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ABSTRACT: NaMoO, was synthesized as a layered oxide
from the reaction between the layered oxide Na,;Mo00, and
metal sodium. Its structure was determined from high-resolu-
tion powder X-ray diffraction and it can be described as an o-
NaFeO, distorted structure in which sodium ions and molyb-
denum atoms occupy octahedral interstitial sites. Chains of
“diamond-like” clusters of molybdenum were evidenced in the
[Mo0Q,] layers resulting from the Peierls distortion expected in
a two-dimensional triangular lattice formed by transition
metal atoms with a d3 electronic configuration. Molybdenum-
molybdenum distances as short as 2.58 A were found in these
clusters. The magnetic moment recorded at low temperature
and at room temperature showed that NaMoO, presents a
very low magnetic susceptibility compatible with the localiza-
tion of the 4d electrons in the Mo-Mo bonds. This localization
was confirmed by DFT calculation that showed the NaMoOz2
was diamagnetic at o K. A sodium battery was built using Na-
MoQ,; as the positive electrode material and we found that so-
dium ions can be reversibly deintercalated and intercalated in
NaMoO, indicating that this compound is one of the many
phases existing in the NayMoO, system.

1) Introduction

For a decade, sodium layered oxides NayMO, (M: 3d or 4d
transition metal) are being revisited in search of new electron
correlated materials. Their layered structure enables to tune
the physical properties by intercalating or deintercalating so-
dium between the [MO.,] layers made of edge-sharing MOg oc-
tahedra. The redox reaction, associated to the change in the
sodium content, leads to modifications in the electronic prop-
erties. Moreover, the sodium/vacancy ordering, which can oc-
cur between the [MO.] layers for specific compositions due to
electrostatic repulsions, can lead to a charge ordering within
the [MO,] layers. The electronic configuration of the M ele-
ment (spin state, Jahn-Teller effect, tendency to form M-M
bonds) plays also obviously an important role. Recently, our
study of layered NasVO, phases shows that for the Na,;,VO,
composition there can be the formation of either vanadium
dimers or vanadium trimers in three different polymorphs and
that the existence of these clusters considerably effect the
transport and the magnetic properties.>> The existence of va-
nadium trimers was already found in LiVO, at room temper-
ature associated to a low magnetic susceptibility.®7 More gen-
erally, the tendency for vanadium to form short V-V bonds is
well known in vanadium oxides.®9 Molybdenum 3+ and 4+ are
also well known to form direct bonds thanks to the overlap-
ping of t,, orbitals through edge-sharing MoOs octahedra.

In the NayMoO, layered oxide system only three phases
were obtained by solid-state synthesis: Na,;Mo00O, "

Na,xM00,'5¢ and NaMoO,.”” Among these phases, the struc-
ture has only been reported for Na,;;Mo0O, from single crystal
X-ray diffraction and a specific arrangement of short Mo-Mo
bonds (2.53 A) in zig-zag chains separated from each other by
long Mo-Mo distances (3.20 A) has been found.’> We have re-
cently investigated the sodium electrochemical (de)intercala-
tion in the Na,;MoO, phase and we have reported the exist-
ence of 16 single phases in the composition range: 0.3 < x <
1819 The very small difference in composition and the revers-
ibility of the (de)intercalation process suggest that these
phases do not only differ from one to the other in the sodium
patterning but also in the molybdenum clustering. Even
though we could not solve any of their complex structure, one
can expect to find molybdenum clusters within the [MoO.]
layers, given the rich chemistry of molybdenum clusters ob-
served in sulfurs, selenides, halogens and oxides.>>23 The fully
intercalated phase, NaMo0O., has been the subject of a sole sci-
entific paper 50 years ago reporting on its synthesis from the
reaction of metal sodium on MoOQ, at 400 °C under vacuum.?
Its structure, a-NaFeO, type structure, referred as an O3-type
structure, according to Delmas’s nomenclature,? is formed by
three [MoQ,] layers constituted of edge-sharing MoOs octa-
hedra, between which sodium is intercalated in octahedral in-
terstitial sites. However, the magnetic susceptibility measure-
ments performed on this material revealed a Pauli paramag-
netism, whose origin remains unclear. The existence of mo-
lybdenum clusters within the [MoO,] layers has been put for-
ward by the authors. In this work, we decided to revisit the
synthesis and the characterization of NaMoO,. We developed
a new synthesis method and we succeeded in obtaining for the
first time highly crystalline NaMoO, which presents an origi-
nal Mo-Mo bond network (“diamond-like” clusters) never re-
ported in an oxide.

2) Experimental methods

NaMoO, synthesis was achieved by two synthesis routes.
NaMoO, was synthesized by the reaction of metal sodium Na
(30% excess compared to the stoichiometric ratio Na/MoO, =
1) on MoO, (Sigma Aldrich, 99%) in an open nickel crucible
contained in a glass tube sealed under vacuum. It will be re-
ferred to NaMoO, (ex MoO,) in the manuscript. NaMoO,
(highly crystalline) was synthesized by the reaction of metallic
sodium Na (30% excess compared to the stoichiometric ratio
Na/Na,;sMo0O, = 1/3) on a Na,;sMoO, powder (see below) in a
nickel tube sealed under argon. It will be referred as NaMoO,
(ex Na,;sMo00,) in the manuscript. For both syntheses, metal-
lic sodium was cut in small cubes of approximately 10 mm3 and
it was gently mixed with the molybdenum oxides. Both prod-
ucts were obtained after the same heat treatment of 100 hours
at 400°C. The excess of metal sodium was easily eliminated as



it condensed at one the extremities of the tubes, which was
maintained at a slightly lower temperature during the cooling
process. No trace of metal sodium was found in the obtained
materials at the end of the heat treatments.

Na,;;MoO, was synthesized by solid state reaction from the
stoichiometric mixture of Na,MoO,, MoO, (Sigma Aldrich,
99%) and Mo (VWR, 99,9%), as previously reported for
Na,;;M00,.214 Na,MoO, was obtained by dehydration of the
commercial product Na,MoO,, 2H,O (VWR, 98%). The reac-
tants were previously ground together by ball milling,
400 rpm/min for 3 hours, and heated in a gold tube sealed un-
der argon at 700°C for 9o hours. The material was recovered
in a glovebox under argon atmosphere to prevent oxidation
and reaction with air moisture. It was obtained as a black pow-
der.

High resolution X-ray powder diffraction was performed at
the high resolution powder diffraction beamline (11-BM) at the
Advanced Photon Source (APS) of the Argonne National La-
boratory using a wavelength of 0.4142 A, in the 0.5-50° 20
range with a 0.001° step. NaMoOz2 (ex Na,;M002) was loaded
in a sealed 0.8 mm diameter Kapton capillary sealed with
epoxy. Structure refinements using the Rietveld method were
carried out using Jana2006 program.2s

Pair distribution functions (PDFs) were generated for Na-
MoO, (ex MoQ,) from X-ray powder diffraction data recorded
at u-ID-B beamline at the APS using a wavelength of 0.2114 A.
The diffraction data recorded on an empty Kapton capillary in
the same conditions have been used to correct the diffracted
intensity from the background. The measured diffracted in-
tensity has been corrected from the incoherent scattering, the
background, the polarization and the absorption using the ad-
hoc method provided by PDFgetX3 software.2¢ The corrected
intensity I(Q) and the structure function S(Q) have been cal-
culated using this program, with Q = 4nsin6/ A. Reduced PDFs
G(r) have been obtained by Fourier transforming S(Q) func-
tions over the 0.5-24 A+ Q-range. Calculated PDFs have been
obtained using the PDFgui software.>”

Electrochemical studies were carried out on Na | NaPFs +
2% fluoroethylene carbonate (FEC) in propylene carbonate
(PC) M) | NayMoO, batteries assembled in airtight 2032 type
coin cells. At the positive electrode, the active material was
mixed with carbon black to improve its electronic conduction
and with PTFE (polytetrafluoroethylene) used as binder in a
88:10:2 weight ratio. Sodium batteries were galvanostatically
charged and discharged at C/100 rate (1 Na+ per formula unit
(de)intercalated in 100 hours) between 1.7 V and 3.5 V.

For transport measurements, sintered pellets of NaMoO,
(ex Na,;sMo00,) were used in an air-tight apparatus and the
electrical resistance was measured using the four-probe tech-
nique in the 77-300 K temperature range. The resistance of the
pellet was measured while it was continuously heated up. Na-
MoO, pellets were obtained by reacting sodium metallic on 8
mm Na,;;MoQO, pellets in a nickel crucible contained in a glass
tube sealed under vacuum.

Magnetic Measurement were made on a SQUID magnetom-
eter on approximately 40 mg of NaMoO, (ex Na,;;Mo00.) pow-
der. The magnetic susceptibility was measured in an applied
field of 1 kOe between 5 and 100K (ZFC/FC). The correction of
the diamagnetic contribution was evaluated using Pascal’s
constant.

Total energies and electronic structure have been calculated
within GGA (PBE),?8 using the Projector Augmented Wave
(PAW) method2 as implemented in the Vienna Ab Initio Sim-
ulation Package (VASP).3° A plane wave cutoff energy of 500
meV and a 6x6x6 k-point grid was used for the NaMoO, cells
to let the total energy converge by less than 5 meV/unit cell.
The atomic positions and the lattice parameters of the exper-
imental cell were fully relaxed using a spin polarized ap-
proach. For the plot of the partial DOS around Mo, a sphere
radius of 0.6 A was used for the integration. The method de-
veloped by R. Bader to divide molecules into atoms was used
in order to determine partial charges on Mo ions.3' The imple-
mentation of this method to the VASP output is described in
reference.3234 The Electron Localization Function (ELF)35 is di-
rectly available from the VASP code3® The VESTA code was
used to plot the 3D spin or ELF maps.3¢
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Figure 1. Powder X-ray diffraction patterns of NaMoO, (ex
MoO0,) (top) and NaMoO, (ex Na,;;Mo00,) (bottom). Bragg
peak positions are given for two unit cells. In blue: a = 2.95 A,
c=16.95A (Space group: R-3m). Inred: a = 51067 A, b =2.9056
A, c=5.9655 A, a=90157°, B =106.745° y =89.651° (Space
group: P-1).

3) Results and discussion

In a first step NaMoO, material was synthesized by reacting
metallic sodium with MoO, powder under vacuum, as previ-
ously reported.”7 Its powder X-ray diffraction pattern exhibits
however very large diffraction peaks, making difficult a precise
structural characterization (Figure 1). Nevertheless it can be
indexed in a first approach using the unit cell of an O3-type
structure with the space group R-3m and cell parameters a =
2.95 A and ¢ #16.95 A. Pair function distribution (PDF) analy-
sis were then undertaken to obtain information on the local
structure and especially on the molybdenum environment.
The experimental G(r) is shown in Figure 2.a. The calculated
G(r) function, based on the ideal hexagonal O3-type structure,
is superimposed on the experimental one (Figure 2.b). Signif-
icant differences between the two functions question the va-
lidity of the published model. Moreover, the rapid loss of in-
tensity and peaks resolution observed on the experimental
G(r) function suggests the presence of high degree of disorder.
Finally, the experimental intensity becomes non-existent for



correlation distances r > 40 A suggesting nano-sized coherent
domains. Structural disorder and nano-sized domains both
lead to the broadening of the peaks on the X-ray diffraction
pattern.

(@)

Figure 2. (a) and (b) Experimental reduced pair distribution
function (PDF), G(r), of NaMoO, (ex MoO2) (in black). (b)
Calculated G(r) of NaMoOz considering an O3-type structure
with the cell parameters a = 2.95 A, ¢ = 16.95 A (Space group:
R-3m) (in red).

Crystal growth by thermal annealing was attempted to en-
hance the quality of the X-ray diffraction pattern in order to
propose a new structural model using the Rietveld method.
Unfortunately, thermal treatment above 475°C results in the
decomposition of NaMoO, into Mo and Na,MoO, due to the
tendency of Mo3* to dismute into Mo° and Mo®*. Another syn-
thesis method was therefore undertaken to obtain a highly
crystalline NaMoO, powder.

As part of the investigation of the Na,MoO, system, a well-
crystallized pristine material Na,;;MoO, has been synthesized
by solid state synthesis. The sodium electrochemical interca-
lation or deintercalation in a sodium battery made with this
material as the positive electrode has been used as a powerful
technique to explore the phase diagram in the NaMoO,-MoO,
system.41819 More specifically, our in situ X-ray diffraction ex-
periment performed during sodium electrochemical interca-
lation showed that a composition close to Na,MoO, existed at
very low voltage (< 1V vs Na*/Na).'® Nevertheless, the organic
liquid electrolyte (NaPFe in propylene carbonate) was not sta-
ble at this low voltage and it decomposed before all the Nay-
MoO, (x = 0.9) phase could be transformed into NaMoO,,
making the electrochemical method not adequate for Na-
MoO, preparation. Chemical sodium intercalation in soft con-
ditions from Na,;MoO, was therefore considered to obtain
highly crystalline NaMoO,.

Chemical intercalation of sodium ions between the [MoQO,]
layers of the Na,;sMoO, structure has been achieved by react-
ing sodium metal on the pristine material at 400°C. The X-ray
diffraction pattern of the obtained black powder presents
sharp diffraction peaks, indicating a high degree of crystallin-
ity of the material (Figure 1). The hexagonal cell (Space group:
R-3m) reported in 1969 for the structure of NaMoO, (ex
Mo0Q,) cannot allow a correct indexation of the X-ray pattern
of NaMoO; (ex Na,;M00,). For each Bragg peak generated in
this space group, actual diffraction peaks seem to be split in-
dicating a lowering of the symmetry. Monoclinic distortions
are common in sodium layered oxides and result generally
from Jahn-Teller effect or slab gliding or sodium/vacancy or-
derings or metal-metal bonding during sodium electrochemi-
cal (de)intercalation. An O3-type structure is then described
in a C2/m space group and denominated 0’3.37 However, in
this case, a monoclinic cell cannot allow a correct indexation
of the X-ray diffraction pattern of NaMoO, (ex Na,;3sM00,)
(See Supporting Information). A triclinic distortion of the cor-
responding monoclinic cell was then considered with alpha
and gamma varying slightly from 9o° (a=s5.1067(2) A,
b=29056(1) A, c=5096553) A, a=90157(4)°,
B =106.745(3) °, y = 89.651(3) °). The Bragg peak positions of
the triclinic cell (Space group: P-1) are indicated by red ticks
and they enable to index all the main peaks on the X-ray dif-
fraction pattern of NaMoO, (Figure 1)
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Figure 3. First galvanostatic cycle of electrochemical sodium
cells made with NayMoO, phases as the positive electrode ma-
terial. (a) With NaMoO, (ex Mo0O,) (in blue) and with Na-
MoO:. (ex Na,;M00,) (in red). (b) With Na,;sMoO. (in black)
and with NaMoO, (ex Na,;;M00,) (in red).
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Figure 4. Experimental high resolution X-ray powder diffraction pattern of NaMoO, (ex Na,;M00,) (black diamonds), calculated
pattern obtained from the Rietveld refinement (red line) considering the O”3 triclinic cell with the cell parameters: a = 5.813 A,
°. The difference between the calculated pattern and the experi-
mental one is shown by the blue line. Green vertical bars show the position of the Bragg reflections for the O3” triclinic cell. The
inset shows a three-dimensional representation of the structure of NaMoO, (ex Na,;;M00,) obtained from the Rietveld refinement.
Black arrows indicate diffraction peaks for molybdenum metal impurity.

b =5.8603 A, c =6.6201 A, o = 63.907°, P = 64.154 °, y = 60.620

Both NaMoO, phases, obtained from either MoO, or
Na,/;sMo00.,, were used as positive electrode materials in so-
dium batteries. Galvanostatic electrochemical curves present
in Figure 3 the evolution of the cell voltage as a function of the
sodium amount x in the layered phase Nay,MoO.,. Structural
differences between the two NaMoO, materials, highlighted
by X-ray diffraction, lead to significant differences on the elec-
trochemical responses of the two phases (Figure 3.a). The high
structural disorder in NaMoO, (ex M0O,), suggested by both
the broadening of the diffraction peaks and the loss of corre-
lation on the G(r) function, prevents any orderings (so-
dium/vacancy ordering or molybdenum clustering). There-
fore, the smooth aspect of the electrochemical curve, charac-
teristic of a solid solution behavior, indicates that no phase
transition occurs upon sodium electrochemical deintercala-
tion.

On the other hand, the electrochemical curve recorded for
NaMoO, (ex Na,;;M00,) is more complex with several voltage
drops and plateaus, very similar to those observed on the elec-
trochemical galvanostatic curve of the sodium battery made
with Na,;;Mo00, as the positive electrode (Figure 3.b). This in-
dicates that the sodium chemical intercalation in Na,;Mo00O,
is highly effective to maintain the layered host structure to

form NaMoO.. It should be noticed however that the initial
voltage of the battery made with NaMoO, (ex Na,;;Mo00.)
does not correspond to the fully intercalated material x = 1. It
lies on the voltage plateau between Na, 3, M00, and NaMoO..
This initial loss of sodium probably results from the reaction
of the very reductive NaMoO, with the electrolyte when the
battery was first assembled in the glovebox.

The structure of NaMoO, (ex Na,;;Mo0,) was determined
from the high-resolution X-ray powder diffraction data using
the Rietveld method (Figure 4). Due to the high signal to noise
ratio achieved at the synchrotron, several diffraction peaks are
visible at small angles. They can be indexed using a supercell
resulting from the doubling of the monoclinic cell parameters
in the three directions a, b and c. However, this lead to nu-
merous Bragg reflections, for which there is no diffracted in-
tensity. A smaller triclinic cell (a = 5.8113(2) A, b = 5.8603(3) A,

=6.6201(4) A, « = 63.907(3) °, B = 64.154(3) °, y = 60.620(3) °)
was then found to index each superstructure peaks without
generating any superfluous reflections. The relationship be-
tween the initial monoclinic cell and the final triclinic super-
cell is described in Supplementary Information (Figure Si).
Structural parameters determined from the Rietveld refine-
ment are reported in supporting Information in Table Si.



Figure 5. Projection of the structure of NaMoO, parallel to the [MoO,] layers. (a) Single [M0O,] layer made of MoOs octahedra
highlighting the existence of “diamond-like” clusters. Mo-Mo bonds are reprented by pink-purple bicolor solid sticks and shortest
Mo-Mo distances are given in A. (b) Same as (a) with a single layer of Na* ions on top of the [MoO,] layer. Shortest Na*-Na*
distances are reprented by yellow-orange bicolor solid sticks. The values of these distances are given in A. (c) Mo-Mo distances
given in A. (d) Na-O distances given in A. Oxygen atoms are represented by red circles and the limits of the O”3 triclinic unit cell

are shown with solid black lines.

The structure can be described as a distorted O3-type struc-
ture in which sodium fully occupies octahedral interstitial
sites sharing edges with MoOg octahedra in the [MoO.,] slabs
(Inset Figure 4). This triclinic structure will be referred as O”3-
type structure in the following text. The interesting feature of
this structure is the displacement of the molybdenum atoms
from the center of MoOs octahedra to form shorts Mo-Mo
bonds (Figure 5.c). MoOg octahedra are also distorted leading
to a slight undulation of the [MoO,] layers. As it could be ex-
pected 4d3 cation, each Mo3* ion forms three short Mo-Mo
bonds with their neighboring Mo3+* ions resulting in infinite
chains of diamond-like clusters along the a-axis (Figure 5.a).
Such metal clustering would be due to a Peierls distortion as-
sociated with the partial occupation of the t,; block for d3
metal ions.3® The shortest Mo-Mo bond, dyoMo = 2.577 A, is
in the center of the diamond shaped by Mo1-Moz2 bonds, dme-
Moz = 2.648 A and 2.688 A. “Diamond-like” clusters are linked
together by the slightly longer Mo2-Mo2 bond (dmos-Mo> =
2.704 A). Chains are separated by long Mo-Mo distances of ap-
proximately 3.2 A. Between the [MoO,] layers, sodium ions are
also slightly shifted off the center of the NaOs octahedra to
minimize Na*/Mo3* repulsions (Figure 5.d). It results in short
(~ 2.82 A and 2.85 A) and long (~ 3.0 A) Na-Na distances,
which form the same pattern as Mo-Mo bonds within the
[Mo0Q,] slabs, but shifted to minimize electrostatic repulsions

(Figure 5.c). The driving force of this unusual sodium arrange-
ment is the formation of the Mo-Mo clusters.

Similar metallic clusters were observed in sulfides where the
transition metal has a d3 electronic configuration, like molyb-
denum in NaMoO,. It was first reported for ReX, (X = S, Se)39-
4 and TcS,394 and then for MMo.S, (M=Co,Fe),4 Mo,S;,45 and
LiMoS,.4647 Theoretical calculations confirmed that the metal
arrangement to form “diamond-like” clusters was favorable in
ReX, (X = S, Se),48-5° LiMoS,5 and NaMoS,.5> In all cases, the
interlayer space is either empty or fully occupied confirming
that the origin of the "diamond-like” clusters is the 4d3 or 5d3
electronic configuration of the transition metal. This molyb-
denum arrangement has never been observed in LiMoO,,
which also contains Mo3* ions.535° More precisely, the exist-
ence of molybdenum zig-zag chains has been evidenced by
EXAFSs5 and neutron diffraction and total neutron scatter-
ing.56 As ionic radii of Mo3* (r; = 0.69 A) and Li* (r; = 076 A)
are close,5” there is a mixed occupancy of Mo and Li within the
[MoO.,] layers. This prevents from a long range ordering of
the molybdenum atoms within the [(Mo, Li)O,] layers, and it
induces an uncertainty on the oxidation state of the molyb-
denum.>® In NaMoO,, because Na+ ions are significantly larger
than Mo3* (rj(Na+) = 1.02 A), we think that no Na/Mo mixing
occurs and that the [MoO,] layers are free of sodium. Na/Mo
mixing would smooth the galvanostatic electrochemical curve



as it is the case for electrochemical curves recorded for lithium
batteries using LiMoQ, as the positive electrode material.58

To the best of our knowledge, this is the first time that such
“diamond-like” Mo clustering is observed in an oxide. To en-
sure that the structural description resulting from the Rietveld
refinement based on the X-ray powder diffraction data was
correct, structural optimization by DFT calculations were per-
formed. Subsequently, the study of the electronic structure of
NaMoO, (ex Na,;;Mo0,) was performed.

The cell parameters and atomic positions were fully relaxed
using GGA starting from the experimental parameters given
in Table S1. As seen in Table Sz (See Supporting Information),
the optimized structure is in good agreement with the exper-
imental data. In particular, the “diamond-like” Mo clustering
is maintained and the oxygen atomic positions found from X-
ray powder diffraction are confirmed. The optimized Mo-Mo
distances are given Table S3 (See Supporting Information) and
they are in good agreement with the experimental values. The
energy of a hypothetical 03-NaMoO, cell without Mo clusters
(Space group: R-3m) was also computed in order to get a sense
of the stability increase induced by the cluster formation. It
appears that the “diamond-like” Mo clusters strongly stabi-
lized the phase by 600 meV per formula unit. For LiMoS,, the
stabilization of the “diamond-like” chains was also reported
due to a charge density wave (CDW) using FP-LAPW calcula-
tions.s* The DOS modelling of an undistorted O3-NaMoO,
phase was also recently reported, without considering possi-
ble Mo clusters formation.59

Even if we initiated spin polarized DFT calculations using
initial magnetic moment on Mo sites, the calculations con-
verged to a diamagnetic solution, with equivalent “up” and
“down” states due to the formation of Mo-Mo bonds and elec-
tron pairing. All the calculations made using the GGA + U

(a) 0.15 e/A°

R a9

method, even with a U value as low as 2 eV applied to the Mo
d orbitals, led to a disappearance of the molybdenum clusters.
In order to investigate the electronic structure of NaMoO,, the
total Density of States (DOS) and partial DOS on Mo ions are
presented in Figure 6. Note that the partial DOS of the two
molybdenum ions in the structure are quite similar, as well as
the Bader charges (around +1.44). A 1.1 eV electronic gap is cal-
culated using GGA for this material.
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Figure 6. Total and partial Density of State (DOS) calculated
for NaMoO, (ex Na,;;M00.,).
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Figure 7. Electron Localization Function (ELF) three-dimensional maps. (a) and (b) With an isotropic surface value of 0.15 e/A3.

(c) With an isotropic surface value of 0.20 e/A3.

Calculated Electron Localization Function (ELF) 3D maps
are shown in Figure 7 were plotted using two different iso-
tropic surface values and different orientation, in order to vis-
ualize the Mo-Mo bonds.Strong electronic density clearly ap-
pears in between the molybdenum ions forming the “dia-
mond-like” cluster chains along the a-direction, and none be-
tween those cluster chains. Note that the electronic density is
not equivalent between all molybdenum ions: it is stronger
between Mo forming the “diamond-like” figure and weaker
between Mo of adjacent “diamond” in agreement with the ex-
perimental and calculated bond lengths. The presence of elec-
tronic density nearby the center of the Mo triangles of the di-
amond is due to the recombination of the t,; orbitals stabiliz-
ing the system.

The formation of Mo-Mo bonds within the [MoO,] layers
should influence the physical properties of the material. The
measurement of the magnetic susceptibility showed a low par-
amagnetism (Figure Sz). This is in agreement with the pro-
posed structure of chains of “diamond-like” Mo clusters and
this is coherent with the diamagnetic properties determined
at o K from DFT calculations. According to resistivity meas-
urements, NaMoQO, is a semi-conducting material (E, =
0.122 eV) with a low conductivity at ambient temperature (o =
2.4.10% S.cm™) (Figure S3). Similar semi-conducting properties
were reported for MMoS, (M = Fe, Co) and a mechanism of
charge hopping along the short Mo-Mo bonds was sug-
gested.44 Both magnetic and electronic characterizations are
in good agreement with the proposed structure. In addition,
no electronic or magnetic transition was observed below room
temperature, indicating a good stability of this molybdenum
arrangement at low temperature.

4) Conclusion

Highly crystalline NaMoO, was synthesized for the first
time and its structure was solved using the Rietveld method
based on high resolution X-ray powder diffraction. Chains of
“diamond-like” clusters of molybdenum were evidenced in the
[MoO:.] layers resulting from the Peierls distortion expected in
a two-dimensional triangular lattice formed by transition
metal atoms with a d3 electronic configuration. It is to our
knowledge the first time that this metal clustering has been
found in an oxide. Its stability was confirmed by DFT calcula-
tions.

Sodium electrochemical deintercalation from NaMoO, in a
sodium battery lead to the formation of several Na,MoO, lay-
ered phases with specific composition, highlighted by voltage
drop on the multiple-step electrochemical curve. This curve is
very similar to the one recorded for a battery made of
Na./;sMoO:; as the positive electrode. In conclusion, the struc-
tural characterization of NaMoO, gives valuable information
on the Na,MoO, phase diagram and a new example of transi-
tion metal ordering in the [MoO,] layers that can occur upon
cycling, since no structure apart from that of Na,.MoQO, has
been reported yet.
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