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The use of metal oxide overcoats over supported nanoparticle catalysts has recently led to impressive
improvements in catalyst stability and selectivity. The deposition of alumina is especially important for
renewable catalysis due to its robustness in liquid-phase conditions. However, there are limited reports
of work on alumina deposition and stabilization that goes beyond atomic layer deposition (ALD). Here,
we present a layer-by-layer deposition technique for the controlled formation of conformal alumina
overcoats in the liquid phase. This technique is easy to perform in common wet chemistry conditions.

i‘g (‘;‘; ords: Alternated exposure of the substrate to stoichiometric amounts of aluminum alkoxide and water in liquid-
Biomass conversion phase conditions leads to the formation of a porous overcoat that was easily tunable by varying synthesis
Furfural parameters. The deposition of 60 Al,05 layers onto Al,O0s-supported copper nanoparticles suppressed
Catalyst stability irreversible deactivation during the liquid-phase hydrogenation of furfural - a key biomass-derived plat-
Sol-gel form molecule. The porous overcoat leads to highly accessible metal sites, which significantly reduces

the partial site blocking observed in equivalent overcoats formed by ALD. We suggest that the ease of
scalability and the high degree of control over the overcoat’s properties during liquid-phase synthesis
could facilitate the development of new catalyst overcoating applications.

© 2017 Elsevier B.V. All rights reserved.

Because most fossil-derived molecules are volatile, refineries
largely rely on gas phase catalysis. The shift to renewable substrates
often involves liquid-phase catalytic processing. Such conditions

1. Introduction

Stability has a huge influence on the industrial viability of cat-

alytic materials. Catalyst deactivation incurs significant costs due
to the need for material regeneration and eventual replacement,
and therefore has been a major focus in petrochemical research
[1]. Reversible deactivation is often due to coverage of the active
site by chemical binding (e.g. poisoning) or coverage of the active
site (e.g. coking) [1,2]. These forms of chemical deactivation can
often be reversed by thermal treatment such as calcination with
air. Irreversible deactivation is much more costly and is often due
to physical or thermal processes [2,3]. Prominent irreversible deac-
tivation mechanisms include support collapse, and coalescence
or leaching of metal nanoparticles. Coalescence refers to the loss
of active surface by metal nanoparticle aggregation through Ost-
wald ripening or sintering. Leaching refers to metal dissolution and
occurs principally in solution.
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are required because biomass-derived molecules usually have low
volatility and are produced by biomass depolymerization or bio-
logical transformation in dilute aqueous or solvent streams [4-6].
Irreversible deactivation, including by sintering and leaching, tends
to be more pronounced in liquid-phase conditions, which makes
catalyst stability even more critical [1,2,7].

Catalyst overcoating by deposition of a metal oxide layer is
a promising method to curtail irreversible deactivation. Several
overcoating methods have been shown to protect metal nanoparti-
cles against thermal deactivation, and in some cases, coking. These
methods include the use of atomic layer deposition (ALD) of alu-
mina [8-10] and silica deposition by sol-gel [11-13]. Atomic layer
deposition of alumina involves the subsequent exposure of the
substrate to reactive alumina precursors or water in near-vacuum
conditions. Each cycle leads to the deposition of an atomically thick
layer of alumina, which allows very accurate control of the over-
coat’s thickness. However, the near-vacuum conditions lead to high
set-up costs and limit scale-up possibilities. Furthermore, ALD con-
ditions lead to the formation of a dense overcoat, which completely
blocks access to the metal. Catalytic activity is only recovered after
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a calcination step that crystallizes and cracks the overcoat [10].
However, even after calcination, access to the metal is typically
significantly reduced. In comparison, overcoating with SiO, by sol-
gel chemistry is low-cost and easy to scale up. Although the degree
of control does not match ALD’s, the overcoat’s thickness can be
kinetically controlled within a few nm due to the low reactivity
of siloxide precursors [14,15]. The utility of silica overcoating is
nevertheless limited by silica’s low stability in high temperature
liquid-phase conditions, which lead to rapid structural collapse
[16].

Alumina is much more resistant in liquid-phase conditions, but
the reactivity of its alkoxy precursors make its deposition difficult
to control kinetically. Because of this, there are few practical liquid-
phase synthesis methods for producing alumina overcoats. Instead,
attempts to deposit alumina using sol-gel techniques have focused
on mimicking the layer-by-layer approach and purge sequences of
ALD. Such methods have been reported for several oxides including
titania [17-19], alumina [20,21] and zirconia [21] and involve the
subsequent exposure of the catalyst to metal precursor and aque-
ous solutions. Multiple washes are performed between exposures
to avoid precipitation of material off the surface. The powder is then
dried and calcined to obtain a single molecular layer of oxide. These
steps are repeated multiple times to achieve a conformal overcoat.
This method is precise but extremely time-consuming, and its mul-
tiple steps make it as difficult to scale-up as ALD. Furthermore,
calcination between each deposition step prevents tuning of the
overcoat.

Here, we present a simple method for the liquid-phase deposi-
tion of conformal alumina overcoats. Our technique is based on the
alternated exposure of the substrate’s hydroxyl groups to metal
oxide precursors and water. Instead of purging excess precursor,
we subsequently inject stoichiometric amounts of reactants to
avoid side-reactions with unreacted excess precursor. This method
enables fast and straightforward cycling and overcoat deposition.
We demonstrate that, like ALD, our overcoat stabilizes a sup-
ported Cu/Al, 03 catalyst during the liquid-phase hydrogenation of
biomass-derived furfural. This stabilization occurs despite the fact
that the overcoat is significantly more porous than that obtained
with ALD, thus retaining high copper accessibility.

2. Experimental
2.1. Chemicals and materials

All commercial chemicals were analytical reagents, and were
used without further purification unless otherwise noted. Cop-
per nitrate trihydrate (99.999-Cu%) was purchased from ABCR. The
concentrated hydrochloric acid aqueous solution (ca. 37%) was pur-
chased from Merck. The concentrated nitric acid aqueous solution
(ca. 68%) was obtained from Sigma-Aldrich. Synthetic air (99.999%),
hydrogen (99.999%), helium (99.9999%), N,O (99.99%)/helium
(99.999%) 1/99 vol./vol. and nitrogen (99.999%) were obtained from
Carbagas. Silicon carbide (100 mesh) was purchased from Strem.
Furfural (99%) was purchased from Acros organic, purified by distil-
lation under reduced pressure and stored under inert atmosphere.
Aluminum sec-butoxide (97%) was purchased from Merck, purified
by distillation under reduced pressure and stored over 4 A molecu-
lar sieves (Merck) under inert atmosphere. Alumina (37 m2/g, Nano
Arc)was purchased from Alpha Aesar and calcined for 12 h at 500 °C
(5°C/min) under a flow of air (100 mL/min). 1-butanol (99.5%) was
purchased from Acros. 2-butanol (99%) was purchased from Sigma-
Aldrich, dried over magnesium, distilled, stored over 4 A molecular
sieves (Merck) and degassed under vacuum. Water was purified
using a Millipore Milli-Q Advantage A10 water purification system
to a resistivity higher than 18 MQ.cm.

2.2. Catalyst preparation

2.2.1. Preparation of alumina-supported copper NPs by incipient
wetness impregnation

The alumina support was pretreated under vacuum
(<103 mbar) at 150°C (heated to temperature with a 5°C/min
ramp) for 12h and stored in a nitrogen filled glovebox prior to
impregnation. A suitable amount of copper nitrate trihydrate
was dissolved in a 0.1 M nitric acid aqueous solution and added
dropwise to the support until incipient wetness was reached. The
resulting powder was dried for 12h at 95°C in air, reduced for
5h under H, flow (300°C, heated to temperature with a 1°C/min
ramp) and finally passivated at room temperature with air pulses
carried by a flow of Nj.

2.2.2. Deposition of porous alumina overcoat

The catalysts were pretreated under vacuum (<10-3 mbar) at
300°C for 5 h and kept under inert atmosphere using Schlenk tech-
niques and a nitrogen-filled glovebox (typically <0.5 ppm H,0 and
<0.5 ppm 0,). The powder was dispersed by magnetic stirring in
anhydrous 2-butanol and the mixture was heated to 60 °C. A solu-
tion was prepared for each precursorin a Schlenk flask by dissolving
the appropriate amounts of water and aluminum sec-butoxide,
respectively, in 2-butanol. 0.5 mL of the precursor solution (cor-
responding to coverage by a single monolayer) were alternatively
injected every 15min using syringes. The coverage of a single
monolayer was estimated by a volume projection of the precursor
molecule. This projected area was estimated using the MarvinS-
ketch ChemAxon software. The quantity of material needed for a
single layer per catalyst surface was calculated from this calculated
area for a single complex.

Typically, cycles were repeated 15, 30, 45 or 60 times to obtain
different overcoat thicknesses. The overcoated catalyst was sep-
arated by centrifugation (4000 rpm, 5min), washed twice with
2-butanol (40 mL) and twice with water (40 mL). Finally, the col-
lected powder was dried in an oven for 12 h at 150°C (heated to
temperature with a 2 °C/min ramp).

2.3. Catalytic testing

Furfural hydrogenation was investigated using a packed bed
down flow tubular reactor (i.d=4.5mm). Typically, 0.2 g of cata-
lyst were diluted into a bed of silicon carbide within the heated
zone of the reactor, which was delimited by conductive aluminum
blocks placed within the oven. The reactor was leak-tested under
30bar of nitrogen pressure.

Before the first run, the catalyst was pretreated under air
flow (100 mL/min) for 1h at 300°C (heated to temperature with
a 2°C/min ramp), cooled down to 30°C under nitrogen flow
(100 mL/min) and reduced under H, flow (100 mL/min) for 5h at
300°C (heated to temperature with a 1 °C/min ramp). After cooling
down to the reaction temperature (130 °C), hydrogen flow was set
to 35 mL/min using a Brooks mass flow controller and pressure was
adjusted to 23 bar using a Tescom back pressure regulator. A fur-
fural solution (70 g/kg in 1-butanol) was then pumped through the
reactor using SSI Series II HPLC pump at 0.10 mL/min. Liquid sam-
ples were collected using a gas-liquid separator. Gas phase analyses
were performed on an Agilent Technologies 7890 A gas chromatog-
raphy apparatus equipped with a flame ionization detector (FID)
and a HP-5 column (50 m, 0.32 mm).

After reaction, furfural flow was stopped and the catalyst was
regenerated by calcination under a flow of air (400°C, 1 h, heated
to temperature with a 2 °C/min ramp, 100 mL/min) and reduction
under hydrogen flow (300°C, 5h, heated to temperature with a
1°C/min ramp, 100 mL/min).
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2.4. Catalyst characterization

2.4.1. Inductively coupled plasma optical emission spectrometry
(ICP OES)

Elemental analyses were performed at the EPFL Central Envi-
ronmental Laboratory using inductively coupled plasma optical
emission spectrometry (ICP OES) ICPE-9000 multitype, Shimadzu.
Metals were carefully dissolved using a mixture of concentrated
nitric and hydrochloric acids (1:2 vol:vol).

2.4.2. Transmission electron microscopy (TEM)

The overcoat’s morphology was characterized by Transmission
Electron Microscopy and High-Angle Annular Dark-Field Scanning
Transmission Electron Microscopy (HAADF-STEM) on a FEI Talos
with a 200KV acceleration voltage. Lacey carbon grids were pre-
pared by directly ‘dipping’ the grid into the alumina powder. The
particle size distribution was estimated by statistical analysis of ca.
200 particles. Metal dispersion, defined as the ratio between surface
and total metal atoms, was calculated back from particle size dis-
tribution assuming a spherical geometry. Elements were mapped
using energy dispersive X-ray spectroscopy (EDX).

2.4.3. Physisorption and chemisorption

Brunauer-Emmett-Teller (BET) surfaces and Barrett-Joyner-
Halenda (BJH) pore volumes (desorption branch) were measured
by N,-physisorption on a Micromeritics 3Flex apparatus at liquid
nitrogen temperature. Samples were dried at 120 °C under vacuum
(<103 mbar) for 4 h prior to analysis.

Quantification of surface copper was performed on a
Micromeritics Autochem II 2920 using N,O as a reactive probe
selective to surface atoms according to the method described
by Vannice et al. [22]. Typically, 0.2g of sample were reduced
in situ (300°C, 1 h, heated to temperature with a 10 °C/min ramp)
and contacted with 0.5mLN,O/He (1/99 vol./vol.) pulses using
a sampling loop carried by a flow of helium at 90°C while N,
evolution and N,O consumption were quantified by monitoring
masses 28 and 44 using MKS Cirrus 2 mass spectrometer.

3. Results and discussion

Alumina spheres (50 nm, Sger = 34 m2/g) were used as a support
to facilitate overcoat conformity analysis by microscopy. Aluminum
tri-sec-butoxide (Al(OsBu)s;) was selected as an aluminum source
for overcoating due to its high solubility in alcohols and reactiv-
ity with water. Prior to overcoating, copper nanoparticles were
formed by calcination and reduction of alumina impregnated with
a solution of copper nitrate. High-Angle Annular Dark-Field Scan-
ning Transmission Electron Microscopy (HAADF-STEM) pictures
showed that the resulting nanoparticle size was 3.4+0.7 nm or a
32% metal dispersion assuming spherical geometry [23] (Fig. 1A,
histogram Fig. S1).

Our technique is based on an accurate determination of pre-
cursor stoichiometries. Any excess precursor left in solution after
reaction led to homogeneous nucleation during the subsequent
half-cycle. This occurrence then created a seed for undesired het-
erogeneous nucleation throughout the process, which resulted in
the creation of additional support, diluting the active site without
any stabilization. In contrast, the addition of insufficient amounts
of precursor left the surface partially uncovered, with some unpro-
tected metal particles. Therefore, precise determination of the
initial amount of precursor was essential to ensure conformal
surface coverage. The support was treated at a relatively low
dehydroxylation temperature (300°C) in order to create a high
surface hydroxyl density (>6 OH/nm?2) [24]. In these conditions,
the large size of aluminum tri-sec-precursors prevented full occu-
pancy of surface hydroxyl groups. Therefore, monolayer coverage

could be calculated assuming a surface fully packed with precursor
molecules according to a projection of their van der Waals volume
(Fig. 2A) (calculated as 0.65nm?2). The Al,03 sphere surface area
was measured by physisorption (Sger =34 m?2/g) and was divided
by the precursor’s projected surface area to calculate a monolayer
coverage stoichiometry of 87 pumol of precursor per gram of Al;03
spheres.

The supported catalyst was carefully suspended in anhydrous
sec-butanol using sonication to avoid any diffusion transfer issues
with large agglomerates. Then, coating was done by alternatively
injecting 0.5mL of sec-butanol solutions containing the calcu-
lated amounts of either aluminum tri-sec-butoxide or water every
15 min through an air-tight septum (Fig. 2B and C). A blank test
was performed in the absence of the support to ensure that a full
reaction between precursors occurred within the alternate injec-
tion time frame. We also performed a coating with a reaction time
between injections of 60 min, but this did not affect the properties
of the overcoat, demonstrating that the reaction was largely over
within 15 min. After completion of the targeted number of cycles,
the material was washed with sec-butanol to eliminate any unre-
acted precursor and with water to ensure complete hydrolysis of
alkoxide ligands. The resulting substrate was then dried for storage.

STEM-HAADEF revealed the presence of a low-density overcoat
surrounding the dense spherical substrate after 60 cycles (Fig. 1B).
Conformality did not match that achieved with ALD, but the surface
was largely overcoated, as confirmed by subsequent nanoparticle
characterization. The high porosity observed by TEM was con-
firmed by nitrogen physisorption measurements, which showed a
linear increase of BET surface area from 34 m?2/g for Al, O3 spheres to
68,80, 105 and 117 m?2/g after deposition of 15, 30,45 and 60 cycles,
respectively (Fig. 2D, N, adsorption and desorption isotherms are
presented in Fig. S2). Accessibility of the copper nanoparticles was
assessed by titration of Cu® sites using N, O after reduction at 300 °C.
Surface copper before overcoating was 38 wmol/g and dropped to
21 pmol/g after deposition of 30 cycles confirming partial cover-
age of the metal. Nevertheless, about half of the surface copper was
still accessible after coating, confirming the relatively high poros-
ity of the overcoat and suggesting that the access to the metal and
associated catalytic activity could be preserved. Interestingly, the
number of deposition cycles has no significant influence on the Cu
surface accessibility (19 and 23 wmol/g of surface Cu sites were
measured for 15 and 50 cycles, respectively). In contrast, the dense
overcoat deposited by ALD covered the metal surface completely
and required calcination and cracking to restore access to the cat-
alytic sites [10]. No further cracking or etching of the overcoat was
required using the present method.

The influence of the assumed coverage stoichiometry was stud-
ied by varying the quantity of alkoxide precursor injected at each
cycle. Quantities corresponding to 0.5, 1 and 2 monolayers per
injection as calculated by volume projection were used in coatings
with 30 cycles (Fig. 3A). The average thickness and shape irreg-
ularity of the overcoat were measured and calculated to allow
for a quantitative comparison of the materials. The irregularity
parameter was calculated as the standard deviation based on 10
measures of the overcoat thickness for each particle (see Section S3
for a detailed description of the calculation). A smaller irregularity
value corresponds to a more conformal coating. When quantities
of alkoxy precursor corresponding to 0.5 monolayers per cycle
were injected, the resulting overcoat had a similar thickness to
that observed when quantities corresponding to 1 monolayer were
injected (Fig. 3A, Table S1). However, the irregularity in shape
was significantly higher with 0.5 monolayer equivalents per cycle.
This increase in irregularity is consistent with the formation of a
partially coated substrate, and with subsequent cycles preferably
growing on the recently formed low-density overcoat (Fig. 3A1). As
expected, the use of an amount of alkoxy precursor corresponding
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Fig. 1. STEM HAADF images of (A) Copper nanoparticles supported on alumina spheres (Cu/Al,03); (B) Cu/Al,03 after deposition of an amorphous alumina overcoat (60
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Fig. 2. (A) Schematic representation of the aluminum precursor (Al(OsBu)s3) and its projected surface area. (B) Experimental setup for the stoichiometrically limited layer-
by-layer overcoating. (C) Two-reaction sequence of a single overcoating cycle. (D) Evolution of BET surface area and additional catalyst mass as a function of the number of

overcoating cycles (using a water to aluminum molar ratio of 2).

to 2 monolayers per cycle led to an average overcoat thickness that
was twice as large as when 1 monolayer was used (Fig. 3A). How-
ever, the irregularity was twice as high as when a single monolayer
was targeted at each cycle (Fig. 3A 1II). This could be explained by
the deposition of large alumina clusters on the surface after they
were formed in solution by homogeneous nucleation. Overall, the
ideal precursor to surface stoichiometry appeared to be the amount
of precursor estimated to form a single monolayer (Fig. 3A II). This
result supported the assumption that this amount can be calcu-
lated using a simple volume projection of the alkoxy precursor on
the surface of the support.

The reaction of an alkoxy precursor with hydroxyl groups on the
surface of the support led to the formation of a population of mono,
bis and tris-grafted species by substitution of 1, 2 or 3 monodentate
sec-butoxy ligands with surface hydroxyl groups and the associ-
ated release of sec-butanol in solution (Fig. 2C). The remaining
ligands had to be hydrolyzed by the addition of water, which repop-
ulated the surface with hydroxyl groups. Therefore, the amount
of water required to hydrolyze any remaining ligands depends
on the connectivity of the grafted alkoxy group. A lower amount
of required water will be associated with a higher connectivity
and, thus, a denser overcoat. We tested several water-to-aluminum
ratios (1.0, 1.5 and 2.0 H0:Al(OsBu); mol:mol). Using water-to-
aluminum ratios of 1.0 and 2.0 led to larger pore volumes (both

0.32 cm3/g, calculated according to Barrett, Joyner and Halenda -
BJH - model) and high accessibility of copper after coating (19 and
15 pmol/g, respectively) (Fig. 3BIand III). In contrast, a denser layer
(0.18 cm3/g) preventing access to copper (0 wmol/g) was formed
using a water-to-aluminum ratio of 1.5 (Fig. 3B II). This result sug-
gests that aluminum atoms could react with up to an average of
1.5 surface grafted hydroxyl groups, and could thus require 1.5
water molecules to be hydrolyzed. Lower water ratios could leave
non-hydrolyzed sec-butoxide ligands behind, which would act as
spacers, favoring porosity (Fig. 3B I). Higher water ratios favored
over-hydrolyzing the alkoxy precursor, preventing it from cross-
condensing with other grafted hydroxyl groups, which could also
favor increased porosity (Fig. 3B III). This proposed effect is illus-
trated in Fig. 3B, and demonstrates the control that sol-gel synthesis
parameters can exert over the overcoat — notably, to tune the acces-
sibility to the metallic active sites.

The catalytic performances of the uncoated and coated catalysts
(60 cycles, using a water-to-aluminum molar ratio of 2.0) were
tested in the liquid-phase hydrogenation of furfural in 1-butanol
(23 bar Hy, 130°C). Furfural is a key biomass-derived platform
molecule and its transformation to furfuryl alcohol is highly rel-
evant for biomass valorization to certain fuels and bulk chemical
intermediates [6,25-27]. Recent studies have shown that furfural
production is favored in organic solvents as opposed to aqueous
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Fig. 3. Influence of the stoichiometry on the structural properties of the catalysts after deposition of 30 cycles. (A) Impact of the aluminum precursor quantity added per
cycle (reported in number of equivalent monolayers or ML per cycle) on the thickness and conformality of the overcoat (using a water-to-aluminum molar ratio of 2.0). (B)
Influence of water-to-aluminum ratio on the overcoat’s density and on copper’s accessibility.

conditions, and is often produced at relatively dilute concentrations
(i.e.<10 wt%) making its separation energy intensive [6,25,28,29].
Therefore, its direct conversion in the liquid phase would be
both economically and energetically advantageous. However, such
liquid-phase conditions can often lead to rapid irreversible deacti-
vation of the catalyst by sintering and/or leaching.

Indeed, the uncoated catalyst rapidly deactivated with time-on-
stream, showing a 9-fold activity decrease over 48 h (Fig. 4A). Some
of this activity could be recovered by regeneration of the catalyst
by calcination at 400°C. This demonstrates that the deactivation
was partially due to the deposition of carbonaceous residues on
the surface of the catalyst. However, each regeneration cycle led
to an irreversible loss of activity, until only about 16% of the initial
activity was recovered after the 5th regeneration. This decrease
indicated that significant irreversible deactivation had occurred
over the course of several reaction/regeneration cycles. The low
conversion (ca. 7%, ~100% selectivity to furfuryl alcohol) measured
at the end of run 6 equals conversion measured in the absence
of copper and hydrogen, and hence could be entirely attributed
to transfer hydrogenation by Al,03 support (see further discus-
sion in Section S4). Leaching of the copper in solution was not
significant, as determined by inductively coupled plasma optical
emission spectrometry (ICP OES) analysis of the collected samples
after concentration, which showed the presence of ~0.10% of the
total original copper (see Table S2 for detailed leaching calcula-
tions). Mapping using energy dispersive X-ray spectroscopy (EDX)
revealed the presence of large copper clusters (>200 nm) after reac-
tion (Fig. S3). The mean particle size was increased to 47 +46 nm
(histogram Fig. S4), corresponding to 4% metal dispersion assum-
ing spherical geometry compared to the original 32%. This 8-fold
decrease in dispersion corresponded very closely to the 6.5-fold
decrease in activity observed after 5 regeneration cycles. Therefore,
the loss of activity was largely attributed to sintering, confirming
previous findings [30].

When using the catalyst overcoated with 60 cycles, the initial
activity was within 20% of the activity of the uncoated material, con-
firming the excellent accessibility of copper surface sites through

the porous overcoat (Fig. 4B). In contrast, ALD overcoating with
45 cycles led to significant blockage of copper surface sites even
after calcination and cracking of the dense Al, 03 overcoat [10]. This
ALD overcoat led to a highly stable catalyst in liquid-phase condi-
tions but also to an activity that was 10 times lower than that of
the uncoated catalyst before deactivation. In fact, despite having a
copper loading that was almost 3 times higher, the number of sur-
face copper sites accessible on the ALD-overcoated was 20% higher
compared to our overcoated material (21 vs. 16 umol. Cug=1)[10].

Similar to the uncoated material, catalytic activity decreased
with time-on-stream (Fig. 4B). However, unlike the uncoated
material, initial activity was fully recovered (and sometimes
exceeded) after regeneration by calcination, demonstrating that
only reversible deactivation had occurred (Fig. 4B). This stable
activity was maintained for 6 reaction runs and 5 regeneration
cycles over the course of a 3-week period, showing that irreversible
loss of metal surface area is suppressed by the presence of the sto-
ichiometrically deposited overcoat. No leaching (~0.15% total Cu,
see table S2) was detected, while sintering of copper particles was
negligible. The contrast between small copper particles and alu-
mina in microscopy was poor for overcoated samples due to the
small density differences between the support, metal particles, and
overcoat. This prevented an accurate determination of the metal
dispersion by microscopy before and after catalysis. However, the
large particles (>10nm) that were observed after reaction in the
uncoated catalyst (Fig. S4) would have been visible by EDX map-
ping despite these imaging limitations for the overcoated catalyst.
However, no such large particles were observed, further confirming
that sintering had been successfully curtailed.

4. Conclusions

The effective stabilization of the catalyst indicates that the sto-
ichiometrically limited liquid-phase deposition of alumina could
be an effective alternative to ALD for catalyst overcoating applica-
tions. The use of stoichiometrically limited deposition allowed us
to overcome the difficulties of depositing alumina in a controlled
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Fig. 4. Catalytic activity per total moles of Cu of (A) Cu/Al,03 and (B) Cu/Al,05 after deposition of an amorphous alumina overcoat (60 cycles, using a water-to-aluminum
molar ratio of 2.0) during the catalytic conversion of furfural into furfuryl alcohol in 1-butanol (130°C, 22 bar, 35 mL/min H; ). Catalysts were calcined at 400 °C under air flow

and reduced at 300 °C under H, flow between each run.

fashion in the absence of excessive precursor purging or washing. In
addition, this method is particularly sensitive to synthesis param-
eters, which can be changed to control the overcoat’s porosity and
access to the metal site. This particular control over the overcoat’s
nanoarchitecture is absent in gas phase methods and could facil-
itate further tailoring of the active site’s nanoscale environment.
Efforts to use these properties to control the catalyst’s activity and
selectivity are currently underway.
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