T phan rng pha ran trong hoi nwéc dén vat liéu anode hiéu
nang cao cho pin lithium-ion: mot khao sat ngoai trinh (ex-situ)
v&i vat liéu lithium vanadate

TOM TAT

Phan g pha ran truyén thong boc 16 nhiéu nhugc diém nhu khé khdng ché hinh thai va kich thude hat cua vat
lidu, tiéu hao niang lugng 16n va nhiéu rai ro moi truong. Nham khic phuc nhiing van dé nay, mot k¥ thuat tong hop pha
ran trong diéu kién thudng dudi tac dong cta hoi nude da duoc dé xuat dé tong hop vat lidu tmg dung 1am dién cuc anode
cho pin lithium-ion. Trong nghién ctru ndy, lithium vanadate (Li3VO4) dugc khao sat nhung mot thi du, trong d6 tinh nang
dién hoa cua vat liéu LizVO4 tong hop bang phan tmg pha ran trog hoi nuéc thé hidu nhiéu uu diém vuot troi hon vat lidu
tuong tu theo phuong phép truyén thong voi dung lugng riéng thuan nghich dat 590.8 mAh-g™! & cuong d6 dong riéng 100
mA-g™ sau 50 chu ky. Céc k§ thuat ngoai trinh (ex-situ), nhu nhidu xa tia X, Raman va hién vi dién tir quét, duoc sir dung
nham 1am sang té co ché ciing nhu sy bién d6i hinh thai ciia Li; VO, tong hop bang phan tmg pha ran trong hoi nudc.

Tir khéa: pin lithium-ion, anode, phan vmg pha rdn, kj thudt ex-situ



From vapor-assisted solid-state reaction to high-performance
anode for lithium-ion batteries: An ex-situ investigation for a
case study of lithium vanadate

ABSTRACT

Conventional solid-state reactions (SSRs) suffer from uncontrollable morphology and particle size, massive energy
consumption, and environmental risk. To address these problems, a novel approach involving ambient SSRs under water
vapor has been proposed for the preparation of anode materials for lithium-ion batteries. In this work, a case study of
lithium vanadate (LisVOj4) has been investigated in which the electrochemical properties of LizVO4 from the vapor route
are superior to those from conventional SSRs, delivering a reversible specific capacity of 590.8 mAh-g'! at a specific
current of 100 mA-g"! after 50 cycles. Ex-situ techniques, such as X-ray diffraction, Raman, and scanning electron
microscopy, have been employed to elucidate the mechanism of vapor-assisted SSRs in Li3; VO, synthesis.

Keywords: solid-state reaction, anode, lithium-ion batteries, ex-situ techniques.

1. INTRODUCTION

Rising as a key component in the global race to
develop electric vehicles and stationary energy
storage, the advancement of lithium-ion batteries
(LIBs) has been driven by the demand for high
energy and power density, as well as the need for
fast charging capabilities.! However, the
preparation strategy of most active electrode
materials, especially anode materials, has recently
been based on conventional solid-state reactions
(SSRs), which involve high energy consumption
for high-temperature treatment, uncontrollable
morphology, and particle size of the products due
to severe aggregation. Meanwhile, wet chemistry
preparations are conducted under mild conditions,
but they carry the risk of releasing polluted solvents.
Therefore, mimicking the solvent role of water in
wet chemistry routes, a vapor-assisted SSR has
been proposed to perform materials synthesis at
low temperatures with controllable morphology.*

As an intercalation-type anode, lithium vanadate,
Li3VOg4, has been studied as a promising alternative
to carbon-based materials due to its advantages,
such as a higher theoretical capacity (591 mAh g ™)

and a safer operating voltage. However, the
application of LizVOs as an anode for LIBs is
hindered by its low intrinsic electronic conductivity,
which becomes more serious due to the large
particle size from conventional SRR synthesis.
Among various strategies to address this issue,

confining particle size to sub-microsize could
reduce the electron transport pathway, hence
improving its electrochemical performance.

In this work, the vapor-assisted SSR has been
utilized to prepare LisVOs4 as sub-micrometer
spherical-like particles. The mechanism of this
reaction is clarified using ex-situ techniques, which
indicate the rapid phase transition of the outer layer,
followed by the slow process of the completed
inner reaction. The variation of morphology during
the vapor-assisted SSR is also elucidated. The
vapor-produced LizVOs exhibits significantly
improved electrochemical performance, including
a reversible capacity of 590.8 mAh-g™! at a specific
current of 100 mA g after 50 cycles, which is 2.6
times higher than that of conventional SSR-Li3VOs.

2. EXPERIMENTALS

Chemicals: All the chemicals in this work were
purchased and used without further purification.
Lithium hydroxide monohydrate (LiOH - H20, =
98%) and vanadium pentoxide (V20s, >98%) were
supplied by Sigma-Aldrich, Germany. Acetylene
black and anhydrous N-methylpyrrolidone (NMP,
99.5%) were sourced from Sigma-Aldrich. The
electrolyte as a 1.0 mol-L™' solution of lithium
hexafluorophosphate (LiPFs) in a 50:50 mixture of
ethylene carbonate (EC) and diethyl carbonate
(DEC), and poly (vinylidene fluoride) (PVDF,
>99.5%) were obtained from MTI Corporation.



Materials preparation: Li;VO, was prepared
using both vapor-assisted SSR and conventional
SSR. For vapor-assisted SSR, as shown in Scheme
1, amixture of LiOH-H»O and V»0s in a molar ratio
of 3:1 was ground in a mortar. The resulting orange
solids were transferred to an alumina crucible
covered with aluminum foil and heated to 600°C
for 5 hours, as described by Li et al.” The final
powder was reground and labeled as c-LVO. The
precursor mixture was placed in a tea filter bag and
suspended in a 20 mL vial containing 3 mL of
deionized water. The sealed reactor was maintained
at 80°C for 24 hours. The resulting humid solid was
dried at 80°C for an additional 12 hours, regrinded,
and labeled as v-LVO.

Materials characterization: The phase and crystal
information of the as-prepared samples were
investigated using X-ray diffraction (XRD) in a 26
range of 10-80°, conducted on a Rigaku Miniflex-
600 diffractometer with a Cu-Ka tube at a voltage
of 40 kV and a current of 15 mA. The morphology
of these samples was analyzed using field-emission
scanning  electron microscopy (FE-SEM),
conducted on a Nova Nano SEM 450.

Ex-situ characterization: The vapor-assisted SSR
was investigated at various reaction times, ranging
from 30 minutes to 1, 2, 5, 12, and 24 hours. After
these periods, the solid was collected and dried at
80°C for 12 hours. The individual solids were
characterized using XRD, Raman spectroscopy,
and FE-SEM. The Raman spectroscopy of these v-
LVOs were collected on a DXR 3xi (Thermo
Fisher).

Electrochemical characterization: The lithium
storage properties of c-LVO and v-LVO were

investigated in a half-cell configuration, where a
lithium metal disc served as both the reference and
counter electrode. The working electrodes were
fabricated using the slurry casting method. A
mixture of active materials (c-LVO or v-LVO),
acetylene black as a conductive agent, and PVDF
as a binder, with a mass ratio of 7:2:1, respectively,
was blended in NMP solvent until a uniform slurry
was formed. The obtained slurry was cast on a
copper foil using a doctor blade with a controlled
thickness of 15 pm. The electrode was dried at
120°C for 24 hours under vacuum, then punched
into 10-mm diameter discs for further use. The CR-
2032 coin cell was assembled in an Argon-Filled
glovebox, with oxygen and moisture content
maintained below 1.0 ppm. Typically, the half-cell
was constructed from a working electrode and a
lithium metal foil, separated by a glass microfiber
separator soaked in the electrolyte. The newly
assembled coin-cells were rested for 12 hours
before further experiments.

The galvanostatic properties of the half-cells were
performed on the NAGANO-BTS-4000H battery
station in a potential range of 0.10-3.00 V (vs.
Li/Li*) at a specific current of 100 mAh-g™. The
electrochemical behavior of lithium storage in
these cells was clarified using cyclic voltammetry
(CV) over the relevant potential range at a scan rate
of 0.05 mV-s'. The electrochemical impedance
spectroscopy (EIS) results were obtained in a
frequency range of 0.01 — 10° Hz under an ab
alternative current amplitude of 5 mV. The CV and
the EIS results were recorded on the
MultiAutolab/M101 system.
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Scheme 1. Illustration of vapor-assisted solid-state reaction for v-LVO preparation.

3. RESULTS AND DISCUSSION

Crystal structure analysis: The XRD patterns of
the as-prepared c-LVO and v-LVO are exhibited in
Figure la. Accordingly, the XRD pattern of c-LVO
comprises the signals at 26 of 16.3°, 21.5°, 22.8°,
21.3°,28.1°,32.7°,35.9°,36.3°,50.2°, 58.6°, 66.2°,
and 70.8° corresponding to the (100), (110), (011),
(111), (200), (002), (201), (202), (320), (203), and
(322). Similarly, the observations from the XRD
diffraction of v-LVO are almost the same as those
of ¢-LVO, demonstrating that the sample prepared
via vapor-assisted SSR is crystallized in the
orthorhombic phase. The illustration of the crystal
structure of orthorhombic LizVOs is presented in
Figure 1b. Therein, the lattice units of LisVO4 are
constructed from tetrahedra of LiO4 and VOu
connecting via oxygen atoms. However, the
diffraction of the v-LVO is broadening compared to
that of the c-LVO. As shown in the insets of Figure
1a, the full width at half maximum (FWHM, B) of

the (111) peak in v-LVO is larger than that of c-
LVO, demonstrating lower crystallinity and smaller
crystallite size. To calculate the grain size, the
Williamson-Hall (WH) approach was employed.
According to Figure 1c and Table 1, the plots of
(BcosB) vs (4sinB) of the c¢c-LVO and v-LVO
indicate the intercepts of 0.046 and 0.0.320,
corresponding to grain sizes of 31.2 nm and 4.5 nm,
respectively. In addition, the microstrain in the
lattice structures of these samples is also derived
from the slope of the WH plot. Therein, the higher
slope of c-LVO induces a larger value of
microstrain of 145, 2.8 times higher than that of the
v-LVO. The crystal structure analysis indicates that
vapor-assisted SSRs conducted in ambient
conditions can produce more polyscrystalite
properties with lower lattice strain, which is
favorable  for  lithium  transport  during
lithiation/delithiation.
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Figure 1. (a) XRD patterns of the c-LVO and v-LVO (the insets are the enlargement of XRD patterns in 208-range of 31-
34°; (b) the illustration of top and side views of orthorhombic LizVOs, where red, green, and blue represent vanadium,
lithium, and oxygen; (c) Williamson-Hall plots of c-LVO and v-LVO; (d) ex-situ XRD and (e) ex-situ Raman
spectroscopy of the LiOH, V,0s, and v-LVO after various reaction times from 0 min to 24 hours.

Table 1. Results derived from WH method for determining grain size and microstrain of ¢c-LVO and v-LVO.

WH equation
Sample Intercept (KMD)  Grain size (nm) Slope (¢) Microstrain (*107%)
BcosO = 4esind + KA/D

c-LVO y=10.14498x + 0.04643 0.04643 31.190 0.14498 144.98

v-LVO y=0.05167x + 0.32032 0.32032 4.521 0.05167 51.67
Ex-situ investigation on vapor-assisted SSR The (020) plane of the orthorhombic lattice of a-V;0Os
formation of the v-LVO was investigated using ex- (P21/m) according to PDF#41-1426. Those lattice
situ XRD. According to Figure 1d, the diffractions diffractions are well-observed in the mixing solid’s
of the LIOH-H»O including peaks at 26 = 30.1, 31.1, XRD pattern (0 min). After being exposed to water
32.9,34.9, 36.8, 40.3, and 52.5°, corresponding to vapor for 30 minutes, the XRD pattern exhibits
the (-111), (-201), (220), (130), (021), (-311), and significant variation in the 26 range of 20-30°,
(400) planes of momoclinic structure with a space indicating the formation of a newly formed Li3VO,4
group of C2/m ascribing to PDF#01-076-1073. phase at the interface of the precursors. However,
Meanwhile, the XRD pattern of V,Os comprises this variation remains for the next two hours, as
signals at 26 = 15.4, 20.3, 21.8, 26.4, 31.2, 32.4, illustrated by the insignificant changes in the XRD
34.5, 41.4, 47.6, and 51.2° matching to the (200), patterns at 45, 60, and 90 minutes of reaction. After

(001), (101), (110), (400), (011), (002), (600), and 240 minutes of reaction, the evolution of Li3VOy is



observable, while the precursor is indicated as an
impurity with low content. After 8 hours of reaction,
no impurity could be observed, indicating the
complete reaction.

A similar phenomenon can be inferred from the ex-
situ Raman data, as shown in Figure 1d. As shown
in the Raman spectrum of LiOH, the strong peaks
in the range of 60 — 300 cm™ are assigned to the
ionic bonds of Li" and OH", while the low-intensity
bands at 401 and 533 cm’ are ascribed to the
libration motion of water molecules.® The V,0s
Raman spectrum comprises the stretching modes of
V=0 located at 991.3 cm’', the vibration of
bridging V-O-V at 702.5 cm’, the stretching
motion of ladder V-O at 528.3 cm’!, the in and out-
of-phase oscillation of V and O atoms at 292.1 and
282.4 cm!, while the shearing distortion of these
atoms is attributed to the lowest Raman shift bands
at 201.1 and 147.5 cm'.’ Those signals of
vanadium oxides are clearly observed in mixing
precursors, while the LiOH-related peak is missing,
which could be attributed to the high dissolution of
LiOH. As shown in the Raman spectrum of the
reaction mixture after 30 minutes, there is no
significant variation compared to the original
mixture, indicating a low product content and a
slow reaction rate for the solid-state reaction. After
60 minutes of reaction, the Raman spectrum
exhibits various new bands related to the
interaction of LiOH and V;0s. Therein, the
vanishment of the 991.3 cm™! peak along with the
addition of new peaks at 966.1 and 946.2 cm’!
corresponding to the phase transition of a-V2Os to
¥-LixV20s,” © which could be formed by the
intercalation of lithium-ion into the layered
structure of V,0s. Additionally, the newly
emerging signals appeared at 830.1 and 780.4 cm-
1, assigned to the symmetric and asymmetric
stretching vibrations of VO4* units, indicating the
formation of LisVOs. The vibration of VO4* is also
characterized by a band around 400 cm’, as
reported in previous studies.'" > However, the
remaining signals below 200 ¢cm™ until 240 min
demonstrate a slow rate and incomplete reaction.
For a longer reaction time, the Raman spectra
consist of only two bands at 300—450 cm™ and 700—

850 cm™, characteristic of orthorhombic LizVOa,
which confirms the pure phase of the products and
is in good agreement with XRD data.

The morphology evolution of Li3VOs prepared via
vapor-assisted SSR is investigated using the FE-
SEM technique. As shown in Figures 2a,b, the raw
V,0s exhibits polyhedrons of a few hundred
micrometers, while the LiOH is observed as an
aggregation of particles of a few tens of nanometers.
After the precursors are mixed (Figure 2c), the
surface of V,0s polyhedrons is covered with LiOH
nanoparticles, which could be explained due to (i)
the different solubility of precursors: LiOH is
hydrophilic and highly dissolved in water, but V05
is hydrophobic and performs low solubility, (ii)
acid — base nature of precursors: LiOH is a strong
base and V»Os is acidic surface, hence, under a
vapor surrounding, LiOH tends to absorb water and
etching to V,0Os surface by acid-base reaction. The
etching behavior of LiOH is enlarged by the time
of reaction, as shown in Figure 2d, and fully covers
the polyhedrons. After 60 minutes of reaction, the
coverage layer of the product tends to form as long
streptococci-like particles (Figure 2e). These
particles become larger and break down into
nanorods after 120 minutes (Figure 2f). Due to the
high solubility of LizVOs, the newly formed
product continues to be etched by water vapor.
According to Figures 2g,h, after longer reaction
times, the long strings break into shorter rods,
accumulate on a porous surface, and form
aggregated spherical particles. The morphology
evolution of LizVOy is illustrated in Figure 2i.
Compared to the v-LVO, the LizVOs particles
synthesized by the conventional SSR have a larger
size, reaching a few micrometers. The smaller size
of v-LVO is preferable for improving
electrochemical performance in lithium-ion storage
due to shortening the electron and ion diffusion
pathways, enhancing electrolyte/electrode contact,
and alleviating lattice strain and stress caused by
volume variation during lithiation/delithiation.
Therefore, it is promising that the v-LVO could
provide better electrode cycling performance
compared to that of the c-LVO, as demonstrated in
the following section.



Figure 2. Morphology evolution of Li3VO, synthesized via vapor-assisted solid-state reaction: FE-SEM images of (a)
V,0s; (b) LIOH-H,O, (c) precursors after mixing (0 mins); and solids obtained after relevant reaction times of (d) 30
mins; (e) 60 mins; (f) 120 mins; (g) 240 mins; (h) 24 hours; (i) illutration of morphology evolution of Li3VOy prepared
via vapor-assisted solid-state reaction; (k) FE-SEM image of ¢-LVO.

Electrochemical performance: The lithium-ion
storage mechanism of the obtained materials is
studied using the CV curves, as shown in Figures
3a,b. As shown in Figure 3b, the first cathodic
curve of the v-LVO exhibits two peaks at 0.76 and
0.51 V (vs. Li/Li"). These peaks are attributed to the
intercalation of lithium ions into Li3VOa, resulting
in Li3+xVOs, which is associated with the reduction
of V> to V** and V*".13 The correlative behavior is
also observed in the c-LVO with a signal at 0.72 V
(vs. Li/Li") and a shoulder below 0.5 V (vs. Li/Li")
(Figure 3a). The lower-potential peaks in both
electrodes tend to broaden, which can be attributed
to the formation of a solid electrolyte interface (SEI)
layer resulting from the decomposition of
electrolyte salts and solvents. In the anodic process,
the v-LVO electrode exhibits a shoulder signal
comprising a lower-intensity peak at 1.15 V (vs.
Li/Li") and a stronger peak at 1.31 V (vs. Li/Li"),
corresponding to the reversible delithiation from

Li3+xVOs. Compared to c-LVO, the potential gap of
the redox peaks related to the insertion and
extraction of lithium ions in v-LVO is narrower (the
inset of Figures 3a,b), indicating less polarization
impedance of this electrode. This can be attributed
to the nanosized particles of v-LVO compared to
the microsize of c-LVO, which may accelerate
lithium and electron transport, thereby improving
the kinetics of the electrode reaction.'*' In the
subsequent cycles, the reduction peaks shift to
higher potentials, while the oxidation signals shift
to lower potentials, indicating a further decrease in
potential differences. Therein, the redox peak shift
in v-LVO is more than what is observed in the c-
LVO, resulting in a smaller gap of 0.22 V compared
to 0.33 V, respectively. In addition, the fact that the
CV curve forms a larger area, and the redox peaks
are sharper for v-LVO, could demonstrate an
improved kinetic behavior of this electrode,
promising better electrochemical performance.'® !
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Figure 3. CV curves of the first four cycles of (a) c-LVO and (b) v-LVO electrodes, the insets are the enlargement of
relevant data in the selected potential ranges; galvanostatic charge-discharge profile of the first three cycles of (¢) v-LVO
and (d) c-LVO, the insets are the dQ/dV plots of relevant data in the selected potential ranges; (e) cycling performance
and Coulombic efficiency of the c-LVO and v-LVO electrodes. All of the experiments are conducted in the potential
range of 0.2 — 3.0 V, vs. Li/Li*, and at a scan rate of 0.5 mV-s™! for CV and at a specific current of 100 mA-g! for

cycling.

The galvanostatic charge-discharge profiles of the
v-LVO and c¢-LVO electrodes are illustrated in
Figures 3¢ and 3d. The initial discharge process can
be categorized into three distinct regions: (i) a
potential drop above 1.0 V (vs. Li/Li"); (ii) two
continuous plateaus around the potentials of 0.75 V
and 0.60 V (vs. Li/Li*); and (iii) a subsequent
decline towards the low cut-off potential. The first
plateau corresponds to the reduction of V°* to V**,
while the following plateau is associated with the
further reduction to V3", consistent with the results
from CV. In the charge profile and subsequent
cycles, the reversible plateaus are less discernible,
which may be due to the nanosize effect that
minimizes the potential gap between the two-phase
transitions.'® ' However, as indicated in the inset,
the dQ/dV plots effectively highlight these
transition steps. The v-LVO electrode achieves a
specific discharge capacity of 1153.9 mAh-g! and
a specific charge capacity of 726.4 mAh-g’',
yielding a Coulombic efficiency (CE) of 62.8%. In
comparison, the first specific discharge and charge

capacities for the c-LVO electrode are 441.8
mAh-g-1 and 263.5 mAh-g-1, respectively,
resulting in a first CE of 59.6%. The relatively low
CE observed in both electrodes can be attributed to
the irreversible formation of the SEI layer. The
lower CE of the c-LVO electrode is linked to its
diminished  kinetic  characteristics, = which
contribute to a thicker SEI layer. In contrast, the v-
LVO electrode demonstrates a higher specific
capacity of 590.8 mAh-g'—2.6 times greater than
that of the c-LVO electrode—and retains 81.3% of
its capacity after 50 cycles. The enhanced
electrochemical performance of the v-LVO can be
ascribed to improved kinetic properties resulting
from the nanosize control achieved through the
vapor-assisted SSR method.

4. CONCLUSIONS

In this work, LizVOs is prepared using both
conventional and vapor-assisted SSR methods. A
comparative study has been conducted to
demonstrate the ability of the vapor-assisted SSR in



the synthesis of pure-phase LizVO, under ambient
conditions. The phase transformation of LizVO4
during vapor-assisted SSR progression has been
investigated using ex-situ XRD and Raman
spectroscopy, demonstrating that the product phase
appears at a slow reaction rate at the beginning of
the procedure, and the reaction does not complete
until at least 240 minutes. Meanwhile, the
morphological evolution of LizVOs throughout
vapor-assisted SSR has been monitored using the
FE-SEM technique, elucidating the slow etching of
LiOH over the V,0s surface, from polyhedrons to
long strings, until the accumulation of nanospheres.
The enhanced electrochemical properties of vapor-
prepared materials are attributed to the nanosize
effect, which is beneficial for both lithium-ion and
electron transport, thereby accelerating the kinetics
of electrode reactions.
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