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Orthorhombic In;Mo30;; has low negative linear coefficient of thermal expansion (o;=-1.85x
10-6°C-1) as evaluated by X-ray powder diffraction using a synchrotron facility. The linear coefficient of
thermal expansion for orthorhombic In,Mo3 013 is directly dependent on the inherent volume distortion
parameter (V) of InOg. This finding strongly corroborates the recently proposed relationship between

the linear coefficient of thermal expansion in A;M301; compounds (¢;) and the distortion level of AOg
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polyhedra. With the increase of inherent distortion parameter (v) of AOg polyhedra, the linear coefficient
of thermal expansion becomes more negative. Another important feature of AOg polyhedra, including
InOg, is that their distortion increases as a function of temperature. Orthorhombic In,Mo3 05 is stable in
the studied temperature range, 370-760°C.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In accordance to some recent findings, In,Mo301, compound is
an outstanding catalyst for the production of olefin from paraffin
[paraffin=olefin + hydrogen| through dehydrogenation (DH) fol-
lowed with selective hydrogen combustion (SHC) in a process
which is not thermodynamically restricted [1]. It is suggested that
in this process, operating in the temperature range between 450 °C
and 550°C, In;Mo307, compound oxidizes with great preference
H, in comparison to olefins (propylene) showing high selectivity of
almost 99%. However, there is lack of information in literature about
the thermal properties of this compound, such as thermal expan-
sion coefficient and thermal structure stability. It is only known that
this one presents a first order phase transition at around 335°C to
337°C, from monoclinic to orthorhombic structure as determined
by thermal methods [2,3], while a recent thermochemical study
pointed out that the orthorhombic phase is entropically stabilized
since it has positive enthalpy of formation [3].

Since Evans et al. [4] pioneering work on the thermal expansion
of some molybdates and tungstates from A;M304, family, where
A could be any trivalent transition metal and/or rare earth ele-
ment, while M is generally some hexavalent cation such as Mo®* or
W6* it is generally established that monoclinic phases show nor-
mal (positive) thermal expansion coefficients, while orthorhombic
modifications demonstrate negative thermal expansion (NTE),
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although there are several exceptions from this rule [5]. Marinkovic
et al. have systematically studied A, M301;, and structurally related
families [5-8] due to their high chemical flexibility and, there-
fore, due to the possibility of synthesis of new materials with
controlled thermal expansion coefficients. Very recently, they pro-
posed [8] that the linear coefficient of thermal expansion (¢;) of the
A,M301, compounds is directly dependent on the distortion level
of AOg polyhedra. This polyhedral distortion is expressed through
the inherent volume distortion parameter (U) — defined as the dis-
tortion of AOg polyhedra at the lowest available temperature — as
suggested by Marinkovic et al. [8], based on the polyhedra distor-
tion parameter originally introduced by Makovicky and Balic-Zunic
[9]. In another study of considerable interest for understanding of
A,M301, compounds, Hu et al. studied the influence of light and
heavy rare earth elements on its thermal expansion properties [10].

Herewith, we report our findings on the thermal expansion
and structure stability of InMo3013, a member of A;M301, fam-
ily not previously characterized for these properties as far as the
authors are aware of. A detailed understanding of thermal expan-
sion properties of AyM301, family is fundamental for eventual
future applications of these phases in composites, substrates for
high-precision optical applications and/or Fiber Bragg gratings.
However, several issues essential for application of this family in
practical purposes are not well understood.

First, engineering of controllable thermal expansion materi-
als (solid solutions) is still not well resolved. For example, it
was unexpectedly found that AlFeMo30q; and Aly 4FeggMo03013
phases in Al,_yFexMo301, system have higher positive linear
coefficients of thermal expansion (¢;) than the pure phases
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(Al;Mo3041, and Fe;Mo3013) [5]. Linear coefficients of thermal
expansion in Cry_yFexMo3012, Y2_xNdxW3013, Y2_xSmyW301;5 and
Cry_xYbxMo30q; solid solutions [5,11-13] also deviate from the
expected trend which assumes that negative thermal expansion
will become more negative with the entrance of larger A3* in the
structure of A;M301, phases [14].

Secondly, in accordance to this classical and reasonable ratio-
nalization NTE becomes more negative with increase of A3* radius
which enhances slight polyhedra shape changes as a function of
the temperature required for the appearance of rocking motions
in this structural family [14]. Therefore, considering In3* radius
of 0.80A, In,Mo304, should demonstrate a negative thermal
expansion coefficient higher than the measured for Sc;Mo301;
(0p=—2.1x10"6°C-1) [15], but lower than the evaluated for
LuyW301, (aj=—6.8 x 1076°C-1) [14] (see also Fig. 5 in Ref. [5]
for the complete picture of this dependence). However, there are
already several examples of discrepancy between the expected and
measured values of linear coefficients of thermal expansion, such
as Cr;Mo301,, Fe;Mo301; [5], TmyMo301, and TmyW3012 []6].

At last, the factors that control the temperature of phase transi-
tion between monoclinic and orthorhombic phases (with generally
negative thermal expansion although several exceptions show pos-
itive expansion) are also not fully understood [8]. Therefore, having
this in mind it can be inferred that there is still lot of room for further
investigation of these materials.

This study has two additional aims. In order to evaluate the
robustness of the previously proposed dependence between the
distortion level of AOg polyhedra and the linear coefficient of
thermal expansion (o) [8], it is necessary to test other A;M301;
compounds that have not been previously evaluated due to the lack
of crystal structure data (and their variations with temperature).
Also, In;Mo301, is potentially attractive for catalytic purposes,
operating in the temperature range from 450 °Cto 550 °C, therefore,
it is necessary to evaluate its thermal properties.

2. Experimental

In,Mo304, was produced by solid-state reaction from a sto-
ichiometric mixture of MoO3 (Fluka 99.98%) and In,0O3 (Fluka
99.9%). The reactants were preheated at 500 °C for three hours, then
weighed, mixed and homogenized in agate mortar. The preheated
powders were heat treated in alumina crucibles at 700 °C for 48 h,
followed by an intermediate grinding at room temperature, heated
again at 780°C for 20 h and cooled down in furnace.

High-temperature X-ray powder diffraction (HTXRPD) was col-
lected in air at seven different temperatures (100°C, 200°C, 320°C,
370°C, 500°C, 630°C and 760°C) at the X-ray Powder Diffraction
(D10B-XPD) beamline [17] of the Brazilian Synchrotron Light Lab-
oratory (LNLS). The samples were placed after a dipolar source.
X-rays of wavelength 1.23989 A were selected by a double-bounce
Si(11 1) monochromator, with water-refrigeration in the first crys-
tal, while the second one is bent for sagittal focusing. The beam
is vertically focused or collimated by a bent Rh-coated ultra low
expansion glass mirror placed before the monochromator, which
also provides filtering of high-energy photons (third- and higher-
order harmonics). The vertically focused beam provided a spot of
~1.0 x 10~3 m (vertical) x ~2 x 10~3 m (horizontal) into the sam-
ple position. The experiments were performed in the vertical
scattering plane, i.e., perpendicular to the linear polarization of
the incident photons. Wavelength and the zero point were deter-
mined from eleven well-defined reflections of the SRM640c silicon
standard. The diffracted beam was analyzed with a Ge (11 1) crys-
tal analyzer and detected with a Na(TI)I scintillation counter with
a pulse-height discriminator in the counting chain. The incoming
beam was also monitored by a scintillation counter for normaliza-
tion of the decay of the primary beam. The powder sample was
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Fig. 1. High-resolution XRPD patterns for In,Mo30;; at 100, 200, 320 °C [monoclinic
structure] and 370, 500, 630, 760 °C [orthorhombic structure].

measured in flat-plate geometry and data were recorded at differ-
ent temperatures for ~0.5 s at each 26 in steps of 0.003° from 10°
to 70°. A calibration curve [5] for the furnace was obtained using a
NIST Si sample and its cell parameter variation with temperature,
provided by Yim and Paff [18].

LeBail and Rietveld (anisotropic) refinements were performed
using Topas-Academic software [19]. Rietveld refinements of the
orthorhombic structure were carried out in the standard space
group Pbcn (no. 60) using, at the beginning, Cr,Mo301, atomic
positions (ICSD-418845) as the structural model. Analyses of InOg
polyhedral distortion in orthorhombic structure at different tem-
peratures were carried out by IVTON program [9].

3. Results
3.1. Phase transition and thermal expansion coefficients

X-ray powder diffraction (XRPD) data corroborated the exis-
tence of the phase transition between 320°C and 370°C (Fig. 1),
previously observed by thermal methods at ~335-337°C [2,3],
showing that the low-temperature and high-temperature phases
are monoclinic and orthorhombic, respectively, as confirmed
through LeBail and Rietveld refinements of X-ray diffraction pat-
terns (Fig. 2). Considering the unit-cell volumes calculated at 320°C
and 370°C for monoclinic and orthorhombic phases, respectively,
AV/Z (volume difference per chemical formula) on the phase tran-
sition is determined to be 4.38 A3 (+1.62%). This value of AV/Z
for InyMo301, compares with AV/Z estimated for Al;Mo304, and
AlbW3013 [3].

The quality of the XRPD data acquired for the monoclinic phase
in the temperature between 100°C and 320°C were not enough
to permit Rietveld crystal structure outputs with physical merit
as judged through the values of Rp,ge factors [20] (Table 1).

Table 1

Rietveld reliability factors for the refined diffraction patterns of In,Mo3013.
Temperature (°C) Raragg (%) Gof Rwp (%) Rexp (%)
100 6.44 1.82 17.32 9.53
200 5.98 1.42 20.72 13.46
320 10.98 1.99 27.32 13.75
370 5.43 1.59 22.37 14.12
500 6.29 1.71 23.52 13.73
630 6.76 1.81 26.10 14.43
760 5.88 1.69 24.02 14.25
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Fig. 2. High-resolution XRPD pattern for In,Mo301, at 370 °C. Experimental profile
(dot lines), calculated and difference profile (full lines).

Axial and linear thermal expansion coefficients (¢;) of monoclinic
In;Mo304, have been calculated using natural logarithmic plots
(Fig. 3) through linear regression (with R values superior to 99%).
Fig. 3 illustrates that all three unit-cell axes (a, b and c¢) demon-
strated normal, positive, thermal expansion in the investigated
temperature range, 100-320°C. As-calculated «; is highly posi-
tive oy =1.24 x 107> °C~1, being higher than the o (7.3 x 10-6°C-1)
determined for monoclinic Sc;Mo301; (4-178K) [14].
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Unit-cell parameters for the orthorhombic modification of
In;Mo3015 have been calculated by Rietveld method. Fig. 4 sum-
marizes the evaluation of axial and linear thermal expansion
coefficients for this phase (R values were always superior to 99%).
It is important to observe that the unit-cell axis a showed positive
coefficient of thermal expansion (aa =5.46 x 10-6 °C-1), differently
from the axes b and c that both shrink with increase of temperature,
their coefficients of thermal expansion being —4.43 x 10-6°C-1
and —6.41 x 10~6°C-1, respectively. These axial thermal expansion
properties resulted in a low negative linear coefficient of thermal
expansion of —1.85 x 106 °C~1, The coefficients of thermal expan-
sion for both phases are summarized in Table 2.

3.2. Crystal structure of orthorhombic InoMo301,

Rietveld refinement of orthorhombic In, Mo3 04, was performed
for XRPD patterns from 370°C to 760°C in order to evaluate
temperature dependence of the crystal structure details, such
as apparent bond lengths In-O and Mo-0, non-bonding dis-
tances In-Mo and interpolyhedral angles In-O-Mo. Rp;agg factors
of InyMo3015, for all temperatures are present in Table 1. This factor
is higher for the XRPD at 630 °C than for the other three XRPD and,
therefore, crystal structure output for 630°C was not considered
for discussion. The main obstacle to perform a better adjustment of
XRPD in the range between 370°C and 760 °C, comparing to some
previous refinements [5,8], was the presence of very high texture
along the [100] direction observed in this sample, a consequence
of a pseudo two-dimensional crystal structure of A,M301, fam-
ily [21]. Fig. 5 exhibits a resume of the temperature dependence
of the principal crystal structure parameters, generally associated
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"ll:?lle):fnzal expansion coefficients («) of In,Mo3 01, in the monoclinic and orthorhombic structure.
Structure o
a, [x10°6°C 1] ap [x1076°C1] o [x10°6°C1] ) [x10°6°C1]
Monoclinic 121 133 18.8 12.4
Orthorhombic 5.46 -4.43 —6.41 -1.85

with the occurrence of NTE in A, M350, compounds. In-Mo mean
non-bonding distances and Mo-O mean apparent bond lengths
were hardly reduced over the investigated temperature interval.
In-0 mean apparent bond length and mean In-O-Mo bond angles
were the most affected structural parameters. Atomic positions and
atomic displacement parameters for the temperatures of 370°C,
500°C and 760 °C are supplied in Supplementary information file.

4. Discussion

Orthorhombic In;Mo304, shows positive thermal expansion
along a axis, a characteristic of A,M301, compounds that has been
already observed, for example, in Fe;_,CryMo3013, Cry_yAlxMo301;
and Al,_yFexMo30q, solid solutions [6]. For these solid solu-
tions, as well as for In,Mo301>, this characteristic is noticed over
the whole investigated temperature range, while in Y,W30q;
[22] and Y;Mo0304, [8] this axis changes its thermal expan-
sion from positive to negative at near room temperatures.
Regarding to its low negative linear coefficient of thermal expan-
sion (a;=—1.85 x 10-6°C-1), it seems that In,Mo30;, represents
another case of discrepancy [5] from the earlier proposed relation-
ship that correlates linear coefficient of thermal expansion with

the radii of A3* cation [14]. Ari et al. have already pointed out sev-
eral other compounds that do not strictly follow this relationship
[5].

Based on the atomic positions of In,Mo3 01, (see Supplementary
information) one can calculate, using IVTON program, the inher-
ent volume distortion parameter (v) of InOg polyhedron and its
variation as a function of temperature. Fig. 6 exhibits the relation-
ship between linear coefficients of thermal expansion and inherent
volume distortion parameter (v) [8] for different compounds
of A;M304, family. This correlation shows a linear dependence
between the thermal expansion and the inherent volume distortion
parameter for all considered compounds. Apparently, this correla-
tion shows areasonable robustness (Fig. 6) still evidencing that v in
InOg (in InyMo3013) and ScOg (in Sc; W3015) are similar, although
o 0of Sc;Mo3 013 is ca. 15% more negative than o of InyMo3015. Vol-
ume distortion parameter of InOg increases with temperature from
0.12% at 370°C and 0.14% at 500°C to 0.18% at 760 °C. The increase
of distortions in AOg polyhedra as a function of temperature was
previously verified for all other studied phases of A,M304; [8].

Orthorhombic In;Mo301; is stable in air in the temperature
interval considered for catalytic purposes (450-550°C) [1] and,
at least, until 760°C. In the operating temperature interval it has
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a low negative thermal expansion, a feature that should be con-
sidered due to catalytic activity of In,Mo304; in this temperature
range. The effects of temperature (through intrinsic negative ther-
mal expansion, dehydration and/or cation relocation) on effective
size of crystal structure openings have been studied for different
zeolites and other molecular sieves [23,24]. Kuznicki et al. [23]
showed, for example, that pore openings in titanium silicate ETS-
4 can be adjusted by temperature in order to perform selective
adsorption of different gases. In another study that considered the
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Fig. 6. Linear coefficient thermal expansion («;) as function of inherent AOg volume
distortion parameter (V) in A, M504, family.

effect of NTE on catalytic properties of zeolites, Bull et al. [24] con-
cluded that in a silicious zeolite, called ferrierite, intercrystalline
channel dimensions were hardly affected by the phenomenon of
NTE.

Based on the atomic position changes (Supplementary
information) one can infer that the openings along c and b axes
define the size of molecules that can pass through this structure and
that these openings were almost unchanged with temperature. In
order to quantify this dependence (size of the intracrystalline open-
ings versus temperature) along c-axis it is useful to follow effective
01-04 and 06-06 distances (see Supplementary information to
visualize these distances) as a function of temperature, obtained
by subtracting twice the oxygen radius (1.35A [25]) from the dis-
tances between the centers of the anions. The 06-06 effective
distance was practically the same (~2.11A) over the whole tem-
perature range, while 01-04 even subtly increased from 1.51A
(at 370°C) to 1.63 A (at 760°C). To have insight about critical size
of the openings along b-axis one should consider another set of
06-06 distances which vectors form a low angle with c-axis (see
Supplementary information to visualize this distance). The effective
size of 06-06 distances was about 2.35 A over the studied tempera-
ture range. Taking this into account it seems that the interactions of
H, molecules (with kinetic diameter of ~2.8 A[25]) with In;Mo301>
do not occur within structure openings and consequently that its
catalytic activity would not be affected by negative thermal expan-
sion.

In future, thermal stability of In;Mo301; should be evaluated
under hydrogen atmosphere in order to simulate working condi-
tions in SHC process, as previously performed by Achary et al. [26]
for A12W3012.
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5. Conclusions

Monoclinic to orthorhombic phase transition in In,Mo301,
occurs around 340 °C. Monoclinic phase has normal, positive ther-
mal expansion, while orthorhombic shows a low negative linear
thermal expansion coefficient (a;=—1.85 x 10~6°C-1). The linear
coefficient of thermal expansion for orthorhombic In,Mo301; is
correlated with inherent volume distortion parameter (v) of InOg
as previously proposed [8] illustrating robustness of this new rela-
tionship. It can be inferred that thermal expansion properties in
A;M301;, can be directly related to the distortion level of AOg
polyhedra. Another important feature of AOg polyhedra, including
InOg, is that their distortion increases as a function of tempera-
ture.

Orthorhombic In;Mo30; is structurally stable in air over the
whole investigated temperature range (370-760°C). The size of
intercrystalline openings are almost unaffected by temperature,
suggesting that hydrogen interaction with In,Mo304, during SHC
process is not sensible to NTE.
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