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A B S T R A C T

A synthetic strategy is reported here for the selective containment of oxide nanoparticles of base metals within
zeolitic voids of molecular dimensions. The technique, though generally applicable, is specifically illustrated to
encapsulate Ni, Co, and Fe oxides within LTA, MFI, and FAU zeolites through hydrothermal framework crys-
tallization in the presence of ligand-protected metal cations. Such ligands contain bidentate amine groups that
preclude the precipitation of metal precursors in alkaline synthesis gels, and alkoxysilane moieties that form
covalent linkages with nucleating zeolite precursors to enforce metal uptake into crystallized solids. These li-
gands are removed by subsequent oxidative treatments that nucleate oxide nanoparticles without structural
degradation of the zeolites. The clusters are small (< 2.5 nm) and uniformly distributed in size, reflecting their
constrained growth within zeolite crystals. In contrast with exchange strategies for encapsulation, which lead to
grafted cations and dense metal aluminosilicates, these methods form oxide nanoparticles, evident from infrared
spectra of samples exposed to CO. Oxide nanoparticles undergo more facile redox cycles than grafted cations or
dense aluminosilicates, thus rendering oxide domains more effective oxidation catalysts. The dynamics and
stoichiometry of nanoparticle reduction in H2 confirmed the presence of NiO, Co3O4, and Fe2O3 clusters and
their more facile reducibility relative to metal aluminosilicates. Ethanol oxidation rates on these clusters were
essentially unaffected by exposure to bulky thiol poisons that titrate metal oxide surfaces, reflecting the selective
placement of the oxide nanoparticles within the confines of microporous voids, where they are protected from
contact by large molecules. These synthetic strategies and guiding principles circumvent long-standing hurdles
in the selective encapsulation of base metals, and provide enabling routes for the synthesis of the many metal-
zeolite systems that confront similar hurdles.

1. Introduction

Crystalline microporous solids, such as zeotypes, are ubiquitous in
water purification [1], molecular separations [2], and catalysis [3,4].
Their applications exploit the molecular sieving and shape-selective
properties of zeotypes, which lead to preferential access to in-
tracrystalline regions by specific molecules, based on the size and shape
of the connecting apertures and cavities within each porous framework
[2,5]. Zeolite catalysts, in particular, benefit from the exclusion of large
reactive or poison molecules from intracrystalline active sites [5], from
the retention of large products until they fragment and egress more
readily as smaller species [6], and from the preferential stabilization of
specific transition states within intracrystalline voids [7]. These prop-
erties can be combined with the inherent catalytic properties of metal
surfaces by encapsulating clusters of metals within zeolite voids and, in

doing so, synthesizing size-selective and shape-selective metal catalysts
[8–10]. Such clusters benefit from significant resistance to coalescence
as a consequence of confinement, thus allowing them to retain their
small dimensions under conditions that would cause their significant
coalescence and sintering when dispersed on mesoporous supports
[8–11].

Most noble metals, including Pt, Pd, Ir, Re, Rh, Ag, Au [8,11], and
their bimetallic mixtures [9,12] have been successfully encapsulated
within several zeolites (e.g., CHA [13], LTA [11], MFI [8,14], FAU
[12,15]). Ion exchange of metal cations and their subsequent reduction
by H2 enable encapsulation of these metals within large-pore zeolites
(12-member ring (MR) apertures or larger; e.g., FAU) [15]. Such
methods become unsuitable for small-pore (8MR) zeolites and, in some
cases, for medium-pore (10MR) zeolites, because of the slow diffusion
of solvated aqueous precursors through their narrow apertures [16]. In
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such instances, encapsulation requires the hydrothermal crystallization
of zeolite frameworks around solvated precursors, which must be sta-
bilized by ligands against precipitation or reduction at the pH and
temperatures of crystallization [8,11]. Such ligands are subsequently
removed by thermal treatments in oxidative or reductive environments
to form stable and catalytically-competent encapsulated metal clusters
[8,11].

The encapsulation of clusters of base metals (e.g., Ni, Co, and Fe)
and their oxides [10] is also of significant interest because of their
ubiquitous use as catalysts. NiO, Co3O4, and Fe2O3 are effective oxi-
dation catalysts for diverse substrates, such as CO [17–19], alcohols
[20–22], and methane [23]. These oxides can be reduced to their me-
tallic state in order to render them useful as catalysts for hydrocarbon
reforming (Ni) [24], aldehyde hydrogenation (Ni) [25], Fischer-
Tropsch synthesis (Co, Fe) [26], and ammonia synthesis (Fe) [27].
Ni2+, Co2+, and Fe2+ cations can be exchanged from aqueous media
onto most zeolites because they can diffuse (along with their double-
layer) in their divalent state even through 8-MR zeolite apertures
[28,29]. The conversion of these exchanged cations into metal clusters
through post-exchange reductive treatments in H2 or CO, however,
cannot be used in general to form encapsulated base metal clusters
because the high temperatures required for their reduction (> 1000 K)
lead to their agglomeration and to the structural degradation of their
crystalline microporous scaffolds [28,30]. In fact, these temperatures
lead to the transformation of crystalline aluminosilicates into amor-
phous mesoporous solids [28] and to the formation of refractory metal
aluminosilicates (e.g. CoAl2O4 [10]) or large metal particles at extra-
crystalline locations [30].

Several synthetic strategies have sought to circumvent the need for
severe thermal treatments in order to avoid damage to the host fra-
meworks. Concentrated sodium borohydride solutions (10M) cause
partial reduction (< 50%) of Co2+-exchanged FAU to form small
(1.1 nm) encapsulated Co clusters [30]. Encapsulated Co nanoparticles
have also been prepared in LTA and FAU zeolites by reducing ex-
changed Co2+ cations with treatment in Cd metal vapor [31]. Small Ni
nanoparticles (< 5 nm diameter) were encapsulated within FAU by
subliming Ni(C5H5)2 complexes into zeolite micropores and subse-
quently decomposing the organic ligands via sequential photolysis with
ultraviolet radiation and H2 treatments [32]. Large (> 10 nm) Co3O4

particles have been embedded within defective regions in MFI crystals
by using Co3O4/SiO2 (instead of SiO2) as the silica reagent in hydro-
thermal crystallization [33]. The impregnation of aqueous Fe
(NO3)3•9H2O solutions onto NaOH-treated MFI (to form mesopores that
enhance liquid imbibition) followed by thermal treatments in N2

formed Fe2O3 particles about 20 nm in diameter, but present within
mesopores, instead of being contained within the protecting MFI voids
[34].

The mixed success and the system-specific nature of these techni-
ques provide the impetus and rationale for the identification of the
specific hurdles to achieving the encapsulation of base metal precursors
while preventing the formation of refractory exchanged species or bulk
compounds, and for the development of the robust general synthetic
strategies reported here to circumvent these persistent hurdles. The
challenges inherent in the encapsulation of base metals include the
selection of stable precursors that can be embedded within zeolites, the
difficult reduction of base metal cations when present as exchanged
species, the enforcement of the selective placement of the precursors
within intracrystalline regions, and the prevention of structural damage
to zeolite frameworks during synthesis and subsequent thermal treat-
ments.

This study addresses these hurdles through the hydrothermal as-
sembly of zeolite frameworks around ligated metal precursors that
promote metal uptake into zeolite crystals, protect metal precursors
from precipitation or agglomeration during synthesis, preclude metal
cation attachment to zeolite exchange sites, and preserve the structural
integrity of the zeolites during crystallization and thermal treatments.

In doing so, general procedures are described here for the successful
encapsulation of Ni, Co, and Fe oxide clusters within LTA, MFI, and
FAU. These procedures provide guiding principles and specific proto-
cols that can be applied to metal-zeolite systems in general and well
beyond the system-specific encapsulation of Co3O4 clusters within LTA
that we reported previously [10].

Encapsulation is achieved here by adding Ni2+, Co2+, or Fe2+ ca-
tions protected by chelating ligands (N-[3-(trimethoxysilyl)propyl]
ethylenediamine; TPE) into LTA, MFI, or FAU synthesis gels and al-
lowing framework assembly to occur around them. The amine function
in these bifunctional ligands chelates and protects metal cations from
precipitation in the alkaline synthesis gels. The trimethoxysilyl moiety,
in turn, forms siloxane linkages with nucleating zeolite precursors in
order to enforce the incorporation of these precursors into the crystal-
lizing frameworks. Oxidative treatments of the crystalline frameworks
remove ligand species and form metal oxide particles, visible by
transmission electron microscopy, that are small (< 2.5 nm) and uni-
formly distributed in size. The zeolite frameworks retain their crystal-
linity after oxidative treatment, in spite of local framework disruptions
around the particles, because of the relatively low temperatures (623 K)
required to detach metal cations from their chelating ligands and to
nucleate oxide nanoparticles. The infrared spectra of adsorbed CO
showed the absence of exchanged cations or bulk aluminosilicates,
consistent with protecting ligands that preclude cation attachment at
exchange sites. The stoichiometry and rates of reduction in H2 of oxide
nanoparticles confirmed their compositions (NiO, Co3O4, Fe2O3) and
their facile reduction compared with metal aluminosilicates and ex-
changed cations. The presence of these species within the protected
environment of LTA, MFI, and FAU frameworks was confirmed from
catalytic rate measurements on samples with and without exposure to
large organosulfur titrants that cannot enter intracrystalline regions.

These synthetic approaches circumvent each of the hurdles inherent
in encapsulating base metal oxide particles and their precursors, thus
enabling the preparation of diverse metal-zeolite compositions using
the same general synthetic strategies. Such procedures, and the bi-
functional ligands critical to their success, are thus broadly applicable
beyond the specific systems used here to identify and circumvent these
hurdles.

2. Experimental

2.1. Source and purity of reagents

Ni(NO3)2•6H2O (99.99%, Sigma-Aldrich), CoCl2 (99.99%, Sigma-
Aldrich), FeCl2 (99.99%, Sigma-Aldrich), NiO (99.9%, Sigma-Aldrich),
Co3O4 (99.9%, Sigma-Aldrich), Fe2O3 (99.9%, Sigma-Aldrich), N-[3-
(trimethoxysilyl)propyl]ethylenediamine (TPE; 98%, Sigma-Aldrich),
1,4,7,10,13-pentaoxacyclopentadecane (15-C-5; 98%, Sigma-Aldrich),
1,4,7,10-tetraoxa-13-azacyclopentadecane (1-Aza-15-C-5; 97%, Sigma-
Aldrich), Ludox AS-30 colloidal silica (30% wt. suspension in H2O,
Sigma-Aldrich), NaAlO2 (53% Al2O3, 42.5% Na2O, Riedel-de Haën),
NaOH (99.99%, Sigma-Aldrich), tetraethyl orthosilicate (TEOS; 98%,
Sigma-Aldrich), tetrapropylammonium hydroxide (TPAOH; 40% wt. in
H2O, Sigma-Aldrich), CaCl2•2H2O (EMD Millipore), NH4NO3 (99.99%,
Sigma-Aldrich), ethanol (99.9%, Sigma-Aldrich), 2,4,6-trimethylbenzyl
mercaptan (TMBM; 98%, Sigma-Aldrich), fumed SiO2 (Cab-O-Sil M5),
acetone (99.9%, Sigma-Aldrich), air (extra dry; 99.999%, Praxair), He
(99.999%, Praxair), 20% O2/He (99.999%, Praxair), N2 (99.999%,
Praxair), 1% CO/He (99.999%, Praxair), Ar (99.999%, Praxair), and 4%
H2/Ar (99.999%, Praxair) were used as received. Deionized H2O
(17.9Ω cm resistivity) was used in all procedures.

2.2. Materials synthesis

2.2.1. Synthesis of Ni, Co, and Fe oxide particles within LTA zeolites
NiOx, CoOx, and FeOx were encapsulated within LTA zeolites (Si/
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Al=1) by adding Ni2+, Co2+, or Fe2+ cations protected against pre-
cipitation by chelating ligands into LTA synthesis gels, subsequently
crystallizing these gels under hydrothermal conditions, and treating the
crystalline powders in oxidative environments in order to remove the
attached ligands and form metal oxide particles. Similar procedures
were previously used to encapsulate Co3O4 clusters within LTA [10];
the synthetic procedures used here for the encapsulation of NiOx and
FeOx in LTA were adapted and developed from this previous work in
order to address significant synthetic hurdles arising from the tendency
of metal cations to precipitate in alkaline solutions and difficulties in
selectively converting encapsulated metal precursors into clusters. Such
adaptations are intended to allow the encapsulation of metal oxide
clusters within LTA through a generalized technique rather than
system-specific methods, as were previously applied for the en-
capsulation of Co3O4.

The LTA-encapsulated materials were synthesized by first preparing
solutions of the protecting ligand (N-[3-(trimethoxysilyl)propyl]ethy-
lenediamine; TPE; 0.70–1.8 g) dissolved in deionized H2O (9 cm3).
Separate aqueous solutions of Ni(NO3)2•6H2O, CoCl2, or FeCl2
(0.199–1.11 g in 9 cm3 H2O) were then added dropwise (∼0.2 cm3 s−1)
to the aqueous ligand solutions while stirring with a magnetic bar
(6.7 Hz). The amounts of ligand and metal precursor used for each
sample were chosen to give a ligand(TPE)/metal(Ni, Co, Fe) molar ratio
of 2, because at least two ligands per metal cation are required to
protect the metal cations against precipitation in LTA synthesis gels (as
shown in Section 3.1). These solutions were placed within poly-
propylene bottles (125 cm3), and colloidal silica (5.3 g; Ludox AS-30)
and NaOH (2.4 g) were sequentially added. The containers were sealed
and heated to 353 K for 0.5 h while stirring at 6.7 Hz, and then cooled to
ambient temperature. Solutions of NaAlO2 (3 g) dissolved in H2O
(9 cm3) were added, and the mixtures were held for 2 h at ambient
temperature while stirring (6.7 Hz). These procedures lead to homo-
geneous LTA precursor synthesis gels (molar ratios 1.7 SiO2/1.0 Al2O3/
3.2 Na2O/110 H2O/0.098–0.27 metal/0.20–0.52 ligand), which were
heated in the sealed bottles to 373 K and held for 12 h while stirring
(6.7 Hz) in order to crystallize the intended LTA frameworks (NiLTA,
CoLTA, FeLTA). The amount of Ni, Co, or Fe in the gels was chosen to
achieve 2–5% wt. metal in the product solids, based on zeolite yields
obtained in metal-free LTA syntheses. Synthesis gels were prepared
with a range of metal loadings in order to identify the effect of metal
content on product LTA crystallinity (determined by X-ray diffraction
(XRD), Section 2.3.1); metal contents were systematically increased
until only amorphous solids were detected in synthesis products (as
discussed in Section 3.2.1).

The NiLTA, CoLTA, and FeLTA suspensions were filtered and rinsed
with deionized H2O until a pH of 7–8 was reached in the filtrate. The
samples were treated in a convection oven at 373 K for 8 h and then
heated in flowing dry air (1.67 cm3 g−1 s−1) to 623 K (at 0.033 K s−1)
and held for 3 h. Treated samples were examined by X-ray diffraction
(Section 2.3.1), electron microscopy (Section 2.3.2), and temperature
programmed reduction (Section 2.3.4), and used in reactivity (Section
2.3.5) studies.

The LTA synthesis procedures form zeolites with Si/Al ratios of
unity and Na+ species as the charge-balancing cations [10]. Na+ was
exchanged by Ca2+ before NiLTA, CoLTA, and FeLTA samples were
examined by infrared (IR) spectroscopy (Section 2.3.3) in order to as-
sess their ability to bind CO at sub-ambient temperatures as a probe of
the structure of metal species in the zeolites. The exchange of LTA with
Ca2+ and other divalent cations (e.g., Co2+) increases rates of in-
tracrystalline CO diffusion, particularly at the sub-ambient tempera-
tures used in the IR experiments in order to obtain detectable CO
coverages [8,10]. Ca2+ exchange was carried out by adding NiLTA,
CoLTA, or FeLTA solids (1 g) to 3M aqueous CaCl2 solutions (100 cm3/
g zeolite) and stirring for 8 h (at 6.7 Hz) at ambient temperature.
Samples were then filtered and rinsed with deionized water
(1500 cm3 g−1), and the procedure was repeated thrice. These

procedures lead to the essentially full exchange of Na+ by Ca2+, as
confirmed by inductively-coupled plasma atomic emission spectroscopy
(ICP-AES) measurements of the Ca and Al contents and Ca/Al ratio (Ca/
Al= 0.5 [10]) in Ca2+-exchanged LTA zeolites. The supernatant liquids
remaining after Ca2+ exchange did not contain detectable Ni, Co, or Fe
(ICP-AES), consistent with the absence of metal leaching during Ca
exchange. Exchanged samples were treated in flowing dry air
(1.67 cm3 g−1 s−1) at 623 K (at 0.033 K s−1) for 3 h before IR experi-
ments (Section 2.3.3).

2.2.2. Synthesis of nickel oxide, cobalt oxide, and iron oxide clusters within
MFI zeolites

Hydrothermal synthesis protocols for the preparation of MFI zeo-
lites (Si/Al= 30 [35]) using tetrapropylammonium hydroxide
(TPAOH) as an organic structure directing agent (SDA) were modified
by incorporating the ligated metal cations described above into synth-
esis gels to prepare MFI frameworks containing NiOx, CoOx, and FeOx

clusters. The crystallization of the gels was followed by oxidative
treatments of the product solids to remove the ligands and the SDA
species.

NiMFI, CoMFI, and FeMFI samples were prepared using aqueous
solutions of TPE (0.56–1.16 g ligand; 5 cm3 H2O) and aqueous solutions
of Ni(NO3)2•6H2O, CoCl2, or FeCl2 (0.17–0.72 g in 5 cm3 H2O), which
were added dropwise (∼0.2 cm3 s−1) to the aqueous ligand solutions
while stirring (6.7 Hz) at ambient temperature. As in metal-LTA
synthesis procedures (Section 2.2.1), TPE/cation (Ni2+, Co2+, or Fe2+)
molar ratios of 2 were used for all cations. TPAOH (40% wt. in H2O;
8.27 g) and TEOS (17.3 g) were added sequentially to the ligand/cation
solutions and stirred (6.7 Hz) for 13 h in sealed polypropylene bottles
(125 cm3) at ambient temperature. Separate solutions consisting of
TPAOH (1M in H2O; 13.18 g), H2O (0.40 g), and NaAlO2 (0.189 g) were
then added to the aged solutions containing TEOS, TPAOH, TPE, and
metal cations. These mixtures were sealed within polypropylene bottles
and heated at 371 K for 2 h while stirring (6.7 Hz). These procedures led
to homogeneous synthesis gels (6.5 TEOS/2.3 TPAOH/0.18 NaAlO2/
120 H2O/0.097–0.20 metal/0.19–0.4 ligand molar ratios), which were
transferred into Teflon-lined stainless steel autoclaves (125 cm3, Parr)
and heated at 393 K for 15 h (for NiMFI and CoMFI) or 98 h (for FeMFI);
the latter reflects MFI synthesis gels with ligated Fe precursors that
require longer synthesis times to form crystalline products (as shown in
Section 3.2.1). MFI synthesis gels were prepared with different metal
contents in order to examine the effects of metal loading on product
crystallinity (as discussed in Section 3.2.1). Metal contents were in-
creased until amorphous products formed (determined by XRD; Section
2.3.1). These experiments led to MFI synthesis gels with metal contents
chosen to obtain 2–4% wt. metal loading in MFI solids based on zeolite
yields from metal-free MFI syntheses.

NiMFI, CoMFI, and FeMFI suspensions were filtered and rinsed with
deionized water until the filtrate pH was 7–8 and then treated at 373 K
in ambient air for 8 h. The samples were then heated in flowing dry air
(1.67 cm3 g−1 s−1) to 673 K (at 0.01 K s−1) and held for 2 h before their
use in X-ray diffraction (Section 2.3.1), electron microscopy (Section
2.3.2), infrared spectroscopy (Section 2.3.3), temperature programmed
reduction (Section 2.3.4), and reactivity (Section 2.3.5) studies.

2.2.3. Synthesis of nickel oxide, cobalt oxide, and iron oxide clusters within
FAU zeolites

Synthetic techniques for the hydrothermal crystallization of FAU
[36] (Si/Al of 2.3) in the absence of an organic SDA were adapted and
modified with the addition of base metal cations and protecting ligands
to form encapsulated NiOx, CoOx, and FeOx clusters. Hydrothermal
assembly of FAU in the presence of ligated metal cations was followed
by oxidative treatments to remove ligand species and form oxide clus-
ters.

Synthesis gels were prepared by first dissolving TPE (0.61–1.92 g)
and metal precursors (Ni(NO3)2•6H2O, CoCl2, or FeCl2; 0.18–1.16 g) in
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deionized H2O (26.25 cm3). TPE/cation molar ratios of 2 were used for
all cations because two TPE ligands per metal cation are needed to
prevent precipitation of the metal in FAU synthesis gels (as shown in
Section 3.1). NaAlO2 (2.34 g) and NaOH (3.77 g) were added sequen-
tially while stirring (6.7 Hz; 0.25 h). Colloidal silica (28.6 g; Ludox AS-
30) was then added to this solution at ambient temperature and stirred
(at 6.7 Hz) for 2 h to prepare homogeneous synthesis gels (10 SiO2/1.0
Al2O3/4.3 Na2O/180 H2O/0.093–0.29 metal/0.19–0.59 ligand molar
ratios). The gels were sealed within 125 cm3 polypropylene bottles and
heated at 373 K for 12 h without stirring to form NiFAU, CoFAU, or
FeFAU solids. FAU synthesis gels were prepared with a variety of metal
contents in order to identify effects of metal loading on product zeolite
crystallinity (as discussed in Section 3.2.1). Gels with progressively
higher metal contents were prepared until amorphous products were
formed by the above procedures, as determined by XRD (Section 2.3.1).
The metal content in these gels was chosen to achieve 1–3% wt. metal
in products (based on zeolite yields in metal-free syntheses). NiFAU,
CoFAU, or FeFAU products were isolated by filtration and rinsed to a
filtrate pH of 7–8. These solids were then treated in a convection oven
at 373 K for 8 h in ambient air and heated in flowing dry air
(1.67 cm3 g−1 s−1) to 623 K (at 0.033 K s−1) and held for 3 h. The
treated samples were then used in characterization (Section 2.3.1-2.3.4)
and reactivity (Section 2.3.5) studies.

Chelating compounds including crown ethers (1,4,7,10,13-pen-
taoxacyclopentadecane; 15-C-5) and heterocyclic amines (e.g.,
1,4,7,10-tetraoxa-13-azacyclopentadecane; 1-Aza-15-C-5) were ex-
amined for their potential dual use as both stabilizing ligands for metal
cations and templating agents for FAU assembly. Such species were
intended to combine the functionality of the chelating ligand and
zeolite templating agent in order to avoid competition for in-
tracrystalline void space by distinct ligand and templating species
(Section 3.2.1). The ability of these heterocyclic compounds to stabilize
metal cations (Ni2+, Co2+, Fe2+) was examined by preparing aqueous
solutions with ligand/metal ratios of 1 at concentrations equivalent to
those used in the FAU synthesis gels described above. These solutions
were then brought to pH 13 using NaOH and heated to the crystal-
lization temperature (373 K) as they were monitored for the formation
of solid precipitates.

2.2.4. Ion exchange of LTA, MFI, and FAU zeolites with Ni2+, Co2+, or
Fe2+ cations

LTA, MFI, and FAU zeolites prepared in the absence of ligands or
metal cations were post-synthetically exchanged with Ni2+, Co2+, or
Fe2+ cations in order to provide a comparison with samples prepared
by direct hydrothermal synthesis in the presence of ligated cations
(Section 2.2.1-2.2.3). These samples were used in infrared (IR) spec-
troscopy experiments (Section 3.3.1) in order to obtain the spectra for
CO bound at exchanged cations and to demonstrate the absence of such
species in samples prepared by direct hydrothermal syntheses. The LTA,
MFI, and FAU zeolites used for ion exchange with Ni2+, Co2+, or Fe2+

were synthesized via hydrothermal synthesis as described in Sections
2.2.1-2.2.3, but in the absence of TPE ligands or metal precursors.

The exchange of Ni, Co, and Fe cations to replace charge-balancing
Na+ species was carried out on LTA (Si/Al= 1) and FAU (Si/Al= 2.3)
by dispersing zeolite powders (3 g) in deionized water (10 cm3) and
adding Ni(NO3)2•6H2O, CoCl2, or FeCl2 precursors at concentrations
required to give 3% wt. metal contents at full uptake, which correspond
to metal(Ni, Co, Fe)/Al ratios of 0.09 and 0.12 for LTA and FAU, re-
spectively. A nominal metal content of 3% wt. was chosen for these
samples because it resembles the metal loadings in samples formed by
direct hydrothermal syntheses with ligated precursors (2–4% wt.;
Section 3.2). Aqueous mixtures of zeolites and metal cations were
placed within polypropylene bottles and stirred (6.7 Hz) at ambient
temperature for 12 h. In the case of Fe2+, exchange was performed in a
N2 atmosphere to inhibit the formation of Fe3+. The exchanged zeolites
were isolated by filtration, rinsed with deionized H2O (1500 cm3 g−1),

and treated in ambient air at 373 K for 8 h. Their metal contents
(2.5–3.0% wt., ICP-AES) were consistent with nearly full uptake of
metal cations.

Exchange protocols for MFI (Si/Al= 30) zeolites were adapted from
previous reports [37]; they differ from those used for LTA (Si/Al= 1)
and FAU (Si/Al= 2.3) because the exchange of divalent cations into
high-silica zeolites is hindered by the low prevalence of adjacent Al
pairs required to dehydrate cation solvation shells and allow their at-
tachment to the framework [38]. The low Al content in MFI (Si/
Al= 30; formula Na3.1[Al3.1Si92.9O192](H2O)16 [35]) limits the max-
imum metal content that can be achieved at full exchange (2.8–2.9%
wt. for (Ni,Co,Fe)/Al= 1, assuming the absence of extra-framework
alumina) and precludes full exchange when Al next nearest neighbors
are required to anchor divalent cations [37]. Cation exchange was en-
couraged by the use of above-ambient temperatures and longer ex-
change times than for LTA and FAU. The H-form instead of the Na-form
of MFI was also used to prevent the localized precipitation of Co(OH)2
in zeolite channels during exchange, which can occur when the ex-
change is conducted at elevated temperature (353 K) over an extended
period of time [39].

Metal-free MFI samples were first exchanged with NH4
+ cations by

suspending MFI powders (2.5 g) in aqueous 0.5M NH4NO3 (50 cm3)
and stirring (6.7 Hz) at 353 K for 10 h. The solids were recovered by
filtration and rinsed with deionized H2O (1500 cm3 g−1); this proce-
dure was repeated two more times. H-MFI was then treated in ambient
air at 373 K for 12 h, and then in flowing dry air (1.67 cm3 g−1 s−1) at
773 K for 20 h. This process leads to the nearly complete exchange of
Na+ for H+ (<0.1% wt. residual Na) [37]. H-MFI solids were then
suspended in 0.05M Ni(NO3)2•6H2O, CoCl2, or FeCl2 solutions
(250 cm3 g−1) and stirred (6.7 Hz) at 353 K for 16 h in ambient air
(Co2+, Ni2+) or a N2 atmosphere (Fe2+). The solids were recovered by
filtration, rinsed with deionized water (1500 cm3 g−1), and treated in
ambient air at 373 K for 8 h. ICP-AES analysis indicated partial ex-
change was achieved (cation/Al= 0.04, 0.03, and 0.02 corresponding
to 0.12% wt., 0.09% wt., and 0.06% wt. for Ni2+, Co2+, and Fe2+).
These low metal contents reflect the small fraction of Al sites present as
Al-Al next nearest neighbors in Si-rich zeolites [38]. These metal con-
tents, however, are sufficient to allow exchanged metal species to be
probed by infrared spectroscopy (Section 3.3.1) and temperature-pro-
gramed reduction (Section 3.3.2).

2.3. Characterization of zeolite structures and of the size, stoichiometry,
and encapsulation selectivity of metal oxide clusters

2.3.1. X-ray diffraction
X-Ray diffraction (XRD) was used to determine the structure and

crystallinity of the metal-zeolite samples and to detect the presence of
any large metal oxide crystallites (> 10 nm). Diffractograms were
measured using a D8 Discover GADDS Powder Diffractometer with Cu-
Kα radiation (λ=0.15418 nm, 40 kV, 40mA) over a 2θ range of 5–50°
(0.00625° s−1) on ground powders dispersed uniformly onto quartz
slides. The crystallinities of metal-zeolite samples were determined
quantitatively from the integrated intensities of the three most intense
Bragg lines present in the diffractograms, using metal-free LTA, MFI,
and FAU as standards (Section 2.2).

2.3.2. Transmission electron microscopy
Size distributions of metal oxide nanoparticles were measured by

transmission electron microscopy (TEM). A Philips/FEI Tecnai 12 mi-
croscope operating at 120 kV was used to obtain micrographs on sam-
ples prepared by dispersing ground powders in acetone and then onto
holey carbon films mounted on 400 mesh copper grids (Ted Pella Inc.).
Particle size distributions were based on measurements of> 300 par-
ticles for each sample; these distributions were used to calculate sur-
face-averaged particle diameters< dTEM> [40]:
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where ni is the number of clusters with diameter di. The dispersion of
these particles (D), defined as the fraction of metal (Ni, Co, Fe) atoms
present at the surface of the metal oxide clusters, was determined using
[40]:

=D ν a
d

6 /m m

TEM (2)

where νm is the atomic volume of Ni atoms in bulk NiO (0.0183 nm3

[41]), Co atoms in bulk Co3O4 (0.0222 nm3 [42]), or Fe atoms in bulk
Fe2O3 (0.0256 nm3 [43]); and am is the area per fully exposed atom on
the (001) plane of NiO (0.0877 nm2 [41]), the (100) plane of Co3O4

(0.164 nm2 [42]), and on the (0001) plane of Fe2O3 (0.0841 nm2 [43]).
Particle size distributions were also used to determine dispersity

indices (DI) for each sample; these values are defined as the surface-
averaged particle diameter (< dTEM>) divided by the arithmetic mean
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The DI constitutes a rigorous metric for particle size uniformity; sets
of particles with DI values smaller than 1.5 are typically considered to
be narrowly distributed in size [40].

2.3.3. Infrared spectra of adsorbed CO on samples prepared by direct
hydrothermal synthesis and post-synthetic exchange

Metal-zeolite samples prepared by direct hydrothermal synthesis
(Section 2.2.1-2.2.3) and post-synthesis exchange (Section 2.2.4) were
exposed to CO, and their infrared (IR) spectra were collected in order to
detect the presence of exchanged metal cations or metal aluminosilicate
compounds. NiLTA, CoLTA, and FeLTA samples prepared via hydro-
thermal synthesis were used in their Ca2+-exchanged form because
substitution of monovalent Na+ with divalent cations (e.g., Ca2+,
Co2+) allows more facile access by CO into intracrystalline regions
(Section 2.2.1). Spectra were measured using sample wafers
(40mg cm−2) and a Thermo Nicolet 8700 spectrometer equipped with
an in-situ flow cell. Samples were heated (at 0.033 K s−1) in flowing N2

(40 cm3 g−1 s−1) to 523 K and held for 1 h before exposure to CO. They
were then cooled to 273 K and exposed to flowing 1% CO/He
(40 cm3 g−1 s−1) for 0.25 h before measuring spectra. The spectral
contributions from CO(g), CO bound at Ca2+ or Na+ cations [44], and
CO physisorbed onto the aluminosilicate framework were subtracted
using the corresponding spectra for metal-free LTA, MFI, and FAU. Low
CO pressures (1.0 kPa) were used in order to minimize CO adsorption
onto Ca2+ and Na+ charge-balancing cations [44] and on surfaces of
oxide crystallites [45–47], which would interfere with the accurate
detection of CO bands on metal aluminosilicates or exchanged Ni2+,
Co2+, and Fe2+ cations.

2.3.4. Rate and stoichiometry of reduction for samples prepared by direct
hydrothermal synthesis and post-synthetic ion exchange

The reduction stoichiometries and rates for each sample were
measured using temperature-programmed reduction (TPR) methods
and a Micromeritics AutoChem II 2920 analyzer system equipped with
a thermal conductivity detector (TCD) in order to measure H2 con-
centrations in the outlet stream. Samples (0.02–0.50 g) were placed
within U-shaped quartz tubes and heated to 313 K in flowing Ar
(0.83 cm3 s−1) for 0.33 h, and then exposed to flowing 4% H2/Ar
(0.83 cm3 s−1) and heated to 1273 K at 0.167 K s−1. The TCD response
was calibrated using the stoichiometric reduction of bulk Co3O4 and
used to calculate H2 consumption rates as a function of extent of re-
duction and temperature.

2.3.5. Encapsulation selectivities from ethanol oxidative dehydrogenation
rates with and without titration of external particles

Ethanol (EtOH) oxidative dehydrogenation (ODH) rates before and
after selective titration of extracrystalline oxide surfaces were measured
on all metal-zeolite samples in order to determine the extent of en-
capsulation of metal oxide nanoparticles within zeolite voids. Metal-
zeolite samples were exposed to a bulky organosulfur titrant (2,4,6-
trimethylbenzyl mercaptan; TMBM) that cannot readily diffuse through
the zeolite apertures. EtOH ODH rates on these samples, on untitrated
samples, and on the respective bulk oxides (NiO, Co3O4, Fe2O3) were
compared to determine the fraction of the oxide surface areas residing
within the protected environment of the zeolite voids (Section 3.4).

Metal-zeolite and bulk oxide samples were exposed to TMBM before
ethanol ODH reactions by suspending the powder samples (0.1 g) in
0.2 M solutions of TMBM in EtOH (15 cm3). The suspensions were
stirred (6.7 Hz) at ambient temperature for 2 h (Ni, Co) or 16 h (Fe).
Longer exposure times were found to be required in order to titrate bulk
Fe oxide surfaces (Section 3.4). Solids were isolated by filtration and
treated in ambient air at 373 K for 8 h. These procedures were used, but
without TMBM in the liquid EtOH solution, in order to prepare the
untitrated control samples used as comparisons.

The titrated and control samples were diluted (10-fold by mass)
with SiO2 and pelleted and sieved to retain aggregates 180–250 μm in
size in order to avoid any temperature gradients from exothermic oxi-
dation reactions. These aggregates were placed within fritted quartz
tubes (8 mm I.D.) and heated to 393 K in flowing 20% O2/He
(1.67 cm3 g−1 s−1). Temperature was controlled using a three-zone
resistively-heated furnace equipped with Watlow Series 988 electronic
controllers and measured with a type-K thermocouple (Omega, Inc.)
attached to the outer tube surface. Liquid EtOH was introduced into an
O2/He stream using a syringe pump (Cole Parmer; 60061 Series)
through a port held at 393 K. Gas flow rates were metered using Porter
Instrument mass flow controllers set to achieve the desired EtOH, O2,
and He pressures (4 kPa EtOH, 9 kPa O2, 87 kPa He). EtOH conversions
were kept below 3% and all transfer lines were heated to 393 K to
prevent condensation of reactants or products.

Turnover rates for EtOH ODH are reported here based on the
number of surface atoms determined from metal contents and disper-
sions for metal-zeolite samples (Eq. (2)) and from BET surface areas and
atom surface densities for bulk oxides (Supporting Information (SI),
Section S1). Effluent concentrations of EtOH and acetaldehyde, the only
product detected, were measured by flame ionization after chromato-
graphic separation (phenylmethyl-silicone capillary column; HP-5;
50m×0.32mm, 1.05 μm film thickness; Shimadzu GC-2014). Deacti-
vation was not detected in the time scale of these experiments (∼8 h).
Empty reactors, mesoporous silica, and metal-free LTA, MFI, and FAU
did not lead to detectable amounts of any EtOH oxidation products.

3. Results and discussion

3.1. Assessing the stability of ligated metal precursors in zeolite synthesis
gels

The stability of coordination complexes formed from Ni2+, Co2+,
and Fe2+ cations and ligands (N-[3-(trimethoxysilyl)propyl]ethylene-
diamine; TPE) was examined by treating these complexes at the pH and
temperature required for the crystallization of each zeolite framework
in order to detect colloidal precipitation. Scheme 1 shows the schematic
structure of TPE; also shown in Scheme 1 are other heterocyclic che-
lating complexes used (or proposed for use) in this work as bifunctional
stabilizing ligands and organic structure directing agents, specifically
for the synthesis of metal-FAU samples (Section 3.2.1). TPE was chosen
as the stabilizing ligand because of its bidentate amine functionality,
which is known to chelate metal cations [48,49], and is thus able to
confer resistance to precipitation of cations as hydroxides in alkaline
solutions [10]. Temperatures (373–393 K), pH levels (13–14), and
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concentrations of solvated cations (0.03–0.09M) used for the stability
tests were chosen to reflect those required to crystallize LTA, MFI, and
FAU (Section 2.2). Solutions with TPE/cation ratios of unity formed
solid precipitates, even at temperatures lower than required to form
LTA and FAU (373 K; Section 2.2.1, 2.2.3) for all cations, consistent
with the displacement of the ligands by OH− and the formation of
oxyhydroxides. Ni2+, Co2+, and Fe2+ solutions prepared with TPE/
cation ratios of 2, in contrast, did not precipitate even after 100 h at the
conditions required to form LTA, MFI, or FAU (373–393 K; Section
2.2.1-2.2.3). These data show that TPE ligands stabilize Ni2+, Co2+,
and Fe2+ cations at molar ratios of 2 or higher. Monodentate amine
ligands, such as NH3, were unable to prevent precipitation of Co cations
even at NH3/Co ratios of 6 at LTA synthesis conditions [10]. The sta-
bility against precipitation of metal precursors conferred by TPE ligands
requires the chelating action that is provided by the bidentate amine
moiety. The use of these TPE ligands therefore overcomes one of the
principal hurdles in the encapsulation of base metals by preventing the
formation of oxyhydroxides at the temperature and pH conditions re-
quired for framework nucleation and growth. The ability of the TPE
ligands to stabilize all three cationic species (Ni2+, Co2+, Fe2+) at the
conditions of hydrothermal synthesis demonstrates the versatility of
these ligand species and their general applicability, in spite of the dif-
fering tendencies of these three cations to precipitate in alkaline solu-
tions.

3.2. Synthesis of crystalline zeolite frameworks and their stability during
thermal treatment protocols

3.2.1. Effects of the ligand and metal contents of synthesis gels on the
crystallinity of zeolites prepared by hydrothermal synthesis

The presence of ligated cations in zeolite synthesis gels can inhibit
or even prevent crystallization when such species are present at suffi-
ciently high concentrations and occupy volumes larger that the fra-
mework voids [8,10]. The alkoxysilane moiety in TPE enforces the
uptake of ligated precursors within the void structure by forming si-
loxane bridges with the framework as nuclei form and grow [8–10].
Such siloxane linkages and the bulky nature of these coordination
complexes, however, can locally disrupt zeolite crystal periodicity
[8,10]. The size of Ni2+, Co2+, and Fe2+ cations with two attached TPE
ligands (∼1.1 nm, ∼1.0 nm, and 1.1 nm, respectively; estimated by
MolView, v. 2.2, largest dimension [50]) is similar or slightly larger
than the α-cage diameters in LTA (1.1 nm [51]) and FAU (1.1 nm [51])
or the channel intersections in MFI (0.64 nm [51]), indicating that the
framework structures must distort locally when these complexes are
occluded within intracrystalline voids. This imposes limits on the vo-
lumetric density of ligated precursors that can be placed within fra-
meworks without preventing their nucleation and, consequently, on the
loading of metal cations (and ultimately of metal and oxide particles)
that can be encapsulated via direct hydrothermal syntheses.

Metal-zeolite samples with 2–5% wt. metal content in their synth-
esis gels were prepared in order to determine the highest metal loadings
that could be attained without compromising framework crystallinity.
The results, including the metal and ligand contents in synthesis gels
and the crystallinity of the solids formed, are summarized in Table 1.

Our previous studies showed CoLTA samples could be prepared with up
to 4% wt. Co, but higher loadings prevented LTA crystallization [10]. X-
Ray diffractograms of NiLTA and FeLTA prepared with 4% wt. and 3%
wt. metal loading, respectively, gave sharp Bragg lines indicative of
crystalline LTA structures (Section S2, SI). NiLTA and FeLTA samples
synthesized with 5% wt. and 4% wt. nominal metal contents, however,
gave diffuse backgrounds without detectable diffraction lines, con-
sistent with the prevalence of amorphous solids (XRD; Section S2, SI).

Similar effects of higher loadings were evident for MFI and FAU
frameworks. NiMFI, CoMFI, and FeMFI with 3%, 3%, and 2% metal
contents in the synthesis gels gave the diffraction patterns of crystalline
MFI, while higher loadings (4%, 4%, and 3%) gave amorphous samples
(Section S3, SI). Metal-FAU samples (NiFAU, CoFAU, and FeFAU) were
crystalline for nominal metal contents as high as 2% wt., but were
amorphous when prepared with 3% wt. nominal loadings (Section S4,
SI). The ratios of TPE ligands to T atoms (T= Si, Al) present in LTA,
MFI, and FAU synthesis gels leading to the highest metal contents that
allowed framework crystallization were 0.07–0.09, 0.03–0.04, and
0.03, respectively. These ratios were similar for gels containing Ni or Co
cations (LTA: 0.09, MFI: 0.04, FAU: 0.03) and slightly lower for LTA
and MFI gels containing Fe cations (LTA: 0.07, MFI: 0.03, FAU: 0.03),
showing that the addition of Fe, instead of Ni or Co, to the synthesis gels

Scheme 1. Chelating agents and ligands mentioned and/or used in this work: N-[3-(trimethoxysilyl)propyl]ethylenediamine (TPE); 1,4,7,10,13-pentaox-
acyclopentadecane (15-C-5); 1,4,7,10-tetraoxa-13-azacyclopentadecane (1-Aza-15-C-5); 1,4,10-trioxa-7,13-diaza-cyclopentadecane (A); 1,7-dioxa-4,10,13-triaza-
cyclopentadecane (B).

Table 1
Metal species, targeted framework, nominal metal loading, ligand content, and
crystallinity of synthesized solids for the synthesis of metal-zeolite samples.

Metal Zeolite Synthesis
Gel

Nominal metal
loading (% wt.)a

TPE/T-
atomb

% Crystallinityc

Ni LTA 4 0.089 98
LTA 5 0.11 0
MFI 3 0.042 97
MFI 4 0.055 3
FAU 2 0.030 99
FAU 3 0.043 16

Co LTA 4 0.088 96
LTA 5 0.11 3
MFI 3 0.042 96
MFI 4 0.055 5
FAU 2 0.030 99
FAU 3 0.043 1

Fe LTA 3 0.071 95
LTA 4 0.093 0
MFI 2 0.030 95
MFI 3 0.044 7
FAU 2 0.032 98
FAU 3 0.046 2

a Metal loading that would result if all metal added to the synthesis gel were
incorporated into the synthesized solids, assuming solid yields equivalent to
metal and ligand-free LTA, MFI, or FAU syntheses.

b Molar ratio of TPE ligands to the total number of T atoms (T= Si, Al) in the
synthesis gel.

c Determined by XRD. Diffractograms shown in supporting information,
Sections S2 (LTA), S3 (MFI), and S4 (FAU). Calculated from integrated in-
tensities of the three most intense Bragg lines using metal-free LTA, MFI, and
FAU as standards (Section 2.3.1).
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places more stringent limits on the maximum attainable loadings. The
TPE/T-atom ratios present in synthesis gels at these maximum attain-
able loadings show that crystalline zeolites can form even when up to
9% of T-atoms are derived from the alkoxysilane moieties in the TPE
ligands, demonstrating that zeolite self-assembly processes are quite
tolerant of the disruptions imposed by the TPE ligands. These data es-
tablish upper limits to attainable metal loadings and confirm that li-
gated metal precursors can disrupt zeolite crystallization when present
at sufficiently high concentrations.

The mechanistic basis of these specific limits for each given fra-
mework and metal remain speculative. These limits may reflect the
fraction of the silicates/aluminates in gels that form linkages with the
TPE siloxy groups (present at TPE/cation ratios of 2). These linkages
serve to anchor metal precursors to aluminosilicate oligomers during
zeolite crystal growth [8–10], but also appear to disrupt framework
assembly by displacing the cations (Na+, TPA+) that template the
crystallization of a given framework, while also possibly forming these
framework attachments at positions ill-suited for ultimate nucleation
and growth. Such disruptions may be caused by steric effects from the
ligand alkyl chain, which interfere with crystal growth by preventing
the attachment of aluminosilicate oligomers or by distorting their or-
derly attachment to pre-existing framework nuclei. The maximum li-
gand contents (and thus metal contents) that allow crystallization for
LTA, MFI, and FAU synthesis gels (TPE/T-atom ratios: 0.09, 0.04, 0.03)
differ among these frameworks; they do not systematically correlate
with framework density (LTA: 14.2, MFI: 18.4, FAU: 13.3; units: T-atom
(1000Å3)−1) [51], with the largest void size (LTA: 1.1 nm, MFI:
0.64 nm, FAU: 1.1 nm) [51], with the molar ratios of templating cations
(Na+ for LTA, FAU; TPA+ for MFI) to metal cations (LTA: 30, MFI: 16,
FAU: 44) in the synthesis gels, with Si/Al ratios (LTA: 1.0, MFI: 30,
FAU: 2.3), or with the mean crystal diameter (from TEM; LTA:
∼600 nm, MFI: ∼200 nm, FAU: ∼800 nm).

Ligated Fe precursors appear to impose more significant hurdles to
crystallization than Ni or Co precursors, as evident from the lower
metal contents attainable for Fe-containing samples (Table 1). FeMFI
synthesis gels (1.5% wt. nominal loading) held at hydrothermal
synthesis conditions for 15 h formed viscous liquids without detectable
solids, while NiMFI and CoMFI synthesis gels with 1.5% wt. metal
formed crystalline solids after 15 h (Fig. 1). Longer crystallization times
(98 h; Section 2.2.2) ultimately led to the formation of MFI crystals in
FeMFI gels (Fig. 1). These more significant hurdles imposed by ligated
Fe precursors at similar molar contents in gels may reflect the different
binding orientations of TPE ligands to Fe cations, which could impose
greater local disruptions to the assembly of aluminosilicate oligomers.

At a specific pH and temperature, Fe3+ cations can be inserted into

zeotype frameworks [52,53] through the formation of Si-O-Fe linkages
[53]. The formation of such linkages in Fe-zeolite synthesis gels would
require the oxidation of ligated Fe2+ cations to Fe3+ and the dis-
placement of the attached TPE ligands. Ligand detachment would allow
the formation of the Si-O-Fe linkages required to adopt the tetrahedral
coordination of framework T-sites, which would have been evident
from the rapid precipitation of ligated precursors during stability tests
(Section 3.1), because ligand detachment in the absence of Si or Al
sources would have led to the formation of Fe-O-Fe linkages and to the
nucleation of colloidal oxyhydroxides. Indeed, ligated Ni, Co, and Fe
precursors form oxide clusters instead of framework heteroatoms after
oxidative treatments, as shown by the infrared (Section 3.3.1), reduc-
tion (Section 3.3.2), and reactivity (Section 3.4) data below.

The 1,4,7,10,13-pentaoxacyclopentadecane (15-C-5 crown ether;
Scheme 1) ligand was examined as an alternative to TPE ligands for
cation stabilization during the synthesis of FAU, which had the lowest
attainable metal content of the three zeolite frameworks prepared from
TPE-stabilized cations (2% wt.; Table 1). 15-C-5 forms chelate com-
plexes with divalent first-row transition metal cations such as Ni2+,
Co2+, and Fe2+ [54], and also acts as an organic structure-directing
agent (OSDA) [55]. 15-C-5 is incorporated into FAU crystals during the
framework assembly process [55]; however, unlike TPE, 15-C-5 does
not form siloxane linkages with zeolite precursors and therefore does
not disrupt crystal periodicity. As a result, the use of 15-C-5 as a che-
lating agent for metal cations could provide a route to forming crys-
talline zeolites with higher metal loading than can be achieved with
TPE ligands. Solutions with (15-C-5)/cation ratios of unity, however,
led to fast precipitation of metal precursors at a pH of 13, indicative of
the displacement of the chelating crown ethers by OH−. We conclude
that the interactions between cations and the O-atoms in 15-C-5 are
much weaker than the coordinative attachments formed between ca-
tions and the two amine groups in TPE [54]. The use of 1,4,7,10-tet-
raoxa-13-azacyclopentadecane crown ethers (1-Aza-15-C-5; Scheme 1),
which contain a secondary amine instead of one of the O-atoms as part
of the heterocycle, also led to fast precipitation at ambient temperature
and a pH of 13. Identical experiments conducted with ligand/cation
ratios of 2 also led to precipitation using either 15-C-5 or 1-Aza-15-C-5
ligands.

Metal cation interactions with amine groups are generally stronger
than with O-atoms within crown ethers [54], but interactions with a
single amine group are insufficient to prevent ligand displacement by
OH− at the pH required for hydrothermal syntheses. We surmise that
15-C-5 cyclic species with more than one amine moiety, such as 1,4,10-
trioxa-7,13-diaza-cyclopentadecane and 1,7-dioxa-4,10,13-triaza-cy-
clopentadecane (Scheme 1), may provide the requisite stability at the

Fig. 1. X-Ray diffractograms of a) metal-LTA, b) metal-MFI, and c) metal-FAU samples prepared via hydrothermal assembly in the presence of ligated metal
precursors and comparative metal-free samples prepared using the procedures in Section 2.2. Diffractograms were collected on samples following their post-synthetic
oxidative treatment in flowing dry air (1.67 cm3 g−1 s−1; 0.033 K s−1; 623 K; 2 h).
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conditions of hydrothermal syntheses. The use of such heterocyclic
amines as chelating agents for metal cations could also serve to provide
organic templates for FAU synthesis, as in the case of 15-C-5. The dual
nature of these heterocyclic amines, as templates and protecting li-
gands, would also avoid the exclusion of the template, required for
framework crystallization, from intracrystalline voids by the competing
presence of a separate ligated cation complex. Such ligand-template
species would open new routes to confine metal and oxide nano-
particles within FAU or other zeolites that use crown ethers as tem-
plates at metal loadings even higher than those attainable by the
synthesis protocols reported here. The search for molecules that act as
templates for other structures, but which also stabilize metal cations,
would make these synthetic strategies applicable in general for broader
classes of zeolites and nanoparticle compositions and with fewer in-
herent limits on attainable metal contents.

These results, taken together, demonstrate the ubiquitous hurdles
that interfere with the concurrent need to stabilize metal precursors
with ligands that also encourage their inclusion within the void struc-
ture, but which do not disrupt the nucleation and growth of the mi-
croporous frameworks. They also provide the guidance and protocols
required to circumvent them, to the extent allowed by the nature of the
ligands that prevent the precipitation of precursors at the pH and
temperature needed for hydrothermal crystallization. Ligated pre-
cursors in synthesis gels, when present in excess of a critical con-
centration, disrupt the formation of periodic framework structures and
limit the attainable metal contents. Consequently, these critical con-
centrations in the synthesis must be determined, by experimentation at
the current time, in order to ensure successful encapsulation. Specific
metal precursors, such as Fe2+ cations, can impose nucleation barriers
that can be addressed by longer synthesis times. Structure-directing
molecules with functional groups that prevent precursor precipitation
would avoid the inherent compromises between metal content and
framework crystallinity. Such species would serve the dual function to
template framework assembly and to chelate metal precursors, thus
eliminating disruptions to framework assembly caused by covalent
linkages between ligands and framework precursors and by the dis-
placement of templating agents by ligands from within zeolite voids. In
the next section, we describe protocols and practices intended to pre-
serve zeolite crystallinity during the post-synthetic treatments required
to convert ligand-protected metal precursors occluded within zeolites
into nanoparticles.

3.2.2. Zeolite crystallinity and oxide formation after ligand removal via
thermal treatments

Post-synthetic treatments are required to remove ligands and
transform ligated precursors into metal or oxide particles; such treat-
ments can disrupt framework structures when high temperatures are
required. The reduction of zeolite-exchanged base metal cations to
metal nanoparticles, for instance, requires treatments in H2 above
1000 K [28], which destroy aluminosilicate frameworks and form large
metal crystallites within the amorphous aluminosilicates that form
[28,30]. The chelating TPE ligands used here were chosen with the
intent of preventing, through preferential coordination and steric hin-
drance, direct linkages between metal cations and framework T-sites,
thus allowing the conversion of these precursors into oxide clusters at
temperatures lower than those required to reduce exchanged cations.
Temperature-programmed oxidation studies on CoLTA showed that
TPE ligands can be removed by oxidative treatments at 623 K, without
affecting the host framework or leading to the grafting of Co2+ cations
onto LTA exchange sites [10].

The metal-zeolite samples prepared here by direct hydrothermal
synthesis using TPE-ligated metal precursors were treated in oxidative
environments (21% O2) at 623–673 K (Section 2.2.1-2.2.3) in an at-
tempt to remove the organic ligands (TPE) and the MFI OSDA (TPAOH;
Section 2.2.2). The structural integrity of zeolite frameworks and the
presence of nanoparticles in the treated samples were determined by
XRD (Section 2.3.1) and TEM (Section 2.3.2), respectively.

The X-ray diffractograms for samples prepared by direct hydro-
thermal syntheses (NiLTA, CoLTA, FeLTA, NiMFI, CoMFI, FeMFI,
NiFAU, CoFAU, FeFAU) and then treated in air at 623–673 K (Section
2.2) are shown in Fig. 1, together with those for metal-free LTA, MFI,
and FAU. LTA, MFI, and FAU (Fig. 1) were prepared with 3% wt., 1.5%
wt., and 1.5% wt. nominal metal contents, respectively. All samples
gave diffraction lines that were sharp and indicative of the exclusive
presence of the intended framework. Diffraction features for bulk metal
oxides were not detected (e.g., (111) reflection in NiO, 2θ=37°; (311)
in Co3O4 2θ=39°; (311) in Fe2O3, 2θ=36°).

Ni, Co, and Fe contents in the recovered solids were only slightly
below those in the synthesis gels (10–20%; Table 2), indicative of the
predominant incorporation of the metal precursors into the solids
formed and of the ability of alkoxysilane moieties in TPE ligands to
promote encapsulation through the formation of siloxane linkages to
the nucleating frameworks [8–10]. The remaining ligated precursors
were retained within supernatant solutions, which were separated from
the solids by filtration (Section 2.2).

The size distributions of oxide nanoparticles after oxidative treat-
ments were measured by transmission electron microscopy (TEM).
Surface-averaged particle diameters ( dTEM ; Eq. (1)), fractional dis-
persions (D; Eq. (2)), and dispersity indices (DI; Eq. (3)) (Section 2.2)
are shown in Table 2 for all samples. TEM data for NiLTA, FeMFI, and
CoFAU samples are shown in Fig. 2 and for all other samples (CoLTA,
FeLTA, NiMFI, CoMFI, NiFAU, FeFAU) in the SI (Section S5).

Nanoparticles are evident in all zeolite samples, indicative of the
removal of the chelating TPE ligands by oxidative treatments and of the
nucleation and growth of small nanoparticles (1.5–2.3 nm) uniformly
distributed in size (DI < 1.11) during (or after) ligand removal
(Table 2). Their mean diameters are slightly larger than the α-cages in
LTA (1.1 nm [51]) and FAU (1.1 nm [51]) or than the channel inter-
sections in MFI (0.64 nm [51]), indicative of particle growth that lo-
cally disrupts the crystalline frameworks, with the consequent energetic
cost of such disruptions likely responsible for limiting particle growth.
These framework disruptions cannot be detected in diffractograms
(Fig. 1), because the fraction of the crystal volume occupied by oxide
particles is less than 1.5% in all samples (calculated from framework
densities [51], the number of particles, and the bulk densities of NiO,
Co3O4, Fe2O3). Micropore volume measurements conducted using CO2

adsorption (Section S6, SI) on metal-LTA (0.32 cm3 g−1), metal-MFI
(0.16–0.17 cm3 g−1), and metal-FAU (0.34–0.36 cm3 g−1) samples

Table 2
Metal loadings, particle diameters, particle dispersions, and particle dispersity
indices of metal-zeolite samples.

Sample Metal
loading
(% wt.)a

Particle
diameter< dTEM> (nm)b

Fractional
dispersion
(D)c

Dispersity
index (DI)d

NiLTA 2.7 (3.0) 1.5 ± 0.2 0.81 1.04
NiMFI 1.3 (1.5) 1.9 ± 0.3 0.66 1.06
NiFAU 1.4 (1.5) 2.3 ± 0.4 0.55 1.10
CoLTA 2.6 (3.0) 1.6 ± 0.3 0.51 1.06
CoMFI 1.3 (1.5) 1.7 ± 0.2 0.47 1.03
CoFAU 1.4 (1.5) 2.2 ± 0.4 0.37 1.09
FeLTA 2.5 (3.0) 1.9 ± 0.3 0.74 1.07
FeMFI 1.2 (1.5) 1.9 ± 0.3 0.74 1.05
FeFAU 1.2 (1.5) 2.2 ± 0.4 0.62 1.09

a Measured for crystallized samples after oxidative treatment using in-
ductively coupled plasma optical emission spectroscopy. Nominal metal loading
in synthesis gels shown in parentheses.

b Surface-averaged cluster diameter determined by TEM (Eq. (1)).
c Particle dispersion estimated using< dTEM> (Eq. (2)).
d Particle dispersity index calculated as the surface-averaged cluster dia-

meter divided by the arithmetic mean diameter (Eq. (3)).
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were similar to their metal-free counterparts (LTA: 0.34 cm3 g−1, MFI:
0.19 cm3 g−1, FAU: 0.38 cm3 g−1), further confirming that the micro-
pore structures of these zeolites remain largely intact despite the pre-
sence of metal oxide nanoparticles within the crystallites. We surmise
that the absence of framework disruptions in numbers sufficient to
detect their presence by XRD or CO2 adsorption reflects (i) TPE/T-atom
ratios in the synthesis gels (LTA: 0.066–0.071, MFI: 0.021–0.022, FAU:
0.022–0.023) that are well below the critical values that significantly
disrupt the assembly of crystalline frameworks (LTA: 0.093–0.11, MFI:
0.044–0.055, FAU: 0.043–0.046; Table 1), (ii) the relatively small
fraction of crystal volume occupied by the nanoparticles ultimately
formed (< 1.5%), and (iii) partial healing of the framework defects
upon oxidative removal of the occluded TPE ligands. Such infrequent
disruptions do not compromise the framework integrity or the protec-
tion of intracrystalline nanoparticles against sintering or contact with
large molecules present in the extracrystalline fluid phase.

Mean diameters were similar for all metals in each given zeolite
(e.g., NiLTA: 1.5 ± 0.2 nm, CoLTA: 1.6 ± 0.3 nm, FeLTA:
1.9 ± 0.3 nm); they were smallest in LTA and largest in FAU for a
given metal, in spite of the higher metal contents achieved in LTA
(2.5–2.7% wt.) than in MFI (1.2–1.3% wt.) or FAU (1.2–1.4% wt.).
These trends in size parallel the respective sizes of the apertures in each
host framework (LTA: 0.41 nm apertures; 8-MR [51]; 1.5–1.9 nm
oxides; MFI: 0.55 nm apertures; 10-MR [51]; 1.7–1.9 nm oxides; FAU:
0.74 nm apertures; 12-MR [51]; 2.2–2.3 nm oxides). These sizes are
likely set by kinetic or thermodynamic hurdles to coalescence or sin-
tering, imposed by the confining framework, which must be locally
disrupted to allow the growth of nanoparticles [8–10]. The inverse
correlation between cluster size and zeolite aperture size may reflect
larger energy penalties incurred to rupture smaller apertures.

These data show that oxidative treatments convert ligated pre-
cursors into nanoparticles without significant framework disruptions
and that TPE ligands prevent the attachment of Ni2+, Co2+, and Fe2+

at exchange sites, a process that would have prevented the formation of
oxide nanoparticles. Such size and structural stability reflects: (i) the
modest temperatures required for ligand removal, (ii) the low density of
the oxide nanoparticles that cause the local disruptions, and (iii) the
energetic penalties associated with framework disruptions required for
nanoparticle growth. The next section confirms that exchanged cations
are not detectable by infrared spectra of adsorbed CO and that their
reduction rates are consistent with the properties of the oxide nano-
particles that are evident from TEM (Fig. 2), instead of exchanged ca-
tions.

3.3. Binding properties and stoichiometry of encapsulated oxide
nanoparticles

3.3.1. Infrared spectra of adsorbed CO and evidence for the absence of
exchanged metal cations and metal aluminosilicates

Metal oxide particles are generally more effective catalysts [17–23]
than isolated exchanged cations [10], because they undergo more facile
redox cycles than isolated exchanged cations; these exchanged species
are more difficult to reduce [28,30] and exhibit larger HOMO-LUMO
gaps than oxide particles [10,56]. The infrared spectra of adsorbed CO
show distinct bands for CO coordinated to exchanged cations [57–59]
and metal-aluminosilicate compounds [60–62], but much weaker fea-
tures for CO interacting with oxide nanoparticle surfaces [45–47].

Infrared spectra of CO adsorbed on metal-zeolite samples (273 K;
1 kPa CO) are shown in Fig. 3 for materials prepared by direct hydro-
thermal synthesis and subsequent oxidative treatments (623–673 K;
Section 2.2). The spectra of CO adsorbed onto LTA, MFI, and FAU ex-
changed with Ni2+, Co2+, or Fe2+ (Section 2.2.4) are also shown in
Fig. 3. NiLTA, CoLTA, and FeLTA samples were exchanged with Ca2+

cations in order to allow the more facile diffusion of CO throughout LTA
frameworks (Section 2.2.1).

LTA, MFI, and FAU zeolites exchanged with Ni2+, Co2+, and Fe2+

showed intense bands at 2200-2160 cm−1, consistent with carbonyl
stretches for CO bound at Ni, Co, and Fe cations [57–59]. Any con-
tributions from CO adsorbed on Na+ or Ca2+ cations were subtracted
from these spectra using CO adsorption spectra collected on metal-free
LTA, MFI, and FAU (Section 2.3.3). CO absorption bands were much
less intense in (metal-exchanged) MFI than for LTA and FAU because of
the lower metal contents (LTA, FAU: 2.5–3.0% wt.; MFI: 0.06–0.12%
wt.), a consequence, at least in part, of the small number of exchange
sites at high Si/Al framework ratios (Section 2.2.4).

Metal-zeolite samples prepared by direct hydrothermal synthesis
methods (Section 2.2) did not show detectable infrared bands corre-
sponding to CO coordination at exchanged Ni, Co, or Fe cations (2200-
2160 cm−1 [57–59]) or at surfaces of metal aluminosilicates (e.g. Ni
aluminate, Co silicate, Fe silicate; 2205-2170 cm−1 [60–62]). The ab-
sence of such features indicates that cations are predominantly present
as oxide nanoparticles instead of exchanged species or metal alumino-
silicate surfaces. The rates of oxide reduction (Section 3.3.2) and of
ethanol oxidation on these oxides (Section 3.4) described below con-
firm the prevalence of oxide nanoparticles in these samples.

Metal-zeolite samples prepared by direct hydrothermal synthesis
did not show detectable bands for CO physisorbed on oxide surfaces
(NiO, Co3O4, Fe2O3) because their weak binding leads to very low
surface coverages at 1 kPa CO [45–47]. Such low CO pressures were
specifically chosen in order to minimize the concurrent physisorption of

Fig. 2. Electron micrographs, surface-averaged cluster diameters (< dTEM> , Eq. (1)), particle dispersity indices (DI, Eq. (3)), and cluster diameter distributions for
(a) NiLTA, (b) FeMFI, and (c) CoFAU samples.
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CO at Na+ and Ca2+ cations [44], which would interfere with infrared
features for CO adsorbed onto exchanged Ni2+, Co2+, or Fe2+ cations.
These results, taken together with TEM data (Fig. 2; Section 3.2.2),
show that the ligated precursors confined within all frameworks de-
compose during oxidative treatments, through the removal of ligands
and the formation of oxide nanoparticles; the effects of titration with
large organosulfur compounds on ethanol oxidation rates (Section 3.4)
show that such nanoparticles reside predominantly within the protected
confines of the zeolite voids.

3.3.2. Reduction properties and the stoichiometry of oxide nanoparticles in
metal-zeolite samples

The dynamics of reduction, the extent of reduction, and the oxida-
tion states of Ni, Co, and Fe species present in metal-zeolite samples
were determined using temperature-programmed reduction (TPR)
methods by heating samples from 313 to 1273 K at 0.167 K s−1 in
flowing 4% H2/Ar and measuring the amounts of H2 consumed (Section
2.3.4). The reduction profiles of metal-zeolite samples and of bulk NiO,
Co3O4, and Fe2O3 are shown in Fig. 4. Small oxide domains are more
difficult to reduce than larger crystallites because of their more intimate
interactions with insulating supports [63] and their larger HOMO-
LUMO gaps [56]. Ni, Co, and Fe oxide domains can also form metal
aluminates or silicates (e.g., NiAl2O4, Co2SiO4, Fe2SiO4 [60–62]) at
high temperatures (∼800 K or greater) through reactions with alumi-
nosilicates, including in their crystalline zeolite forms [10]. These bulk
compounds resist reduction even above 900 K; they can form during
TPR before the full reduction of the oxide domains and before or during
the incipient thermal degradation of the zeolite frameworks [10,64].
Consequently, these TPR features (Fig. 4) may arise from the reduction
of the oxide nanoparticles evident in micrographs (Fig. 2; Section 3.2.2)
or from the reduction of metal aluminosilicates that may form in-situ
before the full reduction of the oxide nanoparticles.

The reduction of bulk NiO (Fig. 4a) starts at ∼530 K and shows the
H2/Ni consumption ratio expected for the reduction of all Ni2+ cations
to Ni0 (1.03 vs. 1.0). Ni2+ reduces to Ni0 in a single two-electron

reduction event, and the two reduction features for bulk NiO in Fig. 4a
reflect bimodal size distributions of NiO crystallites, which lead to
concomitant effects of oxide domain size on reduction properties [65].
NiFAU and NiMFI reduce with a single H2 consumption feature at onset
reduction temperatures of 670 K and 690 K, and with H2/Ni consump-
tion ratios of 1.05 and 1.06, respectively. These data are consistent with
the stoichiometry of NiO and with small nanoparticles (1.9–2.3 nm;
Table 2) that reduce at higher temperatures than larger bulk NiO
crystallites (410 nm; SI, Section S1). NiLTA gave three visible reduction
features centered at 730 K (H2/Ni= 0.17), 930 K (H2/Ni= 0.66), and
1120 K (H2/Ni= 0.13), with the onset of reduction at 675 K. The total
H2/Ni consumption ratio (0.96) is consistent with the reduction of all
Ni2+ species in this sample. The two high-temperature features to-
gether account for the majority of the reduced Ni (∼82%), and are
likely to arise from Ni silicates, which reduce in this temperature range
(900–1200 K [66]). Such species, if present after oxidative treatments,
would have been evident from their CO infrared bands (Section 3.3.1)
given their prevalence in TPR profiles, suggesting that metal alumino-
silicates form via reactions between NiO nanoparticles and the LTA
frameworks as the latter incipiently degrade before the reduction of
NiO is complete. The low-temperature feature (730 K) in NiLTA is ty-
pical of small (< 8 nm) NiO crystallites supported on silicates [67] and
is likely to arise from reduction of NiO nanoparticles before they form
Ni aluminosilicates.

The reduction profiles of bulk Co3O4 and of CoFAU, CoMFI, and
CoLTA samples are shown in Fig. 4b. Bulk Co3O4 reduction becomes
detectable at ∼500 K and consists of two features (580 K, H2/
Co=0.33; 680 K, H2/Co=1.0), corresponding to the sequential re-
duction of Co3O4 to CoO and then of CoO to Co0 and consistent with the
complete reduction of Co3O4 aggregates (H2/Co=1.33) [68]. The total
H2/Co consumption ratios for CoFAU, CoMFI, and CoLTA (1.28, 1.21,
and 1.16, respectively) are consistent with full reduction of nano-
particles predominantly consisting of Co3O4 (H2/Co=1.33), but with
some particles containing a deficit of Co3+ cations. Each sample shows
two reduction features (I: 600 K, 710 K, and 920 K; II: 990 K, 1000 K,

Fig. 3. Infrared difference spectra of CO adsorbed on a) metal-LTA, b) metal-MFI, and c) metal-FAU samples prepared via ion-exchange of metal cations (Ni2+, Co2+,
Fe2+; black lines; “exchanged”) or by hydrothermal assembly in the presence of ligated metal precursors (gray lines; “hydrothermal”). Spectra were collected on
these samples at 273 K (1.0 kPa CO, 99 kPa He) after pretreatment (Section 2.3.3). Spectral contributions of CO(g), CO physisorbed in the frameworks, or CO
adsorbed on Na+ or Ca2+ were subtracted (Section 2.3.3).
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and 1100 K; CoFAU, CoMFI, and CoLTA). The high temperature re-
duction processes occur at temperatures (> 900 K) typical of the re-
duction of bulk Co2SiO4 or Co2Al2O5 [69,70], which appear to form
before all the Co oxide nanoparticles reduce to Co0, as in the case of Ni-
zeolite samples. Infrared spectra indeed show that treatment of CoLTA
at 1020 K in H2 or O2 leads to the appearance of CO infrared bands
corresponding to these Co aluminosilicates, which occurs after samples
are treated at the same temperatures that cause the disappearance of
LTA diffraction lines [10].

The first reduction feature in Co-zeolite samples (H2/Co ratios of
0.35, 0.41, and 0.66 for CoFAU, CoMFI, and CoLTA) is assigned here to
the partial reduction of the Co3O4 nanoparticles evident in electron
micrographs (Fig. 2; Section 3.2.2) to Co metal or CoO. The onset of
such reduction features occurs at higher temperatures for CoMFI and
CoLTA (660 K, 800 K, respectively) than for bulk Co3O4 (∼500 K),
consistent with their much smaller particle diameters (1.7, 1.6 nm,
Table 2 vs. 28 nm, Section S1). The onset of reduction in CoFAU,
however, occurs at 530 K, a temperature similar to those required for
the incipient reduction of bulk Co3O4 (∼500 K). The low intensity of
this feature (H2/Co=0.35) relative to the total H2 consumed (H2/
Co=1.28) and its low temperature suggest that it reflects the presence
of a few larger Co3O4 particles, too few in number to be detectable by
TEM (Section 3.2.2) or XRD (Section 3.2.2). Below, reactivity studies
and titrations with organosulfur species show that such extrazeolitic
clusters constitute a small fraction (< 6%) of the total Co oxide surface
area in this sample (Section 3.4). The onset of the second reduction
feature in CoFAU (H2/Co= 0.93) occurs at temperatures (∼800 K) si-
milar to those required to reduce the Co3O4 nanoparticles in LTA,
suggesting that it arises, at least in part, from the reduction of the na-
noparticles visible in the electron micrographs of these samples (Fig. 2).
This feature is broad and bimodal and extends into the temperature
range (810–1150 K) reported for the reduction of Co in aluminosilicates
(> 900 K) [69,70], indicative of the partial conversion of Co3O4 clus-
ters into Co2SiO4 or Co2Al2O5 before their complete reduction to Co
metal.

The reduction profiles of bulk Fe2O3 and of FeFAU, FeMFI, and
FeLTA samples derived from direct hydrothermal syntheses are shown

in Fig. 4c. Fe2O3 reduces in three distinct stages, evident at 630 K (H2/
Fe=0.17), 700–940 K (H2/Fe=0.33), and 900–1200 K (H2/Fe= 1.0),
which correspond to the respective reductions of Fe2O3, Fe3O4, and FeO
[71]. FeFAU and FeLTA each showed two reduction features (I: 730 K
and 680 K; II: 1130 K and 1160 K; FeFAU and FeLTA) and gave total H2/
Fe consumption ratios (1.42, 1.43) consistent with the predominant
presence of iron(III) oxide (Fe2O3; H2/Fe=1.5) in these samples after
oxidative removal of the ligands from Fe precursors. The high-tem-
perature reduction features in these two samples are attributed to Fe
aluminate or silicate species [72,73], which, as in the case of Ni and Co
zeolite samples, form via FeOx reactions with the aluminosilicate fra-
meworks. The first H2 consumption feature for FeFAU (730 K; H2/
Fe=0.61) and FeLTA (680 K; H2/Fe=0.60) occurs in a temperature
range (670–830 K) characteristic of Fe3+ to Fe2+ reduction in highly-
dispersed Fe2O3 and Fe3O4 on silica [74]. The onset temperatures of
reduction for these peaks (∼580 K and ∼565 K for FeFAU and FeLTA,
respectively) are slightly above those required to reduce bulk Fe2O3

(∼510 K), as expected from the less reducible nature of small oxide
domains. The H2/Fe ratios for these low-temperature features in the
reduction profiles of FeFAU (H2/Fe=0.61) and FeLTA (H2/Fe= 0.60)
are similar to those expected from the reduction of Fe3+ in Fe2O3 to
Fe2+ (Fe2O3→FeO; H2/Fe=0.5), indicating that Fe aluminosilicate
species, which are responsible for the second reduction feature (FeFAU:
1130 K, H2/Fe=0.81; FeLTA: 1160 K, H2/Fe= 0.83), are derived from
FeO nanoparticles formed via Fe3+ reduction in Fe2O3.

FeMFI reduced in two stages (675 K (H2/Fe=0.29); 875 K (H2/
Fe=0.64)). The onset temperature for the first feature (∼550 K) is
slightly higher than for bulk Fe2O3 (∼510 K), as expected from the
small Fe2O3 domains present within FeMFI. These two H2 consumption
features appear to reflect, as is the case for bulk Fe2O3, the sequential
reduction of trivalent Fe via the conversion of Fe2O3 to Fe3O4 and then
Fe3O4 to FeO, respectively. H2/Fe ratios of these reduction features,
however, were greater than would be expected for the exclusive re-
duction of trivalent Fe within Fe2O3 (H2/Fe= 0.5) via a two-step
process (I: Fe3O4→ Fe2O3, H2/Fe= 0.17; II: Fe2O3→ FeO, H2/
Fe=0.33), indicating that a portion of the H2 consumed accounts for
the reduction of divalent FeO in tandem with the reduction of Fe2O3

Fig. 4. Temperature programmed reduction profiles of bulk a) Ni, b) Co, and c) Fe oxides and of a) Ni-zeolite, b) Co-zeolite, and c) Fe-zeolite samples prepared via
hydrothermal assembly in the presence of ligated metal precursors. Samples were heated in 4% H2/Ar (8.3 cm3 s−1 g−1) from 313 K to 1273 K at 0.167 K s−1.
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and Fe3O4. The total H2/Fe consumption ratio (0.93) is significantly
lower than that expected for the total reduction of Fe2O3 (1.5) to Fe0,
consistent with the presence of unreactive Fe silicates [73] or alumi-
nates [72] that form during thermal treatment in H2 and which could
not be reduced even at 1270 K.

These data, taken together with results from TEM (Section 3.2.2)
and infrared spectra (Section 3.3.1), indicate the predominant presence
of well-dispersed base metal oxides within zeolite void structures and
with the stoichiometry of NiO, Co3O4, and Fe2O3. Their small sizes are
evident from their resistance to reduction in comparison with bulk
oxides and are generally consistent with TEM-derived size distributions.
Their reduction temperatures can lead to the incorporation of cations
into aluminosilicate compounds, within which such cations become
even more resistant to reduction. The mean diameters of the oxide
domains (1.5–2.3 nm) are slightly larger than the void diameters of LTA
(1.1 nm [51]), MFI (0.64 nm [51]), and FAU (1.1 nm [51]); the re-
sulting framework disruptions may lead to local defects near the oxide
domains, which would favor the formation of metal aluminosilicates.
Such metal aluminosilicates may form in tandem with, and as a result
of, the incipient structural collapse of the crystalline frameworks, which
occurs at temperatures [LTA (∼1000 K) [75], MFI (∼1300 K) [76], or
FAU (∼1160 K) [77]] slightly above those required to form these re-
fractory compounds, as previously proposed for Co oxides within LTA
[10]. In the next section, we demonstrate that the oxide nanoparticles
evident from TEM data are redox active and that they reside within
regions inaccessible to large organosulfur titrants, as expected from
their predominant presence within zeolite crystals.

3.4. Encapsulation selectivities from ethanol oxidation rates with and
without titration of extracrystalline oxide surfaces by large organosulfur
compounds

Nanoparticles encapsulated within microporous zeolites benefit
from the molecular sieving and size-selective effects conferred by the
small apertures within the host void structures. Such effects include the
protection of nanoparticle active surfaces from contact with large re-
actant or poison molecules [8], the resistance against coalescence with
adjacent particles [9], and the stabilization of specific transition states
by the confining framework [7]. These effects are dictated, in all cases,
by the size of the voids and of their connecting apertures within a given
zeolite and by the corresponding dimensions of the molecules, inter-
mediates, and transition states involved [8].

The size-selective properties of zeolites are exploited here in asses-
sing the selectivity of metal encapsulation through measurements of
ethanol (EtOH) oxidation rates on samples exposed to a bulky orga-
nosulfur titrant (2,4,6-trimethylbenzyl mercaptan; TMBM). Thiols such
as dodecanethiol and TMBM form thiolates via reactions with Ni, Co, or
Fe oxide surfaces [78]; these bound species block active surfaces and
thus suppress the rates of catalytic reactions. EtOH (0.40 nm kinetic
diameter [79]) diffuses readily through the apertures in LTA (0.41 nm
[51]), MFI (0.55 nm [51]), and FAU (0.74 nm [51]), but TMBM (kinetic
diameter> 0.86 nm [80]) is essentially excluded from intracrystalline
regions. As a result, EtOH oxidation turnover rates on bulk oxides (NiO,
Co3O4, Fe2O3) and on oxide domains at external zeolite crystal surfaces
would be suppressed by exposure to TMBM, but turnovers occurring on
domains present within LTA, MFI, and FAU crystals would remain ac-
tive. The effects of TMBM exposure on ethanol oxidation rates thus
reflect the fraction of the oxide surfaces that reside within the protected
environment of zeolite crystals.

EtOH oxidation rates were measured on bulk NiO, Co3O4, Fe2O3,
and metal-zeolite samples at 393 K before and after ex-situ exposure to
TMBM using the procedures described in Section 2.3.5. An inhibition
factor (λ) is defined here as the ratio of the rates measured on samples
with exposure (ri j s, , ) and without exposure (ri j, ) to TMBM titrants:

=λ
r
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i j s
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where the subscript i denotes the metal (Ni, Co, Fe) and j either the bulk
metal oxide (b) or the specific zeolite framework (LTA, MFI, or FAU).
The magnitude of λi,b for bulk oxides reflects the residual reactivity and
in turn the fraction of active surface area that remains untitrated by
TMBM, with λi,b values of zero indicative of full suppression of rates
and unity an indication of surfaces that do not interact with TMBM
strongly enough to prevent ethanol oxidation turnovers.

On bulk NiO, Co3O4, and Fe2O3, the prevalence of mesopores allows
EtOH and TMBM to access catalytic surfaces without diffusional hin-
drance. Consequently, their λi,b values reflect the accessibility and re-
activity of such surfaces after interactions with TMBM. The apertures in
zeolites, by contrast, protect intracrystalline oxide domains from con-
tact with TMBM titrants, but allow EtOH and O2 reactants to access
intracrystalline regions. In such samples, only the oxide domains pre-
sent at the external surfaces of zeolite crystals are titrated by TMBM.
Their λi,j values therefore reflect the fraction of the catalytic surface
area that resides within the protected confines of zeolite crystals (Fi,j).
These λi,j values, however, are not strictly proportional to Fi,j because
bulk oxides (and thus clusters present outside zeolite crystals) may
retain some reactivity even after extended contact with TMBM. These
effects require that we account for the residual reactivity of the titrated
oxide surfaces after exposure to TMBM in order to determine Fi,j:
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Equation (5) corrects λi,j in order to accurately reflect Fi,j values by
subtracting contributions to λi,j derived from residual rates on TMBM-
titrated surfaces (the second term in Eq. (5)). In addition, extrazeolitic
oxide surfaces are exposed to the reactant concentrations prevalent in
the extracrystalline gas phase (4 kPa EtOH, 9 kPa O2; Section 2.3.5), but
concentration gradients within zeolite crystals would lead to lower
oxidation turnover rates on encapsulated oxide surfaces than on those
at external surfaces or bulk oxides. These diffusional effects lead to λi,j

(and Fi,j) values that underestimate the actual encapsulation selectivity.
These Fi,j values also ignore the slow but finite diffusion rates of TMBM
through FAU apertures, which would titrate some intracrystalline oxide
surfaces and cause Fi,j values to be lower than the actual encapsulation
selectivity. Consequently, these Fi,j values represent a conservative
lower limit for the preference of oxide nanoparticles to reside within
intracrystalline locations as a result of the synthetic protocols reported
in this study.

The λi,j and Fi,j values derived from EtOH oxidation rates before and
after titration of unprotected surfaces are shown in Table 3. EtOH
oxidation turnover rates for each given metal increased monotonically
with the size of the framework aperture (LTA: 0.41 nm, MFI: 0.55 nm,
FAU: 0.74 nm [51]) for untitrated samples, consistent with diffusional
constraints that cause intracrystalline concentration gradients and
lower reaction rates. The presence of such diffusional constraints pro-
vides independent de facto evidence that these oxide nanoparticles
reside predominantly within zeolite crystals. Turnover rates on bulk
oxides were higher than on metal-zeolite samples, because of the lack of
diffusional constraints and the higher redox surface reactivity typical of
larger oxide domains [10,56]. Co3O4 (28 nm aggregates, Section S1)
gave the highest turnover rate (0.68 mmol s−1) among the three bulk
oxides (NiO: 0.25mmol s−1, 410 nm; Fe2O3: 0.12mmol s−1, 76 nm),
reflecting the greater intrinsic redox activity of the Co cations within Co
oxide relative to Ni and Fe oxides. Co2+ cations exchanged within LTA,
MFI, and FAU zeolites (Section 2.2.4), however, did not oxidize EtOH at
detectable rates (< 0.00001mmol s−1) as the bulk (0.68mmol s−1) or
zeolite-encapsulated Co oxides (0.0062–0.10mmol s−1; Table 3) did, a
consequence of exchanged Co2+ cations that are much less reducible
than bulk oxides or oxide nanoparticles (TPR data in Section S7, SI).

Encapsulation selectivities were>0.93 for all metal-zeolite samples
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(except FeFAU; FFe,FAU=0.12), indicating that the oxide nanoparticles
evident in electron micrographs (Section 3.2.2) reside predominantly
within zeolite crystallites. The FeFAU data reflects the gradual diffusion
of TMBM within FAU over the time required to titrate Fe oxide surfaces.
Fe2O3, FeLTA, FeMFI, and FeFAU were exposed to TMBM for longer
times (16 h; Section 2.3.5) than the Ni or Co samples (2 h), because
longer times were required to significantly suppress of rates on bulk
Fe2O3 (λFe,b= 0.67). Rates were more strongly suppressed by TMBM
titration on NiO (λNi,b= 0.12) and Co3O4 (λCo,b= 0.12), even after
shorter exposure times (2 h), and were essentially constant with longer
TMBM exposure times (16 h; λNi,b= 0.10; λCo,b= 0.08). Treatment of
NiFAU and CoFAU with TMBM for 16 h, however, leads to more severe
suppression of rates (λNi,FAU=0.47; λCo,FAU=0.52) than 2 h treatment
(λNi,FAU=0.93; λCo,FAU= 0.95). These effects of TMBM exposure times
on NiFAU and CoFAU (but not for their LTA or MFI counterparts) in-
dicate that TMBM gradually enters large-pore zeolites and titrates in-
tracrystalline oxide surfaces. As a result, the value of FFe,FAU reported in
Table 3 (0.12), which required longer exposures because of the kinetic
hurdles for TMBM binding on Fe oxides, does not accurately reflect its
encapsulation selectivity. Its true encapsulation selectivity is likely to
resemble that shown by all other samples, for which Fi,j values more
accurately reflect such selectivities.

These results, taken together, show how synthetic hurdles that im-
pede the selective encapsulation of base metals within microporous
voids can be systematically addressed and overcome through general
strategies that lead to encapsulation for a broad range of zeolite fra-
meworks. Encapsulation of NiO, Co3O4, and Fe2O3 clusters was
achieved in LTA, MFI, and FAU frameworks, materials that differ sub-
stantially in their Si/Al ratios (1.0, 30, 2.3), aperture sizes (8-MR,
0.41 nm; 10-MR, 0.55 nm; 12-MR, 0.74 nm), and in the conditions re-
quired for their crystallization (Section 2.2). For all metal species and
frameworks, bifunctional TPE ligands successfully stabilize metal pre-
cursors against precipitation in synthesis gels, enforce their uptake into
zeolite crystals, and are removed by oxidative treatments without da-
mage to the host framework. These synthesis procedures and post-
synthetic oxidative treatments lead to the aggregation of small and

nearly monodisperse oxide nanoparticles that reside predominantly
within zeolite crystals and which do not form redox-inactive metal
aluminosilicates or exchanged cations. These high encapsulation se-
lectivities are the result of the chelating properties of the bidentate
amine moiety in TPE ligands, which prevent cation precipitation during
synthesis and the attachment of metal cations to zeolite exchange sites;
they also reflect the role of the ligand alkoxysilane moieties, which bind
ligated precursors to nucleating zeolite structures through the forma-
tion of covalent siloxane linkages. The broad success of these protocols
bodes well for their extension to other zeolite frameworks and metal
species, and to the preparation of multimetallic clusters by combining
ligated precursors of two or more metals.

4. Conclusions

Ni, Co, and Fe oxide nanoparticles were selectively encapsulated
within LTA, MFI, and FAU zeolites using a generalized synthetic pro-
cedure. Encapsulation was achieved in all cases through the analogous
incorporation of metal cation precursors (Ni2+, Co2+, Fe2+) protected
by chelating ligands (N-[3-(trimethoxysilyl)propyl]ethylenediamine)
into zeolite synthesis gels, which were allowed to crystallize under
hydrothermal conditions to form zeolites with occluded ligated metal
species. The ligands preclude premature precipitation of the metal ca-
tion precursors as bulk oxide or hydroxide aggregates under the alka-
line conditions required for framework assembly, and form covalent
linkages with nucleating zeolites to promote metal uptake into the
crystallized frameworks. Treatment of these frameworks under oxida-
tive conditions leads to the formation of highly dispersed (< 2.5 nm)
metal oxide nanoparticles that are homogeneous in size.
Characterization of these materials with infrared spectroscopy in-
dicated the absence of base metal species in the form of exchanged
cations or metal aluminosilicates, consistent with the selective forma-
tion of metal oxide nanoparticles during oxidative treatment. The re-
ducibility of the base metal species in H2 and the stoichiometry of their
reduction were consistent with the presence of small NiO, Co3O4, or
Fe2O3 clusters. The overwhelming majority of active metal oxide sur-
faces (> 92%) were protected from contact by large organosulfur
poison molecules that selectively or exclusively titrate extrazeolitic
metal oxide clusters, confirming that the nanoparticles formed by the
synthesis technique predominantly reside within zeolite crystals. This
work presents a generalized synthesis technique for encapsulating base
metal oxides within zeolites, and demonstrates the efficacy of the
technique through its successful application to a variety of metal spe-
cies (Ni, Co, Fe) and zeolite frameworks (LTA, MFI, FAU). The synthetic
approach shown here also illustrates guiding principles and strategies
that can be applied to prepare an even wider variety of zeolite-en-
capsulated base metal clusters. Such materials have potential catalytic
applications that seek to combine the catalytic chemistries of metal
oxide surfaces with the molecular size and shape selectivity, transition
state selectivity, and thermal stability conferred by encapsulation
within zeolites.
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Table 3
Ethanol oxidation turnover rates and encapsulation selectivities of metal-zeolite
and bulk metal oxide samples.

Sample r
(10−3 s−1 molsurf-
metal

−1)a

Inhibition Factor
(λ)b

Encapsulation Selectivity
(F)c

NiLTA 0.0030 0.99 0.99
NiMFI 0.030 0.96 0.96
NiFAU 0.046 0.93 0.93
CoLTA 0.0062 0.98 0.97
CoMFI 0.061 0.96 0.96
CoFAU 0.10 0.95 0.94
FeLTA 0.0071 0.99 0.97
FeMFI 0.025 0.98 0.93
FeFAU 0.033 0.71 0.12
NiO 0.25 0.12 0
Co3O4 0.68 0.12 0
Fe2O3 0.12 0.67 0

a EtOH oxidation turnover rates of samples suspended in liquid EtOH
(300 cm3 g−1) at ambient temperature for 2 h (for Ni, Co samples) or 16 h (for
Fe samples) and then used in reaction (9 kPa O2, 4 kPa EtOH) at 393 K.
Turnover rates are defined as the moles of EtOH converted per unit time nor-
malized by the number of exposed metal surface atoms estimated from particle
dispersions or BET surface areas (Section 2.3.5).

b rS/r (Eq. (4)), where rS are EtOH oxidation rates measured on similarly
treated samples but with TMBM dissolved in the EtOH to achieve a 0.2M so-
lution.

c Encapsulation selectivity, defined as the fraction of active metal oxide
surface area encapsulated within zeolite crystallites, as estimated from λ values
(Eq. (5)).
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.micromeso.2018.04.045.
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