Journal of Photochemistry and Photobiology A: Chemistry 348 (2017) 89-95

Contents lists available at ScienceDirect

Journal of Photochemistry and Photobiology A:
Chemistry

journal homepage: www.elsevier.com/locate/jphotochem

A: Chemls{r){

Facile in-situ synthesis of a zinc oxide crystals/few-layered graphene
flake composite for enhanced photocatalytic performance

P
@ CrossMark

a,k*k

Weiwei Tie®”, Surjya Sarathi Bhattacharyya®, Yanan Wang?, Weiwei He®**,
Seung Hee Lee"*

2 Key Laboratory of Micro-Nano Materials for Energy Storage and Conversion of Henan Province, Institute of Surface Micro and Nano Materials, College of
Advanced Materials and Energy, Xuchang University, Xuchang, Henan 461000, China

b Applied Materials Institute for BIN Convergence, Department of BIN Convergence Technology and Graduate School of Printable and Flexible Electronics,
Chonbuk National University, Jeonju, Jeonbuk 561-756, South Korea

< Asutosh College, 92, Shyamaprasad Mukherjee Road, Kolkata 700 026, West Bengal, India

ARTICLE INFO ABSTRACT

Article history:

Received 21 February 2017

Received in revised form 11 July 2017
Accepted 1 August 2017

Available online 8 August 2017

An efficient mutilayer graphene-based semiconductor catalyst of reduced graphene oxide flakes
decorated with zinc oxide crystals (ZnO/RGO) has been successfully synthesized in-situ using a facile
low-temperature solution procedure. Zinc acetate was used as a single precursor with dimethyl sulfoxide
acting as the mixing agent. The photocatalytic materials were then characterized using scanning electron
microscope and X-ray diffraction patterns, as well as Raman, FT-IR, XPS and UV-vis spectroscopies. The
ZnO crystals were found covalently boned onto reduced graphene flakes though direct Zn—0O—C path,
and this could allow photogenerated electrons quickly transfering from the ZnO to RGO and thereby
efficiently lengthened the lifetime of the photogenerated charge carriers from the ZnO crystals. This
result has been further confirmed by surface photovoltage spectrum studies. Compared to pure ZnO,
small amount of 0.15mg/ml ZnO/RGO hybrid had exhibited superior photocatalytic activity and
reproducible catalytic efficiency onto 2 x 10~2 mg/ml Rhodamine B dye in consecutive uses. The detailed
formation of synthesis and characterization as well as photocatalytic mechanisms have also been
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1. Introduction

ZnO nanoparticles (NPs) have been well developed as photo-
catalyst for effective elimination of toxic chemicals from the
environment [1,2] due to their high oxidizing power, nontoxic
nature, wide band gap, and high cost performance [3-6]. However,
although ZnO NPs have a distinctive size as well as morphology-
dependent optical and electronic properties, widely practical
applications are limited by the rapid recombination of the
photogenerated charge carriers as well as the system’s passive
photo-response toward solar spectrum light.

Recently, functionalizing carbonaceous materials with ZnO NPs
have opened up new opportunities to design and develop novel
photocatalytic composites [7-12]. Due to its strong optical
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absorption characteristics and extremely effective electron trans-
fer capability, graphene (GR) is a highly desirable and appropriate
candidate for use as a two-dimensional (2-D) catalyst support with
large surface area [8-12]. Using ZnO NPs to modify GR may also
prevent restacking and agglomeration of GR during the reduction
process by van der Waals interactions between GR sheets [13].
Recent studies have examined various ZnO/GR hybrid systems and
have exhibited improved photocatalytic performance [10-12]. Li
et al. [10] and Wu et al. [11] have utilized a hydrothermal method
to synthesize ZnO/GR composites with good structural and optic
catalytic properties. Neelgund et al. [12] has evaluated the
effectiveness of a new hybrid of ZnO/cobalt phthalocyanine/GR
constructed via chemical deposition and a subsequent reduction
route using a toxicity reducing agent. ZnO/GR composites made
using either surfactant or microwave-assisted synthesis methods
have also exhibited brilliant photocatalytic activity for the
degradation of organic dyes [14,15]. Though great progress has
been made in the synthesis of ZnO/GR composites, the most
frequently adopted routes for synthesis remain hydrothermal
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methods [10,11], utilizing a toxicity reducing agent [12], or
surfactant or microwave-assisted methods [14,15]. Additionally,
few study has been focused on reproducible catalyst for practical
application. Interestingly, multilayer graphene flakes (pi-stacked
few graphene sheets) as catalysts support [16], rather than single
graphene, could be beneficial in consecutive uses due to their
relatively high mass and poor solubility. Therefore, a simpler and
more efficient method to covalently anchor ZnO NPs onto 2-D
graphene flakes through direct interatomic bonding remains
highly desirable for accelerating electron transfer and separate
process, and reproduceable photocatalytic application of hybrid
catalyst made using new method also need to be studied.

In the present work, a simple in-situ synthesis for hybrid
catalyst of ZnO crystals covalently bonded few-layered graphene
flakes (ZnO/RGO) has been developed which requires only a simple
one-step mixing process without any reducing agents or high
temperature/pressure conditions. This new method can be
considered as a promising alternative to the abovementioned
typical methods. Meanwhile, the effectiveness of covalent
functionality of ZnO crystals onto RGO flakes through Zn—-0O-C
lingking has been evaluated by testing its ability to degrade an
important dye, Rhodamine B (RhB), and its reproduceable stability
in consecutive uses. The photoinduced charge transfer and
separation process has been directly monitored through transient
surface photovoltage. It is hoped that this hybrid catalyst, based on
the effective electron transfer cascade system through covalent
Zn—0—C bond, can ultimately achieve reduced recombination of
photogenerated electron-hole pairs, high-speed transfer of excited
electrons from the semiconductor surface, and improved catalytic
reproducibility in circulation.

2. Experimental
2.1. Materials

The highly purified ( >99%) natural graphite flakes (320 mesh)
used to prepare photocatalytic composites were supplied by Alfa
Aesar. All analytical grade chemicals were used as received without
further purification. These included Zinc acetate (ZnAc,-H,O,
98.5%), dimethyl formamide (DMF, 99%), hydrochloric acid (HCI,
37%), sulfuric acid (H,SO4, 98%), phosphoric acid (H3PO4, 85%),
hydrogen peroxide (H,0,, 30%), potassium permanganate
(KMnOy4), and absolute ethanol obtained from J&K chemical
technology Ltd. Deionized water was used in all experiments.

2.2. Preparation of graphite oxide

Graphite oxide was made by chemically oxidizing and
exfoliating from natural graphite flakes according to an improved
Hummers’ method [17]. About 5.0g of the purchased graphite
flakes were combined with KMnO,4 (30.0 g) and then slowly mixed
with 200 ml of a 3:1 (v/v) mixture of concentrated H,SO4 (98%) and
H3PO,4 (85%) placed under ice bath. The solution was placed in a
250 ml glass bottle and heated to 50°C, and then stirred for 24 h.
Next, the reaction was cooled to room temperature and poured
onto ice water (200ml) mixed with 30% H,O0, (10ml). The
supernatant was collected and repeatedly centrifuged following
by successive washings with deionized water until solution pH
reached 7. The solid product obtained from this method was finally
vacuum oven-dried at 45°C and hereafter called graphite oxide.

2.3. Preparation of ZnO/RGO composite

In order to synthesize the ZnO/RGO composite, 4 mg dried
graphite oxide was dispersed in 40 ml of DMF and ultrasonicated
for 30 min, during which the graphite oxide was exfoliated to form
graphene oxide (GO). Next, about 0.2 g ZnAc, was added to the
solution and then heated to 95 °C. The mixture was kept stirring for
5h, and washed several times with distilled water and ethanol in
order to remove unreacted products. The mixture was then
vacuum-dried at 60°C for 12h to obtain the final ZnO/RGO
composite. For comparison, pure ZnO was also synthesized using
the same procedure but without the addition of graphite oxide. The
sample of ZnO-RGO mixture was prepared by impregnation
method using pure ZnO and RGO following the abovementioned
same procedure. The synthesis routes used for ZnO NPs and the
ZnO/RGO composite are represented in Schemes 1 and 2.

2.4. Characterization

X-ray diffraction (XRD) patterns were collected using a X-ray
diffractometer (Bruker D8 Advance) with Cu-Ko radiation
(A=1.5406 A°). The surface morphologies of the samples were
examined using a scanning electron microscope (SEM, ZEISS EVO
LS15). Raman spectroscopic analysis was performed using a Perkin
Elmer Spectrum-GX and Renishaw in Via Raman spectrometer
with a laser excitation of 532 nm. A UV-vis-Infrared spectropho-
tometer (Agilent Cary-5000) was used to record the UV-vis spectra
of various samples. FT-IR spectroscopic analyses were carried out
using a JASCO FT/IR-460 plus FT-IR spectrometer. A XPS
spectrometer (Thermo escalab 250xI, USA) with Al-Ka radiation
(hv=1486.6 eV) was used to test X-ray photoelectron spectroscopy
of samples. Transient surface photovoltage (TPV) spectroscopic
analysis was performed following a standard method as reported
by Y. Lei et al. [18]. In summary, powder samples for each other are
first placed over an indium tin oxide (ITO) coated glass substrate
and sandwiched between another ITO coated glass substrate. Mica
spacers were used to precisely maintain the gap between the two
electrodes. A third-harmonic Nd:YAG laser (Quantel Brilliant Eazy:
BRILEZ/IR-10) was utilized as the source for laser pulses (355 nm
and 532nm with a pulse width of 4ns), and TPV signals were
recorded using a 500MHz digital oscilloscope (TDS 3054C,
Tektronix).

2.5. Photocatalytic activity

In order to analyze the photocatalytic performance of the
samples, the degradation process of Rhodamine B in water was
monitored 300W Mercury light irradation (XPA, China). Small
amounts of powdered samples (~7.5 mg each) were dispersed into
a solution of 1mg RhB in 50ml water. The homogeneous
suspension was initially stirred in the dark for 30 min to achieve
adsorption-desorption equilibrium and then irradiated for several
different exposure times before being placed in a centrifuge to
remove the dispersed powder. Once a sample solution was clean
and transparent it was analyzed using UV/vis spectroscopy. The
concentration of the RhB solution was calculated using the UV
absorbance at 554 nm wavelength and used to determine their
relationship with irradiation time.

Zn(CH;CO0),"H,0 + (CH3)NC(O)H ——» ZnO + (CH3CO0),CHN(CH;),

Scheme 1. Schematic representation of the formation of ZnO crystals.
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Scheme 2. Schematic illustration of the formation of ZnO/RGO composite.

3. Result and discussion

The formation process of pure ZnO NPs and the ZnO/RGO
composite is summarized graphically in Schemes 1 and 2. Zn?* ions
are chemically adsorbed onto the negatively charged surfaces of
GO sheets via electrostatic force [9]. The slight heating to 95°C
induces the nucleation of ZnO onto the GO surface via intermolec-
ular hydrogen bonds as well as electrostatic attraction between
Zn0?~ and the functional groups on the GO sheets. At the same
time, the in-situ formation of ZnO NPs also leads to the reduction of
GO to RGO [19], thus forming the desired ZnO/RGO composite. The
morphologies of pure ZnO and the ZnO/RGO hybrid were observed
using SEM in order to directly analysis the structure of the ZnO
crystals decorating the graphene sheets, and more specifically,
investigate the influence of multilayered graphenes onto the
morphology of the ZnO crystals. The SEM micrographs shown in
Fig. 1a display a significant aggregation of the ZnO NPs into pure
ZnO crystals with diameters of ~0.8-1.0 wm. However, Fig. 1b
shows that in the case of the ZnO/RGO hybrid, ZnO crystals half
that size spread uniformly and tightly across the graphene flakes.
This indicates that the graphene may interact with ZnO NPs to
inhibit their aggregation.

X-ray diffraction (XRD) patterns were collected in order to
compare the phase and structure of ZnO/RGO composites to that of
pure ZnO and GO. As shown in Fig. 2, the XRD pattern of GO has a
sharp peak centered on 10.8°. This feature is attributed to the (002)
plane reflection of the GO carbon structure. While natural graphite
has an interplanar distance (d=002) of only 3.35 A, the measured
interplanar spacing (d =002) for GO is much larger at 7.1 A due to
the intercalated water molecules, hydroxyl, carbonyl, and carboxyl
groups. However, when the ZnO/RGO hybrid is examined, the GO
(001) diffraction peak at 10.8° has disappeared, while a new, broad
characteristic peak appears at 26.2° due to the (002) plane and
corresponding to an interlayer d-spacing of 3.39A. This change
may indicate that the various oxygen containing functional groups
as well as water molecules have been successfully removed during
GO reduction and that RGO sheets have perfectly formed in the
hybrid. The XRD patterns collected for ZnO and ZnO/RGO both
show the same diffraction peaks at 26=31.78°, 34.48°, 36.31°,
47.61°, 56.66°, 62.94°, 66.64°, and 68.00° pertaining to the (100),
(002), (101), (102), (110), (103), (200), (112), and (201) planes of
ZnO, respectively, all of which are consistent with hexagonal phase
wurtzite ZnO (JCPDS No. 36-1451) [19]. These results clearly

indicate that ZnO crystals had been successfully incorporated onto
the RGO flakes.

The averaged crystallite size (thickness) is estimated using the
FWHM (full width at half maximum) value of the XRD peaks and
Scherrer’s Eq. (1) [20,21]:

D=K-A/B-cosf (1)

where D is the averaged crystallite size (thickness), A is the
incident wavelength, 6 is the Bragg angle and g is the diffracted
FWHM (radian). The averaged size of the ZnO NPs calculated using
the value from the most intense peak were approximately 38.7 nm
for pure ZnO and 35.2 nm for the hybrid samples. By fitting the
(002) reflection in the pattern collected for the ZnO/RGO hybrid
and again using the Scherrer formula (N =Thickness (D)/d(g02)), it is
possible to estimate the average number of graphene layers (N)
[21,22]. Based on the Scherrer equation the crystallite thickness (D)
of RGO is estimated to be 1.7 nm with an inter-planar spacing of
3.69A. Thus we confirm the obtained composite is formed with
4 ~ 5 layers of reduced graphene sheets.

Raman spectras of pure ZnO and ZnO/RGO composite were also
collected in order to characterize and compare the samples, and
were shown in Fig. 3. For pure ZnO NPs three characteristic Raman
bands are observed at 327 (E,"#"- E,'°% mode), 437 (E>"#" mode),
and 605cm™~' (E{(LO) mode) [15]. In the case of ZnO/RGO, an
intense peak at~429cm ! is seen and corresponds to the E,Ms"
mode for pure ZnO NPs. The other characteristic Raman bands in
ZnO are found to be suppressed, indicating that ZnO in hybrid form
is highly crystalline with a hexagonal wurtzite phase [15]. Both GO
and the ZnO/RGO catalyst display a distinct G-band around
1595cm ! (1599 cm ™! for GO and 1591 cm™! for ZnO/RGO) due to
the E,g vibrational mode of the sp? bonded carbon, as well as a D-
band around 1350 cm~! (1352 cm ™! for GO and 1348 cm ™! for ZnO/
RGO) owing to the A;z mode breathing vibrations of the six-
membered sp? carbon rings. The G band shifting from 1599 cm ™~ to
1591 cm ™' in GO vs. ZnO/RGO composite indicates that a distinct
charge transfer exists between the graphitic structures and the
oxygen related functional groups or ZnO NPs [23]. In addition, the
ratio of D- vs. G-band intensity (Ip/Ig) for the ZnO/RGO hybrid
(0.99) is higher than the ratio calculated for GO (0.91), a difference
which may be attributed to the increased number of small sp?
domains within the ZnO/RGO hybrid [8]. It has also been reported
that the band intensity ratio, Ig/Ip, can be used to calculate the in
plane crystallite size (La) using the equation La =19.015/Ip19-0I¢/Ip

Fig. 1. XRD patterns of ZnO, GO and ZnO/RGO samples.
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Fig. 2. SEM images of ZnO and ZnO/RGO samples.

[24]. According to Ig/Ip ratio of GO and ZnO/RGO in their Raman
spectra, the in-plane crystallite sizes (La) of GO and ZnO/RGO are
calculated to be 20.9 nm and 19.2 nm, respectively. This indicates
that the functionalization and incorporation of ZnO NPs had barely
any effect on the crystalline size of ZnO/RGO.

Evidence of the reduction of GO and incorporation of ZnO into
the ZnO/RGO composite has also been observed using UV-vis and
FT-IR spectrometry. The UV-vis absorption spectra collected for
pure ZnO, GO, and ZnO-decorated RGO composites with their
dispersions in ethanol are shown in Fig. 4. An absorption band at
227 nm in GO was assigned to the m-7* transitions of aromatic
C—Cbonds [25] while the observed absorption peak at 276 nm for
RGO is due to the 7-7r* transitions in the graphitic structure. It is
found that the difference is attributed to an increase in electronic
conjugation in reduction form of GO [26,27]. The pure ZnO not only
has a sharp UV absorption band at 368 nm that corresponds to the
free excitonic absorption of ZnO particles [28], but also has weak
visible light absorption that attributes either to chemical
interactions induced defects in ZnO matrix or to narrowed band
gap of ZnO that allows the absorption of longer-wavelength light or
a combination of these effects [29]. The ZnO/RGO hybrid also
displays the same sharp UV absorption peak, but it is redshifted
slightly to 373 nm, suggesting a strong coupling effect between
ZnO and graphene flakes. Also of note is the appearance of a new
absorption peak at 213 nm for the ZnO/RGO hybrid, a feature most
likely indicative of interactions between graphene and ZnO [11].
More importantly, ZnO/RGO composite shows an intense and

___Go
—2Zn0
— ZnORGO
=]
©
—
2
[2])
c
[}]
-
£
400 800 1200 1600 2000 2400

Raman Shift / cm™1

Fig. 3. Raman spectra of ZnO, GO and ZnO/RGO samples.
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Fig. 4. UV-vis absorption spectra of ZnO, GO and ZnO/RGO samples.

broad background absorption across the entire visible region, as
compared to pure ZnO which does not. All of these differences
suggest the successful conversion of GO to RGO followed by
incorporation of ZnO NPs onto the RGO flakes.

FT-IR spectra of ZnO, GO, and ZnO/RGO catalyst are shown in
Fig. 5. The spectrum of GO (Fig. 5a) displays bands at 3452 cm™!
due to —OH stretching, 1746cm~! due to C=0 stretching
vibrations in the carboxylic acid, and 1626cm™~' due to skeletal
vibrations of unoxidized graphitic domains [30]. In the case of ZnO,
a very clear absorption band is observed at 462.4cm™! due to the
stretching vibration of Zn—O (Fig. 5b) [31,32,33]. As for the
spectrum of ZnO/RGO (Fig. 5c), the characteristic peak corre-
sponding to the C=C skeletal vibration is observed to shift to
1588 cm~! from 1626cm~! in GO, which indicates chemical
bondings of Zn—C or Zn—O0—C between graphene flakes and
ZnO [34]. Additionally, the absorption peaks due to the C=0
stretching (1746 cm~!) of COOH groups in GO have vanished, and
the new bond appears around 1090 cm™! due to the stretching
vibration of the Zn—0—C bond, indicating chemical bonding of Zn
atoms onto C=0 groups of graphene oxide flakes [29,34,35].
Furthermore, the spectrum of ZnO/RGO appears the same bond
around 462.6cm™ ! due to the stretching vibration of the Zn—0
bond. The observed conformational changes that have appeared in
the ZnO/RGO spectrum give further evidence of successful
incorporation of ZnO onto the RGO flakes through covalent
bonding as well as complete reduction of GO sheets to RGO sheets
during in-situ synthesis. To further confirm and discern the
chemical bonding between ZnO and graphene flakes in ZnO/RGO
hybrid, XPS spectra of the O1s core level of ZnO/RGO hybrid has
been measured and presented in Fig. S1. The de-convoluted high

X
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0 c: ZnO/RGO c=o; |! 1Zn0C |
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Fig. 5. FT-IR spectra of ZnO, GO and ZnO/RGO samples.
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resolution O1s spectra of ZnO/RGO hybrid consists of four peaks
located at 530.9 eV, 531.5eV, 532.4 eV, and 533.4 eV, which clearly
correspond to O~2 in the wurtzite structure of ZnO lattice, 02
defects with ZnO matrix, and chemically bonding of Zn atoms onto
C=0, C—O functional groups of graphene flakes via Zn—0—C
bond, respectively [29]. This result indicates that chemical bonding
between ZnO and RGO flakes successfully occurs through
Zn—O0—C bonds during the in-situ synthesis process of ZnO/
RGO hybrid, and agrees with our IR analysis well.

The charge separation and transfer abilities of a photocatalytic
material determine, at least to some extent, its photocatalytic
efficiency. In order to further understand the superior photo-
catalytic activity of the ZnO/RGO composite, transient photovoltaic
(TPV) measurements are collected and analyzed. This method can
be used to directly reflect the photo-induced charge carrier
dynamics during pure ZnO and its hybrid, such as lifetime and
transfer process of the electron-hole pairs. Such measurements are
useful in order to clearly understand the mechanism of the
photocatalytic processes in the present system. Fig. 6 shows the
measured TPV curves of the ZnO and ZnO/RGO samples, both of
which display distinct dynamic processes of photogenerated
carrier. The pure ZnO crystal has very short carrier separation
and slow transfer processes; while the ZnO/RGO hybrid has a
relatively fast separation ratio and a long lifetime of photo-induced
charge carrier. The lifetime of the photo-induced electron-hole
pairs in pure ZnO NPs is about 1076-10"7 sec, a much shorter
lifetime is measured for the ZnO/RGO hybrid (10-6-10~3 sec). The
intensity of the TPV response for ZnO is also much weaker than
that measured for the ZnO/RGO hybrid. This indicates that there is
both a large separation between the photogenerated electrons and
holes occurring in the ZnO/RGO hybrid and efficient transfer of the
photogenerated electrons to the RGO sheets [16]. This means that
electron-hole pair recombination is quenched in the composite
material. The availability of electrons in the material hints that
they may be available for pollutant degradation, a question that is
discussed in the following paragraphs.

The photocatalytic degradation efficiency of pure ZnO and ZnO/
RGO hybrid is evaluated onto RhB dye in water with concentration
of 2x10"2mg/ml. Sample solutions are exposed to UV light
irradiation and the remaining dye is measured using UV-vis
spectrometry. Fig. 7 shows that with 55 min of irradiation, ZnO/
RGO hybrid, ZnO-RGO mixture and ZnO degrade 100%, 61% and 80%
of the dye, respectively. It is found that the ZnO/RGO hybrid shows
enhanced activity compared to pure ZnO and ZnO-RGO mixture
with simple mixing. Here, the distinct photocatalytic efficiency
between ZnO/RGO hybrid and ZnO-RGO mixture has also vertified
the chemical bonding through Zn—0O-C bonds during ZnO/RGO
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Fig. 6. Surface photovoltage spectra of ZnO crystals and ZnO/RGO samples.
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Fig. 7. Photocatalytic degradation spectra of RhB over photocatalyst-free solution,
ZnO crystals, ZnO-RGO mixture and ZnO/RGO hybrid.

hybrid plays a great role in promoting the photocatalytic process of
dyes in profile.

The apparent rate constant for the photodegradation of RhB dye
is calculated using the following equation: k=In(C/Cy) [8], as
displayed in Fig. 8. The average value of the apparent rate constant
for ZnO/RGO composites is k=0.095 min ', a value 2.2 times higher
than that measured for pure ZnO NPs (k=0.043 min~'). Based on
these results it is obvious that the photocatalytic reactivity of ZnO/
RGO is greater than that of ZnO NPs. Generally, a photocatalyst
should have highly catalytic reproducibility in cyclic application. To
test the photocatalytic reproducibility of the ZnO/RGO hybrid three
cycles of photodegradation experiment of contaminant RhB are
carried out. As shown in Fig. 9, RhB is totally decomposed during
each cycle, and the reduction in reproducible photoactivities of
ZnO/RGO hybrid is much slow: 60 min for the first recycle, 70 min
for the second, and 75min for the third. This efficient photo-
catalytic activity and reproducibility of the ZnO/RGO hybrid mean
that it has potential as a photocatalyst for practical applications.

The photodegradation process of organic dyes through ZnO/
RGO hybrid catalyst under full range of sunlight irradiation could
involve both excitation of ZnO semiconductor and dye molecules
[9,10]. Dye molecules are easily adsorbed onto graphene sheets due
to -7t stacking between graphene and conjugated dye molecules
[9]. Solar-wave light irradiation leads to the excitation of ZnO
crystals and dye molecules and induces the generation of electrons.
This step is followed by electron transfer from the excited dye
(dye*) to RGO or from the conduction band of ZnO and then to RGO
[9,10], which may subsequently generate massive reactive oxygen
species (ROSs) that oxidize the dye compounds [10]. As it reported

—2Zn0
——2ZnO/RGO

0@
o
= k =0.043
k =0.095 .
0 20 40 60 80 100
Time / min

Fig. 8. Kinetic linear simulation curves of photocatalytic degradation of RhB over
ZnO crystals and ZnO/RGO hybrid.
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ZnO crystals have the potential of the conduction band (—4.05eV)
and the valence band (-7.25eV) as well as that of graphene
(—4.42eV) [10,35], it is reasonable that excited electrons from the
RhB dye under visible light region should directly transfer from the
RhB dye* to the graphene flakes. However, on the one hand, for our
present system under visible light irradiation using a 300W Xe
light fixed with a 400 nm cutoff filter, RhB dye molecules can not
degrade even if RhB dye molecules have characteristic absorption
peak arround 554 nm in the visible light region. The absorption
intensity of RhB did not show any obvious decrease in the
absorption wavelength with increasing irradiation time. (see
Fig. S2) On the other hand, for our present system under ultraviolet
region, the electrons can be effectively excited and quickly derived
from ZnO crystals to RGO, which is regarded as an effective and
rapid electron acceptor due to covalent Zn—0O-C bonding between
ZnO and RGO flakes during in-situ synthesized process, for
lengthening the life time of the excited electrons [9,10,38],
confirmed by the TPV spectra without H,0,. These separated
electrons combine with surface oxygen, and then generate a series
of active oxygen radicals such as 0,7°[9,10,36,37]. The generated
free radicals can further act as active species to react with the
nearby dye molecules and facilitate complete degradation. These
controlled experiments provided evidence that the degradation of
RhB is not due to the excitation of RhB but to the excitation of the
ZnO/RGO. In this way effective electron separation and quick
electron transfer are responsible for the enhanced photocatalytic
performance of the ZnO/RGO hybrid.

4. Conclusion

A hybrid catalyst of ZnO crystals covalently modified few-
layered RGO flakes has been successfully synthesized in-situ using
a facile solution procedure requiring only zinc acetate as a ZnO
precursor and DMF as a reduction reagent for GO. A series of

morphology and structural characterization studies including:
SEM, XRD, Raman, FT-IR, XPS, and UV-vis spectroscopy, have
shown that ZnO crystals are strongly attached onto a few-layered
RGO flakes through covalent Zn—O-C bonding, even when
considering ultrasonic influence. This result is further confirmed
by its reproducible photocatalytic activity during three consecutive
uses. The ZnO/RGO hybrid has exhibited higher photocatalytic
activity and reproducible catalytic stability than pure ZnO. The
photodegradation efficiency of 2 x10~2mg/ml RhB is 100% in
55 min when using a small amount (0.15 mg/ml) of the ZnO/RGO
composite. The catalytic activity still achieves a 100% degradation
ratio of RhB after 75 min in spite of the third consecutive use. This
is mainly due to the highly effective electron transfer path between
ZnO and RGO flakes through in-situ reaction induced covalent
bonding. The measured TPV results for ZnO/RGO clearly validate
that photoelectron-hole pair recombination has been reduced as
well as the lifetimes for photo-generated electrons transferring to
graphene flakes from the surface of the ZnO have been improved.
The assembly of ZnO crystals covalently linking with few-layered
graphene flakes is responsible for the enhanced activity of the ZnO/
RGO composite compared to ZnO, and is beneficial for photo-
catalytic reproducibility in cyclic practical application.
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