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Abstract

In this study, the effective cobalt sulfide NPs were successfully encapsulated inside polyacrylonitrile (PAN) electrospun nanofibers.

Typically, the solid NPs were in-situ synthesized by addition of ammonium sulfide drops to PAN/cobalt acetate solution.

Electrospinning of the obtained colloid led to obtain good morphology polymeric nanofibers containing CoS NPs. Complete sheathing

of the active nanoparticles did not affect their catalytic activity as the prepared mats revealed high performance toward hydrogen release

from ammonia borane hydrolysis. Moreover, as a photocatalyst, a mat containing 2 wt% CoS could catalyze oxidation of methylene

blue dye to be completely eliminated within 15 min. Furthermore, the introduced nanofibers photocatalytically enhanced complete

degradation of the methyl red dye within relatively short time. The experimental results indicated that the optimum CoS content is

2 wt%, more increase in the concentration of the solid NPs leads to particles aggregation and consequently decrease the surface area.

Beside the good activity obtained, the introduced immobilization strategy is considered an acceptable methodology to overcome the

secondary pollution of the nanostructural photocatalysts because of the easy separation feasibility.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The study on inorganic–organic nanocomposites has
become an extremely active area during the past decade
because of their unusual optical, electrical, magnetic and
mechanical properties with a wide variety of applications
in materials science, such as superconductors, magnetic
materials, catalysts, and luminescent materials [1–5]. As
the representatives of these materials, polymer/metal
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sulfide nanocomposites are of continuous interest because
they can exhibit various intriguing properties being far
superior to those of the individual components [6], which
results in functional materials having potential applica-
tions in diverse areas. In such nanostructured composites,
the polymer matrix provides the processability and flex-
ibility, and the inorganic nanoparticles can not only
enhance the mechanical properties of the host polymer
but also provide extraordinary properties compared to
their bulk counterparts [7,8].
Among the various metallic compounds, metal sulfides

have distinct catalytic activity. Cobalt sulfides form a group
of II–IV semiconductor materials with considerable poten-
tial for applications in electronic devices. They can be used
in solar devices [9], ultra-high-density magnetic recording
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material [10], anodes for Li-ion batteries [11] and catalysts
for hydrodesulphurization and dehydrodearomatization
[12]. Due to its proper band gap and good adsorption
properties, CoS can be used as photocatalyst. Photocatalytic
treatment of organic compounds in wastewater using
semiconductors has proven to be a promising green tech-
nology for environmental purification as they provide an
interface with an aqueous medium and induce an advanced
oxidation process. In the literature, many reports about
nanostructural photocatalytic materials have been intro-
duced. Although, some of nanomaterials revealed good
performance, the researchers ignore the secondary pollution
of the introduced photocatalyst as the separation of the
nanoparticles after achieving the treatment process is not an
easy task. Therefore, immobilization of the photocatalyst on
a proper substrate might be an effective strategy to over-
come the separation dilemma. The surface area is the main
capital of the nanostructures; accordingly the chosen sub-
strate should not affect the surface area advantage.

Electrospinning has attracted much attention as a simple
and versatile technique capable of generating continuous
nanofibers with novel properties including high surface-to-
volume ratio, good mechanical properties and high aspect
ratio [13,14]. Consequently, electrospun nanofibers found
intriguing applications in tissue engineering scaffolds [15],
wound dressing [16], sensors[17], catalyst [18,19], and
environmental remediation [20]. According to the afore-
mentioned features, electrospun nanofibers can be a proper
substrate for the photocatalytic nanostructures.

In this study, the active cobalt sulfide (CoS) nanoparti-
cles have been incorporated inside polyacrylonitrile (PAN)
electrospun nanofibers. Synthesizing of the solid NPs has
been achieved by addition of ammonium sulfide solution
to PAN/cobalt acetate sol–gel. Interestingly, the proposed
incorporation strategy did not affect the photocatalytic
activity of CoS NPs. Moreover, the hybrid mats could be
utilized as effective catalyst to hydrolyze ammonia borane.

2. Experimental procedure

2.1. Materials

Cobalt acetate tetrahydrate (CoAc, reagent grade, extra
pure, Junsei Chemicals Co. Ltd., Japan), N,N-dimethylfor-
mamide (DMF, 99.5 assay, Showa Chemical Ltd., Japan),
polyacrylonitrile (PAN, MW 150,000 g/mol, Sigma–
Aldrich), ammonium sulfide (40–48 wt% solution in water,
Sigma–Aldrich), methylene blue (MB) and methyl red (MR)
(Showa Chemical Ltd., Japan) were used in this study
without further treatment. Ammonia borane complex
(AB, assay 97.0%) was purchased from Aldrich.

2.2. Preparation of CoS-doped PAN hybrid electrospun

nanofiber mat

Cobalt sulfide (CoS)/polyacrylonitrile (PAN) colloidal solu-
tion was prepared by the following procedure. First, 10 wt%
PAN solution was prepared by dissolving the polymer
granules in N,N-dimethylformamide (DMF) with vigorous
stirring for 12 h at room temperature to form homogenous
solution. The metallic precursor was dissolved in the minimum
amount of DMF then mixed with the PAN solution. Solutions
having 1, 2, and 3 wt% of cobalt acetate (CoAc) (based on
polymer solution) were prepared. The solutions were kept
under stirring for 2 h to ensure good mixing. Then 0.25 ml of
ammonium sulfide was carefully added in a drop wise manner
to every solution with vigorous stirring to synthesize the fine
dispersion of CoS nanoparticles. Electrospinning of all for-
mulations was carried out at 15 kV and 15 cm distance
between the collector and the tip of the syringe. Conventional
electrospinning setup was used in the study; the solution was
filled in a syringe which was inclined horizontally in a way
preventing pouring the solution. Finally, the formed nanofiber
mats were dried for 24 h at 60 1C under vacuum oven.
Hereafter, the mats obtained from 1%, 2%, and 3% CoAC
were named as m1, m2, and m3, respectively.

2.3. Characterization

The surface morphology of the hybrid nanofibers was
studied by a JEOL JSM-5900 scanning electron microscope.
TEM images of the nanofibers containing CoS nanoparticles
(NPs) were obtained via transmission electron microscopy
(TEM, JEM-2010, JEOL, Japan) with a 200 kV accelerating
voltage. The samples were prepared by directly collecting the
nanofibers on the TEM grid during the electrospinning
process. In addition, SEM-EDX and TEM-EDX (JEM-
2200, JEOL, Japan) spectra of a CoS-doped PAN hybrid
electrospun nanofiber mat were also recorded. Information
about the phase and crystallinity was obtained with a Rigaku
X-ray diffractometer (XRD, Rigaku, Japan) with Cu Ka
(l¼1.540 Å) radiation over Bragg angles ranging from 101 to
801. Fourier transform infrared (FT-IR) spectra were
recorded with KBr pellets using an ABB Bomen MB100
Spectrometer (Bomen, Canada). UV absorbance was mea-
sured by UV–vis spectrophotometer (HP 8453 UV–vis spec-
troscopy system, Germany).

2.4. Photocatalytic activity investigation

The photocatalytic activity of the CoS NPs-doped PAN
hybrid electrospun nanofiber mats was evaluated by
observing the degradation of methylene blue (MB) and
methyl red (MR) dye solutions in a simple photochemical
reactor. Prior to irradiation, the suspensions were magne-
tically stirred for 10 min under dark condition to establish
an adsorption/desorption equilibrium between dyes and
photo-catalyst surface. In the present investigation, the
reactions were carried out in inverted glass bottles under
the sunlight. The experiment was conducted in a natural
atmospheric environment on a sunny day (between 11 AM
and 2 PM) in May (the average amount of solar radiation
16.21 MJ/m2). For the photodegradation experiments,
50 ml of the dye solution (10 ppm concentration) was
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treated by 100 mg of CoS NPs-doped PAN hybrid electro-
spun nanofiber mats in the glass bottles. In addition, a
control experiment with 100 mg of pristine PAN mats and
catalyst-free were also carried out to monitor PAN
adsorption activity and dye self-degradation, respectively.
The samples were taken at regular intervals of time, and
the concentration of the dye was measured by recording
the absorbance at 663 and 430 nm for MB and MR dye
solutions, respectively using a UV–vis spectrophotometer.
2.5. Dehydrogenation of ammonia borane complex

The catalytic activity of introduced nanofibers toward AB
hydrolysis was evaluated by measuring the rate of hydrogen
generation in a typical water-filled gas buret system. Before
starting the catalytic activity test, a jacketed reaction flask
(25 mL) containing a Teflon-coated stir bar was placed on a
magnetic stirrer and thermostated at a specific temperature.
Then, a buret filled with water was connected to the reaction
flask to measure the volume of the hydrogen gas to be
evolved from the reaction. Next, the 75 mL water contain-
ing 100 mg of the synthesized nanofibers was transferred
into the reaction flask and 31.5 mg (1 mmol) AB (corre-
sponding to generation of a maximum 3 mmol¼67 mL H2

gas at 25.071 1C and 0.91 atm pressure) was added into
the catalyst solution under 600 rpm stirring rate. The
volume of hydrogen gas evolved was measured by recording
the displacement of water level every minute. The reaction
was ceased when the no hydrogen gas generation was
Fig. 1. SEM images of (a) pristine PAN nanofiber mat, (b, c, and d) m1

respectively.
observed. For a control experiment, the same experiment
was repeated without any catalytic material, it was observed
that no appreciable hydrogen gas evolved.

3. Results and discussion

Cobalt sulfide is insoluble in most of the common
solvents. Therefore, addition of sulfide ion (S�2) to any
solution having cobalt ions leads to form a fine precipi-
tates. From the chemistry point of view, these reactions
have high yield as the product is a precipitate; CoS.
Accordingly, upon addition of the first drop of ammonium
sulfide the solutions directly became turbid. Fig. 1 depicts
SEM images of the pristine PAN (Fig. 1a) and m1, m2,
and m3 (Fig. 1b–d) nanofiber mats, respectively. As shown
in the figures, the fibers diameters of all mats are observed
in the range of 500–700 nm. Synthesizing of CoS nano-
particles inside the polymer solution did not affect the
nanofibrous morphology as shown in Fig. 1. The complete
absence of nanoparticles on the surface of the hybrid
nanofibers is confirmed in these SEM images. But the
presence of Co and S elements inside m1, m2, and m3
nanofiber mats was confirmed by SEM-EDX as shown in
Fig. 1(b1), (c1), and (d1), respectively.

3.1. Phase study

The phase composition and phase structure of the samples
were analyzed by power X-ray diffraction. Fig. 2 represents
m2, and m3 nanofiber mats with their EDX Spectrum (b1, c1 and d1),
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the XRD patterns of m3 nanofiber mats. A narrow crystalline
peak centers at about 171 and a broad non-crystalline peak
(20–301) can be assigned to the PAN polymer phase [22,23].
But no peaks assigned to CoS can be observed. This may be
due to very small size of CoS nanoparticles distributed inside
the PAN fibers, however presence of cobalt and sulfur was
already confirmed by SEM-EDX (Fig. 2). Moreover, the
presence of CoS nanoparticles inside the nanofibers was
further confirmed by the TEM image as shown in (Fig. 3).
The perfectly crystalline structure of CoS nanoparticles, and
the polymer fiber boundary are clearly visible in the HRTEM
image shown in (Fig. 3d), the average particle diameter
appears to be around 2–5 nm in range. This presence of the
nanoparticles inside the polymer can be explained as follows:
the position of metallic ions based on electrospun nanofibers
should be adjusted by controlling the interaction between the
Fig. 2. XRD patterns of m3 nanofiber mat.

Fig. 3. TEM images of (a) m1, (b) m2, and (c) m3 nanofiber ma
polymer and metallic ions [21]. In our experiment, an
electrified polymeric PAN solution with CoS nanoparticles
were extruded through a spinneret. During the electrospinning
process, the Coulomb repulsion between charged Co2þ

nanoparticles might be the main factor making the nanopar-
ticles uniformly dispersed and it might increase the interaction
with the PAN polymer. Another finding can be obtained from
the TEM images that at low CoS content (i.e. 1 wt%, Fig. 3a),
few NPs could be observed, the number of observed NPs
increases in Fig. 2b (2 wt% CoS). More increase in the CoS
content (i.e. 3 wt%) leads to aggregate the formed NPs as
shown in Fig. 3c. Fig. 3d represents the HR TEM image of the
m2 sample, as shown crystalline dots are shown which can be
assigned to CoS. Fig. 4 displays the TEM EDX result of CoS
doped PAN nanofibers. As shown, C, Co, and S elements
could be detected in the CoS-doped PAN nanofibers (Fig. 4b–
d). This further confirmed the presence of CoS nanoparticles
inside the nanofibers.
FT-IR measurements of pristine PAN and different

PAN/CoS nanofibers are demonstrated in Fig. 5. As
shown in the spectrum corresponding to pristine PAN
nanofibers, the position of all peaks were consistent with
the standard infrared spectrum of PAN, the band at about
2242 cm�1 was attributed to the stretching vibration of –
C�N group [24]. The characteristic peak at �2929
cm�1was assigned to –CH2– stretching. The peak at
�1450 cm�1 was assigned to –CH2– bending. The spectra
PAN/CoS nanofibers were similar with the spectrum of
pure PAN. Any shift of the –CN– bond vibration was not
detected indicating that there were no conjugate bonds or
interaction between –CN– group in the PAN and CoS
nanoparticles. So, it could be concluded that the complex
between PAN and CoS nanoparticles had been not
formed. In other words, the CoS nanoparticles were
physically embedded in the PAN nanofibers.
ts. Panel (d) represents the HR TEM image for sample m2.



Fig. 4. TEM-EDX of PAN-CoS nanofibers; (a), line-EDX spectra of carbon; (b), cobalt; (c) and sulfur; (d) elements.

Fig. 5. FTIR spectrum of pristine PAN; (a) and m2; (b) nanofibers.
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3.2. Dehydrogenation of ammonia borane complex

Nowadays, there has been growing interest among the
researchers toward hydrogen storage which is considered
to be the energy harvesting alternative material. Among
the reported hydrogen storage materials, ammonia borane
(AB) complex drew much attention due to its high
hydrogen content (19.6 wt%), thermal stability and poten-
tial regenerability [13]. AB releases hydrogen by pyrolysis
or a hydrolysis route. The pyrolysis process has been well
studied. However, the pyrolysis of solid AB, at potential
application temperatures is unable to meet the recent
targets and this approach is confounded by the practical
disadvantages associated with delivery of a solid material.
Recently, the hydrolysis of AB was accomplished by the
use of catalytic materials like Ir metal complexes [22],
various noble and non-noble metals [23], and ionic liquids
[24]. It is noteworthy mentioning that the reported stability
of AB was examined in the present study. As shown in
Fig. 6a. At 50 1C, with absence of the catalyst, the
hydrogen release from AB is negligible. As the metal
sulfides in general and CoS in particular have good
catalytic activity, the catalytic activities of the synthesized
nanofiber mats toward AB hydrolysis have been investi-
gated. As shown in Fig. 6a, the three mats showed good
activity toward dehydrogenation of AB in daylight at
50 1C. Reusability of the catalyst is very important char-
acter. Fig. 6b indicates that the proposed nanofibers can be
reused with the same efficiency as no any change of the
catalytic activity was observed upon using the same mat
(m2) for another cycle. Another observation can be gained
from Fig. 6a that the three mats have little difference in the
catalytic activity. The better hydrogen production rate in
case of m2 nanofiber mat might be due to high surface area
of CoS nanoparticles compared to m1 and m3 nanofiber
mats due to the low CoS content and aggregation of the
NPs in case of m1 and m3 mats, respectively.

3.3. Photocatalytic activity of PAN/CoS hybrid mats

For photocatalytic activity evaluation under solar light
irradiation, the photodegradation of methylene blue (MB)
and methyl red (MR) was used as a model reaction.
Temporal changes in the concentration of MB and MR
were monitored by examining the variations in maximal



Fig. 6. Hydrogen production studies due to dehydrogenation of ammonia

borane by different nanofiber mats; (a) and cycle test of m2 nanofiber

mat; (b).

Fig. 7. Decolorization results of (a) methylene blue (MB) and (b) methyl

red (MR) dyes using different nanofiber mats.
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absorption in UV–vis spectra as shown in the following
obtained results. Fig. 7 shows the results of degradation of
MB and MR in the presence of the different samples. In
order to check the self-degradation of the dyes under the
sunlight, the experiment was carried out without presence
of the hybrid mats. The absorption property of PAN mat
towards both dyes were also evaluated, self degradation
and PAN adsorption were found to be very small for both
dyes as shown in Fig. 7. From the results, it is clear that
the complete degradation of MB by m1, m2, and m3
nanofiber mats occurred within 25, 15, and 20 min,
respectively and for MR within 80, 60, and 70 min,
respectively. These results, especially with MB which is
used as organic pollutant model in the literature, indicate
strong photoactivity characteristic of the introduced nano-
fibers as complete elimination of the dye in 15 min is a
distinct finding. Also, MR as azo dye could be not
completely oxidized by many reported photocatalyst, in
this study the introduced nanofibers successfully elimi-
nated the dye within relatively short time. Again, it was
found that m2 nanofiber mat was more effective towards
the degradation of both dyes compared to the other two
formulations which affirms the aforementioned hypothesis
about low active material content and aggregation of the
NPs in case of m1 and m3, respectively.
The proposed mechanism of photocatalytic activity of

CoS NPs has been introduced in Fig. 8. This figure shows a
conceptual illustration of the photodegradation process for
the organic pollutants by the hybrid mat. Briefly, the solar
radiation leads to excite the electrons from the valence band
to the conduction level leaving holes behind. Low recombi-
nation between the excited electrons and the formed holes is
an important characteristic of the CoS NPs which results in
good catalytic activity. Generally sunlight irradiation results
in the formation of the electron–hole pairs. Afterward, the
holes were ultimately trapped by surface hydroxyl groups
(or H2O) at the catalyst surface to yield OH� radicals.
Meanwhile, the dissolved oxygen molecules reacted with the
electrons to yield superoxide radical anions, O2

�, which on
protonation generated the hydroperoxy, HO2

�, radicals,
producing hydroxyl radical OH�, which was a strong



Fig. 8. Schematic illustration shows the photodegradation of organic

pollutants using the proposed CoS-doped PAN nanofiber under the solar

radiation.
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oxidizing agent to decompose the organic dyes. The hydro-
xyl radical is responsible for the dye degradation. The
reactions taking place can be summarized as follows [25].

CoSþhn-e�þhþ

At the conduction band

e�þO2-O2
��

O2
��
þH2O-OH�þHO2

�

HO2
�
þH2O-H2O2þOH�

H2O2-2OH�

At the valence band

hþþOH�-OH�

Degradation reaction

OH�þOrganic pollutant-CO2þH2O
4. Conclusion

Addition of ammonium sulfide solution to PAN solution
containing cobalt acetate leads to in-situ formation of CoS
nanoparticles. Electrospinning of the formed colloid
results in producing the CoS nanoparticles inside the
polymeric nanofibers. The obtained nanofibers have good
catalytic activity toward dehydrogenation of ammonia
borane. Moreover, the hybrid nanofibers are strongly
recommended to be utilized as photocatalyst as the
nanofibers could successfully photooxidize methlene blue
dye in a very short time. Also, the stable azo dyes (e.g.
methyl red) can be eliminated by exploiting the introduced
nanofibers. The use of this kind of supported catalyst
might avoid the need of secondary operations like liquid–
solid separation.
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