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ABSTRACT

Polycrystalline Li,V¢O,, samb]es, 0.5 < x < 6, were prepared by chemical intercalation in
n-butyl lithium and investigated spectroscopically by x-ray absorption, electron paramagnetic
resonance (EPR), and "Li solid state nuclear magnetic resonance (NMR). The EPR results, which
are sensitive to the total V** concentration, are consistent with the expectation that the formal
oxidation.state of V decreases monotonically with the addition of Li. This is confirmed by near-
edge x-ray absorption fine structure spectra at the vanadium K edge. The local symmetry of the
V ions first decreases with increasing x from 0 < x < 1 and then increases with increasing x from
1 < x < 5, becoming increasingly octahedral. These changes are revealed by both the intensity of
the first Y—O peak in the rad_ial distribution function and by the decrease in the x-ray absorption
pre-edge peak intensity. However, str;JCtural correlations beyond the nearest neighbor atoms
rapidly decrease \.vith increasing Li content above x = 1.5, reflecting increased disorder. The

observed increase in the first V-O distance implies a modest lattice expansion with intercalated

" Li, from 1.93 A at x = O (in agreement with x-ray diffraction results) to 2.02 A atx=5. Variable

temperature "Li NMR linewidth and spin-lattice relaxation measurements demonstrate that at all
concentrations the Li ions are relatively immobile, even at 200 °C. At low Li concentrations (x <

1.5) the Li ions tend to reside nearer V** sites than paramagnetic V** or V** sites.




Iﬁtroduction

Vanadium oxides have attracted considerable attention as possible cathodes in lithium
batteries.[1]- Several compounds, with mean vanadium oxidation states ranging from +5 iﬁ V,0;
to -.+4 in VO,, have been investigated for cathode applications. Vﬁ(j13 has emerged as one of the

~ most favorable candidates, as it has a high theoretical capacity. Important questions including' the
maximum Li uptake and the.identiﬁcation of specific stoichiometries have been addressed by
several groups.[2],[3],[4],[5] Recent work by one of us has identified four different phases
which foﬁn in chemically intercalated Li,‘V‘(,Ol3 as a function of x: Li,sV¢O,;, Li; VO3,
Li, V40,3, and LigV0,3.[2],[6] Both chemically and electrochemically intercalated samples were
tested and it was shown that both the battery performance and the intercalation process varied
greatly with phase purity.

We have used complementary spectroscopic methods to probe both the structural and
electronic environment of both the transition metal and the lithium cation. These methods are:
near-edge x-ray absorption fine structure (NEXAFS), extended x-ray absorption fine structure

' (EXAFS), electron paramagnetic resonance (EPR), and solid state Li nuclear magnetic
resonance (NMR). Previous EPR[7] and "Li NMR[8] studies of V,0; ahd x-ray absorption

studies of Li,,, V,04[9] have been reported.

Experiment
Li,V,O,, samples with x =0,0.5,1,1.5,2,3,4,5,and 6 were prepared from phase-pure
V,0,, made by thermal decomposition as described in detail in Ref. [2]. Chemical intercalation

was performed in sealed 25 ml glass bottles sealed with a teflon-silicon septum, through which n-




butyl lithium (Merck, 1.6 M in hexane) was added with a Hamilton syringe (1000 + 0.005 ml).
After proceeding for 20 h, the reaction was stopped by evaporating thé hexane with flowing
argon. Samples were made ready for spectroscopic measurement under controlled conditions in a
dry glove box to prevent exposure to atmospheric water. For EPR and NMR, samples were
sealed into quartz tubes. For x-ray absorption, for which quartz would absorb too strongly, they
were sealed into paraffin and kapton tape.

Electron Paramagnetic Resonance

Electron paramagneticv resonance (EPR) measurements were performed at room
temperature on an IBM/Bruker ER-220 X-band EPR spectrometer. EPR spectra were obtained in
single field-sweep mode. Spectral intensities were corrected for effects due to varying receiver
gain and/or miprowave power on each sample.

X-ray Absorption

Near-edge x-ray absorption fine structure (NEXAFS) and extended x-ray absorption fine

structure (EXAFS) measurements of the vanadium K edge were made at room temperature in

" transmission at beam line X-23B at the National Synchrotron Light Source at Brookhaven

National Laboratory using a double Si(111) crystal monochromator. The energy resolution was

typically ~1 eV, although smaller shifts could be detected by the use of a reference sample. As

is customary, all spectra.were normalized to the main edge jump.

Solid State NMR
NMR measurements were carried out at temperatures from -150 to 200 °C on a
Chemagnetics CMX 300 spectrometer operating at a 'Li resonance frequency of 116.99 MHz.

Sample volumes were roughly 0.2 cm?® and excellent signal-to-noise was obtained after
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accumulating 200 to 400 transients. 'Li lineshapes were obtained employing a single 7/2 pulse
(typically 3 ps width) sequence followed by acquisition of the free induction decay. Spin-lattice
relaxation time (T,) measurements were performed using either a saturation-recovery or an

!
inversion-recovery pulse sequence.

Results and Discussion
EPR

X-band EPR spectra for Li,V¢O,; are shown in Fig.1(a) (x =0, 0.5, 1.0, and 1.5) and
Fig.1(b) (x=2,3,4,5, and 6). The ﬁominal vanadium valence for x = 0 is +4.33, which is a
superposition of the stable +4 and +5 states. However, since EPR is sensitive only to the
paramagnetic +4 state, the integrated intensity will be proportional to the +4 concentration. If
intercalation occurs, the neutral-Li will become ionized and cause a reduct-ion of the vanadium
valence, i.e., more V**. This is evidently the case; Fig.1 shows the EPR signal steadily increases

to its maximum value for x = 2, which corresponds to the highest V** concentration (nominally

' 100 %). By x = 2 the spectrum has also become very broad (width changes have of course no

effect on the integrated intensity) due to strong magnetic dipole-dipole interactions. With the
addition of Li beyond x = 2 the EPR signal decreases, as shown in Fig.1(b). Under the present
experimental conditions (room temperature and 3 cm microwave wavelength), EPR is apparently
not sensitive to the Vj” formed by the additional charge contributed by the Li. We attribute this
to relatively large zero-field splittings and short relaxation times.[10] These EPR results thus
confirm the expectation that the intercalation reaction proceeds smoothly, at least up to x = 5. |

However, preliminary 51% NMR results have shown that some V*° remains at all value of x;




further quantitative studies are in progress. We regard the slight increase in EPR signal at x = 6 as

anomalous; a suitable explanation has not been found.

X-ray Absorption

1. Near-Edge (NEXAFS) Region

Fig;2(a) shows the overall vanadium K-edge spectra of Li V0, as a function of x. The
main absorption edge appears at about 5475eV. The “pre-edge” region before the main edge is
shown on an expancied scale in Fig. 2(b). This pre-e&ge has been shown to be due to s ~ d
transitions which, while dipole-forbidden, become allowed in non-octahedral symmetry as the V
3d states mix with the O p states.[11] Therefore the strength of this transition, which may be
measured by integrating the area of the peak above background, is proportional to the deviation
from local octahedral symmetry of the vanadium site.[12] It is evident from Fig. 2(b) that the
transition strength first increases slightly with increasing x for x < 1 and then decreases rapidly

for x > 1.5, except for x = 6.0, which we believe is anomalous, just as the previously mentioned

" EPR result.. The structural changes these results imply are corroborated by EXAFS analysis and

further discussed below.

The “white line” peak after the edge jump gives additional information about the
chemical environment of the vanadium. The white line intensity is proportional to the number of
s - p transitions, so it in effeét _probes unoccupied final states of p symmetry.[13] There may
also be localized exciton le;'els occasioned by the écreening of the core hole.[14] The white line

peak is shown expanded in Fig.2(c) as a function of x. Clearly, this peak grows dramatically With




increasing Li concentration. At low Li concentrations, x = 0 to x = 1, i.e, high oxidation state
values, the white line exhibits a pos.sible ligand splitting effect.[15]

As shown in Fig. 2(a), the main absorption edge shifts monotonically to lower binding
energy with increasing Li concentration. This shift attains its largest value of ~1 eV for x = 6.0.
The shift is due to reduction of the formal valence of V, from 4.33 for x = 0, by the addition of
electrons donated by Li. This additional negative charge reduces the effective bindin g energy of
all the electrons at the V site and better screens the core hole produced in the X-ray absorption
event. In a mixed-valent material like LixV6O,3, the shift is an average over the V ions in each
oxidation state. Consistent with the EPR results, tﬁis shift shows that the average V valence

decreases uniformly with increasing x.

2. Extended Region (EXAFS)

The extended x-ray absorptipn fine structure (EXAFS) above the vanadium K edge gives
valuable structural information about the local geometry around the V ions, including the
distances from V to near neighbor atoms and the number of such atoms in each coordination
shell. We have determined the local structure for the stoichiometric compound and measured
deviations from that for the intercalated series.

To extract the EXAFS from the measured absorption speétrum, it is necessary to remove
the relatively smooth background atomic absorption above the edge. The correct approximation
of this background absorption has been widely discussed in the literature. We have used a
procedure included in an analysis package, UWXAFS [16], which uses minimization of non-

physical low-r peaks in the radial distribution as the primary criterion for the background




determination. This offers the additional advantage that the range in k space available for reliable
EXAFS analysis may be extended to k values as low as 1.5A, particularly helpful in disordered
materials such as Li V,O,; in which t.hc k range tends to be restricted. The signal was weighted
by k° to compensate for attenuation with increasing k. The resulting oscillations were Fourier
transformed to produce the radial distribution functions (RDF’s) in Fig. 4(a). Peaks in this
function correspond to interatomic spacings in the vicinity of the V.

We now describe the fitting of these measured features to calculated functions. V¢O,; has
been studied with single crystal and powder x-ray diffraction methods. The structure is layered
octahedral,[17] and lattice constants and interatomic distances have been reported.[1 8] We use
this information to calculate an EXAFS spectrum, using the package FEFF 6.01 [19], to compare
with the qxperimental data. 'The simple geometrical model used is shown in Fig. 3. There are
three vanadium sites, V|, V,, and V;, .Which are inequivalent due to the varying coordination with
more distant octaﬁedra and contribute equally to the spectrum, both theoretical and measured.

The model does not take into account the monoclinic symmetry of the lattice, assuming instead

' for simplicity that each layer is composed of perfect octahedra placed on a rectangular grid and

centered at the vanadium sites with oxygen atoms at the vertices. The assumption of perfect
octahedra neglects the fact that in the actual structure the octahedra are distorted and there is a
range of V-O distances from 1.64 to 2.28 A. This simpliﬁcatioh has little effect on the first shell
calculations, but strongly distoﬁs_ more distant shells with multiple paths. We therefore restricted
the model cluster to 4 A for each site. This restriction and, more irﬁponantly, the assumption of
single oxygen distances, reduces the overall amplitude of the calculated spectrum by a factor ~5

due to the lack of interference damping of the reflected electron waves.




The theoretical spectrum thus generated was fitted to the experimental data in r space.
The fitting routine, also part of the UWXAFS package, minimizes the least-squares difference
between the amplitude of the theoretical RDF’s and those obtained by Fourier transformation of
the'experimental data. Fitting in r space has the advantage that the‘amplitude function has a
direct physical interpretation, as it is related directly to actual interatomic spacings. The best fit
parameters are given in Table 2, and in Fig. 4(b) we compare the best fit single-shell functions to
the experimental RDF for the stoichiometric compound. While these fits are not exact by |
standardA statistical criteria, they are stable With respect to different types of background removal,
weighting, and windowing and are therefore not merely local minima in parameter space, but
have actual physical significance. In particular, the first shell vanadium-oxygen distances are in
excellent agreement with the average crystallographic values, as shown in Table 1. This supports
the simple model used and facilitates measurement of changes in the near-neighbor environment
of the V.

We now consider the structural changes as a function of Li. Several distinct trends are
apparent:

1. Fig. 4(a) shows the intensity and relative sharpness of the first peak, which corresponds
to the V-O distance in the first octahedron, increase with x, reaching a maximum at x = 5 (once
again, the x = 6 result we regard as anomalous). The quality of the fit also improves, as shown
by way of example in Fig. 4(c) for x = 5. These observations imply that ;he range of V-O
distances in the first shell is becdming smaller, i.e, these distances are all becoming the same,
i.e., the local V-O octahedra are becoming less distorted. This is strong confinﬁation, bya

completely independent measurement, of the conclusion implied by the decrease in the prc-edge
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intensity with increasing x, discussed earlier. We plot these two observations, the changes in pre-
edge intensity and in amplitude of the first RDF peak, in Fig. 5(a). The agreement between these
measurements, at every value of x, is remarkable. Both indicate that there are several distinct
regimes. For x < 1 there is a slight increase in the distortion from octahedral symmetry with
increaéing x, while from x = 1 to 3 there is a dramatic decrease in the octahedral distortion.
Beyond x = 3 there is little change apart from the anomalous x = 6 sample.

2. Increasing disorder, as discussed below, makes quantitative estimates of the change in
lattice size due to intercalation difficult and somewhat less meaningful. However, on the basis of
the expansion observed in the first V-O shell (Table 1), which reaches 2.02 Aatx=50,
compared to the stoichiometric value of 1.93 A, we estimate an increase in the lattice parameters
of 5- 10 %. This is significant because other transition metal oxide intercalation compounds,
such as Li, ,CoO,, contract as Li is added, at least up to the stoichiometric composition of x =0
in the case of Li, ,CoO,, due to partial screening of the oxygén-host ion Coulomb repulsion by
Li* ions.[20]

3. Figs. 4 (), (b), and (¢) show that peaks corresponding to the second and third shells
decrease dramatically in amplitude with in x values above 1.5, implying a decrease in local order
beyond the first V-O octahedra. Fits for these more distant shells have much greater uncertainty

' and are k wei ghting dependent. Evidently, the increase in symmetry of the local octahedra is
accompanied by increasing disorder at longer distances, which is not surprising as the lattice
must distort to accommodate the changes in shape of the octahedra. This trend is summarized in

Fig. 5(b), which plots the ratio of peak 1 to peak 2 in the RDF as a qualitative measure of the
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disorder. Evidently the disorder begins to appear around x = 1.0 and increases most rapidly
around x = 2.0.

Fig. 5 shows that the pre-edge peak, the first V-O peak in the RDF, and the ratio of peak
1 to peak 2 in the RDF all imply'that there are three distinct structural regions as a function of Li
concentration. The initial region, characterized by a slight decrease in the octahedral symmetry,
occurs for x < 1. The “transition” region, characterized by an increase in octahedral symmetry
and a decrease in disorder-beyond the local octahedra, occurs for x =1 tox = 3. Finally, a

relatively constant region occurs for x = 3 to x = 5, with the x = 6 sample anomalous.

71 i NMR Measurements

1. NMR Spectra
As shown in Fig. 6(a) and Fig. 7, for x < 1.5 lineshapes are mostly symmetric (especially
above room temperature) and narrow (about 15 kHz at 23° C). These featureless NMR

lineshapes reveal a very small distribution of Li environments which can be described in terms of

" a single dominant site, implying that the Li ions intercalate into the host VO,; with little

variation in environment from site to site. Linewidths broaden only slightly with decreasing
temperature, as shown in Fig. 6(a), indicating that over this temperature range (-150 to 200 °C),
the Li environment is fairly rigid and Li* ions are relatively immobile in the vanadium»oxide host
lattice. Spectral peak positions, relative to aqueous LiCl solution, are plotted as a function of x in
Fig. 7. For x < 2 the peak positions are shifted towards the diamagnetic side (low frequency) of
the reference frequency. This means that the interaction between paramagnetic V* and the "Li is

smaller than expected, which is most simply interpreted as meaning that, although there must be
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significant amounts of V** present, the Li* ions are more likely to be associated with oxide
phases richer in V** rﬁther than V*or V** at these Li concentrations (x <1.5).

We now consider the changes in "Li linewidths for x > 1.5, shown in Fig. 6(b) and Fig. 7.
At these higher Li concentra.tions, lineshapes are broader and aﬁisotropic, reflecting the
pronounced influence of paramagnetic dipolar effects and chemical shift anisotropy. This
implies that incorporation of more lithium into V¢O,; causes the formation of a variety of Li
sites; they can no longer be characterized By a single environment. This is not surprising, since
both previdus x-ray‘diffraction studies of Li, V40,3 [2.] and the present EXAFS results indicate
that the host structure changes dramatically with x. While for small x the dominant host phase
isV,0,;, with increasing Li content other phases form, and fhe NMR lineshapes must reflect their
presence. The asymmetry of the responses is more apparent at lower temperature. In particular,
there is a diamagnetically shifted response which appears as a shoulder at lower frequency in the
low temperature spectra, as shown in Fig. 6(b). Large paramagnetic and homonuclear dipole-

dipole interactions smooth out the asymmetric contributions to the lineshape which hinders

" resolution of the various lithium responses. Peak positions change discontinuously as the lithium

content is increased. A large paramagnetic shift of about 50 ppm occurs abruptly as the lithium
content is increased from x = 1.5 to x = 2.0 (Fig. 7). This is presumably due to the increased
effect of V** on the "Li response. Peak positions remain pafamagnetical]y shifted for larger x,
indicating the strong influence of V* (and/or V*?) species, even though the EPR measurements
described above éhow that the actual V* con'centrétion begins to decrease with with increasing x

for x> 2.
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2. Spin-Lattice Relaxation Time (T,) Measurements

T, data are normally extracted from exponential recovery profiles. In the case of Li VO3,
the recovery profiles were not exponential and could be fit using a minimum of two different
exponential terms. The distribution of Li sites‘cank be interpreted in terms of at least two distinct
kinds of Li sites with vastly different T, values. Tﬁe dominant sites (populated by over 90 % of
the Li ions) are characterized by a rapid recovery (T, =50 - 150 ms), which is typically observed
in diamagnetic solids for 7Li‘re:laxing via strong paramagnetic mechanisms. Interactions with v+
(and/or V*?) are implied by the rapid recoveries and confirms our EPR result that all samples
contain moderate to large amounts of V**. In addition, a weaker signal, representing at most
10 % of Li ions in the sample, is characterized by a much longer recovery time (T, =2 - 10 s).
This contribution is probably due to the presence of an impurity such as LiOH. We focus this
discussion on only the dominant Li sites.

The effect of V** on the relaxation behavior of "Li is quite evident in the In(T,) versus

inverse temperature results of Fig. 8. It is evident that the relaxation time T, reaches a constant

 value at low temperature (to the right in the 1/T plot of Fig. 8). Such saturation means that the

temperature is low enough that thermal effects, which must vary with temperature, have become

negligible, and a non-thermal relaxation mechanism dominates the relaxation. This non-thermal

. mechanism must be the paramagnetic' dipolar interaction between "Li and the unpaired electron

associated with V** and V*. Note also that thg relaxation times for x = 5.0 are smaller than

those for x = 1.5, a point we return to below.
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We did not observe a minimum in T, in this temperature range, above -150 to 200 °C,
which implies that the onset of large scale Li* motion occurs above 200 °C. This is additional
evidence for the presence of rigid litﬁium environments at the temperatures studied (< 200 °C).

The lineshape analysis described above suggests that Li* ions preferentially locate near
V*5 ions for x < 1.5, a conclusion confirmed by the relationship between T, and Li content shown
in Fig. 9, which plots T, vs. x at three different temperatures. At all temperatures there is a

distinct maximum in T,, which increases up to x = 1.5 and decreases thereafter. The increase in

| T, reflects the decreasing coupling between Li and V** with increasing x from 0.5 to 1.5. Since

the strength of the magnetic dipolar interaction varies as the inverse cube of the distance between
two spins, this presumably means the average distance between Li and V* ions increases with x,
although the concentration qf V* is, simultaneously, increasing. This apparent paradox is
resolved by our earlier observation thét’ with increasing x in this range, there is a tendency for Li
to reside inside okide phases rich in V**.

The decrease in T, for x> 1.5 may have several causes. Atlow x, Li ions tend to locate

" near diamagnetic V*° sites. As the number of V*’ sites decreases, the average distance between

Li ions and V** decreases, strengthening the paramagnetic relaxation mechanism and decreasing
the relaxation time T,. At higher values of x (>2), even though the V* population is decreasing,
the paramagnetic relaxation mechaﬁism of those "Li nuclei still coupled to V** still dominates.
At high Li concentration, the relaxation mechanism results from contributions by the
homonuclear dipole-dipole interactions between "Li nuclei an.d paramagnetic interactions with

V* and V*.
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Conclusions
The combination of EPR and x-ray absorption spectroscopy of the V host and NMR of the

Li intercalant has given a comprehensive view of the changes in the electronic properties and
physical structure which occur on the incorporation of Li into V¢Oy3. Electronically, EPR and
NEXFAS both imply that intercalation proceeds as expected; the Li donates electrons to the host
and causes the gradual reduction of V and the formation of increasing amounts of V** and, at
higher Li concentration, V*>.

| Structurally, several different regimes may be distinguished. Forx<1, both tne near edge
and the extended x-ray absorption features imply that there is a slight increase in the distortion of
the oxygen octahedra surrounding the V with increasing x. In the regime from x = 1 to 3, on the
other hand, there is a dramatic increase in the symmetry of these local octahedra. In the third
regime, beyond x = 3, there is little change. At the same time, particularly in the second and third
regimes the disorder beyond the local octahedra increases and the lattice expands slightly. These
three regimes are also apparent in the Li NMR results. At low Li concentrations of x, the narrow
linewidths suggest that Li ions, for the most part, occupy a single site and the increase in relaxation
time T; implies that the Li ions tend increasingly to favor locations near V*3 jons. At higher
concentrations, Li ions occupy a variety of sites, the formation of which is no doubt fostered by the
increasing disorder. Strong relaxation mechanisms occur as the lithjum content increases due to

paramagnetic interactions with both Vv and v*3,
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Figure Captions
Fig. 1. Electron paramagnetic resonance spectra of Li, V4O, for various Li concentrations x.

Fig. 2. (a) Near edge x-ray absorption spectrum of the V 1s edge of Li,V¢O; for various x, and

on an expanded scale, (b) the pre-edge peak, and (c) the “white line” region.

Fig. 3. Geometrical model of V¢O,; used in fitting. V jons in three inequivalent sites V1, V2, and
V3 are located at the center of O octahedra joined at edges and corners. The uppermost

layer of octahedra is shaded.

Fig. 4. (a) Fourier transform of the extended x-ray absorption fine structure (radial distribution
function) above the V 1s edge of Lli,‘V6O13 for various x, and the transforms compared to

result of fits as described in the text for (b) x = 0.5 and (c) x = 5.0.

Fig. 5. Different measures of the structural changes near the V ions in Li,V¢O,; as a function of
x. (a) The pre-edge intensity decreases with, and the amplitude of the first V - O peak in
the RDF increases with, the local octahedral symmetry of the V ions. (b) The ratio of the

first to second peak in the RDF increases with disorder.

Fig. 6. Nuclear magnetic resonance (NMR) spectra of Li,V4O,;as a function of temperature for

x=1.5and5.0.
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Fig. 7. Room temperature NMR spectral features in Li, VO, for various x. (a) Peak positions,

relative to aqueous LiCl,. (b) Peak full width at half maximum.

Fig. 8. Spin lattice relaxation times T, measured by NMR in Li,V,0,; forx = 1.5 and x = 5.0,
versus inverse temperature. Note the low temperature plateaurs characteristic of

paramagnetic relaxation.

Fig. 9. Spin lattice relaxation times T, measured by NMR in Li, V0, for various x, at room

temperature, -100 °C, and -150 °C.
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Shell X-ray Diffraction | EXAFS Fit | EXAFS Fit
V6013 v6olf; Li5v6ol3
A A A)
First (V - O) 1.93 1.93 2.02
Second (V - V) 273 . 2.76 2.89
Third (V - O) 3.33 3.49 e

Table 1. - Average distance between V and its first three near neighbors in Li,V¢O,, as

computed from x-ray diffraction measurements and by fitting EXAFS measurements,

for x=0and 5.0.
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