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Abstract A facile, efficient and rapid microwave assisted method was developed to compound
the carbon dots-zinc oxide/multi-walled carbon nanotubes (CDs-ZnO/MWCNTSs) composite. And
the CDs-ZnO/MWCNTs material was characterized by scanning electron microscope (SEM),
high-resolution transmission electron microscopy (HRTEM), Fourier transform infrared
spectroscopy (FT-IR) and X-ray diffraction (XRD). The electrode modified with
CDs-ZnO/MWCNTs composite was applied for simultaneous determination of hydroquinone (HQ)
and catechol (CC) in 0.1 M phosphate buffer solutions (PBS, pH = 4.5). The anodic potential
difference (AE,,) between HQ and CC was 104 mV, which indicated the modified electrode could
detect the HQ and CC simultaneously. The calibration curves of HQ and CC were obtained both in
the range of 5.0 to 200 pM with the detection limits (S/N=3) of 0.02 uM and 0.04 uM respectively.
The modified electrode was applied to detect HQ and CC in the tap water and the rate of
recoveries were 99.3% - 105.4% of HQ and 104.3% - 110.1% of CC.

Keywords Electrochemical sensor; Carbon dots; Hydroquinone; Catechol; Microwave assisted

synthesis; Simultaneous determination.
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1. Introduction

Hydroquinone (HQ) and catechol (CC) have been widely used in tanning, dye, chemical,
photostabilizer, pesticides and some other fields closing to our life."* However, they also widely
exist in environment as a kind of important environmental pollutant by the US Environmental
Protection Agency (EPA) and the European Union (EU) because of their high toxicity and difficult
degradation in the ecological system.” They can enter human’s body to erode the skin and mucosa,
and even the inhibit nerve center system.*” Nowadays many methods have been used to detect HQ
and CC simultaneously, for example, gas chromatography/mass spectrometry ®’, high
performance liquid chromatography 89 synchronous fluorescence ' and electrochemical

11,12

methods >'“. The equipment of chromatography is expensive and the operation is trivial. The

accuracy of synchronous fluorescence needs improving. Electrochemical methods have drawn

scientists’ attention with the reasons of fast response, low cost, high sensitivity and selectivity in

1,13,14

recent years. However, it is a challenge to determinate HQ and CC simultaneously due to

their similar structures, physicochemical properties and coexistence in environmental samplesls‘16
Because their redox peaks usually present overlapped that they can’t be distinguished at

conventional electrodes such as glassy carbon electrode (GCE). !

It is urgent need to develop
the innovative modified electrode with catalytic activity and good conductivity.

As a kind of one-dimensional (1D) material, multi-walled carbon nanotubes (MWCNTSs) can be
thought as several concentric tubes of graphene fitted one inside the other. 1819 Owing to their high
electronic conductivity, good mechanical properties and interesting electrocatalytic compatibility
18,20

with electroactive varieties, MWCNTs have been applied in electrochemistry for a long time.

MWCNTs can improve the electrochemical performance by the way of promoting the electron
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transfer reactions of various molecules and increasing the electroactive surface area of the

21,22

modified electrode. The sensors based on MWCNTs were successfully applied to distinguish

ranges of significant analytes such as urea and other important electroactive species.”> **

However,
the pristine MWCNTs are insoluble in routine solvents due to the intrinsic van der Waals
interactions between the carbon tubes.”>* Therefore, MWCNTs have to be modified before
connecting with others materials. In this work, we used a conventional methods to acidate
MWCNTs with the mixed acid of H,SO4 and HNO; (V/V:3:l).27’28 As another carbon material,
carbon dots (CDs) have attracted extensive attention owing to their small sizes, excellent water

2931 There are lots of carboxyl groups at

solubility, biocompatibility, photostability and nontoxicity.
CDs’ surface which can easier connect to other materials and enhance the redox response of HQ
and CC. There are little literatures about CDs in electrochemistry field.*” It is a challenge to
develop the electrochemical sensors based on CDs.

At present various nano-metallic oxide materials have been applied in electrochemistry. ZnO
nanostructures, as a kind of semiconductor material, play an important role in material synthesis
due to their unique properties such as nontoxic nature, high chemical stability, high-electron
communication features, electrochemical activities, and good piezoelectric properties.””> There

5
and

are many different morphologies of ZnO nanostructures such as nanowire ~*, nanotubes °
nanoparticles *°. In this work, we synthesized ZnO particles because the nano-particles easier to
link with CDs and MWCNTs from space.

Herein, we developed a facile, efficient and convenient microwave synthesis method to

fabricate the CDs-ZnO/MWCNTs composite. The FT-IR data confirmed the synthesis route of

CDs-ZnO/MWCNTs. Due to the unique properties that mentioned above of CDs, ZnO and

Page 4 of 34



Page 5 of 34

RSC Advances

MWCNTs, the modified CDs-ZnO/MWCNTSs electrode could enhance the electrochemical
performance for simultaneous detection of HQ and CC obviously. The electrochemical properties
of CDs-ZnO/MWCNTs/GCE were characterized by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV). The peak current was linear with the concentration of HQ and CC
respectively, and the proposed sensor was applied to successfully detect the HQ and CC in real tap
water sample.

2. Experimental

2.1 Chemical reagents and instrumentation

HQ was brought from DA hao fine chemicals Co., LTD (Shantou, Guangdong, China) and CC
was purchased from Sinopharm Chemical Reagent Shanghai Co., Ltd (China). MWCNTSs were
brought from Shenzhen Nanotech Port Co., Ltd. Anhydrous ethanol, nitric acid, sulfuric acid,
glucose, polyethylene glycol-200 (PEG-200) and zinc nitrate hexahydrate (Zn(NOs), 6H,0) were
purchased from Xilong Chemical Co., Ltd (Guangdong, china). Phosphate buffer solutions (PBS)
(pH = 4.5) were obtained by mixing stock standard solutions of Na,HPO4-12H,0O (0.1 mol L’l),
NaH,P0,;-2H,0 (0.1 mol L’l) and KCI1 (1 m mol L'l). And the perfluorinated resin solution
(Nafion) was brought from Sigma-aldrich, Co., (USA). All solution was prepared by using
ultrapure water.

The MWCNTs was acidized with the help of WH-200 ultrasonic cleaning machine. Monowave
300 (Anton Pear Gmbh, Austria) was used for microwave irradiation synthesis of CDs and
CDs-ZnO/MWCNTs. Vacuum rotary evaporation instrument (Guangzhou IKA laboratory
technology Co., LTD) was used to remove the water in CDs solution. Fourier transform infrared

spectroscopy (FT-IR) was obtained by using Thermo NICOLET iS 10 (Thermo Fisher Scientific,
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America). Both cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were obtained
using CHI 660E electrochemical workstation (Shanghai Chen Hua Instruments Co., China) with a
three-electrode system. All electrochemical experiments were conducted in 10 mL 0.1 M PBS (pH
= 4.5) at room temperature. AE240 electronic analytical balance (Shanghai Mettler- Toledo
Instruments Co., Ltd) was used for accurate weighing.
2.2 Synthesis of CDs-ZnO/MWCNTs

The CDs were prepared by microwave method with the help of Monowave 300. Firstly, 2.0000
g glucose was dissolved in 3 mL ultrapure water by ultrasound, followed by addition of 10.00 mL
PEG-200. Secondly, the mixture was put into Monowave 300 and heated at 180 °C for 3 min to
obtain a brownish red solution. Thirdly, the solution was dialyzed for 24 h using 1000 cutoffs
dialysis membranes. Since the size of ZnO was affected by the composition of ethanol/water, the
CDs aqueous solution was concentrated with the help of vacuum rotary evaporation. The solid
product was dissolved with 60 mL anhydrous ethanol. Finally, the CDs ethanol solution was stored
at 4 °C ready for future use. The MWCNTs were acidized by means of reflux in the mixed
solution of sulfuric acid and nitric acid (v/v, 3:1) at 140 °C for 2 h.* Then the product was diluted
and filtered with a cellulose membrane filter (pore size 0.25 um) and washed with distilled water
several times until the pH close to 7. The acidized MWCNTs was filtrated and dried in 100 °C.

0.25 M zinc nitrate hexahydrate (Zn(NO3), 6H,0) and 0.0500 g acidized MWCNTs were put
into 30 mL glass vial (G30) before adding the 10 mL CDs ethanol solution in, and then dispersed
by ultrasound. The mixture was put in Monowave 300 and heated for 3 min at 180 °C and the
sediment was obtained. The product was washed with water and anhydrous ethanol several times

in order to remove the impurity. Then purified product was dried at 100 °C in air dry oven and the
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CDs-ZnO/MWCNTs composite was obtained. The possible mechanism was —COOH of CDs and

MWCNTs had been formed the -COOZnOH when they were interacted with ZnO.

2.3 Electrode preparation

The bare glassy carbon electrode (GCE) was polished with 1.0 pm, 0.3 pum, 0.05 pm alumina

powder sequentially, then washed with distill water, ethanol and distill water successively in an

ultrasonic bath, followed by blow with nitrogen.

0.0050 mg CDs-ZnO/MWCNTs composite was dispersed into 2 mL ultrapure water and then

put in WH-200 ultrasonic cleaning machine to gain the CDs-ZnO/MWCNTs solution. 5 pL of the

CDs-ZnO/MWCNTs composite solution was dropped on GCE surface. After the modified

electrode dried in air, 5 uL. Nafion diluent was dropped on the electrode in order to prevent

dissolution. The synthesis route of CDs-ZnO/MWCNTs modified electrode was shown in Fig. 1.

The CDs-ZnO composite was adhered to MWCNTs fabricated the CDs-ZnO/MWCNTSs composite.

There are lots of carboxyl groups on the surface of CDs and MWCNTs, and lots of hydroxyl group

on the surface of ZnO. Therefore, they can connect to each other easily. The synthesis mechanism

was further demonstrated by the FT-IR spectroscopy.

Fig. 1

3. Results and discussion

3.1 Characterization of CDs, CDs-ZnO, CDs-ZnO/MWCNTs

The morphologies of CDs, CDs-ZnO, CDs-ZnO/MWCNTs were shown in Fig. 2(A-D) by

transmission electron microscope (TEM) and scanning electron microscope (SEM). The size of

CDs was below 5 nm and the ZnO particles were nearly 50 nm. The CDs-ZnO/MWCNTs were

interconnected with each other actually. In the enlarged TEM picture of CDs-ZnO/MWCNTs,
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CDs-ZnO was stuck to MWCNTs. The X-ray diffraction (XRD) of CDs-ZnO and
CDs-ZnO/MWCNTs were shown in Fig. 3, which further illustrated their compositions. The
characteristic diffraction peaks of ZnO nanoparticles in XRD pattern corresponded to the typical
Wartzite ZnO phase (JCPDS 36-1451). 37 The XRD patterns of the CDs displayed a peak centered
at 25.6° (002) in Fig. 3A.7*¥ The XRD patterns of the MWCNT showed a broad peak centered
at 26.5° (002) in Fig. 3B.*" The peak of CDs was affected by MWNCTs due to their nearly
position.
Fig. 2
Fig. 3

The Fourier transform infrared spectroscopy (FT-IR) of CDs, ZnO, MWCNTs, CDs-ZnO, and
CDs-ZnO/MWCNTs were shown in Fig.4. The peaks of CDs at 3262 cm” and 1646 cm™
corresponded to the stretching vibrations of O-H and C=O0, respectively. The peaks at the range of
1000-1300 cm™ were attributed to the C-OH stretching and O-H bending vibrations.*"> ** The
peaks mentioned above implied the existence of large numbers of carboxyl groups in CDs aqueous
systems. The peak at nearly 500 cm’' was contributed to the stretching of Zn0.** The peak of
MWCNTs at 1699 cm™ was attributed to the stretching vibrations of C=0 which could prove the
successful acidification for MWCNTs. In the spectroscopy of CDs-ZnO, the sharp peaks at the
range of 3400-3600 cm” demonstrated the intermolecular association by hydrogen bonding
between CDs and ZnO. The peaks at the range of 1620-1500 cm’ resulted from the C=0 of
-COOH and -COO- stretching vibration. Due to the interaction between them, especially the
structure of MWCNTs for the conjugate system, the peak for the stretching vibrations of C=0 was

reduced to 1591 cm™ in the spectroscopy of CDs-ZnO/MWCNTs. The data showed that the
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—COOH of CDs and MWCNTs had been formed the -COOZnOH when they were interacted with
ZnO. And the FT-IR data confirmed the synthesis route of CDs-ZnO/MWCNTs.

Fig. 4
3.2 Cyclic voltammetric and electrochemical impedance spectroscopy response of
CDs-ZnO/MWCNTs to HQ and CC

In Fig.5A, the electrochemical behaviors of bare GCE, Nafion/CDs, Nafion/CDs-ZnO,
Nafion/ZnO/MWCNTs, Nafion/CDs-ZnO/MWCNTs were detected in 1.0 mM K;3[Fe(CN)g] mixed
solution contained 0.1 M KCI by cyclic voltammetry (CV). The electrode modified with
CDs-ZnO/MWCNTs composite has the biggest redox peak current. By detecting the CV of the
Nafion CDs-ZnO/MWCNTs/GCE in K3[Fe(CN)g] with different scan rate, the equation of linear
regression between the peak current and the square root of the scan rate can be described by
Randles-Sevcik’s equation. *

Ly =2.69x10°n*24C,Dv""?

In this equation, /,, is the anodic peak current, n is the electron transfer number, 4 is
the surface area of the electrode, D is the diffusion coefficient, Cy is the concentration
of K3[Fe(CN)g], v is the scan rate. In 1.0 mM K;[Fe(CN)g] solution contained 0.1 M KCI, n=1
and D=7.6 ucm s By the slope of the /,, — v'? relationship, the surface area of bare GCE was
found to be 0.024 cm’ and the CDs-ZnO/MWCNTs/GCE was calculated to be 0.03 cm?, which
increased nearly 1.25 times.

Electrochemical impedance spectroscopy (EIS) is further used for the investigation on the
modified electrodes, which can exhibit the impedance changes of the modification processes. The

value of the electrode-transfer resistance (Ret) depends on the dielectric and insulating features at
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the electrode/electrolyte interface. Fig. SB showed the EIS of different electrodes in 1.0 mM
[Fe(CN)6]3'/4' and 0.1 M KCI solution. On the GCE the Ret value was got as 140 Q. While on the
Nafion/GCE the Ret value was decreased to 148 Q. However, on the Nafion/CDs/GCE, the Ret
value was decreased to 96 Q, which could be attributed to the presence of high conductive CDs in
the composite film that accelerated the electron transfer rate of [Fe(CN)é]z'M’. On the
Nafion/CDs-ZnO/GCE, the Ret value was decreased to 57 Q, indicated that the electrochemical
performance of Nafion/CDs-ZnO was better than Nafion/CDs/GCE. The Ret value of
Nafion/MWCNTs, Nafion/ZnO/MWCNTs and Nafion/CDs-ZnO/MWCNTs was 40 Q, 34 Q and
22 Q, respectively. The results showed that the Nafion/CDs-ZnO/MWCNTs had best
electrochemical  performance.  Hence, This was also  strongly proved that
Nafion/CDs-ZnO/MWCNTs could be a promising electrochemical platform for sensing.
Fig.5

As shown in Fig. 6, the electrochemical behaviors of HQ and CC at different electrodes were
investigated by cyclic voltammetry at 0.1 V s "' scan rate in 0.1 M PBS (pH = 4.5) contained 0.1
mM HQ and 0.1 mM CC. As shown in the inset of Fig. 6, there were only one peak of bare GCE,
Nafion/GCE, Nafion/CDs/GCE and Nafion/CDs-ZnO/GCE. The Nafon had excellent
film-forming. However, the peak current of Nafon/GCE was weakened significantly for their
poorly electrical conductivity. After modifying the Nafion/CDs on the GCE, the electrochemical
performance increased, and when dropping the Nafion/CDs-ZnO on the GCE, the electrochemical
performance is better than the Nafion/CDs/GCE, which indicated the CDs and ZnO improve the
electrochemical performance of this system. Both the different space resistances of HQ and CC

and the fast electrochemical reaction kinetics of CDs-ZnO/MWCNTs contributed to the separation

10
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of HQ and CC. The density of electron cloud of HQ molecule is higher than CC, leading to a

1741 Different electron cloud

decrease of oxidation activity at electrode surface for the latter.
density between HQ and CC lead to their different oxidized potential. Therefore, the voltammetric
waves of HQ and CC could be separated.”‘%‘47 The CDs-ZnO/MWCNTs modified electrode
displayed the biggest electrochemical signals with two independently well-defined oxidation
peaks at 0.207 V and 0.311 V of HQ and CC, respectively. The anodic potential difference (AE,,)
between HQ and CC of CDs-ZnO/MWCNTs was 0.104 V, which indicated the modified electrode
could detect the HQ and CC simultaneously with high sensitivity.
Fig. 6

3.3 Effects of pH and scan rate

As shown in Fig. 7, the electrochemical behavior of HQ and CC was investigated by CV in
PBS solution with pH range from 3.5 to 8.5. When the pH was 4.5, the oxidation current was
maximized. Thus the pH value of 4.5 was chosen as the appropriate pH. As shown in Fig. 7B, as
pH increased, the potentials of HQ and CC shifted negatively which indicated the proton was

directly involved in the electrochemical redox process.27’48

The linear regression equations
between the potentials and pH of HQ and CC were E,, (V) = 0.453—0.052 pH (R = 0.9927) and
Ep (V) = 0.534—0.049 pH (R = 0.9920) respectively. According to the mechanism of Nernst
Equation (dE,/dpH = 2.303 mRT/nF), the electrochemical redox of HQ and CC at the modified
electrode should be a two electrons and two protons process.

The effects of scan rate was investigated in 0.1 M PBS (pH = 4.5) at CDs-ZnO/MWCNTs

modified electrode from 0.1 Vs to 0.5 V's ' by CV. As shown in Fig. 8, the redox peek currents

increased gradually as the scan rate increased. The regression equations of HQ and CC were Iy,

11
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(RA) = 54.743—7.706 v'”* (mV s™) (R = 0.9956) and I, (1A) = 46.305—6.841 v'> (mV s™) (R =
0.9954) respectively. The peaks current was linearly associated with the square root of scan rate
which indicated that the electrode reaction of HQ and CC at CDs-ZnO/MWCNTs /GCE was a
typical diffusion-controlled process.

Fig. 7

Fig. 8
3.4 Simultaneous determination of HQ and CC

Differential pulse voltammetry (DPV) was chosen to study the simultaneous and quantitative

determination of HQ and CC at CDs-ZnO/MWCNTs/GCE. Individual determination of HQ or CC
was achieved in their mixed solution by changing the concentration of one species while keeping
the other constant. Fig. 9A showed that increasing the concentration of HQ from 5.0 to 200 uM
while keeping the concentration of CC at 100 pM, the peak current increased proportionally.
Similarly, the peak current of CC increased as its concentration increased as shown in Fig. 9B.
And the linear regression equation between the oxidation peak current and the concentration of
HQ or CC showed a good linear relationship: /,, mq) (LA) = -64.24-0.284 ¢ (uM) (R = 0.9950) or
Ipa coy (MA) = -44.15-0.385 ¢ (uM) (R = 0.9970). The detection limit of HQ and CC was calculated
to be 0.02 uM and 0.04 pM (S/N = 3) respectively. The error bars of HQ and CC were below 1%.
These experimental illustrated that the CDs-ZnO/MWCNTs modified electrode could improve the
electrochemical currents and enhanced the catalytic separation performance.

Fig. 9
3.5 Interference effect

The influence of interferences for detection HQ and CC in real sample was necessary. The

12
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interference substances were added in the 0.1 mM HQ and 0.1 mM CC mixture. The change of
current caused by 1000-fold Na*, K, Mg2+, Cu*’, Zn*", CI', SO,, NO;™ and 0.1 mM resorcinol
was less than 5%, which indicated the excellent selectivity and sensitivity of CDs-ZnO/MWCNTs
modified electrode.
3.6 Sample analysis

The comparison of electrochemical analytical methods with different modified electrodes was
shown in Table 1. In order to validate of the proposed method, the CDs-ZnO/MWCNTs electrode
was applied to detect the HQ and CC in tap water. The standard solution was added to the tap
water sample to obtain the recovery rate. The analytical results were displayed in table 2 that the
recovery rates of HQ and CC were 99.3%-105.4% and 104.3%-110.1% respectively. The recovery
rates indicated that the CDs-ZnO/MWCNTs modified electrode has practical applicability and
good accuracy in simultaneous determination of HQ and CC.

Table 1
Table 2

3.7 Stability and reproducibility

The stability and reproducibility of the CDs-ZnO/MWCNTs modified electrode were
investigated by DPV contained 0.1 mM HQ and 0.1 mM CC by means of six time parallel
determination. The relative standard deviation (RSD) of HQ and CC were 0.206 % and 0.176 %
respectively. Therefore, the CDs-ZnO/MWCNTs electrode has excellent stability and
reproducibility.

Fig. 10

13
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4. conclusions

In this work, CDs-ZnO/MWCNTs composite material was synthesized by a simple and
convenient microwave synthesis with the help of Monowave 300. In summary, the
CDs-ZnO/MWCNTs modified electrode was sensitive and selective for detecting the HQ and CC
simultaneously. The peak currents of HQ and CC were well separated for more than 100 mV. The
detection limits of HQ and CC were 0.02 uM, 0.04 pM (S/N = 3) respectively. The
CDs-ZnO/MWCNTs showed excellent stability and anti-interference ability. And the
electrochemical method could be applied for simultaneous detection in real water sample.
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Table 2 The results of determination of HQ and CC in tap water samples.
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Table 1. Comparison of different electrochemical sensors for determination of HQ and CC.

Linear range (uM) Detection limit (uM)
Electrode Ref.
HQ CcC HQ CcC
N-GCE 5-260 5-260 0.2 0.2 4
MWCNTs-PDDA-GR 0.5-400 0.5-400 0.02 0.018 49
(CMWNTs-NHCH,CH,NH)s/GCE 10-120 5-80 2.3 1.0 50
Pt/ZrO,-RGO/GCE 1-1000 1-400 0.4 0.4 51
This
CDs-ZnO/MWCNTs 5-200 5-200 0.02 0.04
work
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Table 2 The results of determination of HQ and CC in tap water samples.

Added (uL) Found (uL) Recovery(%)
samples
HQ CcC HQ CcC HQ CcC
1 20.0 20.0 18.2 232 99.3 102.4
Tap water 2 50.0 50.0 50.5 574 100.2 104.5
3 80.0 80..0 72.8 76.5 97.6 98.2
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Figures
Fig. 1. The assemble mechanism of CDs-ZnO/MWCNTs.
Fig. 2. The TEM of CDs (A), CDs-ZnO (B), CDs-ZnO/MWCNTs (D) and the SEM of
CDs-ZnO/MWCNTs (C) (insert: the enlarge TEM picture of CDs-ZnO/MWCNTS).
Fig. 3. The XRD pattern of CDs-ZnO (A) and CDs-ZnO/MWCNTs (B), inset were the XRD
patterns of CDs and MWCNTs respectively.
Fig. 4. The Fourier transform infrared spectroscopy (FT-IR) of CDs, ZnO, MWCNTs, CDs-ZnO
and CDs-ZnO/MWCNTs.
Fig. 5. CV (A) and EIS (B) of 1.0 mM K3[Fe(CN)6]3-/4- recorded on the bare GCE, Nafion/GCE,
Nafion/CDs, Nafion/CDs-ZnO, Nafion/MWCNTs, Nafion/ZnO/MWCNTs and
Nafion/CDs-ZnO/MWCNTs.
Fig. 6. CV of 0.1 mM HQ and 0.1 mM CC recorded on bare GCE, Nafion/GCE, Nafion/CDs,
Nafion/CDs-ZnO, Nafion/MWCNTs, Nafion/ZnO/MWCNTs and Nafion/CDs-ZnO/MWCNTs in
the PBS (pH = 4.5) at the scan rate of 0.1 V s -1, inset was the CV of the bare GCE, Nafion/GCE,
Nafion/CDs, Nafion/CDs-ZnO.
Fig. 7. (A) Effect of pH on the redox behavior of 0.1 mM and 0.1 mM CC in 0.1 M PBS at
ZnO-CDs/MWCNTs (a-k: 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 8.0, 8.5) (B) plots of peak potential
versus pH.
Fig. 8. (A) Effect of scan rate on the redox behavior of 0.1 mM HQ and 0.1 mM CC in 0.1 M PBS
(pH =4.5) at CDs-ZnO/MWCNTs (a-i: 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45,0.5 V ™). (B) the

square root of scan rate (v: 0.1-0.5 V s™) for HQ and CC.

Fig. 9. DPVs of CDs-ZnO/MWCNTs (A) in the presence of 0.1 mM CC, containing different
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concentrations of HQ (a-h: 5.0, 7.0, 10, 30, 50, 70, 100, 200 umol L'l), (B) in the presence of 0.1
mM HQ, containing different concentrations of CC (a-h: 5.0, 7.0, 10, 30, 50, 70, 100, 200 pmol
L'l), (C) was the calibration plots of HQ (a-h: 5.0, 7.0, 10, 30, 50, 70, 100, 200 pmol L'l), (D) was

the calibration plots of CC. (a-h: 5.0, 7.0, 10, 30, 50, 70, 100, 200 umol L'l).

Fig. 10 The stability of repetitive measurements of DPV response for HQ (0.1 mM), CC (0.1 mM)

in 0.1 M PBS (pH=4.5) at ZnO-CDs/MWCNTs modified electrode.
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Fig. 1. The assemble mechanism of CDs-ZnO/MWCNTs.
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Fig. 2. The TEM of CDs (A), CDs-ZnO (B), CDs-ZnO/MWCNTs (D) and the SEM of

CDs-ZnO/MWCNTs (C) (insert: the enlarge TEM picture of CDs-ZnO/MWCNTs).
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Fig. 3. The XRD pattern of CDs-ZnO (A) and CDs-ZnO/MWCNTs (B), inset were the XRD

patterns of CDs and MWCNTs respectively.
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Fig. 4. The Fourier transform infrared spectroscopy (FT-IR) of CDs, ZnO, CDs-ZnO, MWCNTs
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Fig. 5. CV (A) and EIS (B) of 1.0 mM K;[Fe(CN)e]*”* recorded on the bare GCE, Nafion/GCE,
Nafion/CDs, Nafion/CDs-ZnO, Nafion/MWCNTs, Nafion/ZnO/MWCNTSs and

Nafion/CDs-ZnO/MWCNTs.
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Fig. 6. CV of 0.1 mM HQ and 0.1 mM CC recorded on bare GCE, Nafion/GCE, Nafion/CDs,
Nafion/CDs-ZnO, Nafion/MWCNTs, Nafion/ZnO/MWCNTs and Nafion/CDs-ZnO/MWCNTs in
the PBS (pH = 4.5) at the scan rate of 0.1 V s ! inset was the CV of the bare GCE, Nafion/GCE,

Nafion/CDs, Nafion/CDs-ZnO.
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Fig. 7. (A) Effect of pH on the redox behavior of 0.1 mM HQ and 0.1 mM CC in 0.1 M PBS at
ZnO-CDs/MWCNTs (a-k: 3.5,4.0,4.5,5.0,5.5, 6.0, 6.5, 7.0, 8.0, 8.5) (B) plots of peak potential

versus pH.
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Fig. 8. (A) Effect of scan rate on the redox behavior of 0.1 mM HQ and 0.1 mM CC in 0.1 M PBS
(pH =4.5) at CDs-ZnO/MWCNTs (a-i: 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45,0.5 Vs™). (B) the

square root of scan rate (v: 0.1-0.5V s'l) for HQ and CC.
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Fig. 9. DPVs of CDs-ZnO/MWCNTs (A) in the presence of 0.1 mM CC, containing different
concentrations of HQ (a-h: 5.0, 7.0, 10, 30, 50, 70, 100, 200 umol L'l), (B) in the presence of 0.1
mM HQ, containing different concentrations of CC (a-h: 5.0, 7.0, 10, 30, 50, 70, 100, 200 pmol

L™), (C) was the calibration plots of HQ (a-h: 5.0, 7.0, 10, 30, 50, 70, 100, 200pmol L), (D) was

the calibration plots of CC. (a-h: 5.0, 7.0, 10, 30, 50, 70, 100, 200 umol L'l).
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Fig. 10. The stability of repetitive measurements of DPV response for HQ (0.1 mM), CC (0.1 mM)

in 0.1 M PBS (pH=4.5) at ZnO-CDs/MWCNTs modified electrode.
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