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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Sm®*-doped and Sm>*/Li* co-doped CeO, nanofibers were synthesized via a co-precipitation-assisted electro-
spining method. Li" co-doping led to an improvement in both crystallinity and luminescence efficiency. XRD

K?’Wor 3d-95 with W-H and Scherer showed single-phase CeO, with lattice modifications due to doping. In Sm®* and Li *

Li™-Sm ':C?OZ@PVP doped NFs, it is observed that the aggregation size gradually increases and becomes localizes at different regions

Electr@mnmg . within the NFs, favoring the formation of a random aggregation distribution. The porous nature of the fibers with

Orangish-red luminescent . . .

L large gaps between NFs makes them potential candidates for moisture sensors. PL measurements revealed an

intense yellow emission at 574 nm (*Gs/, — ®Hs,) instead of the hypersensitive electric dipole transition at 669
nm (*Gs,2 — ®Ho,s) in Sm>*-doped NFs, supporting the magnetic dipole transitions of the CeO, host and
revealing that Sm®" ions are located in a position of high symmetry with an inversion center in the local medium,
which underlines the efficient luminescence mechanisms within the CeO5 host. The calculated critical distance
(R = 19.66 A) indicated that energy migration occurs predominantly through electric multipolar interactions
facilitated by the structural features of the NF matrix. When cryogenic temperatures were reached for
Ce0,:0.02Sm>0.05Li* @PVP NF, the partially magnetic and partially electric dipole character attributed to the
4Gs/g — ®Hyy transition became dominant, as Li * doping reduced the possibility of Sm®* ions occupying
asymmetric sites in the CeOx lattice. The analyzed correlated color temperature (CCT) values suggest that the
prepared Sm>*-doped nanofibers are promising “cold” candidates with commercial potential for solid-state ap-
plications, exhibiting a high color purity of 72.7 %. Moreover, under the tested conditions, CeOy and Sm>* ion-
doped nanofibers exhibited no measurable antibacterial activity. However, Li* incorporation significantly
enhanced antimicrobial performance without inducing cytotoxic effects, thereby supporting cell viability.

Antibacterial effect

1. Introduction electrospinning. Electrospinning is considered one of the best top-down
methods for the formation of nanostructured materials [1,2]. Nanofibres

In recent years, the production of multifunctional materials has made (NFs) are typically fabricated from polymers; however, alternative ma-

a great impact in scientific environments. In this context, one of the most terials such as colloidal particles, nanocomposites, micromolecules and
effective approaches to combining the properties of both nanoparticles organic polymers can also be employed. Electrospinning uses an electric
(NPs) and polymer matrices is the fabricaiton of nanofibers via charge to create NFs from a droplet of liquid. Electrospun NFs exhibit
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exceptional mechanical strength, high porosity, high surface-to-volume
ratio, and nanoscale effects [3,4]. Membrane separation, drug delivery,
protective clothing, tissue engineering, wound dressings, filtration and
electronics are just a few of the proposed applications [5]. In polymers,
the emphasis is placed on improved properties and environmental sus-
tainability. Polyethylene glycol (PEG), poly(vinyl pyrrolidone) (PVP)
and poly(vinyl alcohol) (PVA) are versatile polymers. These polymers
are easy to process, biodegradable, non-toxic and useful for various
medical and engineering applications [6,7]. PVP contains functional
groups that form interchain hydrogen bonds, making it a good capping
and binding agent in complex material composites [8]. Its amorphous
structure, when combined with semiconducting crystalline nano-
structures, minimizes the scattering coefficient, thus rendering it an
ideal polymer for a wide range of composite material applications.
Another notable feature is its high solubility in water, which prevents
phase separation and further enhances its suitability as a preferred
polymer in advanced material systems [9-11].

Rare-earth oxides have garnered significant scholarly interest due to
their multifaceted applications, including but not limited to oxygen
sensors, photocatalysts, fuel cells, and solar cells [12-15]. Among these
compounds, cerium oxide (Ceria) possesses distinctive physical and
chemical characteristics that render it exceptionally valuable. Ceria
exhibits a cubic crystalline structure and is categorized within the
fluorite family, possessing a space group of Fm-3m; it predominantly
absorbs light photons from the near-ultraviolet spectrum while
capturing a limited range of visible photons. Consequently, ceria can
harness a substantial fraction of solar radiation, and materials contain-
ing CeO, have been utilized as proficient oxidizing catalysts, attributed
to their unique redox capabilities and oxygen storage proficiency [16,
17]. Furthermore, cerium oxide exhibits a substantial quantity of surface
oxygen vacancies [18]. These oxygen vacancies present on the CeOq
surface possess the capacity to both store and release oxygen, in addition
to functioning as catalytic sites [19,20]. The concentration of oxygen
vacancies on the CeO, surface can be augmented through the reduction
of pure CeO; in a hydrogen-rich environment [21,22] or by the intro-
duction of suitable dopant elements [23,24]. Notwithstanding the
enhancement of oxygen vacancies through doping, the primary pre-
requisite is carefully selecting dopants that possess appropriate ionic
radii and concentrations.

The alkaline Li™ ion, assigned as a charge-compensating agent, can
significantly improve the luminescence potential in suitable substrates.
Lithium ions co-doped into the CeO»:Sm>" NP lattice enhance lumi-
nescence by exploiting the lithium ions’ flux nature. The ionic radius of
Li* ions is small, so they can merge into the CeO, lattice to create oxygen
vacancies for energy transfer. Furthermore, these monovalent cations
can affect the crystal field environment by acting as charge carriers,
generally leading to improved crystallinity, reduced concentration
quenching, and increased quantum yield [25-27]. Recent literature
suggests that the luminescence behavior of rare earth ions and the
charge compensatory role of Lit are not limited to a specific host lattice,
but are also observed in structurally similar matrices. For instance, Guo
et al. [28] recently demonstrated that Li* co-doping in Er>*-doped CeO,
enhances intense green and red upconversion luminescence and struc-
tural uniformity by modifying the local lattice field and local symmetry
and by suppressing non-radiative losses. Furthermore, they reported
that the visible spectral transmittance of CeO,:Er®t, Li* ceramics
increased with the incorporation of Li* ions. Youl Jung et al. [29] re-
ported that the co-doping of monovalent alkali ions (Li*, Na™, and K™) in
Eu®*-doped CeO, significantly enhances the emission intensity of CeOy:
Eu®t nanophosphors through improved crystallinity and charge
balancing, resulting in intense red emission visible to the naked eye
under 365 nm LED light. Altowyan et al. [30] recently showed that the
co-doping of Eu®* and Li* in ZrO, nanophosphors improved charge
compensation and enhanced intense red and far-red emissions by
altering local symmetry. They proposed that Li © doping not only
significantly increases emission intensity by stabilizing the tetragonal
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phase and forming oxygen vacancies but also limits the concentration
quenching process. These findings support the notion that understand-
ing RE3*and Li* co-doping mechanisms in rare earth oxide—and metal
oxide— host lattices can provide more comprehensive insights into
luminescent behavior across material systems. To the best of our
knowledge, no other study has reported the photoluminescence prop-
erties of CeO,@PVP NFs doped with Sm>* ions and alkali metal ions
(Li*) acting as charge compensators. In this sense, this research in-
vestigates orange-emitting CeO,@PVP doped with samarium (Sm>")
ions and co-doped with LiT, synthesized by an electrospinning route.
The phase structure, morphology, composition and biological properties
of the Ce0218m3+, Lit @PVP NFs were investigated. The addition of al-
kali co-dopants improved the NFs performance. The team also investi-
gated temperature-dependent photoluminescence, color coordinates
and photometric properties. These results reveal a new type of orange
cerium oxide NF with potential for use in UV-excitable NF-converted
white LEDs.

2. Experimental details
2.1. Materials and instrumentation

The materials used in this study were cerium nitrate hexahydrate (Ce
(NO3)3-6H,0, Sigma-Aldrich Co.), samarium nitrate hexahydrate (Sm
(NO3)3-6H20, 99.9 %), lithium nitrate (LiNOs, 99.99 %), poly-
vinylpyrrolidone (PVP, Mw ~ 1300,000 by LS, in powder form) and
sodium hydroxide (NaOH, reagent grade, >98 %, pellets), all purchased
from Sigma-Aldrich Co. All chemicals were of analytical grade and used
without further purification. Fourier-transform infrared (FT-IR) spec-
troscopy (Thermo Scientific Nicolet iS50) was employed to confirm
functional groups and binding environments in the range of 4000-600
em ™! at room temperature. Scanning electron microscopy (SEM) images
were recorded using a FEI Quanta 650 FEG. The average diameter and
their distribution of the composite NFs were determined from SEM im-
ages using Image J software. Photoluminescence (PL) spectra were
measured with an ANDOR SR500i-BL luminescence spectrometer
equipped with a triple grating and detected by Intensified Charge
Coupled Device (ICCD) camera as a detector for the visible region. A
frequency tripled Nd:YLFQ switched pulse laser at 349 nm was used for
the excitation source. X-ray diffraction (XRD) was used to examine
phase composition and crystallinity, with a Malvern Panalytical Empy-
rean diffractometer (CuK,, A = 1.5406 A) being used for the analysis.
The data were collected over a 26 range of 20°-80° with a step size of
0.02°.

2.2. Synthesis of CeOz:xSm>*,yLi* NPs

The synthesis of undoped CeO, NPs and their doped counterparts
(Ce02:Sm>" and CeO4:Sm>*:Li™) followed a systematic approach. The
precipitation method was employed to fabricate undoped CeO, nano-
particles using cerium nitrate hexahydrate as the starting material. This
was followed by the preparation of a 0.1 M solution of Ce(NO3)3-6H20 in
100 mL of distilled water (DI), and a separate 0.2 M solution of NaOH in
another 50 mL of distilled water. The 0.2 M sodium hydroxide solution
was added to the cerium nitrate hexahydrate solution until a final pH of
7 was reached, and the mixture was stirred for 4 h at 80 °C. The resulting
suspension underwent purification through successive washes with DI
and ethanol. After centrifugation at 4000 rpm for 10 min, the obtained
material was dried in an oven at 80 °C overnight. Subsequently, the
dried material was finely ground using an agate mortar and subjected to
a 3 h calcination process at 600 °C (Scheme 1a). A similar methodology
was applied to the synthesis of CeO2:Sm>" NPs. In this case, the 0.1 M
solution of Ce(NO3)3-6H20 was prepared by adding Sm>" ions in vary-
ing weight percentages (x = 1, 2, 3, 5, and 7) from the nitrate salt of
Sm3* (Sm(NO3)3-6H50). The next steps were consistent with those used
for undoped CeO2 NPs. A parallel approach was taken to create CeOy:
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(a)
CeO, NCs synthesis process

0.1M NaOH
0.1M of

Ce(NO,),.6H,0
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Scheme 1. Synthesis route of (a) CeO, NCs and (b) electrospinning process of the CeO,@PVP NFs.

Sm>3*Li* dual-doped NPs. The 0.1 M solution of Ce(NO3)3-6H,0 was
prepared with 1 wt % Sm®* and varying weight percentages (y =1, 2, 3,
5, and 7) of Li* ions from the nitrate salt of Li" (LINO3).

2.3. Preparation of spinning solutions

Typically, PVP (15 % w/v) is used as the matrix material. 15 g of PVP
is dissolved in 100 mL of EtOH and stirred for 24 h at room temperature.
Then, similar proportions of CeO,, CeOq:xSm>T, and Ce05:0.02Sm>",
yLit (xandy =1, 2, 3, 5, and 7 wt%) NPs are added and stirred for 12 h
at room temperature for homogenization and transparency. Finally,
sonication is applied for 30 min to remove bubbles.

2.4. Preparation of composite NFs

Electrospinning was performed in a horizontal alignment using a
16-18 kV DC high-voltage generator and a laboratory spinning unit
(SPINGENIX SG-1). A 10 mL plastic injector with a non-rust steel needle
(0.8 mm inner diameter) was used to eject the spinning solution. The
needle tip was 19-20 cm from the collector. The fluid supply rate was
0.54 mL/h, and the NFs were collected on aluminium foil. The com-
posite NFs were dried in a vacuum-drying oven at 40 °C for 12 h
(Scheme 1b).

2.5. Antioxidant properties of NFs

The antioxidative potential of the samples was assessed using the
DPPH (2,2-Diphenyl-1-picrylhydrazyl) and ABTS (2,2"-Azino-bis[3-eth-
ylbenzothiazoline-6-sulfonic acid]) radicals utilizing a UV-Visible
spectrophotometer (PerkinElmer Lambda-35, USA). The DPPH radical
was prepared at a concentration of 0.6 mM by dissolving the compound
in methanol (MeOH) within a dark flask. The ABTS " radical solution was
synthesized by combining equal volumes of 7 mM ABTS salt and 2.4 mM
ammonium persulfate, subsequently incubated in darkness overnight.
Thereafter, the solutions were diluted with MeOH until achieving an
absorbance of 1.50 & 0.01 at a wavelength of 517 nm and 734 nm. Each

sample was accurately weighed to approximately 10 mg and subse-
quently introduced into 1 ml of the radical solution (DPPH and ABTS™).
Following a vortexing period of 30 s, the absorbance was quantified at
517 nm for DPPH and 734 nm for ABTS" radicals, respectively. Each
measurement was performed in triplicate for all samples. Utilizing the
acquired data, the antioxidant activity of the samples was calculated in
accordance with the following Equation (1) [31]:

1(%) :A—Contz’clon t‘;‘:lamp e 100 €))
where I (%) is percentage of inhibition, A¢ontro is absorbance of DPPH or
ABTS in methanolic solution, and Asample is absorbance of DPPH or
ABTS solution.

2.6. Biocompatibility analysis of sample

The principal objective of the biocompatibility assessment was to
evaluate the extent of hemolysis in cells upon their interaction with the
experimental samples. Consequently, a volume of 2 mL of human blood
was collected in citrate tubes to inhibit coagulation. The anticoagulated
blood was then diluted at a ratio of 1:5 with a saline solution (9 mM
NaCl). For the positive control, 0.2 mL of the diluted blood was com-
bined with 0.5 mL of 0.01 M HCl and incubated at a temperature of 37 °C
for a duration of 2 h followed, by dilution to a final volume of 10 mL. In a
comparable manner, for the negative control, 0.2 mL of the diluted
blood was further diluted to 10 mL with the addition of the saline so-
lution and incubated at 37 °C for 2 h. The mixture, consisting of 0.2 mL
of diluted blood in a centrifuge tube combined with 9.8 mL of saline
solution, was incubated at 37 °C for 15 min to achieve thermal equi-
librium. Samples weighing 10 mg were subsequently introduced into
centrifuge tubes containing the blood-saline mixture and incubated for a
period of 2 h at 37 °C. Following the incubation period, all sample so-
lutions underwent centrifugation at 5000 rpm for 10 min, and upon
careful removal of the supernatant, the supernatant designated for
spectrophotometric analysis was transferred to a 96-well plate. The
optical densities of the incubated sample solutions were determined
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spectrophotometrically at a wavelength of 545 nm using a Thermo
Scientific Multiskan-GO UV/Visible spectrophotometer. The percentage
of hemolysis was calculated using the following equation [32]:

Hemolysis (%) — (ODtest — ODnegative)

= 1
ODpositive — ODnegative) 00

@

where ODtest denotes the optical density of the sample solution;
ODpositive represents the optical density of the positive control; and
ODnegative refers to the optical density of the negative control. When
the percentage of hemolysis is at or below 5 %, the sample is classified as
hemocompatible. Conversely, if the hemolysis percentage reaches 10 %
or less, it is categorized as biocompatible.

2.7. Antibacterial efficiency of sample

The antibacterial characteristics of the samples were evaluated
against Escherichia coli and Staphylococcus aureus employing the agar
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diffusion methodology. Bacterial cultures were prepared to a concen-
tration of close to 10° CFU/mL in nutrient broth. Subsequently, a well of
6 mm in diameter was created on the Mueller Hinton agar, which serves
to assess the inhibition zone. Thereafter, 10 mg of each powdered
sample was introduced into the prepared well. The inoculated agar
plates were subjected to incubation at a temperature of 37 °C for a
duration of 24 h under aerobic conditions. The measurement of the zone
of inhibition was conducted utilizing the millimeter scale. The presence
of a zone of inhibition surrounding the wells indicates the antibacterial
efficacy of the samples.

3. Results and discussion
3.1. XRD analysis
The diffraction pattern of the CeO2:xSm>" and Ce0:0.028m3*:yLi *

luminescent samples is presented in Fig. 1. All of the observed diffrac-
tion bands were aligned with the joint committee on powder diffraction
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Fig. 1. XRD patterns and Williamson—Hall plots of CeO,, Ce0:0.02Sm>* and Ce0,:0.025m>*,0.05Li* NPs.
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standards (JCPDS) file no. 001-0800. No additional peaks related to any
impurity or secondary phase was detected in the observed XRD pattern,
thus reflecting the lack of influence of Sm>* and Li * ions on the crystal
structure of CeO5 host matrix. The sharp and distinct X-ray lines indicate
high crystallinity and successful synthesis of CeO, NPs. Thus, CeO,,
Sm®* doped CeO, and Li * doped Ce0,:0.02Sm>" synthesized NPs
possess a cubic structure with space group Fm-3m (225).

The crystallite size (CS) values were determined using various
models, including the Debye-Scherrer (D-S) and Williamson-Hall (W-H)
methods, based on the X-ray diffraction (XRD) data, while the disloca-
tion density (DD) values were calculated using the Williamson-
Smallman (W-S) method [33]. The values of crystallite size (CS), lat-
tice parameters (LP), volume of unit cell (VC), and dislocation density
(DD) for the samples are presented in Table 1.

X-ray diffraction (XRD) is a widely used technique for determining
the average crystallite size of powders (see Table 2). Initially, the crys-
tallite size was calculated using the D-S method, as given in Equation
(3), with the following formula [33,34]:

ka

- pcosf 3

where f represents the XRD diffraction peak broadening, 4 is the X-ray
wavelength, 0 is the Bragg angle, and k and D denote the shape factor
and crystallite size, respectively.

The crystallite size (CS) and lattice strain (LS) values were obtained
using W-H analysis, incorporating the Uniform Deformation Model
(UDM). The broadening of XRD peaks is influenced by the CS, LS, and
instrumental broadening. To eliminate the effect of instrumental
broadening, it was first corrected using the XRD data of a standard silica
sample, as outlined in Equation (4) [33,34].

]1/2 o

2 2
ﬁ hkl = [(ﬂhkl)(measured) - ﬂ (instrumental )

The strain induced by crystal defects and distortions was calculated
using the following formula:

_ Pria
4 tan 6

(5)
By combining Equation (3) with Equation (5), the following
expression is derived [33,34].

Phia €OS 0:% + (4esin @) (6)

Where f3,,; represents the corrected XRD diffraction peak broadening,
A is the X-ray wavelength, k is the shape factor, 0 is the Bragg angle, D is
the crystallite size, and ¢ is the lattice strain. Based on the SEM images,
which indicated that the particles had a nearly round morphology, a
value of k = 0.89 was used. The W-H analysis integrated with the UDM
was performed by plotting (B, cos ) against (4 sin §), as shown in
Fig. 1. The CS and LS were determined from the y-intercept and the slope
of the linear fit, respectively. The Williamson-Hall (W-H) plots for the

Table 1
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Table 2
E, values depending on the concentration of undoped, Sm>®" and Li * co-dopant
in CeO,@PVP NFs.

Compositions The band gap (eV) References
CeO,@PVP 3.63 This work
Ce02:0.01Sm>* @PVP 3.60 This work
Ce02:0.02Sm>* @PVP 3.45 This work
Ce0,:0.03Sm** @PVP 3.30 This work
Ce0,:0.05Sm>* @PVP 3.22 This work
Ce0:0.07Sm>* @PVP 3.26 This work
Ce0,:0.02Sm>*:0.01Li* @PVP 3.60 This work
Ce0,:0.02Sm>:0.02Li " @PVP 3.62 This work
Ce0,:0.02Sm>":0.03Li* @PVP 3.67 This work
Ce0,:0.02Sm>*:0.05Li " @PVP 3.68 This work
Ce0,:0.02Sm>*:0.07Li* @PVP 3.69 This work
Ce0s,, Ce0,:Nd and CeO,:Gd 3.46,3.39 and 3.30 [48]

CeO, 3.35 [49]

CeO, 3.06 [50]

CeO, 3.17 [51]

CeOg, Ce02:0.028m3+, and Ce02:0.025m3+:0.05Li samples are pre-
sented in Fig. 1. The W-H plots for the remaining samples are provided in
the Supplementary Information.

Dislocation density, which quantifies crystal defects that influence
the rigidity, stiffness, strength, and ductility of materials, plays a crucial
role in material properties. Therefore, it is essential to control these
crystal imperfections. The dislocation density (DD) is determined using
the Williamson-Smallman (W-S) method (Equation (7)) [33].

5:$ @)
Where D represents the crystallite size and & denotes the dislocation
density, respectively.

The crystallite size (CS), lattice parameter (LP), and dislocation
density (DD) values exhibit significant variations depending on the
dopant type and concentration. For undoped CeO,, the CS values
calculated using the Debye-Scherrer (D-S) and Williamson-Hall (W-H)
methods were 12.77 nm and 15.07 nm, respectively. The LP for this
sample was 5.412 A, and the DD was calculated as 4.403 x 107° nm ™2
With increasing Sm®" doping, the CS values decreased, reaching 10.98
nm (D-S) and 13.57 nm (W-H) for C602:0.028m3+, indicating the impact
of dopant-induced strain and defects. This trend was reflected in the DD
values, which rose to 11.341 x 103 nm~2 for Ce0,:0.05Sm>", high-
lighting the increased defect density associated with higher Sm>*
concentrations.

In contrast, co-doping with Li* in Sm3*-doped samples significantly
increased the CS values, reaching up to 19.53 nm (D-S) and 24.93 nm
(W-H) for Ce02:0.01Sm>":0.05Li*. These findings suggest that Li*/
Sm>* co-doping mitigates strain effects and promotes particle growth.
Furthermore, the DD values for Li*/Sm®" co-doped samples were
markedly lower, with Ce05:0.01Sm>*:0.05Li* exhibiting a DD of only

Geometric parameters of undoped CeO, and Li*/Sm>* doped CeO, NPs obtained from PXRD.

Sample code (111) plane CS (D/nm) DD (/nm2107%) LS (¢)
20hia LP (a/A) VC (V/A%) W-H D-S

CeO, 28.54 5.412 158.516 15.07 12.77 4.403 0.0091
Ce0,:0.01Sm** 28.52 5.416 158.868 13.44 12.05 5.536 0.0102
Ce0,:0.02Sm>* 28.50 5.419 159.132 13.57 10.98 5.431 0.0101
Ce0,:0.03Sm>* 28.54 5.412 158.516 13.44 11.01 5.536 0.0102
Ce0,:0.055m>* 28.50 5.419 159.132 9.39 11.03 11.341 0.0146
Ce0,:0.07Sm>* 28.58 5.405 157.902 12.93 11.04 5.981 0.0106
Ce0,:0.02Sm>*:0.01Li 28.56 5.408 158.165 24.48 19.08 1.669 0.0056
Ce0,:0.02Sm>*:0.02Li 28.58 5.405 157.902 22.47 19.28 1.981 0.0061
Ce0,:0.02Sm>*:0.03Li 28.58 5.405 157.902 24.48 19.13 1.669 0.0056
Ce0,:0.02Sm>*:0.05Li 28.62 5.397 157.202 24.93 19.53 1.609 0.0055
Ce0,:0.02Sm>*:0.07Li 28.60 5.401 157.551 20.16 17.33 2.460 0.0068
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1.609 x 1073 nm™2. The LP values for co-doped samples ranged from
5.397 A to 5.419 A, with slight decreases observed at higher Li* con-
centrations, potentially indicating improved lattice stability.

These structural improvements in co-doped samples can be mecha-
nistically explained by the role of Li* within the CeO, lattice. Despite its
lower ionic radius and monovalent nature, Li* ions can occupy inter-
stitial or substitutional positions, enabling charge compensation and
promoting the formation of oxygen vacancies. These vacancies facilitate
atomic diffusion during heat treatment, which promotes crystallite
growth and reduces internal lattice strain. Furthermore, the presence of
Li* contributes to the relaxation of stress and healing of structural de-
fects, resulting in improved crystallinity and lower dislocation densities.
The trends observed in crystallite size, lattice strain, and dislocation
density confirm the stabilizing effect of Li* co-doping on the crystal
structure.

These results demonstrate how dopant type and concentration
significantly influence the structural characteristics of CeOo-based ma-
terials, providing valuable insights for optimizing their properties for
specific applications. Specifically, Sm®" doping increases crystal defects
and strain, while Li*/Sm>* co-doping effectively reduces these imper-
fections, thereby enhancing the structural properties of the materials.
Furthermore, the discrepancies observed between the Debye-Scherrer
(D-S) and Williamson-Hall (W-H) methods underscore the importance
of accounting for lattice strain when determining crystallite size.

Furthermore, the presence of Sm>* ions did not lead to a significant
change in peak position, confirming that dopant ions occupy one of the
available cationic sites and do not alter the crystal structure. The CeO5
host contains a single cation, Ce4+, with an ionic radius of 0.97 A. Sm®*
ions occupy the Ce*" sites since the Sm>* ionic radius (1.079 10\) is
comparable to Ce** [35]. Generally speaking, an acceptable percentage
difference between parent cations and dopant ions can be determined by
calculating a D; value from the following relation [36]:

_ IRn(CN) — R4(CN)|

D, = 100%
R (CN) x 100%

If the D, for a cation-dopant pair is less than 30 %, it is more likely to
occupy that cationic site. Where R,(CN) is the radius of the cation
within the host matrix and Rq(CN) is the radius of the dopant ion. For the
Ce**- Sm®* pair in the Fm-3m space group (CN = 8) D; = 11.23 %, which
favours substitution.

3.2. FTIR analysis

FTIR spectroscopy is a very useful and effective method to obtain an
infrared spectrum describing how additives interact with a polymeric
matrix. Fig. 2 represents the ATR-FTIR spectra of PVP, different (0, 1, 2,
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3, 5 and 7) wt%. Sm>* doped CeO,@PVP NFs and different (1, 2, 3, 5
and 7) wt%. Li © doped 0.02Sm>*:CeO,@PVP NFs, where the wave
number values match the peaks of the main absorbance bands of the PVP
blend, shown in the wave number range 600-4000 cm ' and identifies
the chemical bonds and functional groups in the NFs [37]. To further
make the findings from the FT-IR analysis more meaningful, we per-
formed FTIR spectroscopy of PVP-only, CeO,@PVP-only, Sm>* doped
CeO,@PVP and Lit/Sm3" doped CeO,@PVP NFs [38]. According to
Fig. 5, the infrared spectrum (FTIR) of the synthesized CeOy nano-
particles was in the range of 600-4000 cm ™' wavenumbers, identifying
chemical bonds and functional groups in the compound. As shown in
Fig. 2, PVP has a large number of vibrational modes. The large broad-
band at 3435 cm ™! is assigned to the O-H stretching vibration in OH—
groups. The bands located at around 2946, 2867 and 1426 cm ™ are
attributed to the C-H asymmetric stretching, C-H symmetric stretching
and C-H deformation, respectively. The bands at around at 1655, 1366
and 1239 cm™! are due to C=0O stretching in primary amide, C-O
stretching symmetric and C-O-C stretching asymmetric), respectively
[39]. The weak absorption band at 837 cmtis probably due to the bond
metal-oxygen interaction [40]. Compared with pure PVP NF, when CeO,
NPs were incorporated into the polymeric NF, these peaks became less
strong. This is comparable to the result of the XRD study. Therefore, the
possibility that CeOy NPs interact with the backbone chains of carbonyl
(C=0) groups in PVP is strengthened. Moreover, the changing intensity
of these peaks is a good indication of the successful physical loading of
CeO5 NPs onto NFs with the backbone chains via van der Waals forces.

Moreover, the observed characteristic bands are consistent in all
samples, indicating that the basic structure is preserved even after Sm>*
and Li * doping. Moreover, the Sm*" and Li * co-doped NFs exhibit more
intense peaks overall, underlining the importance of better connectivity
of the NF network and fine-tuning the host matrix for improved struc-
tural order and connectivity characteristics due to the combined effects
of Sm®* and Li*. These small modifications, Li* co-doping, can improve
the overall luminescent efficiency, a phenomenon consistent with PL
analysis. It also indicates that small modifications can occur, leading to
the lattice strains given in Table 1, thus showing a systematic consis-
tency with the XRD results as well.

3.3. Morphological studies

The morphology of the prepared NFs was evaluated using scanning
electron microscopy (SEM) and the results and elemental distribution
maps of Ce, O, C, N, and Sm are shown in Fig. 3. The morphology of
electrospun fibers is affected by both the physical and electrical prop-
erties of the solution and the ratios in the solution mixture [41]. As seen
in the scanning electron microscopy images of the NFs shown in Fig. 3,
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Fig. 2. FTIR spectra of (a) CeO,@PVP, CeOq:x wt.% Sm3*@PVP (x = 1, 2, 3, 5 and 7) and (b) Ce02:O.OlSm3+:y wt.% Lit@PVP (y = 1, 2, 3, 5 and 7) composite NFs

in the range 4000-600 cm™.
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Fig. 3. SEM images of the synthesized PVP, CeO,.@PVP, Ce0,.0.02Sm>"@PVP and, Ce0,.0.02Sm>":0.05Li* @PVP composite NFs.

NPs prepared at different concentrations were able to produce suitable
NFs with all composite solutions prepared by adding the same ratio of
NPs to the polymer solution. The diameters of NFs at fifty different lo-
cations were measured using Image J software, and a fiber diameter
distribution plot was generated using Origin software and the average

diameter values of each sample are reported in Fig. 3. The data show the
average diameter and standard deviation of electrospun NFs; compared
to the average fiber diameter of undoped PVP NFs, a partial increase
from CeO,@PVP NFs to Ce0,:0.02Sm*>"@PVP NFs, while
Ce0,:0.028m>",0.05Li*@PVP NFs exhibit a decrease promoting
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formation, with average fiber diameters of 0.375, 0.554, 0.793 and
0.422 pm, respectively. The obtained findings are in agreement with the
average fiber diameters of RE>* doped composite nanofibers in our
previous reports [42,43]. Furthermore, no agglomeration was observed
in the undoped CeO,@PVP NFs, while fibers with different orientations
and diameters can be seen in Fig. 3a. It was found that the agglomeration
size in Ce0,.0.02Sm>*@PVP and Ce0,:0.02Sm>*,0.05Li* @PVP NFs
gradually increases and favours the formation of a random agglomera-
tion distribution by settling in NFs at different locations. In Sm>* and Li

Ceramics International 51 (2025) 49517-49533

* co-doped CeO,@PVP nanofibers, the increased agglomeration with
rare earth and alkali metal ion doping may be due to the rough surface of
the fibers, the ionic bonds formed and the decrease in the nucleation
area. The porous structure of the fibers with large voids between the
final fibers will allow water molecules to penetrate easily, making them
potential candidates for moisture sensing [44].
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3.4. UV-visible analysis

The optical characteristics of NF materials exemplify their interac-
tion with electromagnetic radiation and consequently inform their
prospective applications across many fields. Comprehensive knowledge
regarding optical characteristics is essential for determining the optimal
utilization of materials in various devices. Cerium oxide exhibits a
markedly enhanced optical response compared to alternative materials,
attributable to its remarkable absorption associated with pertinent
charge transfer mechanisms. In this context, we present a detailed op-
tical investigation for CeO,@PVP, CeO2:Sm@PVP and CeOy:Sm:
Li@PVP. The absorption spectra of CeO,, Sm>" doped CeO, NFs and
different (1, 2, 3, 5 and 7) wt.% Li * doped 0.02Sm>:CeO, NFs, as
determined using UV-visible absorption spectroscopy, are depicted in
Fig. 4, which shows that the obtained E, values are compatible with
similar compounds in the literature. Optical properties play a major role
in the photodynamic characteristics of the NFs. The optical character-
istics of the synthesized NPs were investigated via UV-vis absorption
spectroscopy [45,46]. The absorption spectra reveal significant changes
in the overall absorption of CeO, NPs with Sm>* and Li * doping. To
further elaborate on the Sm3* and Li * doping-induced effects on the
optical properties of CeOy NPs, band gap energies for the synthesized
NPs were determined using the Tauc relation as follows [47]:

(ahv)"" = A (hv — Ey) ®

Here, o is the optical absorption coefficient, hv is the photon energy,
Eg is the direct band gap energy (n = 1/2 for direct transition) and A is a
constant. The band gap energies for the synthesized NFs were obtained
by extrapolating the linear portion of the energy curve of (ahv)? to the
energy axis, as shown in Fig. 4. The calculated band gap energy E, for
undoped CeO2@PVP NF was observed to be 3.63 eV. Table 4 shows the
comparison of the band gap with those previously reported. This is in
good agreement with the previously reported values. This value of Eg
decreases systematically to 3.26 eV with Sm>" doping, while rises sys-
tematically to 3.69 eV with Li" doping, uncovering the significant effects
of Sm3* and Li T ions on the optical properties of CeO,PVP NFs. As a
result of doping with Sm>* ions, the narrowing of the Eg energy in CeOa:
Sm@PVP NFs compared to CeO,@PVP releases oxygen and triggers the
formation of Ce>* from Ce**. This increases the amount of Ce>" states,
leading to the formation of localized energy states closer to the con-
duction band and the narrowing of the band gap. This narrowing of the
band gap leads to a reduction in crystallite size, leading to similar
changes in microstructural parameters. Surprisingly, co-doping of Sm>*
and Li* in CeO,@PVP NFs caused a small increase in the band gap,
which is presumed to be due to the strong interaction of Li" ions with
oxygen defects formed in the crystal lattice, increasing the band gap.
This change in the band gap is probably due to the decrease in the ox-
ygen vacancy content. Defects in the CeO, lattice due to oxygen va-
cancies can be formed by impurity levels in the local bonds, resulting in
the filling of the vacancy by the strong interaction of Li* ions. This can
lead to a decrease in the level of oxygen vacancy defects in the host
matrix, an increase in crystallite size and E; band gap. These findings
demonstrate that the obtained data are in good agreement with the XRD
analysis as given in Table 1.

El-Habib et al. [48] observed a decrease in the Eg of Gd-doped CeO>
and Nd-doped CeO; nanostructured thin films. In their report, they
suggested that the addition of these doping cations caused a trans-
formation from Ce** to Ce3* leading to the formation of oxygen va-
cancies. These vacancies, therefore, act as defects in the cerium oxide
band structure by introducing impurity levels between the O, and Cey¢
states. This results in a narrowing of the band gap energy and a reduc-
tion in crystallite size. Lee et al. [49] obtained similar behavior for CeOy
and Ho-doped CeO NPs. They calculated the Eg energies in the range of
3.35eV for CeO, and 3.31-3.27eV for Ho®" doped CeO;y NPs. They re-
ported that this narrowing of the band gap may be responsible for the
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formation of oxygen vacancy defects, and disruptions in local bonds in
the CeO,, lattice.

3.5. Photoluminescence analysis

PL is a valuable tool to study e~ and h™ photogeneration in a NF and
the recombination of these charge carriers during emission. The room
temperature PL spectrum of all NFs with near ultraviolet excitation (349
nm) is shown in Fig. 5 and Fig. S2. The PVP polymer matrix was char-
acterized by a broad emission band in the visible region with the
emission peak centered at 514 nm (Fig. S2). These emission bands
probably indicate n—n* or n—n* electron transition intraligand charge
transfer (ILCT) [42,52-54]. As shown in Fig. 5a, the spectra consist of a
broad band centered at approximately 400-700 nm with a weak peak at
574 nm. The as-synthesized sample showed a broad emission band
centered at 515 nm, and this broad spectrum can probably be attributed
to two main reasons: i) The n—x* or n—n* electron transition intraligand
charge transfer (ILCT) of the PVP polymer matrix or ii) the transition of
the electron from the localized Ceys state to the valence band of O3,. On
the other hand, the rather small emission peak at 574 nm could be due to
defect states existing between the Ceys states and the Oz, valence band.
Moreover, one emission nature has gradually diminished, giving rise to a
broad spectrum band [55]. Moreover, Fig. 5b and (c) depicted the PL
spectra of Sm>" doped CeO, NF mats. The emission peaks of CeOy:Sm>*
NFs were detected at 574, 615 and 669 nm in the yellow-orange-red
region. The emission peaks observed at 574, 615 and 669 nm corre-
spond to 4G5/2 — 6H5/2, 4G5/2 — 6H7/2 and 4G5/2 — 6H9/2 electronic
transitions, respectively (Fig. 5b) [56-58]. All transitions are well
illustrated in the schematic diagram in Fig. 6. The emission spectra show
a transition at 615 nm (*Gs,2 — ®Hy,2) which is partly magnetic dipole
and partly forced electric dipole with orange emission as given by the
selection rule AJ = +1. At 574 nm, a forbidden magnetic dipole tran-
sition with dominant intensity corresponding to the *Gs;; — ®Hs)y
transition (AJ = 0, i.e., values of J # 0 < 0) is observed and the lumi-
nescence is independent of the symmetry of the centers. The magnetic
dipole transition Aj = 0 obeys the +1 selection rule, where j is the total
angular momentum [59]. A hypersensitive peak at 669 nm is also
observed, attributed to the electric dipole-allowed transition 4G5/2 —
Ho, with weak intensity AJ = +2, which completely obeys the electric
dipole transition rule. This transition is symmetry dependent and its
intensity decreases with increasing local symmetry. Sm3* can be used as
a structural probe to study the symmetry environment of the structure.
In general, the intensity of the PL emission peak is due to ED transitions,
which are markedly affected by the local environment of the doped ion
occupying the luminescent center. However, the intensity of the emis-
sion peak may also arise due to MD transitions, which are probably less
affected by the crystal field environment. In this context, for the eluci-
dation of the symmetry nature of the local medium, the ratio of the in-
tensity of the ED and MD transitions is a crucial parameter known as the
asymmetry ratio. The asymmetry ratio can be evaluated using the
following equation:

Asymmetry ratio(R) = Tsoomm (C)]
Is74nm

R > 1 indicates that the Sm*" ion occupies a position of asymmetry in
the non-inversion center of the local environment. R < 1 indicates that
the Sm>" jon occupies a position of high symmetry at the inversion
center of the local environment. The asymmetry ratio for the investi-
gated luminescent NF material was determined and presented in
Table 3. From the table, it is concluded that the R-value for the phosphor
synthesized by varying the Sm®' ion concentration is less than 1.
Therefore, the calculated R-value is less than one, indicating that Sm3*+
ions are located in symmetric regions of the host matrix [60-62].

The photoluminescence intensity of Ce02:Sm3+@PVP (Mex = 349
nm) nanofibers increases with Sm3* content, reaching a maximum at a
dopant concentration of about x = 0.02 wt%. In contrast, a
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Fig. 5. Photoluminescence emission spectra of a) Undoped-CeO, b) Ce0:0.02Sm>* @PVP with possible electronic transition, c) CeO:xSM>T@PVP (x =1, 2, 3,5
and 7 %wt.) and d) Ce02:0.025m3+:yLi+@PVP (y =1, 2, 3, 5and 7 %wt.) at room temperature (Aexy = 349 nm).

concentration quenching process was observed when more luminescent
activator was doped (Fig. 5¢). At higher dopant (Sm3H) concentrations, a
quenching phenomenon occurs, which can be attributed to the reduced
distance between Sm>* ions. As the Sm®" ion concentration increases,
the distance between neighbouring ions decreases and the interaction
between neighbouring Sm>" ions increases. In addition, the proximity of
the energy levels of Sm®* dopant ions results in efficient energy transfer
from their energy states to the quenching centers. Fig. 5d shows the PL
emission spectra of Ce0,:0.02Sm>"@PVP composite nanofibers with
varying Li" co-dopant concentrations under 349 nm excitation. The
dominant 574 nm emission peak (4G5/2 - 6H5 /2 magnetic dipole tran-
sition) intensity increases approximately fourfold as Li* concentration
increases from 1 to 5 wt%. This increase is due to Li * ions modifying the
local crystal field around Sm®", facilitating efficient radiative recombi-
nation. Li* co-doping reduces defects and increases luminescence up to
5 wt%, after which quenching occurs. This quenching is due to energy
migration between Sm>" ions and non-radiative recombination in defect
sites, which is typical in rare-earth fibers. No significant shift of the
emission peak positions is identified at all Li* concentrations, indicating
that Li * doping primarily affects the intensity of Sm®* emissions rather
than the energy levels involved in the electronic transitions. These re-
sults highlight the beneficial effect of Li* co-doping in optimizing the
luminescence properties of Ce0,:0.02Sm> " @PVP phosphors for opto-
electronic applications.

Moreover, the presence of non-radiative energy transfer between
luminescent centers in host sites significantly reduces the PL intensity. In
other words, to understand how energy moves through the host material

to understand concentration quenching. This includes radiation reab-
sorption, energy exchange, and electric multipolar coupling between
luminescent centers. Basically, three mechanisms such as radiation
reabsorption, exchange interaction and multipolar interaction are
responsible for non-radiative energy transfer [63]. The exchange inter-
action is generally responsible for non-radiative energy transfer if the
distance between the nearest neighbouring activator ions is less than 5
A. Multipolar interaction mediated by non-radiative energy transfer is
possible if the distance between the nearest activator ions is greater than
5 A [64]. In order to further elucidate the type of interaction that triggers
the non-radiative energy transfer, the critical distance (R.) between
Sm>* ions can be determined using Equation (10) following the Blasse
approach [65]:

1
3V \3
2
(477ch)

Here xc represents the critical concentration, N represents the
number of formula units per unit cell and V represents the unit cell
volume. The critical distance of the Sm>* ion-doped CeO, luminescent
material was determined as 19.66 A. The calculated critical distance (Re
= 19.66 A) indicates that the non-radiative energy transfer occurs via
multipolar interaction. To explain the multipolar interaction phenom-
enon, Dexter calculated the change in photoluminescence intensity with
the multipolar interaction type according to the dopant ion concentra-
tion approximation by the following relation [66,67]:

R.

10

49526



K.N. Kavas et al.

0~ Ce"
~ee ET
4DJ’2 -..)

Ceramics International 51 (2025) 49517-49533

5y
Pm

6y
Pa/z

4
Fsz

Z
A

4
Gm

4
Fm

20

TN TN

4
Gsri

349nm

Energy (x10°cm™)

547nm
615nm
669nm

6
sz

6
sz o

0

Fig. 6. Partial energy level diagram showing the emission of Sm®* ion in CeO, samples.

Table 3
Comparison of asymmetry ratio (R) values depending on Sm>" ion
concentration in CeO,@PVP. NFs.

Sm>* ion concentration Asymmetry ratio

0.01 0.317
0.02 0.911
0.03 0.531
0.05 0.634
0.07 0.810

I 017!

)—(:K{l +ﬂ(x)3} an
where I denotes the intensity of the emission peak, x denotes the dopant
ion concentration higher than the critical concentration x., K and p are
constants determined by the host material and experimental setup, and 6
is the multipole constant having values of 6, 8, and 10. 0 values of 6, 8,
and 10 suggest dipole-dipole, dipole-quadrupole and quad-
rupole—-quadrupole type interactions, respectively [68-70]. Fig. 7 shows
the plot of log(I/x) versus log(x). From the plot, the slope value is
determined as —2.107, which gives the 6 value of 6.321, which is
approximately close to 6. This value indicates that the dipole-dipole
interaction is responsible for the non-radiative energy transfer occur-
ring in the studied luminescent material.

The low-temperature PL spectrum of Sm>*-doped CeO,@PVP shown
in Fig. 8a and b reveals critical information regarding the luminescent
properties of the material under reduced thermal activation. Lower
temperatures restrict the phonon-interaction effects, resulting in sharper
emission peaks and improved radiative recombination efficiency. This is
confirmed by the spectral isometric mapping in Fig. 8a and c, which
reveals narrow, well-resolved emission peaks of Sm>* ions. From the
observed peaks, the transition from the 4G5/6 excited state to the ®Hs /2
ground state is observed as a plateau-shaped spectral broadband from
CeO, and PVP even at cryogenic temperatures. However, the corre-
sponding transitions from the 4Gs /6 excited state to the SH, /2 and 6H9/2
states are clearly seen. When the low temperature profile of Li © doped
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Fig. 7. The logarithmic plot of PL intensity at 574 nm (dominant emission
peak) versus Sm>" concentration is consistent with a linear trend.

Ce0,:0.02Sm>" @PVP is examined, the broadband spectral signal dis-
appears and the emission peaks become sharper, and it is clearly seen
from the observed peaks that they correspond to the 6Hj J=5/2,7,2and
9/2) manifolds from the 4G5/6 excited state. While the 4G5/2 - 6H5/2
magnetic dipole transition is dominant in room temperature measure-
ments, the dominant character is the partially magnetic and partially
forced electric dipole character attributed to *Gs,» — ®Hy,3 as cryogenic
temperatures are reached. This dominance has shifted to the transition
that characterizes the sharp peaks. This finding shows that the possi-
bility of occupying asymmetric sites in the CeOj lattice is reduced with
Li * doping and the electric dipole transitions are strengthened by
occupying the symmetric lattice sites. Fig. 8c and d shows the
temperature-dependent luminescence trends, indicating increasing
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Fig. 8. 3D plot of PL intensity as a function of wavelength and temperature for Ce0:0.02Sm**@PVP and Ce0,:0.02Sm>*,0.05Li* @PVP nanofiber, showing sig-
nificant decrease in intensity from 300 K to 10 K, indicating temperature-dependent quenching mechanisms.

emission as the temperature decreases due to the suppression of non-
radiative recombination pathways. Thermal quenching caused by
multi-phonon relaxation reduces the emission intensity at higher tem-
peratures. However, cryogenic conditions alleviate this effect, promote
radiative decay, and significantly increase the luminescence efficiency,
especially at low doping levels. While no shift in peak locations was
observed at cryogenic temperatures for Li*-doped Ce04:0.02Sm>* @PVP
composite NFs (Fig. 8c and d), the PL intensity increased by approxi-
mately eightfold. This finding suggests that Li * ions promoted efficient
radiative recombination by changing the local crystal field around
Sm®*, and these results can be attributed to the efficient energy transfer
between Li* and Sm>* ions.

3.6. Colorimetric evaluation

CIE chromaticity coordinates were used to determine the color
properties of the emitted light, and colorimetry is a useful method to
investigate the true color of the PL of the developed nanofibers. Using
the emission spectra excited at 349 nm, the CIE coordinate values for
each NF were recorded and are given in Table 4. The values overlap and
are quite close to each other. The CIE profile of typical samples CeOq,
Ce04:xSm>" and Ce0,:0.02Sm>":yLi* using the CIE 1931 standard is
illustrated in Fig. 9. The correlated color temperature (CCT) value of a
lighting source is defined by whether it is significantly cool, neutral, or
warm. Cool color sources are those with CCT values greater than 3000 K
and are frequently used in commercial lighting. Home appliances typi-
cally have CCT values below 3000 K and are therefore considered warm.
The CCT values of the samples were determined by applying the
McCamy formulation [71].

CCT = — 437n® 4+ +3601n* + —6861n + 5514.31 12)

Table 4

CIE coordinates, CCT (Color Correlation Temperature) and CP% (Color Purity)
comparisons of composite NFs without additives and doped at various
concentrations.

Composition CIE chromaticity CCT value  CP

coordinates

X y (€9 (%)
CeO,@PVP 0.3103  0.3315 6617 9.5
Ce0:0.01Sm>  @PVP 0.3210  0.3589 5965 5.0
Ce0,:0.025m** @PVP 0.2988 0.3242 7373 14.3
Ce0,:0.035m>* @PVP 0.3030  0.3231 7128 12.6
Ce0,:0.055m>* @PVP 0.3058  0.3155 7051 11.4
Ce0,:0.07Sm>* @PVP 0.4220  0.3553 2821 37.3
Ce0,:0.02Sm>*:0.01Li*@PVP 0.4839 0.3776 2122 63.3
Ce0,:0.02Sm>:0.02Li"@PVP  0.4969  0.3838 2046 68.7
Ce0,:0.02Sm>":0.03Li"@PVP  0.5063  0.3853 1977 72.7
Ce0,:0.02Sm>*:0.05Li " @PVP 0.3676 0.3339 4067 14.5

where, (%, y) symbolizes the chromaticity coordinates of the synthesized
nanofibers and (xe, ye) symbolizes the chromaticity epicenter (0.3320,
0.1858). The calculated CCT values were found in the range of
5965-7373 K for Ce023x8m3+ and 1977-4067 K for Ce0:0.02Sm>":
yLi*. The evaluated CCT values indicate that the prepared Sm>* doped
nanofibers are considered as a ‘cold’ candidate with commercially
available properties for solid-state applications. Furthermore, the CCT
values of Li * ion doped Ce0,:0.02Sm>" nanofibers confirm the transi-
tion to the ‘neutral-hot’ region for solid-state applications. In addition,
the color purity (CP) of the nanofibers was calculated using the
following equation.
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PVP@CeO2xSm*  x y CCT
Undoped ~ 0.3064 0.3136 7037
x=0.01 03103 03315 6614
x~0.02 0.3210 0.3589 5968
x=0.03 0.2988 03242 7364
x-0.05 0.3030 03231 7122
x 0.07 0.3058 70350
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Fig. 9. (a) CIE chromaticity coordinates diagram of (a) PVP@CeO,:xSm>* and (b) PVP@Ce04:0.01Sm>*,yLi*.

V06 —x0% + 0~ 3)?

CP=
\/(Xd - xi)z + (vq _}'i)z

x 100% 13

where, (xs, ys) represent the color coordinates of the NFs, (xi, yi)
represent the illuminant spot with color coordinates (0.3101, 0.3162)
and (xd, yd) represent the color coordinates of the dominant wave-
length. The CP values of the synthesized CeOo, Ce05:xSm>t (1-7 wt%)
and Ce0,:0.02Sm>":yLi* (1-7 wt%) NFs were calculated and found to
be between 9.5 and 72.7 %. CIE chromaticity coordinates, CCT and CP
values of the synthesized NFs are given in Table 4.

3.7. Antioxidant assay

Antioxidant molecules interact with the DPPH radical through
several specific mechanisms to neutralize its free radical activity. One
primary mechanism is the Hydrogen Atom Transfer, where a hydrogen
atom is directly transferred from the antioxidant to the DPPH radical,

effectively neutralizing it [72]. Another mechanism is the Single Elec-
tron Transfer, which involves the transfer of a single electron from the
antioxidant to the DPPH radical, leading to the formation of a stable
radical species. Additionally, Radical Adduct Formation occurs when
the antioxidant reacts with the DPPH radical, resulting in a stable adduct
[73]. The efficacy of these interactions is also influenced by the binding
affinity between the antioxidant and the DPPH radical, which is crucial
for effective radical scavenging. Lastly, the stability of the DPPH radical
itself can affect these interactions, as factors like solvent and pH play
significant roles in its stability [72-74]. Similarly, the interaction of
antioxidant molecules with another radical, ABTS, involves several
specific mechanisms that neutralize its free radical activity. These
mechanisms include hydrogen bonding, electron transfer, and the for-
mation of stable complexes, which collectively contribute to the effec-
tive scavenging of the ABTS radical [75,76].

Fig. 10 illustrates the antioxidant efficacy of all examined samples
against both ABTS and DPPH radicals. The pure CeO, sample exhibited
the highest radical scavenging activity among all tested samples. Despite

~
(=]
L

(=)
(=}

(7]
o

20

Radical scavenging capacity (%)
S
S

CeO,@PVP
Ce0,:xSm*@PVP
Ce0,:0.02Sm” yLi'@PVP

Fig. 10. Percent of ABTS and DPPH radicals scavenging activity (antioxidant capacity) of the samples.
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significant reductions in the scavenging activity of CeO:Sm>* samples
correlated with increased Sm concentration, both radical scavenging
activities remained at or above 50 %. While the DPPH radical scav-
enging activity of CeO:Sm>":Li" samples demonstrated a marked
decline with rising Li concentration, the ABTS radical scavenging ac-
tivity diminished sharply, falling below 10 %. Consequently, the un-
stable and electron-deficient free radicals are effectively neutralized by
CeO; through mechanisms of hydrogen bonding and electron transfer.
Nevertheless, the incorporation of Sm and subsequently Li * ions into
the CeO; structure hindered the processes of hydrogen bonding and
electron transfer, leading to diminished radical scavenging activities.

3.8. Biocompatibility of the nanofibers

Biocompatibility and hemocompatibility are critical factors in the
development and application of biomaterials, particularly. These prop-
erties ensure that materials can interact safely with biological tissues
and blood without causing adverse reactions. In other words, biocom-
patibility refers to a material’s ability to perform with an appropriate
host response in a specific application, minimizing harmful effects on
tissues [77]. The long-term interaction between implanted materials and
human tissues is crucial for the success of medical devices, necessitating
ongoing evaluation [78]. While biocompatibility and hemocompati-
bility are paramount for the success of medical materials, challenges
remain in balancing innovation with safety. The rapid development of
new materials necessitates continuous research and adaptation of
testing protocols to ensure safety and material efficacy [79]. Bio-
materials have been categorized based on the proportion of hemolysis
following interaction with erythrocyte cells; they are deemed highly
hemocompatible if the hemolysis rate is below 5 %, hemocompatible
within the range of 5-10 %, and non-hemocompatible if exceeding 20 %
[80]. According to the data shown in Table 5, all nanofibers exhibited a
hemolysis rate of less than 1 %. Consequently, it can be asserted that the
samples synthesized in this investigation demonstrate a high degree of
hemocompatibility. It is established that PVP, the main component of
the nanofibers, is a biocompatible and hemocompatible biodegradable
polymer, frequently utilized in various applications such as wound
dressings, sutures, and drug delivery systems [81,82]. Moreover, it can
be concluded that all other constituents of the nanofibers do not induce
any toxicity when integrated with the PVP matrix, thereby promoting
cell viability.

3.9. Antibacterial activity of the nanofibers

The use of Escherichia coli and Staphylococcus aureus in evaluating
antibacterial activity is primarily due to their clinical significance and
varying resistance profiles [83]. Staphylococcus aureus, particularly
methicillin-resistant strains, poses considerable challenges in clinical
environments [84]. Escherichia coli is a primary focus of antibacterial

Table 5
The ratio of blood hemolysis and the antibacterial efficacy exhibited of the NF
samples.

Nanofibers % Hemolysis Inhibition zone (mm)
S. aureus E. coli

CeO,@PVP 1.01 +0.18 - -
Ce0,:0.01Sm** @PVP 0.84 + 0.15 - -
Ce02:0.02Sm>* @PVP 0.96 + 0.15 - -
Ce02:0.03Sm>" @PVP 0.81 + 0.07 - -
Ce0,:0.05Sm>* @PVP 0.86 + 0.11 - -
Ce0:0.07Sm>* @PVP 0.94 + 0.11 - -
Ce02:0.07Sm>",0.01Li "@PVP 0.67 + 0.01 12.7 £ 0.3 11.7 £ 1.8
Ce0,:0.07Sm>",0.02Li " @PVP 0.72 + 0.04 11.4 £ 0.2 10.3 £ 0.6
Ce0:0.07Sm>",0.03Li " @PVP 0.91 +0.11 11.0 £ 0.1 10.4 + 0.6
Ce02:0.07Sm>",0.05Li " @PVP 0.89 + 0.20 11.3+ 1.9 11.4 +£ 0.2
Ce0,:0.07Sm>*,0.07Li " @PVP 0.84 + 0.04 11.1 £ 0.9 11.0 + 0.9

Ceramics International 51 (2025) 49517-49533

research due to its frequent association with various infections and its
resistance mechanisms [85]. Therefore, the use of both strains for the
investigation of the antibacterial capacity of biomaterials can be
considered as a general prediction for their activity. In the present study,
the antibacterial efficacy of nanofibers synthesized through the
sequential loading of Sm and Li utilizing CeO2@PVP matrices was sys-
tematically evaluated. The findings indicated that no antibacterial ac-
tivity was detected in the complexes generated with CeO, [86] NPs
incorporated into the PVP polymer, which is characterized by its pro-
nounced antibacterial properties against both gram-negative and
gram-positive microorganisms. Upon scrutinizing the results depicted in
Tables 5 and it was ascertained that the Li-loaded nanofibers exhibited
antimicrobial activity against both bacterial strains. Research has
documented that the antibacterial properties of biomaterials formulated
with Li not only suppress bacterial proliferation [87] but also hinder the
development of biofilm layers [88]. It was deduced that the substantial
antibacterial activity demonstrated by the nanofibers can be attributed
to the incorporation of Li™. Although Sm®" ions are also known to
exhibit antibacterial effects due to their unique electronic configuration
and their capacity to form stable complexes with various ligands-such as
L-aspartic acid, chlorhexidine, and doped TiO, nanoparticles [89-91]
such effects may not always be retained in nanocomposite systems. In
certain cases, the antibacterial functionality of Sm®* may diminish or be
entirely suppressed, as active ionic species can become chemically
bound or immobilized within the polymeric or inorganic matrix [92].
This restricted mobility limits their interaction with bacterial cells,
thereby reducing their biological efficacy.

A comparative performance analysis with previously reported CeOs-
based systems co-doped with rare-earth and alkali metal ions [93-96]
highlights the uniqueness of the present study. While earlier works
focused on enhancing crystallinity, modulating oxygen vacancies, and
improving luminescence properties—particularly around Eu>* and Er®*
ions for optoelectronic applications—this study demonstrates a
comprehensive enhancement in CeO,:Sm>*:Li* nanocomposites. Unlike
previous reports where the impact of Li* on Sm®" emission remained
ambiguous, the current findings reveal a clear reduction in lattice strain,
a nearly tenfold increase in photoluminescence intensity, and a sub-
stantial rise in color purity (72.7 %), indicating potential for solid-state
lighting (SSL) applications. Additionally, an improvement in antimi-
crobial performance was observed, further demonstrating the multi-
functional potential of the synthesized nanofibers. These results not only
confirm the effectiveness of Li" incorporation but also present new
perspectives on the design of multifunctional luminescent biomaterials.
The performance dynamics supporting this comparative assessment are
summarized in Table 6.

4. Conclusion

In conclusion, Sm®*- and Li*-doped CeO, NPs were synthesized by
the co-precipitation method and the synthesized NPs were incorporated
into PVP polymer matrix and NFs were successfully obtained by the
electrospinning method and their structural, morphological, photo-
luminescence (PL) and antibacterial properties were systematically
analyzed. XRD analysis confirmed that the cubic structure of the CeO,
host underwent small changes in lattice parameters and unit cell volume
upon Sm>" doping. Quantitative investigation using the Debye-Scherrer
and Williamson-Hall methods underlines that Sm>" doping decreases
the crystallite size, while Sm>* and Li * co-doping increases it, and its
effect on changing the lattice strain, which collectively improved the
structural and optical properties of the material. PL measurements
revealed intense yellow emission at 574 nm (4G5/2 - °Hg ,2) instead of
the hypersensitive electric dipole transition at 669 nm (4G5 /2 — 6Hg /2) in
Sm>*-doped NFs, supporting the magnetic dipole transitions of the CeOy
host, and asymmetric ratio calculations revealed that Sm>" ions occupy
a position of high symmetry with the inversion center of the local
environment, highlighting the dynamic luminescence mechanisms
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Table 6
Comparison of the performance dynamics of CeO, host materials doped with
RE®" based on alkali charge compensators.

Material
Composition

Charge
Compansators

Performance Dynamics

CeOy:Eu®* [93] Lit

Higher crystallinity and larger
crystallites

Increased crystallinity and decreased
oxygen vacancies concentration

The less asymmetry and lower
luminescence around Eu®".

The amount of changing oxygen
vacancies and Ce®* oxidation states
increases defect formation.

The presence of Li * clearly increases the
emission intensity of Eu>*, while the
increase in the emission intensity of Sm>*
is uncertain.

A potential application area for high-
efficiency dye-sensitized solar cells.
Modification of the symmetry around
Eu’* sites and improvement of the
degree of crystallinity of the host with Li
* co-doping.

Li + ions replace Ce** sites in the main
site instead of interstitial sites.
Significant increase in emission
efficiency due to the presence of Li* ions
Promising orange-red emission efficiency
for optoelectronic applications
Improved crystallization and reduced
local symmetry with the addition of Li*.
Significant improvement in emission
intensity at 1532 nm under 352 nm
excitation.

Modification of lattice strain.

Notable improvement in PL intensity
(~10-fold) with the addition of Li*.
Significant increase in color purity (72.7
%) with the addition of Li*. Potential
candidates for SSL applications.
Potential improvement in antimicrobial
performance.

Ce0y:Sm>, Lit
Eu®" [94]

CeOq: Eu®* [95]  Li*

CeO4:Er®* [96] Li*

CeOx:Sm>* Lit
[This work]

within the CeO5 host. The calculated critical distance (R, = 19.66 10\)
indicated that energy migration occurs predominantly through multi-
polar interactions facilitated by the structural features of the NF matrix.
While room-temperature PL studies appear to exhibit the broad spec-
trum of the PVP matrix and the CeO5 host, with Sm®* and Li  co-doping,
this effect decreased significantly and the luminescence intensity
increased almost ten-fold. When cryogenic temperatures were reached
for Ce0,:0.02Sm>70.05Li"@PVP NF, the partially magnetic and
partially forced electric dipole character attributed to *Gs/y — ®Hy/o
became dominant as a result of the Li © doping decreasing the proba-
bility of occupying asymmetric sites in the CeO, lattice. The analyzed
CCT values indicate that the prepared Sm>* doped nanofibers can be
considered as “cold” candidates with commercial properties for solid-
state applications. Color purity calculations show that Li™ doping re-
sults in a significant color purity increase of 72.7 %. The findings pro-
vide evidence that Li ™ ion doping leads to remarkable improvements in
PL properties. While CeO, and Sm>* ion-doped nanofibers did not
exhibit measurable antibacterial activity under the tested conditions,
the incorporation of Li™ led to a marked improvement in antimicrobial
performance. This suggests that Li" plays a significant role in enhancing
the antibacterial efficacy of the CeO,@PVP nanofiber system. Further-
more, all other components of NFs were observed to cause no toxicity
when integrated with the PVP matrix, thus promoting cell viability.
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