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Abstract: With the increasing demand for efficient and environmentally
friendly energy storage, developing alternatives to commercial graphite
anodes in lithium-ion batteries (LIBs) has become a major research focus.
Zinc oxide (ZnO) is a promising candidate due to its high theoretical
capacity (978 mAh/g), but its practical application is limited by large
volume expansion, low electrical conductivity, and poor cycling stability.
In this study, a three-dimensional (3D) Zn/ZnO foam was synthesized via
thermal oxidation and then coated with carbon through carbonization of
polyethylene oxide (PEO). The 3D porous structure facilitates ion and
electron transport, while the carbon coating mitigates volume changes
during cycling and enhances overall conductivity. Structural and chemical
analyses using XRD, SEM, SEM-EDS, and FTIR confirmed the
successful fabrication of the Zn/ZnO@C composite. Electrochemical
tests showed that Zn/ZnO@C maintained a specific capacity of
approximately 380 mAh/g after 100 cycles at a current density of 50
mA/g, compared to only 100 mAh/g for the uncoated Zn/ZnO sample.
This significant improvement in performance highlights the potential of
carbon-coated Zn/ZnO foam as a high-performance anode material for
next-generation lithium-ion batteries.

Keywords: lithium-ion batteries; electrode materials; energy storage
systems; electrochemistry

1. Introduction

The substantial rise in fossil fuel consumption over the past two
decades for electricity generation has emerged as a major contributor to
global ecological degradation, including greenhouse gas emissions,
climate change, and air pollution. As a result, the global energy landscape
is undergoing a transformation toward sustainable and environmentally
friendly alternatives. Renewable energy technologies, particularly solar
and wind power, have been increasingly adopted to address these
challenges. However, these sources are inherently intermittent and
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location-dependent, necessitating the development of efficient, reliable, and scalable energy storage
systems to ensure a stable power supply and grid integration (Cai et al., 2020).

Among the various energy storage technologies available, lithium-ion batteries (LIBs) have
garnered considerable attention due to their high energy density, long cycle life, low self-discharge,
and relatively high efficiency. These characteristics have made LIBs indispensable in applications
ranging from portable electronics to electric vehicles and grid-level storage systems. However, the
demand for high-performance batteries continues to increase, prompting the need for further
improvements in specific capacity, rate capability, and cycling stability (Hao et al., 2020; Tarascon
& Armand, 2001).

Conventional LIB anodes, particularly those based on two-dimensional (2D) electrode
structures and commercial graphite, are reaching their theoretical performance limits. Graphite
anodes offer a theoretical capacity of only 372 mAh/g, which restricts the energy density of LIBs.
Attempts to increase electrode mass loading often lead to thicker electrodes with prolonged ion
diffusion paths and higher internal resistance, ultimately degrading the battery’s rate performance and
fast-charging ability (Y. Liu et al., 2019). To address these challenges, three-dimensional (3D)
structured current collectors and electrode architectures have emerged as a promising design strategy.
The 3D porous framework offers a high surface area for active material deposition, facilitates
electrolyte infiltration, shortens ion/electron transport pathways, and accommodates volume
expansion during cycling, thereby enhancing both energy and power performance (Zhang et al.,
2017).

In pursuit of higher-capacity anode materials, transition metal oxides (TMOSs) have attracted
significant attention due to their abundance, environmental benignity, and high theoretical capacities.
Materials such as CuO (674 mAh/g), NiO (718 mAh/g), and particularly ZnO (978 mAh/g) have been
widely investigated as potential anode candidates (Issatayev, Adylkhanova, et al., 2024; Issatayev et
al., 2021). Among these, ZnO stands out for its high theoretical capacity, low cost, nontoxicity, and
chemical stability. However, ZnO-based anodes face several critical challenges, including low
intrinsic electrical conductivity, sluggish lithium-ion diffusion kinetics, and substantial volume
expansion (~300%) during lithiation/delithiation processes. These drawbacks often result in
mechanical degradation, particle pulverization, and rapid capacity fading upon cycling (Khac et al.,
2021).

To mitigate these limitations, researchers have developed various strategies, among which
carbon coating has emerged as one of the most effective approaches. Carbonaceous materials, such
as graphene, carbon nanotubes, and amorphous carbon, serve as conductive matrices or protective
layers that enhance electronic conductivity, buffer volume changes, and prevent direct contact
between ZnO and electrolyte, thereby minimizing side reactions and stabilizing the solid electrolyte
interphase (SEI) layer (Y. Liu et al., 2019). For instance, Thauer et al. (2023) reported ZnO/C
composites prepared via the calcination of zinc glycerolate under nitrogen, achieving a specific
capacity of 212 mAh/g compared to 100 mAh/g for bare ZnO at a current density of 100 mA/g
(Thauer et al., 2021a). Bai et al. (2013) synthesized ZnO@C nanospheres via a one-step co-pyrolysis
of zinc and acetylacetone, yielding a carbon-coated structure, demonstrating enhanced
electrochemical stability (Bai et al., 2014). Recent studies have also highlighted the effectiveness of
hydrothermal synthesis and annealing techniques in developing ZnO nanorods coated with carbon,
achieving improved capacity retention and structural integrity (Ding et al., 2019).

Further improvements can be achieved by combining carbon coating with 3D current collector
designs. In this context, metal foams - such as copper or zinc foams - offer a self-supporting,
conductive, and porous scaffold for growing active materials. When combined with a carbon layer,
the resulting 3D hybrid structures exhibit synergistic effects: the foam provides structural robustness
and continuous electron pathways, while the carbon coating ensures surface passivation and
conductivity. This dual-function approach provides a viable pathway for achieving high-performance
ZnO-based anodes (Issatayev et al., 2021).

Building on these recent advances, the present study introduces a novel 3D Zn/ZnO@C foam
electrode synthesized through a simple and scalable two-step process. In the first step, commercial
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Zn foam is thermally oxidized to form a conformal ZnO layer. Subsequently, the Zn/ZnO composite
is coated with polyethylene oxide (PEO) via dip-coating and subjected to carbonization under an
argon atmosphere. PEO serves as the carbon precursor, producing a thin, uniform carbon layer upon
pyrolysis. This carbon layer not only enhances electronic conductivity but also provides mechanical
stability during cycling. The 3D foam structure offers improved electrolyte accessibility and reduced
ion diffusion resistance, contributing to superior electrochemical kinetics. Electrochemical evaluation
revealed that the Zn/ZnO@C foam exhibited significantly enhanced performance compared to
uncoated Zn/ZnO foam, delivering a reversible capacity of approximately 380 mAh/g after 100 cycles
at 100 mA/g. The results of this work underscore the effectiveness of integrating carbon coating and
3D architecture for developing high-performance ZnO-based anodes for next-generation lithium-ion
batteries.

2. Materials and methods
2.1 Materials

Zn foam deposited in Ni foam was purchased from DEK Research. Polyethylene oxide (PEO,
average My = 100000) and Acetonitrile were purchased from Sigma Aldrich. The authors used
OpenAl’s ChatGPT (GPT-4, accessed via chat.openai.com) as a language support tool to assist with
academic writing, grammar refinement, and paraphrasing, and for generating the animated 3D
structure of Zn foam and modified electrodes. No data or results were generated by the Al; all
scientific input, analysis, and interpretation were solely the responsibility of the authors.

2.2 Synthesis of Zn/ZnO foam

The porous ZnO electrodes were fabricated by thermal oxidation of pure Zn foam (0.5 mm
thickness, 95-98% porosity) in air using a muffle furnace. At first, Zn foam was cut into disks with a
14 mm diameter. Cut disks were cleaned by ultrasonication in a solution of ethanol and acetone in the
ratio of 1:1 to remove dust and dirt. After the cleaning process, the washed disks were dried in a
vacuum oven at 60°C for 3 h to completely dry any moisture. After all of these preparation processes,
Zn foams were placed into a muftle furnace to 500°C for 15 minutes at a controlled rate of 5°C per
minute. As a result of thermal oxidation, Zn/ZnO foams were obtained. The average mass of the ZnO
coating was approximately 8—10 mg.

2.3 Synthesis of Zn/ZnO@C foam

The carbon layer was obtained by dip coating the Zn/ZnO foam into a 15% solution of PEO.
After each dipping, polymer-coated Zn/ZnO foam was dried at 50°C in a drying oven for 30 minutes
with ventilation turned off. This dip coating process was repeated several times to ensure a uniform
polymer coating. Finally, the obtained polymer-coated Zn/ZnO foam was annealed at 600°C for 1h
in an argon atmosphere, with a ramping rate of 5°C per minute. To investigate the effect of carbon
coating on the electrochemical performance of Zn/ZnO foam anode, the polymer coating was applied
in 5 and 7 layers.

2.4 Material Characterization

The structural characterization of the obtained materials was performed by X-ray diffraction
(XRD) using a MiniFlex 600/600-C Benchtop X-ray diffractometer (Rigaku, Japan) covering
diffraction angles from 25° to 95° at a scanning rate of 5° per minute. Scanning electron microscopy
(SEM, JEOL JSM-IT800, Japan) coupled with energy-dispersive X-ray spectroscopy (EDS) was used
to examine film morphologies.

2.5 Electrochemical measurements
The electrochemical performance of the samples was investigated using CR2032 coin-type
batteries assembled in an argon-filled glove box (MBRAUN, LABmaster PRO Glovebox, Germany)
containing <0.1 ppm Oz and <0.1 ppm H>O. Lithium chips are used as an opposite and reference
electrode. The lithium hexafluorophosphate (LiPFs) dissolved in a mixture of ethylene carbonate
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(EC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC) in a volume ratio of 1:1:1 was
utilized as an electrolyte. Celgard 2400, microporous polypropylene, was employed as the separator
membrane. After assembly, the coin cells were kept overnight, and following this rest, they were
tested on a Neware BTS4000 test (Neware Co., Shenzhen, China) system across a potential range of
0.05 to 2.5 V vs. Li/Li". The mass of ZnO and carbon in the Zn/ZnO@C foam is utilized for
calculating the current. Current density was calculated using the total mass of ZnO and carbon (68

mg).

3. Results

According to the conducted research, the morphological and electrochemical analyses were
done and demonstrated in subsection 3.1. Meanwhile, the chemical equations provided in subsection
3.2 and discussed in section 4.

3.1. Figures and Schemes

1 pm
&y

Polymer coated sample

s.‘o 5
P 94

600C,1h
Ar

Zn/ZnO@C foam

Figure 1. Experimental part illustration and SEM images at various magnifications: a-b) Zn foam, c-
d) Zn/ZnO foam, e-f) Zn/ZnO@C foam
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Figure 3. a) FTIR spectra of pure PEO and coated on Zn/ZnO foam; b) XRD patterns of pure Zn
foam, Zn/ZnO foam, and Zn/ZnO-C foam
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3.2 Chemical Equations

yZn + XLi* + x& = LixZny (1)
ZnO + 2Li* + 28 = Zn + Liz0 )
NiO + 2Li* + 2& = Ni + Liz0 ©)
Zn + Li;0 = ZnO + 2Li* + 28 (4)
Ni + Li,O = NiO + 2Li* + 2& (5)

4. Discussion

The Zn/ZnO—C foam was synthesized via a straightforward two-step process, as illustrated in
Fig. 1. In the first step, pure Zn foam underwent thermal oxidation to develop a conformal ZnO layer
on its surface. This was followed by a dip-coating procedure using a polyethylene oxide (PEO)
solution and subsequent carbonization in a tube furnace under an argon atmosphere. Here, PEO acted
as the carbon source, enabling the formation of a uniform carbon coating on the Zn/ZnO surface. This
carbon layer is crucial, as it enhances the electronic conductivity of the electrode and helps stabilize
its electrochemical behavior by mitigating volume changes during lithium cycling.

To evaluate the morphological evolution throughout each synthesis stage, scanning electron
microscopy (SEM) was conducted on the pristine Zn foam, oxidized Zn/ZnO foam, and carbon-
coated Zn/ZnO@C foam (Fig. 1). The SEM images of the untreated Zn foam reveal a highly porous,
three-dimensional architecture composed of interconnected pores, which provides a large surface area
beneficial for ion transport and subsequent surface modification. At low magnification, variations in
topography were noted - some regions appeared smooth, while others showed a degree of roughness.
High-magnification images further disclosed the presence of fine particles, likely corresponding to a
thin native oxide layer formed from atmospheric exposure.

Following thermal oxidation, a significant transformation in surface morphology was observed.
The Zn/ZnO foam exhibited increased roughness and surface complexity, confirming the formation
of ZnO. SEM images indicated that the metal surface was uniformly covered with nanoscale ZnO
particles, forming a dense and adherent oxide film. The absence of microcracks or delamination
reflects good mechanical integrity of the oxide layer, a critical factor for long-term cycling stability.

In the final modification stage, the Zn/ZnO foam underwent multiple dip-coating cycles ina 15
wt% PEO solution, followed by carbonization. This resulted in the formation of Zn/ZnO@C foam
with a well-distributed carbon layer. High-magnification SEM images revealed a further increase in
surface texture, indicative of successful carbon deposition. The coating appeared to be continuous,
porous, and uniformly spread across the foam framework. The uniformity and presence of porosity
were confirmed through SEM at different magnifications, which demonstrated continuous coverage
without cracks or agglomerations, while SEM-EDS mapping (Fig. 2) further verified the
homogeneous distribution of carbon and oxygen signals. The porous nature of the coating was
supported by nanoscale voids observed in high-magnification SEM images, typical for polymer-
derived carbons after pyrolysis (Thauer et al., 2021; Zhang et al., 2018). Although layer thickness
and specific surface area were not directly quantified, these morphological observations strongly
indicate a uniform and porous coating.

To support these morphological findings, elemental mapping was performed using SEM-EDS
analysis (Fig. 2). The oxygen distribution map (Fig. 2c) confirmed the successful formation of a ZnO
layer via thermal oxidation. Simultaneously, carbon mapping (Fig. 2d) validated the presence of a
uniform carbon layer formed during PEO carbonization. It should be noted that the oxygen detected
in EDS mapping originates from ZnO, NiO (formed via partial oxidation of the Ni substrate), and
residual oxygen-containing groups in the carbon.

The structural evolution of the materials was further characterized by X-ray diffraction (XRD),
as shown in Fig. 2b. The XRD pattern of pristine Zn foam exhibited sharp diffraction peaks at 36.5°,
39.2°, 43.5°, 54.4°, 70.3°, 70.8°, and 77.1°, corresponding to the (002), (100), (101), (102), (103),
(110), and (112) planes of metallic Zn, respectively (Chou et al., 2019; Lin et al., 2012; Pramanik et
al., 2023). Additionally, peaks at 44.8°, 52.1°, and 76.6° matched the (111), (200), and (220) planes
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of Ni, confirming the Ni substrate underneath the Zn coating, consistent with the SEM observations
(Srinivasa et al., 2021).

Following thermal oxidation and carbonization, new peaks emerged at 32.1°, 34.7°, 35.2°,
48.1°,56.8°, 68.1°, and 76.6°, indexed to the (100), (002), (102), (102), (201), (110), and (112) planes
of ZnO, which confirm the successful synthesis of ZnO (Ghosh & Raychaudhuri, 2008). Furthermore,
peaks at 63.1° and 79.1°, corresponding to the (200) and (222) planes of NiO, were also detected,
indicating partial oxidation of the Ni substrate during the thermal treatment step (Rahdar et al., 2015;
Song et al., 2022).

To confirm the presence of the PEO-derived carbon coating, Fourier-transform infrared
spectroscopy (FTIR) was conducted on the polymer-coated samples (Fig. 3a). The spectrum showed
a prominent peak at 2877 cm™!, corresponding to the asymmetric C—H stretching of methylene
groups—a signature of pure PEO (Abdelrazek et al., 2018). Additionally, characteristic CH> wagging
vibrations appeared at 1341 cm™ and 1467 cm™'. A cluster of strong bands around 1092 cm™,
accompanied by peaks at 1145 cm™ and 1060 cm™, was assigned to the C—O—C stretching vibrations,
with the 1092 cm™ band being the most intense (Arinova et al., 2023). Minor peaks at 960 cm™! and
841 cm™ were attributed to asymmetric rocking motions of CH, while the absorption band at 531
cm™! corresponded to C—O-C bending(Kumar et al., 2014; Tleukenov et al., 2022). These FTIR
results support the successful deposition of a PEO-derived carbonaceous layer on the Zn/ZnO surface.
The oxygen functionalities observed in the carbon layer arise from decomposition of PEO during
carbonization and partial contribution from ZnO. Their concentration was effectively controlled by
carbonization at 600°C under Ar, which removed most oxygen-containing groups while retaining a
fraction of stable residual functionalities. This selective removal enhances conductivity while limited
residual oxygen improves interfacial wettability and ion transport. Although these groups were not
quantitatively measured in our study, the improved conductivity and stable cycling performance of
the Zn/ZnO@C electrode are consistent with prior reports on ZnO/C composites where oxygen
functionalities were analyzed by XPS (Thauer et al., 2021; Bui et al., 2021; Zhang et al., 2018).

Figures 4a and 4b present the differential capacity (dQ/dV) curves for the bare Zn/ZnO foam
and the Zn/ZnO-C foam, respectively. For the pristine Zn/ZnO foam, the cathodic scan reveals a
distinct peak at approximately 0.1 V, which corresponds to the alloying reaction between Zn and Li*,
as described by Eq. 1 (Belliard & Irvine, n.d.). A prominent peak observed at around 0.5 V is
attributed to the formation of the solid electrolyte interphase (SEI), a typical feature of the initial
lithiation cycle (Belliard & Irvine, n.d.). Additionally, a strong reduction peak at 0.65 V is associated
with the conversion reaction of ZnO with Li* ions (Eq. 2) (J. Liu et al., 2008). Since the ZnO layer
was formed by thermal oxidation on Zn-coated Ni foam, the presence of NiO is also expected and
was confirmed through XRD and SEM analyses. A smaller peak at 0.58 V corresponds to the
reduction of NiO to metallic Ni, as represented by Eq. 3 (Issatayev, Abdumutaliyeva, et al., 2024).

As the electrochemical cycling progresses, structural and morphological changes - such as
electrolyte decomposition—cause a shift of these cathodic peaks to higher potentials in subsequent
cycles. During the anodic scan, multiple peaks appear at 0.27 V, 0.3 V, 0.52 V, and 0.65 V, which
are indicative of a multi-step dealloying process of the Li-Zn alloy (Gachot et al., 2008; Huang et al.,
2011; N. Li et al., 2014; Shen et al., 2013). Additionally, anodic peaks at approximately 1.2 V and
2.1V correspond to the reversible reformation of ZnO and NiO, respectively, as represented by Eq.
4 and 5 (Issatayev, Abdumutaliyeva, et al., 2024; N. Li et al., 2014).

Interestingly, in the differential capacity (dQ/dV) profile of the Zn/ZnO—C electrode (Fig. 4b),
peaks attributed to NiO are no longer observed, which contrasts with the pure Zn/ZnO foam. This
absence suggests that the NiO component does not actively participate in electrochemical reactions
with Li* ions, likely due to passivation by the carbon coating. Nonetheless, the remaining peaks
closely resemble those seen in the uncoated sample, thereby confirming the electrochemical inertness
of the carbon layer and its non-involvement in redox processes (Issatayev, Abdumutaliyeva, et al.,
2024).

This interpretation is further supported by the potential-capacity profiles at a current density of
50 mA g, shown in Figures 4c and 4d, which are consistent with the dQ/dV features described
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above. As commonly observed in conversion-type electrodes, the initial discharge capacities of all
samples were noticeably higher than those recorded in subsequent cycles, a behavior attributed to SEI
formation. Specifically, the initial charge/discharge capacities of Zn/ZnO, Zn/ZnO@C-5, and
Zn/ZnO@C-7 were 809/1363 mAh g, 734/1361 mAh g!, and 810/1510 mAh g, respectively. The
corresponding initial coulombic efficiencies (ICE) were 59% for bare Zn/ZnO and 54% for both
carbon-coated samples. These lower ICE values in carbon-coated electrodes are attributed to their
higher surface area, which increases active sites for electrolyte decomposition and SEI formation.
SEM/EDS and porous morphology support this, consistent with previous reports linking higher
surface areas and oxygen groups to larger irreversible capacities (Thauer et al., 2021).

The lower ICE values in the carbon-coated electrodes are most likely due to their higher specific
surface areas, which increase the number of active sites available for electrolyte decomposition and
SEI formation. As a result, more Li* ions are irreversibly consumed during the initial cycle,
contributing to the lower coulombic efficiency.

Despite this early inefficiency, the long-term cycling results indicate that carbon-coated
samples achieve significantly improved stability. By the 100th cycle, the Zn/ZnO, Zn/ZnO@C-5, and
Zn/ZnO@C-7 electrodes-maintained charge/discharge capacities of 104/105 mAh g*, 317/320 mAh
g!, and 383/389 mAh g, respectively. Moreover, their coulombic efficiencies improved to 99.3%,
99.2%, and 98.4%, indicating that the lithiation/delithiation processes became highly reversible over
extended cycling.

To further explore this long-term stability, the cycling performance was evaluated at a current
density of 50 mA g! across a voltage range of 0.05-2.5 V, as shown in Fig. 4e. The data reinforces
the superior capacity retention of carbon-coated samples compared to the bare Zn/ZnO electrode.
After 100 cycles, the Zn/ZnO sample maintained a specific capacity of ~100 mAh g', while
Zn/ZnO@C-5 and Zn/ZnO@C-7 retained ~320 mAh g and ~380 mAh g!, respectively.

All electrodes initially exhibited a decrease in capacity over the first 20 cycles, which can be
attributed to the ~300% volume expansion of ZnO during lithiation/delithiation. This significant
expansion impairs the mechanical integrity of the electrode, leading to layer cracking and loss of
active material. However, following this initial degradation, a moderate increase in specific capacity
was observed, likely due to the exposure of new electrochemically active sites formed because of
structural fracturing. Eventually, with prolonged cycling, mechanical degradation reaches a critical
point beyond which capacity undergoes irreversible fading.

The presence of a carbon coating plays a crucial role in mitigating this issue. Owing to its
electrical conductivity and structural flexibility, the carbon layer effectively suppresses the negative
impact of volume fluctuations, thereby enhancing the cycling stability. Notably, this improvement is
attributed to the mechanical buffering effect of the carbon rather than its electrochemical activity.
This is further supported by the absence of any carbon-related peaks in the differential capacity
(dQ/dV) profiles, indicating that the carbon does not participate in redox reactions within the cell
(Wang et al., 2022).

As shown in Fig. 5, the discharge capacities of Zn/ZnO@C foam at current densities of 50, 100,
500, and 1000 mA g were 1929, 615, 371, and 225 mAh g', respectively. When the current was
reduced back to 50 mA g!, the capacity quickly recovered to 964 mAh g!, demonstrating excellent
rate reversibility and structural integrity. In contrast, the pristine Zn/ZnO foam delivered lower
discharge capacities of 1445, 533,292, and 174 mAh g at the same respective current densities, and
showed a lower recovery capacity of 811 mAh g when returned to 50 mA g!. The performance
degradation observed in Zn/ZnO foam can be attributed to increased internal resistance and structural
instability under rapid charge/discharge cycling, which may lead to mechanical degradation and loss
of electrochemical active sites. By comparison, the good electrochemical performance of Zn/ZnO@C
foam is ascribed to the uniform carbon coating that enhances electronic conductivity and suppresses
volume expansion during lithiation/delithiation. This buffering effect not only preserves the
electrode’s structural integrity but also facilitates ion/electron transport, resulting in higher specific
capacities, improved rate capability, and good reversibility. These results confirm that the
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introduction of carbon significantly improves the electrochemical kinetics and mechanical stability
of Zn/ZnO-based electrodes for lithium-ion batteries (Thauer et al., 2021a).

To benchmark our approach, Table 1 compiles ZnO-based electrodes coated with carbon from
different precursors alongside their electrochemical metrics, providing direct context that our PEO-
derived Zn/ZnO@C foam delivers competitive or superior performance.

Table 1. Comparison of ZnO-based anodes with carbon coatings from different precursors.

Sample Carbon Source / | Capacity | Current | Bare ZnO DOI / Reference
Coating Method | After 100 | Density after 100
Cycles cycles
(mAh/g) (mAh/g)
ZnO/C (from | Calcination  of 300 100 100 (Thauer et al., 2021b)
zinc zinc glycerolate mA/g
glycerolate) in N2
ZnO/C Sol-gel + 490 100 360 (Guo et al., 2020)
microspheres | calcination mAJ/g
Zn0O/C Atomic layer 430 200 200 (Y. Lietal., 2017)
deposition mA/g
Zn0O/C ZnO  nanorods | 330 (50 0.25C - (J. Liu et al., 2009)
microspheres | coated with | cycles)
carbon nanotubes
Zn/ZnO@C Dip coating with 380 50 100 This work
foam (coated) | PEO + pyrolysis mAJ/g

5. Conclusion

In summary, a carbon-coated Zn/ZnO anode was successfully fabricated on Zn foam via
thermal oxidation followed by carbonization, and demonstrated as a three-dimensional (3D)
structured material for lithium-ion batteries (LIBs). Structural and compositional analyses using
XRD, SEM, SEM-EDS, and FTIR confirmed the successful formation of the carbon-coated ZnO on
the 3D foam substrate. The interconnected porous architecture provided a high surface area that
enhanced electrolyte accessibility and shortened lithium-ion diffusion paths. Additionally, the carbon
layer effectively buffered the large volume changes of ZnO during cycling and improved its intrinsic
electronic conductivity. As a result, the Zn/ZnO@C electrode delivered significantly improved
electrochemical performance, achieving a stable capacity of approximately 380 mAh g at 50 mA
g ! after 100 cycles, compared to only ~100 mAh g for the uncoated Zn/ZnO electrode under the
same conditions. This substantial enhancement highlights the potential of carbon-coated Zn/ZnO
foams as promising anode materials for next-generation high-performance LIBs.
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3D Zn/ZnO@C aHoOaBbIH ajy YIIiH KapamaibiM TEPMHUSUIBIK TOTBIFY KJHE
KOMIPTeKIIeH KanTay dici

Epxirit Cepik, Hypoonar Ucaraes, Moaaup ApxapoéexoBa, ’Kymadait bakenos, Apaiibim
HypneiicoBa, Aimss MykaHoBa

Anaarna. Kasipri tagaa nmutuii-uonasik 6atapesnap (LIBs) yiriH Korapbl @HIM/1 XKOHE TYPaKThI
aHOJTBHIK MaTepUaIap/bl JAMBITY — ©3€KTi FRUIBIMH MacenenepAi Oipi. by skyMbicTa TepMHUSIIBIK
TOTBIFY XOHE KOMIPTEKTEHIIPY dicTepl apKbuibl Zn/ZnO Heri3inaeri ymemnmemai (3D) keOik Topizai
aHoJ cuHTe3neNin, OHbIH OeTi momudTUieHokcus (PEO) apkpuibl KeMipTeKneH KamTamibl.
DOneKkTpoATHIH KypbUIbiMbI MeH Kypambl XRD, SEM, EDS >xone FTIR onicTepi apKbUIbl CUITATTAJIIBI.
YienmeMai KeyekTi KYpPbUIBIM JIMTUA HMOHAAPhl MEH DIEKTPOHIAPIbIH TachIMANIbIH KaKcapTa
OTBIPBIT, KOJIEM/IIK KEHEIOAIH ocepiH azaitanbl. Kemiprek Kabatel ZnO-HBIH 3JIEKTPOTKI3TIITITIH
apTTHIPBIN, I[HMKJI KE31HAE€ OHBIH KYPBUIBIMIBIK  TYPaKTBUIBIFBIH  KaMTaMmachl3  €Tell.
DAeKTPOXUMHUSIIBIK 3epTTey HaTnxkenepl Zn/ZnO@C snektponabiabiH 100 nukngan keitin 50 MA- 1!
TOK THIFBI3JBIFRIHIA IaMaMeH 380 MA -caf T~! CBINBIMIBUIBIKTHI TYPAKThI CAKTAUTHIHBIH KOPCETTI, all
KeMipTekneH Kantaamarad Zn/ZnO anonbl Tek ~100 MA-car ' KepceTTi. AJIBIHFaH HOTHKETEP
KoMIpTeKkIneH KantanraH Zn/ZnO ke0ik aHOATapbIHBIH OOJAIIaK KOFapbl OHIMII JTUTH-HUOHIBIK
Oartapesuiap YIIiH epCHEKTUBAJIbI MaTeprail eKeHIH JTaIenaei .

Tyiiin ce3aep: MUTHI-MOHIBI OaTapesap; JIEKTPOJ MaTepualapbl, SHEPTUS CaKTay XKyHenepi;
AIEKTPOXUMHUSI.

IIpocTasi cTpaTerusi TePMHYECKOT0 OKHCJIEHHS M HAHECEHHs YIJIEPOIHOIO
nokpbITUst 11 nojaydenust 3D anoga Zn/ZnO@C
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Ep:xurut Cepux, Hypooaar Ucaraes, Moaaup ApxapoexkoBa, ’Kymadaii bakeHoB, ApailjibiM
HypneiicoBa, Anuss MykaHoBa

AnHoTanus: B Hactosmee Bpemsi pa3paboTka BhICOKOI((EKTUBHBIX M CTAOWIBHBIX aHOIHBIX
MaTepHuasoB JUIsl TUTUH-HOHHBIX OaTapeii (LIBS) sBnsercs akryansHO# HaydHOM 3a1aueid. B nanHoM
paboTe METOOM TEPMHYECKOTO OKHCICHHS M KapOOHM3aIuu ObUI CHHTE3UPOBAH aHOJ Ha OCHOBE
Zn/ZnO B Bume TtpéxmepHoii (3D) mopucTOl IIEHBI, MOBEPXHOCTH KOTOPOrO ObLIA IOKPHITA
yIIAepooM ¢ Hcnosib3oBanueM nonmdTmiieHokeuaa (PEO) B kadectBe mpekypcopa. CTpykrypa u
cocTaB 3JIeKTpoaa OblIu oxapaktepuzoBaHbl Merogamu XRD, SEM, EDS u FTIR. Tpéxmepnas
MOPHUCTAasi APXUTEKTypa CIOCOOCTBYET YIYUIICHHOMY IEPEHOCY JIMTHEBBIX HOHOB U 3JIEKTPOHOB, a
TaKXKE CHIDKACT BIMSAHUE OOBEMHOTO PpACHIMPEHUs. YTJICPOIHOE TIOKPHITHE IOBBIIIACT
aneKkTpornpoBoHOCTE ZNO u obecreynBaeT CTPYKTYPHYIO CTaOMIIBHOCTH MaTepHaja B Ipolecce
UKJIMPOBAHUS. DIEKTPOXUMHUUYECKUE UCTBITAHMS TIOKa3au, 9To 3nekrpon Zn/ZnO@C coxpauser
CTaOMIIBHYIO YICIBbHYIO EMKOCTE 0K0JI0 380 MA u/T mocne 100 muKI0B Mpu IIOTHOCTH ToKa S0 MA/T,
Toraa Kak HeobOpaGoraHHBIH 3jekTpon Zn/ZnO mpoaemoHcTpupoBan juiib ~100 MA-4/r.
[Tony4yeHHbIE pe3yabTaThl IMOATBEPKIAIOT IMEPCIEKTUBHOCTh IIeHOMarepuaioB Zn/ZnO ¢
YIJIEPOJHBIM MOKPHITUEM B KA4eCTBE aHOTHBIX MATEPHAJIOB JIJISl JIMTUH-MOHHBIX Oarapeid HOBOTO
MTOKOJICHUSI.

KuroueBble cioBa: nuTHI-MOHHBIE OaTaped; 3JEKTPOJHBIE MaTepHallbl; CUCTEMbl HAKOIUICHUS
OHEPIUHU; DIEKTPOXUMHUSL.
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