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Abstract 

In this perspective, we present an overview of the research and advancement of lignocellulose-derived hard car-
bon anodes and their pivotal role in the commercialization of sodium-ion batteries. Hard carbon anodes, sourced 
from lignocellulosic biomasses, exhibit considerable promise due to their widespread availability, economical 
viability, and environmentally friendly attributes with zero carbon-dioxide emissions. Given the intricate compositions 
and composite nature of lignocellulosic materials, it becomes imperative to prioritize factors crucial for the fabrica-
tion of hard carbon anodes that exhibit enhanced sodium-ion storage capabilities. Thus, our study offers an extensive 
overview of the structure and performance nuances of hard carbon anodes derived from cellulose, hemicellulose, 
and lignin. Furthermore, it delves into the fundamental principles governing synthesis methodologies and confronts 
the challenges inherent in producing lignocellulose-derived hard carbon anodes tailored specifically for sodium-ion 
batteries.

Highlights 

• Lignocellulose is a promising low-cost precursor for the hard carbon anodes in sodium-ion batteries.

• Chemical, crystalline, components, and multi-dimensional structures of lignocellulose influence the structure 
and performance of hard carbon anodes.

• Engineering methodologies tuning the microstructures of lignocellulose could change the intrinsic structure 
and performances of hard carbon anodes.

• New methods also need to consider the principles of green chemistry and sustainable development.

Keywords Lignocellulose, Hard carbon, Sodium-ion battery, Multi-dimensional structure

Communicated by Fengchang Wu.

*Correspondence:
Wenli Zhang
wlzhang@gdut.edu.cn; hiteur@163.com
Husam N. Alshareef
husam.alshareef@kaust.edu.sa
Xueqing Qiu
cexqqiu@scut.edu.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44246-024-00122-3&domain=pdf
http://orcid.org/0000-0002-6781-2826


Page 2 of 9Zhang et al. Carbon Research            (2024) 3:28 

Graphical Abstract

Sodium-ion battery (SIB) is currently a well-developed, 
next-generation commercial rechargeable battery tech-
nology (Usiskin et al. 2021). Given the abundant sodium 
resources in the earth’s crust, SIB is deemed to be a cost-
effective energy storage technology that could compete 
with the mature lead acid battery (LABs) (Yin et al. 2022) 
and lithium-ion battery (Xie and Lu 2020) technologies. 
Therefore, the cost-effectiveness of the electrode materials 
and electrolytes should meet the low-cost design philoso-
phy of SIBs. Among the widely investigated anodes (con-
version, alloy, intercalation, and carbonaceous) (Zhang 
et  al. 2019) in research papers, hard carbon is the most 
practical, promising family of anodes for the commerciali-
zation of SIB due to its high capacity and low (de)sodia-
tion potentials (Li et  al. 2023). Moreover, hard carbons 
could be prepared from low-cost, abundant lignocellulose 
carbon precursors (Huang et al. 2023; Yang et al. 2023).

Hard carbon refers to the carbon materials obtained 
from resin, lignocellulose biomasses, and thermosetting 
plastics at moderate carbonization temperatures (1000 
− 2000°C). These carbon materials can not be totally 
graphitized even under a high carbonization tempera-
ture of 2500°C. HC contains multi-dimensional structure 
aspects, such as micro graphite nanodomains (GND), 
defects, and close pores formed by the arrangements of 
these GNDs (Zhao et  al. 2021). Therefore, the micro-
crystalline, closed pores, and defects in HC could influ-
ence its electrochemical sodium-ion storage behaviors. 
Basically, hard carbon stores sodium ions through an 

“adsorption-intercalation-pore filling” mechanism (Sun 
et al. 2024). Under such a mechanism, the development of 
HCs with high capacities should focus on aspects of high 
closed pore volume, while the development of high-rate HC 
should focus on aspects of abundant defects and large inter-
layer spacing.

Lignocellulose biomasses and their components (cel-
lulose, hemicellulose, and lignin) are promising HC pre-
cursors that are available and abundant in the present 
papermaking and biorefinery factories (Zhang et  al. 
2022). Primary lignocellulose biomasses are coconut 
shells, rice husks, bamboo fibers, etc. These primary lig-
nocellulose biomasses exhibit different physicochemi-
cal structures in terms of chemical structure (Meng 
et  al. 2023), components, arrangements of constituents, 
composite, and muti-dimensional structures. These 
multi-dimensional structure aspects could influence the 
pyrolysis and carbonization of lignocellulose so that the 
structure and electrochemical performances of hard car-
bon could also be influenced. In this regard, research on 
the relationship between hard carbon structures and lig-
nocellulose structure is important for developing HCs 
with high performances.

Understanding the single role of lignin, cellulose, and 
hemicellulose in the formation of hard carbon anodes 
is necessary since they not only have different chemi-
cal structures (Fig. 1) but also different aggregate states. 
Usually, lignin is of an amorphous 3D structure, and cel-
lulose is composed of crystalline or amorphous regions. 
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Hemicellulose is the binder between lignin and cellu-
lose. In this perspective, we investigated the HCs derived 
from cellulose (not oxidized), lignin (enzymatic hydroly-
sis lignin), and hemicellulose (xylan) (denoted as CHC, 
LHC, and HCHC) under different calcination tempera-
tures (600 − 1600°C) for 4 hours in nitrogen inert atmos-
phere with a heating ramping rate of 5 °C  min-1. Through 
powder X-ray diffraction (XRD) patterns of the HC sam-
ples, it is observed that CHC, LHC, and HCHC showed a 
similar tendency for the phenomenological (002) diffrac-
tion shapes until a carbonization temperature of 1600°C 
(Fig.  2a-c). At a carbonization temperature of 1600°C, 
LHC1600 displayed a small crystalline peak indicative of 
the formation of graphite microcrystalline. HCHC1600 
showed a sharp diffraction peak suggesting the forma-
tion of larger graphite microcrystalline inside the carbon 
skeleton of HCHC1600. Some work reports the prefer-
ential formation of graphite crystalline in the cellulose-
dominated biomass (Wang et al. 2021), which is ascribed 
to the existence of high content of cellulose component. 
Our results indicate that this preferential formation phe-
nomenon is probably ascribed to the composite structure 
between cellulose and lignin/hemicellulose. Neverthe-
less, the formation of graphite nanodomains (GND) may 
influence the (002) interlayer spacing  (d002), the pores 
size, and the pore volume of closed pores.

It could be read from Fig.  2d that the  d002 values of 
HCHC are relatively smaller (Tables  1, 2 and 3), which 
indicates the higher rate capabilities of LHC and CHCs 
compared with HCHC. The electrochemical perfor-
mances of these HCs are compared in the following 
section.

Closed pores sizes and pore volumes determine the pla-
teau capacities and rate capabilities, which are important 
parameters that influence the energy density of SIB full 
cells. Small-angle X-ray scattering (SAXS) techniques are 
usually used to determine the close pore size, pore vol-
ume, and pore size distribution (Fig.  3a-c). These pores 
are inaccessible to the electrolyte (Li et  al. 2022; Chen 
et  al. 2023), which allows a “pore-filling” charge storage 
mechanism. Pore size and pore volume should influence 
the sodium-ion storage performances (capacity and rate 
capabilities of the plateau and slope capacities). Whether 
the pore size and crystalline structure could be changed 
during the sodium-ion storage process is a scientific issue. 
The relationship between closed pores and plateau capac-
ity is somewhat difficult to build since some of the pores 
are closed by GNDs which do not allow sodium ions to 
diffuse or intercalate. On the contrary, there are also open 
pores that do not allow electrolytes to go inside, which 
indicates that the pores are “closed” for the sodium-ion 
storage process. The pore size could influence the forma-
tion of Na metal clusters, which determines the capacities 

Fig. 1 The molecular structure of the precursors of HCs: (a) lignin, (b) cellulose, (c) hemicellulose
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Fig. 2 Structural characterizations of HCs. a XRD patterns of CHCs. b XRD patterns of LHCs. c XRD patterns of HCHCs. d The (002) interlayer spacing 
of CHCs, LHCs and HCHCs

Table 1 Structure parameters of CHCs

2Theta (o) FWHM (o) D002 (nm) La (nm) Lc (nm) n

CHC600 20.23 16.85 0.438 3.13 0.48 2.09

CHC800 21.58 11.71 0.411 3.32 0.69 2.68

CHC1000 22.08 10.16 0.402 3.59 0.80 2.99

CHC1200 22.52 10.47 0.395 3.90 0.78 2.97

CHC1400 22.89 8.74 0.388 4.30 0.93 3.39

CHC1600 23.27 9.67 0.382 3.62 0.84 3.20

Table 2 Structure parameters of LHCs

2Theta (o) FWHM (o) D002 (nm) La (nm) Lc (nm) n

LHC600 20.52 15.01 0.432 3.09 0.54 2.25

LHC800 21.54 11.06 0.412 3.60 0.73 2.77

LHC1000 22.01 10.23 0.404 4.13 0.79 2.95

LHC1200 22.61 10.28 0.392 4.05 0.79 3.01

LHC1400 23.16 10.34 0.384 4.58 0.82 3.14

LHC1600 23.88 9.96 0.372 4.48 0.81 3.18
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and rate capabilities of the plateau charge-discharge 
behaviors. The closed pore size of HCs is in the range 
of 1.5 to 3.0 nm (Fig. 3d). The closed pore size of CHC 
is larger than LHC and HCHC under the same calcina-
tion temperature, which needs to be explained in future 
research. A possible reason is that the thermal stability 
of hemicellulose is much inferior to cellulose and lignin, 
which induces extensive decomposition at low pyrolysis 
temperatures. The same tendency is found in lignin with 
different units (Yang et al. 2023). The larger closed pores 
of CHC could be due to the large GND formed from 
cellulose.

The galvanostatic charge-discharge (GCD) technique 
is used to test the electrochemical sodium-ion storage 
performances of HC anodes (Fig.  4). It is observed that 
the behaviors are similar for these HCs, which indicates 
that the intrinsic structures of HCs are similar. However, 
the capacities (including the plateau capacities) of LHC 
and CHC are much higher than HCHC, while they have 
similar initial coulombic efficiencies (ICEs). The result 
indicates that we could prepare hard carbons with higher 
capacities using lignocellulose with a low content of hemi-
cellulose. The relatively low ICEs should be ascribed to 
the abundance of surface defects. Statistics results show 

Table 3 Structure parameters of HCHCs

2Theta (o) FWHM (o) D002 (nm) La (nm) Lc (nm) n

HCHC600 22.23 13.91 0.399 3.45 0.58 2.45

HCHC800 22.58 10.09 0.393 4.46 0.80 3.03

HCHC1000 22.69 9.91 0.391 3.85 0.82 3.09

HCHC1200 23.28 9.76 0.382 4.15 0.84 3.20

HCHC1400 23.80 8.04 0.374 3.97 1.01 3.71

HCHC1600 — — — — — —

Fig. 3 a SAXS patterns of CHCs. b SAXS patterns of LHCs. c SAXS patterns of HCHCs. d Dependence of closed pore size and closed pore volume 
(calculated from SAXS) on the carbonization temperatures of CHCs, LHCs and HCHCs
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Fig. 4 Electrochemical performances of HCs. a GCD curve of CHCs. b Rate performances of CHCs. c The contributions of slope-region capacity 
(> 0.1 V) and plateau-region capacity (< 0.1 V) in the  5th discharge process of CHCs. d GCD curve of LHCs. e Rate performances of LHCs. f The 
contributions of slope-region capacity (> 0.1 V) and plateau-region capacity (< 0.1 V) in the  5th discharge process of LHCs. g GCD curve of HCHCs. 
h Rate performances of HCHCs. i The contributions of slope-region capacity (> 0.1 V) and plateau-region capacity (< 0.1 V) in the  5th discharge 
process of HCHCs

Table 4 Slope, plateau and reversible capacities of CHCs

Slope 
capacity 
(mAh g−1)

Plateau 
capacity (mAh 
g−1)

Reversible 
capacity (mAh 
g−1)

ICE (%)

CHC600 133 0 133 36.7

CHC800 103 0 103 32.5

CHC1000 114 118 232 55.6

CHC1200 108 180 288 57.4

CHC1400 96 229 325 63.8

CHC1600 71 237 308 64.9

Table 5 Slope, plateau and reversible capacities of HCHCs

Slope 
capacity 
(mAh g−1)

Plateau 
capacity 
(mAh g−1)

Reversible 
capacity (mAh 
g−1)

ICE (%)

HCHC600 95 0 95 28.5%

HCHC800 85 54 139 40.9%

HCHC1000 72 101 173 37.9%

HCHC1200 94 99 193 47.2%

HCHC1400 70 195 264 57.2%

HCHC1600 69 169 238 57.8%
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the plateau capacities and the slope capacities of these 
HCs (Fig. 4c, f, i), the plateau capacities of LHC and CHC 
are higher than that of HCHCs (Tables 4, 5 and 6), which 
is ascribed to the higher closed pore volume storing 
sodium metal cluster in this potential range. The closed 
pore volumes of most HCs are in the range of 0.2 to 0.3 
 cm3  g-1 which gives rise to plateau capacities around 200 
mAh  g−1 according to the full filling of these pores by Na 
clusters. The closed pore volume could be tuned meticu-
lously to meet the demand for developing HCs with higher 
plateau capacities. A variety of pore engineering methods 
should be applied to the pyrolysis and carbonization of 
lignocellulose to achieve HCs with high capacities. HCs 
with stable GCD cycling stabilities coupled with stable 
cathodes should be employed to construct SIB full cells 

with superior cycling stabilities. HCs show stable cycling 
stabilities under a GCD current density of 100  mAg-1 
(Fig. 5). However, it must be guaranteed that under high 
current densities, long cycling regimes, and extreme tem-
peratures, the cycling stability of HCs is still superior to 
building stable SIBs. The failure mode of HC should be 
investigated and improved to meet commercialization 
requirements.

Given the abundant nature of lignocellulose biomasses 
on the earth, it is natural to develop low-cost HCs for 
commercial SIBs. The intrinsic pyrolysis and carboniza-
tion mechanism should be analyzed to track the formation 
mechanism of HCs derived from these single components 
and lignocellulose biomasses. Primary lignocellulose bio-
mass is of particular interest since these raw materials of 
HCd are inexpensive and abundant in the Earth. However, 
firstly, for developing commercial HCs, the consistency of 
lignocellulose biomasses must be guaranteed. Consistency 
means that the composition, composite structure, and 
muti-dimension structures are reproducible. Secondly, 
the electrochemical performances of HC could be tuned by 
chemical and chemical engineering methods. In this regard, 
the extraction of chemicals could result in lignocellulose 
biomasses with changed structures and the tuning of the 
aggregate of lignocellulose. These aggregates could have 
different pyrolysis and carbonization behaviors, which 
could result in HCs with different structures (Tang et  al. 
2023). Therefore, aggregate and structure regulation is 

Table 6 Slope, plateau and reversible capacities of LHCs

Slope 
capacity 
(mAh g−1)

Plateau 
capacity (mAh 
g−1)

Reversible 
capacity (mAh 
g−1)

ICE (%)

LHC600 116 0 116 30.3%

LHC800 86 55 141 33.7%

LHC1000 112 127 239 47.8%

LHC1200 94 176 270 64.3%

LHC1400 92 233 325 66.3%

LHC1600 75 230 305 60.2%

Fig. 5 a Cycling stability of CHCs at 50 mA  g−1. b Cycling stability of LHCs at 50 mA  g−1. c Cycling stability of HCHCs at 50 mA  g−1
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an important strategy for constructing the lignocellulose 
precursors for HCs. Mature methods are built to separate 
hemicellulose, lignin, and cellulose sequentially (Fig.  6) 
using etching and conversion methods, such as dehydra-
tion, dissolution, oxidation, and lignin-first strategies. In 
such a way, the inconsistency of the raw materials should 
be tuned as raw materials for HC commercially employed 
in SIBs. Thirdly, these chemical processes should follow the 
principles of green chemistry and the ideas of sustainable 
development. In these chemical processes, less contami-
nant is released, and the components of the lignocellulose 
biomass should be fully utilized. To meet the huge demand 
for hard carbon anodes, lignocellulose should be produced 
in a large amount.
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