ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Journal of Catalysis 254 (2008) 349-354

JOURNAL OF
CATALYSIS

www.elsevier.com/locate/jcat

Promoting O; activation on noble metal surfaces

Wai-Leung Yim, Thorsten Kliiner *

Institut fiir Reine und Angewandte Chemie and the Center of Interface Science (CIS), Theoretische Chemie,
Carl von Ossietzky Universitdit Oldenburg, Carl-von-Ossietzky-Str. 9-11, 26129 Oldenburg, Germany

Received 12 December 2007; accepted 12 January 2008
Available online 11 February 2008

Abstract

We established a chemical modification strategy to search for a substitute of platinum toward O, activation. Achieving this required an un-
derstanding of the chemical bonding interactions along the corresponding reaction pathway. Using recently developed chemical bonding analysis
schemes, we found that the transition state of Oy dissociation on Pt(111) is stabilized by electrostatic interactions and the bonding interaction
between the two oxygen atoms. This paves the way for tuning the O, activation barrier by replacing a surface atom with a less electronegative tran-
sition metal atom. We considered substituted Pd(111), Ag(111), and Au(111) surfaces and suggest some potential candidates for further screening

by experimentalists.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Due to the high cost and poor availability of platinum,
extensive efforts have been made to search for a substitute
in Pt-catalyzed reactions, such as oxygen reduction reactions
(ORRs) [1-4]. The screening process can be facilitated by mod-
ern experimental techniques, for example, a parallel screening
using scanning electrochemical microscopy (SECM) [2]. In this
way, appropriate candidates can be found, although a detailed
chemical understanding is beyond the scope of these experi-
ments.

Understanding the elementary process is beneficial in efforts
to improve the screening process. Although the actual environ-
ments are more complex, model studies have proven to be a
promising alternative [5]. Density functional calculations are
powerful for this purpose. The O dissociation, a crucial step in
ORR, has been studied theoretically on Pt—-Co and Pt-Fe sur-
face alloys [6], and the effect of surface strain has been inves-
tigated and rationalized by the well-known d-band model [7].
It has been suggested that alleviation of poisoning by atomic
oxygen may be the reason for the active role of Pt skins (sin-
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gle and pure Pt layers supported by Pt—M alloy surfaces) on
ORR in low-temperature fuel cells. Moreover, Ferndndez et al.
performed a combined experimental and theoretical study to in-
vestigate the ORR on Pd—Co bimetallic alloy samples [2].

Our goal in the present work was to investigate alternatives
for Pt toward O, activation, because of its importance in dif-
ferent types of reactions, like ORR and CO oxidation. The
activation not only lowers the O, dissociation barrier, but also
decreases the activity of the dissociated oxygen adatoms. Two
mechanisms determine the reaction rate of ORR, O, dissocia-
tion and proton and electron transfer to molecular O, [8]. On a
pure Pt surface, the strong interaction between O (or OH) and Pt
limits the rate of ORR, whereas the O, dissociation determines
the rate of ORR on Pt3M alloy surfaces (M = Ni, Co, Fe, and
Ti) [8]. Consequently, the strength of the metal-O interaction
and the ease of O, dissociation are the two criteria for choosing
possible candidates for further experimental screening.

In earlier work, Stamenkovic et al. [8] investigated Pt skins
and Pt3M alloy surfaces. Here we select a series of substi-
tuted noble metal(111) surfaces, because these surfaces are
easy to handle both theoretically and experimentally using cur-
rent techniques. The substituted metal surface may be synthe-
sized by vapor deposition of a substituent element onto the
M(111) surface; for example, Lahr et al. [9] prepared a sub-


http://www.elsevier.com/locate/jcat
mailto:thorsten.kluener@uni-oldenburg.de
http://dx.doi.org/10.1016/j.jcat.2008.01.018

350 W.-L. Yim, T. Kliiner / Journal of Catalysis 254 (2008) 349-354

stituted Au-Ni(111) surface using this well-established tech-
nique.

We performed a detailed chemical bonding analysis of a
possible mechanism of O; dissociation on the Pt(111) surface.
Knowledge of this dissociation mechanism can help guide the
search for appropriate substituents. We found that the electronic
structure of the transition state (TS) is influenced mainly by
electrostatic effects. The scenario is similar for CO dissociation
on transition metal surfaces, where Li and K act as promot-
ers via electrostatic interactions [10—12]. This offers a way to
tune the dissociation barrier. By mixing two elements of dif-
fering electronegativity, surface charges will be formed, which
will decrease the energy of the TS due to electrostatic interac-
tions. Indeed, we found that substituting a surface atom by a
low-valent transition metal, such as Y, can effectively reduce
the dissociation barrier compared with pure gold and silver sur-
faces. Based on the aforementioned criteria, we propose some
potential elements.

2. Computational methods

We performed non-spin-polarized DFT calculations using
the Vienna Ab Initio Simulation Package (VASP) [13-15]. We
used the PBE exchange-correlation functional [16] with the
PAW-projected wave function for the transition metals and the
oxygen atoms [17]. The plane wave function and charge den-
sity cutoffs were set to 400 and 645 eV, respectively. We carried
out geometry optimizations using the conjugate gradient mini-
mization scheme and transition structure calculations using the
climbing nudged elastic band method; the transition structures
were converged to 0.07 eV/A [18,19].

We modeled the surfaces by a slab of 4 mL thickness, ex-
hibiting a (111) orientation. We used a (3 x 3) supercell contain-
ing 36 transition metal atoms. The slab images were separated
by 13 A to avoid spurious interactions between them. The bot-
tom two layers were fixed in their optimized crystal geometry,
whereas the top two layers were allowed to relax. At the alloy
surfaces, one of the surface atoms was substituted. Both pure
and substituted surfaces are illustrated in Fig. 1. For integration
in k-space, we chose 2 x 2 x 1 Monkhorst-Pack (M-P) mesh
[20]. We performed convergence tests on the reaction energy
and O; dissociation energy and found that the 2 x 2 x 1 M-P
mesh was sufficiently fine to obtain conclusive results, as de-
scribed in Supplementary material. Details of chemical bonding
analysis are also documented in Supplementary material.

3. Results and discussions

Because our goal was to investigate better alternatives for
Pt toward O3 activation, we attempted to identify elements that
would have a comparable (or smaller) O, dissociation barrier
and a weaker interaction with oxygen atoms after dissociation.
Applying these search criteria, we considered the chemisorbed-
O, precursor in an atop-hollow-bridge configuration, similar to
those studied by Fernandez et al. [2]. Fig. 2 schematically il-
lustrates the O, precursor and dissociated oxygen adatoms on
Pt(111) and AuCu surfaces. As depicted in Fig. 2A, there is one
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Fig. 1. Schematic diagram of pure Au(l111) and AuY surfaces. The (3 x 3)
periodic unit cells are included in the solid lines.

0O,/AuCu (config. 2)

20/AuCu (config. 2)

Fig. 2. Possible configurations of O,-precursor and oxygen adatoms on: (A, B)
pure Pt(111) surfaces; (C—F) AuCu alloy surfaces.

possible atop-hollow-bridge configuration for O; species, and
the dissociated oxygen adatoms will fill the threefold hollow
sites. But on the substituted alloy surfaces, such as AuCu, there
are two possible atop-hollow-bridge configurations, where one
oxygen can fill the Au—Cu bridge site (Fig. 2C) or the Cu-atop
site (Fig. 2E). Thus, two possible dissociation channels for the
chemisorbed-O; precursor can be identified. In this work, we
studied only those O, dissociation pathways that exhibited the
greater reaction energy on each alloy surface.

We calculated the O dissociation process on the late tran-
sition metal surfaces (Table 1), including Cu(111), Pd(111),
Ag(111), Ir(111), Pt(111), and Au(111). We found that the re-
actions on Cu(111) and Ir(111) surfaces were too exothermic,
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Table 1
Energetics of O-O dissociation on late transition metal (111) surfaces, densities
and Laplacian at bond critical points (BCP’s)

AE? E.b Laplaciang, € (a.u.) pBCP,OZd (a.u.)

V) V) Initial TS Initial TS
Cu  —220 0.16 —0.14 0.36 0.28 0.13
Pd ~1.52 0.70 —0.46 037 0.36 0.11
Ag 061 1.77 —0.46 0.09 035 0.03
Ir —2.01 0.07 ~0.10 037 0.28 0.16
Pt —1.34 0.41 —0.34 0.20 0.33 0.06
Au —021 1.25 ~0.59 0.28 038 0.08

4 Change of energy: AE = E[O(ad)...O(ad)] — E[O;(ad)].
b Activation energy: E, = E(TS) — E[O;(ad)].

¢ Laplacian of electron density at BCP.

d Electron density at BCP.

despite the low O, dissociation barriers. Thus, the strong O—Cu
and O-Ir binding disfavors these two transition metal elements
for the ORR. We did not consider these two surfaces further,
because a destabilization scheme for the product states would
be required to reduce the exothermicity.

We found that the O, dissociation on Pt(111) is exothermic
by —1.34 eV, with a small barrier of 0.4 eV. As mentioned
earlier, the rate of ORR on pure Pt surfaces is limited by the
strong O-Pt interaction; thus, we selected a model surface that
leads to a comparable O, activation energy and has a weaker
interaction with oxygen adatoms. Among the selected late tran-
sition metal surfaces, Pd(111), Ag(111), and Au(111) fulfill the
latter requirement, because the O, dissociation on these sur-
faces is exothermic by —1.52 to —0.21 eV and the surfaces are
not likely to be poisoned. But the barriers are relatively large
and must be decreased, especially on Ag(111) (1.77 eV) and
Au(111) (1.25 eV). One possible modification would be to re-
place one surface atom in the topmost layer in each supercell.
We discuss the choice of the substituent later.

The key to improving the ORR on Pd(111), Ag(111), and
Au(111) surfaces is to reduce the large dissociation barriers. To
work out a new strategy for improving catalytic performance,
we obtained microscopic information of the chemical bond at
the initial states and TSs on the pure Pt(111) surface. As shown
in Table 2, the chemisorbed O; carries a net negative charge of
—0.67 e. At the transition state, the O- - -O species is even more
anionic, carrying charge of —1.12 e. Accordingly, the Pt atoms
to which the O species attaches reveal an increased cationic
character. The charge density can be analyzed according to a
multipole expansion, which reveals that the electric monopole
dominates the interaction. Thus, we can tailor the activation
barrier by introducing surface charges, because the TS will
be favored by electrostatics to a greater extent than the initial
state. A similar situation also can be observed in O,/Pd(111),
O2/Ag(111), and Oz/Au(111).

Table 1 also reports the electron density and its Laplacian
at a bond critical point for the O, moiety [21]. In all cases,
the chemisorbed O, molecule in the initial state is character-
ized by a covalent bond, as indicated by an average ppcp,0,
of 0.33 a.u. and a negative Laplacian. For comparison, we ana-
lyzed the chemical bond of an isolated triplet O, molecule and
obtained a pgcp,0, of 0.51 a.u. At the TS, the O—O bond is sig-

Table 2
Selected chemical properties for O, /Pt(111)

Atom Charges? (e)
Initial TS
Ptl +0.23 +0.42
Pt2 +0.18 +0.29
Pt3 +0.17 +0.30
0Ol -0.30 —0.51
02 —-0.37 —0.61
Bond PBCP (a.u.)
Pt1-04 0.12 0.17
Pt2-05 0.08 0.12
Pt3-05 0.08 0.12
04-05 0.33 0.06
Laplacian (a.u.)
Pt1-04 0.22 0.23
Pt2-05 0.19 0.23
Pt3-05 0.20 0.23
o 04-05 —0.34 0.20
Transition structure [
Emono” (1/4meg)
—0.03 —0.21

4 Atomic charges.
b Energy contribution by the electric monopole term.

nificantly weakened (small pgcp,0,) but remains considerable.
Thus, at the precursor state, O can be characterized by a strong
covalent bond with a negative Laplacian at the BCP, whereas
the TS reveals a polar covalent bond with a positive Laplacian
at the BCP (see Supplementary material).

It is noteworthy that the dissociation barrier is inversely pro-
portional to pgcp,0, at the TS, except for Pt(111). Therefore,
the larger ppcp,0, at the TS is, the smaller the dissociation bar-
rier turns out to be.

We propose substituting a surface atom by another tran-
sition metal of different electronegativity, to enhance surface
charges and in turn stabilize the TS. The topmost layer would
have PdgM, AggM, and AugM compositions. Substituents are
selected in such a way that the chemical systems contain an
even number of electrons so that non-spin-polarized calcula-
tions can be carried out. Fig. 3 shows chemical bonding infor-
mation on the O—O bond at the precursor states. Both oxygen
atoms carry a negative charge; the average values are illustrated
in the figure. Interestingly, we observed a linear correlation be-
tween the charge of oxygen atoms and ppcp of the O—O bonds
on selected pure and substituted surfaces; the more negative the
oxygen atom, the weaker the O—O bond, due to occupation of
the antibonding 27 * orbital. This supports our intuition that a
substitution of electropositive atoms will increase the anionic
character of the oxygen moiety and thereby weaken the O-O
bond of the precursor state.

Table 3 summarizes the energetics of substituted Pd(111),
Ag(111) and Au(111) surfaces. For the substituted Pd(111) sur-
faces, PdZn and PdRu are good candidates for O, activation,
with activation barriers of 0.43 eV and 0.31 eV, respectively.
Furthermore, the reaction energy for O, dissociation on these
surfaces is similar to that of Pt(111). Therefore, the reaction en-
ergy profile of O, dissociation on Pt(111) should be mimicked
by using PdZn and PdRu. On the other hand, the O, molecule
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Fig. 3. Average charge at the oxygen atom as a function of pgcp of O-O at the
precursor state.

Table 3
Energetics of O-O dissociations on substituted (111) surfaces and analysis of
the chemical bond of the transition state. Definitions of the quantities refer to
Table 1

AE E, Laplaciang, (a.u.) PBCP,0, (a.u.)

(eV) (eV) Initial TS Initial TS
PdTi ~1.49 0.01 0.10 0.12 0.25 0.24
PdZn —1.59 0.43 —0.41 0.40 0.34 0.14
PdZr ~1.18 0.09 0.01 0.40 0.26 0.14
PdRu —1.70 0.31 —0.38 —0.38 0.35 0.35
PdMo  —2.30 0.24 ~0.30 0.40 0.32 0.15
AgRh  —0.38 0.86 —0.51 0.22 0.37 0.07
AgTe —1.41 0.33 —0.41 0.42 0.36 0.13
AgNb  —0.96 0.02 —0.04 —0.06 0.27 0.27
AgY —2.17 0.39 0.01 0.34 0.26 0.11
AgCu  —0.75 0.72 —0.23 0.21 0.30 0.06
AuRh 0.08 0.91 ~0.62 0.17 0.40 0.06
AuTc —~1.23 0.32 —0.54 0.42 0.38 0.13
AuNb  —0.89 0.08 —0.04 ~0.03 0.27 0.27
AuY —1.24 0.58 —0.08 0.29 0.27 0.09
AuCu  —0.46 0.78 —0.41 0.25 0.34 0.07

dissociates immediately on PdTi and PdZr surfaces, due to the
negligible barrier. This is attributed to a very strong tendency to
form titanium oxide and zirconium oxide.

Our computational findings may explain the good catalytic
performance of PdTi as reported by Ferndndez et al. [4]. With
regard to the two aforementioned screening criteria, PdZr may
be the best candidate for promoting ORR among the Pd se-
ries, because it leads to a tiny O, dissociation barrier and has
a smaller reaction energy of —1.18 eV compared with pure
Pt(111).

Among all substituted Ag(111) surfaces, O, dissociates im-
mediately on a AgNb surface. Furthermore, the O, dissocia-
tion barrier is significantly reduced from 1.77 eV on Ag(111)
to 0.33-0.86 eV. These smaller dissociation barriers may fa-
vor the ORR process even at room temperature. We found the
activation energies in the following ascending order: AgTc ~
AgY < AgCu < AgRh < Ag(111). This is in line with the
electronegativity trend of the substituents (in Pauling units):

Y(1.22) < Tc(1.9) ~ Cu(1.9) < Rh(2.28). We also calculated
the energy difference due to the electric monopole term by:
E! ono = Emono (TS) — Emono (precursor), which describes the
strength of the stabilization force due to electrostatic interac-
tions. The energy contribution by electric monopoles can be

estimated using the following formula [22]:

0408

Eq(RB) = .
Cl( ) 47T8()RAB

monopole interaction:
The overall energy contribution due to electric monopoles takes
a summarization over the primitive supercell, where periodic
boundary conditions are taken into account. The results for
substituted Ag surfaces are displayed in Fig. 4A. We can see
a reasonable correlation between E, and E; ., demonstrat-
ing that the activation energy can be reduced by introducing a
more electropositive transition metal atom. Among the Ag se-
ries, the AgY and AgTc surfaces lead to larger reaction energies
compared with pure Pt(111), which do not fulfill the screening
criteria. We note a negligible O, dissociation barrier on AuNb
as well.

As demonstrated for the substituted Ag(111) surfaces, the
substituents can effectively reduce the O, dissociation barrier
on Au(111) surfaces to <1 eV, particularly on AuY and AuTc.
The activation energies were found in the following ascending
order: AuTc < AuY < AuCu < AuRh < Au(111). Thus, the
substituents have the same effect on the activation energy of
O, dissociation on both substituted Ag(111) and Au(111) sur-

faces. Fig. 4B shows the correlation between E, and E/ on

mono

substituted Au(111) surfaces, demonstrating that the TS is sta-
bilized predominantly by electrostatic interactions. Compared
with pure Au(111), all of the Au—-M alloys except AuRh exhibit
higher reaction energies, but still lower than the corresponding
energies on Pt(111). All Au alloys are suitable for further exper-
imental screening. Note that on the AuCu alloy surface, the O,
dissociation barrier is reduced dramatically, by 0.47 eV. This
provides important insight into the recent experimental find-
ings, in which a small amount of copper can greatly enhance
CO oxidation on gold foams [23].

On the other hand, coordination effects may seriously com-
plicate the scenario. Fig. 4C shows a linear correlation between
the activation energy for O, dissociation and the electron den-
sity at the BCP. This implies that an early transition state, char-
acterized by a high BCP density of the O-O moiety at the TS,
favors oxygen dissociation.

The proposed model surfaces require further experimental
confirmation, but at least we can evaluate the thermal stabil-
ity of the substituted surfaces. Note that although the stability
against the oxidation process under experimental conditions is
an important issue, it is beyond the scope of the present investi-
gation. We selected AuY, PdRu and PdZn surfaces, and carried
out ab initio molecular dynamics calculations at 300 and 600 K.
These surfaces were preheated to the desired temperature for
0.6 ps before using the longer canonical molecular dynamics
simulations of about 9 ps applying a Nosé thermostat [24,25].
We found all of these systems to be thermally stable and ob-
served no segregation reactions. The snapshots at the end of the
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Fig. 4. (A, B) Correlation between E; and Ejgno. where Elono =
Emono (TS) — Emono (precursor); (C) correlation between E, and ppcp,0,
at TS.

trajectories of the selected systems are provided in Supplemen-
tary material.

4. Conclusion

In summary, the stabilization forces due to electrostatic in-
teraction and the subsequent weakening of the O—O chemical

bond pave the way for tuning the energy barriers of O, disso-
ciation. As a main result, we have identified a series of possi-
ble substitutes for Pt toward O, activation. Based on our two
screening criteria, we suggest that PdZr, AgRh, AgNb, AgCu,
AuTc, AuNb, AuY, and AuCu are good candidates for fur-
ther screening by experimentalists. On these substituted sur-
faces, Oy overcomes a smaller dissociation barrier, ranging
from 0.02 eV to 0.86 eV. Furthermore, the reactions are un-
likely to poison the surfaces, because the reaction energy ranges
from —0.38 eV to —1.24 eV. Thus, for the first time, we have
elucidated the underlying stabilization force for O, dissocia-
tion process in atomic detail by performing ab initio calcu-
lations. Our work may stimulate further experimental studies,
especially on model systems that can effectively activate O»
dissociation.
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