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a b s t r a c t

Developing silicon based anode of lithium-ion battery (LIB) is seriously blocked by the huge volume
change of lithiation and delithiation and the corresponded high cost paying to solve it, although Si with
the theoretical capacity of 4200 mAh g�1 for Liþ storage. In this study, natural diatomite with low cost
was using as precursor and self-template to produce Si and construct porous structure, a coral-like
porous Si/C (CLP-Si/C) material has been successfully synthesized through the NaCl added magnesio-
thermic reduction reaction (MRR) technology and acetylene CVD method. The hierarchical structure of
macro-/mesopores in CLP-Si/C are inherited from diatomite itself and produced by removing the
unreacted SiO2 in diatomite and the byproduct of MgO of MRR. Acetylene CVD further constructs a shell-
core structure of carbon layers and Si particles. The hierarchical pores and core-shell structure make CLP-
Si/C exhibit a stable cycling performance as LIB anode that the capacity of 990.6 mAh g�1 can be kept
after 100 cycles at a rate of 250 mA g�1. This work provides a simple, low-cost and scalable strategy for
producing porous Si/C anode materials with high-performance by using diatomite as both precursor and
template, and is promising in the development of practical application of Si based anode materials of
lithium-ion battery.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

To meet the global energy and environmental demands,
tremendous efforts have been devoted to develop those renewable
energy systems such as wind and solar powers, however, which are
largely limited by intermittent energy production due to the factors
of weather and locations [1]. Therefore, their efficient utilization
requires energy storage devices for powers transfer [2,3].
Rechargeable lithium-ion battery (LIB) is a much popular energy
storage device due to its high energy density, high voltage and
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environmental friendliness and has been widely used in electronic
devices, electric vehicles and power stations [4]. The reversible
storage capacity of commercial LIB is limited by the electrode ma-
terials. Presently, themost commonly used anodematerials of LIB is
graphite with a theoretical capacity of 372 mAh g�1 on the basis of
the mechanism of Liþ storage, however, it can’t meet requirements
of quick developments of electric automobile [5].

To significantly increase the energy density of anode of LIB, the
anode materials of energy storage by alloying and dealloying of
lithium are highly promising owing to a large energy density of
these materials [6]. Among them, silicon has the highest theoretical
capacity of lithium ion storage up to 4200 mAh g�1 [7]. Si has also
some advantages of becoming an anode material for commercial
LIBs. It is the second abundant element in the earth’s crust, low in
cost, and harmless to the environment. The voltage platform of
silicon is slightly higher than graphite, which can improve the
safety of LIBs through avoiding lithium dendrites and surface
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lithium plating [8]. Despite these advantages, the development of
silicon anodes of LIBs is still hampered by their poor cycling per-
formance caused by the severe volume changes of Si up to 300%
during lithiation and delithiation. As a result, the mechanical stress
resulted by the volume change of Si anode causes the cracking and
pulverization of anode materials and thus the active materials are
disconnected from the current collector, resulting in destruction of
the conductive network, which leads to rapid capacity fading of
LIBs [9,10].

To solve the above problems, many achieved efforts have been
reported from the aspects of nanosizing and nanostructuring sili-
con to minimize the volumetric stress [11,12], preparing the com-
posite materials of Si and carbonaceous materials to alleviate
volumetric stress and improve conductivity [13,14] and construct-
ing redundant space for the inflation of silicon lithiation [15,16]. Or
these aspects were combined to pursue the Si anodewith the better
performance. However, one of the most concerned factors limiting
commercialization of Si anode that the costs have not yet been paid
enough attention and efforts in most of works related to Si anodes.

Silicon is second abundant elements in earth crust and thus
directs utilizing natural sources containing Si to synthesize Si anode
materials of LIBs is highly expecting for lowing the cost and
accelerating commercialization of Si based anode of LIBs. SiO2 are
generally used as the precursor for producing Si and SiC anode
[17,18]. Diatomite as natural resource has a big reserve and contains
bulk phase of SiO2. In this work, diatomite was used as the pre-
cursor and self-template to synthesize a coral-like porous Si/C (CLP-
Si/C) owning mesoporous and macroporous structure. The CLP-Si/C
anode owns the macropores inheriting from the intrinsic pores of
diatomite and the macro-/mesopores formed by removing of the
unreacted SiO2 of diatomite and byproduct of MgO after MRR. Both
the macropores and mesopores are constructed through utilizing
the structure and composition of diatomite without using any
additional template. As anode of LIB, the resultant CLP-Si/C exhibits
a good performance with capacitance of 990.6 mAh g�1 at the
current density of 250 mA g�1 after 100 cycles.

2. Experimental

2.1. Materials preparation

First, 0.50 g of diatomite (DE) powder (AR, Tianjin, Zhiyuan),
0.30 g of magnesium powder (CR, Shanghai, Aladdin) and 5.00 g of
NaCl powder (AR, Shanghai, Sinopharm Chemical Reagent) were
ground and mixed together using an agate mortar for 20 min. The
obtained DE-Mg-NaCl mixture was placed in a quartz-tube furnace
and purged with pure argon gas. The furnace was heated to 700 �C
with a ramp of 5 �C min�1 and then the temperature was held for
4 h. The furnace was naturally cooled in argon atmosphere to
ambient temperature. The resultant product was firstly washed
several times with deionized water to solve and remove the NaCl.
Then the sample was soaked in 6 wt% HCl solution for 10 h to
remove the MgO byproduct of MRR, after which the sample was
washed by deionized water and dried at 80 �C under vacuum. The
main product of MRR after the post treatment was coated the
carbon by carrying acetylene CVD as follows. A certain amount of
powdered samplewas loaded in a ceramic boat and then placed in a
horizontal furnace with a flow of argon gas of 80 sccm. The tem-
perature of furnace was heated to 800 �C with a ramp of 25 �C
min�1 and then acetylene was immediately flowed into the furnace
with a flow of 20 sccm for 30 min. After the furnace was cooled to
ambient temperature, the powder sample was taken out and then
immersed in 5 wt% HF solution at room temperature for 10 h to
remove the residual SiO2 in the sample. Finally, porous Si/C mate-
rials using diatomite as the precursor and the self-template was
2

obtained, whose synthesis route is shown in Fig. 1 of the schematic
diagram.

2.2. Sample characterization

The composition of samples was characterized by using a high-
resolution X-ray diffractometer (XRD, Rigaku X’pret Powder, D/
MAX-2500�, Cu Ka) and a laser Raman spectroscopy with a
wavelength of 532 nm. The microstructure and morphology of
samples were observed by using a field-emission scanning electron
microscope (SEM, FEI Apreo, operated at 5 kV) and a high-
resolution transmission electron microscope (HRTEM, FEI Talos
F200�, operated at 200 kV). The specific surface area (SSA) and
porosity of sample were characterized by Brunauer-Emmett-Teller
analysis (BET, Micromeritics, ASAP2020). In addition, the supple-
mentary study of the Si content of sample was assessed by ther-
mogravimetry (TG, TA Instruments, SDTQ600).

2.3. Electrochemical tests

60wt% of active material (CLP-Si/C), 20 wt% of Super P, 20 wt% of
CMC and appropriate deionized water were weighed and mixed to
form a slurry. The mixed slurry was coated on copper foil and then
dried in vacuum to prepare an anode plate, which was cut into the
disks with diameter of 12 mm. Loading amount of active material
onto each anode is about 1.0 mg cm�2. Half-cells were assembled in
a glove box in Ar atmosphere, inwhich the disk containing CLP-Si/C,
a lithium foil, polypropylene membrane (Celgard), and 1.0 mol L�1

LiPF6 dissolved of ethylene carbonate (EC): dimethyl carbonate
(DC) ¼ 1:1 were used as working electrode, counter/reference
electrode, separator and electrolyte, respectively. Galvanostatic
charge-discharge tests were carried out by using a battery test
system (LANHE CT3100) in the voltage range of 0.01e1.5 V vs. Li/Liþ.
In addition, cyclic voltammetry (CV) tests were performed by using
a Gamry-3000 electrochemical workstation at a scan rate of
0.05 mV s�1.

3. Results and discussion

Fig. 2a shows the XRD patterns of samples. The bulk phase of
diatomite is SiO2 characterized by prominent peaks around 21.8�,
28.3�, 31.1� and 35.9� corresponding to the crystal face of 101, 111,
102 and 200 (JCPDS76-0940), respectively. After MRR and remove
of MgO byHCl solution, the peaks corresponding to the cubic Si face
of 111, 220, 311 and 400 can be discerned for the sample (JCPDS
26e1481). It still contains SiO2 phase in the sample since the
inadequate amount of magnesium was used in MRR of diatomite.
This sample containing Si and SiO2 was further coated with carbon
by acetylene CVD, and then HF solution was used to remove the
phase of SiO2 for producing pores in the resultant CLP-Si/C anode.
The peaks of SiO2 disappear and the characteristic peaks of Si are
clearly observed for the obtained sample. Carbon phase in the
sample can’t be discerned since its weak intensity compared to Si,
however, the subsequent Raman and TEM characterizations is
going to confirm the existence of amorphous carbon layers around
Si particles.

In theMRR process of diatomite, the additional NaCl component
plays an important role on preparation of CLP-Si/C despite it does
not attend MRR. In order to clarify the role of NaCl, another
experiment of MRR of diatomite without adding NaCl was carried
out and the sample also experienced the post-treatments of HCl
and HF solution. As the XRD pattern shown, the distinct peaks of
Mg2SiO4 can be seen even after HF solution treatment, the result
confirms that NaCl additive is especially important to avoid the
formation of byproduct of Mg2SiO4 difficult to be removed. Owing



Fig. 1. Schematic diagram of preparing the coral-like porous Si/C (CLP-Si/C).

Fig. 2. (a) XRD patterns of diatomite before and after MRR; (b) the Raman spectrum of the CLP-Si/C sample; (c) TG curve of the CLP-Si/C sample.
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to the exothermic nature of MRR (SiO2 þ Mg / Si þ MgO
DH ¼ �546.42 kJ mol�1) [18], the local temperature of furnace
chamber is most probably higher than the given temperature of
3

700 �C, which can cause the formation of Mg2SiO4 by the side re-
action of MgO and SiO2 when temperature is higher than 850 �C .
Since themelting point of pure NaCl is 804 �C, NaCl can act as a heat
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scavenger to avoid the side reaction occurring at the higher tem-
perature through the endothermic process of melting NaCl during
the MRR.

Fig. 2b shows the Raman spectra of CLP-Si/C sample. The sharp
peak at 518 cm�1 and another twoweak peaks at 306 and 948 cm�1

are corresponding to the characteristic peaks of crystalline Si
[21,22]. The presence of the peaks at 1339 cm�1 and 1593 cm�1 in
the Raman spectrum (referred as the D-band and G-band of carbon,
respectively) confirms the existence of the carbon layers. The ID/IG
value of 1.11 also reflects the low graphitic degree in the carbon
layers. The presence of the carbon layers can improve the electrical
conductivity of the anode and strengthen the structural strength of
the composite material and thus could improve cycle stability of
anode. In addition, the Si content of CLP-Si/C determined by ther-
mogravimetry (TG)is shown in Fig. 2c, which is about 82%.

Fig. 3 shows the SEM images of samples. The pure diatomite
looks like a round sieve with many uniform distributed circular
pores with size around several hundreds of nanometers. After the
MRR and HCl solution treatment, the obtained sample appears the
morphology of small particles fused together and there are still
some macropores inheriting form diatomite, but there also many
new formed pores between the small particles, probably which are
produced by the removal of byproduct of MgO. After acetylene CVD,
it is more clearly to observe those small particles fused together and
the pores since the enhanced conductivity by carbon layers. After
HF solution treatment, the final product of CLP-Si/C exhibits a coral-
like morphology that many small particles fused connection and
there are many cavities with different depth between the fused
particles resulted by the remove of the unreacted SiO2.

HRTEM was used to further observe microstructure of CLP-Si/C.
The carbon layers with the thickness of about 10 nm around Si
particles can be observed and there are some space between the
carbon layer and Si particles to construct a shell-core structure of
the carbon-coated silicon particles as shown in Fig. 4a and b. In the
silicon particles inside carbon shells, many pores with the size of
about several tens of nanometers can be also seen, which could be
produced by the removal of MgO and SiO2 as shown in Fig. 4b.
Moreover, by the HRTEM with a larger magnification (Fig. 4c) the
smaller particle structures can be observed and there are obvious
mesoporous channels among them, which can be attributed to
Fig. 3. SEM images of the (a) diatomite; (b) reduction products of diatomite (SiO2þSi);
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MRR to produce visible mesopores (2e50 nm). In this image, the
size of the finally reduced silicon nanoparticles (SiNPs) can be
confirmed to be around 10 nm, the particle has obvious lattice
fringes corresponding to the 111 crystal plane of Si (Fig. 4d). It was
reported that the critical dimension of fracturing of Si lithiation is
about 150 nm, below which Si nanoparticles have the toughness
enough to endure Si lithiation repeatedly without fracturing [23].
The CLP-Si/C prepared by MRR of diatomite owns not only porous
structure to alleviate the volumetric effect but also has good
toughness to prevent Si from fracture during Si lithiation and
delithiation. Therefore, CLP-Si/C is expecting for using anode ma-
terials of LIB.

N2 adsorption-desorption isotherms of samples were measured
and used to analyze the SSA and pore size related parameters, the
results are shown in Fig. 5a. Diatomite has only 5.84 m2 g�1 since it
contains only a few of macropores as shown in SEM images
(Fig. 3a). However, CLP-Si/C has the obvious adsorption capacity in
the all relative pressure. A hysteresis loop in the range of middle-
high pressure suggests the mesoporous and macroporous struc-
ture of material. Pore size distribution (PSD) curve shown by Fig. 5b
further confirms the hierarchical pore consisting of meso- and
macropores. Pores of CLP-Si/C are mainly focused on size of 3.1, 9.2,
15.0, 26.9, 37.0, 52.7 and 68.3 nm, respectively. According to the
process of preparing CLP-Si/C, these hierarchical pores most derive
from diatomite itself including themacropores of diatomite and the
new produced meso-/macro-pores through removing the unreac-
ted SiO2 in the diatomite and byproduct of MgO of MRR. Abundant
pores bring CLP-Si/C a large SSA and a high pore volume as listed in
Table 1. CLP-Si/C has a SSA of 359.09 m2 g�1 and a high pore volume
of 0.7436 cm3 g�1 that is much larger than the pristine diatomite of
5.84 m2 g�1 and 0.0023 cm3 g�1, respectively. A large SSA of CLP-Si/
C could supplies more electrochemical reaction sites facilitating the
lithiation and delithiation [24,25]. Abundant and hierarchical pores
in CLP-Si/C could efficiently accommodate the volumetric change
and bring a good cycling stability when using as anode of LIB.

The electrochemical performance of CLP-Si/C anode of LIB was
tested by CV and galvanic charge-discharge technology. Fig. 6a
shows the potential profiles of CLP-Si/C electrodes at a rate of
250 mA g�1 for 1st, 2nd, 10th, 50th and 100th cycles in the voltage
window of 0.01e1.5 V vs. Li/Liþ electrode. The initial discharge and
(c) carbon-coated reduction product; (d)e(f) CLP-Si/C at different magnifications.



Fig. 4. TEM images of CLP-Si/C at different magnifications.

Fig. 5. (a) Nitrogen adsorption/desorption isotherms and (b) pore-size distribution curves using nonlocal density functional theory (NLDFT) of the sample without HF acid etching
and CLP-Si/C sample.

Table 1
Specific surfaces area and porosity of the samples.

Sample Stotal (m2 g�1)a Vtotal (cm3 g�1)b Vmicropores (cm3 g�1)b Vmesopores (cm3 g�1)b Vmacropores (cm3 g�1)b APW (nm)c

DE 5.835 0.0023 0.0006 0.0015 0.0002 1.558
Si/SiO2@C 159.798 0.1498 0.0065 0.1275 0.0158 8.227
CLP-Si/C 359.085 0.7436 0.0083 0.6613 0.0740 10.870

a Total surface areas are derived using the multipoint Brunauer-Emmett-Teller (BET) method.
b Total pore, micropore (<2 nm), mesopore (2e50 nm) and macropore (>50 nm) volume are derived using the nonlocal density functional theory (D ¼ 4 V/A by NLDFT).
c Adsorption average pore width are derived using the multipoint Brunauer-Emmett-Teller method (D ¼ 4 V/A by BET).
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Fig. 6. Electrochemical performances of CLP-Si/C anode. (a) Discharge-charge curves at a current density of 0.25 A g�1 between 0.01 and 1.5 V (vs. Li/Liþ); (b) cycling performance at
current density of 0.25 A g�1 for 100 cycles; (c) rate capability at various current density from 0.5 to 4 A g�1; (d) CV curves at a scan rate of 0.05 mV s�1 in the voltage range of
0.01e1.5 V (vs. Li/Liþ).
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charge capacity of CLP-Si/C is 2219.1 and 1373.0 mAh g�1 with an
initial Coulomb efficiency (ICE) of 61.9%. The moderate ICE is
probably associated with the large SSA of CLP-Si/C facilitating the
generation of SEI film that consumes a part of Liþ [26,27]. Notice-
ably, this disadvantage in ICE can be overcome by the simple pre-
lithiation [28,29]. The curve of the first discharge has a plateau
below 0.10 V vs. Li/Liþ, which generally requires a large polarization
in the first cycle [30]. From the second cycle, the discharge platform
is stabilized at 0.18 V vs. Li/Liþ. Subsequently, the electrode was
charged and Liþ ions were released from the LixSi. Fig. 6b shows
cycling curve of CLP-Si/C electrodes at a rate of 250 mA g�1. After
100 cycles, a reversible capacity of 990.6 mAh g�1 is maintained
and the capacity retention of CLP-Si/C anode is 72.1%. Rate capa-
bility of the CLP-Si/C anode was examined by continuous testing
from 0.5 A g�1 to 4.0 A g�1 for 10 cycles and the results are shown in
Fig. 6c. The average reversible capacity of anode at the corre-
sponding current density is 733.8, 600.7, 442.8 and 297.6 mAh g�1

in turns, once the current density is directly down to the initial
6

value of 0.5 A g�1 from 4.0 A g�1, the capacity of 650.2 mAh g�1 is
still kept. Electrochemical tests demonstrate that CLP-Si/C owns a
satisfying capacity, cycling stability and rate performance as anode
of LIB. Compared with previous reports, CLP-Si/C anode has certain
advantages in reversible capacity and stability (as show in Table 2).

Fig. 6d shows CV of CLP-Si/C electrode in the potential range of
0.01e1.5 V with a scanning rate of 0.05 mV s�1. At the first cycle, a
broad cathodic peak appearing around 0.75 V could be attributed to
the electrolyte decomposition and the concomitant formation of
SEI films leading to the irreversible capacity of anode [31]. The
intense peak locating from 0.13 to 0.01 V vs. Li/Liþ is assigned to Si
lithiation process. The cathodic peaks around 0.18 V vs. Li/Liþ are
corresponded to the Si lithiation process resulting in the formation
of LixSi alloy. During the Si delithiation process, two anodic peaks at
about 0.32 and 0.53 V vs. Li/Liþ could be assigned to the delithiation
processes of alloys that are the phase transition from Li15Si4 to
amorphous LixSi and subsequent transition from amorphous LixSi
to Si [32]. The phenomenon indicates a kinetic enhancement



Table 2
Electrochemical performance of Si/C anode of LIB by using diatomite as precursor.

Sample Current density Number of Cycles Initial capacity Reversible capacity References

Si/C 50 mA g�1 30 1628 mAh g�1 759 mAh g�1 Wang et al. [17].,2012
Si/C 0.2 mA cm�2 30 1818 mAh g�1 633 mAh g�1 Shen et al. [34].,2012
Si/G 100 mA g�1 50 780 mAh g�1 600 mAh g�1 Zhang et al. [35].,2017
Si/G 200 mA g-1 140 562 mAh g�1 460 mAh g�1 Guo et al. [36].,2020
CLP-Si/C 250 mA g�1 50 1373 mAh g�1 1184 mAh g�1

This Work

CLP-Si/C 250 mA g�1 100 1373 mAh g�1 991 mAh g�1

Fig. 7. SEM images of anode disk. (a) and (b) before cycling, (d) and (e) after 100 cycles, (c) and (f) cross-sectional observation before cycling and after 100 cycles at 0.25 A g�1

(alloyed).
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process of the CLP-Si/C anode before stabilization, which usually
happens for the Si-based anodes [33].

The microstructure and morphology evolution of CLP-Si/C
anode before and after the cycling tests were observed by using
SEM and the results are shown in Fig. 7. Before the cycling tests, the
surface of CLP-Si/C electrode appears uniform, smooth and a few
cracks (Fig. 7a). After 100 cycles, the surface of electrode is slightly
changed and the uniformly distributed shallow cracks can be
observed possible due to the formation of SEI film and slight vol-
ume expansion of electrode, however, the integrity of the electrode
is still maintained. Furthermore, SEM images of the cross-sectional
view of electrodes show that the average thickness of active ma-
terial well adhered to Cu current collector is 38.0 mm before the
cycling test, after 100 cycles which is about 40 mm, which increases
only about 5% in thickness. Compared to volumetric change of bulk
Si (>300%), only a 5% increase in the electrode thickness even after
100 cycles well demonstrates the accommodation effect on volu-
metric change of Si by the CLP-Si/C.
4. Conclusions

By using a natural diatomite as both the precursor and self-
template, a coral-like porous Si/C (CLP-Si/C) material has been
successfully synthesized by the technology of MRR and acetylene
CVD. CLP-Si/C owns a hierarchical pore structure of meso-/macro-
pores that are inherited from diatomite itself, the unreacted SiO2 in
diatomite and MgO byproduct of MRR. Meanwhile CLP-Si/C is
7

constructed by a carbon shell and a porous nano-Si core. Hierar-
chical meso-/macropores and shell-core structure of CLP-Si/C ma-
terials can efficiently accommodate the volumetric effects of Si
lithiation, there is only 5% increase in the thickness of active ma-
terials pasted on Cu collector after 100 charge-discharge cycles.
Therefore, CLP-Si/C anode keep a reversible capacity of 990.6 mAh
g�1 at a rate of 250 mA g�1 and exhibit a retention of 72% after 100
cycles. Since a good performance and the low cost of CLP-Si/C
synthesized by using natural diatomite as precursor and tem-
plate, the present work would contribute to develop the practical
production and application of high-performance Si based anode
materials in LIB.
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