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The effects of sub-nanometer atomic layer deposition films of titania and alumina are compared for the acrolein hydrogena-
tion selectivity of Pt/StTiO; catalysts. The titania-overcoated catalyst is similar to strong metal-support interaction catalysts
formed by high temperature reduction, with a thin titania film on top of the supported Pt nanoparticles and an increase in
allyl alcohol selectivity, neither of which are observed for the alumina-overcoated catalyst.
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1 Introduction

The strong metal-support interaction (SMSI) is remark-
able both for the magnitude of its effect on supported
metal catalysts and for the challenges in characterizing
and commercializing it. SMSI was discovered by Tauster
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et al. when they observed H, and CO chemisorption drop
to almost zero on Pt/TiO, that had been reduced under
hydrogen at “high” temperatures (high temperature reduc-
tion, HTR) [1]. Further investigation showed that SMSI
could be generated for metal particles (M,,) supported
on “reducible” oxides like TiO,, which can either become
oxygen deficient or form sub-oxides when heated under
reducing conditions [1-3]. Early models for SMSI theo-
rized that HTR imbued some electronic effect between
the oxide support and the metal nanoparticle, which dras-
tically decreased the binding strength of chemisorbed
hydrogen or carbon monoxide [1, 4]. However, as ana-
lytical techniques improved, it was discovered that the
decrease in chemisorption was primarily a result of the
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metal nanoparticles becoming coated by migrating clus-
ters of the support oxide, thereby blocking access to most
of the metal particle surface [5—10]. For many catalytic
reactions, SMSI is a potential problem to be avoided—
it directly decreases the number of available active sites
[6, 11-14]. However, it was discovered that in the case
of reactions involving C=0 bonds, SMSI could greatly
increase activity and selectivity [15-17]. The increased
performance of SMSI catalysts for activating carbonyl or
nitro groups (carbonyl or nitro hydrogenation, CO oxi-
dation, etc.) is ascribed to stabilization of the group at
interfacial sites where the metal particle surface and the
overcoat meet [11, 15, 16, 18-25]. The SMSI state can be
reversed by re-oxidation, which causes a loss of reduced
interfacial sites, migration of the overcoat off of the metal
particles, or a combination of both, resulting in a loss of
C=0 bond selectivity and/or an increase in chemisorp-
tion on the metal particles [10, 14, 15, 26-29]. There is
a thermodynamic driving force for decoration of the M,
surface by an oxide overcoat when the sum of the surface
free energy of the oxide and the metal/oxide interfacial
free energy is less than the surface free energy of the metal
nanoparticle [10, 30]. For SMSI catalysts, this driving
force is increased on reduction of the support (forming
the overcoat) and decreased when oxidized (driving the
oxide off of the M, surface). The challenge for com-
mercializing SMSI is in finding new ways to stabilize the
activated overcoat on the metal particle. As atomic layer
deposition (ALD) creates overcoats that are visibly similar
to the SMSI overcoats created by HTR, we sought to deter-
mine whether SMSI could be recreated by depositing ALD
oxide overcoats on top of a supported metal nanoparticle.

Selective a,p-unsaturated aldehyde hydrogenation is a
useful test reaction for SMSI; most noble metal catalysts
preferentially hydrogenate olefin groups, while SMSI cat-
alysts using the same noble metal nanoparticles exhibit
increased (up to 100%) selectivity for aldehyde hydrogena-
tion [15, 16, 18-20, 22, 31-35]. In addition, the selective
hydrogenation of o,B-unsaturated aldehydes to unsaturated
alcohols is industrially relevant for biofuels (e.g. furfural),
plastics, fine chemicals, and pharmaceuticals [21, 36-39].
Acrolein, CH,CHCHO, is the simplest molecule to contain
a conjugated aldehyde (carbonyl) and olefin group. With
acrolein, selectivity differences resulting from the hydro-
genation of the two different functional groups can be
studied with minimal secondary products or steric effects
on selectivity. Acrolein is hydrogenated by addition to
either the olefin (propanal), or the aldehyde group (allyl
alcohol) [20, 35, 40]. Both products can be hydrogenated
a second time to form the fully saturated 1-propanol [41].
The decarbonylation of acrolein to ethylene and carbon
monoxide can also occur [33, 42]. While not definitive by
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itself, an increase in the aldehyde hydrogenation selectiv-
ity of a noble metal catalyst is a strong indication of SMSI.

ALD is a method for self-limiting vapor-phase deposition,
in which surface saturation of gas-phase metal precursors
on the support controls the rate of deposition [43—46]. The
metal precursors alternate with a second gas, which removes
the remaining ligands from the metal precursors and regen-
erates binding groups on the surface. The metal deposition
and regeneration steps can be cycled to grow increasingly
thick films of metal oxides (or sulfides, nitrides, etc.) or
larger metal nanoparticles with controlled size or thickness
on low and high surface area materials. Growth by ALD pro-
vides increased control over metal nanoparticle size, shape,
and distribution compared to conventional wet impregnation
methods [47]. ALD oxide overcoats have previously been
used to prevent leeching [48], coking [49], and sintering of
supported metal catalysts [50, 51].

Platinum nanoparticles on strontium titanate nanocuboids
(Pt/SrTiO;) are used in this work as model supported plati-
num catalysts because of the controlled epitaxy of Pt nano-
particles (Pt,) on the (100) facet of the SrTiO; nanocuboids.
Model catalysts are designed to have reduced complexity, so
that specific effects can be isolated and studied [52]. StTiO;
nanocuboids hydrothermally synthesized in an alkaline
water/ethanol/acetate solution have primarily (100) facets
with a TiO, double-layer surface termination [53-56]. Pt
nanoparticles deposited on the SrTiO;-(100) facets have a
cube-on-cube epitaxy with a Winterbottom shape that is
thermodynamically stable and resistant to sintering [57-60].
We have previously examined the effect of Ba,Sr,_,TiO;
nanocuboid supports on the structure sensitivity of Pt for
acrolein hydrogenation [34, 35]. Shape control of the Pt
nanoparticles by the support simplifies the correlation of
the catalytic activity with structural properties [61].

In this study, ALD of titania and alumina on Pt/SrTiO,
is used to mimic the overcoats formed by SMSI in HTR-
Pt/TiO, catalysts. Since alumina is not reducible at typical
HTR temperatures, the ALD approach provides a methodol-
ogy to compare reducible and nonreducible overcoats. It is
expected, based on the defective structure of as-deposited
ALD titania films and analysis of the structure of HTR-Pt/
TiO, overcoats, that the ALD titania overcoat will exhibit
SMSI behavior and increase aldehyde hydrogenation selec-
tivity versus the undecorated Pt/SrTiO;, while the ALD
alumina overcoat will not [15, 62]. In addition, ALD tita-
nia overcoats have been shown to increase the rate of CO
oxidation for noble metal catalysts [63—65], another SMSI-
sensitive reaction [26]. For SMSI catalysts, the thin oxide
overcoat formed during HTR blocks the majority of the M,,,
sites [10], while creating new sites at the interface of the
overcoat and the remaining M, sites, which preferentially
bind C=0 [21]. Like HTR, ALD of titania and alumina over
Pt/SrTiO; will form overcoats that cover the Pt,, (coverage
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dependent on overcoat thickness and interfacial energies)
[10, 30]. However, defects in the ALD overcoat leading
to interfacial site formation and SMSI selectivity is only
expected for the reducible titania, and not for the refractory
alumina [2]. Here, we seek to demonstrate that the effect
of SMSI on hydrogenation selectivity can be generated by
ALD of titania overcoats on supported Pt nanoparticles, and
compare them to overcoats that cannot be formed by HTR
(e.g. alumina) [2, 46].

2 Experimental
2.1 Catalyst Preparation

The support materials used in this study were SrTiO; nano-
cuboids, synthesized following the previously published pro-
cedure by Rabuffetti et al. [66]. The Pt nanoparticles and
oxide overcoats were deposited onto the SrTiO; nanocuboids
by ALD using a viscous flow reactor and adapting methods
described previously [59, 67, 68]. The SrTiO; nanocuboids
were cleaned prior to Pt and alumina ALD in the reactor
with 10% O; in O, for 100 s at 300 °C. The Pt ALD used
alternating 120 s exposures of (methylcyclopentadienyl) tri-
methylplatinum (MeCpPtMe;) and 10% O; in O, at 300 °C,
separated by 120 s N, purges. The TiO, ALD used titanium
tetraisopropoxide (TTIP) and deionized H,O at 200 °C, and
the Al,O; ALD used trimethyl aluminum (TMA) and deion-
ized H,0 at 200 °C. First, 5 Pt ALD cycles were performed
on 1.00 g of the SrTiO; nanocuboid powder (Pt/StTiO;)
[59]. From this sample, about 0.20 g was overcoated with 5
cycles of Al,O; ALD (Al,O4/Pt/SrTiO;), and an additional
0.20 g was overcoated with 10 cycles of TiO, ALD (TiO,/
Pt/S1TiO5) [49, 69].

2.2 Catalyst Characterization

The catalyst loading was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES), using a
Thermo iCAP 7600 ICP-OES. Four samples were measured:
StTiO;, Pt/StTiO;, Al,O4/Pt/SrTiO;, and TiO,/Pt/SrTiO;.
The surface loadings of Pt, Al,O;, and TiO, on the SrTiO;
nanocuboids were calculated via the ICP concentrations.
The catalyst surface areas were measured on a Micrometrics
3Flex, using the Brunauer—-Emmett-Teller (BET) theory for
gas adsorption [70]. Samples were degassed in N, at 300 °C
for 1 h prior to BET measurements. N, adsorption isotherms
were measured at — 196 °C. The accessible specific Pt sur-
face area (Sp,) was determined by carbon monoxide chem-
isorption using an Altamira Instruments AMI-200 as moles
of surface Pt atoms (Pt,¢) per gram of catalyst (mol Pty /g
cat.), assuming that each accessible Pt linearly adsorbed
one CO molecule [71]. The BET and CO chemisorption

measurements were performed in the CleanCat user facil-
ity at NU. Additional details of ICP and CO chemisorption
preparation and analysis are reported in the Electronic Sup-
plementary Materials.

The size and distribution of Pt,,, in the Pt/SrTiO; sample
was examined using a Hitachi HD-2300A Dual EDS scan-
ning transmission electron microscope (STEM). The Al,O,/
Pt/StTiO;5 and TiO,/Pt/SrTiO; samples were characterized
by high resolution electron microscopy (HREM), using
a JEOL 2100F as well as a probe-corrected JEOL JEM-
ARM200CF. Energy dispersive X-ray spectroscopy (EDS)
line scans were acquired in combination with annular bright
field (ABF) and high angle annular dark field (HAADF)
images using the ARM200CF operating at 200 kV accel-
erating voltage. The collection angles for the ABF images
were 17-45 mrad and were 68—280 mrad for the HAADF.
The EDS line scans were collected with the SrTiO; nano-
cuboids oriented in the [001] direction with respect to the
electron beam. The line scan was aligned to be perpendicular
to a (100) facet of SrTiO;, and centered on a Pt nanoparticle.
The line scan extended from the support out into the vacuum
above the Pt nanoparticle. EDS data were collected for the
O-, Ti-, Sr-, and Al-K peaks, and the Pt-L peaks.

2.3 Catalytic Testing for Selective Hydrogenation

Vapor-phase hydrogenation of acrolein was run in a plug-
flow reactor with a GC-FID/TCD (Figure S1). Research-
grade argon and hydrogen (Airgas) were used; the gas com-
position was controlled by varying the relative feed rates
of H, and Ar via 100 sccm mass flow controllers. Lines
were heated with electric heat tapes to 100 °C to minimize
condensation of acrolein or products. Acrolein (90% v/v in
water with hydroquinone stabilizer, Sigma Aldrich) was
pumped as a liquid into the heated lines using a VICI M6
syringe-free pump. Acrolein is a lachrymator and highly
toxic; additional information on its handling and the liquid
pump can be found in the Electronic Supplementary Materi-
als. Pressure gauges and pressure relief valves were located
before and after the reactor to detect and prevent overpres-
surization caused by plugging. The catalyst bed was in a 4™
O.D. stainless steel reactor in a vertical tube furnace, and
the temperature was monitored via a K-type thermocouple
located in the catalyst bed. Conversion from the reactor tube
and thermocouple was negligible. Quartz wool was used
to support the catalyst. The catalyst sample (5-50 mg) was
diluted with a-alumina (300 mg, Alundum Norton “RR” 60
mesh a-alumina, Fisher Scientific). Sample loads for each
run are listed in Table S2. Catalytic tests were performed
at 100 °C, and reduction pre-treatments were at 200 °C.
Additional details of the reactor design and the pretreat-
ment method can be found in the Electronic Supplementary
Materials.
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Gas analysis was done on an Agilent 6890 series GC with
both a thermal conductivity detector (TCD) and a flame ioni-
zation detector (FID). Data was collected at 8 min intervals,
constrained by the residence time of allyl alcohol in the
GC column. Two columns were used in conjunction with
the TCD to separate the light gases (H,, N,, O,, CO, CO,,
CH,): a 30 mx 0.53 mm ResTek TR-QPlot for CO, and a
30 mx0.53 mm ResTek RT-MolSieve SA for all other gases.
The FID was used for detecting the organic feed and prod-
ucts using a 30 m X 0.32 mm Alltech EC-wax column, with
0.25 um film thickness. The GC oven was held constant at
50 °C and the gas sampling valve box was held at 125 °C.

3 Results and Discussion
3.1 Atomic Layer Deposition

Strontium titanate nanocuboids (BET surface area 19 m?/ g)
were used as a support for Pt nanoparticles grown by ALD
21 mz/g), which were then overcoated with either alumina
(18 m%/g) or titania (21 m%/g) by ALD (Table 1). The aver-
age Pt weight loading was determined by ICP-OES to be 4,
3, and 3 wt% Pt for Pt/SrTiO;, Al,0,4/Pt/SrTiO;, and TiO,/
Pt/SrTiOs, respectively (Table S1). The Al,0,/Pt/SrTiO;
sample had an alumina overcoat loading of 5 wt%, calcu-
lated from the Al loading of 2.7 wt%. For TiO,/Pt/SrTiO;,
the mass gain from titania ALD was 4 wt% and the mol/
mol Ti:Sr ratio calculated from ICP was elevated from a
near-stochiometric 1.02:1 (+0.02) for Pt/StTiO; to 1.10:1
(Table S1). After ALD oxide overcoating, 5 cycles of alu-
mina ALD had covered 34% of Pt while 10 cycles of
titania ALD had covered 95.7% of Pt (Table 1). Optical
microscopy, TEM images, analysis of Pt ALD, and the cal-
culations for the average overcoat thickness can be found in
the Electronic Supplementary Materials.

3.2 Overcoat Morphology

HREM (Fig. 1) and combined BF/HAADF/EDS (Fig. 2)
were used to examine the overcoat morphology at the

5

4
&
5

Fig. 1 HREM micrographs of ALD overcoats of alumina (a) and tita-
nia (b) on Pt/StTiO;. The ALD overcoats are visible as an amorphous
film a at the perimeter of the Pt,, and b over the top of the Pt,, as
well as on the surface of SrTiO; for both catalysts

Pt/S1TiO; surface. The BE/HAADF/EDS samples were
imaged along the [001] axis of SrTiO;, showing Pt,, on the
(100) facet of SrTiO5. EDS was collected in a line scan,
indicated as a purple line in the BF and HAADF micro-
graphs. The alumina and titania overcoats are both visible
as approximately one nanometer-thick amorphous oxide
films on the surface of Pt/SrTiO; (Fig. 1) [72]. However,
alumina is localized on the SrTiO; surface (Figs. 1a, 2a),
while titania is present on top of both the SrTiO; support
and the Ptnp (Figs. 1b, 2d). As the alumina and titania over-
coats are amorphous, they have low contrast in HAADF
and are not apparent in Fig. 2b, e [73]. The peak maximum
of the Al EDS signal above the SrTiO; surface (Fig. 2c)
corresponds to the approximately one nanometer-thick
alumina film observed in the micrographs (Fig. 1a). The
TiO, overcoat could not be differentiated from the SrTiO;
support by Ti EDS (Fig. 2f, see the Electronic Supplemen-
tary Materials for more information). The approximately
1 nm titania ALD film on Pt/SrTiO; (Table 1; Figs. 1b, 2d)
is visibly similar to the overcoat formed on HTR SMSI

Table 1 BET surface area, CO

hemi : 4 ) Sample Surface area Sp, Pt dispersion Pt scovered % of Pt/
chemisorption, and conversion (mZ/g) (mol Pt /g cat.) (%) by overcoat S1TiO,
per gram normalized to Pt/ (%) conversion®
SrTiO, (%)
PU/SrTiO, 21(2) 5.57x1073 28.4 - -
AL O4/Pt/SITiO; 18(2) 3.67x1073 16.3 34.0 50
TiO,/Pt/SrTiO4 21(2) 2.37x1076 1.4 95.7 2
SrTiO5* 19(2) - - - -

#No platinum present

®(% conversion/g overcoat catalyst)/(% conversion/g Pt/StTiO5)
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Fig.2 Combined BF/HAADF/EDS of Al,O,/Pt/StTiO; (a—c) and
TiO,/Pt/StTiO; (d—f). The BF (a, d) and HAADF (b, e) images show
Pt,, on the (100) facet of SrTiO; nanocuboids. The EDS line scan
path is shown in purple. An amorphous alumina film can be seen at
the sides of the Pt in BF (a), and an amorphous titanium oxide film

catalysts, appearing on both the Pt,, and oxide support
[9, 10, 12].

The ALD titania film (TiO,/Pt/SrTiO;) covers 95.7% of
Pty as measured by CO chemisorption (Table 1), while
HTR covers >90% of Pt (measured as the difference in
chemisorption between samples reduced below and above
the HTR temperature of the support) [16]. The ALD alu-
mina film (Al,O5/Pt/SrTiO;), while having approximately
the same average thickness, only blocks 34.0% of Pt The
increased coverage of the Pt,, on Pt/SrTiOj; by the titania
overcoat can also be seen in the average acrolein conversion:
Al,O4/Pt/StTiO5 was 50% as active per gram as Pt/SrTiO;,
while TiO,/Pt/StrTiO; had only 2% the activity (Table 1).
Conversion was linearly proportional to both the mass of
catalyst and Pt as would be expected for a pseudo-first
order rate, constant gas flow, and low conversions [74].
The proportional decreases in Pty and conversion from
Pt/SrTiO; to Al,O4/Pt/StTiO;5 to TiO,/Pt/SrTiO; indicate
that the deposition of alumina primarily on SrTiO;, and
titania on both Pt,, and SrTiO;, as observed in Fig. 1a, b

| -~ PtL series
14 —— TiK series
Sr K series

24 Al K series

O K series

Distance (nm)

100 200 300 400 500
Counts (arb units)

Sr K series
—— TiK series
- Pt L series
O K series

w
1

Distance (nm)

o
1

K

5'0 1(I)O 150 2(')0
Counts (arb units)

is visible on the top and sides of the Pt,, in BF (d). Neither amor-
phous film has a high contrast in HAADF (b, e). EDS of Al,O5/Pt/
S1TiO; (¢) indicates that the alumina overcoat (Al Ka, green) is con-
centrated at the SrTiO; surface. The titania overcoat could not be dis-
tinguished from the Ti in the SrTiO; support by EDS (f)

(respectively), is consistent across the entire sample and not
limited to the imaged areas. The difference in coverage of
the Pt,, by the two oxides is notable, as the average film
thickness as calculated by weight percent and surface area
is approximately the same (alumina: 6 A, titania: 5 A, see
the Electronic Supplementary Materials for calculations.)
The increased deposition of titania on the Ptnp, similar to
the HTR overcoats of SMSI catalysts, may be a result of
decreased interfacial energy between titania and Pt (versus
alumina and Pt) [10, 30, 75-78].

The turnover frequencies (TOF) of the three catalysts
are all within an order of magnitude, ranging from 0.2 to
0.8 s~ 1. The TOF is calculated from the product formation
rate (moles of acrolein converted per second), the mass of
catalyst, and the number of catalytic sites per mass of cata-
lyst, using Eq. (1). The number of catalytic sites is equal
to Pt under the assumption that every Pt measured
by CO chemisorption is catalytically active. Pt/SrTiO; had
the highest average TOF, followed by TiO,/Pt/SrTiO5, and
then Al,O5/Pt/SrTiO4 (Table S7, Fig. 3). TOF decreased

@ Springer



R. M. Kennedy et al.

0.90 r

------ Pt/SITIO,
—— Ti0,/Pt/SITiO,
— = ALO,/Pt/SITIO,

0.80 H

0.70

0.60

TOF (s%)
o
w1
o

o
>
o

0.30

0.20

0.10 f

0.00 1 1 L 1 1 )
0 20 40 60 80 100 120

Time (min)

Fig.3 Average TOF versus time for Al,O3/Pt/SrTiO;, TiO,/Pt/
S1TiO;, and Pt/SrTiO; (bottom to top). Error bars indicate +2c of the
fit

with time for all three catalysts, as a result of a decrease in
conversion, previously ascribed to blocking of Pt sites by
strongly adsorbed species [18]. The TOF of HTR catalysts
can be orders of magnitude higher for carbonyl hydrogena-
tion than for samples prepared without HTR [16]. The com-
bination of the high activity of the selective SMSI interfacial
sites and high number density of SMSI sites in a HTR cata-
lyst result in the increase in TOF after HTR. In a study of
the effects of ALD titania overcoating of Pt on the selectivity
of crotonaldehyde hydrogenation, it was observed that the
overall activity decreased with the number of ALD cycles,
while selectivity to alcohols initially increased and then pla-
teaued [62]. If it is assumed that every platinum atom next to
the metal oxide interface is selective (and has SMSI activ-
ity), the activity and selectivity for alcohols should increase
linearly with oxide coverage, corresponding to an increase
in the interface perimeter. However, the relatively low activ-
ity of the catalysts with ALD titania films (in comparison
with HTR films) both here and in [62] suggest that a lower

percentage of the interfacial sites in the ALD overcoats are
SMSI active, and that an additional reduction step may be
necessary to increase the concentration of SMSI sites at the
interface. If the percent of SMSI sites to total catalytic sites
is low, the overall TOF will be close to that of the unmodi-
fied metal catalyst, but there may be a disproportionate
change in selectivity from the small number of highly active
and selective SMSI sites, as seen here.

1 cat. (g)

= TOF (s~
cat. (g) Pty (mol) ™)

Products (mol/ s) X

ey

The chemisorption, catalytic activity, and TEM data all
indicate that sub-nanometer ALD titania film on Pt/SrTiO;
mimics the SMSI morphology of HTR-Pt/TiO,. ALD alu-
mina deposition was different from both ALD titania and
SMSI overcoats. ALD alumina was observed only on the
oxide support; loss of Pt,, surface area was a result of the
ALD alumina building up and covering the sides of the Pt ,
rather than from alumina forming directly on top of the Pt, .

3.3 Allyl Alcohol Selectivity

The initial selectivity of TiO,/Pt/SrTiO; for allyl alcohol
(mean 13.9% +0.3) was higher than Pt/SrTiO; (2.9% +0.5)
or Al,04/Pt/SrTiO; (3.2% +0.2) (Table 2; Fig. 4). Ini-
tial selectivity for 1-propanol increased from Pt/SrTiO;
(1.3% +0.2) to Al,O4/Pt/StTiO5 (3.2% +0.3) to TiO,/Pt/
StTiO; (6% +2). No carbon monoxide was observed as a
product during hydrogenation. The selectivity of acrolein
hydrogenation was calculated from the mol% of the products
(allyl alcohol, 1-propanol, propanal, Equation S8).

The increased allyl alcohol selectivity of TiO,/Pt/SrTiO;
(13.9%) versus Pt/SrTiO; (2.9%) is similar to the increased
aldehyde hydrogenation selectivity observed in SMSI cat-
alysts after HTR (e.g. an increase from 8 to 20% deuter-
ated allyl alcohol selectivity with the HTR-Pt/TiO, SMSI
catalyst) [22]. The more widely studied crotonaldehyde
hydrogenation reaction has both a higher base selectivity
and greater selectivity increase from SMSI (from 12.6 to
37.2% selectivity to crotyl alcohol after HTR); the base
selectivity is increased as a result of steric hindrance by the
methyl group destabilizing C=C bonding with Pt [15, 16,

Table 2 Average acrolein

Selectivity (%)

hydrogenation selectivity at

times initial and final Allyl alcohol 1-Propanol Propanal
Initial Final Initial Final Initial Final
Pt/StTiO; 2.9(5) 3.5(5) 1.3(2) 1.1(1) 95.8(6) 95.4(6)
AL O4/PYSITiO; 3.2(2) 4(1) 3.2(3) 3(1) 93.6(5) 93(1)
TiO,/Pt/SrTiO4 13.9(3) 6.5(8) 6(2) 3.5(7) 80(3) 90(1)
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Pt/SITIO,  Al,O,/Pt/SITiO, TiO,/Pt/SITiO,

Fig.4 Initial allyl alcohol selectivity for Pt/SrTiOs;, Al,O4/Pt/SrTiOs,
and TiO,/Pt/StTiO,

19]. Conversely, there is not a significant increase in allyl
alcohol selectivity for Al,O5/Pt/SrTiO; (3.2%), even though
there is partial coverage of the Pt,, by the alumina overcoat.
This indicates that there is no SMSI effect on selectivity for
the alumina overcoat, as expected, because alumina is not
predicted to form the interfacial sites necessary for SMSI
catalysis [2].

The potential effects of structure sensitivity, an alternate
suggestion for modifying the selectivity of catalysts, must
also be considered [18, 79, 80]. In most examples of struc-
ture sensitivity, the size of the M, is modified to change
selectivity [81]. Alternatively, structure sensitivity from
modifying the shape of Pt,, can change the selectivity of a
reaction [34]. In addition, it may be possible to modify selec-
tivity by blocking specific surface sites, i.e. with an overcoat
[51]. The observed difference in initial selectivity for allyl
alcohol between Pt/SrTiO; (2.9% +0.5) and AL,O4/Pt/SrTiO;
(3.2% +0.2) from the available data (Fig. 4; Table 2) was not
statistically significant. This is to be expected, as alumina
ALD on Pt is not predicted to preferentially deposit on the
low-coordination sites [76]. Instead, as seen in Fig. 1a, the
alumina overcoat is observed primarily on the SrTiO; sup-
port, and covers Pty sites to the extent that the alumina film
extends from the SrTiO; surface. The geometric, rather than
preferential, coverage of the Pt,, by the alumina overcoat is
expected to have a small or negligible structure sensitivity
effect on selectivity.

The structure-sensitive selectivity of acrolein hydrogena-
tion to allyl alcohol, which increases with the size of the
catalyst M, can be approximated as the transition from a
highly stepped single crystal to a perfectly flat single crystal
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Fig.5 Allyl alcohol selectivity versus time. Selectivity decreased
with time for TiO,/Pt/SrTiO;, and increased for the other two cata-
lysts. The lines are drawn for illustrative purposes

[80]. Under this approximation, the selectivity of low-index
facets (e.g. (111) or (100)) for a reaction can be consid-
ered theoretical maximums for unmodified nanoparticle
catalysts (assuming no alloying, selective poisoning, etc.).
The selectivity of Pt(111) and Pt(100) single crystals for
the hydrogenation of crotonaldehyde to crotyl alcohol at
90 °C was 10%; selectivity for acrolein to allyl alcohol was
not noted at that temperature on Pt single crystals, but was
overall lower than the selectivity for crotyl alcohol [33]. A
selectivity of 10% for the hydrogenation of crotonaldehyde
to crotyl alcohol at 90 °C is then the theoretical maximum
for Pt,, catalysts. That the allyl alcohol selectivity of TiO,/
Pt/SrTiO5 is 13.9% at 100 °C, for a reaction which has a
theoretical selectivity below 10% on Pt, indicates that the
change in selectivity from the TiO, ALD overcoat is much
greater than can be expected from structure sensitivity, and
can be attributed to SMSI [18].

3.4 Allyl Alcohol Selectivity Deactivation

The selectivity of TiO,/Pt/SrTiO; for allyl alcohol decreased
with time to 6.5% + 0.8, as has previously been noted for
SMSI catalysts [15], whereas the allyl alcohol selectiv-
ity of Pt/SrTiO; and Al,O,/Pt/SrTiO; increased with time
(Table 2), as has previously been observed for Pt/SrTiO,
[34]. At t=120 min, allyl alcohol selectivity had stabilized;
the selectivity of TiO,/Pt/StTiO; for allyl alcohol remained
higher than the other catalysts (Fig. 5).

The aldehyde hydrogenation selectivity of SMSI catalysts
has been shown to be proportional to the concentration of
interfacial sites (e.g. the TiO,-Pt interfacial sites of HTR-
Pt/Ti0, catalysts) [16, 21]. The rate of deactivation of the
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interfacial sites depends on reaction conditions, which were
not explored for the present system. Interfacial sites can be
regenerated by migration from the oxide bulk [82], or hydro-
gen spillover from the M, [83].

4 Conclusions

Here we have used ALD of titania and alumina on Pt/SrTiO5
to re-create the overcoats observed in SMSI catalysts by a
method other than HTR. We were curious as to whether the
increased selectivity of SMSI catalysts for aldehyde hydro-
genation would be observed for this alternative overcoat
synthesis method. As expected, the selectivity of acrolein
hydrogenation to allyl alcohol increased from 2.9 to 13.9%
after the deposition of a titania overcoat, while the alumina-
overcoat did not have a significant effect on selectivity (3.2%
selectivity to allyl alcohol). While the average deposition
thickness of the two overcoats was similar, their morphology
was different. ALD alumina deposited primarily on SrTiO;,
surrounding the perimeter of the Pt ,, while ALD titania
deposited on both Pt and SrTiOs. As a result, 95.7% of the
Pt,, surface was covered by a sub-nanometer film of titania.
As a further consequence, nearly every exposed Pt atom
should be at an interface with the titania overcoat, greatly
increasing the probability of interfacial site formation versus
an undecorated Pt,,. The increased selectivity of the titania-
coated Pt/SrTiOj; for allyl alcohol, as well as the preferential
growth of ALD titania on the Pt are indicative of SMSI
behavior resulting from interactions between the ALD tita-
nia overcoat and the Ptnp, similar to the titania overcoats
of HTR-Pt/TiO, catalysts. While the titania-overcoated Pt/
S1TiO; examined here is not as selective for aldehyde hydro-
genation as many examples of HTR-Pt/Ti0,, it is likely that
modification of the ALD overcoat thickness or pre-reduction
conditions can increase selectivity, by increasing the concen-
tration of interfacial defect sites.

These results suggest that ALD may be a new and ver-
satile alternative to HTR for studying structure-properties
relationships of SMSI catalysts. Future work would involve
quantifying the number of interfacial sites and the degree of
reduction of the titania overcoat while varying ALD over-
coat thickness and pre-reduction conditions. Thin film depo-
sition of SMSI-active oxides, such as titania, when deposited
on non-reducible supports (e.g. alumina, silica, zeolites),
may exhibit different properties than overcoats of the same
oxides formed by HTR of a reducible support. For example,
the non-reducible supports may pin defects in the overcoat,
while in the case of HTR catalysts, there is migration of
defects between the overcoat and the bulk of the support.
An SMSI catalyst assembled as reducible oxide/M,, /non-
reducible oxide may have a lower barrier to regenerating
defect sites under operating conditions, as there would be

@ Springer

no migration of surface defects to the bulk, and the barrier
to reduction tends to decrease with domain size. The support
or an additional overcoat layer can also be used to introduce
bifunctional catalysts (acids, bases, other metals) in com-
bination with the SMSI catalyst. ALD of reducible oxide
overcoats on supported metal catalysts opens a new range
of opportunities for the study of SMSI catalysis.
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