Ceramics International 50 (2024) 54778-54790

CERAMICS

INTERNATIONAL

Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

ELSEVIER

Check for

Understanding the impact of porosity on Li-ion diffusion enhancement in
micro-sized silicon particles for advanced batteries

Mahesh B. Naikwade, Pranav K. Katkar , Sang-Wha Lee

Department of Chemical and Biological Engineering, Gachon University, 1342 Seongnam-daero, Seongnam-si, 13120, Republic of Korea

ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Lithium-ion batteries (LIBs) require advanced and practical anode materials, such as porous silicon (PSi), which
can meet these expectations due to their rapid Li-ion diffusion rates and structural relaxation. Several studies
have focused on the structural design of PSi or its composites to improve Li-ion diffusion; however, no systematic
and quantitative evaluations of the impact of porosity on Li-ion diffusion and battery performance have been
reported. Therefore, to understand the impact of porosity on Li-ion diffusion, we developed micro-sized porous
silicon (m-PSi) particles with various porosities via metal-assisted chemical etching (MACE) method using
different concentrations of AgNO3 (0.02-0.08 M). Among the as-prepared samples, m-PSi-0.06 (prepared using
0.06 M AgNO3) with ~70 % porosity achieved a maximum Li-ion diffusion rate of 2.35 x 10~° cm? s~!. This led
to a high-rate capability, enhanced Li-ion storage, and better cyclic retention of 61.4 % compared to the non-
porous micro-sized Si (m-Si) (5.8 %) sample at a current density of 0.1 A g’l. Furthermore, the optimal
porosity of m-PSi-0.06 resulted in an impressive rate capability of 760 mAh g~" at a high current density of 4 A
g~ ! with a recovery rate of 80 %. The improved efficiency of m-PSi-0.06 is attributed to its optimized meso-
porosity, which ensures sufficient space for Li-ion storage and shortens the effective transmission path to
accelerate Li-ion diffusion. Moreover, the mesopores provide a greater number of active sites for the reversible
adsorption of Li ions, thereby improving the capacitive behavior of the anode. In contrast, the highly nanoporous
m-PSi-0.08, with a pore diameter of 1-3 nm, impeded Li-ion movement and restricted diffusion. These results
reveal that a high nano porosity hinders Li-ion diffusion, whereas an optimal mesoporosity ensures swift
diffusion in m-PSi anodes. These insights could guide the design of Si-based anode materials for advanced LIBs.
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1. Introduction capability, and cyclic stability [9-11] of LIBs. However, controlling the

porosity of m-PSi anodes is crucial for optimizing Li-ion diffusion ki-

Silicon is being recapped in the current research interest as one of the
most promising anode candidates for next-generation high-energy
lithium-ion batteries (LIBs) owing to its remarkable theoretical capacity
(4200 mAh g’l, LipsSis), natural abundance, and moderate working
potential (<0.4 V vs. Li/Li") [1-3]. However, the poor Li-ion diffusion
kinetics, severe volume expansion (300-400 %) [2], and unstable solid
electrolyte interface (SEI) layer formation restrict its commercialization
in the battery industry [1,4]. Interestingly, micro-sized porous silicon
(m-PSi) has demonstrated a potential ability to relieve the fundamental
issues of Si anodes, owing to its enhanced Li-ion diffusion kinetics [5,6],
effective volume adjustment during cycling [7], and reduced
electrode-electrolyte interface resistance [8]. Additionally, the rapid
Li-ion diffusion in m-PSi anodes improves the initial capacity, rate
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netics, which remains a significant challenge [12,13]. Moreover, a high
charge-discharge rate is essential for improving battery performance,
which is fundamentally governed by Li-ion kinetics, often quantified by
the diffusion coefficient of Li ions [14,15]. Hence, controlled and stable
Li-ion diffusion within the anodes can elevate their working efficiency
by facilitating the formation of a stable SEI layer during cyclic operation
[16,17].

Since the first report of Li-ion diffusion in nano-silicon by Ding et al.,
various kinds of research have been carried out to enhance Li-ion
diffusion in Si anodes [18]. Furthermore, Arie et al. prepared Si an-
odes with fullerene, resulting in a two-orders-of-magnitude increase in
Li-ion diffusion compared to pristine Si films [19]. Long et al. improved
the Li-ion diffusion by designing p-doped Si anodes, achieved through
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doping Si nanoparticles with phosphorous [20]. Haiping et al. developed
a scalable method to accelerate Li-ion diffusion in m-PSi anodes by
coating them with 2,3-dihydroxy naphthalene-derived graphitic carbon
[21]. Wang et al. developed a unique polymer, poly(hexaazatrinaph-
thalene), on a micro-sized Si/C surface. Their simulation study and
in-situ analysis demonstrated increased Li-ion mobility, with benzene
rings serving as hopping sites for ion transport [22]. However, no studies
have systematically and sequentially investigated the effect of porosity
on the Li-ion diffusion coefficient (Dy;;) in m-PSi anodes and its impli-
cations for cycle performance. Our optimization study, conducted using
the MACE process, is necessary to understand the complex relationship
between Li diffusion kinetics and porosity, which is crucial for devel-
oping advanced PSi anodes.

In this study, we systematically evaluated the effect of variable
porosity on Li-ion diffusion and its implications for the cyclic perfor-
mance of m-PSi anodes. m-PSi samples with varying porosities were
prepared using a facile MACE process by adjusting the concentration of
Ag" ions. The fundamental mechanism controlling Li-ion transport in
porous structures was investigated. Additionally, we developed a unique
optimization strategy for tailoring the porosity of m-PSi anodes to
enhance battery performance. The electrochemical evaluation revealed
that the diffusion coefficient in the PSi quadrupled, reaching 2.347 x
10~ em ™2 s7! from an initial value of 3.68 x 107!% em™2 57! as the
porosity of m-PSi increased from 4.05 % to 70.01 %. Interestingly, m-
PSi-0.06 exhibited the highest diffusion coefficient owing to its optimal
mesoporosity. Consequently, it delivered an impressive rate capability
of 760 mAh g ! even at a high current density of 4 A g1, with a recovery
rate of 80 %. It also exhibited a high initial capacity of 2914 mAh g~?
with 60.9 % retention at a current density of 0.1 A g1 after 100 cycles.
These electrochemical results demonstrate that optimal mesoporosity
promotes the facile diffusion and efficient charge transfer of Li ions in m-
PSi anodes, resulting in enhanced capacity and rate capability. Future
research based on these porosity optimization insights could lead to the
development of more efficient and durable Si-based anodes with supe-
rior kinetics to meet the growing demand for advanced energy storage
devices.

2. Experimental Section
2.1. Chemicals used

Si powder (99 % purity, ~5 pm) and hydrofluoric acid solution (HF,
48 %) were obtained from Sigma-Aldrich. Silver nitrate (AgNO3) was
acquired from Duksan Pure Chemicals. Nitric acid solution (HNOs, 70 wt
%) and anhydrous ethanol (C2HgO, 99.9 %) were obtained from Daejung
Chemicals and Metals Co., Ltd., South Korea. All the chemicals were
used directly without further purification.

2.2. Preparation of m-Psi anodes
Scheme 1 depicts the widely utilized MACE [23,24] procedure for

preparing m-PSi anodes with various porosities. The etchant used was a
mixture of AgNOs (0.06 mol L) and 5 M HF in a 1:3 v/v ratio. Initially,

Ceramics International 50 (2024) 54778-54790

2 g of ~5 pm sized silicon powder was dispersed in 50 mL of deionized
(DI) water and stirred continuously at a speed of 250 rpm. Afterward,
200 mL of the etchant solution was slowly poured into the Si dispersion
and mixed with stirring for 1 h. Subsequently, the Ag-deposited Si
powder precipitated at the bottom of the conical flask. The powder was
collected and washed multiple times with DI water to remove unreacted
excess etchant solution. To eliminate Ag residues from the m-PSi, the
Ag-deposited Si powder was immersed in 200 mL of 70 wt% HNO3 and
stirred for 2 h. After removing Ag, the Si powder was thoroughly washed
with DI water and an ethanol solution. Finally, micro-sized porous Si
powder (m-PSi-0.06) was obtained as the end-product. The resulting
powder was dried overnight in a vacuum oven at 60 °C. The m-PSi
synthesized with 0.06 mol L™! AgNO; in the etchant solution was
designated as m-PSi-0.06. Similarly, m-PSi-0.02, m-PSi-0.04, and
m-PSi-0.08 samples were prepared using 0.02, 0.04, and 0.08 mol L™}
AgNOs, respectively. Furthermore, an electrochemical evaluation was
performed, as discussed in S1.1 of the Supporting Information (SI).

3. Results and discussion

According to Scheme 1, the MACE process produces a porous
structure in the m-PSi anodic material, as illustrated at the microscopic
level. Specifically, five steps are involved in the synthesis of m-PSi, as
discussed below.

Step 1: Deposition of Ag on Si:

In the first reaction, the metal catalyst Ag" ions are reduced on the Si
surface. The Ag" ions (from AgNOs) are reduced to Ag metal and
deposited as nanoparticles on the Si surface (as shown in Scheme-1(b))
[25].

4Ag" +4e” —4Ag

Step 2: Oxidation of Si underneath Ag:

Once the Ag nanoparticles are deposited, they act as a catalyst for the
oxidation of Si. The localized oxidation of Si occurs beneath the Ag
particles, involving the transfer of electrons from Si to the Ag [26]. The
Si atoms below the Ag nanoparticles (AgNPs) lose electrons, leading to
the formation of silicon oxide (SiO2) (Scheme-1 (c¢)).

Si+ 2H,0 — SiO; +4H" + 4e”

Step 3: Dissolution of silicon dioxide by HF:

Following that, the HF in the solution etch the SiO,, which was
produced in the previous step. HF dissolves the SiO5 to form soluble
[SiF6]2' ions, exposing more Si for oxidation [23].

SiO, + 6HF — [SiFs)*” +2H"* + 2H,0
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Scheme 1. Schematic of synthesis of micro-sized porous silicon (m-PSi) by MACE process.
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Step 4: Continued etching and Ag movement:

After SiO, removal, the Ag NPs move deeper into the Si surface,
continuing the oxidation process. This movement allows the Ag NPs to
etch the Si and create vertical pores, as observed in the Bru-
nauer-Emmett-Teller (BET) analysis [27].

Step 5: Role of HNOs:

After sufficient etching, HNO3 converts the embedded Ag NPs in
porous Si into AgNOs, which dissolves in water and is subsequently
washed away. This process completes the etching, resulting in the for-
mation of m-PSi, as shown in Scheme-1(d). The following reaction

20 nm
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occurs during the conversion [28]:
3Ag + 4HNO; — 3AgNO, + NO + 2H,0

Similarly, AgNO3; was incorporated into the etchant mixture at
various concentrations, ranging from 0.02 to 0.08 mol L™}, to introduce
different degrees of porosity in the m-PSi anodes. This approach is based
on the assumption that the concentration of Ag* ions directly influences
the extent of etching, and consequently, the resultant porosity during
the MACE process. To systematically investigate the impact of porosity
on the Dfj and its electrochemical significance for the anode perfor-
mance, a detailed study was conducted. This included cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) to clarify

Fig. 1. FE-SEM images of (a) m-Si, (b) m-PSi-0.02, (c) m-PSi-0.04, and (d) m-PSi-0.06. Magnified TEM images of (e-f) m-Si, (g-h) m-PSi-0.06. (i) EDS layered image

and elemental mapping of m-PSi-0.06 (j) Si and (k) O.
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the complex relationship between porosity and Li-ion diffusion.
Furthermore, material characterization is discussed in detail in Section
$1.2 (SD).

3.1. Structural and morphological characterization of as-synthesized
samples

Initially, the morphological properties of the m-PSi particles were
investigated using field emission-scanning electron microscopy (FE-
SEM) analysis. Fig. 1(a) shows the FE-SEM images of m-Si, which shows
a pristine polished surface before etching and the inset shows a
magnified view of its smooth surface. The m-PSi-0.02 displays a vesic-
ular structure with shallow etching after the MACE process, as shown in
Fig. 1(b). In contrast, m-PSi-0.04 exhibits a semi-porous structure due to
the finer etching of Si (Fig. 1(c)). Notably, m-PSi-0.06 exhibits a brush-
like, highly fibrous porous structure resulting from more effective deep

Ceramics International 50 (2024) 54778-54790

etching, depicted in Fig. 1(d). The magnified image of m-PSi-0.06
showcases a dense array of fibers, indicating that the optimum con-
centration of the metal catalyst has been achieved. However, m-PSi-0.08
has a spongier porous structure with extremely delicate pores, likely
owing to the excessive etching of the porous walls by the concentrated
AgNOg solution (Figs. S1(a and b)). Transmission electron microscopy
(TEM) images presented in Fig. 1(e and f) reveal that m-Si maintains a
considerably non-porous and bulky structure with a pristine smooth
surface. In contrast, Fig. 1(g,h) shows the highly filamentous porous
nature of the m-PSi-0.06 after optimized chemical etching. Elemental
compositions were evaluated using energy-dispersive X-ray spectros-
copy (EDS) mapping (Fig. 1(i-k)), which revealed that m-PSi-0.06 pre-
dominantly consists of Si, with trace amounts of oxygen detected, likely
attributed to residual oxygen within the m-PSi material [29].

L ®
0.02 M AgNO;,
Ag* Ions

/

0.04 MAgNO,
Ag+ Ions

Etched silicon edges

Partially etched
Porous Silicon

Finely Etched
Porous Silicon

PSi-0.02 PSi-0.04

-1
Uikl
mmmmu

@

0.08 M AgNO,
Ag*lons

0.06 M AgNO,
Ag* Ions

HF Etching

HNO; Treatment

Nanopores

Highly Nanoporous
Silicon

Deeply Etched
Ponous Slllcon

PSi-0.06 PSi-0.08

Fig. 2. Schematic illustration depicting the rationale behind varying the concentration of AgNOj3 for optimizing the porosity of m-PSi using MACE process.
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3.1.1. Rationale for varying AgNOs concentration for optimizing porosity

Briefly, in the broadest MACE model, the metal catalyst on the Si
surface serves as a site for reducing the oxidant [24], specifically the
Ag+ ions derived from AgNOs, as shown in Fig. 2(a-d). Furthermore, the
metal catalyst injects a hole (h') into the Si interface, while electrons
(e7) are transferred from Si to the catalyst [26]. This process results in a
high concentration of holes beneath the Ag" ions, creating a hotspot for
the oxidation and dissolution of Si after HF treatment, leading to the
etching that creates the porous nature of the silicon, as depicted in Fig. 2
(a—d) [30]. The concentration of AgNO3 directly influences the degree of
etching and the resulting porosity. It also affects the spatial distribution
of etching sites and the subsequent redox reactions beneath the Ag *
ions, as shown in Scheme 1. To explore this relationship, we used four
different concentrations of AgNOs (0.02, 0.04, 0.06, and 0.08 M) and
analyzed the variation in porosity, as shown in Fig. 2(a-d).

According to this relationship, when the concentration of the catalyst
is 0.02 M, it fails to cover the entire Si surface effectively, as shown in
Fig. 2(a)-2. Consequently, the etching of m-Si occurs at fewer sites,
resulting in partially etched and shallow Si surfaces in m-PSi-0.02
(Figs. 2(a)-3). The magnified FE-SEM image of PSi-0.02 shown in Figs. 2
(a)-4, -5, indicates that the resultant sponge-like Si structure exhibits
lower porosity and shallower etching. In contrast, at an AgNO3 con-
centration of 0.04 M, the Ag" catalyst covers a larger part of the Si
surface, providing more etching sites compared to m-PSi-0.02 (Fig. 2(b)-
2). This results in the formation of a more porous brush-like Si structure
with 63.2 % porosity, as shown in Figs. 2(b)-4, -5. Further increasing the
concentration of AgNOs to 0.06 M (m-PSi-0.06) allows the catalyst to
adequately cover the m-Si surface, facilitating finer and more effective
etching to achieve a highly fibrous structure, as depicted in Fig. 2(c)-2,
-3. The FE-SEM images in Figs. 2(c)-4, -5 show the dense fibrous struc-
ture of m-PSi-0.06 formed after effective etching. However, at a con-
centration of 0.08 M (m-PSi-0.08), the porosity notably increases to
75.3 % due to a greater number of active etching sites, as shown in
Figs. 2(d)-1. The excessive concentration of Ag" ions in m-PSi-0.08
causes multilayer deposition on m-Si, leading to irregular etching (Fig. 2
(d)-2). At high concentrations, Ag™ ions may interfere with one another,
restricting effective deep etching. Additionally, the surplus Ag™ ions can
etch the walls of the porous Si channels, generating numerous nano-
pores, as indicated by the red arrow in Figs. 2(d)-3. This phenomenon is
also supported by the intense peak observed at a pore diameter of 1-3
nm in the BET analysis of m-PSi-0.08, which will be discussed later. The
FE-SEM image of m-PSi-0.08 shows dimple-shaped and shallowly etched
porous Si, as shown in Figs. 2(d)-4. Compared to the other three sam-
ples, it exhibits a distinct morphology, as shown in the magnified view of
Figs. 2(d)-5. The FE-SEM images of all four m-PSi samples (Fig. 2(a—d)-
4) and their subsequent BET data support the hypothesis that varying
the concentration of AgNOs effectively influences the porosity variation
(Fig. 4(a—c)).

The crystal structure of the m-Si and m-PSi samples was evaluated
using X-ray diffraction (XRD) analysis. All samples exhibit thinner and
sharper XRD peaks at distinct 20 angles, indicating the large and micro-
sized nature of the particles, as shown in Fig. 3(a). The peaks observed at
20 angles of 28.45°, 47.31°, 56.13°, 69.14°, 76.39°, and 88.05° corre-
spond to the (111), (220), (311), (400), (331), and (422) crystallo-
graphic planes of cubic-phase pure Si respectively, which is consistent
with JCPDS card No. 27-1402 [31,32]. All five samples, including m-Si
and m-PSi, exhibited these peaks, confirming that the crystalline nature
of silicon was well-preserved throughout the etching process [33].
Additionally, no Ag peaks were observed in the XRD patterns, suggesting
that Ag was effectively removed via HNOj3 treatment and subsequent
washing [15].

The effect of etching on the chemical compositions of the m-Si and
m-PSi samples was further investigated using Fourier-transform infrared
(FT-IR) spectroscopy, as shown in Fig. 3(b). All samples exhibited the
characteristic Si-Si stretching peak at 600-650 cm™, indicating the
preservation of the crystalline nature of Si throughout the etching
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Fig. 3. (a) XRD patterns, (b) FT-IR spectra, and (c) Raman spectra of the m-Si,
m-PSi-0.02, m-PSi-0.04, m-PSi-0.06, and m-PSi-0.08 samples.

54782



M.B. Naikwade et al.

a) -
( )—cm 751 —a— m-PSi-0.08
,g —a— m-PSi-0.06
S |—— m-PSi-0.04
T % —— m-PSi-0.02
',2 —o—m-Si
= 25-
[-*]
=
=
~3

00 02 04 06 08 10
Relative pressure (P/P()

Ceramics International 50 (2024) 54778-54790

(b) 0.3 ,
-~ ——m-PSi-0.08
~ g g6 —#—m-PSi0.06
hny W | —a—m-Psi0.04
g Boau] —-mPsi00z N
o 2| ——msi e
ey 0.2 E
' 2002
g8 s
3 E
— = 000
E
50011
=
=
%
0.0 1
1 100

10
Pore diameter (nm)

-~ 60
© %, B Ara

iy
o

/a

&

N
o
1

Specific surface area (m2

o
1

—o— Pore size ,

20

10

Average pore diameter (nm)

Si  PSi-0.02 PSi-0.04 PSi-0.06 PSi-0.08
Samples

Fig. 4. (a) N, absorption/desorption isotherms of the m-Si, m-PSi-0.02, m-PSi-0.04, m-PSi-0.06, and m-PSi-0.08 samples. (b) BJH pore size distribution with an inset
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process [34]. The presence of a Si-O-Si stretching band at 1180 cm™!
indicates occasional oxidation of m-Si due to atmospheric exposure [35,
36]. Moreover, the m-PSi samples displayed sharp doublet peaks at
2140 em™! and 2160 em ™Y, corresponding to Si-H; and Si-Hj species,
respectively [36-38]. These bands were absent in the FT-IR spectra of
the m-Si sample indicating that they were likely introduced during the
formation of m-PSi through the MACE process [26]. The broad band
observed around 3600 cm™! is attributed to adsorbed water or hy-
droxide (—OH) groups resulting from surface oxidation, induced by
water residues in the m-PSi samples [39].

Raman spectroscopy was used for the chemical analysis of the m-PSi
samples, as shown in Fig. 3(c). Both the m-Si and m-PSi samples exhibit
three distinct peaks. The most intense peak at 502 cm ™! corresponds to
the crystalline phase of Si, attributed to its transverse optical vibrational
frequency [40]. The second minor peak at 285 em ! is associated with
SiO,, whereas the third peak at 935 cm ™! is linked to Si-Si stretching in
both m-Si and m-PSi samples [41]. Interestingly, varying the concen-
tration of AgNO3 from 0.02 M to 0.08 M during etching does not induce
significant chemical changes in the m-PSi samples.

The effect of etching on the fabricated m-PSi samples was further
analyzed through BET to evaluate the surface area. The Ny adsorption/
desorption isotherm of the m-PSi samples (Fig. 4(a)) reveals that m-PSi-
0.08 has an extensive specific surface area (SSA) (Langmuir = 78.38 m?
g%, BET = 56.8 m? g 1), which is 6 times larger than that of optimized
m-PSi-0.06 (Langmuir = 12.75 m? g~1, BET = 9.12 m? g~ 1). Addition-
ally, this surface area is 22 times greater than that of m-Si (Langmuir =
3.52 m? g™}, BET = 2.49 m? g™ 1). The improved surface area of the m-
PSi samples is attributed to the effective etching of bulk Si via MACE,
resulting in a porous structure [42]. As shown in Fig. 4(b), m-PSi-0.08

displays a distinct nanoporous structure with a pore-size range of 1-3
nm, probably owing to excessive etching. In contrast, optimized
m-PSi-0.06, m-PSi-0.02, and m-PSi-0.04 exhibit a mesoporous structure
with a dual pore-size range distribution ranging from 4 nm to 40-75 nm.
Conversely, m-Si exhibits no porosity, as indicated by the flat line in the
pore size distribution curve. Fig. 4(c) compares the surface area and pore
size of all the m-PSi samples, including m-Si, derived from the BET and
BJH analyses. The significant surface area of mPSi-0.08 is due to the
formation of nanopores (1-3 nm) within the porous Si walls, as evi-
denced by the pore size distribution curve as discussed previously. In
general, the surface area of the samples increased as the concentration of
AgNOs increased from 0.00 to 0.08 M. The surface area and pore volume
distribution values are listed in Table S1. As shown, the mean pore
diameter of the sample increases from 11.39 nm (m-Si) to 16.08 nm
(m-PSi-0.06) with the rise in AgNOs3 concentration. However, when the
concentration of AgNOj3 reaches its peak value of 0.08 M, the pore size
decreases to 6.97 nm. This reduction suggests that at this concentration,
extensive etching of m-Si resulted in the formation of extremely small
nanopores within the porous walls of m-PSi-0.08, as illustrated in Figs. 2
(d)-3. The presence of these nanopores accounts for the highest pore
volume of 0.11 cm ™! g™, whereas the optimized m-PSi-0.06 exhibited a
pore volume of 0.046 cm ™! gL, Similar to the SSA, the pore volume of
both m-Si and m-PSi samples tended to increase with the rising con-
centration of AgNOs from 0.00 to 0.08 M, suggesting more effective
deep etching of Si with higher AgNO3 concentration.

A mercury powder porosimeter was used to determine the porosities
and total pore areas of the synthesized samples, with the results sum-
marized in Table S2. The porosities of m-Si and m-PSi (0.02/0.04/0.06/
0.08) samples were found to be 4.05 %, 52.21, 63.20 %, 70.01 %, and
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75.31 %, respectively. A significant improvement in the porosity of m-
PSi has been observed as the concentration of AgNO;3 (i.e., Ag" metal
ion) is gradually increased from 0.02 M to 0.08 M. This finding high-
lights the crucial role of catalyst concentration in the etching process,
demonstrating its positive effect on the porosity of the resultant mate-
rial. However, at excessive concentrations (m-PSi-0.08) over-etching
can occur, leading to a reduction in the average pore volume despite
the increase in overall porosity, as previously discussed. The high
porosity of m-PSi-0.08 resulted in a notable decrease in material density
to 1.98 g/mL, compared to 2.35 g/mL for m-Si. This decrease in density
could render the anodes more brittle and susceptible to mechanical
failure during repeated charge-discharge cycles. Therefore, optimizing
the porosity of m-PSi is essential to maximize its benefits while preser-
ving the structural integrity of the material [43].

3.2. Electrochemical evaluation of the active materials

EIS was conducted before cycling to investigate the reaction kinetics
of the m-Si and m-PSi (0.02/0.04/0.06/0.08) electrodes. EIS is a valu-
able tool for determining the resistance at each kinetic step of an elec-
trochemical reaction, provided that the relevant time constants are
accurately identified [44]. The EIS data shown in Fig. S2 shows the
evolution of the electrochemical and physical properties during the
porosity optimization of the electrodes. In the Nyquist plots (Fig. S2(a)),
the resistance R, represents the electrolyte resistance within the coin cell
and contact resistance [45]. The semicircle observed in the
high-frequency region, denoted as Rggj, represents the impedance
generated by the formation of the SEI layer [46]. The tail in the

low-frequency region represents the Warburg impedance (W;), which is
associated with Li-ion diffusion in the Si anodes [47]. The charge
transfer resistance at the electrolyte-Si anode interface is denoted as R
in the EIS plot [48]. The corresponding Nyquist plots and their fitted
equivalent circuits are shown in Figs. S2(a and b), with the impedance
values summarized in Fig. S2(c). In these circuits, CPE1 and CPE2
represent the constant phase elements, which can be interpreted as ca-
pacitances, while WS1 denotes the Warburg constant [49,50]. Interest-
ingly, the cell incorporating optimized m-PSi-0.06 exhibited the lowest
R, value of 1.23 Q, showing improved redox kinetics. This cell also
demonstrated the lowest R, value of 35.48 Q, highlighting its efficient
charge transfer of Li-ions between the porous Si and electrolyte. This
observation shows that the mesoporous channels and pores in
m-PSi-0.06 create pathways that facilitate rapid Li-ion transfer. More-
over, the cell with m-PSi-0.06 exhibited a relatively small Rgg; value of
55.23 Q, along with a smaller semicircle in the Nyquist plot, which
points to the formation of a stable SEI layer with reduced resistance
[51]. In contrast, cells employing m-Si and other m-PSi anodes displayed
higher values for all impedance parameters, indicative of poor Li-ion
transfer kinetics [52]. Particularly, Rgg values for m-Si and m-PSi
(0.02/0.04/0.08) are found to be 157.04 Q, 107.81 Q, 98.30 Q, and
102.5 Q. Also, Rt values of 71.33 Q, 64.50 Q, 42.35 Q, and 52.23 Q are
obtained for the m-Si and other m-PSi (0.02/0.04/0.08), respectively.
This result shows that the m-Si showed the highest Rgg; and R.; imped-
ance values, likely due to its dense morphology, which lacks porous
channels and limits access to the bulk Si structure. In contrast,
m-PSi-0.08 showed higher impedance values than optimized
m-PSi-0.06, probably due to its nano porosity, which results in elevated
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charge transfer resistance. The irreversible trapping of Li ions in the
nanopores may restrict ion diffusion, contributing to higher resistance.
Interestingly, the impedance values steadily decreased as the porosity of
the micro-sized anodes increased from 4 % in m-Si to 70 % in optimized
mPSi-0.06. The enhanced mesoporosity of m-PSi-0.06 significantly
improved the diffusion and conduction of Li-ions within the electrode.
Although the chemical compositions of the m-Si and m-PSi samples
showed no substantial differences, their EIS resistance values varied
considerably, underscoring the pivotal role of porosity in governing
charge transfer resistance.

The redox behavior of pristine m-Si and m-PSi samples was analyzed
using CV within the voltage range of 0.0-1.5 V at a scan rate of 0.2 mV
s~L. The resulting voltammograms for m-Si and m-PSi-0.02/0.04,/0.06/
0.08 samples are depicted in Fig. S3(a) and Fig. 5(a-d). During the initial
cathodic reaction, all five samples displayed a prominent peak at around
0.18 V, corresponding to the alloying reactions of crystalline Si with Li-
ions, leading to the formation of an amorphous Li,Si phase [53]. Opti-
mized m-PSi-0.06 exhibited more intense redox peaks (Fig. 5(c))
compared to pristine m-Si (Fig. S3(a)) and m-PSi-0.08 (Fig. 5(d)), indi-
cating improved lithiation facilitated by the optimized mesoporosity
[54,55]. During the first anodic process, two dominant peaks appeared
at approximately 0.40 V and 0.54 V in the voltammograms of m-PSi
samples (Fig. 5(a-d)), which is characteristic of the delithiation of Li,Si
in Si-based anodes [22]. In contrast, the voltammogram of m-Si did not
exhibit these distinct delithiation peaks, likely due to the formation of a
thick and unstable SEI layer. This increase in SEI resistance is consistent
with the EIS data, as shown in Fig. S2(a) [15,56]. Furthermore, the peak
positions for both anodic and cathodic reactions remained stable across
five lithiation/delithiation cycles for all anode samples, indicating the
reversibility of the reaction between Si anodes and Li ions [57]. Notably,
the intensity of the redox peaks increased significantly in subsequent
cycles, suggesting the progressive activation of the Si electrodes [58].
However, compared to optimized mPSi-0.06, m-PSi-0.08 (Fig. 5(d))
exhibited a significant reduction in peak currents for both anodic and
cathodic processes. The weak lithiation—-delithiation peaks indicate that
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the highly nanoporous structure of m-PSi-0.08 impedes the efficient
in-out movement of Li ions in and out of the anodes [56]. Conversely,
the optimized mesoporous m-PSi-0.06 displayed the highest peak cur-
rents in both anodic and cathodic processes, demonstrating a more
effective and superior diffusion of Li ions during the cyclic process [19].

The CV at varying scan rates was employed to analyze the effect of
porosity on the Li-ion storage mechanism in the m-PSi samples [59].
Fig. S3(b) and Fig. 6(a-d) show the CV profiles of the m-Si and m-PSi
(0.02/0.04/0.06/0.08) samples at scan rates in the range of 0.02-0.2
mVs L. The anodic and cathodic peak currents progressively increased
with the rise in scan rate from 0.02 mV s~ ! to 0.2 mV s}, indicating the
activation of the Si anode surface [60]. Moreover, both peaks shifted to
higher and lower potentials due to the elevated polarization of the active
m-PSi anodes [54]. The respective plots of peak current versus the
square root of the scan rate (i, Vs. V172 are shown in Fig. 6(e-h) and
Fig. S3(c), while the plots of log i, Vs. Log v'/2 are depicted in Fig. 6(i-1)
and Fig. S3(d) for m-PSi samples and m-Si, respectively. The anodic and
cathodic kinetics of the active materials are expressed by Egs. S1 and S2
in SI (Section $1.3.1). Additionally, the interpretation of the slope of
log i vs. log v, i.e., b-value, is explained in SI (Section S1.3.2). Whereas
Egs. S5 and S6 in SI (Section S1.3.3) were used to calculate the pro-
portional capacitive and diffusion contributions of the m-Si and m-PSi
samples by substituting their respective peak current values at various
scan rates. Fig. 5(e-i) demonstrates the detailed capacitive contributions
for all the active samples at each scan rate. Each sample exhibited a
mixed capacitive-diffusion-type Li-ion storage mechanism with varying
proportions. Similarly, in the optimized m-PSi-0.06 sample, the capac-
itive contribution progressively increased with the scan rate, reaching a
maximum of approximately 30% at a scan rate of 0.2 mV s~ . The steady
increase in the capacitive contribution of m-PSi can be attributed to its
controlled mesoporosity, which offers a sufficient number of active sites
for Li-ion storage and adsorption reactions [61]. In contrast, m-Si pre-
dominantly follows a diffusion-controlled process for Li-ion storage,
limiting its capacitive contribution to approximately 10.5 %. The
m-PSi-0.08 shows a combination of capacitive and diffusion-controlled
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behaviors but with notable inconsistencies at different scan rates. These
inconsistencies are likely due to the introduction of nanopores in m-PSi
(Figs. 2(d)-3), which can trap or restrict Li-ion movement, resulting in
irregular Li" storage performance. In summary, the optimized
m-PSi-0.06 sample demonstrates a more consistent mixed
capacitive-diffusion mechanism, which tends to shift towards capacitive
behavior at a higher scan rate. This behavior is attributed to the efficient
adsorption and desorption of Li ions at the electrode-electrolyte inter-
face. The dominant double-layer capacitive behavior of m-PSi-0.06 leads
to its superior rate capability, as evidenced by its cyclic performance in
Fig. 8(c) [15]. Thus, achieving a balanced combination of capacitive and
diffusion-controlled Li-ion storage mechanisms is crucial for enhancing
rate capability and cyclic performance [62,63]. The resultant diffusion
coefficients of Li-ions were calculated using the Randles-Sevick equa-
tion given below [64].

F\1 11
I, = 0.4463 x AF(R—T) 2Cpyp Dy 202 @

where peak current is given by the I;,, A represents the effective surface
area of the anode (1.13 cmz), F stands for the Faraday constant (96,485 s
Amol 1), R gives the gas constant (8.314 J K~ mol 1), T represents the
absolute temperature in kelvin, C shows the concentration of Li-ions
(1.5 mol cm™3), Dy, is the diffusion coefficient of Li-ions (em? s,
and v is the scan rate (mV s ).

3.3. Impact of porosity on Li-ion diffusion

The calculated Dy; ; values for each active material are compared
graphically in Fig. 7(a). These values were derived from their respective
anodic and cathodic peak currents obtained from the CV curves at
various scan rates, as illustrated in Fig. 6(a)-(d). Among all samples, m-
PSi-0.06 exhibits the highest Li-ion diffusion coefficients of 2.347 x
10%em 257! and 1.814 x 10™° em 2 57! for the cathodic and anodic
peaks, respectively. This indicates that the optimized m-PSi-0.06 has
superior diffusion capabilities. In contrast, the highly nanoporous m-PSi-
0.08 sample shows significantly reduced Dy; . values of 6.14 x 107 1°
em 2 s and 3.6 x 1071 em™2 57! for the anodic and cathodic pro-
cesses, respectively. The other hand, non-porous bulk m-Si shows the
poorest Li-ion diffusion, with Dy; ; values of 3.68 x 107 % em 25! and
1.22 x 10719 cm™2 57! for the cathodic and anodic processes, respec-
tively, due to the absence of porous channels that facilitate ion transport.

Importantly, the influence of the porosity of m-PSi on its Li-ion
diffusion is elucidated in Fig. 7(b). As can be observed, m-Si, m-PSi-
0.02, m-PSi-0.04, m-PSi-0.06, and m-Psi-0.08 exhibit an anodic Dy;
value of 1.22, 3.56, 6.43, 18.14, and 3.56 x 1071 cm™2 s™! and the
corresponding cathodic Dy ; values are 3.68, 4.40, 7.5, 23.47, and 6.14
x 10719 em™2 571, respectively. The data clearly indicate that both the
anodic and cathodic Li-ion diffusion coefficients of the anodes improve
as the porosity increases from 4.05 % (m-Si) to 70.01 % (m-PSi-0.06).
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However, the coefficients decrease significantly when the porosity rea-
ches its highest value of 75.31 % in m-PSi-0.08. This decline in Dy; . for
m-PSi-0.08 can be attributed to its highly nanoporous structure with
very small pore diameters of 1-3 nm, which may impede the movement
of Li ions and even lead to their confinement, thereby limiting their
diffusion. In conclusion, mesoporous m-PSi with an optimized meso-
porosity of 70.01 % was found to be more beneficial for effective Li-ion
diffusion than highly nanoporous structures. This evaluation revealed
that varying the porosity effectively influenced the Li-ion diffusion ki-
netics in the m-PSi anodes.

3.4. Cyclic performance of the as-prepared m-PSi samples

Fig. 8(a) illustrates the cyclic performances of the as-prepared m-PSi
samples. The initial discharge capacities of m-Si, m-PSi-0.02, m-PSi-
0.04, m-PSi-0.06, and m-PSi-0.08 were 2672, 3131, 3218, 3335, and
3314 mAh g, respectively, at the current density of 0.04 A g~ .
Additionally, the initial coulombic efficiencies (ICEs) of m-Si, m-PSi-
0.02, m-PSi-0.04, m-PSi-0.06, and m-PSi-0.08 samples were calculated
as 92.6, 94.0, 96.9, 98.1, and 88.2 %, respectively. Despite the initial
loss caused by SEI formation [65], all the tested m-PSi samples achieved
an average coulombic efficiency (CE) of 99 % after 10-12 cycles. The
average CE values of m-Si and m-PSi-0.06 were 97.2 and 98.6 %,
respectively. The capacity retention of the anode materials was calcu-
lated using the capacity at the 5% cycle as the initial capacity, assuming
the formation of a stable SEI [65]. Among all the samples, m-PSi-0.06
(70.01 % porosity) delivered the highest initial discharge capacity of
3335 mAh g~ and retained 33.5 % of the capacity after 100 cycles, even
at a high current density of 0.5 A g~'. In contrast, m-Si, m-PSi-0.02,
m-PSi-0.04, and m-PSi-0.08 delivered lower retention rates of 9.3 %,
14.4 %, 14.6 %, and 20.1 %, respectively. The capacity retention
improved from m-Si to m-PSi-0.06, as Li-ion diffusion enhanced in the
optimized mesoporous Si structures. However, m-PSi-0.08 exhibited a
lower retention rate, likely due to reduced Li-ion diffusion resulting from
its highly complex nanoporous structure. In addition, its remarkably
high surface area can induce side reactions with the electrolyte, poten-
tially impeding its performance [66]. Furthermore, cyclic performance
analysis of m-PSi-0.06 at a lower current density of 0.1 A g~ demon-
strated an improved capacity retention of 60.9 %, compared to its per-
formance at 0.5 A g%, as illustrated in Fig. 8(b).

Fig. 8(c) compares the rate capability of the as-prepared m-PSi
(0.02/0.04/0.06/0.08) samples in a current density window of 0.1-4.0
A g~ !, with capacity evaluations carried out every five cycles. Notably,
m-PSi-0.06 delivered high discharge capacities of 3495.02, 2369.01,
1995.51, 1528.31, and 760.48 mAh g’1 at current densities of 0.1, 0.2,
1.0, 2.0, and 4.0 A g%, respectively. Additionally, m-PSi-0.06 showed a
promising specific capacity of 2796.02 mAh g ! after 25 cycles with an
excellent recovery rate of 80.0 %. In contrast, m-Si, m-PSi-0.02, m-PSi-
0.04, and m-PSi-0.08 delivered a poor rate capability of 161.73, 262.72,
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charge-discharge cycle for all active materials.

521.57, and 558.10 mAh g~ ! at 4 A g%, with recovery rates of 65 %, 70
%, 75 %, and 73.8 % after 25 cycles at 0.1 A g_l, respectively. The
respective columbic efficiencies of the materials during the rate capa-
bility test are depicted in Fig. 8(c). The m-PSi-0.06 sample exhibits an
excellent overall efficiency of 97.0 %, whereas m-Si, m-PSi-0.02, m-PSi-
0.04, and m-PSi-0.08 exhibit lower efficiencies of 96.8 %, 96.4 %, 95.3
%, and 95.4 %, respectively. Except for m-PSi-0.06, all the materials
showed a slight efficiency loss at each interval as the current density
increased, indicating the superior stability of the m-PSi-0.06 anodes,
even at a high current density of 4 A g71.

The first charge-discharge cycles of the m-PSi (0.02/0.04/0.06/0.08)
and m-Si anodes were analyzed to determine their ICE, as shown in

Fig. 8(d). Among the samples, m-PSi-0.06 displays the highest initial
discharge capacity of 3335 mAh g~ ! with a charge capacity of 3268 mAh
g1, resulting in a superior ICE of 98 % at 0.04 A g~ *. The minor initial
efficiency loss of 2 % was attributed to the irreversible consumption of Li
ions in the SEI layer during the charge-discharge cycles. In contrast, m-
PSi-0.08 performs poorly with an ICE of 92.1 %, with a charge/discharge
capacity of 3052/3314 mAh g~'. The poor efficiency was attributed to
the irreversible trapping and restricted movement of Li ions in the highly
nanoporous structure of the m-PSi anode, which featured extremely
small pore diameters in the range of 1-3 nm. Notably, all the materials
achieved an efficiency of approximately 98 % after 10-15 initial cycles.
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3.5. Mechanism for improved Li * diffusion and Interfacial properties

Scheme 2 illustrates the plausible pathways for Li-ion diffusion and
electron transmittance in pristine m-Si, optimized m-PSi-0.06, and
highly nanoporous m-PSi-0.08 during the electrochemical charge-
discharge process. Pristine m-Si, with a negligible porosity of 5 %, ex-
hibits a long diffusion length due to limited access and the absence of
directed porous pathways [67]. Consequently, Li-ion storage and elec-
tron (e) transfer predominantly occur through surface adsorption, as
shown in Scheme 2(a) Additionally, the non-porous nature of m-Si leads
to extended diffusion paths, as shown in the magnified view in Scheme 2
(a). The lack of facile internal diffusion contributes to a high
charge-transfer resistance, as confirmed by the EIS analysis (Fig. S2(a)).
In contrast, as shown in Scheme 2(b), the high porosity (70 %) of m-PSi,
with its bimodal porous nature (pore diameters ranging from 4 nm to
45-70 nm), facilitates efficient Li-ion diffusion through shorter diffusion
pathways within the porous network, as shown in the magnified image
within the dotted circle [12]. Li* ion diffusion and electron transfer in
m-PSi result from a combination of internal diffusion within the meso-
pores and rapid charge transfer through porous channels [9]. However,
as shown in Scheme 2(c), m-PSi-0.08, with a high porosity of 75 % and
intricate nanopores (1-3 nm), exhibits a considerably reduced Li™
diffusion. This reduction is probably because of the irreversible trapping
of Li ions in the delicate nanopores, as indicated by the yellow circle in
Scheme 2(c) and the magnified view of the black dotted circle, which
explains their restricted movement within the tortuous silicon nano-
structure. The reduced ICE of 92.1 % indicated the irreversible loss of Li
ions in m-PSi-0.08. In conclusion, both the extent and nature of porosity
play a crucial role in controlling Li-ion diffusion in m-PSi anodes. While
excessive nano porosity can hinder diffusion, an optimized mesoporous
structure significantly enhances Li-ion diffusion, thereby improving
battery performance, as demonstrated by the m-PSi-0.06 anode.

4. Conclusions

m-PSi samples with varying porosity were synthesized via the MACE
process by adjusting the AgNO3 catalyst concentration from 0.02 M to
0.08 M. This approach produced m-PSi samples with porosities of 52.20
%, 63.2 %, 70.01 %, and 75.31 %, corresponding to catalyst concen-
trations of 0.02 M, 0.04 M, 0.06 M, and 0.08 M, respectively. This sys-
tematic optimization approach shows that the m-PSi-0.06 with ~70 %
tuned mesoporous nature and a wide pore range (4 nm and 40-70 nm)
achieved a superior Dy, of 2.347 x 107° em™2 s, which is ten times
higher than that of m-Si. The m-PSi-0.06 sample demonstrated a notable
rate capability of 760 mAh g~ at a high current density of 4 A g, with
an 80 % recovery rate. Furthermore, it exhibited a high initial capacity
of 2914 mAh g1, retaining 60.9 % of this capacity at a current density of
0.1 A g~L. Kinetic studies conducted via CV and EIS revealed that the
extreme nanoporous nature of m-PSi rather restricts the movement of Li-
ion movement, whereas its mesoporous nature offers significant benefits
for enhanced diffusion and Li-ion storage capabilities. These critical
optimization insights can significantly influence the design of highly
efficient silicon anodes for advanced LIBs.
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