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Ultralong Lifespan of SuperRedox Capacitor using Ti-doped
LizV,(PO,)s Cathode with Suppressed Vanadium Dissolution

Yuta Harada?, Naohisa Okita®*, Masahiro Fukuyama?, Etsuro Iwama®"¢, Wako Naoi¢, and Katsuhiko
Naoj®b-c*

In this study, we successfully synthesized highly dispersed composites of multiwalled carbon nanotubes (MWCNTSs). This was
achieved by stoichiometrically substituting various metal ions, namely Ti**, AI**, and/or Mn?*, into monoclinic LizV2x Mx(POa)3
(LVP), where X varies from 0 to 0.5. The substituted LVP materials, including Ti-, Al-, and Mn-LVP, consistently exhibited
enhanced electrochemical performance, surpassing 10,000 cycles in cycling tests. Notably, Ti-LVP (X=0.1) displayed a
remarkable capacity retention of 88.6% after 10,000 cycles. Our investigation entailed a comprehensive characterization of
the electrochemical behavior of Ti-LVP over the entire doping range (X = 0-0.5). This characterization considered the crystal
structure and its potential dependence on V-sites and Li-sites, along with their interplay with the proposed mechanism.
Remarkably, a significant reduction (>50%) of vanadium dissolution was observed in immersion tests in polar solvents under
extreme conditions with Ti-doped LVP. To gain further insights into this groundbreaking suppression behavior, we employed
a combination of X-ray absorption fine structure (XAFS) analysis and precise molecular orbital calculations via the DV-Xa
method. This approach unveiled a potential reduction in the ionicity of V3* in V-0 bonds within the bulk of LVP crystals and
underscored surface interactions with electrodes and particles as contributing factors. The impact of suppressing parasitic
reactions at the anode due to vanadium dissolution was evident in full-cell tests employing a configuration of LisTisO12/(1M
LiPFe/EC: DEC)/ Li29V1.sTio.1(POa4)s, which demonstrated exceptional performance. Overall, the findings of this study hold
significant promise for advancing the development of ultrafast and reliable energy storage technologies such as SuperRedox
Capacitors, paving the way for a more sustainable and environmentally friendly future.

Introduction

The increasing demand for electric vehicles and renewable
energy sources®! has underscored the need for advanced
batteries and supercapacitors(SCs) that prioritize safety and
high-power  performance characteristics.2  SuperRedox
Capacitor (SRC), based on pseudocapacitive/ultrafast battery-
like positive and negative electrode materials, is a promising
candidate for next-generation SCs with dramatically improved
energy density compared to previous SCs without sacrificing
high power density and long cycle time.3 Among potential
cathode materials, lithium vanadium phosphate (LisV2(PO4)s:
LVP) has emerged as a notable candidate. LVP offers superior
safety features to conventional cathode materials such as
LiCoO; and LiCoo.33Nip.33Mno 330, and boasts a high operating
potential of 4.3 V, along with a respectable theoretical specific
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capacity of 131 mAh g1 resulting from the redox of V3+/V4* for a
2-electron reaction.* The 3-dimensional Li* diffusivity of LVP,
approximately one order of magnitude higher than other
polymorphs such as LiFePQOg,: LFP, further enhances its appeal.>-®
Adopting a nano-architecture electrode based on LVP is crucial
to fully leverage its potential as a crystal material. However, this
is challenging owing to LVP’s inherently low electronic
conductivity, typically ranging from 108 to 10° Q1! cm-l7
Nonetheless, this limitation has been successfully addressed
through composite synthesis by integrating conductive carbons,
employing an innovative approach known as ultracentrifugation
(UC).8 This method dramatically reduces electrode impedance,
enhancing the overall performance of LVP-based energy
storage devices. Despite notable advancement, a significant
issue remains: capacity degradation during prolonged cycles at
full-cell operation. Our previous studies have confirmed that
even minute quantities of vanadium ions, possibly in the order
of a few ppm, are released from the LVP material into the
electrolyte.? Interestingly, these dissolved V-species are
predominantly observed in full-cell experiments, such as lithium
titanate (LTO)//LVP cell, but are intriguingly absent in half-cell
(Li//LVP) experiments. The migration of these vanadium ions to
the LTO counter electrode catalytically accelerates
deterioration, leading to the accumulation of a solid—electrolyte
interphase (SEl) through electrolyte decomposition.® This chain-
reaction failure mode is exclusively observable in full-cell tests
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and results in persistent capacity degradation over 1,000 cycles
and beyond. 210 Similar phenomena have been observed in
other transition-metal-based cathodes, including those
containing vanadium, manganese, nickel, and cobalt, where a
substantial amount of dissolved transition metal (TM) ions are
released into the electrolyte.11-15

Several approaches have been adopted to reduce capacity
degradation, such as the optimization of electrolyte
composition®12 and the amount of additives1%13.16 to suppress
the reductive decomposition at the anode, as well as Li* pre-
doping to minimize any shift of SOC.3'7 However, these
previous approaches have been ineffective in preventing the
dissolution of TM ions. To mitigate TM dissolution more
effectively, alternative strategies have been explored, including
surface coatings designed to shield the cathode from direct
exposure to the corrosive elements in the electrolyte, as
reported previously.'8-20 Another approach involves cationic
and anodic doping that modifies the TM-O bond within the
cathode structure.2222 |n the case of LiMn,04, various
compounds have been employed for surface coatings, ranging
from oxides and lithiated metal oxides to fluorides, polymers,
and phosphates.?330  However, surface coating poses
challenges such as increased resistivity, interfacial mismatches,
and a mandatory two-step procedure, rendering it unsuitable
for LVP-based full cells that demand ultrafast operation.
Regarding cationic and anodic doping, Gutierrez et al.
conducted a comprehensive investigation into the
electrochemical performance of Li1.1Mn1.8Mq.104-sFs doped with
various metals (Al, Ti, Cr, Fe, Co, Ni) and reported that these
dopants effectively stabilize the cathode against attacks from
polar molecules.??

Consequently, cationic doping of LVP holds the potential to
enhance cycle performance in full cells by curbing vanadium
dissolution without compromising the high-rate performance
characteristic of LVP. The present study focuses on the
stoichiometric preparation of monoclinic-structured TM-doped
LVP(Li3V2xMx(POa4)3) by varying the type of metals and the
doping ratio X. We chose Ti%*, Al3*, and Mn?* as the metal ions
to be substituted. This choice
considerations: i) stoichiometric substitutions with vanadium in
LVP&31-33; i) the different valence and electronegativity values
of these selected metals (V3*= 1.545, Ti** = 1.730, Al3* = 1.513,
MnZ* = 1.343)34 are expected to influence the formation of V-O
bonds within the material. In addition, this study includes a
comprehensive examination of the capacity retention of the
synthesized Li3V,.xMx(PO4)3 materials with X ranging from 0.1 to
0.5. Furthermore, an alternative and original approach using UC
is proposed to prepare a nanocomposite that maximizes
capacity retention and prolongs cyclability without sacrificing
rate performance. Our unique approach overcomes the
challenges associated with surface coating, achieving
outstanding electrochemical performance surpassing that of
any previously reported LVP. In the three metal-doped LVPs, Ti-
doped LVP exhibited excellent cycle performance in a full cell.
Ti-doped LVP not only modified V-O bonding in bulk LVP by
replacing titanium with vanadium but also achieved nano-level
modification of the LVP surface morphology, resulting in the

is based on two main
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suppression of vanadium dissolution from LVP. These two
effects suppress the degradation mode caused by vanadium
dissolution in the full cell. Overall, this study presents a novel
approach to control the ionicity of transition metals in electrode
materials by focusing on electronegativity, with the aim to
suppress the dissolution of both transition metals and
vanadium. The findings of this study may open new avenues to
address challenges associated with TM dissolution and provide
valuable insights for the design of electrode materials, leading
to improved energy storage devices.

Experimental
Materials

NHsVO; (99%, Kanto Chemical Co.), LiCH3COO, and H3POg4
served as sources for V, Li, and PQO,, respectively. Additionally,
citric acid (CeHsO7) (99.5%, Sigma-Aldrich) and ethylene glycol
(99%, Wako Pure Chemical Industries) were employed as
chelating agents. The sources for Ti, Al, and Mn were
Ti[O(CH2)3sCHs3ls (95%, Wako Pure Chemical Industries),
AI(NO3)3 = 9H,0 (99%, Wako Pure Chemical Industries), and
(CH3COO0);Mn = 4H,0 (99%, Wako Pure Chemical Industries),
respectively. Multiwalled carbon nanotubes (MWCNTSs) with a
specific surface area of 240 m?2 g1 35 were chosen as the
precursor carbon matrix for entangling nanoscale LizV,(PO4)s.
Ultrapure water with a resistance of 17 Q cm was used as a
medium in the entire preparation scheme.

Material Synthesis

M(Ti, Al, and Mn)-doped Li3V2(PO4)3/MWCNT composites (Ti-
LVP, Al-LVP, and Mn-LVP) were synthesized via UC, as previously
described.3® The preparation involved two solutions, A and B.
For solution A, LiCH3COO, NH4VO,, various metal ion sources,
CeHs07, and ethylene glycol were dissolved in H,0 and mixed at
a molar ratio of 3:1.9:0.1:2:8. For solution B, H3PO4 solution and
MWCNT were mixed for 30 min using ultrasonication and
subsequently treated by a first UC process for 5 min to form a
blackish gel. Subsequently, after adding solution A to B, a
second UC treatment was conducted for 5 min. The resulting
mixture underwent a drying process at 130°C, followed by
further annealing for 33 min (3 min of heating, 30 min of
holding) at 800°C under a nitrogen flow, yielding LVP composite
powder.

Material Characterization

The crystalline structure of M-doped LVP/MWCNT was
characterized via X-ray diffraction (XRD) using a Rigaku
SmartLab instrument. To determine the carbon weight ratio in
composites, a thermal analysis was conducted in a synthetic air
atmosphere (20% 0., 80% N) using a thermogravimetry
differential thermal analyzer (TG/DTA) from Seiko Instruments
(TG/DTA6300). High-resolution transmission electron
microscopy (HRTEM) with a Hitachi H9500 model was employed
to investigate the detailed nanostructure features of the
composites, including the LVP particle size distribution and
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composite morphology with conductive carbons. To ascertain
the surface and bulk composition of Ti-LVP, scanning
transmission electron microscopy and energy-dispersive X-ray
spectroscopy (STEM-EDX) were utilized. The STEM-EDX analysis
was conducted using a Hitachi HD2700 instrument. X-ray
photoelectron spectroscopy (XPS) was performed using a JEOL
Ltd. JPS-9200 instrument equipped with an Al X-ray source, and
this analysis was conducted without Ar etching. Before
conducting scanning electron microscopy (SEM) observations
and XPS characterization, the sample electrodes underwent
thorough washing with diethyl carbonate (DEC) within a glove
box in an Ar atmosphere with a controlled dew point. Time-of-
flight neutron powder diffraction (NPD) measurements were
performed at the IMATERIA (BL20) facility of the Japan Photon
Accelerator Research Complex (J-PARC, Ibaraki, Japan) to obtain
NPD patterns corresponding to 0.5-4.8 A in d spacing. X-ray
adsorption fine structure (XAFS) measurements at the V Kedges
for the composite were performed in transmission mode and
conversion electron yield mode at the beamline the BL5S1 of
Aichi Synchrotron Radiation Center (Aichi, Japan).

Electrochemical Measurement

2032 coin-type Li-metal half-cells were constructed, consisting
of a negative Li metal electrode and a positive M-doped
LVP/MWCNT electrode. Additionally, LTO/LVP full cells were
assembled with negative LTO and positive M-doped
LVP/MWCNT electrodes in laminate-type cells. The electrolyte
was a mixture of ethylene carbonate and diethyl carbonate
(EC.DEC = 1:1), containing 1.0 M of
hexafluorophosphate (LiPFg). A 25 pum-thick monolayer
polypropylene separator (Celgardu2400, Celgard) served as the
separator. Positive electrodes of M-doped LVP/MWCNT were
prepared by mixing 90 wt.% of the composite and 10 wt.% of
polyvinylidene difluoride (PVdF) in n-methyl pyrrolidone (NMP).
Negative electrodes of LTO were prepared by mixing 70 wt.% of
the sample, 20 wt.% of acetylene black, and 10 wt.% of PVdF in
NMP. The mixture was coated on an etched-Al foil (current
collector) and dried at 80 °C in a vacuum for 12 h. The loading
masses of electrodes were 1.6 for LTO and 0.9 mg cm~2 for LVP.
The capacity ratio of the anode (N) and cathode (P) was fixed to
N/P = 2.5 for the full cell. Prior to cell assembly, electrodes were
further dried at 120°C for 2 h under vacuum. Cells were
assembled in a dry room (dew-point temperature <—40°C).
Electrochemical preconditioning of LTO was conducted through
charge—discharge cycling with an additional Li metal electrode
in the full-cell laminated cells. The LTO preconditioning process
included (i) constant-current constant-voltage (CC-CV) charging
to a cut-off potential of 1.0 V vs. Li/Li* with a holding time of 1
h, (ii) resting for 24 h, (iii) CC-mode discharge to 3.0 V, (iv) CC-
mode charge and discharge between 1.0-3.0 V vs. Li/Li* for 9
cycles, and (v) CC-mode charging to SOC 25%. Simultaneously,
LVP underwent a similar precycling using another additional Li
metal in the cell. The LVP preconditioning process included: (i)
CC-CV charging to a cut-off potential of 4.3 V vs. Li/Li* with a
holding time of 1 h, (ii) resting for 24 h, (iii) CC-mode discharge
to 2.5V, and (iv) CC-mode charge and discharge between 2.5—

lithium
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Fig.1 (Left) Preparation procedure for LisV,(POy); (LVP) and metal (Ti%*, A** or Mn?*)-
doped LVP composited with MWCNT. (Right) XRD patterns for the respective
composite samples of as-prepared LVP and as-prepared Ti-LVP, Al-LVP, and Mn-LVP.
The LVP sample shows the main peaks responsible for plane (211) and plane (020) that
are strictly indexed as monoclinic LisV,(PO4)s (S.G. P21/n LisV,(PO,)s indicated by JCPDS
card no. 72-7074). They observed only the main LVP phase and no other impurity
phase. Other three LVP samples doped (V-substituted with 0.5 atom% of metals), viz.,
Ti(Liz.9V1.9Tio.1(PO4)3), Al(LisV1.9Alo.1(PO4)3), and Mn(Liz 1V19Mng1(PO4)s) show exactly the
same patterns as that of pristine LVP, indicating that the 0.5 atom%-substitution
neither changes the monoclinic LVP main phase nor has any impurity phases such as
oxides or other structures of phosphates.

4.3 V vs. Li/Li* for 9 cycles. Following the electrochemical
preconditioning process, full cell packages were opened to
remove Li metal electrodes. Thereafter, re-sealed full cells were
cycled. The capacity of the LTO//LVP full cell was based on the
mass of LVP active material (1C rate = 131.5 mA g per LVP
active material).

Molecular Orbital Calculation

The electron population density of chemical bonds in a model
was determined via the DV-Xa cluster method. The model
contains a limited number of atomes, i.e., a cluster cut out of a
crystalline solid, to characterize the properties of the bulk. A
self-consistent charge method,37, which establishes a Coulomb
potential around a molecule through the combination of
spherical atomic potentials, was employed to derive the
Coulomb potential of the clusters. The electronic structure of
the Li3V2(POa4)s and LizoV1.9Tio.1(PO4)s clusters is postulated, as
detailed in the Results and Discussion section. To enhance the
accuracy of calculations, the model was constructed with
vanadium, the element of interest, positioned at the center of
the cluster. The changes in net charge (NC) and bond overlap
population (BOP) between vanadium or titanium and oxygen in
the LVPs were computed. The NC and BOP parameters are
indexes of the ionicity and covalency of the chemical bonds,
respectively.3839

Results and Discussion
Cycle characteristics in a full cell of LVP substituted with various
metal ions

The detailed synthesis scheme, depicting the substitution of
each heterogeneous metal ion, is illustrated in Fig. 1 (left). The
authors have been synthesizing ultrafast materials utilizing UC

J. Name., 2013, 00, 1-3 | 3
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Fig.2 (left) Electrochemical responses for the four samples represented as the charge—discharge characteristics of full-cells: LisTisO1,(LTO)//(pristine LVP or transition metal(Ti%,
Mn?*, and AI?*)-LVPs) at the early stage of cycling (@10th cycle). For both charging and discharging, all the curves show the same characteristics as those for LTO//LVP. The LTO//LVP
cell showed drastic decay in capacity from the initial 10th cycle up to the 5,000th cycle and thereafter. Among all, the LTO//Ti-LVP cell showed the least drop in discharge capacity
retention across the 10,000 cycles tested. The retention-decreasing rate is the same for others, viz., LTO//AI-LVP, LTO//Mn-LVP after 5000 cycles. Owing to the fixed N/P ratio of
2.5, indicating an abundant anode supply, the cathodic characteristics are highlighted. (right) The test was conducted as a full-cell employing an abundant (2.5 times) LTO anode,
following the methodology of our previous study.® This setup enables emphasizing the cathode properties. Furthermore, this test enables the detection of any adverse effect on

the LTO anode as a result of prolonged cycling, in this case, spanning up to 10,000 cycles. [Conditions for full-cell evaluation]: Positive electrode (PE): LVP: MWCNT: PVDF = 63: 27:
10, Negative electrode(NE): LTO: AB: PVDF = 70: 20: 10, Electrolyte: 1.0 M LiPF¢ / EC: DEC (1:1 vol.), Voltage range: 1.5-2.8 V, Charge/Discharge@10C/10C (1C = 131.5 mA g%ocr 1vp),

Temperature: 25 °C

treatment, transforming battery materials into capacitor-like
materials, yielding exceptional electrochemical responses. One
example includes UC-derived LVP/MWCNT composites, where
nanosized LVP precursors have been built up at the
surface/interstices of a nanocarbon network, exhibiting
hyperdispersed conditions. Typically, these composites
demonstrate excellent rate capability, retaining a substantial
capacity density of 83 mAh g! @480C-rate® in a half-cell
configuration. In our ongoing research, we aim to delve deeper
into this ultrafast family of LVPs utilizing UC composites as a
potent tool. We explore fine-tuning various calcination
conditions, such as temperature/duration and other
parameters, to introduce additional elements. This approach is
anticipated to yield unexpected electrochemical characteristics
surpassing those of pristine LVP. Recognizing the critical issue of
vanadium dissolution in full cells using LVP as a cathode, we
hypothesized that modifying the V-O bond in the LVP crystal
structure by substituting other metal ions for vanadium could
be an effective strategy. We selected Ti%*, Al3*, and Mn?2* as the
metal ions for substitution. A reagent, namely Ti[O(CH2)3CHs]a,
Al(NOs3); = 9H,0, or (CH3COO),Mn - 4H,0, was introduced
before the second UC, with a substitution ratio of 5 atom%,
respectively. Fig. 1 (right) presents the XRD patterns of
LVP/MWCNT composites (LVP, Ti-LVP, Al-LVP, and Mn-LVP) with
the doping of different metal ions. Notably, the XRD patterns of
all four composites were indexed as monoclinic LVP without any
impurity phase peaks such as oxides or other structures of
phosphates. To ascertain the residual weight ratio of the
composite carbon, TGA analysis was conducted in a synthetic
air atmosphere (Fig. S1). The carbon content in these
composites was estimated based on the weight decrease

4| J. Name., 2012, 00, 1-3

around 450 °C derived from the carbon combustion. The carbon
content in the composite closely matched the preparation ratio
for all composites: 70 wt% (LVP), 70 wt% (Ti-LVP), 70 wt% (Al-
LVP), and 66 wt% (Mn-LVP). Combining the XRD and TGA results,
we successfully synthesized all samples as high-purity
LVP/carbon composites with the desired carbon contents. The
lattice parameters, calculated by Rietveld refinement, indicated
an increased lattice volume for Ti-LVP and Mn-LVP and a
decreased volume for Al-LVP (Table S1). These findings suggest
the successful substitution of metal ions for vanadium in
monoclinic LVP, regardless of the specific metal ion used.

We aim to assess any enhancements in electrochemical
performance, particularly in terms of cyclability, in full cells
utilizing lithium titanate (LisTisO12: LTO) as the anode. LTO was
chosen as the anode for two key reasons: First, its relatively high
reaction potential, and second, its outstanding rate
performance. Given that the reaction potential of LTO is 1.55 V
vs. Li/Li*, we can attribute any observed electrolyte
decomposition solely to the catalytic effect of dissolved
vanadium®. This configuration facilitates the detection of any
potential adverse effects of cathode materials, such as
vanadium dissolution due to extended cycling, encompassing
up to 10,000 cycles. LTO also facilitates rapid Li intercalation,
rendering it an ideal anode material for evaluating the
electrochemical properties of LVP in fast charge—discharge
operations. Representative charge—discharge characteristics
are depicted in Fig. 2 (left). During the 10t cycle, all full cells
exhibited three plateaus at approximately 2.0, 2.1, and 2.51 V,
characteristic of the lithium intercalation/deintercalation
reactions with LVP at 0.5, 0.5, and 1.0 equivalents, respectively.
The capacities of each composite at the 10t" cycle and rate of

This journal is © The Royal Society of Chemistry 20xx
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10Cwere as follows: 112.6 mAh g1 (LVP), 114.3 mAh g1 (Ti-LVP),
105.4 mAh g1 (AlI-LVP), and 103.5 mAh g1 (Mn-LVP). Notably,
Al-LVP and Mn-LVP exhibited lower capacities than LVP,
possibly due to the formation of inactive redox sites in these
composites as a result of vanadium substitution with these
metal ions. When vanadium was replaced with inert metal ions,
the capacity decreased by approximately 5% (7 mAh g1), which
is roughly consistent with the capacity reduction observed in
Mn-LVP and AI-LVP relative to LVP. In contrast, Ti-LVP
demonstrated a higher capacity than LVP. This result aligns with
a previous study by Wang et al., who reported improved rate
capacities of Ti**-substituted LVP due to enhanced Li diffusion
through the formation of Li vacancies?’4041, Therefore, the
higher capacity observed in Ti-LVP than LVP can be attributed
to improved rate properties resulting from Ti%* substitution and
the formation of Li vacancies.

The primary focus of this study lies in investigating the long-
term cyclability of a series of LVP cathode materials, where V3+
is replaced by different metal ions such as Ti#*, Al3*, or Mn?* as
shown in Fig.1. The charge—discharge profiles for the 5,000t
and 10,000t cycles indicated a decrease in capacity in all full
cells compared with the 10t cycle. In the LVP full cell, the
capacities were 83 mAh g1 and 75 mAh g1, with 74% and 67.2%
capacity retention at the 5,000t and 10,000t cycle, respectively,
indicating a continuous decrease in capacity. The plateau
around 2.0 V in the discharge curve of the non-doped LVP full
cell almost disappeared, suggesting a shift in the state-of-
charge (SOC) of the LVP cathode.l0 In contrast, Ti-LVP, Al-LVP,
and Mn-LVP exhibited capacities of 104 mAh g1, 80 mAh g1, and
85 mAh g1, respectively, with a capacity retention of 88.6%,
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Fig.3 (Left) XRD patterns for the titanium-substituted LizV,xTix(PO4)s/MWCNT
composites with different atomic ratios (X) ranging from 0 to 0.5. All samples show the
main peaks responsible for planes (211) and (020) that are strictly indexed as monoclinic
Li3V(PO4)3 (S.G. P21/n LisV,(P0O4)s, as indicated by JCPDS card no. 72-7074). In the XRD
patterns with X < 0.2, the main phase is monoclinic LVP, and no extra reflections for
impurities are observed. When the substitution ratio is large (X = 0.3, 0.4, and 0.5), new
peaks appear at 26 = 20.62, 24.38, and 33.35° (denoted as asterisks*), corresponding to
a possible impurity of LiTi,(PO,); as indicated by JCPDS card no. 72-6140). (Right) Based
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to X= 0-0.2, the values of a, b, and lattice volume (V) increase proportionally with X,
while the ¢ value decreases. Following Vegard’s law, Ti** stoichiometrically substitutes
V3*in LVP crystals with smaller X ranges <0.2.

This journal is © The Royal Society of Chemistry 20xx
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Fig.4 The intercalation mechanism can be effectively represented through charge—

discharge curves at a rate of 1C for lithium-ion cells using the Li//[LisxVy

xTix(PO4)3s/MWCNT] configuration. These curves are extracted from the initial state (2nd
cycle) for three distinct samples with X values of 0, 0.1, and 0.2. Our specific focus lies on
the cathode behavior observed in two distinct potential regions, denoted as Region 1
(indicated by the blue bar) and Region 2 (indicated by the orange bar). As illustrated in
the lower inset, we have plotted the capacities for Regions 1 and 2, which are tabulated
in the upper inset, against the parameter X (representing LisV,.xTix(POs)s) for X values of
0,0.1, and 0.2. In Region 1, the capacities exhibited by the three discharge curves remain
relatively stable with minor variations in response to changes in the titanium substitution
ratio (X). Conversely, in Region 2, the curves follow distinct trajectories, with capacities
decreasing as the titanium doping level (X) increases.

77.4%, and 82.1% at the 10,000t cycle, showcasing an
improvement in cycle performance. In Ti-LVP, Al-LVP, and Mn-
LVP full cells, the overall plateau length in the charge—discharge
curves slightly decreased, implying minimization in capacity
degradation due to SOC shift. Consequently, in the subsequent
sections, we discuss the factors responsible for suppressing
vanadium dissolution and the mechanisms underlying the
enhanced cycle performance observed in Ti-LVP full cells
exhibiting the highest cycle performance among the M-doped
LVPs.

Characterization of Ti-LVP and suppression of vanadium
dissolution

To explore the factors contributing to the improved full-cell
performance of Ti-LVP, we initially synthesized Lis.xV2xTix(POa)3
materials with varying stoichiometric ratios of Ti4* (X = 0, 0.1,
0.2, 0.3, 0.4, 0.5) and examined the changes in the crystal
structure with the amount of Ti** substitution (X). The XRD
patterns of each composite with X < 0.2 exclusively showed the
peak corresponding to monoclinic LisV2(PO4)s (S.G. P2i/n
LisV2(PO4)s, as indicated by JCPDS card no. 72-7074), and no
other peaks were observed (Fig. 3, left). However, for X > 0.3,
peaks corresponding to both monoclinic LisV,(PO4)s and
NASICON LiTi»(POa4)s (S.G. R3-c LiTi»(PQa4)s, as indicated by JCPDS
card no. 72-6140) were detected. For each composite, lattice
constants were calculated by Rietveld analysis. For X< 0.2, a, b,
and lattice volumes (V) were observed to increase with X, while
c decreased with an increase in X. (Fig.3 (right)) Conversely, for
X = 0.3, no apparent correlation between any of the lattice
constants and X was observed. These results suggest that Ti** is
effectively introduced into LVP below X = 0.2, while above X =
0.3, a limited amount of Ti4* is introduced into LVP, along with
the formation of the impurity NASICON LiTi»(PO4)s. Despite the
ionic radius of Ti4* (0.604 A) being smaller than that of V3* (0.64
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graph. Q; is considerably changed against X, while Q,, and Q,, decrease with X with
different proportionality constants shown in the viewgraph (bottom right). More
precisely, the slopes (dQ/dX) are -13.2 and -33.7 for Qz, and Ey, respectively.

A), the a- and b-axes of the structure parameter increased. This
could be attributed to a decrease in Li* ions. In Ti-LVP, the
introduction of Ti** may lead to a decrease in Li+ for charge
compensation. In the crystal structure of LVP, lithium is
distributed along the ab-plane??43. Therefore, the structure
along the c-axis direction is expected to shrink and decrease as
the Li* content decreases. However, this reduction in the c-axis
direction could lead to a closer distance between adjacent V-V
ions along the c-axis direction, potentially resulting in
electrostatic repulsion. Consequently, the axes of the VOg
octahedra in the c-axis direction might experience slight
displacement, causing the structure to expand in the ab-plane
direction and leading to an increase in the a- and b-axes.

To elucidate the impact of substituting vanadium with Ti** in
LVP, charge—discharge tests were performed on half cells at a
rate of 1C for different ratios of Ti** substitution (X=0, 0.1, and
0.2), with no impurities detected (Fig. 4). The charge capacities
were 125, 122.5, and 109 mAh g1, and the discharge capacities
were 122.5, 122, and 110 mAh g? for X = 0, 0.1, and 0.2,
respectively. These results indicate that charging and
discharging proceed reversibly in all composites (X =0, 0.1, and
0.2). Furthermore, decreasing capacities were observed with
increasing X value, indicating successful substitution of Ti** for
V3+. The charge—discharge curves for the samples with X =0, 0.1,
and 0.2 exhibited plateaus in region 1 (3.9-4.2 V vs. Li/Li*) and
region 2 (3.5-3.8 V vs. Li/Li*). The plateau in region 2 is further
divided into two plateaus, a characteristic feature of LVP.7.4445
The plateaus in the two potential regions of LVP are attributed
to the different vanadium sites that react at each potential. LVP
with P21/n space group has two distinct vanadium sites, V(1)
and V(2). During the charging process, vanadium at the V(1) site
is initially oxidized from V3* to V4* in the low-potential region 2,
while vanadium at the V(2) site is oxidized from V3* to V4* in the
high-potential region 1 (Fig. S2). To analyze this further, the
capacities of each region, denoted as Q; and Q,, were calculated
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Fig.6 Neutron diffraction of LisV,(PO4)s and LiyoVioTio1(PO4)3 and Rietveld fit.
Experimental (red), calculated (blue), and difference(green) curves are shown. The hk/
positions (]) are marked for LisVy(PO4)s and LirgVigTip1(POs)3, along with the
accompanying difference curve below. The deduced crystal structure for LisV,(PO,4); and
LioV16Tip.1(POs)s is the result of Rietveld fitting based on neutron diffraction. In
Liz oV1.9Tip.1(PO4)3, titanium selectively replaces vanadium at the V(1) site, accompanied
by a reduction in lithium occupancy at the Li(2) site.

(Fig. 4 inset). It was observed that the value of Q; remained
constant regardless of the increasing X, while Q, decreased with
increasing X. This outcome suggests that vanadium at the V(1)
site, which occurs in redox reactions in region 2, is selectively
replaced by Ti%*.

The dQ/dV plots illustrated in Fig. 5 are derived from the
charge—discharge curves presented in Fig. 4. Peaks observed in
the dQ/dV plots occurred during the charge and discharge
processes within the potential ranges of 4.1-4.0, 3.7-3.6, and
3.6-3.5 V vs. Li/Li*. These peaks are denoted as Ej, Ez,, and Ep
in Fig. 5, representing the average reaction potentials of each
peak. E; slightly decreased while E; slightly increased with
increasing titanium substitution (X). This change is correlated
with the electron density around the V-O bond. In polyanionic
cathode materials such as LVP, the inductive effect of the highly
covalent P-O bond reduces the electron density around the V-O
bond, resulting in an ionic V-O bond with a high reaction
potential. Thus, the V-O bond associated with the V(1) site,
where redox occurs at E, with an increase in Ti** substitution,
becomes more ionic. Conversely, the V-O bond related to the
V(2) site, where redox occurs at E1 with a decrease in Ti**
substitution, becomes less ionic. This is attributed to the
suppression of the inductive effect of PO4 units by Ti**, which
has a higher electronegativity than V3+ (v3*+=1.545, Ti** = 1.730).
Focusing on the discharge capacity, the capacity in region 1 (Qi)
remained constant with increasing Ti**. However, the capacities
(Q2a and Qgp) in region 2 decreased with increasing Ti** in LVP,
indicating a selective substitution of Ti4* into the V(1) site. The
redox of V3*/4 at the V(1) site is induced by the
insertion/desertion of Li at the Li(2) site, one of the three Li sites
of LVP746, Therefore, substituting Ti%* for V3*+ at the V(1) site is
expected to decrease the occupancy of Li at the Li(2) site due to
charge compensation. This vacancy causes a decrease in the
capacities (Qza and Qab) in region 2 but enhances Li diffusivity,
resulting in improved rate performances.

This journal is © The Royal Society of Chemistry 20xx
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The results of Rietveld refinement by neutron diffraction
analysis (Fig. 6) support the selective substitution of Ti** into the
V(1) site, as suggested by electrochemical measurements. The 0.1
observed neutron diffraction peaks of LVP and Ti-LVP can be
indexed by a monoclinic Li3V2(PO4)s. Lattice parameters, atomic

LizgV1Tio.1(PO4)s

LizV5(PO4)3 86.6

positions, and occupancies, including Li and expected vacancy 0 20 40 60 80 100
. . . . ) Dissolved V elements / %
sites for Ti-LVP, were determined through Rietveld refinements ssolved V elements %

on the neutron diffraction data, as shown in Table S2. The ‘

obtained stoichiometry of the Ti-LVP crystal structure was L}jw Pl Li2oV19Ti01(POy)s
Li2.oV19Tio.1(PO4)s. Ti* was present at the V(1) site, whereas 3 MWCNT

vacancies were only at the Li(2) site to compensate for the % _A Li3V,(PO,)s
valence. Combining the results of charge—discharge tests and 8

neutron diffraction analysis, the charge—discharge of LizxV2- =

«Tix(PO4)s3 is expected to proceed as follows (Fig. S3). At high ‘ h | ‘ LisVo(PO4); JCPDS No. 72-7074
potentials (3.9-4.1 V vs. Li/Li*) in region 1, the redox of V3+/4+ R e T o L
occurs at the V(2) site. The redox potential E; of vanadium at 10 2 Zs?degree (Cui(;) % 80
the V(2) site decreases because of a reduction in the inductive Li, V4 ¢Tig.1(PO,4)s/MWCNT

effect due to Ti** substituting the V(1) site. In contrast, at low —_—

potentials (3.4—3.8 V vs. Li/Li*) in region 2, redox of V3*/4* occurs >

at the V(1) site. In this region, the capacity during charging and
discharging decreases, and the peaks corresponding to
potentials E,; and E;p decrease in the dQdV plot.

TEM observation was performed to examine the particle
size and morphology of LizgV19Tio.1(PO4)s/MWCNT (X = 0.1)
composites (Fig. 7 (a)). Nano-LVP particles (approximately 100 s0nm |
nm) were entangled in a matrix of MWCNTs. TGA ¥ 5 LgV5(POZ),/[MWCNT
measurements showed that the combustion temperature of
carbon decreased in LizoV1.9Tio1(PO4)3/MWCNT, suggesting a
direct bonding between the dangling bonds of the nano-LVP
crystal and the functional groups on the carbon surface, as
reported previously.2 However, no peaks corresponding to V-C
or P-C bonds were observed in XPS measurements (Fig. 7 (c)).
These results indicate that the obtained materials are a
composite of LVP and MWCNT phases, including direct C-O-V Fig.8 TEM images and the electron diffraction (ED) of Lis.xV,xTix(POs)3s/MWCNT
and C-O-P bonds formed by the nano-LVP crystal and the composites for X = 0.0 (upper) and 0.1 (lower). The figure compares those two key
functional groups on the carbon surface.

50 nm

features before and after the immersion of each sample into hot water (60 °C; 47 h).
Afterimmersion in hot water, the pristine LVP (X = 0.0) particles completely disappear,
and only MWCNTs are observed; moreover, the absence of diffraction spots in ED

(a) (b) (c)
- ) = 20 e T T 1 indicates that the crystal particles are possibly dissolved. In contrast, Ti-substituted

136V3 5Tl 2 (PO} /MWENT
 LVP(X=0.1) particles are observed even after immersion in hot water, and diffraction

5
£ spots are also observed in ED. In contrast, at X = 0.1, LVP particles are observed even
after immersion in warm water, and diffraction spots are observed even in ED.

To obtain evidence of the prevention of dissolution of
vanadium into polar solvents by Ti-LVP, which leads to

Intensity

L, Vs TigalPOL) H
T ;

§ P capacity degradation in full cells, Liz-xV2xTix(PO4)s/MWCNT
o | pzp ‘/‘\ o composites for X = 0.0 and 0.1 were tested for their
I solubility in hot water at 60 °C for two days. Here, the

0.10 |
M/ \ immersion testing in hot water, which is a highly reactive
~eea ] 0.00
T (PO /MWCNT p— polar solvent, is a harsh condition for these samples. To
T e TR s quantify the amount of vanadium dissolved, ICP-MS

Temperature/ ‘C Binding energy / eV
Fig. 7 (a) TEM images of the synthesized Li; gV1.9Tig.1(PO4)s/MWCNT (x = 0.1) composites. measurements were performed on the filtrate resultlng

(b) Thermogravimetric analysis (TGA) curves for LiygV;oTio1(POs)s/MWCNT (x = 0.1) from the soaking test (Fig. 8(b)). In LVP (X = 0.0), the amount
composites (solid line) and MWCNT (dotted line). The measurements were performed at of vanadium in the filtrate was 15.15 mg, corresponding to
a sweep rate of 5 °C min~! from ambient temperature to 750 °C under air. Compared 86.57% of vanadium in as-prepared LVP dissolved from the
with  MWCNT, the combustion peak of carbon is reduced in the crystals. OnIy MWCNTs were observed in the TEM images
Liz.9V1.9Tio.1(PO4)s/MWCNT  composite. (c) XPS spectra for as prepared . L i .

Liz.9V1.9Tio1(PO4)s/MWCNT (X = 0.1) composites (C1s and P2p). No peaks responsible for of LVP afterimmersion in hot water, with the dlsappearance
C-V or C-P bonds are observed, indicating that the materials are just a composite of two of the diffraction spots in the ED corresponding to the LVP.

phases, LVP and MWCNT. In contrast, only 6.15 mg of vanadium was found in the

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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Fig.9 (left) Electron density map of Li3V,(POg4); and Liy gV1 gTio 2(PO,4)3 calculated by the DV-
Xa method. (Right) Cluster model for DV-Xa calculation of LisV,(POs)3 and LizxV,.
xTix(PO4)3. Compared with LisV,(PO,)s, the electron density between V3* and 0%
increased in Li,gV1gTio2(PO4)s, indicating suppression in the localization of electrons at
V-0 bonds.
filtrate after the soaking test in Ti-LVP (X = 0.1), with 36.98% of
vanadium in as-prepared Ti-LVP dissolved from the crystals. Ti-
LVP crystals were also observed in the TEM images and ED even
after immersion in hot water. These results indicate that
substituting titanium significantly vanadium
dissolution from LVP crystals into polar solvents.

The suppression of vanadium dissolution in Ti-LVP is

suppresses

expected to be due to a modification of the ionicity of the V-O
bond. We employed the DV-Xa method for molecular orbital
calculation to determine the net charge of vanadium and the
electron density of the V-O bond in LVP. The net charge of
Li3V1‘3Tio_2(PO4)3 (1833) was lower than that of Li3V2(PO4)3
(1.911), indicating that the ionicity of the V-O bond was
weakened by Ti%* substitution. The electron density between
V3* and 0% increased in LisV1.8Tio2(PO4)s compared with that in
LisV2(POa)s, indicating that the localization of electrons at V-O
bonds is suppressed, as shown in Fig. 9. Typically, the electron
density of the V-O bond in LVP is localized by the inductive
effect of the PO4 unit, forming a highly ionic bond.** We found
that substituting V3* with electronegative Ti** mitigates the
inductive effect of P-O bond, delocalizing electrons at V-O
bonds. This change in the ionicity of the V-O bond could have
reduced reactivity with polar solvents, thereby preventing the
dissolution of vanadium.

Ti-LVP also achieved nano-level modification of the LVP
surface  morphology. HRTEM image of Li2gV19Tio.1(POs)s
particles showed lattice fringes observed in particles
corresponding to the d spacing of Liz.gV1.9Tio.1(PO4)s, as shown in
Fig. S5. HRTEM images also revealed a clear difference in the
surfaces of nanoparticles with or without Ti** substitution. A 3
nm layer was formed on the surface of nanoparticles where x >
0.1. In contrast, such a surface phase was not clearly identified
on the surface of LisV2(POa4)s nanoparticles. Interestingly, the
observed surface layers consisted of an outer stacked phase and
an inner amorphous phase, both approximately 1-2 nm thick.
EDX showed a carbon peak on the surface of particles,
suggesting that the outer stacking carbon was derived from
chelating agents such as ethylene glycol and citric acid. The
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Fig. 10 V K-edge XANES spectra of as-prepared Liz.xV,xTix(PO4)3 /MWCNT for X = 0.0 and
0.1, and the V,0;, VO,, and V,0s reference spectra. The XANES measurement is conducted
using transmission (featuring whole material) and conversion electron yield (featuring
surface region: 2040 nm ), respectively. In the transmission mode, there is no change in
the position of the XANES peak in either sample. In contrast, in the conversion electron
yield mode, the XANES peak shifts to the high energy side for X = 0.1 compared with that
for X = 0.0. The valence fitting using the reference shows that for X = 0.0, the valence of
vanadium is 3.17 in the whole particle as well as surface regions. In contrast, the vanadium
valence for X =0.1 was 3.17 in the whole particle and 3.21 in the surface region, indicating
an increase in vanadium valence in the surface region.

compositions of the inner amorphous phase and the inside of
the crystals were almost the same (Fig. S6). To determine the
valence state of vanadium in the surface amorphous phase, V K-
edge spectra of LizxVaxTix(PO4)3s/MWCNT for X = 0.0 and 0.1
were measured via XAFS transmission and conversion electron
yield methods (Fig. 10). Note that the transmission method
provides the oxidation state of vanadium over the entire
particle. In contrast, the conversion electron yield method
provides the valence state at the particle surface (20—40 nm)*7.
The XANES spectra of the V-K edge obtained by the transmission
method were in perfect agreement between X = 0.0 and 0.1.
The conversion electron yield method revealed a slight shift to
the higher energy side for X = 0.1 than for X=0. The valence of
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Fig.11 Plots of capacity against the cycle of LTO//(LizxV2xTix(POa)s(x = 0and 0.1) full cells.
LTO//LizV24Tix(PO4)3(x = 0 and 0.1) full cells significantly improved the capacity
retention after 10,000 cycles to 88.6% and 67.2%, respectively. Charge discharge curves
of LTO//Lizx\Va2xTix(PO4)s/MWCNT(x = 0 and 0.1) full-cells. For X = 0.0, the low-potential
plateau (0.5Li*, 2.02 V) decreases continuously, and this plateau almost disappears after
10,000 cycles. For X = 0.1, there is no marked change in the charge/discharge curve after
10,000 cycles.
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Fig.12 (SEM images of the surfaces of the anode (LisTisO1,:LTO) and cathode (LisV,(PO4)3and Li,.9V1.9Tio.1(PO4)s) after cycling 10,000 cycles with a full cell described in the experimental
section. Comparing images A and B, minor changes were observed from the initial prissiness stage. The LTO anode surfaces showed different levels of morphological change after
10,000 cycles. As shown in C, a substantial flake-shaped SEI cover is observed all over the LTO particles. However, as shown in D, a considerably low SEl accumulation is observed.

The same anode surface was completely different from the combined cathode material for full-cell testing, and these differences require further discussion in relation to the

substituted amount of Ti in the cathodic crystal.

vanadium was calculated by peak fitting using V.03, VO,, and
V205 as references to the obtained XANES peaks, resulting in
valence values of +3.17 (X = 0) and +3.21 (X = 0.1) for the
conversion electron yield method, indicating that X = 0.1 was
higher than X = 0. The combination of the TEM observation and
XAFS measurement suggests that the surface amorphous phase
(thickness 1-2 nm) at X = 0.1 contains a high valence of
vanadium, such as V4 and V5*. These valence states are more
electronegative than the vanadium valence found in LVP, which
is V3* (V3* = 1.545, v4 = 1.795, V>* = 2.030).34 Therefore, the
electrons of O2 are attracted to V** or V>* in the V-O bonding of
the surface amorphous phase, forming covalent V-O bonds and
suppressing the vanadium dissolution. These results revealed
two factors that diminished vanadium dissolution from LVP by
Ti%* doping. First, the ionicity of the V-O bonds decreases due to
the relaxation of the inductive effect of the P-O bonds in the LVP
crystal upon substituting Ti**. Second, an amorphous phase with
highly covalent V-O bonds (1-2 nm in size) is formed on the
surface of Ti-LVP particles.

Mechanism of improved full cell cycle performance with Ti-LVP

The previous section highlighted the inhibition of vanadium
dissolution into polar solvents in Ti-LVP. This section explores
the mechanism underlying the enhancement in cycle
characteristics in full cells utilizing Ti-LVP. Fig. 11 shows the
results of cycling tests at a C-rate of 10C on the LTO//LVP full
cell constructed with LisV2(PO4)s and Li,.gV1.9Tio.1(PO4)3 as the
cathode. The capacity retention for LTO//LisV2(PO4)s full cell
decreased to 77% after 10,000 cycles. The charge—discharge
curve for LTO//LisV,(POa)s full cell during cycling shows that the
low-potential plateau (0.5Li*, 2.02 V) decreases continuously.

This journal is © The Royal Society of Chemistry 20xx

This plateau almost disappeared after 10,000 cycles. The
decrease in capacity over the cycles was caused by the shift in
the state-of-charge (SOC) between the cathode LVP and the
anode LTO due to the formation of deposits by electrolyte
decomposition on the anode accelerated by vanadium
dissolved from LVP.? In contrast, LTO//Li2.oV1.9Tio.1(PO4)s full cell
exhibited superior capacity retention of 88.6% after 10,000
cycles. Unlike the LTO//Li3V2(POg)s full cell, the low-potential
plateau was still observed in the charge—discharge curve after
10,000 cycles, indicating that the SOC shift in the full cell was
successfully suppressed. Indeed, in Li-metal half cells
(Li//LizV2(PO4)s and Li//Li>.oV1.eTio.1(PO4)s) with cathodes after
cycle tests, Li//Li2.9V1.9Tio.1(PO4)3 exhibited a lower initial voltage
than Li//Li3V2(POa)s (Fig. S7), suggesting that the SOC shift in full
cells with LTO//Li.9V1.9Tio.1(PO4)s full cell was suppressed. Ti-
LVP showed improved capacity retention even at a lower C-rate
of 0.5C: 75.1% for the LVP full cell and 92.1% for the Ti-LVP full
cell at 50 cycles (Fig. S8). The coulombic efficiency was also
higher for Ti-LVP than for LVP at all cycles. The capacity
degradation due to the shift in the state of charge between the
cathode and anode was observed in the LVP full cell. On the
other hand, the charge-discharge profile of the Ti-LVP full cell
did not change during cycling. These results at low C-rates of
0.5C were in good agreement with those at high rates of 10C. In
addition to the excellent cycle performance described above,
LTO//Li>oV19Tio1(PO4)3s  exhibited an outstanding rate
performance, as shown in Fig. S9. For LTO//Li>.9V1.9Tio.1(POa)s,
the capacity retention at 480C was 65.8%, which was
significantly better than that of LTO//Li3sV2(P04)3(47.0%). This
enhanced rate performance can be attributed to two factors: 1)
improvement in electronic conductivity due to the mitigation of
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inductive effects from Ti** doping and 2) enhancement in Li*
diffusion via the formation of vacancies at Li sites.3?

To verify the suppression of electrolyte decomposition on
the electrodes after 10,000 cycles of the full cell, SEM
observations and XPS analysis were conducted. Fig. 12 shows
the SEM observation of the anode LTO after 10,000 cycles of the
full cell. SEM images of the anode LTO revealed the presence of
flake-shaped compounds on the surface when LVP was used as
the cathode, in contrast to the smooth surface of the pristine
LTO. A considerably lower accumulation of SEl was observed in
the LTO using Liz.9V1.9Tio.1(PO4)s3 as the cathode. The XPS results
on the surface of LTO after cycling showed C-O, COO, and CO3
shoulders corresponding to electrolyte decomposition products,
in addition to the C-C peaks observed in the conductive agent
(Fig. S10). In LTO using Li>gV19Tio.1(PO4)s as the cathode, the
relative intensity of the peaks derived from electrolyte
decomposition products, such as LiF, was lower than the peak
corresponding to CF, derived from the binder in Fls spectra.
These results were consistent with the decrease in electrolyte
decomposition in SEM images using LizoV19Tio1(PO4)3 as a
cathode. The peak corresponding to V>* in the V2p spectrum
was observed when using either Li3V2(PO4)3 or Li2A9V1A9Ti0A1(PO4)3
as the cathode. To quantify the amount of vanadium ions
dissolved after the cycle test, an ICP-MS measurement was
performed. The amount of vanadium ions on the LTO surface
using Li9V1.9Tio.1(PO4)s3 as a cathode was 1.9 g, lower than 3.4
ug in the case of LisV2(POg4)s (Table S3). These results indicate
that LTO//Li>9V1.9Tio1(PO4)s exhibits high cycle performance
due to the suppression of vanadium dissolution and electrolyte
decomposition on the anode, suppressing the gradual SOC shift
during cycling.

Conclusion

In conclusion, we successfully synthesized highly dispersed
LisV2(PO4)s  (LVP)  composites through  stoichiometric
substitution of various metals (Ti%*, Al3*, MnZ*) with monoclinic
LVP. Among the metal-doped LVPs, Ti-LVP demonstrated the
best cycle performance, retaining 88.6% of its capacity over
10,000 cycles in full cells. A detailed investigation of Liz«Va-
xTix(PO4)3 with Ti** doping (X = 0-0.2) revealed selective Ti%
substitution in V3* at the V(1) site and the formation of
vacancies at the Li(2) site. Vanadium dissolution tests under
extreme conditions with warm water showcased the high
stability of Ti-LVP compared with LVP. Molecular orbital
calculations indicated a delocalized electron density of the V-0
bonds in the bulk of Ti-LVP, reducing ionicity. Additionally, Ti-
LVP formed a thin amorphous phase of 1-2 nm with V4 or V5*
on the surface of the particles, effectively diminishing the
dissolution of vanadium ions. Combined SEM observations, XPS,
and ICP-MS measurements of the full cell after cycling tests
demonstrated that Ti-LVP exhibited high cycle performance by
suppressing vanadium ion dissolution. This suppression, in turn,
mitigated electrolyte decomposition on the anode, leading to
the suppression of the state-of-charge shift between the
cathode and anode. These findings provide valuable insights

10 | J. Name., 2012, 00, 1-3

into addressing challenges related to the dissolution of
transition metals in energy storage devices.
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