
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

1/
30

/2
02

4 
7:

04
:5

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Simultaneous de
School of Chemistry and Environment, South

P. R. China. E-mail: changfengxia@swun.ed

† Electronic supplementary informa
10.1039/d1ra06032e

Cite this: RSC Adv., 2021, 11, 31950

Received 9th August 2021
Accepted 9th September 2021

DOI: 10.1039/d1ra06032e

rsc.li/rsc-advances

31950 | RSC Adv., 2021, 11, 31950–31
termination of hydroquinone and
catechol by a reduced graphene oxide–
polydopamine–carboxylated multi-walled carbon
nanotube nanocomposite†

Fengxia Chang, * Hongyue Wang, Shuai He, Yu Gu, Wenjie Zhu, Tanwei Li
and Runhui Ma

A reduced graphene oxide–polydopamine–carboxylated multi-walled carbon nanotube (RGO–PDA–

cMWCNT) nanocomposite was fabricated via a facile, one-pot procedure and was characterized by

a variety of techniques. A novel electrochemical sensor based on RGO–PDA–cMWCNT was constructed

to determine hydroquinone (HQ) and catechol (CT) simultaneously. This newly prepared nanocomposite

shows excellent electrocatalytic efficacy in the electrode reaction of the two isomers. Specifically, the

peak-to-peak potential difference between the two dihydroxybenzenes is 115 mV for oxidation, which is

obviously larger than similar electrochemical sensors. The established method displays a wide linear

range from 0.5 to 5000 mM with a detection limit (S/N ¼ 3) of 0.066 mM for HQ and 0.073 mM for CT. In

addition, this electrochemical approach has been tested to measure the two dihydroxybenzenes in real

samples and satisfactory results were recorded.
1. Introduction

As two momentous dihydroxybenzene isomers, hydroquinone
(HQ) and catechol (CT) are extensively applied in synthetic
chemical manufacturing industries and usually coexist in
environmental samples.1–5 However, both HQ and CTmay cause
a variety of physical discomfort and diseases to humans.6–8

Besides their high toxicity, they also have low degradability in
the natural environment.9 Therefore, the two isomers have been
certied as pollutants by environmental protection agencies.10,11

Obviously, it has important implications to construct a selective
and simple approach to detect HQ and CT simultaneously. For
this purpose, diverse analytical methods have been re-
ported,12–18 and the electrochemical methods among them have
the intrinsic advantages of low-cost instrument, uncomplicated
operation, fast response, high selectivity and sensitivity.19–21 To
detect HQ and CT simultaneously via electrochemical methods,
it is a key point to distinguish the overlapped redox signals of
the two isomers caused by their similar chemical structures.
Various nanomaterials have been used in an attempt to
heighten the selectivity and sensitivity of the dihydroxybenzene
sensors, such as carbon nanotubes,22 metal/metallic oxide
nanoparticles,18,23 quantum dots,24 metal sulphides,25 and
west Minzu University, Chengdu 610041,

u.cn

tion (ESI) available. See DOI:

958
mesoporous platinum or carbon.26,27 However, the preparation
of the above-mentioned materials needs to be simplied and
the sensitivity can be improved further. Nevertheless, it is still
worth exploring more materials for the simultaneous determi-
nation of HQ and CT to achieve a simpler process, higher
sensitivity, and wider linear range.

Reduced graphene oxide (RGO) has been widely applied in
electrochemical studies due to its excellent properties such as
large surface, excellent conductivity and electrocatalytic
activity.28–30 However, its application is limited by the trend to
aggregate, or even to restack into graphite with no surfactant or
polymer dispersant.31 Hence, it is vital to develop an effective
procedure for reducing graphene oxide (GO) to improve dis-
persibility and stability. Dopamine has been successfully used
as a reductant for GO.32 In addition, the dopamine self-
polymerizes spontaneously in the reduction process, and the
formed polydopamine (PDA) possesses strong adhesive prop-
erty which can be prepared on the surface of many kinds of
inorganic and organic materials.33,34 Hence, PDA can act as
a protecting agent for stabilizing the as-formed RGO and
meanwhile provide a new platform for further modication. In
addition, multi-walled carbon nanotubes (MWCNTs) have well-
known excellent properties and play a momentous role in the
eld of electrochemical research, and carboxylated MWCNTs
(cMWCNTs) have more reaction diversity due to the carboxyl
groups.35–37

In this study, a PDA–RGO nanocomposite was fabricated
through a convenient and mild method, which was combined
© 2021 The Author(s). Published by the Royal Society of Chemistry
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with cMWCNTs to construct a novel nanocomposite. The
proposed RGO–PDA–cMWCNT nanocomposite was character-
ized and applied as an electrode modier aiming at improving
the detection of HQ and CT. The electrochemical tests show that
RGO–PDA–cMWCNT modied electrode has better selectivity
and enhanced sensitivity towards the measurement of these two
isomers.
2. Experimental
2.1. Chemicals

Graphene oxide (GO, purity >99%) and carboxylated multi-
walled carbon nanotubes (cMWCNTs, purity >95%, length
10–20 mm, inner diameter 5–15 nm, outer diameter >50 nm)
were obtained from Aladdin (China). Hydroquinone (HQ),
catechol (CT), dopamine and other reagents were obtained from
Chengdu Kelong (China) and were of analytical grade. The
phosphate buffer solutions (PBS) contain 0.1 M KCl were
prepared by adjusting the pH of H3PO4 with KOH. No further
treatment was conducted before using the above reagents.
2.2 Apparatus

Electrochemical measurements including impedance spectros-
copy (EIS) were performed on a CHI760E electrochemical
workstation (China). The three-electrode system consists of
a platinum counter electrode, an Ag/AgCl (3.0 M KCl) reference
electrode, and a glassy carbon working electrode (GCE, 3.0 mm
diameter). Morphology images were obtained on a JEOL-JSM-
7500 scanning electron microscope (SEM) (Japan). The optical
characterization was conducted using a Mapada 1800 PC UV-Vis
spectroscope (China) from 200–800 nm and ultra-pure water
was used as the reference. Fourier transform infrared spec-
troscopy (FTIR) characterization was performed on a Nicolet
MX-1E spectroscope (USA). X-ray diffraction (XRD) was con-
ducted using a Rigaku Dmax2200 diffractometer (Japan).
Thermal gravimetric analysis (TGA) was performed using
a NETZSCH 299-F1 analyzer (Germany).
Scheme 1 Diagram of preparation of the RGO–PDA–cMWCNT nanoco

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.3 Preparation of the RGO–PDA–cMWCNT nanocomposite

First, RGO–PDA was fabricated by ultrasonically dispersing
10 mg of GO in 20 mL of PBS (pH ¼ 8.0) placed in an ice water
bath and 5 mg dopamine hydrochloride was added with high-
purity nitrogen injected into the solution continuously, and
immediately ultrasonication was carried out for 10 min. Then,
the above suspension was stirred for 24 h with temperature set
at 70 �C. This one-pot product was centrifuged (8000 rpm � 10
min) followed by discarding the supernatant and adding water.
Moreover, aer repeating the above process three times, 5 mL
water was added to obtain the RGO–PDA suspension.

RGO–PDA–cMWCNT were prepared by mixing 10 mg
cMWCNTs and 5 mL of RGO–PDA suspension under sonication
for 20 min. Scheme 1 is the graphical illustration for the
nanocomposite fabrication.
2.4 Electrode preparation

The GCE was polished with 0.05 mm alumina polishing powder
rst, followed by washing ultrasonically in ethanol and water in
turn. This GCE was then rinsed with water thoroughly and dried at
ambient temperature. Aer that, the RGO–PDA–cMWCNT nano-
composite (4 mL) solution was placed onto the disk carbon area and
dried with an infrared lamp to obtain RGO–PDA–cMWCNT/GCE.
2.5 Electrochemical scans

Before electrochemical scans, all the solutions were saturated
with ultra-pure nitrogen. EIS study was conducted in a 5.0 mM
K3Fe(CN)6/K4Fe(CN)6 solution containing 0.1 M KCl. The
potential applied in EIS was 0.0 V and the frequency region was
0.1 Hz to 100 kHz. For cyclic voltammetry (CV) scans, the sup-
porting electrolyte used was 0.1 M PBS, and the potential range
was �0.1–0.6 V at the scan rate set as 50 mV s�1 except the scan
rate study section. In the differential pulse voltammetry (DPV)
scans, the supporting electrolyte was 0.1 M PBS, the potential
range was �0.1–0.6 V, the potential increment was 0.004 V, the
amplitude was 0.02 V and the pulse width was 0.02 V.
mposite.

RSC Adv., 2021, 11, 31950–31958 | 31951
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Fig. 1 SEM images of GO (A–D), RGO–PDA (B–E) and RGO–PDA–cMWCNT (C–F).
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3. Results and discussion
3.1 Characterization

The morphology of GO, RGO–PDA and RGO–PDA–cMWCNT
composite was explored by SEM. Fig. 1A andD exhibits the typical
images of GO with many folds. Also, the noticeable changes can
be observed aer dopamine reduction (Fig. 1B and E), showing
fewer folds and PDA particles well deposited, which provides
evidence for the successful synthesis of RGO–PDA. As for RGO–
PDA–cMWCNT, besides the similar wrinkles with RGO–PDA
under low magnication, it is worth noting in the high magni-
cation that a translucent thin PDA layer was spread over
cMWCNTs uniformly while the PDA particles have not been
observed (Fig. 1C and F). This phenomenonmay indicate that an
amidation reaction occurred between the carboxyl group of
cMWCNTs and the amino group of dopamine or PDA in ultra-
sonic and drying processes. Also, the thin layer increases the
surface area of PDA compared to particles, which could be
benecial for the stability of the nanocomposite.

The UV-Vis characterization results of GO, RGO–PDA and
RGO–PDA–cMWCNT are displayed in Fig. 2A. For GO, the
absorbance peak at 232 nm originates from the p–p* transition
of C]C bonds, while the shoulder peak at about 300 nm comes
from the R-band absorption of C]O bonds. Aer treatment of
the functional groups with dopamine, the absorbance peak at
232 nm moved to 268 nm that is typical band of RGO. The red
shi of the bands is caused by an increase in the electronic
conjugation aer reduction and this phenomenon also proves
that GO has been reduced to RGO.38 The spectrum of RGO–
PDA–cMWCNT exhibits a peak around 270 assigned to RGO–
PDA, and a strong absorption at 224 nm that is a typical peak of
carbon nanotubes, conrming the effective fabrication of the
nanocomposite.
31952 | RSC Adv., 2021, 11, 31950–31958
The FTIR results (Fig. 2B) also veried the synthesis of RGO–
PDA–cMWCNT. The FTIR spectra of GO exhibits two charac-
teristic bands at around 1718 cm�1 and 1620 cm�1 originating
from C]O bonds of carboxyl group, and aromatic C]C bonds,
respectively.39 The RGO–PDA composite shows two peaks at
1574 cm�1 and 1185 cm�1 for the N–H bending and C–O
stretching vibrations of PDA, proving the presence of PDA in this
composite. In addition, the intensity of the C]O characteristic
band at 1718 cm�1 decreases, demonstrating the reduction of GO.
In the case of RGO–PDA–cMWCNT, the two peaks at around
1600 cm�1 can be assigned to the C]O bonds of the carboxyl
group on cMWCNTs and the amide bond between cMWCNTs and
PDA, illustrating the formation of the nanocomposite.

The as-synthesized nanocomposite was examined by the
XRD technique (Fig. 2C). The GO was tested and a unique peak
was observed at 2q ¼ 11.51�. This characteristic peak decreases
signicantly aer the reaction with dopamine and the wide
diffraction peak at 25� due to PDA demonstrates the synthesis of
RGO–PDA.40 The reection peaks of RGO–PDA–cMWCNT at
around 25� and 44� increased compared with those of RGO–
PDA, which along with the new peaks at 52� demonstrates the
formation of the composite. The as-prepared nanocomposite
was also investigated via TGA (Fig. 2D). The mass loss occurred
up to 70% in GO between 100 �C and 300 �C. For RGO–PDA, only
25% mass loss happened at 300 �C, indicating that GO are
reduced and the thermal stability are increased. Compared with
RGO–PDA, the mass loss of RGO–PDA–cMWCNT slowed down
as the temperature increases and lower mass loss (around 30%)
happened at 800 �C. So, it can be concluded from the curves that
the thermal stability of RGO–PDA–cMWCNT was further
increased due to the thermal property of cMWCNTs. Also, the
composite possibly consists of 34% of RGO, 19% of PDA and
47% of cMWCNTs by calculation.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) UV-Vis (B) FTIR (C) XRD results of GO, RGO–PDA and RGO–PDA–cMWCNT. (D) TGA curves of GO, RGO–PDA, cMWCNTs and RGO–
PDA–cMWCNT. (E and F) Nyquist plots (0.1 Hz to 100 kHz) of different electrodes in the K3Fe(CN)6/K4Fe(CN)6 solution (5.0 mM) that contains
0.1 M KCl.
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The conductivity property of materials was investigated by EIS
(Fig. 2E and F). According to the t and simulation results, the
charge-transfer resistance (Rct) of RGO–PDA/GCE is 220U, which is
signicantly smaller than that of PDA/GCE (3500 U) and GO/GCE
(5300 U), demonstrating that GO has been reduced in the facile
© 2021 The Author(s). Published by the Royal Society of Chemistry
process successfully and the conductivity of RGO–PDA improved
obviously. The Nyquist plot of RGO–PDA–cMWCNT/GCE exhibits
that its Rct is 196U and the addition of cMWCNTs can improve the
composite conductivity although to a small extent compared with
RGO–PDA, which could be advantageous to the sensing effect.
RSC Adv., 2021, 11, 31950–31958 | 31953
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Fig. 3 CV results of HQ and CT (each of 0.500 mM) dissolved in 0.1 M
PBS (pH 7.0). Scan rate: 50 mV s�1.
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3.2 Electrochemical behaviors

The study on the electrochemical response of HQ and CT at
RGO–PDA–cMWCNT/GCE was performed using cyclic voltam-
metry (CV), and the results were compared with that at GCE,
GO/GCE, RGO–PDA/GCE and cMWCNTs/GCE. Fig. 3 displays
the CVs with the above electrodes in a mixed solution of HQ and
CT. It can be seen that the oxidation signals of these isomers
overlapped with a low and broad oxidation signal observed
using the unmodied GCE, with which the purpose of simul-
taneous detection could not be achieved. However, two pairs of
redox peaks can be recognized at GO/GCE, and the oxidation
peak potential difference (DEpa) between HQ and CT is 0.105 V.
Also, the oxidation peak potential is lower and the reduction
peak potential higher compared with the unmodied GCE,
indicating that GO has certain electrocatalytic properties and
improves the reversibility of the redox process of the two dihy-
droxybenzenes. However, the peak currents did not improve,
illustrating the necessity of the reduction treatment of GO. It
can be seen from the CV curves obtained with RGO–PDA/GCE
that besides two well-dened oxidation peaks with DEpa being
0.105 V, the peak currents greatly increased aer GO was
reduced by dopamine.

Moreover, at the cMWCNTs modied GCE, HQ and CT also
showed well-dened redox peaks with DEpa being 0.107 V, while
Table 1 Performance of electrodes for simultaneous determination of H

Modier DEpa (mV)

Linear range (mM

HQ

PDA–RGO 103 1–230
Graphene-chitosan 96 1–300
RGO/Cu-NPs 100 3–350
Porous graphene 94 5–90
Electroreduced GO 110 6–200
RGO-MWCNT 100 8–391
MWCNTs/PDA/AuNPs 105 0.1–10
MWCNTs 104 2–100
Cu-MOF-199/SWCNTs 105 0.1–1453
RGO–PDA–cMWCNT 115 0.5–5000

31954 | RSC Adv., 2021, 11, 31950–31958
lower oxidation peak potentials and higher peak currents were
observed compared with RGO–PDA/GCE. However, at the RGO–
PDA–cMWCNT nanocompositemodied GCE, CT was oxidized
at the same potential and HQ at a lower potential compared
with cMWCNTs/GCE. In particular, the redox peaks are
respectively at 0.084/0.017 V for HQ and 0.199/0.137 V for CT.
The oxidation peak potential difference (DEpa) between the two
compounds was calculated to be 0.115 V and the reduction peak
potential difference (DEpc) was 0.120 V. This degree of differ-
ence can be distinguished easily by CV measurements and the
DEpa is obviously larger than the same kind electrochemical
sensors based on carbon nanotubes or graphene, as shown in
Table 1, showing better selectivity.

Furthermore, at RGO–PDA–cMWCNT/GCE, the peak
currents of HQ and CT were further enhanced to almost 2 times
of that at cMWCNTs or RGO–PDA modied GCE (Table S1†).
The signicant improvement of signals may be due to the
synergistic interactions of RGO–PDA and cMWCNTs, namely
RGO–PDA improves the dispersion of cMWCNTs and
cMWCNTs improves the composite conductivity during elec-
trochemical measurements. In addition, PDA can promote the
electrochemical stability of the composite as well as the modi-
ed electrode in aqueous media. Also, due to its excellent
adhesiveness, the studied molecule can be easily adsorbed onto
the electrode material, thus improving the local concentration
and electrochemical signal. Overall, the RGO–PDA–cMWCNT-
based sensor presents remarkable selectivity and improved
sensitivity for the measurement of the two dihydroxybenzenes.
3.3 Scan rate study

The CV results of HQ and CT at different scan rates at RGO–
PDA–cMWCNT/GCE were studied. As shown in Fig. 4A, as the
scan rate increases, the oxidation peak shis forward and the
reduction peak shis backward, which demonstrates a quasi-
reversible reaction during the CV scans. Besides, the redox peak
currents (Ipa, Ipc) of these two isomers enhanced gradually as the
scan rate increases, showing good linear relations with the square
root of the scan rate (Fig. 4B). The tted formulas are as follows: Ipa
(mA)¼ 11.5n1/2� 2.96 (R¼ 0.999) and Ipc (mA)¼ �10.8n1/2 + 14.4 (R
¼ 0.999) for HQ, and Ipa (mA) ¼ 23.0n1/2 � 47.0 (R ¼ 0.998) and Ipc
(mA)¼�16.9n1/2 + 27.5 (R¼ 0.999) for CT. The diffusion-controlled
Q and CT

) LOD (mM)

RefCT HQ CT

1–250 0.62 0.74 41
1–400 0.75 0.75 42
3–350 0.032 0.025 43
5–120 0.08 0.18 44
1–200 0.2 0.1 45
5.5–540 2.6 1.8 46
0.1–10 0.035 0.047 18
2–100 0.6 0.6 47
0.1–1150 0.08 0.1 48

0.5–5000 0.066 0.073 This sensor

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) CV results of HQ and CT (0.5 mM) in 0.1 M PBS (pH 7.0) with RGO–PDA–cMWCNT/GCE at different scan rates (5–80 mV s�1). (B)
Dependence relationships of peak current with square root of scan rate.
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reaction process of the two dihydroxybenzenes at the as-prepared
electrode can be stated by the above analysis.
3.4 Optimization of measurement conditions

3.4.1 Optimization of modication amount. The effect of
the RGO–PDA–cMWCNT composite amount on the detection of
HQ and CT was explored. The different nanocomposite amount
was controlled by changing its volume (3–8 mL) dropped onto
Fig. 5 CV results of HQ and CT (0.5 mM) (A) dissolved in 0.1 M PBS (pH
cMWCNT nanocomposite, (B) at RGO–PDA–cMWCNT/GCE in the PBS
different pH. (D) Linear relationship curves of oxidation peak potential w

© 2021 The Author(s). Published by the Royal Society of Chemistry
the electrode surface while keeping other conditions
unchanged. As the results show, the peak current is higher
when the modication amount was 4 mL, and higher amount
would lead to higher background currents without improved
peak currents (Fig. 5A). This phenomenon may be caused by the
thicker lm of the nanocomposite, which may block the elec-
tron transfer between the isomers and electrode. Above all, 4 mL
was selected as the best experimental condition.
7.0) at electrodes modified with different volumes of the RGO–PDA–
with different pH. Scan rate: 50 mV s�1. (C) Oxidation peak currents in
ith pH.

RSC Adv., 2021, 11, 31950–31958 | 31955
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3.4.2 Effect of pH. CV was recorded for investigating the
impact of substrate pH on the signals of HQ and CT at RGO–
PDA–cMWCNT/GCE (Fig. 5B). Fig. 5C indicates that the peak
currents of the two compounds are highest at pH 4.0, but at this
condition the highest peak potentials were recorded, which
implies that the oxidation process needs more activation energy.
Apart from pH 4.0, the highest peak currents were recorded at pH
7.0. Also, the pH of actual water samples is closer to 7. Above all,
pH 7.0 was selected for the next measurements.

Furthermore, the oxidation peak potentials (Epa) of the two
dihydroxybenzenes at different pH are displayed in Fig. 5D. The
Epa of the two isomers shied negatively as pH increases, and
showed linear relationship with pH. The tted equations are
respectively listed as: Epa (V) ¼ �0.0734pH + 0.674 (R ¼ 0.992)
for HQ, and Epa (V)¼�0.0764pH + 0.814 (R¼ 0.990) for CT. This
phenomenon states that protons take part in the reactions
directly, and according to the Nernst equation:

dEpa

dpH
¼ 2:303mRT

nF

where m and n are the proton number and electron number,
respectively, and m/n is calculated to be 1.24 and 1.29 for the
oxidation of HQ and CT, respectively. It proves that the numbers of
electrons involved are equal with protons.19,41 Thus, the probable
reaction principle of HQ and CT are described as Scheme 2 and the
oxidation of these two isomers at the as-prepared electrode
involves transferring of two protons and two electrons.
Fig. 6 (A) DPV results using RGO–PDA–cMWCNT/GCE in HQ and CT
dissolved in 0.1 M PBS (pH 7.0) solutions with the concentration as (a)
0 mM, (b) 0.500 mM, (c) 0.800 mM, (d) 30.0 mM, (e) 80.0 mM, (f) 5.00 �
102 mM, (g) 7.50 � 102 mM, (h) 1.00 � 103 mM, (i) 3.00 � 103 mM, (j) 5.00
� 103 mM. Scan rate: 50 mV s�1. (B) Linear relationship curves of peak
current with concentration of HQ or CT, the inset is the linear fitted
curves with concentration ranging from 0.500 mM to 80.0 mM.
3.5 Quantitative measurement of HQ and CT

For more sensitive measurement of HQ and CT with RGO–PDA–
cMWCNT/GCE, differential pulse voltammetry (DPV) has been
applied. The scan curves at different concentrations were
recorded under optimal conditions and are displayed in Fig. 6A.
The tted equations are displayed in Fig. 6B. The linear tted
results with only low concentrations are also displayed in
Fig. 6B as inset and the tting equations are described as Ip (mA)
¼ 0.124C (mM) + 36.2 for HQ and Ip (mA)¼ 0.120C (mM) + 59.1 for
CT. It can be seen that the slope and intercept are really close to
the tted results with all concentrations involved. Therefore,
Scheme 2 Mechanism of electrochemical reactions of HQ and CT at
the RGO–PDA–cMWCNTmodified electrode.

31956 | RSC Adv., 2021, 11, 31950–31958
the linear range can be concluded as 0.5 mM to 5000 mM.
Moreover, the limits of detection (S/N ¼ 3) are 0.066 mM for HQ
and 0.073 mM for CT, respectively. The results demonstrate
lower limit of detection as well as wider linear range compared
with similar sensors based on graphene or carbon nanotubes
(Table 1), which suggest that the electrochemical sensor based
on the RGO–PDA–cMWCNT composite can achieve selective
and sensitive measurement for HQ and CT.
3.6 Reproducibility and stability

DPV was performed to explore the repeatability of the detection
using RGO–PDA–cMWCNT/GCE. The peak currents in HQ and
CT solutions were recorded with 6 modied electrodes prepared
in parallel (Fig. S1A†). The relative standard deviations (RSDs)
are respectively 1.96% for HQ and 2.35% for CT. The stability of
RGO–PDA–cMWCNT/GCE was assessed via keeping it in air at
room temperature for two weeks, and it was found that the
sensor retains respectively about 95.9% and 96.4% of the initial
peak current for the two compounds (Fig. S1B†). The results
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The results of spike recovery experiments

Sample
Original
(mM)

Added (mM) Found (mM) Recovery (%) RSD (%) (n ¼ 3)

HQ CT HQ CT HQ CT HQ CT

Tap water — 20.0 20.0 19.6 20.7 98.0 101 2.1 1.9
100 100 97.6 98.3 97.6 98.3 1.8 1.6
500 500 503 495 101 99.0 0.63 0.86

Lake water — 20.0 20.0 19.5 19.7 97.5 98.5 2.2 2.0
100 100 102 97.8 102 97.8 1.7 1.6
500 500 497 496 99.4 99.2 0.73 0.82
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declare that this established method has reasonably good
reproducibility and stability.

3.7 Interference investigation

The selectivity of the RGO–PDA–cMWCNT-based sensor was
investigated by adding various interferences in the DPV
measurement of HQ and CT. It was revealed that 20-fold ions
such as Na+, Mg2+, Ca2+, Cu2+, Zn2+, SO4

2� and NO3
� showed no

effect on the analysis of HQ and CT (Fig. S2†). In addition, 10-
fold phenol and resorcinol do not bring about noticeable
change with the measurement of HQ and CT. All results indi-
cate an excellent selectivity of RGO–PDA–cMWCNT/GCE.

3.8 Application

To examine the performance of RGO–PDA–cMWCNT/GCE in
practical use, the tap water and lake water samples were tested
and spiked with HQ and CT (Fig. S3†). The recoveries are 97.5–
102% for HQ and 98.3–101% for CT, respectively (Table 2),
indicating that the proposed method has excellent reliability
and feasibility for real samples.

4. Conclusions

A selective, sensitive and reliable electrochemical sensor based
on the RGO–PDA–cMWCNT nanocomposite was structured for
the determination of HQ and CT. The nanocomposite was
prepared via a facile and simple method with the reduction of
GO with dopamine and subsequent addition of cMWCNTs by
ultrasonication. For the determination of HQ and CT, well-
dened peaks, large peak potential difference and signi-
cantly increased peak currents were observed at RGO–PDA–
cMWCNT/GCE, which clearly demonstrated that the RGO–PDA–
cMWCNT nanocomposite acts as a valid promoter to accelerate
the kinetics of the reaction of the two isomers. Moreover, RGO–
PDA–cMWCNT/GCE showed excellent reproducibility and
stability, and reasonable results were received in the standard
recovery test for real water samples. All the results indicate that
the RGO–PDA–cMWCNT nanocomposite should have a poten-
tial prospect for the electrochemical sensing.
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17 M. López, F. Martinez, C. D. Valle, M. Ferrit and R. Luque,
Talanta, 2003, 60, 609–616.

18 Y. Wang, Y. Xiong, J. Qu, J. Qu and S. Li, Sens. Actuators, B,
2016, 223, 501–508.

19 M. Deng, S. Lin, X. Bo and L. Guo, Talanta, 2017, 174, 527–
538.

20 K. Chetankumar, B. E. Kumara Swamy and S. C. Sharma,
Microchem. J., 2020, 156, 104979.

21 X. Y. Lu, S. F. Zhang, F. Y. Kong, Z. X. Wang, H. Y. Li,
H. L. Fang and W. Wang, Microchem. J., 2021, 166, 106246.

22 Z. Wang, S. Li and Q. Lv, Sens. Actuators, B, 2007, 127, 420–
425.

23 N. Lavanya and S. Chinnathambi, RSC Adv., 2016, 6, 68211–
68219.

24 W. Zhang, J. Zheng, Z. Lin, L. Zhong, J. Shi, C. Wei, H. Zhang,
A. Hao and S. Hu, Anal. methods, 2015, 7, 6089–6094.

25 S. Hu, W. Zhang, J. Zheng, J. Shi, Z. Lin, L. Zhong, G. Cai,
C. Wei, H. Zhang and A. Hao, RSC Adv., 2015, 5, 18615–
18621.

26 M. A. Ghanem, Electrochem. Commun., 2007, 9, 2501–2506.
27 J. Yu, W. Du, F. Zhao and B. Zeng, Electrochim. Acta, 2009, 54,

984–988.
28 D. Chen, L. Tang and J. Li, Chem. Soc. Rev., 2010, 39, 3157–

3180.
29 J. B. Li, Z. B. Ding, J. L. Li, C. Y. Wang, L. K. Pan and

G. X. Wang, Chem. Eng. J., 2021, 407, 127199.
30 R. Baronia, J. Goel and S. K. Singhal, J. Nanosci. Nanotechnol.,

2021, 21, 1721–1727.
31 L. J. Cote, F. Kim and J. Huang, J. Am. Chem. Soc., 2009, 131,

1043–1049.
31958 | RSC Adv., 2021, 11, 31950–31958
32 L. Q. Xu, W. J. Yang, K. G. Neoh, E. T. Kang and G. D. Fu,
Macromolecules, 2010, 43, 8336–8339.

33 H. Lee, S. M. Dellatore, W. M. Miller and P. B. Messersmith,
Science, 2007, 318, 426–430.

34 W. B. Sheng, B. Li, X. L. Wang, B. Dai, B. Yu, X. Jia and
F. Zhou, Chem. Sci., 2015, 6, 2068–2073.

35 M. Trojanowicz, Trends Anal. Chem., 2006, 25, 480–489.
36 R. Gupta and B. Singh, Adv. Mater. Sci. Eng., 2020, 262,

114730.
37 F. Gao, J. Zou, W. Zhong, X. L. Tu, X. G. Huang, Y. F. Yu,

X. Q. Wang, L. M. Lu and L. Bai, Nanotechnol, 2021, 32,
085501.

38 D. Li, M. B. Muller, S. Gilje, R. B. Kaner and G. G. Wallace,
Nat. Nanotechnol., 2008, 3, 101–105.
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