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Abstract

This work aims to get insight into the influence of interparticle interactions on catalysis. The low
temperature CO oxidation is used as a model reaction. A strong dependence of the catalytic
activity and stability of gold nanoparticles uniformly dispersed on polycrystalline TiC films was
observed as a function of the interparticle distance. Two samples with similar height distributions
(~2 nm), but with different average interparticle distances (~30 nm and ~80 nm), were
synthesized using diblock copolymer encapsulation. Their chemical reactivity was investigated
by temperature programmed desorption (TPD), and reactive coarsening and subsequent
deactivation was observed for the sample with the smallest interparticle distance. The system
with the largest average interparticle distance showed higher stability towards agglomeration and

longer lifetime.
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1. Introduction

The heterogeneous catalytic chemistry of supported gold nanoparticles is a topical subject [1].
Haruta et al. demonstrated that the catalytic activity and selectivity of gold changes drastically
when small nanoparticles are considered [2]. Highly dispersed Au nanoparticles were found to be
excellent catalysts for a multitude of technological and environmentally important reactions
including propene epoxidation [3], water-gas shift reactions [4], hydrogenation of CO, and CO
[5], the reduction of nitrogen oxides [6, 7], and other air purification applications [8, 9].

In the last two decades, considerable effort has been dedicated to the systematic investigation
of the influence of the nanoparticle preparation method [10-19], size [2, 20], shape [2], and
nanoparticle-metal oxide support interaction [2, 21] on catalytic performance. In order to get
more in-depth knowledge of possible deactivation mechanisms [22-24], special attention has
been devoted to the investigation of the dynamic character of a catalyst’s surface under “real-
world” reaction conditions [25, 26]. Furthermore, the stability of catalysts has been
systematically monitored by using differently spaced metal nanostructures and size- shape-
confining prefabricated supports [27-39].

In-situ scanning tunneling microscopy (STM) studies conducted in Goodman’s group [27]
revealed modifications in the size and substrate distribution of gold and silver nanoparticles
evaporated on TiO,(110) upon exposure to CO/O; (2:1) and O, at high pressure (13.33 mbar)
and room temperature (RT). Because both gas dosing experiments resulted in Ostwald ripening
and a comparable bimodal size distribution, the coarsening was attributed to Au-Au bond
weakening induced by O,. It has been suggested that oxygen vacancies in the oxide support
could play an important role in the reactivity of Au nanoparticles by facilitating the adsorption of

molecular oxygen, thus promoting sintering [28]. Freund’s group [30] also identified structural



transformations when Au nanoparticles evaporated on FeO(111) films were exposed to CO/O;
and CO environments at elevated pressures (2 mbar). The authors concluded that CO exposure
leads to the formation of mobile Au species by weakening the cluster-support bond.

Work from Somorjai’s group [29, 31] demonstrated that neither the size, nor the interparticle
distance of Pt nanoparticles (28 to 50 nm in diameter) produced by e-beam lithography on SiO,
and Al,Os substrates were altered after the ethylene hydrogenation reaction. In addition, drastic
cleaning procedures involving annealing at 573 K in NO, (1x10° Torr) atmosphere and
subsequent CO exposure (1x107 Torr) did not modify their morphology and substrate
distribution [29, 31]. However, larger Pt nanoparticles (750 nm diameter) similarly prepared by
Johansson et al. [32] showed disintegration upon exposure at 748 K to H,/O, mixtures diluted in
argon. Laurin et al. [33] also detected the formation of a ring of small nanoparticles around large
(500 nm) Pd clusters supported on SiO, upon exposure to O, (~4x10™ mbar) at 650 K and
subsequent oxygen removal by CO.

Our work intends to provide insight into whether the catalytic activity and stability of
similarly-sized nanoparticles can be affected by interactions between the nanoparticles.
Specifically, interactions that can be tuned by modifying the distance between the particles are
here considered. In this study, we applied the method of micelle encapsulation in PS-P2VP
diblock copolymers to the synthesis of hexagonally-ordered Au nanoparticle arrays [17, 18]. The
main advantages of this preparation route are: 1) in addition to excellent narrow size distributions,
an outstanding control over the interparticle distance can be achieved, ii) due to the ordered
cluster arrangement obtained, cluster mobility and chemically-induced coarsening processes can
be monitored, iii) an homogenous substrate coverage over large surface areas can be obtained,

iv) the active particles are not buried within the support, v) the residual chemicals from the



cluster synthesis method employed can be easily removed by a thermal or plasma treatment,
minimizing thus poisoning of the catalyst. Samples containing gold nanoparticles with the same
average height (and similar diameter) but different interparticle distances were synthesized by
micelle encapsulation and deposited on ultrathin TiC films. Transition metal carbides such as
TiC have great potential as catalytic supports in industrial applications [40] due to their high
melting point, corrosion resistance [41], and proven reactivity with water, ethanol [42], methanol
[43], and SO, [42]. Furthermore, for certain chemical reactions, transition metal carbides have
shown catalytic activities that are similar to those reported for Pt, Pd, Rh, and Ru [44].

Our temperature programmed desorption (TPD) results provide information on the influence
of interparticle interactions on the catalytic activity of size-selected gold nanoparticles for low
temperature CO oxidation. Insight into the influence of the cluster support on the morphological

and reactivity changes observed is reported by comparing TiC and TiO; substrates.

2. Experimental

Gold nanoparticles were synthesized using polystyrene-block-poly(2-vynilpyridine) [PS(x)-
b-[P2VP](y), Polymer Source Inc.] as encapsulating agents, chloroauric acid (HAuCl, -:3H,0) as
metal seed, and toluene as solvent. The nanoparticle size can be tuned by changing the length of
the polymer head (P2VP) and by modifying the concentration of the HAuCls salt. The
interparticle distance is related to the length of the polymer tail (PS). A more detailed description
of the preparation method can be found in Refs.[45-47].

Air-oxidized polycrystalline Ti films (15 nm-thick) e-beam evaporated on naturally oxidized
n-Si(111) wafers were used as substrate. Substrate dip-coating into the gold polymeric solution at

a speed of 1 um/min resulted in a monolayer-thick film of monodispersed gold nanoparticles.



The ex-situ prepared samples were subsequently transferred into an ultrahigh vacuum system
(UHV, SPECS GmbH) for electronic and chemical characterization. The UHV system is
equipped with a scanning tunneling microscope (STM, Aarhus 150), a hemispherical electron
energy analyzer and dual-anode (Al-K,, 1486.6 eV and Ag-L,, 2984.4 eV) monochromatic X-
ray source (SPECS, GmbH) for X-ray photoelectron spectroscopy (XPS), a differentially-
pumped quadrupole mass spectrometer (QMS, Hiden Analytical, HAL 301/3F), and an electron-
beam sample heating setup connected to a PID temperature controller (Eurotherm, 2048) for
temperature programmed desorption (TPD) experiments. The TPD spectra were acquired using a
linear heating ramp of B = 5 K/sec. The base pressure in this chamber is 1~2x10"" mbar. The
characterization of the sample morphology before and after polymer removal, as well as after
TPD, was performed ex-situ by AFM in tapping-mode (Digital Instruments, Multimode). The
encapsulating polymer was removed in-situ by annealing in UHV at 773 K for 30 min. This
temperature is above the glass transition temperature of both PS (381 K) and P2VP (373 K)
polymer blocks.

A total of six different samples (four are shown here) containing nanoparticles with similar
size (~2nm) but two distinct interparticle distances were investigated. Two pairs of samples (with
interparticle distances of ~30 nm and ~80 nm) were deposited on TiC, a third pair on TiO,. The
synthesis parameters (molecular weights of the diblock copolymers used, relative metal to
polymer core concentration ratios and annealing temperature) as well as the particle dimensions
(height, diameter and interparticle distance) measured by AFM and STM are summarized in
Table 1. The difference between the nanoparticle diameters measured by AFM and STM is
attributed to tip-convolution effects present in the AFM images. In this work, the average

nanoparticle height measured by AFM (and corroborated by STM) is used as the characteristic



size of the nanoparticles. It should be noted however, that our STM images (shown in Ref.[48])

provide evidence for non-spherical nanoparticle (pancake-like) shapes after the in-situ annealing.

3. Results and discussion
3.1. Structural Characterization (AFM)

Figure 1 displays AFM images from samples #1 (left column) and #2 (right column) before
(a),(b) and after (c),(d) in-situ polymer removal. In both samples, the gold clusters were
deposited on TiC films. Changes in the morphology of these samples after dosing with CO (0.6
L)/O, (0.3 L) at low temperature (~95 K) and five (sample #1) and seventeen (sample #2)
subsequent TPD cycles are shown in Fig. 1(e),(f), respectively. The AFM height and interparticle
distance histograms obtained from the analysis of the images in Fig. 1(c),(d) (gold nanoparticles
after polymer removal) are displayed in Fig. 2.

After TPD, sample #1 shows reactive Ostwald ripening [Fig.1(e)], while neither the size nor
the spatial distribution in sample #2 are significantly modified. The observed sintering cannot be
exclusively attributed to thermal effects due to the reduced melting temperature [49-53] of our
small nanoparticles (~600 K for 2 nm-large particles [54]), since the maximum TPD temperature
(500 K) was below the annealing temperature used for polymer removal (773 K), where no
agglomeration was observed, Fig. 1(c). Similar results were obtained in Goodman’s group when
UHV-evaporated gold nanoparticles deposited on TiO,(110) were exposed to high pressure
CO/O; mixtures [27].

In previous studies, sintering was observed when the nanoclusters were exposed to high
pressure gas mixtures at 300~450 K. However, our data demonstrate that similar drastic

morphological changes can be obtained by dosing small Au-nanoparticle/TiC samples at low



temperature (95 K) with a low pressure mixture of CO/O, (0.6 L/0.3 L, 10™® mbar background
pressure) and subsequent TPD annealing (B=5 K/s) to 500 K. The morphological changes
observed for sample #1 might be related to the high sticking probability of CO [55] upon low
temperature dosing. Interestingly, sample #2 which contains similarly sized nanoparticles but
with larger interparticle distances (~80 nm versus ~30 nm for sample #1), did not show any
sintering under the same TPD conditions.

The reproducibility of our CO oxidation TPD results was tested on two additional samples
prepared under identical conditions to samples #1 and #2 (same encapsulating polymers and
metal salt/polymer core concentration ratio) and deposited on TiC. Here, in agreement with our
previous observations, catalytic deactivation and coalescence was only observed in the sample
where the interparticle distance was ~30 nm.

In order to rule out gas-induced changes in the substrate’s chemical composition,
morphology, and electronic structure as being responsible for the distinct coarsening behavior
observed, additional CO oxidation experiments were conducted on two new samples (#3, #4),
containing Au nanoparticles supported on ultrathin TiO, films. The particles had similar sizes
and interparticle distances as the ones described above (samples #1, #2, respectively), but the
encapsulating polymer was removed by an in-situ O, plasma treatment instead of high
temperature annealing (773 K, see Table 1 for details). This treatment led to the oxidation of the
polycrystalline Ti(15 nm)/Si(111) films used as substrate. The Au’" compounds formed during
the O, plasma treatment were decomposed by annealing to 400 K. Figure 3 shows AFM images
taken on these samples after the O, plasma exposure [Fig.3 (a),(b)], and after subsequent CO
oxidation [Fig.3 (c),(d)]. In analogy to our observations on the TiC-supported gold particles,

CO/O,-induced cluster mobility and subsequent sintering was only detected in the Au/TiO,



sample with the smallest interparticle distance, Fig. 3(c). These results indicate that it is not the
substrate, but rather the interparticle interactions, tunable by changing the interparticle distance,
that are the key factors influencing the distinct coarsening behavior of both samples.

To understand the observed behavior, two features need to be explained. First, sintering was
detected after CO/O, TPD experiments for samples with small interparticle spacing at
temperatures well below 500 K. Since no sintering was observed after a previous cleaning step at
a higher temperature (773 K), we conclude that the sintering is a chemically activated effect.
Secondly, any proposed theory should account for the very different behavior observed for
samples with identical particle size but different inter-particle spacing.

The chemically activated coarsening observed could be due to Au-Au bond weakening upon
CO interaction with subsequent diffusion of isolated Au atoms, or to the displacement of entire
clusters along the substrate’s surface upon a chemically induced debilitation of the cluster-
support bond.

Different models have been proposed in the past to explain the mobility of small (< 20
atoms) and large (10% to 10° atoms, i.e. our case) 2D and 3D clusters. For small clusters, short-
range motion of single atoms from the periphery followed by cluster regrouping around the
departed atoms is believed to be the dominant diffusion mechanism [56, 57]. Kellogg [58] also
suggested that substrate surface atoms can play an active role in diffusion processes when it
becomes energetically favorable for adatoms to displace substrate atoms from their lattice
positions. For large 2D clusters supported on metallic substrates, a mechanism involving
evaporation and condensation with a dynamic quasi-equilibrium of atoms leaving the cluster and

reattaching to cluster edges has been suggested [59]. For Ag clusters supported on Ag(001), Wen



et al. [59] measured displacements as large as 10 nm over a period of several hours at room
temperature.

Based on the data shown in Fig. 1(e), it appears that the sintering in sample #1 (interparticle
spacing ~30 nm) involved significant mass transport over distances in excess of ten nanometers.
This makes unlikely that CO/O,-induced adatom mobility could account for the observed
migration. The gases only interact with gold atoms at the nanoparticle’s surface and perimeter
sites, and those account for approximately 22 % of the total number of atoms present in a particle
of our size (~5361 in a 1.9 nm height and 7.8 nm diameter cluster) and shape (pancake-like).
Furthermore, since significant bond weakening effects have been predicted upon CO exposure
[60] only for atoms at steps and kinks (~4.5 % of the total gold atoms in clusters of our
dimensions), the formation of the large agglomerates observed here based on a model involving
atom-by-atom diffusivity is unlikely. According to our experimental data, the option involving
the movement of entire clusters upon detachment from the support seems to be the most
plausible. Although our clusters are relatively large, and cluster mobility in general decreases
with increasing cluster size, exceptions have been found [56, 61, 62]. In those cases, adding an
extra atom to the cluster can strengthen the cluster bonds in detriment of the cluster-substrate
bonds.

A second observation that needs to be explained is the absence of sintering in the sample
with large interparticle spacing (~80 nm, sample #2). Since the average particle size in both
samples was similar, the observed sintering cannot be explained by a ripening model that only
considers the nanoparticle’s size. Because sample #1 appears to have undergone significant mass
transport over distances in excess of 10 nm after five TPD cycles, it could be expected that

seventeen successive TPD cycles on a sample with 80 nm interparticle spacing (sample #2)



would provide sufficient total displacement to result in agglomeration. However, no
agglomeration was observed, showing that the longer required diffusion length alone does not
explain the observations. These considerations lead us to conclude that the catalytic action in
these samples is accompanied by significant interparticle interaction. Possible interactions
include (a) a dynamic equilibrium with adatoms on the surface, where the concentration
gradients are affected by the interparticle spacing, (b) having highly mobile and interacting CO
molecules and chains actively involved in the transport of low coordinated gold atoms [63], (c)
electrostatic interactions due to charge on the nanoparticles, (d) extended strain fields induced by
lattice mismatch at the nanoparticle-substrate interface [64-67]. Based on the arguments given
above, adatom mediated interactions are not expected to be sufficient to explain these
observations. Further microscopic and theoretical studies are required to identify the mechanism
of the coarsening demonstrated here for 2-nm large particles and its dependence on the

interparticle distance.

3.2. Electronic characterization (XPS)

The changes in the electronic and chemical composition of the nanoparticles and TiC support
after UHV annealing and after CO oxidation were monitored by XPS. Figure 4(a) shows Au-4f
core-level spectra of sample #1 as deposited (open circles), after annealing (solid line), and after
TPD (dotted line). The XPS peaks at 86.2 eV and 89.9 eV measured before annealing were
assigned to Au’” (4f orbital) in AuCly~ [47]. After annealing in UHV, a doublet at binding
energies (BE) of 84.8 eV and 88.5 eV was observed, indicating the complete reduction of the
Au’" complexes to Au’. The measured BEs are 0.8 eV larger than what is expected for bulk gold

(84.0 eV and 87.7 eV). Such positive BE shifts are typical of small nanoparticles and are
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commonly attributed to changes in the electronic structure of clusters with decreasing size (initial
and final state effects) [46, 68, 69]. No change in the intensity of the Au signal was obtained
after CO oxidation, indicating that Au has not been lost during the reaction. The small shift to
lower BEs can be attributed to an increase in the nanoparticle size (reactive coarsening), in
agreement with the AFM image in Figure 1(e).

Figure 4(b) shows C-1s XPS spectra from the TiO,/Ti(15nm) substrate (top) and sample #1
(bottom) before and after annealing. The “as-transferred” substrate shows an adventitious carbon
peak at about 285.3 eV (open circles). The intensity of this XPS feature decreases significantly
after annealing (solid line) and a new peak appears at 281.8 eV, which is attributed to C-1s in
TiC [70]. Before annealing, sample #1 shows a large peak at 285.6 eV, a BE close to a
previously reported C-1s peak from P2VP (polymer head block) [71]. After annealing, the two
peaks observed at 281.8 eV and 284.8 eV are attributed to the C-1s in TiC and PS (polymer tail),
respectively [71]. Our XPS results indicate a stronger interaction of C atoms with Ti than with
Au, and exclude the formation of gold carbide, in agreement with previous reports [70].

The oxidation state of the substrate before and after polymer removal by in-situ annealing
was also monitored by XPS. Figure 4(c) contains data from the Ti-2p core levels of sample #1
(bottom) and the TiO,/Ti(15nm) substrate (top). Before any treatment (open circles), both
samples show doublets corresponding to Ti’ (454 eV and 460 eV) and Ti*" in TiO, (459 eV and
464.7 eV) [40]. The presence of metallic Ti peaks indicates that only the top layers of the 15 nm-
thick Ti film used as substrate were oxidized during air exposure. After annealing to 773 K (solid
lines), the BE shift observed is due to the formation of TiC (454.5 eV and 460.5 eV) [72]. This

result is in agreement with the BE measured for the C-1s peak in Figure 4(b) indicating the
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formation of TiC. Further quantitative analysis by integration of the Ti-2p and C-1s peaks
provided evidence that TiC thin films have a 1:1 titanium-to-carbon surface stoichiometry.

CI/Au molar ratios as low as 0.0006 have been found to be poisonous in their effect on CO
oxidation reactions [73]. Therefore, special attention has been paid to the possibility of residual
chlorine in our samples. The XPS spectra show no detectable amounts of CI-2s (270.0 eV) [47]
from HAuCly after annealing.

Our XPS results after the different sample treatments rule out sample contamination such as
Cl from the HAuCly salt or N from the pyridine group in the P2VP polymer block as responsible
for the dissimilar sintering behavior observed in our samples. Furthermore, no residual carbon
was found in the O,-plasma treated samples, and a minimal residual C-signal (comparable for the
two samples with different interparticle distance) was measured for the samples annealed in

UHYV, Fig. 4(b).

3.3. Chemical reactivity for low temperature CO oxidation (TPD)

The reactivity of the gold nanoparticles for low temperature CO oxidation, and in particular
the relationship between sample morphology (particle size and interparticle distance) and
catalytic activity, was investigated by TPD. Figure 5 shows CO, TPD data from samples #1 (a)
and #2 (b) (~30 nm and ~80 nm interparticle distances, respectively). For cross-check
comparison TPD data from two TiC ultrathin films are also provided. These films were prepared
by dip-coating TiO,/Ti(15 nm) substrates into gold-free polymeric solutions PS(8200)-
P2VP(8300) for sample #1 and PS(81000)-P2VP(14200) for sample #2. Both samples were

subsequently annealed in UHV to 773 K for 30 min.
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The samples were dosed at ~95 K, first with CO (0.6 L) and subsequently with O, (0.3 L),
and several successive TPD measurements with a linear heating ramp of p = 5 K/s were carried
out. In order to ensure that contamination coming from the sample-holder/sample assembly is not
the origin of the CO, desorption signals observed, a “dry” TPD cycle (sample annealing without
gas dosing) was measured from 95 to 500 K. This TPD run provides our background CO; signal.

The TiC substrates were found to be poor catalysts for the oxidation of CO at low
temperature, Fig. 5(a),(b)(solid lines). Additionally, no significant CO, desorption was observed
for samples #1 and #2 before gas dosing, Fig. 5(a),(b) (open circles). Upon CO/O, exposure, the
first TPD spectrum of both samples, Fig. 5 (a),(b)(solid circles), shows a distinct CO, desorption
peak at ~120 K. Subsequent CO oxidation reactions on sample #1, Figure 5(a) [squares (3" and
triangles (Sth)] show deactivation and a shift of the first CO, production peak to a higher
temperature (146 K). A second desorption feature at a temperature of ~150 K is also observed for
sample #2. Because our XPS data reveal that gold has not been lost in the course of the reaction,
the deactivation observed is attributed to the reactive coarsening displayed in Figure 1(e).
Sample #2 did not show any deactivation up to at least seventeen cycles of CO oxidation, Fig.
5(b) [solid circles (1*), triangles (10™) and open squares (17™)], in accordance with the lack of
agglomeration measured after the reaction by AFM, Figure 1(f).

As previously reported by other authors [74-76], the first peak in the TPD spectra (~120 K) is
assigned to CO adsorption and oxidation on kinks and step edges at the surface of the Au
nanoparticles. The second peak (~150 K) is tentatively attributed to CO oxidation on gold atoms
at the nanoparticle-support interface [74]. For sample #2, where the two TPD features were
clearly separated, the relative contribution (area under the respective TPD peaks) of the first

(step-kinks) versus the second (interface) desorption peak is about 3:1. Interestingly, this ratio is
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in agreement with the relative concentration of gold atoms at steps/kinks (343) versus gold atoms
at the perimeter (115), ~3, of a model gold nanoparticle with a diameter of 10.5 nm (our STM
value) and a height of 1.9 nm (AFM) containing a total of 9941 atoms. For this calculation, a
truncated gold nanoparticle was considered with a flat (111) top terrace.

Freund’s group previously demonstrated not just a size-dependency in the CO adsorption by
Au nanoparticles supported on Al,Os, but also the existence of two different adsorption sites [75].
Similar conclusions were drawn by Yoon et al. based on a study of CO oxidation on Aug clusters
deposited on MgO(001) [74], where CO, desorption temperatures of 140 K and 280 K were
recorded. Here, the two desorption peaks observed were attributed to CO, production from Au
clusters having O, bound either to the top facet of the cluster (140 K), or to the perimeter of the
cluster (280 K) [74]. However, Gottfried et al. [76] observed three distinct desorption states for
COy(p1 =67K, p, =105 K, and p3 = 175 K) on an O(1.3 ML)-covered Au(110)-(1x2) crystal
dosed with CO (1x10° mbar) at 28 K. According to this work, the two states that we observe
may also originate exclusively from the Au ensemble.

Apart from the deactivation behavior, another main difference between the TPD spectra
obtained for both samples is the width (FWHM) of the first TPD peak observed at ~120 K.
Sample #1 displayed a broader FWHM (22 K) compared to sample #2 (9 K). Additionally, an
extra broad feature around 338 K is observed in the 1* ~ 3" TPD spectra of sample #1. However,
this peak does not appear in the subsequent spectra of the same sample, or on those of sample #2.
For the last sample, whose structure/morphology has been proven to be stable (static), no
significant changes in the successive TPD spectra were observed. Our work emphasizes the
importance of considering dynamic modifications in the sample’s morphology for the correct

interpretation of TPD spectra from highly dispersed nanoparticles.
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4. Conclusions

The present work provides insight into the influence of interparticle and nanoparticle-support
interactions on catalysis using CO oxidation as a model reaction system. Our synergistic TPD,
AFM, and XPS investigations revealed that the catalytic activity of similarly-sized (~2 nm) TiC-
supported Au nanoparticles depends on the interparticle distance. Furthermore, reactive
coarsening-mediated deactivation only occurs when the interparticle distance is small (~30 nm).
Interestingly, morphological changes have been observed in our nanoparticle samples upon low
pressure (~10™ mbar) gas dosing at 95 K. The results obtained in this study emphasize the
importance of taking into account not just the nanoparticle size, but also their distribution on the

substrate surface in order to optimize activity and stability (lifetime) of the nanocatalysts.
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Inter-

Average particle Average particle article
PS(x)/P2VP(y) HAuCl height diameter g

Molecular 4 Sample (nm) (nm) 1stance

Sample  Substrate . / P2VP (nm)
weight Ratio Treatment

(g/mol) AFM STIM AFM  STM AFM
#1 TiC 8300/8200 0.1 773K(0.5 h) 21404  1.9+0.1 1443  7.840.2 2746
#2 TiC 81000/14200 0.2 773K(0.5h)  1.940.5  2.8402 1843  10.5£0.5  78+12
#3 TiO, 8300/8200 0.1 Ojoilaﬁgarﬁfn?) 1.540.4 — 1643 S 2545
#4 TiO, 81000/14200 0.2 O, Plasma (1h) 55 ¢ — 3045 - 5248

400 K(5 min)

Table 1. Synthesis parameters and average height, diameter and interparticle distance of Au
nanoparticles supported on ultrathin TiC and TiO, films. The AFM and STM measurements

were taken after polymer removal by in-situ annealing.
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FIGURE CAPTIONS

Figure 1. Tapping mode AFM images of size-selected Au nanoparticles supported on ultrathin
TiC films. The images from sample #1 (left column) and #2 (right column) were obtained after
dip-coating (a),(b), annealing in UHV to 773 for 30 min, (c),(d), and after five and seventeen
(CO/0O,) TPD cycles (e),(f), respectively. The height scales are (a) z= 0~15 nm, (b) z = 0~10 nm,
(¢) z=0~13nm, (d) z=0~30 nm, (¢) z= 0~9 nm, (f) z=0~10 nm.

Figure 2. Height distribution (a),(b) and interparticle distance (c),(d) of samples #1 (left column)
and #2 (right column) obtained from AFM images taken after polymer removal. The histograms
are approximated by Gaussian distributions (solid curves).

Figure 3. Tapping mode AFM images of size-selected Au nanoparticles supported on ultrathin
polycrystalline TiO; films. The images from sample #3 (left column) and #4 (right column) were
obtained after O, plasma-exposure (90 W, 60 min) and subsequent annealing to 400 K (a),(b).
Micrographs (c),(d) were acquired after five successive CO (0.6 L) + O, (0.3L) TPD cycles. The
height scales are (a) z = 0~8 nm, (b) z = 0~15 nm, (¢) z = 0~6 nm, and (d) z = 0~20 nm.

Figure 4. XPS (Al-Ka = 1486.6 eV) core-level spectra (Au-4f, C-1s, Ti-2p) of sample #1 (a) and
(b),(c) (bottom), and a gold-free TiO,/Ti(15nm)/Si(111) substrate (b),(c) (top). For both samples
the XPS measurements were conducted at RT before (open circles), and after annealing to 773 K
(solid line). The vertical lines indicate the BEs of Au’ and Au®" in AuCly compound (a),
adventitious C, C in TiC, and C in PS-P2VP (b), and metallic Ti, Ti*" in TiO, and TiC (c).
Figure 5. CO, TPD spectra of (a) sample #1, ~30 nm interparticle distance, and (b) sample #2,
~80 nm interparticle distance, measured in repeated cycles under the same dosing conditions
CO(0.6 L) + 05(0.3 L) at ~95 K and heated with a linear ramp of B = 5 K/sec. A blank TPD

spectrum (open circles) was taken without the exposure of reactive gases for reference. Five
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cycles of CO oxidation were run on sample #1 and the corresponding first (solid circles), third
(squares), fifth (triangles) TPD spectra are shown. On sample #2, seventeen cycles of CO
oxidation were run and three of them are shown first (solid circles), tenth (triangles), and
seventeenth (open squares). The solid lines indicate the CO, signal, after dosing with gases, from
gold-free TiC substrates synthesized by dip-coating the TiO,/Ti(15nm) substrate with (a)
PS(81000)-b-P2VP(14200) and (b) PS(8200)-b-P2VP(8300) polymers and following annealing

in UHV. They represent the polymers used for synthesizing the samples #1 and #2, respectively.
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Sample #1

Sample #2

Figure 1 - Ono et al., Catal. Lett.
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Sample #3 Sample #4

Figure 3 - Ono et al., Catal. Lett.
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