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Abstract

A combined approach is proposed to solve the structure of badly crystallized materials. It couples poor quality powder X-ray

diagram (XRD) and XRD simulation deduced from first-principle geometry optimization. It is used to completely solve the LiMoS2
structure.

r 2003 Elsevier Inc. All rights reserved.
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An accurate knowledge of the atomic structure
appears to be a really difficult task in an increasing
number of cases. This originates, particularly, in the
expansion of soft-chemistry route synthesis and the
increased importance of nanomaterials [1]. It is usual
to encounter materials for which the atomic order
is limited to the nanometer length scale, by small
size or disorder effect. In such a case, where the
coherence length is very short, traditional crystallogra-
phy fails in the structure determination, and local
techniques give only partial structural information,
which is highly dependent of the resolution of the
method (XAS, NMR, electron diffraction). It is there-
fore important to find a new pertinent combination of
such tools in order to determine the complete structure
of such materials.
In the present paper, we propose to combine these

experiments with theory to completely solve the
structural arrangement of such phases. We show, with
the example of LiMoS2; that periodic boundary condi-
tions based methods can be used to determine the
structure of poorly crystalline and nanocrystalline
materials. This study particularly put in evidence that,
in the case of LiMoS2; the nanoscale refers to the
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crystallite size without changing drastically the atomic
arrangement.
LiMoS2 is an important precursor of stable MoS2

colloids used to prepare a variety of lamellar nanocom-
posites [2]. Those intercalation compounds exhibit many
different properties and related applications, as cataly-
sis, magnetism, tribology, etc. This compound can be
obtained from lithium insertion into MoS2: Unlike the
pristine phase, LiMoS2 is not well ordered, and its
powder X-ray diagram (XRD) exhibits broad Bragg
peaks (top of Fig. 1). This is the signature of a short
structural coherence length, of about 50 (A [3]. Many
people tried to solve the structure in using experimental
approaches. From the X-ray diffraction powder data, an
hexagonal cell was first proposed [4] and a more precise
study reveals a distortion to a monoclinic or triclinic
symmetry inducing a ð2a� 2aÞ superstructure [5], a

standing for the undistorted hexagonal lattice para-
meter. Nevertheless, the authors have not been able to
refine the atomic positions. An important step was the
discovery of molybdenum clusters by XAS [6]. Recently,
atomic pair distribution function (PDF) experiments [7]
have been used in order to completely solve the structure
[3]. The so-obtained cell parameters (Exp2 in Table 1)
differ significantly from those previously deduced from
X-ray diffraction [5] (Exp1 in Table 1): a larger a

parameter ðþ2:4%Þ and a smaller b parameter ð�5:4%Þ
are found. These observations show that the structure
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determination of the nanocrystalline material LiMoS2 is
not trivial. Depending on the experimental technique,
results can be significantly different.
In a previous work, on the basis of experimental data

[8,9], we used first-principle calculations to propose a
structural model of LiMoS2 [10]. The optimized
structure has a triclinic symmetry (space group P%1),
and the cell parameters are in good agreement with the
XRD ones (Opt1 in Table 1). The obtained in-plane
atomic arrangement exhibits a distortion inside the Mo
plane leading to the formation of a ð2a� 2aÞ super-
structure. This distortion is due to the occurrence of
short Mo–Mo distances in agreement with the forma-
tion of Mo diamond chain clusters. This local arrange-
ment has been confirmed by the PDF techniques.
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Fig. 1. Structure models and related X-ray diagram simulations

compared to the experimental one (on top, ‘‘n-BuLi synthesis’’).

ABCABC sulfur stacking patterns from (a) to (d) and ABAB ones

from (e) to (h). Only two successive Mo planes are represented.

Table 1

Comparison between LiMoS2 cell parameters obtained in two different expe

a b c

Exp1 [5] 6.798 6.754 6

Exp2 [3] 6.963 ½þ2:4	 6.386 ½�5:4	 6

Opt1 [10] 6.700 ½�1:4	 6.700 ½�0:8	 6

Opt2 6.862 [+0.9] 6.812 [+0.9] 6

Note. Discrepancies between the values are given in square brackets (in %).
Therefore, while PDF is not very accurate for the cell
parameter determination, it appears as a performing
technique to propose local atomic arrangement.
In the paper, using a back and forth procedure, we

combine the results of first-principle calculations and
simulation of poorly resolved X-ray diagrams, to
completely solve the atomic arrangement. Furthermore,
we will compare our results with a recently obtained
XRD pattern of a highly crystalline LiMoS2 and
another simulation corresponding to the atomic struc-
ture proposed by Petkov et al. [3].
In our previous theoretical study, different models

have been proposed for the anionic packings. In order to
check them, we did the corresponding XRD
simulation using the PowderCell program [11].
Pseudo-Voigt profile function has been used to
reproduce the experimental peak broadening. This
investigation was motivated by the existence of
many polytypes in the lamellar dichalcogenides
family. For instance, two natural MoS2 forms are
known: 2Hb (AABB sulfur stacking) and 3R (AABBCC
sulfur stacking). In the case of LiMoS2 and with respect
to the above-described in-plane ordering, four hexago-
nal close packings (ABAB) and four face-centered cubic
ones (ABCABC) have to be considered (Fig. 1).
A comparison between the simulations and the ex-
perimental LiMoS2 powder X-ray diagram (LiMoS2
was obtained by reacting pristine MoS2 with excess
of n-BuLi) is shown in Fig. 1. The differences between
the models are clearly revealed in the simulated
diagrams, showing that such simulations are perfectly
able to discriminate between various hypotheses.
In agreement with the results of total energy cal-
culations [10], none of the four ABCABC models (from
(a) to (d)) allows a correct simulation of the experi-
mental pattern. Particularly, a high disagreement is
found for the 2y range from 25� to 50�: On the contrary,
a much better agreement with the experimental diagram
is observed for all the simulations related to an ABAB
sulfur packing. Considering carefully the relative in-
tensities of the strong and the weak peaks, it is clear,
however, that the best simulation corresponds to the
structure denoted (e) in Fig. 1. Especially, the experi-
mentally observed peaks around 15:5� and 21� disappear
gradually in the simulations from (e) to (h). At the same
rimental studies with our prediction

a b g

.292 90.00 90.00 121.20

.250 ½�0:7	 88.60 89.07 120.06

.390 ½þ1:6	 90.00 90.00 120.00

.296 [+0.1] 89.97 90.28 121.42
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able 2

omparison between some mean interatomic distances in LiMoS2

istances
( Þ

Calculated PDF [3] Expected

[22]

EXAFS

data [6]

i–S 2.59 2.45 2.60 —

[2.53–2.67] [2.08–3.10]

o–S 2.48 2.57 2.46 2.44

[2.37–2.62] [2.29–2.83]

o–Mo 2.95 2.96 — 2.94

[2.81–3.06] [2.90–3.10]

alue ranges are in squares brackets.
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time a new peak, experimentally not observed, grows at
about 17�:
Keeping this best (e) model, we performed a new

series of calculations in order to carry out a full
geometry optimization with complete cell relaxation.
We used for this purpose the Vienna Ab initio
Simulation Program (VASP) [12–15], a package based
on the density functional theory. In this type of
calculations, the wave functions are expanded into a
plane-wave basis set with a kinetic energy below 340 eV
(E about 220 plane waves per atom). The VASP
package is used with the projector augmented wave
(PAW) method of Blöchl [16,17]. The electronic
exchange and correlation are treated in the local density
approximation (LDA), and corrections are taken into
account by the generalized gradient approximation
(GGA) exchange and correlation functional of Perdew–
Burke–Ernzerhof [18]. The integration in the
Brillouin Zone is done by the tetrahedron method
corrected by Blöchl [19] on a set of k-points determined
by the Monkhorst and Pack scheme [20]. All the
optimizations of atomic coordinates and cell parameters
are driven by following a conjugated gradient
minimization of the total energy scheme (Hellmann–
Feynman forces on the atoms and stresses on the unit
cell [21]).
The so-obtained cell parameters1 are now very close

to the experimental ones proposed by Mulhern et al.
(Opt2 in Table 1). It can be noticed that the a and b

parameters are nearly equal, and no important deviation
from 90� is found for a and b angles. Moreover, as
experimentally observed, the g angle value differs
significantly from 120� (121:42� in our calculation).
Contrary to the very good agreement between X-ray
studies and DFT calculations, the cell parameters
extracted from PDF experiments are significantly
different from the other ones. A comparison of the
bond length deduced from the PDF and DFT models
with the available experimental data (EXAFS and
tabulated values) is given in Table 2. Calculated Mo–S
ð2:48 (AÞ; Mo–Mo ð2:95 (AÞ and Li–S ð2:59 (AÞ bond
lengths agree very well with the experimental values
deduced from EXAFS studies ðMo2S ¼ 2:44 (A;
Mo2Mo ¼ 2:94 (AÞ [6] and the tabulated values
ðLi2S ¼ 2:60 (AÞ [22]. On the contrary, noticeable
differences are observed for the Mo–S ð2:57 (AÞ and
Li–S ð2:45 (AÞ bond lengths deduced from PDF experi-
ments, while a good agreement is found for the Mo–Mo
distance ð2:96 (AÞ:
1Atomic coordinates for the optimized structure ða ¼ 6:862 (A;

b ¼ 6:812 (A; c ¼ 6:296 (A; a ¼ 89:97�; b ¼ 90:28�; g ¼ 121:42�Þ: Mo1:

0.943 0.751 0.504; Mo2 0.492 0.702 0.500; S1 0.656 0.587 0.773; S2

0.183 0.077 0.746; S3 0.678 0.087 0.698; S4 0.153 0.583 0.718; Li1 0.010

0.750 0.022; Li2 0.482 0.772 0.989.
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Usually one argument put forward to justify the
discrepancy between the different experiments is that the
product critically depends on the experimental condi-
tions (reactants, temperature, pressure, etc.). In order to
estimate the effect of the route synthesis on the LiMoS2
structure, a parallel study has been recently performed
[23]. Depending on the synthesis procedure, different
XRD were obtained. Figs. 2a and b exhibit the XRD
pattern related n-BuLi [24] and LiBH4 [3] intercalation
reactions and Fig. 2c gives the XRD simulation
corresponding to a highly crystalline LiMoS2 sample.
From Figs. 2a–2c only a narrowing of the peaks is
observed. This clearly shows that the only change
between the three LiMoS2 products is the crystallite
size. The absence of any peak shift indicates that there is
no evident structural modifications. This result suggests
that the nanometer scale LiMoS2 sample (LiBH4

synthesis) used for PDF measurements has the same
structure as the highly crystalline compound except the
crystallite size. For that reason we will now focus on the
well-defined X-ray pattern (Fig. 2c) in order to compare
it with the XRD simulations deduced from the
DFT optimization (Fig. 2d) and the PDF experiments
(Fig. 2e). A very good agreement is found with DFT
simulation. The pattern obtained from the PDF experi-
ments shows many common features with the experi-
mental X-ray diagram, but an important discrepancy is
found for the peaks at about 29:5�; 35� and 44:5�:
To summarize, from the above XRD analysis we may

expect that the nanocrystalline structure of LiMoS2 is
very close to the crystalline one. The first experimental
proposition of a full crystallographic structure of
LiMoS2 has been done using PDF techniques. However,
this method did not allow to obtain accurate cell
parameters and atomic positions. For this reason, it
appears very promising to combine such experimental
approach with first-principle calculations for future
studies.
These recent experimental results emphasize the

power of our theoretical approach to propose good
model structure for poorly crystalline and/or nanocrys-
talline materials. We have shown that this approach is
able to predict many details of the X-ray diagram of a
highly crystalline material, without considering any
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Fig. 2. LiMoS2 XRD diagrams (CuKa1 radiation) corresponding to n-BuLi (a) and LiBH4 (b) intercalation reactions and highly crystallized samples

(c), and XRD simulations deduced from DFT calculations (d) and PDF experiments (e).
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accurate experimental information. The main benefit of
such an approach is the possibility to test models using
only scarce experimental information. Then, by optimiz-
ing the geometry of hypothetical structures it is possible
to fully determine the structure of materials that are
poorly crystallized or nanocrystallized. This successful
method can probably be applied to many nanostruc-
tured phases, providing that there is an available XRD,
even of poor quality. It is valid in various domains such
as catalysis, fuel cells, and electrochemistry. Such an
approach was recently and successfully used in the
structural and electrochemical study of LixV2O5 system
ð0pxp3Þ: One of the main results is the first-principle
structure elucidation of the controversial o-Li3V2O5

phase [25].
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