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Facile synthesis of luminescent and amorphous La;0s-ZrO, : Eu?*
nanofibrous membranes with robust softness

Weidong Han,? Bin Ding,*¢ Mira Park, Fuhai Cui,? Zafar Khan Ghouri,? Prem Singh Saud,? and Hak:
Yong Kim*?2

Novel luminescent and amorphous La;03-ZrO; : Eu* (LZE) nanofibrous membranes with robust softness are fabricated f
the first time via a facile electrospinning technique. By employing zirconium oxide incorporation, the as-prepared lanthanu
oxide nanofibrous membranes can be dramatically changed from the extreme fragility to robust softness. Meanwhile, th
softness and luminescent performance of LZE nanofibrous membranes can be finely controlled by regulating the dopir._
concentration of zirconium oxide and europium in lanthanum oxide nanofibers. Additionally, the crystal structure ana’
using X-ray diffractometer and high resolution transmission electron microscopy measurements have confirmed the
correlation between the amorphous structure and softness. Furthermore, LZE membranes show the characteristic emis

of Eu®* corresponding to Do, 1,2- "Fo, 1,2, 3,4 transitions due to an efficient energy transfer from 0% to Eu*. The LZE nanofibrous

membranes with the optimum doping Eu®* concentration of 3 mol%, the as-prepared LZE membranes exhibit exce

softness and luminescent properties, which make the materials have potential applications in fluorescent lamps and fie

emission displays.

Introduction

In recent years, many studies have been focused on the one

(1D) nanomaterials, including nanowires,?
and nanofibers,3® due to their unique and
fascinating characteristics and novel potential applications,

dimensional
nanorods,?

such as high luminescence efficiency®, superior mechanical
toughness,” 8 and metal insulator transition.® There are several
preparation methods to obtain 1D nanomaterials, such as
vapor-phase transport process,C laser ablation,!! and template
based method.*?> However, most of these synthetic methods
require either complex steps or expensive apparatuses, which
severely large-scale production. In
comparison to these methods, electrospinning is an effective

restrict their use in

and simple method for preparing nanofibers from a rich variety
of materials, such as polymer,® 3 14 inorganic,'> ¢ and hybrid
compounds,*” ¥ which shows advantages of being energy-
efficient, low cost, and easy to scale-up. Especially, inorganic
nanofibers have attracted more and more attention due to their
possessing high chemical and thermal stability, biocompatibility,
and luminescence properties. Among the inorganic nanofibers,
rare earth (RE) doped inorganic luminescent materials have
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received startling interest because of their specific anA
fascinating properties, such as a high luminescence quanturi
yield, narrow emission bandwidth, and low toxicity, which ca |
be widely used in the fields of field-emission display,
biomedical'®, lighting,?® etc. Eu®" ion is one of the mor.
frequently used red emitting activators in RE dopeu
luminescent materials, which shows emission due to transitior ,
of Do, 1,2-’F; (J = 1, 2, 3, 4) in the orange-red regions.

Due to the thermal stability and high chemical stability ¢
La,Zr,07, which can be used as hosts in RE luminescent
materials. Some studies devoted to the synthesis of Ln3* dope-'
LayZr,07; nano-/micrometer materials, and investigated the.
reaction mechanism, thermal stability, and luminescence
properties. For example, Zhang and co-worker?! reported about
combustion method synthesis of LayZr,07 Eu3*, Dy'*
nanocrystals and studied the luminescence mechanism. Sone
and co-worker?? used the hydrothermal route to synthesize
La,Zr,07 : Eu3* nanorods and investigate the photoluminescen: -
e properties. In fact, the commonly as-prepared Ln3* doper
La>Zr,07 luminescence materials are dominated in the form ¢ *
phosphor powders, and only inhomogeneous nanoparticles or
micro-sized particles were obtained, but also it is still 1
challenge to obtain uniformly dispersed nanostructures due te
the nanoparticles have the tendency to aggregate, and th:
simple shape or construction limited their application fields to
some extents. RE doped nanofibers may provide a better mod. |
system to investigate the dependence of electronic transport
and optical properties on quantum size effects, and easy contr
the morphology of nanofibers. Meanwhile, nanofibrous-basea
luminescent membranes materials are stable and environmeri-
ally friendly better than powders-based materials. Liu and
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worker fabricated La,Zr,05 : Eu3* nanofibers by electrospinning
method and studied the photoluminescent properties?.
However, a major shortfall of the electrospun inorganic
membranes is that they are usually brittle or mechanically
fragile to form freestanding overlaid mat, such a situation
hinders their applications in many fields, such as flexible
electronic devices,?* supercapacitor,?> and filtration/purificati-
on devices.?% 27

In view of the above situations, in this study, we
demonstrated novel luminescent and amorphous La;03-ZrO; :
Eu3* (LZE) nanofibrous membranes with excellent softness
fabricated via electrospinning technique. The morphology and
crystal structure of La,03-ZrO, (LZ) and LZE membranes were
investigated. Additionally, the softness of LZ and LZE
membranes were controlled by the precursor nanofiber
composition. Moreover, the luminous performance of the LZE
membranes with different doped europium was also studied.

Experimental section
Chemicals and materials

Polyvinylpyrrolidone (PVP) (M, = 1300 000), zirconium acetate
solution (zirconium = 15-16 wt%), citric acid and europium
nitrate pentahydrate were purchased from Sigma-Aldrich.
Lanthanum nitrate hexahydrate was provided by Aladdin Co.,
Ltd. N, N-dimethylformamide (DMF) was obtained from
Samchun Pure Chemical Co., Ltd. Ultra-pure water with a
resistance of 18.2 MQ was prepared by a water purification
system. All the initial chemicals in this work were used without
further purification.

Preparation

The stoichiometric amounts of lanthanum nitrate hexahydrate,
citric acid (citric acid as a chelating agent for the metal ions, the
molar ratio of metal ions to citric acid was 1 : 1) and different
amounts of zirconium acetate solution were dissolved in DMF.
The above solution was stirred for 4 h, after a certain amount of
PVP was added to adjust the viscosity, with a 10 wt% in the DMF
solution. Then, the solution was stirred for 12 h to form a
homogeneous hybrid sol for further electrospinning. The as-
prepared gel was loaded into a plastic syringe and connected to
a high voltage power supply for electrospinning. A high voltage
of 20 kV was applied between the spinneret and the collector at
a gap of 15 cm. In this way, hybrid precursor nanofibrous
membranes were obtained. Finally, the as-prepared precursor
nanofibrous membranes were heated at a heating rate of 2 °C
min?! to 650°C, and hold 4 h in air. Various Lay03-ZrO,
nanofibrous membranes were obtained, which were named as
LZ-m (m corresponds to molar percentage of Zr/La : 0, 20, 40,
and 60, respectively). On the basis of soft LZ-60 nanofibrous
membranes, different amounts of europium nitrate pentahydr-
ate was added to above hybrid sol, the as-prepared hybrid
precursor membranes were processed similar above. The
obtained LZE nanofibrous membranes were named as LZE-n (n
corresponds to molar percentage of Eu3*in La,03:0.5, 1, 3, and
5, respectively).
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Characterization

The morphology of the samples were inspected using a field
emission scanning electron microscope (FE-SEM, Hitachi S-47uy)
and high resolution transmission electron microscopy (HR-TEN ,
JEOL JEM-2200FS) instrument with a field emission gu..
operating at 200 kV, energy dispersive X-ray spectroscopy (EJ¢,
analysis was carried out on the HR-TEM as well. The X-ra-
diffraction patterns of the samples were carried out on an X-rav
diffractometer (XRD, PANalytical X Pert-PRO) with a Cu Ka-rz -
(A =0.15405 nm). The photoluminescence measurements were
recorded with a Fluorescence Spectrometer (PerkinElmer LS-5 3!
equipped with a xenon lamp as the excitation source. All th=
measurements were performed at room temperature.

Results and discussion

To investigate the LZ nanofibrous membranes, the morpholog ¢
of the membranes was firstly revealed from FE-SEM and optical
images, which are shown in Fig. 1. Fig. 1la presents typi..’
images of the LZ-0 membranes, which clearly showed that *"..
nanofibers exhibited a fractured fiber morphology. Meanwhile,
the membranes were in a powder form and showed extreme
fragility. When the zirconium content in LZ membranes was € )
mol%, the LZ-60 membranes became soft during the bending
process. Compared with the LZ-0, LZ-20, and LZ-40 membrane ;
(the fractured nanofibers marked with yellow circle), the LZ-60
membranes showed robust softness and perfect fibe
morphology, which reveal that the morphology and softnes .
greatly changes with increasing amounts of zirconiun
Moreover, Fig. S1 shows the EDS spectrums of LZ-0, LZ-20, L7
40, and LZ-60 membranes, and the molar percentage of Zr/La
LZ-0 : 0%, LZ-20 : 16.70% , LZ-40 : 36.67%, and LZ-60 : 57.24Y
Consequently, the above results show that the amounts o.
zirconium of 60 mol% for LZ membranes offers exceller .
softness, which could be applied as the optimum the amount.
of zirconium. These results suggest that zirconium play ar
important role in determining the morphology and softnes. €
LZ membranes. Due to the LZ-60 membranes exhibited an

Fig. 1 FE-SEM images of (a) LZ-0, (b) LZ-20, (c) LZ-40, and (d) LZ-60 nanofibrous
membranes. The insets are the optical images and magnified images of tne
corresponding nanofibrous membranes.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 TEM image of the fabricated LZ-60 nanofibrous membranes. EDS mapping images
of the LZ-60 nanofibers with (b) La element, (c) Zr element, and (d) O element. The insets
are the corresponding SAED pattern.

excellent softness and perfect fiber morphology compared with
the other membranes. Therefore, the shape and microstructure
of the LZ-60 nanofibers are further examined by HR-TEM, and
its elements composition are investigated by EDS. HR-TEM
image of the LZ-60 nanofibers shows smooth without obvious
pores and cracks (Fig. 2a). The dense structure of the nanofibers
favors the improvement of the mechanical properties. The
SEAD patterns of LZ-60 membranes exhibit a main halo peak
without a sharp diffraction peak, indicating a fully glassy
structure of the samples under a sensitivity of XRD (inset of Fig.
2a). Meanwhile, the amorphous feature was confirmed by HR-
TEM imaging, as shown in Fig. 2a, from which no lattice
orientation was observed. A EDS mapping scan was carried out
to investigate the element distribution in the nanofibrous
membranes (Fig. 2b-c). The obtained images show uniform

— LZ-60
—LZ-40
— LZ-20
—LZ-0

700

Intensity (a. u.)

T T T T T
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Fig. 3 XRD patterns of LZ-0, LZ-20, LZ-40, and LZ-60 nanofibrous membranes.
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Fig. 4 FE-SEM images of (a) LZE-0.5, (b) LZE-1, (c) LZE-3, and (d) LZE-5 nanofibro:*
membranes. The insets are the magnified images of the corresponding nanofibrous
membranes.

distributions of La, Zr, and O across the whole nanofibers.

The XRD patterns from 20° to 80° of LZ-0, LZ-20, LZ-40 ar-'
LZ-60 membranes are displayed Fig. 3. It clearly reveals that uie
doped zirconium of LZ-20, LZ-40 and LZ-60 membranes all
belong to completely amorphous state, without any detectawvr.
crystalline Bragg peaks, it only shows a broad band at 26=28",
consistent with the electron diffraction pattern and XRD patter ..
However, the XRD patterns of LZ-0 nanofibrous membrane_
indicate that the product calcined is crystallization, such
(100), (101), and (102) can be recognized clearly, indicating th-
formation of lanthanum oxide with a fluorite structure, it wa
confirmed the crystallization of the La,0s3. The peaks were
assigned based on the JCPDS data (Powder Diffrction Card, # 0! -
0602 for La;03). It indicates that the precursor sample has full:
crystallized into La;Os at this heating temperature.

Meanwhile, the morphologies and structure of the LZF
nanofibrous membranes are characterized by FE-SEM. Typic.'
FE-SEM images of LZE-0.5, LZE-1, LZE-3, and LZE-5 membranes
are shown in Fig. 4, with a magnified image in the inset. Fi -n
images of Fig. 4 and magnified micrograph, the LZE-0.5, LZE-1,
and LZE-3 nanofibers shows uniform and smooth surface
without obvious cracks, and diameters ranging from 160-34 .
nm. No obvious changes on the morphologies of LZL
nanofibrous membranes with different europium contc...
from0.5 to 3 mol% can be observed (Fig. 4a-c), but it show the .

Fig. 5 Photographs of LZ-0, LZE-0.5, LZE-1, LZE-3, and LZE-5 nanofibrous membranes (=)
The pictures were taken under white light. (b) The pictures were taken in a dark room bv
using a 254 nm ultraviolet lamp as excitation source.

J. Name., 2013, 00, 1-3 | 3
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LZE-5 sample have an evident increase of the fractured
nanofibers from Fig. 4d (the fractured nanofibers marked with
yellow circle). Fig. S2 shows the EDS spectrums of LZE-0.5, LZE-
1, LZE-3, and LZE-5 membranes, and the molar percentage of
Eu/(La+Eu) : LZE-0.5 : 0.32%, LZE-1 : 0.71%, LZE-3 : 2.30%, and
LZE-5 : 4.15%. As shown in Fig. 5 are optical images of as-
prepared LZE-O, LZE-0.5, LZE-1, LZE-3, and LZE-5 nanofibrous
membranes under white light and a 254 nm ultraviolet lamp as
excitation source. Red color luminescence of LZE membranes
could be clearly observed under UV lamp. Further studies
showed that the XRD patterns from 20° to 80° of LZE-0.5, LZE-1
LZE-3 and LZE-5 nanofibrous membranes are amorphous phase.
The XRD pattern exhibits characteristic broad diffraction
maxima without any detectable crystalline Bragg peaks (Fig. S3).
The LZE-3 membranes was selected as a representative example
to investigate photoluminescence properties. Fig. 6 shows the
photoluminescence spectra of LZE-3 membranes. The
excitation spectrum (Fig. 6a) monitored with 616 nm consists of
an intense broad band from 200 to 350 nm. The strong broad
band is due to the charge-transfer transition (CTB) between 0%
and Eu3*. Excitation into the CTB transition of Eu3* at 260 nm
yields the emission spectrum (Fig. 6b) that consists of the
emission lines from the °Dg; excited states to the ’F, ground
states of Eu®*, i.e., °D1-’F; (535 nm), °Do-"F1 (588 nm), °Do-"F>
(616 nm) and °Do-"F4 (702 nm), respectively. The emission
spectrum is dominated by the hypersensitive red emission
transition (°Do-"F,), indicating that the Eu3* ions are located at
sites without or deviating from inversion symmetry, which is
consistent with the previous report?2.

The photoluminescence process of the LZE-3 nanofibrous
membranes is shown in Fig. 7. For photoluminescence,
electronic transitions from the O 2p valence band to the La
(5d6s) conduction band and charge-transfer from 0% to Eu3*
occur under UV radiation excitation. After CTB excitation for
Eu3* doped LZ nanofibrous membranes most of the energy are
transferred to the excited state Dy, °D;, °D; levels of Eu?*,

260

616
(b)

xex=2so nm

Intensity (a. u.)

/L
T 7A T

T T T T T T T T
250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 6 The photoluminescence (a) excitation and (b) emission spectra of LZE-3
nanofibrous membranes.
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Fig. 7 A scheme illumination the photoluminescence process in LZE-3 nanofibrous
membranes.

which then return to the respective ground states and g.. .
characteristic transitions of Eu3*.

The photoluminescence intensity of the LZE membranes we
depended on the Eu3* ions concentration, which is shown in Fig
8. Firstly, the photoluminescence intensity of Eu3* increase '
with increasing of the concentration, which reaching
maximum value at 3 mol%, then decreased with the increase ¢~
the concentration due to the concentration quenching effect. I’
the energy migration among the activator ions at the high

]
—— LZE-0.5 91
616 J
—— LZEA1 38 ™~
— LZE-3 Sl
——LZE-5 %‘5 /
-~ S 4
> E 3 m
s 2]
."? o 1 _ 2 3 4 5
7] Eu’* content (mol%)
5 A,,=260 nm
£
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600 650 700 750

Wavelength (nm)

T
550

I
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Fig. 8 The photoluminescence emission spectra of LZE-0.5, LZE-1, LZE-3 and LZE-5
nanofibrous membranes. The inset is the dependence of its photoluminescence intensity
and the Eu* content in the LZE nanofibrous membranes.
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Fig. 9 Luminescent photographs for LZE-3 nanofibrous membranes. The pictures were

taken in a dark room by using a 254 nm ultraviolet lamp as excitation source. (a)

"

Photograph depicting the mechanical softness of LZE-3 membranes. (b) The “Pentagram”
pattern. (c) The “EXIT” pattern.

concentrations. In the energy migration process the excitation
energy will be lost at a killer or quenching site, resulting in the
decrease of photoluminescence intensity.?® Thus, the optimum
content of Eu3* for LZE membranes is 3 mol% (LZE-3). It can
clearly found that this result consistent with optical picture in
Fig. 5b. Meanwhile, it can be seen that the LZE-3 nanofibrous
membranes is easily bendable due to its excellent softness and
can be readily cut to a desired shape (Fig. 9), indicating that the
LZE-3 membranes could be used in luminescent patterning and
related applications.

As shown in Fig. 10 the corresponding CIE chromaticity
diagram of the photoluminescence colors for LZE-0.5, LZE-1,
LZE-3, and LZE-5 nanofibrous membranes. The corresponding
luminescence color can be tuned from orange-red by changing
the doping concentrations of Eu3* in LZE nanofibrous
membranes. The various shapes indicated the CIE chromaticity
coordinate positions. The CIE chromaticity coordinates change
from x = 0.4423, y = 0.5398 for LZE-0.5 to x = 0.51, y = 0.4794
for LZE-5 by changing the doping concentration of Eu3* from 0.5
to 5 mol% nanofiber phosphors. The corresponding

0.9
520
A 1ZE-05
s W LZE1
+ 1ZE3

0.6

5001
0.5

Y
0.4+
0.31

0.21

0.14

0.0 . . . . :
0.0 04 05 0.6 07 08

X

Fig. 10 CIE chromaticity diagram of LZE-0.5, LZE-1, LZE-3 and LZE-5 nanofibrous
membranes.
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luminescence color can be changed from orange-red, which can
be seen clearly from the photographs of the LZE nanofibrous
membranes presented in Fig. 5b.

The softness of LZ and LZE membranes have amorphou
distribution, which have no long-range order, and only a shor?
range order.3° The disorder in atomic positions leads t~
emergent phenomena, and produce physical properties vel ’
different from their crystalline counterparts. The mechanism or
the LZ and LZE membranes with excellent softness is associate |
with the nanostructure, and it been attributed to the interplay
of local structure and bonding configuration in the voronci
network.3! On the atomistic level, the structure of metal-
metalloid and metal-metal in LZ and LZE membranes can be
described as a space filling network of polyhedral.3° According
to this model, the centers of atomic clusters are occupied by th .
metalloid atoms. The atomic clusters are either connected k|
intercluster metal-metal bonds, or by sharing the metal atom
to form edge-sharing or face-sharing cluster pairs. For tha
reason, the thermal stability and mechanical properties o~
and LZE nanofibers are determined by the interplay of the
amorphous network. By chemically tuning the strengths
local arrangements of the interatomic interactions in the
amorphous network, the shear modulus may be reduc__
resulting in an increase of the Poisson’s ratio which enhance
the softness of LZ and LZE membranes.

Conclusions

In summary, we have successfully synthesized nove'
luminescent and amorphous La,03-ZrO, : Eu3* nanofibrous
membranes with robust softness by electrospinning method.
The softness of LZ and LZE nanofibrous membranes exhibited »
strong dependence on the zirconium and europium conten
respectively. The results of XRD and TEM indicate that the sof*
nanofibrous membranes show amorphous state. The a.
prepared LZE-3 nanofibrous membranes exhibit robust softness
and excellent luminescent properties, suggesting their use s
promising luminescent material for fluorescent lamps and field
emission displays. This work also provided a versatile strategy
for further design and development of soft inorgani.
nanofibrous membranes towards various applications.
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