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Shape-selective sieving layers on an oxide

catalyst surface
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Jeffrey W. Elam?, Randall E. Winans>, Richard P. Van Duyne'3, Peter C. Stair'3¢

and Justin M. Notestein**

New porous materials such as zeolites, metal-organic frameworks and mesostructured oxides are of immense practical
utility for gas storage, separations and heterogeneous catalysis. Their extended pore structures enable selective uptake of
molecules or can modify the product selectivity (regioselectivity or enantioselectivity) of catalyst sites contained within.
However, diffusion within pores can be problematic for biomass and fine chemicals, and not all catalyst classes can be
readily synthesized with pores of the correct dimensions. Here, we present a novel approach that adds reactant selectivity
to existing, non-porous oxide catalysts by first grafting the catalyst particles with single-molecule sacrificial templates,
then partially overcoating the catalyst with a second oxide through atomic layer deposition. This technique is used to
create sieving layers of Al,O; (thickness, 0.4-0.7 nm) with ‘nanocavities’ (<2 nm in diameter) on a TiO, photocatalyst.
The additional layers result in selectivity (up to 9:1) towards less hindered reactants in otherwise unselective, competitive

photocatalytic oxidations and transfer hydrogenations.

cessing, environmental or emissions control, and large-scale

chemicals manufacturing, including CO hydrogenation and
selective oxidation'~>. Non-porous, bulk oxide catalysts are often
used; these can be very active and regioselective (that is, for a
particular functional group), but tend not to be reactant shape-
selective (that is, for a smaller molecule over a larger one). In
contrast, crystalline microporous oxides such as aluminosilicate
zeolites and aluminophosphates typically have pores with diam-
eters of 0.3-1.0 nm and are important in fuels and commodities
chemicals in part for their well-known ability to influence reaction
pathways via reactant or transition-state shape selectivity®.
However, not all reactions can be carried out in zeolites, and fra-
mework microporosity can impose strong diffusion limitations,
excluding many larger molecules of interest to biomass utilization
and fine/specialty chemicals. To combat some of these challenges,
shape-selective reactions of larger molecules have been successfully
carried out at pore mouths on crystallite external surfaces’, and
reactant accessibility has been improved through delamination”?,
pillared structuring® or by incorporating mesoporosity'®-'2. In par-
allel, mesostructured oxides are available with high surfaces area
and 2-50 nm pores that are able to accommodate larger reac-
tants'*-16, These pore structures have proven to be effective in
altering the intrinsic regioselectivity or enantioselectivity of
embedded active sites'”. However, it is challenging for either
class of material to select among similarly sized molecules near
1 nm, which are often too large for zeolite pores and too small
for size selection in most mesostructured oxides. Molecularly
imprinted oxides or films'®!” and molecular catalysts incorporated
into imprinted polymers, metal-organic frameworks (MOFs) or
related materials®® have potential for selective catalysis, but are

S upported and bulk oxides are ubiquitous catalysts in fuel pro-

less robust than all-oxide catalysts and may not be applicable to
the same reactions.

The following work describes a novel, alternative approach that
tunes the reactant selectivity of existing catalysts by introducing
very thin and cavity-containing oxide sieving layers on the sur-
faces of larger oxide catalyst particles. These sieving layers are syn-
thesized by the new technique of molecular-templated atomic
layer deposition (ALD). Specifically, 0.3-1.5nm ALD films are
grown around surface-grafted template molecules, followed by
template removal to generate oxide surface ‘nanocavities’ in the
film. Following the size of the templates, the nanocavity dimen-
sions are in the supermicroporous region (diameters of 1-2 nm),
a region in which shape-selectivity is expected to occur for
many reactants’’. ALD makes use of self-limiting reactions
between gaseous precursors and a solid surface to grow highly
conformal and uniform films with subnanometre control of film
thickness?> 2. This layer-by-layer growth is ideal for many
oxides, nitrides and metals and is used in the manufacture of
microelectronic and optoelectronic materials?®. We and others
have recently applied it to the synthesis of supported metal cata-
lysts?’"% and for their partial overcoating to improve stability™®.
Templating techniques have been combined previously with
oxide deposition to generate cavity structures, but to our knowl-
edge only with much larger template dimensions (>100 nm)*!
and using methods incompatible with the high-surface-area
powders typically needed to achieve useful catalytic rates. Other
groups have also used thick (generally >20 nm) porous sol-gel
coatings around active catalysts to alter their stability or selectiv-
ity?»33. In such materials, diffusion can control the observed selec-
tivity, whereas all the materials described here are effectively non-
porous particles.
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Figure 1 | Nanocavity oxides selectively allow access only to molecules
able to penetrate the <2-nm-diameter supermicroporous cavities. They are
synthesized by (i) depositing a template (right) onto an existing catalyst
surface, (i) using ALD to synthesize an inert oxide film <2 nm thick around,
but not over, the templates, and (iii) treating the materials in O5 to remove
the templates, revealing the underlying catalyst surface.

The generalized synthesis is presented in Fig. 1. First, an appro-
priate template molecule is selected that will graft to the substrate
but which is subsequently unreactive under ALD conditions and
will remain uncovered by the ALD film. The template must also
be bulky and pack poorly on the surface to allow space around
the template for the ALD film. Because the templates must be
grafted at submonolayer coverage, they will have a distribution
of surface orientations. Consequently, relatively rigid molecules
with few possible surface orientations are preferred as templates.
After grafting, the ALD film is selectively deposited to a thickness
less than the template height. The template is then removed to
generate a nanocavity that provides selective access to the under-
lying surface. Based on these criteria, p-tert-butylcalix[4]arene
(CAL), adamantanecarboxylic acid (ACA) and di-tert-butylcate-
chol (TBC) have been chosen as templates because they are
bulky, stable and bind strongly to TiO, and AL,O; through only
one face of the molecule. In contrast, catechol is an example of
a molecule not viable as a template because of its low stability
and tendency to pack densely or lie flat on the surface. The nano-
cavity diameter and maximum depth are determined by the tem-
plate dimensions, but the number of ALD cycles sets the actual
cavity depth, up to the point where the template begins to be
covered. For the listed templates, synthesized nanocavities are
<2nm in all dimensions, yielding <10 nm’ cavities. The new
surface morphology created by this process is demonstrated prin-
cipally by transmission electron microscopy (TEM), small-angle
X-ray scattering (SAXS) and quartz crystal microbalance (QCM)
studies during materials synthesis. Reactant selectivity is demon-
strated using alcohol photocatalytic oxidation to ketones or alde-
hydes and nitroaromatic photocatalytic reduction to anilines on

NATURE CHEMISTRY | VOL 4 | DECEMBER 2012 | www.nature.com/naturechemistry

nanocavity-modified TiO,, which is an unselective catalyst
before modification.

Results

Synthesis and characterization. ACA and CAL were grafted onto
oxides from refluxing anhydrous toluene solutions, whereas TBC
was deposited directly from vapour (Supplementary Methods).
The chemistry for grafting phenols and carboxylic acids to
ALO, and TiO, surfaces has been well established®%.
Thermogravimetric analysis (TGA) in O, gave CAL and ACA
loadings of 25 and 60 molecules per 100 nm” of bare support,
respectively, corresponding to ~40% of maximum packing
(Supplementary Table S1, Fig. S1) The inverted conical shape of
grafted calixarene dictates that even when maximally packed
relative to its upper rim, smaller molecules like the ALD
precursors can still access the underlying surface®. TBC loading
on ALO; was determined by QCM to be 140 molecules per
100 nm* of bare support, or ~70% of a dense monolayer. After
ALD and template removal, the template number density is
expected to correlate approximately 1:1 with the nanocavity
number density.

Template stability during ALD is required for generating nano-
cavities; this was verified by TGA, which revealed no change in
apparent template loading after ALD (Supplementary Fig. S1), as
well as by unchanged characteristic diffuse reflectance UV-visible
spectra (DRUV-vis) before and after ALD (Supplementary Fig. S2).
A low-energy phenol-to-TiO, charge transfer band appeared near
400 nm, which was unaffected by ALO; ALD, demonstrating that
the template remained covalently attached to the underlying TiO,
while being coated with AL,O,. This band was completely removed
by final treatment in O;. ALLO; ALD on TiO, without a template
showed no significant spectral changes, consistent with an ALD
layer more transparent than the underlying oxide.

ALD of AlL,O; around grafted TBC was studied by in situ
QCM (Fig. 2a, Supplementary Methods) and showed a low initial
growth per cycle that slowly recovered to the steady-state value of
37 ng cm™ */cycle, corresponding to 1.1 A/cycle on bare surfaces.
The recovery required ~20 ALD cycles, and the integrated
missing mass was equivalent to ~880 A® per cavity using the
3.0 gcm° density of ALD AlLO,. This value was only ~30%
larger than the Connolly excluded volume of TBC of ~675 A® deter-
mined using a 1.4 A probe radius (H,0). These data were reprodu-
cible in subsequent super-cycles and are consistent with the grafted
template having suppressed Al,O; ALD until sufficient layers were
deposited and the template was completely overgrown after ~20
cycles or a thickness of ~2.2 nm. As a corollary, halting ALD
before reaching this threshold is expected to generate accessible
cavities in the ALD film once the template is removed.

SAXS was used to quantify the cavity dimensions generated in
the ALD film* (Fig. 2, Supplementary Fig. S3). Figure 2b shows
the nanocavity size distribution prepared with increasing cycles of
Al,O; ALD on TiO, with CAL templates. After 5 cycles, the scatter-
ing was consistent with cylinders 5 A deep and averaging 10.5 A in
diameter. After 10 cycles, the diameter had not changed appreci-
ably, but the cylinder depth increased to 11 A, consistent with the
thicker ALD layer. After 15 cycles, the apparent depth had further
increased to 15 A, and the diameter increased to accommodate
the fert-butyl groups on the upper rim of the cone-shaped CAL.

The surface morphologies of the modified particles were
observed by TEM. Figure 3a shows the relatively smooth surface
for 10 cycles (1.1 nm) of amorphous Al,O, deposited on single-
crystal 60 nm SrTiO; cuboids (no nanocavities). Figure 3b,c
shows roughness in the surface ALD layer in the presence of CAL
templates. Figure 3b demonstrates that the underlying crystal face
remained flat, and the surface roughness is therefore attributed to
the formation of nanocavities in the ALD layer. (See also
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Figure 2 | Nanocavity dimensions determined by QCM and SAXS. a, Bottom: QCM measurements during three supercycles of nanocavity synthesis show
adsorption of the TBC template (blue vertical lines, 1), increasing growth rates (circles, experimental data) over 20 cycles from (2) to (3) until reaching
steady-state values corresponding to ~1.1 A/cycle, and a new supercycle starting at (4). The dependence of growth rate on cycle number is consistent with
this template generating ~880 A3 hemispherical or pyramidal cavities, calculated from the shaded area. b, SAXS data for 5, 10 and 15 cycles of AlL,O; ALD
on CAL-TiO, are fit as distributions of cylindrical nanocavities with heights the same as the film thicknesses. Average diameters are 10 A at 10 cycles and
less, rising to 15 A for 15 cycles. This pattern is consistent with the inverted conical shape of the CAL template.

Supplementary Fig. S4 for additional TEM images and magnifi-
cations of these and other materials.)

Catalytic photooxidation and photoreduction. In a series of
experiments, the nanocavities were shown to control the
reactant shape selectivity of nanoparticulate TiO, for non-
aqueous UV photooxidation of alcohols using O, and for
photoreduction of nitroaromatics with ethanol as the sacrificial
reductant®®*® (Fig. 4a). Rendered selective, TiO, would be an
excellent, non-toxic catalyst for aerobic oxidations or transfer
hydrogenations using simple alcohols, providing cost-effective
and ‘green’ transformations®’. Reactant-selective photooxidation
by oxide catalysts has been demonstrated, but the results did
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not indicate size-exclusion, as will be demonstrated in the
following*—43.

Increasing cycles (1-10) of Al,O, were deposited over ACA or
CAL templates on Degussa Evonik TiO, P25, a benchmark photo-
catalyst. The templates were removed by O, treatment at 110 °C to
reveal the underlying catalyst surface and selectively allow access
only to molecules able to penetrate the nanocavities. Control
materials were synthesized by following the same process, but in
the absence of added template. The resulting materials were first
tested in the competitive photooxidation of benzyl alcohol
(BzOH), 2,4,6-trimethylbenzyl alcohol (TMBzOH), 2-adamantanol
(AdOH) and 1-adamantane methanol (AdMeOH). Representative
data are found in Fig. 4b; full data are provided in Supplementary
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Figure 3 | TEM images show ALD-coated SrTiO; nanocuboids.

a, Ten cycles of ALD Al,O5 on SrTiO5 nanocuboids gives relatively smooth
surfaces. b, High-magnification image of the roughened interface for

10 cycles of ALD Al,O5 on CAL-SrTiOs, showing the atomically flat surface
of the underlying crystal. ¢, Low-magnification image after 10 cycles of
ALD Al,O5 on CAL-5rTiO5 nanocuboids shows a much roughened surface
compared to a. Arrows highlight several candidate nanocavities.

(See Supplementary Fig. S4 for additional images and magnifications.)

Tables S2, S3, and Fig. S5. Starting from high rates on bare TiO,,
initial rates and conversions after 6 h decreased monotonically
with increasing number of cycles, consistent with increasingly com-
plete masking of the original TiO, catalyst surface. Absolute rates
during competitive oxidation on the nanocavity catalysts were
within 50% of those on the non-templated catalysts for 1-3 ALD
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cycles, but exceeded those on the non-templated catalysts by two-
to ninefold for 5 or more cycles. Perhaps more interestingly, all
absolute rates for the nanocavity catalysts levelled out beyond 5
cycles, whereas rates for the catalysts synthesized without a template
dropped exponentially (Supplementary Fig. S5). Such results are
consistent with the role of the template in ensuring that part of
the catalytic TiO, surface remains uncovered at higher numbers
of ALD cycles.

For both templates, oxidation rates and conversions of the sec-
ondary AdOH and of the bulky TMBzOH were more sensitive to
an increasing number of ALD layers than were those of BzOH.
Figure 4d plots the ratio of the initial oxidation rates for BzOH
versus AdOH or TMBzOH and AdOH versus AdMeOH over
CAL-templated catalysts. Over the 3 A window in nanocavity
depth from 4 to 7 cycles, rate ratios were maximized at 7.0 and
7.7 for BzOH versus AdOH and BzOH versus TMBzOH, respect-
ively. The maxima in relative rates occurred at the number of
cycles when absolute oxidation rates over the templated catalysts
began to level out and greatly exceeded those on the non-templated
version. This was also close to the number of cycles typically
required to form pinhole-free monolayers on non-templated
oxides, consistent with the notion that selective catalysis occurred
at geometrically constrained sites left uncovered after template
removal. ACA-templated nanocavities gave even higher maximum
selectivities of 7.7 and 8.5, but with a similar trend versus number
of cycles (Supplementary Table S3, Fig. S5), whereas bare TiO,
had a relative rate of only ~1.7 for either reactant pair. Expressed
differently, the nanocavities with 5 cycles of Al,O; ALD gave
~87% benzaldehyde and 13% the other oxidation product when
fed near-equimolar alcohol mixtures, equivalent to ~76% excess
selectivity. TiO, gave ~56%/44% product mixtures from near-
equimolar reactant mixtures, or <<25% excess selectivity. Trends
in peak selectivities were consistent with expectations from template
and reactant dimensions. BzOH versus TMBzOH displayed higher
peak selectivity than BzOH versus AdOH for both templates due to
the larger reactant size difference. Similarly, the smaller ACA tem-
plate gave more constrained nanocavities and higher selectivity for
either reactant pair than for catalysts synthesized with the larger
CAL template. In the absence of template, Al,O; on TiO, never
gave appreciable selectivities for BZOH versus AdOH, but a high
rate ratio was observed for BzZOH versus TMBzOH with 3 cycles
of AL,O,. However, at 5 or more cycles, rate ratios could not be cal-
culated accurately because of very low absolute rates
(Supplementary Table S2). As additional negative controls, oxi-
dation rates were near zero over the CAL-templated materials
without previous O; treatment, and none of the nanocavity catalysts
showed a significant preference for oxidation of AdOH versus
AdMeOH for any number of ALD cycles (Fig. 4d, Supplementary
Table S3), consistent with the nearly identical geometric footprints
of those two reactants.

Selective photocatalytic reduction of nitrobenzene (NB) and
nitroxylene (NX) with ethanol as a sacrificial reductant was also
examined (Fig. 4c, Supplementary Fig. S6, Table S4). The reduction
rates were similar on TiO, (1.2 rate ratio, 9% excess selectivity), but a
rate ratio of 2.7 (46% excess selectivity) was observed on a catalyst
consisting of 4 cycles of Al,O, on TiO, using the nanocavity metho-
dology. Most notably, no significant reaction was observed even for
the less hindered NB at similar amounts of Al,O; deposited without
the template. The oxidation and reduction results are all consistent
with a requirement for size-constrained but contiguous regions of
TiO, at the base of the nanocavities in order to observe appreciable
rates and reactant shape selectivity.

Discussion
This work has shown that indiscriminately reactive catalyst surfaces
can be made reactant shape-selective through the use of partial
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Figure 4 | Adding nanocavity-containing films adds reactant selectivity to intrinsically unselective TiO, photocatalysts. a, Selective photocatalytic
oxidations and reductions of mixtures are carried out over CAL-templated nanocavities. b, Conversions of BzZOH versus TMBzOH are shown over bare TiO,
and 5 cycles of Al,O3 ALD on CAL-TiO,. ¢, Conversions of NB and NX are shown over bare TiO,, 4 cycles of Al,O; on CAL-TiO, and 5 cycles of Al,O3 on
TiO, without a template. d, Ratios of initial rate constants in competitive oxidations of BzZOH versus TMBzOH or BzOH versus AdOH are maximized at 4-7
cycles of ALD Al,Os, consistent with size exclusion of larger or more hindered species once the space around the CAL template is completely filled in by the
ALD process. No selectivity is observed for AdOH versus AdMeOH at any number of cycles, consistent with their identical molecular cross-sections. Full
data sets and controls are provided in the Supplementary Information. In b-d, lines are given as guides to the eye. Panels b and ¢ are individual experimental
runs. Panel d gives average initial rate ratios and standard deviations of three replicates.

overcoating with an inert oxide. Because we show this using subna-
nometre oxide coatings, the selection mechanism cannot be based
on diffusion, but instead arises from size-sieving based on the
ability of the reactants to adsorb on the active catalyst surface. In
this manner, analogies can be made to the selective poisoning of
indiscriminate sites on catalyst surfaces. For alcohol oxidation,
which requires chemisorption only at the OH group, random
surface coverage by submonolayer ALD of Al,O; was able to
promote reactant selectivity for one reactant pair, but activity
decreased rapidly with increasing number of cycles of ALD.
Under these conditions, and unlike deposition over some supported
metals®, coverage of a catalytic oxide appears to be essentially com-
plete at <8 cycles (<1 nm Al,O;). Although this simple procedure
may find some utility for modifying catalysts, we have demonstrated
here that molecular-templated ALD is more effective at maintaining
higher oxidation rates and reactant selectivities at moderate
numbers of ALD cycles. For reactions like nitroaromatic reduction,
the nanocavity technique was essential to observe selectivity at any
significant reaction rates, presumably because the reduction requires
a larger adsorption footprint. Overall, these higher rates and
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selectivities for the templated materials are consistent with the
expected role of the 1-2-nm-diameter cavities formed from one of
three different template molecules and consistent with characteriz-
ation by SAXS, QCM and TEM. Other templates are being explored
for further control of selectivity. We note that although the smaller
template did give higher maximum selectivity, this method is
neither expected nor intended to give exact ‘imprinting’. A distri-
bution of template molecule configurations and surface orientations
will necessarily give some distribution to the generated pore dimen-
sions. The given nanocavity dimensions from SAXS are average
sizes and, in particular, the uncovered patch of TiO, may be
smaller than the cavity average diameter. The morphology of the
nanocavity film is also expected to be affected by catalyst pretreat-
ments, including those required for template removal. For
example, high-temperature calcination may change the film struc-
ture, but does not appear to have a significant impact on
catalytic selectivity.

Layered, composite catalyst particles have been known for several
years as a route to control reaction selectivities, but examples are
relatively rare and differ in significant ways from the catalysts
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powder bed at 100 °C. Cycles alternated between Al(CH,);, purge, H,O, and purge formed by gallery-templated synthesis. Nature 374, 529-531 (1995).

with N, carrier for 120-300-120-600 s at total 300 sccm and 1-2 torr. Note that 22. Cleveland, E. R, Banerjee, P., Perez, I, Lee, S. B. & Rubloff, G. W. Profile
dose and purge times are longer than typical for flat substrates. SAXS experiments evolution for conformal atomic layer deposition over nanotopography.
were performed at the Advanced Photon Source 12ID-C undulator station with a ACS Nano 4, 4637-4644 (2010).

charge coupled device detector, a q range of 0.08-2.3 A~ " and incident energy of 23

o : e m . Elam, J. W., Groner, M. D. & George, S. M. Viscous flow reactor with quartz
18 keV. Quantitative data analyses were performed using cylindrical form factors

crystal microbalance for thin film growth by atomic layer deposition.

with a maximum entropy algorithm using the Irena package. Reactions using Rev. Sci. Instrum. 73, 2981-2987 (2002).
nanocavities were carried out in triplicate at ambient temperature, with UV 24. Libera, J. A., Elam. ].) W. & Pellin, M. J. Conformal ZnO coatings on high
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. . P . . . 23 * y N 4 N
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given in the Supplementary Methods.
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CORRIGENDUM

Shape-selective sieving layers on an oxide catalyst surface

Christian P. Canlas, Junling Lu, Natalie A. Ray, Nicolas A. Grosso-Giordano, Sungsik Lee, Jeffrey W. Elam, Randall E. Winans,
Richard P. Van Duyne, Peter C. Stair and Justin M. Notestein

Nature Chemistry 4, 1030-1036 (2012); published online 28 October 2012; corrected online 9 November 2012.

In the version of this Article originally published online, the affiliation for Sungsik Lee and Randall E. Winans was incorrect, it should
have read X-ray Science Division, Argonne National Laboratory’ This has now been corrected in all versions of the Article.
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