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This study synthesizes ZnFe,O4 spinel via a co-precipitation method using ZnCl, and Fe(NOs3)s-9H,0 as

precursors, and the reaction pH is adjusted to 10, 11, and 12 to regulate the particle-size evolution.

Based on the thermal analysis of the precursors, the resulting products inform the selection of the

optimal calcination temperature for spinel formation (750 °C); the resulting samples are denoted as
ZFO_pH 10, ZFO_pH 11, and ZFO_pH 12. Comparative analysis of the pH-regulated samples reveals that
pH strongly influences the particle size and key electrochemical properties, including Li*-storage

performance, cycling stability, and electrical conductivity. X-ray diffraction (XRD) analyses confirm that all

samples predominantly comprise well-crystallized ZnFe,O,4 without detectable secondary phases within
the XRD detection limit. Notably, ZFO_pH 11 exhibits an average particle size of approximately 37 nm,

which is considerably smaller than the approximately 42 nm particles observed in ZFO_pH 10.
Consequently, the ZFO_pH 11 electrode delivers a high initial charge capacity of 992.78 mAh g~* and

maintains a capacity of approximately 910.84 mAh g~
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1 after 60 cycles at 0.1 A g1 These results

demonstrate that pH adjustment is an effective strategy for tuning particle size and crystallinity, thereby

enhancing electrochemical performance. Among the synthesized materials, ZFO_pH 11 demonstrates
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1 Introduction

Among rapidly advancing energy-storage technologies, lithium-
ion batteries (LIBs) have become a crucial foundation for
applications ranging from portable electronics and computers
to large-scale energy systems. However, the anodes of
commercial LIBs have nearly reached their developmental limit,
making further improvements in electrochemical performance
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strong potential as an anode material for lithium-ion batteries owing to its favorable combination of
particle size, crystallinity, and phase purity.

increasingly challenging. Conventional anode materials are
primarily based on graphite, which possesses a theoretical
capacity of only approximately 372 mAh g™, considerably lower
than those of many emerging materials."” Additionally,
graphite exhibits strong structural anisotropy, numerous
surface defects, and a large specific surface area; these charac-
teristics restrict Li" insertion into the edge planes during
cycling.*® Particularly, the solid electrolyte interphase (SEI)
layer tends to form in a nonuniform manner and undergoes
repeated rupture and reformation, which continuously
consumes the electrolyte and Li" ions. This persistent degra-
dation ultimately results in capacity fading and low coulombic
efficiency (CE).® To mitigate the intrinsic limitations of
commercial LIB anodes, a widely adopted strategy is to reduce
the particle size of alternative anode materials to the nanoscale.
At the nanoscale, materials exhibit enhanced electrode surface
area, markedly shortened Li'-diffusion pathways, and rein-
forced structural integrity capable of mitigating mechanical
stress, which collectively contribute to their outstanding
electrochemical performance.”” For example, Ding et al
demonstrated that nanosized silicon delivers an impressive
capacity of 738 mAh g™ after 200 cycles, substantially higher
than that of microsized silicon, which achieves only 249 mAh

© 2026 The Author(s). Published by the Royal Society of Chemistry
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g 1.1° Similarly, Hu et al. synthesized spinel CoMn,0y,, exhibit-
ing a high capacity of 624 mAh g~" and retaining 75.5% of its
initial capacity at a current density of 0.2 A g~ " after 50 cycles."

Among the various materials investigated for LIB anodes,
ZnFe,0, stands out as a highly promising candidate due to the
synergistic combination of its intrinsic material properties and
unique Li" storage mechanisms.'*** ZnFe,O, is not only derived
from naturally abundant resources but also possesses a high
theoretical capacity of 1072 mAh g, which is superior to that of
other spinel-structured oxides and significantly exceeds that of
commercial graphite.”*™* Structurally, Zn-ferrite crystallizes in the
spinel structure with the general formula AB,O,, where A is a diva-
lent cation and B is a trivalent cation, and possesses a cubic close-
packed arrangement of 0>~ anions."” Within this structure, B-site
cations occupy half of the octahedral sites (16d), A-site cations
reside in one-eighth of the tetrahedral sites (8a), and the remaining
octahedral sites (16¢) remain vacant.'® Therefore, these unoccupied
16¢ positions enable Li* ions to hop from one tetrahedral (8a) site to
another through a three-dimensional (3D) diffusion network
spanning the x, y, and z directions, offering faster transport path-
ways compared with materials constrained by 2D frameworks."®*
Additionally, this robust 3D ion-diffusion channel offers significant
advantages for anode performance, including enhanced Li"
mobility, hostlattice structural stability, and enhanced electro-
chemical efficiency.'®* For example, Wang et al. reported that
spinel-type materials preserve approximately 75% and 58% of their
original capacity at 5C and 10C, respectively.” Another stricking
point is that at the nanoscale, ZnFe,O, exhibits flexible cation
distribution between tetrahedral (A) and octahedral (B) sites, typi-
cally expressed as [(Zn*"); _(Fe*"),][(Zn*")(Fe*"),_,]s(0* ),.1>* This
indicates that portions of Zn>" and Fe®" ions reside in both A and B
sites, generating additional electrochemically active centers and
enhancing the chemical stability of ZnFe,0,.”> Moreover, ZnFe,0,
undergoes a combination of conversion and alloying reactions.”
Upon lithiation, Zn>* and Fe®" ions are reduced to metallic Zn and
Fe, accompanied by the formation of Li,O (eqn (1)). Subsequently,
metallic Zn further reacts with Li* to generate Li-Zn alloys

(eqn (2)).
ZnFe,04 + 8Li* + 8¢~ — Zn + 2Fe + 4Li,O (1)
Zn + Li* + e~ — LiZn (2)

The alloying reaction between Li" and Zn considerably
contributes to the reversible electrochemical behavior and
introduces additional Li* storage sites, enabling ZnFe,0, to
surpass the capacity limit typically constrained by conventional
conversion mechanisms.'** Owing to these benefits, numerous
studies have reported impressive electrochemical results. For
example, Jia et al. synthesized nanosized ZnFe,O, coated with
carbon using ionic-liquid-assisted synthesis, achieving a stable
capacity of 1091 mAh g~ ' after 190 cycles at 1C, and retaining
a capacity of 216 mAh g~ ' even at 20C.> Similarly, Yue et al.
prepared ZnFe,O,/PDA composites and showed that an 8 nm
PDA coating yielded the best electrochemical performance, with
an initial discharge capacity of 2079 mAh ¢ ' at 1 A g '.>*
Additionally, Yao et al. prepared ZnFe,O,/graphite composites
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synthesized via hydrothermal methods that demonstrated
a remarkable capacity of 1450 mAh g~ ' after 150 cycles at
0.1 A g~ " for nanoparticles sized 20-30 nm.?® Motivated by the
promising characteristics of spinel ZnFe,O,, the present study
aims to synthesize ZnFe,O, via a simple co-precipitation
approach, enabling precise control over the nanoparticle size
through pH adjustment (pH 10, 11, and 12). This strategy
enables the systematic evaluation of the electrochemical prop-
erties of ZnFe,O, and provides insights into how the pH-
dependent particle size influences the overall performance of
the ZnFe,O, anode material.

2 Materials and methods
2.1 Synthesis of ZnFe,0, materials

The precursors used for the co-precipitation synthesis included
zinc chloride (ZnCl,), iron(m) nitrate nonahydrate (Fe(NO;)s-
-9H,0), and sodium hydroxide (NaOH), supplied by Xylong Co.
(China). First, ZnCl, (0.681 g) and Fe(NO3;);-9H,O0 (4.039 g) were
dissolved in 50 mL of deionized water, maintaining a Zn: Fe
molar ratio of 1:2. Subsequently, the resulting solution was
slowly added dropwise into a three-necked flask containing
200 mL of deionized water preheated to 95 °C and magnetically
stirred for 10 min to enhance reaction kinetics and minimize
localized supersaturation. Next, the mixture was cooled natu-
rally to room temperature. Once it reached 25 °C, NaOH solu-
tion was gradually introduced to induce the precipitation of
Zn>" and Fe*" ions while precisely controlling the NaOH addi-
tion to achieve the desired pH values of 10, 11, and 12. The
suspension was continuously stirred for an additional hour to
ensure homogeneous particle formation. Subsequently, the
resulting precipitates were washed several times with deionized
water and ethanol by centrifugation at 4500 rpm for 5 min to
remove residual ions and impurities. In the subsequent calci-
nation step, the samples corresponding to the three pH condi-
tions were annealed at 750 °C for 3 h in air to convert the
precursors into metal-oxide phases. Finally, the obtained oxides
were ground into fine powders and designated as ZFO_pH 10,
ZFO_pH 11, and ZFO_pH 12.

2.2 Material characterization

The structural and morphological characteristics of the
powders synthesized at the three pH values were examined
using advanced characterization techniques. Thermogravi-
metric analysis (TGA) was conducted to evaluate the thermal
stability and decomposition behavior of the as-prepared
precursors before calcination. The TGA results provide insight
into the removal of absorbed water, residual nitrates, and other
volatile species, allowing optimization of the annealing
temperature required to obtain phase-pure ZnFe,O,. Second, X-
ray diffraction (XRD) was employed to identify the crystal
structure of the spinel ferrite phase and detect any undesirable
secondary phases in the synthesized samples, thereby evalu-
ating their potential influence on the material properties.
Scanning electron microscopy (SEM) was used to observe the
particle distribution and surface morphology, which play
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crucial roles in assessing the electrochemical performance of
the material. In addition, transmission electron microscopy
(TEM) was utilized to provide a more detailed investigation of
the internal microstructure and precise nanoscale dimensions.
Energy-dispersive X-ray spectroscopy (EDS) was then used to
determine the components and proportions of elements in the
synthesized samples. Finally, X-ray photoelectron spectroscopy
(XPS) was conducted to investigate the surface chemical
composition and the specific oxidation states of the constituent
elements, thereby elucidating the effect of pH on the chemical
bonding of the materials.

2.3 Electrochemical measurements

The as-prepared ZFO powders were mixed with Super P and
poly(acrylic acid) in a weight ratio of 70 : 15 : 15 and dispersed in
ethanol to form a homogeneous slurry. Subsequently, the slurry
was stirred overnight to ensure homogeneity before being
coated onto a copper foil using the doctor-blade technique to
form uniform electrode films. The coated copper foils were then
dried in a vacuum oven at 75 °C for 3 h to remove residual
solvents and moisture. The dried electrode films were then
punched into circular disks with a diameter of 1.5 cm, yielding
an active material loading of 1.2-1.3 mg cm 2, and subse-
quently assembled into coin-type cells (CR_2032, with a diam-
eter of 20 mm and a thickness of 3.2 mm).

The coin-cell configuration (Fig. S1) consisted of a ZFO-based
anode, a Celgard 2400 polymer separator, and an electrolyte
composed of 1 M lithium hexafluorophosphate dissolved in
a 1:1 volume ratio mixture of diethyl carbonate and ethylene
carbonate. Metallic lithium was used as both the counter and
reference electrodes. Cyclic voltammetry (CV) was conducted in
the potential window of 0.01-3.00 V (vs. Li/Li") to investigate the
redox reactions occurring in the spinel ZnFe,0,. Additionally,
galvanostatic charge-discharge cycling was performed in the
same voltage range at a current density of 0.1 A g~ " to evaluate
the specific charge-discharge capacities. The charge-storage
kinetics were further analyzed by varying the scan rates from
0.3 mV s~ to 1.2 mV s, Finally, electrochemical impedance
spectroscopy (EIS) measurements were performed using
a Gamry 1010E system in the frequency range from 10° Hz to
0.1 Hz, with an AC perturbation amplitude of 10 mV, under
open-circuit voltage conditions at room temperature to examine
the impedance characteristics of the ZFO anodes.

3 Results and discussion

In this research, the ZFO material was successfully synthesized
using two salts, ZnCl, and Fe(NO3);, via the co-precipitation
method at pH 10, 11, and 12, followed by high-temperature
calcination at 750 °C. The mechanism for ZnFe,O, phase
formation is as follows. First, the co-precipitation of metal ions
with NaOH forms hydroxides (eqn (3) and (4)). High-
temperature calcination converts these hydroxides into metal
oxides (eqn (5) and (6)). Finally, the reaction between zinc oxide
and iron oxide produces ZnFe,0O, (eqn (7)).
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Fig.1 TGA curve of the as-synthesized ZnFe,O4 precursor (pH 10, pH
11, and pH 12).

ZnCl, + 2NaOH — Zn(OH), | + 2NaCl 3)
Fe(NO3); + 3NaOH — Fe(OH); | + 3NaNO; (4)
Zn(OH), — ZnO + H,0 (5)

2Fe(OH); — Fe,0; + 3H,0 (6)

ZnO + Fe,O3 — ZnFe,04 (7)

Fig. 1 shows that the post-synthesis material undergoes three
characteristic mass-loss stages when heated to 800 °C under air.
In the first stage (under 150 °C), all three samples lose
approximately 2.24% of their mass, corresponding to the
removal of residual water and solvent left after the centrifuga-
tion process.””?® In the second phase, ranging from 200 to 450 °©
C, the ZFO_pH 10 and pH 11 samples exhibit comparable mass
losses of approximately 7.50% and 7.11%, respectively, whereas
the ZFO_pH 12 sample displays a distinctly higher mass loss of
approximately 10.54%. This mass loss at this temperature is
attributed to the gradual decomposition of metal hydroxides
(zn(OH), and Fe(OH)3) and residual nitrate species into ZnO
and Fe,0;, which subsequently promote the formation of the
ZnFe,0, spinel phase.?®?° Additionally, the increased mass loss
of ZFO_pH 12 is attributed to the high concentration of hydroxyl
ions in the high-pH synthesis environment. In other words, the
abundance of OH™ groups not only promoted extensive de-
hydroxylation reactions but also facilitated the formation of
a gelatinous precipitate structure that traps water molecules,
which are subsequently released only at elevated tempera-
tures.*>*> Importantly, this difference in mass loss for ZFO_pH
12 does not compromise the quality of the final product when
the mass curves of the three samples begin to stabilize above
approximately 500 °C, indicating the initial formation of the
spinel phase. Additionally, above 600 °C, the TGA curve
becomes nearly horizontal at approximately 87-90% of its
initial mass, demonstrating that the material has reached
thermal stability. Moreover, the total mass loss of around 10-
13% suggests that the obtained product possesses high purity
with minimal remaining organic species or hydroxyl groups.**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of ZFO_pH 10, ZFO_pH 11, and ZFO_pH 12
samples and standard peaks of ZnFe,O4.

Based on these TGA results, it is evident that a calcination
temperature of approximately 750 °C is optimal for all samples.
This temperature ensures the complete removal of organic
residues and adsorbed moisture and promotes the full solid-
state reaction between ZnO and Fe,O;. This leads to the
formation of well-developed spinel ZnFe,O, particles with an
optimal crystallite size, which is beneficial for enhancing the
electrochemical performance of the anode.** In contrast, calci-
nation at excessively high temperatures may induce grain
overgrowth, which increases the risk of mechanical stress
during Li" insertion/extraction, reduces the active surface area,
and hinders ion-diffusion pathways. These factors collectively
resulted in a considerable decline in the capacity of the
electrode.**?¢

Fig. 2 shows the XRD patterns of the ZFO_pH 10, ZFO_pH 11,
and ZFO_pH 12 samples, along with the standard ZnFe,O,
pattern. All three ZFO samples synthesized at pH 10, 11, and 12
exhibit the characteristic diffraction peaks of ZnFe,O, (77-
0011). The prominent peaks at 30.0°, 35.3°, 42.9°, 56.7°, and
62.3° correspond to the (220), (311), (400), (511), and (440)
crystal planes, respectively.®”?® The peak positions perfectly
match those of the ZFO samples synthesized at pH 10, 11, and
12, indicating that the products are nearly single-phase, with
negligible or very low-intensity impurities or amorphous peaks.
This confirms that the co-precipitation process followed by
calcination at 750 °C for 3 h effectively produces high-purity
ZnFe,0,.

The surface morphology of the ZnFe,0, samples synthesized
at different pH values was first examined by SEM, as shown in
Fig. S2. The observations indicate that at pH 10, the sample
consists of nanoparticles but exhibits considerable agglomera-
tion. Increasing the pH to 11 results in significantly improved
dispersion with a homogeneous surface, suggesting that
nucleation was well-controlled and crystallinity was enhanced
at this concentration. In contrast, the ZFO_pH 12 sample
displays a strong tendency for nanoparticles to aggregate into
large, dense clusters. To accurately determine the particle size
and overcome the resolution limits of SEM, TEM analysis was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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performed (Fig. S3). The statistical size distribution measured
from over 100 particles reveals that the average particle sizes are
42.39 + 1.88 nm for ZFO_pH 10, 37.25 £ 1.26 nm for ZFO_pH
11, and 33.64 £ 0.62 nm for ZFO_pH 12. Notably, while the SEM
images initially suggested that ZFO_pH 12 comprised larger
particles, the TEM analysis clarifies that this sample actually
possesses the smallest primary crystallite size, approximately
33 nm, but suffers from the most severe agglomeration. This
phenomenon indicates that the high pH environment not only
accelerates the nucleation rate (resulting in smaller primary
particles) but also promotes the formation of dense aggregates
due to the abundance of hydroxyl groups.***° Consequently,
ZFO_pH 11 is identified as the optimal sample, striking
a balance between a small crystallite size and uniform disper-
sion without significant agglomeration. This structural feature
is expected to maximize the effective specific surface area,
thereby enhancing the electrochemical performance of the
electrode.**

Fig. 3 shows elemental-distribution maps (EDS mapping) of
the ZnFe,0, sample. The results show that the three main
constituent elements, Zn, Fe, and O, are uniformly distributed
across the entire surface of the sample with relatively consistent
signal intensities. This indicates that the synthesis process
successfully produced a spinel ZnFe,0, phase with a homoge-
neous dispersion of Zn®* and Fe®" cations. Quantitative EDS
analysis (Table S1) further reveals that the Fe/Zn atomic ratio
ranges from 2.11 to 2.39, which is reasonably close to the
theoretical value for ZnFe,O, (Fe/Zn = 2). Overall, the EDS
mapping shows a uniform distribution of Zn, Fe, and O, and the
elemental ratios approach the theoretical values, thereby con-
firming the formation of high-purity ZnFe,O, spinel. The
experimental Fe/Zn ratio (2.11-2.39) is consistently higher than
the theoretical ratio (2.00). This indicates that the synthesized
ZnFe,0, material is either iron-rich or zinc-deficient. This type
of nonstoichiometric defect likely results in the substitution of
Fe®* at Zn®* tetrahedral sites, creating a partially inverse spinel
structure. The electrical conductivity of ZnFe,O, spinel oxides
primarily relies on electron hopping between Fe** and Fe** ions.
Although all samples are Fe-rich (Fe/Zn > 2.00), a defect known
to enhance conductivity, the ZFO_pH 11 sample is predicted to
exhibit the best overall electrical conductivity. This is due to the

Fig. 3 EDS-mapping images of ZnFe,O4 synthesized at pH 10, pH 11,
and pH 12.

RSC Adv, 2026, 16, 15452-15463 | 15455
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Fig. 4 High-resolution XPS spectra of O 1s for the synthesized
samples (a) ZFO_pH 10, (b) ZFO_pH 11, and (c) ZFO_pH 12.

combination of the smallest nanoparticle size (37 nm) and
highest uniformity, which maximizes the specific surface area
and shortens the electron/ion diffusion pathways, leading to
improved electrochemical performance. Other samples,
whether more Fe-rich at pH 10 or less Fe-rich at pH 12, are
hindered by larger sizes and/or higher agglomeration.

The surface chemical bonding states of the three ZnFe,0,
samples synthesized at pH 10, 11, and 12 were analyzed using
XPS and results were presented in Fig. S4. Fig. S5 shows the
peaks at around 1021, 1044 eV corresponding to Zn 2p;,, and Zn
2pq/2, respectively.**** A slight decrease in Zn 2p binding energy
was observed with increasing overall pH (Fig. S5), suggesting
a subtle change in the local electronic environment of the Zn>*
ions. This change may be related to altered cation distribution
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Fig. 5 High-resolution XPS spectra of Fe 2p for the synthesized
samples (a) ZFO_pH 10, (b) ZFO_pH 11, and (c) ZFO_pH 12.

and oxygen defect concentration within the spinel crystal
lattice.

Fig. 4a—c reveals that the O 1s spectra of all three samples can
be deconvoluted into two characteristic peaks: the M—-O peak (at
approximately 529.5 eV), representing lattice oxygen bonded to
metal ions, and the Vi peak (at approximately 531.1 eV), cor-
responding to oxygen vacancies.”” The dominance of the M-O
peak demonstrates the high crystallinity of all synthesized
samples. The influence of the synthesis pH is further corrobo-
rated by the high-resolution Fe 2p XPS spectra as shown in
Fig. 5a-c. The spectra exhibit a characteristic spin-orbit split-
ting into 2p;, and 2p,,, regions, accompanied by satellite
peaks. The deconvolution of the main 2p peak confirms the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cyclic voltammetry profiles of electrodes synthesized at (a) pH
10, (b) pH 11, and (c) pH 12.

coexistence of two oxidation states: Fe’* and Fe® in the
samples.*® The ratio between Fe** and Fe**, between Vo and
M-O in the samples was calculated from XPS analysis and
shown in Table S2.

It is interesting that these ratios (Fe**/Fe**, Vo/M-0) in the
ZFO_pH 11 sample are lowest compared to ZFO_pH 10 and
ZFO_pH 12 samples, revealing the stable spinel structure with
low defects. In addition, the presence of both Fe*" and Fe*" with
comparable amounts in the materials provides ideal conditions
for the electron hopping mechanism. This phenomenon
significantly minimizes the charge-transfer resistance and
enhances the electrochemical reaction kinetics of the electrode

© 2026 The Author(s). Published by the Royal Society of Chemistry
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materials.***” This structural optimization fundamentally
explains the superior capacity of the ZFO_pH 11 electrode.

In this study, the electrochemical behavior of ZFO materials
was investigated using CV. The CV curves were recorded in the
voltage range of 0.01-3.00 V at a scan rate of 0.3 mV s ', as
shown in Fig. 6a-c, to monitor the lithium insertion and
extraction processes occurring at the electrode. The CV profiles
of ZFO samples synthesized at different pH values all exhibit
a strong cathodic peak in the first cycle at low potentials, located
at approximately 0.44 V (pH 10), 0.37 V (pH 11), and 0.27 V (pH
12). These peaks correspond to the initial lithiation of ZnFe,0,,
including the irreversible reduction of Fe*" to Fe® and Zn>* to
Zn°, formation of Li,O (eqn (8)-(10)), alloying of Li-Zn (eqn
(11)), and concurrent decomposition of the electrolyte forming
the SEL*** From the second cycle onward, the SEI layer is fully
formed and stabilized. This causes the initial low-potential
reduction peak to disappear and shift to a higher potential,
producing a stable cathodic peak at approximately 0.93 V. This
peak reflects the reversible reduction of the converted ZnO and
Fe,0; phases to metallic Zn and Fe, respectively, indicating
a more stable conversion-type Li-storage mechanism in subse-
quent cycles. During the first anodic scan, a prominent oxida-
tion peak is observed at approximately 1.66 V, which shifts
slightly to approximately 1.69 V from the second cycle onward.
This feature corresponds to the reverse oxidation of the metallic
phases formed during the initial reduction process, including
the oxidation of Fe® to Fe* and zn° to Zn®* (eqn (12) and
(13)).2**° From the second cycle onward, the cathodic and
anodic peaks nearly overlap, indicating that the redox reactions
proceed stably and are highly reversible. This overlap demon-
strates the high reversibility and excellent cycling stability of the
ZnFe,0, electrode during Li" insertion and extraction.

ZnFe,04 + xLi" + xe~ — Li,ZnFe,04 (8)
Li,ZnFe,O4 + yLi* + ye~ — Li,+,ZnFe,0,4 9)

Li,+,ZnFe,0, + zLi" + ze~ — 2Fe + Zn + uLi,O (10)

Zn + Li* + e~ — LiZn (11)
2Fe + 3Li,0 — 6Li* + 6¢~ + Fe,05 (12)
Zn + Li,O — 2Li* + 2¢” + ZnO (13)

The charge-discharge profiles of the ZFO anodes recorded
within the operating voltage window of 0.01-3 V, are depicted in
Fig. 7a-c. Among the three samples, ZFO_pH 11 exhibits the
highest initial discharge capacity, reaching 1323.28 mAh g™,
whereas ZFO_pH 10 and ZFO_pH 12 exhibit comparatively
lower capacities of 1053.16 mAh g~' and 1216.91 mAh g,
respectively. Notably, all three measured capacities surpass the
theoretical capacity of ZnFe,O, (approximately 1000 mAh g~ *).5*
All three electrodes reach only approximately 70% of the initial
coulombic efficiency (ICE) in the first charge-discharge cycle.
This substantial loss is primarily attributed to the irreversible
consumption of Li* during SEI formation on the electrode
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Fig. 7 Voltage profiles of (a) ZFO_pH 10, (b) ZFO_pH 11, and (c)
ZFO_pH 12 electrodes.

surface, which results from parasitic reactions between the
electrode and electrolyte.’** Furthermore, part of the Li"
becomes trapped in conversion products such as Li,O or
immobilized at surface defect sites. This prevents its recovery
during subsequent charging, thereby further decreasing the ICE
in the first cycle.*** Once the SEI layer stabilizes, the CE of all
samples rapidly increases to nearly 100% in the second cycle.
This improvement is attributed to the protective role of the SEI,
which blocks direct electron transfer to the electrolyte and
consequently suppresses parasitic side reactions.”»** Conse-
quently, further Li* loss becomes negligible, allowing the elec-
trodes to operate stably over subsequent cycles. This
phenomenon is evident in Fig. 7, where the voltage profiles of
the second and third cycles nearly overlap, indicating highly
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reversible lithiation/delithiation and excellent
reproducibility.

From a theoretical perspective, regulating the nanoparticle
size via pH adjustment is anticipated to enhance the electro-
chemical performance of spinel ferrites by expanding the active
surface area, shortening the Li’-diffusion pathways, improving
the high-rate capability, and mitigating the internal strain
during cycling.***° However, the ZFO_pH 12 electrode consis-
tently delivers lower discharge capacities than ZFO_pH 11
across all three cycles. This performance degradation can be
attributed to the formation of soluble zinc-hydroxo complexes
under highly alkaline conditions. At an elevated pH, Zn>" tends
to form species such as [Zn(OH),)*~, Zn(OH)*", and Zn(OH),,
which preferentially remain dissolved rather than precipi-
tating.®* Therefore, the Zn : Fe ratio in the ZFO_pH 12 precipi-
tate deviates from the stoichiometry of ideal ZnFe,O,,
weakening the lithium-storage capability of the material
compared with ZFO_pH 11.°* Additionally, previous studies
report that excessively high pH accelerates nucleation and
crystal growth, leading to oversized crystallites with poor
electrochemical activity or electronically perturbed structures
owing to continuous cation inversion between Fe** and Zn**.’
Particularly, the highly crystalline nature of ZFO_pH 12 also
tends to produce a brittle framework that accumulates
mechanical stress during lithiation/delithiation, which explains
the noticeable capacity decay in later cycles.®>® In terms of the
ZFO_pH 10 electrode, the lower OH™~ concentration decreases
the supersaturation level, thereby suppressing nucleation.
Therefore, with fewer nuclei formed, the remaining Zn>" and
Fe’" ions are preferentially deposited onto existing seeds and
accelerate crystal growth, ultimately producing larger parti-
cles.®** Consequently, the enlarged particle size limits the
electrochemical activity, similar to that observed in the ZFO_pH
12 electrode. In contrast, ZFO_pH 11 attains an optimal balance
between the nucleation and crystal-growth rates. As evidenced
by the TEM images in Fig. S3, ZFO_pH 11 exhibits smaller and
more uniform particle sizes than the other two electrodes,
thereby providing a larger active surface area and shorter Li'-
diffusion pathways. Consequently, ZFO_pH 11 exhibits the
highest discharge capacity and best electrochemical perfor-
mance among the three samples across all the measured
cycles.”

The cycling performance of the ZFO electrodes was evaluated
via repeated charge-discharge measurements at a current
density of 0.1 A g, while monitoring the corresponding CE, as
shown in Fig. 8a. The first-cycle charge capacity of the ZFO_pH
10 electrode is approximately 792.8 mAh g~ '. During the initial
stage, the capacity increases slightly and remains relatively
stable. However, from approximately the 37th cycle onward, the
capacity begins to decline noticeably and continues to decrease
in subsequent cycles. After 60 cycles, the remaining capacity is
approximately 686.8 mAh g, corresponding to a capacity
retention of approximately 86.6%, indicating a moderate
cycling stability. Conversely, the ZFO_pH 11 sample exhibits the
highest initial charge capacity of approximately 992.7 mAh g~ .
Although the capacity slightly decreases from approximately the
5th cycle, it remains stable throughout the measurement. After

cycling
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electrodes prepared at various pH values.

60 cycles, the electrode retains approximately 910.84 mAh g™,
corresponding to a retention of approximately 91.8%, thereby
demonstrating superior cycling stability compared to the other
samples. In contrast, ZFO_pH 12 shows an initial capacity of
approximately 897.7 mAh g™, which remains relatively stable in
the early cycles. However, from approximately the 42nd cycle,
the capacity decreases rapidly, indicating poor stability during
repeated charge-discharge cycles. At the end of 60 cycles, the
remaining capacity is only approximately 424.6 mAh g, cor-
responding to a retention of 47.3%, which reflects significant
degradation owing to the unstable electrode structure. The
electrochemical properties indicate that the ZFO_pH 11 elec-
trode exhibits superior performance compared with the other
samples. After the first cycle, the CE of all electrodes quickly
increases and remains stable at approximately 100% in subse-
quent cycles, indicating excellent reversibility of the charge-
discharge process. The high CE stability also suggests a robust
electrode structure with minimal side reactions during long-
term operation. Moreover, compared to previously reported

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Zn- and Fe-based anode materials (Table S3), the ZFO_pH 11
electrode demonstrates a competitive electrochemical perfor-
mance, particularly in terms of capacity retention and stable CE,
highlighting its potential application as an LIB anode.

Fig. 8b presents the rate capability of the ZFO electrodes
synthesized at different pH values through charge-discharge
measurements at increasing current densities from 0.1 to
3 A g7, In general, the capacity of all samples decreased with
increasing current density, reflecting the typical kinetic
behavior of transition-metal-based anode materials. For
ZFO_pH 10, as the current density increases from 0.1 to 0.2, 0.5,
1, and 3 A g ', the charge capacities decrease to 900.8, 925.9,
914.5, 855.4, and 673.1 mAh g ', respectively, indicating
moderate capacity retention under high-current conditions.
Despite the significant capacity decay at high current densities,
the electrode shows good recovery when the current returns to
its initial value. ZFO_pH 11 exhibits a superior rate performance
compared with the other samples. As the current density
increases, the capacity remains high, reaching 1198.1, 1167.6,
1133.7, 1098.9, and 1033.0 mAh g~ ' at current densities of 0.1,
0.2, 0.5, 1, and 3 A g’l, respectively. This indicates efficient
electron transport and Li'-ion diffusion, enabling a stable
electrode performance even under high-current conditions. In
contrast, ZFO_pH 12 displays a more pronounced capacity
decay with increasing current density, with capacities of 1042.6,
1002.0, 927.2, 779.5, and 604.7 mAh g’l, revealing kinetic
limitations and structural instability under high-current oper-
ation. Notably, even at a current density of 3 A g™, the elec-
trodes retain a significant fraction of their initial capacities.
Specifically, ZFO_pH 10 retains approximately 74.7% of its
initial capacity, ZFO_pH 11 exhibits the highest retention of
approximately 86.2%, and ZFO_pH 12 only retains approxi-
mately 58%, indicating inferior high-rate capabilities. When the
current density returns to 0.1 A g, all electrodes show nearly
full capacity recovery. The recovered capacities of ZFO_pH 10,
ZFO_pH 11, and ZFO_pH 12 are 810.3, 1240.8, and 838.1 mAh
g ', respectively, demonstrating good reversibility of the
charge-discharge process and structural robustness of the
electrodes over a wide range of current densities. Among them,
ZFO_pH 11 continues to show a clear advantage in capacity
recovery, further confirming its potential for LIB applications
requiring fast charge-discharge capability.

The EIS results of the ZFO electrodes synthesized at different
pH values are shown in Fig. 8c, and the corresponding fitted
resistance parameters are summarized in Table S4. In the
Nyquist plots, each spectrum features a semicircle in the
medium-frequency region, representing the impedance associ-
ated with SEI-layer formation and charge transfer at the
electrode/electrolyte interface, along with a sloped line in the
low-frequency region related to Li*-ion diffusion within the bulk
material.** The similar overall shapes of the EIS spectra indicate
that all electrodes follow the same electrochemical mechanism;
however, pronounced differences in the semicircle diameters
reflect variations in reaction kinetics. As listed in Table S4, the
solution resistance (Rs) and SEI-related resistance (Rsg;) of
ZFO_pH 11 are slightly lower than those of ZFO_pH 10 and
significantly lower than those of ZFO_pH 12, indicating
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improved electrolyte contact and a more stable SEI layer for the
pH 11 sample. In contrast, the larger Rs and Rgg; values
observed for ZFO_pH 12 suggest inferior interfacial properties,
likely associated with stronger particle agglomeration and a less
homogeneous electrode surface. More importantly, the charge-
transfer resistance (Rcr) values of ZFO_pH 10, ZFO_pH 11, and
ZFO_pH 12 are 6.98 Q, 3.54 Q, and 18.75 Q, respectively.
ZFO_pH 11 exhibits the lowest Rcr, indicating that electron
transfer at the electrode/electrolyte interface proceeds signifi-
cantly more efficiently. This suggests that the electrode struc-
ture of the pH 11 sample facilitates effective charge transport,
thereby enhancing the electrochemical reaction kinetics,
particularly under high-current-density conditions. In contrast,
ZFO_pH 12 shows the highest Rcr, reflecting a substantial
hindrance to charge-transfer processes. Although ZFO_pH 12
exhibits particle size comparable to that of ZFO_pH 10, the
significantly enlarged semicircle indicates that the impedance
difference is not governed solely by morphology. At the molec-
ular scale, synthesis under strong alkaline conditions (pH 12)
may induce surface hydroxylation or local cation disorder,
which can disrupt electronic pathways and increase the inter-
facial charge-transfer barrier, resulting in higher Rcy. Such
a high impedance may limit the high-rate capability of the
electrode, leading to pronounced capacity fading at elevated
current densities. This is consistent with the previously di-
scussed rate capability (Fig. 8b) and cycling stability results
(Fig. 8a). ZFO_pH 10 exhibits an intermediate Rqr, indicating
a relatively good charge-transfer ability, although it is still
inferior to that of ZFO_pH 11. Overall, ZFO_pH 11 plays a key
role in maintaining a stable capacity and high-rate performance
during repeated charge-discharge cycling. These findings are
consistent with the rate-capability and cycling-performance
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ratios for the ZFO_pH 10, ZFO_pH 11, and ZFO_pH 12 electrodes at
different scan rates.
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analyses, confirming that optimizing the synthesis at pH 11
produces an electrode structure favorable for both electron
conduction and Li'-ion diffusion.

Fig. 9a-c illustrates the evolution of the CV curves of the
three ZFO electrodes (ZFO_pH 10, ZFO_pH 11, and ZFO_pH 12),
whereas Fig. 9d-f depicts their charge-storage kinetics as the
scan rate progressively increases from 0.3 to 1.2 mV s~ '. Across
all five scan rates, the redox peak currents exhibit a proportional
relationship with the scan rate for both the anodic and cathodic
processes, corresponding to the characteristic Zn>*/Zn® and
Fe**'Fe® conversion reactions. Notably, the CV curves retain
nearly identical morphologies despite increasing the scan rates,
suggesting the enhanced structural stability and mechanical
robustness of all three electrodes. Furthermore, using the
established matrix-based kinetic equations, the capacitive- and
diffusion-controlled contributions are separated to quantify the
relative charge-storage mechanisms at each scan rate.®**® In
detail, across all five scan rates, the pseudocapacitive contri-
bution is dominant over the diffusion-controlled process for all
samples. These results suggest that at high scan rates, the
electrochemical reactions become kinetically favored at the
surface or near-surface regions, as the limited diffusion time
restricts Li* penetration into the bulk.®*” Consequently, the
system shifts away from bulk-phase conversion behavior and
toward a surface-controlled redox mechanism. Another striking
point is that this behavior can be attributed to the nanoscale
particle size, which considerably increases the specific surface
area and generates a high density of electroactive interfaces,
thereby promoting both conventional conversion reactions and
fast pseudocapacitive surface processes.®*”* Furthermore, the
combined effects of a small particle size and high crystallinity
facilitate efficient electron transport and minimize mechanical
stress during lithiation/delithiation, maintaining a highly
reversible pseudocapacitive response even at elevated scan
rates.”*”> ZFO_pH 11 exhibits the highest pseudocapacitive
fraction, reaching 92.56% at 1.2 mV s, even at elevated scan
rates (Fig. 9e). This strong pseudocapacitive response is
consistent with its nanoscale morphology, as confirmed by TEM
(Fig. S3), which provides abundant electroactive sites for rapid
surface reactions. As surface-controlled redox reactions domi-
nate, ZFO_pH 11 can effectively utilize a larger fraction of its
electroactive surface during lithiation, which directly contrib-
utes to both its high-rate capability and superior charge capacity
(Fig. 8b). Conversely, the ZFO_pH 12 electrode exhibits inferior
electrochemical performance relative to the other two samples,
suggesting that the elevated pH conditions likely promote
excessive crystallization or the formation of competing hydroxo
complexes, thereby reducing the effective Zn content, which is
consistent with the CV analysis. Collectively, these results
confirm that ZFO_pH 11 possesses a structurally stable frame-
work and a synergistic combination of optimal particle size and
robust crystallinity. This combination facilitates the formation
of abundant electroactive sites for redox reactions while effec-
tively mitigating the internal stress during lithiation and
delithiation.

Galvanostatic intermittent titration technique (GITT)
profiles of the ZFO electrodes during the discharge process are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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presented in Fig. 10a. The corresponding Li" diffusion coeffi-
cients (D) as a function of discharge voltage are presented in
Fig. 10b. The calculated D values of the ZFO electrodes were in
the range of 1.7 x 10 "*-5.4 x 10" em” s~ for the ZFO_pH 10
electrode, 2.9 x 107 "2-9 x 10~ ! em?® s™* for the ZFO_pH 11
electrode, and 0.4 x 107"*-3.1 x 10" em? s~ for the ZFO_pH
12 electrode, indicating distinct Li" diffusion behaviors among
the three samples. Notably, the ZFO_pH 11 electrode exhibits
the highest Li* diffusion coefficients over most of the investi-
gated voltage range, suggesting more favorable Li" transport
kinetics. In comparison, the ZFO_pH 10 electrode shows
moderate D values, while the ZFO_pH 12 electrode displays
relatively lower diffusion coefficients, indicative of slower Li"
diffusion behavior. These differences in Li" diffusion kinetics
are in good agreement with the electrochemical performance
trends observed in cycling stability, rate capability, CV analysis,
and EIS measurements, highlighting the critical role of Li"
transport properties in determining the overall electrochemical
performance of the ZFO electrodes.

4 Conclusions

The ZnFe,O, spinel electrode was synthesized via a co-
precipitation method with a precise pH adjustment at three
distinct values and subsequently calcined at 750 °C. In detail,
XRD, SEM, TEM, and EDS analyses reveal that pH strongly
affects the particle size, crystallinity, and Zn/Fe stoichiometry,
which, in turn, governs the electrochemical performance of the
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ZnFe,0, spinel electrode. A noticeable deviation from the ideal
Zn/Fe stoichiometry (from EDS) suggests partial Zn loss, which
contributes to the deterioration of the cycling performance. In
contrast, pH 11 yields particles with optimal size and crystal-
linity; the ZFO_pH 11 sample retains a capacity of approxi-
mately 910.84 mAh g ' after 60 cycles at 0.1 A g !
corresponding to an excellent capacity retention of approxi-
mately 91.8%. Notably, ZFO_pH 11 also demonstrates the
highest pseudocapacitive contribution, reaching 92.56% over
the entire range of scan rates, thereby indicating that fast
surface-dominated redox reactions play a crucial role in charge
storage. In addition, the lowest charge-transfer resistance
among the three samples further confirms its enhanced elec-
tronic conductivity and rapid reaction kinetics, which result in
its superior rate capability and long-term cycling stability.
Overall, these findings demonstrate that pH regulation is an
effective strategy for tailoring particle size, crystallinity, and
stoichiometry, thereby optimizing ZnFe,O, as a high-
performance anode material for LIBs.
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