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Abstract: The active hydroxyl group of cellulose plays a crucial role in regulating the mi-
crostructure of cellulose-derived hard carbon, which ultimately affects its sodium storage
capacity. Through small-angle X-ray scattering (SAXS) and X-ray atomic pair distribution
function (PDF) analysis, we proved that modification of cellulose by esterification crosslink-
ing can introduce more closed pores into the carbonized hard carbon, which is beneficial for
promoting sodium ion storage. Our results demonstrate that by optimizing the conditions
used for esterification cross-linking modification, the sodium storage capacity of cellulose-
derived hard carbon could be increased from 254 to 348 mAh g−1, with an increase in
plateau capacity from 140 to 230 mAh g−1. This study makes a significant contribution
towards establishing industrial applications for cellulose-derived hard carbon.

Keywords: esterification crosslinking modification; cellulose-derived hard carbon; sodium
ion batteries

1. Introduction
With energy issues becoming increasingly pressing in modern society, energy conser-

vation and the practical application of energy-storage technology are the next goals in the
development of new energy technologies [1,2]. Sodium-ion batteries have emerged as the
most suitable battery system for large-scale energy storage, following lithium-ion batteries,
due to their potential advantages in terms of resource cost and safety [3,4]. Among the
reported electrode materials used for sodium-ion batteries, hard carbon is widely regarded
as the preferred anode material owing to its exceptional reversible capacity, favorable
electronic conductivity, stable operating potential, and prolonged cycle life, as well as to
the abundance of relevant resources [5–8].

Hard carbon can be easily obtained through the carbonization of various organic
carbonaceous materials such as banana peels, pomelo peels, coconut shells, peanut shells,
wood, bamboo, asphalt, and petroleum coke. It exhibits a specific capacity ranging from
200 to 300 mAh g−1, and has an initial coulombic efficiency below 70% [9–11]. Nevertheless,
the practical application of these hard carbons on a large scale remains challenging due
to their relatively limited capacity and low initial coulombic efficiency [5]. Therefore,
the development of hard carbon materials exhibiting high sodium storage capacity and

Batteries 2025, 11, 36 https://doi.org/10.3390/batteries11010036

https://doi.org/10.3390/batteries11010036
https://doi.org/10.3390/batteries11010036
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://doi.org/10.3390/batteries11010036
https://www.mdpi.com/article/10.3390/batteries11010036?type=check_update&version=3


Batteries 2025, 11, 36 2 of 11

high initial coulombic efficiency has emerged as a prominent research focus within the
industry [6,8,12]. As is widely acknowledged, hard carbon consists of two distinctive
domains: stacked nanometer-scale bent carbon sheets and closing micropores that originate
from the interstitial spaces within the nanometer-scale bent carbon sheets [13,14]. Although
the amorphous structure of hard carbon poses challenges to investigating its mechanism of
sodium storage, current research suggests that enhancing the number of closed pores can
effectively enhance the sodium storage capacity of hard carbon [12,15–19]. On the other
hand, the initial Coulombic efficiency is a pivotal metric for assessing the performance of
hard carbon and is intricately linked to its specific surface area [5]. The initial coulombic
efficiency of hard carbon can be effectively enhanced through the reduction of its specific
surface area [20].

Therefore, the sodium storage performance of hard carbons can be effectively enhanced
through the following strategies: (1) expanding the interlayer of bent carbon sheets in hard
carbons [21–23], (2) decreasing the surface area of hard carbons [5,24], and (3) increasing the
number of closing micropores in hard carbons [12,14,18,25,26]. Given the aforementioned
strategies, a streamlined yet efficacious combination of them would constitute a robust
approach to developing a high-capacity hard carbon.

In this work, we selected cellulose as the primary precursor for the synthesis of hard
carbon materials due to its high availability, cost-effectiveness, and easily modifiable single-
component nature. By employing esterification crosslinking to alter the surface molecular
structure of cellulose, we successfully synthesized a diverse range of surface-modified
celluloses and achieved the production of nano-structural modified hard carbons through
carbonization. Through small-angle X-ray scattering (SAXS) and X-ray atomic pair distri-
bution function (PDF) analysis, we proved that modification of cellulose by esterification
crosslinking can introduce more closed pores into the carbonized hard carbon, which is
beneficial for promoting sodium ion storage. By optimizing the conditions for esterification
crosslinking, we successfully enhanced the sodium storage capacity of cellulose-derived
hard carbon from 254 to 348 mAh g−1 and achieved an applicable initial coulomb efficiency
(ICE) exceeding 85% at a current density of 10 mA g−1, surpassing the performance of cur-
rently available commercialized hard carbon products. This breakthrough has significant
potential for industrial application.

2. Materials and Methods
Chemical and materials: All chemicals and solutions used were of analytical-grade

purity and were purchased from Fuyu Fine Chemical.
Preparation of HC-1: Cellulose was utilized as the direct raw material. It was preheated

at 300 ◦C under Ar gas protection for 2 h, then carbonized at 1300 ◦C for an additional period
of 2 h. Subsequently, the sample was cooled down using furnace cooling to obtain HC-1.

Preparation of HC-2: The process of preparing HC-2 involved a pre-crosslinking
treatment on cellulose, in addition to the method employed in HC-1 preparation. The
cellulose and terephthalic acid were mixed in a weight ratio of 9:1, and this step was
followed by an esterification reaction at 90 ◦C for 5 h in an electric oven to achieve ef-
fective crosslinking between cellulose and terephthalic acid. After the completion of the
esterification reaction, the mixture was preheated at 300 ◦C for 2 h and then subjected to
high-temperature carbonization at 1300 ◦C for another two hours, resulting in the synthesis
of the high-performance hard carbon material HC-2.

Preparation of HC-3: In the preparation of HC-3, urea was introduced as a cross-
linking catalyst to enhance the degree of cellulose esterification. A uniform composite
material was pre-formed by gradually spraying 10 mL of a 2 mol/L urea solution into
100 g of cellulose with continuous stirring to ensure thorough mixing, and this step was
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followed by removal of excess moisture through drying at 120 ◦C and subsequent mixing
with terephthalic acid in a weight ratio of 9:1. Effective esterification cross-linking between
cellulose and terephthalic acid with the aid of urea as a catalyst was achieved through an
esterification reaction at 90 ◦C for up to 5 h. After the catalytic esterification reaction was
complete, a pre-carbonization treatment was conducted at 300 ◦C under an Ar atmosphere
for two hours, and this step was followed by carbonization treatment at a high temperature
(1300 ◦C) for another two hours. This process successfully yielded HC-3.

Composition and structural characterization: The physical structures of the prepared
samples were characterized using a Bruker X-ray diffractometer manufactured in Germany.
Cu target Kα radiation with a wavelength of 0.15405 nm was employed, and the scanning
speed was set at 10◦/min with a scanning range of 2θ = 10–100◦. Fourier transform infrared
spectroscopy (FTIR) was performed using a VERTEX 70 spectrometer manufactured by
Bruker. The spectroscopy was conducted using a Lab RAM HR Evolution Raman spec-
trometer (Horiba Jobin Yvon). The surface morphology in this study was examined using
scanning electron microscopy (SEM, JSM-6701F, JEOL), and for precise imaging, the high-
resolution transmission electron microscopy technique (HRTEM, JEM-2100F) was utilized.
The specific surface area was determined by the Brunauer−Emmett−Teller method using
a Autosorb-iQ-MP instrument. Thermogravimetric analysis (TGA, Nestal STA449F3) was
conducted under an N2 atmosphere at a heating rate of 5 ◦C min−1 from room temperature
to 1000 ◦C.

Electrochemical test of anode materials: The active material (80 wt%), the conductive
agent acetylene black (10 wt%), and the binder polyvinylidene fluoride (PVDF, 10 wt%)
were homogeneously mixed with N-methyl-2-pyrrolidone (NMP) to form a uniform slurry.
Subsequently, the slurry was uniformly coated onto copper foil, which was then placed
in a vacuum oven and dried at 110 ◦C for 12 h to eliminate the solvent. Following this
step, it was naturally cooled to room temperature. Finally, circular electrodes with a
diameter of 12 mm were prepared by cutting using a manual punching machine for battery
assembly. The battery assembly was conducted within an argon-filled “MIKROUNA” glove
box, ensuring a dry and anaerobic environment with water and oxygen content below
0.01 ppm. The CR2032 battery shell served as the container, while metal sodium sheets were
utilized as electrodes. Glass fiber acted as the separator material, and a 1:1 volume ratio
solution of diethyl carbonate (DEC) and ethylene carbonate (EC) containing a 1.0 mol L−1

NaClO4 solution functioned as the electrolyte. The galvanostatic charge−discharge (GCD)
measurements were performed on a LAND-2001A battery cycler at 25 ◦C within the
potential range of 0–2 V. Cyclic voltammetry (CV) measurements were conducted using
the CHI electrochemical workstation.

3. Results
Figure 1 shows the schematic synthetic pathway of cellulose-derived hard carbons.

The cellulose molecule, a polysaccharide composed of glucose units, can undergo direct
carbonization to yield a structurally rough and porous form of hard carbon (HC-1). Es-
terified cellulose (E-cellulose) can be obtained by conducting esterification crosslinking
of cellulose with terephthalic acid. Subsequent carbonization of the E-cellulose yielded
smooth-surfaced hard carbon (HC-2). In the process of preparing E-cellulose, urea was
incorporated as a catalyst to enhance the degree of crosslinking in E-cellulose, thereby
yielding catalytic E-cellulose (CE-cellulose). Subsequent carbonization of CE-cellulose
yielded hard carbon (HC-3) with a smoother surface. To verify the crosslinking of ester
groups, FT-IR analysis was performed. As shown in Figure 2a, besides the characteristic
absorption peaks of the cellulose, a new peak near 1720 cm−1 was observed in E-cellulose
and CE-cellulose, indicating the presence of an ester bond (C=O) stretching vibration.
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To investigate the impact of ester grafting on the pyrolytic behavior of cellulose,
thermogravimetric analysis (TG) was conducted under an argon atmosphere, spanning
from room temperature to 1000 ◦C. The thermal decomposition temperature of cellulose,
as depicted in Figure S1, exhibits a pronounced disparity compared to that of E-cellulose
and CE-cellulose, suggesting distinct structural transformations occurring at the same
temperature. The weight-loss rates of E-cellulose and CE-cellulose are significantly lower
than that of cellulose, indicating a substantial improvement in the carbon yields (29% and
20% for CE-cellulose and E-cellulose, respectively) compared to that of cellulose (13%). This
observation suggests that modifying the molecular structure of cellulose by esterification
crosslinking not only alters the pyrolysis yield of cellulose, but also significantly influences
the formation of carbon structures during the pyrolysis process.

To comprehensively characterize the structural attributes of hard carbons derived from
cellulose with varying degrees of crosslinking, we conducted a series of analyses to elucidate
their structural characteristics. Figure 2b illustrates the X-ray diffraction (XRD) patterns of
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various hard carbon materials. From the figure, it is evident that all hard carbon samples
exhibit two broad peaks at approximately 22◦ and 43◦, corresponding to the (002) and (100)
crystal planes, respectively, which indicate typical disordered structural characteristics.
Notably, an increase in cellulose crosslinking leads to a discernible shift towards lower
diffraction angles for the peak associated with the (002) crystal plane, implying alterations
in interplanar spacing. According to the Bragg equation, which states that 2dsinθ = nλ, we
calculated the interlayer spacing of hard carbon samples. In this equation, θ represents the
X-ray diffraction angle, λ is the wavelength of X-rays, and n is a periodic multiple of the
wavelength (taking n = 1 in this case). By utilizing this equation to determine the center
position of the (002) peak, we obtained d002 values for three types of hard carbon samples
HC-1, HC-2, and HC-3 as 0.3757 nm, 0.3798 nm, and 0.3864 nm respectively, indicating
that an increase in surface crosslinking of cellulose promotes expansion in the interlayer
spacing of hard carbon.

The Raman spectra of three types of hard carbon materials are presented in Figure 2c.
All samples exhibit characteristic peaks for hard carbon materials, namely a D peak at
approximately 1350 cm−1 and a G peak at around 1580 cm−1. The D peak is attributed to
sp3 hybridization of carbon atoms, while the G peak arises from stretching vibrations of
sp2 hybridized atomic pairs, representing the ordered and disordered structures of hard
carbon materials, respectively. By calculating the ratio between the integrated areas under
the D and G peaks, ID/IG values were determined as 1.96, 1.89, and 1.83 for HC-1, HC-2,
and HC-3, respectively. These reduced ID/IG values indicate that the increase in cellulose
crosslinking reduces the number of internal defects in hard carbon materials and improves
their graphitization, which is consistent with the XRD analysis results.

The scanning electron microscopy (SEM) images of HC-1, HC-2, and HC-3 are pre-
sented in Figure 2d–f, respectively, elucidating the morphological alterations observed in
hard carbon materials derived from cellulose through distinct pretreatment methodologies.
The morphology of HC-1 mainly manifests as dispersed rod-shaped particles obtained
from cellulose pyrolysis. As for HC-2 and HC-3, the predominant morphology is secondary
particles consisting of rod-shaped units, which are derived from the aggregation of cellulose
rods caused by the esterification between terephthalic acid and cellulose. The utilization of
high-resolution transmission electron microscopy (TEM) further elucidates the alterations
in crystal structure observed in various cross-linked cellulose-derived carbon materials.
As depicted in Figure 3, HC-1 exhibits a classical porous architecture characterized by
short-range order and long-range disorder, whereas HC-2 and HC-3 display a dense block
consisting of carbon layer structures with more pronounced curves compared to HC-1,
featuring well-defined closed pore structures.

The specific surface areas and pore structures of hard carbon materials were compre-
hensively characterized through nitrogen adsorption−desorption tests. Figure 4a illustrates
the physical adsorption characteristics of three hard carbon materials (HC-1, HC-2, and
HC-3). All samples exhibited characteristic Type IV adsorption isotherms. Based on BET
model calculations, the specific surface areas of HC-1, HC-2, and HC-3 were determined to
be 12.54 m2 g−1, 6.078 m2 g−1, and 4.663 m2 g−1 respectively. Analysis of Figure 4b revealed
that the hard carbon material possesses predominantly mesopores, with the average pore
sizes measuring at 5.832 nm, 25.424 nm, and 20.055 nm correspondingly. These findings
indicate that the incorporation of terephthalic acid into the precursor material leads to
a significant decrease in specific surface area and an increase in pore size. This not only
minimizes the formation of solid-electrolyte interphase (SEI) film, thereby enhancing the
initial coulombic efficiency, but also promotes electrolyte infiltration and improves the rate
performance of sodium storage.
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The closed pore structure plays a crucial role in determining the performance of
hard carbon for sodium storage. True density and small angle X-ray scattering (SAXS)
are the primary techniques employed to assess the volume of closed pore structures. As
displayed in Figure 4c, the true densities of HC-1, HC-2 and HC-3, as measured by the
gas displacement method, are 2.37 g cm−3, 2.33 g cm−3, and 2.09 g cm−3, respectively.
These results for true density indicate that the closed pore volumes of esterification cross-
linked cellulose pyrolysis hard carbon (HC-2 and HC-3) surpass that of cellulose pyrolysis
hard carbon (HC-1). Moreover, a direct correlation is observed between the degree of
esterification cross-linking of cellulose and the closed-pore volume of its pyrolysis hard
carbon. Therefore, we conducted additional SAXS tests on the aforementioned samples to
acquire pertinent insights into the enclosed pore structures. In SAXS spectra (Figure 4d), Q
represents the scattering vector and is inversely proportional to the characteristic structure
sizes (e.g., pores or particles) in the intensity of scattered X-rays. The lowest Q-value
corresponds to the scattering on the surface of the particles, which is primarily attributed to
the larger macroscopic surface area of hard carbon materials. In the intermediate Q-value
range (around 0.1 Å−1), the intensity evolution exhibits a plateau followed by a downward
inflection point, which is indicative of closed pores. Figure 4d demonstrates that HC-3
displays the highest scattering intensity and forms a distinct plateau at 0.1 Å−1. In contrast,
HC-1 and HC-2 do not exhibit similar plateaus but rather show noticeable turning points.
The test results suggest that HC-3 possesses more closed pore structures.

X-ray atomic pair distribution function (PDF) patterns have also been utilized to inves-
tigate the micro-nano structure of the prepared hard carbon samples. From a comparison
of the X-ray PDF patterns of three samples in Figure 4e, it is evident that HC-1 exhibits
the most rapid decay in the pairwise C-C correlations, indicating that it has the smallest
domain sizes (ordered carbon-sheet structure) and a more disordered local structure. HC-3
exhibits the most stable pairwise C-C correlations, indicating that it has the largest domain
sizes. More details of the pairwise C-C correlations of three samples are displayed in
Figure 4f; it can be observed that HC-2 and HC-3 exhibit significant long-range pairwise
C-C correlation offsets compared to HC-1, indicating a higher degree of curvature in the
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domain sizes. This supports the SAXS findings that hard carbon derived from cellulose
modified by esterification cross-linking has more closed pores.
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The electrochemical performances of HC-1, HC-2, and HC-3 were assessed through
cyclic voltammetry (CV) and galvanostatic charge−discharge (GCD), employing a half-cell
configuration with Na-metal as the reference electrode. As depicted in Figure 5a, the CV
curves recorded the sodium storage characteristics of HC-1, HC-2, and HC-3 at a scanning
rate of 0.1 mV s−1. Near a low voltage of 0.1 V, a pair of distinct anodic Na+ insertion peaks
and cathodic Na+ extraction peaks were observed, indicating the occurrence of sodium
ion insertion and extraction processes within the pseudo-graphite layer of hard carbon,
contributing to a portion of its plateau capacity. Additionally, as illustrated in the inset
figure within Figure 5a and Figure S2, HC-1, HC-2, and HC-3 exhibit peak potentials for
Na+ extraction at 0.206 V, 0.198 V, and 0.168 V, respectively. This suggests that a reduction
in the polarization potential for Na+ insertion and extraction is correlated with the increase
in closed-pore volume in hard carbon, which significantly improved the kinetics of Na+

insertion and extraction. Figure 5b shows the galvanostatic charge−discharge (GCD)
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tests for the hard carbon materials (HC-1, HC-2, HC-3) at a current density of 5 mA g−1.
According to the test results, HC-1, HC-2, and HC-3 exhibited reversible capacities of
254.3 mAh g−1, 312.68 mAh g−1, and 347.77 mAh g−1, respectively, with initial coulombic
efficiencies of 77.3%, 76.5%, and 85.6%. Moreover, the charge−discharge curves of HC-1,
HC-2 and HC-3 exhibited two distinct regions: a sloping region with voltage greater than
0.1 V and a plateau region with voltage less than 0.1 V. Previous research has revealed
that different curve regions correspond to different mechanisms of sodium ion storage:
(1) the sloping region is closely linked to adsorption of sodium ions on the surface and
defects of hard carbon; (2) the plateau region has obvious relevance to insertion reactions
of sodium ions within pseudo-graphite layers and filling reactions of sodium ions within
closed nanopores. To further investigate the disparities in sodium storage performance
among the three hard carbon samples, the reversible capacities of HC-1, HC-2 and HC-3
were decomposed into two components, sloping capacity and plateau capacity, in order to
conduct a comprehensive analysis. As depicted in Figure 5c, the sloping capacities for HC-1,
HC-2, and HC-3 are 114.5 mAh g−1, 112 mAh g−1, and 118 mAh g−1, respectively, with
relatively minor variations. Conversely, the plateau capacity demonstrates a significant
increase from 140 mAh g−1 to 201 mAh g−1 for HC-2 and further to 230 mAh g−1 for
HC-3. The proportions of plateau capacity for HC-1, HC-2 and HC-3 are 55.1%, 64.2% and
66.1%, respectively. After a comparison of the aforementioned data, it can be confidently
concluded that the increase in the crosslinking of cellulose leads to enhancements in the
reversible capacity of the corresponding hard carbon, which can be primarily attributed
to the augmentation of plateau capacity. Moreover, Figure S3 and the inset figure within
Figure 5b illustrate not only that the plateau capacities of HC-2 and HC-3 surpass that of
HC-1, but also that these materials exhibit significantly lower charging midpoint voltages
compared to HC-1.

Rate performance tests of HC-1, HC-2, and HC-3 were further carried out at a gal-
vanostatic discharge current density of 0.01 Ag−1 and multiple charge current densities
(0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1 A g−1). Compared with HC-2 and HC-3, the specific
capacity of HC-1 exhibited a significant capacity decline with increasing current density, as
illustrated in Figure 5d. At a current density of 1 A g−1, the capacity of HC-1 was measured
to be 218.6 mAhg−1, demonstrating a capacity retention of 88.2%. In contrast, HC-2 and
HC-3 displayed capacities of 282.2 mAhg−1 and 317.2 mAhg−1, respectively, resulting in
higher capacity retentions: 94.1% and 96.3%. Figure 5e demonstrates the cycle stability of
HC-1, HC-2, and HC-3 at a current density of 20 mA g−1. The initial specific capacities
of HC-1, HC-2 and HC-3 were 331, 301, and 250 mAh g−1, respectively. However, after
500 cycles, the specific capacity of HC-1 dropped to 162 mAh g−1, resulting in a capacity
retention of about 65%. On the other hand, after 500 cycles, the specific capacities of HC-2
and HC-3 were 256 mAh g−1 and 293 mAh g−1, with capacity retentions of 85% and 88%,
respectively. This result implies that the increase in the quantity of closed pores in hard
carbon enhances the sodium storage capacity, kinetics, and cycle stability.
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(0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1 A g−1). Compared with HC-2 and HC-3, the specific 
capacity of HC-1 exhibited a significant capacity decline with increasing current density, 
as illustrated in Figure 5d. At a current density of 1 A g−1, the capacity of HC-1 was meas-
ured to be 218.6 mAhg−1, demonstrating a capacity retention of 88.2%. In contrast, HC-2 
and HC-3 displayed capacities of 282.2 mAhg−1 and 317.2 mAhg−1, respectively, resulting 

Figure 5. The electrochemical performances of HC-1, HC-2, and HC-3. (a) The first CV curves at
0.1 mV s−1, (b) the initial galvanostatic charge−discharge profiles, (c) the capacity segmentation,
(d) the rate performance, and (e) the cycle stability.

4. Conclusions
In this paper, by employing esterification crosslinking to modify the surface molecular

structure of cellulose, we successfully synthesized a diverse range of surface-modified
celluloses and generated nano-structural modified hard carbons through carbonization.
By conducting a comparative analysis of the structures of diverse cross-linked precursor
hard carbons, we observed that an increase in the degree of crosslinking in cellulose leads
to enhanced carbon-layer development and an increased quantity of closed pores in hard
carbon materials, along with a significant reduction in specific surface area. By optimizing
the esterification cross-linking modification, we have successfully enhanced the sodium
storage capacity of cellulose-derived hard carbon from 254 to 348 mAh g−1 an achieved an
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applicable initial coulomb efficiency (ICE) exceeding 85%, surpassing the performance of
currently available commercialized hard carbon products. In conjunction with the low cost
of cellulose and the scalable nature of the process for industrialization, this breakthrough
demonstrates significant potential for industrial application.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries11010036/s1, Figure S1: TG curves of cellulose, E-cellulose and
CE-cellulose; Figure S2: the Na+ extraction peaks of HC-1, HC-2 and HC-3 in the CV curves; Figure S3:
the plateau capacity of HC-1, HC-2 and HC-3; Table S1: Comparison of Sodium Storage Performance
among Various Types of Hard Carbon.
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