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Abstract In this work, nanobelt mats consisting of three

potential metal oxides have been produced using the

electrospinning technique. An aqueous solution of cobalt

acetate tetra-hydrate, copper acetate mono-hydrate, and

manganese acetate tetra-hydrate was mixed with poly(vinyl

alcohol) solution to prepare a sol–gel which was electro-

spun at 20 kV. The obtained nanofiber mats have been

vacuously dried at 80 �C for 24 h and then calcined in air

atmosphere at different temperatures and soaking times.

The utilized physiochemical characterizations have

affirmed that nanobelts composed of three oxides (Co3O4,

CuO, and MnO2) can be prepared by calcination at a

temperature of 600 �C for 1 h. High-resolution transmis-

sion electron microscope and selected area electron pattern

images revealed good crystallinity for the synthesized

nanobelts.

Introduction

Metal oxides can adopt a large variety of structural

geometries with an electronic structure that may exhibit

metallic, semiconductor, or insulator characteristics,

endowing them with diverse chemical and physical prop-

erties. Therefore, metal oxides are the most important

functional materials using for chemical and biological

sensing and transduction. Moreover, their unique and tun-

able physical properties have made themselves excellent

candidates for electronic and optoelectronic applications.

Nanostructured metal oxides have been actively studied

due to both scientific interests and potential applications

[1, 2]. One-dimensional (1D) nanomaterials including

nanotubes, nanorods, nanowires, nanofibers, and nanobelts

show some distinctive properties compared with other

nanoparticles [3–5]. Among these 1D nanostructures,

nanofibers and nanobelts do have especial interest due to

high surface area to volume ratio. Many reports have been

introduced to synthesis single oxide in the form of nanof-

ibers or nanobelts. However, single oxides have limited

electrochemical properties. In order to produce 1D nano-

structure with novel chemical and physical properties,

some researchers have turned on synthesizing nanostruc-

ture consisting of two oxides [6–13].

In this study, we report preparing nanobelts consisting of

mixture of three functional oxides (Co3O4, CuO, and

MnO2). Co3O4-based materials are suitable candidates for

the construction of solid-state sensors [14, 15], heteroge-

neous catalysts [16, 17], electrochromic devices [18], solar

energy absorbers [19, 20]. Cupric oxide has been pointed

out as a suitable compound for cathodes in lithium batteries

[21]. Also, CuO is known as p-type semiconductors in

general and hence potentially useful for constructing

junction devices such as PN junction diodes [22]. Apart

M. A. Kanjwal

Department of Polymer Nano Science and Technology, Chonbuk

National University, Jeonju 561-756, Republic of Korea

N. A. M. Barakat � F. A. Sheikh

Department of Bionano System Engineering,

College of Engineering, Chonbuk National University,

Jeonju 561-756, Republic of Korea

N. A. M. Barakat

e-mail: nasbarakat@yahoo.com

M. S. Khil � H. Y. Kim (&)

Department of Textile Engineering, Chonbuk National

University, Jeonju 561-756, Republic of Korea

e-mail: khy@chonbuk.ac.kr

123

J Mater Sci (2008) 43:5489–5494

DOI 10.1007/s10853-008-2835-3



from semiconductor applications, cupric oxide has been

employed as heterogenous catalysts for several environ-

mental processes [23, 24], solid-state gas sensor

heterocontacts [25, 26] and microwave dielectric materials

[27]. MnO2 have been intensively investigated as promis-

ing electrode materials in primary/secondary batteries and

electrochemical capacitors due to their excellent electro-

chemical performance, low-cost, nonpoisonous nature,

environmental friendliness, and convenient preparation

[28–30]. Furthermore, it can be used in the photovoltaic

devices [31, 32]. Accordingly, the aim of the present study

was combining these three oxides in single 1D nanostruc-

ture; we think this novel mixture will have distinct physical

properties and will have good utilizing.

Smooth and incessant nanobelts of a mixture consisting

of the aforementioned oxides have been prepared by

electrospinning technique. Sol–gel precursor containing

cobalt acetate tetrahydrate, copper acetate monohydrate,

manganese acetate tetrahydrate, and poly(vinyl alcohol)

(PVA) has been electrospun. The dried nanofiber mats

were calcinied in air atmosphere at 600 �C for 1 h. The

obtained material was analyzed by powder X-ray diffrac-

tion analysis (XRD), energy dispersive X-ray analysis

(EDX), transmission electron microscopy (TEM), thermal

gravimetric analysis (TGA), scanning electron microscopy

(SEM), and Fourier transform infrared spectroscopy (FT-

IR). The obtained results assured that final product is pure

three mixed oxide nanobelts.

Experimental details

Materials

Manganese (II) acetate tetra hydrate (MnAc) 99.9 assay,

copper (II) acetate mono hydrate (CuAc) 98.0 assay were

obtained from Showa Co. Japan. Cobalt (II) acetate tetra

hydrate (CoAc) 98.0 assay was purchased from Junsei Co.

Ltd., Japan. PVA with a molecular weight (MW) = 65,000

g/mol obtained from Dong Yang Chem. Co., South Korea.

These materials were used without any further purification.

Distilled water was used as solvent.

Experimental work

An aqueous metal acetates solution was prepared by dis-

solving CoAc, MnAc, and CuAc in water with the ratio of

1:1:1:12. A sol–gel was prepared by mixing the obtained

metal acetates solution with PVA aqueous solution (10

wt%) with a ratio of 7.5:20. Typically, 0.5 g from each

metal acetate was dissolved in 6 g water, and then mixed

with 20 g of PVA (10 wt%). The mixture was vigorously

stirred at 50 �C for 5 h. The final solution obtained was

placed in a plastic capillary. A copper pin connected to a

high-voltage generator was inserted in the solution, and the

solution was kept in the capillary by adjusting the incli-

nation angle. A ground iron drum covered by polyethylene

sheet was serving as a counter-electrode. A voltage of 20

kV was applied to the solution. The formed nanofiber mats

were initially dried for 24 h at 80 �C under vacuum, and

then calcined at 600 �C for 1 h in an air with a heating rate

of 2 �C/min.

Characterization

Surface morphology was studied by JEOL JSM-5900 SEM,

JEOL Ltd., Japan, and field-emission SEM (FE-SEM,

Hitachi S-7400, Japan) equipped with energy dispersive X-

ray (EDX). The phase and crystallinity were characterized

by using Rigaku X-ray diffractometer (Rigaku Co., Japan)

with Cu Ka (k = 1.54056 Å) radiation over a range of 2h
angles from 10 to 100�. High-resolution image and selected

area electron diffraction pattern were observed by JEOL

JEM 2010 TEM operating at 200 kV (JEOL Ltd., Japan).

Spectroscopic characterization has been investigated by

FT-IR, the spectra were recorded as KBr pellets using

Varian FTS 1000 FT-IR, Mid-IR spectral range, cooled

DTGS detector, Scimitar series, Varian Inc., Australia.

Thermal gravimetric has been achieved via Pyris1 TGA

analyzer (PerkinElmer Inc., USA).

Results and discussion

Figure 1 shows the SEM images of metal acetates/PVA-

dried nanofiber mats in low and high magnifications. As

shown in Fig. 1b, mixing of more than one acetate metal

does not affect the efficiency of the electrospinning pro-

cess. In other words, electrospinning of the prepared sol–

gel produced smooth and continuous nanofibers. Figure 2

shows the frequency curve of the prepared nanofibers. As

shown in this figure, the metal acetates/PVA nanofibers

diameters laid with a relatively narrow range. According to

the data embedded in Fig. 2, the average diameter of these

nanofibers is 375 nm. Calcination of the metal acetates/

PVA nanofiber mats affected drastically on the nano-

fibrous morphology. Figure 3 shows the SEM micrographs

of the obtained material. As can be observed from Fig. 3b

which reveals a high-magnification SEM image, the

nanofibers obtained due to the electrospinning process have

been altered to nanobelts. The average diameter of these

nanobelts can be estimated from the frequency of diameters

curve as shown in Fig. 4. The obtained nanobelts do have

an average diameter of 235 nm. Figure 5a and b reveals the

FE-SEM image for the original metal acetate/PVA nano-

fiber before calcination and a single nanobelt obtained due
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to calcination, respectively. As clearly shown in Fig. 5b,

the cross section of the obtained material is not circular, it

is irregular shape, although the electrospinning technique

produced nanofibers with almost circular cross section as

shown in Fig. 5a. Therefore, we can say that calcination of

the metal acetate/PVA nanofiber mats at 600 �C has con-

verted the 1D shape from nanofiber to nanobelt.

It is noteworthy mentioning that the ceramic materials in

general and metal oxides in particular tend to sinter at high

temperature. Sintering of these materials always accom-

panies by size diminishing. According to this phenomenon,

we can explain formation of nanobelts from nano-fibrous

form as a sintering of two adjacent nanofibers especially

the obtained nanobelts do have the dumbbell shape as can

be observed from Fig. 5b. Low nanofibers density and high

polymer content in the original mat enhanced agglomera-

tion of only two nanofibers at the mentioned calcination

temperature and holding time. Changing the calcination

temperature or the soaking time produced nanoparticles

rather than nanofibers or nanobelts as was indicated from

many achieved experiments (data not shown). The particle

size was small at calcination temperatures lower than 600

�C, however, big size was observed at high temperatures

which indicates agglomeration of many nanofibers. Fig-

ure 6 shows an illustration for the mechanism of formation

of nanobelt from two nanofibers.

According to thermal properties of PVA and the acetate

anion, one can say that calcination of the prepared nano-

fiber mats at such used temperature completely eliminated

PVA and decomposed the metal acetate into inorganic

metal compounds. The typical XRD pattern of produced

material is presented in Fig. 7. As shown in this figure, the

standard peaks of the cobalt (II, III) oxide (Co3O4), copper

(II) oxide (CuO), and manganese dioxide (MnO2) are

Fig. 1 SEM images for the

original metal acetates/PVA

nanofiber mats. (a) Low

magnification and (b) high

magnification
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Fig. 2 Diameters frequency distribution curve for the metals ace-

tates/PVA nanofiber mats

Fig. 3 Low (a) and high (b)

magnifications of SEM

micrographs for the nanofibers

obtained after calcination at

600 �C for 1 h
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observed. The existence of strong diffraction peaks at 2h
values of 36.8, 59.2, 65.2, and 28.6� corresponding to

(311), (511), (440), and (220) indicating the formation of

Co3O4 [JCDPS card no. 42-1467]. However, the peaks

appeared at 2h of 35.4, 38.8, and 61.7� corresponding to the

crystal planes of (-111), (200), and (-113) affirmed for-

mation of CuO [JCDPS card no. 05-0661]. Also, some

peaks were noticed at 19.1, 36.8, and 45.2� which denote

crystal planes of (111), (311), and (400), respectively; these

peaks can be invoked to confirm synthesizing of MnO2

[JCDPS card no. 42-1169]. All the appeared peaks have

been identified as shown in Fig. 7.

In order to confirm the results obtained from the XRD,

EDX analysis (equipped with FE-SEM instrument) has

been invoked. With taken metals as a base, the molar ratio

of Co:Cu:Mn:O in a mixture consisting of Co3O4, CuO,

MnO2 would be 1:1:1:13/3. Therefore, the theoretical

atomic percentages of Co, Cu, Mn, and O have to be 13.64,

13.64, 13.64, and 59.08%, respectively. A close real result

has been obtained from EDX analysis as shown in Fig. 8.

This result supports the XRD data and simultaneously

confirms formation of the aforementioned oxides.
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Fig. 4 Diameters frequency distribution curve for nanofibers

obtained after the calcination process

Fig. 5 FE-SEM micrograph showing the cross-sectional shape of the

metal acetates/PVA electrospun nanofibers (a), and the obtained

nanobelts after the calcination process (b)

Fig. 6 Illustration for the mechanism of forming nanobelt from two

adjacent nanofibers

Fig. 7 XRD results for the prepared nanobelts after calcination

process
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Figure 9 shows the high-resolution TEM image of the

calcined nanofibers and the TEM image. As shown in

Fig. 9a the atomic planes uniformly arrange in parallel way

which indicates good crystallinity. Moreover, three types

of crystal planes with different distances between the

successive planes can be observed in the figure which

refers to the three oxides. Figure 9b shows TEM images of

some nanobelts. This figure considerably affirms formation

of separate nanobelts. The inset in Fig. 9b shows the SAED

pattern, there are no dislocations or imperfections observed

in the lattice planes which confirm good crystallinity of the

synthesized nanobelts.

FT-IR is an analytical technique being widely utilized to

investigate the chemical bonds. Figure 10 shows the IR

spectra for the metal acetates/PVA nanofiber mats and the

produced nanobelts. In the metal acetates/PVA spectra,

there are characteristic absorption bands of CO-2 at 1,568

and 1,417 cm-1, as well as those of C–C bonds at 1,250

cm-1. Moreover, the spectrum shows a broadband centered

at around 3,332 cm-1 as well as weak bands at 846, 934,

1,028, and 1,093 cm-1. These bands are attributed to

stretching, wagging, and twisting vibrations of the water of

hydration [33]. Also, the peak at 1,735 cm-1 represents

H2O absorbed by the nanofibers [34]. The characteristics

absorption bands of the acetate anion appear from 1,590 to

600 cm-1 [35]. As can be seen in this figure, the various

peaks revealing to PVA and acetate anion cannot be

observed in the spectra of the produced nanobelts.

Figure 11 shows the TGA data, the first derivative has

been plotted in the same figure to get more precise infor-

mation. As shown in the first derivative curve, there are

two distinct peaks appear at *220 and 240 �C. The first

peak is denoting to the elimination of PVA [36], so, the

only explanation of the second one is decomposition of the

acetates anions; especially there is no other noteworthy

peaks in the curve. Moreover, Fig. 11 indicates that the

metal oxides are completely synthesized at a temperature

of 360 �C since there is no weight change after this tem-

perature. Actually, many experiments have been conducted

to get good morphology at relatively low temperature;

however, we got nanobelts at 600 �C only, discrete and

agglomerated nanoparticles were obtained at lower and

higher temperatures than the utilized one, respectively.

Fig. 8 EDX results for the obtained nanobelts, the inset reveals the

element atomic percentages

Fig. 9 (a) HRTEM micrograph for the nanobelts obtained after the

calcination process. (b) TEM image showing the nanobelts and

selected area electron pattern diffraction (inset)

Fig. 10 FT-IR results for the metals acetates/PVA mats before (a)

and after (b) the calcination process
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Conclusion

Calcination of the nanofiber mats produced by electrospin-

ning of a sol–gel consisting of cobalt acetate tetrahydrate,

copper acetate monohydrate, manganese acetate tetrahy-

drate, and PVA in air atmosphere at 600 �C for 1 h

completely eliminates the PVA polymer and decomposes the

metal acetates into Co3O4, CuO, and MnO2. According to the

wide applications of the used oxides and the advantage of

nanobelts shape, the obtained mixed nanobelts might

have good utilization in heterogenous catalysis, lithium-ion

batteries electrodes, solar energy absorbers, and other

applications.
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