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Abstract

Engineering the electronic structure of MXenes through rare-earth intercalation offers a promising route to regulate their redox activity
and multifunctional performance. Herein, we report the synthesis of erbium-intercalated V,C MXene (Er@V,C) as a sunlight-responsive
nanoplatform for environmental remediation and biomedical applications. Structural analysis confirmed successful Al removal from
the V,AIC MAX phase and subsequent interlayer expansion upon Er3+ intercalation, with the (002) diffraction peak shifting from 13.4°
t0 9.1° and further to 8.9°, corresponding to an increased c-lattice parameter of 19.86 A. Optical studies revealed band-gap narrowing
from 2.21 to 1.98 eV which indicated the enhanced visible-light absorption. Raman and FTIR analyses demonstrated lattice distortion
and modified surface terminations while BET measurements showed mesoporous architecture with a surface area of 90 m2g-" that
reflecting suppressed nanosheet restacking. Under natural sunlight irradiation, Er@V,C exhibited efficient photocatalytic degradation of
Rhodamine B (82.6%) and sulfamethoxazole (90.2%) within 120 min, following pseudo-first-order kinetics. The catalyst also showed
excellent stability over repeated cycles. Beyond environmental remediation, Er@V,C demonstrated concentration-dependent
antioxidant activity and selective cytotoxicity toward HelLa cancer cells while maintaining comparatively higher viability in normal
HUVEC cells. These findings reveal that erbium intercalation effectively modulates charge separation, defect density, and redox
behavior in V,C MXene, enabling the integration of solar-driven photocatalysis and selective biological activity within a single
multifunctional nanomaterial system. This study highlights rare-earth intercalation as a versatile strategy for designing redox-
engineered MXenes for sustainable environmental and biomedical technologies.

1. Introduction

The increasing discharge of organic dyes and pharmaceutical residues into aquatic environments poses a severe threat to ecosystems
and public health due to their persistence, bioaccumulation, and toxicological effects [1]. Synthetic dyes such as Rhodamine B (RhB)
are widely employed in textile and printing industries and are resistant to conventional biological treatment processes, while
pharmaceutical contaminants such as sulfamethoxazole (SMX), a commonly used sulfonamide antibiotic, are frequently detected in
surface and wastewater streams owing to their chemical stability and incomplete removal during wastewater treatment [2, 3]. The
continuous release of antibiotics is particularly alarming, as it accelerates the development of antibiotic-resistant microorganisms and
disrupts aquatic life. Consequently, the development of efficient, sustainable, and sunlight-driven technologies for the degradation of
both dye and pharmaceutical pollutants remains an urgent global challenge [4, 5]. Photocatalysis has emerged as a promising
advanced oxidation technology for wastewater remediation due to its ability to mineralize organic contaminants into benign products
using light energy [6]. However, the widespread application of conventional photocatalysts is hindered by limited visible-light
absorption, rapid recombination of photogenerated charge carriers, and low quantum efficiency under solar irradiation [7]. Addressing
these limitations requires the development of novel photocatalytic materials with enhanced light-harvesting capability, improved
charge separation, and tunable electronic structures that can operate efficiently under natural sunlight.

In recent years, MXenes two-dimensional transition-metal carbides and nitrides [8] have attracted growing interest as photocatalysts
due to their metallic conductivity, high surface area, tunable surface terminations, and broad optical absorption. Among them, V,C

MXene is particularly appealing because of its favorable electronic structure, strong light absorption, and high redox activity [9-11].
Nevertheless, pristine V,C MXene suffers from rapid charge recombination, limited visible-light utilization, and concerns regarding
uncontrolled redox activity, which restrict its photocatalytic efficiency and biological applicability [12, 13]. Rare-earth ion intercalation
has recently emerged as an effective strategy to modulate the electronic structure, optical response, and redox behavior of layered
materials. Rare-earth ions possess unique 4f electronic configurations that can introduce localized energy states, enhance defect
density, and act as charge-carrier traps, thereby improving visible-light absorption and suppressing electron—hole recombination [14,
15]. In particular, erbium (Er®*) offers distinctive advantages, including strong electronic polarization, high chemical stability, and the
ability to tailor charge-transfer pathways without significantly compromising material integrity. Despite these advantages, the potential
of erbium-intercalated MXenes remains largely unexplored, especially in multifunctional systems that bridge environmental and
biomedical applications [16].

In addition to environmental remediation, MXene-based materials have recently gained attention in biomedical research owing to their
redox activity, surface functionalization capability and interaction with biological systems. However, vanadium-based MXenes often
suffer from nonspecific cytotoxicity, limiting their therapeutic applicability. Rational electronic modulation through rare-earth
intercalation offers a promising route to balance reactive oxygen species (ROS) generation and antioxidant behavior, enabling selective
anticancer activity while maintaining cytocompatibility toward normal cells [17-19]. Achieving such context-dependent redox behavior
within a single nanomaterial remains a significant scientific challenge [20].
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In this work, we report the synthesis of erbium-intercalated V,C MXene (Er@V,C) [21] as a multifunctional, sunlight-responsive
nanoplatform for environmental and biomedical applications. The intercalation of Er®* ions effectively tailors the electronic structure of
V,C MXene, resulting in enhanced visible-light absorption, band-gap narrowing, and improved charge-carrier dynamics. The
photocatalytic performance of Er@V,C was systematically evaluated for the sunlight driven degradation of Rhodamine B dye and
sulfamethoxazole antibiotic, representing model dye and pharmaceutical pollutants [22]. Furthermore, the antioxidant activity and
selective anticancer potential of Er@V,C were investigated using chemical radical scavenging assays and in-vitro cytotoxicity studies
against Hela cancer cells and normal HUVEC cells. This study introduces a rare-earth-intercalated MXene system that integrates
efficient sunlight driven photocatalysis with tunable biological redox activity, offering a new paradigm for multifunctional MXene
design. The findings provide fundamental insights into the role of erbium intercalation in regulating charge transport, redox behavior
and cancer cells selectivity, thereby expanding the functional landscape of MXenes for sustainable environmental remediation and
cancer nanomedicine.

2. Materials and Methods
2.1. Materials

Vanadium aluminum carbide (V,AIC) MAX phase powder was used as the precursor for MXene synthesis. Hydrofluoric acid (HF, 49%)
and Rhodamine B (RhB) were purchased from Sigma-Aldrich, Erbium nitrate hexahydrate (Er(NO,);'6H,0, 99.9%, Alfa Aesar). 2,2-
diphenyl-1-picrylhydrazyl (DPPH) and ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)), Dulbecco’'s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), penicillin—streptomycin, MTT reagent, and dimethyl sulfoxide (DMSQ) were purchased from Thermo
Fisher Scientific. Human cervical cancer (HeLa, ATCC) cells and human umbilical vein endothelial cells (HUVEC, ATCC) were used as
representative cancerous and normal cell lines. Sulfamethoxazole (SMX) antibiotic tablet was purchased from local pharmacy of
Lahore, Pakistan. All chemicals were of analytical grade and used without further purification.

2.2. Preparation of V,C MXene

Two-dimensional V,CT, MXene nanosheets were synthesized through the wet chemical etching route on V,AIC MAX-phase powder.
Protocol consisted of 15 ml of concentrated hydrofluoric acid HF (49%) was placed into a Teflon beaker, 1g of V,AIC MAX powder was

added gradually under continuous stirring to avoid splashing facilitating homogenous reaction. The stirring was left to be kept at room
temperature for 45 h at controlled rotating per minute (rpm) and carefully centrifuged repeatedly with deionized water until the

supernatant attained pH 6. Vacuum filtration assembly was used for filtration and then dried in a vacuum oven overnight at 45 C.

Schematic 1. Schematic representation of V,AIC MAX etching and preparation of multilayered V2C MXene by Al etching.

2.3. Preparation of Er@V,C MXene

Nanocomposites of MXene and erbium nitrate hexahydrate were prepared through intercalation approach employing liquid-phase
sonication. A homogeneous MXene dispersion was prepared at 1 mg mL™ " in deionized water, followed by 30 min of stirring and 5 min
of sonication. A corresponding solution of erbium nitrate hexahydrate was prepared at a concentration of 2 mg mL™ " in deionized
water, prepared with the identical stirring and sonication conditions. By adding erbium precursor solution dropwise into the MXene
dispersion under continuous stirring for 3 h, followed by 5 minutes of sonication to facilitate intercalation. The reaction mixture was
washed with deionized water to eliminate the terminations that were on surface until a pH of about 6.0 was reached, and the resulting

nanocomposite was separated through vacuum filtration and dried overnight under vacuum oven at 55 C.

2.4. Characterization

The structural properties of V,AIC, V,C and Er@V,C were investigated by using X-ray diffraction (XRD). The surface morphology and
microstructural features were examined by scanning electron microscopy (SEM). The elemental composition and purity of the samples
were further analyzed by energy dispersive X-ray spectroscopy (EDX). The optical properties and absorption behavior were studied
using a UV-visible spectrometer. Raman spectroscopy was utilized to analyze molecular vibrations, bonding characteristics and
structural defects within V,C and Er@V,C composite. Specific surface area and pore size distribution were investigated by using the
Brunauer—-Emmett—Teller (BET) in nitrogen adsorption—desorption measurements.

2.5. Photocatalysis protocol
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The photocatalytic performance of Er@V,C MXene was evaluated using Rhodamine B (RhB) dye and sulfamethoxazole (SMX)
antibiotic as model organic pollutants under natural sunlight irradiation. In a typical experiment, 100 mL of aqueous pollutant solution
with an initial concentration of 10 mg L-" was transferred into a quartz reaction vessel. 100 mg of Er@V,C MXene photocatalyst was
dispersed into the solution and magnetically stirred to ensure uniform suspension. Prior to sunlight exposure, the suspension was
stirred in the dark for 30 min to establish adsorption—desorption equilibrium between the catalyst surface and pollutant molecules.
After equilibrium was reached, the reaction mixture was exposed to sunlight under continuously stirred. At predetermined time
intervals including 20, 40, 60, 80, 100 and 120 min, 3 mL aliquots were withdrawn and centrifuged to remove catalyst Er@V,C. The
residual concentration of RhB and SMX was analyzed using a UV-visible spectrophotometer by monitoring the characteristic
absorption peaks of RhB in the visible region and SMX in the UV region. The degradation efficiency (%) was calculated using the
equation:

Degradation % = G- G x 100

Co

where C, and Cll were the initial and concentration at irradiation time t respectively. Kinetic analysis was performed using a pseudo-
first-order model by plotting In(C,/Cl) versus irradiation time. Reusability of the photocatalyst was assessed by recovering Er@V,C
after each cycle via centrifugation through washing with deionized water, drying and reusing under identical conditions.

2.6. MTT assay

The in vitro cytotoxicity of Er@V,C MXene was evaluated against HelLa cervical cancer cells and normal HUVEC cell lines by using the
standard MTT assay. Firstly, cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin under humidified conditions at 37°C with 5% CO,. Cells were seeded into 96-well plates at a
density of 1 x 10 cells/well and allowed to adhere for 24 h. After incubation, the culture medium was replaced with fresh medium and
treated by adding Er@V,C with varying concentrations 2.5, 5, 10, 15 and 20 pg/mL. The cells were then incubated for an additional 24
h. Following treatment, 20 pL of MTT solution (5 mg mL-" in PBS) was added to each well and incubated for 4 h to allow formation of
purple formazan crystals. The supernatant was carefully removed, and the formed crystals were dissolved in 150 pL of dimethyl
sulfoxide (DMSO0). The absorbance was measured at 570 nm using a microplate reader.

As
Cell viability (%) = il 100

C

where All represents the absorbance of treated cells and Al is the absorbance of control cells (untreated). All experiments were
performed in triplicate and results were expressed as mean + standard deviation.

3. Result and discussion

3.1. X-ray diffraction

Figure 2a represents the X-ray diffraction (XRD) pattern of the V,AIC MAX phase, V,C etched MXene and Er@V,C MXene. The

diffraction pattern of MAX phase is in great accord with the standard JCPDS card No. 29-0101, which indicates the presence of the
pure MAX phase structure with no visible intermetallic impurities. The XRD pattern of MAX phase demonstrated the characteristics

peaks (002) and (103) at 13.4 and at 41.2 respectively. After selective etching of the aluminum layers, characteristic peak (002)
showed a significant shift to lower diffraction angle of 9.1°, and the calculated c-lattice parameter of 13.2 A indicated the interlayer

spacing exfoliation. The intercalation of Er** ions led to further downshift of the (002) reflection. In Er@V,C, (002) peak was shifted to
8.9° with c-lattice parameter 19.86 A shows the effective intercalation of Er between V,C MXene layers [21].

3.2. Fourier transform infrared spectroscopy

Figure 2b represents the FTIR spectra of V,AIC, V,C and Er@V,C composite. The structural analysis from V,AIC MAX phase to V,C
MXene and further to Er@V,C MXene is clearly reflected in their FTIR features and interlayer behavior. The MAX phase shows weak
and broad bands at ~ 3423 cm™ ! and ~ 1635 cm™, attributed to adsorbed -OH and H-O-H bending, along with a characteristic V-C
vibration at ~ 619 cm™, indicating a compact lattice with limited surface functionality. After Al-layer etching, V,C MXene exhibits
intensified and sharper absorption bands at ~ 3436 cm™" (-OH stretching), ~ 1593 cm™' (H-O-H/C = C), ~ 1383 cm™ ' (C-F) [23], and ~
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1090 cm™ ' (C-0) [24], confirming the formation of surface terminations and interlayer opening. Upon erbium intercalation, Er@V,C
retains the MXene vibrational fingerprints but shows systematic peak shifts to ~3409 cm™', ~ 1583 cm™, ~ 1409 cm™ ", and ~ 1117
cm™ ', indicating strengthened interlayer interactions and electronic redistribution induced by Er®* ions. These spectroscopic changes
correlate with the progressive low-angle shift of the (002) XRD reflection from MAX to MXene and further in Er@V,C, confirming
successive interlayer expansion and increased c-lattice parameter without disrupting the MXene framework.

3.3. SEM and EDX analysis

The surface morphology of the samples was studied by scanning electron microscopy (SEM). Figure 3 shows the MAX-phase V,AIC
close stacked, and the etched V,CTx showed a layered and clear exfoliated, two-dimensional, sheet-like structure, and the metallic
layers of aluminum have been removed successfully [25]. After the incorporation of Er, the surface roughness of the MXene sheets is
increased, and intercalation on the surfaces of the sheets are evident. The successful intercalation of Er ions is also supported by the
energy-dispersive X-ray spectroscopy (EDS). Vanadium and Carbon are present as the major components of V,CTx, as the EDS
spectrum displays. F is due to the HF etching process. The presence of nitrogen is attributed to the existence of (Er(NO3)5-6H,0) salt,
and O is associated with the termination groups on the MXene layers on the surface. There is a small residual of Al, which shows that
it's not removed completely. Notably, there is a large amount of Er that indicates the successful integration of the Er within the MXene
structure.

Figure 4a represents the UV-visible absorption spectra of pristine V,C MXene and Er-intercalated V,C MXene demonstrate broad light
absorption extending from the UV into the visible region, which is characteristic of MXene-based materials. Pristine V,C shows strong
absorption mainly in the UV region, whereas Er@V,C exhibits enhanced visible-light absorption, indicating improved light-harvesting

ability after Er** ion intercalation. The optical band gaps were estimated from Tauc plots by plotting (a hv )2 versus photon energy,

assuming a direct transition as shown in Fig. 4b. The band gap of pristine V,C was determined to be 2.21 eV, while Er@V,C showed a
reduced band gap of 1.98 eV, suggesting band-gap narrowing upon Er intercalation. This reduction can be attributed to the introduction
of interlayer electronic states and defect levels associated with Er** ions, which modify the electronic structure and facilitate easier
excitation of charge carriers under visible light. Consequently, enhanced visible-light absorption and narrowed bandgap of Er@V,C are
beneficial for photocatalytic applications, enable more efficient utilization of the solar spectrum and promote improved charge carrier
generation and separation which can lead to enhanced photocatalytic activity.

3.5. Raman analysis

The Raman spectra of pristine V,C MXene and Er-intercalated V,C MXene (Er@V,C) provide valuable insight into their lattice vibrations
and structural modifications induced by rare-earth ion intercalation as shown in Fig. 4c. For pristine V,C, several characteristic Raman
bands are observed, reflecting the vibrational modes of vanadium-carbon bonds and surface functional groups [26, 27]. The intense
low-frequency band below 200 cm™ is attributed to lattice vibrations involving V-C stretching and collective vibrations of the MXene
layers. The prominent peak centered at 467 cm™ is assigned to the in-plane vibration of V-C bonds, confirming the structural integrity
of the V,C framework. Additionally, the strong band at 722 cm™ originates from symmetric V-C stretching and surface-terminated

vibrations, while the higher-frequency feature at 863 cm™ ! is associated with V-0 or V-C-O related modes arising from surface
terminations (-0/-OH) mostly present in MXenes.

Upon Er®* ion intercalation, noticeable changes in both peak intensity and position were observed in the Raman spectrum. The Er@V,C
sample exhibits a new band at 281 cm™ " which may be attributed to Er-O or Er-C related vibrational modes that indicated the
successful intercalation of Er ions within the interlayer spacing of V,C. Meanwhile, the characteristic V,C peaks at 467 cm™ ' and 722
cm™ ! become broader and show reduced intensity suggested the lattice distortion and weakened V-C bond symmetry caused by Er®*
insertion. The appearance of a weak band around 988 cm™" further supported the formation of Er related bonding and modified
surface chemistry. The observed peak broadening and intensity reduction in Er@V,C indicate increased structural disorder and defect
formation, which are beneficial for photocatalytic applications. These defects can act as active sites for pollutant adsorption and
facilitate charge trapping thereby suppressing electron-hole recombination. Overall, the Raman results confirmed successful Er
intercalation into V,C MXene, leading to lattice distortion, modified vibrational behavior and enhanced defect density which collectively
contribute to the improved photocatalytic performance of Er@V,C in the degradation of Rhodamine dye and sulfamethoxazole
antibiotic.
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BET analysis

Nitrogen adsorption—desorption analysis of the Er@V,C MXene exhibited a typical type-IV isotherm with a pronounced uptake at higher
relative pressures which confirmed the presence of a well-developed structure induced by erbium intercalation. The estimated
Brunauer-Emmett-Teller (BET) specific surface area was approximately 90 m? g-* which indicated the effective interlayer expansion
and prevention of nanosheet restacking. The total pore volume, determined near saturation pressure was around 0.45 cm? g-" reflected
the formation of abundant accessible pores. The pore size distribution further revealed a dominant mesopore population centered in
the range of 40—-60 nm with a gradual contribution of larger pores which collectively facilitates enhanced mass transport and exposure
of active sites. This hierarchical porous architecture is highly beneficial for catalytic reactions and interfacial processes contribute to
improved physicochemical performance of the Er-intercalated MXene system.

3.6. Photocatalysis degradation

Significant sunlight-driven photodegradation of RhB dye and SMX antibiotic was achieved by using the catalyst Er@V,C MXene.

Figure 5a represents the time-dependent UV-Vis absorption spectra of RhB having the continuous and systematic decrease in the
characteristic absorption with increasing irradiation time which confirmed the gradual breakdown of the dye molecules rather than
simple adsorption [28, 29]. No significant peak shift or new absorption bands were observed that the chromophoric structure of RhB
was progressively destroyed during the photocatalytic process. The corresponding degradation efficiency plot (Fig. 5b) further
confirms a strong time-dependent degradation behavior with the degradation percentage increasing steadily as irradiated proceeds
under sunlight. At the maximum irradiation time, the degradation efficiency reaches approximately 82.6% which demonstrated the high
photocatalytic activity of the Er@V,C composite under natural sunlight. Furthermore Fig. 5¢ and 5d present the photodegradation
potential of Er@V,C toward the SMX antibiotic under similar sunlight conditions. The absorption spectra of SMX showed a pronounced
reduction in the characteristic UV absorption band with increasing irradiation time that indicated the effective cleavage of the aromatic
and heterocyclic structures of the antibiotic. Compared to RhB, the degradation of SMX occurred more gradually which demonstrated
the relatively higher chemical stability of antibiotic molecules. The degradation efficiency plot (Fig. 5d) shows a consistent time-
dependent increase in degradation of SMX and demonstrated approximately 90.2% over 120 min. This higher ultimate degradation
efficiency highlights the strong oxidative capability of Er@V,C MXene toward persistent pharmaceutical pollutants.

Overall, the comparative analysis reveals that Er-intercalated V,C MXene acts as an efficient sunlight-responsive photocatalyst for both
dye and antibiotic pollutants. The different degradation rates between RhB and SMX can be attributed to their distinct molecular
structures and interaction strengths with the MXene surface. In Fig. 6a, represents the temporal evolution of the concentration ratio
(Ao/AN) which demonstrated the progressive and accelerated degradation of both pollutants with increasing irradiation time and
confirmed significant photocatalytic decomposition rather than surface adsorption. Notably, SMX exhibits a steeper increase in A,/All
compared to RhB that indicated the faster and more extensive degradation kinetics which was consistent with the higher final removal
efficiency observed for SMX. This enhanced degradation of SMX reflects the strong oxidative capability of Er@V,C toward structurally
persistent pharmaceutical contaminants.

Figure 6b illustrated the pseudo-first-order kinetic plots of In(A,/AR) versus irradiation time for RhB dye and SMX antibiotic and showed
excellent linearity with high correlation coefficients which validated the degradation reactions follow first-order kinetics under sunlight
irradiation. The apparent rate constant for SMX (k = 0.009 min-") is higher than that for RhB (k = 0.0061 min-") quantitatively confirmed
the superior photocatalytic degradation rate of SMX. This kinetic enhancement was attributed to erbium induced electronic modulation
of V,C MXene which improved the visible-light absorption, promotes efficient charge separation and accelerates reactive oxygen
species (ROS) generation responsible for pollutant oxidation.

The reusability and stability of the Er@V,C photocatalyst was evaluated through consecutive degradation cycles for RhB and SMX
respectively. Figure 6c represents the degradation efficiency against RhB which demonstrated only a minor decline from 82.61% in the
first cycle to 79.33% after 5 cycles while for SMX (Fig. 6d) efficiency decreases slightly from 89.00% to 84.74% over the 5 cycles. This
minimal performance loss (< 4% for RhB and < 5% for SMX) demonstrates excellent structural stability and resistance to
photocorrosion of the Er@V,C MXene under repeated sunlight exposure. The slight reduction in activity was likely due to partial
surface fouling by reaction intermediates or minor catalyst loss during recovery rather than intrinsic material degradation.

3.7. Antioxidant activity of Er@V,C
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Figure 7a represents the antioxidant activity of Er@V,C MXene at varying dosages, which was evaluated by using the DPPH and ABTS
radical scavenging assays [30, 31]. By increasing the dosage of Er@V,C, the scavenging efficiency was observed to be gradually
increased in both DPPH and ABTS assays that reflected an enhanced electron-donating and free radical neutralization capability. At the
highest concentration, the DPPH scavenging activity reached approximately 34.51 + 0.97% while ABTS scavenging activity was around
27.44 +1.10%. This behavior can be attributed to the combined effects of erbium ions and surface functional groups on the MXene,
which facilitate redox interactions with free radicals.

3.8. Cytotoxicity of Er@V,C

Furthermore, the cytotoxicity of Er@V,C MXene in vitro was evaluated against cervical cancer HelLa cancer cells and normal HUVEC
cells and exhibited the dose-dependent behavior [32-34] as presented in Fig. 7b. At lower concentrations, Er@V,C showed the minimal
toxicity toward the normal cells which indicated the good cytocompatibility. As the concentration was increased, a progressive
reduction in cell viability was observed to increase with a more pronounced effect in HeLa cells compared to HUVEC cells. This
cytotoxic differential response became increasingly evident at higher doses which demonstrating the selective anticancer potential of
the Er@V,C composite. At dosage of 20 pg/mL for Er@V,C, HeLa cell viability decreased to be approximately 39.11 + 3.15%, whereas
HUVEC cells maintained comparatively higher viability of about 51.27 + 2.64%. This selective toxicity towards the cancer cells
suggested the reduced damage to normal endothelial cells. Overall, the results indicate that Er intercalation moderates the inherent
toxicity of V,C MXene while preserving its anticancer efficacy through preferential inhibition of cancer cell growth.

Discussion

The present study demonstrates that erbium-intercalated V,C MXene functions as a multifunctional, sunlight-responsive nanoplatform
capable of simultaneously addressing environmental remediation and biomedical applications. The integration of photocatalytic,
antioxidant, anticancer, and biocompatibility properties within a single MXene system highlights the effectiveness of rare-earth
intercalation as a powerful strategy to modulate MXene reactivity and selectivity [35]. From the environmental perspective, the Er@V,C
MXene exhibited efficient sunlight-driven degradation of both Rhodamine B and sulfamethoxazole confirmed its ability to be functional
photocatalyst under broad-spectrum solar irradiation without the need for external oxidants or artificial light sources [36]. The gradual
decrease in characteristic absorption peaks and the high degradation efficiencies indicate true photocatalytic decomposition rather
than simple adsorption. The superior degradation performance toward the antibiotic pollutant compared to the dye molecule
highlighted the strong oxidative capacity of the system toward structurally stable and environmentally persistent contaminants.
Mechanistically, erbium intercalation was expected to enhance the visible-light absorption and introduce localized energy states that
facilitate efficient charge separation and reduced electron—hole recombination [37]. The photogenerated electrons and holes
subsequently react with dissolved oxygen and water to generate reactive oxygen species (*OH, *0,"), which drive the oxidative cleavage
of complex organic molecules. This sunlight-driven activity positions Er@V,C MXene as a promising candidate for sustainable

wastewater treatment, particularly for emerging pharmaceutical pollutants that are resistant to conventional remediation techniques
[38].

Interestingly, while the Er@V,C MXene promotes ROS generation under solar irradiation for pollutant degradation, it simultaneously
exhibits concentration-dependent antioxidant activity in chemical radical scavenging systems (DPPH and ABTS) [39]. This apparent
duality reflects the context-dependent redox behavior of nanomaterials. In acellular systems, surface terminations and erbium-induced
electronic modulation enable electron donation and radical neutralization, whereas under photoexcitation or intracellular conditions,
the same redox centers facilitate ROS generation. Such tunable redox functionality is rarely observed in conventional photocatalysts
and represents a distinct advantage of MXene-based systems.

The biological studies further revealed that Er@V,C MXene exhibits selective anticancer activity toward Hela cells while maintaining
comparatively higher viability of normal HUVEC cells, demonstrating a favorable balance between therapeutic efficacy and
biocompatibility [40]. The dose-dependent cytotoxicity, with enhanced inhibition of cancer cells at higher concentrations, suggests a
mechanism dominated by intracellular redox imbalance and mitochondrial dysfunction. Cancer cells are known to possess elevated
basal oxidative stress and higher endocytic activity, which likely results in increased internalization of the MXene and heightened
susceptibility to ROS-mediated apoptosis. In contrast, the intrinsic antioxidant capacity of Er@V,C MXene may contribute to buffering
oxidative stress in normal cells, thereby improving cytocompatibility. This selective redox modulation is particularly significant, as it
addresses one of the major limitations of vanadium-based MXenes non-specific toxicity through rational rare-earth intercalation.
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The coexistence of photocatalytic oxidation, antioxidant protection and selective anticancer activity within a single nanomaterial
highlights the central novelty of this work. Unlike conventional photocatalysts that are typically limited to environmental applications, or
biomedical nanomaterials that lack environmental functionality, Er@V,C MXene bridges these domains through engineered electronic
and surface chemistry [41]. The erbium intercalation not only stabilizes the MXene structure but also fine-tunes its redox behavior
enabled the context-specific responses to light, chemical radicals and biological environments.

From a broader perspective, this study introduced the paradigm for multifunctional MXene design, where rare-earth intercalation serves
as a versatile tool to simultaneously optimize photocatalytic efficiency and anticancer activity with persisting the biocompatibility. The
sunlight-driven activity enhances sustainability, while selective anticancer behavior expands the scope of MXenes into therapeutic
applications. Such multifunctionality is highly desirable for next-generation nanomaterials aimed at addressing interconnected
challenges in environmental pollution and human health. Overall, the findings establish erbium-intercalated V,C MXene as a novel,
redox-engineered, and application-diverse nanoplatform, offering significant potential for high-impact advancements in solar-driven
remediation, antioxidant systems, and cancer nanomedicine. This work not only broadens the functional landscape of MXenes but also
provides critical insights into the role of rare-earth intercalation in tailoring MXene performance for complex, real-world applications.

Conclusion

Erbium-intercalated V,C MXene was engineered (Er@V,C) as a multifunctional adaptable sunlight-responsive nanoplatform, where the
photocatalytic activity was rationally enhanced by electronic modulation of tunable biological redox activity. The successful removal of
Al-layers, expansion across the layers, distortion of the lattice and stabilized erbium incorporation confirmed by structural and
spectroscopic analysis showed the outline of defects stated and a reduced band-gap, drastically enhancing visible-light absorption and
a separation of charge carriers. These enhanced electronically efficient properties directly converted into distinction in solar-driven
photocatalytic degradation of both Rhodamine B dye and persistent antibiotic sulfamethoxazole with impartial degradation rates and
preferable kinetics reported via natural sunlight, in the absence of external oxidants. Simultaneously, Er@V,C showed redox activity
with concentration dependence and selective cytotoxicity against HeLa cancer cells and relatively higher viability of normal cells of
HUVEC type, which can be explained by the different redox behaviour and enhanced biocompatibility in comparison with pristine
vanadium-based MXene. The bivalent capacity to facilitate the generation of reactive oxygen species to accomplish pollutant
degradation and cancer cell inhibition and the radical scavenging capabilities in acellular systems highlight the exceptional importance
of rare-earth intercalation in surface chemistry and electronic structure tunning MXene. Altogether, this work varieties Er@V,C, a redox-
engineered and application-diverse nanomaterial, which integrates rare earth ion intercalation as a powerful strategy for advancing of
MXene-based systems towards sustainable treatment of wastewater and selective cancer nanomedicine.

Limitation and future perspectives

Despite the promising multifunctional performance of erbium-intercalated V,C MXene, several limitations remain that warrant further
investigation. The photocatalytic studies were conducted under controlled conditions using model pollutants, and the influence of
complex real-water matrices, long-term stability, recyclability, and potential erbium or vanadium leaching under prolonged sunlight
exposure have yet to be fully evaluated. Similarly, the biological assessments were limited to in-vitro models, and comprehensive in-
vivo studies [42, 43] are required to establish biosafety, biodistribution, and therapeutic efficacy. Moreover, while redox modulation and
ROS-mediated mechanisms are proposed, deeper mechanistic validation using advanced spectroscopic, molecular, and computational
approaches is necessary. Future research should focus on improving structural stability, exploring surface functionalization for
enhanced selectivity, extending studies to real environmental systems and multiple cancer models, and advancing toward scalable and
application-oriented designs, thereby enabling the translation of rare-earth-intercalated MXenes into practical environmental and
biomedical technologies.
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Figure 1

Schematic 1. Schematic representation of V,AIC MAX etching and preparation of multilayered V2C MXene by Al etching.
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Figure 2

Represents the (a) XRD pattern and (b) FTIR spectra of V,AIC MAX phase, V,C MXene and Er@V,C MXene.
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Figure 3

Represents (a) SEM image of V,AIC MAX phase (b) wight % of elements in V,AIC (¢) SEM image of V,C MXene (d) wight % of elements
in V,C (e) SEM image of Er@V,C (f) weight % of elements in Er@V,C.
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Figure 4

represents (a) UV-visible spectrum of V,C and Er@V,C (b) Tauc plot for V,C and Er@V,C (c) Raman spectra of V,C and Er@V,C (d)
BET analysis of Er@V,C.

{a] =10 min [b} 0 82,63
80
. 67.31
ER =
g £ o 53.84
: 5 «
51 = 20,38
£ T w
5 =
5 7 2788
» \
a [=]
e = 13.46
10
400 450 500 550 00 650 ’ 20 4 & 0 100 120
Wavelenght (nm) Time (min)
100
[C} —— 0 min {dl 0,24
—— 20 min 90
— 40 min - 80.49
~—— 60 min
- 65,11
I —— 80 min =
£ ——— 100 min =
E ——120min| © 52.85
=
50
£ 3
4
g = 40 1577
a
< J § a0
19.51
0
10
T T T 0
350 400 450 500 0 40 (1] 80 100 120
Wavelength (nm) Time (min)

Page 13/14



Figure 5

represents (a) UV visible spectra of RhB (b) degradation % of RhB at specific time (c)UV visible spectra of SMX (d) degradation % data
of SMX at specific time.
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Figure 6

represents (a) degradation kinetics of RhB dye and SMX antibiotic (b) pseudo 15 order kinetics of RhB dye and SMX dye (c)
degradation cycles for RhB dye (d) degradation cycles for SMX antibiotic

(a) 40+ == DPPH (b) 1204 B Hela
= B ABTS 1004 B HUVEC
30+ —_
£ S
; z
o 204 o 60
= Z
g 3 407
= 10
3 20+
0
0- 0
2.5 5 10 15 20 C 2.5 5 10 15 20
Concentrations (pg/mL) Concentrations (pg/mL)
Figure 7

Represents (a) antioxidant activity of Er@V,C MXene assessed by DPPH and ABTS assays (b) Er@V,C cytotoxicity against cancerous
cervical HeLa and normal HUVEC cell lines at varying concentrations.
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