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activity. In this work, first principles calculations were performed to reveal the mechanism of PdO(101) sulfation and how
the active sites for methane activation are altered upon the formation of SOy (y = 2 to 4) species on the surface. Results

suggest that at typical experiment conditions with high 0,/SO; gas ratio, the formation of SOs-decorated PdO(101) is favored

and contributes significantly to the poisoning of PdO(101) as it blocks the coordinatively unsaturated Pd atoms that were

identified to play a crucial role in the activation of methane. At low temperature regime, SOz oxidation forming SOs and SOa

species is highly exothermic via the Eley-Rideal and Langmuir-Hinshelwood mechanisms but is limited by the high activation

barrier for O, dissociation. On the other hand, the Mars-van Krevelen mechanism has low exothermicity but provides facile

elementary steps. From these results, insights into the design of PdO-based sulfur poisoning-resistant methane oxidation

catalysts were drawn.

1. Introduction

Catalyst poisoning is a long-standing problem in the
heterogeneous catalysis of a wide range of reactions such as
oxidation, hydrogenation, reforming of hydrocarbons, and
ammonia production.! It often involves compounds that
strongly bond with the active sites of catalysts, thereby
decreasing the catalytic activity and/or selectivity. Over the past
years, many research works were conducted to understand the
mechanism of various catalyst poisoning reactions to provide
insights into the design of poison-resistant catalysts and
optimization of processes to prevent or slow catalyst
deactivation.1-®

Sulfur poisoning is a major concern in the catalytic oxidation
of methane.?11 |t is due mainly to sulfur contained in the natural
gas itself (as odorizer) or from engine lubricating oil in
combustion systems.? Over the past decades, experiments were
conducted to understand the mechanism of this reaction on
various supported and unsupported catalysts such as mono and
bimetallic Pt and Pd on Al,03, CeO,, ZrO,, SiO,, Y03, and La,0s3,
using techniques such as X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared spectrometer (FT-IR), X-ray
diffraction (XRD), scanning transmission electron microscopy
(STEM), operando X-ray absorption near edge spectroscopy
(XANES), among others.?11-19 These studies sought to identify

the effects of support, 121617  catalyst size and
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composition,11.16,18,.20 yarious experimental conditions,41> and
catalyst regeneration.17-18.21

Pd-based catalysts have excellent activity for methane
oxidation under net oxidizing conditions but suffer
tremendously from sulfur poisoning.12151% A general consensus
suggests that Pd exists in the form of an oxide when methane
oxidation proceeds under oxygen rich conditions and
temperatures below 950 K.2223 |n situ XRD and XPS
measurements showed that PdO(101) develops preferentially
during the oxidation of Pd(100).24-26 |ts formation coincides with
the increased rates of methane oxidation,2® suggesting PdO
formation to be responsible for the exceptional activity of Pd-
catalysts for the catalytic combustion of methane.?7-2¢ Because
of this, significant experimental efforts were directed toward
understanding the mechanism of sulfur poisoning on PdO
methane oxidation catalysts.

Experiments found the formation of sulfites and sulfates on
Pd catalysts, which are believed to poison or deactivate the
active sites for methane oxidation.12151% |ambert et al.
confirmed through an XPS of unsupported PdO treated with SO,
or SO3 the formation of a surface skin of SOE_ and the increase
in the degree of Pd oxidation state as evidenced by the increase
in the Pd 3ds/; electron binding energy.'® From these results, it
was inferred that the deactivation of PdO by SO, may be due to
both the decrease in the chemisorption of methane as surface
sulfate layer is formed, and the decrease in the availability of
oxygen from PdO due to an increase in the Pd oxidation state.
In more recent XPS, FT-IR, and XRD experiments on
unsupported PdO, Mowery et al. similarly found a rapid,
permanent, and compete deactivation of PdO due to the
sulfation of the surface layer. Furthermore, XRD of deactivated
catalysts indicates the presence of Pd° which was proposed to
form through the oxidation of SO, to S0s.»> Recently, a
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Figure 1: The side (left) and top (right) views of the slab model for PdO(101) surface. Gray and green atoms represent Pd and O,
respectively. Pd and O atoms on the surface are marked as 3f or 4f, indicating a 3-fold or 4-fold coordination. The coordination plane
for Pdss and Pdss atoms are shown by the blue and red planes, respectively.

theoretical study showed that the formation of PdSO. and
adsorption of SO3 and oxygen species are highly favored on
clean and oxidized Pd surfaces at typical temperature and
pressure conditions.0

As the literature is scarce on theoretical studies of the
sulfation of PdO as methane oxidation catalyst, a molecular
understanding on how SO, forms on the surface of PdO remains
speculative. In particular, it is imperative to identify the
mechanistic paths toward SO, formation on PdO(101) surface
and describe how the active sites for methane activation are
altered by the adsorption and subsequent oxidation of SO,. In
this contribution, first principles calculations based on density
functional theory with van der Waals correction was used to
reveal the mechanism of PdO(101) sulfation in relation to the
activation of methane. In the first part, the electronic structure
of PdO(101) is presented to predict the reactive sites on the
surface and identify the relevant components of the Pd d band
in the bonding of molecules on the surface. In the second part,
methane activation on PdO(101) is revisited to clarify and
expound the literature-proposed mechanism of C-H bond
activation by the coordinatively unsaturated Pd atom. In the last
part, a mechanistic study of SO, oxidation is presented and
discussed in relation to methane activation and insights to
catalysts design.

2. Results and Discussion

A monoxide compound PdO (space group 131, P4,/mmc) is
the only known stable oxide of Pd.1® The calculated lattice
constants are a = 3.06 A and c/a = 1.77, in excellent agreement
with experiments (a = 3.04 A and ¢/a = 1.75).29-30 Figure 1 shows
the side and top views of the PdO(101) surface, which was
modeled using a slab with four Pd layers in a 1x2 supercell (16
Pd and 16 O atoms) with ca. 12 A of vacuum space. Pd atoms on
the surface are marked as either 3f or 4f to denote the 3-fold
and 4-fold coordinated Pd atoms, which are respectively

2| J. Name., 2012, 00, 1-3

referred to in this paper as Pdss and Pds atoms. Pd forms a
square planar coordination with O atoms as shown by the red
and blue planes in Fig. 1. Pdssis coordinatively unsaturated (cus)
with a coordination vacancy on top of the Pdss atom. O atoms
on the surface are also marked as either 3f or 4f based on their
coordination with Pd atoms, which are also referred to in this
paper as Osf and Oy respectively. Osf atoms protrude out of the
surface while O4 atoms bond with the subsurface atoms. The
coordination plane of the unsaturated Pds atom s
perpendicular to the surface, while that of the Pdss atom is tilted
with respect to the (101) surface.

2.1. Electronic Structure of PdO(101)

In PdO, the Pd atoms are oxidized while O atoms reduced.
As shown by the Bader charges reported in Table 1, the Pdas
atoms have lost more electrons than Pds; because more O
atoms are coordinated to the Pdss atom. Correspondingly, more
electrons are gained by O4¢ than Osf because of the difference in
their These observations
correspond to the change in the electronic structure of a non-
oxide Pd atom shown in Fig. 2a, as it forms an oxide. In this
figure, the local density of states projected on the d band of Pd
atom at the step edge of Pd(211) surface (representing a pure
Pd metal) and the Pdss and Pdss atoms of PdO(10) surface are
by blue, black, and red curves, respectively.
Correspondingly, the sp states of Oz and O4 atoms are shown
in Fig. 2b. With respect to the d band of a non-oxide Pd(211),
there is an emergence of unoccupied states above the Fermi
level in the d band of both Pds; and Pdss atoms of PdO(101). A

coordination with Pd atoms.

shown

Table 1: Bader charges (in unit of electron) of the surface atoms

of PdO(101)
Pd (6}
3f 4f 3f 4f
+0.76 +0.98 —0.85 —0.96

This journal is © The Royal Society of Chemistry 20xx
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Figure 2: Local density of states projected on the d band of Pd
(part a) and sp states of O (part b). Blue, black, and red curves in
part a are respectively: the d bands of Pd atom at the step edge of
Pd(211), and Pdss and Pd4s atoms of PdO(101). The inset figures in
part b show the partial charge density plots projected at energy
ranges bound by the bracket at an isosurface value of 0.0144505
e/a3. The blue region in the inset figures show the “slicing plane”
where the charge density plot was terminated.
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broader unoccupied state is seen for Pds, corroborating its
noted greater electron loss in the Bader charge analysis. At the
energy range below —4.00 eV, new states are formed in the d
band of Pdsf and Pdss atoms with respect to the d band of pure
Pd atom. These states hybridize with the sp states of O shown
in Fig. 2b, indicating the Pd-d and O-sp bonding states. The
partial charge density plot projected at this energy range (left
inset figure in Fig. 2b) shows the covalent bond between Pd and
O atoms.

Interestingly, the partial charge density plots projected at
the energy range above the Fermi level (right inset in Fig. 2b)
show the different characteristics of the unoccupied states of
Pdsf and Pd4s atoms. For Pdss atoms, the unoccupied state has a
d,, character, which stems from the presence of O atom directly
below the Pdss atom. This unoccupied d,; state of Pdss hints its
higher affinity toward electron donation from the o-type
molecular orbital of adsorbates. Assigning the Pdss coordination
plane as xz plane, the corresponding occupied states of the Pds¢
d band has dy; character. On the other hand, for the case of Pdsf,
similar analysis indicates that the unoccupied states of its d
band have d,, characteristics. Because the Pds atoms are
rectangularly coordinated to 4 O atoms on the xy plane, its dyy
orbital is depopulated. Correspondingly, the d,; orbital of Pd4s is
occupied, which is expected to yield to a repulsive interaction
toward the o-type molecular orbital of adsorbates. As the Pd
atoms in PdO are oxidized, they have higher affinities for
electron donation from adsorbates and reduced tendencies for
backdonation. By its spatial distribution, the Pds—d; can
facilitate electron donation, resulting in the greater reactivity of
Pdss compared to Pdas.

2.2 Revisiting Methane Activation on PdO(101)

Methane activation and oxidation on PdO(101) were
studied in recent DFT calculations.3932 Though methane

back

donation, _._‘:ha‘ge

accumulation

Pdy
occupied

¥

—p coordination
plane

Figure 3: a) Optimal adsorption configuration of CH4 on PdO(101) surface. b) Mechanism of electron donation and back-donation
between CH,4 and the coordinatively unsaturated Pd atom. Lobes of the same color denote the same phase of the wavefunction. The
molecular orbitals of the gas phase CH,; were calculated using the GAUSSIAN code>> with B3LYP functional with 6-31G(d,p) basis sets.
c) Charge density difference upon the adsorption of CHs on the PdO(101), computed using Ap = pcy; — (P, + P+), Where each
term to the right denotes the charge density of the CH, + slab complex, and the summed charge densities of isolated CH4 gas and
slab. Yellow and cyan colors represent charge accumulation and depletion, respectively, rendered using VESTA.5%

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




Catalysis Science’& Technology

2.00

1.00

0.50

Energy (eV)

. |
o (CHy+H)

390

Figure 4: Energy profile of CH, dissociation. TS1 and TS2 denote
the transition states for the cleaving of the Pd-coordinated
(“activated”) and non-interacting C—H bonds, respectively.

-1.00 +

oxidation pathway is a subject of an ongoing debate, there is a
general consensus that the initial C—H bond activation of
methane is the main limiting step.31-32 Weaver et al. proposed
that methane forms dative bonds with the coordinately
unsaturated Pd atoms, resulting in a 0 complex whose bonding
involves electron donation and back-donation.3! However,
considering that charge density difference only accounts for the
initial and final states of the system, drawing a model for this
donor-acceptor interaction remains to be a challenge from their
analysis of the charge density difference upon CH; adsorption
on PdO(101). Bossche and Gronbeck used first principles kinetic
modeling of methane oxidation over PdO(101) and revealed
that oxidation steps subsequent to the initial methane
activation take place through Mars-van Krevelen mechanisms.32
Nevertheless, as earlier mentioned that experiments predicted
PdO deactivation by SO, to originate from the decrease of CH,s
chemisorption on the surface, a confirmation of the active site
for CH,4 activation is an important step in understanding the
mechanism of sulfur poisoning on a PdO(101) methane
oxidation catalyst.

Figure 3a shows the optimal adsorption configuration of CH,
on PdO(101). The two C—H bonds are coordinated with the Pds¢
atom while the other two C—H bonds point away from the
surface. This confirms the earlier predicted reactivity of the Pds¢
from the analysis of its electronic structure. Considering the
identified unoccupied d,;, and occupied d,, states of Pd3s atom
earlier mentioned, the mechanism of electron donation and
back-donation between CH4 and Pdsf can be drawn. The highest
occupied molecular orbital of CH, is a three fold degenerate o-
type molecular orbital (1t;) as shown in Fig. 3b. This filled
molecular orbital can donate electrons to the unoccupied d,,
state of Pds;. The occupied Pds—dy, orbital can facilitate the
back-donation to an unfilled ¢* molecular orbital of CHa.
Considering the phase and spatial configuration of the unfilled
CH4 molecular orbitals, the 2t, molecular orbital can facilitate
the back-donation from the occupied Pds—dy, orbital as shown

4| J. Name., 2012, 00, 1-3

in Fig. 3b. This back-donation results in the weakening of the
two C—H bonds coordinated to the Pdss atom. We found that
these “activated” C—H bonds are elongated by 21 mA with
respect to the gas-phase C—H bonds of methane. The charge
density difference in Fig. 3¢ shows an accumulation of charge
between CH; and Pdsf, which Weaver et al. attributed to a
dative covalent bond.3?

Figure 4 shows an energy profile for the dissociation of CH,4
into CHsz + H. At the final state, CH3 bonds with the Pdss atom
while the Osf atom acts as H-acceptor, forming a CH3-Pdsf and
H-O3r moieties. Transition states were calculated using the
Dimer method, with the initial direction along the dimer
generated based on initial and final states.33-36 The activated
(TS1) and non-interacting (TS2) C—H bonds required activation
barriers of 0.66 eV and 1.72 eV, respectively. For comparison,
the calculated values of Weaver et al. using DFT without van der
Waals correction are 0.67 eV and 1.73 eV for TS1 and TS2
activation barriers, respectively, while that of Chin et al. is 0.64
eV for TS1 activation barrier using ultrasoft pseudopotentials.37-
38 This confirms the weakening of the Pdss coordinated C—H
bonds through back donation to the CH, — ¢* molecular
orbital. The C—H bond activation of methane on IrO,(110) was
also attributed by Wang et al. on o—d interaction of CH4 and
coordinatively unsaturated Ir atom.3® Following the initial
activation of methane, DFT-based microkinetic modeling and
kinetic isotope studies found that the subsequent reactions
with O follow a Mars-van Krevelen mechanism, where O atoms
from the substrates are used to produce carbon dioxide and
water.32:40

2.3 SO, Oxidation on PdO(101)

Results from the previous section have shown that the Pds¢
and Oz atoms on PdO(101) play important roles in the
activation of methane. It can be argued that blocking these
active sites with other adsorbates can decrease the activity of
the catalyst for methane activation. As shown in Fig. 5a, the
adsorption of SOy (y = 2 to 4) type of molecules involve both the
Pdsf and Pdss atoms, suggesting a possible poisoning of the Pds¢
site. SO, forms two O—Pd3f and one S—Pd4s bonds on the surface,
with adsorption energy of —1.74 eV. This value of adsorption
energy is more than ten times greater than that of CH4 (—0.16
eV). This explains why sulfur poisoning is still prominent despite
its very low concentration (1 ppm or less) in typical experiment
conditions.® It can be noted that another DFT calculation
showed that water molecule also blocks the Pd sites on
PdO(101) with a sizeable adsorption energy (ca. —1.3 eV), which
explains the experimentally observed water inhibition of
methane adsorption on the surface.32 SO3; and SO, form similar
bonding characteristics on the surface, i.e., forming bonds with
two Pdsf and one Pd4s atoms. The calculated Bader charges of S
in SO,, SO3, and SO, adsorbed on the surface are +3.2e, +4.9 e,
and +6.0e, respectively, indicating the different oxidation states
of S on these systems. Correspondingly, O gained electrons
because its high electronegativity. The stabilities of adsorbed
species SO; (y = 2, 3, 4) and O3 were compared by calculating

This journal is © The Royal Society of Chemistry 20xx
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its free energy change with respect to gas-phase O,, SO;, and
the clean PdO(101) surface. That is:

y
AGsg; = Gsoy — Gi — Uso, — (—

AGo; = Go; — Gs — Ho,

wxn

The asterisk denotes surface-bound species, while the
molecules with no asterisk denote the gas-phase species. The
chemical potentials p of gas-phase species SO, and O,were
computed by adding the DFT calculated total energy, zero point
vibrational energy, and the temperature and pressure

dependent parts of the chemical potential:
Mso, = ESDSZ + E%SZE + Apso, (T, p)
Mo, = Eg; " +EE;'" + Apo, (T, p)

The temperature dependence of free energies for the
condensed phases (i.e., SO;, O3 and slab) were shown to have
no significant impact in constructing phase diagrams and is thus
ignored in this calculation.10

Figure 5b shows the phase diagram with clean PdO(101)
surface (denoted by asterisk to indicate an “empty” site), and
PdO(101) surface with adsorbed O, SO3, SO3, and SO4 in the given
range of SO, and O, chemical potentials, which are translated into
a pressure range for T = 400 °C. Essentially, the figure shows the
most stable (i.e., the one with lowest free energy) S,0; species
for a given chemical potential of SO, and O,. At typical
experiment conditions® where the chemical potential of O, of
ca. —1.7 eV, the phase diagram shows the preference towards
the bare PdO surface for SO, chemical potential lower than ca.
—2.5 eV. For the same O, chemical potential, increasing the SO,
chemical potential to values typical in experiments (ca. -2.2 eV
corresponding to ca. 10~ atm at 400 °C), SO, formation on the
surface is favored, which indicates the facile oxidation of SO,
given the high 0,/S0, gas ratio. Further increase in SO, chemical
potential up to ca. —1.6 eV favors the formation of adsorbed
SOs. For further increase of SO, chemical potential yielding a
low 0,/SO, gas ratio, the formation of adsorbed SO, is most
favored. Correspondingly, for a typical SO, chemical potential of
ca.—2.2 eV in experiments, increasing the chemical potential of
0, up to ca. —2.0 eV favors the formation of adsorbed SO, over
the bare surface. For the same SO, chemical potential, further
increase of O, chemical potential from —1.6 eV favors an O,
These results explain why at typical
experiment conditions for methane oxidation (e.g., O, and SO,
partial pressures of 0.20 atm and 10¢ atm, respectively), the
SO4-decorated PdO(101) surface is detected.?16

Considering that the SO4-decorated surface is highly favored
at typical experiment conditions, it is imperative to describe the
reaction mechanism of its formation from SO,. Figure 6 shows
the free energy profile for SO, oxidation to SO4 on PdO(101) via
the Eley-Rideal (red curve followed by black curve), Langmuir-
Hinshelwood (black curve), and Mars-van Krevelen (blue curve)
mechanisms, for temperatures of 0 K (to show the no entropic
correction energy profile) and 673.15 K or 400 °C (a typical

covered surface.

This journal is © The Royal Society of Chemistry 20xx
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temperature in experiments where CH; conversion is
observed.® The top panel in Fig. 6 shows the optimal adsorption
configurations of the molecules on the surface. Briefly, in the
Langmuir-Hinshelwood (LH) mechanism, both SO, and O, first
adsorb onto the surface before the reaction takes place. In the
Eley-Rideal (ER) mechanism, only O, adsorbs onto the surface;
after which SO, interacts with the adsorbed O. Finally, in the
Mars-van Krevelen (MK)mechanism, SO, forms a chemical bond
with surface O atoms of PdO(101), generating an O vacancy site
upon the production of SOz and SOg.

The Gibbs free energy Ga+ of adsorbed species A" (
denotes surface-bound species) was calculated by adding the
zero point vibrational energy (ZPVE), vibrational energy change
for temperature increase from 0 to T K (AEyo_t), and
subtracting the vibrational entropy, as previously described in
our previous works59-60;

wskn

Ga+ = Eppr + Ezpve + AEyib,o-1 — Svib T

b) Po,(atm) at T = 400°C
10-5 104 10 1011 10 10?
s : il i S :
-1.02
»
122 4 503 T
g
142 4 1
162 + Tt g
% e S05 : + 10 £
< .18 4 03 1o B
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Figure 5: a) The optimal adsorption configuration of O,, SO,,
S0s3, and SO4 molecules without the other coadsorbed species.
Red and green atoms were used to distinguish the oxygen atoms
for the adsorbate and substrate respectively. The asterisk “*”
denotes surface-bound species. b) Phase diagram showing the
most stable adsorbed SO, (y = 2, 3, 4) or O, species mapped on
the chemical potentials of gas-phase SO, and O,, which are
translated into a pressure range for T = 400 °C. The asterisk “*”
(indicating an “empty” site) shows that the clean PdO(101)

surface is the most stable.
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The free energies were referenced to the chemical potentials of
gas-phase SO, and O,, and the free energy of the slab.

It can be observed from Fig. 6 that compared to the 0 K case,
the free energy profile for T = 400 °C displays higher activation
energies and more endothermic reaction energies. This is due
to the large increase in entropy of gas-phase O, and SO, (i.e.,
more negative chemical potential) which are used for reference
energy. However, considering the large increase in the
temperature from 0 to 400 °C, the rate constant for elementary

(S0, + 0,) &

Journal Name

steps are expected to increase largely, as described by the
Arrhenius equation.

At this point, the energy profile for 0 K case is first described.
As shown by the red curve in the ER path, the activation of O,
requires an activation barrier of 1.68 eV (TS1). Subsequent to
the dissociation of O,, SO, from the gas can form a SO3 + O
coadsorption state where SO3; binds at the Pds atom with a
planar structure. Further S—O bond formation between SO3 and
O toward the SO, product proceed thermodynamically downhill

(S0,+20,)"
4.50
TS2
T = 673.15 K (400 °C)
350 +
250 +
"""" i S0,+20,)"
1.50 +50,+0, P (50,40, (804+20)

0.50 A

o
= 050 + . .
_sgs SO0 (sosiz00
Bl N e
-2.50 +
-3.50 +
504.“
-4.50

Figure 6: The upper panel shows the optimal adsorption configuration of the states depicted in the energy profile at the lower panel.
The energy diagram shows the Eley-Rideal (red curve followed by black curve), Langmuir-Hinshelwood (black curve), and Mars-
van Krevelen (blue curve) mechanisms, evaluated at temperatures 0 K and 673.15 K (or 400 °C).
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in energy. As shown by Fig. 5, the tridentate SO, is most stable,
followed by bidentate and monodentate structures. The
reaction energy for the overall process of adsorbed SO4
formation from the reference state is —4.27 eV.

In the LH path, SO, adsorbs on the surface with greater
adsorption energy than molecular O,. The coadsorption state
SO, + O3 is only slightly downhill in energy from adsorbed SO,.
This state is expected to have a lower energy in the zero
coverage limit as the lateral interaction between SO; and O,
becomes negligible. From the SO, + O, coadsorption state, the
activation of O, requires higher energy barrier of 1.79 eV (TS2)
compared to TS1, indicating a contribution from the lateral
interaction between SO; and O + O. The subsequent S—O bond
formation toward the SOs + O state is inferred to be barrierless
as the optimization of coadsorbed SO, + O + O readily yields SO3;
+ 0.

The blue curve in Fig. 5 shows the MK path where the
oxidation of SO, required the formation of O vacancy on the
surface. The adsorbed SO, diffuses to a nearby O3 atom to form
an SO3 species. This process is 0.71 eV endothermic. From here,
the adsorbed SO; diffuses to the adjacent Os¢ site forming an O
vacancy and adsorbed SO4, which is only 0.06 eV endothermic.
Finally, an a slightly exothermic process proceeds, where
another O vacancy is formed as SO, adsorbs in a tridentate
structure on three coordinatively unsaturated Pd atoms. The
overall process for this MK mechanism has a reaction energy of
—1.00 eV with respect to the reference state.

These results show that despite the highly exothermic SO,
oxidation on PdO(101) via the ER and LH mechanisms, its
kinetics can be limited by the high barrier for O, dissociation. On
the other hand, the MK mechanism has low exothermicity for
the overall SO, oxidation process but is expected to promote
more favorable kinetics because of relatively facile elementary
steps. For the 400 °C case, it can be noted that the energy profile
gives the same preference towards the MK mechanism. The ER
and LH paths are still limited by the earlier noted activation of
0. Similar to the 0 K case, the formation of SO3 and SO4 on the
surface proceed downhill subsequent to the activation of O, for
both the ER and LH mechanisms.

From these results, insights into avoiding the sulfur
poisoning of PdO(101) can be drawn. Considering that CH,4
activation only involves the Pdsf site while SO, adsorption and
subsequent oxidation to SO3 and SO, involve both the Pds; and
Pdss sites on the PdO(101) surface, it can be argued that the Pdys
site is an important element to consider in weakening/avoiding
the adsorption of SOy (x = 2 to 4) species while at the same time
retaining the catalytic activity of Pdss site for methane
activation. One insight is to find an adsorbate that selectively
blocks the Pdys site without compromising the activity of the
Pdss sites. Another approach is to replace the Pdss atoms with
other elements that weakly interact with SO,-species. These
proposed approaches to catalyst design are challenged by the
discovery of specific additives and impurities that would yield a
sulfur poisoning resistant PdO without compromising its
remarkable activity for methane oxidation. It is hoped that
these insights will stimulate further research interests into the
design of poison-free and efficient methane oxidation catalysts.
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3. Conclusion

van der Waals-corrected density functional theory based
first principles calculations were performed to determine the
mechanism of PdO(101) sulfation in relation to the poisoning of
the active sites for methane activation. Methane was found to
adsorb at the coordinatively unsaturated Pd atom on the
surface, with two C—H bonds coordinated to Pd atom and the
other two C—H bonds pointing away from the surface. The
unoccupied d,; state of the unsaturated Pd atom facilitates the
electron donation from the filled o molecular orbital of CH,,
while its occupied dy, orbital provides a back donation to the
unfilled o anti-bonding CH4; molecular orbital, resulting in the
elongation and weakening of the Pd-coordinated C—H bonds.
SOy (y = 2 to 4) species block this active site for methane
activation, with the SO4-species predicted to be most favoured
at typical conditions in the experiments. The formation of SO3;
and SO4 on the surface from the oxidation of SO, is highly
exothermic via the Eley-Rideal and Langmuir-Hinshelwood
mechanisms but is limited by the high activation barrier for O,
dissociation. A more kinetically feasible path for SO, oxidation
is the less exothermic Mar-van Krevelen mechanism that can
provide more facile elementary steps. Results suggest that
efforts in designing a sulfur poisoning resistant PdO should be
aimed at blocking or substituting the four-fold coordinated Pd
atom without compromising the activity of the coordinatively
unsaturated three-fold Pd atom.

Computational Model

Spin-polarized DFT calculations were carried out using the
Vienna ab initio simulation package (VASP).4245> The exchange-
correlation term was described using generalized gradient
approximation (GGA) based on the Perdew-Burke-Ernzerhof
(PBE) functional,%8-51 with van der Waals correction (D3) by
Grimme>2. A comparison of standard GGA-DFT and GGA+U
calculations for the adsorption of molecules such as H,0, H,,
and alkanes on PdO(101) have shown similar conclusions and
trends about the relative stabilities of these species on the
surface.3157-58 Moreover, the adsorption energies and barriers
of elementary processes determined through temperature
program desorption (TPD) have better quantitative agreement
with values calculated using the standard GGA-DFT without the
+U implementation. Thus, inclusion of the +U correction to the
standard GGA is expected to yield the same trend for adsorption
energies of molecules and barriers for surface reactions, which
is the primary interest in this paper. The interaction between
ions and electrons was described using the projector
augmented wave (PAW) method.*647 Plane wave basis sets
were employed with an energy cutoff of 400 eV. The surface
Brillouin zone integrations were performed on a grid of 6x6x1
Monkhorst-Pack k-points>3 using Methfessel-Paxton
smearing> of 6 =0.2 eV.

The optimal adsorption configuration of molecules on the
surface was explored using a number of different possible
orientations on one side of the slab model with dipole
correction to avoid spurious electrostatic interactions between
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periodic images. Gas-phase molecules were modeled using one
free molecule inside a 25x25x25 A3 unit cell. Optimizations
were performed using conjugate gradient algorithm4! to within
a force tolerance of 0.05 eV/ A. The adsorption energies of
molecules were calculated by taking the difference between the
total energy of the adsorbate-slab system in the lowest energy
adsorption configuration and the summed energies of the
optimized clean surface and the gas-phase molecule.
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