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ABSTRACT: Pd is more prone to sulfation compared to Pt.
Given the chemical similarity between Pt and Pd, the radical
divide in their tendencies for sulfation remains a puzzle. We
explain this intriguing difference using an extensive first-
principles thermodynamics analysis and computed bulk and
surface phase diagrams. In practically relevant temperatures and
O, and SO; partial pressures, we find that Pt and Pd show
significantly different tendencies for oxidation and sulfation.
PdO formation is favored even at low oxygen chemical
potential; however, PtO, formation is not favorable in
catalytically relevant conditions. Similarly, PdSO,, and adsorbed
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SO; and oxygen species on clean and oxidized surfaces are highly favored, whereas PtSO, formation does not occur at typical
temperature and pressure conditions. Finally, several descriptors are identified that correlate to heightened sulfation tendencies,
such as the critical O chemical potential for bulk oxide and surface oxide formation, chemical potentials O and SOj; for bulk
sulfate formation, and SO; binding strength on metal surface-oxide layers, which can be used to explore promising sulfur resistant

catalysts.

xides of sulfur, predominantly SO; generated from the
oxidation of SO,, poison the noble metal based emissions
aftertreatment catalysts such as the diesel oxidation catalysts
(DOCs) by altering metal surface properties, blocking other
emissions species/adsorbates, changin§ the reaction selectivity,
and forming stable metal sulfates.' ™ Traditionally, Pt-based
oxidation catalysts have been the most preferred option for the
oxidation of diesel engine emissions due to their superior
capability to resist sulfation (ie., formation of PtSO, or other
sulfates).'”"> However, the high cost of Pt and its tendency to
sinter at the high operating temperatures encountered have
forced the inclusion of Pd in the currently used state-of-the-art
oxidation catalysts.%” Although Pd by itself is a good oxidation
catalyst, has low cost, and resists sintering (unlike Pt), it suffers
from sulfur poisonin%‘s_9 Indeed, many experimental and
computational studies' >®'°"'? directly point to the height-
ened tendency for Pd sulfation—especially, formation of PdSO,,.
On the other hand, no evidence exists for the formation of
PtSO, even under highly oxidizing and sulfating conditions.
Given the chemical similarity between Pt and Pd, the radical
divide in their tendencies for sulfation remains a puzzle. A clear
understanding of the circumstances (environment, chemical
attributes, descriptors, etc.) that contribute to the different
sulfation tendencies of Pt and Pd will guide us in rationally
designing potentially lower-cost, higher-performance sulfur-
resistant catalysts.
This work aims to provide fundamental insights pertaining to
the intrinsic tendency (or lack thereof) of Pt and Pd to undergo
sulfation via a comprehensive first-principles thermodynamics

v ACS Publications  © Xxxx American Chemical Society

1140

study. The thermodynamic analysis has resulted in accurate and
feature-rich bulk and surface phase diagrams of Pt and Pd when
exposed to reservoirs of O, and SO;. This has also aided in the
identification of descriptors or key features that make Pt
different from Pd. Owing to the complex nature of the sulfation
process, capturing a large spectrum of possible bulk and surface
phases as a function of the environmental conditions is critical.
Figure 1 collects the anticipated and known stable phases when
Pt or Pd is exposed to oxidizing or sulfating conditions (i.e., O,
and SO; environments). This collage of possible phases
includes pure bulk metals, bulk oxides, and bulk sulfates as
well as surface metallic forms, surfaces partially or wholly
covered with O or SO; or both, surface oxides, and surface
sulfates. When prior experimental or computational informa-
tion was available for a particular phase, it was used in our
calculations. However, when such information was not available
(e.g, in the case of PtSO,), we determined the atomic level
structure using a structure search algorithm in the Universal
Structure Predictor: Evolutionary Xtallography (USPEX)
method."'*

Once the catalog of possible phases was assembled, the
Gibbs free energy of formation of each of the phases with
respect to the appropriate reference states was computed using
the density functional theory (DFT) total energies, DFT
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Figure 1. Schematics of the representative stable structures of various bulk and surface phases in the thermodynamic equilibrium containing O, and
SO, for the temperature and pressure range considered in this study. The middle region (inside the circular boundary) represents a catalyst surface
exposed to wide ranges of temperature and pressure conditions, where gas phase O, and SO; along with adsorbed O and SO; on Pt or Pd surface are
also shown. Panels 1—3 at the top represent the bulk phases (i.e, bulk metal, metal oxides, and bulk sulfates), and panels 4—10 represent various
possible surface phases of Pt and Pd (i.e., pristine surfaces, O or SO; on the metal surfaces, surface oxides, SO; on the surface oxides, and surface
sulfates) in an anticlockwise order to the ultimate sulfate phase. The blue, brown, and black colors represent the clean metal surface, surface oxide,
and the surface sulfate layer, respectively. Similarly, the silver, red, and yellow spheres represent the Pt or Pd, oxygen, and sulfur, respectively.

phonon density of states, and the statistical mechanics of ideal
diatomic (O,) and polyatomic (SO;) gases. The Gibbs free
energy inherently contains temperature and pressure depend-
ence. Although the pressure dependence comes entirely
through the chemical potentials of the gas phase species (uo,

and pgo, of O, and SO;, respectively), the temperature

dependence arises due to the gas phase species as well as due
to the vibrational degrees of freedom of the condensed phases.
The latter is generally ignored due to the severe computational
expense of phonon computations, but it is computed and
shown to have no significant impact on outcome of the present
work. Hence, the contribution is not included in the phase
diagrams shown in this paper. Furthermore, this formulation
neglects the configurational entropic contributions because it
was found in the past to have no significant impact on the
results, especially features of the phase diagrams.'® The free
energies were then used to construct bulk and surface phase
diagrams, revealing clear differences between Pt and Pd insofar
as their thermodynamic tendencies for both oxidation and
sulfation are concerned. Details of the DFT calculations are
described later in Computational Methods section. Vibrational
modes computations and surface free energy computations are
given in the Supporting Information.

A simple yet effective starting point is to consider the bulk
phases (metal, oxide and sulfate) shown in panels 1-3 of
Figure 1. Both Pt and Pd metals are fcc structures (space group
225, Fm3m) with very similar lattice parameters. However, the
experimentally known most stable bulk oxides of Pt and Pd are
quite different from each other."® A dioxide compound PtO,
(space group 164, P3ml) is the most stable oxide of P,
whereas a monoxide compound PdO (space group 131, P4,/
mmc) is the only known stable oxide of Pd. In the case of metal
sulfates, PdSO, (space group 15, C,/c) is well known
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experimentally; however, no information is available about
PtSO, to the best of our knowledge. Therefore, we have used
the USPEX method'>'* and have identified a tetragonal PtSO,
phase (space group 84, P4,/m)."”” The dynamical stability of
this phase was confirmed via a phonon band structure
calculation, which revealed no modes with imaginary
frequencies. In order to validate the veracity of the USPEX
method for this class of systems, the structure of PdSO, was
also predicted using USPEX. It is reassuring to note that the
correct experimentally known ground state structure of PdSO,
is indeed recovered. Details concerning the structure prediction
results, as well as the predicted geometries of the selected
phases along with comparisons to past experimental and
computation work are provided in the Supporting Information.

The free energies of the bulk metals, oxides, and sulfates were
then used to compute the phase diagrams for both Pt and Pd,
which are shown in Figure 2. As noted earlier, the free energy
depends on the temperature and the O, and SOj; partial
pressures. Essentially, this figure shows the most stable phase
(ie., the one with the lowest free energy) for a given choice of
the temperature and pressure dependent parts of the O, and
SO, chemical potentials (represented using Ao, and Apgg ).

For convenience, the O, and SOj; partial pressure ranges for
two choices of temperatures (300 and 700 K) are also shown. It
is evident that PdO formation is more favored than PtO,
formation as the onset of the PdO phase region occurs at less
oxidizing conditions (Apo, = —1.88 eV) compared to PtO,

(Apo, = —1.42 eV). More importantly, the PdSO, phase region

is a lot more prominent than the PtSO, phase region for the
same range of chemical potentials or temperature—pressure
ranges. In fact, the stability range of PtSO, lies outside of
normal pressure conditions at ambient (300 K) or higher
temperatures. This may explain why there is no experimental
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Figure 2. Bulk phase diagrams showing metal, metal oxide, and metal
sulfate (structures are shown in Figure 1) in the given ranges of Augo,

and Ay, (a) Bulk phase diagram with Pd, PdO, and PdSO, and (b)

bulk phase diagram with Pt, PtO,, and PtSO,. Chemical potential
ranges are translated into a pressure range for two representative
temperatures (300 and 700 K). The stability regions of bulk sulfates
show the most prominent differences.

information available for PtSO, thus far."> The clear
thermodynamic resistance for PtSO, formation (compared to
PdSO,) in the bulk form is indicative of Pt’s resistance to sulfur
poisoning and could be used as a screening criterion to identify
potentially sulfur resistant catalysts.

Although bulk thermodynamics provides a good starting
point, catalytically more realistic conditions involve surface
phenomena. Therefore, we investigated the possible surface
phases on both metal surfaces in oxidizing and sulfating
environments. In panels 4—6 of Figure 1, we show the stable
surface phases while increasing the oxygen partial pressure.
Results (discussed later in more details) show greater affinity of
Pd surface toward oxygen with highly favored surface oxide
formation. Similarly, we show the stable phases of SO; on clean
surface and coadsorbed oxygen and SO; in panels 7 and 8,
respectively. Panel 9 shows a more interesting phase of SO; on
the oxidized surfaces of Pt and Pd. We observed that the affinity
of SO; is significant on PdO only. Further interaction of SO;
and the surface oxide could potentially result in a surface sulfate
as shown in panel 10, and ultimately in the bulk sulfate in panel
3. These phases are discussed next, resulting in the surface
phase diagrams for Pt and Pd surfaces when exposed to O, and
SO;.

Due to significantly high ox;lgen concentration (~10%) in
realistic exhaust conditions,”” a natural step here is to
investigate the oxygen interactions on the surfaces. Exper-
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imentally observed stable phases of O on Pt(111) and Pd(111)
due to O, exposure involve p(2 X 2) and c(2 X 2)
configurations with possibility of higher coverage (6y ~ 1
ML) when the Pt(111) surface is exposed to NO, or O;.'%"
Hence, we investigated the entire range (0—1 ML) of O
coverage on both surfaces (higher O coverage is possible in
surface oxides, as discussed in the next paragraph). By
considering a variety of configurational possibilities (as
described in the Supporting Information), this approach
allowed us to fully capture lateral or adsorbate—adsorbate
interactions. In general, we observed very similar oxygen
interaction behavior (binding strength and lateral interaction
patterns) on both Pt(111) and Pd(111) surfaces. Binding
energies of oxygen on both metal surfaces are given in
Supporting Information.

An elevated oxygen concentration on the metal surface can
proceed to a partially oxidized phase (i.e., the surface oxide
phases shown in panel 6 of Figure 1). The surface oxide models
for Pt(111) and Pd(111) surfaces considered here are guided
by HRCLS, STM, LEED, and XRD experimental observa-
tions.”*">* Experimental and computational results suggest that
the surface oxide layer formation on Pt(111) and Pd(111)
surfaces results in different types of arrangements of metal and
oxygen atoms.”*”** A (O—Pt—0) trilayer structure of Pt
surface oxide on a (2 X 2) surface contains only three Pt atoms
(unlike four Pt atoms on a clean surface) and six O atoms.
LEED patterns show a-PtO,(0001) (2 X 2) overlayers on the
Pt(111) surface.”® On the other hand, a distinct Pd;O, type
(with repetitive structure pattern of five Pd and four O) stable
surface oxide layer on Pd(111) was represented by 7 X (Pd;O,)
model. This unique structure corresponds to a 0.67 ML oxygen
coverage; it has two types of Pd atoms which are either 2- or 4-
fold coordinated to O atoms and two types of O atoms that are
either 3-fold (bonded to in-plane Pd atoms) or 4-fold (bonded
to in-plane and subsurface Pd atoms) coordinated to Pd atoms.
The LEED pattern shows that the structure is commensurate in
the [2 T 1] direction.’® We note the existence of possible
subsurface oxygen configurations on both metals. Todorova et
al. showed that subsurface oxygen on transition metals is
initially always less stable than on-surface oxygen adsorption.
However, with increasing coverage this preference vanishes,
and oxygen incorporation becomes more favorable above
coverages of ~0.5 ML.>”*® We considered the most stable/
favored subsurface site tetra-I*® (i.e., the site directly below the
3-fold hcp position on (111) surface) to compute the
energetics of the on-surface and subsurface oxygen adsorption.
Our results show that on-surface (fcc)/subsurface (tetra-I)
configuration favors only after on-surface fcc coverage of 0.5
ML on Pd(111), whereas it favors only above the on-surface fcc
coverage of 0.75 ML on Pt(111) (in Figure 3). The subsurface
only oxygen adsorption (6, = 0.25 ML) at tetra-I site was
highly endothermic for both Pt(111) and Pd(111). However,
the subsurface/on-surface combination becomes exothermic
on/above 8, = 0.5 ML. This observation clearly shows the
favorability of the on-surface oxygen adsorption at the lower
coverage. In general, the adsorption of oxygen on the metal
surface is followed by the on-surface/subsurface oxygen
configurations, which finally transforms to the fully oxidized
metal oxide layers. While evaluating the stability based on
thermodynamics, we observed that the surface oxides phases
are thermodynamically more stable than any subsurface oxygen
configurations and even the experimentally known ¢(2 X 2)-O
(0.5 ML) configuration.® Thus, they do not appear on the
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Figure 3. DFT computed average binding energy E, as a function of
total O* coverage with on-surface fcc and subsurface tetra-I sites of
Pt(111) and Pd(111) shown in panels a and b, respectively. The blue
symbols represent the binding energies of oxygen for on-surface fcc
sites of (111) surface. The red symbols represent the binding energies
of oxygen for fcc/tetra-1 combinations. A (2 X 2) surface supercell was
used for the computations. The red symbol at 6, = 0.25 ML represents
the oxygen on subsurface tetra-I site only and higher coverages (>0, =
0.25 ML) represent the combination of O* with one oxygen in
subsurface tetra-I and rest of oxygen on surface fcc sites. Dotted lines
are drawn to guide the eyes. On-surface fcc O* coverage below 0.5 ML
is always stable on both surfaces.

phase diagrams constructed based on thermodynamics.
Utilizing the information from oxygen adsorption and surface
oxides formation, we created detailed phase diagram of oxygen
on both (Pd (111) and Pt(111)) surfaces. Our calculated phase
boundaries for various phases of oxygen adsorption on both
surfaces are in good agreement with known experimental
results.®’ 73° Details of the on-surface/subsurface oxygen
adsorption and phase diagrams are shown in Supporting
Information (Table S3, Figure S3).

Another spectrum of stable phases may arise due to the
presence of SO; on the surface (panel 7 of Figure 1). SO,
shows a strong affinity toward both surfaces, albeit slightly
stronger on Pt(111) as shown by the binding energy numbers
in Figure 4. An upright standing chair-shaped configuration on
fec sites is the preferred one in both cases.”*” Given the bulky
nature of the SO; molecule, the maximum coverage on the
(111) surface could only reach up to 0.33 ML in a (3 X 3)
surface supercell. Size of the molecule is responsible for the
significant lateral interactions between adjacent SO; molecules
(note the sharp decrease of SO; binding energy with coverage
in Figure 4). We note that the configurational space can be
large for a higher coverage; however, the overall outcome due
to the selection of our surface models will not change. Four
representative stable configurations corresponding to a cover-
age range of 0.06 to 0.33 ML are considered for the generation
of phase diagrams (panels 7a—d of Figure $). Computed
binding energies and the phase diagrams of SO; adsorption in
Pt(111) and Pd(111) surfaces are given in the Supporting
Information (Table S4 and Figure S4).

A more interesting condition involves the coadsorbed
environment of SO; and oxygen on the metal surfaces as
shown in panels 8a—c of Figure S. In a (3 X 3) surface
supercell, we investigated two SO coverages (i.e., f5o, = 0.11

ML and 6o, = 0.22 ML) and possible O coverages (i.e., up to
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Figure 4. DFT computed heat of chemisorption of SO; versus SO;*
and SO;* + O* coverages on Pt(111) and Pd(111) surfaces shown in
panels a and b, respectively. The red lines represent a linear fit to
SO;*—SO;* interactions. The blue lines represent a linear fit for the
SO;*—0* interactions as a function of O* coverage at a fixed 00, =
0.11 ML. A (3 X 3) surface supercell was used for the energy
computations. For the cross-interactions calculations, a fixed surface
coverage of SO, (at f50, = 0.11 ML) was used while varying the O*

coverage.

0.89 ML). For the condition with one SO; molecule (i.e., O5o, =

0.11 ML) on the surface, the maximum stable oxygen coverage
was 0.33 ML, whereas the maximum coverage of O decreased
to 0.22 ML with two SO; molecules (i.e., 6o, = 0.22 ML) on

the surface. Further addition of O on the surface caused
destabilization and desorption of the SO; molecule from the
surface. This is due to the larger binding strength of O on metal
(Pt and Pd) surfaces and also due to lateral adsorbate—
adsorbate interactions between O and SO; as shown in Figure
4. It shows the change in binding energies of SO; due to oxygen
addition on the Pt(111) and Pd(111) surfaces. Computational
details of the coadsorption and the SO;*—O%* cross interactions
are given in the Supporting Information.

With no experimental or computational information on the
interactions of O and SO; on the oxidized surfaces, it remains
an unfamiliar and unexplored territory. This study examined
the possible interactions of O and SOj; on the surface oxides of
both Pt and Pd. As expected, neither surface oxide shows
affinity toward further O addition. However, we observed a
significant difference in the interaction of SO; with the oxidized
surfaces. The molecular binding energy of SO; on Pd vs Pt
surface oxide layers was —0.91 and —0.12 eV, respectively, that
is, SO; prefers to adsorb on PdO than on PtO,. This large
difference indicates that such interaction is a key descriptor and
a prerequisite for the higher sulfation tendency of Pd than Pt.
As expected, our results showed that the coadsorption SO; and
O was not favored by both oxidized surfaces, due to the
unwelcoming nature of the oxidized metal surface toward
additional oxygen. Further details are given in Supporting
Information.

Interaction of SO; and oxidized metal surface could lead to
the formation of a surface sulfate layer and ultimately to the
bulk sulfate phase. Unlike surface oxide phases of Pt and Pd, we
do not have experimental information about the structure/
morphology of the surface sulfate phases. Hence, we utilized
the structural information on bulk sulfates to create surface
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Figure 5. Surface phase diagrams of Pd(111) (top panel) and Pt(111) (bottom panel) surfaces in a constrained thermodynamic equilibrium with
SO; and O,. The given chemical potential range of oxygen (Ao ) and SO; (Apgo,) are translated into a pressure range for two representative

temperatures (300 and 700 K). The numbering of the phases in each panel and structural models is adapted according to Figure 1. Common
structural models for both Pt and Pd phases are represented by a single structure and corresponding structural number, whereas the different
structural models of the same phase of Pt and Pd are subscripted (Pt or Pd) in the panel number (e.g,, structures 6 and 9a). Structural models for 9b,
9¢, and 9d of the top panel are not shown here for brevity, whereas the final structure 9e is shown. Dotted lines represent the bulk phase boundaries.
Bulk phases numbering are shown with black arrows showing the respective regions. Bulk structural models are not shown here. Silver, red, and
yellow spheres represent the Pt or Pd, oxygen, and sulfur, respectively. Blue spheres represent the Pt or Pd in the surface oxide or surface sulfate
models.

sulfate models for both Pt and Pd. From the known structure of of vibrational contributions does not alter the outcome of the
PdSO, and the predicted most stable structure of PtSO, we phase diagram, as the relative magnitude is <25 meV/A? for the
created a sulfate layer and placed this on the (3 X \/ 3) surface practically relevant temperature range of below 700 K. The
supercell of the (111) surface of Pt or Pd to minimize the impact of including the maximum vibrational contributions
lattice strain. The choice of this surface supercell was the best results in rather minor changes (up to 0.07 eV shift in O
possible compromise considering the size and computational adsorbed phase boundaries and up to 0.16 eV shift in SO;
cost restrictions. The structural model of the Pd surface sulfate adsorbed phase boundaries) to the features of the phase
is shown in panel 10 of Figure S. Further details and other diagrams (most notably, a small shift in the phase boundaries in
models are provided in the Supporting Information. the phases with SO; adsorption). For example, at 300 K, the
Assembling the information about the entire spectrum of change of Aug from —2.64 to —2.59 eV corresponds to an
stable phases discussed above, we have constructed phase incredibly small pressure change of about —2.2 X 1073 atm.
diagrams for oxidizing and sulfating conditions on Pd(111) and Hence, none of the new stable structures disappears (or
Pt(111) surfaces as shown in Figure S. Because the entropic appears) from (or into) the phase diagram. Although this
contribution to free energy due to vibrations is negligible and analysis provides a justification for neglecting the vibrational
only temperature dependent, we have neglected the contribu- contribution in many prior studies,'”*° we note that the
tion to construct the phase diagrams. In this work, the inclusion inclusion of such contributions may be useful for complex
1144 DO 10.1021/j25027147
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Key Features of Pt and Pd for Possible Sulfation Descriptors
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Figure 6. Key descriptors for metal oxidation and sulfation. Panel a: Ay, onset point for bulk oxide formation. Panel b: Ay, onset point for surface

oxide formation. Panel c: oxygen binding energy on the pristine (111) surfaces. Panel d: bulk sulfate phase boundary onset point on Agg, and Apge,

scales. Panel e: SO; binding strength on the surface oxides. Panel f: surface energy of pristine (111) surfaces. Significant differences are seen between
Pt and Pd for all features, except in case of panel ¢ (O binding energy).

systems. The computed vibrational contributions for various
adsorbed phases are shown in Figures S6 and S7 in the
Supporting Information.

The surface phase diagram, as portrayed in Figure S, is fairly
complex due to possible existence of many phases. The
chemical potentials of O, and SO; (using Ao, and Apugo )

represent the x and y axes, respectively. Two more intuitive
pressure scales (at representative temperatures of 300 and 700
K) are shown opposite to the chemical potential range. Starting
from the lower left corner of the phase diagram (ie., low
chemical potential region of O, and SO;), we observe a stable
clean metal surface phase in both cases (Pd and Pt). We clearly
see a tendency to get oxidized easily in the case of Pd surface
due to the oxygen chemical potential demarcation (Apg, =

—2.52 eV for Pd and Augo, = —2.21 eV for Pt in the case of

experimentally known p(2 X 2) phase) favoring the O
adsorption (panel Sb of Figure S). While keeping the SO,
concentration low and moving toward higher O, chemical
potential (horizontal direction), we encounter an experimen-
tally observed stable phase of p(2 X 2)-O overlayer®® (i.e., 6 =
0.25 ML, panel Sb of Figure S) on both surfaces after the low
coverage phase of 65 = 0.06 ML. We note that the
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experimentally observed ¢(2 X 2)-O overlayer (ie, 05 = 0.5
ML) — most likely a metastable phase before transforming to a
more stable surface oxide phase—was not identified as a stable
phase in our study. Furthermore, the kinetics will also play a
role® for the transformation of the ¢(2 X 2)-O overlayer
structure to the surface oxide phase. A further increase in O,
chemical potential leads to the formation of stable surface oxide
phases (panel 6 of Figure S) on both surfaces. Besides the
experimentally observed morphological differences, these two
phases deeply contrast in oxidation affinity. The onset of
surface oxide formation on Pd(111) surface is from A,

—2.38 eV, whereas the onset point for the same on Pt(111)
surface is from Apg, = —1.32 eV. As seen experimentally,® our

results suggest that the oxidized phase of Pd, unlike the more
stable metallic state of Pt, is the most prevalent state in relevant
catalytic conditions (P ~ 1 atm and T ~ 200—500 °C).
Moving toward higher SO; chemical potential region while
keeping the O, chemical potential low (vertical direction), we
observed multiple stable phases of SO; (represented by a range
of B0, = 0.11-0.33 ML, panels 7a—d of Figure S) on both
metal surfaces. Further increase in coverage of SO; on the
metal surface is not stable due to the bulky nature of the
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molecule, and it falls beyond the realistic temperature and
pressure ranges. Stronger binding strength of SO; with Pt
(111) translates to the higher coverage favorability of SO; on
Pt(111) than on Pd(111) surface (Apgo, = —0.64 eV for Pd

and —1.0 eV for Pt in the case of fo, = 0.33 ML).

Toward the higher chemical potential region along the
diagonal (ie., higher chemical potential for both O, and SO;),
we observed quite different behaviors on both metal surfaces.
Unlike a single coadsorbed phase in case of Pd (panel 8a of
Figure S), multiple such phases were stable on the Pt surface
(panels 8a—c of Figure 5). We observed a stable phase of SO,
on the surface oxide of Pd (panels 9a—e of Figure S), but this
feature was absent in the case of Pt surface oxide at practically
relevant temperature and pressure conditions (the phase
boundary starts at Augo, = —1.15 eV for Pd and —0.1 eV for

Pt). This result aligns well with the idea of a prerequisite state
to proceed toward the surface sulfate and ultimately the bulk
metal sulfate of Pd. We note that the surface sulfate phase
(panel 10 of Figure S) for Pd(111) appears at a reasonably low
chemical potential, which agrees with the experimental
observation of PdSO, formation under typical operating
conditions. In the case of Pt, surface sulfate phase does not
appear to be a stable phase. In realistic temperature and
pressure conditions, we expect to have coadsorbed phases of O
and SO; surface-oxide phases of Pd, surface sulfate phase of Pd,
and eventually the bulk sulfate phase of Pd.

On the basis of the observations so far, we briefly discuss the
key insights and outcomes of this study. Figure 6 shows a
comparison of the key features of the Pd(111) and Pt(111)
surfaces. (a) Panel a shows the O, chemical potential difference
in bulk oxide formation. Clearly, PdO formation is preferred
over PtO, even at low oxygen chemical potential. (b) Panel b
compares the O, chemical potential for surface oxide formation.
We observe that the surface oxide formation is favored on Pd
than Pt. (c) Panel ¢ shows a rather indistinguishable O binding
strength on both surfaces. This behavior aligns well with our
natural belief of both metals being rather similar due to other
physical/morphological properties such as metal—oxygen bond
length (~2 A), most stable adsorption sites (3-fold fcc), nature
of charge transfer between metal—oxygen during adsorption®”
(d) On the other hand, the sulfation behavior is quite different
for the two metals. Panel d compares the phase boundary onset
of bulk sulfate formation in terms of O, and SO; chemical
potentials (also see Figure 2). It is clearly observed that PdSO,
formation is highly favored, unlike PtSO,, under typical
operating conditions. (e) Panel e displays the significant
difference in SO; binding strength on both surface oxide layers.
SO; binds more strongly to PdO than PtO,. (f) Panel f shows
the surface energy comparison of pristine Pt(111) and Pd(111)
surfaces. As observed experimentally,*”*® lower surface energy
of Pd compared to Pt is associated with the higher stability
against sintering. This explains, along with the cost factor, why
modern DOCs are bimetallic (Pt/Pd) in nature. Except for
oxygen binding, all other key features can serve as descriptors
for catalyst sulfation and the resulting deactivation, and hence
we believe that they can be utilized for faster and effective
screening of the potential sulfur resistant catalysts.

We note that a few assumptions have been made in our work.
First, our choice of surface plane is the (111) facet of Pt and Pd.
Even though the catalyst nanoparticles contain many types of
facets due to polycrystalline nature, the (111) facet is known to
be the dominant, most stable, and one of the most active
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surfaces.*’* Second, we do not consider metal—support
interactions in this study. The support can have a significant
influence in some catalytic systems; however the Al,O; support,
typically used in emissions oxidation catalysts, is relatively
inert.*> Hence, we do not expect the support to impact or alter
the main conclusions of this work. Third, we have constructed
the surface sulfate model by placing bulk sulfate on the metal
surface. Nevertheless, we believe our model captures the
essence of a surface sulfate phase. Fourth, accuracy of the
results presented here will depend on the choice of functional.
However, given the number of cases considered and the sizes of
systems for each case, considering nonlocal exchange-
correlation functionals (e.g, hybrid functionals) would be
computational-cost prohibitive. Furthermore, we found that the
PBE functional is also adequate to address the structure of van
der Waals bonded PtO, layers. We calculated the energetics of
the PtO,—Pt(111) system with van der Waals interactions
using the DFT-D2 functional** The difference in total energy
was <2.2 meV/atom when van der Waals interactions were
included. Thus, only the PBE functional was used throughout,
and all conclusions were consistently reached using this
functional. It is expected that the qualitative aspects of our
results and our main conclusions will not be impacted by the
usage of a higher level functional. Finally, we have only
considered the thermodynamic aspects in this study. Although
kinetics also plays an important role during phase trans-
formations, the stability and possibility of the formation of such
phases is controlled by thermodynamics and should be
considered first, before kinetic aspects are explored.

In summary, we have investigated the bulk and surface
sulfation phenomena of Pt and Pd under catalytically relevant
temperature and pressure conditions using first-principles
thermodynamics. Bulk and surface phase diagrams were
constructed and possible stable phases en route to sulfation
were identified. The bulk phase diagrams clearly suggested that
the oxidation and sulfation of Pd is highly favored whereas
metallic form of Pt is favored under catalytically relevant
conditions. The surface phase diagrams clearly showed some
remarkable differences between Pt (111) and Pd(111) surfaces
in oxidizing and sulfating environments. Our results showed
that the oxidized metal surfaces (i.e., surface oxides) are the key
to understand sulfation. Pd showed a great affinity to form the
surface oxide phase and showed significant SO;-to-surface oxide
binding strength. On the other hand, surface oxide layer
formation is relatively less favored and SOj-to-surface oxide
binding strength was significantly smaller for Pt. Furthermore,
the surface sulfate phase formation was favored only on
Pd(111) in catalytically relevant conditions. The aforemen-
tioned key features can be used to screen materials to identify
potential candidates for sulfur resistant catalysts.

B COMPUTATIONAL METHODS

Our first-principles calculations were carried out using density
functional theory (DFT)*** as implemented in the VASP
code*” with the electronic wave functions expanded in a plane
wave basis with a cutoff energy of 400 eV. All calculations were
performed utilizing the Perdew—Burke—Ernzerhof (PBE)
functional,”® the projector augmented wave (PAW) frozen-
core potentials, and spin polarization method. The structures
were relaxed using a conjugate-gradient algorithm until the
forces on all atoms were <0.01 eV/A. Both the Pt(111) and
Pd(111) surfaces were represented by a five-layer slab, and (2 X
2), (3 x 3), and (4 X 4) surface unit cells. Two bottom layers
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of the slab were fixed and the remaining top three layers were
allowed to relax. To avoid any interactions between periodic
images, a 12—14 A thick vacuum region was introduced.
Monkhorst—Pack grids of 3 X 3 X 1,4 X 4 X 1,and S X S X 1
were used for Brillouin zone integration for slabs with (4 X 4),
(3 % 3), and (2 X 2) surface unit cells, respectively. For the Pt
surface-oxide models, PtO,—Pt(111) and Pd surface oxides,
PdO—Pd(111), Monkhorst—Pack grids of S X S X 1 and 1 X 3
X 1 were used, respectively. Similarly, a Monkhorst—Pack grid
of 4 X 5§ X 1 was used for both Pt and Pd surface-sulfate models
with (3 X 4/3) supercell. To search the possible PtSO,
structures, evolutionary structure prediction was performed
using the USPEX code™'* in conjunction with ab initio
structure relaxations using DFT and methodology as
mentioned above.
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