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Rare earth free bright and persistent white light
emitting zinc gallo-germanate nanosheets:
technological advancement to fibers with

enhanced quantum efficiencyf
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Recent materials science and engineering research focused on defects, dopants, hosts, and morphological

structures has resulted in novel cost efficient and sustainable phases with extraordinary properties and
performance. Contributing in this direction we have designed dopant and rare earth free white light-
emitting zincgallogermanate (ZGG) phosphors in nanosheet (NS) morphology. These ZGG NSs with

interlayer and interfacial defects display bright white photoluminescence (PL) with significant quantum yield
(QY). Thermal treatment of the as-synthesized ZGG NSs at 750 °C does not degrade their sheet-like
morphology while resulting in long persistent luminescence (Perl) with a duration of approximately one
hour. Furthermore, to improve the commercial viability of the as-synthesized ZGG NSs, we have
assembled them as fine fibers of polyvinyl alcohol (PVA) using Forcespinning®™ technology. The ZGG-PVA

fibers displayed efficient white PL with increased quantum yield compared to the as-synthesized ZGG
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NSs. We believe this technological evolution, transitioning from bulk ZGG to ZGG nanosheets, will lead to
dopant-free/rare-earth-free persistent white light emission and an enhancement in QY. This technology
will be a boon to the optoelectronic and lighting industries, and will benefit commercial applications in

smart textiles, energy efficient lighting, night vision, anti-counterfeiting, traffic signals, and security,

rsc.li/materials-advances among other potential uses.

1. Introduction

Optical materials which display bright emission and exhibit
persistent luminescence (PerL) have shown tremendous potential
as advanced materials to be used in many aspects of daily human
life." ™ PerL is the emission of light which persists for an extended
period of time after the cessation of excitation whose intensity and
duration depend on trap density and trap depth.

Since the first SrAl,0,:Eu”**,Dy*" green light-emitting PerL
material was synthesized by Matsuzawa et al, the field has
rapidly grown within the last decade.” The commercial blue
and red PerL phosphors are CaAl,0,:Eu**,Nd*" and Y,0,S:Eu*",
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Mg>" Ti*"."* Recently however, scientists have been facing
several issues in designing cheap luminescent materials owing
to overdependence on rare earth ions. There are several other
issues associated with rare earth ions such as the global
dominance of China, high cost production as well as safety
concerns related to their mining."*"® Though still at a very early
stage, people around the world have started looking into the
replacement of rare earth doped phosphors though there is still
a long way to go. Rare earth free phosphors (REFP) are one such
class of materials which are receiving extensive attention.

Various inorganic persistent luminescent materials that
emit in different regions of spectra have been developed and
commercialized. These materials have shown excellent emission
intensity, long persistence in emission and stability. Visible light
emitting PerL. materials are widely used in night vision, interior
decorations, displays, and smart textiles as well as in emerging
technologies such as anti-counterfeiting, optical recording and
bioimaging.®”*'%'¢2! One of the major challenges in bioimaging
is large auto-fluorescence background due to tissue excitation in
upconversion (UC) and downconversion (DC) applications. The best
way to resolve this issue is to separate excitation and emission,
which is possible with PerL.’

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Pioneering work in this area was demonstrated by Pan et al.
by synthesizing bulk Zn;Ge,Ga,0,0:Cr (zinc gallogermanate
doped with chromium, ZGGC) which is reported to exhibit a
long-persistent luminescence of up to 360 h.* In fact, nano-
structured ZnGa,0,:Cr** and ZGGC are considered the best Near
Infra-Red (NIR) PerL materials among this class of inorganic
materials."”*> The onward ZGGC as NIR PerL phosphor (mostly
nanosized) has garnered enormous attention in the optical
research community for several applications. These applications
include contrast nanoprobes, cell imaging, night vision surveil-
lance, drug delivery, photodynamic therapy, and latent finger-
print examination.

Most of the research is focused on the exploration of
Zn;Ga,Ge, 0, (ZGG) doped with Mn>*, Bi**, and Cr** for their
PL and/or PerL properties owing to its low synthesis temperature,
high stability, excellent bio-compatibility, non-toxicity, and moderate
conductivity."*"®**>3® However, there are very few reports on
intrinsic self-activated bluish white emission in bulk/micro-
crystalline ZGG.*® Although Li et al.'® have demonstrated the
visible PL in ZGG nanoparticles, their emission zone lies more
in the green region which lacks commercial usage for day to day
activity compared to white light emitting materials.

Mn>", Bi*", and Cr** doped ZGG is expected to yield a broad
band profile and shorter excited state lifetime owing to involve-
ment of d-electrons. Apart from that, doping can also lead to
lattice strain and charge-compensating defects if size and charge
mismatch occurs, which affects the emission output, quantum
yield (QY) and the afterglow duration of PerL optical materials by
providing non-radiative pathways. There have been reports on
co-doping Pr**, Ca®*, Bi*", and Gd** ions in ZGG nanocrystals to
improve PerL and afterglow duration."”*****” There are a few
reports on triply co-doped ZGG with Cr**, Er** and Yb*" ions
which is further expected to induce high strain in the
lattice.””*8*%3% Wang et al. have reported sodium ZGG as blue
emitting phosphor whose color can be enhanced by increasing
the Ga®* concentration and can be turned green by doping Tb**
ions.*

The research pertaining to dopant and rare earth free ZGG
and its exploitation as PL and PerL phosphors is extremely limited
and not well explored, barring very few reports. Ren et al.
have explored bluish-white emission in bulk samples of
7n,,,Ga, ,,Ge, O, whereas, in this article, for the first time,
white light emission from nanosheets (NSs) of ZGG is reported
and PL emission further reproduced in PVA fine fibers.*

Though the importance of NIR PL and PerL coming from
ZGGC or other doped ZGG cannot be ruled out owing to several
advantages and applications as mentioned above, pure white
light has its own advantages. White light is considered the most
important light invention for mankind owing to its day-to-day
applicability in houses, the automotive industry, and offices.***>
Moreover, if one can design persistent white light materials, it
can be a boon to people who are devoid of electricity in rural
areas. Suitable white PerL materials, once excited with photons
for a short duration, either by LED or sunlight, can keep glowing
for a longer duration, or can be used as luminous lamps.
Commercial white light (YAG:Ce®* pumped by blue LED) requires

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cerium ion as one of the components which, being a rare-earth
metal, increases the cost of the materials. Herein, we have
synthesized dopant and rare earth free bright white light-
emitting ZGG with bright hue, high intensity, and longer after-
glow performance. Only white PerL. phosphors, which are rare
earth doped bulk materials, have been reported in recent
years.'7?%?14374% Hence they have several limitations such as
increased cost, cumbersome synthesis, strained lattice, poor
biocompatibility, and low water dispersibility.

Moreover, there is seldom any report on ZGG NSs and such
morphology can offer diverse applications in catalysis, sensors,
and surface enhanced properties apart from displaying excellent
optical properties.*”™*° ZGG is a solid solution of cubic spinel
ZnGa,0, and pseudocubic inverse Zn,GeO,, and it is considered
an excellent photocatalyst and optical material.>**° The optical
properties of undoped and doped ZnGa,O, and Zn,GeO, have
been explored extensively by our group for UC, DC and PerL
phosphors.® #1619

Powder phosphor particles suffered from poor water disper-
sibility, non-flexibility, poor mechanical strength, poor adhesion
to film and fibers, lower loading, and biocompatibility issues,
which restrict their applications on a large scale.'®>" Scientists
have found these problems to be a major issue in the scalability
and commercial viability of ZGG based PL and PerL phosphors.
There have been few reports lately wherein ZGGC nanoparticles
have been encapsulated inside organic frameworks, synthesized as
glasses, and surface functionalized.””>*>* Recently we used red and
green emitting ZnGa,O4Cr’* nanoparticles and Zn,GeO,;Mn>*
nanorod encapsulated PVA polymer for red and green emitting
fibers.'® But we could only achieve PerL for a very short time
(~500 s) in green emitting fiber and failed to achieve any red
PerL. Moreover, red and green light can’t produce the same level
of brightness as white light can for household and office light-
ing. In this work, we have resolved these issues by incorporating
the designed bright and persistent white light emitting ZGG NSs
into polymeric fibers using Forcespinning®™ technology. The
development of a nanofiber membrane provides enhanced
handling capability to further increase the promising potential
applications such as the opportunity to provide light to rural
areas. Novel aspects have been examined in this work, including
the synthesis of dopant-free and cost-efficient ZGG in a two-
dimensional NS structure, which depicts intense and longer
white PL and PerL, and the encapsulation within the fibers.
White light-emitting fibers with bright and persistent luminescence
are expected to offer several advantages to the security, rural
electrification and apparel industries.

2. Experimental

2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3),-6H,0, 98%), gallium nitrate
hydrate (Ga(NOs);-xH,0, 99.9%), ammonium hydroxide solution
(28.0-30.0% NH; basis), and germanium oxide (GeO,, 99.99%)
were purchased from Sigma Aldrich. Ethyl alcohol (technical
grade) was purchased from Fisher Scientific. Poly(vinyl alcohol)

Mater. Adv,, 2021, 2, 4058-4067 | 4059
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(molecular 96% hydrolyzed) was purchased from Kuraray. Deionized
water was produced from a Smart2Pure water purification system.
All the chemicals were of analytical grade reagents and used directly
without further purification in this work.

2.2. Synthesis of ZGG NSs

Synthesis started by using 3.0 mmol of Zn(NOj3), with 2.0 mmol
of GeO, and 2.0 mmol of Ga(NOj3);-xH,O mixed in 30 ml of
water. An ammonia solution was added to adjust the pH until
achieving the desired value (pH ~ 9-10) and then it was stirred
for 30 minutes. Then, the solution was transferred to a 45 mL
Teflon-lined stainless-steel autoclave where it was heated at
220 °C for 10 h. The system was left to cool to room temperature
and the resulting ZGG NSs were precipitated out of the synthesis
solution with the excess volume of the ethanol-water mixture. The
purified NSs were separated by centrifugation and subsequently
washed two more times with an ethanol-water mixture. The
washed ZGG NSs were dried at 110 °C in a drying oven overnight
to obtain the powder. The as-synthesized ZGG NSs were heat
treated at 750 °C for 5 hours in a furnace to obtain the ZGG-750
NSs emitting persistent white light as demonstrated below.

2.3. Synthesis of luminescent ZGG-PVA fine fibers

Polymer solutions using polyvinyl alcohol (PVA) with the
as-synthesized ZGG NSs at concentrations of 0.3, 0.5, and 1 wt%
were prepared. The ZGG NSs were mixed and homogenized in
13.5 g of DI water to produce the desired concentrations. 1.5 g of
PVA was incorporated to the aqueous solutions of the ZGG NSs
and placed in an oil bath at 75 °C where they were continuously
stirred for 1 hour. Afterward, the solution was left on a stirring
plate to stir overnight at room temperature.

The fibers were developed via a Forcespinning™ process
which uses centrifugal forces to produce fibers from a wide
range of polymeric solutions. Two mL of the prepared solution
were fed into the spinneret of a Cyclone™ L-1000M, purchased
from FibeRio Technology Corporation (McAllen, USA). The
spinneret was then spun at a velocity between 5000 and 7000 rpm
which allowed the solution to exit through both ends of the
spinneret through the 30-gauge needles. The solution was then
elongated onto equally distanced vertical pillars creating fine fibers,
which were then collected after each cycle. The fibers were laid on
top of one another in a uniformed way to ensure a fine fiber mat.

2.4. Instrumentation

Powder X-ray diffraction (XRD) patterns of the ZGG NSs were
taken with a Bruker D8 ADVANCE X-ray diffractometer with Cu K,
radiation (4 = 0.15406 nm). XRD data were collected by utilizing a
scanning mode of 26 ranging from 15° to 80° with a scanning step
size of 0.04° and a scanning rate of 2.0° min~'. Transmission
electron microscopy (TEM) and high resolution TEM (HRTEM)
images were recorded using a Hitachi HF 3300 TEM/STEM system.
PL emission and excitation spectra were recorded using an
Edinburgh Instrument FLS 980 fluorimeter system with a steady
state xenon lamp source. Morphological analysis of the pro-
duced fine fibers was carried out using a scanning electron
microscope (SEM) (Sigma VP, Carl Zeiss, Jena, Germany).
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Persistent luminescence was also recorded on an Edinburgh
Instrument FLS 980 fluorometer system in the kinetic scan
mode; the ZGG-750 NSs were excited for 5 minutes and then the
decay was measured. A 150 mm BenFlect coated integrating sphere
was used to determine the absolute quantum yield (QY) of the NPs.
The spectral sensitivity of the spectrometer and the sphere was
modified using a calibrated lamp for spectral light throughput.

3. Results and discussion

3.1. X-ray diffraction

Fig. 1a shows the XRD patterns of the as-synthesized ZGG NSs
and the heat treated ZGG-750 NSs along with the ZnGa,0,
(zGO) and Zn,GeO, (ZGeO) nanostructures that serve as a
comparison. Since ZGG is a solid solution of ZGO and ZGeO,
no data for it is available in the crystal structure database. ZGG
is a solid solution of ZGO (JCPDS No. 38-1240) and ZGeO (JCPDS
No. 25-1018), which are both cubic.** The as-synthesized ZGG NCs
discussed in this work were prepared with a Ga(NO;);-xH,O to
GeO, ratio of 0.67 with a formula of Zn, ;5Ga, sGe,750, and are
expected to consist of Geg;, and Zng,, antisite defects. These act as
trap centers in the ZGG-750 NSs and are one of the main reasons
for their PerL as demonstrated below. XRD patterns of the
ZGG synthesized with different Ga(NO;);-xH,O to GeO, ratios
(0.67, 1.0 and 1.5) have also been shown in Fig. S1 (ESIT).

XRD patterns (Fig. S2, ESIt) of the hydrothermally synthe-
sized ZGG NSs from the Ga(NO;);-xH,O to GeO, ratios of
1.0 and 1.5 and the as-synthesized ZGG NSs after washing with
a 0.1 M NaOH solution at room temperature for 1 hour to
dissolve possible unreacted GeO,. These results confirmed that
there was no free standing GeO, as no difference was observed
from the ZGG NSs before and after the base treatment.

3.2. FESEM and TEM morphostructural investigation

A FESEM image (Fig. S3a, ESIt) shows a highly monodispersed
nanodisk/sheet formation with an average diameter in the range of
70 £ 5 nm. It can clearly be observed that all ZGG particles have
sheet morphology with different dimensions. The elemental analysis
was carried out using FESEM which clearly shows the presence
of Zn, Ga and Ge with their corresponding atomic and weight
percentage shown in the inset of Fig. S3b (ESIt). These NSs can
also be seen at lower magnifications (Fig. S4, ESIT).

To further validate the morphology of the ZGG, we carried
out HRTEM analysis (Fig. 1b-d). HRTEM clearly shows that
hydrothermally synthesized ZGG NSs have 2D sheet morphology
with an average size of 70 = 5 nm. These NSs are expected to
have defects and interfaces which aid in the PerL in the ZGG
NSs along with the Geg,, and Zng, antisite defects. NSs results
in an abundance of defects found on their surface and edges
and between layers. Different sized NSs and interlayers were
also identified in the HRTEM images, which aids the PerL
effect. The HRTEM images of the as-synthesized ZGG NSs show
lattice fringes in the NSs (Fig. S5a, ESIt), with the lattice spacing
of 0.31 nm in addition to fringes due to overlapping of 2D
NSs (Fig. S5b, ESIt). Moreover, the ZGG-750 NSs retained the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD patterns of the as-synthesized ZGG NSs prepared with the Ga(NOsz)3-xH,O to a GeO, precursor ratio of 0.67 and the corresponding

ZGG-750 NSs along with standard stick patterns of ZnGa,O4 and Zn,GeO,4 and (b—d) HRTEM images of the as-synthesized ZGG NSs.

sheet-shape morphology of the as-synthesized ZGG NSs (Fig. S6,
ESIt) but clustered together.

3.3. Photo and persistence luminescence of ZGG NSs

The photoluminescence excitation spectra of the as-synthesized
ZGG NSs and the ZGG-750 NSs under 515 nm emission (Fig. 2a)
showed a dual feature: (a) an intense broad band (B,) peaking
around 275 nm (approximately 4.5 eV) and (b) a small peak (B,)
around 320 nm.

The band B1 is ascribed to the electronic transition band
from the valence to the conduction band (CB) of ZGG. The B1
band is located close to the band gap of a material which is
known as the host absorption band. The band gap of ZGeO and
ZGO is also close to 4.4-4.5 eV and therefore the ZGG NSs are
expected to have a band gap in the same region. The second
band, B2, arises due to structural defects and defect clusters
present in ZGG. The PLE spectrum of the ZGG-750 NSs showed
a small red shift of the B2 band owing to the thermal treatment
of the as-synthesized ZGG NSs.

Photoluminescence emission spectra of the as-synthesized
ZGG NSs and the ZGG-750 NSs under 275 nm excitation (Fig. 2b)
depicted broad emission profiles spanning 350-700 nm in the
visible region. There was no change in the emission profile or
intensity of the as-synthesized ZGG NSs and the ZGO-750 NSs.
Such bright white light in a non-activated sample, suggests the

© 2021 The Author(s). Published by the Royal Society of Chemistry

presence of several defects in the band gap of the ZGG NSs. As
mentioned earlier, the ZGG is a solid solution of ZGO and ZGeO,
both of which are also known to exhibit self-activated blue and
green emission, respectively.®*

Blue emission from the ZGO is attributed to recombination
of Ga®" ions with electrons trapped in oxygen vacancies under
UV illumination. Similarly, the bright green emission in ZGeO is
attributed to structural distortion particularly singly ionized oxygen
vacancies (V§). Moreover, the zinc interstitial (Zn{)/vacancies
(V4,) and germanium vacancies (V¢e) contribution to the green
PL of ZGeO couldn’t be ruled out as they are present in
abundance.>® The donor in ZGeO is singly ionized oxygen vacan-
cies (V§)/(Zn?) whereas the acceptor is V7, /(V.) and the
donor-acceptor recombination leads to green PL. It is expected
that the PL of the ZGG NSs, being the solid solution of ZGO and
ZGeO, should share a similar emission mechanism and that is
radiative donor-acceptor recombination. The emissive centers in
solids will be highly complex. It must recombine Vg which acts as
a donor in the ZGG NSs with a defect cluster such as (V3 —V¢,),

(Ve —VOGC) which are the expected acceptor. The color coordinate
diagram of the as-synthesized ZGG NSs and the ZGG-750 NSs
under 275 nm excitation is also shown in Fig. 2c (marked by a and
b, respectively), which clearly depicts white light emission from
both the as-synthesized ZGG NSs and ZGG-750 with a CIE index
of (0.315, 0.275) and (0.319, 0.278) respectively. The details of

Mater. Adv., 2021, 2, 4058-4067 | 4061
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(a) PLE spectrum, (b) PL spectrum, and (c) color coordinate diagram of the as-synthesized ZGG NSs and the ZGG-750 NSs. (d) PerL decay curves

of the as-synthesized ZGG and ZGG-750 NSs. (e) Plausible persistent luminescence mechanism of the ZGG-750 NSs and (f) TL glow curves of the ZGG-

750 NSs as a function of the irradiation time: 1 min, 3 min, and 5 min.

color coordinate calculation are mentioned in the information
S1 in the ESL¥

The as-synthesized ZGG NSs display very weak PerL when
they are excited by UV light at 256 nm (Fig. 2d, red curve). On
the other hand, the ZGG-750 NSs show a white afterglow for up
to 1 h with a very bright and high-count rate once irradiated
with 256 nm for 5 min (Fig. 2d, green curve). A video was
recorded with a digital camera to demonstrate the persistent
white light emission which can be seen with the naked eye for
30 seconds after the UV lamp is switched off (Video S1, ESIt). We
have also carried out still photography with a Samsung Mobile
phone and taken a digital image of the light emission from ZGG-750
NSs under a 254 nm UV lamp at different time intervals, which is

4062 | Mater. Adv., 2021, 2, 4058-4067

shown in Fig. S7 (ESIt). The mechanism of the long PerL from the
ZGG-750 NSs is schematically shown in Fig. 2e.

In the ZGG-750 NSs, Geg,/Ve (ETs) and (V3—V,)/
(V& —V&.)/Zng, (HTs) respectively act as electron and hole traps.
On irradiating ZGG-750 NSs with 256 nm light; an abundance of
electrons in the conduction band (CB) and holes in the valence bond
(VB) are formed. Following excitation, CB electrons are trapped at
ETs and VB holes are trapped at HTs before they can recombine. On
thermal activation, recombination of photo-excited holes from HTs
and electrons from ETs leads to bright white emission.

The defect traps are at a far off distance in the ZGG host
lattice and their recombination becomes a remote possibility
at room temperature, as is observed for the as-synthesized

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ZGG NSs (blue curve in Fig. 2d). Thermal treatment of the as-
synthesized ZGG NSs at 750 °C enables p-d repulsion between
the oxygen 2p and zinc 3d electrons, resulting in aggregation of
defect states near the valence band maxima and thereby
enhancing the persistent luminescence lifetime of the ZGG-750
NSs.”” These holes and electrons trapped in respective defect
state traps can be stored until they are not thermally activated
for subsequent release to the valence and conduction bands,
respectively. PerL in the ZGG-750 NSs originates from the
recombination of the released charge carriers at the adjacent
vacancy defects acting as luminescence centers. Several defects
present on the edges and interfaces of nanosheets also act as trap
centers and help in the PerL process. Only a handful of white PerL
phosphors have been reported in recent years.'”?%*:4376 The
white light from PerL phosphors is composite light and can be
obtained by precisely mixing phosphors of different PerL colors in
an appropriate ratio. It is hard to ensure phosphorescence color
uniformity for different phosphors as it is difficult to achieve
consistency in the decay process.

3.4. Thermoluminescence

TL glow curves are considered one of the most important
measurements to decipher useful information about traps for
the exploration of the PerL mechanism. TL measurements on
the ZGG-750 NSs after UV irradiation for 1 min, 3 min and
5 min have been carried out (Fig. 2f). The glow curves show that
there are peaks located at 102 °C, 112 °C, and 116 °C after
irradiation for 1 min, 3 min and 5 min, respectively. This is
unlike the ZGG bulk samples where three peaks are present in the
TL curves.”® As the TL peak is located above room temperature
(RT), the ZGG-750 NSs are considered as an excellent material for
long lasting PerL.** Uniform singular white persistent emission
is again confirmed by the presence of a single peak in the TL
glow curves.

Furthermore, irradiation time plays a critical role on the
filling of the traps present in the ZGG-750 NSs. The peak
intensity decreases monotonically as the irradiation time
increases from 1 to 3 min and then to 5 min (Fig. 2f), which

Fig. 3
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suggests a gradual filling of the traps of several depths and
energies. Time dependence trap filling was ascribed to tunneling
of carriers from the trap to the recombination centre. As the
irradiation moves to a longer time, TL peak intensity decrease
and the peak positions shift to the high-temperature region
(102 —» 112 - 116 °C), indicating that different irradiation
energies can fill traps with different depths.

Usually, shallow traps are emptied easily even at RT whereas
charge carrier in the deep traps stays for longer time and
difficult to be emptied at RT.>> Based on a singular peak
observed in the TL glow curve, the trap is difficult to categorise
as either shallow or deep. But we can propose some idea based
on the trap depth value which in this case was determined to be
0.87 eV based on the formulation described by Wan et al.>® This
trap depth is considered decent for long persitent luminescence.
The calculated value of trap depth suggests that deep traps are
higher in density compared to shallow ones in the ZGG-750 NSs
and prominently take part in PerL.*® The suitable TL peak is
situated slightly above room temperature for excellent persistent
luminescence. Therefore, the TL bands centered at ~375-390 K
can be responsible for the white persistent emission.

3.5. White light emitting ZGG-PVA fibers

3.5.1. Morphostructural and thermo-physical analysis.
FESEM image of the developed ZGG-PVA fibers with 1.0 wt%
loading of the as-synthesized ZGG NSs is shown in Fig. 3a. The
inset in this figure shows a digital image of the developed mat.
Some of the other FESEM images taken for the ZGG-PVA fibers
with 0.3 wt% and 0.5 wt% loadings of the as-synthesized ZGG
NSs are given in Fig. S8a and b (ESIt). All of the FESEM images
clearly show long, continuous, bead free homogeneous systems.
The ZGG-PVA membranes depict individual fibers entangled
into each other as typically observed for a non-woven system.'®
The representative elemental analysis on the ZGG-PVA fibers
with 1.0 wt% loading of the as-synthesized ZGG NSs clearly
shows the presence of Zn, Ga, Ge and O without any impurity
(Fig. S9, ESIt). The peak at 0.277 keV is ascribed to carbon Ko,
which may have appeared due to use of carbon tape. There is

10 1(b) —— Pure PVA (Mass (%))
——0.3% wt (Mass (%))
———0.5% wt (Mass (%))

80 ——1.0% wt (Mass (%))

T T T T T
0 200 400 600 800 1000

Temperature (°C)

(a) FESEM image of the ZGG-PVA fine fibers with 1.0 wt% loading of the as-synthesized ZGG NSs. The inset represents a digital image of the light

emission under UV irradiation for the developed nanofiber membrane. (b) TGA curves of the developed ZGG—-PVA fine fibers with 0.3 wt%, 0.5 wt% and
1.0 wt% loadings of the as-synthesized ZGG NSs along with the unloaded PVA fibers.
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another peak at around 1.75-1.85 keV which is an internal
fluorescence peak appearing due to the X-ray line of silicon
(Ko, and Kp,) owing to the Si dead layer of the Si-Li detector.
TGA analysis was also performed on the ZGG-PVA fine fibers
with different loadings (i.e., 0.3 wt%, 0.5 wt%, and 1.0 wt% of
the as-synthesized ZGG NSs) in order to understand the thermal
stability after the encapsulation of the nanosheets. The respective
thermograms are shown in Fig. 3b. The TGA thermograph of the
PVA polymeric fibers imbedded with as-synthesized ZGG NSs
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depicts a superposition of two sigmoid functions representing the
thermal degradation of both the polymer and fillers. The
transition occurring before 200 °C can be attributed to evaporation/
volatilization of bound/free water molecules in the fibers.>*>’
The second weight loss observed between 200 °C and 400 °C,
follows the single asymmetric sigmoid observed in PVA systems.
Even though the addition of the as-synthesized ZGG NSs
resulted in a small shift of the PVA degradation, it did not
affect the overall decomposition of the developed polymer

(b) —10%

6x10°
3
o,
> 4x10°
@
c
]
E
-
o

2x10°

0 T T T T T T
400 450 500 550 600 650 700
Wavelength (nm)
60000
——ZGG PVA Fibre
(d) Background

40000 |
3
S
2
7]
c
2
£ 20000

L i
V"HW' 1N A 2 " por AN
0 ]

T T T T T
0 500 1000 1500 2000 2500 3000

Time (sec)

ZGG PVA

(a) PLE and (b) PL emission spectra of the ZGG-PVA fine fibers with 0.3 wt%, 0.5 wt%, and 1.0 wt% loadings of the as-synthesized ZGG NSs.

(c) Comparative emission spectra of the as-synthesized ZGG NSs and the ZGG-PVA fine fibers. (d) PerL decay curve of the ZGG (1.0 wt%)—-PVA fibers.
(e) Digital images of the as-synthesized ZGG NSs and the ZGG (1.0 wt%)—-PVA fibers under UV lamp excitation at 254 nm.
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doped system. The 0.3 wt%, 0.5 wt%, and 1.0 wt% fillers added
to the aqueous solutions represent 3.2 wt%, 4.8 wt%, and
10.2 wt%, respectively, when water is not accounted for. A
residual mass of 4.9 wt%, 8.0 wt%, 9.3 wt%, and 15.6 wt% for
the pure PVA fibers, 0.3 wt%, 0.5 wt%, and 1.0 wt% samples can
be seen in the resulting graphs. The increased residue mass of
the doped PVA fiber samples is associated with residual carbon
and interaction between the nanosheets and the PVA molecules.
The filler creates confinements in parts of the PVA molecules
which prevent them from fully degrading at such temperatures.

3.5.2. Photoluminescence spectroscopy of ZGG-PVA fine
fibers. We successfully reproduce the excitation (Fig. 4a) and
emission band (Fig. 4b) of the as-synthesized ZGG-NS after
encapsulation in PVA fibers. Moreover, there is no change in
the spectral profile and the white emission band position. The
relative PL emission intensity of the ZGG-PVA fine fibers is lower
than the as-synthesized ZGG NSs owing to some quenching of
defect states (Fig. 4c). A red-shift of the PL peak from the force-
spun ZGG-PVA fibers compared to the as-synthesized ZGG NSs is
also observed. Furthermore, it could be seen that the polymeric
fibers can easily accommodate up to 1.0 wt% of the as-synthesized
ZGG NSs without undergoing formation of aggregate/concentration
induced quenching. There is a monotonic increase in both
excitation and emission intensities until 1.0 wt%. After that,
there is quenching in both intensities. PL quantum yield (PLQY)
was also measured for the as-synthesized ZGG NSs and the
ZGG-PVA fine fibers (1.0 wt% loading). Due to the good disper-
sion of the as-synthesized ZGG NSs inside the PVA polymer
matrix, an enhancement in PLQY from 11.7% of the pristine
as-synthesized ZGG NSs to 15.4% of the ZGG-PVA fibers was
obtained. This highlights the advantage of moving from nano-
powder to NSs in terms of persistent luminesce, intensity, and
duration. Furthermore, the usage of fine fibers helps to achieve
a higher quantum yield which is essential for any commercial
applications and optoelectronic devices. Uniform and bright
white emission further confirms the homogeneous distribution
of the ZGG NSs inside the PVA polymeric fine fibers. The bright
white emission shown by the ZGG-PVA fine fibers and the ZGG
NSs under UV photon excitation can be seen from the digital
image shown in Fig. 4e. We believe such fibers can be a boon to
the apparel industry in making textiles which can be used for
several applications like night vision surveillance, security
patrolling, anti-counterfeiting, and several other applications.
The idea behind this is to use this fabric in making unique
patterns on clothes such as shorts, t-shirts, gloves, fabric or any
other textile materials which will emit and sustain light just
by exposure to UV light. This can substantially help reduce
textile fraud.

The only issue here is that the ZGG-PVA fibers failed to give
persistent luminesce as the as-synthesized ZGG NSs were
embedded (Fig. 4d). We could not load the ZGG-750 NSs into
the PVA fiber precursor owing to the lack of hydroxyl group on
their surface as these persistent NSs were formed after thermal
annealing of the as-synthesized ZGG NSs at 750 °C which
eliminated the surface hydroxyl groups on these NSs. Still, we
believe that we will take care of this in our future work by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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functionalizing the ZGG NSs to see whether we can incorporate
some sort of persistency in our ZGG-PVA fibers.

4. Conclusions

In this work, pure ZGG nanosheets as a solid solution of
ZnGa,0, and Zn,GeO, have been synthesized using a hydro-
thermal method and subjected to characterization using XRD,
EDX, FESEM, and HRTEM. Photoluminescence spectroscopy
indicated a very bright white light emission from these novel
dopant-free ZGG NSs owing to the presence of several defects
and further aided by the interfacial and interlayer defects of
nanosheets. Interestingly, with the thermal treatment of these
as-synthesized ZGG NSs at 750 °C, we could see long persistent
luminescence lasting up to one hour. The same has been
ascribed to the enhancement in trap densities such as vacancies,
antisites, and interstitials. Thermoluminescence measurement
on the thermally treated ZGG-750NSs suggested the predominant
involvement of deep traps. To further harness the potential of
this great material, the as-synthesized ZGG NSs have been
encapsulated inside PVA using Forcespinning® technology. The
resulting ZGG-PVA fibers exhibited fine fiber morphology and a
smooth texture without the formation of beads. The thermal
stability of the fibers does not deteriorate on nanosheet loading,
and fibers can easily accommodate up to 1.0 wt% of the as-
synthesized ZGG NSs. Photoluminescence measurements of the
ZGG-PVA fibers could easily reproduce the same excitation and
emission profiles with almost equivalent intensity and peak
profiles. The fibers could display very bright white light emission
with enhanced quantum yield compared to the as-synthesized
ZGG NSs. This has been ascribed to the better dispersion of the
NSs inside the polymeric fibers. This study has made great
advances in the development of cost effective and sustainable
dopant-free white light-emitting phosphors with long persistent
luminescence and improved quantum yields as fibers. This techno-
logical advancement from bulk ZGG to the as-synthesized
ZGG NSs to the thermally treated ZGG-750 NSs and the ZGG-
PVA fibers is a great stride in achieving high optoelectronic
performance within the concept of defects and materials
engineering.
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