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ABSTRACT

Coupled nanofibers consisting of cobalt oxide (Co3O4� and zinc oxide (ZnO) were prepared by the electrospin-
ning process, and tested as a photocatalyst for dye degradation. Initially, electrospinning of a sol–gel consisting
of cobalt acetate/zinc acetate/poly(vinyl alcohol) was used to produce polymeric nanofibers. Calcination of the
obtained nanofibers in air at 600 �C produced (Co3O4-ZnO) nanofibers. Scanning electron microscopy (SEM),
and transmission electron microscopy (TEM), were employed to characterize the as-spun nanofibers and the
calcined product. X-ray powder diffractometery (XRD) analysis was also used to characterize the chemical com-
position and the crystallographic structure of the produced nanofibers. Photodegradation of rhodamine B (RB)
dye was studied individually using three photocatalysts: (Co3O4-ZnO) nanofibers, pristine (Co3O4� and (ZnO)
nanofibers. The (Co3O4-ZnO) nanofibers can eliminate all of the rhodamine B dye within about 90 min, however,
the other two nanostructures could not totally eliminate all dye even after 3 h. Moreover, the tensile strength
and the Young’s modulus of coupled nanofibers were higher than that of pristine (CoAc/PVA) and (ZnAc/PVA)
nanofibers. The increased mechanical properties of coupled nanofibers might be due to the chemical bonding
between Zn2+ and Co2+.
KEYWORDS: Cobalt Oxide, Zinc Oxide, Nanofibers, Photocatalyst, Mechanical Properties, Electrospinning.

1. INTRODUCTION

The use of different types of organic dyes and their inter-
mediates in various industries such as plastics, paint, tex-
tiles, cosmetics and paper, pose a great hazard to the
ambient ecosystem.1 The removal of these colors and
other organic compounds is a major concern in ensur-
ing a safe and healthy environment, while the selec-
tion of appropriate materials to use for their removal
is of considerable interest.2 Due to versatile character
of the transition metals, cobalt metal has many oxida-
tion states and many oxide forms. Among the various
oxide forms, cobalt(II) oxide (CoO) and cobalt(II, III)
Co3O4 are especially studied because of their interesting
properties. Co3O4 and its mixtures can be used as elec-
trode materials in various applications such as reduction,
electrochromic devices,3�4 super capacitors,5–7 lithium ion
batteries,8–11 protection film of cathodes in molten car-
bonate fuel cells,12–14 oxygen evolution,15–17 heterogeneous
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catalysis,18–20 energy storage,21 solid state sensors,22�23 and
as magnetic materials.24 Both pure Co3O4 and coupled sys-
tems of Co3O4 with Al2O3, SiO2, or TiO2 were studied for
the degradation of 2,4-dichlorophenol, however, the cou-
pled systems show better degradation results.25–28 It is to
note as well that photocatalytic properties of metal oxides
could be enhanced by coupling with other metal oxides.29

ZnO based nanomaterials have been intensively investi-
gated because they are chemically stable and environmen-
tal friendly materials. Moreover, there is a great interest
in studying ZnO in the form of single crystals, powders,
nanostructures or thin films. ZnO has great potential for
a variety of practical applications, such as optical waveg-
uides, piezoelectric transducers, varistors, surface acoustic
wave devices, phosphors, chemical and gas sensors, trans-
parent conductive oxides, UV-light emitters, and spin func-
tional devices.30�31 ZnO has wide band gap of (3.37 eV),30

and its high exciton-binding energy of (60 meV)30 permits
excellent excitonic emission even at room temperature, and
thus it is considered as an interesting material for photonic
applications.
Moreover, among the various one-dimensional (1D)

nanostructure shapes, such as nanowires, nanorods, and
nanofibers, the nanofibers have a specific advantage
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due to their long axial ratios, as well as their high
surface-to-volume ratios. These properties are essential
for any catalyst in order to exhibit high photo cat-
alytic activity. Nanofibers can be fabricated by many
techniques such as interfacial polymerization,32–33 electro-
chemical deposition,34�35 template-assisted,36–38 seeding,39

self-assembly40–42 and electrospinning.43–46 The electro-
spinning technique is the most widely utilized for the
processing of metal oxide nanofibers.47 In this study, we
describe the novel synthesis of nanofibers composed of
a mixture of two functional oxides (Co3O4–ZnO). Their
photocatalytic activity for degradation of rhodamine B dye
was compared with the activity of the individual (Co3O4�
and (ZnO) nanofibers. The mechanical properties of both
coupled and individual nanofibers were also investigated.

2. EXPERIMENTAL DETAILS

2.1. Materials

Zinc acetate dihydrate assay (99.0%) was obtained from
Showa, Co. Japan. Poly vinyl alcohol (PVA) with a molec-
ular weight (MW) of 65,000 g/mol was obtained from
Dong Yang Chem. Co., South Korea. Cobalt(II) acetate
tetra hydrate (CoAc) 98.0 assay was purchased from Jun-
sei Co. Ltd., Japan. These materials were used without
any further purification. Distilled water was used as the
solvent.

2.2. Experimental Procedures

Different aqueous metal acetate solutions were prepared
by dissolving each zinc acetate (ZnAc) and cobalt acetate
(CoAc) in water at a ratio of 1:4. A sol–gel was pre-
pared by mixing the obtained solutions with a PVA aque-
ous solution (10 wt%) at a ratio of 5:15. Typically, 1 g of
each ZnAc and of CoAc were dissolved separately in 4 g
of water and then mixed with 15 g of the PVA solution
(10 wt%). Similarly, third type of solution was prepared by
mixing 0.5 g of each ZnAc and CoAc with 4 g of water.
The resultant solution was mixed with PVA solution at a
ratio of 5:15. These mixtures were vigorously stirred at
50 �C for 5 h. The sol–gel was supplied through a plastic
syringe attached to a capillary tip. A copper wire orig-
inating from the positive electrode (anode) was inserted
into the sol–gel, and a negative electrode (cathode) was
attached to a metallic collector covered with a polyethy-
lene sheet. A voltage of 20 kV was applied to these solu-
tions. The formed nanofiber mats were initially dried for
24 h at 80 �C under a vacuum and then calcined at 600 �C
temperatures for 1 h in air with a heating rate of 2 �C/min.
The surface morphology of nanofibers was studied by

using a JEOL JSM-5900 scanning electron microscope,
JEOL Ltd, Japan, and a field-emission scanning elec-
tron 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 K� (� = 1�54056 Å) radiation over
2� range of angles, from 20 to 80�. 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).
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
software 5890 Series. Using an instron mechanical tester
(LLOYD instruments, LR5K plus, UK) in tensile mode,
mechanical properties of the as-spun polymer fiber mats
were measured. The specimen thicknesses were measured
using a digital micrometer with a precision of 1 �m. The
extension rate was 5 mm/min at room temperature and
seven specimens with dimensions of 3.5 mm× 40 mm
(width and length) were tested and averaged for each fiber
mat. The surface composition was determined by a X-ray
photoelectron spectroscopy analysis (XPS, AXIS-NOVA,
Kratos Analytical Ltd, UK) using the following conditions:
base pressure 6�5× 10−9 Torr, resolution (pass energy)
20 eV and scan step 0.05 eV/step.
In this study, we used rhodamine B (RB) dye to investi-

gate the photocatalytic activity of the synthesized coupled
nanostructure, and its individual ingredients. The photo-
catalytic degradation of RB dye in the presence of pure
Co3O4, ZnO and Co3O4-ZnO nanofibers was carried out
in a simple photoreactor. The reactor was made of glass
(1000-ml capacity, 23-cm height and 15-cm diameter),
covered with alumina foil and equipped with an ultra-
violet lamp emitting source at a 365 nm wavelength radi-
ation. The initial dye solution and photocatalysts were
placed in the reactor and continuously stirred until com-
pletely mixed during the photocatalytic reaction. Typi-
cally, 100 ml of dye solution (10 ppm, concentration) and
50 mg of catalyst were used. At specific time intervals,
a 2-ml sample was withdrawn from the reactor and cen-
trifuged to separate the residual nanofiber catalyst; then,
the absorbance intensity was measured at the correspond-
ing wavelength.50

3. RESULTS

The electrospinning technique utilizes the high voltage
to charge superficial layer of a polymer solution and
thus induces the expulsion of a liquid jet through a
spinneret. The bending instability of jet promotes its
stretch and subsequently, formation of ultra-thin fibers.
Figures 1(a), (b) show SEM images of the dried elec-
trospun nanofiber mats prepared from CoAc/PVA. Sim-
ilarly, Figures 1(c)–(f) show SEM images of the dried
ZnAc/PVA and CoAc/ZnAc/PVA, respectively. As shown
in these figures the PVA polymer and acetates can be

J. Nanoeng. Nanomanuf., 1, 196–202, 2011 197



Delivered by Ingenta to:
Guest User

IP : 192.38.90.17
Mon, 07 May 2012 08:29:29

Co3O4, ZnO, Co3O4-ZnO Nanofibers and Their Properties Kanjwal et al.
A
R
T
IC

LE

Fig. 1. Low and high magnification SEM images of the dried
CoAc/PVA (a, b), ZnAc/PVA nanofibers (c, d) and CoAc/ZnAc/PVA
(e, f).

electrospun to produce nanofibres of well defined mor-
phology as there are no beads or agglomerated nanofibres
observed in the obtained mats. Smooth and continuous
nanofibers were formed by electrospinning technique of
these sol–gels. It is to note also that the addition of
different acetates did not affect the morphology of the
nanofibers. Figure 2 shows the frequency curves of elec-
trospun nanofibers. The average diameter of CoAc/PVA
nanofibers was 426 nm, similarly with the average diame-
ter of ZnAc/PVA and CoAc/ZnAc/PVA nanofibers (about
493 and 407 nm, respectively).
Figures 3(a), (b) show SEM images of nanofibers

obtained after calcination of CoAc/PVA mats at 600 �C
for 1 h. Similarly Figures 3(c)–(f) represent SEM images
of nanofibers obtained after calcination of ZnAc/PVA and
CoAc/ZnAc/PVA mats at 600 �C for 1 h, respectively.
Obviously, this calcination temperature was adequate to
obtain solid, continuous and smooth nanofibers. Moreover,
it was found that the mixing of two different metal acetates
has not affected the morphology of the calcined nanofibers.
Figure 4 shows the frequency curves of the nanofiber

diameters after calcination. Calcination of all formula-
tions resulted in a decrease in the average diameter of
the calcined nanofibers in comparison to the electrospun
one. According to these frequency distribution curves, the

Fig. 2. Diameters frequency distribution curves for dried
CoAc/PVA (a), ZnAc/PVA (b) and CoAc/ZnAc/PVA nanofibers (c).

average diameters of the produced nanofibers were 186,
234, and 183 nm for Co3O4, ZnO, and Co3O4-ZnO nano-
fibers, respectively. The decreasing nanofiber diameter in
all formulations can be explained by the removal of the
polymer as a result of calcination at high temperature.
The crystal structures of the as-prepared different cal-

cined nanofibers were examined by XRD (Fig. 5); note
that spectra (a) refer to the calcined nanofibers and rep-
resents pure Co3O4 material. The apparent peaks at 2�

Fig. 3. Low and high magnification SEM images of the nanofibers
obtained after calcination of the CoAc/PVA (a, b), ZnAc/PVA (c, d) and
CoAc/ZnAc/PVA (e, f) at 600 �C for 1 h.

198 J. Nanoeng. Nanomanuf., 1, 196–202, 2011
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Fig. 4. Diameters frequency distribution curve for nanofibers
obtained after calcination of the CoAc/PVA (a), ZnAc/PVA (b) and
CoAc/ZnAc/PVA (c) nanofibers at 600 �C for 1 h.

values of 31.14, 36.58, 38.45, 44.68, 55.57, 59.30, 65.20
and 77.33� correspond to the crystal planes of (220), (311),
(222), (400), (422), (511), (440) and (533), which confirms
the formation of pure Co3O4 (JCPDS card No 42-1467).
Similarly, the apparent peaks in the spectra (c) at 2� val-
ues of 31.66, 34.22, 36.25, 47.86, 56.51, 62.66, 66.37,
67.92 and 69.26� correspond to the crystal planes of (100),
(002), (101), (102), (110), (103), (200), (112), and (201),
which confirms the formation of pure ZnO (JCPDS card
No 36-1451). It is worth to mention here that spectra
(b) which represents the calcined CoAc/ZnAc/PVA nano-
fibers at 600 �C for 1 h, contains both types of crystal
peaks. Overall, the above results confirm the formation

(a)

(b)

(c)

Fig. 5. XRD data for the nanofibers after calcination in the case of the
CoAc/PVA (a), CoAc/ZnAc/PVA (b) and ZnAc/PVA (c) at 600 �C for
1 h.

of (Co3O4–ZnO) nanofibers. To simplify the Figure 5, we
have marked the peaks that correspond to cobalt oxide as
(C) and to zinc dioxide as (Z).
X-ray photoelectron spectroscopy (XPS) analysis was

also invoked to support the XRD data and to investigate
the oxidation states, as well as the possible changes to the
binding energies of the as-prepared calcined nanofibers.
The samples for XPS were supported by carbon cloth elec-
trodes, which are widely used in electrochemical experi-
ments. No heat treatment on the samples was needed.
As shown at Figure 6, the peak at 284 eV that corre-

sponds to the C 1s is expected, considering the graphite
tape used during the sampling process. The Co 3p and 2p
region in Co3O4 consists of the main 3p3/2 and 2p3/2 spin-
orbit components with binding energies of 59 and 779 eV,
respectively.48 The Zn 2p region in ZnO consists of the
main 2p3/2 and 2p1/2 spin-orbit components with bind-
ing energies of 1020 and 1043 eV, respectively. In addi-
tion to 2p, we also observed the 3d, 3p and 3s spin-orbit
components for Zn at the binding energy of 10, 88 and
139 eV, respectively.49 The 1s for oxygen is easily iden-
tified at a binding energy of 530 eV. Accordingly, XPS
analysis affirmed that the synthesized material is consist-
ing of (Co3O4–ZnO) nanofibers with good agreement with
the XRD results.
The inner structure of the different synthesized nano-

fibers was studied by transmission electron microscopy
(TEM), high-resolution transmission electron microscopy
(HRTEM), and selected area electron diffraction pat-
tern (SAED) analysis. TEM can be used to differen-
tiate between the crystalline and amorphous structures.
Moreover, it gives reliable information about the surface
morphology. Structural characterization of the nanofibers
that were prepared by calcination of CoAc/PVA is shown
in Figures 7(a) and (b) (at low and high magnification,
respectively). The high-resolution TEM image indicates
good crystallinity since the atomic planes could be iden-
tified in 7(b). The SAED inset in 7(b) also indicates

Fig. 6. XPS results for the nanofibers obtained from calcination of the
CoAc/ZnAc/PVA nanofibers.

J. Nanoeng. Nanomanuf., 1, 196–202, 2011 199
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Fig. 7. TEM images at low and high magnifications for the nanofibers
obtained from calcination of the CoAc/PVA (a, b), ZnAc/PVA (c, d) and
CoAc/ZnAc/PVA (e, f). The insets in Figures (b, d and f) represent the
corresponding high SAED patterns.

excellent crystalinity without dislocation and perforations.
Moreover, Figures 7(c) and (d) show the low and high
magnification TEM images of the calcined ZnAc/PVA
nanofibers. The low magnification image of zinc oxide
nanofibers shows smooth surfaces with clear borders, and
without structural defects. Figure 7(d) shows the high-
resolution TEM image of the marked area, in which the
crystal planes are parallel with the same planar distance.
The inset in 7(d) presents the SAED pattern of the same
marked portion suggesting a good nanofiber crystalinity
without any defects. Similarly, the TEM and HRTEM
images along with the SAED patterns of the coupled
(Co3O4–ZnO) nanofibers are shown in panels 7(e) and (f).
Figure 7(e) shows the low magnification of (Co3O4–ZnO)
nanofibers and is in agreement with the SEM image con-
cerning the morphology and dimensions of these nano-
fibers. Figure 7(f) shows the high-resolution TEM image
of the marked area, which indicates that the distance
between two consecutive planes is the same and that the
atomic planes are uniformly arranged in parallel, which
indicates a good crystallinity. Moreover, different types of
crystal planes with different distances between the succes-
sive planes can be observed in this figure, which might

refer to the two oxides. It is worth to note here that the
absence of any imperfection or dislocation in the SAED
inset of Figure 7(f) confirms the good crystallinity of the
synthesized nanofibers.

3.1. Applications

3.2. Mechanical Properties

To investigate the mechanical strength and toughness of
fiber mats, tensile tests were conducted and their stress–
strain curves were presented in Figure 8. The ultimate
tensile strength (5.32 MPa) and percentage strain at max-
imum (66.37%) of the coupled (CoAc/ZnAc/PVA) nano-
fibers fiber mats were higher than those of CoAc/PVA
nanofibers mats (tensile strength of 4.01 MPa and
percentage strain at maximum 88.55%) and those of
(ZnAc/PVA) nanofiber mats (4.32 MPa, 58.99%). More-
over, the (CoAc/ZnAc/PVA) nanofiber mat exhibits a
higher Young’s modulus (217 MPa) than those of the
single acetate fiber mats. The Youngs modulus for
(CoAc/PVA and ZnAc/PVA) was about (97 and 106 MPa),
respectively. Hence, the Young’s modulus of the coupled
electrospun nanofiber was increased about 2 times, while
the strain at break of the coupled nanofibers decreased,
compared with that of the as-electrospun fiber mats. The
improved mechanical properties of the coupled nanofibers
could be due to the chemical bonding between Zn2+ and
Co2+. However, further specific studies are needed to
investigate the mechanism of the improved tensile strength
of coupled nanofibrous mats.

3.3. Photocatalytic Properties

Dye degradation is a common strategy to investigate the
photocatalytic activity of various compounds. The degre-
dation rate of RB without any catalyst was performed and

Fig. 8. Tensile stress–strain curve of pristine CoAc/ZnAcPVA (a),
ZnAc/PVA (b) and CoAc/PVA nanofibers (c).

200 J. Nanoeng. Nanomanuf., 1, 196–202, 2011
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Fig. 9. Effect of blank, pristine (Co3O4�, (ZnO) and (Co3O4/ZnO) nano-
fibers on the photocatalytic degradation of rhodamine B dye.

it could not help more than 40% even after 180 min, Sig-
nificant increase in the degradation rate of RB dye was
found using the coupled nanofibers (Fig. 9). In particu-
lar, within 60 min about 80% of the dye was degraded
and completely eliminated after 90 min. This result could
be due to synergetic coupling effect between (ZnO and
Co3O4� and due to the high surface area of the nanofibers.
However, in the case of pure ZnO nanofibers, almost 45%
of the dye was oxidized after 60 min and all the dye could
not be eliminated from the solution even after 3 h. Simi-
larly, for pure Co3O4 nanofibers no more than 60% of the
dye was oxidized even after 3 h.
The proposed mechanism for the enhanced photocat-

alytic activity of the Co3O4-ZnO nanostructure photo-
catalyst is attributed mainly to the coupling effect of
Co3O4 and ZnO. Figure 10 shows the mechanistic scheme
for charge separation and the photocatalytic reaction of
(Co3O4-ZnO). The photo-generated electrons enter the
conduction band of ZnO from that of the excited con-
duction band of Co3O4. Similarly, the photo- generated
holes are also transferred from the valence band of ZnO
to the valence band of Co3O4. This excellent charge sep-
aration enhances the lifetime of the charge carriers and
enhances the efficiency of the interfacial charge transfer to

Fig. 10. A schematic diagram illustrating the principle of charge sepa-
ration and photocatalytic activity for the (Co3O4-ZnO) system.

the adsorbed substrates. Thus, the photocatalytic properties
are enhanced because the possibilities of recombination
between photo-generated electrons and holes are reduced
by facilitating their separation.

4. CONCLUSIONS

In this study, the electrospinning of (CoAc/PVA),
(ZnAc/PVA) and (CoAc/ZnAc/PVA) nanofibers was
reported. Calcination of the electrospun mats resulted in
complete elimination of the polymer and production of
Co3O4, ZnO and Co3O4-ZnO nanofibers with a uniform
morphology. Scanning electron microscopy (SEM), and
transmission electron microscopy (TEM), were employed
to characterize the as-spun nanofibers and the calcined
products. X-ray powder diffractometery (XRD) analysis
was also used to study the chemical composition and
the crystallographic structure of the produced nanofibers.
Studies on the photodegradation of rhodamine B dye
clearly reveal that the photocatalytic activity of the cou-
pled nanofibers was higher than that of Co3O4 or ZnO
individual nanofibers. Additionally, the (CoAc/ZnAc/PVA)
nanofiber mats produced by this method exhibited a signif-
icant flexibility and improved mechanical properties. The
tensile strength and the Young’s modulus of the coupled
nanofibers were higher than that of pristine (CoAc/PVA)
and (ZnAc/PVA) nanofibers.
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