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ABSTRACT: Lithium−ion batteries are essential batteries for
electric vehicle drive systems. Such batteries must provide stable
performance over a long period of time. Therefore, the degradation
or aging of the battery capacity must be improved. In the case of
the current graphite anodes, graphite coated with an amorphous
layer is used. It is known that the amorphous layer can reduce the
irreversible capacity loss caused by the solid electrolyte interphase
(SEI) layer. The amorphous carbon layers reduce the initial
capacity due to higher electrical resistance. In this study, we aim to
develop a buffer layer using nitrogen-containing graphene that
would prevent the increase in electrical resistance while
maintaining the amorphous structure. Coatings with different
film thicknesses were prepared by using the solution plasma method. The thinnest sample was oven sintered to optimize the
structure, especially the surface and interface of the layer. The battery capacity from charge−discharge experiments and the
resistance change of each part from electrochemical impedance measurements were evaluated. The results showed that the coating
layer increased the electrical resistance of the graphite anode. On the other hand, the resistance of the SEI layer was reduced by the
coating layer. It can be predicted that the addition of the coating layer will increase the total charge transfer resistance (Rct) of the
cell but will also improve the period average capacity in the long run. To be used as a practical material, the film thickness would
need to be further reduced, and the balance between the loss of charge transfer resistance and the gain of SEI layer resistance would
need to be further optimized.

■ INTRODUCTION
Lithium−ion rechargeable batteries (LIBs) are used in many
small portable devices, such as cell phones, and their
performance is constantly improving. As LIBs are expected
to become a power source for automobiles, there is a need to
improve their characteristics, such as high capacity, low
resistance, fast charging, and durability over many cycles.1−5

In LIBs, lithium ions move from the positive electrode
(LiCoO2 or LiMn2O4 material) to the negative electrode
(graphite material) through the electrolyte (LiPF6 carbonate
electrolyte) during charging. At the same time, electrons flow
from the anode collector to the negative electrode and from
the positive electrode to the positive electrode collector. The
reverse process occurs during discharge. The search for
cathode active materials has led to the development of high
capacities. New active materials, such as silicon-based and tin-
based materials, for the negative electrode are being researched
and developed. However, these materials have a high volume
expansion coefficient and have not surpassed graphite in terms
of stability, durability, and cycling characteristics. From
another perspective, it is extremely important for the negative

electrode to minimize the degradation of durability and cycling
characteristics due to solid electrolyte interphase (SEI)
formation and graphite degradation.6−21

The SEI layer, which consists of lithium-based salts, lithium-
based carbonates, and organic oligomers generated from the
electrolyte, is formed on the graphite surface of the negative
electrode. Its crystalline structure and thickness affect the
charge transfer resistance (Rct) and specific capacity.22 Excess
lithium accumulates on the graphite surface during charging
and forms a SEI layer, which undergoes a surface oxidation
reaction during discharging. The composition of the SEI layer
is reported to be strongly influenced by the surface structure of
the graphite.23,24 On the basal surface of highly oriented
pyrolytic graphite (HOPG), 18.5% of the SEI layer is

Received: December 30, 2023
Revised: February 11, 2024
Accepted: February 27, 2024
Published: May 30, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

24372
https://doi.org/10.1021/acsomega.3c10502

ACS Omega 2024, 9, 24372−24378

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junzo+Ukai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyusung+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shinsuke+Matsuhara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nagahiro+Saito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c10502&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10502?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10502?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10502?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10502?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/23?ref=pdf
https://pubs.acs.org/toc/acsodf/9/23?ref=pdf
https://pubs.acs.org/toc/acsodf/9/23?ref=pdf
https://pubs.acs.org/toc/acsodf/9/23?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c10502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


composed of lithium-based salts, compared to 69.4% on the
cross-section of HOPG, 47.5% on soft carbon, and 60.3% on
hard carbon. Insoluble lithium-based carbonates are present
only on the basal surface of the HOPG and account for 22.8%
of the SEI layer.25 The insoluble SEI component is responsible
for the irreversible capacity loss. To prevent this, amorphous
carbon is currently used as a buffer layer a few nanometers
thick around graphite to suppress the formation of insoluble
SEI components and prevent irreversible capacity increases.
However, the amorphous carbon buffer layer also increases the
charge transfer resistance, resulting in an energy loss.
Therefore, as an alternative to the amorphous carbon buffer
layer, it is necessary to develop a buffer layer with a low
electrical resistance that can avoid the formation of insoluble
SEI components.
The size of graphite crystallites can be determined by the

dimensions parallel to the a and c axes (called La and Lc,
respectively). La represents the extent of the basal plane, the
002 plane; Lc is a group of planes representing the layered
cross-section. For hard carbon and graphite, the Lc/La ratio is
about 0.5, and for soft carbon, it is about 1.26,27 Carbon
materials with La greater than Lc have an advantage in the
intercalation reaction of lithium ions because the proportion of
interlayer sites appearing on the surface increases. However,
the interlayer sites are unstable, in terms of surface energy, and
are the sites where the formation of insoluble SEI layers is
likely to occur. Therefore, to take advantage of these
structures, which are superior to the intercalation reaction of

carbon, it is essential to develop carbon coatings that minimize
the decrease in electrical resistivity while suppressing the
formation of SEI layers.28

Our research group found that nitrogen-doped carbon-
coated carbon nanotubes successfully reduced the electrical
resistivity of CNT thin films by using the solution plasma (SP)
method with aniline as a raw material.29 Furthermore, when
using SP to synthesize graphene and nitrogen-containing
graphene, they found that nitrogen is the end point of the six-
membered ring formation reaction when prepared from
nitrogen-containing raw materials, resulting in a smaller
crystallite size.30

In this study, we aimed to utilize the research results to
nanocoated nitrogen-containing carbon as a buffer layer with a
small crystallite size and low electrical resistance. The thickness
of the thin film was adjusted by optimizing the amount of
graphite precursor added, and the nitrogen-containing carbon
films were compared by heat treatment to control their
crystallinity. The thickness of the thin film was adjusted by
optimizing the amount of graphite precursor added, and the
crystallinity of the nitrogen-containing carbon film was
controlled by heat treatment for comparison. The surface of
the nitrogen-containing carbon buffer layer was observed by
transmission electron microscopy, and the periodicity of the
carbon structure was evaluated by Raman spectroscopy.
Finally, coin cells were assembled, and their capacities were
evaluated by charge−discharge experiments. Electrochemical
impedance measurements were used to determine the charge

Figure 1. TEM images of graphite, SP-treated nitrogen-containing carbon-coated graphite (NC@200G, NC@400G, NC@600G, and NC@
1000G), and HT-NC@1000G samples with heat-treated NC@1000G; histogram plots of spatial frequency analysis; and band images of
characteristic frequency bands. Here, the numbers in the histograms indicate the band numbers.
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transfer resistance. Three types of cells were compared in this
study: graphite, graphite coated with a nitrogen-containing
carbon buffer layer deposited with SP, and graphite coated
with a nitrogen-containing carbon buffer layer that was heat-
treated.

■ EXPERIMENTAL SECTION
Aniline (C6H5NH2) of 99.0% purity, hydrochloric acid (HCl)
solution of 35.0 to 37.0% concentration, N-methyl-2-
pyrrolidinone (NMP) of 99.0% purity, and sulfuric acid
(H2SO4) of 0.5 M concentration were purchased from Kanto
Chemicals. 34.5% hydrogen peroxide (H2O2) was purchased
from Wako Chemicals Co. The graphite core of the LIBs was
purchased from Wako Chemicals, Inc. Spheroidized natural
graphite (CGB-10: Nippon Graphite Industry Co., Ltd.) was
used for the graphite core of the LIB. All chemicals were
undiluted. An Aquarius water purification system (RFD250NB,
Advantech, Japan) was used to obtain ultrapure water of 18.2
MΩ•cm at 25 °C. 125 mL of 1 M HCl, 1.25 mL of aniline, and
200, 400, 600, and 1000 mg of graphite were added to 30 mL
of ultrapure water and 200 mL in a glass vessel, and the
mixture was stirred for 15 min to homogenize. The mixture
was then dispersed using a probe-type ultrasonic homogenizer
(Sonifier model 450: Branson) at a 15 W output for 15 min to
obtain a uniform graphite-aniline solution without surfactant. A
predetermined amount of graphite-aniline solution was poured
into the synthetic SP reaction vessel shown in Figure 1, which
illustrates the experimental setup for SP. A 1 mm diameter
nickel (Ni, 99.99% purity: Nilaco) wire electrode was shielded
with ceramic tube insulation and placed in the SP reactor with
a distance of 0.5 mm between electrodes. A bipolar pulse
power supply (MPP-HV04: Kurita Water Industries) was used
to generate and maintain SP in the mixture. The voltage
applied between the electrodes was maintained at a repetition
frequency of 45 kHz and a pulse width of 1.3 μs to generate
the plasma for 15 min. Plasma was generated by applying a
pulse voltage between the terminals in a stirred aqueous
solution. After plasma generation, the temperature of the
aqueous solution was maintained at room temperature. After
plasma treatment, 60 mL of a 6 wt % H2O2 solution was added
to this solution to neutralize it, and the solution was left in this
state for 6 h. The synthetic sample was then vacuum filtered
through a polytetrafluoroethylene (PTFE) membrane filter
(pore size of 0.1 mm, JVWP04700, Merck Millipore). After
filtration, the samples were thoroughly washed with distilled
water and 1.0 M KOH and dried in a vacuum oven at 60 °C
for 3 h.
The dried samples were ultrasonically dispersed by

immersion in ethanol for 10 min. The resulting graphite-
ethanol solution was applied to a TEM grid, and the coating
layer was observed at high resolution by TEM (JEM-2500SE,
JEOL) and STEM-EDS (acceleration voltage of 200 kV).
Structural analysis was performed using a SmartLab X-ray
diffractometer (Rigaku) with a CuKα source, an acceleration
voltage of 45 kV, and a current of 200 mA. Diffraction angles
(2θ) ranged from 10 to 80°, the scan speed was 2.4° min−1,
and diffraction patterns were obtained with a step size of 0.02,
a 0.5° distribution slit, a 0.5° scattering slit, and a 0.15 mm
receiving slit. The near-surface ring structure of carbon was
evaluated by Raman spectroscopy (InVia Qontor, Renishaw).
Raman spectra were collected in the wavenumber range 100−
3000 cm−1 using a laser excitation wavelength of 532.5 nm.

Five exposures of 10 s each were taken at room temperature
and averaged.
The manufacturing conditions of the battery cells were as

follows. NCM (nickel manganese cobalt lithium oxide) was
used as the cathode active material, and polyethylene was used
as the separator. The electrolyte was a mixture of EC (ethylene
carbonate) and EMC (ethyl methyl carbonate) with LiPF6 at
3:7, and the concentration was adjusted to 1.1 M. For the
cathode, NCM, PVDF (polyvinylidene fluoride), and CB
(carbon black) were added to the NMP solution to form a
slurry, which was applied in fixed amounts and rolled to a
density of 2.5 g/cm3. Graphite, SP-coated graphite, and SP-
coated heat-treated graphite were used as the anode active
materials, respectively, and CMC (carboxymethyl cellulose)
was added and mixed with distilled water, and SBE was added
to form a slurry. A certain amount of this slurry was applied
and rolled to a final density of 1.3 g/cm3. The cell was
assembled into a pouch cell. After the cathode, anode, and
separator were assembled, the cell was dried at 100 °C for 12 h
and filled with electrolytes. The cells were then charged to 4.1
V at a constant current and voltage (CCCV) of 0.5 °C,
discharged to 3.0 V at a constant current and voltage of 0.5 °C,
and charged and discharged three times between 3 and 4.1 V
to activate the cells. Capacity measurements were performed
on batteries that had undergone this activation process. The
capacity measurement conditions were as follows: the battery
was prepared, discharged to 3.0 V, charged to 4.1 V at a rate of
0.2 °C, paused for 10 min, and then CCCV discharged to 3.0 V
at a rate of 0.2 °C. The nominal capacity of the battery was the
discharge capacity at this time. Impedance measurements were
made at 0 °C, 60% state of charge, 5 mV amplitude, and 105−
10−2 Hz after the capacity measurement. An impedance
analyzer (Toyo Technica, model 1255b) was used for the
electrochemical measurements described above, and a charge/
discharge measurement system (BCS series, BioLogic Science
Instruments) was used for the charge/discharge experiments.

■ RESULTS AND DISCUSSION
Graphite samples of 200, 400, 600, and 1000 mg were placed
in a fixed volume of solution and treated with SP. Each of the

resulting samples and untreated graphite were observed by
TEM. Figure 1 shows the TEM of graphite of 200, 400, 600,
and 1000 mg, each of which was placed in the solution and
treated with SP (referred to as NC@200G, NC@400G, NC@

Figure 2. Relationship between the reciprocal amount of graphite
added and the thickness of the coating layer.
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600G, and NC@1000G, respectively), and a sample of NC@
1000G that was heat-treated (referred to as HT-NC@1000G).
The figure is labeled original. From these images, no contrast
change can be observed at the interface in the graphite itself,
but a contrast change can be observed in the images with the
coating layer. To partition the graphite core and the coating
layer according to structural differences, a spatial Fourier
transform was performed, and the partitioning was done
according to structural features. First, the image size was
standardized to 3600 × 2600 pixels, a two-dimensional Fourier
transform was performed to derive the spatial frequency, and
the image was decomposed into images in each band by
defining a frequency band at ±10 (1/pixel) from the
characteristic frequency peak. A histogram is also displayed
to illustrate the spatial frequency data. The histogram displays
the frequency on the y-axis and the reciprocal number of pixels
on the x-axis. In this case, the x-axis corresponds to the spatial
frequency under the conditions of the image resolution
determined by the image processing, as described above.
Figure 1 shows the characteristic band images for each original
image. The smaller the number of bands, the lower the spatial
frequency, and the larger the number of bands, the higher the
spatial frequency. For each sample, the low-frequency band
image, the midfrequency band image, and the high-frequency
band image are in this order. The high-frequency side and the
low-frequency side change relative to the graphite inside side

and the TEM mesh side, but the graphite interface region is
characteristically extracted in the midfrequency band image.
The area was estimated from this midfrequency band image,
and the average thickness of the coating layer was calculated.
As a result, the average film thicknesses of NC@200G, NC@
400G, NC@600G, NC@1000G, and HT-NC@1000G were
found to be 90, 40, 15, 5, and 4 nm, respectively.
The relationship between film thickness and the inverse of

the graphite weight input during SP treatment is shown in
Figure 2. Assuming a uniform graphite diameter, this input is
proportional to the particle concentration since the solution
volume is constant. Therefore, the inverse will be linear with
the plasma treatment time (residence time) per particle. From
the graph, the inverse relationship between the graphite weight
and film thickness can be approximated by a linear equation.
This means that the rate of carbon deposition by SP is constant
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y
{
zzzzzz= +

w
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1
21600
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In Figure 3a, XRD analysis of graphite, NC@graphite, and
HT-NC@graphite was performed to evaluate the degree of
crystallinity relative to the bulk. Each reflection is assigned to
graphite 002, 2H-100, 3R101, 3R-012, 004, 013, 110, and 006
from the low angle side. From these data, relative intensities
were obtained by dividing the intensity of each hkl index by the

Figure 3. (a) X-ray diffraction patterns of the graphite, NC@1000G, and HT-NC@1000G samples and (b) the changes in the relative intensity
ratio of each hkl index between the samples.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10502
ACS Omega 2024, 9, 24372−24378

24375

https://pubs.acs.org/doi/10.1021/acsomega.3c10502?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10502?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10502?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10502?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


intensity of the 002 reflection within each sample as an internal
standard, as shown in Figure 3b. For comparison between
samples, the relative intensity of each hkl index was obtained
by dividing the relative intensity of each hkl index in the other
sample by the relative intensity of each hkl index in graphite.
To examine the variability of I004, the I004/I002 ratio was used.
The I004/I002 ratios within each sample were 0.048, 0.046, and
0.049, with HT-NC@ graphite slightly exceeding graphite.

Inagaki et al.31 also reported the relationship between the I004/
I002 ratio and heating temperature and the I004/I002 ratio and c-
axis direction. According to them, a heating temperature of 500
°C or higher is required for an I004/I002 ratio of 0.048. The d-
spacing is 3.45 Å, which results in graphite with a wide 002
plane spacing between layers. The present results show no
significant change in the intensity of I004 with heat treatment,
indicating that graphite is partially moving toward graphitiza-
tion but still has an amorphous structure.
The Raman analysis of graphite, nitrogen-doped graphite,

and high-temperature nitrogen-doped graphite is shown in
Figure 4, where the D band is shown in red, the G band is
shown in blue, the D band is shown in green, the 2D1 band is
shown in yellow, and the 2D2 band is shown in purple. The ID/
IG ratios of the samples were 0.06, 0.62, and 0.15, respectively.
These results suggest that the bonding between the six-
membered rings in the deposited layer has progressed due to
the heat treatment: the 2D band of graphene formed by the
bonding of the six-membered rings is an overtone of the D
band; as the ratio of the G band capitals increases, the planarity
and π-conjugation broaden; and the 2D2 band is used to
evaluate the I2D/IG ratios for the three samples, which were
determined to evaluate carbon in LIBs and were 0.58, 0.24, and
0.30, respectively.32,33 The value for the graphite sample was
0.58, which represents only the graphite material. On the other
hand, the value of 0.24 identifies the graphite material and the
structure of the deposited layer. On the other hand, the value
of 0.24 reflects the structure of the graphite material and the
deposited layer. Interestingly, the NC@ graphite sample shows
a significantly lower ratio than the graphite sample, despite the
minimal thickness of the deposited layer. This indicates that
the measurement is more sensitive to the near-surface structure
and mainly detects the structure of the deposited layer: for
NC@1000G, the ratio is 0.30, which is similar to the value for
graphite. However, the 2D structure of the deposited layer still
contains a significant amount of an amorphous structure.
The charge−discharge experiments showed that the graphite

was 16.0, 14.3, and 15.0 mA/g for graphite, NC@1000G, and
HT-NC@1000G. As a result, the capacitance decreased for the
SP-coated graphite, while the capacitance decrease was

Figure 4. Raman spectra and Gaussian deconvolution of graphite,
NC@1000G, and HT-NC@1000G.

Figure 5. Nyquist plot and DRT analysis based on electrochemical impedance.
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suppressed for the heat-treated graphite. In both cases, it can
be said that the capacitance decreased due to the increase in
electrical resistance. Nyquist plots of electrochemical impe-
dance 34−34 and relaxation time distribution (DRT) anal-
ysis35−37 are shown in Figure 5. As can be seen from the
Nyquist plots, the increase in RCT is clearly indicated, as
mentioned above. Peak (1), which appears at a short relaxation
time, is the response of the SEI layer; peak (2) is the response
of the anode; and peak (3) is the response of the cathode. The
two minor peaks located near peak (2) were related coating
layers. The variation of peak (3) is smaller than that of the
original graphite. On the other hand, peak (2) shows a shift
toward a longer relaxation time, indicating that the addition of
the coating layer to the graphite increases the resistance and
decreases the capacitance. Peak (1), on the other hand, shows
a shift toward shorter relaxation times, indicating that the
presence of the coating layer decreases the resistance of the
SEI layer. This implies an irreversible decrease in the
capacitance loss. Therefore, although the initial capacity
performance of the battery is reduced by the coating layer,
the irreversible capacity loss is also reduced, thereby reducing
the capacity variations during long-term use. In actual batteries,
at least an even thinner coating layer than that deposited in this
study should be used to reduce the electrical resistance in
order to optimize the balance between the initial capacity
reduction and the reduction of the capacity variation during
long-term use. In addition, XRD and Raman analysis results
showed partial graphitization of the coating layer, but an
amorphous structure still remained; therefore, it is expected
that optimization will be made in the direction of increasing
the percentage of graphitization within the coating layer.

■ CONCLUSIONS
In this study, graphite samples were coated with nitrogen-
containing graphene at different film thicknesses using the SP
method. XRD analysis showed that the coating layer also
changed to a graphite-like structure after heat treatment based
on the I004/I002 ratio, but only partially. Raman analysis also
showed that the graphite after heat treatment still contained a
sufficient amount of amorphous structure, although it
approached graphite values. However, the heat treatment
significantly improved the electrical conductivity, although the
amorphous structure was retained. In charge−discharge
experiments, the resistance of graphite with the heat-treated
coating layer was significantly reduced compared to that before
heat treatment, approaching the resistance of graphite itself.
However, even with this improved resistance, a decrease in the
initial battery capacity was observed. Electrochemical impe-
dance measurements showed that the battery capacity
decreased as the RCT increased. This increase in the RCT is
due to the coating layer. In fact, DRT analysis showed that
graphite with the coating layer showed an increase in electrical
resistance. On the other hand, the resistance of the SEI layer
decreased due to the coating layer. This means that the actual
capacitance is expected to improve in the long run. Further
improvements are needed to reduce the film thickness and
increase the graphitization ratio within the coating layer in
order to use it as a practical material.
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