
Sub-Monolayer Control of Mixed-Oxide Support Composition in
Catalysts via Atomic Layer Deposition: Selective Hydrogenation of
Cinnamaldehyde Promoted by (SiO2‑ALD)-Pt/Al2O3

Zhihuan Weng‡ and Francisco Zaera*

Department of Chemistry and UCR Center for Catalysis, University of California, Riverside, California 92521, United States

ABSTRACT: Alumina-supported platinum catalysts have
been modified with silicon oxide thin films grown using
atomic layer deposition (ALD) in order to tune the acid−base
and electronic properties of the oxide, and their performance
has been tested for the hydrogenation of cinnamaldehyde. It
was found that the silica layers greatly increase the stability of
the platinum nanoparticles, preventing their sintering during
high-temperature calcinations without affecting access to the
metal surface in any significant way; the extent of CO
adsorption, measured by infrared absorption spectroscopy was
found to decrease by only one-third after 6 SiO2 ALD cycles.
Additional Brønsted and Lewis acid sites were created upon
the deposition of submonolayer coverages of silicon oxide, as probed via pyridine adsorption. The addition of the silicon oxide
thin films reduced the overall activity of these catalysts but also increased their selectivity toward the production of the
unsaturated alcohol. In addition, both turnover frequencies (TOFs) and selectivities were found to increase initially with
reaction time in most cases, presumably the result of catalyst conditioning by the reaction mixture. Those improvements were
seen to be retained upon recycling of the catalysts. The best catalysts in term of selectivity (≥85% of cinnamyl alcohol
production, in terms of TOFs) were obtained after 3 or 4 ALD cycles, which were estimated to deposit approximately half of a
monolayer of SiO2. Based on these results, it is proposed that the added strong Brønsted acid sites at mixed Si−O−Al positions,
possibly in synergy with the metal surface, may be responsible for the relative enhancement in the hydrogenation of CO
bonds detected.

KEYWORDS: atomic layer deposition, selective hydrogenation, platinum catalyst, unsaturated aldehydes, silica-alumina,
infrared absorption spectroscopy, pyridine adsorption

1. INTRODUCTION

In many heterogeneous catalysts the active phase, typically an
expensive material such as a precious metal, is finely dispersed
on a porous support in order to maximize its exposed
surface.1,2 In this scheme the support, often an oxide such as
silica, alumina, titania, or ceria, has been traditionally viewed as
inert, mainly providing the high surface areas needed for good
dispersions of the main catalytic phase. Over the years,
however, it has been shown that this is a simplistic picture and
that the support itself does in most cases play an important role
in defining the performance of catalysts. The chemistry of
oxide supports has in fact being exploited in many processes, to
take advantage of specific acid−base3,4 or redox5−7 sites within
those solids, for instance. More recently, it has also become
evident that new catalytic sites can be created at the interface
between the support and the active phase, some with the
ability to promote unique desirable reactions.8,9 The controlled
design and synthesis of those interfacial sites is still a challenge,
however.
Atomic layer deposition (ALD) is a promising tool to tailor

the properties of such interfaces. ALD is a chemical method for
the deposition of thin solid films where monolayer control of

the film thickness is attained by splitting the overall reactions
into two or more complementary and self-limiting steps.10−12

It is an approach popular in microelectronics and related
applications13−15 that is also finding its way into other fields of
science and technology, including in catalysis.16−21 Some
reports are already available in the literature on the use of ALD
to deposit and/or stabilize active catalytic phases such as
metals on porous supports.22−25 Less has been done to test its
use for the modification of the support itself.26−28

Here we report data from a study on the use of ALD to
modify the alumina surfaces of Pt/Al2O3 catalysts by
depositing thin silica films. The hypothesis is that this way
new mixed-oxide phases may form with unique catalytic
properties. That idea was tested for the case of the selective
hydrogenation of unsaturated aldehydes. It has been
established that the support plays an important role in defining
catalytic performance in those systems.29−31 One consistent
observation has been that the use of reducible oxides such as
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titania or ceria leads to different, often better, performances
than those seen with more conventional (silica or alumina)
supports.32−35 However, it is our contention that new sites
with acid−base or redox properties may also be created in
mixed oxides prepared using ALD, as already reported in a few
cases.36,37 Indeed, we found that the addition of thin silica
layers to the alumina-supported catalyst significantly improves
its selectivity toward the desired hydrogenation of CO
bonds, albeit at the expense of total activity. The new catalysts
also proved to be more thermally stable. Our data provide an
example of the power of ALD to tune the properties of oxide
catalysts.

2. EXPERIMENTAL DETAILS

The initial Pt/Al2O3 catalyst used in these experiments was
purchased from a commercial source (Sigma-Aldrich, 1 wt %
metal loading). The silicon oxide ALD was performed by
following a procedure inspired on a literature report,38,39

following ALD chemistry well characterized by others.40 The
solid sample, placed in a small vial, was first suspended inside a
round-bottom flask slightly above the surface of the liquid ALD
precursor, tetramethyl orthosilicate (TMOS, Aldrich-Sigma,
≥99% purity), which was held at 355 K so that the solid
sample could be exposed to the TMOS vapor. After 5 min of
exposure to the TMOS, the vial with the powder was moved
(under an inert atmosphere) to a two-neck flask, pumped for
several minutes, and exposed to a mixture of water and
ammonia vapors in a second round-bottom flask at room
temperature for 10 min. The vial was transferred again to the
two-neck-flask pumping stage to evacuate the water and
ammonia vapors from the vial, and from there to the initial
TMOS containing flask to initiate a new ALD cycle. This
routine was repeated as many times as needed, as indicated in
the individual reports of the data below. All catalysts were

pretreated by reduction in a H2 atmosphere at 625 K for 2 h
prior to their use. The calcined samples were heated in air for 2
h at the temperatures indicated in the corresponding figures.
Carbon monoxide and pyridine adsorption on the resulting

catalysts was characterized by infrared absorption spectroscopy
in transmission mode, using a homemade quartz cell with
NaCl windows and a Bruker Tensor 27 Fourier-transform
infrared (FTIR) spectrometer.41,42 The solids were pressed
into pellet form, placed at the focal point of the sample
compartment, and exposed to an atmosphere of the gas of
interest, either carbon monoxide (Matheson Tri-Gas, ≥99.5%
purity, 200 Torr, room temperature) or pyridine vapor (Sigma-
Aldrich, ≥99.5% purity, ∼15 Torr, adsorbed at room
temperature and then annealed at 425 K) for a fixed time
(5−10 min) before pumping the volume of the cell and
acquiring the IR data. The reported spectra correspond to
averages of 512 scans taken at 4 cm−1 resolution and
referenced to spectra for the catalyst before exposure.
Transmission electron microscopy (TEM) images were
obtained using a Philips Tecnai 12 instrument (120 kV
accelerating voltage).
The kinetic measurements were performed using a 300 mL

high-pressure Parr reactor following a procedure described in
previous reports.43 The catalyst (10 mg, 1.25 μmol Pt) and the
cinnamaldehyde (Sigma-Aldrich, ≥95% purity; 82.5 mg,
cinnamaldehyde/Pt mol ratio = 500:1) were mixed in 10 mL
of isopropanol (Sigma-Aldrich, ≥99.7% purity, used as the
solvent), and the reactor was pressurized with 30 bar of H2
(Liquid Carbonic, >99.995% purity). The mixture was stirred
continuously during the course of the reaction, which was
carried out at room temperature (300 K). Aliquots of the
reaction mixture were taken periodically using the sampling
valve provided with the reactor (without opening the reactor)
and analyzed by gas chromatography (HP50 Column 15 m ×

Figure 1. TEM images of Pt/Al2O3 catalysts, as obtained from the commercial supplier (top row) and after 3 SiO2 ALD cycles (bottom row), as a
function of calcination temperature. Sintering of the Pt nanoparticles is seen after calcination to temperatures above approximately 800 K, more
extensively on the original catalyst.
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0.32 mm × 0.25 μm, FID detection). The solid catalyst was
filtered after reaction and washed with acetone for further
analysis or for reuse in recycling experiments.
The original kinetic data are reported in terms of either

percentage of conversion or turnover numbers (TONs) versus
time; the latter corresponds to the number of cinnamaldehyde
molecules converted per total number of Pt atoms in the
catalyst. Assuming an average Pt particle size of 2.6 nm, as
measured by TEM (Figure 1, left panels, for Tcalc = 625 K), it is
estimated that only about half of the Pt atoms of our catalysts
are exposed on the surface of the nanoparticles, which means
that the TONsurf expressed in terms of molecules converted per
Pt surface atom would be approximately twice as large as those
reported here. Because this is a systematic correction, however,
it does not affect the calculations of reaction selectivities or any
relative comparisons made in the discussion. Turnover
frequencies (TOFs) were calculated by numerical differ-
entiation of the TON-versus-time plots and are reported in
units of TON/h.

3. RESULTS
3.1. Catalyst Characterization. Several catalysts were

prepared by depositing silica thin films of various thicknesses
on the starting Pt/Al2O3 commercial catalyst. Between 1 and
10 ALD cycles were used. Previous data from our laboratory
for the ALD of SiO2 films on mesoporous materials led to an
estimation of the SiO2 deposition rate of approximately 0.35
Å/cycle, which means that the films grown here on our Pt/
Al2O3 catalysts range from 0.35 to 3.5 Å in thickness.39 These
layers were too thin to be clearly visible by TEM (also because
of the negligible difference in contrast between alumina and
silica) but did not appear to affect the Pt nanoparticle size
distribution, which was estimated to center around 2.6 ± 0.2
nm (Figure 1, left images).
Access to the Pt surface in the catalysts treated with SiO2

ALD was assessed by performing carbon monoxide titration
experiments, using infrared absorption spectroscopy as the
detection tool. The relevant data, with focus on the C−O
stretching frequency region, are displayed in Figure 2. All
traces are qualitatively similar, displaying a main peak around
2070 cm−1, corresponding to CO adsorption on Pt atop sites
(mainly on Pt(111) terraces), and a less intense and broader
feature about ∼1840 cm−1 typically associated with bonding on
bridged and/or defect sites (Figure 2, left panel).44 The most
significant result from these spectra is the reduction in peak
intensity of the adsorbed CO features with increasing SiO2
ALD cycles (Figure 2, right panel). Particularly noteworthy is
the fact that such reduction is fairly limited: the atop CO signal
intensity decreases only by about a third after 6 ALD cycles,
which we estimate to correspond roughly to one SiO2
monolayer. The size of the low-frequency peak due to
bridge-bonded CO decreases in a more drastic fashion, losing
about 3/4 of its intensity even after 3 cycles (as also seen in the
past by other researchers),45 but that is more difficult to
interpret, as the bridge-bonded CO is more sensitive to
structural or compositional changes on the surface. It is worth
mentioning also that the frequency of the peak for atop CO,
another parameter sensitive to the size and degree of exposure
of the metal surface, remains the same (2070 cm−1) for all the
catalysts. The general conclusion deriving from the CO
titration studies is that most of the Pt surface is still exposed
and available for catalysis after the SiO2 ALD treatments. It
should be noted that previous reports have also shown that

oxide ALD on metal-supported catalysts does not fully block
the metallic surface, in our case possibly because silica ALD
occurs preferentially on oxide surfaces and is typically inhibited
on metal substrates.46 Also, it could be thought that the
deposited silica films preferentially block specific facets of the
metal nanoparticles, which could alter reaction selectivity; such
structure-dependence has in fact been reported in the
promotion of unsaturated aldehyde hydrogenation by Pt
catalysts.47 However, the reported nanoparticle-shape effects
are small and could not account for the high selectivities for
cinnamaldehyde hydrogenation at the CO bond reported
here (see below). Moreover, recent studies from our group
have identified (111) terraces as the main sites for these
reactions,43 and, according to the CO IR titration data in
Figure 2, those are only marginally blocked by the growing
silica films.
Additional titrations experiments, with infrared absorption

spectroscopy detection, were carried out using pyridine in
order to characterize the different types of acid sites present on
the surface and their evolution as the thickness of the ALD-
deposited silicon oxide layer is increased.48−50 The spectra
recorded in those experiments are provided in Figure 3. The
top trace, which corresponds to a Pt/SBA-15 sample added for
reference, shows two main peaks at 1447 and 1595 cm−1

associated with hydrogen-bonded pyridine, as typically seen in
silica-based catalysts.51,52 The Pt/Al2O3 catalyst (bottom
trace), by contrast, display several additional bands, at 1492,
1578, and 1614 cm−1, from coordinately bonded pyridine on
Lewis acidic sites, again in full agreement with previous
reports.51,52 The spectra from the samples modified by SiO2-
ALD (3 and 6 cycles) display most of the features of the
original Pt/Al2O3 catalyst but also show some subtle
differences indicative of a synergy between the aluminum
oxide support and the silicon oxide thin films deposited on top.
In particular, the peak at 1492 cm−1 grows in intensity, and two
new features develop at 1547 and 1620 cm−1 (the latter seen as
a shoulder of the 1614 cm−1 feature in the 6 ALD cycles
sample). The first is typically associated with pyridinium ions,
and is indicative of adsorption on strong Brønsted acid sites,

Figure 2. Left: Infrared absorption spectra for carbon monoxide
adsorbed on Pt/Al2O3 catalysts treated with various (0, 3, 4, and 6)
SiO2 ALD cycles. Right: Peak intensities versus number of ALD
cycles, estimated from the spectra on the left. Atop adsorption,
manifested by the peak at 2070 cm−1, is minimally suppressed by the
growth of the silica layers.
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whereas the latter has been ascribed to strong Lewis sites.53

Note that although pure alumina itself does have Brønsted
sites, adsorption on those has proven to be weak,51 which
means that the addition of silica on top must change their
electronic configuration to make them more acidic. This type
of synergy between the alumina original support and the silica
overlayer to create new surface sites has been recently reported
for dealuminated zeolites,54 molecularly modified alumina,55

and core−shell structures56 as well.
3.2. Catalyst Activity and Selectivity. Next, the catalytic

performance of our samples toward the hydrogenation of
cinnamaldehyde (3-phenyl-prop-2-enal, CMA) was evaluated.
The associated reactions are shown in Scheme 1. Figure 4

reports the time evolution of the total conversion (left panel)
as well as the accumulation of cinnamyl alcohol (3-phenyl-
prop-2-enol, CMO, second panel from left), dihydrocinna-
maldehyde (3-phenyl-propanal, HCMA, third panel), and
dihydrocinnamyl alcohol (3-phenyl-propanol, HCMO, right
panel) versus reaction time in the batch reactor.
In terms of overall reactivity, Pt/Al2O3 proved to be the

most active catalyst; close to 100% conversion could be

achieved under our reaction conditions (cinnamaldehyde/Pt
mole ratio = 500:1, P(H2) = 30 bar, T = 300 K) in less than an
hour. Similar high activities with alumina-supported platinum
catalysts have been reported before.57−59 However, the
selectivity in this case is not high, since much HCMA and
HCMO are produced together with the desired unsaturated
alcohol (CMO) product. The addition of thin silicon oxide
films to the original catalyst, via ALD, leads to a decrease in
total activity but also to an increase in selectivity. The slowing
down of the conversion is monotonic with increasing SiO2 film
thickness, until reaching a final slow performance after 6 ALD
cycles; the reactivity data for 10 ALD cycles is similar to that
obtained with the 6 ALD cycles sample.
Because the kinetic studies were carried out in a batch

reactor, the raw data are presented in terms of TONs (or %
conversion) versus time. To get a better sense of the time
evolution of the reaction kinetics, those data were processed
(differentiated) to estimate TOFs versus time. The results for
the total CMO conversion are shown in Figure 5 as a function
of both the time of reaction (left panel) and the percentage of
conversion (right). These data show essentially the same
trends reported in Figure 4 but also highlight an interesting
additional observation, namely, that the reaction rates actually
increase with time in the initial stages of the conversion, a
trend opposite to what is typically seen in most other systems
that suggests a degree of catalyst conditioning by the reaction
mixture at the start of the reaction. This behavior is more
pronounced in the alumina-based catalysts, in which case the
TOF increases extend to very high conversions; upon the
deposition of silica films on those catalysts, the performance
approaches a more normal behavior, with the absolute rates of
conversion decreasing with the extent of reaction. Again, those
changes are accompanied by an overall decrease in catalytic
activity with increasing silicon oxide film thickness.
Figure 6 reports the calculated selectivities toward the

production of CMO in terms of TON versus reaction time
(left panel) and % conversion (center) and of TOF versus %
conversion (right). It is clearly seen in all these plots that the
selectivities change significantly as the reaction proceeds. In
addition, a dramatic increase in steady-state selectivity is seen
upon the deposition of silicon oxide films on the Pt/Al2O3
catalyst, even after the addition of only a fraction of a SiO2
monolayer: the final selectivity (estimated from the TON data,
center panel), at high (>80%) conversions, jumps from
approximately 25% with the original catalyst to over 60%
with only 2 SiO2 ALD cycles. It should be emphasized that,
because of the slow rate of film growth in the SiO2 ALD
process, a 2-cycle treatment amounts to the deposition of a
submonolayer coverage of the new oxide (an average thickness
of ∼0.7 Å, which corresponds to between one-third and one-
quarter of a monolayer based on the density of quartz).
Therefore, the dramatic changes in selectivity reported here do
not require much silicon oxide addition to the surface of the
catalyst. Further increases in selectivity are seen upon the
addition of thicker silica films, until an optimum value of close
to 75% in terms of TONs (>85% in terms of TOFs) is reached
with 4 SiO2 ALD cycles. The addition of thicker films reverts
this trend, and after 10 ALD cycles the maximum selectivity
achieved goes back down to ∼60%.
A couple of additional interesting observations can be

gleaned from the data in Figures 4−6. One is the fact that the
initial evolution of the hydrogenation reaction that leads to
increases in total TOFs (Figure 5) and selectivity (Figure 6)

Figure 3. IR absorption spectra of pyridine adsorbed at 425 K on Pt/
Al2O3 catalysts to which silicon oxide films of different thicknesses
have been added via ALD (3 and 6 cycles). Data for Pt/Al2O3 and Pt/
SBA-15 catalysts are also provided for reference. The new peaks that
develop at 1547 and 1620 cm−1 indicate the creation of new strong
Brønsted and Lewis sites on the mixed oxide surfaces.

Scheme 1. Reaction Network Associated with the Initial
Steps of the Hydrogenation of Cinnamaldehyde
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occurs over a similar period of time, about 5 min, with all the
catalysts regardless of the thickness of the silicon oxide film
deposited. The effect is more clearly seen in the left panel of
Figure 6, where the traces for the selectivity of the different
catalysts lie on top of each other when plotted versus reaction
time regardless of the extent of conversion (which varies as the
total activity slows down with film thickness, as seen in the
center and right panels of Figure 6). We speculate that perhaps
some of the reactants (CMA) adsorb and get converted on
specific sites within the surface of the catalyst, possibly on acid

sites, to produce carbonaceous deposits, and that those temper
the decomposition activity of the support and increase reaction
selectivity. The end result is that more CMO is produced, in
relative terms, than HCMA as the reaction progresses. It is
particularly interesting to note that not only selectivity but also
activity increases with time in this stage of the reaction. It has
been shown that specific organic modifiers adsorbed on
catalytic surfaces, self-assembled monolayers in particular, can
lead to similar effects.60−62

The other observation worth pointing out is that selectivity
toward CMO production decreases after long reaction times,
that is, at high conversions. This is not surprising, since CMO
can eventually be hydrogenated further to HCMO. What may
be more informative is that such reaction appears to be slower

Figure 4. TONs versus time for the hydrogenation of cinnamaldehyde (CMA) on Pt/Al2O3 catalysts as a function of the number of ALD cycles
used to deposit silicon oxide on the original solid. Shown are the data for the total conversion (left panel) as well as for the production of CMO
(second panel), HCMA (third panel), and HCMO (last panel). The addition of silicon oxide films induces a decrease in total activity, the more the
thicker the deposited film added, but also an increase in selectivity toward CMO.

Figure 5. Total TOF versus reaction time (left panel) and versus %
conversion (right panel) for the hydrogenation of cinnamaldehyde
promoted with Pt/Al2O3 catalysts covered with silica films grown via
ALD. The data, which were calculated by numerical differentiation of
the original results in Figure 4, are provided for samples made with
increasing number of ALD cycles, from 0 to 10. Interestingly, the
TOFs increase with both reaction time and the extent of conversion
in the initial stages of the reaction.

Figure 6. Selectivity toward CMO production, in terms of TONs
versus time (left) and % conversion (center) and of TOFs versus %
conversion (right), all as a function of the number of SiO2 ALD cycles
used in the making of the silica-modified Pt/Al2O3 catalysts. The
steady-state selectivity (at high conversions) increases with silicon
oxide film thickness until reaching a maximum at 4 SiO2 ALD cycles,
after which it decreases again.
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than the conversion of HCMA to HCMO, so that the changes
in selectivity due to variations in HCMO yields at high
conversions are reflected mainly in the changes in HCMA
yields (Figure 7). In fact, the net TOFs for HCMA reach

negative values in some cases (data not shown) as the rate of
consumption of the HCMA (to produce HCMO) surpasses
the rate of its production from CMA. In addition, there is an
intrinsic rate of HCMO production that is detected even at the
start of the catalytic runs. This indicates that HCMO is, to
some extent at least, a primary product in this reaction.
Although such early HCMO production is perhaps un-
expected, it has been seen in some instances,33,63 and recent
molecular beam experiments on model platinum surfaces from
our laboratory have proven that there can indeed be a direct
path to full hydrogenation of the unsaturated aldehyde to the
alcohol.64 The fraction of HCMO produced in the initial stages
of the catalysis increases with SiO2 film thickness, up to a value
of about 40% at t = 0 h with the 10 SiO2 ALD sample, but then
levels off with all catalysts, after about half of total conversion,
to less than 20%. Because the large HCMO production is only
seen at the start of the reaction, with the fresh catalysts, and
because the effect is more pronounced with the silica-modified
samples, we speculate that it may be related to the reactions at
Brønsted acid sites that take place during the early catalyst
conditioning, before reaching the steady-state performance.
3.3. Catalyst Stability. The observation that reaction rates

go up with reaction time and the hypothesis that this may be
due to preconditioning of the catalysts by the reaction mixture
were explored further by performing recycling experiments. In
these, the used catalyst was filtered from the solution after
reaching 100% conversion of CMA in the initial mixture,
washed with acetone, and treated in H2 at 625 K for 2 h (but
not calcined) prior to reuse. Figure 8 displays kinetic data
obtained from such experiments for the cases of the original
Pt/Al2O3 catalyst and a catalyst treated with 3 SiO2 cycles, in

the form of total % conversion versus reaction time (left panel)
and selectivity toward CMO production versus conversion. It
was determined that while the original catalysts is partially
poisoned and displays reduced activity in the second catalytic
run, the one covered with a silica layer was more stable and
retained its full activity the second time around (it showed a
∼20% decrease in activity in the third run, data not shown).
More critically, CMO selectivity increased over time and was
retained in the used catalyst. With the pure Pt/Al2O3,
additional increases were seen in the second run but to a
final value around 40%. By contrast, the silica-treated catalyst
reached a ∼65% selectivity at the end of the first run and
quickly stabilized at a final value of 80% by the end of the
second run. It does appear that exposure of the catalysts to the
reaction mixture modifies them in the initial stages of the
conversion, in a process that leads to an increase in reaction
selectivity. It should be mentioned that this evolution occurs
without any changes in Pt particle size, as TEM images taken
after reactions display the same size distributions as the pristine
samples (data not shown).
The stability of the catalysts was also probed as a function of

calcination temperature during their pretreatment. Calcination
induces the sintering of the Pt nanoparticles, starting at
temperatures above 800 K, as shown in the TEM images in
Figure 1. This sintering, however, can be inhibited by the ALD
of silicon oxide layers. Figure 9 shows TEM images that
confirm this conclusion. Calcination at 975 K leads to
significant increases in the average Pt particle size in the
pure Pt/Al2O3 (⟨d⟩ = 18.5 nm, images not shown) as well as in
the catalyst treated with 3 SiO2 ALD cycles but causes virtually
no changes in the catalysts treated with either 6 or 10 SiO2
ALD cycles. We estimate that 6 ALD cycles deposits the
equivalent of one monolayer of silicon oxide on the surface.
The effect of these calcination pretreatments on catalytic

performance is illustrated by the data in Figure 10 for the cases
of the original catalyst and for the 3 ALD cycles sample. It is
clear that high-temperature calcination results in a significant
drop in total activity in both cases (left panel). The effect is

Figure 7. Selectivities for HCMA (left) and HCMO (right)
production during the hydrogenation of cinnamaldehyde on Pt/
Al2O3 as a function of the number of ALD cycles used to deposit
silicon oxide on the surface of the catalyst. Less HCMA is made, in
relative terms, as the reaction time increases in all cases, and less on
the samples with the thicker silicon oxide layers. The production of
HCMO is enhanced in relative terms by the addition of SiO2 in the
early stages of the reaction, but at high conversions the behavior is
similar with all catalysts.

Figure 8. % Conversion versus reaction time (left) and CMO
selectivity versus % conversion (right) for Pt/Al2O3 catalysts
unmodified (x = 0) and after 3 SiO2 ALD cycles (x = 3). Results
are reported for sequential kinetic runs to test the recyclability of the
catalysts. The reused catalysts display somewhat lower total activity
but higher selectivities, especially in the case where the silica layer was
added.
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more significant in the untreated alumina-based catalyst,
presumably because sintering occurs to a greater extent
there. Interestingly, the selectivity toward CMO production
increases upon calcination in the 3 ALD sample but goes down
with Pt/Al2O3 (right panel). There have been a few reports of
selectivity changes in these reactions as a function of particle
size, although the conclusions have differed across stud-
ies.43,65,66 In our case, particle size may play a role, but the

difference in trends between the catalysts with versus without
added silica points to additional factors due to the support
affecting catalytic performance as well.

4. DISCUSSION

The main purpose of this study has been to evaluate the
feasibility of using ALD to tune the catalytic properties of
oxides. Mixed oxides have been long used to systematically
vary key properties such as acid−base or redox reactivity. This
is particularly true with mixtures of aluminum and silicon
oxides, in zeolites and other aluminosilicate compounds.67−71

There, the substitution of silicon atoms with aluminum in the
oxide network provides a way to add Lewis acid sites, and the
change in the electron distribution to increase the Brønsted
acidity in silanol groups adjacent to the new Al centers.
Additional structures such as pentacoordinated or distorted
tetrahedral Al may also be created this way.67,72,73 However, in
most cases, the mixed oxides are made as bulk solids, and that
offers only limited flexibility in terms on tuning the properties
of the surface. We here provide evidence that the acidity of
alumina supports may be modified and their catalytic
properties fine-tuned via the controlled addition of silicon
oxide layers to their surfaces by ALD.55

The new catalysts reported by us were initiated from a
standard alumina support, onto which platinum nanoparticles
have been dispersed. This adds a new level of complexity,
because much of the past work on the surface modification of
oxide catalysts, of alumina in particular, has been carried out
on the oxide alone. We show by CO site titration using
infrared absorption spectroscopy that the addition of silica
films to the Pt/Al2O3 catalysts does not significantly reduce the
accessibility of gas molecules to the metal surface (Figure 2),
possibly because the TMOS precursor in the silicon oxide ALD
reacts preferentially on oxide sites. Ours seems to be a general
observation, given that similar conclusions were reached by
Feng et al. from studies on the coating of supported Pd
catalysts with alumina films.45,46 We also report the creation of
new Brønsted and Lewis sites on the mixed oxide samples, as
identified by pyridine titration and IR detection (Figure 3).
The Brønsted sites become apparent by 3 ALD cycles, which
we estimate leads to the deposition of approximately half a
monolayer of silicon oxide, whereas the Lewis acid sites are
more clearly seen after 6 ALD cycles, that is, after the
completion of one SiO2 monolayer. Because maximum
reaction selectivity was seen with samples treated with 3 to 4
ALD cycles, we contend that it is the new Brønsted sites that
may contribute to such selectivity optimization. As the
selectivity peaks at one-half of a silica monolayer, the sites
involved are most likely terminal silanol groups bonded to
mixed Si−O−Al sites.
Some past spectroscopic studies have been directed at

identifying the new sites generated by making mixed alumina-
silica solids. However, the structure of those sites is still a
matter of debate.74 The accepted model, developed mainly in
connection with hydrocarbon cracking catalysis, has been that
the new Brønsted acidity arises from Al−OH groups close to
silicon atoms.75−77 Additional proposals have been put forward
more recently, though, including acid sites with bridging Si−
OH−Al groups78−80 and silanol groups in the vicinity of
aluminum atoms in different coordination configurations and
oxidation states.81,82 In all these cases, though, the studies have
been based on bulk aluminosilicate samples.

Figure 9. TEM images of Pt/Al2O3 catalysts obtained after 3 (top
left), 6 (top right), and 10 (bottom left) SiO2 ALD cycles followed by
calcination at 975 K for 2 h. Bottom right: Average Pt particle size in
the calcined samples as a function of ALD cycles. The added silica
films are shown to prevent particle sintering.

Figure 10. % Conversion versus reaction time (left) and CMO
selectivity versus % conversion (right) for Pt/Al2O3 catalysts
unmodified (x = 0) and after 3 SiO2 ALD cycles (x = 3). Data are
presented as a function of the temperature used for calcination during
the catalyst pretreatment. Calcination at high temperatures results in a
decrease in total activity in all cases. However, while selectivity
increases in the catalyst with the silica layer, it decreases on the pure
Pt/Al2O3 case.
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There are a few recent reports on the modification of
alumina supports via the deposition of silicon-containing
precursors. For instance, core−shell structures made by
conformally coating Al2O3 nanospheres with SiO2 films using
sol−gel chemistry indicated that, if the silicon oxide film is thin
enough (∼2 nm), the underlying Lewis acidity of the alumina
is quenched and replaced by strong Brønsted acid sites.56

Using a gas-phase grafting procedure closely related to the
ALD reported here, the group of van Bokhoven et al. showed
that silica addition to alumina also yields Brønsted acid sites
active for the dehydration of ethanol and the isomerization of
m-xylene.83,84 In a third example, Stair and co-workers
modified γ-alumina samples with TEOS vapor and showed
that the resulting monomeric SiOx species on the alumina
surface exhibit much higher specific activity than the parent
alumina for the liquid-phase catalytic dehydration of cyclo-
hexanol while retaining the same selectivity.55 All these
precedents are supportive of our idea that the silica ALD
creates new strong Brønsted sites on mixed Si−O−Al sites.
Note, however, that none of those catalyst included a metallic
component, as is the case here. There are only a handful of
precedents for the ALD or similar modification of surface of
oxide supports in catalysts where the main active phase is a
dispersed metal.85

Our central claim, deriving from this study, is that the
formation of the new sites upon the addition of silica films to
the alumina support, presumably the new strong mixed-oxide
Brønsted acid sites, help increase the selectivity of the
hydrogenation of unsaturated aldehydes toward the production
of the corresponding unsaturated alcohols. Acid sites on solid
supports are well-known to facilitate a number of skeletal
rearrangements and bond-scission reactions in hydrocarbons
and are used extensively in cracking and reforming processes.86

Their role in selective hydrogenations, however, has been
discussed to a much lesser extent. An early study reported that
sonication of Pt/SiO2 catalysts improves the selective hydro-
genation of the CO bonds (instead of the CC moiety), an
effect that the authors explained by claiming that sonication
leads to the decoration of the metal nanoparticles with silica
sites and that those favor the di-σ adsorption of the CO
fragment; this adsorbate is then proposed to interact with Si−
OH acid sites to facilitate its hydrogenation.87 There have also
been indications that acid sites within the support of metal-
based hydrogenation catalysts can promote more complex
rearrangement reactions.88,89 The fact that such reactions were
not seen here suggests that promotion in our SiO2-ALD-
modified Pt/Al2O3 catalysts is the result of a synergy between
the metallic and support sites (likely the new Brønsted acid
sites in the later). Finally, it has been established that the use of
reducible supports such as titania or ceria also enhances the
selectivity of unsaturated aldehydes to unsaturated alco-
hols,32,35,90−96 so the effect seen here with the silica-modified
Pt/Al2O3 catalyst may be electronic, due to the creation of new
unique sites at the metal-oxide interface.
Regarding the mechanism of the hydrogenation catalysis of

unsaturated aldehydes using the new ALD-modified catalysts,
our data may not afford sufficient information to put forward a
detailed mechanism but do provide enough insights to extract
a few general conclusions. First, as in many other catalytic
hydrogenations, the role of the metal is critical, as virtually no
conversion is seen without it. One of the main roles of the
metal is to aid with H2 activation to form adsorbed hydrogen
atoms. Furthermore, the hydrogenation of unsaturated hydro-

carbons, including unsaturated aldehydes, on metals is believed
to take place stepwise, via the incorporation of one hydrogen
atom at the time, via the so-called Horiuti-Polanyi mecha-
nism.29,97,98 Nevertheless, it is also clear that the nature of the
support plays an important role in defining activity and
selectivity for these reactions, since significant changes in
catalytic performance were seen here as silica thin films were
added to the starting Pt/Al2O3 material, and also given that
others have reported different catalytic performance with
different supports, as already mentioned above.
Not much discussion has been published about the direct

effect of the properties of the support on unsaturated aldehyde
hydrogenation reactions, but extensive knowledge is available
on the role of the acidity of the support on related
hydrocarbon reforming and cracking processes.86 In those
cases, the protonation of adsorbed surface species on Brønsted
acid sites is believed to produce half-hydrogenated (ionic)
intermediates analogous to those in the Horiuti-Polanyi
mechanism on metals, which can then easily undergo further
conversion, including not only full hydrogenation but also
skeletal rearrangements and bond-scission and bond-forming
steps. It is this protonation-initiated alternative mechanism that
may be changing in our catalysts upon modification of the
alumina support by the addition of silica. Extensive isomer-
ization and cracking typically requires higher temperatures
than those used here for the hydrogenation of cinnamaldehyde,
but carbonaceous deposits from coupling of adsorbed carbon-
containing species may still form on the support and
potentially (selectively) poison some reaction sites on the Pt
nanoparticles. The indication that this may be happening
comes from our observation of changes in activity and
selectivity versus reaction time (Figures 5−7) and upon
recycling of the catalyst (Figure 8). It may seem odd that
poisoning of the metal by strongly bonded carbonaceous
deposits may lead to increases in absolute TOFs, as seen in the
initial stages of our reactions (Figure 5), but those residues are
an integral part of hydrogenation catalysis,99 and similar rate
increases has been reported in the past for the hydrogenation
of related molecules such as furfural upon the addition of self-
assembled monolayers on the surface.62 More importantly,
selectivity is easier to tune this way.
We finish with a brief discussion of the overall benefit of

using ALD to modify the Pt catalysts for the hydrogenation of
unsaturated aldehydes. Typically, selective catalysts are highly
desirable because they use less reactants, produce less
(potentially polluting) byproducts, and minimize the need
for extra separation and purification steps.100−102 However,
improved selectivities often come at the expense of total
activity, and a balance needs to be reached between these two
conflicting criteria. That is the case here. However, the
situation is not as dire as it may appear at first sight, because
the gains in selectivity we report lead to a reduction in the
difference in specific activity toward the desired products
between the pure Pt/Al2O3 and SiO2-ALD modified catalysts
(compare to the differences in total activity). For instance, the
maximum total TOF is about 400 TON/h for the alumina-
only catalyst but only around 70 TON/h for the 3-SiO2-ALD
sample (Figure 5). On the other hand, the maximum TOFs for
CMO production are 100 and 50 TON/h, respectively
(calculated by combining the data from Figures 5 and 6). In
fact, it is 110 TON/h with the 2-SiO2-ALD sample (higher
than with Pt/Al2O3)! Looking at the performance of the
operational catalyst, after recycling (Figure 8), the picture is
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even more encouraging: the Pt/Al2O3 catalyst reaches steady-
state total and CMO TOFs of ∼100 and 40 TON/h,
respectively, whereas for the 3-SiO2-ALD sample the numbers
are 40 and 32 TON/h, respectively. In other words, our silica-
modified catalyst shows approximately 80% of the activity of
the alumina supported catalysts as far as CMO production is
concerned while avoiding the waste of the 60% of the reactant
that would be converted to other undesirable products with the
unmodified catalysts. The added catalyst stability shown by the
data in Figure 9 is a bonus. In this light, we believe that the
benefits of the ALD modification of the catalyst are clear.

5. CONCLUSIONS
The ability to control the chemical properties of oxide supports
via their modification using ALD was tested for the specific
case of the addition of SiO2 films to Pt/Al2O3 catalysts. Several
catalysts were prepared by carrying out between 0 and 10 SiO2
ALD cycles, which were estimated to correspond to films
thicknesses of up to approximately 2 monolayers. Infrared
absorption spectroscopy characterization of the uptake of
carbon monoxide on these catalysts led to the conclusion that
adsorption on Pt atop sites is only suppressed by about a third
after 6 ALD cycles (1 SiO2 monolayer). The Pt bridge sites, on
the other hand, were blocked after fewer ALD cycles and to a
larger extent. The adsorption of pyridine uncovered the
formation of new strong Brønsted and Lewis acid sites,
manifested by new peaks in the infrared spectra at 1547 and
1620 cm−1, respectively.
The silicon oxide films were found to reduce the ability of

the Pt/Al2O3 catalysts to promote the hydrogenation of
cinnamaldehyde but also to greatly increase their selectivity
toward the unsaturated alcohol. The initial TOF decreased
from over 200 h−1 with the unmodified catalyst to about 50 h−1

with the sample treated with 3 SiO2-ALD cycles, to ∼25 h−1

after 4 SiO2-ALD cycles, and to ∼10 h−1 after 6 SiO2-ALD
cycles. The latter correspond to one SiO2 monolayer, and
further silicon oxide addition did not lead to any additional
changes in catalyst performance. Interestingly, the activity (and
selectivity) of these catalysts increased during the initial stages
of the reaction, presumably because of the in situ conditioning
of the catalyst by the reaction mixture; those gains in catalytic
performance were preserved upon the recycling of the catalysts
and their reuse for the conversion of fresh reaction mixtures.
In terms of selectivity, the original Pt/Al2O3 catalyst was

determined to only convert about 25−30% of the unsaturated
aldehyde to the unsaturated alcohol, the desired product.
However, addition of even small amounts of silica (as little as 2
ALD cycles) leads to an increase in maximum selectivity, to
values above 60%. That selectivity does go down after high
conversions because of further hydrogenation to the saturated
alcohol, although the preferred route for that product is via the
saturated aldehyde. Direct hydrogenation of about 10% of the
unsaturated aldehyde (cinnamaldehyde) to the saturated
alcohol (dihydrocinnamyl alcohol) was also seen, even in the
initial stages of the conversion. The best performance in terms
of selectivity was seen with the catalysts treated with 4 SiO2-
ALD cycles (leading to the growth of approximately one-half of
a SiO2 monolayer), in which case approximately 85% of the
reactant could be converted to cinnamyl alcohol.
Finally, the thermal stability of these catalysts toward

sintering was assessed. Both the original catalyst and samples
modified with thin (≤3 ALD cycles) silicon oxide layers were
found to sinter upon calcination at temperatures above ∼800

K, as shown by significant increases in average particle sizes in
TEM images. This sintering, however, was suppressed in the
catalysts treated with either 6 or 10 SiO2 ALD cycles: average
Pt nanoparticle sizes of 3.0 ± 0.2 nm were measured after
calcination of those samples in air at 975 K for 2 h, almost the
same value, within experimental errors, of the original Pt/
Al2O3 sample. The calcined catalysts displayed reduced activity
but also noticeable improvements in selectivity.
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