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Combining molecular beam methods and angular resolved mass spectrometry, we have studied the
angular distribution of desorbing products during CO oxidation on a planar Pd/silica supported
model catalyst. The model catalyst was prepared by means of electron beam lithography, allowing
individual control of particle size, position, and aspect ratio, and was characterized by atomic force
microscopy and scanning electron microscopy before and after reaction. In the experiment, both
oxygen and CO rich regimes were investigated using separate molecular beams for the two
reactants. This allows exploration of diffusion effects of reactants on the particles and of shadowing
and backscattering phenomena. A reaction-diffusion model was developed in order to extract
information about local reaction rates on the surface of the catalyst nanoparticles. The model takes
into account the structural parameters of the catalyst as well as the backscattering of the reactants
and products from the support. It allows a quantitative description of the experimental data and
provides a detailed understanding of temperature and reactant flux dependent effects. Moreover,
information on the surface mobility of oxygen under steady-state reaction conditions could be
obtained by comparison with the experimental results2@5 American Institute of Physics
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I. INTRODUCTION level (see, e.g., Refs. 10-L2Zor example, a distribution of
particle sizes or shapes may result in some average output,
Many heterogeneous catalysts are based on nanometejisguising phenomena occurring on individual particles. Sec-
sized metal particles, finely dispersed on oxide suppdrts. ond, only few experimental techniques can provide suffi-
Reaction kinetics on such supported particle systems can ditiently detailed experimental data on the surface kinetics and
fer strongly from the kinetics on single crystal surfaces.on surface transport phenomena under reaction conditions. In
There are many effects which can contribute to these modierder to overcome these problems, our group and others have
fied kinetics, including, e.g., geometric and electronic proprecently started to apply molecular beam techniques to
erties or interactions with the support, which lead to changesodel catalyst¢see Refs. 13—18 and references thertiat
in the adsorption and reaction properties of a catalyst paraim at revealing microscopic and molecular level effects.
ticle. In addition, there are pure nanoscale effects related t¥he model catalysts reduce the complexity of the surfaces to
kinetics, which simply arise from the limited size of the par- a controllable level. Simultaneously, the application of mo-
ticles, i.e., even without a change of their electronic and adtecular beam methods allows the extraction of detailed ki-
sorption properties. Examples for such phenomena are seetic data under most well defined conditions.
called communication effects resulting from the coupling of  In this work we employ a supported model catalyst,
surface areas with different adsorption or reaction behaviowhich was prepared by electron beam Iithogréﬁﬁﬁ
via surface diffusiof> or coverage fluctuations in confined (EBL). This preparation method has been used only recently
surface region&=° Both are intimately related to the surface in ultrahigh vacuum(UHV) reactivity studie$:?* It provides
mobility of the reactants. the advantage of the highest level of control over structural
There are very little experimental data available on suclparameters, including homogeneous particle sizes, exactly
phenomena. This lack of knowledge is a result of experimeneontrollable particle distances and positions, and variable as-
tal challenges associated with studies of such kinetic effectpect ratios.
on real catalysts. First, the enormous complexity of the sur-  Returning to the communication effects discussed above,
faces of real heterogeneous catalysts often precludes detaildtese phenomena arise from the coupling of regions with
insights into the kinetics at the molecular and single particldocally different adsorption or reaction properties via surface
diffusion (for example, facets with different crystallographic
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84134139. Electronic mail: libuda@fhi-berlin.mpg.de locally different reaction rates. The direct experimental veri-
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fication of such phenomena, however, would require mea- e e £ arer ot v o
surements of local reaction rates on individual parts of a g

catalyst particle, e.g., on the different microfacets. The de- a Si(100) |,
velopment of methods, which allow local kinetic experi- ]

ments, is a major challenge. As a possible alternative ap- V °_>

proach, we have recently suggested the application of S —
angular resolved measurements of the desorbing products o ol B e
from a planar model catalyst with arrays of identical or
nearly identical particle&"?> The basic idea is that the angu-
lar distribution may contain information on the local reaction
rates on differently oriented facets of the particles. AU S SN N A (
We have chosen the CO oxidation on Pd particles as
model reaction. The mechanism and kinetics of CO oxida- bS s I —
tion on platinum metals are well understddd. In general,
oxygen adsorbs dissociatively and CO molecularly, with CO ¢ f ==
having a strongly inhibiting effect on the oxygen adsorption.ric. 1. Electron beam lithographi&BL) preparation of a model catalyst:
From the two adsorbed species, £@& formed in a (a) cleaning of the 100 substrate with a 0.4m thick oxide layer;(b)
Langmuir—HinshelwoodLH) reaction step. The surface mo- spin coating of a photoresist laye(c) exposure to a predesigned pattern
bilities of both reactants are rather different. The diffusion’ 2" electron beante) development, i.e., dissolution of the photoresist;
) - (e) Pd evaporation(f) lift-off, i.e., dissolution of the remaining resist.
barriers are low for adsorbed CO on platinum metal surfaces,
leading to high mobility, even at low sample
temperaturé®?°The diffusion activation energies for the ad- schematic diagram of the EBL procedure is shown in Fig. 1.
sorbed oxygen are significantly highsee, e.g., Ref. 28As  In this work, we used a 0.4m thick thermal oxide layer
a result, CO diffusion is expected to be fast as compared tgrown on S{100 as the substrate. The Pd towers were fab-
reaction. For oxygen, on the other hand, surface diffusionmicated with a double layer resist system, consisting of a
and surface reaction may occur on the same time scale, @ottom layer of PMGI-SF{polyimide) and top layer of 1:2
reaction may even be fast as compared to diffusion. diluted ZEP520 in anisole. The pattern was exposed with a
A critical point for the present experiment is that the dose of 16QuC crmi? in an EBL systen{JEOL JBX9300F %
CO, product interacts only weakly with the metal surface, After dissolving the exposed polymer, a 500 nm thick film of
leading to nearly instant desorption after formation. More-Pd (99.95% purity, K.A. Rasmussen, ABvas vapor depos-
over, desorption is typically found to be preferentially di- ited at~3x 10°® mbar at a flux of~8 A s™* as measured by
rected along the surface normal for close-packed surfacesquartz crystal microbalance in an electron beam deposition
(the exact distribution may depend on the local surface angdystem(AVAC HVC-600). The remaining resist was “lifted-
adsorbate structuyé®* Consequently, the angular distribu- off* in Shipley 1165 (N-methyl-2-pyrrolidong leaving the
tion of CO, can be assumed to directly reflect the distribu-Pd towers in the prescribed patte(ffig. 1). After resist re-
tion of local reaction rates on the particles. moval, the sample was cleaned for 1 h at 770 K in 5%rO
In a recent work, we have demonstrated qualitativelyAr, followed by 1 h at 820 K in 2% Hlin Ar at a flow rate of
that this method can indeed provide the desired~500 mIimin?! in a flow reactor, and cooled in Ar, which
information?* It was shown that pronounced dependences ofemoved~70% of the contaminants according to XPS.
the angular distribution of the desorbing £®@an be ob- The EBL sample was fabricated at the Chalmers Univer-
served for sufficiently large Pd particles. Previous analysis o&jty of Technology and transported to the FHI, where the
the angular distributions, however, was limited to a simplemolecular beam experiments were performed. The sample
and qualitative model. In this work, we present details on theyas further cleaned in the molecular beam UHV apparatus
preparation method and on the experimental approach. Wejescribed in Sec. Il Bby exposure to~4x 1074 mbar G,
further develop a microkinetic model, which is Capable of afrom a gas doser for 2 h at a Samp|e temperature of 650 K

d

quantitative description of the experimental results. and subsequent oxygen removal by CO exposure. Finally, the
cleanliness of the Pd particles was checked by means of CO
Il. EXPERIMENT titration. For this purpose, the sample was exposed to a mo-

lecular beam of @ (~3x 10'* molecules cr?s™%, 30 9 at
room temperature, followed by titration at 440 K with a mo-
The fabrication of nanoparticles by EBL has recentlylecular beam of CQ~2.9x 10* molecules criés™, 30 3.
been used successfully in surface science and catdygis The amount of CQ produced was compared to the value
Refs. 19-238 The advantage of the method is that it providesexpected on the basis of the Pd surface area calculated from
ultimate control over structural parameters such as particléhe structural parameters of the sample and the O saturation
size, shape, and separation, as compared to more traditiorzoverage’ 2
preparation methods, such as physical vapor deposition. Itis The sample fabricated by EBL consists 6450 nm
a serial technique in which an electron beam is rasteretligh Pd towers with~500 nm diameter. The particles are
across the surface of an electron sensitive polymeric filmarranged in a hexagonal array with 1500 nm particle separa-
(resis}, creating a computer generated pattern in this film. Ation (center to centércovering 1 cri area(Fig. 2). The mor-

A. Electron beam lithography
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a @ b FIG. 2. SEM images of the Pd/silica model catalyst
( ). o ( ) [+ o “ prepared by EBL(a) before andb) after reaction, note
) 4 . ; - ;
P SEM (Fritz-Haber-Institut) the faceting and the ring of small Pd particles surround-

-

ing every big particlésee text for discussion(c) AFM
image and (d) AFM height measurement of the
particles.

AFM height measurement
(Chalmers University)

phology of the particles was investigated by SEddanning  Briefly, the molecular beam of CO was generated by an ef-
electron microscopyand AFM (atomic force microscopy fusive beam sourc€éEB) (incidence angleb=0°, y=35°, see
prior and by SEM after the experiments to verify that noFig. 3 for details of the experimental sejupsotopically
major morphological changes occurréds has been ob- marked™CO (min 99%*CO, Isotec Ing.was used in order
served, e.g., in Ref. 19 under more drastic reaction condito reduce the background level. It was further purified by a
tions). Waferpure MiniXL WPMV200CO, Mykrolis GmbH filter.

A close inspection reveals a ring of small Pd islandsThe O, (99.9995%, Linde AGbeam was provided by a su-
surrounding every Pd tower. This effect is likely due to re-personic sourcéSSB at large incidence anglgp=60° from
shaping of the polycrystalline particles toward the Wulff the surface normaly=0°, Fig. 3. This experimental setup
shape in the annealing and cleaning sequences during whi@nsures that one side of the particles is completely shaded
the small aggregates may split off the central partitf®:®®  from a direct Q flux. The**CO, (we drop the superscript in
Similar effects have been observed previously for Pt modethe following) signal was recorded simultaneously by a line-
catalysts prepared by EBL. From SEM imadé&sg. 2(b)], of-sight angular resolved quadrupole mass spectrometer
the surface ratio of primary EBL particles to the split-off (QMS) (doubly differentially pumped and in an angular
particles can be estimated a$%. As a result, the CO oxida- integrated fashion by a non-line-of-sight QMBig. 3). The
tion should under all conditions be dominated by the primaryangle ¢ is measured between the surface normal and the
particles. In particular as the CO oxidation shows a wealangular resolved QMS with positivé directed toward the
structure dependence, so that no enhanced activity of small€, beam and negativeb toward the shaded side. Angles
particles is expected. Furthermore, small split-off particles+t35° to +90° are not accessible experimentally because in
may only give rise to an additional symmetric contribution tothis range the SSB is shadowed by the angular resolved
the CQ signal, which should not critically affect the angular QMS.
resolved results discussed in the following.

Ill. MOLECULAR BEAM EXPERIMENTS

B. Molecular beam apparatus A. Experimental procedure

The experiments were performed in the UHV molecular  In order to extract the angular distribution of the desorb-
beam apparatus at the FHI already described in Ref. 34ng CO,, we apply a method which has already been briefly

CO (EB)

FIG. 3. Molecular beam apparatus used for the experi-
ments: two molecular beanisne generated by an EB
% and one generated by a supersonic so(88B)] are

Y superimposed on the sample surface, the reaction rate is
measured by means of a line-of-sight rotatable mass

P

., S
"».,% o spectrometetQMS) and a non-line-of-sight mass spec-
=4 e, Rotatable QMS trometer(QMS).
Z et (diff. pump.)
Sample surface nomal + § =[-95° - +95°]

O, (SSB)
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described in the literatuté (see Fig. 4 After steady state is €O, signal
established for a given set of reaction conditions, the, CO 1000{ @
signal is measured on the front side of the sample figbm 900}
=-90° to ¢»=+90° by the angular resolved QMS&ig. 4(a)]. 800- Shaded zone
The diffuse background of CQOs determined on the back- 700-
side of the sample ath=—95° and ¢=+95° and linearly 6004 3
subtracted from the signal. For comparison, the data are then 500 00, signas
normalized with respect to few points arourd:0° [Figs. 4001
4(a) and 4b)]. 3004
The acceptance area of the angular resolved detector fgg‘ Diffuse background
changes as a function of the detection aﬁ@MIe determine n'
the detector function by using a well defined angular distri- 90 -80 -30 0 30 60 90
bution, i.e., the one of Ar scattered from a flat sample cov- Detection angle
ered by a thick icgH,0) layer at a surface temperature of Normalized sigual
T=100 K. As Ar trapping is complete under these 14{b
conditions® detailed balance requires that the angular re- 1.2] £C sigral
solved distribution of the desorbing Ar is cosiffgg. 4(c)]. -
Consequently, the COsignal is normalized to the ratio of ] (I)
the Ar signal and a cosine distribution. The angular distribu- 0.8- 30 0 \30
tion of the desorbing C®flux obtained in this fashion is 0.6.
plotted in Fig. 4d). 04l -60 O, beam
0.2
A -90 e 90
B. Experimental results and discussion ° 90 80 -30 0 30 60 90
. . . Detection angle
A summary of the experimental results obtained via the
procedure described in Sec. Il A is provided in Fig. 5. Here, c —— Normalized Ar signal (A)
we focus on the most essential observations. For more de- | = = - Normalized cosine distribution (B)
tailed results and discussions we refer to the previous
publications’*?°
The global reaction kinetics is illustrated in Fig(ah
The steady-state reaction rates were measured in an angular
integrated fashion by the non-line-of-sight QMS as a func-
tion of the fraction of CO in the incident fluxxcg
=Fcol (FcotFoo). Here,Fco andFq, are the fluxes of CO
and G at the sample position. The total flux in this experi-

ment was kept constant and is equivalent to a pressure of
~10% Pa.

Up to xco=0.5, the CQ production rate increases lin-
early withxco. This regime, denoted in the following as the
O-rich regime, is characterized by a lo®¢o (CO coverage;

O, denotes the oxygen coveragen particle surfacé’ At 0.8-

higher x¢q, the kinetics switches to the so-called CO-rich

regime characterized by a highé.y and a lower®g,. At 0.8 0\30
lower surface temperatures, the transition to the CO-rich re- -30

gime is connected to a substantial decrease in the reaction 0.4- 60 60

rate. This effect is due to inhibition of oxygen adsorption by

preadsorbed CO. At higher temperatures, the CO desorption 0.24

rate increases and the CO inhibition vanisfieig. 5a)]. 0o -90 R 90
In the following, we investigate the angular distribution 90 80  -30 o %0 80 |

of the desorbing C®in both regimes, O rich and CO rich. Detection angle

The experiments were performed at a constaptflOx of

Fo=5.6X10"cm?s? and CO fluxes of Fcp=2.9

X 10" cm?s™t (O-rich regime,xc0=0.34 and Fco=11.6  FIG. 4. Experimental data analysi@) Signal measured by the angular

X 10" cm? st (CO-rich regimexco=0.67). The resulting resolved QMS from —95° to +95{h) normalized signal after background

; : btraction(inset on a polar pl9t (c) Ar signal backscattered from an ice
total gas fluxes are equwalent to pressures in the rang(:%cj)vered sample at 100 K and theoretical cosine distributsee texx, (d)

4 3
10°-10" Pa. o ) ) ) ) angular distribution of the COdesorption rate after correction for the ex-
The angular distributions of CQare displayed in Fig. perimentally derived detector functidinset on a polar plot In the gray

5(c). Under O-rich conditions, the distribution is symmetric. zone, the @ beam is shaded by the angular resolved QMS.
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a O-rich CO-rich

pEereh ),

Backscattering

Reaction rate

T dependence
%o=034  xp=067 i ¢
= 440K o ﬂ
e 465K o
A 490K A

O, beam

LS " o
Normalized reaction rate

FIG. 6. Geometric model used in the microkinetic simulations: the Pd par-
ticle is represented by a half prolate spher@dlar radiusc=450 nm, equa-
torial radiusa=250 nm sitting on a support disk of =25 um diameter.
The CO flux is incident fromp=0° and the Q@ flux from ¢=60°, =0° thus
creating an area arourd=180° where the particle and the support receive
no direct flux from the @ beam. The backscattering of the reactants and
products from the support is also included in the model.

FIG. 5. Experimental data on the angular distribution of desorbing: C&D
global production rate as a function rfy for temperature§ =440, 450,
465, and 490 K(b) angular dependence of the g@roduction rate as a
function of xco (see text plain line, O-rich regime; dotted line, CO-rich
regime;(c) dependence on surface temperature.

In contrast, a strong asymmetry is observed under CO-rich  Under O-rich conditions, the missing temperature depen-

conditions, with a higher COproduction rate on the particle dence points to the fact that the O diffusion length exceeds

side facing the @ beam. the particle size. The weak temperature dependence under
The critical quantities, which explain these results, areCO-rich conditions is more difficult to understand and is

the diffusion lengths of CO and oxygen on the time scale ofpartly the result of a compensation effect, discussed in Sec.

the residence times of the adsorbates on the surface. In the D.

O-rich regime under steady-state conditions, the lafge

leads to large oxygen residence times and thus to large difv. MICROKINETIC SIMULATIONS

fusion lengths(before reaction occursThus, ®g is equili- -

brated over the whole particle surface. Undecr) CO-rich conA Description of the model

ditions, however® is significantly smaller. This leads to In order to model the experimental data, we start from a

drastically reduced residence times and diffusion lengthsmean field approa@ﬁ and add scattering and surface diffu-

Under these conditions there is no equilibratior®ef on the  sion processes. The reaction-diffusion model is illustrated in

particle. Consequentl¥d) and CQ production are enhanced Fig. 6. The catalyst particlegdiameter 500 nm, height

on the particle side directly exposed to thet@am(see Ref. 450 nm) is represented by a half prolate spher@dlar ra-

24 for detailg. In contrast, CO diffusion is much faster and diusc=450 nm, equatorial radites=250 nm). The support is

the diffusion length is expected to exceed the particle sizegescribed by a disk of radius25 um. For the numerical

both under CO- and O-rich conditions. treatment, the system is discretized using spherical coordi-
The surface temperature dependence of the angular digates in ar, 6, ¢) system where is the radius, 6 <2

tributions of CO is shown in Fig.(6). (Note that a slightly the azimuth, and & ¢< = the colatitude(Fig. 6). The par-

different experimental geometry was used, for details seéicle is divided into 400 surface element8x ¢=20X 20)

Ref. 24) Only weak temperature dependent effects are oband the support into 20 000 surface elements 6=1 000

served in the angular distribution, in contrast to the strongx 20).

dependence oxco. The symmetric distribution under O-rich The microkinetic model used to describe the reaction is

conditions is nearly independent of temperature. The asynbased on the experimental information available on the CO

metry observed under CO-rich conditions is found to becomexidation on Pt group metalésee the Introduction The

slightly less pronounced with increasing surface temperaturesimple mean field description was previously developed to
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Back-scattering of reactants

F()/F cO Fo(x)/F [0)
a bl 4 =0° = Total flux c =gQ° T fotalfu
’ e e i ¢ Te By FIG. 7. (8) Model for the incoming
CO beam -@5 X reactant fluxes(b) CO flux at the
surface of the particlgdirect and

backscattered, see tg¢xand (c) O,
flux (direct and backscatterpd(d)
Model for the outgoing C®flux: the
CO, flux emitted from the particle
over the unit sphere surrounding the
particle (dotted ling; (e) 2D cut
=30 through the particle containing the

plane; values at the top side consti-

tute the direct flux; values at the bot-
______ direct flux tom side are integrated and reemitted
with a cosine distribution toward
=0, constituting the backscattered
flux; the direct and backscattered
fluxes are summedline) and yield
the total angular C@distribution.

-,
-
o _e®

0"
0.0

-250 0 250 0 250
Position on the particle/x [nm] Position on the particle/x [nm]
[}

Back-scattering of products

BN flux toward support
-=== flux from support
— total flux

describe the CO oxidation kinetics on a Pd catalyst as @ort. Fcgis incident from¢=0°, leading to a symmetric flux
function of reactant flux and surface temperaﬁ?r"ég.This distribution. Fq, is incident from6=0°, $=60°. The latter
model is capable of quantitatively reproducing both theresults in the shading of parts of the particle on the side
steady-state and the transient kinetics. In future work, ampposite to the beam, i.e., some surface elements do not
extension of the microkinetic description to kinetic effectsreceive any direct flux of @ In addition to the direct flux,
beyond the mean field approximation would be possible ormolecules can impinge on the support. As the interaction of
the basis of Monte Carlo models*®**In some cases, such both reactants with Sigis weak, CO and @might either be
effects have been shown to play an important (ske, e.g., trapped for a short time in a physisorbed state on the support
Ref. 42. and subsequently desortrapping/desorption channebr

For the present model catalyst, some kinetic parametensight be directly backscattered into the vacudshrect in-
were adjusted to quantitatively reproduce the angular inteelastic scattering channelWe do not distinguish between
grated kinetics. Briefly, the steps are as follof@ee Ref. 39 these processes and we refer to the sum of both channels as
for detail9: (i) CO adsorbs on the metal with a sticking co- the backscattering component from the support. Moreover,
efficient Soo, modeled by a Langmuir molecular adsorption there is no explicit incorporation of molecules trapped on the
term (a weak dependence & on @ is taken into ac- support and diffusing to the particlésee below. A fraction
couny; (ii) O, adsorbs dissociatively with a sticking coeffi- of this backscattered flux collides with the Pd particles and
cient Sy,, modeled by a Langmuir dissociative adsorptionleads to an additional CO and,@lux. This is particularly
term; (iii ) the LH reaction step between the adsorbed specieelevant on the parts of the catalyst particle which receive no
proceeds with a reaction rate, with an Arrhenius-type or little direct flux. The backscattering contribution is mod-
temperature dependeng@tivation energ¥g, .y, preexponen- eled assuming a cosine distribution from the support for both
tial factor A y); (iv) CO can desorb from the metal with a CO and Q. This assumption is justified by the fact that the
rate constanky.s [Arrhenius-type temperature dependence,SiO, support is rough on the atomic scale and both trapping-
activation energyEg s preexponential factoA4.s a factor  desorption and direct scattering channels are expected to be
(aco) describing the coverage dependenceEgi; is used; rather diffuse. It should be noted that the backscattered fluxes
(v) O, desorption can be neglected in the temperature rangento the particle are different for Oand CO, due to the
considered; andvi) CO, interacts weakly with the metal shadow of the particle on the support, which has to be taken
surface, resulting in desorption immediately afterinto account for @ (see Figs. 6 and)7 The role of support
formation?® Oc0 andB® are defined with respect to an atom backscattering for the present type of experiments is investi-
density ofNpg=1.53x 10'° cm™? as in Ref. 39, correspond- gated in detail in Sec. IV E. After establishing the local re-
ing to the surface atom density of @d1). A fitting of the  actant fluxes, the nonspatial part of
model with respect to the global steady-state rates as a func-

tion of the surface temperature argp leads to the follow- d0¢o = Feoo _ K u®-O

ing parametersEge=142 kd mot?!, Aj=4X 104 s acq dt NPdSCO ieDca kinBcolo:

=0.12; E;,=53 kI mol!; Au~5x%10" s7%; initial sticking (1)
coefficients £5=0.7 and ,=1-{7.4X 104X T (K)] (the dOo _Foo

latter includes a dependence on the surface tempeyature gt :2N_PdSOZ_kLH®CO®O+ V(DV 0o

other parameters as in Ref. 38.
In a first step, the reactant fluxéB-g,Fg,) are calcu- can be integrated for any initid® o, ®o) distribution. In a
lated at each surface element of the particle and of the sugecond step, the spatial part of Ed) is integrated using the
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o [e—oricn CO-rich SRy

E co

£

2

$

N 490K

8 465K

S

% 440K FIG. 8. Simulated datda) steady-state reaction rate as
§ a function ofxco (T=440, 450, 465, and 490 K&
2 E,, = 55 kJ/mol =55 kJmof?); (b) angular distribution of desorbing

CO, in the O-rich regimex;o<0.5), the angular dis-
tribution is symmetric, switching to an asymmetric dis-
tribution under CO-rich condition(Xco>0.6) (Xco,

) from 0.05 to 0.95 in steps of 0.05; see fext) example

) % of oxygen coverage distribution on the surface of the
0 \ 0.1 particle (top view, CO-rich regime; black, low O cov-

.0 0.2 04 0.6 0.8 1.0

co

o

47 . ; ;
30 30 /° erage; white, high O coveraggd) oxygen concentra-
b ;5 001/0'55'_ tion profiles as a function okco; (b—d) T=465 K,
\ Ql‘ =
‘\\\\ / g TE3 0.9—
Normalized reaction rate /—
d

&0 : 250

finite element method with periodic boundary conditions onlimit of low adsorbate coveragég.However, more highly

0 and no flux acrosgp=90°, 0 4. The physical meaning of directed distributions are possible at higher coverﬁ&dﬁs.

the latter is that we do not take surface diffusion from theSec. IV F we investigate the effect of the local £@istribu-
oxide to the particle or vice versa into account. This simpli-tion on the type of angular resolved experiments discussed in
fication is justified by the large particle size and by the weakthis work. In generaln=1 is in good agreement with our
interaction of the reactants with the support. Estimates of thexperimental results.

size of adsorbate capture zones on similar systems under In analogy to the reactants, G@an be emitted into the
reaction conditions are typically in the range of a fewvacuum or collide with the support upon desorpti@ee
nanometeré®** Thus, we expect that the adsorbate flux viaFigs. 6 and 7. In latter case trapping/desorption is also taken
surface diffusion over the particle/support interface is negliinto account. The product backscattering depends on both the

gible as compared to the direct flux. CO, distribution and the particle shape. The total £fix
An Arrhenius temperature dependence of the oxygen diffowards the support is calculated by integration over the
fusion coefficientD is assumed, lower half unit sphere. Afterwards, the flux is reemitted into
E. the vacuum assuming a cosine distribution. The direct and
D=Dg exp(%), the backscattered product channels are added and constitute

the full CG, angular distribution.
with Egi representing the diffusion activation energy. Little
experimental data are available on the diffusion coefficien‘3 Influence of the CO/O
for oxygen on P@L11). We thus assume a “normal” prefactor
of Dy=10"7 m?s 128 The effect ofEgy on the angular dis- We validate the kinetic model by simulating the global
tribution of CG; is investigated in Sec. IV C. It is found that steady-state reaction rates as a functiorxgf and surface
a value ofE 4 =(55+10 kJ moltis in good agreement with temperature(by integration over the full particle surface
our experimental results. This value is also consistent witlFig. 8@)]. A comparison with the experimental data is plot-
previous estimaté$?® and with theoretical investigatiorf3.  ted in Fig. %a). It shows a good agreement under all condi-
This value is used for the simulations unless otherwisdions. Both the temperature dependence and the transition
stated. For simplicity, we neglect coverage dependences @oint between the two regimes are well reproduced.
the diffusion coefficienD. Next, we investigate the local variation 6f5 and the

As pointed out before, the diffusion barrier for CO on reaction rates. The steady-state oxygen coverage on the sur-
close packed noble metal surfaces is in general sthalhis ~ face of the catalyst particle dt=465 K andxco=0.7 (CO
leads to a high CO mobility, even at low surface temperaturerich conditions is displayed in Fig. &) (white: high O,
For CO/Pd111) a value of 175 meV was found by Snadil  black: low O5). @4 is significantly higher on the side facing
al.?® O, is therefore averaged . over the surface of the O, beam. This indicates th@g is not equilibrated over
the particle. After every integration step, we obtain a coupleghe surface under these conditiofi¥, profiles along thex
(00,0¢0) from which the CQ production for each surface axis(y=0) are displayed in Fig. ®) for variousxco values.
element of the particle is calculated &g ,=k 1OcoPo. Under O-rich conditiongxco<0.4), the O profiles are al-

The angular distribution of the desorbing €fbom a Pd  most flat. With decreasing-q they approach saturation cov-
area element is modeled by a Bgsdistribution.n=1 was  erage(@3**=0.25. With increasing«co, ®¢ decreases and a
found experimentally for CO oxidation on Fdl) in the gradient in®y appears. Once we approach the transition

, ratio
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FIG. 9. The role of oxygen surface diffusion investi-
gated atT=465 K; Eg;=35 kJmof? (a), 45 kJ mot*
(b), 55 kI mot? (c), 65 kJ mot? (d), and without oxy-
gen diffusion(e); the two regimes O-richix;p=0.34

55 and CO-rich(xcp=0.67) are compared. Left to right:
Angular distribution of CQ, ®4 along thex axis of the
particle and top view 0B distribution on the particle
surface(white, high®,; black, low 0).
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0.01

LX) P

1E4

No diffusion
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T=465K, Xoo=0.34

between the O-rich and the CO-rich regim@4<xco Here, the angular distributions rapidly change towards an

<0.6), the O profiles change rapidly and tHe, ratio be-  asymmetric shape, with a strongly enhanced, p@duction

tween the shaded side and the beam side becomes very large. the particle side facing the (eam. After switching to

Within the CO-rich regiméx.o>0.6), the gradient in I,  the CO-rich regime, a further increasexgg only leads to

(dIn ®o/dx) is nearly constant while 1@, decreases rap- minor changes in the angular distributions. In terms of the

idly [Fig. 8(c)]. 0O, profiles discussed above, this is a result of the constant
As discussed in our previous wofkthis behavior can gradient in In®q with increasingxco. Comparison of the

be easily understood qualitatively: On both sides of the transimulations to the experiments displayed in Figo)Sshows

sition point between the CO-rich and the O-rich regimes, thdhat the angular distributions and their behavior as a function

reaction rates are comparable. Simultaneouly,changes ©f Xco is well reproduced.

by approximately two orders of magnitude betwees

=0.3 andxc=0.7. A similar change follows for the oxygen o

residence time. As a result, the diffusion length of the ad-C- Influence of the surface diffusion rate

sorbed oxygen decreases dramatically. Consequently, no |n our previous work, we have given an estimate of the
complete equilibration occurs and a switching from a sym-diffusion activation energy for oxygeR,y based on resi-
metric to an asymmetric angular distribution is observed. dence times and diffusion lengths from a simple mean field
As O is assumed to be constant over the particle, thenodel?* The present reaction-diffusion model allows us to
differences in@, directly reflect the changes in local reac- refine this analysis by a direct comparison to the experimen-
tion rate. In order to compare these results with the experital angular distributions. We simulate G@ngular distribu-
ments, the resulting COangular distributions have to be tions for diffusion activation energies ranging from
calculated(taking into account the local angular G@istri- 35 kJ mof? to the case of “immobile” oxygelsee Fig. 9
bution and possible support backscattering of the proglucts under the conditions applied in the experimefits., Xco
The corresponding simulations are displayed in Fig.=0.34; x;0=0.67; T=465 K). Focusing on theédq profiles
8(d). As expected, we obtain broad symmetric Odistribu-  first, it is seen that for diffusion activation barriers of
tions in the limit of smallix.o values(O rich). With increas- 35 kJ mot* and below, the oxygen distribution is homoge-
ing Xco, nNearly no changes in the angular distributions areneous, both under CO- and O-rich conditions. This indicates
observed until the transition to the CO-rich regime occursan equilibration of®, over the particle surface independent
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of the reaction conditions. As a consequence, the @i€tri-
butions are symmetric and independent x@f. For Egi

=45 kI mot! a weak gradient is found in th@®q profile
under CO-rich conditiongxco=0.67), leading to a slight
asymmetry in the C@distribution. Under O-rich conditions

on the contrary, the distribution remains symmetric. As dis-
cussed in the preceding section, this is a result of the oxygen
residence time being typically one to three orders of magni-

tude larger under O-rich conditiorig-5=0.34), thus allow- T

ing for the equilibration of®y at higher Eg. At Egi 440K -=-==

=55 kJ mot?! a larger®, gradient is established, giving rise 283 & R

to a strongly asymmetric CQdistribution under CO-rich

conditions. Conversely, the distribution still remains sym- b @, profile

metric under O-rich conditions. For largEg (65 kJ mot?t 0, —

and abovg the O profiles finally show pronounced gradi- °1L--------m T 0.34

ents both under CO-rich and O-rich conditions, leading to
asymmetric distributions in both cases. In the case of immo-

bile oxygen(no diffusion), it is noteworthy that a dip appears 0.1

in the ®4 profiles on the shaded side of the particle. This dip

is the result of a minimum in the local @lux impinging on 1E-3} ]

the particle. The total local flux is the sum of the direct beam "’:_______..--""'

flux and the backscattering of reactants from the support. As 4

a result of the particle geometry, latter contribution is en- 1E'f'250 0 xfam] 250

hanced in the vicinity of the particle support boundaries. This

effect is discussed in detail in Sec. IV E. FIG. 10. Simulated data: Temperature dependende)dhe angular distri-

. . bution of CQ and (b) the © profiles [T=440,465,495 K, Eg
As shown in Sec. Il B and Ref. 24, the experimental _55', 4 mofL, CO-rich (xe=0.67, and O-rich(xco=0.34 regimes.

CO, distributions exhibit a fully symmetric distribution for
Xco=0.34 (O-rich) and a pronounced asymmetry fegg
=0.67(CO-rich).. A comparison between the experiments and  As discussed before, th® profiles and consequently
the simulations allows us to obtain an estimate of the activathe CG, angular distributions are controlled by the oxygen
tion energy for the oxygen diffusion under reaction condi-diffusion length. The latter depends on two factot$i) the
tions of (55+10 kJ morl™. The lack of experimental data for oxygen residence time, which depends on the O steady-state
the present system precludes a direct verification of this reeoverage and on the reaction rate, dingthe oxygen diffu-
sult by comparison to other experiments. However, the valugion coefficient. Under O-rich condition® is high and the
is fully consistent with recent density functional theory cal-reaction rate is nearly independent of the surface temperature
culations by Honkala and Laasonen, who derived an activalCO adsorption is the rate determining step, Figs. 5 and 8
tion barrier of 54 kJ mof on Pd(111).% Therefore, the oxygen residence time is nearly independent
of the surface temperature. In contrast, the diffusion coeffi-
cient D increases with increasing temperatuifer Eg;
=55 kJ mot?, Dyg «/Daso k=4.6). However, the increase
In the next step, we investigate the surface temperaturénly has a moderate effect on thkk, profiles since the dif-
dependence of the angular distributions of £6oth under fusion length is already larger than the particle size. As a
CO-rich and under O-rich conditions. The simulated angularesult, the changes in the G@ngular distributions are weak.
distributions of CQ and the®, profiles are displayed in Fig. The situation is more complicated in the CO-rich re-
10. The model yields a weak dependence in the temperatugime. Figures &) and 1@b) show that both the reaction rate
range 446<T<490 K for both O-rich and CO-rich condi- and®g increase with increasing temperature. Oxygen disso-
tions. In the first caséxc.o=0.34 the angular distribution of ciative adsorption is the rate determining step. The oxygen
CO, is almost symmetric at 490 K. There is a very slight adsorption rate increases @k decreases with increasing
decrease in the rate on the shaded particle side with decredemperature. The changes in reaction rate @adcompen-
ing surface temperature. Under CO-rich conditiopx,  sate and lead to a weak temperature dependence of the resi-
=0.67), the CQ distributions are asymmetric with an en- dence time. The temperature dependence of the diffusion
hanced reaction rate on the particle side facing thdo€am. length is therefore mainly due to the diffusion coefficient.
Under both sets of flux conditions, the asymmetry increase¥Vith the diffusion length(which is below the particle size
only weakly with decreasing temperature. increasing with increasing temperature, the oxygen gradient
A comparison with the experimental daféig. 5 shows decreases slightly and the asymmetry of the angular distribu-
that the temperature dependence is well reproduced by the®n becomes less pronounced. As a last point it should be
simulations. We can now obtain a deeper insight into thenoted that in the temperature interval considered the changes
kinetic origin of the temperature dependence on the basis dh 05 due to the temperature dependence of the diffusion
the simulations. length are considerably weaker than the changes which occur

D. Influence of the surface temperature
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upon switching between the reaction reging€® rich and O
rich). Therefore, the C®angular distributions are more sen-
sitive to changes of.o than of the surface temperature.

E. Influence of backscattering effects
from the support

The desired experimental information in the angular re- Normalized reaction rate
solyed experiments is ggrried primar_ily by those molecules E = 55 kJ/mol; T = 465 K
which undergo no additional scattering processes with the with backscattering
surface. In practice, two additional channels have to be taken ... without backscattering
into account. First, the incident molecules can be diffusely
backscattered from the support and subsequently collide with e,
the metal particles. This leads to a diffuse flux of reactants L S = ;;'}:}}'

towards the particles. Second, the reaction products desorb-
ing from the side facets of the particles can collide with the
support and can be backscattered into the vacuum. It is im-
portant to determine how these contributions affect the ex-
perimental results discussed in this work and to what extent

0.01

they might complicate the extraction of information on local 163 -
reaction rates. 3
In order to study the relevance of support backscattering 1E-4 b \
contributions, we analyze these effects in detail in terms of -250 0 250

the present kinetic model. We first investigate the effect of x[Aw]
support backscattering in the incident reactant flux. In FigsriG. 11. Simulated dataa) Effect of the backscattering on the angular
7(b) and 7c) the total CO and @fluxes toward the particle distributions of desorbing COand (b) on the ©¢ profiles under O-rich

surface are plotted for section of the particle alongxtlaais. ~ (¥co=0-34 and CO-richixc=0.67 conditions. The backscattering is either
. . fully “switched on” or “off” for both the incident beams and the desorbing
The total flux contains two components, the direct beam CONG oducts.

tribution and the backscattering contribution. Whereas the

direct flux is maximal at those parts of the particle directly . f . . lati h
facing the beams, the backscattering channel is most promls_cattenng of oxygen gives fise o a strong re atlvg enhance-
' ment of the Q flux on the shaded side of the particle.

nent at the particle edges. It is noteworthy that there are In Fig. 11(a) the corresponding Cangular distribu-

substantial differences in the backscattered fluxes of CO angd . . o
0O,. For CO, the backscattered flux approaches a value Ot]gons are displayed. Under both CO- and O-rich conditions,

50% of the maximum direct flux at the edge of the particlesupport backscattering results in a drastic modification of the

: : - .~ Tangular distributions. Taking the previous discussion into ac-
and vanishes on top. For,(a large fraction of the particle is L . - .

: .~ _count, it is apparent that under O-rich conditions the differ-
shaded from a direct flux. The backscattered contribution . . )
ences almost exclusively arise from product backscattering.
The latter leads to a reduced width of the Ldstributions.

or the CO-rich case, on the other hand, the differences re-
)ésult from both reactant and product backscattering. The ef-
. ect is particularly strong on the O-shaded side, where back-
that support backscattering creates a zone-at-100 nm scattering tremendously enhances Qfpoduction and thus

where the flux has a local minimum. effectively reduces the asymmetry of the distributions
In addition, the backscattering of the products is taken y y Y :

. . . We now compare the calculated distributions and the
into account as described in Sec. IV A. Product backscatter- P

ing simply adds a symmetric component to the angular dis_experlmental results from Fig. 5. It is found that the experi-

N . - mental data are well reproduced by the model including sup-
g;?titElg?gO;(g% Thus, it only qualitatively affects the re- port backscattering. Conversely, the model neglecting the

It is now interesting to investigate the effects of both backscattering channel predicts artificially broad angular dis-

. o ~ .. . tributions and strongly overestimates the asymmetry of the
backscattering contributions on the total angular distribution, gy y y

In Fig. 11, a comparison of th@ profiles and CQ angular angular distributions.
distributions is S.hOV\.m for a hypothetical case, in which SUPE Influence of the local angular distribution of CO

port backscattering is completely neglected and for a case in

which the effect is fully taken into accouit =465 K, Eg A key point in the simulation of the angular distribution
=55 kJ mot?). Focusing on thé, profiles first, the differ- of CO, from a supported nanoparticle system is the angular
ences between the models are weak under O-rich conditiondistribution of CQ from a local surface element. From
This is the result of the rapid equilibration é5. Under  single crystal studies it is well known that such distributions
CO-rich conditions however, th@y gradient is significantly may sensitively depend on many factors such as the local

reduced by the support backscattering, because the backurface structure or the adsorbate coveré@e@or the

support on the shaded side of the particle. As a result, th
total O, flux on the shaded side is relatively low in spite of
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) gular dependent effects can be easily detected even in the
O 0 T4 case of very diffuse local distributions of desorbing products
0, (¢ = 60°) (n=1). Indeed, a comparison with the experimental distribu-
-60, tions (Fig. 5 shows the best agreement fow= 1. Therefore
i we conclude that under the experimental conditions applied
in this work, the local CQ distribution is well described by
diffuse CQ, desorption. With respect to the applicability of

.

cos distribution

of CO,
the method, this result demonstrates that angular dependent
H measurements of the type performed in this work should be
é/ 40 feasible for many reaction systems, and do not require par-
ticularly narrow local angular distributions of desorbing
%@ 0 products.
cos" distribution Normalized reaction rate
of CO,
0 0\4" V. CONCLUSIONS
c

[ -30 3
$'\\ %0 ‘ We have studied the angular distribution of desorbing
:‘t/ L CO, during CO oxidation on a supported palladium model

catalyst using a combination of molecular beam methods and

cos™ distribution 0 Normialized reacsion rare 90 angular resolved mass spectrometry.
of CO,
) (1) The Pd model catalyst was prepared by electron
Eyn = 55 kJ.mol", T= 465K e X = 0.34 ssseesn: Xeo = 0.67

beam lithography on a SiOfilm on Si(100). Pd particles
FIG. 12. Simulated data: Effect of the local angular distribution of,cO With ~500 nm diameter and an aspect ratio of nearly 1 were
(modeled by a cdsy distribution) on the total angular distribution of prod- prepared on a perfect hexagonal lattice with a particle den-
ucts desorbing from the particl®.B.: the backscattered fluxes always fol- sity of 5.1X 10" cm™2. A cleaning procedure was developed
low a cos ¢ distribution) at T=465 K, Eg;=55 kJ mof’. Values ofn=1 . d .t ' taminati f th ticl f

(@), n=4 (b), andn=16 (c) are investigated under O-rictiull lines, xcq In order 1o remove con amma. Ions from the partcle Sur.ace'
=0.34 and CO-rich(dotted linesxco=0.67 conditions. The figures on the (2) Molecular beam experiments were performed using a
right show the total angular distributions, assuming localgosos ¢, and combination of CO and ©beams, establishing different lo-

6 S i .
c0s'?¢ (top to bottom CO, distributions. cal reactant fluxes on different parts of the particles. The two

reaction regimes of the CO oxidatid@O rich and O rich

present model catalyst, the prolonged heat treatment afté'® characterized by specific angular Odistributions. Un-
preparation leads to reshaping of the particles, preferentiallf® CO rich reaction conditions, the GQdistribution

exposing low-index facets. Some experimental informatiorp'ON9ly depends on the local fluxes, whereas nearly sym-
is available for the angular distribution of GQ@lesorbing metric distributions are observed under O-rich conditions.

from such surfaces. On PdL1), for example, it was found The angular distributions show a weak temperature depen-

that in the limit of low coverage the CQdistribution is dence in the range between 440 and 490 K.

broad and well described by a cosine distribufibrin the (3) The experimental results were quantitatively repro-
limit of high ®, however, much stronger peaking along theduced by a diffusion-reaction model, taking into account the
surface normal 'was obsérv%?j geometry of the model catalyst and reactant and product

In the following, we investigate the role of the width of backscattering effects from the support.

the local angular distribution on the total Gdistribution (a) The different angular distributions of GGn the two
emitted by the supported catalyst. In the simulations, theeaction regimes were related to pronounced differences in
local distribution of desorbing COis described by a func- the oxygen residence time. As a result, equilibratior®gf

tion co$' ¢. Some representative results are given in Fig. 12occurs under O-rich conditions only, and pronounced gradi-
ranging from diffuse desorptiom=1) to highly directed de- ents in®, are established under CO-rich conditions.
sorption along the particle surface nornaf 16). It is found (b) By comparison of the experimental angular distribu-
that the total CQ distribution becomes increasingly broad tions with the simulations as function of the COJ/ftio, we

with increasingn. In spite of the strong dependence on theobtain an estimate for the activation energy for oxygen dif-
width of the local distribution, the qualitative picture remains fusion on the particle surface ¢65+10 kJ mof™.

unchanged, however: Under O-rich conditions the,Ci3- (c) The model reproduces the weak temperature depen-
tributions are symmetric, whereas they become stronglylence of the angular distributions, which can be related to a
asymmetric in the CO-rich regime. Although the asymmetrypartial compensation of the temperature dependences of the
shows the expected decrease with decreasinthe effect diffusion coefficient, the reaction rate and the steady-state
remains clearly visible down to=1. coverages.

Several conclusions follow from these results. First of  (d) By comparison with the experimental results it was
all, it is apparent that a highly directed product desorptionshown that a quantitative description of the experiment re-
leads to a stronger asymmetry of the total Ofistribution.  quires trapping-desorption and direct scattering processes
Therefore, a highly peaked local desorption is advantageousom the support to be taken into account, both for the in-
for the type of experiment discussed here. However, the arcoming reactants and for the desorbing products. Support
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