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Introduction

Journal ofsMaterials' Chemistry/C

A novel reversible fluorescent probe for the highly sensitive
detection of nitro and peroxide organic explosives using
electrospun BaWO, nanofibers

Gibin George,? Caressia S. Edwards,? Jacob I. Hayes,? Lei Yu,? Sivasankara Rao Ede,? Jianguo Wen,?
Zhiping Luo™

Fabrication of highly stable, reversible, and efficient portable sensors for the detection of explosives for safety and security
is challenging due to the robustness of the currently available detection tools, limiting their mass deployment to the
explosive prone areas. This paper reports a new direction towards the sensing of nitro- and peroxide-based explosives using
highly stable rare-earth-doped BaWO, nanofibers with remarkable sensitivity and reversibility. BaWO, nanofibers doped
with Th3* and Eu3* ions are fabricated through a sol-gel electrospinning process, and their emission characteristics and
application as a fluorescent probe for the sensing of 2-nitrotoluene and H,0,, explosive taggants representing a broad class
of explosives, are studied in detail. Scheelite structured BaWO, nanofibers exhibit excellent luminescent characteristics, and
the rare-earth ion doping in the polycrystalline BawO, nanofibers is tailored to achieve blue, green, red, and white light
emissions. These nanofibers are extremely sensitive to 2-nitrotoluene and H,0, with rapid response time, and sensitivity is
observed within the range of 1-400 ppb and 1-10 ppm, towards 2-nitrotoluene and H,0,, respectively. The fluorescent
quenching of BaWO, nanofibers in the presence of 2-nitrotoluene and H,0, is exponential with the quenching constants up
to 1.73x10° and 2.73x10% L-mol, respectively, which is significantly higher than most of the fluorescent probes based on
metal-organic frameworks and conjugated organic materials. The luminescence of the nanofibers is retained completely
after exposing to 2-nitrotoluene upon heating at 120 °C for 10 min and the sensory response is retained as fresh nanofibers,
and currently available fluorescent explosive sensors could not achieve such a recovery. The high sensitivity and selectivity
of scalable rare-earth-doped BaWO, nanofibers provide a new platform for the simultaneous detection of two classes of
explosives.

devices,? especially, florescent nanostructured materials such
as quantum dots3® and metal-organic frameworks.* Developing
a sensitive and selective sensor for the explosives, which is

In recent years, for the sake of safety and security, the interest
in the detection and quantification of nitro-organic compounds
and organic peroxides, primary classes of explosives, is
increased tremendously across the world. The current analytical
techniques such as liquid chromatography-mass spectrometry
(LC-MS), gas chromatography-mass spectrometry (GC-MS),
high-performance liquid chromatography (HPLC), ion mobility
spectrometry, proton transfer reaction mass spectrometry
(PTR-MS), electrochemical methods, surface plasmon
resonance (SPR), and surface-enhanced Raman scattering
(SERS),! etc. for the detection of explosives requires specialized
training and miniaturization of such techniques is nearly
infeasible. Therefore, fluorescence-based explosive sensors
have been extensively studied for miniaturized portable
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inexpensive and portable, is always of practical significance.

An explosive sensor requires exceptionally high sensitivity
and low limit of detection (LOD) because of the very low vapor
pressures of these compounds. Additionally, high selectivity is
necessary to avoid false signals and should be available for mass
deployment to cover the breadth of terrorist threats involving
explosives.® The major classes of explosives are organic nitro-
compounds and organic peroxides. Due to the very low vapor
pressures of these molecules, they are more likely to attach on
surfaces with high surface energy such as metals, metal oxides,
etc. as compared with low surface energy materials such as
polymers, plastics, etc.® Moreover, the higher surface-to-
volume ratio of the nanomaterials enhances the interaction
between the analyte and the sensor material.®

Photoluminescence-based sensors have been widely
reported for the detection and quantification of explosives
traces.” The performances of these sensors are based on the
characteristics of the sensory materials used, for instance, the
ability of the sensor material to form a complex with the
explosive molecules for photo-induced electron transfer (PET).8
Besides, the overlapping of the emission spectrum of the
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sensory material with the absorption spectrum of explosives is
important in resonance energy transfer (RET)® and protonation
of fluorophores by analytes is necessary for Intramolecular
charge transfer (ICT).1°® The current organic fluorescent
materials may be sensitive and efficient in determining nitro
explosives; while their instability for repeated use is a significant
concern.’! The recovery of the luminescence of the hybrid
organic sensor materials can be achieved only through the
subsequent washing, and most of the time, the sensitivity
cannot be completely recovered, as observed in the case of
luminescent metal-organic frameworks (MOFs).12 The
shortcomings such as stability, color tunability, broad emission,
etc. of luminescent sensors can be overcome using rare-earth
(RE3*) doped inorganic oxides and fluorides with sharp and
tunable luminescent emission. The application of inorganic
materials with high thermal and chemical stability and sharp
emission is highly promising as fluorescent probes towards
various chemicals. The recovery of the luminescence by these
sensors is often possible by simply heating above the
evaporation temperature of the explosive materials.

Scheelite structured materials are widely reported for their
photophysical and  photocatalytic  activities.®>  Their
photoluminescent sensing behavior is reported towards the
sensitivity of H,0,  and Glucose.'* Scheelites with the general
formula AWO, (A = Ba, Sr, Ca, Pb) are broadly studied for their
luminescence, photocatalysis, and scintillation properties.!>
Among them, BaWO, is an important material, which is highly
suitable for optical applications. For instance, BaWO, crystal is
identified as an efficient Raman-active material for utilization
in picosecond solid-state laser systems, due to their high Stokes
conversion efficiency in stimulated Raman scattering.® Eu3*-
doped BaWO, nanowires can improve the efficiency of dye-
sensitized solar cells, resulting in an increase in efficiency by 15% as
compared to the cell without BaWO,:Eu3* nanowires.!” BaWO, is
reported for a large number of other optical applications, such as
fluorescent sensors,'” phosphors, light-emitting diodes,
optical filters, scintillators, photocatalysis, and solid-state
lasers.’® The fabrication of BaWO, nanostructures with
different morphologies and sizes has been reported in the
literature, such as whiskers, nanowires, penniform
nanostructures, nanosheets and nanobelts, hollow spheres,
dumbbell, and ellipsoids.® Nevertheless, electrospun BaWO,
nanostructures with very high aspect ratios, and their
properties are nowhere reported in the literature.

One-dimensional nanoscale architectures are successfully
integrated into nanoscale devices based on the optical,
magnetic, and electronic properties of the materials.l”
Electrospinning is a widely accepted technique for the scalable
fabrication of organic and inorganic nanofibers for many
applications. The high aspect ratio nanofibers have enhanced
performances in terms of charge and energy transport
compared to bulk materials or two-dimensional systems.?°
Thus, luminescent organic/inorganic nanofibers are enticing a
growing demand for the development of nanoscale
light-emitting devices with high efficiency. Electrospun
nanofibers are potential candidates for highly sensitive optical
biosensors,?! nanoscale optical waveguides,?? optical filters,?3
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excitation source for lab on chip microfluidic devices,?* and
novel laser architectures.?> Besides, electrospinning has a high
throughput, versatile, cost-effective, and easy control of the
shape and size of one-dimensional nanoscale architectures as
compared to many conventional techniques.

In this work, we report the fabrication of ultra-long BaWQO,
nanofibers through a sol-gel electrospinning process and their
sensitivity toward the detection of explosive taggants. The PL
emission bands of the BaWO, nanofibers are tailored by Tb3*,
and Eu3* doping and the RE3* loading is optimized for white light
emission. The cathodoluminescent (CL) emission of these
nanofibers under high-energy electron beam irradiation is also
studied for the potential application in high-energy radiation
detection. RE3* doped nanofibers are highly sensitive to 2-
nitrotoluene with the LOD of 35—-45 nM, which is lower than
MOF based sensors!?®26 and comparable to that of CdSe
guantum dots.?” The fluorescent quenching of the nanofibers in
the presence of analytes is reversible, and the nanofibers are
successfully reused for the detection of the explosives after
subsequent heating, and such a recovery is not observed in the
case of fluorescent probes for explosives reported in the
literature. BaWO, luminescent nanofibers offer a highly stable
and promising miniaturized alternative to conventional
analytical techniques and organic materials for precise and
sensitive detection of explosives.

Materials and Methods

Materials

Polyvinylpyrrolidone (PVP) [MW: 1.0x10°%], barium (ll) acetate
(Ba(Ac),), ammonium metatungstannate (AMT, assay 98%), and
N, N-dimethylformamide (DMF) purchased from Sigma Aldrich
were used without further purification to fabricate the
precursor composite fibers. Europium acetate hydrate procured
from Sigma Aldrich, and terbium acetate hydrate from Alfa
Aesar were used for RE3* doping. H,0, (50 W%) obtained from
Acros organics and 2-nitrotoluene from Merck were used as the
model explosives for sensing.

Electrospinning of BaWO, nanofibers

To prepare electrospinnable sol of PVP and the metal salts,
the predetermined amounts of the acetate salts were dissolved
in 20/80 water/DMF mixed solvent. To the above solution, ten
w/v% of PVP was added and stirred magnetically for 10 min.
Finally, the stoichiometric quantity of AMT was added and
stirred overnight before it was loaded to the electrospinning
unit (MSK-NFES—-4, MTI Corporation). The electrospinning was
carried out under an applied voltage of 18 kV, a tip to collector
distance of 17 cm, and a solution flow rate of 500 pL h™. The
precursor composite fibers were collected on a rotating drum
collector plate covered with an aluminum foil. The selection of
the calcination temperature was based on the degradation
temperature of the precursor composite fibers during their
thermogravimetric analysis (TGA) (Shimadzu DTG-60) in a
nitrogen atmosphere at a heating rate of 10 °C min™.. The
electrospun PVP/Ba(Ac),/AMT composite nanofibers were then
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calcined at 700 °C, at a heating rate of 2 °C min-! with a dwell
time of 5 h to obtain BaWO, nanofibers. The doped nanofibers
were made using a similar method, in which respective molar
percentage of acetate salts of the dopants are added to replace
the subsequent amount of Ba(Ac),, and the procedure above
was followed. All the doped BaWO, nanofibers were calcined at
700 °C. The doped nanofibers are represented as
BaWO,:xTb-yEu, where x and y are the respective mol.% of RE3*
ions.

Characterization of BaWO, nanofibers

The morphology of the BaWO, nanowires was identified
using JEOL field-emission JXA-8530F electron probe
microanalyzer (EPMA), after coating the samples with ~5 nm
carbon film (Denton carbon coater). EPMA was equipped with
an X-ray energy dispersive spectrometer (EDS) for chemical
compositional analysis, and an xClLent IV Advanced B
Hyperspectral Cathodoluminescence (CL) detector for the CL
analysis. The nanofibers for transmission electron microscopy
(TEM) were prepared in pure ethanol solutions, sonicated for 1
min and then dispersed on carbon-film supported grids. The
grids were observed in FEI Talos F200X TEM/STEM instrument
at 200 kV. The scanning TEM (STEM) imaging was done in the
STEM mode using a high-angle annular dark-field imaging
(HAADF) detector, and the elemental maps of selected
elements were collected using the X-ray EDS signals. The X-ray
diffraction (XRD) patterns of the nanofibers were recorded
using Rigaku MiniFlex 600 X-ray diffractometer in a scan range
of 10-90° and a scan speed 0.06 deg min*. Fourier-transform
infrared (FTIR) spectra (IRPrestige—21, Shimadzu) were
recorded in transmission mode by the KBr pellet method in the
wavenumber range of 300—4,000 cm™! at an average of 32
scans. The photoluminescent spectra of the samples were
obtained in powder form recorded using Shimadzu RF—5301PC
spectrofluorophotometer at room temperature, and the
sensitivity measurements were also performed using the same
instrument.

Sensitivity measurements

To test the sensitivity towards the explosives, 2-
nitrotoluene and H,0, were used as the detection taggants. 5
mg of the BaWO, nanofiber phosphor was dispersed in 50 mL
of deionized water, and the concentration of 2—nitrotoluene
and H,0, were subsequently adjusted in the solution, and the

ARTICLE

PL emission spectra were recorded for different concentration
of taggants. To test the selectivity, the PL emissions from the
nanowires in the presence of Cu(NOs), (Cu?*), Fe(NO3s); (Fe3*),
glucose, AgNO; (Ag*), Ba(NO3s), (Ba?*), Pb(NOs)3 (Pb?*), Cr(NO3);
(Cr3*), HCl (2 pH) and NaOH (14 pH) were recorded. The
selectivity towards other nitro-aromatic compounds is studied
using 4-nitrotoluene and 3-nitrophenol as the representative
analytes. To study the sensitivity of the nanofibers in the solid-
state, the nanofibers are pasted on a glass substrate using
SCOTCH double-sided tape. The nanofibers are then exposed to
2-nitrotoluene vapors generated by heating the appropriate
quantities of 2- nitrotoluene in a petri dish. The PL spectra of
the nanofibers are then recorded. The 2-nitrotoluene vapors
from the nanofibers were removed by heating at 120 °C for 10
minutes in a conventional oven and the PL spectra is recorded.
The process is repeated up to 10 times to check the reversibility
of the fibers in detecting the nitroaromatic compounds.

Results and Discussions

The TGA and DTA plots of PVP/Ba(Ac),/AMT composite
nanofibers are shown in Fig. S1. The precursor composite
nanofibers exhibit three-steps in their thermal degradation
process before it is completely transformed into BaWO,
nanofibers, whereas the pure PVP exhibit a single step in its
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Fig. 1. Comparison of XRD patterns of pure and doped BaWO, nanofibers calcined at 700

°C.

thermal degradation profile.?® The actual onset of degradation
of the composite nanofibers is at ~250 °C and the degradation

Fig. 2. (a) Low and (b) high magnification SEM images of representative BaWO, nanofibers; (c) EDS spectrum of BaWO,:5Tb-5Eu nanofibers.
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is completed at ~475 °C. The removal of water from the
nanofibers is evident in the first step of the degradation process
at ~100 °C. The conversion of the organic part of the salts
commences during the second step of the degradation process
at ~250 °C. The complete elimination of the volatile part of the
salts and PVP takes place in the final step. The DTA curve exhibit
multiple exothermic and endothermic phase transformations
during the degradation process. Though there is no remarkable
weight loss above 475 °C, the exothermic reaction continues at
high temperatures as evident from the DTA peaks above 500 °C,
which essentially tells the calcination temperature as ~700 °C.
Morphology and Structure

The successful formation of pure and RE3* doped BawWO,
nanofibers from the precursor composite nanofibers was

confirmed with the XRD results shown in Fig. 1. The BaWO,
nanofibers obtained after calcination is completely crystalline
as indicated by the very sharp peaks in the XRD patterns of the
nanofibers. The structure of BaWO, nanofibers can be indexed
to JCPDS standard data file No. 01-085-0588, with a space
group of /4,/a (No. 88) (a = 5.613 A and ¢ = 12.72 A). XRD
patterns of the RE3* doped BaWO, nanofibers reveals that the
crystal structure of BaWO, remains unaffected by the dopants
since there is no apparent peak of the dopant oxide in the XRD
pattern of the respective nanofibers. Table 1 lists the lattice
parameters and cell volume of BaWO,:RE3* nanofibers obtained
by Rietveld refinement of the XRD patterns, as shown in Fig. S2.

The RE3* ions are replacing the lattice site of Ba%* ions, and
the size of RE3* ions are smaller than the Ba?* ions. Therefore, a
change in the lattice parameter and the reduction in unit cell

Fig. 3. (a) TEM, (b) SAED pattern, and (c) HRTEM images of BaWO,:5Tb-5Eu nanofibers.

Fig. 4. (a) TEM-HAADF image and (b)-(f) are the corresponding elemental maps by EDS of BaWO,:5Tb-5Eu nanofibers.

4| J. Name., 2012, 00, 1-3
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volume is expected, and the same is observed during the
refinement. Fig. 2a&b shows the electrospun BaWO, nanofibers
obtained after calcining at 700 °C. The SEM images reveal that
the fibers are randomly oriented and continuous. The high
magnification images reveal the porous nature of the fibers. In
the EDS spectrum of the representative (Fig. 2c) nanofibers, the
peaks corresponding to Ba, W and O, and the representative
dopants are present.

Table 1 Lattice parameters and volume cell of BaWQ,:Re3*
nanofibers.

Sample Lattice parameter (A) Volume

a c (Cubic A)

BawoO4 5.6232 12.7437 402.96
BaWO04:Tb 5.6108 12.7603 401.71
BaWO4:5Eu 5.6114 12.7331 400.94
BaWO04:5Tb-5Eu 5.6095 12.7257 400.43

The representative TEM images of the BaWO, nanofibers
are shown in Fig. 3. The TEM images reveal that the nanofibers
are of 156 nm in average diameter with a standard deviation of
10.6 nm, based on 20 measurements, and polycrystalline in
nature, with a grain size of ~30 nm (Fig. 3a inset). The rings in
the SAED pattern in Fig. 3b also reveals the polycrystalline
nature of the nanofibers with high crystallinity. The nanosized
grains composing the fibers are randomly oriented, and they are
formed due to homogeneous nucleation and the space
confinement of the nanofibers.?® The measured d-spacings
from the high-resolution TEM (HRTEM) image (Fig. 3c) are
consistent with the XRD results. The TEM-EDS elemental maps
of the BaWQ,:5Tb-5Eu nanofibers shown in Fig. 4 reveal that the
Tb3* and Eu3* ions are uniformly dispersed in the BaWO,
nanofiber lattice.

The complete elimination of organic parts from the
precursor composite fibers is confirmed with the FTIR spectra
(Fig. S3). In the spectra of PVP/Ba(Ac),/AMT composite
nanofibers, the broad peak at 3453 cm™ is due to the -OH
stretching. The peaks at 2,957 and 2,882 cm™ represent the
symmetric and asymmetric vibrations of CH in CH, and CHs,
respectively. The peaks 1,648, 1,411, and 1,288 cm™ are

ARTICLE

attributed to C=0, CH, bending, and C=N vibrations,
respectively.3° The broad peak between 800-400 cm™ is due to
the several vibrational modes of pyrrolidone ring.3' The pure
and doped nanofibers of BaWO, exhibit a significant broad peak
at ~835 cm™. In BaWOQ,, the [WO,4]?* ligand has T4 point group
symmetry. Therefore, the irreducible vibrational modes can be
written as ['rq = A1(v1) + E(v2) + F2(v3) + F2(v4), in which
F,(v3,v4) modes are IR active. Hence, the peak at ~¥835 cm™ can
be assigned to F,(v3) anti-symmetric stretching vibrations for
BaW0,.32

Photoluminescence

The PL and photoluminescence excitation (PLE) spectra of pure
BaWO, and doped BaWO, nanofibers are shown in Fig. 5. On
comparing the PLE spectra of pure and RE3* doped nanofibers,
one can observe the significant transition of the blue emission
characteristic of [WO,4]?" ligands to green and red corresponding
to Tb3* and Eu?*, respectively. The PLE spectra of pure BawO,
nanofibers exhibit a broad absorption peaking at 247 nm, for
the emission monitored at 440 nm, which is characteristic of the
1A; ground state absorption of [WO4]> unit. The broad
asymmetric blue-green PL spectra of BaWO, nanofibers
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300 ha A
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g
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Fig. 5. PL and PLE spectra of pure BawO, and RE** doped BaWO, nanofibers in the solid
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state.
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Fig. 6. PL spectra of (a) BaWO,: xTb and (b) BaWO,:5Th-yEu nanofibers under 247 nm excitation in the solid state.
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constitutes two peaks in the UV-blue region and blue-green
region when excited by a 247 nm source. Which is originated by
the charge transferring in the [WO,]%>~ complexes with the Ty
symmetry groups or self-trapped electron states.33 In The case
of BaWO,:5Tb nanofibers, the PLE spectrum is monitored at 545
nm emissions, exhibit several bands between 250-400 nm
originated by 4f°—>4f75d! transition of Tb3* ions.3* However,
the broad absorption peak of the host matrix is also present in
the PLE spectra. The sharp peaks observed at 488, 544, 590 and
620 nm are originated from D4—>7F6, 5D4—>7F5, D4_>7F4, and
D4—'F3 Af—-4f transitions of Tb3* ions, respectively.3®> On
comparing the PLE spectra of BaWO,:5Tb nanofibers with that
of BaWO0,4:5Tb—5Eu nanofibers, several additional peaks
appeared in the latter, due to the intra—configurational f-f
transitions of Eu3*. In the respective PLE spectrum, in addition
to the broad excitation peak of BaWO, matrix at 247 nm,
dominant peaks at 364, 377, 394, 410 and 464 nm are also
observed, which correspond to Fo—°Dy, 7F0—>5G2, Fo—°Le,
7Fo—>5D3, and 7Fo—>5D1, respectively of Eu3* ions. Overlapping
of emission bands of BawO, with the excitation bands of Tbh3*
and Eu3* reveal the apparent resonance type energy transfer
between the matrix and the ions.3® The red emission spectra of
characteristic Eu3* ions from BaWO,:5Tb-5Eu, signifies the
energy transfer between Tbh3* and Eu3*. The red %mission Eu3*
emission can be ascribe to the intrinsic 4f-4f (' Da—"Fo_7)
transitions, and to be precise, the emission peaks at5578, 592,
5612, 6754, an5d 7027nm are asssigned7to D4—"Fo, 5 "Da—"Fy,

D4y—’F;, "Dy—"F3, and Ds—'F4 transitions of Eu3*,
respectively.3’

PL spectra of BaWO,:xTh nanofibers are shown in Fig. 6a. The PL
spectrum consists of strong characteristic peaks of Th3*ions originate
from 4f-Af transitions when excited by 247 nm wavelength source.
The emission characteristic to the BaWO, matrix is completely
disappeared on doping with Tb3*, and the significant sharp 4f-4f
green emissions of Th3* ions are evident at every concentration of
Th3* ions. Therefore, the non-radiative energy transfer from the
matrix to Th3* ions is evident in these nanofibers. The intensity of
emission from Tb3* ions are gradually decreased with Tb3*
concertation, and the most intense emission is observed from the
nanofibers doped with 5 mol.% of Th3* ions. The reduction in Tb3*
emission intensity at higher concentrations above 15 mol.% could be
attributed to Th3*-Tb3* internal concentration quenching, during
which the excitation energy is lost by the energy migration among
the activator ions.

In the PL spectra of BaWO,:5Tb—zEu nanofibers, as shown in Fig.
6b, strong emissions in the orange-red region is observed. As the Eu3*
concentration is increased, the red emission intensity increases
monotonically; at the same time, the intensity of Tbh3* ions is
drastically decreased. The emission from Tb3* ions is completely
disappeared when the Eu3* concentration is 5%. In both 1% and 3%
Eu3* doped BaWOQ, nanofibers, the characteristic emission from both
Th3* and Eu3* ions are dominant. In all the instances, the intensity of
the Eu3* emission line at 616 nm is significant in comparison to the
emission at 591 nm. The PL emission at 616 nm, electric dipole
transition of Eu3* ions, is very sensitive to the local environment and
the symmetry of the crystal field. However, the emission at 593 nm
is not influenced well by the crystal field, which is a magnetic dipole

6 | J. Name., 2012, 00, 1-3

transition of Eu3*.3® Therefore, Eu3* ions are in an asymmetric
environment without inversion symmetry, meaning, in the BaWO,
host matrix, RE3* ions replace Ba?* ions with Tetragonal symmetry (54
point symmetry). Moreover, the electronic densities of RE3* and Ba?*
and their coordination numbers are analogous, despite the lower
symmetry due to the valence mismatch between RE3* and Ba?* ions
and the resulting charge compensating defects.3?

Table 2. CIE Coordinates calculated from the PL spectra of BaWO,
nanofiber phosphors

SI. No Sample composition CIE (x) CIE (y)
1 BaWO, 0.1569 0.1257
2 BaWO,:5Tb 0.2849 0.5118
3 BaW0,:10Tb 0.2479 0.5102
4 BaWO,:15Tb 0.3498 0.4975
5 BaW0,:20Th 0.3154 0.3615
6 BaW0,:25Th 0.2507 0.3101

BaWOQ,:5Th—0.5Eu 0.3182 0.4976
8 BaWO,:5Tb—1.0Eu 0.3478 0.4103
9 BaWQ,:5Tb—3.0Eu 0.3683 0.3556
10 BaWO,:5Tb—5.0Eu 0.6335 0.3498

The CIE diagrams and the corresponding coordinates of the
nanofibers when excited by 247 nm source are presented in Fig. S4
and Table 2, respectively. The emission from the nanowires is
scattered in the blue, green, and red regions. White light is also
produced in the case of nanofibers doped with Th3* and Eu3*.
Therefore, the color of the emission can be controlled precisely by
adding the appropriate amount of the dopant.

Cathodoluminescence characteristics

3001
1 Bawo,:5Tb-5Eu
250
> 2004 BawO, 5Tb-1Eu
&
>
= 1504
c
5
£ 1004 BawO,:5Tb
501
0
300 400 500 600 700

Wavelength (nm)

Fig. 7. Cathodoluminescent emission of pure and RE3** doped BaWO, nanofibers.

The cathodoluminescence (CL) spectra of the pure and doped
BaWO, nanofibers is recorded under 10 kV and 100 nA electron
beam, aimed to simulate the response of the nanofibers
towards high energy radiation. The characteristic CL emission
spectra are shown in Fig. 7. The pure BaWO, nanofibers emit a
broad visible spectrum in the wide range of 300—750 nm
(majorly blue and green bands) when excited by an electron
beam. Which is similar to the PL emission characteristics. The CL
emission in the pure lattice is originated by the propagation of
ionization initiated by the fast—primary electrons. The

This journal is © The Royal Society of Chemistry 20xx
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ultraviolet and visible light usually excite the activator directly;
the fast electrons as high-energy particles always excite the host
lattice.® Similar to other isomorphous scheelite structures, the
CL emission spectra of BaWQ, is akin to electronic transitions
that take place within the [WO,4]?~ ions, which is evident in the
PL spectrum of pure BaWQ,. According to crystal field theory,
for [WO,4]? ligands with T4 symmetry, the ground state is A,
and there are four singlet excited states *A(1T,), *E(*T,), *E('T>),
and 1B('T,). The blue emission band is an intrinsic emission due
to an electron transition B(1T,)>A; of the [WO4]>~ complex
ions, and the green emission band is due to the WO; defects
that are associated with oxygen vacancies.*!

In the CL spectra of BaWQO,4:5Tb and BaW0,:5Tb—(1,5)Eu
nanofibers, the emission peaks originated from the BaWO,
lattices are entirely disappeared. The CL spectra of BaW0,:5Tb
nanofibers comprise the most intense emission lines at 544 nm,
which is due to the Tb3* ions as in the PL spectra. Since the
emission from the BaWO, lattices is completely disappeared in
the CL spectra, the energy transfer from the host lattice to Th3*
ions are recognized. All the possible transitions of Tb3* are
visible in the CL spectra, which does not appear in the PL
spectra. The several small peaks in the blue region <450 nm is
due to °D3—"F; () =6, 5, 4, 3) transitions and the peaks in green
region >450 are due to 5D4——)7Fj (J = 6, 5, 4, 3) transitions of
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Tb3* ions.*° The emission band from Eu3* ions are appeared in
BaWQO,4:5Tb—(1,5)Eu nanofibers. The emission lines
characteristic to Tb3* ions is present in all the CL spectra of the
doped nanofibers. The emission intensity from Eu3* ions
BaWQ,4:5Tb—(1,5)Eu nanofibers are remarkable, which is
dependent on the Eu3* concentration. The emission from
Tb3*/Eu3* doped nanofibers, the emission is independent of the
emission from the Tb3* ions. The simultaneous emission
observed from Tb3* and Eu3* ions are possibly due to the
contemporary energy transfer to these ions from the lattice.
Therefore, in the case of doped nanofibers, as the secondary
electrons excite the host lattice and create many electron—hole
pairs, leading to the formation of bound excitons. As no
luminescence from bound exciton recombination is observed,
these excitons, if formed, decay non-radiatively through a
resonant or quasi-resonant transfer to the 4f shell of Eu3*
and/or Tb3* ions and give their characteristic emission.*?
Photoluminescence sensitivity towards 2-nitrotoluene and H,0,

The PL response of BaWO, nanofibers upon exposure to the
model explosive taggants 2-nitrotoluene and H,0;, is
investigated by dispersing the nanofibers in water. The sensing
performance of representative RE3* doped BawWQ, nanofibers
dispersed in water is tested by recording the fluorescent spectra
in the presence of different concentrations of 2-nitrotoluene, as

(b) 200
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Fig. 8. PL response of (a) BaWO,:5Tb-5Eu, (b) BaWO,:5Tb, (c) BaWO,:5Eu nanofibers dispersed in water towards 2-nitrotoluene concentration, and (c) selectivity of BaWO,:5Tb-5Eu

nanofiber dispersion in water towards 2-nitrotoluene and H,0,.
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Fig. 9. (a) Stern-Volmer plots, and (b) quenching efficiency, of RE3* doped BaWO, nanofibers and (c) extinction of luminescence with increasing concentration of 2-nitrotoluene for

nanofibers dispersed in water.

shown in Fig. 8a—c. The PL spectra of nanofiber dispersions in
the presence of different concentrations of 2-nitrotoluene
ranging from 10 ppb to 400 ppb, clearly show a change in the
fluorescence of RE3* doped BaWO, nanofibers concerning 2-
nitrotoluene concentration. The quenching of the luminescent
emission in the presence of 2-nitrotoluene in few parts per
billion is rapid. The intensity of all RE3* emission bands is
decreased simultaneously in the presence of 2-nitrotoluene,
when excited by 247 nm The presence of
2-nitrotoluene can be quantified for concentrations between
10-400 ppb. Additionally, the selectivity of the sensory
materials was tested with glucose, Fe3*, Cu?*, Ba?*, Ag*, PbZ",
Cr?*, and pH, as shown in Fig. 8d and the corresponding PL
spectra is shown in Fig. S5. The sensitivity towards other
nitroaromatic compounds are confirmed using 4-nitrotoluene
and 3-nitrophenol as the representative analytes. Their addition
up to 1000 ppm to the BaWQ,:5Tb-5Eu dispersion leads to

source.

insignificant modifications to the luminescence intensity,
whereas the addition 400 ppb of 2-nitrotoluene and 1000 ppb
of H,0, leads to a >95% decrease. The excellent selectivity of
the sensor nanofibers towards 2-nitrotoluene and H,0,, as
compared to other disturbants, highlights RE3* doped BawWO,
nanofibers as a promising fluorescent probe for the detection
of explosives even at nM concentrations.The mechanism
involved in the detection process can be related to the
guenching of the RE3* emission.

In general, nitro compounds are electron-deficient, and
quenching of fluorescence occurs via photoinduced donor-
acceptor electron transfer mechanism.2d Where RE3* ions are
donors and 2-nitrotoluene molecules are acceptors, which does
not exhibit any luminescence. BaWO, crystallizes with [WO,4]*
tetrahedrons on the surface covering the BaZ* ions, as a result,
the surface of BaWQ, exhibit a partial negative (6-) charge as in
the case of CaWQ, due to high surface density of active oxygen

105
(3)120_ —o—Bawo, sTbseu | (D)
BawoO,:5Tb 1004, o
- —ér—BaWO,:5Eu ABAASTOBD 4400 10 84 o/
100 e A A @ -
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Fig. 10. (a) The response time for PL quenching in the presence of 2-nitrotoluene and (b) photobleaching of RE3* doped BaWO, nanofiber dispersions in water.
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Fig. 11. (a) PL response of BaWO,:5Tb-5Eu nanofiber dispersion in water towards H,0, concentration, (b) Stern-Volmer plot, and (c) the response time for PL quenching in the

presence of H,0,.

atoms.*3** The crystal structure of BawQ, is shown in Fig. S6.
Importantly, [WOQ,]% is the anion of strong tungstic acid with a
susceptibility towards positive charges. The super adsorption of
cationic dyes on BaWO, nanostructures is corroborated to the
electrostatic interaction between dye and the partial negative
charges on the surface of BaW0,.*> Apparently, BaWO,
nanofibers can be a super adsorbent towards 2-nitrotoluene
through the electrostatic bonding between the partial negative
charges of the BaWO, surface and the partial positive (&%)
charge of the benzene rings of 2-nitrotoluene (formed by the
electron pulling of N*ions). This interaction is evident in the FTIR
absorbance spectra (Fig. S7a&b) of BaWO,:5Tb—5Eu nanofibers
in the presence and absence of 2-nitrotoluene. The peak
originated from [WO,]% ligand of BaWO, is shifted to lower
wavenumbers in the presence of 2-nitrotoluene, which can be
ascribed to the hindrance in the vibration of [WO,]? ligand
induced by 2-nitrotoluene, which is obvious from Fig. S7b. The
subsequent changes in the peak position of the benzene rings
of 2-nitrotoluene is also observed vice versa in the FTIR
spectrum of BaWQ, in the presence of 2-nitrotoluene.
Additionally, on comparing the UV absorption spectra of the
analytes and the emission spectra of the pure BaWQy, as in Fig.
S8, the UV absorption of the nitroaromatic analytes is
overlapping with the emission spectra of the pure BaWO,
nanofibers. The UV spectra of the nanofibers shown in Fig. S9,
does not reveal any significant absorption bands of RE3* ions,
though the PLE spectra (Fig. 5) reveal the weak absorbance of
the RE3* ions overlapping the emission spectra of the BaWO,

between the RE3* ions and the analytes to receive the energy
non-radiatively from the excited lattice. Therefore, the
anticipated donor-acceptor type energy transfer is prone
between the lattice and the nitro-aromatic compounds than the
RE3* ions in the presence of nitro-aromaticsThe LUMO (lowest
unoccupied molecular orbital) energy levels of
2,4,6-trinitrotoluene (TNT) and 2,4-dinitrotoluene (DNT) is
smaller than 2-nitrotoluene; therefore, one can expect an easier
electron transfer from donor to TNT and DNT than 2-
nitrotoluene, hence an improved sensitivity towards TNT and
DNT is expected.®*® A schematic of the energy-transfer
quenching mechanism in the absence and presence of
2-nitrotoluene is presented in Fig. S10. A slightly higher
quenching percentage for BaWO,:5Tb-5Eu as compared to
BaWQ,4:5Tb and BaWO,:5Eu is observed at room temperature
besides the high-intensity emission and relative quantum vyield
from the BaWO,:5Tb-5Eu nanofibers.

The Stern-Volmer plots of the relative luminescent intensity
(lo/1) versus the concentration of 2-nitrotoluene are shown in
Fig. 9a. The Stern-Volmer plots of BaWO,4:5Tb-5Eu,
BaWQ,:5Tb, and BaWO,:5Eu can be fitted well to the
exponential equations 1.67¢180 X 10°INT] —0.719, 3.88
e1:33 X 10°[NT] —3.15, and 2.45el62 x 10°[NT] —1.36, respectively.
The Stern—Volmer curves are nonlinear as compared to the
typical linear ones may be a result of simultaneous static and
dynamic quenching.*’

The quenching coefficients are calculated using the
equation,®’

lattice. Apparently, one can conclude that there is a competition To/I = (Kp[NT] +1)(K[NT] +1) (1)
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Fig. 12. (a) PL response of BaWQ,:5Tb-5Eu nanofibers in solid-state to 2-nitrotoluene, (b) sensor recovery in atmospheric conditions, and (c) sensor response during the repeated

cycles.
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Where Il and I are the fluorescence intensity in the absence and
presence of 2-nitrotoluene, Kp is the dynamic quenching
constant, Ks is the static quenching constant and [NT] is the
concentration of 2-nitrotoluene. The calculated quenching
constants are Kp = Ks = 1.73x10°% and 2.1x10%, and 2.2x10°
L-mol™l, BaWO0,:5Tb-5Eu, BaWO0,:5Tb, and BaWO,:5Eu
nanofibers, respectively, in the low-concentration range.

Table 3. Comparison of RE* doped BaWO, nanofibers with luminescent
explosive probes reported in literature.

Sl Material Quenching Limit of Ref
No constant detection
(L:mol) (uM)
1 N-doped graphene - 0.92 48
quantum dots
2 cd(I1) MOF 7.4 x 10 - 12b
3 Dansyl conjugated 3.79x 107 0.001 49
tripodal AIEEgen
4 Cd based MOF 6.56x 10* 2 50
5 Lysozyme capped CdS 3.28x10* 0.1 51
quantum dots
6 Cu based MOF 1.6x10* 3.2 26
7 Zr(IV) MOF 2.9x10* - 52
8 p-phenylenevinylene 8.53x10* 0.035 53
9 Zn(ll) MOF 1.09x10* - 12a
10 Zn(I) MOF 4.86x103 - 54
11 BaWOQ,:5Eu-5Tb 1.73x10° 0.035 Present
nanofibers Work
12 CdSe quantum dots 1.31x10° 0.021 27
13 Carbon dots 5.99x10* 0.2 55
14 Carbon quantum dots 2.31x10* 2.57 6
functionalized with
amines
15 Indium based MOF 1.65x10° 0.32 57
16 Cd based MOF 5.42 x 10* 8 58

The dramatically high quenching constants reveals the very
high sensitivity of the nanofibers towards the detection of
explosive taggants. The detection limit (LOD) was calculated
according to the equation: LOD = 3Sy/K, where Sy is the standard
deviation of blank RE3* doped BaWO, nanofiber emission (n =
10), and K is the slope of the calibration graph.?” The LOD is
estimated in the range of 35—-45 nM for the three different
nanofibers. On comparing the literature data available for the
detection of nitro-compounds using various luminescent
materials, the performance of inorganic RE3* doped BaWO,
nanofibers is exceeding most of them, as listed in Table 3.

The quenching efficiency (QE = (lo—/)/lp x 100) curves of the
nanofibers are shown in Fig. 9b. The increase in the
concentration of 2-nitrotoluene enhance quenching efficiency;
however, a steady increase in efficiency is observed at lower
concentrations of 2-nitrotoluene, which has a linear
relationship with In[NT]. The quenching phenomenon can also
be observed to the naked eye under 247 nm UV excitation, as
an annihilation of the red luminescence with the stepwise
addition of 2-nitrotoluene as in Fig. 9c. In the presence of 2-
nitrotoluene, the luminescence intensity of the RE3* doped
BaWO, nanofibers is drastically reduced and the response time
is measured in the presence of 400 ppb 2-nitrotoluene, shown
in Fig. 10a. The results show that all the nanofibers exhibit a

10 | J. Name., 2012, 00, 1-3

similar response time, which is less than one second. The
photostability of the BaWO, nanofibers is measured under
irradiation of 247 nm for 60 min, Fig. 10b. For BaWO,4:5Tb-5Eu
and BaWO,4:5Eu nanofibers, the intensity at 617 nm is
monitored and for BaWQO,:Tb nanofibers, the intensity at 545
nm emission is monitored to study the effect of photobleaching.
Photobleaching is negligible in all the fibers. However, high
stability is observed in the case of BaWO,:5Tb-5Eu nanofibers.
The high stability of these nanowires under UV light can
increase the lifespan of this material as a sensor.>®

The  fluorescent quenching characteristics  using
BaWQO,:5Tb-5Eu nanofibers as the representative nanofibers
towards H,O, is also studied, as shown in Fig. 11a. A gradual
reduction in the luminescent intensity is observed in the
presence of different concentrations of H,0,. From the
Stern-Volmer plot, Fig. 11b, the calculated quenching constants
in the low-concentration range are Kp = Ks = 2.71x10* L-mol=2.
The response time observed here (Fig. 11c) is less than one
second, which is rapid as compared to many other sensors
reported in the literature. The LOD of BaWQ4:5Tb-5Eu
nanofibers towards H,0; is 4 uM. The Stern-Volmer constants
and the LOD of the BaWO,:5Tb-5Eu nanofibers are at par with
the performance of the scheelite structured EuVO,
nanoparticles with the corresponding values 10° L-mol-t and 1.5
UM, respectively,® and nanoparticles surface modified with
luminescent molecules.®® The performance of the BaWO,
nanofibers towards the sensing of H,0, is superior to BaGeFg
and BaSiFg nanowires reported in our previous study.®!
Importantly, the nanofibers are more practical in such studies
as the recovery of the nanofibers is more convenient than the
nanoparticles for repeated use.

The sensitivity of the BaWQO,4:5Tb—-5Eu nanofibers in the
solid-state to the explosive vapors are also studied after pasting
the nanofibers on a glass slide. The emission from the
nanofibers pasted on the glass slide is recorded before and after
exposing the nanofibers to a known quantity of 2-nitrotoluene
vapors created by heating in a petri dish as shown in Fig. S11.
The characteristic emission from the nanofibers dropped
drastically after exposing the nanofibers to the explosive
vapors, akin to that in the solution, which is shown in Fig. 12a.
The reversibility of the nanofibers as explosive sensors are
performed using 2-nitrotoluene as the model analyte. More
than 60% of the luminescent emission is recovered after 2 min
under normal atmospheric conditions after exposing the
nanofibers to 400 ppb 2-nitrotoluene, as shown in Fig. 12b.
However, the luminescence of the nanofibers is retained
completely after heating at 120 °C for 10 min. The process is
repeated up to 10 cycles, and the sensory response is retained
as fresh nanofibers (Fig. 12c), revealing the high reversibility of
these nanofibers, unlike many other disposable organic
luminescent sensors. The stability of PL emission from the
nanofibers in the solid state under prolonged UV excitation is
assessed, which is shown in Fig. S12. The emission from the solid
nanofibers is stable under UV light up to 60 minutes. Therefore,
RE3* doped BaWO, nanofibers can be used as a simple, stable,
reusable, versatile, and efficient sensor for the simultaneous
detection of peroxide and nitro- organic explosives.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

High-aspect-ratio pure and rare-earth-doped BaWO, nanofibers
were successfully fabricated through sol-gel assisted
electrospinning method. The nanofibers exhibited visible
photoluminescence and cathodoluminescence emissions when
codoped with varying mol.% of Tb3*, and Eu3* rare—earth ions.
The XRD analysis revealed the crystalline nature of the
nanofibers with tetragonal structure, and the structure is not
affected by the rare—earth dopants. The PL emission monitored
when excited by 247 nm source can be tailored by adjusting the
amount of Tb3* and Eu3* ions. The intense blue CL emission from
pure BaWO, nanofibers and green and red emissions from Th3*
and Eu3* doped nanofibers are observed, which is characteristic
of these ions. The visible PL emissions from the RE3* doped
BaWO, nanofibers are highly sensitive to 2-nitrotoluene and
H,0, with quenching coefficients in the order of 10 and 10*
L-mol-?, respectively to 2-nitrotoluene and H,0,. The limit of
detections of the nanofibers towards 2-nitrotoluene and H,0,
are 0.035-0.045 uM and 1 pM, respectively. The performance
of the RE3* doped BaWO, nanofibers are better than most of the
organic materials reported for the detection of nitro-explosives
and at par with the scheelite structured EuVO4 nanoparticles for
H,0, sensing. The rapid response, stability, and reusability
identify this nanofiber material as a promising commercial
sensor for highly selective and sensitive detection of explosives
of two different origins.
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