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In this research, we investigate the stability of a Li-ion cathode created by mixing a borate based glass which
has been doped with Ni/Co and vanadium pentoxide (V,Os). V,Os has a high specific capacity in battery
systems because of its layered structure and variety of oxidation states. However, due to the flimsy
structure, the capacity stability of V,Os is fairly low. In this case, we seek to overcome the problem by
mixing Ni/Co-doped borate based glass. The voltage-capacity graph demonstrates that the form of the
glass mix was changed from a stairway shape to a straight line while the capacity was not much
decreased. The crystallography study using X-ray diffractograms looked at whether the cycling test had
changed the crystal structure of V,Os. The X-ray Absorption Near Edge Structure (XANES) results also
reveal that V,0Os's oxidation state changed from V> to V**. The glass mix can retain more of the Vot
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Introduction

To support the exponential rise of electric vehicles and renew-
able energy sources, a high-density energy storage technology is
necessary." Lithium-ion batteries (LIBs) are widely used as
a power source due to their high energy density, power, and low
cost.”> Furthermore, since long-range electric vehicles (EVs)
predominate the market, high-performance batteries are
needed.” However, LiFePO, (LFP) is the most used cathode
material for LIBs because of its inexpensive cost.** Unfortu-
nately, the specific capacity of the LFP cathode is only around
170 mA h ¢~ due to the low number of Li-ion cells in the unit
cell.® Vanadium-based materials, on the other hand, are
attractive because they have a wide range of oxidation states and
could be manufactured using a variety of techniques.”” The
vanadium pentoxide (V,Os) phase is particularly intriguing
since it is a layer form material in which Li-ion can be inserted
up to 4 ions per formula unit, resulting in a huge theoretical
capacity of roughly 440 mA h g~*.* With this performance, an
EV car with a range of over 1000 kilometres is achievable.
Despite this, the vanadium oxide structure of this material is
quite weak and easy to break down during cycling use, which
causes its capacity to decrease quickly."'* There are numerous
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ways to deal with this problem; a prior study found that gra-
phene might hold the vanadium structure and enhance
stability.® By the way, producing high quality large-scale gra-
phene mix materials still requires effort.">'* Here, we show how
to create vanadium composite materials on a massive scale for
Li-ion electrodes. The strength and durability of glass made it
a material that is thought to aid in strengthening.'®> According to
a previous study, glass nature has an open structure that may be
used for the high stability of battery electrodes.’**® The Li-
borate base glass system was successfully used as a Li-ion
electrode in this investigation. As we have studied in various
conditions, cobalt and nickel co-doping was used to improve
the electrochemical characteristics. In this research, the
mechanism and capacity stability will be discussed. Moreover,
The X-ray Absorption Near Edge Structure (XANES) approach
was also utilized to address the oxidation states of the V ions
which have been affected from the cycling test.

Experimental

Preparation of the glass

The lithium-borate-based glass (0.16NiO-0.04C0o0:0.8LBO) was
co-doped with nickel and cobalt ions utilizing a two-step melt-
quenching technique.' The first stage was to make LBO-based
glass by combining finely powdered (99% analytical grade
purity) 6.553 g of Li,CO; and 21.961 g of H;BO; in Pt crucibles
and melting at 1100 °C for an hour in an electrical furnace. The
liquid glass was then poured over stainless-steel plates before
being immediately pressed by another set of stainless-steel plates
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to reduce the temperature. Following that, 0.168 g of NiO and
2.179 g of CoO were added to the 7.651 g of fine powdered LBO
glasses. Similar to the previous process, but the second step was
completed with a melting temperature of 1150 °C.

Preparation of a V,05; mix Ni/Co doped Li-borate base glass
electrode

To create the slurry, 0.8 g of V,05 mix Ni/Co doped Li-borate base
glass (under various composition conditions), 0.1 g of carbon
black (CB), and 0.1 g of polyvinylidene fluoride (PVDF) were mixed
in 4 ml of N-methyl-2-pyrrolidone (NMP). The slurry was then ball-
milled at 300 rpm for 24 hours."* The mixed-well slurry was
deposited on a 16 um thick aluminium foil current collector using
the doctor blade technique (set at a height of 200 pm). The films
were then pre-heated for one hour at 90 °C. The films were then
pressed at 1 ton and heated for 1 h at 120 °C. The dried films were
cut to a dish diameter of 16 mm and kept in a dry box.

The composition condition varied from 100 percent of pure
V,05 (name as V100) to 0 percent (name as V00). The V,05 mix
Ni/Co doped Li-borate base glasses had the following compo-
sition ratio:

V00 — 100% Ni/Co doped Li-borate base glass + 0% V,Os5
V25 — 75% Ni/Co doped Li-borate base glass + 25% V,0s5
V50 — 50% Ni/Co doped Li-borate base glass + 50% V,0s5
V75 — 25% Ni/Co doped Li-borate base glass + 75% V,0s5
V94 — 6% Ni/Co doped Li-borate base glass + 94% V,Os5

V100 — 0% Ni/Co doped Li-borate base glass + 100% V,05

(a) V0o —————— N V100

Fig. 1
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Structural and physical characterization

The X-ray diffraction (XRD). The X-ray diffraction (XRD)
spectra were acquired on the Rigaku SmartLab using Cu Ka
radiation with a 40 kv applied voltage and 30 mA anode current.
SEM with energy dispersive spectroscopy (EDS) (FEI quanta 450).

The X-ray Absorption Spectroscopy (XAS). The X-ray
Absorption Spectroscopy (XAS) were performed at the
Synchrotron Light Research Institute (Public Organization),
Thailand's Beamline 5.2 SUT-NANOTEC-SLRI XAS. The V, Co,
and Ni K-edges of a V,05 mix Ni/Co doped Li-borate base glass
film over Al foil were measured in fluorescence mode. A Ge (111)
double crystal monochromator was used to analyse the
samples. All spectra were calibrated in terms of energy
regarding the first peak in the derivative spectrum of pure Ni,
Co, and V. As previously reported, the XANES were normalized
using the Athena program.*

Manufacturing of Li-ion battery coin cells

The cell was constructed using the coin cell technique (the
schematic illustration of coin cell assembly components was
shown in Fig. 1b). The anode was Li foil, while the cathode was
V,05 mix Ni/Co doped Li-borate base glass film on Al foil,
separated by PP separator film (Celgard 2400).>> After being
dropped with 50 microliters of 1 M LiPF, in ethylene carbonate
(EC) : dimethyl carbonate (DMC) (1 : 1) electrolyte, the coin cell
was crimped with an ECCCM-160E-A crimping machine (MTI
Corporation) at a 1 ton push. The voltage was measured
immediately after cleaning the cell and set as the initial voltage.
Galvanostatic cycling profiles of cells were performed in
ambient temperature circumstances utilizing the battery testing
equipment (Neware BTS4000) at 0.03 A g~ current density.?*?*
The cell's measuring voltage range was defined based on the
beginning voltage, with the upper voltage limit equal to the
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(@) The photograph of film composition of V,0s from 0% (black color) to 100% (yellowish-brown color), (b) the coin cell assembly

components, the SEM images before cycling test of: (c) 0%, (d) 25%, (e) 50%, (f) 75%, (g) 94%. (h) 100% of V,Os, the SEM images after cycling test
of: (i) 0%, (j) 25%, (k) 50%, (1) 75%, (m) 94%, and (n) 100% of V,Os, the inset is the weight of composition investigated from the SEM-EDS technique.
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initial voltage plus 1.6 volts and the lower voltage limit equal to
the initial voltage minus 0.4 volts.

Results and discussion

The V,05 composite glass film is evenly spread, as shown in
Fig. 1a. The colour tones are spread equally. Pure glass is rela-
tively black colour (due to the carbon black components), and the
colour fades to yellowish-brown in pure V,0s conditions. A
scanning electron microscope (SEM) reveals the mixture's
blending and even dispersion (Fig. 1c-h). The glass particles are
quite large in comparison to the V,05 crystals. The dispersion of
particles was investigated by SEM-EDS mapping of the elements
(see Fig. S1-S12 in the ESI datat). The SEM of after-test films was
also measured to determine the structure change during the
cycling test (Fig. 1i-n). To avoid irrelevant change, the films were
measured after the cycle test without being cleansed, therefore
the films will also be covered with LiPFs electrolyte elements. As
a result of incorporating electrolyte materials, the weight
percentage of composition elements changed. However, the
composition of V remains the same as a function of the setting
condition (the comparing graph was shown in the Fig. S13 of ESI
datat). According to the earlier study,"” some glass was seen in
the SEM changing from glass to crystal throughout the cycle test
(see clearly in Fig. 1i). The crystal spike that was generated has
a chance to adhere to the V and provide strength. It is like a stone
in concrete, giving it a stronger structure.*

The X-ray diffraction (XRD) reveals the presence of an Al peak
in a V,05 composite glass film coated on an Al current collector
(as shown in Fig. 2b). In the mixed V,0s condition, the peak
V,0s satisfies the standard value. In the pure glass without
mixing V,0; conditions, no peak was detected. It obviously
corresponds to the properties of the glass.”® Furthermore, the
XRD curves (Fig. 2¢) changed significantly after 30 cycles of
battery testing (but the Al current collector peak is still in the
same position, confirming that the shifted peak is not from
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Fig. 2 (a) Schematic illustration of the V,0Os crystal structure before,
during Li-ion intercalation, and after the cycling test, X-ray diffraction
patterns (XRD) of V,Os mixed Ni/Co doped Li-borate base glass in the
various compositions of V,Os: (b) fresh film before a test and (c) after
the cycling test.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

36
120
a - b N
32 . = 100
> / H R
g 2 s -
g‘ 234 €
g £
3 60
T 244 %*
£ g 4
2.04 . 3
: -—/ 204 *
0 20 40 6 8 100 0 20 40 6 8 100
V205 composition, % V205 composition, %
c 300 | s V00 e 25 o V50 g V75 V54 cmpom 100 d 00| (mmvReemvas i Va0 vis o Ve Voo
Tep 250 c w
é 2004 g 600
§1so- - \,Mm
S .gwo-
§ 1001 3 DA A bt
P 2004
£ 504 5
g A\, 2 _\‘
& o4 woo
o 5 10 15 2 25 30 o 5 10 15 20 25 30
Cycle number Cycle number
Fig. 3 (a) The initial voltage was immediately measured after the cell

assembly, (b) the percent of capacity retention compare between the
15t and 30" cycle test, (c) specific capacity versus cycle test, and (d)
energy density versus cycle test of various compositions of V,0Os.

measurement or instrument). After the 30th cycling test crys-
tallinity of V,05 trends to be disappeared due to the irreversible
state of V,05 at below 3.0 V as agreed with the previous
study.”**” The V,0s mixed glass was coated on the Al current
collector and used as the cathode Li-ion battery.”® The voltage
value was immediately measured after the cell assembly is
completed to determine the cell test range. The voltage is lowest
in the pure glass condition and highest in the pure V,0s
condition, as shown in Fig. 3a. The potential versus the amount
of V,0s is shaping like an S-curve.

The results demonstrate that it has the highest capacity and
energy density in pure V,0; conditions, with 264 mA h g~ " and
726 W h kg™, respectively. As more glass is added, the value
gradually decreases (see Fig. 3c and d). However, after 30 cycles
of testing, it was discovered that the capacitance is retain only
86 percent of its initial value under pure V,05 conditions. But
the retention is greater in the glass mixed conditions, particu-
larly in the 50% glass blended conditions, where capacitance is
even greater than the initial value (as illustrated in Fig. 3b). Even
though the value is modest, it was discovered to be pretty stable
under pure glass conditions. The shape of the capacity-voltage
graph varies with the glass-to-V,05 ratio, as shown in Fig. 4. It
was discovered that the graph has a stepped shape in pure V,05
conditions. The graph remains unchanged as the number of
cycles increases. However, there is a shortening due to reduced
capacity. The graph was also discovered in the first round with
a stepped graph when mixing small amounts of glass, such as 6
percent and 25 percent glass, as shown in Fig. 4b and c,
respectively. But more and more stretches are starting. The
graph was discovered to change to a straight line as the number
of cycles increased. Additionally, the graph appears to be linear
in the first round when the glass is more than 50% mixed. Note
that, the full charge/discharge curve was shown in Fig. S14 in
the ESL.t The dQ/dV - V curve (inset of each graph) displays the
change in reaction position for each condition to help in
understanding the change.” The graph was smaller in the pure
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Fig. 4 The capacity-voltage of discharge curve of (a) 0%, (b) 25%, (c)
50%, (d) 75%, (e) 94%, and (f) 100% of V,Os, the inset of each graph
show the dQ/dV - voltage curve.

V,05 condition (see the inset of Fig. 4a), but it still had the same
shape and peak position. Considering the conditions that have
been blended with glass. A significant shift in shape was
observed where the dominant response peak becomes smaller,
and the graph feature was trended to be square. This is analo-
gous to the supercapacitor's graph characteristic,® which is
high stability energy storage. Furthermore, redox peaks were
not clearly visible in circumstances with more than 75% mixed
glass and pure glass. However, the graph, like any other
condition, was shifted towards a square shape. V,05 exhibits
a variety of oxidation states depending on its structure and
neighbouring elements.’

The X-ray absorption spectroscopy (XAS) was an effective tool
for investigating the oxidation state and determining the local
structure.* The X-ray absorption near edge structure (XANES) in
Fig. 5 compares the fresh films (the condition name suffixed
with i) and the electrode films after the cycling test (suffix name
with f). The figure also shows the conventional spectra of V,05
(vanadium'’s oxidation state was 5+) and VO, (vanadium's
oxidation state was 4+) to indicate the film's state. The weight-
ing of the oxidation state between V** and V** in Fig. 5f was
obtained by the linear combination fitting using the Athena
software.”* According to the XANES, all vanadium compound
films were almost V°* when created and were altered to V**
during cycle tests. According to XRD data, the oxidation state
may have altered as a result of a structural change. The Li-ion
was transported from the cathode to the anode during the
charging process. Vanadium will undergo an increase in
oxidation (from V** to V**). Additionally, during the discharge
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Fig.5 The X-ray absorption near edge structure (XANES) at V-K-edge.
Spectra compares the fresh films (the condition name suffixed with i)
and the electrode films after the cycling test (suffix name with f) of (a)
100%, (b) 94%, (c) 75%, (d) 50%, (e) 25% of V,Os, and (f) the weighting of
the oxidation state between V°* and V** with was obtained by the
linear combination fitting.

process, the cathode's oxidation state will decrease (from V** to
V*"). Vanadium's oxidation should be identical to its starting
state if there are no changes (as should be the case for many V**
states).>> By the way, we discovered that the oxidation state of
vanadium in the 5+ state was lowered, suggesting that there is
some Li-ion trapping in the structure and that this is causing
a reduction in the capacity retention. Considering the glass
addition state, it appears to have a higher V°" content. This
suggested that the Li-ion trapped in the structure was aided to
release by glass mixture. Focusing on the XANES spectrum's
pre-edge intensity, all of the spectra from after the cycling test
have lower intensities than the spectra from before the test.
According to the previous reports, the pre-edge intensity can be
used to refer to the coordination structure.*® The pre-edge of the
vanadium K-edge change was examined to determine whether it
changed from a 4-fold co-ordinate to a 6-fold co-ordinate (as
illustrated in schematic of Fig. 2a), which is consistent with the
structural change seen in the XRD data.

Conclusions

The Ni/Co-doped Li-borate glass can be used to improve the
stability issue by adopting simple mixing procedures like ball-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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milling. Due to its strength and durability, glass can aid in
strengthening. Glass plays the role of the rock in a concrete block
in a vanadium-based system. According to the oxidation state
change calculated using the XAS method, the glass can aid in
maintaining more V>' state, which would mean that more Li-ion
was released in comparison to pure V,0s5 condition. The XRD
result demonstrates that during the cycling test, the electrode's
structure changed. The results of the battery tests demonstrate
that the addition of glass can shift the voltage-capacity curve
from the stairway form of pure V,05 to a straighter line. The
reaction is amplified more clearly by the dQ/dV. In the case of
pure V,0s, the redox reaction position does not change, but the
form changes significantly to a rectangular shape when glass is
introduced. Due to the supercapacitor behaviors, the rectangular
shape may be more stable. This simple process allows for higher
capacity, more reliable, and large-scale manufacture of
vanadium-based battery electrodes.
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