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Rapid CO, exfoliation of Zintl phase CaSi,-derived ultrathin free-standing
Si/Si0,/C nanosheets for high-performance lithium storage

Lin Sun'?, Jie Xie!, Songchao Huang', Yanxiu Liu', Lei Zhang', Jun Wu' and Zhong Jin"*"

ABSTRACT Semiconducting silicon (Si) nanomaterials have
great potential for the applications in electronics, physics, and
energy storage fields. However, to date, it is still a challenge to
realize the batch production of Si nanomaterials via efficient
and low-cost approaches, owing to some long-standing
shortcomings, e.g., complex procedures and time and/or en-
ergy consumption. Herein, we report a green and inexpensive
method to rapidly obtain two-dimensional (2D) free-standing
Si/SiO, nanosheets via the rapid thermal exfoliation of layered
Zintl compound CaSi,. With the help of the rapid exfoliation
reaction of CaSi, in the atmosphere of greenhouse gas CO,,
and the following mild sonication, 2D free-standing Si/SiO,
nanosheets can be produced with very high yield. After ap-
plying the coating of a thin carbon outer layer, the electrodes
of Si/Si0O,/C nanosheets serving as the anodes for lithium-ion
batteries exhibit ultrahigh reversible capacity and outstanding
electrochemical stability. We expect this study will provide
new insights and inspirations for the convenient and batch
production of nanostructural Si-based anode materials to-
wards high-performance lithium-ion batteries.

Keywords: lithium-ion battery, two-dimensional silicon, anode,
calcium silicide, greenhouse gas

INTRODUCTION

With the rapidly increasing demand for energy storage devices
with high energy and power densities, it is of significant
importance to discover and develop high-performance electrode
materials for lithium-ion batteries (LIBs) [1-6]. In the past
decade, silicon (Si)-based nanomaterials have been considered as
one of the most promising alternative anode materials that may
replace traditional graphite anode due to their ultrahigh specific
capacity, abundance in the Earth, and relatively low working
voltage [7-9]. However, both the issues of large volume
expansion during the charge-discharge processes and the
intrinsic poor conductivity of Si and SiOy are still huge obstacles
that hinder the development of Si-based anodes with high rate
performance and long cycle lifetime [10-12].

In recent years, two-dimensional (2D) nanomaterials have
been in the spotlight of research efforts since the discovery and
development of emblematical graphene [13-15] and graphene-
like 2D nanomaterials (e.g., transitional metal dichalcogenides

(TMDs) [16-19], MXenes [20-24], h-BN [25,26] and g-C;N,
[27-29]). Because electrons are confined in ultrathin environ-
ments, 2D nanomaterials usually exhibit inimitable physical,
electronic and chemical properties. When serving as an elec-
trode material, Si with ultrathin 2D structures is expected as one
of the most promising and effective anodes that will con-
currently minimize the volume effects and accelerate electron
migration [30-40]. Unfortunately, to date, rapid and efficient
strategies to produce 2D Si and/or SiO, nanomaterials in high
yields are still lacking.

CaSi, is a layered Zintl compound in which the Ca and Si
atomic layers are alternately stacked. Developing practical
methods to exfoliate CaSi, is considered a hopeful route for the
facile access to 2D Si nanomaterials. Most recently, several
strategies have been proposed to break Ca-Si heteropolar bonds
within the Zintl CaSi,. For instance, concentrated acid etching at
a low temperature (—30°C) was employed by Kumai et al. [41] to
obtain 2D SigHg nanosheets. However, SigHg was not suitable to
directly serve as an anode material in LIBs because of the limited
lithium storage capacity (calculation reveals that the capacity
contributions of the SigHs anode are merely rooted in the
exchange of H and Li). Our previous work also developed a
solvothermal method to prepare ultrathin SiO, nanosheets in
ionic liquids in the presence of ammonium salt [42]. It is worth
noting that these existing methods usually have some short-
comings, such as rigorous reaction conditions with harsh tem-
perature, low yield, long reaction time or environmental
pollution. Accordingly, it is necessary to develop a convenient
and environmentally friendly strategy to synthesize 2D Si-based
nanomaterials.

In this work, combining the interaction between CaSi, and
greenhouse gas CO, and the assistance of mild sonication, we
developed an efficient and green process to rapidly obtain 2D
free-standing Si/SiO, nanosheets with ultrathin thickness of
several nanometers. This method was environmentally friendly
and it could significantly reduce the exfoliation reaction time.
After coating with a thin carbon layer, the as-prepared Si/SiO,/C
nanosheets showed outstanding electrochemical stability when
serving as an anodic electrode in LIBs. It delivered a high
reversible specific capacity of ~1400mAhg™ at a current den-
sity of 0.1 Ag™, and the capacity could be maintained even
charging-discharging over 900 cycles. The superior electro-
chemcial performance could be attributed to the following
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merits: (1) 2D ultrathin nanostructures with a large lateral size
could effectively alleviate the stress induced by the volume
expansion, and (2) the presence of SiO, and carbon coatings is
beneficial for the cycling stability and rate perfromance of the
2D Si anodes. It is believed that this work will provide new
insights into the preparation of 2D Si-based nanomaterials that
will attract widespread attention in the areas of materials science
and high-energy batteries.

EXPERIMENTAL SECTION
Materials synthesis

Synthesis of ultrathin 2D Si/SiO, nanosheets

Briefly, commercial CaSi, powders (Sigma-Aldrich) were
immersed into 2.0 mol L™ aqueous NaOH solution and stirred at
600 rpm for 3h at room temperature to dissolve any possible
crystalline silicon impurities. The treated CaSi, was collected by
centrifugation, washed with distilled water, and dried under
vacuum for 4 h. The NaOH-treated CaSi, was placed in the
center of a tube furnace and treated by a CO,/Ar (1:4 in volume)
gas flow at 700°C for 3 h. The volume flow rate of CO,/Ar was
~100mLmin™}, the inner diameter of the tube reactor was
45 mm, and the reaction was performed at atmospheric pressure.
After the reaction, the formed dark-grey product was sonicated
in dilute HCI solution and then distilled water to afford yel-
lowish-brown production of ultrathin 2D Si/SiO, nanosheets,
and the conversion rate in terms of the utilization of Si atoms
can be calculated as high as 95%.

Preparation of Si/SiO,/C nanosheets

For carbon coating, the as-prepared Si/SiO, nanosheets (0.4 g)
were poured into tris-buffer (100 mL, 10 mmolL™) and soni-
cated for 5min. Subsequently, 0.2 g of dopamine hydrochloride
was added in the mixture, and the dispersion was further stirred
for 10 h to induce the in situ polymerization of polydopamine on
the surface of Si/SiO, nanosheets. The product was collected and
dried under vacuum. The dried sample was placed in a tube
furnace and heated under high-purity Ar atomasphere at 400°C
for 2 h with a heating rate of 2°C min’, and then at 800°C for 3h
with a heating rate of 5°Cmin™ to yield black Si/SiO,/C
nanosheets. The pressure and Ar flow rate for the carbonization
of the polydopamine coated on the Si/SiO, nanosheets are close
to the reaction condition between CaSi, and CO,.

Characterizations

Powder X-ray diffraction (PXRD) data were collected on an
X'Pert3 Powder instrument (PANalytical, Netherland) using a
Cu Ka radiation at room temperature. Scanning electron
microscopy (SEM) was conducted on a Nova NanoSEM 450
field-emission scanning electron microscope at an acceleration
voltage of 15kV. Transmission electron microscopy (TEM) and
energy dispersive X-ray spectroscopy (EDS) were carried out
using a JEM-1400-plus instrument (Japan). Atomic force
microscopy (AFM) was conducted using a SPI3800/SPA400
instrument (Seiko Inc., Japan). Raman spectroscopy (InVia-
Reflex, Renishaw) was performed with a laser source of 633 nm
wavelength. X-ray photoelectron spectroscopy (XPS) data were
recorded with an ESCALAB 250Xi (Thermo Fisher Scientific).
Thermogravimetric analysis (TGA) was performed on a simul-
taneous STA449C thermal analyzer under flowing air with a

heating rate of 5°Cmin™". Nitrogen adsorption/desorption iso-
therms were collected at 77 K (Micrometrics ASAP 2020 ana-
lyzer) after vacuum degassing of the sample at 200°C for 8 h.

Electrochemical measurements

CR2025 cells were assembled in an Ar-filled glove box to per-
form the electrochemical experiments. The electrode was com-
posed of 80 wt% of active material, 10 wt% of conductive
graphite, and 10 wt% of sodium carboxymethyl cellulose as a
binder. The mixture was stirred in deionized water and blade-
coated on a piece of Cu foil. After drying at 90°C in vacuum for
12h, the foil was cut into disks of 12mm in diameter. The
electrolyte consisted of a solution of 1.0 mol L' LiPFs in a
mixture of ethylene carbonate/diethyl carbonate (EC/DEC, 1:1
in volume) with 2 wt% of vinylene carbonate additive. Pure Li
foils were used as counter electrodes. The discharge-charge
measurements were performed on a Neware battery testing
system (Shenzhen, China) at the constant current mode in the
range of 0.01-2.0 V. The specific capacities were calculated based
on the total weight of Si/SiO,/C nanosheets. The loading weight
of active material was fixed at ~1.0 mgecm ™2

RESULTS AND DISCUSSION

Here, we present a very facile and green procedure for obtaining
ultrathin Si/SiO,/C composite nanosheets, as illustrated in
Scheme 1. It is found that greenhouse gas CO, can readily react
with Zintl phase CaSi, to rapidly separate Si and Ca layers. After
removal of the byproduct CaCO;3/CaO and mild sonication, the
free-standing ultrathin Si/SiO,/C nanosheets can be produced.
As shown in Fig. 1a, the PXRD pattern of the pristine technical
grade Zintl CaSi, shows the presence of silicon impurities. To
eliminate the effect of Si impurities (e.g., serving as a capacity
contributor) and obtain a deep understanding of the conversion
reaction mechanism, it is necessary to remove the crystalline Si
impurities before using the pristine CaSi,. In this work, most of
the Si impurities were removed from CaSi, via the treatment in
2.0 mol L™! NaOH aqueous solution, as shown in the red curve
of Fig. la. Meanwhile, the morphology and structure of CaSi,
after NaOH treatment were almost unchanged, as shown in Fig.
S1. The NaOH-treated CaSi, was placed in the center of a tube
furnace and reacted with flowing CO,/Ar (1:4 in volume) gas at
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Scheme 1 Schematic illustration of the preparation of the 2D free-standing
Si/SiO, and Si/SiO,/C nanosheets.
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700°C. The CaSi, precursor readily reacted with CO, to produce
dark-gray Si/SiO, nanosheets, CaO, CaCO; and almost negli-
gible amount of carbon, and the corresponding XRD pattern is
shown in Fig. 2b. The coexistence of CaCO; and CaO could be
attributed to the following thermal exfoliation reaction:

2CaSi, + 2CO, 1 4Si + CaO + CaCO, + C. (1)

Fig. 2a shows the SEM image of the as-prepared (unwashed)
Si/SiO, nanosheets with plate-like structures. The high-resolu-
tion TEM (HRTEM) image (Fig. 2d) exhibits three sets of dis-
tinct lattice fringes of 0.32, 0.30, and 0.24 nm in accordance with
the (111) planes of crystalline cubic Si, (104) planes of hexagonal
CaCO;, and the (200) planes of cubic CaO, respectively, which
means the byproduct CaO and CaCO; are included in Si/SiO,
nanosheets before washing. After washing with dilute HCI

solution and sonication for 20 min, the 2D free-standing ultra-
thin Si/SiO, nanosheets were further exfoliated and purified, as
shown in Fig. 2b, thus providing more clearer evidence of the
sheet-like structure. The produced free-standing Si/SiOy
nanosheets exhibit ultrathin structures with an average thickness
of 8 nm, as shown in Fig. S2.

To further improve the electronic conductivity, the ultrathin
Si/SiO, nanosheets were treated by in-situ polydopamine poly-
merization followed by high-temperature carbonization to form
an outer layer of carbon coating. The SEM and TEM images of
the carbon-coated Si/SiO,/C nanosheets are shown in Fig. 2¢, e,
respectively. Fig. 2c shows that the surface of the as-prepared 2D
Si/Si0,/C nanosheets becomes rougher after the carbon coating.
The TEM image in Fig. 2e also reveals the 2D layered structures
of Si/S8i0,/C nanosheets. The chemical compositions of Si/SiO,/

a . b
+ Si impurity
3 3
s . s
2 >
= 2
5 s
£ =
Ca0o
\.L ! | | i
PR L 11 11 1 Il 1I jcacos
10 20 30 40 50 60 70 20 30 40 50 60 70

26 (°)

Figure 1

26 ()

PXRD patterns of (a) the pristine CaSi, (black curve), and CaSi, after treated in 2.0 mol L' NaOH solution (red curve); (b) the as-prepared

ultrathin 2D Si/SiO, nanosheets before HCI washing, as well as the standard PXRD PDF cards of CaO and CaCO;.
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Figure 2 SEM images of (a) the as-prepared 2D Si/SiO, nanosheets before acid washing, (b) free-standing Si/SiO, nanosheets after sonication in HCl
solution, and (c) Si/SiO,/C nanosheets after carbon coating. (d) HRTEM image of the Si/SiO, nanosheets before acid washing and (e) TEM image and (f) EDS
spectrum of the Si/SiO,/C nanosheets. (g-i) The Si, O, and C elemental mappings of the Si/SiO,/C nanosheets.
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C nanosheets were also investigated by EDS, as shown in Fig. 2f.
The presence of Si, O, and C elements was confirmed, and no
impurities could be detected. Moreover, the elemental mappings
clearly demonstrate the homogeneous distribution of Si, O, and
C species in the Si/SiO,/C nanosheets (Fig. 2g-i), implying the
uniform coating of outer carbon layer. Moreover, the optical
photographs of the product under different reaction stages are
shown in Fig. $3. As shown in Fig. S3b, after alkali treatment, the
impurity of crystalline Si (Fig. S3a) in the pristine CaSi, is
removed. Afterwards, the color of CaSi, changes into yellowish-
brown after reacting with CO, as exhibited in Fig. S3¢, d, which
can be explained as the formation of Si nanomaterials. After
carbon coating , the color of the product turns into light black,
as shown in Fig. S3e.

Fig. 3a shows the XRD patterns of Si/SiO, and Si/SiO,/C
nanosheets, respectively. All of the diffraction peaks centered at
20 values around 28.5, 47.4, and 56.2° are assigned to the (111),
(220), and (311) planes of cubic Si phase, respectively. In addi-
tion, after coating with carbon, the XRD pattern of Si/SiO,/C
nanosheets exhibits an obvious wide peak at around 25.2°,
corresponding to the (002) planes of partially graphitic carbon
outer layer derived from the pyrolysis of polydopamine. Fig. 3b,
¢ show the N, adsorption/desorption isotherms and pore size
distribution of Si/SiO, nanosheets, respectively. The Brunauer—
Emmett-Teller (BET) surface area of 2D Si/SiO, nanosheets was
measured to be 121.7 m?g™" with type IV N, adsorption/deso-
rption isotherms, indicating the presence of mesopores in the
nanosheet structure. An average pore size of approximately
6.8nm in diameter was obtained when using the Barrett-Joy-
ner-Halenda (BJH) model to analyze the pore features of the 2D
Si/SiO, nanosheets. The mesopores formed in the 2D Si/SiO,
nanosheets likely result from the templating effect of in-situ
generated CaO and CaCOs;. After coating with thin carbon
layers, as shown in Fig. S4, the BET surface area of the Si/SiO,/C
nanosheets is reduced to 79.2m?g™!, and no pore structures
could be observed, which is mainly ascribed to the filled carbon

within pore channels. The XPS survey spectra of the Si/SiO,
nanosheets is illustrated in Fig. S5 with no impurities other than
Si, C, and O elements. The Si 2p XPS spectrum of the freshly
prepared 2D Si/SiO, nanosheets shows two main peaks at 99.4
and 103.6 eV, respectively, as shown in Fig. 3d. These two peaks
could be further deconvolved into five peaks at 99.4, 100.2,
102.6, 103.6, and 104.5 eV, which correspond to Si (0), Si (+1), Si
(+2), Si (+3), and Si (+4) species, respectively [43-46]. The
oxidation layer on the Si surface is unavoidable after the sample
is exposed to air. Fortunately, an increasing number of investi-
gations have confirmed that the presence of a small amount of
SiO, is beneficial to the electrochemical stability of Si-based
anodes [47-55]. After the coating of carbon layer, the Raman
spectrum of Si/SiO,/C nanosheets in Fig. 3e demonstrates the
presence of crystalline Si and partially graphitic carbon. The
intense peak at approximately 520cm™ is associated with the
Raman signal of crystalline Si. The two peaks located at 1350 and
1590 cm™ correspond to the D band (disordered carbon) and G
band (graphitic carbon) of the coated carbon layer, respectively.
The calculated intensity Ip/Ig value of Si/SiO./C nanosheets is
0.86, suggesting the partial graphitization of carbon, which is
consistent with the XRD characterization result. Fig. 3f shows
that the weight content of the coated carbon layer in the Si/SiO,/
C nanosheets is ~15 wt%, which is beneficial for achieving a high
total specific capacity of the anode.

To investigate the lithium-storage mechanism, the cyclic vol-
tammetry (CV) profiles of Si/SiO,/C nanosheets electrode dur-
ing the first three cycles were evaluated at a scanning rate of
0.02mV s™* (Fig. 4a). In the first discharge process, a weak broad
peak was detected between 0.3 and 0.8V, which was not
observed during the following cycles. This lithiation peak could
be attributed to the irreversible formation of the solid electrolyte
interphase (SEI) film [56,57]. In the first charge process, the
peaks located at 0.33 and 0.54 V are ascribed to the delithiation
process [58]. In addition, the broad anodic peaks at ~1.2V is
ascribed to the dealloying process of Li;Si,Os [59,60]. This peak
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Figure 3 (a) XRD patterns of the ultrathin free-standing Si/SiO, and Si/SiO,/C nanosheets, respectively. (b) N, sorption-desorption isotherms and (c) pore
size distribution of the Si/SiO, nanosheets. (d) Si 2p XPS spectra of the Si/SiO, nanosheets. () Raman spectrum and (f) TGA curves of the Si/SiO, and

Si/SiO,/C nanosheets.
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Figure 4 (a) CV curves and (b) charge-discharge curves of the Si/SiO,/C nanosheets electrode during the first three cycles. (c) Rate performance of the Si/
SiO,/C nanosheets electrode. (d) Long-term cycling stability and the corresponding coulombic efficiency of the Si/SiO,/C nanosheets electrode at a current

density of 0.5A g™

disappears in the following cycles, owing to the irreversible
reactions. Furthermore, the CV curves from the 2nd to the 3rd
cycle almost overlap, indicating that the Si/SiO,/C electrode
possesses good electrochemical reversibility. Fig. 4b presents the
charge-discharge curves of Si/SiO,/C nanosheets electrode dur-
ing the initial three cycles at a current density of 0.1 Ag™". The
initial specific discharge and charge capacities of the Si/SiO,/C
nanosheets electrode are 2067.2 and 1267.2mAhg™, respec-
tively, achieving an initial coulombic efficiency of 61.3%. The
capacity loss during the first cycle is mainly attributed to the
generation of the SEI film and the irreversible side reaction
between SiO, and the organic electrolyte [61]. Moreover, in the
first discharge profile, the existing plateaus between 0.3 and
1.5V are in accordance with the CV result. After the first cycle,
the coulombic efficiency of the Si/SiO,/C electrode increases to
91% during the second cycle and then rapidly reaches high
values over 99% in the subsequent cycles.

Fig. 4c shows the rate performance of the Si/SiO,/C nanosh-
eets electrode. Before the rate performance test, the electrode
was activated at low current densities for 5 cycles. The Si/SiO,/C
nanosheets electrode delivered high specific discharge capacities
of 1439, 988, 825, 730, 600, and 541 mAhg™ at the current
densities of 0.1, 0.3, 0.6, 1.0, 1.5, and 2.0 A g/, respectively. The
§i/8i0,/C electrode exhibits good reversibility, and the specific
discharge capacity recovered to 1380 mA h g™ when the current
density returned to 0.1 Ag ™' after the charge-discharge cycles at
high current densities.

The long-term cycling stability of the Si/SiO,/C electrode was
also evaluated, and the results are shown in Fig. 4d and Fig. S5.
During the charge-discharge processes at a small current density
of 0.1Ag™", the Si/SiO,/C nanosheets electrode shows good
electrochemical stability and a high specific capacity of
~1400mAhg™ even after 200 cycles (Fig. S5). Furthermore,
when the current density increases from 0.1 to 0.5 A g™’ the Si/

SiO,/C nanosheets electrode also delivers an ever-increasing
specific capacity of ~900 mA h g™ after 920 cycles (Fig. 4d). The
phenomenon of increasing capacity could be mainly attributed
to the sluggish electrolyte wetting, which is also reported in
other studies [62,63]. On the other hand, the cross-sectional
SEM images of the Si/SiO,/C nanosheets electrode also provides
solid evidence that the 2D Si/SiO,/C nanosheets could effectively
alleviate the volume variations during the charge-discharge
processes. As presented in Fig. S6, the Si/SiO./C nanosheets
electrode at freshly-prepared status and delithiated status after
500 cycles exhibit negligible changes in electrode thickness.
Meanwhile, the SEM image (Fig. S7) of the Si/SiO,/C nanosheets
electrode after 500 cycles (washed with acetonitrile to remove
the SEI layer before SEM measurements) also reveals that the 2D
structures of Si/SiO,/C nanosheets could be maintained even
after deep charging-discharging cycles.

In contrast to the high cycling stability of the Si/SiO,/C
nanosheets electrode, the Si/SiO, nanosheets electrode without
carbon coating displays rapid capacity fading due to the rela-
tively poor conductivity. As shown in Fig. S8, after merely a few
cycles, the discharge capacity of the Si/SiO, nanosheets electrode
decreases to almost zero. The Nyquist plots of the Si/SiO, and Si/
SiO,/C nanosheets electrodes measured by electrochemical
impedance spectroscopy (EIS) based on a three-electrode test
system are presented in Fig. 5. The main difference in the
Nyquist plots of these two electrodes is presented in the two
distinct semicircles in the high-frequency regions. Apparently,
after the carbon coating, the Si/SiO,/C nanosheets electrode
exhibits significantly lower resistance than the Si/SiO, nanosh-
eets electrode, indicating that the conductive coating on the Si/
SiO, nanosheets can greatly improve the electroconductivity and
cycling stability.
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Figure 5 EIS curves of the Si/SiO, and Si/SiO./C nanosheets electrodes.

CONCLUSIONS

In summary, here we propose a convenient and environmentally
friendly method to prepare 2D free-standing Si/SiO,/C
nanosheets with ultrathin thicknesses in a batch scale. The
exfoliation reaction of CaSi, in CO, atmosphere could produce
ultrathin Si/SiO, nanosheets and in situ generate the side pro-
ducts of CaCO; and CaO. During the following sonication in
HCI solution, free-standing Si/SiOx nanosheets could be easily
produced with a high yield. After carbon coating, the 2D Si/
SiO,/C nanosheets were produced, which exhibited high capa-
city and excellent cycling stability when serving as anode
material in LIBs. The reversible specific capacity was as high as
~1400mA h g™ even after 200 cycles at 0.1 A g™". The discharge
capacity can maintain at ~900mAhg™ even after charging-
discharging at 0.5 A g™ for 920 cycles, indicating the remarkable
cycling stability. We expect that this work will provide new
insights and inspirations to rationally design and fabricate low-
dimensional Si-based anode materials for high-performance
LIBs.
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