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ABSTRACT: Manganese oxide nanoparticles–polyethyl-
ene oxide nanofibers as organic–inorganic hybrid were
prepared via in situ electrospinning. Thus, electrospinning
of polyethylene oxide solution with different manganese
chloride concentration was carried out in gaseous ammo-
nia atmosphere containing oxygen. The reaction of
manganese chloride with ammonia produces manganese
hydroxide, and then oxygen in the reaction media reacts
with manganese hydroxide to yield manganese oxide.
These two reactions occur during fiber formation. Trans-
mission electron microscopy and scanning electron micros-
copy showed that manganese oxide (MnO2) nanoparticles
were formed on the produced nanofibers of 100–600 nm in

diameter. The existence of the formed MnO2 was also
proved by X-ray diffraction analysis, and it showed that
the k-MnO2 nanoparticles were produced. Differential
scanning calorimetry (DSC) analysis was used to deter-
mine the melting point and to calculate the crystallinity of
the produced hybrid nanofibers. The DSC and thermogra-
vimetric analysis results of the obtained nanofibers were
compared with those of the nanofibers produced in elec-
trospinning of pure polyethylene oxide solution. VC 2010
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INTRODUCTION

Manganese oxides have long been known as materi-
als of technological importance for electrochemical
applications,1 electrode materials for electrochemical
energy storage systems such as cathode materials in
alkaline cells,2 intercalation hosts for lithium bat-
teries,3,4 and electrode materials in supercapacitors,1,5

because of their excellent electrochemical perform-
ance, low cost, nonpoisonous nature, environmental
friendliness, and convenient preparation.6–8 Further-
more, it can be used in the photovoltaic devices.9,10

Polymer nanocomposites containing metal oxides
have attracted a great deal of interest from research-
ers because they frequently exhibit unexpected
hybrid properties, synergically derived from both
components.11 Enhanced conductivity and special
mechanical, electrochemical, optical, magnetic as
well as thermal properties of these composites make
them promising materials.

In the past decade, electrospinning has attracted
tremendous interests in the research community
simply because it provides a facile and effective

means in producing ultrafine fibers with diameters
ranging from microns down to a few nanometers.
Moreover, this procedure can produce functional
nanofibers having optical, electrical, or catalytic
properties by incorporating inorganic nanoparticles
into the nanofibers. Most of the reported manufac-
turing methods of polymer–inorganic composite
nanofibers are based on electrospinning of polymer
solution blended with inorganic nanoparticles.12,13

Another way of preparing polymeric–inorganic com-
posite nanofibers is based on electrospinning of a
polymer precursor having metal ions and subse-
quently post-treating of the produced nanofibers.14

The aim of this work is to manufacture organic–
inorganic nanofiber hybrids based on a new method
through in situ electrospinning and is also to show
the possibility of these two reactions occurring on
the traveling polymer jet in electrospinning with an
active atmosphere. Thus, we are reporting in situ
synthesis of manganese oxide nanoparticles on poly-
ethylene oxide (PEO) nanofibers through electrospin-
ning. Extensive characterization of nanofibers was
carried out using transmission electron microscopy
(TEM), scanning electron microscopy (SEM), X-ray
diffraction (XRD), differential scanning calorimetery
(DSC), and thermogravimetric analysis (TGA) tech-
niques, and the results were compared with those of
the nanofibers produced in electrospinning of pure
PEO solution.
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EXPERIMENTAL

MnCl2�4H2O (supplied by Merck Chemical, Ger-
many) with different concentrations (given in Table
I) was dissolved in 100 mL distilled water to pro-
duced manganese chloride MnCl2 solution. Then,
the following seven experiments [Exp. M1, M2, M3,
M4, M5 (collectively called M-series in this article),
P, and Q] were carried out. M-series: 4.0 g of poly-
ethylene oxide (PEO with weight average molecular
weight of 600,000 g/mol and supplied by Acros
Organics, Belgium) was added to 100 mL of earlier-
mentioned manganese chloride solution with differ-

ent concentrations (given in Table I) and left for two
nights to obtain a homogenous PEO solution having
manganese chloride. The polymer solution was put
into a hypodermic syringe. A syringe pump (Stoelt-
ing, USA) was used to feed the polymer solution
into a metallic needle with an inner diameter of 0.7
mm. A grounded aluminum foil as collector was
placed at a fixed distance of 18 cm from the needle.
The metallic needle and the collector were enclosed
in a polymethyl metacrylate box (40 cm � 50 cm �
60 cm). The feed rate of the syringe pump was fixed
at 0.7 mL/h. A positive potential of 18 kV was then
applied to the polymer solution using a high-voltage
power supplier (MH 100 series, HiTek Power, UK)
with a maximum voltage of 50 kV. During electro-
spinning, gaseous ammonia (from a cylinder pur-
chased from Merck Chemical) was purged into the
box with a rate of 10 L/min. Electrospun nanofibers
were collected on the surface of the grounded alumi-
num foil.
For comparison, the electrospinning of the afore-

mentioned PEO solution having manganese ions
(Exp. Q) and a pure PEO solution in an air atmos-
phere (Exp. P) was also carried out in a way similar
to M-series.
A CEM 902A ZEISS Transmission Electron Micro-

scope (TEM) with an accelerating voltage of 80 kV

TABLE I
Recipes for the Electrospinning Methods

Exp.
MnCl2�4H2O

(g)

Mnþ2 ions
percentage

within solution
base on PEO (%)

PEO
(g) Atmosphere

M1 0.5 3.5 4 NH3 and air
M2 1 7 4 NH3 and air
M3 2 14 4 NH3 and air
M4 3 21 4 NH3 and air
M5 4 28 4 NH3 and air
P 0 0 4 Air
Q 0.5 3.5 4 Air

Figure 1 TEM images of nanofibers obtained from Exp. M1 (the manganese oxide was pointed out).
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was used to obtain more information about the mor-
phology of fibers and to confirm the presence of
MnO2 nanoparticles. The electrospun fibers were
directly deposited onto a copper grid and then ana-
lyzed by TEM technique. The size and morphology
of nanofibers were investigated by SEM with a
ZEISS DSM 960A instrument. For SEM analysis, the
nanofibers were coated with gold.

Thermal properties of the electrospun fibers were
analyzed by thermogravimetry (Model TGAQ50, TA
Instruments) for heating rate at 20�C/min and DSC
(Model DSCQ100, TA Instruments) for heating rate
at 10�C/min under the inert gas of Ar.

XRD patterns of the samples were recorded by an
Expert Philips diffractometer with a CuKa anode;
scans were made from 10� to 100� (2y). The nano-
fiber mats were deposited on a glass during electro-
spinning and then analyzed by XRD method. FTIR
spectra were obtained using a Bruker Equinox 55
spectrophotometer.

RESULTS AND DISCUSSION

A light-brown fiber mat was obtained in M-series,
whereas a white fiber mat was obtained in P experi-
ment. A comparison of the appearance of the mats
obtained from M-series with that of the P fiber mat
suggested that the manganese ions in the jet traveling
in the distance between the needle and the collector
could precipitate in the gaseous ammonia atmos-
phere to produce manganese hydroxide and then
alkaline oxidation reaction of manganese hydroxide
with oxygen present in the box during fibers forma-
tion produces MnO2.

15 In other words, in this process
two reactions occur during fibers formation: first, the
reaction of Mnþ2 ions with NH3, which produces
Mn(OH)2, and second, the reaction of Mn(OH)2 with
oxygen, which produces MnO2 nanoparticles.

Figure 1 displays the TEM images of fibers
obtained from Exp. M1 (electrospinning of PEO solu-
tion having 3.5% Mnþ2 based on PEO, in ammonia
and oxygen atmosphere) and as it shows, dark spots
of MnO2 are heterogeneously dispersed on the fibers
as a shell. Figure 2 presents the TEM images of fibers

produced in Exp. M4 (electrospinning of PEO solu-
tion having 21% Mnþ2 based on PEO, in ammonia
and oxygen atmosphere). Both images, Figures 1 and
2, suggest that in the Exp. M1, MnO2 nanoparticles
were heterogeneously synthesized on fibers through
the reaction of manganese ions with NH3 and oxy-
gen, and in Exp. M4, a greater number of MnO2

nanoparticles are formed on the nanofibers through
in situ chemical reactions during electrospinning and
the contrast of two phases (MnO2 and PEO) was
eliminated because of the higher concentration of the
MnO2 within M4 fibers than in M1 fibers. In Exp. M1,
MnO2 particles aggregate to form nanoparticles on
the fibers probably because of the insignificant inter-
action of MnO2 with PEO. This causes MnO2 nano-
particles in Exp. M1 to randomly form on the fibers
in a larger size and a lesser number than MnO2 nano-
particles formed in Exp. M4. TEM images of P nano-
fibers did not show these events (Fig. 3).
Figure 4 displays SEM images of all produced

fibers. It can be concluded from these images that by
increasing the inorganic portion within the fibers,
the morphology of the fibers change, and SEM
image of M5 fibers [Fig. 4(e)] shows an especial mor-
phology that is not similar to the other ones because
of the large amount of MnO2 within the fibers. The
diameter of the M1, M2, M3, M4, and M5 fibers are
within the range of 150–300, 120–250, 120–300, 100–
150, and 120–600 nm, respectively, based on SEM
images.

Figure 2 TEM images of nanofibers obtained from Exp. M4.

Figure 3 TEM image of nanofibers obtained from Exp. P.
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The TGA and DTGA thermograms for the pure
PEO fibers and their nanocomposites with different
weight percentage of MnO2 are given in Figure 5.

The curves a, b, c, d, and e in Figure 5 are TGA ther-
mographs of fiber mats obtained in Exp. M5, M4,
M3, M1, and P, respectively. The initial degradation

Figure 4 SEM images of nanofibers obtained from experiments M1 (a), M2 (b), M3(c), M4 (d), and M5 (e).

Figure 5 TGA and DTGA thermographs of M1 (d), M3 (c), M4 (b), M5 (a), and P (e) fibers.
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temperature (Tonset) and the thermal decomposition
temperature (Td, obtained by the first derivative of
TGA curves) for pure PEO fibers and their compos-
ite fibers are summarized in Table II.

The pure PEO degrades in nearly one step around
320–420�C. The comparison of curves a–d with curve
e shows that the presence of MnO2 nanoparticles in
fibers (as shown in curves a and b) reduce the ther-
mal properties of PEO fibers. The Td of the compo-
sites decrease as compared with the pure PEO as the
amount of MnO2 increases in the matrix, but
because of some factors, such as aggregation of
MnO2 nanoparticles, there is no linear relationship
between MnO2 amounts within the fibers and Td of
composite fibers.

By comparison of residue at 680�C (Table II), the
increase in residue by the increase in MnO2 concen-
tration within the fibers can be concluded, and the
percentage of the MnO2 within the fibers can be
calculated.

The release of loosely bonded water between 100
and 150�C in composite fiber corresponds to an
endothermic process. The weight loss of M4 fibers is
higher in this region in comparison with other ones
because of larger amounts of MnO2�xH2O within M4
fibers than other ones.

Thermal properties of the fiber mats produced in
the experiments (Exp. M1, M3, M4, and M5) were
also analyzed by DSC analysis. The DSC thermo-

graphs of the experiments are given in Figure 6, and
the curves a, b, c, and d in this figure are DSC ther-
mographs of fiber mats obtained in Exp. M5, M4,
M3, and M1, respectively. The melting points (Tm),
crystallization temperature (TC), and the percentage
of crystallinity (XC %) of the products in the experi-
ments were obtained from the DSC analyses and are
listed in Table III.
The presence of an intense melting peak in the

DSC thermographs indicates the semicrystalline
products. This figure shows that the melting point of
the M-series fibers in curves a–d is lower than P
fibers.
The specific heat of crystallization of the nanocom-

posite DHcomp was calculated using the following
formula:

DHcomp ¼ ½DHtotal � 100�=y

where DHtotal is obtained from the peak area of the
DSC curve (J/g), and y is the concentration of PEO
(wt %). The given crystallinities (XC %) of the fiber
mats in Table III were calculated using the equation
XC % ¼ [DHcomp/DHo

f ] � 100, where DHo
f is the heat

of fusion of completely crystalline PEO (that is 213.7
J/g)16, and DHcomp is the heat of fusion for the sam-
ple calculated from the former equation. As shown
in Figure 6 and Table III, the melting point and the
crystallinity of pure PEO fibers (Exp. P) are higher
than those of PEO fibers having MnO2 nanoparticles
within them.
The data given in Table III also show that the

crystallinity and melting point of the fibers pro-
duced in Exp. P are higher than those in M-series.
This is a result of the presence of MnO2 nanopar-
ticles in fibers produced in M-series.
The fiber mats obtained from the Exp. P, Q, and

M1 were also analyzed by XRD analysis of which
the patterns are given in Figure 7. An initial conclu-
sion could be that the patterns in this figure are dif-
ferent. The two strong peaks appearing at 2y of

TABLE II
Thermal Decomposition Temperatures and Residue of

the Products Obtained from the TGA Analyses

Sample
Tonset

(�C)
Td

(�C)

Losing weight
between

100–150�C (%)
Residue

at 680�C (%)

M1 319 417 0.687 12.36
M3 308 358 1.52 17.25
M4 313 344 2.29 26.78
M5 311 347 2.68 29.92
P 330 388 0.02 2.90

Figure 6 DSC thermographs of M5 (a), M4 (b), M3 (c), and M1 (d) fibers.
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TABLE III
The Melting Points (Tm), Crystallization Temperature (TC), and the Percentage of

Crystallinity (XC %) of the Products Obtained from the DSC Analyses

Sample
Heating
Tm (�C)

Enthalpy of
fusion DHtotal (J/g)

Cooling
Tc (

�C)

Enthalpy of
crystallization
(DH) (J/g) Crystallinity (%)

M1 54.0 83.7 39.8 53.4 41.5
M3 54.7 101.0 40.9 17.4 33.2
M4 55.2 52.6 45.5 15.2 38.8
M5 53.5 85.8 11.7 16.2 46
P 59.1 128.8 – – 60

Figure 7 XRD patterns of the nanofiber mats produced in
the experiments: M1 (a), Q (b), and P (c).

Figure 8 FTIR spectra of P fibers (a), Q fibers (b), and
M1 fibers (c).
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� 19� and 23� in Figure 7 are assigned to crystalline
PEO.17 The XRD pattern of the M1 fibers [Fig. 7(a)]
also displays some peaks at 2y values of 19.1�, 37.1�,
38.9�, 45.0�, 49.5�, 59.6�, 65.7�, and 69.6�, which are
related to manganese oxide (k-MnO2). These peaks
are not present in Figure 7(b) (the product obtained
in the electrospinning of a PEO solution having
manganese ions in an air atmosphere, i.e., Q experi-
ment) and Figure 7(c) (the product obtained in the
electrospinning of pure PEO solution, i.e., P
experiment).

The FTIR spectra of P fibers (a), Q fibers (b), and
M1 fibers (c) are shown in Figure 8. The crystalline
PEO exhibits the vibration (COC) mode as a triplet
at 1148, 1110, and 1062 cm�1 with a maximum at
1110 cm�1,18 and MnO2 gave double degenerate
vibrations at 665–678 cm�1 (this double degenerate
peak of MnO2 appeared at 665 cm�1 as shoulder
peak for the M1 composite fibers) and strong peaks
at 530 and 608 cm�1.19 The mentioned peaks were
all found in the FTIR spectrum of the resulting M1
composite fibers. It confirms the formation of
MnO2/PEO composite fibers.

All of the results obtained by the earlier-men-
tioned analyses elucidate the ability of reaction of
traveling polymer jet in electrospinning with an
active atmosphere, and this procedure has potential
implications in easy production of organic–inorganic
hybrid nanofibers and nanostructures.

CONCLUSIONS

Inorganic–polymeric hybrid nanofibers were pro-
duced through electrospinning. The nanofibers with
100–600 nm in diameter were produced via occur-
rence of two reactions (first, the reaction of Mnþ2

ions with NH3, which produces Mn(OH)2, and sec-
ond, the reaction of Mn(OH)2 with oxygen, which
produces MnO2) during electrospinning of PEO so-
lution having MnCl2 in ammonia and oxygen atmos-
phere. The amounts of MnO2 within the fibers
decrease with the decreases in the MnCl2 concentra-

tion in starting solution. The crystallinity of PEO,
shown by DSC analyses, was reduced in electrospin-
ning process in the presence of MnO2 nanoparticles
at high concentration.
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