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Abstract

Model catalysts of Pd nanoparticles and films on A10) were fabricated by metal vapour deposition (MVD). Molecular beam mea-
surements show that the particles are active for CO adsorption, with a global sticking probability of 0.25, but that they are deactivated by
annealing above 600 K, an effect indicative of SMSI. The Pd nanoparticles are single crystals oriented with their (111) plane parallel to the
surface plane of the titania. Analysis of the surface by atomic resolution STM shows that new structures have formed at the surface of the
Pd nanoparticles and films after annealing above 800 K. There are only two structures, a zigzag arrangement and a much more comple
“pinwheel” structure. The former has a unit cell containing 7 atoms, and the latter is a bigger unit cell containing 25 atoms. These new
structures are due to an overlayer of titania that has appeared on the surface of the Pd nanoparticles after annealing, and it is proposed tl
the surface layer that causes the SMSI effect is a mixed alloy of Pd and Ti, with only two discrete ratios of atoms: Pd/Ti of 1:1 (pinwheel)
and 1:2 (zigzag). We propose that it is these structures that cause the SMSI effect.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction haviour in many studies is TiD Over the years after the
first discovery of SMSI it has been recognised that the ef-
The SMSI effect was first described in 1978 by Tauster fect is not always negative—for instance, it appears to have
[1-4]. The effect was observed as a severely negative effecta positive effect on the CO-eaction[5,6]. Furthermore,
on CO and H uptake on the catalyst after high-temperature it was noted that hydrogen reduction was not necessary to
calcinations (above about 700 K),2]. It also has a nega- observe the effect of CO adsorption suppression, it also oc-
tive effect on the reaction rate for reactions such as alkanecurs by vacuum treatmefi], though it should be noted that
hydrogenolysig5,6]. From that early work it appeared that vacuum treatment at elevated temperature is, in effect, a re-
the effect occurred for catalysts comprising reducible sup- ducing environment.
ports and treated at elevated temperature in reducing condi- A number of models have been proposed to explain this
tions [2-4]. A classic support that has manifested this be- phenomenon, but there are two main proposals: that the ef-
fect is due to an electronic perturbation of the metal func-
tion [2,4-6] (e.g., a charge transfer effect, as originally
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ods on single crystalgl1-14] and by direct imaging15, work the source was Mg-K radiation produced by elec-
16]. The elegant paper by Pesty et al. indicated fairly conclu- tron bombardment of the anode at a power of 240 W, and
sively that the effect was due to encapsulation, although di- the analyser pass energy was usually 44 eV. The variable-
rect reactivity or adsorption studies were not carried dlL temperature STM (WA Technology) has been described in
Their work was on model catalysts consisting of Pt nanopar- detail elsewherg24]. It can take images at up to 1000 K
ticles deposited on single-crystal Ti(210). XPS indicated  and has LEED/Auger, metal vapour deposition (MVD), and
that an adsorbed layer of titania existed on the surface of sputtering facilities. It has very good stability at high tem-
the Pt, and that it was somewhat reduced, though the exacperature such that movies (which require very low drift for
oxidation state could not be identified. It appears that the en-good quality) have been taken at up to 100(PK].
capsulation model is now generally favouiéé]. The nanoparticles and films of Pd were formed by MVD
Although much work has been carried out in relation to with the sample held at 300 K. The source of Pd was a W
this phenomenon, and much has been surmised about thdilament tightly wrapped with Pd wire, which was resistively
molecular-level events connected with it, the vast major- heated.
ity of this work is based on kinetic measurements on the
macroscale. There have been very few investigations on the
nanoscale in relation to this effect. There has been some3. Results
HRTEM, which shows the migration of oxide species onto
the metal component, but not the detailed atomic structure of 3.1. Molecular beam studies
the layer[15,16] The model catalyst approach would seem
to be a beneficial one in this respect, but very little work has ~ We have previously described the adsorption of CO on
been carried out in this direction. Some have worked with Pd/Ti0;(110) in detail[26], but Fig. 1 shows data for the
inverse catalysts of metal oxide films on single-crystal met- €ffect of annealing temperature on the adsorption proba-
als and have identified strong interactida3—19] but it is bility of CO at 300 K on a nanoparticulate model catalyst
not clear whether these closely relate to the SMSI effect on consisting of 12% coverage of Pd on BiOThe percent-
metal nanoparticles. An exception is the work of Diebold et @ge of Pd is defined in terms of the CO uptake under the
al., who have examined possible nanostructures involved inS@me conditions, in the same machine, on a pure Pd(110)
these processg20,21] They used STM imaging of model crystal _[27—29] There is a huge de_crease in the sticking
PY/TiOz(110) catalysts to identify a new structure on the Probability and uptake after annealing to only 693 K, but
nanoparticles proposed to be due to a layer of only partly the reduction of CO adsorption is even noticeable after an-
oxidised titania. nealing to only 633 K. The fundamental reasons for this
In this work we present a combination of kinetic, struc- reduction in adsorption efficiency are not evident from the
tural, and nanoscopic measurements aimed at obtaining a{noleculf?lr beam data, but clea_rly there has been a significant
clearer impression of the SMSI effect with Pd as the reac- change in the surface properties of the model catalyst, and
tive metal, since much less effort has been devoted to thisthis drop in reactivity for CO parallels that seen for the SMSI
system than to Pt, and because it is of interest to us in rela-€fféct[1,2] on powdered catalysts. It is known that sintering

tion to photocatalysis. In particular the use of an STM that 2 "
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tures that we believe are associated with the SMSI effect.
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carried out at normal exit of photoelectrons into the lens Coverage/ML

stack of the, heml'spherlcal analyger, but some were Cal'nedFig. 1. Effect of annealing on the CO sticking probability, and its coverage
out at grazing exit (electrons emitted at°20 the surface dependence, measured using a molecular beam. The sample was a model
plane). The XPS comprised a VSW 100-mm hemispherical catalyst of Pd nanoparticles on Ti(110) with 12% of the surface area
electron analyser with a single channeltron detector. In this covered by Pd.
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Fig. 2. LEED images taken for clean T3(110) and during different stages of annealing the Pd film orp{i®0), all at 66 eV beam energy. (a) Clean
TiO2(110)-(1x 1) surface. (b) Clean Tig{110)-(1x 2) surface. (c) Hexagonal overlayer with a faint 3{@10)-(1x 2) substrate pattern after annealing for

20 min at 573 K. (d) Hexagonal overlayer with a faint 3{@10)-(1x 2) substrate pattern after annealing 20 min at 773 K. (e) Hexagonal overlayer with
TiO2(110)-(1x 2) substrate pattern with sharp extra spots related to an overlayer formation after annealing for 20 min at 973 K. The pattern is assigned and
explained inFig. 9 and the associated text. (f) LEED pattern for an annealed Pd layer onp@lTi@) surface showing the c§62) structure due to surface
contamination of the titania with Ca, together with the hexagonal Pd(111) pattern, which shows the broader spots.

is not significant for annealing the model catalysts at these adlayer Figs. 2c and 2f This is aligned in th¢l—-10] direc-
temperature$30,31] In order to understand the causes of tion of the TiG surface and shows the (111) surface parallel
this activity decline, a range of technigues were used to ex- with the TiO, surface plane, as expected from other reports,
amine the nature of the Pd/Ti(110) surface, as described for instance, that of Pesty et al. for Pt on Bi{@10) [11].

in the following sections. (iv) Heating above this temperature produces a very complex
LEED pattern with a large number of spots. This is shown in
3.2. LEED Fig. 2e, which is obtained from the Pd film after annealing to

973 K, when the pattern becomes sharper, though it begins to
evolve at lower temperatures than that. Obviously, a signif-
icant change in the structure of the surface has taken place,

The evolution of the LEED pattern for the model cata-
lysts depends somewhat on loading of the metal, and ob-
servations are difficult at very low loadings where the Pd . o
particles are small and/or cover only a small part of the sur- and th_|s 1S Cl_ar'_f'Gd by t_he STM reported bglow. The STM
face. The LEED observations here were made on a numberalso aids us in interpreting the rather beautiful, but compli-
of different model catalysts (both films and nanoparticles cated LEED patterns and leads to the a55|gnment. Of, the spot
of Pd on TiG(110)) and were also carried out in all three pattern given below. Although not shown here, similar ad-

vacuum systems described above, but were similar for all ditional patterns were observed with a B x 2) initial

of the experiments. The observations can be summarised asurface structure (this structure is described in detail else-
follows for deposition on a Tig(110) surface: (iFigs. 2a where[32]), or even_inthe presence of a contaminated titania
and 2bshows the two structures of the clean JiGur- surface layer showing the c¢62)-Ca surface arrangement
face that are commonly observed, with the expected twofold (F19- ) [33,34] obtained when the crystal Ti@rystal had
symmetric pattern. (i) After a film of Pd is dosed onto the Nt been thoroughly bulk-cleaned of Ca contamination.

(1 x 1) titania surface there is little change, except for an

overall increase in background intensity and evidence of a 3.3. STM

very faint hexagonal pattern. (iii) After the surface is an-

nealed to 500-800 K, a better-resolved hexagonal pattern Fig. 3shows several STM images of the TiGurface (in

is observed because of improved ordering of a Pd(111)-like (1 x 1) and (1x 2) arrangements;igs. 3a and 3pand of
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Fig. 3. STM images of the Tig{110) surface structures and various Pd overlayers (a) cleag(T10)-(1x 1) (19 x 19 nm); (b) clean TiQ(110)-(1x 2)

(19 x 19 nm); (c) the surface covered with a low coverage of Pd in the form of small nanoparticlesroh diameter (106 100 nm); (d) with a thick Pd

film deposited, showing hexagonal holes down to thesT$0rface, (400« 400 nm); (e) with large Pd nanoparticles, showing planar tops, after annealing to
973 K (100x 100 nm); (f) detail of the nanoparticle shown in (e), revealing the planes of the Pd particle and the connection with the under)nG Q%
surface (25< 25 nm).

the surface with a Pd film and with nanoparticles of vari- Although these structures are clearly resolved in STM,
ous types. Depositing small amounts of Pd usually results in the composition of the surface layers is not directly acces-
the formation of very small particlg29-31] as shown in sible from these data. In order to clarify this aspect of the
Fig. 3c. These particles are impossible to image at atomic system, we have applied XPS to the analysis of these sur-
resolution because of their small size and the convolution of faces.

the particle and tip shape. Thus, for this work we used higher

loadings of Pd on the surface, which results in the forma- 3.4. XPS

tion of Pd films or very large, flat-topped nanoparticles after

annealing, as shown ffigs. 3d-3f These particles are pur- Similar surfaces were prepared in the XPS machine and
posely large {-10-nm diameter), so that they can be used to verified by the use of LEEDFig. 5shows the effect of dos-
expose flat surfaces that can then be successfully imaged aing Pd on the Ti@ and Pd signals at both normal and grazing
atomic resolution by STM. We could not obtain imageable exits of the photoelectrons. Clearly the Ti signal decreases
surface structures before high-temperature annealing, but af-as the Pd increases, and at grazing exit the Pd/Ti ratio is
ter such treatment beautiful surface structures are observedrery high. The loading here is very high at the end of this
(Fig. 4). It consists of two different types of surface domains: deposition, corresponding with about six layers of Pd. It is
a zigzag structureF{gs. 4a, 4b and 3fand a much more interesting to note that the small level ofTithat is present
complicated arrangement that we call the “pinwheel struc- in the sample in this case before Pd dosing (estimated to
ture” (Figs. 4a—4g and these often coexist, as kigs. 4a be ~10% of total Ti signal) significantly decreases with Pd
and 4b The zigzag structure is very well ordered, often over deposition to around 5%; this is a feature noted by others
large areasHig. 4f), but the pinwheel is much less well or-  [35,36]and may relate to some initial nucleation of particles
dered, partly because of a much larger unit cell. Although around surface defects, as described by Wahlstrom et al. for
there are several types of hexagonal patterns shown, we beAu nanoparticles on Ti®[37]. Heating such a film results
lieve these all relate to a similar basic structure, as outlined in a decrease of the Pd signal between 500-706 . (6)
below. and an increase in the titania signal. With the increase in
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Fig. 4. STM images of the detailed surface structure of Pd nanoparticld8raadfter annealing to 973 K; (a), (b) and (f) from Pd films; (c), (d) and f@nf
nanoparticles. Image sizes are: (a) 12.42.4 nm; (b) 5.8x 5.8 nm; (c) 31.6< 31.6 nm; (d) 15< 15 nm; (e) 10x 10 nm; (f) 20x 20 nm.
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of other features of the data, especially the increase in the
chemically reduced Ti states and the increase in Ti at rel-
atively low temperature (below 673 K). The Ti signal ratio

| now changes little from normal to grazing incidence, and is

~
o

(o]
o

\ —@— Pdatom% high in the latter condition, in contrast to the results shown
50 —A—Ti . in Fig. 5.
Ol jgde,% It appears from the data dfig. 6 that, at grazing exit,
@X\ égg//// 7 the Pd and reduced Ti signals increasg, whereds dind
/ T . oxygen decrease. An example of the Ti XPS spectra at the

w
o
D

two angles is shown ifrig. 7 and shows that after high-
temperature annealing the surface is dominated at grazing
exit by incompletely reduced Ti, and the 2p peaks appear at
a significantly lower binding energy than for*ti.

Surface Concentration/atom %
S S
I

10 |

0 10 20 30 40 50 60 4. Discussion
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Fig. 5. XPS—the effect of Pd dosing on the Ti Auger signal with increasing It is clear from the data above that the change in reac-

Pd—taken at normal and grazing emission angles. tivity of the surface for CO adsorption is associated with
the changes in the surface structure and composition of the
model catalyst that occur upon annealing. As the surface

the Ti signal it is significant that the fraction of reduced Ti structure changes, so the reactivity diminishes, at least in

states in the XPS increases much more than does ffie Ti  terms of CO adsorption strength and sticking. This parallels

to a ratio of near equality. Some part of the loss of Pd signal previous observations of the type seen for the strong metal—

at very high temperatures may due to sinteri8@,31] and support interaction SMJL—4].

thereby to opening up of the TiGsurface to photoelectron A major question, then, is, what is the state of the metal

escape from there, but this does not account for a numbersurface during the SMSI process? It appears to be associated



M. Bowker et al. / Journal of Catalysis 234 (2005) 172-181 177

a b

60 T \ 70 \ ] ]

m B = ¢ ® PdG/%
- | | &0 | A TiG/% i

50 + —= W 0G/%
° ® Vo Tid+GI%
= || ® Pgiatom% [= Y N Tix+G/%
S [ ] A Ti% S 50 - 4
5 40 B 0% . 5
] L ° v Tid+% < u
) A TixH% 2 0l i
[72] [72]
o | A A | o
g % ® 4 £ m °®
Q A 6 30 M ? A B
(&) A \V4 (&] A o
@ 50 | vo9 v v i 9
o & o
& & ° ° & 20 - A -
S S A A N
(7] o » <

L | v
10 A AN A 10 ~ v v -
N A
0L | AN Q | | | | 0 i | | | | | | |
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temp/C TempiC

Fig. 6. XPS—the effect of heating a layer with approximately 3 monolaygus/alent of Pd deposited. Left hand panel—normal exit; right hand panel—
grazing exit.

x10’

with the changes seen in the surface structure in STM and 110
LEED and with the appearance of Ti in the Pd surface lay- 1
ers. This is evident from the significantly increased Ti signal,

and decreased Pd signal, especially at grazing exit after an- 105
nealing to only 673 K; the opposite behaviour with respect ]
to the takeoff angle is seen in the XPS before annealing. This
effect occurs because the Pd nanoparticles block the exit of
electrons emanating from the TiOnto the analyser. The ]
fact that after annealing the effect on the Pd/Ti ratio is re- 95 1
versed is sure evidence of Ti appearing in the surface layers
of the Pd nanoparticles. Sintering alone does not explain the ¢,
effect, since sintering has been shown previously to be in- G 90
significant below 700 K in a vacuum environmg80,31],
and, furthermore, the 1t fraction is lower at the grazing

100 ]

exit, whereas the Ti~ is higher. Thus some kind of layer
of titania forms on the surface of the Pd film and on the 1
nanoparticles, as proposed by others in the past who used g

indirect methods (see, e.§8—10]). The SMSI is associated
with the formation of this film and with the change in the sur- ]
face which results. But what is the detailed nature of these 75 ]

changes?

The XPS results above indicate that the encapsulating Ti N
film is in a reduced state after annealing, but what state? We 4'70 468 466 4e|34 462 460 458 456 454 452
believe that it is not T, because the shift from the *fi Binding Energy (eV)

peak seen "h_-lg_' 7is too large {-3 eV to !ﬁiwer binding en- Fig. 7. XP spectra of a Pd/Ti0110) surface with a high loading of Pd,
ergy, whereas it should bel.5 eV for TF™ [38]), and the annealed to 973 K at normal and grazing emission, showing béth aind

peak is well separated from the*Ti The shift seems com-  Ti4+ at normal exit (---), but with much less 4 apparent at grazing
parable with that expected for2i (~3.4 eV[38]). How- exit (—).

ever, Bzowski and Sham report the binding energy f&r Ti

in a PdTp alloy to be higher than that for Ti metal (which charge redistribution. Thus it could be possible that it is an
is at ~453.8 &0.3) eV), appearing at a binding energy of alloyed form of titanium. The evidence to support the con-
455 eV[39], which they propose to be due to some charge clusion that it may be an oxide is the parallel increase in
donation from Ti to Pd, together with some intra-atomic O(1s) XPS with the increase in reduced Ti, together with the
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[001] — . . .
the directionality of the surface structures in relation to the

[tie) underlying TiQ surface and of their relative size.

The proposed structure of these layers is presented in
Fig. 9and is at least partly conjectural. The zigzag is clearly
seen in the STM, but of course this only identifies the unit
cell and not necessarily all of the atoms in that unit cell.
From the STM alone we are not clear which atoms are im-
aged, but it is not unreasonable to assume that tunnelling oc-
curs into empty states of the surface at positive sample bias.
Thus we assume that tunnelling occurs into metal/cation
sites at the surface and that anions are not probed, as has

TiO,(110)-(1x2) been shown to be generally the case for titddj50] Ba-

Pd(111) pinwheel = 3° sically, the oxide atoms are assumed to be lacking empty

states into which to tunnel. Thus the structurefig. 9are
Fig. 8. Assignment of the LEED pattern shownHiy. 2e. The four main presented as being composed of metal atoms. To go further,
St:‘:lc“‘r:gsthaer ‘:\Afgztfﬁsj::ir‘;%st‘sgg\g% g‘reo:et;‘z%’;ﬂ aiajgll-ltlh)ep;t_za these atoms are distinguished in contrast, an effect often seen
taendytrelle pinwheel (the latter showing two sliéhtly rotated Ydomaini). ’ gfor al_loy _Sy_StemS (see, for instangé]), which helps with .
the discrimination between the two atoms of the alloy and is

associated with different effective local work functions and
densities of states in the two atoms. We believe that the dif-
ference between the two structures, the zigzag and pinwheel,
may be due to differing ratios of atoms in these two states,
as shown in the figure; the details of the assignment of the
atoms in the structure is given further below. Since we do
not know the positions of the oxygen atoms, or their exact
amount; these are not shown. Of course, if we assume that
they are associated with Ti, and that, as indicated by XPS,
the Ti is in the 2 state, then each Ti atom may be associ-
ated with one oxygen atom. Since we do not identify clear
black holes in the adlayer (except for the centre of the pin-
wheel), and since theorists show us that oxygen is usually
imaged as a depressifd?], then the oxygen could be at the
interface between the Ti and the underlying surface. This is
by no means certain, however; for the titania surfaces shown
Fig. 9. Idealised surface structural models, together with the related in Fig. 3, the Ti cations are imaged even though oxygen an-
high-resolution STM images. ions are the outermost atoms.

The only similar type of atomically resolved information
loss in T at the grazing exit (ifFigs. 5 and B This is most is that reported by Diebold et gR0,21] for Pt/TiOx(110)
likely to be due to the presence of reduced titania in the sur- model catalysts, but only the zigzag structure was observed
face of the Pd nanoparticles, with the*Tionly present at  in that case. There is, however, a significant difference be-
the support oxide surface. tween their zigzag structure and ours; a comparison of the

We now turn to the structural nature of the adlayer on two structures is shown iffig. 10 The zigzag on the Pt
the Pd. It is our contention that it is, at most, a thin layer nanoparticles has arms on the zigzag with five or six atoms
on the surface of the Pd(111) nanoparticles, and most likely imaged in them, whereas for Pd we have only three and have
it is a single layer of changed composition. The reason for never seen any other size of zigzag, even over large areas,
proposing this is that the underlying Pd(111) spots are usu-as shown inFig. 4. We believe this difference is due to
ally clearly present in the LEED, as shownHigs. 2 and 8 a different mismatch between an overlayer present on top
Fig. 8 shows an interpretation of the spot pattern of the of the Pd(111) substrate compared with Pt(111). The lattice
LEED shown inFig. 2e, which shows the same structures as parameter of Pt is only slightly bigger than Pd (0.392 vs.
seen in the STM images. Thus we can identify the twofold 0.389 nm), and so it is hard to believe that a 1% difference
symmetric zigzag with the rectangular array of spots and the could have such a drastic effect on the structure. This may be
Pd(111) surface with the hexagonal set of spots. The pin- an indication that the lattice parameter for the surface atoms
wheel is proposed to be the slightly contracted hexagonal of the nanoparticles of the two metals on the titania surface
array of spots and occurs in two domains, rotated-8y is more different than it is for the pure metals themselves.
from each other, around the close-packed Pd direction. This Jennison et al. attempted to model the PtiTitigzag
explains the pattern and further gives us information about structure theoreticallj21]. They proposed that the oxygen
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Fig. 10. Comparison of Diebolds zigzag image for Pt/F{0L0) (left panel, 3.4 nm image) and ours for Pd/Z{0L0) (right panel, 1.62 nm image) at high
magnification. For the former there are five atoms in the zigzag, but for ours there are only three.

lies on the top layer, though their proposed structure is in
some ways much more complex than ours. A major differ-
ence between the two models is the nature of the surface
layer; Diebold and Jennison favour what is essentially a sur-
face bilayer of Ti-O on top of the Pt(111) surface. The dif-
ference between our two structures lies in the interpretation
of the contrast difference in the structure. We explain the
contrast as being due to the presence of two different met-
als in the adlayer, akin to the contrast seen for alloy systems
by Varga et al[41], whereas Diebold and Jennison consider
it to be exclusively due to the mismatch between the sur-
face and underlying layers. This may indeed be correct, but Fig. 11. Schematics of the pinwheel structure, showing its construction from
our reasons for disagreement with this model are given be-the specific interlocking of three triangles with six atom sides, and showing
low, especially in relation to the pinwheel structure, where a the true unit cell.

similar contrast effect, like that for the zigzag, is also seen.

The pinwheel structure was not seen by Diebold et al. system has in making completely regularly ordered arrays
on nanoparticles, perhaps because it is not stable on the Pof this structure, as seen kig. 4. Note that, in contrast, the
nanoparticles, or perhaps because of limited data sets. It iszigzag unit cell contains only six surface atoms.
obviously much more complex than the zigzag, butisrelated  What are the justifications for assuming that the pinwheel
to it as shown irFigs. 4b and 9where the two structures in-  is constructed of different atoms? First of all, the contrast ap-
termesh, apparently easily; both appear to be composed ofpears to be rather stark, with the radial arms of the pinwheel
locally close-packed, hexagonal surfaces. Furthermore, it is(the sides of the triangles Fig. 11) being markedly brighter
evident that the triangle formed by the zigzag contains the than the six atoms of the inner triangle. Earlier we attempted
same number of atoms as the triangles within the spokesto explain this structure with a Ti-only termination (follow-
of the pinwheel (six atoms), although the composition ap- ing Jennison et al.), as being due to varying position of the
pears to be different. If we consider the pinwheel structure atoms with respect to the underlying Pd(111) surfgds3.
in a little more detail, we can see that it appears to presentHowever, such an approach does not easily explain the vari-
the pinwheel motif, as shown in our modelfig. 9. How- ations and mismatches seenkhig. 4e for instance. In all
ever, this motif is not actually the unit cell. The motif can of these images the arrangement of atoms seems to be es-
be constructed from triangular, six atom-sided units, which sentially hexagonal, yet the triangles intersect badly in many
intersect in a particular position in the triangle, as shown in areas. This would not be expected to be the case if the over-
Fig. 11a. If we extend this structure over a wider area, we layer were all of one atom type, in a hexagonal arrangement,
can see that intersection with adjacent triangular units re- but could occur for insufficiently ordered mixes of atoms.
veals the pinwheel motif as shown kig. 11b; this figure Second, we would expect that at glancing exit, after anneal-
also shows the unit cell. The unit cell is a very large one, ing, the Pd signal would significantly decrease if it were
containing 25 atoms, which partly explains the difficulty the encapsulated by titanium, whereas ttekative amount of
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It may be that this layer is a kind of surface intermetallic
material. This could perhaps be why we have two structures
of such well-defined atomic ratio; intermetallics are essen-
tially stoichiometric compounds. It is interesting to note that
some time ago Nuzzo and Dubois proposed that the SMSI
effect was due to the formation of intermetallic compounds
such as RTi or Ni3Ti [50], though we propose much more
Ti-rich intermetallics than this. The bulk Pd-Ti phase di-
agram contains a range of well-defined phases of Pd-Ti,
including PdTi and Pd3i[51]. Although intermetallic in na-
ture, of course, it is the case that the Ti is also oxidised, and
Nuzzo and Dubois note that this is generally the case for the
intermetallics—the surface is easily oxidised.

If we return to the effect of SMSI on the adsorption of
CO, we must note that a significant change already begins
by 630 K, although total suppression does not occur until
~730 K, a temperature very similar to that observed for the
SMSI effect in powdered materia]$—6]. This is clearly in
Pd is higher at glancing exif{g. 6b). This suggests it is  the region in which Ti segregation to the surface of the ma-
still in the outer layers. Finally, and most importantly, this terial begins as measured by XPS, but it is a little lower than
structure is very similar to one found by Zhang et al. for the temperatures at which we observed good local ordering
a surface alloy system, namely, Cr deposited on Pt(111),in STM, and a little lower than usually quoted for the effect
followed by annealing44,45] This is shown inFig. 12to in catalysis. It is likely then that even at 630 K, there is a
compare with some of our own images of the pinwheel struc- titania layer of some sort at the surface of the Pd nanopar-
ture, though atomic resolution was not quite obtained in the ticles, but that is not present in a very ordered form at that
Zhang work. There is obvious similarity between the two, stage. At the temperatures where the ordered surface layers
and Zhang et al. propose that the triangle centres of the pin-form, the adsorption of CO, at 300 K surface temperature,
wheel are composed of Cr, whereas the spokes are Pt, similais zero. SMSI reported in the literature is usually seen af-
to our proposal for the current system. One point of differ- ter heating to~800 K, in the region of the formation of the
ence is that for their structure Zhang et al propose a networkordered surface layers.
of seven-atom-sided triangles, whereas we have six. There
are some other detailed differences of structure that will be
discussed elsewhefé6]. Since this is defined by Zhang et
al. as a surface alloy system, this lends further justification
to our proposal for the Pd/Ti system; essentially Titakes the  The authors are grateful to a number of organisations
place of Cr in their model and Pd replaces Pt. for support for this work. This includes EPSRC for post-

We choose to identify the brighter atoms as Pd, and the doctoral support to R.B., R.S., P.M., and M.H. under grants
less bright are then Ti, the difference possibly being due to GR/L22584 and GR/R89882. They further provided a stu-
the presence of oxygen preferentially associated with Ti, due dentship for N.P. Johnson-Matthey are also acknowledged
to the much higher affinity of the latter for oxygen (rela- for support for N.P. via a Case award. E.F. was supported by
tive bond energies 670 kJ mdi versus 380 kJmott for both the University of Reading and by Cardiff University.
Pd[47]). Further support for the latter idea is that oxygen We are grateful to the Royal Society for a fellowship to R.K.
desorbs rather easily from Pd (and is difficult to dissoci-
ate on the nanoparticles at low temperature when CO sticks
well [29]), but not from TiQ, the temperature for a signif-
icant desorption rate being700 K from Pd crystals and
much higher for TiQ, and our surfaces have been annealed [1] S.J. Tauster, S.C. Fung, R.L. Garten, J. Am. Chem. Soc. 100 (1978)
above 800 K. Indeed, it could be the case that the oxygen _ 170

. . [2] S.J. Tauster, S.C. Fung, J. Catal. 55 (1978) 29.
on th_e surface of the nanopartldes is adsorbed on top of [3] S.J. Tauster, in: R. Baker, S. Tauster, J. Dumesic (Eds.), ACS Symp.
the Ti—hence the low contrast of those atoms. Note that for

Fig. 12. A comparison of the images for the pinwheel structures of our
Pd/TiO, model catalysts (b)—(d) and the Cr—Pt(111) surface alloy of Zhang
et al. (a)[44,45]
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