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Abstract

LiTi o(POy)3 with a Na" superionic conductor (NASICON)-type structure is prepared by a two-step solid-state reaction. X-ray diffraction
(XRD) confirms that the LiTi(POs)3 compound has a NASICON structure, i.e. rhombohedral (space gr3ap:lt is found that lithium
can be electrochemically inserted into the L{HOy)3 structure, with a maximum intake of 5.2 mol of lithium per mole of L(HRO4)3 com-
pound, and that [P§) tetrahedra can participate in the redox reaction. This corresponds to a lithium-storage capacity of 363 riiAk g
kinetic parameters of lithium insertion in LEA{POy)3 NASICON are determined by means of ac impedance technique. The charge-transfer
resistanceRcT) and exchange current densiiy)(@re invariable regardless of the state of lithium insertion. This is associated with the unique
structure characteristics of the NASICON skeleton. By contrast, the diffusion coeffibigndf lithium varies with the state of lithium
insertion. The value db; is in the range % x 1071 to 1.2 x 102 m2s1, which is much higher than for other intercalation materials.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction suitable as an electrode material for Li-ion batteries. The
rate capacity of such batteries depends strongly on the dif-

The Na" superionic conductor (NASICON) materials fusion of Lit ions. In this investigation, LiT(POy)s has
are good ionic conductors when serving as solid-state elec-been synthesized and its electrochemical properties were
trolytes. The crystal structure of NASICON,M2(XO4)3 investigated. The compound is a candidate anode material
consists of a network in which M@ octahedra share all ~ for Li-ion batteries because of the low potential of the
their corners with XQ tetrahedra, and X@tetrahedra,  Ti*t/Ti3* redox couple versus Li/Li.
share all three corners with MQoctahedra. The intersti-
tials and conduction channels are generated along-éhés
direction, in which alkali metal ions (Naor Lit) occupy =~ 2. Experimental
the interstitial sites. Consequently, the alkali metal ions can . . i
move easily along the conduction chann@ls8]. 2.1. Synthesis and characterization of LiTi2(PO4)s

The NASICON structure AM2(X0O4)3 can be chemically
versatile. It can be stabilized with'K Na™ or Li* in the
A position, transition-metal cations in the M position, and
P, Si or Mo in the XQ polyanions. Therefore, NASICON
materials can be used not only as solid-state electrolytes,
but also as lithium-storage materials in rechargeable lithium
batteries, based on their structural characterig®esl1].
The operation of Li-ion batteries relies on the diffusion of
Li* ions in the cathode and anode hosts. Therefore, if a 0.5Li,COz + 2TiO2 4+ 3(NH4)H2POy

The raw materials LICO3 (ACS reagent, Aldrich), Ti@
(99.9%) and (NH)-H2PO4 (ACS reagent, Aldrich) were
thoroughly mixed with pestle and mortar. The resulting mix-
tures were then pressed into pellets and pre-calcined at
900°C for 12h to decompose €03 and (NH))H2PO;.

The pellets were then reground and fired at 125@or 24 h.
The overall reaction is as follows:

material host has good ionic conductivity, it will be very — LiTi2(PQy)3 + 3NHs + 4.5H,0 + 0.5CO; )
The synthesized LiB(POy)3 powders were characterized
* Corresponding author. Fax:61-2-42215731. by X-ray diffraction (XRD) using a Philips PW 1010 X-ray
E-mail address: gwang@uow.edu.au (G.X. Wang). diffractometer with Cu & radiation.
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2.2. Electrochemical tests tahedra sharing all corners with P@etrahedra and vice
versa. Li" ions occupy the interstitial spaces, either 18e or
Li|LiPFg (ethylene carbonate (EG) dimethyl carbonate  6b sites. The XRD pattern of LiZ{POy)3 is shown inFig. 1L
(DMQC))|LiTi2(POy)3 coin cells (CR2032) were assembled All diffraction lines are indexed based on a rhombohedral
to examine the lithium insertion properties of LifPOy)s. structure with a space group &3c. The lattice constants
The electrodes were made by dispersing a mixture of are calculated to be = 8.5105 A andec = 20.8645 A using
85 wt.% active materials, 12 wt.% carbon black and 3wt.% a least-squares method for 25 diffraction lines. The calcu-
polyvinylidene fluoride (PVDF) binder in dimethyl phtha- lated parameters of the unit cell are in good agreement with
late (DMP) solvent to form a slurry. The slurry was then the literature valugl2]. No XRD peaks correspond to the
spread on to copper foily(= 12 mm). The electrodes were reagents or other impurity phases.
dried at 1400C under vacuum for 24 h. The electrolyte was Li|LiTi o(POy)3 cells were discharged and charged at
1M LiPFg in a mixture of EC and DMC (Battery Grade, a constant current density of 0.1 mActh (20mAg1).
Merck KGaA, Germany). The cells were assembled using Lithium insertion into the LiT}(POy)3 electrode corre-
a hand-operated closing tool (Hosen Corp., Japan) in ansponds to the discharge process, and the extraction of lithium
argon-filled glove-box (Unilab, Mbraun, USA) in which the from the host as the charge process. Discharge—charge pro-
oxygen and moisture were controlled to less than 1 ppm. files of one of the Li|LiT(POy)3 cells in the voltage range
The lithium test cells were discharged and charged at a con-0-2.5V are shown irFig. 2 The first lithiation for the
stant current density of 0.1 mAcrf in a voltage window LiTi »(PQy)3 compound reached a capacity of 360 mAH g
of either 0-2.5 or 0.25-1.2 V. which corresponds to an insertion of 5.2 mol of lithium per
To determine the kinetic process of lithium insertion in mole of LiTio(POy)3. Only 65% of the initially inserted
the LiTio(POQs)3 compound, ac impedance measurements lithium could, however, be reversibly extracted in the first
were performed on a Li%{POy)3 electrode in different  charge process. The capacity of Li{POy)3 faded quickly
states of discharge (SoD). The measurements were perwith cycling. The charge and discharge capacity of the
formed with an EG&G Princeton Applied Research Elec- LiTip(POy)3 electrode was mainly within the voltage range
trochemical Impedance Analyser (Model 6310). The test 0.1-0.8V. This is different from LiTisO12 which has a
cell for ac impedance measurements consisted of threepotential of around 1.5V versus Li/ti[13,14] If it is
electrodes with lithium as counter electrode and referenceonly the Ti/Ti®+ redox couple which contributes to the
electrode. The ac amplitude was 5mV and the frequency redox reaction as lithium is inserted and extracted, then the
range was 65kHz to 1 mHz. operating potential should be almost the same for these two
compounds. The experimental observation is opposite. Fur-
thermore, if only the T ions in LiTi,(PQOy)3 accept elec-

3. Results and discussion trons associated with lithium insertion, the maximum lithium
intake would be merely 2 mol of Li per mole of LE{iPOy)3
LiTi 2(POy)3 has arhombohedral (space groBfc) struc- to form LisTio(PQy)3, whereas, approximate 5.2 mol of Li
ture with an open three-dimensional framework of Jia@- were electrochemically inserted per mole of LI{ROs)3
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Fig. 1. X-ray diffraction pattern of LiGi(PO4)3 NASICON powders.
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Fig. 2. Charge—discharge profiles of Li|LiPEEC + DMC)|LiTio(PQy)3 cell in voltage range 0-2.5V. Current density: 0.1 mA@n

in the first lithiation process. Therefore, it is proposed that ments. These were performed on the L{POy)3 electrode
[PO4] tetrahedra possibly also take part in the redox re- at different SoDs. The impedance spectra are presented
action to accept and donate electrons when lithium ions in Fig. 5 from which theRct and exchange current den-
intercalate and de-intercalate in the Li{?Oy)3 structure. sity (ip = RT/nFRcT) can be deduced. One semicircle is
At this stage, here is no direct physical evidence to confirm observed for the LiTi(POy)3 electrode in the OCV state
this proposal, but some support for the proposal is provided (no Li insertion). After Li intercalation, two semicircle are
from studies by Ceder and coworkdfs$,16] which indi- observed. The first semicircle is generally considered to
cate that oxygen atoms, rather than transition-metal ions, contribute to the charge-transfer process and double-layer
function as electron acceptors upon insertion of Li into capacitance. The second semicircle is caused by a surface
metal-oxides and metal-dichalcogenides. Also, data from layer formed on the electrode, which is found on the car-
Li nuclear magnetic resonance (NMR) measurements alsobonaceous electrode. The surface layer is formed when dis-
demonstrated that there is significant oxygen participation charging the electrode below a potential-e0.8V versus
during the insertion of Li in TCO glagd 7]. The situation Li/Li * due to the decomposition of the organic electrolyte.
for Li insertion in LiTio(POy)3 NASICON is similar. This has been confirmed by FTIR8]. When Li insertion

A guasi-open-circuit potential (OCV) versus composition reachesx > 2 (E < 0.2V versus Li/Li"), however, the
curve was obtained by the galvanostatic intermittent titration second semicircle disappears as showrkig. 5(c) This
technique (GITT). The Li|LiTi(PO4)3 cell was discharged  may be due to damage of the surface layer at low potential.
to a desired value ofin Li1,Tio(POy)3 at a constant cur-  The ac impedance spectra for SoDsceE 2.6 andx = 5.2
rent density of 2@Acm~—2 and then relaxed for 2h. The
final voltage of the cell was recorded as the OCV for that

composition. The variation of OCVs versus inserted lithium o0 p——— T T T
compositionx in the Liy4, Tio(POy)3 electrode is shown in [ ]
Fig. 3. The maximum inserted Li is still about 5.2 mol per 25F " .
mole of Lii, Tio(POy)3 even under quasi-equilibrium dis- . ]
charging condition. 20 ]

The rate of capacity decay is related to the voltage range S ; ]
of cycling. Therefore, the cycling performance can be im- = 15 = ]
proved by limiting the voltage range of charge and dis- £ [ ]
charge. Li|LITp(POy)3 cells were cycled in a voltage range wto . ]
0.25-1.2 V. Surprisingly, the cells displayed excellent ca- 0'53_ --'H.-. ]
pacity retention (as shown irig. 4). During the first cycle, . - '-q.,‘_. ]
approximately by 80% of the initial inserted lithium is re- 00k "EaEoa ., ]
versibly extracted during the first charge. After the first cy- S T N I S R
cle, the reversibility of the electrode was much better than 0 1 2 3 4 5 6
that cycled between 0 and 2.5 V. xin Li,, Ti,(PO,),

The kinetic process of lithium insertion into LE(PCs)3 Fig. 3. Open-circuit potential vs. inserted lithium compositignin

NASICON can be determined by ac impedance measure-LiTi»(PQs)s, obtained via GITT technique.
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Fig. 4. Cycle profiles of Li|LiPE (EC+ DMC)|LiTi2(POs)3 cell with voltage cut-off between 0.25 and 1.2V.
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Fig. 5. (a—c) The ac impedance spectra for L{PiO4)3 electrode in different SoDs. SoD is expressed as the amount of inserted LjipTLi(POy)s3.
Potentials E) refer to potential of Li,,Tio(POy)3 electrode vs. Li reference electrode.
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Fig. 6. Charge-transfer resistand®&:t) and exchange current densify)(as function of SoD for LiTi(POy)3 electrode.

are almost same. Thect and exchange curretd at dif-

according toEq. (3) It is considered that the inserted™Li

ferent SoDs are estimated from the spectra and are showrions occupy the interstitials or conducting channels, and this

in Fig. 6. The values ofRct and the exchange current

densityip are almost invariant, regardless the SoD. It is sug-

gested that the reaction for lithium insertion in Li{POy)3
proceeds as

xLit +xe” + LiTi2(POg)3 — Lityy + Ti2(POp)z  (2)

The exchange curremg for the above reaction can be ex-
pressed by19]

©)

whereks is the reaction constant§; andC, are the activi-
ties of Li* in the electrolyte and NASICON solid solution,
respectivelyC; can be taken to be constant during the in-
sertion reaction. Since ac impedance studies shayéao
be invariant with Li insertionC, should remain constant

io = nFksC ™ C3

does not have an influence on the physical environment of
Li* in LiTi2(PQy)3. The unique structure characteristics of
the NASICON skeleton with large numbers of interstitials
and channels could be a contributing factor.

The kinetics for reaction (2) above are limited by Li diffu-
sion in the host materials. The lithium diffusion coefficient,
Dii, in the LiTio(PQOy)3 electrode can be calculated from the
following formula which is based on a semi-infinite bound-
ary condition:

1[ Vi dET?
D=3 [@ a] @
where Vy, is the molar volume of LiTi(POs)3 (131cn¥
mol~1), dE/dx is the slope of the GITT curve at eaxhalue,

Sis the apparent geometric areds the Warburg coefficient.
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Fig. 7. Variation of Lit diffusion coefficient Di;) with SoD in LiTio(POs)3 NASICON skeleton.
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Values ofDy; at different SoDs are presentedhig. 7. The
Dy; at the OCV undischarged state i$%& 10 14m2s 1.
After discharging, D+ is in the range % x 107! to
1.2 x 102m2s 1 which are much higher values than those
for other intercalation materials such as Li®4n,_,O4 for
which Dy is between 20x 104 and 26 x 10~ 12cm? s~1
and A\-MnO,, where Dy is between B x 10712 and
3.1 x 10 e s1[20,21] The conducting channels and
interstitials in the NASICON structure could facilitate Li
diffusion and, thereby, induce a high lithium diffusion coeffi-
cient.

4, Conclusions

The lithium insertion properties of Li}(POy)3 NASI-
CON have been investigated. A maximum of about 5.2 mol
Li-ions can be electrochemically intercalated per mole of
LiTi o(POy)3 structure. Electrochemical impedance spec-
troscopy demonstrates that the Li diffusion coefficients in
LiTi o(POy)3 are very high. This is considered to be related
to the NASICON structure with interstitials and conducting
channels. The exploration of NASICON materials could
provide new electrode materials for lithium-ion batteries.
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