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Thin films (80-100 nm) of zinc titanate with Zn/Ti ratios between
0.5 and 2.7 were prepared on 2" Si(100) wafers via the metallo-
organic decomposition (MOD) technique. Their morphology, com-
position, and structure were extensively characterized by high
resolution scanning electron microscopy, atomic force microscopy,
X-ray photoelectron spectroscopy (XPS), Rutherford backscatter-
ing spectroscopy, energy dispersive X-ray analysis, secondary ion
mass spectrometry (SIMS), X-ray diffraction (XRD), and glancing
incidence XRD (GIXRD). The catalytic performance of these zinc
titanate thin films in isobutane dehydrogenation was studied in a
newly designed and built wafer reactor in the pulse mode. The zinc
titanate films prepared via MOD consisted of irregularly shaped
grains. The Zn/Ti ratio of the film surface as measured with XPS
was slightly higher than that of the bulk, indicating some zinc en-
richment on the surface. However, the overall composition through
the film was reasonably homogeneous as revealed by a SIMS depth
profiling study. GIXRD showed the existence of the same zinc ti-
tanate phases at all film depths, again indicating a homogeneous
film. The zinc titanate phases found in the films depend primarily
on the film stoichiometry. For films with a Zn/Ti ratio lower than 1,
the phases found were zinc metatitanate (ZnTiO3) with a hexagonal
structure and titanium dioxide. In the films with a higher Zn/Ti ra-
tio, the zinc titanate phase was ZnTiO3 or Zn,TiO4, both possessing
a cubic structure. Catalytic testing of these films in isobutane dehy-
drogenation showed a clear correlation between the structure and
the catalytic performance. Zinc titanate phases with a cubic crys-
tal structure were active for dehydrogenation, but the other phases
were not. The most active catalyst has a Zn/Ti ratio close to 2,
the stoichiometry of which corresponds to the Zn,TiO4 phase. The
highest selectivity to isobutene was ca. 90 mol%, both at 823 and
923 K. The isobutane conversion was 2 and 8 mol%, respectively, at
these two temperatures. Compared with the catalytic performance
of a zinc titanate pellet pressed from powder material, the thin film
catalyst exhibited a higher activity and a remarkably better stability.
(© 1996 Academic Press, Inc.

INTRODUCTION

Catalytic dehydrogenation of isobutane to isobutene is
an interesting route for providing additional olefin sources
for the manufacture of methyl tert-butyl ether, which is re-
quired as an additive in reformulated gasoline by the “Clean
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Air Act.” Thermodynamics indicate that in order to obtain
a reasonably high conversion of the alkanes, the dehydro-
genation process should be operated at elevated tempera-
tures. In the current commercial or near-commercial dehy-
drogenation processes, the commonly applied catalysts are
platinum or chromia systems supported on a carrier (mostly
alumina) (1-3). These catalysts deactivate very quickly dur-
ing the high temperature operation and need to be fre-
quently regenerated (15-30 min to 2-7 days). In addition,
the chromia-based catalyst is toxic, which causes environ-
mental problems during operation (catalyst leaching) and
during catalyst disposal. Hence, the development of new
environmentally friendly catalytic systems offering better
performance is of high interest.

In the literature, zinc titanate is reported to be active in
the dehydrogenation of alkanes (4-6). Zinc titanate was
first applied by Phillips Petroleum to the dehydrogenation
of isobutane, resulting in a modest isobutene yield (4, 5).
Recently, Lysova et al. (6) studied the effect of the chem-
ical composition of the ZnO-TiO; catalytic system on its
phase composition and catalytic properties in the oxida-
tive and nonoxidative dehydrogenation of isobutane. It was
found that samples with an atomic ratio of zinc to titanium
>2 exhibited the highest selectivity with high specific ac-
tivity. Zinc titanate is a material which is of low cost and
environmentally friendly. These advantages of zinc titanate
encouraged us to study this catalyst with the objective of
determining whether there is a clear correlation between
its composition/structure and performance and of gaining
new leads for catalyst development.

An essential part of our strategy consisted of
preparing zinc titanate catalysts in the form of thin films
on 2" silicon wafers, and using them in the direct (nono-
xidative) dehydrogenation of isobutane to isobutene. Com-
pared with conventional powder catalysts, thin film catalysts
offer advantages of precise control of the catalyst (film)
structure during preparation and easy access to various sur-
face and bulk characterization techniques. The geometric
configuration of a thin film catalyst is very different from
a conventional powder catalyst. This results in very diffe-
rent mass transfer and diffusion behavior of the reactants,
offering unique opportunities for research and application.
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A large variety of techniques are available for the prepa-
ration of metal and metal oxide films (7). We applied
the technique known as metallo-organic decomposition
(MOD) (8) to prepare the zinc titanate thin films used in
this work. MOD is a convenient technique for the prepara-
tion of thin films by liquid phase deposition. In the MOD
preparation procedure, a precursor film was first prepared
by spin-coating a flat substrate (e.g., a silicon wafer) with
a solution containing the precursors, followed by the calci-
nation of the precursor film to obtain a metal oxide film.
Compared with the metallo-organic chemical vapor depo-
sition technique we previously applied (9, 10), the MOD
technique requires much simpler equipment. The prepara-
tion of zinc titanate films by the MOD technique is unknown
in the literature, though the preparation of other titanates
such as BaTiO3; and PbTiOs3 has been reported (11-13). We
used a precursor combination of zinc 2-ethylhexanoate and
tetraisopropoxide titanium in an organic solvent for the
preparation of the zinc titanate films. These two precursors
are commonly used for the preparation of other thin films
via MOD (12-14). The testing of these thin film catalysts
requires a reactor with a different configuration from that
used for powder catalysts. We built a quartz disk-shaped
reactor (which we term a “wafer reactor”) to test the cat-
alysts at elevated temperatures. To minimize the gas phase
thermal cracking reactions of isobutane, the wafer reac-
tor was designed to have a very small void volume of ca.
0.6 ml. The catalysts were tested in pulse mode in order
to avoid rapid catalyst deactivation at the high operating
temperatures.

In this paper we demonstrate the possibility of preparing
zinc titanate thin films on silicon wafers via MOD, and of
studying the catalytic performance of these thin films in
isobutane dehydrogenation.

731

EXPERIMENTAL

Thin films of zinc titanate on silicon wafers were prepared
by first spin-coating a silicon wafer with the precursor so-
lution to obtain a precursor-film, followed by a calcination
procedure for the conversion into zinc titanate phases. The
silicon wafers used have a diameter of 2" and were cut in
(100) orientation. They were purchased from Topsil. The
precursor solution consisted of zinc 2-ethylhexanoate and
tetraisopropoxide titanium (TPT) (both from Fluka) in m-
xylene (HPLC grade, Aldrich). The typical concentration
of the precursors in the coating solution was 12-14 wt% and
10-28 wt% for the titanium and zinc precursors, respec-
tively. Zinc titanate thin films with different composition
(Zn/Ti ratios between 0.5 and 2.7) were obtained by ad-
justing the composition of the precursor solution. A photo-
resist spinner from Headway Research Inc. was used for the
spin-coating. The typically applied spin-coating conditions
were 4000 rpm spin speed and 30- to 60-s spin time. The ob-
tained precursor films were first dried at room temperature
(RT) for 1 h and then calcined by the following procedure:

17h 2h 88h
RT——393 K——393 K——923 K

2h cooling (overnight)
3K

Usually, two films were prepared consecutively under the
same conditions. One of the two films was used for char-
acterization purposes, while the other was subjected to the
catalytic testing. Table 1 shows the typical preparation con-
ditions and the basic properties of the prepared thin films.
In most cases the two films prepared consecutively had a
comparable weight uptake. Various analytical techniques
revealed that they possessed a comparable structure and

TABLE 1

Preparation of Zinc Titanate Thin Films via the MOD Technique

Coating solution Zn/Ti*
Zn-prec. Ti-prec. Film wt. Coating Film Film Cat.
Sample (Wt%) (Wt%) (mg) solution (XPS) (RBS) testing
S-1A 6.7 18.2 0.37 0.35 (0.54) nd Yes
S-1B 6.7 18.2 0.40 0.35 0.59 0.38 No
S-2A 7.0 13.3 0.72 0.50 nd nd Yes
S-2B 7.0 13.3 0.48 0.50 0.78 0.51 No
S-3A 15.8 15.1 0.27 1.0 (1.3) nd Yes
S-3B 15.8 15.1 0.32 1.0 1.3 0.96 No
S-4A 24.6 14.4 0.70 1.6 nd nd Yes
S-4B 24.6 14.4 0.69 1.6 1.9 1.6 No
S-5 27.5 14.7 0.90 1.8 2.0 1.7 No
S-6A 28.1 13.5 1.1 2.7 nd nd Yes
S-6B 28.1 13.5 nd 2.7 2.7 nd No

“ The values in parentheses are the Zn/Ti ratios of the films after catalyst testing. nd, not determined.
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composition. Since it is more convenient to determine the
weight uptake of the silicon wafers after film preparation
than to measure the film thickness, the value of the film
weight is given in Table 1. For reference, the 0.90 mg weight
uptake of sample S-5 corresponds to a film thickness
of 100 nm as measured in the high resolution scanning
electron microscopy (HRSEM) images. To compare the
catalytic performance of the thin film catalysts with those
of the powder form, zinc titanate powder was prepared by
drying the coating solution in a glass beaker, followed by
a calcination procedure identical to that for the thin films.
Samples sent for characterization usually have a size of
ca. 10 x 10 mm and are representative of the films. The ac-
tually analyzed areas are dependent on the analytical tech-
niques and the conditions applied. The film composition,
morphology and structure were characterized by various
techniques. X-ray photoelectron spectroscopy (XPS) was
carried out with a Kratos XSAMS00 spectrometer, using
AlKw radiation from a dual anode source, and the elec-
trons were detected by a hemispherical analyzer in the fixed
analyzer transmission mode. Dynamic secondary ion mass
spectrometry (SIMS) was carried out on a Cameca IMS 4f
with 8.0 keV Ar* primary ions. For taking high resolution
scanning electron microscopy images a JEOL JSM-840A
microscope was available which was equipped with energy
dispersive X-ray analysis (EDX). Atomic force microscopy
(AFM) images were taken with a Nanoscope II instru-
ment from Digital Instruments. X-ray diffraction (XRD)
was carried out with a Philips PW1820 goniometer using
CuKo radiation. Rutherford backscattering spectroscopy
(RBS) and forward recoil spectroscopy (also known as elas-
tic recoil detection) measurements were made at the Van
de Graaff Laboratory at the University of Utrecht. The
glancing incidence XRD (GIXRD) study was performed
by Philips X-ray Analytical at Almelo, The Netherlands.
Catalytic testing of the thin film catalysts in isobutane
dehydrogenation was performed in the pulse mode in a
specially built wafer reactor. The reactor was constructed
of two quartz plates joined leak-tight by a graphite film on
the contact area. The center of the bottom plate contains
a circular depression precisely cut to fit a wafer catalyst.
An interstice between the top plate and the catalyst surface
provides the space for reactant gas. This interstice was ca.
0.3 mm, resulting in a reactor void of ca. 0.6 ml. A schematic
diagram of the quartz wafer reactor is presented in Fig. 1.
The reactor can be operated under atmospheric pressure up
to a temperature as high as 973 K. The gas flow pattern and
the temperature profile over the reactor under operating
conditions (atmospheric, 923 K) were simulated by apply-
ing the commercially available computational fluid dynam-
ics (CFD) package Harwell Flow 3D. A more sophisticated
and advanced simulation study is continuing and details of
the results will be published later (15). The initial simulation
results show that the distribution of gas velocity over the
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top-view

side-view

FIG.1. Schematicdrawing of the quartz wafer reactor. a, quartz plate;
b, reactor void for a thin film catalyst; c, graphite ring; d, gas inlet; e, gas
outlet.

wafer surface is reasonably uniform and that the reactant
gas reaches the reactor temperature almost immediately
upon entering the reactor.

For representative GC-sampling in pulse mode testing, it
is crucial that the block shape of the pulses is preserved af-
ter passing through the reactor. Figure 2 shows the shape of
two pulses (N in Ar) after passing through the reactor. The
gas volume of the two pulses was 2 and 5.7 ml, correspond-
ing to a ratio of pulse/reactor void of 3.3 and 5, respectively.

a
t
~——

s

10 seconds
b

t
D —
10 seconds
p——ay

FIG. 2. Shape of a pulse (N, in Ar) after passing through the reactor
with a pulse volume of 2 ml (a) and 5.7 ml (b).
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Itis evident that acceptable block-shaped pulses with a suf-
ficiently long, flat part can be obtained if the pulse/reactor
void volume ratio is larger than 5. During catalytic testing
the gas volume of each pulse was 5.7 ml.

The feedstock was isobutane diluted with nitrogen to a
concentration of 1.7,22, and 34 vol%. The gas flow rate was
0.58 normal liter/h. The products were split into two parts,
and both were analyzed by GC. One part was passed over
an Al,O3/Na;SOy4 column connected to a flame ionization
detector (FID) for the analysis of C;—Cs hydrocarbons. The
other part was passed over a Poraplot Q column to sepa-
rate H,, N;, CO, and CO, under cryogenic conditions. These
gases were detected by means of a thermal conductivity de-
tector (TCD). The calculation of the isobutane conversion
and the selectivity to isobutene were based on the carbon
mass balance. The calculation of isobutane conversion and
selectivity to isobutene were made using Eqgs. [1] and [2],
respectively. These equations are valid only when no sig-
nificant coke deposition occurs on the catalysts, which was
the case in the current study.

_ Zn.Cn,i _4'CIB
Zn'Cn,i
4.-Cigge

Zn-Cn,i _4'CIB

X1B

100% 1]

SisE = 100%, 2]

where
Xig, isobutane conversion (mol%)
Sge, isobutene selectivity (mol%)

n, number of carbon atoms in component i

Cni, mole percentage of componenti in product

Cis, mole percentage of (unconverted) isobutane
in product

Cise, mole percentage of isobutene in total product.

RESULTS

Characterization of the Zinc Titanate Thin Films

We applied several analytical techniques to character-
ize zinc titanate thin films with respect to film morphol-
ogy, composition, and structure. These properties are often
closely related to the catalytic performance in hetero-
geneous catalysts. The surface of the zinc titanate films
prepared via the MOD technique is relatively smooth
over a large area (Fig. 3a, Zn/Ti=2.0). Under a higher
magnification, a film structure consisting of irregularly
shaped, packed grains can be observed (Fig. 3b). Figure 4
shows the HRSEM image of a side-edge of the film, from
which the thickness of the film can be determined. A struc-
ture of compacted grains can again be identified. An AFM
image of this sample is shown in Fig. 5. The morphol-
ogy observed by AFM is consistent with that observed by
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HRSEM. Zinc titanate films with different Zn/Tiratios pos-
sess a slightly different morphological structure. With a de-
crease in the Zn/Ti ratio, the distribution of the grain sizes
becomes bimodal. Some larger grains are observed in ad-
dition to the usual ones. Figure 6 shows a HRSEM image
of a zinc titanate film with Zn/Ti =0.78.

We applied XPS to determine the surface composition
of the thin films. XPS is a surface sensitive technique which
determines the composition of the outermost 2- to 3-nm
surface layer. Unless otherwise specified, the Zn/Ti ratios
presented in this paper are the values measured by XPS. To
check the consistency of the film composition on the surface
and in the bulk, we applied the RBS and EDX techniques
to determine the bulk composition. For a film with a sur-
face Zn/Tiratio of 2.0, the Zn/Tiratios determined by RBS
and EDX were 1.7 and 1.8-1.9, respectively. These values
are slightly lower than those of the surface composition,
suggesting that the surface layer of the film contains more
zinc than the deeper part. However, the subsurface film
composition was reasonably homogeneous, as revealed by
a SIMS depth profiling study. Figure 7 shows the dynamic
SIMS depth profile of a zinc titanate film having a surface
Zn/Ti ratio of 1.9. With increasing depth into the film, the
titanium signal remains relatively constant, while that of
zinc decreases slightly. The considerable change of the in-
tensity at the beginning of profiling is partly due to the in-
stability of the yield of secondary ions, which is a common
phenomenon observed in SIMS depth profiling (16). On the
other hand, the observed profile also suggests that the Zn/
Tiratio of the film surface is higher than that of the bulk, in
agreement with the combined results of the XPS, RBS, and
EDX measurements. For other zinc titanate films there is
also some zinc enrichment on the surface, since the Zn/Ti
ratios measured by XPS (surface composition) are usually
higher than those measured by RBS (bulk composition) as
can be seen from Table 1.

The crystal structures of a series of zinc titanate films
having different Zn/Ti ratios were studied by applying the
normal XRD technique. Two of these samples were also
studied by the GIXRD technique. The normal diffraction
pattern of the sample with a Zn/Ti of 2.0, together with
the standard line pattern of Zn,TiO4 (JCPDS [25-1164]) is
shown in Fig. 8. The huge peak at 20 = 70° stems from the
wafer substrate. The good agreement of these two diffrac-
tion patterns suggests that the zinc titanate phase in this
sample is mainly Zn,TiO4. Table 2 lists the phases iden-
tified in zinc titanate films with different Zn/Ti ratios. A
clear difference exists between the phases found in the films
with a Zn/Ti ratio lower than 1 and those with a higher ra-
tio. For the films with a ratio of Zn/Ti < 1, TiO;, (rutile
and/or anatase) and hexagonal ZnTiO3 [26-1500] phases
were found, while for films with a ratio of Zn/Ti > 1, the
phases found were cubic zinc titanates (ZnTiO3 [39-190] or
7Zn,TiOy4 [25-1164]). From the compositional formulation,
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FIG. 3. HRSEM images of a zinc titanate thin film with Zn/Ti
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thin film

/ (100 nm)

FIG. 4. HRSEM image of the side-edge of a zinc titanate thin film (Zn/Ti=2.0).

sample S-6B (Zn/Ti=2.7) should contain a phase rich in
zinc (e.g., ZnO) in addition to the Zn,TiO4 phase. However,
no other phase was found in the XRD study, possibly due
to the extra zinc species being finely dispersed in the film.
The results of phase identification obtained above were
further supported by applying the GIXRD technique to
two of the zinc titanate films with a Zn/Ti ratio of 2.0 and
0.59, respectively. Figure 9 shows the diffraction patterns of
the sample with Zn/Ti =2.0 recorded with incident angles

60 nm

FIG. 5.

AFM image of a zinc titanate thin film with Zn/Ti=2.0.

of 0.25°,0.5°,1.0°, and 2°. It is clear that the quality of the
diffractograms recorded in the glancing incidence mode is
superior to those recorded with the normal diffraction tech-
nique. In the GIXRD patterns the huge Si(100) reflection
(20 =69.13°) is absent, as are the ghost lines in conjunc-
tion with this line. With the help of database references, the
presence of zinc orthotitanate Zn,TiO4 [25-1164] was iden-
tified for this sample, which confirms the conclusion of the
normal XRD study. The diffraction pattern of this sample
does not change with the angle of incidence, suggesting a
homogeneous phase through the bulk of the film. For the
sample with a Zn/Ti ratio of 0.59, three phases were ob-
served, namely zinc metatitanate ZnTiO3 (hexagonal, [26-
1500]), and TiO; in both the rutile [21-1276] and anatase
[21-1272] structural variants. This is also in agreement with
the observations from the normal diffraction study, but with
a much higher level of confidence. The diffraction pattern
of this sample does not vary with ®;, suggesting that the
same phases exist at different depths within the film.

Catalytic Performance of Zinc Titanate Thin Films

Before testing the zinc titanate thin films, the background
activity of the wafer reactor was determined. The reactor
was filled with a bare silicon wafer to ensure a compara-
ble gas flow pattern when testing the film catalysts. The
feedstock consisted of 1.7 vol% isobutane in nitrogen. The
choice of a low concentration of isobutane in the feedstock
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FIG. 6. HRSEM image of a zinc titanate film with a Zn/Ti ratio of 0.78.

was based on the consideration that the total surface area
of the thin film catalysts was very low, so that a high isobu-
tane concentration might make it difficult (a) to detect the
products in low concentration and (b) to obtain sufficient
data before the catalysts were deactivated. The conversion
of isobutane was 0.3 and 3.1 mol% at 823 and 923 K, respec-
tively, and the selectivity to isobutene was 72 and 60 mol %.
The background activity of the wafer reactor has a threefold
origin, namely, the surface reactions of isobutane on the sili-
con wafer and on the quartzreactor wall and the thermal gas
phase reaction. In thin film catalysts, the upper part of the
silicon wafer is covered with a layer of catalytic material,
so that the actual “background activity” during catalytic
testing should be smaller than the values obtained above.
A series of zinc titanate films with different Zn/Ti ra-
tios was then tested during isobutane dehydrogenation at
823 and 923 K. For comparison, the catalytic performances
of a ZnO and TiO; thin film were also determined. The
main byproducts of the high temperature isobutane de-
hydrogenation reaction were methane, propene, and, to a
lesser amount, butadiene. The remaining components were

ethene, n-butenes, and n-butane. Figure 10 shows the de-
pendence of product selectivity on the catalyst composition
at 823 and 923 K. To keep the selectivity of isobutene con-
sistent through the text, the product selectivity in Fig. 10
is presented in percentage of mole carbons instead of mole
molecules. The values given are the average data of the first
five to eight pulses during the testing. The isobutane con-
version at these two temperatures is shown in Fig. 11. The
conversions of isobutane at 923 K are higher than those at
823 K. At 923 K, the cracking reaction of isobutane is much
more significant than that at 823 K, leading to the forma-
tion of a considerable amount of methane and propene.
For zinc titanate films with a Zn/Ti ratio between 1.3 and
2.7, both the conversion of isobutane and the selectivity to
isobutene were significantly higher than the background of
the reactor and those found in the other films. From the
XRD study (Table 2) we know that zinc titanate films with
a Zn/Ti ratio higher than unity possess a cubic structure.
This and the catalytic testing results led us to conclude that
zinc titanates with a cubic crystal structure are active in the
dehydrogenation reaction.
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FIG. 7. SIMS depth profile of a zinc titanate film on a silicon wafer
with Zn/Ti=1.9.

Comparison of the Performances of Thin Film
and Powder Catalysts

To compare the catalytic performance of the thin film
catalysts with that of the powder form, we also tested a zinc
titanate powder, prepared via the MOD technique, in isobu-
tane dehydrogenation. This powder form zinc titanate cata-
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lyst has a surface composition of Zn/Ti=2.0. XRD showed
that the main phase was Zn,TiO4 with a cubic structure. The
powder catalyst was pressed into a pellet (diameter, 15 mm;
thickness, ca. 0.5 mm) before being tested in the wafer re-
actor. The amount of zinc titanate in the pellet catalyst was
29.5 mg, while that of the thin film catalyst was 0.55 mg. The
feedstock used was 34 vol% isobutane in nitrogen for the
first three pulses and then 22 vol % for the remaining pulses.
The purpose of switching the feed gas to a lower isobu-
tane concentration after three pulses was to retard the cata-
lyst deactivation rate so that more data could be collected.
Figure 12 shows the dependence of isobutane conversion
and the selectivity to isobutene on the number of pulses for
these two catalysts. The powder catalyst showed a slightly
higher initial conversion rate than that of the thin film cata-
lyst. However, both the conversion of isobutane and the
selectivity to isobutene over the powder catalyst decreased
very quickly with the given pulses, while the performance
of the thin film catalysts remained stable. The selectivity
to isobutene with the thin film catalyst remained relatively
constant at close to 90 mol%. The results show that the
thin film catalyst exhibited a remarkably improved stabil-
ity. In addition, it is important to note that the amount of
the zinc titanate material in the thin film catalyst was much
less than that of the powder catalyst, indicating that either
the thin film catalyst is more active or its efficiency is much
higher.

0.0 20.0 40.0
100.0

80.0

60.0

40.0

20.0

100.0

Zn2Ti04
25-1164

60.0 80.0

| l I ' P
v v T v

0.0 20.0

60.0 80.0 100.0

Diffraction angle 2e

FIG. 8. XRD diffraction pattern of a zinc titanate thin film with Zn/Ti =2.0.
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TABLE 2

Phase Identification of Zinc Titanate Films with Different Zn/Ti Ratios

Sample S-1B S-2B S-3B S-5 S-6B
Zn/Ti (XPS) 0.59 0.78 1.3 2.0 2.7
Phases identified TiO; (r) TiO; (1) ZnTiO; (c) Zn,TiOy4 (c) Zn,TiOy4 (c)
[JCPDS] [21-1276] [21-1276] [39-190] [25-1164] [25-1164]
TiO, (a) ZnTiO3 (h)
[21-1272] [26-1500]
ZnTiOs3 (h)
[26-1500]
Main phase ZnTiO; (h) ZnTiOs (h) ZnTiO; (c) Zn,TiOy4 (c) Zn,TiOy4 (c)

Note. a, anatase; r, rutile; h, hexagonal; c, cubic.

DISCUSSION

We have prepared zinc titanate thin films and studied
their catalytic performance in isobutane dehydrogenation.
Compared with the conventionally applied powder form
catalysts, thin film catalysts have significant advantages with
regard to catalyst characterization and the determination of
the relation between structure and catalytic performance.
In the powder form catalysts, the inhomogeneous morphol-
ogy and the complexity of the structure often make an exact
characterization difficult. For thin film catalysts, the quasi-
two-dimensional structure allows the application of many
surface and bulk analytical techniques which provide a clear
picture concerning the film morphology, the surface/bulk

1000

composition, and the structure. The zinc titanate thin film
catalysts possessed a homogeneous morphology. The com-
position throughout the thickness of the film was uniform,
as suggested by the reasonable agreement between the sur-
face and bulk Zn/Ti ratios as well as by the SIMS study.
In the SIMS depth profiling, the appearance of the silicon
signal occurred earlier than expected. This is not due to the
formation of silicate phases but can be explained by the
fact that the film consist of compacted grains. The sputter-
ing beams can thus reach the silicon substrate between the
grains at an early stage, before all of the zinc titanate mate-
rial is sputtered away. The GIXRD results proved that the
zinc titanate thin films possessed the same phases through-
out the film depth for the samples with a Zn/Ti ratio of

900 4
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FIG. 9. Glancing incidence X-ray diffraction patterns for ®; equal to 0.25°, 0.5°, 1°, and 2°, respectively. Zn/Ti=2.0.
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FIG. 10. Dependence of product selectivity in isobutane dehydrogenation on the film composition. (a) 823 K, (b) 923 K. * rest represents ethene,

n-butenes, and n-butane.

2.0 and 0.59. No phases consisting of silicon with zinc or
titanium were found, indicating that no reaction occurred
between the zinc titanate phases and the silicon substrate.

In connection with the assignment of zinc titanate phases,
it is worth discussing the phase diagrams and crystal struc-
tures of the zinc titanate system in more detail. In the lit-
erature, the existence of several zinc titanate phases with
different structures is reported; however, some of these
compounds do not coincide with each other in different
reports. Table 3 provides an overview of the various zinc ti-
tanate phases and the corresponding structures reported in
the literature. The formation of the hexagonal-form zinc
metatitanate (ZnTiO3) and the cubic-form zinc orthoti-
tanate (Zn,TiO4) phases is well documented (17-21), while
the existence of the cubic Zn,TizOg phase remains some-
what uncertain. The assignment by Bartram and Slepetys
(18) (JCPDS reference [13-471]) was replaced by an assign-
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FIG.11. Dependence of isobutane conversion on the catalyst compo-
sition at 823 and 923 K.

ment by Reddy et al. (20) [38-500] with fewer diffraction
lines, and Yamaguchi et al. (21) suggested that the earlier
pattern was in fact due to a cubic ZnTiO3;. We assign the
main zinc titanate phase found in the sample with a Zn/Ti
ratio of 1.3 as cubic ZnTiOs; on the basis of the suggestion by
Yamaguchi et al. (21), though the Zn/Ti atomic ratio of this
phase (Zn/Ti=1) is lower than that of the surface compo-
sition (Zn/Ti=1.3). The diffraction pattern of the Zn,TiO4
phase in this work is comparable to that of the standard
JCPDS pattern of [25-1164] rather than that of the other
standards [18-1487], [19-1483], and [30-1493].

From the correlation found between catalyst structure
and catalytic performance we conclude that zinc titanates
with a cubic structure are active in the dehydrogenation of
isobutane. This conclusion is in agreement with the work
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FIG. 12. Comparison between the performances of zinc titanate thin
film (Zn/Ti=1.9) and the powder form (Zn/Ti =2.0) catalysts in isobutane
dehydrogenation at 923 K. Isobutane conversion with the thin film (W) and
powder (@) catalysts. Selectivity to isobutene with the thin film () and
the powder () catalysts.
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TABLE 3

Zinc Titanate Phases and the Crystal Structures Reported in the Literature

Zl’lzTiO4 Zl’lTiO3 Zl’lTiO3 Zl’lzTi308

Name Ortho zinc Meta zinc Meta zinc
titanate titanate titanate

Structure type Inverse spinel Ilmenite Spinel-like

Symmetry Cubic Hexagonal/ Cubic Cubic

Rhombohedral

Spacegroup Fd3m R3 Fd3m Fd3m

Unit cell a=8.456 A (18) a=549 A a=8.408 A (21) a=8.395 A (18)
a=38.445 A (19) a=>55.10° (18) a=38.429 A (20)
a=28.449 A (20)

Zn/Ti ratio 2.0 1.0 1.0 0.67

Atomic position Znin 8a Zn in 8a

Zn in 16d, 50%
Ti in 16d 50%

Tiin 16d, 75%

of Lysova et al. using zinc titanate powder catalysts (6).
The overall understanding as to why zinc titanates with a
cubic structure are active in dehydrogenation is still very
poor and needs to be further investigated. The structural
differences between the hexagonal and cubic zinc titanates
include the coordination number of the metal atoms and
the interatomic distances. The hexagonal zinc metatitanate
belongs to space group R3 with 2 molecules in the primitive
rhombohedral cell. All the Zn atoms are in octahedral co-
ordination with oxygen. The cubic zinc titanates are of the
(inverse) spinel type or related to that structure. In the cubic
zinc orthotitanate (Zn,TiOy), all the 8a positions (tetrahe-
drally surrounded) are occupied by Zn atoms, and of the
16d positions (octahedrally surrounded) half are occupied

TABLE 4

Interatomic Distances (in A) in Zinc Titanates, Zinc Oxide,
and Titanium Dioxide

Zn-Zn M-M 0-0 Zn-M  Zn-O M-O
Zn,TiOy 3.66 2.99 3.28 (Zn) 3.51 2.01 2.02
Cubic 3.00 (M)
[25-1164] 4.04 (M)
ZnTiO3 3.64 297 2.69 (Ti) 3.49 2.01
Cubic 3.26 (Zn)
[39-190]
ZnTiO3 3.93 2.97 3.09 (Zn) 341 1.96 2.06
Hexagonal 4.18 2.64 (Ti) 291 2.01
[26-1500]
ZnO 3.20 3.20 1.97
(Zincite) 3.24 3.24
(Ref. 18)
TiO, 2.98 2.78 1.95
Rutile 2.53 1.98
(Ref. 18)

Note. M, octahedral site.

by zinc and the other half by titanium. The interatomic dis-
tances for these two types of zinc titanates are also different.
Table 4 lists the interatomic distances in zinc titanates, zinc
oxide, and titanium dioxide. For the two cubic zinc titanates
Zn,TiO4 and ZnTiO3, the interatomic distances between
Zn and Zn,Ti and Ti, Zn and Ti, Zn and O, and Ti and O
are comparable. However, some of these values differ sig-
nificantly from those of the hexagonal zinc metatitanate,
ZnTiOs. It can be speculated that the structural difference
between the two types of zinc titanates will influence the
interaction with isobutane and subsequently result in dif-
ferent catalytic performance. However, the complexity of
the system involved and the very limited information avail-
able do not allow a clear picture as to how this difference
has resulted in different catalytic performance.

Another advantage of using thin film catalysts, at least in
the current case, is that they are more active and stable. We
suggest that this is a result of the different geometries of
the thin film and the powder catalysts. In the high temper-
ature catalytic dehydrogenation process, coke formation is
often one of the main causes of catalyst deactivation. To
check whether coke formation could also cause catalyst de-
activation for zinc titanates, we deactivated a zinc titanate
thin film catalyst by passing a large amount of pure isobu-
tane over the film at 923 K. Analysis of this deactivated
film by the forward recoil spectroscopy technique revealed
that the concentration of carbon in the deactivated sample
(4.9 x 10'® atoms/cm?) was significantly higher than that of
the fresh sample (1.2 x 10'® atoms/cm?). Coke formation
on catalysts is usually caused by the oligomerization and
polymerization of olefinic species. For the thin film catalyst,
the diffusion path of the olefinic products formed over the
catalyst is shorter, and the olefin flux through the outermost
catalyst layer is lower than that of the pressed pellet cata-
lyst under the currently applied reactor configuration. This
could have resulted in a slower coke formation in the thin
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film catalysts. To ensure that the quick deactivation of the
powder catalyst is not due to an artificial effect of pressing
the catalyst into a pellet form, we also tested the catalyst in
the powder form in a tube reactor (ID =1 mm) under oth-
erwise the same conditions. This catalyst also deactivated
quickly under the pulses employed.

CONCLUSION

A novel research route for studying catalytic reactions
has been applied by preparing and testing thin film cata-
lysts. The wafer reactor configuration used in this work
proved to be successful for the testing of catalytic reactions
at elevated temperatures in the pulse mode. The quasi-two-
dimensional structure of the thin film catalysts, and their
accessibility to a wide variety of surface and bulk analysis
techniques enabled us to characterize exactly the catalyst
surface and bulk composition and structure. The zinc ti-
tanate films prepared by the MOD technique possess a uni-
form composition and structure throughout the film. Zinc
titanates with a cubic structure are the only active phases in
isobutane dehydrogenation. The thin film catalysts exhibit
a higher activity and a remarkably better stability than the
powder form catalyst. The application of these thin film cat-
alysts in practical operation needs to be further explored.
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