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ABSTRACT  Lithium-ion batteries dominate the battery field, particularly for electric and 

hybrid vehicles.  Monoclinic Li3V2(PO4)3 has emerged as one of the most promising candidates 

for the cathode in lithium-ion batteries, offering better environmental safety and lower cost than 

competing materials. We have used in situ x-ray absorption spectroscopy to characterize the 

evolution of the vanadium in a Li3V2(PO4)3 cathode as it is cycled electrochemically.  These data 

demonstrate the presence of significant kinetic effects such that the measured electrochemical 

behavior does not represent the bulk vanadium.  When the cell is cycled between 3 and 4.5 V, 

there are two distinct vanadium species.  When the potential is raised above 4.5 V a third species 

is observed, consistent with formation of V5+.  XANES data for the cathode after 3-4.8 V cycling 

are consistent with a severely distorted vanadium site, suggesting that lithium-vanadium anti-site 

mixing may be responsible for the electrochemical irreversibility that is seen above 4.5 V. 

Introduction 

Electrochemical devices are the most promising of the available alternative energy storage 

technologies, due to their flexibility, high efficiency in energy conversion and minimal 

maintenance. However, it is becoming increasingly clear that the energy economy needs higher-

performance, lower cost, safer energy storage systems for both stationary energy storage for the 

electrical grid and mobile energy storage for electric and hybrid vehicles.  There have been many 

reports of fires involving oxide-based lithium ion batteries.  The search for safer electrode 

materials has been a high priority, and phosphate-based electrodes are attractive because, unlike 

oxide materials, they do not release oxygen.  In this work, we focus on the study of Li3V2(PO4)3 

as a new, safer cathode material for lithium ion cells.  Through in-depth structural and 

spectroscopic analyses we characterize the vanadium redox chemistry in Li3V2(PO4)3; this will 
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 3

aid in the design and development of improved, safer electrode materials for advanced lithium 

ion batteries.  

Among materials with a phosphate polyanion framework, LiMPO4 (M= Co, Mn, Ni, and Fe)1-4 

and Li3V2(PO4)3 (LVP)5-7 have all shown considerable promise as lithium-ion cathodes. Both 

systems contain redox active metals and mobile Li ions within a rigid phosphate framework, and 

both show good electrochemical capacities and stability. The monoclinic Li3V2(PO4)3 system and 

its doped variants show excellent promise as high potential cathode materials because of their 

high reversible capacity, high operating potential (~4 V), good ion mobility, improved safety 

characteristics, and low environmental impact.6-8 All three lithium ions can be deintercalated 

giving a high theoretical capacity of 197 mAh g−1.8-15 In order to understand the functioning of 

LVP at the atomic level we have measured in situ x-ray absorption spectroscopy (XAS) during 

charge and discharge under different conditions.  These data allow us to directly correlate 

average vanadium oxidation state with electrochemical potential, and to characterize at the 

atomic level the mechanism for high-potential inactivation.  

Experimental 

Preparation of Li3V2(PO4)3/C composite and electrode.  LVP composite electrodes were 

prepared using hexanedioic acid (C6H10O4) as the chelating agent, where V2O5 and oxalic acid in 

stoichiometric ratio of 1:3 were dissolved in deionized water and then stirred at 70°C. With the 

formation of a blue solution, a stoichiometric mixture of NH4H2PO4, Li2CO3, and C6H10O4 were 

added. This was followed by a 4 hour stirring in an air oven at 100°C, when a gel was formed. 

The gel was then heated to a temperature of 350°C for 4 hours, in the presence of a nitrogen 

atmosphere to allow NH3 and H2O to escape. Finally the resultant product was heated at 750°C 

for another 4 hours in the presence of nitrogen. X-ray powder diffraction (XRD) measurements 
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 4

(Figure S1, lower panel) were conducted by a Rigaku D/max-2200/PC diffractometer. The as-

prepared material was in the monoclinic phase with the space group of P21/n, and the unit cell 

parameters were, a=8.608(3), b=8.553(6), c=12.060(3), and β=90.363(5). The morphology was 

analyzed by field emitting scanning electron microscopy (FE-SEM, JEOL JSM-7401F)16.  The 

data (Figure S1) show that the particles of the sample merge with each other and form a porous 

network. This microstructure is beneficial for the electrolyte to penetrate with the positive 

materials, which helps for good electronic contact among the composites particles. 

In situ XANES and EXAFS. The electrochemical XAS reaction cell was assembled in an 

argon-filled glove box. The glass wool separator was punched to give a disk with an outer 

diameter of 20 mm and inner diameter of 6 mm. The separator was placed on top of the electrode 

Li3V2(PO4)3/C (x=0) soaked in 1 M LiPF6 electrolyte, dissolved in 50 wt % ethylene carbonate 

(EC) and 50 wt % dimethylcarbonate (DMC) obtained as a solution from BASF. Finally, a 

lithium foil counter-electrode was punched to give a disk with an outer diameter of 14 mm and 

an inner diameter of 8 mm and placed on top of the separator which was soaked with electrolyte. 

Kapton film (25.4 µm thickness) was utilized as the X-ray window for this in situ 

electrochemical reaction cell. More detailed information on the design of this reaction cell can be 

found in Deb et al.17 

For the XAS measurements, cycling of the electrochemical reaction cell was done 

continuously using a Princeton Applied Research VERSASTAT potentiostat, with the XAS data 

being collected as the electrochemistry proceeded under constant current control.  The electrode 

was cycled at 0.1 C or 0.2 C (1C=140mAh g-1) while XAS scans (~40 minutes each) were 

recorded continuously.  Spectra were measured over a potential range of 3-4.5 or 3-4.8 V, giving 

between 6 and 20 scans for each charge or discharge cycle.  Current flow was terminated when 
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 5

the threshold potential was reached and several additional XAS scans were recorded while the 

electrode equilibrated.    

In situ XAS measurements were performed in transmission mode at the bending magnet beam 

line station D of the DND-CAT (Sector 5), at the Advanced Photon Source, using a water cooled 

Si(111) double crystal monochromator, and the energy resolution of the monochromatic beam 

was determined to be ~1.0 eV . A beam size of about 0.3×4 mm2 was used for the beam to pass 

easily through the in situ cell X-ray window resulting in an incident photon flux of ~1010 

photons/s. X-ray flux before and after the electrode sample was measured using N2 filled ion 

chambers. A vanadium foil reference and a third ion chamber were placed behind the sample in 

order to provide an internal energy reference with the first inflection point of the vanadium foil 

defined as 5465 eV. The monochromator was scanned from 200 eV below to 800 eV above the 

vanadium K-absorption edge. Scans were measured using 5 eV steps in the pre-edge region, 0.5 

eV steps in the near-edge region and 0.05 Å-1 steps in the EXAFS region. The data were 

integrated for 1 s per step in the pre-edge, 1.5 s per step in the near edge region and 1.5-25 s per 

step in the EXAFS region for a total scan time of about 40 min. The scans were made 

continuously as charge/discharge cycling continued.  When the potential approached the cut off 

voltages (3.0V, 4.5V and 4.8V) the electrochemistry was stopped for 1 hour to perform extra 

scans of the XANES region.   

Data Analysis. The XANES data were analyzed using the MBACK program,18 and the 

EXAFS data were analyzed using the EXAFSPAK software package.19 The raw data were first 

imported in EXAFSPAK to do the EXAFS analysis using FEFF920 to calculate ab-initio phase 

and amplitude parameters. A pre-edge background and a cubic spline EXAFS background were 

subtracted and the EXAFS oscillations were normalized to the appropriate Victoreen function 
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 6

modeling the absorption decrease above the edge.21 The resulting χ(k) function was weighted 

with k
3 to account for the damping of oscillations with increasing k. The radial structure 

functions presented here were obtained by Fourier transformation of k3χ(k) using a k-range of 

1.5–11.5Å−1. 

Principal component analysis Principal component analysis was performed separately for 

each cycle. For each cycle, all of the XANES spectra collected during both charge and discharge 

were used to determine how many components were necessary for that cycle, using 

PRESTOPRONTO.22 The XANES scans for a single charge/discharge cycle were imported for 

PCA analysis over the energy range of 5455-5525 eV. The eigenvectors were derived from the 

set of XANES spectra by principal component analysis. These eigenvectors were used to 

estimate the number of vanadium species present for each cycle using the residual standard 

deviation (RSD) to evaluate the significance of each added component (Figure S2). Iterative 

Target Factor Analysis (ITFA)23 was used to align the components obtained from PCA to the 

real experimental XANES. The reconstructed experimental spectra are shown in Figure 1. The 

reconstructed components are qualitatively similar and are broadly reflective of V3+ (Component 

1) and V4+ (Component 2). 

The PCA components from ITFA (shown in Figure 1), were used to fit the experimental 

XANES measured at each state of charge in order to determine the fractional composition of 

each component.  The results of these fits are shown in Figure 2. In addition, the experimental 

XANES were also fit using authentic V3+, V4+ and (for C and D) V5+ models in order to estimate 

the absolute oxidation state of vanadium.  The results of the model fits are shown in Figure S3 

for cycles A and B. Analogous results were obtained for cycles C and D, but are less well 
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 7

defined because of the presence of three non-orthogonal reference XANES spectra.  All least 

squares XANES fitting was performed with the program suite SixPack.24-25 

Near-edge fitting. To characterize the possible change in the coordination and anti-site mixing 

of the vanadium during cycling, we fitted the XANES region with a pseudo-Voigt function 

together with an arctan to model the rising edge. A summary of the analysis is shown in the 

Table S1.  In the absence of an authentic model for the putative tetrahedral V5+ (see below), it is 

impossible to reliably estimate the amount of anti-site mixing that might take place.  For Cu2+, 

the change from centrosymmetric to tetrahedral results in an approximately 7-fold increase in 

intensity.  If there were a similar increase here, the putative tetrahedral V5+ would have peak area 

of 882.  This is used to give some estimate of the possible extent of anti-site mixing.  

Rate Estimation. At the end of each charge (4.5 V and 4.8 V) and discharge cycle (3.0 V), we 

stopped the electrochemistry and recorded several additional XANES spectra in order to 

investigate the rate at which the electrode reaches equilibrium. We fitted these XANES spectra 

in the same way that we fit the XANES data in the PCA analysis (above, and Figure 1).  The 

change in the PCA component in cycle A, B, with respect to time is shown in Figure S4.  If these 

data are modeled as an exponential approach to equilibrium (not shown), the apparent time 

constants ranges from 0.022 to 0.082 min-1. 

Results 

When LVP is cycled from 3-4.5 V (traces A and B in Figure 3, see also the differential capacity 

in Figure S5) there are three distinct plateaus at ~3.6 V, 3.7 V and 4.1 V vs. Li/Li+. These have 

been attributed to oxidation from V3+ to V3.25+, from V3.25+ to V3.5+, and from V3.5+ to V4+, 

respectively.15-16, 26-36 The existence of three well-defined plateaus demonstrates that oxidation 

takes place via successive two-phase transitions between 3-4.5 V.8, 37-39  
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 8

The first cycle (A) shows significant hysteresis (~25 mAh g-1) and even larger apparent capacity 

loss (~40 mAh g-1).  The second cycle (B) at higher rate shows similar behavior, with modest 

capacity recovery on the charge cycle and somewhat smaller capacity loss on the discharge 

cycle.  As long as the potential is limited to 4.5 V, well defined plateaus are seen on both charge 

and discharge, demonstrating electrochemical reversibility.  However, when the electrode is 

cycled above 4.5 V (C and D) no plateaus are observed on discharge. The electrode appears to 

recover somewhat on sitting at 3 V, since 4 plateaus are again observed on charge cycle D.  The 

hysteresis seen in Figure 3, C and D has been attributed to disruption of vanadium charge 

ordering in the fully delithiated phase.8 Intriguingly we also see hysteresis in A and B, without 

forming the fully delithiated phase. For the discharge cycles in C and D, there are no plateaus; 

this is consistent with previous observations and has been interpreted as evidence for a 

disordered Li insertion process.8, 40 The shoulder at 3.3-3.4V in the first charge curve (A of 

Figure 3) suggests that there may be a modification of the local environment of the Li that occurs 

during the first extraction of Li from the structure. Note that this feature is absent from the 

subsequent charging curves.   
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 9

 

Figure 1. ITFA reconstructed components.  Red) Component 1 for A, B, (solid) and C, D 

(dashed); Blue) Component 2 for A, B (solid) and C, D (dashed); Green) Component 3 for C and 

D 

The XANES spectra for cycle A are shown in Figure S6.  There is a significant shift in the 

absorption edge to higher energy during charge and a shift back to lower energy during 

discharge, consistent with formation of V4+ and re-reduction to V3+. Similar results are seen for 

cycles B-D (Figure S6). The 1s-3d transitions for the spectra in Figure S6 are shown in Figure 

4a,b.  As with the edge energy, the 1s-3d transition shifts to higher energy on charge and lower 

energy on discharge.  There is little or no change in the intensity of the 1s-3d transition during 

cycles A and B.  This provides direct evidence that the vanadium remains in an approximately 

octahedral environment during electrochemical cycling to 4.5 V.  In sharp contrast, the 1s-3d 

intensity more than doubles when the potential is raised to 4.8 V, (Figure 4c,d) and this increase 

is not fully reversed during the reductive half of the cycle.  This increase in 1s-3d intensity is 

consistent with a distorted vanadium environment. The EXAFS data give a similar picture.  In all 
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 10

cases (see Figure S7) samples show the V-O nearest neighbor and V•••P and V•••O outer shell 

scattering expected from the crystal structure of Li3V2(PO4)3.  This confirms the absence of 

detectable vanadium impurities.  There is no significant change in this structure for cycles A-C, 

consistent with retention of the structure throughout charge and discharge.8-15 However, there are 

significant, reversible changes in the average V-O nearest neighbor distance during each cycle 

(see Table S2) consistent with oxidation and reduction of the vanadium ions.  For cycle D there 

is a noticeable splitting in the outer shell scattering, suggesting a change in the longer-range 

order.  

 

Figure 2. Charge-discharge profiles 0.1 C (A and C) and 0.2 C (B and D) (upper panel); the 

composition of the PCA components (lower panel) 1 (red dots), 2 (blue dots) 3 (green dots) 

  

Page 10 of 30

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 11

XAS is a bulk method, giving the average spectrum for a mixture that could, in principle, 

contain many different components.  To analyze the data, we first used principal component 

analysis (PCA)41 to determine the number of unique components that are required to account for 

the observed data.  For both cycles A and B, only two components are necessary to fit the data; 

for cycles C and D a third component is required (Figure S2).    

A well-known difficulty with PCA is that while it is useful for determining the number of 

components, determining the spectra for these components typically requires additional 

information.  We used Iterative Target Factor Analysis (ITFA)23 to estimate the true component 

spectra.  The spectra for cycles A and B were analyzed as a group; with the only hard constraint 

being that Component 1 was 100% at the start of charge cycle A.  In addition, Components 1 and 

2 were constrained to be between 0 and 100% at the start of the first discharge.  Spectra for 

cycles C and D were analyzed similarly, with the constraints for Component 1 defined by the 

edge energy (see below):  69% Component 1 at the start of C and 80% at the start of D.  

Component 3 was fixed at 0% at the start of the first charge, and stable refinements required the 

additional constraint that component 2 was > 10% at the beginning of the discharge for cycle C. 

The resulting component spectra are shown in Figure 1 and the calculated charge compositions 

in Figure 2.  The calculated spectra for Components 1 and 2 (Figure 1) are similar to authentic 

spectra for V3+ and V4+, consistent with the expected electrochemistry.  The near identity of the 

Component 1 and 2 spectra that are calculated using different data sets gives us demonstrates 

that this is a robust, stable solution, and gives us confidence using these components for further 

analysis. 

With the availability of quantitative composition analysis for each spectrum, we are in a 

unique position to characterize the oxidation-state evolution of the cathode.  For cycle A, the 
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 12

amount of component 1 is largely unchanged until ~50 mAh g-1, (see Figure 2) at which point it 

decreases until ~100 mAh g-1.  After this the conversion largely stops, with no significant 

additional change until the beginning of the discharge portion of cycle A.  Similar discontinuities 

are seen on discharge. Results for cycles B-D are very similar, albeit from a different starting 

composition and, for C and D, with the addition of Component 3.  For C and D, full oxidation to 

V4+ does not take place until the potential reaches ~4.5 V; above 4.5 V Component 3 is formed.  

The discontinuities are less pronounced for B and D, consistent with the higher current in these 

cycles.  

As an alternative approach, independent of PCA, the data were also fit using authentic V3+ and 

V4+ reference spectra (Figure S8).  These fits (Figure S3) are analogous to fits using the spectra 

from Figure 1, but allow an independent estimate of the average oxidation state.  The results 

confirm Figure 2: ~100% V3+ at the start of A, with oxidation to V3.75+ by 100 mAh g-1 but little 

further change over the 4.0 V plateau and full oxidation to V4+ only after the sample has 

equilibrated for ~ 1 h at 4.5 V.  The average vanadium oxidation states as determined from these 

fits are given in Table S3; these were used as constraints for the amount of the V3+ that was 

present at the start of each oxidative cycle during the ITFA analysis for cycles C and D.  
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Figure 3. Charge-discharge profiles for Li3V2(PO4)3 at 0.1 C (A and C), and 0.2 C (B and D).  A 

& B are from 3 – 4.5 V; C & D from 3 – 4.8 V.  Successive cycles are offset vertically for clarity 

as indicated on the y-scale. The dotted line are guide to the eye, shows the start of charge and the 

end of discharge for each cycle and the labels show the corresponding capacities.  
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Figure 4. a) and b) 1s-3d transitions for the data in Figure S6 for cycle A; c) and d) 1s-3d 

transitions for cycles C and D. (Figure S6)  Initial charge spectrum (3.0 V) is blue line; 4.8 V 

spectrum is black; final discharge spectrum (3.0 V) is pink line. 

In addition to these quantitative approaches to the data, we also explored two 

phenomenological comparisons.  The total change in edge energy (judged as the energy at 650 

cm2 g-1) is 1.74 eV (for charge), 1.26 eV (for discharge) in cycle A.  From this, we can calculate 

the fractional change in edge energy for each successive scan.  Similarly, we calculated the 

fractional change in bond-length during each charge and discharge cycle.  These model-

independent approaches (Figure S3) confirm the strikingly non-linear redox behavior illustrated 

in Figure 2. 

The availability of capacity-dependent average oxidation states (Figure 2) provides a unique 

opportunity to characterize the behavior of the electrode in detail.  We find (Table S4) excellent 

agreement between the observed capacity and the measured change in vanadium oxidation state.  

While it is possible that there are some side reactions during cycles A and B, perhaps as the 
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result of SEI formation, we find that most of the capacity loss that is seen in Figure 3 can be 

explained by incomplete vanadium reduction. 

Discussion 

Our analysis procedure has allowed us to define the evolution of vanadium oxidation state as a 

function of the state of charge.  Perhaps the most surprising observation to come from this work 

is the finding that well-defined electrochemical transitions are not well correlated with bulk 

vanadium oxidation state for these samples.  The plateaus at 3.6 and 3.7 V, attributed to V3+ � 

V3.25+ and V3.25+  � V3.5+, respectively, are seen to correspond to only a small change in the 

average vanadium oxidation state. By the start of the 4 V plateau, attributed to V3.5+ � V4+, 

about 20-30% of the vanadium has been oxidized, as determined either from PCA/ITFA or from 

fits with authentic V3+ and V4+.  This is less oxidized than would be expected for the nominal 

V3.5+ structure, but this changes rapidly during the first part of the 4 V plateau, where the average 

oxidation state increases rapidly to the point that ~70% of the V3+ has been oxidized to V4+, after 

which the oxidation state stabilizes with little further oxidation during the rest of the 4 V plateau.   

The electrochemical measurements demonstrate that our samples are electrochemically 

homogeneous; if there were spatial heterogeneities such as those seen during oxidation of 

LiFePO4
40 we would expect to see broader, less well defined steps and plateaus in Figure 3. We 

attribute our observations to slow mass transport of Li in the individual Li3V2(PO4)3 particles, 

perhaps through a mechanism similar to that described recently for NiO42.  Our data thus reflect 

the fact that the electrochemical measurements reflect only the state of the vanadium ions on the 

surface of the Li3V2(PO4)3 particles, while XAS is sensitive to all of the vanadium in the sample.  

An analogous surface-bulk heterogeneity was seen recently in LiFePO4,
43 using x-ray 

microprobe imaging. It is intriguing that there appears to be a change in redox rate at ~3.6 V on 
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both the oxidative and the reductive cycles.  It may be that the LiV2(PO4)3 surface structure, 

which begins forming at approximately 3.6 V,  is more conducive to Li transport from the bulk, 

and formation of this structure allows the bulk composition to “catch up” to the surface.44  

Further evidence of a difference between surface and bulk composition is found in the fact that 

both the potential and the average vanadium oxidation state continue to change during the ~ 1 

hour that elapsed between the end of a charge and the beginning of a discharge cycle, and 

between the end of the discharge and the beginning of the next charge, despite the absence of 

current flow (see Figures 3 and 2).  The potential drops by 0.4-0.6 V on sitting after a charge 

cycle and increases by ~0.6 V on sitting after a discharge cycle.  Similarly, the vanadium is not 

fully oxidized by the end of the oxidative half of the cycle and it is only after the cathode has 

been allowed to equilibrate without current flow for ~ 1 hr that we see full formation of V4+.  The 

same thing happens at low potential.  The average vanadium oxidation state (see Table S3) is 3.6 

at the end of the first discharge but 3.3 at the start of the second charge.  Time-dependent 

XANES spectra measured during this equilibration period (Figure S4) capture this recovery in 

vanadium oxidation state directly; this can be modeled as an exponential relaxation with a time 

constant of 0.02-0.08 min–1.  Recovery at this rate may account for the lack of a lag phase in an 

earlier in situ study at 50% slower rate of charge.26 

These observations suggest that, at least for our samples, charge can be stored on a non-

vanadium site, perhaps via a capacitive mechanism45-46 during the slow oxidation/reduction 

phases (e.g. 0-60 mAh g-1) and delivered to vanadium during the more rapid phases (e.g., 50-100 

mAh g-1).  An interesting corollary of these results is that they suggest an alternative explanation 

for the observed hysteresis.  Earlier work, using chemically-prepared LixV2(PO4)3 (x=0,1,2,3) 

attributed the hysteresis to the presence of oxidation state ordering.8 Our data suggests a simpler 
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explanation. The hysteresis in our measurements may be the result of equilibration of the bulk 

material with the surface, such that the electrochemically active surface sites are different at the 

start of the reductive cycle than they were at the end of the oxidative cycle.  

This behavior can be summarized in a Faraday’s law plot.  The theoretical capacity is 131 

mAh g-1 for each unit change in average oxidation state.  The actual average vanadium oxidation 

state can be calculated from the fitted composition (Figure 2), assigning Component 1 as V3+, 

Component 2 as V4+, and Component 3 as V5+.  The expected and observed electrochemical 

behavior are compared in Figure 5, showing clearly that there are significant deviations from 

Faraday’s law due to the lag for surface to bulk equilibration.  For charging up to approximately 

100 mAh g-1 there is less oxidation than expected, followed by faster than expected oxidation.   

 

Figure 5. Comparison of the Faraday’s law prediction of the average valence with the observed 

average valence for each of the 4 cycles.  Solid lines are the predicted average valence, using the 

theoretical capacity as mentioned in text.  Circles are the calculated average valence from the 
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XAS data.  (a), (b) 3-4.5 V at 0.1C and 0.2C rates; (c), (d) 3-4.8V at 0.1C and 0.2C rates. Red 

lines and points represent charging; blue represent discharge 

 

Finally, in addition to the kinetic lag, we have discovered that when the potential is raised 

above 4.5 V there is a significant change in the vanadium environment.  The weak 1s-3d 

transition that is observed for spectra in cycles A and B is consistent with the distorted VO6 

octahedra found in monoclinic LVP.9 The dramatic increase in 1s-3d intensity when the potential 

exceeds 4.5 V provides unambiguous evidence of a significant perturbation in vanadium 

structure.  This phenomenon is qualitatively similar to that seen, but not interpreted in earlier 

studies.40, 47 Our ability to isolate spectra for Component 3 (i.e., Figure 1) provides clear 

evidence for formation of a new structure above 4.5 V. One explanation for the increase would 

be formation of a strongly covalent vanadyl-like species;48-49 however, formation of such a 

species seems unlikely since it would require decomposition of the phosphate backbone.  

Alternatively, a change in vanadium geometry could account for the change in 1s-3d intensity, 

since tetrahedral metal sites have significantly more intense 1s-3d transitions due to the 

possibility of d+p orbital mixing in non-centrosymmetric environments.  This could happen 

through anti-site mixing, with a portion, perhaps 10-20% (see Table S1), of the vanadium 

migrating to one of the now-empty Li sites.  These9 are tetrahedral, Li(1); and five-coordinate, 

Li(2) and Li(3), and would thus be expected to give greatly enhanced 1s-3d intensities.  Further 

evidence of migration is seen in the EXAFS, where for cycles C and D there is a noticeable 

splitting in the outer shell scattering at high potential (Figure S7); this might arise if there were a 

mixture of larger Oh and smaller Td vanadium sites. Anti-site mixing has not been proposed 
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previously8, perhaps due to the lower sensitivity of diffraction measurements to small amounts 

mixing.  

The observation that this putative migration only occurs above 4.5 V is consistent with the 

finding that only above 4.5 V is the smaller V5+ cation formed.  It appears that, at least under our 

conditions, this migration is partially reversible, after we allow time for the electrode to 

equilibrate (peak areas are given in Table S1).  At the end of cycle D, the 1s-3d amplitude 

remains enhanced, consistent with some vanadium remaining in a tetrahedral site, although this 

may reflect the fact that the electrode was not allowed to equilibrate at the end of D. Occupation 

of some of the Li sites by vanadium would provide an atomic-level explanation for the capacity 

loss that is found when LVP electrodes are cycled above 4.5 V.  A key practical question for 

future studies will be whether this putative migration can be prevented, which would allow 

utilization of LVP over a wider potential range, or if not prevented, than at least repaired.  The 

observation that the 1s-3d amplitude can be reduced by ~1 hour at 3 V suggests that electron 

injection may eliminate anti-site mixing, as seen previously in LiFePO4.
23 

Conclusions 

From in situ continuous XAS measurements, we have demonstrated that vanadium oxidation in 

Li3V2(PO4)3 as detected electrochemically is uncoupled from bulk oxidation state.  We interpret 

this as reflecting a significant kinetic lag between the surface electrochemistry and the bulk 

vanadium composition.  We find that only ~20-30% of the vanadium has been oxidized at the 

start of the nominal V3.5+↔V4+ transition, in contrast with the 50% that would be expected from 

the electrochemistry.  The presence of this lag has implications both for the interpretation of 

electrochemical measurements and for the optimization of electrode performance.  Secondly, we 

show for the first time that the capacity loss that occurs when Li3V2(PO4)3 electrodes are raised 
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above ~4.5 volts results from formation of a novel, distorted vanadium site, consistent with 

tetrahedral vanadium.  We interpret this as resulting from Li-V anti-site mixing.  This has 

important implications for understanding the stability of this class of electrode materials. 

  

Supporting Information. Detail of sample characterization, XANES spectra for cycles B-D, 

PCA analysis, EXAFS spectra, and fitting details.  
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Figure 1.  ITFA reconstructed components.  Red) Component 1 for A, B, (solid) and C, D (dashed); Blue) 

Component 2 for A, B (solid) and C, D (dashed); Green) Component 3 for C and D  
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Figure 2.  Charge-discharge profiles 0.1 C (A and C) and 0.2 C (B and D) (upper panel); the composition of 
the PCA components (lower panel) 1 (red dots), 2 (blue dots) 3 (green dots)  
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Figure 3.  Charge-discharge profiles for Li3V2(PO4)3 at 0.1 C (A and C), and 0.2 C (B and D).  A & B are 
from 3 – 4.5 V; C & D from 3 – 4.8 V.  Successive cycles are offset vertically for clarity as indicated on the 
y-scale. The dotted line are guide to the eye, shows the start of charge and the end of discharge for each 

cycle and the labels show the corresponding capacities.  
215x279mm (300 x 300 DPI)  
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Figure 4.  a) and b) 1s-3d transitions for the data in Figure S3 for cycle A; c) and d) 1s-3d transitions for 
cycles C and D. (Figure S3)  Initial charge spectrum (3.0 V) is blue line; 4.8 V spectrum is black; final 

discharge spectrum (3.0 V) is pink line.  
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Figure 5.  Comparison of the Faraday’s law prediction of the average valence with the observed average 
valence for each of the 4 cycles.  Solid lines are the predicted average valence, using the theoretical 

capacity as mentioned in text.  Circles are the calculated average valence from the XAS data.  (a), (b) 3-4.5 
V at 0.1C and 0.2C rates; (c), (d) 3-4.8V at 0.1C and 0.2C rates. Red lines and points represent charging; 

blue represent discharge  
279x215mm (300 x 300 DPI)  
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