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R
ecently, graphene (GR)-based semi-
conductor photocatalysts have at-
tracted a lot of attention because of

their promising potential for conversion
of solar to chemical energy.1�6 So far, GR-
based semiconductor nanocomposite photo-
catalysts aremainly focusedon “nonselective”
degradation of pollutants (dyes, bacteria,
and volatile organic pollutant) and water
splitting to H2.

1�18 In contrast, researchworks
on utilizing GR-based semiconductor nano-
composites for photocatalytic “selective” re-
dox reaction are relatively limited. Recently,
our group has reported GR�TiO2 photocata-
lysts featuring an intimate interfacial contact
that can be used as a visible light photo-
catalyst for selective oxidation of alcohols to
corresponding aldehydes.19,20 On the other
hand, GR�TiO2 nanocomposites have been
demonstrated to exhibit much higher photo-
catalytic activity than bare TiO2 for selective
photoreduction of CO2 to CH4 under both UV
light and visible light irradiation.21,22 These
research works highlight that, in addition to

the photocatalytic applications in environ-
mental remediation andwater splitting, there
is a wide promising scope to exploit the
potential applications of GR-based semicon-
ductor nanocomposites in heterogeneous
photocatalytic selective redox transformation
under ambient conditions.
Notably, for the GR�semiconductor (e.g.,

TiO2, ZnO, CdS, ZnS, BiVO4, WO3, SnO2,
MnFe2O4, BiOBr, Bi2WO6, Sr2Ta2O7, ZnSe)
nanocomposites for photocatalytic applica-
tions available in literature,1�18,23�37 there
seems to be a consensus that the photo-
activity enhancement of the semiconductor
after coupling with GR is attributed to
the excellent electron conductivity of GR
which acts as a 2D network of an electron
reservoir to accept and shuttle electrons
photogenerated from the semiconductor;
as a result, the separation and lifetime of
electron�hole pairs are prolonged, which
thus contributes to the semiconductor photo-
activity enhancement. On the other hand, we
note that recent large-scale density functional
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ABSTRACT We report the assembly of nanosized ZnS particles on the 2D platform of a graphene

oxide (GO) sheet by a facile two-step wet chemistry process, during which the reduced graphene

oxide (RGO, also called GR) and the intimate interfacial contact between ZnS nanoparticles and the

GR sheet are achieved simultaneously. The ZnS�GR nanocomposites exhibit visible light photo-

activity toward aerobic selective oxidation of alcohols and epoxidation of alkenes under ambient

conditions. In terms of structure�photoactivity correlation analysis, we for the first time propose a

new photocatalytic mechanism where the role of GR in the ZnS�GR nanocomposites acts as an

organic dye-like macromolecular “photosensitizer” for ZnS instead of an electron reservoir. This novel photocatalytic mechanism is distinctly different from

all previous research on GR�semiconductor photocatalysts, for which GR is claimed to behave as an electron reservoir to capture/shuttle the electrons

photogenerated from the semiconductor. This new concept of the reaction mechanism in graphene�semiconductor photocatalysts could provide a new

train of thought on designing GR-based composite photocatalysts for targeting applications in solar energy conversion, promoting our in-depth thinking on

the microscopic charge carrier transfer pathway connected to the interface between the GR and the semiconductor.
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calculations on the model of the GR/TiO2(110) inter-
face, along with the experimental proof from the
wavelength-dependent photocurrent study, have sug-
gested the possible role of GR as a photosensitizer for
TiO2.

38 However, direct and robust experimental evi-
dence on GR being a photosensitizer for semiconduc-
tors toward photocatalytic applications is unavailable.
Furthermore, experimentally, only the photocurrent
measurement cannot be sufficient enough to prove
whether or not GR acts as a photosensitizer for a
semiconductor during a photocatalytic process. An
ideal choice to deeply explore this issue in this respect
is to construct a GR�semiconductor hybrid nano-
composite along with a specific photoactivity test
and analysis of the underlying photocatalytic reaction
mechanism, during which the semiconductor is not
able to be band-gap-photoexcited under visible light
irradiation while, under this circumstance, the role of
GR is able to be adequately investigated.
Herein, wehave prepared theZnS�GRnanocompos-

ites featuring a good interfacial contact via a simple
two-step wet chemistry approach. It is found that the
addition of GR cannot sufficiently narrow the band gap
of ZnS to the visible light region. However, the ZnS�GR
nanocomposites do exhibit visible light photoactivity
toward selective oxidation of alcohols and alkenes
under ambient conditions. The structure�photoactivity
correlation and reaction mechanism study using dif-
ferent radical scavengers reveal that the role of GR in
the ZnS�GR nanocomposites is to act as a macromo-
lecular organic dye-like photosensitizer, withwhich the
photogenerated electrons from GR upon visible light
irradiation can transfer to the conduction band of ZnS
while ZnS by itself is not band-gap-photoexcited. The
photosensitization process of ZnS by GR transforms the
wide band gap ZnS semiconductor to exhibit the visible
light photoactivity toward selective oxidation of alcohols
and alkenes. This phenomenon is very similar to the
photosensitization process of semiconductors by selec-
tive adsorption of organic dyes, for which the positive
photogenerated holes from semiconductors do not

involve the photocatalytic process under visible light
irradiation. Suchaphotocatalyticmechanism isdistinctly
different from all other GR�semiconductor photocata-
lysts available to date in literature,1�37 for which GR is
always proposed to behave as an electron reservoir to
capture or shuttle photogenerated electrons from the
semiconductor upon light irradiation rather than the
photosensitizing semiconductor. Therefore, our findings
of such a novel photocatalytic reaction mechanism
may provide a new train of thought on designing GR�
semiconductor photocatalysts for conversion of solar to
chemical energy toward target applications.

RESULTS AND DISCUSSION

The ZnS�GR nanocomposites have been fabricated
via a two-step process in a solution phase. First, the ZnS
ingredient is loaded onto GO by reaction of ZnCl2
and Na2S in a well-dispersed GO aqueous solution at
room temperature. Subsequently, insulating GO is
transformed to an electron-conducting GR by a well-
establishedhydrothermal reduction treatment,while this
step can alsopromote the interfacial interactionbetween
ZnS and GR.8,9,19,20,39 Notably, GR prepared by the re-
duction of graphene oxide (GO, the precursor of GR)
is widely adopted for synthesis of GR�semiconductor
photocatalysts, also called reduced graphene oxide
(RGO).1�37 Herein, for the convenience of comparison
and discussion with graphene�semiconductor compo-
site photocatalysts in the literature,1�37 the as-prepared
nanocomposites are called ZnS�GR. The XRDpatterns of
GO, GR, and the resulting nanocomposites of ZnS�GR
are shown in Figure 1. It can be seen that GO shows
a sharp diffraction peak at 2θ value of ca. 10.1�. For the
GR obtained from the hydrothermal reduction, the dif-
fraction peak at ca. 10.1� disappears and a very broad
diffraction peak at 2θ of ca. 25.0� appears, which means
that GO sheets have been effectively exfoliated from the
raw graphite and, after hydrothermal reduction, almost
all GO sheets have been transformed to GR with a
random packing and significantly less functionalities.8,9

For the ZnS�GR nanocomposites with different weight

Figure 1. XRD patterns of the samples of GR and GO (a), and the samples of blank ZnS and ZnS�GR nanocomposites with
different weight addition ratios of GR (b).
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addition ratios of GR, they show similar XRD patterns
with blank ZnS. The peaks located at ca. 28.5, 47.5, and
56.3� can be indexed to (111), (220), and (311) crystal
planes of the face centered cubic (fcc) ZnS (JCPDS No.
05-0566).37 Notably, no diffraction peaks for GR can
be observed in the nanocomposites of ZnS�GR, which
might be due to the low amount and relatively low
diffraction intensity of GR in the nanocomposites of
ZnS�GR.
The efficient reduction of GO to GR after the hydro-

thermal treatment can also be evidenced by the
contrast comparison of the C 1s X-ray photoelectron
spectra (XPS) of GO andZnS�GR (here, taking ZnS�5%
GR as an example), which is displayed in Figure 2a,b.
For the bare GO, the C 1s XPS spectra suggest the
abundance of various oxygen-containing functional
groups on the GO surface. For the ZnS�5%GR nano-
composite, the significant loss of oxygen-containing
functional groups is observed based on the C 1s XPS
spectra in Figure 2b, which indicates the sufficient
reduction of GO to GR after coupling ZnS with GO via

a hydrothermal reduction treatment.19,40 The XPS re-
sult is in good agreement with the Fourier transformed
infrared spectroscopy (FTIR), as shown in Figure S1
(Supporting Information). In addition, the carbon dop-
ing for ZnS is not observed from the XPS analysis.
Figure 2c shows the Raman spectra of GO and the
ZnS�5%GR nanocomposite. Of particular note is the

intensity ratio of the D and G bands, ID/IG, which is a
measure of the relative concentration of local defects
or disorders (particularly the sp3-hybridized defects)
compared to the sp2-hybridized GR domains.19,21 It can
be seen that the ID/IG ratio is 1.01 for GO. After the
hydrothermal reaction, the ID/IG ratio is decreased to
0.94, thus indicating more graphitization of the
ZnS�5%GR nanocomposite resulting from the hydro-
thermal reduction process.
We have also used the field-emission scanning

electron microscopy (FESEM) to directly analyze the
morphology of the ZnS�5%GR nanocomposite. It can
be observed from Figure 3c,d that ZnS particles spread
uniformly on the surface of GR nanosheets, and the
two-dimensional (2D) structure of GR sheets with
micrometers-long wrinkles can be clearly distin-
guished. There is an intimate interfacial contact be-
tween GR and ZnS particles. To further obtain the
microscopic morphology and structure information,
the transmission electron microscopy (TEM) analysis
of ZnS�5%GR has been performed, as shown in
Figure 4. It can be seen from Figure 4a�c that there
is a nice dispersion of nanosized ZnS particles on the
surface of the GR sheet support. Three distinct diffrac-
tion rings are seen from the selected area electron
diffraction (SAED) pattern in Figure 4d, which can
be indexed to (111), (220), and (311) crystal planes of
ZnS. Besides, the SAED pattern also indicates that the

Figure 2. C 1s X-ray photoelectron spectra (XPS) of the original GO (a), ZnS�5%GR nanocomposite (b), and Raman spectra of
the ZnS�5%GR nanocomposite and GO (c).
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ZnS�5%GR nanocomposite possesses a polycrystal-
line structure, which is in accordance with the result of
XRD analysis. The joint SEM and TEM characterization
suggests a good interfacial contact formed between
the ZnS nanoparticles and the 2D GR sheet. Since the
transferprocessof charge carriers inGR�semiconductor
nanocomposites is intimately relatedwith the interfacial
interaction between GR and the semiconductor,19�37 it
could be expected that such a good interfacial contact
for the ZnS�5%GR nanocomposite should favor the
charge carrier transfer process.
It is well-known that ZnS with a cubic form is a wide

band gap (ca. 3.60 eV) semiconductor,37 with which it
cannot be band-gap-photoexcited by visible light irra-
diation. For the GR�semiconductor nanocomposites,

it has been demonstrated that the band gap of the
semiconductor, such as TiO2, can be narrowed to the
visible light region resulting from the chemical bonding
between GR and the semiconductor.8,9,11,16,19 As a
result, GR�TiO2 can exhibit visible light photoactivity.
Such a similar phenomenon of band gap narrowing has
also been observed for our ZnS�GR nanocomposites,
which is reflected by the optical property measure-
ments of ZnS�GR nanocomposites, using the UV�vis
diffuse reflectance spectra (DRS), as shown in Figure 5a.
It can be seen that the addition of different amounts
of GR affects the optical property of light absorption for
GR�ZnS nanocomposites significantly. With the in-
crease of GR content, there is an enhanced absorbance
in the visible light region ranging from 400 to 800 nm,
which is in accordance with the color change of the
samples (Figure S2, Supporting Information). A plot
obtained via the transformationbasedon the Kubelka�
Munk function versus the energy of light is shown in
Figure 5b, fromwhich the rough band gap values of the
samples are estimated to be 3.55, 3.52, 3.45, and 3.44 eV
corresponding to blank ZnS, ZnS�1%GR, ZnS�5%GR,
and ZnS�10%GR, respectively. This result indicates a
band gap narrowing of the semiconductor ZnS due
to the coupling in GR�ZnS nanocomposites. However,
it should be noted that, for ZnS�30%GR, it is difficult to
determine the exact band gap value because themuch
higher weight addition of GR leads to a very significant
background absorption ranging from 400 to 800 nm, as
also observed for TiO2�GR photocatalysts with higher
weight addition ratios of GR.19

The above optical measurement of ZnS�GR indi-
cates that the wide band gap of ZnS is narrowed to
some degree, but still not enough to the visible light
region. Thus, in principle, both blank ZnS and ZnS�GR

Figure 3. Typical SEM images of GR (a,b) and ZnS�5%GR
nanocomposite (c,d).

Figure 4. TEM image of ZnS�5%GR (a), high-resolution TEM (HRTEM) images of ZnS�5%GR (b,c), selected area electron
diffraction (SAED) pattern of ZnS�5%GR (d), original bare GR sheet (e), and size distribution of ZnS nanoparticles in ZnS�5%
GR (f).
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should not exhibit visible light photoactivity. However,
when we perform the photocatalytic selective oxida-
tion of alcohols and alkenes over GR�ZnS nanocom-
posites, we find that they do have visible-light-driven
photoactivity (λ > 420 nm). As shown in Figure 6,
ZnS�GR shows the photoactivity toward selective
oxidation of benzyl alcohol and 3-methylbut-2-en-1-ol
to corresponding aldehydes and selective oxidation of
styrene to styrene oxide. In addition, in order to get
a synergetic effect between ZnS and GR, it is crucial to
control the addition ratios of GR, which thus leads to an
optimum photoactivity. It is clear that the ZnS�5%GR
nanocomposite exhibits the best visible light photo-
catalytic performance. Excessive addition of black color

GR will lower the light intensity through the depth
of reaction solution, thus resulting in the decreased
photoactivity.8,19�22 In contrast, blank ZnS shows very
poor photoactivity. For example, after visible light
irradiation for 4 h, 26%yield of benzaldehyde is reached
over the photocatalyst of ZnS�5%GR, which is about
9 times higher than that over blank ZnS. The 6% yield of
styrene oxide is obtained over ZnS�5%GR, which is
about 6 times higher than that over blank ZnS. Impor-
tantly, when the visible light irradiation time is pro-
longed, we find that the conversion and yield over
ZnS�5%GR are increased correspondingly, as shown
in Figure 7. However, irradiation time plays a negligible
effect on the very low conversion and yield over blank

Figure 5. UV�visible diffuse reflectance spectra (DRS) of the samples of ZnS�GR nanocomposites with different weight
addition ratios of GR and blank ZnS (a), and the plot of transformed Kubelka�Munk function versus the energy of light (b).

Figure 6. Results of photocatalytic selective oxidation of organic compounds over blank ZnS and ZnS�GR nanocomposites
under visible light irradiation (λ > 420 nm) for 4 h; (a) benzyl alcohol; (b) 3-methylbut-2-en-1-ol; (c) styrene.
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ZnS, indicating that the slight conversion of substrate
alcohol or alkene over blank ZnS cannot be attributed
to a characteristic photocatalytic process. In addition,
only the trace conversion is obtained using the bare GR,
suggesting that GRby itself cannot directly act as visible
light photocatalyst for selective oxidation of alcohol or
alkene. On the contrary, the coupling of ZnS with GR
plays a key role in tuning the visible-light-driven photo-
activity of ZnS in the ZnS�GR nanocomposites. In
addition to benzyl alcohol, 3-methylbut-2-en-1-ol, and
styrene, we have also tested the photocatalytic perfor-
mance of ZnS�5%GR toward selective oxidation of
other alcohols and alkenes under visible light irradia-
tion. The results after visible light irradiation for 10 h are
listed in Table 1, fromwhich it canbe seen that ZnS�5%
GR also has the visible light photoactivity toward
various alcohols and alkenes. The selectivity to target
products is in the range of 88�98%. Notably, photo-
catalytic selective epoxidation of alkenes is relatively
more difficult compared to selective oxidation of alco-
hols over ZnS�5%GR under visible light irradiation,
suggesting the easier oxidation of �CH2OH groups in
alcohols as compared to �CdC� groups in alkenes.
Blank experiments in the absence of catalysts and/or
visible light irradiation show no conversion of substrate
reactants, which ensures that the reaction is really
driven by a photocatalytic process.
As mentioned above, the addition of GR causes the

band gap narrowing of ZnS to ca. 3.45 eV for ZnS�5%

GR. However, this band gap is still so large that visible
light irradiation (λ > 420 nm) cannot photoexcite
electrons in the valence band (VB) to conduction band
(CB) of ZnS. Thus, GR must play a key role in making
ZnS�5%GR have visible light photoactivity. From the
previous photocatalysts of semiconductor�C60 and
semiconductor�carbon nanotube (CNT),40,41 we could
glean the possible hints to infer that GR acts as a visible
light photosensitizer to ZnS in the nanocomposite of
ZnS�5%GR. In other words, under visible light irradia-
tion, photoexcited electrons are generated from GR
and then transferred to the CB of ZnS, which therefore
transforms wide band gap ZnS to a visible light photo-
catalyst. Such a similar photocatalytic reaction mecha-
nism has been proposed in previous semiconductor�
C60 or �CNT visible light photocatalysts.40�43 For ex-
ample, Kamat et al. have found that, for the C60�TiO2

photocatalyst, C60 can be photoexcited under visible
light laser beam irradiation, and the photoinduced
electrons can be transferred to the CB of TiO2.

42 Wang
et al. once proposed that, for the CNT�TiO2 photoca-
talyst, CNT might be a photosensitizer for TiO2; under
visible light irradiation, the photoinduced electrons
from the CNT could be produced and transferred to
the CB of TiO2.

43 However, this work does not exclude
the effect if there is a Ti�O�C bond formed between
TiO2 and CNT, that is, surface carbon doping.40,43 Thus,
the proposed role of the CNT as a photosensitizer
for TiO2 is just a possible speculation. Indeed, the

Figure 7. Results of time-online profiles of photocatalytic selective oxidation of organic compounds over blank ZnS and
ZnS�5%GR under the irradiation of visible light (λ > 420 nm); (a) benzyl alcohol; (b) 3-methylbut-2-en-1-ol; (c) styrene.
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CNT�TiO2 photocatalytic mechanism proves to be a
more complex problem.40 The possible role of the CNT
as a photosensitizer for semiconductors has not been
well-understood, and it still remains a challenge.40,41

However, these chemical precedents promote us to
envision that, for ZnS�5%GR photocatalyst, the role of
GR could act as a macromolecular “photosensitizer” for
ZnS, hence making it exhibit visible light photoactivity.
This case is seemingly similar to the photosensitization
process of semiconductors by selectivematched adsorp-
tion of organic dyes, for which the positive photogener-
ated holes from semiconductors do not involve the
photocatalytic process because of the inability of band

gap excitation of the semiconductor (e.g., TiO2) to gen-
erate electron�holepairs under visible light irradiation.44

The above inference on the role of GR as a macro-
molecular organic dye-like photosensitizer to ZnS for
ZnS�5%GR can be supported by the controlled experi-
ments using different radicals scavengers, which
also help us understand the underlying photocatalytic
mechanism.45�50 As shown in Figure 8, when the
tert-butyl alcohol (TBA) scavenger for hydroxyl radicals
is added, conversion of benzyl alcohol is almost un-
changed. This is reasonable because, in the solvent of
benzotrifluoride (BTF), nohydroxyl radicals are generated,
whereas the superoxide radicals can be formed,19,20,45

TABLE 1. Photocatalytic Selective Oxidation of Organic Compounds over the ZnS�5%GR Photocatalyst under the

Irradiation of Visible Light (λ > 420 nm) for 10 Hours
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which is confirmed by the electron spin resonance
spectra (ESR) analysis on the suspension of ZnS�5%GR
in BTF solvent, as shown in Figure S3 (Supporting
Information). Furthermore, it should be mentioned
that, over blank ZnS, no superoxide radicals are ob-
served because the bare ZnS cannot be photoexcited
due to its wide band gap. This suggests that the
electrons are photogenerated from GR in ZnS�5%GR
instead of ZnS, with which oxygen can be activated to
give the formation of superoxide radical species. It is
interesting to note that the addition of ammonium
oxalate (AO) scavenger for holes has a negligible effect
on conversion of substrate reactants, such as benzyl
alcohol (a), 3-methylbut-2-en-1-ol (b), or styrene (c)
(see Figure 8), thus indicating holes do not involve the
oxidation of alcohol or alkene. This result is in accor-
dance with the proposed photocatalytic mechanism
that GR acts as a visible light photosensitizer in
ZnS�5%GR during which no holes are generated
because ZnS cannot be band-gap-photoexcited by
visible light irradiation. When AgNO3 scavenger for
electrons is added, conversion of substrate reactants is
remarkably inhibited. Similarly, the addition of benzo-
quinone (BQ) scavenger for superoxide radicals also
significantly prohibits the conversion. Besides, con-
trolled experiment in inert N2-saturated atmosphere
suggests that only trace conversion is obtained. Thus,
these controlled experiments suggest that (i) oxygen is
the primary oxidant in our photocatalytic oxidation

system, and (ii) photocatalytic oxidation of alcohols or
alkenes over ZnS�5%GR under visible light irradiation
can be understood by a GR-induced photosensitiza-
tion process. The generation of photoexcited charge
carriers for ZnS�5%GR under visible light irradiation is
also confirmed by the measurement of photocurrent
transient responses for ZnS�5%GR electrode, which is
shown in Figure S4 (Supporting Information). In con-
trast, for blank ZnS under visible light irradiation, no
photocurrent is observed with the switch-on and
switch-off cycles. We have also performed the photo-
luminescent (PL) spectroscopy measurement of blank
ZnS and commercial ZnS samples, which have different
particle sizes (Figure S5, Supporting Information), un-
der visible light excitation. No PL emission signal is
observed for ZnS samples under visible light excitation
(Figure S6, Supporting Information). Thus, it is clear that
ZnS with different particle sizes is not able to reach
excited states under visible light irradiation. Interest-
ingly, for ZnS�5%GR under visible light irradiation,
a peak ranging from 500 to 600 nm is observed
(Figure S7, Supporting Information), which can be
ascribed to the PL emission signal from GR in ZnS�
5%GR under visible light excitation. This observation
suggests that, under visible light irradiation, GR in
the ZnS�5%GR nanocomposite can be excited from
ground state GR to excited state GR*, which then
acts as a macromolecular photosensitizer for ZnS.
As a result, ZnS�5%GR is able to show visible light

Figure 8. Controlled experiments of photocatalytic selective oxidation of benzyl alcohol (a), 3-methylbut-2-en-1-ol (b), and
styrene (c) in the presence of tert-butyl alcohol (TBA, scavenger for hydroxyl radicals), benzoquinone (BQ, scavenger for
superoxide radicals), AgNO3 (scavenger for electrons), ammonium oxalate (AO, scavenger for holes), or N2-saturated
condition over the optimum ZnS�5%GR under visible light irradiation (λ > 420 nm) for 4 h.
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photoactivity toward oxidation of alcohols and alkenes
as discussed above. These results further evidence that
the coupling of ZnS with GR by a good interfacial
contact significantly facilitates the charge carrier trans-
fer process upon visible light irradiation, and the role of
GR vividly acts as a macromolecular photosensitizer.
The quantum confinement effect can also be ex-

cluded as the possible factor leading to the as-observed
photoactivity for the ZnS�5%GRnanocomposite under
visible light irradiation. It is well-known that the optical
and electronic properties for nanostructured materials
with small size, typically at the nanoscale, often exhibit
the quantum confinement phenomenon. As a result,
the band gap becomes size-dependent, which ulti-
mately results in a blue shift (i.e., increased band gap)
in optical illumination as the size of the particles
decreases. Thus, the smaller size of ZnS nanoparticles
cannot be the reason for the as-observed photoactivity
of ZnS�5%GR under visible light irradiation. As men-
tioned above, under visible light excitation, there is
no PL signal observed for blank ZnS, which has similar
particle sizes as that for ZnS in ZnS�5%GR. This sug-
gests that, under visible light irradiation, ZnS is not able
to reach excited states.
The GR-induced photosensitization mechanism for

ZnS�5%GR under visible light irradiation can also be
further corroborated by the photoactivity test under
UV light irradiation (λ = 350 ( 15 nm). When the
reaction is performed under UV light irradiation, the

incident photon energy can promote the band gap
excitation of ZnS, by which the electron�hole (hþ�e�)
pairs can be generated. As we know, the positive holes
generally have strong oxidation power that is able to
boost the efficiency for the photocatalytic oxidation
reaction,45,51 thus leading to higher photoactivity. As
expected (Figure S8, Supporting Information), the
photoactivity is improved obviously for ZnS�5%GR
under UV light irradiation as compared to that under
visible light irradiation. In particular, as displayed in
Figure 9, controlled experiments using different radical
scavengers under UV light irradiation provide us with
a detailed mechanism message on the role of photo-
activated species, which is remarkably different from
that under visible light irradiation. It can be seen that,
under UV light irradiation, the addition of the AO
scavenger for holes plays an obvious inhibition effect
on conversion of substrate reactants including benzyl
alcohol (a), 3-methylbut-2-en-1-ol (b), or styrene (c) in
Figure 9, suggesting that the positive holes, photo-
generated frombandgap excitation of ZnS, involve the
oxidation of alcohol or alkene. This phenomenon is
distinctly different from the case for ZnS�5%GR under
visible light irradiation, for which no positive holes can
be generated, and thus we do not observe the inhibi-
tion effect on conversion of alcohol or alkene when
adding AO into the reaction system, as shown in
Figure 8. In addition, it should be noted that, under
UV light irradiation, the degree of inhibition effect on

Figure 9. Controlled experiments of photocatalytic selective oxidation of benzyl alcohol (a), 3-methylbut-2-en-1-ol (b), and
styrene (c) in the presence of tert-butyl alcohol (TBA, scavenger for hydroxyl radicals), benzoquinone (BQ, scavenger for
superoxide radicals), AgNO3 (scavenger for electrons), ammonium oxalate (AO, scavenger for holes), or N2-saturated
condition over the optimum ZnS�5%GR under UV light (λ = 350 ( 15 nm) irradiation for 4 h.
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the reaction resulting from the addition of electron
and superoxide radical scavengers (AgNO3 and BQ,
respectively) is obviously lower than that under visible
light irradiation. This observation is reasonable be-
cause, under UV light irradiation, the positive holes
generated from band gap excitation of ZnS also parti-
cipate in the oxidation reaction; however, under visible
light irradiation, only the electrons photogenerated
from GR are the primary active species that are able
to activate molecular oxygen. In other words, for the
oxidation reaction over ZnS�5%GR under UV light
irradiation, the primary active species are holes, elec-
trons, and activated oxygen (e.g., superoxide radicals),
which together account for the oxidation of substrate
alcohols or alkenes. For the case of ZnS�5%GR under
visible light irradiation, the oxidation reaction is mainly
initiated by the photoexcited electrons from GR under
visible light irradiation, that is, a GR-photosensitized
photocatalytic process as mentioned above.
In addition, in order to learn if the interfacial contact

between GR and ZnS plays an important effect on
observing the photosensitizer role of GR for semicon-
ductor ZnS, we have also tested the photocatalytic
performance of the ZnS�5%GR nanocomposite that is
prepared by a simple mechanical mixing of blank ZnS
and GR. The results show that ZnS�5%GR obtained
by a mechanical mixing method exhibits very poor
photoactivity toward selective oxidation of alcohols or
alkenes, which is similar to the case for the blank ZnS
sample. Furthermore, we have considered the effect of
reduction degree of GO on the photocatalytic perfor-
mance of ZnS�5%GR under visible light irradiation. It
can be seen from Figure S9 that a sufficient reduction
of GO to GR also plays a significant role in determining
the photoactivity of ZnS�5%GR. Therefore, these re-
sults suggest that the intimate interfacial interaction
between ZnS andGR and the sufficient reduction of GO
to GR are two key factors resulting in (a) the efficient
charge carrier transfer along the interface between
ZnS and GR, and (b) GR efficiently acting as a macro-
molecular photosensitizer for semiconductor ZnS under
visible light irradiation.
Thus far, the photocatalytic process for ZnS�5%GR

under visible light irradiation seems to be very similar
to the well-known strategy of photosensitization of
semiconductors (e.g., TiO2) by the matched adsorp-
tion of organic dyes, by which the photoresponse
of a wide band gap semiconductor can be extended
to the visible light region. The photocatalytic process
resulting from a dye-sensitized semiconductor under
visible light irradiation generally includes the following
steps: (a) dye excitation upon visible light irradiation,
(b) electron injection into the conduction band (CB)
of the semiconductor, (c) trapping the injected elec-
trons by surface sites, (d) scavenging electrons in the
CB of the semiconductor by electron acceptors such
as O2, and (e) subsequent radical reactions. During

the whole process, because the semiconductor is
not able to be band-gap-photoexcited, no holes are
involved.44

The above discussion leads us to conclude that the
photoactive species for photocatalytic aerobic oxida-
tion of alcohols and alkenes for ZnS�5%GR under
visible light irradiation does not originate from the
“electron�hole” pairs because, under visible light irra-
diation, wide band gap ZnS is not able to be band-gap-
photoexcited. Also, ZnS cannot reach excited states
under visible light irradiation. On the contrary, it should
be understood by an organic dye-like photosensitiza-
tion process. In other words, GR acts as an organic dye-
like macromolecular photosensitizer in the nanocom-
posite of ZnS�5%GR. Under visible light irradiation,
GR is photoexcited from the ground state to excited
state, namely, from GR to GR*, which is similar to the
photoexcitation of organic dyes adsorbed on the
semiconductor.44 GR* in the excited state injects elec-
trons into the conduction band of ZnS. Electrons can
be trapped bymolecular oxygen in the reaction system
by which oxygen is activated; for example, super-
oxide radicals can be formed (Figure S3, Supporting
Information). The adsorbed alcohols or alkenes over
the surface of ZnS�5%GR are oxidized by activated
oxygen to give rise to target products, corresponding
aldehydes, or epoxides. Such a novel photocatalytic
mechanism is remarkably different from previous re-
search works regarding all other GR�semiconductor
photocatalysts, for which GR is proposed to behave as
an electron reservoir to capture the electrons photo-
generated from the semiconductor.1�37 To the best
of our knowledge, this is the first direct and robust
experimental evidence to show the role of GR as a
photosensitizer for transforming the only UV light
photoactive semiconductor to the visible light photo-
catalyst used for a selective oxidation reaction under
ambient conditions.

CONCLUSIONS

In summary, a series of ZnS�GR nanocomposites
with different weight addition ratios of GR have been
fabricated via a facile two-step wet chemistry method.
The ZnS�GR nanocomposites can serve as a visible
light photocatalyst toward selective aerobic oxidation
of alcohols and alkenes under ambient conditions.
It has been demonstrated for the first time that the
visible-light-driven photocatalytic aerobic oxidation
process for ZnS�GR results from a GR photosensitiza-
tion of ZnS, for which upon visible light irradiation no
holes are generated because the wide band gap of ZnS
is not able to be photoexcited by visible light irradia-
tion. This novel photocatalytic mechanism is totally
different from all other reported GR�semiconductor
photocatalysts, for which GR is always claimed to
behave as an electron reservoir to capture/shuttle
the electrons photogenerated from semiconductor.
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Overall, it is hoped that our findings of the novel role
of GR as a “photosensitizer” in ZnS�GR nanocom-
posites may offer a new useful guide for designing
GR�semiconductor composite photocatalysts toward

selective transformations and importantly promote
our in-depth thinking on the exact microscopic charge
carrier transfer pathway along the interface between
the GR sheet and the semiconductor.

METHODS
Synthesis. Graphene oxide (GO), the precursor of graphene

(GR) in this work, was prepared by a modified Hummers
method, which was also used in our previous studies.8,19

Detailed synthesis details of GO, atomic force microscopy
(AFM) images, and height profiles of GO are provided in the
Supporting Information. The synthesis of ZnS�GR nanocompos-
ites with different weight addition ratios of GR was typically
performed as follows. GOwas dispersed into 50mL of deionized
water completely by ultrasonication, and then 10 mL of 0.15 M
ZnCl2 solution was added and this suspension was heated to
333 K in an oil bath with magnetic stirring for 2 h. During this
step, the positively charged Zn2þ can be adsorbed onto the
negatively charged GO surface by the electrostatic attraction.
Subsequently, 20mL of 0.10 MNa2S solution was added drop by
drop and kept stirring for 4 h, which allows the formation of ZnS
nanoparticles on the GO platform. Then, it was transferred
to a 100 mL Teflon-sealed autoclave and maintained at 403 K
for 12 h, which allows sufficient reduction of GO to GR. Next, the
products were cooled to room temperature and recovered by
filtration, washed by water, and fully dried at 333 K in an oven
to obtain the final ZnS�GR nanocomposites with different
weight addition ratios of GR, namely, 1, 5, 10, and 30%GR�ZnS
nanocomposites. For comparison, blank ZnSwas prepared using
the same procedures in the absence of GO.

Characterization. The crystalline structure of the samples
was determined by the powder X-ray diffraction (XRD), using
Ni-filtered Cu KR radiation in the 2θ range from 5 to 80� with
a scan rate of 0.08� per second. The optical properties of
the samples were analyzed by the UV�vis diffuse reflectance
spectroscopy (DRS) using a Cary-500 spectrophotometer over a
wavelength range of 250�800 nm, during which BaSO4 was
employed as the internal reflectance standard. Themorphology
and microscopic structure information were determined by
field-emission scanning electron microscopy (FESEM, FEI Nova
NANOSEM 230) and transmission electronmicroscopy (TEM, FEI
Tecnai G2 F20 S-TWIN), respectively. Tapping-mode atomic
force microscopy (AFM) measurements were performed on
a Nanoscope IIIA system. The sample for AFM imaging was
prepared by depositing suspensions of graphene oxide (GO) in
ethanol on a freshly cleaved mica surface. For the TEM analysis,
the samples were dispersed in ethanol by ultrasonic treatment
and dropped on the lacey support film without carbon-coated
copper grids. Raman spectroscopic measurements were per-
formed on a Renishaw inVia Raman System 1000 with a 532 nm
Nd:YAG excitation source at room temperature. The photolu-
minescence (PL) spectra were obtained using an Edinburgh
Analytical Instrument PLS920 system.The Fourier transformed
infrared spectroscopy (FTIR) was performed on a Nicolet Nexus
670 FTIR spectrophotometer at a resolution of 4 cm�1.

The electron spin resonance (ESR) spectra of the radical
species that are spin-trapped by 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) were measured using a Bruker EPR A300 spec-
trometer. The as-prepared sample powder (5mg)was dispersed
in 0.5 mL of benzotrifluoride (BTF). Then, 25 μL of DMPO/benzyl
alcohol solution (1:10, v/v) was added and oscillated to achieve
thewell-blended suspension. The irradiation source (λ> 420 nm)
was a 300 W Xe arc lamp system, the very light source for our
photocatalytic selective oxidation experiments as shown below.
The settings for the ESR spectrometer were as follows: center
field = 3507 G, microwave frequency = 9.84 GHz, and power =
6.36 mW.

Photoelectrochemical measurements were performed in
a homemade three-electrode quartz cell with a BAS Epsilon
workstation without bias. Pt plate was used as counter and

Ag/AgCl electrode used as reference electrodes, while the
working electrode was prepared on fluoride�tin oxide (FTO)
conductor glass. The sample powder (10 mg) was ultrasoni-
cated in 1 mL of anhydrous ethanol to disperse it evenly to get
a slurry. The slurry was spread onto an FTO glass whose sidewas
previously protected using Scotch tape. The working electrode
was dried under ambient conditions. Uncoated parts of the
electrode were isolated with epoxy resin. The electrolyte was
0.2 M aqueous Na2SO4 solution (pH = 6.8) without additive.
The visible light irradiation source was a 300 W Xe lamp system
equipped with a UV cutoff filter (λ > 420 nm).

Photoactivity. Photocatalytic selective oxidation of organic
compounds (alcohols or alkenes) was performed in a 10 mL
Pyrex glass bottle under the irradiation of visible light.19,20 In
a typical process, a mixture of catalyst (8 mg) and organic
compounds (0.1 mmol) was dissolved in the solvent (1.5 mL)
of benzotrifluoride (BTF), which was saturated with pure mo-
lecular oxygen (purity >99.99%) from a gas cyclinder. The above
mixture was transferred into a 10 mL Pyrex glass bottle and
stirred for 10 min to make the catalyst blend evenly in the
solution. The suspensions were irradiated by a 300 W Xe arc
lamp (PLS-SXE 300, Beijing Perfectlight Co. Ltd.) with a UV cutoff
filter (λ > 420 nm). After the reaction, the mixture was centri-
fuged at 12 000 rpm for 20 min to completely remove the
catalyst particles. The remaining solution was analyzed with
an Agilent gas chromatograph (GC-7820 fitted with a FFAP
capillary analysis column). The assignment of products was
confirmed by a Hewlett-Packard gas chromatograph/mass
spectrometer (HP-5973GC/MS). Controlled photoactivity experi-
ments using different radical scavengers (ammonium oxalate as
scavenger for photogenerated holes, AgNO3 as scavenger for
electrons, benzoquinone as scavenger for superoxide radical
species, and tert-butyl alcohol for hydroxyl radical species) were
performed similar to the above photocatalytic oxidation of
alcohol or alkene except that the radical scavengers (0.1 mmol)
were added to the reaction system.45�50 Conversion, yield, and
selectivity for selective oxidation of organic compounds to target
product were defined as follows:

conversion (%) ¼ [(C0 � Cr)=C0]� 100

yield (%) ¼ Cp=C0 � 100

selectivity (%) ¼ [Cp=(C0 � Cr)]� 100

where C0 is the initial concentration of alcohols or alkenes and Cr
and Cp are the concentration of reactant and product, respec-
tively, at a certain time after the photocatalytic reaction.
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