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Hard carbon with abundant resources and superior sodium storage performance is the most represen-
tative anode material for sodium-ion batteries (SIBs), but suffers from unsatisfied reversible capacity
and low initial Coulombic efficiency. Herein, brown coal is employed as the precursor to obtain high-
performance hard carbon anode materials with the assistance of pre-oxidation treatment for SIBs. The
unique pre-oxidation treatment introduces an abundance of oxygen-containing functional groups to reg-
ulate the microstructure of hard carbon anode, achieving a more disordered phase structure for improved
sodium storage performance. These enable a high reversible specific capacity of 316.1 mAh/g with an
initial Coulombic efficiency of 87.6%, significantly higher than those of 236.5 mAh/g and 71.7% in car-
bonized pristine brown coal. Meanwhile, the adsorption-insertion-pore filling sodium storage mechanism
of brown coal-derived hard carbon is demonstrated by in-situ XRD and Raman. This work emphasizes the
role of pre-oxidation treatment on boosting the sodium storage performance of brown coal-derived hard

carbon for advanced SIBs.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) have made significant contribu-
tions to modern energy storage technologies owing to their long
cycle life and environmental friendliness [1-3]. Nevertheless,
the uneven distribution and scarcity of lithium resources cannot
satisfy the rising market demand, which inevitably hinders its
application in large-scale energy storage systems [4,5]. Sodium-ion
batteries (SIBs) have emerged and been considered as beneficial
complements to LIBs because of abundant sodium resources [6,7].
Unfortunately, the relatively larger radius of Na* induces the huge
volume change and sluggish electrochemical reaction Kkinetics,
causing the rapid capacity decay and poor fast-charging perfor-
mance of SIBs [8,9]. Therefore, it is urgent to develop suitable
electrode materials with improved electrochemical performance to
promote the practical application of SIBs.

At present, various cathode materials have been reported
with satisfactory sodium storage performance, including transition
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metal oxide, polyanion, Prussian blue, and organic materials [10-
12]. Noticeably, graphite anode is commonly used in commercial
LIBs, but shows a poor sodium storage performance in conven-
tional ester-based electrolyte [13,14]. Inspired by Dahn’s pioneering
work, hard carbon (HC) anode materials have attracted extensive
attention for SIBs due to their unique randomly oriented graphite
layers and tunable microstructure [15]. Unfortunately, the practical
application of HC is limited by their poor sodium storage capac-
ity and low initial Coulombic efficiency [16,17]. In general, the mi-
crostructure of HC is closely related to the electrochemical perfor-
mance, which is significantly affected by the synthesis conditions
[18,19]. Among the reported strategies, pre-oxidation treatment has
demonstrated high efficiency in regulating the microstructure of
HC for the superior sodium storage performance [20]. However,
they mainly concentrate on the improved sodium storage perfor-
mance of HC, the detailed functional mechanism of pre-oxidation
treatment is crucial but ignored. Until now, various precursors
have been applied to prepare hard carbon anodes, including brown
coal [21], anthracite [22], bituminous coal [23], subbituminous coal
[24], pitch [25], etc. Among them, brown coal has a significantly
lower price than that of anthracite and pitch. Moreover, Yunnan
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Fig. 1. (a) Schematic illustration of the synthesis process of brown coal-derived HC. (b-d) Fitted XRD spectra, and (e-g) fitted Raman spectra of BC-1300, BCO300-1300 and

BC0350-1300, respectively.

Province, situated in the southwestern region of China, represents
the most substantial repository of brown coal reserves [26]. Given
its abundant availability and low cost, brown coal from Yunnan
Province emerges as a promising precursor for the large-scale pro-
duction of hard carbon materials with high carbon yield.

Herein, brown coal with abundant resources in Yunnan
Province is applied as the precursor to prepare HC anode mate-
rials for SIBs. The effect of pre-oxidation treatment on the mi-
crostructure and electrochemical performance is systematically in-
vestigated. The pre-oxidation treatment introduces an abundance
of oxygen-containing functional groups with increased disordered
phase, which is in favor of the improved sodium storage perfor-
mance. Therefore, brown coal-derived HC delivers a high reversible
specific capacity of 316.1 mAh/g with a high initial Coulombic ef-
ficiency of 87.6 %. Moreover, the adsorption-insertion-pore filling
sodium storage mechanism is revealed by in-situ XRD and Raman.

Brown coal is employed as the precursor due to its low cost
and abundant resources in Yunnan Province of China. As illus-
trated in Fig. 1a, abundant oxygen-containing groups are intro-
duced by the pre-oxidation process, which favors the construc-
tion of cross-linking structures and inhibits graphitization degree.
The pre-oxidized BCO300 exhibits significantly reduced ash con-
tent and enhanced oxygen content in comparison with the pristine
brown coal (Table S1 in Supporting information). To investigate
the evolution of functional groups in the coal precursors at differ-
ent pre-oxidation temperatures, Fourier Transform infrared spec-
troscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) anal-
yses were conducted (Figs. S1 and S2 in Supporting information).
The FTIR analysis revealed that oxygen molecules preferentially re-

act with unsaturated functional groups to form oxygen-containing
functional groups. The C 1s spectra reveal an obvious increase in
the content of C-O, C=0, and C(O)-O functional groups after the
pre-oxidation treatment. The thermal stability and carbon yield of
the pristine brown coal and BCOX (X =250, 300 and 350) were in-
vestigated by TG-DSC (Fig. S3 in Supporting information). The on-
set temperature of rapid weight loss in the thermogravimetric (TG)
curve of BC is significantly lower than that of BCOX, indicating that
pre-oxidation effectively enhances its thermal stability. In addition,
the residual mass shows a significant increase, suggesting that pre-
oxidation can enhance carbon yield.

The hard carbon from the carbonization of the original brown
coal and pre-oxidized brown coal are denoted as BC-1300 and
BCOX-1300 (X =250, 300, and 350), respectively. The effect of pre-
oxidation on the structure of HC was firstly investigated by X-ray
diffraction (XRD), where the peak fitting of (002) diffraction peak
is associated with the proportion of disordered and graphitized re-
gions [27]. As shown in Figs. 1b-d and Fig. S4 (Supporting infor-
mation), BCOX-1300 shows a higher proportion of disordered re-
gions than BC-1300. Moreover, BCOX-1300 has a larger interlayer
spacing than BC-1300, facilitating fast Na* diffusion. Subsequently,
the Raman spectrum was applied to further disclose the disorder
degree of brown coal-derived HC by measuring the intensity ra-
tio of D-band to G-band (Ip/Ig) [28,29]. As shown in Figs. le-g
and Fig. S5 (Supporting information), the value of Ip/lg ratio of
BC-1300, BCO250-1300, BCO300-1300, and BCO350-1300 are 0.97,
119, 1.33, and 1.30, respectively. Moreover, the peak area ratio
of Ap3/Ag is closely related to the proportion of amorphous car-
bon and oxygen-containing functional groups, where this value of
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Fig. 2. (al-c1) HRTEM images and (a2-c2) corresponding fast Fourier transform (FFT) patterns of BC-1300, BCO300-1300 and BCO350-1300, respectively. Insert: SAED patterns
of corresponding samples. (d) Lattice spacing, (e) N, adsorption-desorption isotherms, and (f) Barrett-Joyner-Halenda (BJH) pore-size distribution curves of BC-1300 and

BCOX-1300.

brown coal-derived HC is remarkably increased after pre-oxidation
treatment (Table S2 in Supporting information). These indicate that
pre-oxidation can effectively inhibit graphitization to obtain in-
creased sodium storage capacity.

The morphologies of brown coal-derived HC are revealed by
scanning electron microscopy (SEM) in Fig. S6 (Supporting infor-
mation). BC-1300 displays a rough and disordered surface mor-
phology. In contrast, smooth surfaces are observed in BCO250-1300
and BCO300-1300 due to the incorporation of oxygen-containing
groups during the pre-oxidation process. Subsequently, the mi-
crostructure of the brown coal-derived HC was further investigated
by high-resolution transmission electron microscopy (HRTEM). As
shown in Figs. 2a-c and Fig. S7 (Supporting information), the pro-
portion of disordered microstructure is improved after the pre-
oxidation, all BCOX-1300 samples own abundant bent graphite mi-
crocrystals and closed nanopores. Meanwhile, the decreased sharp-
ness of dispersing diffraction rings in selected area electron diffrac-
tion (SAED) patterns of BCOX-1300 reveals the disordering degree
of the local carbon structure is enhanced. Noticeably, the interlayer
spacing of brown coal-derived HC is increased with the improved
pre-oxidation temperature, the expansion of interlayer spacing is
in favor of boosting the sodium storage capacity (Fig. 2d) [30].

The pore characteristics of brown coal-derived HC were dis-
closed by nitrogen adsorption/desorption isotherms. All of the
samples display typical type IV isotherms, indicating the exis-
tence of numerous micropores and mesopores (Fig. 2e) [31,32].
As listed in Table S3 (Supporting information), the specific sur-
face area of BC-1300, BCO250-1300, BCO300-1300, and BCO350-
1300 are 1.13, 4.04, 1.45 and 2.29 m?/g, respectively. BCO300-1300
possesses small specific surface area coupled with abundant meso-
pores (Fig. 2f), which facilitates the diffusion of electrolytes and
provides more sodium storage sites. To further characterize the mi-
croporous structure, CO, adsorption-desorption isotherm measure-
ments were conducted at constant temperature (Fig. S8 in Sup-
porting information). The pore size distribution derived from CO,
adsorption analysis reveals that all BCOX-1300 samples possess a

hierarchical porous architecture, which significantly enhances Na*
diffusion kinetics. Furthermore, the true density of BCOX-1300 is
significantly lower than that of BCO-1300, confirming more closed
pores exit in the coal-based hard carbon material after the pre-
oxidation treatment (Table S4 in Supporting information). All in
all, pre-oxidation treatment plays a key role on the pore structure
and microstructure of brown coal-derived HC, which significantly
affects the sodium storage performance.

The surface chemical composites of brown coal-derived HC
were analyzed by X-ray photoelectron spectroscopy (XPS, Fig. S9
in Supporting information). As shown in Figs. S10a-d (Supporting
information), the C 1s spectra of brown coal-derived HC can be
deconvoluted into four characteristic peaks of C-C, C-0, C=0 and
0-C=0. In general, the C-C bond mainly belongs to graphite, while
C-0, C=0, and 0-C=0 bonds belong to the defects of graphite [33].
The proportion of the C-C is significantly decreased, suggesting an
improvement in the disorder of BCOX-1300. Subsequently, the in-
creased intensity of C=0 in the O 1s spectra of BCOX-1300 fur-
ther confirms the key role of pre-oxidation treatment (Figs. S10e-h
in Supporting information). As indicated in Table S5 (Supporting
information), the oxygen content in BCOX-1300 surpasses that in
BC-1300, the total oxygen content increases from 4.27 at% to 5.82
at% with the enhancement of pre-oxidation temperature. These
results indicate that pre-oxidation treatment can effectively in-
troduce more oxygen-containing functional groups to provide an
abundance of active sites for reversible sodium storage.

The superiority of pre-oxidation on electrochemical perfor-
mance was investigated by assembling Na||HC half cells. As shown
in Fig. 3a and Fig. S11 (Supporting information), all the brown coal-
derived HC anodes exhibit similar cyclic voltammetry (CV) curves,
suggesting the same sodium storage mechanism. Meanwhile, the
BCO300-1300 electrode shows a huge potential to obtain a higher
reversible capacity due to the maximum peak area. And BCOX-
1300 (X=250, 300 and 350) shows a higher reversible capacity
than that of BC-1300 (Fig. 3b). Noticeably, BCO300-1300 delivers
the highest reversible capacity of 316.1 mAh/g with a high initial
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Fig. 3. (a) CV curves of BCO300-1300 at the scan rate of 0.1 mV/s. (b) The initial discharge-charge curves and (c) capacity contribution of the slope region and plateau region
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Coulombic efficiency of 87.6% (Table S6 in Supporting information).
In general, the galvanostatic charge/discharge profiles of the HC
anode can be divided into two distinct regions: the high-voltage
slope region and low-voltage plateau region. As shown in Fig. 3c,
the plateau capacity of BCOX-1300 is significantly higher than that
of BC-1300 due to the increased disordered phases and micropore
of BCOX-1300 [34]. The rate performance of BC-1300 and BCO300-
1300 is estimated in a wide current density from 20 mAh/g to
500 mAh/g. As displayed in Fig. 3d, the rate performance of brown
coal-derived HC is greatly improved by pre-oxidation. BCO300-
1300 shows a reversible capacity of 315.1, 298.4, 284.8, 250.5 and
130.6 mAh/g at current densities of 20, 50, 100, 200 and 500 mA/g,
respectively. A high reversible capacity of 304.7 mAh/g at 20 mA/g
is maintained after the evaluation of rate performance, indicating
good electrochemical reversibility of BCO300-1300. BCO300-1300
delivers a high reversible capacity of 316.1 mAh/g and capacity re-
tention of 95% after 100 cycles (Fig. 3e). These demonstrate that
pre-oxidation is an effective strategy to boost the sodium storage
performance of HC.

The sodium storage behavior of BCO300-1300 was further in-
vestigated by CV measurements at different scan rates (Fig. 3f). The
capacitive and diffusion-controlled contributions of the BCO300-
1300 electrode are calculated by [35,36]:
i =k +kv'? 1)
where i, k;v and kyv!/2 are the peak current, capacitive contribu-
tions and diffusion-controlled contributions, respectively. As shown
in Figs. 3g and h, higher capacitive contributions of BCO300-1300
electrode are observed with the increase of scan rate, which is
responsible for the superior rate performance of BCO300-1300
electrode. Subsequently, electrochemical impedance spectroscopy

(EIS) measurements were applied to disclose the mechanism of
the improved sodium storage performance. As shown in Fig. S12
and Table S7 (Supporting information), the R values of BC-1300,
BC0250-1300, BCO300-1300, and BCO350-1300 are 10.82, 9.61,
6.98, and 9.03 2, respectively. BCO300-1300 electrode shows the
lowest R¢;, demonstrating its fast electrochemical reaction kinetics.

The Na*t storage behavior of brown coal-derived HC was fur-
ther investigated by galvanostatic intermittent titration technique
(GITT, Fig. S13 in Supporting information). The diffusion coeffi-
cients (Dy,+) of the brown coal-derived HC are calculated based
on Fick’s second law with the simplified equation [18,37]:

4 (moVe ) (DB
Tt \ MRA

where 7, mg, Vi, Mg, and A are the pulse duration, active mass of
the electrode, molar volume, molecular weight, and active surface
area of the electrode, respectively. Additionally, AEs and AE; are
shown in Fig. S14 (Supporting information). A similar change trend
of Dy,+ is observed in these brown coal-derived HC, demonstrat-
ing the similar Na* storage behavior (Figs. 4a and b). In general,
the lower Dy,+ at ~0.6 V is ascribed to the formation of solid elec-
trolyte interface, which limits the diffusion of Na*™ on the surface
of brown coal-derived HC. Noticeably, an obvious decrease of Dy,+
is observed at 0.1-0.05 V, indicating the slow Na* diffusion kinet-
ics between carbon layers. Dy,+ increases at 0.05-0.001 V due to
the rapid adsorption of Na™ on the micropores. In the subsequent
charging process, the change of Dy,+ is almost opposite to the dis-
charge process, which elucidates the highly reversible sodium stor-
age behaviors. In addition, Dy,+ between the platform and slope
regions of the brown coal-derived HC is illustrated in Fig. S15 (Sup-
porting information). BCO300-1300 exhibits the highest diffusion

AEs
AE;

DNa =

(2)
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coefficient, demonstrating its fast electrochemical reaction kinetics
for superior rate performance.

The structure evolution of BCO300-1300 was investigated by in-
situ XRD (Fig. 4c). During the discharge process, the position of
(002) peak is maintained at the voltage range of >0.1 V, suggesting
the surface adsorption of Na*. The position of (002) peak shifts to
a lower angle at 0.1-0.05 V, indicating that Na* is intercalated into
the carbon layers with an expansion of interlayer spacing. Finally,
the position of (002) peak is unchanged when discharged to 0.001
V, revealing the pore-filling behavior of Na*. The peak change is
reversible in the subsequent charging process, which demonstrates
the highly reversible sodium storage behaviors for improved cy-
cling stability. Subsequently, in-situ Raman spectroscopy was em-
ployed to further reveal the structural information of BCO300-1300
during the discharge/charge process (Fig. 4d). The position of D
band and G band remains unchanged, and a gradual broadening
of D band is detected when discharged to 0.1 V, implying the ad-
sorption of Na* on BC0O300-1300 surface. At the voltage range of
0.1-0.05 V, an obvious shift of the G-band is observed, confirming
the intercalation of Na™ into the carbon layer. In addition, no sig-
nificant change of G-band is probed between 0.05 V and 0.001 V
(filling of Na* on the micropores). In the subsequent charging pro-
cess, the peaks of D band and G band almost recover to the initial
position. As shown in Fig. S16 (Supporting information), the phe-
nolphthalein reagent testing results further demonstrate the highly
reversible sodium storage behavior in BCO300-1300 [38,39]. These
disclose that the highly reversible sodium storage mechanism of
BC0O300-1300 is adsorption-insertion-pore filling (Fig. 4e).

In conclusion, a high-performance brown coal-derived HC is
synthesized by pre-oxidation treatment. Large amounts of oxygen-
containing functional groups are introduced into HC during the
pre-oxidation process to regulate its microstructure. The abundant
disordered phase in BCO300-1300 facilitates sodium storage, re-

alizing a high reversible specific capacity of 316.1 mAh/g, much
higher than that of 236.5 mAh/g in BC-1300. In addition, the highly
reversible “adsorption-insertion-pore filling” sodium storage mech-
anism is demonstrated by in-situ XRD and Raman. This work is ex-
pected to promote the practical application of pre-oxidation strat-
egy to boost the sodium storage performance of HC for SIBs.
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