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The development of high-energy Li ion batteries (LIBs) with a long cycle life is essential for meeting the
energy requirements in next-generation large-scale applications. Monoclinic LizV2(PO4)3z has emerged as
a promising cathode for high-energy LIBs owing to its robust three-dimensional structure, high working
voltage (>4.0 V), and high theoretical capacity (197 mA h g~!) compared with LiFePO,. Recently,
attempts have been made to improve the electrochemical performance by doping various elements,
among which Ti*" is considered to be promising. However, no in-depth studies have been conducted
on the cause of performance improvement in Ti-doped LizV,(PO4)s materials, in terms of the structure,
during electrochemical reactions. Here, we demonstrate that Ti doping triggers the distortion of the VOg
octahedron and expands the space composed of Li and O ions, enhancing Li ion diffusion. Moreover,
the lattice mismatch is mitigated, suppressing incomplete phase transitions and enhancing structural
reversibility. Furthermore, the distortion of VOg becomes more severe at the end of charging after Ti
doping, making ‘“the S-shaped curve” clearer during the discharge process and leading to low
overpotential and high discharge capacity. These findings provide valuable opportunities for

Received 29th August 2022
Accepted 30th October 2022

DOI: 10.1039/d2ta06837k understanding electrochemically induced phase distortions and possible approaches for utilizing the

Published on 31 d’ octubre 2022. Downloaded on 2/2/2026 10:29:34.

rsc.li/materials-a

1. Introduction

Li ion batteries (LIBs) have achieved considerable success in the
portable electronics market, and their use is now being
extended to large-scale applications such as electric vehicles
and grid storage. Despite their widespread use, the improve-
ment in their practical energy density remains limited. Devel-
oping next-generation LIBs with a cell-level energy density
>350 W h kg~ ' will further increase the dominance of LIBs in
the battery market. Thus, extensive research has been con-
ducted on developing new cathode chemistries with high
energy density and safety. Ni-rich layered cathode materials
have recently gained significant attention owing to their high
energy density and low cost compared with commercial LiCoO,
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distortions in high-energy-voltage cathode materials for LIBs.

cathodes.’ However, highly toxic nature of cobalt limits the
application in the large scale application and the weak metal-
oxygen bond in the layered oxide cathodes can induce oxygen
loss and thermal runaway processes, triggering safety issues in
state-of-the-art LIBs.*®

As an alternative, polyanionic cathodes having robust PO,
frameworks, such as LIMPO,, Li,MPO,F, and LizM,(PO,); (M =
transition metal), are explored as eminent candidates for high-
energy batteries.®™ The robust structure derived from the
strong covalent bonds and inductive effect of the phosphate
framework can help achieve a safe and long-lasting LIB even
under high operating temperatures. Among them such cath-
odes, monoclinic LizV,(PO,); (LVP) (space group: P2,/n) with
a high operating voltage (>3.8 V) and high capacity is a prom-
ising alternative to layered oxide cathodes.***

The crystal structure of monoclinic LVP constitutes a VOg
octahedron surrounded by six PO, tetrahedrons, and each PO,
tetrahedron is surrounded by four VOs octahedrons. The Li ions
in monoclinic LVP occupy three different crystallographic sites:
Li(1) is at the tetrahedral site, whereas Li(2) and Li(3) are located
in highly distorted tetrahedral environments.'®* This arrange-
ment forms a three-dimensional framework, and Li ions located
inside the cavities can enable rapid Li ion diffusion compared
with that in one-dimensional phosphate cathode.*®
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The Li ion storage mechanism and Li ion transport pathways
in LVP cathodes have been discussed extensively.”*** For
example, Morcrette et al. investigated the phase transitions and
volume variations in rhombohedral and monoclinic type LVP
using an operando X-ray diffraction technique. In the rhombo-
hedral type, a Li ion can be reversibly extracted (V>"/** redox at
3.7 Vvs. Li/Li") from the only two Li sites. In contrast, a Li ion
located in all three Li sites can be reversibly extracted in the
monoclinic type through a series of complicated two-phase
reactions (V°"*' redox) between 3.0-4.8 V to deliver
a discharge capacity of 197 mA h g '.>* Yin et al. combined
neutron diffraction and “Li nuclear magnetic resonance to
observe charge ordering/disordering in lithium lattice planes
during lithium extraction/insertion.'®'>** Lee et al. employed
molecular dynamics simulation and showed that the Li ion
mobility in monoclinic LVP is reasonably high and strongly
anisotropic in nature.*®

Intrinsically, LVP exhibits poor electronic conductivity (~2.3
x 107% S em™" at 25 °C) owing to the separated octahedral
arrangement of the VOg, limiting its advantages™ hence, it
requires excessive processing, such as downsizing the particles
to the nanoscale to improve the electrode kinetics and consti-
tuting an ultra-thin conductive carbon network to improve the
intrinsic electric conductivity.””** Additionally, attempts have
been made to adopt transition metal dopants in the structure to
enhance the electrochemical performance of LVP. Several
foreign dopants have been proposed at the vanadium site, such
as AI*Y, Fe*", Mg**, zr"", Cr*", and Ti"", resulting in improve-
ments in rate capability, cycle stability, and electrical
conductivity.”****® For example, Al doping stabilizes Li ion
extraction/insertion at high voltage, whereas Zr doping
improves electrical conductivity by narrowing the bandgap.****
Additionally, Ti*" doping has been reported to decrease charge
transfer resistance and boost ionic conductivity and Li ion
diffusion by causing more intense disordered arrangement of Li
ions, which manifest as a more sloping voltage profile curve.*>**
However, the understanding on the real-time structural evolu-
tion responsible for improved electrochemical performance is
limited despite considerable improvement in electrochemical
performance by using electro-inactive foreign dopants. Here,
using synchrotron-based high-resolution powder diffraction
(HRPD), in situ X-ray diffraction (XRD) and ex situ X-ray
absorption spectroscopy (XAS) combined with a series of elec-
trochemical analysis, we investigate the electrochemical and
structural behavior of Ti-doped LizV;.o;Tig 03(PO4)s/graphene
(LVP-T) and compare with those of LVP/graphene (LVP-P). We
confirm that Ti doping distorts the VO4 local environment,
expanding the space around the Li ions. This local structural
distortion enhances Li ion diffusion during the electrochemical
reaction, suppressing lattice mismatch during Li ion removal
and resulting in higher structural reversibility.

2. Experimental procedure
2.1. Synthesis of LVP-P and LVP-T

LVP-P was synthesized by applying the sol-gel method using
V,0s, NH,H,PO,, and Li,CO; as starting materials. Oxalic acid
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was used both as a reducing and chelating agent. Graphene
oxide dispersion was used as the carbon source to improve the
electronic conductivity of LVP. Initially, stoichiometric amounts
of V,05 and oxalic acid (1 : 3 mole ratio) were dissolved in water
at 80 °C. After 1 h of stirring, the stoichiometric number of other
precursors—NH,H,PO,, Li,CO;, and graphene oxide disper-
sion—were added to the solution, and the mixture was vigor-
ously stirred to obtain the LVP gel precursor. The LVP gel
precursor was subjected to two-step heat treatment at 350 °C for
4 h and 800 °C for 8 h in an Argon atmosphere. To obtain the
LVP-T cathode, the same experimental procedure used for LVP-
P was adopted, excluding the addition of TiO, as the Ti
precursor.

2.2 Electrode preparation and electrochemical
measurements

The composition of cathodes for electrochemical characteriza-
tion was as follows: active material (70 wt%), Super-P conductive
carbon (20 wt%), and polyvinylidene fluoride binder (10 wt%).
The electrode slurry was dispersed in N-methyl pyrrolidone
(NMP) solvent, coated over Al foil, then dried at 120 °C for 12 h
in a vacuum atmosphere. The electrodes were assembled in
a CR2032 coin cell with lithium metal as a counter electrode and
porous polypropylene Celgard film as the separator. The elec-
trolyte used was 1.3 M LiPF, in ethyl carbonate (EC)/diethyl
carbonate (DEC) (3 :7 vol/vol). Galvanostatic charge/discharge
experiments were performed using a WonATech battery cycler
WBCS3000S with a cutoff condition of 3.0-4.8 V. For the gal-
vanostatic intermittent titration technique (GITT), a current
rate of 0.05C based on the theoretical capacity of 197 mA h g~*
was applied for 10 min and relaxed for 3 h to attain the quasi-
equilibrium state. For long-term cycling stability test,
a current rate of 0.5C were applied for LVP-P and LVP-T elec-
trodes during 100 cycles. The cyclic voltammetry (CV) was
recorded at a potential range of 3.0-4.8 V at a scan rate of 0.1 mV
s~'. Electrochemical impedance measurement (EIS) was also
conducted after the 10th charge-discharge cycle by using
a Biologic VMP3 multichannel system, and the applied
frequency range was from 100 kHz to 10 mHz with an amplitude
of 5 mV. The typical electrode mass and thickness were about
2.5 mg cm > and 30 mm, respectively. All of the electrochemical
measurements were carried out at room temperature, and all
capacity values were calculated based on the weight of the LVP
active material.

2.3 Synchrotron-based X-ray analysis

Powder XRD patterns of the materials were obtained using
a benchtop Rigaku D/MAX-2200 Ultima instrument with Cu-Ka
radiation. Synchrotron-radiation-based XRD patterns of the
materials were captured by using a MAR 345-image plate
detector in the Pohang Accelerator Laboratory at beamline 5 A.
XRD patterns were recorded using an X-ray wavelength of 0.6926
A. The two-theta values were plotted after recalculation based
on conventional Cu Ko, radiation (1 = 1.5406 A) for comparison
with previous reports. XAS spectra were collected in trans-
mission mode at beamline 10C (wide X-ray absorption fine
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structure) in the Pohang Accelerator Laboratory. The details of
the spectroscopic electrochemical cell in the in situ XRD
measurements had been previously explained by Balasu-
bramanian et al.*

The synchrotron-based XAS experiment on materials was
performed in transmission mode in ionization chambers at
room temperature. The storage ring was operated at 2.5 GeV.
Before the measurement was performed, energy calibration for
acquiring the V K-edge spectra was conducted by using the first
inflection point of the spectrum of the V reference metal foil. All
samples were prepared by disassembling the electrodes from
the coin cells, and the electrodes were washed with diethyl
carbonate (DEC) solution in an Ar filled glovebox to eliminate
atmospheric contamination. The prepared electrodes were
analyzed under a pressure of 3 x 10~ torr at a resolution of
0.01 eV. The spectra were processed using the Athena software.
X-ray absorption near edge structure (XANES) was obtained
after normalization. The background-subtracted extended X-ray
absorption fine structure (EXAFS) was k*-weighted to magnify
the high-energy oscillations. It was then Fourier-transformed in
the k-range from 3.0 to 11.8 A™*.

2.4 Physical measurements

The morphology and the chemical compositions of materials
were investigated by a field emission scanning electron
microscopy (FE-SEM, JSM7000F, JEOL) working at 15.0 kv and
energy-dispersive X-ray (EDX) mapping, respectively. The
wrapping of graphene and the elements of materials were
additionally characterized by transmission electron microscopy
(TEM) images using a TF30ST at a 300 kV acceleration voltage
and EDX mapping, respectively.

3. Results and discussion

Fig. 1a shows the morphological features of LVP-P and LVP-T
powders. Between the particles of LVP-P and LVP-T, notable
difference of particle size and morphology is not observed,
therefore, unit cell lattice change and structural behavior would
be focused upon Ti doping. EDX elemental mapping studies
were carried out to further investigate the distribution of each
element (V, P, O, and Ti) in Fig. 1b. The Ti element is homo-
geneously distributed in LVP-T electrode, which clearly shows
the existence of Ti atoms. The observation indicates the pres-
ence of Ti atoms in the LVP surface or within the grain
boundaries. Fig. 1c shows the TEM images of LVP-P and LVP-T
particles. The two images reveal the successful wrapping of
graphene on the LVP surface.

Fig. 2a shows the HRPD patterns of LVP-P and LVP-T
powders, which are indexed as a monoclinic structure (space
group P2,/n). The XRD pattern of LVP-P is very similar to that of
LVP-P, and there is no characteristic peak of orthorhombic
Li,Ti,(PO,); generally formed by Ti.*® Fig. S2, Tables S1 and S2+
show the Rietveld refinement analysis of LVP-P and LVP-T.* The
unit cell lattice parameters of LVP-P are a = 8.609(5) A, b =
8.594(5) A, ¢ = 12.039(5) A, and V = 890.72(1) A®, which are
similar to those obtained in previous studies.'®**** The
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obtained parameters of LVP-T are as follows: a = 8.609(1) A, b =
8.600(1) A, ¢ = 12.041(1) A, and V = 891.42(1) A%, showing no
significant deviation between the two materials. There is no
significant change in the size of the unit cell, but in the case of
vanadium in the lattice structure, a difference occurs in the
length and angle of the V-O bond, which changes the envi-
ronment around the Li ion (Fig. 2b). As shown in Fig. S3, $4,
Tables S3 and Table S4,f there is a difference in the local
structures of Li3, Li2, and Lil between LVP-P and LVP-T. The
most notable point is that the volume of the space composed of
lithium and oxygen in LVP-T is larger than that in LVP-P, which
could affect the diffusion of Li ions.

Fig. 2c and d show normalized XANES spectra of LVP-P and
LVP-T with V,0; reference powder at the V K-edge. The V K-edge
spectra of LVP-P show a nearly identical edge position to that of
V,03;, indicating the oxidation state of V ions in LVP-P is 3+.
However, the edge position in LVP-T is located at lower energy
than in LVP-P, illustrating that the oxidation state of V ions is
reduced by doped Ti*" ions owing to its higher oxidation state
than that of V** ions. The local structural change is further
evidenced by Fourier-transformed EXAFS spectra at the V K-
edge (Fig. 2e). There are changes in the peak intensity and
radial distance of the 1st coordination V-O shell after Ti doping.
EXAFS fitting was performed for quantitative analysis (Fig. S57),
and the radial distance and Debye-Waller factor had a deviation
upon Ti doping (Table S57). Specifically, the increase in Debye-
Waller factor was observed the most in the V-O path, indicating
that local distortion of VO4 octahedra was caused by Ti doping.
The result of distortion around local structure around vana-
dium is consistent with the HRPD results of Fig. 2b and shows
that Ti atoms locate in the VOg octahedra, supported by XAS
spectra at Ti K-edge in Fig. S61 and EDX mapping result of
Fig. 1b. In the reports showing the effect of Ti atoms doped in
the LVP materials, the oxidation state of Ti atoms is typically 4+
and the location is also at the sites of vanadium, as shown in
our results.?741-4343

In Fig. 3a, electrochemical voltage profiles during the 1st
cycle of LVP-P and LVP-T are plotted with a cutoff condition of
3.0-4.8 V at a current rate of 0.1C. The 1st charge and discharge
capacities of LVP-P are 182.8 mA h ¢ ' and 165.1 mA h g™},
respectively, whereas those of LVP-T are 187.9 mA h g~ ' and
173.6 mA h g, respectively. The four plateaus during the
charging process indicate four phase transitions from the
Li3V,(PO,); phase (Li3 phase) to the Li, 5V,(PO,); phase (Li2.5
phase), Li,V,(PO,); phase (Li2 phase), and Li;V,(PO,); phase
(Li1 phase) to LigV,(PO,); (Li0 phase), while the Li ion is
extracted from three different Li ion sites in the order of Li3,
Li1, and Li2 (Table S2t).*® In Fig. 3a(i), a longer voltage plateau
at the 3rd transition and a lower voltage plateau at the last
transition are observed in LVP-T compared to LVP-P. It is re-
ported that a Li ion surrounded by four oxygen atoms bonded to
V1 is extracted at the 3rd plateau. Subsequently, the Li ion is
extracted from the site surrounded by oxygens bonded to V2 at
the last plateau, which is the most kinetically hindered process
in the delithiation processes during charging.’* During dis-
charging, both LVP-P and LVP-T show a voltage plateau caused
by a phase transition of the Li0/Li2, Li2/Li2.5, and Li2.5/Li3
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Fig.1 (a) SEMimages of LVP-P and LVP-T particles and (b) energy-dispersive X-ray (EDX) mapping analysis of LVP-T particles (c) HRTEM images

of LVP-P and LVP-T particles.

phases. These plateaus are more pronounced in LVP-P than in
LVP-T (Fig. 3a(ii) and (iii)). The 1st plateau of the “S-shaped
curve” is reported as a result of phase distortion at the end of
charging and the Li ion is inserted in two Li ion sites simulta-
neously.'®** Moreover, a voltage plateau is incurred by two
phase transitions when the Li ion is inserted in the Li3 site.
Herein, it is inferred that the phase distortion at the end of the
charge is influenced by Ti doping, affecting the shape of the
voltage profile during the discharging process.

To determine the correlation between the Li ion diffusion
and voltage profile behavior, a GITT experiment, which is
useful for determining the chemical diffusion coefficient of Li
ions (Dy;+), was conducted (Fig. S87).*® In Fig. 3b, the diffusivity
coefficients have four sudden drop points at the voltage
plateau during the charging process. These drops imply that Li
ion diffusion is kinetically difficult at the regions, especially in
the 3rd and last plateaus. Higher diffusion coefficients during

25132 | J Mater. Chem. A, 2022, 10, 25129-25139

delithiation are observed in the 3rd and last plateaus for LVP-
T, indicating that Li ion diffusion is improved after Ti doping.
Accordingly, higher Li ion diffusion can make the voltage
plateau corresponding to the 3rd phase transition longer and
reduce the overpotential that occurs in the last phase transi-
tion. In Fig. 3c, the higher diffusion coefficients are also
observed in the initial discharging process (~4.05 V) and at the
end of the discharging process (~3.69 V and ~3.59 V). This
means that the smoother the voltage curve without a distinct
plateau, the higher the lithium diffusion rate. That is, the
disappearance of the plateau boundary would imply that Liion
diffusion is more favorable by Ti doping.** In the second cycle,
LVP-T is also more reversible and expresses a higher capacity
than LVP-P (Fig. S77).

Cyclic voltammetry measurement was carried out at a scan
rate of 0.1 mV s~ to figure out the electrochemical behavior of
LVP-P and LVP-T (Fig. S9t). There are four oxidation peaks and

This journal is © The Royal Society of Chemistry 2022
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Fig.2 (a) HRPD patterns of LVP-P (reproduced from ref. 44 with permission from The Royal Society of Chemistry) and LVP-T. The representative
unit cell structure of LVP is shown on the right-hand side of the XRD pattern. (b) Each bond length and bond angle of VOg octahedra around the
V1 and V2 sites in LVP-P and LVP-T in the crystal structures from Rietveld refinement of high-resolution powder diffraction. (c) Normalized
XANES spectra and (d) magnified figure of XANES spectra at V K-edge at the pristine state of LVP-P and LVP-T with a reference of V,03 powder.
(e) k*-weighted Fourier transformed EXAFS spectra at V K-edge at the pristine state of LVP-P and LVP-T.

three reduction peaks, corresponding to the relative Li ion
extraction and reinsertion. The difference in oxidation and
reduction peaks is derived from the initial Li ion inserting into
V,(PO,);, which is also observed in the voltage profile (Fig. 3a).
LVP-T shows higher and distinct current peaks in addition to
smaller potential differences between anodic and cathodic
peaks, indicating the higher reversibility of the delithiation/
lithiation, which is also supported by higher Li ion diffusivity
coefficients of GITT results (Fig. 3b and c). EIS analysis was
carried out after the 1st charge/discharge cycle at the same

This journal is © The Royal Society of Chemistry 2022

discharge rate in Fig. S101 and the semi-circles in the high
frequency can be analyzed as an indicator of charge transfer
resistance in the interface between the electrolyte and electrode.
The charge transfer resistance of LVP-T is lower than that of
LVP-P, indicating that Ti doping improves the charge conduc-
tivity. To compare the cycling stability of LVP-P and LVP-T, both
samples were charged and discharged for 100 cycles at 0.5C
(Fig. S117). The cycle retention of LVP-T (75%) is higher than
that of LVP-P (72%). The higher cycle stability of LVP-T would be
derived from the higher reversibility of Li ion extraction/

J. Mater. Chem. A, 2022, 10, 25129-25139 | 25133
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during the discharge under 3.8 V. Li ion diffusivity coefficient of LVP-P (reproduced from ref. 44 with permission from The Royal Society of
Chemistry) and LVP-T obtained by GITT during (b) the first charge and (c) first discharge.

reinsertion and higher Li ion diffusivity trend during the cycle
upon Ti doping.

In situ XRD experiments were performed while cycling at
a current rate of 0.2C to find the cause of the difference in
electrochemical behavior between the two materials. In Fig. 4,
each phase of the two materials is represented by a specific
color: the Li3 phase in blue, Li2.5 phase in green, Li2 phase in
yellow, Li1 phase in orange, and Li0 phase in red. The overall

25134 | J Mater. Chem. A, 2022, 10, 25129-25139

structural behaviors of LVP-P and LVP-T according to the phase
transitions during the electrochemical reactions are similar
(Fig. 4). To quantitatively compare the structural behaviors, we
calculated the corresponding lattice parameters of the LVP-P
and LVP-T materials based on in situ XRD patterns (Fig. 5).
The unfilled/filled color symbol represents LVP-P and LVP-T,
respectively. The most notable point during the charging
process is that the difference in lattice parameters of the Li1l

This journal is © The Royal Society of Chemistry 2022
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planes of LVP-P (reproduced from ref. 44 with permission from The Royal Society of Chemistry) and LVP-T.

phase and the Li0 phase for LVP-T is smaller than that for LVP-
P. This relaxed lattice mismatch can relieve the stress in the LVP
system during the final phase transition. Another noteworthy

the phase transition."®** Thus, it is inferred that less lattice
mismatch could enhance Li ion diffusion during phase transi-
tion and boost the completion of the phase transition.

point is that the “b” lattice parameter of the Li0 phase in LVP-T

remains larger than that in LVP-P toward the end of charging. It
can be inferred that the Ti doping effect keeps the Li ion
channels wide at high voltages. Moreover, the LVP-T has only
the Li0 phase at the end of the charge, whereas the LVP-P
exhibits the coexistence of the Lil and Li0 phases (Fig. 5a).
This indicates that delithiation from the Lil phase is not
completed for the LVP-P material. The incomplete delithiation
is derived from kinetically hindered Li ion diffusion during the
last phase transition and structural distortion appearing during

This journal is © The Royal Society of Chemistry 2022

During the discharging process (Fig. 5b), “a,” “b,” and “c”
parameters increase as the Li ion is reinserted in both mate-
rials. In the case of LVP-T, the lattice parameter mismatch
between the beginning and end of discharge is less than that of
LVP-P. This smooth phase transition without a large gap
between the Li0 phase and Li2 phase in LVP-T lowers the
overpotential of the system and enhances the Li ion diffusivity
as in the result of GITT (Fig. 3c). The lattice mismatch is evident
in all phase transitions of LVP-P, which indicates that the
kinetic disturbance of Li ion diffusion during the discharging
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Fig.5 Change in unit cell lattice parameters obtained from in situ XRD patterns of LVP-P (unfilled; reproduced from ref. 44 with permission from
The Royal Society of Chemistry) and LVP-T (filled); “a.” “b,” and “c” lattice parameter in (a) the 1st charging (delithiation) and (b) discharging

(lithiation) processes.

process is more severe than that of LVP-T, resulting in a rela-
tively delayed phase transition. Therefore, it can be confirmed
that Ti doping takes an effect on suppressing incomplete phase
transition during the electrochemical reaction.

To determine the effect of Ti doping on the vanadium local
structure, V K-edge XAS spectra were obtained at the end of the
charge and discharge states, and the corresponding spectra are
given in Fig. 6. In Fig. 6a, the edge position moves toward higher
energy during the charging process, indicating the oxidation of
vanadium ions upon extraction of Li ions. The edge position of

25136 | J Mater. Chem. A, 2022, 10, 25129-25139

LVP-T is at a higher energy than that of LVP-P after the end of
the charge (Fig. 6a(i)), indicating that the higher charge capacity
in Fig. 3a is derived from the higher oxidation state of vanadium
ions in LVP-T. In Fig. 6a(ii), the pre-edge intensity increases at
the end of the charge owing to the highly distorted VO, octa-
hedra.***” In general, the dramatic increase in the intensity of
the pre-edge refers to the distortion of the local structure, and
there is a possibility that the local symmetry changes from
octahedron to tetrahedron. However, materials having a vana-
dium tetrahedral local structure, such as NH,VOj3, vanadinite,

This journal is © The Royal Society of Chemistry 2022
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Fig.6 Normalized V K-edge XANES spectra for (a) the 1st charge (FC) and (b) the 1st discharge (FD) states for LVP-P and LVP-T. Magnified plots of
XANES spectra for the region at around (i) edge half-height and (ii) pre-edge. k*>-weighted Fourier-transformed V K-edge EXAFS spectra at (c) the
1st charge and (d) the 1st discharge states for LVP-P and LVP-T (inset: magnified plots of the 1st coordination peak of V-O bonds).

and CrVO,, have pre-edge intensity values of ~1.0 in the
normalized V K-edge XANES spectra.”® In contrast, LVP-P and
LVP-T have relatively low pre-edge intensity values of ~0.3. In
addition, the V-O bond length at the end of the charge is ~2.00
A for LVP-P and ~1.98 A for LVP-T obtained by EXAFS fitting
(Table S67), which are larger values than the V-O bond lengths
of the vanadium tetrahedral structure, from 1.66 to 1.75 A.1848-50
Therefore, the possibility of tetrahedral symmetry is very small;
rather, the pre-edge intensity value is similar to V,0,, whose
intensity is less than 0.4.* The site symmetry of the V atom in
V,0, is C; point group, which is the lowest symmetry among the
point symmetry, forming distorted octahedra. Thus, in this
study, the highly distorted VO4 octahedra are formed at the end
of the charge in both LVP-P and LVP-T. In terms of the rela-
tionship between intensity and distortion, the higher pre-edge
intensity of LVP-T means that the local structure of VO4 in

This journal is © The Royal Society of Chemistry 2022

LVP-T is more distorted than that of LVP-P at the end of the
charge. During the discharging process (Fig. 6b(i) and (ii)), the
edge position of both materials shifts toward lower energy and
pre-edge intensity turns back to the pristine state, indicating the
reduction of vanadium ions and relaxed distortion of the
vanadium local structure. In Fig. 6b(i), the edge position at the
end of discharge in LVP-T is nearly the same as that of the
pristine state of LVP-T, whereas that of LVP-P is higher than that
of the pristine state of LVP-P. This indicates that Ti doping
improves the reversibility of the electrochemical reaction.
Fig. 6¢c shows the EXAFS spectra of the pristine and fully
charged states for LVP-P and LVP-T. The first peak, corre-
sponding to the bond of V-O, shows the change in the VOq
octahedra of the host structure. The V-O bond distance of LVP-T
is shorter because of the higher oxidation state of the vanadium
ion compared to that of LVP-P at fully charged states, which is
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consistent with the XANES results. In addition, the intensity of
the first coordination shell for LVP-T is lower than that for LVP-
P, indicating that the local environment of V-O is more dis-
torted in LVP-T. The spectra of the first peak is fitted in both
materials to further investigate the change in V-O coordination
information. In Table S6, most V-O paths have reduced radial
distance upon Ti doping, consistent with the higher oxidation
state of XANES. Notable is the increase of Debye-Waller factors
in most V-O paths upon Ti doping, indicating more distorted
VOg octahedra in LVP-T at the end of charge. This distortion of
VOg can further promote the phase distortion at the end of the
charging process, which seems to be the cause of the clearer “S-
shaped curve” during the subsequent discharging process. In
Fig. 6d, EXAFS spectra of the pristine state and the end of the
discharge state are plotted in both materials. The LVP-T exhibits
higher reversibility in the V-O peak intensity and bond distance
compared with that of LVP-P. This high reversibility is thought
to be achieved by introducing Ti into the LVP system to trigger
structural distortion and facilitate Li ion diffusion. In the LVP
structure, the structural distortion at the last delithiation is
known as the cause of the monotonous voltage curves during
the discharging process.'®** In this study, it was observed that
the more severe the structural distortion, the smaller the lattice
mismatch between the two phases, and the higher the Li ion
mobility. Here, Ti doping is presumed to widen the Li ion
pathway by distorting the VOg local structure. Accordingly, the
LVP-T shows relatively smooth voltage profile curves without
distinct plateaus at the start and end of discharging process,
compared with those of LVP-P.

In summary, we observed that Ti doping results in enhanced
Li ion diffusion during the phase transition, and this is mainly
contributed by highly distorted VOs octahedra, widening the Li
ion path. Because of the distortion, we observed an alleviation
of the lattice mismatch, enhancement of the Li ion diffusion
rate, and reduction in the coexistence of two phases. Conse-
quently, local distortion of VOg by Ti doping brought about the
enhanced Li ion diffusion and more facile phase transition.

4. Conclusion

In this study, we demonstrated the structural effect of Ti doping
on LVP to clarify the origin of the enhanced performance of Ti-
doped LVP. Comparative analyses were performed via several
electrochemical tests combined with in situ and ex situ X-ray
analyses. In the Rietveld refining and XAS analysis, the VOg
octahedron is distorted after Ti doping and expands the local
space composed of Li and O ions, creating an environment
where Li ions are easy to diffuse. Improved Li ion diffusivity was
observed in the GITT analysis, and in the structural behavior
observed by in situ XRD during the electrochemical reaction, the
lattice mismatch was alleviated in the case of Ti doping. Thus,
Ti doping facilitates the completion of phase transition, short-
ening the two-phase coexistence period, which seems to have
influenced a longer plateau and lower overpotential in the 1st
charging process. In the V K-edge XANES and EXAFS spectra of
the charged state, the VO distortion of the Ti-doped LVP was
more severe, which further reinforced the phase distortion of
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the last phase transition; the distortion makes a more prom-
inent “S-shaped curve” during the 1st discharging process.
Consequently, the higher distortion causes facile phase transi-
tion derived from higher Li ion diffusion kinetics, contributing
to higher structural reversibility during the electrochemical
reaction. These findings provide a deeper understanding of
adopting structural distortion by Ti doping in the LVP structure
and suggest practical strategies for developing high-
performance cathodes in Li ion batteries.
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