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A B S T R A C T   

Vanadium-tellurite glasses (VT) have emerged as promising anode materials for lithium-ion batteries (LIBs). 
Despite this, the Li-ion storage capacity of the VT glass anode is still insufficient to meet the demands for the next 
generation of advanced LIBs. Silicon (Si) anode has ultrahigh theoretical capacity but suffers from significant 
volume expansion during lithiation and delithiation. In this work, we combined Si nanoparticles with VT glass to 
prepare Si@VT composite anode for LIBs. The composite was produced through heat-treatment at different 
temperatures, some of which were hot-pressed under the isostatic pressure of 100 MPa. The Si@VT composite 
exhibited a synergistic effect that integrated the strengths of both VT glass and Si, resulting in a substantial 
enhancement of its electrochemical performance. The systematic characterizations of the composite-based an-
odes revealed the optimal conditions for fabricating the high-performance Si@VT composite: a silicon fraction of 
10 wt% and a hot-pressing temperature of 620 K. This composite stood out as the optimal choice, exhibiting a 
capacity of 353 mA h g− 1 at 1 A g− 1 after 1000 cycles. This capacity surpasses that of VT glass anode by over 
threefold and that of pure Si anode by twelvefold.   

1. Introduction 

With the merits of high energy density, long lifespan, and environ-
mental friendliness, lithium-ion batteries (LIBs) represent one of the 
most attractive portable energy storage devices. However, the current 
LIBs cannot satisfy the demands for safer and higher energy density 
batteries used in electric vehicles and large-scale energy storages [1]. To 
tackle these problems, many efforts have been made. In the pursuit of 
enhanced safety, all-solid-state batteries have attracted considerable 
attention and extensive research. They represent a change from con-
ventional organic liquid electrolytes to solid electrolytes, with inorganic 
glass or glass-ceramic based solid electrolytes as highly promising can-
didates owing to their high ionic conductivities, typically ranging from 
10− 2 to 10− 3 S cm− 1 [2–5]. To achieve high energy density (propor-
tional to specific capacity) in LIBs, a crucial strategy is to substitute 
silicon (Si) for the commercial graphite in anodes. Silicon exhibits an 
ultrahigh theoretical capacity, surpassing 4000 mA h g− 1, more than 11 
times the capacity of the commercial graphite [1,6]. Nonetheless, the 
drastic volume fluctuation of Si (~400%) during lithiation/de-lithiation 

[1] leads to a dramatic decay of specific capacity, i.e., the capacity re-
mains only about 50 mA h g− 1 within 100 cycles [7,8]. To counteract the 
volume expansion of Si, various structures, including hollow core-shell, 
york-shell, porous configurations, in combination with carbon, were 
created [9–13]. These structures were predominantly constructed using 
the sol-gel method, solvothermal method, chemical vapor deposition, 
among others. However, the practical applications of these structures 
are limited owing to their complex synthesis processes, low yield and 
high cost [2]. 

Vanadium-tellurite (VT) glass-based anodes for LIBs exhibit a supe-
rior cycling stability, i.e., almost no capacity fading after 5000 cycles 
[14,15]. Their high cycling stability was attributed to both the open 
network structure and strong crystallization tendency of VT glasses. 
During discharging/charging process, electrochemically active γ-Li3VO4 
nanocrystals form in VT glasses. The nanocrystals not only toughen the 
glass matrix, thereby increasing the cycling stability, but also provide 
more space/channels between the crystals and glass matrix to facilitate 
the transfer kinetics of Li+ ions [14–20]. However, despite exhibiting 
excellent cycling stability, VT glass anodes still have relatively low 
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capacity, typically around 120 mA h g− 1 at a current density of 1 A g− 1 

[14,15]. Therefore, there is a need for further enhancement. Hence, we 
anticipate that combing Si with VT glass could be a promising strategy to 
achieve the synergetic effect, enhancing both the capacity and cycling 
stability of the anode for LIBs. Furthermore, all-solid-state LIBs 
encounter a significant challenge regarding the interfacial stability be-
tween the glassy solid-state electrolyte and the conventional electrode, 
stemming from their poor compatibility [4]. It is anticipated that the 
composite comprising Si and VT glass (referred to as Si@VT composite) 
would demonstrate robust compatibility with the glassy/glass-ceramic 
electrolytes. This is attributed to the shared presence of the glass 
phase in both the electrolytes and VT anodes. This compatibility might 
effectively reduce the interfacial polarization within the cell. Addition-
ally, glass materials pose many other advantages, e.g., tunable compo-
sition, simple preparation process, and low cost. Therefore, it is a 
promising way to incorporate high-capacity elements, e.g., Si, into 
glasses matrix for developing the next generation of high-performance 
LIBs, in particular, all-solid-state LIBs. 

Recently, we have investigated how Si-doping affects the structure 
and crystallization behavior of VT glasses during heating process [16]. 
Using the previous findings as guide, in this work, we synthesized a 
series of composite containing both Si and VT glass (Si@VT) in different 
ratio. Some of these composites were subjected to heat treatment at 
various temperatures above the glass transition temperature (Tg) under 
different pressure (0 and 100 MPa). During heat-treatment, the VT glass 
acted as ‘binder’ through its viscous flow to bond with Si. Then, the 
electrochemical performances of the derived Si@VT composites were 
systematically investigated. It is found that the Si@VT composite after 
hot pressing exhibited a reversible specific capacity of 353 mA h g− 1 at 1 
A g− 1 after 1000 cycles, which is more than three times that of VT glass 
anode and twelve times that of pure Si anode under the same testing 
condition. This work not only introduced an optimized strategy for 
fabricating Si@VT composites, enhancing their performance as anodes 
for LIBs through hot-pressing technique, but also paved a new path for 
developing glass-based functional materials. 

2. Experimental section 

2.1. sample preparation 

The 50V2O5–50TeO2 (in mol%) (VT) glass was prepared via melt- 
quenching [14,15]. Afterwards, it was crushed to glass powders with 
sizes ranging approximately from 10 to 20 µm. Commercial nano-silicon 
powder in quantities of 0.1, 0.2, 0.3, and 0.4 g (with particle size of 
about 20–60 nm) were individually mixed with 0.9, 0.8, 0.7, and 0.6 g of 
glass powders, respectively. These mixtures denoted as 10SiVT, 20SiVT, 
30SiVT, 40SiVT, according to the weight fraction of Si. The V2O5, TeO2, 
and commercial nano-silicon powders used in this study were purchased 
from Shanghai Aladdin Bio-Chem Technology Co., LTD. To find out a 
proper hot-pressing condition, 10SiVT glass was hot-pressed at different 
temperatures in a vacuum furnace under 100 MPa and kept for 0.5 h. 
The selection of the heat-treatment temperatures was based on the 
characteristic temperatures of the samples, determined during heating 
to 773 K at a rate of 10 K/min in an argon atmosphere using a differ-
ential scanning calorimeter (DSC) (Fig. S1). The characteristic temper-
atures include the glass transition temperature Tg (509 K), the first and 
second crystallization onset temperatures Tc1 and Tc2 (563 and 602 K, 
respectively), and the melting temperature Tm (755 K). Specifically, 
10SiVT was hot-pressed at 550 K (above Tg), 570 K (above Tc1), 620 K 
(above Tc2), 670 K (below Tm), and 770 K (above Tm), respectively. The 
resulting samples are denoted as 10SiVT-550-P, 10SiVT-570-P, 
10SiVT-620-P, 10SiVT-670-P, and 10SiVT-770-P, respectively, accord-
ing to the hot-pressing temperature. For comparison, 10SiVT was heated 
to 620 K and kept for 0.5 h in the vacuum furnace without pressure, and 
then naturally cooled down to room temperature. The obtained sample 
is named as 10SiVT-620. Furthermore, to find the optimal fraction of Si 

for achieving the superior composite anodes, additional samples, such as 
20SiVT-620-P, 30SiVT-620-P, 40SiVT-620-P, were also prepared. 

2.2. Material characterization 

The crystal phases of samples after heat-treatment were identified on 
a PANalytical X-ray diffractometer with Cu Kα (λ = 1.5406 Å) radiation 
during the 2θ range of 5~70◦ with a step size of 0.013◦ The character-
istic temperatures of the samples were identified by a DSC (Jupiter 
449C, Netzsch) under the above-mentioned conditions (Section 2.1). 
Fourier transform infrared (FTIR) spectra were obtained on a Bruker 
TENSOR II FTIR spectrometer with Platinum ATR Accessory at room 
temperature in the range of 400–4000 cm− 1. To study the chemical 
environment of V and Si, X-ray photoelectron spectroscopy (XPS) was 
performed using ESCALAB 250Xi spectrometer (ThermoFisher Scienti-
fic, USA) with nonmonochromatic Al Ka X-ray (1486.6 eV) at pass en-
ergy of 50 eV. The morphologies and distribution of Si in samples were 
analyzed using field-emission scanning electron microscopy (FE-SEM) 
(Supra-55, Zeiss Inc.), and X-ray energy dispersive spectroscopy (EDS) 
(X-Max, OXFORD Instruments Inc.). 

2.3. Cell assembly and electrochemical characterization 

The electrochemical performance of Si@VT composite after heat- 
treatment was evaluated using CR2032 coin cells with lithium foil as 
the reference electrode. The Si@VT (70 wt%), acetylene black (20 wt%), 
and polyvinylidene difluorides (PVDF, 10 wt%) were mixed evenly in N- 
methyl-2-pyrrolidone (NMP) and then pasted onto a copper foil sub-
strate and dried at 110 ◦C in a vacuum oven for 12 h to get working 
electrodes. 1 M LiPF6 in ethylene carbonate (EC)/diethyl carbonate 
(DEC)/dimethyl carbonate (DMC) (1:1:1 vol%) was used as the elec-
trolyte and the Celgard 2325 membrane (diameter of 19.0 mm) was used 
as the separator. Cells were assembled in an argon-filled glovebox with 
both the moisture and the oxygen content below 0.1 ppm and then 
tested at 298 K. The galvanostatic charging/discharging tests of the 
samples were conducted on a Land battery test system (CT2001A) with 
the voltage range of 0.01–3 V. Cyclic voltammetry (CV) curves were 
obtained in the voltage range of 0.01–3 V at the scanning rate of 0.1 mV 
s− 1. EIS spectra were recorded in the frequency range of 0.1–100 kHz on 
CHI 760e electrochemical workstation. All electrochemical measure-
ments were repeated with different batches of samples to confirm the 
reproducibility of their performances. 

3. Results and discussion 

3.1. The phase and microstructure of the as-received Si@VT composite 

Fig. 1 shows the XRD patterns of 10SiVT hot-pressed at different 
temperatures. It is seen that three sharp diffraction peaks appear at 28◦, 
47◦, 56◦ of 2θ, respectively, for the five samples. The peaks are ascribed 
to Si, indicating that Si is preserved in the composite after heat- 
treatment. In addition, additional V2O5 and TeVO4 crystals can be 
observed in 10SiVT-670-P and 10SiVT-770-P samples. However, despite 
heat-treating 10SiVT-570-P and 10SiVT-620-P at temperatures above 
the first crystallization onset temperature Tc1 (563 K), as shown in 
Fig. S1, no detectable new crystals were formed in both samples. 
Absence of crystal formation could be due to the sample temperature 
being lower than the temperature indicated on the heating furnace. In 
contrast, the temperature indicated on the DSC matches the sample 
temperature accurately, as the thermal couples of the DSC are directly 
linked to the platinum crucible containing the samples. 

To study the effect of hot-pressing process on the phase transitions in 
the samples, we performed DSC measurements on both 10SiVT and 
10SiVT-620-P. Fig. 2 shows the first DSC upscan curves of 10SiVT and 
10SiVT-620-P, obtained by heating to 773 K at 10 K/min in argon. The 
curves exhibit the glass transition peaks with the same onset 
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temperature (i.e., standard glass transition temperature Tg) of 509 K, 
and two crystallization peaks with the same onset temperatures, i.e., Tc1 
(563 K), and Tc2 (602 K). Interestingly, it is seen in the DSC curve of 
10SiVT-620-P that a new crystallization peak emerges with an onset 
temperature of Tc3=622 K. This indicates that the hot-pressing at 620 K 
provides additional energy to the sample, potentially overcoming en-
ergy barrier of a redox reaction that could occur between Si and VT [16]. 
This reaction results in a microstructural rearrangement, facilitating the 
observed new crystallization event at Tc3. In other words, the 
hot-pressing process at 620 K causes different potential energy and/or 
structural difference between these two samples. In this context, it is 
more probable for 10SiVT-620-P to exhibit new crystal precipitation in 
the subsequent DSC scan compared to 10SiVT. 

Fig. 3 shows the morphologies and EDS elemental mappings of the 
10SiVT-620, 10SiVT-620-P, and 10SiVT-670-P samples, respectively. In 
the case of 10SiVT-620 (Fig. 3a), the SEM image and elemental 

mappings of Si, V, Te reveal Si nano particles agglomerating and 
covering the surface of VT. This observation suggests that Si is solely in 
physical contact with VT. Conversely, in the case of the hot-pressed 
samples, such as 10SiVT-620-P (Fig. 3b) and 10SiVT-670-P (Fig. 3c), 
there is a significant reduction in the aggregation of Si nano particles. 
Instead, a uniform distribution of Si within the VT glass powder is ob-
tained. This could be attributed to two key factors. Firstly, the high 
temperature involved in hot pressing facilitates the diffusion of Si atoms 
within the mixed powder, leading to a more uniform distribution of Si. 
Secondly, the application of pressure during hot pressing aids in the 
uniform compaction of the powder, further contributing to an even 
distribution of Si. Additionally, the pressure plays a role in suppressing 
the formation of Si clusters or aggregates, thereby enhancing the 
bonding between Si and VT glass powder during heat treatment. 
Therefore, the hot-pressing method proves to be more effective in 
forming Si@VT composite in comparison to the heat-treatment without 
pressure. 

To investigate the structural evolution upon heat-treatment, FTIR 
and XPS measurements were performed. Fig. 4 shows the FTIR spectra of 
Si, 10SiVT, 10SiVT-620, and 10SiVT-620-P, respectively. The peaks 
observed, both around 478 cm− 1 and within the range of 1000~1250 
cm− 1 correspond to Si-O vibrations [21,22], as depicted in the spectrum 
of Si sample, suggesting that some of the commercial Si particles are 
oxidized. The intensity of the peak within the range of 1000~1250 cm− 1 

is notably higher in both the 10SiVT-620 and 10SiVT-620-P samples 
compared to the pristine 10SiVT, implying oxidation of Si during the 
heat-treatment process. It is noteworthy that, given that the heating 
process is conducted under vacuum conditions, only the VT glass likely 
acts as the oxidizing agent. The peaks at 680 cm− 1 are ascribed to 
Te− O− Te or O− Te− O bonds [23], while those at around 982 cm− 1 are 
attributed to [VO5] [16,23]. It is seen that the peak at 680 cm− 1 of 
10SiVT-620-P shifted to a lower wavenumber of ~ 644 cm− 1. In addi-
tion, the broad peaks locating between 750 and 940 cm− 1 are mainly 
due to V − O − V, [VO4], and [VO5] vibrations. Moreover, a shoulder at 
530 cm− 1 corresponding to V − O − V vibrations [16] was observed in 
10SiVT-620 but not in 10SiVT-620-P, suggesting that the microstruc-
tural changes around V atoms is caused by applying pressure during 
heating process. It is worth noting that a sharp peak at 435 cm− 1 is 
detected in 10SiVT-620-P which arises from Te− O− Te vibrations [24, 
25]. The above results imply that the microstructure around Te changes 
significantly by the applied pressure during heat treatment. 

Fig. 5a shows the Si 2p XPS spectra for the 10SiVT, 10SiVT-620, 
10SiVT-620-P, and 10SiVT-670-P samples, respectively. Each spec-
trum can be deconvoluted into two peaks at ~99.5 and ~103.1 eV, 
which are assigned to Si and SiO2, respectively [26], as displayed in 
Table 1. Evidently, the ratio of Si to SiO2 decreases with increasing the 
heat treatment temperature, implying that more Si is converted into 
SiO2 during the heat-treatment process. In addition, the same fraction 
(~54.5 %) of Si in 10SiVT-620 and 10SiVT-620-P indicates that 
applying pressure does not facilitate the Si-to-SiO2 conversion. The 
high-resolution XPS spectra of V 2p for these samples are shown in 
Fig. 5b. Peaks at 524.9 and 517.5 eV are ascribed to V 2p3/2 and V 2p1/2, 
respectively [27,28]. The V 2p1/2 peaks in the spectra of the heat-treated 
samples appear broader compared to that of the pristine 10SiVT sample. 
The broad peaks can be deconvoluted into two distinct peaks: the V5+

peak at 517.5 eV and V4+ peak at 516.4 eV [27,28]. The ratio of V4+ to 
V5+ increases with increasing the heating temperature, suggesting that a 
redox reaction occurs in 10SiVT during the heating process. Specifically, 
Si is oxidized by V5+ to form V4+ and SiO2, respectively. The formation 
of V4+ could enhance the electronic conductivity in VT glass. This is 
because during discharging processes, polarons arise from the 
electron-phonon interaction, facilitating high electronic conductivity 
through polaron-hopping from V4+ to V5+ (V4+− O − V5+→V5+− O −
V4+) [16]. However, SiO2, another product of the redox reaction be-
tween Si and VT, lowers the electrical conductivity of the Si@VT com-
posite materials due to its nature as an electrical insulator. 

Fig. 1. XRD patterns of 10SiVT-550-P, 10SiVT-570-P, 10SiVT-620-P, 10SiVT- 
670-P, and 10SiVT-770-P samples, along with those of Si, TeVO4 and 
V2O5 crystals. 

Fig. 2. DSC upscan curves of both 10SiVT (the red line) and 10SiVT-620-P (the 
blue line), which are obtained at 10 K/min in argon. The characteristic tem-
peratures such as glass transition (Tg) and crystallization onset temperatures 
(Tc1, Tc2, and Tc3) are denoted in the curves. 
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3.2. The ideal fabrication condition to attain a high-performance Si@VT 
composite anode 

To investigate the effect of both heat-treatment and hot-pressing on 
the electrochemical performances of the Si@VT composites in LIBs, the 
cycling performances of all seven composite-based anodes are compared 
in Fig. 6a. The Si, VT, 10SiVT-570-P, 10SiVT-620-P, 10SiVT-670-P, 
10SiVT-770-P, and10SiVT-620-based anodes exhibit capacities of 28, 
110, 136, 353, 274, 205, 206 mA h g− 1, respectively, at a current density 
of 1 A g− 1 over 1000 cycles. Notably, the 10SiVT-620-P exhibits the 
highest capacity among them. These results imply that both the heat- 
treatment temperature and pressure exert a synergistic effect on the 
performance of the Si@VT composite based anode for LIBs. Raising heat- 
treatment temperature enhances the capacity of the derived anodes. 
However, subjecting the Si@VT composite to temperatures exceeding 
620 K may lead to the formation of other crystals, such as V2O5 and 
TeVO4, which do not contribute to enhancing the capacity of the 
composite-based anode. 

The rate performances of the above-mentioned samples at the 
current densities of 0.1, 0.2, 0.5, 1, and 2 A g− 1 are shown in Figs. 6b. 
The capacity of Si drops dramatically from 2290 to 774 mA h g− 1 after 5 
cycles, while capacities of 10SiVT-570-P, 10SiVT-620, and 10SiVT-770- 

Fig. 3. SEM images and EDS elemental mappings of (a) 10SiVT-620, (b) 10SiVT-620-P, (c) 10SiVT-670-P.  

Fig. 4. FTIR spectra of Si, 10SiVT, 10SiVT-620, and 10SiVT-620-P samples.  

Fig. 5. XPS survey spectra and high-resolution core level of Si 2p (a) and V 2p 
(b) for the 10SiVT, 10SiVT-620, 10SiVT-620-P, and 10SiVT-670-P samples, 
respectively. The heat treatment duration: 0.5 h. 
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P decrease from ~450 to ~200 mA h g− 1 at 0.1 A g− 1. Remarkably, the 
10SiVT-620-P and 10SiVT-670-P based anodes exhibit the average 
charging/discharging capacities of 725 and 621 mA h g− 1 after 5 cycles 
at 0.1 A g− 1, respectively. The average capacities of all the derived an-
odes decrease with a stepwise increase in the current density. Among the 
derived anodes, 10SiVT-620-P exhibits the highest capacity retention 
after 5 cycles at 0.2 0.5, 1, and 2 A g− 1. When the current density was set 
back to 0.1 A g− 1, the capacity of 10SiVT-620-P recovers to 710 mA h 
g− 1 and remains stable in the following 75 cycles, indicating a superior 
rate performance. In contrast, the capacity of Si reaches 568 mA h g− 1 

when the current density was switched back to 0.1 A g− 1 but decreases 
rapidly to 67 mA h g− 1 after 100 cycles. This significant capacity decay 
of Si is attributed to its volume expansion and pulverization during 
cycling [29]. The higher rate capacity of 10SiVT-620-P, compared with 
pure Si and other samples, further supports the idea that the optimal 
temperature for hot pressing treatment is 620 K. 

To study the impact of Si content on the electrochemical perfor-
mances of the VT glass anode, we incrementally increase the Si fraction 
to 20 %, 30 %, and 40 %. Subsequently, a pressure of 100 MPa is applied 
to these mixtures by utilizing the same hot-pressing condition as applied 

to sample 10SiVT-620-P. The as-prepared samples are referred to as 
20SiVT-620-P, 30SiVT-620-P, 40SiVT-620-P, respectively. The superior 
cycling performances of 10SiVT-620-P, 20SiVT-620-P, 30SiVT-620-P, 
40SiVT-620-P samples are shown in Fig. 6c. Strikingly, 10SiVT-620-P 
sample exhibits the highest capacity of 353 mA h g − 1 at 1 A g − 1 

after 1000 cycles. 
Fig. 6d exhibits the rate performances of 10SiVT-620-P, 20SiVT-620- 

P, 30SiVT-620-P, and 40SiVT-620-P, respectively. In the first 5 cycles, 
the average capacities of the latter three samples are 808, 857, and 910 
mA h g− 1, respectively, which are higher than that of 10SiVT-620-P (725 
mA h g− 1). However, the capacities of these three samples are sensitive 
to the current density, displaying a rapid decline as the current density 
increases. When the current density was set back to 0.1 A g− 1, the ca-
pacities of the three samples are 636, 695, and 720 mA h g− 1, respec-
tively, and decrease to 316, 281, and 189 mA h g− 1 after 100 cycles. 
10SiVT-620-P exhibits the capacity of 710 mA h g− 1, staying at 721 mA 
h g− 1 even after 100 cycles, which is significantly higher compared to 
the other three samples. It is seen in Fig. 6 that the optimum conditions 
for preparing the high-performance composite is 10 wt% Si and the heat- 
treatment temperature of 620 K. 

To confirm the optimum fraction (10 %) of Si in composite, and 
further to clarify the electrochemical reactions during discharging/ 
charging cycles, Cyclic Voltammetry (CV) measurements of 10SiVT-620- 
P and 30SiVT-620-P were performed (Fig. 7). In the first lithiation 
process of 10SiVT-620-P (Fig. 7a), the reduction peaks appear at around 
1.01, 0.66, and 0.02 V, which are attributed to the interaction between 
Li+ and VT, formation of solid electrolyte interface film (SEI), and the 
insertion of Li+ into Si forming LixSi phase, respectively [14,30]. The 
anodic peaks at around 0.34 and 0.54 V are ascribed to the extraction of 
Li+ from LixSi, while the peaks at ~1.26 and ~2.08 V arise from the 

Table 1 
The fractions of Si and SiO2 in 10SiVT, 10SiVT-620, 10SiVT-620-P and 10SiVT- 
670-P, respectively, which were obtained from the deconvoluted Si 2p XPS 
spectra shown in Fig. 5a.  

Samples Si(%) SiO2(%) Ratio (Si/SiO2) 

10SiVT 61.1 38.9 1.6 
10SiVT-620 54.5 45.5 1.2 
10SiVT-620-P 54.6 45.4 1.2 
10SiVT-670-P 52.2 47.8 1.1  

Fig. 6. Cycling and rate performances. (a), (c) Cycling performances of anodes based on Si, VT, 10SiVT-570-P, 10SiVT-620-P, 10SiVT-670-P, 10SiVT-770-P, 10SiVT- 
620, 20SiVT-620-P, 30SiVT-620-P, and 40SiVT-620-P at 1 A g − 1 after 1000 cycles; (b), (d) The rate performances of anodes based on Si, 10SiVT-570-P, 10SiVT-620, 
10SiVT-620-P, 10SiVT-670-P, 10SiVT-770-P, 20SiVT-620-P, 30SiVT-620-P, and 40SiVT-620-P at current densities of 0.1, 0.2, 0.5, 1, 2 and 0.1 A g − 1. 
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extraction of Li+ from VT glass matrix [14,15]. This observation implies 
that the incorporated Si contribute to the capacity enhancement of the 
composite. During the subsequent two CV cycles, peaks at 1.01 and 0.66 
V disappear, being replaced by a strong peak occurs at around 0.85 V. 
The new peak corresponds to the insertion of Li+ into VT glass [15]. 

The CV curves of the 30SiVT-620-P are shown in Fig. 7b, where the 
cathodic and anodic peak positions of 30SiVT-620-P are evidently 
identical to those observed in 10SiVT-620-P (Fig. 7a). Strikingly, each 
peak observed in 30SiVT-620-P appears weaker than those in 10SiVT- 
620-P. This implies that fewer Li+ are inserted/extracted into/from 
both Si/LixSi and VT matrix within 30SiVT-620-P. These results suggest 
that even a fraction of doped Si increases, not all the Si contributes to the 
capacity. Once the Si particle fraction exceeds 10 % within the VT glass, 
the additional Si cannot be effectively integrated into the VT matrix 
through hot pressing. Consequently, these surplus Si particles tend to 
aggregate, potentially forming a SiO2 layer on the surface of the VT 
particles due to oxidation of Si by the VT glass. Hence, the excess Si fails 
to contribute to the capacity of the Si@VT composite-based anode, 
leading to reductions in both capacity and cycling stability. 

Fig. S2 shows the electrochemical impedance spectroscopy (EIS) of 
10SiVT-620-P and 10SiVT-670-P. Each EIS curve consists of one semi-
circle at high frequency and an inclined line at the low frequency region. 
The resistance parameters (Tab. S1) are obtained from the inset equiv-
alent circuit, where Re, Rct, CPE1 and Zw represent the ohmic resistance, 
charge transfer resistance, interface capacitance and diffusion imped-
ance of the half-cell systems, respectively [31,32]. The charge transfer 
resistance (Rct) of 10SiVT-620-P (161.6 Ω) is much smaller than that of 
10SiVT-670-P (354.8 Ω), indicating that the former exhibits a higher 
electronic conductivity, resulting in a better electrochemical 
performance. 

The improvement in the electrochemical performance observed in 
Si@VT due to hot-pressing might originate from the structural synergy 
between the VT glass and the integrated nano-Si particles concerning the 

Li+ ion storage. Fig. 8 schematically illustrated the function of VT glass 
matrix in suppressing the collapse of Si particles and hence in extending 
the cycling lifespan of Si. The detailed origin of the enhancement of Li+

ion storage capacity in the hot-pressed Si@VT composites can be 
described in four aspects. 1) The disordered open network structure of 
VT glass is advantageous for Li+ diffusion and storage [14,15]. 2) The VT 
matrix accommodates the volume expansion of nano Si particles. This 
buffering effect prevents their pulverization during the insertion of Li+

into the composite, ultimately enhancing cycling stability. 3) The elec-
tronic conductivity of Si@VT can be increased by increasing V4+ ion 
content through the redox reaction between Si and VT during the 
heat-treatment process. 4) The pressure (100 MPa) applied by the 
hot-pressing process facilitates the bonding between Si and the VT glass 
matrix, enabling a uniform distribution of nano Si particles throughout 
the glass matrix. Through the above-presented experiments, we have 
found the following optimal fabrication conditions for obtaining the 
Si@VT composite exhibiting the best electrochemical performances in 
LIBs: 1) The Si weight fraction of 10 %; 2) The heat-treatment temper-
ature at 620 K; 3) Hot-pressing at the pressure of 100 MPa. 

4. Conclusions 

A set of the Si@VT composites, comprising Si nanoparticles and 
vanadium-tellurite glass (VT) particles were produced through heat- 
treatment at different temperatures. Some of the composites were 
heat-treated under the isostatic pressure of 100 MPa. The composites 
were used as a main component of the anodes for LIBs. The Si@VT 
composite showed a synergistic effect, significantly enhancing its elec-
trochemical performance. The VT glass matrix, featuring an open 
disordered network, not only offers voids and channels for efficient Li+

ion storage and diffusion but also accommodates the volume changes 
occurring in Si throughout the discharging and charging cycles. 

Our systematic characterizations of the composite-based anodes 

Fig. 7. Cyclic Voltammetry (CV) curves of (a) 10SiVT-620-P and (b) 30SiVT-620-P within the voltage range from 0.01 to 3.0 V at a scan rate of 0.1 mV s − 1.  

Fig. 8. The protecting role of VT glass matrix in extending the cycling lifespan of Si.  
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revealed the optimal conditions for fabricating the high-performance 
Si@VT composite: a silicon fraction of 10 wt% and a hot-pressing tem-
perature of 620 K. The 10SiVT-620-P-based anode stood out as the 
optimal choice, exhibiting a capacity of 353 mA h g− 1 at 1 A g− 1 after 
1000 cycles. This capacity surpasses that of VT glass anode by over 
threefold and that of pure Si anode by twelvefold. 

In addition, our study revealed that the heat-treatment process under 
pressure facilitated the formation of V4+ions through the redox reaction 
between Si and VT glass in the 10SiVT-620-P sample, thereby enhancing 
the electron transfer, and hence, increasing the electronic conductivity. 
The approach of fabricating Si@VT-based composite anodes holds 
promise for application in other suitable glass systems, potentially 
combined with highly active materials like SnO2 and Sn, to further 
advance the development of LIBs. 
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