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orientation of ZnONRA with less grain boundary provides 

a vectorial pathway for the electron transport and thus 

reduces the recombination of electron–hole pairs. Second, 

the light absorption is largely enhanced due to the multiple 

internal refl ections between adjacent ZnO nanorods. Finally, 

it is convenient to reuse and recover ZnO nanorods as they 

are directly grown on the substrate. [ 5–7 ]  However, the low 

quantum yield and the lack of the visible-light utilization 

restrict the practical applications of ZnONRA. To this end, 

ZnONRA have been modifi ed with noble metals, semicon-

ductor nanoparticles, and carbon materials to alleviate these 

problems. [ 8–10 ]  

 As a 2D honeycomb carbon sheet, reduced graphene 

oxide (RGO) has attracted much attention due to its supe-

rior electronic mobility, remarkable optical transmittance, 

excellent chemical stability, and high specifi c surface area, 

conferring it for a rich variety of applications, including sen-

sors, interconnects, and energy conversion and storage. [ 11–16 ]  

Recently, RGO-based nanocomposites have emerged as a DOI: 10.1002/smll.201601110

 Nanocomposites (denoted RGO/ZnONRA) comprising reduced graphene 
oxide (RGO) draped over the surface of zinc oxide nanorod array (ZnONRA) 
were produced via a simple low-temperature route, dispensing with the need for 
hydrothermal growth, electrochemical deposition or other complex treatments. The 
amount of deposited RGO can be readily tuned by controlling the concentration 
of graphene oxide (GO). Interestingly, the addition of Sn 2+  not only enables the 
reduction of GO, but also functions as a bridge that connects the resulting RGO 
and ZnONRA. Remarkably, the incorporation of RGO improves the visible-light 
absorption and reduces the bandgap of ZnO, thereby leading to the markedly 
improved visible-light photocatalytic performance. Moreover, RGO/ZnONRA 
nanocomposites exhibit a superior stability as a result of the surface protection of 
ZnONRA by RGO. The mechanism on the improved photocatalytic performance 
based on the cophotosensitizations under the visible-light irradiation has been 
proposed. This simple yet effective route to the RGO-decorated semiconductor 
nanocomposites renders the better visible-light utilization, which may offer great 
potential for use in photocatalytic degradation of organic pollutants, solar cells, and 
optoelectronic materials and devices. 
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  1.     Introduction 

 Because of its direct wide bandgap of 3.37 eV and high elec-

tron mobility, zinc oxide (ZnO) has been extensively used 

in photocatalysis and photovoltaics. [ 1–4 ]  In comparison to 

ZnO nanoparticles, ZnO nanorod arrays (ZnONRA) pos-

sess several advantageous attributes. First, the precise 1D 
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promising material for a new class of functional devices, 

which can greatly enhance photocatalytic performance due 

to high adsorption of organic pollutants because of the large 

surface area of composites and the π–π interactions between 

aromatic of RGO and organic pollutants, the increased 

absorption intensity of incident light and extended light 

absorption range, and the effective charge transfer owing 

to the high charge-carrier mobility of RGO. [ 17–19 ]  To date, 

RGO/ZnO nanocomposites prepared by combining ZnO 

nanoparticles and RGO have been reported. [ 20–22 ]  However, 

the attempts to produce nanocomposites consisting of ZnO 

nanorod arrays and RGO are comparatively few and limited 

in scope. [ 23–25 ]  It is notable that in these studies the hydro-

thermal growth, electrochemical deposition, and other com-

plex approaches were employed, and they primarily focused 

on the growth of ZnONRA on the surface of RGO for use in 

solar cells [ 26,27 ]  and hybrid photodetector. [ 28–30 ]  

 Herein, we report, for the fi rst time, an extremely simple 

yet highly effective low-temperature wet-chemistry deposi-

tion route to producing the RGO/ZnONRA nanocompos-

ites for application in visible-light photocatalytic degradation 

with markedly enhanced performance over the ZnONRA 

alone. The amount of RGO draped over the surface of 

ZnONRA can be readily modulated by changing the con-

centration of graphene oxide (GO). It is interesting to note 

that the addition of Sn 2+  facilitates the reduction of GO and 

bridges the resulting RGO and the ZnONRA. More impor-

tantly, the incorporation of RGO reduces the bandgap of 

ZnO and thus renders the greatly improved photocatalytic 

degradation performance of organic pollutants under the vis-

ible-light irradiation. Owing to the presence of RGO as the 

surface protection of ZnONRA, the RGO/ZnONRA nano-

composites exhibited an excellent stability.  

  2.     Results and Discussion 

 The RGO sheets were deposited on the surface of ZnONRA 

via a simple yet robust wet-chemistry approach (see the 

Experimental Section). The crystal phases and orienta-

tion of as-synthesized GO, ZnONRA, and RGO/ZnONRA 

nanocomposites were analyzed by X-ray powder diffraction 

(XRD) ( Figure    1  ). GO showed a sharp diffraction peak at 

2 θ  = 10.8°, corresponding to the refl ection of the (001) crystal-

line plane. [ 31 ]  The ZnONRA exhibited the diffraction peaks 

at 2 θ  = 31.4°, 34.0°, 35.9°, and 47.2°, suggesting the formation 

of wurtzite phase of ZnO (JCPDS Card No. 36–1451; space 

group  P 6 3  mc ,  a  = 3.24982 Å,  c  = 5.20661 Å). Two additional 

peaks at 2 θ  = 43.63° and 50.79° were resulted from the dif-

fraction of the alloyed Fe–Co–Ni substrate. Clearly, the inten-

sity of the (002) peak of ZnO at 2 θ  = 34.0° is much higher 

than the other peaks, signifying that ZnO nanorods were 

preferentially oriented in the  c -axis direction (i.e., perpendic-

ular to the substrate). [ 32 ]  The XRD patterns of three RGO/

ZnONRA nanocomposites (i.e., RGO/ZnONRA-1, RGO/

ZnONRA-2 and RGO/ZnONRA-3) were similar to that of 

as-prepared ZnONRA. Notably, the diffraction peak of GO 

in the RGO/ZnONRA nanocomposites completely disap-

peared, suggesting the successful reduction of GO by Sn 2+  

to yield nanocomposites. No characteristic diffraction peaks 

of RGO were seen due primarily to the ultrathin thickness 

of RGO compared to ZnO nanorods and the fi ne disper-

sion of RGO sheets on the nanocomposites. The absence of 

the diffraction peaks of SnO 2  implied its removal during the 

washing process of nanocomposites (see the Experimental 

Section). It is interesting to note that the peak intensities of 

ZnO decreased progressively with the increased amount of 

RGO deposited, which can be ascribed to the shielding effect 

of RGO on the surface of ZnONRA. 

  The morphology of GO, ZnONRA and RGO/ZnONRA 

nanocomposites was examined by atomic force microscopy 

(AFM) and fi eld emission scanning electron microscopy 

(FESEM), respectively.  Figure    2  a shows a representative 

AFM height image of GO sheets deposited on a mica sub-

strate with a thickness of ≈1.1 nm (inset), which is consistent 

with the characteristic thickness of a single-layer GO, [ 33 ]  sig-

nifying the high quality of the obtained GO. Figure  2 b dis-

plays an array of densely packed and nearly vertically aligned 

ZnO nanorods grown on the Fe–Co–Ni substrate. The 

average diameter and length of ZnO nanorods were about 

100 nm and 3 µm (cross-sectional view; inset in Figure  2 b), 

respectively. The FESEM images of ZnONRA covered by 

ultrathin RGO sheets produced at different concentrations 

of GO (i.e., yielding RGO/ZnONRA nanocomposites; see 

the Experimental Section) are shown in Figure  2 c–f. At low 

GO concentration ( c  = 0.5 mg mL −1 ), transparent and dis-

continued islands of RGO sheets formed on the surface of 

ZnONRA was observed (Figure  2 c). As the RGO content 

increased, large, transparent and continuous RGO sheets 

covered nearly entire surface of ZnONRA is clearly evi-

dent (Figure  2 d). Obviously, the higher coverage may result 

in the better contact between RGO and ZnONRA, which 

is advantageous in improving the photocatalytic property 

of ZnO. However, as the GO concentration increased to 

8 mg mL −1  (i.e., forming RGO/ZnONRA-3 nanocomposites), 

the ZnONRA was fully covered by the RGO sheets and it is 
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 Figure 1.    XRD patterns of GO, ZnONRA, and RGO/ZnONRA 
nanocomposites synthesized at different amounts of RGO (i.e., RGO/
ZnONRA-1 at the concentration of GO,  c  = 0.5 mg mL −1 , RGO/ZnONRA-2 
at  c  = 2 mg mL −1 , and RGO/ZnONRA-3 at  c  = 8 mg mL −1 , respectively).
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diffi cult to clearly see ZnO nanorods under the RGO sheet 

(Figure  2 e), implying that the thickness of RGO increased. 

Clearly, the concentration of the GO solution played an 

important role in the fi nal morphology of RGO/ZnONRA 

nanocomposites, which markedly affected their photo-

catalytic performance as discussed below. Figure  2 f shows a 

close-up morphology of RGO/ZnONRA nanocomposites, 

confi rming that thin RGO sheets covered on the surface of 

ZnO nanorods and also suggesting the good interfacial con-

tact between RGO and ZnONRA facilitated by Sn 2+  (see the 

Experimental Section). Furthermore, the deposition of RGO 

had no signifi cant infl uence on the morphology of ZnONRA 

as the size and morphology of ZnO nanorods in the resulting 

RGO/ZnONRA nanocomposites (Figure  2 f) were similar to 

ZnONRA prior to the RGO deposition. 

  The chemical composition and the state of elements on 

the surface of RGO/ZnONRA nanocomposites were scru-

tinized by X-ray photoelectron spectroscopy (XPS). The 

total survey spectrum showed the presence of Zn, O, and C 

in RGO/ZnONRA nanocomposites ( Figure    3  a). The high-

resolution XPS spectra of the Zn, O, and C elements were 

shown in Figure  3 b–d, respectively. Two peaks centered at 

1021.7 and 1045.1 eV in the Zn 2p spectrum can be assigned 

to the Zn 2p 3/2  and Zn 2p 1/2 , respectively (Figure  3 b), corre-

sponding to the states of Zn in ZnO. Figure  3 c shows the O 1s 

spectrum, and two O 1s peaks were obtained using the mul-

tipeak-fi tting procedure. The lower energy of 531.1 eV can 

be attributed to the Zn O bonding. The peak at 533.5 eV 

can be assigned to the carboxyl groups, indicating that RGO 

contained a small amount of carboxyl groups. The effi cient 

reduction of GO to RGO via Sn 2+  was confi rmed by the C1s 

spectrum (Figure  3 d). The strong C1s peak at 284.6 eV and 

the weak binding energy peaks centered at 285.8, 287.6, and 

289.1 eV can be assigned to the C C bonding and C OH, 

C O, and OH C O functional groups, respectively, [ 34 ]  signi-

fying a high-degree reduction of RGO in nanocomposites. [ 35 ]  

   Figure    4  a compares the Fourier transform infrared 

(FTIR) spectra of GO and RGO/ZnONRA nanocomposites 
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 Figure 2.    a) AFM image and the corresponding high profi le (inset) of GO. FESEM images (top views) of b) ZnONRA, c) RGO/ZnONRA-1 ( c  = 0.5 mg mL −1 ), 
d,f) RGO/ZnONRA-2 ( c  = 2 mg mL −1 ), and e) RGO/ZnONRA-3 ( c  = 8 mg mL −1 ). The cross section of ZnONRA is shown as an inset in (b). The presence 
of RGO is marked with white lines in (f).
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(i.e., RGO/ZnONRA-2). For GO, the peaks at 3405, 1735, 

1620, 1404, 1227, and 1052 cm −1  are originated from the 

O H stretching vibrations, C O stretching vibrations, the 

C C stretching mode, C OH stretching vibrations, C

O stretching vibrations from epoxy groups, and C O C 

stretching vibrations, respectively. In contrast, in the RGO/

ZnONRA-2 nanocomposite, the characteristic peaks of 

oxygen-containing functional groups (i.e., C O at 1735 cm −1  

and C O at 1227 cm −1 ) disappeared, and the C O C at 

1052 cm −1  and the C OH at 1404 cm −1  also decreased signifi -

cantly, implying that the GO was greatly deoxygenated during 

the reaction. The peaks at 1620 and 497 cm −1  correspond to 

the skeletal vibration of RGO sheets and the vibration of 

Zn O, respectively, indicating that ZnONRA was hybridized 

with graphene sheets to form RGO/ZnONRA nanocomposites. 

  Raman measurements were also performed to charac-

terize the sp 2  and sp 3  hybridized carbon atoms in RGO for 

differentiating the order and disorder structures. Figure  4 b 

compares the Raman spectra of GO and RGO/ZnONRA 

nanocomposites (i.e., RGO/ZnONRA-2). The peaks at 438 

and 572 cm −1  correspond to  E  2  and  A  1  (LO) modes of ZnO, 

respectively, and the peak at 1145 cm −1  can be ascribed to the 

Raman 2LO mode. [ 36–38 ]  Both GO and RGO/ZnONRA-2 

exhibited the similar D and G bands of carbon around 1352 

and 1592 cm −1 , suggesting the structure of RGO was retained 

in the nanocomposites. We note that the G band correlates to 

the Raman-active  E  2g  mode, refl ecting the presence of sp 2 -

hybridized carbon. The D band results from the disordered 

carbon. Interestingly, the ratio of the integrated peak inten-

sity,  I  D / I  G , in the RGO/ZnONRA-2 nanocomposite is 1.09, 
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 Figure 3.    XPS spectra of the RGO/ZnONRA nanocomposites (i.e., RGO/ZnONRA-2): a) the full spectrum, b) Zn 2p region, c) O 1s region, and d) C 
1s region.

 Figure 4.    a) FTIR spectra and b) Raman spectra of GO and RGO/ZnONRA nanocomposites (i.e., RGO/ZnONRA-2), respectively.
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which is larger than that in GO ( I  D / I  G  = 1.00), indicating that 

the structural defects in GO were slightly increased during 

the reduction process. 

 The UV–vis diffuse refl ectance spectra (DRS) of 

ZnONRA and RGO/ZnONRA nanocomposites (i.e., RGO/

ZnONRA-2) are shown in  Figure    5  a. Obviously, draping 

RGO over the surface of ZnONRA resulted in a variation on 

the optical property of ZnONRA. A red shift in the absorp-

tion edge and an improved absorption in the visible-light 

range are clearly evident, which may be ascribed to the for-

mation of chemical bonding between RGO and ZnO. [ 39 ]  The 

optical bandgap energies,  Eg , of ZnO and RGO/ZnONRA-2 

were estimated according to the Kubelkae-Munk equa-

tion. [ 40,41 ]  Figure  5 b displays that  Eg  of ZnONRA is ≈3.3 eV 

and  Eg  of RGO/ZnONRA-2 was slightly reduced to 3.0 eV. 

The narrowing of the bandgap may due likely to the chemical 

bonding between ZnO and RGO, that is, the formation of 

Zn O C bond, similar to the case of ZnO/carbon nanotube 

composites. [ 42 ]  Taken together, the extended light absorp-

tion range (corresponding to the reduced bandgap) and the 

enhanced visible-light absorption can be achieved, thereby 

leading to a potentially more effi cient utilization of the solar 

spectrum. 

  Thus, the RGO/ZnONRA nanocomposites were 

employed in photocatalytic degradation of organic pollutants 

under the visible-light irradiation. As a typical probe molecule, 

Rhodamine B (RhB) was selected for the photocatalytic reac-

tion (see the Experimental Section). The degradation of RhB 

by the RGO/ZnONRA nanocomposites was conducted under 

the visible-light irradiation ( λ  > 420 nm).  Figure    6  a compares 

the visible-light photodegradation of RhB without the use of 

photocatalyst, with ZnONRA, three RGO/ZnONRA nano-

composites (i.e., RGO/ZnONRA-1, RGO/ZnONRA-2, and 

RGO/ZnONRA-3), and commercially available P25. The 

degradation effi ciency is defi ned as  C/C  0 , where  C  and  C  0  are 

the remnant and initial concentration of RhB, respectively. As 

expected, the self-degradation of RhB (no photocatalyst) was 

nearly unnoticeable after visible-light exposure for 180 min, 

refl ecting the high stability of RhB. When using commercial 

P25 and ZnONRA as the photocatalysts, the concentration 

of RhB was slightly decreased by 13.6% and 18.6%, respec-

tively, after 180 min. This is not surprising as TiO 2  and ZnO 

cannot be effectively excited by visible light due to their 

wide bandgaps. In sharp contrast, it is clear that all three 

RGO/ZnONRA nanocomposites photocatalysts exhibited 

the remarkably higher photo catalytic activities than P25 and 

ZnONRA, substantiating that the modifi cation of ZnONRA 

with RGO can markedly improve its visible-light photo-

catalytic property, even at a relatively low content of RGO 

(i.e., RGO/ZnONRA-1). Particularly, the RGO/ZnONRA-2 
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 Figure 5.    a) UV–vis diffuse refl ectance spectra, and b) the bandgap evaluation from the (α hv ) 1/2 –photon-energy plots for ZnONRA and RGO/
ZnONRA nanocomposites (i.e., RGO/ZnONRA-2), respectively.

 Figure 6.    a) Photocatalytic degradation profi les of RhB by employing three different RGO/ZnONRA nanocomposites (i.e., RGO/ZnONRA-1 
( c  = 0.5 mg mL −1 ), RGO/ZnONRA-2 ( c  = 2 mg mL −1 ), and RGO/ZnONRA-3 ( c  = 8 mg mL −1 )), ZnONRA, P25, and no photocatalyst, respectively, and 
b) the corresponding pseudo-fi rst-order kinetic plots.



full papers
www.MaterialsViews.com

4082 www.small-journal.com © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sample yielded the highest photocatalytic effi ciency among all 

tested photocatalysts, that is, 93.5% of RhB was degraded by 

RGO/ZnONRA-2 within a 2 h visible-light irradiation. The 

decomposition of RhB can be fi tted to a pseudo-fi rst-order 

kinetics, −ln( C / C  0 ) =  kt , where  t  is the light irradiation time 

and  k  is the photocatalytic reaction apparent rate constant. 

Figure  6 b depicts the effect of different photocatalysts on the 

kinetics of RhB under the visible-light illumination. The  k  for 

the RGO/ZnONRA-2, RGO/ZnONRA-3, RGO/ZnONRA-1, 

ZnONRA, and P25 were calculated to be 2.2 × 10 −2 , 1.7 × 10 −2 , 

1.3 × 10 −2 , 1.6 × 10 −3  and 1.1 × 10 −3  min −1 , respectively. It is 

important to note that the photocatalytic degradation rate of 

RGO/ZnONRA-2 was 14-fold and 20-fold higher than that of 

ZnONRA and P25, respectively. The  k  of RGO/ZnONRA-2 

and RGO/ZnONRA-3 were slightly higher than that of RGO/

ZnONRA-1 due largely to the presence of more interfacial 

contact between ZnONRA and RGO sheets, as evidenced by 

the SEM measurements (Figure  2 ). Notably, the visible-light 

photocatalytic performance of RGO/ZnONRA-3 was lower 

than that of RGO/ZnONRA-2, suggesting that the high con-

tent of RGO in the RGO/ZnONRA-3 nanocomposites did not 

afford an improved photocatalytic performance. This observa-

tion can be rationalized as follows. On one hand, the high con-

tent of RGO cannot result in additional effective interfacial 

contact with ZnONRA as the nearly full surface coverage of 

RGO was already realized when the concentration of GO was 

2 mg mL −1  (i.e., RGO/ZnONRA-2; Figure  2 d). On the other 

hand, the thicker RGO sheets in RGO/ZnONRA-3 may lead 

to the blocking of the active areas of nanocompoite materials 

from the visible-light exposure. [ 43,44 ]  

  As the photocatalytic performance is closely related to the 

separation of photogenerated charges, the separation of elec-

trons and holes was evaluated by measuring the photo current 

of ZnONRA before and after the introduction of RGO. The 

photoresponses of as-prepared photoelectrodes were meas-

ured with the light on/off cycles at 0 V versus the saturated 

calomel electrode ( Figure    7  a). We note that uniform and fast 

photocurrent responses were observed for each light-on and 

light-off cycle for all photoelectrodes, indicating that the charge 

separation in the photoelectrodes proceeded very quickly. In 

comparison with the ZnONRA, the RGO/ZnONRA-2 photo-

electrode showed a signifi cantly increased photocurrent. The 

maximum photocurrent density of RGO/ZnONRA-2 reached 

22.5 µA cm −2 , which is fi ve times higher than that of ZnONRA 

of 4.3 µA cm −2 . The enhanced photocurrent response suggested 

the effi cient electron separation in the RGO/ZnONRA nano-

composites, which is crucial for the enhanced photo catalytic 

performance. Moreover, the electrochemical impedance spec-

troscopy (EIS) measurements were also performed to deter-

mine the improved charge separation of RGO/ZnONRA 

nanocomposites. The Nyquist plots of ZnONRA and RGO/

ZnONRA-2 under the visible-light illumination are shown in 

Figure  7 b. The radius of the semicircle is related to the reaction 

rate occurring at the surface of the catalytic electrodes. Com-

pared to ZnONRA, RGO/ZnONRA-2 showed a depressed 

semicircle, suggesting a more effective charge separation pro-

cess after the introduction of RGO. 

  In addition to the photocatalytic activity, the stability of 

photocatalysts are also important for their practical applica-

tions. In contrast to the common photocatalysts existed in 

the form of dispersed nanoparticles in the reaction media, 

the RGO/ZnONRA nanocomposites were directly deposited 

on the Fe–Co–Ni substrate. Thus, they can be conveniently 

reused for multiple photocatalytic processes without the 

tedious centrifugation process often encountered in copious 

previous work. To investigate the stability of photocatalytic 

performance in visible-light region, the RGO/ZnONRA-2 

was employed to degrade RhB in fi ve consecutive cycles as 

shown in  Figure    8  . Prior to each experiment, the used photo-

catalyst was rinsed with deionized water. Despite a slight loss 

of photocatalytic activity (within 5%), the RGO/ZnONRA-2 

nanocomposites maintained a high photocatalytic activity 

even after the fi fth reaction cycle, refl ecting the outstanding 

stability of RGO/ZnONRA nanocomposites. Such supe-

rior stability may be resulted from the effective coverage of 

ZnONRA by RGO which prevented the photocorrosion of 

ZnO during the photocatalytic process and in turn led to the 

improved stability. 

  In the following we turn our attention to the possible mech-

anism for the markedly enhanced visible-light photocatalytic 

activity in RGO/ZnONRA nanocomposites. ZnO is known 

as a wide bandgap semiconductor (3.37 eV) and cannot be 

photoexcited under the visible-light irradiation. However, the 

judicious deposition of RGO sheets over ZnONRA rendered 

the visible-light photocatalytic activity of the resulting 

RGO/ZnONRA nanocomposites. RGO is a zero-bandgap 
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 Figure 7.    a) Photoresponse profi les and b) Nyquist impedance plots of pure ZnONRA and RGO/ZnONRA nanocomposites (RGO/ZnONRA-2), 
respectively.
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semiconductor with a work function of −4.42 eV [ 45 ]  and can 

be excited under the visible-light irradiation as proven by 

calculations and experiments. [ 46–48 ]  One possible scenario for 

the generation of photoelectrons in RGO/ZnONRA under 

visible-light irradiation is the photoexcitation of RGO, as 

illustrated in  Scheme    1  a. During the photocatalytic process, 

RGO is fi rst excited from the ground state RGO to the excited 

state RGO*, generating photoelectrons. Due to the excellent 

electron conductivity of RGO, the high electron mobility of 

ZnONRA, and the effi cient interfacial contact between RGO 

and ZnONRA, these photoelectrons can rapidly inject into 

the conduction band (CB) of ZnO. The electrons react with 

oxygen dissolved in water to form the activated superoxide 

radical anion •O 2  
−  which can subsequently transform into •OH 

radicals as represented in Equations  ( 1)  – ( 3)  

 
• + → −− +O H OOH2     ( 1)  

  
− →OOH H O2 2

    ( 2)  

  
+ • → • +− −H O O OH OH2 2 2   

  ( 3) 
 

   Both •O 2  
−  and •OH are strong oxidants that degrade RhB. 

Thus, we propose that during the visible-light photocatalytic 

process for RGO/ZnONRA nanocomposites, RGO acts as 

a photosensitizer to generate photoelectrons, rather than 

as electrons acceptor. In addition, it has been demonstrated 

that the dyes can sensitize the wide bandgap semiconduc-

tors, making them suitable for utilizing visible photons. [ 49 ]  

In this work, RhB can thus function as a photosensitizer 

as well to generate photoelectrons under the visible-light 

irradiation. [ 50 ]  As depicted in Scheme  1 b, the work func-

tion of RhB* is −3.08 eV, which is higher than that of RGO 

(−4.42 eV). Most of dyes are attached to the surface of RGO 

due to the large surface area of RGO. Therefore, the photo-

induced electrons can be favorably transferred from RhB* 

to RGO, and injected into the CB of ZnO. We speculate that 

these two scenarios (i.e., cophotosensitizations by RGO and 

RhB) collectively impart the visible-light photo catalytic deg-

radation of RGO/ZnONRA nanocomposites with markedly 

enhanced performance over ZnONRA.  

  3.     Conclusions 

 In summary, RGO/ZnONRA nanocomposites with high visible-

light photocatalytic performance were successfully produced 

via a surprisingly simple wet-chemistry approach. The amount 

of RGO draped over ZnONRA exerted a notable infl uence on 

the photocatalytic activity of RGO/ZnONRA nanocomposites. 

The highest photocatalytic degradation rate of RGO/ZnONRA 

on RhB was 14 times higher than that of ZnONRA alone. 

The nanocomposites also exhibited an outstanding stability 

due to the surface protection by RGO. This simple yet effec-

tive strategy can be readily extended to produce other RGO-

decorated wide bandgap semiconductor nanocomposites for the 

better visible-light utilization with promising potential for appli-

cations in the oxidative decomposition of organic pollutants, 

hydrogen generation, nanogenerator, and solar cells.  

  4.     Experimental Section 

  Preparation of RGO/ZnONRA : As shown in  Scheme    2  , ZnO 
nanorod arrays (ZnONRA) were prepared on the alloyed Fe–Co–Ni 
substrate via a facile one-step approach. [ 51,52 ]  Notably, a seed 
layer was not needed, which simplifi ed the preparation pro-
cess. In a typical synthesis, a piece of the Fe–Co–Ni substrate 
(20 × 20 × 0.15 mm 3 ) was cleaned in the ultrasonic bath with abso-
lute ethanol and deionized water. Subsequently, the substrate was 
suspended in 200 mL of aqueous solution containing Zn(NO 3 ) 2  
(0.035  M ) and NH 3  . H 2 O (0.65  M ) in a sealed beaker followed by 
heating at a constant temperature of 70 °C for 24 h. After the reac-
tion, the substrate tightly covered with ZnO nanorod arrays was 

small 2016, 12, No. 30, 4077–4085

 Figure 8.    Cycling performance of RGO/ZnONRA nanocomposites 
(i.e., RGO/ZnONRA-2) in the photocatalytic degradation of RhB under 
visible-light irradiation.

 Scheme 1.    Schematic illustration of the facile synthesis of RGO/ZnONRA nanocomposites.
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rinsed with ethanol and dried in air at room temperature. The chem-
ical reaction for the growth of ZnO nanorods is given as follows 

 

( ) ( )

( )

+ ⋅ → + ⋅

→ + +

Zn NO 2NH H O Zn OH 2NH NO

ZnO H O 2NH aq

3 2 3 2 2 4 3

2 3   
  ( 4) 

 

     The GO was prepared from natural graphite by the improved 
Hummers method. [ 33 ]  The RGO sheets were deposited on the sur-
face of ZnONRA by a simple wet-chemistry approach. First, as-pre-
pared ZnONRA was carefully immersed into 50 mL SnCl 2  ethanol 
solution (0.05  M ) with vigorous stirring for about 30 min at room 
temperature to obtain the Sn 2+ -activated ZnONRA. Subsequently, an 
optimized amount of GO was uniformly dispersed in distilled water 
(200 mL) by ultrasonication for 30 min. The fi lm with the Sn 2+ -acti-
vated ZnONRA was then immersed into the GO solution and stirred 
for 1 h at 70 °C. It is noteworthy that GO with OH and COOH on 
the surface can be easily attached on the surface of Sn 2+ -activated 
ZnONRA due to the electrostatic adsorption with Sn 2+ , and was 
then reduced to RGO by Sn 2+ . After that, the obtained RGO/ZnONRA 
nanocomposites were removed from the solution and washed with 
deionized water for several times. The formed SnO 2  particles were 
washed off by water during this process, which was confi rmed by 
XRD measurement on the products. As RGO sheets was well-spread 
out on the surface of ZnONRA over a large area and a large quantity 
of interfacial contacts were formed between them, the RGO sheets 
sustained the water washing. Finally, the products were dried in a 
vacuum oven at 60 °C overnight. 

 In our study, the amount of RGO deposited on the sur-
face of ZnONRA can be readily tuned by varying the con-
centration of GO. Accordingly, the resulting RGO/ZnONRA 
nanocomposites were referred to as RGO/ZnONRA-1 (the concen-
tration of GO,  c  = 0.5 mg mL −1 ), RGO/ZnONRA-2 ( c  = 2 mg mL −1 ), 
and RGO/ZnONRA-3 ( c  = 8 mg mL −1 ). 

  Characterization : The XRD measurements were performed on 
a Dmax-3β diffractometer with nickel-fi ltered Cu Kα radiation ( λ  = 
1.54178 Å). The XPS was collected on the ESCALab MKII X-ray pho-
toelectron spectrometer (K-Alpha 1063). The size and morphology 
of the samples were investigated by FESEM (JEOL-6300F). FTIR 

refl ectance spectra were recorded on a FD-5DX FTIR spectrometer. 
Raman spectra were recorded at room temperature using a micro-
Raman spectrometer (InVia, Renishaw plc, Gloucestershire, UK) 
in the backscattering geometry with a 514.5 nm Ar +  laser as an 
excitation source. The UV–vis DRS were obtained using a Lambda 
35 UV–vis spectrometer. 

  Photocatalytic Measurements : The photocatalytic activities of 
as-prepared samples were evaluated by degrading RhB under the 
visible-light irradiation. A 500 W xenon lamp with an ultraviolet fi lter 
was used as a light source and the distance between the samples 
was 8 cm. In a typical measurement, the fi lms with an effective area 
of 2 × 2 cm 2  were horizontally immersed in 30 mL of 10 mg L −1  RhB 
solution in a quartz reactor. Prior to illumination, the suspension 
was magnetically stirred in the dark for 1 h to ensure the adsorption/
desorption equilibrium of RhB with the RGO/ZnONRA nanocompos-
ites photocatalysts. Afterward, the solution was stirred incessantly 
under the visible light and the temperature was maintained at room 
temperature using circulating water. The concentration of RhB was 
measured by a UV-2401 spectrophotometer for every 30 min. 

  Photoelectrochemcial Measurements : The photoelectrochemical 
characteristics of samples were measured using an electrochem-
ical workstation (CHI660C, Chenhua, China) with a three-electrode 
system, which was operated with the RGO/ZnONRA fi lms as the 
working electrode, the platinum wire as the counter electrode, and 
the Ag/AgCl as the reference electrode. The working electrode was 
irradiated by a 500 W xenon lamp with a 420 nm cutoff fi lter. The 
measurements were carried out in 0.1 M Na 2 SO 4  aqueous solu-
tion. The EIS over a frequency range from 0.01 Hz to 100 kHz at the 
open-circuit voltage was conducted on the same electrochemical 
workstation.  
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