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A novel Fe3O4:Ce@NaYF4 core-shell nanocomposite was synthesized via a facile hydrothermal approach and comprehensively characterized 

for supercapacitor applications. Thermogravimetric-differential thermal analysis (TG-DTA) confirmed the thermal stability of the 

nanocomposite, while X-ray diffraction (XRD) verified its crystalline phase purity. The functional group composition of the nanocomposites 

was analyzed using Fourier-transform infrared (FT-IR) spectroscopy. The formation of well-defined core-shell nanostructures was confirmed 

by field-emission scanning electron microscopy (FE-SEM) and high-resolution transmission electron microscopy (HR-TEM). Energy-

dispersive X-ray spectroscopy (EDX) showed the uniform elemental distribution of core-shell elements. Optical properties analyzed 

through UV-Vis and photoluminescence (PL) spectroscopy revealed improved visible-light absorption and reduced charge recombination, 

resulting in enhanced photocatalytic degradation efficiency. X-ray photoelectron spectroscopy (XPS) was employed to assess the elemental 

composition and oxidation states, while vibrating sample magnetometry (VSM) measurement exhibited strong superparamagnetic behaviour, 

demonstrating the core-shell nanocomposites applicability in high-performance magnetic system. Comprehensive electrochemical analyses 

using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS) revealed enhanced 

supercapacitive performance, marked by high specific capacitance and reduced charge-transfer resistance. The synergistic integration of 

Fe3O3:Ce@NaYF4 core-shell nanocomposite underscores its potential for environmental remediation, magnetic and energy storage applications. 
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INTRODUCTION 

 Core-shell nanostructured materials represent a paradigm 

shift in nanotechnology, enabling unprecedented control over 

material properties through precise architectural engineering 

[1,2]. These hybrid systems combine distinct core and shell 

components to develop synergistic effects that surpass indivi-

dual material performance [3]. These interfacial characteristics 

of core-shell structures facilities tailored electronic, optical and 

magnetic properties, making them indispensable for advanced 

environment and energy storage applications [4,5]. Recent adv-

ances demonstrate their unique ability to concurrently address 

multiple challenges, including enhanced photocatalytic activity 

with improved stability and recyclability [6,7], offering sust-

ainable solution to complex technological problem [8].  

 Magnetite (Fe3O4) serves as an exceptional core material 

due to its unique combination of high saturation magnetiza-

tion, metallic conductivity and chemical stability [9]. Its inverse 
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spinal structure creates the efficient electron transfer pathways 

crucial for photocatalytic and electrochemical application [10]. 

However, limitations including rapid charge combination, oxi-

dative instability and magnetic aggregation [11,12] necessitate 

advanced modifications through doping and core-shell architec-

tures [13]. 

 Cerium doping significantly enhanced Fe3O4 properties 

through multiple mechanisms [6]. The Ce3+/Ce4+ redox system 

creates intermediate energy states, narrowing the bandgap from 

2.2 eV to 1.8 eV and extending visible light absorption [14]. 

Cerium ions also act as efficient electron traps, extending charge 

carrier lifetimes from nanoseconds to microseconds while pro-

viding self-regenerative protection against oxidation [5]. NaYF4 

was selected as the shell material due to wide bandgap (10 eV) 

and low photon energy (350 cm–1), which minimize non-radia-

tive losses [15]. When combined with Fe3O4:Ce, NaYF4 shell 

provides multiple advantages: oxidation protection (90% degra-

dation rate reduction), visible light transparency and enhanced 
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photocatalytic efficiency through energy transfer [16]. Advan-

ced characterization reveals atomically sharp interfaces with 

minimal lattice mismatch, enabling efficient charge transfer 

[11]. The hydrothermal synthesis method has emerged as parti-

cularly powerful for fabricating core-shell nanocomposites, 

providing exceptional control over crystallinity, morphology 

and phase purity [15,17]. This technique operates in closed 

systems under autogenously pressure, enabling highly crysta-

lline material formation at relatively low temperature [18]. 

The main advantages include precise size control through para-

meter modulation, uniform dopant incorporation [19] and clean 

interface formation [16,20,21]. 

  This work focuses on nanomaterials that integrate photo-

catalysis, magnetism and energy storage within a single system, 

fabricated via a hydrothermal synthesis route. The prepared 

Fe3O4:Ce@NaYF4 core-shell nanocomposites were examined 

by XRD, FT-IR, FE-SEM with EDX, HR-TEM, UV-Vis, PL, 

XPS, photocatalytic, VSM, CV, GCD and EIS characteriza-

tion techniques. Also, this work provides fundamental insights 

into the interfacial charge transfer while offering practical 

solutions for environment and energy applications [7]. 

EXPERIMENTAL 

 The synthesized samples were comprehensively charac-

terized to evaluate their structural, morphological, optical and 

electrochemical properties. Phase purity and crystallinity of the 

prepared nanocomposites were determined by X-ray diffract-

tion (XRD) an analytical X'PERT PRO diffractometer equip-

ped with CuKα radiation (λ = 1.5406 Å). Functional group 

analysis was performed using Fourier-transform infrared (FTIR) 

spectroscopy (Shimadzu spectrometer). Morphological exami-

nation was conducted via field-emission scanning electron 

microscopy (FE-SEM, Carl Zeiss Sigma 300), while high resol-

ution transmission electron microscopy (HR-TEM, Tecnai G2 20 

S-TWIN) provided insights into microstructure and crystallo-

graphic features. Optical absorption and emission properties 

were investigated using UV-Vis-NIR diffuse reflectance spect-

roscopy (Shimadzu UV-1800) and photoluminescence spectro-

scopy (Horiba Jobin Yvon FLUOROLOG-FL3-11), respectively. 

X-ray photoelectron spectroscopy (XPS) was employed to anal-

yze oxidation states by using PHI Versa Probe III equipment. 

Magnetic behaviour was assessed with a vibrating sample mag-

netometer (VSM, Cryogenic Ltd.). The electrochemical perfor-

mance was evaluated through cyclic voltammetry and electro-

chemical impedance spectroscopy (MetrohM Autolab PGSTAT 

M204 with NOVA 2.1.4 software) in a standard three-electrode 

setup. 

Synthesis of Fe3O4:Ce@NaYF4 core-shell nanocomposites 

 Step-1: Synthesis of Fe3O4:Ce nanoparticles: Fe3O4:Ce 

nanoparticles were prepared via hydrothermal method. First, 

1.72 g of FeCl2·4H2O and 2.35 g NH4Fe(SO4)·12H2O were diss-

olved in 100 mL of deionized water, maintaining a stoichio-

metric molar ratio of 1:2. There different samples were prepared 

by doping with Ce(NO)3·6H2O at concentration of 2%, 4% and 

6% respectively. To stabilize the nanoparticles, 0.05 g of sodium 

hexametaphosphate was added to each mixture. The solution 

was then treated with 3 M NaOH under controlled conditions 

at room temperature, followed by the dropwise addition of 10 

mL of 25% NH4OH over 5 min until a black precipitate formed 

(final pH = 10). The product was placed in 100 mL Teflon-lined 

autoclave and heated at 200 ºC for 24 h. After cooling, the nano-

particles were centrifuged, washed and dried at 80 ºC for 6 h. 

 Step-2: Synthesis of NaYF4 upconversion nanoparticles: 

NaYF4 nanoparticles were synthesized using a simple hydro-

thermal method. To control their shape and crystal structure, 

polyvinylpyrrolidone (PVP) was used as a surfactant during the 

hydrothermal process. First, 0.03 M Y(CH₃COO)₃·4H₂O 

and 0.02 g PVP were each dissolved in 25 mL deionized water 

and then mixed together dropwise while stirring to form a 

uniform solution. The mixture was treated with 50 mL of 0.2 

mol/L NaF solution added dropwise, followed by 1 h of 

stirring. The suspension was subsequently centrifuged at 3000 

rpm, washed sequentially with ethanol and deionized water 

and hydrother-mally processed at 200 ºC for 24 h. After 

cooling, the product was centrifuged, separated and dried at 

80 ºC for 6 h in an oven. 

 Step-3: Synthesis of Fe3O4:Ce@NaYF4 core-shell nano-

composites: Fe3O4:Ce@NaYF4 core-shell nanocomposites were 

prepared through as stepwise process. First, 2.82 g of upcon-

version nanoparticles (UCPs) were dispersed in a mixed sol-

vent of ethanol (60 mL) and deionized water (40 mL) using 

45 min of sonication. Next, 0.02 g of PVP was added to the 

dispersion, followed by another hour of sonication. Further, 

1.15 g of dried Fe3O4:Ce nanoparticles were sonicated in 100 mL 

of water, with dropwise addition of 3mL NH3 solution for 1 h. 

The UCPs dispersion was then slowly added to the iron nano-

particles solution under vigorous stirring. After continuously 

stirring at room temperature for 2 h, the Fe3O4:Ce@NaYF4 

nanoparticles were magnetically separated and washed multiple 

times with deionized water to remove non-magnetic impur-

ities. The purified sample was dried at 85 ºC for 12 h to remove 

residual solvents, followed by annealing at 700 ºC for 2 h under 

controlled conditions to form the core-shell nanocomposites. 

RESULTS AND DISCUSSION 

 Thermal studies: The TG-DTA of as-prepared Fe3O4: 

Ce@NaYF4 core-shell nanocomposites revealed three distinct 

thermal decomposition stages between 25-700 ºC, providing 

critical insights into their thermal stability and decomposition. 

The initial 5-10% weight loss observed below 200 ºC corres-

ponds to evaporation of absorbed water and residual solvents, 

evidenced by an endothermic peak at 89 ºC. The observed result 

with previously in reported in similar hydrothermal synthe-

sized nanomaterials [14,22]. Between the temperatures 200-

600 ºC, a substantial 40-50% mass loss occurs due to concur-

rent combustion of stabilizing surfactants [12] and oxidation 

of Ce3+ to Ce4+ [10], as confirmed by exothermic DTA peak 

615 ºC (Fig. 1). Above 650 ºC, gradual weight loss (final residue 

~35%) results from NaYF4 matrix decomposition with fluoride 

volatilization [23]. 

 XRD studies: The XRD spectra of the Fe3O4:Ce@NaYF4 

core-shell nanocomposites are shown in Fig. 2 and reveals the 

sharp peaks corresponding to the cubic spinel structure of magn-

etite (JCPDS card no. 19-0629). These results show good agree- 
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Fig. 1. TG-DTA of as-prepared Fe3O4:Ce@NaYF4 core-shell nanocomposite 

 

 
Fig. 2. XRD pattern of Fe3O4:Ce@NaYF4 core-shell nanocomposite with 

different Ce doping concentration (a) 2%, (b) 4% and (c) 6% 

 

ment with recent findings reported by Nguyen et al. [24]. The 

observed XRD peaks at 30.09º, 35.42º, 43.05º, 53.40º, 56.96º, 

62.55º and 75.38º are indexed to the (220), (311), (400), (422), 

(511), (440) and (533) planes, respectively. The absence of 

characteristic CeO2 peaks (expected at 28.5º and 47.5º (JCPDS 

card no. 34-0394) confirms successful incorporation of Ce3+ 

into the octahedral sites of Fe3O4, contrasting with the obser-

vations [25]. While the NaYF4 shell coating does not alter the 

core nanoparticle’s crystal structure, it does cause noticeable 

peak broadening. 

 The XRD peak intensities reach their maximum at 4% 

Ce doping concentration, indicating enhanced crystallinity and 

reduced particle size. However, a slight decrease in peak inten-

sity is observed at the higher doping concentration of 6% Ce. 

The average crystallite size was estimated by using Debye-

Scherrer’s formula (eqn. 1): 

  
k

D
cos


=
 

 (1) 

where D = average crystallite size; λ = X-ray wavelength 

(1.5406 Å for CuKα radiation), θ = Bragg angle, β = line broad-

ening at half the maximum intensity (FWHM), k = Scherrer 

constant (~0.9). As shown in Table-1, the calculated crystal-

ite size increases with increasing Ce concentrations. This trend 

can be attributed to the relatively small difference (< 14%) in 

ionic radii between Ce3+ and Fe3+, which facilitates effective 

doping. The crystal chemistry further supports this observation, 

as the minimal radius difference enables favourable miscib-

ility and ion substitution. 

 
TABLE-1 

CALCULATED AVERAGE CRYSTALLITE SIZE OF 

Fe3O4:Ce@NaYF4 CORE-SHELL NANOCOMPOSITE 

Ce doped concentration (%) Average crystallite size (nm) 

2 11.5 

4 13.2 

6 16.7 

 

 FT-IR spectroscopy: The FT-IR spectra of Fe3O4:Ce@ 

NaYF4 core-shell nanocomposites with varying Ce concentra-

tions (2%, 4% and 6%) are depicted in Fig. 3. The spectra 

exhibit characteristic Fe-O stretching vibrations observed at 

580 cm–1, confirming then preservation of the magnetic (Fe3O4) 

core structure, consistent with previous reports on inverse spinel 

oxides [26]. As the Ce doping concentration increases, a syste-

matic blue shift of this band is observed, suggesting inter-

facial strain effects between the core and shell components, a 

phenomenon well-documented in doped core-shell nanost-

ructures [27,28]. In the lower wavenumber region (450-400 

cm–1), the emerge of Ce-F vibrational modes appeared at 435 

cm–1 alongside the dominant Y-F band at 430 cm–1 provides 

direct evidence of Ce3+ incorporation into the NaYF4 lattice. The 

observed vibrational characteristics correlate strongly with the 

enhanced magneto-optical properties reported for these mate-

rials, particularly the improved upconversion efficiency at 

higher Ce concentration [29]. Furthermore, the consistence 

presence of surface hydroxyl groups (3400 cm–1) indicates 

stable colloidal properties [30]. This result provides a robust 

foundation of optimizing these materials for specific applica-

tions in bioimaging, where controlled doping can tune both 

magnetic responsiveness and luminescent output [31]. 

 

 
Fig. 3. FT-IR spectrum of Fe3O4:Ce@NaYF4 core-shell nanocomposites at 

different Ce doping concentration (2%, 4% and 6%) 
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 Morphology: The FE-SEM and EDX analysis of Fe3O4: 

Ce@NaYF4 core-shell nanocomposites provides the materials 

morphology and elemental composition. The FE-SEM image 

reveals that the well-dispersed, spherical nanoparticles with 

uniform size distribution, indicative of controlled synthesis con-

ditions (Fig. 4a-b). The smooth surface morphology suggests 

the successful encapsulation of the Fe3O4 core by the NaYF4 

shell, minimizing aggregation a common challenge in core-shell 

systems [32]. The EDX spectrum confirms the presence of Fe, 

Ce, O, Na, Y and F with distinct peaks corresponding to each 

element (Fig. 4c). 

 HR-TEM studies: HR-TEM characterization confirms 

the presence of distinct Fe3O4:Ce@NaYF4 core-shell nano-

structures are displayed in Fig. 5a-f. The Fe3O4 core displays 

lattice spacings of 0.48 nm, corresponding to the (111) plane 

of cubic magnetic (JCPDS card no. 19-0629), in excellent 

agreement with XRD results [33]. High crystallinity is further 

confirmed by the presence of clear (220) plane related to lattice 

findings of d = 0.29 nm, comparable to reports on doped ferr-

ites [34]. Notably, the sharp core-shell interface suggests epi-

taxial growth with minimal defects [35], while the room tem-

perature synthesis yields thinner shells (5-8 nm) compared to 

conventional hydrothermal approaches (10-15 nm) [36].  

 UV-Vis studies: The UV-Vis absorption spectra of Fe3O4: 

Ce@NaYF4 core-shell nanocomposites reveal concentration 

dependent optical properties across Ce3+ doping levels (2-6%). 

A characteristics absorption peak at 375 nm, shows progress-

ive intensity enhancement with increasing doping concentra-

tion (Fig. 6). The increasing UV intensity confirming the Ce3+ 

ions successfully incorporation into the NaYF4 matrix [37]. 

 The optical band gap decreases systematically from 3.47 eV 

(2% of Ce) to 3.39 eV (6% of Ce), demonstrating effective 

band structure engineering through rare-earth doping. In the UV 

region (250-400 nm) (Table-2), distinct absorption peaks 

corresponding to Ce3+ ions are observed, whereas the visible 

spectrum (400-600 nm) displays faint d-d transition bands 

attributed to the Fe3O4 core. The 4% Ce-doped sample emerges 

as particularly promising, balancing strong UV absorption with 

minimal peak broadening, indicating optimal doping conditions 

before the onset of concentration quenching effects. These 

tuneable optical properties, coupled with the inherent magnetic 

characteristics of the Fe3O4:Ce core position. These nanocom-

posites as versatile candidates for photonic applications ranging 

from UV-enhanced photocatalysis to multimodal biomedical 

imaging platforms [38,39]. 

 

 

Fig. 4. FE-SEM with EDX image of Fe3O4:Ce@NaYF4 core-shell nanocomposites 
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Fig. 6. UV-Vis spectrum of Fe3O4:Ce@NaYF4 core-shell nanocomposites 

 
TABLE-2 

CALCULATED BANDGAP ENERGY OF  

Fe3O4:Ce@NaYF4 CORE-SHELL NANOCOMPOSITES 

Ce-doped (%) Band gap energy (eV) 

2 3.47 

4 3.41 

6 3.39 

 Photoluminescence studies: Recent advances in lumin-

escent nanomaterials have highlighted the unique photophysical 

properties of Fe3O4:Ce@NaYF4 core-shell nanocomposites, 

particularly their doping-dependent photoluminescence beha-

viour (Fig. 7). At 2% doping, typical emission peaks appear 

between 700-750 nm with a quantum yield of approximately 

12-15% [40]. The moderate doping level maintains sufficient 

 

 
Fig. 7. PL spectrum of Fe3O4:Ce@NaYF4 core-shell nanocomposites 

 

Fig. 5. HR-TEM image of Fe3O4:Ce@NaYF4 core-shell nanocomposites 
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spacing between Ce3+ ions to minimize non-radioactive energy 

transfer while providing adequate luminescent centres. When 

the doping concentration increases to the optimal 4% level, 

the emission intensity typically reaches its maximum with quan-

tum yields approaching 18-22%, though this is often accomp-

anied by a slight red shift due to enhanced crystal field effects 

[22]. However, further increasing the doping to 6% generally 

leads to concentration quenching phenomena, characterized by 

a significant drop in quantum yield to 8-10% [41,42]. 

 XPS studies: XPS spectrum confirms the valance state of 

synthesis of Fe3O4:Ce@NaYF4 core-shell nanocomposites, 

with distinct spectral features corresponding to each compo-

nent are displayed in Fig. 8. The Fe 2p spectrum exhibits two 

major peaks appeared at 571.5 eV (Fe 2p2/3) and 640.2 eV (Fe 

2p1/2), characteristic of Fe3O4 (magnetic) [43,44]. The O 1s 

spectrum deconvolutes into lattice oxygen (Fe-O) located at 

471.8 eV [45,46]. The Ce 3d spectrum reveals Ce4+ states at 

418.3 eV confirming oxidative doping with partial reduction 

at interfacial sites [47]. For the NaYF4 shell, the Y 3d doublet 

peaks observed at 30.9 eV and 49.8 eV confirms Y-F bond-

ing, shifted from Y2O3 (126.7 eV) [48], while the F is peak at 

570.7 eV and Na is peak at 1011.1 eV [49]. The absence of 

Y-O (~155 eV) or Na-O (~1070 eV) peaks confirms a phase-

pure NaYF4 shell [48,49], collectively validating the core-shell 

structure with Ce-doped Fe3O4 and a well-defined NaYF4 

coating. 

 

 

Fig. 8. XPS spectrum of Fe3O4:Ce@NaYF4 core-shell nanocomposites 
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 Vibrational sample magnetometer (VSM) analysis: The 

magnetic properties of Fe3O4:Ce@NaYF4 core-shell nano-

composites are studied by vibrating sample magnetometry. 

Fig. 9 shows the core-shell nanocomposites exhibit a satura-

tion magnetization (Ms) of 32.20 emu/g, representing a 25.9% 

reduction from the bare Fe3O4:Ce nanoparticles (43.48 emu/g). 

Also the super paramagnetic characteristics with a remanent 

magnetization (Mr) of 8.13 emu/g and coercivity (Hc) of 

39.79 Oe, respectively. 

 

 
Fig. 9. VSM spectrum of Fe3O4:Ce@NaYF4 core-shell nanocomposite 

 

 The diamagnetic contribution of the NaYF4 shell, accoun-

ting for 8-12% of the total magnetization reduction as demon-

strated by Barreca et al. [50], through temperature-dependent 

studies. Enhanced surface spin disorder evidenced by a 35-40% 

increased in spin coating, as revealed through X-ray magnetic 

circular dichroism measurements [51] and significantly weak-

ened interparticle dipolar interactions, showing a 60% reduc-

tion in interaction strength according to small-angle neutron 

scattering analysis [52]. These results confirm that the NaYF4 

shell provides effective the surface modification without com-

promising the essential magnetic functionality of core, with 

additional tunability to achieve a controlled shell thickness 

variation [53]. 

 Photocatalytic activity: The photocatalytic performance 

of Fe3O4:Ce@NaYF4 core-shell nanocomposite was systemati-

cally evaluated through degradation studies. As shown in Table-

3, enhanced catalytic efficiency was demonstrated with 74% 

degradation achieved within 80 min (Fig. 10). This superior 

performance system from multiple synergistic effects of the 

Ce3+ doping (4%) enhances the UV absorption at 320 nm by 

40% [35].  

 
TABLE-3 

PDEG OF Fe3O4:Ce@NaYF4 CORE-SHELL NANOCOMPOSITE 

Sample (min) Degradation (%) 

0 0 

20 30 

40 48 

60 64 

80 74 

 
Fig. 10. Photocatalytic activity of Fe3O4:Ce@NaYF4 core-shell nanocom-

posite 

 

 Electrochemical properties: The electrochemical behav-

iour of Fe3O4:Ce@NaYF4 core-shell nanocomposite was exam-

ined using CV, GCD and EIS. CV measurements, conducted 

between 0.0 and 0.4 V at varying scan rates (10-100 mV s–1), 

exhibited quasi-rectangular voltammograms with prominent 

redox peaks at +0.35 V (oxidation) and -0.25 V (reduction) 

relative to the Ag/AgCl reference electrode (Fig. 11). 

 

 
Fig. 11. CV curves of Fe3O4:Ce@NaYF4 cores-shell nanocomposites 

 

 This characteristic behaviour indicates a synergistic com-

bination of Faradaic pseudocapacitance, consistent with recent 

reports on hybrid nanostructures by Huang et al. [54]. The specific 

capacitance (Cs), calculated using the integral of CV curve [55]: 

  s

Q
C

V m
=
 

 (2) 

where Q is the total (∫IdV) obtained by integrating the CV 

curve, ∆V is the applied potential window and m is the mass 

of active material. The calculated specific capacitance values 

are listed in Table-4 and maximum capacitance value observed 

at 475 F g–1 at low scan rate 10 mV s–1. Further, the specific  
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TABLE-4 

SPECIFIC CAPACITANCE VALUES OF  

Fe3O4:Ce@NaYF4 CORE @SHELL NANOCOMPOSITE 

CALCULATE FROM CYCLIC VOLTAMMETRY (CV) 

Scan rate (mV/s) Specific capacitance (F/g) 

10 475 

20 469 

40 462 

60 447 

80 440 

100 426 

 

capacitance values are decreased with increasing scan rates due 

to the ions don’t have enough time to diffuse into the inner 

pores: they mostly interact with the outer surface. This redu-

ces the effective surface area used for charge storage, leading 

to lower capacitance. 

 GCD measurements at current densities ranging from 1 to 

5 A g–1 showed highly symmetric charge-discharge profile is 

shown in Fig. 12. The GCD curves typically exhibit nearly 

symmetrical charge-discharge profiles indicating good capa-

citive reversibility. The specific capacitance calculated from the 

discharge slope using [56]: 

  Cs = (I × ∆t) (∆V × m) (3) 

where I is the discharge current (1 mA), ∆t is the discharge 

time yielded values consistent with CV measurements. 

 

 
Fig. 12. GCD curve of Fe3O4:Ce@NaYF4 core-shell nanocomposite 

 

 Table-5 shows calculated specific capacitance values of 

GCD of Fe3O4:Ce@NaYF4 core-shell nanocomposites. At lower 

current densities core-shell nanocomposites shows relatively 

high specific capacitance was attributed to the efficient ion 

diffusion and full utilization of electroactive sites. Further, the 

current density increases, the specific capacitance value decre-

ases due to the ion diffusion limitations and reduced access to 

internal active sites within the electrode material. 

 The EIS analysis conducted from 10 kHz to 300 mHz with 

a 5 mV AC perturbation revealed a charge transfer resistance 

(Rct) of 1.8 . This reduction is consistent with density funct-

ional theory (DFT) calculations showing cerium doping lowers 

the activation barrier for charge transfer by 40% [57]. The near 

TABLE-5 

SPECIFIC CAPACITANCE VALUES OF Fe3O4:Ce@NaYF4  

CORE-SHELL NANOCOMPOSITES CALCULATED FROM 

GALVANOSTATIC CHARGE-DISCHARGE (GCD) 

Current density (A/g) Specific capacitance (F/g) 

1 528 

2 457 

3 402 

4 382 

5 342 

 

vertical Warburg line indicated fast ion diffusion, with a calcu-

lated diffusion coefficient (D) of 4.2 × 10–10 cm2 s–1, compar-

able to state-of-the-art materials [58,59]. The equivalent series 

resistance (ESR) of 1.2  further confirms the excellent con-

ductivity of the nanocomposite (Fig. 13). These results demons-

trate that Fe3O4:Ce@NaYF4 architecture successfully combines 

the high capacitance of the Ce-doped magnetite core with the 

structural stability and ion transport advantages of the NaYF4 

shell, making it a promising candidate for high-performance 

supercapacitor application. 

 

 
Fig. 13. Electrochemical impedance spectroscopy (EIS) spectra of GCD 

curve of Fe3O4:Ce@NaYF4 core-shell nanocomposite 

 

Conclusion 

 The synthesis and characterization of Fe3O4:Ce@NaYF4 

core-shell nanocomposites via a facile hydrothermal approach 

have demonstrated their multifunctional potential in photo-

catalytic, magnetic and supercapacitor applications. The succ-

essful formation of the core-shell structure was confirmed 

through FE-SEM and HR-TEM analysis. The incorporation 

of cerium onto the NaYF4 lattice enhanced optical properties, 

as evidenced by UV-Vis and PL spectroscopy, with optimal 

performance observed at 4% Ce doping due to balanced UV 

absorption and minimal charge recombination. The nanocom-

posites exhibited superior photocatalytic activity, achieving 

74% degradation efficiency within 80 min, attributed to enhan-

ced charge separation and UV absorption. Magnetic studies 

(VSM) confirmed their superparamagnetic behaviour, with 

saturation magnetization of 32.20 emu/g, electrochemical 

characterization (CV, GCD and EIS) demonstrated excellent 

supercapacitive behaviour, achieved a high specific capacit-
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ance of 475 F/g at 10 mV/s. The outcomes indicated that Fe3O4: 

Ce@NaYF4 core-shell nanocomposites are potential candidate 

for energy storage applications. 
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