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Abstract

This paper describes the synthesis of Nitrogen-doped reduced graphene oxide ZnO (N-
doped RGO-ZnO) nanocomposite by two-step process and also its photo electrochemical
application. The novel photo electrochemical sensor fabricated from this ZnO/N-doped RGO
nanocomposite exhibits superior performance over a glassy carbon or nitrogen-doped reduced
GO nanocomposite for the simultaneous determination of hydroquinone (HQ) and catechol (CC).
Cyclic voltammetry (CV) studies reveals that the N-doped RGO-ZnO electrode under optimal
conditions show a peak potential separation between HQ and CC of up to 112 mV in the
presence of light, which is larger than N-doped RGO electrode under same condition. Square
wave voltammetry (SWV) studies of a system with co-existing HQ and CC show that the N-
doped RGO-ZnO modified electrode exhibits a wide linear response range of 2-900 uM and 2-
600 uM, respectively, with detection limits (S/N=3) of 10 nM and 10 nM, respectively. The
electrode also has good sensitivity, selectivity, high stability and reproducibility. This electrode
sensor was further applied to determine HQ and CC in real samples with satisfactory results. The
results demonstrate that the N-doped RGO-ZnO is a more robust and advanced carbon electrode
material providing a promising platform for photo electrochemical sensor and photo

electrocatalytic applications.

Keywords: photo electrochemical sensors, reduced graphene oxide, hydroquinone and catechol,

ZnO nano particles.
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1. Introduction

In recent years, photo electrochemical (PEC) biosensing has emerged as a new analytical
scientific and technological technique for the production of sensing platforms, in which light is
utilized to excite the photoactive species and the photocurrent is employed as the detection
signal.'"™ PEC sensors are receiving increasing attention owing to their desirable high sensitivity,
fast response time, low cost, inherent miniaturization, portability and easy integration.”® These
advantages have brought a wide range of prospective applications in the fields of biology,

medicine, and environmental monitoring.”"'

Graphene, a single layer of carbon atoms with a honeycomb-like two-dimensional lattice
has become a rising star in the carbon family due to its novel properties such as high surface
area, good electrical conductivity, high flexibility and mechanical strength since its discovery in
2004."*"*In recent years, it has attracted considerable attention in both fundamental science and

15,16

in experimental and applied research areas in many fields, such as in nanoelectronics, ultra

19,20 22,23

capacitors,17 batteries,18 Sensors, solar cells,21 and fuel cells.

In the past few years, some photo electrochemical materials such as TiO,,>* ZnO,”and
quantum dots have been employed for PEC sensing. *° ZnO is an important semiconductor
nonmaterial, used in the field of photo electrochemical sensing due to its desirable qualities, such
as photosensitivity, chemical stability, environmental friendliness, and better analytical
performance.?’ Zinc oxide nanoparticles are a promising semiconducting material for use in solar
cells, having a wide band gap of 3.37 eV and a large exciton binding energy of 60 meV at room
temperature as well as excellent chemical, and structural features.”®>! Zinc oxide is one of the

most commonly used photo catalyst materials for purposes such as the degradation of organic
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pollutants under UV-light, sometimes demonstrating a higher photo catalytic activity than TiO,.

32-34

Very recently, the practical application of graphene for the electrochemical sensing of
biomaterials has been heavily researched.”” Graphene acts as an excellent electron-
acceptor/transport material facilitating the process of photo catalysis. The electronic interaction
between ZnO and graphene can hinder the recombination of charge carries and increase the
photo catalytic performance.’®’ In the past few years, a variety of methods have been used for
the fabrication of graphene/ZnO nanocomposites. The photoluminescent (PL) characteristics of
vertically-grown ZnO nanostructures synthesized by catalyst-free metal-organic vapor-phase
epitaxy on graphene layers has been examined. *® Wu et al. used a solvothermal method to
prepare a sandwich-like graphene-ZnO nanocomposite in an ethylene glycol medium with
graphene oxide (GO) as the graphene precursor and zinc acetylacetonate as the single-source
zinc oxide precursor. *° Lu et al. reported on the development of graphene-ZnO nanocomposite
films by ultrasonic spray pyrolysis.*’ Li ez al. produced a ZnO/graphene nanocomposite using a
chemical decomposition method. *' However, to the best of our knowledge, there are no reports

available in the literature for the synthesis of ZnO on an N-doped-RGO surface.

Hydroquinone (HQ) and catechol (CC) chemically known as (1,4 dihydroxybenzene),
catechol (1,2- dihydroxybenzene) are two isomers of phenolic compounds which are widely used
in the production of cosmetics, pesticides, flavoring agents, medicines, food, dye stuffs,

photographic chemicals and so on.***

These phenolic compounds are highly toxic to human
beings, animals, and plants and damaging to aquatic environments, even at very low

concentrations.*®*’ They are suspected of being carcinogens and their degradation has a negative
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impact on the environment. It is known that an abnormal phenolic compound level can lead to

fatigue, headache and tachycardia in humans and cause kidney damage. **

It is thus necessary to establish a simple, fast and reliable analytical method for the
sensitive and selective determination of HQ and CC in various matrices. ** Several analytical
methods have been employed to evaluate these isomers such as high performance liquid
chromatography, pH  based-flow injection analysis, synchronous fluorescence,
chemiluminescence, spectrophotometry, gas chromatography and mass spectrometry, capillary
electro chromatography and electrochemical methods.’*”! However, some of these methods can
be time-consuming, high cost, with low sensitivity and requiring complicated pretreatment.
Photo electrochemical methods are the most commonly used techniques in environmental and
biological research because of their high sensitivity, rapid response time, low detection limit and

ease of operation.

The HQ and CC isomers are similar in structure and properties and usually coexist, thus
interfering with each other during identification. It is necessary to develop an effective photo
electrochemical sensor for the simultaneous detection of HQ and CC which are both

electrochemically active.

To the best of our knowledge, this is the first time that the use of ZnO/N-doped RGO
nanocomposites for the simultaneous determination of HQ and CC has been reported. This novel
approach allows simultaneous detection of HQ and CC in a solution through a photo
electrochemical method such as cyclic voltammetry (CV) or square wave voltammetry (SWV).
The morphology and structure of the synthesized N-doped RGO-ZnO nanocomposites were

investigated in detail by scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

RSC Advances

photoelectron spectroscopy (XPS) and Raman spectroscopy. The N-doped RGO-ZnO
nanocomposite was then used to fabricate a novel photo electrochemical sensor for the detection
of HQ and CC. This material provided a larger electrochemically active surface area for the
adsorption of HQ and CC that effectively accelerated the electron transfer between the electrode
and the solution, which could lead to a more rapid and sensitive current response. It is well
known that the photo electrochemical method is a very tedious, time-consuming and high cost
process making the development of a less expensive method with a simple fabrication procedure
desirable. The device was used for simultaneous detection of HQ and CC in real samples of skin

whitening cream and lake water.

2. Experimental Procedure
2.1. Reagents and materials

Graphite (powdered, <20 pum), N,N-dimethylformamide (DMF), Zn(NOs3),, KMnOy,
catechol, (CC) and 1, 4-dihydroxyquinone (HQ) were obtained from Sigma-Aldrich and used
without further purification. With the aid of ultrasonic mixing, 0.10 M stock solutions with HQ
or CC were freshly prepared by dissolving HQ or CC in 0.05 M pH 7 PBS buffered solutions
which were kept at 4°C in the dark prior to use. The stock solution was diluted to various
concentrations by mixing with the buffer solution. Double distilled water (with a resistivity of
18.25 MQ cm) was used throughout. All other materials used were of the highest analytical grad
available and purchased from the usual sources. Phosphate buffered solutions (PBS) (pH 7.0)

were prepared using 0.05 M Na,HPO4/NaH,PO,, and 0.1 M KCI.

2.2. Apparatus

FElectrochemical measurements were carried out at a CH Instrument 405A

electrochemical workstation (Shanghai Chen Hua Co., China). The conventional three-electrode
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system included either a bare Au electrode (® = 3 mm) or N-doped RGO-ZnO nanocomposite
modified Au electrode as the working electrode, a platinum wire as the auxiliary electrode, and
an Ag/AgCl (saturated KCI) as the reference electrode. SEM images were made with a Hitachi
S-3000 H and EDX images were recorded using a HORIBA EMAX X-ACT Model 51-
ADDO0009. Transmission electron microscopy (TEM) images were collected using a Philips
TECNALI 20 microscope (200 kV). EIS was carried out at a frequency range of 100 kHz to 1.0
Hz with a ZAHNER instrument (Kroanch, Germany) with a controlled intensity modulated
photo spectroscopy (CIMPS) system used for light induced EIS and photoelectrocatalytic
studies. The PEC and sensing measurements were carried out on a CHI405A electrochemical
workstation. The simulated solar light was generated by a KEITHLEY 2400 solar simulator with
a 150 W xenon lamp and an AM 1.5G filter. XPS analysis was carried out using a PHI 5000
Versa Probe equipped with an Al Kalpha X-ray source (1486.6 eV). Raman spectra were
measured with a Raman spectrometer (Dong Woo 5001, Korea) equipped with a charge-coupled
detector. Fourier transform infrared (FTIR) spectra were obtained using a Perkin Elmer RXI
spectrometer. XRD analysis was carried out using an XPERT-PRO diffractometer (PANalytical

B.V., the Netherlands) using Cu Ka radiation (k =1. 54 Ae).
2.3. Procedures
2.3.1. Synthesis of graphene oxide

The GO used in the experiments was synthesized from natural flake graphite powder by
the modified Hummers method described previously.>® Briefly, graphite powder (5.0 g) was put
into 0 'C concentrated H,SO4 (150 mL) and then 25 g of KMnO,4 was slowly added under ice

cooling. The mixture was stirred continuously for 30 min. Typically, 600 mL of deionized water
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was added while the temperature was kept under 50 'C, 250 ml of water and 6 ml of
H,0, (30 weight %) were subsequently added to reduce the residual KMnO,4. The reaction was
allowed to continue for 30 min, yielding a brilliant yellow solution. Finally, the solid suspension
was first washed using 2 M of HCI solution and then washed 3-4 times with ethanol and dried
overnight in a vacuum at 60 'C. The reduced graphene oxide slurry was then dried in a vacuum
oven at 60 "C for 48 h before use. A 1:10 mass ratio of the reduced graphene oxide and melamine
mixture was transferred into a corundum tube prior to annealing at 800 'C for 1 hour in the
presence of a N, atmosphere. After annealing, the corundum tube was taken out of the muffle

furnace and allowed to cool down to room temperature.

The melamine provided a positively charged layer, which attracted the negatively charged
reduced GO (RGO) through electrostatic interaction. The final product of reduced graphene
oxide and melamine was obtained. Then, graphene oxide/melamine nanocomposites and ZnO
sample were prepared as follows: after one hour of ultrasonic treatment the 0.0904 g/100 mL GO
formed a light-brown solution. The obtained exfoliated RGO was then dispersed in 50 mL of
water and dropped into an aqueous Zn(NOs), solution with continuous stirring for 24 h.
Afterward, 1 M of the KOH solution was added drop by drop into the above mixture until the pH
rise to 8.5. After aging for 12 h, the N-doped RGO-ZnO nanocomposite precursors were then
filtered and washed with a large amount of distilled water several times before being dried at
60 °C for 24 h under a vacuum. Furthermore, the N-doped RGO-ZnO nanocomposite precursors
were heated at 200 °C for 5 h in a muffle furnace to obtain the resultant product. The N-doped
RGO-ZnO nanocomposite sample was prepared by dispersing 0.5mg mL™" of the N-doped RGO-

ZnO nanocomposite in 1DMF with the aid of ultrasonication for 30 minutes.

2.3.2. Preparation of the N-doped RGO-ZnO nanocomposite modified Au electrode

8
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Prior to use, the Au electrode (diameter =3 mm) was carefully polished to a mirror-like
plane with 0.05 mm alumina slurries using a Buehler polishing kit. Afterward, the electrode was
washed with 1:1 nitric acid, absolute ethanol and water in an ultrasonic bath under nitrogen gas.
The synthesized N-doped RGO-ZnO nanocomposite (0.5mg) was dissolved in 1 mL DMF
through ultra-sonication for 20 min, resulting in a uniform black solution. SuL of the N-doped
RGO-ZnO nanocomposite suspension was dropped on the surface of the cleaned Au electrode
and dried under an infrared lamp. The modified Au electrode was then rinsed with water to
remove any loosely adsorbed N-doped RGO-ZnO nanocomposite, higher amounts of which
could agglomerate on the electrode surface, affecting the catalytic activity and stability. For
comparison, an N-doped RGO nanocomposite was fabricated following similar procedures. A
schematic representation showing the step-wise fabrication process of the N-doped RGO-ZnO

nanocomposite is provided in scheme 1.
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N-Doped-RGO
Zn(NO;), +KOH

i N-Doped-RGO-ZnO

electrode

Schematic view of the procedure for preparing the N-doped RGO-ZnO nanocomposite modified

electrode.

3. Results and discussion
3.1. Characterization of the N-doped RGO-ZnO nanocomposite

Fig. 1 shows the typical XPS spectra obtained for the N-doped RGO-ZnO nanocomposite
and the deconvolution analysis of the Zn 2p, N 1s, Cls and O 1s core level spectra. The XPS
spectrum in Fig. 1A displays five predominant peaks, namely the Zn 2ps;, peak at around
1021.5 eV, the C 1s peak at around 284.7 eV, the Zn 2p;, peak at around 1046.0 eV, the N 1s
peak at around 399 eV, and the O 1s peak at around 532.6 eV. As shown in Fig. 1D, there is a

reasonable fit between the N 1s XPS spectrum for the N-doped RGO-ZnO nanocomposite with

10
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three components: pyridine type N at 398.3 eV, amino type N at 399.4 eV and graphitic type N
at 401.1 eV. The results suggest that the amino type N atoms have been successfully
incorporated into the graphene framework and exist as three kinds of chemical states in the
graphene layers. Meanwhile the oxygen-containing functional groups could be removed during
the N-doping process. The Zn 2ps» and Zn 2p;, (with binding energies of 1021.5 eV and
1046.0 eV, respectively; See Fig. 1E) *' as illustrated in Fig. 1E further confirm the formation of
Zn0. The C 1s spectrum shows a significant decrease in the C=0 components relative to C-C, as
depicted in Fig. 1B. This result suggests that the oxygen containing groups have been removed
by the Zn*" ions, which proves that the Zn*" ions resulted in the deoxygenation process of GO. In
Fig. 1C one can see an obvious peak shift of approximately 529.8 eV for the O 1s spectrum of
the N-doped RGO-ZnO nanocomposite, which can be attributed to the O ions in the ZnO lattice,
compared to that of GO, which is due to the existence of O species in the graphene

nanocomposite.”

An FTIR study was carried out to verify the presence of oxygen-containing functional
groups on the GO sheets which can generate strong interactions with the melamine matrix
mainly by amide linkage. As shown in Fig.1F (Curve a), the exfoliated GO sheet exhibits three
characteristic peaks, -OH (~3450 cm™), C=C (~1594 cm™), C-OH (1216 cm™), and carbonyl
(~1720 cm™) peaks, which confirm the formation of the carboxyl and hydroxyl groups,
respectively. The peaks at 1639 cm™ (band I), 1547 cm™ (band II), and 1240 cm ' in the N-
doped RGO spectrum are similar to the peaks in the melamine spectrum (see Fig.1F (Curve b)).**
In addition, the peak (C=0) observed at 1730 cm™ in the GO spectrum almost disappears in the

N-doped RGO spectrum (See Fig.1F (Curve ¢)), indicating the conversion of carboxyl to amide.

11
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226  These results clearly indicate the covalent bonding of melamine polymer chains to GO via an

227  amide linkage.

228 Fig. 1

229 The Raman spectrum of the as prepared (a) GO sheets and (b) nitrogen doped RGO-ZnO
230  nanocomposite (Fig. 2A) displays two prominent peaks at 1340 and 1600 cm™, which
231  correspond to the well documented D and G band respectively. The intensity ratio of the D and G
232 band is a measure of the disorder, as expressed by the sp® /sp’ carbon ratio. The G band is related
233 to the in-plane bond-stretching motion of pairs of sp’-C atoms. The D band (“disordered” band)
234 s the breathing mode of the sp>-rings of the graphene layer that is related to a series of defects:
235  bond-angle disorder, bond-length disorder, and hybridization which are caused by heteroatom
236  (nitrogen/oxygen) doping and structure defects by plasma treatment. Therefore, the relatively
237  increased intensity of the D band for N-graphene indicates that the content of disordered carbon
238  increases after plasma treatment, mainly by nitrogen doping. Fig. 2B shows the XRD patterns
239  conducted in order to investigate the phase and structure of the obtained samples; the XRD
240  patterns for the ZnO and N-doped RGO nanocomposite samples were both recorded. The
241  characteristic ZnO diffractions of (1 0 0), (00 2), (1 0 1), (1 02), (1 10),(103)and (20 0)
242 appear at 31.9°, 34.6°, 36.4°, 47.7°, 56.7°, 63.1° and 66.6° (20), respectively (JCPDS file no. 36-
243 1451). In addition, Fig. 2B shows a GO diffraction peak at 23.29°, attributed to the short-range
244 order in the stacked graphene sheets. On the other hand, the XRD pattern of the N-doped RGO-
245  ZnO nanocomposite does not show any diffraction peak in the low angle region as observed in
246 the case of GO XRD, suggesting the reduction of GO during the reaction process. It is suggested
247  that these residual oxygenated functional groups act to encourage intercalation and adsorption of

248  Zn®"ions onto the RGO. The relatively sharp peaks that appear at 20 around 268, 438 and 528 in

12
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the N-doped RGO-ZnO nanocomposite XRD pattern correspond to the (111), (220), and (311)
reflections of ZnO, respectively, in Fig. 2B.”” The Scherrer formula is used to calculate the
nanoparticle size which is 1-10 nm. The peak positions and relative intensities correspond well
with the standard XRD data for ZnO (JCPDS card, file No. 36-1451). The results are in good

agreement with the TEM data, as discussed below.

Fig. 2

EIS can be employed to investigate the changes in impedance at electrode surfaces as a
consequence of the modification process making this a useful tool for testing the kinetic barrier
at the electrode interface. Fig. 2C shows the Nyquist diagrams of the freshly polished (a) bare Au
electrode, (b) nitrogen doped RGO modified Au electrode, (¢) RGO modified Au electrode, (d)
nitrogen doped RGO-ZnO nanocomposite modified Au electrode in the presence of light with
equimolar [Fe(CN)s]>”™*". The semicircular part at high frequencies corresponds to the electron
transfer limited process, and the linear part at low frequencies corresponds to the diffusion
process. A semicircular arc and a straight line can be observed. In a Randle's circuit, it is
assumed that the resistance to charge transfer (R.) and the diffusion impedance (/) are both in
parallel to the double-layer capacitance (Cy). This parallel combination of R, and Cy with the
charge transfer resistance (R.) occurs at the contact interface between the electrode and
electrolyte solution. As can be seen in Fig. 2C, the charge-transfer resistance (R) for Fe(CN)s™
" at the freshly polished (a) bare Au electrode is about 1250 Q. Fig. 2C (b) shows the N-doped
RGO modified Au electrode. The modification of the N-doped RGO on the Au electrode surface
could hindrance the interfacial charge transfer and increases the R to about 1600 Q. After the
Au electrode was coated with the N-doped RGO-ZnO nanocomposite, the impedance decreased,

showing a smaller R (540 Q). It should be noted that the N-doped RGO-ZnO nanocomposite

13
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272 has a smaller R (540 Q) than the N-doped RGO modified Au electrode or bare Au electrode,
273 which indicates that the incorporation of ZnO improves the charge transfer performance. Fig.
274 2D displays the Nyquist diagrams of the freshly polished (a) N-doped RGO-ZnO nanocomposite
275  modified Au electrode and (b) nitrogen doped RGO nanocomposite modified Au electrode in the
276  absence of light with equimolar [Fe(CN)s]>™. The N-doped RGO nanocomposite on the Au
277  electrode possess an electron transfer resistance of R,, to 2420 Q (Fig. 2D, curve b). The poor
278  electron conductivity of the N-doped RGO nanocomposite on the Au electrode under absence of
279  light condition leads to an increase in the charge transfer resistance. However, after the Au
280  electrode surface was modified by coating it with the N-doped RGO-ZnO nanocomposite, there
281 is a decrease in the value of R, to 1948Q (Fig. 2D, curve a) due to reduced negative charge on
282  the surface. The results suggest that the amino type N atoms plays a major role in the high
283  electrocatalytic efficiency due to the large surface area of the ZnO nanoparticles and also the
284  presence of N groups at the RGO surface.As can be seen from the experiment in the presence of
285  light, the electrochemical activity of the N-doped RGO-ZnO modified Au electrode (R, = 540 Q;
286  curve a in Fig. 2B) exhibits lower R, values than in the absence of light (R.,= 1948Q); curve a in
287  Fig. 2D). This may arise due to the electrostatic interaction between the positive charged N-
288  doped RGO-ZnO modified Au electrode and the negative charged [Fe (CN) ¢]*'* facilitates
289  electron transport between the interphase, which is expected that the R,, would decrease instead
290  of increase. The deposition of ZnO and presence of light acts as a barrier leading to decreased

291  diffusion at the redox probe [Fe (CN)q]’ ™ for the N-doped RGO-ZnO modified Au electrode.
292 3.3. Morphology and elemental composition analysis

293 The surface morphologies of the RGO and N-doped RGO-ZnO nanocomposites can be

294  understood by SEM imaging, as shown in Fig. SIA. The many folds and wrinkles in the RGO

14
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sheets on the ITO surface can be clearly seen. The EDX spectrum shows peaks corresponding to
C, and O; see Fig. SIB. Fig. S2A clearly illustrates the morphology of the N-doped RGO-ZnO
nanocomposites. The ZnO particles decorating the surfaces and interlayered N-doped RGO
sheets can be attributed to the presence of nitrogen containing functional groups and high
specific surface are of the RGO surface, which favor the adsorption of ZnO. Further removal of
some oxygen-containing groups from the RGO surface leads to a remarkable increase in ZnO
particle size due to aggregation, which indicates that the oxygen-containing groups on the N-
doped RGO surfaces do play an important role in enhancing the loading of ZnO. Melamine can
effectively promote ZnO growth on graphene sheets as can be seen in Fig. S2A The elemental
composition of the N-doped RGO-ZnO nanocomposite was determined using EDX. The EDX
results (Fig. S2B) confirmed the existence of C, N, Zn and O, which is consistent with ZnO
being present in the N-doped RGO nanocomposite and this result is in a good agreement with the

XRD results.

Fig. 3

The morphologies of N-doped RGO sheets and N-doped RGO-ZnO nanocomposite were
characterized by TEM. Fig. 3A reveals that the N-doped RGO material consists of corrugated
and crumpled sheets. Corrugation and scrolling are part of the intrinsic nature of N-doped RGO
sheets. Fig. 3B shows exfoliated N-doped RGO sheet decorated with ZnO aggregates with sizes
of 1-10 nm. Some of the flower-like ZnO microstructures on the N-doped RGO sheets were
fragmented because of the chemical treatment prior to TEM observation. The flower-like ZnO
particles are mainly located at the edge of the N-doped RGO sheets, possible as a result of the
aggregation of ZnO particles that confined their efficient dispersion on the N-Doped RGO

sheets. The broad diffuse rings in the selected area electron diffraction patterns (SAED) show the

15
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318  small size of the ZnO nanoparticles. Indexing of the SAED pattern shows (1 0 0), (00 2), (10 1),
319 (102),(110),(103)and (20 0) peaks attributed to the hexagonal crystalline phase of ZnO
320  nanoparticles. Fig. 3D shows an HRTEM image of the ZnO fragment marked with a circle in
321  Fig. 3C. Based on the diffraction rings of the N-doped RGO-ZnO nanocomposites (Fig. 3C) and
322 RGO sheets (Fig. 3D), we can calculate the particle size, which is 1-10 nm. Furthermore. This

323  resultis in good agreement with the calculated results from XRD.

324 Fig. 4

325  3.4. Electrochemical behaviors of HQ and CC using the N-doped RGO-ZnO modified Au

326 electrode

327 The photo electrochemical behaviors of HQ and CC at the bare Au electrode, N-doped
328 RGO modified Au electrode and N-doped RGO-ZnO modified Au electrode were studied using
329  CVand SWV; 0.05 M PBS (pH7) was used as the supporting electrolyte; see Fig. 4A. The photo
330 electrochemical responses for the 3 electrodes were tested using samples with and without 1 x
331 10" M HQ andl x 10™ M CC. As can be seen in Fig. 4A, for the bare Au electrode (curve b),
332 there is a broad anodic peak at 408 mV and two cathodic peaks at 185 mV and 72 mV,
333 corresponding to the oxidation of CC and HQ, respectively. The results shows that the oxidation
334  peaks of HQ and CC at the bare Au electrode is irreversible with sluggish electron transfer
335  kinetics. In contrast, for the N-doped RGO modified Au electrode (curve e), shows a pair of
336  redox peak of HQ appears at 102 mV and 70 mV with a separation (AEp) of 26 mV. Similarly
337  pair of redox peaks of CC appears at 319 mV and 286 mV with a separation (AEp) of 33
338  mV.Which indicates that that significant lowering of the HQ and CC oxidation over potential
339  and the occurrence of fast electron-transfer kinetics at the N-doped RGO modified Au electrode.

340  The peak-to-peak separation between the HQ and CC oxidation peaks is about 104 mV in the
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light condition. Compared to the bare Au electrode, there is a great increase in the background
current, implying a larger surface area in the N-doped RGO film on the Au electrode. There is
also a remarkable increase in the anodic peak current at the N-doped RGO. These results indicate
accelerated electron transfer at the electrode surface. Fig.S3 and S4 shows that CV of N doped
RGO-ZnO modified film in presence of HQ and CC at (a) dark (b) light irradiation. The results
shows that in both HQ and CC detection there is a slight potential shift and peak enchancement
in light irraditon than the experiment carried out in dark. On the other hands, the enhancement of
the photo electrochemical response to HQ and CC can be partly attributed to the degree of
electrostatic interaction between the surface of the N-doped RGO-ZnO modified Au electrode
and the dihydroxybenzene isomers with different pKa values. Both HQ (pKa = 10.0) and CC
(pKa = 9.4) exist in their protonated forms at pH 7.0. There is a greater increase in the fraction of
negatively charged HQ over CC at the diffusion layer of the N-doped RGO-ZnO modified Au
electrode surface, possibly due to the n-m interactions between the benzene rings in the HQ and
CC and graphene layer which contain electron-rich nitrogen atoms and the hydrogen bonds that
form between hydroxyls in the HQ and CC molecules and nitrogen atoms within the graphene
layers.”® This resulted in the relatively energetic electron transfer in addition to the preferable
HQ structure, which was capable of resonance stabilization of the intermediate redox reaction.
Fig.4B shows that CV of N doped RGO-ZnO modified film in presence of HQ and CC at (a)
dark (b) light irradiation. The results show that in both HQ and CC detection there is a slight

potential shift and peak enhancement in light irradiation than the experiment carried out in dark.

N-doped RGO-ZnO modified Au electrode surface possess a potential difference for CC and HQ
for cathodic (AEpc) and anodic peak (AEpa) was around 20 mV and 21 mV,

respectively.Moreover, there was a remarkable enhancement in the peak currents compared to
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that of surface of the N-doped RGO modified Au electrode or bare Au electrode. The separation
of the oxidation peak current between HQ and CC is about 112 mV, which is significantly
higher, and indicative of the occurrence of fast electron-transfer kinetics at the N-doped RGO-
ZnO modified Au electrode in the light condition. This may be due to the abundance of electro
active and binding sites for immobilization, and the acceleration of the electron transfer of ZnO
provided by the N-doped RGO film. This is probably due to the excellent photo electrocatalytic
activity of ZnO, which are responsible for the significantly improved photo electrochemical
behaviors of HQ and CC at the N-doped RGO-ZnO modified Au electrode. Fig. 4B shows the
CVs of the N-doped RGO-ZnO modified Au electrode for 1 x 10 HQ and 1 x 10™* CC,
respectively, measured in the dark. There is a 5-fold increase in the observed current response for
1 x 10" HQ and 1 x 10™* CC at the N-doped RGO-ZnO modified Au electrode (compare Fig. 4B,
curve a to curve b) depending on the presence or absence of light. The negative shift in the
oxidation potentials and improved peak current responses indicate the good catalytic effect of the
N-doped RGO-ZnO modified Au electrode toward the oxidation of 1 x 10 HQ and 1 x 10™* CC.
Because of the photo electrochemical process, some photo-generated holes in the ZnO are
consumed by the oxidation of HQ and CC. Thus, the recombination of photo generated
electron/hole pairs is inhibited, resulting in the enhanced photocurrent response. There is a
significant lowering of the HQ and CC oxidation over potential and fast electron-transfer kinetics

take place at the N-doped RGO-ZnO modified Au electrode.

3.5. The effect of scan rate and influence of the solution pH
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Further experiments were performed to study the photoelectrochemical characteristics of
the adsorbance of HQ and CC under optimized conditions at the surface of the N-doped RGO-
Zn0O modified Au electrode under different scan rates. Fig. SA shows the superposed CVs of HQ
and CC (1 x 10 M in 0.05 M PBS) obtained using scan rates ranging from 100 to 1000 mV s
Both the anodic peak current (ip,) and the cathodic peak current (7,c) are found to be directly
proportional to the scan rates (Inset to Fig. 4B). The relations can be calculated with the
following equations: /,./pA [HQJ]=-0.1222x - 1.8087, R*=0.9921, I,o/uA[HQ]= 0.0973+1.1797,
R*=0.999 and I/pA [CC] = 0.1611-0.5602, R*=0.992, Io/uA [CC]= -0.1476x - 0.541,
R*=0.9926. The results indicate the adsorption-controlled electrode process of HQ and CC at the
N-doped RGO-ZnO modified Au electrode. HQ and CC are easily adsorbed onto the surface of
the electrode, and there is sufficient time for their oxidation at the modified surface. Therefore,
the simulteanous detection of HQ and CC on N-doped RGO-ZnO modified Au electrode are

tllustrated as follows
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Fig. 5.

The effect of pH on the photo electrochemical responses has a significant influence on
the oxidations of HQ and CC at N-Doped RGO-ZnO modified Au electrode was studied over the
pH ranging from 3.0 to 9.0 with a scan rate of 100 mV s™. Clearly, one can see from Fig. 5B that
the oxidation currents of HQ and CC increase gradually over the pH range from 3.0 to 9.0 and

reach a maximum at pH 7, and decrease when the pH value increases gradually. When pH

increasing from 3.0 to 7.0, the NH, in melamine Doped RGO will be protonated and the
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hydroxyl in dihydroxybenzenes will not ionized, which will decrease the adsorption capacity of
the HQ and CC. When pH is between 7 to 9, the increased hydroxyl ion in solution might also
decrease the adsorption capacity of the HQ and CC.

On the other hand, as can be seen from Fig. 5B, the oxidation peak potentials of HQ and
CC shift negatively along with the increase of pH value. The £, of HQ and CC shifts to lower
potential values as calculated in the following equation: £/} =-0.0568-0.6890 pH (correlation
coefficient R*=0.9983). The slope of the relation, -57 mV™' pH, which is close to the expected
theoretical value of 57.6 mV pH'l. This indicates that the electron transfer number (n) for the
oxidation of HQ and CC has been documented to be a two-proton and two-electron process.”
Considering sensitivity and physiological conditions it was found that the maximum peak current
was achieved when 0.05 M PBS was maintained at pH 7. Therefore, pH 7 PBS was selected for

the buffer solutions in the experimental work.

3.6. Simultaneous determination of HQ and CC

The main objective of this work was to develop a method capable of separating the
electrochemical responses of HQ and CC simultaneously. This was achieved using the N-doped
RGO-ZnO modified Au electrode. Under optimized conditions, The SWV results (Fig. 6A) show
two well distinguished anodic peaks which correspond to the oxidation of HQ and CC,
respectively. A potential difference of 112 mV between the two peak potentials of HQ and CC is
large enough to allow simultaneous determination of the concentration. The oxidation peak
currents increased with an increase in the mixture concentration and were linear for a wide range
of concentrations: 2-300 uM for HQ and 2-250 pM for CC with coefficients of R? = 0.9986, and

R?= 0.9953, respectively and a detection limit of 30 nM. The results show sensitivities of
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approximately 67.3 pA mM™ ¢cm™ and 52.5 pA mM™ ¢cm™ for CC and HQ, respectively. The
results show that the simultaneous voltammetric determination of HQ and CC in mixed samples
was possible with the N-doped RGO-ZnO modified Au electrode, without any cross
interferences (Fig.6A). To the best of our knowledge, this is the first time that simultaneous
measurement of HQ and CC was successfully achieved with the optimized N-doped RGO-ZnO

modified Au electrode.

Fig. 6

3.7. Selective determination of HQ and CC

The excellent electrocatalytic activity ofthe modified Au electrode also promises
selective determination of HQ and CC, when the concentration of one species is changed but the
other is kept constant. Examination of the SWV results in Fig. 6B shows that the peak current
response for the oxidation of HQ increases linearly with the increase in HQ concentration in the
range of (a-g): 2-900 uM. The correlation coefficient of R*=0.9945 and the LOD is 10 nM (S/N
= 3). Meanwhile, the oxidation peak currents for CC (40uM) remain almost constant, indicating
that the addition of HQ does not affect the determination of CC. Similarly, as shown in Fig. 6C,
the oxidation peak current of CC increase with an increase in CC concentration while the
concentration of HQ (40uM) remained constant. The oxidation peak current is linearly on the
concentration of CC in the range between 2-600 pM (R* = 0.9962). The LOD is 10 nM (S/N =
3). Fig. 6C shows a linear increase in the oxidation peak current, while the oxidation peak
currents for HQ remain almost constant (40uM), which suggests that the presence of HQ did not
interfere with the response of CC oxidation. Furthermore, the above measurements results show

the sensitivity of the N-doped RGO-ZnO nanocomposite, being 82.82 pA mM™' cm™ for HQ and
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63.8 pA mM™" cm™ for CC. All the results strongly suggest that HQ and CC can be separately
determined in a mixture using the proposed method. Comparison with past results in the
literature suggests that the present sensor is superior to some earlier reported methods, especially
for the detection limit and sensitivity; see Table 1. The improved sensitivity can be attributed to
the immobilization of the N-doped RGO-ZnO nanocomposite on the Au modified electrode
surface which produced a larger surface area, excellent conductivity and good electrocatalytic

effect.

3.8. Analytical applications

The practicalability of the proposed modified electrode was also evaluated by testing real
samples of skin whitening cream and lake water using the standard addition method with the
results being shown in Table 2. Fig. S6 shows the SWV results obtained at N-doped RGO-ZnO
nanocomposite modified Au electrode for the simultaneous determination of HQ and CC
mixture at similar conditions we use Diluted skin whitening cream and undiluted skin whitening
cream samples. During undiluted skin whitening cream samples no peaks were
appeared.Meanwhile, when the skin whitening cream (30 mg) was diluted 200 times with 0.05 M
pH 7 PBS before measurement. The SWV results on N-doped RGO-ZnO nanocomposite
modified Au electrode in Fig. S5 (curve b-f) exhibited two broad peak for HQ and CC mixture
appeared. Moreover, the standard addition method was used for testing recovery. The results
show that the quantitative recoveries of HQ and CC spiked samples to be 98.6% - 99.5%, 98.6-
102.2%, and 99.2-100.8%, 96.4-99.8%. On the other hands, Fig. S7 shows the SWV results
obtained at N-doped RGO-ZnO nanocomposite modified Au electrode during the simultaneous

determination of HQ and CC mixture at similar conditions we use Diluted lake water and
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undiluted lake water samples. Undiluted lake water samples there was no peaks appeared in the
potential range scanned (curve a). Fig. S7 exhibits the SWV obtained for the different
concentrations (curves b-e¢) of HQ and CC mixture (Diluted lake water solution) at N-doped
RGO-ZnO nanocomposite modified Au electrode in the in N, saturated PBS. Then, the
reproducibility of the method was demonstrated by calculating the mean relative standard
deviation (RSD); results are given in Table 2. The results clearly indicate the practical
applicability and reliability of the proposed N-doped RGO-ZnO nanocomposite modified Au

electrode for simultaneous determination of HQ and CC in water samples.

3.9. Stability

The stability of the N-Doped RGO-ZnO nanocomposite was checked by testing for the
presence of HQ and CC in pH 7.0 solutions by successive electrochemical CV scanning for 100
cycles. As shown in Fig.S5, there was an obvious decrease in the peak current of HQ and CC
with increasing scan cycles. These results indicate that there is an electrochemical interaction
between the N-doped RGO-ZnO nanocomposite and the HQ and CC at the surface of the
modified electrode. This led to a remarkable acceleration in the rate of electrochemical oxidation
of HQ and CC. These results indicate improved film stability. There was no significant change
in the response ever after the N-doped RGO-ZnO nanocomposite had been stored at room
temperature for at least 20 days. The repeatability of the nanocomposite for simultaneous
detection of HQ and CC in a mixture was investigated. The RSD for six successive
measurements was 2.03% for CC and 2.15% for HQ. This result shows the good reproducibility
of the N-doped RGO-ZnO modified Au electrode. Additionally, a series of five N-doped RGO-

ZnO nanocomposite samples were fabricated and tested to obtain RSDs of 3.56% and 4.33% for
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CC and HQ, respectively. These results indicate that the N-doped RGO-ZnO nanocomposite had

high reproducibility and repeatability.

4. Conclusion

In summary, this work reports on a novel N-doped RGO-ZnO nanocomposite for
photoelectrochemical sensing and its application for the simultaneous determination of the
oxidation of HQ and CC. An environmentally-friendly, and rapid synthesis methodology was
used to synthesize the N-doped RGO-ZnO nanocomposite. The formation of the N-doped RGO-
ZnO nanocomposite was confirmed by XRD, and Raman investigation. The N-doped RGO-ZnO
modified Au electrode displayed high electrocatalytic activity, and high selectivity and
sensitivity for voltammetric measurement of HQ and CC in a mixed solutions, as evidenced by
the SWYV results. The separation of the oxidation peak potentials for HQ and CC was about
112 mV, respectively, as determined by CV. In addition, the N-doped RGO-ZnO nanocomposite
possesses properties such as high sensitivity, low detection limit and wide linear dynamic range.
As the electrode fabrication process is very easy and low cost, the present N-doped RGO-ZnO
nanocomposite seems to be a good choice for the production of a voltammetric sensor for the

simultaneous detection of HQ and CC in biological samples.
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Figure Captions

Fig.1. XPS spectrum of (A) nitrogen doped RGO-ZnO nanocomposite, (B) C Is XPS spectra of
nitrogen doped RGO-ZnO nanocomposite, (C) deconvoluted O Is spectra of nitrogen doped
RGO-ZnO nanocomposite, (D) N 1s XPS spectra of nitrogen doped RGO-ZnO nanocomposite,
(E) Zn 2p core-level spectrum in the nitrogen doped RGO-ZnO nanocomposite, (F) FTIR spectra

of GO, melamine and nitrogen doped RGO modified electrodes.

Fig.2. (A) Raman spectra of GO and nitrogen doped RGO-ZnO nanocomposite, (B) XRD
patterns of ZnO, and nitrogen doped RGO-ZnO modified electrodes, (C) EIS Nyquist plot for the
(a) bare au electrode, (b) nitrogen doped RGO/Au electrode, (¢) RGO modified electrode, and
(d) nitrogen doped RGO-ZnO modified nanocomposite in presence of light; PBS (pH 7)

containing 5 mM Fe(CN)™*

. Inset: Randles equivalent circuit model. (D) EIS Nyquist plot for
the (a) nitrogen doped RGO-ZnO nanocomposite, (b) nitrogen doped RGO modified Au

electrode in the absence of light; PBS (pH 7) containing 5 mM Fe(CN)s>"*.

Fig.3. (A) HRTEM image of nitrogen doped RGO nanocomposite, (B) & (C) HRTEM images of
nitrogen doped RGO-ZnO nanocomposites and (D) selected area diffraction pattern (SAED) of

Zn0O nanoparticles.

Fig.4. (A) CVs recorded at the different modified electrodes in the presence of light with the
presence/absence of 1 x 10*M HQ and 1 x 10* M CC in 0.05 M nitrogen-saturated PBS (pH 7)
at a scan rate 50 mV s: (a) and (b) bare Au electrode, (c) and (e) nitrogen doped RGO, (d) and

(f) nitrogen doped RGO-ZnO modified Au electrode (B) CVs of (a) & (b) nitrogen doped RGO-
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ZnO modified Au electrodes in presence/absence of light of 1 x 10* M HQ and 1 x 10* M CC in

0.05 M nitrogen-saturated PBS (pH 7) at a scan rate 50 mV s™.

Fig.5. (A) CVs of nitrogen doped RGO-ZnO modified Au electrode with 1 x 10* M HQ and 1 x
10* M CC in 0.05 M deoxygenated phosphate buffer solution (pH7) at different scan rates: 0.1,
1.0 V 5™ Inset: Plot of I, and I, versus scan rates. I,/uA is presented as a function of v/(Vs™),
Io/uA [HQ]=-0.1222x - 1.8087, R*=0.9921, I,./uA[HQ]= 0.0973+1.1797, R*=0.9999 and I,./uA
[CC] = 0.1611-0.5602, R*=0.992, I,/uA [CC]= -0.1476x - 0.541, R*=0.9926. The error bars
represent the standard deviation after 3 independent measurements. (B) CVs of nitrogen doped
RGO-ZnO modified Au electrode with 1 x 10* M HQ and 1 x 10* M CC in 0.05 M
deoxygenated phosphate buffer solutions (pH7) with different pHs: (a-e) 3.0, 5.0, 7.0, 9.0, 11.0.

Inset: Effect of pH on anodic peak current and anodic peak potential for CC and HQ.

Fig.6. (A) SWVs of nitrogen doped RGO-ZnO modified Au electrode with various
concentrations of CC and HQ in 0.05 M PBS (pH 7) at a scan rate of 0.05 V s': (a-h) 2, 48, 80,
111, 179, 206, 255, and 300 uM for HQ. Insets show the linear dependence of Ipa of HQ with
concentration: (a-h) 2, 32, 70, 120, 160, 190, 210, and 250 uM for CC. Insets show the linear
dependence of Ipa of CC with concentration. [B] SWV s of the nitrogen doped RGO-ZnO
modified Au electrode in the presence of 40 uM CC with different concentrations of HQ: (a-g) 2,
170, 379, 536, 662, 785, and 900 puM. Insets show the calibration plots of HQ and CC. (C)
SWVs of the nitrogen doped RGO-ZnO modified Au electrode with 40uM HQ but different
concentrations of CC: (a-j) 2, 60, 120, 230, 350, 380, 420, 460, 520, and 600 uM. Insets show

the calibration plots of HQ and CC.
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699

Table 1

RSC Advances

Comparison of the analytical performance of different modified electrodes for

simultaneous determination of HQ and CC.

Modified electrode Analytes | Linear range/uM | Detection limit
Ref.
(nM)
Pyridinic nitrogen doped graphene HQ 5-30;30-200 380 58
CC 5-200 1000
Poly dopamine-reduced graphene HQ 1-230 720
59
oxide CC 1-250 820
Thermally reduced graphene oxide HQ 1-500 750
60
CC 1-500 800
Single-wall carbon nanotube HQ 0.4-10;40-100 120
CC 0.4-10; 40-100 260 61
300
Poly(thionine) HQ 1-120 30
62
CC 1-120 25
Poly(3,4-ethylenedioxy-
thiophene)/graphene oxide hybrid HQ 2.5-200 1600 63
film CC 2-400 1600
Electro deposition of reduced HQ 6-200 200 64
CC 1-200 100
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graphene oxide

Graphene oxide-mesoporous MnO, HQ 0.01-0.7 !
65
. CcC 0.03-1 10
nanocomposite
Gold nanoparticle/sulfonated HQ 3-100 1000
66
. CcC 5-100 2000
graphene nanocomposites
Nafion-(4-ferrocenylethyne) HQ 0.3-90 100
phenylamine-carbon nanoparticles- cC 0.6-100 200 67
graphene
Gold nanoparticle and graphene HQ 0.36-800 13
nanocomposite film co-
68
electrodeposited with carbon ionic
liquid
Graphene/BMIMPFgsnanocomposite HQ 0.5-50 10
69
CcC 0.5-50 20
) H 2- 1
N-Doped RGO/ZnO/Au modified Q 900 0 This
CcC 2-600 10
electrode
work
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704  Table 2

705  Simultaneous determination results for CC and HQ in samples in skin whitening cream and lake

706  water by the N-doped RGO-ZnO modified electrode.

Sample No Spiked(uM) Found(uM) RSD (%) Recovery (%)
HQ cC HQ cC HQ cC HQ cC
Diluted skin 40 20 392 | 196 1.7 2.3 98.6 | 99.2
whitening cream | 60 40 59.8 | 393 2.7 3.4 99.5 | 100.8
Diluted lake 40 20 395 | 192 25 3.0 98.6 | 96.4
water 60 40 592 | 395 2.3 14 | 1022 | 99.8
707
708
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