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Optimization of the carbonization temperature
and composition of FeCC composites for
enhanced lithium-ion battery anode performance
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The collaboration between transition metal oxides (TMOs) and metal—organic framework (MOF) materi-
als has become an effective strategy to enhance the electrochemical performance of lithium-ion
batteries (LIBs). In this study, we focused on evaluating the impact of carbonization temperature and
material mass ratios on the electrochemical performance of the anode electrode. Specifically, we
combined FesO4 nanoparticles with a ZIF-67 rhombic dodecahedron (FZ67) through a simple and rapid
chemical method. Subsequently, an Fez0,@Co0304/C (FeCC) hybrid composite structure was formed via
one-step carbonization to develop an anode material. The survey of mass ratios and carbonization
temperatures of the hybrid composite material showed their effect on the FeCC's structure and
electrochemical performances. The results showed that the hybrid FeCC composite material structure can
stabilize the anode electrode structure for LIBs by limiting the volume expansion of FezO,, shortening the
lithium ion diffusion time, and improving the specific capacity compared to the anode electrode based-on
ZIF-67. The electrochemical analysis results showed that at a current density of 0.1 A g, the 0.3-FeCC-700
anode electrode maintained a storage capacity of 435 mAh g™ after 80 cycles, with an efficiency that remained
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Introduction

Developing renewable energy sources has helped reduce envir-
onmental pollution and the depletion of fossil fuels on Earth.
However, these natural energy sources have cumbersome
energy conversion systems with high investment costs and
cannot be used continuously or stored in devices like mobile
phones, laptops, or electric vehicles."”? Li-ion batteries (LIBs)
are an innovative class of rechargeable batteries well-suited for
use in electronic devices and hybrid vehicles. This is due to
their eco-friendly nature, affordability, high energy storage
capacity, safety, lack of memory effects, and long cycle life.
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above 97%. Overall, the results of this study hold significant value for advancing anode materials in LIBs.

These beneficial attributes make LIBs a prime choice for
powering electronic gadgets and hybrid cars.® Graphite is a
commonly used anode material in commercial LIBs; however, it
exhibits low electrochemical performance, with a storage capa-
city of approximately 372 mAh g™, making it insufficient to
meet the increasing energy storage demands.” Meanwhile,
transition metal oxides (TMOs) are increasingly being studied
because of several advantages, including high theoretical capa-
city, low cost, and abundant resources. As a member of the
TMO group, Fe;0, nanoparticles (Fe;O, NPs) possess a higher
theoretical capacity of 926 mAh g™, corresponding to 8 lithium
ions per Fe;0,, rendering them a superior option compared to
graphite anodes.” The reduction of Fe;O, to Fe metal is an
important electrochemical process in LIBs and involves two
steps: the first step is the reduction of Fe;O, by inserting
lithium ions into Li,Fe;O, nanoclusters. The insertion of
lithium ions into Li,Fe;0, can be described using eqn (1); the
second step is the production of Fe metal, which can be
described using eqn (2) or (3).>

Fe;0, + xe~ + xLi" — LiFe;0, )
Li,Fe;04 + (8 — x)Li* — 4Li,O + 3Fe’® (2)
Fe;0, + 8Li" + 8¢~ < 3Fe + 4Li,0 (3)
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The Fe;O, NPs have attracted considerable attention as a
promising anode material for LIBs due to their high theoretical
capacity, environmental friendliness, and ability to store multi-
ple lithium ions per formula unit. Recent studies have high-
lighted the potential of Fe;O,-based composites as high-
performance anode materials for LIBs through various struc-
tural and compositional modifications. Shi et al.> designed and
synthesized an Fe;0,@CTP QD composite using coal tar pitch-
derived quantum dots, which achieved a notable reversible
capacity of 810 mAh g~* over 200 cycles at 100 mA g~ and
maintained 547 mAh g ' even at a high current density of
2000 mA g ', significantly outperforming pure Fe;O,4. Kai Li
et al.® reported three structures of Fe;0,@C composites featur-
ing an octahedral morphology and a carbon coating and
demonstrating remarkable capacities of 1063 mAh g ' and
996 mAh g ! at 0.5 and 1 A g, respectively, after 300 cycles,
indicating that the structural design plays a crucial role in
enhancing electrochemical performance. Meanwhile, Zhuo Li
et al.” reported variations of carbon-coated Fe;O, electrodes,
including Fe;0,@C-r, Fe;0,@C-d, and Fe;0,@C-s, which
exhibited specific capacities of 990 mAh ¢!, 800 mAh g,
and 1180 mAh g™, respectively, after 100 cycles, demonstrating
their strong cycling stability. Zhao et al.® prepared a SCNT/
Fe;O, nanocomposite, which integrated sulfonated carbon
nanotubes, providing a stable framework for ion diffusion
and delivering 674 mAh g~ " at 0.5 A g~ ' after 100 cycles. In
addition, other Fe-based active materials such as Fe,O;, when
combined with carbon structures such as graphene and carbon
nanotubes or doped with nitrogen, have also attracted consid-
erable attention. For instance, cactus-like Fe,03;/C@NCNT
hybrid micro-nano-structures delivered a high reversible capa-
city of 944.7 mAh g~ ' after 600 cycles at 1 A g~ *,° while Fe;N/N-
doped multilayer graphene (Fe;N/N-mG) maintained a capacity
of 530 mAh g~ ' at 0.1 C after 600 cycles.”® These advances
highlight the synthesis of oxide-CNT/nitrogen-doped carbon
composites as an emerging and significant design strategy for
high-performance LIB anodes. Collectively, these studies affirm
that combining metal oxide NPs based on Fe such as Fe;0, NPs
with conductive, porous carbon structures or engineered
morphologies significantly boosts lithium storage capacity, rate
performance, and long-term stability. However, despite signifi-
cant advancements, the development of highly porous buffer
frameworks that can effectively accommodate the volume
expansion of Fe;O, NPs during lithiation and delithiation
remains a considerable challenge. Bridging this knowledge
gap is crucial for optimizing material design strategies that
enhance structural integrity, cycling stability, and overall
lithium storage performance.

Zeolite imidazolate frameworks (ZIFs) are a class of metal-
organic frameworks (MOFs) in which transition metal cations
(M) are coordinated by bridging imidazole ligands, forming
metal-imidazole-metal (M-Im-M) linkages within two-
dimensional (2D) or three-dimensional (3D) frameworks. A
cobalt-based zeolitic imidazolate framework (ZIF-67), which
belongs to a subclass of MOFs consisting of Co®" ions coordi-
nated with nitrogen atoms of 2-methylimidazole to form a
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tetrahedral structural unit, has been chosen as a precursor to
provide a stable carbon framework. The ZIF-67 material is
particularly promising due to its unique structure, ease of
synthesis, large surface area, tunable porosity, and excellent
thermal and chemical stability."’™ Due to its low specific
capacity and cycle performance, ZIF-67 and its derivatives are
often used as sacrificial templates for the synthesis of various
Co/C-based and Coz;0,/C-based negative electrode materials or
for designing special material structures to maximize the
advantages of ZIF-67. For example, Jie Shao et al.'* reported
the synthesis of the ball-in-dodecahedron Co;0, via two step
pyrolysis of ZIF-67. The hollow dodecahedron morphology and
efficient Li-storage via interfacial effects contribute to the out-
standing Li-storage properties of this ZIF-67 derived Co030,.
This nanostructure demonstrated an exceptionally high rever-
sible storage capacity of 1550 mAh g~ ' and retained a sub-
stantial storage capacity of 1335 mAh g~' after 100 cycles,
indicative of excellent cycling stability. Mingxuan Guo et al.*’
presented hybrid porous carbons with a high initial capacity of
677 mAh g ' at 50 mA g !, which could be maintained at
312 mAh g~ after 100 cycles. Recently, Wang et al.'® reported the
SI@NC-ZIF structure, derived from ZIF-67, demonstrating out-
standing capacity retention and maintaining 1623.05 mAh g~ '
after 100 cycles at 200 mA g, with a retention rate of 86.29%.
Meanwhile, the one-dimensional CoSe@NC-550 nanofibers
reported by Liu et al.'® exhibit excellent storage characteristics,
delivering a high capacity of 796 mAh ¢~ ' ata current of 1A g™
for 100 cycles. Overall, ZIF-67 exhibits great potential for
extensive research in the fields of energy storage materials in
general and anode materials for lithium batteries in particular.
Besides, the effects of carbonization temperature and weight
distribution between hybrid composite components on battery
performance should be specifically addressed to establish a
more straightforward approach for future studies.

Herein, we propose a novel composite material design
strategy, in which Fe;O, NPs are combined with a ZIF-67
framework to form a hybrid composite material called FeCC.
Under appropriate thermal treatment conditions, ZIF-67
decomposes to form a conductive carbon network that sur-
rounds and anchors the Fe;O4 NPs, resulting in a synergistic
composite structure. In this structure, Fe;O, NPs serve as a
high-capacity component, while the porous carbon framework
derived from ZIF-67 enhances electrical conductivity, stabilizes
the structure, alleviates mechanical stress during cycling, and
contributes to the formation of a more stable solid electrolyte
interphase (SEI) film. These results demonstrated the primary
importance of modulating the composition ratios of structures
for the design of future energy storage materials.

Experimental

Synthetic procedures

Preparation of ZIF-67. A ZIF-67 rhombic dodecahedron
structure was synthesized based on the previously reported
literature with minor modifications.’”'® A mixed solution

© 2025 The Author(s). Published by the Royal Society of Chemistry
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containing 116 mg of cobaltous nitrate, 131 mg of Hmim, and
137.5 mg of PVP in methanol was prepared and stirred magne-
tically for 24 hours at room temperature. The solution appeared
purple, and the nanoparticles were separated from the disper-
sion by centrifugation at 4500 rpm, followed by washing with
methanol. The material was then dried overnight in a vacuum
oven at 80 °C.

Preparation of Fe;O, NPs. In a typical process reported by
Phuc et al.,"® the Fe;0, NPs were prepared by using 1982 mg of
ferric chloride hexahydrate and 1731 mg of ferrous chloride
tetrahydrate in 50 mL of DI water, forming solution A. Solution
B consisted of 2437 mg of sodium citrate in 9 mL of DI water.
Meanwhile, 12 mL of ammonium hydroxide solution was also
prepared. First, solution A in a flask was stirred continuously
until the reaction temperature reached 80 °C. Then, solution B
and ammonium hydroxide solution were dripped simulta-
neously for 30 minutes. A black precipitate formed. The parti-
cles were separated magnetically and thoroughly washed
multiple times with deionized water and ethanol. The entire
reaction process had to be carried out in a N, gas atmosphere
combined with continuous stirring.

Preparation of a FeCC hybrid composite. The hybrid com-
posite material was synthesized by mixing a given amount of
pre-synthesized Fe;O, NPs, 51.721 of mg cobaltous nitrate,
39.682 mg of Hmim and 2784 mg of PVP in 80 mL of
methanolic solution by mechanical stirring for 24 hours. The
purple sediment was repeatedly washed with methanol by
centrifuging at 4500 rpm for 5 minutes each time, followed
by drying under a vacuum. The obtained samples were denoted
as x-FZ67 (x = 0.2 g, 0.3 g and 0.4 g), where x refers to the weight
of as-prepared Fe;O,, respectively. The x-FZ67 samples were
directly carbonized in a tube furnace for 2.5 hours at a heating
rate of 5 °C min~" in a N, atmosphere. The samples obtained
were conventionally denoted as x-FeCC-y (y = 100 °C, 400 °C and
700 °C), where y refers to the carbonization temperature. The
formation of the FeCC hybrid composite material is described
in Scheme 1.

Co* Fe,O, NPs
é& o
Hmim
Stlrrlng
24 hours
n

Scheme 1 Synthetic procedure of the FeCC hybrid composite.
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Electrode fabrication and electrochemical measurements

The anode was prepared by coating a slurry mixture onto a
copper foil current collector. The slurry consisted of 70 wt%
active material, 15 wt% PVDF binder, and 15 wt% Super
P conductive additive, all dispersed in NMP solvent. To elim-
inate potential bubble formation, the coated electrodes were
vacuum-dried at 120 °C for 6 hours before electrochemical
testing. Circular anodic disks with a diameter of 15 mm were
then punched from the dried film, achieving an active material
loading of approximately 1.5-2.0 mg cm 2. CR2032-type coin
cells were assembled in an argon-filled glovebox, utilizing
lithium metal as the counter electrode and a polypropylene
(Celgard 2400) membrane as the separator. The electrolyte
solution comprised 1.0 M lithium hexafluorophosphate (LiPFe)
dissolved in a 1:1 (v/v) mixture of ethylene carbonate and
diethyl carbonate.

Results and discussion

The structures and the crystal phases of the synthesized Fe;0,,
ZIF-67, and x-FZ67 obtained using XRD are indicated in Fig. 1a.
The Fe;0, NPs exhibited diffraction peaks corresponding to the
(220), (311), (400), (422), (511), and (440) crystal planes.® Mean-
while, the observed diffraction peaks of the synthesized ZIF-67
material corresponded to the (011), (002), (112), (222), and (134)
crystallographic planes of ZIF-67, respectively.”® For the 0.2-
FZ67, 0.3-FZ67 and 0.4-FZ67 samples, the appearance of dif-
fraction peaks in the patterns corresponded to the crystal
structures of ZIF-67 and Fe;O,. The excellent agreement
between the measured diffraction peaks and known crystal
facets provides evidence that Fe;O,4, ZIF-67 and x-FZ67 were
successfully synthesized with the anticipated crystal orienta-
tion. The crystal structures of x-FeCC-y after carbonization are
shown in Fig. 1b; the characteristic peaks at diffraction angles
20 of 18.4°, 30.4°, 35.7°, 43.4°, 53.8°, 57.3°, and 63.1° corre-
sponded to the (111), (220), (311), (400), (422), (511), and (440)

Fe,0,@ZIF-67
(FZ67)

Fe,0,@Co,0,/C
(FeCC)
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Fig. 1 (a) XRD patterns of (a) FesO4 NPs, ZIF-67, x-FZ67 and (b) FesO4 NPs, ZIF-67-derived carbon and x-FeCC-y.

crystallographic planes of the Fe;0, NP structure.” Meanwhile,
the diffraction peaks occurring at 44.9° in the XRD pattern of
FeCC carbonization at 700 °C corresponded to (400) crystal
planes of Co;0, (JCPDS #43-1003).>" In the report of Weihai
et al.,”* it was shown that during the carbonization of the ZIF-67
precursor, Co>* could not only be reduced directly to metallic
Co but also could be partially incorporated by the O element
inside materials to form cobalt oxides such as Co30,.

The vibrations of chemical bonds in Fe;0, NPs, ZIF-67, and
x-FeCC-700 hybrid composites were analyzed in the FTIR
spectra. As shown in Fig. S1 (SI), Fe;0, NPs displayed a
vibrational band at 590 ecm™!, corresponding to the Fe-O
stretching vibration of Fe;0,. A strong infrared peak appeared
at 1629 cm™ ', corresponding to the bending vibration of
hydroxyl groups.” Meanwhile, the vibrational peak at
1373 cm™ ' was identified as the characteristic peak of -NH;
formed during the synthesis of Fe;0, NPs.>* On the other hand,
the FTIR spectrum of ZIF-67 displayed a Co-N stretching
vibration at 424 cm™', while characteristic peaks within the
range of 1500-800 cm ™' and below 800 cm ™" were assigned to
the vibrational modes of the imidazole ring from Hmim
ligands. Peaks at 2922 cm ™" and 3134 cm ™" corresponded to
the C-H stretching vibrations in the aromatic ring and aliphatic
chains of the bridging structure in ZIF-67. Additionally, the
O-H and N-H vibrational bands of Hmim were observed
around 3400 cm™".>*® When comparing the FTIR spectra of
the x-FeCC-700 samples with that of Fe;0,4, the Fe-O vibrations
and hydroxyl groups remained present. However, in compar-
ison with ZIF-67, the characteristic imidazole peaks within the
range of 800-1500 cm ™" were either significantly weakened or
completely disappeared, indicating the decomposition of the
imidazole structure during the carbonization process. This was
consistent with the formation of Fe;O, NPs and ZIF-67-devired
carbon during pyrolysis. In addition, the morphology of the
Fe;0, NPs and ZIF-67 template is shown in Fig. S2 (SI). The
Fe;0, NPs (Fig. S2a) presented uniform nanospheres with a
diameter of approximately 30 nm. Meanwhile, the ZIF-67 pre-
cursor (Fig. S2b) showed a rhombic dodecahedron structure,

9712 | Mater. Adv., 2025, 6, 9709-9722

with the diameter ranging from 150 to 250 nm and featuring a
smooth surface, consistent with previous reports in the
literature.””*® As shown in Fig. S3 (SISI), the 0.3-FeCC-100
and 0.3-FeCC-400 samples maintained the morphology of ZIF-
67 and showed no significant difference compared to 0.3-FZ67
(Fig. 2b), indicating that within this temperature range, the
sintering effect was not strong enough to cause significant
aggregation. In contrast, the 0.3-FeCC-700 sample (Fig. 2e)
exhibited intense aggregation and an increase in the material
size due to the accelerated diffusion at high temperatures. This
allowed the particles to move closer together, while the dehy-
dration or decomposition of organic bonds in ZIF-67 contrib-
uted to structural changes. Additionally, the degree of
deformation caused by sintering was influenced by the ratio
of the two material components. Specifically, the 0.2-FeCC-700
sample (Fig. 2d) failed to retain its rhombic polyhedral shape
due to its lowest Fe;O, content, leading to poorer thermal
stability and making the material more prone to breakdown
at high temperatures. In contrast, the 0.4-FeCC-700 sample
(Fig. 2f) preserved its polyhedral morphology with well-
defined grain boundaries, as its higher Fe;0, content enhanced
thermal stability and mitigated excessive sintering.

The FESEM-EDS elemental mapping results and EDS pattern
of 0.3-FeCC-700 are given in Fig. 3(a and b). It is seen that the
Co, Fe, O, N and C elements were homogeneously distributed
on the surface of the sample. The atomic ratio of the elements
is presented in the inset table in Fig. 3b and Fe-content of the
sample was the highest among the others and element O comes
second because O was present in the composition of Fe;0, and
Co030,. The ratios of Co and N elements are very close to each
other while C was the lowest. In the HRTEM image of 0.3-FeCC-
700 in Fig. 3(c and d), the d-spacing of 0.26 nm was assigned to
the (311) facet of Fe;O,, while the 0.34 nm spacing was
consistent with the (002) lattice planes of graphite.>® As
revealed in Fig. 3d, a clear lattice with a lattice spacing of
0.26 nm corresponded to the (311) lattice of Fe;0,.>*° Mean-
while lattice distances were 0.24 nm and 0.278 nm, which
corresponded to the (311) and (220) crystal planes of Co;0,.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These results were consistent with the EDS mapping and EDS
pattern results shown in Fig. 3(a and b), providing strong
evidence for the coexistence of Fe;O,, Co;04, and graphite
phases.

The XPS survey spectrum of the material is shown in Fig. 4a;
four characteristic peaks of Co 2p, Fe 2p, O 1s and C 1s were
presented.*> The binding energy of Co 2p shown in Fig. 4b
consists of Co 2p;,, and Co 2p,,, at 781.58 eV and 796.08 eV,
respectively, representing the maximum positions of Co>". The
energy levels at 779.68 eV and 795.18 eV corresponded to the
peaks of Co®". Additionally, the Co 2p spectrum exhibits two
satellite peaks at 786.08 eV and 802.78 eV, which have been
assigned to the vibrations of Co”**. The high-resolution XPS
spectrum of Fe 2p illustrated in Fig. 4c shows two distinct

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) FESEM-EDS elemental mapping; (b) EDS pattern, and (c) and (d) HRTEM image of the 0.3-FeCC-700 hybrid composite.

spectral bands situated at 723.88 eV and 712.68 eV, attributed
to the Fe 2py,, and Fe 2psj, spin-orbit splits of Fe** species,
respectively. Additionally, two ancillary peaks were observed at
binding energies of 726.38 eV and 710.28 eV, which can be
ascribed to the Fe 2p,,, and Fe 2p;, transitions of Fe?* species.
Furthermore, two minor satellite peaks were discerned at
718.88 eV and 732.78 eV, corresponding to the vibrational
shake-up transitions associated with Fe*" ions.*>** In Fig. 4d,
the spectrum of O 1s resolved into two peaks at 529.68 eV,
showing the binding of Co-O and Fe-Oj; the binding energy of
531.2 eV corresponded to H-0.*>* Not shown in the full survey
spectrum, the N 1s high-resolution spectrum in Fig. 4e of 0.3-
FeCC-700 showed that there were mainly three types of nitrogen
species: pyridinic-N (N-H) at 398.01 eV, pyrrolic-N (N-C) at

Mater. Adv., 2025, 6, 9709-9722 | 9713
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Fig. 4 XPS spectra of 0.3-FeCC-700 hybrid composites: (a) survey scan, and high-resolution spectra of (b) Co 2p, (c) Fe 2p, (d) O 1s, (e) N 1s, and (f) C 1s.

400.05 eV, and graphiticN (N-C=C) at 402.05 eV.**?’
Ming Zhong et al®® reported that high temperature
could reduce the amount of heteroatoms such as N, S, P, etc.,
which were typical active sites for the fast kinetics of electro-
chemical reactions. This may explain why the N 1s configu-
ration did not appear in the full survey spectrum of 0.3-FeCC-
700. Finally, the high-resolution C 1s spectrum in Fig. 4f reveals
three distinct carbon bond types at 284.8 eV, 285.82 eV, and
288.57 eV, which are attributed to C-C, C-O, and C—O0 bonds,
respectively.>**°

The electrochemical performance of Fe;O, and ZIF-67-
derived carbon anode electrodes in LIBs was evaluated using
galvanostatic charge/discharge (GCD) curves and coulombic
efficiency (CE) at 0.1 A g~ *. The Fe;0, anode electrode delivered
high initial charge and discharge capacities of 984 and

1298 mAh g~ ', respectively, with an initial coulombic efficiency
(ICE) of 76%. This low efficiency was attributed to the formation
of the solid electrolyte interphase (SEI) film and the stepwise
reduction of Fe;O, to Fe. In contrast, the ZIF-67-derived carbon
electrode showed lower initial charge and discharge capacities of
438 and 901 mAh g’l, respectively, and an ICE of 49%, likely due
to significant irreversible electrolyte decomposition. Although
Fe;0, exceeded its theoretical capacity, rapid fading occurred
after ~20 cycles. Meanwhile, the ZIF-67-derived carbon main-
tained 191.9 mAh g~ " after 100 cycles with nearly 100% CE,
highlighting its superior cycling stability despite a lower initial
capacity. The GCD curves of the first cycle and the CEs of the 0.2-
FeCC-700, 0.3-FeCC-100, 0.3-FeCC-400, 0.3-FeCC-700, 0.4-FeCC-
100, 0.4-FeCC-400, and 0.4-FeCC-700 anode electrodes are pre-
sented in Fig. 5 and Table 1.

a) b)
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Fig. 5
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Cycle number

(a) Galvanostatic charge/discharge curves at the first cycle of x-FeCC-y anode electrodes and (b) coulombic efficiency of x-FeCC-700 anode
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Table 1 discharge/charge capacities and CEs of anode electrodes at the
first cycle

Discharge capacity Charge capacity

Anode electrode  (mAh g ') (mAh g™ ") CE (%)
0.2-FeCC-700 358 202 56
0.3-FeCC-100 1150 746 65
0.3-FeCC-400 1361 1024 75
0.3-FeCC-700 970 688 71
0.4-FeCC-100 1361 985 72
0.4-FeCC-400 1138 636 88
0.4-FeCC-700 1006 715 71

In Fig. 5a, during the initial discharge of all the anode
electrodes, a distinct and extended voltage plateau was
observed between 0.6 V and 1.0 V, which is primarily attributed
to the conversion reaction between Fe;O, and lithium ions.
This voltage range also corresponds to the formation and
partial decomposition of the SEI film, resulting from the
reductive decomposition of electrolyte components on the
electrode surface. The notable gap between the initial discharge
and charge capacities, along with the low initial CE, further
confirms SEI film formation in all samples. The carbonization
temperature of the active material has a profound impact on
the electrochemical performance of LIBs, as it governs the final
morphology, composition, surface area, and porosity of MOF-
derived composites. At higher pyrolysis temperatures, the
organic ligands of the MOF decompose more completely,
promoting the formation of a more ordered graphitic carbon
framework with improved electrical conductivity. However,
excessively high temperatures may lead to partial or complete
collapse of the original porous structure of the MOF and
simultaneously reduce the content of heteroatoms (e.g., N, S,
and P),*® which are known to provide additional active sites and
facilitate fast electrochemical reaction kinetics. In the case of
the 0.3-FeCC-100 (Fig. S5b), 0.3-FeCC-400 (Fig. S5c), 0.4-FeCC-
400 (Fig. S5e) and 0.4-FeCC-400 (Fig. S5f) samples, the relatively
low carbonization temperatures result in incomplete decom-
position of the MOF precursor, leaving behind residual organic
moieties and heteroatoms such as N. While these structural
features contribute to the initially high discharge capacities,
they also render the electrodes structurally unstable, since a
well-ordered graphitic carbon framework has not yet been
established. Therefore, these samples suffered rapid structural
degradation during cycling, which was evidenced by the rapid
capacity loss observed in the first three-cycle GCD curves
(Fig. S5) and CE (Fig. S5h). In contrast, the 0.3-FeCC-700 and
0.4-FeCC-700 electrodes achieve a more favorable balance. The
higher carbonization temperature promotes the decomposition
of organic ligands and the formation of a more ordered
graphitic carbon framework, which improves electrical conduc-
tivity and structural robustness. Consequently, these electrodes
maintain distinct redox features and stable capacity retention
over extended cycling. On the other hand, the 0.2-FeCC-700
electrode exhibits significantly lower recovered capacity,
approximately three times less than that of 0.3-FeCC-700 and
0.4-FeCC-700, reflecting its limited Li* ion storage capacity.
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The differential capacity (dQ/dV) curves in Fig. S6 provide
direct insights into the redox behaviors of the electrodes during
cycling. For the 0.2-FeCC-700 sample, the anodic and cathodic
peaks remain clearly visible even after 60 cycles, with negligible
peak shift and minimal loss of intensity, suggesting highly
reversible redox reactions and excellent structural stability.
Similarly, both 0.3-FeCC-700 and 0.4-FeCC-700 retain distin-
guishable anodic/cathodic peaks at the 60th cycle, although
with reduced intensity compared to the first cycle, indicating
that while the redox kinetics slow down, the conversion reac-
tions remain partially reversible. In contrast, the electrodes
carbonized at lower temperatures, including 0.3-FeCC-100, 0.3-
FeCC-400, 0.4-FeCC-100, and 0.4-FeCC-400, almost completely
lose their anodic and cathodic peaks after 60 cycles. Moreover,
in the differential capacity curves, the noticeable peak shift
accompanied by peak fading suggests an increase in internal
resistance and polarization, leading to suppressed lithiation/
delithiation reversibility. This behavior can be attributed to
structural degradation, particle aggregation, and poor electrical
conductivity. Overall, the results demonstrate that 700 °C tem-
perature carbonization significantly improves the structural
robustness and redox reversibility of the electrodes, allowing
them to maintain well-defined redox peaks over prolonged
cycling, whereas lower-temperature treated samples rapidly
lose their redox activity.

Although the 0.2-FeCC-700 anode exhibited a high CE
(Fig. 5b), attributed to the encapsulation of Fe;0, NPs within
the ZIF-67-derived carbon framework, its specific capacity
remained relatively low at approximately 256/248 mAh g~ " with
a CE of 97% after 80 cycles. Meanwhile, the 0.4-FeCC-700 anode
achieved a specific capacity of 344/338 mAh g~ ' and a CE of
98% after 80 cycles (Fig. 5b). These variations in specific
capacity were primarily influenced by differences in the quan-
tity of iron ions, which play a crucial role as electron transport
mediators within the electrode structure. According to Yan
et al.,*® strong chemical bonding between Fe;0, and the carbon
matrix prevents nanoparticle agglomeration, while the porous
carbon coating accommodates volume changes of Fe;O, during
charge/discharge cycles. However, when the concentration of
Fe;0, exceeded the optimal equilibrium level, the stability of
the x-FeCC-700 hybrid composite deteriorated over prolonged
cycling. This instability was reflected in the capacity decline
observed around the 40th cycle for the 0.4-FeCC-700 anode.
Consequently, the optimized structure and composition of the
0.3-FeCC-700 anode contributed to its superior electrochemical
performance. In addition, when compared with some anode
electrodes based solely on Fe or MOFs (Table S1), the 0.3-FeCC-
700 anode electrode also demonstrated superior performance.
Overall, the GCD analysis highlights that while SEI film for-
mation accounts for the high initial capacity of all electrodes,
only the 700 °C-treated samples, including 0.3-FeCC-700 and
0.4-FeCC-700, provide a stable conductive framework capable of
sustaining long-term cycling.

The CV curves recorded for 0.3-FeCC-700 and 0.4-FeCC-700
electrodes indicate the specific electrochemical processes of
lithiation and delithiation during the first three cycles.
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Fig. 6 (a)—(b) CV curves at a scan rate of 0.3 mV s~ (c) equivalent circuit model for EIS data fitting and (d) EIS spectra of 0.3-FeCC-700 and 0.4-FeCC-

700 electrodes at the frequency ranging from 100 kHz to 100 mHz.

Measurements were conducted at a scan rate of 0.3 mV s *

within the voltage range of 0.01-3.0 V, as shown in Fig. 6(a
and b). In the first cathodic scan, a broad peak centered at
approximately 0.4 V for the 0.3-FeCC-700 sample and 0.39 V for
the 0.4-FeCC-700 sample was observed, corresponding to the
conversion reaction of Fe;O, with lithium ions to form metallic
Fe and Li,O, corresponding to eqn (1), (2), and (3),” as well as
the formation of the SEI film through the reductive decom-
position of the electrolyte.*”**> Furthermore, a relatively low-
potential peak at 0.01 V was observed, which can be attributed
to the Li" intercalation into the carbon component of the FeCC
composite. In a study conducted by Gonzalez-Banciella et al.,*’
it was observed that the formation of the SEI film occurred at
distinct voltage regions depending on the nature of the active
material. Specifically, SEI film formation at the carbon fiber/
electrolyte interface was indicated by a broad cathodic peak
near 0 V, whereas SEI film formation at the TMO/electrolyte
interface occurred near 0.7 V. Moreover, the overlap and
stabilization of redox peaks associated with Fe®/Fe’*/Fe’ in
subsequent cycles were interpreted as signs of SEI film comple-
tion and improved electrode reversibility. During the initial
anodic scan, broad peaks appearing around 1.69 V and 1.91 V
can be attributed to the oxidation of Fe® to Fe?" and Fe® to Fe*",
respectively, as described in eqn (3).” In this experiment, the
characteristic anodic peaks of Co3;0, may overlap with those of

9716 | Mater. Adv, 2025, 6, 9709-9722

Fe;0, due to their close potential values. According to Liming
Chen et al.,>** the oxidation peak of Co;0, appears at 1.95 V,
which is very close to the Fe;O, oxidation region. However, Jie
Chen et al. previously reported the oxidation peak at 2.12 V
corresponding to the oxidation of Co to Co;0,, suggesting an
~2 V shift in the peak position.”> Given that Fe;O, is the
dominant phase in the composite, the anodic peaks of Fe;0,
exhibit a greater intensity and area than those of Co0;0,,
making the latter difficult to distinguish. The overall redox
reactions of Coz0, during cycling are described in eqn (4) and
(5).%° Notably, in the second and third cycles, the cathodic
peaks shift slightly and become sharper, while the initial SEI-
related peak at 0.01 V diminishes, further supporting the
formation of a stable SEI and the improved reversibility of
redox reactions. These results demonstrate that the FeCC
composite structure effectively accommodates the volume
changes associated with conversion reactions and facilitates
stable lithium-ion transport during cycling.

CoO + 2Li* + 2e” < Co + Li,O

4)
()

However, it should be noted that the material composition
analysis results in Fig. 3b indicate that cobalt accounts for only
a very small proportion. Therefore, the actual active sites of the

Co;0, + 8Li" + 8¢~ < 3Co + 4Li,O

© 2025 The Author(s). Published by the Royal Society of Chemistry
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FeCC electrode material are primarily attributed to Fe;Oy,
which dominates the electrochemical reactions described in
eqn (1)-(3).

The EIS was conducted on the 0.3-FeCC-700 and 0.4-FeCC-
700 anode electrode to examine the kinetic and mechanical
data of both electrochemical systems (Fig. 6(c and d)). Nyquist
plots showed a single semicircle, representing the electrode/
electrolyte interfacial resistance. Herein, R, refers to the Ohmic
resistance from the electrolyte; R, is the SEI film resistance; R3
represents the charge-transfer resistance; and W denotes the
Warburg impedance. C; and C, represent the corresponding
capacitance values.*” The difference in electrochemical perfor-
mance between 0.3-FeCC-700 and 0.4-FeCC-700 originates from
the variation in material composition. While the ZIF-67 content
remained constant, the Fe;O, content was adjusted, leading to
differences in the amount of Fe;O, formed after heat treatment.
The 0.4-FeCC-700 sample contained a higher amount of Fe;O,
compared to 0.3-FeCC-700, which affected the cycling stability
of the material. Previous studies, as well as this research, have
shown that although Fe;0, possesses high capacity, it tends to
aggregate and degrade during cycling, leading to performance
deterioration. Therefore, ZIF-67 was used as a sacrificial pre-
cursor to form a carbon framework that encapsulates Fe;Oy,,
helping to mitigate volume expansion during electrochemical
cycling. However, with a higher Fe;0, content, the Fe;O, NPs in
0.4-FeCC-700 may not have been fully encapsulated by the
carbon matrix, reducing structural stability. Additionally, the
SEI film formed on the electrode surface plays a crucial role in
protecting the material. Although the SEI results in unwanted
side reactions, it provides lithium-ion conductivity and electro-
nic insulation, preventing continuous electrolyte decomposi-
tion and thus preserving anode kinetics. The Ry, R,, and R;
values of the 0.3-FeCC-700 electrode are 7.086 Q, 7.103 Q, and
15.16 Q, respectively, while those of the 0.4-FeCC-700 electrode
are 12.38 Q, 8.642 Q, and 15.76 Q. The EIS results indicate that
the R, value of 0.3-FeCC-700 is lower than that of 0.4-FeCC-700,
and the smaller semicircle in the Nyquist plot of 0.3-FeCC-700
(Fig. 6d) suggests a lower overall impedance. This implies that
the SEI film on the 0.3-FeCC-700 electrode is stable and sup-
ports efficient charge transfer with minimal resistance. In
contrast, the EIS data for the 0.4-FeCC-700 electrode suggest a
breakdown of the native passivating film during lithium plat-
ing/stripping, exposing fresh surfaces of the active material to
the electrolyte. This repeated exposure promotes dead lithium
formation and continuous electrolyte consumption, increasing
the SEI surface area and accelerating electrolyte depletion
during battery operation. In summary, the difference in mate-
rial ratios, or, in other words, the better encapsulation of Fe;0,
NPs by carbon derived from ZIF-67 made the 0.3-FeCC-700
composite more structurally suitable as an anode electrode
for LIBs.

The kinetic analysis of the 0.3-FeCC-700 and 0.4-FeCC-700
anodes in LIBs was performed through investigating CV curves
at scan rates of 0.3 to 1.2 mV s~ " and over a voltage window of
0.01 to 3.00 V, as shown Fig. 7(a and b). The results of the
pseudo-capacitance contribution and diffusion control
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contribution based on the CV curves were also calculated and
are presented in Fig. 7(c and d) and Fig. S7 (SI), and Fig. S8 (SI).
Remarkably, all CV curves exhibit similar peaks, albeit with a
corresponding offset. The proportion of pseudocapacitive and
diffusive contributions was determined using eqn (6), where i
represents the current, v denotes the scan rate, i, = kv
corresponds to the current associated with pseudocapacitive
processes, and iy = k,*® represents the current related to
diffusive processes.*®*®

(V) =k + k™ =1, + ig (6)

In Fig. 7(c and d), the results showed that the ion diffusion
contribution decreased as the scan rate changed from
0.3 mV s ' to 1.2 mV s !, while the pseudo-capacitance
gradually augmented. According to Yupeng Xiao et al.,*® diffu-
sion allows the electrode to store more lithium ions by the
conversion reaction mostly driven by the movement of lithium
ions; meanwhile, pseudo-contribution helps to stabilize the
electrode, because ion absorption and lithium ion transport
mainly happen on the surface, which minimize volume
changes in the electrode. The kinetic results indicated that
the electrochemical reaction of the FeCC-700 samples is domi-
nated by diffusion-controlled behavior, leading to an extended
cycle life. Specifically, 0.3-FeCC-700 has a diffusive contribution
ratio that is always higher than that of 0.4-FeCC-700 and 74%
higher at all scan rates, because of the nanostructure and
bonding morphology of 0.3-FeCC-700 nanoparticles, which
help shorten the travel distance between two electrodes, allow-
ing lithium ions to move faster. These results were consistent
with the results of the previously reported electrochemical
performance method and indicated that the diffusive phenom-
enon occurred in the FeCC anodes, which substantially influ-
enced the entire capacity and resulted in excellent cycling
performances of the 0.3-FeCC-700 hybrid composite electrode.

The electrochemical results, including the GCD profiles, CV
curve and EIS spectra, consistently demonstrate that the 0.3-
FeCC-700 electrode possesses better redox kinetics and lower
overall polarization. In the first galvanostatic charge/discharge
curves, the iRy;op Of the 0.3-FeCC-700 electrode (1.099 V) is
smaller than that of 0.4-FeCC-700 (1.1359 V), confirming a
lower internal resistance during cycling (Fig. S9). Similarly,
the CV curves of 0.3-FeCC-700 display narrower redox peak
separation, indicating faster charge-transfer and diffusion pro-
cesses. These results are in good agreement with the smaller
iR4rop values observed in the GCD curve and the improved
reversibility of the redox reactions.*® Specifically, the CV curves
shown in Fig. 6(a and b) and the data summarized in Table S2
reveal that the 0.3-FeCC-700 electrode exhibits narrower redox
peak separation (AEp) and smaller current responses than the
0.4-FeCC-700 electrode. The smaller AE, values suggest a more
reversible redox behavior and enhanced charge-transfer and Li"
diffusion kinetics.”® Conversely, the broader AE, observed for
0.4-FeCC-700 reflects higher R; and slower ionic transport,
which can be attributed to the partial agglomeration of Fe;O,
NPs and the reduction of electroactive surface area caused by
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excessive carbonization at elevated temperatures. While the 0.4-
FeCC-700 electrode showed higher R; and R; values, the 0.3-
FeCC-700 sample retained a more porous and uniformly dis-
tributed nanostructure, enabling more efficient Li* migration
and electron conduction. This structural advantage leads to
faster redox kinetics and lower polarization during cycling.
Therefore, both the smaller iR4op in the GCD curve and the
smaller AE, in the CV curve confirm that the 0.3-FeCC-700
electrode exhibits lower total internal resistance and superior
electrochemical reversibility, despite the slightly lower Ry dif-
ference shown in the EIS spectra. These consistent results
across EIS, GCD, and CV analyses collectively validate that the
0.3-FeCC-700 electrode provides more efficient Li" transport
pathways and better electrode kinetics than the 0.4-FeCC-700
electrode.

The crystal structure or phase component of the 0.3-FeCC-
700 nanocomposite changes after the cycling test as shown in
Fig. 8. The XRD patterns of the 0.3-FeCC-700 anode electrode
confirm that no significant difference is observed between its
fully discharged and fully charged states. However, the
presence of other expected phases such as Li,O, LixFe;O,,
and Co could not be conclusively confirmed via XRD. Since
0.3-FeCC-700 is a novel anode material for lithium-ion bat-
teries, its exact reaction mechanism has not yet been fully
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elucidated. However, we have proposed possible explanations
and discussed them in the CV results, based on previous
reports on partially similar materials.>*"*>4*
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(JCPDS No. 45-1460).
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Fig. 9 Ex situ SEM and FESEM images of the 0.3-FeCC-700 and 0.4-FeCC-700 electrodes (a)—-(b) before cycling and (c)—-(d) after cycling; and the 0.3-
FeCC-700 electrode when (e) discharged to 0.01 V and (f) charged to 3.00 V.

To investigate the ex situ structural evolution of the electrode
surface and its influence on battery performance, SEM and
FESEM analyses were performed on 0.3-FeCC-700 and 0.4-
FeCC-700 electrodes before and after cycling. These observa-
tions reveal significant microstructural changes associated with
electrochemical processes. Before cycling, both 0.3-FeCC-700
and 0.4-FeCC-700 electrodes displayed relatively uniform sur-
faces with well-maintained structures, although minor cracks
were observed, which were likely introduced during the elec-
trode fabrication process. As shown in the FESEM images
(insets of Fig. 9(a and b)), the x-FeCC-700 composite exhibited
a smooth nanostructured surface with no obvious surface film,
indicating the absence of a pre-formed passivation layer. After
80 cycles at a current density of 0.1 A g, notable changes in
surface morphology were observed. In Fig. 9(c and d), both
electrodes exhibited signs of volume expansion, a common
phenomenon in conversion-type anode materials such as
Fe;04 NPs. However, fewer surface cracks were detected post-
cycling compared to the initial state. This behavior is possibly
due to the formation of a SEI film, which may have sealed
surface defects and mitigated mechanical stress. Notably, the
0.4-FeCC-700 electrode exhibited more pronounced cracking

© 2025 The Author(s). Published by the Royal Society of Chemistry

and fragmentation than the 0.3-FeCC-700 electrode, suggesting
that the FeCC composite in the 0.3-FeCC-700 electrode provides
superior accommodation of volume changes and improved
structural stability under prolonged cycling. To further assess
the formation and stabilization of the SEI film, the 0.3-FeCC-
700 electrode was subjected to a full lithiation/delithiation cycle
(discharged to 0.01 V and charged to 3.00 V), followed by
additional surface analysis in Fig. 9(e and f). Compared to the
pristine electrode in the inset figure of Fig. 9(a and b), the post-
cycled sample exhibited the appearance of a uniform passiva-
tion layer coating the active material particles, which is an
indicator of SEI film formation. This observation was consis-
tent with the initial discharge/charge capacity results (Fig. 5a
and Fig. S5d) and the CV curve (Fig. 6a) of the 0.3-FeCC-700
anode, which indicate the formation of the SEI film at low
potentials during the first cycle.

Conclusions

To summarize, we successfully fabricated FeCC hybrid
composite materials derived from Fe;O, nanoparticles and
ZIF-67 precursors. We then evaluated the electrochemical
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performance of these composites as anode materials for LIBs.
The results demonstrate that 0.3-FeCC-700 achieves both high
capacity and stability. Specifically, this composite showed a
discharge capacity of 435 mAh g ' with a CE of 97% after
80 cycles. Although it has not outperformed LIB anode materi-
als with higher reported capacities in some previous studies,
the combination of Fe;O, NPs and MOF-derived carbon frame-
works presents an effective material engineering strategy to
address capacity fading and cycling stability issues that have
challenged conventional transition metal oxide anodes. The
hybrid nanostructure stabilizes Fe;O, NPs during lithiation/
delithiation cycling, mitigating the capacity degradation typi-
cally observed in pure Fe;O, nanoparticles. Additionally,
the formation of composites with MOF-derived carbon over-
comes the conductivity limitations of Fe;O,4. Notably, optimiz-
ing synthesis conditions and nanostructure composition could
further enhance performance. Therefore, while additional
research is needed, the hybrid nanostructured FeCC materials
show great promise as a foundational design for the develop-
ment of high-capacity and stable LIB anodes. We propose this
modular approach, as it enables the incorporation of other
metal oxides and MOF precursors to further improve
performance.
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