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Vang Danh anthracite as a cost-
effective anode for sodium-ion batteries through
a heat-treatment process†

Minh Kha Le, acd Thanh Nhan Tran, bcd Thi Kim Tuyen Huynh,bcd

Van Hoang Nguyen,bcd Duy Thanh Vo,acd Van Man Tranabcd

and My Loan Phung Le *abcd

This study focuses on the effects of the chemical process and heating time at 900 °C on pristine anthracite

coal (provided by Vang Danh coal, Quang Ninh province, Vietnam) and explores its structure and

electrochemical performance when used as an anode in Na-ion batteries. After chemical treatment with

NaOH and H2SO4, the impurity content in the raw material decreased significantly (e.g., ash content

dropped from 4.4% to 0.9%, etc.). The interspacing between the graphene layers in the anthracite

structure also increased after the heat treatment. Besides, on extending the heating time, the anthracite

structure became more disordered than the samples heated for shorter times. Therefore, the

intercalation ability of Na+ ions in the anthracite structure increased, and the sample heated at 900 °C

for 6 hours exhibited the highest reversible capacity of up to 160 mA h g−1 with adequate capacity

retention after 100 cycles at C/10 rate.
Introduction

Worldwide countries are specically setting up new energy
strategies for the 21st century as non-recoverable fossil
resources have been over-used during the last decades owing to
the huge energy demand in the industrial and manufacturing
sectors. Using fossil energy such as coal and oil unfortunately,
releases a large amount of CO2 into the atmosphere, which
leads to serious greenhouse effects and climate changes.1

Therefore, nding clean and sustainable energy sources to
replace fossil resources has become an essential strategy in
every country. It is known that renewable energy sources
including wind and solar never get used up or deplete and
ensure sustainable development in the future.2–4 However, these
sources have not been adequately explored or used due to the
lack of efficient systems to store and convert it into electricity for
different purposes in a exible way. As a result, the utilization
cost of renewable energy is still unaffordable and cannot be
expanded to our daily life. In recent years, the role of energy
storage and conversion systems, such as batteries and
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supercapacitors, has been emphasized to achieve a high yield of
energy transition when coupled with a sustainable source.
Among them, Li-ion batteries are the most promising devices
that enable excellent energy storage and conversion due to their
high energy density (100–200 W h kg−1), high voltage (3.8–4.2 V
for commercial NMC batteries), low self-discharge (<1% per
year), and long cycle life (∼1000 cycles).5,6 However, limited Li
reservoirs and uneven Li distribution in the Earth's crust would
push up the cost of large-scale batteries in the future, which
remains a hard challenge to resolve.7 With the development of
Li-ion technology, many rechargeable batteries were also
invented earlier but have not been explored much during the
last decades, such as Na-ion (NIBs), Mg-ion (MIBs), Ca-ion
(CIBs), and Zn-ion batteries (ZIBs). As for CIBs, MIBs, and
ZIBs, the higher volumetric and gravimetric capacities, high
output voltage, and rich abundance make them promising
candidates in the energy storage market. However, the use of
these batteries still needs to be considered due to low electrical
conductivity and structural degradation.8–10 Therefore, recent
research has turned back to studying the Na-ion system and is
moving forward quickly through the fruitful achievements of Li-
ion technology. In principle, a rechargeable Na-ion battery
operating is similar to a Li-ion battery, which is based on ion
insertion/extraction between the anode and cathode materials.
The larger radius of the Na+ ion than the Li+ ion (∼1.4 times)
and the high value of rst ionization energy (495.8 kJ mol−1)
lead to major differences, such as poor cycling stability and slow
kinetics of the intercalation process, and the distance between
the layers/holes inside the structure of host materials must be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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capable of transferring sodium ions in/out.11 In Li-ion batteries,
the most common negative electrode is graphite with a layer
distance suitable for intercalating the Li+ ions (rLi+ = 0.76 �A).
Unfortunately, commercial graphite can hardly store the Na+

ions due to their larger ionic radius (rNa+ = 1.02 �A), and only
a small amount of Na+ ions intercalate between the graphene
layers of graphite, leading to a low specic capacity.4 Mean-
while, hard carbon materials have been widely investigated as
anodes for Na-ion batteries owing to their partially disordered
structure. Indeed, this structure not only supports Na+-ion
intercalation in the space between the graphene layers but also
supports ion absorption in its amorphous region, leading to
a higher specic capacity than the graphite anode. Hard carbon
materials can be synthesized at different temperatures from
various sources, especially biomass-derived carbon materials
due to their superior performance, environment-friendliness,
abundance, and renewability.12 In particular, Ghimbeu and
co-workers have synthesized hard carbon from biomass wastes
(coconut shells, walnut shells, and corn silk).2 Hard carbon can
also be prepared from isotropic coal tar pitch (CTP) by a simple
oxidation–carbonization two-step method.13

To achieve a low-cost carbonaceous anode material, we
subjected local anthracite (extracted from the Vang Danh coal
mine in the Quang Ninh province) through a heat treatment
process. On heating, anthracite coal can produce different
crystalline structures of carbon (graphite and hard carbon).
Specically, Kim et al. have reported earlier that the graphiti-
zation process evidently occurs at high temperatures, starting
from 1600 °C and above,14 to elaborate a highly ordered graphite
structure. Such high temperatures achieved by using an inert
gas furnace would require typical equipment and incur high
manufacturing cost. Interestingly, the carbonization process at
a lower temperature (below 1200 °C) can produce a partially
ordered structure with some similarities to the hard carbon
material and can intercalate Li+/Na+ ions due to abundant
micropores along with tiny graphite-like crystals.14–17 Among
these materials, anthracite originating from Hon Gai, delivered
a high reversible capacity of 370 mA h g−1 when calcined at 1100
°C and used as the anode in a Li-ion battery. In this study, the
effects of heating time at a low temperature of 900 °C on the
structural and electrochemical properties of anthracite coal
were explored for the fundamental understanding of its struc-
ture during the intercalation/deintercalation reaction in Na-ion
batteries.
Table 1 The sample abbreviations and explanations along with the trea

Abbreviation Sample explanation

RAW Raw anthracite from Vang Danh–Quang Ninh
CHEM RAW sample treated with NaOH and H2SO4, resp
9003 CHEM sample
9006 CHEM sample
90012 CHEM sample
HC Commercial hard carbon, from Kuraray Co., Ltd,

(served as reference sample)

© 2022 The Author(s). Published by the Royal Society of Chemistry
Experimental methods
General materials

Raw anthracite was obtained from the Vang Danh coal mine in
Quang Ninh province, Vietnam. All the chemicals were
purchased from Sigma-Aldrich, Acros Organic, Merck, Imerys,
andMTI and used directly, including sodium hydroxide (NaOH,
99%), sulfuric acid (H2SO4, 98%), carboxymethyl cellulose
(CMC, Mv = 400 000 g mol−1), carbon Super P (C65), N-methyl
pyrrolidone (NMP, 99.5%), sodium perchlorate (NaClO4, 98%),
ethylene carbonate (EC, 99%), propylene carbonate (PC, 99.7%),
and dimethyl carbonate (DMC, 99%).
Chemical and heat treatment process of raw anthracite

Initially, the anthracite coal was thoroughly ground using a ball
milling machine, and then it was sieved with a sieve mesh of 53
to eliminate large particles. Secondly, 5 g of the raw material
was stirred in 100 mL of a 1 M NaOH solution at 80 °C over-
night. The mixture was then ltered and rinsed with deionized
water several times until the pH reached 7. Aerward, 5 g of the
washed powder was stirred again in 100 mL of a 1 M H2SO4

solution at 80 °C overnight. This mixture was also ltered and
rinsed with deionized water until the wash water was
completely neutralized (pH = 7). Finally, the sample was dried
and heated at 900 °C for 3, 6 and 12 hours with a heating rate of
5 °C min−1 in an Ar atmosphere. All the samples were cooled
naturally to room temperature in the argon atmosphere. The
sample details are listed in Table 1.
Material characterization

The thermal gravimetric analysis (TGA) was performed on
a LABSYS Evo TG-Setaram from room temperature to 1200 °C at
a 5 °C min−1 heating rate in dry air or argon gas medium. The
phase composition was determined by X-ray diffraction (XRD)
obtained on an Empyrean diffractometer using a copper source
with lCu Ka1 = 1.540598�A. The diffraction angle was varied with
2q from 10° to 70°, and the scanning step was 0.0036° per step
(25 seconds per step). The lateral size (La), stacking height (Lc),
number of parallel layers (N), and average number of carbon
atoms per aromatic lamella (n) were calculated using the below
equations:15,18

La = 1.84l/b100 cos q
tment conditions (if include)

Heating temp. (°C) Heating time (hours)

— —
ectively — —

900 3
900 6
900 12

9 mm — —
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Fig. 1 The TGA curves of the RAW sample in the air (black line), CHEM
sample in the air (red line), and CHEM sample in the Ar atmosphere
(blue line).
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Lc = 0.89l/b002 cos q

N = 1 + Lc/d002

n = 0.32N2

where l is the wavelength of the X-ray source, b100 and b002 are
the full width at half maximum (FWHM) of the (100) and (002)
diffraction peaks, respectively, and d002 is the distance between
the (002) planes.

Raman spectra were recorded at wavelength numbers from
800 to 2000 cm−1 using a laser source of 532 nm on an XploRA
ONE (Horiba). The spectra were tted to the Lorentzian distri-
bution. The AD/AG ratio was used to evaluate the level of disorder
behavior in the structure of anthracite. The material
morphology was observed by scanning electron microscopy
(SEM) performed on a Hitachi S-4800 with an accelerated
voltage of 10.0 kV. The microstructure of all the samples was
observed under a high-resolution transmission electron
microscope (HR-TEM; JEOL JEM-2010 Electron Microscope)
equipped with an Energy Dispersive Spectrometer (EDS) for
elemental analysis.

Electrochemical characterization

The active material (HC, RAW, CHEM, 9003, 9006, or 90012) was
mixed with conductive carbon C65 and CMC binder at the mass
ratio of 90 : 5 : 5, respectively, in deionized water to form
a uniform slurry. The slurry was cast on an Al foil using the
doctor blade technique. The lm was dried in a vacuum oven at
100 °C overnight to remove the solvent completely. Then, it was
punched into a round shape (d= 12mm) with amass loading of
around 3 mg cm−2.

All the coin cells were assembled in an Ar-controlled glove-
box (H2O and O2 < 0.5 ppm). The counter electrode was a thick
Na foil, and the separator was polypropylene immersed in the
electrolyte consisting of 1 M NaClO4 dissolved in ethylene
carbonate (EC), propylene carbonate (PC), and dimethyl
carbonate (DMC) in the volumetric ratio of 3 : 1 : 1. The cells
were charged/discharged at the current density of C/10 (C= 372
mA h g−1) in the voltage range of 0.01–2.0 V at room tempera-
ture on a battery tester (LANHE CT2001A). Cyclic voltammetry
was performed on a potentiostat device (Biologic, MPG2) in the
same potential window at the scanning rate of 10 mV s−1.

Results and discussions
Material characterization

In Fig. 1, thermogravimetric diagrams of the different samples
generally consist of three stages: (i) <500 °C; (ii) 500–900 °C
(RAW sample) and 500–800 °C (CHEM sample); (iii) the residual
part at a very high temperature up to 1200 °C. Generally, the
coal samples exhibited a slight weight loss in stage (i), indi-
cating a negligible number of volatile compounds before 500 °
C. In stage (ii), a minor difference between the RAW and CHEM
samples was observed. The RAW sample was completely burnt
in the air at 900 °C (black line), while the combustion temper-
ature of the CHEM sample was lower at about 800 °C (red line).
29902 | RSC Adv., 2022, 12, 29900–29907
This temperature difference can be explained by the
vaporization/decomposition of impurities in the RAW sample
under heating, leading to an extended temperature range in
stage (ii). The residual mass in stage (iii) can be ascribed to the
ash or non-combustible components. The CHEM sample also
displayed a lower content of these substances than that of the
RAW sample (e.g., 0.9% < 4.4%), conrming that the chemical
treatment process using NaOH andH2SO4 helps removemost of
the impurities in the RAW sample. The blue line denotes the
high pyrolysis temperature of the CHEM sample in the Ar
atmosphere. The calculated content of volatile compounds was
13.5%, which might mainly indicate methane, hydrocarbons,
hydrogen and carbon monoxide, and non-combustible gases.15

Based on the calculated ash and volatile compound content, the
free-state carbon content in the CHEM sample (without
involving volatile materials) could be deduced as approximately
85.6%.

Fig. 2a shows the X-ray diffraction analysis of the coals. The
carbon samples displayed two large bands at around 25° and
42°, corresponding to the diffraction patterns of the Miller
planes (002) and (100). In the disordered carbon structure, the
peak of (002) corresponds to the distance between the inter-
layers, and the peak of (100) represents the amorphous phase of
carbon. In addition, the asymmetric band in the ∼25° region
was tted to two Gaussian peaks at around 22° and 26°, namely
the g-band and the P-band (d002), ascribed to the reection of
the layers of aromatic rings and the packing distance of the
saturated structures, respectively18,19 (Fig. S1†). However, the
minor peaks in the RAW sample at 11°, 29.5°, and 31°, corre-
sponded to the foreign impurities present in the original coal
sample. Aer chemical treatment, these diffraction signals
vanished, indicating that the chemical treatment could effec-
tively remove some of the impurities, as mentioned. Moreover,
the chemical treatment did not change the original structure of
the anthracite sample. When pyrolyzed at 900 °C, the pattern
peak (002) shied to the le with the temperature rise, indi-
cating a slight increase in the distance between the (002) planes.
This increase in distance is expected to enhance the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) X-ray diffraction (XRD) and (b) Raman spectra of raw
anthracite, chemical-treated sample, and the heat-treated samples at
900 °C for different durations in comparison with commercial hard
carbon.

Fig. 3 The structure parameters of the crystalline phase of the heat-
treated anthracite samples.
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intercalation ability of Na+ ions inside the material structure.
Compared with the reference commercial hard carbon (HC), all
calcined anthracite samples exhibited an obvious peak at about
26°, corresponding to the diffraction of the lattice (002) of the
graphite structure. However, this pattern of HC was broader
than those of the studied anthracite samples, which can be
explained by the higher disorder structure of HC. The lattice
parameters calculated from the XRD analysis are shown in
Table 2 and correspond to the tiny graphite-like crystals in HC
and anthracite samples (Fig. 3). The hard carbon electrode with
the highest d002 value among the tested materials resulted in
Table 2 Structural parameters of the anthracite samples in compar-
ison with hard carbon

Sample d002 (�A) La (�A) Lc (�A) N n AD/AG

RAW 3.51 47.3 17.4 6.0 11.4 2.60
CHEM 3.49 43.6 15.9 5.6 9.9 2.67
9003 3.50 43.7 18.7 6.3 12.9 2.48
9006 3.54 43.0 14.9 5.2 8.7 2.59
90012 3.54 44.9 15.5 5.4 9.3 2.67
HC 3.60 54.5 15.0 5.2 8.6 2.43

© 2022 The Author(s). Published by the Royal Society of Chemistry
a larger extent of Na-ion intercalation between the graphene
layers of the crystalline phase. In contrast, the anthracite
samples with low d002 values could only accommodate a low Na-
ion intercalation capacity. Interestingly, as the heating time was
increased, the d002 value slightly increased from 3.50�A (9003) to
3.54 �A (9006 and 90012). When the treatment temperature was
maintained continuously at 900 °C for 3 hours, the d002 value
was unchanged. Until 6 hours of heating, d002 constantly
remained at 3.54�A. Indeed, changes in this value might reect
the varied capability of Na+-ion storage in the graphene layers of
different samples, as further discussed below. Regarding lateral
size (La), commercial hard carbon had the largest value of 54.5
�A, while the three heat-treated samples displayed values around
43.0–44.9 �A. Thus, this conrms that the number of Na+ ions
stored between graphene sheets in the studied samples is much
less than that in HC.

Like other carbonaceous materials, anthracite coal exhibited
two clear peaks at wavelength numbers 1250 cm−1 and 1600
cm−1, corresponding to the disordered structure (D-band) and
the ordered structure regions (G-band), respectively (Fig. 2b). All
the spectra were tted to four Lorentzian peaks of the D1, D3,
D4, and G bands (Fig. S2†), as previously reported by Li et al.20

The calculated AD/AG values are shown in Table 2. The ratio of
AD/AG increased with the increase in heating time, indicating
higher disorder in the anthracite samples obtained. This
disorder originates from the enlargement of the distance
between the Miller lattice planes (002) with heating time, as
already discussed in the section on XRD analysis. Indeed, heat
treatment helped break the small crystalline clusters to rear-
range the order level inside the structure. The raw coal sample
(RAW) had a smaller AD/AG ratio (2.60) than the treated sample
(CHEM) (2.67). This might be because the chemical treatment
possibly modies the anthracite surface via evaporation of
some VOC to create some new surface chemical bonding.
However, this value decreased from 2.67 to 2.48 in the case of
the heat-treated sample (9003). This result indicates the
desorption of volatile matter at high temperatures, leading to
a decrease in AD/AG correlation.

The morphology of the RAW and CHEM samples, as
observed by SEM and TEM, are shown in Fig. 4. The slab-
structure of the anthracite samples with a random orientation
of the plates represents the clusters of layered structures like
graphite (Fig. 4a). As shown in Fig. 4b and d, the ball milling
process could break the raw material into some tiny dust
surrounding the small particles several micrometers in size.
RSC Adv., 2022, 12, 29900–29907 | 29903
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Fig. 4 (a) The SEM images of the RAW sample. The TEM image and the
corresponding EDS mapping of (b and c) RAW anthracite and (d and e)
CHEM anthracite.
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The EDS mapping of RAW anthracite showed some minor
impurities (typically the compounds of Fe, S, Si, etc.) unevenly
distributed in the original sample (Fig. 4c). Consequently, the
Na-ion intercalation ability can be affected if these impurities
are not eliminated, which is further discussed below. In
contrast to RAW anthracite, the EDS mapping of CHEM
anthracite showed a uniform carbon distribution (Fig. 4e). This
sample had almost no impurities, which is consistent with the
TGA and XRD results discussed above. Therefore, the chemical
treatment process effectively removes the impurities in the raw
anthracite sample.
Fig. 5 The high-resolution TEM lattice fringe images and the correspond
(g and h) 9006, (i and j) and 90012 samples.

29904 | RSC Adv., 2022, 12, 29900–29907
Fig. 5 displays the HRTEM and SAED images of HC and the
coal samples. All the samples had three diffraction rings in
SAED corresponding to the diffraction of the lattice surfaces
(002), (010) and (110), respectively. The (002) diffraction rings
showed strong and wide textures related to the amorphous
structure of ATC. The raw anthracite (RAW) sample had
a spherical bedding corresponding to the aromatic stacking
layers. Around these spheres, randomly oriented and aniso-
tropic fringes were observed. This property is similar to the
anthracite coal from Hon Gai, Quang Ninh, Vietnam.14 The
parallel fringes with only 2–3 layers and short sizes (1–2 nm) are
also similar to the anthracite carbon nanostructure reported by
Bustin et al.21 and Li et al.20 When carbonized at high temper-
atures, these spheres tended to atten and become ordered.
This process corresponds with the rearrangement of carbon
molecules during high-temperature carbonization, thus
changing to the meta-anthracite form. The results of the SAED
analysis showed that all ve samples displayed three diffraction
rings corresponding to the diffraction of the lattice surfaces
(002), (010) and (110), respectively, in which the highest noise
intensity was observed. The diffraction of the plane (002) was
the largest and consistent with the results of the XRD analysis.
Electrochemical characterization

The voltage proles and long cycling performance of the
anthracite samples and hard carbon are presented in Fig. 6. All
samples displayed discharge capacities much higher than the
respective charge capacities, resulting in low coulombic effi-
ciency (Fig. 6a). The initial irreversible capacity is due to the
ing SAED patterns of the (a and b) RAW, (c and d) CHEM, (e and f) 9003,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) The initial charge–discharge profile, (b) long-term cycling
performance, and (c) rate capability of the anthracite coal samples and
hard carbon.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
5/

20
26

 1
1:

25
:0

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
formation of a passive layer at the electrode interface (SEI)
during the discharge process. Generally, the formation of the
SEI layer originates from the reduction and decomposition of
the electrolyte to create different ionic components depending
on the type of electrolyte. In the 1MNaClO4/EC–PC–DMC (3 : 1 :
1) electrolyte, the SEI would mainly consist of Na2CO3 and alkyl
carbonate species. Since the initial SEI layer is formed, the
coulombic efficiency of the subsequent cycles depends on the
stability and physicochemical characteristic of the SEI layer,
which can prevent further reduction/oxidation of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
electrolytes to minimize the irreversible capacities. In Fig. 6b, as
the SEI layer is quickly stabilized aer a few cycles, it leads to
a charge–discharge efficiency of nearly 100%. In the voltage
proles of the different samples (Fig. 6a), two distinct regions
could be observed: a slope with a signicant potential drop at
potentials > 0.1 V (region I) and a long at plateau at potentials <
0.1 V (region II). According to Qiu et al.,22 region I mainly refers
to the process of Na+ adsorption onto the pores of hard carbon
materials, and it represents the intercalation process of the Na+

ions between the graphene layers. Furthermore, no signal in
region II was observed for the raw anthracite sample, while both
were visible in the heat-treated and hard carbon samples.
Indeed, heat treatment eventually increases the disorder in
anthracite, and this observation is consistent with the Raman
results.

The capacity assigned based on region I was almost similar
for all the samples, while a signicant difference in the capacity
related to region II was observed. In detail, hard carbon had
a plateau capacity of 170 mA h g−1, while the anthracite samples
showed a short plateau with capacities lower than 50 mA h g−1.
Supposing that this plateau represents the adsorption of Na+

ions, it can be concluded that the adsorption process is more
favorable in the case of hard carbon because its porous struc-
ture and voids accommodate Na+ ions and facilitate their
intercalation into the structure. In contrast, both anthracite
samples before heat treatment exhibited low capacities but
remained really stable in long-term cycling, thus indicating that
the reversible intercalation ability of the RAW and CHEM
samples was quite good in the voltage region I. However, in the
heat-treated samples, although the initial capacity was high (the
highest reversible capacity value was observed for sample 9006
at 160 mA h g−1), it decreased rapidly and reached the same
value as the RAW and CHEM samples. The result may be
explained by the unstable adsorption mechanism of Na+ ions in
this voltage plateau region. Among the three heat-treated
samples, sample 9003 exhibited the worst discharge capacity,
while sample 9006 displayed the best Na+ intercalation ability.
Moreover, according to the Raman analysis results, the disorder
increases gradually with heating time. As a result, sample 9003
exhibited a largely ordered structure. Since the intercalation
ability is mainly related to the disordered region (region II), it
unexpectedly decreased in the case of the 9003 sample.
However, sample 90012 had the highest disordered structure
among the three samples, and the cycling behavior was worse
than that of the 9006 sample.

Indeed, a highly disordered structure can eventually impede
Na+ ions in some active sites in the adsorption region, nega-
tively affect the discharge reaction and reduce the discharge
capacity. Moreover, the 9006 sample also exhibited the most
considerable value among the heat-treated anthracite coals by
providing more channels for the Na+ ions to be intercalated.
Regarding rate capability, the HC electrode exhibited the
highest capacity at low current densities of C/10 and C/5 due to
the large interlayer spacing (d002) and the nanopores in HC,
which can provide more equivalent channels for Na+-ion diffu-
sion.23 However, its capacity rapidly decreased at higher current
densities due to the poor conductivity of HC;24 for instance, it
RSC Adv., 2022, 12, 29900–29907 | 29905
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Fig. 7 The CV curves of hard carbon and the heat-treated anthracite
samples.
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retained only 30.1% of the initial capacity at the rate density of
1C. While in the case of the 9006 sample, the capacity retention
reached up to 40.9% of the initial capacity at the current density
of 1C. This is owing to the increase in electrical conductivity of
anthracite upon heating at 900 °C, which leads to the high rate
capability of the ATC anode. However, for the other anthracite
samples, the low initial capacities resulted in small capacities at
high currents.

Cyclic voltammetry was performed to compare the hard
carbon (HC) and heat-treated anthracite samples (9003, 9006,
and 90012) (Fig. 7). Two distinct peak regions were observed,
consistent with the proposed mechanisms related to each of the
voltage proles (Fig. 6a). The potential region I and region II in
the cycling process correspond to the slope at potentials > 0.1 V
and the high-intensity peaks at 0.12 V/0.01 V in the CV results,
respectively. For the hard carbon sample, the peak intensity in
region I was much higher than that in region II, thus revealing
that the charge–discharge capacity obtained in the low-voltage
region < 0.1 V contributed mostly to the total capacity of hard
carbon. Meanwhile, the anthracite sample displayed a smaller
peak, meaning that the contribution of the Na+-ion intercala-
tion ability between the graphene layers to the total capacity of
anthracite was lower than hard carbon. Compared with hard
carbon, there was no signicant difference in current density in
the high potential region > 0.1 V in the case of anthracite,
indicating that the ability of Na+ adsorption on the surface-
active sites in both materials was almost the same.
Conclusions

In summary, the heat treatment of the anthracite samples
successfully removed the impurities, eventually reducing the
ash content and increasing the xed carbon content. The
samples treated at 900 °C were devoid of the volatile compo-
nents in the original coal sample, resulting in a disordered
structure with the formation of voids, which facilitated the
absorption and diffusion of Na+ ions. Moreover, the heating
29906 | RSC Adv., 2022, 12, 29900–29907
time also signicantly affected the disorder degree and elec-
trochemical properties of the anthracite samples. The coal
sample heated at 900 °C for 6 hours exhibited good discharge
capacity (160 mA h g−1) and was stable for 100 cycles (retaining
48% of the original capacity). Even though the performance of
anthracite is still inferior to commercial hard carbon, anthracite
can be a prospective anode not only for Na-ion batteries but also
for Li-ion batteries. Therefore, further work by our team will
focus on optimizing the porous structure to enhance Na+-ion
adsorption and promote the cycling capacity.
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