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a b s t r a c t

A novel CuBi2O4/multiwalled carbon nanotube (CuBi2O4/MWCNT) composite was facilely synthesized via
a ball-milling process for 2 h at room temperature for the first time. The structure, morphology and
composition were characterized with powder X-ray diffraction (XRD) and transmission electron micro-
scopy (TEM). The photocatalytic activity was evaluated by a degradation experiment. The results showed
that the CuBi2O4 with nanorod structure was well deposited on MWCNT, and the CuBi2O4/MWCNT
composites exhibited higher photocatalytic activity than pure CuBi2O4. Among the developed compo-
sites, 20 wt% MWCNT incorporated CuBi2O4 composite displayed optimal photocatalytic activity for
degradation of methyl orange (MO) under visible light irradiation in comparison to pure CuBi2O4 and
other composites. The synergistic coupling effect between the CuBi2O4 and MWCNT contributed to the
superior performance of the novel CuBi2O4 composites.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Synthetic textile dyes and other industrial dyestuffs are among
the largest groups of water pollutants in the world. Removing
these non-biodegradable dye molecules from the environment is a
crucial ecological problem due to their toxicity and potential car-
cinogenicity [1]. Semiconductor-based photocatalytic technology
is required for the removal of dyes in order to overcome the
drawbacks of conventional physical techniques [2]. Among various
semiconductor-based photocatalysts reported recently, CuBi2O4 is
a novel photocatalytic material that is utilized towards dye de-
gradation [3].

However, pure CuBi2O4 exhibits poor photocatalytic perfor-
mance under visible and UV light illumination due to its high
photostability, great pristine surface and lack of chemical affinity
with substrate ions [3–5]. To improve the photocatalytic perfor-
mance of CuBi2O4, integration with any promoters such as carbon
sources [3], noble metal [6] and semiconductors [7–10] etc., are
essential. Among the carbon sources, multi-walled carbon nano-
tube (MWCNT) has been considered as a promising material owing
to its high chemical stability, tubular structure and good adsorp-
tion capacity [11]. Besides, MWCNT has been considered as
d Materials Science, Huaibei
electron sinks, hindering the photogenerated carrier recombina-
tion [12]. Fabricating MWCNT-based hybrid photocatalysts have
attracted special interest in field of the pollutants photo-
decomposition. It is believed that there is a synergetic effect be-
tween the MWCNT and the semiconductors, improving their
photocatalytic performance [11,12].

Taking these into account, we first synthesized CuBi2O4/
MWCNT nanocomposites via a ball-milling assisted solid-state
method, and tested it in degradation of methyl orange (MO) so-
lution under visible light irradiation. Results showed that the de-
veloped composites exhibited better visible light photocatalytic
activity than that of the pure materials. Therefore, CuBi2O4/
MWCNT can be deemed as an attractive candidate for the removal
of organic pollutant in water.
2. Experimental

First, a certain amount of MWCNT, 1.552 g of Bi(NO3)3 �5H2O,
0.3866 g of Cu(NO3)2 �3H2O and 1.92 g of NaOH were mixed to-
gether, followed by a ball-milling reaction for 2 h at room tem-
perature using the planetary ball-mill (QM-3SP04) at the rotation
speed of 480 rpm. Next, the resulting product was washed with
deionized water and absolute ethanol for several times, and then
dried under vacuum at 60 °C for 8 h to obtain CuBi2O4/MWCNT
composite (marked as CBM). For the preparation of pure CuBi2O4,
the same procedure was followed without MWCNT. In order to
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prepare various CBM composites, different weight percentages of
MWCNT (5%, 10%, 15%, 20% and 25%) were used and were termed
as CBM5, CBM10, CBM15, CBM20 and CBM25, respectively.

The crystal structure was examined by powder XRD (Bruker D8
Advance) operating under 40 kV and 40 mA with the X-ray source
of Cu-Kα (λ¼0.15418 nm), the morphology was observed by TEM
(JEM-2100), and the optical property was measured by UV–Vis
diffuse reflectance spectroscopy (Beijing Purkinje TU-1901).

Photocatalytic evaluation was performed in a reactor contain-
ing 0.1 g of dried CBM powder and 100 mL of MO dye solution
(10 mg L�1 ) at ambient temperature in air under a 300 W Xe lamp
with a 420 nm UV cutoff filter. To avoid the experimental errors
caused by the adsorption behavior of MO on photocatalysts, the
adsorption performance of MWCNT to MO was examined at room
temperature by adding 0.1 g MWCNT to 100 mL of 10 mg L�1 MO
solution under vigorous stirring condition. The result showed that
the adsorption equilibrium between MWCNT and MO was reached
within 30 min and the adsorptive capacity of MWCNT was ca.
7.3 mg/g. Therefore, prior to irradiation, the resultant solution was
stirred for approximately 30 min in the dark to ensure the ad-
sorption–desorption equilibrium between the catalyst and MO
molecules. Next, the resultant solution was exposed to light irra-
diation under magnetic stirring, and a 5.0 mL suspension was
withdrawn and centrifuged to separate the catalyst at a given time
interval. Finally, MO concentrations were determined by measur-
ing the absorption at the maximum absorption wavelength of MO
(464 nm). The degradation efficiency of MO was calculated ac-
cording to the final and initial concentration of MO in the solutions
(c/c0). Catalytic activity of CBM composites was compared with
that of pure CuBi2O4.
3. Results and discussion

3.1. Structural characterization

Fig. 1 displays the XRD patterns of the MWCNT, CuBi2O4 and
various CBM composites. It demonstrates that MWCNT has two
typical diffraction peaks at a 2θ value of 26.603, 44.669 assigned to
(004) and (102). Meanwhile, CuBi2O4 shows prominent peaks at
(28.086), (33.356) and (46.798), which separately correspond to
planes (211), (310) and (411), in accordance with PDF#79-1810
CuBi2O4. In addition, CBM composites with different MWCNT
contents show similar diffraction peaks to that of CuBi2O4, and no
10 20 30 40 50 60 70 80

BCM25

BCM20

BCM15

BCM10

BCM5

MWCNT

In
te

ns
ity

 (a
.u

)

2θ (degree)

CuBi O

PDF#79-1810 CuBi O

Fig. 1. XRD patterns of the MWCNT, CuBi2O4 and CBM samples.
diffraction peak of MWCNT appears in the composite. The reason is
probably attributed to the relatively low content of MWCNT in the
different composites and relatively weak diffraction peak of the
MWCNT. The average crystallite sizes of CuBi2O4 in CBM compo-
sites calculated from Scherrer’s equation are ca. 43, 39, 36, 33 and
31 nm corresponding to CBM5, CBM10, CBM15, CBM20 and
CBM25, respectively, indicating that the amount of MWCNT in
CBM composites significantly affects the average crystallite sizes of
CuBi2O4, and the average crystallite sizes of CuBi2O4 gradually
decreased with the increase of MWCNT content. It can be ex-
plained that the MWCNT in the composites serves as a dispersing
template and restricts the transport and growth of CuBi2O4

nanoparticles.
Fig. 2a and b demonstrate the morphology and microstructure

of pure MWCNT and CBM20 composite. The morphology of pure
MWCNT is found to be of tubular structure, whose outer diameter
is ca. 10–20 nm (Fig. 2a). And the CuBi2O4 exhibits the short rod-
like structure with ca. 30–40 nm in length (Fig. 2b). Besides, the
CuBi2O4 nanorods are attached on the surface of MWCNT with a
little agglomeration.

3.2. Photocatalytic performance

The photocatalytic activities of pure MWCNT, as-synthesized
CuBi2O4 and CBM samples are evaluated by the degradation of MO
under visible-light irradiation. Fig. 3 illustrates that the degrada-
tion of MO by different photocatalysts. As shown, the photolysis of
MO is negligible in the absence of any photocatalyst. And pure
MWCNT exhibits a photocatalytic degradation efficiency of 6% for
MO after 90 min of visible light irradiation, indicating pure
MWCNT has almost no visible light photocatalytic activity. Besides,
all CBM composites exhibit higher photocatalytic activity than
pure CuBi2O4, and the degradation efficiency rate of MO slightly
increases with an increasing in the amount of MWCNT in CBM
nanocomposites from 5 wt% to 20 wt%, indicating that the
MWCNT content has a significant influence on the photocatalytic
degradation of MO, and the 20 wt% MWCNT sample (CBM20) ex-
hibits optimal photocatalytic ability with the highest degradation
efficiency rate of 85% after visible light irradiation for 90 min,
which is 2.13 times than that of pure CuBi2O4. In addition, it is
interesting that further increase of the MWCNT content in the
composite lead to a decrease of photocatalytic ability compared
with CBM20. This is mainly because the superfluous MWCNT
covering the surface would prevent CuBi2O4 from absorbing the
light, reducing the total amount of separated carriers. The ex-
perimental results confirm that the amount of MWCNT loading
plays a major role in the photocatalytic degradation of dyes. In fact,
MWCNT incorporated CuBi2O4 enhances the photocatalytic ability
under visible light irradiation due to a positive synergetic effect
between the two components including increase in adsorption
capacity and reducing photogenerated carrier recombination,
which are described as follows: (1) the strong adsorption of
MWCNT to MO molecules results in higher concentration of MO
molecules on the surface or in the vicinity of CuBi2O4 deposited on
MWCNT, which increases the reaction rate. (2) MWCNT with good
electrical conductivity can act as an electron sink and accelerate
interfacial charge transfer of CBM photocatalysts, hindering the
recombination of photogenerated charge carriers. Thus, the en-
hanced photocatalytic performance of CuBi2O4/MWCNT composite
can be achieved. In addition, to evaluate photocatalytic activity the
absorbed amount of photons in CuBi2O4 is important. Fig. 4 shows
the optical absorption spectra of CBM, CuBi2O4 and MMWCNT
measured by UV–Vis diffuse reflectance spectroscopy. As seen
from Fig. 4, the absorption onset of CuBi2O4 is ca. 794 nm, and its
energy band gap is ca.1.56 eV according to the formula Eg¼1240/λ.
Also, CBM and MMWCNT have obvious optical absorption in the



Fig.2. TEM images of (a) pure MWCNT and (b) CBM20 composite.
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Fig. 3. Photocatalytic activities of CuBi2O4, MWCNT and CBM with different
MWCNT weight percentages under visible-light irradiation.
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Fig. 4. Optical absorbance spectra of CuBi2O4, MWCNT and CBM with different
MWCNT weight.
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UV–visible light region. These absorption spectra provide further
evidence that CBM is an effective visible-light-responsive
photocatalyst.
4. Conclusion

CuBi2O4 incorporated MWCNT composites were successfully
fabricated by a ball-milling assisted solid-solid reaction approach.
The as-fabricated CBM composites exhibited higher photocatalytic
activity than pure CuBi2O4, and CBM 20 showed the highest
photocatalytic degradation rate of 85% for MO after visible light
irradiation for 90 min. The improved performance of CBM com-
posites was probably ascribed to increase in adsorption capacity
and the conductive structure supported by MWCNT, which favors
the transfer of photogenerated electrons from the active CuBi2O4

and promotes the separation of electron–hole pairs.
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