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Abstract

TiC-supported size- and shape-selected Au nanoparticles with well defined interparticle distances were synthesized by diblock copoly-
mer encapsulation. Atomic force microscopy (AFM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS)
and temperature programmed desorption (TPD) have been used to investigate the correlation between the nanocatalyst morphological/
electronic structure and its chemical reactivity. Using the low-temperature oxidation of CO as a model reaction, our TPD results showed
an enhancement of the catalytic activity with decreasing particle size. Two desorption features were observed and assigned to kinks/steps
in the gold surface and the Au–TiC interface. The role of the interparticle distance on the activity is discussed. AFM measurements
showed drastic morphological changes (Ostwald ripening) on the nanoparticles after CO oxidation when the initial interparticle distance
was small (�30 nm). However, no sintering was observed for Au nanoparticles more widely spaced (�80 nm).
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Until the beginning of the 80s, gold was considered a
poor candidate for heterogeneous catalysis applications,
since reactive gases like O2 do not adsorb on bulk gold sur-
faces [1]. Extensive studies conducted by Bond et al. [2]
showed the unusual catalytic performance of small gold
particles supported on silica for highly selective hydrogena-
tion reactions. Later on, Haruta et al. [3] demonstrated the
dramatic enhancement of the catalytic activity and selectiv-
ity of highly dispersed gold particles (<5 nm) supported on
reducible metal oxides for a number of reactions including
CO oxidation, combustion of hydrocarbons and reduction
of nitrogen oxides [4]. This work also drew attention to the
influence of the nanoparticle preparation method on the
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catalyst’s performance. ‘‘Coprecipitated’’ Au nanoparticles
were found to be more active than ‘‘impregnated’’ nanocat-
alysts for low-temperature CO oxidation [5]. In the last 25
years, researchers have found that gold nanoparticles are
excellent catalysts for many other technological and envi-
ronmentally important reactions such as hydrogenation
of CO2 and CO into methanol and decomposition of
halogenated compounds [4].

Since the first experimental observations, considerable
efforts have been dedicated to the systematic investigation
of the influence of nanoparticle size [4–9], shape [4], and
nanoparticle–metal-oxide support interaction [4,10] on
the catalytic activity [11].

One of the most broadly studied catalytic reactions is
the low-temperature oxidation of CO. Despite the large
amount of published work available, the origin of the unu-
sual catalytic properties of supported metallic nanoparti-
cles is still under discussion. Having as a common goal
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the understanding of catalysis at the atomic level, previous
researchers proposed different models that could explain
the high activity of small metallic nanoparticles [5,12–15].
Goodman’s group suggested that the high activity of small
gold particles is related to quantum-size effects generated
by electrons confined within a small volume [6,16]. Based
on scanning tunneling spectroscopy (STS) studies, a size-
dependent metal-to-semiconductor transition was ob-
served, and a correlation between the appearance of a band
gap and catalytic activity established. In addition, they ob-
served that bi-layer structure showed higher activity com-
pared to monolayer structure [13,17]. However, recent
density functional theory (DFT) calculations by Mills
et al. [18] showed that the presence of a band gap might
not be essential to the chemical activity of a cluster. Tem-
perature programmed desorption (TPD) studies of CO
desorption from different Au coverages deposited on
FeO(1 11) carried out by Freund et al. [19] indicated that
the reactivity of gold nanoparticles arises from the presence
of highly uncoordinated gold atoms instead of quantum-
size effects. Based on DFT calculations on gold surfaces,
Mavrikakis et al. [15,20] found that CO, O and O2 prefer-
entially chemisorb on stepped surfaces. The authors con-
cluded that the enhanced reactivity of small particles
could be related to their high step densities. This is in agree-
ment with previous experimental observations by Yates
and coworkers [21,22]. Also it has been long accepted that
the roughness play a vital role in the catalysis surfaces
[23–25].

Haruta et al. [5] suggested that the catalytic activity of
gold nanoparticles for CO oxidation depends strongly on
the nanoparticle/support contact area, i.e., on the particle’s
shape. Different preparation methods yield different
shapes, and hemispherical particles were found to perform
better than spherical particles. These results also indicated
that the catalytic reactions may occur at the perimeter
interfaces around the Au particles, where the fraction of
step sites increases significantly with decreasing particle size
[5]. Hakkinen et al. [26] attributed the enhanced catalytic
properties of small gold nanoparticles to charge transfer
from the metal-oxide support to the nanoparticle surface.
However, a recent review article by Lopez et al. [15] that
compiled available experimental data on CO oxidation by
gold concluded that the particle size (and not the support)
was the determining factor controlling the catalyst’s perfor-
mance. Charge transfer from oxygen vacancies in the sup-
port to the gold particles as well as the interaction of
adsorbates with the nanoparticle-support perimeter sur-
faces were found not to significantly contribute to the ob-
served activity. The authors pointed out that the density
of low-coordinate sites affects strongly the chemical activity
and concluded that the activity follows a scaling law of
�1/d3, with d being the particle diameter.

A non-monotonic size-dependent resistance towards
oxidation was reported by Boyen et al. [27], where
closed-shell Au55 clusters (1.4 nm) encapsulated on
(PPh3)12Cl6 were found to remain inert under strong oxi-
dizing conditions. Later on, investigations by Roldan
et al. [7,8] suggested that the ability of certain cluster sizes
to stabilize larger amounts of Au3+ upon O2-plasma expo-
sure could be related to the enhanced catalytic performance
of those particular particle sizes for CO electro-oxidation.
The influence of the oxidation state of gold on its reactivity
for CO oxidation is still under debate [28,29].

The present paper investigates the influence of particle
size and shape on the chemical reactivity of gold. The
low-temperature oxidation of CO on gold nanoparticles
of sizes ranging from 2 nm to 6 nm supported on thin
TiC films is used as a model reaction system. Transition
metal carbides such as WC and MoC are known to exhibit
reactivities similar to Pt-based catalysts for dehydrogena-
tion, hydrogenolysis and isomerization reactions [30–33].
The catalytic properties of TiC for reactions involving
water, SO2 [34], ethanol [35,36] and methanol [37] have
been investigated in the past. For example, Chen et al. ob-
served that �70% of adsorbed water in the first monolayer
reacts with TiC producing CO and H2 [35]. Kojima et al.
observed that TiC catalyzes the hydrogenation of CO to
produce methane and higher molecular weight hydrocar-
bons [38,39]. To the best of our knowledge, there are no
CO oxidation studies on TiC substrates in the literature.

The gold nanoparticles under investigation were synthe-
sized by diblock copolymer encapsulation. This is a well-
established method that results in nanoparticles with very
narrow size distributions hexagonally arranged on the de-
sired substrate [40]. Information on the nanoparticle struc-
ture, size and dispersion were obtained by high-resolution
transmission electron microscopy (HR-TEM) and atomic
force microscopy (AFM). Details on the nanoparticle and
support chemical compositions were obtained by X-ray
photoelectron spectroscopy (XPS), and insight into their
catalytic activity was obtained by TPD. The following
study will show that pure TiC is inactive for CO oxidation
at low temperature. However, size-dependent catalytic
activity is observed when gold nanoparticles are dispersed
on ultrathin TiC films.

2. Experimental section

Size- and shape-selected gold nanoparticles with narrow
size distributions have been synthesized by inverse micelle
encapsulation [41]. A detailed description of the preparation
method used can be found in Refs. [7,8]. Nanoparticles of
different sizes and interparticle distances were synthesized
using commercially available diblock copolymers, polysty-
rene-block-poly(2-vynilpyridine) (PS(x)-b-P[2VP](y), Poly-
mer Source Inc.) as encapsulating agents, chloroauric acid
(HAuCl4 Æ 3H2O) as metal seed, and toluene as solvent.
Keeping constant the concentration of HAuCl4, the nano-
particle size and interparticle distance can be tuned by
changing the length of the diblock copolymer head (P2VP)
and tail (PS), respectively (see Fig. 1). Further control over
the nanoparticle size can be gained by changing the relative
concentration of HAuCl4 versus P2VP (r = HAuCl4 P2VP



Fig. 1. Tapping mode AFM images of Au nanoparticles prepared by
inverse micelle encapsulation using diblock copolymers with different head
and tail lengths: (a)–(c) PS(53000)–P2VP(43800) (sample #5), (d)–(f)
PS(81000)–P2VP(14200) (sample #2). Micrographs (a) and (d) were
obtained directly after dip-coating; (b) and (e) after in situ polymer
removal by annealing in UHV to 623 K (23 h) and 773 K (0.5 h),
respectively, and (c) and (f) after five TPD cycles of CO oxidation
(CO(0.6 L) + O2(0.3 L) dosing at �95 K and a maximum TPD temper-
ature of 500 K). The height scales are (a) z = 45 nm, (b) z = 25 nm, (c)
z = 30 nm, (d) z = 15 nm, (e) z = 13 nm, (f) z = 18 nm.
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concentration ratio). This factor has also an influence over
the uniformity of the nanoparticle surface coverage after
Table 1
Summary of the parameters tuned during the synthesis of size- and shape-sele

Sample PS/P2VP molecular
weight (g/mol)

HAuCl4/
P2VP ratio

Anneal T

(K)/time (h)
Par

AF

#1 81000/14200 0.2 773/0.5 1.9
#2 81000/14200 0.6 773/0.5 3.6
#3 81000/14200 0.75 773/0.5 4.0
#4 8200/8300 0.1 773/0.5 2.1
#5 53000/43800 0.4 623/23 6.1

The optimum annealing conditions (temperature and time) for each polymer t
distributions measured by AFM and STM are given.
substrate dip-coating. High r ratios resulted in larger parti-
cles less uniformly dispersed over the substrate’s surface.
Table 1 contains additional information on the molecular
weights of the diblock copolymers used in the present study
as well as on the relative metal polymer core concentration
ratios.

Electron-beam evaporated polycrystalline Ti films
(15 nm-thick) evaporated on n-Si(111) wafers have been
used as substrate. Ultrathin TiO2 films were formed upon
substrate exposure to air. Substrate dip-coating into the
gold polymeric solution at a speed of 1 lm/min resulted
in a monolayer-thick film of monodispersed gold nanopar-
ticles covered by the polymer.

The characterization of the sample morphology (nano-
particle size and substrate distribution) before and after
polymer removal as well as after TPD was performed ex
situ by AFM in tapping-mode (Digital Instruments, Multi-
mode). The lattice parameter and phase of the Au nanopar-
ticles were characterized by high-resolution transmission
electron microscopy (HR-TEM) carried out with an FEI
(in the past: Philips) Tecnai F20ST microscope (field emis-
sion gun, high tension of 200 kV, Super-Twin lens). As
such, the gold nanoparticles were deposited onto amor-
phous carbon films, which are supported by copper grids
(commercial TEM grids).

The ex situ prepared samples were subsequently trans-
ferred into an ultrahigh vacuum system (UHV) for polymer
removal and electronic/chemical characterization. All
in situ investigations were performed in a modular UHV
system (SPECS GmbH) specially designed for the prepara-
tion and characterization of nanoscaled catalysts. The
analysis chamber is equipped with an hemispherical
electron energy analyzer (Phoibos 100) and dual-anode
(Al-Ka, 1486.6 eV and Ag-La, 2984.4 eV) monochromatic
X-ray source (XR50, SPECS GmbH) for XPS, and a differ-
entially-pumped quadrupole mass spectrometer (QMS,
Hiden Analytical, HAL 301/3F) with an electron-beam
sample heating system connected to a PID temperature
controller (Eurotherm, 2048) for TPD experiments. The
base pressure in this chamber is 1–2 · 10�10 mbar.

Polymer removal from the gold nanoparticle surface was
achieved in situ (UHV) by annealing. The annealing tem-
peratures of all samples investigated lie above the glass
transition temperature of both, PS (381 K) and P2VP
cted gold nanoparticles

ticle height (nm) Particle diameter (nm) Interparticle
distance (nm)

M STM AFM STM AFM

± 0.5 2.8 ± 0.2 18 ± 3 10.5 ± 0.5 78 ± 12
± 0.8 4.3 ± 0.1 16 ± 3 12.8 ± 0.1 76 ± 9
± 0.8 – 14 ± 3 – 74 ± 11
± 0.4 1.9 ± 0.1 14 ± 3 7.8 ± 0.2 27 ± 6
± 1.0 – 38 ± 7 – 44 ± 9, 83 ± 17

ype and the respective particle height, diameter, and interparticle distance
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Fig. 2. Size distribution of samples #5 and #2 obtained from AFM
images taken at room temperature before (top) and after (bottom) CO
oxidation.
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(373 K) polymer blocks. Further sample preparation de-
tails can be found in Table 1.

The annealing conditions vary depending on the poly-
mer’s molecular weight. A systematic study was performed
in order to obtain the optimum annealing parameters (tem-
perature and time) that minimize gold agglomeration
ensuring nearly complete polymer removal. The evolution
of the carbon signal was monitored by XPS to ensure the
removal of the polymer from the nanoscaled gold surfaces.

The size-dependent electronic structure of the nanoclus-
ters was investigated in situ by XPS and their reactivity for
CO oxidation was monitored by TPD. The XPS spectra
were acquired using Al-Ka radiation (1486.6 eV) at a
power of 400 W with an electron pass energy of 18 eV.
For TPD, the sample was placed in front of a glass-probe
differentially pumped QMS with a 5 mm circular aperture.
The sample to QMS distance was �3 mm. The samples
were dosed at low temperature (95 K) first with CO and
subsequently with O2 via a manual leak valve that allows
the entire chamber to be filled with the dosing gases. Once
the sample was positioned in front of the mass spectrome-
ter, the absolute coverage was determined from numerical
integration of the TPD spectra. The dosing conditions used
in these experiments were 0.6 L for CO and 0.3 L for O2. In
our TPD experiments, the heating rate was automatically
controlled, and linear heating ramps were acquired with a
rate b = 5.0 ± 0.1 K/s. The temperature measurements
were carried out with a K-type thermocouple located
underneath the sample and spot welded to the sample
holder. The error in the temperature measurements was
estimated to be less than ±1 K.

3. Results and discussion

3.1. Morphology and crystalline structure (AFM/TEM)

Fig. 1 displays AFM micrographs of gold nanoparticles
synthesized by inverse micelle encapsulation using two di-
block copolymers with different PS–P2VP molecular ratios
(samples #5 (left column) and #2 (right column) in Table
1). The top row ((a) and (d)) presents images of the nano-
particles immediately after dip-coating on polycrystalline
TiO2 surfaces. The images shown in the central row ((b)
and (e)) were taken after polymer removal by annealing
in UHV (see Table 1 for details on the annealing condi-
tions). The bottom row ((c) and (f)) contains micrographs
measured ex situ after five TPD cycles of CO oxidation.
Reactive coarsening (Ostwald ripening) is observed for
the sample with the largest nanoparticles investigated in
this paper (Fig. 1(c), sample #5). The size and substrate
distribution of the smaller and more uniformly dispersed
nanoparticles in sample #2 remained unaffected by the
chemical reaction, Fig. 1(f).

Fig. 2 shows the particle size distributions obtained from
the analysis of the AFM images in Fig. 1 taken before
(Fig. 2(a) and (c)) and after TPD (Fig. 2(b) and (d)).
As mentioned before, for our largest nanoparticles
(6.1 ± 1.0 nm, sample #5), a bimodal size-distribution with
average heights of 2.2 ± 0.6 nm and 8.3 ± 1.7 nm is ob-
tained after TPD, Fig. 2(b). The average height of sample
#2 did not change upon gas exposure, Fig. 2(d). This result
is in agreement with a previous work by Lai and Goodman
[42] that showed size-dependent Ostwald ripening during
CO oxidation by UHV evaporated Au nanoclusters depos-
ited on TiO2(110).

In order to rule out polymer effects from the catalytic
activity of our size-selected nanoparticles, we have also
synthesized a second set of samples with three distinct aver-
age size distributions obtained using only one diblock
copolymer, PS(81000)/P2VP(14200), but changing the
HAuCl4/P2VP concentration ratios (see samples #1–#3
in Table 1 and Fig. 1(e) as example).

TEM measurements were conducted on samples simi-
larly prepared to #1 and #4, but deposited on C-coated
Cu grids. Fig. 3 shows TEM images obtained after polymer
removal by annealing in UHV to 773 K. The TEM sample
analogous to sample #4 contains the smallest particles
studied in this work. From the bright-field image in
Fig. 3(a), a lattice plane spacing of d111 = 0.244 ±
0.017 nm of the 8 nm sized Au nanoparticle was measured
and a lattice parameter of a = 0.423 ± 0.03 nm of the fcc
phase was determined. A detailed fast Fourier transform
(FFT) pattern analysis of the 15-nm-sized polycrystalline
Au particle (sample #1) obtained from the bright-field im-
age in Fig. 3(b) revealed the fcc phase with a lattice plane
spacing of d200 = 0.213 nm and a lattice constant of
a = 0.428 ± 0.021 nm. In both samples, the nanoparticles
were found to be polycrystalline and multifaceted.



Fig. 3. TEM images (a) and (b) obtained from samples #4 and #1, respectively, after in situ polymer removal by annealing in UHV (773 K/0.5 h).
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Previous cross sectional TEM work conducted by Kastle
et al. [40] on similarly synthesized nanoparticles but after
polymer removal by O2 or H2 plasma treatments provided
evidence for the spherical shape of these types of nanopar-
ticles. However, recent STM results from our group [43]
showed that the shape of the nanoparticles is altered during
the high-temperature UHV annealing (773 K) treatment
employed here to remove the encapsulating polymer,
resulting in ‘‘pancake-like’’ hemispherical nanoparticles.
A good agreement between the nanoparticle heights deter-
mined by AFM and STM was found. As expected, the
apparent lateral size of the particles measured by AFM
was larger than the one measured by STM and TEM due
to the large curvature radius of the AFM tip (�7 nm).
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Fig. 4. XPS spectra (Al-Ka = 1486.6 eV) corresponding to the Au-4f core
level of Au nanoparticles supported on TiO2/Ti(15 nm) and measured at
RT before (curves i, iii, and v) and after (curves ii, iv, and vi) annealing in
UHV. The spectra correspond to nanoparticles synthesized by encapsu-
lation on three diblock copolymers with distinct core and tail lengths
(see Table 1): sample #4 (curves i and ii), #3 (curves iii and iv), and #5
(curves v and vi).
3.2. Electronic and chemical structure (XPS)

XPS was used to monitor changes in the chemical com-
position of the nanoparticle/metal-oxide support after
UHV annealing. Fig. 4 shows XPS spectra from the Au-
4f core level region before (curves i, iii, and v) and after
(curves ii, iv, and vi) annealing in vacuum (samples
#3–#5). The binding energy (BE) scale displayed has been
calibrated using the Ti-2p XPS peaks as reference.

Before annealing, two XPS doublets with maxima at
(84.0 and 87.7 eV) and (85.5–85.7 and 89.1–89.4 eV) were
observed for samples #3 and #5, Fig. 4 (curves iii and v).
Sample #4, however, only showed the second doublet.
The first doublet, accounting for approximately 25% and
16% of the total spectral area measured for samples #3
and #5, respectively, is assigned to Au0 (4f7/2 and 4f5/2

peaks). According to Glass et al. [44], the second doublet
at 85.7 eV and 89.5 eV corresponds to Au3+ in AuCl�4 .
Interestingly, our measurements showed that Au3+ is more
stable on the smallest nanoparticles (sample #4), since no
Au0 signal from the spontaneous decomposition of Au3+

was detected before the thermal treatment. Further, the
slightly different BE shifts observed for the Au3+ doublet
in the three different samples can be attributed to nanopar-
ticle charging due to the insulating encapsulating polymer,
as well as to the distinct internal structure of the as-prepared
nanoclusters inside the micelles [44]. Previous TEM work
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on similarly prepared samples [7,8,40,44] revealed the exis-
tence of small cluster domains within each polymeric cage.

After in situ annealing, Fig. 4 (curves ii, iv, and vi), only
one doublet at a binding energy of 84.5 ± 0.3 eV is ob-
served for samples #3–#5. This result indicates the com-
plete reduction of Au3+ complexes to Au0. As previously
reported, the measured binding energies are slightly larger
than the ones corresponding to bulk Au0 (vertical solid
line, 84 and 87.7 eV) [7]. Such well known positive BE
shifts typical of small nanoparticles are attributed to
changes in the electronic structure of clusters with decreas-
ing size (initial state effects) [45,46], as well as to positive
charge left on the cluster surface during the photoemission
process (final state effects) [7,47]. This effect is illustrated in
Fig. 5, where the Au0-4f7/2 binding energies measured after
annealing have been displayed as a function of cluster
height. The largest shift, +0.8 eV, was observed for the
smallest nanoparticles investigated, sample #4, Fig. 4
(curve ii). This result is in agreement with our AFM data
(1.9 ± 0.5 nm cluster height). A BE close to bulk gold
was measured for sample #5 (Fig. 4 (curve vi)) for which
the cluster height measured by AFM was 6.1 ± 1.0 nm.

Special attention has been dedicated to monitor any
residual chlorine signal using XPS, since Cl/Au molar ra-
tios as low as 0.0006 were found to have a poisonous effect
in CO oxidation reactions [48–50]. No detectable amounts
of either N-1s (399.3 eV) [51] or Cl-2s (270.0 eV) [27] from
the P2VP [–CH2CH(C5H4N)–]n and HAuCl4 salt, respec-
tively, were measured by XPS after annealing.

Fig. 6(a) displays XPS Ti-2p spectra from an Au-cov-
ered Ti(15 nm)/Si(1 11) substrate (sample #1) before and
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Fig. 5. Binding energy versus cluster height on TiC substrate obtained
from XPS Au0-4f7/2 spectra. Different cluster sizes were obtained by using
encapsulating PS–P2VP polymers with distinct molecular weights and by
modifying the relative gold/polymer concentration. (See Table 1 for
further details on the sample preparation.)
after in situ annealing. XPS peaks characteristic of Ti0

(454 and 460 eV) and Ti4+ in TiO2 (459 and 464.7 eV)
were observed before annealing (Fig. 6(a) (curve i)), in
agreement with previous literature reports [52]. After
annealing to 773 K, a significant binding energy shift
attributed to the formation of TiC (454.5 eV and
460.5 eV) was observed (Fig. 6(a) (curve ii)). The peak
position measured for carbon after annealing, Fig. 6(b)
(curve ii), is also in agreement with C-1s in TiC
(281.8 eV) [53,54]. This result provides evidence for a tem-
perature-driven reaction between Ti and C. Further quan-
titative analysis integrating the Ti-2p and C-1s peaks
indicate that the TiC thin film has 1:1 titanium to carbon
surface stoichiometry. According to that, all annealed
gold samples investigated in this article are supported on
carbon passivated titanium films.

The XPS results indicate a stronger interaction of C with
Ti than with Au, and the formation of gold carbide is ex-
cluded in agreement with previous report [55,56]. The same
amount of residual carbon was observed in all samples
after the different annealing treatments. The relative car-
bon concentration after/before annealing is calculated to
be less than 10%. This signal intensity was also comparable
to the one measured on a gold and polymer free TiO2/
Ti(15 nm)/Si(111) substrate after annealing in UHV in
the presence of adventitious carbon.
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3.3. Chemical reactivity (TPD)

3.3.1. TiC support

The catalytic activity of TiC thin films for CO oxidation
was characterized using TPD. Fig. 7 shows CO2 desorption
signals measured on TiO2/Ti(15 nm) substrates coated with
gold-free polymeric solutions. These samples were subse-
quently annealed in UHV to 773 K for 30 min. TPD graphs
corresponding to TiO2/Ti(15 nm) substrates coated with
PS(81000)-b-P2VP(14200) (same polymer used during the
synthesis of samples #1–#3) and PS(8200)-b-P2VP(8300)
(used in the synthesis of sample #4), are displayed in
Fig. 7(a) and (b), respectively. Upon exposing the samples
to 0.6 L of CO and 0.3 L of O2, two desorption features
named r1 and r2 states were observed. TPD peaks at
143 K and 410 K, were measured for PS(81000)-b-
P2VP(14200), Fig. 7(a) (open circles). Similar desorption
temperatures (145 K and 470 K) were also measured for
the PS(8200)-b-P2VP(8300)-coated TiO2/Ti(15 nm) sam-
ple. From the integration of the CO2 desorption graphs,
a probability for CO to CO2 conversion (PCO2/CO[r1+r2])
[57] of approximately 0.02 was found for both samples. If
only the low-temperature desorption feature (r1 state) is ta-
ken into consideration, a 0.001 conversion was obtained.
Thus, our data show that the polycrystalline TiC films
formed on these samples upon UHV annealing are poor
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Fig. 7. CO2 TPD spectra on a TiC substrate synthesized by dip-coating a
TiO2/Ti(15 nm) thin film with (a) PS(81000)-b-P2VP(14200) and (b)
PS(8200)-b-P2VP(8300) polymers and following annealing in UHV to
773 K for 30 min. CO2 TPD signals were measured before gas exposure
(d) and after sample dosing at �95 K first with 0.6 L of CO and
subsequently with 0.3 L of O2 (s). A linear heating ramp with b = 5 K/s
was used. Two desorption features r1 and r2 are observed.
catalysts for low as well as for high-temperature CO oxida-
tion. No CO2 desorption peaks were observed for either
sample before gas dosing, Fig. 7 (solid circles).

3.3.2. Au-nanoparticles/TiC

Fig. 8 displays CO2 desorption spectra obtained during
the low-temperature oxidation of CO over size-selected
gold nanoparticles supported on TiC. The data in
Fig. 8(a) correspond to samples with the same interparticle
distance but different size (samples #1–#3) synthesized
using PS(81000)–P2VP(14200) micelles with different me-
tal/polymer concentration ratios. In Fig. 8(b), desorption
data from samples containing nanoparticles with two dis-
tinct average size and interparticle distance distributions
synthesized using two different encapsulating poly-
mers (sample #4, PS(8200)–P2VP(8300) and sample #5
PS(53000)–P2VP(43800)) are shown.

Fig. 8(a) shows a clear size-dependence of the low-tem-
perature catalytic oxidation of CO on TiC supported Au
nanoparticles. The smallest nanoparticles investigated
(sample #1) show two CO2 desorption states (named c
and p in the following text) at temperatures of 115 K and
150 K, respectively. With increasing particle size (samples
#2 and #3), a shift towards higher CO2 desorption temper-
atures is observed, and both samples show c and p states at
138 K and 193 K, respectively.

In agreement with previous studies on supported gold
nanoparticles [4,14,58], we assign the first desorption fea-
ture, c, to CO adsorption and oxidation on the surface of
the gold nanoparticles (kinks and steps). Since no signifi-
cant change in the width of the nanoparticle size distribu-
tions is observed by comparing sample #1 with #2 and
#3, the broadening of the desorption peaks observed for
samples #2 and #3 may be attributed to the distinct nano-
particle-faceting measured by TEM for different cluster
sizes. Previous experimental and theoretical works show
an enhanced chemical activity for stepped Au(2 11) [14]
and Au(3 32) [59] surfaces as compared to smooth
Au(11 1) surfaces. DFT Calculations by Mills et al. [18]
demonstrated that the roughness of the surface, i.e., the
presence of highly uncoordinated atoms, is important for
the dissociation of O2. Additional DFT studies by
Mavrikakis et al. [14,60] correlated the enhanced chemical
activity of small gold nanoparticles to the high density of
step-sites as well as to size-dependent surface-strain.

The second state, p, is attributed to CO oxidation occur-
ring at the perimeter of the gold nanoparticles; i.e., at the
interface between the gold nanoparticle and the TiC sub-
strate. Earlier theoretical investigations on Au clusters sup-
ported on TiO2(110) [61] and MgO(100) [62] revealed that
special active sites favorable for CO oxidation are available
at the nanoparticle/metal-oxide support interface. Liu’s
work [61] indicated that the role of the metal-oxides support
is to promote the transfer of charge from Au to O2 by low-
ering the 2p energy level of the molecule. Interestingly, no
direct charge transfer from the substrate to the molecule
was observed. Ionic-like bonding is reported by the authors
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Fig. 8. CO2TPD spectra from samples #1–#5 (see Table 1 for details) and two TiC substrates prepared by annealing two TiO2/Ti(15 nm) films coated with
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quantitative activity analysis (see text).
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representing a highly activated O2 adsorption state for sub-
sequent CO oxidation. Additional theoretical and experi-
mental work on TiC is needed in order to find out if a
similar mechanism is responsible for the enhanced catalytic
properties of the Au-nanoparticle/TiC support interface.

Fig. 8(b) shows TPD spectra from gold nanoparticles
with different sizes (samples #4 and #5) that were synthe-
sized using two distinct diblock-copolymers PS(8200)–
P2VP(8300) and PS(53000)–P2VP(43800) (see Table 1 for
details). These polymers have shorter tail-lengths than the
polymer employed in the preparation of the samples shown
in Fig. 8(a), and therefore, the interparticle distance is now
smaller.

The TPD spectrum from sample #4 (average height
2.1 ± 0.4 nm) shows a state at 118 K (c) and a shoulder
at 146 K (p state). The AFM images from this sample
(not shown) indicate that most of the surface of the TiC
support is covered with gold nanoparticles, with an inter-
particle distance of about 27 nm. The TPD spectrum from
our largest nanoparticles (height = 6.1 ± 1.0 nm), sample
#5, also shows similar desorption features at 113 K and
146 K, respectively. At first glance, this result seems to con-
tradict our previous observation, Fig. 8(a), where higher
desorption temperatures were obtained for larger nanopar-
ticle sizes. However, the inconsistency disappears if one
considers the changes in size that these nanoparticles expe-
rienced upon gas exposure (see sample #5 in Fig. 1(c) for
details). Our AFM images revealed that reactive coarsen-
ing (Ostwald ripening) occurs for the samples where the
interparticle distance is small (samples #4 and #5), while
the size and substrate arrangement of the more widely
spaced nanoparticles (samples #1–#3) did not seem to be
affected. This is not a temperature-driven effect, since the
same samples were previously annealed to a higher temper-
ature (773 K) than our maximum TPD temperature
(500 K) and no agglomeration was observed by AFM
(Fig. 1(b), sample #5). Our results provide evidence for
interparticle interaction in the presence of CO + O2. For
sample #5, Fig. 2(b), after the reaction, bimodal size distri-
butions with smaller (�2.2 nm) and larger (�8.3 nm) parti-
cle sizes than the analogous non-exposed sample (�6.1 nm)
were obtained.

Similar behavior was observed for sample #4 (not
shown) with a bimodal size distribution of �1.5 nm and
�3.2 nm after gas exposure. In both cases, only the small
clusters formed (�2.2 nm for sample #5) are considered
to contribute to the production of CO2. Our results are
broadly consistent with a previous investigation by Lai
et al. showing Ostwald ripening when Au clusters sup-
ported on TiO2 were exposed at RT to CO + O2 mixtures
(2:1, 10 Torr of CO) for 2 h [42].

For the quantitative comparative analysis of the TPD
spectra measured on different samples, special care was ta-
ken to monitor and keep constant the level of residual
water during the different experiments. Date and Haruta
[63] reported that �0.1 ppm of H2O enhances the catalytic
activity at RT more than one order of magnitude. How-
ever, a higher concentration of moisture, 6000 ppm, re-
duced the reaction rate. As pointed out by Kung et al.
[64], this factor might be responsible for the discrepancies
in the CO oxidation activities observed by various research
groups.

Fig. 9 shows the calculated activity for CO2 production
obtained from TPD spectra shown in Fig. 8. The activity
was quantified by integrating the CO2 desorption peaks
and normalizing by the total gold surface area (assuming
oblate half-ellipsoidal nanoparticle shape) measured by
AFM (triangles) and STM (circles). An initial TPD run
where the samples were annealed without previous gas
exposure was used for background subtraction. Our
AFM images confirmed that the first TPD run before gas
exposure did not change the morphology of our samples,
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since annealing temperatures lower than the ones used for
the in situ polymer removal were always used.

Different normalized activity values are obtained when
comparing particle dimensions obtained by AFM and
STM due to tip-sample convolution effects in AFM that
lead to an overestimation of the particle’s lateral dimen-
sions and therefore of the total gold surface area.

In agreement to previous observations [7,8,15,42,65,66],
our results show a size-dependence in the catalytic activity
of gold nanoparticles for low-temperature CO oxidation,
with the smallest nanoparticles considered displaying the
highest activities. It is important to point out that the
diameter of the smallest nanoparticles investigated here
(�7.8 nm, STM) is significantly larger than the sizes inves-
tigated by Goodman and Haruta’s groups (�3.5 nm). Pre-
vious experiments conducted by Chou et al. [67] at
atmospheric pressure (mass flow reactor) on similarly
prepared 8-nm-large Au nanoparticles supported on nano-
crystalline TiO2 powder also showed a significant activity
for CO oxidation. We attribute the enhanced catalytic
activity of our relatively large pancake-shaped nanoparti-
cles to the large nanoparticle/support contact area [5]. This
is in agreement with a report by Pietron et al. [68] that
ascribed the high activity of relatively large (6 nm) gold
nanoparticles in Au–TiO2 composite aerogels to the large
nanoparticle-support contact area obtained using this
synthesis route [68]. However, a recent experimental work
conducted in Goodman’s group suggested that it is not
the Au-support interface but rather the Au morphology
that is the critical parameter responsible for the high cata-
lytic activity observed for CO oxidation. In particular, their
experiments demonstrated that a monolayer structure, in
direct contact with the TiOx substrate, was more than an
order of magnitude less active than a similarly prepared
bi-layer structure [13,17]. A theoretical work from Nors-
kov’s group predicted that such an Au-only reaction is
energetically competitive with other pathways involving
the metal-oxide support [69].

Our studies clearly show a size-dependence of the reac-
tivity of size-selected inverse micelle-encapsulated gold
nanoparticles, with the smallest nanoparticles displaying
the highest activities. Further work will be required in or-
der to get insight on whether it is the nanoparticle diameter
and particle-substrate contact area or just the particle
height as the main parameter that should be tuned in order
to obtain increased reactivities.
4. Conclusions

Size-selected Au nanoparticles synthesized by diblock
copolymer encapsulation and supported on ultrathin TiC
films were used as model system to in situ investigate the
size-reactivity relationship. Our XPS data show a mono-
tonic increase of the gold binding energy with decreasing
nanoparticle size, with a maximum shift of +0.8 eV for
the �2-nm-high particles. This result correlates with the en-
hanced catalytic activity for low-temperature CO oxidation
measured by TPD for the smallest nanoparticles. Two dif-
ferent desorption sites were identified and attributed to
CO2 production at steps/kinks in the gold surface as well
as the Au–TiC interface.

AFM images acquired before and after the chemical
reaction (TPD) showed that even in the presence of low
gas dosings, the gold nanoparticles undergo morphologi-
cal/structural changes that have a significant impact on
their catalytic performance. It must be noted that those
changes were not observed when the nanocatalysts under-
went annealing alone in UHV to similar temperatures. In
addition, our experimental results show that interparticle
interactions may affect the lifetime of the catalysts. Widely
spaced nanoparticles (�80 nm interparticle distance)
showed no deactivation after several TPD cycles. How-
ever, more densely distributed particles (�30 nm)
experienced Ostwald ripening and a fast deactivation
profile.
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