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Monoclinic LizV,(POy)s5, is a highly promising cathode material for lithium-ion rechargeable batteries. It
has good ion mobility and high lithium capacity due to its ability to reversibly extract all three lithium
ions. Here, we present, a systematic investigation of phase transitions and volume variations that occur
during lithium extraction from the carbon-coated monoclinic phase of Li3V,(PO4); by synchrotron based
in situ X-ray diffraction and X-ray absorption spectroscopy. This monoclinic Li3V,(PO,); illustrates com-
plex behavior of four successive two-phase transitions upon extraction of all three lithium ions between
3.0 and 4.8 V vs. Li/Li*. Each XRD pattern of the intermediate compositions can be fully indexed in the
monoclinic space group P24/n, with net volume reduction of 6.47%. In situ V K-edge XANES in combination
with study of structural parameters is applied to find the vanadium valence state at plateau regions,
which highlights the variations in electrochemical potential constraining to extraction of lithium ion
from different crystal sites.
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1. Introduction

Rechargeable lithium-ion batteries are sophisticated electrical
energy storage and transfer system for modern electronic applica-
tions such as cellular phones, notebook computers, and electric
vehicles, due to their high energy density and long cycle life. Com-
mercial cells make use of cobalt based oxides as the positive elec-
trode, but high cost and toxicity prohibited its use in large-scale
applications [1]. Safety, energy density, cost and rate performance
are major challenges faced by lithium ion batteries [2,3]. In recent
decades, alternative material family of lithium transition metal
phosphates including LiCoPO,, LiFePO,4, LiIMnPOy,, LisV,(PO4); and
multicomponent olivines has fascinated the researchers due to
high operational potential and thermal stabilities [4-12]. Among
the phosphates mentioned above, lithium vanadium phosphate
has attracted significant attention as cathode material because of
high reversible capacity. LizV,(PO4); can be crystallized in two dif-
ferent structures: (i) the rhombohedral (NASICON) phase and (ii)
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thermodynamically more stable monoclinic phase. The monoclinic
Li3V,(POy4)5 is a highly promising material, proposed as cathode for
higher voltage rechargeable lithium-ion batteries due to its stable
framework and good ion mobility [13,14]. Monoclinic LizV2(PO4)s
(space group P2;/n) contains three fourfold crystallographic posi-
tions for lithium in the framework of metal octahedron and phos-
phate tetrahedron sharing oxygen vertices. Each VOg octahedron is
surrounded by six PO,4 tetrahedrons, whereas each PO, tetrahedron
is surrounded by four VOg octahedrons, and this leads to the for-
mation of three-dimensional network that permits rapid lithium
ion diffusion [14]. The theoretical capacity of Li3Vy(PO4); is
197 mA h/g, when all the three Li ions are completely extracted
at 4.8 V, which is the highest for all phosphates [15,16]. Two lith-
ium ions can be extracted and reinserted reversibly between 3.0
and 4.3V based on the V3*/V*" redox couple. In the monoclinic
LisV,(PO4); phase, the first charging voltage (3.61-3.68 V) is asso-
ciated with the presence of an ordered Li phase of intermediate
composition Lip 5V5(PO4); and then the second stage (3.68-4.1V)
is related to the removal of Li-ions from the stable tetrahedral
sites. Then, the final stage (4.1-4.5 V) is due to the change of the
V3*/V#* redox couple to the V4*/>* redox couple [14]. Upon charging
to 4.8 V, all three lithium ions can be fully extracted and reversibly
intercalated at high rate. Morcrette et al. [17], studied the lithium
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Fig. 1. Schematic illustration of the crystal structure of Li3V,(POy4)s.
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Fig. 2. Observed, calculated and difference plots obtained for Li;V,(PO4); cathode
sample from Rietveld refinement of the powder XRD patterns.

extraction from rhombohedral and monoclinic Li3V,(PO4)s using
in situ X-ray diffraction and reported extraction of all the three lith-
ium ions from LisV,(PO,),. Lee and Park [18] have used computa-
tional methods to characterize the structure and concluded that
lithium ion mobility in monoclinic LisV,(PO,4)s is high enough to
exhibit good performance as cathode material. Cho et al. [19] have
shown significantly high discharge capacity of 182 mA h/g by Al
doping and carbon coating. Moreover, monoclinic LizV,(PO4)s can
also demonstrate high rate capability by adopting novel synthesis
techniques and surface coating [20-22].

Rate capability and high discharge capacity are major electro-
chemical characteristics of lithium ion secondary battery required
for power storage applications. Limited intercalation/deintercala-
tion dynamics are usually due to poor conductivity of electrode
material. Doping of alien cations, designing of nanoparticle and
composite electrode are feasible ways to enhance the intrinsic con-
ductivity and boost the overall performance of electrode materials

Table 1

Atomic sites (number of positions and Wyckoff notation) and coordinates x, y, z (in
units of lattice constants (a=8.6098 A, b=28.5950 A, c=12.0431 A, =90.5899°) of
Li3V,(POy4); coated with adipic acid. The weighted factor R.,, = 12.04%.

Atom b% y z Occupancy
Li; (4e) 0.2087(0) 0.7775(7) 0.1796(4) 1.0
Li, (4e) 0.9234(6) 0.3032(9) 0.2415(3) 1.0
Lis (4e) 0.5722(7) 0.4121(0) 0.1923(0) 1.0
V; (4e) 0.2475(7) 0.4610(0) 0.1101(5) 1.0
Vs (4e) 0.7519(7) 0.4716(4) 0.3899(2) 1.0
P, (4e) 0.1064(7) 0.1027(4) 0.1486(0) 1.0
P, (4e) 0.6038(9) 0.1152(3) 0.3527(0) 1.0
P; (4e) 0.0361(2) 0.2489(1) 0.4919(0) 1.0
0 (4e) 0.9273(9) 0.1120(2) 0.1468(2) 1.0
0, (4e) 0.1446(8) 0.9809(3) 0.2385(8) 1.0
05 (4e) 0.1751(9) 0.0509(9) 0.0422(2) 1.0
04 (4e) 0.1615(6) 0.2644(1) 0.1867(8) 1.0
05 (4e) 0.4311(0) 0.0889(0) 0.3301(0) 1.0
0 (4e) 0.6982(4) ~0.0021(9) 0.2805(4) 1.0
0, (4e) 0.6436(4) 0.0882(4) 0.4734(1) 1.0
Os (4e) 0.6422(3) 0.2854(7) 03181(1) 1.0
O (4€) 0.9509(9) 0.1336(0) 0.5673(8) 1.0
010 (4e) 0.9286(5) 03187(5) 0.4042(4) 1.0
O (4e) 0.1690(7) 0.1687(7) 0.4296(8) 1.0
012 (4e) 0.1095(8) 0.3668(1) 0.5727(1) 1.0
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48l —Charge 301
~ | ——Discharge 288
46 |
316 211
44t
__ 42t
2
o 40F
()]
S 38t
(@]
> 36}
34+
32+
3.0
28 1 " 1 " 1 L 1 L 1 n 1 n 1 " 1

0 20 40 60 80 100 120 140
Capacity (mAh/g)

Fig. 3. The first charge/discharge curve of carbon-coated Li3V,(PO4); during
charging at C/20 rate at 4.8 V.

[23-28]. Similarly, addition of carbon can also effectively increase
the electrode conductivity, improve the surface chemistry and pro-
tect the electrode from direct contact with electrolyte to enhance
the cycle life. Fine layer of carbon on grain boundary can be
achieved by pyrolysis of organic precursors such as aniline or adi-
pic acid during the sample synthesis [29,30]. However, to the best
of our knowledge, there were no reports available about the struc-
tural changes of carbon-coated monoclinic lithium vanadium
phosphate during electrochemical cycling. One of the key problems
related to the electrochemical performance of electrode materials
for lithium ion battery was phase transitions and local structure
changes during lithium insertion or extraction. In situ XRD study
of lithium ion battery is a comprehensive tool to track phase tran-
sitions of electrode material and XAS has been successfully em-
ployed to study local structure changes [31,32]. In the present
work, electrochemical properties of carbon-coated monoclinic
LizV,(PO4); as a cathode material, its structural changes and



78 J. Yoon et al. /Journal of Alloys and Compounds 569 (2013) 76-81

Intensity (arb. unit)

- = 1 = Tz | Ml | |
16 17 22 24 26 28 30
20 (A=1.54)

Hr i~
>
§ Jk
S
S 406
o]
= % X:1/\Mag1
361
346
X2 0 331
— . P Al B S | ] L
16 17 22 24 26 28 30
20 (\=1.54)

Fig. 4. The in situ XRD patterns of prepared (a) Li3V,(PO4); sample during the first
charge; (b) discharging at C/20 rate.

Table 2
Lattice parameters of each phase of Li,V,(PO4); cathode where (x = 3, 2.5, 2, 1) during
first charge, calculated from least-square fitting.

Phase a(A) b (A) c(A) Q) Cell volume (A*)
LizV5(PO4)s 8603 8588 12035 9058  889.17
LizsVa(PO4)s 8549 8607 11983 9005  881.79
LioV2(PO4)3 8468 8612  11.901 9028  867.89
Li;Vo(PO4)s 8.301 8528  11.652  89.64  824.84
Va(PO4)s 8388 8507  11.650  89.09  831.63

stability of crystal structure have been investigated during charg-
ing/discharging using synchrotron based in situ X-ray diffraction
(XRD) and X-ray absorption (XAS) techniques.

2. Experimental

The monoclinic Li3V,(PO4); was prepared by using conventional solid-state
route. High purity LiCO3 (Wako, Japan), V,0s (Sigma-Aldrich, USA), (NH4),HPO,
(Sigma-Aldrich, USA) and CgH;004 (Sigma-Aldrich, USA) were used. These starting
materials were mixed in stoichiometric amounts, with adipic acid (molar ratio of
adipic acid to total metal ions was 0.15) to synthesize the carbon-coated LizV,
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Fig. 5. Selected XRD patterns of Li;V,(PO4); cathode samples at different values of x
in Li3_,V2(PO4)s where (x=0, 1, 2 and 3).

(PO4)3. The resultant mixture was ground thoroughly and sintered at 900 °C for
8 h under argon atmosphere using tubular furnace to obtain the Li;V,(PO,4)s cath-
ode samples.

Cathodes were prepared by slurring the active material powder with 10 wt.%
Super-P and 10 wt.% poly-vinylidene fluoride (PVDF) in N-methyl pyrrolidone
(NMP) solvent, then coating the mixture onto Al foil. The cathodes were packed
in the cells with a lithium metal foil as a negative electrode and a Celgard separator.
The electrolyte used was LiPFs (1.3 M) in a 3:7 ethyl carbonate/dimethyl carbonate
(EC/DMC) solution. The cell was assembled in an argon-filled glove box. The de-
tailed design of the spectroelectrochemical cell used in the in situ XRD and XAS
measurements has been described elsewhere [33]. Powder XRD patterns were col-
lected at beamline 9B(HRPD) Pohang Accelerator Laboratory. In situ XRD patterns
were collected at beamline 1D (KIST-PAL) Pohang Accelerator Laboratory using
MAR 345-image plate detector. The wavelengths used were 0.9999 A. The two theta
angles for all the XRD patterns existing in this paper have been recalculated and
changed to the corresponding angles for 2=1.54 A, which is the wavelength of a
conventional X-ray tube source with Cu Ko radiation, for easy comparison with data
in other publications. In situ XAS spectra were collected in transmission mode at
beamline 10C in Pohang Accelerator Laboratory.

3. Results and discussion

The schematic illustration of monoclinic P2,/n structure of
LisV,(PO4); is shown in Fig. 1. The three-dimensional network
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Fig. 6. Variation of lattice parameter and volume in LiyV,(PO4); (0 <x < 3) during
first charge.

LiVy(PO4);

consisted of slightly distorted vanadium octahedra and phospho-
rus tetrahedra linked together via common apical oxygen atoms
to form a (V-0-P-0), bonding arrangement. Three distinct lithium
atoms occupied three distinct crystallographic positions in the
interstitial voids. Li(1) is surrounded by four oxygen atoms to form
a tetrahedron, Li(2) and Li(3) occupied highly distorted tetrahedral
environments that can be better described as 5-coordinate Li-O
sites, where the fifth Li-O bond is long (ca. 2.6 A). The occurrence
of corner-shared chains of Li polyhedral along the b-axis and open
diffusion pathways in the other directions directed rapid, isotropic
ionic transport similar to the fast-ion conduction in NASICON
phases.

The initial characterization of the material was carried out using
powder X-ray diffraction (XRD). Since small amount of impurities
affect the electrochemical properties, more precise XRD patterns
are preferred for better characterization of material. Rietveld
refinement of these XRD patterns was carried out using powder
XRD data in order to confirm the formation of monoclinic LizV,
(PO4)s. Fig. 2 showed the XRD pattern together with the Rietveld
refinement based on single crystal data for Li3V,(PO,4)s compound.
The diffraction peaks of LisV,(PO4); powder corresponded to a sin-
gle-phase, indexed with monoclinic structure and no impurity
phase was detected. A space group of P2;/n is preferred as the
refinement model. Refined unit-cell parameters are a = 8.6098 A,
b=8.5950A, c=12.0431 A, p=90.5899° and V = 891.159 A3 which
were consistent with those in previous reports [14,15]. In this
monoclinic structure, each unit cell contains four chemical formula
units of LizV,(POy4)3, all the Li, V, P, and O atoms occupied Wyckoff
position 4e with different coordinates. The atomic parameters of
Li3V,(PO4); are given in Table 1. The monoclinic structure com-
prised of metal octahedra and phosphate tetrahedra sharing oxy-
gen vertices. The electric charge carriers, lithium ions, are
situated in the cavities within the framework. The three crystallo-
graphic independent Li sites in Li3V,(POg4)s: Liy, Lip, and Lis were 4-,
5- and 5-coordinate, respectively. Three fourfold crystallographic
positions present for the Li atoms led to 12 lithium positions
within the unit cell. Huang et al. [34], have reported that three

Li;V2(PO4)3

Fig. 7. Schematic illustration of the crystal structure of Li3V,(PO,)s, projected along b-axis during first charging.
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Fig. 8. Normalized in situ V K-edge XANES spectra of Li;V,(PO4); cathode, during the
first (a) charge and (b) discharge.

dimensional structure allows reversible extraction of all three lith-
ium ions from the monoclinic vanadium phosphate at different
rates depending on the site of Li ion.

Fig. 3 shows the first cycle charge/discharge curves of carbon-
coated Li3V,(PO4)s cathode material between 3.0 to 4.8 V at C/20
rate. In the first cycle, the charge capacity achieved at 4.8V was
143 mAhg~! and discharge capacity reached at 3.0V was
112 mA hg~!. Charge/discharge capacity was lower than the previ-
ously published results mainly due to design limitations of the
in situ cell. Three plateau regions during the charging process can
be ascribed as V3*/V#*/V>*. The selected XRD scan numbers are
marked on the charge and discharge curves. The vertical bars on
the curves indicated the start of each scan. 301 scans of XRD spec-
tra were collected during charging to 4.8 V and 252 more scans
were collected during subsequent discharging period.

Fig. 4 shows the selected in situ XRD patterns of LisV,(POg4)3
cathode sample which were collected during cycling at C/20 rate.
The numbers marked beside the patterns correspond to the scan
numbers in Fig. 3. Each XRD pattern was completely indexed in
the monoclinic space group P2¢/n (unique axis b) with
a=8.60(9); b=8.59(5); c=12.04(3) and B =90.5(8)° for the start-
ing Li3V,(PO,4); phase. The structure marked as “x=3" was for
Li3V,(PO4); before charge that shows the same NASICON struc-
tured phase with trigonal bipyramidal environment as reported

by Morgan et al. [35]. Upon charging (i.e. lithium extraction),
replacing the pristine phase 1, new NASICON-like phase are ob-
served during lithium extraction, illuminating two-phase reaction
mechanism in certain lithium composition ranges as shown in
Fig. 4a. The Bragg peaks from both the phases were very close to
each other, indicating very similar lattice parameters.

The in situ XRD patterns recorded upon oxidation from LisV,
(PO4)s to V,(PO,4)s established the sequence of two-phase pro-
cesses during the electrochemical charging cycle. Volume reduc-
tion of the structure was prominent (AV=-1.57%) for the
second plateau at 3.67 V between Li, 5V,(PO4)s and Li,V,(POy4)3 as
listed in Table 2. Upon further Li extraction, between Li,V,(PO4)3
and LiV,(POy4);, a third two-phase process was encountered at
4.06 V vs. Li/Li" with a more noticeable unit cell volume reduction
(AV = —4.96%). Therefore, the two-phase process was evidently
confirmed at intermediate x values (0 <x<2) in Li,V5(POy)s, for
which the diffraction patterns exhibit the peaks of both LizV,(PO4);
and LiV,(PO4)s. These diffraction patterns were identified and in-
dexed based on full pattern matching as shown in Fig. 5. As a result
of oxidation of V3*/V#* and extraction of two lithium ions between
LizV3(PO4)s and Li;V,(PO4)s3, the overall unit cell volume reduction
(AV=-723%) was in good agreement with the results
(AV = —6.8%) of Morcrette et al. [17]. Unit cell volume reduction
was fairly significant but it does not produce irreversibility of the
electrochemical reactions. Many reporters observed stable capacity
on cycling between 3.0 and 4.2 V vs. Li/Li* [36,37]. The fourth step,
at higher voltage (~4.45 V vs. Li/Li*), corresponded to the oxidation
part of V#*/>*, again as a two-phase reaction between LiV,(PO4)3
and V,(POy4)s. In this reaction, we observed a much stronger polar-
ization of the cell on charge as the apparent voltage rise at around
4.6V, even with a slow current rate. The end member V,(PO,)s; is
characterized clearly, by a bigger unit-cell volume (831.6 A%) than
LiV,(POy); (824.6 A®) as shown in Table 2.

The new phase evolution occurs by Li reordering during charg-
ing, as shown in schematic diagram in Fig. 7. From the experimen-
tal electrochemical data and in situ XRD patterns, it is clear that
complicated mixing between solid solution process exists and
two-phase reaction is involved on discharge between V,(PO4);
and Li,V,(PO4)s. Moreover, it was evident from Fig. 4b that the
fully discharged phase is not same as the pristine phase of LizV;
(PO4)s, instead it exhibited a mixed phase. After first cycle fully
discharged cathode returns to Li sV,(PO4)s phase at 3.0 V. The var-
iation of lattice parameters and volume of Li,V,(PO4); (0 <x<3)
during first charging is shown in Fig. 6. Refinement of lattice
parameters by full pattern matching indicated that Liy 5V,(PO4)3
possesses slightly smaller unit cell (AV = —-0.89%) as compared to
pristine, comparison can be found in Table 2. Variations in unit cell
volume were not uniform with state of charge. Li(3) and Li(2) are
displaced from 5-coordination region, whereas third lithium ion,
removed at 4.8 V, lies in stable tetrahedral environment. This com-
plex geometry was responsible for nonlinear volume changes and
difference in potentials required to remove three lithium ions from
LizV5(PO4)s.

In order to confirm the oxidation state of vanadium in LizV,
(PO4)s during charging, metallic V K-edge XANES data was recorded
as shown in Fig. 8. In general, the shape of K-edge XANES data of
transition metal oxides provides unique information about site
symmetry and the nature of bonding with surrounding ligands,
while the threshold energy position of the absorption edge gives
information about the oxidation state of the probing atom [38-
40]. Higher absorption energy is required to excite 1s core electron
of the higher oxidation ion, which is more strongly bounded to less
screened nucleus. So, major edge shift to higher energy in the V
K-edge XANES spectra indicated increase in the average oxidation
state of this element [41]. Fig. 8a shows the edge shift in V K-edge
region toward higher energy positions during charging indicated
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the increase of oxidation states of the V ions in LizV,(PO4), cathode
upon delithiation. During discharging, energy position of V K-edge
XANES spectra shifted back towards lower energy regions which is
shown in the Fig. 8b [42]. The XANES results showed that the aver-
age valence of V in fully discharged LisV,(PO4), cathode material is
higher than that of pristine cathode, which is in good accordance
with in situ XRD results.

4. Conclusions

In this work, we studied the structural properties of carbon-
coated monoclinic Li3V,(PO4)s using synchrotron based in situ
X-ray diffraction. In spite of complex phase transformations, we
followed the four successive two-phase transitions during extrac-
tion/insertion of lithium ion from monoclinic LizV,(PO4)s to
V,(PO4)3. From the electrochemical and in situ XRD results, it is
concluded that monoclinic Li3V,(PO4); maintains its structural
integrity during the cycling despite two phase reaction mechanism
and large volume changes in the unit cell. Nonlinear volume
changes during battery charging suggested that removal of first
lithium ion from perfect tetrahedral sites requires more energy.
In situ V K-edge XANES results exposed that fully discharged LisV,
(PO4); cathode material exhibits mixed two phases unlike the
pristine cathode material with pure single phase.
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