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N
anostructure materials containing
supported metal nanocrystallites
are essential functional materials

for energy storage and conversion, electro-
nics, plasmonics, and catalysis. However,
the tendency of nanosized metal particles
to grow into larger crystals under operation
conditions stands out as a major challenge.
For instance for catalysts,1 particle growth,
proceeding via either particle diffusion
and coalescence or Ostwald ripening,2 re-
presents a major catalyst deactivation
pathway.3,4 Next to the decline in the metal
surface area available for catalysis, particle
growth can also result in deterioration of the
activity and selectivity in applications where

these properties depend strongly on the
particle size5�9 or by reducing the amount
of catalytically relevant metal�support in-
terface sites.10�12

Developing efficient and widely applic-
able strategies to stabilize supported metal
nanoparticles under relevant operation
conditions is hence a priority. Approaches
which have been recently proposed include
alloying,13 optimizing the metal�support
interaction,14,15 encapsulation of individual
nanoparticles in porous oxide shells,16�18 and
maximizing the interparticle spacings.19,20

The porous structure of the support material
is a crucial factor for catalyst stability.21,22

Generally, narrow pores mitigate particle

* Address correspondence to
P.E.deJongh@uu.nl.

Received for review November 27, 2013
and accepted February 10, 2014.

Published online
10.1021/nn406119j

ABSTRACT Metal nanoparticle growth represents a major

deactivation mechanism of supported catalysts and other functional

nanomaterials, particularly those based on low melting-point

metals. Here we investigate the impact of the support porous

structure on the stability of CuZnO/SiO2 model methanol synthesis

catalysts. A series of silica materials with ordered cagelike (SBA-16

mesostructure) and disordered (SiO2-gel) porosities and varying pore

sizes were employed as catalyst supports. Nitric oxide moderated

nitrate decomposition enabled the synthesis of catalytically active Cu

nanoparticles (3�5 nm) exclusively inside the silica pores with short interparticle spacings. Under relevant reactive conditions, confinement of the Cu

particles in cagelike silica pores notably enhances catalyst stability by limiting Cu particle growth as compared to catalysts deposited in SiO2-gel host

materials with also 3D and highly interconnected though unconstrained porosity. For both pore morphologies, we find a direct relationship between

catalyst stability and support porosity, provided the narrowest characteristic pore dimension is employed as a porosity descriptor. For cagelike porosities

this corresponds to the size of the entrances to the nanocages. Our results point to nanoparticle diffusion and coalescence as a relevant growth mechanism

under reactive conditions and underscore the significance of the narrowest pore constrictions to mitigate growth and improve catalyst stability. This finding

contributes to the establishment of general and quantitative structure�stability relationships which are essential for the design of catalysts and related

functional nanostructures with long lifetimes under operation conditions.
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growth, an effect which likely relates to lower particle
mobility when the size of the growing nanoparticles
becomes similar to that of the pore host.23�25 Besides
pore size, pore connectivity and morphology have
been claimed to be important for particle growth. 1D
porosities were suggested to limit growth as compared
to highly interconnected, 3D pore systems, possibly
by restricting the pathways for the transport of metal
species.19,26 However, 3D interconnected porosities
are strongly preferred to avoid mass transport limita-
tions and pore blockage.
Support materials with cagelike pore architecture

represent outstanding candidates to study the impact
of pore morphology on catalyst stability. Their pore
structure consists of a 3D arrangement of nanocages
interconnected vianarrower entrances.27�30 The cages
can accommodate metal nanoparticles, while the cage
entrances are expected to represent physical barriers
to particle mobility and therefore counter particle
coalescence. Recent studies have reported the incor-
poration of catalytic metal nanoparticles in cagelike
porous supports.31�33 Often, the synthesis strategies
required the use of cosurfactants and/or organic cap-
ping agents to achieve small metal particles located
exclusively inside the nanocages of the support
material.32,33 Although benefits for catalyst stability
have been reported upon confinement of metal nano-
particles to cagelike pores,31,32 the impact of cage and
entrance sizes on catalyst stability has not been in-
vestigated to the best of our knowledge.
Catalysts based on (Zn-promoted) Cu nanoparticles

are of industrial significance for a variety of processes
such as selective hydrogenations, the water gas-shift
reaction, and methanol synthesis from a mixture of
H2 and CO/CO2 (“synthesis gas”).

34,35 However, a major
limitation is the intrinsic poor stability of the sup-
ported Cu nanoparticles,19,36,37 which are prone to
grow already at relatively low operation temperatures.
Industrial Cu/ZnO(Al2O3) catalysts are commonly
manufactured by coprecipitation routes resulting
in Cu nanoparticles within a disordered network of
ZnO (and Al2O3) nanocrystallites.38�40 Model SiO2-
supported CuZnO catalysts with well-defined nano-
structures are particularly attractive to address funda-
mental aspects of catalyst activity and stability.41�44

Recently, we have reported how advanced control
over the nanospatial distribution of metal nanoparti-
cles on the support porosity represents a powerful
approach to improve our understanding of catalyst
stability under relevant reaction conditions.19Maximiz-
ing the interparticle distances results in improved
catalyst stability, with Ostwald ripening likely being
the dominant growth mechanism. For particles
grouped in domains with high local metal loadings,
representative of those often encountered in technical
catalysts, migration and coalescence of neighboring
nanoparticles play a significant role in growth. Hence,

catalysts displaying small metal nanoparticles in close
proximity represent ideal model systems to assess
the impact of the size and morphology of the pores
of the support material on particle growth and catalyst
stability.
Here we study the impact of support porosity on the

stability of CuZnO/SiO2 methanol synthesis model
catalysts. A simple, low-waste impregnation method
with an aqueous metal nitrate solution enables the
synthesis of pore-confined Cu nanoparticles (3�5 nm)
with short interparticle spacings. Under industrially
relevant reaction conditions, we directly compare the
stability of catalysts confined to the cagelike pores
of SBA-16 silica mesostructures to that of catalysts
supported on SiO2-gel carriers with unconstrained
pores. The size of the nanocages and the connecting
entrances in the SBA-16 support materials is system-
atically adjusted and quantified to determine its im-
pact on catalyst stability.

RESULTS AND DISCUSSION

Porous Support Materials. SBA-16 silica consists of
a body-centered-cubic arrangement of nanocages
(generally 5�10 nm in diameter) connected to their
nearest neighbors by entrances typically narrower than
5 nm.27 The synthesis conditions were adjusted to
preparemesostructures with varying cage and entrance
sizes. As revealed bySEM, the primary particles for all the
SBA-16 silicas show a combination of spherical and
polyhedral shapes with sizes ranging from 1 to 10 μm
(Supplementary Figure S1). The porous structure of the
SiO2 supports was characterized by gas physisorption
methods. Figure 1 shows the N2-physisorption iso-
therms and the corresponding cage/pore size distribu-
tions for the series of SBA-16 and the commercial SiO2-
gel reference materials.

As judged from the abrupt closure of the hysteresis
loop at P/P0 ≈ 0.47, cavitation is the major desorption
mechanism for all SBA-16 mesostructures, precluding
the quantitative analysis of the desorption branch.45,46

The adsorption branches of the isotherms have been
analyzed to derive the cage and pore size distribu-
tions for both series of SBA-16 and SiO2-gel materials.
As shown in Figure 1b, the SBA-16 mesostructures
displayed narrow cage size distributions peaking in
the range of 5�9 nm. Such pore uniformity results
from theirmicelle-templated synthesis.Wider pore size
distributions with mean pore diameters in the range of
4�15 nm were determined for the SiO2-gel materials.
Table 1 summarizes some key textural features of the
supportmaterials. For both series, the total pore volume
increases on increasing the cage or pore diameter.
SBA_5, with the smallest cage diameter, shows a sig-
nificant micropore contribution, which is known to
correspond to micropores within the silica pore walls.27

Such intrawall microporosity becomes notably reduced
(e7%) for SBA-16 silicas with wider cages, as a result of
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the higher hydrothermal temperatures employed dur-
ing their syntheses. SBA_8(ne) and SBA_8(we) display
very similar cage diameters of 8.1 ( 0.3 nm.

Besides the cage diameter, the size of the cage
entrances is a prime structural parameter of the cage-
like porous materials. As desorption from the silica

Figure 1. (a) N2-physisorption isotherms, and (b) pore size distributions from the adsorptionbranches for the series of SBA-16
and SiO2-gel supportmaterials. For clarity, in panel (a) the isotherms for SBA_8(ne) and SBA_8(we) have been vertically offset
by 150 and 300 cm3 g�1, respectively.

TABLE 1. Textural Properties of the Silica Support Materials and Metal Dispersion in the Resulting CuZnO/SiO2 Catalysts

support porosity catalyst metal dispersion

support SBET
a (m2 g�1) Vp

b (cm3 g�1) Vmp
c (cm3 g�1) cage/pore sized (nm) entrance size (nm) Cu (wt %) d(CuO)g (nm) d(Cu)h (nm)

SBA_5 571 0.34 0.14 5.3 2.3e 4.3 n.d.i 3.3
SBA_6 834 0.55 0.04 6.3 3.3e 7.8 n.d. �
SBA_8(ne) 925 0.82 0.03 7.8 3.7f 9.9 7.9 4.9
SBA_8(we) 930 1.00 0.00 8.4 4.5f 11.9 7.3 4.8

SG_4 718 0.53 0.01 3.5 � 9.6 n.d. �
SG_6 573 0.63 0.00 6.0 � 10.8 2.4 4.6
SG_9 522 0.82 0.00 8.8 � 10.8 4.8 6.5
SG_15 354 1.03 0.00 15.2 � 11.8 6.4 9.7

a B.E.T. surface area. b Total pore volume determined as the N2 uptake at a relative pressure P/P0 of 0.95.
cMicropore volume. d Determined by applying the BJH method to the

adsorption branch of the N2-physisorption isotherm.
e Determined by functionalization of the silica surface with organosilanes with different linear chain lengths combined with

N2-physisorpton (see Supplementary Figure S3).
f Determined by applying the BJH method to the desorption branch of the Ar-physisorption isotherm. g Volume-averaged CuO

crystallite size. h Surface-averaged Cu particle size after catalyst reduction as determined by HAADF-STEM. i n.d.: not detected.
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nanocages occurs via cavitation in all cases, N2-
physisorption indicates cage entrances narrower than
4.7 nm.47Ar physisorption was applied to extend the
range of quantifiable entrance sizes (Supplementary
Figure S2).48 The corresponding entrance size distribu-
tions are depicted in Figure 2. The sharp size distribu-
tion peaking at ca. 3.6 nm for SBA_6 (and SBA_5, not
shown in Figure 2) corresponds to an artifact asso-
ciated with the forced (steep) closure of the desorption
branch at the point of Ar cavitation at 77 K. Therefore, it
sets the lowest limit of the method to quantify the
entrance sizes, indicating that those two materials
display entrances narrower than 3.6 nm. Slightly above
this limit, a mean entrance size of 3.7 nm was deter-
mined for SBA_8(ne), while wider entrances of 4.5 nm
were found for SBA_8(we).

For those SBA-16 samples for which the entrance
size remained out of reach for gas physisorption meth-
ods, an alternative approach based on the grafting of
organic moieties with gradually increasing molecular
sizeswas adopted49�52 (Supplementary Figure S3). This
analysis results inmean entrance sizes of 2.3 and 3.3 nm
for SBA_5 and SBA_6, respectively (Table 1).

Deposition of Nanosized CuZnO catalysts. Essential for the
purpose of this study was to efficiently deposit CuZnO
species exclusively inside the pores of the SiO2 carriers.
Impregnation of porous carriers with an aqueous solu-
tion of metal nitrate precursors is a preferred synthesis
method due to its simplicity, cost effectiveness, and
low waste production.53 However, drying and sub-
sequent nitrate decomposition thermal treatments
often promote metal agglomeration, yielding poor
metal dispersions. Recently, mechanistic insights have
provided the basis to counter metal agglomeration
during catalyst preparation. Louis and co-workers re-
ported the detrimental impact of high drying tempera-
tures (>363 K) on the ultimate metal dispersion for

nitrate-derived, silica-supported Cu and Zn cata-
lysts.54,55 For the subsequent thermal treatment, our
group has developed an effective approach to prevent
metal agglomeration via the nitric oxide moderated
nitrate decomposition.20,44,56,57 For the CuZn/SiO2 ma-
terials investigated here, thermal treatment in 2%NO/
N2 results in a low-temperature controlled hydrolysis of
the metal nitrate salts, yielding a pore-confined mixed
metal hydroxynitrate species (Figure S4). Further de-
composition at higher temperatures in the presence of
NO affords small CuO nanocrystals (7.9 nm) located
exclusively in the silica pores (for details, see Figure S5
and the accompanying discussion, in the Supporting
Information). These results underscore the significance
of the careful design of all the elementary steps during
catalyst synthesis and activation to successfully incor-
porate the CuZnOnanocatalysts inside the pores of the
silica carrier material. Catalysts discussed hereafter
were obtained by impregnation followed by vacuum
drying at room temperature and nitrate decomposi-
tion in the flow of 2%NO/N2.

Table 1 contains the Cu loading and dispersion in
the series of CuZnO/SiO2 catalysts. With the single-step
impregnation approach applied, a rather constant pore
volumetric loading of 1.75 ( 0.35 Cu atoms nm�3 is
achieved, which corresponds to Cu weight loadings in
the range of 4 to 12%. As particle growth takes place
within the pores, a set of materials with a constant
amount of metal per unit pore volume provides the
basis for a relevant comparison in terms of nanoparti-
cle stability. After nitrate decomposition, CuO is the
only crystalline phase detected with XRD. No CuO
diffractions are observed for CuZnO/SBA-16 catalysts
on supports with small cages (SBA_5 and SBA_6),
indicative of poor crystallinity or very small oxide
crystallite sizes. For those samples showing copper
oxide diffractions, the CuO crystallite size increases
with increasing the cage/pore size of the support
material. The absence of X-ray diffractions ascribed to
Zn species evidences their amorphous character irre-
spective of the metal content and support material.
Previous results revealed the formation of a surface
Zn (hydro)silicate.19 Similarly synthesized Cu/SBA-16
catalysts show also high metal dispersion with CuO
crystallite sizes <10 nm, increasing with increasing
support cage size (Supplementary Table S1).

High angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) was applied
to study the Cu dispersion after the reduction treat-
ment preceding catalysis (vide infra, Figure 5). Gener-
ally, Cu nanoparticles are found in domains with high
metal density.19 For wide-cage CuZnO/SBA_8(ne) (and
CuZnO/SBA_8(we), not shown) a bimodal Cu particle
size distribution is observed, with a major contribution
from particles of ca. 2 nm diameter accompanied by an
additional population of particles with average sizes
of 7.5�8 nm, in direct correspondence with the cage

Figure 2. Cage entrance size distributions obtained by
Ar-physisorption (desorption branch) for selected SBA-16
support materials.
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diameters of the support. This result indicates that a
fraction of Cu particles grow to the size of the silica
cages during reduction. Cu particle size histograms
show a right-skewed log-normal character for catalysts
supported on SiO2-gel. For all the studied catalysts,
the surface-averaged Cu particle size spans the range
of 3�10 nm.

Catalytic Activity. The activity of the CuZnO/SiO2

catalysts was evaluated under relevant methanol syn-
thesis conditions, though at a rather high reaction
temperature of 533 K to attain significant catalyst
deactivation within laboratory time scales. All initial
Cu mass-specific methanol production rates are com-
parable to, and up to 90% of, that for a benchmark
Cu/ZnO/Al2O3 catalyst prepared by the conventional
coprecipitation route (Figure 3). Variations in initial
activity within the series of CuZnO/SiO2 catalysts relate
to differences in the exposed Cu surface area rather
than to varying Cu surface-specific activities.20 The
lower reaction rate observed for cage/pore sizes below
8 nm is ascribed to an increasingly higher proportion of
the surface of the Cu nanoparticles in contact with the
silica pore walls, and hence not available for catalysis.20

This effect might also explain that catalysts confined
to cagelike pores display slightly lower initial activities
than those hosted in unconstrained pores, in spite of
the former containing on average smaller Cu nano-
particles. The highly curved, concave internal surface of
cagelike pores likely results in a higher fraction of the
Cu particle surface in direct contact with the support
pore walls. As an example, CuZn/SBA_8(ne) shows a
ca. 5% lower initial reaction rate than CuZn/SG_9(ne),
despite the smaller particle size (4.9 nm vs 6.5 nm) of
the former.

The high catalytic activities displayed by the
CuZn/SiO2 materials result partly from the high Cu

dispersions attained through careful design of the
catalyst synthesis procedure. Illustrating this, a CuZ-
nO/SBA_8(ne) catalyst obtained by drying at 393 K
followed by calcination in stagnant air (not included in
Figure 3) reached only 63% of the initial activity of the
NO-calcined counterpart. Another important factor is
the efficient interaction with the Zn promoter species,
as judged from the up to 6-fold lower initial methanol
production rates obtained with Cu/SiO2 analogues
(Supplementary Figure S6). Methanol selectivities ex-
ceeded 98 C-% in all cases, with dimethyl ether being
the main side product.

Earlier studies have targeted the preparation of
CuZnO methanol synthesis catalysts embedded in
SiO2 matrices. Poor activities have been reported for
catalysts prepared by impregnation�calcination using
nitrate precursors, e.g. a 15-fold lower Cu-specific rate
than that for a Cu/ZnO/Al2O3 benchmark catalyst.58,59

Generally, sophisticated synthesis approaches were
required to achieve small Cu nanoparticles and thereby
significant catalytic activities. Grünert and co-workers
devised a synthesis route based on liquid infiltration of
the silica carrier with an inorganic Cu precursor and a
purpose-developed organometallic Zn precursor
which resulted in improved methanol formation
rates.43 Catalytic activities on the order of a coprecipi-
tated binary Cu/ZnO catalyst were achieved by Becker
et al. through chemical vapor deposition of Cu and Zn
organic precursors on MCM-type mesoporous silicas.42

Our results demonstrate that highly active CuZnO/SiO2

catalysts can be conveniently synthesized by aqueous
impregnation, based on low-cost metal nitrate precur-
sors, by selectively depositing nanosized metal species
in the porosity of the silica carriers through the NO-
moderated nitrate decomposition after mild drying.

Catalyst Stability: Effect of Support Pore Size and Morphol-
ogy. Figure 4a shows the gradual decrease in activity
with run time for different CuZnO/SiO2 catalysts. Under
the applied reaction conditions, the catalytic activity
drops 29�77% after 240 h on stream. N2 physisorption
analysis discards pore blockage as an explanation for
the observed deactivation (Supplementary Table S2).
Generally, slower deactivation is observed for catalysts
supported on cagelike silicas than for those supported
on SiO2-gel materials. A reverse trend in stability would
be expected based onmetal particle size arguments, as
on average smaller Cu nanoparticles, which are con-
sidered to be more prone to grow, are found in
catalysts supported on cagelike mesostructures after
reduction. Hence, this indicates the relevance of sup-
port porosity for stability. To enable comparison of the
different deactivation behaviors on a quantitative ba-
sis, a common second-order deactivation law has been
used to fit all the activity decay curves.19 Figure 4b�c
depict the dependence of the second-order deactiva-
tion rate constant (kd,2) on the pore dimensions of
the support materials for the two series of catalysts.

Figure 3. Copper-specific initial methanol production rate
as a function of the cage/pore size for CuZnO/SiO2 catalysts
supportedonSBA-16mesostructures (dashed columns) and
SiO2-gel materials (full columns). Reaction conditions: T =
533 K, P = 40 bar, synthesis gas feedstock Ar/CO2/CO/H2 =
10:7:23:60 (vol), initial (CO þ CO2) conversion of 15�20%.
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The deactivation rate constant depends strongly on
the pore size. When the widest pore characteristic
dimension of the cagelike materials, i.e. the nano-
cage diameter, is considered in the comparison, two
different correlations are found for the distinct pore
morphologies, with deactivation rate constants 2�4
times lower for catalysts supported on SBA-16 than for
the corresponding catalysts synthesized on SiO2-gel
supports (Figure 4b). In contrast, a general inverse
correlation between catalyst stability and support pore
size is found, which comprises both pore morpho-
logies, when the narrowest characteristic pore dimen-
sion, i.e. the entrance size, is considered as the relevant
porosity descriptor for cagelike silica support materials
(Figure 4c).

The extent of Cu particle growth during catalysis
was assessed for selected catalysts by HAADF-STEM.
Figure 5 shows representative STEM micrographs
along with the corresponding Cu particle size histo-
grams for selected catalysts both prior and after their
exposure to catalysis for 240 h. In all cases particle
growth took place during catalysis. For catalysts sup-
ported on SBA-16, Cu particles larger than the silica
cages are not observed after reaction, evidencing that
cage-confinement provides an effective limit to
growth. This is emphasized by the cutoff observed in
the particle size distributions of the spent catalysts for
sizes in correspondence with the diameter of the silica
cages, as it is most clearly observed for CuZnO/SBA_8-
(ne) which showed a higher growth extent (Figure 5f).
Also for CuZnO/SG_9 the final Cu particle size distribu-
tion after catalysis is circumscribed to the boundaries
set by the pore size distribution of the support
(Figure 5i), indicating a sufficient mechanical stability
of the silica pore walls and their effective role to limit
particle growth.

After 10 days on-stream, the surface-averaged Cu
particle size had increased 15%, 23%, and 31% for

catalysts supported on SBA_5, SBA_8(ne), and SG_9,
respectively. The trend is in agreement with the deac-
tivation behavior (Figure 4), supporting that smaller
entrances restrict Cu particle growth more efficiently
and hence lead to improved stability. Nonetheless,
the decrease in Cu surface area derived directly from
the observed Cu particle growth does not fully explain
on its own the activity decay registered. This result
is in line with previous observations19 and suggests
that particle growth brings about supplementary con-
tributions to catalyst deactivation which might be
explained by a blockage of the metal surface by direct
interaction with the silica pore walls, or a degrada-
tion of the interaction with the Zn promoter species.
However, whereas deterioration of the Cu�Zn interac-
tion upon Cu particle growthmight have contributed to
some extent to catalyst deactivation, consistent deacti-
vation trends were found for analogous Cu/SiO2 cata-
lysts, without Zn (Supplementary Figure S6), confirming
the relevance of the support pore size and morphology
for Cu particle growth and catalyst stability.

Although enhanced stability has also been recently
reported upon cage confinement of metal nanoparti-
cles under conditions favoring Ostwald ripening60 for
CuZnO/SiO2 catalysts with short distances between the
Cu particles exposed to relevant methanol synthesis
reaction conditions, as those reported here, we have
previously reported that particle coalescence seems to
contribute significantly to growth.20 This interpretation
is reinforced by the fact that improved stability is
observed with the presence of narrow constraints
within the porosity of the silica carrier material. Con-
sidering the average size of the Cu nanoparticles and
the silica nanocages, it is unlikely that more than
two Cu particles are hosted in a single cage prior to
catalysis. Hence, theenhanced stability ismost likelydue
to restricted intercage particle migration which brings
about a significant metal “compartmentalization” and

Figure 4. (a) Evolution of the normalizedmethanol production ratewith time on stream (non-normalized deactivation curves
are given as Supplementary Figure S7); dependence of the second-order deactivation rate constantwith (b) the cage andpore
size and (c) the entrance and pore size for CuZnO/SiO2 catalysts supported on SBA-16 and SiO2-gel supports, respectively.
Data corresponding to CuZnO/SG_4 have not been included in panel (a) for clarity. In panel (c) the dashed line corresponds to
the linear fit of all the data points. Reaction conditions: T = 533 K, P = 40 bar, synthesis gas feedstock Ar/CO2/CO/H2 =
10:7:23:60 (vol), initial (CO þ CO2) conversion of 15�20%.
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limits growth via particle coalescence. The hampered
migration ofmetal particles between cagesmight result
either from a direct geometrical constraint, owing to the
fact that most Cu particles in the activated catalysts are
already similar in size or larger than the cage entrances,
or from the energetically unfavorable displacement
of the particles from the concave inner surface of the
nanocages.61 Particularly in the first case, the entrance
size is anticipated to play a major role for particle
stabilization, which is consistent with the direct relation-
ship found between the catalyst stability and the size of
the narrowest characteristic pore dimension of the silica
host materials.

CONCLUSIONS

A series of CuZnO/SiO2 catalysts have been synthe-
sized by impregnation using an aqueous solution of

the metal nitrate precursors. Nitric oxide assisted
nitrate decomposition following vacuum drying at
room temperature enables the efficient deposition of
small Cu nanoparticles exclusively inside the support
porosity, displaying short interparticle spacings. Under
relevant methanol synthesis reaction conditions, the
thus synthesized catalysts show a high initial Cu-
methanol production rate, comparable to that for a
reference Cu/ZnO/Al2O3 catalyst obtained by a con-
ventional coprecipitation route. Confinement of the
CuZnO catalysts in cagelike silica pores limits particle
growth and hence improves stability with respect to
catalysts supported on SiO2-gel materials with also 3D
interconnected, but unconstrained, porosity. A strong
inverse relationship is found between catalyst stability
and the support pore size, comprising both pore
morphologies, provided the narrowest characteristic

Figure 5. HAADF-STEM micrographs of ultramicrotomed sections (nominal thickness of 50 nm) and the derived Cu particle
size distributions for (a�c) CuZnO/SBA_5, (d�f) CuZnO/SBA_8(ne), and (g�i) CuZnO/SG_9 before (a,d,g) and after (b,e,h)
exposure to catalysis conditions for 240 h. The cage/pore size distributions of the support materials have been included as a
gray line in the corresponding Cu particle size histogram plots.
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pore dimension, i.e. the entrance to the nanocages
for cagelike pores, is considered as the relevant por-
osity descriptor. Overall, our study emphasizes how
advanced control over nanoscale features of porous
materials enables the establishment of general and

quantitative structure�performance relationships, as
an efficient strategy toward the rational design ofmore
stable and durable catalysts and other functional
nanostructures in applications where metal nanopar-
ticle growth represents a hurdle.

METHODS

Synthesis of SBA-16 Support Materials. Four different SBA-16
silica mesostructures were synthesized with varying cage and
entrance sizes. These support materials are denoted as SBA_
x(y), where x denotes the mean cage diameter in nm and,
optionally, y is “ne” denoting narrow entrance or “we” denoting
wide entrance for materials displaying essentially the same
cage size.

Block-copolymers Pluronic F127 (EO106PO70EO106) and
Pluronic P123 (EO20PO70EO20) from Sigma-Aldrich, 1-butanol
(p.a., Acros), and tetraethyl ortosilicate (TEOS, g99%, Sigma-
Aldrich) were used as received. SBA-16 silica materials with
small cages (5�6 nm) were synthesized following the pro-
cedure reported by Kim et al.49 using a synthesis gel with the
following molar composition: 0.0016 P123/0.0037 F127/1.0
TEOS/4.4 HCl/140 H2O. The copolymers were dissolved at room
temperature in HCl/H2O. TEOS was subsequently added drop-
wise under fast magnetic stirring, and the gel was aged in an
oven at 308 K for 20 h under static conditions. The mixture was
hydrothermally treated at 333 K (SBA_5) or 373 K (SBA_6) for
24 h. Large-cage SBA-16 silica materials were prepared using
1-butanol (BuOH) as a swelling agent at low-acid concentrations
as described by Kleitz et al.63 A synthesis gel with the following
molar ratios was used: 0.0035 F127/1.79 BuOH/1.0 TEOS/0.91
HCl/120 H2O. After the block-copolymer was dissolved in HCl/
H2O, 1-butanol was added and the mixture was stirred at 308 K
for 1 h. Then, TEOS was added dropwise under fast magnetic
stirring and the gel was aged in an oven at 35 �C for 20 h under
static conditions. The mixture was further treated for 48 h at
263 K (SBA_8(ne)) or 24 h at 393 K (SBA_8(we)). The temperature
and duration of the hydrothermal treatment were adjusted
to obtain SBA-16 silica materials with similar cage sizes and
different entrance sizes.

In all cases, after the hydrothermal treatment, the resulting
solids were filtered, extensively washed with deionized water,
and dried at 393 K for 10 h. Finally, the product was calcined
at 813 K in a muffle oven to remove the copolymer template.
For reference purposes, a series of high-purity, commercial silica
gel materials (Merck and Grace) with mean pore diameters in
the range of 3�15 nm were employed.

Synthesis of CuZnO/SiO2 Catalysts. To synthesize the CuZnO/SiO2

catalysts, the silica supports were sieved to select particles of
38�90 μm and dried at 523 K under vacuum for 2 h prior to the
incorporation of the metal precursors. Then the supports were
impregnated to incipient wetness using a 4M aqueous solution
of Cu and Zn nitrates (atomic ratio Cu/Zn = 65/35) in 0.1MHNO3

(pH < 1). After impregnation, the solids were dried for 12 h at
room temperature under dynamic vacuum. Finally, the sup-
ported metal nitrate precursors were decomposed by submit-
ting the samples to thermal treatment at 723 K for 1 h under
a flow of 2%NO/N2 (v/v). A heating rate of 2 K min�1 and a gas
hourly space velocity (GHSV) of 1.0 3 10

4 h�1 were applied.
Catalysts were denoted CuZnO/x_y, where x is SG for catalysts
supported on SiO2-gel and SBA when SBA-16 mesostructure
was used as the support, and y denotes the pore/cage size
in nm. Reference Cu/SiO2 catalysts were also synthesized as
indicated above, though a 4 M CuNO3 3 3H2O solution in 0.1 M
HNO3 was used in the impregnation step. Control materials
were prepared by drying the impregnated solid in an oven at
393 K and/or calcining the dried impregnate at 723 K for 1 h in a
stagnant air atmosphere, using a muffle oven.

Catalyst Characterization Methods. N2 and Ar physisorption iso-
therms were measured at 77 K using a Micromeritics TriStar
3000 apparatus. Prior to analysis, the samples were treated in a

N2 flow at 523 K for 12 h. Surface areas were derived using the
BET method, and the total pore volumes were based on the
amount of N2 adsorbed at a relative pressure of P/P0 = 0.95.
The average cage size was defined as themaximum value in the
pore size distribution (PSD) derived from the physisorption
results by applying the Barrett�Joyner�Halenda (BJH) model
modified according to the Kruk�Jaroniec�Sayari (KJS) correc-
tion with the Harkins�Jura empirical thickness equation to
the N2 adsorption branch. The size distribution of the widest-
entrance path to the cages was derived from the Ar desorption
branch using the BJH model with empirically established
corrections as published by Kruk et al.62

Hydrogen temperature programmed reduction (H2-TPR)
was employed to determine the Cu loading in the catalysts in
an Autochem 2910 from Micromeritics as previously described.
The single reduction peak at 493�533 Kwas integrated, and the
determined H2 consumption was ascribed to the reduction of
CuO according to the stoichiometry CuO þ H2 f Cu þ H2O.

X-ray diffractograms were acquired at rt in the 2θ range
from 10� to 80� (step size of 0.06�, scan speed 356 s step�1)
using Co KR1,2 radiation (λ = 1.79026 Å). The copper oxide
crystallite size was estimated by applying the Scherrer equa-
tion (k = 0.9) to the (1 1 1) diffraction of CuO (2θ = 45.5).
Corundum (R-Al2O3) was used to determine the experimental
line broadening.

Bright-field transmission electron microscopy (TEM) was
performed in a Tecnai 12 microscope (FEI) operated at 120 kV.
High-angle annular dark-field scanning-transmission electron
microscopy (HAADF-STEM) and energy dispersive X-ray spec-
troscopy (EDX) were performed in a Tecnai 20FEG microscope
(FEI) operated at 200 kV. As-reduced or spent catalysts were
passivated by controlled exposure to oxygen at rt and stored in
a glovebox (<1 ppm O2) until specimen preparation for micro-
scopy. Then the powdered catalysts were embedded in an
epoxy resin (Epofix, EMS) and cured at rt for 72 h. The embedded
specimens were then cut into ultrathin sections (nominal thick-
ness of 50 nm) using a Diatome 35� diamond knife mounted
on a Reichert-Jung Ultracut microtome, and the sections
were collected on carbon-coated Cu TEM grids (200 mesh,
Agar Scientific). Cu particle size histograms were generated by
counting at least 200 particles.

Catalysis. Methanol synthesis testswere performed in a fixed-
bed stainless steel reactor. The catalysts were pressed into
pellets, crushed, and sieved to select particles in the 0.42�
0.63 mm size range. The catalyst bed consisted of 0.2�0.5 g of
catalyst diluted with SiC granules (0.25�0.42 mm) in a ca. 1:1
volume ratio, in order to achieve plug-flow isothermal condi-
tions. Prior to catalysis, the catalyst was reduced in situ at 523 K
for 150min (heating ramp of 2 Kmin�1) under a flow of 20 vol %
H2/Ar. After reduction, the reactorwas cooled down to 373 K and
flushedwith a synthesis gasmixture (Ar/CO2/CO/H2 = 10:7:23:60,
vol.) for 30 min. The synthesis gas mixture was fed from a
pressurized gas-mixture cylinder (Linde) and purified using a
metal carbonyl trap containing H-USY zeolite (CBV-780 from
Zeolyst Int., 0.5�1.5 mm) situated upstream of the reactor. The
pressure was gradually increased to 40 bar, and then the reactor
was heated up to the reaction temperature of 533 K (2 K min�1).
The gas space velocity was adjusted to achieve initial (COþ CO2)
conversions of 15�20%. The gas flow leaving the reactor was
decompressed and periodically injected into a Varian 450 gas
chromatograph (GC) equipped with TCD and FID detectors.
Product flow rates were quantified using Ar as the internal
standard. Deactivation rate constants were derived by fitting
the activity profiles (normalized methanol production rate vs
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time on stream) with a second-order deactivation rate law for
reaction times of 25�240 h, as detailed elsewhere.20
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