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Spinel zinc ferrite (ZnFe2O4) (ZFO) nanomaterials were prepared as anodes for lithium-ion batteries (LIBs) using ice crystals and
Triton X-100 as the hard and soft templates, respectively, via the sol–gel method. This novel, facile, energy-efficient, and economi-
cal approach yields ZFO nanoparticles with controlled morphology and homogeneous grain distribution. The crystallinity of the
ZFO samples was confirmed by X-ray diffraction (XRD); the crystallite sizes of the prepared samples were found to be 20 and
23 nm for the ice- and soft-templated ZFO samples, respectively. A spherical morphology was achieved using both templates
although the soft-templated sample underwent agglomeration unlike the hard-templated sample. Similar elemental composition
was achieved for the samples using both methods, as observed by energy-dispersive X-ray spectroscopy. The ZFO electrodes
exhibited excellent electrochemical performance in nonaqueous systems, displaying a distinctive pair of reversible redox peaks for
50 cycles. The hard-templated (ice crystal) ZFO anode demonstrated an excellent capacity retention of 89.30%, an average
Coulombic efficiency of 99.67%, and a final discharge capacity of 793.00mAh g−1 over 500 cycles at 0.5 A g−1. In contrast, the
soft-templated (Triton X-100) ZFO anode delivered a capacity retention of 73.02%, an average Coulombic efficiency of 98.40%, and
a final discharge capacity of 625.00mAh g−1 over 500 cycles under the same conditions. Our findings highlight those hard-
templated methods, such as ice crystal template, can significantly enhance the electrochemical properties and performance of
metal oxide–based electrode materials for LIBs. This improvement is achieved through precise control of morphology, grain
distribution, phase purity, and crystal structure. Additionally, hard-templated method can be a stand-alone technique for the
commercial mass production of metal oxide–based electrode materials owing to its reliable, facile, and economical nature.
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Summary

• The spinel zinc ferrite (ZnFe2O4) (ZFO) nanoparticles
were synthesized using a rapid ice-template method (IC-
ZFO) and sol–gel method with Triton X-100 (S-ZFO).

• IC-ZFO demonstrates superior electrochemical per-
formance: 797/793mAh g−1 capacity and 99.4% Cou-
lombic efficiency at the 500th cycles.

• Triton X-100 ZFO (S-ZFO) anodes show 674/
625mAh g−1 capacity and 92.7% Coulombic efficiency
at 500th cycles

• Grain distribution significantly impacts anodic proper-
ties, affecting charge transfer kinetics and grain bound-
ary contributions. Ice template synthesis yields uniform
morphology and small crystallite sizes, enhancing charge
transfer and ion diffusion.

1. Introduction

In recent years, the demand for high-performance lithium-
ion batteries (LIBs) has been growing in various industries.
Thus, battery components, especially electrodes, must be
upgraded and explored to achieve enhanced energy and power
densities, prolonged cycle life, and affordability [1–3]. An anode
is a crucial component in a battery, governing the energy den-
sity, discharge capacity, and stability of the system. Despite
immense growth and research in the development of high-
performance anodes, an efficient anode and thus a suitable
battery remain unexplored [4–7]. The choice of the anodemate-
rial plays a significant role in improving battery performance
and cycle life. Commercial graphite anodes for LIBs exhibit low
theoretical capacity (∼372mAhg−1) and cannot meet the
requirements of high-energy applications. As an alternative,
transition metal oxides (TMOs) such as SnO2, ZnO, TiO2,
and SiO2 along with specific structures such as perovskites
and rutile have emerged as promising anode materials for
LIBs [8–10]. In particular, binary TMOs, such as lithium tita-
nate, doped rock salt–type structures, and AB2O4 structures,
have attracted considerable attention in various fields owing
to their excellent electrochemical, catalytic, and magnetic prop-
erties and high theoretical capacities based on conversion reac-
tions [11–13]. Particularly, spinel zinc ferrite (ZnFe2O4) (ZFO)
outperforms other combinations of TMOs owing to its excep-
tional properties, such as high theoretical capacity (1072mAh
g−1), low toxicity, abundant resources, and low working voltage
(∼1.5V for Li extraction) [14, 15]. However, ZFO exhibits low
electrical conductivity, undergoes volume changes during
cycling, and has electrolyte compatibility issues, all of which
are associated with the intrinsic aspects of the material. Hence,
an optimized synthesis process can address issues such as
orderedmorphology, phase purity, and other factors that enable
ZFO to exhibit its full potential as an anode [16–18]. Spinel ZFO
nanoparticles were prepared using different synthetic routes.
Generally, the rate of the chemical reaction depends on various
factors such as calcination temperature, pressure, pH, complex-
ing agents, and synthesis time. The particle size can be con-
trolled using various strategies that require heating the reaction

mixtures. These strategies include hydrothermal [19], copreci-
pitation [20], sol–gel [21], chemical bath deposition (CBD) [22],
solvothermal [23], spray pyrolysis [24], and chemical vapor
deposition synthesis at high calcination temperatures [25].
The common chemical synthesis methods, such as sol–gel,
coprecipitation, hydrothermal, solid-state reactions, and spray
pyrolysis, have several drawbacks. They often require high
energy, lengthy processing times, and expensive equipment.
Achieving consistent particle morphology is challenging, and
impurities can affect material performance. Additionally, the
use of hazardous solvents raises environmental concerns, lim-
iting sustainability [26, 27]. The morphological and textural
properties of metal oxides can be controlled using soft/hard
templates, growth directing agents, surfactants, and capping
agents. Current research on ZFO nanoparticles focuses on syn-
thesis methods such as CBD and dip coating [28]. However,
these methods typically require long reaction times (~15 h) to
obtain pristine and uniform nanoparticles. Additionally, varia-
tions in temperature during synthesis can lead to the formation
of agglomerated and inhomogeneous nanoparticles. For
instance, the sol–gel process involves stirring at 80°C, drying
the formed gel at 120°C in a hot air oven, and calcining the
dried gel at 600°C in a furnace to form a pure-phase nanoma-
terial. To address these issues and explore strategies other than
the conventional wet chemical methods, an alternative rapid
precipitation method at room temperature (27°C) is essential
for preparing uniform nanostructures of ZFO with abundant
voids, which can enhance the overall performance of LIBs. To
address these limitations, this study introduces a novel ice-
template (hard-templated) method, which is eco-friendly,
cost-effective, and energy-efficient. Unlike conventional soft-
templatedmethods, ice-template [17, 23] allows precise control
over the morphology and porosity of ZFO nanoparticles. This
self-organizing approach ensures enhanced crystallinity,
homogeneous grain distribution, and the formation of a hierar-
chically porous structure, which collectively improve lithium-ion
transport and structural stability [29, 30]. Previous research
works [31] shows ZFO anode synthesized via ice-template exhi-
bits superior electrochemical performance, including excellent
capacity retention, high Coulombic efficiency, and prolonged
cycling stability. Furthermore, a comprehensive comparison
with soft template (using Triton X-100) clearly demonstrates
the advantages of the ice-template method in enhancing zinc
ferrite performance. By optimizing the synthesis route and
addressing structural and morphological issues, this work suc-
cessfully unlocks the full potential of ZFO as a high-performance
anode material. Compared to hydrothermal or solvothermal
methods, ice-template is less complex, uses readily available
materials, and eliminates the need for high-pressure conditions
or specialized equipment, making it a practical and efficient
choice for high-performance nanomaterials [23].

In this study, an effective method for the rapid synthesis
of ZFO nanoparticles using ice crystals to self-control their
morphology during the process is proposed. The study also
involves a comparison of the proposed ice-template-assisted
approach with the traditional soft-templated method (the
corresponding spinel ZFO is denoted as S-ZFO). As men-
tioned above, the small change in the synthesis of ZFO via
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the proposed method alters the morphology and conse-
quently affects its physicochemical and electrochemical per-
formance; the corresponding findings are also discussed. The
findings presented here not only advance the understanding
of morphology-controlled ZFO synthesis but also contribute to
the broader development of scalable and sustainable LIB tech-
nologies. Compared to existing methods, the proposed ice-
template approach is simpler, avoids harmful chemicals, and
eliminates the need for complex equipment, making it suitable
for commercial-scale production of high-performance metal
oxide-based electrode materials.

2. Experimental

2.1. Materials and Methods. All required materials including
zinc nitrate (Zn(NO3)2 · 6H2O), ferric nitrate (Fe(NO3)2·9H2O),
Triton X-100 (C34H62O11), and citric acid were utilized without
further refinement, as they were of analytical grade. These mate-
rials were sourced fromHiMedia, India, and had a purity of 99%.

2.1.1. Ice-Template-Assisted Method. The process for prepar-
ing ice-template-synthesized spinel ZFO (IC-ZFO) powder is
illustrated in Scheme 1. Zn(NO3)2 · 6H2O (0.2M) and iron
nitrate (0.1M) were dissolved in 10mL of distilled water.
Once a clear solution was obtained, it was poured onto
crushed ice balls. These precursor-loaded ice balls were
then allowed to rest for 20min to ensure the uniform distri-
bution of the precursors, during which the initially white ice
balls gradually turned brown, indicating the homogeneous
dispersion of the precursors within the ice crystals. Subse-
quently, the brownish ice balls were removed from the refrig-
erator and placed in a funnel fitted with Whatman filter
paper Grade 1. The funnel was placed under direct sunlight
for 15min, causing the ice balls to slowly melt into water
while simultaneously filtering through the funnel. After the
complete filtration of ice crystal water, the remaining brown
precipitate was collected and dried for 5min in hot air.
Finally, IC-ZFO were obtained by annealing the precipitate
at 600°C for 5 h.

2.1.2. Surfactant-Assisted Method. In the synthesis process of
Triton X-100-included ZFO nanoparticles through the sol–gel
method, 0.1M of zinc nitrate, 0.2M of Fe(NO3)2·9H2O, and
citric acid were dissolved in 50mL distilled water. The mixture
was stirred vigorously for 3h to obtain a homogeneous solution.
The homogeneous solution underwent gel formation when
heated to 80°C. The resulting gel was dried in a hot air oven
at 120°C for 12h to eliminate excess moisture. After drying, the
powder was calcined at 600°C in a muffle furnace for 5h to
obtain the ZFO powder. For further incorporation of the surfac-
tant into the ZFO nanoparticles, Triton X-100 was introduced
into the mixture, which was maintained at 80°C. The mixture
was transferred to an autoclave and heated at 100°C for 1h in a
hot air oven. The resulting precipitate was collected and purified
by washing thrice with distilled water and ethanol.

2.2. Characterization. The crystal structure of the prepared
spinel ZFO powders was confirmed by X-ray diffraction
(XRD) conducted using a Philips X’Pert Pro diffractometer
with Cu-Kα radiation (wavelength=1.54Å) over a 2θ range of
20°–70°. The morphology and size of the prepared ZFO samples
were examined through field-emission scanning electronmicros-
copy (FESEM) (Carl Zeiss model Sigma 300). Transmission
electron microscopy (TEM) (Carl Zeiss, Libra 200 MC) was
performed to clarify the structures and sizes of the as-prepared
samples. The TEM analysis was conducted through the Korea
Basic Science Institute in South Korea. The elemental
composition of the prepared materials was confirmed through
energy-dispersive spectroscopy (EDS). The vibrational peaks of
the prepared material were observed through Fourier transform
infrared (FTIR) spectroscopy in the range of 4000–400 cm−1

using a Jasco Model 4100LE system with KBr-pressed pellets.
Finally, the electrochemical performance of the prepared ZFO
nanomaterials was evaluated through AC impedance and
galvanostatic charging and discharging analyses and cyclic
voltammetry (CV) at room temperature (27°C).

2.2.1. Coin Cell Fabrication. The electrochemical characteri-
zation of the samples was conducted using CR2016 coin cells,

0.1 M of zinc
nitrate

0.2 M of iron
nitrate

20
 m

in

IC-ZFO
5 h

@ 600 °C

Slurry
Direct sunlight

exposure

15 min

SCHEME 1: Schematic of the ice-template synthesis.
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with Li foil acting as the counter/reference electrode and a
polypropylene film (Celgard 2400) as the separator. The
working electrodes were prepared by coating a slurry com-
posed of the active materials (ZFO), a conductive agent
(Super P carbon black), and a binder (polyvinylidene difluor-
ide) dispersed in the N-methyl pyrrolidone solvent onto a
copper foil. Subsequently, the electrodes were dried in a vac-
uum oven for 12 h at 80°C, resulting in a mass loading of
active materials of ~1.0mg cm−2. The coin cells were assem-
bled in an Ar-filled glove box. The electrolyte utilized was 1
M LiPF6 dissolved in a mixture of ethylene carbonate,
dimethyl carbonate, and diethyl carbonate in a volume ratio
of 1:1:1.

3. Results and Discussion

3.1. Structural Analysis. Figure 1a shows the XRD diffracto-
gram of spinel ZFO prepared using the ice crystal and Triton
X-100 templates. Well-defined and sharp diffraction peaks
were observed in the XRD diffractogram of IC-ZFO. The
observed diffraction peaks were indexed to JCPDS NO: 22-
1012 [23]. Similarly, the XRD diffractogram of S-ZFO closely
resembles that of IC-ZFO. Both patterns align perfectly with
the cubic spinel structure characterized by the Fd3m space
group. The crystallite sizes of the samples were determined
using the Debye–Scherrer equation [5] to be ~20 nm for IC-
ZFO and 23 nm for spinel S-ZFO. In addition, the XRD
diffractogram can be used to determine the cation
distribution in spinel ferrite. The distribution of divalent
and trivalent cations in the octahedral and tetrahedral sites

can be determined by the ratios of the XRD lines, specifically
I220/I440 and I422/I400, as these planes are sensitive to cation
distribution [32]. The peak intensities of the (220) and (440)
planes are sensitive to the cations at the A sites, whereas the
peak intensity of the (400) plane is sensitive to the cations at
the B sites. The slight peak shift in the IC-ZFO material is
observed in (311) plane. The shift in the (311) diffraction
peak of IC-ZFO is attributed to the ice crystal synthesis
method, which likely induces lattice expansion due to
factors like defect incorporation, strain during freezing, or
increased interplanar spacing promoted by uniform crystal
growth in the ice matrix. Structural differences, such as
changes in crystallite size and lattice constants, may also
contribute to the shift. The XRD patterns of the ZFO
samples indicated a strain of 0.12 for IC-ZFO and 0.16 for
S-ZFO (Table 1). The lower strain observed for IC-ZFO
suggests a more stable crystal structure, potentially reducing
the number of defects and increasing electron transport
efficiency, which can improve material performance [33].
Furthermore, although the lattice parameters were similar
for both methods, the higher volume observed for IC-ZFO
indicates a larger unit cell size, indicating higher stability of its
crystal structure than that of S-ZFO.

3.2. Vibrational Analysis. The FTIR spectrum (Figure1b)
indicated the formation of spinel ZFO, signifying a funda-
mental alteration in the material composition. The bands
observed at 443 and 546 cm−1 are attributed to the intrinsic
stretching vibrations of Zn–O and Fe–O, respectively, which
correspond to the tetrahedral and octahedral sites of spinel
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FIGURE 1: (a) XRD patterns of ZnFe2O4 nanoparticles confirming phase purity, with sharp peaks indicating good crystallinity and no impurity
phases and (b) FTIR spectra of the prepared ZFO samples by hard-templated and soft-templated method.

TABLE 1: ZFO properties and impact on performance.

Material
Crystallite size/particle size

(nm)
Lattice constant

(Å)
Volume (Å3)/
strain (ɛ)

Charging/discharging capacity
(mAh g−1)

Coulombic efficiency
(%)

IC-ZFO 20/30 8.449 603.5/0.12 797/793 99.4
S-ZFO 23/40 8.383 593.8/0.16 674/625 92.7

4 International Journal of Energy Research

 ijer, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/er/5520837 by C

hung-A
ng U

niversity, Seoul, W
iley O

nline L
ibrary on [06/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ZFO [34, 35]. In the case of S-ZFO, these metal oxide vibra-
tion bands exhibited slight shifts to 447 and 548 cm−1, indi-
cating localized modification in ZFO. The bands at 3641 (IC-
ZFO) and 3605 cm−1 (S-ZFO) can be ascribed to –OH
stretching vibrations owing to the presence of water mole-
cules [36]. The peaks observed at 2879 and 2881 cm−1 are
due to the –CH2 stretching bands of IC-ZFO and S-ZFO
[37], respectively. The observation of minor band shifts in
surfactant-incorporated spinel ZFO suggests that Triton X-
100 coordinates with the metal surface via oxygen atoms.

3.3. Morphological Analysis. The morphology of S-ZFO and
IC-ZFO was examined through FESEM; the corresponding
images are presented in Figure 2. The image of IC-ZFO
showed uniformly distributed spherical shapes, with grain sizes
of ~30nm (Figure 2a–c). S-ZFO was found to contain spherical
grains, with sizes of ~40nm, and undergo less agglomeration
(Figure 2d–f). Furthermore, as ice crystals grow in the specific
direction of hydrogen bonding between water molecules, this
directed growth can potentially influence the nucleation and
growth of ZFO nanoparticles, leading to less agglomeration
and small, more uniform grains.

In addition, because Triton X-100 is a nonionic surfac-
tant, it can adsorb onto the surface of the ZFO nanoparticles,
creating a steric barrier that prevents agglomeration. Thus,
the surfactant-assisted method may not be as effective as the
ice-template method, which allows excellent directional
growth and imparts porosity. The high efficiency of the ice
crystal method for producing ZFO nanomaterials with opti-
mized morphological characteristics makes it preferable to
soft-template approaches. Figure 3 presents the TEM images
and particle size distributions of IC-ZFO and S-ZFO. The
TEM images reveal a spherical morphology for both the ZFO

nanomaterials. The SAED patterns display structural fringes
for both samples, underscoring their high crystallinity. Unlike
S-ZFO, IC-ZFO exhibits well-defined spherical patterns in the
TEM images. For IC-ZFO, represented in Figure 3a–d, the
particles exhibit a relatively uniform distribution, with an
average particle size ranging from 30 to 40 nm. The histogram
in Figure 3d confirms the narrow distribution, which is indic-
ative of a more consistent particle morphology. This unifor-
mity contributes to improved lithium-ion diffusion pathways,
enhancing overall electrochemical performance. In the case of
S-ZFO, depicted in Figure 3e–h, it shows a broader particle
size distribution, with an average particle size in the range of
40–50 nm. The histogram in Figure 3h demonstrates a wider
spread in particle size compared to IC-ZFO, indicating less
uniformity. Larger and less uniform particles in S-ZFO can
hinder ion transport and reduce active surface area availabil-
ity, which may negatively impact the materials energy storage
performance. The comparative analysis of the particle size
histograms (Figure 3d,h) underscores IC-ZFO’s advantage
in achieving better electrochemical properties due to its
more uniform and smaller particle size distribution, making
it a more promising candidate for LIB applications. Moreover,
ice-template synthesis process three times under identical
conditions. Each synthesis yielded ZFO particles with a con-
sistent size of ~30 nm andminimal variation (Æ0.5 nm), dem-
onstrating high reproducibility. These results confirm the
robustness of the ice-template synthesis method and suitabil-
ity for reuse, thereby supporting claims of commercial scal-
ability and environmental sustainability.

3.4. Elemental Analysis. The chemical composition of IC-
ZFO and S-ZFO was investigated through EDS with elemen-
tal mapping. Figure 4a,b shows the peaks associated with Fe,

FIGURE 2: FESEM images of (a–c) IC-ZFO (hard-templated) and (d–f ) S-ZFO (soft-templated) at different magnifications, highlighting the
surface morphology, and agglomeration behavior of the materials.

International Journal of Energy Research 5
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Zn, and O, indicating the precision of the synthesis process.
Moreover, no traces of impurities were observed in the EDS
results, confirming the high purity of the synthesized sam-
ples. The elemental mappings of the ZFO samples also dem-
onstrate the uniform distribution of Zn, Fe, O, and C. The
theoretical and resulting chemical compositions of the pre-
pared ZFO material by both synthesis methods are shown in
Table 2.

3.5. BET Surface Area Analysis. The specific surface area is a
key factor influencing the storage capability of electrode
materials, as it directly affects the availability of reaction sites
[38, 39]. To evaluate the average particle size and surface area

of the prepared zinc ferrite nanoparticles, BET surface area
analysis was conducted for both IC-ZFO and S-ZFO. Figure 5
shows the BET surface area of prepared ZnFe2O4 nanoma-
terial by IC-ZFO and S-ZFO. The specific surface area was
determined to be 6m2/g for S-ZFO and 11m2/g for IC-ZFO.
Additionally, pore size analysis through the BJH method
revealed pore diameters of 42 nm for S-ZFO and 61 nm for
IC-ZFO (inset panel in Figure 5). The increased pore size in
IC-ZFO may be attributed to its unique ice crystal synthesis
method, which creates a more open and interconnected
porous network. In contrast, the slightly lower surface area
of IC-ZFO compared to S-ZFO could be explained by the
denser arrangement of larger pores, leading to a reduced

200 nm

ðaÞ

20 nm

d = 0.251 nm

(311)

ðbÞ

101/nm

ðcÞ

10 20 30 40 50 60
0

1

2

3

4

5

Co
un

t

Particle size (nm)

ðdÞ

200 nm

ðeÞ ðfÞ

ðgÞ

10 20 30 40 50 60 70
0

2

4

6

8

10

Particle size (nm)

Co
un

t

ðhÞ
FIGURE 3: TEM images of (a, b) IC-ZFO and (e, f ) S-ZFO. SAED patterns of (c) IC-ZFO and (g) S-ZFO; particle sizes of (d) IC-ZFO and (h) S-
ZFO.
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total surface area contribution. The structural and surface
characteristics of IC-ZFO and S-ZFO reveal distinct advan-
tages and limitations for LIB applications. IC-ZFO, with a
BET surface area of 11m2/g and a larger pore size of 61 nm,
offers significant benefits in enhancing electrolyte penetra-
tion and reducing ion transport resistance, which facilitates
faster lithium-ion intercalation and extraction. Its intercon-
nected porous structure improves accessibility to active sites,
contributing to better rate performance and capacity utiliza-
tion. Additionally, the moderate surface area ensures suffi-
cient active sites for lithium storage without compromising
structural integrity during repeated charge–discharge cycles.
On the other hand, S-ZFO, with a lower surface area of 6m2/
g and a smaller pore size of 42 nm, exhibits a more compact
structure that may limit ion mobility and diffusion, particu-
larly under high-rate cycling conditions. The reduced surface
area also restricts the availability of active sites, potentially
leading to lower energy density compared to IC-ZFO. These

differences highlight the superior performance potential of
IC-ZFO for lithium-ion energy storage applications.

4. Electrochemical Studies

4.1. Electrochemical Impedance Spectroscopy (EIS). EIS of IC-
ZFO and S-ZFO was conducted over frequencies ranging
from 1mHz to 100 kHz. In Figure 6, the Nyquist plots of
both IC- and spinel S-ZFO reveal distinct features: a semi-
circle in the high-to-intermediate frequency range and a
straight sloping line in the low-frequency range. The inset
in Figure 6 depicts the corresponding equivalent circuit
model, where Rohm represents the ohmic resistance, reflect-
ing the combined resistance of the electrolyte, separator, and
electrode. By analyzing the equivalent circuit, parameters
such as electrolyte impedance (R1), solid–electrolyte interface
[27] impedance (R2), charge transfer resistance (R3), and con-
stant phase element were derived (Figure 6). Interestingly, the
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FIGURE 4: EDS spectra and mapping images of (a) IC-ZFO and (b) S-ZFO.

TABLE 2: Elemental composition of ZFO determined through EDS.

Element Theoretical (atomic wt.%) Observed (atomic wt.%) Expected composition Resultant composition

IC-ZFO S-ZFO IC-ZFO S-ZFO

Zn 14.28 14.40 14.01 1.00 1.00 0.98
Fe 28.57 28.97 27.28 2.00 2.02 1.90
O 57.14 56.64 58.11 4.00 3.96 4.06

International Journal of Energy Research 7

 ijer, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/er/5520837 by C

hung-A
ng U

niversity, Seoul, W
iley O

nline L
ibrary on [06/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



EIS profiles of all samples exhibited similar shapes, character-
ized by a semicircle in the high-to-medium-frequency region
and a straight line in the low-frequency region. The imped-
ance characteristics are primarily influenced by the surface
morphology of electrode materials and are proportional to
the diameter of the semicircle in the Nyquist plot. The first
semicircle in the high-frequency region indicates the presence
of the SEI layer [38]. The charge transfer reactions occurring
at the electrolyte–electrode interface contribute to R3, which is
represented by the second semicircle in the middle-frequency
region. Additionally, Li+ diffusion within the electrode mate-
rials is attributable for the sloping line observed in the low-
frequency region [40].

Notably, when as the anode material, IC-ZFO anode
demonstrated lower resistance than S-ZFO, as observed
from the EIS results. The lower resistance of IC-ZFO is likely
due to the differences in the surface morphology of the two
nanomaterials (Figure 2). Morphological studies revealed
that ice crystal-assisted synthesis produces smaller, more
uniformly distributed particles, which enhance electrochem-
ical performance. In contrast, the soft-template method pro-
duces large particle sizes and promotes agglomeration, which
reduce the effective surface area and increase in resistance.
Variances in the synthesis methods can affect the Li+ diffu-
sion kinetics, resulting in impedance behavior differences. In
addition, compliance with causality, linearity, and stability in
impedance measurements was ensured through residual or
error analysis, and the impedance fit parameters followed the
Kramers–Kronig (K–K) relationship [18, 41]. The error anal-
ysis plots for IC-ZFO and S-ZFO, covering the real and
imaginary impedance values over the measured frequency
range, demonstrated conformity with these principles, con-
firming the reliability of the measurements (Figure 7). The
K–K relations ensure consistency between the real and imag-
inary parts of a complex function, verifying the accuracy of
experimental data. This method helps identify errors and
uncertainties, ensuring measurements comply with the prin-
ciples of causality and linearity, particularly in frequency-
dependent systems [32]. Figure 7 shows the relative error
between the real and imaginary parts of the measured
impedance (Zreal, Zimag) and the calculated values (Zcalc)
across 0–80Hz. Figure 7a,b demonstrates minimal devia-
tions at lower frequencies, indicating strong conformity
with the K–K relationship. Figure 7c,d shows slight devia-
tions at higher frequencies, likely due to instrumental noise
or polarization effects, but these do not impact the overall
interpretation of the material’s electrochemical performance.
These results confirm that the impedance data accurately
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FIGURE 5: N2 adsorption–desorption isotherms of (a) IC-ZFO and (b) S-ZFO nanoparticles. Insets in both panels illustrate the pore size
distribution of the respective materials.
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reflect the electrochemical properties of the systems and that
the fit parameters derived from the experimental data are
reliable.

4.2. CV. The CV was conducted to investigate the lithiation
and delithiation behaviors of the spinel ZFO nanocomposite
electrodes. Figure 8a illustrates the initial CV curves of the
ZFO samples at a scan rate of 10mV s−1 over a voltage range
of 0.01–3.0 V. The CV curves of the samples indicate a con-
sistent intercalation–deintercalation process of Li+ ions. In
Figure 8a for IC-ZFO, a distinct peak is observed during the
initial cathodic scan of the first cycle, attributed to the irre-
versible reduction reaction with the electrolyte, at 0.77 V.
This reduction peak corresponds to the irreversible reduc-
tion of Fe3+ to Fe0 and Zn2+ to Zn0, which is associated with
the formation of Li2O and the Li-Zn alloy [36, 42–44]. More-
over, the prominent reduction peaks centered at 0.92 and
0.77V persist in the subsequent cathodic scans at scan rates
of 10–100mV s−1 (Figure 8b). During the anodic scan, peaks
at 1.7 V are observed, indicating the oxidation of Zn0 and Fe0

to Fe2O3 and ZnO, respectively.

Similarly, in Figure 8a, for S-ZFO, reduction peaks are
observed at 0.77V, indicating the conversion of ZFO to Li
ions. The anodic scan displays peaks at 1.7 V, as well as a new
oxidation peak at 2.41V, potentially linked to the oxidation
of Fe2O3 to Fe0 and ZnO to Zn0, respectively [39]. Further-
more, oxidation peak emerges at 2.41 V, suggesting further
oxidation occurs within the electrode material. These oxida-
tion peaks signify crucial transformations that occur during
the anodic phase of the cycling process, potentially influenc-
ing the overall electrochemical performance and stability of
the electrode. Upon cycling, the cathodic peaks disappear
and are replaced by new peaks at 1.1 and 0.97V (Figure 8c),
indicating the reversible reduction of Fe2O3 to Fe0 and ZnO
to Zn0, respectively. Therefore, the anodic peaks exhibit a
slight shift to 1.7 and 1.85V in the subsequent cycles,
observed at scan rates of 10–100mV s−1.

Notably, a significant observation emerged for both IC-
ZFO and S-ZFO: the cathodic and anodic peaks exhibited
substantial overlap from the second scan onward, confirming
the outstanding reversible electrochemical performance.
Moreover, the persistence of these cathodic and anodic peaks
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FIGURE 7: Error analysis for (a) real (Z) versus frequency; (b) imaginary [41] versus frequency of IC-ZFO; (c) real (Z) versus frequency; and (d)
imaginary [41] versus frequency of S-ZFO.
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underscores the excellent stability and reversibility of the
ZFO anodes. Furthermore, the shapes of the CV curves
remained largely consistent at different scan rates, with min-
imal shifts observed in the oxidation and reduction peaks,
suggesting weak electrochemical polarization. The effect of
different scan rates (10–100mV/s) on the reaction kinetics
and reversibility shows that at higher scan rates, polarization
increases, leading to broader peaks and higher current den-
sities, while at lower scan rates, the reaction becomes more
reversible with sharper peaks. The consistent shape of the CV
curves indicates stable electrochemical behavior, but peak
shifts and separation suggest changes in kinetics [45]. These
results imply excellent electrochemical stability and perfor-
mance of the electrodematerials. Themorphology and structure
of ZnFe2O4 nanoparticles are critical for their lithium-ion stor-
age and electrochemical performance. Smaller, uniformly sized
nanoparticles increase surface area, enabling faster charge/

discharge rates, minimizing diffusion resistance, and enhanc-
ing rate capability and cycling stability. A well-defined crys-
talline structure further improves electronic conductivity and
charge transfer [35].

Based on the CV observations and previously reported
results [46], the lithium-ion storage mechanisms for the
entire electrochemical reaction are proposed as follows:

ZnFe2O4 þ 0:5Liþ þ 0:5e− → Li0:5ZnFe2O4; ð1Þ

Li0:5ZnFe2O4 þ 1:5Liþ þ 1:5e− → Li2ZnFe2O4; ð2Þ

Li2ZnFe2O4 þ 6Liþ þ 6e− → 4Li2Oþ Znþ 2Fe; ð3Þ

Znþ Liþ þ e− ↔ LiZn alloyð Þ; ð4Þ

3Li2Oþ 2Fe↔ Fe2O3 þ 6Liþ þ 6e−; ð5Þ
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FIGURE 8: CV curves: (a) 1st cycle at 10mV s−1, (b) IC-ZFO, and (c) S-ZFO at different scan rates.
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FIGURE 9: Discharge–charge profiles for the selected cycles: (a) IC-ZFO and (b) S-ZFO. Rate capability at various current densities: (c) IC-ZFO
and (d) S-ZFO. Cycling performance and Coulombic efficiency: (e) IC-ZFO and (f ) S-ZFO.
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Li2Oþ Zn↔ ZnOþ 2Liþ þ 2e−: ð6Þ

4.3. Charge and Discharge. Figure 9a,b illustrates the dis-
charge and charge profiles for selected cycles of the electro-
des at a current density of 0.1 A g−1 within a potential voltage
window of 0–3.0 V at room temperature (27°C). The dis-
charge and charge voltage plateaus correspond with the
CV results. The first discharge curve exhibits two distinct
plateaus, a short one at 0.96V and a long one at 0.80V,
which becomes less pronounced in the subsequent discharge
profiles. The former plateau is attributed to the formation of
LixZnFe2O4 (Equation 1), whereas the latter is linked to the
decomposition of ZFO into Zn0 and Fe0 dispersed in the
Li2O matrix (Equation 2) [39, 46]. Additionally, Zn0 nano-
particles undergo alloying reactions with Li beyond the pla-
teau region to form a Li-Zn alloy (Equation 3) [44]. Upon
reaching 0.01V, IC-ZFO and S-ZFO deliver an initial dis-
charge capacity of ~1128 and 1087mAh g−1, respectively.
Excess capacity beyond the theoretical specific capacity
may result from the storage capacity of the interfacial SEI
layer. The first charge curve displays a smooth, increasing
trend with a plateau voltage at 1.74 V, attributed to the de-
alloying reaction and reversible conversion reaction for the
formation of Fe2O3 and ZnO. After the first cycle, the dis-
charge and charge capacities gradually increase slightly
before declining with further cycling; this process is referred
to as electrolyte activation. The subsequent discharge and
charge processes exhibit overlapping curves with ultrahigh

Coulombic efficiencies, indicating excellent stable cycling
performance (over 99.6% for IC-ZFO and 98.2% for S-ZFO).

To determine the differences in the electrochemical proper-
ties of the two electrodes, the rate capacities of IC-ZFO and S-
ZFO were examined at different current densities, as shown in
Figure 9c,d. The IC-ZFO nanomaterial demonstrates decent
lithiation capacity retention, with average discharge capaci-
ties of 980 (5th), 865 (15th), 798 (25th), 657mAh g−1 (35th),
581mAhg−1 (45th), and 403mAhg−1 (55th) at current densi-
ties of 0.1, 0.2, 0.5, 1, 2, and 5A g−1, respectively. A high aver-
age discharge capacity of 951mAhg−1 is achieved when the
current density returns to 0.1mAhg−1. For the S-ZFO mate-
rial, lithiation capacity retention exhibits average discharge
capacities of 855 (5th), 742 (15th), 636 (25th), 503mAh g−1

(35th), 402mAhg−1 (45th), and 285mAh g−1 (55th) at current
densities of 0.1, 0.2, 0.5, 1, 2, and 5A g−1, respectively. Subse-
quently, a high average discharge capacity of 839mAhg−1 is
observed when the current density returns to 1A g−1.

To further underscore the high cycling stability, long-
term cycling performance of both ZFO anode materials
was analyzed at a current of 0.5 Ah g−1 for 500 cycles. IC-
ZFO maintained a stable capacity with high Coulombic effi-
ciency after 500 cycles, as shown in Figure 9e. The discharge
and charge capacities of IC-ZFO remained at 797 and
793mAh g−1, respectively, throughout the 500 cycles, with
99.4% capacity retention. Daoyan Feng et al. [37] reported
3D hierarchically porous ZnFe2O4/C composites with excel-
lent electrochemical performance, delivering 711mAh g⁻

1 at

FIGURE 10: FESEM image of (a, b) IC-ZFO and (c, d) S-ZFO nanoparticles after 500 cycles.
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1000mAg⁻
1 after 400 cycles, showcasing their potential for

high-performance LIBs. Lin et al. developed core–shell struc-
tured ZnFe2O4@C nanoparticles, and it delivered a reversible
capacity of 705 mAh g−1 at 0.25 C after 180 cycles [47, 48].
Compared to other results, IC-ZFO exhibited better electro-
chemical performance. Ice-template ZnFe2O4, with spherical
morphology, offers a high surface area for abundant lithium-
ion insertion sites, enhancing capacity and rate performance.
Its controlled structure ensures cycling stability by reducing
mechanical stress, while the well framework morphology
improves electron conduction and reduces polarization. These
features make it a promising material for high-performance
LIBs [23]. Similarly, as shown in Figure 9f, the discharge and
charge capacities of S-ZFO remained stable at 674 and
625mAh g−1, respectively, over 500 cycles, with 92.7% capacity
retention. Moreover, the Coulombic efficiency, an important
electrochemical parameter, particularly in lithium-ion full cells,
of IC-ZFO and S-ZFO significantly improved and gradually
reached ~99.6% and 98.2% during the subsequent cycles.
Figure 10 shows the FESEM image of the ZnFe2O4 anode
material after 500 charging and discharging cycles of the IC-
ZFO and S-ZFO. This result indicates the excellent electro-
chemical reversibility of the ZFO anode during cycling.
Figure 10 shows the structural evolution of IC-ZFO and S-
ZFO anodes after 500 cycles at a current density of 500mAg−1

was analyzed using FESEM, as shown in Figure 10 a,b which
depicts IC-ZFO at low and high magnifications, while
Figure 10c,d represents S-ZFO at similar magnifications.
After 500 cycles, IC-ZFO largely retains its structural mor-
phology, with the nanoparticles remaining well intercon-
nected and showing minimal changes (Figure 10a,b). At
higher magnification (Figure 10b), some degree of agglomer-
ation is observed, but the overall structure remains intact,

indicating good stability under prolonged cycling. In the
case of S-ZFO, more pronounced agglomeration is evident
(Figure 10c,d), with a noticeable loss of the distinct nanopar-
ticle structure observed before cycling. At higher magnifica-
tion (Figure 10), the particles appear significantly fused
together, with increased irregularity and fragmentation, sug-
gesting reduced mechanical stability compared to IC-ZFO.
These results highlight IC-ZFO’s ability tomaintain structural
integrity after extensive cycling, while S-ZFO shows more
substantial agglomeration and structural deterioration, mak-
ing IC-ZFO a more suitable material for long-term LIB appli-
cations. Figure 11 shows the XRD patterns of IC-ZFO, and
S-ZFO anode reveals stark differences in structural stability
and their subsequent impact on electrochemical performance
over prolonged cycling. The IC-ZFO demonstrates notable
structural integrity, with its XRD patterns remaining consis-
tent even after 500 charge–discharge cycles. This stability
directly correlates with ability to sustain consistent electro-
chemical performance over long cycle. The absence of new
diffraction peaks in IC-ZFO confirms minimal or negligible
structural transformations during lithium intercalation and
deintercalation processes, so preserving electrochemical activ-
ity and ensuring superior cycling stability. On the other hand,
S-ZFO exhibits a significant structural transformation upon
cycling, as evidenced by the emergence of a new peak in XRD
pattern corresponding to cubic Li2Fe3O4 (JCPDS card No. 37-
1432). This indicates that S-ZFO exhibits a phase transition
during lithium intercalation. While the initial electrochemical
performance has been satisfactory, the structural changes lead
to a gradual degradation of the spinel framework, resulting in
capacity fading and diminished long-term performance. The
formation of the Li2Fe3O4 phase is indicative of irreversible
structural changes that compromise the material stability and
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FIGURE 11: XRD patterns of ZnFe2O4 nanoparticles by hard-templated and soft-templated method after 500 cycles (the standard XRD
patterns of cubic ZnFe2O4 and cubic Li2Fe3O4 are also shown for reference).
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electrochemical reliability. From the postcycling, XRD analy-
sis highlights the critical role of structural integrity in deter-
mining cycling performance. The exceptional cycling stability
of IC-ZFO anode material from its resistance to structural
degradation makes it a strong candidate for long-term energy
storage applications. Conversely, the phase instability in
S-ZFO underlines the necessity for structural optimization
to moderate performance fading, emphasizing the impor-
tance of stability in designing durable energy storage materi-
als. Moreover, ZFO prepared through ice-template synthesis
exhibited high electrochemical performance than those
through other synthesis methods (Table 3).

5. Conclusions

ZFO nanoparticles were synthesized using both a rapid ice-
template synthesis method (IC-ZFO) and a sol–gel method
(S-ZFO) incorporating a soft-template (Triton X-100). The
electrochemical properties of these materials were analyzed,
and their applicability as anode materials in LIBs was veri-
fied. Both IC-ZFO and S-ZFO exhibited excellent capacity
retention, achieving ~99.6% and 98.2% Coulombic efficien-
cies, respectively. IC-ZFO demonstrated a discharge/charge
capacity of 797/793mAh g−1 with a Coulombic efficiency of
99.4% over 500 cycles. In comparison, S-ZFO exhibited an
initial discharge/charge capacity of 674/625mAh g−1 with a
Coulombic efficiency of 92.7% over 500 cycles. The electro-
chemical performance of ZFO is attributed to its continuous
structural framework and uniform surface morphology, facil-
itating reversible lithiation/delithiation processes. IC-ZFO, in
particular, had a uniform morphology and small crystallite
and particle sizes, which were realized without using surfac-
tants. This uniform morphology, likely due to the ice crystal
template method, enhanced the electrochemical performance
of IC-ZFO because of the availability of a large surface area for
efficient charge transfer and ion diffusion during cycling. In
contrast to chemical templates like Triton X-100, which uti-
lize surfactants and pose environmental concerns due to the
challenges in their removal, ice crystals serve as a natural,
biodegradable, and reusable alternative, making the synthesis
process more sustainable. Additionally, the ice-template pro-
cess avoids the use of harmful chemicals, minimizes waste,
and supports sustainable synthesis practices. This approach
aligns with the growing emphasis on green chemistry and
sustainable material development, adding depth and signifi-
cance to the study. This proposed method is a cost-effective
and rapid approach for designing spinel ZFO structures with

abundant voids and improved morphology and is suitable for
the development of high-performance electrodes for LIBs.
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