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Abstract

Dy3+‐doped ZnO nanofibres with diameters from 200 to 500 nm were made using an

electrospinning technique. The as‐fabricated amorphous nanofibres resulted in good

crystalline continuous nanofibres through calcination. Dy3+‐doped ZnO nanofibres

were characterized using scanning electron microscopy (SEM), energy dispersive

X‐ray spectroscopy (EDX), X‐ray diffraction (XRD), ultraviolet–visible (UV–vis) light spec-

troscopy, Fourier transform infrared spectroscopy (FTIR), and photoluminescence (PL).

XRD showed the well defined peaks of ZnO. UV–vis spectra showed a good absorption

band at 360 nm. FTIR spectra showed a Zn–O stretching vibration confirming the pres-

ence of ZnO. Photoluminescence spectra of Dy3+‐doped ZnO nanofibres showed an

emission peak in the visible region thatwas free fromany ZnOdefect emission. Emissions

at 480 nm and 575 nm in the Dy3+‐doped ZnO nanofibres were the characteristic peaks

of dopant Dy3+ and implied efficient energy transfer from host to dopant. Luminescence

intensity was found to be increased with increasing doping concentration and reduction

in nanofibre diameter. Colour coordinates were calculated from photometric

characterizations, which resembled the properties for warm white lighting devices.
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1 | INTRODUCTION

Semiconducting nanomaterials have found extensive interest amongst

researchers due to their outstanding properties. Zinc oxide (ZnO) has been

demonstrated to be one of the most versatile semiconductors, possessing

excellent properties due itswide band gap energy (3.4 eV).[1] These aston-

ishing properties have made ZnO a multifaceted candidate for various

applications such as photocatalytic, optoelectronic, piezoelectric, lumines-

cence devices and gas sensing methods.[2] Due to its outstanding optical

properties, ZnO has become the most named semiconductor for use with

a variety of dopants, especially for luminescence and rare earth ions.
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Efficient non‐radiative electronic transition from the semiconductor host

to the dopants has been the reason for the greatly enhanced luminescence

of rare earth ions.[3] Intra‐configurational f– f transitionswere the basis of

photoluminescence spectroscopy of trivalent rare earth ions and gave

their characteristic emission band.[4] Nd3+‐ and Tm3+‐doped ZnO

nanocrystals showed intense near‐infrared emission lines with well

resolved crystal‐field (CF) splitting.[5] Zeng et al. have also observed the

host‐to‐Eu3+ ET in ZnO:Eu3+ nanosheet‐based hierarchical microspheres

fabricated via a hydrothermal strategy.[6] Karthikeyan et al. investigated

the spectroscopic properties of Dy3+ ion‐doped zinc calcium

tellurofluoroborate glass and observed white light emission in the glass.[7]

Trivalent dysprosium ions exhibited important luminescence of two pri-

mary colour phosphors.[8] Dy3+ ion visible luminescence consisted of a

yellow band at 570–600 nm corresponding to the 4F9/2 →
6H13/2 hyper-

sensitive transition and a blue band at 470–500 nm corresponding to the
4F9/2 → 6H15/2 transition.[9] Additionally, Dy3+ ion emission strongly

depended on the type of host matrix. Liu et al. synthesized Dy3+‐doped
© 2018 John Wiley & Sons, Ltd.al/bio 1
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ZnO nanocrystals that emitted intense and typical emission lines

originating from the f–f transitions of Sm3+ and Dy3+ ions.[3]

Despite the amazing properties shown by existing nanomaterials,

the pursuit of novel properties through new varieties of nanomaterials

has always been of interest. For example, 0‐D, 1‐D, 2‐D are diverse

types of nanomaterials that behave differently due to their high

surface area to volume ratio. Amongst these, 1‐D nanomaterials such

as nanowires, nanorods, nanotubes, nanobelts, nanofibres and

nanoribbons have been studied increasingly due to their importance

in research and development and have a wide range of potential appli-

cations due to their high aspect ratio. It is generally accepted that 1‐D

nanomaterials are ideal systems for exploring many novel phenomena

at the nanoscale level and for investigating the size and dimensionality

dependence of functional properties.[10] Yadav et al. synthesized Eu3+‐

doped ZnO nanowires using a co‐precipitation method and observed

transition in the visible regions due to Eu3+ ions.[11] Ruqia et al. fabri-

cated ZnO nanorods and studied their photoluminescence spectra,

which showed intense UV emission.[12] Several methods for the syn-

thesis of 1‐D nanomaterials have been described, but electrospinning

had proved to be the most effective way of generating nanofibres

with fibre diameters in the range of a few tens to several hundred

nanometres.[13] Liu et al. studied the effect of Ce doping on the opto-

electronic and sensing properties of electrospun ZnO nanofibres and

found that the photoluminescence integrated intensity ratio of UV

emission to deep‐level green emission for Ce‐doped ZnO nanofibres

was over twice than that of pure ZnO.[14] Zhang et al. found room

temperature enhanced red emission from novel Eu3+‐doped ZnO

nanocrystals uniformly dispersed in nanofibres.[15] Jong‐Seong Bae

and co‐workers studied the preparation and characterization of Ce‐

doped ZnO nanofibres using an electrospinning method.[16]

Despite all the tremendous work taking place on the lumines-

cence properties of ZnO 1‐D nanomaterials there is still scope to

investigate the effect of different dopants on ZnO to achieve more

intense defect‐free visible emissions. Within various applications of

such advanced materials, luminescence from 1‐D nanomaterials such

as nanofibres provides flexibility for ‘smart fabrics’. Luminescence from

nanofibres could provide smart, flexible, lightweight and high defini-

tion textiles.[17] In the present study, we reported the construction

of highly luminescent Dy3+‐doped ZnO nanofibres using an

electrospinning method and its application for smart clothing and flex-

ible light‐emitting devices. The synthesized nanofibres underwent a

calcination process to form inorganic nanofibres comprising

nanocrystals of Dy3+‐doped ZnO nanofibres. These calcined

nanofibres were examined using SEM, XRD, EDX, UV–vis absorbance

spectroscopy and FTIR strategies. Photoluminescence studies were

carried out to study the effect of Dy3+ ion doping into host ZnO and

revealed effective energy transfer from host to dopant, resulting in

enhanced luminescence from Dy3+ ions.
FIGURE 1 XRD patterns of calcined x% Dy3+‐doped ZnO nanofibres
(x = 0, 1, 2)
2 | EXPERIMENTAL

Zinc acetate (Zn (CH3COO)2.H2O) from LobaChemie with 99.5%

purity, dysprosium (III) nitrate (Dy (NO3)3) from Sigma Aldrich with

99.9% purity and polyvinyl alcohol (PVA) from Sigma Aldrich molecular
weight: 89 000, were used as starting materials. All chemicals were

used without any further purification. In the experimental procedure,

0.5 g of Zn (CH3COO)2..H2O and x% of (Dy (NO3)3) (x = 0, 1, 2) was

first dissolved in deionised water. Another solution was prepared by

dissolving 0.35 g of PVA in deionised water at 60 °C for 2 h. Zn

(CH3COO)2..H2O and Dy (NO3)3 solution were added to the PVA solu-

tion slowly with acetic acid 0.059 g and the resultant solution was vig-

orously stirred for another 2 h to obtain an homogenous solution. The

resultant solution was put in a syringe and the electrospinning exper-

iment was then carried out. The distance between the syringe needle

tip and collector aluminium foil was maintained at 15 cm and the high

voltage 18 kV was applied. The ejection rate of aqueous solution from

the syringe was maintained at 0.4 ml/h. The fibres were collected on

grounded aluminium foil. The collection of as‐spun fibres was dried

in air at 120 °C for 12 h. Calcination was carried for the dried fibres

at 300 °C for 2 h in order to form inorganic fibres.

The structure, morphology and size of the prepared samples were

studied using an X‐ray diffractometer (XRD) with a Cu Kα target

(λ = 1.5418 Å) Rigaku, Miniflex 600. Scanning electron microscopy

was performed on a Carl Zeiss EVO 18 SEM equipped with energy

dispersive X‐rays. UV–vis spectroscopy was carried out on a Carry

5000 spectrophotometer with full slit width and double beam mode.

FTIR transmission spectroscopy was monitored on a Thermo Nicolet,

Avatar 370 instrument. Photoluminescence measurements were
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performed using a Shimadzu RF‐5301PC spectrophotometer at room

temperature.

3 | RESULTS AND DISCUSSION

The x% Dy3+‐doped ZnO nanofibres (x = 0, 1, 2) were essentially

amorphous in the as‐synthesized form. Calcination at 300 °C resulted

in well defined crystalline features. Figure 1 shows the XRD patterns

of the prepared Dy3+‐doped ZnO nanofibres calcined at 300 °C for

2 h. All the samples clearly exhibited diffraction peaks that were the

prominent peaks of the hexagonal wurtzite‐type structure of zinc

oxide (ZnO) (JCPDS No. 36–1451). No other peaks related to the

Dy2O3 or Zn (OH)2 were seen and confirmed that Dy3+ were success-

fully incorporated into ZnO.

Figure 2 shows the SEM images of x% Dy3+‐doped ZnO

nanofibres (x = 0, 1, 2) calcined at 300°C. SEM images revealed

ultralong, continuous, smooth, uniform naonofibres with random
FIGURE 2 (a) SEM image of ZnO nanofibres calcined at 300°C. (b) SEM
image of 2% Dy3+‐doped ZnO nanofibres calcined at 300°C
orientations fabricated by electrospinning. From the frequency distri-

bution of pure ZnO nanofibres, Figure 2(a) shows that the average

diameter of fibres was 270 nm. From the frequency distribution of

1% Dy‐doped ZnO nanofibres, Figure 2(b) shows that the average

diameter of fibres was 680 nm. From the frequency distribution of

2% Dy‐doped ZnO nanofibres, Figure 2(c) shows that the average

diameter of fibres was 420 nm. Even when PVA was removed by cal-

cination, the prepared samples remained as continuous inorganic

fibres. Figure 3 shows the EDX of the ZnO and Dy3+‐doped ZnO

nanofibres calcined at 300 °C and confirmed the presence of elements

Zn, O and Dy in the fabricated nanofibres.

Figure 4(a) shows the UV–vis absorption spectra of pure ZnO and

Dy3+‐doped ZnO nanofibres calcined at 300°C. The absorption spec-

tra of all the samples showed strong absorption at 360 nm which

showed a blue shift compared with bulk ZnO.[18] This blue shift was

explained by the quantum confinement effect as reduction of the par-

ticle size resulted in incredible potential properties.[19] Optical band
image of 1% Dy3+‐doped ZnO nanofibres calcined at 300°C. (c) SEM



FIGURE 3 EDX spetra of calcined x% Dy3+‐doped ZnO nanofibres (x = 0, 1, 2)

FIGURE 4 UV–vis absorption spectra and Tauc's plot of (αhν)2 versus h νof x% Dy3+‐doped ZnO nanofibre (x = 0, 1, 2) calcined at 300°C

FIGURE 5 FTIR spectra of PVA nanofibres and calcined x% Dy3+‐
doped ZnO nanofibres (x = 0, 1, 2)
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gap was calculated using Tauc's plot. The frequency dependent

absorption coefficient is given by

αhνð Þ1=n ¼ A hν−Eð Þ

where, α is the absorption coefficient calculated using the Beer–

Lambert's relationship α=2.303 A/d, where A and d are the absor-

bance and the thickness of the film respectively, hνis the incident pho-

ton energy, while E is the optical band gap and n is the index showing

the transitions in the semiconductors n = 1/2, 3/2, 2 and 3 for direct

allowed, direct forbidden, indirect allowed and indirect forbidden tran-

sitions, respectively.[20,21] The graph between (α hν)2 (n = 1/2 is con-

sidered as ZnO is a direct band gap semiconductor) and h νgives the

Tauc's plot and extrapolating (hν)2 = 0 gives the value of the optical

band gap of the semiconductor.[22–24] Figure 4(b) shows Tauc's plot

between (α hν)2 and hνfor pure ZnO and Dy3+‐doped ZnO nanofibres

calcined at 300°C. The optical band gap was found to vary with the

doping concentration from 2.95 eV to 3.115 eV as well as with the

decreasing diameter of the nanofibres. Band gap energy was found

to be least for the fibres with a high diameter and showed the size‐

dependent properties of the band gap for the synthesized fibres.

Figure 5 shows the FTIR spectra of the pure ZnO and Dy3+‐doped

ZnO nanofibres calcined at 300°C and PVA nanofibres. The character-

istics peaks of PVA nanofibres at 1633.80, 1434.69, 1101.87,

841.32 cm−1 were assigned to the characteristic vibration bands of

PVA. The band at 1633.80 cm−1 represents the carbonyl group, which

is due to the absorption of the residual acetate group during PVA

manufacture. The band around 1434.69 cm−1 was attributed to –

CH3 bending, while 1101.87 cm−1 is due to the v (C–O) stretching

vibration, and the band at 841.32 cm−1 was assigned to the v (C–C)
stretching vibration. A very broad band around 3500 cm−1 was seen

in all samples, and represented the –OH group and might be due to

adsorption of ambient moisture. A strong band at 455.07 cm−1 of pure

ZnO and Dy3+‐doped ZnO nanofibres was ascribed to the stretching

vibration of metal bond (Zn–O) along with a peak at 501.11 cm−1,

which was associated with oxygen deficiency and/or defect com-

plexes in ZnO.[25–27]

Figure 6 is the photoluminescence excitation and emission spec-

tra of pure ZnO nanofibres calcined at 300°C. As seen in the figure,

when excited at wavelength 343 nm two emission peaks were

observed in the emission spectra. A narrow UV band related to near



FIGURE 6 Photoluminiscence emission spectrum calcined pure ZnO
nanofibres (inset: excitation spectrum)
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band edge emission was observed at 400 nm along with the broad

defect‐related emission in the green region. The UV emission was

assigned to free and bound exciton recombination, while the green

emission was assigned to the oxygen vacancies. The excitation spec-

trum was monitored at wavelength 400 nm and a broad spectrum

around 360 nm was observed, which could be accredited to the near

band absorptions.[28,29]

Figure 7 is the photoluminescence excitation and emission spec-

tra of x% Dy3+ ion‐doped ZnO nanofibres (x = 1, 2). When excited

at the excitation wavelength 353 nm two spectral peaks at 480 nm

and 575 nm were observed in both of the prepared Dy3+ ion‐doped

ZnO nanofibres and represented the distinctive emission peak of
FIGURE 7 Photoluminiscence emission spectra of calcined (a) 1% Dy3+‐
excitation spectra for (a) 1% and (b) 2% Dy3+‐doped ZnO nanofibres]
Dy3+ ions, 4 F 9/2 → 6H15/2 and 4 F 9/2 → 6H13/2 respectively. With

respect to dysprosium, the 4 F 9/2 →
6H15/2 transition is a magnetically

allowed transition while 4 F 9/2→
6H13/2 is a forced electrical transi-

tion.[30,31] The asymmetry ratio 4 F 9/2→
6H13/2/

4 F 9/2 → 6H15/2 is the

measure of site symmetry in which dysprosium is situated. The 4 F 9/

2→
6H13/2 transition was allowed only when Dy3+ ions were located

at low symmetries with no inversion centre, whereas when situated

at high symmetries with an inversion centre the transition 4 F 9/

2 → 6H15/2 was prominent.[32] The Y/B ratio was calculated for the

dataset and found to decrease with increasing doping concentration

from 3.58 to 2.93. With incorporation of Dy3+ into ZnO the NBE

and DLE of ZnO were overtaken by the characteristic emission of

Dy3+ ions.[33,34] No emission related to UV transition or ZnO defects

was observed and implied the effective energy transfer from host

ZnO to the dopant Dy3+ ions. Such defect‐free visible emission from

ZnO enabled the prepared material to be an interesting candidate

for flexible light‐emitting diodes (LEDs). An energy transfer diagram

is illustrated in Figure 8. Upon excitation the host excited to the

Conduction Band, an effective transfer from dopant host took place

that then excited the dopant ion Dy3+ from ground state to the
6P7/2 excited state. This excited ion underwent non‐radiative relaxation

to reach the 4F9/2 level. While approaching the background state the

dopant ion radiated energy in the form of light and corresponding to

various ground state levels. The excitation spectrum was monitored

at dominant 575 nm and a broad spectrum around 350 nm was

observed that again contributed to the excitation of host ZnO.[35,36]

It was clearly seen that the intensity increased with increasing concen-

tration of dysprosium from 1% to 2%.

The Commission Internationale de l'Eclairage (CIE) parameters

such as colour coordinates, colour co‐related temperature (CCT),
doped ZnO nanofibres and (b) 2% Dy3+‐doped ZnO nanofibres [inset:



FIGURE 8 Energy transfer diagram of ZnO
and Dy3+ ions

TABLE 1 Photometric characteristics of prepared nanofibres

Samples CIE x CIE y CCT CRI
LER
(lm/W)

ZnO nanofibres 0.2656 0.2964 11205 93 240

1% Dy ZnO nanofibres 0.3779 0.3925 4175 38 315

2% Dy ZnO nanofibres 0.3784 0.3981 4195 33 324
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luminescence efficacy of radiation (LER) and colour rendering index

(CRI) were calculated to give the photometric characteristics of the

prepared nanofibres. Figure 9 illustrates the CIE chromaticity diagram

of emission spectra of the prepared samples. The parameters were cal-

culated by a spectrophotometric method using the spectral energy

distribution of the chromaticity diagram and are summarized in

Table 1.

The colour coordinates (x, y) were calculated using the standard

procedure.[37] Colour coordinates are one of the important parameters

for evaluating luminescent material performance. From the
FIGURE 9 CIE diagram of emission spectra of x% Dy3+‐doped ZnO
nanofibres (x = 0, 1, 2)
chromaticity diagram, it was seen that the coordinates transversed

from the blue region to the white region with doping of dysprosium

into ZnO. Thus, colour tunability could be achieved by changing the

doping concentration. It is evident from the obtained CCT, CRI and

LER values as given in Table 1, that Dy3+ ion‐doped ZnO nanofibres

calcined at 300°C seem to be good candidates for warm white light

LED devices.[38–40]
4 | CONCLUSION

Dy3+‐doped ZnO nanofibres with diameters in the range 200 to 500 nm

were made successfully by electrospinning. Photoluminescence

revealed that the electrospun Dy3+‐doped ZnO nanofibres possessed

more intense emission in the visible and were region free from ZnO

defects, resulting from effective energy transfer from host ZnO to dop-

ant Dy3+. Enhanced visible light luminescence transverse from the blue

region to the white region was observed in the CIE diagram with

increasing doping concentrations. The as‐fabricated Dy3+‐doped ZnO

nanofibres could be used in various applications such as flexible light

emitting displays, banners, smart clothing, etc.
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