Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Impact of silicon doping on the structure and crystallization of a vanadium-tellurite
glass

Yan, Jiajia; Zhao, T.Y.; Shi, N.; Zhan, H.B.; Ren, J.J.; Zhang, Y.F.; Yue, Yuanzheng

Published in:
Journal of Non-Crystalline Solids

DOl (link to publication from Publisher):
10.1016/j.jnoncrysol.2022.121651

Creative Commons License
CCBY 4.0

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):

Yan, J., Zhao, T. Y., Shi, N., Zhan, H. B., Ren, J. J., Zhang, Y. F., & Yue, Y. (2022). Impact of silicon doping on
the structure and crystallization of a vanadium-tellurite glass. Journal of Non-Crystalline Solids, 589, [121651].
https://doi.org/10.1016/j.jnoncrysol.2022.121651

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.


https://doi.org/10.1016/j.jnoncrysol.2022.121651
https://vbn.aau.dk/en/publications/ae48b8b0-f99d-48ca-ae4f-52620b69dc41
https://doi.org/10.1016/j.jnoncrysol.2022.121651

Journal of Non-Crystalline Solids 589 (2022) 121651

ELSEVIER

Contents lists available at ScienceDirect
Journal of Non-Crystalline Solids

journal homepage: www.elsevier.com/locate/jnoncrysol

= JOURNAL OF
NON-CRYSTALLINE SOLIDS

Check for

Impact of silicon doping on the structure and crystallization of a e

vanadium-tellurite glass

Jiajia Yan®, Tongyao Zhao b Nian Shi®, Hongbing Zhan ¢, Jinjun Ren", Yanfei Zhang **",

Yuanzheng Yue ®"

& Department of Chemistry and Bioscience, Aalborg University, Fredrik Bajers Vej 7H, Aalborg DK-9220, Denmark
Y Key Laboratory of Materials for High Power Laser, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, China

¢ College of Materials Science and Engineering, Fuzhou University, Fuzhou 350108, China

4 School of Materials Science and Engineering, Qilu University of Technology (Shandong Academy of Sciences), Jinan 250353, China

ARTICLE INFO ABSTRACT

Keywords:

V205-TeO5, glass
Nano-silicon

Heat treatment
Silicon-glass interaction
Structural change
Crystallization

We studied the effect of silicon doping on the structure and crystallization behavior of 50V205-50TeO2 (mol%)
(VT) glass by performing solid-state nuclear magnetic resonance (NMR), Fourier-transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), and differential scanning calorimetry (DSC). We observed two interesting
phenomena. First, when the mixture of glass and Si is heated in argon to 560 K (1.1Ty), Si starts to react with VT
glass and is oxidized to amorphous silica, being confirmed by NMR and FTIR. Second, Si suppresses the formation
of the Te»V209 phase in VT glass during heating process up to 650 K (about 1.3Tg), whereas it leads to the

formation of the new crystalline phase TeVO4 during heating to 725 K (1.4T). We discuss the origin of these two
phenomena by considering the changes both in glass structure and in the redox reaction.

1. Introduction

It is known that silicon (Si) has high initial theoretical capacity
(>4000 mA h/g) as anode material in Li-ion batteries (LIBs), but in re-
ality, has not been applied since it undergoes a severe volume change
during lithiation/delithiation, leading to a drastic decay of the capacity
[1]. It is also known that vanadium-tellurite (VT) glasses are a promising
anode material with higher cycling stability for LIBs, although it has
lower capacity than Si [2,3]. The reason for the high cycling stability of
VT glasses lies in their unique structure feature (e.g., not purely 3D
tetrahedral network) that exhibits higher liquid fragility, semi-
conducting and stronger crystallization tendency upon heating
compared to most of the conventional oxide glasses with tetrahedral
network. During discharging/charging process, electrons can cause
formation of polarons, and thus, high electronic conductivity can be
realized by polaron-hopping in vH_o-vot chains
(VH—0-V> 5V —0-Vv*") [2,4]. The cycling ability of VT glass
anode has been attributed to formation of the electrochemically active
v-Li3VO4 nanocrystals induced by insertion/extraction of Li ions. The
nanocrystals lead to toughening of glass matrix and thereby increase the

* Corresponding author.
* Corresponding author.

cycling stability. Thus, it is anticipated that the incorporation of nano Si
into VT glass could lead to the synergetic effect, i.e., to both enhanced
capacity and increased cycling stability of the anode for LIBs.

Here, the key question is whether the VT glass can buffer the volume
change of Si during lithiation/delithiation and thereby suppress the
decay of the anode performance if the two types of materials are prop-
erly combined. To answer this question, we need to investigate how they
can be bonded together physically or chemically during heating process,
and to find out how the Si-doping affects the crystallization behavior of
VT glasses. To the best of our knowledge, such studies have not been
reported in literature.

To conduct the above-mentioned investigations, we prepared the
mixture of 10 wt% Si and 90 wt% VT glass using the physical mixing and
subsequently sintering method. As is known, the heterogeneous nucle-
ation in glass is easier to occur than the homogenous nucleation as the
former has a lower nucleation energy barrier [5]. When nano-silicon
powder is introduced into glass, the chemical heterogeneity and in-
terfaces are created, and hence, the crystallization tendency is expected
to be enhanced. The question is whether this common knowledge also
applies to the impact of Si doping on the crystallization of VT glass. To

E-mail addresses: zhang-yanfei@hotmail.com (Y. Zhang), yy@bio.aau.dk (Y. Yue).

https://doi.org/10.1016/j.jnoncrysol.2022.121651

Received 19 February 2022; Received in revised form 14 April 2022; Accepted 15 April 2022
0022-3093/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:zhang-yanfei@hotmail.com
mailto:yy@bio.aau.dk
www.sciencedirect.com/science/journal/00223093
https://www.elsevier.com/locate/jnoncrysol
https://doi.org/10.1016/j.jnoncrysol.2022.121651
https://doi.org/10.1016/j.jnoncrysol.2022.121651
https://doi.org/10.1016/j.jnoncrysol.2022.121651
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2022.121651&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Yan et al.

Table 1
The detailed heat-treatment procedures of 50V,05-50TeO- glass powder (VT)
and 50V,05-50TeO, glass doped with Si powder (VTS).

Sample Name Heat-Treatment Procedures

1% DSC 2" psC 3" psSC

upscan upscan upscan
VT-650 or VTS-650 To 650 K / /
VT-650-2 or VTS-650-2 To 650 K To 650 K /
VT-650-3 or VTS-650-3 To 650 K To 650 K To 650 K
VT-650-725 or VTS-650-725  To 650 K To 725 K /
VT-650-725-2 or VTS-650- To 650 K To 725 K To 725 K

725-2

do so, the mixed powder samples were heat-treated to different tem-
peratures in argon (see Experimental section). The crystallization
behavior is characterized by using the differential scanning calorimetry
(DSC) and X-ray diffraction (XRD). The nature of bonding between Si
nano powder and VT glass, as well as the structure changes of VT glass
and Si upon crystallization were analyzed by performing the nuclear
magnetic resonance (NMR) and Fourier-transform infrared spectroscopy
(FTIR). We discussed the mechanism of the crystallization in the Si
doped VT glass.

2. Experimental

The 50V205-50TeO5 (in mol %) glass prepared via the melt-
quenching method [2] is chosen as the basic glass to composite with
nano-Si. The 50V205-50TeO, glass powder (VT) with a narrow size
distribution between 5 and 10 ym was obtained by crushing and sieving
the bulk sample. 100 mg commercial nano-silicon powder (about 20-60
nm particle size) was added into 0.9 g glass powder and then mixed
thoroughly, which is referred to as VTS.

We conducted dynamic heat-treatment on both VT and VTS samples
by the differential scanning calorimeter (DSC) (Jupiter 449C, Netzsch).
Specifically, the VT and VTS were firstly subjected to a DSC upscan to
775 K at 10 K/min, respectively, to detect their thermal events, e.g., the
glass transition temperature (Ty) and the crystallization onset temper-
ature (T,) (see Fig. S1). Based on this result, the new VT and VTS samples
are upscanned to 545 K (a temperature just over the glass transition
peak) and then downscanned at 10 K/min in argon to eliminate the glass
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thermal history. After that, different DSC scanning procedures were
performed at the same heating and cooling rates of 10 K/min. VTS
samples were upscanning to Tg (509 K), 1.1T; (560 K), 1.2T, (610 K),
1.3Tg (=650 K), 1.4T, (%725 K), 1.6T, (815 K), 1.8T (916 K), 2T, (1018
K), and 2.1T; (1067 K), in order to study the temperature at which Si
starts to react with VT glass. VT and VTS samples after upscanning to
650 K (a temperature between Tz and Tg, which is denoted in Fig. S1),
referred to as VT-650 and VTS-650, respectively, underwent the second
and third DSC upscanning to investigate their crystallization behaviors.
In detail, some VT-650 and VTS-650 samples were heat-treated to 650 K
for the second and third upscans, others were upscanned to 725 K (a
temperature between T.3 and the melting peak, which is denoted in
Fig. S1) for the second and third times, which are referred to as VT-650-
2,VTS-650-2, VT-650-3, VTS-650-3, VT-650-725, VTS-650-725, VT-650-
725-2, and VTS-650-725-2, respectively, according to the upscanning
temperatures and times. The detailed heat-treatment procedure is given
in Table 1.

The crystal phases in VT and VTS after various heat treatment were
identified on a PANalytical X-ray diffractometer with Cu Ka (A = 1.5406
1°\) radiation. NMR measurement for VT, VTS were performed on a
Bruker Avance III HD 500 M spectrometer (11.7 T). We detected 51y and
125Te spectra for VT and VTS, and 2°Si spectra for VTS. The 2°Si, 51V and
125Te NMR measurements were conducted at the resonance frequencies
0f 99.4, 131.7 and 159.1 MHz, respectively. 2°Si MAS NMR spectra were
measured at a spinning rate of 6.0 kHz. Relaxation delays of 200 s were
used, and chemical shift is referenced to Tetrakis (tetramethyl) silicate
silane (=-9.7 ppm). °'V Hahn echo NMR experiments were operated at a
spinning rate of 0 kHz with the pulse length of 2.4 ps. 2°Te static
wideband uniform-rate smooth truncation QCPMG (WURST-QCPMG)
NMR spectra were obtained using the WURST-80 pulse sequence and an
8-step phase cycle, employing 50-ps excitation and refocusing pulses
(liquid nutation frequency 8.1 kHz). FTIR spectra of Si and VTS were
obtained by a Bruker Invenio S infrared spectrometer in the wave-
number range of 400 to 1400 cm ™' at room temperature with a reso-
lution of 4 cm™!

3. Results

To investigate how and at which temperature Si and VT glass were
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Fig. 1. 2°Si and ®'V NMR spectra of VTS upscanned in DSC to different temperatures at 10 K/min in argon. (a) 2°Si NMR spectra of VTS upscanned to Ty

51y NMR spectra of VTS upscanned to Tg~1.4T,
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Fig. 2. FTIR spectra of Si and VTS after upscanning in DSC to Tg, 1.1T; and
1.2T; at 10 K/min in argon.

bonded together during heating process, NMR analysis was performed
on the VTS after upscanning to different temperatures in DSC to probe
their local structural changes. Fig. 1a shows the 2°Si spectra of VTS after
upscanning to 1.1, 1.2, 1.3, 1.4, 1.6, 1.8, 2 and 2.1Tj, respectively, by
DSC in argon. Each spectrum can be deconvoluted into three peaks, i.e.,
at ~ —80 ppm, —85 ppm, and —110 ppm. These three peaks are
attributed to crystalline Si (C-Si), amorphous Si (A-Si), and Q4 in
amorphous SiOq [6], respectively, where Q represents tetrahedron, and
4 is the number of bridging oxygen [7]. It can be seen that the peak at ~
—80 ppm becomes broader and weaker with an increase of the
maximum upscanning temperature (Tpax). The peak at ~ —85 ppm
decreases and disappears at 1.6T; while the peak at ~ —110 ppm in-
creases gradually. This implies that the nano-Si (both C-Si and A-Si)
transformed into amorphous SiO; during the heating process. Fig. 1b
shows the 'V spectrum of VTS after scanning to different temperatures.
The spectrum of each sample is deconvoluted into two components, i.e.,
purple and green curves, which are ascribed to [VO4] and [VOs],
respectively, where 4 or 5 are the numbers of oxygen coordinated to
each vanadium (in Fig. 1c). For VTS, as Ty increases, the fraction of
[VOs] increases, while that of [VO4] decreases.

To further explore the reaction between Si and VT glass, FTIR spectra
for Si, VTS-Tg, 1.1Tg, 1.2T; were obtained and normalized by the
strongest peak, as shown in Fig. 2. For the Si spectrum (black dash line),
the peaks at 478cm ™! and at around 1000~1250 cm ™! correspond to
Si—O vibrations [8,9]. For the spectra of VTS-Tg, -1.1Tg, and -1.2T,
samples, peaks at 680 cm ™ * are assigned to O—Te—O or Te—O—Te vi-
brations [10]. The peaks at around 985cm ! are due to the vibrations of
[VOs] while the peak at 1018 cm ™! arises from V=0 vibrations in [VOs]
[10-14]. In addition, the broad peaks locating between 750 and 940
cm ! are mainly assigned to V—0O-V, [VO4], and [VOs] vibrations and
the peaks at around 1050~1250 cm ™! arise from Si—O vibrations [9,10,
12,15]. It should be noted that a new peak at 530 cm ! is associated with
the V—O—V vibration in each spectrum of VTS-1.1T and -1.2T; sam-
ples, respectively [16-19]. Obviously, the intensities of peaks at 530
em !, 985 ecm™!, 1018 ecm™!, and 1050~1250 cm™! increase with
increasing Ty, indicating an increase in the numbers of V—O—V bonds,
[VOs] units and the Si—O bonds. This is consistent with the NMR results
(Fig. 1).

Based on the NMR results in Fig. 1, the fractions of Si, SiO3, VO4, and
VOs are determined by their respective deconvoluted peak areas ob-
tained by integrating the signal intensity over the chemical shift. The
fractions of both the decreased Si (i.e., Si(gec.)/(Si+SiO2)) and the [VO4]
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Fig. 4. DSC upscan curves of both VT (the solid line) and VTS (the dotted line),
which are obtained at 10 K/min in argon. The characteristic temperatures such
as Ty, Tec1, Tea, Tes, and Tegfor VT and VTS are denoted.

transformed into [VOs] (i.e., VO4(irans.)/(VO4+VOs)), are used to assess
the critical temperature, at which Si starts to react with VT glass. Spe-
cifically, Sicdec.) refers to the fraction of Si, which has been oxidized to
Si** during heating. It is obtained by subtracting the fraction of Si in VTS
heated to a temperature above T, from that in VTS heated to Tg. VO4
(trans.) Tefers to the fraction of VO4 units that have been transformed into
VOs during heating, which is determined by subtracting VO4 fraction in
VTS heated to a temperature above T, from that in VTS heated to Ty. The
dependences of both Si(gec.)/(Si+SiO2) and VOy(trans.)/((VO4+VOs) on
the Tiaxs are shown in Fig. 3. Obviously, Sigec.) rises with increasing the
Tmax, interestingly, it increases drastically when Ty is higher than
1.4T,, suggesting that a violent reaction occurs between Si and VT glass.
In contrast, VO4(ans,) increases dramatically from 1.1T; to 1.4T,. The
changes in both Sigec.) and VOu(trans.) imply that nano-Si starts to react
with VT glass at 1.1Tj. This means that the nano Si-to-SiO2 conversion in
VT glass can be controlled by varying the heat-treatment temperature.
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which are obtained at 10 K/min in argon. The 1* DSC upscan was performed to
650 K, and the 2" and 3" upscans were performed to 725 K. The characteristic

temperatures such as Ty, Tc1, T2, and T3 for VT and VTS are denoted.

450 500 550

Since Si can react with VT glass during the heating process, it is
important to find out whether the Si-doping affects the crystallization
behavior of VT glass. Fig. 4 shows the DSC upscan curves of the VT and
the VTS to 650 K for three times at 10 K/min, and according to the
number of the upscans, the samples are denominated as VT-650, VTS-
650, VT-650-2, VTS-650-2, VT-650-3, and VTS-650-3, respectively. The
Tg of both VT and VTS shifts to a higher temperature from the first to the
2™ ypscan due to the crystallization in the first upscan. Then T,s remain
constant in the subsequent upscans. In addition, the Tg of VT is the same
as that of VTS at each upscan, implying that the remaining glass phase in
VT and VTS after crystallization might have the same composition. The
two exothermic peaks with onset temperatures of T.; and Ty (see the
first DSC upscans), respectively, do not appear in the 2" and 3™ DSC
upscan curves. However, new crystallization peaks with onset temper-
atures of Tcz and T4 occur for VT but not for VTS, suggesting that the
crystallization in VT glass was suppressed by introducing nano-Si.
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Fig. 7. XRD patterns of VT and VTS after two DSC upscans at 10 K/min in
argon. The first upscan was performed to 650 K and then the second one was to
725 K, which are referred to as VT-650-725 and VTS-650-725, respectively.

10 20 3

Fig. 5 shows the XRD patterns of VT and VTS after the first, second
and third DSC upscans to 650 K. The VT-650 sample shares the same
XRD pattern as that of VTS-650, from which the V5,05 crystals can be
identified. The precipitation of V05 increases the connectivity of the
structural network according to a previous study [20], and thereby
increasing Tg. However, TeaV2Og crystals are found in VT-650-2 and
VT-650-3, but not in the corresponding VTS samples. This implies that
the crystallization of TepV2O9 has been suppressed by introducing
nano-Si into VT glass. In addition, this finding suggests that although the
VT and VTS samples have the same T for both the 2" and 3" upscan
curves, the compositions of the remaining glass matrices are different
between the two samples.

To further explore the effect of nano-Si on the crystallization of VT
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Fig. 8. °1V NMR spectra of (a) VT and (b) VTS samples before and after two different DSC upscan protocols at 10 K/min in argon. One is to upscan VT and VTS to 650
K twice (VT-650-2, VTS-650-2), the other is to upscan VT and VTS to 650 K first and then to 725 K (VT-650-725, VTS-650-725).

Table 2
The fraction of VOs and VO,, which were obtained from the deconvoluted >V
NMR spectra shown in Fig. S2.

Sample VOs VO4 VOs/ Sample VOs VO4 VOs/
Name (%) (%) VO, Name (%) (%) VO,4
vT 62.2 37.8 1.65 VTS 62.3 37.7 1.65
VT-650-2 80.9 19.1 4.24 VTS-650- 75.8 24.2 3.13
2
VT-650- 88.1 11.9 7.40 VTS-650- 88.2 11.8 7.47
725 725

glass, VT and VTS were upscanned to 650 K firstly and then to 725 K for
the 2" and 3™ times as shown in Fig. 6. Like the results in Fig. 4, the Tys
of both VT and VTS increase from the first to the second DSC upscan.
However, the Tc3 (662 K) of VTS-650-725 sample is higher than that
(647 K) of VT-650-725, further confirming that the crystallization cor-
responding to T3 is suppressed by introducing nano-Si into VT glass. In
addition, the glass transitions do not occur in both VT-650-725-2 and
VTS-650-725-2, implying that the glasses are fully transformed into
crystal phase during the second DSC upscan.

Fig. 7 shows the XRD patterns of VT-650-725 and VTS-650-725,
respectively. The Bragg peaks in the XRD pattern of VT-650-725 are
attributed to V05 and TeyV20q. Besides these two crystalline phases,
another crystalline phase, i.e., TeVOy is identified in the VTS-650-725.

(a) 25Te \
o
i Wl vr-e50-725
A'Um.:'].u.] Mﬂzm VT-650-2
A\‘“”M JI\W\lFm, VT

In other words, although the crystallization of Te3V20g in VT glass is
suppressed to some extent by introducing nano-Si, a new crystalline
phase (TeVOy) is precipitated during this process. The formation of
TeVO,4 could be caused by the reaction of VT glass and nano-Si.

To probe the microstructural evolution in VT and VTS samples after
different DSC scans, °'V and 12°Te NMR measurements were performed.
The deconvolutions of 5!V and !?°Te spectra were conducted based on
chemical shift anisotropy (CSA) model [21]. Fig. 8 shows the 51y NMR
spectra of VT, VTS, VT-650-2, VTS-650-2, VT-650-725, and
VTS-650-725, respectively. The spectrum of each sample is deconvo-
luted into two components (purple and green curves), which are
ascribed to VO4 and VOs, respectively (Fig. S2). The fractions of VO4 and
VOs in each sample are shown in Table 2. As Tpax increases, the
VOs5/VOy4 ratio increases for both VT and VTS. Moreover, the VOs/VO4
ratio is higher in VT-650-2 than that in VTS-650-2. This is due to the fact
that both Te;V209 and V405 crystals, in which the majority of vanadium
exist in VOs [22-28], are precipitated in VT-650-2, while only V05
forms in VTS-650-2. The lower VOs/VO4 ratio in VTS-650-2 further
confirms the inhibiting effects of Si on the crystallization of VT glass
when the sample was heat-treated to 650 K (~1.3Tg). When Tpax reaches
725 K (=1.4Ty), the VO5/VO4 ratio in VTS-650-725 is almost the same as
that in VT-650-725. This is because the two glass samples are fully
transformed into crystalline phase, as verified in Fig. 6. Although a new
TeVO4 phase is precipitated in VTS-650-725 besides V205 and Te;V20o,
the majority of vanadium in TeVOy4 exists in VOs [24-27].
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Fig. 9. '?>Te NMR spectra of (a) VT and (b) VTS samples before and after two different DSC upscan protocols at 10 K/min in argon. One is to upscan VT and VTS to
650 K twice (VT-650-2, VTS-650-2), the other is to upscan VT and VTS to 650 K first and then to 725 K (VT-650-725, VTS-650-725). Dashed lines: the fitting curves.
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Fig. 10. Schematic diagram of the reaction between Si and VT glass (a), and the evolution of [VO4] to [VOs] (b) when VTS was upscanned by DSC above its Ty at 10

K/min in argon.

Fig. 9 shows the 25Te NMR spectra of VT, VTS, VT-650-2, VTS-650-
2, VT-650-725, and VTS-650-725. Each '2°Te spectrum can be repre-
sented by one unsymmetric peak, which should be ascribed to 3-coordi-
nated Te, considering the chemical shift anisotropy (CSA) values
(approximately 640-820) and the asymmetry parameters (#cs) (0.1-0.2)
(see Table S1) [29,30]. The peak shape of 1257 spectrum becomes
sharper as Tpax rises, suggesting the transformation of glass into
Te-containing crystals [23]. The sharper peak in VT-650-2 compared to
that in VTS-650-2 also indicates that crystallization of Te;V20g has been
suppressed in VTS.

4. Discussion

As shown above, an increase of Tp,ax leads to a pronounced increase
both in the Si(dec.)/(si-i-SiOz), VO4(trans)/(VO4+VO5) ratios and in the
number of V—O—V bonds and this indicates that the doped Si does react
with VT glass. It should be mentioned that two exothermic peaks (with
onset temperatures, T and Tcp, respectively) consecutively occur in the
15 DSC upscan curve of VTS when heating to 650 K (Fig. 4), but only one
crystalline phase (V20s) is identified from the XRD pattern (Fig. 5). This
could be explained by the possible scenario where the first and the
second peak could be caused by the surface crystallization and the bulk
crystallization (i.e., VoOs formation), respectively. In addition, as shown
in Fig. 6, a new crystallization peak with the onset temperature (T.3) of
662 K for VTS appears, which is much larger than that for VT. This can
be ascribed to the precipitation of two crystal phases TeaVoO9 and
TeVOy, while only TeaV20g precipitated in VT sample, as evidenced by
the XRD patterns in Fig. 7. This means that two phases (V20s and
Te,V20o) exist in VT-650-725, whereas, besides Si, three phases (V20s,
TeaVa0g, and TeVOy) occur in VTS-650-725 (Fig. 7).

Based on the NMR results in Fig. 1, the reaction of Si with oxygen
leads to formation of amorphous SiO,, where Si is tetrahedrally bonded
to 4 bridging oxygen, during heating the VTS sample. One possible re-
action mechanism is that Si bonds to 4 oxygens and each oxygen is
provided by one [VOs] unit in VT glass, consequently, the tetrahedral
[SiO4] network locally forms and [VO4] units appear. Meanwhile, Si
reduces V> to V4, Then, the remaining [VOy] units rearrange them-
selves to the ordered structure, i.e., crystals form during the heating
process to a temperature of 662 K, and simultaneously part of [VO4]
units are transformed into [VOs] units by sharing oxygen with other
[VO4] units. Thus. the chain-like [VO4] structure are converted into
zigzag [VOs] structure (Fig. 10) [23], generating new V—O—V bonds as
verified by NMR and FTIR results shown in Fig. 2.

In addition, introducing nano-Si into VT glass has only a minor effect
on formation of V505, but can suppress the crystallization of TeaV20g

during the first and second DSC upscans to 650 K. When the Ty is
increased to 725 K, both Te,V,09 and TeVO4 crystals formed for VTS
(Fig. 7). However, the onset temperature (T3) of the crystallization peak
for VTS glass is higher than that of VT glass (see Fig. 6). This means that
the nano-Si has the suppressing effect on crystallization of VT glass. To
uncover the crystallization-suppressing mechanism of Si on VT glass, it
is important to clarify the redox reaction between Si and VT glass. In this
regard, we need to derive the redox reaction equation for n moles of VT
glass. During the first upscan to 650 K, since only a small amount of Si
particles has reacted with VT glass, the moles of the original glass can be
approximately considered to be n moles. After the first upscan to 650 K,
k moles V905 crystals are assumed to precipitate from the glass matrix.
Thus, the chemical formula of the remaining glass (R-glass) is expressed
as TepVa(nk)Ozn-5c >k, >0, k>0). Assuming that the molar amounts
of the reacted Si and R-glass are x and y, respectively, during the second
DSC scan, then the reaction can be written as:

x8i + yTe, Vau—) Orn—sk—=>YTe€nVain-1) O1n—sk—2x -+ XSi0 (amorphous) (€]

Among the four types of elements in the VTS sample, only vanadium
is polyvalent, since it can exist as V°* and V**. Therefore, considering
the charge balance of the reaction, Si reduces V>* to V**. Thus, we get
the equations:4x = 2y(n— k), then x = y(ank) In addition, owing to the
conservation of oxygen ions, the relation y(7n — 5k) = y(7n — 5k — 2x)
+2x should be valid, from which y is found to be 1. Since the new crystal
(TeVOy) is precipitated from VTS-650-725, the values of n and k can be 2
and 1, respectively. Hence, reaction (1) can be rewritten as:

1 1
ESi + Te, V209 (glass)—>Te, V,05(2TeVO,) (glass) + ESiOZ (amorphous)
2

During the first and second DSC upscan to 650 K, in addition to the
energy used to overcome the energy barrier for V5,05 formation, the
remaining energy is preferentially consumed for the reaction (2).
However, when increasing Tpmax of the second upscan to 725 K, the
thermal energy is sufficient for overcoming the energy barrier for both
the precipitation of Te;V,09 and TeVO4 crystals and that for reaction
(2).

5. Conclusions

We prepared a composite material that is composed of nano-Si and
V205-TeO; glass (VT) to be potentially applied as the anode material for
advanced LIBs. The nano-Si is physically mixed with the VT glass, and
then the mixture was subjected to different dynamic heat-treatment in
argon. By using both solid-state NMR and FTIR techniques, we clarified
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both the reaction mechanism of nano-Si with VT glass and their crys-
tallization behavior. The nano-Si reacted with VT glass at > 1.1T,; (560
K), leading to formation of amorphous SiO,. The nano Si-to-SiO, con-
version in VTS glass can be controlled by designing the heating protocol.

Moreover, it was found that introducing nano Si into VT glass could
suppress the formation of TeyVOg crystals during heating to 650 K
(1.3Ty) but induce the formation of TeVO,4 during heating to a higher
temperature 725 K (1.4T). This was explained by the redox reaction
between nano-Si and the remaining glass after V,0s precipitation. That
is, during the heating of VTS sample, V205 was precipitated. After that,
nano-Si reacted with TeyVoOg glass phase, leading to formation of
amorphous SiO; and TeVOy glass phase. Differing from the crystalliza-
tion in VT glass under the same heating condition, the crystallization in
VTS glass requires more thermal energy to overcome the energy barrier
for redox reaction (2), thereby making the formation of Te;V20g crystals
more difficult. When VTS was heated to a higher temperature 725 K
(1.4Ty), the energy is sufficient for formation of both TeVO, and
Te,V20g phases. This work helps design Si-oxide glass composites for a
specific application, e.g., in high performance LIBs.
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