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a b s t r a c t

Lignin and cellulose are dominant components in biomass and hold the key for preparing hard carbons.
Identifying the sodium storage behaviors of sole lignin/cellulose-derived hard carbons is significant for
choosing optimal biomass precursors. Herein, milled-wood lignin and microcrystalline cellulose are used
as model precursors to prepare hard carbons and the corresponding sodium storage performances are
investigated to understand the contribution of each biomass component. Compared with lignin-derived
carbon, cellulose-derived carbon enables a larger initial Coulombic efficiency of 87.1%, a higher reversible
capacity of 343.3 mA h g�1 at 0.02 A g�1 and a good rate capability of 49.2 mA h g�1 at 1 A g�1 owing to
larger La, lower ID/IG values and higher sp2C, C]O contents with the benefit of enhancing the conduc-
tivity, plateau capacity, and the rapid diffusion of sodium ions. The excellent performance of cellulose-
derived carbon provides guidance on the choice of biomass precursors for high-performance sodium-
ion batteries.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Sodium-ion batteries (SIBs), exhibiting a similar energy storage
mechanism as lithium-ion batteries (LIBs), have attracted much
attention because of the low cost and abundance of sodium re-
sources [1,2]. The development of LIBs provides a rich experience
for the development of SIBs [3,4]. However, the difference in ionic
radius of Naþ (0.102 nm) and Liþ (0.076 nm) and the thermody-
namic instability of the binary Na-intercalated graphite compound
hinder the common anodes in LIBs from being used in SIBs [5].
Therefore, alternative anode materials with meaningful capacities
and low cost are of paramount importance in the development of
SIB technology [6].

Currently, hard carbons have become the leading candidate due
to their high reversible capacity, low sodium storage voltage, and
excellent cycling stability [7,8]. Identifying the unique precursors in
combination with optimal reaction conditions enables the devel-
opment of high-performance hard carbon anodes. Biomass is a
sustainable source of environment-friendly precursors, the usage of
biomass in the production of hard carbon is considered as an
Fine Chemicals, School of
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effective way of setting disposal problems [9]. Besides, biomass-
derived hard carbons can inherit or form particular porous and
layered structures by simple methods that would be useful to
promote sodium ions storage and transport [10].

Numerous studies focused on the preparation of hard carbon
from biomass by changing the ways of pyrolysis or altering the
pyrolysis temperature and investigation of the corresponding so-
dium storage behaviors [8,11e13]. Although the obtained hard
carbon can deliver excellent performance, the correlation ship be-
tween the structure of biomass and the electrochemical activities of
biomass-derived hard carbon hasn't been revealed. Moreover, the
inhomogeneity related to their provenience source or season har-
vesting may hinder their large-scale applications. Therefore, a clear
understanding of how biomass structure impacts yield and
microstructure parameters of the pyrolysis products will guide to
optimization of the choice of biomass and conditions for hard
carbon preparation.

Plant-based biomass is mainly composed of various organic
substances such as lignin, cellulose, protein and fat, as well as
inorganic minerals [14]. Lignin and cellulose, the top two most
abundant biopolymers in nature, hold the key in the carbon
forming process and will affect the properties of the derived carbon
materials [14]. To aid elucidation of these associations, in this paper
we use purely milled-wood lignin and microcrystalline cellulose as
the model precursors to prepare hard carbons and explore the
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structure-activity relationship between the structural parameters
and surface chemistry of the hard carbons and their sodium storage
performances. Compared with milled-wood lignin-derived carbon,
the carbon derived from microcrystalline cellulose has a larger
graphite microcrystalline leading to more reversible capacity, a
higher sp2 carbon content, which reduces defects and increases
conductivity for the high ICE, and abundant C]O groups providing
good rate performance. The microcrystalline cellulose-derived
carbon pyrolyzed at 1400 �C delivers a high initial Coulombic effi-
ciency (ICE) of 87.3%, a reversible capacity of 343.3 mAh g�1 at
0.02 A g�1 (49.2 mAh g�1 at 1 A g�1), and retains 96.5% capacity at a
current density of 0.5 A g�1 after 1000 cycles. Finally, we choose
peanut shells with a high cellulose/lignin mass ratio specifically as
the biomass example to prepare hard carbon anode materials and
investigate their sodium-ion storage performance to verify our
conclusion being feasible to select other biochar precursors for
high-performance SIBs.

2. Experimental section

2.1. Materials preparation

Milled-wood lignin (ML) and microcrystalline cellulose (MC)
were purchased from Sinopharm Group without further modifi-
cation. Peanut shells (PS) were crushed by a powder mill and
filtered through a 100-mesh sieve. The treated powder was
refluxed in HCl aqueous solution (2 M) and then an HF aqueous
solution (10 wt%) for 6 h to remove inorganic and organic impu-
rities, respectively. The obtainedmaterials werewashedwith water
until pH ¼ 7 and subsequently dried at 50 �C. Three kinds of carbon
precursors were all pyrolyzed at 1000, 1200, 1400, and 1600 �C for
2 h under argon with a ramping rate of 3 �C min�1. The derived
carbons were named MLC-T, MCC-T, and PSC-T, where T referred to
the pyrolysis temperature (1000, 1200, 1400, and 1600 �C). Milled-
wood lignin-derived carbons, microcrystalline cellulose-derived
carbons, and peanut shell-derived carbons are referred to as
MLCs, MCCs, and PSCs.

2.2. Physical characterization

The pyrolysis behavior of the carbon precursors was character-
ized by thermogravimetric analysis (TGA, nitrogen atmosphere,
STA449 F3, Netzsch, Germany) from 40 �C to 1100 �C at a constant
heating rate of 10 �Cmin�1 under nitrogen atmosphere. To mitigate
the difference of heat and mass transfer, the sample weight was
kept at ~10 mg. The microstructures of the carbon products were
analyzed through Transmission electron microscope (TEM, FEI
Tecnai G2 F30 S-Twin, 300 kV, America) measurements. The N2
adsorption-desorption isotherms were measured with Micro-
meritics ASAP 3000 at the temperature of 77 K. Prior to the mea-
surement, the samples were degassed under vacuum at 200 �C for
12 h. The specific surface areas (SBET) were determined by the
Brunauer-Emmett-Teller (BET) method, and the pore size distri-
butions were estimated based on the N2-DFT model. The CO2
adsorption-desorption isotherms were estimated by a sorption
analyzer (Autosorb-IQ, America) at 273 K and the pore size distri-
butions were estimated based on the density functional theory
(DFT). The crystal structures of carbon materials were examined by
an X-ray diffraction (XRD) analysis (X'Pert3 Powder, PANalytical
B.V.) with Cu Ka radiation (l ¼ 1.5406 Å). The 2q angle was varied
from 10� to 90� with a step size of 0.05� and a counting time of 1 s.
The interlayer spacing (D002) can be calculated from Bragg's law.
The average lateral length (La) and thickness (Lc) of the graphite-
like segments are calculated according to Scherrer formula:
Lc ¼ kl/B002*cosq002, Lc ¼ kl/B100*cosq100. Raman spectra were
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acquired on a DXR microscope (Thermo Fisher Scientific, America)
with an excitation wavelength of 532 nm and a typical laser power
of ~1 mW. X-ray photoelectron spectroscopy (XPS) data were
examined using an electron spectrometer (ESCALAB250, Thermo-
VG Scientific).

2.3. Battery assembly and electrochemical measurements

A slurry of 80 wt% active substance, 10 wt% CNTs, 5 wt% poly(-
acrylic ester) (LA133, 25 wt%), and 5 wt% sodium carboxymethyl
cellulose was spread onto a Cu foil current collector followed by
drying in a vacuum oven at 100 �C overnight. The mass loading of
the active material is around 1.1e1.3 mg cm�2. The obtained anode,
Whatman GF/F separator and homemade Na disk counter electrode
were assembled into a CR2032 type coin cell filled with electro-
lytes, which were comprised of 1.0 M NaPF6 in an equal volume
ratio of ethylene carbonate (EC), diethyl carbonate (DEC) and
dimethyl carbonate (DMC). The electrochemical characterizations
were conducted on an electrochemical workstation (CHI660D,
Chen Hua Instruments Co., China). The charge-discharge tests of the
coin cells were examined using a battery test system (Land
CT2001A).

3. Results and discussions

To characterize the impact of organic species on the micro-
structural peculiarity during the pyrolysis process, TG data was
collected. Lignin undergoes thermo-degradation over a wide tem-
perature range between 250 �C and 600 �C (Fig. 1a), while cellulose
shows a much higher thermal degradation rate with a narrow peak
around 335 �C existing in Fig. 1b. That can be explained by the fact
that lignin contains many aromatic rings with various branches and
the activity of the chemical bonds and functional groups in lignin
covers a wide temperature range in contrast to the ordered crystal
structure of cellulose comprised of repeating anhydro-D-glucopyr-
anosyl units linked by b-1, 4-glycosidic bonds [12]. As the tem-
perature further goes up, the weight loss begins to slow down. The
final residue yield of lignin is higher (44 wt%) than that of cellulose
(12 wt%) because a larger quantity of aromatic rings in lignin leads
to higher thermal stability [15]. It's worth noting that an obvious
endothermic peak around 800 �C is observed in both DSC curves of
lignin and cellulose, while no significant weight loss occurs on the
TG curves, suggesting that the graphite crystal lattice rearrange-
ment reaction may occur at this temperature. The distinct pyrolysis
kinetics of lignin and cellulose will affect the pore structures of the
obtained carbons. In consideration of keeping the pyrolysis
behavior of biomass precursors and the conductivity requirement
of carbon anode, the pyrolysis temperature was chosen as 1000,
1200, 1400, and 1600 �C, respectively.

The XRD patterns of lignin and cellulose-derived carbons (Fig. 2a
and Fig. 2b) show two characteristic peaks around 23� and 44�,
corresponding to (002) and (100) planes of the amorphous carbon,
respectively. The estimated D002, Lc and La based on the XRD data
are listed in Table 1. As the pyrolysis temperature increases, all the
002 peaks of MLCs and MCCs shift to a higher degree indicating a
decrease in the interlayer spacing (Fig. 2a-b). Furthermore, the La
and Lc values show an increasing trend, confirming the formation of
more ordered microcrystalline. The Lc values of MCCs are close to
those of MLCs synthesized at the same pyrolysis temperature.
Whereas, the La values of MCCs are larger than those of MLCs,
suggesting that oriented crystalline cellulose is a suitable precursor
to prepare hard carbons with larger size of graphite
microcrystalline.

As shown in Fig. 2c and 2d, two characteristic peaks located at
1350 cm�1 (D band, disordered or defective structures) and



Fig. 1. The TGA, DTG and DSC profiles of (a) milled-wood lignin and (b) microcrystalline cellulose.

Fig. 2. (a) XRD patterns and (c) Raman spectra of MLCs; (b) XRD patterns and (d) Raman spectra of MCCs.

Table 1
The structure parameters of MLCs and MCCs.

Sample D002 (nm) La (nm) Lc (nm) ID/IG SBET (m2 g�1)

MLC-1000 0.410 3.25 0.96 4.00 11.2
MLC-1200 0.396 3.67 1.01 3.70 19.7
MLC-1400 0.392 4.04 1.16 2.56 10.5
MLC-1600 0.346 4.37 1.62 2.38 10.3
MCC-1000 0.413 3.78 0.96 2.33 398.1
MCC-1200 0.392 4.03 1.05 2.22 103.1
MCC-1400 0.388 4.45 1.09 1.96 5.8
MCC-1600 0.351 4.78 1.46 1.85 4.0

X.-S. Wu, X.-L. Dong, B.-Y. Wang et al. Renewable Energy 189 (2022) 630e638
1580 cm�1 (G band, graphite structure) are demonstrated [16]. The
Raman spectra were deconvoluted into four peaks [17], and the
632
fitting curves are indicated in Fig. S1. The ID/IG value, a represen-
tative of disordering degree, determined by the area ratio of the D1
peak over G peak [18] is listed in Table 1. With the increase of py-
rolysis temperature, the D and G peaks gradually became sharp and
the 2D peak and D þ G peak start to emerge. Moreover, the ID/IG
values decrease from 4.00 to 2.38 for MLC-1000 and MLC-1600,
representing the decreased defect concentrations in the basal
planes. The ID/IG value of MCC-1000, MCC-1200, MCC-1400, and
MCC-1600 are 2.33, 2.22, 1.96, and 1.85 respectively, and each of
them lowers than that of MLC-1600 (2.38), which means that the
graphite microcrystalline of MCCs has a higher degree of order. The
anisotropic molecular orientation of milled-wood lignin may
determine the formation of the turbostratic crystallites. The single-
molecule-oriented microcrystalline cellulose promotes the radial



Table 2
XPS data analysis of MLCs and MCCs.

Sample XPS element
composition (at%)

C1s peak
fitting result
(at%)

O1s peak fitting result
(at%)

C O N sp2C sp3C C¼O CeO COOH

MLC-1000 89.6 9.8 0.6 55.1 16.2 2.2 6.4 1.3
MLC-1200 88.6 10.1 1.2 62.0 11.4 4.2 4.2 1.7
MLC-1400 91.9 8.1 0.0 65.8 10.1 0.9 4.2 3.0
MLC-1600 95.0 4.8 0.2 72.5 10.5 1.1 2.5 1.3
MCC-1000 94.4 5.0 0.6 67.5 11.9 1.7 2.1 1.2
MCC-1200 96.1 3.9 0.0 69.2 11.1 1.1 2.1 0.7
MCC-1400 95.6 4.3 0.1 70.2 10.5 1.2 2.1 1.0
MCC-1600 96.0 3.8 0.2 70.8 9.7 1.1 1.7 1.2
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growth of graphite microcrystalline, which facilitates the rear-
rangement of aromatic rings.

To understand the pore characteristic of each sample, N2 and
CO2 adsorption measurements were performed and the results are
listed in Table 1 and Fig. S2. As indicated, all the MLCs consistently
exhibit a low specific surface area of around 10 m2 g�1 (Fig. S2a). As
for MCCs (Fig. S2b), MCC-1000 and MCC-1200 exhibit a higher
specific surface area of 398.1 m2 g�1 and 103.1 m2 g�1, respectively.
While the pyrolysis temperature increases to 1400 �C, the surface
areas of both MCC-1400 and MCC-1600 suffer a steady decrease
that is 5.8 m2 g�1 and 4.0 m2 g�1, respectively. Such a significant
difference in surface area between MLC and MCC samples is
because of the structural differences. Cellulose is not an aromatic
compound but rather a branched-chain polymer composed of
glucose units linked by b - 1, 4-glycosidic bonds while lignin is full
of aromatic rings with various branches. Compared with cellulose,
lignin could provide more highly condensed aromatic rings after
Fig. 3. Electrochemical characteristics of milled-wood lignin-derived hard carbon and microc
MLCs and (b) MCCs. (c) Rate performance of MLC-1400 and MCC-1400 from 0.02 A g�1 to
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carbonization. The higher the graphitization degree of the carbon
materials, the lower the specific surface area. The pore size distri-
bution calculated by the DFT method reveals that the larger surface
area of MCC-1000 and MCC-1200 is contributed by the presence of
ultramicropores centered at 0.51 nm (Fig. S2c) and super-
micropores centered at 0.78 nm (Fig. S2d), respectively.

The surface chemical compositions and the electronic state of
the atoms were evaluated by X-ray photoelectron spectra. Fig. S3
exhibits the full spectra with characteristic peaks. The MLCs and
MCCs show two main peaks of C1s and O1s while additional N1s
peaks are also presented in MLC-1000 andMLC-1200. Note that the
temperature change doesn't have a significant effect on the carbon
and oxygen contents of MCCs compared to that of MLCs. With the
increase of the pyrolysis temperature, the carbon content of MLCs
increases from 89.6 at% for MLC-1000 to 95 at% for MLC-1600,
while the carbon content of MCCs remains consistently at around
95 at% (Table 2). Specifically, the main peaks located at 284.6 eV,
285.4 eV, 286.6 eV, 287.8 eV, 289.2 eV and 291.1 eV for deconvo-
luted spectrum of C1s are assigned to sp2C, sp3C, CeO, C]O, OeC]
O and p-p*, respectively (Fig. S4) [19]. The C atom containing the
sp2 bond generally forms a honeycomb graphene layer, whereas the
C atom with an sp3 bond is usually located in defect areas [20].
Combinedwith the fitting results, the content of sp2 carbon ofMLCs
increases from 55.1 at% to 72.5 at% while the sp3 bonded carbon
atoms decrease from 16.2 at% to 10.5 at% (Table 2), representing a
higher pyrolysis temperature promoting the ordering of the
structure, which is consistent with the observation of the XRD and
Raman results. As for MCCs, a little increase of the sp2 bonded
carbon content is captured when the pyrolysis temperature in-
creases from 1000 �C to 1600 �C, that is from 67.5 at% to 70.8 at%. In
addition, the deconvoluted O1s spectrum shown in Fig. S5 confirms
the existence of C]O (531.3 eV), CeO (532.5 eV), and COOH
rystalline cellulose-derived hard carbon. GC curves at 0.02 A g�1 for the first cycle of (a)
1 A g�1. (d) Cycling performance of MCC-1400 over 1000 cycles at 0.5 A g�1.



Fig. 4. CV curves of (a) MLC-1400 and (b) MCC-1400 collected with varying scan rates at 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 mV s�1. (c) Plots of log (current) versus log (scan rate) for the
MLC-1400 and MCC-1400 and the corresponding linear fitting. (d) The charge storage contribution ratios from a diffusion-controlled process and the surface capacitive behavior for
MLC-1400 and MCC-1400.
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(533.4 eV) groups [21,22]. The C]O groups involved in the redox
reaction of sodium ions can result in an increased capacitance
contribution [23]. Meanwhile, the COOH groups reduce the free
volume for sodiummigration, thus inhibiting sodium ions diffusion
[24].

The electrochemical behaviors were characterized by galvano-
static charge/discharge (GC) and cyclic voltammetry (CV) mea-
surements by using CR2032-type coin cells. As revealed by Fig. 3a,
all the MLCs demonstrate similar voltage-capacity profiles which
can be divided into two regions including a slope above 0.12 V and a
plateau below 0.12 V [2]. The capacity of the sloping stage depends
Fig. 5. (a) XRD patterns and (b
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on the adsorption of Naþ on the defects such as edge/surface de-
fects or functional groups, while the plateau capacity is mainly
related to the insertion of sodium ions into graphitic carbon
interlayer [23]. The reversible capacities and ICE is found to be
216.4 mA h g�1 and 72.3% for MLC-1000, 281.6 mA h g�1 and 72.8%
for MLC-1200, 292.6 mA h g�1 and 80.1% for MLC-1400 and
290.7 mA h g�1 and 79.5% for MLC-1600. The increase of ICE and
specific capacity with temperature is attributed to the increase of
graphitization degree, which will weaken the side reaction of the
electrolyte on the anode surface and provide the active site for
sodium ions storage.
) Raman spectra of PSCs.



Fig. 6. (a) The first GC curves at 0.02 A g�1 of PSC-1000, PSC -1200, PSC -1400, and PSC -1600. (b) Rate performance from 0.02 A g�1 to 1 A g�1 of PSCs. (c) CV curves of PSC-1400
collected with varying scan rates at 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 mV s�1. (d) The charge storage contribution ratios from a diffusion-controlled process and the surface capacitive
behavior for PSC-1400. (e) Cycling performance of PSC-1400 over 1000 cycles at 0.5 A g�1.
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It is worth noting that dual-potential plateaus in the charge
profiles appear in the ranges of 0.01e0.12 V and 0.5e0.7 V for MCCs
except MCC-1600 (Fig. 3b). The presence of the high potential
plateaus is ascribed to the surface redox reaction between C]O and
Naþ [25], which is advantageous for increasing the realistic capacity
for practical application. Moreover, the C]O can be largely utilized
depending on the existence of the abundantly accessible pore
structure [25]. This is the reason that the high potential plateau is
gradually inconspicuous as an increase of the pyrolysis temperature
(Fig. 3b). The MCCs present reversible capacities of 295.1 mA h g�1,
239.5 mA h g�1, 343.3 mA h g�1, and 256.6 mA h g�1 for MCC-1000,
MCC-1200, MCC-1400 and MCC-1600 with ICE of 74.9, 68.1, 87.3,
and 80.6, respectively. MCC-1000 exhibits a high ICE with a surface
area of 398.1 m2 g�1, which is responsible for the significant effect
of ultramicorpore for suppressing the SEI film formation [26].
While for MCC-1200, albeit the ID/IG value is a little lower than that
of MCC-1000, it exhibits a decreased ICE because of the enlarged
635
micropores of 0.78 nm not working for suppressing the formation
of SEI film. As the carbonization temperature further increases, the
specific surface area gradually decreases while the graphitization
degree of the materials increases, all these trigger the higher ICE.

As indicated, both MLCs and MCCs reach the highest ICE and
reversible capacity when the pyrolysis temperature is fixed at
1400 �C. Compared with MLC-1400, MCC-1400 enabled a higher
reversible capacity of 343.3 mA h g�1 (vs. 292.6 mAh g�1) at
0.02 A g�1 due to the advantages of the plateau stage. Moreover, the
rate performance of MCC-1400 is significantly boosted, and its
reversible capacities of 343.3, 296.8, 212.4, 115.2, 68.9,
49.2 mA h g�1 are obtained at 0.02, 0.05, 0.1, 0.2, 0.5 and1.0 A g�1,
respectively (Fig. 3c). More impressively, when the current density
returns to 0.02 A g�1, the capacity of MCC-1400 anode still can be
recovered to 327.0 mA h g�1. This elevated rate property may be
explained by the fast Na þ kinetics as well as the enhanced electron
conductivity. In addition, when cycling at a current rate of 0.5 A g�1,



Fig. 7. (a) In-situ XRD mapping of PSC-1400 during the charge-discharge process at 0.02 A g�1 at 25 �C. (b) the corresponding GC curves at 0.02 A g�1 of PSC-1400.
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MCC-1400 displays capacity retention of 96.5% after 1000 cycles
(Fig. 3d).

Cyclic voltammetry (CV) has been proven to be a powerful
technique to evaluate sodium storage kinetics. Fig. 4a and Fig. 4b
display the CV curves of MLC-1400 and MCC-1400 at different
scanning rates (0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mV s�1), respectively.
During the initial scan, a sharp redox pair at 0.01/0.1 V was
observed, attributing to the intercalation of sodium ions in the
graphitic-like domains. The kinetic behavior of an electrochemical
reaction generally follows the power law with the relationship
i ¼ avb. Through plotting the ln (scan rate)-ln (peak current), the b
value can be determined to examine the mechanism of the elec-
trode reaction. In particular, the b-value of 0.5 represents a total
diffusion-controlled behavior, whereas 1.0 indicates a capacitive
process [27,28]. The b values calculated from the slopes of ln i and ln
vwith the anodic peak of MLC-1400 andMCC-1400 were estimated
to be 0.30 and 0.42, respectively (Fig. 4c), suggesting the kinetics of
sodium insertion/extraction characteristic in both samples. Based
on the equation, i ¼ k1v þ k2v

1/2, the ratio of the capacitive
contribution can be quantitatively separated by separating the
current response i at a fixed potential V for diffusion- and
capacitive-controlled reactions [29,30]. In Fig. 4d, the fraction of the
capacity from surface capacitive reactions and sodium ions semi-
infinite linear diffusion-controlled reactions is schematically pre-
sented. The capacitive contribution for MCC-1400 was higher than
MLC-1400 at six different scan rates (Fig. 4d) due to the higher C]O
groups of MCC-1400 (Table 2), which can be reversibly reactedwith
sodium ions. The low COOH group content of MCC-1400 can be
beneficial to the diffusion of sodium ions, which promotes the
fraction of capacitive contribution [31].

Microcrystalline cellulose with a linear structure leads to more
sp2 carbon bond content and higher La value carbon compared to
milled-wood lignin with a network structure, which results in
higher ICE and capacity. The more C]O and less COOH group
contents of MCCs provide capacitive sodium storage sites and
promote the diffusion of sodium ions, improving the rate perfor-
mance. The above experimental results demonstrated that the
cellulose-derived carbon ismore beneficial to the storage of sodium
ions than lignin-derived carbon in terms of ICE, reversible capacity,
and rate performance.

According to our experimental results, cellulose-rich biomass-
based hard carbon is more likely to become a high-performance
SIBs anode material. To further check the availability and general-
ization of our conclusion, we pick out peanut shells with high
cellulose content (>40 wt%) and low lignin content (<30 wt%) (the
636
mass ratio of cellulose/lignin is between 1.5 and 1.7) [32e34] as the
precursor of the SIB carbon anode material. The microstructures of
PSCs were further analyzed by XRD and Raman (Fig. 5a and Fig. 5b).
With the increase of pyrolysis temperature, the 002 peaks gradually
shifted to a larger angle, and the D002 values of PSCs were 0.415,
0.410, 0.403, and 0.392 nm with the increase of temperature
(Table S2). Moreover, the ID/IG of PSC-1000, PSC-1200, PSC-1400,
and PSC-1600 are 2.27, 2.04, 1.67, and1.45, respectively (Fig. S6
and Table S2). The decrease of ID/IG and D002 values represent the
rearrangement of the carbon layers of the PSCs and the growth of
graphite crystallites. The BET surface areas of PSC-1000, PSC-1200,
PSC-1400, and PSC-1600 are measured to be 309.7, 25.7, 39.6, and
24.1 m2 g�1, respectively (Fig. S8), influenced by lignin (low specific
surface area) and cellulose (high specific surface area). The high-
resolution TEM image reveals that the short-range ordered struc-
ture can be detected in the PSC-1400 (Fig. S7), which matches the
typical "house of cards" model [35].

The SIBs performance of PSCs was studied using a half-cell test.
All GC curves of PSCs had dual-plateaus voltage profiles (Fig. 6a) as
similar as those of MCCs, which can improve the capacity at large
current densities. The reversible capacities of PSC-1000, PSC-
1200, PSC-1400 and PSC-1600 were 168.0, 281.1, 312.3, and
297.6 mA h g�1 at 0.02 A g�1 in the first cycle, and the ICEs were
50.1, 79.3, 82.2, and 86.8%, respectively. PSC-1400 has the highest
ICE and reversible capacity, the performance of which is at the
forefront compared with that reported in the literature (Table S1).
Fig. 6b proves that PSC-1400 has a good charging capability of
55 mA h g�1 even at a high current density of 1.0 A g�1. The CV
curves of PSC-1400 show that during the charging process, there
is a sharp peak near 0 V and a broad peak near 0.6 V (Fig. 6c). The
sharp redox peak close to 0 V can be attributed to the insertion of
sodium ions into the graphite layer. The broad peak at 0.6 V is
attributed to the adsorption of sodium ions, which can improve
rate performance. Through the calculation of CV curves with
varying scan rates, the fraction of capacitive contribution for PSC-
1400 was similar to that of MCC-1400 representing a great rate
performance (Fig. 6d). The high degree of graphitization ensures
that PSC-1400 has excellent cycle stability. At a current density of
0.5 A g�1, the capacity retention of PSC-1400 is 86.4% after 1000
cycles (Fig. 6e).

In-situ XRD is highly effective to probe the change in the
interlayer spacing during the charge-discharge process of carbon
anode. Fig. 7 exhibits the XRD mapping of PSC-1400 during the
charge-discharge process at 0.02 A g�1. The no-shifted 002 peaks
indicated that PSC-1400 with a large D002 of 0.403 nm can satisfy
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the interlayer spacing variation caused by the insertion of sodium
ions [3]. The plateau stage corresponds to the desertion of sodium
ions from the graphitic layers (0.01e0.12 V), which is accompanied
by a decrease in 002 peak intensity. The sloped stage is related to
the desorption of sodium ions on the surface sites including edges,
defects, and oxygen functional groups (0.12e3 V). This result proves
that the plateau stage is closely related to the graphite structure
parameters, which occupy a large amount (>60%) of the total ca-
pacity. With high cellulose content, the peanut shells derived from
hard carbon with ordered and huge graphite crystallites can pro-
vide more plateau capacity.

4. Conclusions

This work reported a bottom-up method to precisely study the
influence of each component of biomass on the lattice structures/
surface functional groups of hard carbons and the corresponding
sodium storage contributions were investigated. It was demon-
strated that compared with milled-wood lignin-derived carbons,
microcrystalline cellulose-derived hard carbons exhibit larger
values of La, lower ID/IG and higher sp2C, C]O contents, which
contribute to delivering an ICE of 80.6%, a capacity of
343.3 mA h g�1 at 0.02 A g�1 and displaying capacity retention of
96.5% after 1000 cycles. In this sense, peanut shells with a high
mass ratio of cellulose/lignin were selected to demonstrate the
general applicability of the conclusions. Such derived hard carbon
pyrolyzed at 1400 �C exhibits an ICE of 82.2%, a capacity of
312.3 mA h kg�1at 0.02A g�1 and outstanding rate performance
with a capacity of 55 mA h g�1 even at 1A g�1. This work provides
insight into choosing the optimal biomass precursors for high-
performance SIBs anodes.
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