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Hierarchically CdS Decorated 1D ZnO Nanorods-2D
Graphene Hybrids: Low Temperature Synthesis and

Enhanced Photocatalytic Performance

Chuang Han, Zhang Chen, Nan Zhang, Juan Carlos Colmenares,* and Yi-Jun Xu*

A simple, low-temperature synthesis approach is reported for planting CdS-
sensitized 1D ZnO nanorod arrays on the 2D graphene (GR) sheet to obtain
the ternary hierarchical nanostructures, during which graphene oxide (GO)

as the precursor of GR acts as a flexible substrate for the formation of ZnO
nanorod arrays. The hierarchical CdS-1D ZnO-2D GR hybrids can serve as an
efficient visible-light-driven photocatalyst for selective organic transformations.
The fast electron transport of 1D ZnO nanorods, the well-known electronic
conductivity of 2D GR, the intense visible-light absorption of CdS, the unique
hierarchical structure, and the matched energy levels of CdS, ZnO and GR
efficiently boost the photogenerated charge carriers separation and transfer
across the interfacial domain of hierarchical CdS-1D ZnO-2D GR hybrids under
visible light irradiation via three-level electron transfer process. Furthermore,
the superior reusability of ternary hybrids is achieved by controlling the reac-
tion parameters, i.e., using visible light irradiation and holes scavenger to pre-
vent ZnO and CdS from photocorrosion. This work demonstrates a facile way
of fabricating hierarchical CdS-1D ZnO-2D GR hybrids in a controlled manner
and highlights a promising scope of adopting integrative photosensitization

with diverse structure and morphology
has been gaining immense attention due
to that many microscopic structural and
morphology factors (e.g., size, shape,
crystal facet, localized compositional
variation and heterojunction of the given
semiconductor-based  materials)  have
synergistic impacts on the overall perfor-
mance of photocatalysts.'2] Therefore,
considering the basic mantra of “struc-
ture-dictates-function” in chemistry,®l it
is of paramount importance to design
efficient semiconductor-based materials
with desirable architectural structure/
morphology toward various photoredox
applications.[%3b:3¢]

In view of high surface-to-volume ratio
and excellent electron transport property,
one dimensional (1D) nanostructured
materials are believed to play an important

and co-catalyst strategy to design more efficient semiconductor-based com-
posite photocatalysts toward solar energy capture and conversion.

1. Introduction

The eternal pursue for sustainable energy and environment
keeps moving, together with kinds of potential challenges
existing. A promising project, which can afford us the flexibility
to tackle such challenges, lies in designing efficient semicon-
ductor-based photocatalysts for the maximal capture and con-
version of solar energy, mimicking the natural photosynthesis
process.l! In this context, targeted engineering of photocatalysts
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role in the next-generation building blocks
for electronic devices, solar cells, photoca-
talysis, lithium-ion batteries and piezoelec-
tric nanogenerators.! In particular, ZnO
nanorod arrays with tunable alignment
and morphology have attracted much attention in the field of
energy conversion.! Despite plenty of reports on the synthesis
and application of ZnO nanorod arrays, the reported synthetic
procedures often need the conventional case-hardened FTO/
Al,05/GaN/Si substrates or SiO,/Si, FTO/Si substrates along
with high temperature thermal treatment.P®>¢¢ Thus, it is
highly desirable to develop simple, low-cost and low-tempera-
ture processes for controllable synthesis of 1D ZnO nanoarrays
on alternative substrates. In this regard, 2D graphene would
be a favorable choice owing to its excellent electronic conduc-
tivity and unique 2D sheet providing a large accessible surface
platform.l*>7] Additionally, from the viewpoint of photocatalysis,
due to the wide band gap of semiconductor ZnO (3.2 eV), it
only adsorbs ultraviolet light accounting for a small fraction of
the solar spectrum (<5%), which greatly obstructs its practical
applications.[*8] Besides, the other drawback associated with
ZnO photocatalyst is the well-known photocorrosion induced
by the photogenerated holes, which leads to the poor photosta-
bility or deactivation during the long-term recycling use.l’)
Herein, we report a facile low-temperature synthesis of
planting CdS-sensitized 1D ZnO nanorod arrays on the 2D
graphene sheet via a heteroepitaxial growth process in a solu-
tion phase. The as-obtained hierarchically CdS decorated 1D
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ZnO nanorods-2D graphene hybrids show enhanced photo-
catalytic activity and excellent recycling performance toward
selective reduction process under visible light irradiation. The
fast electron transport of 1D ZnO nanorods, the well-known
electronic conductivity of 2D graphene, the intense visible-light
absorption of CdS, and their matched energy level position
together efficiently promote the photogenerated charge car-
riers separation and transfer across the interfacial domain,
thereby resulting in the significantly improved visible-light-
driven photocatalytic activity of ternary CdS-1D ZnO-2D GR
hybrids as compared to the blank ZnO, binary ZnO nanorods-
GR and ZnO nanorods-CdS. Furthermore, because ZnO
cannot be band-gap-photoexcited to produce holes under vis-
ible light irradiation and the holes photogenerated from CdS
are effectively trapped by the scavenger ammonium formate,
the photocorrosion of ZnO and CdS can be prevented effec-
tively. Consequently, the CdS-1D ZnO-2D GR hybrids are able
to show excellent recycling photocatalytic performance toward
selective photogenerated-electrons-driven reduction process.
This work provides a simple wet chemical fabrication of hierar-
chical CdS-1D ZnO-2D GR hybrids in pursuit of the desirable
visible-light absorption of CdS and the electron conductive plat-
form of 2D graphene as photosensitizer and co-catalyst respec-
tively to improve the photocatalytic performance by boosting
charge carriers separation and transfer efficiency.

2. Results and Discussion

Our controlled synthesis of ternary graphene-ZnO nanorod
arrays-CdS (denoted as RGO-ZnO NRs-CdS) hybrids by a
simple solution bottom-up strategy is illustrated in Scheme 1.
Firstly, graphene oxide (GO) sheets (the precursor of graphene)
are coated with ZnO seeds via a surface adsorption process.
Then the obtained ZnO seeds-coated GO sheets are used as
the substrate for heteroepitaxial growth of 1D ZnO nanorods
to form hierarchical graphene-ZnO nanorod arrays (RGO-ZnO
NRs) heteroassemblies. Subsequently, the RGO-ZnO NRs
are utilized as the template for morphology-preserved nano-
coating of CdS nanoparticles on RGO-ZnO NRs via secondary
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nucleation and growth procedures. As a result, the RGO-ZnO
NRs-CdS hybrids are obtained via such a facile two-step low
temperature (95 °C) refluxing method. During this two-step
refluxing process for synthesis of RGO-ZnO NRs-CdS, the effi-
cient reduction of GO to RGO can be achieved, as evidenced
by the XPS analysis in Figure S1 (Supporting Information).
For the synthesis of blank ZnO nanostars and ZnO nanostars-
CdS, the synthesis procedures are similar respectively to those
for RGO-ZnO NRs and RGO-ZnO NRs-CdS nanocomposites
except the addition of colloidal GO.

The morphological evolution process of the RGO-ZnO NRs
heteroassemblies has been investigated via time-dependent
experiments. As shown by the scanning electron microscopy
(SEM) analysis on the RGO-ZnO NRs samples synthesized
with different reaction time in Figure 1, the ZnO nanorods
gradually grow on the RGO sheet during the refluxing process.
More specifically, with the refluxing time of 0.5 h, the ZnO
nanorods are formed sparsely on the surface of RGO and the
uncovered RGO sheet can be clearly seen, as indicated by the
arrow in Figure 1A. As the refluxing time increases, the ZnO
nanorods planted sideways on the RGO substrate turn from
slightly scattered to thickly dotted. For the RGO-ZnO NRs sam-
ples prepared with short reaction time (i.e., no more than 2 h),
the presence of RGO sheets is distinct (Figure 1A-D). When the
refluxing time is prolonged to 3 h, the surface of RGO substrate
is almost planted with ZnO nanorods, as shown in Figure 1E.
After refluxing for 6 h, the hedgehog-like RGO-ZnO NRs het-
eroassemblies are obtained, as revealed by the SEM images in
Figure 1F, Figure 2E and 2F. The unique features of 2D GO
sheets with abundant oxygen-containing functional groups
(Figure S1A, Supporting Information) make GO be an alterna-
tive substrate for the heteroepitaxial growth of 1D ZnO nanorod
arrays. In the absence of GO, the blank ZnO nanorods have the
star-like morphology, as displayed in Figure 2A and 2B. Thus,
the growth and self-assembly of 1D ZnO nanorods are tuned by
the colloidal GO in solution. In other words, GO provides a 2D
structure-directing platform for anchoring ZnO seeds and the
subsequent growth of ZnO nanorod arrays. As for the binary
ZnO nanostars-CdS (Figure 2C and 2D) and hierarchical ter-
nary RGO-ZnO NRs-CdS hybrids (Figure 2G and 2H) achieved

CdS
decoration

‘ n0 nanostadS

CdS
decoration

RGO-Zn0 nanorods arrays-CdS

Scheme 1. Schematic illustration of controllable synthesis of the hybrids of binary ZnO nanostars-CdS and ternary RGO-ZnO NRs-CdS.
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Figure 1. SEM images of the ZnO nanorods grown on the RGO platform prepared from 0.02 M
Zn(NOs), and 0.02 M HMT at 95 °C for different refluxing time: A) 0.5 h; B) 1 h; C) 1.5 h;
D) 2h; E) 3h; F) 6 h.

by the decoration of CdS for ZnO nanostars and RGO-ZnO
NRs, respectively, the CdS nanoparticles on the surface of 1D
ZnO NRs can be obviously observed.

To further obtain the microscopic morphology and structure
information, the transmission electron microscopy (TEM) anal-
ysis of 5%RGO-ZnO NRs and 5%RGO-ZnO NRs-CdS has been
performed, as shown in Figure 3. The TEM images of 5%RGO-
ZnO NRs (Figure 3A) and 5%RGO-ZnO NRs-CdS (Figure 3B
and 3D) show the specific hedgehog-like morphology, which is
in accordance with SEM results. The CdS nanoparticles, 1D ZnO
NRs and 2D mat of RGO sheets can be clearly distinguished
in the TEM images of 5%RGO-ZnO NRs-CdS, as indicated
in Figure 3B and 3D. The corresponding EDX spectrum for
selected area of 5%RGO-ZnO NRs-CdS, as shown in Figure 3C,
confirms the elementary composition of the ternary 5%RGO-
ZnO NRs-CdS architecture, which contains C, Zn, O, Cd and S
elements. Notably, the lacey support film without carbon coating
is used, and thus the signal of C must come from the RGO
sheet in the nanocomposite. Indeed, the identification of CdS,
ZnO and RGO in 5%RGO-ZnO NRs-CdS can also be distinctly
revealed by the following Raman spectroscopy analysis.

Raman spectroscopy, being very sensitive response to the
crystallinity and microstructure of materials, is usually used to
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distinguish the local order character of the
nanomaterials.l'% As displayed in Figure S2
(Supporting  Information), the Raman
spectrum of blank ZnO nanostars shows
a Raman shift peak at 437 cm™, which is
ascribed to the remarkable E,; mode of
hexagonal wurtzite ZnO.'l In the Raman
spectrum of binary 5%RGO-ZnO NRs, the
typical features of RGO with the presence of
D band located at 1340 cm™! and G band at
1581 cm™! are observed.'Z G band provides
the information on the in-plane vibration of
sp? bonded carbon atoms, while the D band
is attributed to the presence of sp® defects
in graphene.’>3l With regard to the ZnO
nanostars-CdS composite, the resonantly
excited longitudinal optical (LO) phonon
of CdS locates at approximately 300 cm™,
together with resonant excitation which
allows identifying the first (2 LO) overtone
of the CdS at 604 cm~L.1' This demonstrates
that the CdS decoration has been success-
fully realized by our simple low temperature
refluxing method. The Raman spectrum of
the ternary 5%RGO-ZnO NRs-CdS hybrid
exhibits characteristic peaks of RGO and
CdS. No evident Raman peak of ZnO can
be observed in the ZnO nanostars-CdS,
5%RGO-ZnO NRs and 5%RGO-ZnO NRs-
CdS nanocomposites, which is probably due
to relatively weak intensity of ZnO in these
composites samples. Therefore, the Raman
results provide further evidences for the
formation of binary RGO-ZnO NRs, ZnO
nanostars-CdS and ternary RGO-ZnO NRs-
CdS hybrids.

X-ray diffraction (XRD) analysis has been employed for ana-
lyzing the crystalline phase of samples, as shown in Figure S3
(Supporting Information). The RGO-ZnO NRs nanocompos-
ites show similar XRD patterns to the pure ZnO nanostars.
The main peaks at 20 values of 31.8, 34.4, 36.3, 47.5, 56.6,
62.9, 68.0° can be respectively indexed to (100), (002), (101),
(102), (110), (103), and (112) crystal planes, which can be
readily indexed to the pure hexagonal phase ZnO (JCPDS No.
36-1451). After the decoration of CdS nanoparticles onto ZnO
nanostars and RGO-ZnO NRs, some additional diffraction
peaks corresponding to the hexagonally structured CdS phase
(JCPDS No. 41-1049) appear, revealing that ZnO nanostars-
CdS and RGO-ZnO NRs-CdS nanocomposites are obtained
during the aqueous-phase refluxing process under the premise
of heterogeneous nucleation. Furthermore, no diffraction peaks
for RGO can be observed in the nanocomposites of RGO-ZnO
NRs and RGO-ZnO NRs-CdS, which might be due to the low
amount and relatively weak diffraction intensity of RGO in the
nanocomposites.[1d-3b:92.15]

Figure 4 shows the UV-Vis diffuse reflectance spectra (DRS)
of the samples, which reflect the optical properties of the mate-
rials in different wavelength range. It is seen from Figure 4A
that the introduction of different weight contents of RGO has
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Figure 2. SEM images of A, B) ZnO nanostars, C, D) ZnO nanostars-CdS, E, F) binary 5%RGO-

ZnO NRs and G, H) ternary 5%RGO-ZnO NRs-CdS hybrids.

a significant effect on the optical light absorption property for
the RGO-ZnO NRs nanocomposites. With the increase of RGO
content, there is an enhanced absorbance in the visible light
region ranging from 400 to 800 nm. Nevertheless, the optical
absorption edge of RGO-ZnO NRs is similar to that of bare
ZnO nanostars, indicating that both RGO-ZnO NRs and bare
ZnO nanostars can be only band-gap-photoexcited by UV light
irradiation. As shown in Figure 4B, after the CdS decoration
onto RGO-ZnO NRs and ZnO nanostars, a new optical absorp-
tion edge appears which is characteristic of semiconductor
CdS. As a result, both ZnO nanostars-CdS and RGO-ZnO NRs-
CdS nanohybrids are able to be band-gap-photoexcited by vis-
ible light irradiation, by which photocatalytic target reactions
could be triggered.
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We have then investigated the photo-
catalytic performance of these samples
toward anaerobic reduction of aromatic
nitro compounds to corresponding amino
compounds in water, a key transformation
in synthesis of fine chemicals,3¢1% which
can be expressed by the formula shown in
Figure 5A. Figure 5B and 5C show the photo-
catalytic activities of the as-prepared samples
toward selective reduction of 4-nitroaniline
(4-NA) to p-phenylenediamine (PPD) under
visible light irradiation. It is seen that the
RGO-ZnO NRs-CdS nanocomposites exhibit
enhanced photocatalytic performance as
compared to ZnO nanostars, RGO-ZnO
NRs and ZnO nanostars-CdS. In particular,
the 5%RGO-ZnO NRs-CdS exhibits the best
photocatalytic activity. After reaction for
16 min under visible light irradiation, the con-
version of 4-NA reaches as high as 95% with a
high selectivity for PPD (>98%) over 5%RGO-
ZnO NRs-CdS (Figure S4, Supporting Infor-
mation). The photostability of the RGO-ZnO
NRs-CdS hybrids has also been studied. As
shown in Figure S5 (Supporting Informa-
tion), no significant loss of photoactivity is
observed for 5%RGO-ZnO NRs-CdS during
four successive recycling test for reduction of
4-NA under visible light irradiation. Through
comparing the crystalline phase and mor-
phology of the fresh and used 5%RGO-ZnO
NRs-CdS (Figure S6 and S7, respectively in
the Supporting Information), it can be found
that there is no obvious change in the crystal-
line phase and morphology of 5%RGO-ZnO
NRs-CdS after the photocatalytic process,
which is in line with its remarkable repeated
photoactivity. Thus, the photocorrosion of
ZnO and CdS can be efficiently prevented by
controlling the reaction conditions to exclude
the formation of holes in ZnO and consume
the holes photogenerated from CdS through
using visible light illumination and holes
scavenger ammonium formate, respectively,
thus leading to the excellent photostability of
RGO-ZnO NRs-CdS hybrids.

Similar enhancement of photocatalytic activity is also found
in selective reduction of other aromatic nitro compounds
with various substituent groups over ZnO nanostars-CdS and
5%RGO-ZnO NRs-CdS, as shown in Figure S8A-F (Supporting
Information). Since the photocatalytic reduction efficiency is
intimately related with the fate and transfer of photogenerated
electrons,!'”] such a photoactivity enhancement for the ternary
5%RGO-Zn0O NRs-CdS hybrid should be attributed to improved
charge carriers transport and synergistic interactions among
RGO, semiconductor CdS and ZnO. The inference can be
evidenced by the following photoelectrochemical and photolu-
minescence characterization of the optimal 5%RGO-ZnO NRs-
CdS, ZnO nanostars-CdS composite and bare ZnO nanostars.

Adv. Funct. Mater. 2015, 25, 221-229
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Figure 3. TEM images of A) 5%RGO-ZnO NRs, B, D) 5%RGO-ZnO
NRs-CdS and C) the corresponding EDX spectrum for selected area of
5%RGO-ZnO NRs-CdS.

As shown in Figure 6A, under visible light irradiation, the
photocurrent density for 5%RGO-ZnO NRs-CdS is much
higher than that of ZnO nanostars-CdS and ZnO nanostars,
suggesting a longer lifetime of charge carriers photogenerated
over RGO-ZnO NRs-CdS than ZnO nanostars-CdS and ZnO
nanostars,?>1%162 which qualitatively is in agreement with
the results of photoluminescence (PL) spectra (Figure S9, Sup-
porting Information). To further determine the advantage of
5%RGO-ZnO NRs-CdS over ZnO nanostars-CdS in improving
the charge carriers transfer, electrochemical impedance
spectra (EIS) Nyquist plots and cyclic voltammograms (CV),
very useful tools to characterize the charge-carriers migration,
have also been performed.>>1% It can be seen from Figure 6B
that 5%RGO-ZnO NRs-CdS shows smaller semicircle at high
frequencies as compared to ZnO nanostars-CdS and ZnO

(A)

10% RGO-ZNO NR®

5% RGO
2% RGO-ZnO NRs

Absorbance/a.u.

ZnO nanostars

C

www.afm-journal.de

nanostars, suggesting faster transport of charge carriers and
more effective electron-hole pairs separation achieved over the
5%RGO-ZnO NRs-CdS electrode.’>1% The cyclic voltammo-
grams in Figure 6C show clear anodic and cathodic peaks for
each sample. Since the preparation of the electrodes and elec-
trolyte are identical for the CV curve measurement, the current
density of the electrodes is related to the electron transfer rate
of the electrode materials.'® The current density obtained over
the samples electrodes follows the order: 5%RGO-ZnO NRs-
CdS > ZnO nanostars-CdS > ZnO nanostars, demonstrating
that improved electron transfer is achieved over the ternary
5%RGO-ZnO NRs-CdS hybrid."® Controlled experiments
(Figure S10, Supporting Information), using K,S,0g as scav-
enger for photogenerated electrons,!'” for reduction of 4-NA
under visible light irradiation, confirm that the reduction
reaction of aromatic nitro compounds is driven by the photo-
generated electrons.316:20]

The surface area and porosity of the samples have also been
investigated. As shown in Figure S11 (Supporting Information),
the nitrogen adsorption—desorption isotherm of ZnO nanostars
exhibits type II isotherm according to the IUPAC classifica-
tion, which along with the corresponding pore size distribution
indicates the nonporous structure.!l The ZnO nanostars-CdS
and RGO-ZnO NRs-CdS hybrids have adsorption—desorption
isotherms of type IV with a typical H3 hysteresis loop.?!l The
BET surface areas of the samples are measured to be ca. 3, 5,
16, 22 and 26 m?-g~! corresponding to ZnO nanostars, ZnO
nanostars-CdS, 2%RGO-ZnO NRs-CdS, 5%RGO-ZnO NRs-CdS
and 10%RGO-ZnO NRs-CdS, respectively (Table S1, Supporting
Information). Obviously, the specific surface area of the sam-
ples is increased due to the introduction of RGO, particularly
with the increase of weight addition ratios of RGO. The adsorp-
tion experiments performed in the dark for 4-NA (Figure S12,
Supporting Information) reveal that the presence of RGO
enhances the adsorptivity of RGO-ZnO NRs-CdS hybrids.
Notably, although the 10%RGO-ZnO NRs-CdS possesses the
largest specific surface area and adsorption capacity toward the
reactant among the samples, its photoactivity is lower than that
of 5%RGO-ZnO NRs-CdS. These results indicate that the pri-
mary factor accounting for the photoactivity enhancement of
RGO-ZnO NRs-CdS nanocomposites cannot be ascribed to the

10% RGO-ZnO NRs-CdS

59 RGO-ZnO NRs-CdS
29% RGO-ZnO NRs-CdS

Absorbance/a.u.

ZnO nanostars-CdS

200 300 400 500 600 700 800
wavelength/nm

200 300 400 500 600 700 800
wavelength/nm

Figure 4. UV-Vis diffuse reflectance spectra (DRS) of the samples of A) blank ZnO nanostars, RGO-ZnO NRs with different weight addition ratios of
RGO, B) blank ZnO nanostars, ZnO nanostars-CdS and RGO-ZnO NRs-CdS with different weight addition ratios of RGO.
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Figure 5. A) The formula for photocatalytic reduction of 4-NA to PPD, B) photocatalytic activities and C) apparent rate constants for selective reduction
of 4-NA to PPD over bare ZnO nanostars, ZnO nanostars-CdS, 5%RGO-ZnO NRs and RGO-ZnO NRs-CdS with different weight addition ratios of RGO
under visible light irradiation (A > 420 nm).

differences in specific surface area and porosity of the samples,  unique heterojunction structure and matched energy level posi-
but to the improved charge carriers transport and synergistic  tion among CdS, ZnO and RGO are able to lead to the efficient
interactions among RGO, semiconductor CdS and ZnO. three-level electron transfer for ternary RGO-ZnO NRs-CdS,
Based on the above discussions, it can be concluded that, as shown in Figure 7B, which is superior to two-level electron
in the hierarchical RGO-ZnO NRs-CdS hybrids, the 1D ZnO  transfer of binary ZnO nanostars-CdS (Figure 7A).
nanorod arrays are sensitized by the semiconductor CdS as Accordingly, a tentative reaction mechanism for photo-
visible light harvester and 2D RGO sheets act as co-catalyst to  catalytic selective reduction of aromatic nitro compounds to
further promote the separation and transfer of photogenerated  corresponding amino compounds over ternary RGO-ZnO
charge carriers from CdS upon visible light irradiation. The = NRs-CdS nanocomposites can be proposed, as illustrated in
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Figure 6. A) Transient photocurrent density, B) electrochemical impedance spectroscopy (EIS) Nyquist plots and C) cyclic voltammograms of the
sample electrodes of ZnO nanostars, ZnO nanostars-CdS and 5%RGO-ZnO NRs-CdS.
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Figure 7. Schemes illustrating the transfer of charge carriers in A) binary ZnO nanostars-CdS nanocomposite and B) ternary RGO-ZnO NRs-CdS

nanohybrids under visible light irradiation.

Figure 8. Under the illumination of visible light, CdS nano-
particles in the RGO-ZnO NRs-CdS photocatalysts are pho-
toexcited to generate electron-hole pairs. On account of the
more negative conduction band (CB) of CdS than that of ZnO
nanorods, the electrons can easily transfer to the CB of ZnO
from the CB of CdS. Subsequently, due to the introduction
of RGO as an electron conductive platform, the work func-
tion of which is less negative than the CB of ZnO (-0.08 V
for RGO vs NHE),[12152.20022] the photogenerated electrons can
be injected to the RGO sheets. Such an efficient three-level
electron transfer efficiently improves the fate and transfer of
photogenerated electrons, thereby resulting in the enhanced
photoreduction activity of the ternary RGO-ZnO NRs-CdS
hybrids under visible light irradiation. Simultaneously, the
photogenerated holes from CdS are trapped by the quenching
agent of ammonium formate. In addition, the N, purge pro-
vides an anaerobic atmosphere for the reduction reaction.
Meanwhile, the presence of RGO also increases the accumu-
lating concentration of nitro compounds over the surface of
RGO-ZnO NRs-CdS, which is also beneficial for improving
the capability of the adsorbed aromatic nitro compounds to
accept photogenerated electrons.
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3. Conclusions

In summary, hierarchically CdS decorated 1D ZnO nanorods-
2D graphene hybrids with ternary heteroassembly architectures
have been successfully constructed via a convenient low-temper-
ature heteroepitaxial growth strategy. In this architecture, the
semiconductor CdS acts as photosensitizer for ZnO to capture
visible light while 2D RGO sheets serve as co-catalyst to further
promote the separation and transfer of photogenerated charge
carriers from CdS upon visible light irradiation. Such a junction
structure and matched energy level position among CdS, ZnO
and RGO lead to the efficient three-level electron transfer for
ternary RGO-ZnO NRs-CdS. Therefore, the ternary nanostruc-
tures exhibit markedly higher photocatalytic activity than the
binary ZnO nanostars-CdS and blank ZnO nanostars under vis-
ible light illumination. In addition, the photocorrosion of ZnO
and CdS is effectively inhibited by the control of reaction condi-
tions, which involves the exclusion of formation of holes in ZnO
by using visible light irradiation and the efficient consumption
of holes photogenerated from CdS by the scavenger of ammo-
nium formate, thereby resulting in the excellent photostability
of the ternary hybrids toward selective photogenerated-elec-
trons-driven reduction process. Our work provides a simple wet
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Figure 8. lllustration of the proposed reaction mechanism for photocatalytic
reduction of nitro compounds in aqueous solution over the ternary RGO-
ZnO NRs-CdS nanocomposites under visible light irradiation (A > 420 nm).

chemical fabrication of hierarchical CdS-1D ZnO-2D graphene
hybrids in pursuit of the desirable visible-light absorption of CdS
and the electron conductive platform of 2D graphene as photo-
sensitizer and co-catalyst respectively to widen the photocata-
Iytic applications of ZnO by boosting charge carriers separation
and transfer efficiency. Hopefully, this facile low temperature
synthesis strategy could be extended to fabricating other hierar-
chical semiconductor-based heterogeneous assemblies to obtain
novel unprecedented multifunctions and properties.

4. Experimental Section

Materials: All reagents were analytical grade and used without
further  purification., zinc acetate dehydrate (C4HO4Zn-2H,0),
potassium hydroxide (KOH), zinc nitrate hexahydrate (Zn(NO;),-6H,0),
hexamethylenetetramine (CgH;,Ny4), thiourea (NH,CSNH,), ammonium
formate (HCOONH,), graphite powder, sulfuric acid (H,SOy), nitric
acid (HNO;3), hydrochloric acid (HCl), potassium persulfate (K,S,0s),
phosphorus pentoxide (P,Os), hydrogen peroxide, 30% (H,0,), potassium
permanganate (KMnO,), methanol (CH4O) and ethanol (C,H¢O) were
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Additionally, cadmium sulfate, 8/3-hydrate (CdSO,-8/3H,0) was purchased
from Aladdin. Deionized water used in the synthesis was from local sources.

Preparation: The unique graphene-ZnO nanorod arrays-CdS
(RGO-ZnO NRs-CdS) nanohybrids, composed of CdS deposition onto
the hedgehog-like graphene-ZnO nanorod arrays (RGO-ZnO NRs),
have been fabricated by a facile and efficient two-step refluxing method,
as illustrated in Scheme 1. (I) Fabrication of ZnO seeds. ZnO sol—gel
solution was prepared as reported previously.sl 125 mL zinc acetate
dehydrate solution in methanol (0.01 M) was prepared under vigorous
stirring at 60 °C. Then, 65 mL KOH solution in methanol (0.03 M) was
injected dropwise into the above solution. The sol-gel solution of ZnO
seeds was obtained for the following reaction after continuous stirring
at 60 °C for 2 h. (l) Synthesis of star-like ZnO nanorods (ZnO nanostars).
50 mL solution of ZnO seeds was centrifuged and washed with
anhydrous ethanol. The obtained white precipitate was well dispersed
by sonication in 150 mL aqueous solution containing Zn(NO;),
(0.02 M) and CgH1,N4 (HMT, 0.02 M). After vigorous stirring, the mixed
solution was refluxed at 95 °C for 6 h. ZnO nanostars were obtained
after filtration and drying process. (Ill) Synthesis of ZnO nanostars-CdS
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nanocomposite. 0.05 g as-prepared ZnO nanostars were redispersed
via the assist of ultrasonication in 130 mL deionized water to obtain
the homogeneous suspension. Then 0.2 mmol CdSO4-8/3H,0 and
0.4 mmol NH,CSNH, were added into the above suspension under
vigorous stirring for 30 min. After the refluxing process at 95 °C for
3 h, the products were cooled to room temperature and recovered
by filtration, washed by water, and fully dried at 60 °C in an oven
to obtain the ZnO nanostars-CdS nanocomposite. (IV) Synthesis
of RGO-ZnO NRs-CdS nanocomposites by a seed-assisted assembly
strategy. GO was synthesized from natural graphite powder by a
modified Hummers method, which was also used in our previous
studies.[19:30,92152.16¢19,205.24] The detail for fabricating GO is presented
in the Supporting Information. GO was well dispersed in methanol by
assist of ultrasonication and then mixed with the as-prepared ZnO seeds
solution. After 2 h stirring, the suspension was centrifuged at 2500 rpm
followed by washing with ethanol twice. Subsequently, the obtained
ZnO seed-coated GO sheets suspension was dispersed by sonication in
150 mL aqueous solution containing Zn(NO;), (0.02 M) and CgH1,Ny
(HMT, 0.02 M). After vigorous stirring, the mixed solution was refluxed
at 95 °C for 6 h to achieve heteroepitaxial growth of ZnO nanorods onto
the graphene substrate. The products were cooled to room temperature,
centrifuged and washed for three times to obtain the hedgehog-like
RGO-ZnO NRs with different weight addition ratios of RGO, namely, 2,
5, and 10% nanocomposites. The RGO-ZnO NRs-CdS nanocomposites
were prepared via the same synthetic procedures of ZnO nanostars-CdS
just using RGO-ZnO NRs nanocomposites instead of ZnO nanostars.
Thus, after the CdS decoration, the RGO-ZnO NRs-CdS nanocomposites
with different weight addition ratios of RGO (i.e., 2RGO-ZnO NRs-CdS,
5RGO-ZnO NRs-CdS, TORGO-ZnO NRs-CdS) were obtained.
Characterization: The crystal phase properties of the samples were
analyzed with a Bruker D8 Advance X-ray diffractometer (XRD) using
Ni-filtered Cu Kot radiation at 40 kV and 40 mA in the 26, ranging from 5° to
80° with a scan rate of 0.02° per second. Field-emission scanning electron
microscopy (FESEM) was used to determine the morphology of the
samples on a FEI Nova NANOSEM 230 spectrophotometer. Transmission
electron microscopy (TEM) images were obtained using a JEOL model JEM
2010 EX instrument at an accelerating voltage of 200 kV. X-ray photoelectron
spectroscopy (XPS) measurements were carried out on a Thermo Scientific
ESCA Lab250 spectrometer which consists of a monochromatic Al Ko as
the X-ray source, a hemispherical analyzer and sample stage with multi-
axial adjustability to obtain the surface composition of the sample. All
of the binding energies were calibrated by the C 1s peak at 284.6 eV. The
details of XPS fitting are as follows: choosing Smart subtraction for the peak
background subtraction and Gaussian shape as the shape of the peaks
used for the deconvolution. Raman spectroscopic measurements were
performed on a Renishaw inVia Raman System 1000 with a 532 nm Nd:YAG
excitation source at room temperature. The optical properties of the
samples were analyzed by UV-Vis diffuse reflectance spectroscopy (DRS)
using a UV-Vis spectrophotometer (Cary-500, Varian Co.), in which BaSO,
was used as the internal reflectance standard. The electrochemical analysis
was carried out in a conventional three-electrode cell using a Pt plate and
an Ag/AgCl electrode as the counter electrode and reference electrode,
respectively. The electrolyte was 0.2 M Na,SO, aqueous solution without
additive (pH = 6.8). The working electrode was prepared on indium-tin
oxide (ITO) glass which was cleaned by sonication in ethanol for 30 min
and dried at 353 K. The boundary of ITO glass was protected using scotch
tape. 5 mg sample was dispersed in 0.5 mL N,N-Dimethylflormamide
(DMF, supplied from Sinopharm Chemical Reagent Co., Ltd.) by sonication
to get slurry. The slurry was spread onto the pretreated ITO glass. After
air drying, the working electrode was further dried at 393 K for 2 hours to
improve adhesion. Then the scotch tape was unstuck and the uncoated
part of the electrode was isolated with epoxy resin. The exposed area of
the working electrode was 0.25 cm?. The photocurrent measurements were
taken on a BAS Epsilon workstation without bias. The electrochemical
impedance spectroscopy (EIS) measurements were performed via an EIS
spectrometer (CHI-660D workstation, CH Instruments) in a three-electrode
cell in the presence of 5.0 mM Kj[Fe(CN)g]/K4[Fe(CN)g] by applying an AC
voltage with 5 mV amplitude in a frequency range from 1 Hz to 100 kHz
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under open circuit potential conditions. The cyclic voltammograms were
measured in 0.5 M KCl solution containing 10.0 mM Ks[Fe(CN)¢]/
K4[Fe(CN)¢] as a redox probe with the scanning rate of 20 mV/s in the
same three-electrode cell as EIS measurement. The photoluminescence
(PL) spectra for solid samples were investigated on an Edinburgh FL/FS900
spectrophotometer with an excitation wavelength of 370 nm.
Photocatalytic Activity: In a typical photocatalytic reaction, a 300 W Xe
arc lamp (PLS-SXE 300, Beijing Perfect light Co., Ltd.) with a UV-CUT
filter to cut off light of wavelength A < 420 nm was used as the irradiation
source. 10 mg of the samples and 40 mg HCOONH, (hole scavenger)
were added into 40 mL of the aromatic nitro compounds solution
(10 mg:L™") in a quartz vial. Before visible light illumination, the above
suspension was stirred in the dark for 1 h to ensure the establishment
of adsorption—desorption equilibrium between the sample and reactant.
During the process of the reaction, 3 mL of sample solution was
collected at a certain time interval and centrifuged to remove the catalyst
completely at 12000 rmp. Afterward, the solution was analyzed on a
Varian ultraviolet-visible light (UV-Vis) spectrophotometer (Cary-50,
Varian Co.). The whole experimental process was conducted under N,

bubbling at the flow rate of 80 mL-min~".

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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