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The use of powdered photocatalysts in wastewater treatment presents several challenges, such as
difficulties in recovery, aggregation during use, and poor reusability, which limit their effectiveness in
large-scale environmental applications. To address these issues, we developed sustainable and reusable
photocatalytic membranes comprising three-dimensional (3D) hierarchical lanthanum-doped rare-earth
metal oxide nanorods integrated onto polyacrylonitrile/polyvinylidene fluoride (PAN/PVDF) nanofibers
(La-doped RE-NFs). These hybrid composite membranes were fabricated by combining electrospinning
and hydrothermal synthesis methods. The La-doped RE-NFs not only possess a high surface-area-to-
volume ratio but also demonstrate superior photocatalytic efficiency for removing common target
organic pollutants in water (ie., Congo red (CR), methyl orange (MO), methylene blue (MB), and
tetracycline (TC)). Here, the formation of the CeCOszF phase has contributed to the enhanced
photocatalytic performance. From the kinetic analysis of the photocatalytic degradation, the rate
constant (k) of La-doped RE-NFs in the MB removal test is 4.3 times higher than that of their undoped
counterparts. Moreover, these proposed membranes exhibit excellent reusability, with only a ~5%
reduction in degradation efficiency after five consecutive cycles. These findings highlight the potential of
La-doped RE-NFs as a highly efficient and reusable photocatalytic membrane material for environmental
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applications, particularly in water treatment systems.

Introduction

Photocatalysis has gained widespread attention as a sustain-
able and efficient solution for addressing environmental pollu-
tion, particularly for the degradation of organic pollutants in
water systems."” By utilizing light energy, photocatalysts can
generate reactive species such as superoxide radicals (*O, ) and
hydroxyl radicals (*OH), which can degrade a wide range of
contaminants (e.g., dyes, pharmaceuticals, and industrial waste
chemicals) into harmless by-products.’ The potential to use
renewable energy sources, such as sunlight, makes photocata-
lysis an environmentally friendly and energy-efficient approach
to water treatment, aligning with global efforts to develop green
technologies.®”

A wide range of compounds, such as metal oxides® (e.g.,
titanium dioxide (TiO,),° zinc oxide (Zn0),’° iron oxide
(Fe,03),"""* tungsten trioxide (WO,),"*'* niobium pentoxide
(Nb,0s),"> and cerium oxide (Ce0,)),'**' carbon,**** bis-
muth oxyhalides (e.g., bismuth oxychloride (BiOCl), bismuth
oxybromide (BiOBr), and bismuth oxyiodide (BiOI)***°), and
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metal-organic frameworks (MOFs),>>*” have been studied as
photocatalytic materials due to their high photocatalytic activity,
chemical stability, and versatility. Despite their promising prop-
erties and high performance in water treatment applications,
these materials often face challenges related to aggregation,
recovery, and reusability because of their predominant use as
powders.”®*® Powder-based photocatalysts tend to agglomerate
during reactions, reducing their surface area and activity.***"
Moreover, recovering and reusing these powders after each cycle
can be difficult and costly, often leading to performance degra-
dation over time.**

Several strategies have been developed to address these limita-
tions and improve the reusability of photocatalysts, including
immobilizing photocatalytic materials on solid supports®*>* or
incorporating them into membrane structures.**® One promising
approach is the development of photocatalytic membranes, where
the catalytic material is directly embedded within or coated onto
stable substrates, such as nanofibers.””*® Photocatalytic mem-
branes offer distinct advantages over their powder-based counter-
parts in terms of easier recovery and enhanced stability during
repeated use.””*® Nanofiber-based membranes, fabricated through
electrospinning techniques, have emerged as an effective platform
for photocatalysis.’>*° These membranes provide a high surface-
area-to-volume ratio, tunable porosity, and improved light absorp-
tion, making them highly efficient for environmental applications.
Integrating metal oxides or other photocatalytic materials into
nanofibers allows the resulting composite membranes to maintain
high catalytic activity while being easily separated and reused,
significantly improving their practicality for long-term water treat-
ment applications.

Building on these advancements, we focus on developing
sustainable photocatalytic membranes that not only deliver
high photodegradation efficiency of organic pollutants but also
offer high reusability. Here, three-dimensional (3D) hierarchical
rare-earth metal oxide composite nanofibers were fabricated by
combining electrospinning and hydrothermal synthesis techniques.
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As a base platform to grow lanthanum (La)-doped metal oxide
nanorods, polyacrylonitrile/polyvinylidene fluoride (PAN/PVDF)
nanofibers were selected because of their excellent mechanical
strength, chemical resistance, and flexibility, which are ideal
for water treatment applications. Besides optimizing the hydro-
thermal growth process of the composite materials, we
assessed the performance and practical use of the proposed
hybrid membranes towards various organic pollutants of dyes
and antibiotics (i.e., Congo red (CR), methyl orange (MO),
methylene blue (MB), and tetracycline (TC)) by characterizing
their degradation efficiency and long-term stability.

Materials and methods
Materials

Polymers of polyacrylonitrile (PAN, M,, = 150000 g mol~') and
polyvinylidene fluoride (PVDF, M,, = 530 000 g mol ") purchased
from Sigma-Aldrich, Singapore, were used for the nanofiber
preparations. N,N-Dimethyl formamide (DMF) obtained from
Merck, Germany, was employed as a solvent in the electrospin-
ning process. For the fabrication of the rare-earth metal oxide
nanostructures, we used cerium nitrate hexahydrate (Ce(NO3);-
6H,0), lanthanum nitrate hexahydrate (La(NO;);-6H,0), and
urea (NH,CONH,), which were purchased from Merck, Germany.
The tested organic pollutants of Congo red (CR, C.I. 22120),
methyl orange (MO, C.I. 13025), methylene blue (MB, C.I 52015)
dye, and tetracycline hydrochloride (TC-HCI) were also obtained
from Merck, Darmstadt, Germany. All materials were used as
received without any further purification.

Composite nanofiber fabrication

The fabrication steps of the 3D hierarchical rare-earth metal
oxide composite nanofiber membranes are illustrated in Fig. 1.
These are basically divided into two main processes (ie.,
electrospinning and hydrothermal synthesis). First, the

PAN/PVDF nanofibers

Stirred for Heated for
30 min 72h
75

\I

Hierarchical rare-earth metal
oxide composite nanofibers
(RE-NFs)

Fig. 1 Fabrication process steps for three-dimensional (3D) hierarchical rare-earth metal oxide composite nanofiber membranes. Electrospinning and
hydrothermal synthesis methods are used to create polyacrylonitrile/polyvinylidene fluoride (PAN/PVDF) nanofibers and grow rare-earth metal oxide

nanorods on them, respectively.
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polyacrylonitrile/polyvinylidene fluoride (PAN/PVDF) nanofi-
bers were synthesized using an electrospinning machine
(ILMI-N101 Electrospinning, ILMI laboratory, Bandung, Indonesia).
The electrospinning procedures were adapted from those reported
in the literature.">"' 10 mL of PAN/PVDF solution was used to
prepare each nanofiber membrane. Here, the electrospinning
parameters were set as a high voltage of 9 kv, a tip-to-collector
distance of 10 cm, and a feed rate of 0.4 mL h™'. The PAN/PVDF
nanofiber membrane was then cut into a size of 5 x 10 em* and
subsequently put inside a hydrothermal autoclave reactor.

Second, to prepare for the hydrothermal synthesis, 6.0 g of
cerium nitrate hexahydrate (Ce(NO;);-6H,0) and 4.2 g of urea
were dissolved in 70 mL of deionized water under continuous
stirring with a magnetic stirrer until a homogeneous solution
was achieved. To fabricate La-doped composite nanofibers,
0.36 g of lanthanum nitrate hexahydrate (La(NO3);-6H,0) was
added as the doping agent. The resulting mixture was trans-
ferred to a Teflon-lined stainless-steel autoclave, which was
then sealed and subjected to hydrothermal treatment at 180 °C
for 72 hours. After the hydrothermal reaction, the resulting
membrane was thoroughly washed with deionized water to
remove any residual reactants and impurities. The membrane
was then dried in an electric oven at 60 °C for 6 hours to ensure
complete water removal.

Three types of membrane samples were prepared to com-
pare and evaluate the photocatalytic performances of different
membrane architectures. The first membrane sample is the
PAN/PVDF nanofibers without any metal oxide nanostructures
(i.e., NFs). The second and third membrane samples are
the PAN/PVDF nanofibers that are integrated with undoped
(i.e., RE-NFs) and La-doped rare earth metal oxide nanorods
(i.e., La-doped RE-NFs), respectively. For the case of RE-NFs,
these nanofibers were prepared using an identical fabrication
process as that used for La-doped RE-NFs, but without the
addition of lanthanum nitrate during the hydrothermal
procedure.

Material characterizations

The morphology and surface elemental composition of the
nanofiber membranes were analyzed using field-emission
scanning electron microscopy (FE-SEM, Model 6500F, JEOL,
Ltd, Japan) equipped with energy-dispersive X-ray spectroscopy
(EDS). Wide-angle X-ray diffraction (XRD) measurements were
carried out on a D8 DISCOVER SSS, Bruker, Germany, to
examine the crystalline structure of the samples. Fourier-
transform infrared (FTIR) spectroscopy was conducted with a
Shimadzu IRSpirit-X Compact FTIR Spectrometer to investigate
the functional groups present in the nanofibers. Thermogravi-
metric analysis (TGA) was performed using a Shimadzu TA-60 to
assess the thermal characteristics of the PAN/PVDF nanofibers
following the hydrothermal treatment. An X-ray photoelectron
spectroscopy (XPS, Model K-Alpha, Thermo Fisher, USA) was
employed to analyze the elemental composition and chemical
bonding within the nanofiber membrane. Photoluminescence
(PL, PTI QuantaMaster™ 30, from Horiba, excitation wavelength
(Zex) = 300 nm) spectroscopy was used to evaluate the optical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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emission properties, and UV-vis spectrophotometry (Thermo
Fisher Scientific, Evolution 220) in diffuse reflectance spectra
(DRS) mode was employed to further explore the optical absorp-
tion characteristics of the as-prepared samples.

Photocatalytic degradation measurements

The photocatalytic degradation experiments were performed
using four different model organic pollutants, i.e., cationic dye
(MB), anionic dyes (CR and MO), and antibiotic (TC). Each
pollutant solution was prepared at a concentration of 10 ppm in
100 mL of distilled water. For each experiment, 0.05 g of
the photocatalytic membrane sample (i.e., NFs, RE-NFs, or
La-doped RE-NFs) was dispersed in the pollutant solution. The
suspension was stirred in the dark for 30 minutes to evaluate any
adsorption behaviour and establish adsorption-desorption equi-
librium before UV light irradiation. Any significant reduction in
pollutant concentration during this phase would indicate
adsorption of the pollutants onto the nanofiber membrane.
Subsequently, the suspension was irradiated with UV light using
four Phillips UVC lamps (10 W, 4 &~ 253.7 nm) for 120 minutes.
The detailed photocatalytic experimental setup including the
lamp and pollution distance is shown in Fig. S1 (ESIt). During
the dark phase, 3 mL aliquots were taken every 10 minutes to
measure adsorption, and after UV light exposure began, samples
were collected at 30-minute intervals to monitor photocatalytic
degradation. The concentration of the collected samples was
analysed using a Shimadzu UV1280 UV-vis spectrophotometer.
The maximum absorbance wavelengths for each pollutant were
measured as follows: CR (497 nm), MO (464 nm), MB (664 nm),
and TC (357 nm). The absorbance data were used to calculate the
remaining concentration of pollutants over time, providing
insights into both adsorption behaviour and photocatalytic
degradation efficiency.

Results and discussion

Hierarchical rare-earth metal composite nanofiber membrane
characteristics

From the electrospinning process, the resulting electrospun
plain PAN/PVDF nanofibers (i.e., NFs) have a smooth and
homogeneous structure with a diameter of ~710 nm (see
Fig. 2(a)). Upon the hydrothermal growth of the rare-earth
metal oxide, flower-like structures consisting of nanorods ran-
ging from hundreds to thousands of nanometers appeared on
the nanofiber surfaces (i.e., RE-NFs), as depicted in Fig. 2(b).
These nanorods, having a diameter of ~900 nm, were evenly
distributed across the nanofiber surface, as indicated by the
yellow arrows in Fig. 2(b) and (c). This indicates that the
nanorods grew directly on the nanofiber surfaces, as further
highlighted by the yellow-circled areas in Fig. 2(c), confirming
the structural integrity of the underlying nanofiber
template.*>*® At higher magnifications, a sheet-like structure
was observed, distinct from both the nanofiber and nanorod
formations, further emphasizing the hierarchical nature of the
composite material. These 3D hierarchical structures could

Mater. Adv,, 2025, 6,1755-1768 | 1757
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Fig. 2 Scanning electron microscopy (SEM) images showcasing the morphology of composite nanofiber membranes at different magnifications.
(a) Plain PAN/PVDF nanofibers (NFs). 3D hierarchical rare-earth metal oxide composite nanofibers (b) without (RE-NFs) and (c) with lanthanum doping
(La-doped RE-NFs). The images show the presence of nanorods on the surfaces of the RE-NFs and La-doped RE-NFs.

enhance the surface area, which is crucial for catalytic
and adsorption applications.** Furthermore, Fig. 1 presents a
photograph of all nanofiber samples, visually confirming that
the membrane structure remains intact following hydrothermal
treatment, with the only noticeable change being a shift in
nanofiber color. Following the lanthanum doping, the overall
morphology of the La-doped RE-NFs shown in Fig. 2(c) remains
consistent with that of the undoped samples (RE-NFs). The
surface textures, including the distribution of nanorods, did
not exhibit any significant changes due to the doping process.
This suggests that while La doping may introduce chemical or
functional modifications, it does not drastically alter the micro-
structure of the nanofibrous mats.

In the EDS elemental mapping of RE-NFs (Table S1, ESIt)
and La-doped RE-NFs (see Fig. 3(a)), the measured elements
include carbon (C), nitrogen (N), oxygen (O), fluorine (F), cerium
(Ce), and lanthanum (La). Here, although Ce (70.18 wt% and
21.23 at%) and O (15.31 wt% and 40.56 at%) are the dominant
elements, the presence of C (6.58 wt% and 23.24 at%) and F

1758 | Mater. Adv, 2025, 6,1755-1768

(6.48 wt% and 14.46 at%) is also significant, indicating
the retention of the organic components, which is a typical
characteristic of hierarchical composite nanofibers.*>*®
Furthermore, a very small percentage of La (1.42 wt% and
0.43 at%) was also observed, suggesting the successful doping
of La into the RE-NFs.

The X-ray diffractograms of composite nanofibers are shown
in Fig. 3(b). The results reveal that CeCO;F is the dominant
phase in all composite nanofibers rather than simple CeO,
cubic structures in contrast with previous findings.'®'® This was
unexpected since typically hydrothermal growth on top of the
nanofiber membrane results in materials similar to the process
without membrane template.*”™*° The CeCO,F phase was identi-
fied according to the PDF#11-0340.°>°" While CeCO;F was not
intentionally designed in this study, its formation presents an
intriguing finding. Several previous reports in literature indicate
that CeCO;F has been explored in various applications, including
NH;-SCR denitrification catalysis,”® luminescence,” and as a
precursor for CeO, synthesis,”® demonstrating its significance in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comprehensive material characterizations of composite nanofiber membranes. (a) Energy-dispersive X-ray spectroscopy (EDS) results of La-
doped RE-NFs, showing the elemental mappings of C, N, O, F, La, and Ce elements. (b) X-ray diffractograms of NFs, RE-NFs, and La-doped RE-NFs. (c)
Fourier-transform infrared (FTIR) spectra displaying characteristic peaks across all three samples. (d) Thermogravimetric analysis (TGA) curves showing
the thermal degradation behaviors for all nanofiber types (NFs, RE-NFs, and La-doped RE-NFs).

advanced materials. Those studies highlight its oxygen storage
properties, stability, and potential catalytic activity, suggesting
that CeCO;F could contribute to the photocatalytic performance
observed in our study.’>>>%?

To understand the growth of the CeCO;F phase on the
nanofiber surfaces, the chemical reaction in each processing
step needs to be analyzed. Firstly, during the dissolution of
cerium nitrate hexahydrate and urea using DI water, the cerium
(Ce*") and carbonate CO;>~ ions were formed (see eqn (1)
and (2)). Secondly, during the hydrothermal process, the for-
mation of cerium carbonate precipitate (Ce,(COs);) started to
occur (eqn (3)). Simultaneously, due to the harsh hydrothermal
conditions, partial degradation of PVDF may occur releasing
fluoride ions (F~) and further reacting with the cerium carbonate
to form cerium oxyfluorocarbonate (CeCO;F) according to eqn (4).
The nucleation and growth of the CeCO;F had then continuously
occurred on the nanofiber surfaces until the hydrothermal synth-
esis was finished. This finding is also consistent with the EDS
results in the previous section, showing that the major elements
found on the membrane surface were C, O, F, and Ce. In addition
to these findings, the La-doped RE-NFs displayed key differences
compared to the undoped ones (RE-NFs). Specifically, the La-
doped nanofibers exhibited much sharper and more well-defined

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

peaks in the XRD patterns, indicating greater crystallinity of the
CeCOsF phase. This could suggest that the presence of La facil-
itates more ordered growth of the CeCO;F structure on the
nanofiber surfaces.

Ce(NO3);-6H,0 — Ce** + 3NO; ™ + 6H,0 €))

CO(NHz)Z + ZHzo g 2NH3 + C02

NH; + H,O0 —» NH," + OH~
CO, + 20H  — CO;* + H,0 (2)
2Ce*" +3C05% — Cey(CO3)3 (3)
PVDF — F~ + degraded polymer fragments

Ce,(CO3); + 2F~ — 2CeCO;F + COz>~ (4)

FTIR spectroscopy was utilized to elucidate the molecular
structure of the composite nanofibers, as depicted in
Fig. 3(c). The FTIR spectra confirmed the successful fabrication
of the PAN/PVDF nanofibers, exhibiting characteristic peaks

Mater. Adv., 2025, 6,1755-1768 | 1759
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typical for such materials.>*>> The peak at 1668 cm™", attrib-
uted to the C—=O stretching vibration from carbonyl groups,
which was likely formed due to oxidation of the nitrile groups
(C=N) in PAN,**”” diminished in intensity after the hydro-
thermal growth of rare-earth metal oxide in both samples of
undoped RE-NFs and La-doped RE-NFs. This change suggests a
reduction or alteration of the carbonyl groups upon metal oxide
incorporation. Characteristic absorption bands of the B-phase
of PVDF were prominent in the spectra of the PAN/PVDF
samples, observed mainly at 1400, 1275, 1175, 1070, 876, and
836 cm > While some B-PVDF peaks persisted in the
composite nanofibers, their intensities were reduced, indicating
that portions of the organic components remained intact within
the composite structure. New peaks emerged in the spectra of
both undoped RE-NFs and La-doped RE-NFs, enhancing our
understanding of the chemical modifications induced by the
doping process. The peak at 1587 cm™ "' likely indicates the
formation of metal-carboxylate complexes,*® specifically cerium
carbonate (CeCOj3), as corroborated by XRD analysis. Another
significant peak at 992 cm™ ' is attributed to metal-oxygen
stretching vibrations, predominantly the Ce-O bond, with
potential minor contributions from La-O bonds in the doped
variants.””

The thermogravimetric analysis (TGA) results depicted in
Fig. 3(d) reveal the thermal stability and decomposition char-
acteristics of the nanofiber samples (i.e., NFs, RE-NFs, and
La-doped RE-NFs), providing insights into their composition.
The NFs exhibited a residual weight of 34.1% at 600 °C, which
primarily represents the fraction of thermally stable inorganic
components and the carbonized remnants of the PAN/PVDF
polymer matrix.®*®" In contrast, RE-NFs showed a lower
residual weight of 25.6%, suggesting that the incorporation of
rare-earth metal oxides in this form slightly decreases thermal
stability, possibly due to structural modifications or interac-
tions between the polymer matrix and metal oxides affecting
the degradation behavior. Notably, La-doped RE-NFs displayed
the highest thermal stability, with a residual weight of 60.6% at
600 °C, indicating that lanthanum incorporation significantly
enhances the material’s thermal resistance, likely due to the
formation of more stable inorganic phases and improved
polymer-metal oxide interactions. By comparing the residual
weight percentages, we can estimate the relative composition of
PAN/PVDF (~73.5%) and rare-earth metal part (~26.5%),
where the increased residual mass in La-doped RE-NFs sug-
gests a higher content of thermally stable inorganic compo-
nents, while the lower residual weight in RE-NFs implies a
higher fraction of organic decomposition.®>®® These findings
highlight the crucial role of rare-earth metal incorporation,
particularly lanthanum doping, in modifying the composition,
stability, and overall material properties of the nanofibers,
further supporting their potential application in photocatalytic
processes.

The lanthanum doping likely promotes the formation of
more stable chemical bonds within the nanofiber structure,
making them more resistant to thermal degradation and
underlining the beneficial impact of La incorporation on both

1760 | Mater. Adv, 2025, 6,1755-1768
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the photocatalytic and thermal performances of the nanofibers.
Interestingly, both RE-NFs and La-doped RE-NFs exhibited
an earlier onset of thermal degradation compared to the NFs.
This could be attributed to the introduction of rare-earth metal
oxides, which might alter the chemical interactions within the
nanofibers. The incorporation of cerium and lanthanum com-
pounds could introduce local stresses or defects in the polymer
matrix, causing the composite to begin decomposing at lower
temperatures. Additionally, the partial degradation of the PVDF
polymer under hydrothermal conditions, particularly in the La-
doped RE-NFs, may introduce weaker points in the fiber
structure, leading to earlier degradation.

The XPS survey spectra displayed in Fig. 4(a) show that the
NF sample exhibits a composition consistent with reference
PAN/PVDF nanofibers, featuring prominent peaks for C 1s, O
1s, N 1s, and F 1s.°*% This observation confirms that the NF
sample retains the expected elemental profile for PAN/PVDF
nanofibers, with carbon (C), nitrogen (N), oxygen (O), and
fluorine (F) as primary constituents. In contrast, the RE-NFs
and La-doped RE-NFs samples reveal additional peaks in the Ce
3d, indicating the successful incorporation of cerium into the
nanofiber matrix.®® The presence of these rare-earth elements
distinguishes the modified samples from the original PAN/
PVDF structure and is consistent with the anticipated doping
process. Furthermore, the relative intensity of the F 1s peak
appears slightly diminished in the RE-NFs and La-doped RE-
NFs samples, suggesting potential interactions between fluor-
ine and the introduced rare-earth elements, possibly due to
changes in the PVDF structure induced by doping.

The high-resolution C 1s spectra shown in Fig. 4(b) for NFs,
RE-NFs, and La-doped RE-NFs reveal distinct differences in the
chemical environments of carbon within each sample. For the
NFs, the C 1s spectrum primarily displays peaks associated with
C-C and C-F bonds, typical of the PAN/PVDF matrix. However,
in the RE-NFs and La-doped RE-NFs samples, additional peaks
appear around 287-288 eV, corresponding to C—O and C-O
bonds, indicating the presence of surface oxidation or the
formation of carbonyl functionalities.®” This observation sug-
gests that the hydrothermal process involved in rare-earth
modification introduces oxygen-containing groups on the
nanofiber surface, contributing to the observed shifts and
additional peaks in the C 1s spectra for the modified samples.

In the high-resolution N 1s, F 1s, and Ce 3d spectra
(Fig. 4(c)-(e), respectively), further distinctions between the
samples are evident. The N 1s spectrum for NFs shows a
characteristic peak associated with C=N from PAN.%%°
In contrast, the F 1s spectra of RE-NFs and La-doped RE-NFs
reveal a shift in the C-F peak, potentially indicating inter-
actions between fluorine and the rare-earth elements, particu-
larly cerium and lanthanum, forming M-F bonds.”””* The Ce
3d spectrum in RE-NFs and La-doped RE-NFs exhibits multiple
peaks indicative of Ce** and Ce*" oxidation states, confirming
the presence of cerium in mixed oxidation states.”>”’* These
chemical shifts and additional peaks in the modified samples
underscore the influence of rare-earth doping on the electronic
and chemical environments of the nanofiber membranes,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of NFs, RE-NFs, and La-doped RE-NFs. (a) Survey spectrum displaying the elemental composition with highlighted peaks for Ce 3d,
F1s, O 1s, C 1s, and N 1s, confirming successful integration of rare-earth elements. The high-resolution spectra for (b) C 1s, (c) N 1s, (d) F 1s, and (e) Ce 3d
provide detailed insights into the chemical states of each element in the prepared samples.

suggesting enhanced surface functionality that can be advanta-
geous for photocatalytic applications.

Photocatalytic degradation performance

Fig. 5 provides a comprehensive overview of the degradation
performances and kinetics of the composite nanofibers (NFs, RE-
NFs, and La doped RE-NFs) against four organic pollutants (i.e., CR,
MO, MB, and TC). The UV-is spectroscopy data of the various
pollutants during the photocatalysis experiment are shown in
Fig. S2 (ESIt). Fig. 5(a)-(d) depict the concentration decay over
time, where the relative concentration (C/C,) decreases more
sharply for La-doped RE-NFs compared to NFs and RE-NFs. This
suggests that the La-doped RE-NFs have a faster degradation rate
for all tested pollutants. In the dark condition (—30 to 0 min), no
significant changes in pollutant concentration were observed for
the CR, MO, and TC samples, indicating minimal adsorption onto
the nanofiber membranes. However, in the MB sample, a notice-
able reduction in concentration was detected during the dark
phase, especially for RE-NFs and La-doped RE-NFs samples, sug-
gesting that an adsorption process might have occurred prior to the
photocatalytic degradation for those photocatalytic membranes.
Fig. 5(e)-(h) show the In(Cy/C) plots, confirming the first-
order kinetics of the degradation process for all four pollutants

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

(CR, MO, MB, and TC). The kinetic analysis of the degradation
process was performed using the linearized form of the first-
order reaction model accordance to eqn (5):
In(Cy/C) = kt (5)
where C, is the initial concentration of the pollutant, C is the
concentration at time ¢, and k is the rate constant.”>’® The
linearity of the In(Cy/C) plots, as seen in Fig. 5(e)-(h), confirms
that the photocatalytic degradation of all four pollutants
follows first-order kinetics. The La-doped RE-NFs consistently
display steeper slopes in the In(Cy/C) plots compared to NFs
and RE-NFs, indicating significantly faster degradation rates
across all pollutants. The first-order rate constants (k) were
calculated from the slopes of the In(C,/C) versus time plots and
are presented in Fig. 6(i)-(1). They presented in the form of the
rate constant per gram of catalyst (min~" g~ ') for more mean-
ingful comparison. For the La-doped RE-NFs, the rate constants
are notably higher across all pollutants, demonstrating
enhanced photocatalytic activity. For instance, in the case of
CR pollutant, the rate constant for La-doped RE-NFs is approxi-
mately 0.151 min~" g~ ', which is higher than those for NFs
(0.108 min~" g~ ") and RE-NFs (0.109 min—" g~ '). Similar trends
are observed for MO, MB, and TC pollutants, where La-doped
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Fig. 5 Photocatalytic degradation performances and kinetics of composite nanofiber membranes towards various organic pollutants. Degradation
curves showing concentration decay over time for (a) Congo red (CR), (b) methyl orange (MO), (c) methylene blue (MB), and (d) tetracycline (TC). First-
order kinetic plots for the degradations of (e) CR, (f) MO, (g) MB, and (h) TC. Corresponding rate constants (k) for the degradations of (i) CR, (j) MO, (k) MB,
and (1) TC. All the three samples of NFs, RE-NFs, and La doped RE-NFs were measured, and their results were evaluated.

RE-NFs exhibit the highest rate constants. The rate constants of
the La-doped RE-NFs have increased up to 1.4, 4.3, 4.1, and 1.4-
fold from those of their previous NFs for CR, MO, MB, and TC
pollutants, respectively. This substantial increase in the rate
constants highlights the effectiveness of lanthanum doping in
accelerating the degradation process and improving the overall
photocatalytic efficiency of the composite nanofibers.

1762 |

Mater. Adv., 2025, 6, 1755-1768

15,77-84

The La-doped RE-NFs developed in this study achieved a
normalized degradation rate of 0.15 min~
(CR) using a 4 x 10 W UV lamp, demonstrating efficient
photocatalytic activity under moderate UV light conditions.
The performance comparison of the as-prepared La-doped
RE-NFs to previous photocatalysts integrated into nanofiber
matrices is available in Table 1.

' ¢~ for Congo red

This performance is
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Fig. 6 Comprehensive optical characterization and performance analysis of the photocatalytic composite nanofiber membranes. (a) UV-vis diffuse
reflectance spectroscopy (DRS) results and (b) band gap estimations derived from Tauc plots for NFs, RE-NFs, and La-doped RE-NFs. (c) Photo-
luminescence (PL) spectra under UV excitation at 300 nm demonstrating electron—hole recombination rates. (d) Photocatalytic degradation efficiency
of CR under various scavengers. (e) Reusability tests of La-doped RE-NFs showing their photocatalytic activity over five consecutive cycles. (f)
Comparison of CR degradation under photolysis (UV irradiation without a photocatalyst), hydrothermally treated nanofibers (h-NFs), untreated NFs, and

La-doped RE-NFs.

comparable to that of ZnO/Ag,0 on PVDF, which showed a rate of
0.148 min~ ' g~ for methylene blue (MB) using a 6 W UV lamp.
Despite higher rate constants reported for other materials such as
Bi,0,CO;3-BiOI on PAN (0.16 min~* g~ ') and CoFe,O,/BiOI on PVP
(2.83 min~" g™') for Rhodamine B (RhB), these results were
obtained using higher power Xe lamps (150-300 W), which could
significantly increase energy consumption. The Ag/BiVO,/BiPO,
composite achieved the highest rate (0.738 min™~* g™ ") for tetra-
cycline (TC) but required a 150 W Xe lamp. The key advantage of

the La-doped RE-NFs lies in their effective degradation perfor-
mance with lower power UV lamps, making them more suitable
for energy-efficient and sustainable water treatment. Additionally,
the La-doped RE-NFs demonstrated excellent reusability with
minimal loss in activity over multiple cycles, unlike many conven-
tional powdered photocatalysts, which often face challenges such
as agglomeration and difficult recovery.

The optical properties of the nanofiber composites are
critical in determining their suitability and efficiency in

Table 1 Comparison of various photocatalysts integrated into nanofiber matrices for the degradation of different pollutants under UV or Xe lamp
irradiation (PAN = polyacrylonitrile, PVP = polyvinylpyrrolidone, PVDF = Polyvinylidene fluoride)

Photocatalysts Polymer matrix Pollutants Lamp type Kinetics Kinetics per g Ref.
Bi,0,CO;-BiOI PAN RhB 300 W Xe lamp 0.016 min~'@100 mg 0.16 min " g~ * 77
Si0,@g-C3N,/BiOI PVP RhB 150 W Xe lamp 0.0154 min~'@30 mg 0.51 min~ ' g7! 78
CoFe,0,/BiOl PVP RhB 300 W Xe lamp 0.0283 min '@10 mg 2.83 min ' g ! 79
ZnO/Ag,0 PVDF MB 6 W UV lamp 0.0148 min~'@100 mg 0.148 min ‘g~ ' 80
ZnO/CuS PVDF MB 6 W UV lamp 0.00653 min '@100 mg  0.065 min ‘g ' 81
Nb,O5 PAN/PVDF MB 12 W UV lamp 0.01296 min '@150 mg  0.086 min ‘g ' 15
Ag/BiVO,/BiPO, PVP TC 150 W Xe lamp 0.0369 min @50 mg 0.738 min ‘g™t 82
PCNFs@TiO,~CuTCP  PAN RhB 300 W Xe lamp 0.0115 min @10 mg 1.15 min~* g~* 83
BiOBI/W;3040 PAN RhB 300 W Xe lamp 0.058 min '@20 mg 2.9 min ‘g ! 84
La-doped RE-NFs PAN/PVDF CR 4 x 10 W UV lamp 0.00753 min~'@50 mg 0.15 min " g * This Study
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photocatalytic applications. Fig. 6(a) and (b) from the UV-vis
DRS and Tauc plot analyses, respectively, provide insight into
how the optical characteristics of the nanofibers influence their
photodegradation capabilities. Fig. 6(a) shows the reflectance
spectra of NFs, RE-NFs, and La-doped RE-NFs across the UV-Vis
wavelength range. The Tauc plot in Fig. 6(b) is used to estimate
the optical band gap of the nanofiber composites.*>*® This
plot, which represents the square root of the product of the
absorption coefficient and the photon energy [(F(R., )av)] versus
photon energy (Av), allows for the determination of the band
gap by extrapolating the linear portion of the plot to the energy
axis. The intercepts on the energy axis give the band gap
energies of the materials. From the plot, it is evident that
the La-doped RE-NFs exhibit a smaller band gap (3.47 eV)
compared to NFs (4.81 eV) and RE-NFs (3.53 eV). These values
confirm that all nanofibers are primarily activated by UV light.
Despite the band gaps remaining in the UV range, the slight
reduction in the band gap for La-doped RE-NFs implies a
marginal shift towards the visible range, which may slightly
broaden their photocatalytic activity under sunlight. Nonethe-
less, the primary activation remains in the UV region, aligning
with the photodegradation results, which indicate enhanced
performance under UV light conditions.

Fig. 6(c) presents the photoluminescence (PL) spectra of
NFs, RE-NFs, and La-doped RE-NFs, which provide insights into
the recombination dynamics of photogenerated electron-hole
pairs—a key factor influencing photocatalytic efficiency. A lower
PL intensity typically indicates reduced electron-hole recombina-
tion, leading to improved charge separation and enhanced photo-
catalytic activity.*” "% The PL spectra shows that La-doped RE-NFs
exhibit the lowest intensity compared to NFs and RE-NFs, suggest-
ing that La incorporation effectively suppresses electron-hole
recombination. This enhanced charge separation allows more
charge carriers to participate in photocatalytic reactions, thereby
improving pollutant degradation performance. Furthermore, the
improved charge separation efficiency in La-doped RE-NFs aligns
with the band gap analysis. The slightly reduced band gap
(3.47 eV) compared to NFs (4.81 eV) and RE-NFs (3.53 eV)
enables more effective photon absorption in the UV region.
This combination of enhanced light absorption and suppressed
recombination supports the superior photocatalytic activity
observed in La-doped RE-NFs under UV irradiation. The lower
PL intensity also suggests an extended carrier lifetime, further
enhancing the material’s photocatalytic performance. Previous
findings have also confirmed the enhanced performance of
photocatalysts due to electron-hole separation, trapping, and
interfacial charge transfer via femtosecond transient absorp-
tion spectroscopy (fs-TAS).”%°

The scavenger experiment, illustrated in Fig. 6(d), utilized
CR as the model dye to investigate the primary reactive species
involved in photocatalytic degradation. The degradation effi-
ciency of CR was measured in the presence of various scaven-
gers, and the results revealed significant differences in
degradation behavior. Without any scavengers, the degradation
percentage reached 61.4%, serving as the baseline for compar-
ison. When p-benzoquinone (BQ) was added to capture

1764 | Mater. Adv., 2025, 6,1755-1768
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superoxide radicals (*O, ), the degradation efficiency dropped
to —6.9%, indicating that superoxide radicals are the dominant
species responsible for the degradation process. In the
presence of ethylenediaminetetraacetic acid (EDTA), which
targets photogenerated holes (h'), the degradation efficiency
was 33.7%, showing that h* also plays an important, albeit
secondary, role. The effect of tert-butanol (7-Bu), which sca-
venges hydroxyl radicals (*OH), resulted in a degradation
efficiency of 50.9%, indicating that *OH radicals contribute
less to the photocatalytic activity in this system. These results
suggest that superoxide radicals are the key species driving the
photocatalytic degradation of CR, with photogenerated holes
also contributing, while hydroxyl radicals play a minor role.”>™*

The reusability of the La-doped RE-NFs was tested over five
consecutive photocatalytic degradation cycles, as shown in
Fig. 6(e). The degradation efficiency values for the five cycles
are 61.41%, 61.82%, 62.69%, 61.86%, and 58.38%, respectively.
These results demonstrate that the photocatalyst maintained
high efficiency across multiple uses, with only a slight decrease
in performance by the fifth cycle. Specifically, the degradation
efficiency dropped by approximately 4.94% after the fifth cycle
compared to the first cycle, indicating that the La-doped RE-
NFs exhibit excellent stability and reusability. The ease of
reusing photocatalytic membrane is a clear advantage over
conventional powder-based photocatalyst, which often faces
challenging issues (e.g., agglomeration, loss of activity, and
difficulty in recovery after repeated use).”>°® The durability
and efficient reusability of the La-doped RE-NFs highlight their
potential for practical applications in long-term water treat-
ment processes.

Fig. 6(f) compares the photolysis, hydrothermally treated
nanofibers (h-NFs), NFs, and La-doped RE-NFs for the degrada-
tion of 10 ppm CR solution under UV irradiation. The photo-
lysis experiment, where CR was exposed to UV light without a
photocatalyst, shows a slow and limited reduction in concen-
tration, indicating that direct UV exposure alone contributes
minimally to degradation. Similarly, h-NFs (PAN/PVDF nano-
fibers subjected to hydrothermal treatment without Ce(NO3);-
6H,0 and urea) and NFs exhibit only a moderate improvement,
suggesting that neither the polymer matrix nor hydrothermal
treatment alone significantly enhances photocatalytic activity.
In contrast, the La-doped RE-NFs demonstrate a rapid decline
in CR concentration. This significant difference confirms that
La-doped RE-NFs actively enhance photocatalytic efficiency by
promoting charge separation and generating reactive oxygen
species (ROS), leading to much faster CR degradation com-
pared to photolysis, h-NFs, and untreated NFs.

Proposed photocatalytic degradation mechanism

The proposed photocatalytic mechanism of the La-doped RE-NFs
for degrading organic pollutants under UV light is illustrated in
Fig. 7. When the La-doped RE-NFs are exposed to UV light,
electrons (e”) are excited from the valence band (VB) to the
conduction band (CB), leaving behind holes (h') in the VB. The
separation of these electron-hole pairs is enhanced by the
presence of lanthanum, which helps to reduce the recombination

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Proposed photocatalytic mechanism for La-doped RE-NFs under UV light irradiation. The La-doped RE-NFs absorb UV light.

rate (see Fig. 6¢) and facilitates the generation of reactive oxygen
species (ROS). The photogenerated electrons react with dissolved
oxygen (O,) molecules in the surrounding solution to produce
superoxide radicals (*O,~), while the holes oxidize water (H,O) or
hydroxide ions (OH") to generate hydroxyl radicals (*OH). These
ROS are highly reactive and play a critical role in breaking down
complex organic pollutants into smaller, harmless molecules like
CO, and H,0.””* The scavenger analysis further supports this
mechanism, highlighting the specific contributions of different
ROS in the degradation process. The addition of p-benzoquinone
(BQ), a scavenger for (*O, ), resulted in a significant drop in
degradation efficiency, even showing negative values due to
inhibited photocatalytic activity, indicating that superoxide radi-
cals are the primary active species responsible for pollutant
breakdown. Meanwhile, the use of ethylenediaminetetraacetic
acid (EDTA), which captures h', led to a moderate reduction in
degradation efficiency, suggesting that photogenerated holes also
contribute to the process. The presence of tert-butanol (7-Bu), a
scavenger for *OH, showed a less pronounced effect on the
degradation, indicating a secondary role of hydroxyl radicals in
the photocatalytic process. Beyond the improved activity due to
effective ROS generation, the La-doped RE-NFs also offer signifi-
cant advantages as a membrane-based catalyst. Unlike traditional
powdered photocatalysts, the nanofiber membrane structure
ensures easier recovery and reuse, avoiding the common issues
of catalyst loss and agglomeration. The high surface area of the
nanofibers enhances interaction with pollutants, improving over-
all reaction efficiency. Additionally, the stability of the membrane
allows for consistent performance over multiple cycles, making it
a more sustainable solution for long-term water treatment appli-
cations. The combination of efficient ROS generation, lanthanum-
enhanced charge separation, and practical benefits of the
membrane structure has positioned the La-doped RE-NFs as a
superior alternative for photocatalytic water purification.

The incorporation of lanthanum (La) in the rare-earth
nanofiber composite (La-doped RE-NFs) plays a crucial role in
enhancing structural stability, crystallinity, charge separation,
and photocatalytic efficiency. TGA results (Fig. 3d) indicate that
La-doped RE-NFs exhibit higher thermal stability, with a resi-
dual weight of 60.6% at 600 °C, suggesting that La enhances the

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

formation of stable inorganic phases and strengthens polymer-
metal oxide interactions. Additionally, XRD analysis (Fig. 3b)
reveals that the CeCOz;F phase in La-doped RE-NFs is more
crystalline, indicating that La may facilitate the ordered growth
of CeCO3F on the nanofiber surfaces, which can improve charge
carrier mobility and stability. Furthermore, photoluminescence
(PL) spectra (Fig. 6¢) show that La-doped RE-NFs exhibit lower PL
intensity, suggesting reduced electron-hole recombination and
improved charge separation efficiency, allowing more charge
carriers to participate in photocatalytic reactions, thereby lead-
ing to enhanced photocatalytic performance.'*'*!

Conclusions

Lanthanum-doped hierarchical rare-earth metal oxide composite
nanofiber membranes (La-doped RE-NFs) with superior photoca-
talytic performance and high reusability have been successfully
developed by combining electrospinning and hydrothermal synth-
esis methods. The La-doped RE-NFs demonstrated enhanced
photocatalytic activity for the degradation of various organic water
pollutants (i.e., Congo red (CR), methyl orange (MO), methylene
blue (MB), and tetracycline (TC)). The FE-SEM images clearly
highlighted the growth of nanorod structures on top of the
nanofiber surfaces, which significantly increased the surface area
and contributed to the material’s superior photocatalytic perfor-
mance. Additionally, XRD and XPS analysis revealed the formation
of the CeCO;F phase as the dominant structure, providing further
evidence of successful material synthesis under hydrothermal
conditions. This phase formation, although unexpected, likely
contributed to the improved photocatalytic activity of the compo-
site. The photocatalytic degradation experiments demonstrated a
significant enhancement in the performance of La-doped RE-NFs
across various pollutants. The first-order kinetic plots revealed a
marked increase in the degradation rate constants (k) for La-doped
RE-NFs compared to the NFs and RE-NFs. The rate constant for
MB degradation exhibited an even more pronounced improve-
ment, with La-doped RE-NFs achieving a 4.3-fold increase over
NFs. These enhancements in the k-values across all pollutants
underscore the effectiveness of lanthanum doping in accelerating
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photocatalytic reactions and improving overall degradation effi-
ciency. The reusability of La doped RE-NFs was demonstrated
across five cycles of photocatalytic degradation, with only a 4.94%
reduction in efficiency after multiple uses. The membrane-based
photocatalyst’s stability and easy recovery offer significant advan-
tages over traditional powder photocatalysts, which often face
challenges such as agglomeration and difficulty in recovery. The
findings of this study indicate that La-doped RE-NFs represent a
highly efficient, stable, and reusable photocatalytic material for
environmental remediation, particularly in the degradation of
organic pollutants in water treatment systems. Future research
shall focus on optimizing doping concentrations and exploring the
material’s photocatalytic behavior under visible light to expand its
application beyond UV irradiation. Additionally, scaling up the
synthesis process and conducting real-world tests in complex
pollutant mixtures will help assess the practical viability of this
material in industrial water treatment systems.
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