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The atomic scale structures of two nanocrystalline K-Li-Mn-O-I materials obtained throughChimie Douce
route in aqueous and acetone solutions have been determined using X-ray diffraction and atomic Pair
Distribution Function technique. Both samples have been found to possess a layered-type structure, where
the layers are made of edge-shared MnO6 octahedra. With the sample prepared in aqueous solution, the layers
are well separated and the interlayer space is occupied by both Li and K atoms. With the sample prepared in
acetone solution the Mn-O layers are not so well separated and encapsulate mostly Li atoms. This material
exhibits some Li/Mn substitutional disorder as well. The new structural information has been used to explain
the electrochemical behavior of the two nanocrystalline materials. Some methodological aspects of the atomic
pair distribution function technique and its applicability to study the structure of crystalline and nanocrystalline
materials have been discussed as well.

Introduction

Recently, lithium manganese oxides have been extensively
studied due to their potential use as cathode materials in Li ion
batteries.1 The main advantage of the manganese based cathode
materials over the widely used LiCoO2 is that manganese is
nontoxic and relatively cheap. The studies have led to the
discovery of a number of lithium manganese oxides with
different stoichiometries, crystal structures, and electrochemical
properties. Among them, cubic spinel LiMn2O4, tetragonal spinel
Li2Mn2O4, orthorhombic LiMnO2, layered monoclinic Li2MnO3,
and LiMnO2 have attracted special attention as promising
candidates.2-10 Despite the demonstrated structural and chemical
flexibility and many obvious advantages, crystalline lithium
manganese oxides have not found a widespread application due
to their structural instability. It has been reported that most of
lithium manganates rapidly transform to a material with spinel-
type structure and lose their useful properties during the
electrochemical charge-discharge cycle. Work toward solving
the problem has resulted in the development of a new class of
nanocrystalline lithium manganese oxides with better structural
stability, larger capacity, and smoother discharge curves.11-14

Understanding the improved performance of the nanocrystalline
materials requires a good knowledge of their atomic ordering
and that is why several studies have been carried out by
employing structure-sensitive techniques such as Raman and
X-ray absorption spectroscopy (XAS).11,14 However, no com-
plete 3D structure determination has been done so far. The
reason is that nanocrystalline materials show diffraction patterns
with a very few, if any, Bragg peaks and a pronounced diffuse
component rendering conventional crystallography inapplicable.

In this paper, we describe a determination of the atomic scale
structure of two nanocrystalline lithium manganese oxides by
the nontraditional Atomic Pair Distribution Function (PDF)
technique. It has emerged recently as a powerful tool for
structural characterization of materials of limited structural
coherence including nanocrystals.15,16 The strength of the
technique comes from the fact that it takes all components of
the diffraction data (Bragg peaks and diffuse scattering) into
account and thus reveals both the longer range atomic order
and the local deviations from it. In contrast, techniques employed
to study crystalline materials (e.g., Rietveld method17,18) rely
only on Bragg peaks in the diffraction data and are not so
sensitive to the local structural imperfections in materials. Here
we show that both nanocrystalline lithium manganese oxides
studied have a layered structure that is very well defined on
the nanometer length scale and may well be described with a
small number of parameters, such as unit cell and symmetry.
Our PDF studies also reveal other important structural details
in the nanocrystalline materials such as the interlayer distance
and the type of atomic species encapsulated between the layers.
The new structural information reported here well explains
material’s properties facilitating further progress in Li batteries
research.

Experimental Section

Sample Preparation.Two different nanocrystalline lithium
manganese oxides were studied in the present work: one
obtained via aqueous and the other via nonaqueous route.
Respectively, they were prepared by reacting water and acetone
solutions of KMnO4 with 1.5 equiv of LiI at room temperature,
similarly to the previously reportedChimie Doucemethod.11,19,20

The mixed solutions were maintained for 1 day under constant
stirring. The resulting precipitates were washed with water for
the water-based sample, and acetone and methanol for the
acetone-based sample. Then the samples were dried at 130°C
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(80 °C for the water-based sample) in a vacuum. The chemical
compositions of the samples were determined by atomic
absorption (AA) spectrometry, inductive coupled plasma (ICP)
spectrometry, thermogravimetric analysis (TGA), and electron
probe microanalysis (EPMA). The chemical compositions of
the nanocrystals were found to be Li0.54K0.31MnO3.0-δI0.10 for
the water-based sample and Li1.28K0.36MnO3.0-δI0.03 for the
acetone-based sample, respectively. Due to its relatively small
concentration, iodine was not explicitly taken into account in
the structure determination studies. TGA results showed that
the water-based sample contains about 0.2 mol of water per
unit formula. Due to their weak scattering power, water species
were not taken into account either. However, as the results of
our studies show, water plays a certain role in determining
important features in the atomic-scale structure and thus has an
impact on the electrochemical properties of the nanocrystalline
materials studied.

In addition to the nanocrystalline samples, we prepared and
studied two crystalline lithium manganese oxides: LiMn0.9-
Cr0.1O2 and LiMn2O4. The former was prepared by heating a
stoichiometric mixture of Li2CO3, Mn2O3, and Cr2O3 at 940
°C under argon flow to suppress the oxidation of manganese.
The latter was also prepared by a conventional solid-state
reaction involving heating Li2CO3 and Mn2O3 in ambient
atmosphere at 830°C. All four samples studied, two crystalline
and two nanocrystalline, were carefully packed between Kapton
foils to avoid texture formation and subject to diffraction
experiments.

Synchrotron Radiation Diffraction Experiments. X-ray
diffraction experiments were carried out at the beamline 11-
ID-C (Advanced Photon Source, Argonne National Laboratory)
using X-rays of energy 115.013 keV (λ ) 0.1078 Å). The higher
energy X-rays were used to extend the region of reciprocal space
covered (i.e. to obtain data at higher wave vectors,Q), which
is important for the success of PDF analysis. The measurements
were carried out in symmetric transmission geometry and
scattered radiation was collected with an intrinsic germanium
detector connected to a multichannel analyzer. Several runs were
conducted with each of the samples and the resulting XRD
patterns averaged to improve the statistical accuracy and reduce
any systematic effect due to instabilities in the experimental
setup. The diffraction patterns obtained are shown in Figure 1.
As can be seen, the XRD patterns of LiMn0.9Cr0.1O2 and
LiMn2O4 exhibit well-defined Bragg peaks up toQ ≈ 13-15

Å-1. These materials are obviously perfectly crystalline solids.
The XRD patterns of the two nanocrystalline materials, on the
other hand, contain a few Bragg-like features and a pronounced
diffuse component. Such diffraction patterns are practically
impossible to tackle by ordinary techniques for structure
determination. However, once reduced to the corresponding
atomic PDFs, they become a structure-sensitive quantity lending
itself to structure determination.

The frequently used reduced atomic PDF,G(r), is defined as
follows:

where F(r) and F0 are the local and average atomic number
densities, respectively, andr is the radial distance. It peaks at
characteristic distances separating pairs of atoms and thus
reflects the atomic structure. The PDFG(r) is the Fourier
transform of the experimentally observable total structure
function,S(Q), i.e.,

whereQ is the magnitude of the wave vectorQ ) (4π sin θ)/λ,
2θ is the angle between the incoming and outgoing radiation
beams, andλ is the wavelength of the radiation used. The
structure function is related to the coherent part of the total
diffracted intensity of the material as follows:

where Icoh(Q)is the coherent scattering intensity per atom in
electron units andci and fi are the atomic concentration and
X-ray scattering factor, respectively, for the atomic species of
type i.21,22As can be seen from eqs 1-3, G(r) is simply another
representation of the powder diffraction data. However, explor-
ing the diffraction data in real space is advantageous, especially
in the case of materials with limited structural coherence. First,
eq 2 implies that thetotal scattering, including Bragg scattering
as well as diffuse scattering, contributes to the PDF. In this
way both the longer range atomic structure, manifested in the
sharp Bragg peaks, and the local nonperiodic structural imper-
fections, manifested in the diffuse components of the diffraction
pattern, are reflected in the PDF. Second, by accessing high
values ofQ, experimentalG(r) functions with high real-space
resolution can be obtained and hence, quite fine structural
features can be revealed.23 In fact, data at highQ values (Q >
15 Å-1) are critical to the success of PDF analysis. Third,G(r)
is less affected by diffraction optics and experimental factors
since these are accounted for in the step of extracting the
coherent intensities from the raw diffraction data. This renders
the PDF a structure-dependent quantity that gives directly
relative positions of atoms in materials. As demonstrated here,
this enables convenient testing and refinement of structural
models.

Experimental PDFs for the studied samples were obtained as
follows. First, the coherently scattered intensities were extracted
from the XRD patterns of Figure 1 by applying appropriate
corrections for flux, background, Compton scattering, and
sample absorption. The intensities were normalized in absolute
electron units, reduced to structure functionsQ[S(Q) - 1], and
Fourier transformed to atomic PDFs. All data processing was
done with the program RAD.24 Thus obtained experimental
PDFs are shown in Figure 2. As can be seen, the experimental
PDFs for crystalline LiMn0.9Cr0.1O2 and LiMn2O4 are rich
in well-defined structural features extending to very high real-

Figure 1. Experimental powder diffraction spectra for crystalline
LiMn0.9Cr0.1O2, LiMn2O4, and nanocrystalline lithium manganese oxides
obtained through aqueous and nonaqueous routes.

G(r) ) 4πr[F(r) - F0] (1)

G(r) ) (2/π)∫Q)0

Qmax Q[S(Q) - 1] sin(Qr) dQ (2)

S(Q) ) 1 + [Icoh(Q) - ∑ci|fi(Q)|2]/|∑ci fi(Q)|2 (3)
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space distances, as it should be with materials possessing 3D
periodicity and long-range atomic order. The PDFs for the
nanocrystalline materials are also rich in well-defined features
but those features vanish already at 15 Å. Obviously, the
nanocrystalline samples have a very well-defined local atomic
arrangement but lack the extended order of usual crystals.

Results and Discussion

Crystalline Samples.Even though the structures of crystal-
line LiMn0.9Cr0.1O2 and LiMn2O4 are well-known, they were
again studied here to test the quality of the present experiments
and demonstrate the capabilities of the PDF technique. The
crystalline LiMn2O4 possesses a cubic spinel-type structure built
of perfect MnO6 octahedral units organized in a 3D network
with Li atoms occupying open channels in it. The crystalline
LiMn0.9Cr0.1O2 may be viewed as a stack of layers consisting
of edge-shared Mn(or Cr)O6 octahedral units with Li atoms
occupying the interlayer octahedral sites. Fragments of both
structures are shown in Figure 3, parts a and g, respectively.

The structures of both crystalline materials were first ap-
proached with conventional crystallographic techniques such as
the Rietveld method.17,18 It is a well-established technique for
crystal structure determination and refinement from powder
diffraction data. The method employs a least-squares procedure
to compare experimental and model powder diffraction patterns
calculated from a plausible structural model. The structural
parameters of the model are adjusted until the best fit to the
experimental diffraction data is achieved. The progress of the
fit is assessed by computing various agreement factors with the
most frequently used being18

hereyi
obs andyi

calc are the observed and calculated data points
andwi are weighting factors taking into account the statistical
accuracy of the diffraction experiment. The Rietveld method
has been implemented in a number of user-friendly computer
programs, such as RIETAN25 and GSAS.26 Here we used the
program FullProf.27

Experimental diffraction data for LiMn2O4 and LiMn0.9Cr0.1O2

are shown in Figure 4, parts a and b, respectively, together with
the best model data resulting from Rietveld refinements.
Structure data from literature sources28,29 were used as initial

values for the refinable parameters. Note that the presence of a
small amount of Cr in LiMn0.9Cr0.1O2 was not explicitly taken
into account in the present refinements; rather the sample was
considered to have a nominal composition “LiMnO2”, which is
a reasonable approximation given the similar X-ray scattering
factors of Mn and Cr. In the case of LiMn2O4, the lattice
constanta, the atomic position of oxygen, and the thermal
factors of Mn, Li, and oxygen atoms were refined. With LiMn0.9-
Cr0.1O2 the three lattice constants, the monoclinic angleâ, the
atomic position of oxygen atoms, and the thermal factors of
Mn, Li, and oxygen atoms were refined against the experimental
diffraction data. The refined values of the structural parameters
for LiMn2O4 and LiMn0.9Cr0.1O2 are summarized in Tables 1
and 2, respectively. They are consistent with previous results
and well account for all Bragg peaks in the diffraction data,
including the low intensity ones at higher 2θ values (see the
insets in Figure 4a,b). Next, the same structure models were fit
to the corresponding experimental PDFs. Again, the presence
of a small amount of Cr in layered LiMn0.9Cr0.1O2 was not taken
into account. The fit was done with the help of the program
PDFFIT30 and was constrained to have the symmetry of the
respective structure models. An agreement factor,RG, defined
as

was used to estimate the progress of the structure refinement.
Here,Gexp andGcalc are the experimental and calculated PDF
data, respectively, andwi are weighting factors reflecting the
statistical quality of the experimental data. The best fits achieved
for LiMn0.9Cr0.1O2 and LiMn2O4 are shown in Figure 4, parts
c and d, respectively. The level of agreement between the
model and experimental PDF data is fairly good. The refined
structural parameters are again summarized in Tables 1 and 2.

Figure 2. Atomic PDFs obtained from the diffraction data of Figure
1.

Rwp ) {∑wi (yi
obs- yi

calc)2

∑wi(yi
obs)2 }1/2

(4)

TABLE 1: Structural Parameters for LiMn 2O4 As Obtained
through Rietveld and PDF Methods

parameter Rietveld PDF

a, Å 8.265(2) 8.252(1)
x(O)a 0.3873(2) 0.3873(4)
B(Mn), Å2 0.57(1) 0.85(1)
B(Li), Å 2 1.4(3) 4.1(1)
B(O), Å2 1.28(7) 2.84(8)
Rwp(RG), % 10.2 16.6

a The three atoms in the asymmetric unit occupy the following
Wyckoff positions: Mn 16d(5/8,5/8,5/8); Li 8a(0,0,0); O 32e(x,x,x).
Atomic positions are refined in the space groupFd3hm.

TABLE 2: Structural Parameters for LiMn 0.9Cr0.1O2 As
Obtained through Rietveld and PDF Methods

parameter Rietveld PDF

a, Å 5.409(2) 5.414(1)
b, Å 2.820(1) 2.823(1)
c, Å 5.372(2) 5.361(1)
â, deg 115.44(1) 115.44(1)
x(O)a 0.265(1) 0.262(1)
z(O) 0.768(1) 0.770(1)
B(Mn/Cr), Å2 0.49(1) 0.54(1)
B(Li), Å 2 0.2(2) 1.03(1)
B(O), Å2 0.73(6) 1.17(1)
Rwp(RG), % 10.6 22.4

a The three atoms in the asymmetric unit occupy the following
Wyckoff positions: Mn/Cr 2a(0,0,0); Li 2d(0,1/2,1/2); O 4i(x,0,z). Atomic
positions are refined in the space groupC2/m.

RG ) {∑wi (Gi
exp - Gi

calc)2

∑wi(Gi
exp)2 }1/2

(5)

14958 J. Phys. Chem. B, Vol. 108, No. 39, 2004 Gateshki et al.



A comparison between the structural parameters such as lattice
constants and atomic positions resulting from the Rietveld and
PDF fits shows that both techniques yield very similar results
in the case of crystalline materials. In particular, both methods
confirm that the LiMn2O4 sample has a cubic (space group
Fd3hm) spinel-like structure and that LiMn0.9Cr0.1O2 has a
monoclinically distorted (space groupC2/m) O3-type layered
structure. The two techniques, however, yield somewhat dif-

ferent thermal factors for the light atomic species: Li and O.
Possible reasons for a discrepancy of this type have been
discussed in a recent paper.31

Also, it is worth noting that the agreement factorRG (see eq
5) achieved with the PDF-based refinement appears higher when
compared to the correspondingRwp factor (eq 4) achieved in
the Rietveld refinements (see Tables 1 and 2). This does not
indicate that the PDF guided fit is of inferior quality since it

Figure 3. Crystal structures considered as trial models in the structural determination of nanocrystalline lithium manganese oxides: (a) cubic
spinel (space groupFd3hm) LiMn2O4 structure featuring a 3D network of MnO6 octahedra with Li atoms occupying channels in the network; (b)
monoclinic (space groupC2/m) Li 2MnO3 structure featuring layers of MnO6 octahedra with Li atoms encapsulated between the layers as well as
occupying one-third of the octahedral sites in the layers; (c) rhombohedral (space groupR3hm) O3 type structure, typical for LiCoO2, featuring
layers of CoO6 octahedra encapsulating Li atoms; (d) rhombohedral (space groupR3hm) KxMnO2‚yH2O structure featuring layers of MnO6 octahedra
encapsulating K atoms and H2O molecules; (e) orthorhombic (space groupPmnm) LiMnO2 structure featuring buckled layers of MnO6 octahedra
encapsulating Li atoms; (f) tetragonal (space groupI41/amd) Li 2Mn2O4 which may be considered as a distorted spinel structure; (g) monoclinic
(space groupC2/m) layered LiMnO2 structure with Jahn-Teller distorted MnO6 octahedra.

Figure 4. Plots a and b show Rietveld refinements of the powder diffraction patterns (λ ) 0.1078 Å) of LiMn0.9Cr0.1O2 and LiMn2O4, respectively.
Plot c shows the refinement of the PDF of LiMn0.9Cr0.1O2, and plot d shows that of LiMn2O4. On the four plots, dots represent experimental data
and lines represent calculated and difference profiles (given in the lower part of the plots). The arrow in the inset in plot c points to the position
of longer Mn-O bonds in Jahn-Teller distorted octahedra. The corresponding PDF peak in the experimental data is of amplitude lower than that
predicted for a complete Jahn-Teller distortion of the material. This is to be expected since the Jahn-Teller distortion in LiMn0.9Cr0.1O2 is reduced
due to the partial substitution of Mn by Cr.
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yields structural parameters that agree quite well with those
obtained by the Rietveld method. Rather, it reflects the fact that
the experimental quantities being fit in real and reciprocal space
are not the same. This outcome of our study shows that the
inherently higher absolute value of the agreement factor used
in PDF-based refinements does not affect its functional purpose
as a residual function that must be minimized to find the best
fit and as a quantity allowing the differentiation between
competing structural models.

The performance of the two techniques is, however, substan-
tially different when the material shows some intrinsic disorder
as is the case with LiMn0.9Cr0.1O2. Manganese-oxygen octa-
hedra in monoclinic LiMnO2 are distorted due to the Jahn-
Teller effect and show short (∼1.93 Å) and long (∼2.22 Å)
Mn-O bonds as illustrated in Figure 5. The presence of Mn-O
bonds of different length is well seen in the corresponding PDF
having a split first peak with subcomponents located at 1.9 and
2.2 Å (see Figure 4c). The first peak in the PDF for the LiMn2O4

spinel is not split (see Figure 4d) since MnO6 octahedra are not
distorted in this material. When a fraction of Mn is replaced by
Cr, as it is in the sample we studied, the number of octahedral
units with Jahn-Teller distortion is seen to diminish (see the
inset in Figure 4c). This observation is fully consistent with
the finding of previous studies29 suggesting that when Cr enters
the octahedral sites of the transition metal oxide layer, the Jahn-
Teller distortion at those sites is quenched. The result shows
that the atomic PDF is sensitive to both the presence and the
magnitude of local structural distortions and may be confidently
employed to study them when present in materials. This is not
so easily achieved when the experimental diffraction data are
considered in reciprocal space alone.

Nanocrystalline Samples.As can be seen in Figure 1,
diffraction patterns of nanocrystalline lithium manganese oxides
do not show sharp Bragg peaks and may not be tackled by
conventional crystallographic techniques such as the Rietveld
method. That is why we approached the diffraction data in
real space in terms of the corresponding atomic PDFs. They
are shown in Figure 2 (see also Figures 6 and 7). The two
experimental PDFs appear quite similar to each other suggesting
that the two nanocrystalline materials studied share common
structural features. To determine those features we adopted the
following procedure: At first, plausible structural models that
are consistent with the experimental PDF data and all available
structural information for the materials under study were looked
for. The models were matched against the experimental data to
identify the most promising one. Then, the 3D structure of the
nanocrystals was determined through refining that model so that

it reproduces well all important details in the experimental PDF
data. The success of this approach has already been demon-
strated in several studies on nanocrystals such as LiMoS2,15

V2O5‚nH2O nanoribbons,16 and V2O5 nanotubes.32

A careful inspection of the most prominent features in the
experimental PDFs revealed the following structural character-
istics of the studied nanocrystals: The first peak in the
experimental PDF data is positioned at 1.89 Å. Since this is
the typical Mn-O distance in materials with octahedral oxygen
coordination around the manganese atoms, we concluded that
both nanocrystalline lithium manganese oxides should contain
MnO6 octahedra. For comparison, the Mn-O distance within
tetrahedral MnO4 units is about 1.66 Å. Our PDF data rule out
the presence of any such units in the samples. The second PDF
peak appears at 2.88 Å, which is the typical Mn-Mn distance
for edge-shared MnO6 octahedra. Thus, the analysis of the
experimental PDF data suggested that both nanocrystalline
samples are likely to be built of edge-shared MnO6 octahedra.
A similar conclusion has been drawn12 from micro-Raman and
Mn K-edge XANES measurements. Accordingly, we narrowed
our search to structures based on edge-shared MnO6 octahedra
only. Several such structures are known to occur with crystalline
manganese oxides of chemical composition similar to that of
the nanocrystals we study. For the nanocrystalline sample
obtained via aqueous route we explored them in turn starting
with the structure type found with crystalline LiMn2O4. That
structure features a three-dimensional network of edge-shared
MnO6 octahedra as shown in Figure 3a. As can be seen in Figure
6a, this model reproduces well only the first two peaks in the
experimental PDF data but completely fails at longer real-space
distances. Obviously, the structure of the nanocrystal is not a
3D network of edge-shared MnO6 octahedra. Next, a structure
type found in Li2MnO3 was attempted. The structure features
layers of edge-shared octahedral units where two-thirds of the
octahedral sites are occupied by Mn atoms and one-third by Li
atoms. Mn and Li atoms in the layers are ordered in such a
way that each MnO6 octahedron shares its edges with three other
MnO6 octahedra and three LiO6 octahedra. A fragment of this
structure is shown in Figure 3b. The model did not perform
much better, as the results in Figure 6b show, and was not

Figure 5. Top view of the MnO2 layer in monoclinic, Jahn-Teller
distorted LiMnO2. Black circles represent Mn atoms, and hatched circles
represent O atoms. The distances shown are calculated from the atomic
positions refined in the present study.

Figure 6. Experimental PDF for the hydrous K-Li-Mn-O-I sample
(dots) compared to the calculated PDFs for different structural models.
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pursued further. A model based on the structure type occurring
with LiCoO2 was considered as well. This structure type features
layers of MO6 (M ) Co) octahedra. In this model, each MO6

octahedron shares edges with six other octahedra of the same
type. A fragment of the structure is shown in Figure 3c. The
model performed better but still could not be refined to
reproduce all details in the experimental data as the results in
Figure 6c show.

Finally, the structure of the water-based nanocrystalline
lithium manganese oxide was approached with that occurring
in KxMnO2‚yH2O.33 This structure type features layers of MnO6

octahedra encapsulating K atoms and H2O molecules. A
fragment of the structure is shown in Figure 3d. This model
was an excellent starting point and could be refined to reproduce
very well all important details in the experimental data as shown
in Figure 6d. The refined structural parameters are summarized
in Table 3. The results of the structure determination carried
out show that, at the atomic scale, this nanocrystalline material
may well be viewed as a stack of layers made of edge-shared

MnO6 octahedra. The layers are well apart (∼6.43 Å; see Figure
8a) allowing both relatively small Li and much bigger K atoms
to occupy the interlayer space. This is most likely due to the
aqueous preparation route employed, since it is well-known that

Figure 7. Experimental PDF for the anhydrous K-Li-Mn-O-I sample (dots) compared with calculated PDFs for different structural models.
The model PDF data shown in panel f are calculated from a structure model featuring (Li/Mn) disorder as explained in the text.

Figure 8. Schematic representations of the structure of the hydrous (a) and anhydrous (b) nanocrystalline K-Li-Mn-O-I samples as obtained
by the present PDF studies. Black circles represent Mn atoms, small white circles represent O atoms on the vertexes of octahedral units. In part a,
gray circles represent the positions of interlayer K atoms, Li atoms, and residual H2O molecules; in part b, gray circles represent the positions of
interlayer Li atoms and Mn atoms. The interlayer distances are calculated from the refined lattice constants.

TABLE 3: Structural Parameters for the Hydrous
K-Li -Mn-O-I Sample Obtained through PDF Analysis

a, Å 2.8317(2)
c, Å 19.29(2)
z(O)a 0.382(1)
U11(Mn), Å2 0.0058(1)
U33(Mn), Å2 0.148(1)
Uiso(Li/K/H 2O), Å2 0.071(1)
U11(O), Å2 0.0051(1)
U33(O), Å2 0.208(1)
RG, % 20.7

a The three atoms in the asymmetric unit occupy the following
Wyckoff positions: Mn 3a(0,0,0); Li/K/H2O 9d(1/2,0,1/2); O 6c(0,0,z).
Atomic positions are refined in the space groupR3hm. The structure is
given in a hexagonal basis.
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water makes layered materials swell facilitating the encapsula-
tion of atomic species with larger atomic radii. The layers in
the nanocrystal, however, do not seem to be arranged in perfect
registry. As can be seen in Table 3, the temperature factors of
Mn and O atoms are highly anisotropic suggesting the presence
of a significant disorder in the direction perpendicular to the
layers. The disorder could be due to the presence of a
distribution of interlayer distances centered at about 6.43 Å.

The search for a structure model for the anhydrous nano-
crystalline sample was not so straightforward and we had to
consider twice as many trial structures. The reason is that the
first peak in the experimental PDF shows signatures of splitting
into two subcomponents at 1.9 and∼2.1 Å which are the lengths
of Mn-O bonds in Jahn-Teller distorted octahedra (see Figure
5). This observation prompted us to explore model structures
built of Jahn-Teller distorted MnO6 octahedra at first. No
signatures of Jahn-Teller distortion are seen in the hydrous
sample and that is why only structures built of regular MnO6

octahedra were considered in that case. The structural models
with Jahn-Teller distorted octahedra we considered were the
following: orthorhombic (space groupPmnm) LiMnO2 (see
Figure 3e); tetragonal (space groupI41/amd) Li 2Mn2O4 with a
distorted spinel structure (see Figure 3f); and the monoclinic
(space groupC2/m) layered LiMnO2 structure (see Figure 3g).
A comparison between the experimental and model PDFs
calculated from these three structural models is shown in Figure
7, parts a-c. As can be seen, none of these models accounts
well for the details of the experimental PDF. In particular,
structure models involving distorted Jahn-Teller octahedra give
a first PDF peak with a shoulder that is much stronger than the
one experimentally observed. The observation suggests that the
shoulder of the first PDF peak is likely to have some other
origin. That is why the structure search was pursued further by
considering models based solely on regular MnO6 units, such
as cubic LiMn2O4, monoclinic Li2MnO3, and rhombohedral
LiCoO2 (see Figure 3). Indeed, those are the structure models
we already attempted with the hydrous sample. This time,
however, a model based on the structure of LiCoO2

34 but not
KxMnO2‚yH2O33 performed best (see Figure 7d-f). The refined
structural parameters are given in Table 4. The LiCoO2-type
structure model features layers of MnO6 octahedral units
encapsulating Li atoms with the interlayer separation being∼4.7
Å only (see Figure 8b). This relatively short interlayer distance
is very likely due to the fact that water was not used in the
preparation; the material did not swell and thus acquired a more
close packed structure. The close proximity of Mn-O layers,
however, makes it possible for some Mn atoms to migrate into
the interlayer Li sites and vice versa. Such substitutional disorder
has been observed in crystalline layered LiMnO2

2 and LiNi0.4-
Mn0.4Co0.2O2.35

We explored this possibility by allowing a partial substitution
of Li atoms by Mn in our model. The best fit to the experimental
PDF (shown in Figure 7f) was obtained with approximately 10%
of the available interlayer Li positions occupied by Mn atoms.
Interlayer Li atoms form octahedra with the oxygens from the
adjacent layers and the length of Li-O bond within those
octahedra is∼2.1 Å. This coordination distance, however, is
not seen in our PDF data due to the weak scattering power of
Li-O atomic pairs for X-rays. However, when a small fraction
(∼10%) of Li atoms is replaced by Mn, and the oxygen
coordination of those interlayer atomic positions, i.e., the
adjacent oxygen layers, remains more or less intact, a small-
amplitude PDF feature would show up at∼2.1 Å reflecting the
Mn-O atomic pairs involving interlayer Mn atoms. Thus,
according to our model, the high-r shoulder in the first peak of
the experimental PDF for the anhydrous sample is due to the
presence of a small number of Mn atoms in the interlayer space
and not to the presence of Jahn-Teller distorted MnO6
octahedra.

The as-refined structure with its relatively tight interlayer
space, however, does not have room to accommodate K atoms
that are otherwise present in the sample. It is then very likely
that K forms its own, highly disordered phase that is difficult
to detect by diffraction methods. An indication for the presence
of an unaccounted small contribution to the experimental PDF
data is the relatively high values for the agreement factorRG )
32.1% for the anhydrous sample (compare withRG ) 20.7%
for the hydrous one; see Tables 3 and 4). Other scenarios for
the spatial distribution of K atoms in the anhydrous sample are
also possible.

In summary, the hydrous sample refines to a single phase
very well; it possesses a layered-type structure where the layers
are well-separated from each other and are capable of accom-
modating both Li and K atoms. Even when the material is dried
out and used in battery application the individual layers may
remain well-separated due to the presence of interlayer K atoms
that will support the layered structure as pillars. This leaves Li
atoms ample space to move in and out during the charge-
discharge cycles resulting in very good electrochemical perfor-
mance, as observed in a recent work.13

On the other hand, the anhydrous sample is likely a
multiphase material; it is more closely packed at the atomic
scale and exhibits nonnegligible Li/Mn substitutional disorder.
These structural peculiarities have an important implication on
the material’s performance as a battery electrode. The presence
of additional phases, substitutional disorder, and the tight
interlayer space would inevitably hinder the diffusion of Li and
are very likely the reason for the reported poorer electrochemical
performance of this material.13

Conclusions

Rietveld analysis and the Pair Distribution Function technique
were applied successfully to study the structure of crystalline
LiMn2O4 and LiMn0.9Cr0.1O2. Both methods yield very similar
structural parameters confirming the good performance of the
PDF method in studying perfect crystals. The unique potential
of the PDF technique to study materials of very limited structural
coherence has been demonstrated by determining the atomic
ordering in two nanocrystalline lithium manganese oxides. It
has been found that both nanocrystals possess an atomic-scale
structure very well defined on the nanometer length scale and
well described in terms of symmetry, a unit cell, and a small
number of atoms in it. The structure may be viewed as a stack
of layers made of edge-shared MnO6 octahedra encapsulating

TABLE 4: Structural Parameters for Anhydrous
K-Li -Mn-O-I Sample Obtained through PDF Analysis

a, Å 2.857(1)
c, Å 14.22(2)
z(O)a 0.233(1)
U11(Mn), Å2 0.0086(1)
U33(Mn), Å2 0.063(1)
Uiso(Li), Å 2 0.007(1)
U11(O), Å2 0.0064(1)
U33(O), Å2 0.154(2)
RG, % 32.1

a The three atoms in the asymmetric unit occupy the following
Wyckoff positions: Mn 3b(0,0,1/2); Li 3a(0,0,0); O 6c(0,0,z). Atomic
positions refined in the space groupR3hm. The structure is given in
hexagonal basis.
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K and Li atoms with the hydrous sample and Li and Mn atoms
with the anhydrous sample. From the present results of our
studies, the better electrochemical performance of the water-
based nanocrystalline lithium manganese oxides could be
attributed to their unique structure with well-separated Mn-O
layers leaving Li atoms ample room to move in and out during
the charge-discharge process.
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