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Effects of Different Gases on the Morphology of Ir Nanoparticles Supported on the
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The preparation of Ir nanoparticles supported on the,{iMD)-(1x 2) surface and the effects of annealing in
different gases were studied by scanning tunneling microscopy. The smallest Ir particles, measuring 1 nm
and consisting of 810 atoms, were produced by the deposition of approximately 0.005 monolayer (ML) of

Ir at 300 K. On an increase of the Ir coverage, the diameter of the particles gradually rose to 5 nm at 2 ML
coverage. Annealing of the Ir-covered surfaces caused only slight changes below 700 K but led to migration
and coalescence of the particles above 700 K. The hexagonal appearance of the larger particles suggested the
formation of Ir crystallites with their (111) faces parallel to the plane of the support. The orientation of the
slightly elongated particles was adjusted to the [001] direction of thg(TiD)-(1x 2) surface. In the presence

of CO (10°% mbar), the smallest Ir particles (consisting ef B) atoms) disrupted into atomically dispersed

Ir within a few minutes at 300 K. On an increase of the particle size, the disintegration proceeded more
slowly, even at higher CO pressure. For particles larger thahirim, only minor corrosion of the nanoclusters

was observed, even in the presence of 10 mbar CO. At higher temperature (600 K), the reversed process, the
CO-induced agglomeration of small Ir particles, occurred. The adsorption of NOgalddxraused disruption

of the Ir nanoparticles at 366600 K. Such an effect was not experienced in the presence,oivhich

interacts only weakly with Jrcrystallites.

1. Introduction observed for larger Rh particles{5 nm) above 500 K. The

It has been demonstrated in a number of cases that the activityafjsorptlon of NO on Rh nanoparticles likewise resulted in the

and selectivity of supported transition metal catalysts depend glsruptlon.ofﬂ?h crystallites s;ggocg Thr'f. vr\]/as not oblsgrvgd,
sensitively on the morphology (size and shape) of the metal OWEVET, In the presence okian - which was explaine

: L : f . by the different nature of their interactions with Rh. Recent
particlest Additionally, interactions between metal particles and . -
the support may also influence the catalytic properties of the (SPA)-LEED studies revealed that CO causes the spreading of

metals?~* For this reason, characterization of such metal the Rh particles deposited on a thin@ film, resulting in an

particles and evaluation of the possible interactions at metal/ expansion of their surface aréa. .
support interfaces are important tasks of catalysis research. Amcl)rr] H;To presfe:wrt nvgagk,ai;lc-:ll\gsvﬁsv:r?ggs t(s)iz((:azaézctggif: d tgﬁ
complicating factor is that the structures and sizes of metal TiO?llO)g{:\nd the effe?cts of different aases on thg structure
particles are dramatically altered on contact with reacting gases,andzSize (')f the Ir crvstallites. Apart fro?n a short preliminar
and a knowledge of these phenomena is therefore vital for an report on the interagtion of Copwith Ir/TiQ110) SpTM has y
understanding of the catalytic reaction. The adsorption of CO noF: reviously been emploved to investioate the adsorntion-
on supported Rh provides a good example. Depending on theinduged struc);ural chan pes%n supported ?r artitles P
temperature, CO induces the disruption or agglomeration of Rh detailed 9 di pph b P bli .h d h
nanoparticle$-13 Several methods have been used to follow Numerous detalle ST™M studies have been published on the
these structural changes, and scanning tunneling microscopyisrﬁrfageﬁt of &ngla—ctryrsit?é_;ﬁ V\\//vhl\(jhr Ifn OtnﬁTiOQ];ir:?erf most
(STM) furnished direct evidence and a deeper insight into this hal\Jlg baée:léﬁg?acteﬁzee;b. STE/I :nle i’n aefSW cases' aR(;;'SI'i o
surface proces¥.® It was found that, through variation Qf the (001)25 Rh/TiOz(110)29'30C)L/J/Ti02(llg)3l /IO (110)'28 pd/

Rh cont'ent qnd the annealing temperature, Rh nanoparticles W|thTio (iOO)-(lx3) 34’35/& ITiOA(110)3 Pt/TiOz(108)37 V/lriO i
s g & v o s s (1012 ATO-110)2ard NaTG{110) Ealer, e decton
very rafliid disintegrat;on tolatorpically disperseg Rt? at 300 K, igﬁférglség?sliosrtrlrjldsl’%sC?SSEZ?SS(EV?))(;::VT/Z br:V;ror\?v\tlﬁ)alc)er?t;]Zat the
even after exposure for only a few minutes to 1énbar CO.

For particle siges of 34 nm,ythe CO-induced process became support surface. This fea_ture was explained by thg IOYV reac-
slower, and for larger Rh clusters{80 nm), it did not occur tivities of these metals W'th. surface oxyg‘éﬂDetlermlnatlon

at all, even at higher CO pressure. Keeping the atomically of the morph_ology and quahzatlo_n of the adpart|_cles by means
dispersed Rh in CO above 500 K led to re-formation of Rh of STM provides information on (i) the support sites where the

clusters, but larger ones. CO-induced agglomeration was alsocrystallization starts, (ii) the registry with the oxide support,
' and (iii) the effect of the support morphology on the shape of

* Corresponding author. Fax:++ 36 62 420 678. E-mail:  the particles formed?30:3%343Moreover, the kinetics of surface
fsolym@chem.u-szeged.hu. diffusion may be exploited to produce nanoparticles with
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predetermined distribution, size and form for further spectro- 0.02 ML 0.20 MLL 2.0 ML
scopic studieg?32 — . -

2. Experimental Section

The experiments were performed in an UHV system equipped A
with an STM head (WA-Technology), a three-grid AES-LEED
analyzer, a quadrupole mass spectrometer and argiédm. An
UHV compatible auxiliary chamber separated by a gate-valve
served for dosing of the sample at higher pressures. An ultimate
pressure of Ix 1072 mbar was attained in both chambers by
an iongetter and a titanium sublimation pump.

The polished TiQ(110) sample was purchased from Crystal B
Tec. It was clipped on a Ta plate and mounted on a transferable
sample cartridge. An ohmically heated tungsten filament
positioned just below the Ta plate served for annealing of the
probe. The temperature in the range 30200 K was checked
by a thin chrometalumel thermocouple attached to the side
of the sample. An infrared thermometer was also applied from C
time to time for outside temperature control. The cleaning
procedure of the Tigf110) surface consisted of a few hours
annealing at 800 K in UHV, some cycles of Ailon bombard-
ment (10 min, 1 kV, 10° A cm~9) at room temperature, and
annealing at 1200 K for 10 min in order to produce a well-
ordered (x2) arrangemer? This procedure resulted also in
some reduction of the bulk and it increased the conductivity of D
the probe sufficiently for STM measurements. To receive good
quality large terraces with nearly perfectq2) overstructure,
we applied successfully a few minutes offAvsombardment (1
keV, 107 A cm™) during annealing at 1200 K. The purity of
the surface was checked by AES measurements.

Iridium was deposited by ohmic heating of a high-purity
(99.995%) Ir filament at the distance of approximately 20 mm E
from the sample. The amount and the purity of the epitaxial Ir
layer on the TiQ(110)-(1x2) surface was checked by AES.

The concentration of the deposited metal is given in monolayer :
equivalent (ML), which corresponds to 1,56 10'> cm™2. The Figure 1. Effects of the deposition of Ir at (A) 300 K and after
calibration was mainly based on the appearing volume of 3D annealing in UHV for 10 min at different temperatures: (B) 500 K;
iridium crystallites observed on STM images at around 1 ML (©) 700 'é; (D()j ?)00 go (fE) 11%? K. Image size: 50 nm 50 nm.

of admetal annealed at 1200 K. This method was described':Igure reduced by 50% for publication.

earlier in detail for rhodium deposited onto the same surface.

The coverage of the metal was controlled by duration of the
evaporation. The typical deposition rate was 0.1 ML mdin

STM imaging of the surface was performed by a chemically
edged tungsten tip sharpened from time to time in situ by
applying 5-10 V pulses or by using a continuous positive bias
of 40—70 V at 100 nA tunneling current between the tip and
the sample. A tunneling bias af1.5 V and current of 0.2 nA
were typically used for STM imaging. The 256 256 points
of an image were collected within=13 min depending on the
size of the crystallites. For a better visualization of _the surface average corrugation in the direction perpendicular to the rows
morphology, an “emboss" proceo!ure of a commercial SO“.W&FG was 0.08 nm. The fine details of the row structure were recently
package was applied, although in some cases the appllcatlonOIiSCussed in several papdfs26:42-44 Basically, two different
of a simple linear grayscale representation proved to beabetterexplanations were proposed for this super,structure: (i) the
method. The characteristic pictures shown in this work were missing oxygen row model, where some relaxations can also
chosen from a number of imagines recorded on different regions be taken into accouﬁf-'vzzand’ (ii) added TiOs rows, suggested
of the same sample. It is worth mentioning that the overall first in ref 19 and suppE)rted by some recent public,at?éﬁg‘.‘}““

morpholog|es on a gcale of 100 nA 100 nm measured on The difference in chemical activity toward formic acid and acetic

different sample regions were quite similar in each case. acid for the bulk-terminated ¢41) and (1x2) reconstructed

TiO,(110) surfaces strongly suggests that the latter model is

the correct interpretatiot?:*® Moreover, there are some indica-
3.1. Thermal Stability of Ultrathin Ir Layers Deposited tions that the phase transitionX1) — (1x2) proceeds more

on TiO2(110)-(1x2). The characteristic STM images of the easily if the subsurface region is sufficiently reduéééf

clean TiQ(110)-(1x2) surface were presented in a previous Figure 1A presents STM images recorded after the deposition

papert’-23The typical STM image of a 100 nm 100 nm area  of different amounts of Ir onto the enhancement XiA0)-

depicted characteristic step lines in the [001]13], and [111]
directions, and well-ordered terraces with an average size of
500 nnt. In the subsequent measurements, the regions where
the presence of [001]-oriented steps are determining were chosen
tendentiously. This arrangement was easily recognizable, even
when the terrace inner structure was strongly disturbed by
different treatments. Magnified images clearly showed the
terrace morphology: parallel rows separated by 1.35 nm run in
the orientation of [001]. The total area of the terraces revealed
a complete reconstruction into thex2 arrangement. The

3. Results



Ir Nanoparticles on the Tig)110)-(1x2) J. Phys. Chem. B, Vol. 104, No. 44, 20000217

Figure 2. (A) Early stage of Ig particle formation for the coverage of B
<0.01 ML at room temperature. Image size: 20 kn20 nm. (B) An

individual Ir particle consisting of few atoms imaged on 5 mm5
nm. Figure reduced by 40% for publication.
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Figure 3. Changes in the average diameter (A) and the characteristic MiN: 300 K; (F) after 10! mbar, 20 min, 600 K. Image size: (A, B,

height of Ir particles (B) for three different initial coverages as a function ) 20 nmx 20 nm, (D, E, F) 50 nmx 50 nm. The original size of Ir
of tghe anngaling ter$1p)erature. 9 nanoparticles: (A, B, C) 1.5 nm, (D, E, F) 3.0 nm. Figure reduced by

40% for publication.

(1x2) surface at room temperature. The average particle size
increased with an increase of the Ir coverage: 1.5, 3.0, and 5.0hexagonal crystallites with the top (111) face parallel to the
nm at 0.02, 0.20, and 2.0 ML, respectively. At the lowest substrate (Figure 1E). One side of the hexagons was preferen-
coverage (0.02 ML), the original ¢(2) arrangement of the tially oriented in the close-packed [001] direction of the FHO
support surface (step lines and terrace rows) can be clearly seen(110)-(1x 2) surface. This behavior clearly pointed to crystal-
together with many protrusions characteristic of the tiny admetal lization coordinated by the row structure of the support. The
particles. The specific sites at which condensation of the admetallarger particles were approximately-6 layer thick (1.6-1.2
starts can be established on magnified images of the 0.005 MLnm), and their average diameter was1® nm. Between the
Ir-covered surface (Figure 2A). Tiny Ir adparticles measuring crystallites, the original (%2) ordered terraces of the support
1 nm are located both on the terraces and at the step edgeswere well detectable (Figure 1E). The fact that the probability
Although the steps are not decorated preferentially, the outrising of particle formation varied almost linearly with the Ir content
rows of the (x2) terraces bind the Ir nanoparticles with high provides a possibility of stimulating the concentration of
probability. The magnified imagegfa 5 nmx 5 nm area shows  crystallite seeds. The particles produced in this way can be
the localization of an individual Ir nanoparticle consisting of selectively grown further by the evaporation of Ir at high
approximately 810 atoms (Figure 2B). temperature (1200 K3

The effects of thermal treatment on the above Ir particles are  3.2. Effect of CO on the Morphology of the Supported Ir
shown in Figure 1B-E. Annealing at 500 K caused only slight  Particles. The effects of CO on the morphology of Ir crystallites
changes in the surface morphology. A clear increase in the sizewere examined at different sizes. To obtain well-distinguishable
of the particles occurred at 700 K, particularly for 0.02 and 0.2 particles, the Ir-containing samples were annealed at 400 K for
ML of Ir. At 2.0 ML coverage, the particle size remained a few minutes after evaporation. At the lowest Ir content (0.005
practically unaltered in this temperature regime. The average ML), the size of the Ir cluster was1.0 nm. The tiny Ir particles
diameter and the height of the crystallites for different Ir (consisting of approximately 10 atoms) were located on the
coverages and annealing temperatures are depicted in Figure 3outrising rows of the substrate (Figure 4A). Exposure of this
At very low coverages (0.02 ML), annealing at 960100 K sample to CO (5 min, I mbar) at room temperature resulted
resulted in Ir particles approximately 3 nm in diameter, in the disappearance of the larger clusters, in parallel with the
preferentially located at the step edges and crosspoints of theappearance of tiny discontinuities on the originally flat rows
different edges (Figure 1D,E). More dramatic increases in the (Figure 4B). It is worth mentioning that, to obtain a good-quality
diameter and the height of the particles were detected at 2.0image, it was important to decrease the tunnel current (as low
ML (Figure 1D). In this case, annealing at 1100 K resulted in as 0.01 nA) after the exposure of CO, probably because of the
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formation of weakly bonded carbonyl species. It may be noted
that these images are original ones, without any further
computational treatment. The structure and the size of the Ir
particle formed as a result of CO adsorption changed radically
when they were heated to 600 K in the presence of CO (10
min, 102 mbar) (Figure 4C). Although it is difficult to calculate
exact total volumes because of tip convolution effects, it can
be clearly stated that larger nanoparticles (approximately 3 nm)
are formed.

Similar experiments were performed with Ir particles with
an average diameter of-3l nm, grown by deposition of Ir (0.05
ML) at 300 K and annealing of the sample at 1100 K for 10
min. As shown in Figure 4D, approximately 20 particles are
distributed on a surface area of 50 ntm50 nm, which is the
smallest representative region in this case. Most of the crystal-
lites are bonded at the steps running in the [001] direction or at
the crosspoints of different steps. Some of them, however, are
localized in the middle of the reconstructeck@) terraces. The
individual metal crystallites consist of approximately 2(8D0
atoms in this case. The rows of the substrate running in the * i - . L
[001] orientation are more or less continuous; merely a few Figure 5. Effects of CO exposure on the shape of Ir nanoparticles of
discontinuities caused by contamination or defect sites can bei‘gpzfoxijmat‘;%’ol?(_””g (’?t) befgre go trggct)”l‘(‘?m[;)(B)ﬂaﬁelrogasbadsgg%'on
seen. The exposure of this sample to CO (20 mim!1fbar, K| mbar, 54 ; (C) after 1G mbar, ; (D) after 10 mbar, 4

) N . Image size: 50 nnx 50 nm. Figure reduced by 40% for publication.
300 K) caused marked changes in the original texture of the
surface (Figure 4E): (i) tiny dots measuring approximately 0.5 NO 0, N,
nm appeared, more or less uniformly distributed on the rows;
(ii) although some larger particles{3 nm) could additionally
be seen, their average size was definitely decreased,; (iii) the
top of the crystallites also displayed protrusions and the outline
of the crystallites was strongly disturbed, though the imaging
ability seemed rather good. A higher exposure of CO at room
temperature did not cause any further change in the surface
texture. When the above treated sample was heated to a higher
temperature (600 K) in the presence of CO™bar, 20 min),
larger nanoparticles (45 nm) reappeared. At the same time,
the interparticle region became covered by smaller crystallites B
(Figure 4F). By contrast, the same treatment of the clean-TiO
(110)-(2x 2) surface did not lead to structural changes.

It was described in section 3.1 that the deposition of 2.0 ML
Ir onto TiO, at room temperature and annealing of the system
for 10 min at 1100 K in UHV resulted in large hexagonal
nanoparticles with an average diameter ef1® nm (Figure
5A). Exposure of this sample to 1®or 101 mbar CO at 300 C
K for 10 min caused only slight changes in the surface texture:
small protrusions appeared both on top of the crystallites and
on the terraces between the Ir particles (Figure 5B,C). The : some
original particles were well detectable even after much higher Figure 6. Effects of different gases (NO,20N) on the STM images
CO exposure (10 mbar CO, 10 min) at slightly elevated (59 ”frt“X 50 "g‘) of |_r/TiOZ£)11%)-(b<2%): (A) gggorg ggs ef>t<posrlge;
temperature (400 K),athough their shape was o longer wel- (5 #5192 SSopter, tomoer, 20 min, A . (© ter
defined, and new smaller crystallites{2 nm) appeared both

on top of them and on the free terraces of the JT{Bigure regions (Figure 6B). In contrast, the adsorption ofa@dd N
5D). Such treatment did not cause any pronounced change inled to much more moderate changes, although small protrusions
the overall corrugationXz = 2.5 nm) of the surface. occurred on the terraces of the BiQFigure 6B). Different

3.3. Effects of Other Gases: NO, @ and Ny. In the features were obs_erved at elevated temperature (_600 K) (Figure
subsequent measurements, the effects of N©,add Ny on 6C). NO adsorption led to a marked disintegration of the Ir

the structure of Ir nanoparticles under the same experimentalParticles, whereas Oincreased the size of the particles
conditions were examined. Approximately 0.05 ML Ir was considerably. In the presence of,Nhe average particle size
deposited on the Tigsupport and annealed at 1100 K in UHV. did not change, but_the part|cle-denS|ty definitely increased. This
The average diameter of the Ir particles wasd3nm, and the ~ Was @ rather surprising but reproducible effect.

smallest characteristic region of 50 nsm 50 nm contained
approximately 20 well-separated clusters (Figure 6A). Exposure
of this surface to NO (10" mbar, 10 min) at room-temperature 4.1. Interaction of Ir with the TiO , (110)-(1x2) Surface.
resulted in a definite decrease in the diameter of the Ir crystallites The behavior of ultrathin metal films grown on oxide surfaces
and in the appearance of smaller particles in the interparticle is determined by the bond character between the metal atoms

4. Discussion
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and the substrate. The 3D VolmeWeber growing mechanism
predicts a rather weak interaction between the late transition
metals (e.g., Pt and Rh) and the oxide surfaces with stoichio-
metric compositiort”-*>*However, reducible surfaces or oxygen-
deficient sites exhibit totally different features. One is the
encapsulation of the admetal particles by suboxide species of
the substrate at relative moderate temperattirtfs!’ Recent
studies have shown that, although a measurable electron transfer
can be excluded for stoichiometric TiGurfaces, the weakly Co
bonded electron localized on the oxygen-deficien#{sites

is partly transferred to the transition metal adatom or clU$t&k.

STM is an especially informative method for the study of
site-selective interactions between admetals and oxides. The
results presented in this work clearly show that Ir atoms or tiny Lp
clusters consisting of less than 10 atoms are preferentially
located at oxygen-deficient sites. If the addegOgirow model
is valid, it means that the formation of the Ir particles starts on Figure 7. Model of the CO-induced disruption process.
the more reduced sites of the support, i.e., on th©Jrows. . . .
Itis interesting that the bonding on these sites was only slightly "€cognized that the chemisorption of molecules can cause

preferred for Rh clusters of the same si2&his observation various changes in the state of metals, even in the case of single-
supports the experience that Ir can be produced in highercryStal surfaces: (i) a change in the periodic relaxation of the

dispersity than RE? This trend is also valid for the Pd/TiO layer—layer distance under the adlayer, extending for several

(100)-(1x 3) system, where no site preference was found on an layers in the bulk material; (ii) local or extended reconstruction
atomic scale, and the formation of large particles at room of the outer metal layer; and (iii) selective surface segregation

temperature suggests a weaker wetting abifitlowever, it of one component of_ the aIon_ materials. As demonstrated i_n
may be noted that in a recent work, Xu et al. have found site- (€ Present and previous studies, the effects of gas adsorption
selective adsorption for Pd atorffsFurther low-temperature can be muqh more dramatlc in the case of nanopartlcles': it may
studies are needed to check the diffusion properties of transitionlezTO| to baj'c cfhz;]mgeds in the str?ggres of metal CJXStSWéS'
metal atoms or small clusters on bulk-terminated and recon- " @ study of the adsorption o on ;upporte r by means
structed TiQ surfaces. of IR spectroscopy, We.observed 5|gn|f!cant spectral chgnges

The annealing of surfaces covered by far less than 1 ML of at the time of the adsorptidd At the beginning of tge adsorption

X - ) ; at 300 K, a strong band appeared at 2060 tnThis was

Rh or Ir resulted in crystallites measuring-2 nm localized 9 PP

. ; . . attributed to the vibration of CO linearly bonded toy Ir
preferentially at crosspoints of two differently oriented stpS. crystallites. With the progress of adsorption, however, two new

As these sites are probably oxygen-deficient, they bond the metal bands developed, at 2030037 and 20962107 cnt’: this was
nanoparticles very strongly. This feature allows the selective accompanied by'attenuation of the band at 2066lcmhese
?rci\r/]vth gf the.t.crysta;ll’l[thes bort1d|edt tﬁ. tuet step cr?l?%pgozts by spectral features were tentatively assigned to the asymmetric
urther deposition of the metal at high tempera o and symmetric stretches of iCO), species. When a highly
higher Ir coverages, the a_nneallng resg!ted in agglomeration anddispersed Ir sample was prepared, the adsorption of CO at room
COlfpSfogfégg r&gngp?rtlclis_. The critical temhperlat:Jre proved temperature yielded the dicarbonyl complex immediately,
to be ) K. below this temperaFure, the Ir layer (or without the transient formation ofd+CO. At lower temperature
mult.|layer) efficiently vyets the support; _above '.t' the met.al (150-200 K), however, the dominant form was stil,-HCO
particles agglomerate into larger crystallites. This conclusion and Ir(CO) d’eveloped ’only by 276300 K. On analogy Wit'h

is more or less valid for the epitaxial Rh lay@rat the same the well-studied C&Rh systenf;” it was assumed that the state
time, it is rather surprising that nearly the same critical of Ir in the dicarbonyl species is an isolated Ir iGnin the
temperature (750 K) was found for Cu grown on the A10)- interpretation of these features, it was proposed that the

(1x1) surface* The melting points of Cu and Ir are very oo : . : - :
. i ; . ption of CO induced the disruption of Ir crystallites to give
different: 1356 and 2683 K, respectively. This suggests that ;|- | atoms, which were oxidized td Iy the OH groups

the accelerated mass transport found in all cases at about 80 f the support. Interestingly, the dicarbonyl species Ir(G@)s
K may reflect the diffusion properties of the support itself. It is transformed back into J+~CO in the presence of CO above

well-known that the surface diffusion of Ti atoms on B{{DL10) 423 K. sugaesting the occurrence of the reductive agalomeration
is activated at about 700 ®. Accordingly, this effect may é‘)f isollatggglr* i#ldguced byuCO. uctive agg I

contribute largely to an accelerated coalescence of the supporte The present STM studies provide direct evidence for the

particles above 800 K. above processes and show that the adsorption-induced process
The typical hexagonal shape of the crystallites formed clearly s g size-dependent reaction. As illustrated in Figure 4, the small
suggests the production of nanocrystallite slabs consisting of ajr crystallites (12 nm) are readily disrupted by CO adsorption,
few layers of (111) planes parallel to the plane of the support whereas such a process is much slower for particles measuring
oxide surface and coordinated to the [001] orientation of the 3—4 nm or cannot be observed for Ir clusters larger than®
TiO>(110)-(1x2) surface. Nearly the same behavior was found nm. The driving force behind this process is very probably the
for epitaxially grown Rh on the same surfe€eThis feature  higher Ir-CO bond energy of (159 kd/mol) as compared to that
can also be understood by taking into account the preferential of the Ir—Ir bond (146 kJ/mol); in other words, the formation
(although less pronounced) bonding of Ir or Rh atoms to the of a strong Ir-CO bond results in rupture of the-tr bond53.54
more reduced FD; added rows. The scheme presented in Figure 7 describes this morphological
4.2. Effects of Different Gases on the Structure of change.
Supported Transition Metal Particles. It has long been The bonding of CO can be radically stronger on the different
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surface sites, e.g., edges, kinks, or adatoms, sometimes eveithis process was studied for supported Rh nanoparticles, and
leading to dissociation of this molecule. We may assume that it was found that the onset temperature and pressure of formation
the species MCO diffuses away from the remaining metal of Rh,O3 are 500 K and 1% mbar Q, respectively?®

cluster, its diffusion occurring more easily than that of CO-free

metals. This phenomenon may explain the gas-induced reductionb. Conclusions

in the activation energy of metal self-diffusion observed for (i) The deposition of Ir onto the Tig)110)-(1x2) surface at
many systems? 300 K results in the growth of 3D clusters with an average

The CO-induced agglomeration observed by means of IR diameter of +5 nm, depending on the admetal coverage. The
spectroscopy at elevated temperatures (above 423 K) has beeBmallest nanoparticles formed at approximately 0.005 ML
confirmed by the present STM measureméatshis was not  coverage were bonded preferentially on the oxygen-deficient
restricted to isolated Ir atoms but occurred for larger Ir particles, sites of the Ti®(110)-(1x 2) surface. (ii) Annealing of samples
too. We may assume that the transient formation of Ir¢CO) containing different amounts of Ir caused only moderate changes
moieties contributes to the CO-promoted agglomeration of Ir in morphology up to 700 K. The Ir nanoparticles formed at 1100
clusters. This is followed by the diffusion of these species, which K are mainly hexagonal, suggesting development of the (111)
proceeds more easily than that of Ir metal particles, and thenplane of Ir crystallites oriented parallel to the support terraces
by the decomposition of Ir(CQ) As volatilization of Ir with one side parallel to the [001] direction of the B{®10)-
nanoparticles has never been observed in our experiments, wg1x2) structure. (iii) Ir nanoparticles measuring 1 nm disrupted
assume that the carbonyl species do not desorb into the gaseadily in the presence of 1®mbar CO at room temperature.
phase. This mechanism can be referred to as gas-assistegvith increase of the particle size, this process becomes slower,
Ostwald ripening, where larger islands grow as a result of even at higher pressures. For particles measurftighm, the
dissolution of smaller one¥:>” Due to the change in the use of 10 mbar CO and elevated temperature (400 K) is required
thermodynamic balance in the presence of a gas phase, thao induce some corrosion at the perimeter of the nanoparticles.
particle distribution shifts to a higher average particle size. Itis The reverse process (the agglomeration of smaller Ir particles)
important to note that the temperature at which agglomeration was observed in response to CO treatment at 600 K. (iv) NO
starts (approximately 500 K) is nearly the same as the temper-and G also caused disintegration of supported Ir nanoparticles
ature of CO desorption from extended Ir surfaces. In other below 500 K. In contrast, no disruption of Ir crystallites occurred
words, the frequency of the adsorptiedesorption processes in the presence of N
is very high at around this temperature.
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