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ABSTRACT: We present a model system, based on spherical nonporous
supports, to facilitate the characterization of supported metal catalysts
stabilized by atomic layer deposition (ALD) against sintering and leaching
under liquid-phase conditions. Calcination at high temperatures (973 K)
produces pores in the ALD overcoat, and we image these pores using
scanning transmission electron microscopy and electron energy loss
spectroscopy (STEM/EELS). We determine the size of these pores to be
∼1 nm using small-angle X-ray scattering (SAXS). Finally, we demonstrate
the use of ALD to synthesize novel bifunctional catalysts by the addition of
an acidic oxide layer to the stabilizing overcoat.
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The high stability of precious-metal catalysts underlies their
importance in petrochemical and biomass refining. For

reasons of environmental and economic sustainability, it would
be desirable to replace precious-metal catalysts (e.g., Pt) with
base metals that are more earth-abundant (e.g., Cu). However,
base-metal catalysts are especially susceptible to irreversible
deactivation through sintering or leaching, especially under
liquid-phase reaction conditions.1−4 Accordingly, the search for
base-metal catalysts that are stable under liquid-phase reaction
conditions has been an important challenge in the field of
heterogeneous catalysis. Recently, O’Neill et al.5 reported that
atomic layer deposition (ALD) can be employed to stabilize a
base-metal catalyst for liquid-phase catalytic processing.
Specifically, Cu nanoparticles were stabilized on γ-Al2O3 by
ALD of an aluminum oxide overcoat for use in the liquid-phase
hydrogenation of furfural.
Herein, we present a model system that can be used to

facilitate investigation of the ALD overcoat structure that leads
to catalyst stabilization and extend the functionality of the ALD
overcoated catalyst architecture to include bifunctional catalyst
activity. In this work, Cu nanoparticles (5 wt %) were
supported on silica spheres to facilitate characterization of the
materials. This spherical support has a low Brunauer−Emmett−
Teller (BET) surface area (21 m2 g−1, Supporting Information
(SI) Table S1) and no Barret−Joyner−Halenda (BJH)
framework pore volume and can be considered a nonporous
support. A graphical representation of the catalyst synthesis is
shown in SI Figure S1. The catalyst was prepared by ion

exchange, involving Coulombic metal−support interactions,
leading to catalysts that are highly dispersed.6 Figure 1a
illustrates the high dispersion of the Cu nanoparticles after
reduction (Cu/spSiO2 reduced). The nanoparticles have a
narrow distribution of sizes, with most of the nanoparticles
being smaller than 1 nm (SI Figure S2). After reduction, the
catalyst was overcoated using 30 alternating cycles of
trimethylaluminum (TMA) and water, leaving the material
encapsulated in an amorphous aluminum oxide overcoat
(30ALDAlOx/Cu/spSiO2). Heat treatment in air at 973 K
produced porosity in the overcoat, thereby providing access to
the Cu particles (30ALDAlOx/Cu/spSiO2-973). After these
treatments, the distribution of the particle sizes remains the
same (SI Figure S2). Although aluminum oxide ALD had been
used to stabilize precious metals supported on alumina,7 base
metals supported on alumina,5 and precious metals supported
on nonalumina supports,8 to our knowledge, this is the first
time that aluminum oxide ALD has been utilized for the
stabilization of base-metal particles over a support that is not
alumina.
Prior to ALD overcoating, the BET surface area of Cu

supported on SiO2 spheres (Cu/spSiO2) was 28 m2 g−1 (SI
Table S1). After reduction in H2 at 573 K, the catalyst had 34
μmol g−1 of surface Cu0 sites, as titrated by N2O flow

Received: March 13, 2014
Revised: April 9, 2014
Published: April 11, 2014

Letter

pubs.acs.org/acscatalysis

© 2014 American Chemical Society 1554 dx.doi.org/10.1021/cs500330p | ACS Catal. 2014, 4, 1554−1557

pubs.acs.org/acscatalysis


chemisorption.9 The surface area of the ALD overcoated
sample (30ALDAlOx/Cu/spSiO2) decreased to 11 m2 g−1,
indicating that the ALD process created a smooth and
nonporous overcoat. Immediately after overcoating followed
by reduction in H2 at 573 K, Cu

0 sites were no longer detected
by N2O titration. Following treatment at 973 K in air
(30ALDAlOx/Cu/spSiO2-973), the surface area was 12 m2

g−1, and subsequent H2 reduction demonstrated Cu0 surface
sites (15 μmol g−1) had been re-exposed. Since the overcoat
layers are thin (∼3.6 nm, 1.2 Å/ALD cycle), it can be inferred
that the pores are not deep and are insufficient to increase the
surface area;10 however, the increase in the amount of exposed
copper suggests the formation of pores. The chemisorption and
surface area measurements corroborate observations of the
overcoat from STEM (Figure 1b−d). Upon examination of
Figure 1b, the shell of aluminum oxide surrounding the silica
sphere, absent in Figure 1a, can be seen at the edges of the
sphere. The composition of the overcoat was confirmed by the
EDS map of the border region shown in the inset, where blue is
the spherical silica support and green is the ALD aluminum
oxide overcoat. Figure 1c is a high magnification image of the
overcoat around a single, larger copper nanoparticle, and Figure
1d confirms by EELS that the material surrounding a different
nanoparticle is the AlOx ALD layer and not silica that had
migrated during calcination.
It has been suggested that the underlying nanoparticles

control the size of pores formed in the overcoat.10

Consequently, the ∼1 nm-sized copper nanoparticles in this
catalyst may make the direct imaging of the porosity
complicated, in contrast to the larger pores that can be seen
with particles of larger size,5 and unfortunately, direct imaging
of the porosity of the ALD layer in 30ALDAlOx/Cu/spSiO2-
973 was not possible. We note that a rough surface was
observed for 30ALDAlOx/Cu/spSiO2-973, which could be an
indicator of porosity. However, this roughness can also

originate from damage of the sample by the electron beam,
thus precluding the use of roughness as an irrefutable
determinant of overcoat porosity (SI Figure S3).
To circumvent this complication, we designed a method that

allows imaging of the pores by scanning transmission electron
microscopy and electron energy loss spectroscopy (STEM/
EELS), which is facilitated by the spherical support. The
porosity of the AlOx overcoat was probed by subsequent
deposition of 20 cycles of NbOx ALD (Figure 2). To indirectly

image pores in the overcoat, the average penetration depth,
defined as the overlap distance between the AlOx overcoat and
the center of mass of NbOx, was calculated from EELS line
scans of the catalyst (Figure 3). The value of the penetration
depth should be greater than zero for all samples because the 2-
D projection of STEM images makes NbOx deposited on top of
AlOx indistinguishable from NbOx intermixed with AlOx.
Analysis of multiple line scans revealed that the penetration
depth into the AlOx overcoat of NbOx deposited on
30ALDAlOx/Cu/spSiO2-973 (Figure 4, 2.0 ± 1.0 nm), as
measured by STEM/EELS, is greater than the penetration
depth of NbOx deposited on 30ALDAlOx/Cu/spSiO2 (Figure
4, 1.0 ± 0.8 nm). This result confirms the formation of porosity
by calcination suggested by the N2O chemisorption and
reaction kinetics experiments (see also Figure 4 and SI Tables
S1 and S2). The presence of porous features in the overcoat
was also confirmed by small-angle X-ray scattering (SAXS).
The changes in the high q range of 0.1−0.4 Å−1 detected in the
difference spectra for 30ALDAlOx/Cu/spSiO2 and 30ALDA-
lOx/Cu/spSiO2-973 indicate the formation of ∼1 nm pores (SI
Figure S4).
To ensure that our model catalyst performed comparably to

our previous work, the catalyst performance was studied for the
liquid-phase hydrogenation of furfural to furfuryl alcohol in 1-
butanol as the solvent (403 K, 22 bar H2). Furfural is derived

Figure 1. STEM images: (a) Cu/spSiO2 reduced; (b) 30ALDAlOx/
Cu/spSiO2 (inset of an EDS map of the border); (c) 30ALDAlOx/
Cu/spSiO2, surface Cu particle overcoated by aluminum oxide; (d)
EELS map of an overcoated Cu particle. Correspondence of colors and
elements: green, Al; blue, Si; red, Cu.

Figure 2. STEM/EELS 20 cycles of NbOx deposited on 30ALDAlOx/
Cu/spSiO2: (a) STEM image, (b) EELS map at the border, (c) EELS
line profile. Correspondence of colors and elements: yellow, Nb;
green, Al; blue, Si; red, Cu. The black line corresponds to the high-
angle annular dark field (HAADF) intensity.
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from the hemicellulose portion of biomass, and its importance
is expected to increase as industries move to renewable
feedstocks.11 Furthermore, this reaction is an example of a Cu-
catalyzed hydrogenation that would benefit from stabilized Cu
catalysts.

Figure 5a shows that Cu/spSiO2 deactivated during time on-
stream. Deactivation by the deposition of carbonaceous species
on the catalyst is reversible upon regenerative calcination (673
K in air) and reduction; however, deactivation by leaching or
sintering is irreversible. Figure 5a demonstrates that sintering,
leaching, or both occurred because of the irreversible loss of

Figure 3. Example EELS line scans for NbOx-coated (a) 30ALDAlOx/
Cu/spSiO2 (SI Table S2, scan 4) and (b) 30ALDAlOx/Cu/spSiO2-
973 (SI Table S2, scan 14).

Figure 4. Penetration depth of 20 ALD cycles of NbOx deposited in
30ALDAlOx/Cu/spSiO2 (red) and 30ALDAlOx/Cu/spSiO2-973
(blue) as measured by STEM/EELS. The greater penetration depth
of NbOx into the AlOx ALD layer of 30ALDAlOx/Cu/spSiO2-973
indicates the presence of pores before NbOx deposition.

Figure 5. Furfural hydrogenation in liquid butanol at 403 K and 22 bar
H2 using (a) Cu/spSiO2 and (b) 30ALDAlOx/Cu/spSiO2-973 and (c)
a comparison of subsequent etherification of furfuryl alcohol with the
solvent 1-butanol over 30ALDAlOx/Cu/spSiO2-1173 and 5ALD-
NbOx(30ALDAlOx/Cu/spSiO2-973)-1173.
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activity after calcination, followed by reduction in H2, as has
been observed previously.5

In contrast, the overcoated catalyst (30ALDAlOx/Cu/
spSiO2-973) demonstrated complete regeneration under the
same conditions (Figure 5b). The rate per gram of this catalyst
is lower than that of the catalyst previously prepared over γ-
Al2O3,

5 but the activity per copper site is comparable (with sites
counted by N2O titration). The rate of deactivation decreased
over the first few cycles, but it reaches a state that the activity
and deactivation are fully regenerable. The nonporous nature of
the deposited overcoat and the formation of pores upon
calcination was also confirmed by the fact that there was
negligible conversion on the overcoated catalyst that had not
been calcined (30ALDAlOx/Cu/spSiO2).
In addition to nanoparticle stabilization, we note that the use

of ALD overcoating allows for the synthesis of novel and finely
controlled catalytic structures. The ability to add bifunctionality
with atomic precision is an important and promising future area
in heterogeneous catalysis, and ALD provides a potential route
to achieve catalyst selectivities that rival those of biologically
derived enzymatic catalysts while maintaining the robustness of
inorganic heterogeneous materials. In this proof of concept
example, the addition of NbOx into the pores of the
30ALDAlOx/Cu/spSiO2-973 followed by calcination at 1173
K (5ALDNbOx(30ALDAlOx/Cu/spSiO2-973)-1173) leads to
the formation of new acid sites capable of catalyzing the
etherification of furfuryl alcohol with 1-butanol to form furfuryl
butyl ether (Figure 5c) without significantly altering the
amount of exposed copper (SI Table S1) or negatively affecting
the activity per gram or regenerability of the furfuryl alcohol
production (Figure 5S). Following the addition of 5 cycles of
NbOx the rate of etherification is approximately an order of
magnitude higher than that of 30ALDAlOx/Cu/spSiO2-1173.
We also note that no furfuryl butyl ether was previously
observed when the catalyst was supported on γ-Al2O3,

5

suggesting that the addition of AlOx via ALD to silica could
also be a route to creating acidity.
We have employed a model system based on the use of

nonporous supports to facilitate the detailed characterization of
supported metal catalysts stabilized by ALD, and we have
developed a method to indirectly image the pores in the ALD
overcoat. This strategy could be useful for better imaging and
understanding of other phenomena in catalysis. In addition, we
have demonstrated the use of ALD to synthesize novel
bifunctional catalysts.
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