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Abstract

Electrochemical and structural properties of 40¢ cathode were investigated. Obtained by solid
state reaction at high temperature the materiatalized as gamma polymorph phags&jV ,0s.

The gamma structure provides two crystallographesso accommodate lithium ions, Lil and
Li2 position. Lithium insertion at these two si@scurs at two respective voltages versus lithium
metal: ~3.6 V (Li1) and ~2.4 V (Li2). Intercalati@t Li1 position is reversible in both organic
and aqueous electrolyte and provides stable cygerormance at the high voltage. On the
contrary, sluggish insertion/removal of “Liat Li2 sites causes unstable performance and

significant storage capacity fade at lower voltageghium diffusion 3d landscape was



determined by bond valence calculations appliedtreny-LiV ,0s phase, as well as on the
metastable phases pfV ;05 and(-Li,V.0s that exist at high and low voltages respectivéhe
model was proposed based on inactivity of Li2 posiof the metastabléLi,V20s phase which

provides explanation for the observed storage ¢gpass at low voltages.
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1. Introduction

Numerous investigations have been aimed towardicappn of vanadium pentoxideV,Os as
a cathode in rechargeable batteries, ever sinagr@t@emical intercalation of lithium in this
oxide has been discovered [1]. The electrochentitalm insertion/extraction corresponds to

the reaction:
xe + xLi" + V505 <> LiyV20s, (1)

where LLV,0s can adopt various crystal modifications dependindithium concentration and
temperature. At the room temperature, singla,V,0s phase exists for lithium content between
0<x<0.1,e-LixV20s for 0.35<x<0.7 an@-LixV,0s for 0.9<x<1 [2]. Sincex, € andd phases are
structurally very similar to each other and to gaenta-V,0s phase, all structural changes in
the range 0<x<1 are reversible. In this rangeijuiithintercalation induce puckering of {8ks),
layers with an increase of interlayer spacing,\bids skeleton remains more-less unchanged. If,
however, more than one lithium per formula is ioédated, irreversible structural change occurs
resulting in the formation of theLixV,0s phase which exists in 1<x<1.8 domain of the reacti
(1) [3]. Complete deintercalation fLixV,0s leads to a metastabjeV ,Os with very similar
structural characteristics (it keeps memory ondtnacture of original lithiateq) [4—6]. They-
Li,V,0s phase has a mixed valence state of vanadiditv¥ and high puckering of (Ds),
layers (compared t@, ¢ andd) which induces the enhancement of the cell paér@in the other
hand, (\,Os), interlayer distance is increasedyhbiyV,0s when compared to pureV,0s (5.33
against 4.37 A) [7], thus facilitating lithium dif§ion between the layers. The resulting potential

of ~3.6 V, together with the capability of insertionore than one lithium ion per formula unit



makes gamma phase very interesting for potentthlode application in Li-ion batteries. It led

researchers to directly synthesize and investigai® ,0s.

Electrochemical characteristics piLi V.05 (x = 1) were examined in the full 0<x<2 range of
lithium intercalation [8]. Deintercalation of lithin fromy-LiV ,Os at oxidation potentials larger
than 3.5 V (x= 0.4) results in the formation of a ngwphase; at a potential of 3.65 V complete
deintercalation was achieved, giving rise to a rewn of vanadium pentoxidey’-V ,Os.
Reversible transformation betweeandy’ phase provides very stable cathode performange of
LixV20s in the 0<x<1 range. After prolonged cycling insthégion, in the voltage range between
4-3V, only negligible capacity fade was observed (9 Utilization of high capacities is enabled
by the insertion of the second lithium at the lowetentials, >2.5 V, but it induces, however,
considerable stability issues. Initial high capasitof around 250 mAh/g farLixV.0s nanorods
quickly diminish after several cycles of chargettisrge in the range 4-1.5V [11-13]. The
capacity loss is ascribed to irreversible transfdram of y-Li,V.0s to a new metastablé
LixV20s polymorph at a lithium concentrations higher tixai.4 [14]. Therefore, both insertion
and extraction of lithium from-LiV ,Os leads to formation of the new metastable phaghajrh
rich ¢ and lithium poor’ phase, respectively. All three phases belondvéosame orthorhombic
Pnma space group and have similar lattice paramér Still, (de)intercalation processes that
occur at high <y’ conversion) and low voltages«() noticeably differ in terms of the
achieved capacity retention, with no apparent meagseside from the inherent structural
properties, stability of a cathode is largely aféecalso by its microstructural characteristics.
Nano-sized powders are known to provide higherag@icapacities at higher rates, but generally
for the cost of a lesser stability [15]. So, insthatudy, well-crystallized-LiV ;05 has been

synthesized via solid state reaction at high teatpees. Electrochemical performances of thus



obtained micron size powder were investigated gh land low voltages in both organic and
aqueous electrolyte. For the analysis of the streeto-cathode property relations bond valence

method have been utilized.
2. Experimental

For the synthesis of starting Li¥s, stoichiometric amounts of 1€O; (Alfa Aesar,>99%) and
V205 (Sigma-Aldrich,>99.6%) were mixed and thoroughly ground, then pedd under 0.15
GPa and calcined for 2h at the temperature of @ “a flowing, slightly reductive atmosphere

of Ar + 10% H. Formation of Li\AOs therefore goes with the solid state reaction Hevis:
Y%Li,COz + V205 — LiV 205 + 2CQ + Y40, (2)

The X-ray powder diffraction measurement was pentxt on a Philips PW 1050 X-ray powder
diffractometer using Ni-filtered Cu & radiation and Bragg-Brentano focusing geometrye Th
diffraction intensity was recorded in th® Pange of 10-120° with a step size of 0.02° and a
counting time of 15 s per step. The Rietveld striadtrefinement was performed with FullProf
computer program in WinPLOTR environment [16]. Bond valance sum (BVS) calculations
3DBVSMAPPER [17] software was used. Morphology bé tpowder was examined by the
means of scanning electron microscopy (SEM, PheRooX). The particle size distribution
(PSD) was determined by a laser-diffraction-basediqle size analyzer, Mastersizer 2000
(Malvern Instruments Ltd., UK). The Fourier transioinfrared (FTIR) spectra of the sample
was recorded in ambient conditions at 400-1200" amnge with a Nicolet IS 50 FT-IR

Spectrometer operating in the ATR mode and the anasresolution of 4 chhwith 32 scans.

The electrochemical measurements were conductedihyg Vertex.One potentiostat/galvanostat

(Ivium Technologies). Galvanostatic charge/dischaests were carried out in a closed, argon-
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filled two-electrode cell with metallic Li as a amer electrode and 1M solution of LiCJO
(Fluka, p.a.) in PC (propylene carbonate, Sigmadéfd 99.7%) as an electrolyte. Cyclic
voltammetry (CV) measurements were performed ihraetelectrode cell with platinum as a
counter and SCE (saturated calomel electrode, 8lyfinos) as a reference electrode; 6M solution
of LINO3 (Alfa Aesar 99%) in KO was used as an electrolyte. Working electrodebfuth
galvanostatic and CV measurements consisted ohttige material, carbon black and poly-
vinylidenefluoride (PVDF, Sigma-Aldrich) mixed in520:5 weight ratio and deposited on a

platinum foil from the slurry prepared in N-meti®dpyrrolidone (Sigma-Aldrich 99%).
3. Results and discussion
3.1. Structure

As confirmed by X-ray diffraction (Figure 1a), thprepared oxide Li¥Os crystallized asy
polymorph phase and was refined accordingly inasitbmbicPnma space group (no. 62) within
the structure where each’LV** and \?* cation occupy one and’Canions occupy five different
4c crystallographic positions [x,0.25,z] as presdrih Table 1. The previously reported unit cell
parameters and atomic positions of the given plfiB8ewere used as a starting point for the
Rietveld refinement. Polyhedral representatiorhefstructure of-LiV ,Os is given in Figure 1b;

it consists of layered (s), framework where altering corner and edge sharifj)Qs and
(V>"0s hexahedrons (triangular bipyramids exactly — veoge to square pyramids, see Figure
1b) form layers in a-b plane thus providing defodnoetahedral interlayer positions for lithium
ions. Edge shared Ligoctahedrons form linear chains along b-directidriclv, as one might
suspect, favors lithium diffusion along this diieatin a similar manner as in olivine-LiFelPO

(the same trend of Ligconnectivity in the orthorhombic space group d[1)]). Since V" and



V> have different X-ray scattering factors and occupy distinct crystallographic sites,
V1(V*) and V2(V?"), during the refinement procedure both cationdation states and
occupancies on these sites were altered. The miifAfactors were obtained wherfVand V**
fully occupy designated sites. This serves as ooafion that the average valence of vanadium
in the prepared powder corresponds to the aimegd ak5stoichiometry dictates. The X-ray
diffractogram reveals preferred orientation of gwvder normal to (002) direction, which was
also included in the refinement, and could be eeldb the layered structure eLiV ,0s5 with the
layers normal to c-axis. The value of preferre@imiation parameter G1<1 suggests platy habit in
the sample [20] and is in agreement with the amyear of the powder under electron
microscope, as displayed in the inset of FigureSEEM along with PSD analysis (Figure S1)
reveals wide particle size distribution of the p@weavhich consists of large number of smaller
particles (average size of ~0.5 um) and smaller bminof large agglomerates with layered
microstructure (average size of ~8 um). All paeschre polycrystalline. The average crystallite
size was refined to 89 nm with the significant giend deviation value (Table 1) which suggests
highly anisotropic crystallite growth. The obtainedodel of crystallite shape (Figure 1c)
indicates a platy habit in the a-b plane as well @novides explanation for the preferred

orientation of the powder.
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Figure 1. The observed (orange dots), calculatieatkbdine) and difference (bottom red line) X-
ray diffraction data taken at room temperaturea@ SEM micrograph of theLiV ,Os powder
(inset of a); vertical markers below the diffractipatterns indicate positions of possible Bragg
reflections for the orthorhombigcLiV ,0s. Crystal structure of-LiV ;05 (b). Refined model of

the crystallites (c).

Table 1. Refined lattice, structural and microsiueal parameters of theLiV ,0s.

Space groL Pnm;

Lattice parametersd) a = 9.6995(7 Preferred orientatic G1=0.4357(¢
b =3.6075(z Mean crystallite size (/ =887(222
¢ = 10.6865(< Strain (% =0.1221(1

Cell volume (£) V = 373.93(4

Atomic Oxidation = Wyckoff Fractional coordinat Boveran (A%

position state symbol  x y z

Lil Lil+ 4c 0.173(2 0.2t 0.215(2 2.09(3

V1 Va+ 4c 0.3735(6  0.2f 0.4979(3

V2 V5+ 4c 0.0665(7 0.2t 0.6020(2

01 02- 4c 0.2464(19 0.2t 0.6308(6
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02 02- 4c 0.4715(16 0.2F 0.7771(6

o3 oz- 4c 0.2848(16 0.2t 0.3767(7
04 oz- 4c 0.5803(17 0.2¢ 0.4620(7
Ot oz- 4c 0.4358(17 0.2%F 0.0422(6

Rup factor (%) = 19.

Figure 2 shows FTIR spectrum of the as-synthesyze ,Os. In the vibrational spectra of all
lithium vanadium oxidesd( ¢, y) as well as in the spectrum of pure vanadium petéo(x), the
most prominent are the modes of ¥@oup [21]. In the high frequency region (800-12(06")
gamma phase Lid0Os has characteristic two strong bands at ~1000 &3@ €m-1 (with the first
one comprising of two merged bands) originatingrird=0O stretching vibrations [12,21,22]. In
the intermediate frequency region (400-800"¢mamma Li\Os has as the most dominant one
wide band consisting of several overlapping bartdaraund 720, 585, 540, 443 ¢netc, all

originating from \-O—V bending vibrations as suggested in [21-23].
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Figure 2. FTIR spectrum of the prepagediV ,0s.

3.2. Electrochemistry



The prepareg-LiV ;05 powder has been tested as cathode in Li-ion gefjdbvanostatic charge-
discharge cycling in organic electrolyte. The gabstatic tests were performed at the room
temperature in 4.0-2.3 V voltage range. From thiiobd chronopotentiometric curves at the
given current rate, the specific capacities weleutated using the mass of the active material
only — mass of carbon is subtracted from loadinge Turrent rates are presentedcim units,
wherec is a 1-electron theoretical capacity of the mategvhich is 142 mAh/g for Li¥Os) and

n is a discharge time given in hours needed for mptete discharge. The typical discharge
profile of the material at various rates is showrFigure 3. The profile is distinguished by two
regions at high and low voltages. At the very bagig of discharge there is a biphasic domain of
flat voltage at 3.6 V which corresponds to coexisteof delithiated’[4] and lithiatedy phase. It

is followed by gradual slope of voltage which cepends to solid solution insertion of'linto y
host (monophasicy region). During discharge, lithium first occupiesctahedral Lil
crystallographic sites ip’ and subsequently ip phase. When all available octahedral sites are
occupied,y structure provides another position — a tetrahesita [8] — where lithium goes to.
The new tetrahedral site has a different cryst&tifand therefore a different voltage of lithium
insertion (low voltage region). At low voltageshium first intercalates in tetrahedral positions
of y host in a solid solution process at ~2.44 V anémtertain lithium concentration is reached
(x=1.4) y phase transforms to a nefjvphase [8,14]. The last plateau at 2.37 V therefore

corresponds to biphasy¢ { equilibrium.
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Figure 3. Discharge profiles of theliV 205 at various rates.

However, the cycling performance does not provedatable in the given voltage range of 4.0-
2.3 V. As shown in Figure 4a the obtained capacitiere fading from the very first cycles and
capacity decrease is particularly notable in the imltage region (inset of Figure 4a). The
observed behavior suggests that lithium insertiotetrahedral sites and subsequent conversion
of y to { phase is mostly irreversible. This assumptionss supported by the charge/discharge
profile discrepancy as evidenced in the originabolbpotentiometric curves (Figure 4c): the low
voltage region of charge profile is reduced whemgared to discharge at the given current rate.
On the other hand, in the high voltage region gegus that intercalation of lithium at octahedral
sites and conversion @f to y is completely reversible. Galvanostatic testinguobther (“fresh”)
electrode provides very stable cycling performaincthe 4-3 V voltage range (Figure 4b) with

uniform charge and discharge profiles (Figure 4d).
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Figure 4. Cycling stability of the-LiV ;05 in 4-2.3 V (a) and 4-3 V voltage range (b) witle th
evolution of discharge profiles shown as inset @mdesponding chronopotentiometric curves in
4-2.3 V (c) and 4-3 V voltage range (d). Testingwwarformed in LiICIQPC electrolyte at

ambient temperature.

Redox behavior of the synthesized gamma phase as®@aluated by the cyclic voltammetry
measurements in an aqueous electrolyte, with thatible results and similar conclusions. The
material showed the electrochemical activity caubgdthe V**/V** redox couple with two
prominent pair of peaks at high and low voltagesdiaplayed in Figure 5a. In high voltage
region, there is a sharp reduction (discharge) @¢ak40 V vs. SCE (I) that partially overlaps
with a broader peak at 0.29 (ll), correspondingbtphasicy’/y and monophasig lithium
intercalation at octahedral sites, respectively.ldder voltages there are two more reduction

peaks: a broad peak at -0.83 V vs. SCE (V) witloiceable shoulder at -0.75 (Ill). The last two
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peaks (Il & IV) — attributed to intercalation afHium into tetrahedral sites gfand subsequently
{ — appear to be unstable on cycling in a similahifan as in organic electrolyte in the low
voltage region. On the contrary, peaks at highagas (I & Il) provide excellent rate (Figure 5b)

and stability performance (Figure 5b inset).
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Figure 5. Cyclic voltammograms of theiV ;05 in LINO3/H,O electrolyte: voltage range from -
1to1Vvs. SCE (a) and from -0.1 to 1 V vs. SGE The potential vs. Li (top x-axis of a) is
calculated from the measured potential vs. SCE@bok-axis of a) on the basis of reference
tables for the standard electrode potentials ireags solutions vs. NHE [24]. Inset of b: CV

profile before and after rate performance testing.

Ex situ X-ray diffraction measurements performed on cyoldectrodes in a discharged state
confirm that the mechanism of phase transformatioas not differ in agueous and organic
electrolyte. Figure S2 reveals that the layeredesée is preserved upon lithium intercalation,
with the slight reduction of interlayer spacing, e@sdenced by the shift of 002 reflection to
higher angles, due to the formation of thehase. The results of electrochemical measurements
in both organic and aqueous electrolyte indicateygikh reaction of intercalation in the low
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voltage region when lithium occupies Li2 tetrahégh@sitions iny and subsequently i phase
(wheny transforms td)). On the other side, intercalation at octahedralgdositions in the high
voltage region appears perfectly feasible at thvergirate conditions. The cause of evidenced
performance differences at high and low voltagesretfore must lie in the crystallographic

differences of these two sites, Lil and Li2. Lefke a closer look.
3.3. Bond valence

For the crystal analysis of the structures of edéebond valence method have been utilized. The
method is based on thelence sum rule derived from the Pauling’s electrostatic valence
principle (no. 2) [25] that the sum of bond valem&garound atom (ionj is equal to its valence

Vi

ro—dj;

Vi=ZjSij=Zje 4 ], 3

where the sum goes over all neighboring atgne$ the atomi and each bond valen& is
inversely correlated with the bond lengihbetween atomand atomi through a set of empirical
parameters, andb which are established for the given pair of atgoation-anion pair) [26]. In
this way, it is possible to estimate bond valenga §BVS, identical t3;S;) value for the chosen
ion located at the particular point in the cryshgl calculating distances to the neighboring
counter-ions. Therefore, bond valence method iglireaised to validate a certain structural
model and to quantify its stability, through a giblinstability index GllI, which measures the

extent to which the bond valence sum rule is veald27]:

GII = {(3;S;; — V332, (4)
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Moreover, based on an assumption that any poitlhenunit cell having a BVS value for 'Li
close to 1 represents a possible location for toi be there, BVS distribution on a three-
dimensional grid therefore reveals possible locati@f Li* occurrence in the lattice [17].
Obtained volume for a given BVS mismatch (in thesez 1 + 0.1 v.u.) represents a 3D map of
possible lithium diffusion pathways. For the pum®of this study, bond valence sums were
calculated fory as well as fo’ and  structures (structural data of the latter two weken from
literature, Table 2). The BVS calculations perfodwéth the refined-LiV ,Os structure as input
suggest that the conductivity of lithium ions isobdimensional in the layers perpendicular to c-
axis, parallel and in-between of {8s), layers as displayed in Figure 6a. Lithium transfer
between the conductive layers is hardly achievainlee there are no links of BVS isosurfaces in
c-direction. BVS values for the atoms at their mefl crystallographic positions are given in
Table 2. The global instability index of 0.205 voplies that a substantial strain is present in the
structure, which is at limits of stability [27]. Mever, the proposed structural model is more
stable than the one previously reported in [18]SMC#9129). Both insertion and removal of
lithium from y-LiV ,0Os gives rise to formation of a metastable phaSesdy’ respectively, with
significantly higher Gll values (Table 2). As mamted earlier, during intercalation inphase
Li* ions are first inserted at Lil octahedral posgi@md when all available octahedral sites are
taken, LT accommodates at the next available Li2 tetrahesitas. Both Lil and Li2 are 4c
crystallographic sites with the locah.. symmetry [X, ¥4, y]. Fractional coordinates of late
given in Table 1, and the fractional coordinate&i@fare estimated to [0.66, ¥4, 0.74]. Lid@nd
Li204 polyhedra in they-Li,V,Os structure are presented in Figure 6b and theistaly
environments are as follows. Assuming 1-electraergalation (Li2 is thus still unoccupied),
each Li1Q octahedron shares two edges with two neighboria@d, two more edges with two

V105, two corners with two V1©and four corners with four V20O On the other hand, each
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Li20, tetrahedron shares two corners with two YHDd one corner with one L}Othen two
edges with two L1@and one edge with one V2OWNith insertion of the second lithium in the
phase the overall number of common edges is tlymsfisantly increased, which generally tends
to decrease stability of a structure of ionic cay$R5]. When occupation of available lithium
sites (Li1+Li2) reaches ~70%, phase transforms t©[8,14]. The new{ phase belongs to the
same symmetry group (orthorhomtioma), but with somewhat different lattice parameters.
Most notably, ¢ parameter is shifted towards a fovaue: 10.24A (¢) vs. 10.67A (y) [8]. The
decrease of ¢ parameter considerably affects etdwmical performance of theLi,V,0s
through the reduction of interlayer spacing (=cRgure 6¢ and d provide insight into possible
diffusion pathways of lithium in the and( phase, respectively. Although Lil forms linearioka
of edge-shared octahedra along b-direction, thiigddn dominantly takes places through the
channels along a-axis intersected with the smdilehannels at Li2 sites, thus forming 2D
diffusion network fory. In the( phase, the a-channels become narrower and b-deaameeno
longer viable (diffusion of lithium becomes one-énsional). Most interestingly, the Li2 sites
stay completely isolated from the rest of the isfame area. Therefore, Li2 positions of the
phase can be considered as more or less inactigelBLi* found at those sites remain “trapped”
once the structure is transformed tdHence the differences of the charge and dischastjage
profiles, where the charge profile practically lacki2 deintercalation region (Figure 4c).
Moreover, in this way the material is irreversilognsumed with each new cycle thus resulting in
the capacity loss observed at the low voltagesth@ropposite side of lithium concentrations, in
the high voltage region whenconverts toy’phase, lithium diffusion undergoes also through a
noticeable change of pathways. Still, continuougration of Li" between Lil sites was granted
by the spiral 1D channels along b-axis (FigurebjaThe activity ofy’ phase therefore remains

undisputable.
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Table 2. Bond valence sum and global instabilitiex values foy, y* and { structure of various

compositions.
Atomic Bond valence sum (v.u.)
pOSition Y’-V 205 ’Y-LIV 205 ’Y-LIV 205 ’Y-LI 2V205 C-LI 2V205 C-LI 2V205
[4] [18] [this work] [this work] [8] [14]
Lil - 0,991 0,936 0,936 0,999 0,978
Li2 - - - 1,098 1,163 1,140
V1 5,597 3,821 4,342 4,342 4,581 4,490
V2 5,121 5,300 5,146 4,470 4,685 4,595
01 -2,154 -2,076 -2,145 -2,455 -2,537 -2,490
02 -1,839 -1,766 -1,838 -2,052 -2,202 -2,155
03 -1,862 -1,725 -1,956 -2,124 -2,327 -2,274
04 -2,415 -2,034 -2,124 -2,146 -2,183 -2,147
05 -2,448 -2,512 -2,360 -2,069 -2,179 -2,137
Gll (v.u.) 0.340 0.255 0.205 0.259 0.385 0.332

Figure 6. Bond valence model of lion migration paths of theLiV ,0s (a). Lil and Li2
positions in the-LiV ;05 (b). Bond valence model of Limigration in the a-b plane @fLi,V,0s

(C) andC-Li 5V 205 (d)

17



Y ¥ ¥
v ¥

& 3

. \ &

Figure 7. Bond valence model of'liobn migration paths of thg-V ,Os (a) with 1D diffusion

channels along b-direction (b).
4. Conclusion

Lithium vanadium oxide LiyOs was synthesized via solid state reaction at 700L1Z,0s
crystallized as a gamma polymorptLiV ;05 and its structure was refined in the orthorhombic
space group Pnma. As a candidate for a cathodweifithium-ion battery, the obtained material
was electrochemically examined in an organic ebdytie via galvanostatic charge/discharge tests
and in an aqueous electrolyte via cyclic voltamgetreasurements. The material exhibited
excellent cycling stability in the voltage rangerfr 4 to 3 V vs. Li/Li, while in the wider range
from 4 to 2.3 V a significant storage capacity lesss observed. The structure provides two
crystallographic sites to accommodate’, Lan octahedral Lil and tetrahedral position Li2.

(De)intercalation of lithium in two respective siteccurs at different potentials vs’/Li: ~3.6V
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for Lil and ~2.4V for Li2 position. By utilizing b valence method, migration of lithium from
these sites was modeled in thphase as well as in the metastable phases afffithoory’-V ;05

and lithium rich{-Li2V20s. v-V 205 phase that exists upon complete charge at higlages,
provides continuous network for lithium diffusioetiveen Lil sites. On the other side, calculated
bond valence map @fLi,V,0s suggest the inactivity of lithium at Li2 crystaji@phic positions

is possibly responsible for the stability issuesundng at the low voltages. Therefore, inherent
structural characteristics of tligohase impede reversible insertion/removal of dw®sd lithium

from y-Li,V,0s system.
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