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Sulphur (S)-template method based on conventional slurry-casting method has been developed to pro-
duce porous silicon (Si) electrodes. The facile fabrication technology is suitable for current production
line and expected to be widely applied to various electrode materials under large volume change during
operation. Specifically, S particles as template agent are mixed with active material Si, carbon conductor
and binder forming uniform slurry. After casting and drying, the electrodes are immersed in carbon disul-
fide solution to remove S particles rapidly, generating pores in-situ at the original position of S particles.
Electrochemical analysis shows that the pores inside electrodes are able to shorten lithium ion diffusion
paths, reduce normal expansion rate and decrease formation of cracks in the Si electrode (2 mgs;/cm?),
demonstrating a reversible capacity of 951 mAh/g at 0.5 A/g after 100 cycles (with a capacity retention
of 99.5%) and a capacity of ~826 mAh/g at 2 A/g.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

To meet the growing energy demands, numerous researchers
devote themselves to develop light and portable storage batter-
ies [1]. Alloying-type electrode materials for lithium ion batteries
(LIBs) have been attracting extensive attention due to their high
gravimetric and volumetric capacity, such as Si, Al, GeS and SnS
[2-6]. However, alloying-type electrode materials show dramatic
volume change during cycling, which results in the generation of
cracks along the electrodes and subsequently exfoliation of ac-
tive materials away from current collectors [7]. Therefore, alloying-
type electrodes tend to show poor cycling stability and are diffi-
cultly applied in markets [8]. To overcome the issues mentioned
above, most of studies proposed designs on new structures at the
scale of a single particle, such as core-shell structures [9,10], yolk-
shell structures [11,12] or build integrated 3-dimentional structures
[13,14]. However, the solutions mentioned above are not suitable
for various alloying-type electrode materials because of complex
fabrication technologies and different physical and chemical prop-
erties of different matrixes.

Rolling, a traditional procedure during electrode preparation
following mixing slurry, casting and drying, is aimed to decrease
porosity, increase tap density, and improve electrochemical per-
formances of insertion-type electrodes with inconspicuous volume
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change rate. Instead, as for alloying-type electrodes, rolling might
be not suitable. Even more, appropriate pores introduced inside
the electrodes are hoped to accommodate the huge expansions of
alloying-type electrode materials during cycling. As a result, we
innovatively develop a new facile technology, namely template-
method, to generate pores inside the electrodes. Specifically, tem-
plates are introduced inside the electrodes and subsequently re-
moved to in-situ generate appropriate pores at the original position
of the templates inside the electrodes. Compared with the present
production line, this method does not change much except for the
procedure of removing templates. Therefore, template-method is
much more possible to be applied to prepare high-performance
porous alloying-type electrodes for mass production.

Silicon (Si) is one of the alloying-type anode materials and pos-
sesses extensive application potentials [15,16]. In this paper, micro-
sized sulphur (S) particles as template agent are added during the
process of mixing slurry, and subsequently washed away using car-
bon disulfide (CS,) to generate pores at the original position of
S particles inside Si anodes. In half-cell tests, the porous Si elec-
trodes show enhancing cycling life and excellent rate performance
compared to normal Si electrodes due to lower expansion rate of
electrodes, lower over-potential and faster lithium-ion (Li*) diffu-
sion rate. The porous Si electrodes at a high loading of about 2
mg(si)/cm2 offer reversible capacity of 951 mAh/g after 100 cy-
cles at 0.5 A/g with a capacity retention of 99.5% and high re-
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Fig. 1. The schematic illustration of porous electrodes via the modified slurry-casting method.

versible capacity of 825.9 mAh/g at 2 A/g. Furthermore, the pores
inside the porous electrodes are able to facilitate the Li™ diffusion
and show promising electrochemical performances. Therefore, the
template method can be applied to produce high-loading porous
electrodes including a series of cathodes and anodes in mass
production when appropriate template and corresponding solvent
moving away the templates are utilized.

Traditional slurry-casting method is used to fabricate porous
Si electrodes but further modified with an additional succeeding
process that using CS, to dissolve S particles as a template. The
schematic illustration of porous electrodes via the modified slurry-
casting method is shown in Fig. 1. Typically, S particles mix with
active material Si, conductive additive and binder in solution to
fabricate slurry cast on the carbon-coated Cu foil. After absolutely
dried, the pristine electrodes are immersed in CS, to move away
S particles and in-situ fabricate pores inside the electrodes. After
volatilization of CS, in ambient temperature, the porous Si elec-
trodes are prepared.

The surface morphology and phase constitution of the porous Si
electrodes before and after being washed using CS, are displayed
in Fig. 2. As shown in Fig. 2a, the pristine electrodes before being
washed by CS, are relatively flat. The bright part of the SEM im-
age is S particles caused by intensive electron charging as a result
of the relatively poorer electricity conductivity of S [17]. The EDS
element mapping (Fig. 2b) of Fig. 2a illustrates that the bright part
of the SEM image is S particles, which evenly distribute inside the
pristine electrodes. The SEM image and particle size distribution of
S particles are shown in Fig. 2f. The average particle size of S par-
ticles is 25.3um. S particles can rapidly dissolve in CS, for half a
minute. After the pristine electrodes are washed using CS,, plenty
of pores in-situ generate inside the porous electrodes at the origi-
nal position of S particles (Figs. 2c and e) and no S can be observed
by the EDS element mapping image (Fig. 2d) of Fig. 2c. The Si and
S element weight ratio of pristine electrode and porous electrode
are shown in Fig. 2h. XRD is conducted to further identify that the
S particles are totally moved away by CS,. As shown in Fig. 2g,
the pristine electrodes show intense XRD peaks of S. After being
washed by CS,, the electrodes only show the XRD peaks of active
material Si and current collector Cu, which also illustrates S par-
ticles are totally moved away by CS, and no other side reactions
occurs.

The electrochemical performances of Si electrodes and porous
Si electrodes at different Si loadings are shown in Fig. 3. The ini-
tial galvanostatic charge/discharge curves between 0.01V and 3.0V

(vs. Li/LiT) of Si electrodes and porous Si electrodes at 0.1 A/g are
shown in Fig. 3a. Si electrodes show lithiation capacity, delithiation
capacity and initial Coulombic efficiency (ICE) of 1492.4 mAh/g,
947.3 mAh/g and 63.5%, respectively, while the porous Si electrodes
exhibit those of 2024.8 mAh/g, 1284.9 mAh/g and 63.5%, respec-
tively. The results reveal the pores inside the porous Si electrodes
can increase the utilization rate of active Si but barely change the
ICE. Fig. 3b illustrates the locally magnified curves of Fig. 3a in po-
tential window between 0V and 0.3V (vs. Li/Li*). Over-potential is
caused by the polarization of electrode impacted by Li* diffusion,
resistance and so on [18]. Si electrodes exhibit obviously higher
over-potential of 53.3mV than that of 38.5mV for the porous Si
electrodes. That reveals the pores inside the porous Si electrodes
can reduce over-potential, which is beneficial from the improve-
ment of Lit diffusion rate (Fig. S1 in Supporting information).
Fig. 3c displays the galvanostatic charge/discharge cycling curves
of Si electrodes and porous Si electrodes at 0.5 A/g after initial
three cycles at 0.1 A/g, respectively. The capacity retention (after
103 cycles at 0.5 A/g compared with the 4t cycle) of the porous
Si electrodes of 99.5% is remarkably higher than that of Si elec-
trodes of 73.5%. The outstanding cycle stability of the porous Si
electrodes may be ascribed to a lower normal expansion rate of
electrode due to that pores inside the porous Si electrodes are able
to accommodate the expansion of lithiated Si. Fig. 3d demonstrates
the rate performances of Si electrodes and porous Si electrodes, re-
spectively. The porous Si electrodes show more excellent rate capa-
bility than Si electrodes. The porous Si electrodes exhibit reversible
capacities of 1688, 1615, 1339, 1057 and 745 mAh/g at a variety of
current density of 0.1, 0.2, 0.5, 1 and 2 A/g, respectively, and when
the current returns to 0.5 A/g, a reversible capacity of 1412 mAh/g
is recovered. Figs. 3e and f illustrate the charge/discharge curves of
the Si electrodes and porous Si electrodes at various current den-
sities over the voltage window of 0.01-1.5V, respectively. Notably,
the voltage plateau of the charge-discharge process in Si electrodes
and porous Si electrodes increases/decreases as the current den-
sity increases. It is noted the increase/decrease of charge/discharge
voltage plateau is slower in porous Si electrodes than Si electrodes,
indicating a smaller electrochemical polarization in porous Si elec-
trodes. The excellent rate capability of the porous Si electrodes at-
tribute to the pores inside the electrodes shortening the Li* diffu-
sion paths resulting in small electrochemical polarization.

To further demonstrate the outstanding electrochemical perfor-
mances of porous Si electrodes, the electrode kinetics of Si elec-
trodes and porous Si electrodes is investigated through CV curves
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Fig. 2. In-situ SEM images of porous Si electrodes: (a) Before and (c) after washing away S particles using CS,. Element mapping images: (b) Before and (d) after washing
away S particles using CS,. (e) Cross-section SEM image of porous Si electrodes. (f) SEM image of S particles (inset: particle size distribution of S particles). (g) XRD patterns
of porous Si electrodes before and after washing sulphur particles using CS,. (h) Si and S element weight ratio of pristine electrode and porous electrode.
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Fig. 3. (a) Initial charge/discharge curves. (b) Locally magnified curves of (a). (c)
Charge/discharge cycling performances and corresponding coulombic efficiency at
0.5 A/g after initial three 0.1 A/g. (d) Rate performances of Si electrodes and porous
Si electrodes. Charge/discharge curves of (e) Si electrode and (f) porous Si electrodes
at various current densities from 0.1 A/g to 2 A/g.

(Figs. S1a and b). The maximum anodic current linearly increased
with the square root of v when different scan rates (v) (0.1-
1.0mV/s) were applied, indicating a diffusion-controlled process
[19]. The Li* diffusion coefficient (Dy;+ ) of Si-based anodes was cal-
culated using the Randles-Sevcik relation from a plot of the max-
imum current peak (Ip) versus the square root of v (Fig. S1c) [20].
The equation is as follows,

I, = 2.69 x 10°n*2AD]/?v'/2C; (1)

where I,/v!/2 is slope obtained from Fig. S1c, n represents trans-
fer number of electrons per molecule during the conversion re-
action (n=1), A is electrode surface area and Cj;+ symbolizes
molar concentration of Lit. The Dj;+ of porous Si electrode of
3.2x10 3 cm/s is notably higher than that of Si electrode of
2.0 x 10~ cm/s. The results above illustrate that the pores inside
the electrodes are capable of improving the sluggish kinetics of
thick electrodes.

To demonstrate the excellent electrochemical performances of
porous Si electrodes, the SEM morphology and photograph of Si
electrodes and porous Si electrodes before and after 100 cycles are
shown in Fig. 4. The thickness of the cross-section of Si electrodes
and porous Si electrodes is shown in Figs. 4a, b, f, g. It is calcu-
lated that expansion rate of Si electrodes and porous Si electrodes
is 78.5% and 45.8%, respectively, indicating that the presence of
pores inside the electrodes can effectively inhibit volume expan-
sion of the electrode. Before cycling, the surface of the electrodes
is relatively flat (Figs. 4c and h). After 100 cycles, most active ma-
terial Si has exfoliated from current collector in Si electrodes (Fig.
4e) while active material Si are well coated on current collector
in porous Si electrodes (Fig. 4j). Surface SEM image show straight,
long and wide cracks in Si electrodes (Fig. 4d) while crooked, short
and narrow cracks in porous Si electrodes (Fig. 4i). That is as-
cribed to the huge volume expansion of Si particles, easily caus-
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Fig. 4. SEM images of (a-d) Si electrodes and (f-i) porous Si electrodes (a, c, f, h) before cycling and (b, d, g, i) after 100 cycles: (a, b, f, g) cross-section images and (c, d, h,
i) surface images. Photograph of (e) Si electrodes and (j) porous Si electrodes after 100 cycles. (k) Schematic illustration showing the morphology evolution of Si electrodes

and porous Si electrodes after cycling.

ing stress concentration of Si anodes. During lithiation procedure,
the lithiated silicons fill the pores (Fig. 4h) and decrease normal
expansion rate, which is beneficial for the improvement of cycle
stability of porous Si electrodes. The corresponding schematic il-
lustration showing the morphology evolution of Si electrodes and
porous Si electrodes after cycling is shown in Fig. 4k.

A novel modified slurry-casting method was developed to pro-
duce porous Si electrodes. These porous configurations not only
accelerate Lit diffusion, reducing polarization and enabling high-
loading electrodes, but also augment the energy density of LIBs.
Crucially, the inherent porosity counteracts the substantial volume
expansion of Si during lithiation, thus reducing cracks and improv-
ing the electrodes’ cycle stability. Our innovative template-based
approach allows for customization of pore attributes, adjusting
their quantity, shape and size as per requirements. The method’s
adaptability for mass production is underscored by its compatibil-
ity with various templates and corresponding solvents. Beyond ad-
dressing thick electrode kinetics, this technique offers a solution
to the significant volume expansion characteristic of alloying-type
electrodes. In essence, the modified slurry-casting method presents
itself as a promising contender for broader electrode fabrication
applications.
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