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Abstract. Structural and electrochemical aspects of vanadm oxide films recently reported from ICMCB/
ENSCPB have beemxamined using approprate structural models. It is shown that amophous films are non-
stoichiometric as a result of pre-deposition decomposition of XDs. It is proposed that the structure of amor-
phous films corresponds to a nanotextured mosaic of 05 and V,O, regions. Lithium intercalation into these
regions is considered to occur segntially and detemined by dfferences in group electronegativities. Open
circuit voltages (OCV) have been calculated for various stoichiometric levels of lithiation using available
thermodynamic data with approximate corrections. Sequestration of lihium observed in experiments is
shown to be an interfacial phenomenon. X-ray photoelectron spectroscopic observation of the formation of
V3" even when V* has not been completely reduced to%7is shown to be entirely consistent with the proposed
structural model and a consequence ahitial oxygen nonstoichiometry. Based on the structuratlata available
on V,05 and its lithiated products, it is argued that the geometry of V@ polyhedron charges from square
pyramid to trigonal bipyramid to octahedron with increase of lithiation. A molecular orbital based
energy band diagram is presented which suggests that lithiated vanad oxides, LiV,Os, become metallic
for high values ofx.

Keywords. Amorphous films; vanadium oxide films;structural and electrochemical properties.

1. Introduction intercalated up tx = 20 in LikV20s (ex situdiffraction
studies were done and only a slight increase pdrame-
Recently, Giest al (2005) examined sputtered films ofter was noted). This is similar to the structural behaviour
V,0s obtained under different sputtering conditions andoted in the case of sodium vanadium bronzesgyhas,
studied the electrochemical behaviour of the films duringp tox = 17 (Pereira-Ramost al 1988), (v) amorphous
lithium ion intercalation—deintercalation reactions. Thand crystalline thin films were found to exhibit remark-
principal observations are as follows: (i) Sputtered filmable differences in microstructure as observed in scanning
are crystalline when the sputtering gas mixture has 10&tectron microscopy (SEM); amorphous film is constituted
or higher oxygen content and are amorphous at lowef large blocks with smooth surface while crystalline film
than 10% oxygen, (ii) when no oxygen is present in theonsists of fine rods of nanometric dimensions with no
sputtering gas, the films obtained are not only amorphogkear orientation, (vi) in their electrochemical behaviour
but also contain ~40% of vanadium a% Warious vana- also crystalline and amorphous films are found to be quite
dium valence species have been quantitatively studied wkstinct. Crystalline films exhibit four distinguishable
ing high resolution X-ray photoelectron spectroscopyoltage plateaus in the first cycle which may arguably be
(XPS) measurements. On this basis the composition aftributed to ¢ + ¢€), (€ + ), (0+ y) and {/+ &) biphasic
the amorphous film has been found to be deficient in oxgystems. But in second and subsequent cycling the pla-
gen and the formula for the nonstoichiometric amorphousaus disappear and the galvanostatic plots of voltage vs
films has been assigned asOd4s, (iii) low angle X-ray (intercalate Li) appear as simple smooth curves decreasing
scattering studies has revealed that the crystalline filmfom the highest to the lowest voltage in charge—dis-
grow with definite orientationD0100being perpendicular charge cycles (see figure 1 which will be discussed further
to the substrate surface, (iv) the X-ray diffraction (XRDJater). On the other hand, amorphous films exhibit only a
patterns do not reveal any change even whénohis are continuously decreasing curve with two regions of mode-
rate and steep slopes (at somewhat lower voltage and with
- x > 1) during the first discharge. But during first de-inter-
*Author for correspondence (kjrao@sscu.iisc.ernet.in) calation and subsequent cycles it exhibits voltage beha-
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Figure 1. Galvanostatic charge—discharge cycling traces of amorph@usQjs (a) and crystalline LiV,Os (b) films: note the
plateaus in the case of crystalline films and the extent of sequestered lithium content.

viour similar to the crystalline films (figure 1). However,oxides. Vanadium oxidation state in oxides span from +2
it is found that a certain amount of'lis retained in the to +5 (although +2 state is not relevant to the present
films which cannot be de-intercalated. This retention dcftudies) with O/V ratio ranging from 182 In fact, oxy-
Li* is observed in some crystalline films also, but the nogen to vanadium ratio has been found (Zavalij and Whit-
de-intercalable Liis much less. Such crystalline filmstingham 1999) to reach up to 3, is the first member
contained substantial quantity (17%) df resent in them as of homologous series of oxides (Schwingenschieglal
a result of sputtering conditions. The non de-intercalabB003) of the formula, ¥O2,-1 and the end member is YO
lithium, which we will refer to as “sequestrated”lions, (n — ). Vanadium is generally found in oxygen coordi-
seems to occur whenever there is oxygen nonstoichimation of 5 or 6 although tetrahedral coordination is fa-
metry due to the formation of ¥ in as-sputtered films, voured in orthovanadates (Zavalij and Whittingham
(vii) after the first lithium intercalation cycling, both 1999). The 5-coordination vanadium—oxygen polyhedron
crystalline and amorphous films become electrochés either in square pyramidad or trigonal bipyramidal
mically amorphous. Crystalline films exhibit high initial (tbp) geometries. In 6-coordination, the polyhedron seems
capacity values in the first cycle but the capacity drops to be present only in octahedral (distorted or regular) geo-
essentially flat values in subsequent galvanostatic meaetry. In low oxidation states, vanadium prefers to be
surements. However, capacity stability of amorphous filmgresent in octahedral coordination while in high (= 5)
is markedly better than that of crystalline films and remainsxidation state, it prefersp or tbp coordination. Oxides
stable even after several charge—discharge cycles éGiesvith low oxidation state of vanadium are more ionic and
al 2005), (viii) an unreported but related observatioexhibit insulator—-metal transitions (Schwingenschlegl
about the films is that the electrodes exhibit significardl 2003). The formation of homologous series of oxides
electronic conductivity when the lithium concentration irand the high range of O/V ratio observed in vanadium
LixV20s increases well above 1, (ix) X-ray photoelectromxides (Zavalij amd Whittingham 1999) imply the high
spectroscopy (XPS) studies (figure 2) have revealed thatopensity of vanadium oxides towards nonstoichiometry
reduction of vanadium by lithium intercalation is notand their ability to sustain multiple valence states in the
strictly hierarchical in the sense all of*'is not reduced same compound.
to V** before appearance of VIt is observed in both amor- In this back drop, we present here a structural model
phous and crystalline films. Simultaneous presence ahd examine the various experimental observations re-
vanadium in all three valence states is curious and (frred to above and reported in Gedsal (2005). We also
although V}* is present in the as-prepared amorphoushow that indeed the electrochemical and X-ray spectro-
films, the initial ratio of (V*/V®") can be restored even scopic (XPS) observations are completely consistent with
after 30 electrochemical cycles while in crystalline filmsthe structural chemistry of vanadium oxide films. We will
the original state is not restored as revealed by the presealso attempt to show that the observed voltages in the
of V** in such films; the reversibility is not complete.  galvanostatic discharge—charge cycling can be predicted
The above observations further confirm the rich varietgpproximately using available thermochemical data and
of physicochemical phenomenon associated with vanaditempirical estimates of the required corrections.
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Figure 2. XPS spectra of LV,0sand LiV,04s films. (a) and p) are the spectra associated with
V(2pz,) levels of crystalline and amorphous films, respectivelyafd ¢) are the O(4) spectra for
the crystalline and amorphouinis, respectively.

2. Structural model for V20Os sputtered films that the structure of ¥Ds in the films is orthorhombiag-
V,0s (Pmmr). The structure reveals preferred growth

The XRD patterns of crystalline ;@5 films (Gieset al orientation and the growth occurs in t©¢[001) direc-

2005) obtained with Bragg-Brentano geometry suggeson of the crystal. XRD studies also show that the ortho-
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rhombic structure does not undergo changes on lithiatiostructure. This is because vanadium has an inherent pro-
only thec parameter increases slightly. This is in contragiensity to form octahedron upon reduction t8.his is
to the observation made in bulk®s in which different readily achieved through the closing up of th®y/layers
phases have been found to develop (@algl 1971; En- which is also assisted by the deficiency of oxygen. These
jalbert and Galy 1986; Coccianteit al 1992; Delma®t structural changes definitely contribute to the loss of long
al 1994). These phases have been characterizadea® range order and the film of composition®s is, there-
and win addition toy (and alsoy’) (Westet al 1995; Roc- fore, necessarily amorphous. In summary, the structural
guefelteet al 2003). It is now fairly well established thatmodel proposed here considers (i) crilgta films are
V05 in all its structures consist of [MPsquare pyramids (generally) stoichiometric and on lithiation lead to gradual
(sp which form different types of layers (Zavalij andevolution of [VQj] structure fromspto tbp to O, symme-
Whittingham 1999). The chemical structure of the unitries and (ii) amorphous films contain nanometric regions
corresponds (Clark 1968) to [VQ@Ds3]; one (apical) of V0O, interwoven with Os regions. O, regions consist
oxygen is bonded exclusively to the vanadium atom, o [VOg] octahedra. We examine the observation of Gies
is in corner shared geometry, and the three other oxygestsal (2005) on the basis of the above structural model.
are in edge shared positions. ®paunits in the layers are
organized as [up—up/down—-down] sequenaasd) in .
Zavalij—-Whittingham (1999) notation. The interlayer dis-3' Experimental
tan(_:gs are_large and the apical oxygens in any Ia_yerglgl Composition and structures of crystalline and
positioned in such a way that the [\ Gquare pyramid morohous films
of the layer about it can be considered as a distorted octaroP
he_dron. A little glide Of_ the I_ayers can distort the [O The first observation of Giest al (2005) is that low rates
spinto tbp geometry while a little closing up of the layers . - -
o r . . of sputtering and high oxygen partial pressure leads to
can give rise to [V@) octahedra. Reduction of vanadium from . o . . . ;
5+ P crystalline stoichiometric 3Os films. But relatively high
V°>* to V** with attendant loss of oxygen leads to the for; . .
. . i ) total pressures of sputtering gases and low oxygen partial
mation of VQ which has a rutile structure. Rutile structure . -
e ressures (oxygen free sputtering gas) lead to nonstoi-
renders all oxygens structurally similar to each Othe(K*),rhiometric amorphous films. This is understandable be-
(Mdller 1993; Wells 1995) and three coordinated to vana- P )

dium and vanadium in itself attains octahedral coordination. Cause higher sputtering gas pressures lead to lhlghe'r
. . . .~ bombardment rates and hence to an increase of ‘local
In the present studies, we have two distinct situation

) i . R o Pe:mperature on the substrate. This temperature can be very
in the crystalline films, the composition is®s and itis . -

L . . . - high and leads to ¥s decomposition. YOs decomposes
stoichiometric and in the amorphous films, it isOvs reversibly as YOs = V,0, + 1/20. For this decomposi-
and it is nonstoichiometric. The nonstoichiometry of th y 5T Y24 ' P

latter is due to presence of Vand V?* in the films (Gies Fion reaction the equilibrium constar, is given by
et al 2005) in the ratio ¥/V°>" = 4/6 (or 40% V). During VO - 12
electrochemical lithiation, V is reduced to "% The WP&Z ’
. . . 5.

number of oxygens in the structure remains undisturbed.
The resulting imbalance in [Vielectrical neutrality is and the reaction free energy is given bRTHnK or
compensated by the charge ori hhd the electrical neu- —-RTIn(Pa,"?) = -RT/2 In (Pwy). Alternately, the change in
trality is achieved over a slightly larger volume of LiYO free energy is given byAG°(V20s) — AG°(V204)] at T. If
In the crystalline phase the charge on vanadium irsphe the local temperature reaches about 900 K which is below
units decreases updithiation and we propose that in thethe melting temperatures of both®; and W\0s, we can
process the layers gradually get closer and the structwaculate Pgfrom knownAG®° values (JANAF Tables).
gradually evolves fronsp —» tbp — O (octahedral) geo- AG®° = -11639 (V,0,)—(-12226) (V,0s) = 4113 kJ/mole.
metry. Thesp geometry may not change directly to OTherefore, In (Pg = —[413 x 10°)/[8(3 x 900] = —48 and
because the just introduced’Llin the interlayer region Po, = 158 x 10° atm 16 Pa.
disturbs asymmetrically the oxygen positionsspunits Therefore, the pressure of, ©n the bombarded )05
and one of the oxygen atoms is slightly pulled into intetarget is itself of the order offl Pa. When the oxygen
layer region. This has consequences in the gradual evopartial pressure in the plasma gas is lower than this value,
tion of electronic band structure which we will discussignificant portion of the target X@s arrives at the sub-
later in this paper. strate as WO,. This explains the presence of 40%" Vh

In the case of amorphous films we have boffi &hd the amorphous films obtained with no oxygen in the plasma
V** in the composition. This, we feel gives rise to regiongas. Also at B Pa sputtering gas pressure 10%c@rre-
of V,0, interwoven with \\Os regions. We propose that sponds to B5 Pa of oxygen partial pressure. This is
these regions are of nanometric size. We also propose tpetbably less than the equilibrium, @artial pressure and
in V.04 V** attains octahedrality through the formationas a result even the crystallineQ4 film sputtered at
of both [VO,2044 and [VQy4 (as in rutile) units in the 253 Pa has resulted with significant'\concentration.
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When the proportion of ¥ is low, the resulting ¥O, is intercalation four plateaus are observed during first dis-
perhaps easily integrated into,® structure creating charge process. But during the first charging process it-
defects as a result of,@, solubility in V,0s. self these plateaus disappear and a smooth line behaviour
Further, during sputtering [V4Dsquare pyramids land of the voltages characteristic of amorphous films is obser-
on the substrate with their bases first as this provides imed. The films are perhaps electrochemically and struc-
creased Van der Waals bonding to the surface (four basatally become amorphous after the first discharge process
oxygens from thap units). This appears to be the drivingitself (Delmaset al 1991). The four potential plateaus occur
force for the orientation effect observed by Gitsal at34 V (uptolLi=02), 32 V (uptolLi=086), 23 V (up
(2005).[001Dis perpendicular to the plane ofudd layers to Li = 122) and I8 V (up to Li = 23), respectively. The
of V,0s in thea-V,0s structure. plateaus are smoothly connected and do not reflect any
During lithiation intercalated Ciions occupy interlayer sharp transitions. The observed open circuit voltages
positions in the crystalline XDs. The actual reaction can (OCV) may be compared with those of bulkQ{ in
be represented as which clear crystallographic phases seem to form corres-
R - v _ ponding to the plateaus and are associated with fairly
9/891’2?(36],\,55' O_' )[YL?]?”ZOM] sharp transitions from region to regiom:phase (8 V;
- V2318 ' x = 0@), e-phase (85 V; x = 1), &phase (B V; x= 2) and
Li* has the effect of pulling together the layers in thexphase (2 V; x=3), wherex is the degree (molar) of
process of occupying an octahedral position. As lithiatiomtercalation of Li in Li,V,0s (see also table 1Highest
progresses, the reduction of the charge on vanadium a@@&V have been recorded lyy-phase (8 V andx up to
the presence of lithium in interlayer region tend to sme#®i4). They-phase OCV plateaus continue throygind &
out the bond angle and bond length asymmetries and thieases tow phase regions. The crystallographic diffe-
vanadium site becomes a nearly regular octahedron. rences are weak but do exist. TH8 ¥, 32 V, 23 V and
fact, there have been approaches in the literature whiti8 V plateaus are nearly comparable in values to the
treat V,Os as oxygerfcc packing (Eyert and Hock 1998). 3[@ v, 325 V, 25 V and 22 V observed in crystalline XDs
Thus, there are 5 moles of oxygens i#Oywhich produce films although the OCVs ob and w-phases are signifi-
5 moles of octahedral holes. Of these 2 moles are occupigghtly lower for the films compared to the bulk values.
by V" ions and 3 moles are available for lithium occupaRocquefelteet al (2003) have used theoretically calculated
tion. Therefore, lithiation in thin films is unlikely to bring energies for the various phases in place of free energies
about drastic structural changes but only affects the inte{nd successfully accounted for the OCVs of various lithi-
layer distances consistent with the observation that onffed phases. The calculations involve several approximations
the c-parameter increases to a small extent. such as usind\U in place ofAG°. Density functional
Layered oxides in their nascent state and under suital}sory (DFT) energies (using generalized gradient ap-
conditions of temperature and pressure give rise to nangoximation (GGA) and a pseudo-potential for core shell
rods, tubes and scrolls (Mukt al 2000; Chandrappat  yalence interactions) are difficult to evaluate for the non-
al 2002; Wanget al 2004). In the present case the conditiogpichiometric \Ous. The two facts viz. that the films do
required by VOs thin films seems to be that even as thgt reveal all the phases identified in bulkO¢ and that
small sheets of ¥Os are formed, small patches of themMne amorphous films are nonstoichiometric, indicate that
are able to set free from the sites on whlchatbepla_nes_ we can only make some approximate evaluation of the
of V205 are anchored on the substrate. When their thickyserved OCVs of the film using empirical approaches.
nesses are a few tens of A, the relative magnitude of theyq may hote in this connection that'libns occupy

S1(110)-V20s (100) inte_rplanar ir_1teracti(_)n (van de'rthe octahedral positions and®Vions sp positions. But
Waals) become weaker in comparison to inte@®3kheet 04 units gradually evolve into [V@ units of octahe-

interactions. As a result the pieces of these sheets lift off | geometry without significant local V—O bond distur-
and fold up and give rise to rod like morphology of th@a‘

. . . ances by mere shortening of interlayer distances. During
crystalline films. The amorphous films on the other hanI tgrcalation, an electron is transferred 6 kesulting in
?hrg {a/lgsa:r): da\/zlg:]?gg{gggsﬁétgi%f: do;ﬁ;gr?:yozg?ri - V“*_conversion and the _overall_ reaction is in essence
films compared to YOs cc;mposition induces extensivel? 208 * LI - 1/2[V20d + 1/2Li,0. Since V-0 structure
S - ) is not altered, the product of the reaction is in reality
cohesion in the process of sharing available oxygen Od" + Li*. But the free energies for the two reactions
This helps to build a three-dimensional structure with the 2> ' 9

i . are in principle different. The free energies for the first
observed smooth glassy (disordered) block-like morphology. reactiog canpbe obtained from the free egnergies of forma-

tion of the oxides. But the second one is what is needed
3.2 Electrochemical behaviour and is not readily available. We may visualize that a second
step is involved in the first reaction in which 1~2®om
The most interesting feature of the crystalline films has/2Li,O (= Li* + 1/20") is integrated into 1/2[¥04] to
been their electrochemical behaviour (figure 1). With lithiungive 1/2[V.Os]". The required data are, however, difficult
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Table 1a. Thermodynamic and electronegativity data used in the calculation of free energies.

Oxide AG° at 2981 K (kJ/mole) AG® at 900 K (kJ/mole)
V05 141935 11639

V,0, 131825 11226

V30, 113904 -

Li,O 5621 -

Table 1b. Thermodynamic and electronetyéty data used in the calculation of group/molecular electronegativities.

Electro- Electro- Electro- Ettro-
Atom negativity,x Group negativityy Group negativityy Group regatvity, x
Li 08 V,0s 20782 LV ,0s 21340 LikV,0s 2032
\Y, 163 V,0, 2687 LiV,0, 2322
@] 334 V,0; 2852 LV ,0s 2204 LiO 1489
LigsV20s 2586 LiV,0, 2085

Example of a calculatiorgLiV ;05 = [xwy-X2v) -X o)) "8 = 2340.

to obtain. We represent the electrochemical reaction in twovalues (table 1b), along with ti&° values of the oxides
steps (table 1a) are listed above. The assumed reaction steps are
Li + V,06 « 1/2Li,0 + 1/2404 + 1/2V40x: listed in table 2. The calculated and_experlmentglly measured
free energy change AG°(1) values of potential for the crystalline (bulk),¥pOs are
9y 9 ’ summarized in table 3. We have chosen to calculate the
1/2Li,0 + 1/2\b0,4 + 1/2V,05 — Li* + V.05 voltage values for LiYOs (), LiV20s (9), LisV20s («w) and
(= LiV 0s): free energy change AG°(2). LiosV20s (a) phase compositions since good experimental
. data is available for comparison (Rocquefeitel2003).
The value ofAG°(2) is presumably lower thaAG°(1), 1S aval par ( au )

b it onlv invol tructural int tion &0 In the Ay calculations we have assumed that the Li
eiaus‘? 't only nvolves structural integration N intercalated product can be treated as neutral units like
AG°(1) is given by

LiyV20s in which atoms are governed by electronegati-
AG°(1) = LAG(V,0,) + 1/2AG°(Li,0) vity equalization. The process involves stabilization of
— 1/2AG°(V0s). the chemical entities and hence lowering of free energy.
Table 2 reveals that the use lof 700 kJ/mole gives
In order to evaluate\G°(2), we search for a generalqujte good values fos and & phase voltages. In the case
physical property covariant with the free energy of thgf ¢yphase, calculated values are somewhat higher than
reaction. A very general and convenient property is thie known value. But for the-phase, the difference is
electronegativity. As ¥Os changes to Li¥Os the group quite high. This represents the situation where small degree
electronegativity drops to a lower value. It is well knownntercalation causes significant lowering of free energy,
that energy change can be related to electronegativiye reason for which is not clear to us at this stage. Even
changes in the spirit of Paullng electronegativities. Wg the entropy term of dlstrlbutlngm N V* on 2N vana-
approximate this energy ag\x”, where Ay = [Xv.o— dium sites and B N Li* ions on available 3N octahedral
Xuiv.0s], is the change in electronegativity. Upon furthekjtes are considered, tH&\S term does not contribute
lithiation, x decreases further and further from the valugore than a couple of kd/mole at 300K and the magnitude
of Xuiv.0.. Therefore, on a heuristic basis we choosgf AG indicated by the voltage of the-phase is several
AG°(2) =kAx? and fix the value ok by requiring that times th|s value. Therefore, we tentatively assume that
AG°(AG°(1) +AG(2)), for the reaction, Li+¥0s -~  700Ax* compensates the value AG underestimates re-
LiV20s be equal to REF, whereE is the experimentally gyiting from the use @G°(1) alone in the voltage equation.
measured potential. We have found tkat 700 kJ/mole The voltage observed in amorphousOys films may
is a good approximation. The value AG° of V205, pe calculated in the same manner as in crystallis@sV
V204 V205 and LgO for the standard thermodynamicfijims. As stated earlier, we treat®.ugs films as nanotex-
state are taken from JANAF tablesy values were evalu- tyred \LO,~V.Os mosaic. Therefore, Li intercalation
ated from the molecular electronegativities calculated Rykes place as if lithium is exposed teO4 and \4Os
the procedure of Sanderson, nanoregions with slightly different electronegativities. Li
¥ = (My™) Yz, atoms, therefore, intercalate into regions of higher elec-
tronegativity preferentially at any point during intercala-
wherei represents the atom in the group am¢he num- tion. The thin film composition of M4z, is 40% O,
ber of thei™ type of atom (Sanderson 1976, 1983). Thesand 60% \(Os (0@ V,0,4, 06 V,0s) and the two are assu-
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Table 2. Lithiation reactions for the crystalline,@s films. EMF expressions.

Ay
AG°(2) = 700A E (volts)
Electrode reactions amiG°(1) expressiondG°(1) (kJ) (for all reactions) AG® = AG°(1) +AG°(2)
V,05 - LiV,0s (e-phase) X (V20s) = x (LiV 205) -AG°/F

Li+ V505 — 1/2Li,0 + 1/2\50, + 1/2V,05 — LiV,0s

AG(1) = 1/2]AG*(Li,0) +AG°(V20s) — AG*(V,05)]

Liv 205 — L|2V205 (&phase) Z(LIVZO5) - Z(leVzOs) —AGO/ZF
Li+ LiV 505 — Lis0 + V,0, — Li,V,0s

AG°(1) = [AG*(Li50) +AG°(V,0,) — AG°(V,05)]

Li2V205 - Li3V205 (w—phase) Z(leVzOs) —Z(LiszOs) -AG°/3F
Li+ Li,V,05 — 3/2Li,0 + 1/2V,05 + 1/2V50, — LisV50s

AG°(1) = 1/2[AG°(Li,0) +AG*(V503) + AG(V,04) — 24G°(V505)]

V705 - LigsV20s (a-phase) ¥ (V205) — 1 (LigsV20s) -AG°/0BF

OBLi + V,05 — 025Li,0 + 025V,0, + 075V,05
AG°(1) = 025[AG°(Li,0) + AG®(V,04) — AG°(V,05)]

Table 3. Calculated voltages for lithm intercalated YO5 and the corresponding observed voltages for buyl&taline LiV,0s.

Observed Observed Calculated Calculated Calculated
Li,V,0sphase Formula voltage (V) AG° (kJ) AG° (kJ) -AG°(2) (kJ) voltage (V)
€ LiV ,05 325 3138 3125 819 323
) Li,V,05 250 4728 5001 389 259
@ LizV,05 220 6368 6732 207 232
o LigsV 205 33 1641 1422 269 295

med to be present as two distinguishable nanoregions farlitages when one considers the first discharge cycle. But
lithium intercalation. The electronegativities have beethe voltages (given in brackets in the table) observed during
calculated for YO, and its several lithiated compositionsthe second cycle match reasonably well. In view of the
in the same manner as fop®; and its lithiated composi- fact that there is no other procedure available for such
tions. These values gf are listed in table JAG°(2) values calculations, we consider the present heuristic and tentative
are also calculated as 70 for each stage. approach as gratifying.

Since \0Os has a higher value of (2[782) than O,
(2[270), lithium intercalation occurs first into,®s. We
have calculated the free energy changes for stoichiometdidd Simultaneous presence of'yV** and V*
values of Li intercalationx(= 1, 2 and 3) into both XDs
and V.0, regions. The assumed reaction steps, the frddie most notable consequence of the postulated electrode
energy and voltage expressions are given in table 4. Tegaction scheme is seen in the last column of table 3. That
calculated and observed voltages are listed in table 5. Tise V" appears in the system even befor& Was been
different valence species of vanadium expected to be pgempletely reduced to V. This also occurs at a signifi-
sent in the films at various stages of intercalation are alsantly lower value ok than in the crystalline film which
indicated in table 5. In actual situation while lithiationcontains only ¥Os to start with. In order to understand
occurs alternately into XDs and VL0, regions and in that the reason, let us calculate more precisely when lithium
order, it may occur at much smaller steps of increase b&gins to enter 304 regions according to the model be-
lithium content so that it is quasi-continuous. But th€ause V" formation is a product of reduction of*Vin
steps shown in table 3 are only illustrative of our approadfeOas. The x value of LikV20s decreases with increasing
to understand the process of lithium intercalation into the For some smaller value ®f x(LixV20s) becomes equal
system consisting of 3s and WO, regions. The driving to x (V204). Above this value oX, intercalation begins to
force for intercalation is thAy (xLiLV.04s—xLi) in the occur in a sea-saw manner into both regions @¥i®s
system; higher thay, greater is the propensity of Li to and LiV204in whichx andy are necessarily unequal and
react and intercalate. The calculated voltages for tivary at different rates. This is the reason why the system
amorphous films are uniformly higher than the observeigleased\G in a continuous manner afiddecreases con-
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Table 4. Lithiation reactions for the amorphous films, the EMF expressions and the expecteidvevaldnce species at the end
of lithiation.

E (V)

AG° = AG°(1) + AG°(2) Comments on V
Electrode reactions amiiG°(1) expression Ay AG°(2) = 700A 4 valence species
V,0,.6 = LigsV20u40 Z (V205) — AG°/06 F Only VP* and V** species
OBLi + V045 (= 0@V,0, + 0BV,05) — Z (LiV20s) arevpgseft VO
0@V,0, + 03Li,0 + 03V,0, + 03V,0s 2 (V205) > ¥ (V20,)
AG°(1) = 03[AG°(Li,0) +AG°(V204) —AG°(V20s)]
LiosV 2045 — LiV 2045 ;((\/_204) — AG°/04 F All the three \Qanaidm
OMLi + LiggV ;045 (= 0@V,0, + OBLIV,05) — # (LIV204) VIS v, V¥ and
02Li,0 + 02V,05 + 02V,0, + 03BLi,0 + Vagpe‘;“ LiV.O
0@3V,0, + 03V,0s = LiV ,0,5 X (V204) > x (LiV 205)
AG°(1) = 02[AG°(Li,0) +AG°(V203) —AG°(V204)]
Li;pV 2045 — LiisV2045 Z (LiV,05) — AG°/1R2 F V** and V" are present
(Li1oV 2046 = 08V 20, + OBLIV ,05) X (LizV;0s) X (LiV205) > 7 (Li5V;04)
OBLi + 0BLIV 05 — 0BLI,V,05 = 0[6(L|20 + V204)
AG°(1) = 0B[AG°(Li,0) +AG°(V,04) —AG°(V,05)]
LiygV 2045 — LisgV2O0us X (LiV0,) - AG°/0B F v+ and \P* are present
(LiysV 2045 = 0BLiygV,0s + 0BLIV ,0,) X (Li2V20q) X (LiIV204) > ¥ (Li2V20s)
OM@Li + 04LiV,0, — 0@Li,V,0, = 03Li,0 + 03V,0,
AG°(1) = 04 [AG°(Li0) +AG°(V203) —AG°(V204)]
Lisz204[g, —> Liz[ﬁVzO;;[ﬁ Z(leVzOs) - AG°/18 F V4+ and \ﬁ+ are p_l’esent
(LizpV 2045 = 0@LI,V,0,4 + 0BLI,V,05) % (LisV20s) X (Li2V204) > 7 (LisV20s)
0L + 0BLi,V,05 — 0BLisV,0s = 06/2(3Li,0 +
V203 + V,04)
AG°(1) = 03[AG°(Li0) + AG°(V,03) +
AG°(V,0y4) — 2AG°(V,05)
Table 5. Electrochemical parameters of amorphous films.
Intercalated Formula of Calculated Calculated Observed voltage Observed voltage Vanadium oxidation
Li (in moles) intercalated material AG° (kJ)  voltage (V) lstlischarge (V) lstharge (V)  states in the films
0 LiowsV 2045 1875 324 240 3 V*tand V*
10 LiV ;045 1138 295 25 23 VS V4 and \B*
1® LiyeV2048 3002 259 13 25 V* and VP
20 LiznV 2045 1688 218 1% 185 V4 and \A*
26 LiygV,0ug 4030 232 - - V* and \B*

tinuously as seen in figure 1. Therefore, the valueiof lower value ofk instead of 700 kJ/mole (it may be half
LiyV20s when intercalation begins to occur into boththis value, because the ;0 mixing term involved in
V.05 and V,O, regions can be calculated. SimultaneouAG°(2) is already partly achieved in the amorphous films
intercalation occurs Whexvi,v,0, = XLi,v,0s- due to its inherent entropy). Thus, thé& values used in
Using the definition ofy and the values of electronega-our calculations are somewhat higher than the observed
tivities given in table 1 one can show that 0828« voltages for amorphous films (table 4).
0205 which means that assumes positive values only In crystalline films, where no ¥ is detected to start
when x = 0205/0828 = @25. Therefore, simultaneouswith in the XPS studies, we do not expect appearance of
intercalation into both regions occurs whenMdOs V** when V' is still present. But in films obtained by
(x = 025) has formedx = 025 also marks the beginning sputtering at high sputtering gas pressures there is reduc-
of the formation of V* by reduction of V" even as V' is  tion of V>* to V** as noted earlier because of the local
present in the film from the remaining®s. The obser- heating to high temperatures which leads to decomposition
vations in figure 2 are thus well understood. It is also owf V,0s to V.04 and Q. In such films, one should expect
suspicion that in the amorphous matrixG°(2) term appearance of ¥ when V?* is still present. This has indeed
which is equal tokAx* may be determined by a muchbeen observed in the present crystalline films (figure 2a).
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3.4 Sequestration of lithium ions this process continues through several cycles we expect a
gradual-not abrupt-disappearance of both capacitance
Another important observation in the electrochemicdhding and sequestration. It is for this reason that amorphous
studies of the thin films is the irrecoverable part of th&lms appear to be more cyclable at constant capacities.
intercalated lithium. This lithium is sequestrated in the
structures of both crystalline and ambous films. The . . .
magnitude of sequestration is higher in amorphous film3s'5 Electrochemical cycling and the structure of films
than in crystalline films qnd occurs in the first cycle |tself.|_he electrochemical cycling has highly deleterious effect
We feel that sequestration represents a process of struc- 2 ;
e . T - . on the structure. This is becausexdacreases from 0 to
tural stabilization of the film and is irreversible, i.e. th . .
. C . S , vanadium is reduced from +5 to +3 state and the V-O
AG made available during intercalation reaction is part;i

internally used for non-electrochemical work of structur zggg‘g Irt]hEaYgiraeni [t\é%d]el:]rgltstol\r/]v;rrilzsgst;elzcc)irr];il?gtion
stabilization and thereby reducing the magnitudGf ' ! Y

. . of the oxygen surroundings of"Vand also an increase of
available for electrochemical work.

This is well supported by the observed low voltage c} e V-0 distances. Since the changes occur to various
pp y g grees in [V@ polyhedra throughout the structure,

amorphous films compared to calculated values where | - L
. S structural order becomes difficult to maintain and the
is reasonable to expect the process of stabilization to occlyr. .
) ills become amorphous. We may note here that in the

Perhaps for the same reason the initial measured capaci- . ! L7 _ .
. N . structure of the crystalline films.*Vin [VOs/5]” and \Y
ties are very high indicating a high value of total charg PR

. . A i Os/2]” units have more oxygens around them than what
as a result of intercalation which is not repeated in the

. .. IS available to them in crystalline;@, or V,0;. Thus in
subsequent cycles. The exact nature of this stabilizatio 0. there is a finite tendency to return taQ&structure
unclear at this time, but it is most likely the stabiliza‘[ionl_2 4 y '

. . hat is if there are driving forces like for example, re-
of the interfaces between,¥, and \,Os nanoregions. . - . i
: ; . . guirement to mitigate the structural strains around{N,0O
We noted earlier that XD, regions are constituted either. 0 . . k
o - . it would tend to form [V@]" through a disproportionation
from rutile like, 3-edge sharing, octahedral units or from -
. . ' . reaction
simply distorted (along one axis) and four edge sharing
octahedral units. These units have to establish registry at 2[VOs3™ o [VOs3° + [VOs2>7 2V o V** + V3,
the interface with YOs regions which are constituted with__ . . . .
. SN . This is supported by the observation that even in bulk
r ramids. It is intuitively clear that h inter L . .
square pyramids. Itis intuitively clear that suc erfaces V,0s, V°* coexist in composition witk > 105 where

are strained. Lithium ions which enter this region are > 2 + .
structurally “locked up” and part of the chemical energOnly V™" and V" are expected to be present. Formation of

2— 41 + . . e B .. B
released from the intercalation process is used up [VOs]* (i.e. V) provides significant ionicity of bonding

bringing about the needed structural rearrangement at t rh'Ch aSS|stsvreorgan|zat|or_1 Of\;be pol)\/;?(jron._ Therefore,
interfaces présence of V together with and in LR/;O;,
- . . films for x > 1[5 is reasonable. It is unlikely that \for-

In cr lline films also, we have not o . . : .
crystalline s also, we have noted sequestration %tatlon is associated with*V/formation (\,O,) via oxygen

Li* ions but to a lower extent. This is evidently associatq - 34~ 2
. l . - loss. It may also be noted that for O/V ratio @& p/°"Og]
with large surfaces of the nanorods ¥ as evident in structures tend to collapse and reorganize as noted by

the scanning electron micrographs. These rods are p?aivalij and Whittingham (1999)

ressively “electrochemicall intered” h - . ; .
gressively “electrochemically sintered” by the seques Another important observation supportive of the above

trated LT ions. Since the rods are much bigger tha® arguments is gradual increase in the retention Bfiv
and .05 nanoregions of the amorphous films, the Surfacglectrochemically cycled 30s (“crystalline” films. This

areas involved are also lower in crystalline films consis- to b ted b terbdetiains \V*
tent with the lower degree of sequestration. Therefore, IS.P V‘?* expected because, _seq§u7es ereqelains v as
second and subsequent electrochemical cycles chemita'l ' .) n place oj the orl_gmal to mamta+|r1 electrical
energy is almost entirely available for electrical work an eutrality. S'&?’e L rete_ntmn-sequestered bincreases
the true equivalence of the electrochemical potential and does the V'in these films.

free energy release is observed. Both the amorphous and

crystalline (now fully electrochemically and perhaps eveB.6 Effect of lithiation on YOs band structure—a
structurally amorphized) films show a larger range afolecular orbital approach

reversible potentials. Some degree capacitance fading is

observed in crystalline films even in subsequent galva&,0s and its lithiation has attracted much attention in
nostatic cycles. This may be attributed to the gradual dikterature due to their interesting magnetic and electrical
appearance of rod like morphology by the electrochemproperties. While ¥ is ad® ion, V** and \?* ared" andd®
cally induced sintering. The process is actually surfadens, respectively. We concern ourselves here only with
modification by sequestrated lithium ions which act telectrical property changes expected as a result of lithia-
“zip up” the different rods at their points of contact. Sincéion of V.Os films. First of all the crystalline ¥Ds structure
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is made up obp units of [VOQ,,03/4], (for convenience symmetries are crucial and are given in table 6. The MO
written as [VQ,3]° units) forming sheets ouiidd type diagrams for the three symmetries of [y{@olyhedron
(Zavalij and Whittingham 1999). Whereas the valency adre shown in table 5 and figure 3 together. The expected
vanadium changes during lithiation from 5 to 3, the lossand energy diagram for the three symmetries are also
of positive charge is made up by‘libns which locate shown in the same figure. For the sake of clarity oxygen
themselves in the interlamellar region (betweendd orbitals are placed together since it is not going to affect
sheets). XRD investigation of films, intercalated withthe important features we wish to emphasize.

lithium (in the first cycle) has revealed only a modest The vanadium oxygen bond is about 55% ionic on the
increase irc parameter of the oriented (alom@010) film  scale of Pauling electronegativities. Therefore, in figure 3
structure. Therefore, it is reasonable to assume that durimgygen orbitals are shown at lower energy levels. Each
intercalation the topology of [V&)] units remains virtu- vanadium atom has a share ofs 2oxygen atoms or
ally unchanged. The only change is the state of charges x 4 = 10 oxygen orbitals available for bonding. Of
[VOs2° - [VOsig™ — [VOsJ]*". The first Li" ion intro-  these 25 orbitals on an average as®rbitals and B are
duced into the interlayer region tries to create for itself af orbitals. They carry a total of 15 electrorsép{ x 2[5)
octahedral oxygen environment. This disturbs slightly thgvailable in them. Thus in the casespfandtbp geome-
oxygen positions; the apical oxygen of [VQ@s3] is tries, 5 electrons are used in forming bonds with vanadium
shifted towards one of the O-O edges of the layer @hd the remaining 5 orbitals remain non-bonding. In the
[VOO42032 square pyramids just above it. In fact, inprocess of filling the resulting molecular orbitals with
bulk V205 studies, {ludd layer is shown to become glectrons all these orbitals are filled up. Thus the non-
[udud in the process. The slight loss in the alignment ajonding oxygen orbitals evolve into filled valence band
apical oxygens of the layers in tisp structure changes (right side in the figure). The five electrons of vanadium
over to (distorted) trigonal bipyramido@). With further  anq 5 electrons from oxygens together fill bonding orbitals
incorporation of LT ions,tbp changes over to octahedron,gng remaining 10 electrons of the oxygen atoms fill the
albeit again distorted. Therefore, we assume that therenién-bonding orbitals. It is to be noted that in Ymmetry

an evolution of the oxygen polyhedron around vanadiufyss  the available oxygen per vanadium remains only
ion fromsp - tbp - O. This parallels the Increase in thexg. Therefore, the number of orbitals and electrons of
ionicity of V-0 bonding and reduction of Vo V= v, oxygen used in bonding are six each while the non-
Several theoretical investigations (Carathersal 1973; o 4ing orbitals of oxygen which evolve into the valence
Bullet 1980; Mattheis 1994; Eyert and Hock 1998; Kurmaqf, 4 has only 4 orbitals. The electrons available 8V

et al1998; Venet al 1998; Hermanret al 2001; Herbert g\, 1o the top of this valence band. The bands have

elt a: 20.022) ha:jvetadilressebd tthh(.e pmb";”_‘ oftthhe resulti en schematically represented so as to reflect the number
electronic band structures both iRQ¢and in other vana- of orbitals involved in its formation.

dium oxides. Density functional approach has been partl-.l.he point of interest in this diagram is the non-bonding

cularly heavily employed (Eyert and Hock 1998; ital . As th
. . . try chan from
Hermannet al 2001). But our focus here is to obtain aoI orbitals on vanadium. As the symmetry changes fro

o . - sg - tbp - Oy, the number ofl orbitals of non-bonding
gualitative understanding of the band structure alteratloréate orv increases from 1 to 3. These orbitals evolve into
resulting from lithiation of YOs and V,Ous films based gory :

on molecular orbital (MO) approach. Only the valenc%arrow to mid size bands as the symmetry evolves. And

orbitals, 31, 4sand 4 of vanadium and thes?2p orbitals this d band constitutes the_co_nduction pand for lithiated
of oxygen are assumed to participate in the MOs. W ,0s. In the absence of Ilth_latlon, experiments show that
note that there are atleast 3 crystallographically distifd SP Structured VOs there is a gap between the narrow
guishable oxygens in the structure. First there are apid@n€ orbital)d band and the top of the valence band. If
oxygens of the vanadyl groups which are in double bondd€ Symmetry does not change at low level of lithiation as
state (V=0), clearly identified in Raman and infrared LionaV2Os, we expect population in this band. Since
spectroscopies (Giest al 2005) (981 cif, V=0 stretching the emptyds, orbitals on neighbouring vanadiums do not
mode and 401 crh bending modes in Raman spectra)©Vverlap sufficiently insp units, the electron resides on a
There are bridging oxygen connecting double strandé&fiosend orbital and exhibits only hopping conduction.
[VOs] strips. And, there are oxygens which are three cg®uUt asx in LixV20sincreases and the geometry becomes
ordinated to vanadium atoms and present in the edgest@p. this band expands (doubles in the number of states
the sp units. We further assume that relevant symmetrgvailable). Thed orbitals may overlap and the material
adopted linear combination (SALC) of the oxygen valend@ay behave like a conductor. The gap between the top of
orbitals can be made for the required symmetries. Sing@n-bonding oxygen band and tbéand may close up,

all the MOs and also the nonbonding orbitals on oxygdsut its role is irrelevant as the Fermi level now lies in the
get filled in all situations (figure 3), this assumption doed-band itself. For values ofsuch that 2 x< 3, it has to

not affect the discussion. The atomic orbitals of the centriaé metallic as indicated in the band diagram and indeed
vanadium atom participating in bonding in the threas noted in the introduction as unpublished observation.
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Figure 3. MO based energy band structure ofod in three symmetries in which V is foundz&a), Dsy (b) and Q, (c), during
lithiation and formation of L)V ,0s (0 <x < 3). In ) the band corresponding to non-bonding oxygen levels are inscribed with a
smaller hatched band. This refers tgO( in the same structure.

Note: Similar diagram is applicable tg®, also with vanadium in @symmetry except that the lone pair band is only half of that
in V,0s: oxygen contributes to # 2 orbitals and 12 electrons and V gives 5 electrons. Total of 17 electrangsyd&bonding and
2 non-bonding levels fully. One electron will betired band giving rise to metallic conduction; or at low temperature to an anti-
ferromagnetic insulator (spins on adjacent sites are paired angnineesry is broken due to Peierl's transition).

Table 6. Participating orbitals and the symmetry designations of resulting MOs.

Geometry of Point Molecular orbital Participating arBcipating

[VOs] units group symmetry (species) vanadium orbitals oxygen orbitals
Square pyramidsp) Cay A, (axial) +A; (equatorial) B, + E  dZ (alsop2), s, dx*—y?, dxy, dyz 2sand D
Trigonal bipyramid (pp) Daj A; (axial) +A} (equatorial) +A} + E dy, dx2—y? (alsopx, py), s, pz dZ 2sand D
Octahedron (O) o) A+ Eg+ Ty dxX*—~y?, d,2, s, px, pyandpz 2sand D

In the case of nonstoichiometric amorphous films, wexygen non-bonding band to be smaller by 50 percent as
should expect band energy diagram ofO¥ to coexist it is constituted from only two non-bonding oxygen orbitals.
with those relevant for ¥0,. V.04 band diagram can be Thetyy band of VO, is already populated with vanadium
considered as similar t0,@s in O, symmetry except that electrons. This constitutes a metallic state for the nano
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V,0, regions except that the disorder inherent to glas®and energy diagram is proposed which explains the evo-
state localizes the tail states where electrons reside. Hdwtion of metallic conduction in lithiated )@s.

ever, with increased lithiation not only the extended states

get occupied, but the X?s regions also become Cond”Cting-Acknowledgement

The composition being 60%,®s it leads to a percolation

of conducting regions. The Fermi levels inO¢ and V\Os  one of the authors (KJR) acknowledges financial support
regions are unlikely to be different as they originate froj,, cNRS (France) and EGIDE (France).
the non-bondingd-orbitals of vanadium and not much

electronic band bending may occur at the interfaces.
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