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Graphene nanocluster decorated niobium oxide
nanofibers for visible light photocatalytic
applications†

Shishun Qi,‡ab Linfeng Fei,‡b Ruzhong Zuo,*a Yu Wang*b and Yucheng Wua
In this paper, we report a novel nanocomposite of graphene nano-

cluster decorated Nb2O5 nanofibers. With the structural modification,

the photocatalytically active region of Nb2O5 has been significantly

extended from the UV region to the UV-Vis region (from �380 nm to

�800 nm in the adsorption edge); and hence, the visible light pho-

tocatalytic performance has been greatly improved. Detailed struc-

tural analysis revealed that the enhanced photocatalytic activity of the

graphene nanocluster decorated Nb2O5 nanofibers could be mainly

attributed to the modification of the bandgaps by the clusters and the

unique orientation of graphene layers (nearly perpendicular to the

Nb2O5/C interface, which is quite different from classical “core–shell”

composites). We believe that the findings suggest a potential candi-

date for visible-light photocatalytic applications and would inspire

further studies.

Introduction

Worldwide efforts have been made to develop high-perfor-
mance photocatalytic materials for energy and environmental
applications, and titania (TiO2) is probably the most widely
investigated photocatalyst so far. Due to its wide bandgap, TiO2

is active in the ultraviolet (UV) light range but relatively inert to
visible light.1–4 In order to fully utilize solar energy for photo-
catalysis, researchers attempted to enhance the visible light
photocatalytic activity of TiO2 through doping, dye sensitiza-
tion, bandgap engineering, etc.5–11 Among these methods, the
use of sensitization could effectively extend the absorption
spectrum of TiO2 at a relatively low cost and is therefore
considered to be a promising approach for its large-scale
applications.9–11 Functional carbonaceous materials have been
utilized to improve the photocatalytic activity of various
g, Hefei University of Technology, Anhui

cn

rials Research Center, The Hong Kong

na. E-mail: yu.wang@polyu.edu.hk

tion (ESI) available. See DOI:

ntribution to this work.

0–8195
materials.12–15 Recently, graphene has been found to exhibit a
high level of absorption in the visible-light region and enhance
charge separation along the interfaces between photocatalysts
and organic pollutants.16–20

Despite the success mentioned above, there is also growing
interest in developing material systems other than TiO2 for
photocatalytic applications. For example, with a bandgap (Eg) of
3.4 eV, niobium oxide (Nb2O5) is a major semiconductor with
great potential for water treatments.21–25 One of the main
advantages of Nb2O5 is that it shows long-term stability in a
photocatalytic process.23 Analogous to TiO2, Nb2O5 displays
poor photocatalytic activity to visible light due to its large
bandgap.26–28 This issue could be partially solved by carbon
modication in Nb2O5 nanoplates through a solvothermal
method.28 Nevertheless, there is still much room for enhancing
the performance of Nb2O5 for photocatalytic applications.

In light of the situation discussed above, we propose to
develop a new system – Nb2O5 nanobers (Nb2O5 NFs) deco-
rated with graphene nanoclusters. We chose to work on Nb2O5

nanobers rather than nanoparticles mainly because of their
better handleability.29,30 Electrospinning was employed as a
feasible and scalable technique in terms of synthesizing sub-
micrometer-sized bers by utilizing an electrical charge to draw
bers from a liquid with suitable viscosity.31,32 Graphene, the
two-dimensional macromolecular sheet of carbon, exhibits
superior electrical conductivity, mechanical properties and
large theoretical specic surface areas.33,34 The introduction of
graphene for decorating the surface of Nb2O5 nanobers should
improve the nanobers' photocatalytic activity through (1)
visible light absorption originating from the graphene; (2)
enhancement of the charge separation because of the formed
conjugated structure.

Herein, we report a successful attempt for the fabrication of
graphene nanocluster decorated Nb2O5 nanobers via a simple
electrospinning technique plus a hydrothermal method. As
demonstrated in the paper, the material exhibits a signicantly
extended adsorption spectrum and hence greatly enhanced
photocatalytic activity. A possible mechanism for explaining the
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) SEM image of sample G@Nb2O5 NFs. (b) XRD patterns of
Nb2O5 NFs, G@Nb2O5 NFs and C@Nb2O5 NFs. (c–e) TEM image of
G@Nb2O5 NFs, enlarged TEM image and HRTEM image of G@Nb2O5

NFs. (f and g) TEM and HRTEM images of C@Nb2O5 NFs.

Communication Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
8 

M
ar

ch
 2

01
4.

 D
ow

nl
oa

de
d 

by
 H

eF
ei

 U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 1
7/

05
/2

01
4 

10
:0

0:
06

. 
View Article Online
visible light activity is also proposed based on the detailed
structural analysis of the composite nanobers.

Experimental methods

The samples were prepared via an electrospinning process plus a
hydrothermal treatment. The precursor solution for electro-
spinning was prepared by adding 9 wt% polyvinylpyrrolidone
(PVP) into a 0.1 mol L�1 niobium ethoxide solution followed by
stirring for several hours at room temperature.35 The electro-
spinning parameters were: distance between the needle and the
collector (Al foil) ¼ 14 cm, applied voltage ¼ 16 kV, and precursor
feeding rate ¼ 1 mL h�1. Aer electrospinning, the as-spun bers
were rst dried in an oven at 100 �C for several hours and then
calcined in a muffle furnace at 500 �C for 1 hour in air. Samples
thus prepared are Nb2O5 nanobers, hereaer called Nb2O5 NFs.
0.1 g Nb2O5 NFs together with glucose were then put into a 40 mL
Teon-lined stainless steel autoclave containing 32 mL of deion-
ized water to produce a 0.5 g L�1 glucose solution. Themixture was
stirred to form a milk-like suspension, sealed and hydrothermally
treated at 180 �C for 4 h. Aer cooling, ltration, washing (using
deionized water) and drying in an oven at 80 �C for 2 h, grey
samples were obtained. They are actually Nb2O5 NFs coated with
carbon. A series of samples with glucose concentrations varying
from 0 to 30 g L�1 were prepared. In this paper, we only discuss
two samples prepared with a relatively low glucose concentration
(0.5 g L�1) and a higher glucose concentration (30 g L�1).

X-ray diffraction (XRD) measurements were carried out using
an XRD diffractometer (XRD, D/Max-RB, Rigaku, Japan) with a Cu
Ka line of 0.1541 nm. The morphologies of the as-prepared
samples were observed by means of scanning electron microscopy
(SEM, SU8020, Hitachi, Japan) and transmission electron micros-
copy (TEM, JEM-2100F, JEOL, Japan). Ultraviolet-visible (UV-Vis)
diffuse reective spectra were recorded using a UV-Vis spectrom-
eter (TU-1950, Beijing Purkinje General Instrument Co., Ltd,
China). The photoluminescence (PL) spectra of the samples were
detected using a Jobin Yvon HR 800 micro-Raman spectrometer
using the 325 nm line from a He–Cd laser. X-ray photoelectron
spectroscopy was accomplished using an X-ray photoelectron
spectrometer (XPS, ESCALAB 250, Thermo, America).

The visible light photocatalytic activity of the samples was
evaluated by degradation of methyl orange (MO) (at the natural
pH value) under irradiation of a 400 W metal-halide lamp
equipped with a cut-off glass lter transmitting l > 380 nm. The
quartz reaction vessel was cooled by the circling water. For the
degradation of MO, the initial concentration of MO was 20 mg
L�1 with a photocatalyst loading of 1 g L�1. First, the solution
was stirred in the dark to reach an adsorption–desorption
equilibrium between the organic molecules and the catalyst.
Upon irradiation for a certain time interval, a small amount of
the solution was taken and centrifuged; the concentration of
MO was determined by measuring its absorbance at 464 nm.

Results and discussion

Microstructures of all samples were carefully examined through
XRD, SEM and TEM. Fig. 1a shows the typical SEM image of the
This journal is © The Royal Society of Chemistry 2014
hydrothermally treated Nb2O5 nanobers, which are �200 nm
in diameter and a few to several tens of micrometers in length.
As shown in Fig. 1b, the XRD measurement indicates that all
samples are well crystallized with a hexagonal structure,
matching well with the database (JCPDS no. 28-0317). The XRD
pattern of the sample aer hydrothermal treatment is basically
the same as that before the treatment. No diffraction peak was
identied to belong to carbon (which should be located at 2q ¼
25.6�) due to its low percentage.36

The high resolution TEM (HRTEM) analysis then revealed
that the morphology and structure of the carbon coating on
Nb2O5 NFs are highly dependent on the concentration of
glucose in the hydrothermal step. The sample prepared with a
low glucose concentration (0.5 g L�1) was found to have
discontinuous graphene nanoclusters formed on the surface of
Nb2O5 NFs, as shown in Fig. 1c to e. The fringes of the nano-
cluster implied that carbon was partially crystallized with a d-
spacing of �0.34 nm, which matched well with typical data for
the interlayer distance in graphite.10 The Nb2O5 NFs were well
crystallized and composed of uniform nanograins. The corre-
sponding lattice fringe was 0.24 nm, agreeing well with the
lattice spacing of the (1�101) planes of hexagonal Nb2O5. On the
basis of the structural features discussed above, this sample is
hereaer called G@Nb2O5 NFs, meaning graphene nanocluster
decorated Nb2O5 NFs.

For samples prepared with higher glucose concentration
(30 g L�1), continuous and uniform graphite layers with a total
thickness of �4 nm are found on the surface of Nb2O5 NFs,
forming a typical core–shell structure, as shown in Fig. 1f and g.
This sample is called C@Nb2O5 NFs, meaning carbon layer
coated Nb2O5 nanobers. It should be noted that the
J. Mater. Chem. A, 2014, 2, 8190–8195 | 8191
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orientation of the graphene layers varied with carbon
percentage. For G@Nb2O5 NFs, the carbon existed in the form
of graphene nanoclusters with graphene layers lying almost
vertical to the axial direction of Nb2O5 nanobers. In contrast,
for the C@Nb2O5 NFs, carbon existed in the form of continuous
coating layers, which was parallel to its axial direction of the
Nb2O5 nanobers. HR-TEM analyses were also conducted for
the samples prepared at intermediate glucose concentrations
(shown in Fig. S1†). The images displayed the evolution of a
carbon layer from discontinuous thin layers consisting of
randomly oriented “sheets” to continuous coated layers with
the same orientation.

To further understand the roles played by the graphene
nanocluster in the composited bres, optical absorption prop-
erties of the samples were examined using a UV-Vis spectrom-
eter. As shown in Fig. 2a, the bare Nb2O5 nanobers exhibit
poor absorption of visible light and the absorption edge is�380
nm, corresponding to a bandgap of 3.4 eV (inset of Fig. 2a). The
G@Nb2O5 NFs and C@Nb2O5 NFs, however, exhibited much
higher visible light absorption up to a wavelength of 800 nm,
suggesting much narrowed bandgaps, and the bandgap values
were determined to be 3.1 eV and 2.9 eV, respectively. The
absorption enhancement could be caused by the fact that
carbon could absorb visible light and that the improved syner-
gistic effect may have been a result of the joint electronic system
at the interface formed between Nb2O5 and carbon.9,19 More-
over, it has also been reported that graphene nano-ribbons
could form a bandgap.37,38 Herein, the clusters were in such a
small size that a bandgap might be formed and it would be
partially responsible for the visible light absorption in
G@Nb2O5. The visible light photocatalytic activities of all
samples were examined through measuring the degradation
rate of MO (represented by the ratio C/C0, where C and C0 stand
Fig. 2 (a) UV-Vis absorption spectra of the three samples. (b) Degra-
dation profiles of MO in the presence of the G@Nb2O5 NFs and
C@Nb2O5 NFs but in the dark, and with visible light irradiation but in
the absence of the nanofiber photocatalysts. (c) Photocatalytic
degradation profiles of MO over the three samples. (d) Kinetic linear
simulations of MO photocatalytic degradation among different
samples.

8192 | J. Mater. Chem. A, 2014, 2, 8190–8195
for the remnant and initial concentration of MO) in the pres-
ence of the nanobers under visible light irradiation with
wavelength l > 380 nm. To make the results reliable, control
experiments were rstly conducted under different conditions:
(1) in the presence of the photocatalyst but without the light
irradiation and (2) with visible light irradiation but in the
absence of a photocatalyst. As shown in Fig. 2b, the experiments
reveal that there is no appreciable decrease of the MO concen-
tration over the samples aer the rst 30 min, indicating an
adsorption–desorption equilibrium of MO. Besides, a small
reduction of the MO concentration about 5% could be observed
aer the visible light irradiation for 5 h, conrming the negli-
gible photodegradation in the system. The results of the pho-
tocatalytic experiments are shown in Fig. 2c. Bare Nb2O5 NFs
displayed poor visible-light photocatalytic activity (degradation
efficiency of�20% for 5 h) due to the relatively large band gap.35

Samples with carbon decoration showed a much higher visible-
light photocatalytic activity: degradation efficiencies of �95%
for G@Nb2O5 NFs and�65% for C@Nb2O5 NFs. It is interesting
to note that G@Nb2O5 NFs showed the highest efficiency
despite their low carbon concentration. Photocatalytic experi-
ments were also conducted for the samples prepared at inter-
mediate concentrations and the results are clearly displayed in
Fig. S2,† indicating that the photocatalytic activity was closely
related to the state of the deposited carbon. Therefore, it is clear
that graphene nanoclusters and discontinuous carbon layers
were benecial for obtaining higher degradation efficiency.
Comparing the efficiency of samples obtained at 10 g L�1, 20 g
L�1 and 30 g L�1, it could be seen that a slight increase of the
carbon content would result in an obvious decrease in the
degradation capacity. Fig. 2d shows �ln(C/C0) vs. reaction time
proles for the three samples. According to the results, the
photocatalytic reaction constant k was 0.5470 h�1 for G@Nb2O5

NFs, which was almost three times more than that of C@Nb2O5

NFs (k ¼ 0.1950 h�1). G@Nb2O5 NFs exhibited much higher
efficiency than that of C@Nb2O5 NFs. This was closely related to
the feature of graphene nanoclusters which was different from
the continuous carbon layers on the C@Nb2O5 NFs. Cycling
experiments were also conducted for G@Nb2O5 NFs and
C@Nb2O5 NFs. The obtained results are displayed in Fig. S3.† It
could be detected that C@Nb2O5 NFs exhibited almost no
changes in the degradation efficiency aer three cycling exper-
iments, while a slight decrease of about 5%was observed for the
G@Nb2O5 NFs in the second and third run. However, the
degradation efficiency of G@Nb2O5 NFs was still much higher
than that of C@Nb2O5 NFs. The favourable photocatalytic
activity of our sample was comparable with previous reports for
similar systems like TiO2, ZnO and CdS, showing great potential
as a promising visible light photocatalyst.19,39–41 Due to the limit
of the relatively large diameter of the composite nanobers, the
efficiency was lower than some systems with much smaller
dimensions, such as RGO–CdS nanorods, RGO–ZnO nano-
particles, C–Bi12TiO20 nanorods and G–SnO2 aerosol.42–45

Detailed information can be seen in Table SI (ESI†).
To better understand the aforementioned synergistic effect

for the enhanced visible light photocatalytic activity, X-ray
photoelectron spectroscopy (XPS) analysis was also conducted
This journal is © The Royal Society of Chemistry 2014
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to reveal the nature of contact between Nb2O5 and carbon.
Fig. 3a presents the XPS survey spectra of G@Nb2O5 NFs (inset
gure) and the enlarged high resolution XPS spectra of the C 1s
region around 285 eV. As indicated in the inset spectra, all
peaks could be identied to belong to Nb, O and C, suggesting
the coexistence of these elements in the samples. For the C 1s
region, the binding energy with a peak at 284.5 eV was attrib-
uted to the accumulation of graphite carbon.20,46 In addition to
the strong peak at 284.5 eV, two weak peaks were also observed
at 285.8 eV and 288.5 eV, representing the characteristic
signatures of the carbonate with oxygen bond species C–O and
C]O, respectively.10 Consequently, the XPS results suggested
the formation of carbon-modied Nb2O5 nanobers and the
coated carbon species functionalized as a surface sensitizer to
absorb visible light.28 The C 1s result for the C–Nb2O5 sample
exhibited almost no changes, which is not shown here.

To clarify the deep reason for the enhanced activity, the
contact issue should also be considered which had always been
a key factor in the overall performance of a composite. In a
carbon–metallic oxide system, the physicochemical nature of
the contact could vary upon different sample preparing
methods. For example, in the TiO2–carbon system, there are
generally two kinds of carbon in the composite system. The rst
kind is doping, which means certain atoms in the TiO2 lattice
are substituted by carbon atoms, thus a new energy band
structure is achieved. The second one is surface modication
(carbon coating), forming an electronic interaction which was
responsible for the sensitization effect.9,10 In our case, the
Fig. 3 (a) XPS spectra of C 1s for G@Nb2O5 NFs, and the inset figure is
the fully scanned spectra. (b) PL spectra for the three samples.

This journal is © The Royal Society of Chemistry 2014
Nb2O5 nanobers were modied by the surface coated carbon.
This structure not only ensures good connection but also helps
to separate the photo-generated electrons and holes effectively.
Fig. 3b presents the PL spectroscopy of the three samples. As
shown in the inset gure, an excitation light with wavelength at
325 nm was chosen and the bare Nb2O5 NFs exhibited the
highest luminescence intensity, indicating more recombination
of the photo-generated electron–hole pairs. By contrast, the
recombination of the charge carriers was greatly inhibited in
the carbon decorated samples which could be detected from the
much lower emission intensity. Besides that, the PL emission
intensity decreased with the increase of the thickness of the
graphene layers. Therefore, it was reasonable to conclude that
effective separation of the photo-generated electron and hole
pairs could be achieved by the deposition of graphene layers in
vertical and parallel directions.

With the structural information extracted above, mecha-
nisms for the visible photocatalytic behaviour of our samples
and the difference of activity between the G@Nb2O5 and
C@Nb2O5 NFs were proposed. As shown in Fig. 4, Nb2O5 NFs
can only show UV-light photocatalytic activity via chemical
reactions that would lead to the formation of chemically active
radicals (e.g. HO2c), a mechanism already well documented.
However, aer coating Nb2O5 with carbon of different
morphologies, G@Nb2O5 NFs and C@Nb2O5 NFs could absorb
both UV and visible light, leading to the excitation of carbon
and electrons being transferred to the conduction band of the
Nb2O5, resulting in photocatalytic activity in the visible light
region.9,10,19,20 For our samples, the alignments of carbon layers
were closely related to the carbon content. The possible mech-
anism for the carbon-content dependent photocatalytic perfor-
mance (shown in Fig. S2†) of the composite can be proposed.
On one hand, a higher carbon content would lead to better
absorption of visible light and hence, higher photocatalytic
activity. On the other hand, however, the continuous carbon
layer would reduce the exposure of Nb2O5 NFs to the light and
Fig. 4 Proposed mechanisms for the visible light-induced photo-
degradation of MO by the composite nanofibers.

J. Mater. Chem. A, 2014, 2, 8190–8195 | 8193
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would result in more barriers for the transfer of optical charges.
Such repetition between two controversial effects has also been
observed in other composite systems.8 Apart from this factor,
the alignment of the graphite layers was also an important
reason why G@Nb2O5 NFs exhibited better photocatalytic
activity than C@Nb2O5 NFs, which is clearly displayed in Fig. 4b
and c. It is well known that graphite layers are highly aniso-
tropic materials – the charge mobility along the directions of
graphene layers is much larger than that along its normal
direction. In G@Nb2O5 NFs, graphene nanoclusters grew in
such a way that the carbon sheets were nearly vertically aligned
to the Nb2O5 NFs, while in C@Nb2O5 NFs, the carbon sheets
were parallel to the Nb2O5 NFs. The electrons have to pass
through the carbon sheet instead of passing along the sheet to
react with the organic pollutant. Moreover, due to the high
specic surface area of graphite layers, the MO molecules could
be adsorbed on the surface. Thus, the vertically aligned gra-
phene layers on the nanobers could not only make full use of
the excellent in-plane conductivity of graphene, but also
promote the effective contacts between MO molecules and the
Nb2O5/graphene content, leading to the acceleration of the
photocatalytic reaction. The carbon-content dependent photo-
catalytic performance of composite samples prepared at various
glucose concentrations (shown in Fig. S2†) could be well
explained by the proposed mechanism.

In summary, niobium oxide nanobers decorated with gra-
phene nanoclusters were successfully synthesized via an elec-
trospinning process followed by a hydrothermal treatment. The
composite nanobers displayed a fairly high photocatalytic
activity in the visible-light region, which had never been found
in pure niobate nanostructures. Through analysis, it was found
that G@Nb2O5 NFs exhibited favourable features in visible light
absorption, charge separation and charge transfer during the
photocatalytic process. The discontinuous coverage and nearly
vertical alignment of graphite layers in G@Nb2O5 NFs were
important structural factors leading to a high visible-light
photocatalytic activity. Therefore, the graphene nanocluster
decorated Nb2O5 nanostructures could be potential candidates
for applications of eliminating organic pollutants in waste
water.
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