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a b s t r a c t

Due to its low cost and easy availability, the pitch is considered a promising precursor for soft carbon

anodes. However, pitch-derived soft carbon shows a high graphitization degree and small interlayer spac-

ing, resulting in its much lower sodium storage performance than hard carbon. We propose a novel pre-

oxidation strategy to introduce additional oxygen atoms into the low-cost soft carbon precursor pitch to

fabricate a defect-rich and large-interlayer spacing hard carbon anode (HPP-1100). Compared with the

direct pyrolysis of pitch carbon, the sodium storage capacity of HPP-1100 is significantly improved from

120.3 mAh/g to 306.7 mAh/g, with an excellent rate and cycling capability (116.5 mAh/g at 10 C). More-

over, when assorted with an O3-Na(NiFeMn)1/3O2 cathode, the full cell delivers a high reversible capacity

of 274.0 mAh/g at 0.1 C with superb cycle life. This work provides a new solution for realizing the appli-

cation of low-cost pitch anodes in Na-ion batteries.

© 2023 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) with high energy density, no mem-

ory effect and low self-discharge performance have been widely

used in various energy storage systems. However, the limited and

uneven distribution of lithium resources gradually makes it diffi-

cult to meet the future requirements for large-scale energy stor-

age [1,2]. With a similar mechanism to LIBs, sodium-ion batteries

(SIBs) are considered potential replacements due to their abundant

materials and lower cost [3,4].

The discovery of possible anode materials is slightly delayed

compared to the recent extensive research on suitable cathode ma-

terials, which has greatly inhibited the commercialization of SIBs.

In particular, the commercial anode graphite for LIBs exhibits a

very low capacity of 35 mAh/g in SIBs, with no practical signifi-

cance [5]. Among various anode materials, hard carbon (HC) with

a unique disordered structure is considered the most commercially

promising material. Due to large interlayer distance and lattice de-

fects, it exhibits a high reversible capacity and cycling stability

[6,7]. However, HC precursors generally show very low yields dur-

ing carbonization (<40%), inadvertently increasing the cost of SIBs.

Moreover, HC indicates poor rate capability in conventional ester-
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based electrolytes, which is also a major problem hindering com-

mercialization. Fortunately, recent studies have shown that ether-

based electrolytes can improve this problem significantly [8].

As a by-product of the petroleum/coal industry, the pitch is

readily available, inexpensive, and possesses high carbonization

yields, making it a widely used precursor for soft carbon anodes

in LIBs. However, the soft carbon obtained by direct pyrolysis pitch

exhibits a high order degree, small interlayer spacing, and few de-

fect sites, resulting in unsatisfactory sodium storage performance

[9]. Recently, studies have shown that the high order degree of

pitch pyrolytic carbon is related to the high H/C ratio in the pre-

cursor [10]. At the same time, the introduction of a large number

of heteroatoms such as O and N can neutralize the excess H atoms

in the precursor and inhibit its excessive graphitization [11].

Here, we propose a dilute HNO3 solvothermal pre-oxidation

strategy to suppress pitch graphitization and prepare highly dis-

ordered carbons. The oxygen atoms generated by the decomposi-

tion of HNO3 form a stable cross-linked structure with the pitch

molecules, thereby inhibiting its rearrangement. The results show

that the pre-oxidized pitch-based carbon (HPP-1100) indicates a

higher degree of disorder, larger interlayer spacing and more de-

fects than the direct pyrolysis pitch samples (PP-1100), realizing

the miraculous transformation from soft carbon precursor to hard

carbon. When evaluated as an anode for SIBs, HPP-1100 exhibits a

reversible capacity of 306.7 mAh/g at 0.1 C, far exceeding that of
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Fig. 1. SEM images of (a) PP (pristine pitch), (b) HPP (HNO3 pre-oxidation pitch),

(c) PP-1100, (d) HPP-1100. HRTEM images of (e) PP-1100, (f) HPP-1100.

PP-1100 (120.3 mAh/g), and displays excellent rate and long-term

performance (116.5 mAh/g at 10 C). Moreover, when assorted with

an O3-Na(NiFeMn)1/3O2 cathode, the full cell delivers a high re-

versible capacity of 274.0 mAh/g at 0.1 C with superb cycle life.

This work provides new insights and solutions for the fabrication

of highly disordered carbon SIBs anodes from low-cost soft carbon

precursors.

The morphology of the samples was observed by SEM, as

shown in Fig. 1. The pristine pitch (PP) particle size increases sig-

nificantly after direct pyrolysis at 1100 °C, and the particle surface

is smoother (Figs. 1a and c). It is due to the melting and rearrange-

ment process of the pitch during pyrolysis [12]. However, simi-

lar morphology appeared after pre-oxidation (HPP), indicating that

the pitch underwent similar melting and solidification processes

during the solvothermal process (Fig. 1b). The difference is that

the oxygen atoms generated by the decomposition of nitric acid

will cross-link with the molten pitch molecules, inhibiting their

ordering rearrangement. The fact that the morphology of the pre-

oxidized bitumen before and after pyrolysis hardly changes also

confirms this view (Fig. 1d).

The TG-DTG curves (Fig. S1 in Supporting information) com-

pared the pyrolysis processes of PP and HPP. For the PP, sig-

nificant weight loss occurs only in the temperature range of

400–550 °C, corresponding to the violent reformation carboniza-

tion process of the pitch [13]. In contrast, the curve for the HPP

sample presents a marked difference. First, the pyrolysis process

expands from a narrower temperature range to a wider range.

Secondly, the main weight loss zone appears in a lower temper-

ature range (250–400 °C), corresponding to the removal of small

molecules. Such results are very similar to the thermogravimet-

ric curves of hard carbon precursors. The above changes indicate

that the HNO3 pre-oxidation process can improve the cross-linking

degree of the pitch molecules, thereby effectively inhibiting its

graphitization. The higher carbonization yield of HPP also supports

this view. Fortunately, a higher carbonization yield means lower

production costs.

The microstructure structural variation of PP-1100 and HPP-

1100 can be observed visually and effectively in the HRTEM dia-

gram. As shown in Fig. 1e, the PP-1100 derived from the pristine

pitch exhibits an ordered graphite-like structure with long-range

well-arranged carbon layers. On the contrary, the HPP-1100 dis-

plays a different microstructure shown in Fig. 1f. A lot of curved

disordered graphite-like crystallite stacking structures appeared,

and many closed voids and defects were formed between them.

These are typically structural features of hard carbon. In addition,

the interlayer spacing is also significantly larger than that of PP-

1100. These changes all indicate that the HNO3 pre-oxidation strat-

Fig. 2. (a) XRD patterns, (b) Raman spectra, (c) XPS spectra, and (d) deconvoluted

O 1s spectra of PP-1100 and HPP-1100.

egy achieves the effect of converting the soft carbon precursor into

hard carbon.

The microstructures of the PP-1100 and HPP-1100 samples were

characterized by XRD patterns (Fig. 2a). Both samples show two

diffraction peaks around 23° and 43°, corresponding to the 002

and 100 crystal planes, respectively. Different from the high and

sharp peak of PP-1100, the 002 peak of HPP-1100 is gentler and

shifted to a low angle, proving that the pre-oxidation process ef-

fectively inhibits the graphitization of pitch. For an accurate com-

parison, the d002 value of the two samples was further calculated.

Unlike PP-1100, which shows a typical soft carbon eigenvalue of

0.352nm, HPP-1100 achieves an astonishing d002 value of 0.378nm,

which is within the typical interlayer spacing range of hard carbon

[14]. The significantly increased d002 suggests that the HNO3 pre-

oxidation strategy retarded the graphitization of the pitch, which

will enhance the sodium storage. The above XRD analysis is also

supported by the Raman spectroscopy results presented in Fig. 2b.

The Raman spectra of both samples present a D peak located at

∼1350 cm−1 and a G peak at ∼1580 cm−1, corresponding to the

disordered and graphitized structures in the carbon materials, re-

spectively. The Raman spectra were deconvoluted into four Lorentz

peaks [15], with the ID1/IG usually used to describe the degree of

disorder of carbon materials. Compared with PP-1100, HPP-1100

shows a higher ID1/IG value, suggesting the presence of more dis-

ordered structures.

The XPS test was performed to analyze further the surface el-

emental distribution and oxygen functional groups of these two

samples. As shown in Fig. 2c, the content of O in HPP-1100 was

significantly higher than that in PP-1100, with 7.21 at% and 3.84

at%, respectively. It proves that the pre-oxidation strategy success-

fully introduces additional oxygen atoms and cross-links with pitch

molecules. The high-resolution O 1s spectra can be deconvoluted

into C=O, C-O, and COOH at 532.0, 533.2 and 534.0 eV (Fig. 2d)

[16]. The results indicate that PP-1100 displays a higher C=O con-

tent than PP-1100, which is beneficial to the reversible reaction

with Na+, thus improving sodium storage [17].

Fig. 3a shows the first cycle galvanostatic discharge/charge

curves between 0 and 2.8V at a rate of 0.1 C (1 C=200mA/g).

Compared with PP-1100, the reversible capacity and initial coulom-

bic efficiency (ICE) of the HPP-1100 were significantly improved

(120.3 mAh/g to 306.7 mAh/g, 56.7% to 79.2%). Furthermore, the
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Fig. 3. (a) Initial discharge/charge curves and (b) rate performance of PP-1100 and

HPP-1100. The Na+ apparent diffusion coefficient by GITT during (c) sodiation and

(d) desodiation process. (e) Long cycle performance of PP-1100 and HPP-1100.

full capacity of PP-1100 is almost represented by the slope section.

In contrast, the reversible capacity of the HPP-1100 sample consists

of two regions: the plateau (<0.1V) and the slope (>0.1V), which

is a typical curve for hard carbon sodium storage [18]. It is mainly

due to replacing the long-range ordered graphite layers with the

shorter large interlayer graphite-like crystallites, allowing the in-

tercalation and deintercalation of Na+. The above results were ver-

ified in cyclic voltammetry curves: HPP-1100 exhibits a smaller ir-

reversible area in the first cycle and a stronger redox peak at 0.1V

than PP-1100 (Fig. S2 in Supporting information). Compared with

pitch-based carbon anodes in other literature, HPP-1100 also leads

the way in reversible capacity and ICE (Table S1 in Supporting in-

formation). These data suggest that the HNO3 pre-oxidation strat-

egy can indeed suppress the excessive graphitization of the pitch

and convert the soft carbon to hard carbon, thereby greatly en-

hancing sodium storage.

In terms of rate performance, the advantages of the HPP-1100

electrode are further highlighted (Fig. 3b). Evidently, HPP-1100 of-

fers a higher sodium storage capacity than PP-1100 under all rates,

indicating excellent Na+ transport kinetic performance and stabil-

ity. Even at 10 C, HPP-1100 can still maintain a reversible capac-

ity of 116.5 mAh/g, while PP-1100 barely provides capacity at this

time. It is closely related to the larger interlayer spacing and abun-

dant pore in HPP-1100.

To better explore the kinetic process and sodium storage mech-

anism, a galvanostatic intermittent titration technique (GITT) test

was performed (Fig. S3 in Supporting information). The appar-

ent sodium diffusion coefficient (DNa+ ) was calculated by the GITT

curve according to Fick’s second law [19]. As shown in Fig. 3c, the

DNa+ of PP-1100 maintained a decreasing trend throughout the so-

diation and desodiation process. Differently, the DNa+ of HPP-1100

decreases rapidly around 0.1V during the sodiation process, with

Fig. 4. Full cell performance: (a) Charge/discharge curve for the first three cycles;

(b) Rate performance; (c) Cycle performance; (d) Image of a "TGU" LED bulb lit by

full cell.

a slight increase in DNa+ upon further sodiation. The variation of

DNa+ in the slope and plateau regions indicates lower diffusion ki-

netics in the low-voltage plateau region, corresponding to the in-

tercalation of Na+ in the carbon layers. In contrast, the larger DNa+
at high potentials originates from the surface capacitive response

[20,18]. The increase in DNa+ below 0.1V should be related to the

filling of sodium ions in the nanopores [21,22]. These are typical

characteristics of composite hard carbon sodium storage [23].

Furthermore, the long-term cycling stability of the two elec-

trodes was compared at 0.5 C (Fig. 3e). After 300 cycles, HPP-1100

still exhibits an excellent reversible capacity of 213.6 mAh/g with a

capacity retention of 90.7%, which is much higher than that of PP-

1100 (84.1 mAh/g, 74.8%). It indicates that increasing the interlayer

spacing of graphite-like crystallites by pre-oxidation can improve

the sodium storage kinetics and expand the cycling stability of the

material.

Based on the excellent electrochemical performance of the HPP-

1100 electrode in the half-cell, the full cell was assembled with

O3-Na(NiFeMn)1/3O2 as the cathode to evaluate its practical appli-

cation in SIBs. Fig. 4 illustrates the electrochemical performance of

the HPP-1100//O3-Na(NiFeMn)1/3O2 full cell in the voltage range of

0.5–4V. It exhibits a reversible capacity of 274.0 mAh/g at a cur-

rent density of 0.1 C and maintains a specific capacity of 101.3

mAh/g at a large rate of 10 C. After 100 cycles at 0.5 C, the re-

versible capacity can remain 199.7 mAh/g with a capacity retention

of 85.5%, indicating the excellent rate and cycle stability of the full

cell. Meanwhile, the full cell lights up the TGU-type LED bulb array,

further proving the practical value (Fig. 4d).

In conclusion, a solvothermal pre-oxidation strategy is proposed

to introduce additional oxygen atoms into the pitch to form a

stable cross-linked structure that effectively suppresses excessive

graphitization during pyrolysis. This strategy prepared amorphous

carbon with a high degree of disorder and large carbon interlayer

spacing, successfully achieving the magical effect of soft carbon be-

coming hard carbon. Compared with soft carbon obtained by di-

rect pyrolysis of pitch, HPP-1100 exhibits superior sodium storage

performance with a high reversible capacity of 306.7 mAh/g, ex-

cellent rate performance and long cycle stability (116.5 mAh/g at

10 C). When matched with an O3-Na(NiFeMn)1/3O2 cathode, the

full cell manifests superb capacity and cycle life. The preparation

of pitch-based amorphous carbon materials with a solvothermal

pre-oxidation strategy deepens the understanding of inhibiting the
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graphitization of soft carbon precursors and develops a new idea

for the design of low-cost, high-capacity and rate-performing car-

bon anodes.
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