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Abstract Interactions of O, with the PdO(101) surface were
studied using spin-dependent density-functional theory
(DFT) with both the PBE and the non-local hybrid HSE
exchange—correlation functional. The adsorption energies
are strongly overestimated (by 40-60 kJ/mol) with PBE,
whereas HSE predicts adsorption energies that are within
~5 kJ/mol of values derived from temperature programmed
desorption (TPD) experiments. A detailed partial density of
states analysis indicates that the band gap between the PdO
d-band center and the LUMO of O, plays an important role in
determining the adsorption strength. This gap is larger for the
HSE functional and leads to a decrease in the back donation
of the metal d-states to the O, LUMO orbital resulting in
weaker adsorption. Based on the DFT-HSE calculations,
three adsorption minima are found to be stable. The most
favored configuration, with an adsorption energy of
—67 kJ/mol, consists of an O, molecule lying flat and
interacting with two coordinatively unsaturated Pd (Pd.s)
surface atoms. The other two configurations have weaker
adsorption energies of about —25 kJ/mol and bind to a single
Pd.,s atom with the O, molecule oriented away from the
surface. The HSE results can be correlated with the observed
TPD spectra, which shows only one type of O, configuration
at low coverages with a subsequently lower temperature
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(more weakly bound) peak evolving at higher coverages
associated with the singly coordinated O, adsorption con-
figurations that start to populate when two adjacent Pd
sites start to become unavailable.
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1 Introduction

Palladium is an important catalyst used for CO oxidation in
exhaust gas remediation in automobiles and for methane
combustion in lean gas turbines [1]. Normally, the catalytic
oxidation of CO and methane occurs under oxygen-rich
conditions where the PdO phase may develop. Indeed,
catalysis experiments suggest that the PdO phase plays a
key role in the activity of Pd catalysts for oxidation reac-
tions [2, 3] but there are ongoing efforts to understand and
model the role of the metal versus metal oxide for both CO
and methane oxidation [4—10]. Ultrahigh vacuum (UHV)
and high pressure surface science experiments have both
been used to examine CO oxidation on the oxygen phases
that form on Pd(100) and Pd(111). Some experiments
suggest that the chemisorbed oxygen atoms on Pd are more
active than oxide phases toward CO oxidation [11, 12],
while others support the opposite conclusion [13]. The
interactions between molecular oxygen and the oxide sur-
face may influence the reactions on the surface and the
oxidation state of the surface under reaction conditions. If
the binding of O, on the Pd oxide surfaces is sufficiently
strong, the adsorbed O, may also react with CO to form
CO, through a Langmuir-Hinshelwood mechanism.
Therefore, the adsorption of O, on PdO and its binding
strength are worth further study.
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For metallic Pd, the adsorption of oxygen into precursor
states has been widely studied both experimentally [14—16]
and theoretically [17, 18]. Imbihl et al. identified three
main O, states on Pd(111) by electron energy loss spec-
troscopy (EELS) and low energy electron diffraction
measurements [14]. At high coverages, a superoxo state
with vibrational loss of 1035 cm ™' and a peroxo state with
vibrational loss of 850 cm™' were observed at 30 K.
Another peroxo state (650 cm_l) was found at 80 K. Based
on the EELS results, Eichler et al. studied the structural,
energetic, vibrational, and electronic properties of O, pre-
cursors using DFT calculations [17]. The calculated
vibrational frequencies of three distinct O, configurations
(top-bridge-top, top-hcp-bridge, and top-fcc-bridge) agree
with the EELS peaks at 850 and 1035 cm™' but the
650 cm ™! peak was not found in the DFT calculations for
any of the O, adsorbed configurations and might be asso-
ciated with adsorption at step edges.

Contrary to the significant progress made in O,/Pd(111)
studies, the fundamental understanding of O, adsorption on
PdO surfaces is limited because of difficulty in producing
well-defined metal oxide surfaces [19-21]. In the past
decade, Weaver and co-workers have demonstrated the
growth of a high quality PAO(101) thin film on Pd(111) in
UHYV using an oxygen atom beam [22], and have investi-
gated the adsorption and oxidation of several compounds
on the PAO(101) surface [20, 23]. Of particular relevance is
a study in which Hinojosa et al. used temperature pro-
grammed desorption (TPD) experiments to investigate the
molecular adsorption of O, on PdO(101) thin films [24]. At
low O, coverage, the O, TPD spectrum from the PdO(101)
surface exhibits one main feature (B;) centered at a peak
temperature (T,) of 250 K. As the coverage increases, the
B peak shifts toward lower temperature and the maximum
appears at 233 K once the coverage reaches 0.14 mono-
layer (ML) (see Sect. II for definition of ML for O, on the
PdO(101) surface). When the coverage is increased beyond
about 0.14 ML, a new desorption peak (B,) appears at
117 K. Unlike the B; peak, the B, peak temperature does
not significantly shift with increasing coverage. Both the f3;
and P, peaks further intensify with increasing coverage
until the O, layer saturates at 0.29 ML. Furthermore,
experiments with co-adsorbed 1602 and 1802 reveal that the
dissociation of O, occurs negligibly on the PdO(101) sur-
face under the TPD conditions examined. Based on these
TPD results, Campbell and Sellers calculated prefactors
and adsorption enthalpies of the two O, states (B; and B,)
using an entropy correlation and transition state theory
[19]. The estimated adsorption enthalpies are —33.4 kJ/mol
at the TPD peak temperature of T, = 117 K and —69.2 to
—74.7 kJ/mol at T, = 233-250 K. In this paper, key goals
are to identify the different O, adsorption configurations on
PdO(101) associated with the B; and B, peaks and predict
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their adsorption strength using DFT. We focus on how to
predict more accurate energies of the O,/PdO system using
DFT with different functionals by comparison with the
TPD results.

It has long been realized that the frequently used gra-
dient-corrected approximation (GGA) functionals have
several shortcomings [25, 26]. Normally GGA functionals
overestimate molecular bond energies and adsorption
energies of molecules on different metal surfaces [26]. This
error is especially large for the O, molecule, where the
bond energy is predicted to be 5.81-6.67 eV by PBE-DFT
using oxygen pseudopotentials with different 1 s core
electrons [26-28] versus an experimental value of
~5.20 eV [29]. Kiejna et al. examined the O, bond energy
with the PBE functional for both all electron linear aug-
mented plane wave and projected augmented wave (PAW)
DFT calculations using different pseudopotentials for
oxygen [30]. The all electron LAPW calculations result in
an O, bond energy of 6.21 eV, and this calculation can
likely be taken as the most accurate value for a PBE
functional. This error in the O, bond energy is of particular
importance in comparing TPD desorption energies with
DFT adsorption energies since the adsorption energy is
referenced to the gas phase O, molecule. In addition, it is
known that GGA functionals show errors in molecule
binding, as for example with CO on metal surfaces
[31, 32]. We have recently reported a significant error in
DFT-PBE for CO binding on the PdO(101) surface based
on a combined IRAS and DFT study [33]. In that study we
found that the Heyd-Scuseria-Ernzerhof (HSE), a hybrid
exchange-correlational functional, was able to capture the
proper preference of CO to bind to the atop Pd. sites of
PdO(101). HSE also reproduces the bulk PdO oxidation
energy and band gap [33, 34] and has been shown to
provide more accurate formation energies and band struc-
tures of metal oxides [34-36]. Gronbeck and co-workers
have also examined the accuracy of PBE versus PBEO, a
hybrid non-local functional that introduces 25 % Hartree—
Fock exact exchange, in predicting core level shifts (CLS)
induced by CO adsorption on PdO(101)/Pd(100) [37]. They
reported that the CLS for both the Pd 3d states for the bare
PdO(101)/Pd(100) surface and the O 1 s states for the
adsorbed CO is underestimated with PBE due to the self-
interaction error that leads to reduced charge transfer in
these systems. The PBEO functional predicts CLS that are
closer to experimental measurements. Recently, HSE has
been shown to predict more accurate binding energies for
O, on Al(111) [27].

DFT-PBE accuracy issues for O, adsorption on the
PdO(101) surface have been raised in an earlier computa-
tional study of CO oxidation on PdO(101)/Pd(100) [38],
but in that study the O, adsorption energy was adjusted by
destabilizing the O, gas phase energy by about 0.45 eV
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(43.4 kJ/mol). This destabilization is based on an estima-
tion of the O, formation energy from DFT-PBE calcula-
tions of H,O and H, gas molecules compared with the
experimental formation energy for H,O from H, and O,
[38, 39]. While this approach does reduce the overesti-
mated O, adsorption energies from PBE, it cannot distin-
guish the changes in adsorption energy on different sites on
the PdO(101) surface and does not take into account details
of the O,—PdO(101) surface interactions. Recently, Van
den Bossche and Gronbeck reported both PBE and single
point HSEO6 values for elementary steps involved in
methane oxidation on PdO(101) [40]. They find that
HSEOQ6 decreases the stability of adsorbed O, on PdO(101)
by 0.77 eV (74.3 kJ/mol). This change in O, adsorption
binding energy affects the reaction orders and apparent
activation barrier derived from their microkinetic simula-
tions, with the weaker O, binding being critical to avoid
poisoning of the surface at lower temperatures.

Based on these prior results we examined O, adsorption
on PdO(101) with both the PBE and HSE functionals. The
adsorption energies from PBE overestimate the adsorption
energies that are deduced from TPD experiments of O, on
PdO(101). This overestimation depends on the O,
adsorption configuration but can be large as 60 kJ/mol.
DFT-HSE calculations predict lower O, adsorption ener-
gies that are within 5 kJ/mol of the TPD values. The
stable O, configurations and coverage dependence from
DFT calculations can be correlated qualitatively with the
evolution of TPD peaks observed as a function of the O,
coverage. Analysis of the electronic density of states shows
that the weaker O, adsorption in the HSE calculations is
due to an increase in the LUMO energy level of gas phase
O, combined with a downward shift of the d-band center of
the coordinatively undersaturated Pd surface atoms on the
PdO(101) surface. These modifications result in a reduction
of the back donation from the Pd d states to the O, LUMO,
which reduces the O, adsorption energy. This study sug-
gests that hybrid non-local functionals, such as the HSE,
are needed to accurately model molecular adsorption
involving substantial m-backbonding on the PdO(101)
surface and might impact ongoing work to understand the
catalytic activity of Pd oxide surfaces for CO and alkane
oxidation.

2 Method

The periodic plane-wave DFT calculations reported in this
paper were performed using the vienna ab initio simulation
package (VASP) [41, 42] with projector augmented wave
(PAW) [43] pseudopotentials provided in the VASP data-
base [44]. The soft version of the O pseudopotential was
used in all calculations. Spin-polarized calculations were

used and the ground state for both isolated O, and an O
atom is a triplet. Both the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [45] and the Heyd-Scuse-
ria-Ernzerhof (HSEQ06) hybrid functional [36, 46] were
used. A plane-wave energy cutoff of 400 eV was used and
increasing these convergence criteria results in changes of
total energy of less than 0.01 eV, which is sufficiently
small to not affect any of the conclusions drawn in this
paper.

Figure 1 illustrates the stoichiometric PAO(101) surface
that is investigated in this study. Bulk crystalline PdO has a
tetragonal unit cell and consists of square planar units of Pd
atoms fourfold coordinated with oxygen atoms. The bulk-
terminated PdO(101) surface is defined by a rectangular
unit cell, where the a and b lattice vectors coincide with the
[010] and [101] directions of the PdO crystal, respectively.
The stoichiometric PAO(101) surface consists of alternating
rows of threefold or fourfold coordinated Pd or O atoms
that run parallel to the a direction shown in Fig. 1. Thus,
half of the surface O and Pd atoms are coordinatively
unsaturated (cus), and we will refer to these two types of
surface atoms as O, and Pd.,, respectively. The areal
density of each type of coordinatively-distinct atom of the
PdO(101) surface is equal to 35 % of the atomic density of
the Pd(111) surface. Hence, the coverage of Pd.,s atoms on
the surface of the PAO(101) surface is equal to 0.35 ML. It
is important to note that the coverage of O, refers to O
atoms in this paper and matches the definition in Ref. [24],
which reports the TPD spectra for O, on the PdO(101)
surface that will be compared with the DFT results reported
in this paper. Based on this definition, if there is one O,

cus Pd
4af pd

a4f 0 cusO

Fig. 1 Top and side views of the PdO(101) surface. The red and dark
blue atoms represent O and Pd atoms, respectively. Rows of
coordinatively unsaturated (cus) and fourfold-coordinated (4f) Pd or
O atoms are indicated. The vertical and horizontal arrows a and b

represent the [010] and [101] crystallographic directions of PdO
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molecule for every Pd, site on the PAO(101) surface then
we would refer to the surface as having a 0.7 ML oxygen
coverage. In fact, the TPD experiments show a saturation
coverage slightly below 0.35 ML suggesting that at most
we can have one O, molecule for every two Pd., sites on
the surface.

The PdO(101) surface was modeled by a rectangular
4 x 1 unit cell, with a corresponding 4 x 2 x 1 Mon-
khorst-Pack k-point mesh [47]. To test the coverage effect,
2 x 1 and 8 x 1 unit cells were also used. Here the 2 x 1
and 8 x 1 sizes are derived by halving and doubling the
4 x 1 surface along the cus-Pd row (@). As in our prior
studies [48-51], the PdO(101) film was strained
(a = 3.057 A, b = 6.352 A) to match the PdO(101) film
structure resolved by Kan and Weaver [22, 52]. The
PdO(101) slab was represented by four layers resulting in a
9 A thick slab. The bottom layer is fixed, but other lattice
atoms are allowed to relax until the forces are less than
0.03 eV/A using the limited memory Broyden-Fletcher-
Goldfarb-Shanno optimization method implemented for
VASP by Sheppard et al. [53]. As in our previous work, the
underlying Pd(111) surface is not included since this would
require a large unit cell due to the registry of the PAO(101)
film with the Pd(111) surface. We use a vacuum spacing of
20 A, which is sufficient to eliminate spurious interactions
in the surface normal direction. Vibrational frequencies
were calculated with only the degrees of freedom associ-
ated with the O, molecule included. We performed cal-
culations for selected configurations and find that including
the motions of the neighboring Pd and O atoms in the
normal mode analysis has a negligible effect on the com-
puted O, stretch frequencies. Within this paper we use the
adsorption enthalpies for O, on PdO(101) calculated by
Campbell and Sellers based on their proposed correlation
[19], but in Sect S2 in the Supporting Information we
evaluate the temperature-dependent prefactor from DFT
calculations and compare the resulting peak temperature
from DFT with the experimental values. As described in
more detail in Sect. S2, the differences in the direct eval-
uation of the peak temperature or using the simpler cor-
relation of Campbell and Sellers are generally small.
Reported Bader charges are obtained from the electron
density using the code of Henkelman and co-workers
[54, 55].

3 Results and Discussion
To investigate molecular O, adsorption on PdO(101) in

DFT studies, we define the adsorption energy (E,gs) as
follows:

Eags = Eo,/pdi0 — Epdo — Eo, (1)
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where Eo, pi0, Epdo, Eo, denote the energy of O, adsorbed
on the PdO surface, bare PdO surface, and an isolated O,
molecule, respectively. In order to accurately predict the
adsorption energy, we evaluate each term in Eq. 1 by both
PBE and HSE calculations. Before turning to the adsorp-
tion configurations of O, on the PdO(101) surface, it is
worthwhile to examine the effect of HSE on both the O,
molecule and PdO since the HSE effect on the adsorption
energy depends on not only the O,—PdO interactions, but
also on how HSE separately affects O, and the bare PdO
surface.

3.1 O, Molecule in the Gas Phase

Patton et al. have performed PBE calculations to estimate
the bond energies of first and second row diatomic and
polyatomic molecules [28]. The results show that the PBE
overestimation of the O, bond energy is the largest among
the more than 20 molecules that they tested. Our calculated
bond energy and bond length of an isolated O, molecule by
PBE and HSE are shown in Table 1 along with experi-
mental values. Both the bond length and bond energy
predicted by HSE agree well with the experimental results,
whereas PBE overestimates the bond energy of O, by
~ 150 kJ/mol and predicts a larger bond length. However,
HSE significantly overestimates the vibrational frequency
of O, in comparison to experiment. Jimenez-Hoyos and
coworkers have tested the accuracy of molecular vibra-
tional frequencies for different functionals and found that
PBE underestimates harmonic frequencies whereas HSE
tends to more significantly overestimate them [56], so our
results agree with their findings. We will use a scaling
factor of 1.011 (0.905) for PBE (HSE) vibrational fre-
quencies reported in the rest of this paper, which is the ratio
of the experimental gas phase O—O vibrational frequency
and the corresponding calculated DFT values. This
approach to scale the DFT vibrational frequency has been
shown to give relatively accurate results when studying the
adsorption of CO on PdO(101) [9, 33].

We have also calculated the singlet—triplet energy dif-
ference (Table 1) and density of states (DOS) of the O,
molecule by PBE and HSE (Fig. 2). For the gas-phase O,

Table 1 Calculated bond length (do_o), bond energy (E,), vibra-
tional frequencies (v), and singlet—triplet energy difference (Es.7) of
free O, computed using PBE and HSE

doo(A) By (kJ/mol) v(em™)  Egr(eV)
PBE 1.23 651 1563 1.07
HSE 1.21 502 1746 1.03
Experiment 1.21 [29] 502 [29] 1580 [57] 0.99 [58]

The reported bond length and bond energy of O, agree well with Liu
et al.’s previous work [27]
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molecule, there are 12 valence electrons occupying the oy,
Gs*, Mop, Gop, and Ty, ™ orbitals. All molecular orbitals are
fully occupied except the antibonding m,,* orbital. In the
triplet O, state, two unpaired electrons have the same spin
and the antibonding m,,* orbital is partially filled by these
electrons, defined as the highest occupied molecular orbital
(HOMO) in Fig. 2. The unfilled m,,* states have the
opposite spin and we define these states as the lowest
unoccupied molecular orbital (LUMO) of O,. The DOS
below the HOMO is relatively similar between the HSE
and PBE functionals, but a significant difference is the
energy gap between the HOMO and LUMO. PBE predicts
that the HOMO-LUMO gap is about 2.3 eV, but HSE
predicts that it is more than 5 eV. This difference signifi-
cantly influences the adsorption of O, on the PdO(101)
surface, as discussed below.

3.2 Oxidation Energy of Bulk PdO

One simple measure of the accuracy of HSE on the
description of PdO is to compute the bulk oxidation energy
(Eoxidation) defined as follows:

Eoxidation = Epaopuik — Epdpuk — 1/2E0, (2)

where Epqopuk and Epqpu are the energies of bulk PdO
and bulk Pd, respectively. As mentioned above, PBE
overestimates the bond energy of an isolated O, molecule,
so it makes the calculated oxidation energy less negative
(i.e. oxidation is less favored because the stability of the O,
molecule is overestimated in PBE) as shown in Eq. (2).
Other sources of error to bulk oxidation energy can
potentially come from both the Epgo puik and Epq puk terms.
While generally it is expected that PBE will correctly
describe the electronic structure of Pd metal, it is well
known that the PBE functional has errors when treating
transition metal oxides due to the self-interaction issue.
Wang et al. calculated the oxidation energies of several
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Fig. 2 The density of states of a free O, molecule calculated by
(a) PBE and (b) HSE. The Fermi energy is set to zero and indicated
by the dashed line. The spin-up or down states are plotted accordingly

transition metal oxides and found that the effect of the self-
interaction is to increase the magnitude of the oxidation
energy [59].

Table 2 shows the lattice parameters, band gap, and
oxidation energy of bulk PdO calculated from PBE and
HSE, along with experimental data. While PBE underes-
timates the oxidation energy by ~29 kJ/mol, the HSE
oxidation energy of PdO agrees well with the experimental
result. It is interesting that errors in both the energy of bulk
PdO and the O, molecule are partially cancelled in the
PBE, but this cancellation is not sufficient to give accurate
values for the PdO oxidation energy. Furthermore, the
lattice parameters predicted by HSE are also in a better
agreement with experiments. For semiconductors and
insulators, it is well-known that band gaps predicted by
PBE are usually smaller than the measured results, but the
HSE hybrid functional has been shown to accurately
reproduce the band gap of oxides such as Cu,0O, FeO, and
NiO [35, 60]. Experiments show that PdO is a small band
gap semiconductor but the actual band gap is uncertain and
the reported values span a wide range (0-2.67 eV)
depending on the measurement method [34]. From
Table 2, PBE predicts no band gap of PdO, whereas HSE
predicts a band gap of 0.8 eV in good agreement with that
obtained from the optical transmittance measurement. We
note that Gronbeck and co-workers used the PBEO hybrid
functional and reported a band gap of 1.3 eV for PdO [37].
Nevertheless, it is clear that PdAO does have a band gap and
only the hybrid functionals have been able to predict that
PdO is in fact a semiconductor.

3.3 Adsorbed O, Configurations on PdO(101)

Because DFT-PBE calculations are computationally less
expensive, we use DFT-PBE initially to investigate the
binding configurations and energetics for O, adsorption on
the pristine PAO(101) surface. On transition metal surfaces,
O, is found to bind in a variety of coordination modes,
including through one or two O atoms. Recently, on the
RuO,(110) surface it was shown that O, can adsorb across
two adjacent Ru,; sites and form a flat-lying configuration
or bind at a single Ru,,, site through one O atom and form
an upright configuration [66]. Therefore, we initially
studied several configurations of a single O, molecule on
the 4 x 1 supercell of pristine PdO(101) (equivalent to
0.175 ML O coverage) where one or both O atoms of the
O, molecule interact with surface Pd atoms (Fig. 3). Both
the Pd.,s and Pdy atoms on the PdO(101) surface may
interact with the adsorbed O, molecule (O3). For mon-
odentate O3, we placed the upright molecule on top of and
in between the Pd,, and Pd4 atoms. For bidentate O3, two
O atoms may interact with one, two, or three surface Pd

@ Springer
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Table 2 Calculated lattice parameters, band gap, and oxidation energies of bulk PdO by PBE and HSE

A (1&) C (A) Band gap (eV) Oxidation energy (kJ/mol)
PBE 3.103 5.438 0 —86
HSE 3.072 5.335 0.8 —111
HSE [34] 3.028 5.353 0.8 —110
Expt 3.0434 £ 0.0002 [61] 5.3363 4 0.0004 [61] 0.8 [62]* —115.45 + 1.1 [65]

1.5 [631°
2.13 + 0.03 [64]°
2.67 £ 0.03 [64]¢

* Optical transmittance

Electric conductivity
Optical density

9 Photoconductivity measurements

(b)

Fig. 3 Twelve starting geometries of bidentate OF on PdO(101)
studied in this work. Yellow balls and sticks indicate the adsorbed O,
(a) on top of one surface Pd atom (a), between two Pd atoms and

atoms (Pd.,s and Pdys) and the different starting geometries
are shown in Fig. 3. In each of these flat-lying configura-
tions, the molecular axis of O, is parallel to the surface but
may become tilted during the relaxation. The O, molecule
can reside on top of one surface Pd atom (Fig. 3a), between
two Pd atoms (Fig. 3b), and in the friangle formed by three
Pd atoms (Fig. 3c).

Among the sites investigated, we find four stable con-
figurations in DFT-PBE calculations. The O, molecule
maximizes its adsorption energy when both O atoms
interact with the Pd., row of the PdO(101) surface
resulting a configuration where the O, molecule lies down
flat between two Pd.,s atoms (Fig. 4a). DFT-PBE identi-
fies three additional stable configurations, all tilted, for O,
adsorbed on the bridgePd.,—Pdss (Fig. 4b), Pd.,Ou¢
(Fig. 4c), and Pd,s—O,ys sites (Fig. 4d). Table 3 summa-
rizes the adsorption energies and geometries of the four
stable configurations predicted by DFT-PBE calculations.

@ Springer

(c) in the triangle formed by three Pd atoms. In each state, there are
four different configurations

Oxygen in the flat-lying-Pd.,s configuration has the
largest O—O bond elongation, lowest stretching frequency,
and the second largest Bader charge of 0.47e among the
four configurations. These features are consistent with a
peroxo-like O%‘ description. O, can also bind relatively
strongly on PdO(101) by interacting with two Pd.,, atoms
and one Pdy¢ atom at the bridgePd,,s—Pdys site (Fig. 4b). In
this configuration, the O, molecule is slightly tilted with
respect to the PAO(101) surface plane. One O atom in the
molecule resides between two Pd.,, atoms (bridgePd.,s)
and the other leans toward the Pd,s row. The O, molecule
binds with three Pd atoms (2 Pd.,s and 1 Pdys) and has the
largest Bader charge (0.54e), which also suggests a peroxo-
like O3~ state. For the other two stable O, configurations
on the Pd.,s—Oy4r and Pd.,s—Oc,s sites, the Bader charges
(0.34 and 0.30e) and stretching frequencies (1271 and
1303 cm™") indicate that these configurations both corre-
spond to a superoxide (O;) state.
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2URIVRIVRIN

Fig. 4 Top and side views of the four most stable configurations for a single O, molecule (yellow) adsorbed on the pristine PAO(101) surface
predicted by DFT-PBE: (a) flat-lying-Pd.,, (b) bridgePd ,+Pdys, (¢) Pdeus—Ous, and (d) Pdys—Ocys

Table 3 Calculated O} properties from DFT-PBE: the adsorption energy (E,4), O—O bond length (do_o), height above the surface (do_pq) (the
height from the O, center to the surface), vibrational frequency (v), angle (6) between the molecular axis and the PdO surface plane, and the

Bader charges of O; (Q,,)

Method Data Flat-lying-Pd, BridgePd, . —Pd¢ Pd.usOus Pd.us—Ocus
PBE E,4s (kJ/mol) —124 —78 -72 —68
do_o (A) 1.33 132 1.28 1.27
do_pq (A) 1.84 1.63 2.10 2.40
0 (°) 0 10.7 12.1 48.9
v (cm™") 1038 1077 1271 1303
0,, (© 0.47 0.54 0.34 0.30

The reported frequencies are corrected by the scaling factors mentioned in Table 1

To examine the effect of O,—0, interactions, we
examined the four stable O, configurations on PdO(101)
using an 8 x 1 unit cell which corresponds to a coverage
of 0.088 ML. The calculated adsorption energy of each
configuration does not significantly change (< 2 kJ/mol) in
comparison with the results at 0.175 ML, so the coverage
effect is negligible at a low coverage (< 0.175 ML). We
also investigated how the adsorbed O, configurations
evolve at a higher coverage. On the 4 x 1 surface, a single
flat-lying-Pd.,s O, species is the global energy minimum at
0.175 ML. We further added one more O, molecule
adsorbed on the adjacent vacant sites (four configurations
are shown in Fig. 4) and the O atom coverage increases to
0.35 ML. The calculated energy differences (4E) are
shown in Table 4. Here AE is defined as the energy dif-
ference between the final configuration at 0.35 ML and the
flat-lying-Pd.,s O, at 0.175 ML plus a gas-phase O,
molecule. Compared with the adsorption energy at 0.175
ML (Table 3), the stability of each configuration is lower

by 3-7 kJ/mol at 0.35 ML, which implies a weak repulsion
between adjacent adsorbed O, molecules along the Pd.
row.

We now turn our attention to comparing our results with
experiments. As noted in the introduction, a single peak
(B1) at T, = 233-250 K develops in the O, TPD spectra at
coverages below about 0.14 ML. As the coverage increases
from 0.14 to 0.22 ML, a second peak (B,) at T, = 117 K
appears and the B; and B, peaks intensify concurrently until
the O, layer saturates near 0.29 ML. Our DFT-PBE results
predict that the flat-lying O,-Pd.,s configuration is pre-
ferred at low coverage and we thus attribute the 3; TPD
peak to this bidentate configuration. Ideally, only the flat-
lying-Pd.,s O, state would reside along the Pd., row,
resulting in a saturation coverage of 0.35 ML. However,
the random adsorption of O, into the bidentate configura-
tion would result in a theoretical saturation coverage
(“jamming coverage”) of 86 % of the Pd. sites if the O,
molecules are immobile, where 86 % corresponds to a
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Table 4 Calculated energy differences (4E) when adding one more O, on the four stable sites to the global energy minimum (flat-lying-Pd.s

0,) at 0.175 ML using DFT-PBE

Coverage (0 atoms) AE (kJ/mol)

flat-lying-Pd..s

bridgepdcus_Pd4f Pdcus_o4f Pdcus_ocus

4 x1 0.350 ML —119

=71 —69 —64

coverage of 0.30 ML. The remaining empty Pd, sites, so-
called stranded sites, have neighboring sites that are
occupied and can thus only accommodate O, molecules in
configurations that require only a single Pd. site. We thus
assert that the more weakly-bound f3, state corresponds to
one of the other three O, configurations in which only one
Pd, site is occupied by an O, molecule, and that the B,
state populates appreciably only after the coverage of the
bidentate species (P; state) significantly lowers the con-
centration of empty pairs of Pd, sites.

Interestingly, the TPD data shows that the [, state
begins to populate at total coverages (40-63 % of the Pd_;
density) that are below the jamming coverage of the
bidentate species, and that the total O, coverage is also
lower than the ideal maximum for a mixture of mon-
odentate and bidentate species (0.29 vs. 0.40 ML) with the
latter at the statistical jamming coverage. We assert that
diffusion limitations and interactions between adsorbed O,
molecules caused the coverages of O, species obtained in
the TPD experiments to drop below the ideal values
mentioned above. Despite this apparent kinetic limitation,
the DFT results agree well with the experimental results as
they predict that O, can bind in multiple configurations on
PdO(101). The calculations specifically suggest that O,
initially binds in the bidentate configuration and occupies
neighboring Pd. sites (B; state) and that O, adsorbs into a
more weakly-bound configuration(s), involving only one
Pd, site, at higher O, coverages (J3, state).

Aside from the issue of the saturation coverage, the
DFT-PBE results qualitatively match and explain the fea-
tures seen in the TPD experiments. However, a significant
difference exists when comparing our DFT-PBE results
with the TPD spectra. In the TPD experiment, the esti-
mated adsorption energies of the two desorption features
are —33.4 kJ/mol at the TPD temperature T, = 117 K and
—69.2 to —74.7 kJ/mol at T, = 233-250 K. Clearly the
adsorption energies obtained from DFT-PBE are much
larger than the values estimated from TPD. To obtain more
accurate adsorption energies of O, on PdO(101), we also
performed DFT-HSE calculations for the four stable con-
figurations (Table 5). The HSE functional strongly reduces
the stability of O, adsorbed on PdO(101). For the most
favored configuration, the adsorption energy drops to
—67 kJ/mol compared to a PBE-DFT value of

@ Springer

—124 kJ/mol, though it is still the most stable configuration
in the DFT-HSE results. The O-O bond length decreases
by 0.04 A and the O-Pd height increases by 0.02 A in
comparison to DFT-PBE results. This decrease of
57 kJ/mol in stability of the most favored O, adsorption
configuration is smaller than that reported by the earlier
single point HSEQO6 calculations (74.3 kJ/mol decrease)
[40], but both studies indicate a large decrease in the
adsorption energy with the HSE functional. While the
bridgePd.—Pd4s site was the second most stable configu-
ration within PBE, the HSE calculation predicts that this
configuration is unstable. The adsorption energy of the
Pd..sOy4¢ configuration declines to —19 kJ/mol from a
DFT-PBE value of —72 kJ/mol and the Pd.,—O.,s site
becomes the second most stable site with an O, adsorption
energy of —27 kJ/mol. In these upright configurations, both
the O—O and O-Pd bond lengths significantly change (HSE
vs. PBE) and the O, Bader charge drops significantly,
especially for the bridgePd,,—Pdys site.

While HSE predicts large changes in the adsorption
energy compared with the PBE calculations, the HSE
results suggest that the flat-lying O,-Pd.,s configuration
still gives rise to the B; TPD peak. As discussed earlier
based on the PBE results, because of the nonuniform
population of O, on the PdO(101) surface, adsorption into
the tilted Pd O,y configuration will begin to occur at
sufficiently high O, coverage and generates the 3, peak.
Both the B; and B, will then develop concurrently until the
O, layer saturates. The DFT-HSE predicted adsorption
energies are only slightly smaller than those calculated
from the TPD spectrum by ~5 kJ/mol, which is in much
better agreement with the experimental values compared
with DFT-PBE.

To better understand how the HSE calculations influence
the O, adsorption energies we examined the electronic
properties of the adsorbed system, i.e., the interaction
between the electronic states of PAO(101) and the molecular
orbitals of O,. In particular, we focus on explaining two key
observations of the HSE versus PBE calculations. Firstly,
HSE predicts a weaker bonding of all four O, states than PBE
and secondly the energy change due to the functional
depends on the adsorption site with the effect on adsorption
energy taking the following order: bridgePd,,—Pd4s > flat-
lying-Pd s > Pdcus—Ogsr > Pdeys—Ocus. We explain these
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Table 5 Calculated O properties from DFT-HSE: the adsorption energy (E,;), O—O bond length (do_o), height above the surface (do_pq) (the
height from the O, center to the surface), vibrational frequency (v), angle (6) between the molecular axis and the PdO surface plane, and the

Bader charges of O} (Q,,)

Method Data Flat-lying-Pd. Bridgepd.,s—Pda¢ Pd.us—O4t Pdus—Ocus

HSE E,; (kJ/mol) —67 Unstable —19 —27
do-o (A) 1.29 1.23 1.23 1.22
do_pa (A) 1.86 2.06 2.25 2.50
0(°) 0 14.0 175 50.2
v(em™") 1092 1355 1365 1389
Q,,(©) 0.44 0.18 0.13 0.11

The reported frequencies are corrected by the scaling factors mentioned in Table 1

two observations below by examining the electronic struc- -2 1 PBE HSE

ture through the DOS. 3

The bonding of O, on metals is due to electron transfer Y

from the substrate to the unfilled nzp (LUMO) orbitals [67]. % 41

Therefore, the interaction between the LUMO of O, and 2 51

the PdO(101) surface can be expected to play an important E>‘; 54

role in the determining the stability of O, adsorbed on g

PdO(101). Kresse et al. studied the adsorption of CO on * 71

Pt(111) and concluded that the interaction of the LUMO of 84

CO with Pt d orbitals is overestimated in the conventional . S

DFT calculations and thus the predicted site preference and | [UMO of O, 3 dband center |

adsorption energy are inaccurate [68]. One difference
between O, and CO is that the antibonding orbital 7,,* in
O, is half filled and splits into the HOMO and LUMO, but
their bonding mechanisms on metals are similar [17, 18].

During O, bonding on PdO(101), the d electrons in the
surface Pd atoms back-donate to the O, LUMO and sta-
bilize the O,—PdO bonding. The interaction strength is
approximately inversely proportional to the energy differ-
ence between the O, LUMO and the surface d states for
metal surfaces [68, 69]. In order to compare the energies of
the O, molecule and the PdO(101) surface predicted using
the different functionals, we plot the Fermi level and the d-
band center of PAO(101) and the LUMO level of O, rela-
tive to the energy of the vacuum (Fig. 5). The details of
how the reference vacuum energy is calculated within
VASP are described in Sect. S3 in the SI. Based on Fig. 5,
both PBE and HSE predict a similar Fermi level for the
PdO(101) surface. PBE predicts that the d-band center of
the clean PdO(101) surface lies below the LUMO of O,
with a gap of about 3.3 eV, while, in contrast, HSE predicts
that the O, LUMO (PdO(101) d-band center) significantly
moves to a higher (lower) energy level causing the HSE
gap between the O, LUMO and PdO d-band center to
increase to 5.6 eV. Consequently, HSE predicts a weaker
interaction between the O, LUMO and Pd d orbitals and
less back-donation of charge leading to lower adsorption
energies for all of the stable O, configurations identified
using DFT-PBE.

Fig. 5 The energy levels relative to the vacuum energy for the
LUMO of the isolated O, molecule, the Fermi level E; and d-band
center of the PdO(101) surface calculated by PBE and HSE

The interaction between the O, LUMO and PdO d states
was also investigated by a detailed analysis of partial
density of states (pDOS) of O,/PdO(101) before and after
adsorption. Here we use the most favored configuration
(flat-lying-Pd.,s) as an example to explain the difference
between the PBE and HSE results. A rotation of the ori-
entation of the PAO(101) surface around the Pd.,, row is
required to match the orientation of the Pd d orbitals with
the axis of the projection of the states within VASP. The
details of this procedure are described in more detail in
sect. S1 in the SI. The net effect of this rotation is that, for
example, the Pd z* orbital for the Pd., atom is properly
identified. For the adsorbed O, molecule, the combination
of 2s (2py) orbitals in two O atoms forms the molecular
orbitals of o and c,* (G, and G,,*). The combination of
2px or 2p, orbitals forms the bonding and antibonding 7
orbitals (15, and w,,*). For 2py (2p,), the formed molecular
orbital is parallel (orthogonal) to the XY plane, so we use
the notation 7t | and 7 |* (n and 7, «) to describe the O, 7
states. During O, bonding with the PdO surface, the elec-
trons may transfer from the PdO surface to the m* or 7«
orbitals, so we focus on these orbitals in the subsequent
discussion.
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The partial DOS of Pd. atoms before and after
adsorption and the total DOS (TDOS) of the flat-lying O,—
Pd.,s configuration are shown in Fig. 6 for calculations
using both the PBE and HSE functionals. We also show the
7 states of the gas-phase O, molecule (Fig. 6d). We first
consider the PBE results in the left panel. After O, is
adsorbed on the surface, the Pd.,, d bands broaden and
shift down to lower energies because of the interaction with
the O, molecule. All of the d states are significantly
modified. From the TDOS plot of O,, the spin splitting has
completely disappeared, which corresponds to a significant
stretching of the molecule (1.23 — 1.33 10\). Compared
with Fig. 2, the O, LUMO strongly interacts with the Pd d-
band and shifts to lower energy resulting in more extended
Ty states (dm) from —3 to 2 eV. Population of the newly
formed dn states results from a transfer of electrons from
the surface to the originally half-filled antibonding m,,*
orbital. Geometrically, the &, « orbital interacts with Pd dz,
states and the )« orbital interacts with Pd d,, states. This
can be confirmed by comparing the energy levels of the
two 7 antibonding states (Fig. 6d) with the energies of the
d states (Fig. 6b). It is important to note that the =, «—d
interaction is stronger than that of the Tl',H*—d, because above
the Fermi level the m, « states are significantly modified
and shift to a lower energy level whereas there is still an
unpertured 7« peak (Fig. 6d).

We now turn our attention to the HSE result. For the
bare surface, all of the d states are shifted to lower energy

Fig. 6 PBE (left) and HSE

and the calculated d band center lies 1.03 eV lower in
energy compared with the PBE result, but the overall
pattern of d states is not significantly changed. The
downward shift of the HSE d bands can be explained by the
reduction of self-interaction error in the hybrid functional.
Also, HSE shifts the occupied (unoccupied) molecular
orbitals of O, to lower (higher) energies. The combined
effect is that the gap between the Pd d-band and the LUMO
of O, significantly increases and electron transfer from the
d orbitals of Pd to the LUMO of O, is hindered. From the
TDOS of adsorbed O,, the spin splitting still exists in the
O, molecule due to a smaller O—O bond elongation in the
HSE results. The population of O, dr states is reduced in
the HSE results, and thus the O,-Pd bond is destabilized
due to less electron transfer from the metal sites to O,. The
weakening of the O,—PdO interaction can be seen clearly in
the pDOS of the O, states. For the 7, « orbitals, the inter-
action with the Pd d band is not significantly changed and
the corresponding dr states become only slightly weaker.
However, the n'”*-d interaction is insignificant in the HSE
results. Above the Fermi level, there is a sharp unfilled
band from 1 to 2 eV, which indicates that the unfilled L
orbital does not interact with Pd d bands and is unperturbed
in the HSE calculations. Therefore, HSE reduces the
adsorption energy of the flat-lying O,—Pd.,s configuration
because the m+—d interactions are weakened and the
electron can only transfer from the Pd d orbitals to the O,
T | = orbitals.

(right) orbital resolved
electronic DOS for a Pd.,
atoms on the bare PdO(101)
surface, b Pd.,s atoms after O,
adsorption ¢ the TDOS for the

(a)Bare PdO

adsorbed O,, and d © bonding
and antibonding states of O,
after adsorption. The Fermi
level is located at 0 eV and
indicated by the dot line

(d) O, 7 states

0

, dm 10 A dn |
‘.' 1" ‘: L: j‘ “ ““‘ ‘ J 1‘ ‘I“‘/‘ .

1} 1} e 4 1" 1‘ 17141 ““x \WA‘- 'l ; l’ i i 1 ‘J; ;L' :“l“"k'ﬂ fr'lll ; ') "n" _a:r‘ i 2 ! )
-12-11-10-9 -8 -7 -6 -5 4 -3 -2 -1 123456 1211109 -8-76-54-3-2-101234F5
PBE HSE

dz, — dxy+dx?y? __ dyz+dxz — O,TDOS ___ O,m+my+ — O,7m, + 7,
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Above we explained the overall difference in O,
adsorption energy between the PBE and HSE calculations.
However, the energy difference between the HSE and PBE
calculations depends on the O, adsorption site. These site
differences can be explained by the different adsorption
geometries adopted by O, on the various sites. For the
bridgePd,,s—Pdy¢ site, one O, molecule interacts with three
Pd atoms (one Pd4s and two Pd..). The Bader analysis
shows that the Pd;—O, bonding accounts for half of the
total electron transfer. In the HSE calculation, the O,
cannot bond with Pdy, so the bridgePd.,c—Pdys site is no
longer stable. For the other two tilted configurations, Pd.,—
Oy and Pd,s—O,ys, the O, molecule binds with only one
Pd.,s atom, and thus the reduction of the Pd—O, bonding
strength is the least among the four sites.

4 Summary

In summary, we performed DFT calculations of molecu-
larly adsorbed O, on the PdO(101) surface using both the
PBE and HSE functionals. The adsorption energies are
strongly overestimated by PBE, whereas HSE predicts
more accurate adsorption energies in comparison to TPD
results. A detailed partial DOS analysis indicates that the
interaction between the O, antibonding m,,* orbital and the
Pd.,s d-band plays a critical role in determining the O,
adsorption energy. In the PBE calculations, the energy gap
between the PdO d-band center and the LUMO of O, is
much smaller than for the HSE functional, and conse-
quently the m,,*—d interaction and associated back-dona-
tion effects are overestimated in the PBE calculations. In
contrast, HSE shifts the PdO d-band lower in energy and
pushes the LUMO of O, higher in energy. As a result, the
Tpp*—d interaction becomes weaker and the O, adsorption
is destabilized with the HSE functional. Using either the
PBE or HSE results, we can explain the observed appear-
ance of B; and P, peaks in the TPD experiment with
increasing O coverage. The B; TPD peak observed at low
coverage is associated with the most stable configuration of
O, on the PdO(101) surface, where the O, molecule lies
flat and interacts with two cus-Pd sites (flat-lying-Pd.s).
As the coverage increases this stable configuration cannot
be accessed since two empty adjacent Pd., sites are
required. Within HSE there are two less stable O, config-
urations that interact with the PdO(101) surface through
one Pd., site, and these are associated with the lower
temperature B, peak. Overall, this study demonstrates that
hybrid functionals are required to properly describe O,
adsorption on the PdO(101) surface, which is a critical step
in describing oxidation catalysis on these surfaces.
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