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Three-dimensional WO3 nanostructures on carbon paper:

photoelectrochemical property and visible light driven photocatalysisw

Xianghui Zhang,
a
Xihong Lu,

ab
Yongqi Shen,

a
Jingbin Han,

c
Longyan Yuan,

a
Li Gong,

d

Zhi Xu,
e
Xuedong Bai,

e
Min Wei,

c
Yexiang Tong,

b
Yihua Gao,

a
Jian Chen,

d
Jun Zhou*

a
and

Zhong Lin Wang*
af

Received 20th January 2011, Accepted 28th March 2011

DOI: 10.1039/c1cc10389j

Three-dimensional (3D) WO3 nanostructures were grown on

carbon paper by a catalyst-free high temperature reactive vapor

deposition process, which exhibit a good photoelectrochemical

property and visible light driven photocatalytic performance.

For the purpose of effectively utilizing the solar light or visible

light, significant efforts have been focused on exploring new

materials with band edge alignments suitable for driving the

necessary photoelectrochemical and photocatalytic reactions.1–4

It is now widely recognized that nanostructured semiconductors,

in comparison to bulk materials, offer potential advantages in

photoelectrochemical cells or photocatalytic applications due

to their large surface area and size dependent properties, such

as increased photon absorption, enhanced charge separation

and migration, and surface reactions.5,6 One-dimensional (1D)

single crystalline structures are currently of great importance,

as they can offer direct path for the photogenerated charges,

with reduced grain boundaries, resulting in superior charge

transport properties.7–9

Among transition metal oxides, tungsten trioxide (WO3) has

attracted considerable interests due to its promising physical

and chemical properties.10–12 WO3 represents an important

member of visible-light-driven photocatalysts, and has been

demonstrated to exhibit high photocatalytic activity for the

decomposition of organic compounds both in liquid and gas

phase.13–17 Moreover, WO3 is recognized as one of the few

n-type semiconductors resistant to photocorrosion in aqueous

solutions, and has significant incident photo-to-current

conversion efficiencies (IPCEs).18 Recently, the study of

visible-light-driven photoelectrochemical or photocatalytic

properties of WO3 nanostructures, including nanoparticles,13

nanotubes14 and nanorods4 have attracted much attention due

to their outstanding performances. In this work, we report the

fabrication of three-dimensional (3D) WO3 nanostructures on

carbon paper via a high temperature reactive vapor deposition

process. The photoelectrochemical measurement shows that

the 3D WO3 nanostructures have a strong photocurrent

response under visible light illumination (l > 420 nm).

Moreover, they also exhibit a good visible light photocatalytic

performance for the degradation of rhodamine B (RB).

The 3DWO3 nanostructures were synthesized by a one-step,

high temperature evaporation process by using tungsten

powder as the source material in the presence of oxygen,

which has been reported elsewhere (see the experimental

section in ESIw).19–22 After the evaporation deposition

process, the color of the carbon paper substrate changed from

dark grey to bright yellow. Fig. 1a and b show the scanning

electron microscopy (SEM) images of carbon paper before and

after the growth of WO3 nanostructures, respectively. It can be

seen that the carbon paper was woven by carbon fibers with

the diameter of B10 mm. The carbon fibers were uniformly

covered by the 3D WO3 nanostructures after the growth

process. The high yield of the product can be observed

from the low magnification SEM image in Fig. 1c. The

high-magnification SEM image in Fig. 1d clearly demonstrates

the shape of the 3D nanostructure, which is constructed

by intercrossed nanowires with the orientation of three

perpendicular directions.

The crystal structure of the product was characterized by

X-ray diffraction (XRD) measurement. According to Fig. 2a,

all of the diffraction peaks, except two peaks of the carbon

paper, can be indexed to monoclinic WO3 (ICDD-PDF2-2004

cards: 01-072-0677). The dominant peak at 23.11, 23.51 and

24.31 are corresponding to (002), (020) and (200) diffraction

aWuhan National Laboratory for Optoelectronics,
and College of Optoelectronic Science and Engineering,
Huazhong University of Science and Technology (HUST), Wuhan,
430074, China. E-mail: jun.zhou@mail.hust.edu.cn;
Fax: +86-27-87792225; Tel: +86-27-87793105

bMOE of the Key Laboratory of Bioinorganic and Synthetic
Chemistry, School of Chemistry and Chemical Engineering,
Sun Yat-Sen University, Guangzhou, 510275, China

c State Key Laboratory of Chemical Resource Engineering,
Beijing University of Chemical Technology, Beijing, 100029,
P. R. China

d Instrumental Analysis & Research Center, Sun Yat-Sen University,
Guangzhou, 510275, China

e Bejing National Laboratory for Condensed Matter Physics Institute
of Physics, Chinese Academy of Sciences, Beijing, 100190, China

f School of Materials Science and Engineering, Georgia Institute of
Technology, Atlanta, Georgia 30332-0245, USA.
E-mail: zhong.wang@mse.gatech.edu; Fax: +1-404-894-8008;
Tel: +1-404-894-9140
w Electronic supplementary information (ESI) available: Experimental
details, UV-vis absorption spectra of RB solution in the absence of the
3D WO3 nanostructures, SEM images of the 3D WO3 nanostructures
after the dye degradation experiment. See DOI: 10.1039/c1cc10389j

ChemComm Dynamic Article Links

www.rsc.org/chemcomm COMMUNICATION

D
ow

nl
oa

de
d 

by
 G

eo
rg

ia
 I

ns
tit

ut
e 

of
 T

ec
hn

ol
og

y 
on

 1
3 

A
pr

il 
20

11
Pu

bl
is

he
d 

on
 1

3 
A

pr
il 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1C
C

10
38

9J
View Online

http://dx.doi.org/10.1039/c1cc10389j
http://dx.doi.org/10.1039/c1cc10389j
http://dx.doi.org/10.1039/c1cc10389j


Chem. Commun. This journal is c The Royal Society of Chemistry 2011

peak of WO3, respectively. Fig. 2b displays a Raman spectrum

of the 3D WO3 nanostructures. The bands centered at 807 and

716 cm�1 arise from the W–O stretching, and the two bands

located at 327 and 273 cm�1 belong to O–W–O bending

modes.23 The result indicates that the structure of the product

is WO3 monoclinic g-phase.
Fig. 2c shows a low-magnification transmission electron

microscopy (TEM) image of a broken 3DWO3 nanostructures

segment with a vertical cross junction. Corresponding selected

area electron diffraction (SAED) pattern (inset in Fig. 2d) of

the junction was recorded, proving the single crystalline nature

of the whole junction. Fig. 2d displays a high-resolution

transmission electron microscopy (HRTEM) image that was

taken from the rectangle-closed area in Fig. 2c. Two sets of

parallel fringes with the spacing of 0.37 nm and 0.38 nm were

obtained, correspond to the (020) and (002) planes of the

monoclinic WO3.

Fig. 3a shows the UV-visible absorption spectrum of the

3D WO3 nanostructures. The optical band gap (Eg) of 3D

WO3 nanostructures can be calculated from the equation of

(ahn)2 = A (hn � Eg), where hv is the photon energy, a is the

absorption coefficient, and A is a material related constant.24

The estimated Eg for the 3D WO3 nanostructures isB2.36 eV,

indicating they are capable of capturing visible light. Hence,

the photoelectrochemical cell (PEC) characterization

of the 3D WO3 nanostructures under visible light irradiation

(>420 nm) was examined (see the experimental section in

ESIw). Fig. 3b shows the photocurrent density versus potential

(J–V) curve for the 3D WO3 nanostructures in the electrolyte

containing 0.1 M Na2SO4 both in the dark and under visible

light irradiation. It can be clearly seen that the 3D WO3

nanostructures exhibited a significant photocurrent density

under visible light irradiation. The large photocurrent density

of 0.45 mA cm�2 is observed with +0.25 V (vs. SCE). The

inset in Fig. 3b is the photocurrent response to on-off cycling

of the 3D WO3 nanostructures recorded at zero bias. The

steady and prompt photocurrent generation was observed

during on and off cycles of illumination, demonstrating the

good photocurrent stability under visible light irradiation.

In view of its visible photocurrent response, we further

studied the visible photocatalytic activity of the 3D WO3

nanostructures by photo-degradation of rhodamine B (RB)

solution (see the experimental section in ESIw). To eliminate

the self-degradation of RB and the substrate effect under

irradiation, a carbon paper without WO3 was also measured

under the same conditions for comparison (the self-degradation

Fig. 1 (a) and (b) are SEM images of the carbon paper before

and after the growth of 3D WO3 nanostructures, respectively.

(c) low-magnification and (d) high-magnification SEM image of the

3D WO3 nanostructures, respectively.

Fig. 2 (a) XRD pattern, (b) room temperature Raman spectrum,

(c) low- magnification TEM image, and (d) HRTEM image of the 3D

WO3 nanostructures on carbon paper.

Fig. 3 (a) UV-vis absorption spectrum of 3D WO3 nanostructures.

(b) Current density versus potential (J–V) curve of 3D WO3 nano-

structures in the dark and under visible light irradiation (>420 nm).

The inset shows the photocurrent response at zero bias.
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of the RB solution with a slow rate is shown in Fig. S1 in

ESIw). The decrease in the intensity of the absorbance band at

B560 nm is attributed to the decomposition of the RB

solution. Fig. 4 shows the changes in the absorption spectra

of RB solution after under visible light irradiation for 0 h, 2 h,

4 h, 6 h, 8 h and 11 h. It can be seen that 89% of the RB

decomposed after 11 h visible light irradiation.

The inset of Fig. 4 is the plot of ln(C/C0) versus irradiation

time, where C and C0 are the intensity of the absorbance peaks

at 560 nm at the reaction time and the initial time, respectively.

The initial solution concentration was purposely chosen to

give an absorbance value of 1.0. The results reveal that the

presence of the 3D WO3 nanostructures catalyst increases the

degradation process significantly. Moreover, it is worth noting

that the 3D WO3 nanostructures retained their original

morphology and structure after the photodegradation reaction

(See Fig. S2w), indicating the high stability of the 3D WO3

nanostructures.

The enhanced photocatalytic ability and clear photocurrent

response mentioned above can be attributed to its suitable

band gap and the specific 3D structure. As indicated by the

UV-visible absorption spectrum, 3D WO3 nanostructures

have a band gap of 2.36 eV that can absorb visible light.

When 3D WO3 nanostructures are irradiated by visible light,

the photogenerated electrons and holes will be produced in the

conduction band (CB) and valance band (VB) of WO3,

respectively. In our case, single crystalline 3D WO3 nanorods

can give an effective path for the electrons transport and thus

suppress electron-hole recombination effectively. Furthermore,

the 3D net structures grown directly on carbon paper not only

can provide more active sites for the photoreaction, but

also facilitate the species transport and electrons collection.

Therefore, it is expected that the 3D WO3 nanostructures in

this work can be potentially used in the field of photoactive

material.

In summary, 3D WO3 nanostructures were synthesized on

carbon paper by a catalyst-free high temperature reactive

vapor deposition process. The visible-light-driven PEC and

photocatalytic properties have been studied. The 3D WO3

nanostructures exhibit a strong photocurrent response under

visible light illumination (l > 420 nm). In addition, a high

visible light photocatalytic behavior for the decomposition of

RB was also demonstrated. These results indicate that the 3D

WO3 nanostructures are promising candidate materials for

PEC cell and photocatalysts for wastewater treatment.
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