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Scanning tunneling microscopy (STM) completed by Auger-electron spectroscopy (AES) and thermal desorption
spectroscopy (TDS) measurements was applied for investigating the formation and thermal-induced migration
of carbon nanoclusters produced by the decomposition of CO on Ri{fTiQ)—(1 x 2) planar catalyst. The
annealing of a clean Tig110)—(1 x 2) surface in a CO atmosphere (few millibar pressure) at 500 K results

in the reconstruction of the (¥ 2) structure into the (Ix 4) arrangement. The same treatment of an Rh/
TiO2(110)—(1 x 2) catalyst containing well-separated Rh nanocrystallites of approximately 10 nm in diameter
leads to the formation of 3D carbon nanoclusters eR2Inm size. A fraction of the carbon formed on Rh
nanoparticles diffuses (probably also in cluster form) onto the support already at 500 K (spillover). In the
temperature range of 76100 K the carbon clusters agglomerate and collapse into larger nanoparticles.
The accumulation of carbon on the existing Rh nanoparticles occurs at above 1100 K. Annealing at 1300 K
causes the recovering of the original morphology of the Rh/TIQ0)-(1 x 2) catalyst, suggesting a total
gasification of the surface carbon. These processes are accompanied by the oxidation of surface carbon by
the bulk oxygen of titania resulting in the formation of CO in the temperature range 1D K.

Introduction treatment of Rh/Ti@in CO at higher pressures<10 mbar)
and at higher temperatures %00 Ky—when we can count with

The carbon deposits formed in numerous surface reactionsth di tion/di Honati f egesults in the f
are considered as key intermediates in the hydrocarbon cataly- € dissociation/disproportionation o Sults in the forma-

sist Recently, this interest has increased tremendously by the 10" Of New nanoparticles, probably carbon nanoclusters.
invention of the catalytic production of fullerene-like species. The dissociation and disproportionation of CO on supported
In these works mainly hydrocarbons were used in the chemical Rh clusters were studied first in our laboratéfy®As regards
vapor deposition (CVD) process as a carbon source; however,the effect of the nature of the supports, titania was found to be
CO also proved to be a well-applicable feedstock, especially the most effective support, which was attributed to an electronic
for growing single-wall nanotub&s8 It has been demonstrated ~ Intéraction between titania and RhAn interesting finding of
that there is a strong correlation between the diameter of the this study was that the amount of carbon formed was much
metal nanoparticles and that of the carbon nanotubes formed inl@rger than the number of surface Rh atoms, which suggested
the catalytic process®6:812This observation was explained by that a fraction of carb_on is chated on the titania support. The
the nucleation of a carbon shell on the supported metal Occurrence of the dissociation of CO on Rh single-crystal
nanoparticles with subsequent formation of a fullerene fuibé> ~ Surfaces under ultrahigh-vacuum (UHV) conditions has been
Concerning the interaction between CO and supported metalthe subject of extensive studies and deB&t& The generally
nanoparticles, it is well-known that the shape and integrity of accepted conclusion from these wor_ks is that the dissociation
the metal particles can be radically changed by CO adsorption,©f CO proceeds on stepped, defective, and more open (210)
as was revealed first by EXAFS for Rhi8k and further studied R surfaces but it does not occur on the flat close-packed (111)
by means of IR spectroscop§:18 Similar features were plane. Recent_ly, a size d(_epende_nce of CO dissociation on Rh
observed for supported Ru, Ir, and Re2® Recently, the islands deposited on a thin A film was reported?®40
adsorption-induced structural changes of Rh and Ir nanoparticles The primary aim of this work is to follow the formation and
were demonstrated by scanning tunneling microscopy (3T&f) thermal behavior of carbon clusters produced in the dissociation
and SPA-low-energy electron diffraction (SPA-LEED)It of CO on Rh/TiQ(110)-(1 x 2) model catalyst by the STM
appeared that the effect of CO strongly depends on the size ofmethod. We believe that the detailed knowledge of the low-
the supported nanoparticles: a very rapid disintegration of Rh temperature graphitization of transition metal particles may
particles of the size 12 nm to atomically dispersed Rh was contribute to the elaboration of the controlled production of
observed at 300 K. The CO-induced process became slowerdifferent types of fullerene nanotubes.
for larger particles with a size of-34 nm, and it did not occur
at all for large Rh clusters (810 nm) even at higher (10 mbar)  Experimental Section
CO pressure. At higher temperatures, above 400 K, CO induced ) ) )
the opposite process, i.e., the agglomeration of Rh nanoparticles 1he experiments were carried out in an UHV chamber

into larger oned428In these investigations we noticed that the €dquipped with quadrupole mass spectrometer, three-grid AES-
LEED analyzer and commercial STM head (WA-Technology).
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from PI-KEM. The probe was clipped by a Ta plate on a
transferable sample holder and heateg & W filament
positioned just below the plate. By this arrangement it was E
possible to achieve temperatures as high as 1300 K, which was ¥
measured by a thin chromedlumel thermocouple forced to e
the edge of the sample. The cleaning procedure of the probe fg
was described in previous papétd? The annealing of the
cleaned sample at 86®00 K resulted in a bulk-terminated 1
x 1 surface. Highly ordered X 2 reconstructed terraces
covering 80-90% of the total surface area could be obtained
after extended annealing above 1100 K.

The evaporation of Rh was performed by ohmic heating of
a high-purity Rh filament. During the dosing of admetal the
distance between the evaporator and the ;T#@mple was
approximately 20 mm. The rate of deposition was controlled
by adjusting the current flowing through the Rh filament spot-
welded to a thicker Ta rod. The amount and cleanliness of the
epitaxial Rh layer was monitored by AES spectroscopy. The
surface concentration of the deposited metal is given in
monolayer equivalent (ML), which corresponds to approxi-
mately 1.6x 105 atoms/cm. The determination of the amount
of Rh was based on the calculation of the appearing volume of
3D Rh crystallites observed after annealing at 1200 K by STM.  rewmm
This method was applied and described in detail ealieligh- :
purity CO (99.97%) gas was used in the experiments, and it &
was checked in the gas phase by quadrupole mass spectrometr.
and infrared absorption spectroscopy. ’

Results and Discussion

Preparation of Supported Rh Nanoparticles with a Large
Interparticle Distance on the TiO,(110)>(1 x 2) Surface. 3
The preparation of metal nanoparticles and their characterization &
have been the subject of numerous recent studies. The result:
obtained are well documented in several review pafyefd.In
our latest works, we described a method (called “seeding
growing”) by which Rh/TiQ(110)-(1 x 2) model catalyst
surfaces with well-separated (50200 nm) Rh nanoparticles with
an average diameter of approximately-10 nm can be
produced®>°The method consists of two steps: (i) evaporation
of 0.001-0.050 ML rhodium at room temperature with post-
annealing at 1200 K (“seeding”); (ii) postdeposition of rhodium
at 1200 K for further growing of the existing Rh nanocrystallites
formed in the first step (“growing”). The main advantage of &
this method is the clear separation of the admetal nanopatrticles

Wh'_Ch makes po§S|bIe an _STM StUdY Of_ the nanoscale rT‘Orpho'clean and (eh) Rh-covered Tig(110)—(1 x 2) surfaces in 10 mbar
logical changes in the region of an individual nanoparticle. o for 10 min (a, e) before the treatment and after annealing in CO at
Figure la shows the clean TiQ10)}-(1 x 2) surface on (b, f) 300 K, (c, g) 400 K, and (d, h) 500 K. Note the different scale

which Rh crystallites with a diameter of approximately 10 nm of the STM images: (ad) 50 nmx 50 nm; (e-h) 200 nmx 200 nm.

and a height of 4 nm were grown (Figure 1e). The total coverage Figure reduced to 66% for publication.

of Rh is in the range of 1 ML. It can be seen that the particles separated by 1.4 nm. This arrangement develops gradually into

exhibit mostly hexagonal shape but approximately 15% of them a well-ordered 1x 4 structure clearly seen after CO exposure

show elongated form. This behavior suggests the formation of at 500 K (Figure 1b-d). The distance between the rows is 2.8

two different types of crystallites: (111) or (100) face parallel nm. Although some protrusions also appear, the;{i00)—(1

to the support plane as described in detail in our earlier pdper. x 4) surface is seemingly well ordered and flat. The original
Effect of CO on a Clean TiOx(110)—(1 x 2) Surface.Figure corrugation of the surface does not change perceptibly. It can

la—d images depict the effect of treatment in 10 mbar CO at be assumed that CO reacts with the surface and subsurface

different temperatures for 10 min on the clean F{10)-(1 oxygen of TiQ, resulting in its partial reduction. A small amount

x 2) surface in order to compare the changes induced in the of surface carbon was detected after CO treatment, the intensity

same experiments on a Rh-crystallite covered surface (presentedf the AES signal of C was about 0.15 that of Ti.

below). Before CO treatments the clean surface shows2l Formation of Carbon 3D Nanoclusters in the Presence of

reconstructed terraces with a corrugation (vertical [Z] difference Rh Particles. In contrast with the clean Tig110)—(1 x 2)

between the lowest and the highest point of an image) of surface, a totally different behavior was experienced for Rh/

approximately 1 nm on an area of 50 50 nm (Figure 1a). TiO2(110)-(1 x 2) on the effect of the same treatments in CO.

The rows running in the [001] crystallographic orientation are Figure le shows the model catalyst surface prepared by the
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50 nm 50 nm

Figure 2. Effect of duration of the treatments of the Rh/R{DL0)—(1 x 2) surface in 10 mbar CO at 500 K: (a) before the treatment in CO and
after treatment in CO for (b) 2 min and (c) 20 min. Line profiles through the center of an individual Rh particle (d) before CO treatment and (e)
after 2 min CO treatment. The size of the STM images is 2001200 nm. Figure reduced to 66% for publication.

method described above (section “Preparation of Supported Rhrepresented by the STM image in Figure 2b the relative Auger-
Nanoparticles...”). Although no noticeable changes were re- signal ratio for C(265 eV) and Ti(385 eV) is approximately 0.2.
corded for exposures of CO at 36800 K (Figure 1f,g), this Further exposure to CO (10 mbar, 20 min, 500 K) results in
surface exibits high activity in the formation of new 3D total covering of the interparticle area of the support by particles
nanoparticles during the treatment in CO (10 mbar) at 500 K of approximately 10 nm in size; nevertheless, the original ones
(Figure 1h). The apparent distribution of the extra round shape with a larger diameter of 2625 nm are still clearly distinguish-
particles of 2-10 nm size is nonuniform; they form a grouplike able (Figure 2c). In this latter case AES shows practically only
structure on the surface. The most surprising feature is that newcarbon. Two important remarks can be made: (i) both the
particles appear not only on the top of the originally present average diameter and the height of the original Rh particles
Rh nanoparticles but also on the free regions of the support.increases from 13 to 30 nm and from 2 to 8 nm, respectively;
On the basis of STM images, it is difficult to distinguish between (i) the size of carbon adclusters formed in the region between
the original Rh clusters and the new particles; nevertheless, thethe Rh particles changes randomly (Figure 2b). These facts
existence of some elongated particles with nearly the samesuggest that the formation of the extra 3D carbon nanoparticles
geometry as on the original Rh/Ti10)—(1 x 2) surface of approximate diameter of-12 nm proceeds on the surface of
suggests that the morphology of the Rh nanoparticles does notRh nanocrystallites with a subsequent migration to the free area
change; they are, however, partly covered by new nanoparticles.of the support, resulting in the regeneration of active sites. If
Moreover, the formation of new nanoparticles is accompanied one supposes that only individual C atoms are mobile at 500
by the appearance of the carbon signal in the AES. Whereas noK, it would be expected that the size of the adparticles shows
C can be detected by AES on the cleaned RhfTike relative a radial decrease around the original Rh crystallites (source
Auger-signal ratio for C(265 eV) and Ti(385 eV) was ap- effect). But it is not the case: there are smaller and larger
proximately 1 for the sample treated with CO at 500 K. This nanopatrticles distributed randomly between the Rh crystallites.
observation suggests that the newly appearing nanoparticlesA Monte Carlo simulation study is in progress to receive deeper
consist likely of carbon that develops on the admetal particles insight into this process.

and diffuses as atomic carbon or a2 nm nanocluster onto Thermal Stability of the Carbon Nanoclusters Formed on
the support already at 500 K. the Rh/TiO2 (110)—(1 x 2) Surface.Figure 3 shows the effect

In the subsequent experiments the formation of carbon of consecutive annealing (10 min in each case) on the morphol-
clusters was followed in time for supported Rh nanoparticles ogy of a carbon-covered surface (10 mbar CO, 500 K, 20 min)
with an average diameter of £15 nm separated from each presented in Figure 2c. The annealing at 700 K results in a
other by 60 nm on the average (Figure 2a). After exposure to moderate change of the morphology, mainly in the collapse of
CO (10 mbar) for 2 min at 500 K the STM images show larger the smaller particles (Figure 3a). This trend continues further
particles of 26-25 nm in size (indicated by arrows) with nearly  on the effect of annealing at 86000 K without radical change
the same average separation as that of the original Rh nano-of the corrugation in the 200 nmx 200 nm images (Figure
particles and smaller new ones of- @ nm distributed on the  3b,c). The original corrugation of 14.5 nm (Figure 2c) increased
surface region among the larger ones (Figure 2b). The regionup to 18.2 nm (Figure 3c), which means only an approximately
around an individual particle detected before and after CO 20% enhancement caused by the agglomeration and collapse
treatment suggests a multiparticle covering layer on the top of of the particles. A tremendous increase in the corrugation (up
the original metal crystallites, as it can be deduced from the to 31 nm) was experienced after annealing at 1100 and 1200
line profiles running through the middle point of an original K: some of the particles became larger and the separation
Rh particle and a carbon-covered one (Figure 2d,e). In the casebetween them is more pronounced (Figure 3d,e). In this last
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of the original morphology of the Rh particles distributed on
the titania surface before CO treatment (Figure 3f). This can
be clearly established by the comparison of this image with that
in Figure 2a. The series of the STM images in Figure 3 suggests
that on the effect of annealing the carbon nanoclusters ac-
cumulate on top of the Rh particles where the gasification of
this carbon proceeds in the temperature range of £2300

K, probably in an oxidation reaction by the bulk oxygen of the
titania support. Analysis of gas evolved during linear heating
(rate of 2 K/s) of the surface covered completely by carbon (as
shown in Figure 2c) revealed that the main desorbing product
is CO, which is released in the temperature range-8CBD0

K. This observation is in good harmony with the structural
changes detected by STM and supports the conclusion that the
gasification of the deposited carbon proceeds by surface reaction
with the segregated bulk oxygen of the support oxide.

Concluding Remarks

Adsorption of CO (10 mbar, 10 min) on a Rh-free BiO
(110)-(1 x 2) surface caused transformation of thex12)
surface structure into the (& 4) arrangement at 500 K. The
exposition of well-separated Rh nanoparticles 16 nm)
deposited on Tig(110)(1 x 2) to CO at 500 K produced a
large amount of carbon clusters. The formation and migration
of carbon species from the Rh particles onto the free area of
the support can be readily followed by scanning tunneling
microscopy. On the effect of heating in UHV the carbon clusters
agglomerate and collapse into larger particles between 700 and
1100 K. The carbon deposits accumulate on the existing Rh
nanoparticles at 1200 K. The recovering of the original Rh/
TiO2(110)-(1 x 2) morphology after annealing at 1300 K
suggests a complete gasification (mainly into CO) of the carbon
deposits by the bulk oxygen of the support.

Figure 3. Effect of consecutive annealing (in UHV) at different

temperatures of the CO-treated Rh/HOLO)—(1 x 2) surface shown .
in Figure 2¢ (20 min, 10 mbar CO, 500 K): (a) 700 K: (b) 800 K: (c) Acknowledgment. This work was supported by the Hungar-

1000 K; (d) 1100 K; (e) 1200 K; (f) 1300 K. The corrugatiohzj of ian Academy of Sciences and by grants of the Hungarian
the region is indicated at the right bottom of the images (200-nm  Scientific Research Fund (OTKA) T22869 and T29952.
200 nm). Figure reduced to 66% for publication.
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