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This paper reports the red visible luminescence of ZnO nanofibers synthesized by electrospinning fol-
lowed by thermal annealing. The ZnO nanofibers were prepared by electrospinning of the precursor mixture
of zinc acetate/polyvinylpyrrolidone (PVP) by using different PVP concentrations, while thermal annealing
was kept at 600°C. The ZnO nanofiber diameter was dependent on the PVP concentrations, which increased
as PVP concentrations increased. Thermal annealing induced significant changes in ZnO nanofibers, which
formed ZnO nanoparticle/manofiber structures as a function of PVP concentrations. The ZnO nanofibers
synthesized with PVP concentration of 20% induced homogeneous distribution of ZnO nanoparticles with
highly visible luminescence intensities centering at ~650 nm. Results indicated that the use of electrospin-
ning followed by thermal annealing could be an important method for the synthesis of ZnO nanoparti-
cle/nanofiber structures, which could be used in advanced engineering such as optoelectronics and sensing.
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H3zyuena kpacnas uoumas niomuHecyenyus Hanosonrokon ZnO, cuHmesupo8aHHbIX Memooom dNeKmpo-
BbIMSI2UBAHUSL C NOCEOVIOWUM mepmudeckum omoicucom npu memnepamype 600 °C. Hanosonoxna ZnO no-
JIy4UeHbl nymem 21eKmpOoGblMAUBAHUS CMECU NPEOULeCBEHHUKA ayemama YUHKA — NOTUGUHUINUPPOTUOO-
na (IIBII), ¢ ucnonvzosanuem pasiuunvix konyeumpayui I1BII. Juamemp nanosonoxna ZnO 3asucum om
xkonyenmpayuu IIBIT u ysenuyueaemcs no mepe pocma xonyenmpayuu IIBII. Tepmuyeckuii omoicue @vl3vl-
eaem 3HauumMenbHble UMEHeHUs 6 HanogorokHnax Zn(O, komopwvie Gopmupylom CmpyKmypsl HAHOUA-
cmuy/nanogonokon ZnO 6 sasucumocmu om xkouyeumpayuu IIBII. Hanosonoxua ZnO, cunme3suposantvie
¢ xonyenmpayueti IIBI1 20 %, unoyyupyiom o0HopooHoe pacnpedenenue narnovyacmuy ZnO c 6bICOKOU UH-

“*Full text is published in JAS V. 88, No. 4 (http://springer.com/journal/10812) and in electronic version of ZhPS
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MEHCUBHOCTBIO BUOUMOT TFOMUHecyeHyuu 6nusu ~650 wm. Tlokaszano, umo snexmpogvimscusanue ¢ nocie-
OVIOWUM MEPMUYECKUM OMNCULOM MOJICem Oblmb BANCHLIM Memooom cunmesa Hanovacmuy ZnO/Hano-
BOJIOKOHHBIX CIPYKMYP, KOMOpble MO2YM NPUMEHAMbCS 8 Neped08oli meXHUKe — ONMOINeKMPOHUKE U 30H-
ouposanuil.

Kntoueswvie cnosa: Hanogonokno, momunecyenyus, ZnO, 6UOUMbLLL C8em, HAHOYACMUYA.

Introduction. The development of new nanostructure materials for tuning the properties is an interest-
ing research area in nanotechnology [1, 2]. This research area has encouraged scientists and engineers to ex-
plore new ways of designing microstructure by tailoring the physical and chemical characteristics of materi-
als, for example, by creating heterostructures of materials in the nanoscale level [3, 4]. As a one-dimensional
material, ZnO nanofibers have received considerable attention in optoelectronic materials because of its wide
band gap semiconductor, large excitation binding energy of 60 meV, biocompatible materials, lower cost of
manufacture, and chemical stability [5, 6]. Luminescence of ZnO has been observed in two typical emission
bands: an ultraviolet near-band-edge (NBE) emission caused by the recombination of free excitons through
exciton—exciton collision, and visible-light emission caused by the defect in ZnO [7, 8]. Most syntheses of
ZnO showed NBE and visible emission under certain excitation energy. However, controlling a single spe-
cific emission center of ZnO is of particular interest in optoelectronics and optical sensing. A previous doc-
ument demonstrated that NBE emission of ZnO could be obtained by the existence of a highly crystalline
ZnO nanostructure [9, 10]. Other research literature revealed that visible-light emission of ZnO was achieved
by forming an oxygen or Zn interstitial defect in ZnO [11, 12]. Most defect-induced visible-light emission of
ZnO is centered at ~530 nm [13, 14]. Few publications reported visible-light emission of ZnO in the red
range (610-700) of spectrum [15, 16]. Therefore, this study reports for the first time the red visible-light
emission of ZnO centering at ~650 nm by forming ZnO nanoparticle/nanofiber structures, which can be
achieved by electrospinning followed by thermal annealing in air. Electrospinning is a unique method to syn-
thesize nanofibers [17]. In this method, the feed solution is exposed to high voltage up to 10 kV through the
needle, leading to the formation of nanofibers under the Taylor cone as the electric field strength exceeds the
surface tension of the liquid [18]. The microstructure and crystal structure of the nanowires are characterized
by field emission scanning electron microscopy (FESEM) and X-ray diffraction (XRD), respectively. Light
emission of the ZnO nanofibers was determined using a photoluminescence (PL) spectrometer.

Experimental procedure. ZnO nanofibers were synthesized by electrospinning of the precursor mix-
ture containing zinc acetate (99.99%, Sigma-Aldrich)/polyvinylpyrrolidone (PVP, 99.9%, Sigma-Aldrich) at
room temperature. A series of ZnO nanofibers was synthesized by electrospinning (Electrospunra, Singa-
pore) using 2.5 g of zinc acetate dissolved in 10 mL of ethanol. Then various weight (wt) amounts of PVP in
the range of 15, 20, 25, and 30% were added into the solution to control the microstructure of the ZnO nano-
fibers. The solution was stirred for 6 h at room temperature to obtain homogeneous solution. The as-prepared
solution was transferred to a plastic syringe with a stainless steel needle. High voltage of 15 kV was applied
to the electrospinning system, and ZnO nanofibers were formed on aluminum foil. ZnO nanofibers were
pulled out from the aluminum foil and placed in a ceramic boat for thermal annealing. The specimens were
placed inside the furnace (Nabertherm, Germany), which was adjusted to 600°C at a heating rate of 10°C
min~! for 2 h in ambient atmosphere. After that, the system was naturally cooled to room temperature for the
formation of ZnO nanoparticle/nanofiber structures. The crystal structure of the ZnO nanofibers was charac-
terized by XRD (D8 Advance, Bruker, Germany). The microstructure of the ZnO nanofibers was determined
by FESEM (JEOL, JSM-7600F, JEOL Techniques, Tokyo, Japan) and HRTEM (JEM 2100, JEOL Techni-
ques, Tokyo, Japan). Chemical composition and chemical bonding of the ZnO nanofibers were analyzed by
energy-dispersive X-ray spectroscopy (EDS, Gatan, UK) and Fourier transform infrared spectrometry using
a Perkin-Elmer Spectrum BX spectrometer and KBr pellets. Room-temperature photoluminescence (PL)
tests were performed to evaluate the physical properties of the ZnO nanofibers. A NANO LOG spectrofluo-
rometer (Horiba, USA) equipped with a 450 W Xe arc lamp and double excitation monochromators was used.

Results and discussion. Phase characterization. Figures 1 shows the typical XRD patterns of the ZnO
nanofibers prepared by electrospinning with a PVP concentration of 20% followed by annealing at 600°C.
The ZnO nanofibers showed several strong peaks at 20 = 31.8°, 34.4°, 36.1°, 47.4°, 56.50°, 62.80°, 66.54°,
and 67.88°, which were characterized by the (100), (002), (101), (102), (110), (103), (200), and (112) planes
of the crystalline hexagonal wurtzite ZnO phase, respectively (JCPDS 36-1451). The XRD patterns showed
that good crystallinity was represented by high peak intensity and narrow peak spectra, which was often the
case with ZnO nanofibers synthesized by electrospinning followed by thermal annealing [19, 20].
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Fig. 1. XRD patterns of ZnO nanofibers prepared by electrospinning with a PVP concentration
of 20% followed by thermal annealing at 600°C.

Scanning electron analysis. The microstructure variation in ZnO nanofibers synthesized by electrospin-
ning with different concentrations of PVP was investigated by SEM (Figs. 2a—d). The specimens prepared
with PVP concentration of 15% showed a nanofiber structure with a diameter of ~200 nm and several mi-
crometers in length (Fig. 2a). When the amount of PVP increased to 20%, the specimens still displayed nan-
ofiber morphology with a slightly increased diameter (Fig. 2b). On the contrary, the increase in nanofiber
morphology became clear with a diameter of ~300 nm as the amount of PVP increased to 25% (Fig. 2c). The
increase in nanofiber diameter became vigorous as the amount of PVP increased to 30%, while the fiber di-
ameter increased to ~350 nm (Fig. 2d). This increase in ZnO nanofiber diameter was attributed to the in-
crease in viscosity when a high concentration of PVP was used [20, 21].

Figure 2 shows the microstructure of ZnO nanofibers synthesized by electrospinning with different PVP
concentrations followed by thermal annealing at 600°C. ZnO nanofibers consist of a homogeneous distribu-
tion of ZnO nanoparticles with a diameter of ~20 nm when 15% PVP was used (Fig. 2a"). When the amount
of PVP increased to 20%, the ZnO nanofibers displayed a homogeneous distribution of ZnO nanoparticles
with slightly increased ZnO nanoparticle size (Fig. 2b"). ZnO nanofibers became rough when the ZnO nano-

400 nm

Fig. 2. SEM image of ZnO nanofibers synthesized by electrospinning using different PVP concentrations:
(a,a") 15%, (b, b") 20%, (c,c')25%, and (d, d") 30% without annealing (a—d) and followed by thermal
annealing at 600°C (a'-d’").
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particle size increased to ~50 nm, thereby increasing the amount of PVP to 25% (Fig. 2¢’). This finding indi-
cated that the microstructure of ZnO nanofibers could be controlled by changing the initial concentration of
PVP followed by thermal annealing. However, evidence of ZnO nanoparticles was not observed in ZnO
nanofibers when the PVP concentration increased to 30% (Fig. 2d’). The formation of ZnO nanoparticles on
the nanofiber skeleton could be attributed to the evaporation of PVP polymer during thermal annealing
[22, 23]. Based on previous reports, the high viscosity solution from the high concentration of PVP could re-
sult in increased binding of the Zn-based precursor and larger nanoparticle size of ZnO.

Chemical composition analysis. The representative chemical composition of the ZnO nanofibers was
characterized by EDS (Fig. 3). The peaks corresponding to Zn and oxygen elements with an atomic ratio of
~1:1 was observed, confirming the formation of ZnO. The Si and Pt peaks in the EDS spectrum were at-
tributed to the ZnO nanofibers attaching on the Si substrate and Pt coating for good SEM coupling with EDS
analysis.

Cps, eV
2.0 7
1.5 —
1.0 4,

0.5 4

™

0 4

TIT I T I T T T[T TT T TITT

T e
5 10 15 keV
Fig. 3. EDS analysis of ZnO nanofibers with PVP concentrations of 20% annealed at 600°C.

Microstructural analysis. Further structural characterization of the ZnO nanofibers was performed by
TEM. A low-magnification TEM image showed that small ZnO nanoparticles were connected with one an-
other as building units to form ZnO nanofibers (Fig. 4a). Figure 4b shows an HRTEM analysis of the ZnO
nanoparticles, in which the 0.2476 nm crystal plane spacing is assigned to ZnO (101).

Fig. 4. (a) Low-magnification TEM image of ZnO nanofibers; (b) HRTEM image of crystalline ZnO
nanofibers with PVP concentrations of 20% annealed at 600°C.
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Photoluminescence analysis. Figure 5 shows the emission spectra of ZnO nanofibers with different PVP
concentrations annealed at 600°C and monitored at 280 nm. All PL signals showed strong visible emission
peaks at ~650 nm with a suppressed NBE emission of ~380 nm. PL intensities of ZnO nanofibers increased
with increase in the amount of PVP during electrospinning; that is, when the amount of PVP reached 20%,
PL intensities reached the maximum value. However, PL intensities decreased when PVP concentration was
further increased. Previous documents demonstrated that the visible emission band from ZnO was due to the
interstitial oxygen defect of ZnO during thermal annealing [24-26]. Here, a dominant visible band was ob-
served, indicating that interstitial oxygen defects were also present in the ZnO nanofibers. The formation of
defect could originate from the evaporation of PVP during thermal annealing at 600°C. The high concentra-
tion of ZnO nanoparticles/surfaces in ZnO nanofibers could introduce a relatively high number of defects at
the surface and interface to form defect energy bands, which could trap free carriers from the fibers, resulting
in highly visible emission. With increase in PVP concentration, the increasing ZnO nanoparticle size could
lead to a small surface-to-volume ratio, which could be decreased in the visible emission intensity.
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Fig. 5. Photoluminescence spectra of ZnO nanofibers synthesized by electrospinning
using different PVP concentrations followed by thermal annealing at 600°C.

Conclusions. We demonstrated that the stabilization of visible-light emission from ZnO nanofibers
could be obtained effectively by electrospinning followed by thermal annealing. In particular, the micro-
structure of ZnO was controlled by using different PVP concentrations, that is, the formation of ZnO nano-
particle/nanofiber structures. Moreover, these ZnO nanoparticle/nanofiber structures could achieve a unique
emission band at ~ 650 nm with controllable intensities. These findings indicate that the present method is
important in the fabrication of ZnO nanoparticle/nanofiber structures, which are important for designing op-
tical properties in the field of optoelectronics and sensing.
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