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Pyrolyzed Hydrogenated Anthracite as Anode Materials for Sodium-ion Batteries
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Abstract: Anthracite has a great application potential in energy storage because of its low cost, but the reversible capacity of raw
anthracite as an anode material for the sodium-ion battery is rather low. In this paper, anthracite was pyrolyzed at different
temperatures. The results show that the reversible capacity of anthracite pyrolyzed at 1 300 C (A-1300) is 307 mA-h/g at 20 mA/g,
which is the maximum value among the pyrolyzed anthracites. However, the reversible capacity of A-1300 at 500 mA/g is only
105 mA-h/g, exhibiting an inferior rate performance. The two-step strategy via hydrogenation and pyrolysis can decrease the
pyrolyzed temperature and improve the rate performance. Hydrogenated anthracite turns into an easy-graphitized precursor. The
reversible capacity of hydrogenated anthracite pyrolyzed at 900 ‘C (H300-3-900) can retain 113 mA-h/g at 500 mA/g after 500
cycles, exhibiting a superior rate performance and an easier commercial production at a lower temperature.

Keywords: hydrogenation; anthracite; sodium-ion battery; anode

. with rapid response and high-power requirement, which
1 Introduction cannot be restricted by the construction period and
location' !, As a main electrochemical energy storage
method, lithium-ion battery (LIB) was commercialized
in 1991. However, some work focused on the
development of alternative technologies at the end of

Energy storage technology is one of important
means to meet the large-scale access of renewable
energy, and a basis for the realization of the energy
internet in the future. Among various energy storage

technologies, electrochemical energy storage is a the 2 000 s due to the uneven worldwide distribution of
b

promising one, which is suitable for some occasions lithium reserves and resources.
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Sodium-ion battery (SIB) with the similar working
principle and components like LIB has many advantages,
such as abundant resource, low cost, and safety
performance, making it promising in the field of large-scale
energy storagel”. Surprisingly, graphite as the most
excellent anode material for commercial LIB with easy
obtainment, good conductivity, and high electrochemical
performance'® is difficult for Na" insertion/extraction® ),
indicating that graphite is not adaptive for SIB and
promoting to search for other carbon materials’” "),

In general, carbon anodes were prepared via
pyrolyzing various precursors, such as carbohydrates,
biomass wastes, and polymers[lz_”], all of which could
promote the insertion/extraction of Na'. Among these
carbons, anthracite anode with economy and high carbon
yield could be produced through direct pyrolysis, and the
capacity was 222 mA-h/g (at 30 mA/g)"*". If anthracite
with a superior electrochemical performance could be
developed, it would be able to be further commercialized
for SIB, particularly for power-oriented applications.

It is demonstrated that the microstructures of the
final carbon materials after pyrolysis, which are usually
separated into graphitizing carbon and non-graphitizing
carbon, depend on the nature of the precursors!'®. The
presence of oxygen or the shortage of hydrogen in the
precursors  will form a strongly cross-linked
non-graphitizing carbon!'”. The excessive hydrogen can
lead to graphitizing carbons!"* %, Hu et al. verified that
the oxygen-based functional groups could be introduced
into carbon materials via pre-oxidation® and in-situ
Mg(NO;),-6H,0 solidification strategy'*”), thus achieving
a highly disordered structure and preventing the
graphitization. The results obtained indicate that
changing the content of oxygen or hydrogen in the
precursors is one of effective approaches to change the
characteristics of carbon materials.

In this paper, anthracite was modified by an
effective two-step strategy of hydrogenation and
pyrolysis to obtain a high-performance SIB. The
pyrolyzed hydrogenated-anthracite was synthesized
through heating anthracite under 7% H,/Ar flow and
pyrolyzing at high temperatures. In addition, the
electrochemical performances of pyrolyzed
hydrogenated-anthracite as carbon anodes for SIB were
also investigated.

2 Experimental

2.1 Sample preparation

Anthracite (A) was pyrolyzed at different
temperatures (i.e., 700 C, 1 100 C, 1 300 C, 1 500 C,
and 1 900 ‘C) for 2 h in a high-temperature graphitization
furnace under Ar flow, respectively. The pyrolyzed
products were pyrolyzed anthracites, denoting as A-X (X
defines the pyrolyzed temperature).

Pyrolyzed hydrogenated-anthracite was synthesized
through an effective two-step strategy of hydrogenation
and pyrolysis. First, anthracite was heated in a tube

furnace under 7% Hy/Ar flow at 300 ‘C for 3 h to receive
a hydrogenated anthracite. Then, the hydrogenated-
anthracite was pyrolyzed in a high-temperature
graphitization furnace under Ar flow at different
temperatures (i.e., 700 ‘C, 900 ‘C, 1 100 °C, and
1 300 C) for 2 h, respectively. The final samples were
pyrolyzed hydrogenated-anthracites, named HM-N-X (H
denotes the hydrogenation, M refers to the hydrogenation
temperature, N is the hydrogenation time, and X is the
pyrolyzed temperature).
2.2 Characterizations

The morphologies of the materials were determined
by a model JEOL-F200 high-resolution transmission
electron microscope (HRTEM, Jeol, Japan) and a
selected area electron diffractometer (SAED, Jeol, Japan).
The structures were characterized by a model Rigaku
Ultima IV X-ray diffractometer (XRD, Rigaku, Japan).
The Raman spectra were obtained on a model DXR
Raman spectroscope (Thermo Scientific Co., USA). The
surface element distributions were measured by a model
AXIS Supra X-ray photoelectron spectroscope (XPS,
Shimadzu, Japan). The thermal behaviors were
determined on a model STA 449 F5 thermogravimeter
and differential scanning calorimeter (TG—DSC, Netzsch,
Germany).
2.3 Electrochemical measurement

The electrochemical properties were determined on
a model CR2025 coin cells at ambient temperature. The
working electrode was prepared via spreading
homogeneous slurry onto a copper foil, which consisted
of 80% active materials, 10% acetylene black, and 10%
PVDF in N-methyl-2-pyrrolidone. The active material
loading of the electrode was controlled as 0.8 mg/cm®.
Sodium metal was used as a counter electrode, and glass
fiber filters (GF/D) were used as a separator. The
electrolyte was 1 mol/L NaClO4 with 2% fluoroethylene
carbonate (FEC) additive dissolved in a mixture of
ethylene carbonate, dimethyl carbonate, and ethyl methyl
carbonate (V(EC): V(DMC): (EMC) = 1: 1: 1, %). The
coin cells were assembled in an Ar-filled glovebox
(Mikrouna,  V(H,0)<Ix107",  J(0,)<I1x107").  The
galvanostatic charge/discharge curves, rate performances,
and cycling performances were obtained in a potential
range of 3.00-0.01 V (vs. Na'/Na) on a model Land
CT2001A battery tester. The results from galvanostatic
intermittent titration technique (GITT) tests were
obtained in a potential range of 2.60—0.02 V (vs. Na'/Na)
on a Land CT2001A battery tester (Land, China). The
cyclic voltammetry (CV) was conducted using a model
CHI604E electrochemical workstation (CHI, China).

3 Results and discussion

3.1 Anthracite and its pyrolyzed products

Fig. 1 shows the XRD patterns and Raman spectra
of anthracite and anthracites pyrolyzed at different
temperatures. In Fig. 1(a), a broadened diffraction peak
occurs at 25.3° and an almost invisible diffraction peak
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appears at 42.6°, corresponding to the (002) and (100)
planes, revealing that anthracite has a low graphitization
degree[ls]. The value of Ip/Ig=3.16 (see Table 1), which
is calculated from the fitting area ratio of D and G
bands in the Raman spectra (see Fig. 1(b)), indicates a
high disorder degree of anthracite!””. Fig. 2 shows the
HRTEM images of anthracite and anthracites pyrolyzed
at different temperatures. In Fig. 2(a), anthracite only has
the randomly oriented short carbon layers, and the SAED
pattern is blurred, both indicating a poor crystallization
of anthracite™. Fig. 3 shows the electrochemical
performances of anthracite and anthracites pyrolyzed at
different temperatures. In Fig. 3(a), the initial coulomb
efficiency (ICE, 16.9%) and initial reversible capacity
(112 mA-h/g at 20 mA/g) are not satisfactory. The results
above indicate that raw anthracite is an amorphous
carbon, which is not appropriate for SIB.

A simple pyrolyzed method was adopted to improve
the electrochemical performances of anthracite. In
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g
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10 20 30 40 50 60 70 80
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(a) XRD patterns
Fig. 1 XRD patterns and Raman spectra of anthracite and anthracites pyrolyzed at different temperatures

Fig. 1(a), anthracites pyrolyzed at different temperatures
have diffraction peaks of (002) planes. The (002) peaks
turn narrow and symmetrical, especially the sample
A-1900, with increasing the pyrolyzed temperature,
revealing a trend of graphitization. In Fig. 1(b), D and G
bands both become sharp, and the value of Ip/Is (see
Table 1) gradually decreases when the pyrolyzed
temperature increases, indicating a reduced disorder
degree of pyrolyzed anthracite. In Fig. 2(b), the HRTEM
image of the sample A-700 shows a disordered structure
with randomly oriented short carbon layers. In Fig. 2(c)
and Fig. 2(d), the samples A-1100 and A-1300 exhibit
amorphous micron-sized crystallites with clearly defined
carbon layers. In Fig. 2(e), a few small graphite ribbons
occur in the HRTEM image as the pyrolyzed temperature
increases to 1 500 C. In Fig. 2(f), graphite ribbons grow
longer with a further increase in the pyrolyzed
temperature to 1 900 °C, indicating a graphite-like
crystallite structure (see Fig. 1).
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Fig. 2 HRTEM images of anthracite and anthracites pyrolyzed at different temperatures
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Table 1 Physical parameters of anthracite and anthracites
pyrolyzed at different temperatures (from XRD
patterns and Raman spectra)

Sample 20/(°) dopo/nm In/lg
A 25.30 0.352 3.16
A-700 24.92 0.357 3.22
A-1100 23.46 0.379 2.93
A-1300 24.32 0.366 1.95
A-1500 26.06 0.342 1.62
A-1900 25.88 0.344 0.82
H300-3-700 24.76 0.359 3.38
H300-3-900 23.68 0.375 3.21
H300-3-1100 23.54 0.378 2.82
H300-3-1300 26.14 0.341 2.08

In Fig. 3(a), compared with raw anthracite, the
initial reversible capacity and ICE of anthracites
pyrolyzed at different temperatures increase, especially
the sample A-1300 (i.e., 307 mA-h/g at 20 mA/g, 72.4%).
The plateau capacities (i.e., capacity below 0.1 V) of
pyrolyzed anthracites have an incipient growth and reach
a maximum value at 1 300 C as the pyrolyzed
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S
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(a) Galvanostatic charge/discharge curves

temperature increases, while raw anthracite has nearly no
plateau capacity. According to some previous studies on
the Na storage mechanisms !> '" %! the low potential
plateau region results from the Na™ insertion/extraction
between the carbon layers, and the high potential sloping
region is associated with defects adsorption on the
surface.

Nevertheless, the reversible capacity of the sample
A-1300 decreases rapidly when the current density
increases to a certain value, which is 218 mA-h/g at
100 mA/g, and only 105 mA-h/g at 500 mA/g (see Fig.
3(b) and Table 3). Moreover, the optimum sample
A-1300 needs to heat at 1 300 C, which is relatively
high for the ideal operation condition. The results
indicate that the poor rate capability and high pyrolyzed
temperature both have a serious impact on the SIB
application. The presence of hydrogen or the shortage of
oxygen in the precursors will form a graphitizing carbon,
reflecting that the optimal pyrolyzed temperature based
on the reversible capacity can be lower through
hydrogenation. In addition, hydrogenated precursors are
also more likely a soft carbon after pyrolysis, which
mostly have good rate capabilities'” 2%,

800
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Fig. 3 Electrochemical performances of anthracite and anthracites pyrolyzed at different temperatures

3.2 Pyrolyzed hydrogenated-anthracite

Fig. 4 shows the XRD patterns and Raman spectra of
pyrolyzed hydrogenated anthracites. In Fig. 4(a), the
diffraction peaks of (002) plane are broad and asymmetric,
revealing that the pyrolyzed hydrogenated—anthracites
remain a amorphous structure. When the pyrolyzed
temperature increases, the values of Ip/l; (see Table 1)
from the Raman spectra [see Fig. 4(b)] decrease, and the
(002) plane diffraction rings from the SAED images (see
Fig. 5) become sharp and bright gradually, both indicating
the increased graphitization degree. Note that the small
graphite ribbons appear when the pyrolyzed temperature
increases to 1 300 ‘C [see Fig. 5(d)], which is lower
than the pyrolyzed temperature of the sample A-1500. It is
indicated that the hydrogenated-anthracite follows the
pyrolysis rule like anthracite, which gradually tends to

graphitization when the pyrolyzed temperature increases.
Meanwhile, the graphitization of pyrolyzed hydrogenated-
anthracite is faster than that of pyrolyzed anthracite,
leading to a lower pyrolyzed temperature.

Fig. 6 shows the XPS spectra of the samples A-900
and H300-3-900, respectively. Clearly, the Ols spectra of
the sample A-900 and the sample H300-3-900 are fitted
into three peaks, representing O—C groups (=531.1 eV),
C—OH or C—O—C groups (=532.4 ¢V), and O—C—OH
groups (=533.8 eV), respectively™". As anthracite is reduced
through hydrogenation during the early stages of
carbonization!'"*> the content of oxygen in hydrogenated-
anthracite is changed. After pyrolysis, the percentage of
C==0 groups in the sample H300-3-900 increases and the
percentages of the other two oxygen functional groups
decrease, compared with the sample A-900 (see Table 2).



1894 CRERR R 2540 J Chin Ceram Soc, 2022, 50(7): 18901898 2022 £

H300-3-1300
H300-3-1300
z z H300-3-1100
g H300-3-1100 g
£ k=
H300-3-900 H300-3-900
H300-3-700 H300-3-700
10 20 30 40 50 60 70 80 1000 1200 1 400 1 600 1800 2 000
20/(°) Wavenumber/cm™!
(a) XRD patterns (b) Raman spectra
Fig. 4 XRD patterns and Raman spectra of pyrolyzed hydrogenated-anthracites
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Fig. 6 XPS spectra of the samples A-900 and H300-3-900
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These variations lead to an easy-graphitized carbon. Note Table 2 Physical parameters of the samples A-900 and
that the atomic percents of Ols between the samples H300-3-900 (from XPS)
A-900 and H300-3-900 are alike. This result is probably at'% Fitting peak area/%
because these two samples both remain oxygen Sample C—OH
functional groups that can be only resolved at higher Cls Ols 0=C (o 070
7,18, 32-33
temperatures' L A-900 93.17 6.83 452 372 17.6
Fig. 7 shows the electrochemical performances of H300-3-900 9323 6.77 62.0 231 14.9
pyrolyzed hydrogenated-anthracites. In Fig. 7(a), the at is atomic percent ratio.
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(e) Raman spectra of H300-3-900

Fig. 7 Electrochemical performances of pyrolyzed hydrogenated—anthracites
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reversible capacity of pyrolyzed hydrogenated—anthracite
reaches a maximum value at 900 ‘C, and then slowly
decreases with the increase of the pyrolyzed temperature.
The optimal pyrolyzed temperature based on the
reversible capacity after hydrogenation turns into 900 C,
which is lower than 1 300 ‘C for pyrolyzed anthracite
and more suitable for industrial production. In Fig. 7(b)
and Table 3. Table 4, the reversible capacity of
H300-3-900 at 20 mA/g is inconspicuous. Nevertheless,
its reversible capacity maintains 112 mA-h/g when the
rate increases to 500 mA/g. Differing from previous
reports (see Table 3 and Table 4)**7% we obtained the
improved rate performance of pyrolyzed hydrogenated
anthracite. For the cycling stability, the reversible
capacity of the sample H300-3-900 is 193 mA-h/g at
20 mA/g after 100 cycles (see Fig. 7(c)) and 113 mA-h/g
at 500 mA/g after 500 cycles (see Fig. 7(d)), and the
corresponding capacity retention ratios are 93% and 90%,
respectively. Moreover, the Ip/lg value of the sample
H300-3-900 is 2.38 after 100 cycles at 500 mA/g (see Fig.
7(e)), which is lower than the value before cycle (see
Table 1), corresponding to a slight decrease of the
reversible capacity of the sample H300-3-900 during the
first 100 cycles.

Fig. 8 shows the Na storage kinetics of the sample
H300-3-900. In Fig. 8(a), the CV curves of the sample
H300-3-900 at various scanning rates show a couple of
oxidation and reduction peaks, corresponding to the
plateau region and the slope region in the charge/discharge

profiles, respectively. In Fig. 8(b), according to a
relationship between the peak current (/) and the scanning
rate (v), i.e.,, [ = av’P738 the values of b are calculated
from the CV curves at different scanning rates (from
0.1 mV/s to 1.0 mV/s). The 1g(v)-lg(J) plots of oxidation
and reduction peaks have a good linear relationship. The
fitted b-value of the sharp peak at 0.10 V is 0.38 (close to
0.50), indicating a diffusion-controlled process of the
plateau capacity, while the fitted b-value of the hump
peak at 0.8 V is 1.07 (close to 1.00), indicating a surface
capacitive process of the sloping capacity. Furthermore,
the contribution percentages of the two processes can be
obtained by I(V) = kyv + kv'"*?*°! where kv and k'
are the diffusion and capacitive behavior contributions
from the total capacity, respectively. In Fig. 8(c), the
percentage of capacitive contributions of the sample
H300-3-900 increases from 59.9% to 95.3% when the
scanning rate increases from 0.1 mV/s to 1.0 mV/s,
illustrating that the capacitive behavior endows a great
reversible capacity and a superior rate capability!*”’. Fig.
8(d) shows the potential profile to calculate the Na®
diffusion coefficient (Dy,+) for the discharge process
during the second cycle. In Fig. 8(e), the average Dy,+ of
H300-3-900 is higher than that of A-900, which further
confirms that the kinetics are effectively accelerated in the
sample H300-3-900 as an anode™*").

The results indicate that the pyrolyzed hydrogenated
anthracite has a lower pyrolyzed temperature and an
improved rate performance.

Table 3 Comparison of the rate capability (capacity) for different treatment anthracites anodes in SIB

Capacity/(mA-h-g™")

20 mA/g 30 mA/g 50 mA/g 100 mA/g 200 mA/g 500 mA/g 1 000 mA/g et
2522 191.2 172.5 149.2 106.2 76.2 [34]
199 141 127 109 90 [35]
250 170 140 100 30 50 361"
307 249 218 180 105 57 This work
204 202 189 162 112 74 This work

a) No precise capacity value is given. The data in the table are from the estimation of the figure.

Table 4 Comparison of the rate capability (capacity retention ratio) for different treatment anthracites anodes in SIB

Capacity retention ratio/%

20 mA/g 30 mA/g 50 mA/g 100 mA/g 200 mA/g 500 mA/g 1000 mA/g et
100 76 68 59 42 30 [34]
100 71 64 55 45 [35]
100 68 56 40 32 20 [36]
100 81 71 58 34 19 This work
100 99 93 79 55 36 This work
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Fig. 8 Na storage kinetics of the sample H300-3-900

4  Conclusions

The electrochemical performances of raw anthracite
were inefficient and not appropriate to the SIB.
Anthracite through pyrolysis could improve the
electrochemical performances. The pyrolyzed anthracite
A-1300 had a superior reversible capacity at a low
current density, and the initial reversible capacity was
307 mA-h/g at 20 mA/g. However, its poor rate
capability and high pyrolyzed temperature were still far
from the ideal operating conditions for the commercial
SIB. Based on some previous studies, pyrolyzed
hydrogenated—anthracite could be synthesized. The
hydrogenated—anthracite could maintain the pyrolysis
rule like anthracite, which gradually tended to
graphitization when the pyrolyzed temperature

increased. Also, anthracite could be reduced through
hydrogenation, leading to a faster graphitization and a
lower pyrolyzed temperature after pyrolysis, which was
more suitable for industrial production. Furthermore,
the optimal pyrolyzed hydrogenated—anthracite
H300-3-900 had an improved rate performance, and the
corresponding reversible capacity retained 113 mA-h/g
at 500 mA/g after 500 cycles.
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