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’Li, >V solid-state nuclear magnetic resonaf®IR) and electron paramagnetic resona(eeR
measurements have been performed upon chemically lithiaj®g Qi aerogels, with compositions

of 1.00<x<5.84. These compounds can intercalate reversibly large amounts aind, therefore,

are of interest as battery cathodes. Still, the mechanism regarding the electron transfer from an
inserted lithium metal to a host aerogeJ®% and details regarding the lithium cation environments

are not fully understood. LV,O5 crystals are known to exhibit various structural phase changes
and, when multiple phases are present, the capability of the material to intercalate reversibly appears
to be adversely affected. On the other hand, aerogels have no such multiphase behavior and aerogel
based cathodes exhibit greater stability upon cycling. NMR shows that neither the structure nor the
dynamics vary greatly with the amount of lithium content, and that the lithiated aerogel is best
described as a single-phase material. Characterization of lithium and vanadium sites is performed
through analysis of both NMR and EPR spectfhi line shapes are affected by first-order
quadrupolar, magnetic dipolar interactions and motional narrowing. At and above room temperature,
relaxation is governed primarily by a quadrupolar mechanism. NMR derived activation energies and
diffusion coefficients are different from those of bronzes and electrochemically intercalgizd V

5/ NMR lines, indicative of the presence ofV at all compositions, undergo diamagnetic shifts

of up to about 50 ppm with an increase in lithium content. These results imply the presence of
oxidized impurities or electronic charge delocalization. Additionally, EPR measurements provide
evidence of V3" impurities and indirect evidence of nonbridging oxygen at high lithium contents.

© 2002 American Institute of Physic§DOI: 10.1063/1.1503171

I. INTRODUCTION are microporous and the pore size reflects the liquid pore
region of the original liquid gel. Thus the porous structure of

Th.ere IS m.uch tech.n.olog|cal mterest in, V05 and the ARG can be easily manipulated through processing of the
other intercalation transition metal oxides because of their;

liquid gel. Technological focus is placed on the high surface
application as cathodes in rechargeable battérigathodes é?g;s(imo nflg) ar?(lj pore :izrlesfz 3 cntlg) sinéz thgse
made from crystalline YOs can intercalate reversibly one ) '

Li+ e les: h ) " e have a direct bearing upon the capacityO4 ARG has the
| Per V,0s Over many cycles, however, insertion ot farger highest specific capacity of any vanadium oxide. Up to 5.8
amounts of Li results in degradation of their performance.

Recently, in order to increase the capacity, efforts have led tequivalents of lithium per mole of 305 can be inserted by
T . f chemical lithiation. The high ifi [
the processing of ¥O5 aerogel(ARG) materials. These ma- eans of chemical lithiation e high specific capacity

. . >650 mA h/g also corresponds to a very high specific en-
terials .demongtrate remarkaple prqper.nes that makfe. the gy indicating that the ARG processing through supercriti-
useful in a variety of electronic applicatioh®y supercriti-

: . i . cal drying fundamentally changes the nature of the insertion
cally drying the vanad'lum pgntomdg hydrogel, ARG m.ater"sites and yields a thermodynamically better host for Li inser-
als can be prepared in which the interconnected solid net-

work typical of the gel state is preserved. The material is
disordered and has a very high surface area and very thi(l;lf ¢
solid phase thicknes&l0—20 nm. Further, ARG materials

In previous work it was proposed that the enhancement
he electrochemical properties is due to the very large
interlayer spacing together with a very thin solid pha3ais
combination of properties allows the ARG to be a nearly
3Author to whom correspondence should be addressed; electronic mail: {WO-dimensional host with very little interaction between ad-
steve.greenbaum@hunter.cuny.edu jacent layers. Still, the insertion mechanism in the ARG has

0021-8979/2002/92(7)/3839/14/$19.00 3839 © 2002 American Institute of Physics
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not been fully characterized, especially regarding details of V,0, [M\/y\/K\/Y\N\/Y\/K\/V\/K\/Y\/K\/)’\/Y\/)Q
howthe ARG accommodates electrons and lithium ions dur- bilayer

ing cycling. The simplest picture associates the incorporation MINIPNNNRINIWMEWAN
of lithium into the host with the reduction of vanadium from
V®* to V**. If insertion proceeds with at most two coexist-
ing vanadium oxidation states for any given composition,
then the reduction will proceed smoothly fronfVto V3*.
However, this simple picture is compromised if electron de-
localization, impurity phase formation or disproportionation
of vanadium species occurs. For example, the creation of
VO?* jons is generally associated with the insertion of large
amounts of lithium x>2) in crystalline \bO5. Also, elec-
tron paramagnetic resonand¢&PR and electron nuclear
double resonance studies performed on crystalliny JOs,
produced electrochemically, chemically, or by high-
temperature methods, showed that at lower lithium con-
tents unpaired electrons become delocalized over two or fOUFIG. 1. Top: Bilayer structure of gel-based®; materials. Triangles rep-
vanadium sites in the vicinity of lithium ions and that sub- resent_VQ, py_ramid unit_s. Botto_m: IIIystration of the bilayer unit. The YO
yramid unit is shown interacting with an oxygen from the nearby second

stantial covalent character exists between adjacent host la yer. At low lithium content ions occupy symmetric sites in the layers near

ers. X-ray absorption spectroscopy and x-ray photoelectrofpical oxygen atoms. Not shown is the lithium layer associated with the
spectroscopy measurements on ARG and xerogel materialksver V,05 sheet.
show that the average vanadium oxidation state is not mono-
tonically reduced upon lithium insertion and that partial elec-
tron delocalization occurd’
There now ex_lsts a number of Raman spectroscom/large scale ribbon-like fiber6~10 nm wide and~100 nm

EPR, x-ray diffraction, nuclear magnetic resonafii®R), . .

. : . long) are created. Presumably some variant of these fiber
and electrochemical studies performed on crystalline materi-

. o structures exists in supercritically dried ARG materials.
als that illustrate the complex and sensitive link between thé
It has been postulated that®s; ARG can accommodate

structure and the method of fabrication. These reports have . . . .
ore Li than its crystalline counterpart, due to larger inter-

all shown that the crystalline material maintains severa dist d reduced interl int 584
structural phases that are dependent upon the lithium conte ?,yer Istances and reduced nteriayer interactiorstruc-
tural modification of the YOy host through lithiation that

namelya, B, &, 7, 6, ¢, etc*>®-®The relative stability of

these phases depends both on the lithium content and trz?éiversely affects the_ materi_al is thereby reduced. Addition-
fabrication conditions. Likewise, it is of interest to investi- ally, the enhanced Li capacity could arise from large num-

gate the connection between properties, composition, ar]'laers of Li associated with V(Osurface defect states that exist

fabrication method. Specifically, the study presented here foll Proportion to the surface aréaWithin these disordered

cuses on those LV,05 materials prepared via chemical in- ARG mater_ials a Iarge number of defect states exist, y_et in
tercalation mean:19:20 order for Li association to be useful, the defect chemistry

At and above the micron scale, the®; ARG is disor- must necessarily be reversible. A more satisfying explanation
dered: however, at smaller scales of 30 nm the mate- would include a description of the charge transfer mecha-
rial forms ribbon-like structures. At even smaller scales theiSm from the inserted lithium to the host. _
structure has been postulated to be a highly interconnected " order to work towards a more complete understanding
network of[V,0s], bilayers comprised of axially distorted Of ARG materials, it is necessary for fundamental studies to
VO5 edge-sharing pyramids. Upon intercalation, Li ions D€ carried out first. Structural and dynamical information
are accommodated within the region between adjacent bilayVill naturally provide a foundation towards understanding
ers at apical oxygen sites. As shown in Fig. 1, each b”ayephe enhanced performance of ARG based cathodes. Presented
consists of two O sheets that face each other at a distancdere are the results of NMR and EPR measurements obtained
of about 0.28 nnf}~2*This layered structure is similar to that for Li,V,05 ARG samples where=1.00, 2.01, 3.01, 3.79,
found in 8-Ag,V,0s.2* The formation of the bilayer struc- 4.05, 4.91, and 5.84. The aim of this work is to characterize
ture allows the vanadium atoms to also be coordinated with &€ Li and V sites in terms of their compositional and thermal
sixth oxygen that belongs to the,@s sheet facing it. This dependencies. For the reasons given above the results we
sixth oxygen, however, also belongs to the base of the squak&ve gathered are expected to differ from those of crystalline
planar VQ, pyramid on the second sheet and is not an apicatompounds. Relevant spectroscopic parameters to be com-
(V=0) oxygen as in crystalline 30s. The interlayer dis- pared with corresponding values previously determined for
tance in the pure ¥Os ARG (~1.25 nm has been shown to bronzes, electrochemically and chemically intercalated
be larger than in crystals of )05 and \,Os- (0.5)H,0, and  Li,V,05 crystalline compounds, include quadrupolar cou-
this difference could be due in part to retention of solvent inpling constants, chemical shifts, dipolar widths, spin-lattice
the ARG. The related xerogel material is formed throughrelaxation rates, activation energies, diffusion coefficients,
drying of the precursor gel, and it is during this process thaand g-tensor principal components.

lithium layer——== © i apical oxygen layer
[e] H

vanadium layer ®

planar oxygen
layer

Z-axis
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Il. EXPERIMENT lithiation. In this way, thefree water content in the YOg
aerogel is about zero. Any residual wathydroxyl) can be
extracted by low heating. For instance, extraction g

Vanadium pentoxide gel was synthesized by ion excoming from hydroxyl groups at bilayer edges, is illustrated
change processing of sodium metavanadgheka).>’ Aero- by the following reaction:

gels were obtained by exchanging the water for acet&ive

Sciencg,-s, high purity and then liquid CQ@ (Airgas, high {---—=(V,05),—:-}—OH+HO—{---—=(V,05) y— - }=
purity).> Finally, conventional supercritical drying with lig-
uid CO, (1200 psi at 32 °Cwas carried out. The last two {7+ =(V20g)n =" = 0=+ = (Vo05)m— -} + Hz0.
steps in the ARG processing were done using a Samdri 780
(Tousimis Research Corporatjosupercritical drying appa-
ratus. Chemical lithiation of the ARG material was carrie
out by reaction withn-butyl lithium.*%2?° The reaction en-
ables one to determine the full capacity of an intercalation

material in a simple and direct way; however, it has been

pointed out that with this method some impurities can beB. NMR and EPR measurements

created due to overreductioh. o Variable temperaturéLi (1=3/2) NMR measurements
~ The following procedure was usel:butyl lithium (Al- \yere herformed on a Chemagnetics CMX 300 spectrometer

drich, 1.6 M in hexanewas restandardized by titration with operating at 116.99 MHdield strength of 7.1 T. The spec-
a standard HCI solution. A known quantity of the ARG o \were gathered using both phase cycledsedelay-
sample was placed in a reaction vessel filled with an inerécquire(one pulsg and pulse ~pulse ~acquire (two pulse,
gas. A selected amount eFbutyl lithium was then intro- 25 us< r<50 us) sequences followed by Fourier transfor-
duced into the vessel by injection using an air-tight syringemaion of the free-induction decay or the trailing half echo.
The mixture was allowed to react for 1 week to ensure com7 ; \JAS measurements were performed at 6 kHz to remove
plete lithiation. The liquid was extracted from the reactionost of the broadening. At room temperature, excitation
vessel and hexane was injected several times to rinse Oyjise lengths of 2.@s gave maximum signal strengtfesg.,
unreactedn-butyl lithium from the residue. The extracted 3 central transition/2 pulse and deadtime delays of 7,0
solution was reacted with 2-propanol and the produ®H)  or more were employed. Variable temperature measurements
was titrated with standard HCI using a phenolphthalein indi-1 23473 K range were carried out by channeling dyghis,
cator. The difference between injected and unreantbdtyl gt the desired temperature, through the NMR probe to the
lithium corresponds to the amount of lithium intercalatedsample. Depending upon the temperature, sufficient time
into the sample. The filtered solid was analyzed for the Li/V(2_10 § was allowed following each scan to prevent satura-
molar ratio by atomic absorption/inductively coupled plasmaon. Significant broadening of the line occurred at lower
(ICP) analysis. There was excellent agreement between th@mperatures and the corresponding excitation pulse length
titration and elemental analysis results. was reduced to about 14s. ‘Li spin-lattice relaxation mea-

Chemical lithiation was very facile with the microporous syrements were gathered using a 50 pulse saturation-train
V05 material. By reacting appropriate quantitiesnsbutyl  sequencepulse gy ...-pUlSE T(suy PUISE L eracquire,
lithium with the aerogel material, arbitrary compositions ywhere T(say=150us. The signal intensity, as a function of
with specific stoichiometries of LV,05 of x ranging from O recovery timet o), Was exponential only at higher tempera-
to 5.84 were prepared. The resultant ARG samples varied ifures. Aqueous LiC[1.0 M) was used as théLi reference
color, depending on the lithium content: brownish red for thegnd polycrystalline LiVQ (Alfa Aesa) was the solid stan-
unlithiated sample, whereas the lithiated materials appeareghrd.
dark green ak=1 and 2, and charcoal gray at larger lithium Sy (1=7/2) NMR 295 K spectra, gathered at 79.18
contents. NMR ready samples were prepared inside a drybayiHz using a phase cycled two-pulse sequence (56 7
under argon gas. About 40 mg of the respective aerogel wag 100 .s), exhibited broad satellite responges250 kH2),
packed into 5 mm Pyrex tubes with airtight Teflon plugs thatand therefore pulse lengths of 1.3 were used in order to
secured the ends. A smaller amount of material was packegbtain reasonable excitation profiles and properly phased
into 7 mm zirconia rotors for magic-angle spinnifidAS)  lines. For comparison, the/2 pulse for the liquid standard
measurements. Each sample was prepared for the EPR me#zoCl; (Aldrich) was about 2.5us. V,Oz (Aldrich), VO,
surements by merely placing the entire filled 5 mm Pyrex(Alfa Aesa, and \,O5; (Aldrich) were used as'V solid-
tube and endcaps inside a 10 mm EPR tube. During thetate references.
course of variable temperature measurements, samples were EPR measurements were performed at 295 K on a
heated to 473 K in Blgas and a change in color indicative of Bruker EMX EPR spectrometer and the spectra were ob-
reduction was observed: dark green for the unlithiatg®y/ tained in single field-sweep mode using a Bruker ER 4102ST
ARG and charcoal gray for all the lithiated samples. X-band cavity. The resonance frequency for the cavity and

Concerning possible water content in the samples, ngample in these experiments was between 9.60 to 9.63 GHz.
contamination at the source was present and the sampl&ood signal to noise was obtained by employing a modula-
were prepared in a dry room in sealed bottles. To ensure zett@n amplitude 61 G and modulation frequency of 100 kHz.
water content, the samples were dried just prior to chemicdhtensities were corrected for effects due to varying receiver

A. Sample preparation

ﬁ/ith conversion of terminal hydroxyl units to bridging oxy-
dgen atoms, adjacent bilayer fragments join and an overall
reduction of surface area resuffs.
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gain and/or microwave power on each sample. Spectral
analyses were performed usimgNEPR SIMFONIA Ver. 1.25 h
line shape simulation softwafé.

IIl. RESULTS AND DISCUSSION
A. 'Li NMR
1. Spectra

was chosen due to its comparablé linewidth and quadru-
polar interaction. The NMR spectra from the ARG samples
were integrated and normalized by the number of lithium 5
nuclei in the sample according to the conditions described in®
Ref. 29. Assuming all’Li nuclei are represented in the
LiVO 5 spectrum, the results show that for,Y,O5 compo-
sitions of 1=x=3.79, 95% or more of all lithium nuclei are
accounted for, yet at larger lithium contents the percentage o
detected’Li nuclei reduces from about 95% at=4.05 to
roughly 80% atx=5.84. The lost signal is presumed to be
the result of very strong interactions betwe&nnuclei and
paramagnetic centers. Comparisons made between spect
gathered from one-pulse and two-pulse sequences that en
ployed a variety of excitation pulse widtHgd—-5 us) and
delays (50—200 us) indicate that one-pulse data were af-
fected by transient instrument resporiaéter the pulsg and 00 75 50 25 0 25 50 75 100
after corrections, resultant spectra gave somewhat narroweu kHz

features. Two-pulse data, on the other hand, gave exaggefis, 2. 7Li variable temperature one pulse spectra foy 4V,05 ARG. The
ated intensities for the first-order quadrupolar broadened satsp dotted line is the 173 K simulation.

ellite transitions.

ARG powder pattern lines, shown in Fig. 2, reveal sym-

metries typical of first-order quadrupole broadening but de8t€rs which identify lithium environments can be extracted

not show resolvable second-order features or chemical shiffiore effectively via line shape simulation. This procedure is

anisotropy. The peak and center-of-gra\i§OG) positions, carried out by calculating NMR powder pattern frequencies

both near 0 ppm, are weakly dependent upon the composP—Sing a sum of interaction terms as perturbations of the larger
tion and virtually independent of the temperature within the_Zeeman interactiof” Additional adjustments for the relative

range studied. Line shapes are affected by motional narrov\;ntens?ties of the central anq satellite trans.i.tions of .the simu-
ing which is significant even at 295 K for lower lithium Iatgd line §hapes are made in order to facilitate a direct com-
contents. In general, dipolar widths increase and the satellitg&"1S0n with experimental pulse specttdQ,| and neces-
become pronounced as increases from 1 to 3.01. Litle S&rly 7, the quadrupolar asymmetry parameter, are
change occurs at higher lithium contents and the line Sh(,jloéj‘;!stnbuted and efforts r_nade to characterize the influence of
appear very similar to that at=3.01. The’Li MAS spectra each on the gathered .Ilne _shapes demonstratgq that qua_dru—
for all samples given in Fig. 3 show a single response near @olgr features arise primarily from a more significant Q|str|—
ppm, typical of ionic lithium, with no evidence of metallic Pution in [Qc . The tolerance iny is about 0.1(which is
lithium (~260 ppm. Lithium environments are distributed, tgken as the half Wld.th of |ts'd'|str|butla)rand reasonable
as explained below, but on average ARG sites are ionic angiMmulations were obtained by fixing values per eactQc|
axially symmetric. Understanding the nature of distributionsdistribution. _

throughout the composition range of&<5.84 is important 1 he low-temperatur€l23 K) line shape data have been
since the capability of a cathode to intercalate reversibly, a§imulated using two distinct distributions f0R.o|. These

crystal studies have shown, is dependent upon the type arftié represented by Gaussi&) and Lorentzianl) functions
homogeneity of the phase. and are based on a simple two-component partition, illus-

In the case of symmetric and slightly asymmetfid t_rated in Fig. 4. The relative intgnsities of th_e component
environments, estimates of the magnitude of the quadrupoldin€S are sensitive to the composition. Essential| Q)
coupling constantusually defined in terms of the nuclear 1S characterized by € 7<0.2; its | Qcdl distribution is de-
quadrupole momen®, the z component of the electric-field Scribed by expressioil) with the peak value within the
gradienteq and Planck’s constart Q.=e’qQ/h) can be 'ange 146 kHz (| Q¢ ) =156 kHz and standard deviation of
obtained by taking twice the frequency width between the’Q..~ 24.5 kHz.
satellite divergences. However, with the ARG materials, the p( (|Qcd _<|Qcc|>)2

simulation

|
g
|
)
[
I
il
|
For intensity comparisons, a known amount of LiyO ,' |
|
it
il
i
i
JHH0
i
i

static responses have large distributions and the divergence G(|Q.|)>ex
positions are correspondingly obscured. Quadrupolar param-

2 (1)
20—QCC
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FIG. 4. "Li ARG |Q, | distribution illustrating component line weights
andlg . The inset gives weights fdr and G components vs.

, drupolar parameters| Q.| =70-75 kHz»~0), consistent
Lis 16V20s with the proposed tetrahedral coordination to nearest neigh-
polycrystal bor oxygen atom&? whereasy sites, having octahedral co-
ordination with significant distortions, exhibit larger quadru-
polar parameters |Q.c=120-130 kHzp~0.6). Also,
5-LiV ,05 exhibits a more shieldefLi isotropic shift in the
ppm vicinity of —10 to —20 ppm, whereas the-LiV ,O5 shift is
about 0 ppm. Quadrupolar parameters for lithium sites in the
F_IG. 3. 7L MAS spectra of representative samples; ssb denotes spinning;RG’ particularly those OG(|Qcc|)’ are comparable to pa-
side band. LiV,0s polycrystal data from Ref. 18. rameters associated with distorted octahedral sites in
v-LiV,05, and as shown by the MAS data, the isotropic
For L(|Qcd), 7 is zero, and its|Q,| distribution is de- shift for the ARG materials is near 0 ppm. In this regard,
scribed by expressioii2) with peak (|Q./)~0 and half ARG lithium sites identified byG(|Q.|) appear to be more

width half maximum ofAQCCm141_4 kHz: similar to those iny-LiV,05 than in §-LiV,05, even
5 though|Q, values in the ARG are slightly larger. In con-

Aq.. trast, the sites described by the|Q..|) distribution are
L(|Qcc|)°‘(|QCC|_<QCC|>)2+A2Q : (2 greatly varied and are not particularly characteristic of

lithium sites in either & or y-LiV,05. Naturally, the

The reasons for using expressidis and (2) are solely due L (|Q.|) distribution can be identified with the structural dis-
to the good fit and simple analysis afforded, yet greater sigerder characteristic of the ARG lithium sites.
nificance may exist in identification of two distinct lithium Further insight into the nature of lithium environments
sites. If this is the case, then about 73% or more lithium iongan be obtained via analysis of the magnetic dipole—dipole
belong to thel (|Q.|) distribution and the remaining ions contributions. Typically,’Li NMR responses in reduced
belong to the narroweG(|Q..|) distribution. The mean vanadates and other transition metal oxides are in general
value for|Q. over all sites is roughly equal to the average considerably broadened due to large dipolar coupling with
value of the Gaussian distribution. Additional results fromnearby paramagnetic speciesg., V**). The ARG responses
this analysis are summarized in Table I. are not as broad as those observed for either crystalline

NMR results for lithium sites previously identified in Li,V,Os or Li,V¢O;3.1%33 Estimates of the dipolar interac-
crystalline LiV,05 are now compared with the ARG tion strength, tabulated as standard deviation widths in Table
results™*®Both & and y phases are known to coexist in the I, were obtained by considering only homogeneous interac-
composition range of 1:0x<<1.5, and several spectroscopic tions using Gaussian convolutions of the bare quadrupolar
studies have demonstrated that each phase gives a distinmbadened powder patterns. The dipolar widths quoted also
signature depending upon the fabricationinclude a contribution from the small spread of isotropic
proceduré1%111318The Jithium environments in the two chemical shifts(~0.5 kHz half width measured from the
phases are different. For instandéssites exhibit smaller qua- MAS spectra. The discrepancies between measured and
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TABLE I. 7Li NMR simulation and BPP fitting resultsc=lithium content variablepp=simulated dipolar
standard deviatiorl, andlg are respective weights of Lorentzian and Gaussian partitiof@4g distribution.

Aq = Half width at half maximum of Lorentzian partitioi41.4 kH2. {|Qccly=Average electric quadrupole

coupling constant for Gaussian partitiarbw: standard deviation of Gaussian partiti@4.5 kH2. A, andA,

are the respective limiting low- and high-temperature FWHMs used for the BPE fitgalues were obtained

Stallworth et al.

using7.= 79 expEa’ksT) and Eq.(3). Uncertainties in the last digit of some values are indicated in parentheses.

“Li simulation results

BPP fitting results

Composition op I I {|Qcdl) A, Ay To Ea

X (kHz) weight weight (kHz) (kH2) (kHz) (ns) (eV)
1.00 3.405) 0.97 0.03 15@) 8.98 0.01 53.3 0.15
2.01 3.3%5) 0.94 0.06 156) 8.94 0.93 56.0 0.17
3.01 3.505) 0.80 0.20 14@) 9.22 2.37 50.2 0.18
3.79 3.805) 0.73 0.27 14@) 9.62 3.06 424 0.20
4.05 3.705) 0.73 0.27 14@) 9.42 2.81 54.9 0.19
491 3.705) 0.81 0.19 156) 9.43 2.58 52.8 0.19
5.84 3.635) 0.83 0.17 156) 9.38 2.49 47.8 0.19

simulated widths are due to overlapping quadrupolar contriHere A, Ay, and A, are the experimental, limiting high-
butions (0<|Q.¢ =20 kHz) in the narrow center region of temperature, and limiting low-temperature fullwidth at half
the static lines’Li dipolar widths increase with lithium con- maximum(FWHM) values of the central transition, respec-
tent up tox=3.79, after which they decrease slightly by tively, and the constar® is roughly equal to 0.2 for Gauss-
about 5% from the maximum valugig. 6 insef. One ex- ian and Lorentzian line shapes.

planation for the decrease after=3.79 is that the layered The temperature and compositional dependence of the
structure of the YOy ARG host, which expands along tde  FWHM is shown in Fig. 6 and the BPP results are given in
direction (Fig. 1) in order to accommodate more'Lions,  Table |. Discrepancies are observed at temperatures greater
expands in the planar dimension as well. The expansion mushan 350 K for samples=1 and 2, and this is attributed to

be large enough to override increased numberd_of ’Li, larger dipolar interactions due to chemical and structural

Li-%, and'Li-V3**" magnetic interactions. transformations that the aerogel undergoes upon heating. As

Additionally, a small paramagnetic shift of about 2 ppm will be addressed in Sec. llIB and C, there is evidence that

is observed in the MAS spectra as the lithium content in-
creases fronx=1 to 3.01. As shown in Fig. 5, the shift does
not change significantly throughout 3:0%<5.84. (Similar
compositional trends are observed in ¢ NMR and EPR
results given below.The shift, regardless of lithium content,
has little temperature dependence, and overall these dat
show that paramagnetic effects on tfié spectra are rela-
tively weak.

"Li shift (ppm)

2. Temperature dependence and relaxation

Li ARG responses are subject to motional narrowing,
even though the shifts are not strongly temperature depen
dent, and the dipolar distribution gradually evolves from
Gaussian to Lorentzian with an increase in temperature. Fo
the moment, it is assumed with these disordered materials
that there are no special restrictions on' Linotion (e.g.,
reduced dimensionalifyand that the linewidth dynamics are
for the most part effectively governed by a single thermally
activated mechanisitiithium ions hop between sites located
near apical oxygen positionsA Bloembergen—Purcell—
Pound(BPP analysis is employed as an approximation in
order to describe the most basic trefii§he simplest ap-
proach allows extraction of the activation energy,, using
the correlation time given by, = 7y expEa/kgT) wherekg is
the Boltzmann constant and the temperature, along with
the following formula:

_C( W(Ag—A%)
TC—A—e ta E m ) (3)

5V COG shift (ppm)

2

-

1]

-525

-600

l O L shift

]

| i I I . l

T T T T T T

® ARG
O polycrystals

Li1 45V205

FIG. 5. Line shift vsx. Solid curves are guides to the eye. Tpi MAS
isotropic shift vsx. Bottom: 5V center-of-gravity vsx.
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|2

10} = =—,
x =1.00 D 2dr, (4)

om>e

If isotropic motion is assumed thet=3 and the jump dis-
tance can be taken as the average length between the nearest
apical oxygen sitesl&0.4 nm). As the lithium content de-
creases from 5.84 to 1.0@,q95k increases from about 2
X 10 2 to 13x 10 2 cné/s. Also, sincer, is rather insen-
sitive to x, the behavior oD g5 « merely reflects its depen-
dence orE,, and restates that of inhibited motion at larger
lithium content. This result is very approximate particularly
at largex due to the saturation of apical sites and resulting
uncertainty ofl. Again, the trend is opposite that observed
for the electrochemically lithiated LV,Os containing 5
mol % P,0s.12

Spin-lattice relaxation rates were obtained from the re-
covery of the entire(integrated Fourier transformed re-
sponse following a saturation-pulse train. In this analysis all
transitions are considered, unlike in the above linewidth
analysis; consequently, the recovery profiles a function of
recovery time were generally observed to be nonexponen-
tial. In light of the dominant interactions found with ARG
materials, quadrupolar contributions to relaxation can ac-
150 200 250 300 350 400 450 500 count for the nonexponential recove@xponential behavior

T (K) is expected for the recovery of an entire line in the event of

dipolar relaxation Such phenomena involve coupling be-

FIG. 6. 'Li FWHM (full width at half maximum in kHx data vs the tem- 7
) ) . _tween the'Li nuclear rupole moment and th rround-
perature with BPP fits. Dotted lines denote the departure from BPP behawc;[r een the uciea quad upole moment & d the surround

for x=1.00 and 2.01. The inset shows the compositional dependence fo'lng el_eCtriC. field gradienl;EFG), an_d the spin-lattice relax-
some temperaturgEWHM vs X). ation is fulfilled from the inherent link between the EFG and

bonding electrons. The rate®y; and W,, were extracted
from saturation recovery data using the following expression
(also see the Appendix

FWHM (kHz)

heating promotes the formation of3V. BPP formalism N(t) (f) et (_’]_+f
= - 1t —
3

holds better for samples whexe-2; since larger amounts of N T) e 2V, (5)
vanadium exist as ¥ anyway, heating has a lesser effect. *

The results show little or no compositional dependencevhereN., is the equilibrium magnetizationt € «). The co-
for 79, and its consistencyaverage value of about 51 efficientf exists within the range of 0 and 1 and depends
%X 10" ° s) probably reflects the similar nature of lithium sites upon the saturation conditions of the line. For all but a few
(i.e., ionig and the single-phase behavior of theO4 ARG  recovery profiles it was found thétwas greater than 0.95.
host over the entire compositional range. Extradigdval-  The above expression takes into account any partial irradia-
ues, however, reveal a small compositional dependence. A®n of the satellites, which is important if the line shape
shown in Table I,E, initially increases from 0.15 eV with changes with the temperature. As was the case here, excita-
the lithium content, and then levels off at about 0.20 eV fortion pulse widths(corresponding to maximum signal inten-
x=3.79. SinceE, depends upon the availability of sites to sity) generally increased and recovery profiles gradually
which excited lithium ions can jump, the number of suchtended towards single exponential behavidf; &W,) with
sites decreases witkkand motion of any one ion becomes an increase in temperature.
increasingly dependent upon the motion of others. Itis inter-  Arrhenius plots of In(2V, ;) versus inverse temperature
esting to note thalE, decreases with the lithium content for are shown in Fig. 7. Unlike the linewidth data, uncertainties
electrochemically lithiated LV,O5 (containing 5 mol% in the relaxation rates preclude the identification of any com-
P,0s) for 0.2<x=<2!? E, values from ARG samples  positional dependence. On the high-temperature side, the
=1.00 and 2.01 presented here are about 40% and 30%tes increase with the temperature; however, due to the
smaller than the respective samples in Ref. 12. Additionallyhigh-temperature instability of the ARG a true characteristic
E, for ARG samplex=1 is about 90% larger than that re- maximum cannot be attained. This is in contrast to the be-
ported in Refs. 8 and 10 for .tV 9dOs and y-LiV 5,05 havior of Liy 32V odOs bronze, where a maximum in the rate
bronzes, respectively. This variation illustrates again that thés observed. With the ARG samples at lower temperatures
properties of LjV,05 depend not just upon the composition the rates are much less dependent on the temperature, and a
but also upon the fabrication procedure. paramagnetic dipolar relaxation mechanism becomes in-

Estimates of room temperature self-diffusion coefficientscreasingly important. Consequently, the quadrupolar descrip-
(D) are obtained using tion specified by Eq(5) is not entirely appropriate, and in
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o
10k pe V,05, VO,, and \,0O3, even though the nucleus—electron
U ) coupling scheme is different in each cas® NMR studies
@ 2 [~ .
05}k A O @ A0 have been performed on these compounds and their spectra
L L L ! L are shown in Fig. 8. The study of these oxides may shed
2 3 4 5 6 some light on théV spectra of ARG materials.
1000/T (K") With V,05 each vanadium exists asl% and therefore,

the defect-free’’V response is not affected by either para-
magnetic or large nucleus—electron contact interactions. The
®lv spectrum of a polycrystalline sample is characterized by

L . the following representative parametel@,|~800 kHz, n
general the relaxation is described by at least two processes, T 0y~ 250 to 320 ppm ands,~— 1200 to

depending on the respect_ive_temperature. Considering thg1250 pp>37 Coupling of much larger magnitude has
strqnggr quadrupolar contrlbutlpn at h|gher temperatures, thEeen reported for th&'V line in VO,.®8 In this oxide, when
derivative of the In(@vy) F’“’f'.'e obtained be_tween 2.1 T<340K, structural distortions maintain closely spaced
<1000 < 3.4 yields an activation energy that is on the or- _ . : .

neighboring vanadium atoms and allow electron moments,

der of that found via linewidth behavior. This lends somedonated from adjacentdd vanadium species, to pair and

gg:;ﬁ;ee?egg r?alf/z ﬁg?g:'esne;;;rézgggh restricted dlme?)'articipate in bonding configuration$*® Apparently due to

electron pairing, the room temperati® signal is observ-
B. 51y NMR able. The COG is greatly shifted by abotfl030 ppm rela-
' tive to °VOCI; and it is therefore speculated that the signal
Due to large magnetic dipolar interactions between thes influenced by large contact interactions. The behavior is in
vanadium nuclear moment and localized electron momentgontrast to that of the negativi@iamagnetit shifts from
the >V NMR responses for ¥ and \* species3d! and  V,0s (~—610 ppm and \,O3 (~—380 ppm. In the phase
3d?) are difficult or impossible to detect in solids using con-just above 150 K, YO, exhibits metallic properties since
ventional pulsed NMR. This is true for the vanadium re-neighboring 3% vanadium species each contribute two elec-
sponse of the vanadyl ion VO. However, if there are no trons that are delocalized within two barfdsThe NMR
unpaired electrons or if the unpaired electron spins arespectrum thereby exhibits Knight shifts which become less
largely decoupled from the vanadium nucleus then®ve  diamagnetic with an increase in temperattfrésrom the
resonance is normally observable. Such is the case withreadth of the satellites for)D; it is seen that itV quad-

FIG. 7. Quadrupolar relaxatioriLi In(2W, ,) vs 11T.
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much narrower central transition about 20 kHz in width.
There is little or no chemical shift anisotropy, the line shape
is insensitive to the lithium content and considering the
breadth of the satellites, the quadrupolar interaction appears
to be at most of the order of that of the unlithiated ARG.
x=584 TheselV spectra are similar to those previously reported for
chemically intercalated LV,Os polycrystals(x=1.16 and
1.48.'® In that study, the spectral features frofhand y
phases were not distinct, yet differences in the satellite fea-
tures of the two crystals were attributed to increased disorder
in the host structure at larger lithium content. These sorts of

x=1.00 differences in the ARG materials are not apparent since, be-
> yond the nanometer-scale ribbon structure, the aerogels are
< fundamentally disordered at all compositions.

The >V intensity represents that fraction of vanadium
nuclei whose resonant frequencies are not shifted and broad-
ened beyond detection due to large couplings with localized
V,0, ARG unpaired electron moments. An estimate of the fraction of
detectable nuclei may be obtained through normalization of
the 5V spectra. In analogy to the procedure used above to
estimate the Li content, spectral intensities from ARG
samples were compared with that of a known amount of
V,05. The results indicate that most vanadium nuclei re-
main undetected due to wipe-out effects from unpaired elec-
tron spins localized nea'V nuclei. This leads to the con-

200 200 o 200 200 clusion that through lithium insertion the majority of
KHz vanadium atoms are reduced fron?Vto V4* and \A*,
thereby the V* content for lithiated materials is dilute. Evi-
FIG. 9. 53V 295 K two pulse(echd spectra of lithiated and unlithiated ARG d€NCE concerning ¥ content will be discussed below.
samples. Roughly 25% of the potential vanadium signal is observed at
x=1, following which the percentage drops to about 10% at
x=3.79, and remains at this value throughout 35%9
rupole interaction is comparable to that o§Q%. =<b5.84. Considering the formal vanadium oxidation value

Interactions represented in tA&/ spectra for the ARG  (10—x)/2, the \P* content is lower than expected sat 1,
materials could in part arise from pairing and/or delocaliza-and higher than expected at>1. The anomalously high
tion of electron moments, as with \\@ind \,05, and addi- V>* content at large lithium contents could be attributed to
tionally, may be due to ¥ -rich crystalline phasege.g.,&  oxidized defects or, as previously mentioned, crystalline
and y-LiV ,0s). The spectrum of the unlithiated,@s ARG  phases that formed during sample preparation. These are not
shown in Fig. 9 is typical of chemical shift anisotropy with expected to be present in large quantity since procedures
no discernable second-order quadrupolar effects. Simulatiowere taken to minimize exposure to atmospherjc ®lore-
of the spectrum yields chemical shift tensor components thadver, impurity states are formed at the expense of th@sV
are fairly close to those of polycrystalline,%s:o,~ay,  host; their presence would adversely affect the material to
~—220 ppm ando,,~— 1280 ppm, therefore, differences intercalate reversiblf. It is unlikely, therefore, that large
between the ARG and crystalline,@s structures are prima- amounts(>25%) of oxidized impurity phases are present
rily reflected by quadrupolar details. The quadrupolar intersince the ARG material demonstrates exceptional reversibil-
action is particularly sensitive to local perturbations of theity throughout most of the compositional range. If neighbor-
EFG, whereas the chemical shift also includes contributioning vanadium atoms were sufficiently close so as to allow
from beyond the first coordination sphere, and these are geisome orbital overlap, then delocalization of electrons
erally present in both crystalline and ARG materials. As dis-throughout manifolds composed ofi3atomic orbitals be-
cussed in Sec. |, an axially distorted Y®©ctahedron in the comes possible. In this case, tH¥ signal may not reflect in
bilayer structure is an equally suitable description of vanaa pure sense the oxidation state, as observed with YO
dium environments in the ARG, and the spectral differencesnd V,O5, and the explicit assignments oV, V4", and
between the ARG and crystalline,®s are those pertaining V3" species are correspondingly obscured.
to interlayer distances and the nature of the “sixth” oxygen Figure 5 shows a small negative shift of about 50 ppm
on the adjacent sheét.g., apical or equatorial for the >V COG with an increase ix. Besides signal inten-

The spectrum changes dramatically upon incorporatiorsity, the shift is the most substantive difference betw&h
of lithium into the \,Os; host. As shown in Fig. 9, the spectra for lithiated samples and is noteworthy since positive
slightly asymmetric room-temperatut®/ responses display (yet temperature insensitiveshifts are observed in thé.i
similarly broadened satellite components; however there is data. The®V linewidth of the central transition does not

V,05 ARG post-heat
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change with the lithium content, as expected, following in-
creased paramagnetic concentrations. Therefore a bulk sus
ceptibility associated with localized moments cannot com-
pletely account for all trends. The fact that th& shift is
negative and apparently continuous implies that electron
density and/or distortions evolve smoothly about the vana-
dium sites as the lithium content changes. These latter effects pw— -
are not large enough to cause measurable differences in qua
drupolar features however. The shift could arise from the
action of traditional chemical shift mechanising., diamag-
netic electron currentsntiferromagnetic ordering of neigh- «
boring paramagnetsvhich could result in no shift or even a
diamagnetic shift or through core polarization effects due to
d electrons. In order for core polarization to take place, a
partial transfer of electronic charge would have to occur, e.g.,
delocalization betweend® and 3° neighboring vanadium
specied?

The variable temperature measurements provided an op-
portunity to investigate the effect of heating on ¢ NMR
and EPR(see beloy. On average, the lithiated samples ex-
hibited a 10% mass loss, which presumably indicates that s 2000 p— 2000 2500
some structural reorganization occurred with probable emis- B-field (Gauss)
sion of Q,. Dramatic spectral effects were observed for the
unlithiated \,Os ARG, shown in Fig. 9, where heating F_IG. 1Q. EPR 295 K spectra of Iithi_ated and unlithiated ARG samples. The

. . . o simulations are shown as dashed lines.

caused an increase in the satellite distribution and a decrease
in the shift. The resulting spectrum is similar to that of poly-
crystalline \,O5;. For this and other evidence from EPR

measurements given below, it appears that heating undefrong relaxation mechanisms are expected for tHisate.

anaerobic  conditions  promotes  the transformationy, gypstantial differences can be observed in the EPR spec-
V20sARG—V;,05+ 0, . For lithiated samples, spectral in- 4 for samples=3.79, and therefore the paramagnetfc'V
tensities gathered before and after heat treatment were npf, (i.e., in VO) is considered to be absent in the ARG.

substantially different fox<2, but were different for larger Two contributions are generally observed for ARG ma-

lithium contents. The shape of theV lines for lithiated  gyials: a featureless broad component and a hyperfine com-

samples were not sllffected by heating. _ ponent. In considering the lithiated samples, the broad line
The shift of the>’v COG, remeasured after heating, was reflects a large distribution of 4/ states and accounts for

about 21% smallefless negativefor the V,05 ARG and N0 yqre than 90% of the spectral intensity. The broad line also
more than 3% smaller for the lithiated samples. In a generaéxhibitsgiso values close to those reported ®rand y-phase
sense, heating undenppears to cause ele(r:%ons to becomeyystaliine Liv,05. The smaller hyperfine contribution is
localized at vanadium atoms and thereby the \paramag-  gue to a dilute concentration of VO species. The latter

netic content becomes enhanced, regardless of lithium corggnature, which reveals eight transitions due to hyperfine
tent.. Additional considerations of thermal treatment 'nC|UdecoupIing between the localized electron moment and a
the impact on the surface area. For gxample, a reducedi SWearby>V nucleus (=7/2), has been unambiguously iden-
face area could follow @emission during heat treatment, in ifieq in diverse systems including electrochemically interca-
analogy with the emission of 4O from hydrated ¥Os  |ateq \,O;, vanadium containing oxide glasses, Fibased

ARG. Such a treatment is likely to alter the content of de'catalysts and zeolitd€*~“EPR spectra obtained at 295 K
fects and oxidized impurity phases and correspondingly the .o shown in Fig. 10. Details regarding the paramagnetic

*IV spectral intensities. environments can be obtained through deconvolution and
simulation of the powder pattern components. It is sufficient
to consider only the Zeeman, second-order hyperfine and di-
polar interactions; the latter can be incorporated through con-

Determination of the fate of electrons donated to thevolution of the bare powder patterns with Lorentzian broad-
V,05 host upon lithium insertion is an important step to- ening functions. Simulations were performed by inputting
wards characterizing the charge transfer mechani®ii. per site one set of nondistributedvalues, weightings, hy-
NMR gives a partial picture, indicating from the low spectral perfine componentéd; andA ) and peak-to-antipeak dipo-
intensities that most electronic charge is localized, i.e., attriblar broadening widthghere AB,=AB, =AB). Continuous
uted to VV* and \A*. EPR can supplement NMR by provid- distributions ing values were unaccounted for, consequently
ing a direct measure of47 and defect-related paramagnetic these are considered the major differences between best fits
states. Direct observation of thé’V/ species, however, is not and experimental spectra. The results, being generally good,
favorable since very large zero-field contributions and otheare summarized in Table II.

x=1.00

st-heat

x=584 po

!

C. EPR
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TABLE II. EPR simulation resultsAg is defined as the peak—antipeak width of the derivative Lorentzian
convolution function. Uncertainties in the last digits of some values are indicated in parentheses. Residual
weights correspond to the VO EPR signal intensity.

ESR simulation results ESR simulation resyfisstheating
Composition  Ag Ag ALLA,
X (©) Weight g..9 ALLA (G) Weight g..9 G
0.00 25@5) 0.9302) 1.972,1.972 0, 20 No signal =
1.00 835) ~1.00 1.969,1.948 0, 20 588 ~1.00 1.960, 1.960 0,0
2.01 1235) ~1.00 1.969, 1.948 0, 20 500 0.9505) 1.960,1.960 0,0
3.01 3205) 0.9822) 1.965,1.948 0,20 No measurement --- .
3.79 57%10) 0.9872) 1.965,1.948 0,20 No measurement --- ..
4.05 575100 0.9862) 1.965, 1.948 0, 20 5000 0.9205) 1.960,1.960 0,0
4.91 50010) 0.9872) 1.965, 1.948 0, 20 5@00) 0.9305) 1.960,1.960 0,0
5.84 52Q10) 0.9852) 1.965, 1.948 0, 20 5@00) 0.9505) 1.960,1.960 0,0

The dominant EPR line of the pure unlithiateg®  content increases from= 2.01 to 3.01. The addition of more
ARG spectrum is Lorentzian in shape witt{B=250 G and lithium beyondx=2.01 results in a slight decrease of the
0iso=1.972. Hyperfine parameters, beyond those of thexial distortion at the ¥" sites. Forx>3.01, the constancy
VO?* component, are considered to be distributed, venof theg tensor indicates that the structure about tHé ¥ite
small, or absent. This signature arises frofh \&pecies in  does not vary.
oxygen-deficient YOs_, states and appears to be related to ~ AB generally depends on the paramagnetic concentra-
the Gaussian-broadened defect lines observed in polycrystaions and as expected increases with the lithium content. In
line V,05 and Li; 40V,0s.184° The narrower features, asso- the composition interval of 2.64x<4.05, the average V
ciated with VG, have been simulated with an axially sym- oxidation state is further reduced with an increase in lithium
metric g tensor. Here better fits of the data were obtained bycontent, and the dramatic increaseAd@ can be attributed to
introducing off-diagonal terms in the second-order hyperfindarger paramagnetic interactions for the enhancéd von-
simulation. No quadrupolar interactions were consideredtent. For compositions>4, AB decreases from its maxi-
For the unlithiated material, the \FO site is characterized mum value of~570 to~500 G(Table lI). This is consistent
by AB~17G g,~1.980, g,~1.922, A,,~80G, A,,  withthe proposed expansion as more lithium ions are accom-
~90G, A,~200G, A,,~10G, A;,~20G, andA,,~0. modated into the structure. The formation of th&"\bxida-
Initially the VO?* content is zero or very small; however, tion state from VV* and \P* is expected to result in large
throughout the composition interval oi<X=5.84, this sig- distortions of the crystal field from octahedral as inferred by
nal gradually increases witk to about 1.5% of the total the oxide structures. Again like impurity phases, these per-
intensity. The V3™ sites are somewhat different for lithiated turbations on the aerogel structure should adversely affect
ARG materials: AB~18-20G g,~1.972-1.975, g, the cyclability of the material. For these reasons, thg V
~1.938-1.940, A,,~55-60G, A, ,~63-66G, A,, contentis probably smaller than expectéal example, less
~173-179 G,A,,~9-13 G, A;,~11-17G, andA,,~0 than 50% atx=3). In light of disproportionation amongst
(and these values are susceptible to small variations witlkanadium oxidation states, it is speculated that for large
heat treatment It is speculated that residual organics left charge is compensated not only through*\formation but
over from fabrication, along with O in the case of the also through the formation of nonbridging oxygens onsvVO
unlithiated material, serve to complex the ¥Oions, and  structures, i.e.V—O-V links become attacked by inserted
therefore the nature of the VO ion in the aerogel is that of lithium ions thereby creating nonbridging ionic LHO-V
an impurity. The broad EPR spectral line is identified as aerminations. In this way, the aerogel pyramid y@nits
characteristic aerogel signature. might be preserved within allowable distortions even at large

The ARG signals for LiV,05 are significantly different  x. This argument can be extended to address the unlikelihood
from those of the pure MOs ARG and therefore are distinct of further reduction of the vanadium oxidation state below
from those associated with*V in the V,05_, paramagnetic  3+.
defect states mentioned above. Instead, the spectra are attrib- There are large differences in EPR spectra taken before
uted to V" ions residing within VQ pyramids of the char- and after heat treatment. The postheating EPR signal van-
acteristic ARG bilayer structure. At low lithium conterits  ishes altogether for the unlithiated,¥; ARG, where, as
=1.00 and 2.0}, the cation association is through the apicalshown in Fig. 10 for the lithiated materials, the intensity for
oxygen of the pyramid unit and the single transferred electhe broad line decreases about 5% relative to théVBy-
tron is localized at the vanadium atom, forming 4"\para-  perfine component andB levels off near 500 G for most
magnetic center. The paramagnetic centers are affected lpmpositions. In that the V& content is enhanced slightly,
distortions along th&/—O-Li axis and the symmetry is re- the loss of intensity for the broad line reflects the diminished
flected in both theg and hyperfine tensor components. TheV** content and is consistent with the interpretation that
perpendicular componeng, , decreases somewhat and theupon heating some 4/ is converted to undetectable®V.
parallel componentg,, remains unchanged as the lithium Additionally shown in Table Il is the effect of heating on the
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g tensor for the surviving ¥ sites. The apparent symme- (nonbridging. The most superficial differences between the

trizing (i.e., g,=0, =0iso) reflects a more relaxed structure unlithiated and lithiated materials indicate that #h signal

and greater uniformity of the V—0O bonds. is dilute and that chemical shift effects are largely reduced in
the latter. This interpretation along with that of structural
expansion upon insertion particularly at large(FWHM

IV. CONCLUSIONS data does not support the scenario of significant electron

Chemically lithiated LjV,Os aerogels where 1.80x dglqcalization. The presence ofadiamagnet.ic impgrity phase

<5.84 have been studied via combined spectroscopies usir%_“'Iar to y-LiV ;05 (as suggested by th® distribution of

Li, 53V NMR and EPR. The results show that the lithium -1 |Qccl values may account for some if not all of the

environments in aerogels are generally different from botPbserved’V NMR.

electrochemically lithiated and high-temperature bronze ma- 2'1 is well known that EPR allows identification of the
terials. First-order quadrupolar broadenéid line shapes VO impurity, which is known to be particularly deleteri-

have been interpreted in terms of two distributions. A small0Us towards cycling over normal voltages. A small amount of
minority of lithium sites are similar to those ip-LiV ,05 this impurity is detected in ARG materials. The characteristic

whereas the majority of environments are widely distributedEPR Signal from the ARG is broader and much more intense
with | Q. varying by as much as 150 kHz or more. The than that of thellmpurlty v&", and t.he'se lines are gasny
wide distribution reflects the structural disorder characteristiSeParated. _Thé V spectra from unlithiated and lithiated
of the ARG. All lithium sites are ionic, however, and have ARG materials are different, where unspecifiegOd., de-
axial symmetry. This is consistent with structural interpreta-f€Ct States describe the former, wh_eredSL \paramagnetic
tions previously given, at least for<2.01, that intercalated C€Nters within V@ pyramid units define the I_atter.?\‘? sites
lithium ions are situated at apical oxygen positions betweef2Nnot be characterized here, and regarding this, magnetic
adjacent O bilayer sheets. Evidence of this type of order- susceptlblhty measurements would be of great value. The
ing was provided by extended x-ray absorption fine structur&volution of the AR? signatureg \é?lugs) with x follows a
(EXAFS) studies of chemically inserted Zn ions in g,  nost of other trend¢’Li shift, Ex, >V line shapes in that
ARG *” With the incorporation of larger amounts of lithium, the EPR spectra are virtually identical for3.79. Again, an

saturation of apical oxygen positions occurs and residuditerpretation based on nonbridging oxygens is employed to

lithium ions are forced to occupy alternative sites. Here it is2ccount for the behavior at large _ o
ARG materials are of such great interest, primarily be-

speculated that lithium ions become associated with non- - _ _
bridging oxygens in the equatorial plane of the Vanits. ~ causeé of their capacity, as well as chemical and structural
This conclusion is based on the absence of metallic lithiunpt@pility with cycling. No significant multiphase behavior is

('LiNMR), the temperature dependent disproportionation ofoPServed, yet as seen through electrochemical measure-

vanadium specie€V NMR and EPR, and the lower than ments, electronic changes occur as lithium is inserted. More-
theoretical V* content(V4* EPR signal, particularly fox ~ OVer these electronic adjustments within the host are largely

>4.05. No clear distinction in the spectra has been maddeversible. This has interesting consequences pertaining to

between lithium ions associated with apical and nonbridgingh€ nature of charge transfer mechanisms betw#eiithium
oxygens. and vanadium via apical oxygens af®) those purported

A BPP analysis ofLi lines yielded activation energies Petween lithium and nonbridging oxygens. The results pre-
which increase from 0.15 to 0.20 eV with an increasexin Sented here indicate that the,V/,05 ARG for the most part
and thereby suggests that ionic motion becomes more hirff2n be considered as a single nonstoichiometric “phase” and
dered for higher lithium contents. Differences between thesdat lithium intercalates smoothiiat least forx<5.84) into
activation energiegand diffusion coefficientswith those of ~ the V2Os host as an ion.
bronzes and electrochemically intercalatedy were noted.
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lar at all compositions abov&=2.01, whereas for lower This work was supported by the Office of Naval Re-
lithium content heating causes anomalous linewidth behavioga,,ch (ONR) and Defense Advanced Research Project
that is most likely related to structural modifications. High'Agency(DARPA). One of the author€P.E.S) acknowledges

temperature treatment results in sample mass loss and €54 cial support from the CUNY LSAMP program and a
hancement of the ¥ content. Even though the paramag- pesearch Centers in Minority Institutions award, Award No.

B 4+ + . . .ge
netic content (V*" and V) is significant at all  pR (3037, from the National Institutes of HealtHIH).
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nets is relatively weak and is further reduced by motional

. APPENDIX
averaging at room temperature.
The fact tha®V NMR can be observed at all composi- For quadrupolar relaxation in the case of nuclear $pin
tions is intriguing. In order to account for this effectivéV  =3/2, the transition probabilities between adjacent levels

signal, charge compensation requires some combination @¥W; for +3/2— *+ 1/2) and the next outerlying level§V, for

the following: (1) delocalized electrons within bands com- = 3/2— *1/2) must be considered. When the system is at
prised of 3 orbitals from neighboring vanadium atonf®)  equilibrium with the external field, the difference in popula-
the presence of significant oxidized impurity phasestion between adjacent nuclear levels is considered a function
(~10%), and(3) localized electron charges on oxygen atomsof temperaturel and resonant energyv. For the experi-
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mental conditions presented in this article, the difference cawhere
be approximated a®N,,—Npn+1~(Nghv)/(4kgT)=NyA/4

where the total population islp=2N,,. The rate equation N_12—N_3p2 W,
given by Ref. 48 is therefore N(t)=| Nyz=N_ygp |, W=| 2W=W, |,
AN _ o)+ MRy Al e e .
gt~ MAN ) 2 (AL) and
|
W, W,
—7(1+3A)—W2(1+2A) —W;A —7A+W2
W, W,
M=| 5 (2+A8)=Wo(1+4)  —2Wo(1+A) —2(2+4)=W,(1+4)
W, W,
- A+Wy(1+24) WA 5 (4+28) =W,
|
The eigenvalues of the nonsingular mathk are —2W,, nificant in this analysis The recovery of the entire line
—2W,, and —2(W;+W,) and Eq.(Al) can be recast in given by Eq.(5) is the result of the normalized sum of the
terms of the diagonalizing matri®, components ofN(t).
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