c-MWCNTs/CTS/Au
nanocomposites (B) and EDX pattern of c-MWCNTs/
CTS/Au nanocomposites (C) are presented in Fig. 2. As
shown in Fig. 2a, the sharp diffraction peak at 26.2° is at-
tributed to the (002) plane of c-MWCNTs, while the peak at
44.5° is ascribed to the responds of iron contained impuri-
ties in c-MWCNTs samples [23, 24]. It can be demonstrated
from the Fig. 2b that four obvious diffraction peak at 38.4,
44.6, 64.9 and 78.8° can be assigned tothe (1 11),(200), (2
2 0)and (3 1 1) crystalline planes of face-centered cubic Au
nanocrystals (JCPDS 4784), respectively [25, 26]. The
EDX pattern of c-MWCNTs/CTS/Au nanocomposites
(Fig. 2c¢) indicates that this nanocomposites are composed
of C, O, N and Au elements. On the basis of characterization
of SEM, TEM, XRD and EDX, it can be strongly proved
that the c-MWCNTs/CTS/Au nanocomposites were suc-
cessfully prepared by this synthesis method.
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Fig. 2 XRD patterns of c- a

MWCNTs/CTS composites (a),
¢-MWCNTs/CTS/Au
nanocomposites (b) and EDX
pattern of c-MWCNTs/CTS/Au
nanocomposites (c)
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Electrochemical behavior of cc-MWCNTs/CTS/Au
nanocomposites

Electrochemical impedance spectroscopy (EIS) is a common
method for investigating the electrical conductivity of surface
modified electrodes. It is well-known that the semicircle di-
ameter of Nyquist plots is equal to the electron transfer resis-
tance (R.) of electrodes [27], which can be affected by the
conductivity and net charge of the modifying layers, and the
electrostastic interactions between them and the probing spe-
cies. Figure 3a displays the Nyquist plots of (a) the bare GCE,
(b) c-MWCNTs/CTS/GCE and (¢) c-MWCNTs/CTS/Au/
GCE in 0.1 mol L' PBS (pH 7.0) containing 5.0 mM
[Fe(CN)d‘H3 ~ at open-circuit potential conditions with the
AC amplitude of 5.0 mV. As shown in Fig. 3a, the bare
GCE has an extremely small R, value, and the values of R,
for different working electrodes were acquired in the follow-
ing order: c-MWCNTs/CTS/GCE (639.5 €2) > c-MWCNTs/
CTS/Au/GCE (208.1 ©2) > GCE (127.4 2). The R value of c-
MWCNTs/CTS/GCE is drastically decreased by 67.5% after
the AuNPs were uniformly anchored on the surface of the c-
MWCNTSs/CTS composites. This phenomenon can be ex-
plained as follows: [Fe(CN)q]*"*~ is a negatively charged re-
dox probe, and the electron-transfer reaction involving
[Fe(CN)¢]* " at a negatively charged c-MWCNTSs covering
electrode surface will be blocked by the repulsive electrostatic
forces. Moreover, the dispersing and protective agent chitosan
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is not an excellent conductive material. Accordingly, although
the c-MWCNTs/CTS composites have enlarged the electrode
active surface area, the R, of c-MWCNTs/CTS/GCE in-
creased compared with bare GCE. The introduction of
AuNPs can effectively improve the conductivity of the elec-
trode and simultaneously accelerate the electron transfer rate
at the solution/electrode interface, which decreases the R of
c-MWCNTs/CTS/Au/GCE obviously.

Figure 3b and ¢ show the CV curves of the bare GCE (a, b),
¢c-MWCNTs/GCE (¢, d) and c-MWCNTs/CTS/GCE (e, f) in
0.1 mol L' PBS (pH 7.0) in the absence (a, ¢ and e) and
presence (b, d and f) of HQ and CT (each 0.2 mM) at the scan
rate (v) of 0.1 V s~'. It’s clear that all working electrodes show
no obvious electrocatalytic response in the absence (a, ¢ and ¢)
of HQ and CT (each 0.2 mM) at the scan rate of 0.1 Vs '. As
can be seen in Fig. 3b, the bare GCE exhibits two pair of poor
redox peaks with low peak currents in 0.1 mol L' PBS
(pH 7.0) containing HQ and CT (each 0.2 mM). The electro-
chemical behavior on c-MWCNTs/CTS/GCE (e, f) is quite
similar to that on the bare GCE. As shown in Fig. 3c, the c-
MWCNTSs/GCE displays two pair of well-defined redox peaks
in 0.1 mol L' PBS (pH 7.0) containing 0.2 mM HQ and
0.2 mM CT. However, as shown in Fig. 3d, it is found that
the c-MWCNTSs/CTS/Au/GCE presents a pair of well-defined
pedox peaks and an obvious increase of peak current responses
(Fig. 3d) in 0.1 mol L™! PBS (pH 7.0) in the presence of HQ
and CT (each 0.2 mM) at the scan rate of 0.1 V s .. It can be
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Fig. 3 a Nyquist plots of (@) the

bare GCE, (b) c-MWCNTs/CTS/
GCE and (¢) c-MWCNTs/CTS/
AW/GCE in 0.1 mol L™' PBS
(pH 7.0) containing 5.0 mM
[Fe(CN)6]47/ at open-circuit po-
tential conditions with the AC
amplitude of 5.0 mV; (b—d): CV
curves obtained by (a, b) bare 1004
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seen that two well-separated oxidation peaks were observed at
the anodic peak potential (£,,) of 0.071 and 0.174 V, corre-
sponding to the electrocatalytic oxidation of HQ and CT on the
c-MWCNTs/CTS/Au/GCE, respectively. The anodic peak cur-
rent (Ip,) on the c-MWCNTs/CTS/Au/GCE increased by ap-
proximately double at least compared to c-MWCNTs/GCE
and c-MWCNTs/CTS/GCE. These results indicate that the c-
MWCNTs/CTS/Au/GCE is more efficient and presents en-
hanced electrocatalytic performance compared to that of the
¢-MWCNTs/GCE. The AuNPs modified working electrode
can provide more electroactive sites and faster electron transfer
rate, all of which contribute to enhance the sensitivity of the
simultaneous determination of HQ and CT.

Fig. S4A illustrates the effect of pH value of 0.1 mol L™' PBS
(pH: 5.0, 6.0, 7.0, 8.0 and 9.0) on the E,,, of - MWCNTs/CTS/
Au/GCE in the presence of 0.2 mM HQ and 0.2 mM CT. As
shown in Fig. S4A, the E,,, shifted negatively and varied linearly
with the pH value of 0.1 mol L' PBS in the range from 5.0 to
9.0. The linear relation equation between £, and pH value were
evaluated to be £, (V) = 0.48-0.058 pH (#* = 0.9991) for HQ
and E,, (V) =0.60-0.061 pH (* =0.9995) for CT. According to
the following Nernst equation:

dEp/dpH = 2.303 mRT /nF (1)
Here, m is the number of proton, # is the number of elec-

tron, R is the gas constant, ' is the Faraday constant and 7 is
the temperature in Kelvin [28]. In this study, m/n was

@ Springer

calculated to be 1.00 for HQ and 1.01 for CT in their electro-
catalytic oxidation reaction, and 7 is equal to 298.15 K.
Therefore, the slopes of the two linear equations we obtained
are approximately equal to the theoretical value of 0.059 V/
pH, indicating two protons and electrons involved in the elec-
trocatalytic process [29]. According to previous literatures, the
redox process of HQ and CT at a surface modified electrode is
a reversible process via the involvement of two electrons and
protons [8, 30]. The probable electrocatalytic mechanism of
HQ and CT at c-MWCNTs/CTS/Au/GCE is shown in Scheme
S1.

An electrochemical sensor was further investigated based
on the c-MWCNTs/CTS/Au nanocomposites since it presents
excellent electrocatalytic performance for simultaneous deter-
mination of HQ and CT. Figure 4a shows the CV curves of c-
MWCNTs/CTS/Au/GCE in 0.1 mol L™ PBS (pH 7.0) in the
presence of different Cyg = Ccr ranging from 0.3 to 0.9 mM
in 0.1 mol L' PBS (pH 7.0) at a scan rate of 0.1 V s 1 As
shown in Fig. 4a, two pair of well-defined redox peaks and
two well-separated oxidation peaks of HQ and CT were re-
corded. The I,, and /. increased with the increase of
Cugq = Ccr Furthermore, it can be clearly seen that the /,,
and /. of both HQ and CT with their concentrations exhibit
good linear relationship, as demonstrated in Fig. 4b and c,
suggesting a good suitability for simultaneous determination
of HQ and CT.

CV curves of HQ and CT (each 0.2 mM) in 0.1 mol L!
PBS (pH 7.0) at different scan rates in the range from 0.02 to
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Fig. 4 CV curves obtained by c-
MWCNTs/CTS/Au/GCE in

0.1 mol L' PBS (pH 7.0) in the
presence of different Cyg = Cer
(From a to g: 0.3, 0.4, 0.5, 0.6,
0.7, 0.8 and 0.9 mM) in 0.1 mol
L' PBS (pH 7.0) at a scan rate of
0.1 Vs! (a); Linear fitting chart
of I, and I, versus scan rate for
HQ (b) and CT (¢)
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0.16 V-s~! are shown in Fig. 5a. It can be found that the
oxidation potentials of HQ and CT slightly shift in the positive
direction. The oxidation and reduction peak currents of both
HQ and CT increased with the raise of the scan rate. Figure 5b
and c display the linear fitting chart of 1, and /. versus v for
HQ (B) and CT (C). As demonstrated in Fig. 5b and c, the 1,
and /. of both HQ and CT are linearly proportional to the v
with good linear correlation coefficient. Therefore, the elec-
trocatalytic behavior of both HQ and CT on the c-MWCNTs/
CTS/Au/GCE is an adsorption-controlled process.

The electroanalytical performance of the c-MWCNTs/
CTS/Au/GCE for simultaneous detection of HQ and CT was
investigated by two different experiments. In each experiment,
either the concentration of HQ or CT was just altered while
maintaining other conditions remain unchanged. Figure 6a
and b show the typical DPV curves of HQ with different
concentrations in 0.1 mol L' PBS (pH 7.0) containing
0.1 mM CT (A) and the calibration plot constructed from the
DPV responses for HQ (B). As illustrated in Fig. 6a, the /,,, of
HQ at the potential of 30 mV (vs. SCE) increased with the
increase of its concentration, while the 1, and E,,, of CT keep
obviously unchanged, suggesting no mutual interference was
generated among the HQ and CT molecules. It can be ob-
served from Fig. 6b that the [, of HQ was linear over the
concentration range of 5.0 x 1077 — 1.5 x 10~ mol L™ in
the presence of 0.1 mM CT. Similarly, the DPV curves of CT
with different concentrations in 0.1 mol L' PBS (pH 7.0)
under the existence of 0.1 mM CT and the calibration plot

T T T T T T T T T T T T T T T
0.60 075 0.90 030 045 0.60 0.75 090
CHQ/ 'mM C CT/mM

for HQ were shown in Fig. 6¢ and d. A calibration plot for
CT in the concentration range of 5.0 x 10®—9.0 x 10~* mol
L' was obtained with typical voltages 130 mV (vs. SCE), as
shown Fig. 6d. The linear regression equations of this sensor
were I, (LA) = 45.53 Cyyo (mM) + 5.62 (? =0.9994) with the
sensitivity of 644.44 uA mM ' cm ? and Ly, (UA) = 54.47
Cer (mM) + 6.97 (2 = 0.9984) with the sensitivity of
770.98 uA mM ' cm 2 for HQ and CT, respectively. The
detection limits (LOD) were calculated to be 0.17 uM for
HQ and 0.89 uM for CT at the signal-to-noise ratio of 3
(S/N =3).

Compared with the reported researches, our prepared sen-
sor exhibits wider linear range and lower detection limit as
well as higher sensitivity for the simultaneous detection of
HQ and CT (Table 1). The possible reason is that c-
MWCNTs provide a large number of active sites and AuNPs
enhance the electron transfer rate effectively. Thus, this elec-
trochemical sensor can be considered as an up-and-coming
sensor for the sensitive and simultaneous detection of HQ
and CT without mutual interference.

Reproducibility and Stability study

The reproducibility and stability of this c-MWCNTs/CTS/Au/
GCE were carefully evaluated by DPV. Fig. S5 shows the
reproducibility (A) and stability (B) of DPV responses for
HQ and CT (each 0.2 mM) in 0.1 mol L™! PBS (pH 7.0) at
c-MWCNTs/CTS/Au/GCE. The reproducibility of five c-
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Fig. 5 CV curves obtained by c-
MWCNTs/CTS/Au/GCE in

0.1 mol L' PBS (pH 7.0)
containing 0.2 mM HQ and

0.2 mM CT with different scan
rates (From a to h: 0.02, 0.04,
0.06, 0.08, 0.10, 0.12, 0.14 and
0.16 V-s™") (a); Linear fitting
chart of I,, and I, versus v for HQ
(b) and CT (c¢)

T T T T T T
01 00 01 02 03
E vs SCE/V
b c
75 — 754
50-_ 5.
254 I 2 1
i ] pa  T'=0.9994 <1 254 Ipa = 0.9997
= 01 HQ = ) CT
25 Ipe r’=0.9988 ] e r’=0.9998
] 225
-504 |
1 -50
-75

— 1 T r T _ r T _r T 7
0.03 0.06 0.09 0.12 0.15
vI(V-s™)

— T Tt T T T T T T T T
0.03 0.06 0.09 0.12 0.15
vI(V-s™)

MWCNTs/CTS/Au/GCEs was evaluated by comparing the /,,
of HQ and CT (each 0.2 mM). The experimental results are
shown in Fig. S5A. As demonstrated in Fig. S5A, the E, of

HQ and CT were not shifted obviously. Moreover, the relative
standard deviation (RSD) of this reproducibility experiment is
3.21% for HQ and 4.13% for CT, demonstrating a good

Fig. 6 DPV curves of HQ with a b
different concentrations in %0 ] 804 ]
0.1 mol L™' PBS (pH 7.0)
containing 0.1 mM HQ (a); DPV 60
curves of CT with different
concentrations (From a ton: 5, 7, §
10, 30, 60, 100, 200, 300, 400, = 404
500, 600, 700, 800, 900 and
1000 pM) in 0.1 mol L™' PBS 204
(pH 7.0) containing 0.1 mM CT
(c); Calibration plots for HQ (b) 1 = 0-
and CT (d) T T T T T T T T T T T T T T T T T °
-0.1 00 0.1 0.2 0.3 00 04 08 12 1.6 20
E vs SCE/V Cpyo/mM
C 75 d
60 -
48
é 361
24 -
121
0 T T T T T
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Table 1  Comparison of the sensing properties with other electrochemical sensors for the determination of HQ and CT
Sensors Technology pH Linear range (uM) LOD (uM) Sensitivity (LA mM References
HQ CT HQ CT HQ CT
PASA/MWCNTs/GCE DPV 6.0 6-100 6-180 1.0 1.0 14 2448 [3]
MnO,-Pt/GCE DPV 7.0 3-481 15-447 - - 27.2 18.1 [31]
(PEDOT/GO)"/GCE DPV 6.0 2.5-200 2-400 1.6 1.6 - - [8]
p-Pen‘ modified GCE DPV 5.0 15-115 25-175 0.6 1.0 1.57 1.06 [32]
LRGYGCE DPV 6.5 1-300 3-300 0.5 0.8 - - [29]
RGO*-MWCNTs/GCE DPV 7.0 8-391 5.5-540 2.6 1.8 - - [33]
AgNPs* CL® - - 0.1-10.0 - 0.005 - - [4]
CNF-Bi"/GCE DPV 6.4 - 3-20 - 3-20 - - [34]
Au-G'/GCE DPV 4.8 1-100 1-100 0.2 0.15 - - [35]
¢-MWCNTs/CTS/Au/GCE DPV 7.0 0.5-1500 5-900 0.17 0.89 45.53 54.47 This study

“not available;

# poly-amidosulfonic acid and multi-wall carbon nanotubes composite;
® graphene oxide doped poly(3,4-ethylenedioxythiophene);

¢ penicillamine;

Ylaser reduced graphene;

®reduced graphene oxide

fSilver nanoparticles

€ Chemiluminescence

" Carbon nanofragments and bismuth oxide

" 90ld-graphene nanocomposite

reproducibility of the c-MWCNTs/CTS/Au/GCE. The exper-
imental results of stability study are illustrated in Fig. S5B. We
recorded the DPV responses (measure once a week) for HQ
and CT (each 0.2 mM) in 0.1 mol L' PBS (pH 7.0) at c-
MWCNTs/CTS/Au/GCE in a period of 3 weeks. The 1,
remained 89.3% for HQ and 90.5% for CT of its initial DPV
responses after storage in a fridge for 3 weeks, indicating a
good stability of the c-MWCNTs/CTS/Au/GCE.

Selectivity study

The selectivity of the c-MWCNTs/CTS/Au/GCE against pos-
sible interfering species was carefully examined by DPV.
Some common ions and phenyl compounds, such as Ca",
Mg**, Na*, Cu®*, Hg**, CI", NO*", SO,*", CO5*, nitrophe-
nol, phenol and resorcinol were introduced into the 0.1 mol

L™ PBS (pH 7.0) containing 0.05 mM HQ and 0.05 mM CT.
It is worthy to note that these interfering species (each 5 mM)
have no significant effect on the detection of HQ and CT. The
DPV responses change below 4.5% after the addition of these
interfering species, proving a good selectivity of our sensor.

Real sample analysis

To investigate the possible applicability and validity of the
proposed method for the simultaneous determination of HQ
and CC, laboratory tap water was tested without any pretreat-
ment. Ten milliliters of tap water was diluted with 10 mL
0.1 M PBS (pH 7.0) for DPV measurement in the potential
range of —0.12 and +0.3 V. HQ and CC were not found in the
real samples, which meant that their contents were below the
detection limits. Then the recovery experiment was utilized

Table 2 Recovery results for the

determination of HQ and CT in Sample number (NO.) Added (uM) Found (uM) Recovery (%) RSD (%)

the laboratory tap water samples

(n*=3) HQ CT HQ CT HQ CT HQ CT
NO. 1 8.0 8.0 8.2 83 102.5 103.8 32 2.8
NO. 2 36.0 36.0 354 36.5 98.3 101.4 29 3.1
NO. 3 136.0 136.0 137.8 135.1 101.3 99.3 3.5 24

*The result of average of three determinations by c-MWCNTs/CTS/Au/GCE
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and the results were summarized in Table 2. The recoveries
were in the range of 98.3—103.8% with the RSD below 3.5%,
which clearly indicates the reliability of the proposed method.

Conclusions

In summary, the c-MWCNTs/CTS/Au nanocomposites were
successfully synthesized by an attractive method utilizing chi-
tosan as dispersing and protective agent. The DPV method
was used to determine two dihydroxybenzene isomers (HQ
and CT) simultaneously and quantitatively in a mixture.
Based on the good electrochemical activity and electrical con-
ductivity of the c-MWCNTs/CTS/Au/GCE, the detection of
HQ and CC with good analytical performance was achieved
with low detection limit, wide linear range, good selectivity,
and significant sensitivity. To expand the application of the
proposed method, it is necessary to conduct further research
on improving the stability and durability of the modified elec-
trode in our future work.
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