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In this study, we have focused on the thermal decomposition of the material generated by ion-
exchange of decavanadate ions into the layers of a magnesium aluminum hydroxide hydrotalcite-
like compound, over the temperature range from ambient to 650°C. Using powder diffraction
data and Raman and XANES spectroscopy, it was found that the intercalated decavanadate ions
transform into cyclic and chain-like metavanadate species at temperatures between 160-350°C. The
metal hydroxide layer structure remains intact until 350°C. Reaction between the metal oxide and
the metavanadate species to form magnesium vanadates is only observed for samples heated in

excess of 450°C.  © 1990 Academic Press, Inc.

INTRODUCTION

Layered materials that are characterized
by structures held together by strong cova-
lent bonds in the xy plane but considerably
weaker bonds in the z direction include ma-
terials such as graphite, silicic acids, zirco-
nium phosphates, smectites and hydrotal-
cite minerals (/-5). The weakness of
bonding in the z direction can be readily
exploited to introduce atoms, molecules,
and ions into the interlayer space, thereby
generating a diverse group of materials with
applications in technologies involving bat-
teries, catalysts, and ionic conductors
(6-8).

Of particular interest to this paper are the
materials resembling the minerals belonging
to the pyroaurite-sjogrenite type, repre-
sented by the general formula [MIL MU
(OH),] A7, - z H,0, where M = Mg, Zn,
Fe, Co, Ni, Cua and M™ = Al, Cr, Fe (9).
As an example, the structure of the mineral
hydrotalcite in this group Mg,Al(OH), - Cl
can be thought of as derived from brucite
(Mg(OH),), in which the Mg*? cations are
octahedrally surrounded by edge-sharing
-OH groups in a layer. The layers are
stacked upon each other. Replacement of a

certain fraction of the divalent cations by
trivalent cations such as Al*?leads to a posi-
tively charged metal hydroxide layer, neces-
sitating the presence of anions such as Cl~
in the interlayer space (I0). A large variety
of ions can be introduced into these materi-
als (I1-17). These systems are therefore
complementary to the more commonly oc-
curring cationic clays, in which cations such
as Na', K7 in the interlayers neutralize the
negatively charged aluminosilicate sheets.
Considerable work has been done in order
to generate novel catalytic materials by pil-
laring the aluminosilicate layers in smectite-
type cationic clays with polyhydroxoalumi-
num and zirconium cations (/8-20). The
unique catalytic properties of these materi-
als stem from the novel acidic sites, the ther-
mal stability, and the large internal surface
area.

Pinnavaia and co-workers have recently
shown that it is possible to introduce poly-
oxometalate ions as pillars into layered
metal hydroxides (21). The decavanadate
ion (V,,0x%) was exchanged into the
layers of Zn,Al(OH){, Zn,Cr(OH){, and
Ni;AlI(OH); . Drezdzon has also reported
the exchange of V,,05¢ and Mo,05¢ into
Mg, AI(OH){ via an intermediate terephthal-
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ate derivative (22). Complex Keggin ion
structures have also been introduced into
the Zn,Al(OH){ material (23). Drezdzon,
based on thermal analysis data, concluded
that the heptamolybdate- and decavana-
date-pillared hydrotalcites are stable above
500°C (22). We have recently reported on
the ion-exchange of vanadates into the lay-
ered hydroxide LiAL(OH) (17). Over the
pH range of 3—11, the predominant species
ion-exchanged into the lithium aluminate
were V,07* and V,0p;'. Thermal treatment
of LiAL(OH){-% V,0, was examined and
it was found that the V,07* dimerizes to V,
O;; around 100°C. The interlayer poly-
merization proceeds up to temperatures
of 350°C, with formation of polymeric meta-
vanadates in the interlayer. At higher tem-
peratures, degradation of the frame work
occurs, with ultimate formation of Li;VO,
and LiVO;.

Like their counterparts of pillared smec-
tite clays, interest in these polyoxometa-
late~hydrotalcite materials also stems from
their potential use as catalytic materials. A
patent in 1984 refers to their use for exhaust
gas and hydrocarbon conversion catalysts
(24). Thermal decomposition of various lay-
ered hydroxides have led to catalysts active
for aldol condensation, olefin isomerization,
B-propiolactone polymerization, and meth-
anol synthesis via water—gas shift reaction
(25-28). Photooxidation of isopropy! alco-
hol and selective oxidation of xylene to tolu-
aldehyde have been reported for the poly-
vanadate—hydrotalcite systems, similar to
the materials discussed in this paper (17,
21).

In this study, we focus on the
V100,5—Mg, AlOH), system, synthesized by
procedures similar to that described by
Drezdzon (22). We have followed the inter-
layer chemistry upon thermal decomposi-
tion of this system by X-ray diffraction, Ra-
man spectroscopy, and X-ray absorption
near-edge spectroscopy (XANES), and
have correlated these data to provide a con-
sistent model.

The relevance of the structural studies de-
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scribed in this paper to catalytic applications
of these materials arises from several fac-
tors. It is obviously of importance to estab-
lish the exact nature of the intercalating
anion and its interaction with the layered
hydroxide framework, especially under
conditions typical of catalytic reactions.
This paper shows that Raman spectroscopy
provides a powerful probe for examining the
structure of the interlayer species and their
reactivity upon thermal treatment.

EXPERIMENTAL

Analytical reagent grade chemicals from
Aldrich were used for preparation of all the
samples described in this work. Preparation
of the decavanadate-pillared hydrotalcite
was adapted from the procedure described
by Drezdzon (22). To a solution of 14 g of
terephthalic, 30 g of NaOH, and 200 ml of
H,O was added a solution of 40 g of
Mg(NO;3), - H,0, 30 g of AI(NO,), - 9H,0,
and 125 ml of H,0O. This mixture was heated
at 90°C for 24 h, separated by centrifugation,
and thoroughly washed. The exchange of
the terephthalate with vanadate was carried
out with a solution of 20 g of NaVO, in 100
ml of H,0 adjusted to a pH of 4.5 with 2 M
HNO,. Thermal treatment of the decavana-
date—hydrotalcite samples was carried out
in an oven manufactured by Technical Prod-
ucts Corp.

Powder X-ray diffraction patterns were
obtained with a Rigaku Geigerflex D/Max
2B using nickel-filtered CuKea radiation. Ra-
man spectra were recorded with excitation
from a Spectra Physics Argon Ion Laser
(Model 170) and the scattered light was col-
lected and dispersed with a Spex 1403 dou-
ble monochromator and detected by a C
31034 GaAs photomultiplier tube. Typical
power at the sample was between 10-20
mW. The slit widths were 6 cm ™! and scan
times of 1-3 s/cm~! were used. XANES
measurements in the fluorescence mode
were carried out at the National Synchro-
tron Light Source, Brookhaven National
Laboratory (beam line X-9A), with an elec-
tron energy of 2.5 GeV and ring currents
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Fig. 1. Powder X-ray diffraction patterns of (a)
terephthalate~-Mg,AlOH){ and (b) V;Ox~Mg,
Al(OH); at room temperature and heated to (c) 100°C
and (d) 160°C (12 h at each temperature).

between 100 and 200 mA. Data were col-
lected at the V K-edge (5465 eV). A Si(111)
crystal monochromator was used for select-
ing the appropriate wavelength.

RESULTS

The decavanadate ion was exchanged into
the Mg,Al(OH){ material by replacing the
terephthalate ion using an aqueous vanadate
solution at pH 4.5, as described in the litera-
ture (22). Figures 1a and 1b show the pow-
der pattern for the phthalate-hydrotalcite
sample and upon ion-exchange by vanadate.
The (001) reflections are marked on the fig-
ure and are in agreement with previous stud-
ies (21, 22). The basal spacing (dy,;) corre-
sponding to these reflections is 11.9 A and
leads to a gallery height of 7.1 A, indicating
a V,,03¢ orientation with the C, axis parallel
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to the layers (21, 22). The Raman spectrum
of this vanadate-exchanged material is
shown in Fig. 2b and is compared to
V1,05 in solution (Fig. 2a). Although the S/
N of the spectrum for the hydrotalcite is
poorer than that of the solution, it is quite
clear that all the characteristic peaks of the
decavanadate ion at 320, 454, 534, 595, 834,
975, and 998 cm~! are clearly observed in
the hydrotalcite samples (29). No other
Raman bands characteristic of V,07* or
V03! are observed (29). Therefore, the Ra-
man spectrum provides an unambiguous de-
scription of the intercalated species.

The powder pattern and Raman spectrum
of the V,0,.—-Mg,Al(OH), sample heated to
100°C for 12 h are shown in Figs. 1¢ and 2c,
respectively. There are no significant
changes in these data over the room temper-
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Fi1G. 2. Raman spectra of (a) V,O3f ions in solution
and (b) V;;0,~Mg,AI(OH); at room temperature and
heated to (c) 100°C and (d) 160°C (12 h at each tempera-
ture). Excitation, 457.9 nm.
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Fic. 3. Powder X-ray diffraction patterns of
V 10025-Mg,AI(OH), heated to (a) 220°C, (b) 280°C, ()
350°C, and (d) 450°C (12 h at each temperature).

ature specira, indicating that the decavana-
date ion as well as the framework remains
intact. For a sample heated to 160°C,
changes are apparent in the XRD and Ra-
man spectrum (Figs. 1d and 2d). These in-
clude a new reflection at 4.76 A and the
appearance of a broad band centered at 880
cm~!. The characteristic Raman bands of
the decavanadate are still present, as are the
XRD reflections characteristic of the deca-
vanadate—hydrotalcite complex. However,
it is clear that the decavanadate species is
beginning to transform into other vanadate
species at temperatures above 100°C. This
becomes obvious upon examining the dif-
fraction pattern and Raman spectrum of the
sample heated to 220°C (Figs. 3a and 4a).
Although the X-ray diffraction is still char-
acteristic of a layered compound with three
(001) reflections, the peaks characteristic of
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the decavanadate-hydrotalcite complex
have all disappeared. The gallery height has
decreased t0 4.6 A (dy, = 9.4 A). There is
only slight intensity in the Raman spectrum
at ~1000 cm ™!, which is characteristic of
the V-0 stretch of the nonbonded oxygen
atom of the V405 ion. The prominent Ra-
man bands occur at 870 cm~!, with shoul-
ders at 800 and 960 cm~'. Monomeric and
dimeric vanadate ions exhibit prominent
Raman bands in the region 800-900 cm ™!
(29). For example, the strongest bands in
the spectra of VO;3, HVO;?2, V,074, and
HV,0;3 occur at 827, 877, 880, and 877
cm™!, respectively. Cyclic metavanadate
structures (VO,):~ (where n = 3, 4) exhibit
strong bands around 950 cm ~!. These bands
are all assigned to symmetric stretching mo-
tions of the VO, and VO, groups. Clearly,
the decavanadate ion is losing its integrity
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F1G. 4. Raman spectra of V(03x-Mg,Al(OH)q heated
to (a) 220°C, (b) 280°C, (c) 350°C, and (d) 450°C (12 h
at each temperature). Excitation, 457.9 nm.
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and transforming to simpler vanadate ions
at temperatures beyond 160°C. Samples
heated to 280°C still exhibit a layered struc-
ture (Fig. 3b), but prominent reflections are
alsopresentatd = 3.0,2.57 A. Inthe Raman
spectrum, the peak at 950 cm™! emerges as
the strongest peak, with shoulders at 870
and 750 cm™! (Fig. 4b). We propose that
the interlayer chemistry occurring between
160-280°C can best be described as the de-
polymerization of the decavanadate ion:

+ HVO;Z +5HY. (1)

The kinetics of this reaction has been re-
ported to be slow at room temperature (30).
However, as we discuss later, the high
charge densities of the layer and the anion as
well as elevated temperatures can promote
this reaction. The Raman bands at 950 and
870 cm ™! observed at 280°C are characteris-
tic of V;05° and HVO,?, respectively (29).
The considerable intensity in the region
around 800 cm ™! could be due to VO, 3 (827
cm™!, ¥VO,), formed by deprotonation of
HVO;2 The interlayer distance of ~4.6 A
corresponds well to the width of the
V;0573 ion (~5 A). Upon heating to 350°C,
the Raman spectrum sharpens up with no
contribution below 800 cm~! and the peak
is observed at ~920 cm~! (Fig. 4c). The
diffraction pattern still shows the layer
structure, along with the d = 3.00 and 2.57
A reflections (Fig. 3¢). The samples acti-
vated at 450°C show a Raman spectrum very
similar to that of the 350°C sample, except
that the two peaks at 884 and 938 cm™! can
now be clearly discerned (Fig. 4d). How-
ever, the diffraction pattern indicates that
the layer structure is no longer intact and
only a large angle reflection at 2.47 A is
observed (Fig. 3d). The vanadate species,
at least as evidenced from the Raman spec-
trum, does not change between 350 and
450°C although the layer structure of the
framework collapses in this temperature
range. We assign the Raman bands at 884
and 938 cm ™! to a chainlike polymeric meta-
vanadate species (—0—V0,—0—-VO0O,),on
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Fi1G. 5. Powder X-ray diffraction (a,b) and Raman
spectra of V;0,s-Mg,Al(OH); (c,d) heated to 550 and
650°C, respectively (12 h at each temperature).

the basis of reported studies of metavana-
dates in solution and in solid state (31). For
example, KVO; in solution exhibits bands
at 945 and 860 cm~! and in solid state at 940
and 910 cm™! (2). These vibrations arise
from stretching motions of the VO, unit. The
reaction of the vanadate species occurring
between 220 and 450°C can best be de-
scribed as

n(V;00) 73— 3n(VO,)". )

Upon heating the decavanadate—hydrotal-
cite sample to 550°C, sharp Raman bands
appear at 825, 860, 9035, and 955 cm ! on the
broad metavanadate peak (Fig. 5¢). With
increase in temperature to 650°C, the meta-
vanadate peak disappears altogether and
only the sharp bands remain (Fig. 5d). The
powder diffraction patterns of these samples
are shown in Figs. 5a and 5b. The Raman
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spectra are characteristic of «-Mg,V,0,
(950, 905 cm™!) and Mg,(VO,), (863, 828
cm™Y) (32). The X-ray diffraction peaks at
550°C are characteristic of a spinel structure
(MgALO,, 2.52, 2.02, and 1.43 A) (33)
whereas at 650°C, reflections are character-
istic of Mg;(VO,), (3.28, 3.02, 2.55, and 2.49
A) (34). The reflections due to a-Mg,V,0,
are not observed. As seen from the Raman
spectrum, they form the minor component.
Therefore, between the temperature ranges
of 450-650°C, reaction between the vana-
date species and the collapsed framework
species are occurring. Previous studies of
the thermal decomposition of the Mg,Al
(OH){ framework has shown that poorly
crystalline MgO is formed at temperatures
in excess of 500°C (27). In the presence of
metavanadate, reactions schematically rep-
resented as

MgO + (VO,)i~ — Mg, V,0,
+ Mg;(VOy), ()

can proceed readily. Only the a-form of
Mg, V,0; is observed, since temperatures in
excess of 700°C are required to form the -
and y-forms (30).

Further characterization of this system
was done by examining the vanadium
XANES data for the thermally treated deca-
vanadate—-hydrotalcite samples and model
systems. The X-ray absorption near-edge
structure (XANES) within ~100 eV of the
threshold absorption has been shown to
have considerable structural information
(35-38). Figures 6a~6d show the normalized
V K-edge XANES spectra of the decavana-
date—hydrotalcite samples heated to 100,
200, 350, and 450°C, respectively. The char-
acteristic features of the V XANES spec-
trum include a pre-edge absorption (~0eV)
assigned to a 15 — 3d transition. Vanadium
pentoxide was used as the standard to define
the origin of the pre-edge absorption peak.
This dipole forbidden transition typically
derives intensity by the mixing of the 3d
orbitals with 4p metal and 2p ligand orbitals.
This mixing is promoted by the lowering of
symmetry around the vanadium atom from
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Fic. 6. Vanadium K-edge XANES spectra of
Vi100s-Mg,A{OH), heated to (a) 100°C, (b) 220°C, (c)
350°C, and (d) 450°C.

strictly octahedral to distorted octahedral
and tetrahedral structures, respectively
(35). Itis clear from Fig. 6 that the intensity
of this peak increases as the decavana-
date-hydrotalcite sample is heated from 100
to 450°C and can be correlated with the
change in V geometry from distorted octa-
hedron (V,,0%0) to tetrahedral structures
((VO3)?) upon thermal decomposition, in
agreement with the Raman studies. The
small change in the peak position (A = 0.6
eV) of this band upon thermal treatment is
indicative of the retention of the + 5 oxida-
tion state during thermal treatment. The
prominent band above the absorption edge
is due to the 1s — 4p transition and is part
of the continuum, where features due to
multiple scattering resonances that are sen-
sitive to coordination geometry and inter-
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atomic distances are also observed. We
have compared the edge profile for the sam-
ples at 350 and 450°C treatment with a vari-
ety of model vanadium oxide systems that
have been published and find the best corre-
lations with tetrahedral vanadate, as in
NH,VO, and vanadinite (Pbs(VO,);CD (35).
These results are consistent with the pre-
viously discussed Raman spectra of these
systems.

DISCUSSION

From the thermal decomposition data
(XRD, Raman, XANES) presented above,
we can distinguish between three tempera-
tures ranges. At temperatures below 350°C,
the metal hydroxide framework remains
more or less intact, but the intercalated
decavanadate ion reacts with interlayer wa-
ter molecules to form metavanadates. This
is similar to our observations for the
LiAlL(OH),-V,0; system, in which V,074
was found to polymerize to metavanadates
(17). In both these instances, it is clear that
even though the framework structure is re-
maining intact up to 350°C, interlayer chem-
istry involving the vanadate species is begin-
ning at temperatures as low as 100°C. This
is somewhat unique to the layered metal
hydroxide supports. Previous studies on
alumina supports prepared by impregnation
of vanadate solutions have shown that
both the tetrahedral V,07° and octahedral
V100% species maintain their structural in-
tegrity up to calcination temperatures of
450°C (39, 40). The question then arises as
to what is the cause of the thermal instability
of the decavanadate ion in the hydrotalcite.
The driving force for the decavanadate de-
composition in the hydrotalcite can be ra-
tionalized on the basis of the high charge
density of the framework and the interca-
lated anion. There is some controversy in
the literature about the exact value of the
charge density for Mg,Al(OH){-type com-
pounds (12, 21, 23). Values of 16.6 and 25
A? per unit positive charge on the layer have
been reported. For an ordered arrangement
of cations in a hexagonal cell, we calculate
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a value of 25 A? per charge (I3). For the
decavanadate anion, we estimate from the
crystallographic data that a unit negative
charge is distributed over an area of 15 A2
(41). Thus, in the case of the decavanadate-
pillared hydrotalcite, the charge density in
the interlayers is more localized than the
metal hydroxide layer. The presence of high
dielectric constant water molecules helps
stabilize the electrostatic interactions. Ther-
mal gravimetric analysis of hydrotalcites
has shown that water loss from the interlay-
ers begins at 100°C and continues up to
300°C (10, 27). We propose that this water
loss brings about the chemical changes asso-
ciated with the decavanadate ion. With in-
creasing water loss from the interlayers, the
decavanadate ion due to its high charge den-
sity promotes the polarization and hydroly-
sis of the remaining water molecules, result-
ing in formation of OH~ and H™ ions. The
hydroxide ions are responsible for the de-
composition of the decavanadate ion into
lower charge density cyclic metavanadate
species.

At temperatures between 350 and 450°C,
the layer structure collapses but without any
significant chemical reaction between the
vanadate and the framework species. Ther-
mal analysis studies of a series of hydrotal-
cites with varying metal ion compositions
have shown that dehydroxylation begins at
temperatures greater than 350°C (27, 28, 42).
In some cases, the layer structure can also
be restored by rehydration, even after treat-
ment at temperatures as high as 450°C (27).

It has been recognized that at tempera-
tures of 500°C and beyond, the framework
atoms begin to form metal oxides (27). In
this study, we find that magnesium oxide
then reacts with the metavanadate species
to form specific magnesium vanadates,
namely, a-Mg,V,0,; and Mg;(VO,),.

The most important conclusion of this
study is that the interlayer space in the hy-
drotalcite provides a reactive environment
for the polyoxometalates, even upon gentle
thermal treatment. Therefore, in the prepa-
ration of pillared catalytic materials by use
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of this approach, consideration must be
given to the fact that the polyoxometalate
ion may lose its structural integrity, even
though the layered structure may remain in-
tact. This study has also shown that Raman
spectroscopy and XANES can provide
structural information about the various in-
tercalated and product species.
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