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Spatially orthogonal chemical functionalization
of a hierarchical pore network for catalytic
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Thechemical functionalitywithinporousarchitecturesdictates
their performance as heterogeneous catalysts1; however,
synthetic routes to control the spatial distribution of indi-
vidual functions within porous solids are limited. Here we
report the fabrication of spatially orthogonal bifunctional
porous catalysts, through the stepwise template removal
and chemical functionalization of an interconnected silica
framework. Selective removal of polystyrene nanosphere
templates from a lyotropic liquid crystal-templated silica
sol–gel matrix, followed by extraction of the liquid crystal
template, a�ords a hierarchical macroporous–mesoporous
architecture. Decoupling of the individual template extrac-
tions allows independent functionalization of macropore and
mesopore networks on the basis of chemical and/or size
specificity. Spatial compartmentalization of, and directed
molecular transport between, chemical functionalities a�ords
control over the reaction sequence in catalytic cascades2,3;
herein illustrated by the Pd/Pt-catalysed oxidation of cinnamyl
alcohol to cinnamic acid. We anticipate that our methodology
will prompt further design of multifunctional materials4–6
comprising spatially compartmentalized functions.

Multifunctional nanomaterials are ubiquitous in diverse
technological applications spanning energy7, the environment
and health8, to information storage and communication9.
Synergy between chemically distinct functionalities within porous
architectures in particular underpins new magnetic5 or optical
devices, and heterogeneous catalysts2. Limited spatial patterning
of select materials has been achieved in three dimensions at the
submicrometre scale, for example through vapour deposition of
aligned carbon nanotubes10 or two-photon excitation of hydrogels
over planar substrates11, or through biogenic routes12. Such
approaches respectively incorporate only a single chemically
distinct function, require optically transparent and photoresponsive
materials, or impart a poor degree of ordering and limited
thermochemical stability. Ordered two-dimensional arrays of
monometallic or metal/oxide bifunctional nanocrystals have
been prepared as model catalysts using electron lithography13
and drop-casting14 respectively, but afford extremely low surface
areas with co-located active sites. Hence, there are no synthetic
routes able to control either the nanoscale spatial distribution,
or the communication between, individual functions within
three-dimensional porous solids.

A hierarchically ordered macroporous–mesoporous SBA-15
silica framework was synthesized through a new lyotropic

true liquid crystal templating route (see Methods), adapting
literature methodology15–17, in which a Pluronic P123 block
co-polymer surfactant-templated mesoporous silica network was
formed through the acid hydrolysis of tetraethoxyorthosilane
around an ordered array of unfunctionalized polystyrene
colloidal nanospheres (scanning electron microscopy (SEM)
and polydispersity index <0.1 by dynamic light scattering,
Supplementary Fig. 1), as illustrated in Fig. 1a. The judicious
combination of polar P123 mesopore and nonpolar polystyrene
macropore templates facilitates their subsequent independent
extraction by means of different polarity solvents. Exclusive
extraction of the polystyrene macropore template was unsuccessful
through conventional calcination (or toluene reflux) protocols,
owing to simultaneous combustion (or dissolution) of the
P123 mesopore template. However, a new sub-ambient toluene
extraction protocol achieved >95% selective polystyrene removal
as evidenced by TEM and porosimetry (Fig. 1b and Supplementary
Fig. 2 respectively). The resulting 20m2 g−1 material comprised
empty macropores formed/abutted by surfactant template-filled
mesoporous silica (Fig. 1b), permitting selective hydrophobization
of the macropore network with octyl groups through reaction
of triethoxyoctylsilane with exposed surface silanols (Fig. 1c),
confirmed by porosimetry and contact angle measurements
(Supplementary Fig. 3). Removal of the P123 surfactant template
from within the mesopores was facile under methanol reflux
(Supplementary Fig. 4) resulting in a fully detemplated hierarchical
bimodal architecture (Fig. 1d) containing (interconnected)
hydrophobic 350 nm macropores and hydrophilic 3.5 nm
mesopores. The total surface area of 300m2 g−1 was consistent with
reports for macroporous SBA-15 prepared using high-temperature
template decomposition, and indeed low-angle X-ray diffraction
confirmed a p6mm hexagonal arrangement of ordered mesoporous
channels. Conventional wet impregnation of this high-area porous
material with an aqueous metal salt (H2PtCl6), followed by a mild
(100 ◦C) reduction under molecular H2, yielded chloride-free,
face-centred cubic metal Pt nanoparticles (NPs) of 2.2 nm mean
diameter confined within the mesopores (Fig. 1e). This spatial
localization of nanoparticulate Pt was possible only because of
the preceding macropore hydrophobization, which directed the
water-dispersed platinum precursor away from the octyl-grafted
macropores (Supplementary Fig. 5). Finally, oleylamine-capped,
5.6 ± 0.8 nm colloidal Pd NPs (ref. 18; Supplementary Fig. 6)
were introduced exclusively into the macropores; their diameter
preventing access to the smaller mesopores (Fig. 1f).
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Figure 1 | Synthetic strategy for spatially orthogonal functionalization of hierarchical architectures. a,b, Illustrations and bright-field TEM images of
parent polystyrene colloidal nanospheres encapsulated within a P123-templated SBA-15 silica network (a), and the ordered macroporous framework after
selective removal of the polystyrene macropore template by means of toluene reflux (b). c, Illustration of selective hydrophobization of the macropore
framework by triethoxyoctylsilane. d, Illustration and bright-field TEM image of ordered hydrophobized macropores and (inset) ordered mesopores
following P123 extraction under methanol reflux. e, Illustration and HAADF-STEM image of mesopore channels selectively functionalized with Pt NPs
through aqueous impregnation and reduction. f, Illustration and bright-field TEM image of hydrophobic macropores selectively functionalized with
monodispersed 5.6±0.8 nm colloidal oleylamine-stabilized Pd NPs (highlighted in yellow).

Spatial compartmentalization of small Pt NPs within the
hydrophilic mesopores, and larger Pd NPs within the hydrophobic
macropores, was verified by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) imaging
and energy-dispersive spectroscopy (EDX) analysis (Fig. 2) and
additional SEM/DF-STEM imaging (Supplementary Figs 7 and 8).
Z-contrast imaging and line profile analysis through cross-
sections of the ordered mesoporous silica framework spanning
two macropores (Fig. 2a,b) provide compelling evidence for
partitioning of the two metals, with Pt observed only within the
mesopores and Pd at the macropore perimeter, and NPs localized
within the mesopores affording stronger contrast as anticipated
for heavier Pt scatterers (Fig. 2c). Particle size distributions for
the spatially orthogonal bimetallic material in Fig. 2d also reveal
a bimodal distribution of NPs, with well-defined maxima at 2.4

and 5.5 nm, superimposable with those observed for monometallic
Pt or Pd analogues prepared according to the synthetic route in
Fig. 1, and consistent with Pd particle sizes from X-ray diffraction
(Supplementary Fig. 9). Area-averaged EDX compositions of
mesopores and macropores in Fig. 2e affirmed the presence of Pt
solely within the former and Pd within the latter. Detailed textural
analysis (Supplementary Table 1) confirmed that colloidal Pd
incorporation had minimal impact on BET (Brunauer–Emmett–
Teller)/mesopore surface areas or mesopore volume, congruent
with selective functionalization of macropores; in contrast, Pt
wet impregnation significantly lowered these same properties
congruent with selective functionalization of mesopores.

Cascade reactions are sequential chemical transformations
in which the starting substrate undergoes a reaction whose
product becomes the substrate for the next step, and so on, until
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Figure 2 | Visualization of spatially orthogonal Pd and Pt NPs. a, HAADF-STEM of NPs distributed across a section of the mesoporous SBA-15 framework
surrounded by macropores. b, Cross-sectional EDX compositions of the mesoporous SBA-15 framework intersecting either one (1) or two (2) macropores
depicted in a. c, High-resolution HAADF-STEM image highlighting stronger contrast of smaller, mesopore-confined Pt NPs. d, Particle size distributions of
monometallic and bimetallic hierarchically ordered macroporous–mesoporous SBA-15 demonstrating selective functionalization of macropores with large
Pd NPs and mesopores with small Pt NPs. e,f, Elemental mapping of mesopores (macropores) showing exclusive Pt (Pd) functionalization.

a stable product is reached19. Cascades thus offer great advantages
in respect of atom economy, and economies of time, labour,
resource management and waste generation, and permit the use of
synthetically enabling intermediates that may not be practical to
isolate. Catalytic cascades, in which the product of a reaction catal-
ysed by species A undergoes a subsequent distinct transformation
catalysed by a second species B, are hindered by the possibility of
undesired interactions between the initial substrate and the second
active site, or indeed between the two catalytic species20. Such highly
desirable ‘one-pot’ catalytic cascades therefore necessitate the spatial
separation of each catalytic step. The catalytic advantage of spatially
segregating Pt NPs within mesopores, accessible overwhelmingly
only through interconnected macropores containing Pd NPs,
was explored for the cascade oxidative dehydrogenation of
cinnamyl alcohol → cinnamaldehyde → cinnamic acid, the
last of these an important flavouring and essential oil21,22. Pd
is highly selective for catalysing cinnamyl alcohol oxidation to
cinnamaldehyde23,24, but promotes decarbonylation of the resultant
aldehyde product; in contrast, Pt favours undesired hydrogenation
of cinnamyl alcohol (driven by reactively formed surface hydrogen)
to 3-phenylpropionaldehyde25, but is highly selective towards
cinnamaldehyde oxidation to the desirable cinnamic acid product26.
An optimal catalyst design would therefore ensure that cinnamyl
alcohol was oxidized over Pd before encountering Pt sites, while
permitting the reactively formed cinnamaldehyde to subsequently
access Pt sites for the selective production of cinnamic acid in
the second oxidation step. Such a goal is achievable only through
spatial control over the location of Pd and Pt within a hierarchical
catalyst, illustrated schematically in Supplementary Fig. 10, and
demonstrated through our catalytic studies below.

Figure 3 summarizes the reaction kinetics (Supplementary
Figs 11–14), comparing cinnamyl alcohol conversion and desired

cinnamaldehyde and cinnamic acid productivity for our spatially
orthogonal PdPt bimetallic catalyst with a variety of monometallic
and bimetallic analogues.Monometallic catalysts, their combination
as a physical mixture, and conventionally synthesized bimetallic
catalysts in which Pd and Pt were co-localized within the
hierarchical pore network, proved ineffective, with either low
rates of alcohol oxidation, poor selectivity to the cinnamaldehyde
intermediate and/or very poor acid production, demonstrating
the inability of Pd or Pt to either individually catalyse the
cascade reaction, or to communicate effectively when isolated
in discrete catalyst support particles. In contrast, their spatial
compartmentalization within separate but interconnected pore
networks, mere nanometres apart, permits control over the reaction
sequence enabling oxidation of cinnamyl alcohol entering the
macropores to cinnamaldehyde over Pd, and subsequent aldehyde
diffusion into the mesopores and oxidation to cinnamic acid
over Pt, conferring an order of magnitude enhancement in
cinnamic acid yield. Only selectively functionalized materials in
which cinnamyl alcohol was able to react over Pd NPs within
macropores, before encountering Pt NPs within mesopores, permit
the cascade oxidation.

Localization of different functions within multimodal porous
architectures can enhance selectivity in a cascade reaction only if
the rate of reactant diffusion is slow relative to the first step in
the reaction sequence. Quantitative comparison of our spatially
orthogonal bimetallic catalyst with relevant controls evidences that
the rate of cinnamyl alcohol selox over Pd indeed exceeds the
rate of cinnamyl alcohol diffusion from macropores→ mesopores
(Supplementary Equation (1)). The benefits of spatially separating
the individual oxidation steps was further highlighted through a
spiking experiment in which cinnamic acid was directly introduced
to the solution mixture at the start of the reaction, enabling
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Figure 3 | Reaction dynamics of cinnamyl alcohol oxidation.
Active site-normalized rates of cinnamyl alcohol conversion (blue), and
cinnamaldehyde (yellow) and cinnamic acid (green) production for the
one-pot cascade oxidation of cinnamyl alcohol→ cinnamaldehyde→
cinnamic acid over a spatially orthogonal, hierarchical Pd macroporous–Pt
mesoporous SBA-15 catalyst (1 wt% in each metal), and a range of
bimetallic and monometallic SBA-15 analogues including a physical mixture
of 1 wt% Pd macroporous and 1 wt% Pd mesoporous SBA-15. Spatially
separating the two active sites, and first directing cinnamyl alcohol over Pd,
significantly enhances activity and selectivity towards desired selox
products. All reactions were performed at 150 ◦C and 5 bar O2.

its competitive adsorption with cinnamyl alcohol over Pd within
the macropores (Supplementary Fig. 15). Cinnamic acid addition
promoted undesired cinnamyl alcohol decarbonylation over Pd at
the expense of its selective oxidation to cinnamaldehyde. Spatial
separation of the selective oxidation step over Pd that produces
cinnamaldehyde, from that over Pt that produces cinnamic acid, and
controlling the sequence of these two reactions such that cinnamic
acid is formed only after the alcohol has already undergone
oxidation to the aldehyde is thus critical to achieving good selox
performance. Indeed, our spatially orthogonal bimetallic material
outperforms all literature catalysts (Supplementary Table 2) in terms
of both turnover frequencies (TOFs) for cinnamyl alcohol oxidation,
and selectivity to cinnamaldehyde in high-activity systems, and
crucially, is the only heterogeneous catalyst to our knowledge able to
produce quantifiable yields of cinnamic acid in a one-pot oxidation
of cinnamyl alcohol.

The ability to control the spatial patterning of functionalities
within the pore networks of multimodal architectures confers
unique and flexible properties on the resulting materials, which
are critical to the development of, for example, cascade reactions
in which the reaction sequence is controlled by the location of
different catalytically active sites. Our methodology is extendable
to diverse catalytic cascades featuring chemically incompatible
(for example, acid–base3,27,28) functions, and, for example, selective
functionalization of mesopores and macropores with different
fluorescent markers to afford new sensing devices able to
discriminate between analytes of different molecular dimensions;
macropore and mesopore dimensions are independently tunable,
and may be incorporated into different host matrices29.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Polystyrene colloidal nanospheres.Monodispersed non-crosslinked polystyrene
spheres were produced by adapting literature methods30. Styrene (105 cm3) was
washed five times with sodium hydroxide solution (0.1M, 1:1 vol/vol) followed by
five washes with distilled water (1:1 vol/vol) to remove polymerization inhibitors.
The washed organic phase was added to nitrogen-degassed water (850 cm3) at
80 ◦C followed by dropwise addition of aqueous potassium persulphate solution
(0.24M, 50 cm3) with 300 r.p.m. agitation. The reaction proceeded for 22 h, after
which the solution had turned white owing to the formation of polystyrene
nanospheres. Solid product was recovered and colloidal crystal arrangement was
induced by centrifugation (Hereus Multifuge X1 with Thermo Fiberlite F15-8x50cy
Fixed-Angle Rotor operated at 8,000 r.p.m./7,441g , for 1 h). The resulting highly
ordered polystyrene colloidal nanosphere crystalline matrix was finally ground to a
fine powder for use as the hard macropore-directing template.

Hierarchically ordered SBA-15. The hierarchical, bimodal silica support was
synthesized using a modified true liquid crystal templating technique16 to
incorporate the polystyrene nanospheres as macropore-directing hard templates.
Pluronic P123 (2 g) was sonicated with hydrochloric acid-acidified water (pH 2,
2 g) at 40 ◦C to a homogeneous gel. Tetramethoxysilane (4.08 cm3) was added and
stirred rapidly for 5min at 800 r.p.m. to form a homogeneous liquid. Immediately
following this change in physical state the polystyrene colloidal crystals (6 g ground
to a fine powder) were added with agitation at 100 r.p.m. for 1min to homogenize
the mix. The resulting viscous mixture was heated under vacuum (100mbar) at
40 ◦C to remove the evolved methanol. After 2 h the solid was exposed to the
atmosphere at room temperature for 24 h to complete precursor condensation.

Stepwise template extraction and macropore hydrophobization. The preceding
parent silica support (10 g) was stirred in toluene (100 cm3) at−8 ◦C for 1min. The
solid was recovered by vacuum filtration and briefly washed with cold toluene. The
extraction protocol was subsequently repeated four times to fully extract the
polystyrene template, affording an empty macropore network without removal of
the P123 mesopore template. The resulting solid (2 g) was stirred in
triethoxy(octyl)silane (6 cm3) for 3min and recovered by vacuum filtration before
drying overnight at room temperature. This step introduced hydrophobic character
selectivity into the macropores. The macroporous solid (∼2 g) was subsequently
refluxed in methanol (400 cm3) for 18 h to fully extract the Pluronic P123
mesopore-directing agent, and recovered by filtration and washing three times with
methanol, to yield a macroporous–mesoporous support with differing
hydrophobicity between the interconnected pore networks.

Palladium NP synthesis. Near-monodisperse palladium NPs of 5.6± 0.8 nm
diameter were prepared by adapting the protocol of ref. 18 to employ a readily
available borane complex, and extending the duration of particle ageing at 90 ◦C to
obtain larger NPs. Synthesis was carried out using standard Schlenk techniques
under an argon atmosphere. After evacuation of Pd(acac)2 (73mg, Alfa Aesar) in a
3-neck round-bottom flask and backfilling with Ar (repeated three times),
oleylamine (15 cm3, Acros Organics, 80–90%) was added and the flask heated to
60 ◦C while stirring. Addition of borane triethylamine (0.52 cm3, Aldrich, 97%)
turned the solution from pale yellow to pale brown and was immediately followed
by heating to 90 ◦C within 15min, during which time the solution turned black
indicating colloidal NP formation. Heating was continued at 90 ◦C for 90min
before cooling to room temperature. Ethanol (Fisher Scientific, HPLC grade, about
30 cm3) was added to this suspension, precipitating the NPs, which were then
extracted by centrifugation (8,000 r.p.m., 20min, 50 cm3 plastic centrifuge tube,
prewashed with ethanol). The resulting solid was redispersed in hexane (about
4 cm3, Fisher Scientific, reagent grade), and the volume of hexane was evaporated
to around 2 cm3 under flowing argon before precipitation by the addition of the
minimum quantity of ethanol and separation by centrifugation (6,000 r.p.m.,
10min). Washing in about 2 cm3 hexane and precipitation with ethanol, followed
by centrifugation was repeated a further two times to remove any excess oleylamine
and other residual synthetic agents. The solid was finally redispersed and stored in
hexane (30 cm3) until further use. The Pd content of this NP solution was
determined by inductively coupled plasma optical emission spectrometry to be 11.0
± 0.12mg (in 30 cm3), indicating that around 43% of the initial Pd is present in the
NPs after purification. The as-prepared NPs were characterized by TEM by casting
one droplet of NP solution onto a holey carbon-coated copper grid (Agar
Scientific) and evaporation to dryness. TEM imaging was performed using a JEOL
2100F FEG TEM with a Schottky field-emission source, equipped with an Oxford
INCAx-sight Si(Li) detector for energy-dispersive spectroscopy. The accelerating
voltage was 200 kV. The particle size distribution was obtained from imaging 6
different areas of the grid and measuring the diameter over 800 individual NPs. No
variation in particle size was apparent in different regions of the grid.

Platinum NP impregnation. Platinum NPs were deposited selectively within the
mesopore domains by incipient wetness impregnation of the hydrophobic,

hierarchically ordered macroporous–mesoporous SBA-15 with an aqueous solution
of dihydrogen hexachloroplatinate. The parent support (0.6 g) was stirred in the
aqueous salt solution (3 cm3, 0.01575 g Pt salt, nominal 1 wt% loading) for 18 h in
the dark. A dry powder was obtained by gentle heating of the slurry at 50 ◦C for
10 h, followed by 100 ◦C reduction under H2 (10 cm3 min−1) for 1 h, yielding
monometallic Pt NPs. The bimetallic Pd macropore/Pt mesopore material was
produced from the preceding Pt functionalized material (0.3 g) through
impregnation with 6.5 cm3 of a solution of the preformed colloidal Pd NPs in
hexane (0.46mg of Pd NP cm−3, nominal 1 wt% loading). The resulting solid was
stirred in solution for 1 h before solvent evaporation at room temperature to leave a
dry powder. The monometallic Pd material was produced identically except with
omission of the initial aqueous platinum salt impregnation.

Pt and Pd in mesopores. Platinum and palladium NPs were deposited selectively
within the mesopore domains by incipient wetness impregnation of the
hierarchically ordered macroporous–mesoporous SBA-15, in which the
macropores had been previously hydrophobized by triethoxy(octyl)silane, with an
aqueous solution of dihydrogen hexachloroplatinate and tetraamine palladium
nitrate. The parent support (0.25 g) was stirred in the aqueous salt solution (1 cm3,
0.0066 g Pt salt and 0.0070 g Pd salt, nominal 1 wt% loading of each) for 18 h in the
dark. A dry powder was obtained by gentle heating of the slurry at 50 ◦C for 10 h,
followed by calcination under air at 500 ◦C for 2 h and subsequent 200 ◦C reduction
under H2 (10 cm3 min−1) for 1 h, yielding Pt and Pd NPs.

Pt and Pd in macropores. Platinum and palladium NPs were deposited selectively
within the macropore domains by incipient wetness impregnation of macropore
template-extracted macroporous–mesoporous SBA-15 (with the mesopores
blocked by the Pluronic P123 template) with an aqueous solution of dihydrogen
hexachloroplatinate and tetraamine palladium nitrate. The parent support (0.3 g)
was stirred in the aqueous salt solution (1 cm3, 0.0066 g Pt salt and 0.0070 g Pd salt,
nominal 1 wt% loading of each) for 18 h in the dark. A dry powder was obtained by
gentle heating of the slurry at 50 ◦C for 10 h, followed by calcination under air at
500 ◦C for 2 h and subsequent 200 ◦C reduction under H2 (10 cm3 min−1) for 1 h,
yielding Pt and Pd NPs.

Pt and Pd in mesopores and macropores. Platinum and palladium NPs were
deposited throughout both mesopores and macropores by incipient wetness
impregnation of the fully detemplated hierarchically ordered
macroporous–mesoporous SBA-15 (in which macropore hydrophobization
was omitted) with an aqueous solution of dihydrogen hexachloroplatinate and
tetraamine palladium nitrate. The parent support (0.25 g) was stirred in the aqueous
salt solution (1 cm3, 0.0066 g Pt salt and 0.0070 g Pd salt, nominal 1 wt% loading of
each) for 18 h in the dark. A dry powder was obtained by gentle heating of the slurry
at 50 ◦C for 10 h, followed by calcination under air at 500 ◦C for 2 h and subsequent
200 ◦C reduction under H2 (10 cm3 min−1) for 2 h, yielding Pt and Pd NPs.

Pt in mesopores and macropores with Pd in macropores. Platinum NPs were
deposited within the mesopore and macropore domains by incipient wetness
impregnation of the fully detemplated hierarchically ordered
macroporous–mesoporous SBA-15 (in which macropore hydrophobization was
omitted) with an aqueous solution of dihydrogen hexachloroplatinate. The parent
support (0.25 g) was stirred in the aqueous salt solution (1 cm3, 0.0066 g Pt salt,
nominal 1 wt% loading) for 18 h in the dark. A dry powder was obtained by gentle
heating of the slurry at 50 ◦C for 10 h, followed by 100 ◦C reduction under H2

(10 cm3 min−1) for 2 h, yielding Pt NPs. Pd NPs were selectively deposited within
the macropores by impregnation with 5.4 cm3 of a solution of the preformed
colloidal Pd NPs in hexane (0.46mg of Pd NP cm−3, nominal 1 wt% loading). The
solid was stirred in solution for 1 h before solvent evaporation at room temperature
to leave a dry powder.

Pd in mesopores and macropores and Pt in mesopores. Platinum NPs were
deposited selectively within the mesopore domains by incipient wetness
impregnation of the hydrophobic, hierarchically ordered
macroporous–mesoporous SBA-15 with an aqueous solution of dihydrogen
hexachloroplatinate. The parent support (0.25 g) was stirred in the aqueous salt
solution (1 cm3, 0.0066 g Pt salt, nominal 1 wt% loading) for 18 h in the dark. A dry
powder was obtained by gentle heating of the slurry at 50 ◦C for 10 h, followed by
100 ◦C reduction under H2 (10 cm3 min−1) for 1 h, yielding Pt NPs. The solid was
then calcined under air at 500 ◦C for 2 h to remove the organic octyl groups
(hydrophobicity) from the macropores. Palladium NPs were deposited within the
mesopore and macropore domains by incipient wetness impregnation with an
aqueous solution of tetraamine palladium nitrate. The solid (0.25 g) was stirred in
the aqueous salt solution (1 cm3, 0.0070 g Pd salt, nominal 1 wt% loading) for 18 h.
A dry powder was obtained by gentle heating of the slurry at 50 ◦C for 10 h,
followed by calcination under air at 500 ◦C for 2 h and subsequent 200 ◦C reduction
under H2 (10 cm3 min−1) for 2 h, yielding Pt and Pd NPs.
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Materials characterization. Nitrogen porosimetry was undertaken on a
Quantachrome Autosorb IQTPX porosimeter with analysis using ASiQwin v3.01
software. Samples were degassed at 150 ◦C for 12 h before recording N2

adsorption/desorption isotherms. BET surface areas were calculated over the
relative pressure range 0.02–0.2. Mesopore properties were calculated applying the
BJH (Barrett–Joyner–Halenda) method to the desorption isotherm for relative
pressures>0.35, and fitting of isotherms to the relevant DFT (density functional
theory) kernel within the software package. Powder X-ray diffraction patterns were
recorded using a Bruker D8 diffractometer employing a Cu Kα (1.54 Ǻ) source
fitted with a Lynx eye high-speed strip detector. Low-angle patterns were recorded
for 2θ=0.3◦–8◦ with a step size of 0.01◦. Wide-angle patterns were recorded for
2θ=10◦–80◦ with a step size of 0.02◦. Contact angle measurements were carried
out on a Kruss DSA100 drop shape analyser, fitted with a digital camera for
continuous data collection. Water drop shapes were analysed 10 s after deposition
using DSA3 software. Thermogravimetric analysis was conducted using a Stanton
Redcroft STA 780 thermal analyser at 10 ◦Cmin−1 under flowing N2/O2 (80:20 v/v
20 cm3 min−1). Scanning electron microscopy (SEM) images were recorded on a
Carl ZEISS SUPRA 55-VP operating at 25 kV. Samples were supported on
aluminium stubs each backed with carbon tape. Transmission electron microscopy
(TEM) imaging of the silica support and preformed Pd NPs was performed using a
JEOL 2100F FEG TEM with a Schottky field-emission source, equipped with an
Oxford INCAx-sight Si(Li) detector for energy-dispersive spectroscopy (EDX).
High-resolution (scanning) transmission electron microscopy (S)TEM images were
recorded on either a FEI Tecnai F20 FEG TEM operating at 200 kV equipped with
an Oxford Instruments X-Max SDD EDX detector (10 nm diameter spot size), or a
JEOL 2100F FEG STEM operating at 200 keV and equipped with a spherical

aberration probe corrector (CEOS GmbH) and a Bruker XFlash 5030 EDX. A
Hitachi SU8230 cold field-emission SEM operating at 20 kV was used for
simultaneous imaging of secondary, backscattered and dark-field scanning
transmission electron signals. Samples were prepared for microscopy by dispersion
in methanol and drop-casting onto a copper grid coated with a holey carbon
support film (Agar Scientific). Images were analysed using ImageJ 1.41 software.

Catalytic cascade oxidation. Catalytic aerobic selective oxidations were performed
in a 100 cm3 Buchi miniclave stirred batch reactor on a 75 cm3 scale at 150 ◦C.
Catalyst (12.5mg) was added to reaction mixtures containing 4.2mmol cinnamyl
alcohol (0.562 g), an internal standard (mesitylene, 0.1 cm3), and toluene solvent
(75 cm3) at 150 ◦C under 5 bar oxygen and stirring. Reactions were periodically
sampled for off-line gas chromatography analysis using a Varian 3800GC with an
8400 autosampler fitted with a CP-Sil5 CB column (15m× 0.25mm× 0.25 µm).
Conversion, selectivity and yields were calculated through calibration to reference
compounds and quoted±2%. Turnover frequencies for cinnamyl alcohol
conversion and cinnamaldehyde production are quoted relative to the surface
density of PdO sites (determined by XPS), and for cinnamic acid production
relative to the surface density of PtO2 sites (determined by XPS), being the
respective active sites for selective oxidation over Pd NPs and Pt NPs (refs 23,24,26).
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