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ABSTRACT

The interface of graphene (G) and oxide can significantly influence the prop-
erties and/or applications of the binary system. However, it is usually beyond
controllability during the conventional physical intermixing and/or solvother-
mal preparations. In this article, by directly growing nanocrystalline graphene
films on the ZnO nanocrystals through a medium-temperature chemical vapor
deposition method utilizing C,H, as the carbon source, we successfully
achieved a G/ZnO binary structure with a uniform and contamination-free
G/oxide interface. The fabricated G/ZnO powders not only demonstrated a
clear charge transfer between graphene and ZnO that leads to photolumines-
cence quenching, but also manifested an enhanced activity in the photocatalytic
degradation of methylene blue when the graphene thickness is optimized. This
work has demonstrated the essential significance of the interface control for the
functionality of the graphene/semiconductor binary systems.
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seen in energy storage [15], ultrafast photoelectronics
[16], as well as photocatalysis [17, 18]. In particular,
graphene (G) has been demonstrated with unique

Introduction

As a promising semiconductor material, ZnO has
attracted ever-increasing attention due to its broad
applications in field effect transistors [1], light-emit-
ting diodes [2], photoluminescent materials [3],
hydrogen production [4], catalysts [5-8], water
purification [9-11], sensors [12-14] and so on.
Hybridization of carbon materials with ZnO offers a
powerful way to realize even more elegant properties
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advantages in combining ZnO and achieving signif-
icantly enhanced piezoelectricity, photocatalytic
activity and electrochemical activity, etc [19-27].

In conventional methods, graphene/ZnO compos-
ites (shortened as G/ZnO) are prepared by mixing
the graphene oxide (GO) or reduced GO (r-GO) with
ZnO particles in solution [18, 27]. In these prepara-
tions, it is difficult to achieve uniform contact
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between graphene and the ZnO substrate. The pres-
ence of numerous adsorbates or contaminations (-
OH, H,O, -COOH and so on) [28, 29] between gra-
phene and ZnO cannot be fully avoided, which can
severely influence the interface properties and the
expandable applications of the G/ZnO composite.
Many works have been done in this area with the aim
of solving this issue. In 2009, Zheng et al. successfully
grew pyramid-like graphene sheets on Ni-coated
ZnO nanowires via a “base growth” mechanism
using plasma-enhanced chemical vapor deposition
(PECVD), with which they obtained a significantly
improved field emission (FE) property compared to
bare ZnO nanowires [30]. In 2010, Kunook Chung
et al. fabricated ZnO nanowall structures on the
surface of graphene, providing a platform for
studying the physical properties at interfaces
between semiconducting nanostructures and gra-
phene [31]. In 2011, Brijesh Kumar et al. reported
vertically well-aligned ZnO nanowires and nano-
walls can be grown on the graphene substrate under
the catalytic effect of the gold catalyst. They claimed
that the fabricated piezoelectric nanogenerator can
generate a new type of direct current through the
specific electron dynamics in the nanowire-nanowall
hybrid [32]. Unfortunately, the presence of metal
catalyst severely interfered the disclosure of the
charge transfer mechanism across the G/ZnO inter-
face. To solve the problem, Ravi K Biroju et al.
applied a thermal vapor deposition method to fabri-
cate various one-dimensional (1D) ZnO nanostruc-
tures directly on the surfaces of graphene and
graphene oxide. By controlling the growth of ZnO in
the presence/absence of catalyst, they systematically
investigated the photoluminescence properties of the
composite [33, 34]. However, due to the specific
aspect ratio of the ZnO 1D structure, the contact area
between graphene and ZnO was relatively small. In
2017, Hyo-ki Hong et al. developed an atomic layer
deposition (ALD) technique and successfully grew a
single-atom-thick ZnO layer on graphene, for the first
time realized the seamless and uniform interface
between graphene and ZnO [35]. Nevertheless, it is
an inverted system compared to the more general
case of graphene over ZnO. Additionally, the mono-
layer ZnO may have drastically deviated properties
against the bulk material; hence, the composite can-
not give out the usual interface property.

Here, we report a novel yet principally simpler
method in fabricating the graphene/ZnO composites.
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By using C,H, as the precursor for a chemical vapor
deposition (CVD), we can directly synthesize gra-
phene adlayers on the surface of ZnO nanocrystals.
Because of the applied inert atmosphere as well as
the relatively high temperature (around 400 °C), we
were able to achieve a uniform cover of graphene on
the ZnO surface without intercalated species. Such
hybrid structure showed significantly enhanced
activity in the photodegradation of methylene blue
(MB) as compared to the physical mixture. Photolu-
minescence measurements indicated that the intimate
contact between graphene and ZnO facilitates more
efficient electron transfer across the interface (from
ZnO to graphene). Moreover, the intimate interface of
the binary materials is of great importance for fun-
damental understanding of the interfacial physical
and chemical properties of 2D material and oxide
semiconductors.

Experimental
Materials

Zinc acetate dehydrate (Zn(OAc),-2H,0, Sinopharm
Chemical Reagent Co., Ltd, AR), sodium hydroxide
(NaOH, Aladdin, 96%), deionized water
(182 MQ cm), ethanol (CH;CH,OH, Sinopharm
Chemical Reagent Co., Ltd, 99.7%), graphene oxide
(Aladdin, 99%), Ar gas (Linde Industrial Gases,
99.999%), acetylene (Linde Industrial Gases, 99.5%)
were all used as-received without further
purification.

Preparation of zinc oxide (ZnO)
nanoparticles

In a typical procedure, 0.88 g (4 mmol) Zn(OAc),-
2H,0 was first dissolved in 200 mL ethanol. Then,
4 g (0.1 mol) NaOH was added into the solution and
stirred for 2 h to make it completely dissolved at
room temperature (RT) [36]. The obtained cloudy
solution was sealed and placed in the dark at RT.
After 7 days white precipitate was collected by cen-
trifuging the solution at 8000 rpm for 5 min, which
was subsequently washed with deionized water and
ethanol for several cycles and finally dried at 60 °C in
an oven.
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Synthesis of graphene/ZnO (G/ZnO)
nanocomposites

The CVD syntheses of G/ZnO nanocomposites were
performed in a horizontal quartz tube mounted
inside a furnace. A typical process is: (1) load the
fused silica tube with 100 mg ZnO nanoparticles,
heat to 400 °C under an Ar flow of 200 sccm; (2)
introduce 1 sccm C;H, and 200 scem Ar for a period
of time; (3) after graphene growth, stop the CoH, gas
and anneal for 60 min at 400 °C. Finally, the furnace
is cooled to room temperature in Ar flow. The
thicknesses of graphene samples can be controlled by
varying either the growth time or the loading speed
of C,H,. The CVD-synthesized samples are denoted
as G-t/ZnO, wherein t is the growth time in minutes.
Specifically, G-0/ZnO denotes the blank sample
undergoing merely the annealing in Ar yet without
C,H, fed in.

Preparation of the mixture of graphene
oxide and ZnO (GO-ZnO)

For a comparative study, we also prepared the com-
posites of GO and ZnO (termed as GO-ZnO) by a
traditional physical intermixing method. The as-pre-
pared ZnO nanocrystals were firstly annealed at
400 °C in Ar for 120 min. Then, typically 100 mg of
the annealed ZnO powder was dispersed in 60 mL
deionized water together with a certain amount of
GO ranging from 1 to 43 mg, in order to get different
mass fractions of GO (1-30%). After sonication for
60 min, the mixtures were centrifuged and dried in a
vacuum oven. The dried samples were further
annealed at 300 °C in Ar for 2 h.

Photocatalytic activity test

Typically in a performance test, 30 mg photocatalyst
(G/ZnO or pure ZnO nanocrystals) was suspended
in 100 mL of 3 x 107> M methylene blue (MB) solu-
tion. The suspension was then sonicated for 5 min
and stirred for 1h in the dark to achieve the
adsorption—desorption equilibrium. Under atmo-
spheric environment and stirring, the solution was
irradiated using a 200 W Xe lamp (central wave-
length of 365 nm). Three mL sample solution was
taken after certain intervals during the experiment
and centrifuged to remove the catalyst completely.
Then, the sample solutions were analyzed on a UV-
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Vis spectrophotometer (PERSEE). The percentage of
MB degradation is reported as C/Cy. Here, C is the
concentration of unreacted MB solution which is
deduced by the intensity of the main absorption peak
(~ 664 nm) of each sampling solution, while Cj is the
adsorption of the initial concentration of MB before
the UV irradiation is turned on.

Characterization methods

The fabricated graphene adlayers were investigated
by a series of characterizations. X-ray photoelectron
spectrum (XPS) measurements were performed on an
ESCALAB 250 spectrometer (VG Co., UK) with Al Ka
X-ray radiation as the source for excitation. Trans-
mission electron microscopy (TEM) images were
taken by using a JEM-2100F high-resolution trans-
mission electron microscope with an accelerating
voltage of 200 kV. All TEM samples were prepared
by depositing a drop of diluted suspensions in
ethanol on a microgrid copper network. X-Ray
diffraction (XRD) patterns of the samples were col-
lected on a TTR-II (Rigaku). Raman spectroscopy
was carried out on a LabRam HR Raman spectrom-
eter (Horiba) with 514.5-nm wavelength incident
laser source. Photoluminescence spectroscopy mea-
surements were performed on a JY Fluorolog-3-Tou
fluorescence spectrometer (Jobin—-Yvon, France). The
optical properties of the samples were analyzed by
ultraviolet-visible diffuse reflectance spectroscopy
(UV-Vis DRS) using a SOLID3700 UV-Vis spec-
trophotometer (Shimadzu Co., Japan). Electron
paramagnetic resonance (ESR) spectra were collected
on a JES-FA200 (JEOL, Ltd., Japan). The Brunauer—
Emmett-Teller (BET) specific surface areas (Spgr)
were measured by N, adsorption at 77 K on a
Micromeritics TriStar II apparatus.

Results and discussion

Characterization of the graphene adlayer
grown on ZnO nanocrystals

Serving as the substrate, the ZnO nanocrystals with
suitable size have been fabricated before subjecting to
the CVD growth of graphene. As shown in Fig. S1
and S2, according to the synthetic recipe, both
micrometer-sized ZnO rods with well-defined shapes
and less-defined small ZnO nanoparticles can be
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synthesized with narrow distribution in size. The
micrometer-sized ZnO (see supporting information
for its synthesis recipe) has obvious advantages in
thermal stability and can persist the well-defined
shape during the CVD process. However, they also
inevitably suffer the difficulties in characterizing the
structures of the surface. Therefore, we prefer to use
the small nanocrystals with relatively irregular
shapes as the substrate for graphene growth which
can be imaged readily under the TEM. In the fol-
lowing, we will mainly focus on the nanocrystal
samples with sizes of 20-40 nm.

Figure 1a—c shows the high-resolution TEM images
of the ZnO nanoparticles after subjected to the CVD
processes. As indicated by the yellow arrows, we can
clearly identify the formation of the graphene
adlayers whose thickness evolves as a function of
growth time (GT). In particular, when GT is shorter
than 30 min, the ZnO nanocrystals present no rec-
ognizable adspecies on the surfaces, as shown in
Fig. la. When GT reaches 60 min, as shown in
Fig. 1b, already one or two graphene adlayers can be
observed under the TEM imaging. Extending the GT
until 120 min (Fig. 1c) leads to the formation of
thicker graphene film around 2-3 layers in average.
(More TEM evidences can be found in Figs. 53 and S4
in the supporting information.) Thus, the growth
speed can be roughly estimated as 1 monolayer per
hour. Importantly, under all circumstances we found
the graphene films uniformly wrapping the ZnO
surface. Especially, the first layer contact with the
ZnO surface without any observable gap, manifesting
a seamless interface between graphene and ZnO
nanocrystals.

In addition to the developed graphene adlayers,
the TEM images also present the lattice of the ZnO
nanocrystals, wherein the (002) planes of the wurtzite
ZnO crystal can be clearly identified, dictating the
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intact crystalline phase of ZnO after CVD synthesis.
To confirm that, we have conducted XRD measure-
ments to check the crystallinity of the ZnO powder
after CVD treatments. Figure 2 shows the XRD pat-
terns collected on a series of ZnO samples varied
with CVD time. One can find that before and after
CVD growth the XRD diffractions of the ZnO
nanoparticles are almost identical at the diffraction
positions. The XRD pattern for the synthesized ZnO
perfectly matches with the JCPDS data for a wurtzite
structure. All the peaks, positioning at 31.8, 34.4, 36.3,
47.5, 56.6, 62.9 and 68.0 degrees, can find perfect
correspondences to the crystal planes of (100), (002),
(101), (102), (110), (103) and (112) of a wurtzite ZnO,
respectively [37]. One may notice that the intensities
of the XRD diffractions get gradually weakened
along with the extension of the growth time. This
may be due to the partial screening of the diffraction
signals by the accumulated graphene adlayers. In
addition, we found the shape of the ZnO nanocrystals
has actually changed during the CVD process, as
shown in Fig. S5, possibly due to the sintering effect
under elevated temperature. In contrast to the well-
resolved ZnO diffractions, we did not see any obvi-
ous diffraction peaks coming from graphene adlayers
(~ 20 = 25.6° marked as # in Fig. 2) [38]. This is
because the graphene adlayer is too thin to give
detectable signals, as revealed by the TEM images.
Raman spectroscopy is sensitive to the crystalliza-
tion as well as structural disorders and defects in
nanostructures, and has been widely applied in
characterizing various carbonaceous nanostructures
in particular graphene [39]. Therefore, we have per-
formed Raman spectroscopy studies to reveal the
structural details of the as-fabricated G/ZnO
nanocomposite. Figure S6 shows the Raman spec-
trum for the blank ZnO, from which we can confirm
the wurtzite structure of the synthesized ZnO. The

Figure 1 High-resolution TEM images of G/ZnO composites prepared by different growth time. a 30 min; b 60 min and ¢ 120 min.
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Figure 2 X-ray diffraction (XRD) pattern of G/ZnO composites

prepared by different growth time: 30, 60 and 120 min,
respectively.

Raman spectra of the G/ZnO composites obtained
with 60 min and 120 min CVD growth (termed as
G-60/Zn0O and G-120/Zn0O, respectively) are shown
in Fig. 3, which present an increased evolution of the
two main bands at both 1370 and 1600 cm™' in
comparison with blank ZnO nanocrystals. These two
bands perfectly fit the positions of the representing D
and G bands of an r-GO or nanocrystalline graphene
[40, 41]. The D band at around 1370 cm™ "' is well
known in the carbon materials and corresponds to
structural defects [42]. The G band at around
1600 cm ™! is correlated with the scattering of the Elg
phonon of the sp® carbon atoms hence characteristic
of the sp>~sp® bonds [43]. On the G-30/ZnO sample
that was prepared by 30 min CVD growth, however,
we did not observe any D- or G-band features in the
corresponding Raman spectrum, indicating that
probably no sizable carbon structures have been
formed within such short time, as also revealed by

—— Blank
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G 1600
D 1370
~a

Intensity (a.u.)
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Raman shift(cm™)

Figure 3 The Raman spectra for ZnO and G/ZnO nanocompos-
ites with different growth time.
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the TEM image shown in Fig. 1. The Raman spectra
can be further subjected to detailed deconvolution
analysis to derive more quantitative information, as
can be found in Fig. S7 and Table S1. The full-width
half-maximum (FWHM) of the deconvoluted G band
has reciprocal relationship with the in-plane crys-
tallinity. The lower the FWHM, the higher the degree
of crystallization [44]. Consequently, the crystalliza-
tion of the graphene adlayer in G-120/ZnO should be
much better than in G-60/ZnO since the former has
smaller FWHM for the G band. The domain size can
also be estimated by La = (2.4 x 10719 24/ Up/Ig) !
[45], wherein La is the averaged diameter of the
graphene domains, A the wavelength of the applied
laser, Ip and Ig the intensity of the deconvoluted D
band and G band, respectively. As can be found in
Table S1, the calculated grain size of G-60/ZnO is
about 5.3 nm, while for G-120/ZnO about 7.4 nm.
These values should only be taken as rough estima-
tions. But they correctly reflect the fact that the fab-
ricated graphene adlayers over the ZnO
nanoparticles have a nanocrystalline nature. In a
control experiment, we have synthesized graphene
films on the ZnO(0001) single-crystal surfaces by
following exactly the same recipe (i.e., the same CVD
apparatus, the same flow rate and gas ratio, the same
growth temperature, etc.) as for growing graphene on
the ZnO nanoparticles. Figure S8 shows the charac-
terization results of the particular sample grown for
120 min, wherein the nanocrystallinity of the gra-
phene film can be unambiguously confirmed and the
domain sizes were found in good consistency with
the Raman estimations.

Tailored properties of the G/ZnO composite

After proving the fabrication of the G/ZnO
nanocomposite, it would be of more importance to
examine the characteristic properties of a seamless
G/ZnO interface. Using the 325-nm laser beam as the
excitation light, we were able to collect a series of
photoluminescence spectra of the G/ZnO samples.
As shown in Fig. 4a, for blank ZnO nanocrystals a
broad yellow-green band ranging from 450 to 800 nm
and peaking at ~ 577 nm is detected, which is usu-
ally attributed to the emissions mediated by oxygen
vacancies in the ZnO lattice [46]. This proposition is
supported by our control experiments as shown in
Fig. S9. We treated the bare ZnO nanocrystals under
same CVD conditions but without acetylene in
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presence, and found this luminescence band
increased along with the CVD time, clearly indicating
a defect-mediated nature. For the G-30/ZnO sample,
an increased emission was observed, which can be
attributed to the increased recombination centers
other than any graphitic species that were formed on
the ZnO surface according to both TEM and Raman
results. In contrast, when sufficiently sizable gra-
phene structures have been established on the ZnO
surface, such as the G-60/ZnO and G-120/ZnO
samples, the intensity of the luminescence bands
significantly decreased until fully quenched in the
range of 450-800 nm. Therefore, such changes of
luminescence intensity clearly reflect that the pres-
ence of graphene efficiently suppresses the defect-
mediated electron-hole recombination events within
the ZnO material. Such effect should originate from
the superior electron conductivity of graphene as
well as its comparable work function as the oxide
semiconductors. As schemed in Fig. 4b, here gra-
phene is proposed to serve as an electron sink and
assist the separation of the photoexcited charge car-
riers by quickly shuttling away the electrons across
the interface. For the bare ZnO and the sample
without sizable graphene attached such as G-30/
ZnO, the photoexcited electrons are predominantly
trapped by the defect states, which then decay by
recombining with the holes accompanied by lumi-
nescence. After certain amount of graphene has been
formed on ZnO surface, a new electron transfer
channel is opened, which quickly transfers away the
photo-induced electrons. As a result, the defect-me-
diated luminescence also gets weakened. In this sce-
nario, the thicker the graphene, the more significant
the effect. This effect would finally benefit the pho-
tocatalytic activity of the G/ZnO nanocomposites, as
will be shown below.

The attachment of graphene adlayer on the ZnO
surface not only changes the latter’s light-emitting
property, but should also tailor its absorptive prop-
erties to the incident light, which can significantly
broaden the photocatalytic applications of the ZnO
materials. Figure 5a shows the UV-Vis spectra that
have been collected on a series of G/ZnO samples.
One can immediately recognize that the presence of
graphene greatly increases the absorbance in the
visible light region ranging from 400 to 800 nm. And
this increment positively correlates with the growth
time in term of graphene thickness. The plot can be
further transformed via the Kubelka-Munk function
[47] into the form as shown in Fig. 5b. By extending
the tangent at the inflection point of each curve to the
abscissa, the optical band gap of the composite
material can be estimated. As shown in Fig. 5b, the
band gap of the pristine ZnO is measured as 3.20 eV,
coincides with what generally reported for ZnO.
With the growth of graphene on the surface, the band
gap of the composite has been gradually reduced to
3.18 eV for G-60/Zn0O and 3.13 eV for G-120/ZnO.
As mentioned before, in a series of control experi-
ments the ZnO nanocrystals were performed with
CVD treatments in the absence of acetylene.
Although the luminescence spectra (Fig. S9) indicated
an apparent bulk reduction; however, no obvious
changes of the ZnO band gap have been observed
(Fig. 510). Therefore, such slight band gap narrowing
can be reasonably attributed to the chemical interac-
tions between graphene and the ZnO surface [38, 48],
particularly through the chemical bonding formed at
the defects or domain boundaries of the synthesized
graphene which in turn cause the charge redistribu-
tion at the interface locally and meantime the band
gap reduction of ZnO.
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The electronical influence of graphene over the
ZnO substrate may also induce the changes of the
core levels of surface atoms, thus can be detected by
X-ray photoelectron spectroscopy. A typical survey
spectrum of the G-60/ZnO sample is shown in
Fig. S11a, wherein no clues of any additional metallic
species (e.g., Ni, Cu and Pt) can be observed on the
sample, indicating that the entire process is free of
metal catalyst. In Figs. S11b and Sllc, we present a
detailed analysis of both the C1s and O1s XPS spectra
of the G-60/Zn0O sample. One can clearly see that the
C1s spectrum consists of a sharp peak at 284.7 eV that
corresponds to C-C/C=C bond and two weak peaks
at 286.6, 288.9 eV which are normally assigned to C-
O and C=O species, respectively [49, 50]. These
specific transitions dictate the nanocrystalline nature
of our fabricated graphene whose defects or domain
boundaries can be readily reacted after exposing to
ambient. The Ols spectrum was deconvoluted into
three peaks at 530.3, 531.5 and 532.5 eV, corre-
sponding to the O* ions in the wurtzite structure
(Zn-0O) [51], oxygen vacancy (V,) [52] and chemi-
sorbed oxygen on the surface [53], respectively. Fig-
ure 6a—c shows the high-resolution Cls, Ols and Zn
2p XPS spectra of a series of G/ZnO samples,
respectively. Notice that the main peak of Cls has
been arbitrarily fixed to 284.7 eV and used as a ref-
erence; therefore, it is not possible to differentiate
from the carbon impurities produced during air
exposure [54]. Under this condition, the shifts of the
Ols and Zn 2p core levels can still be correlated with
the increasing attachments of the graphene adlayers.
The G-30/ZnO sample shows almost identical XPS
signals as the blank ZnO nanocrystals in that no
recognizable graphene structures have been formed.
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When sizable graphene adlayers were developed, as
for the G-60/Zn0O and G-120/ZnO samples, signifi-
cant blue shifts were observed for both Ols and Zn
2p. More specifically, the two characteristic core
levels synchronically shift by 0.4-0.5 eV for G-60/
ZnO sample and 0.8-0.9 eV for G-120/Zn0O sample,
respectively, while the shapes of the emission peaks
remain unchanged (see Fig. S12). Such concomitant
blue shifts of both anion and cations indicate a strong
field effect established at the interface of graphene
and ZnO that points to the inside of ZnO substrate.
Previously we reported similar phenomenon for the
graphene adlayers synthesized over the atomically
flat rutile-TiO, single crystals through similar CVD
process [55]. In consideration of the relatively lower
work function of graphene than the ZnO material (4.5
vs. ~ 4.7 eV) [56, 57], the former has large tendency
to donate electrons to the latter when they come in
contact. The produced net charges at the two sides of
the interface build up a dipole field which hence
forces the downshifts of the energy levels of both O
and Zn ions. Consequently, the binding energies of
both Ols and Zn 2p are raised. And the tendency
increases along with more graphene attached.

By carefully examining the sequence of the high-
resolution Zn 2p and O1s XPS spectra, we did not see
any reduced species even though the synthetic con-
dition is highly reductive. This can be due to the
sublimation of Zn at the CVD temperature (hence no
net oxygen vacancies can be formed), but can also be
due to the relatively low concentration of these spe-
cies. Considering the paramagnetic nature of these
species, we resorted to more sensitive technique such
as EPR to characterize the structural changes of the
ZnO nanocrystals upon CVD process. Figure 7a
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shows the EPR spectra collected on the same series of
samples as characterized with the above techniques.
Two main resonance signals can be identified at
g =200 and g =1.96, respectively. Their peak-to-
peak heights were directly used to evaluate the con-
centration of the spin centers [58, 59]. The resonance
of ¢ = 1.96 is usually attributed to Zn vacancies (V)
inside the ZnO nanocrystals [60, 61]. It dominates in
the blank sample and quickly decreases at the
beginning of the CVD growth of graphene. When
sufficiently thick graphene adlayers have been
formed, the signal intensity, i.e., the concentration of
V_n remains roughly constant, as can be found by
comparing the G-60/ZnO and G-120/ZnO samples.
In contrast, the resonance around g = 2.00 is usually
correlated with the oxygen vacancies (V) [62, 63]. It
shows weak intensity for both the blank and G-30/
ZnO samples, but quickly increase until full mono-
layer of graphene has been formed, such as on the
G-60/Zn0O. Therefore, the evolution of both g = 1.96
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and g = 2.00 resonances with the CVD growth time
actually reflects the evolution of V3, and V,, species in
the G/ZnO nanocomposites, as plotted in Fig. 7b.
Notice that the blank sample is not the as-synthesized
ZnO crystals, but those have undergone the similar
CVD procedure but without C,H, in presence. Con-
sidering the operating temperature around 400 °C,
the Zn atoms/ions may readily desorb during the
CVD thus lead to the formation of significant amount
of V,n. When C,H, was induced into the CVD oper-
ation, i.e., for the real graphene growth procedure,
oxygen atom/ions start to be removed from both the
ZnO surface and ZnO bulk. Concomitantly, V, is
transformed into (Zn-0), and then dismissed due to
the annealing effect. Along with the going of the
reaction, more oxygen atoms are removed and the Vo
species start to grow and saturate until the formation
of full monolayer of graphene. From this point, fur-
ther reactions only lead to the accumulation of more
graphene adlayers on the surface yet no loss of
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oxygen atoms anymore from the ZnO. On the other
hand, the annealing effect continues to work and
cause the healing of the various vacancies including
the Vo. Therefore, we observed a slightly reduced
signal of V,, on the G-120/ZnO sample. It needs to be
pointed out that although the formation of V, is not
preferred for bare ZnO, but may become a thermo-
dynamically stable species in the G/ZnO composites
under the stabilization of graphene.

Photocatalytic activity of the fabricated
G/ZnO nanocomposites

As confirmed by a variety of characterizations, the
uniform and seamless contact between graphene
adlayer and the ZnO nanocrystal obviously improves
the charge transfer between the two materials. It also
significantly enhances the absorbability of visible
light. One would naturally expect to see an enhanced
photocatalytic activity for proper reactions such as
photodegradation of methylene blue (MB). As shown
in Fig. 8, MB alone shows very slow self-degradation
under UV irradiation. In contrast, a significant
speedup can be seen after ZnO catalysts were added
into the solution. In addition, the G-60/ZnO and
G-120/ZnO nanocomposites present a superior
activity in the photodegradation of MB solution than
blank ZnO nanocrystals. Whereas the G-30/ZnO
sample gave reduced activity than the blank sample
there have been no sizable graphene structures
formed on this sample. We also notice that the
G-120/Zn0O sample gave slightly reduced activity as
compared with G-60/Zn0O, indicating the existence of
an optimistic thickness of the graphene adlayer. Such
self-limited effects generally exist in many systems
and are mostly related to a number of competing
factors in determining the reaction rates. Here in the
photodegradation of MB solution, density of

| J Mater Sci (2018) 53:13924-13935

electron/holes, the availability of reaction sites, as
well as the absorbability of the reactants, etc., all
together lead to the observed phenomenon that one
to two layers of graphene on ZnO gave the best
activity. Despite the unrevealed reaction mechanism,
the net promotion effect of graphene over the ZnO
nanocrystals can be undoubtedly verified.

As a comparison with the currently synthesized
G/ZnO composites, we also examined the catalytic
activities of a series of physical mixtures of graphene
oxide (GO) and ZnO (termed as GO-ZnO, see
Fig. S13). As shown in Fig. 8b, with the same amount
of catalyst, the optimized GO-ZnO mixture with a
GO fraction of 20% turned out to degrade MB with
less efficiency compared with the G-60/ZnO
nanocomposite. On the other hand, we estimated the
ratio of graphene to ZnO in our G-60/Zn0O sample as
about 3% based on the measured surface area
(Sger ~ 22 m?/g) and postulating the averaged
thickness of graphene as monolayer (according to the
TEM image in Fig. 1b). Notice that this estimation is
very rough since neither the graphene adlayers are
completely even nor the ZnO nanocrystals are in
perfect shape and size. Nevertheless, based on this
postulation, one can find in Fig. 8b that the 3% mix-
ture of GO-ZnO gave remarkably lower reaction rate
coefficient than the G-60/ZnO sample. In all, these
results demonstrate that the seamless contact of gra-
phene and ZnO can indeed provide the optimal
configuration for achieving the best photocatalytic
activities.

Conclusion

In conclusion, we have successfully developed a
metal-free CVD method to fabricate a uniformly
coated graphene/ZnO nanocomposite. By using

Figure 8 a Liquid-phase (a) 1.0
photocatalytic degradation of

methylene blue (MB) under 0.8}
the irradiation of UV light for
blank ZnO and G/ZnO
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C,H; as the precursor and at moderate growth tem-
perature of around 400 °C, we are able to achieve a
seamless and contamination-free graphene/ZnO
interface. Both photoluminescence spectra and XPS
measurements confirm that the optimized graphene/
ZnO contact effectively improves the efficiency of
charge transfer between the two materials. These
properties greatly benefit the photocatalytic activity
of the combined system which gets confirmed by the
photodegradation of MB molecules in water solution.
This work has demonstrated that the interface control
can be important in understanding other practical
binary systems consisting of two-dimensional mate-
rials and semiconductors.
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