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Abstract

We report on the structure, chemical state, and catalytic activity of nanofabricated, plasearePand Ptalumina model catalysts prepared
by colloidal lithography. Employing extended etching times, catalyst particles are fabricated that are much smaller than the size of the
polystyrene colloidal particle mask. Using CO oxidation as a probe reaction, the influence of various pretreatments has been studied. W
find that the B/O, pretreatment deteriorates the reactivity oridRimina, which is accompanied by blocking of the high-temperature
CO adsorption sites as seen by TPD. After prolonged reactions fleerRt particles show pronounced restructuring, indicating a low-
temperature, reaction-induced, strong metal-support interaction, where ceria is decorating the Pt particles. In contrast, after an identice
reaction history the Palumina particles become facetted. The nanofabrication approach allows us to attribute the structural changes on
individual particles to the integrated, macroscopic catalytic response.
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction develop the pattern. This makes possible the preparation
of chemically well-defined model catalysts, while simul-
A long-term goal in fundamental catalysis research has taneously ensuring a fast and versatile process. In a pre-
been to synthesize and characterize supported catalyst parvious study we presented the fabrication method in de-
ticles with well-defined properties, e.g., well-defined size, tail [11]. Here we present a study of the catalytic activity
shape, interparticle separation, and chemical environmentof Pt/alumina and Pfceria model catalysts using CO oxida-
(composition), in order to determine and correlate macro- tion as a probe reaction. We use a new method to reduce the
scopic reactivity with microscopic processes. So far, most metal particle size (here from 107 to 40 nm) without chang-
fundamental studies have employed vapor deposition meth-ing the colloidal template size. The particle size in this work
ods [1-4] and cluster source methods [5], which both allow was deliberately chosen to be large (40 nm) to facilitate it-
controlled preparation and characterization under vacuumerative SEM analyses of the nanostructures before and after
conditions. Driven by the rapid development of nanoscience the reactions, despite the fact that the preparation method
and nanotechnology, new tools are today emerging, which described here allows smaller particle sizes as well.
find their way into a wide variety of research areas, such as A large number of studies focus on the low-temperature
novel biosensors [6], protein adsorption [7,8], and catalysis oxidation of CO on alumina- and cerium oxide (ceria)-
[9,10], which is our primary interest here. supported noble metal catalysts [12—19], which are important
In the present work we employ colloidal lithography in a variety of applications, including automotive exhaust
to prepare well-defined planar nanocatalysts. The colloidal c|eaning. Ceria is well known to readily change oxida-
lithography method utilizes surface (self-) organization of tjgn state(Ce*t <> Ce*t), which provides an oxygen stor-
colloidal particles (coming from a colloidal solution) to de-  age function [20]. Very little quantitative information is,
fine a 2D nanopattern and surface etching techniques topgwever, available for this latter function [21]. Apart from
purely kinetic effects, resulting from spillover between the
" * Corresponding author. metal and the ceria support [14,21], electronic [22] and
E-mail addresslars.osterlund@fy.chalmers.se (L. Osterlund). structural [18] modifications have been reported for ceria-
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supported noble metals. The so-called strong metal-supportgrade, Air Liquid) was used. The CO gas was in addition
interaction (SMSI) between an (easily) reducible support passed through a bed of activated carbon powder held at
(such as ceria) and supported metal particles has been ex150°C to avoid carbonyl contamination, which previously
tensively studied [23]. It is associated with the formation of was shown to influence CO oxidation ory&¢ria catalysts
mixed metal-oxide species at the interface or metal particle prepared by electron beam lithography [14].
decoration, which significantly modifies the chemical and  Temperature-programmed desorption (TPD) was per-
catalytic properties of a catalyst. The behavior of the cat- formed in a UHV chamber pumped by a turbomolecular
alyst can, however, be restored by a high-temperature ox-pump, giving a base pressure 0&210-1° mbar. Pretreat-
idation treatment. Typically SMSI is observed after high- ments up to atmospheric pressure were done in a dedicated
temperature reduction treatments X 750 K). high-pressure cell, which was connected to the UHV cham-
ber and separated from the main chamber by a gate valve.
A base pressure of typically 10~° mbar could be reached

2. Experimental within 15 min after sample transfer from the high-pressure
cell. The samples (X 1 cm) were clamped to an FeAl foil
2.1. Sample preparation by a spring-loaded Macor piece and resistively heated from

the back by passing a current through the FeAl foil. A ther-

Silicon wafers with a thermally grown SiOlayer of mocouple was pressed against the sample top surface by a
thickness 3000 A were used as primary substrates forspring-loaded Macor piece.
colloidal lithography. Support films of either alumina or Structural characterisation of the samples was done by
ceria were deposited onto the substrate by e-beam evapscanning electron microscopy (SEM, JEOL JSM-6301F).
oration of pressed tablets made from a high-purity pow- Tilted sample geometries>(85°) and high beam voltage
der (99.9%) of aluminum oxide and cerium(lV) oxide in (30 kV) produced the best image quality, which provided
a sputter/evaporation chamber. This is known to result in simultaneous shape and size distributions of the nanopar-
the formation of an amorphous oxide phase [1-3]. Plat- ticles. Image analysis was done by the software package
inum was evaporated onto the support film by e-beam evap-Scion Image (Scion Image Corp.). To quantify the shape
oration of a Pt sputter target (99.95% purity). Removal of and size of the particles an average of the geometrical pa-
the polystyrene (PS) mask was made by anisotropic etch-rameters was obtained from several high-resolution images
ing of a rotating sample by directed Arbombardment  (450,000x magnification) or> 50 particles.
at normal incidence at a beam energy of 500 V. A low- Chemical analysis was done by X-ray photoelectron
temperature oxygen plasma treatment was used to clean thepectroscopy (XPS, Perkin—Elmer PHI 5000C ESCA sys-
Si substrate before the evaporation steps, before adsorptionem) employing 400-W Mg-K radiation, with the detec-
of the polystyrene particles, and also to remove polystyrenetor placed at 45 with respect to the surface. The binding
residues. Details of the sample preparation procedure can beenergy calibration was done by internal calibration against

found elsewhere [11]. the C I peak. Curve deconvolution and elemental concen-
tration analysis were done with the software package Multi-
2.2. Sample characterization Pak V6.0A (Physical Electronics, Inc.). A pretreatment sys-

tem, equipped with a separate gas-handling system, attached

The CO oxidation measurements were performed in a to the XPS system, allowed in situ sample transfer between
microflow reactor operated with a very small gas flow (ca. each cycle of pretreatment (up to atmospheric pressures) and
1 ul/s) designed for measurements on samples with verythe main XPS UHV chamber.
small catalyst loadings. In this study the samples were
cut into 2x 3 mm pieces. The details of the microflow
reactor have been presented elsewhere [14,24]. The mas8. Results
spectrometer signals were converted to a total conversion
yield (%), using the calibrated COcracking pattern to  3.1. Nanofabrication
obtain the correct CO content at/Z = 28. In all CO
oxidation reactor experiments the sample was heated with The main steps in the fabrication of Pt particles on alu-
a linear heating ramp of 10 Mnin. In some experiments, mina or ceria supports are depicted in Fig. 1 and have
the sample was also cooled with the safeamp speed,  previously been described and characterized in more de-
and thus the hysteresis in the CO oxidation when going up tail [11]. Thin films (20-50 nm) of either alumina or ce-
and down in temperature could be measured [11]. All CO ria were evaporated onto oxidized silicon wafers, followed
oxidation experiments were done in a oxygen excegs=at by the evaporation of a Pt film (14-20 nm). The Pt sur-
Pco/(Pco + Po,) = 0.1 using 0.5% CO unless otherwise faces were subsequently treated with water solutions of
stated. Arrhenius plots were extracted in the kinetically poly(diallyldimethylammonium) (PDDA), poly(sodium 4-
controlled regime according to the procedure described in styrenesulfonate) (PSS), and aluminum chloride hydroxide
Ref. [11]. In all measurements, high-purity gas (research (ACH) to form a thin double layer of polyions with adsorbed
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Ar* etching

Adsorption of PS colloids

Fig. 2. By utilizing extended A¥ etching times, the adsorbed polystyrene
particles (melted to hemispheres) are shrunk during the etching, resulting in
Pt dots smaller than the original polystyrene particle.

(Fig. 2). Thus, by utilizing the fact that the polystyrene is
Removal of the colloids by etched at arate of 7 nm/min with the parameters used here
|V O; plasma (500, 0.2 mA/cn?), while Pt is etched at ca. twice that rate
(~ 13 nnymin), the polystyrene particles were etched down
to 40 nm, which resulted in Pt dots smaller than the origi-
nal PS particle (Fig. 3) after the PS removal step. A higher
etching speed for ceria (6 nfmin) compared to alumina
Fig. 1. The colloidal lithography fabrication procedure for flat Pt particles: (3 nm/ml.n) n Comblnatlon Wlth the thicker alumina layer
() deposition of a ceria or an alumina film, deposition of Pt film on resulted in the ceria layer being totally etched through down
a silicon wafer, followed by self-assembled adsorption of polystyrene 1O the underlying silica layer, whereas the alumina layer
colloidal particles; (Il) melting of the colloids; (Ill) removal of uncovered ~ was still a homogeneous film after the etching, as seen in
Pt b_y directed AT etching; and finally (IV) removal of the polystyrene Figs. 3B and 3C. The samples were subsequently exposed to
particles by oxygen plasma. oxygen plasma to remove residual contaminants and finally
cut to pieces of the desired size with a diamond saw. In the
aluminum ions, which gives the surface a net positive charge.present study, no Hreduction step to reduce the plasma-
Awater suspension of 0.1w 107-nm PS colloids withOor  oxidized catalysts was included in the preparation proce-
0.2 mM dissolved NaCl was then rapidly poured over the Pt qure. The resulting Pteria sample consisted of 40-nm Pt
Surface to |mmed|ate|y cover the WhOle Surface with the COI' dots on 100-nm Ceria partic'es and th¢mm|na Samp'e Of
loidal suspension, after which the sample was rinsed in wa- 40-nm Pt dots on an alumina film, each with an interparticle
ter and blown dry with nitrogen gas. The negatively charged separation ofc 220 nm (Fig. 4). The projected Pt coverage
PS particles adsorb onto the positively charged Pt surfacewas 4% in both cases (corresponding to a particle density
with a land and stick behavior and the charge of the PS of 3 x 10° cm=2), and the dispersion was about 2.7% (frac-
particles prevent them from adsorbing closer to a neighbor-tjon of Pt surface atoms) as obtained from the SEM image
ing particle than a certain minimum distance. The adsorbed analysis, i.e., typical for a sintered Pt catalyst. It should be
PS colloids were melted to hemispheres by placing the sili- noted that the size of the particles can readily be made even
con substrate on a hot plate for 2 min at XI2 This step  smaller and the lower limit is in principle only limited by
is included to prevent Pt from being adsorbed underneathhow monodisperse the original PS colloids are. We refer the
the PS particles during A, which leads to the formation  reader to Ref. [11] to a more thorough investigation of the
of nonflat Pt particles. The melting leads to an increase of chemical state of the model catalyst after each of the prepa-
the PS particle diameter from 107 t0130 nm. To develop  ration steps outlined above. In essence, adopting appropri-
the pattern formed by the colloidal particles, directed Ar  ate precautions, no traces of contamination inherent from the

sputtering (etching) was applied. In a previous study [11], fabrication process is present on the final model catalyst.
the Ar™ etching was continued up to the point when all Pt

not shadowed by the PS hemispheres was removed and thg.2. XPS

ceria layer was reached. In the present study the étch-

ing time was extended (6 min compared to 2 min), whichis ~ XPS spectra were recorded for 40-nm/d#ria and
longer than what was necessary to etch through the Pt layerPt/alumina samples. The Pt-oxidation state of each sample,
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Fig. 4. (A) The particle size distribution and (B) radial distribution function,

g(r), for the Pyceria model catalyst shown in Fig. 3. The results for
Pt/alumina are similar.

peaks was restricted, (2) the separation between Pt and PtO

and the separation between Pt and Pi@re restricted, and

(3) the area ratios between the Pt, PtO, and,Pt@ : 5/2

peaks were fixed. For the aged 40-nnyderia catalysts,

. ) - _ , the XPS signal was very weak, which complicated the

Fig. 3. SEM micrographs depicting 40-nm Pt dots on ceria or alumina made L . . .

by prolonged AF etching of the 130-nm colloidal mask. (A) Top view quantltatlyg analysis. We, adopted a procedure in WhICh the

of the resulting Ptceria sample. (B) Inclined view of the Reria sample peak positions of the various Pt mixed states was set fixed,

showing 40-nm Pt dots situated on top of 100-nm ceria particles on silica. based on a routine where the overall errpf (it) between

(C) Inclined view of the Ftalumina sample showing 40-nm Ptdots situated  the peak deconvolution and all experimental spectra was

on e_m alumina film. The elevatioq i_n the alumina in a zone aroqnd the Pt minimized. The error in the absolute binding energies for the

particles reveals the size of the original 130-nm polystyrene hemisphere. Pt and PtQ states is estimated to be0.25 eV in this latter
case. The relative error in the binding energies is estimated

i.e., the fractions of Pt, PtO, and PtOwas obtained by to be accurate to within 0.1 eV.

deconvolution of the XPS Ptfpeaks using iterated Shirley

background subtraction and Gauss—Lorentz peak fitting.3.2.1. Fresh samples

Following previous studies [25], the following constraints We have previously shown that the Pt particles become

were made to quantify the spectra: (1) the separation deeply oxidized during the £plasma treatment in the last

between the B and 72 doublets of the Pt, PtO, and RO  fabrication step (PS removal) [11]. The Pt can, however,
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Pt 4f XPS A a significant amount of mainly PtO remains (ca. 30% £tO
fresh Pt/ceria ;ﬁ,._ and 1-2% PtQ) even after an bl plasma treatment or
N f\ Py vacuum annealing [11]. In Fig. 5A the Pif4XPS spectra
£ oo 4N ,,f H are shown. It is seen that an HD» («-) pretreatment (1 h at
c after CO oxidation 4 LYl LY . 0 .
= P P e T =573 K, = PH,/(PH, + Po,) =0.33, 0.5% H diluted
£ il ! I T WP in Ar) or CO oxidation (1 h af’ =593 K, 8 = Pco/(Pco+
= 5 T ‘-‘ Po,) = 0.1) is not sufficient to reduce the 40-nm/Béria
’«E aﬂem'"eam::ﬁ{“ B f 5 e sample. About 80% of the Pt remains in the oxidic state after
9o Y H ':,[L I these initial pretreatments (Table 1). The corresponding O 1
= § *%,g' & XPS spectra shown in Fig. 5B show that the intensity of the
as prepare:‘-ifi "‘s’, higher binding energy feature increases substantially after
£ et CO oxidation compared to the fresh amédreated samples.
‘ k ‘ ! : The latter observation is in agreement with previous results,
Gz ®0. M@ 1 ™ = 10 68 which indicate the presence of carbonate on the surface after
Binding energy (eV) o . .
CO oxidation [16]. In contrast to Pteria, Pt on alumina
O1s XPS B transforms readily, as expected [19], to metallic Pt after
fresh Pt/ceria i any of the pretreatments discussed above. The quantification
3 iy of the Pt state for the Palumina samples is, however,
IS i complicated by the Al 2 peak (which is the dominant peak
o it in this binding energy region). The Aj2peak overlaps with
S ) | the Pt 4f peaks, and inspection of the P4 XPS peaks is
= %y ‘Gooydeion also necessary.
2 /o
£ i

3.2.2. Aged samples
In Fig. 6 the XPS spectra are shown for a 40-nifcBtia
. sample subjected to ca. 100 h reactions and pretreatments.
b S ) Table 3 in Section 3.4 presents the complete reaction history
. : . . of the sample (except that the stoichiometric CO oxidation
= s = Ao R was replaced by CO oxidation in &= 0.1 gas mixture).
Binding energy (eV) Inspecting the Pt # binding energy region, the following
features are evident from Fig. 6A: (i) The Pt particles contain
a large amount of PtQ which is evident by the appearance
of the peaks at observed at 77 eV (Pt(IV) 4f5/2) and
~ 72.50 (Pt(Il) 4f5/2), respectively (Table 2). (i) The Pt
4f peak intensity is significantly reduced, which is reflected
readily be reduced back to the metallic state either by addingin the PyCe concentration ratio, which decreases from ca.
an H plasma treatment step in the fabrication process or 0.034 for the fresh sample to ca. 0.022 for the aged sample.
by simple in situ reduction or annealing prior to reactivity Finally (iii), a slight change in the peak separation of the
measurements [11]. Ceria, however, stabilizes Pt oxide, andPt and PtQ peaks is observed, where, e.g., the Pt-PtO

:
"' 1 o-treatment

Fig. 5. (A) XPS showing the PtAspectra measured on fresh (as prepared)
40-nm Pyfceria and Pfceria subjected to various in situ pretreatments.
(B) The corresponding OsIXPS spectra following the same pretreatments.

Table 1
Effect of pretreatment: compilation of the XPS analysis obtained from the frgskri#t sample in Fig. 3
Pretreatment Pt PtO P3O
Af1/2 4152 Af1/2 452 Af1/2 4152
As prepared 705 7415 7275 7600 7410 7730 BE [eV]
1.25 125 160 160 150 150 FWHM [eV]
11% 84% 5% Area
After a-treatment 705 7415 7275 7600 7410 7730 BE [eV]
(1hatT =573 K,a =0.33)
1.25 125 160 160 150 155 FWHM [eV]
19% 75% 6% Area
After CO oxidation 705 7415 7275 7600 7410 7730 BE [eV]
(1hatT =593K,8=0.1)
1.28 128 160 160 150 155 FWHM [eV]
21% 7% 2% Area

The binding energy (BE) and the full width at half-maximum (FWHM) are obtained from the peak deconvolution procedures described in the textsThe area i
the background-subtracted integrated peak area.
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Pt 4f XPS A peak separations decrease by ca. 0.35 eV (see Table 2). The
aged Pticeria corresponding O sl spectra depicted in Fig. 6B indicate
,-5‘\. ey that the influence of various pretreatments is substantially
w after CO reduction w' ""-,w,w'f % reduced compared to the fresh/&tria sample. A slight
= e e v . . . R . .
5 i L. increase of the higher binding energy peak intensity after CO
£ o il gt v oxidation is observed and is in analogy with the fresh sample
E after CO oxidation 7Y A attributed to carbonate formation. The much higher intensity
= B ‘-‘,.,{.,;,a;_n, ,,"‘9,‘ “I‘Mﬁe of the high-binding-energy spectral feature following either
3 S e ".:d-;,"ﬂ_"-" R CO reduction or ar-treatment is attributed to an increasing
B 2 ‘.,-"\ oM | amount of O~ species [16].
i W‘ Epmi, \‘ l“n’*“fd
N2 annealing Y
,,..,h-""/ L 3.3. Effect of pretreatments on the reactivity
82 80 ?IgindinTSGne:4 (eVT)Z 70 68 3.3.1. Q plasma
9 oy As we have previously shown, Pt becomes heavily ox-
O1s XPS B idized during the final oxygen-plasma cleaning step in the
aged Pt/ceria preparation. It is therefore important to determine the influ-
ence of the plasma cleaning on the CO oxidation behavior.
w . In Fig. 7 is shown the CO to C{conversion as a function of
E temperature for Pteria before and after amy@lasma treat-
g ment. The @ plasma was performed on a sample that had
& i \% Bt cadudiion been “activated” in situ (i.e., oxidized/reduced 1 h at 673 K
%‘ , }5‘= e fo!lowed by repeated CO oxidgtion cycles irBa= 0.1 gas
3 g ’\-\ O oxidation mixture up to 573 K). An up-shift ofsg (the temperature at
£ F i .\\_.,ww which 50% of maximum conversion reached) is observed in
) i \ T the first cycle after @ plasma treatment, which is accompa-
‘ nied by an up-shift of the apparent activation enefgjy, at
W , ; i < 10% conversion. A bend in the slope of the Arrhenius plot
520 525 530 535 540 can be observed and exists (to a lesser extent) also aftera CO
Binding energy (eV) oxidation cycle followed by a CO reduction. After repeated

CO oxidation cyclesE; approaches the value prior to the
Fig. 6. (A) The Pt 4 XPS spectra obtained from an ageddeiria subjected O2 plasma treatment. We attribute the bend in the slope of
to the history presented in Table 3. (B) The corresponding §péctra. The the Arrhenius plot to the decomposition of the oxide. The re-
XPS was performed on the same sample as depicted in Fig. 12A. duction process continues over several CO oxidation and/or

Table 2
Effect of pretreatment: compilation of the XPS analysis obtained from the agedrRRtsample in Fig. 13
Pretreatment Pt PtO PO
Af7/2 Af52 Af1/2 452 Af7/2 Af52
After 1 h annealing in N 70.95 7415 7240 7560 7410 7730 BE [eV]
1.28 128 160 160 150 155 FWHM [eV]
47% 37% 16% Area
After a-treatment 705 7415 7240 7560 7410 7730 BE [eV]
(1 hatT =573 K,a =0.33)
1.28 128 160 160 150 150 FWHM [eV]
41% 45% 14% Area
After CO oxidation 705 7415 7240 7560 7410 7730 BE [eV]
(1 hatT =593K,8=0.1)
1.28 128 160 160 150 155 FWHM [eV]
47% 38% 15% Area
After reduction in CO 7®5 7415 7240 7560 7410 7730 BE [eV]
(1hat7T =673 Kin0.5% CO
diluted in Ar) 128 128 160 160 150 155 FWHM [eV]
58% 27% 15% Area

The binding energy (BE) and the full width at half-maximum (FWHM) are obtained from the peak deconvolution procedures described in the textsThe area i
the background-subtracted integrated peak area.
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Fig. 7. (A) The CO— CO, conversion curves obtained on a 40-nrjidetia catalyst before and after ap flasma treatment. (B) The corresponding Arrhenius
plots. The heating ramp was 1Q/Kin, the CO concentration was 0.5%, and the gas mixture was fixg¢e=a0.1.

reduction cycles in qualitative agreement with the XPS re- the C residues on the conversion curve is therefore not the

sult (Fig. 6). broadening (which is more pronounced after idduction),
but the up-shift ofE} and T5p and the long-term “memory”
3.3.2. Reduction in CO andH effect. Instead we attribute the broadening of the conversion

The reduction of the 40-nm Rilumina and Prfceria curve to a reduction of ceria, which is known to be most
samples results in very different CO oxidation response. pronounced after fHreduction [26]. The up-shift ofsg in
Fig. 8A shows the result after reduction in 0.5% CO for the case of CO reduction is consequently attributed to CO
1 h at 673 K for 40-nm Rteria. The first cycle after  dissociation and carbon site blocking on the Pt particles.
reduction has a broadened conversion curve accompanied he greater reactivity following { reduction is in good
by a highTso. The conversion curves shift gradually down, agreement with previous findings, where it is found that
while the widths simultaneously decrease after repeatedthe degree of reduction is highest aftes éduction, much
CO oxidation cycles. On fresh Rteria E¥ increases after  higher than after CO reduction [26], and that the chemical
prolonged CO reduction (Fig. 8C). The estimate &f state of the ceria catalyst greatly affects the reactivity;
is, however, complicated due to the irregular conversion @ reduced catalyst is suggested to promote the catalytic
curve, which is particularly pronounced directly after the activity [27]. The negative effect of CO reduction on the
reduction step. The value df (given in arbitrary units—  catalytic activity may be associated with the long-time CO
see Section 4; the conversion factorig (kJ/mol) = 8 x reduction treatment employed here causing C deposition on
EZ (arbitrary units)) is therefore determined as an average the catalyst, since the improved reactivity of reduced ceria
at < 15% conversion (at very low conversidri; directly also is manifested in improved CO dissociation activity [26].
after reduction is in fact lowered compared to the catalyst We have, however, as yet not performed a detailed study
prior to reduction). It is known that CO may dissociate on 0f the effect of long-term CO reductions. In contrast, the
Pt/ceria and even embed the particles in carbonaceous layergeduction does not affect the CO oxidation behavior on 40-
at sufficiently high temperatures, and that this affects the nm Pyalumina significantly and does not change further
reactivity (e.g., site blocking) [13,15,18]. The CO reduction upon repeated CO oxidation cycles, in agreement with
performed here does not, however, completely deactivateprevious studies [19]. In Fig. 9 are depicted the first two
the catalyst, as previously reported [17], even though the CO oxidation cycles following a CO reduction (0.5% CO at
activity of the catalyst is difficult to recover and it is back 673 K for 1 h). The result from the feduction is similar.
to a highly active state only after additioratreatments. To
explore this effect further and to test if carbon deposition 3.3.3. Hz/ O pretreatment
is important, we reduced a 40-nm/Béria sample in H 3.3.3.1. Influence on reactivityA common way to clean
(4% at 673 K for 1 h). As is evident from Fig. 8B, the Pt model catalysts by chemical means is to pretreat them
CO conversion curve broadens significantly more after H in (nonexplosive) mixtures of # and @ (a so-called
reduction compared to CO reduction. THgy, however, a-treatment) [14,28,29]. This has been shown to work
shifts down, but approaches the CO conversion curve prior satisfactorily on Ptceria catalysts prepared by electron
to reduction already after the second CO oxidation cycle. beam lithography, where high-temperature treatments must
In contrast to CO reduction, theoHeduction results in a  be avoided. We performed a seriesefreatmentsg = 0.33
pronounced decrease &f; (Fig. 8C). The main effect of at 573 K for 1 h) and in between treatments performed a



L. Osterlund et al. / Journal of Catalysis 215 (2003) 94—-107 101

100

A 40 nm Pticeria, CO reduction
No. cycles after
CO reduction

2
c
°
[ 50 B
[
>
c
o
(6]

% h ;

460 480 500 520 540 560 580 600

Temperature (K)
100 T T T T
B 40 nm Pt/ceria, HZ reduction
80 R
—0— 2nd CO oxidation cycle after H2 red
—&— 1st CO oxidation cycle after H2 red
&
= 60 8
R
»
(0]
Z 40 |
[e]
O
20 + —
o beenss
350 600

Temperature (K)

T T T T
C 1st cycle after !

reduction

16 L \ CO reduction 4

18

Apparent activation energy (arb. units)
=
T

| i A
10 7

Cycle number

Fig. 8. (A) The effect of prolonged CO reduction (0.5% CO diluted in Ar
at 673 K for 1 h) on the COG> CO;, conversion curves for 40-nm Rferia.

(B) The corresponding conversion curves obtained aftey eeHuction (4%

H> diluted in Ar at 673 K for 1 h). (C) The apparent activation energy
obtained from A and B. The heating ramp in the CO oxidation experiments
was 10 K/min, the CO concentration was 0.5% and the gas mixture was
fixed atg =0.1.

100 . . .
40 nm Ptfalumina, CO reduction (3"

80 | —o—2nd cycle after CO reduction
—o— 1st cycle after CO reduction

60

40

Conversion (%)

20

400 450 500 550 600
Temperature (K)

Fig. 9. The effect of CO reduction (0.5% CO diluted in Ar at 673 K for 1 h)
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ramp in the CO oxidation experiments was 10nn, the CO concentration
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series of CO oxidation cycles. The result confirms the picture
that a-treatment “cleans” the Pteria samples efficiently
[14,24]. A slight initial increase offso and E} suggests,
however, a weak inhibition (by hydroxyl groups [14]),
which after a few CO oxidation cycles readily is removed
(Fig. 10A). On the other hand, the catalytic activity of
Pt/alumina catalysts is significantly affected by an
treatment (Fig. 10B). Several subsequent CO oxidation
cycles are required to obtain a “typical” conversion curve
for an activated catalyst (with Bg in the same range as in
Fig. 9).

3.3.3.2. Temperature programmed desorptioh series of
CO-TPD measurements were performed to elucidate in more
detail the effect of the-treatment on the Palumina model
catalysts. Two samples with a 1 érotal surface area were
studied: (1) A 107-nm Ralumina sample with a particle
density of 83 x 10'%/c?, which corresponds to a projected
Pt surface coverage of 30%. A higher Pt loading was used
to enhance the CO-TPD signal; (2) A 30-nm-thick platinum
film evaporated on a 30-nm-thick alumina film. To further
enhance the effect of the-treatment, each sample was
pretreated at 673 K for 10 h in a mixture of 0.5% Hnd

1% O, diluted in Ar (@ = 0.33) at 1 bar. The samples
were subsequently annealed in vacuo to 673 K. The samples
were exposed to between 6 and 600 L of CO in vacuo. All
exposures were done at 300 K, after which the temperature
was ramped to 673 K with a heating rate of 13min. In

Fig. 11 the TPD spectra from the Pt film and th¢dimina
sample are shown. Two TPD peaks are seen for the Pt
film at ~ 360 and~ 420 K. With decreasing CO exposure
the TPD peak at the lower temperature vanishes, and only
the high-temperature TPD peak remains. The position of
the CO desorption peak from the Pt film is about 50 K
lower than in previous reports [1,30]. This can in part be
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Fig. 10. The effect of KH/O, pretreatmentso( = 0.33, 0.5% H diluted
in Ar at 573 K for 1 h) on the CG~ CO, conversion curves on 40-nm
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the CO oxidation experiments was 1Q'idin, the CO concentration was Teriberatire (K
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Fig. 11. The CO desorption vs temperature at various CO exposures
exp|ained by the Comparative|y low hea‘[ing rate emp|oyed obtained from (A) a 30-nm thick Pt film grown on alumina and (B) a
here (0.25 Ks, which is 1 order of magnitude slower 107-nm Ptalumina. The heating rate was 15in.
than most vacuum TPD experiments), but also to imperfect
contact between the thermocouple pressed to the frontclusters § <5 nm), i.e., redistribution of the TPD peaks
sample surface and the thermal inertia in the system causedoward higher temperatures [30]. In another study of vapor-
by the Macor piece pressing the thermocouple against thedeposited Pt clusters on ultrathin alumina layers [31] it was
surface. The qualitative shape of the TPD curves from the observed that most CO desorbed in a broad pedi20 K
Pt film is, however, in good agreement with literature data for large Pt clusters with weak shoulders at lower and
[1,30]. The CO-TPD spectra from the 107-nny&umina higher temperatures, whereas the TPD peak shifts to higher
sample show different qualitative behavior. All CO desorbs temperatures for smaller clusters (smaller Pt coverages). On
at ~ 360 K, even at the low CO exposures, corresponding the smaller clusters a low-temperature peak between 150 and
to the position of the low-temperature desorption peak for 200 K was also observed. In this latter study it was also
the Pt film. From Fig. 11 we estimate that the total number observed that the TPD area decreased significantly between
of adsorbed CO molecules (normalized to the geometric Ptthe first and second TPD experiments and in the latter case
surface area) is ca. four times lower on the nanofabricatedonly exhibited a broad, single peak at400 K. The latter
sample than on the film. Previous studies of CO desorption observation has been (in part) attributed to Pt metal atom
from vapor-deposited Pt clusters on alumina have shown thediffusion through the thin oxide layer [32]. Due to the quite
opposite trend, compared to our result, for very small Pt large Pt particles used in this study (107 nm) we should
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Table 3

Survey of the microflow reactor measurements performed on fleeiffa samples shown in Fig. 13A

Pretreatment ¢ (min) T (K) Tsg (K)2 E (arb. units§ Cycle no. in Fig. 12 Total no. cycles
a-treatmerft 60 573 559 13.4 1 13
CO-oxidatior 20 593 537 12.8 2 15
CO-oxidation 75 593 557 12.8 3 17
Reduction in 0.5% CO 60 673 -

CO-oxidation 100 593 556 15.0 4 25
CO-oxidation 500 593 556 15.4 5 28
«a-treatment 120 573 -

CO-oxidation 20 593 543 134 -

CO-oxidation 70 593 542 14.0 6 34
a-treatment/CO oxidation 6000 573593 536 13.0 7 48
a-treatment/CO oxidation 60 573593 537 12.0 8 55
Reduction in 0.5% CO 60 673

CO-oxidation 60 593 542 12.5 9 59
a-treatment 90 573 -

CO-oxidation 60 593 546 12.6 10 64
CO-oxidation 8 = 0.66, 0.02% CO) 300 673 -

CO-oxidation 30 593 543 16.0 11 69
Reduction in 2% CO/CO-oxidation 48000 673593 552 17.1 12 75

a After each pretreatment a CO oxidation experiment (ramp rate/h0ifkin a8 = 0.1 gas mixtures) was performed, yieldigo and £ .

b The total number of cycles indicate the number of CO oxidation cycles (ramp ratgrihkn a8 = 0.1 gas mixtures) the sample has been subjected to.
¢ o =0.33 (Hy =0.5%).

d g=0.1(CO=05%).

not expect to see a size effect as observed for very smallbehavior could not be restored after this pretreatment by
(a few nm) Pt particles. Our CO-TPD spectra of 107-nm repeated-treatments or repeated oxygen-rich CO oxidation

Pt/alumina resemble those obtained for larger Pt clusters cycles. The latter observation signals that the 40-nfod?ta

in the study above [31], with the exception that we do catalyst particles have been severely altered chemically
not distinguish any structures in the TPD spectra at higher and/or structurally. In Fig. 12B the corresponding results

desorption temperatures. for 40-nm Pfalumina are shown. The Rtlumina system
is not sensitive to reduction treatments as described above.
3.4. Reactivity of aged model catalysts Similarly, no “long-term” aging effect was observed as

for Pt/ceria. In particular, no dramatic change following a

In Table 3, the history of a 40-nm Rferia sample is  reaction in a stoichiometric gas mixture was observed (not
described, which includes 75 CO oxidation cycles and ca. shown). TheTsg and E} remained approximately the same
100 h of either CO oxidation (460-600 Ky -treatments  after the sixth cycle, irrespective of pretreatments (excluding
(¢ = 0.33 at 573 K), or CO reductions (673 K). The g-treatments, which causes severe changes, as discussed
correspondingZso and E3 are shown in Fig. 12A. As  above). A slight up-shift ofEZ was, however, observed
described above, extended reductions in CO cause up-shifafter an oxidation or reduction treatment. THehysteresis
of both 750 and E (cycle 4 in Fig. 12A). A lower value  obtained by measuring the CO conversion when ramping
of Tsp and E can, however, be “restored” by-treatments  up and down in temperature disappeared after the sixth
(cycles 5-7). We also note that extended CO oxidation CO oxidation cycle. The latter observations may be due to
on a fresh Pfceria sample in oxygen excegs = 0.1) mobile Al ions migrating onto the Pt particles and/or the
at 573 K leads to an increase @%o, while E; remains  Pt/alumina interface. At present we do not, however, have
the same. The latter may be associated with carbonatean unambiguous explanation for these phenomena, and we
formation (cf. Fig. 5B), which provides a different GO  will not discuss them further here.
channel with different kinetics (and a different number of
active sites; see Section 4). The effect of the pretreatments3.5. Particle morphology
decreases substantially as a function of cycle number. After
a total of > 40 CO oxidation cycles (with intermittent Fig. 13 shows SEM images of aged 40-nmnjidetia and
CO reductions and-treatments), thelspo and E;; values Pt/alumina catalysts used in the CO oxidation experiments
are not changed significantly, irrespective of pretreatment described above. In Fig. 13A is shown the 40-nryicBtia
prior to a CO oxidation run. After performing an extended sample subjected to the history given in Table 3. The original
CO oxidation reaction at stoichiometric gas mixture (5 h hemispherical particles (Fig. 3B) have reshaped into pillars,
at 8 = 0.66, 0.02% CO) at 673 K, the shape of the which are sticking up from the surface. The underlying
conversion curve changes dramatically, which is particularly 100-nm ceria islands have also changed from a concave to
evident from an increaseH;;. The “normal” CO oxidation a convex shape. The aspect ratio (height/length) AR 1s5
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Fig. 12. The effect of aging of the Rteria and Ptalumina model catalysts

on the catalytic activity. (A)T50 and E3 obtained for Ptceria after
performing a CO oxidation run following the pretreatments described in
Table 3. The cycle number corresponds to the reaction history of the sample
given in Table 3. (B) The corresponding results fofddimina. The heating
ramp was 10 Kmin, the CO concentration was 0.3%, and the gas mixture
was fixed atg = 0.1.

for the pillar structures seen in Fig. 13A, compared-t6.4
for the fresh 40-nm Rteria sample (Fig. 5B). In Fig. 13B
is shown a SEM image of a 40-nm/Reria sample, which
has been subjected to a history similar to that of the sample
in Fig. 13A, except that in this case no CO oxidation was
performed atf = 0.66 (only g = 0.1). The particles have  Fig. 13. (A) A SEM image of a 40-nm Pteria sample aged according
acquired the same qualitative form as in Fig. 13A, but the to the history described in Table 3. (B) A 40-nm/&tria sample aged
pillar structures are much less pronounced and the AR is under similar conditions as in (A), except that no CO oxidation treatments
only ~ 1.0. As expected from the reactivity measurements, &t Stoichiometric gas mixturess = 0.66) was performed. (C) A 40-nm

. Pt/alumina sample exposed to a history similar to that in (A). The aspect
the 40-nm Ptalumina sample does not change the structure ;¢ (AR) are shown in the upper right corners.
as dramatically as Pteria. In Fig. 13C is shown a SEM
picture of a 40-nm Palumina sample (the same as depicted
in Fig. 3C), subjected to a treatment similar to that for 4. Discussion
the 40-nm Ptceria sample in Fig. 13A (including 5 h CO
oxidation at 673 K in a stoichiometric gas mixture). A slight The overall results for CO oxidation on the 40-nm
reshaping is observed, with some sharp corners visible inPt/alumina and Ptceria model catalysts are in good agree-
SEM, suggesting faceting; the AR is increased from.4 ment with previous CO oxidation studies on/&tumina
to ~ 0.6 compared to the as prepared&timina catalyst. and Py ceria catalysts [12—-14,18,19,27,33,34] and show that
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model catalysts prepared by colloidal lithography can be changes oE} does, however, give a measure of thkative
used with confidence in fundamental catalysis research. Thechanges of the overall CO oxidation rafiee., not of a par-
procedure outlined here for making small (40-nm) catalyst ticular elementary process). We have therefore deliberately
particles show that small noble metal particles can be pre-chosen to labeE? in arbitrary units.
pared and thus provide samples with particle sizes and dis- The most interesting result emerging from this study is
persions approaching those typically relevant for heteroge-the long-term changes of the reactivity and corresponding
neous catalysis application. Hence it is possible to relate dramatic reshaping effects of the 40-nnydria catalysts
microscopic processes occurring on individual particles to seen in SEM and the associated change of the reactivity.
macroscopic reaction behavior. The correlation of the reac- A new type of Pt pillar structure is observed to grow out on
tivity with the structural changes observed in, e.g., Fig. 12 the aged 40-nm Pteria model catalysts. The shape change
can therefore be correlated with the microscopic informa- of the ceria islands also signals dramatic redistribution of
tion obtained from selected area analysis of a few catalyst ceria. It is tempting to associate the observed restructuring
particles. The important point is that the macroscopic re- \jth a SMSI effect whereby the Pt particles are decorated
sponse is amplified by an ensemble of identical microscopic ywith Ce or CePt-species. It is well known that Pt interacts
units present on our model catalysts, which otherwise may strongly with ceria (more strongly than with alumina) [18,
be blurred in a heterogeneous system. o 20,33]. The SMSI effect has been studied at the atomic
In the present study we have studied CO oxidation as |gye| ysing HR-TEM [18], but in these studies it was shown
a function of temperature by employing a (slow) heating 4t high reductionHp) temperatures ~ 1000 K) are
ramp. The information contained in such measurements isnecessary to induce decoration of the Pt particles. The
complicated by several factors: (i) t'he measurements are nOtcomparativer low temperatures employed in the present
steady-state measurements (despite the slow heating ramply; 4 “along with the net oxidizing conditions, suggest that
and proper activation energies cannot be deduced from an.e a3 decoration would not occur. An alternative explanation
Arrhenius analysis; (i) the separation (.)f pure Iflr_1et|c, MAsS for the decreased reactivity could therefore be crystallization
transport, gnd. heat transport effggts IS nonanaI [29,35]. of ceria, which is known to deteriorate the reduction capacity
The CO oxidation, under the conditions desg:nbed he.re,.(_:an,of ceria [16,27,34]. On the other hand, some additional
Z;V;egsél:?igtezeb;h;lr:a};\::reg:azrfiﬂsb-)t/ycp))r;et:rﬁnfc:::/aeliiLag,;t?“er?rﬂg?- observations, complementing the SEM results, suggest that
' we indeed have an SMSI effect: (i) The response to the

pretation of a simple Arrhenius analysis complicated. Hence . . :
; . T ; pretreatments described in Table 3 decreases as a function
extensive theoretical modeling is required to understand S S
of number of CO oxidation cycles, which is known to be a

CO oxidation even under steady-state conditions [14,29]. signature for the (fresh) Pteria system. (i) The decrease

Handling of mass transport effects is greatly simplified by olfgtheuPt 4 peak intenz(itty I(B‘té/e coﬁc”entration ratio)
loyi I | catalyst iat t ; I

employing planar model catalysts and appropriate reac on the aged sample (the sample depicted in Fig. 13A)

setups, and complications arising from complex mass trans- d to the fresh le (Fia. 3 ts that th
port, pore diffusion, and heat variations are avoided. A sim- com'p;a\re o the resl sz;mg) e (Fig. 3) sqggies S r? be
ple one-dimensional Fickian diffusion model can therefore particles are encapsulated by, e.g., a cera layer, thereby

be used to describe the mass transport. By employing Stan_Iowering the XPS signal. (iii) Deconvolution of the XPS Pt

dard mean-field equations appropriate for CO oxidation at 4f spectraindicates a small chemicgl shift between the fresh
atmospheric conditions on Pt wires and films under such ide-2nd the aged sample, where the different Pt and PtO peak
alized conditions (see our previous studies for details of the S€Parations (cf. Tables 1 and 2) point to a different chemical
simulations [14,29]), we note that the locationZah (up) is enwronmer?t for the Pt sur.face.atoms. We have, hoyvever,
indeed very sensitive to the Langmuir—Hinshelwood-€0 no conclyswe spectroscopic evidence .for the formauqn of
reaction step, as expected, but also (to a smaller extent) to theuch ceria layers (or PtCe alloy formation) on the particles
0, adsorption kinetics and site blocking. The latter is, e.g., due to the weak XPS signal on the aged sample. Finally,
important for CO reduction on Pteria, as discussed above. (V) E3 increases substantially after the stoichiometric CO
Similarly, parallel processes (e.g., €Production via car- ~ ©OXidation pretreatment and is accompanying a dramatic
bonate species [16]) may also impede or augment the re-reshaping of Ptceria (cf. Figs. 13A and 13B), while the
sulting apparent activation energy differently compared to 750 value is not affected so much. This is in agreement
the measured rate arfgho, as seen after extended CO oxi- With previous findings of CegyPt(111), where a fully
dations (Fig. 12A, cycle 3, and Fig. 6B). It is therefore not covered Pt surface was seen to maintain a high reaction
trivial in this simple model to attribute small shifts observed rate, though with a highek; compared to the bare Pt [16].

in the experiments to a particular elementary process, in par-Guided by previous studies (see Ref. [18] and references
ticular since the results presented here, as well as previougherein), we therefore tentatively conclude that ceria is
reports (see Ref. [18] and references therein), suggest sig{partly) encapsulating the Pt particles. The SMSI effect is
nificant chemical and structural modifications of the cata- generally believed to be reversible [18]. We have, however,
lysts. The apparent activation energy presented here shouldot pursued a structural analysis following a reoxidation and
therefore be used and interpreted with caution. The relative mild reduction treatment.
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The form of the Ptceria particles must also include must be responsible for site blocking. Lacking any further
some Pt metal restructuring. The decrease of the Pt—ceriaevidence we propose that Al species (e.g., Al-OH) form on
interface length and the corresponding increase of the ARthe alumina support/interface during thetreatment, dif-
value by almost a factor of 4 imply that the Pt particles fuse onto the Pt particles, and block the high-temperature
themselves reshape into pillars. The pillars are thus not CO-TPD state (the low-coordinated sites). It is generally ob-
due (solely) to ceria growing out from the particles (which served that electronegative species weaken the Al bonding to
also would result in a much weaker Pt XPS signal). The the lattice and treatments such as oxychlorination, which is
Pt reshaping is promoted and accentuated by running theused to redisperse Pt catalysts, readily release Al ions from
CO oxidation at stoichiometry (cf. Figs. 13A and 13B). It alumina [38].
is believed that oxygen acts as a surfactant for Pt metal
redistribution [36]. A requirement for such a mechanism
is that Pt not be oxidized, since this seems to inhibit 5. Conclusions
restructuring, in analogy with the Pt-catalyzed ¥ O»
reaction [36]. This is accomplished by balancing the €0 We have presented a detailed study of the CO oxidation
Oy reaction to near-stoichiometric conditiog = 0.66), behavior of Ptalumina and Pfceria model catalysts pre-
so that the fast reaction effectively cleans the surface of pared by colloidal lithography. A new method of preparing
adsorbates and simultaneously prevents it from becomingsmall Pt particles (40 nm) is presented. The effects of vari-
(fully) oxidized. In contrast, the results for the 40-nm ous pretreatments of the flumina and Ptceria model cat-
Pt/alumina sample show that similar aging, including & alysts are in general in good agreement with those observed
0.66 treatment, does not lead to as a dramatic reshape of then corresponding catalysts prepared by different methods,
Pt particles. Instead the shapes of thgaRtmina particles  thus validating the nanofabrication method. As a new find-
indicate faceting, as is expected for weak metal—supporting, a site-blocking effect and suppression of the reactivity
interaction, where the particle shape is mainly governed of Pt/alumina were observed after artreatment. Notably,
by the substrate surface energy, and the Pt-alumina long-time reactions result in substantial restructuring of the
interface energyy;. The overall form of the particles agree 40-nm Pyceria catalysts, which has not been observed ear-
with the Wulff relation, and an AR ratio of 0.6 is about lier. The results are attributed to a low-temperature, reaction-
twice the corresponding values observed for smalB{nm) induced SMSI effect correlated with a significant change in
Pd/Al,03 [37], suggesting a weaker interaction with the the catalytic activity.
support, i.e., a larger effective surface energy,= y; —
ys < 0, and hence a smaller work of adhesion. This is in
qualitative agreement with the predicted shapes for alumina-Acknowledgments
supported Pd having a height/width ratio of about 0.5, and
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