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Ab Initio Calculations of Intermediates of Oxygen Reduction
on Low-Index Platinum Surfaces
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nstitut fur Physikalische Chemie, Universit&tuttgart, D-70569 Stuttgart, Germany

PSchuit Institute of Catalysis, Laboratory of Inorganic Chemistry and Catalysis, Eindhoven University
of Technology, 5600 MB Eindhoven, The Netherlands

Properties of the oxygen molecule, atomic oxygen, and intermediate products of its reduction, OH, §ItenH111), (100),

and (110 Pt surfaces have been investigated using periodic density functional theory. The Pt surfaces are modeled as four-layer
slabs. Adsorption energies and geometries, as well as the charge-transfer properties are calculated. Computed characteristics of the
adsorbed oxygen reduction intermediates supply known tendencies of the low index Pt surface activities under different experi-
mental conditions. Electric field dependencies of the properties of all species adsorbed 14 )Ptluster have been also
studied. Lowering the field causes an increase of the O-O bond lengthgf, @ttracting the molecule to the Pt surface and
increasing the charge transfer from Pt to*2orbitals of the oxygen molecule. The weakening of the O-O bond is evidenced by

a decrease of the O-O stretching frequency. The charge-transfer fromytbleifRer to the adsorbates is observed for all species.

In our calculations hydrogen peroxide was unstable on all three low-index Pt surfaces and dissociated into two hydroxyls or a
water molecule and atomic oxygen. The results of the calculations are discussed in the context of the mechanism of oxygen
reduction.

© 2004 The Electrochemical Society.DOI: 10.1149/1.1809586All rights reserved.

Manuscript submitted February 4, 2004; revised manuscript received April 21, 2004. Available electronically October 28, 2004.

Platinum catalysts are involved in a vast variety of redox reac- In general, @ reduces by either 27eto H,0,, or by 4 € to
tions, and Q reduction is one of the most important of them. There- H,0, depending on the electrode material and surface modifica-
fore, considerable efforts are undertaken by electrochemists to untions® Adzic and co-workefSdistinguish the following pathways:
derstand the fundamental aspects of Pt catalysts and to improve t;@ a direct four-electron reduction to,B (in acidic media or to
properties of applied catalytic systems in general. The fundamentagy- (in alkaline mediawithout hydrogen peroxide detected on the
relevance of Pt catalytic properties has become even more importar}}ng electrode(ii) a two-electron pathway involving reduction to
because carbon-supported Pt catalysts have so far been the b drogen peroxideiii) a series of pathways with two- and four-

ch?ice forlthe cixygen reguctiorfl atI theBcathode lof low-temperature,jactron reduction(iv) a parallel pathway that is a combination of
po ¥r|:1er electro ytz membrane 'UI%F(Q:;( EMIID:CQ. " has b (i), (ii), and(iii); (v) an interactive pathway in which diffusion of
_The oxygen reduction reactiof ) on Pt surfaces has been species from the series pathway into a direct pathway is possible.
widely studied in electrochemistry, but the details of the mechanism It is now well-established that the reaction rates of the oxygen
remain elusive. The overall ORR is a multistep process involving reduction on different low-index Pt surfaces are structure sensitive,

four electron transfers during which bonds are broken and formed. Iy, o 4 "gtry cture-sensitive adsorption of spectator species, such as
is still not clear whether the process starts from the oxygen molecul

dissociation on Pt electrodes, this being followed by electron anc?ozads.’ OHags anbd bolotﬁds Thet adsorfti(;n p{ﬁperties of treo%'; M
proton transfer, or whether the first reduction step happens beforgP€CI€S aré probably the most important in the process. in ©.
0-0 bond cleavage. Damjanovic proposed that the first step is af2SQs the ORR rate increases in the sequence P(X15(100)

electron transfer to the Omolecule < Pt(110)° An exceptionally large deactivation is observed at the
(111 surface probably due to competition of the strongly adsorbing
0, +e — 0, [1] (bi)sulfate anion. In perchloric acid solution, the variation in activity

at 0.8-0.9 V is relatively small between the three low index faces,

. .. . . . 5
This step is rate-determining and is either accompanied by or fol-With the activity increasing in the order (106) (110) ~ (111)°A
lowed by a fast proton transf%?.ln solution, this step is endorgonic  Similar structural sensitivity is observed in 0.1 M KOH. In the po-
by —0.33 V* Recent results by Markoviet al5 support this pro- ~ téntial range where © reduction is under combined kinetic-
posal based on their experiments on oxygen reduction at singlediffusion control € > 0.75 V), the activity increases in the se-
crystal electrodes. quence (100 (110) < (111)2° The decrease of the&100)

A theoretical study by Sidilet al. has proven the first electron surface activity is related to a high affinity 6100 sites for the
transfer to be rate-determining on dual adsorption sites. Protorhydroxyl adsorption, leading to a lack of active centers forad-
transfer is involved in this step, because the electron affinity of thesorption on RtL00) as it is highly covered with O, Markovic
reactant complex is increased significantly by the proton field, andet al. suggested that the rate of, @®duction should be proportional
this lowers the activation energy for reductidnin the potential o that part of the surface not covered by the hydroxyl species
range_of 0.47-1.20 V, the calculated barrler_ for t_he_ formatl_on of 1-@ ). As is shown below, our computational results also support
OOH is lower than the calculated 0.74 e\; @issociation barrier, g stryctural sensitivity of the oxygen molecule and the oxygen re-
implying that G, does not dissociate on the Pt electrode before thequction intermediates, in particular through the strong adsorption of
first electron transfer. OH on Pt100).

From the experimental point of view, there is evidence for the  Theoretical studies of oxygen-containing species adsorbed on the
dissociative adsorption of Oat the platinum-ultrahigh vacuum  pt surface yield detailed information about the adsorption and reac-
(UHV) interface at room temperatuféyut there is no evidence for  tion properties on a molecular level. Because of the importance of
the direct cleavage of the O-O bond at the electrochemical interthe system, the adsorption @holeculay oxygen species has been a
faces. key issue of theoretical investigations by a large number of special-

ists, but in most cases the studies were restricted td1h® and
(100 surfaceg! 13
2 E-mail: e.roduner@ipc.uni-stuttgart.de Using a single platinum atom for coordinating CH,O, "“OOH,
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H,0,, and"OH intermediates in the oxygen reduction, Anderson Background
and co-workers suggested the following lowest energy single- |n this section, we brieflfand incompletely discuss some re-
electron pathway for oxygen reduction sults from fundamental experimental and computational studies con-
Pt+ O, — Pt-O, [2] cernjng the specie_s of interest in our _computations. Most of these
studies were carried out for the platinum-UHV interface, which
Pt-O, + H'(ag + e (U) — Pt-OOH [3] leads to the best-defined conditions. We point out that these are not
necessarily the conditions most applicable to the electrochemical
Pt-OOH + H+(aq) + e (U) — Pt-O+ H,0 [4] interface.
Pt-O+ H'(ag + e (U) — Pt-OH [5] Oxygen adsorptior—The adsorption of oxygen on Pt surfaces
. 3 has been identified as a fundamental step of its reduction mech-
Pt-OOH + H™(ag) + e (U) — Pt(OHOH) (6] anism?1?? Experiments at the platinum-UHV interface have shown

n _ that oxygen adsorbs both dissociatively and molecularly orfith®
PHOHOH) + H'(ag) + e (U) — PtOH+ H,0 7] surface. Adsorbed molecular oxygen is found at 150 K; at higher
Pt-OH+ H*(ag + e (U) — Pt-OH, [8] temperatures dissociation takes place.
Previous spectroscopic studies identified three distinct chemi-
Compared to the uncatalyzed outer Helmholtz plane valuessSorbed states of oxygen on the(Bfl) surface. Two of them are
bonding to the platinum atom has the effect of decreasing the caladsorbed molecular species, the superoxo-likg)(Sate is formed
culated activation energies for,@nd HO, reduction. The activa-  at bridge sites with an intramolecular bond order of 1.5 and a vibra-
tion energies for OH radical reduction to@® increase whefOH is ~ tional frequency of 870 cmt, and the peroxo-like (§) state
bonded to the Pt atom, and bonding to Pt decreases the activaticiormed at threefold hollow sites with an intramolecular bond order
energies of OOH reduction to HO,. The activation energies are of 1.0 and a stretching frequency of 690 cht*?* At near-zero
predicted to increase with increasing potential. Anderson’s calculasurface coverages the peroxo-like molecular precursor is observed
tions predict an activation energy of 0.43 eV for oxygen reduction atexclusively, while both the superoxo-like and peroxo-like forms are
the standard equilbrium potential. At 1.23 V the experimental acti- detected at higher coveragés:
vation energy is 0.44 eV on the three low-index Pt surfaces in 0.05 Because of an additional electron in the antibondingrbital
M H,S0,. The rate-determining step appears to be the addition ofof the molecule the peroxo-like oxygen is often referred to as a
the first electron to @43 Hartnig and Koper have recently mod- Precursor state for d'51500|at|5ﬁD|5500"_3“0n on Ri11) proceeds
eled this electron addition as a Marcus-type outer-sphere electroRY sequenltlal population of superoxo-like and peroxo-like precur-
transfer reaction using large-scale molecular dynamicsSOr States! Atomic oxygen is by far the energetically most stable

simulationst® configuration of oxygen on Pt surfaces. Upon heating to above 150
A reaction that interferes with the redox system is the oxidation K, both molecular species disappear in favor of atomic oxygen that
of the water molecule is observed in threefold hollow sites, featuring a Pt-O bond fre-

quency of 471 cm*.?’

Pt-OH, — Pt-OH+ H* + e~ [9] _ _ )

OH adsorption—Hydroxyl adsorbates are key intermediates on
which leads to adsorbed hydroxyl radic¥isReaction 9 is the main  theé PEMFC cathode as they are generally held responsible for
source of adsorbed OH in the system and therefore primarily responP!ocking adsorption sites for oxygen. Spectroscopic investigations
sible for the surface poisoningge. the (10oy) term mentioned of hydroxyl groups on low-index Pt surfaces have been the focus

above. of recent research in many groups. Ori1R1), Fisher and Sexton

In the present work we want to calculate the system propertied€Ported that Ok could be prepared by adsorption of®on a
by performing calculations at a high level of theory f6k11), layer of preadsorbed O atoms at 100 K and subsequent heating
(100), and (110 surfaces forradica) intermediates of the oxygen aboveT = 150 K, leading to the formation of OH grou@sit is a
reduction. matter of debate and possibly depends on the method of prepara-

Radicals are deemed important for understanding the degradatiotion®® whether OHgis bound at top positions or in threefold hollow
effects in a working fuel ceft’ It is therefore of key interest to sites°
explore the energetics of reaction intermediates on Pt surfaces. How Previous theoretical studies of the system have shown that at low
strongly do the radicals adsorb and under what conditions do theyxoveragesfrom 1/9 of a monolaye¢ML ) to 1/3 of a ML) OH binds
leave the surface of the Pt catalyst to deploy their destructive napreferentially at bridge and top sites with a chemisorption energy of
ture? Under different fuel cell running conditions the catalyst expe-~2.25 e\?! At high coverage§1/2 to 1 ML) H bonding between
riences different electric potentials. Which influences can it have onadjacent hydroxyl groups leads @9 an enhancement in OH chemi-
the adsorption/desorption of the oxygen species and on the catalytisorption energy by about 15%iji] a strong preference for OH
reaction in general? The present work tries to provide insight intoadsorption at top sites; andii() the formation of OH networks.
these issues. Koper and co-workers found that OH has a tendency to adsorb

The main results of our computations are the potential-dependenfipright in the hollow sit€? However, both in the atop and bridge
adsorption properties of oxygen and intermediates of the reductiorpositions, a tilting of the molecule leads to significant lowering of
of oxygen on the three low-index platinum surfacgsl), (110, and  the binding energy on platihum. More importantly, when co-
(100. It is now generally accepted that the slab geometry with pe-adsorbed with water on Rhl1), a discrete Fourier transfortFT)
riodic boundary conditions is the best model for obtaining accuratestudy by Vassilevet al. showed that OH lies almost flat on the

chemisorption energies and geometries on the surface. Thereforgyrface, with the oxygen coordinated to a top surface dfom.
such calculations have been used for the present purpose. Cluster

models can describe local properties such as adsorbate geometries, H,O, adsorption—Depending on the properties of the Pt elec-
vibrational frequencies, and bonding mechant§miloreover, itwas  trode surface b, can be formed in appreciable amounts during the
shown recently that for CO and OHadsorbed on Pt, the cluster ORR. The yield of hydrogen peroxide on a typical fuel cell catalyst
model can be successfully applied for the description of the Starksuch as Pt/Vulcan amountsda. 15%, in a close agreement with the
tuning rate*®>?°Therefore, we have used a cluster model to describeaverage value of 50, produced on RL00) (ca. 25%) and P¢110)
properties of the adsorbed oxygen-containing species as a functiofca. 2.5% single-crystal surfacés.

of an applied electric field, as this also leads to a significant reduc- Hydrogen peroxide is unstable on low-index Pt surfaces and
tion of computation time. decays into a water molecule and molecular oxygen
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2H,0, — 2H,0 + O, [10]

The activation energy for the Pt-catalyzed reaction amounts to abou
54.4 kJ mol' L. Furthermore, KO, can dissociate on Pt surfaces into
two hydroxyls. Another path that has been suggested includes th
formation of OOH radicals and H atoR?s®

Pt-H,0, + — Pt-OH + Pt-OH [11]

2Pt+ H,0, — Pt-OOH+ Pt-H [12]

It has been proposed that Qflinitiates the autocatalytic dissocia- Fligure 1. Oxygen molecule adsorbed at the hollow position of ¢ Fit1)
tive adsorption of hydrogen peroxide. Cluster.

H,O adsorption—When one speaks about the ORR on metal
surfaces one has to take into account that the surface is not clean but Gaussian 98 cluster calculatiorsIn this part of the study we
always covered with adsorbed water molecules. Intermediates of thesed a cluster model to simulate the interactions of oxygen-
oxygen reduction are thus solvated on the surface. The water-metalontaining species with different sites of the1R1l) surface in the
interaction has been one of the most studied adsorption cases singgesence of an applied electric field. Optimized geometries of ad-
the establishment of modern surface science some 25 yearé ago. sorbed species were taken from the VASP results and reoptimized

Ogasawarat al. found that water on the Rtll) surface forms  for the case of the Rt111)-adsorbate system. The cluster geometry
a nearly flat overlayer with both metal-oxygen and metal- was fixed as in bulk platinum, with an experimental Pt-Pt distance
hydrogen bonds formed to the surfaifé recent DFT study showed of 2.77 A. Figure 1 shows the geometry of an adsorbed oxygen
that, whereas a single water molecule adsorbs flat GiilBtwith a  molecule at the hollow position on thegPt11) cluster. The small

binding energy otta. 0.3 eV, the binding energy in a bilayémwo- size of the cluster provides only a limited representation of the
thirds F:O\ggrag)elncreases toca. 0.53 eV due to hydrogen bond metal conduction band. Therefore, one does not expect to obtain
formation: extremely accurate results. However, common trends, in particular

. in relation to bond distances and vibration properties, and the ef-
Computational Methods fect of an electric field on the binding energy should be sufficiently
First-principles total energy calculations within the DFT frame- accurate to produce meaningful resdfté*
work were performed in this study. As mentioned in the introduc-
tion, two geometrical models were used to study adsorption, the slatén
geometry and the cluster geometry. The former was studied usin
the VASP program; the latter using Gaussian 98.

We employed a 6-311% basis set for the O and H atoms
d a LANL2DZ, doubles, basis with an effective core potential
Yerived by Hay and Wafft for the Pt atoms as implemented

in Gaussian 98° Using these basis sets and frozen core potentials,
VASP slab calculations-The calculations were carried out with ab initio cluster model calculations were carried out in the frame-
the Vienna Ab-Initio Simulation Package, VASPwhich is an effi-  work of the B3LYP density functional theory method with spin-
cient density-functional-theory-based code for systems with periodicunrestricted orbitals. The B3LYP hybrid method is known to pro-
boundary conditions. vide very good results for transition-metal-containing compounds
The VASP represents the electron-ion core interaction viaincluding surface cluster model6#8The B3LYP functional is based
Blochl's projector augmented wav@AW) approach! Generally on Becke’s three-parameter adiabatic connection metgiM)
the PAW potentials are more accurate than the ultragof) approach, and consists of a combination of Sktetartree-Fock?
pseudopotentials because the radial cutttsre radi) are smaller  and Becke! exchange, with the Vosko, Wilk, and NusgWWN)
than the radii used for the US pseudopotentials, and because tHecal’? and the Lee, Yang, and Pa(itrYP)®?2 nonlocal correlation
PAW potentials reconstruct the exact valence wave function withfunctionals.
all nodes in the core region. The PAW method yields converged In order to investigate the electric field dependence of the
total energy differences with a modest plane-wave basis set. Th@roperties of the adsorbed species, an electric field was applied to
Vosko-Wilk-Nusaif? form of the local density approximation was the system in a direction perpendicular to the Pt surface. Electric
used, in combination with the PW91 functional for the generalizedfield intensities of —0.0100;-0.0075;-0.0050;-0.0025,0.0000,
gradient approximatiorﬁGGA).43 In all cases, the plane-wave ex- 0.0025,0.0050,0.0075,0.0100 a.u. were considered, and the sign of
pansion was truncated at a cutoff energy of 400 eV, and a grid ofthe electric field was chosen in such a way that a more negative field
5 X 5 X 1 Monkhorst-Pack special k-points was used to perform corresponds to a more negative adsorbate and more positive Pt sub-
the Brillouin-zone integrations. These settings were found to givestrate. The electric potential is the relevant experimental parameter,
binding energies which converged to within 0.02 eV with a mini- which determines the electrochemical properties of adsorbates, as
mum of computational cost. Adsorption energies were calculated aseflected in particular in their vibrational characterisfits™**Some
the difference between the energy of the composite system and thef these vibrational characteristics may be measured experimentally
sum of the energies of the clean surface and uncoordinated adsoby surface-enhanced Raman spectrosc@yRS, sum frequency
bate. For example, the chemisorption energy of atomic oxygen wageneration(SFG, and infrared reflectance-absorption spectroscopy
calculated from (IRAS).55%8 Geometries of the adsorbates were optimized for each
field using analytical gradients.
Eads= Epto — (Eo + Epy [13] In general, the theoretical DFT studies give bond distances and
vibrational frequencies close to the experimental values, both
whereEq, Ep;, andEpyg are the total energies of free O, Pt, and for slab and cluster models of the surf &2 However, clusters
Pt-O. of ~28 atoms or more might be required for an accurate description
The surfaces were modeled as four-layer slabs having four atomsf binding energied? The adsorption energy is generally more sen-
in each layer, separated by five layers of vacuum. All calculationssitive to the size and shape of the cluster than the distances are, as
were performed at the equilibrium lattice constant of 2.82 A asthe energy levels of the cluster orbitals play an important role in the
found from the VASP geometry optimization. Pt atoms in the first bonding. However, in some cases, clusters as small asrRiven
layer were allowed to relax in the direction perpendicular to the single Pt atoms provide reasonable estimates of metal-adsorbate
surface. bond strengths on extended Pt surfates.
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Table I. Bond lengths and stretching frequencies of the @, *O-OH, and H,0, obtained by experiment, VASP, and Gaussian 98.

0O-0 ‘O-OH HO-OH
Bond Frequency Bond Frequency Bond Frequency

length (A) (cm™Y) length (A) (cm™Y) length (A) (cm™Y)
VASP 1.24 1516 1.35 1174 1.48 994
(PW91-GGA/PAW
Gaussian 98 1.21 1578 1.33 1163 1.45 943
(B3LYP/6-311G™)
Experiment 1.208 1580 1.372 1098 1.490 890
(Ref. 74-78 (Ref. 79

Results and Discussion systent®?3we found three favorable positions for molecular oxygen

U di d ies-Table | . bond | h d adsorption on R111). Two of them are almost identical and corre-
ncoordinated species-Table | summarizes bond lengths and ¢, 15 the hollow positioffcc and hcp between three Pt atoms
stretching frequenqes of the oxygen and_ products of consecutlv?Fig_ 29 with adsorption energies of0.52 and—0.46 eV, respec-
one-electron additions to the,Unolecule in the gas phase. The yely whereas the third so-called bridge position between two Pt
computational approaches applied in this study are known to yieldyiomg(Fig. 2b is the most stable. The O-O bond length is stretched

reasonable results for the oxygen containing species on Pjom jis gas-phase value of 1.24 to 1.38 and 1.36 A for the hollow

clusters?? and extended surfacé$? In our surface calculations 5.4 bridge positions, respectively.

we neutralize the oxygen reductic_m intermediates with protons 10 | order to evaluate the extent of consistency between the VASP
OOH, H,0,, and OH, and we believe that these species play thec|culations with periodic boundary conditions and the Gaussian 98
pnnc_lpalfrolle folrI understanding the process of oxygen reduction in a.g|culations on the isolateddP111) cluster(Fig. 1) we performed a
running fuet ceil. . test calculation with VASP for ©adsorbed on the t111) cluster
Both the VASP(PW91-GGA/PAW and Gaussian 98B3LYP/ 55 the repetitive element resu%ed in adsorption Ee(nergies(bﬂ
6'311(}. ) computations desc“be. th? oxygen molecule, SUPET™ 34 —0.32 eV for the hollow and bridge positions, respectively. The
oxo radical, and hydrogen peroxide in the gas phase reasonablye.ease of the adsorption energy is caused by the fact that the Pt-Pt
well, although VASP slightly overestimates the O-O bond length o ii;eq distance is calculated to be 0.05 A longer, and therefore
for O,, and_ Gaussian 98 underestlmate_s the b_ond fO?Cﬂ@"_and_ the cluster is under stress. Moreover, Pt atoms in the cluster are not
H,O, species that causes corresponding shifts of the vibrationahjjowed to relax in the presence of the adsorbed oxygen molecule.
frequencies. The 0-O bond length on the 111) cluster was calculated to be

However, it is well known that DFT methods can fail to accu- 1 37 and 1.30 A for the hollow and bridge positions, respectively,
rately describe electron affinities and ionization potentials of weaklyp it the molecule moved away from the surface to 2.11 A and

bound anions, in particular oxides. High-level methaelg, MRCI 2 X 2.45 A Pt-O distances for the hollow position and 2.15 A for

?r ccsam usting_tlr(]";lrge basis rsﬁ?%té allrelnte_cessatr%/hto otl)tainl qﬁamitathe bridge position. The cluster studies of the adsorption character-
Ive agreement with experimemstaliculations at these 18Vels haVe istics delivers the right trend in energies and geometries, but a four-

|n°t been ca:rlefdcglg tfor the surface-adsorbate system due t0 th@yer gjah model is essential for obtaining reasonable results that
arge amount o Ime necessary. compare favorably to scanning tunneling microscdffM) and

0, adsorption—The adsorption of oxygen on platinum surfaces €Nergy electron loss spectroscaf8ELS) experiments on extended
is a fundamental step in its reduction mechanism. Full optimizationP(111 surfaces.™ _ i
of adsorbed oxygen molecules was performed for several possible On the(100 surface we found one site of preferential molecular
sites on the Pt surface, yielding adsorption energy, adsorption geon@dsorption. The oxygen molecule lies between two Pt atoms

etry, and charge transfer. In agreement with previous studies of thé&Fig. 20.
On the (110 surface we found two favorable states of oxygen

adsorption, which are the different bridge positions between two
neighboring Pt atoms in the first layéfig. 2d and ¢ At the short
bridge position the O-O bond is stretched to 1.38 A, whereas at the
long bridge site the bond is computed to be slightly shorter. Some
selected properties of the adsorbeg &e given in Table II. Note
that the short-bridge position on tii&10) surface is the most favor-
able adsorption site for the oxygen molecule among the three low-

Table Il. Selected properties of the Q molecule adsorbed on low
index Pt surfaces derived from the VASP(PW91-GGA/PAW) re-
sults for the four-layer slab.

Adsorption Pt-O bond 0-0O bond

Adsorption site energy(eV) length (A) length (A)

Hollow hcp —0.46 1) 2.31%x 2 1.38

(111 fce -0.52 22.05

Bridge (111) —-0.63 2.06X 2 1.36
Figure 2. Oxygen molecule adsorbed on low index Pt surfa¢ashollow Bridge (100 —-1.02 2.02% 2 1.37
position on(111), (b) bridge position or(111), (c) bridge position on(100), Short bridge(110 —1.58 1.99% 2 1.38

(d) short bridge position o0ii110), (e) long bridge position or§110). Long bridge(110 -1.07 2.03X 2 1.37
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pe(2)/Pt(111) is the electron density of the(Ptl) slab. Figure 3b
shows the charge-transfer functions for several oxygen-containing
Pt Pt Pt Pt species on the Pi11) surface. For all species the charge is trans-

ferred from the Pt slab to the adsorbed species and shows a polar-
ization and an oscillatory behavior that is considerably, but not com-
pletely, damped out over four layers. It is expected that oscillations
would damp out the further we enter the metal. The oscillation
damping behaves equally for all species after the third Pt layer, but
in contrast to other adsorbates the oscillation order for the adsorbed
oxygen molecule is broken in the first two layers.

In order to investigate the dependence of the system properties
on the electric field, optimized geometries were taken from the
VASP results and applied to those on g(Ri1) cluster and reopti-
mized again. Figure 4a displays the O-O bond length pa@sorbed
on the P§(111) cluster at the hollow and bridge positions as a func-
tion of applied electric field. As expected, the O-O bond length
' r v r T Y T T decreases with increasing field for both the hollow and bridge posi-
0 5 10 15 20 tions, but the dependence is more pronounced for the bridge adsorp-

Z Angstrom tion site, where @is more strongly adsorbed.

’ The distances between oxygen atoms of the adsorbeth@-

@ ecule and the nearest Pt atoms of thg{ Pt1) cluster are plotted as
a function of applied electric field in Fig. 4b. The increasing electric
field pushes the molecule away from the surface. This field-
dependent displacement is relatively moderate for the hollow posi-
tion, but the bridge position, by contrast, reveals a much more pro-
nounced field dependence.

Figure 4c shows natural atomic charges of the oxygen atoms for
the O, molecule adsorbed at the hollow and bridge positions on the
Pty(111) cluster as a function of applied electric field. In general,
the oxygen molecule at the hollow position bears a more negative
charge than at the bridge position, suggesting that oxygen in the
hollow position is more polarized. This is in a good agreement with
associating the ©at the hollow position to a peroxo-like éO)
state and @ at the bridge position to a superoxo-like {Pstate.

The charge from the d orbitals of the Pt atoms is transferred mostly
to the 2r* orbital of the adsorbed Omolecule. Without an applied
. . electric field the difference between 2p populations of oxygen atoms
0 5 10 15 20 in the O, molecule in the gas phase and adsorbed on the Pt surface
z, Angstrom amounts to—0.19 a.u. for the bridge position per O atom and.31

and —0.26 a.u. for the O atoms inJQysat the hollow position. The
() more negative value corresponds to the O atom lying closer to the Pt
surface.

B 8

3

p(z), e/Angstrom
G
O

(6]
AN

o

Ap(Z), e/Angstrom

Pt layers

Figure 3. (a, top Electron charge density profile of the oxygen molecule —_ .
adsorbed on the PiL1) surface at the hollow positiorib, bottom Charge- The electric field dependence of the charge transfer in the case of

transfer functions for @ O, OOH, and OH adsorbed on(BL1) surface. the br_ldge position is more pronounced the}n for the_ hollc_>w position,
Adsorbed species are observed at 13.0-14.0 A, the Pt slab at 4.7-11.9 AShowing that the polarizability of £at the bridge position is higher.
Positive values correspond to an excess electron defisity negative ~ For the peroxo-like oxygen at the hollow position it is apparently
charge at given coordinates. more difficult to accept more electrons with decreasing electric field,
which may be related to the fact that the*2orbital is saturated for
this species, but the superoxo-like oxygen at the bridge position can
index planes of platinum, suggesting that it is the preferred adsorpstill accept charge. Decreasing the electric field leads to an electron
tion site on a polycrystalline Pt substrate. transfer to the adsorbed,@nolecule and to an increase of the anti-
In addition to obtaining geometries and total energies, DFT re-bonding 2r* orbital population. As a result, the O-O bond weakens,
sults also include the electronic charge densit{z), which has the  and finally the Q@ molecule will dissociate on the surface. Figure 4d
sign convention of being more positive where the density of elec-shows the O-O stretching frequency in thg,Q molecule at the
trons is higher. Figure 3a shows the electronic charge density of théollow and bridge positions on thegPt11) cluster. A more nega-
O,-Pt system with oxygen adsorbed at the hollow position. The twotive field weakens the internal O-O bond shifting the frequency to a
oxygen atoms are both contained in the peak at 13.5 A. lower value for both adsorption sites. Again the field dependence for
For a better understanding of the charge transfer and distributionhe bridge position is stronger, which we ascribe to thé& drbital
and the formation of the bond it is useful to subtract the chargenot being saturated for the peroxo-like species adsorbed in the
densities for the slab and isolated species from the charge densitigsidge position. The experimental values in the absence of an elec-
of the adsorbed systems. For example, for the oxygen molecule theric field are 690 and 870 cnt for the hollow and bridge positions,
charge transfer function is defined as respectively> which compares reasonatily well with our values on
_ _ _ the P§(111) clusterca. 740 and 960 cm, respectively(Fig. 40).
Apd2) = {pd2)/OPILLY = pl2)/O; — pd2)/PULLD} [14] Previgus VASP calculations of the adsorbed oxygen molecule gave

<1 ; 3
where pg(z)/O,Pt(111) is the electron density of the system with 690 and 850 c', respectively.

the adsorbed oxygen molecule,(z)/O, is the electron density of O adsorption—The product of oxygen molecule dissociation in
isolated Q with its positions fixed to those in its adsorbed state, andthe gas phase under UHV conditions, atomic oxygen, is the most
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Figure 4. (a) Bond length in the @ molecule adsorbed on fat the hollow and bridge positions as a function of the applied electric figld?t-O distances

in the system Rt O, for the hollow and bridge adsorption sites as a function of the applied electric fig2gli€ closer to the Pt surface between two Pt atoms,
O(1) is further away and is connected to only one Pt at@nNatural atomic charges of the O atoms in ther@olecule adsorbed on ftluster at the hollow
and bridge positions as a function of the applied electric figldO-O stretching frequency of the,@nolecule at hollow and bridge positions as a function of
the applied electric field.

stable configuration of oxygen on Pt surfaces. On(#tid) surface that the bond has predominantly ionic character, which is consistent
atomic oxygen prefers the threefold hollow sitésig. 53. On with the previous theoretical studies of the sysf&ff In compari-

the (100 surface, the atom lies in the fourfold hollow between son to the gas phase, the oxygen atom on th€lP1L) cluster loses
four Pt atoms(Fig. 5b, and only on the(110) surface the bridge  0.04 a.u. of charge of its 2s population, but accepts 0.75 a.u. to its 2p
position between two Pt atoms of the first lay@ig. 50 is pre- population.

ferred. Note that, interestingly, 00 is the surface with the lowest The electric field dependence of the Qproperties were inves-
affinity for atomic oxygen, although the difference with(Btl) is tigated for the R{(111)-O system, where atomic oxygen lies in the
small. Binding energies and distances of the adsorbed O atom in itghreefold hollow position. The dependence of the Pt-O distance on
most stable adsorption site on the three low index Pt surfaces argne applied electric field is shown in Fig. 6a. Negative electric fields
given in Table Il lead to an elongation of the surface-O distance, in good agreement

Atomic oxygen serves as an acceptor of electron density from theyith previous studief”®® The decrease of the applied field from
Pt surface. The charge-transfer function shows a high polarization in
the region of the Pt-O bon@Fig. 3b), providing evidence for the fact

Table Ill. Selected properties of the atomic oxygen adsorbed on
low index Pt surfaces derived from the VASP(PW91-GGA/PAW)

results for the four-layer slab.
; Adsorption Pt-O bond
; 4 Adsorption site energy(eV) length (A)
a) b) °)

Hollow (111) hcp —-3.78 2.06 X 3
fcc —4.08 2.04 X 3
Figure 5. Atomic oxygen adsorbed on low index Pt surfacé&s: hollow Hollow (100 —3.70 225X 4

position on(111), (b) hollow position on(100), (c) bridge position or{110). Bridge (110 —4.47 2.16 X 2
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Figure 6. (a) Pt-O distance in the systemPD for the hollow adsorption

site as a function of the applied electric fiel#h) Natural atomic charge of
the O atom adsorbed ongRtluster at the hollow position as a function of the
applied electric field(c) Pt-O frequency for the O atom at the hollow posi-

tion as a function of the applied electric field.
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Figure 7. Hydroxyl adsorbed on low index Pt surfacés). atop on(111), (b)
bridge on(112), (c) hollow on (112), (d) atop on(100), (e) bridge on(100),
(f) hollow on (100, (g) atop on(110), (h) long bridge on(110), (i) short
bridge on(110), (j) hollow on (110).

Fig. 6¢ also indicates that O forms an anionic bond to the platinum
surface®*° The smallness of the slope is presumably related to the
small polarizability of the bond.

OH adsorption—The OH radical is one of the most important
intermediates of the ORR and is formed in large amounts during the
processes of oxygen reduction and water oxidation. Hydroxyl
chemisorption was examined at a surface coverage of 1/4 ML for all
three low index Pt surfaces. Earlier theoretical studies of the system
showed that OH binds quite strongly at coverages from 1/9 to 1 ML
and has an adsorption energy between.20 and—2.53 e\t At
1/4 ML coverage OH adsorbs preferentially at the top and bridge
positions (Fig. 7a and b The third site, with OH bond between
three Pt atoms in the hollow positidfig. 79, is less favorable.

On the(100) surface three adsorption sites were studied. In this
case the most stable one is the bridge position between two Pt atoms
(Fig. 7e, followed by the top and hollow positior{&ig. 7d and .

On the(110) surface, four sites for OH adsorption were studied.
As with the (111 surface, the top positio(Fig. 79 has the highest
adsorption energy of-2.71 eV. OH adsorbs also between two Pt
atoms of the first layer at the long bridge and short bridge positions
(Fig. 7h and ). The hollow position between four Pt atoms in the
first layer and one Pt atom in the second lafféig. 7)) is less stable
with an adsorption energy of 1.55 eV. Some selected properties of
the adsorbed OH radicals are given in Table IV.

A remarkable conclusion from the results in Table IV in com-
parison to Table Il is that, whereas the oxygen atom adsorbs weak-

+0.64 to—0.64 V/A has a small influence on the geometry of the est on PtL00), the hydroxyl species adsorbs strongest da®®. As
0.4s0n the P§ cluster and is accompanied by a moderate increase ofmentioned in the introduction, @00 is also the surface which is

the natural atomic charge, which reaches a value-0f65 a.u. for

—0.64 V/A (Fig. 6b). The Pt-O stretching frequency is shown in Fig.

the least active for the ORR in alkaline and perchloric acid media.
Figure 3b shows the charge-transfer function for the hydroxyl

6¢. The frequency increases with decreasing field, but the shift igadical adsorbed at the top position of {141) surface. Here, OH is

relatively moderate and lies within 15 ¢rh The negative slope of

predicted to act as an acceptor of electron density from Pt.
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Table IV. Selected properties of the hydroxyl adsorbed on low- e 1.965
index Pt surfaces derived from the VASP(PW91-GGA/PAW) re- 9
sults for the four-layer slab. o
(o))

Adsorption Pt-O bond O-H bond c 1.962-
Adsorption site energy(eV) length (A) length (A) <_
Atop (111 —2.23 1.99 0.983 "-:"m
Bridge (111) —2.14 2.19% 2 0.983 & 1.9594
Hollow (111) -1.80 2.23% 3 0.976 K]
Atop (100 —2.38 1.98 0.980 kel
Bridge (100) —2.74 211X 2 0.981 g 1.956-
Hollow (100 —2.02 241X 4 0.983 o
Atop (110 —-2.71 1.98 0.980 (@]
Long Bridge(110 —-2.25 228X 2 0.980 s
Short Bridge(110 ~2.53 2.09X 2 0.975 Q. 19531 — . T . T . T . T
Hollow (110 —1.55 1) 276X 4 0.984 0.6 0.3 0.0 0.3 0.6

2) 2.63

Electric field, V/Angstrom

(@)
In the cluster calculations, the OH radical adsorbed on the

Pty(111) cluster accepts a charge of 0.26 a.u. from the Pt atoms -0.69 048 £
with the hydrogen atom losing 0.07 a.u. of its 1s population, the 2s§ - o
population of the O atom decreasing by 0.06 a.u., and the 2p poputg -0.70+ : ®
lation, in contrast, increasing by 0.39 a.u. The molecular orbitalo I
involved in the charge transfer iari of the OH w5 071 -0.46 w5
The electric field dependence of the Pt-OH bond is shown in Fig. o
8a. In contrast to the RO, system, in the case of adsorbed OH the 2 -0.72+ g
bond becomes longer for the more negative field. Both, the O and I—g £
atoms become more negatively chardEi. 8b. Figure 8c shows © -0.73 -0.44 ©
O-H and PtOH) stretching frequencies of the hydroxyl adsorbed E 1 s
on a P§(111) cluster as a function of applied electric field. At zero 2 0741 -0 -3
electric field O-H stretching frequency in the OH radical adsorbed% o Z
on Pt111) surface isca. 3722 cm'%, in a good agreement with an -0.751— T T T —-0.42
experimental value of 3735 cm.?® The increase of the electron 06 0.3 0.0 03 0.6
transfer from the Pt to Oldswith more negative field weakens the Electric field, V/Angstrom

internal O-H bond and as a result the O-H frequency decreases. Th(b)
Pt(OH) stretching frequency decreases as well, as the Ol
pushed away from the surface.

-

OOH adsorption—The adsorption properties of another inter- ‘= 3730
mediate of oxygen reduction, the OOH superoxide radical, were alsc §
studied. Sidiket al. calculated an activation energy for OOH disso- 5:
ciation on Pj of 0.06 eV. The activation energy remained small for &2 3725+
larger Pt cluster§.

It was found that on &111) surface the only stable configuration
is the bridge position between two Pt atoiifsg. 9. OOH has an
adsorption energy of-1.07 eV. The Pt-O distances are 2.03 and g
2.64 A. The larger distance corresponds to the H-bonded O atom .E
The O-O and O-H bond lengths are 1.45 and 0.99 A, respectively. 5 3715
On (100 and(110 surfaces the radical was found to be unstable and “§
dissociated into Olisand Qs 7

The charge-transfer function of the superoxide radical adsorbec = 3710

-580

3720

freque

Pt-(OH) stretching frequency, cm™

-570
on the(111) surface is shown in Fig. 3b. The charge is transferred é — — — —
from the Pt slab to the adsorbed radical which acts as an acceptor ¢ 0.6 -0.3 0.0 0.3 0.6
electron density. Electric field, V/Angstrom

The properties of the adsorbed superoxide radical on the(c)
P1y(111) cluster as a function of the applied electric field are similar
to those of the oxygen molecule. The O-O bond length in the ad-rigyre 8. (a) Pt-O distance in the systemPBH for the atop adsorption site
sorbed radical increases with decreasing electric field up to almoshs’a function of the applied electric fielth) Natural atomic charges of the O
1.39 A(Fig. 108, compared to 1.33 A for the uncoordinated species and H atoms in hydroxyl adsorbed on, Riuster at the atop position as a
in the gas phase. At the same time the radical moves closer to the Riinction of the applied electric fieldc) O-H and Pt-OH stretching frequen-
surface,i.e., the Pt-O bond length decreases. The field dependenceies of the OH adsorbed ongRtluster at the atop position as a function of
of the O-H bond length is not so pronounced. With decreasing fieldthe applied electric field.
from +0.64 to—0.64 V/A the O-H bond shortens from 0.99 to 0.98
A compared to 0.98 A in the gas phase.

Adsorption of the superoxide radical on the Pt surface cause®p orbitals of the oxygen atoms without applied electric field in-
charge transfer and redistribution in the whole system. The charge isreases by 0.15 and 0.04 a.u., the latter value corresponding to the
transferred from the d orbitals of the Pt atoms, mostly to the 2pH-bonded O atom. At the same time the hydrogen atom loses 0.05
orbitals of the O atoms. Compared to the gas phase the population a.u. of its 1s population and becomes more positively charged.
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Figure 9. OOH adsorbed at the bridge position on thé€lP1) surface.

-0.25 —

Figure 10b depicts the natural atomic charges of the O atoms irQ ././'/.
the adsorbed superoxide radical as a function of applied electricg -0.30 oOH - .
field. The H-bonded oxygen atom bears a more negative charge tha g T e .
the other oxygen and has a more pronounced field-dependent char¢ .
transfer. As a result of the charge transfer the O-O and O-H stretch @ o
ing frequencies decrease with more negative fi€id. 100. These 5 0.35 .
frequencies for the uncoordinated species in the gas phase have be= O-Q-H__..-"'
calculated to be 1115 and 3467 chrespectively(experimental & | g
values are 1097.6 and 3436.2 ¢chf®).

atoms

Natura

H,0, adsorption—It is well known that during oxygen reduc- -0.40 -d.6 ’ _0'_3 ) 0:0 ) 0:3 ) 0.6

tion, hydrogen peroxide can be formed as a product or intermediate .

producyt onglowpindex Pt surfac8s® Thereforef)adsorption proper- Electric field, V/Angstrom

ties of H,0, on (111), (100, and (110 surfaces were investigated, (b)

but in our calculations KD, was unstable and dissociated into two

adsorbed hydroxyls on all three low index Pt surfaces. A second, 1000

.
]

possibility for H,O, decomposition is the formation of a water mol- g g
ecule and an O atom. Both paths and their relevance for fuel cells 5 450 >
are discussed in the following section. 2 050 £
[ (]
Significance for the fuel cell reactioa-In the previous sections g_ g.
we have presented the results of periodic and cluster-based DF ® 3400+ o
studies of @, O, OOH, OH, and KO, adsorption and properties on "5, -900 ';
three low-index Pt surface111), (100, and (110)] in order to £ £
obtain insight into the reduction mechanism of thder conditions 5 3350 S
relevant for PEMFCs. Oxygen reduction is one of the key processest -850 "Q'
in low-temperature fuel cells, and it has a great impact on the per-& ?
formance, stability, and reliability of the entire fuel cell system. T 3300- e
From our VASP adsorption energies we can construct the ener-o' T T T T —-800 OI
getic pathways of the reaction on Pt. These adsorption energies wer -0.6 -0.3 0.0 0.3 0.6
obtained in the absence of an electric potential, and would formally Electric field, V/Angstrom

correspond to the potential of zero total charge. Figure 11a-c show ¢)

energy diagrams of water formation on three low index surfaces.

The calculations use one oxygen and two hydrogen molecules in theigre 10. () 0-0 and Pt-O distances in the systerg- BIOH for the bridge

gas phase and a relaxed Pt surface as the reference, and we keep thigorption site as a function of the applied electric fiéh.Natural atomic

stoichiometry throughout the reaction. For these diagrams the adcharges of the O atoms in the superoxide radical adsorbedgariuBter at

sorption energies of molecular hydrogen were calculated to behe bridge position as a function of the applied electric fiétl.O-O and

—0.88,—1.17, and—0.14 eV for(111), (100, and (110 surfaces, O-H stretching frequencies of the superoxide radical adsorbed on he Pt

respectively. It depends on the electrochemical potential of the aneluster at the bridge position as a function of the applied electric field.

ode and is therefore somewhat semantic whether the adsorbed spe-

cies is called atomic hydrogen or a proton. At the cathode we fol-

lowed the policy to calculate only the neutral adsorbaites, each larly. In the second step the oxygen molecule is reduced by one

reduction step was accompanied by protonation. At the relevantlectron to form a superoxide OOH radical on {i&1) (Fig. 119

cathode potentials, the oxygen species presumably reacts directlyurface, and an atomic oxygen and a hydroxyl radical on166)

with a proton (or hydronium ion from solution rather than with  and(110 surfacegFig. 11b and £ In homogeneous aqueous solu-

adsorbed hydrogen. The effects of solvation or interactions withtion, the addition of the first electron to,@s unfavorable by-0.33

counterions are not considered at this stage. V.4 On all crystal faces considered here it is at least exothermal.
In the first step we let the reactants adsorb on the Pt surfacepfter a two-electron reduction we have basically two possibilities,

whereby we assume that,kdsorbs dissociatively and,®nolecu- formation of two hydroxyl radicals or the formation of atomic oxy-
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Figure 11. (a) Energy diagram of the oxygen reduction or{1Rf) surface.
Intermediates of the reduction are shown on the horizontal &is€nergy
diagram of the oxygen reduction on(B80 surface. Intermediates of the
reduction are shown on the horizontal axi.Energy diagram of the oxygen
reduction on RtL10 surface. Intermediates of the reduction are shown on the

horizontal axis.
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(100 and (110 surfaces, and only on thd11) surface both paths
are energetically similafFig. 118. The formation of hydroxyl radi-
cals is very important for the fuel cell, since it is believed that the
OH radical is the main agent that leads to membrane degradation.

The OH radicals adsorb very strongly on tH€0) surface(Table
IV). This fact explains the energy increase in the following reduc-
tion steps on this surface. The surface is poisoned by the OH spe-
cies, and this fact may reduce the activity dramaticaffyOn the
(111) and (110 surfaces the reduction can proceed more easily, de-
creasing the total energy without any hindrances with low activation
energy? After the four-electron reduction we obtain the end product,
water. This step is followed by water desorption from the Pt surface
into the electrolyte. The desorption is entropically driven, at least
when the product water is gas-phase water.

The calculated enthalpy of water formation amounts-260.8
kJ mol L. This is in good agreement with the experimental value of
—241.8 kJ moll. Because of the decrease of the number of gas
molecules the overall entropy decreases in the fuel cell reaction.
This is mostly translational entropy. After the adsorption step this
translational entropy is already lost, aa¢i should be very close to
AG for each catalytic step.

Figure 1la-c were constructed in order to compare relative ac-
tivities of the three low index Pt surfaces in the ORR because it is
considered to be a convenient overall means of comparison. Accord-
ing to the present study, the best surface for the oxygen reduction
seems to be thélll) facet, since it produces a continuous decrease
in energy, with no minimum. Thel10 surface should have a simi-
lar activity, but the(100) surface should have a reduced activity
because of the strong adsorption of OH species. Experimental re-
sults in alkaline and perchloric acid media support this prop@sal.

The presence of electric potentials on the electrochemical inter-
faces gives rise to nonspecific electrostatic effects for adsorbed spe-
cies upon surface bondi¥§.Electric potentials influence the prop-
erties of adsorbed species and can also control chemical reactions on
the electrode surface. Thus, it was shown recently that for a PEMFC
which was fed directly with reformed hydrogen in the presence of
CO, increasing the anode potential to values at which CO is oxi-
dized to CQ (0.6 V), led to a significant increase of the fuel cell
performance because the poisoned catalyst surface was cleaned dur-
ing the applied current pulsé8.t is therefore of principal impor-
tance to study the effects of electrode potential on the properties of
adsorbed reactants and intermedidtes/gen molecule and oxygen-
containing species in our cgs® understand and control electro-
chemical processes on the electrode surface.

Electrode potentials different from the potential of zétotal)
charge(pztc) were modeled by an electric field perpendicular to the
Pt surface. For a double layer of approximat8l A thickness the
range of applied fields corresponds to potentials in the range of
—1.92 to +1.92 V vs. the potential of zero charge. It was shown
previously that a double-layer thickness of 3 A gives very good
agreement of the experimental Stark tuning slopes for CO adsorbed
on Pt electrodes in aqueous electrolyte with the calculated ‘8ri8s.
Nevertheless, the presence of interspersed Nafion chains and the
proximity of three-phase boundaries in real fuel cells could affect
the effective dielectric potential and therefore the double-layer
thickness locally.

Furthermore, the thickness of the double layer can be affected by
the potential itself: the larger the difference between the electrode
potential and the potential of zero charge is, the smaller is the
Debye-Hickel length’*

The mentioned electric potential limits will adjust depending on
the variation of the double-layer thickness and the local dielectric
constant. The natural limits will be determined by the reactions of
the solvent, and this range will normally be narrower than the one

gen and a water molecule. Note that at this point the O-O bond isused in the present calculations. The electric field intensities em-
already broken on all Pt surfaces. The possible formation of hydroployed in our study are therefore believed to cover most of the cases

gen peroxide is prevented by its instability on P$Qd decays into
hydroxyl radicals, or into atomic oxygen and a water molecule. As

which can arise for oxygen reduction on Pt in a fuel cell.
The presence of an electric potential affects the geometries,

one can see in Fig. 11b and c, the former path is preferred for theharges, and adsorption energies of the species on a catalyst surface
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quite dramatically. When a current is drawn from the fuel cell the  Hydrogen peroxide is unstable on the low index Pt surfaces and
anode potential is changed to more positive values, whereas thdecays into hydroxyl radicals or a water molecule and an atomic
cathode potential is changed negatively. It means that in our field-oxygen.

dependent calculations we go from positive electric fields toward The effect of a uniform external electric field on the adsorbate
negative ones. With more negative potential, the oxygen moleculgroperties on the Bt111) cluster has been studied by means of an
moves closer to the Pt surface, with the O-O bond getting weaker aab initio, DFT-based, cluster model approach. For all adsorbed spe-
can be seen from the O-O bond lengffig. 48 and stretching cies the applied electric field is predicted to have a strong impact
frequency(Fig. 4d. The population of the antibonding* orbital and to cause considerable changes in the bond lengths, charge-
increases. These conditions should facilitate the O-O bond breakingransfer characteristics, and vibrational frequencies.

The same is applicable for the O-O bond in the OOH radical. It is  The current study demonstrates that DFT methods are capable of
interesting to note that for the adsorbed oxygen atom negative fieldgeffectively describing adsorption geometries, charge transfers, and
make the Pt-O bond stronger as can be seen from the Pt-O stretchingbrational frequencies of the oxygen-containing species upon ad-
frequenciegFig. 60. The OH radical moves away from the surface, sorption on low index Pt surfaces. We believe that the present paper
even though the R©OH) frequency does not change much. One of provides new insights into the complicated problem of oxygen re-

the possible consequences is the fact that under heavy fuel cell loaduction in particular in low-temperature fuel cell applications. Fur-
the radical leaves catalyst surfaces more easily, and the degradatiaher work in a similar direction should take into account the stabili-

activity increases. Thus, we observed recently OH radicals duringzation or destabilization of surface-adsorbed species by coadsorbed

fuel cell operation in the formed water by means of the spin- water molecules at different coverages.

trapping techniqué?

The results presented in this paper were obtained for UHV con-
ditions, but when one studies electrochemical reactions, the elec-
trode is in contact with liquid water, and under fuel cell conditions
the catalyst is covered with @ molecules to large extent. Radical
intermediates formed during oxygen reduction can change their
properties significantly, they even leave the surface of an electro-
catalyst in the presence of watéf®to recombine in bulk solution,
or to participate in membrane degradation reactfdns.

Conclusions

The adsorption properties of the oxygen molecule and interme-
diates of the ORR on thel11), (100, and (110 platinum surfaces 4.
were calculated in the DFT-GGA framework using periodic bound-
ary conditions and a slab model of the Pt surface. The electric-field >
dependence of the adsorbate properties was studied using a clustey
model of the adsorption system. 7.

The oxygen molecule has two preferential adsorption sites on the8-
(111) surface, which are the hollow and the bridge positions, with
adsorption in a bridge fashion being the most favorablg abthe 10.
hollow position bears a more negative charge and is best referred to
as a peroxo-like & state. The charge transfer at the bridge position L.
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