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Abstract: We investigated the electrochemical performance of undoped artificial graphene-
based material (UAG) and N-doped graphene-based material (NAG, ~3.5% nitrogen
doping), synthesized by the arc-discharge method, for sodium-ion battery anodes. The
NAG demonstrated slightly superior fast-charging capability compared to UAG, achiev-
ing a specific capacity of 46.8 mAh g−1 at 30 A g−1, compared to UAG’s capacity of
36.7 mAh g−1, representing an enhancement of approximately 28%. It also showed
high cycle stability, retaining a capacity of 100 mAh g−1 (retention ratio ~99.9%) after
2500 cycles at 5 A g−1, compared to UAG’s retention of 90 mAh g−1 (retention ratio ~95%).
The diffusion behavior of the UAG and NAG samples was significantly higher than that
of graphite. The improvement in electrochemical properties is attributed to the success-
ful doping of nitrogen in NAG, which results in enhanced electrical conductivity and
structural disordering.

Keywords: arc-discharge; sodium-ion batteries; graphene; N-doped graphene; electrochemical
performance

1. Introduction
Recently, with the exponential proliferation of lithium-ion batteries (LIBs) in portable

electronics, electric vehicles, and mobility applications, significant advancements have been
made in the development of materials for battery cathodes, anodes, and electrolytes [1,2].
Concurrently, the global demand for resources such as lithium, nickel, cobalt, and iron has
surged, leading to issues such as resource monopolization by certain countries and soaring
prices [3]. As a result, extensive research is being conducted into alternative metal-ion
batteries, including sodium [4–6], potassium [7,8], aluminum [9], and zinc-ion batteries [10].
Among these, sodium-ion batteries (SIBs) are emerging as a promising alternative to LIBs.
Although sodium ions have larger ionic radii and greater atomic mass compared to lithium
ions, resulting in lower energy density, they possess a relatively high reduction potential
(−2.74 V versus the standard hydrogen electrode) and allow for the use of aluminum as
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an anode current collector [11]. Moreover, the abundant availability of sodium makes it a
highly competitive alternative resource [12].

SIBs face significant challenges when using sodium metal as the anode due to its
high theoretical capacity of 1165 mAh g−1. Like LIBs, SIBs are susceptible to active side
reactions at the electrode and the growth of sodium dendrites, both of which impede the
battery’s lifespan and raise safety concerns [13–16]. These issues can be mitigated by using
alternative anode materials capable of intercalating, inserting, or alloying sodium ions,
such as carbon [17–21], oxides [22–27], and sulfides [28–30]. Among these, carbon materials
are the most well-known and commonly used anode materials for sodium-ion batteries
due to their ease of synthesis or extraction and cost-effectiveness.

Graphite, a widely used anode material in LIBs, can intercalate one lithium ion per
six carbon atoms (372 mAh g−1, LiC6) [31]. However, in graphite as SIB anodes, sodium
ions require co-intercalation with solvents in ether-based electrolytes for efficient storage,
making electrolyte selection crucial and posing limitations on sodium storage perfor-
mance [21,32,33]. Additionally, the bulky nature of graphite limits sodium diffusion, which
is detrimental to high-rate charging [34,35]. To address these limitations, various methods
have been explored to enhance sodium intercalation, such as introducing defects in or-
dered layered structures, using defect-rich graphene or graphite, or employing disordered
hard carbons [36–38].

Graphene, a carbon material with a graphitized structure, has attracted significant
attention as a promising anode material due to its large specific surface area and exceptional
electrical properties, which stem from its unique two-dimensional architecture. The charg-
ing rate and cycle life of graphene-based anodes are strongly influenced by ion mobility
within the internal and surface regions of the material. The electrochemical performance of
graphene anodes can be further enhanced through strategies such as introducing internal
defects, doping with heteroatoms, and modifying particle morphology. Electrochemical
analysis of various graphene-based materials prepared by chemical methods for use as
active materials in secondary batteries has been extensively conducted [39–42]. N-doped
graphene has been used to improve its electrochemical performance through both chemical
and physical methods. However, the large-scale production of N-doped graphene remains
a significant challenge due to process-related limitations, and optimizing its structural and
chemical properties often requires additional, resource-intensive processing steps.

In this study, we present graphene-based materials synthesized via a facile method
to create a turbostratic structure and demonstrate their application as anode material for
sodium-ion batteries. The arc discharge synthesis method for graphene-based materials is
a straightforward and scalable approach for producing high-quality graphitized carbon.
It involves applying a high voltage between carbon-based electrodes to generate high-
temperature plasma, which facilitates the formation of artificial graphene-based powder
materials. This method also enables the easy incorporation of impurities during the arc
discharge process, making it an effective technique for synthesizing graphene doped with
heteroatoms. The undoped and nitrogen-doped artificial graphene material in this study
exhibits promising electrochemical performance due to its unique structure, which provides
enhanced sodium ion storage capabilities and improved cycling stability. Despite its low
specific surface area, the artificial graphene-based material has demonstrated higher sodium
storage capacity and longevity compared to graphite at elevated charging currents. The
increased sodiation rate is attributed to the rapid sodium ion diffusion within the internal
layers of the turbostratic structure, suggesting its potential application as a high-speed
charging anode material for sodium-ion batteries.
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2. Methods
2.1. Preparation of Artificial Graphene-Based Materials

The synthesis of artificial graphene-based materials was performed using the arc-
discharge method as illustrated in Figure S1, following protocols established in prior
studies [43,44]. Commercial graphite powder (50 µm, Kojndo Korea Co., Ltd., Uiwang,
Republic of Korea), graphene oxide (approximately 40 at% oxygen, Standard Graphene,
Ulsan, Republic of Korea), and polyaniline (PANI, MW~20,000, MilliporeSigma, Burlington,
MA, USA) were employed as carbon feedstock materials, with their proportions optimized
for the arc-discharge process. For the nitrogen-doped artificial graphene-based materials
(NAG) synthesis, a precursor mixture comprising graphite, graphene oxide, and PANI in
a mass ratio of 2:1:1 was prepared. This mixture was placed in a chamber evacuated to
5 × 10−2 Torr and subsequently filled with a gas mixture of helium (400 sccm), hydrogen
(100 sccm), and ammonia (400 sccm). The arc-discharge process was conducted under
dynamic pumping to maintain a chamber pressure of 550 Torr, with the voltage and current
set to 30 V and 150 A, respectively. The synthesis of undoped artificial graphene-based
materials (UAG) followed an identical procedure to that of NAG, except that graphite
was used as the sole feedstock material. The process employed a gas mixture of helium
(400 sccm) and hydrogen (400 sccm) at the same operational parameters.

2.2. Material Characterization

The surface morphology of the prepared samples (artificial graphite, UAG, and NAG)
was analyzed using field-emission scanning electron microscopy (FE-SEM, S4800, Hitachi,
Tokyo, Japan). Their internal structures were examined in detail with a 300 kV high-
resolution transmission electron microscope (HR-TEM, Themis Z, Thermo Fisher Scientific,
Waltham, MA, USA). Structural characteristics were further investigated via powder X-ray
diffraction (XRD, Empyrean, PANalytical, Almelo, The Netherlands), while the degree of
graphitization and internal defect states were assessed by fitting spectra obtained from
high-resolution Raman spectroscopy (inVia Qontor, Renishaw, Wotton-under-Edge, Unitied
Kingdom) with a 532 nm laser wavelength, with artificial graphite serving as a reference.
The chemical bonding states of the synthesized active materials after Ar+ ion sputtering
during 100 s were characterized using X-ray photoelectron spectroscopy (XPS, K-Alpha,
Thermo Fisher Scientific, Waltham, MA, USA) with Al Kα radiation. The three carbon
materials (graphite, UAG, and NAG) were sandwiched between stainless steel (SS) plates,
and their impedance values were measured to compare electrical resistivity.

2.3. Electrochemical Properties

To evaluate the electrochemical properties of UAG and NAG as anode materials for
sodium-ion batteries, half-cells were constructed using sodium metal as both the counter
and reference electrode. The working electrode consisted of either UAG or NAG as the
active materials. Sodium metal foil (99.95%, MilliporeSigma, Burlington, MA, USA) was
used as the counter and reference electrode, while a borosilicate microfiber filter (GF/A,
Whatman, Maidstone, United Kingdom) served as the separator. The electrolyte solution
was prepared using 1 M NaPF6 in diethylene glycol dimethyl ether (DEGDME).

The working electrodes were fabricated by mixing 80 wt% active material (UAG or
NAG), 10 wt% acetylene black (MTI Korea, Sungnam, Republic of Korea) as a conductive
additive, and 10 wt% SBR/CMC (MTI Korea, Sungnam, Republic of Korea) binder in a 1:1
weight ratio. This mixture was then cast onto a copper current collector and dried thor-
oughly before assembling the half-cell. Electrochemical tests (WBCS3000Le32, Wonatech,
Seoul, Republic of Korea) were conducted to evaluate the performance of the prepared
anode materials. These included cyclic voltammetry (CV) to analyze the redox behavior



Batteries 2025, 11, 135 4 of 16

and Na+ insertion/extraction kinetics, galvanostatic charge/discharge cycling to assess
specific capacity and cycling stability, and diffusivity of the anode materials were measured
by using galvanostatic intermittent titration technique (GITT). Furthermore, in situ elec-
trochemical impedance spectroscopy (EIS, MP1, Wonatech, Seoul, Republic of Korea) was
performed to characterize the electrochemical impedance of the prepared anode materials
by fitting Nyquist plots as a function of cell potential. For comparative purposes, artificial
graphite (SCMG-BH, Resonac, Tokyo, Japan) electrodes were fabricated following the
same preparation process to evaluate electrochemical performance relative to arc-discharge
graphene-based materials.

3. Results and Discussion
Figure 1 shows surface images and structural data for the graphite, UAG, and NAG

samples. Figure 1a–f presents the SEM images of commercial artificial graphite and arc-
discharged UAG and NAG samples. The SEM images reveal a wrinkled surface morphol-
ogy for UAG synthesized through arc discharge, as shown in Figure 1c,d. Additionally,
NAG, which was synthesized with the addition of PANI for nitrogen doping, as presented
in Figure 1e,f, exhibits a similar surface morphology to UAG. Figure 1g presents the XRD
patterns of the three samples. The (002) peaks for UAG and NAG are observed at 26.7◦

[d002 = 3.333 Å] and 26.6◦ [d002 = 3.347 Å], respectively, indicating an increased interlayer
spacing due to nitrogen doping. Broad peaks are also observed at 26.2◦ [dts = 3.405 Å] for
UAG and 26.1◦ [dts = 3.410 Å] for NAG, characteristic of a typical turbostratic structure.
This suggests the presence of numerous defects and atomic pores within the material
(Table S1). Figure 1h shows the Raman spectra of graphite, UAG, and NAG, with D peaks
at 1390 cm−1 and G peaks at 1590 cm−1. The 2D peak, indicative of an ordered graphitic
structure, is also observed at 2750 cm−1. In contrast to graphite or ordered graphene,
turbostratic structure is expected to facilitate rapid charge/discharge cycles by providing
additional ion diffusion pathways through its internal pores and defects. To compare
defects and ordering in the graphitic structures across the three samples, the Raman spectra
of the D and G bands were deconvoluted in detail by using the Gaussian function, as
shown in Figure 1i and Table S2. In detail, the Raman spectrum of a graphitic carbon con-
taining defects or disorder can be deconvoluted into D1 (around 1350 cm−1), D2 (around
1605 cm−1), D3 (around 1500 cm−1), D4 (around 1175 cm−1), and G (around 1590 cm−1)
bands. Each component of the bands corresponds to different vibrational modes: de-
fected graphite, including heteroatom impurities (D1), disordered graphite lattice (D2),
amorphous carbon (D3), hydrocarbon components (D4), and an ideal graphite structure
(G) [18,45,46]. In the Raman spectrum of graphite, the low peak intensities of the D1 and
D2 bands, the absence of the D3 and D4 bands, and the strong intensity of the G band
are consistent with the typical Raman spectrum of well-ordered graphite. On the other
hand, the increased peak intensities of the D1 to D4 bands can explain the elevated internal
defects in the artificial graphene-based materials synthesized by arc discharge. The D1,
D3, and D4 bands exhibit similar peak intensities in both UAG and NAG, but the D2 band
shows a slightly higher peak intensity in NAG compared to UAG. Figure 1j shows the peak
area ratio of the G band to the D2 band for each sample, and the graphene-based materials
obtained by arc discharge display a significantly higher ratio of the D2 band compared to
graphite. This indicates that nitrogen doping through arc discharge in the ideal graphite
structure led to a notable presence of disordered graphitic lattice (D2). The weak intensity of
the 2D peak in the UAG and NAG sample shown in Figure 1k is attributed to the formation
of a turbostratic structure with weakly connected graphene layers due to N-doping.
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2b depicts the basal plane of non-overlapping graphene, revealing two sets of six-fold 
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the twist angles of the graphene layers were found to be randomly distributed, indicating 

Figure 1. FE-SEM surface images: (a,b) graphite, (c,d) UAG, and (e,f) NAG samples, (b,d,f) images
are magnified of (a,c,e) images. (g) XRD patterns and (h–k) Raman data for three samples: (h) Raman
spectra, (i) deconvoluted spectra showing D1–D4, and G bands to investigate the disorder in the
graphitic structure, (j) ratio of the peak area of the D2 band to the G band, and (k) magnified spectra
highlighting the 2D band for graphite, UAG, and NAG.

Figure 2a–f displays the TEM results for UAG and NAG, respectively, synthesized
via the arc-discharge method. Figure 2a,d present the high-resolution TEM cross-sectional
images for the edge plane with numerous observed defects within the UAG and NAG
structure, respectively. Additionally, these images show that both samples consist of
graphene stacked in layers of six or more within a single sheet, which is consistent with
the 2D band in the Raman spectra of both samples. The HR-TEM plane-view image in
Figure 2b depicts the basal plane of non-overlapping graphene, revealing two sets of six-
fold hexagonal spots rotated by 30◦, which are characteristic of multi-layered graphene.
The inset in Figure 2c displays the fast Fourier transform (FFT) of this basal plane image.
This twisted graphene structure is further confirmed by the Moiré pattern in the inverse
FFT (IFFT) image in Figure 2c. However, in other HR-TEM images of UAG beyond this
section, the twist angles of the graphene layers were found to be randomly distributed,
indicating no specific alignment of the twist angles (Figure S2). The analysis also revealed
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that NAG exhibits a high density of defects and a twisted multilayer graphitic structure, as
shown in Figure 2e,f.
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jugation, contributing to the π–π* satellite feature [47,48]. The C 1s spectra of UAG and 
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Figure 2. Transmission electron microscope (TEM) results of UAG: (a,b) high-resolution TEM
image, (c) corresponding fast Fourier transform (FFT) image for the square dotted line of (b) [inset
in Figure 2c] and inversed fast Fourier transform (IFFT) image. TEM results of NAG: (d,e) high-
resolution TEM image, (f) corresponding FFT image for the square dotted line of (e) [inset in Figure 2f]
and IFFT image. (The red arrows represent the defect sites.) XPS spectra of artificial graphite, UAG,
and NAG samples before and after surface Ar+ sputtering (XPS spectra after sputtering were marked
as ‘−s’): (g) survey-scan, (h) C 1s, (i) O 1s, and (j) N 1s, respectively.

The chemical composition and bonding configuration of graphene-based materials
synthesized by the arc-discharge method were analyzed using XPS after surface sputter-
ing by Ar+ and compared with those of artificial graphite, as shown in Figure 2g–j. In
all three carbon materials, XPS spectra revealed core-level peaks at 285 eV (C 1s) and
533 eV (O 1s). Additionally, the NAG sample uniquely exhibited a core-level peak at
399 eV (N 1s). A detailed analysis of the C 1s core level showed a strong peak attributed to
sp2-hybridized carbon. A deconvoluted peak at 291 eV was associated with delocalized
π conjugation, contributing to the π–π* satellite feature [47,48]. The C 1s spectra of UAG
and NAG were broader compared to that of graphite, with deconvolution revealing peaks
centered at 284.7 eV for sp2 carbon, at 285.3 eV for C–C bonding, at 286.0 eV for C–N or C–O
bonding, at 287.1 eV for C=O/C=N bonding, and around 289.7 eV for O=C–O bonding,
respectively. C 1s core-level analysis indicated that the concentration of sp2 C was reduced,
but the concentration of oxygen or nitrogen-bound carbon was higher in graphene-based
material via arc discharge compared to graphite, as shown in Tables S3–S5. The higher
oxygen- and nitrogen-related components in UAG and NAG induce structural disorder
and numerous defects within the graphitic structure, thereby facilitating additional Na+

ion diffusion pathways. Notable differences were also observed in the O 1s and N 1s core
levels, highlighting distinct characteristics between the two samples. The N 1s core-level
spectrum of NAG exhibits distinct peaks corresponding to pyridinic N and pyrrolic N,
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along with features associated with graphitic bonding at graphitic sites [43,49,50]. These
are attributed to the formation of graphitic nitrogen (N–Q) during the heat treatment of
PANI. The amount of nitrogen calculated from the peak area of each element is approxi-
mately 3.5%, which is relatively higher than that of the sample synthesized using NH3 gas
alone due to the addition of PANI [43]. As shown in Figure S3, the presence of pyrrolic N
(31.8 at%) and pyridinic N (42.8 at%) contributes to the formation of defects within the
graphene structure. Additionally, the relatively high content of graphitic N (25.4 at%)
enhances the electrical conductivity of NAG, thereby improving its electronic properties,
which are essential for efficient charge transport. This configuration is recognized as the
most conductive form of nitrogen doping, facilitating rapid electron transport during elec-
trochemical reactions. Impedance measurements of electrical conductivity revealed that the
graphene-based material synthesized by arc discharge exhibited lower electrical resistance
compared to graphite, as shown in Figure S4. Notably, NAG demonstrated slightly lower
resistance than UAG, indicating enhanced conductivity characteristics and expected to be
highly advantageous for high-rate charge/discharge applications.

Figure 3 presents the charge/discharge characteristics of graphite∥Na, UAG∥Na, and
NAG∥Na half-cells, measured to compare the sodium-ion storage capabilities of the or-
dered graphite structure with those of the turbostratic structure of the UAG and NAG.
In Figure 3a, the initial charge/discharge profile of the graphite∥Na half-cell exhibits the
characteristic curve of Na-solvent co-intercalation, consistent with previous observations
of sodium storage in graphite via solvent co-intercalation. In Figure 3b,c, the galvanostatic
curves of UAG∥Na and NAG∥Na half-cells are very stable and exhibit higher specific
capacity compared to the graphite∥Na half-cell and the samples prepared with 1M NaPF6

in ethylene carbonate/diethyl carbonate (1/1 by volume) with 10 wt% fluoroethylene
carbonate electrolyte (Figure S5). In Figure 3d–f, CV curves were employed to investigate
the voltage-current responses of graphite∥Na, UAG∥Na, and NAG∥Na half-cells during
their initial three cycles. In the first CV curve of graphite, the intercalation of Na-DEGDME
and Faradaic reactions show prominent peaks at 0.53 V, with lower signals observed at 1.1,
0.73, and 0.2 V. In contrast, for UAG and NAG, the main Faradaic reactions are observed to
be more prominent around 0.1 V compared to other potentials. During the first three CV
cycles for both UAG and NAG, significant current peaks were observed at 0.65 V and 0.1 V
in the cathodic and anodic scans, which are indicative of Na+-DEGDME co-intercalation
and co-(de)intercalation. This behavior mirrors the sodium storage characteristics typi-
cally observed in graphite, suggesting that the sodium-ion storage mechanism in both
arc-discharge graphene-based materials samples, which share a similar graphitic structure,
is also driven by Na+-DEGDME co-intercalation [21,32,33]. All anodes (graphite, UAG,
and NAG) exhibited stable cycling without any noticeable capacity degradation during
charge/discharge cycling at a current density of 0.1 A g−1, as shown in Figure 3g. Af-
ter 50 cycles, the specific capacities of the graphite, UAG, and NAG anodes were 133.4,
181.9, and 163.6 mAh g−1, respectively, demonstrating the relatively higher capacity of
the arc-discharge graphene-based anode materials compared to the graphite anode. While
graphite, UAG, and NAG exhibited stable cycling at low current densities, a difference
in capacity retention emerged at the higher charge/discharge rate of 1 A g−1, as shown
in Figure 3h. For graphite, the specific capacity decreased from an initial 118 mAh g−1 to
98.6 mAh g−1 after 200 cycles, resulting in a capacity retention of 83.6%. This reduction is
likely due to the limited sodium-ion diffusion within graphite, which causes side reactions
under high current densities. Na+-solvent co-intercalation in graphite has shown high
stability in DEGDME-based electrolytes, owing to their excellent anodic stability. How-
ever, at elevated current densities, the increased extent of Na+-solvent co-intercalation
compromises the cycling stability of graphite anodes. In contrast, UAG and NAG main-
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tained stable cycling performance at the same current density, with specific capacities of
137.9 mAh g−1 and 132.5 mAh g−1 after 200 cycles, respectively. Both samples exhibited
nearly 100% capacity retention, indicating the superior cycling stability of arc-discharge
graphene-based materials under high current conditions. In graphite’s ordered structure,
specific sodium-ion storage sites give rise to the characteristic bulk diffusion profile. In con-
trast, UAG and NAG possess a disordered turbostratic structure that provides numerous
sodium diffusion pathways, enabling rapid sodium-ion storage due to shorter solid-state
diffusion paths. This disordered structure likely enhances sodium-ion diffusion, supporting
stable cycling performance even under high-rate conditions. The before (fresh samples)
and after 200 cycles, the surface images of the samples are shown in Figures S6 and S7.
Unlike UAG and NAG, graphite exhibits severe peeling. These results are consistent with
the observation that, in the case of graphite, the capacity decreases during cycling at high
current densities.
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Although the Na storage mechanism in UAG and NAG are similar to that of graphite, 
its co-intercalation kinetics are enhanced, resulting in faster charge/discharge rates. By 
examining the changes in current signals at different scan rates, as shown in Figure 4a–c, 
the Faradaic reaction rates for graphite, UAG, and NAG were analyzed using a power law 
[51,52]. Figure 4d–f displays the fitting results for log(scan rate) vs. log(peak current) for 

Figure 3. Electrochemical performances of the electrodes. (a–c) Galvanostatic charging/discharging
plots during the initial three cycles for the three electrodes at a current density of 0.1 A g−1:
(a) graphite, (b) UAG, and (c) NAG. (d–f) Cyclic voltammetry curves during the initial three cycles
for the three electrodes at a scan rate of 0.1 mV s−1: (d) graphite, (e) UAG, and (f) NAG. (g,h) Cycling
performance for graphite∥Na, UAG∥Na, and NAG∥Na half-cells at (g) 0.1 and (h) 1 A g−1.

Although the Na storage mechanism in UAG and NAG are similar to that of graphite,
its co-intercalation kinetics are enhanced, resulting in faster charge/discharge rates. By
examining the changes in current signals at different scan rates, as shown in Figure 4a–c,
the Faradaic reaction rates for graphite, UAG, and NAG were analyzed using a power
law [51,52]. Figure 4d–f displays the fitting results for log(scan rate) vs. log(peak current)
for the cathodic (C1, C2) and anodic (A1, A2) peaks in AG, UAG, and NAG. The main Na
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storage potential for the graphite active material is 0.54 V, which is higher compared to other
peak intensities. The b values for UAG’s A1, C1, A2, and A2 peaks were 0.82, 0.93, 0.90,
and 0.98, respectively, while NAG showed values of 0.84, 0.91, 0.96, and 0.97, respectively.
Both UAG and NAG exhibited b values approaching 1.0, indicating prominent capacitive
behavior in their i–v profiles. These high b values surpass those reported for natural
graphite using the same ether-based DEGDME electrolyte, supporting the conclusion that
arc-discharge synthesized turbostratic graphene-based materials demonstrate superior ion
diffusion properties despite their relatively lower specific surface area. This observation is
similar to previous research findings [53–55].
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Figure 4. (a–c) CV curves at different scan rates and (d–f) log (scan rate) versus log (peak current)
fitting plot for the two cathodic peaks (C1, and C2) and the two anodic peaks (A1, and A2) in
graphite∥Na, UAG∥Na, and NAG∥Na half-cells.

Figure 5 illustrates the comparison of the impedance component and the diffusion
kinetics derived from the behavior of sodium ions in three anode materials, as shown by the
in situ EIS and GITT results. Figure 5a,b show the detailed impedance values as a function
of cell voltage during the first cycle obtained by in situ EIS for three electrodes displayed in
Figure S8. As illustrated in Figure 5a, the resistance values of the three carbon-based anodes,
specifically the series resistance (RB) and charge transfer resistance (Rct), exhibit a difference
of approximately several ohms. The RB, which reflects the combined effects of ion transport
within the electrolyte and the intrinsic electrical resistance of the electrode, is notably lower
for the graphite electrode than the UAG and NAG electrodes. This can be attributed to
the slightly higher RB values of UAG and NAG, which stem from their structural defects
and the extended ionic transport pathways within the internal pore network in turbostratic
structures [54,55]. These pathways result in a longer ionic diffusion distance, thereby
increasing the overall ionic resistance. Conversely, the Rct, which quantifies the charge
transfer resistance at the electrode-electrolyte interface, is significantly lower for the UAG
and NAG electrodes compared to graphite. This is primarily due to the increased number
of defect sites and the porous structure of the turbostratic graphene-based materials, which
facilitates a higher density of Faradaic reaction sites, thereby enhancing charge transfer
kinetics. The fitting results of the Warburg impedance with respect to voltage in Figure S9
reveal a relatively higher diffusion coefficient for turbostratic graphene-based materials
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compared to graphite, as shown in Figure 5b. In the voltage range of 1–3 V, UAG and NAG
exhibit a diffusion coefficient of sodium ions (DNa

+) approximately 10 times greater than
that of graphite. This trend remains consistent even after the formation of the SEI during
subsequent cycles.
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coefficient (DNa

+) were calculated from the EIS data for graphite∥Na, UAG∥Na, and NAG∥Na
half-cells at each voltage during the first cycle. GITT test and the calculated sodium ion diffusion
coefficient (DNa

+) during second cycles for the (c,f) graphite∥Na, (d,g) UAG∥Na, and (e,h) NAG∥Na
half-cells.

The rapid sodium storage kinetics of the turbostratic UAG and NAG are evident in
the GITT measurement, as shown in Figure 5c–h. The applied current and voltage profiles
to obtain GITT data, as well as the formula for calculating the D coefficient, are shown in
Figure S10. In half-cells with three different carbon anodes and sodium, the DNa

+ values
for graphite averaged 4.64 × 10–11 S cm–1, exhibiting consistent trends across the state-of-
charge range. In contrast, the diffusion coefficients for UAG and NAG were approximately
twice as high as that of graphite, with values of 2.62 × 10–10 S cm–1 and 1.77 × 10–11 S cm–1,
respectively, during the slope regions of their voltage profiles. Notably, both UAG and
NAG exhibit a plateau below 30 mV, where the diffusion coefficient decreases significantly.
This decline in DNa

+ at a low potential is attributed to the sodium-ion charging mechanism,
which transitions from intercalation to a pore-filling process, leading to the formation of
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sodium clusters within the pores [56]. The pore-filling process, observed in GITT with
pulse currents, is expected to occur in the numerous pores within the turbostratic structure
of UAG and NAG, which are not exhibited in typical charge–discharge profiles with a
0.01 V cut-off voltage as shown in Figure 3e–f. The additional capacity through the pore-
filling process in the GITT of UAG and NAG confirms the presence of numerous pores
within the arc-discharge-synthesized turbostratic graphene-based materials, which con-
tributes to enhanced ion diffusion.

Figure 6 illustrates the rate capability and high-current charge/discharge cycling per-
formance of the prepared anode materials, assessed across a broad range of current densities
to determine capacity retention under rapid charging/discharging conditions. In Figure 6a,
current densities were systematically increased from 0.1 to 30 A g−1 and then reduced back
to 0.1 A g−1, allowing for a thorough evaluation of charge capacity at elevated current rates
and the corresponding electrode stability under high-rate cycling. For the graphite∥Na
cell, charge capacities of 121.5, 105.2, 81.8, and 57.7 mAh g−1 were achieved at 0.1, 0.2, 0.5,
and 1 A g−1, respectively, demonstrating substantial capacity retention. However, above
2 A g−1, capacity degradation was observed, likely due to increased diffusion overpotential,
as the rate of electrochemical reactions became constrained by limited ion diffusion within
the graphite structure. In contrast, the UAG∥Na and NAG∥Na cells exhibited robust high-
rate performance even at elevated current densities, signifying a marked improvement in
electrochemical behavior despite their relatively low specific surface areas. The UAG∥Na
and NAG∥Na cells delivered specific capacities of 116.2, 112.4, 108.3, 104.6, 100.0, and
96.6 mAh g−1 at current densities of 0.1, 0.2, 0.5, 1, 2, and 3 A g−1, respectively. Additionally,
under equivalent conditions, NAG demonstrated slightly superior fast-charging capability
compared to UAG, achieving specific capacities of 91.3, 81.3, 65.0, and 46.8 mAh g−1 at 5,
10, 20, and 30 A g−1, respectively, compared to UAG’s capacities of 88.9, 74.6, 55.6, and
36.7 mAh g−1. Both materials retain their capacity even at high current densities, exhibit-
ing exceptionally competitive performance relative to other graphene-based materials
(Table S6). The specific capacity of NAG at 30 A g−1 is approximately 28% higher than
that of UAG, which is a significant increase within the 3.5% nitrogen doping level. In
Figure 6b, cycle stability at a high current density (5 A g−1) for the artificial graphene-based
materials was tested up to 2500 cycles. The specific capacities of NAG and UAG remained
close to their initial values after 2500 cycles. In terms of long-term cycle stability, highly
nitrogen-doped NAG demonstrated significantly higher capacity and Coulombic efficiency
performance. Figure 6c visualizes the difference in sodium ion behavior of graphite and tur-
bostratic graphene-based materials synthesized by arc discharge. In highly crystalline and
well-ordered graphite, the solid-state diffusion of sodium ions is constrained to the crystal-
lographic alignment. This anisotropic diffusion pathway imposes significant limitations
under high current density conditions. The turbostratic graphene-based materials synthe-
sized via the arc discharge method exhibit an extensive basal plane alongside abundant
internal defects and sufficient porosity to facilitate electrolyte infiltration. This material
also adopts a turbostratic structure, wherein the basal planes are twisted, introducing
structural disorder and increased interlayer spacing. These intrinsic characteristics enable
deep penetration of electrolytes into the active material particles and provide isotropic
diffusion pathways for sodium ions through the defects, thereby supporting efficient ion
transport under high current density conditions. Moreover, nitrogen doping, including
pyrrolic, pyridinic, and graphitic nitrogen, was readily induced through the arc discharge
method. The incorporation of these nitrogen species contributed to a modest enhancement
in electrochemical performance, as reflected in the improved material characteristics.
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Figure 6. (a) Rate capability of graphite∥Na, UAG∥Na, and NAG∥Na half-cells at current densities
ranging from 0.1 to 30 A g−1, and then back to 0.1 A g−1. (b) Long cycle stability of UAG∥Na and
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4. Conclusions
In summary, high N-doped (~3.5%) artificial graphene-based material has been synthe-

sized through the PANI-based arc-discharge method for sodium-ion battery anodes. Broad
peaks, except for the main graphite peak, are observed at 26.2◦ [dts = 3.405 Å] for UAG and
26.1◦ [dts = 3.410 Å] for NAG, characteristic of a typical turbostratic graphene structure. In
turbo-structural graphene, doping with nitrogen increases structural disordering, improves
electronic conductivity, and enhances the diffusion of Na+ ions through defects and pores,
enabling fast charging and discharging kinetics. The NAG anode demonstrates long-cycle
stability and high-rate capability. At low current densities, there was little difference in
the behavior of Na+ ions and charge transfer between UAG and NAG, but as the current
density increased, the role of nitrogen became more pronounced, and the two samples
showed a significant difference compared to graphite. The NAG electrode, produced via
a facile and scalable physical arc discharge method, exhibits significant potential as an
anode material for sodium-ion batteries. Notably, it demonstrates promising applicability
in configurations demanding rapid charge and discharge capabilities.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/batteries11040135/s1; Figure S1: Schematic illustration of arc-discharge
system for synthesis of UAG and NAG; Figure S2: HR-TEM results of UAG. (a) UAG observed
along the edge plane direction, (b) non-overlapped single UAG layer observed along the basal plane
direction, (c) IFFT image of the highlighted region in (b) (inset: corresponding FFT image); Figure S3:
Elemental composition (C, O, N, and impurity) in the graphite, UAG, and NAG determined by XPS

https://www.mdpi.com/article/10.3390/batteries11040135/s1
https://www.mdpi.com/article/10.3390/batteries11040135/s1
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spectra. Inset shows the contents of deconvoluted nitrogen component, pyridinic N, pyrrolic N, and
graphitic N. Figure S4: (a) Illustration of the configuration to test electrical conductivity (stainless
steel-symmetric pressure cell), and (b) corresponding equivalent circuit. (c) Nyquist plots for SS∥SS
for graphite, UAG, and NAG. (d) Calculated resistivity of graphite, UAG, and NAG; Figure S5:
(a,b) Galvanostatic charging/discharging profiles for UAG∥Na and NAG∥Na half-cells, respectively,
using a carbonate-based electrolyte of 1M NaPF6 in ethylene carbonate/diethyl carbonate (EC/DEC,
1/1 by volume) with 10 wt% fluoroethylene carbonate (FEC); Figure S6: Plan-view FE-SEM images
of (a,b) the fresh graphite anode, (c,d) the fresh UAG anode, and (e,f) the fresh NAG anode before
cycling; Figure S7: Plan-view FE-SEM images of (a,b) the cycled graphite anode, (c,d) the cycled
UAG anode, and (e,f) the cycled NAG anode after galvanostatic charging/discharging cycling at
the current density of 1 A g−1 for 200 cycles; Figure S8: In situ EIS results for (a,d) graphite∥Na,
(b,e) UAG∥Na, and (c,f) NAG∥Na half cells at different potential. (a–c) Charging and discharging
curves during the in situ EIS measurement (marked circles are represented as the measured point
of EIS). (d–f) Nyquist plots at different potentials; Figure S9: (a–c) Zre vs. ω−1/2 and (d–f) slope of
Zre vs. ω−1/2 as a function of voltage obtained from in situ EIS results of the Figure S5; Figure S10:
Applied current pulse to the samples and the corresponding voltage profile used to obtain GITT data.;
Figure S11: Galvanostatic charging/discharging curves at different current densities from 0.1 A g−1

to 5.0 A g−1 for (a) UAG∥Na, and (b) NAG∥Na; Table S1: Deconvoluted peak information in XRD
spectra for graphite, UAG, and NAG by deconvoluting to graphitic carbon (g-C) and turbostratic
carbon (t-C); Table S2: Deconvoluted peak information in Raman spectra for graphite, UAG, and
NAG; Table S3: Deconvoluted peak information in XPS spectra of C 1s core level for graphite, UAG,
and NAG; Table S4: Deconvoluted peak information in XPS spectra of O 1s core level for graphite,
UAG, and NAG; Table S5: Deconvoluted peak information in XPS spectra of N 1s core level for NAG;
Table S6: Comparison table on the electrochemical performance of graphene and graphene-related
compound for SIB’s anode.
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Abbreviations
The following abbreviations are used in this manuscript:

UAG Undoped artificial graphene-based material
NAG Nitrogen-doped artificial graphene-based material
LIBs Lithium-ion batteries
SIBs Sodium-ion batteries
PANI Polyaniline
FE-SEM Field-emission scanning electron microscopy
HR-TEM High-resolution transmission electron microscopy
XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy
DEGDME Diethylene glycol dimethyl ether
SBR Styrene butadiene rubber
CMC Carboxymethyl cellulose
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CV Cyclic voltammetry
GITT Galvanostatic intermittent titration technique
EIS Electrochemical impedance spectroscopy
FFT Fast Fourier transform
IFFT Inverse fast Fourier transform
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