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Abstract—Renewable energy sources have attracted considerable attention in both academia and industry owing to
concerns about environmental pollution, global warming, and fossil fuel depletion. In this regard, the application scope
of Li-ion batteries (LIBs) is continuously broadening owing to their advantages, such as their high energy and power
densities, eco-friendliness, and portability. As highly capacitive anode materials for LIBs, Si-based materials should cir-
cumvent the critical limitations of large volume expansion and low electrical conductivity. Herein, we propose hierar-
chically reduced SiO, as an anode material for LIBs. Using the magnesiothermic reduction process, we optimized the
electrical conductivity and kinetic properties of SiO, materials based on SiO,. The resultant SiO, electrode exhibited a
high specific capacity of 1,286.8 mAh g ' along with stable cyclability up to 100 cycles. The enhanced electrochemical
performance was mainly attributed to the oxygen vacancies and mesoporous surface morphology of SiO,, which were
generated during hierarchical magnesiothermic reduction. This study demonstrates the correlation between the struc-
tural properties and electrochemical performance according to the reduction level of Si-based active materials.
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INTRODUCTION

Owing to the development of state-of-the-art electronic devices
with various functions, the demand for high-performance porta-
ble energy-storage devices has increased significantly, expanding
their global market [1-4]. Moreover, concerns about environmen-
tal pollution, global warming, and fossil fuel depletion have in-
creased the demand for renewable energy sources. The applications
of Li-ion batteries (LIBs) have broadened, encompassing most
energy-storage media (from small to large scale) in electronic devices.
The performance of LIBs is determined by factors such as energy
density;, power density, cyclability, and stability [5,6]. To enhance these
factors, it is important to control the electrochemical reactions inside
the unit cell during the charge/discharge processes. Generally, LIBs
consist of four main functional layers: the anode, cathode, separa-
tor, and electrolyte. The separator prevents short circuits by divid-
ing the electrodes, and the electrolyte functions as an ion shuttle
through the ionic pathway. The anode and cathode, as the main parts
of the electrochemical reaction, perform the actual energy storage
function and dominantly affect the performance of LIBs [7]. In the
LIBs, the anode charges the electrochemical energy through the reac-
tion between the Li-ion and anode materials such as graphite and
silicon.

Graphite has been adopted as a representative anode material
owing to its several advantages, such as its low cost and high stabil-
ity. However, to develop advanced LIBs with high energy-storage
capacity, the poor theoretical capacity of graphite (~372mA h g™
should be resolved [8]. This limitation was circumvented using Si-
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based anode materials, which have an excellent theoretical capacity
(~4200mA h g'") compared with other reported anode materials
and a low working potential (<0.5V; vs. Li/Li"), making them prom-
ising for next-generation LIBs [9]. However, pure Si anode materials
commonly exhibit poor cycling performance owing to the large
volume expansion (400%) during the lithiation and delithiation pro-
cesses. As an alternative, SiO, has been investigated. It has a high the-
oretical capacity (~1,965mA h g™') owing to its alleviated volume
expansion rate; however, it also has a critical disadvantage of low
electrical conductivity [10-12]. Because of its poor electrical char-
acteristics, SiO, is generally adopted in composites with highly con-
ductive materials. Despite the high theoretical capacity of Si-based
anode materials, the aforementioned limitations significantly hinder
the commercialization of Si-based anodes with high energy density.
To overcome the disadvantages of Si-based anode materials, the
construction of a hybrid composite structure is an effective strat-
egy to increase electrical conductivity [13,14]. However, this strat-
egy cannot solve the intrinsic problems of Si-based materials, and
it is difficult to optimize their composition. In another approach,
the partial reduction of oxide materials can ameliorate their electrical
properties, enhancing their electrochemical performance. Recently,
reduced silicon suboxides (SiO,) have attracted considerable atten-
tion owing to their modifiable physical and electrochemical prop-
erties. The reduction of SiO, to SiO,, and the morphological and
structural effects of the reduction process on the electrochemical
performance, have not yet been widely studied. Among the vari-
ous reduction techniques for oxide materials, the magnesiothermic
reduction process has several advantages, including low cost, high
reactivity;, and high productivity. Moreover, the etching process of
MgO after magnesiothermic reaction can provide a porous struc-
ture, which can contribute to the electrochemical performances.

In this study, we prepared hierarchically reduced SiO, (SiO,-1.5
Mg, SiO,-2.5 Mg, SiO,-3.5 Mg, and SiO,-4.5 Mg) via magnesiother-
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mic reduction from SiO, powder to verify the morphological and
structural variations according to the reduction level. During the
magnesiothermic process, oxygen vacancies were generated, pro-
viding additional charge carriers for SiO,. Moreover, the removal
of the MgO particles after heat treatment induced a mesoporous
surface morphology in SiO,. The physical and chemical character-
istics were analyzed in detail by optimizing the reduction level of
SiO,, which led to the optimization of the electrochemical perfor-
mance. The resultant anode using the SiO,-3.5 Mg sample exhib-
ited the highest electrical conductivity and ionic diftusivity with the
highest cyclability, owing to the optimized reduction level and meso-
porous surface morphology.

EXPERIMENTAL DETAILS

Hierarchically reduced SiO, samples were fabricated via magne-
siothermic reduction. Untreated bare SiO, (>99%, Sigma-Aldrich)
was homogeneously blended with Mg (>99%, Sigma-Aldrich) to
induce a uniform magnesiothermic reaction. To adjust the reduc-
tion level of SiO,, the SiO,: Mg molar ratio was set as 1:1.5, 1:2.5,
1:3.5, and 1:4.5; the corresponding samples are denoted as SiO,-
1.5 Mg, SiO,-2.5 Mg, SiO,-3.5 Mg, and SiO,-4.5 Mg, respectively.
After the mixing process, the blended powder was heated to 670 °C
for 2h under an N, atmosphere in a tube furnace for hierarchically
reducing SiO, to SiO, according to the Mg amount. During the
heat treatment, Mg was oxidized to MgO as a result of the magne-
siothermic reaction. To remove MgO and the reaction residue, SiO,
was cleaned repeatedly with a hydrochloric acid (~37%, Samchun)
solution and deionized water. The resultant powders were dried in
an oven at 80 °C for 12 h to obtain a brown SiO, powder.

The surface morphologies of the fabricated samples were ana-
lyzed using high-resolution field-emission scanning electron micros-
copy (FESEM; Hitachi SU8010). To investigate the crystallographic
and chemical bonding structures and the component ratios of the
synthesized samples, X-ray diftraction (XRD; X'Pert Pro) and X-ray
photoelectron spectroscopy (XPS; K-Alpha®) analyses were per-
formed. To evaluate the electrochemical performance, coin cells
(Hohsen, CR2032) were assembled using the synthesized SiO, anode,
Li metal with a thickness of 1T (Honjo Chemical), 1.6 M LiPF in
a DEC: EC (3:7) solvent as an electrolyte, and a polyethylene sep-
arator. The slurries for the anode were fabricated using the synthe-
sized SiO, samples as the active materials, Super P as the conductive
material, and polyacrylic acid as the binder at a 7:1:2 ratio. The
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Fig. 1. Fabrication of SiO, samples from SiO, powder.
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active material loading masses of the respective electrodes were
maintained at approximately 1.2 mg to minimize errors during the
measurement of electrochemical characteristics. Electrochemical
impedance spectroscopy (EIS) was performed in the range of 10°
to 10> Hz to evaluate the electrical conductivity and electrochemi-
cal kinetic properties of the electrodes. A battery charge/discharge
cycler (WonATech, WBCS 3,000 L) was used to evaluate the energy-
storage performance in the potential range of 0.05-1.50 V (vs. Li/
Li"). The cycle stability was analyzed for 100 cycles at a current
density of 1,000 mA g .

RESULTS AND DISCUSSION

Hierarchically reduced SiO, samples were prepared via magne-
siothermic reduction of SiO, powder. Fig. 1 shows an image of the
fabrication process, including the magnesiothermic process and fur-
ther etching steps. Untreated SiO, powder was blended with various
amounts of Mg, with ratios of SiO,: Mgas 1:1.5,1:2.5,1:3.5, and
1:4.5, to control the reduction level of SiO,. For the magnesiother-
mic process, uniformly blended powder was heat-treated up to
670°C for 2h under an N, atmosphere. During the heat treatment,
the blended powder underwent the following chemical reactions
owing to thermal energy [15]:

SiO,+4Mg—>Mg,Si+2MgO @
Mg,Si+S8i0,—>2Si+2MgO. @

Above 300 °C, SiO, reacted with Mg, forming Mg,Si and MgO
phases. As the temperature reached 600 °C, the generated Mg,Si
and residual SiO, formed Si and MgO phases [16]. Consequently,
the SiO, was reduced to SiO,, accompanied by the generation of
MgO (oxidation of Mg). After the heat treatment, the generated
MgO particles were removed via HCI etching, resulting in a meso-
porous surface morphology owing to the vacant MgO sites.

Fig. 2 shows FESEM images of bare SiO,, SiO,-1.5 Mg, SiO,-2.5
Mg, SiO,-3.5 Mg, and SiO,-4.5 Mg; digital photographs of the pow-
ders are presented in the insets. All the samples exhibited microscale
particle sizes in the range of 1.2-1.8 pm. As shown in Fig. 2(a), the
bare SiO, sample, which was obtained before magnesiothermic
reduction, had a smooth surface and a white color. As the reduc-
tion level of the samples increased from SiO,-1.5 Mg to SiO,-4.5
Mg, the colors of the powders became darker owing to the band-
gap narrowing (Figs. 2(b)-(e)) [17]. From SiO, to SiO, and Si, the
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Fig. 2. FESEM images and digital photographs of the (a) SiO,, (b) SiO,-1.5 Mg, (c) SiO,-2.5 Mg, (d) SiO,-3.5 Mg, and (e) SiO,~4.5 Mg samples.

electrical conductivity increased owing to the generation of oxygen
vacancies together with additional charge carriers, which endowed
the Si-based materials with metallic properties. Moreover, the in-
creased Mg content led to the development of a large MgO phase,
which contributed to the mesoporous surface morphology of the
SiO, samples. However, for SiO,-4.5 Mg, an excess Mg amount
resulted in a smashed particle morphology because of the large
amount of MgO, which was removed by HCI etching. The cracked
and damaged particle morphology of SiO,-4.5 Mg can even induce
an irreversible redox reaction by forming an excessive amount of
solid-electrolyte interphase (SEI). Thus, the SiO,-3.5 Mg sample
exhibited an optimized particle morphology with a mesoporous
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Fig. 3. XRD data obtained from the SiO,, SiO,-1.5 Mg, SiO,-2.5 Mg,
SiO,-3.5 Mg, and SiO,-4.5 Mg samples.
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surface, while maintaining a solid particle state.

Fig. 3 shows the XRD patterns of bare SiO,, SiO,-1.5 Mg, SiO,-
2.5 Mg, SiO,-3.5 Mg, and SiO,-4.5 Mg, which were obtained to
identify the crystal structures. The bare SiO, sample exhibits typi-
cal crystalline SiO, peaks at approximately 20.6°, 26.4°, 36.4°, 39.3°,
45.6°, 50.1° and 59.9°, corresponding to the (100), (101), (110), (102),
(200), (112), and (211) planes of SiO,, respectively (JCPDS #46-
1045) [18]. Interestingly; as the reduction level of SiO, increased
from SiO,-1.5 Mg to SiO,-4.5 Mg according to the amount of Mg
added, the intensities of the SiO, peaks decreased, and Si peaks
emerged. For the SiO,-4.5 Mg sample, only Si peaks were observed
at approximately 28.7°, 47.3°, and 55.9°, corresponding to the (111),
(220), and (311) planes of Si, respectively (JCPDS #27-1402). This
indicates that hierarchically reduced SiO, samples were successfully
prepared by adjusting the amount of Mg relative to that of SiO,.

XPS analyses of the SiO,-1.5 Mg, SiO,-2.5 Mg, SiO,-3.5 Mg, and
SiO,-4.5 Mg samples were conducted to determine the chemical
bonding states and oxidation numbers. Fig. 4(a) shows the O 1s
XPS profiles obtained from the samples, which were standardized
with the C-C (284.5 V) reference binding energy. All the samples
exhibited two peaks at approximately 534.0 and 533.3 €V, corre-
sponding to the O-Si(T) and O-Si(I) bonds of silicon oxide, respec-
tively [19]. As the reduction level increased from SiO,-1.5 Mg to
SiO,-4.5 Mg, the O 1s peak intensity decreased because of the mag-
nesiothermic reduction process. Notably; the intensity of the oxygen
vacancy peak at approximately 529 eV increased with the amount
of Mg. These oxygen vacancies introduce additional charge carri-
ers to the SiO, lattice, increasing the electrical conductivity [20,21].
Low electrical conductivity is a critical limitation of Si-based active
materials, as it restricts the formation of an SEI layer and disrupts
electron transport during the charge and discharge processes. Thus,
the generation of oxygen vacancies in the SiO, active material can
significantly improve the electrochemical performance. Using the
XPS data, the peak area ratios (Si/O) and detailed oxidation num-



Hierarchically reduced SiO, for high-performance LIB anode 3049
o 50 2.0
O-si(l) S ™™ chemical bonding ratio
(a) o-si(l) cc (b) [ oxidation number
1
LI}
, I 2 4of =
Si0,-4.5Mg - : ) 152X
; ~ i
3 2 £
s 8% £
© c
2 c 10 &
: g E
o =20 5
[= X -
= : 5
o Jos
10}
1 1 1 1l 1 1 i 1 0.0
540 538 536 534 532 530 528 526 SIOy SIoy SIOy SIOy
Binding Energy (eV) A5Mg  -25Mg  -35Mg  -4.5Mg

Fig. 4. (a) O 1s XPS core-level spectra and (b) calculated peak area ratios based on the oxidation numbers for the SiO,-1.5 Mg, SiO,-2.5 Mg,

SiO,-3.5 Mg, and SiO,-4.5 Mg samples.

1200 Pr—— —
-@-Si01.5Mg
1000 _(a)—O—SiO‘-Z.SMg / // 2
-@-5i0_-3.5Mg P o
- Si i °
sool @~ Si0 -4.5 Mg / / /
—_— o ] o @
:G., 600 - °/ o/ 0/ J
H 74 / /
N 400} 27 °/° &
200 2009°
0 b N N L .
0 200 400 600 800 1000 1200
Z'(Q)

)

= 6

2 (b) B SiO_-1.5Mg

;g B Si0_-2.5Mg

T ~ I SiO,-3.5Mg

8 L.l B SiO_-4.5Mg
o~

c £

o ©

g < 2.38
=}

EE

T

c

2

.

-l

Samples

Fig. 5. (a) Nyquist plots and (b) calculated Li-ion diffusion coefficients of the SiO,-1.5 Mg, SiO,-2.5 Mg, SiO,-3.5 Mg, and SiO,-4.5 Mg elec-

trodes.

bers of the SiO,-1.5 Mg, SiO,-2.5 Mg, SiO,-3.5 Mg, and SiO,-4.5
Mg samples were calculated. The peak area ratios (Si/O) for SiO,-
L5, SiO,-2.5 Mg, SiO,-3.5 Mg, and SiO,-4.5 Mg were 13.1%, 17.4%,
23.3%, and 25.7%, respectively. The calculated oxidation numbers
for SiO,-1.5 Mg, SiO,-2.5 Mg, SiO,-3.5 Mg, and SiO,-4.5 Mg were
1.61, 1.24, 0.85, and 0.72, respectively. The results indicate that the
oxidation numbers of the SiO, samples were easily controlled through
the magnesiothermic reduction process. Moreover, the oxygen vacan-
cies in the optimized SiO, sample affected its electrochemical per-
formance.

To investigate the electrochemical kinetic properties of the SiO,-
1.5 Mg, SiO,-2.5 Mg, SiO,-3.5 Mg, and SiO,-4.5 Mg anodes, EIS
was conducted using coin-type cells. Fig. 5(a) shows the Nyquist
plots, which are often divided into semicircles and inclined lines in
the high- and low-frequency regions, respectively. The semicircle
indicates the charge-transfer resistance (R), which corresponds to
the interfacial resistance between the anode and electrolyte. Among
the electrodes, the SiO,-3.5 Mg electrode exhibits the smallest semi-
circle, indicating that it has the highest electrical conductivity. This
result is mainly attributed to the optimized reduction level of SiO,

with the generated oxygen vacancies. The inclined line is related to
Li-ion diftusivity, which is expressed by the Warburg impedance.
The SiO,-3.5 Mg electrode exhibits the lowest Warburg impedance,
resulting from the enhanced Li-ion diffusivity due to the meso-
porous surface morphology. Fig. 5(b) shows the Li-ion diffusion coef-
ficients based on the Warburg impedance coefficients (o;,), which
were obtained from the slopes of all the electrodes. To calculate
the Li-ion diffusion coefficient, we utilized a relevant equation as
below:

D=(RT)2A(n’F’Co,)* 3

First, to get the ionic diffusion coefficient (D), the Warburg imped-
ance coefficients (;,) were obtained from the slope of Nyquist plot
of respective samples. The values of o;, were exhibited as 19.9, 14.5,
12.0, and 193 for SiO,-1.5 Mg, SiO,-2.5 Mg, SiO,-3.5 Mg, and
SiO,-4.5 Mg electrodes, respectively. Based on these values, the SiO,-
3.5 Mg electrode exhibits the largest Li-ion diffusion coefficient
(2.38x10 " cm’ s') among the electrodes (0.85x10", 1.62x10 ",
and 091x10™"? cm’ s™" for SiO,-1.5 Mg, SiO,-2.5 Mg, and SiO,-4.5
Mg, respectively).

Korean J. Chem. Eng.(Vol. 40, No. 12)
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Fig. 6. (a) CV data measured from 0.05 to 1.5V at a scan rate of 1.0mV s ' and (b) specific capacities at a current density of 0.5C for the
SiO,-1.5 Mg, SiO,-2.5 Mg, SiO,-3.5 Mg, and SiO,-4.5 Mg electrodes.

The cydlic voltammetry (CV) curves of the electrodes obtained
at a scan rate of 1.0mV s~ were plotted to evaluate the electrochemi-
cal characteristics with respect to the voltage, as shown in Fig. 6(a).
All the electrodes exhibit a pair of anodic and cathodic peaks at
approximately 0.59 and 0.016 V, corresponding to the lithiation and
delithiation processes, respectively, during the repeated redox reac-
tions [22]. The SiO,-3.5 Mg electrode exhibits the highest anodic
and cathodic peak current densities among the electrodes, which
is mainly attributed to its high electrical conductivity and facilitated
diffusion. To evaluate the energy-storage capabilities of the elec-
trodes, repeated charge and discharge tests were performed for 100
cycles at a current density of 0.5C. In addition, the charge and dis-
charge initial Coulombic efficiencies (ICEs) were calculated (Fig.
6(b)). The ICE values of the samples appeared as 49.62%, 57.29%,
78.36%, and 68.18% for SiO,-1.5 Mg, SiO,-2.5 Mg, SiO,-3.5 Mg,
and SiO,-4.5 Mg, respectively. The SiO,-4.5 Mg exhibits a reduced
ICE despite having the lowest oxygen content; this is attributed to
the cracked and unstable particle morphology. Owing to its high
electrical conductivity and mesoporous surface morphology, the
SiO,-3.5 Mg electrode exhibits the highest specific capacity (1,286.8
mAh g ') and cyde stability for 100 cycles (658.1 mAh g at the
100" cycle) among the electrodes. This result indicates the effect of
the hierarchical reduction process of SiO, on its electrochemical
performance. For the SiO,-4.5 Mg electrode, excessive magnesio-
thermic reduction destroyed the particle structure and degraded
the electrochemical performance.

The electrochemical performance of hierarchically reduced SiO,
was successfully optimized using magnesiothermic reduction. During
heat treatment, Mg reacted with SiO,, reducing SiO, to SiO, and
Si with the generation of MgO. The oxygen vacancies and metal-
lic Si structure increased the electrical conductivity of SiO,, accel-
erating electron transport during the redox reaction. Furthermore,
the etched MgO sites formed a mesoporous surface morphology,
which improved the cycle stability. According to these results, hier-
archically reduced SiO, is a promising anode material for high-per-
formance LIBs.

CONCLUSION
The effects of the hierarchical reduction of SiO, on the energy-
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storage capabilities of LIB anodes were investigated. We controlled
the reduction of SiO, from bare SiO, via a magnesiothermic pro-
cess. SiO,-3.5 Mg had a larger number of oxygen vacancies and a
more mesoporous surface morphology than the other samples. The
SiO,-3.5 Mg electrode exhibited the largest Li-ion diffusion coeffi-
cient (2.38x10™"> cm’ s™') and the highest specific capacity (1,286.8
mAh g ). These performance enhancements were affected by the
following factors: (1) The optimized reduction process increased
the electrical conductivity owing to the Si metallic phase with addi-
tional charge carriers from oxygen vacancies. The high electrical
conductivity facilitated electron transport during the charge and
discharge processes, which contributed to a high specific capacity.
(2) A well-developed mesoporous surface morphology resulting
from the removal of MgO enhanced the cycle stability. Therefore,
the SiO,-3.5 Mg electrodes are an attractive substitute for conven-
tional anode materials used in LIBs.
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