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Rechargeable lithium-ion cells are considered to be the most
advanced energy storage systems. Commercial cells utilize cobalt-
based oxides as the positive electrode,1 but its high cost and toxicity
prohibit use in large-scale applications. In an intensive search for
alternative materials, phosphates such as LiFePO4 have emerged
as among the most promising.2-6 In addition to possessing high
redox potentials and good Li+ transport, phosphates exhibit
remarkable electrochemical and thermal stability.7,8 Monoclinic
Li 3V2(PO4)3 displays the highest capacity, where full reversible
extraction has been achieved at fast rates.9,10 Yet electron/Li+

location and transport within this lattice, as well as structural
transitions related to lithium content, are poorly understood so far.
The understanding of such phenomena is critical to the search for
new materials as well as improvements in the current ones and
forms the subject of this work. Li3V2(PO4)3 contains both mobile
Li cations and redox-active metal sites housed within a rigid
phosphate framework. The thermodynamically more stable mono-
clinic (M) form,10,11 unlike the rhombohedral phase,12 exhibits a
complex series of two-phase transitions on Li extraction, followed
by a solid solution regime on lithium reinsertion. Here, using a
combination of neutron diffraction13 and7Li solid-state NMR,14 we
reveal that vanadium charge ordering and lithium site ordering drive
the phase transitions. Most important, for the first time, we show
that electron transport is pinned even on short time scales.

The electrochemical voltage-composition curve obtained by a
current-pulse technique for lithium extraction/reinsertion in M-Li3V2-
(PO4)3 is shown in Figure 1. The plateaus in the oxidation curve
correspond to the transitions between the single phases LixV2-
(PO4)3: x ) 2.5, 2.0, 1.0, and 0. The existence of these compositions
has also been predicted by first principle calculations.15 Although
solid solution behavior is exhibited on reduction at both fast and
quasi-equilibrium rates, the oxidation process is reversible on the
second cycle even during fast-rate cycling.10 To understand the
nature of the transitions, thex ) 2.0, 1.0, and 0.0 compositions
were prepared by stoichiometric chemical oxidation of Li3V2(PO4)3

with 1 M NO2BF4 in acetonitrile, to provide large quantities of
materials free of binder and electrolyte. The PND patterns forx )
2.0 and 1.0 were fit using least-squares (Rietveld) methods.16 Both
refinements converged with excellent statistics and small residuals,
as summarized in Table 1. The resultant structures are depicted in
Figure 2, along with an expanded view of the lithium coordination
environments.

The unit cell of the starting phase Li3V2(PO4)3 (Figure 2a-i)10

contains two VO6 octahedra that are distinct, but almost the same
within the limits of crystallographic statistics (average V-O
distances V(1) 2.003 and V(2) 2.006 Å), and three Li ions. The
latter reside in one tetrahedral site (Li1) and two pseudotetrahedral

sites (Li2 and Li3), which possess an additional long Li-O bond
(Figure 2a-iii). These sites are readily resolved in the7Li NMR
spectrum at 103, 52, and 17 ppm (Figure 2a-ii). The shift of the
three7Li NMR lines to high frequency arises from the well-known
Fermi contact shift.17 Transfer of electron density from the V3+

t2g-like orbitals to the Li 2s orbital gives rise to a positive shift, as
shown for other materials.18,19 By comparison, the rhombohedral
phase of Li3V2(PO4)3) with a unique Li site displays a single line
at an intermediate value of 85 ppm.14 The magnitude of the Fermi
contact shift is dependent not only on the number of d-electrons
(all d2 here) but also on Li-O-M bond lengths and bond angles.20

The structure of the phase obtained after extracting one Li, Li2V2-
(PO4)3, is shown in Figure 2b-i. The lattice maintainsP21/n
symmetry and a very similar framework. We see that Li3, the highest
energy site based on bond-sum calculations,21 is extracted, while
Li 2 shifts to a tetrahedral site very similar to that of Li1 (Figure
2b-iii), with the same geometry and average Li-O bond length.22

Most important, clear evidence for V3+/V4+ ordering is demon-
strated by both the structural and the NMR data. The average V(1)
bond length is contracted by 0.1 Å to 1.908 Å, whereas V(2)-O
(1.989 Å) remains almost the same as that in the original V3+

structure. This gives rise to charge ordering of the Vn+ to form
“columns” of V3+ or V4+ along thea-axis andb-axis. The charge
ordering is also unequivocally demonstrated by NMR. Despite the
almost identical geometry of the two sites,two isotropic lines are
observed at 77 and 143 ppm. Their shift difference is due to the
one electron difference in orbital transfer between Li1-O-V(1)d1

and Li2-O-V(2)d2, that is, the magnitude of the hyperfine
interaction between the two sites. The contribution of the t2g
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Figure 1. Galvanostatic intermittent titration plot for Li extraction from
Li3V2(PO4)3 showing the single phase compositions LixV2(PO4)3 (x ) 3.0
f 0.0), followed by Li insertion. Regions characterized by a short relaxation
spike indicate fast equilibration. The current was curtailed at each step
corresponding to an equivalent rate ofC/500.

Table 1. Rietveld Refinements for LixV2(PO4)3 in P21/n

a (Å) b (Å) c (Å) â (deg) ø2 Rwp

x ) 2 8.4567 8.6208 11.8958 90.236 4.80 4.83%
x ) 1 8.3006 8.5176 11.6526 89.605 2.93 3.86%
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electron(s) can thus be estimated at about 65-77 ppm, in good
accord with the value determined from studies of LiMPO4 of 70
ppm.19 That the effects here are because of the hyperfine interaction
is confirmed by temperature-dependent NMR measurements.

These results show the two-phase transition at 3.65 V; electrons
are extracted from the V(1) sites. They remain pinned on the V(2)
sites on both NMR (long) and diffraction (short) time scales.
Subsequent Li/electron extraction gives Li1.0V2(PO4)3, whose
structure is shown in Figure 2c-i. Li1 is preferentially extracted due
to the repulsion energy of the Li1

+-V(1)4+ pair in Li2V2(PO4)3,
which destabilizes this site. The monoclinic symmetry of the lattice
is preserved, although a significant twist in the structure results in
a five-coordinate Li2 environment (Figure 2c-iii). The structure
refinement again confirms redox chemistry, as V(2)-O distances
decrease to a value (1.907 Å) similar to that in V(1)-O (1.908 Å),
in agreement with the unique V4+ oxidation state. In accord, the
7Li NMR spectrum shows a single site displaying a resonance at
138 ppm (Figure 2c-ii). DFT calculations are underway to quantify
the exact origins of the changes in the NMR shifts.

Extraction of the third Li ion/electron (upper plateau at 4.55 V)
to form V2(PO4)3 results in a mixed V4+/V5+ state which our studies
indicate doesnotdisplay valence ordering. The monoclinic structure
(based on both XRD10 and PND) is similar to the others described
here and will be reported in a subsequent paper along with the
other single and solid solution phases.

Although evidence for electron ordering has been previously
sought in several electrochemically active phosphates,23 this is the
first time it has been observed. The existence of ordered valence
states in Li2V2(PO4)3 demonstrates the electrons are pinned even
on a long time scale; by extension, this may also apply to the other
single phase compositions. Each plateau in the V versusx curve

corresponds to a two-phase transition involving the reorganization
of electrons and Li ions within the lattice. The energies of structures
spanning the phase transition are governed by the site potential of
the Li+ ion and their interaction with the Vn+ ions in the lattice.
The question remains as to whether the Li-site ordering drives the
electron ordering or the converse. Most likely, as our results suggest,
the two are inextricably coupled, resulting in paired electron/ion
transport. These findings explain the complex steps displayed in
the voltage-composition curve of Li3-xV2(PO4)3, but they are
directly relevant to other materials. Our results also bear on the
principle of using valence substitution to drive the formation of
solid solution regimes, important to the practical implementation
of these phosphates as electrode materials. Even more intriguing
are phase transitions that span lithium compositions with similar
structures, as in LiFePO4.
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Figure 2. Description of all phases where i- structure, ii- NMR, and iii
- coordination environment of Li: (a)x ) 3.0; (b)x ) 2.0; (c)x ) 1.0.
Average bond lengths in Li2V2(PO4)3: Li 1-O, 1.972 Å; Li2-O, 1.973 Å;
in LiV 2(PO4)3: Li 2-O, 1.98 Å with one additional bond to O4 at 2.45 Å.
Isotropic peaks are marked in the spectra; the remainder are spinning
sidebands.
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