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a  b  s  t  r  a  c  t

ZnO  with  various  morphologies  and  contents  was  used  to  decorate  reduced  graphene  oxide  (rGO)  sheets
via  an  easy  one-step  low-temperature  chemical  etching  route  to improve  photocatalytic  properties.  The
ZnO shape  and  content  in  ZnO/rGO  composites  were  adjusted  by  changing  aging time,  heating  mode,
and  rGO mass  added.  Shape  and  content-dependent  optical  and  photocatalytic  properties  are  observed
in  ZnO/rGO  composites.  A moderate  amount  of ZnO nanorings  (NRs)  decorated  with  rGO  can  significantly
improve  the  light  absorption  and photo-luminescence  emission  because  of plasmonic  resonant  absorp-
tion  and  plasmonic  nanoantenna  radiation,  respectively.  ZnO NR/rGO  composites  with  a  moderate  ZnO
content  of  29.54  wt.% exhibit  the  optimum  photocatalytic  activity  with  a 0.025  min−1 apparent  rate  con-
stant,  which  is  significantly  higher  than  those  of  pure  rGO  (0.0085  min−1) and  ZnO  NRs  (0.018  min−1).
ize- and composition-dependent
hotocatalytic property

The  improved  performance  is  ascribed  to the  synergistic  effect  of enhanced  adsorption  capacity,  plas-
monic  light  absorption,  plasmonic  nanoantenna  radiation,  and  the  prolonged  lifetime  of photogenerated
electron-hole  pairs. Our  findings  not  only  offer  insights  into  the plasmon  enhanced  optical  and  photocat-
alytic  properties  of ZnO  NR/rGO  composites  but  also  suggest  the  possibility  of fabricating  ZnO  NR/rGO
photocatalyst  with  enhanced  performance.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanorings (NRs) with distinct, closed, and one-dimensional
1D) nanostructures have gained considerable attention because
f novel optical [1], electric [2], magnetic [3], and microwave
bsorbing properties [4–6]. All of these features create new pos-
ibilities for improving existing applications. NRs are thought to
e plasmonic nanoantennas, which can generate strong electro-
agnetic (EM) field enhancement effects and distinct absorption

n the visible to near-infrared (NIR) regions owing to plasmonic
ultiresonance [7]. Multiresonant plasmonic nanoantennas offer

pportunities for broadband sensor devices [8], coherent control,
fficient, solar cell upconverters [9], enhanced nonlinear interac-

ions [10], among others. In addition, enhanced absorption means
hat ring-like nanostructures would exhibit potential as photocat-
lysts, but this function remains to be confirmed.

∗ Corresponding author.
E-mail addresses: 928221565@qq.com (Y. Zhao), llspzjnu@163.com (L. Liu),

uleiwangyou@163.com, wwhtgs@126.com (T. Cui), tonggx@zjnu.cn (G. Tong),
ongwu@zjnu.cn (W.  Wu).

ttp://dx.doi.org/10.1016/j.apsusc.2017.03.207
169-4332/© 2017 Elsevier B.V. All rights reserved.
Reduced graphene (rGO), a monolayer sp2 carbon atom and two-
dimensional honeycomb lattice structure, has recently attracted
considerable research interest owing to high mobility and conduc-
tivity [11], high optical transparency [12], mechanical flexibility
[13], chemical stability, and high specific surface area. These
excellent features endow the material with numerous applica-
tions [11–13], such as photovoltaics, super capacitors, fuel cells,
and nanofluids. However, as a single photocatalyst, rGO shows
extremely weak photocatalytic activity but high adsorption capac-
ity. If rGO is used as a proper substrate to immobilize and support
inorganic semiconductor catalysts, the application performances
can be significantly improved. The high charge carrier mobility and
specific surface area can improve photocatalytic activity because
of enhanced separation efficiency of the photogenerated electron-
hole pairs and high adsorption capacity, respectively. The different
Fermi levels of rGO and inorganic semiconductors generate a strong
heterojunction electric field on the interfaces. The interfacial elec-
tric field promotes the swift transfer of photogenerated electrons

to the surface of rGO and thus prolongs the lifetime of photogener-
ated electron-hole pairs. Therefore, rGO-based composites should
be investigated for their applications in photocatalysis and pho-
toelectrochemistry. Hereinto, the combination of rGO with ZnO
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ay  yield enhanced performance because of the excellent indi-
idual properties of rGO and ZnO. The morphology, crystallization,
and gap, content, and particle size of ZnO nanoparticles determine
he properties of ZnO/rGO composites [14–16]. The morpholo-
ies of ZnO decorated on rGO surface mainly include microsphere
17], nanowires [18], nanosheets [19], nanorods [20], and hollow
umbbells [21]. Preparation and properties of ZnO nanoring (NR)-
nd nanobowl (NB)-decorated rGO composites have been rarely
eported. To date, ZnO NRs and NBs are fabricated through template
trategies [22,23], self-assembly methods [24], or thermal evapo-
ation [25]. However, these approaches present limited practical
pplications because of high cost and complexity of introducing
emplates or catalysts to vacuum techniques. Thus far, the fabrica-
ion of ring and bowl architectures remains challenging for material
hemists.

Given the potential applications of new ZnO NR/NB/rGO com-
osites based on photocatalytic promotion, a simple solution-based
hemical etching technique was developed for the one-step fab-
ication of ZnO/rGO composites with tunable ZnO content and
orphology. The content- and shape-dependent optical and pho-

ocatalytic properties of ZnO/rGO composites were investigated.
he mechanism of the related performance enhancement was  also
nalyzed in this work.

. Experimental

.1. Materials

All reagents used except rGO sheets were of analytical grade and
sed as received without further purification.

.2. Fabrication of composites of ZnO nanoplate (NP)/rGO, ZnO
B/rGO, and ZnO NR/rGO

The ZnO NP/rGO and ZnO NB/rGO composites were prepared
ia a hydrolysis and chemical etching approach. In a typical experi-
ent, the dispersion of rGO (10 mg)  and H2O (20.8 mL)  in the beaker
as achieved by ultrasonication for 10 min. Then cetyltrimethyl

mmonium bromide (CTAB, 0.2 g) and Zn(Ac)2·2H2O (0.1098 g)
ere added to the dispersion and stirred for 1 h. After 29.2 mL

f dimethyl sulfoxide (DMSO) being added into the mixture and
tirred for 30 min, the solution was heated at 70 ◦C for 1.5 h in an
ven with the beaker sealed with preservative film. The black ZnO
P/rGO composites were obtained by centrifuging, washing several

imes with absolute ethanol immediately at the end of reaction and
rying in a vacuum oven at 60 ◦C for 2 h. The ZnO NB/rGO compos-

tes were vastly collected if further age the reaction solution at room
emperature for 4 h. The process for the synthesis of ZnO NR/rGO
omposites was similar to the fabrication of ZnO NB/rGO, except
hat the reaction solution was heated in an oil bath. The ZnO mass
raction in ZnO/rGO composites were tuned by introducing rGO
ith various masses (5 mg  for S3, 10 mg  for S4, and 20 mg  for S5)

o the reaction system.

.3. Characterization

The phase, composition, morphology, and microstructure of
he as-prepared samples were studied by X-ray diffraction
XRD, Y2000, CuK� radiation, a = 0.15418 nm,  0.05◦ s−1), energy
ispersive X-ray spectrometry (EDX, EX-250, Horiba, Japan), field-
mission scanning electron microscope (FE-SEM, Hitachi S-4800,

 kV), high-resolution transmission electron microscope (HRTEM,

EM-2100F, 200 kV), and the corresponding selected-area elec-
ron diffraction (SAED) pattern. Raman spectra were recorded on

 Jobin Yvon HR 800 micro-Raman spectrometer at 457.9 nm.
ourier transform infrared spectra (FTIR) were collected using a
cience 412 (2017) 58–68 59

NEXUS-670 spectrometer in the ranges of 4000–400 cm−1 at room
temperature. Brunauner–Emmett–Teller (BET) surface areas (SBET)
were determined by a multipoint BET method using the adsorption
data in a relative pressure (P/P0) range of 0.05–0.25 obtained on a
Quantachrome Autosorb-1 (Quantachrome Instruments).

2.4. Evaluation of optical properties

Room-temperature optical absorption of the samples in pow-
ders was recorded on a Cary 7000 universal measurement
spectrophotometer (Agilent Technologies) through wavelength
within 300–700 nm.  The photo-luminescence (PL) emission spec-
tra of the samples were collected at 360–660 nm by using F-7000
fluorescence spectrophotometer (Hitachi Tokyo Japan), with an
excitation wavelength of 325 nm.

2.5. Evaluation of photocatalytic properties

The photocatalytic activity of the as-prepared samples was
measured by the degradation of RhB dye under UV light. 5 mg
of ZnO/rGO photocatalyst was added to 100 mL RhB in a 200 mL
beaker with a concentration of 2.0 × 10−5 mol  L−1. A 300 W xenon
lamp (NBeT, HSX-F/UV 300) was  used as light resource and the
mixed solution was  then exposed to the UV  illumination after
stirred in the dark for 1 h to reach adsorption-desorption equi-
librium. At given time intervals, 4 mL  solutions were sampled
and removed the samples by centrifugation. The variations in
the absorption band (553 nm)  in the UV–vis spectra of RhB were
recorded using a UV–vis spectrophotometer (TU-1810).

3. Results and discussion

3.1. XRD and EDX analysis

The phase structure of the samples was analyzed by XRD. The
XRD patterns of rGO (S0) and ZnO/rGO composites (S1–S5) are
shown in Fig. 1a. The rGO sheets exhibit an extremely weak and
broadening (002) diffraction peak at 26.1◦ (JPCDS 41-1487). The
low, broadening peak indicates low crystallinity of the rGO. In
addition to the (002) peak, several new diffraction peaks appear
in ZnO/rGO composites. These peaks well correspond to wurtzite-
structured ZnO (JPCDS 36-1451). The (100) peaks of S1, S2, and S4
were weakened with the ZnO shapes varying from NPs to NBs and
NRs. The ZnO diffraction peaks for S5, S4, and S3 are enhanced with
the decreased rGO mass because of increasing ZnO content. EDS was
employed to determine the elemental composition of the ZnO/rGO
composites. EDS spectra in Fig. 1b show the presence of Zn, O, and
C in all samples, indicating the formation of ZnO/rGO composites.
The Pt peak at about 2.07 keV and the Al peak at about 1.48 keV
originated from the conductive film on the surface and bottom
of the samples, respectively. The Zn/C atomic ratios in ZnO/rGO
composites (S1–S5) are 0.0927, 0.0647, 0.0973, 0.0618, and 0.0360,
respectively. Based on XRD patterns and EDX spectra, the mass frac-
tions of ZnO in ZnO/rGO composites (S1–S5) were calculated as
38.60%, 30.50%, 39.76%, 29.54%, and 19.63%, respectively (Table 1).
The decreased mass fraction for S1, S2, and S4 is owing to the mor-
phology evolution from NPs to NBs and NRs caused by the etching
role; the decreased mass fraction from S3 to S5 is related to the
increased rGO mass.

3.2. IR and Raman characterization
The surface chemical structure of the as-obtained products was
further confirmed by FTIR and Raman spectra (Fig. 2). Fig. 2a shows
the FTIR spectra of ZnO NRs, rGO, and ZnO NR/rGO. For ZnO NRs,
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Table 1
Synthesis conditions, physical parameters, and apparent rate constants of ZnO NPs, NBs, and NRs.

NO. Composite Experiment conditionsa Average side
lengthb (nm)

RZn
c (%) SBET (m2 g−1) Eg

d ke (min−1)

S0 rGO / / 0 135.3 / 0.0085
S1  ZnO NP/rGO (10 mg)  70 ◦C, one-time volume, 1 h/0 h 160 ± 40 38.60 78.6 3.083 0.017
S2  ZnO NB/rGO (10 mg)  70 ◦C, one-time volume, 1.5 h/4 h 125 ± 25 30.50 88.69 2.756 0.014
S3  ZnO NR/rGO (5 mg)  70 ◦C, one-time volume, 1.5 h/4 h, oil bath 145 ± 55 39.76 77.1 3.064 0.021
S4  ZnO NR/rGO (10 mg)  29.54 89.2 2.879 0.025
S5  ZnO NR/rGO (20 mg)  19.63 113.4 2.688 0.013
S6  ZnO NRs 100 9.56 3.177 0.018

aDescribed by reaction temperature, solution volume, reaction time and aging time.
bAverage side length is obtained from SEM image.
cMass fraction of ZnO in ZnO/rGO composites.
dThe band gap energy (Eg) was calculated from the Tauc’s equation.
eThe apparent rate constants (k/min−1) is calculated by the equation: ln c0/ct = kt.
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ig. 1. (a) XRD patterns and (b) EDX spectra of rGO, ZnO, and ZnO/rGO composites.

he strong bands at 3455 cm−1 and 1403 cm−1 correspond to the
urface-absorbed water; bands at 1630 cm−1 and 3129 cm−1 are
elated to −CH2 stretching vibrations [26] and CH3 bending vibra-
ions [27], respectively, caused by the surface absorption of CTAB.
he strong and sharp peak at 457 cm−1 corresponding to the Zn O
tretching mode is the characteristic absorption of ZnO. For rGO, the
eak peaks at 1630 cm−1 and 1067 cm−1 are assigned to stretching

ibration of C C and C O, respectively. This indicates the exis-
ence of the oxygen-containing functional groups on the surface of

GO sheets. When ZnO NRs was hybridized with rGO sheets, a new
bsorption band at 1576 cm−1 appears in the ZnO NR/rGO compos-
tes, which is attributed to the skeletal vibration of the graphene
heets [28].
The Raman spectra in Fig. 2b further confirmed the formation
of ZnO NR/rGO composites. For ZnO NRs, the peak at 440 cm−1

originates from the nonpolar E2 vibrational mode and the peak
at 582 cm−1 is assigned as A1 (LO). The two peaks are the char-
acteristic bands and first-order optical modes of the wurtzite ZnO
[29,30]. The band at 677 cm−1 corresponds to the A1 mode, which
is related to the bond C C vibration in the CTAB adsorbed on the
surface of ZnO. The broad, intense peak at 1150 cm−1 is attributed
to the TO + LO mode [31]. Both rGO and ZnO NR/rGO show two
identical bands but different intensities. The D band at 1346 cm−1

is caused by lattice disorders in the sp2-hybridized C atoms and/or
amorphous C deposits; the G band at 1574 cm−1 is related to the
highly oriented sp2 hexagonal graphitic lattice [32]. The intensity
of ID/IG is slightly decreased from 0.81 for rGO to 0.77 for ZnO
NR/rGO. The decrease generally is ascribed to the restoration of
numerous graphitic domains from amorphous regions of GO [33]
and can be explained by the interaction between ZnO NRs and rGO
sheets in this study. Additionally, we found that the ZnO growth on
rGO induced large enhancement of the Raman signal of rGO at the
G and 2D peaks. The Raman enhancement in the G and 2D peaks
is generally ascribed to the localized surface plasmon resonance
(LSPR). Similar phenomena are also reported in other graphene-
based hybrid materials [34].

Raman spectroscopy is a powerful tool to characterize
grapheme, which can identify the number of layers [35], the elec-
tronic structure [36], the edge structure [37], the type of doping,
and any defects [38], in the graphene. In this study, Raman signal is
found to strongly depend on the ZnO shape and content in ZnO/rGO
composites. Fig. 2c shows the intensity ratio of ZnO/rGO compos-
ite to rGO (Is/Is0) at G and 2D peaks. The Is/Is0 value increases with
ZnO shape: Is1/Is0(NPs) < Is2/Is0(NBs) < Is4/Is0(NRs), indicating that
bowl-like and ring-like structures are beneficial for LSPR. The Is/Is0
value increases with increasing ZnO content: 19.63% (S5) < 29.54%
(S4) < 39.76% (S3), meaning that the high ZnO NR content favors the
enhancement of LSPR. Our data demonstrate that the combination
of graphene with ZnO plasmonics (bowl and ring) is beneficial for
enhancing the optical properties of graphene.

3.3. SEM, TEM, and SAED analysis

Fig. 3a and b shows the SEM images of the typical ZnO NR/rGO
composites. The rGO sheets were the curled, corrugated, stro-
matolithic sheets with 10–25 �m length and 4–7 �m thickness.
Numerous ZnO NRs with side lengths of 90–200 nm, height of
80–200 nm,  and wall thickness of 30–60 nm were anchored on the
surface of rGO sheets (Fig. 3b and c). The intimate contact between

ZnO and graphene favors electronic interactions between them and
enhanced material charge separation and photocatalytic activity.
No periodical lattice stripes were observed in the HRTEM image
of rGO sheets (Fig. 3d), confirming that the rGO sheets possess
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ig. 2. (a) IR spectra, (b) Raman spectra of rGO, ZnO, and ZnO/rGO composites. (c) T

ow crystallinity. A TEM image (Fig. 3e) recorded at high magni-
cation clearly showed the perfect hexagonal shape of a complete
ing, with typical side length of about 140 nm and wall thick-
ess of 36 nm.  Two adjacent side angles of a regular hexagon are
20◦. The corresponding SAED pattern (Fig. 3f) indicates that the
R is a single-crystal entity and consist of six side faces [(10–10),

1–100), (0–110), (−1010), (−1100), and (01–10)] with top/bottom
urfaces ± (0001). The distributions of C, O, and Zn were clearly
esolved by EDX elemental mapping (Fig. 3g–i) and the corre-
ponding bright-field scanning transmission electron microscopy
bright-field STEM) images (Fig. 3j). All these data demonstrate that
nO NRs are uniformly decorated in the rGO sheets.
For modulating the composition of ZnO NR/rGO composites, rGO
heets with various masses (20, 10, and 5 mg)  were introduced to
he reaction system. Evidently, the number of ZnO NRs gradually
rresponding intensity ratio of ZnO/rGO composite to rGO  (Is/Is0) at G and 2D peaks.

increased with the rGO mass varying from 20 mg to 10 and 5 mg
(Figs. 4a–b, 3a–b, and 4c–d). ZnO shape can further be modulated
by changing the aging time and heating mode. ZnO NP/rGO com-
posites were obtained by heating the mixture at 70 ◦C for 1.5 h in
an oven without aging. SEM and TEM observations reveal that ZnO
decorated on the surface of rGO sheets are single-layer hexagonal
NPs (Fig. 4e–g ). The side length and thickness are 120–200 and
105–140 nm,  respectively. The regular, strong, and clear diffraction
spots in the SAED pattern (Fig. 4h) demonstrate the single-crystal
nature of NPs. The SAED data demonstrate that the upper and lower
end faces of the NPs correspond to the ±(0001) polar surfaces,
and the lateral planes consist of non-polar surfaces [±(01–10),

±(10–10), ±(1–100)]. Further aging the above mixture can generate
ZnO NB/rGO composites. ZnO is constructed of regularly hexagonal
NBs with side lengths of 100–150 nm and thickness of 50–110 nm
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ig. 3. (a, b) SEM images, (c) TEM image, (d) HR-TEM image, and (g–i) EDX mapp
orresponding ZnO NR/rGO composites shown in g–i.

Fig. 4i and k). Various contrasts with light core and dark edge in the
EM image (Fig. 4k) confirm the formation of NBs. SAED analyses
Fig. 4l) confirm the single-crystal nature of ZnO NBs.

.4. Formation mechanism

The Zn polar surface-guided chemical etching mechanism is
roposed for ZnO morphology evolution from NPs to NBs and NRs in
nO/rGO composites (Fig. 5). The chemical reactions in the reaction
ystem are as follows.

n(CH3COO)2 + 2H2O
→

Zn(OH)2 + 2CH3COOH (1)
←−

n(OH)2
→
←− ZnO + H2O (2)
ages of the typical ZnO NR/rGO composites. (j) Bright-field STEM images of the

DMSO + H2O
→
←− [DMSO − H]+ + OH− (3)

Zn2+ + 4OH−
→
←− [Zn(OH)4]2− (4)

In the DMSO-H2O system, spontaneously hydrolyzation of
Zn(CH3COO)2 forms Zn(OH)2 precipitates (Reaction (1)) on the sur-
face of rGO, which subsequently are transformed into ZnO nuclei
(Reaction (2)). DMSO functions not only as solvent but also as a
reactant to provide OH− ions through hydrolysis in the solution
(Reaction (3)). A mass of DMSO polar molecules absorbed on the
(0001)-Zn polar faces stunt the ZnO growth along the [0001] direc-
tion, resulting in the formation of hexagonal ZnO NPs. DMSO polar

molecules release numerous OH ions. Owing to the electrostatic
interaction, OH ions are preferentially adsorbed on the positive
(0001)-Zn polar plane of ZnO hexagonal NPs, leading to fast etching
along the – [0001] direction (Reaction 4). Prolonging the aging time
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Fig. 4. (a–d, e–f, and i–j) SEM images, (g and k) TEM images, and (h and l) SAED patterns of (a–d) ZnO NR/rGO composites, (e–h) ZnO NP/rGO composites, and (i–l) ZnO
NB/rGO  composites.
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Fig. 5. Schematic of the formatio

avors the morphological evolution from ZnO NPs to ZnO mush-
ooms and bowls (see Fig. S1a–S1c). We  found that the ZnO NBs
nd NRs can form at just low aging temperatures because a slow
eaction generates different growth and etching rates in different
rystal faces, forming the anisotropic structures. Structurally, ZnO
ontains three rapid growth directions: 〈2-1-10〉 (±[2-1-10], ±[-
2-10], ±[-1-120]); <01–10> (±[01-10], ±[10–10], ±[1–100]); and
 [0001] [39]. The surface energy of the two polar planes [±(0001)]
s higher than that of the nonpolar planes [{2-1-10}, and {01–10}].
he etching growth tends to maximize the areas of the {2-1-10}
hanism of ZnO/rGO composites.

and {01–10} facets, thus following the principle of low surface free
energy. Further extension of aging time induces the formation of
ring-like structures (Fig. S1d). Ring-like structures are also formed
in an oil bath (Fig. 5). In addition, CTAB plays a key role in the for-
mation of NBs and NRs. In the absence of CTAB, the etching reaction
will preferentially occur on the edge of NPs, resulting in the forma-
tion of just mushroom-shape ZnO NPs (Fig. S2a). In the presence of

CTAB, the steric exclusion from CTAB adsorption on the surface of
NPs will depress the etching role of OH− ions, leading to the for-
mation of ZnO NBs (Fig. S2b). Further increasing CTAB mass favors
the NR formation (Fig. S2c).
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ZnO can effectively retard the recombination rate of photogener-
ig. 6. Band gap energy (Eg) versus ZnO shape and content of ZnO/rGO composites
S1–S5) obtained from the UV-absorption spectra.

.5. UV-absorption characteristics

Fig. 6 shows the UV-absorption characteristics of ZnO/rGO com-
osites. A fundamental absorption sharp edge rising at 380 nm is
he characteristic spectrum of pure ZnO NRs. A strong absorption
ackground in the whole visible and UV regions is observed for pure
GO that is consistent with that of reported graphene sheets [14].
he strong absorption was related to the excitation of broadened
urface plasmonic modes in graphene and the breakdown of the
irac-fermion model caused by triangular warping and nonlinear-

ty of energy bands far from the Dirac energy [40,41]. Owing to the
resence of rGO with zero band gap, the wavelength response range
f ZnO/rGO composites was expanded to the visible region with
imilar absorption band-edges to ZnO. In general, the rate of the
hotocatalytic reaction is proportional to [(I˛�)n (n = 1 for low light

ntensity, n = 1/2 for high light intensity)], where I˛ is the photon-
umbers absorbed by photocatalyst per second and &x3D5; is the
fficiency of the band gap transition [42]. Enhanced photoreactiv-
ty can be partly explained by the intensive absorbance in the UV
egion, resulting in an increase in I˛. In our studies, the absorption
ntensity varies in the order of rGO > S2 > S5 > S4 > S3 > S1 > ZnO in
he range of 380–500 nm.  This change is related to the mass frac-
ion and shape of ZnO loading. A comparison of S3–S5 reveals that
igher ZnO NRs content translates to lower absorption intensity.
he change trend is opposite to that of reported rGO/ZnO nanohy-
rids [33]. However, the higher ZnO content and larger I˛ of S3
han S1 indicates that NRs possess higher absorbance than NPs;
he higher ZnO content and larger I˛ of S2 than S4 means that
he absorbance of NBs is larger than that of NRs. Enhanced absorp-
ion effect was found in ZnO NBs [43] and Co3O4 nano/microlotus
eaves [44] because of the light concentration and gain effects,
espectively. Owing to the presence of the positively charged (001)
n-polar and negatively charged (001) O-polar surfaces, a normal
ipole moment and spontaneous polarization will occur along the c
xis of ZnO NRs [45–48]. Under an alternating electromagnetic (EM)
eld, the photogenerated electrons from the polar planes or oxy-
en vacancies migrate to form relaxation polarization. In this case,
s a simple plasmonic structure, ZnO NRs exhibit surface plasmon
esonant absorption because of the coupling of dipolar modes on
he inner and outer surfaces of the NRs.

The absorption edge shifts indicate the changes in the band gap
nergy (Eg) of ZnO/rGO composites. The optical band gap of crys-

alline semiconductors can be calculated from Tauc’s equation [49]:
h� = A(h�-Eg)n, in which Eg is the optical band gap, � is the absorp-

ion coefficient, h is Planck’s constant, � is the frequency of light, A
Fig. 7. Room temperature PL spectra from ZnO NRs, rGO (S0), and ZnO/rGO com-
posites (S1–S5).

is a constant for the material, and n is 2 for ZnO (direct transition
mode materials). The value of Eg can be obtained by extrapolating
the linear region of a plot of (˛hv)2 on the y-axis versus photon
energy (h�) on the x-axis. Fig. 6 shows the Eg values of ZnO/rGO
composites with different shapes and contents of ZnO loading. The
Eg was 3.082 eV for ZnO NP/rGO composites (S1), 2.754 eV for ZnO
NB/rGO composites (S2), and 2.878 eV for ZnO NR/rGO composites
(S4) (Fig. 6). The Eg for ZnO NR/rGO composites (S3–S4) gradu-
ally decreases with decreasing ZnO content. A similar phenomenon
was found in semiconductor-rGO nanocomposites and could be
ascribed to synergistic interfacial interaction between the semi-
conductor and rGO [50]. All of the broadened wavelength response
range, enhanced light absorption, and low Eg indicate that the com-
bination of rGO sheets with ZnO NRs would enhance photocatalytic
activity.

3.6. PL spectrum analysis

Fig. 7 shows the photoluminescence (PL) emission (excited at
325 nm)  spectra of the samples. No significant emitting bands can
be observed in pure rGO, whereas six strong emitting bands appear
in pure ZnO NRs. A strong ultraviolet emission peak at 386 nm
corresponding to near band-edge emission is attributed to the exci-
tonic recombination of a hole in the valence band and an electron
in the conduction band. The weak blue-green emission band at
about 460 nm is induced by Xe lamp [51]. Other four weak emitting
peaks at 440–518 nm generally originate from the different kinds
of defects in ZnO, including oxygen zinc vacancy (VZn) or intersti-
tial oxygen (Oi) owing to the rich O in the as-obtained ZnO samples
[52].

PL originates from the recombination of electron-hole pairs
after a photocatalyst is irradiated. Therefore, the intensity of emit-
ting bands can be used to reflect the fate of electron-hole pairs
[53]. The strong emitting bands correspond to the high recom-
bination rate of photogenerated electron-hole pairs. Compared
with pure ZnO NRs, ZnO/rGO composites exhibit weaker emitting
peaks. Graphene is a good electron acceptor [54], and semicon-
ductor ZnO is a good electron donor [55]. Graphene accepted
the photogenerated electron, which promoted interfacial electron
transfer from the adhered ZnO and thus weakened emitting peaks.
Weaker emitting peaks indicate that the composites of rGO and
ated electron-hole pairs. The intensities of emitting peaks change
in the order of IZnO > IS3 > IS1 > IS4 > IS5≈ IS2 > IGO. This change may be
associated with ZnO content and morphology. A high ZnO content
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nduced strong emission. When the ZnO content is extremely close,
S3 > IS1 and IS4 > IS5≈ IS2 reveal ring-like structure can generate
he strong emitting peak. The interesting emission enhancement
hould be ascribed to ring-like structures, which generate plas-
onic electromagnetic field enhancements.
The optical properties are dominated by the excitation of col-

ective oscillations of ZnO NR conduction band electrons. When
n electromagnetic wave falls on a NR, the photogenerated elec-
rons are excited by axial, radial, and azimuthal polarizations when

 suitable spectral band is selected [1]. The excited electrons oscil-
ate collectively as a wave (plasmon) [56]. In this study, the ZnO
R can act as a plasmonic nanoantenna, which emits either a con-
ned magnetic field or a confined electric field, resulting in an
lectromagnetic field enhancement. The energy of nanoantenna
adiation depends on particle size, shape, composition, interpar-
icle spacing, and dielectric environment [57,58]. Similar plasmon
M field enhancement has been found in Au NRs [58,59]. These plas-
onic nanoantennas exhibit surface-enhanced Raman scattering

pectroscopy [60], surface-enhanced infrared spectroscopy [61],
ntenna-enhanced ultrafast nonlinear spectroscopy [62], and near-
eld microscopy [63], and others. Meanwhile, a slight change in the
osition of emission peaks occurred. A blue shift was found in the
V emitting band at 386 nm,  and a red shift was observed for emit-
ing bands at 440–518 nm.  The former may  be related to a strong
eterojunction electric field generated on the interface of graphene
nd ZnO owing to the difference in Fermi levels. The heterojunction
lectric field promotes the separation of photogenerated electrons

ig. 8. Photocatalytic degradation of RhB on ZnO/rGO composites under UV–vis light illu
rradiation time in the presence of ZnO NB/rGO and ZnO NR/rGO composites. Change in
53  nm)  over ZnO/rGO composites with various ZnO shapes (c) and various ZnO contents
cience 412 (2017) 58–68 65

and holes but impedes their recombination, resulting in the blue
shift. The latter may  be due to the introduction of new defect sites
(or recombination centers) caused by rGO. In a word, our PL mea-
surement results confirm that the compound of rGO and ZnO can
effectively suppress recombination of photogenerated electrons
and holes.

3.7. Photocatalytic properties

Rhodamine B (RhB) solution was selected as a typical pollutant
to investigate the influence of ZnO morphology and content on the
photocatalytic activities of the ZnO/rGO composites. Fig. 8a and b
show the UV–vis absorption spectra of an RhB aqueous solution
containing 5 mg  ZnO/rGO powders after exposure to UV  for dif-
ferent durations. The peak intensity was rapidly decreased with
the extension of irradiation time, accompanied by a slight shift to
shorter wavelengths. No new absorption bands appear in either
the visible or ultraviolet regions, indicating the complete pho-
todegradation of RhB. After 1 h of adsorption-desorption in the
dark, the main absorption peak at 553 nm corresponding to the RhB
molecules decreases by only 2% for pure ZnO NRs, approximately
10% for ZnO NR/rGO, and 21% for rGO (Fig. 8c and d). This result
indicates that a compound of rGO and ZnO can evidently improve

the adsorption capacity of single-crystal ZnO nanostructures.

The blank experiment shows that only a slow decrease in RhB
concentration was  detected under UV irradiation (Fig. 8c) in the
absence of a catalyst. After 140 min  of UV irradiation, only 70% pho-

mination. (a–b) UV–vis spectral changes in RhB aqueous solutions as a function of
 RhB normalization concentration (from the optical absorbance measurements at

 (d) as a function of irradiation time.
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Table 2
Summary of photocatalytic properties for ZnO and its composites.

Sample RhB
concentration
(mol L−1)

catalyst
concentration
(g L−1)

discoloration rate
(%) and time
(min)

Reference

ZnO nanospheres-1% rGO 2.09 × 10−5 0.25 68/120 [44]
ZnO nanospheres-5% rGO 88/120
ZnO nanospheres-10% rGO 93/120
ZnO nanospheres-30% rGO 75/120
plate-like ZnO 1.25 × 10−5 1.0 94/180 [59]
hollow ZnO nanospheres 2.1 × 10−5 0.6 100/150 [62]
ZnO nanodisks 1.25 × 10−5 1 98.5/500 [63]
rGO 2.0 × 10−5 0.05 70/140 This

t
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t
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ZnO NP/rGO 

ZnO NB/rGO 

ZnO NR/rGO 

odegradation of RhB occurred for pure rGO and 92% for pure ZnO
Rs. When rGO was decorated by a small quantity of ZnO NRs (that

s, Zn content = 29.54 wt.%), ZnO NR/rGO composites exhibit the
ighest photocatalytic activities with 97% discoloration in 140 min.
he photocatalytic activities of ZnO NR/rGO composites are higher
han those of pure ZnO NRs, ZnO nanostructures with other mor-
hologies (Table 2). To reveal the enhancement mechanism of ZnO
R/rGO composites, we systematically investigated the influences
f ZnO shape and content on the photocatalytic activity of the
nO/rGO composites. Seen from Fig. 8c, ZnO content-dependent
hotocatalytic activities of ZnO NR/rGO composites follow the
rder of k19.63 < k39.76 < k29.54. Evidently, rGO decorated by an
ppropriate amount of ZnO NRs can significantly improve photo-
atalytic activity. Fig. 8d shows 90% discoloration for ZnO NP/rGO,
6% discoloration for ZnO NB/rGO, and 97% discoloration for ZnO

R/rGO. The ZnO morphology-dependent photocatalytic activities
f ZnO/rGO composites vary in the order of NBs < NPs < NRs.

The photocatalytic mechanism has been proposed for ZnO
R/rGO composites based on the above results (Fig. 9). Upon UV

Fig. 9. Mechanical illustration of enhanced photoc
work91/140
86/140
92/120, 97/140

irradiation, the electron–hole (e−–h+) pairs generate between con-
duction (CB) and valence bands (VB) of ZnO. The photogenerated
e− and h+ react with O2 and OH−, respectively, to form super oxide
anion •O2

− and •OH. The free radicals (i.e., •OH, •O2
−, HOO•) fur-

ther react with RhB molecules on the surface of ZnO and degrade
them to non-toxic products [16,17,48]. The enhanced photocat-
alytic activities should be ascribed to the following several aspects.
First, a compound of rGO with high SBET (135.3 m2 g−1) and ZnO
with low SBET (9.56 m2 g−1) can improve the specific surface area
(Table 1). A high SBET can adsorb more RhB molecules and facilitate
the harvesting of exciting light (confirmed by UV absorption spectra
in Fig. 6), thereby accelerating the photocatalytic reaction. As the
ZnO content in ZnO/rGO composites decreases, the SBET of ZnO/rGO
composites gradually increases (Table 1); the interface surface
between rGO and ZnO and the surface active sites for the adsorp-

tion of RhB molecules on ZnO photocatalyst surfaces decrease. The
former will improve the adsorption of RhB molecules and the lat-
ter will slow down the photocatalytic reaction. In this case, ZnO
NR/rGO composites reach the optimal photocatalytic activity with

atalytic activity for rGO/ZnO NR composites.
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 0.025 min−1 apparent rate constant at a moderate ZnO content of
9.54 wt.%.

Second, the Fermi level of graphene (0 V vs NHE) is less neg-
tive than the conduction band of ZnO. The difference in Fermi
evels generates a strong heterojunction electric field on the inter-
ace between graphene and ZnO. Photogenerated electrons are
wiftly transferred from ZnO to the surface of graphene, thus pro-
onging the lifetime of photogenerated electron–hole pairs and

arkedly enhancing photocatalytic ability. Meanwhile, rGO gener-
lly functions as an electron sink in the photocatalytic system and
ts high charge carrier mobility can promote the separation effi-
iency of the photogenerated electron-hole pairs[64] and enhance
hotocatalytic activity. Moreover, ZnO NRs with hollow structure
acilitates the transportation of photogenerated electron from ZnO
o rGO. Third, the combination of graphene with ZnO nanoparti-
les decreases the band gap energy (Eg) (Table 1). The small Eg can
mprove photocatalytic properties because of the effective absorp-
ion of exciting light in the larger range [65]. Seen from Table 1,
nO NR/rGO composites exhibit larger Eg value and higher pho-
ocatalytic activity than those of ZnO NB/rGO composites. This
ndicates that the ring-like configuration contributes greatly to the
nhanced activity. Fourth, the unique morphology performs a key
unction in the enhanced photocatalytic activities. Compared with
nO NBs and NPs, ZnO NRs can provide more surface active sites
or the adsorption of pollutant molecules and facilitate the har-
esting of exciting light by plasmonic resonant absorption and the
ransportation of photogenerated electron and pollutant molecules
ithin the hole, resulting in enhanced intensity of absorption in

he UV–vis light region [66,67]. Besides, stronger emitting light
aused by plasmonic nanoantenna radiation will work as the sec-
nd light source and induce higher photocatalytic activity. The
aman data in Fig. 2c confirm that ZnO NR/rGO composites exhibit
tronger LSPRs than those of ZnO NP/rGO and ZnO NB/rGO com-
osites due to the distinct geometric configuration of NRs. The
Rs are plasmonic structures with distinct polarization and cou-
ling modes on the inner and outer surfaces of the NRs, which
nhance electromagnetic field and distinguishable plasmonic res-
nance absorption. In brief, the enhancement of photocatalytic
ctivity exhibited by ZnO NR/rGO can be ascribed to the integrative
ynergistic effect of improved adsorption capacity, plasmonic light
bsorption, plasmonic nanoantenna radiation, and the prolonged
ifetime of photogenerated electron-hole pairs.

. Conclusions

A series of ZnO/rGO composites were prepared through an easy
ow-temperature chemical etching route. The ZnO shape and con-
ent in ZnO/rGO composites can be adjusted by changing aging
ime, heating mode, and mass of rGO added. The influences of
nO shape and content on optical and photocatalytic properties
f ZnO/rGO composites are investigated in depth. ZnO NBs and NRs
ith low contents favor the light absorption of ZnO/rGO compos-

tes because of light concentration, plasmon resonant absorption,
nd the higher absorption of rGO than ZnO; ZnO NR/rGO com-
osites exhibit stronger PL emission spectra in comparison with
hose of ZnO NP/rGO and ZnO NB/rGO composites because of plas-

onic nanoantenna radiation. The optimum photocatalytic activity
ith an apparent rate constant of 0.025 min−1 is exhibited by ZnO
R/rGO composites with a moderate ZnO content of 29.53 wt.%,
hich is significantly higher than those of pure rGO (0.0085 min−1)

nd ZnO NRs (0.018 min−1). Improved performance is ascribed

o the synergistic effect of plasmonic light absorption, plasmonic
anoantenna radiation, enhanced adsorption capacity, and the pro-

onged lifetime of photogenerated electron-hole pairs. Owing to
nhanced optical and photocatalytic activity, ZnO NR/rGO compos-

[

cience 412 (2017) 58–68 67

ites are promising for practical use in pollutant decomposition as
effective photocatalysts.
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