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Abstract

A novel photocatalytic and antibacterial carbon nanofiber decorated with TiO2/ZnO composite NPs was prepared by a simple

electrospinning method followed by calcination and hydrothermal treatment. The loading of a small amount of ZnO NPs throughout

the fibers prior to electrospinning could provide nucleation sites for the crystal growth of ZnO from its precursor during hydrothermal

synthesis and could effectively hold TiO2/ZnO particles on the surface of the fibers for better stability. The morphology and structure of

the as-synthesized particles were characterized by field emission scanning electron microscopy (FE-SEM), transmission electron

microscopy (TEM), X-ray diffraction (XRD), and Raman spectroscopy, which revealed that TiO2/ZnO NPs were attached on the

surface of the carbon nanofibers. The as-synthesized nanocomposite exhibited a strong photocatalytic activity for the decomposition of

methylene blue (MB) under UV irradiation and showed good antibacterial properties as well. The enhanced photocatalytic performance

of the developed nanocomposite can be attributed to the adsorption characteristic of carbon nanofiber and the matched band potentials

of TiO2 and ZnO. The perfect recovery of the catalyst after the reaction and its unchanged efficiency for cyclic use showed that it will be

an economical and environmentally friendly photocatalyst.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The use of nanotechnology for the prevention of toxic
chemical and microbial contamination may provide solu-
tions for the challenges faced by the health care system in
21st century. Therefore, the development of effective mate-
rial having both photocatalytic and antimicrobial properties
is of great significance. The excessive use of various dyes in
the textile industry has led to severe surface water and
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groundwater contamination from the release of toxic and
colored effluents [1]. Semiconductor photocatalysis is one of
the advanced physicochemical processes applicable in the
photodegradation of environmental organic pollutants and
toxics. For the removal of dye pollutants, semiconductor
metal oxides, such as TiO2, ZnO, ZnS, CdS, and Fe2O3

nanoparticles (NPs), have thus far been shown to be the
most promising materials in this field [2,3]. TiO2 and ZnO
semiconductors have quite similar band gaps (ZnO, 3.37 eV
and TiO2, 3.2 eV) and have become the most extensively
used photocatalysts in recent years. They are known as
inexpensive, nontoxic, and very effective semiconductor
photocatalysts. These photocatalysts are applicable to a
wide range of organic synthetic dyes [4]. However, the
photo-induced charge carrier in single bare semiconductor
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particles has a very short lifetime because of the high-
recombination rate of the photogenerated electron/hole
pairs, which reduces photocatalytic efficiency and hinders
further use of particles. Therefore, improving photocatalytic
activity by modification has become an important task
among researchers in recent years. Doping novel metal into
the photocatalyst lattice [5,6] and coupling semiconductors
[7–9] are effective ways to decrease the e–h recombination
process.

In the past decade, a number of studies related to the
photocatalytic activity of TiO2 or ZnO coupled with metal
oxides, such as SnO2 [10–12], WO3 [10,13], Fe2O3 [14], and
some rare earth oxides [15], for the purpose of improving
the photocatalytic activity of TiO2 or ZnO. Our previous
results also showed that the photocatalytic activity of
ZnO/TiO2 was higher than that of the either material
alone [16]. Secondary pollution is one of the problems
limiting the widespread applications of the nanostructured
photocatalysts [17]. In other words, most of the reported
nanostructured photocatalysts can effectively eliminate the
organic pollutants; however, they create a serious issue due
to the difficulty of separating the utilized nanostructured
photocatalysts from the treated water, especially in the
case of large-scale processes [18]. In this regard, Chang
studied the growth of ZnO nanorods on PI nanofibers via
the immobilization of ZnO seeds on PI nanofibers, fol-
lowed by hydrothermal processing [19]. The post electro-
spinning loading of ZnO sheets on fibers for nucleation
showed poor stability. Therefore, here, ZnO NPs are
incorporated into fibers prior to electrospinning for
nucleation to achieve better stability.

Carbon nanostructures such as carbon nanofibers
(CNFs) and nanotubes (CNTs) have attracted great interest
due to their unique anisotropic properties and wide range of
potential applications [20]. Besides the known adsorption
capacity of the carbonaceous materials, some results have
demonstrated that CNFs could efficiently capture and
transport photogenerated electrons through highly conduc-
tive long CNFs [21,22]. The combined roles of the activated
carbon and ZnO/TiO2 nanocomposite showed a synergistic
effect on the efficient degradation of some organic com-
pounds, which is closely related to the enhancement of
pollutant adsorption from water because of its extremely
high surface area and high microporous volume. Recently,
antibacterial activities associated with ZnO nanomaterials
have been investigated [23,24]. It has also been reported that
ZnO nanoparticles significantly inhibited bacterial growth
under normal laboratory light conditions, including even
dark conditions. Based on these studies, the synthesized
TiO2/ZnO nanocomposites are expected to exhibit superior
antibacterial activity without light irradiation. Moreover,
under UV light irradiation, a TiO2/ZnO composite can
provide enhanced antibacterial activity compared with
pristine TiO2 because of the increased recombination time
of photogenerated electron–hole pairs [25,26].

Therefore, to exploit the effect of the carbon nanofiber
as an adsorbent and the incorporation of TiO2/ZnO NPs
as semiconductor photocatalytic materials and antibacter-
ial agents, here, we have successfully reported the fabrica-
tion of ZnO nanoflowers incorporated with carbon
nanofibers, which are further loaded with TiO2 NPs by
combined electrospinning and hydrothermal processing.
In this study, optimization of the treatment based on TiO2,
ZnO, and carbon nanofibers to achieve the best simulta-
neous antibacterial efficiency and photodegradation has
been targeted.

2. Experimental procedure

2.1. Materials

TiO2 NPs (Aeroxide P25, 80% anatase 20% rutile,
average particle size of 21 nm and specific surface area of
50715 m2 g�1), zinc powder, bis-hexamethylene triamine,
zinc nitrate hexahydrate, acetic acid (99.7 assay), N,
N-dimethylformamide (DMF, 99.5 assay), and methylene
blue were obtained from Showa Co. Japan. Polyacryloni-
trile (PAN) with a molecular weight of 150,000 was
obtained from Sigma-Aldrich, and ethanol (94.5 assay)
was obtained from Samchun Co., South Korea.

2.2. Preparation of carbon nanofibers

The preparation of carbon nanofibers consisted of two
steps. First, 10% PAN solution containing 0.1 g of zinc
powder was prepared by dissolving the zinc into N,
N-dimethylformamide (DMF). After stirring at room tem-
perature for 12 h, the solution was electrospun at 15 kV by
maintaining a tip-to-collector distance of 15 cm. As-spun
PAN nanofiber were collected in aluminum foil and;
vacuum dried at 70 1C for 12 h. For carbonization, the
nanofiber were stabilized in air at 250 1C for 3 h and then
carbonized under argon at 900 1C for 5 h.

2.3. Incorporation of ZnO–TiO2 NPs on carbon nanofiber

According to our previous study [16], ZnO nanoflowers
containing TiO2 NPs could be obtained by a hydrothermal
treatment of TiO2 NPs, bis-hexamethylene triamine, and
zinc nitrate hexahydrate. Therefore, ZnO nanoflowers with
TiO2 NPs have been grown around the carbon nanofibers
using the same strategy. The process was carried out in a
stainless steel autoclave with a height of 15 cm and a
diameter of 7 cm. Here, 0.5 g of bis-hexamethylene tria-
mine was dissolved in 50 g of water. In another bottle,
0.75 g of zinc nitrate hexahydrate and 20 mg of TiO2 NPs
were dissolved in 50 g of water. These solutions were mixed
and 25 mg of carbon nanofibers was added to the mixture.
After vigorously stirring for 6 h, the mixture was placed in
a Teflon crucible and kept inside the autoclave. The sealed
autoclave was maintained at 140 1C for 2 h. The product
obtained after cooling was filtered off, washed several
times with distilled water and ethanol, and dried at 60 1C
for 12 h before analysis.
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2.4. Characterization

The surface morphology of nanofibers was studied by
using a JEOL JSM-5900 scanning electron microscope;
(JEOL Ltd, Japan), and a field-emission scanning electron
microscope equipped with EDX (FE-SEM, Hitachi
S-7400, Japan). The phase and crystallinity were charac-
terized by using a Rigaku X-ray diffractometer (Rigaku
Co., Japan) with Cu Ka (l¼1.54056 Å) radiation over a
2y range of angles, from 101 to 801. High-resolution images
and selected area electron diffraction patterns were
observed by a JEOL JEM 2010 transmission electron
microscope (TEM) operating at 200 kV(JEOL Ltd, Japan).
Raman spectra were obtained using FT-Raman spectro-
scopy (RFS-100S, Bruker, Germany). The concentration
of the dyes during the photodegradation study was
investigated by spectroscopic analysis using an HP 8453
UV–visible spectroscopy system (Germany). The spectra
obtained were analyzed by the HP ChemiStation 5890
Series software.
2.5. Photocatalytic activity measurements

The photocatalytic activity of the prepared composite
nanofiber photocatalysts was evaluated by the degradation
of methylene blue aqueous solution under UV-irradiation.
The process was carried out in a Petri dish that was
equipped with an ultraviolet lamp (l¼365 nm). The dis-
tance between the Petri dish and the UV lamp was 5 cm.
In each case, 25 ml of dye solution (10 ppm concentration)
and 20 mg of catalyst were mixed to obtain good disper-
sion by stirring. After 15 min of stirring, the dye degrada-
tion test was carried out without stirring. At specific time
intervals, 1 ml of the sample was withdrawn from the
system and centrifuged to separate the residual catalyst,
and then the absorbance intensity was measured at the
corresponding wavelength. For cycling use experiments,
the sample were separated from the suspended solution by
repeated centrifuging and washing. The mixture underwent
three consecutive cycles. After each cycle, the catalyst was
filtered and washed thoroughly with water, and fresh MB
solution of the same concentration was used.
Fig. 1. FE-SEM images of PAN nanofi
2.6. Antibacterial properties

Antibacterial testing was carried out using an Escherichia

coli (E. coli) suspension under UV radiation with an
intensity of 10%. The working suspensions were prepared
by adding 200 ml of inoculated LB medium to 50 ml of
sterilized, distilled water in a beaker. The antibacterial
experiment was carried out in a sterilized 100 ml glass
beaker containing E. coli suspension (50 ml) and 0.4 g/l of
different photocatalysts with magnetic stirring. The initial
bacterial concentration was maintained at 107 CFU/ml, and
the tests were performed at room temperature for 120 min.
At given time intervals, 1 ml of the suspension was collected
and diluted appropriately by serial dilution in distilled
water. To count the bacterial concentration, ready-to-use
petrifilm (3 M Petrifilm, USA) and prepared agar plates
were used. After incubation for 48 h, the number of bacteria
was manually counted using a colony counter. Further-
more, the antibacterial activity of as-synthesized particles
without UV light was measured by applying the zone
inhibition method to E. coli. Using a spread plate method,
nutrient agar plates were incubated with 1 ml of bacterial
suspension containing approximately 106 colony-forming
units (CFU)/ml. The photocatalysts were gently placed on
the inoculated plates, and were then incubated at 37 1C for
24 h. Zones of inhibition were determined by measuring the
clear area formed around each photocatalyst.

3. Results and discussion

Fig. 1 shows FE-SEM micrographs of a PAN nanofiber
and its carbonized product. PAN precursor nanofibers
exhibit smooth surface morphology with a uniform dia-
meter approximately 470 nm (Fig. 1A). After stabilization
and carbonization, the diameter of nanofiber decreases to
280710 nm. The reduction in the diameter of the nano-
fibers may be due to degradation of the polymer by heat
treatment during the conversion to carbon nanofibers.
Fig. 2 represents the morphology of the obtained TiO2-
doped ZnO nano-flower and carbon nanofiber containing
TiO2/ZnO NP respectively. Our previous work [16] showed
that the addition of TiO2 in ZnO decreases its size from the
micro to the nano-scale (Fig. 2a and b). Here, the size
bers (A) and carbon nanofibers (B).
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of the nanoparticles further decreases from the addition of
carbon nanofibers to the same system (Fig. 2c). The
presence of carbon nanofibers could hinder the agglom-
eration of crystallized ZnO particles during hydrothermal
process. Furthermore, addition of carbon fibers into the
same volume could decrease the concentration of ZnO
precursor per unit volume and consequently decreased the
size of ZnO NPs [6]. The nanoparticles were found to
attach on the surface of carbon nanofibers with well
distribution. The formation of ZnO particles and their
growth might be hindered when TiO2 NPs and carbon
nanofibers are present in hydrothermal treatment. Further-
more, the TEM image in Fig. 2d confirms that the
anchored TiO2/ZnO nanoflowers were obviously sintered
on carbon nanofibers during the hydrothermal treatment.
The particles that formed the nanoflower were very
uniform.
Fig. 2. FE-SEM images of pristine ZnO microflowers (a); ZnO flowers contai

nanocomposites (c and d, respectively).

Fig. 3. XRD spectra (A) a
Fig. 3A represents typical XRD patterns for the different
samples obtained from the electrospinning process, carbo-
nization, and the hydrothermal process. The diffraction
peak of the PAN fibers occurs at approximately 2y¼171,
which corresponds to a planar spacing d¼5.240 Å and can
be indexed to the (100) plane of a hexagonal structure [27].
After the carbonization process, this diffraction peak totally
disappears. Meanwhile, a new broad peak appears at
approximately 2y¼251, indicating the formation of a
graphite structure [28,29]. In carbon–TiO2/ZnO, the appar-
ent peaks at 2y values of 31.8, 34.5, 36.4, 47.6, 56.6, 62.8,
66.3, 68.1, 69, and 76.88 correspond to the crystal planes of
(100), (002), (101), (102), (110), (103), (200), (112), (201),
and (202), confirming the formation of pure ZnO, which
was found to be similar to that reported in our previous
work [16]. The presence of sharp peak at 2y¼251 (crystal
plane 101, for the rutile phase of TiO2) in the nanocompo-
ning TiO2 NPs (b), and FE-SEM and TEM images of carbon–TiO2/ZnO

nd FESEM–EDS (B).
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site revealed that TiO2 is well-doped on the surface of the
ZnO nanoflowers with carbon as a base. Furthermore,
EDX results obtained from FE-SEM images (Fig. 3b)
confirm the incorporation of TiO2/ZnO nanoflowers in
carbon nanofibers and simultaneously supports the XRD
analysis. Raman spectroscopy was used to analyze the
chemistry of the obtained carbon. As shown in Fig. 4, there
were two broad peaks centered at approximately 1350 and
1590 cm�1. These two peaks correspond to the well-known
D and G bands of graphite, respectively [30–32], indicating
that the PAN nanofiber was transformed into graphite with
a fraction of disordered sp2 C–C bonding. Aside from these
peaks, the extra peaks at approximately 339 and 639 cm�1

confirm the presence of TiO2 [33,34], and the peaks at 331,
381, 437, and 577 represent ZnO [35].

To elucidate the effect of coupling TiO2 with ZnO
particles and carbon nanofibers, the photocatalytic activity
was measured by using MB dye. Decolorization of the
methylene blue dye was carried out under UV irradiation.
As shown in Fig. 5A, the rate of degradation of methylene
blue is significantly enhanced by the as-prepared carbon–
TiO2/ZnO photocatalyst. The enhanced degradation of
Fig. 4. Raman spectra showing D and G bands of carbon (a) and

carbon–TiO2/ZnO (b).

Fig. 5. Comparison of the MB photodegradation in different specimens under U

nanocomposite up to three cycles (B).
methylene blue in this experiment, could be confirmed by
comparing the obtained results with our previous work [16]
because all the conditions (except carbon nanofibers) were
similar in these two works. The higher photocatalytic
activity of TiO2/ZnO nanostructures combined with car-
bon nanofibers compared with other photocatalysts is
attributed mainly to the coupling effect of TiO2 and ZnO
and to the adsorption property of the carbon nanofibers.
The photogenerated electrons enter the conduction band
of TiO2 from the conduction band of the excited ZnO.
Similarly, the photogenerated hole is also transferred from
the valence band of TiO2 to the valence band of ZnO. Such
an efficient charge separation increases the lifetime of the
charge carriers and increases the efficiency of the inter-
facial charge transfer to adsorbed substrates. Therefore,
the photocatalytic properties increase because the possibi-
lity of recombination between photogenerated electrons
and holes is reduced by facilitating their separation [36–38].
Moreover, carbon nanofiber supported catalysts are believed
to exhibit cooperative or synergetic effects between CNFs
and catalyst systems [39].
To verify the reusability of the carbon–TiO2/ZnO nano-

composite, we carried out three successive cyclic tests with the
same nanocomposite. More specifically, the same sample
(20 mg) was used to successively treat 25 ml of the dye solution
(10 ppm). Fig. 5B shows the cyclic degradation results of MB
under UV irradiation. As shown in the figure, the efficacies of
the initially used and reused composite photocatalyst were
similar for MB degradation for first and second cycle.
However, the efficacy was lower in the third cycle. It is known
that exhaustion of adsorbates is the main problem facing the
widespread utilization of the adsorption technique in water
treatment processes. In other words, the organic pollutants
block the active sites in the adsorbent materials which may be
the cause of reduced degradation of MB in the third cycle.
The effect of the obtained binary semiconductor composite

on the antibacterial efficiency was measured using mild UV
irradiation of a bacterial solution at room temperature. Fig. 6
shows the antibacterial effect of the as-prepared photocatalyst
under mild (10% intensity) UV radiation. The figure shows
V radiation (A) and the catalytic reusability efficiency of carbon–TiO2/ZnO
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negative E. coli bacteria under mild UV radiation. Insets are the respective

zones of inhibition.
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that carbon–TiO2/ZnO has a stronger antimicrobial effect
than that of the TiO2/ZnO nanocomposite. Notably, the
growth of E. coli on the control plate decreased after UV
irradiance, mostly due to the biocidal effect of the UV light.
The TiO2/ZnO nanocomposite increased the formation of
reactive hydroxyl radicals compared with pure TiO2 and ZnO
nanofibers when exposed to UV irradiation due to the
enhanced recombination times of the electron–hole pairs
[40]. Consequently, the TiO2/ZnO nanocomposite showed
significant antibacterial activity due to increasing numbers of
reactive hydroxyl radicals and the bactericidal effect of ZnO
itself. These radicals can react with DNA, cell membranes, and
cellular proteins, leading to cell death. The larger diameter
of the inhibition zone (DIZ) in carbon–TiO2/ZnO compared
with the DIZ of TiO2/ZnO clearly revealed the role of carbon
nanofibers in determining the antibacterial properties of the
composite because the size of the TiO2/ZnO nanoflowers was
decreased by the addition of carbon nanofibers during hydro-
thermal processing. The nanometer scale of the carbon–TiO2/
ZnO nanocomposites could enhance their antibacterial per-
formance due to the large surface area. Based on these data, it
can be concluded that carbon–TiO2/ZnO nanocomposites
have effective synergistic antimicrobial properties under UV
irradiation.

4. Conclusions

Successful preparation of carbon nanofibers containing
distributed TiO2/ZnO was achieved by the carbonization
of electrospun PAN nanofibers and hydrothermal proces-
sing. The advantage of this strategy lies in its adsorption
ability, fast degradation of dye, and antibacterial perfor-
mance. The combination of the high surface area of carbon
nanofibers and the photocatalytic property of the TiO2/
ZnO system make this composite a promising material for
air and water purification.
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