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Although extended gold surfaces are generally considered
chemically inert!? nanosized (< 5 nm) gold particles can be
very effective catalysts for a number of oxidation reac-
tions.’'”) There are reports of similar size effects for silver
catalysts.'®!) The origin of the nanoeffects in the catalytic
properties of these metals is widely debated,™ and no
consensus has been reached. Based on a set of density
functional theory calculations of the full reaction pathway for
CO oxidation over extended surfaces as well as over small
nanoparticles of a number of metals, we show that although
platinum and palladium are the most active catalysts for
extended surfaces at high temperatures, gold is the most
active for very small particles at low temperature. The
calculations capture the special catalytic properties of nano-
sized particles observed experimentally, which allows the
origin of the effect to be analyzed.

Herein, we focus on intrinsic metal effects; that is, we do
not include additional possible effects that involve the
support. It is not that such effects may not be important,>2*2!]
but it is useful to first establish the intrinsic metal effects,"” in
particular as it has been shown experimentally that nano-
structured gold with no support is also catalytically active.*>*!
The key feature of our analysis is that we compare catalytic
activities of different transition and noble metals for one
specific reaction, the CO oxidation.

The CO oxidation reaction on close-packed fcc(111)
surfaces was considered initially, which will give a dominant
contribution to the total catalytic rate over large metal
particles. We consider the following elementary reactions:

CO + * = CO* (R1)

0, +* = 0,* (R2)
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0,% + * = 20* (R3)

O* + CO* = CO, + 2* (R4)

For the metals we consider herein, Reactions (R1) and
(R2) are unactivated and fast, and we assume that these two
reactions are in equilibrium. This means that we are limited to
temperatures high enough that desorption is also fast. The
possible formation of an oxide layer on the more reactive
metals is neglected.

The forward and reverse rate constants of the Reactions
(R3) and (R4) are given by k;=v,exp[-AG/kT)]
=, exp[—(E,—TAS,)/k T], where v, is a prefactor, E, is the
activation energy, k is the Boltzmann constant, and 7 is the
absolute temperature. The activation energies are E,=
max(Es—Es, 0) where Ejg is the initial state energy and Eqg
is the transition-state energy. AS,; is the entropy difference
between the transition state and the initial state. The entropy
of adsorbed species are assumed to be zero, and the gas-phase
entropies are taken from Ref. [24]. The adsorption energies of
the different species Ecq, Eo,, and Eq and the transition state
energies are given with respect to the gas-phase molecules.

Assuming the prefactors and adsorption entropies are
independent of the metal, there are five metal-dependent
parameters determining the kinetics: Eco, Eo,, Eo, Ers;, and
Eg. The transition-state energies are, however, found to
scale linearly with the adsorption energies, as shown for Eg;
and Eqg, in Figure 1a and b. Such Brgnsted-Evans—Polanyi
(BEP) relations are found quite generally for surface
reactions.” Furthermore, the O, adsorption energy scales
with the O adsorption energy (Figure 1c). This means that the
adsorption energies Eco and E, can be viewed, to a first
approximation, as the only independent variables character-
izing the metal in the microkinetic model. Owing to the low
number of elementary reactions, it is possible to find an
analytical solution for this microkinetic model. Herein, we use
instead the more general method of a so-called Sabatier
analysis to find an upper bound to the overall reaction rate.*

The Sabatier ratel® is the rate the reaction will have if all
coverages are optimum for each elementary reaction step.
Such conditions may not be obtainable in reality, but the
Sabatier rate still provides an exact upper bound to the
steady-state rate under any reaction conditions. The Sabatier
rate is also an upper bound on the rate when islanding is
included, as that will decrease the number of possible reaction
centers to the length of the boundary between different
phases.”””? The Sabatier rate thus forms a good measure of the
intrinsic ability of a given metal surface to catalyze the
reaction in question. The metal with the highest Sabatier rate
is taken herein as being the best catalyst.
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Figure 1. The BEP and scaling relations for different close-packed
fcc(111)-surfaces. a) Calculated transition-state energies for O, disso-
ciation (R3) as a function of oxygen adsorption energy.
Ers3=1.39E5+1.56 eV. b) Calculated transition-state energies for
adsorbed CO reacting with adsorbed O (R4) as a function of the sum
of the O and CO adsorption energies. Erg,=0.70(Eq+Eco) +0.02 eV.
c) The scaling of the O, adsorption energy with the oxygen adsorption
energy Eo,=0.89E,+0.17 eV. For Pt(111,) the calculated reaction
barrier E,= Ers— (Eco+Eo) for CO* 4+ O*=CO,+ 2* is 0.85 eV, in good
agreement with calculations.?%!

The rate of reaction for (R3) and (R4) are maximized if
the reverse reactions are neglected. The Sabatier rate is
therefore calculated from the forward rates:

ri = 00,0, ki = 00,0,v; exp|—(E—T AS,5) /K T (1)
ry = 000co ky = 000c0 vy exp[—(Eyu—T ASy)/kT) 2)

where 6, is the coverage of adsorbed oxygen molecules,
0o is the coverage of adsorbed atomic oxygen, O is the
coverage of adsorbed CO molecules, and 6. is the coverage of

free sites of the surface. The coverages will depend on the
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reaction conditions, temperature, reactant pressures, and
conversion.

For the present case, the optimum coverages are found by
first neglecting the coverage of atomic oxygen. Still assuming
that (R1) and (R2) are in equilibrium, this gives:

max __ 1
O = 11K, p(CO) + Ko p(Oy) ®)

where K, and K, are the equilibrium constants for (R1)
and (R2), and p(CO) and p(0O,) are the partial pressures of
CO and O,. The optimum coverages of CO and O, have
similar expressions, namely 625 =K;p(CO)0. and 05" =
K>p(0,)6-.

The Sabatier rates of each of the Reactions (R3) and (R4)
are found by using the forward rates from (1) and (2) with the
coverages of 6™, 025 and 657 from (3), and the coverage of
05™ set to one.

r:? max — k;—eg:xe:a){ (4)
AT = KOO = k0% 5)

The Sabatier rate of forming CO, is determined by the
lowest of the Sabatier rates of Reaction (R3) and (R4):

rg = min{2 73 ™, 3™} (6)

where the factor of 2 stems from the stoichiometric
number for (R3).

Figure 2 shows a contour plot of the Sabatier activity over
close-packed surfaces. The Sabatier rate is calculated at 7=
600 K, P5,=0.33 bar and Pco=0.67 bar, corresponding to
high-temperature CO oxidation conditions. The two-dimen-
sional volcano plots show that, of the elemental metals,
platinum and palladium are closest to the top. This agrees well
with experimental evidence.” Platinum and palladium are
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Figure 2. Contour plot of the Sabatier activity As=kTIn[rs/v] over
close-packed surfaces as a function of Eco and E, (v is set to kT/h)
under high-temperature conditions (T=600 K, Po,=0.33 bar, and
Pco=0.67 bar). The values for different elemental metals can be taken
from their indicated positions.
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excellent CO oxidation catalysts, used for example in car
exhaust after-treatment. This result is completely in line with
DFT calculations and kinetic modeling by Grabow et al.?!!
showing that at low temperatures, platinum without strain has
a higher activity than either compressed (weaker bond
energies) or expanded (stronger bond energies) platinum
surfaces.

The reactivity of nanoparticles was then investigated. One
important feature of nanoparticles is that the relative fraction
of low-coordinate corner atoms to surface atoms is very
large.'>32 We concentrate herein on the reactivity of corner
atoms, and model these by carrying out calculations for metal
clusters containing twelve atoms, in the structure shown as
inserts in Figure 3. All the twelve atoms in the cluster are held
fixed with a lattice constant corresponding to the bulk value
to mimic a geometrically constrained corner of a larger
cluster, such as those in the range 2-5 nm studied exper-
imentally. The calculations are thus more intended to model a
general corner site on nanoparticles than specifically a twelve-
atom cluster, as such small clusters will have much larger
structural flexibility.!

It turns out that adsorption is considerably more exother-
mic on the twelve-atom clusters than on the close-packed
surfaces. This makes it important to include another elemen-
tary reaction, as the coverage of molecular O, may be large
enough such that an associative mechanism®! may be
important:

0,* + CO* = CO, + O* + * (RS)

For the (111) surfaces, the weak bonding of O, combined
with the reaction barrier for the process makes it unimportant
for platinum® and less reactive metals.

As for the fcc(111) surface, correlations between the
transition state energies, Erg3, Frs4, and Eqgs, and the binding
energies, Eg and E, are found for the twelve-atom cluster. A
scaling between E, and Ej, is also found. These relations are
shown in Figure 3. The linear relations are similar to those of
the close-packed surfaces (Figure 1), except that the adsorp-
tion energy axis has shifted. The adsorption energy of both
CO and O are substantially more negative (exothermic
adsorption) on the corner sites than on the close packed
surfaces; compare for example, the adsorption energy of O on
the (111) surfaces to those on the twelve-atom cluster: on the
latter the bond is stronger by of the order 0.5 eV. The same
trend is seen for molecular CO adsorption.

The expressions for the optimum coverages and the
Sabatier rate for (R3) and (R4) are the same as for the
fcc(111) surface. For (RYS), the Sabatier rate is:

R e ™
Both Reaction (R3) and (R5) dissociate O,, and can be

followed by Reaction (R4) creating CO,. The Sabatier

activity is therefore given by:

rg = max{2 min{r™, r¥™*=} min{2 1§™>, r5mY} (8)

Figure 4 shows the contour plot of the Sabatier activity,
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Figure 3. The BEP relations and scaling relation for different twelve-
atom clusters. a) Calculated transition-state energies for O, dissocia-
tion (R3) as a function of oxygen adsorption energy.
Ers;=1.87Ey+2.04 eV. b) Calculated transition-state energies for
adsorbed CO reacting with adsorbed O (R4) and O, (RS5) as a function
of the sum of the O and CO adsorption energies. Eys,=0.78-

(Eo+Eco) +0.09 eV and Eq355=0.70(Eq+Eco)—0.44 eV. c) The scaling of
the O, adsorption energy with the O adsorption energy

Eo,=1.18 E5+0.03 eV. Transition states for the reactions on the Auy,
cluster are shown as inserts.

Ag=kTIn[rgv]. In this case, gold is closest to the top,
followed by palladium and silver.

The results in Figure 2 and Figure 4 are in good agreement
with available experimental observations.* It shows that
the relative activities of different metals can be theoretically
estimated, and it provides a clear picture of the catalyst
properties determining the best catalysts in terms of the
adsorption energies of the intermediates. The volcano plots of
Figure 2 and Figure 4 can be viewed as an illustration of the
Sabatier principle, with the important new feature that we
know which adsorption energy that provides the optimum
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Figure 4. Contour plot of the Sabatier rate as a function of the CO and
O adsorption energies on the twelve-atom clusters. The values for
some elemental metals are shown. a) The activity under typical
experimental conditions for CO oxidation by gold nanoparti-
cles(T=273 K, Po,=0.21 bar, and P, =0.01) and b) the activity under
high-temperature conditions (T=600 K, P,,=0.33 bar, and

Pco=0.67 bar).

catalyst. The position of the maximum in terms of adsorption
energies depends slightly on the structure, which is related to
the fact that the relationship between adsorption energy and
activation energy is somewhat structure dependent. More
importantly, it can be seen that the metals corresponding to a
particular adsorption energy shift substantially depending on
the coordination number of the metal atom. This is true for all
the metals considered, and it is the dominant reason for gold
becoming the best elemental catalyst for the low-coordinate
sites. The shift is of the same order of magnitude as the
difference between neighboring metals in the periodic table,
explaining why it appears as if the top of the volcano has
shifted by a little less than one place to the right in the
periodic table from Figure 2 to Figure 4.

Comparing the volcanoes in Figure 2 and Figure 4, it is
clear that for gold, the corner atoms will dominate over the
close-packed surfaces for even quite large particles, as the
value of rgis many orders of magnitude larger in this case. For
platinum, on the other hand, the difference is only about an
order of magnitude. It should be noted that even for platinum,
small particles could still be more active than larger ones, but
only because the surface area per mass of catalyst is larger
(scaling as d ).

www.angewandte.org

The present analysis suggests that the more noble metals
move to the maximum in the reactivity volcano when lower-
coordinated metal atoms serve as active sites for the reaction.
It suggests that similar results could be found for other
reactions. For oxidation reactions, the best extended surface
catalysts are already quite noble: platinum and palladium,
and gold is the next, less reactive metal. For reactions
involving less reactive molecules, such as N,, we would expect
that the best nanoparticle catalysts would not be gold but
metals just to the right in the periodic table of the most active
metals (ruthenium, iron) for this reaction, for example, cobalt
or nickel. It is therefore possible that pronounced nanoeffects
in catalysis is not restricted to gold.

In summary, we have modeled the special catalytic
properties of nanosized particles observed experimentally,
and analyzed the origin of the effect. The ability of the metal
atoms to activate reactants change substantially as the
coordination number of the active metal site is reduced at
corners of metal particles. This model supports the hypothesis
that part of the observed reactivity of gold nanoparticles is
independent of the substrate.
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