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nodes along 0 < 6 < with that for an Enneper’s
surface with two nodes along m < 6 < 2m.
Remarkably, despite the sharp changes in the
metric at 6 = 0 and m, the sheet does adopt the
desired hybrid shape when swelled at room
temperature, as shown in Fig. 4 (and as a movie
in the SOM). As temperature is increased, Qpigp
and Qy,,, both decrease, but also converge, caus-
ing the buckled disc to first decrease in size and
eventually flatten by 49°C. A subsequent de-
crease in temperature to 22°C causes the disc to
regain its initial shape, although the progression
of intermediate shapes is not the same. A more
detailed study of the pathways and kinetics of
swelling and deswelling is an interesting subject
for future study.

In conclusion, we have demonstrated a simple
method for halftone lithography of photo-cross-
linkable copolymers that permits fabrication of
stimulus-responsive gel sheets with micrometer-
scale thicknesses and 2D patterned swelling. As
long as the dots used to define the halftone pat-
tern are smaller than several times the film thick-
ness, the material behaves as a homogeneous
elastic composite on length scales larger than the
dot pattern. By patterning spatial variations in dot
size, the degree of swelling of the composite gel
sheets can be tuned effectively continuously across
a wide range using only two high-contrast photo-
masks. This method provides access not only to
simple radially symmetric metrics that yield
shapes with nearly constant Gaussian curvature

or almost zero mean curvature but also to truly
2D patterns of swelling. Thus, it represents a pow-
erful method for fabricating stimuli-responsive
gel micro-devices and studying fundamental ques-
tions about how 3D shapes are formed through
differential growth in 2D.
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Coking- and Sintering-Resistant
Palladium Catalysts Achieved Through
Atomic Layer Deposition

Junling Lu,* Baosong Fu,? Mayfair C. Kung,> Guomin Xiao,? Jeffrey W. Elam,*

Harold H. Kung,? Peter C. Stair*>*

We showed that alumina (Al,053) overcoating of supported metal nanoparticles (NPs) effectively
reduced deactivation by coking and sintering in high-temperature applications of heterogeneous
catalysts. We overcoated palladium NPs with 45 layers of alumina through an atomic layer
deposition (ALD) process that alternated exposures of the catalysts to trimethylaluminum and water
at 200°C. When these catalysts were used for 1 hour in oxidative dehydrogenation of ethane to
ethylene at 650°C, they were found by thermogravimetric analysis to contain less than 6% of the
coke formed on the uncoated catalysts. Scanning transmission electron microscopy showed no
visible morphology changes after reaction at 675°C for 28 hours. The yield of ethylene was
improved on all ALD Al,05 overcoated Pd catalysts.

catalysts consisting of metal nanoparticles

(NPs) adsorbed on metal oxide supports
are coking (the blocking of the metal surface by
the accumulation of carbon on the metal) and
sintering (the formation of larger metal particles,
which lowers overall surface area and activity).
Catalyst deactivation is costly, because catalysts
must be regenerated or replaced and because
processes are shut down while these steps are

The two main routes to the deactivation of

taken (/). Efforts to solve these two problems have
typically focused on one or the other individual-
ly, although they often occur simultaneously.
Coke formation (or carbon deposition) during
hydrocarbon reactions (2—4) is often addressed
by passivating the active metal with traces of
sulfur, triphenylphosphites, tin, bismuth, et al.
(5-10); formation of an alloy (5, 9-12); or accel-
erated coke removal through gasification (9, 13).
The sintering of metal NPs at high temperatures,

particularly above the Tammann temperature
(half of the bulk melting point in degrees kelvin),
has been prevented in a few cases through steric
stabilization by an overlayer of inorganic oxide
such as mesoporous silica (14, 15), tin oxide (/6),
zirconia (/7), or ceria (/8). In these examples,
oxide shells, tens of nanometers thick, are formed
around the metal NPs by chemical vapor depo-
sition, dendrimer encapsulation, or grafting. The
shell thickness is often poorly controlled, which
leads to a decrease in catalytic activity from mass
transfer resistance associated with shells that are
thicker than desired. None of the above methods
has achieved simultaneous inhibition of coking and
sintering of supported metal catalysts, while main-
taining high catalytic activity in high-temperature
applications.

We report that AL, O3 overcoats, with a thick-
ness near 8 nm, on supported Pd catalysts can
effectively inhibit coke formation and greatly im-
prove the thermal stability of Pd at temperatures
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in excess of its Tammann temperature. The Al,O5
overcoats were synthesized with precise thick-
ness control by means of atomic layer deposition
(ALD) (19), a self-limiting growth process for
depositing highly conformal thin films on sur-
faces regardless of whether the materials are flat
or possess high-aspect-ratio features, high sur-
face area, or high porosity (20-22). Surface area
measurements [nitrogen isotherm or Brunauer-
Emmett-Teller (BET) measurements] and CO
chemisorption indicate that the overcoated Pd
NPs become accessible to reagent gases through
the development of microporosity inside the over-
coating layer after high-temperature treatments.
When tested for the catalytic oxidative dehy-
drogenation of ethane (ODHE), which has a doc-
umented susceptibility to heavy coke formation
at high oxygen conversions (23, 24), the over-
coating greatly reduced catalyst deactivation by
coking and sintering at high temperatures. In
addition, the ethylene yield was increased by
more than a factor of 10.

The ALD Al,O3 overcoating was carried out
in a viscous flow reactor by alternately exposing
the sample to cycles of trimethylaluminum and
water at 200°C (19, 25). Overcoats with 45
cycles were applied to a conventional Pd/Al,O5
catalyst with a particle size of 2.8 £ 0.52 nm
(45Al/Pd/AL,05), synthesized by wet impregna-
tion onto y-Al,O3. The overcoat thickness was
7.7 + 0.4 nm, according to high-resolution trans-
mission electron microscope measurements [figs.
S1 and S2 (/9)]. The Pd loadings before and
after overcoating, as determined by inductively
coupled plasma atomic emission spectroscopy,
were 1.88 and 1.03%, respectively.

ODHE was conducted using a feed stream
containing ethane and oxygen at a ratio of 3:1.
The activities of the catalyst with and without
ALD AlLO; overcoating were compared by
using the same weight of metal in the reactor.
The reaction tests were conducted in a quartz
tube reactor, with the void space packed with fine
quartz chips to suppress homogeneous gas-phase
reactions. The catalyst, diluted with 1 g of fine
quartz chips, was heated in a stream of 10%
oxygen in helium at a ramp rate of 2°C/min to
700°C and held at that temperature for 120 min
before the ODHE reaction test. The flow rates
of ethane, oxygen, and helium were 9, 3, and 38
standard cubic centimeters per minute (sccm),
respectively (19).

At 675°C, the initial ethane and oxygen con-
versions were 55 and 100%, respectively, for the
uncoated Pd/AL,O; sample after being stabilized
for 10 min. This catalyst demonstrated a very poor
performance (Fig. 1); the major products were CO
and CO,, at a yield of 12 and 6%, respectively,
whereas the yield of the desired product, ethylene,
was only 1.9%. All product yields quickly de-
creased to zero in less than 30 min when the reactor
was completely plugged by coke and the reaction
stopped, consistent with previous reports (23, 24).

The Pd sample overcoated with 45 cycles of
ALD Al,O5z demonstrated some decrease in ac-
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Fig. 2. STEM images of fresh and used samples after ODHE reaction testing. (A) The fresh Pd/AL,03
sample. (B and €) The used Pd/Al,03 sample at 675°C for 30 min at low (B) and high (C) magnification.
(D and E) The used 45Al/Pd/Al,0; sample at 675°C for ~1700 min at low (D) and high (E) mag-
nification. (F) Pd particle size distributions of these three samples.

tivity: Ethane and oxygen conversions were 37
and 99% at a steady state, respectively. However,
this catalyst showed dramatic improvements in
performance, with an increased yield of ethyl-
ene and stable activity for ~1700 min [Fig. | and
fig. S3 (19)]. The yield of ethylene, which was
initially 12% and then gradually increased to a
steady state of 23% after about 500 min, is com-
petitive with the best catalysts for ODHE reported
(26-29). The yields of undesired products—CO,
CO,, and CHy—were suppressed and were sta-
ble at 5.1, 3.9, and 0.9%, respectively. The in-
creased yield of CO relative to CO, most likely
results from the reverse water gas shift (WGS)

reaction and from CO,- and H,O-facilitated de-
hydrogenation in this oxygen-depleted environ-
ment (26, 30).

We quantified the reduced coke formation by
the ALD ALO; overcoat using in situ thermo-
gravimetric analysis under reaction conditions
with a flow of ethane (10.5 sccm), oxygen (3.5
sccm), and helium (66.5 scem) over the catalyst
at 650°C. For the uncoated Pd/Al,O5 sample,
11.83 mg of coke was formed on 20 mg of sam-
ple after 60 min of reaction. For 45AI/Pd/ALOs,
the deposited coke was reduced by 94% to only
0.40 mg [fig. S4 (19)]. Inhibition of coke forma-
tion on 45Al/Pd/Al,O5 as compared with the
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Fig. 3. Structural characterization of ALD Al,O5 overcoats and accessibility of
embedded Pd NPs after high-temperature treatments. (A) Pore size distribution
calculated from the adsorption branch of BET isotherms: the uncoated Pd/Al;0s,
fresh 45AUPd/AL, 05, and 45AUPd/Al,03-700C samples. (B) IR spectra of CO chem-
isorption on the Pd samples with and without ALD Al,O; overcoats at the CO
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Fig. 4. A schematic model of Pd/Al,05 catalysts with and without ALD Al,Os overcoat during ODHE
reaction at 675°C. (A) The uncoated Pd/Al,0; catalyst. (B) The uncoated Pd/AL,O; catalyst during
ODHE reaction, in which filamentous carbon (thick black lines) plugged the reactor and there was substantial
sintering and leaching of Pd NPs from the support (barred white lines). (C) The Pd catalyst with an ~8-nm ALD
Al,03 overcoat, which contained ~2-nm micropores after activation. (D) The ALD Al,Os—overcoated Pd/Al,05
catalyst during ODHE reaction, on which the microporous Al,05 overcoat trapped and stabilized the Pd NPs,
inhibiting Pd NP leaching and coke formation, while greatly enhancing ethylene formation.

uncoated catalyst explains the maintenance of
high activity at 675°C in Fig. 1.

The effect of overcoating on the thermal
stability of Pd particles was determined from
particle size measurements in fresh and used
catalysts, using scanning TEM [(STEM), with
a JEOL JEM-2100F microscope]. For the used
uncoated Pd/Al,O3 catalyst, a large amount of

filamentous carbon was observed, consistent with
coke formation during the ODHE reaction (Fig.
2B). Leaching of Pd NPs from the Al,O5 support
driven by filamentous carbon growth was also
observed (Fig. 2B) (2—4). After only 30 min of
reaction at 675°C, the Pd NPs also became
substantially larger, with a much broader particle
size distribution due to sintering (4.6 = 1.92 nm,

Wavenumber (cm")

saturation coverage: the uncoated Pd/Al,0s, fresh 45AUPd/AL05, 45AUPd/AL,O5-
500C, 45Al/Pd/Al,05-700C, and 45A1/Pd/Al,05-used samples. IR absorbance is in
arbitrary Kubelka-Munk units. The inset is the higher—wave number region for the
45Al/Pd/Al,05-700C and 45AUPd/Al,0s-used samples, showing the near-absence
of edge and corner sites after reaction.

Fig. 2, B, C, and F). However, the Pd particle
size on the 45A1/Pd/Al,Os-used catalyst (2.8 +
0.46 nm, Fig. 2, D to F) was essentially un-
changed after ~1700 min of reaction at 675°C.
We determined that 45 cycles of ALD AlLO;
were required to stabilize Pd NPs under these
high-temperature reaction conditions, because
some sintering was observed after reaction on a
catalyst coated with only 30 cycles of ALD
Al,O3 [figs. S9 to S11 (19)].

The porosity of the ALD Al O3 overcoats
after high-temperature pretreatment was deter-
mined by nitrogen BET measurements (with an
ASAP 2020 analyzer, Micromeritics). In order
to measure the changes in surface area and pore
size distribution, the quantity of adsorbed nitro-
gen and the surface area were normalized based
on the weight of the starting catalyst, Pd/Al,Os.
The BET surface area decreased from 253 to
30 m?/gram on the freshly coated material [figs.
S5 and S6 (19)]. Calcining at 700°C for 120 min
in 10% oxygen in helium, followed by reduction
in 5% hydrogen in helium at 300°C for 30 min
(45A1/Pd/Al,05-700C), restored the BET surface
area to 213 m*gram [fig. S7 (19)]. Figure 3A
shows that the initial, uncoated Pd/Al,O5 cata-
lyst was mesoporous, with an average pore size
of 6.6 nm. After 45 cycles of ALD Al,O5 over-
coating, the mesopores disappeared, revealing
the dramatic BET surface area decrease. This
result is not surprising, because the thickness
of the ALD Al,05 overcoat was sufficient to
fill the mesopores. After high-temperature treat-
ment, 6.6-nm mesopores reappeared, and new,
~2-nm pores were formed (Fig. 3A). The pores
formed as a result of structural changes in the
amorphous Al,O3 overcoating layer caused by
dehydration (37), the removal of carbon residues
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resulting from the ALD process, and dewetting
of the Al,O5; overcoats from the surface of the
Pd NPs. The latter may be the result of the large
lattice mismatch between palladium and alumina.
These pores made it possible for the embedded
Pd NPs to be accessible to reagents, while the
overcoat imparted high thermal stability.

To further determine the accessibility of the
Pd NPs embedded under the ~8-nm-thick ALD
Al,O5 overcoat, we measured diffuse reflectance
infrared (IR) spectra using CO as a probe mole-
cule, because there is extensive information about
CO chemisorption on Pd NPs (79, 32). As shown
in Fig. 3B, the fresh Pd/Al,O; sample without an
Al,O3 overcoat exhibited two strong peaks at
1929 and 1965 cm ' and two weaker peaks at
2058 and 2081 cm . These peaks can be assigned to
wy-bridge-bonded CO on (111) facets, p,-bridge-
bonded CO on step and facet edges, linear CO
on step and facet edges, and linear CO on the
Pd corer atoms of Pd NPs, respectively (25, 32).
After 45 cycles of ALD Al,O3 were applied, all
of the CO chemisorption peaks disappeared,
which is consistent with complete covering of
the Pd NPs. However, after calcination at 500°C
for 120 min in 10% oxygen in helium and then
reduction in 5% hydrogen in helium at 300°C
for 30 min (45A1/Pd/Al,03-500C), a low-intensity
chemisorbed CO peak was detected. The re-
stored chemisorbed CO peak became more pron-
ounced when the calcination temperature was
increased to 700°C, followed by the same re-
duction procedure (45A1/Pd/Al,05-700C). These
results clearly indicated that the ALD Al,O3 over-
coats became porous after high-temperature treat-
ments, restoring gas accessibility to the Pd NPs,
which is consistent with the BET measurements.
On the used sample (45Al/Pd/AL,O5-used), the
bridge-bonded CO IR feature is very similar to
that of the 45A1/Pd/Al,05-700C sample, except
for a slight decrease in intensity and a small blue
shift due to CO-CO lateral interactions. In com-
parison to uncoated Pd NPs, the features associated
with CO bonded to edges and corners on the
coated samples had substantially lower intensity
than the feature due to CO on facet planes, which
indicates that the Al,O3 overcoating preferen-
tially decorated the low-coordinated Pd sites, such
as steps and edges on both the 700°C activated
and used samples.

Figure 4 shows a schematic model of Pd/AL,O5
catalysts with and without an ALD Al,O5 over-
coat during ODHE reaction at 675°C. For the
uncoated Pd/AL,O; catalyst, substantial deactiva-
tion of Pd was due to heavy coking by filamentous
carbon and Pd particle sintering, with leaching of
Pd from the Al,O5 support surface (Fig. 4, A and
B). For the ALD Al,Os—overcoated Pd/Al,O5 cat-
alyst, the ALD Al,O; overcoat preferentially blocks
the low-coordinated Pd surface sites that favor C-C
bond scission and hydrogen stripping to produce
C1 fragments that lead to coke, CHy4, CO, and
CO, while favoring the formation of ethylene
on the facets (12, 33). The role of C1 species in
coking is supported by the observation that when

the hydrocarbon reagent was methane, coke was
formed on the alumina-overcoated Pd catalysts,
but not when either ethane or propane was the
reagent [figs. S15 and S16 and table S1 (19)].
The identification of low-coordinated Pd surface
sites as the centers for coke formation is con-
sistent with Nerskov et al., who observed that
carbon nanofibers developed initially at step edges
on nickel surfaces (34). They also found that
restructuring of atomic step edges on the nickel
surface, a process that involves surface diffusion
of both carbon and nickel atoms, facilitated fiber
growth. Because Ostwald ripening also proceeds
via the release of low-coordinated surface metal
atoms, the edge and corner atoms play a central
role in both sintering and coking (34). Therefore,
exceptional resistance to sintering and coking in
high-temperature catalytic reactions appears to be
achieved because the edge and cormer atoms are
selectively blocked and stabilized by alumina
overcoats. Meanwhile, a lower selectivity to eth-
ylene on alumina-coated catalysts with a smaller
particle size is expected and was observed [table S2
(19)], because the terraces are a smaller portion of
the surface on the smaller particles.

Additional contributions to coke inhibition
that are consistent with the model of Fig. 4 cannot
be ruled out. (i) The Al,O; overcoat divides the
Pd NPs’ surface into ensembles of Pd atoms that
are too small to support coke formation. This fol-
lows a model proposed by Sachtler ez al., in which
hydrogenolysis reactions require large ensem-
bles, whereas the adsorption of modifiers (sulfur,
gold, tin, and carbon) breaks up the periodicity of
the surface to prevent coke formation (70). (ii) The
size of the pore channels in the alumina overcoat
inhibits carbon filament formation, because the
typical filament diameter is much larger (~17 nm)
than the pore diameter in the Al,O; overcoat (Figs.
2B and 3A). (iii) The concentrations of reagents,
including reactants and products, are limited within
the microporous channels at the Pd NPs, so that
bimolecular reactions (including radical chains) that
are necessary to form coke are inhibited.

Finally, in order to determine the contribu-
tion to ethylene selectivity from nonoxidative
DHE, the reaction in the absence of oxygen was
examined on another 45-cycle ALD AlLO;—
coated Pd sample under otherwise identical con-
ditions. The yield of ethylene was only 4.6% at
the ethane conversion of 7.0% [fig. S17 (19)].
Ethylene formed through the direct DHE re-
action pathway contributed only a minor amount
to the dramatic increase in ethylene yield observed
for the ODHE reaction. Most likely, CO,- and
H,O-facilitated dehydrogenation play an impor-
tant role toward the end of the catalyst bed, where
oxygen has been consumed (19, 26, 30).
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