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a b s t r a c t

We report that a partially oxygen deficient LiTi2(PO4)3 shows a much better rate capability as a cath-
ode material for lithium-ion batteries compared to stoichiometric LiTi2(PO4)3. A combination of X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), electrochemistry, and first-principles cal-
culations was used to determine and rationalize the structural and electrical changes that occur with
different heat treatment atmospheres. XRD and XPS experiments confirmed that some Ti4+ transformed
eywords:
irst-principles calculations
onductivity
ate capability
PS

to Ti3+ in oxygen deficient LiTi2(PO4)3 heat treated under N2; Ti3+ was detected and the lattice parameter
increased compared to that of LiTi2(PO4)3. Electrical conductivity measurements indicated an increase in
the electronic conductivity of nearly two orders of magnitude for the oxygen deficient LiTi2(PO4)3 sample
compared to LiTi2(PO4)3. First-principles calculations suggest that the oxygen vacancies could be formed
in LiTi2(PO4)3 under oxygen-poor conditions, and this may significantly decrease the donor levels of other

d thu
asicon
ASP

possible donor defects an

. Introduction

Lithium-ion batteries are often used in everyday life, especially
n consumer electronic devices such as cellular phones, notebook
omputers, compact camcorders, and electric vehicles (EVs)/hybrid
lectric vehicles (HEVs). The cost, safety, environmental friendli-
ess, and long operational life of the cathode materials are of major
oncern for applications of large-scale lithium-ion batteries [1–3].
obalt oxide-based materials are unsafe and environmentally haz-
rdous. Manganese-based materials are attractive because of both
heir low cost and low toxicity. However, they suffer from capacity
ading during cycling, especially at high temperatures [4–5].

Since Goodenough and co-workers [6,7] reported that a new
eneration of electrode materials based on 3-D phosphate opened-
rameworks could reversibly insert lithium, tremendous effort has
een devoted to improving the performance of these compounds.
hey have high lithium-ion mobility and better thermal proper-

ies than conventional cathode materials, and they benefit from
he inductive effect generated by the polyanionic groups, which
owers the energy of the transition metal redox couple in the
hosphate-based electrode materials with respect to the Fermi

∗ Corresponding author. Tel.: +86 21 55664177; fax: +86 21 55664177.
E-mail address: yyxia@fudan.edu.cn (Y.-Y. Xia).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.06.050
s improve the electronic mobility.
© 2009 Elsevier B.V. All rights reserved.

level of lithium [8–10]. However, the disadvantages, including low
electronic conductivity, prevent them from being widely used in
large-scale applications.

Consequently, several approaches have been developed to over-
come this problem. One is to develop nanostructured electrode
materials: nanosized particles can reduce the lithium-ion diffusion
path, thus improving the rate capability, as well as providing a large
contact surface area with the electrolyte and electronic conductive
material. However, such an improvement is often achieved at the
expense of high volumetric energy density [11–20]. Another way
is to reduce the electrode polarization by improving its electrical
conductivity, which often involves modifying electrode materials
through surface carbon-coating. This treatment process actually
works because the coated carbon layer can greatly reduce the elec-
trode conductivity resistance by creating a close-to-optimal wiring
situation for the conduction of electrons, which is much better
than mixing electrode-conductive materials such as carbon black
(CB) with the active electrode materials [20–23]. For example, we
have recently shown that about 80% of the reversible capacity of
carbon-coated LiTi2(PO4)3 at a rate of 0.1 C could be obtained even

at a rate of 10 C [24], which is much higher than the previous
result that only 77% of the reversible capacity was delivered at 2 C
[25]. Similar improvement has also been widely reported for other
electrode materials, especially LiFePO4 and Li4Ti5O12 [26–35]. How-
ever, beyond the surface coated carbon, how do the heat treatment

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yyxia@fudan.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.06.050
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tmospheres influence the structural change and electrical conduc-
ivity of bulk electrode materials, such as LiTi2(PO4)3, LiFePO4 and
i4Ti5O12? There have been few systematic studies and a lack of
nderstanding on how the structural defects, electrical conductiv-

ty and rate capability are influenced by the different heat treatment
tmospheres of the electrode materials.

Herein, we systematically studied for the first time the effects of
eat treatment atmospheres on the electrochemical properties of
iTi2(PO4)3 electrodes by means of the charge/discharge test, X-ray
iffraction (XRD) and X-ray photoelectron spectroscopy (XPS) anal-
ses, and ab initio studies. The structural and electronic properties
f LiTi2(PO4)3 compounds were extracted from first-principles cal-
ulations as well. Such analyses regarding battery materials have
een performed in the past using the total or difference charge
ensity and the electronic density of states [36–38].

. Methodology

.1. Experiment

LiTi2(PO4)3 was synthesized using a conventional solid-state
eaction. Stoichiometric amounts of Li2CO3, (NH)4H2PO4 and TiO2
ere mixed and homogenized in a mortar and slowly heated to

000 ◦C, and then annealed at that temperature for 48 h in air. For
he oxygen deficient LiTi2(PO4)3, the as prepared LiTi2(PO4)3 pow-
er was transferred into a reaction tube with nitrogen gas flow
hrough the reaction tube at a rate of 1 L min−1. The reaction tem-
erature was maintained at 900 ◦C for 12 h.

Powder XRD measurements were performed on a Rigaku
/MAX-IIA X-ray diffractometer using Cu K� radiation. The chem-

cal states of the surfaces of the samples were investigated by XPS
ith a Thermo ESCALAB 250 XPS spectrometer at a pass energy

f 50 eV (0.1 eV/step), using Al K� as the exciting X-ray source. The
pectra were calibrated with respect to the C 1s peak resulting from
he adventitious hydrocarbon, which has an energy of 284.6 eV.

The dc electrical conductivity was measured by a direct
olt–ampere method on disk samples prepared by pressing the
owder up to 20 MPa, which ensures that the conductivity reaches
stable value. Their diameter and thickness were 1.2 cm and 1 mm,

espectively. Electrical conductivity measurements were carried on
Solartron Instruments model 1287 electrochemical interface con-

rolled by a computer.
Electrochemical measurements were carried out in a CR2016-

ype coin cell with lithium metal as the negative electrode. The
orking electrode was fabricated by compressing a mixture of the

ctive materials, the conductive material (acetylene black (AB)),
nd the binder (polytetrafluoroethylene (PTFE)) in a weight ratio
f LiTi2(PO4)3/AB/PTFE = 85:10:5 onto an aluminum grid at 10 MPa.
he electrodes were punched in the form of disks, typically with a
iameter of 12 mm and a weight of about 10 mg, and then dried at
20 ◦C for 12 h. The cell assembly was operated in a glove box filled
ith pure argon. The electrolyte solution was 1 M LiPF6/ethylene

arbonate (EC)/propylene carbonate (PC)/diethyl carbonate (DEC)
t a ratio of 1:1:1 by volume. The cell was galvanostatically cycled
etween 1.5 and 3.5 V vs. Li/Li+ at various current densities at 25 ◦C.
ithium insertion into the LiTi2(PO4)3 electrode was referred to as
ischarge and extraction as charge.

.2. Computation
All the calculations were done according to the pseudopotential
lane wave method within the generalized gradient approxima-
ion of PW91 formulae [39], and the projector augmented wave
PAW) potentials, as implemented by the VASP code [40,41]. The
ossible oxygen defects were simulated by removing a single O
Fig. 1. Photographs of the LiTi2(PO4)3 samples heat treated (A) under air and (B)
under N2.

atom in a 108-atom LiTi2(PO4)3 supercell. The charge density was
obtained from the Monkhorst-Pack k-space integration method,
using the �-centered 2 × 2 × 1 mesh, while a �-centered 4 × 4 × 2
mesh was adopted for the final density of states. An energy cut-off
of 400.0 eV was used for the plane wave basis expansion. The for-
mation enthalpy for oxygen vacancy defects was calculated with
the well-established formulism [42]:

�H(˛,q)
f

= E(˛, q) − E(0) +
∑

˛

n˛(�u˛ + uSolid
˛ ) + q(EVBM + EF ) (1)

where E(˛,q) and E(0) are the total energy of the supercell with and
without defect ˛. Here, (�u˛ + uSolid

˛ ) is the absolute value of the
chemical potential of atom ˛, and n˛ is the number of atoms for
each defect; n˛ = −1 if an atom is added, while n˛ = 1 if an atom is
removed. EVBM represents the energy of the VBM of the defect-free
system, and EF is the Fermi energy relative to the EVBM. The atomic
structure was fully relaxed in our calculation. q is the valence state.

3. Results and discussion

Fig. 1 compares the color of the LiTi2(PO4)3 sample with that
of the sample heat treated under N2. It can be seen clearly that the
LiTi2(PO4)3 sample is white in color, which is consistent with previ-
ous results [25,35,43]. However, the sample heat treated under N2
is gray. A similar phenomenon was found in a report on Li4Ti5O12:
the Li4Ti5O12 sample heated under air was white, whereas the sam-
ple heated under H2/Ar was gray due to the presence of the mixed
Ti4+/Ti3+ valence in the sample [44].

The X-ray diffraction (XRD) patterns of the Nasicon LiTi2(PO4)3
and oxygen deficient LiTi2(PO4)3 are shown in Fig. 2. Graphite
was added into the samples for calibration. Both of the samples,
LiTi2(PO4)3 prepared under air and oxygen deficient LiTi2(PO4)3
prepared under N2, were phase-pure according to their XRD pat-
terns. All the diffraction peaks of both patterns can be indexed in
the rhombohedral crystal system (space group R3c). These results
agree reasonably well with previous crystallographic data for this
compound [25,35]. The only difference between the two XRD pat-
terns is tailing the diffraction peaks to lower 2� values for the
oxygen deficient LiTi2(PO4)3 sample heated under N2 compared to
the LiTi2(PO4)3 under air. The tailing may originate from incom-
plete reduction of their sample because inner part of each particle is

not reduced. The lattice parameter of LiTi2(PO4)3, determined from
Rietveld analysis of the XRD pattern, is a ∼ 8.497 Å and c ∼ 20.819 Å.
The lattice parameter a ∼ 8.508 Å and c ∼ 20.833 Å of oxygen defi-
cient LiTi2(PO4)3 is slightly larger than that of LiTi2(PO4)3. This can
be explained by the fact that some of the Ti4+ was transformed to
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It was expected that oxygen deficient LiTi (PO ) would exhibit
ig. 2. XRD patterns of the LiTi2(PO4)3 sample heat treated under air and the oxygen
eficient LiTi2(PO4)3 sample under N2.

i3+ in the oxygen deficient LiTi2(PO4)3 heat treated under N2, and
he Ti3+ ion is larger in size (0.81 Å) compared to the Ti4+ ion (0.75 Å)
42].

The core-level XPS spectra of O, Ti and P measured on the
urface of the LiTi2(PO4)3 sample heat treated under air and the
xygen deficient LiTi2(PO4)3 sample under N2 are shown in Fig. 3. To
xclude any effects on the values of binding energies due to charging
f the samples during the XPS analysis, all data were corrected by a

inear shift such that the peak maximum of the C 1s binding energy
f adventitious carbon corresponded to 284.6 eV. The XPS spectra of
he O 1s region was composed of many peaks, corresponding to the

in Li–O, Ti–O–P and P O bonds [45–47]. The Ti 2p peaks include
64.6 and 458.8 eV, indicating that the Ti ions are in an octahedral
nvironment [45]. The P 2p signals at 133.5 eV for LiTi2(PO4)3 and
33.6 eV for oxygen deficient LiTi2(PO4)3 are identified as being in
he pentavalent oxidation state (P5+) [45,48]. There is no indication
f the Ti–P bond due to the absence of the characteristic peak at
28.6 eV [49].

Fig. 4 shows the highly resolved Ti 2p3/2 XPS peak and its fit-
ed Gaussian peaks. An obvious change occurred in the Ti 2p3/2
pectrum for the oxygen deficient LiTi2(PO4)3 sample heat treated
nder N . De-summation of the spectrum resulted in the founda-
2
ion of the peak belonging to Ti ion with low valence, Ti3+, which is Ti
p3/2 located at 457.6 eV [50–52]. In detail, Ti3+ was detected in the
xygen deficient LiTi2(PO4)3 sample heat treated under N2, while
he Ti 2p3/2 signal of the LiTi2(PO4)3 sample heat treated under

Fig. 3. O1s, Ti2p, and P2p XPS spectra of the LiTi2(PO4)3 sample heat treat
Fig. 4. Ti 2p2/3 XPS spectra of the LiTi2(PO4)3 sample heat treated under air and the
oxygen deficient LiTi2(PO4)3 sample under N2.

air belonged to Ti4+ only. We assume that after heat treatment
under poor oxygen conditions, the oxygen vacancy defects could
be formed in LiTi2(PO4)3, resulting in the presence of the mixed
Ti4+/Ti3+ valence, which can explain the darker color and increased
lattice parameter of the oxygen deficient LiTi2(PO4)3 sample com-
pared to the air sample, where only Ti4+ is present. However, the
exact amount of vacancy oxygen in oxygen deficient LiTi2(PO4)3
could not be derived, because we cannot detect the exact materi-
als for their slight amount. What we know is that they should be
LiTi2(PO4−x)3 or other impurities containing lower valence Ti.
2 4 3
a higher electronic conductivity than LiTi2(PO4)3 as a result of the
mixed Ti4+/Ti3+ valence, which would lead to increased number of
electrons and hence a higher electronic conductivity. As for the oxy-
gen deficient LiTi2(PO4)3, the electronic conductivity was increased

ed under air and the oxygen deficient LiTi2(PO4)3 sample under N2.
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Table 1
Electrical conductivity of LiTi2(PO4)3 and oxygen deficient
LiTi2(PO4)3.

Conductivity (S cm)
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are in excellent agreement with the experimental data, with less
LiTi2(PO4)3 4.4E−8
Oxygen deficient
LiTi2(PO4−x)3 1.7E−6

early two orders of magnitude compared to that of LiTi2(PO4)3
ue to the presence of the mixed Ti4+/Ti3+ valence, as shown in
able 1. It should be noted that the absolute values in Table 1 may
ot reflect the precise electronic conductivity for the LiTi2(PO4)3
amples due to our experimental set-up and conditions. However,
he relatively higher electronic conductivity would lead oxygen
eficient LiTi2(PO4)3 to exhibit a better rate capability.

Typical charge/discharge curves for the LiTi2(PO4)3 and oxy-
en deficient LiTi2(PO4)3 samples are shown in Fig. 5. The cells
ere cycled between 1.5 and 3.5 V at 28 mA g−1 (0.2 C), 70 mA g−1

0.5 C) and 140 mA g−1 (1.0 C) at room temperature. Both electrodes
elivered a discharge capacity of about 118 mAh g−1 with a volt-
ge plateau of 2.45 V at 28 mA g−1, which indicated a two phase
echanism for lithium insertion. When the charge/discharge rates
ere increased to 1 C, oxygen deficient LiTi2(PO4)3 could present
discharge capacity of 93 mAh g−1, compared to 81 mAh g−1 for

iTi2(PO4)3.
The discharge capacities as a function of rate for the LiTi2(PO4)3

nd oxygen deficient LiTi2(PO4)3 samples are shown in Fig. 6.
e can see that both samples had a decrease in capacity as a

unction of the rate. However, the capacity for oxygen deficient
iTi2(PO4)3 at rates greater than 0.5 C is clearly higher than that for
iTi2(PO4)3, and the difference increases with greater rates. This

esult is expected because of the higher electronic conductivity
f LiTi2(PO4−x)3 compared to LiTi2(PO4)3 as a result of the mixed
i4+/Ti3+ valence.

To further confirm the possibility whether oxygen vacancy could
e formed in LiTi2(PO4)3 under O-poor conditions, investigate the

ig. 5. Typical charge/discharge curves for (A) oxygen deficient LiTi2(PO4)3 and (B)
iTi2(PO4)3 cycled between 1.5 and 3.5 V at 0.2, 0.5, and 1.0 C at room temperature.
Fig. 6. Discharge capacity as a function of rate for oxygen deficient LiTi2(PO4)3 and
LiTi2(PO4)3 cycled between 1.5 and 3.5 V at room temperature.

impact of oxygen vacancies on the electronic conductivity of the
LiTi2(PO4)3, we used the first-principles to calculate the formation
energy of an oxygen vacancy and electronic densities of states in
LiTi2(PO4)3.

The unit cell of LiTi2(PO4)3 contains four formula units. From the
point of view of symmetry, all the Li, Ti and P atoms are equivalent
in LiTi2(PO4)3, but there are two types of O atoms, as shown in
Fig. 7. The optimized lattice constants for LiTi2(PO4)3 are listed in
Table 2 along with the experimental values. Our theoretical results
than 1.4% error for the lattice volume.
The formation energy of an oxygen vacancy is dependent upon

the oxygen partial pressure and the temperature during sample

Fig. 7. The crystal structure of LiTi2(PO4)3.
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Table 2
Calculated and experimental lattice parameters for LiTi2(PO4)3.

a (Å) b (Å) c (Å) Volume (Å3)

LiTi2(PO4)3 (Calc.) 8.534 8.534 20.457 1290.32
LiTi2(PO4)3 (Expt.) [53] 8.511 8.511 20.843 1307.53

F
t
p

p
b

�

m
f

ig. 8. The formation energy of oxygen vacancies at various oxygen chemical poten-
ials. The dashed line corresponds to the O chemical potential at 1000 K with O partial
ressure of 1 atm.

reparation. The chemical potential of oxygen may be described
y [54]:

O(T, p) = �O(T, p0) + 1
kT ln(p/p0)
2

The oxygen vacancy was found to be a 2+ positive charge under
ost conditions [25,35,43]. The dependence of the oxygen vacancy

ormation energy on the oxygen chemical potential is shown in

Fig. 9. Total DOS of LiTi2(PO4)3 with and without oxygen vacancies.
rces 194 (2009) 1075–1080 1079

Fig. 8. Under the O-rich conditions, ��O is set to zero and �Solid
O =

1
2 Etotal

O2
= �O(0K, p0). The oxygen chemical potential at 1000 K with

an oxygen partial potential of 1 atm is also denoted by a dashed
line in Fig. 8. It is clear that under O-rich conditions, the formation
energy of an oxygen vacancy is as high as 2.09 eV, indicating that
an oxygen vacancy is difficult to form in LiTi2(PO4)3. However, as
the oxygen partial pressure decreases or the temperature during
sample preparation increases (i.e., the oxygen chemical potential
decreases), the formation energy can decrease significantly. There-
fore, the oxygen vacancy can be formed in LiTi2(PO4)3 under O-poor
conditions, as in most of the metal oxides.

To further investigate the impact of oxygen vacancies on the
electronic conductivity of the LiTi2(PO4)3 sample, the electronic
densities of states for LiTi2(PO4)3 with and without oxygen vacan-
cies are shown in Fig. 9. Obviously, the oxygen vacancies form a
defect band, which decreases the energy gap of LiTi2(PO4)3. The
change of band gap due to the formation of oxygen vacancies may
not increase the electronic mobility by itself. However, it may sig-
nificantly decrease the donor levels of other possible donor defects
and thus improve the electronic mobility.

4. Conclusion

In the present work, we found that LiTi2(PO4)3 heat treated
under a N2 atmosphere shows increased electronic conductivity,
nearly two orders of magnitude compared to that of LiTi2(PO4)3.
This increase in electronic conductivity is due largely to the oxy-
gen vacancies in oxygen deficient LiTi2(PO4)3. The presence of a
mixed Ti4+/Ti3+ valence plays a large role in controlling the struc-
ture and electronic states in oxygen deficient LiTi2(PO4)3, which
then impact the electrochemical performance. First-principles cal-
culations also suggest that the oxygen vacancies could be formed
in LiTi2(PO4)3 under oxygen-poor conditions, and this may signif-
icantly decrease the donor levels of other possible donor defects
and thus improve the electronic mobility. As a result, the oxygen
deficient LiTi2(PO4)3 shows a much better rate capability as a cath-
ode material for lithium-ion batteries compared to stoichiometric
LiTi2(PO4)3.

While we have focused on the properties of LiTi2(PO4)3 in this
work, the results have wider implications for other related materi-
als, because they suggest that similar oxygen vacancies can occur
if certain conditions are met. Therefore, the study of element sto-
ichiometry is very important in further characterizing Mn, Ti and
Fe-based electrode materials as well as in developing new electrode
materials for lithium-ion batteries.
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