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ABSTRACT: One of the most significant challenges in the use of
heterogeneous catalysts is the loss of activity and/or selectivity with
time on stream, and researchers have explored different methods to
overcome this problem. Recently, the coating of catalysts to control
their deactivation has generated much research traction. This Review is
aimed at studying different encapsulation techniques employed for
controlling catalyst deactivation. Focus is given to the prevention of
irreversible modes of deactivation, such as sintering and leaching. In this
Review, we elaborate on different entrapment methods used to protect "
catalysts from deactivation in both liquid and gas reaction media. \
Relevant probe reactions are discussed with emphasis on the catalyst

activity and stability. Challenges associated with those processes are also

described with emphasis on the mass transfer limitations as a result of the coverage of the active sites. Finally, some future
perspectives and areas for possible improvement are highlighted.
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1. INTRODUCTION of sintering occurring in liquid media depends on the reaction
conditions and the tendency of the metallic particles to migrate
and coalesce, forming bigger particles. Leaching also poses
significant challenges besides the obvious loss of active sites
and reactivity, as it also incurs a downstream separation step to
obtain the purified reaction product.

Some other deactivation modes can be easily prevented by
feed purification, which is typical in scenarios where the
catalyst poisoning is prevalent, as in the case of systems
containing sulfur-rich feeds.® Other strategies, such as the
reactor design and modification of the shape and structure of
the catalysts have also been utilized to minimize mechanical
modes of deactivation like attrition;> however, care must be
taken to maintain a good surface-area-to-volume ratio to
ensure that the active sites are exposed to the reacting species.
Modifications of the feed composition and reaction conditions,
such as temperature and pressure, have also been explored as
approaches to mitigate the catalyst deactivation. Nevertheless,
there is a limit to which these conditions can be altered
without having a negative effect on the catalytic activity.”

Catalyst deactivation, which is the loss of catalyst activity and/
or selectivity with time on stream, is a major drawback in the
industrial applications of heterogeneous catalysts,’ as a
considerable amount of time and resources are invested on
catalyst replacement or regeneration, when possible.” Different
modes of deactivation associated with catalytic systems include
leaching, sintering, coking, phase transition, poisoning, fouling,
and attrition/crushing.l’ ™ These deactivation modes are
further classified as chemical, mechanical, or thermal."®> The
ubiquitous nature of heterogeneous catalysis, the invaluable
role that they play in many reaction systems, and the
painstaking efforts involved in designing these catalytic
structures make it imperative to ensure their long-term
stability.

While processes like sintering and leaching lead to
irreversible deactivation on catalysts, other mechanisms like
coking can be reversed by subjecting the catalyst to a
calcination step in the presence of air or oxygen to burn the
carbonaceous species deposited onto the catalyst surface. As
such, many efforts are targeted toward preventing irreversible
deactivation mechanisms. Sintering is the agglomeration of Received:  April 6, 2020
supported active materials (active sites and/or support) via Revised:  May 27, 2020
particle migration and coalescence, or Ostwald ripening,2’6 and Published: June 2, 2020
leaching is the dissolution of the active sites into the reaction
medium.” Whereas sintering is more prevalent in gas-phase
reactions, leaching dominates in liquid media. The likelihood
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Recently, greater research focus has been geared toward the
encapsulation of heterogeneous catalysts to prevent their
deactivation. Different mechanisms, such as atomic layer
deposition (ALD), strong metal—support interaction (SMSI),
nonhydrolytic sol—gel, and core—shell methods have been
successfully used to coat the catalysts with marked improve-
ment on their stability. Some earlier reviews have discussed
different strategies for control of catalyst deactivation. For
example, Lange et al. reported the challenges associated with
the use of renewable feedstocks (fouling and poisoning) and
discussed relevant mitigation approaches.” Héroguel et al. also
discussed different combative strategies to prevent catalyst
deactivation in liquid-phase biomass conversion and reform-
ing."” Recently, Goodman et al. reported the mechanisms of
sintering and the characterization techniques used to
distinguish them, and they also provided insights on the
rational design of sinter-resistant catalysts.” While most reviews
have focused on a single deposition technique (e.g, ALD'' or
SMSI'?), this report compares several strategies coming from
different fields that are rarely compared. Here we provide a
global perspective on the advances of encapsulation
technologies for control of catalyst deactivation. Major
emphasis is on the encapsulation of base and noble metals
against deactivation in both gas and liquid reaction media, with
particular attention given to the impacts of these techniques in
improving the stability and activity of the coated catalyst and
the associated mass transfer limitations. Relevant probe
reactions, such as CO oxidation, syngas methanation,
methane-based reactions, and aqueous-phase hydrogenation
mostly used for biomass conversion, have been used to
elucidate the effectiveness of these methods.

2. CHEMICAL VAPOR DEPOSITION (CVD)

Chemical vapor deposition (CVD), which is a technique
employed in coating, is induced by a chemical reaction
between a carrier gas and a vapor phase at the surface of a
substrate."® Typically, substrates for CVD reaction are usually
heated to elevated temperatures before the CVD process, and
the precursor substances decompose on the surface thereby
growing into a thin film.'* CVD finds significant application in
the deposition of graphene on copper,'>~"” synthesis of carbon
nanotubes (CNTs),"® application in photovoltaic cells," and
growing of 2D materials for utilization in electronics and
semiconductor design.'” Parameters such as the substrate type,
choice of precursor, pressure, and temperature of the system,
affect the general mechanism of CVD growth and the
associated heat and mass transfer phenomena, and thus,
proper attention is given in selecting these parameters.19
Seipenbusch and Binder published an early report stabilizing
catalysts using CVD.”” They made use of a thin silica coating
deposited by CVD to stabilize palladium nanoparticles from
loss of surface area during tempering using two different
approaches: coating of nonagglomerated particles and coating
of agglomerated particles. In the first instance, spherical metal
particles generated with a spark discharge generator (SDG)
were exposed to a nitrogen flow doped with the silica precursor
(tetraethylorthosilicate (TEOS)) before entering a furnace at
800 °C. In this furnace, the adsorbed precursor decomposed
depositing silica on the particle surface, after which the aerosol
was given enough time to agglomerate in another tube.
However, in the second approach, the particles were first
allowed to agglomerate in a tube before being subjected to the
silica precursor stream for coating and sintering tests. In both
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methods, the mobility of the primary particles was monitored
using electrical mobility analysis, while the sintering of particles
was investigated using transmission electron microscopy
(TEM). Based on the sintering kinetic experiments performed
and the size distribution obtained from the TEM analysis, it
was observed that the primary particles were stabilized from
coalescence when using the first approach, but their rearrange-
ment could not be inhibited. The rearrangement of the
primary particles was only inhibited in the second case, in
which the structure was coated as a whole. Using the
hydrogenation of ethene as a probe reaction, the stabilized
catalyst experienced a reduction in the catalytic activity of
about 23%. This would appear as an acceptable trade-off when
compared with an uncoated catalyst that would significantly
reduce its activity at high temperatures because of sintering,
Although CVD has been less frequently used for stabilizing
catalysts because of the formation of thick, nonuniform
overcoats, Xiong et al. used CVD of graphitic carbon to
stabilize an alumina support (gc-ALO;).”" Figure 1 shows the

Figure 1. Schematic describing the preparation of gc-AL,O; by
CVD.”" Reproduced with permission from ref 21. Copyright 2015
John Wiley and Sons.

preparation scheme, in which methane was used as the carbon
source with exposure times varying from 0.5 to 6 h at 900 °C.
The hydrothermal stability of alumina and the gc-Al,O,
catalyst was studied in an autoclave reactor with water at
220 °C for 12 h. While the X-ray Diffraction (XRD) pattern for
the gc-Al,O; catalyst showed little to no significant change
upon the thermal treatment, the uncoated alumina sample
exhibited peaks of boehmite (AIO(OH)) indicating a reaction
between the alumina and water. The stability of the gc-Al,O;
was markedly improved when the carbon loading was
increased. This result indicated that the deposition of graphitic
carbon improved the stability of the alumina in water at
elevated temperatures. The stability of gc-coated alumina was
attributed to the relative inertness of graphitic carbon, which
acts as a physical barrier preventing the hydrolytic attack.

To further test the coated alumina in reactions, gc-Al,O; was
used as a support to deposit Pt and Ru nanoparticles. Their
catalytic behavior was investigated in two biomass-conversion
model reactions: Pt/gc-Al,O; for the aqueous-phase reforming
(APR) of ethylene glycol and Ru/gc-ALO; for the aqueous-
phase hydrogenation (APH) of lactic acid. While a Pt/y-AL O,
catalyst showed deactivation through sintering and leaching
because of the reaction of alumina with water, the Pt/gc-Al,O;

https://dx.doi.org/10.1021/acscatal.0c01569
ACS Catal. 2020, 10, 7630—7656


https://pubs.acs.org/doi/10.1021/acscatal.0c01569?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01569?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01569?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01569?fig=fig1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c01569?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

REVE

catalyst maintained its high activity with no apparent
deactivation. A similar performance was observed with Ru/
gc-Al,O; when compared with a Ru/y-AlO; catalyst.”!
Whereas scanning transmission electron microscopy (STEM)
images of the used Ru/y-Al,O; catalyst showed the trans-
formation of y-Al,O; into boehmite with an associated increase
in the Ru particle size, the Ru/gc-AL,O; catalyst remained
unchanged.

Phaahlamohlaka et al. also used CVD to encapsulate Ru
particles inside hollow carbon spheres (HCS).”* In order to
achieve this, ruthenium particles were deposited on a
mesoporous silica support (Ru/mSiO,) and contacted with
the carbon precursor (toluene) at 900 °C in an argon stream.
The silica template was then removed by HF etching to obtain
Ru nanoparticles inside the hollow carbon spheres (Ru@
HCS), which leaves an interior space that acts as a
nanoreactor. Although the high thermal treatment associated
with the CVD process led to a wide distribution of Ru particle
size (1—13 nm) and low dispersion of 11.1% determined by H,
pulse chemisorption studies, thermogravimetric analysis
(TGA) in air revealed high thermal stability with the onset
of decomposition only above 400 °C. This coated catalyst was
tested for the Fischer—Tropsch reaction with a classical H,/
CO = 2 ratio. The catalyst exhibited good activity with a CO
conversion of 6.9, 10.1, and 17.6% at reaction temperatures of
190, 220, and 250 °C, respectively. The authors also
investigated another method based on resorcinol/formalde-
hyde (Ru@MHCS) to overcoat the catalyst. Resorcinol-
formaldehyde resins are promising carbon precursors for
soft-templating synthesis in the preparation of ordered
mesoporous carbons because resorcinol reacts with form-
aldehyde to form a cross-linked backbone with a hydrogen-
binding network.”® It was observed that the Ru@MHCS
catalyst displayed a better dispersion (26.9%), improved
porosity, and narrower size distribution (2—6 nm), ultimately
leading to enhancement in catalytic activity, as shown in Figure
2. These catalysts were very stable under reaction conditions,
and no substantial Ru sintering took place below 220 °C.

Though CVD has allowed for effective deposition of
overlayers on metal nanoparticles, its wide application for
protecting catalysts from deactivation has been limited. This is
predominantly attributed to the fact that CVD leads to the
formation of thick and nonconformal layers on catalytic
surfaces, which invariably impairs the catalytic activity.
Ultimately, there lies a difficulty in controlling the thickness
of the CVD coating, a challenge that has led to the exploration
of other encapsulation techniques.

3. ATOMIC LAYER DEPOSITION (ALD)

Atomic layer deposition (ALD) is a technique that has been
utilized in the past few decades in large industrial applications
ranging from fuel cell applications,””** electrochemical
reactions,”® lubricating coatings,27 nanostructure materials,*®
and catalysis.”” ALD is a variation of chemical vapor deposition
(CVD), in which a series of self-limiting reactions is employed
to deposit metals, metal oxides, and other materials on the
surface of a substrate.”> ALD generally involves exposing the
substrate to alternating pulses of different precursors
containing the constituent elements for the layers.’>* The
alternating pulses are separated by a purging inert gas stream to

remove the unreacted precursors and volatile byprod-
ucts 2233735
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Figure 2. Catalytic performance of the Ru@HCS and Ru@MHCS
catalysts: (a) Fischer—Tropsch activity and (b) Turnover frequency
during 130 h of time on stream.”* Reproduced with permission from
ref 22. Copyright 2016, Elsevier.

The controllable nature of the ALD process has led to its use
in the preparation of different catalytic materials, modification
of supports, introduction of promoters, and synthesis of active
phases.'' The advantage of ALD over conventional catalyst
synthesis methods, such as impregnation and precipitation,
include uniform composition, lower contamination from
residual salts, monodisperse size, and the ability to penetrate
highly porous supports."" A good example of improved activity
by ALD synthesis was demonstrated by Yan et al, who
reported the deposition of single-atom Pd on graphene via
ALD. The presence of single atoms induced superior catalytic
activity in the selective hydrogenation of 1,3-butadiene,
obtaining a 100% selectivity to butene and the highest ever
1-butene selectivity of 70% at a conversion of 95% under mild
temperature conditions (50 °C).*° The catalyst was also
reported to be durable and stable against deactivation via
metallic atom aggregation or carbonaceous deposits during 100
h of time on stream.

In recent times, ALD has also been used to control the
deactivation of heterogeneous catalysts by creating an
overcoating layer over the surface.” ALD has generated
increased interest because, unlike other encapsulation
techniques, such as CVD and sol—gel chemistry applied to
form core—shell structures, it allows for precise control of the
thickness and composition of the layer overcoating the
catalyst.”" This allows for control of the metal particle size
and conformal deposition of very thin layers, which alleviates
problems related to mass transfer resistance.

The use of ALD overcoating to improve the stability of
catalysts was first reported by Ma et al,”” who used SiO, to
stabilize titania-supported gold nanoparticles (Au/TiO,) from
sintering. Gold is a metal that has been extensively studied and
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has demonstrated excellent catalytic activity in different
reactions; however, its activity has been observed to decrease
pronouncedly with increasing ;)article size, being inactive in its
bulk state.”® Hence, Ma et al.”” exposed the Au/TiO, substrate
to alternating pulses of tetramethyl orthosilicate (TMOS) and
water vapor under vacuum conditions and a temperature of
150 °C. TEM images of the as-synthesized SiO,/Au/TiO,
catalyst showed effective decoration of the Au particles with
amorphous SiO, (Figure 3). The stability of the coated catalyst

43

Figure 3. TEM images of the SiO,-encapsulated Au/TiO, catalyst.*”
Reproduced with permission from ref 37. Copyright 2008 American
Chemical Society.

was studied on CO oxidation and H, oxidation reactions in a
plug flow microreactor. Although sintering was successfully
limited by the addition of the silica overcoating layer at high-
temperature pretreatment conditions, the silica-coated catalyst
exhibited less activity than the parent Au/TiO, catalysts at
lower reaction temperatures. This was attributed in part to the
presence of residual organic moieties on the gold surface,
limiting the accessibility to the reacting molecules, a hindrance
somewhat improved by treating the silica-coated catalyst at
higher temperatures before reaction. These findings eventually
paved the way for more extensive reports in the use of ALD to
control catalyst deactivation.

Instead of using silica to coat gold particles via ALD, Biener
et al. reported that alumina and titania ALD films could also be
used to stabilize nanoporous gold (np-Au) against sintering.’”
The precursors employed were trimethylaluminum (AlMe;/
H,0) at 125 °C and titanium tetrachloride (TiCl,/H,0) at
110 °C for alumina and titania ALD, respectively. The
mechanical properties, such as the strength and stiffness of
the material, were also observed to improve markedly.*” They
found that a 1 nm thick alumina ALD layer was able to
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stabilize np-Au up to 1000 °C, while a ~6 nm alumina layer led
to a 7- and a 3-fold improvement in the hardness and Young’s
modulus, respectively. The thermal stability of titania-coated
particles was found to be lower than that of the alumina-coated
gold particles. Catalytic tests performed on the titania ALD
coated np-Au using the oxidation of CO showed improve-
ments when compare to pristine np-Au. Prior to the reaction,
the coated catalyst was annealed at 600 °C to create pores in
the titania overcoat. The titania-coated catalyst exhibited a 3-
fold increase in the catalytic activity, which depicted an added
effect of the ALD titania catalyst to the uncoated np-Au.
Unsurprisingly, annealing the uncoated np-Au at 600 °C led to
a 50% drop off in the reactivity that can be attributed to
sintering and loss of active surface area. This marks a case
where ALD was used to improve both catalyst stability and
activity.

Feng et al. reported the stabilization of Pd nanoparticles
toward the methanol decomposition reaction at high temper-
ature.*” Although these researchers had previously synthesized
Pd and Ru—Pt catalysts using ALD, this was the first time they
used this technique to overcoat a catalyst to protect it against
deactivation.” First, Pd nanoparticles were supported on
Al Os-coated silica gel by ALD, then an aluminum oxide
protective layer was deposited onto the catalyst. The ALD
alumina deposition was carried out by using alternating
exposures to trimethylaluminum (TMA) and deionized water
at a temperature of 200 °C. Different samples comprising 1, 2,
4, 8, 12, 20, 24, and 32 cycles of Al,O; ALD were prepared on
both the metallic Pd catalyst and the bare support.*’ A linear
relationship between the number of cycles and the relative
sample weight gain was observed, demonstrating a uniform
addition of the overcoat layer after each cycle. The average
thickness per cycle on the catalyst was evaluated to be 0.8 A,
while the average increase on the bare support was slightly
higher than ~1.0 A/cycle as a result of the interaction between
TMA and surface hydroxyl groups on the Al,O;. The methanol
decomposition reaction was used to evaluate the effect of the
Al,O; ALD overcoat on the catalyst reactivity. The activity of
the catalysts with 1 to 16 cycles of alumina overcoating was
considerably higher than that of the uncoated catalyst, as
sintering was evident on the latter. However, the catalytic
activity decreased progressively beyond the 16 cycles, with the
32 cycles coated catalyst showing the least activity, because the
overlayer presented a greater barrier for reactants to diffuse to
the active sites. It was also observed that the Al,O; ALD
overcoats preferentially nucleate at the corners, edges, and
steps of the Pd nanoparticles, thereby leaving the active Pd
(111) facets available for methanol decomposition. Sintering at
elevated temperatures was also investigated using the bare and
the 16 cycles coated catalyst heated at 500 °C in Ar for a
period of 6 h. While STEM images showed a significant
presence of large particles (10—20 nm) on the used bare Pd
catalyst, only small particles were observed on the 16 cycles
AlL,O; ALD overcoated catalyst, indicating that sintering was
avoided.

Similarly, Lu et al. showed that Al,O; ALD overcoating was
able to protect Pd catalysts from both sintering and coking
during the high-temperature oxidative dehydrogenation of
ethane to ethylene.”” The reaction was performed at 675 °C,
and it was observed that 45 ALD cycles were enough to
stabilize the catalyst fully. TGA of the ALD coated catalyst
revealed less than 6% of the coke formed on the uncoated
catalyst, and STEM images showed no changes in the
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morphology after 28 h of reaction. There was also an improved
yield of ethylene on the ALD overcoated catalyst. Upon
encapsulation, CO chemisorption studies indicated complete
coverage of the Pd particles. In order to restore the
accessibility to the Pd nanoparticles, the overcoated catalyst
was calcined at 700 °C for 2 h under 10% O,/He flow and
subsequently reduced in 5% H,/He at 300 °C. This created
pores in the overcoating layer and restored the accessibility to
the active sites, with BET analysis indicating 84% restoration of
the catalyst surface area. The authors concluded that the
exceptional resistance to sintering and coking might be due to
the selective blockage of edge and corner atoms by alumina
overcoats.

In 2015, Onn et al. used a different metal oxide, zirconia
(ZrO,) to stabilize an alumina-supported palladium oxide
(PdO/ALO;) catalyst.” The ZrO,-coated catalyst was
calcined at 500 and 700 °C, and methane oxidation was
used as a probe reaction to evaluate the effect of the zirconia
film on the catalytic activity of the PdO/ALOj; catalyst. The
zirconia layer was found to stabilize the PdO particles against
sintering in air at 800 °C, and the catalyst exhibited an
increased catalytic activity. Interestingly, it was observed that
ZrO, could only grow on PdO and not on Pd, suggesting that
ALD could be used to induce a promotional effect on metal
catalysts. It was postulated that PdO must be present in the
active phase and that sintering was more severe when PdO
decomposed to Pd (which normally occurs at temperatures
>800 °C). Although the mechanism by which the zirconia
layer protected the catalyst was unclear, they suggested that the
ZrO, films could stabilize the PAO phase or simply create a
physical barrier that prevented sintering.

ALD has also shown great potential to protect non-noble
metal catalysts, which are more prone to deactivation. A similar
approach to Lu’s was employed by O’Neill et al. to stabilize
copper nanoparticles supported on y-Al,O; for the liquid-phase
hydrogenation of furfural.”* This work was the first reporting
the use of ALD to stabilize a base metal for liquid-phase
reactions. 45 cycles of alternative exposures to trimethylalu-
minum and water were utilized to overcoat the catalyst, and
this was treated at 700 °C to create pores that enabled the
access of reactant molecules to the active sites. This catalyst
was compared with a bare Cu/y-Al,O; catalyst in the liquid-
phase hydrogenation of furfural to furfuryl alcohol in 1-butanol
at 130 °C and 22 bar. As the reaction progressed, both
catalysts experienced a loss in catalytic activity. Whereas the
activity of the bare copper catalyst was not fully recovered after
calcination, the activity of the overcoated catalyst was fully
recovered, which confirmed that the encapsulation protected
the catalyst from leaching and sintering. As these modes of
deactivation are believed to initiate from undercoordinated
copper atoms, the stability induced by the alumina ALD layer
was attributed to the preferential coverage of the under-
coordinated sites (e.g., steps, edges, and corners) that remain
covered after pore opening, while most terraces are exposed
after annealing (Figure 4). Coking, however, was experienced
in both coated and uncoated catalysts, as it could be inferred
from the initial loss of catalytic activity. Since the acidity of the
overcoat was suspected to be responsible for the coke
formation, O’Neill et al. decided to vary the number of
AlL,O; ALD cycles and modify the overcoat with basic MgO, in
order to reduce its acidity.”” It was observed that decreasing
the number of ALD cycles from 4S5 to 5 increased the rate per
gram of catalyst and reduced the rate of deactivation for the
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Figure 4. ALD protection on metallic nanoparticles.** Reproduced
with permission from ref 44. Copyright 2013, Elsevier.

catalyst pretreated at 400 °C. In addition, it was concluded that
even when the modification with MgO, was not able to
prevent the deactivation completely, it contributed to
decreasing the acidity and the deactivation rate through
coking. They observed that a catalyst containing 10 cycles of
MgO, overcoat and S5 cycles of AlL,O; ALD yielded a
deactivation rate nearly 3 times lower than the 45 cycles
AlL,O, ALD catalyst previously reported.**

The stability of a copper chromite (CuCr,0,-CuQ) catalyst
for the selective gas-phase hydrogenation of furfural was also
enhanced by depositing alumina using ALD by Zhang et al.*’
Different cycles (10, 20, 30, and 45) of alumina ALD were
deposited to investigate the effectiveness of the method to
improve the catalyst stability without impairment of activity
(Figure S). Each catalyst was pretreated at 700 °C to induce

Figure S. TEM images of (a) Cu-chromite, (b) Cu-chromite-10
cycles alumina ALD, (c) Cu-chromite-20 cycles alumina ALD, and
(d) Cu-chromite-45 cycles alumina ALD.*¢ Reproduced with
permission from ref 46. Copyright 2014 Elsevier.

porosity prior to reaction. Conversely to earlier reported work,
in which 1 cycle of Al,O; ALD was able to effectively prevent
Pd nanoparticles from sintering,"’ the 10-cycle ALD coating
provided limited stability for the Cu-chromite catalyst. Higher
loadings were able to improve stability but led to a reduction in
catalyst activity. These authors concluded that the alumina
overcoating layer was able to reduce the coke formation,
copper sintering, and coverage of the copper sites by chromite
migration. In addition, the ALD overcoat increased the
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reduction temperature of copper and reduced the activation
energy for the hydrogenation of furfural. Later on, Zhang et al.
also carried out comparative studies with TiO, and Al,O; ALD
overcoat on the copper chromite catalyst for the same reaction.
Twenty cycles of TiO,-ALD coated catalyst was found to
retain about 75% of the Cu-chromite initial catalytic activity
after 10 h on stream, this being much higher than the bare Cu-
chromite, which only retained less than 20% of its initial
activity after the same exposure time. The TiO,-ALD catalyst
also performed much better than the Al,O;-ALD coated
catalyst, which only regained 30 and 10% of the Cu-chromite
initial activity for 10 and 45 ALD cycles, respectively.*” Upon
calcination at 500 °C, the TiO, overcoat showed fewer
modification effects on the base catalyst when compared with
the ALD alumina overcoat, and therefore, it did not strongly
impair the activity of copper as in the case of the ALD alumina
catalyst.

At this point, the reader might be questioning the use of
alumina ALD to provide stability to the catalysts since alumina
is not stable under hydrothermal conditions. In fact, the CVD
section included an example in which graphitic carbon was
used to stabilize an alumina support (gc-Al,O5).>" The stability
of alumina ALD can been attributed to its densification and
crystallization upon annealing at high temperature,™ which is
also an essential step for the creation of pores on the
overcoating layer.

TiO, ALD was also employed by Lee et al. to stabilize cobalt
catalysts for APH reactions, preventing leaching and sintering
of the cobalt nanoparticles.*” An uncoated cobalt catalyst was
observed to leach and sinter under the same conditions. The
authors speculated that the stability of the titania-coated cobalt
catalyst was due to the decoration of undercoordinated cobalt
sites located at defects, corners, and edges, where leaching and
sintering begin. When Al,O; was used as the overcoating layer,
there was a complete loss in catalytic activity owing to the
formation of an irreducible cobalt aluminate phase. However,
the ALD TiO,-coated cobalt catalyst was active for APH of a
variety of feedstock, including furfuryl alcohol, furfural, and
xylose.

While ALD is primarily employed for inorganic coating, a
recent variant of this technique called molecular layer
deposition (MLD) is being employed over metal catalysts to
produce hybrid organic—inorganic or fully organic layers
depending on if one or both reactants are organic
compounds.”® MLD is a vapor-phase deposition technique
that utilizes a layer-by-layer approach with two alternating
surface reactions.”’ Like ALD, MLD precursors need to be
volatile, reactive, and thermally stable at the reaction
conditions to ensure feasible film growth.’’ Liang et al.
reported the use of MLD to encapsulate a Pt catalyst with an
ultrathin highly porous film.*" Alternating reactions of
trimethylaluminum (TMA) and ethylene glycol (EG) were
employed to form aluminum alkoxide (alucone). This is
described as an “AB” type MLD chemistry with TMA
(precursor A) and ethylene glycol (precursor B). The thin
films were produced by oxidizing the alucone hybrid polymer.
The Pt particles were totally covered after 20 MLD cycles, and
their stability was evaluated at 400, 600, and 800 °C for 4 h in
air, obtaining the dispersions shown in Table 1. Even though
the bare catalyst (no MLD overcoating) initially had the
highest dispersion, this dramatically decreased after heating up
to 600 and 800 °C. However, MLD clearly improved the
stability of the catalysts, especially after 40 cycles. The
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Table 1. Dispersion Measurements for Pt/SiO, with MLD
Overcoating after Thermal Treatment.”’ Reprinted with
Permission from Ref 51. Copyright 2011 American
Chemical Society

number of MLD cycles

temperature, °C 0 10 20 30 40

Pt dispersion, % 65 42 37 38 38
400 59 42 48 43 42

600 12 37 42 39 43

800 3.9 10 27 25 34

reactivity of the catalysts was studied using the CO oxidation
reaction. It was observed that the porous coating decreased the
activity of the catalyst, and hence, higher temperatures were
required to attain full CO oxidation, likely because of the small
size of the pores limiting reactant accessibility. Interestingly,
the authors observed that the 20 MLD cycle catalyst calcined
at 800 °C was less active than the catalyst calcined at 600 °C, a
phenomenon attributed to the crystallization of the alumina
layer to form y-alumina.

MLD technique was also used by Gould et al. to stabilize Ni
catalysts.”” These authors encapsulated the catalysts by
growing alumina via “ABC” type MLD chemistry of alucone,
using TMA (precursor A), ethanolamine (precursor B), and
maleic anhydride (precursor C). This ABC alucone MLD
created a thicker layer with a high organic fraction when
compared to the AB alucone MLD reported by Liang et al.>’
Because the organic component was removed upon calcina-
tion, this ABC type layer produced larger pores (0.8 nm) when
compared with AB alucone MLD (0.6 nm). Here, a Ni catalyst
was synthesized by ALD on an Al,O; support, after which the
polymer-inorganic alucone MLD layer was deposited to
stabilize the catalyst. This created an organic-metallic overlayer
on the catalyst. Calcination of the MLD-modified catalyst was
carried out in 20% O, at 500 °C to create pores in the alumina
overcoat, and the catalysts were studied in the dry reforming of
methane (DRM) reaction at 700 °C. While the reaction rate
was found to increase over time until stabilization for the
MLD-modified catalyst, the activity with the uncoated catalyst
decreased over time due to sintering and coking. The MLD
overcoating layer prevented the catalyst from sintering, and a
calcination step was enough to regenerate the catalyst. The S-
MLD cycles sample yielded the highest DRM rate (even higher
than the uncoated catalyst after 6 h). In contrast, the 10-MLD
cycles catalyst was found to be the most stable after repeated
calcinations and reductions, being operated for long hours on
stream without noticeable deactivation.

A hybrid of MLD and ALD was reported by Goulas et al.>®
for the production of ultrathin aluminum-based overcoats on a
supported platinum catalyst. In this work, they made use of a
fluidized bed reactor operating at atmospheric pressure. Al,O;
ALD was conducted using TMA and water at 120 °C. The
hybrid ALD/MLD alucone was performed using a diol—
ethylene glycol (EG) or 1,5 pentanediol (PD)— along with
TMA. The use of diols in place of water was observed to lead
to lower growth of the protective films. The catalyst was
subjected to 15 cycles of overcoat and calcined at 800 °C to
create pores in the overcoating layer. From total adsorption
studies, it was found that the calcination of the catalyst
improved the accessibility; however, CO chemisorption
experiments indicated that only ~25% of the Pt clusters
were still accessible. This was suggested to be the result of the
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Figure 6. General set up for liquid-phase ALD.>” Reproduced with permission from ref 57. Copyright 2019, John Wiley and Sons.

densification of the AlO, phase. The authors were able to
elucidate the effect of the coreactant choice (water, ethylene
glycol, and 1,5-pentanediol), and the use of fluidized bed
reactors improved the prospect of large-scale implementation
of the ALD technique.

Yi et al. reported an enhanced selectivity and durability using
a porous alumina ALD overcoat on Pd catalysts for the
hydrogenation of 1,3-butadiene.”* The overcoat was found to
improve the selectivity to butenes, and the overcoated catalyst
also exhibited excellent durability against catalyst deactivation
after 124 h of time on stream. More recently, Kennedy et al.
replicated the strong metal—support interaction (SMSI) effect
using ALD of titania on supported platinum nanoparticles.>
Using the hydrogenation of acrolein as a probe reaction, they
observed that the TiO, ALD catalyst increased the selectivity
to allyl alcohol from 2.9 to 13.9%. The improvement of the
selectivity, alongside an observed preferential growth of the
titania ALD overcoat on the platinum nanoparticles, were
indicative of a behavior similar to SMSI.

While all these examples used ALD in the gas phase
(associated with expensive precursors, extensive purging, and
high vacuum), Héroguel et al. developed a novel layer-by-layer
approach in liquid medium to deposit conformal alumina
overcoats for control of catalyst deactivation.’® In this method,
the metal oxide precursor and water are contacted on the
substrate in stoichiometric amounts. This prevents side
reactions and the purging of excess precursors, a common
feature in gas-phase ALD. Alternate exposures of the catalyst
surface to stoichiometric quantities of aluminum alkoxide and
water in liquid phase produce very tunable porous overcoats.
Sixty cycles of alumina were used to stabilize a Cu/Al,O;
catalyst against leaching and sintering during the liquid-phase
hydrogenation of furfural. This technique is very sensitive to
changes in synthesis parameters, and it can be modified to
improve the porosity of the overcoat and accessibility to the
metal sites, providing control of the overcoat nanoarchitecture
that is lacking in gas-phase synthesis. It should be mentioned
that the effectiveness of this technique lies in the accurate
determination of the stoichiometric amount of the precursors,
as an excess would lead to the onset of heterogeneous
nucleation, creating an additional support and diluting the
active sites. On the other hand, an insufficient amount would
leave the metal surface exposed and unprotected.”® More
recently, the same research group conducted comparative
studies between conventional gas-phase ALD and liquid-phase
ALD.”” The general setup for the liquid-phase ALD is depicted
in Figure 6. Here, stoichiometric quantities of TMA (typical
ALD precursor) and water were added sequentially on silica
spheres, and the progress of the reaction was monitored in situ
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on the basis of the amount of methane released during the
process. The coating quality and conformality were identical to
that obtained by conventional gas-phase ALD performed in a
fluidized bed reactor; however, interestingly, the liquid-phase
ALD overlayer was thinner (1.5 nm vs 3 nm). Another
interesting feature of the liquid-phase ALD process was the
potential for scale-up, with 158 g of coated silica prepared
under the same conditions in a bigger flask. The researchers
were also able to use this technique to deposit phosphates, a
process that requires three precursors and six steps to complete
in conventional ALD. Finally, the authors used this method to
coat a Pd catalyst with alumina, preventing its sintering after
thermal treatment. Thus, they effectively showed the efficacy of
this technique for both noble and non-noble metals.

ALD encapsulation usually involves a calcination step to
create pores in the overcoating layer for access of the reactants
to the active sites; however, not much work has focused on the
study of the mechanism of the pore formation. In an effort to
characterize the pores formed during ALD, Alba-Rubio et al.
coated a Cu/spherical silica catalyst with 30 cycles of alumina
ALD and calcined it at 700 °C (Figure 7).>® The authors found
a method to indirectly image the pores by filling them with
niobium oxide using 20 cycles of ALD. By using scanning

Figure 7. STEM imaging of (a) Cu/spSiO, reduced, (b) 30 ALD
AlO,/Cu/spSiO, (including EDS map of the border), (c) 30 ALD
AlO,/Cu/spSiO,, showing aluminum oxide-coated Cu particle, and
(d) EELS map of coated Cu nanoparticle. Colors and element
correspondence: green, Al; blue, Si; red, Cu’® Reproduced with
permission from ref 58. Copyright 2014 American Chemical Society.
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transmission electron microscopy/electron energy loss spec-
troscopy (STEM/EELS), they concluded that the size of the
pores was ~1 nm, information that was also confirmed by
small-angle X-ray scattering (SAXS). These catalysts were
studied in the liquid-phase hydrogenation of furfural to furfuryl
alcohol, and the overcoating layer proved to protect the
catalyst from deactivation. It was also established that the
addition of niobia to the stabilized overcoated catalyst
provided metal-acid bifunctional properties.

Afterward, Li et al. explored the mechanism of pore
formation in ALD overlayers using in situ small-angle
(SAXS) and wide-angle X-ray scattering (WAXS).”” They
concluded that the pores were induced by the high-
temperature annealing of the samples, a phenomenon
attributed to the densification of the ALD overlayer as a result
of a phase transition from amorphous to crystalline. In
addition, the size of the pores was observed to increase with
increasing temperature.

Although ALD allows for deposition of conformal thin layers
(<10 nm) and has been used extensively to tune properties at
the molecular level, one major challenge is the cost associated
with ALD applications. The extensive use of vacuum and
relatively high temperatures require the use of highly
specialized equipment, which are quite expensive.”’ In
addition, high-purity substrates are essential, making the
industrial application highly limited."” ALD has also been
known to suffer from slow deposition rates as a result of
prolonged cycle times involved in pulsing and purging the
precursors, with most ALD rates being of 100—300 nm-h™1.%°
Another challenge associated with the practical application of
ALD in catalysis is the technical difficulties associated with
scaling up the process. However, the application and
commercialization of ALD in the microelectronics industry
show that this problem might be resolvable once the ALD
synthesis gains initial adoption in the catalysis market.”’ The
interesting prospect of implementing ALD in the liquid phase
bodes well for effective scale-up and industrial application. This
liquid process has an added advantage, as it can be conducted
at room temperature and pressure, hence limiting the energy
requirement. In addition, this process makes use of less
expensive precursors, and the introduction in stoichiometric
quantities limits excess usage and purging.
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4. STRONG METAL—-SUPPORT INTERACTION (SMSI)

The term strong metal—support interaction (SMSI) was
introduced in the late 1970s to explain the observed effects
on the chemisorption properties of the Group VIII noble
metals when supported on titanium oxide.’’ Tauster et al.
observed that the chemisorption properties of noble metals
were greatly affected by the interactions with the TiO,
support.”” In further studies, they demonstrated that different
metals form interfacial bonds with surfaces of reduced
transitional metal oxides, such as titanium, niobium,
manganese, tantalum, and lanthanum oxides.®®> These
interactions, postulated to occur at high reduction temper-
atures, are marked by a migration of the oxide support leading
to coverage of the metal surface.*>%* Interestingly, some recent
reports have also indicated that the SMSI effect can occur at
low temperatures.”” The main features of classical SMSI are
migration of the support accompanied by the creation of a thin
overlayer on the supported metal, significant suppression of
CO and H, adsorption, transfer of electrons from support to
the metal, and a subsequent reversal of these effects upon
reoxidation.®®

Pan et al. explained three fundamental effects associated with
SMSI: electronic, geometric, and bifunctional effects.”” The
schematic of these three effects is shown in Figure 8. The
electronic effect refers to the charge redistribution that occurs
on the interface between a metal and an oxide support and is
governed by principles such as energy minimization. This
determines the electron transfer that occurs along with the
breaking and formation of new chemical bonds. The effect on
the electronic structure is less significant if the interaction is
weak, as in the case of weak metal—support interaction
(WMSI). The geometric effect is the decoration of the metal
surface, leading to partial coverage or total encapsulation of the
metal by the support. This also involves morphological changes
that occur on the catalyst as a result of the metal—support
interactions; in some cases, the metal particles can be flattened
(for smaller particles), while in other cases, the metal particles
are unaffected. The bifunctional effect involves the creation of
new reaction sites at the interface between the metal and the
support, providing a synergistic effect and improving catalyst
activity and selectivity. This also encompasses the spillover
phenomenon in which reactants migrate from metal or support
and reacts at the interface.

https://dx.doi.org/10.1021/acscatal.0c01569
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X-ray photoelectron spectroscopy (XPS) analysis carried out
by Sexton et al. on metals supported on different oxides
revealed the reduction of the supports associated with the
SMSI effect.” These authors were able to show evidence of
the SMSI effect on rhodium and platinum particles supported
on different transition metal oxides (TiO, V,0s Ta,0s,
Nb,Os, and HfO,). The hydrogen spillover effect was also
confirmed on Pt/TiO, catalysts, with a reduction of the titania
support between 400 and 500 °C, which is lower than that
obtained for pure titania (>550 °C), indicating a more facile
reduction process. The presence of oxygen vacancies as a result
of the SMSI effect was modeled by Sanchez and Gazquez.*®
Baker et al. studied platinum particles on different supports
(carbon, aluminum oxide, silicon oxide, and titania) from 50 to
800 °C,*”° and concluded that the stability of platinum was
higher on a titania support, a characteristic that was attributed
to the SMSI effect. Gao et al.”' reported that the presence of
Nb doping on TiO, occupied the oxygen vacancies suppressing
the diffusion and encapsulation of Pt metal by the support,
indicating that Nb-doping limits the SMSI effect on titania
support.

Fu et al. demonstrated the use of SMSI to develop a Pd/
Ce0,/C catalyst with high resistance to leaching.”” In this
work, they established that the electron transfer from the
carbon support via the CeO, to the Pd particles provided
excellent leaching resistance to the Pd catalyst. This, along with
the transfer of oxygen from the ceria, improved the stability
and activity of the catalyst for the catalytic wet air oxidation of
N,N-dimethylformamide (DMF).

Tang et al. described the SMSI effect between gold
nanoparticles and hydroxyapatite (HAP), the first example of
SMSI between a metal and a nonoxide support.”” The gold
nanoparticles were encapsulated by HAP, the extent of the
coating being dependent on the temperature of calcination.
The Au/HAP catalyst was subjected to different calcination
temperatures from 200 to 600 °C in air for 3 h, and the
morphological changes are depicted in Figure 9. It was
observed that the encapsulation of the Au nanoparticles only
occurred at calcination temperatures >300 °C, with the degree
of coverage increasing progressively as the calcination
temperature increased until reaching complete coverage at
600 °C. Further analysis by EELS corroborated that the

Figure 9. HRTEM images of (a) Au/H-200, (b) Au/H-300, (c) Au/
H-400, (d) Au/H-500, (e) Au/H-600, and (f) Au/H-500-H,.”
Reproduced with permission from ref 73. Copyright 2016 American
Chemical Society.

coating overlayer was originated from the HAP support, a
characteristic feature of SMSI. Unlike the conventional
reductive method, this reversible encapsulation took place
under oxidative conditions. When CO oxidation was used as a
probe reaction, a reduction in the activity was observed with
increasing calcination temperature, which was attributed to the
decreased exposure of gold active sites as a result of the
increasing HAP overlayer. Even though the SMSI-induced
layer reduced the catalytic activity of the catalyst, it was shown
that the coated catalysts (Au/H-300—600) had smaller particle
size and better activity than the uncoated catalyst (Au/H-200).
This proved that the SMSI overlayer was effective in
preventing sintering during the CO oxidation studies. The
coated (Au/H-500) and uncoated catalysts (Au/H-200) were
also tested in the liquid-phase conversion of benzyl alcohol to
benzaldehyde. While the uncoated catalyst exhibited a loss of
activity after 2 cycles due to leaching and sintering, the coated
catalyst was stable and maintained its conversion and
selectivity to benzaldehyde after 5 cycles. The authors also
reported that this SMSI effect could be extended to other
phosphate-supported gold catalysts due to the generality of the
interaction.

In order to modify the SMSI effect on Au/HAP, Tang et al.
decided to alter the support by introducing titania.”* They
observed that by adding TiO,, Au nanoparticles occupied the
interfacial region between the support materials leading to
partial encapsulation. Remarkably, this catalyst was very stable
against sintering after calcination at 800 °C and showed
excellent activity in CO oxidation studies. The partial coverage
of the Au nanoparticles by HAP was primarily responsible for
the high stability, while the proximity of the Au surface to TiO,
enhanced the catalytic activity. This introduced a new concept
for tuning SMSI behavior on supported metals. Further, Tang
et al. performed classical SMSI studies involving gold on titania
support.’® Prior to this example, classical SMSI had been
difficult to achieve on gold catalysts, and they reported the
encapsulation of Au nanoparticles with a TiO, layer following
reductive treatments.® The catalyst also showed consistent
SMSI attributes, such as suppression of CO adsorption and
transfer of electrons from the support to the Au nanoparticles.
Similar features were observed when the gold nanoparticles
were supported on CeO,, and Fe;O, supports, indicating that
gold can exhibit classical SMSI characteristics with other oxides
besides TiO,.°® They were also able to prove the effectiveness
of other group 1B metals (Cu and Ag) to display SMSI
characteristics on a TiO, support.

Another example of the encapsulation of gold nanoparticles
by SMSI was provided by Liu et al. when they reported the first
case of SMSI between gold and ZnO nanorods.”* This work
also focused on the oxidative SMSI (O-SMSI) mechanism
between gold and ZnO nanorods in a Au/ZnO catalytic
system.”” The catalyst was subjected to oxidative conditions at
300 °C and also to conventional reductive SMSI (R-SMSI) at
300 °C with H,. The authors observed that the electron
transfer between the gold nanoparticles and the support led to
the migration of ZnO over the surface of Au with subsequent
encapsulation. CO oxidation was used as a probe reaction to
elucidate the significance of the O-SMSI effect. Interestingly,
they observed that the classical SMSI obtained from reductive
treatment (R-SMSI) led to a lower activity for CO oxidation. It
was observed that, for the R-SMSI, the electron transfer is from
the support to the metal, making gold to sink under ZnO with
the formation of AuZn alloy, while in the O-SMSI the electron
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transfer is from the metal to the support, facilitating the
migration of ZnO onto the gold surface and its encapsulation.
They concluded that the O-SMSI had a strong effect on the
activity of the catalyst before and after encapsulation. Similarly,
Liu et al. encapsulated gold nanoparticles under oxidative
SMSI (O-SMSI) conditions.”® In their work, gold nano-
particles were supported on titania, while melamine (an
adsorbate) was used to induce the overlayer formation. The
obtained catalyst (Au/TiO,@M) was annealed in N, at 600
°C and then subjected to calcination experiments at 800 °C for
3 h in air. This strategy increased the strength of the
interaction between gold and the titania support, leading to the
formation of a thin permeable TiO, layer over the gold
nanoparticles. Complementary studies suggested that the
presence of melamine, pretreatment in N,, and high-temper-
ature calcination in air were all necessary for the formation of
the TiO, overlayer. Thus, indicating the effectiveness of the
adsorbate-mediated approach for oxidative SMSI. Just like in
the case of Au on ZnO, the electron transfer was from Au to
the TiO, support, leading to the reduction of Ti*' to Ti’>" and a
partial positive charge on gold with subsequent migration of
TiO, onto the gold surface and formation of a Au—Ti bond.
This catalyst displayed high sintering resistance and excep-
tional catalytic activity for CO oxidation and water—gas shift
reaction. Remarkably, the same phenomenon was observed
when Au was supported on two different titania forms: anatase
and rutile.

Furthermore, the use of other adsorbate-mediated strong
metal—support interactions (A-SMSI) to stabilize oxide-
supported rhodium catalysts has been reported.”””® The
researchers made use of not only TiO, but also a Nb,Ogq
support and demonstrated the SMSI encapsulation of Rh
particles in a CO,—H, environment. The presence of the CO,-
rich feed drove the migration of HCO,-functionalized support
over the Rh metal nanoparticles, and the stable A-SMSI layer
modified the activity of the Rh particles for CO, reduction. As
it can be seen in Figure 10, the classical SMSI forms an
impermeable overlayer onto the Rh particles, and under the
reaction conditions, this stays intact when using Nb,Oy and
completely recedes on a TiO, support. On the other hand, the
A-SMSI of Rh on both TiO, and Nb,Ojy creates a permeable
overlayer around the Rh particles that modifies the catalytic
activity. HCO, was said to induce oxygen-vacancy on the
support, which fostered the formation of the A-SMSI layer.
After subjecting the SMSI and A-SMSI Rh/Nb,Oj catalysts to
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a feed of CO, and H,, SMSI caused a blockage of the Rh
nanoparticles leaving only isolated Rh atoms to produce CO,
while A-SMSI modified the Rh nanoparticles toward producing
more CO, indicating the promotional effect of the A-SMSI
technique.

While some research groups have focused on ALD to avoid
the challenges associated with the high-temperature reductive
and oxidative conditions required for the occurrence of the
SMSI effect, others have explored different ways to modify the
SMSI process while taking advantage of its features. A wet
chemistry SMSI (wcSMSI) method for encapsulating gold
nanoparticles with a titania support was reported by Zhang et
al.”” Here, the authors made use of an aqueous solution at
room temperature, and the driving force behind this idea was
the prevention of sintering that occurs during the high-
temperature treatments when using conventional SMSI
processes. A colloidal TiO, solution was contacted with a Au
nanoparticle colloid under stirring, after which the suspension
was acidified with H,SO, in a process referred to as a sol-
immobilization method. Successive drying at 100 and 300 °C
was needed to obtain the Au/TiO,-wcSMSI catalyst. This
wcSMSI TiO, layer stabilized the Au nanoparticles against
sintering in the CO oxidation reaction.

In another novel SMSI approach, Wang et al. synthesized a
catalyst having the SMSI effect without the need for a
reduction or oxidation step.”’ They used a hydroxide-to-oxide
support transformation to exhibit the SMSI effect between
gold nanoparticles and Mg—Al layered double oxides (Au/
LDO). To achieve this, a Mg—Al layered double hydroxide
(LDH) was used as the support, which upon calcination in N,
dehydrated to the oxide form (LDO), effectively coating the
gold nanoparticles. The LDO-induced SMSI improved the
activity of the catalyst for ethanol dehydrogenation and CO
oxidation while also inhibiting sintering. Interestingly, this
technique was also employed to synthesize stable Rh/LDO
and Pt/LDO with increased sintering resistance when calcined
at 600 °C, indicating the universality of this approach.

Lee et al. published the first report on the use of the SMSI
effect to stabilize a base metal catalyst against deactivation for
APH of oxygenates.”' They reported both the geometric and
bifunctional effects on titania-supported cobalt nanoparticles
(Co/Ti0,). The as-synthesized Co/TiO, catalyst was
subjected to different thermal treatments and reduction
conditions. A batch of the catalyst was reduced at 450 °C
(Co/TiO, 723R) and 600 °C (Co/TiO, 873R), another batch
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was calcined at 400 °C prior to reduction at 450 °C (Co/TiO,
673C-723R) and 600 °C (Co/TiO, 673C-873R), and the last
batch was calcined at 600 °C and reduced at 600 °C (Co/TiO,
873C-873R). Figure 11 shows a STEM image of the catalyst
calcined at 600 °C, highlighting the SMSI protective layer over
a Co nanoparticle.

Figure 11. STEM image of Co/TiO, calcined at 600 ocH
Reproduced with permission from ref 81. Copyright 2015 Elsevier.

These catalysts were studied in the APH of furfuryl alcohol.
ICP results showed no leaching for all catalysts reduced at 600
°C, while those reduced at 450 °C lost up to 44.6% of cobalt
through leaching (Figure 12). Additionally, the carbon balance
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Figure 12. Cobalt leaching of the different Co/TiO, catalysts after
reaction.®’ Reproduced with permission from ref 81. Copyright 2015
Elsevier.

for the catalyst reduced at 450 °C was lower than 69%, while
that for the catalyst reduced at 600 °C was higher than 85%,
which implied that catalysts reduced at 600 °C were more
resistant to leaching and coking. The catalysts reduced at 600
°C also exhibited a higher selectivity to 1,2-pentanediol
(30.3%), a product not observed when the catalyst was
reduced at 450 °C. These results are indicative of the creation
of bifunctional sites at high-temperature calcination and
reduction, which facilitate the hydrogenolysis giving rise to
high selectivity to 1,2-pentanediol.

Wang et al. also demonstrated that the SMSI effect was able
to improve the stability of a Ni/MgO catalyst in the CO,
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reforming of methane (CRM) reaction.”” Calcination treat-
ments led to the formation of a NiO-MgO solid solution as
verified by XRD, in which all the NiO difftused and became
incorporated into the MgO phase at calcination temperatures
greater than 650 °C. Further reduction of this catalyst at 850
°C produced metallic Ni sites with improved activity and
stability against sintering and reduced deposition of carbona-
ceous species. A similar approach was reported by Gonzalez-
DelaCruz et al,, who also discussed the stabilization of Ni/
CeO, via SMSI for the dry methane reforming.** In this work,
they found that the Ni particles flattened and spread out on the
partially reduced ceria surface.”® This shape modification led to
an improvement in the stability of the catalyst for dry
reforming of methane at the typical high-temperature reaction
conditions (750 °C). Later, in situ spectroscopy studies
conducted by Caballero et al. confirmed that the SMSI effect in
a Ni/CeO, system led to the decoration and encapsulation of
the Ni nanoparticles by the reduced ceria support.**

Another example of Ni catalysts with improved selectivity
and stability was provided by Li et al., who synthesized a Ni@
ZrO, nanocomposite with enhanced metal—support inter-
action for hydrogen production from ethanol steam reform-
ing."> As Ni is prone to oxidation in air, NiO was used to
synthesize the catalyst. NiO was first prepared via a surfactant-
assisted route, and the Ni@ZrO, nanocomposite was
synthesized via a modified hydrothermal method with the
NiO particles added during the gelation of the zirconia
precursor. A Ni/ZrO, catalyst prepared by impregnation was
also synthesized for comparison. As it can be seen on the TEM
images in Figure 13¢,d, the Ni@ZrO, catalyst showed a higher
dispersion than the Ni/ZrO, catalyst, with an average Ni
particle size of 10.5 nm compared with 23.7 nm. The presence
of different zirconia crystalline phases is depicted in Figure 13a,
being monoclinic zirconia (28.2°) and pure zirconia (31.5°)
predominant on the Ni/ZrO, catalyst. However, a metastable
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Figure 13. (a) XRD patterns recorded for NiO, ZrO,, Ni/ZrO,, and
Ni@ZrO,, (b) TPR plots for NiO, Ni/ZrO,, and Ni@ZrO,, (c¢) TEM
image and elemental mapping of Ni/ZrO,, and (d) TEM image and
elemental mapping of Ni@ZrO,.** Reproduced with permission from
ref 85. Copyright 2012 Royal Society of Chemistry.
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Table 2. Reagents Employed for the Synthesis of Catalysts by the Stober Method and Main Physical Properties

SpeT particle size
catalyst metal source reagents reaction (m*g™) (nm)
Ni/Si0,” Ni(NO,),-6H,0 TEOS, C;sTMS, NH; solution methane decomposition 93—105 29-32
Ni/Si0,”® Ni(NO,),-6H,0 TEOS, C,sTMS, NH; solution methane decomposition 93 32
Fe/Si0,”® Fe(NO;);9H,0 TEOS, C,sTMS, NH; solution methane decomposition 99 30
Co/Si0,”® Co(NO;),-6H,0 TEOS, C,sTMS, NH; solution methane decomposition 50 50
NiO@$i0,” Ni(acac), TMOS, CsTMS, NH; solution methane reforming — 46
NiO@Si0,”" Ni(NO,),-6H,0 TEOS, PVP, NH; solution syngas methanation 34-117 11.2-46.3
NiO@$i0,'” Ni(NO,),-6H,0 TEOS, PVP, NH; solution syngas methanation 263 11.2
Fe;0,@C/Ni'"! NH,Fe(SO,),-12H,0  (NH,)sMo,0,,-4H,0, NaBH,, NH; solution reduction of 4-nitrophenol 77 —
NiCl,-6H,0
Ru@HCS> RuCl, TEOS, CTAB, NH; solution Fischer—Tropsch 75 —
Ru@MHCS* RuCly TEOS, CTAB, resorcinol, formaldehyde, NH; Fischer—Tropsch 944 —
solution
Ru—Co@Si0,'** RuCly TEOS, PVP, NH; solution methane reforming SS 52
Co(NO;,),-6H,0
Pd@Si0,'* PdCl, TEOS, PVP, NH; solution methane combustion S51-70 78—121
Pd@mSiO,'* PdCl, TEOS, PVP, CTAB, NHj; solution methane combustion 610—764 78-91
PdPt@SiO,'** PdCl,, H,PtClg TEOS, PVP, CTAB, NH, solution methane combustion 598 67
Au@MCM-22"% HAuCl, TEOS, hexamethyleneimine, Na,Al,O,, NH; solution  oxidation of cyclohexane 392 —
Au@meso- HAuCl, TEOS, CTAB, F127, resorcinol, formaldehyde, NH;  reduction of 4-nitrophenol 537 —
$i0,'%¢ solution

phase of zirconia at 30.3° was observed on Ni@ZrO,, which
indicates a form of interaction with the nickel species.
Likewise, the temperature-programmed reduction (TPR)
profile (Figure 13 b) for Ni/ZrO, showed a peak at 579 K
with a shoulder at 693 K, while that for Ni@ZrO, only showed
a peak centered at 723 K. The higher reduction temperature
confirmed the presence of NiO, species with strong interaction
with the ZrO, support. The geometric confinement of the Ni
nanoparticles by zirconia coupled with the strong interaction
between the components led to increased resistance of the
nickel particles to sintering. In addition, the presence of
surface-active oxygen enabled the removal of carbon deposits,
thereby preventing coking on the catalyst. This catalyst proved
to be stable for over 50 h on stream.

The SMSI effect applied to metals from the platinum group
is still an area under much investigation. Fewer reports have
shown the encapsulation of base metals using this technique.
An important advantage of the SMSI effect is the enhancement
of the catalytic activity and tunability to selective reactions and
products. The modification of the activity by the adsorbate-
mediated pathway and the versatility of its application to
different supports calls for more explorative works and insights.
Further, more focus should be geared toward developing the
wet chemistry SMSI approach and applying it especially to
non-noble metals.

Another interesting strategy gaining attention is the use of
smart (or intelligent) catalysts, described as catalysts consisting
of metal nanoparticles supported on perovskite-type materials.
Akin to the SMSI effect, this technique leverages interactions
between metal nanoparticles and the support as a result of
reductive-oxidative treatments. This high affinity results in the
solubilization of the metal cation into the support during
calcination treatments preventing the sintering of the nano-
particles, which can then be exposed back to the surface upon
reduction. For example, Nishihata et al. reported the self-
regeneration of Pd-perovskites catalysts (La-
Fey57C0g35PdgosO; and LaFeygsPdys0;) for control of
automotive emissions.”® The catalysts were prepared via the
alkoxide method, in which metal ethoxyethylates,
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M*(OC,H,0C,H;); (M= La, Fe, and Co) are dissolved in
toluene, and the precipitates containing Pd are obtained by
using a diluted aqueous solution of Pd(NO;), during
hydrolysis. After drying, these were calcined to obtain the
uniformly dispersed Pd-perovskites. They observed that upon
exposure to oxidative (800 °C in air) and reductive
atmospheres (800 °C in 10% H,/ 90% N,), the Pd particles
move inside and outside of the perovskite structure,
respectively, inhibiting their growth and retaining its high
catalytic activity during aging experiments. Conversely, a
traditional impregnated Pd/alumina catalyst lost 10% of its
activity when exposed to the same aging treatment. In related
studies, Onn et al. reported the use of ALD to prepare a smart
Pd catalyst on high-surface-area LaFeO,.”” Using ALD, these
authors were able to deposit a thin conformal coating of
LaFeOj; on porous MgAlL,O, for increased surface area. This
allowed for an improved form of the self-regenerating smart
catalyst compared with traditional bulk perovskite supports.
This invariably opened new pathways for exploring ALD
mechanisms for the incorporation of metal nanoparticles on
perovskite supports for enhanced activity and stability. The use
of non-noble metals for the development of smart catalysts has
also been investigated. As an example, Deng et al. synthesized a
smart Ni catalyst supported on LaFeO; perovskite for the
oxidative reforming of methane.*® They observed that the
cyclical embedment and redispersion of Ni enhanced its
sintering and coking resistance during the reaction. They also
studied the effect of different promoters (Pr, Mg, Sr, Ba, Ca,
Ce) on the reducibility of Ni and concluded that Pr provided
the greatest enhancement on the reduction of Ni** and eased
the reversible diffusion of Ni atoms outside and inside the
surface of the perovskite matrix (self-regeneration).

5. STOBER METHOD

The Stober method was reported in 1968 as a sol—gel method
to synthesize silica spheres with controlled diameter and
uniform particle size.*” It is a common method that takes place
in a water—alcohol-ammonia-tetraalkoxysilane system, in
which the spherical silica nanoparticles are formed via
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ammonia-catalyzed hydrolysis and condensation of tetraethyl
orthosilicate (TEOS) in alcohol—water mixtures. The Stober
method is also a well-established route to coat nanomaterials
with a silica shell, and it has been widely employed in the
encapsulation of metal”® and metal oxide nanoparticles,”!
semiconductors,” polymers,93 energy storage,94 biotechnol-
ogy,” and photonic devices.”® As sintering and leaching are
the main irreversible causes of catalyst deactivation, the Stober
method has been recently considered as a promising alternative
to reduce these deactivation modes, and its efficiency has been
evaluated in different catalytic active phases. Table 2 compiles
some examples of catalysts synthesized by the Stober process
or derived methods, indicating the primary reagents used in
the synthetic procedure and their main physical properties.
These examples represent two different approaches: copreci-
pitation (e.g,, Ni/SiO,) and core—shell (e.g., NiO@SiO,, with
NiO: core and SiO,: shell). While the coprecipitation route
involves the simultaneous nucleation and growth of metal and
metal oxide, in the core—shell approach, the metallic core is
synthesized first followed by deposition of the outer protective
shell.

Wang et al. synthesized a series of NiO@SiO, core—shell
catalysts by using a modified Stober method and studied them
in the methanation of syngas.”’ These catalysts displayed a
uniform encapsulation by SiO,, mutual coherence of the shells,
and increased thickness upon the increase of the particle size.
They found that the catalytic performance considerably
decreased when increasing the calcination temperature during
preparation, likely due to an increase of the NiO nanoparticle
size. Unfortunately, the deactivation of the catalyst took place
despite the formation of core—shell structures. However, a
positive effect was detected on the core—shell catalysts
prepared by the Stober method when compared to a NiO-
SiO, catalyst prepared by physical mixture, as the latter showed
very low activity. Ashik et al. employed a continuous process
denominated coprecipitation cum modified Stober method,
which avoided the use of high calcination temperature before
coatin% nanoparticles with silica, reducing their agglomer-
ation.”” In this case, the SiO, protective layer around NiOH
particles was synthesized through hydrolysis of TEOS and
octadecyltrimethoxysilane (C,4TMS) with ammonia in an
alcoholic medium. Then, the catalyst was calcined and treated
in H, to reduce NiO. The nanostructured n-Ni/SiO, catalyst
prepared by this method displayed better catalytic stability
than traditional Ni/SiO, catalysts for the hydrogen production
by decomposition of methane, maintaining its catalytic activity
for 300 min of time on stream with slight deactivation. In
contrast, uncoated Ni nanoparticles suffered sintering and
coking, with a thick layer of carbon hindering the further
decomposition of methane over NiO. This research group also
compared Ni/SiO,, Fe/SiO,, and Co/SiO, catalysts prepared
by coprecipitation cum modified Stober method for the
thermocatalytic decomposition of methane.”® They reported
that the catalytic behavior, in terms of activity and stability,
followed the order: Ni/SiO, > Co/SiO, > Fe/SiO,. The
formation of large metal particles and metal particle
fragmentation were responsible for the worse catalytic
performance of Co/SiO, and Fe/SiO, catalysts, as the crystal
size promoted the formation of irregularly shaped nanocarbons
as a byproduct, which inhibited the catalytic activity. A more
extensive study was carried out with the n-Ni/SiO, catalyst
through methane decomposition kinetic experiments in a fixed
bed pilot plant.'”” Despite this catalyst being the most active,
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the deactivation occurred under certain reaction conditions,
such as high temperature and lower CH, partial pressure, due
to carbon accumulation.

Yang et al. synthesized a Ni@SiO, core—shell catalyst by the
Stober approach and used the method of etching with
hydrochloric acid to obtain a Ni@SiO, yolk—shell catalyst
(Figure 14).”” Although both core—shell and yolk—shell

Figure 14. (a) TEM image of Ni nanoparticles, (b) TEM and (c)
HRTEM images of Ni@SiO, core—shell catalyst, (d) TEM and (e)
HRTEM images of Ni@SiO, yolk—shell catalyst, and (f) TEM image
of Ni-SiO,-AE catalyst.”” Reproduced with permission from ref 99.
Copyright 2016 Elsevier.

structures are composed of Ni cores embedded in a silica
shell, in the yolk—shell nanoarchitecture exists a void space
between the metallic core and the oxide shell, thus creating
individual nanoreactors around the core nanoparticles. The as-
synthesized catalyst was studied in the CO, reforming of CH,
to syngas, and its behavior was compared with another Ni-SiO,
catalyst prepared by a similar method but without full
encapsulation of Ni particles by silica (Ni-SiO,-AE). It was
reported that the sintering of the nickel particles was
considerably decreased on the yolk—shell structured Ni@
SiO, catalyst, with enhanced stability of the material at a
temperature up to 800 °C. Moreover, almost no encapsulating
carbon was detected for this catalyst, which could be due to the
gradual growth of filamentous carbon. However, the Ni@SiO,
core—shell catalyst displayed less stability under the same
conditions due to the deposition of encapsulating carbon that
blocked the pores of the SiO, shell preventing the accessibility
of the reactants to the active sites. In the case of the nonfully
encapsulated Ni-SiO,-AE catalyst, both sintering of the Ni
nanoparticles and carbon deposition were prevalent, with high
carbon content up to 49% between encapsulating and
filamentous carbon recorded after only 1.5 h on stream.
Although the yolk—shell architecture displayed much better
stability, there is usually a reduced metal-oxide interaction
when this strategy is utilized because of the isolation of the
metal cores inside the oxide shells.'"®
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Likewise, Han et al. also prepared core—shell structured
Ni@SiO, catalysts by using chemical precipitation of NiO
nanoparticles followed by a modified Stober method for the
syngas methanation reaction.'”’ Here, the stability of Ni@SiO,
was higher than that of a traditional Ni/SiO, catalyst due to
the strong interaction between the Ni core and the SiO, shell,
which minimized the sintering of Ni particles and the carbon
deposition. Moreover, the core—shell structured Ni@SiO,
catalyst showed better textural properties (i.e., higher surface
area and larger pore size), likely due to the blockage of the
silica pores by NiO nanoparticles in the case of the Ni/SiO,
catalyst.

A highly active catalyst comprised of NiO-MgO nano-
particles was also coated with silica using the Stober protocol
for increased stability by Li et al.'” The metal oxide
nanoparticles were synthesized using a surfactant-assisted
coprecipitation method, after which the oxides were encapsu-
lated with porous silica. The as-prepared catalyst was utilized
for the CO, methanation reaction. The authors reported that
the catalyst with a Ni/Mg ratio of 4 exhibited the highest
catalytic activity and stability for 100 h on stream at 300 °C.
This was attributed to the highly dispersed and isolated Ni
nanoparticles because of the confinement effect of the silica
shell protecting the particles from sintering.

In addition to Ni nanoparticles, the Stober method has been
employed to study other metal and metal oxide phases. For
example, Wang et al. carried out the synthesis of Fe;0,@C/Ni
microtubes and evaluated their catalytic behavior in the
reduction of 4-nitrophenol.'”" First, a layer of nickel ion-doped
polydopamine (PDA-Ni**) was polymerized in situ on the
surface of MoO;@FeOOH by an extended Stober method
using MoO; as the sacrificing template in such a way that the
PDA-Ni*" coating and the removal of MoO; were carried out
simultaneously, facilitating the synthesis procedure. The
prepared FeOOH@PDA-Ni** microtubes were converted to
Fe;0,@C/Ni through pyrolysis in an inert atmosphere
without any additional reductants, leading into a material
with large pore volume and BET surface area. This catalyst
showed an excellent catalytic performance toward the
reduction of 4-nitrophenol and interesting cyclic stability. On
the other hand, Ai et al. synthesized a novel egg-like
nanosphere by using a modified Stober method with
template-free surface-protected etching, Fe;O,@nSiO,—
NH,—Fe,054Bi,0;@mSiO, (Figure 15), and evaluated its
catalytic performance in the reduction of nitroaromatics to
aniline.'’ First, a magnetic inner-core of Fe;O, spheres
denominated as “yolk” was covered by a layer of nonporous
silica in which amino groups were introduced by using 3-
aminopropyl-triethoxysilane (APTES). The Fe-based nano-
particles were magnetically immobilized around these magnetic
silica spheres bonded to the surface of amino groups; this inner
silica shell bearing active Fe,O;-xBi,O; species named as “egg
white.” Finally, this material was protected by using
polyvinylpyrrolidone and then etched with NaOH to increase
the permeability of the outer silica shell, being denominated as
the “egg-shell,” and calcinated at 350 °C. This novel
mesoporous-silica-protected egg-like nanocatalyst demonstra-
ted to be an efficient and chemoselective catalyst for the
reduction of several functionalized nitroarenes to their
corresponding anilines. Thus, high values of catalytic activity
and selectivity and long lifetimes were found in such a way that
the presence of Bi enhanced the activity of iron oxide, and the
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Fe;04 Fe,0,@nSi0, Fe,0,@nSi0,-NH,
@ Fe.Bi(OH), FeCl,6H,0
@ Fe,0.4Bi0; Bi(NO,)5H,0
TEOS
PVP, NaOH
350 °C, 30 min

Fe;0,@nSiO-NH,-Fe,0,xBi,0,@mSi0;  Fe,0,@nSi0,-NH,-Fe,Bi,(OH),
Figure 1S. Synthesis schematic for Fe;0,@nSiO,-NH,-Fe,0;-
xBi,0;@mSiO, core—shell catalyst.''® Reproduced with permission
from ref 110. Copyright 2017 Springer Nature.

active component Fe,0;xBi,O; reduced the aggregation of
the active phase.

Another example of encapsulation by a modified Stober
process was reported by Pang et al., who synthesized bimetallic
Ru—Co catalysts for the CO, reforming of methane to
syngas.'”” They reported that the encapsulation of nano-
particles with silica enhanced their thermal stability due to
particle isolation and contributed to reducing sintering and
suppressed cobalt oxidation during the reaction. Overcoated
Ru—Co catalysts with uniform Ru distribution and optimum
porosity of the SiO, shell demonstrated to be highly stable and
efficient at low temperatures. Likewise, these authors evaluated
the effect of adding surfactants, polyvinylpyrrolidone (PVP)
and cetyltrimethylammonium bromide (CTAB), to the shell to
improve its porosity, and they found that this was critical for
mass transportation and catalytic activity.

The coating of cobalt particles has been reported to be
challenging due to the poor stability and magnetic properties
of metallic cobalt particles in solution.'' Kobayashi et al.
reported the first case of a Co@SiO, core—shell structure
when they synthesized amorphous Co nanoparticles encapsu-
lated with a dense homogeneous silica shell.''* The same
technique was utilized to overcoat large Co nanoparticles by
Wau et al,;'"® however, there were some challenges related to
the dispersion of the cobalt nanoparticles and mass transfer
limitations due to the lack of homogeneity of the overcoating
layer. Batail et al. also reported the encapsulation of cobalt
nanoparticles in mesoporous silica using a modified Stober
synthesis with a high surface area and improved stability in
oxidation conditions.''* In this work, the cobalt nanoparticles
were stabilized using sodium nitrate and polyvinylpyrrolidone
(PVP). The as-synthesized cobalt nanoparticles were then
coated using a modified Stober protocol. They focused on
optimizing the amount of solid per pass and the induced
porosity in the silica shell without causing a significant effect
on the metallic properties. To achieve this, the authors utilized
a pseudomorphic transformation of the Co@m-SiO, material
in an alkaline solution of CTAB and subjected the prepared
catalyst to annealing conditions in an atmosphere of air. In situ
XRD and TEM analyses revealed that the cobalt catalyst was
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very resistant to oxidation and stable against sintering even up
to 700 °C.

The Stober method has also been used to protect gold
catalysts from deactivation. As an example, Arnal et al
prepared Au@ZrO, catalysts by covering Au nanoparticles
with a dense silica layer by a modified Stober process, coating
this with a zirconia shell, and subsequently removing the SiO,
core (Figure 16).""> The isolation of the metal nanoparticles
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Figure 16. Schematic and TEM images of the Au@SiO, core—shell,
Au@SiO,@Zr0,, and Au@ZrO, catalysts.''> Reproduced with
permission from ref 115. Copyright 2006 John Wiley and Sons.

by the hollow sphere encapsulation allowed the stabilization of
the active phase for CO oxidation, unlike the nonencapsulated
catalyst, which suffered a considerable loss of catalytic activity.
Coated and uncoated Au catalysts were both subjected to
thermal treatment at 800 °C, and it was observed that the
particle size of the coated particles was unchanged, while the
uncoated catalyst suffered from sintering. The uncoated
catalyst also suffered a significant drop-off in the activity for
the CO oxidation reaction after calcination at 800 °C
corroborating the sintering effect, while the coated catalyst
maintained its activity even after calcination.

Similarly, Saxena et al. also encapsulated Au nanoparticles
with silica by the Stober method and further transformed this
into Au@ZSM-5 and Au@MCM-22 by a modified hydro-
thermal route.'”® The Au nanoparticles encapsulated by zeolite
nanoshells displayed better catalytic performance for the
cyclohexane oxidation reaction (a reaction driven by acid
sites) than commercial and conventional zeolites, improving
their sintering resistance, decreasing the agglomeration, and
enhancing the conversion. Several other authors also studied
the encapsulation of Au nanoparticles by the Stober method
for the reduction of 4-nitrophenol. Chen et al. synthesized
mesoporous silica hollow nanospheres with multiple Au cores
(Figure 17)."% First, core—shell Au@resorcinol-formaldehyde
nanospheres with multiple gold cores were synthesized by a
modified Stober method. Then, the core—shell nanospheres
were coated with a layer of mesoporous silica by using CTAB
as a template, giving rise to Au@meso-SiO, after calcination.
This catalyst displayed high catalytic activity and stability for
the reduction of 4-nitrophenol.

Likewise, Fang et al. developed novel Au-loaded magnetic
SiO,/carbon yolk—shell ellipsoids (Fe@SiO,—Au@H—C),
which were composed of magnetic Fe@SiO, yolks, meso-
porous carbon shells, and multiple gold nanoparticles.''® For
this, the SiO,/polymer resin double-shell structures were first
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Figure 17. Synthesis protocol for Au@meso-SiO, catalyst.'
Reproduced with permission from ref 106. Copyright 2014 Elsevier.

prepared by an extended Stober method, followed by
carbonization-hydrothermal etching to obtain yolk—shell
structures with mesoporous carbon shells. Finally, the in situ
encapsulation of Au nanoparticles and the integration of inner
entrapped Fe cores with strong magnetism were simulta-
neously accomplished via H, reduction. The gold nanoparticles
showed good dispersion and enhanced thermal stability
because of the protection of ethylenediamine as a stabilizer.
This catalyst demonstrated to be active for the reduction of 4-
nitrophenol and easily recoverable for its reuse. Recently, Yang
et al. encapsulated Au nanoparticles inside hollow mesoporous
carbon spheres that were synthesized from biopolymeric
chitosan via an in situ Stober approach followed by pyrolysis
and alkali washing. These yolk—shell architectures (YS-Au@
HMCS) showed larger catalytic activity and stability than
others for the reduction of 4-nitrophenol because of decreased
deactivation through leaching of the active phase.""”

Other noble metal core—shell structures have also been
developed using the Stober method. Palladium core—shell
structures prepared by the Stober synthesis were shown to
operate effectively at temperatures much lower than the
commercial conditions for the hydrogenation of 4-carbox-
ylbenzaldehyde (4-CBA) to p-toluic acid.''® This hydro-
genation process is the primary upgrading step in the refining
of purified terephthalic acid (PTA), and lower operating
temperature and effective isolation of the palladium particles
by the porous silica shell was shown to mitigate possible
challenges associated to sintering of the Pd particles in the
PTA refining process.

Joo et al. also reported the synthesis of platinum/
mesoporous silica core—shell catalysts (Pt@msSiO,).""”
These catalytic structures demonstrated high thermal stability
for high-temperature CO oxidation reaction studies, including
ignition behavior, which was not possible with bare Pt owing to
the metal aggregation. The platinum core in Pt@mSiO,
maintained its morphology and crystalline nature up to 750
°C. Interestingly this Pt core—shell catalysts also exhibited
good activity for the ethylene hydrogenation reaction. Shang et
al. also reported the encapsulation of graé)hene-supported Pt
nanoparticles using mesoporous silica.'”’ In this case, the
hydrolysis of TEOS was initiated by ammonium hydroxide
derived from the decomposition of urea, forming a
mesoporous silica shell over the catalyst. CTAB was used to
generate pores on the silica overlayer, after which the catalyst
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Table 3. Reagents Employed on the Synthesis of Mixed Oxides by Nonhydrolytic Sol—Gel Method and Main Physical

Properties
mixed oxides metal source reagents reaction Sper (m>g™)

Co—Al'* CoCl,, AICI; diisopropyl ether epoxidation of (Z)-cyclooctene 45
Jacobsen—Al'"*? Jacobsen, AlCl, diisopropyl ether oxidation of (Z)-cyclooctene 31
Re—AI"* ReCl;, AICI, diisopropyl ether metathesis of ethene and butene 360
Re—Si—Al'** ReCl;, SiCl,, AICI, diisopropyl ether metathesis of ethene and butene 190
Si—Ti'*’ Si(OAc),, Ti(NEt,), Pluronic P123 epoxidation of cyclohexene 442
TiO,@SBA-15"%° TiCl,, Ti(OiPr), diethyl ether 1-phenylethanol dehydration 292-350
Ni/Si—Ti'* SiCl,, TiCl,, Ni(NO,),-6H,0 diisopropyl ether ethane dehydrogenation 83-156
V-Ti"¥’ VOCl,, TiCl, diisopropyl ether oxidation of benzene 64—88
W-V-Ti"** WCl,, VOCI;, TiCl, diisopropyl ether oxidation of benzene 58-109
Mo—V-Ti"** MoCl;, VOCI;, TiCl, diisopropyl ether oxidation of benzene 53-90
W—Zr—S8i'* WCly, ZrCl,, SiCl, diisopropyl ether dehydration of glycerol 79—635

was annealed in hydrogen to reduce the graphene oxide
support. This catalyst showed superior stability than the
uncoated catalyst and remained stable up to 700 °C in Ar. The
catalyst also displayed better activity in the APH of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AMP) and retained
its activity after four cycles.

Habibi et al. studied in depth the accessibility to metal sites
in SiO,-encapsulated Pd catalysts (Pd@SiO,) and compared
several synthetic routes to modify the porosity of the shell
while maintaining a Pd nanoparticle size of 8 nm."'”* Although
the encapsulation of Pd nanoparticles protected the metal
cores from sintering, the use of PVP alone was not advisable as
the resulting structure was practically nonporous Pd@SiO,,
exhibiting low catalytic activity for methane combustion due to
the inaccessibility of Pd sites. As in the case reported by Shang
et al, the incorporation of an additional porogen, such as
CTAB, to the Stober synthetic procedure (Pd@mSiO,)
enhanced the shell porosity without losing Pd, reaching full
conversion in the CH, combustion reaction under similar
conditions than the traditional impregnated catalysts but with
improved stability. These authors also encapsulated bimetallic
Pd—Pt nanoparticles in silica shells using a Stober-based
method, which employed both PVP and CTAB.'”* These
catalysts provided higher values of conversion for methane
combustion than other impregnated PdPt/Al,O; and PdPt/
SiO, catalysts because of the higher metal dispersion provided
by the shells and enhanced stability, remaining unchanged for
70 h of time on stream.

Therefore, the encapsulation by the Stober method should
be considered as a promising alternative to prevent leaching or
sintering of metal nanoparticles for heterogeneous catalytic
processes.

6. NONHYDROLYTIC SOL-GEL METHOD

It is well-known that sol—gel chemistry, which is based on
hydrolysis and condensation of molecular precursors, such as
metal alkoxides, is a powerful technique for the synthesis of
catalytic metal oxides.'”' However, this method possesses
several disadvantages, mainly the disparity in the hydrolysis
reaction rates, which provokes the loss of microstructural
control over final oxides and the collapse of the pore network
due to drying by evaporation.'””'** One attractive alternative
is the use of nonaqueous conditions by using oxygen donors
other than water, which is known as nonhydrolytic sol—gel
(NHSG) chemistry. Thus, NHSG methods involve different
condensation reactions and nonaqueous media that affect the
stoichiometry, homogeneity, and textural properties of multi-
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component oxides, being particularly useful for the synthesis of
metal oxide nanoparticles. For example, NHSG methods could
be used to overcome the challenges associated with the use of
mesoporous oxides at a larger scale, such as leaching of the
active phase, and the relatively low mechanical and hydro-
thermal stability.”*'*> Even when there are many examples of
mixed oxides prepared by NHSG in the literature, most of
them were not synthesized with the purpose of controlling the
catalyst deactivation.'””'**™"*" In this section, we will only
discuss examples focused on reducing the deactivation
processes.

De Lima et al. prepared a cobalt complex entrapped in
alumina by a nonhydrolytic sol—gel route to catalyze the
epoxidation of (Z)-cyclooctene using iodozylbenzene as the
oxygen donor."*” This hybrid material was obtained through
condensation of aluminum chloride with diisopropylether in
the presence of cobalt chloride (Table 3). Unlike the Co—Al
catalysts prepared by a conventional hydrolytic sol—gel
method, no cobalt leaching was detected for samples
synthesized by the NHSG method. Jacobsen’s catalyst, a
compound of manganese and a salen-type ligand shown in
Figure 18, has also been entrapped in alumina by a
nonhydrolytic sol—gel route for its use in the oxidation of
(Z)-cyclooctene, styrene, and cyclohexene by using different
oxidants."** Here, a solution of AICl, and diisopropyl ether was
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Figure 18. Schematic view of Jacobsen catalyst in an alumina
matrix.'>> Reproduced with permission from ref 133. Copyright 2006
Elsevier.
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Figure 19. Sol—gel NHSG based on condensation reaction between metallic (or silicon) halides and metallic (or silicon) alkoxides."*” Reproduced

with permission from ref 140. Copyright 2010 Elsevier.

heated in the presence of the salen complex, forming an
alumina gel containing the Mn(salen)complex in its skeleton
that remained entrapped after alumina precipitation. The aging
step was key to consolidate the structure by condensation and
bond formation. In addition to better yields, this catalyst could
also be reused for several cycles without apparent leaching of
the active phase, in contrast to catalysts prepared by
conventional hydrolytic sol—gel processes. It was concluded
that the use of the NHSG method prevented the chemical
degradation of the Mn(salen) and increased the stability of the
material.

Ricci et al. also synthesized novel alumina catalysts
containing Fe(IIl) ions by the NHSG route for their use in
the oxidation of hydrocarbons, such as cyclooctene and
cyclohexane.'*” This synthetic procedure was based on an
alkyl halide elimination via etherolysis/condensation between
AICI; and diisopropyl ether in the presence of FeCls, followed
by treatment of the obtained xerogel at different temperatures
(Figure 19). Fe(III) ions were firmly incorporated onto the
alumina matrix after thermal treatment at temperatures higher
than 400 °C, as leaching of the active phase was not detected
under these synthetic conditions, demonstrating that the
thermal treatment was a key factor for the stability of the active
phase of the catalysts.

Another example was provided by Bouchmella et al., who
developed different Re-based mixed oxides (Re—Si, Re—Al and
Re—Si—Al) by a NHSG route followed by calcination and
evaluated their catalytic performance in the cross-metathesis of
ethene and butene to propene.'** It has been previously
reported that losses of rhenium frequently occur during
calcination due to sublimation."*" This fact was suppressed on
Re—Al and Re—Si—Al catalysts with alumina-rich formulations
as Re species migrated toward the surface and became highly
dispersed without loss of Re during the calcination step. The
Re—Si—Al catalysts were more active than Re—Al and Re—Sj,
being the latter inactive, and their catalytic deactivation was
lower than that observed for Mo-based catalysts under the
same reaction conditions. Later, the same research group
carried out the synthesis of rhenium oxide-based catalysts with
various Re,O, loadings and SiO,/Al,O; ratios by using a
NHSG method for olefin metathesis.'** They demonstrated
that Re sublimation did not happen during the calcination step
even at high rhenium loadings, attaining highly active mixed
oxide catalysts for the metathesis of olefins.

On the other hand, different TiO,—SiO, catalysts prepared
by NHSG method have been reported in the literature. Skoda
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et al. synthesized mesoporous titanosilicate xerogels based on
the condensation between silicon tetraacetate (Si(OAc),) and
titanium(IV) diethylamide (Ti(NEt,),) to obtain Ti—O-Si
linkages for their use in cyclohexene epoxidation.'”” They
observed that the addition of Pluronic P123 as a structure-
directing agent enhanced the porosity of the materials and
dispersed tetrahedral Ti species. They also reported that the
pore network collapsed upon heating of xerogels without a
template, breaking Ti—O—Si bonds and forming small TiO,
crystallites. Additionally, the use of P123 contributed to
preserving the Ti—O-—Si bonds and the active four-
coordinated Ti sites during heating, avoiding leaching of the
Ti species. Therefore, these stable mesoporous Si—Ti catalysts
exhibited high catalytic efficiency for conversion of cyclo-
hexene to cyclohexene oxide achieving a yield of 96%. Smeets
et al. also prepared mesoporous SiO,—TiO, catalysts by a
NHSG route modified to increase the surface hydrophobicity,
as catalysts were deactivated in the presence of water durin

the catalytic conversion of cyclohexene with H,0,.'*

Postgrafting methylation allowed for an excellent combination
of a hydrophobic surface with a high content of active sites,
which led to high epoxidation activity while protecting the
active sites from the inactivating effect of water.

Heéroguel et al. synthesized TiO, overcoats by using a
NHSG method to encapsulate different metal oxide and metal
catalysts for the 1-phenylethanol dehydration reaction and
deoxygenation of lignin-derived propyl guaiacol.'>® The TiO,
thin film deposition was carried out in a single liquid phase
step involving the continuous injection of NHSG precursors,
titanium tetrachloride (TiCl,) and titanium isopropoxide
(Ti(O'Pr),), giving rise to uniform coatings. The deposition
was first realized on a model Cu,O and SiO, spheres. By using
TEM together with EDX mapping, they were able to confirm
the formation of conformal overcoats after TiO, deposition
(Figure 20). After that, they carried out the deposition of TiO,
layers within the mesoporous structure of SBA-15 to generate
medium-strength Lewis acid sites, which catalyzed the
dehydration of 1-phenylethanol while limiting the catalyst
deactivation. Therefore, NHSG overcoating enhanced the
catalytic selectivity by controlling the metal oxide surface
functionalities. Likewise, overcoating supported metal Pt
nanoparticles (TiO,@Pt/SiO,) increased the selectivity of
propylcyclohexane during the conversion of 3-propylguaiacol
as the TiO, overcoat was able to suppress the catalyst
deactivation through nanoparticle sintering.
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Figure 20. TEM images and corresponding EDX mapping for (a)
30TiO,@Cu,0 (Cu: green; Ti: red) and (b) 10TiO,@SiO, (Si:
green; Ti: red).'”® Reproduced with permission from ref 135.
Copyright 2018 Elsevier.

Another example was provided by Debecker et al, who
synthesized V,0;—TiO, catalysts by NHSG routes for the
oxidation of benzene. First, they prepared efficient catalysts
based on V,05 and TiO, with controlled composition and
texture from chloride precursors, where most of the V species
migrated toward the surface of anatase nanoparticles.'”” These
materials were active in the oxidation of benzene, and no
catalyst deactivation was observed during the experiments,
suggesting that oligomeric vanadates are more efficient than
isolated VO, species. Later, they employed MoO; and WO, as
promoters to increase the efficiency of V,05/TiO, catalysts
synthesized by the NHSG route."*® At low and medium V,O;
loadings, MoO; demonstrated to be a better promoter than
WOj; due to incomplete migration of W species; however, Mo-
containing catalysts were less active than W-containing ones at
high V,0; loadings because part of TiO, was found as rutile in
the first case.

Studies with tungsten oxide-containing catalysts prepared by
NHSG routes for control of catalyst deactivation have also
been found in the literature. Oakton et al. synthesized several
WO, materials via NHSG method by using different W
precursors, WCl, and WCly, in the presence of diisopropyl
ether.'** These catalysts showed lower deactivation than WO,
in the photocatalytic oxygen evolution from water. Nadji et al.
prepared mixed WO;—SiO, and WO;—Zr0O,—SiO, catalysts
by NHSG method for glycerol dehydration to acrolein.*” All
catalysts were active and selective to acrolein due to the high
proportion of Brensted acid sites, and the authors concluded
that the one-pot nonhydrolytic sol—gel route was an effective
synthetic method to obtain active, selective, and stable catalysts
for the aerobic transformation of glycerol to acrolein. Finally,
Ullmann et al. immobilized Cp,ZrC;, on SiO, by using two
different methods: direct grafting and via entrapment within
the silica matrix by a NHSG route, modifying the surface of the
latter with various metal salts (Cr, Mo, and W)."** They found
that the NHSG approach allowed the incorporation of Lewis

acid sites while supporting the catalyst by entrapping in a single
gelation step. It was suggested that the higher activities of these
entrapped systems could be related to the Lewis acid sites on
the surface, which prevented them from deactivation through
poisoning.

Therefore, the nonhydrolytic sol—gel route seems to be an
attractive approach not only for the synthesis of mixed oxide
catalysts but also for control of catalyst deactivation through
entrapping of the active sites.

7. DEPOSITION AND GRAFTING OF ORGANIC
COMPOUNDS IN LIQUID MEDIA

Other nonconventional encapsulation methods have been
studied in the literature. Pham et al. reported the deposition of
carbon layers onto the surface of different oxide supports to be
used for liquid-phase reactions."** In this work, carbon was
obtained from the pyrolysis of simple sugars (sucrose).
Approximately 10 wt % of carbon was deposited to form a
thin layer onto SBA-15 mesoporous silica, commercial silica
gel, and commercial fumed alumina. For carbon deposition, an
aqueous solution of sucrose was added to the desired support
and stirred overnight at room temperature until water
evaporation. Then, the dry sample was partially pyrolyzed
under nitrogen flow at 300 °C for 2 h with a ramp rate of 5 °C-
min~!. The samples were then subjected to hydrothermal
treatment at 100 °C and 22 bar of autogenous pressure for 12
h. It was observed that SBA-15 became more hydrophobic
after coating with carbon, making the surface more resistant to
hydrophilic attack. Likewise, while the XRD patterns of the
uncoated alumina samples showed the formation of boehmite
species, the carbon-coated samples did not present them due
to the presence of the carbonaceous layer. In addition, they
also proved that a high dispersion of palladium particles was
possible on these carbon-coated oxides, which opens additional
pathways for novel catalyst designs.

In a similar work, Lin et al. reported the use of a
hydrophobic carbon layer to overcoat a Ni/TiO, catalyst for
its application in aqueous reaction media.'*” A hydrothermal
synthesis protocol containing glucose as the carbon source was
also used here. Different carbon loadings (2, 11, and 29.2 wt
%) were deposited, and the success of the coating of the Ni/
TiO, catalyst was confirmed by using different characterization
techniques. TPR plots of the Ni/TiO, and carbon-coated Ni/
TiO, catalysts are shown in Figure 21. The Ni/TiO, sample
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Figure 21. TPR profiles for (a) Ni/TiO, and (b) (Ni/TiO,)@C-
11%."*” Reproduced with permission from ref 147. Copyright 2012
Elsevier.
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showed one reduction peak centered at 419 °C, which was
attributed to the interaction between NiO and TiO,, while the
shoulder at 285 °C was assigned to bulk NiO with no
interaction with the TiO, surface. On the other hand, the (Ni/
TiO,)@C-11% carbon-coated catalyst showed two reduction
peaks at 386 and 660 °C. The first peak at 386 °C was assigned
to the reduction of NiO, and the lower temperature indicated a
more facile reduction of NiO through carbon modification.
The second reduction peak at 660 °C was attributed to the
reduction of the carbon-coated surface. The catalytic perform-
ance of coated and uncoated catalysts was evaluated in the
hydrogenation of nitrobenzene in water. The activity studies
showed that all coated catalysts showed better conversion than
the uncoated catalyst, with the 11% C-coated catalyst
exhibiting the highest reaction rate. The results suggested
that the 2 wt % coated catalyst did not effectively encapsulate
the catalyst while the 29.2 wt % coated catalyst created a thick
coating layer leading to mass transfer limitations. Stability
studies revealed that the 11% C-coated catalyst regained its
conversion of ~98% after 3 runs, while the conversion of the
uncoated catalyst dropped markedly from ~80 to <10%,
indicating the deactivation of the catalyst. The loss of activity
of the uncoated Ni/TiO, catalyst was attributed to chemical
changes of the active species as the reaction progressed.
There have also been other reports in which metal oxide
supports have been modified with organic groups to improve
the catalyst resistance to deactivation. For example, Jenkins et
al. recently reported the utilization of alkyl phosphonic-acid
(PA) self-assembled monolayers (SAMs) to enhance the
stability of Au/TiO, catalysts.'** Modified and unmodified
catalysts were subjected to thermal treatment at 700 °C in air
for 4 h, obtaining average particle sizes of 5.9 and 8.0 nm,
respectively, indicating an increased resistance to sintering in
the modified catalyst. Sintering of the particles was prevented
entirely up to 450 °C, while the unmodified catalyst
experienced a 47% increase in average particle size. The
TEM images and particle size distribution of the thermally
treated catalysts at 450 °C are shown in Figure 22. Reactivity
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Figure 22. TEM image of thermally treated (a) unmodified and (b)
PA-modified Au/TiO,, and (c) particle size distribution for Au/TiO,,
thermally treated Au/TiO,, and thermally treated Au/TiO,@PA.'*
Reproduced with permission from ref 148. Copyright 2019 American
Chemical Society.
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studies showed that the PA-modified catalyst was well suited
for reactions conducted at moderate temperatures under
reduction conditions, such as the hydrogenation of acetylene,
with significant prevention of sintering and coke formation.

Van den Berg et al. functionalized a silica support prepared
by the Stober method by treating it with aminopropyl-
triethoxysilane (APTES) to suppress the formation and/or
transport of copper species and reduce the catalytic
deactivation in the methanol synthesis reaction."*” This
treatment led to the introduction of aminopropyl groups on
the silica surface via the reaction between the APTES and the
surface hydroxyl groups. Cu was then deposited on the
functionalized support via incipient wetness impregnation, and
the catalyst was used in the synthesis of methanol in a
continuous fixed bed reactor. It was reported that the
functionalization of the support with APTES increased the
stability of the catalyst by favoring the dispersion of Cu due to
stronger interaction between CuO and the support. It was also
concluded that the silica functionalization retarded the
Ostwald ripening phenomenon, which was the most probable
particle growth mechanism.

8. OTHER ENCAPSULATION METHODS

In addition to the methods previously described, there have
been other strategies reported in the literature for the synthesis
of core—shell architectures."”” One of the disadvantages of
these structures is the limited accessibility to the active sites of
the catalyst due to the thickness of the outer layer. Regardless,
these methods have been widely used to control the
deactivation through sintering and leaching.

Bakhmutsky et al. investigated the behavior of certain oxide
shells (CeO,, TiO,, and ZrO,) over palladium and platinum
cores and studied these catalysts in the water—gas shift (WGS)
reaction.””" The increased reducibility of the CeO, and TiO,
shells akin to SMSI led to increased transient deactivation in
both metal cores, an effect that was observed to be more
pronounced on Pd cores, revealing that the interactions
between the metals and the shells were significant. The ZrO,
shell catalysts displayed the least transient deactivation owing
to the less susceptibility of the ZrO, shell to reduction.
Similarly, Arroyo-Ramirez et al. compared Pt@CeO,/Si—
AlL,O; and Pd@CeO,/Si—Al,O; core—shell structures and
observed that greater interaction between Pd and CeO, led to
a more stabilized catalyst against sintering.'*> However, the
encapsulation of Pd by reduced ceria resulted in a reduction of
the activity for the WGS reaction. Furthermore, the Pt@
Ce0,/Si—Al,O; catalyst was less stable, and the particles were
sintered at high temperatures. These results are similar to those
reported by Cargnello et al,, in which the increased stability of
Pd@CeO, came at the expense of reduced accessibility to the
active sites."> Cargnello et al. were able to develop highly
dispersible and tunable Pd@CeO, core—shell nanostructures
via a self-assembly pathway between functionalized Pd
nanoparticles protected by 11-mercaptoundecanoic acid
(MUA) and cerium(IV) alkoxide.** In related studies, these
Pd@CeO, nanostructures were deposited onto alumina and
proved to be highly stable and active for the combustion of
methane.">> Microscopy studies revealed that the Pd@CeO,
core—shell nanostructures remained intact even after calcina-
tion at 850 °C. Remarkably, the complete conversion was
observed at 400 °C using this catalyst, which is 130 °C less
than that required for the supported Pd/CeO, system.
Adijanto et al. demonstrated that Pd@CeO, core—shell
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Figure 23. Schematic illustration of the synthesis of PdA@hCeO, core—shell structures.'>” Reproduced with permission from ref 157. Copyright

2013 American Chemistry Society.
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deposited on yttria-stabilized zirconia (YSZ) using alkyl
coupling agents were highly resistant to sintering even up to
700 °C and exhibited high activity for the methane combustion
reaction.' >

Zhang et al. utilized core—shell techniques to create a stable
palladium metal catalyst. They reported the synthesis of a Pd@
hCeO, catalyst composed of palladium nanoparticles encapsu-
lated inside of cerium oxide hollow shells (Figure 23)."” First,
carbon spheres, which served as a template, were fabricated by
hydrothermal treatment of an aqueous solution of glucose.
Then, PVP-capped Pd nanoparticles were synthesized via an
alcohol reductive process by dissolving PdCl, in an aqueous
solution of HCI to form a H,PdCl, solution, which was then
mixed with water, ethanol, and PVP and maintained under
reflux at 90 °C for 3 h. To obtain the encapsulated material, Pd
colloids were added to a dispersed solution of the as-
synthesized carbon spheres followed by addition of a CeCl,
aqueous solution, and the mixture was stirred for 20 min
before subjecting it to hydrothermal treatment (180 °C, 6 h)
in an autoclave reactor. After hydrothermal treatment, the
sample was recovered, dried, and calcined in air at 500 °C to
remove the carbon spheres, leading to the formation of core—
shell particles with hollow inner space. This strategy was
effective in preventing both sintering and leaching with
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excellent reusability properties in the selective reduction of
aromatic nitro compounds in water under ambient conditions.

Forman et al. followed a water-in-oil microemulsion method
to prepare silica-coated palladium cores (Pd@SiO,), and the
stability of this catalyst against sintering and coking was
studied in the hydrogenation of acetylene.”® When compared
with a catalyst synthesized by deposition of Pd nanoparticles
onto silica (Pd/SiO,), the encapsulated catalyst showed much
slower deactivation and could be easily regenerated (Figure
24). While the acetylene conversion was significantly reduced
on the Pd/SiO, catalyst after one reaction-regeneration cycle,
the Pd@SiO, core—shell catalyst displayed an increased
activity after one cycle, and it maintained its activity through
five successive cycles. Interestingly, the authors concluded that
the silica encapsulation was able to suppress not only coking
but also the in situ formation of palladium carbide."** A similar
water-in-oil microemulsion strategy was reported for the
stabilization of Fe on silica with an improved activity for CO
hydrogenation.">” Park et al. also made use of a microemulsion
approach to encapsulate Pd with silica using TEOS as the silica
precursor and n-octadecyltrimethoxysilane to increase the shell
porosity.'®” The core—shell Pd@SiO, catalyst was thermally
stable up to 700 °C in air, and it also showed improved
stability for the oxidation of CO and hydrogenation of
acetylene when compared to a conventional supported catalyst.
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Furthermore, Ying et al. used a reverse micelle method to
encapsulate palladium cores with a silica shell (Pd@SiO,-
RM).'®" Using this technique, they were able to prepare
ultrasmall Pd nanoparticles (~1.1 nm) in a one-pot synthesis.
The reverse micelle encapsulated nanoparticles exhibited a
higher metal surface area when compared with others
encapsulated by the Stober method and regular microemulsion
processes, as well as the traditional impregnation catalysts.
Consequentially, the reverse micelle encapsulated catalyst
exhibited superior activity and thermal stability in the
oxidation of CO. As a result of the silica coating, the growth
of palladium crystallites was effectively hindered up to
calcination temperatures of 800 °C. Remarkably, the catalyst
also demonstrated resistance toward deactivation by water
vapor.

In a novel approach, Zhang et al. encapsulated a Pd catalyst
with zeolitic imidazolate frameworks, ZIF-8, which is a class of
metal—organic frameworks. The schematic process is shown in
Figure 2S. First, they synthesized Pd-decorated mesoporous
silica spheres (Pd/MSS) by ion-exchange using Pd(NH,),CL,
followed by surface modification with a polyelectrolyte to
facilitate the nucleation and growth of the ZIF-8 shell.'®” The
catalytic activity of the encapsulated Pd/MSS@ZIF-8 catalyst
was evaluated in the hydrogenation of 1-hexene and cyclo-
hexene, and it was observed that the core—shell architecture
prevented the leaching of the metal nanoparticles during the
reaction, maintaining its catalytic activity. This material
presented multiple advantages, such as excellent reactant
shape-selectivity, antipoisoning capability, and good recycla-
bility when compared with a conventional Pd/MSS catalyst.

Different core—shell structures have also been investigated
to protect Au catalysts from deactivation. Yu et al. described
the high thermal stability of a Au@SnO, catalyst prepared by a
facile intermetallics-based dry-oxidation method, which
allowed for easy control of the core—shell size and also
induced synergistic effects for the oxidation of CO.'®> Another
approach was reported by Chen et al, who used a colloidal
method to synthesize nanostructures with Au core and porous
titania shell that were later deposited on hydrophobic
alumina.'®* The Au@TiO, core—shell catalyst was found to
be stable against sintering up to 600 °C because of the
improved metal—support interaction. Cargnello et al. showed
that ceria could also be used to encapsulate gold cores (Au@
Ce0,).'” Here, the presence of carboxylic groups over the
gold nanoparticles was instrumental in directing the ceria shell
formation. The Au@CeO, catalyst was highly active for
preferential oxidation of CO and did not exhibit any
irreversible deactivation.

As the majority of these core—shell structures have been
implemented for noble metal systems, more studies need to
focus on the encapsulation of non-noble metals that are readily
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available and less expensive. In addition, as challenges such as
activity loss and diffusivity are important when using these
approaches, more care and attention should be directed toward
developing highly active and stable core—shell catalysts.
Another strategy reported in the literature for control of
catalyst deactivation consists in the embedment of metal
nanoparticles in the channels of mesoporous silica (Figure
26).1° A simple one-step synthetic method for insertion of

Figure 26. TEM images of Au nanoparticles encapsulated on the
pores of SBA-15.1% Reprinted with permission from ref 166.
Copyright 2003 American Chemical Society.

metal oxide nanocrystals within the pores of SBA-15 was
described by Yang et al.'”” The process involved the hydrolysis
of TEOS in the presence of metal precursors and a templating
agent (Pluronic 123). Reddy et al. used this method to entrap
cobalt species within the SBA-15 structure.'®® The synthesis
was conducted via a precipitation process involving cobaltous
chloride and TEOS. While a 2 wt % Co/SBA-15 embedded
catalyst showed to be stable and exhibited 9.4% conversion in
the oxidation of cyclohexane and 78% selectivity to cyclo-
hexanone, a similar catalyst prepared via impregnation showed
negligible catalytic activity. Another example was provided by
Martinez et al, who synthesized an iron-containing SBA-15
catalyst.'®” The catalyst was prepared via co-condensation of
FeCl; and TEOS under acidic conditions using Pluronic 123,
resulting in crystalline Fe,O; particles within the channels of
SBA-15. This catalyst proved to be highly active in the photo-
Fenton degradation of phenolic aqueous solutions and stable
toward leaching even at high hydrogen peroxide concen-
trations.
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9. CONCLUSIONS AND OUTLOOK

In this Review, we summarized different encapsulation
techniques used to control the deactivation of heterogeneous
catalysts and provided insights into the improvement of
stability and activity when using encapsulated catalysts. In
order to give the reader a better sense of understanding and
knowledge of the developments in this field, the encapsulation
techniques were classified primarily into CVD, ALD, SMS],
Stober method, and NHSG methods. Other novel core—shell
strategies and encapsulation/embedment methods were also
discussed.

In some instances, there is a trade-oft between activity and
stability, such as in CVD. Certain techniques like ALD holds
promising prospects because of the very thin conformal layers
deposited; however, the cost associated with the large-scale
implementation of this technology still remains a challenge.
Although ALD has successfully been commercialized in the
microelectronics industry, industrial application in catalysis
synthesis would depend on the overall adoption of this
technique in the catalyst market. Novel liquid-phase ALD
techniques hold great potential due to the scale-up ability and
the use of inexpensive precursors, which bodes well for the
industrial implementation of this method. An interesting
prospect would be to leverage on this technique to coat
group VIII metal with SMSI-inducing oxides, such as TiO, and
ZrO,, as this could provide an avenue for tuning catalyst
activity and selectivity for relevant reactions of interest. SMSI
has been mostly used to create bifunctionality at the interface
of metal—metal oxides systems, establishing new pathways for
improving the activity; however, this phenomenon is only
mostly observed with group 8B metals. Further studies on the
wet chemistry SMSI technique could also provide more facile
means to combat catalyst deactivation. Continual efforts
should be geared toward inducing beneficial metal—support
interaction via less energy intensive conditions compared to
conventional high temperature reductive-oxidative pathways.
The use of smart catalysts is also a very interesting area for
study. Even when the use of ALD to prepare high-surface-area
perovskite supports is already exciting, the utilization of ALD
to synthesize well-tailored metal nanoparticles on high-surface-
area perovskite supports deserves exploration as this could
open new routes for more precise control and fine-tuning of
catalysts, along with optimization of the metal—support
interactions for enhanced stability and activity. In parallel
studies, the liquid-phase ALD technique could also be
investigated to this end, as this could also facilitate industrial
implementation of smart catalysts.

Some mass transfer limitations are still prevalent in these
processes, such as in core—shell structures and the Stober
synthesis. The difficulty of controlling the shell thickness and
porosity in these architectures are still areas of concern. As
scientists develop more catalytic technologies for encapsula-
tion, it would be convenient to leverage on other existing
processes, such as sol—gel synthesis and colloidal methods,
which are also economically viable. Efforts should be geared
toward optimizing these processes and applying these
techniques to develop more stable and active heterogeneous
catalysts. In addition, further mechanistic studies on the
growth of overlayers might direct future research efforts. The
recent use of sugars to coat metal oxide supports with carbon
also shows promise, mostly for reactions in aqueous media,
such as those in biomass conversion. Future work should focus
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on enhancing the stability of those carbon-coated oxides as
catalytic supports to be used in aqueous-phase reactions.

In conclusion, it can be said that much progress has been
made over the years, and this Review is meant to act as a guide
to the catalyst community to leverage upon. Therefore, the
information contained herein should inspire future explorative
and collaborative works in improving catalyst stability and
activity. It is the ultimate goal that this will foster innovative
solutions for renewable and sustainable energy systems.
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