
ilable at ScienceDirect

Journal of Materiomics 5 (2019) 663e669
Contents lists ava
Journal of Materiomics

journal homepage: www.journals .e lsevier .com/journal-of -mater iomics/
Electrochemical performance of Li2O-V2O5-SiO2-B2O3 glass as cathode
material for lithium ion batteries

En-Lai Zhao a, b, Shi-Xi Zhao a, *, Xia Wu a, b, Jing-Wei Li a, b, Lü-Qiang Yu a, b, Ce-Wen Nan b,
Guozhong Cao c, **

a Graduate School at Shenzhen, Tsinghua University, Shenzhen, 518055, China
b School of Materials Science and Engineering, Tsinghua University, Beijing, 100084, China
c Department of Materials Science and Engineering, University of Washington, Seattle, WA, 98195-2120, United States
a r t i c l e i n f o

Article history:
Received 26 January 2019
Received in revised form
24 April 2019
Accepted 5 May 2019
Available online 11 May 2019

Keywords:
Lithium ion battery
Cathode materials
Li2O-V2O5-SiO2-B2O3 glass
Electrochemical performance
* Corresponding author.
** Corresponding author.

E-mail addresses: zhaosx@sz.tsinghua.edu.cn (
(G. Cao).

Peer review under responsibility of The Chinese C

https://doi.org/10.1016/j.jmat.2019.05.002
2352-8478/© 2019 The Chinese Ceramic Society. P
creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

A series of 20Li2O-30V2O5-(50-x)SiO2-xB2O3 (mol.%) (x¼ 10, 20, 30, 40) glasses were prepared by the
traditional melt-quenching synthesis. The amorphous nature of the glasses was determined by XRD, DSC
and TEM investigations. FTIR measurement revealed the functional group of obtained glasses. And EDS
results confirmed the presence and uniform distribution of elements in the glasses. 20Li2O-30V2O5-
40SiO2-10B2O3 (LVSB10) sample with the highest V4þ ratio exhibited the best cycling capacity. In order to
further improve cycling stability of LVSB10 sample, ball milling was employed to reduce the particle size.
The ball milled LVSB10 sample (LVSB10-b) showed an improved first discharge capacity, cycling stability
and rate capacity. EIS measurements showed that ball milling can effectively decrease charge transfer
impedance and facilitate Liþ ion diffusion. This work provides a new way to explore a new type of
cathode materials for lithium ion batteries.
© 2019 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lithium ion batteries (LIBs), the important new generation of
energy storage devices, have been widely used in portable equip-
ment and electric vehicles due to their high energy density, long
cycle life, and low self-discharge rate [1,2]. However, the low ca-
pacity and high cost restrict the development of cathode materials
[3]. So far, the research on cathode materials are mostly based on
crystalline materials, which possess inherent theory capacity, such
as LiNi0.5Mn1.5O4 (146.7 mAh$g�1) [4], xLi2MnO3-(1-x)LiMO2
(M¼Ni, Co, Mn) (250 mAh$g�1) [5], Li2MnSiO4 (330 mAh$g�1) [6].
It is hard to break the capacity limitations in crystalline materials.
Recently, glass materials have been reported as cathode materials
due to their capacity controllability by controlling the glass com-
positions. Furthermore, glass materials have the short-range or-
dered structure can achieve improved kinetics, the free volume can
adapt to large lattice distortion, and the large specific surface area
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can provide more storage sites, which benefit for electrochemical
cycling [7]. In general, oxide glass materials are based on P2O5, B2O3
and SiO2 glass formers. P2O5-based glasses such as Li2O-V2O5-P2O5
[8] and B2O3-based glasses such as Li2O-V2O5- B2O3 [9] have been
investigated as cathode materials. The SiO2-based glasses are few
reported and there is only one research on Li2O-Fe2O3-SiO2 glass,
which shows that SiO2-based glasses have a stronger network
structure compared with B2O3-based and P2O5-based ones [10].
And vanadium has many accessible oxidation states (V5þ to V2þ),
which can make a high charge/discharge capacity possible [11]. To
the best of our knowledge, there are no any investigations on Li2O-
V2O5- SiO2 glass as the cathode material. However, the melting
point of SiO2 is very high (1650± 50 �C), which results in a high
melting point of the Li2O-V2O5- SiO2 glass system. Thus, B2O3 glass
former with a low melting point (450 �C) was employed to reduce
the melting point. What's more, borosilicate glasses possess high
ionic conduction due to phase separation [12], and B2O3 can also
decrease the crystallization tendency of the glass materials [13].

In this work, 20Li2O-30V2O5-(50-x)SiO2-xB2O3 (mol.%) (x¼ 10,
20, 30, 40) quaternary glass materials were synthesized by a con-
ventional melt-quenching technique. The practicability and limi-
tation of this system glass powders as cathode materials for LIBs
were investigated.
r B.V. This is an open access article under the CC BY-NC-ND license (http://
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Fig. 1. XRD patterns of LVSB10, LVSB20, LVSB30 and LVSB40 glass samples.
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2. Experimental

2.1. Preparation of glass samples

All initial glass samples were prepared by the melt-quenching
synthesis. Li2CO3 (Analytical grade, Aladdin Chem. Co.), NH4VO3
(99%, Macklin Biochem. Co.), SiO2 (Analytical grade, Macklin Bio-
chem. Co.) and H3BO3 (�99.8%, Aladdin Chem. Co.) were used as
lithium, vanadium, silicon, boron sources, respectively. According
to the following composition formula: 20Li2O-30V2O5-(50-x)SiO2-
xB2O3 (mol%) (x¼ 10, 20, 30, 40), the above raw materials are
weighed and mixed. The mixtures were heated at 200 �C for 1 h,
ensuring that the raw materials were completely decomposed. The
mixtures were melted at 1000 �C for 0.5 h in air. The heating rate
was 5 �C/min. Then the melts were quickly poured on a stainless
steel plate and pressed by a stainless steel block to obtain thin black
glass samples. The samples were hammered, ground and sieved by
a 300 mesh sieve to finally get glass powders. Micro vibrating ball
mill (MSK-SFM-12M, Kejing Star Tech. Co.) was used to refine par-
ticles subsequently under 4000 rpm for 30min.

2.2. Materials characterization

The structure of the as-prepared glasses were determined by X-
ray diffraction (XRD, Rint-2000 V/PC, Rigaku, Japan, Cu Ka radia-
tion: l¼ 1.54056 Å) operated at 40mA and 40 kV, and field emis-
sion transmission electron microscope (FE-TEM, Tecnai G2 F30, FEI
300 kV). Glass transition temperature (Tg) and crystallization tem-
perature (Tc) were measured by differential scanning calorimeter
(DSC, NETZSCH STA 449F3 thermal analyzer). The valence states of
all the elements were determined by X-ray photoelectron spectra
(XPS, Thermo Fisher, ESCALAB 250X), and vibrational bands were
confirmed by Fourier transform infrared spectroscopy (FTIR, 3000
Hyperion Microscope with Vertex 80 FTIR System Bruker). And
scanning electron microscope (SEM, Carl Zeiss, ZEISS SUORA®55)
with an energy dispersive spectrometer (EDS) was used to reveal
the morphology and element distribution of the samples.

2.3. Electrochemical characterization

The glass powders were mixed with acetylene black (Super P)
and polyvinylidene fluoride (PVDF) in the solvent N-methyl-2-
pyrrolidone (NMP), with a mass ratio of 8:1:1, to obtain a slurry.
The obtained slurry was coated on aluminum foil, controlling
thickness to about 90 mmwith a doctor blade. After drying at 120 �C
for 11 h in vacuum, the sheet was cut into circular discs with a
diameter of 12mm. 2032 coin-type half cells were assembled in an
argon-filled dry box (Universal (2440/750), Mikrouna, China), by
using discs above as cathode, lithium foil as counter/reference
electrode, Celgard 2300 as separator, 1M solution of LiPF6 dissolved
in a mixture of 3: 7 by volume of ethylene carbonate (EC) and
dimethyl carbonate (DMC) with 1.0wt% high voltage additive
(Shenzhen CAPCHEM Technology Co. Ltd., China) as electrolyte. All
the cells were measured on a LAND CT2001A battery test system at
room temperature (25 �C). And a CHI 660D electrochemical work-
station was used for electrochemical impedance spectroscopy (EIS)
from 100 kHz to 0.01 Hz, at AC voltage of 5mV.

3. Result and discussion

3.1. Structure and morphology analysis

The XRD results of as-quenched glass powders are shown in
Fig. 1. 20Li2O-30V2O5-(50-x)SiO2-xB2O3 (x¼ 10, 20, 30, 40) are
named as LVSB10, LVSB20, LVSB30 and LVSB40 sample, respectively.
In the XRD patterns, all samples exhibit a characteristic broad
hump at about 20� without any Bragg reflections, which indicates
that all of the glass powders are amorphous.

The DSC curves in Fig. 2a reveal the glassy property of the glass
samples. The endothermic dips at around 200 �C are attributed to
the glass transition, and exothermic peaks at around 230 �C and
310 �C are due to the crystallization. In detail, the glass transition
temperature (Tg) is 204 �C for LVSB10, 195 �C for LVSB20, 187 �C for
LVSB30 and 181 �C for LVSB40. And the crystallization temperature
(Tc) followed Tg is 236 �C, 235 �C, 228 �C and 218 �C, respectively.
There is an increase in Tg with the content of Si increases, which
should be due to a more stable network structure in SiO2-based
glasses than that in B2O3-based glasses as mentioned [10]. There-
fore, the more Si content, the stronger glass network structure is,
thus the higher Tg is. Furthermore, DT (¼ Tc-Tg) of all glass samples
are very small, which exhibits a low thermal stability against
crystallization [14].

The FTIR spectra of glass samples between 400 and 4000 cm�1

are depicted in Fig. 2b. The bands positions in spectra are varied
slightly, comparing with criterion values. The band centered at
447 cm�1 is associated with the bending vibration of Si-O-Si link-
ages in [SiO4] tetrahedron [15]. The band centered at 696 cm�1 is
assigned to the bending vibration of B-O-B linkages in [BO3] units
[16]. And the band located at 1085 cm�1 is ascribed to the asym-
metric stretching vibration of Si-O-Si bond in [SiO4] tetrahedron
[17]. The band near 1407 cm�1 corresponds to the asymmetric
stretch mode of B-O bond in [BO3] units in different borate groups
[18]. The bands at 954 and 761 cm�1 are characteristic of presence
of V5þ in isolated [VO6] octahedron [19].

The oxidation states of V in glass samples are further studied by
XPS investigations. All the XPS spectra are corrected by shifting the
C1s peak to 284.8 eV. Fig. S1 is the full scan spectra of glass samples,
which shows the existence of Li, V, Si, B and O. Fig. 3 displays the
XPS high resolution spectrum of the V 2p2/3 [20].

As shown, the higher doublets at 517.65 eV should be assigned
to V5þ, while the lower ones are associated to V4þ. Based on the
fitting results, the fraction of V4þ in all vanadium is 8.68% for
LVSB10, 7.13% for LVSB20, 6.45% for LVSB30, and 3.6% for LVSB40,
respectively. It is speculated that melting points are different for



Fig. 2. (a) DSC curves, (b) FTIR spectra of LVSB10, LVSB20, LVSB30 and LVSB40 glass samples.

Fig. 3. V 2p2/3 XPS spectra of (a) LVSB10 glass sample, (b) LVSB20 glass sample, (c) LVSB30 glass sample and (d) LVSB40 glass sample.
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different components. Thus, for the same melting temperature, the
melting states for different samples are dissimilar, so the ratios of
V4þ are not same. This phenomenon is also discussed inMoO3-P2O5
glass [21].

Taking LVSB10 sample as an example, the SEM, grain size dis-
tribution diagram and HRTEM image are displayed in Fig. 4. It can
be seen from Fig. 4(aeb) that LVSB10 sample consists of micron-
sized particles with low homogeneity. The result of EDS
elemental mappings in Fig. 4c shows that V, Si, B and O elements
are uniformly distributed. And the tap density of the LVSB cathode
particles was measured by the fully automatic tap density analyzer
(Micromeritics, GeoPyc 1360), LVSB10 sample are given as an
example (1.3577 g cm�3). In Fig. 4d, no lattice fringes can be
observed by high resolution TEM, and there is also no diffraction
spot in SEAD patterns, which further confirms the amorphous state
of LVSB10. And the same phenomenon can be observed in other
samples (Fig. S2).
3.2. Electrochemical analysis

In order to compare the cycling performance of the as-quenched
glass cathode materials, Fig. 5(aeb) display the charge/discharge
curves at 1st and 50th cycles in the voltage range of 1.5e4.2 V with
the current density of 50mA$g�1. At 1st cycle, all samples show a
low charge capacity less than 50 mAh$g�1. The discharge capacity
of LVSB10, LVSB20, LVSB30 and LVSB40 samples is 123.7 mAh$g�1,
51.5 mAh$g�1, 37.9 mAh$g�1 and 19.5 mAh$g�1, respectively. Fig. S3
gives the cycling performance with gravimetric and volumetric
energy densities of LVSB10 sample, the value of which in the first
cycle are 360.9Wh$kg�1 and 490.0Wh$L�1 through calculating
from themass and volume of cathode activematerial. It can be seen
that the initial Coulombic efficiency of LVSB glass cathode is un-
usual. The ex-situ XPS spectra of LVSB10 electrode after 1st
discharge/charge were shown in Fig. 5c and 5d to explain the un-
usual phenomenon. After first charge (Fig. 5c), the V 2p2/3 XPS



Fig. 4. (a) SEM image, (b) grain size distribution diagram, (c) corresponding EDS result, (d) HRTEM image at high resolution and corresponding SAED pattern (inset) of LVSB10 glass
sample.

Fig. 5. The charge/discharge curves of LVSB10, LVSB20, LVSB30 and LVSB40 glass samples after (a) 1st cycle, (b) 50th cycle and Ex-situ V 2p2/3 XPS spectra of LVSB10 electrode at (c)
4.2 V and (d)1.5 V for first cycle.
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spectrum in LVSB10 electrode is characteristic for V5þ. As
mentioned in Fig. 3, all the LVSB samples contains a small amount
of V4þ. When charged up to 4.2 V, only 8.68% V4þ in LVSB10 elec-
trode can be oxidized to V5þ and thus contribute to a low charge
capacity (8.9 mAh$g�1). That is, the amount of the
electrochemically active V is low during 1st cycle. After first
discharge (Fig. 5d), V 2p2/3 XPS spectrum should be deconvoluted
into three spinorbit doublets. The peaks at 518.34 eV, 517.17 eV and
516.14 eV are characteristic for V5þ, V4þ and V3þ [22], and the
amount of which is 41.28%, 44.63% and 14.09%, respectively. The



Fig. 6. (a) SEM image, (b) grain size distribution diagram, (c) HRTEM image at high resolution and corresponding SAED pattern (inset), (d) XRD pattern of LVSB10 glass sample.
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amount of the electrochemically active V increase, which results in
a high discharge capacity (123.7 mAh$g�1), and thus presents an
unusual initial Coulombic efficiency. However, the Coulombic effi-
ciency gradually become normal, which is 98% for 2nd cycle.

In Fig. 5a, it can also be seen that LVSB10 sample has a much
higher initial discharge capacity than other samples. The reason
Fig. 7. (a) The cycling performance, (b) rate capacity, (c) Nyquist plots and (d) c
should be ascribed to the higher V4þ ratio in LVSB10 sample. In
addition, the more V4þ generally can present more small polaron
hopping, and thus achieve a higher conductivity [23].

However, the glass cathode materials suffer from rapid capacity
decay. After 50 cycles, the capacity of LVSB10, LVSB20, LVSB30, and
LVSB40 reduce to 51.5 mAh$g�1 (248.2Wh$kg�1, 337.0Wh$L�1),
orresponding Z’ - u�0.5 plots of LVSB10 glass sample and LVSB10-b sample.
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26.2 mAh$g�1, 17.4 mAh$g�1 and 8.8 mAh$g�1, with a capacity
retention rate of 41.6%, 50.9%, 45.9% and 45.1%, respectively, as
shown in Fig. 5b. These results demonstrate that the LVSB glass
cathode materials have the electrochemical activity with a poor
cycling performance, which may be due to the volume change
during Liþ ions insertion and extraction [24], and the low electronic
conductivity caused by big particle size [25].

Thus, LVSB10 samplewas taken to be ball milled, and the sample
obtainedwas named as LVSB10-b. The reduction in particle sizewas
clearly observed by SEM in Fig. 6a and grain size distribution dia-
gram in Fig. 6b. There are no obvious crystalline peaks and SEAD
spots in Fig. 6c, and the XRD results of LVSB10-b sample in Fig. 6d
also show that the amorphous properties are maintained after ball
milling. The electrochemical performance of both LVSB10 and
LVSB10-b samples are exhibited for comparison in Fig. 7.

Fig. 7a shows cycling performance of LVSB10 and LVSB10-b
samples in the voltage range of 1.5e4.2 V with the current den-
sity of 50mA$g�1. Obviously, LVSB10-b sample presents an excel-
lent cycling performance, which is better than that of LVSB10
sample. In detail, the specific capacity increases from 123.7 to 158.1
mAh$g�1 for first cycle, 98.1 (79.3%) to 134.5 mAh$g�1 (85.1%) for
10th cycle, 51.5 (41.6%) to 107.1 mAh$g�1 (67.7%) for 50th cycle, and
33.3 (26.9%) to 89.4 (56.5%) for 100th cycle. The rate capability of
LVSB10 and LVSB10-b were evaluated at different rates ranging
from 10 to 200mA g�1, and the results are shown in Fig. 7b. At
current density of 10, 20, 50, 100 and 200mA g�1, the specific ca-
pacity is about 165,160,125, 95 and 65mAh$g�1 for LVSB10 sample,
and 190, 175, 150, 130 and 105 mAh$g�1 for LVSB10-b sample. After
ball milling, LVSB glass cathode materials with refining particles
can show better cycling stability and rate capability. It is speculated
that the electron and Liþ ion transport channels are shortened by
reducing the particle size, which can effectively improve the con-
ductivity of electrode materials [25]. The enhancement in con-
ductivity corresponds to the improvement of capacity, cycling
performance, and rate capability of LVSB glass. In order to confirm
the hypothesis in conductivity, Nyquist plots collected by EIS
measurement are given in Fig. 7c and corresponding Z’ - u�0.5 plots
are displayed in Fig. 7d. There is a depressed semicircle that
reflecting charge transfer impedance and an oblique line for Liþ

ions diffusion behavior for each curve [26]. LVSB10-b sample has a
smaller semicircle as shown in Fig. 7c, and a less sloped curve as
shown in Fig. 7d, which indicates that reduction of particle size in
the glass cathode materials by ball milling can decrease charge
transfer impedance and enhance Liþ ions diffusion, thus increase
conductivity.

4. Conclusions

A series of 20Li2O-30V2O5-(50-x)SiO2-xB2O3 (mol.%) (x¼ 10, 20,
30, 40) glasses were prepared by a simple melt-quenching method.
XRD, DSC, FTIR, TEM and EDS results revealed the amorphous na-
ture of as-quenched glass powders and uniform distribution of V,
Si, B, O elements. And XPS results showed that samples with
different Si, B ratios have different V4þ fractions. Among the glass
materials, 20Li2O-30V2O5-40SiO2-10B2O3 (LVSB10) sample con-
tained the highest V4þ fraction, and thus showed the best electronic
conductivity. The initial discharge capacity and cycling capacity of
LVSB10 sample were much higher than other samples, however,
suffered from rapid capacity decay. Therefore, LVSB10 sample was
disposed by ball milling to downsize particles. It was found that the
particle size was reduced without changing its amorphous nature.
As a result, the discharge capacity of ball milled sample (LVSB10-b)
was increased, cycling performance and rate capability were much
improved, which is due to decreased charge transfer impedance
and the increased Liþ ion diffusion. In conclusion, Li2O-V2O5-SiO2-
B2O3 quaternary glass materials have the potential to become a
promising cathode material.
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