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Lithiophilic 3D-Si/SiOx host for dendrite free Lithium Metal Battery

via simple Magnesiothermic Reduction process

Abstract

In the development of renewable energy sources, batteries are considered the best option for energy
storage. High energy density and high performance are key demands for emerging technologies.
Lithium-metal batteries (LMBs) are considered promising candidates for storing generated energy.
However, the formation of lithium dendrites and infinite volume expansion during cycling are
serious limitations in current LMB applications. 3D-structured anodes have received considerable
attention as an effective solution to overcome these problems. Herein, we synthesize a lithiophilic
3D-Si/SiOx host for LMBs via a simple magnesiothermic reduction process (MRP). The 3D porous
SiOx structure provides a large specific surface area, which reduces local current density and offers
ample space for Li deposition. The 3D-Si/SiOx anode not only accommodates volume changes but
also demonstrates homogeneous, dendrite-free lithium deposition with a high coulombic
efficiency of more than 99% at 0.1, 0.5, and 1.0C. The symmetric cell composed of prelithiated (4
mAh/cm3 3D-Si/SiOx shows stable long-cycle performance for over 350 hours. By utilizing a
single porous particle material with surface-limited lithiophilic properties, rather than the
conventional complex 3D lithium anode designs (which typically involve hierarchical structures
and lithium-friendly seed materials), this work provides new insights into the design of 3D lithium

metal anodes.
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Impact Statements: This research demonstrates the potential application of silicon oxide as an
anode material for lithium metal batteries, while also providing guidelines for the design of

porous structures at the particle level.



1. Introduction

Demands are increasing for high-energy storage devices as a power source for emerging
technologies, such as electric vehicles and energy storage systems. Lithium-ion battery (LIB) was
recognized as an inimitable and exceptional power source since its commercialization [1,2].
However, the energy density of LIBs has increased to its limitation (250 W h kg™) over the past
few decades and extensive research has been done for an alternative next-generation battery [3,4].
Lithium metal as an anode is a possible candidate rather than graphite owing to its 10-fold higher
theoretical capacity and low electrochemical potential (—3.04 V vs Ha/H™), which makes lithium
metal anode a dominant candidate [5-7]. As a result, Li metal has become a competitive choice
for next-generation energy storage systems and has been applied in Li metal batteries (LMBs) [8].
However, the instability of solid electrolyte interphases (SEI) and volume changes during the
plating/stripping cause low coulombic efficiency (CE), and safety issues like dendrite growth are

serious problems in the commercialization of LMB [9-11].

To overcome the above issues in LMB, numerous strategies have been investigated, such as
electrolyte modification by additives to create an artificial SEI layer, dendrite inhibiting protecting
layer, separator modification, and three dimensional (3D) structured anode as lithium host [12—
19]. 3D structured anodes are the most accepted efficient strategy in LMB to increase the specific
surface area as ample space for metallic Li accommodation also decreases the local current density
[3,6,9,20]. Based on this design concept, several 3D anodes have been introduced such as Carbon,
Cu, Au, Ni, and their foam structures [21-25]. These metallic 3D hosts demonstrated an
outstanding cycling performance by homogenous plating/striping behaviors of Li. However, the
high density of the metallic host leads to a significant reduction in the energy density of LMB [19].
On other hand carbon-based 3D hosts have gained much attraction with low mass density, stable
electrochemistry, and high electrical conductivity [9]. However, the lithiophobic nature of carbon
makes it difficult for Li to depose into the hollow cavity of carbon [26]. Thus, the extra treatment

required to make is lithiophilic, which may cause extra costs in the fabrication of suitable Li-host.

Silicon suboxides have been widely investigated as substitute anode materials for lithium-ion
batteries (LIB) [27,28]. Additionally, the electrochemical reduction of SiOx to LixSi and Li.O
makes it quite a lithiophilic anode. Hence, the potential of SiOx for the designing of high-



performance Li metal anodes has also been discovered. In-situ generated LixSi-Li>O matrix can be
functionalized as nano-seeds to regulate the homogeneous nucleation and dendrite-free deposition
of Li-Metal [29].

Herein, we synthesized the super-lithiophilic 3D-Si/SiOx host for lithium metal battery via a simple
magnesiothermic reduction process. The magnesiothermic reduction process (MRP) is a
straightforward and effective cost technique for transforming various silica sources into porous
silicon. This process operates at a relatively low temperature due to the low melting point of
magnesium, making the process both practical and economical [27,30,31]. The unique structure
provides sufficient space to well control the volume expansion during the lithium plating/stripping
along with the inhibition of dendrite growth. The presence of the reduced crystalline Si (c-Si) phase
and its porous structure provides space to accommodate the stored lithium while imparting
lithiating properties to the electrode. The newly designed 3D-Si/SiOx electrode demonstrates better
cyclic performance when compared with that of pristine SiOx and produces better coulombic
efficiency of more than 99%. Additionally, the 3D-Si/SiOx anode maintained a long cycle life for
more than 700h after continuous plating/striping during the symmetric cell test for 2 mAh cm? @
2 mA cm, This study offers novel insights that can be utilized to achieve consistent lithium
deposition, addressing challenges related to dendrite formation within a three-dimensional
structure. These findings have the potential to advance the development of high-performance

lithium metal anodes.

2. Experimental Section

2.1 Material Synthesis:

3D-Si/SiOx was prepared by a simple magnesiothermic reaction. Typically SiO (Silicon (11) oxide,
99.8%, Alfa Aesar ), and Mg (Magnesium metal powder, Fisher Scientific U.K.) were mixed in a
weight ratio of 1:0.5 by hand in a motor and transferred to a glass tube furnace in a ceramic crucible
covered with a cap and heated at 700 °C for 2 h under inert environment. Later on, when the
furnace cooled to room temperature, the powder was collected and washed with 2M HCI solution

to remove the MgO and byproducts followed by DI washing and vacuum drying at 100 °C for 12



hours. Mg2SiOs@p-SiOx and p-SiOx (porous SiOx) were synthesized by mixing SiOx with KCI
and Mg, followed by the heat treatment at distinct temperatures: 750°C for p-SiOx and 800°C for
Mg2SiOs@p-SiOx.

2.2 Material Characterization:

X-ray diffraction (XRD) patterns were recorded using a Rigaku instrument under Cu Ka radiation
(A = 1.5406 A). Scanning Electron Microscopy (FE-SEM) and X-ray spectrometer (EDS) were
conducted on a Field emission scanning electron microscope (Hitachi S-4800). Transmission
electron microscopy (TEM) and high-resolution-TEM (HRTEM) images were taken using a field
emission transmission electron microscope (FE-TEM) (FEI Titan G2 Themis STEM CS Probe).
The specific surface areas, pore sizes, and pore volumes were calculated by Brunauer—
Emmett—Teller (BET) method using Quantachrome. ThermoFisher (NEXSA, Al Ka, 1486.6 ¢V)

was used to record X-ray photoelectron spectroscopy (XPS) spectra.
2.3 Electrochemical Testing:

All electrochemical testing was done using the 2032 coin-type cell assembled in an argon-filled
glovebox with H20 and O levels below 0.1ppm using 500 um thick lithium metal foil as counter

electrode and Celgard 3501 separator of 25 um thickness. The electrodes were fabricated using the
casting method of slurry on Cu foil. The slurry mixture of Li host material, super P, carboxymethyl
cellulose (CMC), and poly (acrylic acid) (PAA) in a weight ratio of 80:5:7.5:7.5, respectively, in
deionized water spread on Cu foil using a doctor blade. The electrolyte used was composed of 1
M Bis(trifluoromethane)sulfonamide Lithium salt (LiTFSI) in 1,3-Dioxolane (DOL) and 1,2-
Dimethoxyethane (1:1, v/v) with 10 wt% of Lithium nitrate, 99.999% (LiNQO3) additive. The half-
cells were Galvanostatically discharged/charged at 0.1C, 0.5C, and 1.0C after the 3 pre-cycles at
0.1C and 4 mAh cm™ Li was plated at the first cycle.

For symmetric cells, to obtain the Li metal working electrode (Li@3D-Si/SiOx), 4 mAh cm™ of Li
was pre-deposited onto 3D-Si/SiOx anode at 0.1C and tested at different current densities with Li-

deposition capacity of 1 mAh cm™.



3. Result and Discussion

3D-Si/SiOx was synthesized via a simple magnesiothermic reduction process shown in Fig. la.
1.0g of SiO and 0.5g of Mg were mixed and heated at 700 °C for 2 h in a glass tube furnace in an
inert environment followed by 2M HCI and DI washing and drying for 12 h in a vacuum oven at
100 °C. Fig. 1(b and c) show the SEM images before and after the magnesiothermic reaction,
respectively. Pristine SiO (Figure 1b) has a very smooth surface while 3D-Si/SiOx (Figure 1c,
Figure S1) shows a very rough surface like lava rock after the reduction and acid treatment. The
3D surface morphology was created by Mg etching oxygen from SiO to form MgO. The MgO was
later removed by HCI treatment. [31].

Figure 1

The crystalline structure of pristine SiO and synthesized 3D-Si/SiOx powder is characterized by
X-ray diffraction (XRD) analysis and shown in figure 2a. The XRD pattern of 3D-Si/SiOx shows
well-indexed diffraction peaks at 28.4, 47.3, 56.1, 69.1, and 76.3°, which corresponds to the
crystalline planes of {111}, {220}, {311}, {331}, and {422}, respectively (JCPDS 27-1402),
whereas the XRD pattern of pristine SiO shows a broad peak at Bragg angle (20) of 21.5° indicating
the amorphous nature. Moreover, the additional reflections of Mg>SiO4 byproduct formed during
the reduction process are also observed in diffraction pattern of 3D-Si/SiOx, which cannot be
removed by HCI treatment [27]. At the outer surface of SiO particles, MgSiOz and Si formation
were initiated by a gas—solid reaction between Mg and SiO then, Mg»SiO4 as an intermediate phase
is formed before the reaction (MgO formation) reaching thermodynamic equilibrium [32]. Cross-
sectional TEM-EDX image was analyzed to further confirm the 3D structure and Mg.SiO4 doping
in 3D-Si/SiOx as shown in Figure S2. It is shown that surface have enough large pores greater than
1um to create 3D structure and Mg2SiOx4 is well distribute in the particle. The surface composition
of SiO and 3D-SiOx was analyzed by XPS shown in Figure S3a and S3b, respectively. The
Deconvoluted Si 2P spectrum (Figure 2b) shows each oxidation state of Si to determine the
metallic Si. It is confirmed the high areal amount of metallic Si improves the conductivity and

lithiophilic properties of the material as compared to pristine SiO (Figure S3c).

Figure 2c shows Mg1s spectra, which also confirm the formation of Mg2SiOa in the 3D-Si/SiOx,

which corresponds well to XRD analysis. Mg>SiOs is expected to be a predominant electronic



conductor that can effectively sustain the volume expansion of the composites during cycles and
is assumed to have a lithiophilic property [27,32,33].

Figure 2

In addition, SiO and 3D-Si/SiOx anodes were further characterized by BET analysis presented in
figure 2d. Both samples show the H3 hysteresis loop of type IV isotherm indicating the slit-shaped
porous structure. The BET specific surface area of 3D-Si/SiOx (42.35 m? g1) is much larger than
pristine SiO (1.273 m? g1) with a total pore volume of 0.078, and 0.0065 cm?® g (Table 1, Figure
S4), respectively. During the magnesiothermic reaction, the formation of MgO and etching by acid
treatment cause the formation of a 3D structure at the surface of SiO which attribute to the high

surface area and large pore volume. The BET analysis is summarized in the Table. 1

Table 1
4. Electrochemical Analysis

To evaluate the lithium plating/stripping behavior on the surface of prepared electrodes, the first 8
mAh cm of lithium was platted on pristine, and 3D-Si/SiOx are shown in Figure 3. 3D-Si/SiOx
electrode (Figure 3a) shows the flat and smooth surface confirms the homogenous plating of
lithium without any evidence of Li dendrite. In contrast, pristine SiO (Figure 3c) shows a rough
surface with uneven lithium plating and obviously, Li dendrite can be observed. Furthermore,
when half of the plated lithium was striped (4 mAh cm), 3D-Si/SiOx (Figure 3b) shows the
remaining lithium is well intact on the surface due to the 3D porous structure and lithiophilic
property of the 3D-Si/SiOx. The presence of Mg in the composite is also believed to help protect
the lithium within the 3D-Si/SiOx from further removal. [34]. Whereas pristine SiO shows no
lithium, all the lithium has washed out due to the non-lithiophilic and flat surfaces of pristine SiO.
The lithiophilic property of 3D-Si/SiOx was also confirmed with cross-section SEM images of Li-
plated electrodes shown in Figure S5. Figure S5a, 3D-Si/SiOx shows the good contact between
plated lithium and electrode without any gap. Whereas Figure S5b of pristine SiO shows a large
gap between plated lithium and the electrode. This demonstrates the Mg.SiO4 doped in 3D-Si/SiOx
induces lithiophilic property and uniform deposition of lithium and also inhibits the Li dendrite

formation. To further understand the role and lithiophilic properties of Mg2SiO4, we conducted



additional mechanistic studies(Figure S6). We synthesized two sets of porous SiOy, one doped
with M@»SiO4 and one without, determined by the heat treatment temperature. During the lithium
plating tests, the Mg»SiOs-doped porous SiOx(-24mV) exhibited lower overpotentials. This result

indicates that Mg.SiO4 enhances lithiophilic properties, reducing overpotentials during plating.
Figure 3

The electrochemical performance was evaluated for Pristine SiO and prepared 3D-Si/SiOx are
shown in Figure 4. Figure 4a shows the voltage profile of Li plating at the first cycle. Both samples
show a smooth voltage curve without any voltage drop. 3D-Si/SiOx exhibited the larger plateau
region indicating the conversion reaction which is favorable in the smooth lithium plating/stripping
as compared to the pristine SiO. In-situ generated LixSi-Li>O matrix can be functionalized as nano-
seeds to regulate the homogeneous nucleation and dendrite-free deposition of Li-metal [29]. The
cyclic performance of the electrodes was evaluated by coulombic efficiency in a half-cell
constructed using Li-foil as a counter electrode. At the first cycle, 4 mAh cm of lithium was
plated and striped at 0.1C. until the cut-off voltage of 1.0 V. Following this, 1 mAh cm™of lithium
was plated and stripped to determine the cycling performance at 0.1C and 0.5C are shown in figure
4b and 4c, respectively. As shown, the coulombic efficiency of pristine SiO initially improved in
a few cycles and then dramatically degrade, and even cell short happened before the 80 cycles,
however, the 3D-Si/SiOx anode shows the CE reached more than 99% after a few cycles and
maintained it for 100 cycles without any fluctuation. Even at a higher C-rate of 1.0 C, the 3D-
Si/SiOx anode shows remarkable performance and maintained an average CE of ~99.% as shown
in Figure S6. The average CE of 3D-Si/SiOx and pristine SiO at various C-rate is shown in Figure
4d. Comparative studies of the different 3D- lithium host are listed in a Table. S1. Furthermore,
the contribution of crystalline silicon phase in 3D host was analyzed by limiting lithium-striping
to 0.2 V of cutoff voltage as shown in Figure S7. Figure S7a shows 4 mAh cm of lithium was
plated on 3D-Si/SiOx host. The initial capacity until 0.5 mAh cm? and then 2.65 mAh cm arise
from the electrochemical contribution of additive carbon black and metallic Si, respectively. To
restrict this, we stripped the lithium until the cut-off voltage 0.2V (Figure S7b) and further cycles
were carried out at 1 mAh cm? @1C. The 3D-Si/SiOy still exhibited the average coulombic
efficiency of 95% at 0.5 and 1.0C shown in Figure S7c.



Figure 4

Cross-section SEM analyses were conducted to determine the change in 3D-Si/SiOy electrode
thickness after 4 and 8 mAh cm of lithium plating. When 4 and 8 mAh cm of lithium was plated,
3D-Si/SiOx electrode thickness was measured as 60 and 72 um corresponding to 29.9 and 55.9%
(Figure 5a and 5b), respectively as compared to the fresh electrode. 3D-Si/SiOx electrode thickness
at after 100" cycle was measured as 77.2 um (Figure 5d) which is corresponding to only 28.7%,
compared with 4 mAh cm lithium-plated electrode. It is confirmed that the 3D structure

effectively accommodates the stress induced by volume changes during lithium plating.
Figure 5

To determine the impedance changes and cell failure by dendrite, the voltage hysteresis and cycle
stability of the electrode were evaluated by a constant current charge-discharge cycle experiment
as shown in Figure 6. Firstly, 4 mAh cm of lithium was deposited into a pristine SiO and 3D-
Si/SiOx electrode by electrochemical lithiation and sandwitched with another electrode with the
same areal capacity [Li-SiO/Li-SiO, Li-3D-Si/SiOx /Li-3D-Si/SiOx]. The symmetric cell test was
conducted at a constant current density of 1 mA cm2, with a cutoff areal capacity of 1 mAh cm?,
corresponding to 25% of the Li utilization ratio based on pre-deposited lithium amount. Pre-
lithiated 3D-Si/SiOx symmetry cell shows excellent cycling stability until 375 h with a stable
overpotential of ~40mV, whereas the overpotential of prelithiated SiO symmetry cell suddenly
increased earlier than 3D-Si/SiOx anode only after 300 h, which may be caused by the Li dendrite
and dead-Li formation. Additionally, when the areal capacity and current density were increased
to 2 mAh cm™ and 2 mA cm™, the prelithiated 3D-Si/SiOx symmetry cell showed the consistent
overpotential (160 mV) up to 700 h whereas the prelithiated SiO symmetry cell does not produce
sufficient data (Figure 6b).

Figure 6

To reveal the significance of 3D-Si/SiOx host material, a coin type full-cell test was carried out.
The 3D-Si/SiOx electrode was pre-lithiated to be 4 mAh cm by electrochemical lithiation process
and paired with LFP cathode with corresponding areal capacity based on N/P=1.1. The
electrochemical performance of the 3D-Si/SiOx-LFP cell was compared with that of a cell

containing 20 pm thick 2D-Li foil, corresponding to 4 mAh cm™. The charge and discharge



currents applied to the full cell were based on the weight of LFP and were activated at 0.1C (1C =
170 mAh g) for the first cycle of formation stage and at 0.5C for the subsequent cycles. Figure
7a shows that the initial discharge capacities of LFP/3D-Si/SiOx and LFP/Li(20 pm) are 160.6 and
154.5 mAh gt at 0.1 C, respectively. As illustrated in Figure 7b, 3D-Si/SiOx demonstrated a better
cyclic performance with no significant capacity loss even after 70 cycles and maintained an
average CE of =99%, indicating the stable reversibility of 3D-Si/SiOx during the repeated Li
plating/stripping. In comparison, LFP/Li(20pum) cell demonstrated lower cycle stability and its
capacity decreased abruptly and the cell does not produce further data after just 30 cycles. This
could be attributed to the formation of Li irregular depositions and Li-dendrite during the long-
term Li plating/stripping. To demonstrate the practical applicability of 3D-SiOx, we conducted a
rate performance test (Figure S9). Compared to Li metal, 3D-SiOx exhibited a high-capacity
retention at high rates, indicating that this material performs exceptionally well in fast-charging

environments.

Figure 7
5. Conclusion

In summary, the 3D-Si/SiOx anode was developed through a magnesiothermic reduction process
using micro-size SiO with Mg.SiO4 doping as a lithiophilic host for LMB. The 3D structure with
a large surface area provides sufficient space to accommodate lithium plating, which also avoids
volume changes caused by high levels of lithiation reaction. In addition, dead lithium formation
by lithium dendritic growth mechanism was effectively suppressed by the highly lithiophilic 3D-
Si/SiOx frame during lithium stripping/plating process. Unlike previous studies that proposed
complex design strategies to deposit lithium-affinity materials onto an inactive frame and
implement a hierarchical three-dimensional structure for a three-dimensional lithium anode, this
study provides novel data that can be applied to achieve uniform lithium deposition while
overcoming the lithium dendrite growth problem by easily implementing a 3D Si/SiOx structure
that has lithiophilic property on the surface and the frame material itself can store lithium through
a simple one-time process, thereby contributing to the development of high-performance lithium

metal anodes with suppressed volume change.
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Figure 1: (a) Synthesis scheme for 3D-SiO. SEM image of (b) Pristine SiO and, (c) 3D-Si/SiOx.
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Figure 2: (a) XRD pattern for pristine SiO and 3D-Si/SiOy, (b) Deconvoluted Si 2p spectrum of 3D-
Si/SiOy, (¢) Mg1s spectra, and (d) N isotherms.



Figure 3: Surface SEM images of electrodes after lithium plating and stripping: (a, b) 3D-Si/SiOyx and (c,
d) pristine SiO, respectively.
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Figure 4: (a) Voltage profile at 0.1C, (b and c), cycle performance at 0.1, 0.5, and 1.0C, respectively, and

(d) average coulombic efficiency of pristine SiO and 3D-Si/SiOx
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Figure 5: SEM Cross-section images of 3D-Si/SiOy. (a) 4mAh cm2 Li plating, (b) 8mAh cm2 Li plating,
(c) as-prepared, and (d) after 300" cycle.
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Figure 6: Symmetric cell data for Pristine SiO and 3D-Si/SiOx at different utilization capacity
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Figure 7: (a) Voltage profiles and (b) Cycle performances of the coin full cell using and LFP/3D-Si/SiOy
and of LFP/Li(20um).

Table: 1. Summary of BET analysis for SiO and 3D-Si/SiOx

Surface area Pore Volume Pore Diameter
Samples
(m*g?) (cm®g™) (nm)
SiO 1.273 0.0065 7.35

3D-Si/SiOx 42.35 0.078 20.41




