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Abstract ALD Alumina was utilized as a protective layer
to inhibit the sintering of supported nano-sized ALD Pd
catalysts in the methanol decomposition reaction carried
out at elevated temperatures. The protective ALD alumina
layers were synthesized on Pd nanoparticles (1-2 nm)
supported on high surface area alumina substrates. Up to a
certain over-coat thickness, the alumina protective layers
preserved or even slightly enhanced the catalytic activity
and prevented sintering of the Pd nanoparticles up to
500 °C.
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1 Introduction

The stability of small particles against sintering has been a
serious problem restraining the applications of metal
nanoparticles (NPs). This problem is prominent for sup-
ported noble metal catalysts in which NP sintering at high
temperature is a major contributor to catalyst deactivation
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[1-4]. Methods have been developed to encapsulate noble
metal NPs in various types of porous materials using
techniques such as chemical vapor deposition (CVD),
grafting, micro-emulsion, dendrimer encapsulation, etc. to
form core—shell structures [5—-12]. Encapsulated NPs
showed good sintering resistance up to 800 °C. However,
in most cases there is a decrease in catalytic activity due to
the mass transfer resistance associated with the protective
shell (usually tens of nm’s thick). Furthermore, many of
these NP encapsulation procedures must be carried out in
solution making them inconvenient for supported NP cat-
alysts. CVD, while a gas-phase technique, does not provide
adequate control over the thickness or composition of the
encapsulating shell due to non-self limiting reactions. In
contrast to these previous methods, atomic layer deposition
(ALD) is a multi-step gas phase chemical process based on
self-limiting surface chemistry which provides the possi-
bility for atomically controlled post-modification of sup-
ported catalyst particles by applying protective over-coats
[13]. The self-limiting, layer-by-layer deposition feature of
ALD enables precise control over the thickness of the
protective layer; therefore it is a most promising way of
solving the mass transfer resistance problem. Ma et al. [14]
successfully stabilized gold NPs (~5 nm) on TiO, sur-
faces by applying ALD SiO, over-coats. However, the
interaction between the gold NPs and the ALD SiO, pro-
tective layer was not studied in detail and a loss of catalytic
activity could not be avoided. In this letter, we report a
novel method for stabilizing ultra-small Pd NPs (1-2 nm)
by performing multiple cycles of Al,0; ALD to produce
over-coats. Up to a certain over-coat thickness, the Al,O3
protective layers preserved or even slightly enhanced the
catalytic activity. These ALD Al,03 over-coats effectively
prevent sintering of the Pd NPs up to 500 °C in an inert
atmosphere.
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2 Experimental Section

The supported catalysts were synthesized starting from
silica gel (Silicycle S10040 M, ~300 mg) with a specific
surface area of 99.6 m%/g. The layer-by-layer growth of the
catalyst support material (Al,O3), the Pd NP catalysts, and
the Al,O3 over-coats were carried out in a viscous flow
reactor at a deposition temperature of 200 °C [13, 15].
ALD Al,0O; was performed using alternating exposures to
trimethyl aluminum (TMA, Aldrich, 99%) and de-ionized
water while the ALD Pd used alternating exposures to
palladium hexafluoroacetylacetate (Pd(hfac),, Aldrich,
99.9%) and formalin (Aldrich, 37% HCOH and 15%
CH;O0H in aqueous solution). The solid Pd(hfac), precursor
was heated to 60 °C in a stainless steel bubbler while the
other precursors were maintained at room temperature.
Ultra high purity nitrogen (Airgas, 99.999%) was used as
the carrier gas. The ALD timing sequences can be
expressed as t1-t2—t3—t4, where t1 and t3 are the precursor
exposure times and t2 and t4 are the nitrogen purge times
following the precursor exposures and all times are in
seconds. ALD Al,0O; was performed using the timing
sequence 60-60-60-60 while Pd ALD used 400-400-
400-400. 10 cycles of ALD Al,O5; were performed on the
silica gel particles to deposit the support layer, followed by
two cycles of ALD Pd to synthesize the supported catalyst
NPs. Finally, the over-coated samples were prepared using
1,2, 4,8, 12, 20, and 32 cycles of Al,O3 ALD to generate
the protective layers.

The methanol decomposition reaction was carried out in
a micro flow reactor with an I.D. of ~4 mm. 10 mg of the
bare catalyst was used. For the catalysts with over-coating
layers, the amount of catalyst used was adjusted to match
the Pd content in 10 mg of the bare catalyst. The catalyst
was held in the middle of the reactor by a plug of quartz
wool. A K-type thermal couple was positioned inside the
reactor and was in contact with the catalyst layer to mea-
sure the temperature. The methanol vapor was introduced
into the reaction system using an argon (Airgas, 99.99%)
gas bubbler kept at room temperature. Pure argon was used
as the balance gas to generate an argon stream with ~4%
methanol. The catalysis tests were carried out at 250 and
270 °C at atmospheric pressure. Reaction products were
analyzed by a HP 5890 gas chromatograph equipped with a
thermal conductivity detector (TCD). Signals from the
TCD were calibrated using certified standard gas mixtures
(Scotty, 1.00% CO,, 0.999% CO, 1.00% H,, 0.998% CHy,
balance of nitrogen).

Scanning transmission electron microscopy (STEM)
measurements were performed on a JEOL JEM-2100F fast
transmission electron microscopy system (EPIC at North-
western University) operated at 200 kV. For the Pd particle
size data presented in Fig. 3 the error bars represent the
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standard deviations calculated from more than 200 Pd NPs
in several different STEM images for each sample.

Diffuse reflectance infrared Fourier transform spectros-
copy (DRIFTS) measurements were performed at room
temperature using a Thermo Nicolet Nexus 870 instrument
with an MCT detector (KECKII at Northwestern Univer-
sity). A cold trap at ~ —80 °C was used in the gas inlet
line to remove all the iron carbonyls. The background
spectra were taken after purging the sample with ultrahigh
purity (99.999%) helium for 30 min at a flow rate of ~80
sccm. Pure CO (Airgas, research grade) at a flow rate
of ~40 sccm was then introduced to the DRFITS cell for
20 min to saturate the Pd surface. After the CO saturation,
another 5 min of helium purge at a flow rate of ~70 sccm
was performed to remove gas phase CO in the DRIFTS
cell. The spectra were recorded (512 scans, a resolution of
4 cm™") after the helium purge.

3 Results and Discussion

The supported Pd NPs were synthesized on Al,O3-coated
silica gel by ALD using published methods [13, 16]. Most
of the as-prepared Pd particles were 1-2 nm in diameter
after 2 ALD Pd cycles at 200 °C. The Al,0O5; over-coats
were synthesized using sequential exposures to trimethyl
aluminum (TMA) and water vapors. Different numbers of
AlL,O; ALD cycles (1-32) were performed to generate
protective layers of progressively increasing thickness on
the supported Pd catalysts. A linear correlation between the
relative sample weight gain and the number of applied
over-coating cycles was observed (Fig. 1), consistent with
a linear increase in the thickness of the Al,O; protective
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Fig. 1 Relative weight gain of Pd catalyst samples (squares) and
bare support (circles) versus number of Al,O; ALD over-coating
cycles
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layer with the number of over-coating cycles. An average
thickness increase of 0.8 A/cycle can be deduced from the
relative sample weight gain and the measured surface area
of the support. This value was slightly smaller than the
Al,O3 ALD thickness increase on the bare support (~ 1.0
A/cycle). This difference suggests that the ALD Al,O3
over-coats did not uniformly cover the catalyst surface.
This is consistent with reaction by TMA with surface
hydroxyls of the Al,O3 support but not with all of the Pd
NP surface sites [12].

Methanol decomposition was carried out as a probe
reaction to evaluate the effect of the ALD Al,O5 over-coats
on the catalytic performance of the supported Pd NPs.
Figure 2 displays the methanol conversion, which is
defined as the percentage of methanol lost after passing
through the reactor, measured at 250 and 270 °C for the Pd
catalysts with 0 to 32 cycles of ALD Al,O5; over-coat
recorded after 6 h of continuous running on stream. The
weight of catalyst loaded in the reactor was adjusted to
have the same Pd content. The catalytic performances
fluctuated slightly during the first 10-25 min of testing but
remained unchanged once stabilized: little deactivation was
observed during the following 6 h of testing and CO (with
trace amount of CO,) and H, were the only detectable
products which accounted for 100 & 3% of the carbon and
hydrogen balances. For the samples with lc- to 16c- of
ALD Al,O5 over-coat, the catalytic activity was essentially
identical at each of the two reaction temperatures. Sur-
prisingly, the catalysts prepared with ALD Al,O5; over-
coats in the range 1-16 cycles showed slightly higher
activities than the uncoated catalysts consistent with some
sintering of the unprotected Pd NPs under reaction condi-
tions. The catalytic activity started to decrease beyond 16
ALD Al,O5 over-coating cycles. At 20 cycles the catalyst
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Fig. 2 Methanol conversion for Pd catalysts with 0-32 cycles of
ALD Al,O; over-coating in the methanol decomposition reaction
carried out at 250 and 270 °C

had lost nearly half of its activity, compared to the
uncoated sample, and the activity had dropped by more
than 80% for 24 over-coating cycles.

Scanning transmission electron microscopy (STEM)
measurements were employed to investigate the Pd NPs
stabilization effects with different numbers of ALD Al,O5
over-coating cycles. As is shown in Fig. 3, the Pd sample
without Al,O5; over-coat increased in size from 1.4 + 0.7
to 2.3 = 1.1 nm following the methanol decomposition
reaction at 270 °C for 6 h. In contrast, sintering of Pd NPs
was effectively inhibited by just one cycle of ALD Al,O3
over-coat: all the Pd catalysts with Al,O; over-coats
showed negligible changes in morphology after the meth-
anol decomposition reaction.

Infrared (IR) spectroscopy of CO chemisorption on Pd
NPs has been used extensively and the relationships
between the IR features and the properties of Pd NPs are
well understood [17-21]. Consequently, we employed
diffuse reflectance IR spectroscopy (DRIFTS) to study CO
chemisorption on the Pd samples with and without the
Al,O3 over-coats. These measurements provide informa-
tion on the accessibility of the Pd NPs after the Al,O3 over-
coating as well as the effect of the Al,O; ALD over-
coating layers on the Pd NPs surfaces. As is shown in
Fig. 4, the fresh Pd sample without Al,Oz over-coats
exhibited two main peaks at 2095 and 1978 cm™' and a
pronounced broad shoulder near 1933 cm™'. These three
peaks can be assigned to linear CO on the Pd corner atoms,
U, bridge-bonded CO on the step and edge sites of Pd NPs,
and p, bridge-bonded CO on Pd (111) facets, respectively
[17, 18]. In the methanol decomposition reaction two
competing pathways exist. Dehydrogenation is rapid on Pd

E 34
—
(1]
N
] @
v 2
o 7 T
£
(1)
[+ % it
=z n
1_
U T L) Ll L] L
0 2 4 6 8

Cycles of ALD Al,O; over-coats

Fig. 3 Pd particle size for fresh (as-prepared) and used (following
methanol decomposition reaction at 270 °C) catalysts versus number
of ALD Al,05 over-coating cycles. Inset shows representative STEM
image of fresh Pd sample without Al,O; over-coat
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(111) sites, producing CO and H,, while corners, steps, and
edges catalyze C-O bond breakage producing adsorbed
carbon and CHj species (i.e. coke) [21]. In other words, the
low coordination sites contribute negligibly to the metha-
nol decomposition pathway. Therefore, we attribute the
decrease of peaks at 2095 and 1978 cm ™" after methanol
decomposition experiments to coke formation on the low
coordination sites [21, 22].

On the fresh ALD Al,O5; over-coated Pd samples, the
intensity of the three peaks associated with CO chemi-
sorption decreased steadily with increasing numbers of
over-coating cycles. This behavior suggests that the Pd NPs
become progressively covered by the ALD Al,O5 (solid
spectra in Fig. 4). Comparing the spectra of the bare
sample to those with the ALD Al,O3 over-coats, the
change in the relative intensities of the three peaks was
remarkable. On the bare sample, the peaks at 2095 and
1978 cm™' were much stronger than the peak at
1933 cm ™. However, the intensities of the 2086 and
1973 cm™! peaks were nearly equal to that of the peak at
1933 cm ™! with the over-coats. (Therein, the peaks at 2095
and 1978 cm™' decreased and shifted to 2086 and
1973 cm™', respectively.) These changes suggest that
during the over-coating procedure the TMA precursor
reacts not only with the hydroxyl groups present on the
support, but also with the most energetic (e.g. edge and
corner) sites of the Pd NPs. Consequently, the first few
cycles of ALD Al,O3 deposit preferentially onto the low-
coordination sites rather than uniformly blanketing the
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Fig. 4 DRIFTS spectra of CO chemisorbed to saturation coverage on
fresh and used Pd catalysts with different numbers of ALD Al,O5
over-coating cycles (Oc, lc-, 8c-, 16¢, 20c- and 24c-Al,O3). Spectra
for fresh and used 16¢c- and 20c-Al,O; samples were enlarged by
x20. Spectra for fresh and used 24c-Al,O3 samples were enlarged by
x 100
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particles entirely. Since the Pd atoms on the low-coordi-
nation sites contribute little to the catalytic methanol
decomposition, the activities of the catalysts were not
affected by the ALD Al,O5; over-coats. With increasing
numbers of ALD Al,Oj3 over-coating cycles, the increasing
amount of Al,O3 deposited on the defect sites and on the
underlying support begins to intrude on the Pd (111) sites
and eventually leads to the complete encapsulation of the
Pd particles. In the DRIFTS data shown in Fig. 4, all three
peaks nearly vanished when the number of Al,O; ALD
over-coating cycles exceeded 16. In other words, the Pd
NPs were completely covered when >16 cycles of over-
coating were performed. However, it is noteworthy that the
peak at 1933 cm™" on all of the over-coated Pd samples
restored to a certain degree after performing the methanol
decomposition reaction (dotted spectra in Fig. 4), while
restoration of the other two peaks was very limited. The
intensity changes among these three peaks, before and after
reaction, indicate that initially the ALD Al,O3 over-coats
largely encapsulate the Pd NPs, but after reaction these
Al,O5 over-coats have rearranged so that the Pd (111)
facets become exposed. The reasons for this rearrangement
may be the structure stabilization of the thin Al,O3 over-
coating layers as well as the large lattice mismatch between
the Pd (111) facets and crystalline Al,O3. The peak res-
toration was minimal for the Pd samples with 20 and
24 ALD Al,0O3 over-coating cycles suggesting that the
thicker Al,O5 layers do not rearrange sufficiently at these
temperatures.

The activity increase associated with the lc- to
8c- Al,O3 coated Pd samples shown in Fig. 2 was consis-
tent with the STEM images and CO chemisorption results.
However, the DRIFTS results of 16¢-, 20c- and 24¢- Al,O3
over-coated Pd samples could only explain the trend of the
reactivity change of these samples, but not quantitatively,
since the areas of the 1933 cm™' peak on these three
samples were significantly smaller than those on the
1c- and 8c- Al,Oj3 coated Pd samples. The reason might be
due to both the dramatic decrease in Pd loading and
the difficulty of quantitative analysis with DRIFTS caused
by the variation of absorption coefficient, scattering factor,
and particle size after applying a large number of ALD
Al,O3 overcoats [23].

To further investigate the effectiveness of ALD Al,O3
over-coats to inhibit sintering, a bare Pd catalyst sample
and a sample with 16 ALD Al,O; over-coating cycles were
heated at 500 °C for 6 h in a flow of argon. Fig. 5 shows
representative STEM images of the two samples. Fig. Sa
shows obvious sintering of the bare Pd NPs: many large
particles (10-20 nm) were formed during the heat treat-
ment, accompanied by a remarkable decrease in the density
of smaller (1-2 nm) particles. In contrast, Fig. 5Sb shows
that the over-coated NPs did not sinter: little change in
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Fig. 5 STEM images of Pd catalysts after treatment in argon at
500 °C for 6 h with a no Al,O3 over-coat, and b 16 cycles of ALD
Al,O3 over-coating

particle size or density was observed. It is generally
believed that sintering of supported noble metal NPs is
caused by particle migration and coalescence on the sur-
face or by atom emission and re-capture (Ostwald ripening)
[1, 5, 24]. The ALD Al,03 over-coats could effectively
inhibit sintering due to either mechanism. By applying the
over-coats, the Al,Oj3 attached to the support as well as the
low-coordinated sites on the Pd NPs to more effectively
anchor the particles to the support. At the same time,
bonding between Al,O; overcoats and the corner, step, and
kink sites on Pd NPs would increase the coordination
number of these most unstable atoms thereby lowering the
system free energy. This ALD over-coating technique
could be extended to other supported metal NP systems and
other metal oxides over-coats. If similar sintering protec-
tion and maintenance (or enhancement) of catalytic activity

are seen for these systems, then the ALD over-coating
might provide a general solution to prevent sintering in
supported metal NP catalysts.

4 Conclusions

In conclusion, we have demonstrated that the sintering of
Pd NP catalysts can be effectively inhibited by ALD Al,O3
over-coats. The ALD Al,O5 over-coats enhanced the cat-
alytic activities of Pd NPs for methanol decomposition by
preventing the loss of active surface area during the reac-
tion. Using CO as a probe molecule, we find that the ALD
Al,O5 over-coats preferentially nucleate at corners, steps,
and edges of the Pd NPs while leaving the catalytically
active Pd (111) facets accessible for methanol conversion,
and this site preference became more pronounced after
reaction testing. To the best of our knowledge, this is the
first example of stabilizing metal NPs with subnanometer/
nanometer thick ALD oxide over-coats while preserving
their catalytic activity. Furthermore, this preferentially
blocking feature on metal NPs might also point out a new
way to enhance the selectivity in catalytic reactions,
especially those sensitive to the shape and facets of NPs.
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