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The synthesis of anhydrous;LiV3;0s from its xerogel has been studied by using thermodiffractometry
and variable temperatub&/ magic-angle spinning NMR spectroscopy. Completion of dehydration leads
to a sample characterized by a bimodal grain size distribution, the larger and smaller sized particles
coming from the two components of the xerogel (liquid and solid components), respectively. The specific
reactions undergone by these two components have been identified: the solid component gradually loses
water by undergoing a series of phase transitions involving layered phases with decreasing water
concentrations, the hewettite framework being maintained throughout the reaction, whereas in the case
of the dried liquid component of the xerogel, the formation of anhydrous,VOs occurs through the
decomposition of lithium vanadates, which is followed by the formation and then progressive dehydration
of a hydrated hewettite structure. It is shown that the biphasic nature of the pristine gel precursor has an
impact on the electrochemical behavior of anhydrous M 3Os.

Introduction exhibit a larger initial capacity (300 mA/g) that decreases
rapidly on cycling®® Understanding the chemical nature of
the gel-like precursor and the chemical processes that lead
from the gel-like precipitate to anhydrous; LV 3;0g might

Lithium vanadium oxide, LiV30s (a0 = 0.1-0.2), has
been extensively studied over the past 20 years for its
attractive electrochemical properties in rechargeable lithium . L .
batteries:3 The material consists of D¢~ hewettite layers suggest new approaches for improving its electrochemical
comprising octahedrally and pentacoordinated vanadium properhes._ )
atoms, present in a 2:1 ratio. Intercalation can occur between N @ previous paper (Parti)f has been demonstrated that
the layers, the material providing fair energy density and a the gel-like precipitate of Li..V3Os is actually a diphasic
good capacity retentiotf Two routes have been mainly used Mixture, comprising a liquid that contains protonated deca-

to synthesize these oxides, solid-state reactibfand sot- vanadic acids and a solid with the formula L30gnH;0,
gel synthesi&” The lithium insertion behavior of kioV30s consisting of Li ions trappeq in porous poorly crystallized
strongly depends on the firing temperature of the xerogél. ~ hewettite layers. Upon drying at room temperature, the

Samples prepared upon heating at 380exhibit a stable ~ hewettite-like layers of the solid component remain, while
capacity of 180 mAh/g upon cycling,whereas those heated the liquid component precipitates, presumably as a mixture
at 350°C, which can only be prepared using a sol gel route, Of lithiated decavanadates. The decavanadates transform to
two hewettite-like compounds upon drying at 80. The
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electrochemical behavior of anhydrousLV;0g obtained L
upon firing at 580°C. A D-LC,,
Wk B U N i, T eI WV
i
Experimental Section o ,b:l' M M D-SCy
Li,11V30g gels have been prepared as described in the literattire. [*y® e T T

LIOH-H,O powder was typically reacted with a 2.25 niol! .«d-“"; Mﬁ\m A
suspension oft-V,0s (Aldrich 99.6%) in distilled water at 50C W
under a N atmosphere for 30 h. Centrifugations of the xerogel

were performed at 6400 revolutions/min for 5 min. The liquid part ‘

XGqy

I
Maprt,
F— R R T CSURTY RPN o YN

was removed and stored in a Petri dish whereas the solid part was XG5
washed with dried ethanol and centrifuged three times. This | ‘
procedure leads to the separation of the gel into an orange liquid ‘ || ~ , | D-LC

: : SRSIRND 1 1 N U SNV Y VDN, PP SV R W Bl
component and a red-brown solid component; these were both dried — 4
at room temperature in air. As it will be mentioned in the results m\\““ﬁ— D-SC
section, several hydrates are involved in this study. They have been____ ST |"“"““TINW\|M“|M"‘TM“T"“ = 2
denoted LVOH wherei labels them according to their interlayer 10 2 0 200 40 s

spacing, irrespective of their water content. The larger the value of i 1 Diffracti " ¢ the aellik d its liquid (D
. . . f B . igure 1. Iffraction patterns o € gel-like precursor and Its liqui -
i, the larger the interlayer distance. Other samples studied in this LC) and solid (D-SC) components dried at room temperaturé(3%nd

paper are labeled X{D-LCr, and D-SG for the original xerogel at 90°C. The reflections corresponding to the interlayer distance of LVOH1,
and its dried liquid and solid components (separated by centrifuga- LVOH2, and LVOH3 are denote®, *, and open circles, respectively.

tion), respectively, dried at a temperatire

XRD data were collectedt£yk,) With a 6/20 BRUKER D5000 El @
diffractometer with a linear MOXTEK detector, whereas thermo-
diffractometry was performed on@6 BRUKER D5000 diffrac- o
tometer. For these latter experiments, the PSD detector mountedWMm -
on the diffractometer can be fixed at a desired position so that scans 30°C
of 1000 s were collected over the angular range=2 6—16° MW%

40°c
following an equilibrium delay of 2000 s at a given temperature. m 50°C
Gels or liquids were cast on a polished glass X-ray holder and dried WMM 60°C
at room temperature prior to the XRD experiments. Synchrotron WWWMW 70°C
experiments were performed using 0.5 mm glass capillaries at the WMM%% :g:

ESRF (Grenoble, France) on the BM01B beam line. T 12 7 8

A 6 7 Bo 9 10 9 10 lll 1‘% ll3 1:'1 1|5
51V MAS NMR experiments were performed on a CMX-360 28 () Cuyq 26 () Cuy,
spectrometer, at an operating frequency of 94.6 MHz correspondingrigure 2. Thermadiffractometry of (a) the solid component of the gel (D-
to a field strength of 8.4 T. Spectra were acquired with either a SC) and (b) the liquid component of the gel (D-LC) between room
single-pulse sequence or a rotor synchronized Z—r—n/6—1— temperature and 90C at a 0.2 K/min heating rate. The reflections

_ ; - characteristic of the different phases have been noted as follows: LVOH3
?Cq') echo /Sequelnce’ .\gll:]eref v, a;d Vlr Isdthle splrfmlng (open circles), LVOH2 (*), LVOH/, (#), and LVOHY/, (+) and, for
requency.zr/12 pulse wi t s of Jus an . puise : elays of 0.5 s presumably two lithium decavanadates, LD1 (small diamonds) and LD2
were used. A Chemagnetics probe equipped with a 3.2 mm rotor ().

was used, with typical spinning frequencies of 15, 20, and 23 kHz.

Spectra were acquired at different spinning speeds to determineFigure 1 along with those of their dried liquid and solid
the frequency of the isotropic resonancé®/ spectra were  components separated by centrifugation. Upon drying at
referencedd a 1 motL~? solution of VOC} in acetonitrile as an room temperature, the diphasic gel-like precursor gfMzOs
external reference. High-temperature spectra acquisition was achievegonsists of a hewettite-like compound 1LjV:O0g-3H,0
using a Chemagnetics variable temperature stack and controller. A(Iabeled LVOH3, broad reflections marked by open circles)
lower spinning S.peed of 15 kHz was used to minimize the characterized by an interlayer distance of 10.89 A and a
temperature gradient between the sample and the thermocouple. mixture of lithium decavanadates (LDs: sharp reflections)

Scanning electron microscopy (SEM) images were obtained from . .
a GEOL 6400 microscope. On the basis of our earlier work and the XRD patterns of

Electrochemical measurements were achieved with a MACPILE D-LCzs and D-SGs, the former arises from the solid
controller using Swagelok type cefldhe composite electrode was  cOmponent while the latter have crystallized from the liquid
coated on Al disks from a mix of 85% of LiV30g, 10% of carbon componen?. Following drying at 90°C, LVOH3 partially
black, and 5% of poly(vinylidene difluoride). EC:DMC (2:1) and dehydrates and converts to a second layered phasg/kOs:
LiPFs was used as the electrolyte. Galvanostatic cyclings were 1.1H,0 (LVOH2, marked by *) with a smaller interlayer
obtained using a current that corresponds to the insertion distance, 10.25 A, whereas the LDs transform to a similar
desinsertion of 1 Li/2.5 h and 1 Li/5 h per formula unit, respectively, hewettite like compound (called LVOH1, marke®. This
in the 3.7-2 V range. A voltammetry study was also performed in  |atter compound has been shown to contain the same water
g}eai;‘\%enggtt:rri'gfi);?:g?ezfﬁowrzglt C;g:ﬁ;'g%gg&:he MasS  content as LVOH2 but has a smaller interlayer spacing, 7.8

A.° This difference is proposed to arise from different
packings of the water molecules and Li ions in the interlayer
space.

XRD of the Dried Samples.XRD patterns of xerogels Thermodiffractometry: Room Temperature to 90 °C.
dried at room temperature and at 90 are presented in  To understand the differences in the phases found following

Results and Discussion
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Figure 3. Full pattern matching refinement of the dried liquid component of the gel &€7-LC). Circles correspond to the experimental pattern, and
the full line corresponds to the calculated one and to the difference curve. Sticks correspond to calculated Bragg positions.

drying at room temperature and 90 and to follow the phase (100)

transformations that occur in this range, thermodiffractometry I (020)

was performed for a small range of alues for both the | '(002) (0'3?3 lf W, A

dried liquid and solid components (D-k€and D-SGe) of ot/ i s\ 1 o5l Nt st 300C
the gel-like precursor (Figure 2). From RT to 9G, the Wx*WmJ\JJ WW e 250°C
solid component of the gel transforms from LVOH3 (open @M www“."w, ™ P Nozare
circles) to LVOH2 (*). It starts at 40C and is complete by i —_——

70°C (Figure 2a). The evolution of the liquid componentis "4\ wmm.mwﬁ Attt 100
more complex. From 50 to 6TC, the set of peaks marked “':ac A ) e A"‘”WC
by the small diamonds disappears, and a new peak markec o Mw—mWJ SO A b ﬂ_{ -~r190°c
by @ appears as a shoulder to the reflection @t=2 10°. 10 20 0 20(7) 4

Between 80 and 98C, the second set of peak3)(vanishes, (1 )
and a new peak appears af 2= 12.5 (+). From this EI (100) EI

temperature behavior, it is clear that the liquid component i ,\ {:’{

of the gel-like precursor of anhydrous 14V3:0g must ) W 300°C -

- . . M" Aty e i
crystallize into two different compounds that are presumably ~ w Tt | 20E T ‘“‘s‘ \“:
lithium decavanadates on the basis of our earlier idhlese Pt MM““*‘“% N_/\M @

210 C tehaaion b st e X

phases are denoted LD1 (small diamonds) and LDR ( @ % mn-c wmwj}.ww

170°C e

The reflections due to LD1 and LD2 compounds disappear 150°C mmimrvnrs ﬂWM
at 50-60 °C and 806-90 °C, respectively (Figure 2b). The M ifgg N M o
new peaks at@ = 10.1° and @ = 12.6° at 90°C were S,
assigned to the (100) reflections of hewettite-like compounds o 10 11 12 13 14 e T; 112 EWWT:
53V MAS NMR spectra, shown later, confirm that these are 26(7) 26()
hewettite-like phases), respectively LVE&IHd = 8.7 A (#)) Figure 4. Thermodiffractograms of (a) a dried xerogel at QD (XGgp)

and LVOHY, (d = 6.8 A (+)). Upon overnight drying at 90 and (b) its dried solid component (D-SC) and (c) dried liquid component
°C, LVOHL1 is the only phase that can be observed. LV@H (LE\),éﬁ)l T[‘%?j';jj“f{}gi‘ﬁ{,fan‘i,”‘ﬂ':f’a{?;o“f;?;e{;iye‘igg 'Sat:rl:e O,f LX OHz.
and LVOHY, are thus metastable phases that transform to and X, respectively.
LVOH1 upon annealing. As mentioned in Experimental
Section, note that LVOF, and LVOHY, do not necessarily ~ 9.22 A. A subsequent full pattern matching using the
contain different water contents: indeed a given interlayer winplotr/fullprof packagé' leads to the cell parametesis=
spacing does not necessarily correspond to a specific17.6243(3) Ab=10.3259(2) A, and = 9.2277(2) A with
hydration rate because LVOH1 and LVOH2 both contain good reliability factors Ry, = 8.78 andRex, = 7.64). The
1.1 HO per formula unit but have quite different interlayer structural determination of this phase is underway.
spacings @.von1 = 7.8 A andd.yonz = 10.25 A)? Thermodiffractometry: 90 —300 °C. On Figure 4a the
To get a better insight into the nature of LD2, the liquid formation of the crystalline anhydrous;liv;0s compound
component was dried at 70C for several days. The from a xerogel prepared using {@s] = 0.75 motL~* and
corresponding diffraction pattern (Figure 3) was collected [LIOH] = 0.55 motL~1dried at 90°C has been investigated
at the ESRF using synchrotron radiation. The pattern showsby thermodiffractometry. Two phase transformations are
some trace of other hydrates, but it mainly comprises LD2. observed. The first one, denoted®s occurs between 120
Using Dicvol04 softwaré? LD2 could be indexed in the  and 180°C and corresponds to the transformation of LVOH2
Pnnmspace group witth=17.62 A b =10.32 A, ancc = (*) into LVOHL1 (@). The second one that occurs between

(10) Boultif, A.; Louer, D.J. Appl. Crystallogr.2004 37, 724-731. (11) Roisnel, T.; Rodriguez, QVater. Sci. Forum2001, 378-381, 118.
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Scheme 1. Schematization of the Thermal Behavior of the

Dried Solid (D-SC;s) and Liquid (D-LC ,5) Components of
the Gel up to 300°C as Inferred from XRD
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Figure 5. Crystallite size along tha direction (solid line) and maximum

strain (dashed line) for the dried solid (D-S@) and liquid (D-LC; H)
components of the gel as a function of the temperature.

Table 1. Observed Li+«V30g-nH20 Hewettite-like Compounds,
Their Interlayer Spacing According to This Work and
Literature, 13-15 and Corresponding Approximate Water Content

approximate

180 and 250C, denoted a®, corresponds to the transfor- d(A; d¢ d¥ d® HO content

mation of LVOH1 into anhydrous Il.ij308 (x). this work) @ B A (this work, ref 5)
To get more precise information concerning the temper- LVOH3 10'(%%% circles) 10.76 3

ature ranges of the phase transformations, thermodiffracto- LvoH2 10.4 (* 1

metry experiments from 90 to 30 were performed for I[\\;gnza g.gl(‘) 9.04-9.40 ;f ,

_the |nd|V|duaI componeqts D-Sgand D-LGyp and are shown LVOH12 78 ®) 771-8.03 7.74 755 1

in Figure 4b,c, respectively. For D-SC, a smooth LVOH2 |voHY, 6.8 () 7.22 ?

(*) to LVOH1 (@) transformation occurs from 110 to 150

°C. Given the peak broadening, we cannot rule out the €Xist. This discrete number of hydrates suggests a pillaring
formation of possible intermediate hydrates. Anhydrous effect of water molecules in the interlayer space. In most

Li; 1V30g starts appearing at 22@ and is pure above 250
°C (the entire pattern fromé?= 5 to 75 is not shown). For
D-LC, LVOH?¥/, (#) disappears between 90 and 130,
forming LVOHY, (+). LVOHY, (+) transforms to pure-
phase anhydrous 1.iV3Os between 190 and 230C. For

cases mixtures of these hydrates are actually obtained, which
prevents the determination of an accurate water content. For
this reason attempts to isolate a desired hydrate were
undertaken using controlled hygrometry®H,SO, atmo-
sphered? Unfortunately, mixtures of hydrates were obtained

the sake of clarity results have been summarized in Schemérrespective of the equilibration time. Nevertheless, a sixth

1

hydrate called LVOHW, (d = 9.31 A) was observed during

The peak widths are much larger for the phases derivedthis study.

from D-SC rather than from D-LC. Single line profile
analysis using the integral breadth method with the Hotder
Wagner-Landford approximation implemented in Win-

PlotR'* was performed on the (100) reflection of the growing

anhydrous Li+,V30g phase. According to this approxima-

Table 1 presents a comparison of the interlayer spacing
obtained in this work and in the literature. THespacings
observed by us and previous workers are close; LVOH2 has
not been observed previously. The broadness of the XRD
reflections of these phases is probably responsible for the

tion, the Lorentzian component of the pseudo-Voight func- slight discrepancies observed between the different studies.

tion used to simulate the peak shape is solely due to size

5%V MAS NMR. Owing to the low crystallinity of the

effect, the Gaussian part being associated to microdistortionshewettite compounds under investigation, the evolution of
(¢ = Ad/d). As a consequence, after correction for the the local environments during the formation of crystalline
instrumental broadening, this method leads to an estimationLi1.1V3Os has been followed for D-L& and D-SGs, as a

of the crystallite size (A) along with a value to the maximal function of temperature, by usirf§v MAS NMR spectros-
strain (%%). Results reported in Figure 5 show that D-SC €Opy.

Li; 1V30g crystallites are approximately four times smaller

D-SGs. The evolution of the spectra of D-S£with

than those of D-LC in the direction that is perpendicular to temperature is displayed in Figure 6. The spectrum of BsSC
the interlayer space whereas the maximum strain values aredt room temperature contains two sets of resonance54#

lower. We note that an overestimation of the strain effect

could lead in turn to an overestimation of the crystallite size. (12) CRC Handbook of Chemistry and Physie8rd ed.; Lide, D. R.; CRC

Press: Boca Raton, FL, 1992993.

In our case, however, the largest crystallites are those that13) manev, v.; Momchilov, A.; Nassalevska, A.; Pistoia, G.: Pasquali,

show the lowest maximum strain.

In light of all of the diffraction results, it appears that only
a discrete number of hydrated hewettite-like compounds

M. J. Power Source4995 54 (2), 501.

(14) Kumagai, N.; Yu, AJ. Electrochem. S0d 997, 144 (3), 830.

(15) Pasquali, M.; Pistoia, G.; Manev, V.; Moshtev, R.VElectrochem.
Soc.1986 133 (12), 2454.
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L 1 L L L 1 " L L 1 L L I 1 n L n 1 1 8 (ppm)
480 520 560 600 640 Figure 7. 1V MAS NMR spectra showing the isotropic resonances of the
8 (ppm) dried liquid component of the gel (D-L%), acquired aBo = 8.4 T andv,
Figure 6. 5V MAS NMR spectra of the dried solid component of the gel = 20 kHz. All the remaining peaks arise from spinning sidebands.
(D-SGC5) obtained as a function of temperature, acquireByat 8.4 T and

ve = 15 kHz. of LVOH1. Two resonances are resolved at approximately

—535 and—555 ppm (marked by black triangles) at 180
°C, in addition to the resonance due to the pentacoordinated
site (—580 ppm). These can be attributed to vanadium in
two slightly different octahedral environments. The larger
changes seen in this temperature range are ascribed to the
loss of the structural water on going from LVOH2 and
LVOH1 and the consequent rearrangement of the water
layers and Li ions. Li" ions are likely more strongly bound
to the hewettite framework following the partial dehydration.
Above 220°C, a spectrum that resembles that of crystalline

and —580 ppm (as shown in Part d)indicating that there
are at least two different local environments for vanadium.
These resonances are present in an approximately 2:1 ratio
respectivel\’, consistent with a hewettite type structure
comprising corrugated vanadium oxide layers similar to those
found in anhydrous Li,V30s, with two octahedrally
coordinated {545 ppm) ions and one pentacoordinated
vanadium 580 ppm) ion. The shifts are in the same range
as those seen in Na@s-H,0, which also contains hewettite

layers (~548 ppm (five-coordinate) and535 ppm (octa- Li;+4V30gis observed, although noticeable increases in line

16
hedral V)_)' . width of the overlapping resonances result in a more
Three intermediate hydrated phases (LVOHI, 2, and 3) toa¢reless line shape for the sample derived from D-SC.

were identified by XRD in the investigated temperature range The resonance assigned to pentacoordinated vanaeiGao(
(Table 1). LVOH1 (156-220°C) and LVOH2 (76-110°C) ppm) broadens and appears as a shoulder of the resonances

both Eontam one mterlayqr water molecgle per fgrmula UNit 5scribed to octahedral vanadium, as was seen in the spectrum
at 90°C but have different interlayer spacings, while LVOH3 of the crystalline Li;+,V30s. The resonances have also shifted

(room temperature to 78C) contains the same vanadium ,arq jower frequencies with respect to spectra obtained
oxide layers but has two additional water molecules per o¢ 1o,y temperature and are now at similar frequencies to
formula unit at room temperature. Thus, we expect the those found for the crystalline Li,VsOs.1”

oV 30s.

vanadium local environments within these three compounds The increased line width is attributed to the poorer

to be similar. Indeed, no dramatic changes are observed Ncrystallinity of the D-SC derived LiV0s sample, caused

the spectra as the temperature increases, consistent with thBy the lower synthesis temperature. No change is observed
presence of very similar vanadium local environments in the in the 5V resonances when the samples are cooled to room
D-SC sample throughout the heating process. The Severptemperature

overlap of the different broad resonances do not allow an . .
. . : : . D-LCys. The spectrum of D-Lé&s, previously presented in
accurate simulation of the chemical shift anisotropy and 9 o 2
) . . : the Part F is shown again in Figure 7 in view of the
quadrupolar coupling parameters, which might have provided . . . ) X
; . . LS . complexity of this spectrum, which contains 10 different
further information concerning the coordination environments . . . .
isotropic resonances. Our previous study (Pdrindlicated

of the vanadium sites. that D-LG5 consists predominantly of decavanadic acids and

A sI_igh'F change in the line shz_ipe is detected by a careful polyvanadic species, as opposed to a singi©Mype
examination of the spectra obtained between 70 anc’C00 phase: the presence of decavanadates is characterized by

and is ascribed, by comparison with data from XRD resonances at425, —500, —510, —530, and—542 ppm

experiments, to the formation of LVOH2. A larger change (labeled LDa on Figure 71° Shifts of —470 and—480
is seen between 140 and 180, ascribed to the formation '

(17) Dupre, N.; Gaubicher, J.; Guyomard, D.; Grey, CCRem. Mater
(16) Durupthy, O.; Steunou, N.; Coradin, T.; Maquet, J.; Bonhomme, C.; 2004 16 (14), 2725.
Livage, J.J. Mater. Chem2005 15 (10), 1090. (18) Donnell, S. E. O.; Pope, M. T.; Dalton, J. C.1976 2290.
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Figure 8. An enlargement ofV MAS NMR spectra of the dried liquid
component of the gel (D-LC) obtained as a function of temperature with
Bo = 8.4 T andv, = 15 kHz showing the isotropic resonances and the first

set of spinning sidebands. The scale shown below the chemical shift axis
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Figure 9. SEM images showing the morphology of (a) the xerogekG
(b) the dried solid component (D-84g), and (c) the dried liquid component
(D-LCsgp) heated at 580C for 10 h.

No significant change is observed from room temperature
to 100°C, apart from an overall growth in intensity of the
resonances betweerb10 and—560 ppm (dashed lines). The
thermodiffractometry analysis indicates the formation of a
hydrated hewettite phase in this temperature range, namely,
LVOH?3/,. Resonances at530 to—590 ppm were observed
in Figure 7a of Part® for the hydrated hewettite phases.
Thus, the observed progressive increase in intensity in this
frequency range may reflect the start of the formation of the
vanadium octahedral environments found in a hewettite type
compound.

More noticeable changes occur between 100 and°C20
the resonances at470 and—480 ppm, marked by double
dashed lines, vanishing to the benefit of resonances in the
frequency range of those attributed to vanadium in hewettite
phases {520, —555 (octahedral vanadium, marked by
arrows) and-585 ppm (pentacoordinated, marked by an X)).
Thus, this change is associated with the reaction of the
remaining lithiated decavanadic acids to form a hydrated
hewettite compound, probably LVGH, as suggested from

gives the chemical shift range of the different vanadium species observed XRD studies in this temperature range. Note that the signal

at room temperature, as shown in Figure 7.

ppm (labeled LDb) were assigned to the local environment

deviating slightly from that of decavanadates or precipitates

formed by the Li ions and the polyvanadate species.
Resonances at565 and—590 ppm (labeled PV) are usually
attributed to polyvanadate ions or to pentacoordinated
vanadium environments found in gels of,3.2° The
resonance at-565 ppm contains a shoulder at higher
frequencies at approximatety580 ppm, which is assigned
to similar local vanadium environments.

observed at-590 ppm at low temperature and in® gels

is also related to pentacoordinated vanadium, as inferred from
its chemical shift, but most likely in a different phase because

the hewettite structure is not formed at low temperature in

the liquid component.

The signal at-426 ppm, assigned to a decavanadate, also
disappears in this temperature range, the sidebands of the
—585 ppm hewettite resonance now being observed in this
frequency range (indicated by the solid line). Additional
experiments performed between 70 and 1Q@&t the higher
spinning speed of 23 kHz confirmed that the resonance at

Spectra of the same sample obtained from a second set of 426 ppm disappears between 100 and 1CPconsistent

experiments using a slightly lower spinning speed of 15 kHz
for D-LCys, as a function of temperature, are shown in Figure
8. The first spectrum was obtained at 40 and is closely

with the transformation of decavanadic acid into a hewettit-
like structure above 100C.
The line shape and numbers of overlapping peaks at

related to that of D-LGs. The same resonances are observed, approximately—520 ppm, due to octahedral vanadium ions
however, the slower spinning speed results in overlap i, the hewettite structure, gradually change between 140 and
between the higher and the lower frequency resonances and3pec. The environments giving rise to highest frequency
changes in relative intensities of the isotropic resonances.signals (marked by a circle) disappear above 200XRD

For example, the signal at590 ppm (marked by an open  eyperiments in this temperature range indicated the presence
triangle) is associated with a more intense sidebant4&8 of LVOHY, and LVOH1. Therefore, these resonances are

ppm (marked by *), and the resonance-&65 ppmis more  agsigned to vanadium in the octahedral site in one or both
intense. of these phases. By further increasing the temperature, the
resonances rising from vanadium in the octahedral sites
(=520 and—555 ppm, marked by arrows) and pentacoor-

(19) Harrison, A. T.; Howarth, O. WJ. Chem. Soc., Dalton Tran$985
1173.

(20) Fontenot, C. J.; Wiench, J. W.; Schrader, G. L.; PruskiJMAmM.
Chem. Soc2002 124, 8435.

(21) Bourgeon, N. Ph. D. Thesis, IMN, Nantes, France, 2003.

(22) Gaubicher, J.; Baethz, C.; Petit, P. E.; Bourgeon, N.; Guyomard, D.
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Figure 10. (a) Voltammetric investigation of the structural phase transformation at 2.6 V on the first disch&@en\//h) of Li; 1V30s prepared at 580
°C. Two peaks are observed with a similar equilibrium potential upon 24 h. (b) Incremental capacity curves from galvanostatic cycling (1 Li/2.5 h) of
anhydrous Li;V30s obtained from the xerogel (XG) and the dried solid (D-SC) and liquid (D-LC) components fired for 10 h 4€580

dinated vanadium-585 ppm marked by an X) shift to bimodal grain size distribution in the sample derived from
—515,-540, and—565 ppm respectively, at 23€. They the xerogel must be due to the differences in crystallite size
correspond clearly to the resonances observed 525, that arise from the D-SC and D-LC components of the
—545, and—580 ppm in the spectrum of the sample cooled xerogel (Figure 9). We believe that this bimodal character
back to room temperature and to the resonances seen abf the Li;1V3Os grain size should always be observed upon
—535, —550, and —575 ppm in the spectrum of the firing any gel precursor of Li,V30g above 250C, because
stoichiometric LioV3Og (cf. Part 1)? supporting their as- it is intrinsic to the diphasic character of the kW 30g gel.

signment to environments similar to those found in-4V30s. Electrochemistry. Studies were performed to explore the
Noticeable differences between the line shapes and theeffect of particle size on the electrochemical behavior. It has
chemical shifts of the isotropic resonances of D-SC and peen show# that Li insertion in Li 1VsOg prepared at 580
D-LC at high temperature are observed, although materials°C at 2.6 V is associated with a structural phase transforma-
with the same stoichiometry and structure are believed to tion whose kinetics is controlled by that of a nucleation and
be present. For example, the resonance ascribed to thgyrowth process. On cycling LiVsOg in practical conditions,
pentacoordinated vanadium (at approximatey80 ppm) it has been shown that this 2.6 V process splits into two
appears to be much sharper and intense in the D-LC spectrunpeaks, labeled first peak and second peak (Figure 10a). Both
than in that of D-SC. The possibility that the differences may processes commence at close to 2.6 V as seen from the linear
arise from incomplete dehydration of the hewettite phases extrapolation of the ascending part of fdgversusV curve
at 230°C in the NMR rotor was investigated by heating a on theV axis (see the dashed lines in Figure 10a). Indeed, if
D-LC sample at 250°C for 24 h, in an oven, ensuring the current is stopped at the potential that corresponds to
complete dehydration of the final Li,V30s product. The  the maximum of these peaks, the batteries equilibrate in both
corresponding NMR spectrum was similar to that obtained cases to the same OCV (open circuit voltage) value of 2.615
in situ at 230°C. The differences between the;LiV3sOs V. Accordingly these two peaks were proposed to correspond

spectra of samples derived from D-SC and those of samplesto the same phase transformation but would be associated
derived from D-LC must arise from differences in crystal- with different kinetics.

linity and possibly small changes in‘Lcontent and/or Li Figure 10b shows the incremental capacity curves obtained
arrangements within the@s™ layers. Slight differences in = fom galvanostatic cycling of LiVsOs samples obtained
Li* content and, therefore, the vanadium oxidation state may f,om XG, D-SC, and D-LC upon firing at 58%C for 10 h.
be responsible for the temperature dependencg oflthe In the case of XGgo two peaks F1 and F2 are observed
spectrum in the case of the D-LC sample but not in the D-SC \yhereas both Sfsoand LGsgoderived Li V305 contain only
sample. _ _ one peak: the first peak, related to highest kinetics, is
SEM Studies.Upon heating at 588C for 10 h, both D-LC  gpserved for SELi; V405 (small grains) whereas the
or D-SC give rise to pure LhV30s, as shown by XRD, but  gecond peak associated to lowest kinetics appears fer LC

the samples have very different grain sizes (Figure 9). LC | j, \/,04 (large grains). These results demonstrate the effect
leads to large rodlike particles (Figure 9c), about 10 times yf the pimodal grain size distribution of the material.
longer and 4 times thicker than those obtained from D-SC

(Figure 9b; 10um vs 3um). A mixture of small and large

. : ; Conclusion
particles is observed for the 14V 30s powder obtained upon
heating XGo at 580°C (Figure 9a). A recent stuélyshowed The transformation of the Li,V30snH,O xerogel to
that the rate of growth along the three axes is well anhydrous Li.«V3Os has been investigated by using ther-
established, resulting in crystallites of dimensiores £316b modiffractometry and variable temperatdf¥¥ MAS NMR

x 5¢) irrespective of their size (and thus of the temperature spectroscopy. The starting biphasic xerogel shows reactions
at which they have been obtained). As a consequence thehat are specific to the solid and liquid initial components
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of the gel. The solid component, the hewettitg LV 30g bimodal grain size distribution is seen inL4V3;O0g prepared
3H,0, smoothly dehydrates to formiLi,V3Os whereas the  from its xerogel, the two sets of differently sized particles
liquid component undergoes two additional reactions that being derived from the two components present originally
correspond to the transformation of two lithium vanadates in the xerogel. The bimodal grain size distribution is
to hewettite-like hydrates. Both components lead to anhy- associated with the different kinetics for the Li insertion
drous samples with a monomodal grain size distribution, the reaction that occurs in LiV3Og at 2.6 V. Ongoing work is
size of the crystallites and grains being roughly four times now devoted to the role of each component of the precursor
larger in the case of the liquid-based sample. The small sizeon the electrochemical behavior of anhydrous, LV ;0s

of the Li+4V3Os derived from the solid component is prepared at 350C as it is known to present a very high
ascribed to the formation of the hewettite layers at room initial capacity that decreases on cyclifi.

temperature. The decavanadates and polyvanadates that

crystallize from the liquid component transform to a hewettite ~ Acknowledgment. This work was done with financial
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