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Abstract
Anthracite exhibits great potential for anodes in sodium-ion batteries (SIBs) attributed to
its  rich  reserve  and  high  carbon  content.  Here,  a  high-performance  anthracite-derived
carbon  with  both  N  and  Cl  doping  (ACp-N-Cl)  was  prepared  by  a  low-temperature
pyrolysis process, which showed a large reversible capacity and enhanced rate capability
for SIBs. Calcining the purified anthracite and ammonium chloride in an inert atmosphere at
400  °C  resulted  in  a  porous  carbon  engineered  with  numerous  edge  defects  and
topological irregularities, which were beneficial to the storage of Na+ by lowering the ion
migration  energy  barrier.  The  obtained  ACp-N-Cl  electrode  materials  exhibited
outstanding electrochemical performances in both rate capability and long-term stability,
delivering a discharge capacity of 220 mAh g-1 (@0.02 A g-1) after 50 cycles and retaining a
capacity of 173 mAh g-1  after 8000 cycles at 1  A g-1.  Kinetic analysis confirmed that the
performance  enhancement  was  primarily  attributed  to  the  increased  pseudocapacitive
contribution and improved ion transport by N and Cl heteroatoms doping. This study offers
a promising method to produce carbon anodes from low-cost coal-based precursors, which
is practicable for a large-scale production.
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INTRODUCTION
With increasing global energy constraints and the rapid expansion of renewable energy demand, efficient

and cost-effective energy storage technologies have become critical to the modernization of energy systems.

Although lithium-ion batteries are already widely commercialized, sodium-ion batteries (SIBs) have aroused

great attention in recent years because of the abundant reserves and low-cost features of sodium compared

with lithium resources
[1-4]

. For SIBs, the chemistry and architecture of anode material strongly affect Na
+

storage kinetics, capacity retention, and overall rate behavior. Carbonaceous materials are regarded as highly

promising candidates, as their tailored pore structures provide favorable sites and pathways for

accommodating the relatively large Na
+
 ions.

Among various carbon materials, anthracite is an ideal precursor due to its high carbon content, low ash

content, and low cost
[5-8]

. However, anthracite also has several drawbacks when directly used as an anode for

SIBs. Its native structure is relatively dense, with a small interlayer spacing and a limited number of active

sites, which results in low reversible capacity, slow Na
+
 insertion/extraction kinetics, and poor rate

performance, hindering the practical application of anthracite-based anode materials. Most modification

strategies for preparing hard carbon from anthracite mainly relied on high-temperature modification, which

tailors the microstructure by expanding the interlayer spacing and constructing closed pore structures
[9,10]

. As

one of the most widely used methods, high-temperature treatment not only consumes large amounts of

energy, but also involves complicated procedures and low yields of products, leading to the increase of

production costs. Therefore, low-temperature treatment to fabricate anthracite-derived carbon has garnered

considerable interest. Despite its advantages in yields and production costs, low-temperature treatment still

suffers from issues including low electronic conductivity and poor structural stability, and the relatively low

capacity and poor rate performance limit its practical applications
[11,12]

.

To increase the accessible active sites for Na
+
 storage, pore construction and defect engineering are effective

strategies, and etching agents or dopants are commonly introduced during synthesis. As a thermally volatile

pore-forming additive, ammonium chloride (NH
4
Cl) is commonly employed to construct pores, boost

carbon wettability and speed up ionic diffusion in carbon substrates
[13,14]

. Owing to the existence of N and Cl

in NH
4
Cl, it can be used alone as either a nitrogen source or a chlorine source for carbon doping. However,

achieving N and Cl co-doping by using NH
4
Cl as a dual dopant and simultaneously as an etching agent is

difficult, and few reports have described this strategy, to the best of our knowledge. This is attributed to the

fact that the use of NH
4
Cl as dopants is highly dependent on the heat-treatment temperature. When the

temperature is high, NH
4
Cl decomposes into gaseous species that etch the carbon material, rather than

reacting with the carbon matrix
[15]

. In this work, anthracite was doped with N and Cl heteroatoms through a

low-temperature treatment using NH
4
Cl as both a dopant and an etching agent. This process not only

introduced N and Cl but also modified the pore structure of anthracite via etching, resulting in a high-quality

anode material for SIBs. Attributed to the doped N and Cl, especially with nitrogen doping, which improved

the accessible active sites and drove the ion transport, along with the etching role of NH
4
Cl that enlarged

average pore size of anthracite for fast Na
+
 transport, the anthracite-derived materials achieved favorable rate

behavior and long-cycle durability, maintaining a discharge capacity of 173 mAh g
-1
 with nearly no decay at 1

A g
-1
 even after 8,000 cycles.

EXPERIMENTAL SECTION
Materials synthesis

Anthracite from the Hebei region of China was used as a carbon precursor. Initially, 5 g of anthracite was

subjected to high-energy ball milling with ethanol at 800 rpm for 8 h. The resulting sample was dried, sieved,

and recorded as C. Then, HCl and HF were used to remove impurity components through a hydrothermal

process, and the obtained product was denoted as Cp. The pre-oxidized anthracite, designated as ACp, was
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prepared by heating Cp in air at 400 °C for 4 h with a rate of 5 °C· min
-1
. Finally, ACp and NH

4
Cl were mixed

at mass ratios of 2:1, and the resulting solids were heated in a nitrogen atmosphere by ramping the

temperature from room temperature to 400 °C at 5 °C min
-1

 and held for 4 h. This sample was denoted as

ACp-N-Cl. When ACp was mixed with other kinds of salts, the samples were denoted as ACp-X (X= NaCl,

KCl or NH
4
Br).

Materials characterization

The crystalline structures of samples were examined by X-ray diffraction (XRD, Smart Lab), and their

morphologies were recorded by scanning electron microscopy (SEM, JSM-7800F). Transmission electron

microscopy (TEM) observations and elemental mapping images were carried out on a JEOL JEM-2100F

microscope at 200 kV. N
2
 adsorption–desorption tests were performed at 77 K with a TriStar II 3020

analyzer, and the obtained isotherms were used to determine the surface area and pore parameters. Surface

elemental states were probed by X-ray photoelectron spectroscopy (XPS) on an ESCALAB QXi instrument

using monochromatic Al Kα radiation. Raman measurements were conducted with a DXR laser micro-

Raman spectrometer. Fourier transform infrared (FTIR) spectra were collected on an FTIR-850 instrument

to identify the surface functional groups. Other instrument-related details are summarized in Supplementary

Table 1.

Electrochemical measurements

Using the as-prepared samples as the active materials, CR2032 coin cells were assembled in a Mikrouna

glovebox under Ar protection, where both water and oxygen levels were controlled below 0.01 ppm. For

preparing electrodes, active materials and Poly(vinylidenefluoride) with a weight ratio of 85:15 were kneaded

together, and N-methyl-2-pyrrolidone (NMP) was subsequently added to form a slurry. After coated on Al

foils, the electrodes were dried in a vacuum oven at 120 °C for overnight, giving a mass loading of 1.0-1.5 mg

cm
-2
. In the half-cell configuration, NaPF

6
 was used as the electrolyte, metallic Na was adopted as the counter

side, and glass fiber acted as the separating membrane. Before galvanostatic charge/discharge recording, each

cell was first activated twice at 0.02 A g
-1

. Cyclic voltammetry (CV) curves were collected on a CHI 660E

workstation from 0.01 to 3.0 V versus Na/Na
+
. Electrochemical impedance spectroscopy (EIS) spectra were

measured at a frequency of 0.01-100,000 Hz. Rate capability, long-term durability, and galvanostatic

intermittent titration technique (GITT) measurements were tested at room temperature on a LAND CT

2001C battery testing system. GITT was performed with a pulse current of 0.02 A g
-1

, with a 15 min rest

period after every 30 min pulse.

RESULTS AND DISCUSSION
Structure characterization

Purified anthracite was used as the precursor to synthesize ACp-N-Cl [Figure 1A], which showed micro-

sized flaky particles and no obvious change in surface morphology before and after functionalization [Figure

1B and Supplementary Figures 1-3]. There were numerous impurities in the C sample [Supplementary

Figure 1 and Supplementary Table 2], while the Cp mainly consisted of only carbon, oxygen and a very

limited part of nitrogen after acid washing [Supplementary Figure 2], suggesting that the acid treatment

effectively removed mineral impurities
[16]

. As shown in Supplementary Figure 3, the oxygen content in ACp

reached the highest value (about 21.94%), owing to the pre-oxidation process
[17]

. TEM images [Figure 1C and

D] revealed that the ACp-N-Cl possessed a thin-sheet-like structure that was mainly composed of disordered

carbon with lots of nanosized pores, which allow Na
+
 to move along multiple directions and facilitate the

infiltration of electrolyte in carbon anodes. As shown in Figure 1E, energy-dispersive spectroscopy (EDS)

mapping results revealed that the sample was composed of C, N, O and Cl elements, in which the nitrogen

content reached 15.96 % [Supplementary Table 2].
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Figure 1. (A) Schematic diagram for the synthetic process, (B) SEM, (C and D) TEM and (E) EDS mapping images of ACp-N-Cl. SEM:
Scanning electron microscopy; TEM: transmission electron microscopy; EDS: energy-dispersive spectroscopy.

Diffraction profiles for the obtained materials are shown in Figure 2A. Two peaks centered at about 25.0° and

43.5° [Supplementary Table 3] corresponded to crystal planes of (002) and (100), respectively, indicating the

disordered structure of carbon materials
[18]

. The impurity-related peaks observed in C indicated the presence

of mineral impurities. After acid washing, the diffraction peaks related to these impurities disappeared. To

quantitatively analyze the detailed microcrystalline structure of the as-prepared materials, we further

calculated the interlayer spacing (d-(hkl)), crystallite length (L
a
), and crystallite stacking thickness (L

c
) based

on the powder X-ray diffraction results [Supplementary Figure 4 and Supplementary Table 3]. It is well

known that a large spacing facilitates the Na
+
 intercalation and deintercalation. Owing to the overall

interlayer spacing of the materials in this work was relatively small [Supplementary Table 3], the

contribution of intercalation to the total capacity was limited, and the capacity mainly originated from other

mechanisms such as defect adsorption and pore filling. Among these samples, the ACp-N-Cl with a proper

L
a
 possessed the smallest L

c
 value, which suggested that the co-doping of nitrogen and chlorine improved the

structural disorder of the material, providing abundant accessible sites for sodium storage [Supplementary

Table 3]. As shown in FTIR curves [Figure 2B], obvious C=C adsorption peaks near 1,585 cm
-1
 were observed

in all samples. After pre-oxidation, the kinds of oxygen-containing groups such as C=O (1,710 cm
-1
) and C-O

(1,030-1,235 cm
-1
) increased, indicating that pre-oxidation facilitated the introduction of oxygen-containing

functional groups
[19]

. Compared with ACp, these signals slightly decreased in ACp-N-Cl, which was

consistent with the EDS results [Supplementary Table 2]. The OH vibrations (3,345-3,450 cm
-1

) in these

samples indicated their hydrophilicity properties
[20]

.

Raman spectra were used to identify the defect sites in the samples [Figure 2C], and the disorder degree of

carbon was evaluated by using the height ratio of D band to G band (I
D
/I

G
)

[21]
. Two prominent peaks centered

at approximately 1,352 (D band) and 1,581 cm
-1
 (G band) were observed for all samples. The detailed fitting
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Figure 2. (A) XRD patterns, (B) FTIR spectra and (C) Raman spectra, and (D) N2 adsorption/desorption curves of C, ACp, and ACp-N-Cl.
XRD: X-ray diffraction; FTIR: Fourier transform infrared.

process of the Raman spectra and the parameters for calculating the I
D

/I
G
 ratio are displayed in

Supplementary Figure 5 and Supplementary Table 4. The I
D
/I

G
 ratios of C, Cp, ACp and ACp-N-Cl,

calculated based on the integrated areas of the fitted D and G peaks, were 2.92, 2.42, 2.51, and 3.04,

respectively. The relatively large I
D
/I

G
 ratio of C might be attributed to the presence of impurities. Through

the pre-oxidation, the number of defect sites increased. It was noted that the ACp-N-Cl possessed the highest

concentration of defects, confirming the entry of N/Cl species into the carbon skeleton. N
2
 adsorption-

desorption curves are shown in Figure 2D. The Brunauer-Emmet-Teller (BET) surface areas of C, ACp and

ACp-N-Cl were 317.39, 339.57 and 265.90 m
2
 g

-1
, respectively, with average pore sizes mainly concentrated

within 5 nm [Supplementary Figure 6]. Compared with ACp, the ACp-N-Cl displayed a decrease in BET

surface area and pore volume after heating with NH
4
Cl, which might be attributed to the partial collapse of

the carbon structure by the substitution of O with N and Cl atoms during the calcination process. Of course,

the average pore size of ACp-N-Cl was enlarged to 8.06 nm, attributed to the intrinsic etching role of NH
4
Cl

[Supplementary Table 5]. Additionally, this moderately enlarged pore size may facilitate ion transport and

accommodate solvated Na
+
 ions during the electrochemical process.

XPS results were presented in Figure 3A, and the survey spectrum of these samples showed three main

binding-energy peaks, which can be indexed as C 1s, N 1s, and O 1s features. The high-resolution C 1s

spectra in Figure 3B could be deconvoluted into three peaks centered at 284.7, 286.3, and 288.2 eV,

corresponding to C-C, C-O, and C=O species, respectively
[22]

. The variation of oxygen-containing groups
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Figure 3. (A) XPS survey spectra and high-resolution spectra for (B) C 1s, (C) N 1s and (D) Cl 2p of ACp-N-Cl. XPS: X-ray photoelectron
spectroscopy.

agreed with the FTIR analysis and was also evidently found in the survey spectrum
[23]

. N 1s spectra of ACp

and ACp-N-Cl displayed three similar peaks at 398.7, 400.2 and 401.6 eV [Figure 3C], attributed to the

formation of pyridinic, pyrrolic and graphite N species, respectively. The absence of the nitrogen oxide-

related peak in pristine C was likely associated with residual impurities, following the indication from XRD

profiles. In addition, the N 1s signal of ACp-N-Cl was more pronounced than those of other samples,

suggesting an increased nitrogen content after N doping
[24,25]

. Moreover, a clear response was detected in the

Cl 2p region [Figure 3D], suggesting that the used NH
4
Cl during pyrolysis not only served as a nitrogen

source but also allowed chlorine species to enter into the carbon framework. The Cl 2p spectrum [Figure 3D]

included organic and inorganic chlorine, which displayed four peaks at 199.7, 200.4, 201.5 and 202.4 eV. The

organic chlorine species confirmed the existence of C-Cl bonds in ACp-N-Cl, indicating that part of the Cl

atoms were chemically incorporated within the carbon framework
[26,27]

. This kind of Cl species could induce

the local charge redistribution around adjacent carbon atoms, thereby stabilizing the carbon structure and

serving as additional structural defects
[28]

. The inorganic chlorine species originated from adsorbed free

chloride ions after NH
4
Cl treatment, which might also act as sodium storage sites due to their high

electronegativity.

Electrochemical performance

The reversible charge-discharge curves of C, Cp, ACp and ACp-N-Cl using coin cells at 0.02 A g
-1

 were

presented in Figure 4A. The initial coulombic efficiency of these four samples from C to ACp-N-Cl increased

gradually [Supplementary Figure 7 and Supplementary Table 6]. The curve inflections near 3.0 V were
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observed for the C and Cp not only during the initial charging process but also in the subsequent charge

curves upon cycling ]Figure 4a and Supplementary Figure 8], which could be ascribed to the sluggish kinetics

of both samples. Due to the removal of impurity by acid washing, the capacity increased from 156 to 200

mAh g
-1
, with the improved cycling stability as well. After pre-oxidation, ACp showed a capacity of 260 mAh

g
-1

, while the ACp-N-Cl anode exhibited an even higher capacity of 280 mAh g
-1

 and enhanced stability

[Supplementary Figure 9A]. A suitable pre-oxidation temperature could better modify the pore structure,

introduce oxygen defects, and improve the stability and activity of the carbon structure, thereby affecting the

battery performance [Supplementary Figure 9B]. The incorporation of various chloride metal salts all

enhanced the battery stability to varying extents [Supplementary Figure 10A], suggesting that chlorine

doping was beneficial for improving the stability of the battery. Notably, N species played a dominant role

for the enhanced capacity, since its content was much higher than that of Cl. After 50 cycles, the capacity of

ACp-N-Cl (220 mAh g
-1
) significantly surpassed that of ACp (148 mAh g

-1
), suggesting the introduction of a

proper amount of N and Cl species in the carbon dramatically improved its stability [Supplementary Figures

9A, 10B and 11A]. Additionally, the co-doping of N and Br in the carbons also exhibited a similar

electrochemical performance, with a capacity of 200 mAh g
-1
 after cycling and comparable to that of ACp-N-

Cl [Supplementary Figure 11B], which further confirmed that the incorporation of halogen elements

contributed to enhanced material stability. The rate performance graphs of the C, Cp, ACp and ACp-N-Cl

electrodes were presented in Figure 4B. The ACp-N-Cl demonstrated average capacities of 265, 214, 198, 182,

164 and 146 mAh g
-1
 at 0.02, 0.05, 0.1, 0.2, 0.5 and 1.0 A g

-1
, respectively. Upon returning the current to 0.05

A g
-1
, a high capacity of 228 mAh g

-1
 was retained. Although ACp possessed the highest BET surface area and

pore volume, ACp-N-Cl exhibited better electrochemical performances in the aspects of specific capacity,

durability, and rate property. This indicated that the improved sodium-storage behavior was not simply

determined by a larger specific surface area or pore volume. ACp-N-Cl with the largest average pore size

certainly accelerated the transfer of mass and electrolyte, while the heteroatoms and structural defects also

played a crucial role during the electrochemical process. The introduction of N and Cl species, along with the

decrease of O species, would largely improve the stability of carbon anodes. What’s more, these doped N and

Cl species also decreased the energy barrier for Na
+
 transport superior to O species, as evidenced by the

largely decreased electrochemical impedance spectroscopy (EIS) values of ACp-N-Cl than ACp
[29]

. The EIS

spectra were further fitted using an equivalent circuit of R0-(R
ct
||CPE)-W0 [Figure 4C], where R0 is the ohmic

resistance, R
ct
 is the charge-transfer resistance mainly contributed by the electrochemical reaction at the

electrode/electrolyte interface, CPE is the constant phase element, and W0 is the Warburg impedance. The

EIS curves before and after fitting are presented in Supplementary Figures 12 and 13, and the corresponding

detailed parameters are provided in Supplementary Table 7. The fitted R
ct
 value of ACp-N-Cl was 898.4 Ω,

which was much lower than those of C (4,006 Ω), Cp (2,991 Ω), and ACp (2,241 Ω), indicating faster

interfacial charge transfer and improved electrochemical kinetics. This advantage was accompanied by the

smallest R0 value for ACp-N-Cl. Figure 4D presented the CV curves between 0.01-3.0 V under a sweep speed

of 0.2 mV s
-1

. With the continuous modification of the samples from the C to ACp-N-Cl, the capacitance

gradually increased, which was consistent with the trend of capacity change. Nearly no reduction peaks were

observed for C and Cp in CV profiles. In contrast, both ACp and ACp-N-Cl exhibited broad reduction peaks

located at ~0.6 V, which may be caused by the incorporation of oxygen-containing functional groups that

provided additional sodium storage sites during the electrochemical reaction processes, thus improving the

sodium storage capability
[30,31]

. Figure 4E presented the capacities of different samples at 1 A g
-1

. The initial

capacities of C and Cp were extremely low, indicating their inferior electrochemical performance under

high-current-density conditions. By contrast, ACp and ACp-N-Cl exhibited initial capacities of 112 and 126

mAh g
-1
, respectively. The incorporation of heteroatoms such as O, N or Cl is generally regarded as a defect-

engineering strategy, thereby enhancing the rate capability at high current densities and improving the

overall battery capacity
[32,33]

. However, compared to O-related defects, the N and Cl species were more active

for Na
+
 storage, since the high-rate performance and long-term stability of ACp-N-Cl were greatly improved
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Figure 4. (A) Charge-discharge curves, (B) multiplication rate performance, (C) EIS spectra, (D) CV curves and (E) stability test at 1 A g-1

of C, Cp, ACp and ACp-N-Cl. EIS: Electrochemical impedance spectroscopy; CV: cyclic voltammetry.

when part of O atoms were replaced by N and Cl species. Thus, the ACp-N-Cl maintained a satisfactory

capacity of 173 mAh g
-1
 even cycled for 8,000 cycles, which was much higher than that of ACp (97 mAh g

-1
).

To further analyze the Na-storage behavior of the anodes, CV curves of C and ACp-N-Cl were tested at

various scan rates from 0.4 to 1.2 mV s
-1
 [Figure 5A and Supplementary Figure 14A].

The relationship between peak current and scan rate followed the equations below
[34]

:

where i is the peak current (mA), v represents the scan rate (mV s
-1

), and a and b are adjustable parameters.

The value of b represents the slope of the linear plot of log(i) versus log(v). When b is close to 0.5, the process

is diffusion-controlled, whereas a surface capacitive behavior was dominated when b approaches 1.0
[35]

. The b

values of the cathodic and anodic peaks [Figure 5B and Supplementary Figure 14B] for C and ACp-N-Cl

                                                                                                

i = avb (1)

log(i) = b log(v) + log(a) (2)

https://file.oaecenter.com/published/pdf/e3998c04efeb93b533b20305ff6e7f95/1783056620/em6087-SupplementaryMaterials.pdf
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Figure 5. (A) CV curves, (B) the corresponding b values for cathodic and anodic peaks, and (C) percentage of surface capacitance
contribution at different sweep rates of ACp-N-Cl, (D) GITT curves, and the calculated DNa+ during (E) discharge and (F) charge processes
of the samples. CV: Cyclic voltammetry; GITT: galvanostatic intermittent titration technique.

were 0.703, 0.654, 0.590 and 0.625, respectively, suggesting that their electrochemical processes were under

mixed control, primarily governed by diffusion with partial capacitive contribution. Although the capacitive

contribution ratio of the C and ACp-N-Cl continuously increased with increasing scan rate [Figure 5C and

Supplementary Figures 14C, 15 and 16], diffusion control still remained the dominant, consistent with the b-

value analysis. Unexpectedly, with scan rates of 0.4, 0.6, 0.8, 1.0, and 1.2 mV s
-1

, the pseudocapacitive

contributions of the C were 3.8%, 5.2%, 5.3%, 5.4%, and 6.0%, respectively. This suggested that the process

was nearly entirely governed by diffusion, which consequently resulted in extremely sluggish kinetics. After

treatment with NH
4
Cl, the pseudocapacitive contributions significantly increased, ranging from 21% to 32%

with the increase of scan rates from 0.4 to 1.2 mV s
-1

. Generally, a diffusion-controlled process is typically

unfavorable for the high-rate discharge capability, the observed enhancement in rate performance suggested

that the defects generated by N and Cl doping and the pore size enlarged by etching would facilitate the

sodium storage and increase its capacitive contribution, which in turn improved the high-current discharge

capability
[36]

. The GITT, which comprised a sequence of galvanostatic pulse and relaxation processes, was

employed to determine the apparent chemical diffusion coefficient of Na
+
 (D

Na

+
) within the electrodes. The

test was performed at 0.02 A g
-1
 with a pulse duration of 30 min and a relaxation interval of 15 min. The value

of D
Na

+
 in different samples was calculated based on Fick’s second law with the simplified equation

[37]
:

where τ denotes the pulse duration, M
B
 represents the mass of active material, V

M
 is the molar volume of

carbon, M
B
 corresponds to the molar mass of carbon, and S refers to the electrode surface area. ΔE

S
 and ΔEτ

can be obtained from the GITT profiles. GITT and the D
Na+

 values derived from the discharge and charge

processes are shown in Figure 5D and E. Compared with C, Cp, and ACp, ACp-N-Cl showed smaller pulse-

voltage changes and faster relaxation toward equilibrium at each step, indicating lower ohmic/interfacial

                                                                                        

𝐷 =
4
𝜋𝜏

(
𝑚𝐵𝑉𝑀

𝑀𝐵𝑆

)2 (
Δ𝐸𝑆

Δ𝐸𝜏

)2
(3)
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polarization and smaller transport resistance. The resulting log D
Na+

 values [Figure 5E and F] showed that

ACp-N-Cl generally exhibited higher diffusion coefficients over most potential regions during charge and

discharge, suggesting faster Na
+
 diffusion kinetics, which was beneficial for operation at high current

densities
[38]

.

To investigate the changes in the battery after cycling, the electrodes after 50 cycles at 0.02 A g
-1

 were

characterized by SEM and XRD, and the post-cycling CV and EIS were also measured. Cracks and fissures

appeared on the electrode surface compared with the pristine electrode [Figure 6A and Supplementary

Figure 17], along with the formation of numerous flake-like and needle-like substances that were

distinguished from the glass fiber separator with a micro-sized fiber morphology [Figure 6B and

Supplementary Figure 18]. This phenomenon could be ascribed to sodium species intercalated within the

carbon matrix, which were not completely extracted after discharge
[39]

. As evidenced by EDS mapping

results, abundant Na elements were detected in addition to the previously observed C, N, O, and Cl elements.

To have further insights into used electrode materials, the XRD pattern of the electrode after cycling was

shown in Figure 6C. The results revealed that, apart from the peaks corresponding to aluminum (Al), only an

obvious carbon peak at 26.5° was observed, with no other diffraction peaks detected, suggesting the existence

of trace amounts of sodium species on the surface. Compared with the carbon peak at 24.93° [Supplementary

Table 3] before cycling, the peak shifted to a higher angle after cycling, which may be attributed to

electrochemical stress-induced rearrangement of disordered carbon structures into a more ordered

configuration
[40]

. The CV curve after cycling [Figure 6D] showed a decrease in capacitive area and the

disappearance of distinct redox peaks, which was consistent with the capacity decrease observed in the

charge-discharge curves at 0.02 A g
-1
. This evolution also suggested that the material stabilized upon cycling,

which could also be related to defect passivation or the partial loss of electrochemically active sites during

cycling. Unexpectedly, the R
ct
 value of the battery decreased by half after cycling, from 898.4 Ω to 364.9 Ω

[Figure 6E, Supplementary Figures 19 and 20 and Supplementary Tables 7 and 8], which might be attributed

to the improved electrolyte infiltration and the stabilization of ACp-N-Cl during charge and discharge

processes
[41]

. Meanwhile, the R0 resistance also decreased from 19.67 Ω to 17.80 Ω, indicating a reduction in

the internal contact resistance of the battery. Those changes also likely explained the gradual capacity

increase observed during cycling test at 1 A g
-1
.

CONCLUSIONS
The simple calcination of anthracite with NH

4
Cl at 400 °C resulted in the formation of a high-performance

carbon engineered with N and Cl heteroatoms, which largely improved its specific capacity and durability.

Driven by the doped N and Cl species, the rate performance of this kind of carbon anode for Na⁺ storage

was greatly enhanced. As a result, the obtained ACp-N-Cl with the largest number of defect sites exhibited

excellent stability and delivered a high specific capacity of 220 mAh g
-1

 (@0.02 A g
-1

) after 50 cycles.

Additionally, the ACp-N-Cl exhibited a discharge capacity of 173 mAh g
-1
 (@1 A g

-1
) even after 8,000 cycles,

superior to most reported hard carbons and their functional products. This study provides a green and facile

approach for designing high-performance, low-cost SIB anode materials and may promote the practical

application of SIBs in energy storage systems.
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Figure 6. (A) SEM; (B) EDS mapping images; (C) XRD; (D) CV curve and (E) EIS spectrum of ACp-N-Cl after cycling upon discharging to
0.01 V. SEM: Scanning electron microscopy; EDS: XRD: X-ray diffraction; CV: cyclic voltammetry; EIS: electrochemical impedance
spectroscopy.
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