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The crystal structures of chromium-doped spinel-type lithium
manganese oxides, LiMn22yCryO4 (y 5 0, 1

9, 1
6 , and 1

3), have been
studied by neutron and X-ray powder di4raction. Rietveld re5ne-
ments of their neutron di4raction data revealed that Cr is
substituted for Mn selectively and that Li occupies only the 8a
site. Thus, the above solid solutions can be expressed as
Li(Mn22yCry)O4. The fractional coordinates of oxygen were
almost the same in all the samples while the lattice parameter
a decreased linearly with increasing Cr content. The lengths of
(Mn, Cr)+O bonds in (Mn, Cr)O6 octahedra changed in a man-
ner expected from average ionic radii for Mn22yCry . Rietveld
analyses of the X-ray di4raction data showed the crystallite size
and anisotropic strain to decrease with increasing Cr content.
( 1999 Academic Press

INTRODUCTION

The spinel-type lithium manganese oxide LiMn
2
O

4
and

its related materials have been studied extensively as poten-
tial candidates for cathode materials in rechargeable lith-
ium-ion batteries (1). For the commercial use of the
rechargeable battery, the total capacity after charge/dis-
charge iterations over hundreds of times is important. An
initial capacity of about 130 (mA h)/g, which is close to the
theoretical value of 148 (mA h)/g, can be obtained with a
Li/LiMn

2
O

4
cell in a 4-V region, but its capacity fades

rapidly during charge/discharge cycles.
Li-rich and quaternary spinel oxides LiMn

2~y
M

y
O

4
(M"Li or 3d transition metals) have been investigated to
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improve its cycling performance (2}8). In general, increasing
the amount of substitution for Mn, y, decreases the initial
capacity. Until recently, Li-rich manganese oxide had been
regarded as the most attractive candidate because a very
small amount of excess Li, for example, y"0.04, makes
cycle stability at room temperature much higher, whereas
quaternary spinel phases required more substitution, e.g., 1

6
for M"Co or Cr (5). At present, fast capacity fading during
charge/discharge cycling at relatively high temperature, e.g.,
553C, has been recognized as a more serious problem (8}10).
The capacity retention of cells using Li-rich spinel oxides is,
however, poor at high temperature, and the application of
quaternary spinel phases is now being reconsidered widely.
Among them, the highest total performance is achieved in
a Li/LiMn

2~y
Cr

y
O

4
cell with y"0.012 (8). Reasons for its

stability against the capacity fading, in particular at high
temperature, have been estimated by several workers (5, 6, 8)
but unsettled as yet.

The crystal structures of LiMn
2~y

Cr
y
O

4
were studied

only by X-ray di!raction despite the importance of their
structural information (5, 6, 11}13). Rietveld re"nement
with X-ray di!raction data on the basis of cubic space group
Fd31 m (no. 227) gives only a lattice parameter a and an
oxygen coordinate with a large estimated standard devi-
ation (e.s.d.). Main questions concerning their crystal struc-
tures are as follows:

(i) Are Cr atoms substituted for Mn atoms at the oc-
tahedral 16d site selectively?

(ii) Do Li atoms occupy only the tetrahedral 8a
site?

(iii) Do O atoms fully occupy the 32e site?
(iv) How do metal}oxygen bond lengths vary with the

content of Cr?
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Answers to these questions can hardly be derived from
Rietveld re"nement of X-ray di!raction data. In this study,
we have applied both neutron and X-ray powder di!raction
to LiMn

2~y
Cr

y
O

4
and obtained detailed information about

their structural properties.

EXPERIMENTAL

Mn
2
O

3
was produced by heating MnCO

3
(99.9%,

Soekawa Chemicals) at 5003C for 24 h. LiMn
2~y

Cr
y
O

4
(y"0, 1

9
, 1
6
, and 1

3
) were prepared by heating Li

2
CO

3
(99%,

Wako Pure Chemical Industries), Cr
2
O

3
(special quality,

Yoneyama Chemical Industries), and Mn
2
O

3
at 7003C for

3 days in air with intermittent grinding and cooling slowly
at a rate of 13C/min (5, 14).

Neutron powder di!raction data of the four samples were
measured at 295 K for ca. 10 h on the time-of-#ight (TOF)
neutron di!ractometer Vega (15) at the pulsed spallation
neutron facility KENS. The samples were contained in
a cylindrical V cell 8 mm in diameter, 30 mm in height, and
25 lm in thickness. An array of 112 position-sensitive de-
tectors (PSDs) installed in a backward bank with a 2h range
from 1453 to 1753 was used to collect the intensity data.
Incident neutron spectra were monitored with a 3He moni-
tor counter. The di!erence in e$ciency between the PSDs
and the monitor counter was corrected using intensity data
obtained in a separate measurement of incoherent scattering
from V.

X-ray powder di!raction data of the four samples were
measured at 295 K on a Rigaku RAD-C system with CuKa
radiation monochromatized with curved graphite. Diver-
gence and antiscatter slits of 1

2
3 were selected to include the

111 re#ection at 2h"18.63 (lattice-plane spacing, d"
4.76 As ), and a receiving slit of 0.15 mm to attain good
resolution. The step width was set at 0.033, which was close
to 1

5
of the minimum full-width at half maximum (fwhm) for

the 111 re#ection. The counting time per step was 10 s for all
the samples.

RESULTS AND DISCUSSION

Neutron powder di!raction data in a d range from 0.45 to
3.20 As were analyzed by a Rietveld-re"nement program
RIETAN-98T for TOF neutron di!raction (16). An original
technique called partial pro"le relaxation in RIETAN-98T
was applied to 311, 400, 622, 731, and 553 re#ections in all
the samples, which lowered R

81
by 0.2}0.5%. Coherent

scattering lengths used for the re"nements were !1.90 fm
(Li), !3.73 fm (Mn), 3.635 fm (Cr), and 5.803 fm (O) (17).
X-ray powder di!raction data in a 2h region from 123 to
1203 were analyzed by another Rietveld-re"nement pro-
gram RIETAN-97b for angle-dispersive di!raction (18). To
attain better "tting for low-angle re#ections, coe$cients in
Simpson's numerical integral to express pro"le asymmetry
(26) were slightly modi"ed. Preferred orientation was not
corrected in any of the re"nements. All the e.s.d.'s of re"n-
able structure parameters were calculated according to
Scott's procedure (19), which a!orded e.s.d.'s about three
times as large as those evaluated with the conventional one.

In preliminary Rietveld re"nements of the X-ray di!rac-
tion data, the occupancy, g, of Mn/Cr at the 8a and 16c sites
proved to be negligible in all the samples. The X-ray di!rac-
tion patterns of samples with the nominal compositions
LiMn

2
O

4
and LiMn

5@3
Cr

1@3
O

4
showed them to contain

two phases. In LiMn
2
O

4
, the low-temperature phase (20)

coexisted even at room temperature with a mass fraction of
ca. 0.061(4). LiMn

5@3
Cr

1@3
O

4
was most likely composed of

isotypic Cr-rich and Cr-poor cubic spinel phases, which will
hereafter be referred to as a- and b-phases, respectively (see
Fig. 1). Lattice parameters and mass fractions of 0.900(4) for
the a-phase and 0.100 for the b-phase were determined by
a multiphase Rietveld re"nement. With a lattice parameter
vs the Cr content curve in a range 04y41

6
, the Cr content

for the b-phase, yb, was estimated to be 0.08 (see Fig. 2), and
that for the a-phase, ya, to be ca. 0.36, which was calculated
with the equation ya]0.900#0.08]0.100"1

3
.

Preliminary Rietveld re"nements of the neutron di!rac-
tion data gave negligibly small occupation factors for Li at
the 16c site. They were therefore "xed at zero for all the
samples in subsequent re"nements. The occupation factors
of O at the 32e site, g (O), were also re"ned. The resulting
occupancies were, for example, 0.982(17) for y"1

6
and

0.999(20) for y"1
9
, which correspond to chemical formulas

of LiMn
11@6

Cr
1@6

O
3.93(7)

and LiMn
17@9

Cr
1@9

O
4.00(8)

, re-
spectively. Though the oxygen site in the former sample
appeared to be slightly de"cient, g(O) is strongly correlated
with other re"nable parameters, in particular, a scale factor
and atomic displacement parameters. The oxygen stoichio-
metry is a!ected by the calcination temperature and the rate
of cooling (21, 22). Taking into account the heating temper-
ature (7003C) and the very small cooling rate of 13C/min on
the synthesis of the present samples and the e.s.d.'s of g(O)
very near to unity, we can safely conclude that the 32e site is
fully occupied by O and "xed g (O) at unity for all the
samples in subsequent re"nements. The strong correlation
and large e.s.d.'s may be ascribable to the large multiplicity
of the O site. The occupation factors of Mn at the 16d site,
g(Mn), were re"ned under a linear constraint of
g(Cr)"1!g(Mn), and the converged value was, for
example, 0.921(8) in the case of y"1

6
, in accordance with the

nominal value, 11/(6]2)"0.9167, within the e.s.d. Then,
g(Mn)'s were "xed at the nominal values in "nal re"ne-
ments. The mixed-metal 16d site will hereinafter be termed
&&B''.

Figure 3 shows Rietveld-re"nement patterns for the neu-
tron di!raction data of LiMn

11@6
Cr

1@6
O

4
. Weak re#ections

near 1.5, 1.6, 2.3, and 2.8 As were due to the Al wall of
a sample chamber and excluded from the analyses. Table 1



FIG. 1. Rietveld re"nement patterns of LiMn
5@3

Cr
1@3

O
4

for the X-ray di!raction data taken at room temperature. Observed intensity data are shown
by crosses, and the solid line overlying them is the calculated intensity. Vertical markers below the di!raction patterns indicate positions of possible Bragg
re#ections for the Cr-rich (upper) and Cr-poor (lower) phases. Di!erences between the observed and calculated intensities are plotted at the bottom in the
same scale.
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lists the "nal structure parameters obtained with the neu-
tron di!raction data. The Li}O and B}O bond lengths, l,
calculated with ORFFE (23) are given in Table 2 and
plotted against y in Fig. 4. These bond lengths decreased
linearly with increasing Cr content. Table 2 also lists
l
#!-

(Li}O) and l
#!-

(B}O) calculated from the e!ective ionic
radii of the Li`, Mn3`, Mn4`, and Cr3` ions (24). The
oxidation states of Mn,#n, were calculated on the basis of
electrical neutrality and the assumption that the valence of
FIG. 2. Lattice parameter vs Cr content, y, in LiMn
2~y

Cr
y
O

4
.

Cr is#3. Although l
#!-

(Li}O) did not change at all, l (Li}O)
and l(Mn}O) varied in accordance with l

#!-
(B}O), which

supports our structural model where the average oxidation
state of Mn increases with increasing Cr content.

The di!raction patterns of LiMn
2~y

Cr
y
O

4
showed

broadening of re#ection pro"les with its degree dependent
on y. Then, we analyzed the pro"le broadening quantitat-
ively with the X-ray powder di!raction data. The pro"le
shape function adopted in RIETAN-97b is the pseudo-
Voigt function of Thompson, Cox, and Hastings (25) made
asymmetric with Howard's procedure (26). The pseudo-
Voigt function is calculated from ;, <, =, and P for
a Gaussian component and X, X

%
, >, and >

%
for a Loren-

tzian component (27, 28). X-ray di!raction data of NIST
SRM 640b (Si) and SRM 674a (CeO

2
, Cr

2
O

3
, Al

2
O

3
, TiO

2
,

and ZnO) were measured to evaluate pro"le parameters
related to instrumental resolution: <,=, and >. By careful
Rietveld re"nements of those standard samples, < and
= were respectively found to be !1.7]10~3 and
1.34226]10~3 and "xed at these values in subsequent re-
"nements (27). > was estimated at 3.0]10~2, which will be
referred to as >

*/45
in what follows. In the Rietveld re"ne-

ments of LiMn
2~y

Cr
y
O

4
, only ;, X, and > were varied.

Anisotropic-broadening parameters for microstrain, >
%
,

were also re"ned on the assumption that the anisotropic-
broadening axis is [100], whereas anisotropic Lorentzian



FIG. 3. Rietveld re"nement patterns of LiMn
11@6

Cr
1@6

O
4
for the TOF neutron di!raction data measured at room temperature. TOF regions excluded

from the Rietveld re"nement are marked with asterisks.
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Scherrer broadening parameters, X
%
, were "xed at 0.

Table 3 lists the "nal pro"le parameters and structure para-
meters obtained with the X-ray di!raction data.

The crystallite size, p, and anisotropic strain, S, in per-
centage points were calculated from re"ned pro"le para-
meters,

p (lm)"
180K

nX
]

j
10000

, [1]

SE*100+
"

n
180

(>#>
%
!>

*/45
)]100, [2]

So*100+
"

n
180

(>!>
*/45

)]100, [3]

where j is the X-ray wavelength ("1.540562 As ) and
SE*100+

and So*100+
are the components of strain parallel and

perpendicular to the [100] axis, respectively (27, 28). The
Scherrer constant, K, was assumed to be unity. The result-
ing crystallite sizes and strains are plotted in Fig. 5.

Anisotropy in the pro"le broadening and p obviously
decreased with increasing Cr content of the present sample.
The crystallite size, which is inversely proportional to the
square root of the surface area, is regarded as one of the
most critical parameters in preventing Mn dissolution (10),
which mainly originates from the surface. The p values
derived from the re"ned pro"le parameters suggest that
substitution of Cr for Mn in a great degree is unfavorable
for application to a cathode material because of the result-
ant decrease in crystallite size, i.e., the increase in surface
area. To clear the relation between Cr content and crystal-
lite size, more precise pro"le analysis as well as Rietveld
re"nement of di!raction data taken on the samples pre-
pared by di!erent conditions, e.g., di!erent compositinons
and/or di!erent calcination temperatures, is indispensable.

Anisotropic pro"le broadening mainly arises from elastic
anisotropy and/or anisotropic internal stress. The elastic
property will not vary very much by introducing a small
amount of Cr. Then, the suppression of anisotropic
broadening on Cr doping may be caused by the elastic
anomaly near the phase-transition temperature (14), which
drops drastically on Cr substitution. Anisotropic internal
stress is also likely to remain near the phase transition,
owing to the inhomogeneity of the transition temperature.
In any of these cases, the stored elastic energy leads to the
instability of the structure, degrading the cycle performance.
A more detailed pro"le analysis of di!raction data taken
near the phase-transition temperature is necessary to learn
the origin of the anisotropic pro"le broadening.



TABLE 1
Structure Parameters of LiMn22yCryO4 Obtained by the Rietveld Re5nements of the TOF Neutron Di4raction Data

Atom Site y"0 y"1
9

y"1
6

y"1
3

Li 8a x"y"z 1
8

1
8

1
8

1
8

102;
11

(As 2) 1.22(8) 1.07(24) 1.31(21) 1.07(9)
102;

12
(As 2) 0 0 0 0

B
%2

(As 2) 0.964 0.848 1.035 0.847
g(Cr)/g(Mn) 0 0.0556/0.9444 0.0833/0.9167 0.1807/0.8193

B 16d x"y"z 1
2

1
2

1
2

1
2

102;
11

(As 2) 0.86(6) 0.69(8) 0.82(7) 0.63(2)
102;

12
(As 2) !0.28(6) !0.22(8) !0.20(7) !0.12(2)

B
%2

(As 2) 0.682 0.545 0.645 0.496

O 32e x"y"z 0.26300(5) 0.26293(13) 0.26293(11) 0.26292(5)
102;

11
(As 2) 1.67(6) 1.32(7) 1.40(5) 1.065(15)

102;
12

(As 2) !0.53(6) !0.34(5) !0.31(4) !0.242(15)
B
%2

(As 2) 1.318 1.046 1.108 0.840

R
81

5.33% 5.53% 4.50% 4.72%
R

1
3.93% 4.09% 3.29% 3.54%

S 1.1012 1.1054 1.1301 1.1274
R

B
2.49% 2.38% 2.44% 2.17%

R
F

2.98% 2.60% 2.64% 2.29%

Note. ;
ij
's are anisotropic atomic displacement parameters when the displacement factor is expressed as exp[!2n2(h2;

11
#k2;

22
#l2;

33
#

2hk;
12
#2hl;

13
#2kl;

23
)/a2] with;

11
";

22
";

33
and;

12
";

13
";

23
"0 As 2 for Li and;

11
";

22
";

33
and;

12
";

13
";

23
for B and O.

B
%2

is the equivalent isotropic atomic displacement parameter. Numbers in parentheses following re"ned parameters represent the e.s.d.'s of the last
signi"cant digit(s).

aStructure parameters and phase-dependent R values, R
B

and R
F
, were calculated for the dominant Cr-rich phase assuming that y"0.3615.
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As described above, Cr atoms are substituted for Mn
atoms selectively. Because the oxidation state of Cr remains
unchanged in the 4-V region of the Li/LiMn

2~y
Cr

y
O

4
cell

(13, 29), the ideal reversible reaction during the charge/dis-
TABLE 2
Lattice Parameters, a, and Metal+Oxygen Distances, l,

in LiMn22yCryO4

y"0 y"1
9

y"1
6

y"1
3
b

a (As ) 8.24376(13) 8.23741(10) 8.23451(7) 8.22315(8)
l(Li}O) 1.9706(7) 1.9680(19) 1.9672(15) 1.9644(8)
l
#!-

(Li}O) 1.97 1.97 1.97 1.97
l(B}O) 1.9598(3) 1.9586(10) 1.9580(8) 1.9553(4)
l
#!-

(B}O)a 1.9675 1.9658 1.9650 1.9621
Average Mn valence 3.5 3.529 3.546 3.610

a l
#!-

(B}O) is the (Mn, Cr)}O distance calculated from e!ective ionic
radii, r (24): r(Li`): 0.590 As . r(Cr3`): 0.615 As . r(Mn3`): 0.645 As (high spin).
r(Mn4`): 0.530 As . r(O2~): 1.38 As .

l
#!-

(B}O)"
[y]0.615#(1!y)]0.645]#0.530

2
#1.38 As .

bLattice parameter, metal}oxygen distances, and average Mn valence
were calculated for the dominant Cr-rich phase assuming that y"0.3615.
charge processes can be represented as [4]:

Li(Mn
2~y

Cr
y
)O

4
8Li

x
(Mn

2~y
Cr

y
)O

4
(x5y). [4]

Yamada (30) reported that the fading of capacity for the
Li/LiMn

2
O

4
cell in the 4-V region was promoted not by

iterations in a deep-discharge region but by those in a deep-
FIG. 4. B}O bond lengths in the BO
6

octahedron and Li}O bond
lengths in the LiO

4
tetrahedron vs Cr content, y, in LiMn

2~y
Cr

y
O

4
.



TABLE 3
Structure and Pro5le Parameters of LiMn22yCryO4 Obtained by the Rietveld Re5nements of the X-Ray Di4raction Data

Atom Site y"0 y"1
9

y"1
6

y"1
3
a

Li 8a x"y"z 1
8

1
8

1
8

1
8

B (As 2) "B(O) "B(O) B(O) "B(O)
g(Cr)/g(Mn) 0 0.0556/0.9444 0.0833/0.9167 0.1807/0.8193

B 16d x"y"z 1
2

1
2

1
2

1
2

B (As 2) 0.80(2) 0.77(10) 0.67(10) 0.65(3)

O 32e x"y"z 0.2630(2) 0.2633(8) 0.2631(8) 0.2637(3)
B (As 2) 1.56(7) 1.4(3) 1.2(3) 1.04(8)

102; 0.0727(2) 0.19652(19) 0.05923(11) 0.15255(16)
102X 1.153(12) 1.686(11) 1.357(10) 2.196(11)
102> 3.06(10) 3.56(9) 4.08(7) 5.06(8)
102>

%
12.56(11) 9.12(9) 6.82(7) 3.66(8)

R
81

11.33% 10.71% 10.73% 10.23%
R

1
7.58% 7.37% 7.12% 6.72%

S 1.4768 1.4332 1.4038 1.3721
R

B
2.63% 2.04% 1.54% 1.98%

R
F

2.17% 1.62% 1.19% 1.31%

Note. B is the isotropic atomic displacement parameter. A linear constraint of B(Li)"B(O) were applied. Numbers in parentheses following re"ned
parameters represent the e.s.d.'s of the last signi"cant digit(s).

aStructure parameters and phase-dependent R values, R
B

and R
F
, were calculated for the dominant Cr-rich phase assuming that y"0.3615.

FIG. 5. Crystallite size and strain vs Cr content, y, in LiMn
2~y

Cr
y
O

4
.
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charge region where most Li` ions were deintercalated
from the cathode material. The introduction of Cr3` ions
into the 16d positions stabilizes a network composed of
[Mn

2~y
Cr

y
]O

6
octahedra over many cycles in the 4-V re-

gion because parts of Li` ions remain in the cathode.
Similarly, the Li/Li[Mn

2~y
Li

y
]O

4
cell in which the reaction

Li(Mn
2~y

Li
y
)O

4
8Li

x
(Mn

2~y
Li

y
)O

4
(x53y) [5]

proceeds instead of reaction [4] also exhibits good cycle
performance for the same reason. In the fully charged state,
the amount of remaining Li` ions in reaction [5] is three
times as large as that in reaction [4] when y is the same.
Therefore, substitution of Li with a y value greater than
0.05, which is required for capacity retention at high temper-
ature, leads to a reduction in the initial capacity.

Robertson et al. (8) studied the cycle performance of
an Li/LiMn

2~y
Cr

y
O

4
(04y40.14) cell in a 4-V region

and concluded that the optimum composition was
LiMn

1.988
Cr

0.012
O

4
. The cycle performance vs y relation

reported by them, however, seems to be somewhat incon-
sistent with that expected from our results; for example, the
discharge capacity of Li/LiMn

1.98
Cr

0.02
O

4
is larger than

that of Li/LiMn
2
O

4
during all the cycles. The most prob-

able reason for such a kind of inconsistency is inclusion of
impurities. Close characterization of cathode materials is
indispensable for understanding the cycle stability in such
a region of low-level doping. In particular, structural prop-
erties such as those revealed in the present work are believed
to a!ect the performance of Li-ion batteries.
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1
1
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