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This study describes successful strategies and guiding principles for the synthesis of small and monodis-
perse Au clusters protected against coalescence and poisoning by their uniform dispersion throughout
the void space of LTA and MFI zeolites. These protocols involve hydrothermal zeolite crystallization
around Au3+ precursors stabilized by mercaptosilane ligands, which prevent their premature reduction
and enforce connectivity with incipient crystalline frameworks. The confining nanometer scale voids
restrict cluster mobility during thermal treatment and allow the selection of reactants, products, and
transition states and the exclusion of organosulfur poisons in catalytic applications based on molecular
size. UV–visible spectra show that Au3+ forms Au0 clusters in O2 or H2 in a narrow temperature range that
sets the dynamics of nucleation and growth and thus cluster size. Reduction protocols that maintain
stable temperatures at the lower end of this range lead to small clusters uniform in size (LTA: 1.3 nm,
MFI: 2.0 nm; 1.06–1.09 dispersity indices) with clean and accessible surfaces, as shown by their infrared
spectra upon chemisorption of CO. Their unprecedented size and monodispersity are retained during
oxidative treatments (773–823 K) that sinter Au clusters on mesoporous supports. Oxidative dehydro-
genation rates of small (ethanol) and large (isobutanol) alkanols and the poisoning of unprotected clus-
ters by organosulfur titrants show that >90% of the Au surfaces reside within intracrystalline LTA and MFI
voids. Their very different structures, compositions, and synthesis protocols suggest that these encapsu-
lation strategies can be adapted readily to other zeolite frameworks with apertures too small for post-
synthesis exchange of Au precursors. This study illustrates how confinement favors small, uniquely
stable, and monodisperse clusters, even for Au, a metal prone to cluster growth at conditions often
required for its catalytic use.

� 2016 Published by Elsevier Inc.
1. Introduction

The synthesis and the mechanistic interpretation of the reactiv-
ity of Au nanoparticles have attracted significant attention because
of their unique catalytic properties and adsorbate binding charac-
teristics, which resemble those of less noble Pt group metals in
reactions as diverse as alkene epoxidation, CO oxidation, hydro-
genation, and alcohol oxidation [1–3]. Preserving their monodis-
perse and small sizes (<5 nm) during thermal treatments and
catalysis remains essential, because their unique properties are
often conferred by coordinatively unsaturated surface atoms that
prevail in small clusters [4,5]. These requirements present formid-
able challenges because of the low Tammann temperature of Au
(620 K) [6] and also because cluster melting points decrease mark-
edly with decreasing particle size [7].

The encapsulation of nanoparticles within microporous solids
may improve the inherent instability of Au nanoclusters by seques-
tering them within voids that prevent their coalescence with other
clusters, while also restricting the size to which they can grow
through spatial constraints. Confinement within such voids can
also preclude access by reactants or poisons to Au surfaces, retain
undesired products until they can convert and then diffuse as
smaller species, or stabilize specific transition states, in all cases
dictated by the size of the voids or channels in a specific microp-
orous framework [8,9]. Strategies to confine Au within zeolites,
however, often face synthetic challenges that prevent selective
and efficient encapsulation.

Encapsulation within large-pore zeolites (12-member ring
(12-MR) or larger) is relatively straightforward, because solvated
metal cations can enter via exchange, impregnation, or adsorption
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methods after the framework has formed [10]. Au clusters within
such zeolites, however, often do not show greater stability than
those prepared by colloidal precipitation methods and subsequent
dispersion of clusters onto mesoporous scaffolds. For example, Au
nanoparticles with �3 nm mean diameter are present in FAU after
exchange with Au(III)-ethylenediamine, but treatment in O2 or H2

at 473 K causes their growth to �10 nm clusters [11]. Similar
strategies in LTL zeolites initially form �2 nm clusters that coalesce
and grow to �5 nm after treatment in air at 498 K [12]. The sput-
tering of Au metal onto SiO2, in contrast, forms clusters with
3.2 nm mean diameter after treatment in O2 at 773 K [6], while
deposition-precipitation methods on c-Al2O3 lead to 4 nm Au clus-
ters after treatment at 873 K in O2 [13]. Au can be simply encapsu-
lated into large-pore zeolites, but these previous studies show that
the clusters in these zeolites are often less stable than those on
mesoporous scaffolds, in spite of the posited benefits of
encapsulation.

Medium-pore (10-MR) zeolites with more constrained aper-
tures, such as MFI, confer greater stability than large-pore materi-
als, but reported synthetic procedures typically lead to bimodal
size distributions, with a significant fraction of the clusters
(>10 nm in size) at external MFI crystal surfaces [14,15]. The intro-
duction of ligand-stabilized colloidal Au into an MFI synthesis gel
led to the intact encapsulation of only a subset of these particles;
the encapsulated clusters are stable at 823 K in air, but those
excluded from the intracrystalline voids sinter to very large Au
crystals (>20 nm) [15]. The impregnation of aqueous cationic Pt
or Au precursors onto alkali-treated MFI (to form mesopores that
enhance imbibition by these solutions) gave metal clusters with
�3 nm mean diameter after O2 (823 K) or H2 (623 K) treatments
[5,16], but the significant fraction of the clusters present at exter-
nal zeolite surfaces again formed large (>10 nm) clusters [16].
These diverse techniques have led to improved encapsulation
and greater size stability of Au clusters, but they do not form
encapsulated clusters of unimodal size or allow extensions to zeo-
lites with even smaller apertures, for which impregnation or
exchange is impossible because solvated precursors are much lar-
ger than the intracrystalline passages [8].

Here, we report the selective encapsulation of Au clusters into
LTA (small-pore) and MFI (medium-pore) zeolites by incorporating
ligand-stabilized monomeric Au3+ precursors into hydrothermal
synthesis gels and decomposing such precursors after zeolite crys-
tallization using protocols that lead to small and nearly monodis-
perse clusters (1–2 nm) with clean surfaces; these clusters
remain stable against growth at 773 K in both H2 and O2 environ-
ments. Transmission electron microscopy (TEM), X-ray diffraction
(XRD), and infrared (IR) spectroscopy of chemisorbed CO are used
to determine the size and dispersity of Au clusters, the zeolite crys-
tallinity, and the Au surface cleanliness, respectively. The bifunc-
tional 3-mercaptopropyl-trimethoxysilane ligands provide
chemical protection from reduction or precipitation of Au3+ precur-
sors in strongly alkaline synthesis gels, while also promoting the
nucleation of silicate oligomers around ligated metal precursors.
The thiol group binds to Au3+ cations to form stable Au–S adducts
[17,18] and the alkoxysilane moiety forms siloxane bridges with
the silica precursors in alkaline conditions [19], thus encouraging
the uniform dispersion of Au precursors throughout the zeolite
crystals formed. Treatment in O2 and then H2 leads to 1–2 nm par-
ticles that are narrowly distributed in size (as determined by their
dispersity index [8,9] (DI) values) and expose surfaces free of syn-
thetic debris. Their mean diameter can be systematically varied
without loss in monodispersity by varying the temperature of the
post-synthetic H2 treatment, which is shown by UV–vis spec-
troscopy to represent the most consequential synthesis stage for
the formation of Au0 and its nucleation and growth into clusters.
These reduced clusters, once formed, do not coalesce during later
treatments in O2 or H2 environments up to 773 K, consistent with
their encapsulation and protection by the intervening windows
and cages within zeolite crystals.

The oxidative dehydrogenation (ODH) of large and small alka-
nols confirmed the extent and consequences of confinement. Etha-
nol (0.40 nm kinetic diameter) [9] ODH turnover rates are much
higher than for isobutanol (0.55 nm) [9] on Au/CaLTA (0.50 nm
apertures) [20], consistent with the exclusion of isobutanol from
Au clusters within intracrystalline regions. Ethanol ODH rates after
exposing AuNaLTA (0.42 nm apertures) [20] to thiophene
(0.46 nm) [9] and AuNaMFI (0.55 nm apertures) [21] to dibenzoth-
iophene (DBT, 0.9 nm kinetic diameter) [22] confirmed that active
Au surfaces are protected from large titrants and predominantly
confined within LTA and MFI voids.

2. Methods

2.1. Reagents

Ludox AS-30 colloidal silica (30 wt.% suspension in H2O, Sigma–
Aldrich), tetraethyl orthosilicate (TEOS; 98%, Sigma–Aldrich),
fumed SiO2 (Cab-O-Sil, HS-5, 310 m2 g�1), 3-mercaptopropyl-trime
thoxysilane (95%, Sigma–Aldrich), NaAlO2 (53% Al2O3, 42.5% Na2O,
Riedel-de Haën), NaOH (99.99%, Sigma–Aldrich), 1 M tetrapropy-
lammonium hydroxide (TPAOH; 98%, Sigma–Aldrich), HAuCl4�
3H2O (99.999%, Sigma–Aldrich), calcium chloride dihydrate (EMD
Millipore), ethanol (99.9%, Sigma–Aldrich), isobutanol (99.9%,
Sigma–Aldrich), thiophene (99%, Alfa Aesar), dibenzothiophene
(98%, Sigma–Aldrich), ethylenediamine (98%, Sigma–Aldrich), ace-
tone (99.9%, Sigma–Aldrich), He (99.999%, Praxair), 25% O2/He
(99.999%, Praxair), air (extra dry; 99.999%, Praxair), H2 (99.999%,
Praxair), and 1.0% CO/He (99.999%, Praxair) were used as received.

2.2. Synthesis of Au cluster catalysts in LTA, MFI, and mesoporous SiO2
2.2.1. Au cluster encapsulation within LTA
Au-encapsulated Na-LTA zeolite (AuNaLTA) was prepared by

adding 3-mercaptopropyl-trimethoxysilane to a synthesis gel
using hydrothermal synthesis techniques [8] that were modified
to allow the incorporation and persistence of Au3+ cations in the
gel at the conditions of synthesis. In a typical synthesis, NaOH
(4.8 g) and 3-mercaptopropyl-trimethoxysilane (0.82 g) were
added to deionized H2O (17.9 MX resistance; 18 cm3) in an open
125 cm3 polypropylene container and stirred by a magnetic bar
(6.7 Hz; 8 h); during this process the methanol formed by hydrol-
ysis of the ligands (Section 3.1) evaporates, thus preventing metha-
nol from reducing the Au3+ precursors when they are added later.
An aqueous solution of HAuCl4�3H2O (0.26 g) in deionized H2O
(18 cm3) was added dropwise to the basic methanol-free ligand
solution under agitation by a magnetic bar (6.7 Hz) over a period
of 0.5 h. Colloidal silica (10.67 g, Ludox AS-30) was added to the
polypropylene container, which was capped, sealed, and heated
to 353 K under agitation by a magnetic bar (6.7 Hz) for 0.5 h.
Finally, NaAlO2 (6.0 g) dissolved in deionized H2O (18 cm3) was
added dropwise to the Au3+, ligand, and silica solution and mixed
by magnetic stirring (6.7 Hz) for 2 h at ambient temperature; this
led to a homogeneous synthesis gel with molar ratios of 1.7
SiO2/1 Al2O3/3.2 Na2O/110 H2O/0.02 Au/0.12 ligand. The gel was
heated at 373 K while magnetically stirring (6.7 Hz) for 12 h under
its autogenous pressure to form AuNaLTA. The Au content in the
final solids (as measured by optical emission spectroscopy, dis-
cussed in Section 2.3) was adjusted by increasing or decreasing
the amount of added Au to achieve 0.5–1.0 wt.% theoretical load-
ings, while keeping a constant 3-mercaptopropyl-trimethoxysilane
to Au molar ratio of 6. The solids formed were filtered (Pyrex 3606
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fritted funnel, 4–5.5 lm), washed with deionized water until the
rinse liquids reached a pH 7–8, and treated in a convection oven
at 373 K for 8 h. The solids were heated in flowing dry air
(1.67 cm3 g�1 s�1) from ambient to 623 K (or 573 K; at
0.033 K s�1) and held for 2 h, cooled to ambient temperature, and
then heated to 623 K (or 573 K; at 0.033 K s�1) in flowing H2

(1.67 cm3 g�1 s�1) and held for 2 h.
The air and H2 treated AuNaLTA zeolites were Ca2+ ion

exchanged [20] to convert them into AuCaLTA before use in cat-
alytic or characterization studies. AuCaLTA was prepared by adding
AuNaLTA (1–5 g) to an aqueous 1 M solution of CaCl2�2H2O (1 g
AuNaLTA per 100 cm3) and stirring magnetically (6.7 Hz) at ambi-
ent temperature for 8 h. The exchange was repeated ten times (to
achieve complete exchange, Section 3.4.2) and the solids were fil-
tered and washed with deionized water (1500 cm3 g�1), then trea-
ted in stagnant ambient air at 373 K for 12 h.

2.2.2. Au cluster encapsulation within MFI
A hydrothermal MFI synthesis technique [23] which uses

TPAOH as a structure-directing agent (SDA) was modified with
the addition of Au3+ and 3-mercaptopropyl-trimethoxysilane to
form AuNaMFI. TPAOH (16.5 g of 1 M solution) and 3-mercaptopro
pyl-trimethoxysilane (0.28 g) were mixed in a 100 cm3 polypropy-
lene bottle and stirred magnetically (6.7 Hz) for 8 h in ambient
stagnant air. A solution containing HAuCl4�3H2O (0.088 g) in deion-
ized H2O (1.88 cm3) was added dropwise to the ligand/TPAOH
solution under agitation by a magnetic bar (6.7 Hz) over a period
of 0.5 h, followed by the addition of TEOS (17.3 g). The resulting
mixture was sealed with the bottle’s cap and further agitated for
13 h at ambient temperature, after which a mixture of TPAOH
(13.2 g of 1 M solution), NaAlO2 (0.59 g), and deionized H2O
(1.88 cm3) was added to it in order to prepare the synthesis gel
(6.5 TEOS/2.3 TPAOH/0.56 NaAlO2/120 H2O/0.035 Au/0.20 ligand
molar ratios). The gel was heated to 371 K while magnetically stir-
ring (6.7 Hz) and held for 2 h under its autogenous pressure, then
cooled to ambient temperature and transferred to a Teflon-lined
stainless steel autoclave (125 cm3, Parr), in which the gel was held
at 393 K for 15 h to form AuNaMFI. The Au content in AuNaMFI
was varied by changing the concentrations of the Au precursor
and the 3-mercaptopropyl-trimethoxysilane ligand in the synthe-
sis gel (1:6 molar ratio) to obtain 0.2–2.0 wt.% theoretical loadings.
AuNaMFI solids were recovered by filtration (Pyrex 3606 fritted
funnel, 4–5.5 lm), washed with deionized water to a rinse pH of
7–8, and treated for 8 h at 373 K in ambient air.

Thermal treatments of these AuNaMFI catalysts in dry air and
H2 were varied to establish protocols that form small (�2 nm)
and monodisperse Au clusters free of synthetic debris—the charac-
terization of these clusters is discussed in Sections 2.3,3.1 and 3.3.
Changes in the Au particle size and surface cleanliness that
resulted from incremental increases in treatment temperature
and duration, or the application of multiple treatment steps in suc-
cession, were evaluated to find the optimal conditions that were
then used throughout this study. In the most effective procedure,
the AuNaMFI sample was first treated in flowing dry air (1.67 cm3

g�1 s�1) and heated from ambient temperature to 546 K (at
0.033 K s�1) and held for 2 h, then cooled to ambient temperature;
it was then treated in flowing H2 (1.67 cm3 g�1 s�1) by heating to
546 K (at 0.033 K s�1) and held for 2 h, then allowed to cool to
ambient temperature a second time. The sample was further trea-
ted in flowing dry air (1.67 cm3 g�1 s�1) under a ramped heating
procedure in which the temperature was raised to 573 K and held
for 2 h, then increased to 648 K and held for 2 h, and finally heated
to 723 K and held for 4 h, with a ramp rate of 0.017 K s�1 between
each step. The Au cluster accessibility and size distribution
achieved in AuNaMFI (discussed in Section 3) required the identi-
fication and use of these treatment protocols.
2.2.3. Synthesis of silica-supported Au clusters
Au clusters dispersed on SiO2 (Cab-O-Sil, HS-5, 310 m2 g�1)

were prepared using an Au(en)2Cl3 (en = ethylenediamine) com-
plex previously shown to lead to small clusters [24]. Au(en)2Cl3
was prepared by dissolving HAuCl4�3H2O (1.0 g) in deionized H2O
(10 cm3) and ethylenediamine (0.40 g) was then added. The solu-
tion was agitated by magnetic stirring (6.7 Hz) at ambient temper-
ature for 0.5 h, and ethanol (70 cm3) was then added to cause
precipitation; the slurry was stirred for an additional 0.33 h and
the solids were recovered by filtration and treated in ambient stag-
nant air at 313 K for 12 h.

Au/SiO2 was prepared by dissolving Au(en)2Cl3 (0.03 g) in
deionized H2O (50 cm3) and raising the pH to 10 by adding 1.0 M
NaOH; SiO2 (1.0 g) was added to the solution and 1.0 M NaOH
was again used to adjust the pH to 10. The suspension was heated
to 338 K while stirring for 2 h, filtered and washed with 1500 cm3

deionized H2O, and treated in stagnant ambient air at 343 K for 5 h.
These Au/SiO2 samples were heated from ambient to 423 K (at
0.033 K s�1) in flowing H2 (1.67 cm3 g�1 s�1) and held for 2 h. The
samples were then cooled to ambient temperature, and finally
heated to 673 K (at 0.033 K s�1) in flowing dry air (1.67 cm3 g�1

s�1) and held for 2 h. These procedures were previously shown to
form active Au clusters free of C and N residues from the ethylene-
diamine ligands [24]. Brønsted acid sites originating from the silica
support can form acid-catalyzed products or secondary alkanol
ODH products [25]. A small number of experiments intended to
detect the presence of Brønsted acid sites on the silica support
(Section 3.4.1) were therefore conducted, before which the Au/
SiO2 catalysts were further treated in 0.05 M NaOH (100 cm3 g�1)
at ambient temperature for 2 h with magnetic stir bar agitation
(6.7 Hz), and finally recovered by filtration (Pyrex 3606 fritted fun-
nel, 4–5.5 lm) then washed with 500 cm3 g�1 of deionized H2O.

2.3. Characterization of zeolite structures and embedded Au clusters

Au contents were measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES) using a Perkin Elmer
5300 DV optical emission ICP analyzer. X-Ray diffractograms
(XRD) were used to determine the phase purity of zeolites and to
confirm the absence of large (>10 nm) Au clusters. Diffractograms
were measured with a D8 Discover GADDS Powder Diffractometer
using Cu Ka radiation (k = 0.15418 nm, 40 kV, 40 mA). Samples
were mounted on quartz slides by placing and leveling finely-
ground powders; diffractograms were measured for 2h values
between 5� and 50� with a scan rate of 0.00625� s�1.

UV–visible spectra were used to monitor the Au localized sur-
face plasmon resonance (LSPR) band during or following treatment
of AuNaLTA and Au/SiO2 in air or H2. Spectra were acquired using a
Varian-Cary 6000i spectrometer and a Harrick scientific diffuse
reflectance accessory (DRP-XXX) with a reaction chamber add-on
(DRA-2CR); the latter was modified with a fritted stainless steel
disk at the sample cup to eliminate temperature gradients and to
ensure uniform gas flow through the packed powder samples. A
heater held underneath the sample holder and a temperature con-
troller (Watlow Series 982) were used to adjust temperatures,
which were measured with a type K thermocouple (Omega)
embedded in the sample holder wall. UV–vis spectra were
acquired on AuNaLTA and Au/SiO2 samples (0.1 g; <100 lm aggre-
gates), which were heated to 623 K (at 0.033 K s�1) in flowing dry
air (1.67 cm3 g�1 s�1) and held for 2 h; they were then cooled to
ambient temperature, and treated in flowing H2 (1.67 cm3 g�1 s�1)
by heating to 623 K (at 0.067 K s�1) and holding for 2.67 h. Back-
ground spectra were used to isolate the effect of Au on the UV–
vis spectra and were collected after identical treatment procedures
on NaLTA or SiO2 samples synthesized as AuNaLTA or Au/SiO2 but
without adding Au precursors.
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Transmission electron micrographs (TEM) were collected at
120 kV with a Philips/FEI Technai 12 microscope. Samples were
prepared by suspending ground powders in acetone and dispersing
them onto holey carbon films mounted on 400 mesh copper grids
(Ted Pella Inc.). Cluster size distributions were measured using
>300 particles for each sample to determine surface-averaged clus-
ter diameters hdTEMi [26]:

hdTEMi ¼
P

nid
3
iP

nid
2
i

ð1Þ

where ni is the number of clusters with diameter di. Metal disper-
sions (D), defined as the fraction of Au atoms exposed at cluster sur-
faces, were estimated from hdTEMi [26]:

D ¼ 6
mm=am
hdTEMi ð2Þ

where mm is the bulk atomic density of Au (16.49 � 10�3 nm3) and
am is the area occupied by an Au atom (8.75 � 10�2 nm2) on a
polycrystalline surface [27]. Size distributions were also used to
calculate the dispersity index (DI), given by the ratio of the surface-
averaged (hdTEMi) to the number-averaged (hdni) diameter [26]:

DI ¼ hdTEMi
hdni ¼

P
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The DI value provides a metric for particle size uniformity, with
unity denoting perfect monodispersity and values <1.5 typically
taken as monodisperse distributions [26,28]. Standard deviations
of the mean particle diameters are also computed to provide more
commonly recognized metrics of the uniformity of particle size
distributions.

Infrared (IR) spectra of CO adsorbed on AuCaLTA, AuNaMFI, and
Au/SiO2 wafers (40 mg cm�2) were collected to determine the sur-
face cleanliness of Au clusters. Spectra were measured with a
Thermo Nicolet 8700 spectrometer equipped with an in situ flow
cell. The wafers were treated in flowing H2/He mixtures (8.4 cm3

g�1 s�1 H2, 33.6 cm3 g�1 s�1 He) by heating to 573 K (at
0.033 K s�1) and holding for 1 h. After cooling in He flow
(42.0 cm3 g�1 s�1) to 263 K, the samples were exposed to flowing
CO/He mixtures (42.0 cm3 g�1 s�1; 0.1–1.0 kPa CO). Spectral contri-
butions from CO(g) were subtracted from all reported spectra. Each
spectrum was normalized by the number of exposed surface Au
atoms, calculated from hdTEMi and Au contents.
2.4. Catalytic assessment of reactivity and encapsulation

Oxidative dehydrogenation (ODH) turnover rates of ethanol and
isobutanol were measured on powders pelleted and sieved to
retain 180–250 lm aggregates and held on a porous quartz frit
within a quartz tube (10 mm O.D.). Samples were treated in flow-
ing 20% O2/He (1.67 cm3 g�1 s�1) by heating to 673 K (at
0.033 K s�1) and holding for 1 h, then cooled to 393 K before cat-
alytic measurements. Liquid alkanols (ethanol, isobutanol) and
deionized water were evaporated into flowing O2/He streams at
393 K using liquid syringe pumps (Cole Parmer, 60061 Series). He
and O2 flow rates were adjusted with mass flow controllers (Porter
Instrument) to achieve the desired pressures (4 kPa alkanol, 9 kPa
O2, 87.5 kPa He, and 0.5 kPa H2O). H2O forms as an ODH product
and can act as a co-catalyst (discussed in Section 3.4.1); thus, it
was added to maintain a constant concentration throughout the
catalyst bed. Alkanol conversions were kept below 3%, and transfer
lines were maintained at 393 K to avoid condensation. Ethanol but
not isobutanol can diffuse through the apertures of AuNaLTA and
AuCaLTA; thus, their relative rates provide an assessment of the
extent to which Au surfaces reside within the protected environ-
ment of LTA voids [8,9] (Section 3.4). Comparison of these rates
to those measured on Au/SiO2 confirms that the effects of alkanol
size on reactivity reflect the confinement of Au clusters. Both alka-
nols can enter MFI channels; as a result, the ability of AuNaMFI to
protect Au surfaces from titration by large poison molecules was
used instead to assess encapsulation.

Ethanol ODH on AuNaLTA and Au/SiO2 was also carried out in
the presence and absence of thiophene in the reactant stream (0
vs 0.1 kPa thiophene) to probe the fraction of the Au surfaces pro-
tected from contact with thiophene, as a result of their confine-
ment within LTA voids. AuNaMFI, in contrast, was treated ex-situ
with dibenzothiophene and then used in ethanol ODH to examine
the fraction of the Au surface accessible to DBT. These treatments
exposed AuNaMFI and the Au/SiO2 reference (0.1 g) to DBT dis-
solved in liquid ethanol (30 cm3; DBT/Au = 6 molar) for 4 h with
magnetic stirring (6.7 Hz) at ambient temperature. Samples were
then filtered and treated in stagnant dry air at 343 K for 12 h,
and used in ethanol ODH reactions at 393 K without further pre-
treatment (to avoid DBT desorption/decomposition). AuNaMFI
and Au/SiO2 control samples were prepared through an analogous
procedure without DBT, then used for ethanol ODH. The controls
were next heated to 673 K with 0.033 K s�1 for 1 h under 20% O2/
He (1.67 cm3 g�1 s�1), then cooled back to 393 K for use in ethanol
ODH a second time. These controls were used to distinguish the
effects of DBT on the measured rate from effects caused by the
absence of high temperature pretreatment (673 K O2/He)
(Section 3.4.3).

Selectivities are reported on a carbon basis as the fraction of
converted alkanol appearing as a particular product. Turnover rates
are defined as the molar alkanol conversion rates per surface Au
atom (from Au content and hdTEMi). NaLTA, CaLTA, NaMFI, fumed
silica, and empty reactors did not lead to detectable product forma-
tion. Measured turnover rates were unaffected by dilution (10:1
mass acid-washed fumed SiO2:Au catalyst) within aggregates or
within the packed bed (10:1 mass acid-washed quartz:Au cata-
lyst); thus, measured rates are not corrupted by concentration or
temperature effects. Deactivation was not detected over the time-
scale of these experiments (�5 h), except on Au/SiO2, which exhib-
ited half-lives of 14 and 11 h during ethanol and isobutanol ODH,
respectively. Turnover rates on Au/SiO2 were extrapolated to the
start of each experiment. Effluent concentrations were measured
by gas chromatography (Shimadzu GC-2014) using a methyl-
silicone capillary column (HP-1; 50 m � 0.32 mm, 1.05 lm film
thickness) and a flame ionization detector.
3. Results and discussion

3.1. Zeolite-encapsulated Au nanoparticle synthesis and
characterization

X-Ray diffractograms confirmed the presence of the intended
zeolite frameworks in AuNaLTA and AuNaMFI samples after treat-
ment in flowing dry air and then H2 (up to 623 K for AuNaLTA,
723 K for AuNaMFI) (Fig. 1). Their crystallinities were 98% and
96% for AuNaLTA (1.1 wt.% Au) and AuNaMFI (1.9 wt.% Au), respec-
tively, as determined from the integrated intensities of the three
most intense Bragg lines, using Au-free NaLTA and NaMFI as stan-
dards. Diffraction lines for Au metal were not detected in these
samples, and their crystallinity was unchanged by thermal treat-
ments as high as 823 K in air or H2. These zeolite materials are
crystalline, stable during thermal treatments, and do not contain
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large Au crystallites (>10 nm), which would have been evident in
the diffractograms.

AuNaLTA and AuNaMFI samples were white powders after
treatment in ambient air at 373 K and did not exhibit detectable
LSPR bands (at 500–600 nm) [29] or ligand-to-metal charge trans-
fer bands (LMCT, 300–500 nm) [30] in their UV–visible spectra.
These data show that Au0 clusters larger than 2 nm are not present
[31] and suggest the presence of intact Au–S adducts, which do not
exhibit LMCT or LSPR bands [32,33]. Also, Au clusters were not
detected by TEM in as-synthesized AuNaLTA or AuNaMFI after
treatment at 373 K in ambient air. Thus, we conclude that Au3+

centers in the ligated complexes do not reduce to form Au0 during
the hydrothermal synthesis protocols or the crystallization of MFI
or LTA frameworks. Such permanence at the pH and temperature
of these hydrothermal syntheses indicates that Au3+ complexes
are effectively stabilized by mercaptosilane ligands. The ethylene-
diamine ligands in the Au(en)2Cl3 chelate complex, in contrast,
reduce Au3+ even in inert atmospheres at temperatures as low as
343 K [12], making such ligands unsuitable as stabilizing species
during hydrothermal synthesis.

The mercaptosilane ligands form CH3OH molecules in alkaline
solution during the displacement of their methoxy groups with
hydroxyl groups via hydrolysis:

HS CH2ð Þ3SiðOCH3Þ3 þ nH2O !OH
�
HS CH2ð Þ3SiðOCH3Þ3�n OHð Þn

þ nCH3OH ð4Þ
The evaporative removal of the CH3OH formed in these reac-

tions is required before hydrothermal synthesis, because CH3OH
acts as a reductant for Au3+ precursors, even when stabilized by
mercaptosilane ligands. Analogous AuNaLTA synthesis protocols
using ethylenediamine ligands (to form Au(en)2Cl3) led to large
Au0 crystallites during zeolite crystallization; such species were
evident from the marked changes in the color of the synthesis gels
(from clear to blue to mauve) as the temperature increased from
300 K to 373 K. These changes, indicative of the formation of Au0

colloids [7], were confirmed by the presence of large Au clusters
(>6 nm) in micrographs of the LTA solids formed via hydrothermal
synthesis (Fig. S1, SI).

The presence of Au3+ cations uniformly dispersed within LTA or
MFI crystals, enforced by the stabilization conferred by mercap-
tosilane ligands and by the pre-emptive removal of CH3OH reduc-
tants, allows their systematic reduction to Au0 via post-synthetic
thermal or chemical treatments, specifically designed to preserve
the encapsulation and monodispersity of small (�1 nm) clusters.
Such treatments and their consequences for the size and location
of Au clusters were examined by UV–visible spectroscopy and
TEM microscopy, as well as by probe reactions that determine
the extent to which host zeolites prevent molecules larger than
their apertures from accessing active Au surfaces (Section 3.4).

The intensity of the LSPR band in the UV–visible spectra of
AuNaLTA (1.1 wt.%) was monitored during heating in flowing dry
air and then in flowing H2 (from ambient temperature to 623 K
in both cases) to track the formation and growth of Au0 clusters
from the cationic Au precursors (Fig. 2). The LSPR intensity serves
as a diagnostic of Au0 clusters larger than 2 nm, the diameter at
which they incipiently exhibit plasmon resonance [31]. These LSPR
bands were centered at 506 nm; this wavelength is characteristic
of Au0 clusters smaller than 5 nm, but it is not otherwise sensitive
to cluster size [31].

A weak and barely detectable LSPR band emerged during ther-
mal treatments in air between ambient temperature and 623 K, a
procedure shown to combust and remove C-atoms from the mer-
captosilane ligands (Fig. 2) [8]; these data show that this treatment
did not form Au0 clusters, apparently because strong Au–S bonds
prevent Au3+ reduction at these conditions. As-synthesized Au/
SiO2, consisting of mesoporous SiO2 with deposited Au(en)2Cl3
(Section 2.2.3), in contrast, exhibited an intense plasmon reso-
nance after similar treatments in air (Fig. S2, SI). Such plasmon res-
onances demonstrate the strong tendency of Au3+ to reduce to Au0,
even with protecting ligands and in oxidizing environments, and
provide compelling evidence for the greater stability conferred to
Au3+ by mercaptosilane ligands. Exposing AuNaLTA to pure H2 after
air treatment at 623 K led to a sharp increase in the intensity of the
LSPR band at 540–623 K (Fig. 2). This increase in intensity reflects
the reduction of Au3+ by H2 after the oxidative removal of C-atoms
from occluded mercaptosilane ligands, which may obstruct H2

from accessing Au3+ cations. Treatment of as-synthesized AuNaLTA
in pure H2 at 623 K (1.67 cm3 g�1; 0.067 K s�1) for 2 h without a
preceding air treatment at 623 K, however, also led to nearly iden-
tical increases in the plasmon band intensity in the same temper-
ature range (540–623 K; Fig. S3, SI). These data show that the
protecting ligands do not obstruct H2 access to Au3+ cations and
that the H2 treatment is solely responsible for decomposing Au–S
adducts and for forming Au0 species, which subsequently migrate
throughout the zeolite crystal to form metal clusters. Au plasmon
resonance bands are also evident in AuNaLTA after only treatment
in air at 723 K (1.67 cm3 g�1; 0.067 K s�1) for 2 h (Fig. S4, SI), indi-
cating that Au–S adducts decompose and form Au0 (even without
H2 treatment) at sufficiently high temperatures. Air treatment
alone can reduce Au3+ cations, but the use of H2 allows reduction
at lower temperatures, an important requirement to preserve Au
dispersion, monodispersity, and encapsulation during the critical
reduction process.

The strong effects of H2 treatment temperature (540–623 K) on
the intensity of LSPR bands (Fig. 2), and on the Au0 cluster size that
such features reflect, were examined to determine whether the
mean particle diameter in AuNaLTA could be systematically varied
through changes in the H2 treatment temperature protocols.
AuNaLTA was first treated in air (to remove C residues) and then
in H2 at several temperatures within the critical range for Au3+

reduction (540–623 K) evident from UV–vis spectra (Fig. 2), and
the resulting Au particle size distributions were measured using
TEM micrographs. Post-synthetic treatment of AuNaLTA
(1.1 wt.%) in flowing air at 573 K (or 623 K) and then in pure H2

at 573 K (or 623 K) (each for 2 h) gives Au clusters with surface-
averaged diameters of 1.3 nm (or 2.3 nm) (Fig. 3, Table 1). These
clusters were nearly monodisperse in both cases (1.07 and 1.09
DI), indicating that cluster growth occurred without detectable loss
of uniformity.



Fig. 2. (a) Evolution of the 1.1 wt.% AuNaLTA LSPR band integrated intensity in flowing air (I and II) or H2 (III and IV) under (I): 120 K h�1 ramp to 623 K, (II): 623 K, (III):
240 K h�1 ramp to 623 K, subsequent to cooling to ambient temperature after (II), and (IV): 623 K. (b) Growth of the LSPR band for 1.1 wt.% AuNaLTA (following 2 h treatment
at 623 K under air flow) in flowing H2 over the temperature range 543–623 K (240 K h�1 ramp to 623 K, 0.17 h between each spectrum) corresponding to hours 1–3 in regions
(III) and (IV) in (a). Gas flows were operated at 1.67 cm3 g�1 s�1 and 100 kPa with dry air or pure H2.

Fig. 3. TEM micrographs, surface-averaged Au cluster diameters, hdTEMi (Eq. (1)), and cluster diameter distributions for (a) 1.1 wt.% AuNaLTA post-synthetically treated at
573 K, (b) 1.1 wt.% AuNaLTA post-synthetically treated at 623 K, (c) 2.2 wt.% Au/SiO2, and (d) 1.9 wt.% AuNaMFI.
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We surmise that such size uniformity reflects the condensation
of silanols with the protecting ligands attached to Au3+ cations to
form siloxane bridges within the synthesis gel or within the struc-
tural building units involved in the nucleation and growth of the
zeolite framework. Such chemical linkages would favor the uni-
form incorporation of Au3+ precursors throughout the zeolite crys-
tals [8] and the ultimate orderly migration of Au0 species as such
precursors reduce to form clusters uniform in size and dispersed
throughout the zeolite void space. The smaller clusters evident at
lower treatment temperatures in H2 may reflect the less mobile
nature of incipiently-reduced Au precursors, denuded of some
mercaptosilane ligands, at these temperatures, thus favoring the
formation of a larger number of nucleation points and, conse-
quently, of smaller Au0 clusters. The small Au clusters (1.3 nm)
formed by H2 treatment at 573 K are similar or slightly larger than
the NaLTA a-cages (1.1 nm) [8], and occupy approximately 1.5% of
these a-cages for the 1.1 wt.% Au loading sample (calculations in
SI; Section 5, Eq. (S1)) [9]. The 2.3 nm clusters formed by H2



Table 1
Metal Loadings, surface averaged particle diameters, and normalized CO–Au IR
intensities of Au-zeolite catalysts synthesized with the hydrothermal technique, and a
reference Au/SiO2 sample.

Sample Metal loading
(wt.%)a

Au cluster diameter
hdTEMi (nm)b

Dc DId Xe

AuNaLTA 1.1 1.3 ± 0.2 0.89 1.07 0.9 ± 0.1
AuNaLTA 1.1 2.3 ± 0.4 0.51 1.09 1.1 ± 0.1
AuNaLTA 0.5 2.2 ± 0.4 0.53 1.08 1.1 ± 0.1
AuNaMFI 0.2 2.1 ± 0.4 0.55 1.06 0.9 ± 0.1
AuNaMFI 1.9 2.0 ± 0.4 0.58 1.09 1.2 ± 0.1
Au/SiO2 2.2 2.7 ± 0.5 0.43 1.06 –

a Analyzed by inductively coupled plasma optical emission spectroscopy.
b Surface area weighted mean cluster diameter determined via TEM (Eq. (1)).
c Dispersion estimated from hdTEMi (Eq. (2)).
d Dispersity Index computed as the surface averaged cluster diameter divided by

the number averaged diameter (Eq. (3)).
e Ratio of sample’s integrated CO–Au IR band intensity to that of Au/SiO2 under

1 kPa CO and 99 kPa He at 263 K, where intensities for each are normalized by the
number of surface Au atoms in the sample (as estimated by the metal loading and
D) (Eq. (5)). NaLTA samples were cation exchanged with Ca2+ before IR measure-
ments to improve the accessibility of CO to the zeolite interior.
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treatment at 623 K occupy approximately 0.26% of these a-cages.
These clusters exceed the size of the LTA a-cages, indicating that
they locally disrupt the LTA framework, but the small number
and extent of such disruptions preclude their detection in diffrac-
tograms [9]. In spite of these local disruptions, such Au clusters
are protected by the large number of intervening windows and
cages among clusters and between the clusters and the external
crystal surfaces, thereby conferring stability against coalescence,
as well as reactant shape selectivity in catalytic reactions (Sec-
tion 3.4.2). The mean size, but not the dispersity of these clusters,
is sensitive to the temperature at which their cationic precursors
are reduced; thus, their dispersion can be systematically controlled
through variations in the H2 treatment temperature.

The precise control of Au cluster size is more challenging for
MFI than LTA frameworks, because organic SDA species (TPAOH)
occluded within the zeolite must be removed to allow access to
intracrystalline voids and to any active surfaces therein. Air treat-
ments for 2–3 h above 720 K completely combust and remove
TPAOH [34]. Treating as-synthesized AuNaMFI (1.9 wt.%) in flow-
ing dry air (1.67 cm3 g�1 s�1) from ambient temperature to 723 K
(0.033 K s�1) and holding for 3 h, however, led to the formation
of relatively large Au particles (3.2 nm; 1.12 DI; Fig. S5, SI). A sim-
ilar treatment with a slower temperature ramp (0.016 K s�1)
formed slightly smaller clusters (3.0 nm; 1.09 DI; Fig. S6, SI). It
seems plausible that oxidation of intracrystalline SDA moieties
causes local exotherms, thus precluding precise local temperature
control as Au0 forms and favoring cluster growth. Such effects were
minimized using a stepped temperature ramping protocol (Sec-
tion 2.2.2) to 723 K in air, intended to decrease SDA oxidation rates
and allow heat dissipation; this strategy led to much smaller
(2.0 nm) and nearly monodisperse (1.09 DI) Au clusters (TEM;
Fig. 3, Table 1). As in the case of Au clusters in LTA, these clusters
are larger than the largest voids in MFI (channel intersections;
0.64 nm) [21]; yet, they are thermally stable (Section 3.2), reside
within the zeolite crystals (Section 3.4.3), and are protected against
sintering and access by large molecules by many intervening chan-
nels among clusters and between the clusters and the external zeo-
lite surfaces.

The size and dispersity of Au clusters in AuNaMFI and AuNaLTA
prepared using these treatment protocols were essentially unaf-
fected by Au loading (0.5–1.1 wt.% in LTA; 0.2–1.9 wt.% in MFI;
Table 1). Syntheses with higher Au loading (P6 wt.%) led to amor-
phous materials (Fig. S7, SI) apparently because of competition for
the intracrystalline void space within incipiently formed nuclei
between the SDA species (Na+ for LTA or TPAOH for MFI), needed
to template the crystalline voids, and the mercaptosilane ligands
needed to protect and disperse the Au3+. AuNaLTA treated in air
at 623 K then H2 at 623 K gave clusters with 2.3 nm surface-
averaged diameter and DI values of 1.08 and 1.09 for 0.5 wt.%
and 1.1 wt.% Au contents, respectively. Similarly, AuNaMFI with
0.2 wt.% and 1.9 wt.% Au gave clusters with diameters of 2.1 nm
(1.06 DI) and 2.0 nm (1.09 DI), respectively. Au clusters occupy
<0.5% of the intracrystalline void volume in these LTA and MFI
samples [9,21], and TEM micrographs (Fig. 3) suggest that the Au
clusters are uniformly dispersed throughout LTA and MFI crystals.

We therefore conclude that the uniform dispersion of the
ligand-stabilized precursors throughout the synthesis gel, and ulti-
mately throughout the zeolite crystals, leads to large and uniform
spacing among precursors and to limited cluster growth processes.
The driving force for such cluster growth, reflecting the tendency of
small particles to minimize their surface energy, tends to weaken
in magnitude as the cluster size increases and is likely resisted
sterically by the surrounding framework. Such resistance probably
includes the kinetic hurdles imposed by large numbers and small
sizes of the intervening apertures and the thermodynamic barriers
imposed by the energy required to locally disrupt the zeolite
framework to accommodate larger clusters. We surmise that the
clusters continue to grow until the driving force for their expansion
is balanced by these barriers against further disruption of the
framework.

3.2. Thermal stability of Au clusters in LTA and MFI

The stability of Au0 clusters in AuNaLTA (1.1 wt.%) and AuNaMFI
(1.9 wt.%) (prepared as described in Sections 2.2.1 and 2.2.2,
respectively) was then examined during treatment in flowing dry
air by heating to a final temperature between 623 and 873 K at
0.033 K s�1 and holding for 5 h. Their surface-averaged cluster
diameters and DI values, derived from TEM micrographs, are
shown in Fig. 4 as a function of this final temperature. The cluster
diameters were unchanged by treatment temperatures below
773 K (1.3 nm NaLTA; 2.0 nm NaMFI); their size and dispersity
increased slightly between 773 K and 823 K and then significantly
at temperatures above 823 K (2.1 nm AuNaLTA; 2.6 nm AuNaMFI).
Similar treatment protocols using pure H2 instead of air at 773 K
did not cause detectable cluster growth in AuNaMFI or AuNaLTA,
but some slight growth was detected after treatments between
773 K and 823 K and became more evident above 823 K (1.9 nm
AuNaLTA; 2.5 nm AuNaMFI) (Table S1, SI). The treatment atmo-
sphere (air or pure H2) did not have any detectable effects on the
stability of the Au clusters, apparently because Au surfaces remain
essentially bare above 600 K in both environments [35], thus pre-
venting adsorbed species from altering surface energies or atomic
mobility, which influence, in turn, coalescence and Ostwald ripen-
ing. The stability of Au clusters in AuCaLTA, the Ca2+ exchanged
form of AuNaLTA (Section 2.2.1), was also examined using analo-
gous air or H2 treatments at 773 K. The Ca2+ exchange was per-
formed to enlarge the apertures in NaLTA [20] before using it in
CO adsorption (Section 3.3; Section S9, SI) or catalytic reaction
studies (Section 3.4.1), so as to improve the access of diffusing
molecules to Au cluster surfaces. The Au cluster size (1.3 nm)
and dispersity index (1.07) in AuCaLTA also did not change follow-
ing these air or H2 treatments, indicating that the ion exchange
process did not adversely affect Au cluster size or stability.

The size, stability, and dispersity of these Au clusters within
AuNaLTA, AuCaLTA, and AuNaMFI represent significant improve-
ments over those reported for clusters dispersed on mesoporous
supports. Deposition-precipitation or impregnation of Au onto
TiO2 gives Au0 particles as small as 3.2 nm [36], but treatment in
8% O2/He for 2 h at 773 K causes extensive cluster agglomeration
to form particles >10 nm in diameter [6]. Deposition-



Fig. 4. Effect of flowing dry air treatment temperature (21 kPa O2, 79 kPa N2, 1.67 cm3 g�1 s�1, 5 h) on the TEM-derived surface averaged cluster diameter (hdTEMi, N) (Eq. (1)),
and dispersity index (DI, d) (Eq. (3)) of Au clusters in (a) 1.1 wt.% AuNaLTA and (b) 1.9 wt.% AuNaMFI.
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precipitation techniques on c-Al2O3 supports form slightly larger
3.5 nm particles, which grow to 4.0 nm after treatment for 2 h at
873 K in 25% O2/He [13]. Au clusters deposited onto mesoporous
silicas (SBA-11, SBA-12, SBA-15, HMM-2, and MCM-41) functional-
ized with amines sinter to form 4.3–7.9 nm particles after treat-
ment in pure H2 at 473 K for 2 h [37]. Metal sputter deposition
techniques, although difficult to implement at practical scales
[38,39], form Au clusters that are among the smallest and most
stable [6]. For example, sputtering Au metal onto fumed SiO2 gives
particles with 2.5 nm mean diameter (but also several large
(>10 nm) clusters), which grow to 3.2 nm after annealing at
773 K in 8% O2/He for 2 h [6]. AuNaLTA (1.3 nm) and AuNaMFI
(2.0 nm), by contrast, maintain smaller and nearly monodisperse
clusters after similar treatments. The size stability conferred to
Au clusters by encapsulation appears to reflect their uniform dis-
persion throughout crystals and their inhibited migration and coa-
lescence caused by the small apertures connecting LTA and MFI
voids. The Au metal clusters within these voids do not coalesce
up to 773 K, temperatures well above those used during the
post-synthetic H2 reduction (573–623 K) that forms them, showing
that desirable dispersions can be maintained at higher tempera-
tures after Au metal clusters form, as long as the critical Au3+

reduction step is systematically controlled.

3.3. Assessment of exposed Au surfaces by chemisorbed CO

Infrared absorption bands of CO adsorbed on AuCaLTA,
AuNaMFI, and Au/SiO2 were examined to assess the cleanliness
and accessibility of their Au metal surfaces. This technique was
used instead of chemisorptive titrations that are challenging or
infeasible for Au0 particles in zeolites. The chemisorption of H2

and O2 onto Au0, for instance, is slow and seldom equilibrated at
temperatures required for significant coverages because of high
dissociation activation barriers [35]. The molecular adsorption of
CO occurs on both Au clusters and zeolite counterions [40] and
cannot be distinguished from volumetric uptakes.

The IR spectra of CO adsorbed on the Au clusters in AuNaMFI
(1.9 wt.%; hdTEMi = 2.0 nm), AuCaLTA (1.1 wt.%; hdTEMi = 2.3 nm),
and Au/SiO2 (2.2 wt.%; hdTEMi = 2.7 nm) at 263 K under 1 kPa CO
are shown in Fig. 5a. Spectral intensities are normalized by the
number of surface Au atoms.

AuNaMFI and Au/SiO2 samples exhibit absorption bands at
2108 cm�1 and 2109 cm�1 respectively, which correspond to atop
adsorption of CO on Au0 [41]. AuCaLTA showed two separate
bands, both at higher frequencies than those for CO–Au0 in
AuNaMFI and Au/SiO2. The more intense band at 2177 cm�1 corre-
sponds to CO adsorbed onto charge-balancing Ca2+ cations in LTA
[40,42]. The second band at 2123 cm�1 corresponds to CO on Au
sites in AuCaLTA. The contributions to this spectrum from Ca2+–
CO species were subtracted using the CO infrared bands on CaLTA
(Fig. S8, SI) to obtain accurate intensities and frequencies for the
Au–CO bands. The Au–CO band in AuCaLTA is shifted to higher fre-
quencies (by 14 cm�1) relative to that for CO–Au0 in Au/SiO2. This
shift likely reflects slightly electron-deficient Au surfaces (Aud+)
[41,43,44], which decrease back-donation from Au to 2p⁄ orbitals
in adsorbed CO, thus increasing the C–O bond force constant and
increasing its vibrational frequency [43]. Such effects have been
reported for Pt, Pd, and Au clusters within FAU, and reflect electron
withdrawal from metal centers by the electropositive charge-
balancing zeolite cations [43,45,46]. We consider this to add cir-
cumstantial evidence indicating that the Au clusters are located
within LTA voids, where the Ca2+ cations must reside. The absence
of similar shifts (relative to Au/SiO2) on AuNaMFI reflects the
higher valence of Ca2+ (in LTA) relative to Na+ (in MFI), and also
the higher density of cations in LTA (0.24 Ca2+/T atom, where
T = Si, Al; Si/Al = 1.1 vs. 0.03 Na+/T atom; Si/Al = 31).

In what follows, we measure the effects of CO pressure on Au–
CO band intensities for AuCaLTA, AuNaMFI, and Au/SiO2 to deter-
mine the number and relative binding strength of CO binding sites.
In doing so, we compare the number of exposed Au atoms in these
materials to determine whether the Au clusters evident in their
TEM micrographs exhibit clean surfaces available for CO
chemisorption.

The integrated intensities of the Au–CO bands in AuCaLTA,
AuNaMFI, and Au/SiO2 are shown in Fig. 5b (263 K, 0.1–1.0 kPa
CO). These normalized intensities (by saturation values at
1.0 kPa) reflect the CO fractional coverage at accessible Au surface
atoms, but not the absolute amounts of chemisorbed CO. The Au–
CO bands in all samples shift to slightly lower frequencies as pres-
sure increases from 0.1 to 1.0 kPa CO (�4.2 cm�1; Fig. S9, SI), a
result of weakening Au–CO interactions as CO coverage increases
[47]. Increases in the Au–CO band intensities with pressure are sig-
nificantly weaker at the high end of the pressure range (�7%
increase from 0.8 to 1.0 kPa) than the low end (�21% increase from
0.1 to 0.2 kPa) for all samples, suggesting that coverages are near to
saturation values at 1.0 kPa. CO fractional coverages are similar on



Fig. 5. (a) Infrared spectra of CO adsorbed on Au clusters in Au/SiO2 (black),
AuCaLTA (gray), and AuNaMFI (light gray) samples at 263 K (1.0 kPa CO, 99.0 kPa
He) after flowing H2 pretreatment (573 K, 20 kPa H2, 80 kPa He). Spectral intensities
are normalized by the moles of exposed surface Au in each sample (estimated with
dispersions derived from TEM micrographs and metal loadings measured with ICP-
OES analysis). (b) Integrated peak areas for AuCaLTA (h), AuNaMFI (d), and Au/SiO2

(4) measured at 263 K over the range 0.1–1 kPa CO, where areas are normalized by
the maximum collected area (at 1 kPa CO) for each respective sample.

T. Otto et al. / Journal of Catalysis 339 (2016) 195–208 203
these samples in spite of the slightly electron-deficient cluster sur-
faces in AuCaLTA, indicating that the higher CO vibrational fre-
quencies (relative to Au0) do not lead to detectable effects on CO
binding energies. Density functional theory calculations of chemi-
sorbed CO on Pt(111) surfaces with a mathematically imposed
slight positive charge show a 20 cm�1 increase in frequency, but
a small decrease in CO binding energy (<5 kJ mol�1) at 0.25 frac-
tional coverages, which becomes even smaller as coverages
increase [48]. Physical mechanisms and magnitudes of such shifts
in frequencies and binding energies are expected to be similar for
other metals, including Au [48]. The similar CO fractional coverages
on AuCaLTA, AuNaMFI, and Au/SiO2 suggest that CO interacts sim-
ilarly with their respective surfaces, indicating that binding stoi-
chiometries and infrared absorption cross-sections are also
similar, thus allowing absolute comparisons of band intensities
to determine the number of surface atoms that are able to bind
CO for each sample. These comparisons of the CO binding provide
a measure of the surface cleanliness of samples prepared by
mercaptosilane-stabilized precursors.

The surface cleanliness of Au clusters in AuCaLTA and AuNaMFI
is quantified by a factor Xi:

Xi ¼
~Ii

~IAu=SiO2

ð5Þ

where ~Ii is the integrated Au–CO band intensity for catalyst i
(i = AuCaLTA, AuNaMFI, Au/SiO2) normalized by the number of sur-
face Au atoms in the sample. ~IAu=SiO2 is used as the reference
because the oxidative treatments (673 K, 2 h, Section 2.2.3) we
apply to Au/SiO2 are known to remove all synthetic debris from
the sample, as shown conclusively by temperature programmed
oxidation experiments and thermal gravimetric analysis [24]. Con-
sequently, Xi values near unity reflect similarly clean and accessi-
ble Au surfaces in AuCaLTA or AuNaMFI. The Xi values were
computed using normalized CO IR spectra collected at 1 kPa and
are shown in Table 1. Errors in these values are estimated as
±10% based on the standard deviation of three unique measure-
ments of XAuCaLTA (for 1.1 wt.% AuCaLTA; hdTEMi = 2.3 nm), com-
puted using three measurements of ~IAu=SiO2 and ~IAuCaLTA. All Xi

values are close to unity (0.9–1.2), confirming the cleanliness and
accessibility of the Au clusters in AuCaLTA and AuNaMFI. These
Xi values indicate that the air and H2 treatments applied to the
Au-zeolite catalysts (to 673 K in air; 573 K in H2) are effective at
removing S species, derived from mercaptosilane ligands, from
Au cluster surfaces. Indeed, mercaptosilane ligands can be
removed from Au0 clusters at even lower temperatures (573 K,
1 h, air flow) [49] and even from Pt, Pd, and Ir clusters (623 K,
2 h flowing H2 treatment) [8] in spite of stronger S binding on these
metals than on Au (Pt–S: 233 kJ mol�1; Pd–S: 183 kJ mol�1; Ir–S:
206 kJ mol�1; Au–S: 126 kJ mol�1) [50,51]. The data shown in this
section provide compelling evidence that the post-synthesis treat-
ments used here lead to accessible and clean Au clusters.
3.4. Consequences of encapsulation for catalysis and the use of
turnover rates and large titrants to determine encapsulation
selectivities

Our evidence for the presence of Au clusters within zeolite voids
in AuNaLTA, AuCaLTA, and AuNaMFI based on their size (Sec-
tion 3.1), stability (Section 3.2), and CO binding properties (Sec-
tion 3.3) seems compelling. They are small in size (1.3–2.0 nm),
similar to the dimensions of zeolite voids (1.1 nm LTA; 0.64 nm
MFI), and seem uniformly dispersed throughout zeolite crystals
(TEM; Fig. 3). They are exceptionally resistant to sintering by com-
parison with Au clusters dispersed on mesoporous supports, a
property that we infer must reflect their restricted mobility
through confinement and the thermodynamic hurdles imposed
by the need to disrupt LTA and MFI frameworks to grow. The
Aud+-CO IR bands in AuCaLTA suggest a proximity between Au
clusters and Ca2+ counterions that can only be reconciled with con-
finement. Yet, their catalytic properties remain the ultimate arbiter
of surface cleanliness and the raison d’etre for the effort spent in
their synthesis. Reactivity, in the form of turnover rates, depends
sensitively on the amount and cleanliness of the exposed Au sur-
faces; the selective preference for reactions of smaller molecules
and a resistance to poisoning by large titrants, in turn, would pro-
vide the quantitative measures of encapsulation.
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3.4.1. Alkanol oxidative dehydrogenation (ODH) on Au-zeolite
catalysts

Zeolites bring forth remarkable diversity into the catalytic che-
mistries of encapsulated metal clusters through their ability to
select reactants, products, and transition states based on their
molecular size and shape [8,9]. Here, we exploit such zeolite shape
selectivity effects by measuring ODH turnover rates of ethanol
(0.40 nm kinetic diameter) [9] and isobutanol (0.55 nm kinetic
diameter) [9] on AuNaLTA (0.42 nm aperture) [9] and AuCaLTA
(0.50 nm aperture) [20] to quantify the extent to which active Au
surfaces reside within zeolite voids. The windows in NaLTA and
CaLTA allow ethanol diffusion into the void space but essentially
exclude isobutanol; thus, comparison of ODH turnover rates for
small and large alkanols on unrestricted surfaces (e.g. Au/SiO2)
and on AuCaLTA or AuNaLTA allows rigorous estimates of the frac-
tion of the exposed metal atoms that reside within the LTA void
space.

The slow diffusion of reactants in small-pore zeolites, such as
LTA, can be enhanced by replacing the resident cations with ions
that have smaller atomic radii or higher valence [52]. Ca2+

exchange into NaLTA decreases the total number of counterions
in the framework and leads to larger effective window apertures
that increase diffusion rates [52]; therefore, ODH rates on AuNaLTA
and AuCaLTA can be used to determine the extent to which
intracrystalline concentration gradients of alkanol reactants affect
measured rates. NaMFI channels (0.55 nm apertures) cannot
exclude isobutanol from intracrystalline voids. Consequently, the
relative rates of ethanol and isobutanol ODH cannot be used to
determine the extent of encapsulation in AuNaMFI. Instead, encap-
sulation is probed by determining the fraction of Au cluster sur-
faces that are protected from titration by a poison
(dibenzothiophene; DBT, 0.9 nm kinetic diameter) that cannot
enter MFI crystals (Section 3.4.3).

Alkanol ODH reactions form water and alkanals as primary
products [25,53]. These alkanals can undergo oxidation to car-
boxylic acids, which, in turn, can react with alkanols in esterifica-
tion reactions [53] on Brønsted acids to form hemiacetals that
dehydrogenate oxidatively on Au to form esters [54]. These
Brønsted acid sites can also catalyze elimination reactions of alka-
nols to form ethers and alkenes [25,53]. H2O, formed as an ODH co-
product, increases the rate of kinetically-relevant O2 activation
steps in ODH reactions via the formation of peroxide or hydroper-
oxide species, thus acting as an ODH co-catalyst [55]. In doing so,
H2O circumvents difficult O2 dissociation steps, which exhibit high
activation barriers on Au surfaces [13], and removes the require-
ment for coordinatively unsaturated Au atoms prevalent on small
clusters [55], making even large Au clusters remarkably active in
alkanol oxidations [55,56]. These effects of H2O make reactivity
comparisons among catalysts difficult because axial H2O gradients
lead to non-uniform reactivity along the catalyst bed, even at low
alkanol conversions. These effects are eliminated here by adding
H2O to the reactant stream at concentrations 5-10 times larger
than those imposed by ODH reactions and by operating at low
alkanol conversions (<3.0%), which also minimize secondary
reactions.

Secondary ODH products (esters, carboxylic acids, ethers) were
not detected on any Au-zeolite catalysts, but Au/SiO2 formed ethyl
acetate from ethanol (10.0% selectivity at 2.4% conversion) and
isobutyl-isobutyrate from isobutanol (8.7% selectivity at 2.1% con-
version). These secondary reactions do not affect measured turn-
over rates, because the formation of each product requires one
initial ODH event, in which an alkanal forms via kinetically-
relevant b-H abstraction from an adsorbed alkoxide by chemi-
sorbed oxygen atoms [57]. Exposure of Au/SiO2 to 0.05 M NaOH
(as described in Section 2.2.3) to titrate H+ species by Na+ led to
much lower ethyl acetate selectivities (4.8% vs. 10.0%) without
detectably influencing ODH turnover rates. These data show that
esters form on Au/SiO2 because of the presence of Brønsted acid
sites.

3.4.2. ODH catalytic evidence for cluster encapsulation within LTA
The selectivity of Au encapsulation in AuNaLTA and AuCaLTA

can be measured from the ratio of ODH turnover rates for ethanol
(rethanol) and isobutanol (risobutanol) reactants, defined as

vODH;i ¼
rethanol
risobutanol

ð6Þ

where i represents a given sample (AuNaLTA, AuCaLTA, AuNaMFI).
These vODH values are expected to be larger on AuNaLTA and
AuCaLTA than those on AuNaMFI or Au/SiO2, because the former
two samples but not the latter two prevent access to intracrys-
talline Au clusters by isobutanol reactants. The vODH value for Au/
SiO2 (vODH;Au=SiO2

) reflects the relative intrinsic reactivities of ethanol
and isobutanol in the absence of diffusional constraints for either
alkanol, because SiO2 mesopores do not selectively exclude the lar-
ger alkanol. The ratio of these vODH values for each Au-zeolite sam-
ple to that of Au/SiO2 defines an encapsulation selectivity
parameter /:

/ ¼ vODH;i

vODH;Au=SiO2

ð7Þ

which determines, in turn, the extent to which active Au surface
atoms reside within microporous voids that ethanol, but not isobu-
tanol, can access. / values approach unity for Au clusters that are
freely accessible to both alkanols, such as those dispersed in MFI
or mesoporous SiO2. Large / values, by contrast, suggest that Au
clusters are predominantly secluded from contact by isobutanol.
Clusters encapsulated within LTA should be completely inactive in
isobutanol ODH, because LTA apertures are small enough to fully
exclude isobutanol from its void structure. As a result, / values
for AuNaLTA and AuCaLTA represent the ratio of the total active
Au surface area in the sample to that of fully accessible Au clusters
at external zeolite crystal surfaces. The selectivity parameters then
give the fraction of the Au surface area contained within voids (F) as
follows:

F ¼ 1� 1
/

ð8Þ

Large / values (e.g. / > 10, which implies F > 0.90; Eq. (8)) thus
provide evidence that Au clusters predominantly reside within
zeolite voids, and are taken here as evidence of successful
encapsulation.

Table 2 shows ethanol and isobutanol ODH turnover rates, vODH

values, and the resulting encapsulation selectivity parameters for
Au/SiO2 and Au-zeolite catalysts. The ratios of ethanol to isobu-
tanol ODH rates on AuNaLTA and AuCaLTA (33–133) are much lar-
ger than on AuNaMFI (1.8) or Au/SiO2 (1.5), consistent with Au
clusters predominantly residing within LTA crystals, which in con-
trast with Au clusters in MFI or SiO2 structures, are prevented from
contact with isobutanol. The resulting encapsulation selectivities
(/, Eq. (7)) are large (22–57). These / values correspond to >95%
(F > 0.95; Eq. (8)) of the Au surface area in AuNaLTA and AuCaLTA
residing within the protected microporous voids of LTA crystals.

Ethanol ODH turnover rates varied somewhat among LTA-based
Au catalysts with changes in Au content and cluster size, and as
Na+ was replaced with Ca2+ via post-synthesis exchange. AuCaLTA
(2.3 nm clusters; 1.1 wt.% Au; 0.017 s�1) gave larger ODH turnover
rates than AuNaLTA (2.3 nm; 1.1 wt.%; 0.004 s�1) (Table 2), appar-
ently because slight ethanol concentration gradients were weak-
ened as diffusivities increased when Ca2+ replaced Na+ cations.
Ethanol ODH turnover rates increased monotonically as Ca2+ ions



Table 2
Catalytic properties of Au-encapsulated LTA, MFI, and Au/SiO2 catalysts in oxidative
dehydrogenation (ODH) of alkanols.a

Sample Au cluster
diameter hdTEMi
(nm)

Metal
loading
(wt.%)

Alcohol ODH turnover rate
(10�3 s�1 molsurf-Au�1 )

rethanol
b risobutanol

b vODH
c /d

AuCaLTA 1.3 ± 0.2 1.1 12 0.14 86 57
AuCaLTA 2.3 ± 0.4 1.1 17 0.15 113 76
AuCaLTA 2.2 ± 0.4 0.5 22 0.20 110 73
AuNaLTA 2.3 ± 0.4 1.1 4 0.12 33 22
AuNaMFI 2.0 ± 0.4 1.9 16 9 1.8 1.2
Au/SiO2 2.7 ± 0.5 2.2 33 22 1.5 –

a Oxidative Dehydrogenation: 4 kPa alkanol, 9 kPa O2, 0.5 kPa H2O, balance He to
101 kPa at 393 K.

b Reaction turnover rate defined as number of moles of reactant converted per
time normalized by the number of exposed surface metal atoms estimated by TEM.

c vODH ¼ rethanol=risobutanol (Eq. (6)).
d Ratio of the vODH value for the sample to that of Au/SiO2 (Eq. (7)).
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replaced two Na+ ions with each additional exchange cycle (Sec-
tion 2.2.1) (Fig. S10, SI) and then reached constant values after
ten exchange cycles. The Ca/Al ratio (measured by ICP) after ten
exchange cycles was 0.47, similar to the value expected from com-
plete exchange (0.50). These monotonic changes continue up to the
point of full exchange, suggesting that Ca2+ weakens, but does not
remove, ethanol concentration gradients that lead to turnover
rates lower than their kinetic limit.

The AuCaLTA sample with larger Au particles (1.1 wt.%; 2.3 nm)
gave slightly higher ethanol ODH turnover rates (0.017 s�1; Table 2)
than that with smaller Au clusters (1.1 wt.% 1.3 nm; 0.012 s�1), an
unexpected finding in view of ethanol ODH turnover rates that
depend only weakly on Au cluster size [58]. These trends do not
reflect residues derived from protecting ligands, because the inten-
sity of their respective CO infrared bands are proportional to their
TEM-derived cluster dispersions (see Xi values; Eq. (5); Table 1;
Section 3.3). Their different rates reflect instead ethanol concentra-
tion gradients that become steeper as the number of Au surface
atoms, and therefore the kinetic load, increase with increasing dis-
persion. Indeed, ethanol turnover rates on AuCaLTA samples
(0.022 s�1, 0.017 s�1, 0.012 s�1; Table 2) decrease monotonically
as the volumetric density of Au surface atoms increases (0.015,
0.033, 0.057; units (1000 Å3)�1; Eq. (S2), SI); these trends are con-
sistent with intrazeolite ethanol concentration gradients that cause
measured rates to be lower than those expected from the (higher)
extrazeolite concentrations. The monotonic increase in turnover
rates with the number of Ca2+ exchange cycles (Fig. S10, SI) further
confirms that these ethanol gradients persist even in fully
exchanged samples. In contrast with encapsulated Au clusters,
Au surfaces in extrazeolitic regions or in mesoporous solids are
exposed to the prevalent concentrations of ethanol in the fluid
phase, thus operating at the higher alkanol turnover rates charac-
teristic of their kinetic limit. The lower ODH turnover rates on
intracrystalline clusters lead, in turn, to / values (Eq. (7)) that
underestimate the extent to which Au surfaces reside within the
Table 3
Rates of ethanol oxidative dehydrogenation on Au/SiO2 and AuNaMFI following DBT expo

Pretreatment Au-zeolite catalyst ethanol ODH turnover rate (10�3 s�

(1) EtOHa (2) EtOH + DBTb

AuNaMFI 9.4 8.9
Au/SiO2 12 1.3

a Samples (100 mg) agitated in 30 cm3 of EtOH at ambient temperature for 4 h, treated
4 kPa EtOH, and 0.5 kPa H2O).

b Samples treated analogously with (1), but with dissolved DBT in the EtOH at a 6:1 D
c Fresh samples treated in flowing 20% O2/He (1.67 cm3 g�1 s�1, 2 h), then used in rea
d Sample (1) was treated in flowing 20% O2/He (1.67 cm3 g�1 s�1, 2 h) and used again
e Ratio of rates from samples (2) and (1) (Eq. (9)).
confining voids in LTA samples. The reported encapsulation selec-
tivity parameters (Table 2) must therefore be considered conserva-
tive lower limits of their true values.
3.4.3. Evidence of metal cluster encapsulation in MFI
The encapsulation selectivity of Au clusters in AuNaMFI was

determined from measurements of ethanol ODH turnover rates
on Au/SiO2 and AuNaMFI samples with and without preceding
exposure to dibenzothiophene (DBT) dissolved in ethanol (Sec-
tion 2.4). Organosulfur compounds, such as thiophene and DBT,
irreversibly adsorb onto Au surfaces, both as molecular species
and after C–S hydrogenolysis, to form unreactive species that block
active surfaces [59]. As a result, ODH turnover rates on Au/SiO2 and
on extrazeolite Au clusters in AuNaMFI should be strongly sup-
pressed by DBT, while Au surfaces within intracrystalline MFI
regions, which are inaccessible to DBT, should preserve their
ODH reactivity in the presence of DBT, thus providing a reliable
account of the extent to which Au cluster surfaces lie within the
intracrystalline space.

In these experiments, untreated and DBT-treated samples were
exposed to air at mild conditions (343 K, Section 2.4) before use in
ethanol ODH to remove adsorbed ethanol but to avoid desorbing
DBT or its hydrogenolysis products from Au surfaces; such mild
treatments may allow samples to retain other residues from the
ethanol solvent used to dissolve DBT (Section 2.4). These effects
led to only small changes in ODH rates (Table 3), but were taken
into account by comparing ODH turnover rates on samples
exposed to liquid ethanol with and without dissolved DBT (the lat-
ter denoted below as the ‘‘control sample”) and otherwise identi-
cally treated in air at 343 K before catalysis. Turnover rates
measured on control samples (AuNaMFI: 0.0094 s�1; Au/SiO2:
0.012 s�1) (Table 3) were slightly lower than those on samples pre-
treated at higher temperature (673 K; AuNaMFI: 0.016 s�1; Au/
SiO2: 0.033 s�1). Treatment of the control samples at this higher
temperature leads to full recovery in the ODH rates (Table 3), con-
sistent with the desorption of contaminants that could not be
removed by the milder air treatment.

ODH turnover rates measured on the control samples (rODH) and
on those exposed to DBT (rODH;DBT) are used to define a parameter
KDBT:

KDBT;i ¼ rODH;DBT
rODH

ð9Þ

where i identifies the specific sample (e.g., Au/SiO2, AuNaMFI). A
fraction of the Au surfaces exposed to DBT will retain some detect-
able ODH reactivity, because the binding and surface reactivity of
DBT-derived species decreases as surfaces reach near-saturation
coverages [60]. As a result, KDBT;Au=SiO2 reflects the fraction of the
Au surface in Au/SiO2 that remains vacant after DBT exposure.
KDBT;AuNaMFI similarly represents the fraction of the Au surfaces that
remain active in ODH for AuNaMFI, which would include those
sure or pretreatment.

1 molsurf-Au�1 )

(3) 673 K O2
c (4) EtOH? 673 K O2

d KDBT
e

16 16 0.95
33 34 0.11

in ambient air at 343 K for 12 h, then used in ODH reaction (393 K under 9 kPa O2,

BT:Au molar ratio.
ction.
in a second reaction.



Fig. 6. Ratio of the initial ethanol oxidative dehydrogenation rate at 393 K under
9 kPa O2, 4 kPa EtOH, and 0.5 kPa H2O (rates quantified in terms of s�1 molsurf-Au�1 ) to
those exhibited in the presence (0.1 kPa, open markers) and absence (closed
markers) of thiophene under continuous reaction for AuNaLTA (d) and Au/SiO2 (j).
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cluster surfaces confined within MFI crystals. These ratios are used
to define an encapsulation selectivity parameter (/DBT) as follows:

/DBT ¼
KDBT;AuNaMFI

KDBT;Au=SiO2

ð10Þ

As in the case of similar parameters for LTA samples (Eq. (7);
Section 3.4.2), a /DBT value of unity would reflect Au clusters that
are fully accessible to DBT in MFI samples, thus indicating their
exclusive presence at extracrystalline regions. Values of /DBT much
larger than unity are taken as a measure of successful encapsula-
tion procedures. /DBT values, similar to the values of / (Eq. (7)),
give the ratio of the total Au surface area to that present at extraze-
olite Au clusters, thus allowing the determination of the fraction of
the Au surface area that is encapsulated (F)

F ¼ 1� 1
/DBT

ð11Þ

The ethanol ODH turnover rates and their associated KDBT;i val-
ues for AuNaMFI (1.9 wt.%; hdTEMi = 2.0 nm) and Au/SiO2 (1.1 wt.%;
hdTEMi = 2.7 nm), as well as the treatment conditions for these cat-
alysts, are shown in Table 3. The ODH turnover rates on AuNaMFI
exposed to DBT (0.0089 s�1) and on the DBT-free control sample
(0.0094 s�1) were similar, thus resulting in a KDBT;AuNaMFI value near
unity (0.95). The turnover rate on the DBT-treated Au/SiO2 sample
(0.0013 s�1), in contrast, was about ten times smaller than that on
the DBT-free Au/SiO2 control (0.012 s�1), resulting in a small
KDBT;Au=SiO2 value (0.11) (Eq. (9)). These data lead in turn to an
encapsulation selectivity parameter of 8.6 (/DBT, Eq. (10)) for
AuNaMFI, and to the conclusion that �90% of its Au surface area
resides within the protected voids of MFI crystals (Eq. (11)).

Ethanol ODH turnover rates on samples treated at 673 K were
slightly lower for AuNaMFI (0.016 s�1; Table 3) than Au/SiO2

(0.033 s�1); this difference does not reflect Au surface contamina-
tion derived from mercaptosilane ligand residues, because the
surface-normalized CO IR bands for these samples (Xi; Eq. (5);
Table 1) are of equal intensity. We attribute these different rates
instead to diffusional constraints for ethanol within MFI crystals.
Such constraints may result from relatively slow rates of intracrys-
talline diffusion, or from pore blockage at the crystallite outer
surface by a layer of silicates [61–64], which may be formed as
by-products during MFI crystallization through the action of the
organic templates [64].
3.5. Protection of LTA-encapsulated Au clusters from thiophene
poisoning

The selective encapsulation of Au clusters within LTA, evident
from the relative rates of ethanol and isobutanol ODH (Sec-
tion 3.4.2), should also protect such clusters from thiophene,
which, as in the case of isobutanol, cannot diffuse within LTA voids.
This is shown here from ethanol ODH rates on AuNaLTA and Au/
SiO2 in the presence or absence of thiophene. NaLTA is used,
because its apertures (0.42 nm) are smaller than those of CaLTA
(0.50 nm) and thus more effectively exclude thiophene poisons
(0.46 nm kinetic diameter) [9]. These data are used to confirm
the high encapsulation selectivities determined from ethanol and
isobutanol ODH turnover rates.

Ethanol ODH rates (divided by their initial value) are shown in
Fig. 6 as a function of time for AuNaLTA and Au/SiO2 with 0 kPa and
0.1 kPa of thiophene in the reactor feed. ODH rates on AuNaLTA
gradually decreased to 80% of their initial value after 2 h of expo-
sure to thiophene, without detectable changes upon thiophene
removal from the inlet stream. On Au/SiO2, rates decreased to 6%
of their initial value over 2 h of exposure, then recovered slightly
(to 11%) upon thiophene removal, likely because some thiophene
desorbed from Au clusters [65], an effect that was not evident in
AuNaLTA apparently because of the relatively small fraction of
the Au surface in unprotected extracrystalline regions.

These data can be used to confirm the encapsulation selectivi-
ties reported in Section 3.4.2 from ethanol and isobutanol ODH
rates, using a formalism similar to that developed for AuNaMFI
using DBT poisons (Section 3.4.3). Ethanol turnover rates on
AuNaLTA and Au/SiO2 before (rODH) and after (rODH;TP) thiophene
poisoning for 2.0 h are defined as follows:

KTP;i ¼ rODH;TP
rODH

ð12Þ

where i represents a given sample (Au/SiO2, AuNaLTA). This KTP;i

parameter accounts for the fraction of the Au surfaces that are inac-
cessible to thiophene in each sample. Similar to /DBT (Eq. (10)), an
encapsulation selectivity parameter (/TP) is defined as

/TP ¼
KTP;AuNaLTA

KTP;Au=SiO2

ð13Þ

which gives the ratio of the total Au surface area in AuNaLTA to that
residing in unprotected extrazeolite environments. As in the case of
/ (Eq. (7)), this selectivity parameter underestimates the true
extent of encapsulation, because intracrystalline ethanol concentra-
tion gradients cause ODH rates on encapsulated Au clusters to be
smaller than those on Au surfaces at fully accessible locations.
The measured KTP;AuNaLTA and KTP;Au=SiO2 values were 0.77 and 0.063
respectively, giving a /TP value of 12.8 and an F value of 0.92, con-
sistent with the conclusions reached from the relative turnover
rates of ethanol and isobutanol ODH on these samples (F > 0:95,
Section 3.4.2).

These data, taken together, provide compelling evidence for the
selective encapsulation of Au clusters within zeolites. Encapsula-
tion was achieved in both LTA and MFI, zeolites with significantly
different aperture sizes (8-MR, 0.42 nm; 10-MR, 0.55 nm), Si/Al
ratios (1.1; 31), void environments (supercages; channel



T. Otto et al. / Journal of Catalysis 339 (2016) 195–208 207
intersections), synthesis templates (Na+, inorganic SDA; TPAOH,
organic SDA), and silica sources (colloidal SiO2; TEOS). In spite of
this diversity in framework structure, composition, and required
synthesis reagents, Au precursors were confined within zeolites
and subsequent thermal treatments led to their reduction and
the nucleation of nearly monodisperse clusters �1–2 nm in size
and with clean surfaces using the same mercaptosilane ligands
and synthesis protocols. These ligands disperse Au3+ precursors
throughout zeolite crystals as they incipiently form and prevent
their premature reduction and agglomeration at the pH and tem-
peratures required for crystallization of the microporous frame-
works. The small and monodisperse nature of these clusters
reflects the uniform dispersion and the restricted mobility of their
ligand-stabilized precursors, imposed by the small interconnecting
channels in the microporous networks and the systematic control
of the rates of reduction and of ligand removal from these precur-
sors. Such protocols and mechanistic insights can be translated
broadly into successful general strategies for the encapsulation of
Au clusters within diverse frameworks, within which, as shown
in this study, they can be protected structurally and chemically
and used to catalyze reactions only of those reactant molecules
that can access their surfaces via diffusion through their intracrys-
talline voids.
4. Conclusion

A broadly applicable procedure was developed for the encapsu-
lation of small (1–2 nm) and nearly monodisperse Au clusters
within zeolites using a ligand-assisted hydrothermal synthesis
protocol. The encapsulation of Au particles in LTA and MFI zeolites
are demonstrated as specific examples of the proposed technique.
The synthetic procedure employs mercaptosilane ligands, which
bind to and chemically protect Au3+ cations against reduction as
they are introduced into zeolite synthesis gels. These ligands
simultaneously form siloxane bridges with silicate precursors to
promote the uniform incorporation of Au into the zeolite host.
Treatment of the crystallized zeolites in O2 and then H2 reduces
the Au3+ cations, which form dispersed and encapsulated clusters.
The mean size of these clusters can be systematically adjusted,
without losses in monodispersity, through simple modifications
in the reduction temperature. The Au particles remain sinter-
stable to 773 K in air or H2 as a result of their confinement in zeo-
lite voids, which restrict their mobility and the size to which they
can grow. The encapsulated clusters also show high size selectivity
during catalytic oxidative alkanol dehydrogenation or exposure to
organosulfur poisons, because they are secluded from contact by
molecules larger than the zeolite apertures. The encapsulated Au
surfaces were free of synthetic debris and accessible to CO, as
determined by the analysis of adsorbed CO IR bands. The present
work outlines the synthesis of Au clusters whose average size
can be controlled while maintaining stability and a narrow size
distribution, allowing the systematic study of Au clusters at reac-
tion conditions which strongly favor Au particle sintering into
large, inactive agglomerates. We predict that the proposed strategy
will have wide applicability for the encapsulation of Au into zeo-
lites with different framework topologies, compositions, and void
environments. The proposed method extends the currently avail-
able Au encapsulation techniques to include small-pore (68 MR)
zeolites, for which the use of cation-exchange or impregnation
techniques is not feasible.
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of AuNaLTA during treatment in H2 only; the formula for the frac-
tion of occupied a-cages in AuNaLTA; TEM micrographs and parti-
cle size distributions for AuNaMFI samples; diffractograms for
>6 wt.% AuNaLTA and AuNaMFI samples; mean particle sizes in
AuNaLTA and AuNaMFI after treatments in H2; IR spectra of CO
on CaLTA, AuCaLTA, and Au/SiO2; ethanol ODH rates on partially
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