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Structure determination of the fully intercalated phase Li;;Mos0;; and of the deintercalated oxide
LisMos017 has been carried out by electron microscopy and neutron powder diffraction. The reversible
topotactic transformation between the ordered rock salt structure of the former and the ribbon
structure of the latter (closely related to that of LisMos0;7) is explained on the following basis: both
structures can be described as strips built up as an assembly of infinite ribbons of MoOg octahedra that
are five octahedra thick, and that differ by slight displacements of the octahedral ribbons. We show that
the electrochemical behavior of the LiyMos0; system is based on two sorts of Li* sites; those that are
located within the strips between the ribbons, and those that are located at the border of the strips. The
high rate of Li intercalation in this oxide and its reversibility are discussed in terms of its peculiar

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Numerous transition metal oxides such as those based on
cobalt, manganese, nickel, vanadium, tungsten, titanium, niobium
or molybdenum, are of great interest for lithium insertion in view
of the realization of Li-ion batteries [1-6], because of the
adequate value of the redox potential of the transition element.
Molybdenum oxides have been investigated previously also
because of their benign environmental behavior. Note therefore
that the redox potential values for the couples Mo%*/Mo®" is
2.4V and for the couples Mo>*/Mo** is about 1.6 V. This is the
case for the Mo(VI) oxide MoOs which was studied as a cathode
material [7-12] and for the Mo (IV) oxides Li;MoOs [13-15] and
LizMo0501;, [13] which were found to exhibit capacity values of
150 and 123 mA h/g, respectively, whereas the bronze Li,MoOs3 [9]
was shown to be an interesting anode material with a retention
capacity of 600 mA h/g after 100 cycles.

Considering the structure of several lithium molyb-
dates [16-19], the possibility of lithium intercalation in one of
them, Li4JMos017, was recently investigated [20], on the basis of
its ribbon structure. It was shown that this oxide can intercalate
up to eight lithium ions per formula, according to a reversible
topotactic reaction, leading to an ordered rock salt structure. Note
that such an intercalation reaction leading to a rock salt structure,
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though it has been often observed in other oxides [21], involves
an exceptionally high amount of lithium i.e. 1.6 Li per Mo.
However, the large number of positional parameters (102 for
34 independent atoms) and the small atomic number of lithium
in the end member Li;;Mo050;7, did not allow us to locate and
refine the positions of the Li* cations from the XRPD data. The
latter could only be deduced from the bond valence sum calcula-
tions and consequently these hypothetic positions have to be
verified. In the present study, we have explored the fully
Li-intercalated member using high resolution transmission elec-
tron microscopy (HRTEM) coupled with neutron powder diffrac-
tion (NPD) and synchrotron X-ray diffraction (SXRPD) at room
temperature. Moreover, bearing in mind that seven lithium atoms
were reversibly deintercalated from the latter phase [20], we also
studied the product phase LisMos0;; using HRTEM. We will
illustrate the great flexibility of the [Mos04]., ribbons to accom-
modate lithium cations and the variation of molybdenum valency.

2. Experimental

The parent phase LisMos0,7; was first prepared via sol gel
method already described [20]. The electrochemistry character-
ization of LisMo0s50,7; was performed in Swagelok cells. The
negative electrode was metallic Li (Aldrich, 99.9%), LP30 from
Merck (1 M LiPFg in an ethylene carbonate (EC)/dimethyl carbo-
nate (DMC) 1:1 w/w Selectipur) was used as electrolyte and the
positive electrode was constituted of approximately 10 mg
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mixture of the active material with 30% carbon (acetylene black).
The electrochemical cells were cycled on a VMP II potentiostat/
galvanostat (Biologic SA, Claix, France) at room temperature.
Potentiostatic intermittent titration technique (PITT) measure-
ments were conducted using potential steps of 10 mV limited by a
minimum current equivalent to a C/100 galvanostatic rate. This
technique was first proposed by Thompson et al. [22,23]. Record-
ing the chronoamperometric responses of the system during
every potential level gives access to the evolution of the kinetics
for each redox level. This enables us to distinguish between a
single-phase solid solution domain in which the kinetics is most
often governed by diffusion laws, and a two phase domain in
which the kinetics is usually governed by the mobility of the
interface between the two phases [24-28], similar to what is
observed for nucleation and growth processes [29-31]. Note that
despite the low rate used for the electrochemical analysis, only
6 lithiums could be inserted due to the large particle size. Thus,
for the HRTEM and neutron study, the end members were
prepared by chemical reduction and the lithium content was
confirmed by AAS analysis.

The chemical reduction of the parent phase Li;Mos0; lead to
Li;;Mos047 (Eq. (1), 3 days, room temperature, stirring):

LizM05047+nBu-Li (10 mL, 2.5 M)+hexane —
Li;2Mo50,7+hexane+butane (1)

At that point, it is important to mention that on the electro-
chemical curve, no major activity is observed between 2.0 and
1.0V.

The chemical oxidation of the chemically reduced phase
Li;Mos047 leads to LisMos0O47 as follows (Eq. (2)):

Li1 >Mo05077+7NO,;BF;— Li5M05017 + 7L1BF4+ 7NO, (2)

The XRD pattern of the end members Li;;Mos0,7; and
LisMos04; prepared from either electrochemistry or chemistry
are really similar. The lithium content was determined by atomic
absorption spectroscopy with a Varian Spectra AA-20 instrument.
Note that the samples were dissolved in a mixture of H,O,/NHs.

Neutron diffraction experiment was carried out at HRPT
diffractometer (PSI, Villigen) with a wavelength of 1.886 A. The
synchrotron X-ray diffraction patterns were registered on the MS
X04AS beam line (PSI, Villigen) using a wavelength of 0.6522 A
between 1° and 60° with a step 0.003757° (26).

The electron diffraction (ED) and HRTEM study has been
carried out on crushed samples, dissolved in butanol and depos-
ited on a holey carbon grid. The microscope was a JEOL 4000 EX
operated at 400 kV and having 0.17 nm point resolution. Simula-
tion of the HRTEM images was performed using the Mac Tempas
and Crystal Kit software.

3. Results and discussion
3.1. The ordered rock salt structure of Li;xMos0;7

The electron diffraction study of Li;;Mos07 reveals two types
of the structures with somehow different parameters. The [010]
and [100] ED patterns of the first one (Type I) shown in Fig. 1a are
in agreement with the previously reported [20] triclinic P—1
structure with cell parameters. a~6.8A, b~9.5A, c~10.8 A,
oa~73.1°, f~89° and y~69.8°. The second structure (Type II)
exhibits ED patterns along the main [010] and the [100] zone axis
similar to Type I, but weak superstructure reflections along the
[001] direction suggest a doubling of the c-parameter, i.e.
c~21.6 A (Fig. 1b). In order to confirm the Type I structure of
Li;Mos047 reported previously [20] and to clarify the nature of
the c-axis doubling in the Type II structure, a HRTEM study has
been performed. The results are shown in Fig. 2.

The [010] HRTEM image of the Type I phase (Fig. 2a) shows
rows of brighter dots running along the a-axis and spaced by
~11 A in the c-direction, which alternate with 5-dot strips of less
bright spots. Bearing in mind the previous structural analysis and
image simulation, Mo atoms correspond to black dots and the
5-dot strips of less bright spots represent the stacking of the
[Mos017].. ribbons, which are running along [ —373] and are five
MoOg octahedra thick. The rows of brighter dots correspond to

Fig. 1. ED patterns taken along two [100] and [010] relevant zones for (a) Type I and (b) Type II Li;;Mo0s0,7 structures and (c) LisM0s015.
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Fig. 2. (a) [010] HRTEM image of Type I LisMos0; structure. Enlargement and
simulated images based on corrected model (see Table 1) together with atomic
overlay model are given as inset (Dt=—20 nm, t=10 nm). (b) [010] HRTEM image
of Type II Li;2Mos017 structure showing doubling of c-parameter (marked by
white arrows). Intensity plot profile given below demonstrates clear intensity
modulation along the c-axis one out of two layers.

the adjusting plane between these ribbons which should be
occupied by lithium (see enlargement in Fig. 2a). Attempts to
simulate this image, based on the atomic positions previously
determined from XRPD data do not lead to satisfactory results. In
particular, on this image one observes that within the bright rows,
one very bright dot alternates with a less bright dot (see arrow
in Fig. 2a), whereas the simulations based on the previous
XRPD (not shown in the figure) results implies that all bright
dots of these rows should have an equal intensity. This point

will be further explained, after having described the neutron
diffraction study.

The [010] HRTEM image of Type II crystals basically exhibit a
contrast similar to Type I crystals (Fig. 2b). However, consistent
with the ED pattern in Fig. 1b, the HRTEM image shows a clear
doubling of the periodicity in the ribbon’s “adjusting plane” (see
overlay model in the enlargement of Fig. 2a). It should be noticed
that HRTEM measurements of this material are far from trivial
because of its instability under the electron beam inside a
microscope. We found out that the Type I crystals are more stable
under the e-beam, whereas for the doubling to the c-axis in Type
Il crystals disappears very fast, leading to a Type I appearance.
Note therefore the phase with the superstructure could not be
detected from neutron study, showing that in any case it is in
minority.

The SXRPD data registered on the SLS diffractometer MSXO4SA
confirm the triclinic P—1 space group and the cell parameters
(a=6.554(1)A, b=8.849(1)A, c=11.606(2)A, o=77.54(1)",
£=96.34(1)°, y=72.04(1)°). However the full profile refinement
shows that the Bragg reflections are anisotropic, which render the
Rietveld refinement [32] very difficult, and consequently prevent
accurate positions to be obtained. Therefore, the Rietveld refine-
ment, was conducted with NPD data (Fig. 3), collected on the
SINQ diffractometer HRPT. Soft constraints were used during the
refinement, which were progressively released. The refinement of
molybdenum, oxygen and lithium atom positions with Full-
prof [23] successively led to the following fit values: Rywp=5.36,
Rgy=7.6% and y?=7.35. The atomic coordinates (Table 1) are close
to those observed in the previous XRPD data. This result was of
course expected for the Mo and O positions but allows a better
accuracy for the lighter oxygen atom. More important, the atomic
positions of the lithium cations are close to those predicted
previously from BVS calculations.

A structural view of Li;;Mos0;7 along a direction close to the
[—-373] direction (Fig. 4a) of the triclinic cell shows that the
infinite [Mos017] ., ribbons running along that direction exhibit a
similar geometry as the one previously observed for LisMo05017.
An important point is the regular geometry of the MoOg octahe-
dra of Li;;MosO;7; compared to the one in Li;Mo0s50;7. The
interatomic Mo-0O distances (Table 2) indeed show values com-
prised between 1.935 and 2.11 A for the Mol, Mo3 and Mo5
octahedra, whereas the Mo(2) and Mo(4) octahedra are slightly
more distorted with distances ranging from 1.96 to 2.14 A and
from 1.90 to 2.25 A, respectively. This much higher symmetry of
the MoOg octahedra, compared to Li;Mos0,7, where the Mo-O
distances are comprised between 1.70 and 2.49 A, is explained by

15000

Intensity

20 40 60 80 100 120 140 160
2-8(9)

Fig. 3. Rietveld refinement plot of LisMos0;7: observed (dots), calculated (line)
and difference (bottom line) neutron diffraction pattern. Allowed Bragg reflections
(vertical bars) are marked.
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Table 1 the fact that molybdenum exhibits a smaller valence Mo(V)-
Atomic coordinates for Li;zM05017. Mo(IV) in Li;»Mos0;7; and also most probably a tendency to
electronic delocalization within the [Mos047]., ribbons, whereas

Atom  Wyck.  x/a yib zfe U (A% in LiyMos017, hexavalent molybdenum exhibits a d° configuration
Mol 2i 0.170(2)  0.7873(16)  0.6970(11) 0.0127(6) favorable to distortion. Note that the average Mo-O distance in
Mo2 2i 0.229(2)  0.4713(17)  0.8317(12) 0.0127(6) the MoOg octahedra, ranging from 2.02 to 2.09 A is in agreement
Mo3 2i 0.243(2)  0.9308(19)  0.3513(13) 0.0127(6) with the ionic radii of Mo(V)/Mo(IV) mixed valence according to
mg‘; ;1 0'6(?;3&2(2; g';zggg‘;; 8'23228;; g'g};;g Shannon and Prewitt [33]. Moreover the Mo-Mo distances within
Li1 Y 0:545(3) ’ 0.829(3) 0:5778(18) 0@268(14) the octahedral ribbons are generally close to 3 A (Table 2) as often
Li2 2i 0.926(3) 0585(3)  0.5993(18)  0.0268(14) observed for edge-sharing octahedra. Nevertheless Mo1-Mo2
Li3 2i 0.003(3) 0.258(3)  0.7572(18)  0.0268(14) distances are very short (2.74 A) and Mo3-Mo5 distances are
Li4 2i 0.400(3) 0.999(3)  0.7737(18)  0.0268(14) exceptionally short (2.43 A), suggesting that the electronic delo-
Eg ;: gfg}lg; 8'}528 g'gig?ggi 8'85228:3 calization between these two latter species might appear through
Li7 2i 0.334(3) 0317(2)  0.6346(18)  0.0268(14) direct overlapping of the 4d orbitals of molybdenum.
Li8 2i 0.596(3) 0.518(3)  0.7217(18)  0.0268(14) The representation of the structure of this phase in terms of
Li9 2i 0.806(3) 0.737(2)  0.8142(18)  0.0268(14) both Li and Mo polyhedra, along the same [—373] direction
E}? ;: g'gfjg; ggggg; g'%;égg; g'gigggg (Fig. 4b) clearly shows that both LiOg and MoOg octahedra form
Li12 % 0:881(3) 0. 400(3) 0.957 4(18) 0:0268(1 1) an ordered rock salt structure. It is quite remarkable that the LiOg
o1 2 0478(2) 0.7512(18)  0.7522(13) 0.0122(3) octahedra form, in this description, the main framework, hosting
02 2i 0.141(2)  0.7015(19)  0.8653(13) 0.0122(3) the octahedral ribbons of molybdenum. The interatomic Li-O
03 2i 0.256(2)  0.5621(18)  0.6506(14) 0.0122(3) distances (Table 2), ranging from 2.04 to 2.20 A, show that the 12
8;‘ ;: g'ggigi g'ggfggg; 8?;?;8;; gg:;;g; independent Li* cations exhibit an almost regular octahedral
06 2i 0081(3) 00197(18) 07198(13)  0.0122(3) coordination. Most of the Li" cations exhibit an average Li-O
07 2i 0.205(3)  03723(19)  1.0111(14) 0.0122(3) distance ranging from 2.09 to 2.13 A (Li1-Li9). Such a value is
08 2i 0.568(3)  0.4220(19)  0.8985(14) 0.0122(3) close to the theoretical prediction according to Shannon and
8?0 ;: 8'2528% gggggg; 8'3?;‘5183; gg:igg; Prewitt. Remarkably the cations Li10-Li12, show smaller average
o11 % 05 16(3) 0:9222(18) 0:3957(1 1) 0:0122(3) Li-O .dlst.ances, ranging from 2.06 to 2.07 A. Mor.eove.r, the
012 2 0331(2) 0.7228(18)  0.2988(13) 0.0122(3) coordination of these three cations located at the junction of
013 2i 0.271(3)  0.0180(18)  0.1731(13) 0.0122(3) three ribbons is the most regular.
014 2 0.969(2)  0.1638(19)  0.9331(14) 0.0122(3) At this point, let us re-evaluate the simulation of the [010]
8}2 ;: g:géggi g;;g%g; 8:2;;1(7)82; gg};;g; HRTEM image, using the atomic coordiqates determiged from
017 2i 03902) 04131(18) 04613(13)  0.0122(3) NPD data. The comparison of the experimental and simulated
images (inset Fig. 2a) clearly shows that the structure determined
a b

Fig. 4. LisMos0;7. View of the structure (a) close to the [ —373] direction of the triclinic cell. Observe the infinite octahedral ribbons [Mos07].. of edge sharing octahedra,
with a similar arrangement to that obtained for LisMos015. The large sphere correspond to the Li+ cations intercalated between the infinite octahedral [Mos045] ., ribbons
(b) close to [ —373] direction of the triclinic cell, showing both LiOg and MoOg octahedra forming the ordered rock salt structure. The LiOg octahedra (light color) appear as
the main framework, hosting the ribbons of MoOg octahedra (dark color) (for interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article).
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Table 2
Li;2Mos07: interatomic distances.

Mo1-0 Mo2-0 Mo3-0 Mo4-0 Mo5-0
1.953
1.962 1.969 1.909 1.935
1.990
2.074 2.000 1.934 1.993
2.010
2.108 2.032 2.008 2.038
2.041
2121 2.065 2.071 2.057
2.042
2.130 2.083 2.153 2.102
2.101
2.145 2.095 2.252 2.110
(2.023A) <(2.090) (2.032) (2.054) <(2.039)
Mo1-Mo2=2.779
Mo1-Mo3=2.959
Mo1-Mo5=3.135
Mo2-Mo4=3.112
Mo3-Mo5=2.431
Mo3-Mo4=3.276
Mo5-Mo5=3.138
Li1-0 Li2-0 Li3-0 Li4-0 Li5-0
2.054
2.092 2.096 2.045 2.041
2.098
2.106 2.103 2.047 2.118
2.124
2.113 2111 2.055 2.131
2.132
2.118 2.142 2.111 2.132
2.196
2.196 2.157 2.126 2.165
2.208
2.202 2.162 2.169 2.189
(2135) (2.138) (2.129) (2.092) (2.129)
Li6-0 Li7-0 Li8-0 Li9-0 Li10-0 Li11-0 Li12-0
2.049 2.069 2.025
2.102 2.091 2.040 2.049
2.053 2.102 2.043
2.124 2.096 2.051 2.049
2.118 2.111 2.068
2.138 2.100 2.052 2.051
2.124 2.116 2.080
2.139 2.107 2.062 2.075
2.161 2.147 2.100
2.140 2.110 2.053 2.094
2.098 2.147 2.124
2.126 2.172 2.122 2.096
<2.101) (2.128) (2113) (2111) (2.063) {2.069 (2.073)

from the NPD refinement renders perfectly account of the
particular contrast. The alternation of bright dots and less bright
dots along a is clearly seen on the enlargement (inset Fig. 2a). It
corresponds in fact to small displacements of the Mo and O atoms
which are located on both sides of the “Mos0;5” ribbons as it is
shown in the model in Fig. 8b (see arrows), with respect to the
positions deduced from the XRPD calculations (Fig. 8a).

3.2. HRTEM of LisMo5s0;7: mechanism of Li insertion/deinsertion

In our previous study, we observed that the Li electrochemical
intercalation in LisMos0Oq; proceeds through two biphasic pro-
cesses [20], i.e. there is no solid solution between Li;Mos04; and
Li;2Mos047 (see Fig. 5). Curiously, during the electrochemical
deintercalation of Li;;Mos0;7, a new phase LisMos0;7, was

obtained at 3.0V (see Fig. 5). Unfortunately, we were unable to
produce enough of this oxide for an NPD study. Nevertheless, the
LisMos0O;; phase was found quite stable and well crystallized. In
order to understand the mechanism of Li intercalation-
deintercalation in the LiyMos0;; system, we have revisited the
structural behavior of the deintercalated LisMosO;; phase,
using HRTEM.

The ED study of LisMos0¢7, confirms its triclinic symmetry
with space group P—1, as previously observed [20], and evident
from its [100] and [010] ED patterns (Fig. 1c). The following cell
parameters, a=6.761A, b=9.508 A, c=10.829A, «=72.87°,
$=88.59° y=69.71°, similar to those of Li4JMos07, are confirmed,
in agreement with the previous XRPD investigation. HRTEM
shows that its structure is very similar to that of LiyM050:5. This
feature is illustrated by the [110] image of this oxide (Fig. 6).
According to the image simulation based on the Li4Mos0;7
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Fig. 6. [010] HRTEM image of LisMos0,7 structure and corresponding ED pattern.
Image simulation based on of LisMos0O,7 structure given as inset in enlargement
image together with overlay structural model (Mo - blue and Li - yellow atoms) of
LisMos0, (for interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).

Fig. 7. (110) Structural view of LisMo0s5015.

structure, previously obtained from single crystal X ray diffraction
data [16], the rows of large brighter dots running along [110]
correspond to zones of lower electron density, i.e. to the zones
located at the border of the strips built up of ribbons of MoOg
octahedra (see arrows in Fig. 7), whereas the much smaller and
less bright spots correspond to the space between the octahedral
ribbons. At first sight, this [110] HRTEM image appears to be very
similar to the one of LisMo0s0,7 and the calculated image (see
inset in Fig. 6) fits rather well the experimental one. Nevertheless,
it differs from the latter by the shape of the brighter dots which
are oval instead of perfectly round. Bearing in mind that 20%
additional lithium should be inserted into this oxide with respect
to LisJMos0O;7, we have to locally adapt the Li coordination,
possibly at the boundary between the strips of ribbons (horizon-
tal arrows of Fig. 7). We therefore have displaced the Mo atoms
located at the boundary of the strips by very small distances; less
than 0.2 A (see curved arrows in Fig. 7), so that we obtain a more
symmetric environment for Li (Fig. 8c). For such a structural
model, the simulated HRTEM image shows brighter dots that are
much more circular and perfectly fits with the experimental one.

Because of the limited resolution and the radiation sensitivity
of the sample inside the microscope, we are unable to obtain
quantitative data about the displacement and/or distortion of the
MoOg octhahedra in the structure. However, our results clearly
illustrate the similarity of the LisMosO;; and the LisMo0s0:;
structures. The differences being in a different coordination of
lithium in both structures, resulting from a slight change of the

Fig. 8. Structural model of LisMosO;; determine by XRD in [20] - (a) and
determine by combination of HRTEM and NPD in present work - (b) viewed
along the [010] direction, (c) - structural model of LisMos0;; viewed along the
[110] zone axis. The displacements of Mo atoms (blue) leading to best fitting
experimental and simulated HRTEM images are shown by red arrows (for
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).
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geometry of the MoOg octahedra located at the border of the
octahedral strips. The difficulty to completely deintercalate
lithium from “Lis” to “Lis” can be explained by the fact that in
Li;2Mos047 the Li* cations located at the border of the octahedral
strips (Li10-Li11-Li12) exhibit shorter Li-O distances and are
more strongly linked and may rearrange differently with the
surrounding oxygen atoms during deintercalation. In a similar
way, it can be understood that the process of Li intercalation in
LizMo05017, requires specific conditions for the intercalation of the
last two or three Li* cations, since the space left at the junction
between the strips is smaller, beyond the composition LigM0s017,
introducing strains.

4. Conclusion

In this study, we have clearly illustrated the ability of a ribbon
structure LiJMos0,7 to transform topotactically into an ordered
rock salt type structure Li;;Mo050,7, and we have explained the
reversibility of the process of intercalation-deintercalation limited
to the member LisMo050,;7. From the viewpoint of lithium inter-
calation, the LiyM0s0,7 system appears as exceptional compared
to many other oxides, because of its capacity to intercalate up to
1.6 Li per Mo, and to contain 2.4 Li per Mo, whereas most of other
transition metal oxide can only intercalate a maximum of 1 Li per
transition element. Such a property is due to the concomitant
existence of two important factors: the molybdenum valence,
which covers a wide range from Mo*® to Mo** and the peculiar
geometry of this structure which consists of ribbons of MoOg
octahedra with a configuration, precursor of a rock salt structure.
In this respect, the intercalation/deintercalation properties of
these phases are directly related to the exceptional assemblage
of the [Mos047]., ribbons forming strips which are five MoOg
octahedra thick, so that we should distinguish the Li* cations
inserted within the strips between the ribbons, and those inserted
at the border of the strips between them. It is this exceptional
structure, which allows a great flexibility of the geometry of the
[Mo0s0,7]., ribbons and a particular role of the interspaces
between the successive strips for lithium intercalation/deinterca-
lation. It is on this basis, that other transition metal oxides with a
ribbon structure should be investigated or synthesized, in view of
discovering new oxides for Li ion battery applications.

The combination of electron diffraction and HRTEM allowed
identifying a new Li;;Mo0507 structure with double c-parameter.
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