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1 Introduction
Lithium-ion batteries (LIBs) have attracted much

attention around the world during the past decades[1-3].

Because of their high capacity, LIBs have been wide-

ly used in electronic devices, electric vehicles, and

other applications [4]. Graphite is the most common

anode material for commercial rechargeable LIBs

with stable capacity and reversibility. However, gra-

phite has a low capacity (372 mAh窑g-1) and cannot

meet the increasing demand[5, 6] in the future, so it is

imperative to prepare a new anode with a higher ca-

pacity. As an ideal anode candidate, silicon (Si) has a

high theoretical capacity (4200 mAh窑g-1, Li22Si5)[7, 8].
Unfortunately, a severe volume expansion (> 420%)
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Abstract: Silicon (Si) has been considered as the potential material for the next-generation lithium-ion batteries (LIBs) for its high
capacity (4200 mAh窑g-1, Li22Si5) and suitable working voltage (about 0.25 V vs. Li/Li+). However, the cycling stability and electro-

chemical performance of Si anode become significant challenges because of low intrinsic conductivity and huge volume variation

(about 400%) during cycling processes. In addition, the repeated formation and destruction of surface solid electrolyte interphase

(SEI) filmwill continuously consume the electrolyte and cause damage to LIBs. Carbon (C) materials, such as graphite, carbon spheres

and tubes, have been widely applied to ameliorate the conductivity and restrict the volume change of Si anode, which guarantees

electrical performance. Especially, a Si@C core-shell structure is preferred to perform a high capacity and relatively good cycle sta-

bility. The hydrothermal process has been commonly used to prepare Si@C anodes for LIBs, therefore, it is significant to optimize

the preparing conditions to achieve ideal electrochemical performance. In this study, glucose was taken as the carbon source, using the

Si waste from the photovoltaic industry as raw materials to prepare Si@C core-shell structure by hydrothermal process. The preparing

parameters have been evaluated and optimized, including temperature, reaction time, rawmaterial composition, and mass ratio.

The optimal preparing process was proceeded in the solution with a glucose concentration of 0.5 mol窑L-1 and a Si/glucose mass

ratio of 0.3. Then, it was treated in a hydrothermal reactor at 190 oC for 9 h. The obtained Si@C anode candidate (Sample CS190-3)

was tested with a coin half-cell. The specific capacity after the first cycle reached 3369.5 mAh窑g-1, and the remaining capacity after
500 cycles 1405.0 mAh窑g-1 in a current density of 655 mAh窑g-1. Moreover, for the rate testing, it retained the discharge capacities of

2328.7 mAh窑g-1, 2209.8 mAh窑g-1, 2007.1 mAh窑g-1, 1769.2 mAh窑g-1, 1307.7 mAh窑g-1 and 937.1 mAh窑g-1 at the charge rates of 655
mA窑g-1, 1310 mA窑g-1, 2620 mA窑g-1, 3930 mA窑g-1, 5240 mA窑g-1, and 6550 mA窑g-1, respectively. And it was recovered to 1683.0
mAh窑g-1 when the current density was restored to 655 mA窑g-1. In addition, the EIS data revealed that the half-circle radius of the

sample obtained by using the optimal conditions (Sample CS190-3) in the low-frequency region was greatly reduced, and the War-

burg impedance became the smallest. This work can provide an important approach, and make a significant impact in the prepara-

tion of Si/C anode material for LIBs.

Key words: hydrothermal reaction; Si@C ball structure; glucose; anode materials
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in Si is inevitable during the lithium intercalation,

which will cause high internal stress, electrode pul-

verization, and consequently loss of electrical contact

between the active material and current collector[9-11].

What is worse, solid electrolyte interphase (SEI)

films will be constantly generated, resulting in rapid

capacity decay, low cycling efficiency, and perma-

nent capacity losses of LIBs[12-14].

Tremendous efforts have been made to solve this

volume expansion issue. Nanostructures, such as nano-

particles[15], nanowires[16-19], and nanotubes are promis-

ing approaches to minimize the negative effect of the

volume expanse. However, the nanomaterials prepa-

ration usually needs a complex production process

and high cost.

Si/C composites, such as core-shell materials [20-22],

nanowires[23], nanotubes[24-27], flakes[28], and spheres[29-31],

are one of the potential solutions. Processes of elec-

trochemical deposition[32], laser pyrolysis[33], laser irra-

diation[34, 35], thermal pyrolysis[36], chemical vapor depo-

sition[37], or chemical etching[37, 38] are usually applied

for the fabrication of Si/C composites by using nano

Si as a source material. The carbon source seems

diverse, such as cellulose[39], glucose[20], starch, dopa-

mine[40, 41], etc. However, the above methods cannot

avoid the harsh requirements, including equipment,

environment, or raw materials, thus resulting in ex-

cessively high cost or meager yields. As a compari-

son, the mild hydrothermal reaction conditions make

it competitive for mass production. On the other

hand, the submicron Si recovered from the photo-

voltaic industry has been proven to be available as Si

raw materials for Si/C electrodes in our previous

studies[20, 25, 31, 42]. In some other works, the Si@C elec-

trode materials were synthesized successfully. How-

ever, the carbon shell was all disordered carbon be-

cause the spherical structure is very compact, and it is

difficult to change the arrangement of carbon atoms.

Due to the increase of sp2 hybrid ratio of the carbon

layer being difficult, the thickness and distribution of

the carbon layer have a great influence on the electro-

chemical performance of the Si@C electrode since a

thinner and more uniform carbon layer can provide

good electron channels[31]. The hydrothermal reaction

conditions are an important part of influencing these

factors. It is, therefore, significant to optimize the

preparing conditions of the hydrothermal process to

achieve ideal electrochemical performance.

In this paper, the submicron Si recovered from the

kerf waste of the photovoltaic industry was taken as

the raw material, and glucose was used as the carbon

source. The Si@C electrodes were prepared by hy-

drothermal process. The parameters, including tem-

perature, reaction time, and raw material composi-

tion, were optimized.

2 Experimental
2.1 Materials Synthesis
Firstly, the Si waste block was ball milled for 10 h

at the rate of 200 r窑min-1, and then cleaned by deion-
ized water to obtain pure submicron Si particles. Sec-

ondly, the typical hydrothermal process was as fol-

lows by taking the sample CS190-3 as an example:

4.5 g glucose was dissolved in 50 mL deionized water,

and 1.35 g ball-milled Si powder was added. After

ultrasonic stirring for 20 min, the mixture was trans-

ferred into a Teflon-sealed autoclave and placed in an

oven at a constant temperature for 9 h, and then

cooled naturally to room temperature. The solid was

separated by suction filtration and washed with

deionized water, and then dried in an oven at 80 oC

for 12 h. Finally, the precursor was further car-

bonized under N2 gas flow at 700 oC for 1.5 h. The

parameters for the other samples are listed in Table 1.

2.2 Materials Characterizations
SEM images of the as-prepared samples were ob-

served on a Zeiss SUPRA 55 (Carl Zeiss, Germany)

field-emission scanning electron microscope (FES-

EM) equipped with energy-dispersive spectroscopy

(EDS). The microstructures of Sample CS190-3 were

clarified by TEM (FEI Talos F200S). X-ray diffrac-

tion (XRD) patterns were recognized on a Rigaku Ul

tima IV diffractometer (Rigaku, Japan) using Cu K琢

radiation at 40 kV and 30 mA. Raman spectra were

acquired on a LabRAM HR Evolution spectrometer

(Jobin Yvon, France) with an argon ion radiation

laser beam (excitation wavelength: 633 nm) and an
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incident power of 1 mW.

2.3 Electrochemical Measurements
The as-prepared samples were mixed with sodium

alginate and conductive carbon black in a mass ratio

of 8:1:1, dissolved in deionized water, and mixed for

more than 10 h to obtain a black viscous slurry. Then

the slurry was coated on the copper foil with a thick-

ness of 100 滋m. After drying in a vacuum at 70 毅C
for 12 h, the foil was cut into 12 mm diameter discs

for packaging the battery.

In order to test the electrochemical performance of

the as-prepared anode samples , CR2025 coin half-

cell was assembled in an argon-filled glove box with

lithium metal as the counter electrode and Celgard

2500 diaphragm as the separator. The electrolyte was

1.0 mol窑L-1 LiPF6 in ethylene carbonate (EC), dimethyl

carbonate (DMC), and diethyl carbonate (DEC) (1:1:1

in volume) with 10.0% fluoroethylene carbonate (FEC)

and 2.0% vinylene carbonate (VC) additives. The bat-

tery was aged for 12 h before testing.

The galvanostatic charge/discharge performances

were measured on a LAND-CT2001A battery test

system (Wuhan Btrbts Technology Co. Ltd., China) at

30 oC. The cut-off voltage was set as 0.01 V and 1.2

V vs. Li+/Li. Furthermore, the electrochemical imped-

ance spectroscopic (EIS) measurements were carried

out on a CHI660E electrochemical workstation

(Shanghai Chenhua instrument co. Ltd., China) under

a frequency range from 0.01 Hz to 100 kHz with an

amplitude of 5 mV.

3 Results and Discussion
3.1 Structural Analyses
The XRD and Raman spectra of the samples were

obtainedat 200 oC, and the results are shown in Figure 1.

As evident in Figure 1(a), the Si peaks were clearly

observed, and a broad carbon peak in 2兹 = 19毅 ~ 22毅
indicated that the carbon in all the samples was not

well crystallized[20]. Simultaneously, the characteristic

peaks of Si in the Raman spectra (Figure 1(b)) were lo-

cated at 512 cm-1 and 925 cm-1 with the wide D (1337

cm-1) and G bands (1594 cm-1), as well as the large

intensity ratios of ID/IG as listed in Table 2, which re-
flected the characteristics of amorphous carbon (or

disorder carbon). There was no apparent difference

among all the samples, indicating that the structures

of the carbon and Si were similar. The differences in

Table 1 Preparation conditions of series samples

Sample Glucose weight (g) Silicon weight (g) Reaction temperature (oC) Reaction time (h)

CS170-1 2.25 0.9 170 9

CS170-2 4.5 1.35 170 9

CS180-1 2.25 0.9 180 9

CS180-2 4.5 1.35 180 9

CS190-1 2.25 0.9 190 9

CS190-2 4.5 0.9 190 9

CS190-3 4.5 1.35 190 9

CS190-4 4.5 1.8 190 9

CS190-5 4.5 1.35 190 6

CS190-6 4.5 1.35 190 12

CS200-1 4.5 1.35 200 6

CS200-2 4.5 1.35 200 9

CS200-3 2.25 0.9 200 9
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morphology and performance are due to the distribu-

tion and thickness of the carbon shell, which will be

discussed later.

3.2 The influence of Preparation Condi鄄
tions on Morphology

The SEM images of the as-prepared samples and

EDS data of Sample CS190-3 are shown in Figure 2.

Among them, the Si@C ball in Sample CS190-3

exhibited the best spherical morphology, which was

uniform, smooth edges, and very few excess floccu-

lent surrounded.

By comparing the samples CS170-2, CS180-2 and

CS190-3, it was found that irregular flocculent sub-

stances appeared when the hydrothermal reaction

temperature was lower than 190 oC, indicating that

the polymerization of glucose in water required the

minimum reaction temperature[31, 43]. For the glucose

concentration, although Si particles provided the nu-

cleation centers, the furan substances should reach

the minimum concentration of nucleation to form

solid particles, and the minimum concentration was

decreased with the temperature rising. However, the

spheres showed a lot of sticking and formed a

peanut-like structure when the reaction temperature

was 200 oC (Sample CS200-2 in Figure 2), indicating

that the best reaction temperature was 190 oC. More-

over, the coating on Si was incomplete when the mass

ratio of Si to glucose was 40% (Sample CS190-4 in

Figure 2) due to the lack of carbon. On the contrary,

when the mass ratio of Si to glucose was 20%, which

was too low so that the balls would combine and form

a peanut-like structure (Sample CS190-2 in Figure 2).

Furthermore, the morphologies were almost identi-

cal when the reaction time was longer than 9 h (Sam-

ples CS190-3 and CS190-6 in Figure 2), which indi-

cated that the reaction had been accomplished within

9 h. At the same time, the situation was different

when the reaction temperature was 200 oC. As for the

reaction time was 6 h (Sample CS200-1 in Figure 2),

there were a lot of small carbon balls with a diameter

of about 400 nm (smaller than Si particles) around

Si@C balls (diameter more than 3 滋m), indicating that
under these conditions, carbon spheres were more

likely to be formed, rather than a coating on Si. When

the glucose concentration was 0.25 mol窑L-1 at 200 oC,

there were irregular flocculent substances around

Si@C balls, indicating that the concentration of glu-

cose was insufficient.

Based on the above results, possible mechanism of

forming Si@C core-shell structure is proposed and

Figure 1 The structure analyses: (a) XRD patterns; (b) Raman spectra (color on line)

Table 2 The ID/IG values of the samples determined based on Raman data

Sample CS170-1 CS170-2 CS180-1 CS180-2 CS190-1 CS190-2 CS190-3 CS190-4 CS190-5 CS190-6

ID/IG 0.85 0.85 0.83 0.82 0.84 0.83 0.82 0.84 0.82 0.84

a b
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illustrated in Figure 3. The previous studies suggested

that the hydrothermal coating process might include:

(1) The dehydration and condensation reactions of

glucose would happen under the catalysis of hydro-

gen ions provided by water at a high temperature and

generate a chain oligomer[14].

(2) The chain oligomer continued to polymerize

and form macromolecular solid aromatic compounds

following the Lamer model, which was the control

step[44].

(3) A coating process of the solid aromatic com-

pound on Si proceeded synchronously by connecting

with the functional group on the Si surface[20].

Therefore, the above three reaction steps deter-

mine the Si@C core-shell structure and its morpholo-

gy. Further study on the mechanism is necessary in

our future works.

In summary, the optimum process to prepare an

ideal Si@C structure with good morphology was by

setting the reaction temperature at 190 oC, the glu-

cose concentration of 0.5 mol窑L-1, the mass ratio of

Si to glucose as 30%, and the hydrothermal reaction

time for 9 h.

The TEM images are shown in Figure 4. The

Si@C structure was identified in Figure 4 with the

thickness of the carbon shell being about 100 nm.

Furthermore, a clear boundary between the core and

the shell was observed in Figure 4(b), and the lattice

fringes with the distances of 0.31 nm and 0.21 nm in

Figure 4(c) corresponded to the crystal planes of Si

(111) and C (101), respectively. In addition, the lattices

Figure 2 SEM images of the as-prepared samples and EDS result of Sample CS190-3

Figure 3 The proposed process of hydrothermal carboniza-

tion. (color on line)
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fringes of carbon and Si were partially staggered, in-

dicating that the carbon layer covered the Si tightly

without voids. However, the carbon lattices fringes

were only observed at the part of the area neighbor to

Si (compared Figure 4(c) and Figure 4(d)), thus, the

crystallization of the carbon shell was limited.

3.3 The Electrochemical Performance An鄄
alyses

The galvanostatic charge/discharge cycle tests and

the rate capacity tests were carried out on all the sam-

ples with submicron Si electrodes as the reference.

As shown in Figure 5(a), the initial specific discharge

capacity of Sample CS190-3 was achieved at 3369.5

mAh窑g-1 with a current density of 655 mA窑g-1, which
was higher than the electrodes prepared with other

samples and the submicron Si electrode. The dis-

charge capacity of Sample CS190-3 electrode still re-

mained 1405.0 mAh窑g-1 after 500 cycles, which was

the highest among all the samples. However, the ini-

tial capacities of some other samples were higher

than Sample CS190-3, but after 500 cycles, these

electrodes all showed severe attenuation. In addition,

the coulombic efficiency of the sample CS190-3 at

the first cycle was 66.8% (Figure 5(b)) and approached

to 100% upon cycling, indicating good reversibility

during the charge/discharge process. Therefore, it

was determined that a full coating of Si@C could ef-

fectively improve the electrochemical performance

compared with Si. A carbon layer with moderate

thickness and a uniform distribution is more con-

ducive to improving electrochemical performance.

The charge/discharge profiles of Sample CS190-3

at 655 mA窑g-1 in different cycles are presented in

Figure 5(c). It revealed a large capacity loss in the

first cycle because of the formation of SEI film. Ac-

cording to the discharge curve, in a voltage range be-

tween 0.25 V and 0.01 V, the battery voltage de-

creased slowly with the increase of the specific ca-

pacity, indicating that the battery discharge mainly

happened in this voltage range, which corresponds to

the process of lithium-ion intercalation in the nega-

tive electrode, that is, the process of forming LixSi.

The CV curves of the CS190-3 electrode in the

first 3 cycles at a sweep speed of 0.2 mV窑s-1 and a

voltage range from 0.01 to 3.0 V are shown in Figure

5(e). There were two reduction peaks at 1.13 V and

0.52 V, which corresponded to the formation of the

SEI film, and two oxidation peaks at 0.32 V and 0.52

V, relating to the lithiation and delithiation of LixSi

alloy, respectively. In addition, the rise of current

peaks in the second and third cycles was attributed to

electrode activation. However, the curves of the first

and second circles had a cross at about 1.0 V, which

was caused by the formation of SEI film on the elec-

trode surface during the first discharge.

As shown in Figure 5(c), Sample CS190-3 elec-

trode exhibited the best rate performance. It retained

a discharge capacities of 2328.7 mAh窑g-1, 2209.8
mAh窑g-1, 2007.1 mAh窑g-1, 1769.2 mAh窑g-1, 1307.7
mAh窑g-1 and 937.1 mAh窑g-1 at the current densities
of 655 mA窑g-1, 1310 mA窑g-1, 2620 mA窑g-1, 3930
mA窑g-1, 5240 mA窑g-1, and 6550 mA窑g-1, respectively.
The recovered discharge capacity of 1683.0 mAh窑g-1

was obtained when the current density was restored

to 655 mA窑g-1, which was much better than any other
samples.

Figure 4 TEM images of Sample CS190-3showing the carbon

sphere in Si@C microstructure (a), (b) microstructure; (c), (d)

HRTEM images showing the core-sell and boundary in Si@C

microstructure

电化学渊J. Electrochem.冤 2022, 28(8), 2112221 (6 of 11)



Figure 5 (a) Galvanostatic charge/discharge cycle results of all samples, (b) coulombic efficiency plots of all samples calculated

from (a), (c) charge/discharge profiles of galvanostatic charge, (d) rate performance curves of all samples (655 mA窑g-1, 1310 mA窑g-1,
2620 mA窑g-1, 3930 mA窑g-1, 5240 mA窑g-1, and 6550 mA窑g-1), (e) current-voltage curves, (f) Nyquist plots of submicron Si, CS170-2
and CS190-3 electrodes. (color on line)

For the convenience of explanation, the most rep-

resentative samples (i.e., CS170-2 and CS190-3, rep-

resentating the products with the worst coating effect

and the best preparation process, respectively) were

selected for the EIS test. As presented in Figure 5(f),

all the EIS curves had a semicircle in the high-fre-

quency region and a slash at the low-frequency re-

gion. The R s value represents the contact resistance

(solution resistance), while Rct the resistance of the

charge transfer[43, 45]. Rs (contact resistance) is generat-

ed by the interface between components inside the

battery, and mainly related to battery assembly and

electrolyte. Rct (charge transfer resistance) can direct-

ly reflect the resistance of the electrode material, and

the Rct value of Sample CS190-3 was the lowest, in-

dicating the best conductivity.

电化学渊J. Electrochem.冤 2022, 28(8), 2112221 (7 of 11)



3.4 SEM Characterizations Before and Af鄄
ter Cycling

The electrode surface of Sample CS190-3 (Figure

6(a)) had only minimal gaps. These gaps might be ar-

tificially created during the preparation of current

collectors and packaging batteries. However, after

500 charge and discharge cycles (Figure 6 (b)), the

current collectors of Sample CS190-3 showed rela-

tively large cracks, and some intact spheres could be

observed within the cracks, indicating that the carbon

shell well limited the volume expansion of Si. How-

ever, the cracks on the electrode surface became larg-

er, indicating that the Si expansion still caused some

damages to the electrode. Moreover, the surface of

the electrode showed a morphology covered by dense

material, which was caused by the residual elec-

trolyte and the SEI film formed on the electrode sur-

face during the cycling.

4 Conclusions
In this study, glucose was taken as the carbon

source to prepare Si@C core-shell structure by hy-

drothermal process. The preparing parameters includ-

ing temperature, reaction time, raw material compo-

sition, and mass ratio have been evaluated and opti-

mized. As a result, the optimum conditions were de-

termined to be: the reaction temperature of 190 oC,

the glucose concentration of 0.5 mol窑L-1, the Si to

glucose mass ratio of 30%, and the hydrothermal re-

action time of 9 h. The sample CS190-3 was obtained

with the optimal conditions. It was found that the

CS190-3 electrode exhibited the best electrochemical

performance among all the as-prepared anode candi-

dates. It retained a reversible capacity of 1405.0

mAh窑g-1 after 500 cycles of charge/discharge at a

current density of 665 mA窑g-1. As for the rate perfor-
mance, it retained the discharge capacities of 2328.7

mAh窑g-1, 2209.8 mAh窑g-1, 2007.1 mAh窑g-1, 1769.2
mAh窑g-1, 1307.7 mAh窑g-1 and 937.1 mAh窑g-1 at the
current densities of 655 mA窑g-1, 1310 mA窑g-1, 2620
mA窑g-1, 3930 mA窑g-1, 5240 mA窑g-1, and 6550 mA窑g-1,
respectively, and could be recovered to the discharge

capacity of 1683.0 mAh窑g-1 when the current density
was restored to 655 mA窑g-1.
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水热法制备锂电池 Si@C负极材料的
工艺优化研究

陈 思袁郑淞生*袁郑雷铭袁张叶涵袁王兆林
(厦门大学能源学院袁福建厦门 361102)

摘要: 水热法是广泛应用于锂离子电池 Si@C电极材料的一种制备方法袁 其反应条件是影响产物最终形貌和性
能的重要因素袁采取最佳的反应工艺可以大大提升材料的电化学性能遥本研究中袁使用葡萄糖作为碳源袁光伏切
割废料硅为硅源袁探究了水热法制备核壳结构 Si@C电极材料的最优工艺袁分别研究了温度尧原料浓度尧反应时
间和原料比例对产物的形貌尧性能的影响以及相互之间的关系袁并得到最佳反应条件遥 在该条件下渊葡萄糖浓度
为 0.5 mol窑L-1袁 硅与葡萄糖重量比为 0.3:1袁 反应温度190 oC袁 反应时间 9 h冤袁 得到了包覆完整尧 粒径适中的
Si@C电极材料渊CS190-3冤袁对以该样品为负极的扣式半电池进行电化学测试袁在 655 mA窑g-1的电流密度下袁其
首圈放电比容量为 3369.5 mAh窑g-1袁经过 500次循环剩余容量为 1405.0 mAh窑g-1遥倍率测试中袁在 6550 mA窑g-1的
电流密度下袁其剩余容量为 937.1 mAh窑g-1袁当电流密度恢复至 655 mA窑g-1时袁电池放电比容量仍可恢复至 1683.0

mAh窑g-1遥
关键词:水热反应曰核壳结构 Si@C材料曰葡萄糖曰锂离子电池负极材料
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