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Abstract

Lithium insertion in a;-VOPO, and oq;-VOPQ,, either by chemical or electrochemical route, leads to the same new compound: o;-
LiVOPO, (space group P4/nmm). The structure, resolved by neutron and synchrotron diffraction, is made up of planes of corner-
connected PO4 and VOs polyhedra, whereas lithium atoms are located between the layers. The reversal of the short vanadyl bond
that corresponds to the insertion-induced oq—a; transition finds an explanation in terms of lattice energy. It favors the migration of
lithium ions in the (00 1) interlayer planes, a key parameter for the electrochemical performance as electrode material in Li-ion

batteries.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The present work is part of a research program
dealing with new cathode materials for lithium inter-
calation. So far, numerous investigations in this field
have been dedicated to simple oxides, but recent works
have shown up that the VOXO,4 compounds (X=P, S)
also showed attractive performance, with operating
potential near 4V, specific capacity exceeding
100mAhg™' and good cyclability [1,2]. Beside the
electrochemical experiments that aim to improve these
materials, we have undertaken a structural study on the
lithiated forms of VOPO, in order to clear up the
intercalation mechanisms.

Depending on the synthesis conditions, VOPO,
crystallizes under numerous forms, but all those known
to this date are made up of VOg octahedra sharing
vertices with independent PO, tetrahedra. The oxygen
polyhedron of vanadium is so irregular that it is often
considered as a VOs square pyramid with a very short
apical vanadyl bond (dy—o= 1.58 A in the oy form)
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and a much more remote sixth oxygen atom
(dv..0=2.85A). The VOPO, forms mainly differ by
the orientation of the vanadyl bond, however, they all
generate infinite O=—V.--O=V... chains. The here-
tonow known structural forms are (Fig. 1):

® 4;-VOPO, obtained by dehydration of ao-VO-
PO, -2H,0 at 250°C has not yet been fully char-
acterized, but it is assumed to be isotypic with o-
VOSOy [3], that is, lamellar, with alternating anti-
parallel V=0 bonds pointing inside the layers, the
interplanar cohesion being due to the V---O bonds;

® o;-VOPO, forms after 1 h at 695°C; the V—0 bonds
are also antiparallel, but contrary to those of oy-
VOPO,, they point outside the layers and partly
clutter up the interplanar space [4];

® »-VOPO, forms after 3 days at the same temperature
as oqp; it is supposed to be an intermediate form
between those of o and oy, with all V=0 bonds
parallel and pointing half inside, half outside the
layers [5];

® §-VOPO, obtained by dehydration of VOHPO,-
1/2H,0 followed by 1 week heat treatment at 450°C,
is supposed to have a slightly more complex
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Fig. 1. Schematic view of the different forms of VOPO,. Square
pyramids are VOs (disordered “double pyramids” for the w-form) and
tetrahedra are PO,.

structure, with antiparallel V=0 bonds pointing half

inside, half outside the layers [6];

® »-VOPO, obtained by slow heating of VOHPO,-
nH,O (=2, 4) in air, shows disordered vanadyl
chains in the [100] and [010] directions of the
tetragonal cell [7];

® in f-VOPOQ,, the only form observed above and after
cooling from 700°C, the V=0 bonds are tilted so as
to form zig-zag O=—V-.-O=V--. chains [§], con-
trary to all the other VOPO, forms, successive layers
are connected via PO, tetrahedra;

® :-VOPQ,, obtained under hydrothermal conditions,
is supposed to be related to the f-form [9].

It should be noted that except for the f form, the
slight differences between the synthesis conditions often
lead to mixtures, notably for «;-, y-, and 5-VOPO,. For
that reason, as well as the low crystallinity of most of
these phases, the structural characterization of VOPO,
is still uncompleted. Moreover, the knowledge of its
lithiated forms appears even more deficient, with only
two forms that are known: monoclinic obtained from
the melt by Lavrov et al. [10] and orthorhombic
prepared hydrothermally by Lii et al. [I11], both
belonging to the f-type. Furthermore, no electrochemi-
cally lithiated form of VOPOy, has ever been structurally
characterized.

We recently observed that oxidation and dehydration
of VOHPO,-1/2H,0 (680°C, 12h, under O, flow)
yielded to micron-sized oy-VOPO,4 with thin superficial

impurities of the y form [2]. This so-called “‘o;-VOPOy-
p” material shows a lower tendency to aggregate than
the pure phase and therefore, a better specific capacity
for lithium intercalation (80 vs. 12°mAhg~' upon 40
cycles at a C/5 regime). The potential hysteresis on the
voltamograms showed that the lithium electrochemical
insertion in this compound was indeed a two-phase
phenomenon [2]. These previous results, as well as the
interesting performance of o;;-VOPOQO, as a host material
for lithium ions, led us to carry out a structural study of
the fully lithiated form.

2. Experimental procedures
2.1. Samples preparations

ar-VOPO, that was used as the starting material for
lithiation, has been synthesized as previously described
[3]. o-VOPO,4 has been obtained by dehydration of
VOPO,4-2H,O (1h, 695°C, under air) (2), but the
sample contains 24% [-VOPO, (inferred from Rietveld
refinement). Indeed, it is very difficult to obtain a lower
B-VOPO, content because of the extreme closeness of
the synthesis temperatures.

For electrochemical insertion, the products were
mixed with acetylene black carbon and PVDF as the
binder (75, 20, and 5wt%, respectively). The slurries
were casted from a suspension of this mixture in
cyclopentanone on aluminum disks and dried under
vacuum. Swagelock™-type cells were used for electro-
chemical experiments with lithium metal as the negative
and reference electrode and 1M LiClO,4 solution in
ethylene carbonate/dimethylene carbonate as the elec-
trolyte. The electrochemical reduction was performed in
galvanostatic mode by McPile system [12] from 4.0 to
3.0V at a C/50 regime until nearly one electron per
formula unit was inserted. Along with minor impurities
due to the additives, the powder pattern showed the
presence of orthorhombic p-LiVOPO, [11] and the
supposingly fully intercalated forms of oj- and oy-
VOPO,.

Regarding the chemical lithiation, the sample was
mixed with a five-fold excess of Lil in acetonitrile, sealed
under argon and stirred up for 2 weeks at room
temperature, then filtered, washed with acetonitrile
and dried under vacuum. Element analysis for the
inserted a;-VOPO,4 sample gives a Li/V=0.96(2) molar
ratio, that accounts for a nearly complete reaction. In
the following, we will consider that the sample obeys to
the LiVOPO, formula.

2.2. Diffraction and structure determination

A preliminary XRD study of the four so-obtained
samples showed very strong similarities between them.
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They are all tetragonal, with close cell parameters:
a=628+0.01 A and ¢ =4.444+0.003 A. Further dif-
fraction experiments were undertaken in order to
demonstrate this analogy, the first one on an electro-
chemically lithiated o;-VOPO,4 sample (EC), the second
one on a chemically lithiated o;-VOPQO4 sample (C).

The internal volume of the electrochemical cell allows
to prepare only small amounts of the EC-lithiated
material. Therefore, the most convenient way to study
its crystal structure was to use the synchrotron radia-
tion. A glass capillary was filled under dried argon with
the inserted material, then sealed. The powder data were
collected at ESRF (Grenoble, France), then combined
into 0.005° bins for structural analysis. The C-lithiated
material can be easily prepared in sufficient large
amounts to fill up a 3cm?® vanadium container for
neutron diffraction, carried out at the Institut Laiie-
Langevin (Grenoble, France). Operating conditions are
reported in Table 1.

The Rietveld refinements (Fig. 2) for both samples
were performed with Fullprof 2k [13], using the cell
parameters and atomic positions of o;-VOPO, [4] as
starting data set. -LiVOPO, [11] was taken into
account in the treatment of the pattern of the EC
sample. The cell volume difference (Vgc—Ve =
0.75(3)A3) is faint and may result from slight differ-
ences in the lithiation rates. It is clearly lower than
between initial o;-VOPO, and EC-¢1-LiVOPO, (8 A3).

Table 1
Data collection, refinement conditions and crystallographic data

Because the cell parameters ratio a/c = 1.415 is very
close to \/ 2, the diffraction peaks with equal
(h* + k> +2 x I*) have the same dj;;, like 111 and
200; 002 and 220; 112,221 and 310 and so on. A
considerable deal of information is lost because of peak
overlaps, therefore, we preferred to wuse isotropic
temperature factors for all atoms in order to reduce
the number of intensity-dependent variables. The
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Fig. 2. Synchrotron Rietveld plot: observed (dots), calculated (solid)
and angular positions of possible Bragg reflections for o;-LiVOPO,
(upper bars) and p-LiVOPO, (lower bars), lower plot: (I.—1,)
difference curve.

EC-04-LiVOPO4

C-a;-LiVOPOy4

Data collection

Powder holder

Temperature

Apparatus

Radiation, 4, monochromator
Scan limits, step

Observed reflections

Refinement conditions
I-dependent parameters
Profile parameters
Conventional reliability factors®

Crystallographic data
System, space group
Cell parameters, volume

Formula weight, Z, calc. density

Glass capillary

293K

ESRF-BM16 beamline
synchrotron, 0.68891 A, Ge 11y
4.00<260<53.50°, 0.005°

147

9 (x, z and B;, fixed for Li)
10

Rp = 0.046
Rwp = 0.049
Rerage = 0.034
Rexp = 0.047
Re = 0.032

2 =107

Tetragonal, PA[nmm (n- 129)
a=6.2910(1) A

c=4.4452(1)A
v =17592(1) A’

167.81gmol ™!, 2, 3.17gem ™3

Vanadium container

293K

ILL-D2B beamline

neutron, 1.5938 A, Ge (111)
14.00 <20 <159.50°, 0.05°
123

11 (B;, fixed for V)

10

Rp =0.018
Ryp = 0.023
Rprage = 0.031
Rexp = 0.013
Rp = 0.022

7% =3.09
a=62797(2) A
¢ =4.4423(4) A

v =175.18(2) A

“Re = 2|y}, — yil/Zy}, Rwe (id., weighted): Ronge = Z|I; — IL1/Z15; Rexp(n — p)/Zwivy)'*; Re = Z((10)"? — (1) PI/2(19)"; 7 = (Rwe/Rexp)*.
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localization of the lithium cations led us to consider
various structural schemes that will be discussed below.
The conditions for the final refinements are reported in
Table 1.

3. Results and discussion

In o;-VOPOy4 (space group P4/nmm) [4], the O(2)
atom splits into two symmetrical positions at x =
0.196(1) and 0.304(1), on both sides of a m mirror at
x = 1/4, resulting in a slight folding of the oxygen
network and a shrinkage in the (a,b) plane. In the
lithiated form, attempts have been made to refine the
O(2) atom on the same way, but the obtained
position (x = 0.251(2) for EC form; x = 0.250(4) for
the C one) was so close to the mirror plane that it
has been eventually considered as located at x =1/4
(Fig. 3). This difference between o -VOPO, and its
intercalated form may simply result from an ‘“‘infla-
ting” steric effect of the lithium cations that gives the
oxygen network its maximum volume (+5%) and
prevents the possible oscillations between the symme-
trical forms.

The most outstanding structural modification caused
by the intercalation is the atomic displacement following
c¢: synchrotron diffraction shows that the V atom shifts
from z = 0.2139(5) [4] to 0.4186(4) (+0.90 A, taking the
barycenter of the layer (n-plane at z = 1/2) as reference)
while the apical O(1) atom shifts inversely from z =
0.858(2) to 0.775(1) (—0.37A). A similar position is
observed for O(1) by neutron diffraction in the C
sample, but the very faint Fermi length of the vanadium
atom does not allow to locate it as accurately as by
synchrotron diffraction. The result of these shifts after
lithium insertion in o;-VOPO, is a reversal of the
V=0(1) vanadyl bond that turns from outside toward
inside the layer (Fig. 4), leading to an a;-like oxygen
framework, that is, a perfect 2D structure. So, the
electrochemical and chemical reactions can be summar-

ized as follows:

(EC) oy-VYOPO, + Li— o-LiV!YOPOy,
(C) 2-VYOPO, + Li—oy-LiVIYOPO,.

Compared to that of o-VVOPO,, the sum of the
V=0(1) and V---O(1) bond lengths (parameter ¢) does
not increase significantly with insertion (+0.2%), but
the four “equatorial” V-O(2) bonds stretch by nearly
0.1 A as a result of the reduction of the V¥ cation to V'.
Due to its low weight, the lithium atom cannot be
observed precisely by X-ray diffraction in the neighbor-
hood of heavier atoms like vanadium. Therefore, we will
mostly relied on neutron diffraction for its localization. An
examination of the o« framework reveals two vacant Cy,
octahedral sites in which the lithium may insert, one inside
the polyhedra layer (/, 4e site), the other one in the inter-
layers space (i, 4d site). Firstly, we made various refine-
ment attempts on the neutron pattern in order to
determine the occupancy rate (t) of each site, with lithium
atoms supposed to lie at the centers of the octahedra. These
results are consistent with a nearly complete insertion:

® with bound occupancy rates (7; +1; = 1, that is, 1
lithium per formula): 7; = 0.00(2), ; = 1.00(2);
® with free occupancy rates: 7; = 0.03(3), 7; = 1.05(3).

Fig. 3. [00 1] projection of a;;-VOPO, (left) and its lithiated form (right).
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This clear preference is not surprising considering that
the interlayers site is 2.42 A distant from the two apical
O(1) atoms and 2.06A from the four 0(2), vs.,
respectively, 2.55 and 1.85A for the site inside the
layers. Therefore, the former appears more hospitable
for a lithium cation (r(Li")=0.76 A) [14] in a six-fold
coordination) than the latter. Furthermore, the tilt of
the O(1)-O(1) axis with the “equatorial” rectangle
formed by the O(2) atoms is more favorable (closer to
90°) in the i-octahedron than in the /-one: 82° vs. 71°.
So, in the following, we will consider the interlayers
octahedron as the only one suitable for lithium. The
environment of the octahedron center is still irregular
however, and suggests that the lithium cation would
rather occupy an off-centered 8 position on the m-
mirror plane. Refinements without constraints led to
split the lithium site into two symmetrical positions
0.53A apart with five-fold coordination, closer to the
O(1) vertices. The Rp;qg, factor is not significantly better
than for the previous model (0.031 instead 0.032), but
the bond lengths are more regular and more realistic.
The lithium cation was blocked on this position for the
final refinement of the synchrotron pattern.

So, one may consider that after complete intercala-
tion, the lithium cations occupy half of the interlayers
octahedra, that is, 25% of the &/ sites. Insofar as a
careful observation of the background of the powder
patterns does not reveal any superstructure peak, we
assume that these cations insert randomly in the
octahedra. A comparison between the synchrotron
patterns of initial o;;-VOPO, and its electrochemically
lithiated form allowed to observe an isotropic broad-
ening of the peaks, regardless of their Miller indexes.
Insofar as the size and shape of the grains is not
supposed to change during the insertion process, this
broadening probably results from an inhomogencous
distribution of the lithium cations. Final atomic posi-
tions are given in Table 2 and cations—anions distances
in Table 3.

Even under soft chemistry conditions, the lithium
insertion can cause reversible structural transitions in

polyanions frameworks. In V,(SOy)s, for example, two
VOg octahedra corner-connected by three SO, tetrahe-
dra become directly edge-connected after lithiation,
releasing tetrahedra corners that bond to the lithium
[17]. Beside the valence change of the transition element,
this results also from the polarizing power of the small
lithium cation. In the case of o -VOPO,, the transition
is only displacive insofar as the reduced vanadium
cation simply moves through the square base of its
pyramid. This observation is fully consistent with the
previous electrochemical study [2], that accounted for a
reversible two-phase phenomenon. Furthermore, the
simple fact that the four synthesis routes explored lead
to the same oj-type structure, rather than a og-one,
account for a higher stability of the former when lithium
is inserted. A comparison of the Coulombic interactions
in the so-formed ¢;-LiVOPO, and an hypothetical oy;-
LiVOPO, form could explain this structural preference.
For this purpose, a model for oy-LiVOPO,4 was built,
with the same cell parameters and all V-O and P-O

Table 3

Selected interatomic distances (;\) and cumulated bond strengths (v.u.,
italics) [16] in LiOg, VOg and PO, polyhedra for EC-a;-LiVOPO,4 and
C-0;-LiVOPO,

EC-01-LiVOPO,/ C-0-LiVOPO,/

synchrotron neutron
Li—O(1) 2.18 2.16(2)
Li—O(1) 2.70 2.68(2)
Li-O(2) 2 x) 2.10 2.08(2)
Li-O(2) (2 x) 2.11 2.08(2)
0.9 0.9
V-0O(1) 1.583(5) 1.63(6)
V-0(1) 2.862(5) 2.81(6)
V-0(2) (4 x) 1.950(2) 1.97(2)
4.3 4.0
P-O(4) (x 4) 1.543(2) 1.554(1)
4.8 4.6

Table 2
Fractional atomic coordinates (cell origin on inversion center) [15] and thermal parameters (Az) for EC-0;-LiVOPO, and C-2;-LiVOPOQ, (italics)
Atom X y z Biso Site Occupancy
Li —0.024* 1/2—x 0.034° 0.9* 8j 1/4
—0.024(2) 0.034(6) 0.9(3)

A% 1/4 i 0.4181(4) 1.33(5) 2¢ 1

0.42(1) 1 (fixed)
P 1/4 3 1/2 0.82(6) 2b 1

0.78(4)

o(1) 1/4 i 0.774(1) 0.5(1) 2¢ 1

0.7835(8) 1.70 (6)
0(2) 1/4 0.9512(4) 0.3014(4) 0.68(6) 8i 1

0.9491 (2) 0.2923 (3) 1.26 (2)

#Fixed as determined by neutron.
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distances equal to those of o;-LiVOPOy (z(V)=0.1814;
z(O(1))=0.8247; all other atomic coordinates un-
changed). Contrarily with o;-LiVOPOy, the octahedral
cavities located inside the layers formed by the PO4 and
VOs polyhedra appear as the only ones suitable for
hosting lithium ions in a oy-type structure. Actually,
those between the layers are clearly inhospitable,
as shown by the distances to the centers of the
octahedra (C):

® J(C-O(1))=2.09A (2 x)and d(C-O(2))=2.34A (4 x)
(inside layers),

® J(C-O(1)=182A (2 x)and d(C-O(2))=2.67A (4 x)
(between layers).

To allow a direct comparison, it will be convenient in the
following to set the Li atoms of both models at the
center of their oxygen polyhedra. The Li—O(1) mean
distance in the o;-LiVOPO,4 model is slightly shorter
(2.34 A) than in o -LiVOPO4 (2.52 A) but the Li-O(2)
distance remains unchanged.

As shown in Fig. 5, significant differences between the
two models appear among the second neighbors of the
lithium cations, because the LiOg octahedron shares
faces with two VOs pyramids in the layers of the oy-
model and Li* gets closer to the vanadium cations
(twice 242A instead of twice 2.90 and 3.41 A).
Calculation of the corresponding lattice energies was
performed to support this observation, using Ewald’s
method [18] formulated by Tosi [19]. Consistently with
the low ionicity of the compound, various models of
partial electric charges were considered (in electronic
units, for LiVIYOPO,):

® model 4 is based upon the ionicity of bonds
calculated by Guo et al. [20]: ¢; = 0.78, gy = 3.08,
qp = 1.98, go = —1.168;

® model B is based upon the electronegativities of
Pauling [21]: g1; = 0.63, gv = 1.90, gp = 1.50, go =
—0.806.

For both models, oxygen anions received a balancing
negative charge. Convergence was reached by integrat-
ing potentials generated by a 5x5x7 crystal cell
volume on the various occupied sites of the central cell.

Fig. 5. Comparison of the Li-V interactions between the actual og-
LiVOPO, form (left) and the hypothetical a;-LiVOPO, form (right).

-0.005 1

0.015 4 2(Er(@n)-ER@))/(ER@)+ER(@1))

0.010 ay-form stable aj-form stable

0.005

Fig. 6. Lattice energy relative difference between actual a;-LiVOPO,
form and the hypothetical «;-LiVOPO, form (ERr’s are positive
definite). 4 and B refer to the ions charge models.

Calculations were also performed with simulated
oxidation states of vanadium and corresponding
intercalation rates of the lithium, ie. formulae
Li,V¥ VIVOPO, Li,V\_,V\YOPO, with 0<x<I.
Although the model may appear somewhat rough, the
stability criterion is the difference between the calculated
lattice energies of the two forms, not the energies
themselves, therefore, the errors in modeling the first-
neighbor interactions (equal in the two models, except
between Li and O(1)) cancel out. Fig. 6 shows the
relative difference between the lattice energies (positive
definite) of the two forms vs. Li intercalation rate.
According to both models, it appears that the o;-form is
more stable than that of the oy for high insertion rates,
but the energy difference is low and the frontier near
x(Li) = 0.7 is to be considered with cautiousness.
Phase transitions induced by lithium insertion have
already been observed in other VOPO, forms. For
example, both chemical and electrochemical lithiations
of e-VOPOy4 [22] lead to the monoclinic LiVOPOy4
obtained from the melt by Lavrov et al. [10]. Although
little is known about the structure of the former, the
differences in the powder patterns are evidences of a
structural change. Up to this date, the only complete
structural study of a lithium insertion in a vanadyl
phosphate dealt with the f-form. Its structural trans-
formation upon lithium insertion is slighter than for oy;-
VOPO, [8,11,23], but can be explained in similar
structural terms: in f-LiVOPO,, the Li* cation are
located in an almost regular oxygen octahedron
(2.03<Li-O0<2.19 A) sharing only edges (no face) with
the neighbor VOs; pyramids, so the shortest Li—V
distances are 2.86A, close to those of a-LiVOPO,
(2.77 A). One can also note that the volume increase per
formula unit is much more important between oy-
VOPO, and o-LiVOPO, (80-88A% +10%) than
between f-VOPO, and B-LiVOPO, (83-84 A% +1%):
for sterical reasons, a deep structural transformation is
necessary in the first case, not in the second one.
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Fig. 7. Lithium migration ways in the (00 1) plane of o;-LiVOPO,.
Hatched lithium atoms are below medium plane; dashed lines
represent inter-octahedra jumps trough hidden faces. Note that only
1/4 of the sites are occupied in o;-LiVOPO,. Right upper corner: a
LiOg octahedron face, with ions at relative size.

Insofar as the mobility of the lithium cations in the
host structure is a key parameter for the electrochemical
performance, an examination of the migration paths in
the present compound has been undertaken. As shown
in Fig. 7, the 2D structure of the «;-form offers a dense
network of edge-connected LiOg octahedra in the (00 1)
plane. Migration arises from cation jumps:

® between tlole two sites of the same octahedron
(di = 0.53A);

® between sites of two
(dr = 2.83 A).

adjacent  octahedra

During the latter, the lithium cation must cross two
edge-connected O(1)-O(2)-O(2) octahedra faces; this is
made possible by the non-compactness of the oxygen
packing (Fig. 7).

Ionic conductivity following the ¢-axis seems improb-
able, insofar as it would require cation jumps between
4.44 A distant consecutive interlayer spaces. Such a
migration could only occur via the octahedral sites of
the layers, which, as shown before, are too narrow for a
lithium cation. So, ionic conductivity in o-LiVOPOy,
can be seen as a 2D phenomenon. The low occupancy
rate of the lithium sites (1/4 for «;-LiVOPQy) is also a
favorable criterion for this lithium mobility.

4. Conclusion

Because of its higher stability, o;-LiVOPO, appears
logically as the product of the chemical and electro-
chemical lithiations of both og- and o;-VOPO, forms. It
is indeed the first known LiVOPO, form with a 2D
structure that lends itself to lithium insertion. The study
of the further structural transformations of these host
materials during electrochemical cycling is in progress.

The rich—and still widely unknown—polymorphism of
this promising electrode material may allow other
transformations that deserve a full structural investiga-
tion of both inserted as non-inserted forms. From a
better knowledge of the underlying mechanisms, im-
provements of the capacity, potential and cyclability
may still be expected by chemical substitutions or
appropriate synthesis conditions. Further crystallo-
graphic works dedicated to the other forms are in
progress, along with electrochemical studies.
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