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Encapsulation of Rh Nanoparticles Supported on TiQ(110)-(1 x 1) Surface: XPS and STM
Studies
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The encapsulation (decoration) of Rh nanoparticles supported on.&LTi0) surface was studied by X-ray
photoelectron spectroscopy (XPS) and scanning tunneling microscopy (STM). In the case of a stoichiometric
and well-ordered Tig{110)-(1 x 1) surface covered by 3 monolayers (ML) of rhodium, there is no indication
for thermally induced decoration of the metal particles by the suboxide phase of titania in the temperature
range 306-800 K in ultrahigh vacuum (UHV). The encapsulation can be induced, however, by a few minutes
annealing in a Hatmosphere of 10 mbar at 750 K. The islands of Tihase on the top of the rhodium
particles were clearly detected by STM. In the case of specially grown giant Rh crystallites (diameter of
10—15 nm) annealing in Hat 750 K results in dramatic morphological changes (corrosion or disruption) of
the original nanoparticles accompanying the encapsulation process. Pretreatment of the stoichiometric TiO
(110)-(12 x 1) surface by Ar bombardment (creation of surface and subsurface $tates) and the
postdeposition of Rh on it results in encapsulation of Rh particles after annealing in UHV (in the absence of

hydrogen).

1. Introduction methods observed no evidence for encapsuldtigh further
. contradiction is found for the effect of a hydrogen ambient;

In the past few years transition metals evaporated onto theSadeghi et al. succeeded in producing the SMSI state in the
surface of oxide single crystals have been thoroughly studied .5¢e of 5 Rh-deposited TiQ110) surface both in UHV and in
by different methods mainly because they serve as a modely H, background®11 while it had been earlier suggested that
system for oxide-supported real catalysts. To understand they spillover from kb dissociation on the catalyst particles is
elementary steps of the catalytic processes, one needs detaileflecessary for suboxide formation and decoration to oeur.
information about the metalsupport interaction which has a Scanning tunneling microscopy (STM) studies provide mainly
large effect on the performance of these catalysts. One of thegycryral information, although the detection of curreraltage
most exciting phenomena connected to this question is the S0-cparacteristics can be used for identification of the local
called strong metaisupport interaction (SMSI) detected mainly  chemical state, too. Recently we reported a detailed STM study
on reducible oxide supports, such as titania. The mostimportant ¢ the thermal behavior of a Rh-deposited F{OLO)-(1 x 2)
feature characteristic for catalysts in the SMSI state is the g, iface? |t was concluded that the encapsulation of Rh
strongly reduced capacity for CO and; lddsorption. After  ytallites probably occurs as an effect of a simple thermal
many years research effort it is widely accepted now that this (reaiment, especially for the smallestd nm crystallites.
feature can be very probably explained dcoration (encap-  However, it seemed to be important to apply a method that is
sulation) of the metal nanoparticles by a suboxide phase. more sensitive for the identification of the chemical state.

The interaction between different metals evaporated onto the  |n this work we use XPS in order to detect the encapsulation
surface of TiQ single-crystal surfaces has been recently state and to follow the effect of Arbombardment of the
reviewed for example in refs-4. Noble metals such as Pt] substrate before the deposition of rhodium or the result of
Rh8~**and Pdi?which do not interact strongly with the support  heating of a Rh-deposited sample in.HOn the basis of
(no reduction of TiQ substrate) at room temperature, are the photoelectron spectroscopy studies, the characteristic STM
best known SMSI catalysts. The recent studies devoted toimages for nonencapsulated and encapsulated Rh particles are
details of the encapsulation process on Pt-depositeg(T10)- also presented. We note that in this work we use a well-ordered
(1 x 1), however, show rather contradictory behavior: Pesty et Ti0,(110)-(1 x 1) substrate for the sake of comparison with
al. have found strong evidence for encapsulation of the Pt results performed with Pt-deposited titania mentioned above.
nanocrystallites studied by X-ray photoelectron spectroscopy We should also mention here that in their excellent work Bernal
(XPS) and low-energy ion scattering (LEIS) as an effect of et al. have demonstrated recently that it is possible to detect
annealing in the temperature range 4530 K in ultrahigh  fine details of the encapsulation process on Rhg6lycrys-
vacuum (UHV)?®in contrast to this result, Schierbaum et al. talline catalysts by high-resolution electron microscépgind
using nearly the same experimental conditions and detectionit seems to be very interesting to compare these findings to those
found in the case of the planar model catalyst studied in this
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spherical analyzer, a double-cathode X-ray source, an electrondiameter of +2 nm and aspect ratio of 0.3 are formed at room
gun for generation of AES spectra, a rearview four-grid LEED temperature in the low coverage range up to a few percent of a
system, and an Argun. The in situ treatment of the samples monolayer of rhodium. The average diameter of the metal
and the STM imaging were performed in another UHV chamber particles increases to-3} nm at approximately monolayer
equipped with a commercial STM head (WA Technology), a coverage. Following the annealing of the Rh/FiT10)-(1 x
three-grid AES-LEED analyzer, a quadrupole gas analyzer, an2) system, the encapsulation (in the temperature range- 500
Ar*ion gun, and an auxiliary UHV-compatible transfer chamber 700 K), the coalescence (between 700 and 900 K), and the
where the treatment inHvas performed. An ultimate pressure deencapsulation of the encapsulated Rh particles (above 1000
of 5 x 108 Pa was achieved in both chambers. K) were distinguished. The diameter of the largest rhodium

The polished TiQ(110) oriented samples were purchased crystallites formed by the deposition and annealing cycles
from Crystal Tec and clipped on a Ta plate mounted on a described above is-56 nm.

transferable sample cartridge. Two different samples were used | this work we study the decoration process for rhodium
for XPS and STM experiments, but the well-orderedx(11) deposited at room temperature onto the JIA0)-(1 x 1)
structure was checked by LEED and the purity of the surface syrface. Although we have performed some experiments at
was monitored by AES measurements in both cases. Ohmicgifferent coverages of rhodium, we present here only the results
heating of a tungsten filament positioned just below a Ta plate tgr 3 ML coverage, because it was found by Stéakret al.
served for annealing of the probe. The temperature of the that this thickness of the epitaxial metal layer is optimal for
sample in the range 38000 K was checked by a thin  xps detection of the reduced TjOphase decorating Pt
chromet-alumel thermocouple attached to the side of the nanoparticle$. The appearance of the decoration overlayer on
sample. An infrared thermometer for independent temperaturene supported Rh particles and the effect of stepwise annealing
control was also used from time to time. The cleaning procedure j, UHV were checked by XPS in two ways: (i) by detection of
of the TiO,(110) surface consisted of a few hours annealing at the change of the line shape of the Ti 2p orbital, assuming that
800 K in UHV, some cycles of Arion bombardement (10 min,  {he oxidation state of the Ti atoms is different for the
1 keV, 10°° A cm™?) at room temperature, and annealing at encapsulated layer and for the original support; (ii) by measuring
900 K for 10 min in order to produce a well-orderecx11 of the integrated C(1s) signal intensity of adsorbed CO detected

reconstructed structure. This procedure resulted in Some after CO saturation at room temperature on the differently treated
reduction of the bulk, and it increased the conductivity of the ¢ rf5ces.

probe sufficiently for STM and photoemission measurements.
In certain cases the surface stoichiometry was restored by
exposing the sample at 800 K to oxygen of-&Gnbar, but
usually a few minutes annealing at 900 K was sufficient for
ordering of the surface structure.

The rhodium was deposited by heating a high-purity (99.995%)
Rh filament at a distance of approximately 20 mm from the
sample. The amount and the purity of the epitaxial Rh overlayer
were checked by Auger electron spectroscopy. The rhodium
coverage was calibrated by the ratio of signal intensititg)(
for Rh (302 eV) and Ti (380 eV) AES peaks, as described
elsewhere (at 1 MLRry = 0.90)%° This calibration was
supported by STM measurements performed on annealed
surfaces where the Rh particles separate clearly from the
support? The coverage was controlled by the duration of the
evaporation (deposition rate 0.2 ML mif).

XPS spectra were measured using Mg v = 1253.6 eV,
glancing incidence) with detection perpendicular to the surface.
STM imaging of the surface was performed by a chemically
etched tungsten tip sharpened from time to time in situ by
applying 5-10 V pulses or by using a continuous positive-40
70 V bias potential at 10 nA tunneling current between the tip
and the sample. Tunneling conditions-b1.5 V bias and 0.2
nA tunneling current were typically used for imaging. The 256
x 256 points of an image were collected withir-3 min
depending on the size of the metal particles. The characteristic
pictures shown in this work were chosen from many images
recorded on different regions of the same sample. To avoid
the imaging artifacts caused by tip convolution effects, the
detection was repeated some times after heavy modification of
the tip by voltage pulses.

3.2. Thermally Induced Decoration of Rhodium Depos-
ited on Well-Ordered and Ar*-Treated TiO»(110) Surfaces.
The change of the Ti 2p and Rh 3d XPS signals after deposition
of rhodium at room temperature are shown ¥Yeell-ordered
(Figure 1 A,B),slightly (0.5 keV, 5x 10 ions cnT?) (Figure
1C,D) andstrongly(2 keV, 5x 10*ions cn1?) (Figure 1E,F)

Art prebombarded Tig§110)-(1 x 1) surfaces. For the two
latter cases the terms “slight” and “strong” bombardment will
be used in the followings. The ion sputtering was performed
at an impact angle of 30off normal. The position of the Rh
3ds2 core level as a function of Rh coverage is plotted in Figure
2. For the well-ordered (Ix 1) surface the Rh 3g peak
appeared at a binding energy of 307.6 eV and shifted to 307.0
eV. The position (458.8 eV) and the line shape of the B2p
level did not change, and only the intensity of this peak
decreased slightly with increasing Rh coverage. Slight Ar
bombardment causes a low-energy shoulder on thesbij2gak,
which can be explained by appearance of an XPS peak
characteristic of surface ¥i sites at 456.9 eV. The position

of the Ti 2y, peak for different oxidation states produced by
ion sputtering of TiQ(110) has been presented and analyzed
in detail in ref 15. This feature completely disappears already
after deposition of 0.30 ML of rhodium at room temperature.
The Rh 3d); peak appears at 307.6 eV binding energy for the
lowest coverages and shifts down to 306.9 eV. In the case of
the strongly AF bombarded surface the Ti 2prange shows

an intense shoulder at 457.0 eV, which suggests the presence
of many T#* sites. This lower energy feature does not change
radically as a result of 3 ML of rhodium deposited at 300 K.
This behavior strongly suggests that most of these sites are
localized in the subsurface region, and they are not in contact
with the rhodium epitaxial layer. This suggestion is supported
by the fact that the energy position of the Riy3deak behaves

3.1. General Remarks. In our previous paper a detailed in nearly the same manner as in the two cases above: it appears
STM study was presented on the deposition of Rh onto the-TiO at 307.4 eV and shifts to 306.8 eV. By comparison of the
(110)-(1 x 2) surface at room temperature and on the effect of characteristics for the three cases in Figure 2, it can be
annealing in UH\® It was found that 3D particles with average appreciated that the shift of the binding energy starts at higher

3. Results and Discussion
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Figure 2. Shift of the binding energy of the Rh ggllevel as a function

of Rh coverage on well-ordered (A), slightly Apretreated (B), and
strongly Art-pretreated (C) Tig{110)-(1 x 1) surfaces.

1 different morphology: the bumps with an average diameter of
@ 3 nm can be assigned as 3D Rh particles (Figure 3B). Strong
19 Art treatment also causes dramatic morphological changes: the
® average corrugation increases approximately 4 times; large
i (@ bumps of 15 nmx 30 nm oriented in the direction of the Ar
470 460 | 450 320 310 300 beam are formed (Figure 3D). The detailed study of the effect
ndi v of Art bombardment will be presented in a separate p&per.
Binding energy (eV) According to the XPS measuraments, it can be supposed that
Figure 1. Effect of amount of Rh deposited at 300 K on the Ti 2p these bumps contain a large amount o Tdefect sites, and
and Rh 3d XPS signals for well-ordered (A, B), slightly’Apretreated  their structure is rather amorphous. The deposition of 3 ML of
(TCrfe Dc)l] f\‘/ré‘l ngrczg)@’“@*'&r)a(rgf‘tzgé'f(é;: L;‘g}ll?g'&g F:QLF)] Sclg\];?r:;sés o "odium on this surface at 300 K causes the appearance of round
0, 0.003, 0.030, 0‘.300’, an,d 3.600 monolayergequivalents, respegtively..featu_r.es with an average d|am_eter 0*‘3 nm Wh'Ch can be .
identified as supported 3D rhodium particles (Figure 3E). Itis
coverages for Ar-treated surfaces (especially for the third case). important to remark that the average diameter of the metal
This feature may be connected to the different interaction of particles is nearly the same for ordered and™-firetreated
Rh overlayer with Ti* and TP* sites in the low coverage range.  surfaces.
The wetting ability of the epitaxial Rh is weak and results in The effect of stepwise heating on the Ti 2p peak for ordered
3D growth of the metal particles suggesting a rather weak and Art-treated TiQ(110)-(1 x 1) surfaces were exposed to 3
interaction between Rh atom and the stoichiometric,{100) ML of Rh at room temperature is shown in Figure 4. For both
surface. The attenuation of the Tigpfeature characteristic  the ordered (Figure 4A) and slightly Aqtbombarded (Figure
of surface T¥" sites in Figure 1B and the differences of the 4B) surfaces there is no measurable change in the shape of the
shift of Rh 3d, state as a function of the Rh coverage for the Ti 2p signal; in other words, there is no sign of formation of a
ordered and Af-pretreated surfaces in Figure 2 suggest an more reduced states in the surface region. In the case of the
electron transfer from ¥i sites to deposited Rh atom or cluster. strongly bombarded surface (Figure 4C) the shoulder at 457.0
This observation is in good agreement with ab initc SCF eV characteristic of the ¥ state changes only slightly on
calculations and photoelectron spectroscopy measurements foannealing, and even after 10 min annealing at 800 K it is well
interaction between Pt and ideal or oxygen-defective,{liC0) detectable (see also Figure 5 B). This behavior is rather
surfaced:1® At higher Rh coverages-0.03 ML) the final state surprising because this peak totally disappears after the same
effects caused by the increasing size of the 3D particles stronglyannealing of the strongly Artreated clean Tigf110) surface
influence the shift in the binding energy. (Figure 5A curves a and b). Moreover, a slight bombardment
The characteristic morphology detected by STM imaging for of this surface results in a decrease of the intensity of the peak
the different cases is shown in Figure 3. The overall corrugation characteristic of the more reducedTstate (Figure 5 B, curve
is shown on the right bottom in the following STM images. c).
The terrace and step structure of the clean {i00)-(1 x 1) The characteristic morphology of the surfaces covered with
surface was characterized earlier (ref 17 and refererences3ML of rhodium and annealed in UHV at 800 K can be seen in
therein). The directions of the characteristic [001] steps are Figure 3C,F. For both the ordered and the strongly A&mn
drawn in Figure 3A. After deposition of 3 ML of rhodium at  pretreated surfaces the average diameter of the rhodium nano-
300 K on the clean Tigf110)-(1 x 1) the surface has a totally  crystallites increases from 3 to 4 nm (measured before annealing)

:
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Figure 3. Characteristic STM images for well-ordered (A, B, C) and strongh-gwretreated (D, E, F) Tig110)-(1 x 1) surfaces before deposition
of Rh (A, D), after deposition of 3 ML of Rh at 300 K (B, E), and following annealing at 800 K in UHV (C, F). Size of the images: %05@m
nm.

up to 5-6 nm. In the case of the latter surface the large overall CO exposure (saturation) results in the appearance of an intense
corrugation caused by the ion bombardment pretreatment doesXPS signal at 285.8 eV, which is characteristic of adsorbed CO
not change remarkably; in other words, there is no intensive bonded to Rh particles (Figure 6 A,C). The annealing of the
mass transport from the subsurface region of the titania support.ordered surface covered by 3 ML of rhodium at 800 K in UHV
Because of the large corrugation of this surface, it is difficult causes only a slight decrease of the amount of CO saturation
to resolve the top structure of the Rh particles. In the case of for the clean TiQ(110) surface (Figure 5B). The CO uptake
the ordered TiQ(110)-(1 x 1) surface the top plane of the is however strongly diminished after the same thermal treatment
particles seems to be rather flat. for the strongly Af-bombarded surface (Figure 5D). Table 1

In the case of the ordered and strongly™Avombarded contains the relative amount of CO adsorbed in saturation for
surfaces covered by 3 ML of rhodium at room temperature, the the three different surfaces discussed in this section. The values
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same surface after 10 min annealing at 800 K (D).
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TABLE 1: Effect of Ar ™ Pretreatment and Subsequent
Annealing on the Capacity for CO Uptake at 300 K
(Relative Integral Intensity of the Characteristic C(1s) Peak)

3 ML of Rh after 10 min annealing
at 300 K in UHV at 800 K
(1 x 1) ordered 97 66
slightly Art-sputtered 100 58
strongly Ar-sputtered 83 <2

there is a very intensive attenuation (more than 98%) in the
capacity for CO uptake on the stronglyAbombarded surface.
This latter phenomenon cannot be explained simply by ag-
glomeration of the Rh particles as the STM measurements show
(see above).

From the experimental results presented above some conclu-
sions can be drawn about the thermal activation of the
encapsulation process of Rh crystallites supported op(T¥D)-

(1 x 1) surface. As the reduction of the CO uptake is moderate
on the ordered and the slightly Atreated surfaces, it means
that no encapsulation of the Rh particles occurs in these cases.
This is supported by STM measurements performed on the
ordered titania surface, where the top plane of the Rh crystallites
are rather flat after annealing in UHV at 800 K (Figure 3C).
This conclusion is valid for the titania support containing mainly
surface oxygen defects (after slight Abombardment). In
contrast to these cases clear evidence was found for encapsula-
tion of the Rh crystallites in the case of the strongly*tAr
presputtered surface: (i) substantial attenuation of ability for
CO adsorption; (ii) the XPS detection of the Ti 2p state
characteristic of T" sites even after annealing at 800 K in
UHV, moreover the disappearance of this feature after gentle
Art bombardment. Unfortunately, the high corrugation of this
latter surface prevented the clear imaging of the decoration layer
by STM.

3.3. Effect of Annealing of Rh-Deposited TiQ(110)—(1
x 1) Surface in H,. It was demonstrated above that in the
case of a well-ordered TipL10)-(1 x 1) surface the epitaxial
Rh is not encapsulated by annealing in UHV. In this section
the effect of a H ambient is studied for this type of surface.
The appearance of the decoration overlayer after annealing in
a hydrogen atmosphere was checked by measuring the C 1s
signal of adsorbed CO detected after CO saturation. Figure 7A
shows the relative amount of CO at saturation (calculated from
the integral of C 1s XPS signal of adsorbed CO) for the samples
covered by 2.5 ML of Rh at room temperature and treated in
increasing Hpressure at 750 K for 10 min. The lowest pressure
at which well-measurable attenuation in the CO uptake appears
is 10~* mbar (Figure 7A, ad). This surface can be easily
reactivated by slight Ar bombardment (Figure 7A, e). The
formation of the SMSI state as a function of duration was

7B. The change of Ti 2p signal as a function of duration of
annealing in 10* mbar of H can be seen in Figure 7C.
Although there is no appreciable change in the shape of the Ti
2pz2 spectra, the very low amount of CO uptake clearly shows
the presence of a decorating overlayer (Figure 7B). As the CO

collected in this table were calculated from the integrated area uptake is decisive evidence for encapsulation, we suppose that
of C 1s signal (after normalizing to the Ti 2p peak) of adsorbed the stoichiometry of titania overlayer is close to that of i
CO. The amount of CO adsorbed before annealing does notis probable that the oxygen diffusion from the subsurface is

show strong variation (lower than £15%) for the different

sufficiently fast for reoxidation of the titania overlayer after

cases. In contrast to this behavior annealing at 800 K causes &losing the H flow. In the case of the Afr-treated surface this
In the cases of ordered and latter process is less probable because of the oxygen-deficient

completely different situation.

slightly Art-treated surfaces, the CO saturation decreases bysubsurface.

approximately 36-40% which can be explained by annealing-

The STM images recorded before and after the treatment in

induced agglomerization of the epitaxial Rh. At the same time H, show well-distinguishable differences in the morphology of
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particles are in an encapsulated state, although this type of

z] A c Ti2p A
g* surface was not checked in situ by XPS.
84 2 @ \ 3.4. Mechanism of Encapsulation of Noble Metals Sup-
2 | § K/ ported by Titania. The encapsulation of Rh, Pt, Pd, and Ru
°_ £ particles by support oxides has been verified in detail by
@ ® © @ () ; © k different spectroscopic methods, but there are only a few works
. -} — devoted to the structural characterization of this proé®ss?’
R B 2 | ) They are rather contradictory, surprisingly even in the case of
é 2 structurally and chemically well-characterized planar catatysts.
8 ‘ @ L/ In this section we concentrate on two important questions of
3 the encapsulation process: (i) what is the role of the Ar
3 d e B0 40 am T aso pretreatment on formatipn of the encapsulating oxidel I.ayelr, and
Duration (min) Binding energy (eV) (i) does the encapsulation cause any structural modification of

i ?
Figure 7. Effect of different treatments on CO uptake on FT10)- the supported metal particles . .
(1 x 1) surface deposited by 2.5 ML of Rh (A): 10 min annealing at ~ AS we have demonstrated above, the low-intensity and
750 K in UHV (a), in H pressure of 1 mbar (b), 10° mbar (c), -energy Ar" sputtering of the well-ordered Ti#110) results
10~* mbar (d), and a gentle Artreatment at room temperature (). in mainly surface oxygen defects and alters the interaction
The amount of adsorbed CO was calculated by relative integrated areaanyveen the Rh atoms or clusters and the oxide substrate.

of the C 1s peak. Effect of duration on CO uptake for annealing at 750 . . .
K in 10-* mbar of H (B). Change of Ti 2p XPS signal detected on the Nevertheless, this pretreatment does not induce the encapsulation

same surface after the different treatments (C): annealing in UHV at Of the metal particles on annealing in UHV. However, the more
750 K for 10 min (a); 2 and 10 min treatment at 750 K irrdénbar intensive sputtering at higher energy results in reduction of the
of Hy, (b) and (c), respectively; after a gentle*Areatment (d). subsurface region of the support material and in the encapsula-
tion of the Rh particles after postannealing in UHV. This
the particles (Figure 8 A,B). In the case of annealing at 800 K behavior clearly suggests that the encapsulation depends mainly
in UHV the edges of the particles are rather sharp, and the topon the diffusion of the reduced TiGpecies. In the classical
plane is quite flat. The annealing inkhduces the appearance method for inducing the encapsulated state, i.e., annealing at
of structures which jut out from the top of the particles. This high temperature in a Hatmosphere, the first step is the
is clearly seen also on the line profiles (Figure 8C,D). Although formation of a reduced phade. Our results exclude the
from the STM images it is rather difficult to identify the material  possibility that the encapsulation can start on a well-ordered
of these extra features, nevertheless on the basis of the XPSrj0,(110)-(1 x 1) surface, although the process starts readily
measurements these features can be assigned ddd@ration  in a H, atmosphere. This observation resolves the earlier
of the Rh particles, whereis close to 2. These forms possibly  contradiction found by Sadeghi and Henrich; i.e., the encapsula-
represent a discontinuous rather than a complete covering layersion of Rh crystallites supported on Ti(110) proceeded
(Otherwise, it would be rather difficult to detect by STM.) This surprisingly indepedent of +pressuré®!! Two explanations
islandlike structure of the decoration layer was observed recently .5 pe given: (i) hydrogen dissolved in the bulk induced the
in the case of polycrystalline Rh/TiOcatalysts by high-  formation of the decoration overlayer after annealing; (ii) the
resolution electron microscopy. From the fact that partly long-term handling (annealing, treatments in hydroger; Ar
covered surfaces do not adsorb CO, it can be concluded that anyy ttering) of the sample caused a drastic decrease in bulk
electronic effect also plays some role in the inhibition of CO oxygen able to diffuse to the surface. These properties may
adsqeron. This is in gqod agregment with the conclusions also give an explanation for the different behavior for Pt4FiO
obtained on Pt and _Rh foils and single crystals covered partly (110) system found in refs 3 and 4 and call attention to the
by an evaporated TiCoverlayer.®~2¢ _ need for a better characterization of the subsurface state for these
A special preparation method was applied to produce well- experiments. The oxidation state of the encapsulation titania
separated giant Rh crystallites (diameter above 10 nm), which |ayer may be very close to ¥, as no reduced state was found
is described in detail elsewhete. The method consists of  jy'this work after the treatment inH This observation shows
evaporation of a small quantity of Rh (less than 1% of one h4; the Ti 2p signal alone does not give certain information
monolayer) at room temperature with subsequent annealing atyot the existence of a decoration overlayer. It is worth
1100 K in UHV. This seeded surface, where the average mentioning here that the thermally inducedx11) — (1 x 2)

distance between the particles depended sensitively on the Rrbhase transition detected on a clean IQ0) surface is also
i 0 - .
coverage (in the range 0-1.0% of a monolayer), was exposed sensitive to subsurface conditions, as was concluded reéédly.

FotwrthermThOd;LtjkT at .1%00 K. 'Ill'his l?ttlﬁtr deposgiondresulaed This fact may explain why the supported Rh nanoparticles
In the growth ot the existing smal crystafiites (seeds) depending encapsulate on Tig110)-(1x 2) surface on annealing in UHY/.
on the amount of rhodium evaporated in the second part of the

In a very recent paper Gao et al. came to nearly the same

preparation. To follow the change of morphology due to | N
conclusion about the role of the subsurface stoichiometry of a

encapsulation induced by,Ha surface characterized by the > X " °
STM image (200 nmx 200 nm) in Figure 8E was used. 11O2supportin a study of PUNb-doped Ti200) systen®? It

Basically two different types of Rh crystallites can be found: Was found that considerable s_uppression of the_ decoration
hexagonal coin-shaped nanoparticles and strongly elongated®rocess for Pt supported on TQ00) can be achieved by
crystallites oriented in the [001] direction of the support. This "educing oxygen vacancy defect densities in the bulk and by
surface texture radically changes after 10 min annealing at 750doping the near-surface region with Nb.

K in 1072 mbar of H: a general tendency is that the larger In some earlier work it was shown that the encapsulation
particles disrupt into smaller ones (Figure 8F,G). The fact that process is accompanied by structural changes of the metal
the structural changes appear at nearly the sampréssure particles themselves, namely, the metal particles spread over
and temperature as for the cases above suggests that the met#ie support®32 The later studies however did not provide any
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Figure 8. Typical STM images (50 nnx 50 nm) for a TiQ(110)-(1 x 1) surface covered by 3 ML of Rh and annealed in UHV at 800 K (A).
The same surface after annealing at 750 K in®libar of H for 10 min (B). The 20 nm line profiles (C) and (D) recorded for (A) and (B),
respectively. STM images (200 nm 200 nm) of specially grown giant Rh crystallites (see text) supported on thg1Ili@) surface before and
after thermal treatment at 750 K in 10mbar of H (E, F). The suggested mechanism for the encapsulation (G).

evidence for dramatic morphological changes apart from someto be very likely that there is an optimal particle diameter for
sintering of the metal particl€8:32 In this work very intensive minimization the total surface energy.

disruption of the supported Rh nanoparticles was clearly .
demonstrated by STM for the giant metal crystallited nm). 4. Conclusions

This observation prompted a study of the fine details of this  The 3D Rh nanoparticles formed by evaporation of Rh at
process which will be published in the near future. The driving room temperature onto the well-ordered F{OLO)-(1 x 1)
force for this process may be the lower total surface energy assurface are not encapsulated after annealing up to 900 K in
a result of increased contact region between the noble metalUHV. In contrast to this behavior, the decoration of the
and the encapsulation oxide. Regarding the size of the metalsupported Rh particles can be induced readily on strongly
particles and the stoichiometry of the decoration phase, it seemspresputtered and postdeposited F({10)-(1 x 1) surfaces by
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a few minutes annealing at 750 K in UHV. Moreover, the (9) Berka A.; Ménesi, G.; Solymosi, FSurf. Sci.1997, 372, 202.

presence of 10* mbar of H during annealing results in the 8‘3 g:g:gm- H S-f ﬂiﬂﬂﬁﬂ x ?pégtiffggfé?gz‘%g' 330.
formation of a decoration layer of Ti(phase even in the case (12) Zhang, L: Diebold U.: Madey, TE Manuscr’ipt in preparation

of the well-ordered of Ti110)-(1 x 1) surface covered by (13) Resasco, D. E.; Haller, G. 1. Catal. 1983 17, 279.
rhodium. On the top of the coin-shaped Rh particles the (14) Bernal, S.; Botana, F. J.; Calvino, J. J'pea, C.; Peez-Omil J.

decoration islands were clearly observed by STM imaging. The aé)Rg(;gguez"quiefdov J. MJ. Chem. Soc., Faraday Tran$996 92

specially grown giant Rh cry§tallites (average Qiameter pf MOre ™15y Mayer, J. T.: Diebold, U.: Madey, T. E.: Garfunkel..E Electron
than 10 nm) decompose into smaller particles during the spectrosc. & Relat. Phenorh995 73, 1.

encapsulation process induced by thermal treatment in H  (16) Wei-Xing, X.; Schierbaum, K. D.; Goepel, W. Solid State Chem.
ambient 1995 119, 237.
' (17) Berkq A.; Solymosi, F Langmuir1996 12, 1257.
. . (18) Berkq A.; Solymosi, F. Unpublished results.
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