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ABSTRACT: Anthracite-derived carbon is regarded as a promising anode material for sodium-ion batteries due to the advantages of
high cost effectiveness and considerable sodium storage capacity. However, originally existing impurities (such as silica and alumina)
in anthracite with poor conductivity will affect the rate performance of carbon anodes; meanwhile, other metallic impurities
(primarily iron) are liable to cause short circuit and jeopardize battery safety. Herein, anthracite was first subjected to a deash
treatment to remove impurities followed by carbonization to prepare highly purified carbon. The deash methods and carbonization
temperature were investigated in terms of the electrochemical performance. The purified carbon exhibits a high capacity of up to
252.0 mA h g−1 at 0.02 A g−1 with increasing 52.4% capacity compared with the directly carbonized sample, which can be ascribed to
decrease the ash content from 9.38 to 1.00 wt %. In addition, the purified carbon anode delivers enhanced rate capacity, increasing
from 63.9 to 85.8 mA h g−1 at 1.00 A g−1. The present work demonstrates that the deash method is an effective strategy to develop
high-performance anodes.

1. INTRODUCTION

With the gradual increase of the human smart grid and the use
of cleaner power for power generation industries, sodium-ion
batteries (SIBs) are a promising candidate for large-scale
electric storage devices due to their low cost and earth-
abundant resources.1−3 Appropriate development of excellent
comprehensive performance electrode materials is essential for
the successful storage of sodium ions.4 Recently, extensive
success has been achieved in exploring cathode materials,5−9

and the major scientific challenge for SIBs resides in
developing anode materials with sufficient capacity and
cyclability. Up till now, numerous anode materials display
certain intrinsic limitations, such as large volume expansion/
contraction and high overpotential associated with alloying
electrode materials10,11 or transition electrode materials,12−14

and insufficient electronic conductivity associated with Ti-
based oxides15 and organic compounds.16,17 Upon the
advancement made so far in the development of an SIB
anode, carbon anode materials have been dominant candidates
favored for their low Na-storage voltage, high reversible
capacity, and outstanding cycling stability.18,19

Significant advancements have been made in fabricating
various carbon materials, which are generally obtained from
both naturally occurring (such as biomass20−22 and coal-based
materials25−27) and synthesis of carbonaceous precursors.23,24

Although, it seems that the biomass and synthesis of
carbonaceous precursors with desirable structures are appro-
priate for targeted applications, the low yield, and the synthesis
procedure requiring high manufacturing cost. To better satisfy
the demand for large-scale applications, the research on cheap
ways to produce carbons has attracted growing interest in the
last few years.

Anthracite, as one of the coal-based materials, features
clearly ordered graphitic structures and a high carbon content
compared with other coal resources, which is a kind of low-cost
and abundant carbon precursor. Hu et al. had pioneered the
preparation of carbon via direct carbonization of anthracite,
which exhibited a reversible capacity of 222 mA h g−1 at 0.02 A
g−1 when applied as an SIB anode.27,28 However, it has to be
pointed out that the impurities in anthracite such as silicon
dioxide, iron, alumina, and magnesium oxide are likely to
impact the conductivity and the pore structure of the derived
carbon materials, resulting in a series of electrochemical
problems such as poor rate performance, high safety hazards,
and low reversible capacity.
Impurities, containing inactive electrons trapped in their

crystal structures, deliver poor conductivity, thus resulting in
poor rate performance of the anthracite carbon anode.29 The
iron impurity can deposit on the surface of materials and cause
a short circuit, jeopardizing the safety of batteries.30,31 Silica
largely brings about furnaces fouling and corrodes the
equipment, thereby reducing its lifetime.32 Impurities can
suppress the cross-linkages of graphite crystallites of carbon,
reducing the graphitization degree, and lead to an increase of
irreversible capacity caused by a defect structure.33 In addition,
most impurities cannot contribute to the storage of sodium
ions, resulting in a reduction in the energy density of batteries
instead. Given the findings above, the removal of impurities
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from anthracite carbon plays a crucial role in commercial
applications for SIBs. Therefore, it is necessary to remove the
impurities (ash) from anthracite prior to its utilization.
Various deash treatment methods have been developed,

which can be classified into two types: chemical purification34

and physical separation.35 Although physical separation is a
cost-effective method, it is not efficient to remove the finely
dispersed minerals. Using alkaline and acid solutions has been
proven to be applicable to reduce significant amounts of ash-
forming minerals. Also, the impact of precursor deash on the
properties of obtained carbon materials is closely related to
modification media. Therefore, exploring an effective ash
removal method and optimizing the ash removal process for
anthracite are of great significance for the practical application
of SIBs. According to the research, hydrochloric acid can
deliver rapid chemical reactions with most minerals, including
magnesium, calcium, iron, potassium, aluminum, and other
major elements, but fail to remove silica.36 Therefore, it is
necessary to combine with hydrofluoric acid37 or sodium
hydroxide to remove silica to prepare highly purified carbon.
Herein, high-purity anthracite carbon materials were

prepared via two chemical purification strategies followed by
carbonization. The purified anthracite carbon has the best
electrochemical performance using the hydrofluoric acid and
hydrochloric acid deash strategy. The discharge capacity of
carbonized anthracite increases from 165.5 to 252.2 mA h g−1

at 0.02 A g−1 and delivers a capacity of 81.3 mA h g−1 at 1 A
g−1 and a capacity retention of 97.4% after 500 cycles. The
enhanced electrochemical performances are attributed to the
purified carbon content and suitable balance between the
degree of graphitization and the number of defect sites. In
particular, we hope that the simple deash strategy can provide
new insights for large-scale preparation of anode materials for
SIBs.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the Carbonized Anthracite. Anthracite from

a Jincheng colliery in China was first broken into small particles by
mechanical grinding. Then, the deash treatment was conducted to
remove the impurities from the anthracite by impregnating the
anthracite in 4 mol L−1 hydrochloric acid for 6 h and 10 wt %
hydrofluoric acid or 4 mol L−1 sodium hydroxide solution for 12 h.
The purified samples were further washed with water and then
collected by filtration. After drying at 50 °C, the anthracite powder
was loaded into a tubular furnace and carbonized for 2 h under an
argon atmosphere with a ramping rate of 5 °C min−1. Ultimately, the
achieved carbon material was designated as “CA-X-T”, where “X”,
which contains the HCl&NaOH (H/OH) and HCl&HF method (H/
H), represents the deash step and “T”, which varies to be 1000, 1200,
and 1400 °C, represents the carbonization temperature. These
samples were named as CA-H-OH-1000, CA-H/H-1000, CA-H/H-
1200, and CA-H/H-1400. For comparison, the sample carbonized at
1000 °C without the ash removal step was synthesized as the same
process and labeled as CA-1000.
2.2. Materials Characterization. The crystal structure was

characterized by an X-ray powder diffractometer with Cu Kα radiation
(λ = 1.5418 Å). Thermogravimetric analysis (TGA) data were
acquired via an STA 449 F3 thermogravimetric (TG) analyzer
(NETZSCH) from room temperature to 900 °C at a ramping rate of
5 °C min−1 under a nitrogen gas atmosphere. The feature and surface
morphologies of samples were observed by scanning electron
microscopy (SEM; S-4800, Hitachi) and transmission electron
microscopy (TEM; FEI Tecnai F30). A TriStar nitrogen sorption
instrument (Microstaritics TriStar 3000) was applied to evaluate the
specific surface area (SBET) of carbon at liquid nitrogen temperature.
The special surface area of the samples was recorded and collected

from the adsorption data with a relative pressure range of 0.05−0.3 by
the Brunauer−Emmett−Teller (BET) method. The relative pressure
P/P0 = 0.99 nitrogen adsorption was measured to get the pore
volume. Pore size distributions were determined by using the Barret−
Joyner−Halenda (BJH) model from the adsorption branch. Raman
spectra were recorded on a Thermo Fisher DXR Raman microscope
with a laser (532 nm) as the emission light source. The elemental
analysis of metal impurities was characterized by X-ray fluorescence
(Epsilon 5, PANalytical) equipped with three-dimensional polar-
ization optics. Elemental analysis results, performed on a CHN
elemental analyzer, were obtained by an elemental Vario EL
instrument.

2.3. Electrochemical Measurements. The electrode was
fabricated by a slurry spreading out a mixture of the active material
(80 wt %), the binder (sodium carboxymethyl cellulose, 5 wt %;
LA133, 5 wt %), and conductive carbon black (10 wt %) on copper
foil. The electrode was punched into 12 mm in diameter after drying
in vacuum at 100 °C overnight. The areal loading of the active
material is approximately 1.5 mg cm−2. The glass fibers (Whatman,
GF/F) were served as the separator, and 1 M NaPF6 in a mixture
solvent of ethylene carbonate (EC) and dimethyl carbonate (DMC)
with a volume ratio of 1:1 was used as the electrolyte. The electrodes
were assembled with sodium foils into CR2025 coin cells in an argon-
filled glove box (H2O, O2 < 0.1 ppm). The discharge and charge
performances were carried out on a Land CT2001A battery
instrument in a voltage range of 0.01−3.00 V (vs Na+/Na). Cyclic
voltammetry (CV) tests were conducted on a CHI660e electro-
chemical station (Shanghai Chenhua, China) in a voltage range of
0.01−3.00 V with a scan rate of 0.1 mV s−1. Electronic conductivity of
samples was obtained by a four-tip probe method. Electrochemical
impedance spectroscopy (EIS) was executed on an electrochemical
workstation (CH Instruments Inc., Shanghai, China, CHI660E) with
an AC perturbation signal of 5 mV in the frequency range of 10−2 to
105 Hz. First, when the voltage was discharged to a voltage of 0.01 V,
the EIS measurement was tested in the discharged state. Then, the
EIS test was measured in the charged state when the battery charging
voltage reached 3 V.

3. RESULTS AND DISCUSSION

As the core index of carbon material production, the thermal
weight loss of the precursor not only determines the carbon
yield but also directly affects the fabrication cost. The
differential scanning calorimetry (DSC) curve from 50 to
1000 °C is an obvious endothermic process, which can be
responsible for the endothermic reaction of water, methane,
ethane, and other small molecule gases that are removed
during the anthracite carbonization process. Some metal oxides
(such as potassium oxide, etc.) have an etching effect on
carbon materials, resulting in a decrease in the carbon yield.
Considering their low content (0.045 wt %), these metal
oxides have little effect on the carbon yield (approximately
2%). The thermogravimetric (TG) curve shows that the
carbon yield is over 90% (Figure 1a), which indicates a small
amount of volatile substance emissions.
XRD patterns were employed to further investigate the

structural characteristics of the sample prepared by different
deash treatments (Figure 1b). Obviously, all the samples
exhibit similar broad peaks at around 24.3, 43.1, and 80°,
which correspond to (002), (100), and (110) diffractions,
respectively. The (002) peaks of the samples did not shift after
the deash process, indicating that the interplanar spacing of the
(002) plane (d002) remained stable. The values of the (002)
plane spacing (d002) is calculated to be 0.39 nm based on the
Bragg equation. However, after deash treatment, the diffraction
characteristic peaks of inorganic compounds almost disap-
peared for CA-H/H-1000, but for CA-H/OH-1000, the peaks
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assigned to titanium oxide and silicon aluminum oxide still
exist. In addition, parameter R can be applied to investigate the
degree of “disorder” in carbon samples, according to the
previous study.38 A smaller value represents a larger percentage
of single graphene sheets and a more disordered carbon. The R
values of CA-1000, CA-H/OH-1000, and CA-H/H-1000 were
estimated to be 0.69, 1.00, and 1.22, respectively, confirming
the enhanced cross-linkages with carbon after the purification
strategies. Raman spectra of the samples were shown to exhibit
two typical peaks of the D band (the disorder-induced band)
and G band (the crystalline graphite band) at 1343 and 1589
cm−1, respectively. The AG/AD rate of CA-H/H-1000, CA-H/
OH-1000, and CA-1000 decrease from 0.36, 0.32, and 0.25,
respectively, which is owing to the decreased degree of sample
graphitization brought by impurities. The nitrogen adsorp-
tion−desorption isotherms of three samples deliver a type II
shape, attributing to a low-porosity structure. The Brunauer−
Emmett−Teller (BET) surface areas of CA-H/H-1000, CA-
H/OH-1000, and CA-1000 are 3.66, 1.28, and 1.23 m2 g−1,

respectively, suggesting that the carbon structure remains
steady after purification strategies.
X-ray fluorescence characterizations were employed to

further investigate the metal impurity information of CA-
1000, CA-H/H-1000, and CA-H/OH-1000. As shown in
Figure 2 and Table S1, CA-H/OH-1000 and CA-1000 have
metal oxide impurities (mainly silicon dioxide and aluminum
oxide), while CA-H/H-1000 does not, which is consistent with
XRD, and the content is about 9%. These impurities not only
do not contribute to the sodium storage capacity but also affect
the electrical conductivity of the electrode materials.
Obviously, the ash-removed material had less metal oxide
impurity content, which decreased from 9.38 to around 1.00 wt
%. Compared with the hydrochloric acid and sodium
hydroxide impurity removal methods, the materials treated
with hydrofluoric acid and hydrochloric acid had less ash
content and the removal effect of major impurities such as
silicon oxide and alumina was more remarkable. In particular,
the content of iron oxide impurities has been reduced by 90%,
significantly improving the safety of the electrode. At the same
time, we found that the hydrofluoric acid and hydrochloric acid
treatment has the ability to completely remove some basic
metal oxides such as sodium oxide and potassium oxide. So,
based on the total ash removal effect, we concluded that the
ash removal method of hydrofluoric acid and hydrochloric acid
(the ash content was reduced by 87.3%) was more effective.
To investigate the effect of different ash removal processes

on the physicochemical properties of the obtained carbon
materials, the electrochemical performances of samples were
tested in half-cells with metallic Na as the counter electrodes in
the voltage range of 0.01−3.00 V. The first charge−discharge
curves of the CA-1000, CA-H/OH-1000, and CA-H/H-1000
electrodes are shown in Figure 3a. A lower impurity content is
obviously beneficial in terms of specific capacity, and CA-H/H-
1000 delivers a capacity of 252.2 mA h g−1, which is
significantly higher than those of CA-1000 (165.0 mA h g−1)
and CA-H/OH-1000 (177.2 mA h g−1), exhibiting initial
Coulombic efficiencies of 69.6, 62.8, and 69.3%, respectively,
confirming the effectiveness of deash steps. Similar charge−
discharge patterns with two stages, that is, a monotonic sloping
voltage profile between 3.0 and 0.1 V (versus Na/Na+) and an
inclined voltage plateau from 0.1 to 0.01 V (versus Na/Na+),
are observed among the samples. The sodium storage
behaviors correspond to the adsorption of sodium in defected
sites, edges, and the surface of nanographitic domains and the
nanovoid filling, respectively. Considering the removal of
impurities that do not contribute to the storage of sodium, the

Figure 1. (a) DTG and DSC data of CA-H/H-1000 and CA-1000.
(b) X-ray powder diffraction (XRD) patterns of CA-H/H-1000, CA-
H/OH-1000, and CA-1000. (c) Raman spectra of CA-H/H-1000,
CA-H/OH-1000, and CA-1000. (d) N2 adsorption−desorption
isotherms of CA-H/H-1000, CA-H/OH-1000, and CA-1000. The
isotherm of CA-H/H-1000 and CA-OH/H-1000 are vertically offset
by 6 and 3 cm3 g−1, respectively.

Figure 2. Impurity retention rate of main impurities after different deash strategies.
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capacity contributed from the plateau and slope regions of CA-
H/H-1000 has increased significantly. The results (Figure 3b)

indicate that CA-H/H-1000 exhibits outstanding rate perform-
ance with reversible charge capacities of 252.2, 209.9, 187.8,
162.4, 117.2, and 85.8 mA h g−1 at 0.02, 0.05, 0.10, 0.20, 0.50,
and 1.00 A g−1, respectively. Due to the lower electronic
conductivities of CA-1000 and CA-H/OH-1000, the capacity
retention of both at a high rate is less than CA-H/H-1000. The
initial three cycles of CV curves of CA-H/H-1000 are
presented in Figure 3c; the irreversible peak was observed at
0.30−0.50 V in the first cycle but disappeared in the
subsequent cycles, showing a typical behavior of the
irreversible adsorption of sodium ions on the defects of the
carbon material and the formation of the solid electrolyte
interphase (SEI). At the same time, in the second and third
cycles, the CV curves show a good overlap, proving that the

Figure 3. (a) Discharge−charge voltage profiles of the sample electrodes between 0.01 and 3.00 V at 0.02 A g−1; (b) rate capability at various
current rates from 0.02 to 1.00 A g−1; (c) CV curves of CA-H/H-1000; (d) long cycle performance of CA-H/H-1000, CA-H/OH-1000, and CA-
1000; and Nyquist plots for CA-H/H-1000, CA-H/OH-1000, and CA-1000 at the (e) discharged state and (f) charged state of the initial cycle.

Figure 4. (a) XRD patterns of CA-H/H-(800, 1000, 1200, 1400). (b)
Raman spectra of CA-H/H-(800, 1000, 1200, 1400). (c, d) TEM
images of CA-H/H-1000.

Table 1. Elemental Analyses and Specific Surface Area of
Samples

sample
N (wt
%)

C (wt
%)

H (wt
%) C/H

SBET
(m2 g−1)

CA-1000 1.08 84.30 0.53 13.24 1.28
CA-OH/H-
1000

1.13 87.56 0.39 18.63 1.23

CA-H/H-800 1.60 91.72 2.51 3.05 2.45
CA-H/H-1000 1.56 94.58 0.26 30.52 3.66
CA-H/H-1200 0.79 97.84 0.13 64.20 8.06
CA-H/H-1400 0.41 98.11 0.005 167.51 3.00
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electrodes have excellent cycle stability and good reversible
performance. To evaluate the long cycling performance of the
CA electrode at high current density, as shown in Figure 2d,
the CA-H/H-1000 electrode delivers an outstanding reversible
capacity of 81.3 mA h g−1 after 500 cycles, outperforming CA-
H/OH-1000 and CA-1000 for SIBs. As far as we know, the
electronic conductivity of the electrode materials and the
diffusion rate of Na+ ions in the electrode materials are the
main factors, which affect the electrode rate performances. The
electronic conductivities of CA-1000, CA-H/OH-1000, and
CA-H/H-1000 are 0.039, 0.139, and 0.46 S cm−1, respectively,
which are consistent with the electrochemical performance of
the materials. To further understand the electrochemical
kinetic behaviors of the electrodes, electrochemical impedance
spectroscopy tests were employed. At the discharged state, all
three electrodes exhibit two typical semicircle features at a high
frequency and a slope line at a low frequency in EIS curves.
The two semicircle features can be attributed to the formation
of SEI and other surface impedances, including charge transfer
resistance and resistance of battery components. The slope line
corresponds to the Warburg impedance and is related to Na+

diffusion. Obviously, CA-H/H-1000 exhibits mallet semicircles
at both the discharged state and charged state due to the
optimized SEI film and promotes rapid electron transfer after
the hydrofluoric acid and hydrochloric acid strategy.
To regulate the graphitization degree and optimize the

sodium storage performance of the materials, we prepared
high-purity carbon with different carbonization temperatures
(800, 1000, 1200, and 1400 °C). As shown in XRD patterns, it
is distinct that, as the temperature increases, the position of the
(002) peak moves to the higher angle and the growth of the
(100) peak becomes increasingly sharper, indicating the
enhanced degree of graphitization. With increasing carbon-
ization temperature, the lattice fringe spacing of the (002)
plane decreases from 0.371, 0.37, 0.367, to 0.358 nm. As
shown in Figure 4a, R values increase to 1.20 for CA-H/H-800,
1.22 for CA-H/H-1000, 1.52 for CA-H/H-1200, and 1.62 for

CA-H/H-1400, confirming a higher degree of graphitic order.
The Raman spectra of CA-H/H-(800, 1000, 1200, 1400)
samples present two separate strong characteristic bands at
1343 and 1589 cm−1, which belong to the D band peak (the
structural defect and disorder-induced mode) and G band peak
at (crystalline graphite mode), respectively. The calculated
peak area ratios of the G band and D band (AG/AD) have been
calculated to be 0.33, 0.36, 0.49, and 0.58, which indicate that a
high degree of sample graphitization and the graphitization
degree of the material increase with the carbonization
temperature increasing (Figure S3). The increasingly clear
2D band (characteristic peaks of block graphite) suggests the
formation of a multilayer graphite structure. Raman spectros-
copy results are consistent with XRD characterizations. These
above results were successfully supported by TEM images in
Figure S4. As shown in Figure 4c,d, CA-H/H-1000 is
disordered in a large range, but the generation of graphite
crystallites with a size of 4−5 nm can be observed on a small
scale.
Elemental analyses were employed to further investigate the

carbon, hydrogen, and nitrogen information of samples
prepared by different deash treatments and carbonization
temperatures (Table 1). Increasing carbonization temperature
leads to a higher hydrocarbon ratio and a decrease in
heteroatom nitrogen content, which again shows the increasing
degree of carbon material graphitization of materials and the
reduction of defect sites. Elemental analysis proves that the
hydrofluoric acid and hydrochloric acid ash removal method,
which highly purifies the anthracite, is the more thorough
method because of the carbon content increasing from 84.3 to
94.6%.
Electrochemical performances of high-purity carbon materi-

als with different carbonization temperatures were tested by
half-cells with metallic Na as the counter electrodes in the
voltage range of 0.01−3.00 V. Figure 5a exhibits the first cycle
galvanostatic discharge−charge curves of the carbon anode.
Interestingly, the processing temperature of the sample has a

Figure 5. SIB performance of CA-H/H-(800, 1000, 1200, 1400). (a) Discharge−charge voltage profiles of the sample electrodes between 0.01 and
3.00 V at 0.02 A g−1. (b) Rate capability at various current rates from 0.02 to 1 A g−1. (c) Cycling performance at 1 A g−1. (d) Nyquist plots for CA-
H/H-(800, 1000, 1200, 1400).
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positive correlation with the Coulombic efficiency of the first
lap and a negative correlation with the battery capacity of the
material. These results can be explained that the increase of
temperature leads to the reduction of adsorption sodium
storage sites such as structural defects and disordered
structures, which corresponds to a decrease in the capacity
contribution of the slope area and a reduction in irreversible
capacity. The low capacity at high current rates of CA-H/H-
1200 and CA-H/H-1400 is mainly related to the rapid capacity
attenuation in plateau areas, which is mainly due to the lack of
defect sites and the reduced carbon layer spacing, leading to
sodium ions to spread slowly, which is consistent with previous
reports. Figure 5c illustrates the cycling performances of CA-
H/H-1000 with a capacity of 81.3 mA h g−1 at 1A g−1 for 500
cycles, corresponding to a 97.4% capacity retention based on
reversible capacity. The Nyquist diagram is composed of a
semicircle in the high-frequency area and a 45° straight line in
the low-frequency area. The high-frequency area is controlled
by the electrode reaction kinetics (charge transfer process),
and the low-frequency area is controlled by the diffusion of
reactants or products of the electrode reaction. As shown in
Figure 5d, CA-H/H-1000 illustrates the ultrasmall semicircle
in the charge state, confirming that its suitable microstructure
remarkably reduces the charge transfer resistance, which is in
line with electrochemical performance of the materials. CA-H/
H-800 delivers higher charge transfer resistance because of its
numerous defect sites (AG/AD = 0.33) and heteroatom content
(1.6 wt %).

4. CONCLUSIONS
In summary, we have demonstrated that highly purified
carbon, derived from high yielding and low-cost deashed
anthracite via a simple deash step, produces a high-perform-
ance anode in SIBs. Several highly purified carbon materials
were successfully fabricated from the hydrofluoric acid and
hydrochloric acid ash removal method. Thanks to the less
impurity content and microstructure regulation that are
achieved by changing the carbonization temperature, the CA-
H/H-1000 electrode exhibited an excellent initial capacity of
252.2 mA h g−1 with a first cycle Coulombic efficiency of
69.3% under a current density of 0.02 A g−1 and even had a
high capacity of 85.0 mA h g−1 when it turned to 1.00 A g−1.
This work not only provides a route for the clean and efficient
utilization of coal but also presents a deash strategy for various
impurities in the electrode material.
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