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Atomic layer deposition (ALD) was used to prepare ZrO» films on the surface of the mesoporous silica, SBA-15,
and to modify the surface of these films with WO3 in order to form tungstated zirconia. Adsorption-desorption
isotherms, pore size distributions, and transmission electron microscopy demonstrated that the ALD synthesis
produced zirconia films that were conformal to the SBA-15 pores. DRIFT spectroscopy of pyridine adsorbed on
the tungstated-zirconia SBA-15 samples showed adsorbed pyridinium ions, confirming the presence of Brgnsted-

acid sites on this material, consistent with what has been reported for bulk tungstated zirconia. The ALD-
synthesized, tungstated-zirconia SBA-15 was also shown to be active in the acid-catalyzed H-D exchange be-

tween toluene and D50.

1. Introduction

Tungstated zirconia has properties characteristic of a solid Brgnsted
acid and is active for the isomerization of small alkanes, such as butane
and n-propane, at relatively low temperatures [1-3]. While the structure
of the active form of the catalyst is still an open question, it is clear that
intimate contact between the tungsta and zirconia is required for the
formation of the acid sites. It is also known that each Brgnsted site
consists of multiple W atoms in the form of a (WOy), cluster, with several
papers suggesting a minimum of four W per site [4,5].

An active tungstated zirconia catalyst can be produced using atomic
layer deposition (ALD) to grow ultrathin WOj5 films on a zirconia support
as demonstrated by Wang et al. [5]. This work demonstrated that both
Brgnsted-acid sites and redox sites were generated following deposition
of WO3 and that the density of each type of site could be controlled by
varying the number of WO3 ALD cycles. The maximum Brgnsted-site
concentration was achieved after 5 ALD cycles. The ability to prepare
tungstated zirconia with active Brgnsted-acid sites using ALD presents
the exciting possibility producing high-surface-area, solid-acid catalysts
in well-defined pore structures that would be difficult to produce by
more conventional methods. This has motivated the present study in
which we have explored the use of ALD to synthesize tungstated zirconia
on a mesoporous silica, SBA-15. SBA-15 features uniform
one-dimensional pores with a diameter up to 10 nm, depending on
synthesis conditions, and typically has a surface area greater than 600
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m?/ g [6].

It should be noted that SBA-15 has previously been studied as a
support for tungstated zirconia with the active phase being produced by
wet infiltration of zirconium acetylacetonate and ammonium meta-
tungstate [7]. While this synthesis method produces an active catalyst, it
provides less control over the structure of the WO3/ZrO, deposits, and
pore blockage will likely occur at relatively low weight loadings [8]. In
contrast, ALD growth of WO3/ZrO, in SBA-15 has the potential to pro-
duce a much more uniform material while preserving the linear pore
structure of the support. Indeed, previous studies have shown that ALD
can be an effective means to grow conformal metal oxide films in the
pores of mesoporous oxides, including SBA-15 [9-17]. For example,
Zaera and coworkers used ALD to grow TiOy and Al,Os3 films on SBA-15
[15,16], while Pagan-Torres et al. used this approach to grow NbyO3
films on this support [11]. The Zaera group did extensive character-
ization of the growth process and the structure of the resulting films and
demonstrated that the ALD oxide films were conformal to the SBA-15,
with the pore diameter decreasing systematically with the number of
ALD cycles.

Here, we have explored the use of ALD to grow tungstated zirconia
films in the pores of SBA-15. The deposition rate per ALD cycle for each
oxide was measured and the structure of the resulting films was char-
acterized using a combination of temperature programmed desorption-
thermogravimetric analysis (TPD-TGA) of 2-propanol, transmission
electron microscopy (TEM), and N3 adsorption isotherms. The formation
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of active Brgnsted acid sites in the ALD-synthesized WO3/ZrO2/SBA-15
materials was confirmed using diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopy of adsorbed pyridine and the rate of H-
D exchange between DO and toluene. The thermal stability of the
mesoporous structure was also shown to improve after coating the
structure with ZrOs.

2. Experimental section

SBA-15 was synthesized following a process reported in the literature
[6,11]. Initially, 4.0 g of Pluronic P-123 (Sigma-Aldrich) was dissolved
in 120 g of 2 M HCI solution and 30 g deionized water with stirring at
298 K for 20h. Tetraethoxysilane (TEOS, Sigma-Aldrich, 99%) was then
added dropwise with stirring at 308 K until 8.5 g had been added, at
which point the solution was stirred at this temperature for 20 h. The
solution was then maintained at 373 K for 24 h to allow hydrolysis of the
TEOS. The resulting SBA-15 precipitate was filtered, washed with
deionized water, and dried at 353 K for 8 h in air. To remove the P-123
surfactant, the sample was calcined in flowing air at 773 K for 6 h with
an initial ramping rate of 1 K/min. As shown in Fig. Sla, the low-angle
X-ray diffraction (XRD) pattern of the as-synthesized SBA-15 contains
the 100, 110, and 200 peaks that are characteristic of this material [6].

ALD of ZrO; and WO3 onto the SBA-15 was performed using a
homebuilt ALD system that has been described in detail previously
[18-20]. Tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato)zirconium
(Zr(TMHD)y4, Strem Chemicals, 99%) was used as the Zr precursor and
tungsten carbonyl (W(CO)e, Strem Chemicals, 99%) was used as the W
precursor. For each ZrO; ALD cycle, the sample was evacuated, then
exposed to Zr(TMHD)4 vapor at 523 K for 10 min, followed by oxidation
at 773 K in flowing air for 40 min. Note that this high-temperature
oxidation step was required to fully oxidize the adsorbed Zr(TMHD)4
precursor. While it is common to use ozone or an Oy plasma for this
purpose, these oxidants are ineffective on highly porous substrates
where rapid quenching of radicals occurs on the external surfaces
[21-23]. Throughout the paper, we denote ZrOs-modified SBA-15
samples as XX-ZrO,/SBA-15, where XX corresponds to the number of
ZrOy ALD cycles.

In a WO3 ALD cycle, the evacuated sample was exposed to W(CO)g
vapor at 473 K for 3 min, followed by evacuation and then oxidation at
the same temperature in air for 6 min. We use YY-WO3-XX-ZrO2/SBA-15
to denote samples with YY ALD cycles of WO3 on the XX-ZrO,/SBA-15.
The ALD growth rates of ZrO; and WO3 were determined gravimetri-
cally. The low-angle XRD pattern of a 15-ZrO,/SBA-15 sample displayed
in Fig. Sla contains the peaks that are characteristic of SBA-15,
demonstrating that the SBA-15 structure was maintained following
ZrOy ALD. Fig. S1b shows the wide angle XRD patterns of SBA-15, 15-
ZrO5/SBA-15, and 5-WOs3-15-ZrO5/SBA-15. No characteristics peaks
were detected in these diffraction patterns for either ZrO, or WO3 which
is consistent with the formation of uniform ultra-thin films.

For comparison purposes, we also synthesized a WO3-modified ZrO,
powder. The ZrO, powder was synthesized by dissolving zirconyl hy-
drate (ZrO(NOs)2-xH20, Sigma-Aldrich, 99%) in deionized water, fol-
lowed by drying in air at 333 K for 12 h and calcining in air at 773 K for
5h [24]. The resulting ZrO5 powder had a surface area of 77 m?/ g. WO3
was deposited on the ZrO5 powder using 5 ALD cycles using the pro-
cedure described above. As mentioned above, an earlier study showed
that 5 ALD cycles of WO3 maximized the Brgnsted -site concentration of
tungstated zirconia prepared by ALD [5].

N adsorption-desorption isotherms were measured at 78 K using a
Micromeritics, TriStar II Plus surface area and porosity analyzer. For
these measurements, the samples were pretreated at 573 K under
evacuation. Surface areas were determined using the BET method and
pore-size distributions were determined from the adsorption isotherms
using the Barrett-Joyner-Halenda (BJH) method. XRD patterns for each
sample were obtained using Xenocs Xeuss 2.0 and Rigaku MiniFlex 6G x-
ray diffractometers for 0-5 and 10-70° 20, respectively. Transmission
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electron microscopy (TEM), scanning transmission electron microscopy
(STEM), and energy dispersive X-ray spectra (EDS) were performed with
a JEOL JEM-F200 STEM operated at 200 kV. For these measurements,
the samples were diluted in ethanol and then deposited onto carbon
support films on copper grids (Electron Microscopy Sciences).

TPD-TGA was used to characterize both the structure and reactivity
of the various samples. The TPD-TGA system consisted of a vacuum
microbalance (CAHN 2000) equipped with a quadrupole mass spec-
trometer (Stanford Research Systems, RGA-100) and allowed the mass
change and desorbing products to be measured simultaneously. In a
TPD-TGA measurement, 20 mg of sample was loaded into the micro-
balance and then pretreated by heating to 823 K in a vacuum of ~10~8
Torr, then cooling to 298 K. After this, the sample was exposed to 2-
propanol (Fisher Scientific, 99.9%) vapor, followed by evacuation at
room temperature. The sample was then heated from 298 to 823 K at 10
K/min while measuring the mass and the desorbing species.

DRIFT spectroscopy was performed using an FTIR (Mattson, Galaxy)
equipped with a diffuse-reflectance cell (Pike Technologies, DiffusIR). In
each DRIFT measurement, the sample was pretreated at 523 K with
flowing He for 30 min before cooling to 423 K. The sample was exposed
to pyridine (Fisher Chemical, 99.9%) vapor with He as the carrier gas for
10 min and then flushed with He for 10 min. All DRIFT spectra were
collected with the sample at 423 K.

H-D exchange between toluene (Fisher Chemical, 99.9%) and
deuterium oxide (D20, Cambridge Isotope Laboratories, 99.9%) was
used to confirm the formation of active Brgnsted acid sites in the 15-
ZrOy/SBA-15 and 5-WO3-15-ZrO,/SBA-15 samples, as described previ-
ously [25]. Steady-state rate measurements were made using a micro-
flow flow reactor packed with 30 mg of catalyst that was initially
pretreated at 523 K in He for 30 min. The reaction was carried out by
co-feeding 1% toluene and 1% D,O in 20 mL/min of He at various
temperatures. The products were analyzed by an online GC-MS (Shi-
madzu, GC-17A).

3. Results and discussion
3.1. ALD of ZrOz and WO3 on SBA-15

The amount of ZrO, and WOs3 deposited on the SBA-15 support was
determined gravimetrically. Fig. 1a shows a plot of the mass of ZrO,
deposited, normalized to the mass of the SBA-15, versus the number of
ALD cycles. Note that this ratio increased nearly linearly with the
number of ALD cycles. The ZrO; deposition rate was 0.06 g of ZrO, per g
of SBA-15 per ALD cycle, corresponding to 4.9 x 107 Zr atom-
s:m~2.cycle™!. This growth rate is close to that reported previously for
ALD of TiO5 and Nb,O3 on SBA-15 [11,16]. After 15 ZrOo ALD cycles,
the Zr coverage was 7.3 x 10'® atoms-m~2. To determine the Zr atom
coverage to ZrO2 monolayers, one way is to use the surface density of Zr
on the cubic ZrO,(100) plane, 7.5 x 10'® atoms-m~2. Based on this
calculation, the ZrO, coverage in the 15-ZrO5/SBA-15 sample is essen-
tially 1 monolayer. Another way is to assume that two Si-OH groups on
SBA-15 react with each Zr(TMHD)4. On the basis of the Si-OH group
density on the mesoporous silica, 4.0 x 10'® Si-OH-m ™2, a monolayer of
ZrO, contains 2.0 x 10*® Zr atoms-m 2 and the resulting coverage in the
15-ZrO,/SBA-15 sample is 3.7 monolayers [14]. An analogous plot for
the ALD growth of WO3 on a 15-ZrO3/SBA-15 sample is shown in the
supporting information (Fig. S2). The amount of WO3 deposited per ALD
cycle was also constant at 3.8 x 1017 W atoms-m~2-cycle ! and is similar
to that reported in a previous study [5].

Fig. 1b shows a plot of the surface area both normalized by the total
mass and by the mass of only the SBA-15 as a function of the number of
ZrOy ALD cycles. Note that the total mass normalized surface area
decreased from 610 m?/g to 245 m%/g with 15 ALD cycles of ZrOs. The
SBA-15 mass-normalized values show, however, that 75% of the SBA-15
surface area was retained. These results demonstrate that the decrease of
surface area is mainly associated with the increase in mass and argues
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Fig. 1. (a) Mass of ZrO,/mass of SBA-15 and (b) surface areas and normalized surface areas versus the number of ALD cycles.

against any pore blockage during ALD. The composition and surface
areas of the ALD samples that were used throughout the remainder of
the study, namely, 15-ZrO,/SBA-15 and 5-WQ3-15-ZrO5/SBA-15, are
tabulated in Table 1. For comparison purposes, data for SBA-15, bulk
ZrOy powder, and 5-WO3/bulk ZrO, are also included in the table.

3.2. Structural characterization

N, adsorption-desorption isotherms were measured to characterize
the changes in the SBA-15 pore size as a function of the number of ZrO,
ALD cycles. An adsorption-desorption isotherm was also measured for
the 5-WO3-15-ZrO,/SBA-15 sample. These data are displayed in Fig. 2a
and b and show the adsorption-desorption isotherms and pore size dis-
tributions, respectively. The isotherms for all samples contain a hys-
teresis loop that results from a difference in the onset of capillary
condensation and evaporation of the Ny adsorbent in the linear pores in
the SBA structure. Note that, in addition to the linear pores indicative of
SBA-15, the pore size distribution plots show the presence of some less
well-defined pores at small diameters, which we attribute to some
amorphous silica that is present in our samples.

As shown in Fig. 2b, the pristine SBA-15 had a unimodal pore size
distribution centered at 9.0 nm which is consistent with that reported in
the literature for this material [6]. The narrow peak width in this
isotherm is consistent with the SBA-15 having a relatively uniform pore
structure. Fig. 2a shows that, with increasing number of ZrO, ALD cy-
cles, the onset of capillary condensation shifted to lower P/P° which can
be attributed to a decrease in pore diameter. Note that, after 15 ZrO,
ALD cycles (15-ZrO2/SBA-15), the average pore size decreased to 6.6
nm; after subjecting this sample to 5 WO3 ALD cycles (5-WO3-15-Z-
rO5/SBA-15), it was only 5.4 nm. While the pore size decreased upon
oxide film growth, the shape of the hysteresis loop in the adsorption
isotherms remained fairly constant, indicating that the pore structure
was maintained and that the pores were uniformly covered by the metal
oxide film.

To estimate the ZrO, film thickness, one can either use the difference

Table 1
Sample compositions and surface areas.

Material Composition (wt%) Surface Area (mz/g)
SBA-15 SiO,: 100 610
15-Zr0,/SBA-15 7r0y: 48 245

Si0,: 52
5-WOj3-15-ZrO,/SBA-15 WOs3: 15 170

ZrOy: 41

SiO,: 44
Bulk ZrO, ZrO,: 100 77
5-WO3/bulk ZrO, WO3: 6 65

ZrOs: 94

between the average pore diameters of SBA-15 and that of the ALD-
modified SBA-15 or calculate the thickness from the mass of added
ZrO,, using the BET surface area and assuming the film has the same
density as the bulk oxide, 5.68 g/cm>. Based on the change in the pore
diameter, the ZrO; film thickness for the 15-ZrO5/SBA-15 sample was
1.2 nm; however, it was only 0.25 nm based on the mass of the deposited
ZrOy and its bulk density. One possible contributing factor to this
discrepancy is that the BJH method, which was used to calculate the
pore diameters, can be imprecise for pore sizes less than ~10 nm. This is
well documented in the literature where it has been shown that this
method underestimates the pore size for many mesoporous materials,
including SBA-type materials [26,27]. If one uses the BJH pore di-
ameters, the film density would be less than 25% of that of the bulk
value. Since for our growth procedure the film was annealed to 773 K in
each ALD cycle, a temperature that should be sufficient to produce a
dense ZrO; layer, this result seems unlikely.

It should be noted, however, that in a study of the ALD growth of
TiO4 on SBA-15 Ke et al. also observed a large discrepancy between the
film thickness determined gravimetrically assuming a bulk density for
the film, and that based on BJH pore size measurements [16]. They
attributed this difference to the film nucleation process resulting in a
low-density film during the initial stages of growth. While we cannot
rule out this possibility, dense oxide films are routinely grown on flat
substrates including oxidized silicon wafers and it is not clear why a
different result would be obtained for a mesoporous silica, especially in
the initial ALD cycles. It is noteworthy that, in at least some cases,
ALD-deposited films as thin as 0.5 nm can show diffraction patterns
consistent with bulk lattice parameters [28], a result that suggests that
the ALD film densities are often similar to those of the bulk material.

The BET surface areas of the various samples are listed in Table 1.
The surface area of the as-synthesized SBA-15 was 610 m%/g and
decreased to 245 m?/g and 170 m?%/g for the 15-ZrO,/SBA-15 and 5-
WO3-15-ZrO2/SBA-15 samples, respectively. Much of the decrease upon
ALD oxide film growth can be attributed to the increase in the sample
mass but some of the decrease must also be associated with a decrease in
pore size. Even so, it is noteworthy that the surface area of the ALD-
synthesized 15-ZrO,/SBA-15 (245 m2/g) was still 3 times higher than
that of the bulk ZrO, (77 rnz/g) sample.

TEM and STEM were also used to characterize the structure of the
SBA-15 sample and demonstrate that the Zr in the 15-ZrO2/SBA-15
sample was in the pores. Fig. 3a and b shows representative TEM images
of SBA-15 and 15-ZrO2/SBA-15, respectively. In the SBA-15 TEM image,
both the linear pores (left region) and their arrangement in a hexagonal
pattern (upper right region), which are characteristic of this material,
are readily apparent. As shown in Fig. 3b, consistent with the BET re-
sults, this structure is maintained in the 15-ZrO,/SBA-15 sample. Fig. 3¢
shows a representative STEM image of the 15-ZrO,/SBA-15 sample
along with EDS maps of Si and Zr from the indicated region. The Zr EDS
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Fig. 2. (a) N, adsorption-desorption isotherms and (b) pore size distributions for 0 to 15 ALD cycles of ZrO5 on SBA-15 and 5 ALD cycles of WO3 on 15-ZrO,/SBA-15.
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Fig. 3. TEM images of (a) SBA-15 and (b) 15-ZrO5/SBA-15. (c) STEM image of 15-ZrO,/SBA-15 with EDS maps of Si and Zr.

map shows that the Zr is dispersed uniformly throughout the SBA-15 distribution, surface area, and volume of the linear pores in the SBA-15

which is again consistent with the adsorption results presented above. and 15-ZrO5/SBA-15 samples were measured after annealing each

sample in air for 24 h at a series of successively higher temperatures

3.3. Thermal stability between 1073 and 1273 K. These data are displayed in Fig. 4. We

defined the volume of linear pores as the pores with width larger than 4

The effect of coating the pores with ZrO, on the thermal stability of nm. The corresponding adsorption-desorption isotherms for each sam-
the SBA-15 was also investigated. In these studies, the pore size  Ple are provided in the supporting information (see Fig. S3).



C.-Y. Wang et al.

—T773K

2 4 6 8 10 12 14

Pore width (nm)

Surface area (m2/g)
N w IS wn
= o o oy
o o o o

N
o
o

SBA-15  15-Zr0,/SBA-15 Bulk ZrO,

Microporous and Mesoporous Materials 335 (2022) 111821

2 4 6 8 10 12 14
Pore width (nm)

o
0

o o
S )

o
)

Linear pore volume (cm3/g)

o

SBA-15 15-Zr0,/SBA-15

Fig. 4. Pore size distributions of (a) SBA-15 and (b) 15-ZrO5/SBA-15 under 773-1273 K treatment. (c) Surface areas and linear pore volumes of SBA-15, 15-ZrOy/

SBA-15, and bulk ZrO, under 773-1273 K treatment.

As shown in Fig. 4, there were significant differences in the thermal
stability of the SBA-15 and 15-ZrO,/SBA-15 samples. For SBA-15
annealing at 1073 K produced 26% and 26% decreases in the surface
area and linear pore volume, respectively, while the corresponding
values for 15-ZrOy/SBA-15 were only 6% and 7%. For the SBA-15,
further significant decreases in surface area and pore volume occurred
upon heating to 1173 K and complete collapse of the SBA-15 pore
structure occurred upon heating to 1273 K, as evidenced by the

15-2r0,/SBA-15 (©)

disappearance of the hysteresis loop that is characteristic of the linear
pores in the adsorption isotherm (see Fig. S3a). In contrast, while some
degradation did occur upon heating the 15-ZrO,/SBA-15 sample to
1173 K, as evidenced by decreases in surface area and pore volume (35%
and 29%, respectively relative to the as-synthesized sample), it is
noteworthy that, for this sample, much of the linear pore structure
remained intact, even after heating to 1273 K, as evidenced by the
persistence of the well-defined hysteresis loop in the adsorption
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Fig. 5. 2-propanol TPD-TGA from (a) SBA-15, (b) 15-ZrO,/SBA-15, and (c) 5-WO3-15-ZrO2/SBA-15. m/e = 41: propene; m/e = 41 and 45: 2-propanol.
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isotherm. Somewhat surprisingly, the sample annealed at this temper-
ature still had a linear pore volume that was 55% of that in the as-
synthesized sample. Even after this very harsh treatment, the 15-ZrOy/
SBA-15 sample still had a surface area that was 1.5 times higher than
that of the untreated, bulk ZrO5 powder. These results demonstrate that
coating the pores in SBA-15 with an ALD-grown ZrO, film produces a
thermally stable, high surface area ZrOs.

3.4. Characterization of Lewis and Brgnsted acid sites

Since 2-propanol undergoes dehydration to produce propene and
water on acid sites on many metal oxide surfaces [29,30], TPD-TGA of
2-propanol was used to characterize the presence and strength of such
sites on the SBA-15, 15-ZrO5/SBA-15, and 5-WOs3-15-ZrO2/SBA-15
samples. These experiments also provided additional insight into the
uniformity of the ALD-deposited oxide films, as discussed elsewhere [5].
The TPD-TGA results for 2-propanol in SBA-15, shown in Fig. 5a, indi-
cated that most of the alcohol (m/e = 41 and 45) desorbs intact in a large
peak centered at 390 K, with a small fraction desorbing as propene (m/e
= 41) in a peak centered at 770 K. This is consistent with reports in the
literature for purely siliceous materials that indicate 2-propanol reacts
with surface silanols to form a silyl-isopropyl ether species whose
decomposition produces propene between 700 and 800 K [31,32]. Based
on the TGA data, the density of sites on which this reaction takes place
on SBA-15 was 130 pmol/g (1.3 X 10Y molecule/m?). This low
coverage suggests that only a small fraction of the silanol groups on the
surface react with the alcohol.

Significantly different results were obtained for the 15-ZrO,/SBA-15
(Fig. 5b). For this sample, the 770 K propene peak observed for the bare
SBA-15 was replaced by a much larger peak centered at 505 K. The
absence of the 770 K peak is consistent with the ALD ZrO, film
completely covering the SBA-15 surface. The large propene peak at 505
K indicates that the ZrO-coated sample has a higher density of active
sites, in this case, exposed Zr?* cations which act as Lewis acids. Based
on the amount of propene produced, the Lewis-acid site density on the
15-ZrO,/SBA-15 sample was 355 pmol/g. This corresponds to 9 x 107
molecules/m?, a value close to that expected for a close-packed mono-
layer of the alcohol. Similar 2-propanol TPD-TGA results were obtained
for the 5-WOs3-15-ZrO,/SBA-15 sample, although the propene desorp-
tion feature shifted down to 420 K suggesting either stronger Lewis
acidity compared to 15-ZrO,/SBA-15 or reaction on Brgnsted sites that
are associated with the WOs. The acid site density, 390 pmol/g, how-
ever, was similar to that of the 15-ZrO,/SBA-15 sample.

Since WO3s-decorated ZrOs is reported to have Brgnsted acid sites [4,
33], DRIFT spectroscopy of adsorbed pyridine was used as a probe for
the presence of such sites on the 5-W0Q3-15-ZrO5/SBA-15 sample. Fig. 6
displays a DRIFT spectrum obtained after exposing this sample to pyri-
dine at 423 K. For comparison purposes, spectra for pyridine-dosed
SBA-15, 15-ZrO5/SBA-15 and 5-WOs3/bulk ZrO, are also included in
the figure. The spectrum for 5-WOs/bulk ZrO; is similar to that reported
in the literature for tungstated zirconias [5,34,35] and contains promi-
nent adsorption peaks centered at 1600 em ! and 1540 ecm™! which
have been attributed to pyridine adsorbed on Lewis acid sites and pro-
tonated pyridine (pyridinium ions) adsorbed on Brgnsted-acid sites,
respectively. For SBA-15, the spectrum shows no observable peak
associated with Brgnsted acid sites and low peak intensity for Lewis acid
site, implying that SBA-15 possesses no acid site characteristics. While a
prominent peak due to adsorption on Lewis acid sites is present in the
spectrum for 15-ZrO,/SBA-15, there is relatively little adsorption in the
region characteristic of the pyridinium species, indicating the lack of
Brgnsted acid sites on this material. In contrast, a prominent peak at
1540 cm ™! due to pyridinium ions adsorbed on Brgnsted-acid sites is
again present in the spectrum for 5-WO3-15-ZrO5/SBA-15, confirming
the presence of Brgnsted-acid sites on this sample. Thus, the ALD
deposited WO3/ZrO5 layer on SBA-15 appears to have surface properties
similar to that of bulk WO3/ZrO-.
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- 5-WO,/bulk ZrQ,,

B B+L

Intensity (a.u.)

1650 1600 1550 1500

Wavenumber (cm'1)

Fig. 6. DRIFT spectra with pyridine dosed SBA-15, 15-ZrO5/SBA-15, 5-WO3-
15-ZrO,/SBA-15, and 5-WO3/bulk ZrO,. B and L represent Brgnsted and Lewis
acid sites, respectively.

3.5. H-D exchange

The H-D exchange reaction between DO and toluene was used to
further characterize the active sites on the surface of the 5-WQO3-15-
ZrOy/SBA-15 sample. H-D exchange between Brgnsted sites and D20 is
known to be facile at all temperatures, but the temperature at which
proton transfer occurs between a Brgnsted site and toluene is strongly
dependent on the strength of the Brgnsted site [25]. H-D exchange is
expected to occur at much lower rates on Lewis sites. Fig. 7 plots the
steady-state conversion for the H-D exchange reaction as a function of
temperature for the SBA-15, 15-ZrO,/SBA-15, and 5-WOs3-15-Z-
rO3/SBA-15 samples. These data show that the SBA-15 was inactive and
the 15-ZrO,/SBA-15 sample was nearly inactive, requiring temperatures
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Fig. 7. Conversion for H-D exchange between toluene and D,O as a function of
temperature for SBA-15, 15-ZrO,/SBA-15, and 5-WO3-15-ZrO,/SBA-15.



C.-Y. Wang et al.

in excess of 600 K to produce minimal conversion. This is consistent with
the lack of Brgnsted acid sites on this material. Significantly different
results were obtained for the 5-WO3-15-ZrO,/SBA-15 sample, which
was highly active for the D;O/toluene H-D exchange reaction. For this
sample, the reaction onset temperature, as defined by the temperature at
which 10% conversion is obtained, was 393 K; and greater than 80%
conversion was obtained at 475 K. This result is consistent with the
DRIFT spectra results described above and further confirms the presence
of Brgnsted acid sites on this catalyst.

It is useful to compare the results obtained for 5-WQ3-15-ZrO5/SBA-
15 with those reported previously for bulk WO3/ZrO, and transition
metal substituted H-ZSM-5s by Wang et al. who used reaction conditions
nearly identical to those used in the present study [5,25]. They reported
that the reaction onset temperature for a 10 wt % WO3/ZrO5 was 373 K
which is close to that obtained here for 5-WQ3-15-ZrO,/SBA-15. This
demonstrates that the ALD-grown WO3/ZrO3 layer in SBA-15 contains
Brgnsted acid sites that are similar in strength to those in a bulk tung-
stated zirconia. In agreement with the previous study, the Brgnsted sites
in 5-WO3-15-ZrO5/SBA-15 are slightly less reactive than those in H-[Al]
ZSM-5, which has a reaction onset temperature of ~335 K, or even
H-[Fe]ZSM-5, 345 K.

4. Discussion

In this study we demonstrated the use of ALD to grow films of ZrO5 in
the pores of SBA-15. Upon modification with WO3 this material con-
tained Brgnsted-acid sites that exhibited catalytic properties similar to
those of bulk tungstated zirconia. The ALD growth process resulted in
conformal films with a ZrO, growth rate was 4.9 x 10'7 Zr atom-
s-m~2.cycle™! which remained constant for the first 15 ALD cycles. Due
to the decrease in pore diameter and surface area which occurs upon
ALD film growth, one might expect the growth rate per cycle to decrease
with increasing cycle number once the oxide film completely covers the
SBA-15 support. Note, however, that since 15 ZrOy ALD cycles produces
a ZrO, film that is only slightly beyond monolayer coverage, it is likely
we did not perform enough cycles to see the expected decrease in growth
rate.

In addition to demonstrating the formation of active Brgnsted sites
for WOs-modified 15-ZrO,/SBA-15, this study also showed that the
thermal stability of SBA-15 was greatly enhanced by coating the pores
with an ALD-grown ZrO; film. As shown in Fig. 4, the linear pore
structure was maintained after heating 15-ZrO5/SBA-15 to 1273 K,
while for the unmodified SBA-15 the pore structure completely
collapsed upon heating to this temperature. This suggests that using ALD
to coat the pores of mesoporous materials with a refractory oxide, such
as zirconia, may be a viable strategy for producing a high-surface-area
catalyst support material that can be used in applications that require
high temperatures.

Finally, in addition to providing a method to produce a thermally
stable, high-surface-area, tungstated zirconia (170 m?g 1), a result which
cannot be obtained using a bulk ZrO, support, these materials may have
advantages for other applications. One such application is suggested by
the recent study of Tennakoon et al. on the use of Pt-modified meso-
porous silica for the selective hydrogenolysis of individual polymer
chains in high-density polyethylene [36]. The authors of that study
showed that catalytic sites that can only be accessed by diffusion of the
polymer chains into mesopores were more selective to forming higher
value, larger alkanes. Since Pt/WOy/ZrO, has been shown to exhibit
interesting properties for hydrocracking of polymers [37], the ability to
produce these sites in mesopores is intriguing. Finally, recent work has
shown that polymer-surface interactions can be changed significantly by
modifying the surface composition of pores using ALD [38]. It is not yet
clear what impact this will have on the catalytic properties but the
ability to tune adsorption properties represents another variable in the
catalytic toolbox.

ALD as a means to prepare catalytic materials is still in its infancy;
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however, the ability to prepare materials with well-defined composi-
tions and pore structures is intriguing. The application to mesoporous
materials, demonstrated here, provides one more example of how this
approach can be used to prepare interesting catalytic materials.

5. Conclusions

In this study, we demonstrated that ALD can be used to grow tung-
stated zirconia on the surface of the pores in SBA-15. The observed
systematic decrease in the pore diameter with the number of ALD cycles,
along with 2-proponal TPD results demonstrated that the oxide films
were conformal to the pore surfaces. Zirconia-coated SBA-15 was shown
to enhance the thermal stability of the SBA-15 support and to have
surface Lewis acid sites that are typical of zirconia. In contrast, a
tungstated-zirconia modified SBA-15 that was synthesized using 15 ZrOy
ALD cycles followed by 5 WO3 ALD cycles exhibited properties consis-
tent with the presence of surface Brgnsted acid sites, including the for-
mation of adsorbed pyridinium upon exposure to pyridine. These
Brgnsted sites exhibited reactivity similar to that of bulk tungstated
zirconia in that they were highly active for the acid-catalyzed H-D ex-
change between D50 and toluene.

The results of this study also further demonstrate the viability of
using ALD to synthesize specific active sites on the surface of meso-
porous oxides. The pore structure of these materials can be maintained
while growing oxide films on their surfaces and at least in the case of
zirconia, the ALD oxide film can also significantly enhance the thermal
stability of the mesoporous support.
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