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Abstract:

The novel bi-molybdate -Lio.g7Nao.13Cr(MoQ4)2 was prepared by solid state reaction route.
Single crystal X-ray diffraction experiment revealed that the compound crystallizes in the triclinic
system, in P -1 space group with a = 6.715 (2), b = 7.160 (3), ¢ = 7.237 (1) A, o =91.16° 3),
B = 110.59° (2), vy = 105.54° (3). Its crystal structure is isotypic to LiCr(MoOs4), which has
interesting magnetic and electrochemical properties [1-3]. Bond valence sum (BVS) and charge
distribution (CHARDI) validation tools supported the structural model.

The electrical properties were systematically studied by impedance spectroscopy. The ionic
conductivity measurements are performed on pellets of 82% and 87% relative density for
LiCr(MoOs4)> and B-Lip.g7Nao.13Cr(MoQOs)> respectively. AC impedance spectroscopy studies show
that the highest overall conductivity is 0326°c=7.86 x 107 S.cm’!

Probable diffusion pathways of Li* ions in the both structures were simulated using the bond
valence sum BVS maps method. This analysis shows that the ionic transport in these materials is
essentially due to simple hopping of Li* ions parallel to (101) plane.

For B-Lio.g7Nao.13Cr(MoQO4)2 compound, the in-sitru High Temperature X-Ray Diffraction
(HTXRD), in the temperature range from 25 to 650°C, were also performed and Unit-cell thermal
expansion has been discussed.

The magnetic study show that these compounds present an antiferromagnetic order below
the temperatures T = 16 and 30 K for LiCr(Mo0Os)> and B-Lio.g7Nao.13Cr(MoQs4)2 respectively.

Key words: bi-molybdate, crystal-structure, X-ray diffraction, Impedance spectroscopy,
ions Pathway simulation, magnetic properties, thermal expansion.
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INTRODUCTION:

In recent years, the properties of high ionic conductivity materials have been extensively
studied. In general, the properties of a material are closely related to the crystal structure and tunnel
size as well as grain size, shape and dimensionality [4-6]. Occupying both tetrahedral and
octahedral sites, molybdenum combined with mixed transition metal MO, polyhedra gives rise to
original structures with tunnels and cavities that promote the mobility of alkaline ions in these
anionic structures. [7-10]. Therefore, structural studies of new polyanionic materials are essential to
understand and predict the migration pathways of alkaline ions in these materials [11]. According to
their structure, molybdates constitute an important class of materials with varied functional
properties. Alkali-containing anionic framework structures have attracted great interest in recent
decades, mainly for their ionic conductivity properties and their use as batteries electrodes
materials. In addition to their use in Li-ion and Na-ion batteries [3, 12-17], molybdates containing
alkaline ions and trivalent cations are also interesting for many industrial applications, including
solid electrolytes, ferroelectrics, photo-catalysts and optical materials (light-emitting diodes and

lasers) [18-24].

For the formula ACr(MoOs4), with (A = alkaline metal), only the phase with Lithium
LiCr(MoOs)> has been synthesized [1]. In previous studies, LiM(MoQ4)> compounds with M =Fe
and Cr, were chosen as electrode material for lithium-ion batteries [3,12]. Although the
LiCr(MoOs)2, is a known phase, no study of these electrical properties has been performed to date.
Its structure and these magnetic properties have been studied [1, 3]. Nevertheless, it was interesting
to prepare this compound to make a comparison with the new compound B-Lio.g7Nag.13Cr(MoQO4)2

under the same conditions.

Thus, in this paper we present in a first section the synthesis and the crystal structure
determination from single-crystal X-ray diffraction data of the new phase B-Nao.13Li0.87Cr(MoQOs)>.
The proposed structural model is supported by the charge-distribution (CHARDI) analysis [25-27]
and bond-valence-sum (BVS) [28, 29] calculations. The influence of alkaline Li-Na substitution, on
the electrical conductivity will be discussed in terms of impedance spectroscopy study and transport
pathways of lithium ion simulation accompanied by the correlation between structure and ionic
conductivity. A study of particle morphology, the thermal stability, as well as magnetic proprieties

of both compounds is also reported.



EXPERIMENTAL SECTION:
For the preparation of this material we ground the reagents NaNOs (Alfa-Aesar 98.9%),

Li,COs (Sigma-Aldrich 99.0%), Cr203 (Sigma-Aldrich 99.9%) and (NH4)sM07024-4H>O (Sigma-
Aldrich 99.98%) in the ratio Na /Li /Cr /Mo equal to 7 /7 /5/6 using an agate mortar in order to have
a reactive and homogeneous mixture; the powder thus obtained was calcined at 400 °C for 12 hours
to remove all volatile compounds. After fine grinding, the resulting mixture was heated at 630 °C
for 3 days. After a slow cooling (5°C/h) up to 580 °C followed by a fast cooling of 50°C/h up to
ambient temperature, purple crystals of parallelepiped shape and optimal size for data collection,
have been obtained.

A good quality single crystal selected under a polarizing microscope has been glued to a
Lindemann glass then used for the determination of the first crystallographic parameters. The search
and refinement of 25 intense reflections obtained by a Enraf-Nonius CAD-4 four-circle
diffractometer equipped with a monochromatic Mo-Ka radiation (0.71069 A), made it possible to
select the crystalline system as well the cell parameters. The crystallographic characteristics found
are detailed in Table S1 (See Supplementary Materials). An examination of the structural data
found in the various databases shows that the cell parameters obtained are related to those of the
LiCr(MoOs4)2 compound [1]. The chosen crystal served therefore for the collection of diffracted

intensities. The conditions of the measurements are summarized in Table S2.

As to structural validation tools, Bond Valence Sum BVS [28, 29] and Charge Distribution
analysis CHARDI [25-27] were used to validate the structural model. The CHARDI and BVS
computations have been obtained with the CHARDI-IT [26] and SoftBV [28] programs,
respectively.

In order to have available enough amount for characterization by several techniques,
especially the impedance spectroscopy, we have also prepared powder samples of both
LiCr(MoQOs4)> and B-Lio.g7Nao.13Cr(M0O4)> compounds by autocombustion method using nitrate salts
as oxidizers and glycine acid as fuel and complexing agent. Stoichiometric proportions of LiNOs3,
NaNOs3, Cr(NO3)3'9H20O and (NH4)sMo07024-4H>O were completely dissolved in a solution of
glycine acid CoHsNO». The molar ratio of glycine to nitrate amounts was kept constant at 0.4.
During the first synthesis step, the excess water was evaporated by heating at 110°C. Throughout
this evaporation stage, viscous liquid foams were observed before the obtaining of fine particles as a
result of a very fast auto-ignition. To clear the remaining organic residues, the obtained powder was
then put in the oven at 300°C overnight, then in a tubular furnace at 650°C for 24 hours to obtain a

pure phase.

The purity of powders thus prepared was verified by powder X-ray diffraction. The powder

XRD data for phases identification were collected at ambient temperature on a D8 Bruker
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diffractometer using Cu Ka radiation (AcuKa=1.54056 A). The measurement was performed under

Bragg—Brentano geometry at 26 with step 0.017° in the range extended from 10° to 80°.

Thermal analyses (TGA/DTA) were performed under air flow using a SETARAM TAG24-16
thermal analyzer. Thermal measurements were carried out on sample placed in a platinum crucible

in a temperature range from room temperature to 1000 °C with a speed of 5 °C min™'.

Impedance spectroscopy measurements were carried out using a Hewlett-Packard 4192a
Impedance Analyzer. The impedance spectra were recorded in the 5 Hz-13 MHz frequency range
with 0.3V rms ac signal. A pellet was prepared by uniaxial shaping followed by isostatic pressing at
2.5 Kbar and sintering at 700 °C for 3h in air with 5 °min’! heating and cooling rates. After these
treatments, the samples achieved 82% and 87% of the theoretical density for LiCr(MoO4), and
B-Lio.g7Nao.13Cr(MoQs4)2, respectively. A layer of gold paste was deposited on both faces of the
pellet using a SC7620 Metallizer to ensure good electric contacts. Before and after sintering, the

microstructure of the pellets was analyzed using a JEOL ITSOOHR LV microscope.

Bond Valence Energy Landscape "BVEL" calculations were performed using the
3DBVSMAPPER code using Li* as a test ion and default settings [30]. The BVEL isosurfaces were
visualized and represented using the VESTA3 program [31].

Bond valences “Sa-x = exp[(Ro — Ra-x) / b]” for the interaction between an anion X and a
cation A, also their mismatches are primarily expressed randomly “valence units”. Recently, it was
shown that they may be also related to an absolute energy scale by expressing the bond valence as a
Morse-type interaction energy [32-34]. For details, see [33]. Briefly, the pathway approach defines
regions with low energy E(A) :

SA-X;~SminA-X; z
E(4) = Dy lz”l(;) - Nl + Els Ecowoms (A=B) (1)

Smin,A-X;
with
|4 . Rp—
Ecoutomb (A - B) =144 S Za erfc (f) (2)

A Ragp
The fractional ion charges za and zp are derived from the nominal charges and principal
quantum numbers by the formalism explained in [33, 34]. Coulomb attraction terms are generally
integrated in the Morse attraction term. The activation energy required for the migration of a cation
from a site A to a site B is the difference between the site energy (B) and the site energy (A):

E.=E(B) - E(A).

In situ high-temperature X-ray diffraction (HTXRD) experiments were also performed under
dynamic air (5 L h™!) in an Anton Paar HTKI1200N chamber equipped with an automatic

compensation of dilation according to Z axis, of PANalytical X'Pert Pro MPD diffractometer (in 6/0
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mode and with Cu-anode X-ray tube Kal = 1.54056 A, Ko2 = 1.54439 A) equipped with a 1D
X'Celerator detector. Several diagrams were recorded in air between ambient temperature and

650°C every 25 °C, in the range 10-70°(20), with a step of 0.017°and heating at 0.8 °C min™'.

The magnetic measurements of the as prepared samples were also carried out using the
commercial Physical Properties Measurements System device (Quantum Design, PPMS), and
magnetization M(T) was measured versus temperature ranging from 2 to 400 K, under an external
magnetic field of 0.05 T. The field dependence of the magnetization M (H) was measured at 2 K by
varying the applied magnetic field between -6 and 6 T.

RESULTS AND DISCUSSION
Crystal structure determination

Crystal structure refinement of f-Lio.s7Nao.13Cr(Mo0O4):

After single crystal X-ray diffraction data processing by the Wingx chain [35], an empirical
absorption correction by psi-scan was performed [36], and crystal structure was solved in the
centrosymmetric P-1 space group by means of a direct methods strategy that localizes the heavy
atoms Mo and Cr, followed by a Fourier-difference maps examination to localize light atoms Na, O
and Li, respectively. At the end of the resolution of the structure, we observe that the alkaline-
oxygen distance A-O is a little higher than that of Li-O encountered in the literature [1, 9]. It is
therefore an average between those of Na-O and Li-O. At this level the use of the EADP, EXYZ
and SUMP constraints allowed by the SHELXL-97 program [37] were applied. The refinement
leads to the occupancy rates grouped in Table S3. At the end of the crystal structure refinement, a
last Fourier-difference examination reveals no significant peak and the remaining maximum and
minimum electron densities are acceptable. In addition, the final refinement leads to well-defined
ellipsoids for all atoms. Table S4 summarizes the results of the refinement. The reduced atomic

coordinates and the thermal stirring factors are reported in Table S3.

The geometric parameters of the various coordination polyhedra are presented in Table 1 and
Table S5. CCDC 1957397, contains the supplementary crystallographic data for and
B-Lio.87Nao.13Cr(Mo04)2 compound.

Table 1: Main interatomic distances (A) and angles (°) in the coordination polyhedra for
B-Lio.87Nag.13Cr(MoOy)a.

Mol
Mol1—06 1.697 (3) Mo1—O8! 1.861 (2)
Mol—O05 1.707 (3) Mol—07 1.878 (2)
Mol1—08 2.481(2) Mol—04 2.635 (9)
Mo2
Mo2—04 1.736 (3) Mo2—02 1.780 (2)
Mo2—03 1.756 (2) Mo2—O0l 1.790 (2)




Crl

Cr—O7" 1.940 (2) Cr—0O7 1.966 (2)

Cr—O3" 1.947 (3) Cr—O2i 1.973 (2)

Cr—O8 1.952 (2) Cr—O1" 1.973 (2)
NaLi

NaLi—O5 1.999 (5) NaLi—Og8i 2.177 (5)

NaLi—O4i 2.117 (5) NaLi—O1* 2223 (5)

NaLi—O6™ 2.144 (6) NaLi—O5f 2.699 (6)

Symmetry codes : (i) —x+2, —y+1, —z+1; (ii) x+1, y, z; (1ii) —x+1, =y+1, —z+1; (iv) x+1, y+1, z; (V) =342, —y+2, —z+1;
(Vi) x, y, z+1; (vil) =x+3, —=y+2, —z+1; (viii) x—1, y, z; (ix) —=x+1, =y+1, —z; (X) x—1, y—1, z; (xi) x, y, z—1.

Crystal structure description of f—Lio.s7Nao.13Cr(MoQO4)2

B-Nao.13Li0.87Cr(M00a4)> compound crystallize in the same structure that LiCr(MoOQOs), with a
one mixed alkaline crystallographic site, where Li* and Na* cations are localized in the tunnels
formed by three-dimensional framework obtained by association of transition metals (Mo and Cr)
polyhedrons. The two independent Molybdenum atoms are bonded by four oxygen atoms at short
distances from 1.697 to 1.878 and 1.736 to 1.790 A for Mo(1) and Mo(2), respectively, to form
tetrahedral environment MoQOys, Figure S1. The Mo(1) tetrahedron can be completed by two large
oxygen distances (Mo1-O8 = 2.481 A) and (Mo1-O4 = 2.634 A) to form an very distorted Mo(1)Os
octahedral coordination, Figure S1. The chromium atoms adopt a single octahedral environment,

Figure 1.
| (b) 02

O1
03

o7}

& Li/Na1l

Fig.1: The structural unit of f_Liog7Nao.13Cr(M0Os4)>,
(a) with tetrahedral Mo(1)O4 and (b) octahedral Mo(1)Og¢, environments.
Symmetry code: (i): 2-x, 2-y, 1-z; (ii): 3-x, 2-y, 1-z, (iii) : X, y, 1+z, (iv) : 2-x, 1-y, 1-z.

Thus, structural unit of the B-Liog7Nao.13Cr(MoQO4)2 compound consists of a Mo(1)Os
octahedra sharing corner O(4) with Mo(2)O4 tetrahedron and O(7) O(8) edge with the Cr(1)O¢
octahedron, to form a trimeric unit [Mo2CrO13]'"", Figure 1. Each octahedron Cr(1)Os and Mo(1)Og
is linked by edge to an identical polyhedron to form two dimeric units [Cr2O10]'* and [Mo(1)2010]*
, respectively. Those units share edges between them to build an infinite chain [Cr,Mo,0;¢]3%~
along the b axis, Figure 2a. This infinite chain can become [CryMo,0.,4]3~ if we consider

molybdenum Mo(1) in tetrahedral coordination, Figure 2b.
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Fig. 2: Difference between (a) [Cr,Mo,0,4]3~ and (b) [Cr,Mo0,0,,4]12 infinite chains.
Two adjacent infinite chains [Cr,Mo,0,4]3#~ are linked together by Mo(1)—O—Mo(2) and
Cr(1)=O—Mo(2) mixed bridges, to form a three-dimensional anionic framework leaving free

tunnels along [101] direction, in which the alkaline cations Li* and Na* are localized (Figure 3).

Fig. 3: Presentation of the structure of f_Lio.s7Nao.13Cr(Mo0Qs), in the direction [101].
An examination of different structures found in the literature reveals that the compounds of general
formula A'™M"™(Mo00O4), have a structural diversity. In fact, the structures of the molybdates
CsFe(Mo00s)> [38] and NaFe(MoOQs4): [39] having as space group P-3m or C2/c, respectively, adopt

the same types of layers where molybdenum atom occupies only the tetrahedral sites (Figure S2).

CHARDI and Bond Valence Sums (BVS) validation
The proposed structural model, particularly the distribution at alkaline site A1 (Li/Na), is well
confirmed by the two validation models: the sum of the BVS link valences and the CHARDI charge

distribution method.



Table 2: CHARDI and BVS analysis of the cations in the compound B-Lio.s7Nao 13Cr(MoQs),.

Cation q(i)-sof (i) o) V(@) CN(@) ECoN() dmoy dmed
Mol 6.000 - 6.0886 6 - 2.0430 2.0431
6.000 5.790 5,6988 4 3.67 1.7856 1.7856
Mo2 6.000 6.150 5.9770 4 3.98 1.7652 1.7652
Cr 3.00 3.060 3.0963 6 5.99 1.9585 1.9584
A(Li1/Nal) 1.000 1.000 1.0208 6 4.88 2.2264 2.2263

Moreover, a rigorous examination of the calculation results given in Table 6 shows that the
calculated charge values Q(i) and valences V(i) are in good agreement with the oxidation levels
weighted by the occupancy rates. Bond valence sums calculation provides values of 6.089, 5.977,
3.004 and 1.021 v.u. for Mo(1), Mo(2), Cr and mixed Li/Na site, respectively, which are consistent
with formal valences Mo® Cr®" and (Li*/Na*). Thus, observed distortion of Mo(1)Og and (Li/Na)Os
octahedrons, has no remarkable effect on the average distances nor on the charges of the ions in the
structures which prove to be identical to those recorded in Table 2 and similar to those encountered

in different molybdates of the literature [1, 7-11].

Powder X-ray diffraction of f-Nao.13Lio.s7Cr(MoQ4)2 and LiCr(MoQ4)2

The refinement of the diffractograms was carried out, using the Fullprof program [40], by the
Le Bail method [41], which consists in refining only the parameters of profile and unit-cell. During
profile matching, the background is likened to a polynomial equation and the line profile to a
pseudo-Voight equation. When all these parameters are refined as well as the cell parameters and
zero, a good superposition is obtained between the experimental diffractograms and the refined one

(Figures 4 and 5). The refined crystallographic and profile Matching parameters are given in
Table 3.
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Table 3: Crystallographic data of the indexed phases and the matching profile factors.

Compound B—Lio,s7Nao.13Cr(MOO4)z. LiCl‘(MOO4)2
Crystallographic data
Crystal system Triclinic Triclinic
Space group P-1 P-1

a= 6.7236A, b="7.1718A, c=7.2487A, a=6.7090A, b=7.1629A, c=7.2323A,

Cell parameters o=91.176°p=110.545°y=105.579°  0=91.094°, B=110.4139°, y=105.5128°

Volume (1&3) 312.934 310.840
Refinement results
R, % 2.66 2.26
Rvwp % 4.13 3.18
Rexp % 1.41 1.44

Number of refined

36 36
parameters

Thermal Analysis of B—Lio.s7Nao.13Cr(MoQOa4)2

The thermal analysis curves of f—Lio.g7Nao.13Cr(MoQOs)2, performed in the thermal range from room
temperature to 1000°C are shown in Figure S3. In the heating cycle, no significant weight loss has
been observed up to incongruent melting point at about 810°C, indicated by an endothermic peak in
DTA curve. The very minor weight loss, on the order of 1%, can be attributed to small errors
associated with a potential evaporation of a small amount of surface moisture. While cooling the
sample, three exothermic peaks are observed, which are characteristic of the crystallization of the

phases formed after decomposition of the compound during the non-congruent melting phase.

Morphological Properties
We present in Figures 6a, 8b, 8¢ and 8d the lozenge morphologies of LiCr(MoOs)> and
B-Lio.g7Nao.13Cr(MoQs4)2 before and after sintering respectively. We observe grains of similar sizes

to those of un-sintered pellets and large grains resulting from the agglomeration of several grains.



Fig. 6: SEM micrographs of pellets; LiCr(Mo0O.): ; (a): before sintering, (b): after sintering and
B-Lio.s7Nao.13Cr(MoQs)2 ; (c): before sintering, (d): after sintering.

Electrical Properties
Impedance Spectra

To evidence eventual alkali cations mobility in the channels occupied by Li* and Na* along [101]
direction, ionic conductivity measurements were carried out. The Nyquist plots of LiCr(Mo00O4)2 and
B-Lio.g7Nao.13Cr(MoQs4)2 samples, at different temperatures, are thus shown in Figure 7, Figure S4
and Figure 8, respectively. Zview software [42] was used to fit plots. It can be noted that in high
frequency domain, the impedance diagrams show only one typical semicircle arc. Thus, an
equivalent circuit containing a resistor R connected in parallel with a constant phase element CPE

has been used to adjust the impedance diagrams. The latter contribution is an empirical impedance

function of the type: Z cpg, = ; (<1 < p=<1), where A is a pseudo capacitance obtained from

A(jo)’
CPE.
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Fig. 7: Complex impedance spectra of LiCr(MoOs), [375°C-449°C].
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Fig. 8: Complex impedance spectra and equivalent circuits of B-Lios7Nao.13Cr(IM0QO4)o.

At higher temperatures, the impedance spectra are shifted from their origin. This led us to add

to the previous circuit a resistor Ry in series taking into account the contacts of the electrodes and

external wires. The fitted values of different electric parameters for LiCr(MoOs)> and

B-Lio.s7Nao.13Cr(Mo04)2 compounds, at different temperatures, are illustrated in Table 4 and S. Note

that, at low frequencies (f < 20Hz), a minor contribution is spotted; it is tentatively assigned to

interfacial phenomena related to the electrode reaction [43], and not investigated further.

Table 4: Electrical parameters of LiCr(MoOQs); obtained from equivalent circuits at
326 <T(°C) <618, refined using Z-view software.

T(°C) R(€2) R(Q) A(10M FsPh) p C10"F)  cac(Scm™)
326 - 975700 2.82 0.83625 3.61 7.864 107
350 - 477550 292 0.83749 3.34 1.607 106
375 - 236760 3.34 0.83241 3.14 3.241 10°
399 - 97954 3.06 0.84024 2.73 7.83310°
424 - 52078 3.13 0.84201 2.57 1.473 10°
449 - 33948 4.41 0.82556 2.59 2.260 107
474 - 22291 4.94 0.82169 252 3.442 10°
496 - 14897 5.96 0.81312 242 5.151 107
522 - 9933 6.64 0.80912 2.31 7.725 107
547 - 6451 8.66 0.79616 2.17 1.189 10
595 1328 1321 3.23 0.93592 10.12 5.808 10*
618 1284 645.2 2.54 0.99614 23.66 1.189 107

Table 5: Electrical parameters of B-Lio.s7Nao.13Cr(MoOs), obtained from equivalent circuits at 399<0
(°C) <522, refined using Z-view software.

T(°C) Ry(Q) R(Q) A(10" FsP!) p C(10"?F) o6a(Scm™)
399 - 462060 0.49 0.93671 2.05 1.617 10°°
424 - 125460 0.56 0.93269 2.03 5.95410°¢
449 7414 2686 3.72 0.87475 3.69 2.781 10
474 1102 1260 1.68 0.96451 8.75 5.928 10
522 868 409 45.6 0.8359 21.77 1.826 1073
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In the linear Arrhenius plot for total alkaline ions conductivity [In(cq.T) vs. 1000/T], given in
Figure 9, two regions with distinctly different slopes can be seen, with a crossover occurring
around 430°C for B-Lio.s7Nao.13Cr(Mo00Os), sample. For both compounds the temperature-dependent
ionic conductivity increases from 7.86.107 S cm™ at 326°C to 1.19.10° S cm’! at 618°C for
LiCr(MoOs) and from 1.62.10% S cm! at 399°C to 1.83.10° S cm™ at 522°C for

B-Lio.s7Nao.13Cr(Mo00s4)2, indicating good ionic conductivities at higher temperatures.

E.=1.33eV, |icimon,),
® LiNa, .Cr(MoO,),
—Fit

In (o, T(Q" em"K))

-10 4

— T 11— +—7—
1,0 11 1,2 1,3 1,4 15 1,6 1,7 1,8 1,9

1000/T (K™)

Fig. 9: Arrhenius plot of LiCr(MoOs), and B-Lio.g7Nao.13Cr(MoOs), as function of temperature.

Following the Arrhenius law, an activation energy of 1.09 eV is found by fitting data in all
thermal range for LiCr(MoQs4)2, while for B-Lio.g7Nao.13Cr(MoQOs)> two different activation energies
are found; 2.17 eV between 399 °C and 430 °C, and 1.33 eV in the range of 450 to 522°C. This
observation of two distinct linear regions in the Arrhenius plot of f-Lio.g7Nao.13Cr(MoOs)2 sample is
common, and generally indicates competition between two or more diffusion mechanisms or a

phase transition [44-48].

(b)

Fig. 10: Tunnels dimensions in (a) LiCr(Mo0Q4), and (b) B-Lio.s7Nao.13Cr(Mo00O4)2 compounds
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To verify if the decrease of conductivity and increase of activation energy, observed at low
temperature in P—Lio.s7Nao.13Cr(MoQO4)2 compound, is not the result of a steric effect due to the
presence of Na* cations in tunnels, tunnels dimensions have been examined for both compounds
and presented in Figure 10. It can be noticed that the partial substitution of the Li site by Na did not
result any change in the sections of the tunnels occupied by alkaline cations, with tunnel widths of
about 4.80A for LiCr(MoOQa4)2 and 4.802 A for B-Lio.s7Nao.13Cr(Mo00O4)2, as shown in Figure 10a
and 10b, respectively.

However, despite the fact that B-Lio.s7Nao.13Cr(MoO4)2 compound requires a higher activation
energy for alkaline cations mobility at low temperature, its conductivity is much higher than
LiCr(MoOs)> for high temperatures, which shows that the presence of Na cations promotes the
improvement of the ionic conductivity in B-Nao.13Lio.s7Cr(MoOs)> material compared to that of

LiCr(MoOa4),, as it’s presented below in the Tables 4 and 5.

Pathways transport simulation: Bond Valence Energy Landscape (BVEL) concept

To correlate the structural characteristics of both materials and their ionic conductivity, we
have studied the most probable paths of cation migration by the BVEL calculation concept. As
expected by crystal structure, the migration of the alkali-ions is according to the direction [101] for
both compounds. The activation energies calculated by the program, for the alkali-cations mobility
along this direction, are of 1.09 eV for LiCr(MoO4), and 1.49 eV for B-Lio.g7Nao.13Cr(MoQs).
Thus, the mobility of the alkaline atoms in mixed Li/Na site is more difficult in

B-Lio.87Nao.13Cr(MoQs4)2; it encounters more energy barriers than LiCr(MoQs)2, Figure 11.

(a)

(b)

c A4

Fig. 11: Bond Valence Energy Landscape of (a) LiCr(MoQs), and (b) B-Lios7Nag.13Cr(MoQO4)>.

To try to understand the diffusion mechanism as well as to determine the migration paths of

alkaline cations in the structure of P—Lio.s7Nao.13Cr(M00O4)> compound at low temperature. We

13



determined the isosurfaces of diffusion using an energy value of 2.2 eV, corresponding to the

activation energy found for f—Lio.g7Nao.13Cr(MoOs4)> compound (Ea = 2.17 eV, Figure 9).

Fig. 12: Bond Valence Energy Landscape of Na*/Li* migration
in B-Lio.g7Nao.13Cr(Mo0Qs4), compound, for energy value of 2.2 eV.

Thus, determination of diffusion isosurfaces, presented in Figure 12, shows that the mobility of
alkaline ions is along the three crystalline network directions of the structure. This may be
explained by the fact that low temperatures do not sufficiently activate the movement of atoms in
the network; consequently, ion migration is more difficult.

In-situ High-Temperature X-ray Diffraction

Structural stability and thermal expansion

To complete structural study as well to follow structure thermal stability of
B-Lio.87Nap.13Cr(MoQ4)> compound, the powder High-Temperature X-Ray Diffraction (PHTXRD)
has been also done in temperature range of 25 to 650°C. Thus, different diffractograms presented in
the Figure S5 indicate that the B-Lio.g7Nao.13Cr(MoQOs)> phase maintains the triclinic structure and

is also structurally stable up to 650°C.

In Figure 13, presenting the zoom of the diffractograms in the thermal zone between 430
and 570°C, where the conductivity jump was observed (figure 11), no phase transition was

observed confirming the results obtained with DTA-TGA measurements.
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Fig. 13: Powder High-Temperature X-ray Diffraction patterns of P-Lios7Nao.13Cr(M0O4),
for 430°C < T <570°C
For all temperature, the unit-cell parameters were refined in triclinic symmetry, using the

pattern-matching option of Fullprof program and refined unit-cell parameters are listed in Table S6

and plotted in Figure S6.

The plots of thermal evolution of unit-cell parameters and angles presented in Figure S6, show that
the lattice constants a, ¢ and angles a, B increase upon heating, while b and y decrease with increasing
temperature. The thermal variation of unit-cell parameters (a, b, c¢), angles (a, 3, y) and volume V were
followed to fit the binomial equation : Xt =x0+x1 T + x2 T2, with (X=1a, b, ¢, Q, B, yor V), where T is

the absolute temperature, and (xo, x1, x2) refined coefficients, presented in the Table 6.

Table 6: Refined coefficients in binomial equation (Xt = xo + x1 T + x2 T?) of unit-cell thermal variation in
B-Lio.g7Nao.13Cr(MoOs), compound

a b c a B Yy | 4
X0 6.72 7.17 7.24 91.16 110.53 105.63 312.43
x1 (10 5.06 -11.64 38.98 93.34 74.88 196.46 1517.6
x2 (10°®) 2.30 8.14 -10.91 -29.61 14.04 28.34 -78.08

For each temperature, thermal expansion of unit-cell parameters, angles and volume, are

1 ( XT~ X273)

determined; where thermal expansion coefficients 0(x)r are defined as a(x)p = " T 273
273 -

b

with (x= a, b, ¢, a, 3, y or V). Thus, averaged thermal expansion coefficients for crystallographic

axes (0a, Ob, Oc), angles (Oa, OB, Oy) and volume Ay are listed in the Table 7.

Table 7: The averaged thermal expansion coefficients in the unit cell of f-Lio.s7Nao.13Cr(MoQOs4),.

Oa Olb Oc Oa ap Oy 00%
(105K 9.45 -11.10 47.80 8.72 7.27 -17.40 48.20
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The anisotropy of the axial and angular thermal expansivities of (a, ¢) axes and (@, [)
angles; and contractivities of b axis and y with the magnitude of (0 > Oy > Op) for unit-cell axes and
of (0a > ap > dy) for angles, accompanied by dramatically decreasing of yangle (between a and ¢
axes) result in important deformation of metallic polyhedra.

Magnetic Properties

The magnetic behavior for LiCr(MoQOs), and B-Lio.s7Nao.13Cr(Mo00O4)> compounds has been
also studied. Thus, Figure 14 shows the corresponding temperature dependence of the magnetic
susceptibility X(T) and his invers X!, measured in field-cooled condition under an external magnetic
field of 500 Oe, revealing magnetic ordering with an antiferromagnetic component below the Néel

temperature Tn.
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Fig. 14: Magnetic susceptibility y and inverse x'versus temperature from 2 to 300K for (a) LiCr(MoO4), and
(b) B-Lio.s7Nao.13Cr(Mo0Os)s.
Both compounds show a sharp antiferromagnetic (AFM) to paramagnetic (PM) transition with Néel

temperature Tn, defined as the temperature corresponding to maximum of the magnetic
susceptibility X(T) curve, which is about 16K and 30K for LiCr(MoOs), and
B-Lio.s7Nao.13Cr(MoQOs4)2, respectively. The temperature dependence of inverse magnetic
susceptibility (x') in the high-temperature range obeys the Curie-Weiss law. Thus, magnetic
parameters of the both compounds have been determined by the adjustment of experimental data
using a linear law of the inverse susceptibility y''; and given in Table 8. In addition, it can be seen
that the minimums of the ! curves are accompanied by negative 0 (K) values thus indicating the
presence of strong antiferromagnetic couplings. In addition, It is noted that the values of the peft

obtained experimentally are very close to the theoretical value, 3.87us, calculated for a free Cr’*
(Hogt = 2+/S(S + )pp with S = 3/2).

Table 8: Magnetic characteristics of the compounds LiCr(MoOs); and B-Lio.s7Nao.13Cr(MoO4)..

Compound Tn(K) 0(K) C Meft
LiCr(MoQOy): 16 -106 1.83 3.88
B-Lio,s7Nao_13CI‘(MOO4)2 30 -165 2.23 422
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To clarify the nature of the transition below Néel temperature Tn, Magnetic isotherms (M vs
H) were measured at 2K. Magnetic hysteresis M (H) loops for representative samples in
antiferromagnetic region from -6T to 6T, are shown in Figure S7 for LiCr(MoOs)> and

B—Lio.g7Nao.13Cr(MoOs)2 compound, respectively.

For both compounds, a weak hysteresis being more pronounced for B—Lio.g7Nao.13Cr(MoQOs)>
compound is observed. At this temperature (2K), the coercive magnetic field Hc was found equal to
110e and 750e; while remnant magnetization was estimated to 1.2 memu/g and 4.5 memu/g, for
LiCr(MoOs4)> and B-Lio.g7Nao.13Cr(MoQs4)2, respectively. It is worthy notice that, at all studied
magnetic field domain, the magnetization M varies almost linearly with H up to the highest
measured field 6T, without showing any feature of meta-magnetic transition. Thus, measured
magnetization reaches a value of only 291 emu/g (0.20ug) and 3.08 emu/g (0.21ug), for
LiCr(MoOs4)> and B-Lio.g7Nao.13Cr(MoQ4)2 at H = 6T, respectively. They are far below the expected
saturation magnetization Ms = 3ug where (Ms = gSus, with g= 2 and S = 3/2). That clearly points

out to the antiferromagnetic coupling in both compounds.

CONCLUSION

—Lio.87Nao.13Cr(MoQO4)2 compound has been synthesized as single crystal by solid-state
reactions. Its structure has been determined by single crystal XRD. The Bond valence sum model
(BVS) and charge distribution method (CHARDI) were used to confirm the structural model. This
structure, isostructural to LiCr(MoOs)>, presents an open anionic framework facilitating ionic
conductivity. The Rietveld refinement analyses of powder X-ray diffraction data have confirmed
purity of the prepared powder materials. TGA/DTA thermal analysis shows no phase transition for
the studied compound. As deduced from impedance spectroscopy and supported by BVEL
calculations, the Na substitution of Li-site decrease the activation energy at high temperature,
resulting a significant improvement in the ionic conductivity. In-situ High Temperature X-Ray
Diffraction was used to study the thermal expansion of the studied material. Furthermore, the
magnetic properties of both materials have been comparatively demonstrated using the field cooling

squid measurements.

SUPPLEMENTARY MATERIAL

CCDC 1957397 contains the supplementary crystallographic data for and
B-Lio.g7Nao.13Cr(MoQO4)2.  These data can be  obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or by
contacting the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: +44 1223 336033.
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The figures and tables indicated by Figure S* and table S*, respectively, could be consulted

in a supplementary file.
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