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A zinc oxide (ZnO)/reduced graphene oxide (rGO) nanocomposite was synthesized via a hydrothermal
synthesis method and used for the photocatalytic degradation of dimethoate. In the synthesis process of
the ZnO/rGO nanocomposite, hexamethylenetetramine (HMT) was used as both a mineralizer and
reducing agent. When the ZnO nanoparticles formed on the surfaces of graphene oxide sheets, the
sheets were simultaneously reduced by HMT to form rGO. The photodegradation
photodegradation efficiency of dimethoate by the ZnO/rGO nanocomposite were 4 and 1.5 times,

rate and

respectively, higher than those of bare ZnO. The ZnO/rGO nanocomposite possessed a high surface
area of 41.0 m? g~! and pore volume of 4.72 x 107> cm® g~%, which were conducive to the adsorption
and mass transfer of pesticides and oxygen. The enhanced photocatalytic performance of the ZnO/rGO
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Accepted 16th March 2020 nanocomposite was attributed to the decrease in electron—hole recombination rate and effective carrier
transport caused by the presence of rGO. Photoelectrochemical measurements confirmed that the

DOI- 10.1039/d0ra01741h nanocomposite exhibited a high charge transfer rate at the ZnO/rGO interface. These results indicate
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1. Introduction

Organophosphorus pesticides (OPPs) are widely used to control
major diseases, insect pests, and weeds."> However, because of
their persistence and accumulation, OPPs gradually migrate to
freshwater sources such as rivers, lakes, wells, and underground
water from the soil, which is the primary pollution source.*
Effective removal of OPPs from aquatic systems is an essential
issue to solve. Dimethoate is a typical OPP that has high toxicity
and a wide insecticidal range to many kinds of pests, especially
to chewing and piercing-sucking insects. Exposure to dimeth-
oate may have many different adverse effects on humans, such
as carcinogenic,® neurological,” reproductive,® and endocrine
effects.’

The removal of OPPs by various techniques including pho-
tocatalysis,'* adsorption,”™** biodegradation,”*” chemical
oxidation,'' and electrochemical oxidation® has been inves-
tigated. Among these methods, semiconductor photocatalysis is
regarded as a green and efficient technology for the removal of
organic pollutants from water without high-cost equipment and
catalysts.”»** Although various semiconductor materials

Key Laboratory of Industrial Ecology and Environmental Engineering (Ministry of
Education), School of Ocean Science and Technology, Dalian University of

Technology, Panjin 124221, China. E-mail: 0411guofeng@dlut.edu.cn; Tel:
+86-427-2631892
t Electronic  supplementary information (ESI) available. See DOI:

10.1039/d0ra01741h

This journal is © The Royal Society of Chemistry 2020

that ZnO/rGO nanocomposites have great application potential in pollutant degradation.

including TiO,, ZnO, CdS, ZnS, and Fe,0; have been used for
photocatalysis, much photocatalysis research still focuses on
TiO, and its nanocomposites. ZnO is considered an attractive
alternative semiconductor material to replace TiO, because of
its higher exciton binding energy (60 meV compared to 4 meV
for TiO,) and carrier transmission efficiency.> ZnO boasts the
advantages of high quantum efficiency, easy synthesis, low cost,
and environmental friendliness, which have led to its extensive
use in photodegradation. However, the rapid recombination of
photogenerated electron-hole pairs greatly limits the photo-
degradation efficiency of ZnO under ultraviolet (UV) light.

In general, the photocatalytic performance of ZnO is
improved by promoting both the separation of photogenerated
electron-hole pairs on the ZnO surface and carrier transport.>
To achieve this, ZnO is usually doped with carbon materials
such as carbon nanotubes, graphitic carbon nitrude, graphene,
and graphene oxide (GO).>*” Graphene is a two-dimensional
hexagonal lattice of sp>-hybridized carbon atoms. Because of
its unique electronic structure, graphene has a large specific
surface area and high electron mobility.>* GO is a chemically
modified derivative of graphene. The abundant oxygen-
containing groups on the surface of GO enable it to combine
with many inorganic materials through covalent and/or ionic
bonds to form functional composites. Coupling CdS and TiO,
with GO can markedly improve their photocatalytic perfor-
mance.”®* Therefore, loading ZnO nanoparticles on GO sheets
should lead to better pollutant degradation performance.
Recombination of photogenerated electron-hole pairs can be
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suppressed by transferring electrons from ZnO to GO, which is
an excellent electron acceptor.®®

In the present work, ZnO nanoparticles are grown uniformly
on few-layer GO via a hydrothermal synthesis process that uses
hexamethylenetetramine (HMT) as both a mineralizer and
reducing agent. The crystal structure, morphology, specific
surface area, light absorption properties, and photoelectrical
properties of the prepared ZnO/reduced graphene oxide (rGO)
composite are characterized. The photocatalytic performance of
the ZnO/rGO nanocomposite and its mechanism are also
systematically investigated.

2. Material and methods
2.1 Materials

Graphite powder (Sinopharm Chemical, China) was used as
a starting material. Sodium hydroxide (NaOH), HMT, and zinc
sulfate heptahydrate (ZnSO,) were used as raw chemicals
(Damao Chemicals, China). Deionized water was used to
prepare all solutions. All raw chemicals were used without
further purification.

2.2 Preparation of ZnO/rGO composites

GO was prepared from natural graphite using a reported
method.** The incorporation of the prepared GO with ZnO was
performed using a simple hydrothermal method (Fig. S17). In
a typical preparation process, GO (0.04 g) was dispersed in water
by ultrasonication for 30 min to obtain a stable GO suspension.
ZnSO, (99%, 1.44 g, 5 mmol) was added to form a ZnSO,/GO
suspension. NaOH (99%, 1.6 g, 40 mmol) was dissolved in
deionized water and then added dropwise to the ZnSO,/GO
solution. After constant stirring for 30 min, HMT (99%, 0.7 g, 5
mmol) was added. The mixture was vigorously stirred for
30 min. The suspension was transferred to a Teflon-lined
stainless-steel autoclave (100 mL) and then heated at 110 °C
for 9 h. The ZnO/rGO nanocomposite with a mass ratio of 10%
of rGO to ZnO (labeled as ZG2) was purified by centrifugation,
washed, and then dried in an oven at 60 °C overnight. The mass
ratio of rGO was changed to 0%, 5%, 15%, and 20% to prepare
ZGO0, ZG1, ZG3, and ZG4 nanocomposites, respectively, using
the same procedure.

2.3 Characterization

The surface areas of the samples were determined by N,
adsorption measurements using an automatic physical
adsorption apparatus (Autosorb-iQ-C, Quantachrome Instru-
ments, USA) and the data were evaluated by the Brunauer-
Emmett-Teller method. Pore volumes were obtained from
adsorption data at a relative pressure of 0.995. The particle sizes
of samples were obtained using particle size analyzer (Zeta sizer
Nano ZS, Malvern, UK). Scanning electron microscopy (SEM)
investigations were performed using a scanning electron
microscope (Nova NanoSEM; FEI; USA) with an acceleration
voltage of 30 kV. Elemental analysis of the samples was con-
ducted using an energy-dispersive X-ray detector (Vario EL cube;
Elementar  Analysensysteme GmbH; Germany). The
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photoluminescence (PL) spectra of the samples were measured
using a fluorescence spectrophotometer (FL-7000; Hitachi;
Japan) with an excitation wavelength of 325 nm. The functional
groups of catalysts were analyzed by using a Fourier transform
infrared spectroscope (Nicolet iN10 MX & iS10; ThermoFisher,
USA) operated in the range of 4000-650 cm ™. UV-vis reflectance
spectra of the samples were recorded using a spectrometer
(Lambda 950, PerkinElmer, USA). Raman spectra were obtained
by a Raman spectrometer (inVia, Renishaw, UK) with an exci-
tation wavelength of 532 nm. X-ray diffraction (XRD) patterns
were recorded by an X-ray diffractometer (XRD-7000S, Shi-
madzu, Japan) with Cu Ka radiation (A = 0.15406 nm) using
a scan rate of 5° min~'. X-ray photoelectron spectroscopy (XPS)
patterns were recorded by an X-ray photoelectron spectrometer
(ESCALAB™ 250Xi, ThermoFisher, USA).

2.4 Photocatalytic test

The obtained ZnO and ZnO/rGO nanocomposites were used as
photocatalysts for the degradation of dimethoate under UV
irradiation at room temperature. A 250 W UV lamp (1 = 254 nm)
with an average light intensity of 2.45 mW cm™ > was used as
a light source. Photocatalyst (50 mg) was suspended in an
aqueous solution of dimethoate (5 mg L', 100 mL) with
vigorous stirring. At certain time intervals, aliquots of the
suspension (1.5 mL) were sampled and then filtered through
a 0.22 pum filter membrane to remove the photocatalyst from the
solution. The degradation efficiency of dimethoate was
analyzed by high-performance liquid chromatography (Agilent
1260) at 210 nm.

2.5 Photoelectrochemical measurements

ZnO and ZnO/rGO electrodes were prepared by a dip-coating
method. In general, acetone and FTO glass are commonly
used as dip-coating solution and substrate in photoelectric test.
In this study, Nafion and stainless-steel substrate (500 mesh)
were chosen as candidate materials, which does not affect the
comparison of photocurrent differences in different photo-
catalytic material. Each nanocomposite (25 mg) was dispersed
in Nafion (20 mL) by ultrasonication for 60 min. Each suspen-
sion was spray coated on a stainless-steel substrate (500 mesh)
and then the prepared films were dried at 60 °C for 30 min. A
three-electrode cell system was used for electrochemical prop-
erty measurements. Ag/AgCl (saturated KCl) and Pt electrodes
were immersed in the electrolytic cell as reference and counter
electrodes, respectively. In all measurements, 0.5 M Na,SO,
aqueous solution was used as the electrolyte. The variations of
the photocurrent responses over time (I-¢ curves) of the ZnO
and ZnO/rGO samples were also measured under 0.95 mW
em~? light illumination at a bias of 1.03 V (vs. Ag/AgCl). In
electrochemical impedance spectroscopy (EIS) measurements,
the frequency range was from 10 ' to 10° Hz with an
alternating-current (AC) amplitude of 10 mV at the open circuit
potential. To obtain Mott-Schottky (MS) plots, the potential was
cycled in the range from —0.8 to 0.5 V (vs. Ag/AgCl) at
a frequency of 1000 Hz and AC amplitude of 10 mV.

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion

The ZnO/rGO nanocomposites were fabricated by a hydro-
thermal method. First, GO was obtained by the oxidation of
graphite, which led to the introduction of various organic
moieties on graphene, such as hydroxyl, carboxyl, and epoxy
groups. Therefore, GO will be negatively charged when dis-
solved in aqueous solution, which gives it the ability to adsorb
a large amount of Zn** through electrostatic interactions. The
decomposition of HTM can produce ammonia (NH;) and
formaldehyde (HCHO); NH; releases hydroxide ions (OH™) and
HCHO promotes the deoxygenation reaction of GO. In addition,
the nucleation and growth of ZnO nanocrystals are affected by
PH, so the presence of OH™ could enhance the nucleation rate
of nanocrystals. When the OH /Zn** molar ratio exceeded 1 : 2,
the excess OH ™ dissolved and regenerated ZnO, leading to ZnO
nanocrystallites with a larger grain diameter. ZnO crystals
nucleated in situ on the GO sheets to form the ZnO/rGO nano-
composite after addition of OH . The main reactions in the
synthesis process are as follows (eqn (1)-(6)):

Zn** + 20H~ — Zn(OH), (1)
(CH,)¢N4 + 10H,0 — 6HCHO + 4NH;-H,0 (2)
NH;-H,O < NH," + OH~ 3)

Zn** + 40H~ — Zn(OH),*~ (4)
Zn(OH), — ZnO + H,0 (5)
Zn(OH),>~ — ZnO + H,0 + 20H" (6)

3.1 Characterization

XRD patterns of GO, ZnO, and ZnO/rGO nanocomposite
samples with different GO contents are displayed in Fig. 1. The
XRD pattern of GO showed a diffraction peak at 9.86° corre-
sponding to the (001) plane of GO. The XRD pattern of ZnO in
Fig. 1(a) exhibited six diffraction peaks at 31.77°, 34.42°, 36.25°,
47.54°,56.60°, and 62.86° that corresponded to the (100), (002),
(101), (102), (110), and (103) planes, respectively, of the hexag-
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XRD patterns of the ZnO/rGO nanocomposites were similar to
that of pure ZnO. No diffraction peak from GO was detected,
which indicated that the addition of up to 20 wt% GO to ZnO
did not change the crystallinity or preferred orientation of ZnO.

The lattice constants a and ¢ of ZnO determined from the
XRD patterns were 0.325 and 0.521 nm, respectively, which were
almost identical to those of the ZnO/rGO thin films. This result
indicated that GO doping did not affect the lattice parameters or
unit cell volume of ZnO; therefore, the C atoms were not doped
into the lattice of ZnO through substitution of O or Zn atoms.
Moreover, because of its low surface energy, ZnO grew prefer-
entially along with the (101) direction. Fig. 1(b) shows that the
(101) diffraction peak shifted to slightly higher angle in the
range of 35°-38° as the doping content of GO increased. The
mean grain size (D) of the ZnO and ZnO/rGO nanocomposite
samples calculated using the Scherrer formula decreased from
34.70 to 29.05 nm (Table S11):>*

K2
D=
B cos 0

(7)

where K is the Scherrer constant of 0.94, 4 is the X-ray wavelength
(0.154 nm), g is the full width at half maximum of the diffraction
peak, and ¢ is the Bragg diffraction angle. When ZnO is prepared
using GO as a template, the positively charged Zn** and negatively
charged GO could form ion pairs. An increased proportion of GO
templates resulted in decreases in both the distribution of ZnO per
unit mass of GO and the grain size of ZnO nanoparticles. There-
fore, the presence of GO affected the growth of ZnO crystallites
without influencing its crystal structure.

SEM images of the ZnO/rGO nanocomposites fabricated by
the hydrothermal method are shown in Fig. 2(a-d). The ZnO/
rGO nanocomposites consisted of agglomerations of ZnO
nanosheets that were well anchored on the rGO film. The TEM
images in Fig. 2(e) and (f) clearly show the lamellar structure of
ZnO with a thickness of ~2.3 nm and particle size of 14-36 nm,
which are consistent with the result calculated from the XRD
patterns (~34 nm). Moreover, the lattice spacing determined by
high-resolution TEM analysis was 0.262 nm, which is consistent
with the lattice spacing of the [0001] crystal plane, confirming
that ZnO grew along the [0001] direction to form nanosheets.*?
These results demonstrated that HMT played an important role
in controlling the morphology and structure of ZnO
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Fig. 1 XRD spectra of ZnO and ZnO/rGO nanocomposite in the range (a) 5-90° and (b) 35-38°.
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Fig. 2 SEM images (a—d) of ZnO/rGO nanocomposite, TEM images (e—g) and corresponding size distribution (h) of ZG2 catalysts.

The nucleation and growth processes of ZnO nanocrystals in
the presence of GO and HMT were further studied. The
morphology of ZnO nanocrystals is influenced by the relative
growth rates of various crystal surfaces, which can be controlled
by the hydrothermal conditions. Generally, the Zn**-terminated
[0001] plane and O -terminated [0001] plane have high surface
energy, which makes the crystal growth occur preferentially
along the c-axis.*® Because HMT is a nonpolar chelating agent, it
can anchor onto the nonpolar surface of ZnO crystals to impede
the access of Zn*", leaving only the polar [0001] plane available
for continued growth.**** As a result, a 2-D ZnO nanosheet
structure is formed because the growth of ZnO crystals along
the c-axis is blocked. It has also been reported that GO inhibits
crystal growth in the [0001] plane.*®* The negatively charged
oxygen-containing functional groups (e.g., COOH, OH) on the
GO sheets can form strong charge interactions with the Zn**-
terminated [0001] plane, which impedes its c-axis growth.*”
Thus, the intimate interaction between GO and ZnO inhibited
the growth of ZnO in the [0001] plane. This is a reason why the
grain size of ZnO decreased after the introduction of GO.
Moreover, during the hydrothermal process, most of the HMT
decomposed into NH; and HCHO rather than being adsorbed
on the nonpolar surface of ZnO, resulting in the formation of
ZnO nanosheets. Therefore, the inhibition effects of GO and
HMT coexisted during the ZnO synthesis process, and the
competition between these two effects determined the final
morphology and structure of ZnO.**

The surface area, pore volume, pore size, and particle size of
the ZnO/rGO nanocomposites are summarized in Table S2.1 An
appropriate content of GO increased the surface area of ZnO/
rGO the nanocomposite to 41.0 m> g~ ', which was higher that
of pure ZnO. (30.9 m*> g ). Further increase of GO content
caused a decrease of specific surface area because of the partial
agglomeration of GO and resulted in a decrease of photo-
catalytic activity (vide infra) The pore volume and pore size of the
samples showed the same trend as that of the specific surface
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area whereas the particle size gradually decreased with
increasing GO content.

XPS measurements were conducted to analyze the chemical
compositions and states of the ZnO and ZnO/rGO nano-
composites [Fig. 3(a-d)]. The XPS survey scans of ZG0 and ZG2
showed the characteristic peaks of Zn 2p, C 1s, and O 1s
[Fig. 3(a)]. The presence of a weak C 1s peak position in the
spectrum of ZGO was ascribed to adventitious carbon origi-
nating from air pollution [Fig. 3(b)]. Three peaks centered at
284.9,286.1, and 289.0 eV were observed in the C 1s spectrum of
ZG2. The peak overlap between the carbon species in different
functional groups led to the asymmetry of the main peak. The
main C 1s peak of ZG2 was deconvoluted into two peaks that
corresponded to oxygen-containing groups on the GO surface:
sp’-hybridized C-C bonds and C-OH bonds (284.9 eV) and C-O
bonds of epoxy and hydroxyl groups (286.1 e€V).*® Moreover, the
satellite peaks located at 289.0 eV for ZGO and ZG2 were
attributed to the C=0 bonds of GO or HCHO. The XPS results
confirmed that GO was reduced to rGO in the nanocomposites.
In Fig. 3(c), the O 1s peaks for ZG0 and ZG2 were ascribed to
lattice oxygen and adsorbed oxygen: Zn-O bonds in wurtzite
ZnO crystals at 530.1 eV and OH™ groups chemically adsorbed
on the ZnO surface at 531.5 eV.**** Fig. 3(d) reveals that the Zn
2p signals of ZG2 moved to higher binding energy relative to
those of ZGO by 0.6 eV. The Zn 2p peaks at binding energies
between 1021.1 and 1044.2 eV for ZGO and 1021.85 and
1044.86 eV for ZG2 (originating from Zn 2p;z, and Zn 2py,
respectively) confirmed that Zn was in the Zn®" state in both
samples.**

Fourier transform infrared (FT-IR) spectra of GO, ZnO, and
ZnO/rGO samples were further collected and are displayed in
Fig. 4(a). Peaks observed at 1670, 1555, 1240, 1110, and
1000 em ™" were assigned to C=0 stretching vibrations, skel-
eton vibrations of unoxidized sp>-hybridized graphitic domains,
C-OH stretching vibrations, and C-O-C and C-O stretching
vibrations, respectively.>**> A new peak appeared at 1415 cm ™'

This journal is © The Royal Society of Chemistry 2020
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that was attributed to the typical transverse optical stretching
modes of ZnO.>* The FT-IR results indicated that some oxygen-
containing functional groups remained in rGO. Moreover, all
the peaks corresponding to the oxygenated functional groups in
the ZnO/rGO nanocomposites gradually weakened as the rZnO
content increased because of deoxygenation/reduction. In
addition, no characteristic peaks of HMT were observed, indi-
cating that HMT was completely decomposed during the
hydrothermal synthesis of the ZnO/rGO nanocomposites.

Fig. 4(b) shows Raman spectra of GO and the ZnO/rGO nano-
composites, which contained two vibrations bands at 1350 cm™"
(D band) and 1595 cm™ " (G band) in the range of 1000-1800 cm ™"
The intensity ratio of the D to the G band (Ip/I;) is a measure of the
graphitization degree and sp>-hybridized regions in a graphene-
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(a) XPS total survey spectra, (b) C 1s, (c) O 1s, (d) Zn 2p XPS core level spectra of ZGO and ZG2 catalysts.

based sample. As seen in Table S3,f the Ip/Ig values of the ZnO/
rGO nanocomposites were higher than that of GO, indicating the
decrease in the size of the sp> domains, which led to the formation
of more defects in rGO.* To confirm the reduction of GO, ZnO in
the nanocomposites was dissolved with acid and then the
remaining GO was tested by elemental analysis (Table S3+). The
results showed that the C content, C/H ratio, and C/O ratio all
increased with the amount of GO in the nanocomposite samples.
This may be partially because the reduction of HCHO to GO was
hindered by the growth of more ZnO on the GO template when
a small amount of GO was present in the nanocomposite. Fig. 4(c)
shows the Raman spectra of ZnO and the ZnO/rGO nano-
composites in the range of 120-800 cm . The spectra displayed
the typical active modes of ZnO with bands at 207, 331, 386, 437,
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(a) FT-IR spectra of GO, ZG0, ZG1, ZG2, ZG3 and ZG4 catalysts. Raman spectra of (b) GO and ZnO/rGO nanocomposite in the range

1000-1800 cm~t and (c) ZnO and ZnO/rGO nanocomposite in the range 120-800 cm ™.
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and 583 cm™". The bands at 437 and 583 cm ™" were attributed to
the E,y and A;(LO) primary phonon vibrational modes of ZnO
hexagonal structure, respectively.* The E,;; mode is caused by the
oxygen sublattice, whereas the A; (LO) mode is related to the
amount of the defects and zinc-free carriers (i.e., Zn interstitials
and oxygen vacancies). The bands at 207, 331, and 386 cm ™" were
attributed to the 2 E,;, 3E,u—Ey;, and E; (TO) multiphoton scat-
tering modes, respectively. The decrease of the band intensity of
E,;, and A;(LO) modes with increasing GO content might be caused
by the decrease in Zn vacancies resulting from GO doping. More-
over, bands characteristic of both GO and ZnO appeared simul-
taneously in the Raman spectra of the ZnO/rGO nanocomposites,
confirming that ZnO was well incorporated into GO.

The optical properties of ZnO and the ZnO/rGO nano-
composite were evaluated by UV-vis diffuse reflectance spec-
troscopy (DRS). Fig. 5(a) reveals that the maximum absorption
of all samples occurred at ~450 nm. The absorption band of the
ZnO/rGO samples showed a red shift after the addition of GO,
which was because the presence of GO decreased the reflectivity
of the ZnO/rGO samples to light. The band-gap energy (E,) of
the samples was calculated using the Kubelka-Munk function:

A (hv — Eg)"
== (8)

where « is the absorption coefficient, A is the proportionality
constant, v is the photon energy, and n is 2 for the indirect
transition of a semiconductor. Tauc plots for the samples were
established based on the relationship between (akv)* and Av
[Fig. 5(b)]. The E, values of ZG0 and ZG2 obtained from the Tauc
plots were 3.25 and 3.22 eV, respectively. This result indicated
that rGO in ZG2 acted as an electron acceptor, allowing the
excited electrons in ZnO to be transferred to the conduction
band (CB) of rGO through 7 electrons the Fermi energy levels
will therefore drop and bend to the valence band (VB), which
leads to the narrower Eg.*®

The migration, separation, and recombination of photo-
generated electron-hole pairs were further evaluated by PL
spectroscopy. PL spectra of ZnO and ZnO/rGO nanocomposites
are shown in Fig. 5(c). The PL spectrum of rZnO contained three
peaks located at 384.8, 421.7, and 439.6 nm corresponding to
the recombination of free excitons, Zn interstitials, and oxygen
vacancies, respectively.**” The addition of GO led to the fluo-
rescence quenching of the ZnO nanosheets. It can be speculated
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that the carrier transfer from the ZnO nanoparticles to the rGO
surface suppressed the recombination of electron-hole pairs,
which weakened the fluorescence of ZnO.*® Therefore, intro-
duction of GO decreased the defect content of ZnO, resulting in
the improved photocatalytic activity of the ZnO/rGO compos-
ites. In particular, ZG2 showed the weakest PL signal, indicating
that it had the highest electron transfer rate of the nano-
composites. These results suggest that the photocatalytic
activity of ZG2 should be higher than that of other ZnO/rGO
nanocomposites.

3.2 Photocatalytic performance

The photodegradation ability of ZnO and the ZnO/rGO nano-
composites was examined by assessing the photocatalytic decom-
position of dimethoate under UV light at room temperature. As
shown in Fig. 6(a), the degradation capacities of the ZnO/rGO
catalysts were much better than that of the ZnO catalyst. rtGO
performed high adsorption capacity due to its large specific surface
area, unique pore structure and electrostatic attraction of surface
functional groups. During the preparation of ZG material, a large
number of functional groups on rGO are loosed. Moreover, the
surface of rGO was covered by ZnO, which also reduced the surface
area and pore volume. On the other hand, the composite process
makes the dispersion of ZnO on GO get better and cause the
recombination rate of hole electron pairs decreased, which
improves the degradation efficiency of the composites. The rate of
dimethoate adsorption by ZG2 catalyst under dark conditions after
180 min was lower than 5%. The photocatalytic efficiency of ZG2 in
dimethoate degradation reached to approximately 99% after
180 min of UV light irradiation.

In this work, the kinetic rate constants of dimethoate
degradation were obtained by the following pseudo-first-order
and second-order kinetic models:*®

ll'l(Co/C) = k]f (9)

(1/C) — (1/Cy) = kot (10)

where C, and C (mg L") are the concentrations of dimethoate
initially and after time (¢) of exposure to light, respectively, k;
(min~") is the pseudo-first-order rate constant, and k, (L
mg ' min~") is the second-order rate constant. The results
indicated that the pseudo-first-order kinetic model better
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Fig.5 (a) UV-vis diffuse reflectance spectra of modified ZnO and ZnO/rGO nanocomposite. (b) A plot of (@hv)? versus the band gap energy (eV)
for ZGO and ZG2 catalysts. (c) PL spectra of ZnO and ZnO/rGO nanocomposite.
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represented the degradation kinetics of dimethoate on the ZnO/
rGO catalysts than the second-order kinetic model. The kinetic
rate constant (k), regression coefficient (R*), and dimethoate
degradation rates over the various catalysts are shown in Table
S4.7 The ZG2 photocatalyst showed the highest photocatalytic
activity of the catalysts. When the content of rGO was higher
than 0.1 wt%, the photocatalytic activity was inhibited by the
specific surface area of the ZnO/rGO nanocomposite being
lowered by GO agglomeration. The photocatalytic efficiency of
ZG2 in dimethoate degradation was approximately 99% after
180 min of UV light irradiation, whereas it was 4.64% in the
absence of UV light. The dimethoate degradation efficiency and
rate constant of ZG2 were 1.5 and 3.9 times higher than those of
the ZGO catalyst, respectively.

The effect of ZG2 dosage (0.1 to 1.0 g L") on dimethoate
degradation was then evaluated; the results are illustrated in
Fig. 6(b). Increasing the concentration of ZG2 from 0 t0 0.5 g L. *
led to a remarkable increase in the photocatalytic efficiency of
dimethoate degradation. A higher dose of catalyst provided
more active sites, which promoted the generation of electron-
hole pairs and accelerated the production of reactive radicals
that induced dimethoate degradation. However, further
increasing the catalyst dose (from 0.5 to 1.0 g L™ ') decreased the
light penetration through the reaction system, which led to
a decrease of photocatalytic activity. Subsequent reactions were
carried out using the optimum catalyst dosage of 0.5 g L™".

The initial concentration of dimethoate in the photocatalytic
system is a very important parameter. The initial dimethoate
concentration (1.0 to 20 mg L") in photodegradation experi-
ments was thus investigated. Fig. 6(c) shows that increasing the
dimethoate concentration from 1.0 to 20 mg L' resulted in
a decrease of the degradation rate after 3 h from 100% to 85.9%.
It is presumed that the dimethoate adsorbed on the surface of
the catalyst blocked the active sites. Moreover, a high concen-
tration of dimethoate will compete with the photocatalyst to
absorb light energy, decreasing the light absorbed by the pho-
tocatalyst.*” To maintain a high degradation rate, 5 mg L™ " was
selected as the optimum initial dimethoate concentration.

3.3 Photocatalytic mechanism

Fig. 7(a) illustrates I-t curves of the prepared photoelectrodes in
the dark and under 0.95 mW cm ™ illumination. Both the ZG2
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and ZGO electrodes showed sensitive and stable photoinduced
current responses for each switch-on and switch-off event. The
I-t curves of the electrodes were almost identical and I rapidly
decreased to zero when the light was switched off. The photo-
induced current density of the ZG2 photoelectrode was 2.91 x
107° A ecm 2 (vs. Ag/AgCl), which was 1.33 times higher than
that of ZG0 (2.18 x 10™° A ecm ™2 vs. Ag/AgCl). The photocurrent
enhancement of the ZG2 electrode indicated the separation
efficiency of photogenerated electron-hole pairs and better
carrier transmission efficiency in the ZnO/rGO nanocomposite
because of the presence of rGO.

Nyquist plots of the ZG0O and ZG2 electrodes revealed the
electron transfer process at the electrolyte-electrode interface
[Fig. 7(b)]. For each electrode, only one arc was observed in the
Nyquist plot, indicating that only surface charge transfer
occurred in the photocatalytic degradation process. The arc in
the Nyquist plot of the ZG2 electrode showed a smaller radius
than was the case for ZG0, indicating lower resistance and faster
reaction rate on its electrode surface. That is to say, the intro-
duction of rGO accelerated the transfer of interfacial electrons
and promoted the separation of photogenerated charge
carriers.

MS measurements were performed to characterize the flat-
band potentials (Eg,) and charge carrier densities (Ng) at the
photoanode/electrolyte interface. Fig. 7(c) shows the MS plots of
the ZG0 and ZG2 electrodes, which had positive slopes consis-
tent with the typical behavior of n-type semiconductors. Eq, and
Ny of the electrodes were calculated using the MS equation:

Le 2 [em ]
C?  egpeNyg e

(11)

where C is the space-charge capacitance, ¢ is the dielectric
constant, ¢, is the vacuum permittivity, e is the electron charge,
E is the applied potential, k is the Boltzmann constant, and T is
the absolute temperature. Eq, was obtained by extrapolating the
line to the horizontal axis (C"> = 0), which were found to be
—0.61 and —0.55 V (vs. Ag/AgCl) for ZG0O and ZG2, respectively.
Eg, of the ZG2 electrode showed a positive shift relative to that of
ZGO, indicating that the combination of ZnO with rGO could
suppress the band bending and improve the electron transfer
efficiency. Ny is inversely proportional to the slope of the linear
region in the MS plot, which can be calculated by the following
equation:
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Ny of the ZG0O and ZG2 electrodes were estimated to be 1.1 x
10*" and 1.7 x 10*' em™? respectively, indicating that the elec-
tron density was higher in the presence of rGO.

To evaluate the photocatalytic degradation pathway of
dimethoate, AgNO; (1.0 mmol L"), disodium ethylenediamine-
tetraacetate (EDTA-2Na), isopropyl alcohol (IPA), and benzoqui-
none (BQ) were used as scavengers of electrons, holes, superoxide
radicals ("0, "), and hydroxyl radicals ("OH), respectively. As shown
in Fig. 7(d), dimethoate displayed resistance to degradation under
UV irradiation in the presence of AgNO;. Addition of IPA caused
the degradation efficiency of dimethoate by ZG2 to decrease
slightly, confirming that electrons and "OH did not have a strong
effect of the degradation of dimethoate, which is in agreement
with a previous report.*® In contrast, the addition of BQ and EDTA-
2Na led to considerable decreases of the degradation rate constant,
indicating that ‘O,  and holes play major roles in the photo-
catalytic degradation process of dimethoate.

The proposed photodegradation mechanism of dimethoate
by the ZnO/rGO nanocomposite is shown in Fig. S2.f The
delocalized conjugated m structure and superior electrical
conductivity of graphene improve the transmission efficiency of
photogenerated electrons.** Therefore, the recombination of
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electron-hole pairs generated on ZnO was suppressed by elec-
tron transfer to rGO. Photogenerated electrons can easily jump
from the VB to the CB under UV light. Because the work func-
tion of ZnO (5.2 eV) is higher than that of GO (4.6 eV), electrons
could transfer into the composite and reach rGO.***' Therefore,
the increased separation of electron-hole pairs leads to higher
photodegradation efficiency. The photogenerated electrons
then react with oxygen adsorbed on the ZnO surface to generate
reactive species such as ‘O,  that decompose dimethoate.
Moreover, dimethoate can act as an electron donor to generate
excited electrons and form free radical cations. The electrons
are transferred to the rGO sheets, where they react with surface-
adsorbed O, to form free radicals.

3.4 Recycling of ZnO/rGO

In the photocatalyst recycling test, the ZG2 powder obtained
after one photocatalytic cycle was filtered, washed with distilled
water and ethanol, dried, and then reused for four consecutive
runs. Because of the inevitable loss of catalyst powder during
the washing and recycling process, fresh catalyst was used to
maintain the catalyst content. Even though the photo-
degradation efficiency decreased slightly with increasing runs
[Fig. S3(a)f], the degradation of dimethoate by ZG2 remained
above 95% even in the fourth run.

This journal is © The Royal Society of Chemistry 2020
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XPS measurements were used to analyze the ZG2 catalyst
before and after use to better investigate the change in the
elements present and their electronic states after the recycling
test. After reuse four times, small peaks corresponding to P 2p
from dimethoate were detected in the XPS survey scan, indi-
cating the presence of dimethoate on the catalyst [Fig. S3(b)7].
The binding energy of Zn did not change after recycling.
However, compared with that of the Zn species of the fresh
catalyst, the peak area of the Zn species decreased for the used
catalyst [Fig. S3(c)t], indicating that dimethoate was adsorbed
onto the ZG2 catalyst. In addition, the intensity of peaks from
C-0 and C=0 groups at binding energies of 286.1 and 288.9 eV,
respectively, increased for the used ZG2 catalyst [Fig. S3(d)T].
Therefore, trace dimethoxy molecules remained adsorbed on
the ZnO/rGO nanocomposite and covered some its active sites,
which weakened the characteristic peaks of Zn and strength-
ened those of C in the XPS profiles. These results confirmed that
the ZnO/rGO nanocomposite can be conveniently recovered for
reuse, which provides a potentially effective and environmen-
tally friendly pathway to treat environmental pollutants.

4. Conclusions

A ZnO/rGO nanocomposite photocatalyst was synthesized by
a hydrothermal method using HMT as a mineralizer and
reducing agent. Compared with those of bare ZnO, the ZnO/rGO
nanocomposite exhibited a photodegradation rate and photo-
degradation efficiency of dimethoate that were four and 1.5
times higher, respectively. GO increased surface area and pore
volume of the composite, which were conducive for the
adsorption and mass transfer of pesticides and oxygen. The
improved photocatalytic performance of the nanocomposite
was attributed to the decreased electron-hole recombination
rate and more effective carrier transport in the presence of rGO.
A high rate of interfacial charge transfer was confirmed by
photoelectrochemical testing. Overall, the results showed that
ZnO/rGO nanocomposites have broad application prospects in
optics, electrical, and optoelectronics applications.
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