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Abstract. Lithium-ion batteries (LIBs) are widely used as important energy storage and energy supply devices. The porous
design and heteroatomization modification of carbon-based anode materials are crucial for achieving high-capacity and re-
versible energy storage in LIBs. Sol-gel method and pyrolysis treatment were used to obtain silica/silver composite particles
used as templates. Polyphosphazene-coated silica/silver composite composite carbon materials (SiO,/Ag@PZS-C) were
synthesized through in-situ self-assembly and carbonization of polyphosphazene. The electrochemical behavior and lithium
storage mechanism of SiO,/Ag@PZS-C was also studied.

The results reveal that the composite exhibited high specific capacity, stable cycling and superior rate performance. The
double modification of silver nanoparticles and polyphosphazene carbon significantly improves the conductivity of silica
and reduces the volume change. Moreover, the carbon shell of polyphosphazene facilitated the formation of a stable solid
electrolyte interface film (SEI), preventing direct contact between the active material and the electrolyte, thereby substantially

enhancing lithium storage performance.
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1. Introduction

The energy crisis is a prominent and critical issue
which hinges on the development of new energy
sources, as well as advancements in energy storage
and distribution. In recent years, there has been rapid
progress in the development and research of renew-
able and clean energy sources like solar, biomass,
and wind energy. However, the associated low ener-
gy storage and conversion efficiency, susceptibility
to weather constraints, and other significant issues
impede their widespread adoption. Converting elec-
trical energy into chemical energy for storage is cru-
cial for the effective utilization of new energy
sources. Lithium-ion batteries offer numerous ad-
vantages over conventional rechargeable batteries,

*Corresponding author, e-mail: jia.chew(@chalmers.se
© BME-PT

including high specific energy, extended cycle life,
minimal self-discharge, elevated working voltage,
environmental friendliness, and the absence of mem-
ory effect. Consequently, they find widespread ap-
plications in mobile phones, electric vehicles, and
large-scale smart grids [1].

Lithium-ion batteries (LIBs) represent a type of sec-
ondary battery (i.e., electrically rechargeable), like
nickel-metal hydride, nickel-chromium, and lead
acid batteries. Lithium-ion batteries offer several ad-
vantages over conventional secondary batteries, such
as extended cycle life, high energy density, safety,
and non-toxicity [2]. Specifically, the nominal volt-
age of lithium-ion batteries is three times that of
nickel-chromium and nickel-metal hydride batteries.
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Typically, lithium-ion batteries can undergo over 500
charging and discharging cycles, satisfying the long-
term needs of low-power appliances. Moreover,
lithium-ion batteries exhibit significantly better safe-
ty compared to lithium-metal batteries, greatly re-
ducing the risk of lithium dendrite penetration. Fur-
thermore, lithium-ion batteries do not contain
cadmium, lead, or other harmful elements, resulting
in reduced environmental pollution.
Polyphosphazenes (PZS) are organic-inorganic hy-
brid polymers characterized by alternating phospho-
rus and nitrogen atoms in the main chain, with vari-
ous substituents in the side chain branches. Poly-
phosphazenes can be structurally divided into linear,
cyclic, and other unique structures [3, 4]. Owing to
the main chain’s high flexibility and the design flex-
ibility of side groups, linear polyphosphazenes
demonstrate outstanding characteristics, including
water solubility, resistance to high and low temper-
atures, optical transparency, photothermal stability,
bio-compatibility [5], flame retardancy, and non-
flammability [6]. Cross-linked polymers exhibit su-
perior thermal, structural, and solvent stability com-
pared to linear polyphosphazenes. Cyclic cross-
linked polyphosphazene is synthesized through the
polycondensation of hexachlorocyclophosphazene
with another multi-reactive monomer. It is notewor-
thy that, besides the main chain structure, the prop-
erties of side groups significantly influence the char-
acteristics of polyphosphazenes and their deriva-
tives. This is fundamentally due to the high chemical
reactivity of chlorine atoms bonded to phosphorus
atoms within the polyphosphazene unit. Through nu-
cleophilic substitution, various functional groups
such as alkyl, ethoxy, phenoxy, and amino groups
can be introduced to synthesize polyphosphazenes
with diverse or even opposing properties. This re-
markably broadens the application spectrum of
polyphosphazenes, ranging from elastomers to glass-
es, from biological inertness to bioactive materials
[7], and from electronic insulators to conductive ma-
terials [8, 9], fully showcasing the functional versa-
tility of polyphosphazenes.

Silica exhibits a higher theoretical specific capacity
compared to graphite materials. Silicon dioxide, in
contrast to elemental silicon, offers enhanced cycling
stability and is readily available from diverse
sources, with low toxicity and cost. Currently, nano-
Si0; is primarily prepared using methods such as re-
verse microemulsion and the sol-gel technique.

Among these methods, the sol-gel process stands out
for its simplicity, low cost, and ability to produce
nano-SiO, with excellent dispersion.

However, a major drawback hindering high-perfor-
mance applications of SiO is its inherently low elec-
tronic conductivity. Various methods, including the
use of hollow porous materials [2], carbon coating
[10], and modification with conductive materials
[11], have been explored to enhance the conductivity
of silica. However, the outcomes have been unsatis-
factory. As we all know, the introduction of metal
particles with good conductivity can effectively re-
duce the charge transfer resistance of electrode ma-
terials, and silver is the representative of metal with
good conductivity. Based on the exceptional conduc-
tivity of silver material, some researchers have at-
tempted to enhance conductivity by modifying SiO,
with silver nanoparticles using a silver mirror reac-
tion. Silver nitrate is easy to be reduced to elemental
Ag due to its strong oxidation, light sensitivity and
thermal decomposition, so Ag nanoparticles are usu-
ally prepared by reducing AgNOj;. For example,
YOO used butylamine as a reducing agent to reduce
silver nitrate to obtain Ag [12]. Huang reduced
AgNO; into nano-Ag by photocatalytic reduction
method and deposited it on the surface of composite
materials [13, 14]. Furthermore, direct exposure of
Si0, active materials to the electrolyte can lead to
the formation of unstable solid electrolyte interface
(SED) films.

To address this, this study describes the preparation
of nanometer-scale SiO,/AgNOs; via the sol-gel
method, employing ammonia as a catalyst and silver
nitrate as an additive. This mixture is then used as a
template for the in-situ self-assembly of polyphosp-
hazene-coated SiO,/AgNOj. Subsequently, SiO,/
Ag@PZS-C is obtained via high-temperature pyrol-
ysis. This study investigates the physicochemical,
electrochemical, and lithium storage mechanisms of
porous composite materials employed as negative
electrodes for LIBs.

2. Experimental section

2.1. Preparation of SiO, and SiO,/Ag
Nano-SiO, was prepared by the sol-gel method.
Firstly, Solution A was prepared by mixing 10 ml of
ethanol (AR, Chemical Book, Shanghai, China),
20 ml of deionized water, and different volumes
(namely, 1.85, 3.7, and 7.4 ml) of ammonia (AR,
Sinopharm, Shanghai, China) and stirring at room
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temperature, while Solution B was prepared by dis-
solving 3.5 ml of ethyl orthosilicate (TEOS) (AR,
Sinopharm, Shanghai, China) in 35 ml of ethanol
and stirring at room temperature. Then, Solution B
was added to Solution A, and stirring continued for
2 h. After that, the product was separated using a
high-speed centrifuge (HC-3514, Zonkia, Anhui,
China) and washed three times with anhydrous
ethanol, and the obtained product was dried under
vacuum at 60 °C for 24 h and then ground into fine
powder.

The preparation of SiO,/Ag was similar to the above,
except that a specific concentration of AgNO; (AR,
Aladdin, Shanghai, China) solution was added to So-
lution A, and the molar ratio of AgNOs to TEOS was
0.1:1. The remaining steps were the same as above.
Finally, the obtained product was vacuum-dried at
60°C for 24 h, ground into a fine powder, and then
heat-treated in a tube furnace under an argon atmos-
phere at 800 °C for 2 h to obtain SiO,/Ag.

2.2. Preparation of SiO,@PZS-C and
SiO,/Ag@PZS-C

Due to the significant impact of solvent polarity on
the synthesis reaction of polyphosphazene, tetrahy-
drofuran (AR, Sinopharm, Shanghai, China) with
weaker polarity was selected as the main solvent
here. The specific experimental steps are described
as follows. Firstly, with the prepared SiO, as the ex-
ternal template, hexachlorocyclophosphazene (HCCP)
(AR, Aladdin, Shanghai, China) and 4,4'-dihydrox-
ydiphenylsulfone (BPS) (AR, Aladdin, Shanghai,
China) were added at a molar ratio of 1:3 to a mix-
ture of 75 ml of tetrahydrofuran and 75 ml of
ethanol. The mixture was mechanically stirred in an
ultrasonic bath at 25 °C and 300 W for 30 min to en-
sure uniform dispersion. Subsequently, 10 ml of tri-
ethylamine was quickly added, and mechanical stir-
ring continued for 120 min under the same ultra-
sound conditions. After that, the solids were obtained
by centrifugation at a speed of 3000 rpm and washed
three times with deionized water and ethanol. After
washing, vacuum drying at 60 °C overnight was car-
ried out to prepare polyphosphazene-coated silica
composite, denoted as SiO,@PZS. Finally, the com-
posite material was carbonized at 800 °C for 2 hin a
tube furnace filled with high-purity argon gas to ob-
tain SiO,@PZS-C.The preparation process of SiO,/
Ag@PZS-C was similar to that of SiO,@PZS-C, ex-
cept Si0, was replaced with Si0,/Ag.
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2.3. Sample characterization

The surface morphology of the sample was observed
by scanning electron microscope (SEM, Hitachi
S-4700, Hitachi, Ltd., Tokyo, Japan). The coating
condition of the sample was observed by transmis-
sion electron microscope (TEM, JEM-2100F, JEOL
Ltd., Tokyo, Japan). The structure of the material
after heat treatment was analyzed by X-ray diffrac-
tometer (XRD, X’ Pert-PRO MPD, PANalytical
B.V., Almelo, Netherlands). The scanning range was
5-90°, and the scanning rate was 2°-min"!. The pore
structure and pore-forming mechanism of compos-
ites were evaluated by automatic specific surface and
porosity analyzer (BET, ASAP-2460, Micromeritics,
Atlanta, America) and thermogravimetric analyzer
(TG, TG 209 F3 Tarsus, NETZSCH, Sable, Ger-
man). The lattice defects and graphitization degree
of carbon materials are analyzed by laser Raman
spectrometer (Renishaw InVia, Renishaw, London,
UK), and the value of Ip/Ig can be used to charac-
terize the graphitization degree of materials. The sur-
face chemical composition of the material was ana-
lyzed by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha, Thermo Fisher Scien-
tific, Massachusetts, America).

2.4. Electrochemical test

The electrode sheet is made of active substances,
acetylene black (Battery Grade, Sinero, Suzhou,
China) and Polyvinyliden fluoride (PVDF) (Battery
Grade, Arkema, Suzhou, China) in the weight ratio
of 8:1:1, which are stirred into slurry and coated on
copper foil (AR, Shenzhen Kejing, Shenzhen, China),
dried and cut by button cell slicer (MSK-T10, Shen-
zhen Kejing, Shenzhen, China). CR2025 button bat-
tery was assembled in a glove box (VGB-6, Shen-
zhen Kejing, Shenzhen, China) filled with argon.
The cycle performance and rate performance of the
button battery were tested on a high-performance
battery testing system (CT-4008-5V10Ma-164,
Neware, Shenzhen, China). Cyclic voltammetric curve
test and electrochemical impedance test were carried
out on the electrochemical workstation (RST5202F,
Shiruisi Instrument Technology Co., Ltd, Zhengzhou,
China) using a three-electrode system, in which the
voltage range of cyclic voltammetric test was
0.01-3 V, the scanning rate was 0.1 mV-s~!, and the
frequency range of electrochemical impedance test
was 0.01 Hz~100000 Hz, and the amplitude was
S mV.
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3. Results and discussion
3.1. Structural characterization of composite
materials
During the charging cycle, the significant changes
in the volume of the silicon material cause it to fall
off the current collector, which loses the electrical
activity [15]. Studies have demonstrated that small-
er silica particle sizes are more effective in mitigat-
ing volume expansion effects during charging and
discharging processes. Consequently, silica
nanoparticles with different particle sizes were pre-
pared by adjusting the concentration of ammonia.
The scanning electron microscopy (SEM) images in
Figures la—1c depict the nano-silica obtained with
increasing ammonia volumes of 1.85, 3.7, and 7.4 ml,
respectively, indicating excellent overall dispersion
with no agglomeration. The average silica particle
size was determined using the Nanomeasor software.
In Figure la, the silica particle size distribution
ranges from 100 to 150 nm, with an average size of
126 nm. In Figure 1b, and Figure lc, the average
particle sizes of silica are slightly larger at 174 and
218 nm, respectively. Therefore, with the increase in
ammonia concentration, the particle size of the pre-
pared nano-silica also increases accordingly. This is
mainly because ammonia as a catalyst promotes the
hydrolysis of TEOS and the growth of particles, and
this promotion is more significant with the increase
of ammonia concentration.
SEM images in Figure 1d, and Figure le reveal the
spherical morphology of the SiO,/AgNO;@PZS
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composite, with nanoparticles embedded on the sur-
faces. Examination of the cracked particle in
Figure 1d reveals the presence of numerous nanopar-
ticles filling the composite material, suggesting that
these nanoparticles were uniformly dispersed through-
out the entire sphere without agglomeration. The
polymerization mechanism is postulated as follows.
HCCP and BPS co-monomers undergo precipitation
condensation reactions catalyzed by the acid-binding
agent triethylamine, resulting in the formation of nu-
merous PZS initial oligomers with varying particle
sizes during the initial stages of the reaction. Owing
to the low surface energy of PZS oligomers, they
spontaneously adhere to the high surface energy sur-
face of nano SiO,/AgNOs;, followed by collision
crosslinking between the initial coating bodies, lead-
ing to the formation of a composite material [16].
Non-polar solvents ensure the complete encapsula-
tion of PZS oligomers around the template, thereby
forming an optimal coating.

Figure 2 presents TEM images of Si0,/Ag@PZS-C
after carbonization. The images reveal SiO,/Ag nano-
particles encapsulated and confined within PZS-C
carbon shells, exhibiting a carbon layer thickness
ranging from 10 to 30 nm. The thinner carbon layer
not only prevents direct contact between the silica
active materials and the electrolyte but also reduces
the migration distance of lithium ions. Additionally,
the images depict the undulating and rough surface
of the composite material, with a distinct porous struc-
ture internally, yet no structural collapse is observed.

Figure 1. a)—c) SEM images of silica at increasing ammonia concentrations, d), ¢) SEM images of SiO,/AgNO3;@PZS com-

posites.
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High-resolution transmission electron microscopy
images in Figures 2e reveal clear lattice fringes, with
a stripe spacing of d = 0.24 nm measured using Dig-
italMicrograph software, corresponding to the (111)
crystal plane of cubic silver. In Figure 2f, distinct lat-
tice stripes reflected by the light and dark contrasts
are observed, indicating a crystal plane spacing of
d =0.18 nm, corresponding to the (112) crystal plane
of SiO,. Nevertheless, a significant portion of SiO,
exists in an amorphous state. In contrast to the SEM
images showing SiO,/AgNO; with a nanospherical
structure, the SiO,/Ag particles observed in TEM
predominantly display random morphology, possibly
attributed to the decomposition of AgNO;3; during
carbonization, leading to the formation of nanoAg.

Also, a gap exists between SiO,/Ag and PZS-C,
serving to alleviate the volume expansion of the neg-
ative electrode material [17, 18].

To elucidate the impact of high-temperature treat-
ment on the material structure of SiO,/AgNO;
nanoparticles, X-ray diffraction (XRD) analysis was
performed on SiO,/AgNO; (pre-high-temperature
treatment) and SiO,/Ag (post-high-temperature treat-
ment). As depicted in Figure 3, the line marked ‘unan-
nealed SiO,/Ag’ is the XRD spectra of SiO,/AgNOs3,
the XRD spectrum of SiO,/AgNOj5 exhibits a broad
diffraction peak at approximately 20-30°, indicative
of amorphous SiO,. Following high-temperature cal-
cination, SiO,/Ag displays a distinct characteristic
peak, indicating the presence of crystalline silver.

d=0.18 nm
.8i0,.(112)

Figure 2. TEM images of SiO,/Ag@PZS-C. In (f), the magnified image is embedded in the upper left corner, along with
the Fourier transform analysis conducted using DigitalMicrograph. a) TEM image of sample with scale of 200 nm;
b) TEM image of sample with scale of 100 nm; ¢) TEM image of sample with scale of 20 nm; d) TEM image of
sample with scale of 50 nm; e), f) TEM images of sample with scale of 5 nm, and the magnified image is embedded
in the corner, along with the Fourier transform analysis conducted using DigitalMicrograph.
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Figure 3. XRD spectra of Si0,/AgNO; and SiO,/Ag.

These findings indicate the successful decomposition
of AgNOj; into Ag crystals under an inert atmos-
phere, corroborating TEM observations.

To assess the pore structure characteristics and pore-
forming mechanism of the composites, N, adsorp-
tion/desorption isotherm tests and thermogravimetric
analysis were conducted. Figure 4 illustrates the N,
adsorption/desorption isotherms of SiO,/Ag@PZS-C,
revealing mixed Type I and Type IV isotherms ac-
companied by H4 hysteresis loops. The specific sur-
face area of Si0y/Ag@PZS-C was 278.08 m*-g!,
with an average pore size of 1.97 nm. The pore size
distribution in the lower right corner indicates that
the material’s pore structure mainly comprises micro-
pores less than 2 nm in diameter, with a few meso-
pores present. Evidently, the presence of SiO,/Ag sig-
nificantly altered the composite’s pore structure, likely
due to the pyrolysis of Si0,/AgNO;. The presence
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of micropores in the sample substantially enhances
the specific surface area and reaction sites, thereby
improving its electrochemical performance [19].
Mesopores can serve as conduits for efficient ion
transfer, facilitating the rapid movement of free ions
and mitigating polarization induced by counter ions.
Figure 4 illustrates a notable inflection point in the
DTG curve around 450 °C, likely attributed to the de-
composition of silver nitrate on SiO,/AgNO3 nano-
particles, resulting in the formation of silver, nitrogen,
and nitrogen dioxide. Moreover, the volume of
Si0,/Ag decreases after pyrolysis, creating a buffer
space between SiO,/Ag and the PZS-C coating. This
leads to an increase in internal pore size, imparting a
mesoporous appearance to the composite and conse-
quently enhancing its specific surface area.

Figure 5a depicts X-ray diffraction patterns of
Si0,@PZS-C and SiO,/Ag@PZS-C. SiO,@PZS-C
exhibited only a broad diffraction peak between 20°
and 30°, resulting from the overlap of amorphous
carbon and amorphous silicon dioxide. Conversely,
Si0,/Ag@PZS-C exhibited prominent diffraction
peaks at 38°, 44°, 64°, and 77°, corresponding to the
(111), (200), (220), and (311) planes of face-centered
cubic silver. The intensity of these diffraction peaks
is notably high, suggesting excellent crystallinity of
silver. Moreover, SiO,/Ag@PZS-C exhibited a weak
characteristic peak at 20 = 23.7°, indicating the pres-
ence of a small amount of crystalline SiO, in the
composite, consistent with TEM characterization.
Figure 5b presents the Raman spectra of SiO,@PZS-C
and SiO,/Ag@PZS-C. In the Raman spectrum of car-
bon materials, two obvious peaks, namely the D band
and the G band, are usually observed. Due to the
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Figure 4. a) N, adsorption-desorption curve and pore distribution curve of SiO,/Ag@PZS-C and b) thermogravimetric
(TG)/differential thermogravimetric (DTG) curve of SiO,/Ag@PZS-C.
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Figure 5. a) XRD patterns and b) Raman of SiO,@PZS-C and SiO,/Ag@PZS-C

existence of a polyphosphazene carbon shell, Both
Si0,@PZS-C and Si0,/Ag@PZS-C exhibit charac-
teristic absorption peaks at 1327 cm™! (D band) and
1575 cm™ (G band), attributed to the lattice defects
and graphitization of carbonized polyphosphazene
carbon materials, respectively [20]. Calculations
yielded an /p/Ig value, which indicates the graphiti-
zation degree of carbon materials, of 0.97 for
Si0y/Ag@PZS-C. D band is related to crystal defects
of carbon materials, especially edge defects and in-
ternal defects. Lattice defect regions in carbon ma-
terials, such as lamellar cavities, plate-like edges,
and other amorphous microcrystal structures, can
provide additional active sites for electrochemical
reactions [21].

X-ray photoelectron spectroscopy (XPS) is a charac-
terization technique used to analyze the surface chem-
ical composition and relative abundance of materials.
Figures 6 are the XPS spectra of SiO,/Ag@PZS-C
and SiO,@PZS-C, respectively. It is not difficult to

$200180 160 140 120 100
\ Binding energy [eV]
\

\
\

N 1s Ag 3d

200

600 400

a) Binding energy [eV]

see that there is not much difference between the
XPS spectra of the two samples, except that the
spectrum of SiO,/Ag@PZS-C has an Ag 3d orbital
peak more than that of SiO,@PZS-C. In summary,
Figure 6 displays numerous weak characteristic
peaks, including Si 2p, P 2p, Si 2s, S 2p, and P 2s,
ranging in binding energy from 100 to 200 eV [22].
Surface heteroatoms exhibit a closer relationship with
the rate performance of electrode materials during
rapid charging and discharging. The oxygen-contain-
ing functional groups can have reversible reactions
with Li*, contributing significantly to the pseudo-ca-
pacitive energy storage of anode materials [23].
Widely used as doping elements, P and S not only
increase the number of defects and active sites within
the graphite carbon layer to absorb lithium ions, en-
hancing the conductivity and ion diffusion rate of the
material but also contribute additional lithium storage
capacity to the anode material through reversible
pseudo-capacitance redox reactions [24, 25].

O1s

si2s si2p

C1s 200 180 160 140 120 100

Binding energy [eV]

N

200

N 1s

400
Binding energy [eV]
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b)

Figure 6. XPS spectra of prepared a) SiO»/Ag@PZS-C and b) SiO,@PZS-C.
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Figure 7. Lithium storage cycle performance of SiO, nega-
tive electrode (containing different proportions of
conductive agent) and SiO,/Ag.

3.2. Electrochemical performance
characterization of SiO,/Ag@PZS-C

Prior to electrochemical testing, the impact of con-
ductivity on the lithium storage performance of silicon
dioxide was investigated. Silica served as the active
material, while acetylene black and CMC were used
as the conductive agent and binder, respectively. The
slurry was prepared in various ratios, namely, 8:1:1,
6:2:2, and 5:2.5:2.5, of the active material, conduc-
tive agent, and binder. The slurry was applied onto a
negative electrode and subjected to constant current
charge-discharge testing. Figure 7 illustrates the
cyclic performance of SiO,/Ag and SiO,. SiO,
(8:1:1) displayed a specific capacity of merely
10 mAh-g~! without any notable electrochemical ac-
tivity. With increasing conductive agent content, sil-
ica’s lithium storage capacity increased from
10 mAh-g™! in SiO5 (8:1:1) to 183 mAh-g! in SiO,
(5:2.5:2.5). Additionally, the cyclic capacity curve
for the SiO; (5:2.5:2.5) negative electrode exhibited
a slight upward trend. However, solely enhancing
the proportion of conductive agents to boost silica’s
conductivity does not maximize its lithium storage
capacity. Given that silver is an excellent conductive
material, doping with silver has the potential to sig-
nificantly enhance the electrochemical lithium stor-
age capacity. As anticipated, doping SiO, with silver
(SiOy/Ag) yields a lithium storage capacity of
194 mAh-g!, twentyfold that of SiO, (8:1:1). This
improvement is attributed to silver nanoparticles
providing an efficient electronic pathway from the
collector to silica’s interior.

Figures 8a and Figures 8b depict the cyclic voltam-
metry curves of SiO, and SiO,/Ag. Generally, the
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two curves overlap, demonstrating comparable elec-
trochemical behavior and thus suggesting that the in-
clusion of nano-Ag primarily serves as a conductive
agent without directly engaging in the electrochem-
ical reaction. Particularly, in the initial cathodic scan,
a reduction peak emerged at 1.52 V for both SiO,
and Si0,/Ag, attributed to electrolyte decomposi-
tion. Subsequently, a huge reduction peak of SiO,
appeared at 0.9 V and disappeared in subsequent cy-
cles, as a large amount of SiO; was reduced to irre-
versible Li,0O and LisSiOy4, as well as reversible
products Li;Si;O5 and Si. The gradual slopes ob-
served in the subsequent second and third cycles de-
pict the lithium intercalation reaction involving the
reversible product Li,Si,0s. The reverse process of
lithium removal is indicated by the oxidation peak
at 1.0 V, whereby Li,Si,05 decomposes to produce
Li and SiO,. The pair of reduction and oxidation
peaks at respectively 0.01 V and 0.12 alloying reac-
tion involving the reversible products Si and Li. In
Figure 8b, the peak observed at 0.74 V for SiO,/Ag
is ascribed to the formation of the solid electrolyte
interface (SEI) film. Notably, the intensity of the de-
intercalation lithium peak in the SiO,/Ag silicon-
lithium alloy surpasses that of SiO,, with the nar-
rower peak indicating that silver nanoparticle doping
enhances the electrochemical activity of SiO,/Ag
and facilitates the reaction.

Figure 8c illustrates the cyclic voltammetry (CV) plot
of SiO,/Ag@PZS-C. Although polyphosphazene
carbon materials inherently exhibit excellent con-
ductivity and contain abundant heteroatoms, the dis-
tinct electrochemical behavior of SiO, is not readily
apparent due to the composite structure and the high
electrochemical activity of polyphosphazene carbon.
Specifically, the reduction peak at 0.1 V arises from
the overlapping alloying and lithium intercalation re-
actions between the reduced product Si and polyphos-
phazene carbon. During the subsequent anodic scan,
a broad oxidation peak ranging from 0.1 to 0.5 V sig-
nifies the de-lithiation of amorphous silicon-lithium
alloys and the de-lithiation process of LixC. The
broad oxidation peak at 1.1 V corresponds to the ox-
idation reactions of Li P and Li,S1,05. Due to the
close proximity of the oxidation peaks, they cannot
be distinctly differentiated. The CV curves of SiOy/
Ag@PZS-C after the initial cycle exhibit remarkable
consistency and form closed loops. The lithium stor-
age mechanism of Si0,/Ag@PZS-C is described as
follows:
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Figure 8. CV curves of a) SiO,, b) SiO,/Ag and c¢) SiO,/Ag@PZS-C.

SiO, + 4Li* + 4e7!' — 2Li,0 + Si (irreversible)
2810, +4Li" + 4e”!' — Li,O + Si (irreversible)
5Si0 + 4Li" + 4e7! «» 2Li,08i0s + Si (reversible)
Si +xLi" +xe™! < Li,Si (reversible)

P+ xLi" + xe™! < Li P (reversible)

Figure 9a illustrates the cyclic test results for each
sample within the voltage range of 0.01 to 3 V ata
current density of 100 mA-g~!. Specific cyclic per-
formance parameters are listed in Table 1. SiO; ma-
terial exhibited poor conductivity, resulting in a first
discharge specific capacity of only 81 mA-g~! and a
cyclic specific capacity of merely 10 mA-g~!. How-
ever, the reversible specific capacity of SiO,/Ag
doped with silver nanoparticles increased by 18 times
due to improved conductivity. SiO,@PZS-C demon-
strated good cycling stability with a capacity reten-
tion rate of up to 83.4%. This is attributed to the re-
duced direct contact between the SiO, surface and
electrolyte facilitated by the outer shell PZS-C, and
the enhanced conductivity of carbon materials [26].
However, the actual specific capacity of SiO,@PZS-C
remains limited, at only 338 mA-g~!. Interestingly,
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the specific discharge capacity of both Si02/Ag and
Si0,@PZS-C gradually increases with the number
of cycles, possibly due to the gradual activation of
the silica main body. During the insertion and re-
moval of lithium ions, silica particles undergo rup-
ture, enabling more fresh active substances to inter-
act with lithium ions, consequently leading to an
increase in specific capacity.

Conversely, Si0,/Ag@PZS-C composite materials
demonstrated excellent lithium storage perform-
ance, and after 100 cycles, the capacity remained at
535 mA-g!. After 400 cycles of charging and dis-
charging, the lithium storage capacity remained at
approximately 400 mA-g~!, with only a 0.15% de-
crease in specific capacity per cycle. This excellent
electrochemical performance is attributed to the dual
modifications of silver nanoparticles and PZS-C
coating. Silver nanoparticles provided an effective
electronic channel from the current collector to the
silica particles. Concurrently, PZS-C prevented di-
rect contact between SiO,/Ag and the electrolyte,
thereby preventing the formation of unstable SEI
films.
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Table 1. Cycling performance parameters of all samples at a current density of 100 mA-g~!.

Sample Initial discharge-spf:lciﬁc capacity | Initial coulombic efficiency (ICE) | Specific capacity ai:tler 100 cycles
[mAh-g™] [%] [mAh-g™]
Si0, 81 32 10
Si0./Ag 326 32 189
Si0,@PZS-C 405 77 338
Si0,/Ag@PZS-C 1293 61 535

Figures 9c and Figures 9d depict the voltage-specific
capacity curves of SiO,/Ag and SiO,/Ag@PZS-C.
Si0,/Ag exhibited its first discharge plateau near
1.5 V during the initial discharge process, attributed
to electrolyte decomposition. Figure 9d reveals that,
due to the presence of PZS-C, the charging platform
with 0.2 V corresponding to Si had no capacity at-
tenuation. It is worth noting that the subsequent
GCD cycle shows a linear inclined discharge curve,
which means that SiO,/Ag @, PZS-C had pseudo-ca-
pacitance behavior, which is expected to improve the
dynamic limitation of slow solid-state diffusion of
Li" in active materials, thus obtaining superior per-
formance.

Figure 10 shows the test results of the rate perform-
ance of SiO»/Ag@PZS-C. When the current density
was 1 and 2 A-g”!, the lithium intercalation capacity
of SiO,/Ag@PZS-C was respectively 222 and
182 mA-g~'. When the current density was reduced
to 100 mA-g! again, the specific capacity of the
anode material was restored to 764 mA-g~!. Upon
returning the current density to 100 mA-g™!, the spe-
cific capacity of the negative electrode material near-
ly returned to its initial level of 864 mA-g~!. Further-
more, during cycling at high current density, the
sample maintained a Coulombic efficiency exceed-
ing 99.8%, indicating the excellent electrochemical
stability and reversibility of Si02/Ag@PZS-C.
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Figure 10. Rate performance of SiO»/Ag@PZS-C.

Figure 11 displays the EIS spectra of the samples
across the frequency range of 0.01~100 000 Hz. The
summary of electrochemical impedance fitting re-
sults is presented in Table 2. The R of SiO, was
660.7 Q, whereas for Si0,/Ag, SiO,@PZS-C, and
Si0,/Ag@PZS-C, the R values were 291.3, 175.2,
and 39.7 Q, respectively. This demonstrates that the
doping of silver nanoparticles and the coating with
PZS-C significantly decreased the transfer resistance
of lithium ions at the electrode material interface.
The high conductivity of silver nanoparticles and
polyphosphazene carbon shell is characterized by
fast electron and ion transport kinetics, which im-
proves the charging and discharging efficiency, cycle
life and capacity retention rate of the battery [27, 28].
Compared with other precious metals such as plat-
inum and gold, silver is a widely existing and recy-
clable metal, and it is more economical to use silver
nanoparticles as electrode modification materials. As
a new method to modify electrode materials, the suc-
cessful application of polyphosphazene carbonized

Table 2. EIS results of all samples.

R, Rggy R

Sample 2] 2] 2]

SiO, 7.9 257.5 660.7
SiO,/Ag 73 10.8 291.3
SiO,@PZS-C 7.1 6.3 175.2
Si0./Ag@PZS-C 6.8 3.6 39.7

shell provides a new way to develop high-perfor-
mance batteries [29]. Using silver nanoparticles and
polyphosphazene carbon as electrode modification
materials is helpful in promoting the environmental
protection and sustainable development of battery
technology.

To delve deeper into the characteristics of SiO,/
Ag@PZS-C, the Li" storage mechanism of negative
electrode materials was elucidated via CV scanning,
thereby discerning the ratio of diffusion behavior to
pseudocapacitance contribution to the overall capac-
ity during lithium storage. Figure 12a shows the CV
curves of composite materials at different scanning
speeds [23, 30]. Notably, SiO,/Ag@PZS-C gave an
oxidation peak b value of 0.71 at 1 V (Figure 12b).
This suggests that the capacity of SiO,/Ag@PZS-C
during lithium storage is attributed to pseudocapac-
itive behavior [31].

Using the CV curve obtained at a scanning rate of
1 mV-s~! as an example in Figure 12c, the red area
signifies the capacitive effect, while the blank area
corresponds to diffusion-controlled capacity. The
capacitance curve displays prominent pseudo-ca-
pacitance peaks, which account for 34% of the total
area. As illustrated in Figure 12d, despite the energy
storage mechanism being primarily dictated by bat-
tery lithium storage, the contribution of capacitance

3000 R, Ry, R, W
CPE1] | CPE2
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S
N
1000f
—— sio, —— sio,
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Figure 11. a) EIS spectrum of samples; b) zoomed-in view at the high-frequency region.
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progressively rises with the scanning rate. The abun-
dance of hetero element groups, crystallographic de-
fects, and dangling bonds on the surface of
polyphosphazene carbon can engage in capacitive
electrochemical behavior with lithium ions, thus
steering the battery performance towards pseudo-ca-
pacitive lithium storage.

The complexity of pseudocapacitive materials’ elec-
trochemical interfaces necessitates the consideration
of various physical and chemical processes, such as
ion diffusion, double-layer formation, charge trans-
fer, and intercalation reactions, rendering their mod-
eling a significant challenge. It is necessary to un-
derstand the electrochemical behavior controlled by
electrode potential, scanning rate, and ion diffusion
by solving electronic dynamics equations such as the
Butler-Volmer equation and Poisson-Nernst-Planck
equation based on simulated real devices. Given that
this topic exceeds the scope of the current article,
further discussion will not be provided.

Table 3 provides a summary of the electrochemical
performance from other high-performance data in
the literature for comparative analysis. The synthe-
sized Si0,/Ag@PZS-C demonstrated an extraordi-
nary initial capacity of 1293 mAh-g~' and main-
tained a capacity of 535 mAh-g! after 100 cycles,
indicating superior lithium storage performance in
comparison to previous literature reports.

4. Conclusions

In this study, silver nanoparticles and carbon coat-
ing were proposed for the dual modification of
nano-Si0,, leading to the successful fabrication of
Si0,/Ag@PZS-C composite materials.
Electrochemical tests reveal the exceptional lithium
storage performance of Si0,/Ag@PZS-C composite
materials. At a current density of 0.1 A-g™!, the ini-
tial discharge-specific capacity was 2293 mAh-g™,
and after 400 cycles, the lithium storage capacity
still remained at approximately 400 mAh-g'.
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Table 3. Summary of electrochemical performances of Si-based anodes reported in comparison with this work.

Materials Inizgll :f:gii:licelclas\i[;;;ity Initieaflfl cc(i):;(:;nbic Reversibli Cs;)):lcelgc capacity References
3D-Si0@C éég?ﬂ“ﬁﬁg‘?{; ~50% 6878530‘6‘)}‘84 [32]
PDA-PEI@PVP-SiO,@Si (Zég Eiﬁg) 47.94% 539 (‘I‘(ﬁ)})"gfl [33]
Si0-Si0,@C léf)%’fniﬁ_héﬁ;l 75.73% 106 1( f(‘)’g)h'gfl [34]
SiO, nanotubes ii%'mgﬁ;l 49.7% 23 z's(mmoA)h'gfl [35]
Si0,/C composite fibers 7&%13:?2%; 68% 465 n(15/?)1)1-g’1 [36]
8i0,/Ti02@C nanosheets (ll%loénl?:hh_ 5) 66% 822) [37]
Nanofibrous SiO,/C composite (1150802 r:]nﬁlhggl) 45.9% ??8 04)1 [13]
Si0,/Ag@PZS-C (1120903 I;n:h}f gll) 61% (f (3)3) This work

Electrochemical impedance spectroscopy (EIS) re-
sults indicate a decrease in the R of the negative elec-
trode from 660.7 Q for SiO, to 3.6 Q for SiO,/
Ag@PZS-C.

The excellent electrochemical properties of SiO,/
Ag@PZS-C composites are attributed to the syner-
gistic effect of nano-silver and polyphosphazene car-
bon. Polyphosphazene porous carbon shell has a
high level of multi-element doping, including nitro-
gen, oxygen, phosphorus and sulfur, which provide
a considerable number of active sites. Also, the in-
ternal porous structure of polyphosphazene provided
expansion space, which played a role in buffering
the volume change of SiO, and improving the struc-
tural stability. Silver nanoparticles greatly improve
the conductivity of the material and reduce the
charge transfer resistance, which plays a great role
in the charge-discharge efficiency, cycle life and ca-
pacity retention of the battery.
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