)
<

pubs.acs.org/acscatalysis

CO Oxidation by Subnanometer Ag,Au;_, Supported Clusters via
Density Functional Theory Simulations

F. R Negreiros,Jr L. Sementa,” G. Barcaro,’ S. Vajda,jIE E. Apré,§ and A. Fortunelli*"

TCNR-IPCF, Istituto per i Processi Chimico-Fisici del Consiglio Nazionale delle Ricerche, Pisa 56124, Italy

*Materials Science Division, Center for Nanoscale Materials, Argonne National Laboratory, Argonne, Illinois 60439, United States
and Department of Chemical and Environmental Engineering, Yale University, New Haven, Connecticut 06520, United States

SWilliam R. Wiley Environmental Molecular Science Laboratory, Pacific Northwest National Laboratory, Washington 99352, United

States

© Supporting Information

ABSTRACT: The activity of Ag,Au;_,/MgO(100) clusters in
CO oxidation is investigated computationally via systematic
sampling techniques. It is found that these subnanometer
species transform after ligand adsorption into reaction
complexes which catalyze CO oxidation through a variety of
different mechanisms, occurring via both Langmuir—Hinshel-
wood and Eley—Rideal paths and in some cases directly
involving the oxide support. The alloyed Ag,Au; cluster is
proposed as the best catalyst in terms of efficiency and
robustness.
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xidation of carbon monoxide to dioxide (2CO + O, =

2C0O,) is an environmentally important process in the
present carbon-based energy cycle, and as such has been
intensively studied in recent years at both the experimental and
the theoretical level."> From a thermodynamic point of view,
the process is strongly exothermic with a reaction enthalpy of
5.86 eV. However, the stability of the carbon lone pair in CO
and of the O, bond makes it a very slow process in ambient
conditions. A catalyst is thus needed which can efficiently
adsorb one or both reactants and significantly lower the
reaction energy barriers. The catalyst should also be sufficiently
robust at realistic pressures of O, and CO to avoid sintering
and catalyst deactivation.

Commercially used catalysts, for example, in exhaust-gas
treatment are based on Pd, Pt, or Rh particles (pure or alloyed)
on properly prepared oxide substrates. However, after Haruta’s
discovery that supported gold nanoclusters are active in CO
oxidation at low temperature,”* a wealth of studies has
flourished on this topic, see, for example, refs 5—13 A crucial
result is experimental evidence that the real actors of CO
oxidation can be subnanometer species containing ~10 Au
atoms.'* This finding contributed to trigger studies on
heterogeneous catalysis by extremely small (subnanometer)
metal clusters, a somewhat novel and fascinating field,'s~'8
although older suggestions of its importance had been
advanced'® based on EXAFS data.®® On the theoretical side,
heterogeneous subnanocatalysis offers exciting perspectives, as
the small size of the clusters allows for detailed and accurate
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studies involving all possible products from a specific reaction
as well as all possible paths connecting them (including the
possible effect of the cluster/support interface), thus achieving
a complete description of the process.”!

In terms of size dependence, it is known that supported Au
atoms and dimers are not able to coadsorb CO and O,
molecules, and are so unable to catalyze their reaction,”>* in
analogy to compact surfaces. Therefore, there must be a
minimum and an optimal cluster size, but these issues have not
been investigated in depth so far.” Moreover, although many
studies of pure free and supported metal catalyst can be found
in the literature, the same cannot be said of the alloyed case,
where previous work has been mostly focused on ligand
adsorption and reaction on (usually charged) gas-phase
species.”* ">’ If one considers that Ag anions promote CO
oxidation in the gas-phase®® and Aug'” and Ag,'® supported
clusters are effective alkene oxidation catalysts, while lar§e Ag—
Au mixed particles” and nanoporous mixed systems> have
been shown to be better CO oxidation catalysts than pure gold
ones, it is both natural and promising to investigate the effect of
Ag—Au alloying at the subnanometer scale.

In the present work, we address these questions by assessing
the performance of AgAu; . trimers supported on the
MgO(100) surface as catalysts in CO oxidation. Calculations
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are performed using a GGA xc-functional®" and a plane-wave
basis set within a periodic approach.*” The MgO(100) surface
is selected as a reasonable model of an ionic support, as shown
in a recent study by comparison with amorphous alumina.*' A
systematic exploration of the potential energy surface (PES) of
the metal-cluster + substrate + ligands sZstem is conducted via a
reactive global optimization approach”’ (see the Supporting
Information), to determine the catalytic cycle and the
robustness of the catalysts. It is found that trimers are the
smallest supported clusters able to act as effective CO oxidation
catalysts in complex cycles occurring via Langmuir—Hinshel-
wood or Eley—Rideal mechanisms. The effect of the cluster/
oxide interface is taken into account and analyzed. It is shown
that mixing two different metals can have beneficial effects on
the catalytic activity as well as on the stability (resistance to
sintering) of these subnanometer species.

In the Supporting Information, we report representative
structures of bare M; (ie., Ag.Au,_,) trimer clusters, as well of
their complexes with O, and CO molecules. Molecular
adsorption energies of one or two O, or CO molecules are
reported in Table 1. The lowest-energy configurations of bare

Table 1. Molecular Adsorption Energies” on Ag,Au;_, and
Ag Au; O Clusters”

x=0 x=1 x=2 x=3

Ag Au;_, 0O, 1.01 1.11 1.16 1.19
20, 1.01 1.11 1.57 1.62

CcO 1.34 1.26 0.85 0.81

2 CO 1.71 1.61 121 1.26

0, + CO 1.86 2.01 1.74 1.69

Ag Au;_ O 0O, 1.25 1.15 0.71 1.07
CO 1.57 1.62 091 0.94

CO+0, 1.57 1.62 1.23 1.21

“Values in eV. “See structure B in Figure 1.

clusters are triangles whose plane is orthogonal to the oxide
surface, see Figure 1A, because of a “metal-on-top” effect. The
energy differences among the various upward configurations are
small, and the energy barrier for diffusion via rotation in the
out-of-plane axis is less than 0.5 eV. After adsorption of CO or
unbroken O, in the lowest-energy configurations the Mj
triangle is still orthogonal to the oxide surface, see Figure
1B,E. Charge transfer from the surface is present but not crucial
(see Supporting Information) and the main effect of the
support is to provide an electrostatic field that changes
substantially the energy landscape of the metal-cluster + ligands
complex.”’ From Table 1, adsorption of the first O, molecule is
exothermic by more than 1 eV, and the adsorption mode is
parallel to one of the trimer edges, see Figure 1B.** On the
contrary, for the second O, molecule there is basically no
enthalpy gain for gold-rich clusters, whereas for silver-rich ones
this amounts to 0.43 eV, at most, which hardly compensates for
the loss of entropic contributions in standard conditions (about
0.5 €V for free O,). In this case we thus do not find cooperative
synergic effects on adsorption as in the gas-phase.>> A further,
substantial energy gain of 0.5—1.3 eV is obtained in breaking
O, into two O atoms (we recall that this gain is not obtained
for gas-phase trimers'®*'). The energy barriers of the
corresponding O, dissociation mechanisms (Figure 1B—C)
are reported in Table 2 together with the associated enthalpy
changes. It can be noticed that, despite the significant enthalpy
gain, the barriers are quite large, so that this process is not
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Figure 1. Main mechanisms found leading to CO oxidation. Local
minima are enclosed by continuous lines and transition states by
dashed lines.

Table 2. Energy Barriers” for O, Breaking on Ag,Au,_,
Clusters”
AgoAuy AgiAu, Ag,Au,
2.17 (—126) 247 (=0.93) 1.91 (—0.56)
“Enthalpy changes in parentheses. "Values in eV.

Ag;Au,
1.83 (—0.46)

efficient in catalytic terms. The preferential site for CO is on
top of the metal atom not in contact with the surface. Co-
adsorption of two CO molecules is energetically favored by
0.45 eV at most, which is hardly sufficient to stabilize it in
standard conditions when entropic contributions of free CO are
taken into account (about 0.5 eV), again at variance with gas-
phase cooperative synergic effects.”

The values in Table 1 show the greater affinity of Au-rich and
Ag-rich clusters for CO and O,, respectively, in tune with
observation on gas-phase pure and alloyed clusters.* '* Co-
adorption of CO and O, introduces a further interesting
difference. Whereas for Au; and Ag; adsorption of only one CO
or one O, molecule is thermodynamically favored in ambient
conditions, for mixed Ag.Au;_, (x = 1,2) clusters simulta-
neously adsorbing one CO and one O, molecule maximizes the
gain in enthalpy and is thermodynamically favorable even when

dx.doi.org/10.1021/cs300275v | ACS Catal. 2012, 2, 1860—1864
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Table 3. Reaction Energy Barriers” for Selected Steps Leading to the Formation of COz(g)b

initial final mechanism AgpAu,

B C 1 (LH) 0.83 (—0.77)
C D 2 (LH) 0.12 (—1.35)
B F 3 (LH) 0.38 (+0.11)
E F 4 (ER) 0.00 (—0.53)
F G 5 (LH) 0.71 (=2.23)
F H 6 (LH) 0.50 (—2.78)
H I 7 (LH) 0.30 (+0.27)
J L 8 (LH) 0.36 (=0.17)
L M 2 (LH) 1.09 (—0.98)
L E 9 (ER) 0.21 (=2.18)
N 0 3 (LH) 0.05 (—1.02)
0 P 5 (LH) 0.30 (—=2.12)
P I 9 (ER) 0.15 (=2.26)
I Q 4 (ER)

Q R 5 (LH)

Q S 6—7 (LH)

R H 9 (ER)

Ag Au, Ag,Au; Ag;Au,
1.19 (—0.47) 1.20 (—0.37) 1.07 (—0.25)
0.20 (—1.35) 0.14 (-1.97) 0.05 (—2.13)
0.13 (+0.11) 0.09 (+0.08) 0.21 (—0.04)
0.00 (—0.77) 0.00 (—0.84) 0.00 (—0.95)
0.52 (—=1.93) 0.30 (—2.43) 0.32 (=2.34)
0.52 (—3.00) 0.30 (—3.43) 0.32 (—3.37)

0.00 (—0.08) 0.00 (—0.20)
0.67 (+0.51) 0.71 (+0.71) 0.65 (+0.65)
0.89 (—1.11) 0.74 (—1.52) 0.67(—1.52)
0.20 (—2.28)
0.05 (—0.77) 0.01 (—0.81)
0.29 (—2.89) 0.31 (—2.60)
0.18 (—2.27) 0.15 (—2.47)
0.05 (—1.40) 0.05 (-1.37)
0.37 (—2.80) 0.29 (—2.66)
0.37 (-2.73) 0.29 (-3.01)
0.10 (—2.34) 0.11 (—2.50)

“Values in eV. Enthalpy change in parentheses. bSee Figure 1 for the labels and an illustration of each structure/mechanism.

entropic contributions are included. The resulting
Ag,Au;_,0,CO (x = 1,2) clusters are saturated.

Starting from M;0,CO complexes, two main routes®® can
lead to CO oxidation: (i) O, breaking followed by the reaction
of an O atom with CO, or (ii) the direct interaction of
adsorbed O, with (adsorbed or free) CO (active also for Pt
clusters®”). Both paths were found in the present simulations,
the latter occurring according to a Langmuir—Hinshelwood
mechanism when adsorption energies were favorable or to an
Eley—Rideal one in the opposite case. The energetics of each
case are reported in Table 3 and illustrated in Figure 1, which
summarizes the results on reaction energy barriers. Route (i)
presents larger energy barriers, even though, once O, is broken,
CO, is immediately formed. In contrast, route (ii) leads to the
formation of a M;OOCO intermediate (Figure 1F)**** (also
observed in the gas-phase®®), which can then either dissociate
into M;O + CO,(g) or evolve into a very stable carbonate
(CO;) adduct, corresponding to the lowest-energy local
minimum of these AgAu; ,0,CO complexes. The energy
barriers are much lower with respect to route (i) so that this is
the kinetically and thermodynamically preferred route.

Because of the high stability of the carbonate complex there
is an energy penalty to break it into M;O and CO,(g).
However, M;COj can take an additional CO (but no additional
O,) with an energy gain ranging from ~0.5 eV (Agrich
regime) to ~1.0 eV (Au-rich regime). For Auj this weakens the
M;-CO; bond and lowers the energy barrier for removal of
CO,(g) (see Figure 1J—L and Table 3). The Au;O complex so
generated can adsorb additional molecules. In Table 1 the
values for CO, O,, and CO + O, absorption energies are given
for each composition. For Au-rich complexes, the absorption of
a CO molecule is energetically favorable, but the successive
reaction with the adsorbed O atom to form CO, (mechanism
2) presents significant energy barriers, as shown in Table 3 (the
Ag . Au;_,O complexes are less efficient CO oxidation catalysts
than Ag,Au;_, ones because of a stronger interaction with the
O atom). In these conditions, an Eley—Rideal mechanism
becomes favored. In Table 3 the reaction energy barriers for the
reaction: CO(g) + OM;CO—OM,; + CO,(g) via this

mechanism are reported (mechanism 9) and are very low.
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For Ag-rich compositions the energy difference of 0.65—0.71
eV (see Figure 1J,L and Table 3) for disaggregating the
CO;M;CO complex slightly disfavors this process (even
considering the gain in CO, free energy), and the reaction
proceeds along a different route, in which the support plays an
important role. The M;CO; complex (Figure 1H) can in fact
isomerize so that the carbonate directly interacts with the oxide
surface (Figure 1I). This then absorbs CO and successively O,
(Eley—Rideal mechanism) to produce a complex (Figure 1Q)
which can then either disaggregate into OM;CO; + CO,(g) or
tranform into a double carbonate complex (Figure 1S). If an
OM,CO; complex is generated (Figure 1R), this can interact
with CO from the gas phase in an Eley—Rideal mechanism to
produce another CO,(g) and regenerate M;CO; (Figure 1I).
As apparent from Figure 1, this complex can also be produced
via a different path in which upright M;CO; (Figure 1H)
absorbs CO and O, to give an intermediate (Figure 10) which
easily disaggregates into OM;CO; + CO,(g). The reaction of
the bridged oxygen atom in OM;CO; (Figure 1P) with gas
phase CO then gives the M;CO; complex (Figure 1I). A point
which is important to stress is that for Ag; the inert double
carbonate complex (Figure 1S) is energetically favored by 0.35
eV, so that the reaction may get stuck depending on the
experimental conditions, whereas for Ag,Au the path Figure
1Q—R is favored by about 0.1 eV. The difference between Ag;
and Ag,Au is due to the smaller oxygen affinity of Au (it is the
carbonate on the Au side which disaggregates). In short, for Ag-
rich compositions at variance with Au; the direct ligand
interaction with the MgO support™ plays a significant role, in
tune with previous suggestions on other oxides'”'® or larger
particles.>® Note that on MgO(100) effects such as ligand
spillover from the support are not important. Figure 2
compares the sequence of local minima for CO oxidation on
Auy and Ag-rich clusters.

A crucial feature of a catalyst is its stability in the given
reaction conditions. To check this aspect of (Ag—Au),
supported trimers, the fragmentation energies of
Ag Au;_,0,CO,, complexes were determined. In Table 4 and
Figure 3, the energy differences between the intact and the
broken complexes are shown for six different cases: Ag,Au;_,,
Ag,Au;_,CO, Ag.Au;_0O, (two different ways of breaking),

dx.doi.org/10.1021/cs300275v | ACS Catal. 2012, 2, 1860—1864
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Figure 2. CO oxidation local minima steps for Ag,Au(green) and
Auy(red). The Ag,Au data are shifted by —3 eV for clarity. Reaction
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Table 4. Minimum Energy Required to Break
Ag.Au;_0,CO,, Complexes into Smaller Pieces®

AgyAuy Ag Au, Ag,Au,; Ag;Au,
a 0.64 0.77 0.69 0.68
b 0.64 0.67 0.83 1.10
[¢ 2.22 1.50 1.63 1.63
d 0.58 0.87 0.99 0.96
e 2.04 1.86 2.31 1.89
f 0.07 0.37 0.71 0.85
“The configurations are shown in Figure 3. Values in eV.
¢’ e
T v
- (@) w (b)
- -,
T ﬁ&«« 4 v &« v
.:ili‘i " ml YV V V] r s 4

(\'(—cz ~ ®

S

v e , y___Y
b (oW ' w .{.' “‘ﬂa‘_
e (o) Q v
» » -
-  d (f) -

P

-G

l/,":/.‘i L&; ‘;7 l/'.:/"n /JK?:

Figure 3. Breaking of three different Ag,Au;_.0,CO,, complexes. The
atomic labels are the same as in Figure 1. Some structural differences
exist depending on the exact composition of the complex.

and Ag.Au;_,0,CO. Comparison of fragmentation paths (a)
and (b) shows that CO adsorption increases the stability of
silver-rich clusters. This pattern is also found when only O, is
adsorbed (cases c and d), with the exception of Aus. For the last
2 fragmentation paths, (e) and (f), when both O, and CO are
adsorbed, silver-rich clusters are found to be still reasonably
stable, whereas Au; and Ag;Au, can break more easily than in
the case of bare clusters in agreement with experiment.*” We
conclude that Au-rich trimers should have a shorter lifetime
under a CO/O, atmosphere, which undermines their usefulness
as candidates for the reaction under study.

Clearly, disgregation is one deactivation mechanism,
diffusion leading to ripening and sintering being a different
one. Under this viewpoint the regular MgO(100) surface shows
limits as a support model, since, as mentioned earlier, the
energy barriers for diffusion of the bare clusters are small. It can
be noted in passing that pathways (c) and (e) are destabilized
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by the low adhesion of O, onto metal dimers. These barriers do
increase after ligand adsorption especially for Ag-rich clusters
(the effect of the interface is beneficial under this point of view)
but to establish whether this is sufficient to prevent catalyst
deactivation one should study the complex interplay between
bare cluster and reactive complex diffusion under reaction
conditions. Surface defects which trap and immobilize the
clusters are probably needed to prevent this phenomenon and
will be the subject of future work.

In summary, in this work the -catalytic properties of
Ag,Au;_,/MgO(100) clusters in CO oxidation were studied
via a thorough DFT sampling of the PES of the metal-cluster +
substrate + ligands systems.

Four main general conclusions can be drawn from this
analysis.

First, even such a simple reaction as CO oxidation, led by a
strong thermodynamic driving force and involving a limited
number of chemical species, can occur through a variety of
different mechanisms (some of them novel), ranging from CO-
assisted O, breaking and successive CO reaction with a bridged
oxygen species to the formation and successive decomposition
of a carbonate (or a double carbonate) adduct, occurring via
both Langmuir—Hinshelwood or Eley—Rideal mechanisms and
with the assistance of the oxide surface or not.

Second, coverage effects (although often overlooked) are
fundamental in determining the actual reaction paths in the
given conditions. The catalytic active species in the cases here
investigated are never bare metal clusters, but rather “catalytic
complexes”*®*' (the carbonate adduct of Figure 11 for Ag-rich
compositions or the CO-doped cluster of Figure 1E for Au;)
which are formed under reaction conditions and which
represent the heterogeneous catalysis analogue of the transition
metal complexes utilized in homogeneous catalysis.

Third, the effect of alloying can be beneficial even though
difficult to predict because of its highly nonlinear and many-
body character, which is an intrinsic feature of subnanometer
cluster energetics. In the present case Ag,Au turns out to be a
better CO oxidation catalyst than Ag; as it is able to coabsorb
CO and O, in the first step of the reaction and to avoid getting
stuck into unreactive intermediates at a later stage, because of
the interplay of CO and O, affinity by Ag and Au, respectively.

Fourth, an analysis of the stability of these complexes with
respect to fragmentation shows that Au-rich complexes are
prone to breaking after coadsorption of CO and O, (in
agreement with experiment), whereas alloying with silver
significantly increases the cluster stability. We thus finally
propose Ag,Au,; as the best candidate catalyst.

We believe that the present analysis offers interesting
perspectives in the understanding and exploitation of
heterogeneous subnanocatalysts while pointing to the need of
efficient algorithms for structural exploration and sampling to
achieve a predictive computational science.
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Computational details, representative charge and spin analysis
and structures of M;, M;0,, M;0,CO, and Ag;(CO,),
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