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1 Experimental Section

1.1 Reagent sources

Camellia shells were sourced from Jiazhiyuan Tung Oil Workshop in Jiangxi
Province. N-methylpyrrolidone (AR) and choline chloride (AR, 98%) were acquired
from Shanghai Aladdin Reagent Co. Hydrochloric acid, ethanol, and ethylene glycol
(AR) were obtained from Sinopharm Chemical Reagent Co., Ltd. Ultrapure water
(18.25 MQ-cm!) was generated using a water purification system (YL-100, Shenzhen

Yiliyuan Water Treatment Equipment Co., Ltd., Shenzhen, China).

1.2 Preparation of materials

Preparation of raw materials: The camellia shells were initially washed with
ethanol and deionized water, followed by ultrasonication at room temperature for 1 h
and drying at 80 °C. The dried shells were then ground using a pulverizer and sieved
through a 100-mesh screen to obtain camellia shell powder. Deep eutectic solvent
(DES) was prepared by mixing choline chloride and ethylene glycol at a 1:2 molar ratio
under magnetic stirring at 80 °C for 2 h, yielding a uniform transparent solution.

DES pretreatment: 40 wt% deionized water was added to the prepared DES and
thoroughly mixed. Camellia shell powder and DES were then added to the solution at

a mass ratio of 1:10, followed by stirring in a constant-temperature water bath at 80°C

1



for 0 h, 0.25 h, 0.50 h, and 0.75 h, respectively. After the reaction, solid residues were
separated by centrifugation, alternately washed with deionized water and ethanol until
the liquid became clear, and dried at 80 °C for 12 h to obtain the pretreated biomass
samples. PHC-X specifically refers to the solid intermediate product of camellia shell
obtained after pretreatment with neutral DES for different durations (X = 0, 0.25, 0.50,
0.75 h). In addition, the liquid samples collected after DES treatment for 0 h, 0.25 h,
0.50 h, and 0.75 h are designated as DES-0, DES-0.25, DES-0.50, and DES-0.75,
respectively.

Pyrolysis: The precursor material treated with DES for 0.5 h was pyrolyzed at
1100 °C, 1200 °C, 1300 °C, and 1400 °C, and the resulting hard carbon materials were
designated as HC-0.50-1100, HC-0.50-1200, HC-0.50-1300, and HC-0.50-1400. The
precursors treated with DES for 0 h, 0.25 h, 0.50 h, and 0.75 h were subsequently
carbonized at 1200 °C for 2 h to obtain the final hard carbon products, labeled as HC-

X, where X represents the DES treatment duration.

1.3 Electrochemical Characterization

The slurry was prepared by mixing hard carbon (90 wt%), Super C65 (5 wt%), and
polyvinylidene fluoride (PVDF) (5 wt%) in N-methyl-2-pyrrolidone (NMP). The slurry
was cast onto a copper foil, dried at 110 °C for 12 h, and then cut into 12-mm-diameter
anode electrodes (mass loading: 2-3 mg). The cells (CR2032) were assembled in a dry
glove box filled with argon (02 < 0.01 ppm). Metallic sodium and a glass-fiber separator
(GF/C) were employed as the counter electrode and separator, respectively. About
100 pL electrolyte (1 M NaPFs in diethyl ether) was injected in to the cell.

Electrochemical measurements were conducted with a LAND battery test system
(Wuhan, China) and a Princeton Versa STAT 4 electrochemical workstation. A rate of
1 C was defined as 300 mA hg'!. Cyclic voltammetry (CV) tests were performed
between 2.5 and 0.01 V at scan rates ranging from 0.1 to 1.0 mV s°!. Electrochemical
impedance spectroscopy (EIS) was measured from 100 kHz to 0.01 Hz with a 5 mV
amplitude voltage. For galvanostatic intermittent titration technique (GITT)
experiments, the cells were discharged at 0.1 C for 20 min, followed by a 30 min rest,

then a 0.1 C charge for 20 min and another 30 min rest.



2. Materials Characterization

The NREL method ! % for determining the three main components. The phase
structure of the biochar was characterized using X-ray powder diffraction (XRD, Smart
Lab SE, Rigaku, Japan) with Cu Ka radiation (A = 0.15405 A) at a scanning speed of
10 °min’! over a 20 range of 10-90 °. The surface morphology of the hard carbon
materials was examined with a high-resolution field-emission scanning electron
microscope (FE-SEM, Sigma 30, ZEISS, UK). Specific surface area and pore-size
distribution were measured by Brunauer-Emmett-Teller (BET) analysis (Micromeritics
ASAP 2460, USA). Compositional and structural information was obtained via
confocal Raman spectroscopy (Renishaw in Via, Thermo Fisher Scientific, USA)
employing a 532 nm laser and scanning from 500 to 3500 cm’!. Surface chemical
bonds/functional groups were identified by Fourier-transform infrared spectroscopy
(FTIR, Nicolet 6700, Thermo Fisher Scientific, USA). Elemental composition, content,
and valence states were analyzed using elemental analysis (EA, Elementar Vario EL
III, Germany) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha, USA).

3. Correlated Calculations

The crystallinity index: The CrI is calculated by the Siegel peak height method,
and the equation is as follows 3.
Crystallinity index(Crl) = M x 100
200 (S1)
Where the peak intensity of the (200) reflection (I200) at 26 = 22°-23° corresponds
to the combined signal of crystalline and amorphous materials. The intensity minimum

near 18°, located between the (110) and (200) peaks, represents the amorphous region.

Its measured intensity (Iam) quantifies the amorphous content.

NREL method ! ? for determining the three main components. The specific
operational procedure is as follows:

A total of 300 mg of the extracted and dried camellia shells (m,, g, oven-dry) was
transferred into a 10 mL centrifuge tube. Next, 3 mL of 72% sulfuric acid was added

and shaken well, then hydrolyzed in a water bath at 30 °C for 1 h. The hydrolysate was
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transferred to a 100 mL conical flask, 84 mL of ultrapure water was injected and
weighed. The resulting mixture was sealed, sterilized (121 °C, 1 h), filtered, and the
filtrate pH was adjusted to 1 to 3. The concentrations of glucose (Cgy, mg/mL),
arabinose (C,n,, mg/mL), and xylose (Cyy, mg/mL) were determined by high-
performance liquid chromatography (HPLC). Substituting them into Equation S2 and
S3, respectively, the content of cellulose (C, %) and hemicellulose (H, %) in corn

stalk can be calculated:
€ X 87 x 1073L x 0.90

C(%) =2 x 100
o (S2)
(Cyy+ Cupg) X 87 X 10 7°L x 0.88
H(%) = x 100
o (S3)

Determination of acid-insoluble lignin content:

The residue obtained from two-step acid hydrolysis was washed with hot distilled
water until the filtrate was neutral. It was placed in an oven at 105 °C for constant
weight, m; (g), and then carbonized, burned in a muffle furnace at 575 °C for 4 h, cooled
and weighed, m; (g). The content of acid-insoluble lignin in corn stalk was calculated

by Equation S4:
my-m,
L(%)=—x100
o (S4)
Determination of acid-soluble lignin content:

A small amount of hydrolysate was taken, and its absorbance at 320 nm was
measured with a DR6000 ultraviolet spectrophotometer to determine the content of
acid-soluble lignin (ASL, %). The calculation formula is shown in Equation S5,

UV XV Xn
ASL(%) =— x 100
eEXmXxP (S5)
where UV is optical density, V is volume of hydrolysate (mL), m is the hydrolysate
weight (g), n is the dilution ratio, € is the absorption coefficient (25 L (g'ecm)!), and P is
the color plate thickness (cm).
Cellulose-to-Lignin ratio:

Cellulise C(%)
b x 100
Lignin  L(%) (S6)

The average width (L,): The length of the graphitic domains along the lateral ab
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direction (L,) can be estimated using the followi1n foi‘mula 4,
L (nm) = (2.4 x 107192 * /1)) s7)

where A, is the laser wavelength (532 nm), and I and I are the intensities of the

G-band and D-band.

The d(z) value: The average interlayer d-spacing could be determined according

to Bragg’s equation °.
A
d=—
2sinf (S8)

where d is the average interlayer spacing, n is the diffraction order, 0 is the

diffraction angle, and X is the X-ray wavelength (Cu Ka radiation, A = 1.5405 A).

The closed pore volume :
1 1

174 -
Prure 2:26 (S9)

closed pore =

where pure is true densities of hard carbon materials. The value of 2.26 g cm™ is

derived from the true density of graphite, considered an ideal crystal with no closed

pore structure °.

The values of a and b: The value of b can be calculated from the slopes of log (7)
versus log (v), which are indicative of the contribution of Na storage mechanisms. A
value of b close to 0.5 suggests that the electrochemical reaction is primarily diffusion-

controlled, while a value of b close to 1.0 indicates that capacitance-controlled behavior

dominates 7.

i=ar’ (S10)
logi=1loga+ blog v (S11)

where i and v represent the peak current and scan rate

The relative contributions of capacitance-controlled and diffusion-controlled

processes in CV curves can be further quantified by equation 8.
1
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where V represents the scan rates, k7 and k7> denote the contributions of

capacitance-controlled and diffusion-controlled capacity.

The Na diffusion coefficient (Dn,+): The semicircle in the medium-to-high-
frequency region is composed of the contact resistance (Rs) and the charge-transfer
resistance (Ry), and the inclined line in the low-frequency region corresponds to the

Warburg impedance °.

o w=2nf 1 (S13)
Z =R.+R,+ow 2 (S14)
D = 0.5R*T?/S*n*F*C%s? (S15)

o and ¢ denote the angular frequency in the low-frequency region and the Warburg
impedance coefficient, R represents the gas constant (8.314 J mol-! K-), T signifies the
absolute temperature (293.15 K), S stands for the electrode surface area, n denotes the
number of electrons per mole of active material involved in the electrochemical reaction

process, F indicates the Faraday’s constant, C represents the Na molar concentration.

Diffusion coefficient of sodium ion (Dn,+): The diffusion coefficient of sodium

ion (Dya,+) can be estimated by Fick’s second law equation '°.
4 (mBVm)Z AE N

D ,=— )?
MyS | “AE,

ot mr (S16)

in which t represents the pulse duration, mg and S are related to the active mass
loading and surface area of the electrode, Vy; and Mg refer to the molar volume and
weight of the active material, AE; and AE, (refer to voltage variation led by
galvanostatic charge/discharge and pulse, respectively) can be acquired from the GITT

Ccurves.

4. Simulation Parameters

Since cellulose, lignin, and hemicellulose are all high-molecular-weight polymers,
performing full-atom density functional theory (DFT) calculations is computationally
infeasible. Therefore, we used representative model compounds to construct the
computational models. Firstly, we established molecular models for DES and the three
biomass components. Hemicellulose model: The structural unit is shown in
Figure S4(a), with a degree of polymerization of 3. Cellulose model: The structural
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unit is shown in Figure S4(b), with a degree of polymerization of 2. The lignin model
adopted an irregular conformation as shown in Figure S4(c), constructed with a 6:3:1
ratio of guaiacyl, syringyl, and p-hydroxyphenyl units. After establishing the molecular
models, we performed geometric optimization on the DES and the three biomass
component molecules to obtain the lowest energy and most stable structures.
Subsequently, we conducted studies on properties such as energy, electron density,
electrostatic potential, and population analysis, ultimately obtaining the results for
electrostatic potential and binding energy.

Geometric optimization and property calculation parameters: Precision set to Fine,
exchange-correlation functional to GGA-PBE, energy convergence to 1.0*e Ha, max.
force to 0.002 Ha A-!, max displacement to 0.005 A, max iterations to 1000, max. step
size to 0.3 A. In Electronic parameters, SCF tolerance set to 1.0*e, max. SCF cycles
to 1000. To accelerate convergence, “use smearing” was enabled with a smearing value

of 0.005 Ha. Other parameters were set to the software defaults.



4. Results
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Figure S1. SEM images of (a) PHC-0, (b) PHC-0.25, (c) PHC-0.50, (d) PHC-0.75.
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Figure S2. (a) FT-IR spectra of PHC-X, (b) FT-IR spectra of DES-X.
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Figure S3. TG and DTG curves in a nitrogen atmosphere of (a) PHC-0, (b) PHC-0.25,
(c) PHC-0.50, and (d) PHC-0.75.
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Figure S4. Monomer structural models of (a) Hemicellulose, (b) Cellulose, (c) Lignin.
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Figure SS. Molecular structure and electrostatic potential map of (a) ChCl, (b) EG,
(c)DES, (d) Hemicellulose, (e) Cellulose, (f) Lignin.
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Figure S6. Initial galvanostatic charge/discharge at 0.1 C of (a) HC-0.5-1100, (b) HC-
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Figure S8. SEM images of (a) HC-0, (b) HC-0.25, (¢) HC-0.50 and (d) HC-0.75.
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Figure S9. XPS surveys of HC-X.
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Figure S10. The high resolution of Cls peak fitting profiles for (a) HC-0, (b) HC-0.25,

(¢) HC-0.50, and (d) HC-0.75.
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Figure S11. The high resolution of O1s peak fitting profiles for (a) HC-0, (b) HC-0.25,
(c) HC-0.50, and (d) HC-0.75.
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Figure S12. Peak fitting of the Raman spectra: (a) HC-0, (b) HC-0.25, (c) HC-0.50, (d)
HC-0.75.
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Figure S20. Cyclic voltammograms of the first three cycles at 0.1 mV s of (a)HC-0,
(b) HC-0.25, and (c) HC-0.75. CV curves under various sweep rates of (d)HC-0, (e)
HC-0.25, and (f) HC-0.75. The linear relationship of anodic and cathodic log (peak
current) with the log (scan rate) for calculating the exponent (b values) in half cells of
(g)HC-0, (h) HC-0.25, and (i) HC-0.75.
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Figure S21. Percentage of pseudo capacitance for scan rate at 0.6 mV s! of (a) HC-0,
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Table S1. Physical parameters of the PHC-X samples from XRD.

PHC-0 PHC-0.25 PHC-0.50 PHC-0.75
ooz 20901.6 214359 20175.9 19245.3
Iam 16734.2 17268.4 15106.8 14715.0
Cri(%) 19.9 20.4 25.1 23.5

Table S2. The element contents of C and O in HC-X samples.

HC-0 HC-0.25 HC-0.50 HC-0.75
C(%) 85.02 94.84 94.87 93.66
0(%) 14.98 5.16 5.13 6.34

Table S3. Ip/Ig and L, values of HC-X samples.

Sample Ip/Ig L, (nm)
HC-0 0.93 20.7
HC-0.25 1.01 19.0
HC-0.50 1.09 17.6
HC-0.75 0.98 19.6

Table S4. Fitting peak area ratios between Dy, D3, D4, and G spectra in the Raman

spectrum the different hard carbon materials.

HC-0 HC-0.25 HC-0.50 HC-0.75
Api/Ag 1.85 1.86 1.90 1.89
Aps/Ag 1.35 0.78 0.52 0.40

Aps/Ag 0.67 0.42 0.43 0.05
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Table SS. The XRD characterizations of the HC-X samples.

Sample 20 (°) dgo2 (Nnm)
HC-0 24.7 0.360
HC-0.25 239 0.372
HC-0.50 235 0.378
HC-0.75 24.0 0370

Table S6. The BET surface area and pore diameter of the HC-X samples.

Sample BET surface area (m? g!) Dgju(nm)
HC-0 1.73 19.6
HC-0.25 0.66 29.1
HC-0.50 0.75 29.6
HC-0.75 1.27 21.8

Table S7. Closed pore diameter and volume of the HC-X samples.

Closed pore True density Closed pore volume
Sample
diameter (nm) (g m3) (em3 g
HC-0 1.66 2.09 0.036
HC-0.25 1.53 1.73 0.136
HC-0.50 1.63 1.59 0.186
HC-0.75 1.45 1.69 0.149
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Table S8. Comparison of electrochemical performance between HC-0.50 and

previously reported hard carbon for SIBs.

Pyrolysis Current density  Capacity ICE
Sample Ref
temperature (mA g) (mAhgl) (%)
HC-0.50 1200°C 30 304.5 81.5 This
work
OSHC- o
1200°C 1200°C 50 286.0 64.5 [11]
VHC-1200 1200°C 25 285.3 75 [12]
HCB1200 1200°C - 287.0 47 [13]
D-CSHC 1400°C 20 284.5 85.9 [14]
HM-420-6h 1400°C 20 282.9 87.1 [15]
CNA1200 1200°C 50 275 51.53 [16]
CGO0.1 1200°C 30 293 84 [17]
PA1200 1200°C 30 222 81 [18]
HC-20 1400°C 20 287.1 76.5 [19]
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Table S9. Comparison of electrochemical performance between HC-0.50 and

previously reported hard carbon for SIBs after 200 cycles.

Pyrolysis . . .
Current density Capacity Retention
Sample temperatur Ref
(mA g1) (mAh g) rate (%)
e

HC-0.50 1200°C 150 260.2 92.7 :::;;
PC-500-1100 1100°C 20 201.0 95.7 [20]
HC-20 1400°C 50 2154 96.1 [19]
CNA1200 1200°C 100 173.4 91.8 [16]
HCB1200 1200°C 30 246.0 86.0 [13]
FSC 1400°C 100 261.4 - [21]
CABC-P-2.5 1000°C 60 242.1 90.2 [22]
P-HC 1000°C 100 200.0 - [23]
SHC-1300 1300°C 50 150.0 82.0 [24]
N-AC-1200 1200°C 100 253.0 - [25]
HM-420-6h 1400°C 100 180.0 - [15]
BPHC 1000°C 100 190.0 - [26]
CHC-2 1000°C 100 247.5 - [27]
Table S10. Equivalent circuit fitting calculation results of EIS
Sample Rs () R () Dna' (em? s71)
HC-0 8.937 9.540 1.23x1012
HC-0.25 9.646 9.051 1.34x10-12
HC-0.50 8.613 7.162 2.64x1012

HC-0.75 8.913 7.682 1.84x10-12
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