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Materials from the Li;_,Mn,Ti,_,Cr(PO,); (x=0, 0.5, 1)
solid solution were obtained by solid state reaction. The struc-
ture of the selected LiypsMn,sTi;sCros(PQO,); composition was
determined from X-ray diffraction data using Rietveld analysis.
It is similar to that of MnTiCr(PQ,); (space group R3c) with the
Ti and Cr atoms in the Nasicon framework, while the Mn atoms
are statistically distributed in the M1 sites. A comparative study
of lithium intercalation in LiTi,(POg);, MnysTi,(PO,);, and
LipsMnysTi; sCry5(PQO,); clearly illustrates that only the M2
sites are involved in the intercalation for LijsMnys
Ti; sCros(POy)s, showing thus that in the pristine material the
M1 sites are fully occupied by 0.5 Li atom and 0.5 Mn atom.

© 2001 Academic Press

1. INTRODUCTION

Nasicon-type materials with the general formula
AnB2(PO4); have received considerable attention because of
their interesting physical properties (1-7). The structure
consists of a 3D network built up of corner-sharing PO4
tetrahedra and BOg octahedra with large interconnected
channels where the 4 cations are inserted in two types of
sites, usually labelled M1 and M2. Since most of the studies
concern the ionic conductivity properties, materials with
alkali ions localized in these sites have often been con-
sidered. However, it must be pointed out that divalent
cations can also occupy these sites (8, 9). Recently we have
undertaken a general study of the Mn-Nasicon-type
materials; the structure determination of Mng sTiz(PO4)s,
LiMIl(). 5TiCI‘(PO4)3 , and MI]T]CI'(PO4)3 was re-
ported (10,11). In all these materials, the Mn2* ions
are located in the M1 sites. The structure of MnTiCr(POy);
is isotypic of the LiTi»(PO4)s one (space group R3c)
(11-13). Our structural study on the Lig-xyMn,Tig -y
Cry(PO4)3 (0 < x < 1) solid solution is reported in the pres-
ent paper.

1To whom correspondence should be addressed. Fax: + 33-5-5584-
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The presence of interstitial sites offers the possibility of
cation intercalation into the Nasicon-type structure. Many
references can be found in the literature on chemical and
electrochemical lithium intercalation in A4,B»(XO4); phases,
either when the 4 sites are occupied by monovalent cations
suchas Li* or Na™ or when they are empty as in the case of
NbTi(POy4)s or FeTi(SO4)s (7, 14-24); in contrast, little
information is available about electrochemical lithium in-
tercalation in these Nasicon-type materials when the M1
sites are partially or fully occupied by bulky immobile ions
such as Mn?*,

Some of the previous works have shown that the Nasi-
con-type materials look promising as positive electrode
materials for lithium batteries. This material family can be
used for the mapping of transition metal redox potentials in
relation to the nature of the counter atom X (in XOy). In
fact, the position of the redox potentials with respect to the
Fermi energy of lithium was determined electrochemically
for several transition metals during lithium intercalation.
For instance, in Nasicon phosphate materials, the following
positions were found for the redox couples: V4*/V3* at 3.8
eV, Fe3*/Fe2* at 2.8 eV, Ti**/Ti®* at 2.5 eV, Nb> ¥ /Nb**
at 2.2 eV, Nb**/Nb>" at 1.8V, and V**/V2" at 1.7 eV
(7, 16-22). Moreover, in previous work, we showed that
lithium intercalation in LiTi»(PO4);, Mno. sTi»(POy4);, and
LiMn sTiCr(POy4); Nasicon-type phases can give
interesting insight about the sites available within the frame-
work (7, 11, 13). In order to obtain more precise structural
information for the Liop.sMng.5Ti; 5Cro.5(PO4); material,
we have used the Rietveld refinement of X-ray diffraction
patterns and the study of electrochemical lithium intercala-
tion as complementary methods.

2. EXPERIMENTAL

Syntheses of Li(l7x)M1’1xTi(27x)CI'x(PO4)3 (X = O, 05, 1)
were carried out using conventional solid-state reaction
techniques. Powder crystalline samples were prepared from
mixtures of (MHCO3XH20), TiOZ, CI'203, NH4H2PO4,
and Li,COj, in stoichiometric proportions. The mixtures
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were heated progressively with intermittent grindings at
200°C (24 h), 600°C (24 h), 900°C (48 h), and 1000°C (48 h) in
air. The X-ray diffraction data were collected at room tem-
perature with a Philips PW 1820 diffractometer (CuKa)
equipped with a diffracted beam monochromator. The data
were collected in the 14-120° range in steps of 0.02° (20),
with a constant counting time of 40s per step. The refine-
ment of the structure by the Rietveld method was performed
using the Fullprof program (25).

Electrochemical intercalation was carried out in lithium
cells with the following electrochemical chain: Li/LiClO4
(I M) (in propylene carbonate)/Nasicon (70 wt%) + graph-
ite (28 wt%) + polytetrafluoroethylene (2 wt%). Cells were
assembled in an argon-filled dry box and galvanostatically
cycled under low current density (j = 40 uA/cm? for an
active mass of 15 mg) at room temperature, with a home-
made cycling system managed by an HP 1000 computer (26).
For the OCV experiments, in order to be as close as possible
to the equilibrium conditions, the relaxation was interrup-
ted when the slope of the V = f(t) curve was equal to
1 mV/h. For the structural characterization of electrochemi-
cally intercalated materials, larger cells were built without
polytetrafluoroethylene (j = 20 pA/cm? for an active mass
of 80 mg).

3. RESULTS AND DISCUSSION
3.1. X-Ray Diffraction Study

The X-ray diffraction analysis of Liy-yMny
Tiz - xCrdPO4); (x = 0, 0.5) shows that these materials are
isostructural with MnTiCr(POy)s, which crystallizes in the
rhombohedral system, space group: R3¢ (11). The progress-
ive substitution of manganese for lithium and of chromium
for titanium leads to an increase of the cuex. hexagonal
parameter and to a slight decrease of the anex. para-
meter (Table 1). In order to determine the effect of
manganese and chromium substitution in LiTiy(POy)s,
we focused our attention on the Lig.sMng.5Ti1.5Cro.5
(PO4); composition, which appears to be representative
of the general behavior of the Li; - xyMn,Ti - ) Cr(POu4)3
(0 < x < 1) system. The manganese, chromium, and tita-
nium cationic distribution was studied by Rietveld
analysis.

As we have already deduced from the structural
refinement of MnTiCr(POy)s, the Ti*" and Cr** ions in

TABLE 1
a(d) c(A) V(A3
(+0.001) (4 0.002) (+1)
LiTi,(PO,), 8.510 20.857 1308
Lig sMng sTi; sCro.s(POL)s 8.500 20.926 1309
MnTiCr(PO,), 8.489 20.955 1308
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FIG. 1. Comparison of the observed () and calculated (—) XRD

profiles for Liy sMng sTi; sCrg s(PO,4)s. The difference pattern is also
given.

Lio.sMng 5Ti; 5Cro.5(PO4)s are assumed to be statistically
distributed within the B octahedral sites of the B>(PO4)s
framework. As was found for the Mn-Nasicon compounds
MI](),5Ti2(PO4)3, MHTICI'(PO4)3 and LiMn0.5TiCI‘(PO4)3
(10, 11), the Mn atoms are supposed to occupy only the M1
site. Note that for the materials involved in the present
study, the R3¢ space group leads to a statistical distribu-
tion of Mn?" ions within the M1 site, whereas in the case
of Mng 5Ti2(PO4)s (R3 space group), the Mn?* ions are
ordered in every other M1 site along the c-axis (10).
The atomic positions in MnTiCr(POg4); were used as start-
ing parameters for the Rietveld refinement of
Lip.5sMng 5Ti1.5Cro.5(PO4)3. The refinement was done in
two steps. In the first, the lithium ions were ignored: this
structural model leads to satisfactory reliability factors
(Rwp = 10.2%, Rg = 4.2%). As a consequence of the very
small atomic diffusion factor of Li* ions, the Rietveld refine-
ment using XRD data does not permit the location of
lithium without ambiguity. As will be shown later, an elec-
trochemical study has demonstrated that the Li* ions in
Lio.sMnyg sTi;.5Cro.5(PO4); are localized in the M1 site. In
a second step, the Rietveld analysis was thus performed with
the lithium ions in the M1 site. As expected, this second
hypothesis leads to a small improvement of the reliability
factors (Rwp = 9.9%; R = 3.5%). the atomic positions of
Mn, Ti, Cr, and O remain very similar in the two
hypotheses. The fitted X-ray diffraction profile and the results
of the Rietveld refinement are given in Fig. 1 and Table 2,
respectively. The refinement assuming the presence of lithium
ions in the M2 site does not lead to an improvement of the
relationability factors. Moreover, this hypothesis is not ex-
pected since the corner-sharing Nasicon structure tends to
favor the occupation of only one type of sites if the chemical
formula allows it.

Figure 2 shows perspective views of part of the Nasicon
ribbon in Llle(PO4)3, Lio_5MI]045T11_5CI‘0.5(PO4)3, MnTi
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TABLE 2

Lio.s0Mng_s50Ti;.50Cro.50(PO4)3

Space group, R3¢ Constraints: B(Mn) = B(Li)

hex. = 8.500(1) A B(Ti) = B(Cr)

Chex. = 20.926(2) A

Atom Site Wyckoff positions Occupancy B(A?)

Mn 6b 0 0 0 0.50 1.1(1)

Li 6b 0 0 0 0.50 1.1(1)

Ti 12¢ 0 0 0.1427(2) 0.75 0.46(3)

Cr 12¢ 0 0 0.1427(2) 0.25 0.46(3)

P 18¢  0.289(4) 0 0.25 1 0.61(1)

o(1) 36f  0.1829(4) 0.9946(8) 0.1885(2) 1 1.27(1)

02 36f 0.1835(6) 0.1616(6) 0.0807(2) 1 0.64(1)
Conditions of the Run

Temperature 300 K

Angular range 14° < 20 < 120°

Step scan increment (26) 0.02°

Zero point (20) — 0.0043(4)°

Number of fitted parameters 28

Profile Parameters
Pseudo-Voigt function

PV =nL + (1-n)G n = 0.544(7)
Half-width parameters U =0.092(5)
V = —0.002(1)
W = 0.004(1)

Conventional Rietveld R-Factors for Points with Bragg Contribution
Ryp =9.9%; Ry = 3.5%

Note. Standard deviations have been multiplied by the Scor number
(2.4) to correct from local correlations (25).

CI'(PO4)3, and Mn0,5Tiz(PO4)3. In Lio,sMno,sTiLs
Cro.5(POy)3, the Li(Mn)-O2 distance between the cation at
the center of the M1 site (6b position) and the surrounding
O2 oxygen atoms (36f position) is equal to 2.24 A, which is
intermediate  between the Mn-O2 distance in
MnTiCr(POy); (2.22 A) and the Li-O2 one in LiTiz(PO.);
(2.26 A) (Table 3). Therefore, the Li(Mn)-O2 distance in
Lio.sMno.sTi;.5Cro.5(PO4)3 appears to be in good agree-
ment with the statistical occupancy of the M1 site by Mn
and Li atoms. Note that the chex. parameter increases when
Li* ions in LiTiy(POy); are replaced by Mn?* ions, as
expected from the difference in ionic radii (Ri; = 0.74 A and
R = 0.83A for an octahedral environment (27)). In
Lio‘sMn().5Ti1‘5Cr0.5(PO4)3 and MI’ITiCI'(PO4)3, the distor-
tions of the Ti(Cr)Os octahedra are similar; they are greater
than the TiOg ones in the case of LiTi»(PO4)s. This is due to
the stronger electrostatic repulsion between Ti(Cr) and the
divalent manganese ions in comparison to the Ti-Li one. In
the case of Mng.5Ti2(POy4)s, the ordered distribution of
manganese and vacancies along the ribbon leads to a large
distortion for half the TiO¢ octahedra which are in the
vicinity of the Mn?* ions and to almost no distortion for the
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TiO¢ octahedra which are close to the vacancies (Table 3).
The comparison of all these structural data suggests
that the lithium ions are in the M1 site in
Lip.sMng sTi;.5Cro.5(PO4);. In fact, if vacancies were
present in the M1 site, the TiOg distortion would be expec-
ted to be intermediate between those observed for
MI]()5T12(PO4)3 (10, 13)

Rietveld refinement using XRD data does not permit
distinction between Ti, Cr, and Mn atoms. Nevertheless,
the Li(Mn)-O and Ti(Cr)-O distances, which are in good
agreement with the ionic radii values (R%" = 0.605 A,
R =0.615A Rt =083 A, Ri; =0.76 A, R = 1.40A)
(27), clearly show that the Ti and Cr atoms are distributed
within the framework whereas the Mn atoms occupy the
M1 site. The POy tetrahedra are regular with a P-O aver-
age distance of 1.56(1) A, this value fitting well with those
typically observed in Nasicon-type phosphates.

3.2. Electrochemical Intercalation Study

The electrochemical intercalation study was carried out
llSil’lg Li//Li(().s+y)MIl().5Ti1‘5CI'0.5(PO4)3 cells. The OCV
curve obtained for the first discharge is reported in Fig. 3 in
comparison to those of LiTi»(POy4); and Mng sTix(POy)s.
In previous studies, we have shown that the filling of the M2
site in titanium-based Nasicon phases leads to a potential
close to 2.5 V (7,13,28). This value was especially well
shown in the case of the LiTiz(PO4)3-Li3Ti2(PO4)3 system,
for which a neutron diffraction study showed that the M1
site is completely occupied for LiTi,(PO4); and completely
empty for LizTi2(POy)s (28). Very recent reinvestigation of
this system showed that in the latter material, the lithium
ions are not in the center of the M2 site, but occupy a dis-
torted tetrahedral site (M3) localized between M2 and M1
(28) as was recently found for LizFe,(POy4)s and
Li3V2(PO4)s (22, 29).

In the case of Mng 5Ti»(POy4)s, the filling of half the M1
sites that were initially empty ([Mno.s[o.5]m1Ti2(PO4)3)
leads to a potential plateau in the vicinity of 2.8-3.0 V. Note
that when the [Lio.sMng. 5 m1Ti2(PO4)3 composition is ex-
ceeded, lithium ions are intercalated further into the M2 site
and a 2.5-2.2 V voltage range is obtained. This difference in
cell voltage related to lithium intercalation in M1 and M2
sites was also found in the Li,Mn(.5 + xTiz - 2x)Cr2:(PO4)3
(0 < x <0.50) system, where the number of lithium ions
which can be intercalated in the vicinity of 3 V is equal to
the number of vacancies (0.5 — x) in the M1 site (13). A gen-
eral comparison of all these experiments and the similarity
between the observed potentials suggest that the lithium
ions intercalated in Lip.sMng. sTi;.5Cro.5(PO4)3 occupy the
M2 site. Therefore, one can assume that in this phase, the
M1 sites are fully occupied.

These electrochemical data indicate also that Lig.sMng s
Ti; sCro.5s(PO4); can intercalate 1.5 mole of Li* ions per
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FIG. 2. Cationic distributions observed in the ribbons of LiTi,(POy)s, Lig sMng sTi; 5Crg s(PO4)3, MnTiCr(PO,)s, and Mng sTiy(PO,);.

formula unit, to give Li;Mng.5Ti1.5Cro.5(PO4); in OCV
experiments. This intercalation corresponds to the reduction
of all the titanium ions to the trivalent state. The powder
XRD patterns of the Li(o‘s +y)Mn0‘5Ti1.5CI"0‘5(PO4)3 (y =0.
1.5) phases are compared in Fig. 4. After intercalation,
the crystallinity remains good although a slight broadening
of the diffraction lines appears. The hexagonal cell
parameters of LioMno sTi; sCro.s(PO4)3 (ahex. = 8.510(1) A;
Chex. = 20.949(2) A) show a very slight variation in compari-
son to those of the Lig.sMng.5Ti; 5Cro.5(POy4); starting
phase. At this point, one question arises: does the 0.5 lithium
ion present in the starting material remain in the M1 site or
does it move to the M2 site? These two hypotheses lead to

the following cationic distributions: [Lig.sMno.s5]m1
[Lil.5:|M2Ti145C1’0.5(PO4)3 and [Do.5M0045]M1[Liz]MzTil.s
Cro.5(POy4)s. (In this study, due to the lack of neutron
diffraction experiment, the Li* ions are considered to oc-
cupy the center of the M2 site even if some subsites can in
fact be occupied.) The electrochemical behavior cannot dis-
criminate between these two hypotheses. But, the compari-
son of the variation of the cpex. parameter upon lithium
intercalation with that observed for the LiyMng sTi>(PO4)3
system suggests that the M1 site is fully occupied in the
LizMng 5Ti; 5Cro.5(PO4)s phase. As a matter of fact, the
variation in the cnex. parameter results from the presence or
lack of vacancies in the M1 site and from the thickness of the

TABLE 3
A-O2 A-Ti, A-Ti(Cr)  Ti-Ti Ti(Cr)-Ti(Cr) Ti-Ol, Ti(Cr)-O1  Ti-02, Ti(Cr)-02

LiTi,(PO,), 2261(5) 2.948(7) 4.535(7) 1.867(7) 1.937(7)
Lio.sMno.sTi;.sCro 5(PO4)s 2.243(8) 2.985(7) 4.490(7) 1.847(7) 1.964(7)
MnTiCr(PO,), 2225(8) 3.006(7) 4.468(7) 1.867(7) 1.989(7)
[Oo.sMng 5]Tiz(POy)s Ti(2)-02 1.859(4)"

Ti(2)-04 1.863(6)

Ti(1)-01 2.022(4)°

Ti(1)-03 1.865(6)"

“Around vacant ((J) M1 site.
®Around occupied (Mn) M1 site.



STUDY OF Liy sMny sCro 5(PO,)s

V()

3.0H V) M2 site occupancy 3.0H

25+ 25}

201 2.0+

Li//Lig1+y) Ti2(PO4)3

1.5 1.5+

1.0 : L 4 1.0

Li//Li( 5+y)Mng 5Ti1.5Cro.5(PO4)3

173

M1 site occupancy

Y
3.0+ M/ M2 site occupancy

15}

Li//LiyMno 5Tiz(PO4)3
Y Y

1 ]

0:0 0.5 1.0 1.5 20 0. 0.5

10 15 20"%% o5 10 15 20

FIG. 3. OCV discharge curves V(V)=f(y) for Li/Liy+,Ti,(POy)s Li//Lig.s+,MngsTi; sCrg5(PO,);, and Li//Li,Mn, sTi,(PO,); cells

(j = 40 pA/cm?; end of relaxation, 1 mV/h).

Ti(Cr)O6-Ti(Cr)Os units, which is directly related to the
oxidation state of the 3d element (Fig. 2). In the case of the
LiyMno sTi,(POy4); system, a 0.14 A decrease of the
Chex. Parameter is observed when Li* ions occupy the va-
cancies of the starting material for y = 0.5, although there is
a partial reduction of titanium ions which leads to larger
TiO¢ octahedra (Table 4). If vacancies were present in half
the M1 sites of the Li;Mng sTi; 5Cro 5(PO4)s phase, the
increase of the cphex. parameter would be considerably larger
than the one observed because the two contributions would
act in the same way.

Lio.soMng.s0 Ti1.60C¥o.50(PO4)3

—p Graphite

Li2.00Mno.50 Ti1.50Cra.50(POa)3

20 Cu

- T T T T T° 1 T
10 20 30 40 50 60 70

FIG. 4. XRD patterns of the Li( 5+, Mng sTi; sCrg 5(PO4); (v = 0.0,
1.5) phases.

Cycling experiments were performed for Li//Lio.5+y)
Mny . 5Tiy sCro.5(PO4); batteries under two current densit-
ies (40 and 100 pA/cm?) between 2.1 and 3.5 V (Fig. 5).
Electrochemically, 1.1 lithium atom per formula unit could
be inserted into the structure at 40 pA/cm? corresponding
to a capacity of 70 mAh/g. An increase of the current density
to 100 pA/cm? results in a decrease of the capacity from
70 mAh/g to 50 mAh/g. In both cases, a good reversibility is
observed; almost all the intercalated lithium ions can be
deintercalated in the vicinity of 2.5 V. There is almost no
capacity between 2.7 and 3.5 V. These two facts show that
during the charge process there is no lithium deintercalation
from the M1 site even if this site is necessarily involved in
the long-range diffusion process required by the intercala-
tion (deintercalation) reaction. After 40 cycles, the reversibil-
ity of the intercalation—deintercalation phenomenon as well
as the structural integrity was maintained.

4. CONCLUSION

Rietveld refinement of the XRD pattern and lithium inter-
calation were used as complementary methods to character-
ize the distribution of lithium and manganese ions in
Lio_le’lojTil.5CI'0_5(PO4)3. It was shown that Li and Mn
occupy statistically the M1 sites and that the lithium ions
electrochemically intercalated in this structure are localized
in the M2 site. Neutron diffraction experiments are in pro-
gress to unambiguously confirm these results.

TABLE 4
Aner. (A) Chex. (A)
(£ 0.001) (+ 0.002)
[Oo.sMng.5Ju1 Tia(PO4)3 8.510 21.087
[Lio.sMng s]m: Tia(PO4)s 8.535 20.949
Lip.sMng_sTi; 5Cro 5(POy4)3 8.500 20.926
Li;Mny sTi; sCro 5(POy4)3 8.510 20.949
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