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ABSTRACT: A simple and efficient procedure has been developed to fabricate ZnO nanofibers with dendritic structure via electrospin-

ning and subsequent calcination. The spinning solution is prepared by mixing polyvinylpyrrolidone (PVP) and zinc acetate into

methanol. From SEM images, it can be observed that the ZnO product has a tendency of dendritic structure. The diameter of the

dendritic branch is �137 nm. The structure and physicochemical property of the prepared nanofibers are elucidated by TGA, SEM,

XRD, FTIR, and PL, respectively. The photoluminescene measurement of the ZnO samples exhibit a broad visible emission band con-

centrate on around 430–580 nm. Meanwhile, the intensity is related to the content of surface oxygen vacancies, which probably influ-

ence photocatalytic activity of ZnO samples. Whereafter, the photocatalytical activity of the ZnO nanofibers is evaluated by

quantifying the degradation of methyl blue. The result indicates that ZnO nanofibers annealed at 650�C show an excellent photocata-

lytic activity. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41627.
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INTRODUCTION

Nanostructured semiconducting metal oxides are being widely

utilized in the fields of solar energy conversion, sensors, catalysis

and various electronic nanodevice due to their unique optical,

electronic, and photoactive properties.1–4 Zinc oxide (ZnO), a

multifunctional semiconductor metal oxide, has stimulated an

extensive range of research attention. With the development of

nanotechnology, the structures with special shapes and dimen-

sions have been prepared for nanocrystalline ZnO in the form

of nanorods, nanoflowers, nanowires, and nanofibers.5 Among

anisotropic structures, zinc oxide nanofibers have exhibited a

variety of practical applications in many advanced fields such as

photocatalysis,6 gas sensors,7 field emission emitters,1 visible

light detectors,8 and optical devices.9 It is reported that the

properties of nanomaterial mainly depend on its structure and

morphology. Tinier nanomaterials are usually more active and

exhibit more enhanced selectivity.10 Thus, making efforts to fab-

ricate nanomaterials with well–defined morphology is promising

to acquire unique property and accomplish specific applica-

tion.11 In some cases, nanostructured ZnO with multiple branch

morphology probably possesses high specific surface area, which

can enhance their excellent performance in photocatalytic activ-

ity. Therefore, to further penetrate into its applications, new

special structures are required.

In recent study, many efforts have been employed for the syn-

thesis of one–dimensional ZnO, which include the template–

induced method,12 the microemulsion hydrothermal process,13

the metal–organic chemical vapor deposition,14 and wet chemi-

cal method,15 and so on. However, the principal drawbacks of

these synthesis approaches are attributed to the multiple and

complicated processing steps. In particular, electrospinning tech-

nique, a versatile and mature method, has been exploited to

manufacture nanofibers of polymers ranging from tens of nano-

meters to several micrometers and related materials into one–

dimensional structural nanofibers with controllable diameters,

compositions and porosities.16,17 In terms of the fabrication and

integration processes for metal oxide nanofibers, this method

possesses the advantage of facile composition control. Thus far

some reports pointed out that nanomaterial ZnO has been

extensively applied to degrade nonbiodegradable dyes through

photocatalytical routes.18 It is mainly attribute to their high

photosensitivity, stability and large band gap.9 Therefore, the

majority of researches have focused on enhancing degradation

efficiency of organic pollutants by combining inorganic
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materials with polymers to realize complementary and syner-

getic behaviors.18

In this work, we described the fabrication of ZnO nanofibers

with a peculiar dendritic morphology by electrospinning and

subsequent calcination. The thermal property of the ZnO was

evaluated using Thermo–Gravimetric Analysis (TGA). The sur-

face morphology and dimension of ZnO nanofibers were

observed by scanning electron microscope (SEM). X–ray dif-

fraction (XRD), Fourier transform–Infrared radiation spectrom-

eter (FTIR) and Photoluminescence (PL) spectroscopy

measurements identified that the sample was pure ZnO with

hexagonal wurtzite structure. Whereafter, comparison of the

photocatalytic performance of the ZnO nanofibers annealed at

400 and 650�C (we call ZnO–400 and ZnO–650 in this article)

was carried out.

EXPERIMENTAL

Chemicals and Materials

Zinc acetate A.R. [Zn(CH3COO)2 � 2H2O] was purchased from

Beijing Chemical Works Fine Chemicals Reagent Company, Bei-

jing, China. Polyvinylpyrrolidone (PVP) (Mw 5 1,300,000, K88–

96) was provided by Aladdin Reagent, Shanghai, China. The

solvent methanol A.R. was produced by Beijing Chemical

Works, Beijing, China. Methyl blue was produced by Research

Institute of Guangfu Fine Chemical Engineering in Tianjin. All

those chemical reagents were analytical grade, without further

purification.

Preparation of Electrospun ZnO Nanofibers

Based on a typical procedure, zinc acetate (6 wt %) was dis-

solved in methanol solvent under magnetic stirring. When the

solution became transparent after 2 h at room temperature, pol-

yvinylpyrrolidone (PVP) (10 wt %) was added to the above

solution. After continuous stirring for 5.5 h, precursor solution

of PVP/zinc acetate/methanol was obtained. The homogenous

eletrospinning solution was charily sucked into a glass syringe

which was connected to a high-voltage supply (DW–P303–5AC

HighVoltage (0�30 KV), Dongwen High–voltage Power–supply

Company, China). An aluminum foil with SiO2/Si substrate

placed on was used as the collector. The applied high voltage

was held at 15.5 KV and the distance between the needle tip

and the collector was maintained at 20 cm. Finally, a dense web

of electrospun composite nanofibers was distributed uniformly

over the collector. It was subsequently exposed to the air over-

night for stabilization.

To obtain pure inorganic oxides, the PVP–ZnAc2 composite

nanofibers were respectively calcinated at 400 and 650�C in air

with a heating rate of 5�C /min for 4 h.

Characterization

Thermal gravimetric analysis (TGA) was performed on a TG–

DTG instrument (Beijing Hengjiu Instrument, Beijing, China)

to determine the temperature of possible decomposition and

crystallization of the nanofibers. Measurement was conducted

from temperature of 25�C to 750�C, with a heating rate of

10�C/min under nitrogen gas. The surface morphology and

dimension of ZnO nanofibers were observed under scanning

electron microscope (SEM) (SHIMDZU SSX–550, Japan)

equipped with energy dispersive X–ray analysis (EDX). Before

testing, the ZnO nanofibers were sputter coated with gold using

ETD–2000 auto sputter coater (Elaborate Technology Develop-

ment, China) with a current of 4 mA for 2 min. Ground on the

SEM images, diameter of nanofibers was measured using image

visualization software Image J. The Brunauer–Emmett–Teller

(BET) specific surface area of the nanofibers was investigated

through nitrogen adsorption (Micromeritics, ASAP 2010). The

samples were degassed at 200�C before the measurements. The

crystalline structures of the PVP–ZnAc2 composite and annealed

ZnO nanofibers were identified by XRD. X–ray diffraction

(XRD) analysis was obtained using a Siemens D5005 XRD dif-

fractometer in 2h region of 20–80� with Cu Ka radiation. Fou-

rier transform–Infrared radiation (FTIR) spectrometer

(SHIMDZU, 1.50SU1, Japan) was used to identify the vibration

in functional groups presented in the samples. The spectra were

obtained with 20 scans per sample ranging from 4000 to

400 cm21. The Photoluminescence (PL) spectra of the ZnO

nanofibers was measured by using a Fluorescence

Figure 1. TG–DTG curves of thermal decomposition of (a) pure PVP nanofibers; (b) zinc acetate, and (c) as-spun PVP2ZnAc2 composite nanofibers.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Spectrophotometer (Jobin Yvon FluoroMax–4) equipped with a

150 W xenon lamp as the excitation source.

Photocatalytic Activity Measurement

Methyl blue has been vastly used as a model compound to indi-

cate photocatalytic activity, which is primarily attributed to

their frequent occurrence in industrial waste discharge. The

photocatalytic activities of the as–prepared samples (ZnO–400

and ZnO–650 nanofibers) were evaluated by the decomposition

of methyl blue under ultraviolet light irradiation. An aqueous

solution of methyl blue (10 mL, 35 mg/L) was placed in a ves-

sel, and 4 mg photocatalysts (ZnO–400 and ZnO–650) were

added, respectively. Then the solution was exposed to an ultra-

violet (UV) – radiation lamp (UV–8, 12W, 365 nm). The sus-

pensions were magnetically stirred at ambient temperature to

ensure that all of catalysts were contacted with the dye solution.

At given time intervals, a few milliliters of solution were drawn

from the mixture and centrifuged to separate the nanofibers.

Then the solution was loaded in a UV–vis spectrophotometer

(Jinghua 723 PC, China). The degradation efficiency of methyl

Figure 2. SEM micrographs of (a) as - spun PVP - ZnAc2 composite nanofibers; after annealing at different temperature. (b) 400�C; (c) 650�C; and their

corresponding diameter distribution. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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blue was monitored by comparing the characteristic absorption

intensity of the methyl blue solution at 628 nm at different

time with that of the original methyl blue solution.

RESULTS AND DISCUSSION

Thermal Analysis of the PVP–ZnAc2 Composite Nanofibers

TGA curve and corresponding DTG profile of the raw material

and precursor PVP–ZnAc2 composite nanofibers were shown in

Figure 1. Initially, Figure 1B (a) revealed that the major weight

loss of pure PVP nanofibers occurred at 450�C. This was con-

sistent with nearly 95% mass loss in the range of 200–600�C
[Figure 1A (a)], which was corresponded to the decomposition

of the polymer main chain. Figure 1 A (b) presented almost

85% total weight loss from 200 to 350�C, associating with the

decomposition of the CH3COO group of zinc acetate.17 Figure

1A (c) showed the thermal behavior of the PVP–ZnAc2 com-

posite nanofibers, which forecasted that most of the organic

belonged to PVP, zinc acetate and other volatiles were com-

pletely decomposed before 645�C. It was found that the PVP–

ZnAc2 composite nanofibers exhibited a three–step thermogram,

with a total weight loss of 85.28%. Below 400�C (occured at

300�C), there was a 26% weight loss; between 400 and 480�C,

there was a 40% weight loss; and finally, 19.28% weight loss

existed in the temperature range of 480–645�C. The first step

was mainly attributed to the decomposition of acetate which

showed dramatic weight loss approximate at 315�C [Figure 1B

(b)], the degradation of PVP along with the release of small

hydrocarbon molecules and others volatile solvent.19 The second

stage, in which the significant weight loss occurred at 445�C
[Figure 1B (c)], was resulted from the continued decomposition

of zinc acetate and release of the oxidation of carbon from

PVP.20 The third stage was related to the entirely removal of the

organic constituents in the nanofibers. Compared with the com-

plete weight loss of pure PVP nanofibers at �600�C, the PVP–

ZnAc2 composite nanofibers were degraded at 650�C. Such high

decomposition temperature might be attributed to the interac-

tion between the PVP and ZnO materials, which led to high

chain compactness.21 After 645�C, the TGA curve was gentle,

manifesting the formation of pure inorganic oxide.

Morphology and Diameter Distribution of the Nanofibers

Exemplary scanning electron microscope (SEM) micrographs of

the PVP–ZnAc2 composite nanofibers before and after calcina-

tion were depicted in Figure 2. Figure 2(a) revealed that the as–

spun composite nanofibers appeared to be relatively smooth

and uniform in terms of diameter due to the polymeric prop-

erty or amorphous nature of zinc oxide PVP composite.22,23

After Gaussian fitting and statistic, the mean diameter was

330 nm and the uniformity was above 71%. As shown in Figure

2(b), the ZnO–400 microstructure had a tendency of dendritic

structure, and the diameter of the dendritic branch was

�183 nm which was markedly shrank. The shrinkage of the

fiber diameter was ascribed to the removal of the organic com-

ponents from the nanofibers and the crystallization of ZnO

phase during the calcined process.24 When the PVP–ZnAc2

composite nanofibers calcined at 650�C [Figure 2(c)], the den-

dritic branch structure was obvious. The peculiar morphology

was different from the previously reported ZnO nanofibers.5,25

It was observed that each dendritic branch was constituted of a

long main trunk and the ZnO dendrite branch interconnected

with each other. This might be because that with the tempera-

ture increased which leading to the thermal instability, part of

the nanofibers were fractured. After statistics, the diameter of

ZnO dendrite branch was about 137 nm. The BET surface areas

of ZnO–400 and ZnO–650 nanofibers were 3.6836 m2/g and

5.8688 m2/g, respectively. Obviously, the higher surface area of

ZnO–650 nanofibers was tightly related with the dendritic

branch structure. Since the oblique dendritic branch was elon-

gated, the prepared ZnO–650 fibers could be a promising pho-

tocatalyst application for organic dyes degradation where

surface area played an important role in determining their

performance.

Structure Inspections

XRD Analysis. Figure 3 showed the XRD patterns of the as–

spun PVP–ZnAc2 composite nanofibers and ZnO nanofibers as

a function of annealing different temperature. As shown in Fig-

ure 3(a), it was observed clearly that the PVP–ZnAc2 composite

nanofibers were amorphous in nature, which confirmed that the

nanofibers were no obvious characteristic peaks. But a low

intensity broad peak showed at around 21�, which was attrib-

uted to the amorphous nature of PVP.26 When the PVP–ZnAc2

composite nanofibers annealed at 400�C [Figure 3(b)], poor

Figure 3. XRD patterns of (a) as - spun PVP - ZnAc2 composite nanofib-

ers and after annealing at different temperature. (b) 400�C; (c) 650�C.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table I. Crystallite Size Along Main Diffraction Planes for ZnO Nanofib-

ers Annealed at Different Temperatures

Crystallite size (in nm) along
diffraction planes

Annealing temperature (�C) (100) (002) (101)

400 22.1 23.3 21.7

650 25.8 27.1 24.6
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crystallinity can be seen. With the annealing temperature

increased [Figure 3(c)], the peak became sharper and narrower.

That was to say, the high temperature contributed to the forma-

tion of ZnO crystal. The crystallite size of the ZnO nanofibers

was calculated through Scherrer’s Equation.27,28 As below:

D5Kk
�
ðbcos hÞ (1)

Where D was the crystallite size, K was a Scherrer’s constant

(K 5 0.89), h was the angle of diffraction, wavelength of the X-

ray used was k 51.54 Å, b was full width at half maximum of

main peak. The crystallite size along main diffraction planes for

ZnO nanofibers annealed at different temperatures were sum-

marized in Table I. From the table, we observed that with

increasing the annealing temperature, the main diffraction

planes for ZnO crystallite size obviously increased. When the

PVP–ZnAc2 composite nanofibers annealed at 650�C, the peak

belonging to PVP was disappeared. Figure 3(c) showed eleven

main reflection peaks corresponding to (100), (002), (101),

(102), (110), (103), (200), (112), (201), (004), and (202) planes

at 31.936�, 34.584�, 36.390�, 47.673�, 56.778�, 63.024�, 66.508�,
68.072�, 69.209�, 72.739�, and 77.132�, respectively. All the dif-

fraction peaks indicated the typical hexagonal wurtzite structure

of zinc oxide, which were consistent with the values in the

standard card JCPDS date 75–0576. The results of XRD patterns

further confirmed that the calcination temperature of 650�C
was sufficient to remove PVP completely which was correspond-

ing to the TG curve.

EDX Analysis

To further understand the chemical composition of the obtained

nanofibers, Energy–dispersive X–ray (EDX) analysis was carried

out. As shown in Figure 4(a), the EDX spectrum revealed the

presence of carbon, oxygen and zinc in the as–spun PVP–ZnAc2

composite nanofibers. Therein, the carbon peak mainly origi-

nated from the polymer. After annealing at 400 and 650�C,

which were shown in Figure 4(b,c), only Zn and O atoms were

observed. It demonstrated that the obtained nanofibers were

indeed pure ZnO, which further supported the XRD results.

FTIR Spectra Analysis

FTIR spectrum was also performed to identify the structure of

the obtained nanofibers, which was shown in Figure 5. For the

spectra of pure PVP nanofibers [Figure 5(a)], a series of absorp-

tion peaks at around 1000 and 4000 cm21 was observed.

Therein, the peaks located at 2931, 1437, and 1285 cm21 were

corresponding to CH2 unsymmetrical stretching vibration, C@C

stretching vibration and C@N stretching vibration band, respec-

tively.29,30 Furthermore, the strong absorption peak centered at

1661 cm21 was attributed to C@O stretching vibration. Nota-

bly, the broad band at about 3430 cm21 was assigned to the

Figure 5. FTIR spectra of (a) pure PVP nanofibers; (b) as - spun PVP -

ZnAc2 composite nanofibers and after annealing at different temperature.

(c) 400�C; (d) 650�C. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 6. Photoluminescence spectra of (a) ZnO - 650 fibers; (b) ZnO -

400 fibers. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 4. EDX spectroscopy of (a) as - spun PVP - ZnAc2 composite nanofibers; (b) ZnO - 400 nanofibers; (c) ZnO - 650 nanofibers. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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OAH stretching vibration of water,31 which may be molecularly

absorbed on PVP nanofibers. Figure 5(b) depicted the spectrum

of the PVP–ZnAc2 composite nanofibers and it was seemed the

same as Figure 5(a). This indicated that most of the ZnO pre-

cursor was embedded in the PVP chain.32 Moreover, the strong

absorption peak of the carbonyl group stretching vibration was

shifted to 1670 cm21 in the PVP–ZnAc2 composite nanofibers.

It was because that the oxygen atoms of the polypyrrolidone

units of PVP were interacting with the inorganic nanoparticles

which might induce a shift in FTIR periodicity on account of

the metal atoms received an electron pair of the carbonyl oxy-

gen.33–35 When the nanofibers were annealed at 400�C and

650�C [Figure 5(c,d)], the representative absorption peaks of

PVP disappeared gradually and a new intense broadband at

440 cm21 appeared. This band corresponded to the ZnAO

vibration of hexagonal ZnO.36 FTIR analysis demonstrated that

after high temperature treatment, polymer was decomposed

thoroughly and pure inorganic oxides were produced. The

results accorded well with XRD and EDX analysis.

Photoluminescence Spectra of ZnO

Photoluminescence spectra is an available way to analyze elec-

tronic structure, optical, and photochemical properties of semi-

conductor material, by reflecting some significant informations

such as surface defects and oxygen vacancies.37

The photoluminescence spectra of the prepared ZnO fibers

annealed at different temperatures with an excited wavelength of

320 nm was shown in Figure 6. The emission can exhibit a strong

and wide broadband in the range of 430–580 nm, typically there

were emission bands in the visible region. Specially, the main

intense emission peak centered at the blue and blue–green bands.

It was known that the visible luminescence mainly originated

from defect states such as Zn interstitials and oxygen vacancies,

resulting from the radiative recombination of photogenerated

holes (hVB
1) with electrons capturing the oxygen vacancy.38,39

In general, oxygen vacancies can act as luminescence center.8 As

shown in Figure 6(a), it had three strong blue light emission

peaks in the range of 438–470 nm, which was associated with

oxygen vacancies.40,41 The blue–green light emission at around

480–500 nm was known to be related to radiative defect, among

that 480 nm was ascribed to bound excitons, especially singly

ionized oxygen vacancy.37 The excitonic photoluminescence

intensity of ZnO distinctly reduced with the decrease in the

temperature. In other words, the peak intensity of ZnO was

lower at 400�C. It might be attributed to the ZnO–400 fibers

poor crystallinity, consistent with the XRD result, which showed

little luminescence property. Hence the stronger photolumines-

cence intensity was determined by the higher content of surface

oxygen vacancies in the ZnO crystal, probably lead to the higher

photocatalytic activity,11,37 reflected in Figure 7.

Properties of Photocatalysis

To identify the photocatalytic performance of the ZnO nanofib-

ers under different temperature conditions, the decolorization

of methyl blue in an aqueous solution was investigated under

UV light irradiation. From Figure 7(A), after UV irradiation for

200 min, 23% of methyl blue [Figure 7A (a)] can be photode-

graded by itself. In comparison, the observed rate of methyl

blue photodegradation using ZnO–400 and ZnO–650 nanofibers

had reached to 19% and 47% as compared with methyl blue,

respectively. This result was consistented with the photolumi-

nescence emission spectra. Overall, Figure 7A(b,c) showed that

the initial degradation efficiency of methyl blue (up to 30 min)

with ZnO–400 fibers was higher than the premier degradation

efficiency of ZnO–650 fibers under identical conditions of UV

light exposure. But after 30 min, the ZnO–650 nanofibers suf-

fered from a significant decrease in photocatalytic activity. The

poor photocatalytic performance of ZnO–400 nanofibers was

ascribed to light filtering and the fewer photogenerated charge

carriers.8 Notably, the reason for the higher photocatalytic activ-

ity of ZnO–650 can be explained in two aspects: on the one

hand, in reasonable agreement with the result obtained from

the XRD analysis, the ZnO calcined at 650�C was almost com-

pletely crystalline. Thus it had better optical absorption of UV

light and the photoinduced dissolution.42 On the other hand,

from Figure 2(c), ZnO–650 nanofibers possessed unique dendri-

tic structure and high special surface area. This result might be

Figure 7. (A) Photocatalytic degradation of methyl blue concentration changes as a function of irradiation times after added different photocatalysis. (a)

without any catalyst; (b) ZnO - 400 fibers; (c) ZnO - 650 fibers. (B) Photographic image of the color change of the methyl blue using ZnO - 650 catalyst

with different times of UV irradiation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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favorable to the reaction with methyl blue, leading to a good

photocatalytic property. Figure 7(B) showed a photographic

image of the methyl blue using ZnO–650 photocatalyst, in

which we can see a series of color change at different UV irradi-

ation time. It made clear that the distinct blue color of initiat-

ing solution gradually became transparent and colorless. That

was further confirmed the completion of the photodegradation

process.

CONCLUSIONS

In conclusion, hexagonal wurtzite ZnO nanofibers with special

dendritic structure was successfully synthesized through electro-

spinning and subsequent calcination techniques. The as–spun

PVP–ZnAc2 composite nanofibers had smooth surfaces with dia-

mater of 330 nm. The calcination process at high temperature

for 4 h induced the formation of ZnO nanofibers and resulted in

a peculiar dendritic structure with the branch diameter ranging

from 100 nm to 200 nm. The photoluminescence spectra had

confirmed that the ZnO nanofibers exhibited a broad visible

emission mainly concentrate on the blue and blue–green emis-

sion bands. Furthermore, it indicated the existence of surface

oxygen vacancies in the ZnO crystallines, which probably related

with photocatalytic activity. Methyl blue was used to evaluate the

photocatalytic activity of the ZnO nanofibers. The photocatalytic

performance of the ZnO nanofibers annealed at 400 and 650�C
was investigated. The results manifested that the particular ZnO–

650 with dendritic structure exhibited superior photocatalytic

activity. Further, we believe that the ZnO–650 nanofibers can be

considered as a promising photocatalyst for dyes treatment.
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