
POOJA, PANCHOLI, K. and DWIVEDI, Y. 2024. Tailoring optical properties and humidity sensing response of 
multilayered Tb(Sal)3Phen and Eu(DBM)3Phen complex nanofibres. Optical materials: X [online], 23, article number 

100340. Available from: https://doi.org/10.1016/j.omx.2024.100340 

 
 
 
 

This document was downloaded from 
https://openair.rgu.ac.uk 

Tailoring optical properties and humidity sensing 
response of multilayered Tb(Sal)3Phen and 

Eu(DBM)3Phen complex nanofibres. 

POOJA, PANCHOLI, K. and DWIVEDI, Y. 

2024 

https://doi.org/10.1016/j.omx.2024.100340


Optical Materials: X 23 (2024) 100340

Available online 14 July 2024
2590-1478/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Tailoring optical properties and humidity sensing response of multilayered
Tb(Sal)3Phen and Eu(DBM)3Phen complex nanofibres

Pooja a, Ketan Pancholi b, Yashashchandra Dwivedi a,*

a Department of Physics, National Institute of Technology, Kurukshetra, India
b School of Engineering, Robert Gordon University, Aberdeen, AB10 7GJ, UK

A R T I C L E I N F O

Keywords:
Spectroscopy
Electrospinning
Nanofibres
Humidity response

A B S T R A C T

In this work, we investigate the opto-humidity sensing and colour tuning in polyvinyl alcohol (PVA) polymeric
electrospun nanofibres dispersed with Tb(Sal)3Phen (TSP) and Eu(DBM)3Phen (EDP) complexes. Fourier trans-
form infrared spectroscopy, scanning electron microscopy, and photoluminescence analysis were used to thor-
oughly analyse the structural, morphological, and spectroscopic features of the synthesised nanofibres in single
and stacked multilayer nanofibres. A spectroscopic analysis was performed on all configuration schemes. Under
UV excitations, the synthesised TSP complex and EDP complex inhibited nanofibres yield green and red emission
corresponding to 5D4→7Fj (j = 4, 5, 6) and 5D0→7Fj (j = 0, 1, 2, 3) transitions attributed to Tb3+ and Eu3+ ions,
respectively. The EDP nanofibres presented better UV radiation absorption than TSP, which was attributed to
higher absorptivity of DBM than Sal. Additionally, the photoluminescence intensity ratio of characteristic
emission peaks i.e. 544 nm (5D4→7F5)/615 nm (5D0→7F2) is function of humidity exposure and excitation
wavelength. The stacked multilayer nanofibres exhibit good response and recovery times, 35 and 52 s, negligible
hysteresis, and cyclic stability.

1. Introduction

Humidity sensing plays a crucial role in various fields in maintaining
comfortable and healthy environments, as well as ensuring optimal
performance and safety in industrial processes. The ability to accurately
measure and monitor humidity levels helps in understanding and con-
trolling moisture content, preventing issues such as mold growth,
corrosion and degradation of materials. Additionally, maintaining spe-
cific humidity conditions is critical for product quality and safety in
fields like pharmaceuticals, food processing, storage facilities, etc. Opto-
humidity sensors are one of the key devices used for humidity mea-
surement. They provide reliable and real-time data on humidity levels,
allowing for precise control and adjustment of environmental condi-
tions. These sensors offer advantages such as fast response time, high
accuracy, and long-term stability. The development of advanced opto-
humidity sensors continues to enhance our ability to monitor and
regulate humidity, contributing to improved comfort, productivity, and
overall well-being [1–3]. Electrospun nanofibres are a promising ma-
terial for humidity sensors due to their large surface area, porosity, and
ability to be dispersed with a variety of ions/molecules. Humidity sen-
sors based on electrospun nanofibres can detect changes in relative

humidity by measuring the electrical resistance or capacitance or the
optical response of the active nanofibres mat. The sensitivity and
response time of the sensors depend on various factors, such as the
composition, morphology, and alignment of the nanofibres, as well as
the fabrication and integration methods. The polymeric electrospun
nanofibres dispersed with humidity-responsive organic molecules like
lanthanide complexes have gained significant attention as
opto-humidity sensors due to their rapid optical response, flexible
composition, optical excitation, etc. The electrospinning technique en-
ables the production of lanthanide complex-doped nanofibres with
controlled morphology and composition. Lanthanide (Ln) complexes
possess broad UV/blue excitations (due to the presence of ligands in the
complex) and the sharp emission of Ln ions.

The optical properties of Ln complexes are reported to be a function
of humidity in the microenvironment. This is because the water mole-
cules in the ambience affect the energy levels, so the radiative transi-
tions in the lanthanide ions alter their colour, lifetime and intensity.
Lanthanide complex-based moisture sensors have improved sensitivity,
stability, and applicability [4]. For example, Gonzalez et al. synthesised
Eu3+ and Tb3+ complexes using 8-Methoxy-4,5-dihydrocyclopenta[de]
quinolin-2(1H)-one phosphonates or carboxylates and quinolin-2
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(1H)-one for sensing traces of H2O in organic solvents [5], Gao et al.
combined photoluminescence and impedance spectroscopy studies for
synthesising europium based MOF i.e. [Eu(H2O)2(mpca)2Eu(H2O)6M
(CN)8].nH2O (where mpca = 2-pyrazine-5-methyl-carboxylate, M = Mo,
W) for dual-mode humidity detection [6] and Pooja et al. synthesised
Tb:Ce(Sal)3Phen complex dispersed PVA nanofibre for flexible moisture
sensing [7]. The luminescent response of the lanthanide ions is typically
sharp and easily detectable, allowing for accurate monitoring of hu-
midity levels [8]. Additionally, lanthanide complexes can be tailored to
exhibit specific luminescent properties, enabling the development of
sensors with customized detection ranges. Moreover, the electrospun
nanofibres offer several benefits, such as a large surface-to-volume ratio,
fast response time, and flexibility [9]. These features enable efficient
moisture absorption and desorption, ensuring rapid and reversible
sensing performance. The on-going research and development in this
area aims to optimize the sensor performance, stability, and durability,
further expanding their applications in humidity sensing and related
fields [7,9]. The operating principles of opto-humidity sensors are
mostly Ratiometric Sensors, Chromogenic Sensors, Surface Acoustic
Wave Sensors, Surface Plasmon Resonance Sensors, Impedance-based
Sensors, etc. [10–14]. The ratiometric method is preferred because it
provides internal reference and facilitates good reproducibility. The
presence of neutral ions for internal referral in the same lattice with the
humidity-responsive active ion may interfere, leading to poor sensing
performance. It is suggestive that, to minimize the interaction, the
humidity-sensitive and insensitive species may be kept in isolated layers.

To serve the purpose of least interference of neutral ion on humidity
response, we fabricated two humidity-sensitive polyvinyl alcohol (PVA)
nanofibres mats; one nanofibres mat was dispersed with Eu(DBM)3Phen

complex, while the second was dispersed with humidity-sensitive-Tb
(Sal)3Phen complex. We report the opto-humidity variation with
different stacking of layers. The PVA nanofibres matrix serves as a
porous host with a large surface area and humidity-capturing network,
which enhances the sensitivity towards ambient humidity. Trivalent Tb
and Eu ions are enriched with dense energy levels, which yield blue-
green (Tb3+) and yellow-red (Eu3+) colours. However, when these two
ionic species are in the same matrix, they interact via energy transfer
(Eu3+ to Tb3+ion). Such interaction leads to a significant reduction in
blue/green emission while increasing red emission. It is interesting to
note that these two ionic species emit primary colours, which is required
for high-contrast display devices.

In the present article, to avoid interactions between the doped spe-
cies, without compromising the emission characteristics and to have
precise control over the emission intensity, we fabricated two different
electrospun nanofibres and staked them (one on one). We monitor the
optical response of the mat in different humidity conditions and report
the same.

2. Synthesis and characterization

All chemicals with high purity were purchased from Sigma-Aldrich
Company for synthesis and used as received. Briefly, Tb(Sal)3Phen was
synthesised using, Terbium (III) chloride hexahydrate, Salicylic acid
and, 1,10-phenanthroline (Phen), following the method reported pre-
viously [15]. Similarly, Eu(DBM)3Phen was synthesised using Diben-
zoylmethane (DBM), Europium chloride (III), and 1,10-Phenonthroline
as a starting material, following the method reported in Ref. [16]. The
synthesis of Tb(Sal)3Phen complex yielded light orange-brown coloured

Fig. 1. Scanning electron microscope (SEM) images and corresponding histograms (inset) for (A) TSP and (C) EDP nanofibres. EDS spectra of (B) TSP and (D)
EDP nanofibres.
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crystals whereas Eu(DBM)3Phen resulted in a pale yellow powder. These
products were carefully collected for subsequent measurements. The
complex Tb(Sal)3Phen will be referred TSP and complex Eu(DBM)3Phen
will be referred EDP in throughout the remaining text.

2.1. Fabrication of nanofibres

For the fabrication of nanofibres, 7 % w/w of the PVA solution was
obtained by dissolving an appropriate amount of Polyvinyl alcohol
(PVA, Mw - 85,000 – 125,000) in warm (80 ◦C) double distilled water.
The weight ratio of PVA to TSP and EDP complex was 1:0.01. The
mixture was stirred until a uniform solution was obtained. The 1 ml
syringe used in the electrospinning setup (E-spin Nanotech Company,
India) was filled with the previous prepared solution to spin the nano-
fibres on aluminium covered collector. During the spinning of nano-
fibres, the tip-to-collector distance was kept constant at 14 cm, while
static DC voltage supplied was kept at 15 kV. The solution flow rate of
0.05 ml/h was maintained throughout.

2.2. Characterisations

The synthesised TSP and EDP nanofibres were examined using a
scanning electron microscopy (SEM) (JEOL JSM-6390LV) fitted with
energy dispersive X-ray spectroscopy (EDS) apparatus to determine their
surface shape and elemental composition. Using a PerkinElmer Spec-
trum 65 FTIR spectrometer, Fourier transform infrared absorption
spectra were obtained in the 500-4000 cm− 1 spectral region with a
resolution of 1 cm− 1. FTIR spectra were monitored in Attenuated total
reflection (ATR) mode. Using Xenon lamp as excitation source, the
photoexcitation and luminescence spectra of the TSP and EDP complex
nanofibres were captured at room temperature using the SHIMADZU RF-
530 spectrometer. At room temperature the multilayer’s emission in-
tensity change was also noted. The colour images were observed under
UV-C light exposure of the samples. We monitored the humidity
response emission characteristic in a customized acrylic box, while
keeping it inside the SHIMADZU RF-530 spectrometer. This box has an
inlet and an outlet nozzle attached with vacuum pump and N2 gas cyl-
inder. The 288-CTH hygrometer measuring humidity in the range 10 %–
99 % RH with an accuracy of ±5 % was used for measuring the moisture

Fig. 2. The daylight UV-C illumination images of [A] EDP and [B] TSP nanofibres.

Fig. 3. FTIR spectra of (A) Eu(DBM)3Phen, (B) Tb(Sal)3Phen, (C) pure PVA nanofibres.

Pooja et al.
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content, which is placed inside the box with sample holder.

3. Results and discussion

3.1. Morphological and optical analysis

The SEM images of the synthesised PVA nanofibres integrated with
TSP and EDP complexes are shown in Fig. 1. The fibrous structure of
both the nanofibres is observed from the SEM images. The frequency
distribution histograms of both the nanofibres layers were plotted using
the normal distribution curve; the average fibre diameter was deter-
mined from the histograms and found to be ~273 ± 1.25 nm and ~148
± 1.22 nm for TSP and EDP nanofibres, respectively with the length > 1
mm. The narrower diameter distribution of TSP nanofibres suggests a
more uniform production process compared to EDP nanofibres. The EDS
(energy dispersive X-ray) spectrum for the nanofibres is given in Fig. 1
[B], [D]. The EDS spectrum for TSP exhibited the spectral peaks related
to Tb, C, N and O elements due to the presence of ions of terbium, Sal-
icylic acid, Phenanthroline and polymer PVA. The EDS spectrum of EDP
nanofibres showed the presence of Eu, C, N and O elements corre-
sponding to Europium, Phenanthroline, Dibenzoylmethane and PVA
polymer. No foreign spectral peaks were found in the EDX spectrum.
Subsequently, the nanofibres were examined for optical properties.

Both the nanofibres layers were viewed under UV-C lamp illumina-
tion. Fig. 2 display the images under daylight and UV illumination,
showing the EDP nanofibres sheet with red emission and TSP nanofibres
with green emission.

3.2. Fourier transform infrared analysis

To study the molecular vibrations of the nanofibres, the infrared
absorption spectra were obtained for all the samples given in Fig. 3. Pure
PVA nanofibres (Fig. 3 (C)) FTIR spectrum exhibited the molecular vi-
brations attributed to C–H bond at 844 cm− 1 and the C–O vibrations at
1092 cm− 1 and 1260 cm− 1. The band at 1374 cm− 1 arises from CH–OH
vibrations. Other vibrational bands at 1429 and 2925 cm− 1 are assigned
to CH2 symmetric and anti-symmetric stretching in the PVA. The band at
1724 cm− 1 is due to the stretching vibrations of C––O groups of the
remaining vinyl acetate repeating units of PVA. The bands correspond-
ing to –CH2, –CH3, and O–H stretching vibrations in the TSP nanofibres
(Fig. 3 [B]) are the observed between 2500 cm− 1 and 3500 cm− 1. The
salicylic acid’s characteristic bands are observed at 1445 cm− 1 (C–C
stretching) and 1388 cm− 1 (salicylic acid’s OCO-symmetric stretching)
[17]. Band at 852 cm− 1 for TSP are assigned CH out-of-plane defor-
mation owing to Phenanthroline ring [18], whereas bands at 1020 cm− 1

and 1071 cm− 1 are due to ring CH vibrations [19].
The bands at 1085 cm− 1 and 928 cm− 1 correspond to distinctive C–O

stretching and CH2 rocking vibrations of PVA polymer [20]. In the FTIR
spectrum of Eu(DBM)3Phen (Fig. 3 [A]), the vibrational bands corre-
sponds to PVA nanofibres along with the vibrations in between 1410 and
1600 cm− 1 attributed to the stretching vibrations of C–O, C–C and C–N
of DBM and Phen. The band at 2911 cm− 1 corresponds to CH–CH
stretching vibrations of phenyl derivatives and the vibrations in the
region 3000-3500 cm− 1 can be attributed to the intramolecularly bound
carboxylic group [21]. The FTIR spectrum of the PVA incorporated
complex nanofibres (Eu(DBM)3Phen and Tb(Sal)3Phen) were mostly
dominated by the vibrational peaks of the PVA nanofibres and some
minor peaks corresponding to the complex molecular vibrations. This is
owing to a small complex to PVA polymer in the nanofibres (in a ratio 1:
0.01).

3.3. Optical analysis

The excitation and emission spectra of the complex nanofibres were
monitored to investigate potential spectroscopic changes in the single
and bilayer systems attributable to interlayer energy interactions.

Afterwards, the variation in emission intensity and humidity sensing
characteristics of the bilayer system in two configurations were
investigated.

3.3.1. Optical analysis of single layer Eu(DBM)3Phen and Tb(Sal)3Phen on
aluminium substrate

The Eu(DBM)3Phen nanofibres were electrospun on aluminium
substrate to obtain emission and excitation spectra as shown in Fig. 4
[A]. The emission spectrum of the single sheet of EDP fibre was moni-
tored for the most intense emission peak of Eu3+ at 615 nm corre-
sponding to the transition 5D0 →7F2.The excitation spectra consisted of
broad band ranging from 315 nm to 410 nm corresponding to the ab-
sorption of the DBM ligand and a small hump at 405 nm attributable to
direct excitation of Eu3+ ion. The emission spectra was obtained for
excitation wavelengths 360 nm and 405 nm corresponding to the ab-
sorption DBM and europium ion, respectively. The emission spectra
consisted of peaks at 581 nm, 593 nm and 615 nm are attributed to the
5D7→Fj (j = 0–3) transitions. From the spectrum in Fig. 4 [A], it is
observed that the maximum emission intensity yields from absorption
wavelength corresponding to DBM (360 nm) due to energy transfer from
the ligand DBM to Eu3+ [21].

The Tb(Sal)3Phen nanofibres were fabricated on aluminium sub-
strate and examined for photoluminescence spectra (PL) as shown in

Fig. 4. Excitation and emission spectra of [A] EDP and [B] TSP single layer
nanofibres placed on aluminium substrate.

Pooja et al.
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Fig. 4[B]. For the excitation spectra the emission wavelength was kept at
544 nm as it is the most intense peak corresponding to Tb3+ ion. The
excitation spectra consisted of two bands one centred on 310 nm cor-
responding to n→π* transitions of coordinated Salicylate ion. And other
centred at 350 nm due to absorption of Tb3+ ion. The emission spectra
were monitored for excitation wavelengths 310 nm and 350 nm

corresponding to absorption of salicylate anion and Tb3+. The emission
spectra consisted of peaks due to 5D4→7F6 (490 nm), 5D4 →7F5 (544 nm),
5D4→7F4 (580 nm) transitions of Tb3+ ion. The maximum emission in-
tensity was found for excitation wavelength 310 nm due to intra-
molecular energy transfer from salicylate ion to Tb3+ ion [15].

Fig. 5. Excitation spectra of [A] configuration-1 and [B] configuration-2. The emission spectra of [C] configuration-1 and [D] configuration-2 along with pictorial
representation of the configurations.

Pooja et al.
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3.3.2. Optical analysis of stacked multilayer mat
The alterations in spectroscopic properties in a multilayer system

compared to a single layer of nanofibres were examined, and the light
modulation in the different configurations of the multilayer system was
also studied. The PL spectra of the multilayer nanofibres system were
monitored, and corresponding emission and excitation spectra were
plotted. Firstly, emission was recorded for the configuration-1: the TSP
nanofibres layer was kept over the EDP layer.

The excitation spectra were monitored for emission wavelengths

544 nm and 615 nm (Fig. 5 [A], [B]). The excitation spectra for the
emission wavelength 544 were similar to single layer spectra with
characteristic band at 310 nm corresponding to the absorption of sa-
licylate ion. In the excitation spectra for configuration-2, EDP layer is
blocking significant portion of the light to reach the bottom TSP layer.
However, when the configuration is reversed i.e. TSP layer is placed on
top, the layer did not absorb significant portion of incident energy as if
we compare the absorbance of organic ligands in two layers i.e. DBM
and Sal, DBM has higher molar absorptivity (2.6 × 104 M− 1cm− 1) [22]
than the Sal (3.8 × 103 M− 1cm− 1) molecule [23,24]. For the emission
wavelength 615 nm, a broad emission ranging from 315 nm to 405 nm
was observed, corresponding π→ π* in the ligand DBM, along with a
shoulder peak at 405 nm attributed to the absorption of Eu3+ ion. The
multilayer system was subjected to all possible excitation wavelengths
to observe the light modulation through the variation in intensity cor-
responding to the ions Tb3+ and Eu3+. From the emission spectra it can
be observed that when exciting the multilayer with 285 nm yields
blue-green emission of Tb3+ and red emission of Eu3+. The maximum
yield of green blue emission of Tb3+ was observed for excitation 310 nm
and upon increasing the excitation wavelength further the blue green
emission of Tb3+ gradually decreased and red emission ascribed to Eu3+

enhanced until 370 nm. At 405 nm the spectrum consists of only red
emission due to Eu3+ ions. It was observed that at 320 nm excitation the
emission spectrum consisted of both green blue and red emission with
comparable intensities. Hence, the emission from the multilayer system
can be modulated between blue green to red colour with different pro-
portion of the two colours. Fig. 5 [A] and [C] represents the excitation
and emission spectrum for configuration-1 i.e. when TSP nanofibres
layer was on top of EDP. For this configuration, emission peaks corre-
sponding to Tb3+ and Eu3+ ions were similar to the ones obtained in

Fig. 6. Plots showing the variation of the integrated emission intensity of the
nanofibres layer in single layer and different configuration of multilayer.

Fig. 7. Photoluminescence spectra of the multilayer nanofibres of configuration-1 for [A] decreasing and [B] increasing RH (unit%); configuration-2 for [C]
decreasing and [D] increasing RH (unit%).

Pooja et al.
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configuration-2 but with an enhancement in Tb3+ ion emission intensity
(see Fig. 6).

To study the spectroscopic changes in the emission intensity of the
single nanofibre layer and the same layer when incorporated into the
multilayer system, the integrated emission intensity (peak area) of the
544 nm and 490 nm (TSP nanofibres) and the 615 nm emission peak
(EDP nanofibres) were plotted against the sample configuration
(differentiating between single layers; top layers, and bottom layers in
the multilayer system). Fig. 5 [C] and [D] illustrate the variation in
emission intensity for the TSP and EDP layers. The emission intensity of
the emissive layer (either TSP or EDP) decreases when the layer placed
below the top layer. This trend can be attributed to the multiple exci-
tations experienced by the layer. When the layer is single with an
aluminium substrate , the excitation light passes through the layer, re-
flects from the aluminium substrate, and reaches the top layer again,
causing re-excitations. This results in the highest emission intensity for
the single layer. In the multilayer system, the unabsorbed photons after
exciting the first layer, encounter the second layer. The second layer
absorbs some portion of the remaining excitation intensity subsequently
emits. The unabsorbed light from second layer and emission from seond

layers reflects back from the aluminium substrate. The single layer ex-
hibits a higher emission intensity than the bilayer system in the top
configuration.

4. Humidity sensing performance

Humidity sensing, the ability to measure and monitor the amount of
moisture in the air, is essential in various applications due to its impact
on human health, comfort, industrial processes, and more. The humidity
sensitivity of the multilayer nanofibres system was examined for both
the configurations. Both multilayer system configurations were excited
at 320 nm as both top and bottom layers emits prominently at this
common excitation wavelength. Due to significant emission at 320 nm, a
large change in the intensity of the peaks with a slight change in per-
centage Relative humidity (% RH) can observed. The usefulness of the
synthesised nanofibres as an opto-humidity sensor was tested in the
multilayer nanofibres system under different relative humidity envi-
ronments and its photoluminescence spectra were subsequently moni-
tored. Several humidity environments were established in the chamber
connected to the vacuum pump and spectrophotometer. According to

Fig. 8. The hysteresis curve for configuration-1 (left) and configuration-2 (right) for [A] 490 nm, [B] 544 nm and [C] 615 nm.

Pooja et al.
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measurements that examined the luminescence of the nanofibres mat for
a range of humidity values, the overall luminescence of the multilayer
nanofibres system decreases significantly between 10 % and 80 %
relative humidity (RH), regaining its initial value at 10 % relative hu-
midity (Fig. 7). The effect of humidity was studied for the transitions
5D4→7F6 (490 nm), 5D4→ 7F5 (544 nm) of Tb3+ ion and 5D0 →7F2 (615
nm) of Eu3+ ion. The humidity effect on the multilayer nanofibres sys-
tem was further studied by plotting the integrated peak emission in-
tensity of the multilayer system for the two possible configurations. For
both the configurations the Tb3+ ion emission peaks i.e., 490 nm and
544 nm show a gradual decrease in the Photoluminescence intensity
with increasing % RH values between 10 % and 80 % respectively and
vice-a versa. In case of configuration-01, for the RH values between 10
and 80 %, the emission intensity was significantly changed Δ~28 % (for
544 nm) and Δ~30 % (for 490 nm) giving quite good sensitivity. For
configuration-02, the change in emission intensity with RH (unit%) was
estimated to be ~8 (counts)/% RH and ~5(counts)/% RH. Considering
the variation in emission peak intensity of 615 nm (Eu3+) only a slightly
variation was noticed for the two configurations. For both the configu-
rations (01 and 02) it was observed that there was no major change in
the emission intensity of peaks of Eu3+ ions with RH (unit%).

The emission spectra of the multilayer nanofibres system was qual-
itatively examined with increasing and decreasing RH (unit %) values by
hysteresis curves. The hysteresis curves were plotted i.e. curve for in-
tegrated emission peak intensity Vs variation in RH (unit %) (for
increasing and decreasing cycles) (Fig. 8). The analysis of hysteresis
curves for the emission peaks 490 nm and 544 nm, reveals that both the

curves following the same path; while for the 615 nm, disparity was
observed at some points.

To investigate further, the humidity sensing performance curves
were plotted for each peak’s integrated emission intensities, and these
were linearly fitted. It was observed that there was a good linear cor-
relation between the highest PL intensity and the RH, implying that
static quenching is dominant [25]. Fig. 9 shows the fitted curves of the
emission peaks for the two configurations. It was observed that
configuration-1 showed better linearity between the emission intensity
of the peaks and % RH.

The ratiometric analysis of the emission peak intensities was also
obtained for the multilayer nanofibres system (Fig. 10). To assess the
humidity-sensing performance, the ratio of the Tb3⁺ emission intensity at
peaks 544 nm and 490 nm to the emission peak of Eu3⁺ (615 nm) was
calculated and plotted against relative humidity (% RH) values. This
ratio was calculated relative to the relatively stable intensity of the 615
nm emission peak, as the luminescence intensity of the 544 nm and 490
nm peaks varies significantly with % RH. In general, the linear rela-
tionship between the integrated intensity ratio and relative humidity
was observed. Hence, it can be deduced that the multilayer system can
potentially be employed for ratiometric humidity sensing purposes.
Among the two curves, the data for configuration-1 was better fitted to
the linear curve.

The investigation of the cycle stability and response recovery times
of the configuration-1 layer in the bilayer system was conducted to
assess its practical usability, as it exhibited a good linear response of

Fig. 9. Integrated peak area of multilayer system for configuration-1 (up) and
configuration-2 (down) for the emission peaks [A] 615 nm, [B] 544 nm and [C]
490 nm. Fig. 10. Integrated peak area ratio of peaks of multilayer system when

configuration-1 (up) and configuration-2 (down).

Pooja et al.
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emission intensity across different % RH values. Cycle stability refers to
the number of cycles up to which the nanofibres layer retains its lumi-
nescence intensity values. For this purpose, the nanofibres multilayer
was exposed to cycles of varying %RH from 10%RH to 80%RH and the
emission intensity was monitored. The curve was plotted for atleast 20
cycles (Fig. 11), showing major variations in the emission intensity of
the multilayer nanofibres system. To check the cycle stability of the
multilayer nanofibres layer, the emission peak intensity of the most
linearly varying peak of the spectra, i.e., 544 nm, was plotted. The
emission intensity does not vary significantly , thereby confirming the
good cyclic stability of the multilayer nanofibres system.

Response and recovery durations may be ascertained by executing
gradual variations to the RH and rapidly acquiring emission spectra at
different time intervals until the emission intensity and wavelength stay
constant. In situ, emission intensity (544 nm) was continuously observed
until the emission intensity became constant for both increasing and
falling RH values from 10 % to 80 % and 80 %–10 %, respectively, in
order to quantify the response and recovery time dynamic. The intensity
of the nanofibres in the vacuumed chamber (10 % RH) was measured to
determine the response time. Further, humidity was introduced into the
chamber via the pump to achieve 80 % RH values. The duration of this
process was recorded until the emission intensity stabilised, which was
determined to be 35 s. The chamber was then vacuumed once more in
order to achieve a humidity level of 10 % RH. The recovery period,
which was discovered to be 52 s, was measured from the moment the
emisison intensity value became constant (Fig. 11). We keep the samples
for more than one year to monitor any degradation in mat surface
quality and emission characteristics under laboratory conditions. We do

not find any obvious degradation either in the quality of the mat or any
significant change in the emission intensity of the layers. However, due
to the deposition of dust and air content, a mild surface-colour variation
was observed. We expect the PVA mats to be durable when kept in closed
or low-humidity environments. However, considering the ambience
sensitivity of PVA towards humidity, it may degrade in an open envi-
ronment, which is expected for long exposure.

The humidity sensing mechanism of the nanofibre layer was pro-
posed on the basis of previous studies [7,26,27]. Because of the PVA
polymer’s hydrophilic nature, the PVA molecules are prone to interact
with environmental water molecules more effectively. In addition, the
large surface area of nanofibres for adsorption enhances the RH
responsiveness. For the case of the lanthanide complex in PVA nano-
fibres, the primary cause of the reduction in emission is the rise in
non-radiative relaxation brought on by higher humidity. The presence of
high –OH content in the lattice induced higher non-radiative relaxation
and cross-relaxation probability [28]. Notably, the Tb3+ and Eu3+ ions
are enriched with large number of closely spaced energy levels, which
facilitate the non-radiative cross-relaxation through transitions:
5D3(Tb3+) + 7F6(Tb3+) → 5D4(Tb3+) + 7F0(Tb3+) [29] and 5D1(Eu3+) +
7F0(Eu3+)→5D0(Eu3+) + 7F1(Eu3+) [30] under suitable lattice phonon
absorption.

5. Conclusions

A single layer and multilayer Tb(Sal)3Phen and Eu(DBM)3Phen
incorporated PVA nanofibres were successfully fabricated. A good
aspect ratio of the synthesised nanofibres (diameter ~273 ± 1.25 nm
and ~148 ± 1.22 nm and length >1 mm for TSP and EDP, respectively)
was reported. The emission intensity of the bilayers of nanofibres are
found to be function of different layer configurations, leading to sig-
nificant alteration in overall colour perception. The bilayer nanofibres
system was reported having dual properties i.e. colour modulation and
humidity sensing. The multilayer nanofibres showed excitation wave-
length dependent colour modulation properties. Excitation wavelength
and configurational scheme based colour modulation varying from blue
green to red colour was observed. The emission intensity and intensity
ratios (544nm/615 nm) linearly varied with RH. Results suggest that the
bilayer nanofibres could be a suitable candidate for flexible fluorescent
ratiometric moisture sensor. The opto-humidity response of bilayer
nanofibres demonstrates a good optical response between relative hu-
midity values of 10 % and 80 %. The bilayer nanofibres displayed
acceptable response (35 s) and recovery durations (52 s) with good
negligible hysteresis, and cyclic stability.
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