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A B S T R A C T

The oxidation of gold is an important step in a number of catalytic reactions and the oxidation of Au(111) with ozone has been well-studied using surface science
techniques. We report that the addition of 1% Pd in the surface in the form of a Pd/Au(111) single-atom alloy dramatically alters the desorption temperature of
molecular oxygen after oxidation by ozone. We use temperature programmed desorption to study the desorption kinetics and scanning tunneling microscopy to
compare the structure of the oxides produced on Au(111) with and without 1% Pd. Aided by density functional theory we hypothesize that the lower temperature
evolution of O2 occurs not because Pd atoms lower the O2 desorption barrier, rather than the 1% Pd disrupts the formation of the more stable 2D ordered oxide
formed on Au(11). This effect is particularly pronounced when the single-atom alloy surface is treated with ozone at lower temperatures.

1. Introduction

Heterogeneous catalysts that utilize isolated metal atoms are
emerging as a promising approach for the efficient use of precious metal
catalysts to enhance catalytic activity [1,2]. Both bimetallic single-atom
alloys and oxide supported single atoms have been shown to catalyze
numerous reactions including water gas shift [3,4], hydrogenation
[5–10], dehydrogenation [11], oxidation [12,13], hydrogenolysis [14],
and coupling reactions [15]. However, direct investigation of isolated
atoms in real catalysts is often difficult due to the complexity of the
catalyst structure. Recently, we developed the single-atom alloy (SAA)
approach for catalyst design where we initially studied the structure
and chemistry of isolated atoms in single crystal model catalysts
[16–20]. Over the years this work has informed the design of nano-
particle catalysts capable of catalyzing selective hydrogenation reac-
tions with improved tolerance to CO poisoning under realistic operating
pressures as well as CeH activation chemistry [18,19]. We were curious
to investigate if single atoms had any effect on oxygen surface chem-
istry, and in this study we probe the adsorption and desorption of
oxygen from isolated Pd monomers in a Au(111) substrate.

Au nanoparticles and nanoporous Au are well known for highly
selective oxidation reactions despite the high barrier for O2 activation
on Au [21–26]. The addition of Pd to Au catalysts increases the re-
activity of Au and this alloy combination exhibits remarkable selectivity
for catalyzing CO oxidation [3], vinyl acetate synthesis [27–29], al-
cohol oxidation [30], and hydrogen peroxide synthesis [31]. In these

reactions, the atomic ensemble of the Pd atoms in Au is critical to ob-
tain the desired selectivity. It has been shown for CO oxidation that
contiguous Pd atoms are necessary for O2 activation [32] and for vinyl
acetate synthesis Pd monomers prevent the unwanted oxidation of
products [27,29]. Despite the importance of the above reactions, the
fundamental interaction between O and isolated Pd atoms in Au is not
well understood. Previous studies by Li et al. and Yu et al. show ex-
tended Pd sites are required for the dissociative adsorption of O2 on Au-
Pd(100) [33] and Pd-Au(111) [34], respectively. In both studies a
dramatic decrease in O2 uptake was observed at low concentrations of
surface Pd atoms, suggesting a geometric ensemble effect for the ad-
sorption and dissociation of O2. Neither study, however, experimentally
probed the capabilities of isolated metal geometries. In the current
work, we directly addressed the effects of single Pd atom geometries on
the recombinative desorption of O2 from Au(111). Since Au(111) is
unable to dissociate O2 in ultra-high vacuum (UHV), we used ozone to
populate the surfaces with O.

By using a combination of temperature programmed desorption,
scanning tunneling microscopy, and density function theory, we probed
the impact of 1% isolated Pd atoms on how oxygen interacts with a Au
(111) surface. Our studies reveal that these small amounts of Pd lead to
a significant reduction in the O2 desorption temperature at low O
coverages. Our DFT calculations reveal that isolated Pd monomers in
Au(111) in fact increase the barrier for dissociative adsorption of O2

and the barrier for recombinative desorption of O2 very slightly. Our
STM results show that 1% single Pd atoms prevent the formation of the
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2D Au surface oxide from which O2 is known to desorb in a decom-
position rate limited process [35]. Since disordered oxygen on Au(111)
at low coverage is known to be more reactive than both, bare Au(111)
[36,37] and oxygen on Au(111) at high coverages [38], we speculate
that small amounts of Pd, or other elements like Ni, may alter the initial
oxidation of Au, allow it to desorb at lower temperature, and hence be
used to control the subsequent reactivity of the system.

2. Materials and methods

Imaging and thermal desorption analysis were performed in sepa-
rate ultra-high vacuum chambers (base pressures <1×10−10 mbar)
on two Au(111) single crystals cleaned by successive cycles of
Ar+ sputtering (1.5 keV, 20 µA) followed by annealing to 720 K.
Cleanliness was monitored via STM imaging and XPS. Palladium was
deposited on the Au single crystal in vacuo by physical vapor deposition
(EFM 3, Focus GmbH) where the flux of Pd was set to 0.01 ML/min and
the sample was held at 380 K during the entire deposition process. 1%
Pd single-atom alloy surfaces were confirmed by STM characterization
as well as by CO TPD as described previously [39]. Ozone was produced
from an LG-7 ozone generator (Del Ozone) from O2 (99.994%, Airgas)
and was dosed to the prepared surfaces through a variable leak valve
utilizing a linear collimator in order to enhance ozone pressure loca-
lized at the sample surface. The TPD traces were all produced by de-
positing ozone on the surface at a pressure of 5×10−7 mbar for var-
ious exposure times between 1 minute and 30 minutes. STM images
were collected using a variable temperature STM (Omicron Nano-
Technology) at 290 K and 30 K. TPD spectra were collected, at a heating
rate of 1 K/s, in a chamber equipped with a quadrupole mass spectro-
meter (HAL 301, Hiden Analytical) with the ability to cool to 80 K.

3. Theory

Density functional theory (DFT) was used to calculate all energetics,
using the Vienna ab initio simulation package [40,41]. Core electrons
were described using the projector-augmented wave method [42,43].
Kohn-Sham single-electron wave functions were expanded in a plane-
wave basis with a kinetic energy cutoff of 300 eV to describe the va-
lence electrons. The Perdew− Burke− Ernzerhof (PBE) generalized
gradient approximation functional was used to describe the exchange
correlation contribution to the total energy [44]. Geometries were
considered optimized when the force on each atom was<0.01 eV/Å.
All the transition states were calculated with the climbing-image
nudged elastic band method (CI-NEB) [45,46].

A four-layer 4×4 Au(111) slab is used to model the Au surface
with the bottom two layers fixed to bulk Au positions. The Pd1-Au(111)
surface in this study was modeled by replacing one Au atoms on the top
layer of the Au(111) slab with Pd. A 10 Å vacuum was added to all
models to avoid interactions between periodic images. The Brillouin
zone was sampled using a 3× 3×1 Monkhorst− Pack k-point mesh
[47].

4. Results and discussion

The 1% PdAu single-atom alloy surface morphology was character-
ized using STM (Figure S1) and has also been well described in the
literature [48–57]. Briefly, at low Pd coverages, Pd atoms exist as iso-
lated atoms in the Au surface due to stronger hetero-atom bonds be-
tween Pd-Au than Pd-Pd or Au-Au (Figure S1B). During the place ex-
change of Pd atoms into the Au terraces, Au adatoms are ejected and
nucleate into islands on the surface (Figure S1A). The surface layer of
the islands are primarily composed of Au atoms due to the lower surface
free energy of Au than Pd. Due to the large activation barrier of O2

dissociative adsorption onto Au(111), it is not possible to adsorb O onto
the Au(111) surface in UHV from molecular oxygen. Thus, for these
experiments, O was adsorbed onto Au(111) and Pd/Au(111) SAA byFi
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exposure of the surface to ozone as reported previously [58,59].
Significant differences in O2 desorption are observed with TPD be-

tween Au(111) and PdAu(111) alloys. After exposure of Au(111) to
ozone at 85 K, low coverages of O2 were observed desorbing at 510 K
(Fig. 1A) in reasonable agreement with low oxygen coverages in pre-
viously reported work [58,60–63]. The desorption profiles of O2 from
Au(111) do not follow typical second order desorption trends sug-
gesting the simple recombination of 2 O adatoms is not the rate limiting
step. Work by Koel [58] and Friend [60] has shown that, independent
of coverage, the desorption order of O2 from Au(111) is 1, with the rate
limiting step believed to be the decomposition of the a 2D surface oxide
followed by subsequent recombination and desorption. It has been
previously reported that O surface coverage on Au(111) saturates at 1.2
ML when exposed to ozone at room temperature [58]. Since our O2

desorption peaks do not saturate, our surface coverages are below 1 ML
due to a low flux of incoming O3 molecules in our experimental setup.
For the PdAu(111) SAA with ozone dosed at 85 K, O2 desorbs at 470 K
for low O coverages. At higher O coverages, a second desorption peak
was observed at 510 K corresponding to desorption from the Au(111)
surface. Thus, the isolated Pd atoms open a distinct low temperature O2

desorption pathway from the surface. One must also consider if the Au
islands formed from the Au atoms ejected by the Pd atoms could lead to
the low temperature oxygen desorption we observe. However, we think
this is unlikely because only 1% Pd is added to the surface which means
at most 1% of the surface would be covered by ejected Au atom islands.
Since the Au(111) surface already has a similar amount of defects in the
form of step edges (typically step edge density on pristine Au(111) is
1–2%), and the oxide forms an ordered structure on the bare Au(111), it
appears that the cause of the disordered oxide is the single Pd atoms.

To determine the morphology of the surface during the initial stages
of oxidation at low temperatures a Au(111) surface oxidized at 110 K
was imaged with STM. The STM images show dark amorphous de-
pressions in registry with the Au herringbone reconstruction (Fig. 2A
and inset). Our images also show that oxidation is inhomogeneous; dark
oxide patches emanate from a defect created in the very first stage of
oxidation (lower middle of Fig. 2A). Previously, it has been shown that
surface oxides appear darker than the surrounding metallic surface in
STM images [64]. Localized regions of pits are also observed to be
∼390 pm deep which is greater than an atomic layer of Au (235 pm),
suggesting the pits are composed of an oxidized state of Au. For PdAu
(111) SAAs exposed to ozone, we do not observe localized oxide pat-
ches, rather much more disordered surface structures with small islands
that may be caused by the removal of Au and Pd atoms by oxygen
(Fig. 2B). For the Pd/Au SAA, the amorphous depressions in registry
with the Au herringbone pattern were present similar to the Au(111).

To further investigate the effect of Pd on oxygen desorption from Au
(111) we exposed both Au(111) and Pd/Au SAA surfaces to ozone at
elevated temperatures in accordance with previous studies which have
shown different oxide structures depending on ozone exposure tem-
perature [59]. Resulting TPD and STM data for ozone exposure at 290 K

are displayed in Figs. 1B and 3 respectively. As with ozone exposure at
85 K, one desorption state (centered at ∼510 K) dominates on bare Au
(111). With the addition of Pd single atoms a lower temperature des-
orption pathway is again observed, but with a decrease in the difference
in desorption temperatures (now ∼25 K) from PdAu SAA sites and Au
(111)-like sites. Two distinct states were observed with STM including
ordered oxide islands that form row like structures on the bare Au(111)
surface, (Fig. 3A) vs. an amorphous oxide structure on the partially
oxidized PdAu SAA surface (Fig. 3B). The STM results again suggest
that 1% Pd atoms alter the structure of the oxide which is consistent
with the low temperature desorption observed for O2 from PdAu SAAs
(Fig. 1B). Specifically, the ordered 2D oxide formed on pure Au(111)
requires higher temperatures to decompose [58,60] while the dis-
ordered oxide formed on PdAu SAAs is able to decompose at lower
temperatures compared to the bare surface as observed via TPD. Fol-
lowing this trend, ozone exposure at 400 K (Fig. 1C) displays a peak
temperature of ∼520 K on Au(111) with the lower temperature, PdAu
SAA O2 desorption peak at ∼500 K (now only 20 K lower than from Au
(111)). It is important to note that even at an ozone exposure tem-
perature of 400 K, the O2 desorption peak continues to broaden but
does not saturate (Fig. 1C).

In order to examine both the adsorption and desorption kinetics of
O2, we calculated the activation energy for dissociative adsorption and
desorption energy for the recombinative desorption of O2 with DFT
(Fig. 4). The recombinative desorption barrier of O2 from a Pd/Au SAA
(1.28 eV) is slightly higher than the recombinative desorption barrier
from bare Au(111) (1.27 eV) however this 0.01 eV difference is within
the error of DFT so it would not be expected that any difference in O2

desorption temperature would be observed if recombination of two O
atoms was the rate limiting step in desorption. The 40 K decrease in
desorption temperature from Pd/Au(111) SAAs compared to Au(111)
observed experimentally must instead be due to another effect. Ac-
cording to Redhead analysis for a first order desorption process as-
suming a pre-exponential of 1× 1015, the difference in desorption
barriers for desorption from Au(111) (510 K, 1.64 eV) and Pd-Au(111)
SAAs (470 K, 1.51 eV) should be ∼0.1 eV. The DFT results provide an
activation energy for dissociative O2 adsorption of 0.19 eV larger for
Pd/Au(111) than Au(111) since O2 physisorption is stronger on Pd/Au
SAAs than pure on Au(111). As a result the dissociative adsorption
barrier is larger for Pd/Au SAAs than Au(111) which is certainly non-
intuitive as Pd is typically more active than Au. This supports previous
work on Pd/Au(111) [34] and Au/Pd(100) [33] which suggest isolated
Pd atoms cannot activate O2. These studies report low temperature
physisorption of O2 on extended Pd ensembles where the adsorbed
coverage of O2 is dependent on the surface concentration of Pd. Both
studies report a non-linear decrease in O2 uptake as a function of Pd
coverage suggesting that geometric ensemble effects impact the phy-
sisorption of O2 and sequential dissociation to adsorbed O atoms.

In summary, our TPD data reveal a distinct low temperature O2

desorption state upon sub-monolayer exposure of ozone after

Fig. 2. STM images of (A) Au(111) and (B) 1% PdAu(111) SAAs oxidized at 110 K. (A) Large scale image shows both depressions in registry with the herringbone
reconstruction (inset) and oxidation pits. (B) Large scale and local (inset) disruption in ordered oxide structures with 1% Pd SAAs.
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substitution of 1% Pd atoms dispersed in the Au(111) surface. STM
results confirm a change in surface structure of the oxide by comparing
images of the surface after ozone exposure with Pd single atoms present
vs. the surface oxide on bare Au(111). It is unlikely the cause of this low
temperature desorption feature is due to isolated Pd sites, as Pd dimers
are required for facile O2 recombinative desorption. Our DFT results
agree, and in fact show that the barrier for O2 desorption is very similar
to the barrier for the bare Au(111) surface. These results, in concert
with the general agreement in the literature for ozone adsorption on Au
(111), point toward the 1% Pd single atoms disrupting the formation of
a 2D gold oxide, which has been shown to be the rate limiting step in O2

desorption from Au(111) surfaces. It would be interesting in future
work on this system to explore if other dopant atoms also yielded the
effect we report with Pd.

5. Conclusions

O2 desorption from the 1% Pd/Au(111) SAAs exhibits a unique
lower temperature desorption profile compared to Au(111). After ozone
exposure at 85 K, O2 desorbs at 470 K, 40 K lower than desorption from
Au(111) (Fig. 1A). When the same Pd/Au SAA is exposed to ozone at
290 K and 400 K, O2 desorption occurs at 490 K and continues to shift to
higher temperatures with increasing O coverage. Our STM experiments
show that an amorphous oxide surface structure is observed on the Pd/
Au surface suggesting that the 1% Pd atoms prevent the formation of
the 2D oxide. Therefore, we postulate that the low temperature deso-
rption of O2 from Pd-Au SAAs is due to the formation of the 2D oxide
(decomposition of which is known to be the rate limiting step of O2

desorption from Au(111)) being hindered by the presence of 1% Pd.
The pronounced shift in O2 desorption at low oxygen surface coverages
suggests that Pd atoms locally affect oxide formation on Au as at higher
oxygen coverages and deposition temperatures the peak centers are
only ∼20 K apart.
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