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Abstract

The CO oxidation activity of a Au/TiO,, AuU/MgAI,Oq4, and AUu/Al,O3 catalyst, all
containing approximately 4 wt% Au, is compared to the detailed size and shape of the
gold particles in these supported catalysts. Based on the conclusion that the CO
oxidation on Au catalysts requires low coordinated Au atoms, the turn over frequency
per Au atom located at the corners of the Au particlesis calculated. A value of
approximately 0.8 s* for both the Aw/TiO, and the AuWMgAI,O, catalyst is found. This
constitutes an example where the difference in catalytic activity of a Au catalyst with a
reducible and irreducible support can be explained by a differencein Au particle
geometry only, without the need to invoke other support induced effects. The turn over
frequency per corner Au atom in the Au/Al,Os3 catalyst is approximately 4 times lower,
indicating that other support induced effects, not related to the reducibility, may play a

rolein this case.
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1. I ntroduction

Gold has traditionally been known as a catal ytically inactive material. However, it has
been shown that small supported Au particles can be effective catalysts for CO
oxidation, in particular at low temperatures [ 1-6]. Although several explanations have
been presented for the catalytic activity of small Au particles, afina consensus on this
issue has not yet been reached. It is has been shown that the gold particle size and
activity of gold catalysts critically depend on the support material, the synthesis method,
and the activation procedure [ 7-14]. The explanations for the catalytic activity of small
gold particles presented so far have mainly focused on the size of the Au particles
[5,6,15-19] and the nature of the support material [20-22], and include e.g. electronic
quantum-size effects, strain, oxygen diffusion viathe support, and the oxidation state of

the gold particles [13,23-27]

A more fundamental approach to understand the catalytic activity of small gold particles
isto determine how the properties of these particles differ from the inert bulk gold.
Density functional theory calculation on avariety of gold configurations show that the
interaction between CO and O, molecules depends on the coordination number of the
gold atoms [18,28-30]. The interaction between molecular CO and O, and gold atoms
with a high coordination number (>8), which are present in the dense (100) and (111)-
surfaces of gold, is repulsive, and these atoms are therefore expected not to be
catalytically active. However, on Au atoms with alower coordination number, CO and
O, adsorption is feasible [18,28], which indicates that the presence of such low-
coordinated Au atomsis required in an active catalyst. In fact, the catalytic activity may

change by severa orders of magnitude due to the effect of the Au-Au coordination



number, which makes this effect dominating and a crucial one for catalysis by Au [18].
Other effects, such as strain, support induced effects, electronic effects, or charging of
the Au atoms, may also contribute to the catal ytic activity of the Au particles, but their
influence is significantly smaller. Severa IR studies provide strong experimental
evidence for the calculated relationship between Au coordination number and CO or
oxygen interaction by showing that CO adsorbs on edge and corner sites of Au particles,

independent of the size or thickness of the Au particle [31-33].

In supported gold catalysts, the gold atoms at the edges and corners of the nanoparticles
have a coordination number lower than 8, and, therefore, the active sitesin gold
catalysts very probably contain one or more of these atoms. Consequently, the overall
activity of a supported Au catalyst should be mainly determined by the total number of
atoms located at the corners and edges of the Au nanoparticles in the supported catalyst.
The challenge is to find out how many gold atoms are located in those positionsin a
given supported catalyst. Thisis achieved with arecently developed method, in which
the size and volume of the individual Au particles measured by Scanning Transmission
Electron Microscopy is combined with the Au-Au coordination number determined by
EXAFS[34]. On the basis of these data, a geometric model for the Au particlesin a
supported catalyst is constructed, where the local environment of every gold atom is

known.

From the geometric models, the number of Au atoms in specific positionsin the
supported catalysts, such as edge, corners or interface, can be estimated. In thisway, we
can correlate the catalytic activity of a supported catalyst with atomic scale information

that can be addressed by DFT calculations or model studies. In the present article, the



CO oxidation activity at 0 °C over aAu/TiO,, a AuUMgAI,O4, and a Au/Al,O5 catalyst
is measured. The measured activities are correl ated with the atomic scale geometry of
the Au nano-particles derived from STEM measurements of the same supported
catalysts as used in the activity measurements. When the activity datais combined with
the structural information obtained from the geometric models, the turn over frequency
per corner, edge, and surface Au atom can be calculated. By comparing these site-
specific turn-over frequencies for the Au/TiO,, AU/MgAILO4, and AUu/Al,O5 catalysts, a

new insight in the catal ytic activity of Au based catalystsis obtained.

2. Experimental

The Au/TiO,, AUMgAILLO4, and Au/Al,O; catalysts used in this study were prepared by
homogeneous deposition precipitation of 1.145 g of Au(NH3)4(NOs)3 [35] with 0.344 g
ureain 1200 ml water at 90 °C , to which 10 g of the respective support material was
added. The catalysts were washed with warm water and dried overnight at 110 °C. The
Au contents found in chemical analysis of the final product were 4.41 wt% Au for the
AU/TIO,, 4.08 wt% Au for the Au/MgAIO, catalyst, and 3.99 wt% for the Au/Al,O3

catalyst.

The activity measurements were performed in a quartz U-tube reactor with an inner
diameter of 2 mm. The samples consisted of catalyst powder with a particle size in the
range 125-300 pm; the amounts were 21.4 mg (Au/TiOy), 20.5 mg (Au/MgAl,Oq4), and
20.1 mg (AuU/Al,Os). Prior to the activity measurement, all catal ysts were activated in-
situ by heating at 400 °C for 1 hour in a gas mixture containing 1% CO, 21% O, in Ar at
aflow of 42 Nml/min. Note that this activation procedure has not been optimized to

obtain maximum activity; we have chosen a uniform activation procedure for all three



catalysts that results in a measurable CO oxidation activity. Immediately after this heat
treatment, the activity of the gold catalysts at 0 °C was measured by immersing the
same quartz U-tube reactor in an ice-bath to maintain atemperature of 0 °C. The same
reactor feed gas and flow (42 Nml/min) was used, except for the Au/TiO, catalyst
where the flow was increased to 214.4 Nml/min, to reduce the period with 100%
conversion after cooling the reactor to 0 °C. The composition of the gas leaving the
reactor is continuously monitored with a calibrated mass spectrometer (Balzers GAM

400), from which data the catalytic activity is derived.

Immediately after the activity measurements, a small sample of the catalyst was taken
out of the reactor and transferred to an electron microscope for STEM analysis. To
avoid uncontrolled changes in the gold particle structure, the time between the activity
measurement and STEM analysis was kept as short as possible, and was typically about
1 hour. The microscope used in the STEM experiments was Philips CM200 FEG
electron microscope with a primary electron energy of 200 keV. Inthe STEM
measurements, the electron beam was focused to a spot size of about 5 A, which is
sufficiently small to measure Au particles as small as 7 A. For each catalyst, a series of
images was recorded, showing atotal of 1500-2000 Au particles, which was used as

input for the construction of the geometric models.

To obtain the overall Au-Au coordination number, separate in-situ EXAFS
measurements with the same catal ysts were performed at the X 1-beamline at Hasylab.
A sample of the catalysts was loaded in areactor cell, and exposed to the reaction gas
mixture containing 1% CO, 21% O,, and 78% Ar, and heated to 400 °C for 1 hour, and

cooled down to room temperature. The EXAFS spectra at the Au-L3 edge (11921.2 eV)



were recorded at room temperature, while keeping the samples in the reaction gas
atmosphere. None of the catalysts showed an increase in coordination number upon

keeping the samples at room temperature for severa hours.

3. Results

The CO oxidation activities of the Au/TiO,, AUMgAIOq, and AU/AlO3 catalyst are
determined by following the CO, CO,, O,, and Ar concentrations at the reactor outlet
for about 15 hours at areactor temperature of 0 °C, using afeed of 1% CO, 21% O, and
78% Ar. Thetimet=0 is set at the point where the temperature reaches 0 °C after the
heat treatment. The reaction rate is computed from the data, under the assumption that
the reactor operates under plug flow conditions, and that the CO oxidation reaction is
pseudo-first order in CO (r = Kk pco). With these assumptions, the rate constant for the
reaction is given by
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W

k (Eq.1)

where k is the rate constant (mol/ gcx S), Wis the catalyst weight (g), F isthe total flow
(mol/s), and X isthe conversion of CO. To correct for the differencesin flow and
sample amount, the CO oxidation rate at X=0 is used as a measure of the catalytic
activity, which isfound by multiplication of the rate constant with 0.01, the molar

fraction of CO in the feed.

Figure 1 displays the CO oxidation activity at O °C as afunction of time on stream for
the Au/TiO,, AU/MgAILO4, and AU/AlL,Oz catalysts. Initially, the Au/TiO, catalyst is

very active, but the activity gradually drops to only afew percent of itsinitial value



within the first hours on stream, and reaches a more or less stable level after 10-15
hours on stream. In contrast, the AUMgAIl,O, and Au/Al,Os catalyst reach a stable level
within the first hour on stream. The different behavior indicates that the initial
deactivation and stabilization of the Au/TiO, catalyst is different from that of the
AU/MgAl,O, and AU/AlLO3 catalysts, which is areflection of the different nature of the
three catalysts in terms of Au/support interaction and interaction of the Au particles and
support with the reaction gas. Since the long-term activity is the most relevant for a
technical application, we have used the stabilized activity measured after 10-15 hours
on stream as a measure of the activity (seeinset in Figure 1). Clearly, after 10-15 hours
on stream, the Au/TiO; is about twice as active (on aweight basis) as both the
Au/MgAl,O, and AU/AlLO3 catalysts. At the point where the catalysts are transferred to

the electron microscope for the STEM analysis, the activities are 8.8 umol CO/ge, s for

AU/TIO,, 4.8 umol CO/ge sfor AUMgAILO,, and 4.2 pmol CO/gey sfor Au/AlLOs.

In order to relate a CO oxidation activity with the atomic-scale geometry of the Au
particles, a geometric model for the Au particles in the three catal ysts is constructed,
based on STEM measurements, and the overall Au-Au coordination number derived
from EXAFS. The method that is applied and the derivation and exact description of the
geometric models for the Au/TiO,, AUMgAILLO4, and Au/Al,O; catalysts used hereis
described in detail elsewhere [34]. The basic geometry of the Au particles used in the
geometric modelsisatop slice of atruncated octahedron, in which the variationsin
diameter and thickness of the Au particles are described by the number of atomsin an
edge of the octahedron (m, edge length) and the number of layers (I). The size and shape
of the Au particlesin the three catalystsis quite different; Figure 2 displays some

typical gold particles that result from the geometry analysis for the three catalysts [ 34].



Clearly, the Au particles in the Au/Al,O; catalyst are small. In addition, the Au particles
in the Au/TiO; catalyst appear somewhat rounder than those in the Au/MgAl,O,

catalyst.

From the geometric models, the number of Au atomsin specific locations in the gold
particlesis estimated. Table 1 summarizes estimates for the number of Au atomsin
some locations, such as surface, edge, particle perimeter, and corners. According to the
requirement of alow Au-Au coordination number at the active site for the CO oxidation
[18,28-30], the Au atoms located at the edges and corners of the Au particles are the
possible active sites. Therefore, the turn over frequency per surface, edge, and corner

Au atom arelisted in Table 1 aswell.

The estimated turn over frequencies per exposed surface atom, per edge atom, and per
corner atom do not scale with the measured activities. This indicates that the observed
activities for the Au/TiO,, AuU/MgAI,O,4, and Au/Al,O3 catalysts can not be explained
by a single geometric requirement only. However, results from DFT calculations
[18,28-30] and IR measurements [31-33] indicate that |ow-coordinated Au atoms are
crucia for the catalytic activity of Au catalysts. Moreover, it seems to be the only
parameter that can explain changesin catalytic activity by several orders of magnitude
[18]. Therefore, the gold atoms located at the corners of the Au particles are expected to

contribute most to the overall activity.

If we consider the turn over frequency per corner Au atom on the Au/TiO, and
Au/MgAlLO, catalyst, we find approximately the same value of about 0.8 s for both
catalysts, even though the Au particle shapes are different in these catal ysts (see Figure

2). The turn over frequency becomes 2.4 s™ if it is assumed that the reaction takes place



at the cornersin contact with the support, or 1.1 s™ if only the corner Au atoms not in
contact with the support are counted (see Table 1). This means that the requirement for
low-coordinated Au atoms alone is sufficient to account for the different overall activity
for the Au/TiO, and Au/MgAI,O, catalysts, which constitutes an example where the
different catalytic activities of Au catalysts on areducible (TiO,) support and on an
irreducible (MgAl,O,) support can be explained by a difference in the Au particle

geometry only.

The turn over frequency per Au corner atom in the Au/Al,Os catalyst isca. 0.2 s per
corner atom (or 0.3 s per corner Au atom not in contact with the support, or 0.45 s*
per corner Au atom in contact with the support), which is 4-5 times lower than for the
AU/TiO, and Au//MgAILO, catalysts. Thisillustrates that the support still can have an
impact on the catalytic activity of the Au particles that is not directly related to the
number of low-coordinated gold atoms. The lower turn over frequency for the Al,O3
supported catalyst agrees well with an earlier conclusion that support effects not related
to the number of low-coordinated Au atoms can be significant, but typically do not

change the catalytic activity by orders of magnitude [18].

4. Discussion

By comparing the catalytic activity of a Au/TiO,, AU/MgAI,O4, and Au/Al,O3 catalyst
with the atomic-scale models of the Au nanoparticlesin these catalysts, it is possible to
relate the catalytic activity to the estimated amount of Au atoms in specific locations.
Such an analysis resultsin aturn over frequency per Au corner atom that is practically
the same for both the Au/TiO, and the Au/MgAI,O, catalyst, also if the corner atomsin

contact or not in contact with the support are counted separately. The fact that the turn



over frequency per Au corner atom is the same for Au/TiO, and Au/MgAI,O, catalysts
indicates that the catalytic activity is not determined by the reducibility of the support in
these cases. Therole of the support is limited to determining the final Au particle shape
through the interface energy [36]. Other support related effects, such asthe earlier
proposed support-mediated oxygen transport [20,21], seem to be insignificant for these

catalyst systems.

Neverthel ess, reducible supports can be advantageous, as they often contain oxygen
vacancies which can serve as Au anchor sites [36-38]. For a Au/TiO, catalyst, the Au-
support interaction becomes more attractive with the oxygen vacancy density [36], and
therefore the number of low-coordinated atoms can be expected to increase with the
oxygen vacancy density in the support, which undoubtedly affects the catalytic activity
of the Au/TiO, catalyst. According to this argumentation, the interface energy isa
crucia parameter. The final particle size, however, is not only determined by the
interface energy, but also by the density of nucleation sites, and consequently, we can
not expect a straightforward correlation between interface energy and catalytic activity.
A high density of nucleation sites may result in a high dispersion of the Au, or smaller
Au particles, in spite of alow interface energy, and therefore result in a different overall

catalytic activity.

In our calculation of the turn over frequency over agiven site, it isimplicitly assumed
that the overall activity is completely determined by the reaction rate at that particular
site. In principle, the overall catalytic activity of the Au nanoparticlesis not necessarily
determined by a single atom configuration, but rather is the sum of different

contributions of all atom configurations present. The contribution of asingle



configuration is then the turn over frequency at that particular site weighted by the
amount that is available in the catalyst. The turn over frequency at a given site can even
depend on the way the molecules are adsorbed [39]. As aresult, the overall catalytic
activity may depend on the particle structure in a complex manner. The similar turn
over frequency per corner Au atom for CO oxidation over the Au/TiO, and
AU/MgAl,O, catalysts, however, suggests that the reaction rate on these catalystsis
determined by a single contribution, that involves the Au corner site without significant

influence of the support.

Another way to obtain different contributions to the overall activity is by multiple
reaction pathways that occur simultaneously. Each pathway will have its own turn over
frequency, and the measured overall activity will be aweighted average of these turn
over frequencies. In fact, Remediakis et a. proposed two different reaction pathways for
CO oxidation on Au nanoparticles, namely a*“gold only” and a*“metall oxide boundary”
pathway. In both scenarios, the function of the low-coordinated Au atoms s to bind the
CO molecules [29,30]. The difference between these pathways is the way the oxygenis
adsorbed on the catalyst. In the gold-only pathway, the oxygen is adsorbed on the Au
nanoparticle, and there is no significant interaction between the oxygen and the support.
In the metall oxide-boundary pathway, the adsorbed oxygen interacts with the support,
and therefore such amechanism is only feasible at the Au/support interface. On the
basis of our data, it is not possible to distinguish between a gold-only and a metalloxide-

boundary pathway.

Even if the reaction pathway can not be deduced from our data, the value of the

geometric modelsis that the amount of specific CO and oxygen adsorption sites can be



estimated. For example, Molinaand Hammer proposed that the reactive molecular
oxygen is adsorbed in a concave site formed by the edge of a gold particle and the
support surface, that is exactly one gold atom high [40-43]. This model resembles the
metall oxide-boundary pathway discussed above. The gold particles with an edge length
(m) and number of layers (1) that fulfill the condition I=n+1 or |I=2m (examples are
shown in the entire top row and center bottom in Figure 2) contain sites with exactly
that geometry. If we count only the number of corner atomsthat are located at such a
site, then the turn over frequencies for the Au/TiO,, AU/MgALLQ,4, and Au/Al,O3
catalysts become 4.3, 4.1, and 1.3 s, respectively. From this analysis, the turn over
frequency over the Au/Al,O3 catalyst would be about 3 times lower compared to the
other two catalysts. This means that the requirement of such a concave site for oxygen
adsorption reduces the difference between the estimated values for the turn over
frequencies of Au/TiO,, AU/MgAIL,O, and the Au/Al,O3 catalyst, but it is not sufficient
to explain the observed activities. This example clearly shows how the geometric
models can be applied to evaluate mechanistic ideas based on atomic scale modelsto

the activity of a supported catalyst.

Another proposal to explain the activity of a Au/TiO, catalyst is that atwo-layer
structure of Auisrequired [14,44]. In the Au/TiO; catalyst, about 1% of the Auis
present in particles with two layers. The amount of Au in two-layers particles is about
1.5% in the Au/MgAl,O, catalyst, and about 6.5% in the Au/Al,O5 catalyst [34].
Nevertheless, the Au/TiO, catalyst is the most active one. Furthermore, the activity of
the AuU/MgAIl,O4 and AU/Al,O3 catalyst is approximately the same, despite the large

difference in the amount of Au in two-layer particles. Therefore, atwo-layer structure of



Au does not seem to contribute significantly to the overall catalytic activity in supported

Au catalysts.

The turn over frequency per corner Au atom for the Au/Al,O3 catalyst is 3-4 times
lower compared to the Au/TiO, and Au/MgAI,O4 catalysts, and somewhat dependent
on which assumptions are made for the active site. A lower turn over frequency for an
Al,O3 supported catalyst is consistent with the general trend that alumina supported Au
catalysts do not seem very active for CO oxidation, even though they can contain small
gold particles [18]. It isinteresting to note that the turn over frequencies on the two
catalysts with an irreducible support actually are different, supporting the conclusion
that the reducibility of the support as such is not critical for the catalytic activity of Au
catalysts. The reason for the lower turn over frequency for CO oxidation on a Au/Al,O3
catalyst, however, remains unsolved. A possible conclusion isthat the intrinsic turn over
frequency per corner Au atom in a Au/Al,O3 actudly islower, if compared to a
AU/TIO, or AuU/MgAILO, catalyst. This may be due to a different contribution of a
metall oxide-boundary pathway, to a more significant electronic effect induced by the
larger interface energy of Au on Al,Og, or to the smaller size of the Au particlesin the

AU/Al,O3 catalyst. [34].

5. Conclusions

The catalytic activity for CO oxidation over a Au/TiO,, a AUMgAIO,4, and a AUAILO3
catalyst, al containing approximately 4 wt% gold, has been related to the atomic-scale
geometry of the Au particlesin these catalysts. At 0 °C, the Au/TiO; is about twice as

active, on aweight basis, as the Au/MgAl,O,4 and the Au/Al,O3 catalyst.



From a geometric model of these catalysts, the number of atoms in specific locationsis
estimated. The difference in activity between the Au/TiO, and Au/MgAI,O, catalysts
matches the difference of low-coordinated Au atoms located at the corners of the Au
nanoparticles. The resulting turn over frequency per corner atom in these catalystsis

0.8 s*. Thisis an example where the difference in catal ytic activity of aAu catalyst on a
reducible and irreducible support can be entirely explained by a differencein Au
particle geometry, by application of the requirement that only the low-coordinated Au
corner atoms contribute to the activity. In these cases, the only effect of the support
seems to be that the shape of the Au particlesis different, as a consequence of a

different interface energy, resulting in adifferent number of low-coordinated Au atoms.

The turn over frequency per corner gold atom for the Au/Al,O3 catalyst is about 4 times
lower compared to the Au/TiO, and Au/MgAI,O, catalysts. Thisindicates that other

support-induced effects may play arolein that case.
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Table 1. Geometric properties and count of Au atoms located at specific
sites, obtained from the geometric models for the Au/TiO,, AU/MgALLQOy,
and Au/Al,O; catalysts, as derived in Ref. [34].

Property AU/TiO, Au/MgAl,O, AU/Al,O3
Au content (wt%) 4.40 4.10 3.99
Average diameter (nm) 2.10 3.60 1.60
Total Au atoms (umol/g cat) 223.90 207.14 202.57
Number of Au particles (§7cx) 3.49-10" 2.07-10" 9.67-10"
Not in contact with support:

Corner atoms (Umol/gea) 7.93 4.06 14.08
Edge atoms (Umol/gea) 16.07 12.40 20.38
Surface atoms (Umol/gea) 48.89 43.32 46.48
In contact with support:

Corner atoms (Umol/gex) 3.47 2.06 9.37
Edge atoms (umol/gea) 9.74 8.31 20.22
Atoms contact perimeter (umol/gey) | 13.21 10.37 29.59
Dispersion 38 % 34 % 55 %
é;ﬁ:scoordi nation number from 10.0 102 8.7
CO oxidation activity at 0 °C 38 48 4.2
(umol/g cat 9)

TOF per exposed Au atom (s?) 0.10 0.07 0.04
TOF per edge atom (s%) 0.34 0.23 0.10
TOF per corner atom (s™) 0.77 0.79 0.18
;CF))I; c?r? corner atom in contact with 254 233 0.45
\':'VICt)E gjeg Fg:cc))rrtn(('a;lz);\tom not in contact 111 118 0.30
TOF per corner atom in a concave 433 412 130

site(sh) @

% Seeref. [40-43] for a detailed description of a concave site



Figure captions

Figure 1. CO oxidation activity of Au/TiO,, AU/MgAILQ,4, and Au/Al,O5 catalysts at O
°C during the first 10-15 hours of operation. Inset: enlargement of the final part,
showing that the Au/TiO; catalyst is about twice as active as the Au/MgAIl,O4 and

AU/AI,O5 catalysts after 10-15 hours of operation.

Figure 2. Examples of common gold model particles for the Au/TiO; (left),
AU/MgAl,O, (center), and Au/Al,Os (right) catalysts, see Ref. [34] for more details.
The particlesin the Au/TiO, catalyst are somewhat rounder than in the AuU/MgAI,O4
catalyst; the Au/Al,O3 catalyst contains many small Au particles. The edge length (m, in
number of Au atoms) and number of layers (1) in the particles shown are: Au/TiO,:
m=3, 1=6 (top) and m=4, 1=6 (bottom); Au/MgAI,O4: m=4, |=5 (top) and m=5, |=6

(bottom); AU/Al,O5: m=2, =4 and m=3, |=3.
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