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1. Introduction

Effects of UV irradiation on the structural and
optical properties of epoxy/dysprosium
nanocomposite sheets for possible UV dosimetry
and optoelectronic applicationsy

Shittu Abdullahi, @ *2® Ahmed Alshahrie,*® Aznan Fazli Ismail®® and Numan Salah @ *<

The exceptional properties of epoxy polymers are well-known because of their insulating properties,
chemical resistance, and mechanical strength. Positioning them as favorable polymers compared to
other polymers. But, despite these exceptional properties, epoxy materials have disadvantages, including
brittleness and susceptibility to oxygen and UV light. To minimize these limitations and test the potential
applications of epoxy polymers in UV sensing, we incorporated dysprosium ions (Dy**) into the epoxy
matrix using a simple chemical route by employing ethanol as a suitable solvent for both materials. The
sheets were characterized using multiple techniques, including SEM, XRD, Raman, and PL. Using this
technique, we achieved a PL emission enhancement up to 17 times that of pure epoxy and improved UV
stability. Epoxy/Dy nanocomposite sheets showed sharp PL peaks with increasing Dy** ion
concentrations, besides minor shifts in the PL emission peak centers, indicating possible tuning of the
optical properties of the epoxy. The epoxy sheets containing 1% of Dy3+ ions were further exposed to
UV light for different exposure times. The PL emission intensities of the irradiated sheets exhibited
changes, including variations in peak position and FWHM of the spectra, with increasing UV exposure
time. Additionally, the UV sensitivity in the nanocomposite sheets was found to be significantly improved.
The linearity of these sheets' response was investigated using linear regression analysis, yielding a high
adjusted R? of greater than 98%. This high R? confirmed their excellent linearity response, as well as their
long-term PL intensity stability, retaining over 50% of the PL intensities after one month of irradiation.
Therefore, the drastic increase in PL emissions due to the presence of Dy** ions in epoxy sheets, the
linearity of the response, and the long-term stability of PL intensity, in addition to the reproducibility of
the signals over a long time, validate the potential of these sheets for UV sensing and other
optoelectronic device applications.

highly abundant, making them advantageous for use in rein-
forcing nano/micro composites and matrices."* Nevertheless,

Thermosetting polymers, including epoxy resins, have a wide
range of applications. However, their exceptional flexibility,
strength, corrosion resistance, and electrical resistance make
them particularly suitable for use in adhesives, insulation,
coatings, and even electronics. Furthermore, as already
mentioned, epoxy resins are low in cost and their production is
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epoxy resins are not without their shortcomings, as they are
highly susceptible to environmental exposure. Factors such as
oxidation, ultraviolet light, and oxygen exposure lead to degra-
dation of the resin's mechanical properties. Other disadvan-
tages, such as high flammability, brittleness, and low thermal
resistivity, are also disadvantages of epoxy resins."*>*® Ironically,
the UV light tends to solely affect the surface layer of the epoxy
resin, which can be desired in some situations, as it allows the
underlying strength of the polymer to remain intact.>”*

In the automotive, marine, construction, and even aerospace
industries, lightweight yet strong mechanical parts are always
essential, and that's where epoxy comes as an ideal solution. Its
strength allows for use in mechanical parts, while its low weight
allows for overall weight reduction.® Furthermore, the ability of
epoxy resins to withstand extreme environmental conditions
makes them perfect for use in sealants, coatings, and adhesives
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as well. In the electronics domain, the use of epoxies is attrib-
uted to their low dielectric constant and high dielectric
strength, which enables their application in the encapsulation
of high-voltage and high-frequency LEDs and PCBs. Further-
more, epoxy resins are also used to repair and strengthen
concrete structures and steel structures, as they offer anticor-
rosion and anti-wear benefits.'® Additionally, owing to excellent
stiffness and mechanical properties, durability, and weight,
epoxy materials have become indispensable for the reinforce-
ment of electric vehicles, airplanes, sports equipment, and wind
turbine blades.

The incorporation of dysprosium (Dy) ions into the epoxy
matrix may enhance its optical properties, particularly in terms
of photon emission and radiation response. Dysprosium is
a lanthanide element that possesses a +3 oxidation state, sharp
emission lines, and high luminescence efficiency under UV
light." Different lanthanides also emit various colors, like Tb
ions emitting green, Tm ions emitting blue, Eu ions emitting
red, and Sm ions emitting orange in the visible light spectrum.
In contrast, others, such as Dy, Pr, Yb, Er, Ho, and Nd, primarily
emit in the near-infrared region. Lanthanides emit single-
wavelength light, have long luminescence lifetimes, narrow
emissions, high color purity, excellent paramagnetic reaction,
and significant Stokes shifts."** Because of these characteris-
tics, they are ideal for use in laser materials, solar concentrators,
organic light-emitting diodes, and UV dosimetry devices.'*>%

The addition of dysprosium ions (Dy) into certain organic
compounds, such as epitaxy, results in improved optical char-
acteristics of the materials, enabling them to be used for better
technology. For example, the absorption bands of Dy-doped
epoxy resins are unique because they correspond to the Dy
transitions and are strong photoluminescent emitters, effective
in the infrared region for optoelectronic devices and UV
dosimetry. Recent experiments have revealed that the addition
of Dy ions, in combination with Eu ions, to a phosphor matrix
(SrAl,0,) in PMMA and other polymers significantly increases
the duration of phosphorescent afterglow. This change
enhances material stability under UV light, making it more
suitable for solid-state lighting applications. Moreover, in the
form of epoxy, Dy ions have proven to retain intrinsic lumi-
nescent properties when sealed in polymer matrices, which
indicates the ability to develop high-efficiency and long-lasting
UV-responsive materials.’*** Therefore, incorporating Dy ions
into epoxy could enhance its properties by making it more
responsive to UV radiation, thereby enhancing its effectiveness
as a UV dosimetry device. Polymers, including epoxy, are typi-
cally damaged by UV light due to chain scission, resulting in
a reduction in molecular weight and changes in mechanical
properties such as strength.”” The introduction of Dy ions
within an epoxy matrix could alleviate such effects by manipu-
lating light emission characteristics and thus potentially mark
an improvement on traditional UV dosimeters. It is important
to note that there are no markers in the literature on the effects
of UV irradiation on Dy-containing epoxy sheets used for radi-
ation dosimetry. That is why it is important and interesting to
study how UV radiation affects the chemical and optical prop-
erties of Dy-doped epoxy resins.
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To the best of our knowledge, this study is the first to explore
the combined structural and optical effects of UV irradiation on
epoxy sheets doped with Dy*" ions. We demonstrate a signifi-
cant enhancement in photoluminescence up to 17 times that of
pure epoxy, as well as tunable emission properties and excellent
linear response under UV exposure. These findings introduce
a promising new class of low-cost, UV-sensitive nanocomposites
with potential applications in optoelectronics and radiation
dosimetry, areas where such polymer-based systems remain
underexplored.

2. Materials and methods
2.1 Materials

The following materials were used in this research: glass slides,
DyCI3 powder, ethanol (EtOH), epoxy resin, and hardener
(REPCON IR), as well as pipettes. The epoxy resin and hardener
were supplied by Construction Materials Chemical Industries
(CMCI), Dammam, Saudi Arabia, which has a low viscosity of its
products. DyCl3 was purchased from Sigma Aldrich with
a purity of more than 98%. The ethanol used in the experiments
was also purchased from Sigma Aldrich. The instruments used
in this study include a water bath sonication machine (BRAN-
SON ULTRASONICS SERIES 3510R-DTH), with an output of
100 W and an operating frequency of 42 kHz + 6%, which is
from the USA; an electric furnace; and an AREC heating
magnetic stirrer (VELP SCIENTIFIC) with a digital display for
timing and temperature control.

2.2 Method

To prepare the epoxy sheets, a 60 minutes degassing process
was used to remove air from a 20 mL epoxy resin and 10 mL
ethanol mixture, resulting in the creation of the epoxy sheets.
The mixture received 10 mL of hardener after degassing and
was stirred for 10 minutes. The solution required for this
process was poured onto glass slides that underwent a cleaning
process using deionized water, followed by methanol and
acetone. To incorporate Dy ions into the epoxy matrix, DyCI3
was dissolved in 10 mL of ethanol and subjected to sonication
for 1 hour. We kept the solution stirred with a magnetic stirrer
for 2 hours. We mixed the hardener with the epoxy after one
hour of degassing and manually stirred for 10 minutes. We then
applied the solution to glass slides by drop casting. We left the
nanocomposite sheets to dry at room temperature for 24 hours
before placing them in a 70 °C furnace for 5 hours, as shown in
Fig. 1. The prepared nanocomposite sheets were then stored in
the laboratory before the irradiation process. The nano-
composite sheets were prepared containing varying weight
percent (wt%) of Dy using DyCl; corresponding to the total mass
of epoxy resin and hardener. The weight percents of DyCl;
considered are 0.1 wt%, 0.5 wt% and 1 wt%, respectively.
Therefore, for simplicity, these percentages are written in the
manuscript as 0.1%, 0.5%, and 1%, respectively. Furthermore,
to reduce the hygroscopic effect of DyCl; and minimize the
possibility of water absorption or hydrolysis during preparation,
the DyCl; powder was dissolved in ethanol immediately after

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Preparation of epoxy/Dy nanocomposite sheet.

opening. The solution was then sonicated and stirred in
a covered container to limit exposure to air and moisture. We
also degassed the epoxy-ethanol mixture before adding the
hardener, which helped remove any trapped air or residual
moisture. The curing temperature of 70 °C was deliberately kept
moderate to avoid thermal decomposition or formation of
DyOCl. Although we did not specifically analyze for residual
water or hydrolysis products, the preparation steps were care-
fully controlled to ensure uniform dispersion of Dy ions and
reduce any influence on the optical properties of the
composites.

2.3 UV irradiation of nanocomposite sheets

The SPDI UV Exposure Lab Chamber model 800.977.7292
delivered high-intensity UV light to nanocomposite sheets
made from pure epoxy and epoxy mixed with Dy. The sheets
were positioned 10 cm from a 160 W light source with an irra-
diance of 127 mW cm ™ for testing. Irradiation was conducted
for different exposure durations, with the samples receiving 1,
2, 5, 10, and 20 minutes of UV radiation treatment.

2.4 Characterization of nanocomposite sheets

We studied both pure epoxy sheets and their nanocomposite
variations before and after UV irradiation through multiple test
methods. A JSM-7500 JEOL system, operating at 10.0 kV,
analyzed the surface details of our samples using Scanning
Electron Microscopy (SEM). A DXR micro-Raman system with
532 nm laser excitation and a 10 mW source power was used to
examine the material vibrations through Raman Spectroscopy.
An X-ray diffractometer, Rigaku Ultima-IV, originally from
Japan, was used to determine the crystalline structure of the
nanocomposite sheets. The setup was equipped with a parallel

© 2025 The Author(s). Published by the Royal Society of Chemistry

beam and a thin-film attachment. To run the system, a current
of 30 mA and a voltage of 40 kV were required. The period was
0.05°, and 26 was in the range of 10° to 80°. The method also
used Cu Ko as a source with a wavelength of 1.5418 A, a step
time of 2 seconds, and an incidence radiation angle of 1°. The
photoluminescence (PL) spectrum was investigated using an
RF-5301PC Spectrofluorophotometer (Shimadzu, Japan), with
an emission wavelength range of 400 to 700 nm and an excita-
tion wavelength of 380 nm. Moreover, measurements were
taken via fast scanning speed mode with identical excitation
and emission slit widths of 5 nm to ensure high-quality and
accurate emission intensities.

3. Results and discussion

3.1 Surface morphology of the pristine epoxy and epoxy/Dy
nanocomposite sheets

Fig. 2(a) and (b) show the surface morphology of the sheet at
different magnifications. The surfaces illuminated in these
images at the specific magnification appeared to be pure and
even. However, when Dy ions were introduced into the epoxy
sheet at varying concentrations, there was a big difference in the
surface morphology, as seen in Fig. 3. Specifically, Fig. 3(ai) and
(aii) present the surface morphology of the epoxy sheet solely
containing 0.1% Dy ions. These images demonstrate a charac-
teristic pattern composed of many micro-sized particles.
Fig. 3(bi) and 3(bii) show different patterns of micro-sized
particles for the sheet with 0.5% Dy ions. In this case, we
notice that they are more than in the 0.1% Dy sample. Finally,
Fig. 3(ci) and 3(cii) are the only images that show the surface
morphology of the epoxy sheet with 1% Dy ions, which appears
completely different, with both the size and distribution of
micro-sized particles being unique.

RSC Adv, 2025, 15, 26567-26582 | 26569
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Fig. 2

x 15,000

(a) and (b) SEM images of epoxy sheets at different magnifications.

Fig. 3 SEM images of epoxy sheets containing different concentrations of Dy ions: (ai) and (aii) 0.1% Dy, (bi) and (bii) 0.5% Dy, and (ci) and (cii) 1% Dy.

The micro-sized particles seen on the nanocomposite sheets
were within different specified size ranges: 0.1% Dy ions were
sized in the range of 108-476 nm, 0.5% Dy ions were sized in the
range of 99-352 nm, and 1% Dy ions were sized down to 81-
244 nm. Also, the mean particle sizes of respective sheets were
determined to be 229 4+ 99 nm, 207 £+ 78 nm, and 167 + 40 nm.

26570 | RSC Adv, 2025, 15, 26567-26582

It should be said that as the concentration of Dy ions in the
nanocomposite is increased, the particle size is slightly
reduced. This observation implies that the rise in Dy ion
concentration is the cause of a more homogenized and larger
size distribution of particles on the surface of the epoxy sheet.
Although some aggregation and wuneven dispersion are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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observed, especially at lower Dy content, these effects appear to
diminish as the Dy concentration increases, leading to better
distribution and reduced particle size. This improved uniformity
may positively influence the material's functional properties.
There are no marked differences in either the length of the SEM
images of the epoxy sheet and epoxy/Dy nanocomposite under
UV irradiation or surface appearance and structural integrity in
comparison to the sheets that were not irradiated. This means
that the UV exposure time for both the epoxy and the nano-
composite sheet has no significant impact on them. Neverthe-
less, despite the absence of any variations in the SEM images, it is
essential to emphasize that UV irradiation did cause the molec-
ular structure and PL properties of the epoxies to change at
a molecular level. These minute but significant shifts will be
further discussed in the following sections of the results.

3.2 X-ray diffraction pattern of pristine epoxy and epoxy/Dy
nanocomposite sheets

XRD study highlights the significant impact of Dy ions on the
crystalline structural properties of epoxy-based nanocomposites,
even at low dopant concentrations. The diffraction patterns of
a pure epoxy sheet and Dy-doped composites (0.1%, 0.5%, and
1% Dy) were recorded at room temperature and are presented in
Fig. 4. The pure epoxy sheet exhibited an amorphous nature, as
indicated by the absence of sharp diffraction peaks. It confirms
earlier observations by previous authors who ascribed the
amorphous nature of the epoxy to its molecular structure, hence,
after curing, leading to the formation of permanent and glassy
structures with no crystallization behavior due to the three-
dimensional network formed between the monomer and hard-
ener.”® This was not the case for nanocomposites with varying
percentages of 0.1%, 0.5%, and 1% Dy, which showed some
prominent diffraction peaks indexed using the JCPDS card
number 22-0612, matching earlier work done by.>**” These peaks
correspond to the Dy cubic phase. They are even present at low
levels of Dy, indicating that Dy ions tend to form crystalline
phases inside the epoxy matrix, in agreement with similar studies
performed on polymer matrices.”>** Notably, three diffraction
peaks (411), (440), and (444) appear in both the 0.5% and 1% Dy-
doped samples but are absent in the 0.1% Dy-doped sample and
the pristine epoxy, indicating a threshold concentration for the
formation of these specific Dy-rich crystalline planes. Addition-
ally, two other diffraction peaks (400) and (631) are observed
exclusively in the 1% Dy-doped sample. These peaks do not
appear in the lower Dy concentrations, suggesting that their
formation requires a higher Dy ion concentration to promote
sufficient crystallization along those planes. This progression of
peak appearance with increasing Dy content strongly supports
a concentration-dependent nucleation and growth mechanism,
where higher Dy levels facilitate the formation of more defined
and diverse crystalline orientations within the nanocomposite.
The relative intensity of specific reflections also varies with
Dy concentration. For instance, the (431) peak reaches
maximum intensity at 0.5% Dy but diminishes slightly at 1%,
while the (622) and (611) reflections exhibit a different trend,
reduced intensity at 0.5% Dy, which then recovers at 1%. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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non-monotonic behavior may be attributed to the dual role of
Dy ions: at intermediate concentrations, they may disrupt local
ordering, whereas at higher concentrations, they facilitate more
extensive crystalline clustering. Note, these additional peaks are
consistent with those indexed in the cubic Dy,0; phase (JCPDS
22-0612), confirming the crystallographic assignment.

Similar observations have been reported in both polymer-
based and oxide systems, particularly involving lanthanides.
For example, TiO, doped with different concentrations of Dy,0;
exhibited a phase transition from rutile to a Dy-rich secondary
phase that only emerged at higher dopant levels. This transition
was marked by the appearance of new diffraction peaks that
were not present in the pristine TiO, ceramics, indicating the
formation of distinct crystalline domains.® In another study,
Y,0; nanoparticles embedded in a polypyrrole (PPy) matrix
showed additional diffraction peaks at the (440) and (622)
planes only after doping. In contrast, some existing peaks dis-
appeared, further supporting the role of dopants in modifying
crystallinity.® Similarly, Dy,0;-doped TiO, nanoflowers
revealed new peaks around 27.3° and 38.8°, which were absent
in the undoped material and became more prominent with
increasing Dy content, highlighting the formation of secondary
crystalline phases.*® PEI-capped Dy,0; nanoparticles also dis-
played distinct peaks indexed to the cubic Dy,0; phase, which
were not observed in the amorphous polymer matrix, confirm-
ing that these peaks originate from the dopant crystallites
rather than the host matrix.>* Likewise, the study by Moreno
et al. (2023) on the green synthesis of Dy,0O; nanomaterials re-
ported characteristic peaks corresponding to the cubic phase,
lending further support to the emergence of well-defined Dy-
rich crystalline structures, especially at higher doping levels.*?
Therefore, the additional XRD peaks observed in our epoxy/Dy
nanocomposite sheets are consistent with these earlier find-
ings. Although new peaks emerge with increasing Dy content,
the overall pattern remains indexed to the cubic Dy,O; phase.
This suggests that while the dopant enhances crystallinity and
promotes the development of specific orientations, the funda-
mental crystalline structure is retained within the composite.

Most diffraction peaks exhibit a shift toward higher diffrac-
tion angles (26) with increasing Dy concentration, indicating
lattice contraction or strain resulting from Dy incorporation.
Peak broadening is also observed with higher Dy content,
consistent with a reduction in crystallite size. The average
crystallite sizes calculated using the Debye-Scherrer equation
were 23.57 £ 4.98 nm for 0.1% Dy, 14.82 &+ 0.65 nm for 0.5% Dy,
and 13.60 + 1.37 nm for 1% Dy. This decrease in crystallite size
with increasing Dy content aligns well with the nanoparticle
sizes observed in the SEM images, supporting the overall trend.
The term “crystallinity” here refers to the appearance and
growth of crystalline Dy,0; phases within the amorphous epoxy
matrix. We do not suggest that the epoxy itself becomes crys-
talline, but instead that the addition of Dy introduces well-
defined crystalline regions that influence the structural and
optical properties of the composite. This behavior is consistent
with previous findings on Dy-doped materials, where such
dopants enhance both structural features and functionalities,
such as luminescence and UV sensitivity."**

RSC Adv, 2025, 15, 26567-26582 | 26571
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Fig.4 XRD patterns of the pure epoxy sheet (a), and its nanocomposite sheets containing various concentrations of Dy ions: 0.1% Dy (b), 0.5% Dy

(c), and 1% Dy (d).

3.3 Molecular fingerprint of the pristine epoxy and epoxy/Dy
nanocomposite sheets

Raman analysis investigates the molecular structure and
chemical composition of the epoxy and epoxy/Dy nano-
composite sheets. Fig. 5(a) presents the Raman spectra of both
samples, showing different vibrational modes corresponding to

26572 | RSC Adv, 2025, 15, 26567-26582

the various molecular parts of the epoxy and epoxy/Dy nano-
composite sheets. In the Raman spectrum of epoxy, peaks at
637, 824,1113, 1184, and 1235 cm ™ * are assigned to epoxy ether
bonds, C-O-C, and C-C bonds within its backbone,**¢ and
aromatic stretching mode at 732 cm™".>*%” The peaks at 1298
and 1433 cm " indicate asymmetric aryl alkyl ether vibrational
mode (C-O-C) and C=C linkages within the aromatic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Characterization of pristine epoxy sheets containing different concentrations of Dy ions: (a) Raman spectra of epoxy/Dy sheets and (b) PL

emission spectra of epoxy/Dy sheets.

structure.®»** The peaks at 1471, 2873, 2933, and 2973 cm ™"
correspond to the symmetric and asymmetric stretching modes
of CH, and CH; units, whereas the peak at 1610 cm™! corre-
sponds to the ring stretching mode.***** The peak at 3068 cm "
is due to the aromatic C-H stretching mode.*® In the case of the
epoxy/Dy nanocomposite, the Raman peaks at 534 cm™ ' and
744 cm™ " have been assigned to Dy-O and Dy-Cl stretching
modes,* respectively.

However, these peaks were also observed for the pure epoxy
sample, and thus, a possible spectral overlap cannot be
excluded. To clarify the peak assignment, energy-dispersive X-
ray spectroscopy (EDS) was performed using the SEM system.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The EDS analysis confirmed that the pure epoxy consists of
carbon and oxygen, while the nanocomposite also contains Dy
in addition to carbon and oxygen. Chlorine (CI) was not detec-
ted in either sample. Consequently, it was unequivocally
ascertained that the aromatic stretching mode- and not Dy-Cl,
as mentioned by some works in the literature corresponds to
a Raman peak at 732 cm™ ">

Although the Raman spectral shifts are relatively minimal,
the variation in Raman peak intensities and the full width at
half maximum (FWHM) as a function of Dy ion concentration
reveals key insights into defect formation and the structural
perturbations introduced by Dy doping. In this respect, the

RSC Adv, 2025, 15, 26567-26582 | 26573
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Raman intensities of the epoxy/Dy nanocomposite were
increased at Dy ion concentrations of 0.1 and 0.5%. In
comparison, the decrease was considerable at 1% Dy ions,
possibly due to defect formation resulting from the excess Dy
ions. Such intensity modulation is often indicative of changes
in local order and symmetry, even in the absence of significant
shifts in peak position. Besides, it seems that the FWHM of the
Raman spectra is less sensitive to the Dy ions concentration. In
this respect, the values of FWHM for nanocomposite sheets are
21.23, 21.81, and 22.64 cm™* for 0.1%, 0.5%, and 1% Dy ions,
respectively. With an increase in the concentration of Dy ions,
the FWHM value increases gradually; this may be due to the
defects created by the excess amount of Dy ions in the nano-
composites. Additionally, the slight broadening observed with
increasing Dy content may reflect enhanced phonon scattering
due to increased structural disorder.*"**

Importantly, the novelty of this analysis lies in our integra-
tive approach that combines Raman spectroscopy with EDS and
XRD techniques to confirm the presence of Dy, clarify ambig-
uous peak assignments, and detect subtle structural modifica-
tions in the polymer matrix. To our knowledge, this synergistic
use of vibrational and compositional analysis to assess defect-
related changes in epoxy/Dy nanocomposites has not been
previously reported.

3.4 PL emission spectra of the pristine epoxy and epoxy/Dy
nanocomposite sheets

Fig. 5(b) shows the PL emission spectra of the pristine epoxy sheets
and the sheets of the epoxy/Dy nanocomposite. The PL spectrum
for the pristine epoxy sheet is a broad peak centered at 459 nm
with a FWHM of 98 nm. In contrast, Dy-doped epoxy sheets
showed emission peaks at the center of 445 nm, 446 nm, and
453 nm for Dy ion concentrations of 0.1%, 0.5%, and 1%,
respectively, with FWHM values of approximately 76 nm, 77 nm,
and 88 nm. The addition of Dy ions significantly affects the
emission profile of epoxy due to the change in intensity, peak
position, and FWHM. It can be observed that as the Dy ion
concentration increases, the PL emission intensity increases
considerably. For example, whereas the intensity of the pristine
epoxy sheet is about 63, the addition of 0.1% Dy increases the
intensity by a factor of about 5, increasing further to nearly 11 and
17 times the initial intensity for 0.5% and 1% Dy, respectively. This
indicates an increased area under the emission spectrum with
a higher Dy concentration, which represents the enhanced light
emission. Most interestingly, FWHM decreases from 98 nm for the
pure epoxy sheet to a value of 76 nm at 0.1% Dy, which depicts the
reduction of emission broadening. Upon further increasing the Dy
concentration, FWHM slightly broadened to 88 nm for 1% Dy,
which, even then, was not as wide as the FWHM of the pure epoxy
sample. This narrowing reflection would suggest the development
of defects or carrier transfer inside the epoxy matrix, which results
in increased PL intensities.*™°

Furthermore, the red shift in emission from 459 nm for pure
epoxy to 445-446 nm at Dy concentrations has been observed,
indicating that Dy ion incorporation allows for tuning of light-
emission properties. The shifting in the PL peak position may
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also be related to morphological changes; SEM images also
showed that, although the surface of pristine epoxy was smooth,
Dy-doped sheets showed uniform distributions of particles in
the sheets. This would mean partial interaction of epoxy with
the Dy ions. In most inorganic compounds, Dy ions usually
exhibit two important emission bands at about 380 nm (blue-
violet) and 575 nm (yellow), ascribed to transitions within
Dy’ (namely, “I;5,, — ®Hg, and *Fo;, — °Hysj). These bands
may be shifted or broadened in organic hosts, such as epoxy or
PMMA, due to interactions with the organic matrix. These
organic matrices have different dielectric properties and more
complicated bonding environments than inorganics, which
changes the local symmetry and electronic surroundings of Dy
ions, modifying their emission characteristics.**

The band gap and excitation wavelength of Dy-doped organic
nanocomposites can also shift. Since organic hosts, such as
epoxy, usually have a larger band gap compared to inorganics,
the excitation energy may increase, and energy transfer path-
ways to Dy ions may change. These effects can reduce Dy exci-
tation efficiency or shift emission peaks since the organic
ligands modify Dy's luminescence properties. For instance, Dy-
doped epoxy systems show different PL features compared with
inorganic ones, and in most cases, a change in the excitation
wavelength is needed to get the best luminescent perfor-
mance.””* Finally, the nature of the host matrix has often been
identified as decisive in defining the optical features of Dy-
doped nanocomposites. The host matrix acts on the lumines-
cence efficiency, on the emission wavelength, and therefore on
the overall resulting optical output. Additionally, the observed
enhancement in PL intensity is attributed to the luminescent
nature of Dy*" ions, which act as efficient activators by intro-
ducing new radiative recombination centers within the epoxy
matrix. The interaction between Dy ions and the host modifies
the local environment and promotes energy transfer from the
host to the Dy centers, leading to intensified emission.****

3.5 Effects of UV irradiation on epoxy composite sheets

3.5.1 Effects of UV exposure on Raman spectra of epoxy
and epoxy/Dy nanocomposite sheets. In this study, the changes
in molecular structure and chemical composition of a sheet of
neat epoxy and Dy ion nanocomposites (1% Dy) were investi-
gated after exposure to UV-light irradiation, and their Raman
spectra were compared using Raman spectroscopy. Fig. 6(a)
shows the variation of the Raman spectra of the epoxy sheet
after UV treatment, which included a shift in the spectrum and
the disappearance of some peaks. As observed from this figure,
with an increase in the time of exposure to UV, there is
a systematic increase in Raman intensity, indicating that more
prolonged UV exposure would introduce larger molecular
changes. Thus, the disappearance of Raman peaks at 637 cm ™,
1235 cm ™', and 2933 cm ™' corresponding to the breaking of
epoxy ethers with bonds involving C-O-C, C-C, and C-H has
vanished after 20 minutes, which depicts the breaking of the
bonds mentioned above.**"**

The Dy** ions containing a nanocomposite sheet after
exposure to UV light were taken for a Raman spectrum, shown
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Fig. 6 Raman spectra of UV irradiated sheets containing Dy ions: (a) epoxy sheets and (b) epoxy/Dy sheets.

in Fig. 6(b), which evidences the increase in Raman intensity
due to an increased number of -OH radicals upon increased
time exposure. By and large, the peak at 637 cm™" is found
depleted within an irradiation period of the teensy and remains
completely until it reaches 20 min. Analogous to its pure epoxy
nanosheets, peak 2933 cm ' had disappeared entirely at and
beyond 20 min duration of UV irradiation. The implications of
the observations are explanations of how the integrity of the UV
light affects epoxy matrices, especially how Dy ions can influ-
ence the same induced changes. Generally, the changes of the
Raman spectrum between an irradiated and pristine epoxy
sheet imply a change in the molecular structure of such

© 2025 The Author(s). Published by the Royal Society of Chemistry

material in response to UV exposure. The Raman spectrum
provides information on the vibrational modes of the material's
molecules; thus, it follows that when the peaks shift in position,
increase in intensity, or vanish, some action may be taking place
with the chemical bonds in the material.

These can be the possible implications for disappearing
Raman peaks in the case of both irradiated epoxy sheets and
nanocomposite sheets with Dy ions: (i) Raman peaks corre-
sponding to disappearing bands correspond to certain molec-
ular bonds like C-O-C-epoxy ether bonds, C-C, and C-H.
Disappearing indicates that these are breaking down. The
breakdown can thus indicate the chemical degradation of
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epoxy. (ii) The molecular bonds that are affected by UV exposure
contribute not only to the chemical composition but also to the
material's mechanical properties. The degradation of these
bonds could therefore lead to reduced strength, elasticity, and
resilience in the epoxy and in the nanocomposite material. (iii)
In cases where materials are exposed to the outdoors or even to
UV in applications, the stability of their molecular structure is
highly relevant. Changes in the Raman spectra recorded may
correspond to poorer wear resistance, durability, and longevity
performances. (iv) The presence of Dy ions in the nano-
composite might indicate some interaction with UV light that

View Article Online
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may interfere with the rate of degradation. For example, the
637 cm™ ' peak completely disappeared after only 5 min of UV
exposure in the nanocomposite sheet containing Dy ions, which
may suggest that the presence of these ions accelerated the
degradation process.

3.5.2 Effects of UV exposure on PL emission spectra of
epoxy and epoxy/Dy nanocomposite sheets. This study investi-
gates the impact of UV irradiation on PL emission from an
epoxy sheet and its nanocomposite doped with 1% Dy ions. PL
emission spectra for the pristine sheets, as well as those after
UV irradiation, are presented in Fig. 7, obtained using a PL
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Fig. 7 PL emission spectra of UV irradiated sheets containing Dy ions: (a) epoxy sheets and (b) epoxy/Dy sheets.
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spectrophotometer. Specifically, Fig. 7(a) shows the variations
of PL spectra of the pristine epoxy sheet before and after
exposure to UV light. Amongst the changes observed due to UV
exposure are spectral shifting, FWHM variation, and PL emis-
sion intensity variation. The emission peak of the pristine PL
emission was at 459 nm and shifted to 481 nm after 2 min UV
light exposure. After 20 min of UV exposure, a PL position
shifted to 476 nm was then produced. FWHMs were also found
to decrease with time. Still, the intensity vs. time and its related
integrated area over the PL-spectra increased with increasing
UV irradiation exposure time in systems. Fig. 7(b): in an epoxy/
Dy nanocomposite, the PL spectra change in much the same
way, while PL position continuously shifts with changing
exposure time in UV light, varying systematically from 453 to
472 nm in 20 min UV irradiation; FWHM declines corre-
spondingly in epoxy/Dy sheets as time prolongs. Simulta-
neously, the PL intensities and the integrated area of the PL
emission spectrum decreased systematically with increasing
irradiation time.

The light emission tuning can be induced by irradiating
epoxy sheets and epoxy/Dy nanocomposite sheets with UV light
for different durations. Both epoxy and epoxy/Dy sheets
demonstrated a significant green shift in the center position of
their emission intensities, with wavelength shifts of approxi-
mately 17 nm and 19 nm, respectively. These shifts indicate the
strong potential for tuning light emission through UV exposure.
UV irradiation also sharpened the PL emission spectrum of the
epoxy sheet, as evidenced by the systematic decrease in FWHM
values over time. This increase in sharpness also favorably
enhanced PL emission intensities and the integrated area of the
PL spectrum of the epoxy sheets. In contrast, the slight varia-
tions in FWHM of the epoxy/Dy sheet may have a significant
effect on the PL intensities and the integrated area of the PL
spectrum, inducing a systematic decrease in both. Given this,
the results of this study provide insight into the effects of UV
light exposure on the PL properties of epoxy sheets and epoxy
nanocomposites containing 1% Dy ions. The changes in PL
spectra, such as shifts in emission peaks, changes in FWHM,
and variations in intensity, thus obtained, become highly rele-
vant for various applications of this material in optoelectronic
devices and radiation dosimetry.

In other words, due to UV exposure, the PL emission spec-
trum of the epoxy sheets shifted from 459 nm to 481 nm after 2
minutes and slightly to 476 nm after 20 min, indicating that
some dynamic interaction of UV light with the epoxy matrix is
present, probably involving photoinduced chemical modifica-
tions or structural rearrangements within the material. This
initial redshift, followed by a slight blueshift, can be explained
by the formation of new emissive states during early exposure,
which gradually reorganize or degrade under prolonged irradi-
ation. In contrast, the epoxy/Dy nanocomposite shows
a steadier and continuous redshift throughout the UV exposure
period. This suggests that the Dy ions may help stabilize the
emission environment and prevent significant structural
changes, leading to a more uniform spectral shift over time. The
summary of the PL peak positions and FWHM of the pure epoxy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 UV irradiation time, PL peak position, and FWHM of pure
epoxy and epoxy hanocomposite containing 1% Dy ions

Irradiation time (min) PL peak position (nm) FWHM (nm)
Pure epoxy sheet

0 459 + 3 97.5+ 1.5
1 469 + 8 84.6 +2.4
2 481 + 12 89.3 £ 2.1
5 473 £5 83.9 +1.7
10 474 + 7 82.4 +1.8
20 476 £ 4 84.1 + 0.8
Epoxy/Dy nanocomposite sheet

0 453 £ 5 87.5+ 1.1
1 467 + 10 79.8 £ 1.7
2 469 + 6 79.4 £ 1.5
5 470 £ 3 789 +1.3
10 471+ 4 80.1 + 1.2
20 472 £7 81.5 +1.3

sheet and its nanocomposite sheet containing 1% Dy ions is
presented in Table 1:

Correspondingly, in epoxy/Dy nanocomposite sheets, the
shift was observed to vary from 453 nm in the pristine state to
472 nm after 20 min of UV irradiation. Such a shift, once again,
highlights the impact of Dy ions on the modulation of emission
features under UV-irradiated conditions. Unlike the epoxy
sheets, only slight decreases in FWHM of the epoxy/Dy nano-
composites were recorded, suggesting that Dy ions stabilize the
emission properties. Systematic reductions in both PL intensi-
ties and the integrated area of the PL spectrum for UV exposure
times suggest a probable quenching effect or degradation of the
luminescent centers as time progresses. This recorded behavior
can be attributed to the interaction of UV light with the Dy ions
and the resulting energy transfer processes via non-radiative
routes or the formation of non-emissive groups.

After UV irradiation, the different behaviors of the epoxy and
epoxy/Dy nanocomposite sheets underline their potential
applications in various fields. The possibility of tuning the
emission wavelength through UV exposure, as demonstrated by
the green shifts in both materials, enables their application in
optoelectronic devices where specific emission characteristics
are required. The enhanced sharpness and intensity of the PL
emissions in epoxy sheets suggest their suitability for applica-
tions demanding high emission efficiency and spectral purity.
Conversely, the controlled reduction in PL intensity and inte-
grated area obtained in the present epoxy/Dy nanocomposites
may be helpful in applications requiring a temporary decrease
in emission, such as dosimetry. The PL intensities would show
a systematic decrease with increased exposure, providing
areliable measure of the radiation dose for accurate monitoring
and control.

3.5.3 Linear regression analysis of the Raman and PL
intensity variations in UV irradiated epoxy and epoxy/Dy
nanocomposite sheets. Linear regression is a statistical
method used in estimating the linear relationship between two
variables. In this paper, linear regression is used to study the
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change: (c) epoxy sheet, and (d) epoxy/Dy sheet.

correlation between the prominent Raman intensity at
3068 cm ' and PL intensity variations as a function of UV
irradiation time. The linear response of the intensity-induced
changes in Raman and PL intensities for the UV-irradiated
nanocomposite sheets is visualized in scatter plots in Fig. 8,
where the best fit is plotted in red. These include three essential
metrics to validate the linear regression model, which were
adjusted for the coefficient of determination (R*), slope of the
data distribution, and intercept. The R* value provides infor-
mation about the percentage of the data explained by the line-
arity of the regression model. In this situation, the slope in the
equation represents the magnitude of the change due to UV
irradiation; the higher the slope's value, the greater the change.
A slope near zero tells us that there is no change. Thus, the slope
value can also serve as an indication of the material's sensitivity
to UV radiation.

Fig. 8(a) and (b) present the recorded Raman intensities from
the epoxy and epoxy/Dy sheets, respectively, as a function of UV
irradiation time. A linear fitting based on the variation in irra-
diation time has been conducted with the data to perform
a simple linear regression analysis. The data exhibited an R-
squared value of 92%, for Raman intensities originating from

26578 | RSC Adv, 2025, 15, 26567-26582

the neat epoxy sheet. The slopes and intercepts were measured
at 2.5 + 0.3 and 0.7 £ 3.1, respectively. In turn, the sheet of
epoxy/Dy presented a value of R> = 98%, slope, and intercept of
7.8+ 0.4 and 10.6 £ 4.1, respectively. It can be observed that the
addition of Dy ions to the epoxy matrix increases the values of R>
and the sensitivity slope. The R also shows that the 1% Dy ions
increased the response linearity by 6%. It is also evident from
the slope values of the Raman intensity that sensitivity
increases. Therefore, in addition to enhancing the linearity of
the response, the Dy ions significantly improve the sensitivity of
the epoxy sheet to UV radiation.

Fig. 8(c) and (d) give the PL emission intensity change as
a function of UV irradiation time for the epoxy and epoxy/Dy
sheets, respectively, in a linear mode. PL emission changes
were fitted linearly with a simple linear regression model. The
PL emissions from the epoxy sheet yielded a semi-linear fit
result, with an R* of 89%, a slope of 11.0 # 1.7, and an intercept
of 24.1 + 16.1. Although a linear fit was applied, the observed
trend may also be consistent with weak non-linear behavior. In
the case of the nanocomposite epoxy/Dy sheet, the R> value was
99%, with slope and intercept values of 5.7 + 0.3 and 7.0 +£ 2.9,
respectively. A simple linear regression model is used to fit the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PL emissions data from the epoxy sheet, resulting in a poorer fit
with an error of 11%. Conversely, the nanocomposite sheet
containing Dy ions demonstrated excellent linearity, with an
error of only 1%. The PL emission slope from the epoxy sheet
was nearly twice that of the Dy-containing sheet, revealing that
although the presence of Dy ions improved the linearity of the
PL emission data, it decreased the sensitivity of the epoxy sheet
to UV light. Therefore, epoxy sheets exhibit better sensitivity to
UV radiation, while epoxy/Dy nanocomposite sheets display
better linearity.

Sensitivity and linearity are two essential performance
parameters in radiation dosimetry. The choice is related to such
specific applications, as LiF: Mg, Cu, P, Li,B,0,: Mn, and LiF:
Mg, Ti are widely used for their tissue-equivalent properties,

View Article Online
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while CaSO,: Dy, Al,03: C, Mg, Al,O;: C, and CaF,: Mn are
selected for their high radiation sensitivity.”** The superior
linearity and sensitivity of the Raman and PL emission inten-
sities with UV irradiation indicate the prospective utilization of
epoxy and epoxy/Dy nanocomposite sheets in UV radiation
dosimetry.

3.5.4 Stability and reproducibility of the PL emission
intensities in UV-irradiated sheets. Epoxy and epoxy/Dy nano-
composite sheets were sealed in foil-covered plastic sample
bottles to evaluate the stability of the PL emission intensity
alterations following UV irradiation. Before capturing the PL
emission data, these sheets were left undisturbed for two weeks
and one month after irradiation, as illustrated in Fig. 8. In
particular, Fig. 9(a) displays the PL emission intensities for the
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diation: (a) epoxy sheet and (b) epoxy/Dy sheet.
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epoxy sheet from the initial reading, as soon as it is exposed to
radiation, up to one month. Similarly, the epoxy/Dy nano-
composite sheet is depicted in Fig. 9(b). Interestingly, even after
a month of storage, the PL emission intensities from all sheets,
including epoxy and epoxy/Dy nanocomposite, retained their
linearity, with the data distribution trends indicating little to no
change. In contrast, Fig. 9(a) and (b) show a systematic decline
in PL emission intensity over time. The PL emission intensity of
the epoxy sheet dropped by roughly 71% in a month, but the
intensity of the epoxy/Dy nanocomposite sheet dropped by
approximately 50%. Despite these significant losses, the Dy ion
sheet remained more stable than the epoxy sheet. The PL
emission intensity stability of both epoxy and epoxy/Dy nano-
composite sheets decreases after a month of irradiation, indi-
cating that further study is required to improve their stability
for practical applications. Nonetheless, the linearity, sensitivity,
and repeatability of their signals are promising for further
research into UV radiation dosimetry using these nano-
composite sheets.

Infusing Dy ions into the epoxy matrix enhances the linearity
of the signal response of the UV-irradiated nanocomposite
sheets, providing a consistent and reproducible signal response
that highlights their potential in applications requiring precise
measurements, such as UV sensing or dosimetry. The slope
value in the Raman intensity response indicates that the sheet
containing Dy ions is more sensitive to UV radiation than pure
epoxy. This implies that epoxy/Dy nanocomposite sheets may
detect even small changes induced by UV radiation. Given the
above, the good linearity and sensitivity observed in both
Raman and PL emission intensities in the nanocomposite
sheets containing Dy ions are encouraging for potential UV
dosimetry applications. These nanocomposite sheets may
provide precise and reliable measurements, which are crucial
for controlling and tracking UV exposure in various applica-
tions, including industries, medicine, and environmental
monitoring. Despite a systematically decreased response, the
persistence of PL emission intensities over time in epoxy
materials doped with Dy indicates that they retain their linear
response after a certain period. While the ability of the devices
to remain at equilibrium for at least 3 days is encouraging for
potential long-term applications, further efforts are required to
minimize the decay of intensity over time. Therefore, the pres-
ence of Dy’* ions in the epoxy matrix contributes to the dura-
bility of the epoxy's UV response, making it appropriate for long-
term practical use.

Moreover, modifying the characteristics of epoxy materials
through Dy incorporation offers a wide range of potential
applications for Dy-doped epoxy materials. For instance, highly
sensitive nanocomposites can be developed for detecting low-
level UV radiation, while nanocomposite sheets with high
linearity can be created for applications requiring precise
measurements. Similar to the selection of materials like LiF:
Mg, Cu, P for tissue-equivalent characteristics or CaSO,: Dy for
high sensitivity, this customization fits the needs of various
dosimetric applications where varying degrees of sensitivity and
accuracy are required.*”* The results emphasize the necessity
for more investigation to maximize PL emission intensity

26580 | RSC Adv, 2025, 15, 26567-26582
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stability over long timeframes. This is because the enhance-
ment of the stability of epoxy nanocomposite sheets under UV
irradiation will enhance their potential real applications and
vulnerability. Thus, doped Dy ions in the epoxy matrices not
only improve the linearity and sensitivity of the epoxy sheet's
response to UV radiation but also pave new avenues for their
application in radiation dosimetry and in several other appli-
cations where precise and reproducible detection of radiation is
a prerequisite.

4. Conclusions

This study investigates the effects of Dy** ion addition into the
epoxy matrix in the form of nanocomposite sheets on their
structural and optical properties, as well as the impact of UV
irradiation. The fabricated nanocomposite sheets were studied
using various techniques, including SEM, XRD, Raman spec-
troscopy, and photoluminescence (PL). The epoxy sheet con-
taining Dy*" ions exhibited an almost uniform distribution of
nanoparticles, with nanoparticle sizes decreasing slightly with
increasing Dy concentration. Changes were observed in the
Raman spectra, particularly in the intensities and FWHM.
These changes were attributed to the possible formation of
defects in the chemical structure, including the crystalline
structure, as confirmed by the changes observed in the average
crystallite size. The variation of Dy concentrations also affects
the PL emission intensities by narrowing the PL spectra,
increasing the PL intensities, and shifting the center position of
the PL spectrum. This narrowing reflection suggests the devel-
opment of defects or carrier transfer within the epoxy matrix,
resulting in increased PL intensities. The observed shift in the
PL emission peak position indicates tuning of light emission; it
may also be related to the changes in surface morphology
resulting from partial interaction between Dy’" ions and epoxy,
as shown in the SEM images. The nanocomposite sheets were
later exposed to UV radiation at different times. The irradiation
causes changes in the Raman and PL emission intensities,
which are attributed to the UV light-induced changes in the
chemical bonds and possible degradation. The pure and epoxy/
Dy nanocomposite sheets showed excellent linear UV response
and sensitivity to UV exposure. However, the epoxy/Dy nano-
composite sheet showed superior stability. Hence, incorpo-
rating Dy’" ions into the epoxy matrix enhances the linearity of
the response and stability under UV exposure, suggesting their
potential use in UV radiation sensing and/or radiation dosim-
etry, as well as other applications requiring consistent and
reliable UV detection.
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