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Silicon and silicon oxide compounds SiO, SiO,, SiO, and SiOC are considered as a
promising family of materials for high-energy lithium batteries due to their high theoretical
capacity, widespread in nature, low cost, environmental safety and ease of synthesis.
Silicon oxide compounds have replaced silicon in the hope of improving the discharge
characteristics of lithium batteries. Oxides of silicon show excellent stability during cycling
after structure optimization. However, they suffer from the problem of low Coulomb
efficiency and high voltage hysteresis (difference in charge and discharge voltage), which
prevents their practical application. Significant bulk expansion of silicon oxides during
cycling and irreversible loss of capacity in the initial cycles are an obstacle to their large-
scale practical use. This review pays attention to the peculiarities of the conversion of SiO,
and its hybrid compounds into the redox reaction with lithium and ways to overcome
existing problems. Silicon dioxide is more resistant to bulk expansion than silicon. Various
structural formats of nanometer SiO, have been developed and tested for lithium batteries,
such as nanotubes, nanorods, nanowires, nanoparticles, thin films. To solve problems in
the SiO,/Li system, a number of SiO, composites with carbon, graphene, active and
inactive metals, etc. have also been proposed and studied. Analyzing the results of the
studies, we found a significant role of the solid electrolyte interphase film in the efficient
conversion of SiO,. In turn, the formation of a film on silicon dioxide depends on the
method of synthesis of dioxide, which introduces impurities into the final synthesis product.
Impurities contribute to the distortion of the solid electrolyte interphase film during the
cycling of the SiO,/Li system, and the loss of discharge capacity. SiO, dioxide obtained in
a dry environment of a ball mill differs favorably from that obtained from solutions. Many
efforts have been made to overcome the problems in Si-containing electrode materials,
however, they have to go a certain way for large-scale practical application.
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Ways of conversion of silicon dioxide SiO,

In early studies, it was believed that SiO, dioxide
was electrochemically inactive against Li [1,2]. In
fact, it was considered as an inert matrix-buffer,
which resists the bulk expansion of the active
components during lithiation/delithiation, and that
the reduction of SiO, to Si and Li,O by reaction (1)
was thermodynamically impossible [2]:

Si0,+4Li*+4e —Si+2Li,0, E’=0.69 V (1)

© R.D. Apostolova, E.M. Shembel, 2023

When silica interacts with lithium, silicon is
formed [3], the transformation of which in the
processes of lithiation in Si and SiQ, is described in
detail in reviews [4,5]. High-lithium amorphous
silicon suddenly crystallizes when it reaches a
potential of 50 mV vs. Li*/Li electrode, forming a
lithium-silicon phase, identified as Li,;Si,.
Delithiation of the Li,;Si, phase leads to the
formation of amorphous silicon. Silicon anodes in
cycling above 50 mV avoid the formation of the
phases, which improves cyclicity.

@ @ This article is an open access article distributed under the terms and conditions of the Creative
B Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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The mechanism of the reaction between SiO,
and Li is not fully understood, and there are still
disputes about the reaction pathways and end
products. This review complements the information
on the interaction of SiO, with lithium, provided
earlier [5]. Theoretical calculations and in situ studies
were used to identify the mechanism of SiO, lithiation
[6—9]. When using the theory of functional density
(DFT) and molecular dynamics (MD), it was found
that the formation of Li,O and Si—Si bonds (complete
reduction) is energy disadvantageous, and only two
Li attack and break the Si—O bond [6].

In studies of the SiC composite(core)@SiO,(shell),
the SiC nucleus was inactive with respect to Li, while
the shell showed signs of activity [7].

According to the theoretical calculations by
Balbuena et al., Li is included in SiO, due to the
rupture of the Si—O bond and due to the partial
reduction of Si atoms [8]. The breakdown of the
Si—O bond becomes less advantageous at high lithium
levels, with the formation of the Si—Si bond and the
emergence of Li,O complexes. According to ref. [10],
the most advantageous energy formation of Li,Si,O;
for lithiation SiO, is shown.

Direct experimental confirmation of
electrochemical reduction of SiO, using nuclear
magnetic resonance (NMR), X-ray photoelectron
spectroscopy (XPS), high-resolution transmission
electron microscopy (HRTEM) and Energy
dispersive X-ray analysis (SAED) [11] was obtained.
It was found that at the early stage of silica lithiation
oxide Li,O is formed. In the subsequent lithiation, a
mixture of Li,SiO, and Li,O is formed. Guo and
colleagues proposed a mechanism, according to their
XPS data [11]:

Si0,+4Li*+4e —2Li,0+Si, (1)
Si0,+4Li*+4e —Li,Si0,+Si, (2)
Si+xLi*+xe —Li,Si. (3)

Fultz et al. consider the reduction of SiO, oxide
thermodynamically possible process [12].

A promising material for the creation of
electrochemical current sources based on it is
nanodispersed silicon dioxide, which is obtained from
silicon halides by the so-called pyrogenic method.
Mironjuk et al. [13] tested nanodispersed
pyrogenically obtained silica as a material for the
positive electrodes of a lithium current source. The
energy capacity of the elements depends on the
average diameter of the primary SiO, particles and
the degree of their aggregation. The use of

nanodispersed silica with an average particle diameter
of 9 nm is considered promising. When discharging
a lithium cell with a cathode based on pyrogenic
dioxide silicon in the galvanostatic mode (current
density was 6.5 mA-g™"), the specific capacity and
energy of the active material reaches 1865 A-h-kg™!
and 4837 W-h-kg™!, respectively. The obtained results
testify to the prospects of pyrogenic silica for its use
as a material of positive electrodes of lithium power
sources.

To obtain high-performance anode materials
for lithium-ion batteries, innovative and practical
concepts have been proposed that use easy
amorphization of quartz powders by mechanical
grinding in high-energy ball mills [14]. Metal Si and
amorphous silicon dioxide, as well as gaseous oxygen
were isolated from very stable crystalline silicon
dioxide during grinding. Silicon crystals with a size
of 5 nm were dispersed in a matrix of amorphous
silicon dioxide. The crushed material reacts with Li,
demonstrating excellent electrochemical
characteristics with a capacity of 800 mA-h-g™' for
100 cycles. In the reaction with Li electrodes were
used, which include 70% crushed SiO,, 15% carbon
black Ketchen, 15% polyamidimide, in a composition
with N-methylpyrrolidone. The electrodes were dried
under vacuum at 200°C for 4 hours.

Analyses showed that Si and Li,Si,O; phases
were observed when the electrode potential was
reduced to 0.27 V vs. Li*/Li. At 0.24 V, lithium
silicate Li,SiO, was also formed. At the potential of
0.01 V, phase Li;Si, was observed. Among these Li-
silicates, the reversibility of the Li,Si,O5 phase was
noted, while the Li,SiO, phase formed during the
synthesis of the SiO,/C composite was irreversible.
Reactions of SiO, with Li during the 1% cycle are
given as follows:

Inclusion Li*

0.27 V: a-Si0,+(4/5)Li*+(4/5)e —

—(2/5)Li,Si,05+(1/5)Si, 4)

0.24 V: a-SiO,+2Li*+2e —(1/2)Li,SiO,+(1/2)Si, (5)

0.0 V: Si+(15/4)Li*+(15/4)e"—(1/4) Li;sSi,,  (6)
Extraction Li*

0.34 V: Li;sSi,—>15Li*+4Si+15¢", (7)

0.39 V: Li,Si,0,+(1/2)Si—>(5/2)Si0,+2Li*+2e. (8)

Si appears as a result of reactions (1) and (2),
as well as grinding. In the 10" cycle, reversible phases,
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such as Li,sSi, and Li,Si,0;, were repeatedly formed.
Crystal structures Li,Si,05 (SG Ccc2, a=5.807 A,
b=214.582 A, c=%4.773 A) and Li,SiO, (SG P121/M1,
a=5.147 A, b=%6.094 A, ¢=1%5.293 A), as can be
seen from their parameters, differ. The length along
the b-axis of the orthorhombic Li,Si,O; unit cell is
2.4 times greater (14.582 A) than that of monoclinic
Li,SiO, (6.094 A). The open tunnel structure along
the c¢ axis in the Li,Si,O; phase can provide easy
diffusion paths for Li ions and the reversibility of
the Li,Si,0; phase. In the case of the 24-hour
grinding sample, the sharp decrease in charge capacity
compared to the discharge capacity during the I
cycle was due to the formation of irreversible lithium
silicate (Li,SiO,). Although 24-hour ground SiO,
showed a low initial Coulomb efficiency (37%), it
was reduced to 99% in the next cycle. In addition,
the preservation of the electrode capacity was 90%
on the 100" cycle and more than 80% over 200
cycles. To increase the initial Coulomb efficiency, it
was proposed to adjust the voltage to 0.27 V to form
the reversible phase of Li,Si,05 in the 1 cycle.

Bulk SiO, shows low electrochemical activity
against Li due to sluggish diffusion of Li* and low
intrinsic electrical conductivity. Reducing the particle
size increases the electrochemical activity of SiO,
[15—18].

Three-dimensional aerogels made of graphene
doped with nitrogen with different loading masses
SiO, (Si0,/NGA) were synthesized by light
hydrothermal means [17]. This composite structure
has significantly increased capacity due to surface
and interface design, and the ability to significantly
absorb bulk expansion of silica. When used as an
anode material for lithium-ion batteries, the
Si0,/NGA nanocomposite can provide a specific
capacity of more than 1000 mA-h-g™' at a current
density of 100 mA-g~!' with long cycling stability and
demonstrate typical pseudo-capacity. The creation
of a composite of nitrogen-doped aerogel is an
effective way to improve Si-based electrodes for LIB.

In the Li,0—SiO, system, Li,SiO; and Li,SiO,
compounds are formed due to solid reactions with
lithium [19]. The initial specific capacitance of
Li,SiO, and Li,SiO, reaches 136 and 129 mA-h-g”!,
respectively. Increased productivity of the redox
reaction with lithium is manifested after the
application of carbon coating. The initial specific
discharge capacity of Li,SiO; and Li,SiO, with carbon
coating can reach 230 and 220 mA-h-g™', respectively.
The oxide film on the surface of the silicon electrode
has different effects on its electrochemical conversion
to the redox reaction with lithium depending on the
method of oxidation of silicon [20]. In the case of

the Si—1 sample obtained from the H,O,/H,SO,
solution, a thin, very dense SiO, film was obtained.
In the second case, the Si—2 oxide layer was porous
and thick. It was obtained by dissolving the virgin
oxide layer on silicon in HF solution. SEM images
showed that both modified samples contained
nanoparticles with an average diameter of 100 nm.
The obtained powders were mixed with conductive
carbon XC-72 (Cabot, Boston, MA, USA) and 4%
aqueous solution of carboxymethylcellulose (CMC)
in a weight ratio of 6.0:2.5:1.5. During the 1* scan
in cyclic voltammetry, the Si—1 sample in the
cathode part contains a small peak at 1.8 V vs. the
Li*/Li electrode associated with partial reduction of
the surface oxide, and also contains a sharp peak
starting from 0.2 V vs. Li*/Li, associated with a two-
phase silicon lithiation process. In the oxide scan of
the Si—1 sample, the two peaks at 0.45 and 0.55 V
correspond to the delicacy reactions of the Li,Si alloy
formation, which continue through the intermediate
phase of Li,,Si;. During the first potential scan, the
Si—2 sample revealed two peaks associated with the
reduction of silicon oxide at 1.80 and 1.05 V. The
kinetics of Li,Si,, formation for the Si—2 sample is
shown. Because this reaction involves the removal
of bulk silicon (core), it must be independent of the
chemistry of the oxide surface. Galvanostatic cyclicity
of the modified materials showed significant
differences in the characteristics of Si—1 and Si—2.
The retention capacity of the modified sample (Si—
1) reached 83% after 50 cycles, compared with 99.3%
for Si—2. The significant difference in the preservation
of capacity between the two materials is due to the
influence of different characteristics of the oxide
surface.

The use of silicon in LIA is complicated, among
other factors, by insufficiently stable solid electrolyte
interphase (SEI). The formation of SEI depends on
the surface of Si, which is covered with oxide (SiO,).
In the study [21], three different Si surfaces were
compared using Si plates coated with natural SiO,
1.3 nm thick, thermally grown SiO, 1.4 nm thick,
and samples without SiO,. The latest samples showed
the worst electrochemical parameters with CE of
about 94%, with the thickest SEI film and the highest
polarization during lithiation. Oxide coated surfaces
achieved significantly better results, showing CE
above 99% after the second cycle, low polarization
during lithiation and a thinner and more stable SEI
film. Oxides reduce the potential for electrolyte
decomposition, and promote the formation of SEIs
with fewer P—F species. However, it was found that
the CE in the case of the surface with natural oxide
decreases from the fifth cycle and correlates with
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electrolyte reduction. 1—2 nm thick thermal coating
is optimal to achieve a stable SEI that minimizes
side effects and maintains efficient cycling.

It was found [22] that the SiO, layer on silicon
particles, a promising electrode material for future
generation of lithium-ion batteries, can adversely
affect the conversion of silicon electrode, slow the
transport of lithium ions at the SiO,/Si interface,
lead to low reverse capacity and increasing the
impedance of charge transfer. When a low potential
is applied to the Si electrode, the oxide layer can
quickly turn into a silicate form in the range of 0.01—
1.00 V vs. Li*/Li. This leads to irreversible
consumption of lithium ions with a cardinal loss of
capacity in the lithium—ion system.

Despite a huge number of studies of electro-
chemical-mechanical behavior of energy-saving
materials, the mechanical behavior of amorphous
SiO, during the electrochemical reaction remains
largely unknown. The evolution of stresses, electronic
structure, and mechanical deformation of SiO, were
systematically investigated by calculating the first
principles and finite element method [23]. The
structural and thermodynamic role of O in the
amorphous Li—O—Si system is described. The Si—O
bonds in SiO, show high mechanical strength, but
are mechanically softened by the introduction of Li-
rich phase SiO,. The finite element model, including
the kinetic model for anisotropic expansion,
demonstrates the long-term cyclic stability of Si—
SiO, core-shell nanoparticles. It is mainly due to
the reaction kinetics and high mechanical strength
of Si0,. These results give a fundamental idea of the
chemo-mechanical behavior of SiO, for practical use.

A method for the synthesis of a thin-layer
composite Si0,/Ni electrode is proposed, in which
amorphous nanometer silicon dioxide obtained by
the method of sulfuric acid deposition is enclosed in
a nickel matrix for efficient use in negative electrodes
of lithium-ion film battery [24]. The synthesized SiO,
was used for galvanic production of a thin-layer
Si0,/Ni composite on the cathode of nickel foil with
a nickel anode. The cathode was placed horizontally
and a suspension of SiO, in the electrolyte for nickel
plating with thorough stirring was poured into the
cell. After 5—20 minutes, during which SiO, particles
sedimented on a nickel base, the current was turned
on for a specified time. The composition of the
electrolyte for the deposition of the composite was
as follows, g-L': NiSO,7H,0 150; Na,SO,-5H,0
25; H,BO; 15; KCI1 10; SiO, 2; pH 5—6. The
electrolysis conditions were as follows:
S cathode: Sanode=1:20; icanose=1.9—2.0 mA.cm™2. Heat
treatment was conducted at 105°C for 6—7 h. The

size of the synthesized particles is mostly 12—16 nm
and does not exceed 22 nm.

Discharge-charging curves of the synthesized
electrode in the model Li-battery in dimensions
CR2016 with electrolyte dimethoxyethane (DME,
Merck), dioxolane (DOL, Acros), 1 mol-L™' LiBF,
depend on the duration of sedimentation of silica
on the Ni-base, which determines its mass in the
sediment. At duration of 5 minutes, the starting
discharge curve changes monotonically within the
voltage of 1.20—0.05 V. At duration of 15—20
minutes, the discharge curve consists of two sections:
horizontally inclined within 1.4—1.2 V and purely
horizontal within 0.25—0.35 V at the current density
of 20—100 mA-cm2 (Fig. 1). In the subsequent cycles
the inclined site disappears, horizontal anode and
cathode sites remain (Fig. 2).

The obtained results show the homogeneous
distribution of SiO, dioxide in the matrix, which
provides accessible transport of charged particles
within the nickel matrix and contributes to the
horizontal orientation of discharge-charging
(E vs. Q) curves of SiO,/Ni electrode, as well as
cycling stability in the voltage range 0.40—0.10 V at
low density of discharge and charging currents.

E
1.6
0.8
\ 13 A 100 pA
v T+ e—_—
! 1 51 “A ! 1
0 0.5 1.0 1.5 2.0
Q

Fig. 1. Changing the profile of the discharge curve SiO,/Ni with
a change in current density

Fig. 2. Discharge-charging curves of the SiO,/Ni composite
with increasing degree of charge/discharge of the SiO,/Ni
composite in the 10" cycle: igscnamge=icharee=0.05 MA-cm™2.
1 — discharge, 2 — charge
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Outside the specified range, with increasing charging
current density and discharge, at a discharge voltage
below 0.07—0.05 V, degradation electrode processes
associated with bulk expansion of silicon dioxide are
observed. Their appearance is evidenced by
fluctuations in the curves (Fig. 2).

It is known that in the electrodes based on
silicon and its oxides, the dimensional changes in
the horizontal and vertical directions that occur
during cycling in a lithium battery differ from each
other. There is a mechanical tension in them. The
formation of new phases during the cycling of Si-
containing electrodes also contributes to the
development of inhomogeneous bulk changes. There
is a rupture of the electron-ion transport path, an
increase in the internal resistance of the electrode,
as well as the rupture of the surface protective solid-
electrolyte film SEI on silicon oxide. Dense stable
film, which prevents side effects that lead to lithium
consumption, continuously updated during rupture,
becomes unstable. Mechanical stress leads to the
destruction of particles, grinding of the material, loss
of contact between its particles, violation of the
integrity of the electrode, the fall of the discharge
capacity. As a result of fragmentation of the electrode
in delithiation, which leads to an increase in its
internal resistance, the discharge curve decreases,
approaching the deposition potential of lithium, after
which lithium cycling (deposition-dissolution) takes
place. A similar interaction of base oxides (stainless
steel) with lithium is shown in studies of a thin-
layer LiCoO, electrode in a model lithium battery
[25].

The role of the active SiO, material becomes
predominant with increasing the degree of filling of
the nickel base in the investigated composite
electrode, which is observed with increasing
sedimentation time of silicon dioxide. Then the
electrochemical activity of the thin-layer SiO,
electrode is manifested in a narrow voltage range:
between 0.40—0.10 V. In this case, it is possible to
achieve high bit capacitance characteristics
comparable to those defined with a silicon electrode
[26] which was received by a technically complicated
method of photoelectric chemical etching of the
washers of monocrystalline n-silicon. For long-term
stable cycling of a SiO,/Ni electrode with high
Coulomb efficiency, it is important to clearly limit
the operating range of the cycling voltage, avoiding
the formation of phases associated with significant
bulk expansion. This is easy to do, taking advantage
of the discharge-charging curves of the studied
composite — the constancy of the operating voltage
over a long period in the processes of charge and

discharge.

Amorphous films of silicon dioxide occur on
the surface of silicon naturally under the influence
of the atmosphere. When using silicon in the
electrodes of lithium-ion batteries, the characteristics
of its surface lithium are important for understanding
the operation of Si-anodes. Analysis of the theory of
the functional density of lithiation of amorphous
lithium silica reveals the mechanisms of lithiation
and the role of surface functional groups in lithiation
reactions and the film structure [8]. The surface
concentrations of silanol groups and the structure of
the optimized model of the amorphous hydroxylated
silicon dioxide film are consistent with those observed
experimentally. It has been established that lithium
is included in SiO, by breaking the Si—O bonds and
partially reducing the Si atoms.

Features of the interaction of various modifications
S8i0, with lithium

Mechanisms of interaction of SiO, with lithium
in thin films

Lithiation of SiO, thin films obtained by reactive
radiofrequency sputtering was first studied in the work
[27]. Films with a thickness of 400 nm had a load of
SiO, of 0.11 mg-cm™. Cyclic voltammograms at a
scan sweep rate of 0.1 V.s™! were obtained in the
electrolyte LiPF, 1 mol-L™!, ethylene carbonate:
dimethyl carbonate (1:1 volume, Merk). The reverse
discharge capacity of SiO,/Li, which varies cyclically
between 0.01 and 3.00 V in the galvanostatic process,
is in the range from 416 to 510 mA-h-g! during the
first 100 cycles. The capacity decreases during the
first 100 cycles by 13.7%, its drop of less than 0.01%
per cycle indicates electrochemically active SiO,
nanostructured material. The authors believe that
the plateau with a high voltage of about 1.50 and
0.82 V should be a feature of the electrochemical
reaction of SiO, with lithium.

Three cathode peaks at 1.20; 0.77 and 0.01 V
at the initial discharge and two anode peaks at 1.57
and 1.75 V are observed on voltammograms. In
subsequent cycles, the cathode peaks at 1.20 and
0.77 V go to 1.54 and 0.87 V, respectively. The two
anode peaks appear at 1.60 and 1.87 V after the
initial cycle. It was found that initially the structure
of silicon dioxide belongs to the spatial group
(P63-mmc). When SiO, is discharged to 0.1 V,
Li,Si,05 (spatial group Ccc?2) is formed; when it is
charged to 3.0 V SiO, (spatial group P6222) is formed.
According to photoelectron spectroscopy, the
concentration ratio of Si/O in silicon dioxide is
1.00/1.97.

Ex-situ data HR-TEM, SAED and XPS support
the inverse reaction of SiO, to Li,Si,O5 conversion.
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The mechanism of electrochemical reaction of SiO,
with lithium was expressed by the authors as reactions
(3) and (9).

5S8i0,+4Li*+4e —2Li,Si,0,+Si 9)

In reaction (9), the theoretical discharge
capacity of SiO, reaches 357.3 mA-h-g"!. It was found
that this value is less than the inverse capacity of the
discharge of 465 mA-h-g~! according to the curve of
discharge/charge. Therefore, another contribution to
the inverse capacity may come from the fusion of Si
with Li by reaction (3). The formed alloy cannot be
seen using SAED due to the formation of metastable
phases and amorphization [28]. Discharge plateaus
below 0.4 V in the discharge/charge curve and
cathode peak at 0.01 V in CV data are attributed to
the Li-Si fusion process. Two redox pairs 1.0—1.75 V
and 0.77—1.57 V in the first cycle were attributed by
the authors to the interaction of SiO, with lithium
to obtain Li,Si,05 and Si. Electrochemical features
of nanostructured SiO, thin film differ from those of
SiO, film (x<1.1), when the process of reversible
discharge on the plateau below 0.4 V is predominant
[29], and Li,O and Li-silicates are formed during
discharge [30].

Peculiarities of electrochemical transformation of
Si0,-nanotubes with lithium

A number of architectural formats based on
SiO, have been fabricated and characterized as
anodes, which include nanocubes, thin films and
nanoparticles with carbon coating, nanospheres, etc.
[31—33].

In the study [34], SiO,NT nanotubes were
fabricated using a two-step solid growth method and
evaluated as an anode for lithium-ion batteries. The
amorphous SiO, layer was deposited on AAO
commercial templates by a vapor-phase process and
thermal degradation of polydimethylsiloxane, a non-
toxic and environmentally friendly organosilicon.
Electrochemical parameters of the interaction of
SiO,NT with lithium were characterized in an
electrolyte containing 1 M LiPF, in (EC:DEC=1:1,
vol./vol.). The electrodes were prepared by mixing
SiO,NT powder, acetylene carbon black, Super P
and fluoro-polyvinylidene (PVdF) in a weight ratio
of 5:3:2. The suspension was pressed onto copper
foil and allowed to dry at 90°C for 12 hours. The
loading density of SiO,NT on the copper foil was
2.73 mg-cm™2,

SiO, nanotubes show a very stable reversible
capacity of 1266 mA-h-g™! after 100 cycles with slight
attenuation of the tank. SiO, NT anodes experience
an increase in capacitance during the first 80 cycles

due to the increase in the Si phase during SiO,
reduction. The hollow morphology of SiO, nanotubes
provides a large expansion of the volume experienced
by Si-based anodes during soldering, and helps to
preserve the interfacial layer of the solid electrolyte.
The thin walls of SiO, nanotubes can effectively
reduce the distance of the diffusion path of Li-ion
and, thus, provide a favorable cycling rate. The high
aspect ratio of these nanotubes allows the use of a
relatively scalable method of manufacturing
nanosized anodes based on SiO,.

High performance is also achieved with silica
in the format of composite microspheres. In the study
[35], silica/graphite anode material was synthesized
in situ by hydrolysis-calcination using ethyl
orthosilicate as a source of silicon. The results of the
study by the methods of galvanostatic charge-
discharge, cyclic voltammetry and electrochemical
impedance spectroscopy showed that amorphous
silica microspheres were embedded in the graphite
matrix. This structure not only strengthened the
Si—O—C bond, but also improved the composition
of the solid electrolyte interphase. The specific
capacity of the silica/graphite anode can be stabilized
at about 450 mA-h-g™! after 300 cycles at a current
density of 100 mA-g~!, which leads to stable storage
of lithium due to the synergistic effect between silica
and graphite.

Porous SiO, nanoparticles as a promising material
for negative electrodes LIB

When used as electrode materials for LIB,
hollow porous nanoparticles can reduce the diffusion
path length of lithium ions with improved cyclicity
and reduce structural deformation and volume
fluctuations when the electrode material interacts
with lithium. The preparation of hollow porous SiO,
nanocubes in a two-step method with a rigid template
and their potential use as anode materials for LIB
was reported in ref. [36]. The procedure for obtaining
Si0, nanocubes is as follows: nanoparticles
Co,[Co(CN)¢],, which are used as a template, are
coated with silicon dioxide and sintered at 550°C for
1 hour. First, SiO,@Co,0, nanocubes are obtained,
and after their acid etching, SiO, nanocubes are
obtained.

Two peaks in the first cycle in the reduction
process, 1.3 Vand 0.55V, are observed on the cyclic
voltammograms of SiO, nanocube electrodes. They
are attributed to the processes of electrolyte
decomposition and film formation (SEI). The SEI
film is formed in the first cycle, followed by stable
efficient cycling. The discharge and charging
capacities of the 1% cycle are 3084 and 1457 mA-h-g™!,
respectively, with a low initial Coulomb efficiency

On ways of conversion of silicon dioxide SiO, in lithium battery systems: a review
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of 47% CE. The discharge capacity of the 2" cycle
is equal to 1807 mA-h-g!. Such a large irreversible
capacity (1277 mA-h-g™") can be attributed to the
formation of the SEI layer and electrochemical
reactions between lithium ions and SiO, [37].

According to HRTEM and SAED, the
mechanism is presented as reversible reactions (3)
and (9). It is concluded that three types of reactions
exist between silicon dioxide and lithium. The
mechanism of reaction with the production of Li,O
and Si shows the highest reversible capacity of 1961
mA-h-g™!.

Si0, nanowires when interacting with lithium in
LIA

SiO, nanowires were prepared for negative
electrodes of lithium-ion batteries by the sol-gel
process using a template [38]. The amorphousness
of SiO, was confirmed by X-ray diffraction and
Fourier transform infrared spectroscopy. The results
of scanning electron microscopy and transmission
electron microscopy show that the SiO, nanowire
has a diameter of about 100 nm and a length of
about 30 mm. The results of cyclic voltammetry and
galvanostatic research were performed in the potential
range of 0.05—3.00 V. At a current density of
200 mA-g™!, specific capacity of the first cycle reaches
2252.6 mA-h-g! with CE 60.7%. Even after about
400 cycles, 97.5% of the initial specific capacity was
still maintained. Moreover, when the current density
was increased to 2500 mA-g~!, high specific capacity
was found. Data of cyclic voltammetry and
galvanostatic research give the basis for detection of
the mechanism of electrode transformation. In the
first cycle, there are two obvious recovery peaks
located at 1.5 V and 1.0 V. The peak at 1.5 V
facilitates the decomposition of the electrolyte
solution and the formation of a solid electrolyte layer
(SEI) on the anode surface, which is an important
cause of irreversible initial discharge. Peak at 1.0 V
indicates side effects. When the material was first
discharged, amorphous SiO, was reduced to Si to
form Li,Si,O; or Li,SiO, [37]. The irreversible phase
of Li,Si0O,, formed as a result of reaction (2),
consumes a large amount of Li*, which is another
significant part of the irreversible capacity. The
authors summarized the bit processes as the reactions
(2), (9) and (10).
4Si+15Li*+15e "« LisSi, (10)

Charging processes involve reactions (3), (11)
and (12).

Li,sSi,<>4Si+15Li*+15¢e (11)

2Li,S1,0,+Si«>58i0,+4Li*+4¢e" (12)
The profile of the silica composite with
nanowires repeats the profile of the theoretically
calculated profile of amorphous silica [39]. There is
a difference between the electrochemical conversion
of silica and silicon. During lithiation, silica can pass
through ten 3-phase regions, which include silicon,
lithium silicides and lithium silicates. In contrast to
the monotonic voltage change during the reduction
of amorphous phases, the crystalline phases of silica
and silicon vary by steps.
Hollow nanospheres of silica for future LIA
Hollow nanospheres of silica with a uniform
grain size close to 30 nm were successfully synthesized
using a template from micelles of triblock copolymer
ABC of poly-tyrene-b-2-vinylpyridine-b-ethylene
oxide (PS—PVP—PEO) with core-shell architecture—
crown [40]. In this type of copolymer, the PS unit
(core) acts as a void template for hollow silica, the
PVP unit (shell) acts as a reaction zone for the
tetramethoxysilane sol-gel reaction (TMOS), and the
PEO unit (crown) stabilizes the polymer/silica
composite particles. The use of polymers with
different chain lengths of PS, PVP and PEO has
resulted in hollow silica with adjustable cavity size
and wall thickness. The obtained hollow particles
were carefully characterized by X-ray diffraction
(XRD), thermal analysis (TG/DTA), nitrogen
sorption, Fourier transform infrared spectroscopy
(FTIR), nuclear magnetic resonance, and electron
NMR, TEM. Empty silicon nanoparticles showed
high indicators in LIA performance for 500 cycles.
In the first cycle, the discharge capacity of hollow
nanospheres reaches 980 mA-h-g~!. Most of it is
irreversible. The authors believe that after the first
cycle of Li,O/Si accumulation are distributed
uniformly in the wall of the silica shell and prevent
an increase in volume and/or reduction during
charge/discharge. Hollow silica with a void diameter
of 13.9%1.7 nm and a wall thickness of 5.8+0.4 nm
showed capacitance values of 980, 472, 355, 359
and 336 mA-h-g~! for the 1%, 2", 50", 100% and 500
cycles, respectively. Similarly, the values of charge
capacity were 323, 327, 336, 354 and 334 mA-h-.g™!
for the 1¢, 2n, 50t 100t and 500 cycles, respectively.
The inclusion of lithium in commercial dense
silica powder (Alfa Esar, particle size about 10 um)
was studied. In the case of dense silica powder there
is a drop in capacity during cycling. After 25
discharge-charge cycles, the retention capacity is 60%
of the initial capacity, which is much smaller than
the starting capacity of the hollow silica. High
irreversible loss of active particle capacity was also
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observed in the case of dense silica compared to
hollow silica nanospheres. The improvement in the
cyclicity of hollow structures is mainly due to two
factors. First, a hollow structure with a distinct cavity
increases the mechanical stability of the electrodes.
Second, the small grain size of the hollow
nanospheres (30 nm) provides better electrical contact
and a shorter diffusion path during the cycle, while
maintaining the volume preserves the integrity of
the electrode structure. Regarding the mechanism
of formation of Li,O/Si nanomatrix or nanocluster,
the electrochemical reaction of SiO, with Li* to
obtain Li,O and Si metal follows the equation:
SiO,+2xLi*+2xe «>xLi,O+Si. (13)

Li,O formed in situ is known as an inactive
matrix for the placement of active metal particles
and as a good Li-ionic conductor. Li,O/Si clusters
are suitable for alloying processes during charging/
discharging.

The effect of coating electrode materials for LIA
with SiO, film

The surface coating of a number of electrode
materials for LIA with a SiO, film has a positive
effect on their electrochemical behavior in the redox
reaction with lithium, in particular, natural graphite,
LiMn,0,, LiCoO,, and FeS.

SiO, film on natural graphite obtained using
lithium tetraethylorthosilicate Si (OCH,CH,), by the
method of sol-gel process, followed by heat treatment
in an argon atmosphere, improves the discharge
characteristics of lithium batteries [41]. After 40
cycles, the reversible capacity of the modified graphite
exceeds 366 mA-h-g~! with a Coulomb efficiency of
95.5% (83.04% for unmodified graphite). The
modification helps to form a compact stable SEI
surface film.

LiMn,0, spinel samples were coated with 1.0
Si0, oxide; 2.0 and 3.0 wt.% using polymer method,
followed by treatment at 850°C for 6 hours in air
[42]. The compact coating layer is about 50 nm.
The loss of the discharge capacity of LiMn,O, spinel
coated with SiO, oxide (2.0 wt.%) was 4.8% of the
initial capacity (126 mA-h-g™') in the 100" cycle at
30°C and 8.9% at 60°C. Based on the analysis of the
results of electrochemical impedance spectroscopy,
the improvement in cyclicity can be attributed to
the transformation of the passive film and the
reduction of Mn dissolution as a result of
modification of the spinel surface of LiMn,O, by
Si0, dioxide.

Using a mixture of SiO, sol and lithium and
cobalt acetate solution as precursors, nanometer SiO,

modified LiCoO, films were made by electrostatic
spraying [43]. The SiO, content in these films was 0,
5, 10, 15 and 20 wt.%. A film of 15 wt.% SiO, shows
the best cyclic stability: a capacity of 130 mA-h-g™!
in the voltage range from 2.7 to 4.3 V at a current
density of 0.1 mA-cm™2, as well as excellent speed
characteristics. A model of the LiCoO,(shell)/
SiO,(core) structure is proposed to explain the
improved properties of these films.

When comparing the discharge characteristics
in the model lithium battery of electrochemically
synthesized FeS sulfide and its composition with
Si0,, it was found that the discharge capacity of
thin-film compositions (FeS, Si0O,) increases by 30—
50% compared to that of thin-film FeS sulfide in
the voltage range 2.8—1.1 V, as well as at 2.8—
0.05 V vs. Li*/Li electrode, which makes it possible
to use them in the positive and negative electrodes
of lithium-ion systems [44].

Si0, composites as promising materials for
negative electrodes of next LIA generation

Many compositions have been proposed to
improve the electrochemical properties of SiO,. This
review presents some promising developments from
a number of SiO, compositions with nanotubes,
carbon compounds, graphene, and mixtures of
components.

Composite SiO,@C/MWNT

Carbon-coated silica nanoparticles (2—7 nm)
mounted on multi-walled carbon nanotubes
(MWNT) were obtained as SiO,@C/MWNT
composite by a simple and easy sol-gel process
followed by heat treatment [45]. The composition
of the composite includes components in the ratio
Si0,:C:-MWNT=77.5:17:5.5. Microscopy studies
(SEM and TEM) confirmed the tight fixation of
SiO, nanoparticles with carbon coating (C). The
leading MWNT network, which facilitated the rapid
transport of electrons and lithium ions, improves
the structural stability of the composite. The
Si0,@C/MWNT composite showed a reversible
capacity of 744 mA-h-.g™! in the second discharge
cycle at a current density of 100 mA-g~'and excellent
speed, which provides a capacity of 475 mA-h-g™!
even at 1000 mA.g7'. Improvements of
electrochemical processes of the triple composite
anode SiO,@C/MWNT are associated with its unique
core-shell structure and strong synergistic effect
between the individual components.

Si0,@C/MWNT composites help to suppress
side processes. The structure of the core/shell, the
presence of multi-walled carbon nanotubes in the
composite have an increased positive effect, which
is manifested in increased discharge capacity,
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compared with the composite SiO,@C.

Porous SiO, composite with carbon coating as a
suitable material for LIA

The main strategy for solving the problem of
silica as an anode material was developed for the
preparation of SiO, composites with carbon coating
by carbonization in an argon atmosphere. A simple
and environmentally friendly method of obtaining
carbon-coated SiO, composites using sucrose as a
carbon precursor in solutions with different
concentrations was reported in ref. [46]. Nanometer
SiO, was added to these solutions and sintered at
900°C.

Carbon-coated SiO, composites were
characterized by X-ray diffraction, X-ray
photoelectron spectroscopy, thermogravimetry,
transmission and scanning electron microscopy in
combination with energy-dispersive X-ray
spectroscopy, cyclic voltammetry. The calendered
electrode C/SiO, (obtained from a sucrose solution
of 0.085 M) shows the best cycle stability, capacity
714.3 mA-h-g”!, high Coulomb efficiency, as well as
the lowest resistance to charge transfer during 200
cycles without destruction of the electrodes. The
improvement in electrochemical characteristics can
be explained by the positive effect of a thin layer of
carbon, which can effectively reduce the resistance
between surfaces, inhibit the bulk expansion of the
electrode during cycling.

The efficiency of cyclic voltammetry (CV) for
both calendered and non-calendered electrodes was
evaluated in a potential window of 0.001—3.0 V with
a scan rate of 0.1 mV-s™' during the first three cycles.
The cathode peak appears between 0 and 0.5 V,
which is due to the process of SiO, lithiation. Two
anode peaks can be observed at 0.45 Vand 0.77 V in
the second and third cycles, respectively,
corresponding to the delithiation process.

Calendered electrodes show the following
discharge capacity in the 5% cycle at 1 C for
C/Si0,—0.04 M, C/Si0,—0.055 M and C/SiO,—
0.085 M: 591.5, 765.1 and 922.1 mA-h-g7!,
respectively. At the current density of C/10 for C/
Si0,—0.04 M, C/Si0,—0.055 M and C/SiO,—0.085 M,
the discharge capacity reaches the values of 818.8,
1042.2 and 1231.3 mA-h-g™!, respectively.

Composite SiO,@carbon nanorod for LIA

To overcome the bulk expansion and increase
the low electrical conductivity of silica, a composite
of SiO,@carbon nanorods with the formation of the
core-shell structure was developed [47]. A light in
situ coating strategy of polydopamine was used for
the synthesis of a number of SiO,@carbon nanorod
composites with different thicknesses of carbon shells.

Carbon shell, evenly covered the surface of SiO,
nanorods, to some extent inhibiting bulk expansion,
as well as improving the electrical conductivity of
Si0,. The presence of micropores with a size of
0.68 nm and mesopores with a size of 8.6 to 29.5 nm
was determined in the composite. High and stable
reversible capacity at a current density of 100 mA-g™!
reaches 690 mA-h-g™!, and a capacity of 344.9 mA-h-.g™!
can be achieved even at a high current density of
1000 mA-g~!. In addition, excellent capacity retention
reaches 95% over 100 cycles. SiO,@carbon nanorod
composites with decent electrochemical
characteristics have great potential for use in lithium-
ion batteries.

Micro-sized porous composites C/SiO,

Micro-sized porous C/SiO, composites were
made from rice husk by a light carbonization process
using ZnCl, as an activating agent in an Ar
atmosphere [48]. C/SiO, demonstrates mesoporous
morphology of particles with a specific surface area
of 1191.30 m?g™', high discharge capacity
(approximately 1105 mA-h-g' at 0.1 A-g™"), excellent
cyclic stability and good speed in the anodes LIB.
The porous structure can absorb volume changes
and mechanical deformations, reduce the length of
the lithium-ion diffusion path.

Silica in a composite with graphene oxide GO as
a candidate for the negative electrodes of the LIA of
the future

Graphene nanoplates are considered one of the
most promising candidates for the production of high-
performance anode material to replace graphite in
lithium-ion batteries. Research in this field focuses
mainly on nanostructured electrodes synthesized by
the interaction of SiO, with graphene oxide (GO) or
reduced graphene oxide (rGO), and surface
modifications of SiO, by chemical treatment.

Hybrids (SiO,@carbon-graphene oxide) with
excellent electrochemical characteristics were
obtained by self-assembly of colloidal silica, sucrose
and graphene oxide, followed by hydrothermal and
heat treatment using ultrasound [49]. The mass ratio
of silica to sucrose is crucial for the electrochemical
parameters of the obtained hybrids. The hybrid with
a mass ratio of silica to sucrose of 0.15 shows the
best reversible storage performance with lithium,
providing an initial discharge capacity of 906 mA-h-g™!
and capacity 542 mA-h-g™' in the 216™ cycle at a
current density of 100 mA-g~!. Excellent cyclicity
and high reversibility are explained by the synergistic
effect of good conductivity of SiO,@C-G hybrids,
small SiO, particle size and good dispersion of SiO,
nanoparticles in hybrids. This methodology can
provide a simple, scalable and environmentally
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friendly strategy for preparing excellent materials for
electrodes from cheap and low-conductivity metal
oxides.

The mechanism of the electrochemical reaction
between SiO, and Li may depend on the
microstructure [14,49]. Here, to better illustrate the
mechanism of electrochemical reaction in Si0,@C-
GO hybrids, cyclic voltammograms (CVs) of
Si0,@C-GO electrodes were analyzed in the
potential range of 0.005—2.500 V at a scan rate of
0.2 mV-s7!l. The CV profiles of different

Si0,@C-GO hybrids are similar. In the first
cycle on CVs of SiO,@C-GO electrodes, large broad
peaks in the range of 0.3—1.6 V change to small
peaks, which become sharp with increasing ratio of
silica to sucrose. This suggests that amorphous SiO,
in Si0,@C-GO hybrids may be active, involved in
electrochemical reactions. Obviously, irreversible
recovery peaks of about 0.75 V are associated with
electrolyte decomposition and the formation of (SEI)
on the electrode surface. The cathode peak below
0.5 V is associated with lithiation of Si0,@C-GO
hybrids, as described in reactions (1), (2), (3) and
(14).
6C+yLi*+ye v Li,Cq (14)

With increasing mass ratio of silica/sucrose,
the anode peak with a center of 0.2 V becomes narrow
and indicates the process of extraction of Li from
the formed alloy Li,Si. Carbon component and in
situ formed electrochemically active Si, contribute
a certain amount of reversible capacity (equations
(3) and (14)) during reversible lithiation/ delithiation
of composite. From the second cycle, the CV curves
become almost stable and show mainly the reversible
behavior of amorphous silicon and disordered carbon
(equations (3) and (14)), which assumes satisfactory
performance of SiO,@C-GO hybrids.

Hollow sandwich-like structures of silicon oxides
with carbon as a material for negative electrodes LIA

Hollow sandwich-like structures were developed
and N-doped carbon—silica—carbon composite
(CSC) fabricated as anode materials for LIB [50].
The combination of polymer template and
polymerization of dopamine self-oxidation leads to
the formation of conformational coatings on the
surface of silica, which increases the conductivity
and stability of composite materials. The material
with a hollow sandwich structure shows a high
reversible capacity of 480 mA-h-.g™! at a current
density of 1.0 A-g! and excellent speed, which can
be explained by the synergistic effect of the unique
structure of hollow silica and N-doped carbon

conformational coating. Composite materials made
of hollow sandwich-structured components
(N-doped carbon-silica-carbon) can be promising
anode materials for LIB.

Electrodes for LIA were prepared by mixing
70 wt.% active materials (CSC), 20 wt.% Super P as
a leading agent and 10 wt.% polyvinylidene fluoride
(PVDF) as a binder. The electrolyte was 1 M LiPF;
in a mixture of 1:1 (vol./vol.) ethylene carbonate
(EC) and dimethyl carbonate (DMC), the separator
was a Celgard 2400 membrane. According to XRD
composite CSC, the structure of hollow silica is
amorphous. Composites are characterized by a hollow
sphere, well dispersed and homogeneous with a
diameter of less than 100 nm.

The mechanism of electrochemical reactions
of the composite with lithium ion was determined,
which is described by equations (2), (3), (9) and
(15) [51,52].
2Si0,+2Li*+2e —Li,0,+2Si (15)

On cyclic voltammograms of CSC
nanocomposites at a potential scan rate of 0.1 mV-s™!
in the range of 0.01—3.00 V, there are two peaks at
0.75 and 0.20 V; peak at 0.75 V due to irreversible
reactions between the electrode and electrolyte and
the continuation of film formation SEI [53]. The
peak at 0.2 V is related to the inverse reaction of
silicon fusion with Li ions (equation (3)). The CV
curves in the carbon-silica-carbon composite almost
overlap during cycling, indicating extremely reversible
behavior. Discharge and charge voltage profiles at a
current density of 1.0 A-g™' in the voltage range of
0.2—3.0 V are in good agreement with the CV
measurements. In the first discharge voltage profile,
a plateau was observed at 0.7 V, which can be
explained by the formation of SEI and the irreversible
reaction of the silica electrode with the electrolyte.
The discharge and charge capacities of the first cycle
are 1080 and 450 mA-h-g' at 1.0 A-g™' with initial
CE 42%. Long-term cycling at 1.0 A-g™! indicates a
return capacity of 500 mA-h-g~! even after 700 cycles
with a high CE, approaching 100%. Excellent
electrochemical performance can be attributed to
the unique sandwich structure, which plays an
important role in achieving excellent structural
stability and stable cycling. The silica cavity and
protective gap can counteract bulky changes during
cycling and stabilize the structure.

Mechanism of chemical and electrochemical
interaction of SiO oxide with lithium

Silicon oxide (SiO), consisting of nanosized Si
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and amorphous matrix SiO,, attracts as an anode
material with a high theoretical capacity (2100 mA-h-g™),
which is 5 times more than graphite [54,55]. The
amorphous component of SiO, in the SiO matrix
can release a large change in volume, the Si
component is effective during charging (inclusion of
Li*) during cycling. However, the amorphous
component of a-SiO, in the SiO matrix changes
irreversibly to lithium silicate [56]. The reaction
mechanism of SiO with Li is summarized by the
following reaction:

4Si0+17.2Li—3Li,,Si+Li,SiO,. (16)

Li,SiO, is the reaction product of the
amorphous component a-SiO, in the SiO matrix with
Li during the first charge process. Some SiO bonds
are broken by lithium, but some SiO bonds still
remain to form Li,SiO,. Based on (XPS), it was
determined that formed after the first charge lithium
silicate can be partially delithiated in the next
discharge process [57]. This means that the reversible
part and the irreversible part coexist in an amorphous
silicon oxide matrix. In addition, it was reported
that crystalline SiO, (Tridymite; MKHD
No. 00-089-3608), deposited by radio frequency
sputtering, after cycling was converted to Li,Si,O;
and it became possible to reverse the conversion of
tridymites SiO, with Li [28]. In this case, the bonds
in the silicon oxide SiO are not permanently broken.

The activity of silicon dioxide with Li was
determined by chemical and electrochemical
reactions in the study [54]. Additionally, the energy
of formation was calculated according to the theory
of the first principles to confirm the possibility of
the reaction of silicon dioxide with Li. The suspension
for the working electrode was prepared by mixing
crystalline or amorphous SiO, as active material with
acetylene black as an electronic conductor and with
polyimide as a binder in a weight ratio of 76.5:13.5:10
in a solution of N-methylpyrrolidone (NMP). The
electrolyte was 1 M LiPF, ethylene carbonate (EC)
and diethyl carbonate (DEC) in a ratio of 3:7.

The electrochemical reaction was measured in
the voltage range from 0.01 to 1.2 V vs. Li*/Li at the
speed of 0.025 mA.-cm™2 at 60°C. In the case of
chemical interaction SiO with lithium, silicon with
a particle diameter of 3 nm and amorphous SiO,
were found in the starting material. After interaction
with lithium, the presence of Li,SiO;, Li,SiO,, Li,,Sis
was detected. Li,SiO, must be formed by the reaction
of the amorphous component SiO, in the SiO matrix
with lithium.

Crystalline quartz SiO, retained the structure

with the space group P3121 after reaction with Li.
Based on the above data, that crystalline SiO, and
Li,SiO, did not react chemically with Li, it can be
concluded that SiO bonds in SiO, tetrahedra, which
are mainly structural units in silicon dioxide, were
not easily broken by lithium.

The charge-discharge curves of the
electrochemical interaction of SiO with lithium show
inclined plateaus at 0.5 V and 0.2 V vs. Li*/Li, which
are associated with the interaction Li with amorphous
Si0, in SiO and one of Si with Li formatting Li,Si
alloy. The charge and subsequent discharge capacity
of SiO were 2548 and 1791 mA-h-g™".

The electrochemical activity of amorphous and
crystalline SiO, was also investigated by testing the
charge-discharge process with a Li-metal anode. The
voltage plateau was observed at 0.05 V against
Li*/Li in the case of amorphous silica. This plateau
indicated the reaction of amorphous SiO, with Li.
The first charge and subsequent capacity for the
discharge of amorphous SiO, was 2013 and
950 mA-h-g™!, respectively. Although amorphous SiO,
can react reversibly with lithium, crystalline quartz
cannot. Electrochemical activity of crystalline Li,SiO,
was not manifested.

According to experimental results and
theoretical calculations, one of the triggers for the
irreversible reaction to SiO is distorted SiO, tetrahedra
in amorphous SiO,, due to the possibility of reducing
the non-equivalent bond length of SiO, tetrahedra
in silicon oxide with the help of lithium.

Prelithiation as a way to solve the problem of
loss of SiO, capacity during cycling

Prelithiation is an important strategy used to
compensate for lithium losses during solid electrolyte
(SEI) formation and other irreversible reactions in
the first stage of the electrochemical cycle. In [57],
a systematic study of thermal prelithiation of SiO,
particles of different sizes (6 nm, 20 nm, 300 nm
and 3 mm) was reported. All four lithium anodes
(Li,Si/Li,O composites) show improved performance
compared to virgin SiO,. They exhibit optimum
performance with a starting charging capacity of
1859 mA-h-g™!" and over 1300 mA-h-g~! for more than
50 cycles.

It was shown that silica can form a number of
irreversible lithium silicates and Li,O in the first cycle
during lithiation. This process consumes an excessive
amount of cathode materials, which significantly
reduces the total energy density of complete elements,
thereby preventing their practical application. To
solve this problem, the researchers proposed
prelithiated electrode material, which directly
compensates for the irreversible loss of lithium during
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the first cycle [58—61].

Here we present the prelithiated composites
(Li,Si/L,,0) proposed in the work [62]. Such
composites have numerous advantages as follows:
(1) prelithiation effectively improves the electrical
conductivity of silica, facilitating its functioning as
an anode with high capacity and cycle stability; (2)
Li,Si/Li,O composites can solve the problem of Si-
based low Coulomb efficiency (CE) anodes, which
is a huge challenge for practical applications; and
(3) the LiSi/Li,O composite alloy can serve as a
promising lithium-containing anode for coupling to
high-capacity lithium-free cathodes, such as S, for
next-generation lithium-ion batteries.

SiO, particles of different sizes (6 nm, 20 nm,
300 nm and 3 um) were selected for systematic
determination of electrochemical characteristics. All
prelithiated composites labeled Li,Si/Li,O-1,
Li,Si/Li,0-2, Li,Si/Li,0-3 and Li,Si/Li,0-4, which
correspond to different sizes of virgin SiO, particles,
show better performance than virgin SiO, particles.
More interestingly, the prelithiated composite of SiO,
microparticles demonstrates the best cycle stability,
reaching an initial capacity of 1859 mA-h-g~! and
maintaining above 1300 mA-h-g~! after 50 cycles.

Electrochemical properties were determined
using CR 2032-coin cells. The active material was
mixed with acetylene carbon black and
carboxymethylcellulose (CMC) (weight ratio
65:20:15) in tetrahydrofuran (THF) to form a
suspension. Then the suspension was evenly coated
on copper foil. The mass load of the suspension on
each copper foil (diameter of 12 mm) is
approximately 0.3—3.5 mg. The electrodes were
assembled in a glove box filled with Ar, using lithium
foil as a counter electrode and Celgard 2300 film as
a separator. An electrolyte solution consisting of
1 M LiPF; dissolved in ethylene carbonate (EC),
dimethyl carbonate (DMC) (1:1 by volume) was used
to collect the cells. Measurements in galvanostatic
charge-discharge processes were tested between 0.01
and 1.0 V at a speed of 0.05 C on a tester (LAND
CT2001A, Wuhan, China). Cyclic voltammetry (CV)
was performed on an electrochemical workstation
(Bio-logic VMP3) with a potential scan rate of
0.1 mV-s™! in the potential range from 0.01 to 3.00 V.
After lithiation, nanoparticles tend to aggregate into
microparticles, while micro- or submicro-particles
prefer to retain their size during the lithiation process.
According to the XRD, the presence of Li,O and
Li,,Si; in prelithiated SiO, particles has been shown,
demonstrating the formation of Li,O (PDF #
04-001-893) and Li,,Si5 phases (PDF # 00-018-747).
The crystal sizes of the four composites are 28.2,

29.3, 31.9 and 37.5 nm, which indicates the formation
of relatively large Li,,Si; domains.

All lithiated SiO, electrodes have similar
plateaus of about 0.45 V, which indicates the same
active materials (Li,Si) of the electrodes and their
high crystallinity. Capacities for prelithiated SiO,
particles are 1972, 2267, 1776 and 1412 mA-h-g™!
according to particle size. Thermal prelithiation can
effectively compensate for the huge irreversible loss
of lithium during the first cycles by the formation of
lithium silicates and Li,O. Cyclic voltammetry tests
were performed for both virgin and prelithiated SiO,
oxides for 3 consecutive cycles from 3.00 V to
0.01 V at a scan rate of 0.05 mV-s~. In the first cycle,
the prelithiated SiO, electrode exhibits cathode peaks
above 1.0 V, which corresponds to irreversible
electrochemical reactions between SiO, and Li, which
disappear in subsequent cycles. The cathode peak
below 0.2 V is attributed to the process of silicon
lithiation. The electrochemical process involved are
described by the equations (1), (2) and (9).

The cathode peak at 0.5 V in the first cycle
confirms the formation of highly crystalline Li,Si.
The two clear anode peaks around 0.34 and 0.51 V
during the second and third cycles are consistent
with the characteristic peaks of the division process
from amorphous LiSi to Si. The electrochemical
equation is proposed as Eq. (3).

The prelithiated sample provides a fast path
for electron transport between Li domains.

Hybrid SiO,/metal for negative electrodes LIA

Hybrid anode materials SiO,/conductive metal
demonstrate improved electrical conductivity and
increased electrochemical activity in electrochemical
interaction with lithium. Thus, Zhou, Mei, and co-
workers created a SiO,/Ni nanocomposite with a
hierarchical hollow spherical structure by synthesizing
nickel silicate followed by its reduction in an H,/Ar
atmosphere (5%/95%, respectively) [63]. The unique
structured SiO,/Ni nanocomposite is constructed of
ultrathin Ni nanoparticles (#3 nm) and SiO,
nanoleaves. Ni nanoparticles increase not only the
electronic conductivity but also the electrochemical
activity of efficient use of SiO,. Meanwhile, the cavity
provides enough free space to accommodate the
change in SiO, volume during relithiation/
delithiation; nanoleaf building blocks reduce the
diffusion length of lithium ions. The obtained
Si0,/Ni nanocomposite has the following structural
characteristics, qualities for lithium storage: (I) hollow
spherical structure for accommodation of volume
fluctuations and stress relaxation; (II) ultrathin
nanosheet building blocks for efficient Li* diffusion;
and (IIT) framing of ultrafine Ni nanoparticles to
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improve electron transfer. Due to these unique design
features, the hierarchical hollow spheres of SiO,/Ni
demonstrated a high specific capacity of 672 mA-h-g™!
after 50 cycles at 100 mA-g~' and 337 mA-h-g™! after
1000 cycles at a current density of 10 A-g™".

The characteristics of the SiO,/Ni
nanocomposite in the electrochemical interaction
with lithium differ significantly in the first cycle from
those in subsequent cycles. The discharge curve in
the first cycle has two inclined horizontal sections
of potentials of 1.4 and 0.75 V, which disappear in
subsequent cycles. The authors attribute them,
referring to the literature, to the interaction of silica
with lithium at 1.4 V and the decomposition of the
electrolyte to form a SEI film at 0.65 V. It is believed
that a wide peak around 1.4 V can be described by
reactions with the formation of Li,Si,Os, Li,0,
Li,SiO,. The current peak in the range of 0.25—0V
on the CV is attributed to the processes of alloying
Li,Si.

The positive effect of nickel on the
electrochemical behavior of silicon dioxide in the
composition of the SiO,/Ni composite is evidenced
by the increase in the discharge capacity of the
composite by 3.5—4.0 times relative to the discharge
capacity of SiO,.

Hybrid Si0,@carbon-graphene (SiO,@C-Gr) as
a material for negative electrodes LIA

Hybrids of SiO,@carbon-graphene (SiO,@C-
Gr) with excellent electrochemical characteristics
were prepared by self-assembly of colloidal silica,
sucrose and graphene oxide, followed by
hydrothermal and heat treatment using ultrasound
[64]. The mass ratio of silica to sucrose is crucial for
the electrochemical characteristics of the obtained
hybrids. The best ratio of silica to sucrose 0.15
provides an initial discharge capacity of 906 mA-h-g™!
and a capacity of 542 mA-h-g™' on the 216" cycle at
a current density of 100 mA-g~'.

The excellent long cycling ability and high
reversibility are explained by the synergistic effect of
carbon with graphene, small SiO, particle size and
good dispersion of SiO, nanoparticles in hybrids. This
methodology can provide a simple, scalable and
environmentally friendly strategy for the preparation
of electrode materials from cheap metal oxides with
low electrical conductivity.

Si0,@5n composite as a material for LIA negative
electrodes

The development of anode materials based on
SiO, for LIA is hindered by their poor electrical
conductivity and slow kinetics of charge transfer. In
this case, porous composites SiO,/tin (SiO,@Sn) with
different molar ratio of SiO, to Sn are made using a

scalable, simple and inexpensive combined method
of ball mill and low-temperature thermal melting to
solve these problems [65]. It was found that the Sn
phase can significantly improve the kinetics of
diffusion and migration of Li ions in composites,
while the molar ratio of SiO, to Sn plays a key role
in the mechanical integrity and subsequent cyclic
behavior of composite electrodes. By optimizing the
Si0,/Sn molar ratio to 10:1, the synergistic effect of
Li storage between SiO, and Sn can simultaneously
lead to improved Li kinetics and mechanical integrity,
contributing to the excellent electrochemical
characteristics of the composite with a return capacity
of 613 mA-h-g7! at 100 mA-g™!, excellent ability to
maintain capacity up to 450 mA-h-g™' at 1000 mA-g™!
and durability of cycling while maintaining capacity
~95% for 200 cycles.

Prospects of a-SiO,/FeSi/G composite as a
material for LIA negative electrodes

To develop high-efficiency anodes based on
amorphous a-SiO, dioxide for lithium-ion batteries,
amorphous a-SiO,-FeSi-graphite composite
(a-Si0,/FeSi/G) was synthesized using an energy-
intensive ball mill from a mixture of amorphous silica
and powder (mesoporous MSMV) [66]. The
a-Si0,/FeSi/G composite consists of amorphous
Si0,, an inactive FeSi matrix (particle size of 5—10
nm) inside a graphite matrix. The a-SiO,/FeSi/G
composite electrode demonstrated electrochemical
properties with a high initial charge capacity of
729 mA-h-g~!, with a high initial Coulomb efficiency
of approximately 74%, and a long retention capacity
of 93.7% after 200 cycles, with a high reverse capacity
683 mA-h-g".

The discharge-charging characteristics of the
a-Si0,/FeSi/G composite are characterized by the
absence of significant side processes of electrolyte
decomposition in the first cycle. A slight common
peak of current is observed only at 0.75—0.80 V.
Current peaks occur at 0.20—0.25 V in the region of
interaction of SiO, with lithium, the region of alloying
Li,Si.

Discussion and conclusions

Data from the sources of information provided
in the review shows the possibility of influencing the
electrochemical behavior of silicon, the most
promising anode material for the negative electrodes
of future LIA, by modifying the surface of the silicon
electrode. Therefore, it is important to optimize the
quality of the Si-base compound in order to: (i)
improve the properties of the silicon electrode, and
(ii) use the Si-oxide compound as a stand-alone
material for negative electrodes LIA.

The first part of the review focuses on the
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determination of promising silicon dioxide SiO, of
various modifications and structural organization. The
electrochemical parameters of SiO, dioxide-
crystalline and amorphous in the formats of thin
films, pyrogenically obtained particles, encapsulated
in Ni-matrix by electrolysis, hollow porous SiO,
nanoparticles, nanotubes, nanowires and hollow
nanospheres have been compared.

The second part of the review considers the
features of electrochemical conversion of SiO, in
composites with multi-walled carbon nanotubes,
porous silica with carbon coating, in the composite
with carbon nano-rods, in the composite with
graphene oxide, in the composite with Sn, the
composite with FeSi, monoxide with a composition
of Si+Si0,, prelithiated silica, in a composition with
nickel, and in composites SiO,/carbon/graphene.
Unfortunately, this does not include metal-organic
compounds, which are identified as promising in
the study of electrode materials, but not widely tested
with SiO, [67].

These data showed varying degrees of
electrochemical inverse transformation in redox
reaction with lithium.

Analysis of discharge-charge curves and cyclic
voltammograms of SiO, in redox reactions with
lithium shows the distribution of materials into two
groups. In the first group, the electrode process
continues mainly in the region of low potentials:
below 0.4 V relative to the Li*/Li electrode
[14,24,54]. In this case, the recovery curve has a
profile similar to that shown in Fig. 3. In the second
group, along with the characteristics of low-voltage
conversion, the electrode is also transformed within
higher values of the potentials of the electrode, clearly
expressed in ref. [27,34,40,47,63], the profile of the
recovery curves of which is shown in Fig. 4. In this
case, most often these signs of transformation within
the higher values of the electrode potentials disappear
in the second and subsequent cycles.

A significant number of studies of SiO, and Si
have been conducted using modern instrumental
methods and it has been determined that the
reduction processes at potentials of 0.90—0.65 V relate
to the decomposition of the electrolyte with the
formation of the SEI surface film. Si, Li,O, LiSi
silicates are formed after reaching a potential below
0.5—0.4 V. However, the interpretation of the
mechanism of the obtained curves by different authors
is ambiguous and sometimes does not coincide with
the proposed and experimentally confirmed
mechanism. Thus, we may not agree with the
interpretation of the results of the study of the thin-
film composite SiO,/Ni [27]. The reduction process
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of Si0,/Ni at 1.4 V is described by the interaction of
silicon dioxide with lithium with the formation of
Li,Si,0;, Li,O, Li,SiO,. In the case of electrolytically
encapsulated silicon dioxide with nickel, similar
processes were observed around 1.4 and 0.75 V [24].
A separate study of the nickel base in the
electrochemical interaction with lithium was
conducted. The participation of nickel oxides that
exist on the surface of nickel in the redox reaction
with lithium was shown. Apostolova et al. [24]
identified the process at the peak position of 1.4 V
in a thin-layer a-Si0O,/Ni composite as a process of
reducing Ni-oxide film on the surface of the nickel
base of the electrode. The reduction of the Ni-oxide
film is damaged and becomes irreversible in the
second cycle. In addition, the reaction of formation
of lithium silicate Li,Si,O5 at the beginning of the
cycling of silicon dioxide is considered to be the
opposite in many studies, and it occurs at potentials
below 0.4—0.5 V relative to Li*/Li.

The question arises how to explain the

On ways of conversion of silicon dioxide SiO, in lithium battery systems: a review
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difference in the electrochemical behavior of samples
from group 1 and group 2. It should be sought in the
experimental conditions. In the case of group 1, the
method of obtaining the studied silicon dioxide by
grinding in an energy-intensive ball mill without
contact with the electrolyte [14,54] and the method
of encapsulating silicon dioxide with nickel [24] were
used. These methods allow limiting the negative
impact of the electrolyte with contamination of the
interface of silicon dioxide with impurities. SiO,
samples from group 2 were obtained by methods
that continue in bulk electrolyte solution. A
significant share of irreversible processes of conversion
of silicon dioxide with lithium is due to side processes
occurring on the electrode surface with oxide film,
sensitive to impurities from electrolyte and silicon
dioxide contaminated with electrolyte as a result of
adsorption, ion exchange and other processes.

The efficiency of electrochemical conversion
of the electrode material is known to be determined
by the processes associated with the SEI surface film
and the retention of lithium ions in the space of the
electrode. The difference between the lithium
characteristics of the SiO, samples of the two groups
is due to the different behavior of the SEI film. It is
formed in the first cycle with inefficient energy
consumption, due to which the discharge capacity
of the current source SiO,/Li can be lost by almost
50%. Such a significant loss is not observed in the
group of amorphous dioxides a-SiO,, which was
obtained by grinding in a ball mill. It is known that
the electrode materials synthesized in the ball mill
are less contaminated with impurities than
synthesized in solutions. Similarly, the encapsulation
of nickel by silica synthesized by electrolysis reduces
the expected contamination due to the limited
contact of SiO, with the bulk electrolyte.

In the synthesis of silica in solutions, the
possibility of contamination of the final product
increases due to adsorption processes, especially when
using several reagents in multi-stage synthesis
technology. Unfortunately, the lack of control of
the synthesized material for purity makes it difficult
to identify the causes of degradation of the lithium
process and make further recommendations. It is
necessary to systematize the experimental material
in the main areas of study of the qualities of silica
obtained by different methods.

In studies of too thin silica films, the authors
did not pay attention to the preparation of the
electrode substrate and it is not about cleaning the
surface. For research in thin films, there are many
methods of surface cleaning. The authors sometimes
take side processes on the surface of the thin-walled

substrate as a significant main electrode process.

When comparing the electrochemical
characteristics of silica of different formats, a clear
advantage is not observed. The lithium characteristics
obtained by different authors by the same method
differ. In addition, cycling results are not easy to
evaluate when they are obtained at different current
densities with different number of cycles.

Some of our comments made in the review
can be taken as recommendations for improving the
performance of silicon dioxide in LIA.
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PO IUIAXY NEPETBOPEHHS AIOKCUIY KPEMHIIO
S10, B JIITIEBUX AKYMYJIITOPHUX CUCTEMAX:
OrJisA

Anocmoaosea P.JI., Illembeas O.M.

Cronyku KpeMHito Ta okcumy KpemHito SiO, SiO,, SiO,
Ta SiOC po3misinaoTbes SIK MepcreKTUBHE CiMENCTBO MaTepi-
ajiB JUIsl BUCOKOEHEPTeTUUHUX JIiTIEBUX Oarapeil 3aBIsSIKU BU-
COKiif TEOPETUYHiil €MHOCTI, IIMPOKOMY MOUIMPEHHIO B TIPU-
pomi, HU3bKili BApTOCTi, €KOJIOTIUHill Oe3ITelli Ta MpoCTOTi CUH-
Te3y. CrosyKu OKCUy KPEMHII0 3aMiHUJIM KPeMHil B Halil 1o-
KpallMTH XapaKTepUCTUKU po3psiay JiTieBux Oatapeit. Okcuau
KPEMHiI0 I€eMOHCTPYIOTh YYIOBY CTaOUIbHICTh MMiJ Yac LUKIIO-
BaHHS Mic/s onTUMi3allii cTpykTypu. OfHaK BOHU CTPaXxIaioTh
BiJl Mpo0ieMU HU3bKOI KYJIOHIBCbKOI €(heKTUBHOCTI Ta BUCOKO-
ro ricrepe3ucy Harpyru (pi3HMI B Harpy3i 3apsiay Ta po3psiny),
1O TMEePeuIKoKae iX MPaKTUYHOMY 3aCTOCYBaHHIO. 3HayHe
00’eMHE PO3IIMPEHHST OKCHIIIB KPEMHIIO il Yac IUKIIOBAHHS
Ta He0OOPOTHA BTpAaTa EMHOCTI Ha MOYATKOBUX LIUKJIAX € Tepe-
LIKOAOIO JUIS X IIMPOKOMACIITAOHOTO MPaKTUYHOTO BUKOPUC-
TaHHs. Y LIbOMY OIJISIIi PO3IISINAIOTECS OCOOJIMBOCTI MEPETBO-
peHHst SiO, Ta iloro riOpMAHUX CMOJYK B OKMCHO-BiIHOBHIl
peakuii 3 JIiTieEM Ta LUISIXY MO0JIaHHST iCHy10uMX Tipobsiem. Jliok-
CUJ KPEMHIIO OiJiblll CTIHKUI O 00’€MHOTO PO3ILUPEHHSI, HixX
KpeMHiii. [l smitieBux Garapeit Oyiau po3pobiieHi Ta BUTIPOOY-
BaHi pi3Hi CTpYKTYpHi ¢opmatu HaHOMeTpoBoro SiO,, Taki sIK
HaHOTPYOKM, HAHOCTPUKHI, HAHOAPOTU, HAHOYACTUHKU, TOHKI
miBky. st BupileHHs rpobiaem y cucteMi SiO,/Li Takox 3arm-
POTIOHOBAHO Ta MOCIIIXKEHO HU3KY KOMMo3uTiB SiO, 3 Byrie-
1eM, rpadeHOM, aKTUBHUMM Ta HEAKTUBHUMU MeTallaMy TOLIO.
AHaJtizylouu pe3yibTaTu JOCHiIKEeHb, BCTAHOBJIEHO 3HaYHY POJib
Mixda3HOI IJIIBKM TBEPAOTo eJIEKTPOJITy B e(heKTUBHIl KOH-
Bepcii Si0,. Y cBo1o uepry, yTBOpeHHsI ITiBKM Ha TIOKCUIi KpeM-
Hil0 3aJIeKUTh Bill METOLY CUHTE3Y JiOKCUILY, SIKUIl BHOCUTD J10-
MIlIKY B KIHUEBUI MPOAYKT CUHTE3Y. JLOMillIKU CIIPUSIIOTH CIIOT-
BOPEHHIO Mixk(ha3HOI TTIBKM TBEPIOTO eJIeKTPOJITY Iifl Yac LIMKITY
cucremu SiO,/Li Ta BTpati po3psinHoi emHocti. diokcua SiO,,
ofiepkaHWl Yy CyXOMY CEepelOBUIIi KyJIbOBOIO MJIMHA, BUTiTHO
BiJIPI3HSIETHCS Bil OEP>XKAHOTO 3 PO3uMHiB. Byjno nokianeHo
6araro 3ycuiib, 1100 MMO0JIATH MPOOIEMHU eJIEKTPOJHUX MaTepi-
aJliB, 1110 MICTATH Si, OTHAK BOHYU IMOBUHHI MPOITH MEBHUIA LLISIX
JUISI LIMPOKOMACIUTAOHOTO MPAKTUYHOTO 3aCTOCYBaHHSI.

Kimo4osi cioBa: okcua KpeMHilo, KpeMHil, JiTili-ioHHU
aKyMYJISITOP, LUISAX €JIEKTPOXiMiYHOTO IMEPETBOPEHHS, MPOIieC
Jerpanaiii, KOMIIO3UTHA CITOJYKa, CTpPATeris BUPILICHHS
npooieM.

ON WAYS OF CONVERSION OF SILICON DIOXIDE SIO,
IN LITHIUM BATTERY SYSTEMS: A REVIEW

R.D. Apostolova *, E.M. Shembel

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

* e-mail: apostolova.rd@gmail.com

Silicon and silicon oxide compounds SiO, SiO,, SiO, and
SiOC are considered as a promising family of materials for high-
energy lithium batteries due to their high theoretical capacity,
widespread in nature, low cost, environmental safety and ease of
synthesis. Silicon oxide compounds have replaced silicon in the
hope of improving the discharge characteristics of lithium batteries.
Oxides of silicon show excellent stability during cycling after
structure optimization. However, they suffer from the problem of
low Coulomb efficiency and high voltage hysteresis (difference in
charge and discharge voltage), which prevents their practical
application. Significant bulk expansion of silicon oxides during
cycling and irreversible loss of capacity in the initial cycles are an
obstacle to their large-scale practical use. This review pays attention
to the peculiarities of the conversion of SiO, and its hybrid
compounds into the redox reaction with lithium and ways to
overcome existing problems. Silicon dioxide is more resistant to
bulk expansion than silicon. Various structural formats of
nanometer SiO, have been developed and tested for lithium
batteries, such as nanotubes, nanorods, nanowires, nanoparticles,
thin films. To solve problems in the SiO,/Li system, a number of
SiO, composites with carbon, graphene, active and inactive metals,
etc. have also been proposed and studied. Analyzing the results
of the studies, we found a significant role of the solid electrolyte
interphase film in the efficient conversion of SiO,. In turn, the
formation of a film on silicon dioxide depends on the method of
synthesis of dioxide, which introduces impurities into the final
synthesis product. Impurities contribute to the distortion of the
solid electrolyte interphase film during the cycling of the SiO,/Li
system, and the loss of discharge capacity. SiO, dioxide obtained
in a dry environment of a ball mill differs favorably from that
obtained from solutions. Many efforts have been made to overcome
the problems in Si-containing electrode materials, however, they
have to go a certain way for large-scale practical application.

Keywords: silicon oxide; silicon; lithium-ion battery;
electrochemical transformation pathway; degradation process;
composite compound; problem-solving strategy.
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