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A B S T R A C T

Graphite materials have been highly successful as anode materials for lithium-ion batteries (LIBs), but they show 
limited performance in sodium-ion batteries (SIBs) due to the insufficient interlayer spacing, which restricts Na+

insertion and diffusion. In this work, we report the rapid synthesis of expanded graphite (EG) via a high- 
temperature shock reduction method and enhance its sodium storage capacity through nitrogen doping 
(EGN). The ultrafast nonequilibrium thermal shock generates a defect-rich structure in EGN, expanding the 
interlayer distance to 0.44 nm while maintaining the layered ordered structure characteristic of graphite-like 
materials. Spectroscopic analysis and theoretical calculations indicate that the successful incorporation of ni
trogen atoms into expanded graphite increases the active sites and enhances Na+ adsorption capability. 
Consequently, SIBs with EGN anodes achieve a reversible specific capacity of 295 mA h g− 1 at 0.1 A g− 1. This 
work presents a cost-effective and efficient method for EG synthesis, offering a new strategy for designing 
advanced sodium-ion anode materials.

1. Introduction

The urgent need for low-carbon and efficient energy solutions has 
prompted researchers to conduct extensive work aimed at developing 
secondary batteries that combine high performance with low cost [1–8]. 
Sodium resources have great potential advantages that are not limited 
by region and abundance. In addition, SIBs and LIBs have similar 
rocking chair-like working principles and similar production technolo
gies [9–14]. Therefore, sodium-ion battery has received increasing 
attention from industry and academia in recent years. Unfortunately, 
compared with the mature lithium-ion anode materials, sodium-ion 
battery anode materials are still in the exploration stage of optimiza
tion screening [15–20].

Graphite, known for its high energy density and low cost, has been 
successfully used as an anode material for LIBs. However, it performs 
poorly in SIBs due to the larger ionic radius of Na+ compared to Li+

(0.102 nm vs 0.076 nm) [21–25]. To address the low Na+ storage effi
ciency caused by the mismatch between graphite interlayer spacing and 

the Na+ ionic radius, researchers have explored various strategies to 
optimize the structure of graphite materials [26,27]. For instance, ether- 
based electrolytes have been developed to enable rapid Na+ storage 
through the co-intercalation of solvent molecules and Na+ ions [28–30]. 
Another effective strategy is to enhance Na+ intercalation by increasing 
the graphite interlayer spacing via heteroatom doping [31–38]. While 
both approaches have shown promising results, they still face challenges 
such as low capacity, complex processes, high costs, and limited appli
cation scenarios. Recently, researchers have employed graphite oxida
tion to synthesize EG, increasing the interlayer spacing and introducing 
defects to facilitate Na+ intercalation [39–41]. For example, Wang et al. 
synthesized EG with an interlayer spacing of 0.43 nm via a two-step 
redox process, achieving a capacity of 284 mAh g− 1 as an anode mate
rial for SIBs [42]. Li et al. prepared EG using Hummer’s method followed 
by heat treatment and clarified the reaction mechanisms of sodiation 
and desodiation processes through in situ Raman spectroscopy [43]. 
Recently, Jun’s group developed a sodium-ion anode with a defect-rich 
structure generated through mechanical activation of graphite [44]. 
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Their findings indicate that increasing defect density and interlayer 
spacing significantly enhances the sodium storage performance of 
graphite [33,45,46]. Therefore, establishing a simple and scalable 
method to produce defect-rich graphite-derived materials with 
expanded interlayer spacing is crucial for advancing the development 
and application of SIBs.

Among various thermal treatment methods, high-temperature shock 
(HTS) is a low-carbon, efficient, and flexible heating technology char
acterized by rapid heating kinetics (~300 K⋅min− 1), making it suitable 
for electrode material synthesis [47–49]. Compared to traditional 
equilibrium heating, this non-equilibrium method is more conducive to 
defect formation and shows great potential for preparing SIB anode 
materials. Additionally, heteroatom doping disrupts the π-π conjugated 
system between graphite layers, introducing electronegative functional 
groups that enhance the adsorption energy of sodium ions and accel
erate their deintercalation [50]. This not only improves the conductivity 
of EG but also creates more active sites, increasing the specific capacity. 
Thus, combining the HTS method with heteroatom doping offers a 
promising approach for fabricating high-performance, low-cost SIB 
anode materials.

Here, we developed a rapidly prepared EG anode material for SIBs 
using graphite oxide as raw material by combining these two strategies- 
(1) preparation of EG by HTS and (2) optimization of sodium ion 
adsorption energy by nitrogen atom doping. Electron microscopy char
acterization indicates that the synthesized EG retains a graphite-like 
layered ordered structure with an expanded interlayer spacing of 0.44 
nm.This structure provides favorable conditions for the electrochemical 
insertion of Na+. Electrochemical tests demonstrate that the nitrogen- 
doped expanded graphite (EGN) delivers a high reversible capacity of 
322mAh g− 1 at a current density of 0.05 A g− 1 and retains a specific 
capacity of 115mAh g− 1 at 1.0 A g− 1 after 1000 cycles. In-situ X-ray 
diffraction (XRD) and ex-situ Raman analyses are used to monitor the 
microstructural changes during sodiation and desodiation. The EGN 
prepared in this study combines low-carbon, high-efficiency features, 

making it a highly promising anode material for future SIBs applications.

2. Results and discussion

Preparation and structural characterization of expand graphite. 
The heating rate and final temperature achieved by Joule heating are 
highly dependent on the choice of heating substrate. To address this, we 
first conducted a screening of potential substrates, including tungsten 
foil, graphite sheet, and carbon paper. Comparative analysis revealed 
that tungsten foil exhibited the fastest heating rate and reached a 
maximum temperature of 2200◦C, while graphite sheet showed the 
slowest heating rate with a maximum temperature of only 400◦C. Car
bon paper demonstrated a moderate heating rate and achieved a 
maximum temperature of 950◦C (Fig. S1). To prevent nitrogen source 
evaporation and excessive graphitization, carbon paper was selected as 
the heating substrate. EGN is synthesized within seconds using the HTS 
method, as illustrated in Fig. 1a. As seen in Fig. 1b, the HTS process 
consists of three stages: rapid heating, constant temperature holding, 
and fast cooling. The heating rate can reach an impressive 95 ◦C/s 
(950 ◦C in 10 s), with the entire synthesis taking only 154 s, highlighting 
the high efficiency of HTS. During the process, the carbon substrate 
emits a bright light, accompanied by heat and pressure due to the high 
current, as shown in Fig. 1c. The ultrafast thermal shock causes rapid 
decomposition and release of oxygen-containing groups from the carbon 
layers, breaking the van der Waals forces between graphite layers and 
resulting in the formation of expanded graphite [51,52]. Additionally, 
the non-equilibrium heating conditions favor the formation of defects 
and nitrogen atom doping (Fig. 1c). Scanning electron microscopy 
(SEM) reveals the morphology and microstructure of graphite oxide 
(GO) after thermal shock. The particle size of GO is approximately 5 μm 
(Fig. 1d,), exhibiting a block structure. After rapid high-temperature 
impact, GO undergoes exfoliation, forming a 3D network structure 
resembling stacked nanosheets (Fig. 1e), driven by the rapid gas evo
lution [53]. When nitrogen atoms are doped into EG, EGN displays a 

Fig. 1. (a) Schematic illustration of the process for preparing EGN by HTS; (b) Heating curve of HTS; (c) Digital photo of HTS process; (d-f) SEM images of GO, 
EG, EGN.
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larger layered structure with more voids (Fig. 1f). At lower magnifica
tions, the SEM images reveal that the GO undergoes uniform expansion 
after rapid thermal reduction, demonstrating excellent consistency 
(Fig. S2).

The above findings prove that the use of thermal shock can suc
cessfully achieve the rapid exfoliation of graphite oxide to form porous 
lamellar expanded graphite, and the whole process takes only 154 s.

The structure of EGN is further analyzed using high-resolution 
transmission electron microscopy (HRTEM). As shown in Fig. 2a, the 
top view of EGN reveals a well-defined lamellar film structure, while the 
cross-sectional view (Fig. 2b) shows an interlayer spacing of 0.44 nm, 
significantly larger than the 0.34 nm spacing typically found in graphite 
materials. The diffraction rings observed in the selected area electron 
diffraction (SAED) patterns further demonstrate that the EGN sample 
possesses a certain degree of ordered interlayer structure and crystal
linity. To better observe the graphite-like layered ordered structure in 
EGN, we have provided additional TEM images, as shown in Fig. S3. To 
further investigate the bonding states of N, C, and O atoms in EGN, X-ray 
photoelectron spectroscopy (XPS) is performed (Fig. 2g-i). The full 
spectrum indicates a nitrogen doping level of 6.8 %, suggesting that N is 
successfully introduced through the thermal shock process (Fig. S1). The 
N1s XPS spectrum (Fig. 2g) shows three distinct peaks at 398 eV, 399 eV, 
and 400 eV, corresponding to pyridinic N, pyrrolic N, and graphitic N, 
respectively. Pyridinic nitrogen is the dominant species, and pyrrolic N 
has been reported to enhance cycling stability and electrochemical ac
tivity [54]. The C1s spectrum reveals four peaks at 284.6 eV, 285.5 eV, 
288.5 eV, and 290.5 eV, which are attributed to C = C, C-O/C-N, C = O, 
and O-C = O bonds, respectively (Fig. 2e). A small amount of O is also 
present, primarily in the form of carbon oxides (Fig. 2f).

To investigate the changes in crystalline structure before and after 
thermal reduction, X-ray diffraction (XRD) is employed to characterize 
the GO, EG, and EGN samples. As shown in Fig. 2g, the commercial 
graphene oxide sample exhibits distinct peaks, particularly at 13◦, 
indicating the presence of abundant oxygen-containing functional 
groups, and at 42◦, reflecting disordered turbostratic carbon (disordered 
carbon layers with poor stacking and atomic defects) [55]. After thermal 
reduction, the characteristic peaks at these positions in EG and EGN 
nearly disappear, leaving only a diffraction peak at 21◦, indicating an 
improvement in long-range order and the formation of a graphite-like 
structure with larger interlayer spacing. This observation aligns with 
the SEM and TEM characterization results.

Raman spectroscopy was further employed to analyze the degree of 
structural disorder at the local level in the samples. All three samples 
exhibit two characteristic Raman peaks: the D peak and the G peak, 
located at approximately 1348 cm− 1 and 1597 cm− 1, respectively. The D 
peak is generally associated with defects in the carbon atomic structure, 
while the G peak corresponds to the in-plane stretching vibration of sp2- 
hybridized carbon atoms. The intensity ratio of the D to G peaks (ID/IG) 
provides an indicator of the degree of microstructural defects within the 
carbon materials. The intensity ratios of the D band to the G band (ID/IG) 
for GO, EG, and EGN are 0.99, 1.02, and 1.03, respectively (Fig. 2h). The 
increase in the ID/IG ratio reflects the destruction of van der Waals forces 
between graphite oxide layers, resulting from the rapid decomposition 
and release of oxygen-containing groups, which leads to the expansion 
and exfoliation of the graphite layers. Nitrogen doping further enhances 
the defect density. Additionally, we observed a shift of the G peak to 
lower wavenumbers in GO after thermal reduction, indicating that the 
thermal reduction process effectively removed oxygen-containing 

Fig. 2. (a) TEM images of EGN; (b) HRTEM images of EGN; (c) SAED patterns of EGN; (d) XRD patterns and (e) Raman spectra of GO, EG, and EGN; (f) N2 adsorption 
and desorption isotherms of EGN, EG; High-resolution XPS spectra (g) N1s; (h) O1s; (i) C1s of EGN.
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functional groups from graphite oxide. This removal promoted an in
crease in ordered layers, thereby enhancing the overall graphitic struc
ture. This observation aligns well with the XRD results, further 
supporting our findings.

Moreover, BET analysis reveals significant differences in the pore 
structures of the materials. N2 adsorption measurements at 77 K show 
that the surface area of the material increases substantially from GO to 
EG, rising from 12.0 m2 g− 1 to 171.8 m2 g− 1, with EGN reaching 266.8 
m2 g− 1 (Fig. 2i). The higher specific surface area and pore volume of 
EGN are attributed to fewer stacked layers and increased defect density, 
consistent with SEM and Raman results. The pore size distribution dia
gram for GO, EG, and EGN (Fig. S2) indicates that the materials pri
marily contain micropores and mesopores. The abundant mesopores 
may shorten ion diffusion paths, contributing to enhanced electro
chemical ion storage performance. In summary, experimental charac
terizations confirm that the thermal shock method successfully 
synthesized nitrogen-doped, defect-rich expanded graphite with a 
graphite-like layered structure.

Performance of Sodium-ion cell. We evaluated the performance of 
Na-ion cells using GO, EG, and EGN samples as anodes. The initial 
electrochemical impedance spectroscopy (EIS) of the GO, EG, and EGN 
sodium-ion coin cells shows a short Warburg slope in the low-frequency 
region (0.1 Hz − 1.0 Hz) and a semicircle in the mid-to-high frequency 
range (100 mHz – 1.0 MHz)[56,57]. The high-frequency semicircle is 
attributed to the charge transfer process. The Rct (charge transfer 

resistance) values for the three cells are 1343 Ω, 611.4 Ω, and 261.2 Ω, 
respectively, indicating that the increased interlayer spacing and nitro
gen doping significantly reduce Na+ migration resistance. At a current 
density of 0.1 A g− 1, the EGN cell exhibited a first-cycle reversible ca
pacity of 295 mAh g− 1 (Fig. S9a), which is notably higher than the 251 
mAh g− 1 and 236 mAh g− 1 for the GO and EG cells. We observed that the 
initial Coulombic efficiency of the materials is relatively low (Fig. S9). 
This phenomenon primarily arises from side reactions between residual 
oxygen-containing functional groups, as well as the increased surface 
area following thermal reduction, which interact with the electrolyte. 
After 500 stable cycles, the EGN cell retained a capacity of 170.6 mAh 
g− 1, while the GO and EG cells showed similar capacities of around 120 
mAh g− 1 (Fig. 3a).

Fig. 3c illustrates the rate performance of GO, EG, and EGN at current 
densities ranging from 0.05 to 10 A g− 1. The EGN cell consistently 
outperformed the EG and GO cells at all current densities, achieving a 
maximum specific capacity of 322 mAh g− 1 at 0.05 A g− 1 (Fig. S4b). 
Even at a high current density of 10 A g− 1, the EGN cell delivered a 
charge capacity of 110 mAh g− 1, while the capacities of the other two 
cells dropped close to zero. Remarkably, when the current density is 
returned to 0.05 A g− 1, the EGN cell’s capacity is fully restored to its 
initial level. To examine the performance of the materials at low current 
density, we further tested the cycling stability of the three samples at 
0.05 A g− 1. After 100 stable cycles, EGN retained a specific capacity of 
216 mAh g− 1, whereas the GO-based battery only achieved 169 mAh 

Fig. 3. (a) Electrochemical impedance spectroscopy results of sodium ion coin cells with GO, EG, and EGN anodes; Comparison of (a) cycling performance (0.1 A/g), 
(b) rate capability and (c) cycling performance at high current density (1.0 A/g) of GO, EG and EGN cells. (e) Comparative rate performance with the previously 
published typical carbon anode; (f) Separation of the capacitive and diffusion currents in EGN at 1 mV/s; (g) CV curves of EGN cell at different scan rates; (h) Ratio of 
the capacitive and diffusion-controlled charge’s contribution to the scan rate.
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g− 1. These results clearly demonstrate that N atom doping significantly 
enhances both the cycling stability and rate performance of expanded 
graphite.

Fig. 3d compares the capacities of EGN, EG, and GO cells at a high 
current density of 1.0 A g− 1 over 1000 cycles. After 1000 cycles, the EGN 
cell maintained a capacity of 115 mAh g− 1, with a retention rate of 45 %, 
indicating exceptional cycling stability. Furthermore, Fig. 3e highlights 
the superior high-rate charge capacity of EGN compared to various other 
carbon materials reported in the literature, where EGN exhibits 
outstanding performance [43,58–62]. Given the excellent rate capacity 
and cycling stability of EGN at high current densities, it is both necessary 
and valuable to qualitatively and quantitatively assess the contributions 
of surface adsorption capacitance and diffusion-controlled intercalation 
processes to the cell’s capacity. The contributions from internal diffusion 
intercalation or surface capacitance adsorption can be evaluated by 
calculating the current during the charge–discharge process.

Figs. 3f and S3 show the cyclic voltammetry (CV) curves of sodium- 
ion half-cells using EGN and EG materials at scan rates ranging from 0.2 
to 1 mV s− 1. It is evident that the CV curve shape is well-maintained 

across the entire scan rate range. Using the equation i = k1v + k2v
1
2, 

which relates the scan rate (v) to the current (i), the specific contribu
tions of the two mechanisms—capacitive and diffusion-controlled 
processes—can be calculated [63]. In this equation,i and ν represent 
the current at a given voltage and the corresponding scan rate, while k1 

and k2 are constants related to the voltage. The terms k1ν and k2ν1/2 

represent the capacitive and diffusion-controlled contributions, 
respectively.

For instance, the shaded areas in Fig. 3g and Fig. S3 indicate the 
pseudocapacitance contributions of EGN and EG at a scan rate of 1.0 mV 
s− 1, which are 67 % and 63 %, respectively. The enhanced sodium 
storage kinetics of EGN primarily stem from the increased interlayer 
spacing and abundant defect structures formed through rapid thermal 
reduction [64,65]. We further analyzed the capacity contributions at 
different scan rates (Fig. 3h), and found that at lower scan rates, capacity 
is primarily controlled by diffusion. This is consistent with the CV curve 
at 0.1 mV s− 1, where an oxidation peak at 0.1 V (Fig. S4) indicates so
dium ion intercalation into the layered structure. As the scan rate in
creases, the diffusion contribution decreases while the capacitive 
contribution rises correspondingly. Although a minor hump might 
appear due to the redox reaction, capacitive processes dominate across 
the entire potential range. Similarly, the EG anode material exhibits a 
comparable electrochemical reaction mechanism.

These results demonstrate that sodium-ion cells using EGN anodes 
exhibit excellent cycling stability and rate performance, suggesting 
significant potential for practical applications.

Sodium storage mechanism and structural evolution. To further 
investigate the underlying reasons for the excellent rate performance of 
the EGN cell, a kinetic analysis of the EGN electrodes is conducted. The 
sodium ion diffusion coefficient (DNa+) for both EGN and EG electrodes 

Fig. 4. (a) GITT curve of EGN cell and the corresponding logarithmic value of ion diffusion coefficient. (b, c) Time-resolved in situ XRD contour plots and spectra of 
the EGN cell in the first two cycles; (d, e) Ex-situ Raman spectra of EGN cell during the first charging/discharging process; (f) Discharge curves (0.1 A/g);
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is first evaluated using the Galvanostatic Intermittent Titration Tech
nique (GITT). Fig. 4a displays the potential response of the EGN elec
trode during the discharge/charge process, with the calculated DNa+
values ranging from 10− 11 to 10− 13 cm2 s− 1. This enhanced efficiency is 
primarily attributed to the defect-rich structure and the larger interlayer 
spacing of EGN, which significantly lower the energy barrier for Na+

diffusion, thereby improving the reaction kinetics.
The relationship between electrochemical behavior and structural 

evolution during cycling is further clarified using in-situ XRD tests. 
Fig. 4A presents contour plots showing the peak evolution of the EGN 
electrode, along with the cell voltage curve over time (left) (Fig. 4a.b). 
The (0 0 2) peak position of the EGN electrode exhibits regular shifts 
corresponding to the degree of sodiation and desodiation. Specifically, 
during the discharge process, the (0 0 2) peak shifts significantly to the 
left at lower potentials, then returns to its original position when 
recharged to OCV. This behavior confirms an “adsorption-insertion” 
mechanism during discharge and a gradual delamination during the 
entire charging process. The same peak shift pattern in 2θ is observed 
during the second charge and discharge cycle.

The structural evolution of the EGN anode during Na+ insertion/ 
extraction is further confirmed by ex situ Raman spectroscopy. During 
discharge, the G-band shifts from 1591 cm− 1 to 1582 cm− 1, while the 
intensity of the D-band gradually decreases. This indicates that Na+

insertion weakens the C-C bonds in the layered structure and Na+

adsorption on defect sites and pores restricts the breathing vibration of 
sp2 carbon rings. During the subsequent charging process, the G-band 
shifts back from 1588 cm− 1 to 1591 cm− 1, as shown in Fig. 4e. These 
results suggest that the EGN sample, with its rich defect structure and 
expanded interlayer spacing while retaining a graphite-like layered or
dered structure, follows a sodium storage mechanism where both 
adsorption and insertion coexist (Fig. 4f).

To further reveal the intrinsic reasons for the superior sodium-ion 
storage capacity, density functional theory (DFT) calculations are per
formed to explore the effects of N-doping and defect-rich structure on 
the electronic structure and sodium adsorption behavior. The most 
stable structure of the sodium ion adsorption system is optimized 
(Fig. 5a-c), where the Na absorption energy of EG is − 1.48 eV, indicating 
that the interaction between Na and EG is weak. EG (− 2.65 eV) 
exhibited a higher Na absorption energy than GO, indicating that the 
defect-rich structure played an active role in both Na adsorption and 
storage. In particular, the EGN model (− 3.08 eV) exhibited the highest 
Na absorption energy among all samples, indicating that N-doping and 
defect structure can synergistically enhance the sodium absorption ca
pacity (Fig. S11). The preparation of EGN with N-doping and defect-rich 
structure by nonequilibrium heating improved the electronic conduc
tivity and reaction kinetics, resulting in excellent sodium storage 

Fig. 5. DFT calculations are performed on the Na-adsorption models of (a) GO, (b) EG, and (c) EGN, respectively. Top (upper) and side (lower) views of the dif
ferential charge density plots of (d,g) GO, (e,h) EG, and (f,i) EGN for interaction with Na atoms.
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capacity. To further explore the electronic structure and bonding char
acteristics of the Na intercalation process, the top and plan views of the 
charge density difference (red and blue correspond to negative and 
positive charge differences) are shown in Fig. 5d–i. Obviously, the 
electron-rich regions (yellow) prefer to gather around defects and N 
atoms, which is beneficial for capturing Na+. The rich defect and N 
configurations synergistically regulate the spatial charge redistribution 
and increase the active host sites, significantly improving the electro
sorption ability.

3. Conclusion

In summary, the high-temperature shock reduction method suc
cessfully produced defect-rich, nitrogen-doped EGN with an interlayer 
spacing of up to 0.44 nm while preserving the graphite-like layered 
ordered structure. The EGN anode, characterized by a high concentra
tion of pyridinic nitrogen, abundant structural defects, and expanded 
interlayer spacing, demonstrates exceptional specific capacity alongside 
outstanding electrochemical kinetics. Accordingly, the SIBs equipped 
with the EGN anode delivers a reversible specific capacity of 295 mA h 
g− 1 at 0.1 A g− 1., and even sustains a notable specific capacity of 115 
mAh g− 1 at a high current density of 10 A g− 1. Furthermore, in-situ XRD 
and ex-situ Raman analyses reveal that EGN exhibits a combined 
“adsorption-insertion” sodium storage mechanism during charge and 
discharge processes. This study highlights the potential of high- 
temperature shock technology as a low-carbon, efficient method for 
preparing expanded graphite, expanding the application prospects of 
graphite-based anodes in sodium-ion batteries.
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