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ABSTRACT: Biomass-derived hard carbon has gradually become an important component of sodium-ion batteries’

anodes. In this work, Setaria viridis, a widely distributed plant, was employed as a precursor to synthesize hard carbon

anodes for sodium-ion batteries.However, the hard carbon derived from rawprecursors contains substantial impurities,

which limit the performance of the obtained hard carbon. With di�erent chemical etching processes, the content of

impurities in the resultants was reduced to varying degrees. �e optimized hard carbon anode delivered a reversible

capacity of 198 mAh g−1 at a current density of 0.04 A g−1. �is work shows the e�ects of impurities, especially the

Si-based matter, on the formation of microstructure and electrochemical performance of the regulated hard carbon,

which broadens the application of the biomass-derived materials. �is work also provides a strategy for processing

impurity-rich biomass precursors to develop hard carbon anodes for sodium-ion batteries (SIBs).
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1 Introduction

Recently, the development of new energy vehicles has intensi
ed the shortage of lithium resources [1].

Additionally, the application of lithium-ion batteries (LIBs) is inherently limited by uneven lithium resource

distribution, poor low-temperature performance, and high cost [2]. Under these circumstances, sodium-ion

batteries (SIBs) are considered one of the most promising candidates for extensive energy storage systems

because of the abundance of sodium, lower cost, and similar electrochemical characteristics to LIBs [3].

However, the sodium-ion (0.102 nm) ismuch larger than the lithium-ion (0.072 nm),making it unsuitable for

intercalation into graphite anode [4–7].�erefore, the development of alternative anodematerials speci
cally

suited for SIBs is urgently needed.

Biomass is a renewable material that has found widespread applications in many 
elds [8–12]. A�er

pyrolysis, it can be carbonized into the hard carbon (HC), which is regarded as one of the most promising

anodes for SIBs [13–16]. Among various types of HC, biomass-derived HC has attracted considerable

attention due to its sustainability and low cost [17–19]. Generally, HC derived from biomass via high-

temperature pyrolysis retains many structural features of the original precursor, resulting in diverse

morphologies and heteroatom doping. However, the incomplete graphitization structure of hard carbon also

leads to poor initial Coulombic e�ciency (ICE) and cycling stability, prompting extensive research into its

optimization [12,20,21]. Compared to precursors like polymers and smallmolecules, which consist of puri
ed

components, biomass is composed of cellulose, hemicellulose, lignin, starch, and other impurities such as
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inorganic minerals [22]. �erefore, precise control over the composition and structure of biomass-derived

HC is essential for developing high-performance anodes.

�e e�ects of di�erent compositions on structure and performance have been extensively investigated

in numerous works. Most biomass-derived hard carbons are primarily derived from lignin, hemicellulose,

cellulose, and starch [21,23–26]. To enhance the plateau capacity, which is strongly correlated with the

volume of closed pores in hard carbon [27], the component ratio in biomass precursors should be properly

controlled. High-crystallinity cellulose tends to promote an overly ordered graphitic structure, whereas the

partial retention of more amorphous components such as lignin and hemicellulose can suppress excessive

graphitization during high-temperature carbonization [28,29]. �ese carbonized components (cellulose,

hemicellulose, and lignin) form a porous structure consisting of short-range graphitic domains that surround

pores. However, the e�ects of inorganic matter on the performance of hard carbon anodes have received

limited attention. �e inorganic matter that remains in precursors a�er pyrolysis not only clogs the

pores [22,30], but also in�uences the formation of the material’s structure during pyrolysis, thereby a�ecting

the electrochemical performance through interactions with the electrolyte [31,32].

In this work, we used seeds of Setaria viridis (SV) to fabricate a hard carbon anode for SIBs. SV is a

widespread cereal plant whose stems are valued in traditional Chinese medicine and whose cilia have been

explored as anode materials [33–35]. However, the seeds of this grain plant remain underutilized. �anks to

their low cost and natural abundance, SV seeds are a promising feedstock for large-scale anode production.

However, direct pyrolysis in air yielded a high ash content (Table S1), indicating substantial inorganic

impurities.�is high impurity content necessitates an investigation into how these non-carbonaceous species

in�uence electrochemical performance. Meanwhile, due to the low carbon yield, a low-temperature pre-

oxidation process was adopted before carbonization to optimize the sample [36,37]. Subsequently, chemical

etching was employed to tune the inorganic content and to elucidate its impact on anode performance.

Finally, the resultant material with appropriate chemical etching showed an optimized performance of

198 mAh g−1 reversible capacity at a current density of 0.04 A g−1.

2 Materials and Methods

2.1 Material Synthesis

�e seeds of Setaria viridis (SV, purchased and collected from Suqian, China) were washed by ultrasonic

cleaning in deionized water for 1 h, and the cleaned sample was dried in a vacuum oven at 80○C for 12 h.

A�er being ground into powder, the sample was acid-washed with 1 M HCl at 40○C for 1 h. Subsequently,

the acid-treated SV (A-SV) was pre-oxidized in a mu�e furnace at 300○C for 2 h to stabilize the structure.

�e pre-oxidation was carried out in air to enhance cross-linking. Following the chemical etching process,

the samples were carbonized at 1300○C for 2 h under an Ar atmosphere. To achieve di�erent component

ratios, the pre-oxidized A-SV was separately treated with chemical etching using acidic and alkaline agents.

�e sample treated in 1 M HCl solution for 2 h was denoted as SV-300h, while the sample treated in 1 M

NaOH solution for 2 h at 70○C was denoted as SV-300n, where ‘h’ means HCl treatment and ‘n’ means

NaOH treatment.

2.2 Materials Characterization

Scanning electron microscopy (SEM, ZEISS, GEMINI 1, Oberkochen, Germany) was used to obtain

the microstructure and elemental distribution images of SV-derived hard carbon. �e phase assemblages of

derived hard carbons were characterized by X-ray di�raction (XRD, Rigaku, Smart Lab, Tokyo, Japan). �e

biomass precursors and acid-treated intermediatematerials were tested by Fourier transform infrared (FTIR,
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�ermo Fisher Scienti
c, Nicolet 6700, Waltham, MA, USA) to identify the functional groups of biomass

precursors and acid-treated intermediates. �ermalgravimetric analyzer (TGA, METTLER, �ermogravi-

metric Analysis/Di�erential Scanning Calorimetry, Columbus, OH, USA) was used to evaluate the thermal

stability of the biomass materials.�e surface chemistry and speci
c surface areas of the carbonized samples

were quanti
ed using X-ray photoelectron spectroscopy (XPS, �ermo Scienti
c, K-Alpha) and aperture

analyzer (ASAP2460, Micromeritics Co., Ltd., Hexton, UK), respectively. �e molecular structure of the

resulting hard carbons was characterised by LabRAMHR Evolution micro-Raman spectrometer (HORIBA

Jobin Yvon, Palaiseau, France) using a Coherent laser (532 nm) with a 1% 
lter.

2.3 Electrochemical Measurements

�e SV-derived hard carbons were used to fabricate working electrodes for half-cell tests. �e samples

were mixed with conductive carbon black (Timcal super P LI, KJ Group, Tokyo, Japan) and polyvinyli-

dene di�uoride (PVDF, AkemaHSV900) at a weight ratio of 8:1:1 using N-methyl-2-pyrrolidone (NMP,

MACKLIN, Shanghai, China) as solvent. A�er coating it onto Cu foil and drying at 80○C for 12 h, the

obtained electrodes were cut into 12 mm diameter pieces, and subsequently assembled with electrolyte

(1.0 M NaClO4 in ethylene carbonate/polycarbonate = 1:1 vol% with 5% �uoroethylene carbonate, Canrd,

Guangdong, China), sodium metal as cathode.

3 Results and Discussion

3.1 Sample Characterizations

�e synthesis of SV-derived hard carbon is illustrated in Fig. 1. To explore the components of the raw

materials, the seeds of SV were ground into powder and tested by FTIR, shown in Fig. S1. It is clear that the

absorption peaks at 1607, 1520, and 1430 cm−1, which correspond to the aromatic ring stretching vibrations

in lignin molecules, and 1248, 1225 cm−1 correspond to the C–C and C–O stretching peaks of lignin. �ere

were additional absorption peaks at 1430, 910, 851, and 771 cm−1, which belong to starch in the seeds. To

further study the e�ect of chemical etching process on the molecular structure, the samples with di�erent

pre-treatments were tested by FTIR before carbonization (Fig. 2b). �e results show SV-300 and SV-300h

have the similar molecular structure, whereas SV-300n shows weaker O–H (~3400 cm−1) and aliphatic C–H

(~2930 cm−1) bands, consistent with a more condensed or aromatic structure.

Figure 1: �e preparation processes of the SV-derived hard carbon anode materials



2300 J Renew Mater. 2025;13(12)

Figure 2: (a) SEMand elementalmapping images of the carbonized sampleswith alkali etching treatment. (b)�eFTIR
spectra of pre-oxidized samples with di�erent etching processes. (c) TG/DTG curves under nitrogen of the pristine SV

�e thermal stability of SV was characterized by thermogravimetric analysis (TGA) as shown in Fig. 2c.

�ere were apparent stepwise mass-loss steps in the testing interval: (1) �e water in the sample evaporated

below 100○C; (2) Subsequently, the breaking of glycosidic bonds and a series of condensation reactions of

the starch molecules occurred between 220 and 350○C; (3) Finally the residual carbonaceous intermediate

gradually decomposed its oxygen-containing functional groups and formed carbon material between 350

and 500○C. Simultaneously, it is common to use thermogravimetric and derivative thermogravimetric
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analysis (TG/DTG) to optimize the temperature of the pre-oxidation process [38]. In this work, the pre-

treatment temperature was set at 300○C in an air atmosphere to achieve an adequate degree of cross-linking

and introduce surface oxygen functional groups. As seen in Fig. 2a, the carbonized samples generally

presented as stable bulk and retained a large number of surface oxygen functional groups, which could be

attributed to the pre-oxidation process.

�e high impurity content in the intermediate samples could not be ignored, as it could substantially

compromise the performance of the resultant anodes. A�er the chemical etching processes prior to car-

bonization, the impurities were signi
cantly reduced while the primary structural features were retained.

As shown in Fig. 3a–c, there are distinct peaks at 20.8○ and 26.6○ that belong to quartz phase SiO2, the

predominant impurity retained post-carbonization. Meanwhile, the alkali etching proved more e�ective

than the acid or no etching in eliminating impurities and preserving the original structure. However,

considering the absence of an evident Si-based phase in the pre-carbonization XRD spectrum (seen in

Fig. S2), it is possible that certain Si-containing constituents transformed into SiO2 during the pyrolysis

process. Moreover, all samples displayed distinct di�raction peaks at ~23○ and 43○, corresponding to the

(002) and (100) crystal planes of graphite microcrystals, respectively.�e interlayer spacings of samples were

determined to be 0.362, 0.372, and 0.374 nm for SV-300, SV-300h, and SV-300n. Notably, SV-300 exhibited

particles with partial melting and foaming, which could be attributed to the catalytic e�ect of SiO2 during

carbonization, as seen in Fig. S3.

Figure 3: (Continued)
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Figure 3: �e e�ects of chemical etching on the derived hard carbon in XRD (a) pristine sample, (b) acid etching
samples, (c) alkali etching samples. And (d–f) the C1s 
tting results of SV-300, SV-300h, and SV-300n, respectively. (g)
Raman spectra and ID/IG of samples. (h,i) �e speci
c surface area and pore volume of SV-300 and SV-300n tested by
BET

As shown in Fig. 3d–f, the surface functional groups of SV-300 and SV-300nwere characterized by XPS.

In the C 1s peaks, binding energies of C–C/C=C, C–O, and COOH bonds were observed at 284.8, 286.4,

and 288.9 eV, respectively. Analysis from the C 1s peaks showed that all samples exhibited a certain degree of

oxidation due to pre-oxidation. Additionally, the e�ects of chemical etching on the surface oxygen functional

groups were very mild, as revealed by O1s peaks, which also yielded similar results, seen in Fig. S4.�us, the

chemical etching did not a�ect the surface properties of the samples.

�e e�ects of chemical etching on the degree of graphitization were further characterized by Raman

spectroscopy. Two characteristic carbon bands were observed at approximately 1349 and 1598 cm−1, corre-

sponding to the disordered sp3 carbon (D band) and the ordered sp2 carbon (G band), respectively. As shown

in Fig. 3g, the peak area intensity ratio of the D-band to the G-band (ID1/IG) decreased from 2.0506 for SV-

300n to 1.644 for SV-300h and 1.4588 for SV-300. Additionally, SV-300 exhibited a few serrated peaks, likely

due to impurities in the sample. �ese 
ndings could indicate that the chemical etching e�ciently decreases

the ratio of inorganic matter that catalyzes graphitization of the carbonaceousmatrix, thereby decreasing the

degree of graphitization in SV-300n and SV-300h.

�e N2 adsorption-desorption isotherms and pore structures of SV-300 and SV-300n were presented

in Fig. 3h,i. �e Brunauer-Emmett-Teller (BET) speci
c surface areas of SV-300 and SV-300n based on N2

adsorption were 78.9 and 127.9 m2 g−1, respectively.�e type of isothermwas changed with the alkali etching

process from I type to IV type, as seen in the expansion of the hysteresis loop and the increase of slope in the

middle P/P0 (Fig. 3h).�ese changes were associated with capillary condensation taking place in mesopores

and adsorption on the surface. �e pore size distributions were estimated using the N2-density function

theory model. �e alkali etching process notably increased the pore volume in the 2–10 nm range (Fig. 3i).

Although the process enlarged the speci
c surface area, it promoted the formation of mesopores, thereby

boosting the hard carbon anode’s capacity.

3.2 Electrochemical Properties

�e electrochemical measurements concretely demonstrated the e�ects of chemical etching and the

impact of impurities removal on performance. Fig. 4a,c showed the results of charge-discharge tests at a

current density of 0.04 A g−1 within a potential window of 0.01–3.2 V, as well as the capacity distribution

between plateau and slope regions during the 5th cycle. Notably, an additional discharge plateau around

0.8 V was observed only occurring in the non-etched sample (SV-300), which may be caused by some

undetected inorganic impurities also presented in another SV-300 sample (Fig. S5). �e sample without
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chemical etching treatment (SV-300) exhibited the lowest reversible capacity of 127 mAh g−1, with a plateau

capacity of 65 mAh g−1. While the acid-etched sample (SV-300h) exhibited the most initial discharging

capacity of 342 mAh g−1 due to the more sodium-ion active sites exposed by acid etching, it also had the

lowest plateau capacity of 60 mAh g−1. Compared to the samples above, the alkali-etched sample (SV-300n)

possessed themost reversible capacity of 193mAh g−1 and the highest ratio of plateau capacity of 111mAh g−1.

Additionally, the SV-300n showed the best ICE of 64% compared to 42% for SV-300 and 41% for SV-300h.

�is indicated that alkali etching could increase the reversible capacity by removing Si-based matter, which

creates more pores. Fig. 4b showed cycling performance of the non-etched sample (SV-300), the acid-etched

sample (SV-300h), and the alkali-etched sample (SV-300n) at a current density of 0.04 A g−1. �e alkali-

etched sample (SV-300n) displayed the best capacity during the 
rst 60 cycles but theworst stability, with only

45% capacity retained a�er 100 cycles.�e non-etched and acid-etched samples (SV-300 and SV-300h) both

showed relatively better cycle performance. �is might be due to the excessive etching process destabilizing

the pore structure. Notably, an obvious capacity decay around 0.05 V was observed in the discharging curve

a�er 60 cycles (Fig. S6), which is discussed in detail below.

Figure 4: (Continued)
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Figure 4: (a)�e charge-discharge curves of derived hard carbon at the 
rst cycle. (b)�e cycle test of SV-300, SV-300h,
and SV-300n at 0.04 A g−1. (c) �e potential contribution of slope capacity (>0.1 V) and plateau capacity (<0.1 V) a�er
5 cycles. (d,e) CV curves at di�erent scan rates of 0.1, 0.4, 0.8 mV s−1 correspond to SV-300 and SV-300n, respectively.
(f)�e anodic linear relationship between log (peak current) and log (scan rate) of SV-300 and SV-300n for calculating
the exponent (b values) in half cells. (g) EIS spectra of SV-300 and SV-300n in the 1st cycle. (h) �e rate performances
of SV-300, SV-300h, and SV-300n, respectively. (i)�e discharging capacity hiatus around 0.05 V at low current density

�e rate performance was evaluated over 5 cycles at current densities of 20, 50, 100, 200, 500, 1000,

2000 mA g−1, as shown in Fig. 4h. �e results indicated that all three samples exhibited similar trends in

the test, yet the SV-300n achieved the best speci
c capacities with 233, 149, 79, 52, 30, 17, 9 mAh g−1 at the

respective current densities. Notably, SV-300nmaintained a speci
c capacity of 230 mAh g−1 a�er returning

to 20 mA g−1, highlighting its good electrochemical reversibility. Remarkably, at a relatively lower discharge

current density (10 mA g−1), SV-300 would exhibit a slight capacity drop around 0.05 V (Fig. 4i), which

was similar to the discharging curve of SV-300n a�er 50 cycles. Following the “Absorption-intercalation-


lling” model [3], the capacity below 0.1 V was owed to both the pore 
lling and sodium-ion intercalation.

Compared to SV-300n (1st), the capacity decrease could be mainly attributed to the reduced pore volume

in the 2–10 nm range. �is is because the 
lling of closed pores with Na+ below 0.1 V enhances its di�usion

coe�cient, which makes the discharge behavior near 0.01 V predominantly controlled by pore 
lling [39].

Cyclic voltammetry (CV) was employed to investigate the electrochemical performance of the hard

carbon derived from SV. As shown in Fig. S7, the 
rst cycle exhibited a cathodic peak at 0.3 V, corresponding

to the formation of a solid electrolyte interphase (SEI). �e narrow peak at 0.1 V for SV-300n was attributed

to the intercalation and de-intercalation of sodium-ions. �e electrochemical kinetics of half-cell batteries

with SV-300 and SV-300n anodes were further examined by CV tests at di�erent scan rates (Fig. 4d,e). �e

SV-300n exhibited a higher intensity and more symmetrical redox peaks at ≈0.1 V compared to SV-300,

endowing it with greater plateau capacity below 0.1 V. To explore the sodiation/desodiation process of the

samples, the equations between peak current (i) and scan rate (ν) were led out:

i = aνb

log (i) = b log (ν) + log(a)

here, a and b are adjustable parameters. �e b value, calculated from the slope of the log(i) vs. log(v) plot,

indicates the charging/discharging process of the anode.When a b value is close to 1, it indicates a capacitive-

controlled process, while 0.5 suggests a semi-in
nite di�usion.�e anodic 
tting results, presented in Fig. 4f,

showed the b values of 0.69 and 0.64 for SV-300 and SV-300n, respectively. �ese were attributed to the

greater contribution of the increased pore volume compared to the increase in speci
c surface area in SV-

300n.
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Electrochemical impedance spectroscopy (EIS) was further conducted on these samples. �e 
tting

results of SV-300 and SV-300n were shown in Fig. 4g. �e SV-300 showed two distinct semicircles that may

be attributed to residual mineral impurities. �ese non-conductive impurities hindered charge transfer in

the high-frequency region, leading to charge transfer (Rct) values of 113 Ω and 85 Ω for SV-300n and SV-300,

respectively. �e alkali etching process removed the impurities blocked in pores that gradually close during

the carbonization process. �e resulting closed pores create additional sodium-ion storage sites but also

increase resistance during sodium-ion intercalation and de-intercalation, thereby raising the Rct of alkali-

etched samples. Further investigation of the impedance variation over cycles (Fig. S8) revealed that the Rct

of SV-300 decreased from 85 Ω to 62 Ω a�er 50 cycles, likely due to the stabilization of the solid electrolyte

interphase (SEI) layer.

4 Conclusions

In summary, the seeds of Setaria viridis were developed into a kind of biomass-derived hard carbon

anode for SIBs. �rough various chemical etching processes, this starch-rich biomass precursor was

converted into hard carbon with distinct microstructures. �is work revealed the compositional changes

of etching processes and their e�ects on the carbonization structure, and the structure-performance

relationship was also studied.

With the optimized process, the derived hard carbon anode exhibited an enhanced reversible capacity

of 198 mAh g−1 in a half cell. However, the chemical etching processes weakened the stability of the

microstructure in graphitic domains, resulting in poor cycle performance compared with the non-etched

ones.�is indicated that to obtain the hard carbon possessing both high capacity and stability, it is important

to decrease the content of impurities in a milder manner.

Furthermore, given the high ratio of impurity in the precursor, these 
ndings have signi
cant

implications for the application of biomass, particularly regarding the removal of impurities from Si-

containing materials.
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