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ZnO/reduced graphene oxide (RGO) nanocomposite with many zinc and oxygen vacancies, synthesized in
a simple solvothermal reaction exhibits significant photocatalytic activity. Photoluminescence and elec-
tron paramagnetic resonance measurements indicate that the zinc vacancies and oxygen vacancies were
generated on the ZnO surface, and were crucial to that photocatalytic behavior. The photodegradation
of methylene orange was significantly reduced by the addition of h* and *OH scavengers. Both zinc and
oxygen vacancies cause effective charge separation in the photodegradation of methylene orange, which
markedly inhibits the recombination of charges. The advanced photocatalytic behavior of the ZnO/RGO
composite is discussed in detail herein.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The design of highly efficient photocatalysts for the next gen-
eration is important. Not only must such photocatalysts have a
large surface area, exposed faces and harvest light but also tailored
defects and heterojunctions are typically introduced to enhance
the photocatalytic performance [1-9]. The photoinduced rapid
transfer of electrons to shallow defects or the junction level effec-
tively minimizes charge recombination, markedly improving the
performance of the heterostructure photocatalyst [10-23]. Het-
erostructures, such as noble metal/metal oxide, graphene/metal
oxide, and hybrid metal oxide, have attracted much interest on
account of their excellent photocatalytic performance, which fol-
lows from effective charge separation [8,9,24-41].

Among heterostructure photocatalysts, metal oxide/graphene
nanocomposite is the one of greatest interest [8,24,25,28-30,32,
34-38]. Graphene with carbon atoms packed in a hexagonal honey-
comb two-dimensional structure has unique electrical properties,
and acts as an excellent conductor [42]. Accordingly, the use of het-
erojunction materials of graphene and a suitable metal oxide is
regarded as effective for charge separation in solar cells [25,34],
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photoelectrochemical hydrogen production via water splitting
[24,30,31,38], and photocatalysts [8,28,29,32,36,37].

Numerous recent studies have demonstrated that
ZnO/graphene nanocomposite exhibits remarkable photocat-
alytic performance [28,29,32,37,43]. The close contact between
the ZnO nanostructure and RGO is responsible for an electronic
interaction that can promote charge separation. Under illumi-
nation, ZnO absorbs photon energy and produces electron-hole
charge pairs. Graphene causes the charge pairs rapidly to separate
and diffuse toward to the surface before recombination: electrons
rapidly transfer to graphene and holes simultaneously form
highly reactive hydroxyl radicals. The improvement in the charge
separation at the “real heterojunction” is considered to be the
critical factor in highly efficient photocatalytic performance. Con-
sequently, much research has focused on the synthesis of highly
uniform nanocomposites with well dispersed ZnO on graphene
sheet [37,44-49].

Photocatalytic activity can be enhanced by inducing tailored
defects during synthesis. Zheng et al. [22] showed that differ-
ent oxygen defects (oxygen vacancies and interstitial oxygen) that
formed in a solvothermal process had an impact on the photocat-
alytic activity of ZnO. Dai and co-workers [19] developed enhanced
the visible light photocatalytic activity of ZnO by narrowing the
band gap with defects. Sun and co-workers [50] demonstrated that
crystal defects in the ZnO layer changed the PL spectrum of the
heterojunction ZnO-CuO composite. Zheng et al. [23] prepared an
Ag/ZnO nanocomposite and found that its photocatalytic property
is closely related to not only to the heterostructure but also to the
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oxygen defects. In spite of the above, early studies of ZnO/graphene
have not considered the presence of defects. The formation of
defects during the synthesis of ZnO/graphene must be considered,
and the influence of defects on photocatalytic activity should be
clarified.

Defects, heterojunctions, the absorption of pollutant on
graphene, and the absorption of visible light are all potential
candidates as the key factor in the enhancement of the photo-
catalytic performance of a ZnO/graphene system. In this study, a
ZnO/reduced graphene oxide (RGO) composite was prepared in the
solvothermal process. The photoluminescence (PL), electron para-
magnetic resonance (EPR) and photocatalytic properties of samples
are systematically investigated and discussed in detail. To clarify
the effect of defects, the photocatalytic behaviors of ZnO/RGO with
reactive species scavengers were examined.

2. Experimental
2.1. Materials preparation

In a typical solvothermal process, zinc acetate dihydrate and
grahene oxide (GO) are used as precursors of ZnO and RGO, respec-
tively, and ethanol acts as a reducing agent in a strong NaOH
solution, which is utilized for the following two reasons; (1) to
remove the functional groups from GO, which would inhibit the
growth of the heterostructure of ZnO/RGO sheets, and to separate
ZnO from RGO [37], and (2) to convert Zn%* into ZnO.

All chemicals were analytical-grade reagents and used with-
out further purification. Graphene oxide was prepared from
commercial graphite by modified Hummers’ method [51]. The con-
centration of GO suspension (pH 2.8) was about 1000 ppm. The
ZnO/RGO nanocomposite was synthesized in a simple solvothermal
reaction. In this typical experiment, 20 ml of 0.2 M NaOH in alcohol
(99.5%) solution was freshly prepared. Further O pl, 75 1, 100 p.l,
and 150 pl of GO suspension were injected into the NaOH solu-
tion respectively. Finally, 0.217 g zinc acetate dihydrate (0.05 M)
was added into the each reaction solution. This solution mixture
was further transferred to a 50 ml Teflon-lined stainless steel auto-
clave. The sealed autoclave was heated in an oven at 180°C for
15 h, and then cooled down to room temperature slowly. After the
solvothermal reaction, the white powder in the solution was col-
lected by filtering, being washed and dried in an oven at 50 °C and
thus obtained products were named as Z1,ZG75,ZG100, and ZG150
respectively.

2.2. Characterization

The morphology of the powder was investigated using a
field emission scanning electron microscope (FE-SEM, Joel-6500,
15kV) and a transmission electron microscope (TEM, JEM-2010,
200KkV). The crystal structure of the samples was character-
ized by powder X-ray diffraction (Brucker D8-advanced with Cu
Ko radiation A =1.5405981A). X-ray photoelectron spectroscopy
(XPS) was conducted on a PHI Quantera Spectrometer (ULVAC-
PHI). The reflectance absorption spectrum of the powder was
recorded on a UV/vis spectroscope (Avantes). Electron para-
magnetic resonance (EPR) measurements were made at 77 K using
a BRUKER X-band EPR spectrometer and a Xe lamp (XBO R 101W,
OSRAM) was used as the light source. The mass ratio of RGO
in ZnO/RGO was calculated from the weight loss of 250-700°C
in the TGA analysis (PerkinElmer thermal analysis TG/DTA sys-
tem) and shown in the supporting information. The RGO contents
in ZG75, ZG100, and ZG150 are 2.0wt%, 1.6wt%, and 1.2wt%,
respectively.
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Fig. 1. (a) Photograph and (b) reflectance absorption spectrum of as-synthesized
samples.

2.3. Potocatalytic test

According to the literature [41], the photodegradation of MO is
a pseudo-first-order reaction and its kinetics can be expressed as
In(Co/Ct)=kt, where k is the apparent rate constant, and Cy and C;
are the concentrations of MO at initial state and after illumination
for t min, respectively. The potocatalytic tests comprised two parts.

2.3.1. Potocatalytic test under a wide range of irradiation (from
UV to visible light) with and without charge scavenger

In the first part, all tests were carried out using a 180 W Xe
lamp (XBO 180 W, OSRAM) which includes both UV light and vis-
ible light. As is typical, 10 mg of powder was dispersed into an
aqueous solution of 17 ppm MO. Before irradiation, the suspen-
sion was magnetic stirred in the dark for 5min to establish the
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Fig. 2. FE-SEM images of pure ZnO and ZnO/RGO composite (a) Z1; (b) ZG75; (c); ZG100; (d) ZG150.

absorption-desorption equilibrium. Under illumination, 1 ml of
solution was injected out at the given time intervals, which was
further analyzed by recording the absorption at 435 nm using a
UV/vis spectrometer (Avantes).

The tests with scavenger were carried out under the same exper-
imental conditions as above, whereas the specific charge scavenger
was added into the suspension before stirring. Here, Sodium oxalate
[52,53], H, 0, [54], ethanol [32,53], and ascorbic acid [55] were
used as scavengers of hole, hydroxyl radical, and oxygen radical,
respectively. Afterwards, the experimental process was carried out
as described above. The participation of these reactive species in
the photodegradation can be identified with assistance of the scav-
enger which will withdraw the corresponding reactive species and
cause a decrease of photoactivity. The change of photodegrada-
tion rate constant can be related to the role of the reactive species
[52-54].

2.3.2. Potocatalytic test under visible light only

In the second part, all tests were carried out under a 101 W Xe
lamp (XBO R 101 W, OSRAM) that was equipped with a 420 nm
filter. Generally, 10 mg of powder was dispersed into an aqueous
solution of 8 ppm MO. Afterwards, the experimental process was
carried out as described above.

3. Results and discussion

Fig. 1a displays photographs of the as-synthesized samples. Zinc
oxide with a 3.2 eV band edge, Z1, has a pearl-like appearance, as
reported in the literature. ZnO/RGO varied from dark to light pur-
ple as the carbon content in the samples increased. The absorption

spectrum, shown in Fig. 1b, indicates that all samples had the same
absorption band edges (ca. 3.2 eV) but clearly different the band
tails in the visible and infrared range. ZG75 had a descending band
tail and was between deep purple and dark brown; ZG100 had a
horizontal band tail and was deep purple,and ZG150 had an ascend-
ing band tail and was light purple. According to literature report,
RGO and defects are responsible for the absorption of light with
energies below the band gap of metal oxide [11,29,32,56,57,19].
The types of defects in ZnO/RGO was subsequently investigated in
further detail using electron paramagnetic resonance (EPR).

3.1. Characterization of as-synthesized ZnO/RGO

The SEM images in Fig. 2a show nanorods (Z1) with a width of ca.
10-40 nm and a length of around 20-120 nm, which were obtained
in the solvothermal reaction at 180 °C without the addition of GO
suspension. Fig. 2b-d present SEM images of the as-synthesized
samples that were obtained with the addition of 75, 100 and 150 .l
GO suspension, respectively. They clearly demonstrate that the
width and length of the ZnO rods both increased with the amount of
GO suspension. EDS analysis yields the C, O, and Zn signals from the
as-synthesized samples, as indicated in the supporting information.
The presence of the C peak is attributable to RGO and contamination
that was caused by the exposure of the samples to air. According to
the TGA analysis, the RGO mass ratios of the three ZnO/RGO com-
posites are 1.2-2.0%, which are calculated from the weight loss from
250 to 700°C (see Supporting Information Fig. S1).

The crystalline structure of the samples was characterized by
powder X-ray diffraction (XRD). The XRD diffraction patterns in
Fig. 3 reveal that all of the as-synthesized samples, Z1 and ZG100,
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Fig. 3. XRD pattern of as-synthesized samples: (a) GO; (b) Z1; (c) ZG100.

are crystalline with characteristic diffraction peaks at 31.7°, 34.4°
and 36.2°, which correspond to the wurtize phase (JCPDS 36-1451)
and indexed as (100), (002) and (101), respectively. Neither the
diffraction peak assigned to GO at 11° nor that assigned to RGO at
26° was observed.

X-ray photoelectron spectroscopy (XPS) was applied to exam-
ine the chemical environment of each element, Zn, O and C, in
the composite, as presented in Fig. 4. In Fig. 4a, the C 1s spec-
trum of GO was deconvoluted into three peaks at 284.5, 286.7
and 288.2 eV, which were assigned to C—C, C—OH and C=O0, and
0=C—OR, respectively [29,35,37,44]. The strength of the peaks that
were assigned to C—OH and C=0 indicated the high degree of oxi-
dation of the GO. The C 1s spectrum of ZG100 (Fig. 4b) shows a
significant lower peak at 285.5 eV, which was assigned to C—OH
and C=O0. The decrease in the oxygen content shows that GO was
reduced to RGO in a basic solution of ethanol, as has been reported
earlier [58]. Notably, the higher content of 0=C—OR in ZG100 than
in GO may be attributable to the adsorption of O0=C—OR during
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the hydrolysis of the zinc acetate dihydrate [37]. The O 1s spec-
tra of both Z1 and ZG100 comprised three peaks which centered
at 529.7, 530.5, and 531.6 eV, as displayed in Fig. 4c. The peak cen-
tered at a high binding energy of 531.6 eV is usually associated with
the chemisorbed oxygen on the surface of ZnO. The peak at a low
binding energy of 529.7 eV is attributed to O~ ion in the wurtize
lattice. The middle peak at 530.5 eV is associated with the 02~ ion
that is located in an imperfect wurtize lattice with oxygen deficien-
cies [19,59]. This result suggests that the oxygen vacancies were
formed on the ZnO nanorod surface during the solvothermal pro-
cess. Fig. 4d shows that the Zn2p;p, peaks of both Z1 and ZG100
are centered at 1021.1 eV. The absence of an observed shift in the
Zn2ps3j; peak from ZG100 indicates the lack of any effect of the
chemical environment on the GO-assisted synthesis of ZnO, which
reveals the non-existence of an electronic interaction between ZnO
and RGO in the as-synthesized ZG100 [37,60].

3.2. EPR investigations of ZnO/RGO

EPR spectroscopy was utilized to investigate the defects in
ZnO/RGO nanocomposites with and without illumination, as shown
in Fig. 5a. Based on the literature, the signals at g=1.987 and
2.021 were attributed to the oxygen interstitials [61-63], and
chemisorbed oxygen on the surface of ZnO/RGO [61,64], respec-
tively. Two more signals at g=1.958 and 2.003 were also observed.
The origin of these EPR features is still highly controversial. For
example, several hypotheses have been proposed to explain the
signal at g ~1.96, involving, such as, oxygen vacancies [63,65-68],
free electrons [69,70], and shallow donors [16,71-73]. Zheng et al.
[22] reported that oxygen vacancies formed on the surface of ZnO
nanorods in the solvothermal process when ethanol was used as a
reducing agent. Under the experimental conditions herein, which
were similar to those in the study of Zheng, the paramagnetic signal
at g=1.958 was considered to be associated with a single posi-
tive charged oxygen vacancy (Vo*) [63,65-68], and the signal at
g£=2.003 was attributed to a single negative charged zinc vacancy
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Fig. 4. C 1s XPS spectra of (a) GO and (b) ZG100; (c) O 1s and (d) Zn 2ps, XPS spectra of Z1 and ZG100.
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Fig. 5. EPR spectra of (a) powder and (b) suspensions of Z1 and ZG100 at 77 K.

(Vzn~) [61-63,74]. As presented in Fig. 5a, the EPR spectrum of Z1
includes a stronger signal at g=1.958 and a light-induced signal at
g£=2.003. Compared with Z1, the EPR spectrum of ZG100 powder
shows avery strong signal at g=2.003, even in the absence of illumi-
nation, whereas the peakintensity atg=1.958 isless in the presence
of illumination. Typically, an EPR spectrum reveals different defects
in metal oxide, such as vacancies and interstitials.

Unlike Z1, ZG100 contained not only donor-type oxygen vacan-
cies but also acceptor-type zinc vacancies. Zinc vacancies in
ZnO generate partially occupied states that were close to the
valence band [75]. The partially filled states accepted additional
electrons from the conduction band, resulting in luminescence
around 2.75 eV (450 nm), which value is highly consistent with the
observed transition energy of ZG100, as described in the suppor-
ting information (Fig. S2). The strong EPR signal at g=2.003 and the
emission peak at ~450 nmin the PL spectra of ZnO/RGO suggest that
zinc vacancies were formed in the GO-assisted solvothermal reac-
tion. The EPR signal at g=1.958, which is related to the formation
of oxygen vacancies results from a local level near the conduc-
tion band [18,68,75]. The emission peaks at around 480 nm were
obtained from both Z1 and ZG100 and could be assigned to oxygen
vacancies (Vo*, Vo**).

3.3. Photocatalytic test

The outstanding photocatalytic activity of various ZnO/RGOs
was examined by the photodegradation of 17 ppm methyl orange
(MO), illuminated under a 180 W Xe lamp, whose spectrum con-
tained both UV and visible light, as shown in Fig. 6. Z1 and ZnO/RGO
nanocomposites (ZG75, ZG100, and ZG150) exhibited better pho-
tocatalytic performance than the commercial photocatalyst TiO,
(P25, Degussa). In particular, the rate constant for the degradation

1.0 H o o a
(%] 3
(o) 06 \\
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-o-21 \n§§
0.2 | ~9-2675 a
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Fig. 6. Photodegradation of MO by P25, pure ZnO (Z1), and ZnO/RGO (ZG75, ZG100,
and ZG150) under UV-vis light irradiation.

of MO by ZG100 (0.0844 min—') is more than double those of P25
(0.0370 min~1!) and Z1 (0.0423 min—1), as presented in Table 1.

The photocatalysis of a photoreaction using a semiconductor
material as a catalyst includes the following four steps [1,2,5-7].
(1) The semiconductor absorbs photon energy (hv = Eg) and gen-
erates electron-hole charge pairs; (2) the charges are separated
and diffuse toward the surface before recombination; (3) elec-
trons in the conduction band are transferred to adsorbate O,
molecules and super oxide radicals (O,*~) are produced; (4) holes
in the valence band directly oxidize the organic pollutant or form
extremely powerful hydroxyl radicals (*OH) by interfacial charge
transfer. Therefore, the generation of charge pairs, the separation
the charges, and the activation of the reactive species are all impor-
tant processes in photocatalysis.

In this work, both ZG100 and Z1 were inactive under illumina-
tion of visible-light using a Xe lamp with a 420 nm long-pass filter.
This result indicates that generation of charges in the visible light
range was insensitive for Z1. In addition, ZG100 was also inactive
even though it absorbs the light above 420 nm in the absorption
spectrum owing to the existence of defects and RGO. Even though
the carbon-related material is known to be a good dye adsorbent
[36,76,77], the TGA analysis and dye adsorption test exclude the
absorption of dye by graphene as a cause of the enhancement of
photocatalytic performance, as presented in the supporting infor-
mation (Fig. S3). Here, the enhancement of photocatalytic activity
by crystal defects and the heterojunction between the RGO and ZnO
are further investigated.

3.4. Defects

As reported elsewhere [6,8,10,11,13-15,17-23,46], defects in
ZnO strongly influence the photocatalytic activity. EPR measure-
ments of dispersed ZG100 and Z1 (~75,000 ppm, in DI water) were
further performed with and without illumination at 77 K, as shown
in Fig. 5b. The intensity of the peaks from both ZG100 and Z1 at
g=1.958, assigned to oxygen vacancies, increased upon illumina-
tion, and the increase in intensity was particularly large for Z1.
However, the signals at g=1.988 and 2.003, attributed to oxygen
interstitial and zinc vacancies, respectively, were obtained only
from ZG100. According to these observations and the EPR results for
Z1 and ZG100 powders, ZG100 with both donor (V) and acceptor
(Vzn) vacancies exhibited excellent photoactivity. Fig. 7 displays the
proposed band structure and charge-transfer process of the photo-
catalyst. Two defect states, oxygen vacancies and zinc vacancies,
act as charge traps. The Vz, acceptor level close to the valence band
can trap the holes and Vg donors near the conduction band can
trap the electrons. Consequently, the rapid charge separation effi-
ciently prevents the recombination of electrons and holes. Unlike
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Table 1

Photodegradetion rate constant (min—!) of ZG100 and Z1 with assistance of different scavengers.

MO only AA? (02°7) Ethanol® (*OHj) NazC,04° (h*) H,0,4 (h, *OHs)
71 0.0423 0.0328 0.0056 0.0478 0.0304
ZG100 0.0844 0.0692 0.0117 0.0622 0.0315

3 Ascorbic acid (AA) was served as a scavenger of O,°~
b Ethanol was served as a scavenger of *OHj,.

¢ Na,C,04 was served as a scavenger of h*.

d H,0, was served as scavengers of h* and *OH;.

ZG100, Z1 with oxygen vacancies traps electrons only, and so can-
not separate the charges. Hence, recombination is not effectively
prevented.

To investigate further the proposed photocatalytic mechanism
for ZG100 and Z1, charge scavengers were used in the photocat-
alytic reactions. As is generally known, photo-generated holes
transformed to *OH; (*OH bound to the catalyst surface), *OH;, (*OH
in the bulk solution), and electrons transformed to 0,°~, which
will react with organic pollutants. Holes can be also regarded as a
potential reactive species that can oxidize organic pollutants [6,53].
According to the literature, sodium oxalate scavenges h*; [52,53]
highly concentrated H,0, scavenges h* and *OHs; [54] ethanol
scavenges *OHy, [32,53], and ascorbic acid scavenges O, *~ [55].
Fig. 8 and Table 1 show the photocatalytic performance obtained
with different scavengers. When ethanol was added to capture
*OHy, the rate constants of both Z1 and ZG100 photocatalytic
reactions considerably declined, suggesting that *OHy, is the major
active species in those cases. The addition of 0.1 pmol ascorbic acid
as an 0,°~ scavenger reduced the photodegradation rate constants
of Z1 and ZG100 by 21% and 18%, respectively. The rate constant
of ZG100 was still double than that of Z1, revealing that O,*~
cannot be used to differentiate between Z1 and ZG100. However,
adding 0.1 pmol Na;C,04 as an h* scavenger reduced the pho-
todegradation rate constant of ZG100 by 26%, but did not affect the
rate constant of Z1. This observation strongly suggests that direct
oxidation by separated holes on the ZG100 surface is an additional
reaction pathway. Furthermore, when highly concentrated H,0,
was used to scavenge h* and °OHs, the photodegradation was
mainly attributed to the photo-induced electrons. Under this
condition, the photodegradation rate constants of both ZG100
(0.0315min~!, 63% reduced) and Z1 (0.0304 min~—', 29% reduced)

superOX|d
radical formatlon

5«
— Vot
]

hv

2.58 eV

were decreased and almost equal, which implies that the same
amount of electrons were photoinduced in Z1 and ZG100. The
results of the photocatalytic test with different scavengers were
consistent with the EPR analysis. The excellent photoactivity
of ZG100 arises from both zinc and oxygen vacancies, which
trap holes and electrons, respectively, whereas Z1 with oxygen
vacancies exhibits only a fairly good performance.

3.5. Heterojunction in MO solution

In previous investigations, the outstanding photocatalytic activ-
ity of ZnO/RGO composite was attributed mainly to the charge
separation that results from the heterojunction between ZnO and
RGO [8,24-26,28-30,32-38,77]. In the as-synthesized ZG100, ZnO
and RGO are separated, according to TEM observation, as described
in the supporting information (Fig. S4). Additionally, according
to XPS analysis, the binding energies of Zn2p3), in ZnO (Z1) and
ZnO/RGO composite (ZG100) are same, suggesting the absence of
bonding between ZnO and RGO. However, based on our earlier work
[78], two materials with matching band positions can be trans-
formed into a “visionary heterostructure” in the solution owing to
the electrostatic adsorption. This attraction can dominate the inter-
action and contribute to the inter-particle bonding, promoting the
transfer of electrons between particles and thereby increasing pho-
tocatalytic activity. According to earlier studies [8,29,32,34-36], the
flat band potential of ZnO is higher than that of RGO, indicating that
electrons in ZnO can flow toward graphene. The zeta potential of
Z1, ZG100, and RGO in solution at pH 8 (the test MO solution at
pH 8) were +25.8, +23.5, and —36.6, respectively. The positively
charged RGO may have attracted negatively charged ZnO to form
a “visionary ZnO/RGO heterostructure”. Fig. S5 shows the slightly

2.75eV
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Fig. 7. Proposed band structure and charge-transfer process of ZG100 photocatalyst.
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Fig. 8. Photodegradation of MO by (a) Z1 and (b) ZG100 with the assistance of scavengers.

enhanced photocatalytic performance of the simple mixture of Z1
and RGO, whose rate constant for MO degradation (0.051 min~1)
is larger than that of Z1 (0.042 min—!). The TEM images of ZG100
and mixture of Z1 and RGO after photocatalytic test (see Supporting
Information Fig. S6) include ZnO rods decorated on the RGO. The
improved performance is attributable to the facilitation of electron
transfer to RGO. Nevertheless, the comparison of the rate constants
of ZG100 and the mixture demonstrate that the heterojunction is
not essential to this process.

4. Conclusions

In summary, a ZnO/RGO nanocomposite was successfully syn-
thesized using GO and zinc acetate dihydrate in a solvothermal
process. Zinc and oxygen vacancies in the ZnO/RGO nanocom-
posite exhibit excellent photocatalytic activity. The paramagnetic
defects of zinc and oxygen vacancies, were identified in EPR exper-
iments, which significantly enhance the photocatalytic activity of
ZnO/RGO. The photo-induced charges, holes and electrons were
trapped by V7, acceptor and Vg donor respectively. Furthermore,
the scavenger-assisted photocatalytic reactions show that h* and
*OH enhanced the photoactivity of ZG100 as the photocatalyst.
The presence of both zinc and oxygen vacancies in ZG100 induced
effective charge separation in the photodegradation process. In this
case, other factors such as, heterojunction, the absorption of visible
light, and the absorption of dye by graphene were negligible for the
enhancement of photocatalytic performance of ZG100.
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