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Mgs(VO,)2, by the Optical Floating Zone Technique
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ABSTRACT: Magnesium orthovanadate crystals (< ® 5 mm x L 55 mm) with a well-defined crystallographic
orientation have been grown successfully in a four-mirror optical floating zone furnace. The crystals grow in the
[010] direction. The transparent orange-brown crystals develop a predominant facet along the [20—1] during the
crystal growth and cleave along the [20—1] and [100] directions.

Introduction

Mixed metal oxides exhibit a wide range of properties
that make them useful materials for many modern
industrial applications, including catalysis. Since they
are ceramic materials, they commonly are used as
polycrystalline or finely dispersed, high surface area
nanocrystalline solids. Often, for purposes of research,
experiments are conducted on polycrystalline samples
when single crystals would be preferable. However,
large single crystals are difficult to obtain because mixed
metal oxides, in many cases, melt incongruently, exhibit
crystallographic phase transitions, or contain a volatile
component. Nonetheless, the effort required to prepare
single-crystal samples is often warranted by the uni-
formity of composition and the precise orientation of a
crystal.

Magnesium orthovanadate is of interest because of
its catalytic properties’ =10 and unique structure.'>12 An
extraordinary characteristic of magnesium orthovana-
date is its structural similarity with its reduced phase,
MgsV206,*2 implying that the surface of the oxide can
undergo multiple reduction and oxidation cycles. Upon
reduction in hydrogen, the cation-deficient spinel,
MgsV20s, transforms to a cation-stuffed spinel, MgsV,0e.
Specifically, the vanadium atoms migrate from tetra-
hedral sites to octahedral interstices, while the octahe-
dral magnesium atoms rearrange to equally occupy the
tetrahedral and octahedral sites.? Similar topochemical
behavior has been exhibited by thin films of Mgs(VO,),
when reduction occurs with propane,!3 confirming that
this system is an excellent model catalyst.

Although magnesium orthovanadate has been shown
to convert light alkanes to their respective alkenes, little
is known about the active sites and the chemistry that
occurs on the oxide’s surface. Reactivity can be influ-
enced by the inter-related parameters of composition,
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crystal orientation, and surface structure, making it
difficult to examine and discern the effect of any one
on the catalytic activity. Knowledge of the active
surface(s)’ atomic structure and of the adsorbed reac-
tants, intermediates, and products is necessary for a
molecular understanding of catalytic oxidative dehy-
drogenation. Single-crystal samples with well-defined
crystallographic orientations can help to understand
these materials with the goal of improving their selec-
tivity. The atomic structure can be determined with
high-resolution electron microscopy (HREM), while the
identification of reactants, intermediates, and products
can be studied with surface science techniques. A single
crystal, free of structural defects, or with a known
amount of well-defined defects, reduces the surface
complexity and would enable fundamental studies of the
surface and its active sites. Recently, the surface atomic
structure of SrTiO3 has been solved using a combination
of single-crystal HREM and direct methods.'*

Large magnesium orthovanadate single crystals are
challenging to grow because Mgs(VO,), melts incongru-
ently. Traditionally, single crystals have been grown
using the flux method.? However, this method results
in crystals imbedded in the flux, which are too small
(<2 mm)?*? for the required surface characterizations.
In contrast to the flux method, the optical floating zone
method, in the traveling solvent zone configuration, can
be used to grow large single crystals of incongruently
melting phases. The compositional change that occurs
in incongruently melting systems is compensated by the
steady state that is established between the liquid and
the boundary where crystallization ensues. Additional
advantages provided by the optical floating zone method
include no contamination as a result of a crucible free
operation and a steep temperature gradient along the
vertical direction, which allows for faster and more
stable crystal growth.

Experimental Procedures
Crystal Growth. Magnesium orthovanadate was prepared

by calcining mixed, stoichiometric amounts of MgO (Alfa Aesar
99.95%) and V,0s (Alfa Aesar 99.995%) at 900 °C. Support
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and feed rods for the crystal growth were formed by hydro-
statically pressing (70 kPa) the Mgs(VOa,), into a rubber tube
of cylindrical shape (6 mm in diameter, 60—90 mm long). The
rods were sintered in air at 1125 °C (24 h) to form dense,
polycrystalline rods. Crystal growth experiments were carried
out using an optical image furnace (CSI FZ-T-10000-H-VI-VP,
Crystal Systems, Inc., Japan) that was equipped with four 300
W tungsten halide lamps and four elliptical mirrors.
Crystal Characterization. Phase identification was made
using powder X-ray diffraction. The data were collected (0.05°/1
s for 10° < 26 < 70°) at room temperature on a Rigaku X-ray
diffractometer using a Cu Ka radiation and a nickel filter. A
single crystal was mounted on a glass fiber for study by single-
crystal X-ray diffraction. All measurements were made on a
Bruker Smart 1000 with a CCD detection plate and a graphite
monochromator at a temperature of —120 °C. The structure
was refined using the TEXSAN software package.'® Dif-
ferential thermal analysis (DTA) was performed on a TA
Instruments DSC 2910 differential scanning calorimeter. The
DTA heating profile consisted of two cycles where the crystal
was heated from room temperature to 1100 °C at 10 °C/min
and cooled to 25 °C at 10 °C/min. The orientations of naturally
occurring facets and the growth direction were determined
using Laue backscattering diffraction. The orientation of the
crystal facets was determined using the Orient Express
software package.® The crystals were mounted 30 mm from
the detector, and a molybdenum source was operated at 19
kV and 21 mA. Electron backscattering diffraction (EBSD) was
also implemented to determine the crystallographic orientation
of naturally occurring facets. The samples were polished,
ultrasonically cleaned, and then coated with ~50 A of carbon
to prevent charging effects in the SEM. The EBSD patterns
were collected at 20 kV using a Hitachi S-570 SEM with LaBs
source equipped with TexSEM Laboratories EBSD equipment.

Results and Discussion

Successful growth of a single crystal involves a stable
liquid zone. Achieving a stable liquid zone requires
dense, chemically homogeneous, straight, and precisely
aligned feed and support rods. If the starting feed rod
is not adequately dense, then more liquid can crystallize
than will be replenished from the melting feed rod, or
the liquid can penetrate into the feed rod by capillary
action. In either situation, the diminishing volume of
liquid will cause the feed rod to disconnect eventually
from the support rod. Crooked or imprecisely aligned
rods rotate out of the center axis during crystal growth
and disturb the stability of the liquid zone.

Uniformly dense, chemically homogeneous straight
feed and support rods were prepared by the process
described above. The rods were aligned in the furnace
by attaching the feed rod to the upper shaft of the
furnace and rigidly fixing the support rod onto the lower
shaft of the furnace. This method of rod preparation
enables a stable liquid zone to form and a successful
crystal growth to occur.

Crystal growth begins by melting the bottom of the
feed rod and the top of the support rod, forming a liquid
zone between the counter-rotating feed and support
rods. Magnesium orthovanadate melts peritectically at
1159 °C, decomposing into crystalline magnesium oxide
and a liquid of peritectic liquidus composition.l” Vola-
tilization of the liquid is eliminated by reducing the
power of the halogen lamps to a limit permitting an
undisturbed rotation. The crystal growth starts with
MgO crystallization on top of the support rod and
proceeds with the upward translation of the mirror
stage. The liquid composition continuously changes until
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Figure 1. Magneisum orthovanadate crystal grown in the
floating zone furnace. Each partition represents 5 mm.

Figure 2. Twinned crystals under polarized light.
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Figure 3. DTA of thermally activated, irreversible, Kinetic
process (detwinning).

a steady state is established between the liquid and the
crystallized magnesium oxide. At this point, a dynamic
steady state is established, and crystallization of
Mgs(VO4)2 commences. The crystallized Mgs(VO,), is
replenished simultaneously from the feed rod. The
crystal growth is performed slowly to maintain equilib-
rium conditions, and by that, the continuous growth of
crystalline magnesium orthovanadate from a liquid of
a different composition results.

Transparent orange-brown crystals (Figure 1) were
grown on polycrystalline supports of Mgs(VO,)2 or on
single crystals oriented with the [20—1] perpendicular
to the growth direction. When growth begins, multiple
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Crystal twin planes were revealed with an optical
microscope. The crystals appeared multicolored under
polarized light (Figure 2). The possibility that the
crystals are twinned was examined with DTA (Figure
3). Exothermic peaks occurred above 900 °C during the
first cycle and did not appear during the second cycle,
evidence of a thermally activated, irreversible process.
In contrast, a reversible thermodynamic process would
exhibit both an endothermic and an exothermic peak
on heating and cooling, respectively, near the transition
temperature. The observed exothermic transitions were
attributed to a detwinning process (i.e., the removal of
twin planes). The treated crystals were reexamined
under polarized light and found to extinguish light
uniformly, which indicates that the twin boundaries
have been removed (Figure 4). This information was
used to remove twinning in other crystals by heating
them at 1000 °C under flowing Os.

Figure 4. Single crystals under polarized light.

nucleation sites were observed to form. The growth rate
and speed of the counter-rotating support and feed rods

were varied to minimize the number of crystal domains. Powder X-ray diffraction was performed to determine
The typical growth rate adopted was 0.5 mm/h. Faster the purity of the crystal samples. The powder diffraction
rates result in several smaller crystalline domains, patterns for crushed crystals grown in both 25 and 100%
while slower rates did not reduce the number of crystal O show no evidence of contamination from another
domains. Further optimization was achieved when both phase (Figure 5). The peak positions of the diffraction
the support and the feed rods were counter-rotated patterns match the calculated pattern taken from
between 16.0 and 18.0 rpm. At these speeds and growth Krishnamachari and Calvo.'* Single crystal X-ray data
rate, the number of nucleation sites was minimized, and (Table 1), for the crystal grown in pure oxygen, was
the largest diameter crystals were obtained. Addition- refined and agrees with the previously published struc-
ally, the crystal diameter was reduced with a necking ture.!! The final R and Ry, values are 0.030 and 0.035,
technique, and the number of crystal domains de- respectively. The atomic positions with corresponding
creased. With these optimizations, the crystal rod was temperature factors are shown in Table 2.
composed of several large domains. The largest crystal The crystals develop a predominant facet (Figure 6)
fragments were ~® 5 mm x L 55 mm. In addition, the during the growth. Laue diffraction was employed to
growth atmosphere was varied from a flow of 25% O,/ determine the orientations of the predominant facet and
75% N, to 100% O,. Crystals grown in 25% O, are the growth direction. The obtained pattern for the
darker in color than crystals grown in oxygen. Presum- predominant facet (Figure 7) was indexed to [20—1]
ably, the oxygen atmosphere stabilizes the vanadium direction, and the growth direction (Figure 8) was
with respect to trace reduction. indexed to [010]. The cleavage planes were indexed to
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Figure 5. PXRD spectra of crystals grown in O; (top) and 75% N,/25% O, (middle) as compared to the calculated pattern (bottom).
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Table 1. Summary of Crystallographic Data

chemical formula Mg3(VOa)2
formula weight 302.79
space group, Z Cmca (64), 4
a 6.0495(8) A
b 11.426(2) A
c 8.303(1) A
Dcalc, Dmeas? (g/cm?) 3.504, 3.48
u(Mo Ko 35.91cm™?!
20max 56.6°
no. reflections meas. total: 2662

unique: 432

1 > 3.000(1) 313
R (Rw)? 0.030 (0.035)
goodness of fit 2.32

AR = Y||Fobs| — [Fearcll/Y|Fobsl; Rw = [XW(|Fobs| — ‘Fcalc‘)z/
3 |Fobs|2]%-5. P Measured at room temperature.

Table 2. Atomic Positions for Mgs(VOa),

atom Wyckoff position X y z Beq?
V(1) 8f 0 0.3797(8) 0.1209(8) 0.42(1)
Mg(1) 4b 0 0 0 0.55(3)
Mg(2) 8e 0.25 0.1353(1) 0.25 0.52(2)
O(1) 8f 0 0.2514(2) 0.2274(3) 0.54(5)
0O(2) 8f 0 0.0037(2) 0.2442(3) 0.51(5)
0O(3) 169 0.2723(3) 0.1179(1) 0.9974(2) 0.53(3)

a Beq = 8/37%(U11(aa*)? + Uza(bb*)? + Uss(cc*)? + Uiaa*bb*cos
y + Ujzaa*cc*cos f + Ugsbb*cc*cos o).

Figure 6. Predominant facet that forms during the crystal
growth.

the [20—1] and [100] directions on an X-ray diffracto-
meter. Figures showing the unit cell oriented in the
three directions can be seen in the Supporting Informa-
tion. The crystals can be oriented and cut to obtain other
low index surfaces, enabling the fundamental study of
the active sites for a better understanding of the surface
reactivity.

Electron backscattering diffraction (EBSD) was also
implemented to verify the crystallographic orientation
of the naturally occurring facets on the Mgs(VOa), single
crystals. The sample preparation for EBSD is crucial
since the diffraction information originates in approxi-
mately a 20 nm layer at the surface, corresponding to
the penetration depth for backscattered electrons. The
naturally forming facets were identified, and the crystal
surfaces were polished to investigate those facets. For
this experiment, the electron beam is stationary and
incident to the surface of the sample at a glancing angle
of less than 35°; the geometry is maintained to ensure
a high backscattered signal coefficient. The resulting
pattern is collected on a phosphor screen. First, a
background signal from a larger area was collected, and
then the beam was focused on a specific site and an
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Figure 7. Laue back-reflection of the predominant facet that
develops during the growth. The direction of the facet is
indexed to [20—1].

Figure 8. Laue back-reflection of the crystal growth direction
indexed to the [010] direction.

EBSD pattern was obtained. The resulting Kikuchi map
was analyzed according to the known space group and
crystal system of the material to calculate the crystal
orientation through measurement of the angles between
the different Kikuchi lines. The resulting EBSD pattern
is shown in Figure 9. The obtained pattern corresponds
to [20—1] zone axis, agreeing with the results from Laue
diffraction.

Conclusion

The growth of large single crystals of magnesium
orthovanadate consists of finding the correct set of
conditions for a stable liquid region. The growth condi-
tions for high quality Mgs(VO,), single crystals have
been presented. X-ray characterization shows agree-
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Figure 9. Electron backscattering diffraction of the [20—1] direction. (A) The original EBSD pattern with inverted contrast. (B)

Kikuchi lines are drawn in and indexed.

ment with the structure published by Krishnamachari
and Calvo.!! There is no evidence of contamination by
another phase, but the crystal is composed of several
domains. The single crystals grow in the [010] direction
and develop a facet in the [20—1] direction during the
crystal growth.

The results of this study will make it possible to grow
large single crystals of other related vanadates. For
example, pure polycrystalline samples of Mn3(VO,), and
AIVO,4 have been reported as challenging to prepare.181°
As in the case of Mn3(VO,),, the oxygen partial pressure
is a critical factor affecting the crystal growth. From the
results of Wang et al.,® a crystal of Mn3(VO,), should
be grown in an Ar atmosphere. Aluminum orthovana-
date, AIVOy, exhibits a peritectic reaction at 765 °C.20
Thus, it may be possible to grow a crystal of AIVO,4 in a
flux that melts below 765 °C. In general, phases with
an increasing number of elements are inherently more
difficult to grow.21=24 Understanding the factors that
affect crystal synthesis will enable the growth of large
single crystals of materials that are currently difficult
to grow.
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