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Fes04:Gd@NaYFs core-shell nanoparticles were successfully synthesized using a facile hydrothermal method. The structural analysis
confirmed a cubic crystal structure for the prepared core-shell nanoparticles, with an average crystallite size of 52 nm. FESEM and
HRTEM studies revealed that the FesOs:Gd@NaY Fs product consists of spherical nanoparticles with a core-shell architecture, which was
corroborated by EDS mapping showing the distribution of Gd, Na, Y and F elements within the samples. XPS analysis further confirmed
the surface composition and determined the valence states of the constituent elements, consistent with the NaYF4 shell. Optical studies
revealed indirect bandgap values of 3.60 eV for FesO4:Gd and 3.25 eV for the FesOs:Gd@NaY F4 core-shell nanoparticles, respectively.
The FesO4:Gd@NaYF; electrode exhibited pronounced pseudocapacitive behaviour in CV studies, delivering a substantial specific
capacitance of 612 F gt at a current density of 1 A g1 This synergistic combination of pseudocapacitance and high conductivity results
in better electrochemical performance, highlighting the strong potential of material for high-performance energy storage devices.
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INTRODUCTION

In response to the energy crisis and environmental con-
cerns, research into sustainable energy storage systems like
supercapacitors has intensified. Supercapacitors are promising
due to their high power, fast kinetics and long cycle life, how-
ever, their broad application is limited by low energy density, a
property fundamentally governed by electrode materials [1-4].
Supercapacitors are generally classified into two main cate-
gories based on their charge storage mechanism viz. electro-
chemical double-layer capacitors (EDLCs) and pseudocapaci-
tors. Electrochemical double-layer capacitors (EDLCs) store
charge through electrostatic accumulation at the electrode-
electrolyte interface, whereas pseudocapacitors store charge via
fast and reversible surface redox reactions. Pseudocapacitance
can offer a much higher intrinsic capacitance per surface area
than EDLCs, with classic electrode materials including tran-
sition metal oxides and conducting polymers [5,6].

Transition metal oxides such as Co304[7], NiC0204 [8],
Fes04[9], SnO2[10], MnO, [11], etc. are compelling as pseudo-
capacitance electrode materials due to the multivalent states
of their metallic ions and their crystal shapes, which facilitate

rapid faradaic redox processes. Among metal oxides, magne-
tite (Fe304) is a notable option due to its environmental sust-
ainability, natural abundance, cost-effectiveness and diverse
oxidation states [12]. FesO4 high theoretical capacitance is
undermined in practice by poor conductivity, particle agglo-
meration and cycling instability. While gadolinium (Gd) doping
can enhance conductivity and modify structure, key challenges
persist. These include precisely controlling Gd incorporation
to avoid detrimental phases and designing robust, binder-free
electrode architectures for optimal charge transport and dura-
bility. Addressing these limitations requires innovative syn-
thetic strategies that combine precise doping control with
advanced nanostructuring techniques [13].

As summarized in Table-1, mostly reported core-shell
nanomaterials employ conventional shell materials that offer
limited functional versatility. Insulating oxides hinder reaction
kinetics, conductive carbon suffers from limited durability and
ion transport; and the bare active material, although highly
reactive, lacks structural stability. The proposed Fe;0..Gd@
NaYF, core-shell system overcomes these limitations by incor-
porating an active shell that not only protects the core but also
regulates charge transfer and promotes synergistic interactions.
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TABLE-1
COMPARISON TO EXISTING MATERIALS IN PREVIOUSLY PUBLISHED CORE-SHELL SYSTEM
Material system Core function Shell/matrix function Key advantages Major limitations Ref.
FesO4@SiO2 Catalytic activity, Inert barrier, surface Excellent biocompatibility; SiOz is electrically insulating, [14]
magnetism for functionalization prevents aggregation; easy severely hindering charge
surface modification. transfer
FesOs@C Catalytic activity, Conductive Good electrical conductivity; Graphitic carbon can be [15]
magnetism protective layer enhances electron transfer; electrochemically oxidized at
protects core from acidic high potentials; limited
corrosion. functionality beyond
conductivity.
Gd doped Fe3Os Enhanced catalysis ~ N/A Improved catalytic activity Prone to oxidation and [16]
(bare) via Gd** doping, over pure FesOs; Gd** aggregation; lacks protection,
magnetism introduces lattice strain and leading to rapid performance
active sites. degradation.
Fes04@TiO2/ZrO2  Catalytic activity, Metal oxide Good chemical/thermal Often too thick or insulating, [17]
magnetism protective layer stability; some oxide shells creating a significant charge-
(TiO2) can be semiconductive.  transfer barrier; interfacial
resistance can be high.
NaYF4:Ln®* N/A (host matrix) Upconversion Excellent host for lanthanide Lacks inherent magnetic or [18]
(standalone) luminescence, ion ions; facilitates ion transport; strong catalytic centers; poor
conductor optically active. electrical conductivity.
FesO4:Gd@NaYFs  Gd-enhanced Protective, ion- Synergistic combo: (1) Robust  Synthesis can be more Present
capacitance & conductive, & NaYF4 shield prevents complex than single-shell work

magnetism

functional interface

corrosion/aggregation; (2) Y3*
doped shell mediates ion
transfer & reduces
recombination; (3) Maintains
core’s magnetic & catalytic
properties.

systems; optimal shell
thickness is critical for
balancing protection vs.
charge transfer.

This integrated architecture ensures enhanced stability, effi-

purity grade. All chemicals were used without further purifi-

cient charge mediation and preserved core functionality,

cation.

resulting in improved and durable performance in sensing,
catalytic and energy-related applications.

In this present work, core-shell nanostructures present a
viable strategy to enhance the electrochemical performance
of electrode materials. Among these, Fes0.:Gd@NaYF. core-
shell nanoparticles represent a novel multifunctional material
with potential for supercapacitor applications. In this archi-
tecture, Gd doped Fe3O, offers high theoretical capacitance
and magnetic functionality, while the NaYF. shell can act as
a protective and conductive matrix to improve cycling stabi-
lity and electron transport. However, the application of this
specific core-shell system in supercapacitors remains largely
unexplored. The synthesis and electrochemical characteri-
zation of Fe304:Gd@NaYFs nanoparticles are therefore of
significant interest, as advances in controlled fabrication could
lead to improve the energy storage performance alongside
possible multifunctional uses in bioimaging or optoelectro-
nics [19,20].

Synthesis of FesO4:Gd nanoparticles: FesOs nano-
particles were initially synthesized by dissolving FeSQO4-7H,0
and Fex(S04)3-5H20 (2 mmol each) in 100 mL of deionized
water followed by the addition of 3.6 g Na,S flakes and 1.0 g
polymer to the reaction mixture under continuous stirring.
Then, Gd(NOs)s (5 mmol) solution was prepared in 50 mL of
deionized water. These two homogeneous solutions were mixed
together, the mixture was stirred energetically at 50 °C for 30
min (pH ~12) and then transferred to a 100 mL Teflon-lined
stainless-steel autoclave at 180 °C for 6 h. After the comp-
letion of the reaction period, the autoclave was then allowed
to cool to room temperature. The resulting black products was
rinsed repeatedly with ethanol and then dried at 60 °C for 6 h.

Synthesis of NaYF4 nanoparticles: NaYF4 nanoparticles
were synthesized via a simple hydrothermal method, emp-
loying PVP as a surfactant to control their shape and crystal
structure. First, aqueous solutions of 0.02 g PVP and 0.03 M
Y (CH3COO0)s-4H,0 were prepared separately, each in 25 mL
of deionized water. These solutions were then combined
dropwise under stirring to form a uniform mixture. Next, 50 mL
of 0.2 mol L ™! NaF solution was introduced dropwise into the
mixture, followed by 1 h of stirring. The resulting suspension
was centrifuged at 3000 rpm and washed sequentially with
ethanol and deionized water. The collected precipitate was
then subjected to hydrothermal treatment at 200 °C for 24 h.
After cooling to room temperature, the final product was cen-
trifuged, separated and dried at 80 °C for 6 h in an oven.

EXPERIMENTAL

The solvents and chemicals viz. iron(Il) sulphate hepta-
hydrate (FeSO4-7H,0), gadolinium(l11) nitrate (Gd(NO3)3),
sodium sulphide flakes (Na,S-9H,0), ammonium iron(l1) sul-
phate dodecahydrate (NH4Fe(SO4)2-12H,0), iron(111) sulphate
(Fe2(SO4)3-5H,0), ammonium solution (NHsOH), sodium sul-
phide (Na,S), sodium fluoride (NaF), polyvinyl pyrrolidone
(PVP) were purchased from Sigma Company and were high-
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Synthesis of Fe304:Gd/NaYFs core-shell nanoparticles:
Fe:04,:Gd@NaYF, core-shell nanocomposites were synthe-
sized via a stepwise procedure. Initially, 2.82 g of upconver-
sion nanoparticles (UCNPs) were dispersed in a mixed solvent
of ethanol (60 mL) and deionized water (40 mL) less than 45
min of sonication. Subsequently, 0.02 g of PVP was intro-
duced into the dispersion, followed by an additional hour of
sonication. In parallel, 1.15 g of dried Fe304:Gd NPs were
sonicated in 100 mL of water, with 3 mL of NH4OH solution
added dropwise over 1 h. The UCNP dispersion was then slowly
introduced into the Fes04:Gd nanoparticles solution under
vigorous stirring. After continuous stirring at room tempera-
ture for 2 h, the Fe;04:Gd@NaY F4 nanoparticles were magne-
tically separated and repeatedly washed with deionized water
to eliminate non-magnetic impurities. The purified product
was dried at 80 °C for 10 h to remove residual solvents and
subsequently annealed at 700 °C for 2 h under controlled
conditions to obtain the final core-shell nanoparticles.

Characterization: Thermal analysis was analyzed utili-
zing the NETZSCH-STA 449 F3 Jupiter instrument. Powder
X-ray diffraction (XRD) analysis was conducted using a
XPertProPW3050/60X-ray diffractometer (CuKa radiation,
A =0.15406 nm). The observed vibrational bands were inves-
tigated by FTIR spectroscopy using Thermo NicoletiS5.
FESEM was analyzed to investigate the morphological charac-
teristics using the CARL 5ZEISS-SIGMA300 equipment.
Energy-dispersive X-ray (EDX) analysis and EDX elemental
mapping of the samples were conducted concurrently with
field emission scanning electron microscopy (FESEM) instru-
ment. The shape and structure of nanoparticles were assessed
at FEI Technai G2 20 S-TWIN transmission electron micro-
scope (TEM) with low to high resolution. X-ray photoelectron
spectroscopy (XPS) tests were conducted using an improved
ALU-PHI 5000 VER instrument with MgKa radiation (hv =
1256.3 eV) or AlKa radiation (hv = 1486.6 eV). The optical
properties were studied by using the JASCO V-670 spectro-
photometer. The electrochemical measurement of a Fe30,:Gd
@NaYF, electrode was assessed ina 6 M KOH electrolyte at
room temperature using auto lab equipment.

RESULTS AND DISCUSSION

Thermal studies: The thermal property of the as-
prepared sample was examined using the TG-DTA analysis
and the result is illustrated in Fig. 1. The two stages of sample
decomposition were observed to occur at temperatures rang-
ing from 0 to 1000 °C, as indicated by the TGA curve. The
primary weight loss of 13% was observed at 30° to 160 °C as
aresult of the loss of water molecules. The complete removal
of carbon templates and organic residues was the cause of the
significant mass loss of 6% between the temperatures of 161
°C and 700 °C. Moreover, there was no visible weight loss
recorded above 700 °C and the lack of an exothermic peak
indicated the completion of the oxidation process of the pre-
cursor. The endothermic peaks observed at 200 °C and 560 °C
corresponded to the degradation of hydroxide material and
the phase transition of the product.
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Fig. 1. TG-DTA analysis of as-prepared sample

XRD studies: The XRD pattern was employed to analyze
the crystal structures of Fes04:Gd and Fe30,:Gd@NaYF, core-
shell nanoparticles. Fig. 2 showed that the XRD diffraction
patterns of Fes04:Gd nanoparticles was observed at (220), (311),
(400), (422) and (440), correspond to the peak positions of
30.72°, 35.44°, 43.05°, 53.93° and 62.34°, respectively. The
obtained diffraction peaks are cubic crystal structure and good
matched with standard JCPDS no. 89-3854 [21]. The XRD
pattern of Fes04:Gd@NaY F4 core-shell nanoparticles, where
diffraction peaks associated with both Fes04:Gd and NaYF4
are observable, confirming the existence of both components
in the core-shell nanoparticles. The influence of NaYFain host
lattice the crystallinity and crystallite size progressive sharp-
ening of the XRD peaks. The sharp and high intensity of
diffraction peaks indicated that Fe;O4:Gd@NaY F4 core-shell
nanoparticles had a good crystalline nature. The crystallite size
was examined using the Debye Scherrer’s formula expressed
as follows [22]:
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Fig. 2. XRD patterns of Fe;0,:Gd and Fe;0,:Gd@NaY F, core-shell nano-
particles
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where A = wavelength; = the full width at half maximum;
and D = the crystallite size; and 6 = the Bragg’s angle. The
evaluated crystallite sizes were found to be 58 and 62 hm corr-
esponding to the Gd-Fe304 and Fe304:Gd@NaY F4 core-shell
nanoparticles, respectively. The crystallite size increased due
to the diffraction peaks become sharper. These changes suggest
improved crystallite growth and improved long-range order
within the crystal structure. The enhanced crystallinity typi-
cally results in better charge transport pathways and reduced
internal resistance, which are essential for high-rate electro-
chemical performance. At the same time, moderate crystallite
growth can increase the number of active sites for redox reac-
tions without severely compromising surface area. This
structural evolution correlates well with the observed enhance-
ment in specific capacitance.

FTIR spectral studies: The characteristic inter-atomic
bands formed between the constituent elements of the pro-
posed material was analyzed via infrared spectra, as shown in
Fig. 3. The introduction of rare earth ions in Fe3O4 results in
various physical and structural modifications. The structural
modifications induced by metal ions significantly influenced
the lattice vibrations. Furthermore, various factors including
cation mass, cationic oxygen and bonding force influence the
lattice vibrations that vary with dopant concentration. The
strong vibration bands appeared at 593, 1082, 1371, 1604 and
3454 cm* for both samples. The broad bands located at 3454
and 1604 cm™ were attributed to the stretching and bending
vibrations of water molecules, respectively [23,24]. The absorp-
tion bands at 1082 and 1371 cm™* was consistent with the -C-O
and -C=0 stretching bands, respectively [25]. The bands at
593 cm™* are due to the metal-oxygen bonding. Two primary

Sl tens Cote. 21 A 2023
Vag+ 2000KX OB

Fe,0,.Gd@NaYF,

1604

{asa 1371 1082
Fe,0,:Gd

Transmittance (%)

T T T T T T T T T T v T L T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™')

Fig. 3. FTIR spectrum of Fe;0,:Gd and Fe;0,.Gd@NaYF, core-shell
nanoparticles

absorption bands emerged at approximately 443 cm™ and
586 cm™, attributable to the stretching vibrations of the octa-
hedral and tetrahedral metal-oxygen (Gd/Fe-O) ions, respect-
tively [26].

Morphological studies: The morphology of the synth-
esized core-shell nanoparticles was examined using field
emission scanning electron microscopy (FESEM). As shown in
Fig. 4a-b, the Fe;04:Gd nanoparticles are relatively mono-
disperse and exhibit a spherical morphology. The images of
the FesO4:Gd@NaYF, core-shell nanoparticles in Fig. 4d-e
reveal a significant change in particle size and morphology
due to the NaYF4 shell deposition. Remarkably, the resulting
core-shell nanoparticles are spherical and interconnected,
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Fig. 4. FESEM images (a,b) Fes04:Gd, (d,e) Fes04.Gd@NaY F4 core-shell nanoparticles and corresponding histogram images (c,f)
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forming clustered structures. Also, the clustered spherical
Fe:04:Gd@NaYF, core-shell nanoparticles enhance specific
capacitance by maximizing the electroactive surface area for
ion interaction and developing an interconnected conductive
network for fast charge transfer. The NaYF, shell stabilizes the
redox activity of Fe3O4 core, improving cycle ability, while
the clustered, open structure ensures efficient electrolyte pene-
tration and accommaodates structural changes during cycling.
The histogram analysis reveals average grain sizes of 62 nm
and 75 nm for the Fe304:Gd and FesO4:Gd@NaY F4 core-shell
samples, as illustrated in Fig. 4cf.

EDS mapping studies: EDS mapping was utilized to
quantify the chemical composition of both samples, as shown
in Fig. 5a-f. The elemental mapping spectrum distinctly illus-
trates the aerial distribution of the elements detected in the
prepared samples. The uniform distribution of spots in the
EDS mapping indicated the presence of Fe, Gd, Na, Y, F and
O elements. Moreover, the spectra demonstrated the absence
of supplementary components and confirmed that the synthe-
sized samples were Fe:04:Gd@NaYFs core-shell nanopar-
ticles.

HRTEM: HRTEM images were utilized to examine the
structure and dimensions of the Fez04:Gd and Fez04:Gd@
NaY F4 core-shell nanoparticles. The HRTEM images exhibited
the spherical particles and cluster type formation for FesOa:
Gd and Fes04:Gd@NaYF4 core-shell nanoparticles, respect-
tively (Fig. 6a-b,e-f). This core-shell structure is anticipated
to deliver exceptional performance in a supercapacitor, owing
to the synergistic interactions between the three materials. The

Fe

lattice spacing values of both samples are shown in Fig. 6c,g
and measured value at 0.25 nm and 0.34 nm, corresponding
to the (311) and (111) crystallographic plane of Fe3O4:Gd and
Fe304:Gd@NaYF,4 core-shell nanoparticles, respectively. The
HRTEM pictures revealed the SAED patterns of both samples,
displaying strong diffraction spots, indicating that both samples
were polycrystalline (Figs. 6d,h). The obtained results were
consistent with the FESEM findings.

XPS studies: The X-ray photoelectron spectroscopy
(XPS) was employed to ascertain the presence of constituent
elements, their chemical states and the successful substitution
of Gd@NaYF, ions into the FesO4 host material. The XPS
spectra of Fes04:Gd@NaYF,4 core-shell nanoparticles were
investigated to their electronic interactions, with the results are
shown in Fig. 7. The survey scan spectrum (Fig. 7a) indicates
the presence of Fe 2p, Gd 4d, Na 1s, Y 3p, F 1s and O 1s,
thereby confirming the existence of NaYF, in the core-shell
as demonstrated by the survey spectrum. Fig. 7b displayed the
two high-resolution major characteristics peaks Fe 2pi» and
Fe 2ps;z located at 711.6 and 725.5 eV, respectively [27]. The
distance between the two prominent peaks was approximately
14.1 eV. Furthermore, the estimated value of Fe?* agreed with
the observed segregation of energy levels within the structure.
The binding energies of 141.8 and 147.6 eV correspond to
the two largest peaks seen at Gd 4ds, and Gd 4ds. (Fig. 7c).
The distance between the above two binding energies is
approximately 6.1 eV [28]. From the O1s spectrum (Fig. 7d),
it can be observed the band can be located at 531.5 (Oags) and
defined as Ougs is the absorbed oxygen ions in the oxygen

Fig. 5. EDS mapping spectrum of Fe3O4:Gd@NaYF4 core-shell nanoparticles
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F1s

deficient regions. This behaviour shows that there is not just
lattice oxygen but also adsorption oxygen in the sample. These
functional groups enhance capacitive performance by contri-
buting to extra pseudocapacitance and improving the wetta-
bility between the electrode and electrolyte [29]. The Na 1s
spectra are shown in Fig. 7e, where a binding energy peak is
present at 1074 eV for Fes04:Gd@NaYF.. The observed bin-
ding energy confirmed the Na* state for Fe;0.:Gd@NaYF,
core-shell nanoparticles [30]. Fig. 7f presents the high-reso-

lution spectra of Y 3p, revealing two binding energy peaks at
320.2 eV and 308.5 eV corresponding to the Y 3psz, and Y
3pu; states, respectively, indicating the Y3* state. The F 1s
XPS spectra depicted in Fig. 7g for Fes0.:Gd@NaYF. core-
shell nanoparticles exhibit binding energy peak at 688.4 eV,
confirming the -1 oxidation state of fluorine [31].

Optical properties: UV-Vis spectroscopy measurement
was performed with Fe;04:Gd and Fes04:Gd@NaYF, core-
shell nanoparticles to determine their optical properties and
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the spectra are presented in Fig. 8a. The Fe;0.:Gd@NaYF,
core-shell nanoparticles demonstrate improved absorption in
the visible spectrum. Fig. 8 clearly revealed that the light abs-
orption characteristics of Fe;04:Gd@NaY F4 core-shell nano-
particles are augmented across the whole visible spectrum.
This alteration in the electronic configuration of core-shell
structures may enhance electrochemical performance, resul-
ting in increased fast ion transport in NaYF, and expedited
the transport to reaction sites.

The energy band gap can be difficult to estimate directly
from absorption spectra; consequently, it is determined by
Tauc’s plots using eqn. 2 [32].

ahv = A(hv — Eg)" 2
where h is excitation energy; Eg is the optical band gap, o is
the proportionality parameter that depends on electron transi-
tion probability; and n is the index number that signifies the
nature of the energy band transition. The direct permitted tran-
sition is quantified by selecting the appropriate exponent value,
specifically n = 1/2. Fig. 8b represents the optical bandgap of
Fe304:Gd and Fes04:Gd@NaYF, core-shell nanoparticles and
plots the linear part of (ahv)?versus hv. The calculated band-
gap values were 3.60 eV and 3.25 eV for Fes04:Gd and
Fes04:Gd@NaYF, core-shell nanoparticles, respectively. The
decrease in bandgap values with increasing crystallite size
can be attributed quantum confinement effect, wherein finite
numbers of an atom are tightly bonded with each other than
a bigger crystallite size. Consequently, the overlap between
atomic orbitals intensifies with an increase in crystallite size.
The overlap of orbitals introduces intermediate energy levels
within the band gap leading to band gap narrowing. There-
fore, this alteration in band gap may occur as the crystallite
size enlarges with the augmentation of NaYF4 concentration
[33].

Magnetic analysis: The magnetic characteristics of
prepared core-shell nanoparticles were investigated using a
vibrating sample magnetometer (VSM) at room temperature.
It was found that both samples have strong magnetic respon-
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ses to a changing magnetic field. The shift in magnetization
(M) in emu g as a function of an applied magnetic field (H)
in the range of -15000 Oe to 15000 Oe is shown in Fig. 9.
According to the hysteresis loop, every single nanoparticle
exhibited super ferromagnetic properties. The saturation mag-
netization (M;) value of Fe304:Gd and Fe304:Gd@NaYF4
core-shell nanoparticles is 51.08 emu g* and 32.65 emu g%,
respectively. The presence of a nonmagnetic NaYF,4 shell on
the surface of FesO4 core nanoparticles causes a reduction in
saturation magnetization. In addition, the magnetic moment
of the magnetite core decreases at the core-shell interface as
a result of magnetite interaction with the NaYF, shell and the
shielding effect of the NaYF, shell. The shielding effect of a
NaYF4 shell is determined by the ratio of the diamagnetic
coating mass volume to the entire sample volume and hence
the shell’s thickness. The coercivity (My) (strength of reverse
field required to return material to zero magnetization state)
values of Fe30,:Gd 3.68 Oe reduces to 2.25 Oe for Fes0.:Gd
@NaYF, core-shell nanoparticles, respectively. This reduction
could be attributable to decreased interparticle interactions and
magnetoelastic anisotropy. As the NaYF, shell surrounds the
magnetic core of Gd:Fe30s, the surface stress of the magnetic
nanoparticles increases, resulting in an increase in magneto-
elastic anisotropy. The core-shell sample exhibit low coercivity,
resulting in superparamagnetic NaY'F, coated FesO4 nanoparti-
cles. The remanence (Hc) values (value of magnetization at
zero field) of 5.16 Oe and 3.69 emu/g for Fe304:Gd and Fe3Ou4:
Gd@NaYF4 core-shell nanoparticles, respectively. According
to this study, the magnetic performance of Fe;0.:Gd has
improved via the incorporation of NaYF, cations into the
magnetite crystal structure. Furthermore, these magnetic values
suggest the suitability of the prepared superparamagnetic
Fes04:Gd@NaYFs core-shell nanoparticles for biomedical
and supercapacitor applications.

Electrochemical analysis

Cyclic voltammetry: In order to assess the potential
applications in electrochemical capacitors, the Fe304:Gd and
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Fig. 8. Optical properties of FesO4:Gd and FesOs:Gd@NaYF4 core-shell nanoparticles (a) UV-Vis, (b) bandgap
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particles
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Fes:04:Gd@NaYF, core-shell nanoparticles was employed to
fabricate electrodes in a three-electrode configuration. The
CV profile of the Fes0.:Gd@NaYF, electrode in 6 M KOH
aqueous electrolyte at varying scan rates are shown in Fig. 10.
The CV curves shape deviates from the ideal rectangle, indi-
cating the Faradic pseudocapacitive character of the electrode,
despite the absence of distinct redox peaks. Moreover, with
an increase in the scan rate, primarily rectangular shapes acc-
ompanied by oxidation/reduction peaks persist, suggesting
that the electrode demonstrates significant reversibility and
stability within the previously established optimal range. The
specific capacitance was assessed using cyclic voltammetry
using the following formula [34]:

c j ldv @)
S mxsxV
0104 | —— )
_ 5 mVis Fe,0,:Gd
=10 mV/s
0.084 | =——15mV/s
1 — 25 mV/s
0.064 | ——50 mV/s
1| ——75mV/s
g 0.041 —— 100 mV/s
<
g 0.02
>
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0_
-0.024
-0.04+
-0.06 T g T T T T T T T T T
0 0.05 0.10 0.15 0.20 0.25 0.30

Potential (V)

Current (A)

where I-dv is the charge obtained from the CV curves; m is the
mass of active material in the electrode (mg); V is the potential
window; and s is the scan rate (mV/s). According to the CV
curves, Fe304:Gd electrode exhibited the capacitance values
of 520, 485, 432, 393, 330, 272 and 230 F g! at scan rates of
5, 10, 15, 25, 50, 75 and 100 mV s%, respectively. Likewise,
the FesO4:Gd@NaYF; electrode had maximum capacitance
values of 565, 531, 460, 366, 264, 248 and 216 F g* at 5, 10,
15, 25, 50, 75 and 100 mV s?, respectively. The integration
of NaYF, with Gd-doped FesO4 nanoparticles enhances electro-
chemical performance through synergistic improvements in
stability and charge transfer. The robust, inert NaYF, shell
prevents the oxidation, dissolution and agglomeration of the
Fes04 core, ensuring long-term structural integrity. Further-
more, the Fe304:Gd interface can mediate ion conduction and
reduce charge recombination, while the NaYF, interface can
mediate ion conduction and reduce charge recombination, while
lanthanide ions introduce active sites that improve reactant
adsorption [35,36].

Galvanostatic charge discharge analysis: The galvano-
static charge discharge curves of the Fe304:Gd and Fes04:Gd
@NaYF, core-shell nanoparticles electrodes, which were pre-
pared at varying current densities, are exhibited in Fig. 11.
The potential range is 0-0.25 V, which further confirms the
pseudocapacitance behaviour of the both prepared electrodes,
as the peaks observed in the CV curves are well-matched by
the nonlinear discharge curves and the voltage plateaus. The
specific capacitance was calculated using charge-discharge
curves using the following formula [37]:

iAt

MAvV )
where i denoted the discharge current; m denoted the mass of
active material; At denoted the discharge time; and AV denoted
the potential change during the discharge. The measured capa-
citance (Csp) values of the Fe;04:Gd electrode showed 580,
460, 324, 288, 231 F g* for various current densities of 1, 2,
3,4and 5 A g%, respectively. Subsequently, the Fes0,:Gd@
NaYF, electrode exhibited specific capacitance values of 612,

S
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Fig. 10. Cyclic voltammetry spectrum of Fe3O4:Gd and FesOs:Gd@NaYF4 core-shell nanoparticles
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Fig. 11. Galvanostatic charge and discharge profile of Fes04:Gd and FesO4:Gd@NaY F4 core-shell nanoparticles

TABLE-2
COMPARISON OF THE CAPACITANCE OF Fes04:Gd@NaYFs CORE-SHELL
NANOPARTICLES WITH OTHER REPORTED CORE-SHELL NANOPARTICLES

Core-shell structure Method

Fes0:@C@Mn0O:2
a-Fe203@Ce0:2
Fe304 (G/Co/F-NCs)

Stober method
Simple method
Co-precipitation method

Fes0.@C@PANI Hydrothermal method
Fes0s@CAs Hydrothermal method
FesOs:Ce@NaYFs Hydrothermal method
Fes04:Gd@NaYF4 Hydrothermal method

563, 485, 352 and 240 F g for different current densities of
1,2,3,4and 5 A g2, respectively. The GCD results demons-
trate that the FesO4:Gd@NaYF, electrode presents a higher
specific capacitance in comparison to the Fes0.:Gd electrode,
attributable to the enhancement in specific capacitance values
facilitated by the presence of NaYF, ions. In comparison to
Fes04:Gd electrodes, the Fes04:Gd@NaY F. core-shell nano-
particles exhibited elevated current densities and an increased
surface area, indicating a substantial improvement in capaci-
tance attributed to various electron transport pathways and
the synergistic interactions among the NaYF4 and Fe304:Gd.
Table-2 shows the comparison of the capacitance of Fe304:Gd
@NaYF, core-shell nanoparticles with other reported core-
shell nanoparticles.

Electrochemical impedance spectroscopy (EIS): To
examine the charge carrier transport characteristics, electro-
chemical impedance spectroscopy (EIS) was performed on
Fes04:Gd and Fes04:Gd@NaYF4 electrodes. The Nyquist plots
for both electrodes display a semicircle in the high-frequency
region and an inclined line in the low-frequency region. Fig.
12 shows that the Fes04:Gd@NaYF4electrode has a smaller
high-frequency intercept and a steeper low-frequency slope
compared to Fes04:Gd. This indicates lower internal resis-
tance, improved charge transfer and faster ion diffusion in the
core-shell structure. The enhanced performance is attributed to
the spherical morphology and higher electrical conductivity

Capacitance value Test conditions Ref.

158 F gt 05Ag? [38]

168 Fg*! 5mVst [39]

184 Fg? 1Ag? [40]
3225F gt 25A¢g! [41]
342.1Fgt 05Ag? [42]

528F gt 1Ag? [43]

612Fg! 1Ag! Present work
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Fig. 12. EIS spectrum of Fe;04:Gd and Fe;0,:Gd@NaYF, core-shell nano-
particles

of the NaYF, shell, which increases specific surface area and
facilitates ion transport, thereby improving capacitance [44].

Conclusion

Fe304:Gd@NaYF4 core-shell nanoparticles were synthe-
sized via a hydrothermal method. The XRD results confirmed
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the cubic Fe304:Gd core and NaYF4 shell without structural
modification. FTIR confirmed metal oxide bands and XPS
verified Na* and Y** oxidation states. The FESEM and HRTEM
studies revealed the FesO4:Gd@NaYF4 core-shell nanoparti-
cles exhibited spherical like structures. The magnetic, Gd doped
Fe304 core improves electron mobility and conductivity, while
the NaYF4 shell enhances stability and prevents agglomera-
tion. This synergistic core-shell structure enables high specific
capacitance (612 F g*) and improved charge-discharge effici-
ency. Furthermore, the incorporation of rare-earth elements
like Gd introduces tuneable properties, which can be tailored
for multifunctional energy storage systems.
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