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Graphite, with a modest specific capacity of 372 mA h g~ is a stable material for lithium-ion battery
anodes. However, its capacity is inadequate to meet the growing power demands because the formation of
an irregular solid electrolyte interphase (SEI) can result in unstable performance. In this research, we used a
few cycles of atomic layer deposition (ALD) to deposit ZnO on graphite particles as an anode with improved
electrochemical stability. Transmission electron microscopy revealed that ZnO was in the form of
nanoparticles due to the inert surface properties of graphite and only a few cycles of ALD. Electrochemical
characterization demonstrated that the ZnO ALD nanoparticles significantly inhibited dendrite growth, and
X-ray photoelectron spectroscopy revealed that side reactions at the electrolyte—electrode interface were

Received 26th August 2024, inhibited with the deposition of ZnO. The SEI layer was stabilized, which improved the cycling stability of the

Accepted 21st December 2024 ZnO-graphite composite electrode. The electrode made of graphite with 2 cycles of ZnO ALD had about
20% higher discharge capacity than that of pristine graphite, and it remained stable at 420 mA h g~ after

500 cycles of charge/discharge. This surface modification technique can significantly increase the potential
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Introduction

Lithium-ion batteries (LIBs), currently the most widely used
rechargeable batteries, offer the benefits of small size, high energy
density, highly reversible cycling, minimal self-discharge, and no
memory effects." However, some challenges remain and limit the
further applications of LIBs, such as the formation of lithium
dendrites, irregular formation of a solid electrolyte interphase
(SEI), volume changes, and side reactions.” The formation of
dendrites can create a thick SEI and increase Li-ion consumption.
Additionally, dendrites produce dead lithium, creating an irrever-
sible capacity loss and sharply lowering energy density; they can
also cause interior short circuits, propagation of thermal runaway,
gas venting, and explosions.>*

Although graphite-based anodes are extensively used as
LIB anodes,’ their moderate theoretical capacity is unlikely to
satisfy the increasing power demands of electric-powered vehi-
cles, aircraft, and grid-scale storage.”®'' It is desirable to
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use of widely available graphite composites for high-performance batteries.

enhance the performance of widely available graphite. In
electrodes, the SEI layer exposed to the electrolyte must be
both electrically insulating and permeable to Li-ions in order to
limit electrolyte decomposition during charge/discharge
cycling.>”**2* If the SEI layer grows too thick, fewer Li-ions
can be inserted, causing increased resistance to Li-ion penetra-
tion into graphite and decreased reversible capacity. To realize
the full potential of graphite electrodes, it is essential to reduce
dendrite growth and control the thickness of the SEI layer, thus
improving their electrochemical properties.’**>°

Significant research has sought novel, low cost anode mate-
rials that are not dependent on an intercalation mechanism
and can offer higher energy density, higher power density, and
longer lifetimes.>'"***7?% zinc oxide (ZnO) is one such sub-
stance, and it has a higher Li-ion diffusion coefficient and
allows Li-ions to diffuse readily. The theoretical discharge
capacity of ZnO (987 mA h g™ ') is nearly three times that of
graphite (372 mA h g~'), making it a potential candidate for
rechargeable Li-ion battery anodes, compared to the other
transition metal oxides.® However, due to their significant
volume expansion (228%) during charge/discharge cycling,
ZnO electrodes lose stable contact with the current collector
and experience electrode pulverization, leading to quick capa-
city fading.®**°73! This volume change leads to early capacity
loss, affects rate capability, and compromises safety.”*>7¢
Because ZnO and other transition metal oxides cannot resolve
this inherent stability issue, they are ultimately not appropriate
for real-world applications in their bulk form. Applying highly
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dispersed ZnO nanoparticles or ultra-thin films can overcome
the issue of volume expansion and improve Li-ion transport
while resolving the stability issue.?”®

Atomic layer deposition (ALD) is a layer-by-layer thin film
coating technology and it has been used to modify the surface of
electrodes or electrode particles. This work focuses on the
performance enhancement of graphite particles by ZnO ALD.
Only a few cycles of ALD were used to deposit ZnO on graphite
particles, and the obtained composite particles were system-
atically characterized and evaluated as anodes for LIBs. Due to
the limited number of ALD cycles and the inert nature of the
graphite surface, ZnO was deposited on the graphite particle
surface as nanoparticles, not one continuous layer of film.
Normally, a conformal film will be formed when deposited
through a sufficient number of ALD cycles."'*® The capacity of
graphite electrodes is often lower than their theoretical capacity
due to various factors, such as side reactions and the formation
of an unstable SEI layer. In this study, the deposited ZnO
nanoparticles acted as a physical barrier, inhibiting the growth
of lithium dendrites during charge/discharge cycling, thereby
enhancing the electrode’s long-term cycling performance. ZnO
ALD also facilitated the transport of lithium ions within the
electrode, improving the kinetics of the intercalation and de-
intercalation processes. This improvement in ion mobility leads
to a notable increase in capacity and enhanced rate capability.

Experimental section
ZnO ALD on graphite particles

ZnO ALD on graphite particles was carried out in a fluidized bed
reactor. Diethylzinc (Sigma Aldrich) and deionized water, used as
precursors for Zn and O, respectively, were delivered into the reactor
by their vapor pressures at room temperature. In a typical ZnO ALD
cycle, diethylzinc was first fed into the reactor and interacted with
functional groups on the particle substrate surface. When the sur-
face reaction was completed, diethylzinc flowing into the reactor was
halted, and nitrogen gas was fed into the reactor to remove
unreacted diethylzinc and any byproducts from the reactor chamber.
In the second half reaction, water vapor was then fed into the
reactor, removing the ethyl groups from the adsorbed diethylzinc
and leaving a hydroxide group on the substrate surface, and nitrogen
gas was fed into the reactor to remove unreacted water and any
byproducts from the reactor system. By repeating this process, we
can deposit ZnO with a precisely controlled amount on the surface of
the graphite particles. The reactor temperature was 200 °C. The
dosage duration, purging time, and inert gas flow rate were con-
trolled by LabVIEW software. Various amounts of ZnO were depos-
ited by varying the number of ALD cycles (e.g, 0, 2, 5, and 10 cycles of
ZnO ALD), and the samples were labeled as UC-graphite, 2Zn-
graphite, 5Zn-graphite, and 10Zn-graphite, respectively.

Electrode preparation and coin cell assembly

The working electrode was prepared by mixing graphite and/or
ZnO-graphite composite particles with carbon black (CB; Alfa
Aesar), polyvinylidene fluoride (PVDF; Sigma-Aldrich) with a
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mass ratio of 85:5:10 and N-methyl-2-pyrrolidone (NMP;
Sigma-Aldrich). The resulting slurry was uniformly coated on
copper foil with a doctor blade (MTI Corp.), then first dried on a
heated platform at 90 °C for a few minutes and then in a vacuum
oven at 120 °C overnight. Finally, electrode disks with a mass
loading of about 3 mg cm™> were punched out of the coated foil.
A 2032-type coin cell was assembled at ambient temperature in a
glove box that was filled with argon (oxygen and moisture
concentrations of less than 0.1 ppm). The counter electrode
was a 15 mm diameter Li-metal foil disk (99.9% trace metals
basis, Sigma-Aldrich). The electrolyte was a solution of 1 M LiPFs
in ethyl methyl carbonate/ethylene carbonate (EMC/EC, 1:1 by
volume), and the separator was a porous tri-layer polymer made
of polypropylene (PP)/polyethylene/PP (Celgard Inc.).

Electrochemical measurements

A NEWARE battery tester with a voltage range of 0.01-1.5 V was
used for the electrochemical testing at room temperature. The
first two cycles of charge/discharge were conducted at a current
density of 0.1C (1C = 372 mA g ). Galvanostatic analysis was
carried out to assess the electrochemical characteristics of the
assembled coin cells. Electrochemical impedance spectroscopy
(EIS) was carried out using a potentiostat (SPE-150, BioLogic)
with an impedance spectrum ranging from 1 MHz to 10 mHz
and an amplitude of 5 mV after coin cells were fully discharged;
cyclic voltammetry (CV) was carried out within a potential range
of 0-2.5 V and a screening rate of 0.1 mV s~ .

Material characterizations

X-ray photoelectron spectrometry (XPS, Kratos Axis 165, mono-
chromatic AIK radiation source) was used to determine the
elemental composition of the electrodes before and after cycling.
Scanning electron microscopy (SEM) was used to investigate the
morphology and microstructure of the electrode and bare
graphite-based anode materials using field emission SEM (FEI
Helios Nano Lab 600). Transmission electron microscopy (TEM)
was carried out with a JEOL JEM-2100F field-emission STEM and
a Bruker SDD energy dispersive X-ray (EDX) spectrometer to
directly observe the existence and morphology of ZnO on gra-
phite particles. The compositions and crystal structure of the
active materials were analyzed by using Fourier transform infra-
red spectroscopy (FTIR, Nicolet IS50) and X-ray diffraction (XRD,
Bruker d8 X-ray Diffractometer), respectively.

Results and discussion

Pristine graphite and ZnO-graphite composite powders were
analyzed by FTIR. This analytical approach was used to inves-
tigate the chemical composition and molecular structure of
these materials, providing insights into the role of functional
groups. As shown in Fig. S1 in the ESL{ both pristine graphite
and ZnO modified graphite powders exhibited multiple peaks,
including those at around 1342 cm ™' and 1183 cm™ ', indicative
of asymmetric C-C stretching within the graphite, and the
bending vibration of C-H from the alkane group. FTIR analysis

© 2025 The Author(s). Published by the Royal Society of Chemistry
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provides bonding information between ZnO and graphite.
A very weak peak at 431 cm™ " in the ZnO-graphite composite
was attributable to the Zn—-O stretching vibration of the Zn-O-C
bond. To gather more information, we performed XRD and
XPS studies.

The crystallinity of the ZnO-graphite composite and the
pristine graphite powders was assessed using XRD. As shown
in Fig. 1, the XRD pattern of UC-graphite showed two diffrac-
tion peaks at 26.74° and 43.20°, which correspond to the feature
peaks (002) and (101) of graphite, respectively. The composite
powders exhibited distinct and well-defined diffraction peaks
corresponding to the structure of ZnO, consistent with prior
ZnO ALD research.®'®'" Notably, no shift in the primary
graphite peak (002) was observed, confirming that the struc-
tural integrity of the graphite substrate was maintained during
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_ =0 | T 2t¢ 8§
=] 5Zn-graphite
s
- A A A
:'5 2Zn-graphite
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R X

20 30 40 50 60 70 80
2 Theta (degree)

Fig. 1 XRD profiles of pristine and coated graphite powders.
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the ALD process. The diffraction peaks at 20 = 36.2°, 37.8°,
44.09°, 58.6°, 64.8°, 65.7°, and 68.4° are assigned to (002), (101),
(102), (110), (103), (112), and (201) planes of ZnO. As the
number of ALD cycles increased, the characteristic peaks of
ZnO became more obvious due to the increased ZnO amount.

TEM was utilized to investigate the morphology and micro-
structure of ZnO deposited graphite particles. As expected, no
continuous layer of ZnO films was formed, due to the inert
nature of the graphite surface without many functional groups
and the ZnO nanoparticles are expected to grow on defect sites,
especially edges with functional groups. In general, with the
increase in the number of ALD cycles, a continuous layer of film
could form.**° Fig. 2a shows low-magnification TEM images
of the 10Zn-graphite sample. ZnO nanoparticles with varying
sizes from 2 nm to 11 nm were clearly observed on graphite
particles with different cycles of ZnO ALD, as shown in Fig. S2
(ESIY). The average particle size did not change much with the
increase of the number of ALD cycles; 2.6 £+ 0.2 nm for 2Zn-
graphite, 2.9 + 0.6 nm for 5Zn-graphite, and 2.9 &+ 0.7 nm for
10Zn-graphite (Note: the particle size distribution does not
show particles smaller than 2 nm due to the TEM device’s
detection limit). The consistent particle sizes observed in this
study, particularly for fewer ALD cycles, are advantageous for
enhancing the surface area and ion transport. However, with a
higher number of ALD cycles, a broader particle size distribu-
tion suggests some degree of particle aggregation during ZnO
ALD, which may impact the interfacial properties and perfor-
mance. The small and consistent particle sizes observed in this
study may contribute to improved material properties, as smaller
particles often enhance the surface area and ion transport.

Fig. 2
powders.

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

(a) Low magnification of TEM images and (b) high-resolution TEM image of 10Zn-graphite powders, and (c) EDX mapping of 10Zn-graphite
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However, further studies or theoretical models are required to
fully substantiate their role in advanced battery applications.
In this study, we can safely say that ZnO nanoparticles
should be formed on these samples with the number of ALD
cycles fewer than 10. A high-resolution TEM image displayed as
Fig. 2b reveals the lattice of ZnO with a space of 0.20 nm that
is ascribed to the (101) plane of ZnO. Yellow lines indicate the
graphite crystal plane with a space of 0.34 nm corresponding to
the (002) plane between two single graphene layers in graphite,
which is consistent with the XRD findings. This indicates that
some of the graphite surface coordinated oxygen functional
groups transferred to ZnO lattice sites during the deposition
process as a substitute for oxygen vacancies, resulting in the
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formation of C-O-Zn bonds in the composite. Fig. 2c shows
EDX elemental mapping of 10Zn-graphite, which confirms the
element distribution of Zn, indicating that ZnO was success-
fully deposited on graphite particles using ALD with a consis-
tent distribution of ZnO throughout a population of particles.

Cyclic voltammetry and EIS measurements were used to
investigate the SEI formation and growth, internal resistance,
and charge transfer resistance of electrodes. We examined the
CV curves to determine various properties, such as peak posi-
tions and peak currents. These variables can reveal details
about the chemical reactions taking place at the electrode
surface. In order to fully understand the lithium-ion insertion
and extraction processes within the composite material, we
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Fig. 3 CV curves of the first five cycles of charge/discharge at 0.1 mV s for electrodes made of (a) UC—graphite, (b) 2Zn—graphite, (c) 5Zn—graphite,
(d) 10Zn—graphite, and (e) peak current vs. the square root of the scan rate for graphite electrodes.
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looked at the redox peaks and their positions on the potential
axis. CV curves were used to evaluate the kinetics and reversi-
bility of Li-ion intercalation in both pristine graphite and ALD
ZnO-graphite composite electrodes for the first five cycles of
charge/discharge at a scan rate of 0.1 mV s '. The anode
potential window ranged from 2.5 V to 0.01 V vs. Li'/Li, as
shown in Fig. 3a, and then swept back to 2.5 V, which reflects
the potential range under typical battery operation. For all five
cycles, the oxidation peak for both pristine and composite
electrodes remained at ~0.2 V; all electrodes showed a dra-
matic increase in the current during cycling, but it was higher
in the composite electrodes except for the 10Zn-graphite
electrode, for which it was lower, as shown in Fig. 3. This
behavior indicates that Li-ion transport during the lithiation/
de-lithiation process was faster in 2Zn-graphite and 5Zn-
graphite composite electrodes, which is similar to other phe-
nomena reported previously.***°

In the first cathodic scan, the electrodes made of ZnO ALD
modified graphite particles showed a slightly wider reduction
peak at around 0.23 V, as shown in Fig. 3b-d. Due to the
reduction process, ZnO reacts with Li-ions to produce stable
compounds, such as amorphous Li,O (ZnO + 2Li" + 2~ <> Zn +
Li,O; specific capacity = 658 mA h g ').”° The additional
capacity (>372 mA h g~') may result from this reaction. These
stable compounds can become part of the SEI layer, improving
its robustness and reducing continuous SEI layer growth, which
consumes lithium and the electrolyte. However, the volume
change from the ZnO conversion reaction in the samples
with a high number of ALD cycles may lead to contact loss or
decomposition.’ The anodic scan of the modified electrodes
(2Zn-graphite, 5Zn-graphite, and 10Zn-graphite) revealed sev-
eral oxidation peaks in the potential range of 0.15 V to 0.35 V,
which could be related to the decomposition of the SEI layer
and the subsequent formation of ZnO from Li,0.>*

However, as illustrated in Fig. 3a and b, the amplitude of the
current peak of the 2Zn-graphite was greater than that of the
UC-graphite, where both electrodes have the same thickness.
This could be the result of the improvement of the de-intercalation
of Li-ions and the cell capacity increase and reversibility of the ZnO
modified anode material. This finding can be attributed to the
specific properties of the low amount of ZnO ALD, which may
impact the kinetics of SEI formation during the initial cycles of
charge/discharge. The size of these ZnO nanoparticles was smaller
than those reported in other studies.”'' This offers a higher
surface area-to-volume ratio, which is crucial for enhancing elec-
trochemical reactions. This higher surface area can lead to
improved battery performance by providing more active sites for
lithium ion intercalation, resulting in faster kinetics. ZnO ALD may
prevent localized electrolyte decomposition and SEI layer for-
mation, which enhances the SEI layer stability. The current peak
amplitude was also greater than that of 10Zn-graphite (Fig. 3d),
resulting from the larger amount of ZnO nanoparticles that could
store Li-ions; however, a larger amount of ZnO nanoparticles may
lead to aggregation of nanoparticles, which can compromise the
structural integrity of the electrode. 5Zn-graphite offered a trade-
off between Li-ion conductivity/buffering and storage. In the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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composite electrodes, there were no extra peaks found in the
initial lithiation/delithiation process at 0.55 V and 1.33 V, confirm-
ing that there were no alloying/dealloying processes of Li,Zn alloys,
as confirmed by the XPS results. Because the lithiation reaction
occurred in the same potential window of graphite as that of the
zinc reaction with lithium, no zinc alloys formed, so no heat
treatment of the deposited ZnO was required.

To explore the lithium-ion diffusion properties, CV measure-
ments were performed on graphite electrodes at scan rates
ranging from 0.1 mV s ' to 1.0 mV s~ " (refer to Fig. S3 in the
ESIt). Fig. 3e illustrates a linear relationship between the peak
current (I,) and the square root of the scan rate (v'%) for these
electrodes, implying a semi-infinite linear diffusion during
cycling. The Randles-Sevcik equation was used to calculate the
diffusion coefficient (D) for the materials, with I, representing the
number of electrons involved in intercalation (n), A representing
the surface area of the electrode per unit weight of active
materials, C representing the concentration of lithium ions within
the active materials, v representing the scan rate, and D represent-
ing the resulting diffusion coefficient, as shown in eqn (1). Table 1
shows the apparent lithium-ion diffusion coefficients for the
pristine graphite and 2Zn-graphite composite electrodes, which
exhibit distinct patterns for each anode material.

I, = 2.69 x 10° AC (n*vD)"* (1)

Fig. S3 (ESItT) shows the first cycle of charge/discharge of the
UC-graphite and 2Zn-graphite anodes, with various scan rates
of 1 mvV s 0.5 mvV s 025 mV s and 0.1 mV s},
demonstrating how the peak width decreased as the scan rate
was reduced. The anodic peaks became wider as the scan rate
increased, and the lithium insertion/de-insertion became
delayed. The irreversible capacity loss indicated by the perfor-
mance in Fig. 3a-e and Fig. S3 (ESIt) can be reduced by
modifying the graphite surface with ZnO ALD, because of the
structure of graphite, lithium ions could move to the edges and
diffuse inside the parallel layers during cycling, and the ZnO
nanoparticles are normally located on the edges with defects,
which are also Li ion insertion sites; this aids in lithium-ion
diffusion, which controlled the SEI layer and accelerated the
lithiation and de-lithiation processes that allowed for more Li-
ions to be extracted from the modified anode.® The differences
in current peak amplitudes shown in Fig. 3a, b and Fig. S3
(ESIT) are due to slight variations in experimental conditions
during sample preparation and measurement. While Fig. 3a
and b show data obtained under controlled and consistent
conditions, Fig. S3 (ESIt) includes a broader measurement
range for further context. Despite these differences, the
observed trend of a more effective current response in the

Table 1 Calculated D;* values of the pristine graphite and 2Zn—graphite
composite electrodes

Dy (em®s™) - Dy (em®sY) -

Electrodes anodic peaks cathodic peaks
UC-graphite 11 x 10" 4.9 x 10 **
2Zn-graphite 1.8 x 107" 7.5 x 107

Energy Adv, 2025, 4, 249-261 | 253
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2Zn-graphite sample over UC-graphite is consistent and reli-
able. Furthermore, minor changes in the measurement setup or
experimental bias may lead to these small variations. However,
these characteristics do not impact the overall conclusion of the
enhanced performance of 2Zn-graphite. Adding a small quan-
tity of nanoparticles, especially those smaller than 15 nm, to
the electrode material could greatly minimize the diffusion
distance of lithium ions.**"® As ions can intercalate and de-
intercalate more quickly from the electrode material, this
shorter path allows for faster kinetics. The CV helps understand
the redox reactions, faradaic behavior, and charge storage
mechanisms within the electrode material. The findings help
to characterize and comprehend the composite’s potential as
an anode material for lithium-ion batteries.

To describe the enhanced functionality and durability of the
composite anode material, we evaluated the EIS data. A semi-
circle and a line in the Nyquist plot correspond, respectively, to
the high-medium frequency and low-frequency bands. When
the semicircle is in the middle-frequency region, it is linked
to the charge transfer resistance (R.) of the Li-ion intercalation

View Article Online
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into the electrode. The interfacial layer resistance (Ry), which is
attributed to Li-ion diffusion through the SEI layer, solution
resistance, and resistances from connections and the current
collector, is associated with the high-frequency region. The
Warburg impedance, or W,, which is associated with Li-ion
diffusion in the solid substance, is represented by the linear
section in the Nyquist plot.>"*

As shown in Fig. 4, R, recorded in composite electrodes is
considerably lower than that of UC-graphite, which is attrib-
uted to the greater number of intercalation sites.®*®*" The
smaller semicircle width, seen in Fig. 4b-d, is a sign that R of
the ZnO modified graphite has dropped. As Fig. 4a shows, the
semicircle is wider for UC-graphite due to the high resistance of
the dense SEI layer and reduced ionic conductivity of
graphite.>*>**™> For all ZnO-graphite composite electrodes,
the resistance is reduced because ZnO can enhance the ionic
conductivity of the SEI layer by providing pathways for lithium-
ion transport. This ensures efficient charge transfer, reduces
impedance, and minimizes side reactions, contributing to the
overall stability and performance of the SEI layer. The minimized
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side reactions suppressed dendrite growth, enabling a stable and
homogeneous SEI layer to form. This finding is supported by the
XPS data, which indicate that the 2Zn-graphite formed fewer
byproducts. The reason is that 2Zn-graphite has the lowest
resistance, which maximizes ion transport during electrochemi-
cal reactions and thus the Li-ion diffusion performance in the
composite anode. To better understand the electrochemical
mechanisms and the impact of the ZnO ALD on the performance
of the graphite electrode in lithium-ion batteries, Fig. S4 (ESIT)
compares the composite and pristine graphite electrodes after
normalizing the Nyquist plots.

When the number of ZnO ALD cycles was larger than 2,
larger ZnO nanoparticles were formed, as is shown in Fig. S2
(ESIt), which might increase irreversible capacity. When nano-
particles aggregate, the resulting clusters that operate similarly
to larger particles do not effectively accommodate the volume
expansion that occurs during ions’ insertion and extraction.
This aggregation limits the effective surface area accessible for
reactions and may increase resistance in the electrode
material.***?*° Therefore, maintaining suitable nanoparticle
sizes and quantities is critical for sustaining their nanoscale
advantages and preventing particle agglomeration, as is dis-
played in Fig. S2 (ESI¥).

Interestingly, the low cycle number of ZnO ALD shows a
different trend, implying that the presence of a low amount of
ZnO may contribute to more consistent and stable interfacial
properties. The cycle number-dependent response underlines
the role of ZnO amounts in determining long-term electrode-
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electrolyte interface stability. The variation in R can be attrib-
uted to dynamic changes at the electrode-electrolyte interface
during prolonged cycling.>****™** The initial decrease in Ry
may be attributed to the SEI layer’s altering features, such as
reorganization or improved Li-ion transport, as the system
stabilizes under protracted cycle circumstances.'* However,
the following increase in Ry shows that the SEI layer may have
been degraded or altered, resulting in increased interfacial
resistance. As seen in Fig. 4e, an equivalent circuit was used
to match the Nyquist plot for the ZnO-graphite battery.
Galvanostatic charge/discharge measurements were used to
further assess the electrochemical characteristics of pristine
graphite and ZnO-graphite composite electrodes. To evaluate
the long-term stability and discharge capacity of the modified
graphite, a longer charge/discharge cycling test was performed on
graphite and ZnO-graphite composite electrodes at a current rate
of 0.2C for 500 cycles (as shown in Fig. 5a). Fig. 5b depicts the
discharge capacity during Li-ion insertion/extraction at various
current rates at room temperature. Fig. 5¢ and d show the 1st,
2nd, 5th, and 10th discharge/charge curves of UC-graphite and
2Zn-graphite, respectively, at a 0.2C rate. As seen in Fig. 5c,
pristine graphite provided only 275.6 mA h g™, which is 74% of
the theoretically expected capacity.*® In our study, the stable 2Zn-
graphite composite exhibited a capacity that surpassed the theo-
retical capacity value of graphite when used as a standalone
material, since part of the discharge capacity was contributed by
ZnO, which has a theoretical discharge capacity (987 mA h g™ )
nearly three times that of graphite. The observed outcome aligns
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materials. The 1st, 2nd, 5th, and 10th discharge/charge curves of (c) UC—graphite and (d) 2Zn—graphite at a current rate of 0.2C.
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with findings from prior studies involving ZnO-ALD.>'"*° ZnO-
graphite composites can often exhibit higher discharge capacity
due to the contribution of ZnO. The coulombic efficiency (CE)
values for graphite electrodes are presented in Fig. S5 (ESIt). The
initial CE reflects the extent of lithium-ion loss during the initial
cycles, which is primarily due to SEI formation and irreversible
side reactions at the electrode surface. For the UC-graphite
electrode, the initial CE was ~ 85%, indicating significant lithium
consumption during the formation of a thick and unstable SEI In
contrast, the ZnO-coated graphite electrodes exhibited a higher
initial CE value of >92%, which minimizes irreversible lithium
consumption by promoting the formation of a compact and
stable SEL

In its first discharge cycle, the 2Zn-graphite electrode exhibited
a discharge capacity of 483 mA h g™, as shown in Fig. 5d, even
though the discharge capacity gradually dropped as the current
rate increased, as shown in Fig. 5b. This suggests that the ZnO
ALD inhibited further SEI formation, improved the battery’s initial
electrochemical performance, and helped minimize capacity loss
during multiple charge/discharge cycles, as shown in Fig. 5¢ and d.
The increased capacity was attributed to the ZnO nanoparticles
with the increased number of reaction intercalation sites. Accord-
ing to recent studies, ZnO nanoparticles can lead to higher specific
capacities and improved cycling stability due to shorter diffusion
pathways, reduced overpotential, and reduced polarization effects.
ZnO films with a larger number of ALD cycles can mask a larger
graphite surface and reduce the active material utilization, which
aligns with findings from prior studies.*”*® All the composite
electrodes proved to be stable except for the 10Zn-graphite
electrode; it became unstable when the discharge capacity started
to decline rapidly; the instability is attributed to the excessive
amount of ZnO, which allows nanoparticles to aggregate and thus
may not effectively accommodate the mechanical stresses and
avoid volume changes that occur during cycling. This could result
in a decrease in stable capacity. Despite the high current rate of 5C,
as shown in Fig. 5b, the 2Zn-graphite had the greatest discharge
capacity, around 420 mA h g™, with almost 100% reversibility
when it reverted to the 0.1C current rate. The rate performance of
the 2Zn-graphite electrode was compared to that of related
graphite-based anodes studied in recent years, as summarized in
Table S1 (ESIt). The 2Zn-graphite electrode exhibited a specific
capacity of 109 mA h g™* at 5C, which is superior to that of bare
graphite reported in other studies. This improvement can be
attributed to the ZnO ALD treatment, which stabilized the SEI
and enhanced cycling performance. While ZnO ALD treatment
effectively enhanced SEI stability and suppressed side reactions,
further optimization is required to improve charge transfer
kinetics and ionic conductivity at high rates. Future strategies
could involve combining ZnO ALD with conductive additives, such
as graphene, or refining the electrode microstructure to enhance
ion and electron transport under high-rate conditions.

SEM was used to investigate the surface morphology of the
UC-graphite and 2Zn-graphite electrodes, which will reflect
the effects of ZnO ALD on the electrochemical durability of the
electrodes. Optimizing the graphite surface morphology can
produce anode materials with higher discharge capacities,
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higher energy densities, higher rate capabilities, and extended
lifespans. SEM images of fresh and cycled electrodes from open
coin cells were obtained to reveal the microstructure of the
particles and their bonding characteristics. The SEM images
show small particles on the fresh UC-graphite and 2Zn-gra-
phite electrodes, which are PVDF and carbon black particles in
the electrode paste, shown in Fig. 6a and b.

After 100 cycles of charge/discharge, the UC-graphite parti-
cles’ surfaces became smooth, which was attributed to a
partially thick SEI and the byproducts of electrolyte decomposi-
tion, as shown in Fig. 6c. In contrast, the 2Zn-graphite elec-
trode had a similar morphology to the fresh electrode because
the deposited ZnO nanoparticles resulted in a relatively thin SEI
layer on the electrode surface. The presence of ZnO could
reduce the decomposition of the electrolyte on the electrode
surface by providing a stable and protective interface. This
reduces the formation of undesirable by-products that can
deteriorate the SEI layer after charge/discharge cycling, as seen
in Fig. 6d. In general, due to changes in the surface morphology
of these electrodes, pristine graphite tends to generate a rough
and uneven SEI layer on the interface, which is unstable and
might result in high lithium ion loss during cycling. To study
the stability of the SEI layer during long-term cycling, TEM
images of cycled UC-graphite and 2Zn-graphite electrodes were
taken after 500 charge/discharge cycles (Fig. S6, ESIT). The UC-
graphite electrode’s SEI layer thickness was measured to be
between 35 nm and 80 nm, while the 2Zn-graphite electrode
displayed a substantially lower SEI thickness of 7 nm to 30 nm.
The 2Zn-graphite electrode’s thinner SEI layer shows how well
the ZnO ALD treatment suppressed excessive electrolyte decom-
position during cycling and stabilized the electrode interface.
These SEM and TEM images confirmed that the anode materi-
al’s efficacy could be improved with only 2 cycles of ZnO ALD.
As a result, during the charge/discharge cycling, the resistance
decreased, and ion transportation enhanced, increasing the
Li-ion diffusion of 2Zn-graphite. Smaller ZnO particles can
mitigate volume expansion and contraction during charge/
discharge cycling, which helps maintain electrode integrity
and prolong battery life. This has been corroborated by various
studies,>®?*4%4849 indicating that smaller nanoparticles
reduce mechanical stress and prevent the formation of cracks,
leading to more stable cycling behavior.>*° The findings point
to the successful deposition of ZnO on graphite with minimal
agglomeration, ensuring that the nanoparticles maintain their
nanoscale features throughout the sample.

XPS was used to determine the surface composition and
examine the chemical bonding. Fig. S7 (ESIt) shows the survey
scan of UC-graphite electrode and 2Zn-graphite electrode after
100 cycles of charge/discharge. The fitted C1s spectra of the
electrode materials are shown in Fig. 7a—c. The C1s spectra of
all the electrodes can be deconvoluted into several components,
with peaks of C-C species at 284.80 eV for all the electrode
materials, and the C=C peaks were observed only for the fresh
2Zn-graphite electrode and the 2Zn-graphite powder, as shown
in Fig. S8a (ESIf). The O-C=O0 species were observed in UC-
graphite and fresh 2Zn-graphite electrodes, at 288.63 eV and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM images of (a) and (c) UC—graphite and (b) and (d) 2Zn—graphite in (a) and (b) their fresh state and (c) and (d) after 100 charge/discharge cycles

at a 0.2C rate.

287.28 eV, respectively, which belong to the adventitious
carbon.” A pair of peaks were detected in the UC-graphite
electrode, at 289.84 eV and 286.59 eV, which belong to CF,
and CH,, respectively; these peaks were from PVDF, which was
used as a binder for the active material. As shown in Fig. 7b and
¢, CF, and CH, peaks also appeared for fresh 2Zn-graphite at
290.96 eV and 288.18 eV and for the cycled 2Zn-graphite
electrode at 289.25 eV and 288.4 eV, which indicates that side
reactions have been efficiently suppressed, and the binder
material was redistributed during cycling.***° The two most
significant peaks that were detected at around 285.50 eV in
both fresh and cycled 2Zn-graphite electrodes may relate to the
formation of a -C-O-Zn bond between hydroxyl groups (-O-H)
on the graphite, with O-H coming from water used as a
precursor in the ALD process. Another peak at 290.09 eV for
the UC-graphite electrode is linked to electrolyte decomposi-
tion products, such as R-O-Li, which were deposited on the
graphite electrode surface.

The O1s spectra confirmed that, under the oxygen deficient
atmosphere of the ALD process, more oxygen vacancies might
be created in fresh and cycled 2Zn-graphites than in the
pristine graphite.”'! The spectra revealed distinct shifts and
changes in the oxygen binding environment, which may be
indicative of the formation of oxygen vacancies. The core level
O1s spectra are presented in Fig. 7e and f, with the binding

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

energies of the core peaks of powder and cycled 2Zn-graphite
electrode being 531.55 eV and 532.35 eV, respectively, attribu-
ted to the formation of ZnO nanoparticles on the graphite
particles, and the same peak was observed for the fresh 2Zn-
graphite electrode before cycling, as shown in Fig. S8b (ESIt).
The same core peak was observed for the UC—graphite electrode
at 531.86 eV, as shown in Fig. 7d, with a slight shift attributed
to the hydroxyl (-C—=O0) group. The binding energies of the
surface hydroxyl group in the fresh and cycled 2Zn-graphite
electrodes were found at 534.19 eV and 533.50 eV, respectively;
these values were both higher than that of the UC-graphite
electrode (531.96 eV). We observed additional peaks at around
533.20 eV for the cycled UC-graphite electrode, which are
assigned to the O®~ deficiency and/or R-O-Li species, and
another peak assigned to C-O-C species at 534.78 eV.*° The
species responsible for these peaks could lead to more electro-
lyte decomposition, enhance the formation of the SEI layer, and
increase its thickness as well. However, we detected two addi-
tional peaks for the 2Zn—-graphite electrode in the same binding
energy range, at 532.51 eV and 534.67 eV, which are attributed
to C-O-Zn and -COOH, respectively. C-O-Zn was the result of
chemical bonding between Zn and C via O in the Zn-graphite-
based electrode material and created an effective interfacial
interaction. The presence of -COOH might result from
residual water or hydroxyl groups on the surface."* As a result,
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Fig. 7 Cls XPS spectra of (a) cycled UC—graphite electrode after 100 cycles of charge/discharge, (b) fresh 2Zn-graphite electrode, and (c) cycled
2Zn-graphite electrode after 100 cycles of charge/discharge. Ols spectra of (d) cycled UC—graphite electrode after 100 cycles of charge/discharge
and (e) and (f) fresh and cycled 2Zn—graphite electrodes. (g) Survey scan XPS spectra of the 2Zn—graphite powder and (h) Zn 2p spectra of the

2Zn—-graphite powder.

2Zn-graphite can suppress side reactions, enhance the inter-
calation/de-intercalation process, and boost the battery’s rever-
sible capacity during cycling.

A survey scan of the 2Zn-graphite powder is shown in
Fig. 7h, and the Zn 2p spectra of 2Zn-graphite powder and
cycled 2Zn-graphite electrode are shown in Fig. 7g and Fig. S7b
(ESIY), respectively. The corresponding core level spectra of the
Zn 2p3/2 and Zn 2p1/2 states were fitted around 1022.53 eV and
1045.62 eV, respectively. These findings indicate that ZnO ALD
effectively enhanced the surface properties of graphite particles
while also minimizing side reactions by tuning the amount of
ZnO on graphite particles. The F1s spectra of UC-graphite
electrode and fresh and cycled 2Zn-graphite electrodes are
displayed in Fig. S9 (ESIf). The inorganic components within
the SEI layer can be identified from the fitted findings. The
main component following the charge/discharge process was
LiF, which was generated by electrolyte decomposition and
had peaks at 684.95 eV and 684.73 eV for 2Zn-graphite and

258 | Energy Adv., 2025, 4, 249-261

UC-graphite electrodes, respectively. In contrast, such peaks
were not observed for the fresh 2Zn-graphite electrode. A PVDF
peak was observed at 687.71 eV for the fresh 2Zn-graphite
electrode before the electrolyte was added. UC-graphite and
2Zn-graphite electrodes also have PVDF peaks at 687.03 eV and
686.71 eV, respectively, from PVDF introduced as a binder; due
to the electrolyte, an extra peak at around 687 eV, attributed to
LiPF, was seen for both samples. The EDS mapping in Fig. S10
(ESIt) shows the spatial distribution of Zn, F, P, and C elements
on the surface of the 2Zn-graphite electrode after 500 cycles of
charge/discharge. The consistent distribution of Zn suggests
that the ZnO ALD coating persisted during cycling, potentially
stabilizing the electrode interface or integrating into the SEI
layer. The XPS results are consistent with the findings from EIS
and TEM analysis. ZnO ALD nanoparticles could reduce side
reactions on the anode’s surface, suppress electrolyte decom-
position, and reduce the initial irreversible capacity loss. XPS
and SEM analyses show that the SEI layer in the UC-graphite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrode was thick and not homogeneous. These analyses
show that 2Zn-graphite can reduce the SEI thickness and
promote its homogeneity.

Conclusions

Side reactions caused by electrolyte decomposition would result
in the irreversible loss of lithium and the formation of SEI
layers, which would decrease a battery’s capacity over time. In
this study, a low amount of ZnO deposited by ALD increased
the SEI layer’s uniformity and electrochemical durability.
According to the electrochemical studies of samples with
various numbers of ZnO ALD cycles, the discharge capacity
declined with the increasing amount of ZnO, reaching a
maximum stable capacity with 2 cycles of ZnO ALD. The 2Zn-
graphite composite sample demonstrated excellent charge/dis-
charge cycling performance and a high discharge capacity. The
SEI layer’s stability problem was resolved, and its electro-
chemical stability was improved by applying ZnO nanoparticles.
This study highlights the potential of improving commercial
graphite anode materials with surface modification. The findings
of this study can help the development of various devices with
stable, long lasting battery performance.
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