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Abstract: The study of catalytic behavior begins with one seemingly simple process, namely the hydrogenation
of O to H,O on platinum. Despite the apparent simplicity its mechanism has been much debated. We have
used density functional theory with gradient corrections to examine microscopic reaction pathways for several
elementary steps implicated in this fundamental catalytic process. We findAbdbkmnation from chemisorbed

O and H atoms is a highly activated process. The largest barrier along this route, with a valliee¥f is

the addition of the first H to O to produce OH. Once formed, however, OH groups are easily hydrogenated to
H,0O with a barrier of~0.2 eV. Disproportionation reactions with 1:1 and 2:1 stoichiometries,af &hd O

have been examined as alternative routes for OH formation. Both stoichiometries of reaction produce OH
groups with barriers that are much lower than that associated with theHoreaction. HO, therefore, acts

as an autocatalyst in the overalL®l formation process. Disproportionation with a 2:1 stoichiometry is
thermodynamically and kinetically favored over disproportionation with a 1:1 stoichiometry. This highlights
an additional (promotional) role of the seconglHmolecule in this process. In support of our previous suggestion
that the key intermediate in the low-temperatug®Hormation reaction is a mixed OH ang®l overlayer we

find that there is a very large barrier for the dissociation of the sece@dmiblecule in the 2:1 disproportionation
process. We suggest that the proposed intermediate is then hydrogenat€ittodtigh a very facile proton-
transfer mechanism.

and co-worker® observed this reaction in progress with the
scanning tunneling microscope (STM). This, together with high-
resolution electron energy loss (HREELS) spectra, allowed them
to clarify many of the existing controversies. Two distinct
temperature-dependent mechanisms #® Hormation were
observed. Above the 4 desorption temperature-(80 K on
Pt(111) under ultrahigh vacuum (UHV) conditions), whesOH
does not remain upon the surface;(Hwas formed via the
simple successive addition of adsorbed Hafk) atoms to
adsorbed O (Qus):

1. Introduction

The hydrogen oxidation reaction has been studied since the
time of Faraday.On contact with Pt hydrogen and oxygen react
at room temperature and below to produce water. The remark-
able ease with which this reaction proceeds prompted the
introduction of the term “catalysis” and so it is in this reaction
that the study of catalytic phenomena finds its rdofsside
from the fundamental importance, the adsorption and reaction
of adsorbates such as O, H, OH, angDHon Pt group metals
is of great significance to electrochemistry, corrosion, and
heterogeneous catalysis. In addition, individual steps in this
reaction are common to all catalytic combustion processes

O(ads)+ H(ads)_’ OH(ads) ()

involving H containing fuels over Pt. Consequently, the water
formation reaction has been extensively studied.

Despite the apparent simplicity of this reaction and the
substantial quantity of publications in this area, conflicting
models have rendered its mechanism undetRecently, Ertl
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In a subsequent stuthby repeating coadsorption experiments -+ H coadsorbed as previously believed but rather a mixed 20H
of Creighton and Whité8 Ertl and co-workers confirmed that  + H,O overlayer! This is an important issue to consider since
the stoichiometry of the O and O disproportionation on Pt- it goes to the heart of the mechanism gfQHformation on Pt.
(111) was 2HO to 10. The following equation Of equal interest is the way in which this observed intermediate
is ultimately hydrogenated to .

In this study we use DFT to investigate this fascinating water

formation reaction on Pt. Having determined energies of initial,

was proposed to explain this process. The authors suggesteqiansition, and final states for many possible elementary steps
that this was the OH producing reaction which occurred during implicated in this process, we arrive at coherent mechanisms

H0 formation at low temperatures on Pt(111). In addition, they oy the hydrogen-oxidation reaction on Pt(111). Briefly, we find
assigned the observed intermediate in this process as the produgh,at the successive addition of H to O and then to OH has a
of this disproportionation reaction, i.e., 30HH, although the barrier of ~1 eV. Disproportionation reactions of,8 and O
H atoms were never observed. . have much lower activation energies, indicating that these will
Theoretical work in this area has focused on the chemisorption provide viable routes to #0 formation at low temperatures.
of the pertinent atomic and molecular fragments involt&edt Disproportionation with a 2:1 ratio of 40 and O is favored
The only occasions on which attempts have been made 104 er gisproportionation with a 1:1 ratio so long as one of the
calculate the energetics of any of these reactions on Pt are an,, H,O molecules remains intact throughout the reaction.
atom superposition and electron delocalization technique (ASED) |nqeed. the presence of the additionalHmolecule in the 2:1

study by Andersoff many years ago and a more recent DFT  gishronortionation reaction considerably improves the energetics
study by Wilke et af® Wilke et al. have, in fact, examined ot Ol formation. We outline some details of our first-principle
reactions 1 and 2 on Rh(111) and Pt(111). On Pt(111) they foundsta| energy calculations below. Following this we present
that_for a specific reaction coordlnate reactions 1 and 2 had energy profiles and reaction pathways for oxygen hydrogenation
barriers of 0.8 and 0.7 eV, respectively. They suggested thatyng 140 and O disproportionation reactions. In the final section

]E)arrie:§ of ttlhis tmagnitu?e \{s\.lirgorlgt cc(;mpatiblletvx(/jith Wr?ter our results are summarized and the qualitative pictures which
ormation atlow temperature and speculated, as nas  emerge for HO formation on Pt(111) are discussed.
been done befor¥, 15 that reactions at defect sites on the g (111)
substrate may account for facile® formation at low temper-
atures. The STM experiments of Ertl and co-workéispwever, ' o _ N
did not detect any evidence to suggest that substrate defects First-principle total energy calculations within the DFT framework
played a significant role in 0 formation. were performed? lonic cores are described by ultra-soft pseudo-
Despite the recent developments, many important issu(_:‘spotentialé3 and the Kohr-Sham one-electron states are expanded in a
remain unresolved. Crucially, estimates from kinetic experiments plane wave basis set up to 300 eV. A Fermi smearing of 0.1 eV was
on the energetics of the various elementary steps are Conflict-umlz-ed and the porrgcted energy extrapolated to 0 K. The generalized
ing®”12and the structures of certain intermediate and coadsorbed“;]ra(-jlerlt approximation of Perdew and Wahgas used throughout.

. A ; “Periodic geometries were modeled for the most part with a three-layer
states have not been characterized. In particular, the microscopig siab fixed at bulk truncated positions (calculated lattice constant
reaction pathways of the various elementary steps are not known3.9711 A, experimentat 3.9239 A). Calculations were also performed
For example, it is not known how the,8 and O dispropor- using a four-layer Pt slab in which the top layer of Pt atoms was allowed
tionation reactions proceed and it is unclear why they should to relax. These calculations verify the accuracy of those performed with
produce hydroxyl groups more readily than the reaction of three layers. In certain cases we present results obtained using both
adsorbed O and H. Furthermore, it has been established that orthe three- and the four-layer models. The vacuum region between slabs
Pt(111) disproportionation with a 2:1 stoichiometry gi®and was in excess of 11 A. Previous calculations using®trasd similar
O is favored over disproportionation with a 1:1 stoichiometry, MCdel$**" have shown that this approach provides an accurate

- . 5 Th - description of the adsorbatsubstrate interface. To investigate each
but why is this so? This question adopts a greater contemporary .. ion at experimental coveragag3x ~/3—R30° and p(22) unit

relevance given that disproportionation with a 2:1 stoichiometry .qis were used. Monkhorst Pack me8hgith 5 x 5 x | and 4 x 4 x

of H20 and O is now believed to be the main OH producing 1 k-point sampling in the surface Brillouin zone were used for the
reaction at low temperatures. Could an understanding of this \/3x+/3—R30° and p(2<2) unit cells, respectively.

unusual stoichiometry reveal why,@& formation is so facile Reaction pathways were searched with a constrained minimization
on Pt(111)? Recently, in fact, we suggested that the product oftechnique®®=*2 In this approach we constrain the distance between the
the 2:1 disproportionation process may not be pure OH or OH reactants in each reaction and minimize the total energy with respect
to all remaining degrees of freedom. This method allows the transition
complex to rotate and translate subject to the above constraint. By

2H,0 545) T Oads) ™ 30Hags) T Hiaas) (4)

2. Calculation Details
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Figure 1. Selected points along the © H reaction pathway on Pt- Figure 2. Top view of initial (a), transition (b), and final (c) states for

(111) in a p(2) unit cell: (a) the initial state is the most stable the reaction of OH and H on Pt(111) in a p(2) unit cell.

coadsorption of a single O and a single H in ax® unit cell; (b) the

transition state of the reaction; (c) OH chemisorbed on a bridge site hinds slightly more strongly (0.04 eV) to the surface (Figure

that is a local minimum; and (d) the final state of the reaction, which 1d). This elementary step is 0.06 eV endothermic. The barrier

is OH adsorbed at a top site. Only two layers of Pt atoms are shown for diffusion of OH between bridge and top sites has previously

for clarity. The solid lines designate the surface unit cell. The gray, been determined to be just 0.1 &V

black, and white circles correspond to Pt, O, and H atoms, respectively. ’ ) .

This coloring protocol is used throughout. The most stable pure OH overlayer has, in fg(_:t, a syrface
coverage of2/3 ML with a +/3x+/3—R30 periodicity. This

coordinate but a minimum with respect to all remaining degrees of Overlayer is approximately 0.25 eV per OH more stable than

freedom. For each reaction several possible reaction channels werehe p(3_<2) overlayer Shown in Figure 1‘_1, mainly because of
searched. Only the results of the lowest energy pathway, i.e., that whichH-bonding between adjacent hydroxyls in thi@x+/3—R30°

accesses the lowest energy transition state, are presented here. overlayer?! In light of this increased stability and the low
diffusion barrier of isolated hydroxyls it is likely that once
3. Results and Discussion formed OH groups will cluster and form/3x+/3—R30° OH
(1) Hydrogenation Reactions. (a) O+ H — OH. Oxygen domains. Such clustering would lower the energy of the final

on Pt(111) is well-known to absorb at 3-fold fcc sites and form State by approximately 0.25 eV, thus rendering the+CH

an ordered p(22) overlayer, which saturates 4 monolayer elementary step slightly (ca. 0.2 eV) exothermic.

(ML).214344\Ne have calculated a chemisorption energy'fer Allowing the substrate to relax has a rather small effect on

ML O at the fcc sites of 4.03 eV and an equilibrium-®t the energetics of this reaction. Using a four-layer Pt slab with

bond length of 2.06 A. The diffusion barrier for O from fcc to @ P(2x2) unit cell, in which the top layer of Pt atoms is allowed

bridge sites is ca. 0.5 eV. to relax, the activation energy is 0.94 eV and the heat of reaction
Hydrogen on Pt(111) is less well characterifed® At is 0.02 eV exothermic.

monolayer coverage the 3-fold fcc sites have been suggested (b) OH + H — H20. To be consistent with the G H

for H adsorption. At submonolyer coverage, however, H does reaction, the OH+ H reaction was also investigated in a p@)

not readily form an ordered overlayer and the potential energy unit cell. The initial state for this reaction, i.e., the most stable

surface for H diffusion appears to be very flaConsistent with ~ coadsorption of OH and H within the p{2) unit cell, is

these findings and the recent DFT calculations of Hoffmann illustrated in Figure 2a. Hydroxyls are at top sites and H atoms

and co-worker€2 we find that at/, ML H binds at each of the are at fcc 3-fold hollow sites. As with the coadsorption of O

four high-symmetry sites of Pt(111) with a similar energy, and H, there is a very slight repulsive interaction between OH

exhibiting only a slight preference~0.1 eV) for fcc 3-fold and H with the coadsorbed state being 0.02 eV less stable than

hollow sites. Chemisorption energies at each site were calculatedthat when OH and H are adsorbed in separatex@jainit cells.

to be ca. 2.9 eV and a+Pt bond length at the fcc site of 1.85  The reaction is initiated by the diffusion of(dstoward OH.

A was obtained. As the Hagsy~OH distance decreases, OH remains close to the
When H adsorbs upon the p(Z) oxygen covered surface a tOp site. At an lﬂids)_OH separation of 1.60 A, the transition
top site becomes the preferred chemisorption site. The structurestate is accessed (Figure 2b). The activation energy for this
of this coadsorption system is shown in Figure 1a. O atoms arereaction is only 0.21 eV. Thus, this elementary step proceeds

at fcc sites and H atoms at the top sites of the fourth atom of much more readily than the & H step. After the transition
each surface cell. This is the initial state for the reaction which state the khssj~OH distance decreases further, along with the
is 0.06 eV less stable than that when O and H are chemisorbedtotal energy, yielding D chemisorbed at a top site (Figure
in Separate p(gz) unit Ce”S, indicating avery Siigh'[ repuisive ZC) This reaction is 0.47 eV exothermic. USing the fOUr'layer
interaction between coadsorbed O and H. At the transition statePt slab in which the top layer of Pt atoms are allowed to relax
(Figure 1b) of the reaction, the-€H distance is 1.56 A. Oxygen  Yields an ac_tivation energy and exothermicity of 0.17 and 0.60
is close to a bridge site and H is in a plane perpendicular to the €V, respectively.

Pt—Pt bond of the bridge site{[L2]). The activation energy is At /4 ML coverage the top site, with an adsorption energy
0.96 eV. After the transition state, O and H combine to produce of 0.34 eV, is the preferred adsorption site foyOH Structure
OH chemisorbed at the bridge site (Figure 1c). Hydroxyl can Optimizations of HO at all four high symmetry sites on Pt-

then diffuse from the bridge site toward a top site, where it (111) revealed that the bridge site was the only other minimum
in the potential energy landscape;@binds to this site with

(4 Storke, 0. Materer, Nz Barbier, A Doll- K. Heing, K +vai Hove, a1 adsorption energy of 0.21 eV. The difference in binding
M. A.; Somorijai, G. A.Surf. Sci 1993 287, 432. energy of just 0.13 eV between bridge and top sites indicates
(45) Christmann, K.; Ertl, G.; Pignet, Burf. Sci 1976 54, 365. that HO will diffuse easily along close packed rows of Pt atoms.

iji?i E'chiﬁgn'“;-; JH‘} _vgg h%’\fv-afte-sB'Tls?SBzgg 9197L-_ boslsema. B, EXPerimental structure characterization of GHH coad-
Verheij, L. K. Phys. Re. Lett. 108 56, 1152. R " 77 sorption is still lacking. As discussed, however, the most stable

(48) Christmann, KSurf. Sci. Rep198§ 9, 1. pure OH overlayer has/3x+/3—R3C periodicity. If, when
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Figure 3. Relative energy diagram in eV for gas-phas®HH,O()
formation from adsorbed O and H on Pt(111) in a3 unit cell.

coadsorbed with H, OH groups maintain43x+/3—R30°
periodicity, the initial state of the OH H will be more stable
and the barrier is likely to increase to ca. 0.5 eV. In addition,
H,O does not in reality form a p¢22) overlayer. Instead, even
at very low coverages, isolated® molecules are stablized in
H-bonded clusters and overlayér§hus, H-bonding is likely

to lower the energy of the final state.

Our DFT computed barrier for the reverse of this elementary
step, i.e., HO dissociation, is 0.68 eV (0.77 eV including
substrate relaxation). The barrier to dissociation is, therefore,
higher than the kD adsorption energy at this coverage. This is
consistent with the fact that upon heating aCHcovered Pt
surface HO does not dissociate but instead desdrbs.

(c) Discussion of Reactions 1 and Figure 3 displays the
complete energy profile for the formation ob® from Qpags)
and Hads) at ¥4 ML coverage. As we have seen, the first
hydrogenation reaction, @ H — OH, is highly activated with
a barrier of ~1 eV. This barrier is incompatible with low
temperature €180 K) H,O formation and crucially it indicates
that significant HO formation at low temperaturesill not
proceed through this elementary stepOHormation via this
step will be restricted to an appropriately high surface temper-

OH + H — H20, however, has a low barrier 6f0.2 eV. This
barrierwill be surmountable in the low-temperature regime and
is compatible with low-temperature,B formation. It is clear
that once formed OH is easily hydrogenated #OH

The fact that the barrier for the @ H reaction is so much
higher than that for the OH H reaction has major implications
for the overall HO formation process. When we analyze the
microscopic pathways of each reaction the reason for this

difference becomes clear. To gain a qualitative understanding

of each reaction barrieEf) we decompose it into the following
terms:

Ea= ABgon T AE, + AE, ®)
whereAEogon) is the energy difference between O (or OH) in

the initial state (IS) and transition state (TS) in the absence of
H (Eo(on)™ — Eoony®). Likewise, AEy is the energy difference

Michaelides and Hu

Table 1. Reaction Barrier Decomposition for the ® H and OH
+ H Reactions on Pt(113)

Ea AEo AEoH AEH AEiy

reaction (eV) (eV) (eV) (eV) (eV)
O+H—OH 0.96 0.66 0.10 0.20
OH+H—H0 0.21 0.06 0.10 0.05

a AEo, AEon, AEy, andAE;y are as described in the text, all of which
have been determined from self-consistent DFT calculations.

OH + H coadsorption anéoony andEy are the chemisorption
energies of separate O (or OH) and H species.

Table 1 listsAEo, AEon, AEH, and AEjy for each reaction,
all of which have been determined from self-consistent DFT
calculations. From Table 1 it is clear that the largest component
of each reaction barrier is the energy required to move the
reactants from their initial locations to their transition state
locations, i.e. AEo, AEon, andAEy. In fact, in both the O+
H and OH+ H reactionsAEg + AEy and AEow + AEy are
equivalent to approximately/, (76%) of the total activation
energy. TheAEy component, however, makes only a 0.10 eV
contribution to each activation energy. This implies that the
energy cost to move H from its initial location to its transition
state location is relatively small in both the-©H and OH+
H reactions. The difference betwedfo + AE4 andAEon +
AEy and ultimately theE, for each reaction lies, therefore, in
the energy required to move the O containing species (O or
OH) from their respective initial to their respective transition
states. The barrier for the @ H reaction is much larger than
the barrier for the OHt+- H reaction becausAEg is 0.66 eV
while AEoy is only 0.06 eV. This is reasonable since O has to
be activated from its preferred 3-fold fcc site to a bridge site to
react, while OH requires no such activation to react. The
inertness of chemisorbed O atoms at 3-fold hollow sites on the
(111) facets of transition metal surfaces has recently been
explained by Zhang and HY.

Wilke et al?° have recently used DFT to study the above
reactions on Pt(111). They obtained barriers of 0.8 and 0.7 eV
for the O+ H and OH+ H reactions, respectively. Their
calculated barrier for the & H reaction is quite similar to
ours. Their barrier for the OH H reaction, however, is more

Rhan three times as high as our value. We attribute this difference

to the different approaches used to search reaction pathways.
Wilke et al. performed a highly constrained search with points
along the reaction pathway restricted to being symmetric along
a single [12] surface plane. In our approach the only con-
straint is the distance between the reactants and thus the
transition complex is not restricted to a particular plane or
symmetry, being free to rotate and translate across the entire
surface unit cell. Since in the © H reaction the lowest energy
transition state that we have identified is along th&7] plane,
agreement between the two sets of calculations is quite good.
In the OH+ H reaction, however, the lowest energy transition
state that we identified is not in th&12] plane. Therefore, it
is not surprising that our calculated barrier for this reaction is
lower than that obtained by Wilke et al.

(2) Disproportionation Reactions.Since OH formation by
the addition of H to O is highly activated, some other mechanism

between H in the initial and transition states in the absence of Must account for its formation and ultimately the formation of

O (or OH) E4™ — EW'S). AE is the interaction energy
difference, AEjn = Eint'S — Ein'S. Eint can be calculated from

Eint = Eooryrn — (Eoony T En) (6)

whereEoqoHy++ is the total chemisorption energy of © H or

H,0 at low temperatures. The disproportionation ¢foHand

O is believed to provide an alternative route to hydroxX§ls.
Reactions with 1:1 and 2:1 stoichiometries giHand O have
been suggested. Both stoichiometries of reaction have been
examined and are discussed in turn below. To the best of our

(49) Zhang, C. J.; Hu, Rl. Am. Chem. So200Q 122, 2134.
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Figure 4. Top view of initial (a), transition (b), and final (c) states of
the 1:1 disproportionation of ¥ and O to form a (2 1)—OH phase
on Pt(111) in a p(&2) unit cell.

H20)

Energy (eV)

Figure 5. Relative energy diagram for the 1:1 disproportionation of
H,O and O to form a (1)—OH phase on Pt(111) in a p2) unit
cell.

knowledge this is the first time that DFT has been applied to
the determination of microscopic reaction pathways feOH
and O disproportionation reactions on a metal surface.

(a) HO 4+ O — 20H. The most stable coadsorption of/a
ML H 20 upon the O p(&2) covered surface is shown in Figure
4a. As with the coadsorption of O and H, O atoms are at fcc
sites and the counter-adsorbate, this tim®His at top sites.

This coadsorbed phase is 0.08 eV more stable than that when
H,O and O are chemisorbed in separate unit cells, indicating

an attractive interaction between coadsorbe® lnd O. The

transition state (Figure 4b) for the reaction occurs rather close

to the final state. It essentially consists of two pseudo-OH

groups, one close to a top site and the other to a bridge site.
After the transition state the pseudo-OH that is near to the bridge

site diffuses toward a top site to produce & (3—OH phase
(Figure 4c). This is the most stable OH phaselat ML
coverage, which is of a very similar stability to tké8x +/3—
R30C OH phasé! The overall reaction is endothermic by 0.20
eV with an activation energy of 0.33 eV.

Having determined activation energies for OH formation by
both the addition of H to O and the disproportionation ocH

and O, we see that OH is indeed more easily produced through

disproportionation. Figure 5 shows the energy profile for the
reaction HO + O — 20H. On comparing Figure 5 and Figure

3 we glean important information related to the role played by
O in modifying the reactivity of the Pt surface. First, the barrier
to cleave an &H bond of HO on an O covered Pt surface

(0.33 eV) is lower than that on a clean Pt surface (0.68 eV).
Thus, BO is more inclined to dissociate on an O covered Pt

surface than on a clean Pt surface. Second, due to the presen

of O the HO chemisorption energy increases (0.34 to 0.42 eV).

Consequently, on the O covered surface the barrier to OH bond

breakage in KO (0.33 eV) is less than the,B® chemisorption

energy (0.42 eV). This concurs with the experimental observa-

tions that when KO adsorbs upon an O covered Pt(111) surface
it dissociates rather than desof#8.As we have seen the
opposite is true on a clean Pt(111) surface (Section 3.1).

(50) Fisher, G. B.; Sexton, B. A2hys. Re. Lett. 198Q 44, 683.

Figure 6. Selected po
pathway on Pt(111): (a) the initial state, (b) the transition state. (c) a
20H + H,0 phase that is a local minimum, and (d) the final state, i.e.,
the p(2x2)—(20H+H,0) phase.

(b) 2H,O + O — 30H + H. Temperature-programmed
desorption and isotope labeling studies have revealed that when
a coadsorbed layer of O and® is annealed from 95 K, #D
and O react with a 2:1 stoichiomet%*8The following reaction
has been proposed to describe this process:

2H,0a45) T Oads) ™ 30Hags)t Heags) (4)
The intermediate in the # formation reaction, which propa-
gates across the surface in the reaction fronts, has been assigned
as the product of this 2:1 disproportionation process. Reaction
4, however, does not describe a single elementary step and must
involve at least two individual steps. The only feasible sequence,
atl/4, ML O coverage, to get from 240 and O to 30H and H
is the disproportionationof one HO and O followed by the
dissociationof the second kD:

2H,0a45) T Oads) ™ H2O(ads) T 20H 54 (7)

H,O(ads) T 20H45) ™ 30H 505 Heags) 8)
Recently, we suggested that the 2:1 disproportionation reaction
on Pt(111) may not go to completion as reaction 4 indicates.
Instead it stops after reaction 7 at a mixed 2@HH,0 phase!

and this mixed 20H+ H,O phase may be the observed
intermediate. Here we tackle this issue thoroughly by determin-
ing reaction pathways and energetics for the two-step process
of going from 2H0O and O to 30H and H.

(i) 2H,O + O — H,0 + 20H. Since experimentally O
reacts with a p(22) O overlayer, we have studied this reaction
in a p(2x2) unit cell. Figure 6a displays the most stable
adsorption of two HO molecules upon the p§2) O covered
surface. It can be seen in Figure 6a that th®Hnolecules
cluster to form HO dimers. One of the D molecules in the
dimer is at an off-top site and it is connected thrbwiegH bond
to the other which is above a bridge site. Many possible reaction
mechanisms for the transfer of a proton from th@®Hlimer to
O have been considered. We find that the lowest energy route
involves the removal of the H indicated by the arrow in Figure
6a. The pathway for this reaction is quite similar to that for the
disproportionation of a single4® and O. As the Qusy—H (the
H indicated by the arrow in Figure 6a) distance decreasgg;) O

“egins to diffuse toward a bridge site. Witheg)quite close to

the bridge site the transition state (Figure 6b) is reached. This
state then relaxes to a local minimum (Figure 6c), producing
an OH chemisorbed at a bridge site. During the course of this
process the second,@ molecule of the KO dimer, which was

originally quite high above the surface, moves toward a top
site. The newly formed OH at the bridge site then diffuses
toward a top site to produce a mixed 2GHH,0 phase (Figure

6d). The activation energy for this elementary step is just 0.12
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V3x/3-R30°-(OH+H,0)+(1x1)-OH

Figure 7. Structure of the,/3x+/3—R30°—(OH-+H,0)+(1x 1)—OH
overlayer. In the/3x+/3—R30°—(OH-+H.0) regions there is 1:1 ratio
of OH and HO with a surface coverage éf; ML of O containing
adsorbates. The (1)—OH domains are pure OH. The overall
experimental surface coverage @f ML of O containing species is
maintained if?/; and %3 of all adsorbed species are contained within
the v/3x+/3—R3C° and (1x1) domains, respectively.

eV and the reaction is 0.39 eV exothermic. The product of this
reaction, which we shall refer to as p(2)—(20H+H,0), has
a coverage of/, ML of O containing species. The structure of
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Figure 8. Top view of initial (a), transition (b), and final (c) states for
the 20H+ H,O — 30H + H reaction (reaction 8) on Pt(111): (I)
reaction 8 in a p(2) unit cell with the p(%2)—(20H+H;0) phase
as the initial state and (lI) reaction 8 inA3x+/3—R3C unit cell
with the v/3x+/3—R30°—(OH+H,0) phase as the initial state.

Initial, final, and transition states for reaction 8 in both the
p(2x2) and+/3x+/3—R3C unit cells are shown in Figure 8.
The energetics of this elementary step in both unit cells are

this phase can be viewed as linear OH chains which are crossqualitatively similar. The activation energy and heat of reaction

linked through H bonding by adsorbed® molecules.
(i) H20O + 20H — 30H + H. In the preceding reaction a
H,O molecule that was part of a,B dimer reacted with a

for H,O dissocation in the p(22) unit cell are 1.70 and 1.52
eV, respectively. In tha/3x+/3—R30 unit cell these values
are 1.75 and 1.18 eV, respectively. Clearly, regardless of which

p(2x2) O overlayer. It was clear that this reaction was best unit cell is used, this elementary step is highly activated and
investigated in a p(R2) unit cell. For the present reaction the highly endothermic. Contrary to the assumption in the literature,
choice of unit cell is not as clear-cut. This is because the our calculations indicate that this reaction could not occur until

experimentally observed intermediate in theCHformation
reaction, which is believed to be the product of this reaction,
i.e., 30H+ H, has a rather unusual periodicity. STM and LEED

high surface temperatures and it certainly will not proceed in
the low-temperature<{180 K) regime.
By comparing the barriers for the dissociation of isolate®H

have revealed a partitioned overlayer with an overall surface molecules (0.68 eV in a p§22) unit cell) and HO molecules

coverage of/, ML consisting of majority?/s ML +/3x+/3—
R30 and/or (3x 3) domains and minority (£1) domainst’ It

that are incorporated in the mixed OH andQHoverlayers
(1.70-1.75 eV) we see that it is much more difficult to

is possible, therefore, that once formed through reaction 7 the dissociate the FD molecules that are incorporated into the OH

p(2 x 2)—(20H+H20) phase undergoes reaction 8 to produce
a p(2x2)—(30H+H) phase which then rearranges int@x+/3—
R30 and/or (3x3) domains and (1) domains. To model this
scenario reaction 8 was examined in a2 unit cell, with

the initial state merely the final state of the previous reaction,
i.e., the p(x2)—(20H+H,0) phase. Alternatively, the p{2)—
(20H+H,0) phase rearranges int@3x+/3—R30° and/or (3<3)
domains and (¥1) domains and then reaction 8 occurs. To
model this scenario we investigated reaction 8 itf3x+/3—
R3C unit cell. The experimentally observéy ML coverage

of the v/3x+/3—R30 domains is reproduced by placing 10H
and 110 in the v/3x+/3—R3C unit cell. Furthermore, as in
the observed overlayer, if additional OH groups are located in
(1x1) domains then the macroscopic surface coverag#,of
ML of O containing species is maintainetl. A schematic
diagram of such a partitioned overlayer, which is of a similar
stability?! to the product of reaction 7, is shown in Figure 7.
Reaction 8 was not examined in thex(@) or (3x3) domains
because the former are pure OH dom#ifisand the later would
be computationally too demanding with any results obtained
likely to be similar to those obtained usingy&3x+/3—R30(°

unit cell (also see the comparison between reaction in the2)(2
andv/3x+/3—R30 unit cells below).

(51) An overall surface coverage #f ML of O containing species and
a 2:1 ratio of OH and kD is maintained if/3 and'/ of all adsorbed species
are in thev/3x+/3—R30°—(OH-+H,0) and (Ix1)—OH domains, respec-
tively. Accounting for (x1)—OH domains also allows us to compare the
relative stability of the p(2 2)—(20H+H,0) phase and the/3x/3—R30°—
(OH+H20)+(1x1)—OH overlayer. Summation of the chemisorption ener-

and HO overlayers. This is because there is extensive H
bonding in the OH and KD overlayers which affects the
energetics of KO dissociation. In the/3x+/3—R3C unit cell
(Figure 7), for example, each O atom is coordinated to three H
atoms with every OH moiety acting as ba H bond acceptor
and donor. After dissociation of the,8® molecule in this cell,
however, there is less H bonding, with each O atom coordinated
to just two hydrogens. This loss of H bonding upon dissociation
increases the endothermicity and also the activation energy for
dissociation of HO molecules in the mixed OH and.@&
overlayers.

(c) Discussion of Disproportionation ReactionsFigure 9
illustrates the complete energy profile going from,ZHand O
to 30H and H, i.e., reactions 7 and 8. Tiweo-step process is
>| eV endothermic with a barrier of at least 1.7 eV. It is clear,
therefore, that the two step process will be unfeasible in the
low temperature regime. The problem with the overall process
is the very high energy barrier to the second reaction (reaction
8). The first reaction (reaction 7), however, in this two-step
process has a small barrier of just 0.12 eV and is exothermic
by 0.39 eV. Such an elementary step could readily occur at
low surface temperatures. The small barrier of reaction 7 and
the very large barrier of reaction 8 substantiate our previous
suggestiofi that the 2:1 disproportionation reaction does not
proceed to 30H+ H, as suggested by reaction 4. Instead it
stops after reaction 7 at a mixed 2GHH,0 phase. We suggest,
therefore, that when #0 and O react on Pt(111) reaction 7
describes the process more appropriately than reaction 4. The

gies of the adsorbates in each phase yields a total chemisorption energy ifNost significant implication of this in the present context is that

the p(2x2)—(20H+H,0) phase of 6.29 eV and a total chemisorption energy
in the+/3x+/3—R30°—(OH+H,0)+(1x 1)—OH overlayer of 6.20 eV (3.70
eV for 1 OH and HO in the+/3x+/3—R30°—(OH-+H,0) domain and 2.50
eV for | OH in the (1x 1) domain). From this it can be seen that both phases
are of a similar stability.

it is the product of reaction 7, i.e., a mixed OH andCH
overlayer, which is the observed low-temperature intermediate
in the water formation reaction.

As shown in Figures 6 and 7 we have identified two distinct
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3 30H H
0.57\30H H
/S 3x/3+(1x1)
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1.18 Figure 10. (a) Schematic diagram illustrating proton transfer in the
+/3x+/3—R30°—(OH+H,0) phase, which we believe is the intermedi-
ate in the low-temperature ;B formation reaction. (b) lllustration
depicting a possible hydrogenation mechanism invBex +/3—R30°—

J (OH+H0) phase.

Energy (eV)

p@x2)  A33+(1x1)
0.09 a spectator. Instead, through H bonding with the firsOH
molecule it is actively involved in the disproportionation process.
Figure 9. Relative energy diagram of the 2:1 disproportionation Such H bonding interactions lower the barrier to disproportion-
reaction of HO and O on Pt(111). The energetics for two elementary ation and also lower the energy of the final state. The high
steps, i.e., 2pD + O — 20H+ H,O — 30H + H, are displayed. The  relative stability of the 20H+ H,O overlayers and the ease
first reaction (reaction 7), as illustrated in Figure 6, has been examined with which they are formed is, we believe, the key to facile

in a p(2x2) unit cell. The second reaction (reaction 8), 26+H,0 ; ; .
— 30H + H, has been examined in both p(2) and+/3x+/3—R30° gzo formgtlon .on Pt. The .Secfonqzlﬁ Imolecule in the .2'1 .
unit cells as illustrated in Figure 8. The initial state of reaction 8 in the Isproportionation process Is of critical importance, acting, in

V/3x+/3—R30 unit cell is 0.09 eV less stable than the initial state of fact, as a very effective catalytic promoter. SincgoHs often

this reaction in the p(22) unit cell when the (¥ 1)—OH domains are present in catalytic systems, especially at low temperatures, it

accounted for. is possible that this observation may have far reaching implica-
tions with HO exhibiting similar promotional abilities in other

20H + HO overlayers, namely p¢2)—(20H+H,0) and catalytic reactions.

\/3_><§/3—R3(_)°_—§OH+H20_)+(1><1)—_OH. Both phases are of (3) Hydrogenation of the v/3x+/3—R30°—(OH+H,0)

a similar stability* and so either one is conceivably the observed Phase. It was demonstrated in Section 3.1 that isolated OH

intermediate. The periodicity of they/3x+/3—R30°P— - :
(OH+H,0)+(1x 1)-OH overlayer (Figure 7), however, matches groups are easily hydrogenated tQO-'! However, having
established that the most thermodynamically favorable route to

the STM images and LEED patterns of ref 17 and so it is this .
- . . . OH produces a mixed OH and@ overlayer and not pure OH,
overlayer that is likely to be the true intermediate. The picture . . . . )
veriay IS kel uel : pictu it remains to investigate how the OH and®overlayer, which

that emerges, therefore, for the 2:1 disproportionation process, . . . . .
i that once formed through reaction 7 the p2—(20H+H.0) is the key intermediate in the _ZED_ format|(_)n process, is
phase rearranges into OH andQHoverlayers ofy/3x+/3— hydr_ogenat_ed. Unpler the _STM this intermediate p_hase appears
R30° (and/or (3<3)) and (1x1) periodicity and that the 3D as rings, with a width typically of 1061000 A, which grow
molecules in the/3x+/3—R30° domains (and also the £3) and propagate across the surface, the motion of which transforms
domains) of this overlayato notundergo further dissociation. O covered areas intoJ regions. As this phase propagates, it
Our calculations clearly indicate that disproportionation IS not hydrogenated uniformly throughout. InsteagbHorma-
reactions with 1:1 and 2:1 stoichiometries gfHand O proceed  tion is observed at the interior of the reaction frofté. process
to OH with lower barriers (0.33 and 0.12 eV, respectively) than like this over such a long range is difficult for us to examine
that associated with the @ H reaction (0.96 eV). Thus, 1@ directly.
does indeed facilitate an elementary step in th® fbrmation We have, however, investigated one hydrogenation mecha-
process on Pt(111).4@ is, therefore, playing an autocatalytic  nism that may be operable and could account for the experi-
role. Experimentally, disproportionation reactions with 1:1 and mental observation. It is possible that hydrogenation of this
2:1 stoichiometries of bD and O have been suggested. ppase takes place by means of proton transfers. Proton-transfer
Isotopically labeled thermal de§0(ptlon experiments have re- 1 achanisms in the/3x +/3—R30°—(OH-+H,0) phase and in
vealed, however, that the 2:1 stoichiometry is always favBrgd. other OH and HO phases have been examined. In each case

Thle Iretason _If?]r th'ts_ Q{reference t]";anthbe Se?” In'tﬁut[\ DZFI the barrier to transfer a proton fromy@ to an OH within these
calculations. The activation energy for the reaction wi e2: phases is extremely low. In the3x v/3—R3¢ —(OH-+H,0)

stoichiometry (0.12 eV) is lower than that in the reaction with - ) :
the 1:1 stoichiometry (0.33 eV). In addition, the reaction with F’h‘?‘se (Figure 10a), fqr _example, the barrier (501 eV._Thls
indicates that, at a finite temperature, H atoms within the

the 2:1 stoichiometry isxothermidoy 0.39 eV while that with .
the 1:1 stoichiometry isndothermicy 0.20 eV. Itis, therefore, /3><«/3—R30°—(OH+H@) phase will be constantly exchang-
ing between OH and ¥D. It is possible, therefore, that

for both kinetic and thermodynamic reasons that the dispro- ' ’ e
portionation reaction with the 2:1 stoichiometry is more ¢onversion of an OH into pO could, for example, initiate a
favorable than that with the 1:1 stoichiometry. The reaction with Series of proton transfers which results in the formation gDH

the 2:1 stoichiometry is, in fact, the only one studied that €lsewhere in the OH andJ 9 overlayer. A schematic diagram
produces OH with an appreciable energy gain. On examination Of such a process is illustrated in Figure 10b. We suggest that
of the microscopic reaction pathway for the 2:1 disproportion- OH groups at the leading edge of the OH angDHronts are
ation reaction we are able to identify the physical origin of its hydrogenated by H atoms and that protons are transferred from
preference. As the first #0 molecule in the KO dimer the leading edge to the interior of the fronts where pus®H
disproportionates with O, the secong®molecule is not merely ~ domains form.
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4. Conclusions suggestion that the observed intermediate in the low-temperature
H,0 formation reaction is a mixed OH and® overlayer we

find that the second #D molecule in the 2:1 disproportionation
process is very difficult to dissociate. We suggest that once
formed through the 2:1 disproportionation reaction the mixed
OH and HO overlayer is hydrogenated by means of proton
transfers to HO.

Having performed extensive DFT calculations to determine
the pathways and energetics of many reactions implicated in
the oxygen-hydrogenation reaction on Pt(111) we now have a
deeper understanding of this fundamental catalytic process.
Largely in agreement with the recent experiments of Ertl and
co-workerd®17 the energetics obtained from our first-principle
calculations point to two distinct mechanisms faHormation: Acknowledgment. Sincere thanks to The Super-computing

(2) When HO does not adsorb upon the surfaeel 80 K), Centre for Ireland for computer time. A.M. wishes to thank
H>0O must be formed via the successive addition of chemisorbed epsrc for a studentship. Dr Joost Wintterlin and Professor
H to chemisorbed O and then to OH. The most highly activated Gerhard Ertl are thanked for helpful discussions and com-
step in this process, with a barrier ofL eV, is the addition of munications.
the first H to chemisorbed O. This barrier is high because it is
necessary to activate O from its favored fcc site to a bridge site Appendix
to have a reaction. The hydrogenation of OH tgDHoroceeds
much more readily with a barrier 0.2 eV. The~1 eV barrier
of the first step indicates that,@ formation at low temperatures
will not proceed through this elementary step. This route 40 H
formation is clearly not autocatalytic and is likely to be the
dominant mechanism by which ;B is formed at room
temperature and above.

(b) When HO is present on the surface disproportionation
reactions provide low-energy routes to the formation of adsorbed
OH groups and ultimately #D. Disproportionation reactions
involving a single HO and O as well as two # and one O
are possible with barriers of 0.33 and 0.12 eV, respectively.
Disproportionation with a 2:1 stoichiometry of,8 and O is
kinetically and thermodynamically favored over disproportion-
ation with a 1:1 stoichiometry. In the 2:1 disproportionation
process the second:@ molecule, although not directly involved
in the disproportionation reaction itself, plays an additional
catalytic role. This second4® molecule considerably improves
the energetics of 0 and O disproportionation. The reaction
with the 2:1 stoichiometry represents, in fact, the only occasion
that OH is formed with an appreciable energy gain, which
explains the experimentally observed 2:1 stoichiometry fg@ H
and O disproportionation on Pt(111). In support of our previous JA003576X

The energetics of OH chemisorption on Pt is an issue of
considerable interest. Experimental determinations of the OH
chemisorption energy on Pt vary substantially, ranging from 1
to 2.6 eV. Depending upon the coverage, our calculated
chemisorption energies of pure OH on Pt(111) are between 2.2
and 2.6 eV, which places our calculated values at the higher
end of the experimentally determined energy range. It is difficult
to directly measure the metaDH bond strength experimentally
and therefore experimental determinations are merely estimates.
Of the experimental estimates, we find that our values agree
best with those obtained under high vacuum conditions and
when no coadsorbates are present. Indeed, OH adsorption is
known to be very sensitive to the presence of coadsorbates.
Sellers and co-worker$(rf. Sci1994 306, 447) have, in fact,
reviewed the energetics of OH adsorption on Pt. They concluded
that at high coadsorbed O conditions OH chemisorption energies
of about 1 eV are observed. On the other hand, under O depleted
conditions OH chemisorption energies seem to reach a limiting
value of 2.6 eV. Therefore, we believe that our value for the
OH chemisorption energy is a good estimate of the bond strength
between pure OH and Pt.



