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Phase Diagram of Molecular Oxygen Adsorption on the (111) Platinum Surface
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Molecular oxygen adsorption on the Pt(111) surface is studied based on ab initio computations and
thermodynamics. An O, adsorption phase diagram is determined. There are two possible chemisorbed
molecular states: one at a bridge site and another one at an fcc hollow site. While some population in the
bridge sites persists at all coverages, the states coexist through the intermediate coverage phases. The
relative coverage of the two species on the surface is determined by the competition between the Pt lattice
distortion energy (that results from O, adsorption) and the O, repulsion energy. Our results give a
reasonable explanation for the seemingly contradictory findings in previous experimental and theoretical

work.
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A fundamental description of oxygen’s adsorbed states
on Pt surfaces is critical for understanding oxidation reac-
tions on Pt, an important metal for many commercial
applications, such as the oxidation of CO and NO, in
automotive exhaust and oxygen activation and hydrogen
oxidation in fuel cells. Although considerable experimen-
tal and theoretical effort has been devoted to studying O,
adsorption on the Pt(111) surface in the past few decades
[1-12], our understanding is still limited. Even the adsorp-
tion configuration of molecular oxygen on the surface is a
matter of controversy. The earliest electron energy loss
spectroscopy (EELS) by Gland et al. [1] indicated a main
vibrational band at 870 cm ™! (see their Fig. 1) with a small
band at 710 cm ™. They assigned the 870 cm ™! peak to the
O-O stretching vibration of “lying-down” adsorbed O, on
Pt(111). The experiments from Steininger et al. [2] found
that at higher O, coverages, the O-O stretching vibration
frequency of 875 cm™! is dominant, and with decreasing
O, coverage, the concentration of an adsorbed state with an
0-O frequency near 700 cm ™! is increased. Avery reported
analogous results [3]. Scanning tunneling microscopy
(STM) experiments [7] have also indicated two possible
O, adsorbed states. However, near-edge x-ray-absorption
fine-structure (NEXAFS) experiments [4] only observed
one O, adsorbed oriented parallel to the Pt(111) surface,
which was determined to have an O-O bond length of
1.37 £0.05 A in later NEXAFS experiments [6] by
some of the same authors. First-principles computations
[8] showed that there are two possible O, adsorbed states
on the Pt(111) surface: one adsorbed site is at the bridge
site. with an O-O stretching vibrational frequency of
850 cm™! and another one at the fcc site with the vibra-
tional frequency of 690 cm™!; the bridge site is energeti-
cally favored. The later STM experiment of Stipe et al. [9]
identified the fcc site adsorption state. Using the same first-
principles computation code as used in Ref. [8], Bocquet
et al. [11] repeated the calculations and found that the fcc
site adsorption is energetically favorable. The only differ-
ence between the two first-principles calculations is that
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the earlier calculations are based on a rectangular /3 X 2
surface unit cell and the latter based on a hexagonal 2 X 2
unit cell, but the O, coverage for both of them is the same,
0.25 monolayer (ML). Here, we will report the first phase
diagram for O, adsorbed on the Pt(111) surface, based on
thermodynamics and first-principles computations. Our
results give a reasonable explanation for the seemingly
contradictory results from previous experimental and theo-
retical work.

For the ensuing computations, the Pt(111) (6 X 6) sur-
face is employed, and the coverage increment of the O,
molecular adsorption on the surface is 1/36 ML. The
supercells include five Pt layers, and the O, molecules
are adsorbed on one side of the slabs, and a 16 A thick
vacuum separates the slabs. A dipole correction was con-
sidered in our calculations [13]. For each O, coverage on
the surface, no symmetry was forced in our supercells, and
all possible configurations and adsorption sites within the
supercell were considered. At equilibrium the total energy
is minimized, and forces on all atoms are below
20 meV/A. In our total-energy and force calculations,
the exchange-correlation potential follows the generalized
gradient approximation of Perdew [14] et al., and the plane
wave method [15] with the projector augmented wave
method [16] is employed to solve the spin-polarized
Kohn-Sham equations. The energy cutoff for the plane
wave basis set is taken to be E,, = 320eV. A2 X2 X 1
uniform k-point sampling is taken over the Brillouin zone.

What we desire is a phase diagram or knowledge of the
adsorption phase configuration as a function of tempera-
ture and oxygen partial pressure. An accurate computation
of the temperature and oxygen partial pressure dependence
of this surface adsorption formation requires a thermody-
namical method. The Gibbs free energy of adsorption AG
for an surface adsorption phase x relative to the clean
surface is given as follows:

AG = Gx - Gclean - NOMO‘ (1)

Here, G, is the free energy for the adsorption phase x, and
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G lean 18 the free energy of the clean Pt(111) surface phase.
Ng is the number of O atoms adsorbed on the surface (as
dioxygen) in phase x, and wg is the chemical potential of
O. G, Ggean can be written as G, — Ggean =
EPal — g+ PAV + AF(T). Here, EP% and EY@
are the 7 = 0 K total energies of phase x and the clean
phase, respectively. P is the pressure, AV is the volume
difference between the two phases, and AF is the differ-
ence between the vibrational contributions of the two
phases. It has been found [17,18] that the PAV term is
very small compared with the total energy difference,
EPa — E9@l - Since the mass of O is much smaller than
that of Pt, we can approximately consider the effect of the
local O vibration on the Pt vibration of the whole surface
system to be small. AF; mainly relies on the contribution
of the O vibration and AF, = AF(Ng, T). The O vibra-
tion frequencies on the Pt(111) surface are obtained from
our first-principles computation. Next, we take pgo =
nd + (KT Inp)/2, where uQ is the chemical potential of
the standard state oxygen gas. Then, we take ud =
1d(0) + Apd(T). The value of ul(0) is determined
from our total energy calculations; A2 () is an empirical
value taken from the JANAF thermochemical tables [19].
Equation (1) can then be written as AG = AG(T, p), and
one can obtain the surface adsorption phase diagram as a
function of the temperature, 7', and oxygen partial pres-
sure, p.

Experiments [1,3,20] have found that O, molecules at
high coverages dissociate on the Pt(111) surface above
150 K. Here, we only want to investigate the adsorbed
states of O, molecules in a thermodynamic environment.
Hence, we limit the temperature to be below 150 K.
Figure 1 shows the phase diagram of O, adsorption on
the Pt(111) surface from 10-150 K and 107 to 1 atm.
There are six possible adsorption phases, which depend on
temperature and oxygen partial pressure. We found that
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FIG. 1 (color online). Calculated phase diagram for O, ad-
sorption on the Pt(111) surface for low temperatures and subat-
mospheric partial pressures of oxygen.

two chemical adsorbed states are energetically favorable
over the whole temperature and pressure range. The first
state is formed at the bridge site. The O, lies flat on the
surface, and the two oxygen atoms are symmetrically
located between the bridge sites with a bond length of
1.38 A (0.028 ML O, coverage), as shown in Fig. 2. At
the 0.028 ML O, coverage, the nearest distance of the
oxygen atoms to Pt is 2.03 A. An increase in the O,
coverage changes the nearest distance and the O-O bond
length less than £0.01 A. The second state is formed at the
fcc hollow site. One oxygen atom of the O, is located at a
position slightly away from the center of the threefold fcc
hollow towards the bridge site with a nearest distance of
2.18 A to the Pt atoms. Another O atom is at a position near
the atop site of the Pt atom with a nearest distance of
2.02 A, also as shown in Fig. 2. This specie has its intra-
molecular axis at an angle of about 10.21° relative to the
surface plane, similar to that found in Refs. [8,11]. The
bond length of this O, is 1.41 A. These values for the
nearest distances and bond length are based on the
0.028 ML O, coverage. Increasing the coverage changes
the value of the nearest distance to the Pt’s for the O atom
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FIG. 2 (color online).

The structures of the O, adsorption
phases shown in Fig. 1 and Table 1.
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near the bridge site by ~ — 0.02 < 8 < 0.05 A, that to the
Pt from the O atom near the atop site by less than +0.01 A,
and the O-O bond length by less than +0.02 A. The two O,
adsorbed states can exist in the same phase, but their
coverage is different in the different phases, as shown in
Table 1.

At a higher temperatures and lower oxygen partial pres-
sures, the 0.028 ML adsorbed phase A is energetically
favorable, and O, occupies the bridge site. By either low-
ering the temperature or increasing the oxygen partial
pressure, the phases transform in the order of A — B —
C — D — E — F and the O, coverage at the bridge sites
increases with the phase transitions until the saturated
coverage of 0.5 ML. However, the O, coverage at the fcc
sites in phase C is 0.167 ML and then decreases to
0.083 ML in Phase E. The O, saturation coverage of
0.5 ML with all O, at bridge sites is consistent with
experiment [2]. The dashed black line in the phase diagram
indicates that below this line, the O, gas phase in the
thermodynamic environment has changed to the O, liquid
phase. The O, liquid may cover the surface and form an O,
physically adsorbed state. This is consistent with the ex-
periments [5,6] that found O, in a physically adsorbed state
at very low temperatures.

It is interesting to see that the adsorption at bridge sites
exists in all the possible phases, but the fcc sites adsorb O,
just in Phases C, D, and E. Why does this happen? Our
computations reveal that the surface distortion energy (de-
fined as the total energy difference of the surface system
with the structure distorted by the O, minus the total
energy of the free surface system) plays a role as important
as the repulsion energy between the O,’s does. The ad-
sorbed O, at the fcc hollow site creates a large distortion
around the nearest threefold Pt atoms, which reduces by
~0.234 eV the energy increase of the surface system
compared with the free Pt surface. The distortion energy
reduced by the O, adsorption at the bridge site is
~0.152 eV, which is less than that reduced by adsorption
at the fcc site. However, suitable mixed configurations of
the fcc and bridge adsorptions of O, can give larger relative
distances between the O,’s, which can decrease the repul-
sion energy between the molecular species. Hence, the
energetic competition between the changes in the distor-
tion energy and the repulsion energy determines the popu-

TABLE I. The coverage of chemisorbed O, at the fcc and
bridge sites in the Pt(111) surface adsorbed phases.

fcc sites Bridge sites Total coverage
Phases (ML) (ML) (ML)
A 0.000 0.028 0.028
B 0.000 0.111 0.111
C 0.167 0.167 0.334
D 0.111 0.278 0.389
E 0.083 0.361 0.444
F 0.000 0.500 0.500

lation of the possible O, adsorbed states: pure bridge
adsorption, pure fcc hollow adsorption, or mixed fcc and
bridge adsorption sites. The relative rate of coverage
change between the fcc and bridge sites is decided by the
competition also. We can see pure bridge site adsorption at
lower coverages and then mixed adsorption in fcc and
bridge sites as coverage increases, as shown in Table L.
When the coverage is larger than 0.444 ML, the adsorbed
state becomes pure bridge again since such a configuration
can decrease the distortion energy, as shown in Fig. 2. The
zero point vibrational energy also plays a role in the
relative coverage of O, at the bridge and fcc sites. The
value of the vibrational frequency of O, at the bridge site is
864 cm~! and that at the fcc site is 685 cm™!, which
makes a difference of ~0.02 eV /per O, between the two
adsorption states.

We will now discuss why the relative adsorption energy
between the bridge and fcc sites from Ref. [8,11] are
different, although their calculations were based on the
same computational code and the same O, coverage.
Reference [8] shows that the adsorption energy at the
bridge site is lower than that at the fcc site, but Ref. [11]
shows the adsorption energy at the bridge site is higher
than that at the fcc site. Our results reveal that this differ-
ence occurs because these references used different O,
configurations at the surface although their O, coverage
was the same, 0.25 ML. Reference [11] used a hexagonal
2 X 2 supercell configuration, while Ref. [8] used a rect-
angular /3 X 2 supercell configuration. The nearest dis-
tance between the O, molecules for the former is ~5.62 A,
and that for the latter is ~4.87 A. We repeated their
calculations, and our calculations were based on a 4 X 4
supercell in which O,’s can be configured in either a 2 X 2
structure or a +/3 X 2 structure. Our results indicate that for
the 2 X 2 structure, the O, adsorption energy at the fcc site
is a little lower (~ 0.003 eV /per O,) than that at the
bridge site, which is consistent with the result of
Ref. [11], and for the /3 X 2 structure, the value of the
O, adsorption energy at the fcc site is higher
(0.081 eV /per O,) than that at the bridge site, which is
consistent with Ref. [8]. In the /3 X 2 configuration, the
distortion energy reduced by O, at the fcc site is
~0.414 eV /per 4 X 4 supercell, but the reduction by O,
at the bridge site is 0.378 eV. In the J3 X2 structure, the
nearest distance between the oxygen atoms of the O,
molecules at the fcc sites is 3.485 A and that at the bridge
sites is 3.747 A, which should make the repulsion energy
between the dioxygen species at the fcc sites increase.

Now let us compare the experiments with our phase
diagram. The EELS data of Gland et al. [1] show a main
vibrational band at 870 cm™' and a small band at
710 cm™!. They obtained the spectrum at 100 K and under
~10~13 atm oxygen partial pressure. This thermodynamic
environment falls into that of Phase E in which 0.361 ML
O, occupies bridge sites and only 0.083 ML is at the fcc
sites. Our calculations indicate that the 870 cm™! fre-
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quency corresponds to the O-O stretching vibration at the
bridge site, and other experiments [2,12] verified this also.
The 710 cm™! peak is very broad in the experimental
spectrum in Fig. 1 of Ref. [1]. A similar peak is found at
700 cm™! in Ref. [2], at 690 cm™! in Ref. [3], and at
683 cm ™! in Ref. [12]. We believe these all correspond
to the calculated O-O stretching vibration at the fcc site at
685 cm ™! in our calculation. In addition, the experiments
from Steininger et al. and Avery [2,3] indicate that at
higher O, coverage, the O-O stretching vibration with a
frequency of 875 cm™! is dominant, and with decreasing
0, coverage, the 700 cm~! O-O vibration is increased.
This is consistent with our results. As shown in Fig. 1,
when the O, coverage decreases, the phase changes ac-
cording to the order, Phase F— E—D—C at
10715 atm oxygen partial pressure (the experimental base
pressure is ~107 !4 atm in [2]) and as shown in Table I, the
bridge site coverage decreases, and the fcc site coverage
increases from Phase F to C. Accessing Phases A and B
and possibly Phase C is difficult to achieve experimentally
because the lowest base pressures and partial pressures of
oxygen measurable experimentally will be about
~10715 atm. Hence, we do not expect to find data with
one bridging site at low coverages. At high coverages, we
can see why NEXAFS experiments [4,6] found only one
site, bridge site adsorption of O,. The O, adsorption states
in the NEXAFS experiments of Outka er al. [4] were
formed at 90 K and ~10~!! atm oxygen partial pressure.
The O, adsorbed phase under these conditions is Phase F
in our phase diagram, in which only the bridge sites are
occupied by O,’s. The O, adsorption states in the NEXAFS
experiments of Wurth et al. [6] were formed at 80 K, but
they did not report the oxygen partial pressure. From our
phase diagram, the adsorption phase is Phase F above
10715 atm oxygen partial pressure at 80 K. Considering
the pressure is ~107% to 107! atm for a normal UHV
system, the adsorption phase in the experiments of Wurth
et al. [6] should be Phase F. Their experiments [6] also
found that the adsorption is physical adsorption below
30 K. Our phase diagram shows that at 30 K and above
~10~% atm oxygen partial pressures, the O, gas phase is
transformed into a liquidlike phase, and this O, state may
cover the surface to form a physically adsorbed layer. This
is supported by the physical adsorption seen experimen-
tally at very low temperatures.

In summary, we present the first O, adsorption phase
diagram for the Pt(111) surface, based on thermodynamics
and first-principles computation. The phase diagram re-
veals that the O, adsorbed states on the Pt(111) surface are
determined by their thermodynamic environment, the tem-
perature, and oxygen partial pressure, and it predicts that
(1) the bridge site adsorption state can exist alone both at
higher temperatures and lower oxygen partial pressures
and at high coverages at lower temperatures, and (2) that
the bridge and fcc adsorption states can coexist through a
range of coverages at intermediate temperatures and oxy-

gen partial pressures. The relative coverage of the two
species is determined by the competition between the Pt
lattice distortion energy produced by the adsorbed O,’s and
the repulsion between the O, molecules. Our results are
quite consistent with available experiments and give a
reasonable explanation for seemingly contradictory experi-
mental and theoretical results, providing a framework for
extending our understanding of the adsorption of mole-
cules on metal surfaces.
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