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Abstract 

As major waste materials in the rice milling industry, rice husks (RHs) have potential industrial applications. In this work, 

acid solutions were used to extract high-value-added polysaccharide components (hemicellulose and cellulose) from RHs 

to obtain sugar residues (SRs) for comprehensive utilization. The SRs were converted into C/SiO2 composites after car- 

bonization and ball-milling. The C/SiO2 composites with crystalline cellulose content in the precursor possessed desirable 

electrochemical properties when tested as an anode material for lithium-ion batteries (LIBs), including cycle performance, 

initial Coulombic efficiency (ICE) and electrical impedance. Meanwhile, a high reversible specific capacity of 553 mAh g−1 

was maintained after 100 cycles at a current density of 0.1 A g−1. This method can be used to turn biomass into a potentially 

valuable anode material with desirable electrochemical properties for LIBs. 
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Introduction 

Rice husks (RHs) are major waste products in the rice mill- 

ing industry, and contain components of cellulose, hemicel- 

lulose, lignin, and silicate.1,2 The traditional treatment of 

RHs, whether combustion or landfill, causes serious envi- 

ronmental pollution due to the high ash content of RHs.3 As 

a consequence, the comprehensive utilization of the SiO2 

and C components of RHs have become a focus on scientific 

research,4 and the natural composite structure of these two 

components makes it possible to apply RHs to the anode 

material for lithium-ion batteries (LIBs).5,6
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In previous studies, RH-based C/SiO2 composite mate- 

rials were prepared by one-step carbonization of RHs, 

which were proven to have good electrochemical proper- 

ties.7,8 Wang et al. prepared C/SiO2 material by calcining 

RHs directly, and the material exhibited a capacity of 485 

mAh g−1 at a current density of 0.1 A g−1 , as well as supe- 

rior cycling performance.9 Cui et al. prepared micro-sized 

porous C/SiO2 composites from RHs through a facile car- 

bonization process under an Ar atmosphere with ZnCl2 as 

an activating agent. The porous C/SiO2 composite exhibited 

high discharge-specific capacity (ca. 1105 mAh g−1 at 0.1 A 

g−1), stable cycling stability and good rate capability.10 In 

these RH-based silica/carbon systems, SiO2 possesses a high 

theoretical specific capacity of 1961 mAh g−1, and could 

be a dominant contributor to the specific capacity of the 

anode material. Carbon provides conductivity for the anode 

material and maintains structural stability.11 Therefore, the 

optimal utilization of RHs is to extract high-value-added 

polysaccharide components (hemicellulose and cellulose), 

which are applied to prepare xylose and ethanol in the sugar 

industry.12,13 The retained sugar residues (SRs) contain 

lignin, silicate and unextracted cellulose, would be converted 

into the C/SiO2 composite after a carbonization process and 

used as an anode material for LIBs.14
 

Hemicellulose, cellulose, and lignin have unique chemi- 

cal properties due to their different structures and molecular 
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Fig. 1 The preparation process of C/SiO2 composites. 

 

 

weights. Hemicellulose is composed of heteropolymers 

with amorphous structures, which could be hydrolyzed by 

dilute acid to pentose (xylose, arabinose etc.).15,16 Cellu- 

lose, as the main component of RHs, consists of chains of 

glucose linked by β-1,4 linkages.12 The parallel cellulose 

chains form highly ordered and crystalline regions, which 

are interspersed by disordered and amorphous regions.17 The 

amorphous regions are preferentially hydrolyzed by acid, 

whereas the crystalline regions are resistant to acid.18 Lignin 

has a 3-D amorphous structure consisting of methoxylated 

phenylpropane, which is made up of p-coumaryl, coniferyl 

and sinapyl alcohols.19 As a result of its complex structure, 

lignin is as resistant to acid dissolution as silicate.20 There- 

fore, SRs could be obtained by acid extraction in the sugar 

industry, and C/SiO2 composites containing different car- 

bon components could be obtained after carbonization. In 

addition, ball-milling is employed to boost the combination 

of the C/SiO2 composites, which results in the composites 

having excellent electrochemical properties for application 

as anode materials for LIBs.21 However, the components 

of SRs are related to the extraction processes, and differ- 

ent content among these lignocellulosic components in SRs 

would lead to the formation of C/SiO2 composites with sub- 

stantially distinct features. Therefore, while extracting high- 

value-added polysaccharide components (hemicellulose and 

cellulose) from RHs, it is necessary to understand the influ- 

ence of different lignocellulose components on the structural 

properties and corresponding electrochemical performance 

of C/SiO2 composites derived from the SRs. 

In this work, RHs were treated by acid solutions to hydro- 

lyze hemicellulose and cellulose. The remaining SRs were 

carbonized, after which a ball-milling process was used to 

prepare C/SiO2 composites. The suitability of the resulting 

composites for electrodes in LIBs was evaluated by using  

a series of electrochemical techniques. The composition of 

the SRs was manipulated by changing the conditions of acid 

hydrolysis so as to achieve comprehensive utilization of each 

component of the RHs. The conversion of SRs to battery 

materials is a highly energy-efficient process with great eco- 

nomic and environmental benefits. 

 
Experimental 

Preparation of Ball‑Milled C/SiO2 Composites 

The raw RHs were bought from a rice mill around Chang- 

chun City, China. The RHs were washed with water, dried 

out in a 100°C oven and crushed into powders. Then, 100 

g of the powdered RH was added into one of several 1000 

mL solutions having different concentrations of hydrochloric 

acid or sulphuric acid. The concentrations of hydrochloric 

acid were 0.1 M, 1.0 M, and 3.0 M. The concentration of 

sulphuric acid was 12.0 M. The solutions were boiled with 

reflux for 2 h, followed by vacuum filtration. The filtrate 

residues were washed to neutral by distilled water and dried 

in the 100°C oven. The dried filtrate residues were calcined 

in a quartz tube furnace at 300°C for 0.5 h and then calcined 

at 700°C for 2 h under nitrogen with a heating rate of 5°C 

min−1. After cooling to room temperature naturally, the C/ 

SiO2 mixtures were obtained and denoted as H0.1, H1.0, 

H3.0 and S, respectively, where H and S stand for HCl and 

H2SO4 treatment, respectively. In the ball-mill treatment, 3 

g C/SiO2 was loaded into a zirconia jar containing 90 g zir- 

conia balls with non-uniform size. The ball-milling process 

was controlled at 800 rpm for 12 h and the C/SiO2 com- 

posites were obtained and denoted as BM-H0.1, BM-H1.0, 

BM-H3.0 and BM-S respectively. 

In addition, 100 g powders of RHs were carbonized and 

ball-milled in the same conditions as above. The obtained 

products were denoted as UT and BM-UT (UT meaning that 

the RHs were untreated with acid solution), respectively. The 

preparation process of the ball-milled C/SiO2 composites is 

shown in Fig. 1. 

 

 

 



 

 

Characterization Table I The mass retention of the samples and the results of TGA 

(based on the 100 g RHs) 

Thermogravimetric analysis (TGA) was carried out on a 

thermogravimetric analyzer (STA499F3, NETZSCH, Ger- 

many) from room temperature to 800°C at a heating rate of 

20°C min−1 in air. The morphologies of the samples were 

observed by scanning electron microscopy (SEM, SU8020, 

HITACHI, Japan). The structure of the materials was char- 

acterized by an x-ray diffractometer using Cu Kα radiation 

(XRD, D/MAX2550, RIGAKU, Japan) operated at 50 kV 

and 200 mA with a scanning speed of 10°/min. Raman 

spectra were collected employing a Raman spectrometer 

(LabRAM HR Evolution, HORIBA, France) operating at 

an excitation wavelength of 473 nm. 

Electrochemical Measurements 
 

The working electrodes for the cells were fabricated by com- 

pressing a mixture of active material (80 wt. %), conductive 

material (acetylene black) (10 wt. %), and binder (polyvi- 

nylidene fluoride) (10 wt. %). Excess N-methyl-2-pyrro- 

lidone (NMP) (a solid-liquid ratio of 1:50 m/v) was used, 

and the mixture was stirred over 5 h until a homogeneous 

slurry formed, which was coated on a copper foil. After dry- 

ing at 80°C in a vacuum oven for 12 h, the composite anodes 

were punched into wafers with a diameter of 1.2 cm and an 

active material mass loading of 0.8-1.2 mg cm−2. Coin-type 

half cells (2025R type) were assembled inside an Ar-filled 

glove box with lithium foils as counter electrodes and 1 M 

LiPF6 in ethylene carbonate, ethyl methyl carbonate and die- 

thyl carbonate (EC:EMC:DEC = 1:1:1, v/v/v) as electrolyte. 

 
 

The acid solu- The weighing results The TGA results 
 

tion 
The mass 

of SRs 

(g) 

The mass 

of C/SiO2 

(g) 

 The the mass ratio 

mass of of C to SiO2 

C (g) 

Untreated 100 37.2  21.6 1.4 

0.1 M HCl 68.9 30.4  16.3 1.2 

1.0 M HCl 59.2 27.5  13.1 0.9 

3.0 M HCl 58.0 28.9  14.6 1.0 

12.0 M H2SO4 31.6 22.4  7.7 0.5 

 

 

 

Galvanostatic charge-discharge cycling was measured using 

a Neware CT-4008W battery test system from 0.01 to 3.0 

V (versus Li/Li+) at a current density of 100 mA g−1 and 

electrochemical impedance spectroscopy (EIS, in the range 

from 100 kHz to 0.01 Hz with an amplitude of 10 mV) was 

performed using a CHI 760D electrochemical workstation. 

 
Results and Discussion 

Using 100 g RHs as a base, the mass retention of the sam- 

ples is shown in Table I. Due to the different susceptibility 

of the components to hydrolysis, the mass loss of the RHs 

is relative to the acid solutions. After treating with 0.1 M 

HCl solution, 68.9 g SR was retained, while the difference 

between the SRs after treating with 1.0 M and 3.0 M HCl 

solution was only 1.2 g (59.2 g and 58.0 g, respectively). 

Combined with the pictures shown in Fig. 1, the color 

of the H3.0 SRs was black, which was different from the 

brown color of the H1.0 SRs. This may be due to the dehy- 

dration of some organic components in the SRs by the 3.0 

Fig. 2 TG curves of all C/SiO2 mixtures. 

 

 
M HCl solution, resulting in a slightly higher mass loss 

than when using the 1.0 M HCl solution. When the HCl 

solution was replaced by 12.0 M H2SO4 solution, the mass 

loss was 68.4 g, which was more than the total content of 

hemicellulose and cellulose in the RHs (~ 54%)22. This 

occurred because the dehydration and strong oxidation 

characteristics of concentrated sulfuric acid led to large 

amounts of organic components being dehydrated. 

Thermogravimetric (TG) curves under an air atmos- 

phere are shown in Fig. 2 for the C/SiO2 mixtures. The 

ratios of the mass losses of UT, H0.1, H1.0, H3.0, and S 

were 57.7%, 53.5%, 47.7%, 50.4% and 34.3%, respectively. 

As listed in Table I, the mass of carbon and the mass ratios 

of C to SiO2 in C/SiO2 mixtures were calculated. Based 

on the known contents of the main components in RHs 

(35.9% cellulose, 18.2% hemicellulose, 24.5% lignin, and 

21.4% silicate),22 the mass loss of the components in the 

RHs after acid treatment were calculated as follows and 

the results listed in Table II. 



 

 

Table II The mass losses of components in RHs after acid treatment 

(based on 100 g RHs) 
 

 

The acid solution The mass loss after acid treatment (g) 
 

 Hemicellulose and cel- 

lulose 

Inorganic 

salt and 

water 

0.1 M HCl 23.9 7.2 

1.0 M HCl 33.7 7.1 

3.0 M HCl 34.8 7.2 

12.0 M H2SO4 61.8 6.6 

 

⎧ x + y = 100 − mSRs 

  

and SiO2. The total mass loss in 3.0 M HCl solution was a 

little higher, because the dehydration product was mixed into 

the SRs (H3.0). The impact of these carbons on performance 

will be discussed later. 

The morphologies of the carbonized products of UT, 

H1.0 and S samples can be observed from SEM images 

shown in Fig. 3 a, b and c. The surface of the bulk carbon 

of the UT sample exhibited a smooth surface. The others 

were relatively rough due to corrosion by the acid solutions. 

Combined with the analysis of Tables I and II, the differ- 

ence in surfaces surface could be related to the hydrolysis 

of cellulose and hemicellulose. This result would lead to 

differences in precursors and carbon contents of C/SiO2 

composites, and further affect the electrochemical proper- 
⎪ mC = Cc∗(78.6−x) 

(1) ties of the resulting materials. Especially in the sample of S, 
⎨ mSiO 

⎪ 
2 

21.4−y 
      mC  

the aggregated silica spheres were exposed on the surface 

⎩ Cc = 
m

 
 

precursors of the bulk carbon (Fig. 3c), resulting in a lack of carbon to 

where x is the total mass loss of hemicellulose and cellulose 

after acid treatment, y is the total mass loss of inorganic salt 

improve electronic conductivity and buffer volume changes 

during electrochemical lithiation/de-lithiation processes. 

and water after acid treatment, and Cc is defined as char yield 
After ball-milling, bulk carbon was broken and the particle 
sizes of  the composites were  significantly decreased. All 

of the organic precursors. The total mass losses of hemicel- 

lulose and cellulose in RHs were higher than the theoretical 

content of hemicellulose (18.2%), and hemicellulose was 

more liable to be hydrolyzed by acid solution, indicating 

that the hemicellulose was completely hydrolyzed. After 

treating with 1.0 M HCl solution, about 15 g cellulose was 

hydrolyzed, accounting for 40% of total cellulose in RHs. 

According to the results reported by Ang et al.14, it can be 

inferred that the amorphous part of the cellulose is hydro- 

lyzed. The SRs (H1.0) contained crystalline cellulose, lignin 

samples had similar morphologies (Fig. 3d, e, f). Thus, it 

could be inferred that the ball milling is not the main reason 

for the difference of electrochemical properties. 

The XRD patterns were shown in Fig. 4a. A broad peak 

observed between ~ 20° and ~ 26°, centered at ~ 23°, 

could be assumed to correspond to overlapping peaks of 

amorphous carbon and amorphous silica in the C/SiO2 

composites, another peak around 43°–44° was ascribed to 

the amorphous structure of carbon (C).23 The peak at 23° 

of BM-H1.0 was sharper than that of the other samples, 

 

 

 
 

Fig. 3 SEM images of C/SiO2 composites, (a) UT, (b) H1.0, (c) S (d) BM-UT, (e) BM-H1.0 and (f) BM-S. 



 

 

 

 
 

Fig. 4 (a) XRD patterns of BM-UT, BM-H1.0 and BM-S, (b) Raman spectra of all ball-milled C/SiO2 composites. 

 

because BM-H1.0 was rich in crystalline cellulose with no 

hemicellulose and amorphous cellulose, leading to more 

ordered carbons. 

The Raman spectra of the C/SiO2 composites is displayed 

in Fig. 4b. The peaks of the D-band and G-band at 1350 

and 1590 cm−1 refer to disordered and sp2-bonded carbon 

atoms, respectively. A lower value of ID/IG represents a 

higher degree of graphitized carbon in the composites.21 The 

values of ID/IG for BM-UT, BM-H0.1, BM-H1.0, BM-H3.0 

and BM-S were 0.87, 0.86, 0.84, 0.90 and 0.92, respectively. 

This illustrates that the degree of graphitized carbon varies 

depending on the precursor, which was consistent with the 

studies of Kim et al.24. The BM-UT resulted in a relatively 

high ID/IG value, while the BM-H0.1 (after removal of hemi- 

cellulose) showed a decreased ID/IG value. Due to the differ- 

ences in the thermal stability of each monosaccharide unit 

in hemicellulose, the thermal degradation of hemicellulose 

takes place in a wide temperature range.25 The carbon rear- 

rangement could thus be hindered and lead to fewer sp2 car- 

bons, resulting in a higher degree of disorder for the carbon 

in BM-UT. BM-H1.0 had the lowest value of ID/IG, because 

the disordered components (hemicellulose and amorphous 

cellulose) were hydrolyzed by the 1.0 M HCl solution and 

the ordered components (such as crystalline cellulose) were 

preserved, which may promote the formation of sp2 carbon 

and provide superior electrical conductivity within the car- 

bon matrix. Further removal of cellulose then decreases the 

ID/IG value, because lignin is a highly thermo-resistant com- 

ponent due to its rich cross-linking. Due to the slow kinetics 

of thermal decomposition, the formation of an sp2 structure 

could be substantially suppressed.26
 

Figure 5a shows the galvanostatic charge/discharge 

(GCD) profiles of BM-H1.0 at a current density of 0.1 A g−1. 

The discharge-specific capacity (1st cycle and 100th cycle) 

and initial coulombic efficiency (ICE) of all C/SiO2 com- 

posites are displayed in Table III. The first discharge- and 

charge-specific capacity of the BM-H1.0 composite were as 

high as 1185 and 664 mAh g−1 with an ICE of 56%, which 

was superior to the other composites because the high gra- 

phitized carbon content of the BM-H1.0 reduces irrevers- 

ible Li+ insertion capacity.27 The curves at the 50th cycle 

and the 100th cycle nearly overlap, indicating that BM-H1.0 

had excellent cycling stability. In addition, compared to the 

reported SiO2-based composites (Table IV), the BM-H1.0 

composites display similar or even better electrochemical 

performance, indicating the composites derived from RHs 

may be used as a promising anode material in LIBs. The 

simple acid hydrolyzing (without any expensive reagents 

or complex coating method) and ball-milling modification 

process described here is more economic and promising 

for preparation of C/SiO2 composites. Figure 5b shows the 

capacity differential profiles at the first three cycles, which 

better illustrates the lithiation/delithiation processes. At 

the first cycle, the reduction peak at 1.3 V corresponded to 

the plateau in the GCD profiles, which could be attributed 

to the decomposition of the electrolyte and the formation 

of SEI film.28 The peak disappeared in subsequent cycles 

and the curves tended to be stable, indicating that a stable 

SEI film had formed, which helps achieve desirable cycling 

performance. 

Cycling performances of all C/SiO2 composites at 0.1 A 

g−1 are shown in Fig. 5c. (All the materials were tested after 

the third cycle at 0.1 A g−1, and the data for the first three 

cycles were not shown). The reversible capacity decayed 

slightly in the initial cycles and reached a relatively sta- 

ble value in the rest of cycles. Among these five materi- 

als, BM-H1.0 had the highest discharge-specific capacity, 

as high as 553 mAh g−1 at 0.1 A g−1 after 100 cycles. This 

occurred because BM-H1.0 contained a large amount of 

silica that can provide specific capacity, and because this 

sample contained more graphitized carbon, which can pro- 

mote the transport of lithium ions.29 To further confirm 



 

 

 

 
 

Fig. 5 (a) Galvanostatic charge-discharge (GCD) voltage profiles and (b) differential capacity plots (DCPs) at the first three cycles of BM-H1.0 

at 0.1 A g−1, (c) Cyclic performance at 0.1 A g−1 of all C/SiO2 composites and (d) Nyquist plots before cycling of BM-UT, BM-H1.0, BM-S. 

 

 

Table III The comparison results of cycling performances of ball- 

milled C/SiO2 composites 

the effect of the graphitized carbon on the electrochemical 

performance, the results of EIS tests are shown in Fig. 5d. 

Sample Initial discharge- 

specific capacity 

(mAh g−1) 

100th discharge- 
specific capacity 

(mAh g−1) 

Initial 

Coulombic 

efficiency (%) 

Each Nyquist plot consists of a single semicircle in the high- 

frequency region and an inclined line in the low-frequency 

region, which represent charge transfer resistance (Rct) and 

lithium-ion diffusion resistance, respectively.30 The diam- 

eter of the semicircle of BM-H1.0 was the smallest, because 

the high level of graphitized carbon could facilitate Li-ion 

insertion and extraction, and further lower resistance of the 

electrochemical reaction. 

 

 

 

Table IV The comparison of specific capacities of the C/SiO2 composites 

 

 

 

 
and spray pyrolysis 

method 

SiO2 /C@SiO2 @CNT CNTs, TEOS, resorcinol, formaldehyde Self-assembly 644 mAh g−1  (200th, 0.1 A g−1) 34 

BM-H1.0 Rice husks (RHs) Acid hydrolyzing 553 mAh g−1  (100th, 0.1 A g−1) This work 

BM-UT 978 419 51 

BM-H0.1 1163 472 54 

BM-H1.0 1185 553 56 

BM-H3.0 1110 505 52 

BM-S 1106 433 50 

 

Samples Materials Methods Specific capacity References 

pp-MSNs/FG Graphite oxide, colloidal silica, sucrose Hydrothermal method 702 mAh g−1 (100th, 0.1 A g−1) 31 

NFC-15 wt.% PAN, SiO2 nanoparticles Electrospinning 658 mAh g−1 (100th, 50 mA g−1) 32 

SiO2/C/graphene TEOS, PVP, graphene oxides Suspension nebulization 610 mAh g−1 (100th, 50 mA g−1) 33 

 



 

 

Conclusions 

In summary, SRs were extracted from RHs by an acid solu- 

tion and C/SiO2 composites were obtained by carbonization, 

followed by a ball-milling process to boost the combination 

of C and SiO2. BM-H1.0 maintained a high, reversible spe- 

cific capacity of 553 mAh g−1 at 0.1 A g−1 over 100 cycles. 

The SR (H1.0) has the highest content of crystalline cellu- 

lose, which leads to BM-H1.0 having the most graphitized 

carbon to promote the transport of lithium ions. This result 

indicates that the composition of the major components of 

the SRs were manipulated by changing the extraction pro- 

cesses of high-value-added polysaccharide components in 

RHs. The C/SiO2 composites obtained by this method have 

desirable electrochemical properties. Thus, an economical 

and environment-friendly method was employed to compre- 

hensively utilize RHs, providing a prospect for the applica- 

tion of biomass. 
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