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This report presents the results of our studies on the second step of the post-treatment of the solid-
oxide fuel cells (SOFCs) that have been poisoned by sulfur from traces of H2S in the fuel. The removal
of strongly adsorbed atomic sulfur from a planar Ni(111) surface at 0.25 ML coverage is investigated
in order to explore possible ways to regain the activity of SOFCs poisoned by sulfur deposition on
the anode. The predominant reaction pathway studied consists of the adsorption and dissociation of
molecular oxygen, followed by the formation and desorption of sulfur dioxide. Using periodic DFT
calculations, preferred adsorption sites, energies, transition states and kinetic barriers are calculated for
the resulting intermediate and product species, ∗SOx (x = 0–2) and ∗O. Generally, concurring with the
limited experimental data available at temperature >750 K, our research illustrates the considerable
exergonic nature that describes the formation and desorption of SO2, and shows that the removal of
the remaining 25% of sulfur after the first step of post-treatment of the fuel cell can be accomplished by
means of high-temperature oxidation.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

The adsorption of sulfur-based species found within hydrocar-
bon fuels have been known to cause the degradation of the solid-
oxide fuel cell [1–3] (SOFC) anodes, in particular those made up
of a nickel-composite (such as nickel–yttria-stabilized zirconia, Ni-
YSZ), by blocking the adsorption sites on the anode surfaces, thus
reducing the overall SOFC electrochemical activity. Hydrogen sul-
fide (H2S) is among the most prominent S-pollutants because it
readily adsorbs on a Ni surface, generating strongly bound atomic
S and releasing molecular hydrogen gas (H2) [4,5]. Therefore, sulfur
poisoning imposes a serious problem in using SOFC with com-
monly available hydrocarbon fuels, which usually contain rather
high levels of H2S (∼5 ppm).

Technically this problem can be partly alleviated by perform-
ing pre-desulfurization reactions to purify hydrocarbon fuels be-
fore they are used within the SOFC; this process, however, is
complex and not cost effective. Alternatively, the sulfur poison-
ing of the SOFC anode can be significantly reduced by choosing
the anode material which is less reactive toward the H2S dis-
sociative adsorption. In this perspective, extensive research has
been devoted to investigating S-containing anode materials such

* Corresponding author.
E-mail address: jlo@ucalgary.ca (J.M.H. Lo).
0021-9517/$ – see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2009.03.001
as CuFe2S4 and CuCo2S4 [6], pervoskite-type ABO3 conductors (ex-
ample Refs. [7–10]) and Cu–ceria compounds [2,11].

Despite a better sulfur-tolerance and reduced coke formation,
these newly tested materials are still less favorable than the tra-
ditional Ni-YSZ anodes in terms of thermal stability and facile
fabrication. It is therefore desirable to gain a better understand-
ing of the mechanism of the reactions between sulfur-containing
contaminants, especially H2S in hydrocarbon fuels and Ni, which
may benefit the further exploration of the development of highly
sulfur-tolerant Ni-YSZ-based SOFC anodes.

Efforts have recently been devoted to experimentally probing
the adverse influences of H2S on the electrochemical behaviors
of Ni-based SOFC anodes [5,12–21]. It is observed that exposing
the Ni-based anode to a minute amount of H2S initially induces a
dramatic, yet recoverable, drop in the cell voltage, which is then
gradually saturated with time, and the cell degradation becomes
irreversible [16,17]. Xia and Birss attributed the recoverable sulfur-
poisoning to the formation of a sulfur monolayer on the Ni anode
surface that blocks the active sites for the fuel adsorption [14].
This proposition agrees with the observations from the LEED stud-
ies of Ku and Overbury [22] and the recent DFT calculations by
Galea et al. [23] according to which the adsorbed sulfur atoms
form an organized p(2 × 2) monolayer on Ni(111) for surface cov-
erage below 0.25 ML. At higher surface coverage, it is proposed
that sulfur atoms may either aggregate to form localized sulfur is-
lands or penetrate into the Ni bulk to trigger the transformations
into various forms of nickel sulfide, accounting for the irreversible
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SOFC cell deactivation by H2S. The latter case has recently been
observed experimentally by means of in situ Raman microspec-
troscopy [18].

Various chemical reagents have been tested in the regener-
ation process of the poisoned Ni-YSZ SOFC anode. The removal
of adsorbed sulfur using H2 is the reverse process of the highly
exothermic dissociative adsorption of H2S. The H2 treatment can
effectively reduce sulfur coverage down to 0.25 ML where sulfur
appears as a monolayer on nickel [14]. On the other hand, the
complete sulfur removal may be accomplished with O2 oxidizing
sulfur to gaseous SO2 [24–26], although over exposure may lead
to the oxidization of the Ni anode causing an irreversible dam-
age of the cell. Large-scale first-principle DFT calculations with
thermodynamic corrections concerning the surface regeneration of
the sulfur-poisoned Ni(100) SOFC surface have recently been per-
formed by Wang and Liu [20]; their results also support the con-
clusion that O2 is an effective oxidizing agent for removing surface
sulfur. Based on these observations, it is believed that the regener-
ation of clean Ni(111) anode surfaces is viable through a two-step
treatment: (1) addition of H2 that reduces the sulfur coverage from
0.50 ML to 0.25 ML; (2) oxidation with O2 to remove the remain-
ing sulfur adatoms.

Accordingly, in this work we considered the removal of atomic
sulfur on Ni(111) by means of oxygen. In particular, we investi-
gated the adsorption and dissociation of O2, and the subsequent
reactions with surface sulfur at 0.25 ML surface coverage leading
to the formation and liberation of SO2. Furthermore, we explored
the possibility of surface regeneration via recombination of sul-
fur yielding S2 with and without the proximity of adsorbed O2.
The emphasis here is on the reaction of O2 with a Ni(111) sur-
face holding a 25% sulfur coverage during the second stage of the
post-treatment of the SOFCs.

2. Computational methods

2.1. Methodology for DFT calculations

Density functional theory (DFT) calculations were performed
using the Vienna Ab initio Software Package [27–29] (VASP), with
plane-wave projector augmented wave [30,31] (PAW) potentials.
All calculations were spin-polarized and conducted within the
generalized gradient approximation (GGA) with the PBE exchange
correlation functional [32]. Each supercell slab consisted of three
layers with the surface represented by a (2 × 2) unit cell. Our
calculations show that replacing the three-layer slab by a four-
layer slab only changes the resulting adsorption energies by a few
kcal/mol while the relative stability of species is not affected. The
(wave-function) kinetic energy cutoff was set to 400 eV and the
(augmentation) charge density cutoff was set to 800 eV. k-Point
sets were generated using the Monkhorst–Pack [33] method. All
calculations made use of 5 × 5 × 1 k-points in an orthorhombic
unit cell. For geometry optimization searches within each reaction
step all metal atoms were fixed in the slab geometries at their
bulk-truncated positions in an fcc lattice with a theoretical equilib-
rium bulk lattice constant of a0 = 3.52 Å. It should be noted that
the theoretically calculated and experimentally determined bulk
lattice constant (a0) are nearly identical [34]. Once the optimum
geometry was determined for each reaction step, coordinates were
re-optimized while relaxing the top nickel surface layer to cal-
culate more accurate minima energy. Geometries were optimized
until the energy had converged to 10−3 eV. Slabs were separated
in the direction perpendicular to the surface by a vacuum region
of ∼10 Å in order to minimize the interaction between the in-
duced dipoles of two slabs due to the adsorption of surface species.
All transition states and reaction barriers were calculated with the
nudged-elastic band (NEB) method [35]. The NEB procedure was
chosen since it has proven in our experience to be computation-
ally robust in conjunction with a carefully chosen initial reaction
path. NEB calculations were verified in a self-consistent manner,
by restarting calculation while increasing the corresponding accu-
racy of convergence.

2.2. Methodology for determining rate of reactions and entropy

Rate of reactions for an overall reaction scheme was calculated
by describing each individual reaction step using its corresponding
kinetic barrier (�G). The rate constant, k, for each forward and
backward reaction was calculated based on the Eyring equation,

k = kBT

h
exp

(
−�G

RT

)
(1)

and the Gibbs’ free energy, �G , of the corresponding kinetic bar-
rier,

�G = �H − T �S. (2)

Here kB is Boltzmann constant, h is Planck’s constant, R is the uni-
versal gas constant, T is temperature, �H is enthalpy and �S is
entropy. When calculating rate constants for barrierless reactions a
zero energy barrier was assumed, thus basing the rate constant on
the approximate pre-exponential factor of Eq. (1).

It is noted that entropy is composed of translational, rotational
and vibrational components in which the first two contribute the
greatest amount towards the overall entropy of a molecule in the
gas phase. In the kinetic simulations presented in this work, it
was assumed that the chemisorption of a gas phase species causes
the complete loss of its translational and rotational entropies. The
rationale behind this assumption is that a gas phase molecule ad-
sorbed on a surface becomes immobile, thus substantially elimi-
nating the entropies arising from its translational and rotational
motions [36]. In addition, the accurate evaluation of the these en-
tropies of an adsorbed species is not possible with VASP. On the
other hand, the vibrational component of the overall entropy of
surface species was neglected because it constitutes only a small
portion of �S compared to the loss of the translational and ro-
tational counterparts (e.g., �Svib for CO is 0.003 kcal/mol while
�Strans and �Srot are 14.9 and 4.8 kcal/mol, respectively, at 400 K).
Thus, when calculating the Gibbs’ free energy (�G of Eq. (2)) of a
reaction on the surface, �S was assumed to be zero. On the other
hand, for adsorption (desorption) reaction �S was calculated as
the loss (gain) of translational and rotational entropy.

The calculated entropy (translational and rotational energy)
data employed in the present simulations are �Strans+rot (O2(g)) =
0.046885 kcal/(mol K) and �Strans+rot (SO2(g)) = 0.058375 kcal/
(mol K).

The individual rate constants derived from Eq. (1) were used to
determine the time-dependent rate of formation of each species in
the reaction scheme. Concentration of each individual species was
calculated by integrating the respective rate of formation over time
t utilizing the mathematical software MatLab [37] which affords
the simultaneous integration of multiple rate equations.

2.3. Methodology for continually stirred tank reactor (CSTR) kinetic
model

All reactions occurring at the anode pertaining to the removal
of previously adsorbed surface sulfur can be simulated using a
CSTR kinetic model. This model describes each reaction step and
its corresponding kinetic barrier as a differential equation regard-
ing the rate of formation of individual species (Section 2.2). The
set of differential equations are integrated numerically over time
to obtain the concentrations of the various species as a function of
time.
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Our CSTR model could be considered as a chamber (mimick-
ing the anode) with a volume of 1.35 × 10−6 m3, maintained at
a temperature of 800 ◦C (typical SOFC operating temperature). The
reactive surface within the CSTR had a 6.75×10−1 m2 surface area
and a vacant adsorption site concentration of 7.72 × 10−6 mol/m2

(based on the number of 3f sites on a nickel(111) surface). Gaseous
oxygen at pressure 1 atm continually flowed into the CSTR, and
gaseous sulfur dioxide continually flowed out with a flow rate of
40 ml/min STP.

Inside the CSTR, gaseous species could adsorb and desorb from
the surface, and adsorbed species could react with each other.
The CSTR reactive surface was hypothetically dissected into small
equally sized sections, each of which correspond to four nickel
atoms and their surrounding space. Four nickel atoms per section
were chosen to mimic the size of the nickel (2×2) unit cell used in
our calculations. Each of these sections represented one vacant site
on the CSTR surface. By means of this method we could consider
steric interactions between adsorbed species on the CSTR surface.
Adsorbing and dissociating species within one vacant site main-
tained the correct surface coverage within that adsorption site. For
example, a 100% CSTR surface coverage of a 2∗S species produces
an overall surface with 50% sulfur coverage (θS = 0.50 ML). Using
this CSTR model the ever changing concentrations of all gaseous
and adsorbed species pertaining to adsorption/desorption and dis-
sociation/association reactions on the SOFC anode could be calcu-
lated until surface coverage equilibrium was reached.

3. Results and discussions

3.1. Configurations of sulfur-covered Ni(111)

The main objective of this work was to explore the regenera-
tion of the Ni anode activity of SOFC by means of the oxidation
by O2 gas. In particular, this study focused on the treatment of the
SOFC with O2 after its operation has been shut off; in this situa-
tion, no O2− is continuously supplied via the solid electrolyte, and
the O2 gas injected into the chamber is the only source of oxygen.
The surface coverage by sulfur pollutant was restricted to below
0.50 ML. Specifically, the coverage of 0.25 and 0.50 ML by sulfur
were considered. It has been experimentally observed that the sur-
face chemistry of SO2 on Ni(111) is substantially different at these
sulfur concentrations [38–40], although, to our knowledge, no ex-
perimental work has been devoted to the direct O2 chemisorption
on the S-precovered Ni(111) surface. Accordingly, we considered
two separate sets of O2 adsorption/SO2 desorption reaction, one
for each coverage,

2∗S + O2(g) ↔ ∗S + SO2(g), (3)
∗S + O2(g) ↔ [M] + SO2(g). (4)

Note that for the 0.25 ML coverage, the surface sulfur atoms were
arranged in a p(2 × 2)-S configuration which has been proven by
both LEED experiments [22,41] and theoretical calculations [23]. At
a higher coverage, however, more than one morphology have been
reported: p(2 × 2), (

√
3 × √

3)R30, (5
√

3 × 2) and (8
√

3 × 2) [42];
among which the (5

√
3 × 2) has been found to be stable at tem-

perature around 1100 K accompanied by a large extent of surface
reconstruction [43].

Despite the thermal stability of the (5
√

3 × 2) configuration, we
considered the more primitive p(2 × 2) surface structure to repre-
sent the sulfur-poisoned Ni(111) surface at the recoverable stage.
It has been noticed that in all experimental studies regarding the
sulfur-modified Ni(111) surface, the reaction of clean Ni(111) with
H2S was performed in a high vacuum environment containing no
oxygen. These conditions, however, are different from the Ni sur-
face inside the anode chamber of SOFC where oxygen is contin-
ually provided through the electrolyte. It is believed that oxygen
Fig. 1. Simplified geometries illustrating different amounts of adsorbed sulfur (θS) on
nickel planar surface. The orthorhombic unit cell is highlighted by patterned nickel
atoms.

in the triple-phase boundary participate in removing the adsorbed
S in form of SO2, thus retarding the formation of a highly recon-
structed (5

√
3 × 2) phase.

On the other hand, the thermal stability of the (5
√

3 × 2) con-
figuration at high temperature implies that this process is possibly
irreversible. Moreover, the substantial reconstruction of the Ni sur-
face from pure (111) to pseudo-(100) overlayer on (111) [44] may
lead to the permanent change of cell activity. While these condi-
tions correspond most likely to the irreversible phase of the cell
deactivation, we are more interested in the initial reversible phase
of sulfur poisoning of the Ni anode of SOFC [14]. Therefore, it is
believed that the primitive (2 × 2) configuration should be a more
appropriate model to represent the 0.50 ML sulfur coverage on
Ni(111). The graphical representations of the 0.25 and 0.50 ML sur-
faces are given in Fig. 1.

Throughout the investigation of O2 adsorption on S-precovered
Ni(111), we excluded the possibility of multiple molecular oxygen
adsorption or the migration of oxygen adatoms into the bulk, al-
though these phenomena have been detected at >500 K for clean
Ni surfaces [45]. Moreover, we considered only the adsorption
of S at the most thermodynamically favorable three-fold sites on
Ni(111) [23], since the diffusion of S atoms to lower-coordination
sites results in a weakening of the surface Ni–S bonds which
possibly renders a more favorable sulfur oxidation in the post-
treatment.

We also neglected the oxygen diffusion on the Ni(111) sur-
face during the oxidation because of the fact that oxygen binds
very strongly to Ni (>60 kcal/mol); it is thus anticipated that
the diffusion rate of surface oxygen atoms is very low. Further-
more, it is found that the dissociative adsorption of O2 molecule
on the sulfur-precovered Ni(111) surface readily generates available
O adatoms adjacent to S (Figs. 1, 2, 4, 6), and thus the contribu-
tions of O diffusion to the rates of reactions between S and O are
minimal.

We note again that our main interest is to describe the re-
moval of the last 25% sulfur from a nickel surface by O2, as
observed experimentally [14]. At this coverage, no surface recon-
struction has been experimentally detected as those seen when
the coverage exceeds 0.50 ML at high temperatures. Consequently,
we excluded the surface reorganization in the presence of sulfur
adatoms.

3.2. Adsorption of O2 followed by desorption of SO2 on Ni(111) surface
with initial sulfur coverage θS = 0.25 ML

For an initial atomic sulfur surface with coverage of θS =
0.25 ML, the adsorption of O2 and subsequent desorption of SO2
result in a change in sulfur surface coverage of 25% and a “clean”
surface with no remaining adsorbed sulfur. Geometries for all
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Fig. 2. Geometries corresponding to adsorption and dissociation of O2 followed
by association and desorption of SO2 on S–Ni(111) surface with initial coverage
aθS = 0.25 ML. (aAdsorbed sulfur surface coverage; b(2 × 2) supercell highlighted
by patterned nickel nuclei.)

species corresponding to the surface coverage θS = θS,2O = 0.25 ML
(S and S + 2O) are illustrated in Fig. 2 and the corresponding ther-
modynamic energies and kinetic barriers are stated in Fig. 3.
Fig. 3. Gibbs’ free energy (�G at 800 ◦C, black line) and enthalpy (�H , blue
line) profile illustrating relative thermodynamic energy and kinetic pathway of O2

adsorption and SO2 desorption on S–Ni(111) surface with initial coverage θS =
0.25 ML. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

The geometry corresponding to a pure 25% sulfur surface (∗S,
Fig. 2a) has been described in our earlier research [23]. There-
fore, it is necessary only to repeat that sulfur preferentially adsorbs
at a fcc 3-fold-hollow (3fh) site with Ni–S bond distances (×3)
of 2.15 Å. The adsorption of O2 on a nickel surface with an ini-
tial atomic sulfur coverage of 25% is dissociative in nature. After
overcoming an adsorption transition state (TS, Fig. 2b), a precur-
sor state is created where the oxygen’s are bound to the surface
within one hcp 3-fold-filled (3ff) adsorption site, as well as to each
other (∗S–∗O∗O, Fig. 2c). This illustrates oxygen adsorbed at adja-
cent one-fold/on-top (1f) and two-fold/bridge (2f) sites within the
3ff geometry. Elongation of the oxygen–oxygen bond is observed
upon adsorption, resulting in an O1f–O2f bond distance of 1.39 Å
(compared to the gas phase distance of 1.23 Å). Corresponding
Ni–O1f and Ni–O2f bond distances are 1.88 Å and (×2) 1.96 Å, re-
spectively, while Ni–S bond distances are 2.08 Å and (×2) 2.14 Å.

A second TS (Fig. 2d) results in the dissociation of the O–O
bond followed by migration of the individually adsorbed oxygen to
adjacent 3fh positions (∗S–∗O–∗O, Fig. 2e). The same dissociative
adsorption mechanism is found in the literature for O2 adsorp-
tion on a “clean” (θS = 0 ML) nickel surface [46]. Corresponding
adsorbed sulfur and oxygen’s within the ∗S–∗O–∗O species are in
the most optimum geometry to reduce steric hindrance. Despite
this, the close positioning of ∗S and 2∗O on the surface leads to
weakening of the Ni–S bonds, demonstrated by Ni–S bond elon-
gation. Ni–O3fh bond distances are 1.81–1.87 Å and Ni–S3fh bond
distances are 2.12–2.18 Å.

Migration of ∗O and ∗S groups, from adjacent 3fh sites to a
central 3ff position, leads to the formation of a S–O bond paral-
lel (‖) to the surface (TS, ∗S∗O–∗O; Fig. 2, f and g, respectively).
Fig. 2f with the S–O‖ bond, where the ∗S and ∗O are adsorbed
at corresponding 2f and 1f sites within the central 3ff position,
exhibits the following S2f–O1f/‖, Ni–O1f, Ni–S2f and Ni–O3fh bond
distances: 1.55 Å, 2.01 Å, (×2) 2.14 Å and 1.81–1.85 Å, respectively.
S–O bond rotation within the species ∗S∗O–∗O results in the for-
mation of ∗SO–∗O1, where the previously parallel S–O bond is now
positioned perpendicular (⊥) to the surface (TS, ∗SO–∗O1; Fig. 2,
h and i, respectively). Now the Ni–SO3ff/⊥ and S–O⊥ bond dis-
tances are 2.06–2.09 Å and 1.47 Å, respectively, while Ni–O3fh bond
distances remain the same at 1.81–1.84 Å. The closest distance be-
tween ∗SO3ff/⊥ and ∗O3fh within species ∗SO–∗O1 is 3.05 Å.

Migration of ∗SO⊥, from a 3ff to an adjacent 3fh position, pro-
duces a second ∗SO–∗O-type geometry where all atoms adsorbed
directly to the surface are in 3fh sites (∗SO–∗O2, Fig. 2j). No transi-
tion state was determined between species ∗SO–∗O1 and ∗SO–∗O2.
Within species ∗SO–∗O2, a distance of only 2.83 separates ∗SO3fh/⊥
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and ∗O3fh. Bond distances describing Ni–SO3fh/⊥ and Ni–O3fh have
generally elongated (2.05–2.20 Å and 1.78–1.90 Å, respectively) to
accommodate the greater steric hindrance brought on by the closer
proximity of the species. The corresponding S–O⊥ bond distance
remains the same at 1.47 Å.

Migration of ∗SO3fh/⊥ and ∗O3fh towards a central 3ff site gives
rise to the formation of a second S–O bond, parallel to the surface
(TS, ∗O∗SO; Fig. 2, k and l, respectively). The resulting geometry
resembles a perpendicularly adsorbed ∗SO2 species. Sulfur is ad-
sorbed at a 2f position, with one oxygen adsorbed at an off-1f site
parallel to the surface and the remaining oxygen adsorbed nearly
perpendicular to the surface. Ni–S2f (×2), S2f–O1f/‖, S2f–O⊥ and
Ni–O1f bond distances are 2.11, 2.40, 1.54, 1.45 and 2.09 Å, respec-
tively. This distorted ∗SO2 species rotates to lie with its O–S–O
plane parallel to the surface in an adjacent 3ff adsorption site,
where both the S and the O atoms are situated in near 1f po-
sitions (∗SO2, Fig. 2m). Corresponding bond distances for Ni–S,
Ni–O1 (previously SO‖) and Ni–O2 (previously SO⊥) are 2.18, 2.03
and 1.54 Å, respectively. S–O bond distances within the ∗SO2/‖
species are (×2) 1.54 Å, demonstrating considerable bond elonga-
tion compared to the respective bond distances in the gas phase
(1.42 Å). Comparing the bond strength of S–O between the gas
phase and molecularly adsorbed species; an experimentally and
theoretically observed elongation of the bond is ascribed to the
charge transfer from the occupied Ni 3d bands to the antibond-
ing SO2 π∗ orbitals, leading to a weakening of the S–O bond [47].
No transition state was determined between species ∗O∗SO and
∗SO2. The planar 3f ∗SO2 species described above is almost identi-
cal to that determined experimentally in the literature and briefly
described in the introduction [40,48,49]. Within this pathway and
corresponding surface coverage the remaining reaction follows the
desorption of the SO2 species from the surface. By their very na-
ture, a pre-requisite to the formation of any minima species is a TS.
Our inability to locate certain TS structures within this reaction
pathway is not an indication that our minima structures are incor-
rect, simply that the TS energy barrier is very small.

Fig. 3 illustrates the enthalpy (�H , blue line) and Gibbs’ free
energy (�G at 800 ◦C, black line) reaction profile corresponding to
the O2/SO2 adsorption and desorption reaction on a nickel surface
with an initial sulfur coverage of θS = 0.25 ML. Without the inclu-
sion of entropy, at 0 K (−273 ◦C), the enthalpy pathway describes
an overall endothermic process (5.1 kcal/mol). Adsorption of O2,
producing the precursor state ∗S–∗O∗O, is thermodynamically less
stable in the presence of adsorbed surface sulfur. The exothermic
reaction n∗S–surface + O2 ↔ n∗S–∗O2 releases 32 kcal/mol when
n = 0 (θS = 0 ML) [46] and 6 kcal/mol when n = 1 (θS = 0.25 ML,
Fig. 3). This indicates that the presence of sulfur weakens oxygen
adsorption on the surface. Several intermediates preclude the for-
mation of the most stable species found on this pathway, ∗SO–∗O1
describing perpendicularly orientated ∗SO3ff/⊥ and ∗O3fh, with the
energy of −56.8 kcal/mol relative to 25% sulfur surface coverage
and O2(g). Overcoming an energy barrier of ∼25 kcal/mol produces
a slightly less thermodynamically stable species, ∗SO2, with a cor-
responding relative energy of −49.5 kcal/mol. At a temperature of
0 K endothermic molecular desorption (54.6 kcal/mol) produces
SO2(g) and a “clean” surface (θS = 0 ML). This concurs with exper-
imental literature that observes stable SO2 molecular adsorption at
temperatures <200 K [47,50].

Carrying out this reaction at the high temperatures usually as-
sociated with SOFCs alters the energy pathway considerably. The
Gibbs’ free energy profile at 800 ◦C demonstrates an overall ex-
ergonic process (−7.2 kcal/mol), with the most stable intermedi-
ate/product species being the desorption of SO2 and the produc-
tion of a “clean” surface (θS = 0 ML). When comparing Gibbs’ free
energies, the most stable species on the enthalpy profile (∗SO–∗O1)
is less stable than the product (surface + SO2(g)) by 0.8 kcal/mol.
Fig. 4. Geometries corresponding to adsorption and dissociation of O2 followed
by association and desorption of SO2 on S–Ni(111) surface with initial coverage
aθS = 0.50 ML. (aAdsorbed sulfur surface coverage; bcolored hollow atoms repre-
sent repeated atoms in adjacent supercell.)

The driving force behind the burning and removal of elemental
surface sulfur as SO2 is the exergonic reaction producing the most
stable species after SO2 desorption.

3.3. Adsorption of O2 followed by desorption of SO2 on Ni(111) surface
with initial sulfur coverage θS = 0.50 ML

The adsorption of O2 and subsequent desorption of SO2, on
an initial atomic sulfur coverage of θS = 0.50 ML, describes a
reduction in sulfur by 25%, producing a remaining coverage of
θS = 0.25 ML. Geometries for all species corresponding to a sur-
face coverage of θS = θS,O = 0.50 ML (2S and 2S + 2O) are illus-
trated in Fig. 4 and corresponding thermodynamic energies and
kinetic barriers are stated in Fig. 5. We note that a nickel surface
of θS = 0.50 ML sulfur coverage appears to form under SOFC con-
ditions when the fuel contains small amount (5 ppm) of H2S [51].

Adsorption of O2 on the θS = 0.50 ML surface involves a sub-
stantial amount of steric hindrance. Adsorption occurs on the
∗S–∗S species, maintaining adequate available space in preparation
for the introduction of O2 while producing the least amount of
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Fig. 5. Gibbs’ free energy (�G at 800 ◦C, black line) and enthalpy (�H , red line) pro-
file illustrating relative thermodynamic energy and kinetic pathway of O2 adsorp-
tion and SO2 desorption on S–Ni(111) surface with initial coverage θS = 0.50 ML.
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

steric hindrance between the adsorbed species. Unlike the previous
θS = 0.25 ML surface, adsorption occurs dissociatively at adjacent
3fh–3ff positions without the presence of a precursor state. Due
to the close proximity of the surface sulfur atoms, formation of
the SO2 occurs in a one-step process (TS, ∗S–∗SO2, Fig. 4, d and e,
respectively). Fig. 4e is the geometry of the initial perpendicular
∗SO2 species adsorbed at a 1f site. The corresponding Ni–S1f bond
distance is 2.28 Å, with S1f–O⊥ bond distances of (×2) 1.45 Å and
an O–S–O bond angle of 115.9◦ . The individually adsorbed sulfur
atom has Ni–S3fh bond distances between 2.11–2.14 Å. An elon-
gated S–S minimum distance of 3.10 Å, after the formation of the
SO2 group, illustrates that sterics is the main driving force behind
this one-step process.

Upon the production of the ∗S–∗SO2 species, the atoms on the
surface orientate themselves in a way that reduces steric hin-
drance, by leaving as much space as possible between the ad-
sorbed atoms. While maintaining the current SO2 geometry, a fur-
ther step in the reaction pathway rotates the SO2 group so that
it is adsorbed to the surface at the previously observed 1f coordi-
nation site via an oxygen atom (∗S–∗OSO, Fig. 4f). Corresponding
Ni–O1f, O1f–S and S–O bond distances are 2.13, 1.48 and 1.46 Å,
respectively, with an O–S–O bond angle of 115.2◦ . While the geom-
etry of the SO2 group remains approximately the same, an increase
in the Ni–S bond distances of the remaining individually adsorbed
S atom occurs (N–S3fh are 2.14–2.17 Å). A minimum S–S distance of
2.95 Å demonstrates a slight decrease in distance when compared
to the previous structure.

The penultimate reaction step desorbs SO2 from the 1f adsorp-
tion site, but maintains the molecule physisorbed to the surface
(∗S–SO2(g), Fig. 4g). The resulting Ni· · ·OSO (SO2(g)) distance is
3.11 Å, with S–O bond distances of (×2) 1.45 Å and an O–S–O bond
angle of 118.0◦ . Remaining Ni–S3fh bond distances are all equal at
(×3) 2.15 Å, producing a minimum S–S distance of 4.33 Å. No
transition states were located between species ∗S–∗SO2, ∗S–∗OSO
and ∗S–SO2(g). As previously described (Section 3.2) this indicates
the presence of very small energy barriers between the calculated
minima.

The geometries of all species with a coverage of θS,O = 0.50 ML
(2S + 2O) are very different from those at the coverage of θS,O =
0.25 ML (1S + 2O). Based on the similar conclusions determined
during comparison of different SO2 surface coverage in experimen-
tal literature, geometrical differences could be due to the attractive
intermolecular interactions only observed at high coverage, as well
as the steric interactions caused by dense packing [52].

Fig. 5 illustrates the enthalpy (�H , red line) and Gibbs’ free
energy (�G at 800 ◦C, black line) reaction profile corresponding
to the O2/SO2 adsorption/desorption reaction on a nickel surface
with an initial sulfur coverage of θS = 0.50 ML. An overall strongly
exothermic process (−19.9 kcal/mol) is demonstrated by the �H
pathway with no entropic contributions. The most stable reaction
species corresponds to the physisorption of SO2(g) to the surface,
∗S–SO2(g), at −51.4 kcal/mol. The rate-determining reaction step at
this surface coverage at 0 K is the complete endothermic desorp-
tion of the SO2(g) molecule, requiring an energy of 31.5 kcal/mol
and resulting in the production of a 25% sulfur surface coverage
(∗S, Fig. 2a).

At higher temperatures (800 ◦C), the inclusion of entropy alters
the reaction profile by substantially increasing the energy barrier
associated with O2 adsorption that causes SO2 desorption to be-
come considerably exergonic. Overall, the formation of SO2(g) and
a 0.25 ML of elemental surface sulfur (θS = 0.50–0.25 ML) releases
32.3 kcal/mol of energy. This is a much stronger exergonic reaction
than the corresponding result on a lower sulfur surface coverage,
θS = 0.25–0 ML (−7.2 kcal/mol). Due to surface steric hindrance,
adsorption of O2 occurs via a considerably larger TS energy bar-
rier (69.8 kcal/mol) compared to an initial surface coverage of θS =
0.25 ML (52.5 kcal/mol). Upon adsorption, the species ∗S–∗SO2 is
instantly formed and in-turn re-orientates the SO2 group to pro-
duce ∗S–∗OSO. Elongation of the Ni–OSO bond initially creates an
SO2(g) physisorbed species until, finally, desorption occurs in an
exergonic manner. A final reaction step, desorbing SO2 and pro-
ducing a surface coverage of θ = 0.25 ML, releases 31.1 kcal/mol of
energy. This is considerably larger then the corresponding reaction
step producing a “clean” surface, θS = 0 ML, which releases energy
of only 8.0 kcal/mol.

Based on the Gibbs’ free energy data, our investigation demon-
strates that at high temperatures (800 ◦C) SO2 desorption is more
favorable at larger surface coverage of sulfur up to 0.50 ML. Over-
all, after the adsorption of O2 on an initial θ = 0.50 ML surface of
elemental sulfur, a considerable part of the driving force behind
the desorption of SO2 is the large steric hindrance caused by the
close proximity of the adsorbed atoms. The steric interaction facili-
tates the formation of the ∗SO2 group via a substantially exergonic
reaction.

It should be noted that on an initial θS = 0.50 ML atomic
sulfur surface, other adsorption geometries for O2 were stud-
ied but were noticed to have TS barriers that were too high,
even without the inclusion of entropy. Formation of precursor
states and other adsorption minima, for example ∗O∗O adsorp-
tion within a 3f site (∗O1f–∗O2f as previously demonstrated for
the θS,2O = 0.25 ML surface) and ∗O∗O adsorption in adjacent
3fh–3ff positions, were found to have relative minima energies
of ∼90 kcal/mol and all were precluded by adsorption TS with
the corresponding relative energies of ∼120 kcal/mol. The only
other feasible reaction pathway (Figs. 6 and 7) calculated involved
the immediate formation of the species ∗SO3fh/‖–∗SO3fh/⊥ (relative
�GTS = 88.6 kcal/mol, �G = 36.8 kcal/mol, Fig. 6, a and b, re-
spectively) after the adsorption of O2. In turn, this produced the
species ∗S3fh

∗SO1f/⊥–∗O3fh (relative �GTS = 53.7 kcal/mol, �G =
24.5 kcal/mol, Fig. 6, c and d, respectively), followed by the previ-
ously described minima ∗S–∗OSO (relative �GTS = 25.4 kcal/mol,
Fig. 6e and �G = 0.2 kcal/mol, Fig. 6f). While this pathway is en-
ergetically very similar in nature to the pathway described above
and illustrated in Fig. 5, the energy required to overcome the TS
energy barriers is much larger. It therefore makes this pathway not
as likely as the others described above.

3.4. Desorption of S2 on Ni(111) surface with initial sulfur coverage
θS = 0.50 ML

Our research investigated the formation and desorption of el-
emental sulfur (S2(g)), with entropic contributions, as a means
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Fig. 6. Geometries corresponding to alternative pathway for adsorption and dissoci-
ation of O2 followed by association and desorption of SO2 on S–Ni(111) surface with
initial coverage aθS = 0.50 ML. (aAdsorbed sulfur surface coverage; bcolored hollow
atoms represent repeated atoms in adjacent supercell.)

of removing the strongly adsorbed sulfur from the nickel surface.
Based on the size of the supercell used within these calculations
(2 × 2), the desorption of S2 from the surface must be considered
at an atomic sulfur coverage of at least θS = 0.50 ML (i.e. 2 S:4 Ni).
At a coverage of 0.50 ML, S2 desorption is demonstrated to be
strongly endergonic (40.3 kcal/mol) with inconsequential kinetic
barriers (Fig. 7). In previous sections of this paper, the presence of
several adsorbed sulfur atoms in close proximity to each other has
been established to be the cause of substantial steric effects be-
tween the adsorbed atoms. Due to this, desorption of S2 is highly
improbable as large amounts of energy must be introduced into
Fig. 7. Alternative relative thermodynamic energies and kinetic pathways (Gibbs’
free energy, �G) of Ni(111) surface with initial atomic sulfur coverage of θS =
0.25 ML. The three profiles represent S2 desorption without the presence of oxy-
gen (θS = 0.50–0 ML, purple line), O2 adsorption followed by S2 desorption (θS =
0.50–0 ML, green line) and O2 adsorption followed by the alternative reaction path-
way to SO2 desorption (θS = 0.50–0.25 ML, black line). A dashed line represents
thermodynamic data only. (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)

the system before the reaction can occur. Further research studied
the possibility of desorbing S2 in the presence of oxygen at a cov-
erage of θS,O = 0.50 ML (i.e. 2 O:2 S:4 Ni). Overall, adsorption of O2
followed by the desorption of S2 is a slightly endergonic reaction
with the reaction energy of 0.5 kcal/mol (Fig. 7). The removal of S2
in the presence of oxygen initially follows the alternative pathway
previously described for the removal of SO2(g) at a sulfur surface
coverage of 0.50 ML (Figs. 5 and 7). Comparing SO2 and S2 desorp-
tion, based purely on thermodynamic energy profiles, the removal
of S2(g) in the presence of oxygen requires an extra energy input
>30 kcal/mol after the formation of species ∗S∗SO–∗O (Fig. 6d).
Due to the immediate formation and the strongly exergonic na-
ture of the ∗SO2 group (Figs. 5 and 7), it is highly unlikely that
S2 would be given the opportunity to associate and desorb in this
endergonic manner.

3.5. Consecutive adsorption/desorption of O2/SO2 on a S–Ni(111)
surface with initial sulfur coverage of θS = 0.50 ML

Based on previously described calculations within this account
(Sections 3.2 and 3.3), an overall reaction scheme (Eqs. (5)–(9))
can be considered for the removal of atomic surface sulfur with an
initial coverage of θS = 0.50 ML via desorption of SO2. This reac-
tion mechanism considers the adsorption and dissociation of O2,
followed by the association and desorption of SO2 to produce a
surface coverage of 25% sulfur (Eqs. (5) and (6)). Further adsorption
and complete dissociation of O2, at this coverage of θS = 0.25 ML,
is described by Eq. (7). While Eq. (8) is concerned with the asso-
ciation of the species ∗SO–∗O, Eq. (9) considers the formation and
desorption of SO2 to produce a “clean” surface (θS = 0 ML).

∗S––∗S ↔ ∗S–∗S, (5)

∗S–∗S + O2 ↔ ∗S–∗OSO ↔ ∗S–SO2 ↔ ∗S + SO2, (6)

∗S + O2 ↔ ∗S–∗O∗O ↔ ∗S–∗O–∗O, (7)

∗S–∗O–∗O ↔ ∗S∗O–∗O ↔ ∗SO–∗O1 ↔ ∗SO–∗O2, (8)

∗SO–∗O2 ↔ ∗O∗SO ↔ ∗SO2 ↔ surface + SO2. (9)

The relative energy profile for this reaction scheme (Eqs. (5)–(9)),
concerning enthalpy (�H , colored line on graph) and Gibbs’ free
energy (�G at 800 ◦C, black line on graph), is illustrated in Fig. 8.
Individual enthalpy and Gibbs’ free energy profiles for the different
initial atomic sulfur surface coverage (0.25 ML and 0.50 ML) have
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Fig. 8. Relative energy pathway following consecutive adsorption/desorption of
O2/SO2 from an initial coverage of θS = 0.50 ML (Eqs. (5)–(9)). Energy profile il-
lustrated without entropy contributions (enthalpy, �H , colored line) and including
entropy contributions (Gibbs’ free energy, �G , black line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

been discussed in detail in previous sections. The Gibbs’ free en-
ergy profile allows us to consider the reactions at a typical SOFC
temperature of 800 ◦C. From the illustration in Fig. 8, it can be
seen that despite a substantially large oxygen adsorption barrier,
the driving force to remove the first 25% of adsorbed sulfur is the
actual desorption of SO2 which overall is a considerably exergonic
reaction (θS = 0.50–0.25 ML, �G = −32.2 kcal/mol). The removal
of the remaining 25% surface sulfur via SO2 is exergonic by only a
small amount (θS = 0.25–0 ML, �G = −7.2 kcal/mol). Comparing
all the surface structures formed within the overall reaction pro-
file θS = 0.50–0 ML, the final desorption of SO2 produces the most
thermodynamically stable species (�G = −39.4 kcal/mol). How-
ever, partial dissociation of ∗SO2 produces a structure with almost
comparable exergonic stability (∗SO–∗O1, �G = −38.7 kcal/mol).
Based solely on the Gibbs’ free energy data, the removal of the
first 25% sulfur coverage (θS = 0.50–0.25 ML) is only thermody-
namically feasible if the initial oxygen adsorption barrier energy
does not prove to be too large. However, from Fig. 8 alone, it is
unclear as to whether the complete removal of the remaining 25%
surface sulfur will occur (θS = 0.25–0 ML) due to the comparable
thermodynamic energies of the ∗SO–∗O1 and the product species.

In order to establish whether removal of elemental surface sul-
fur will occur via the multiple adsorption/desorption of O2/SO2, re-
spectively, on an initial surface coverage of θS = 0.50 ML, a Contin-
ually Stirred Tank Reactor (CSTR) kinetic model was used. O2/SO2
adsorption/desorption on a SOFC anode was mimicked by intro-
ducing a constant supply of oxygen into the closed tank reactor
model, allowing any corresponding adsorption, dissociation, asso-
ciation and desorption reactions to occur on an initial atomic sul-
fur surface, before removing a constant supply of sulfur dioxide
product from the system. Based on the corresponding energy bar-
riers for each reaction, including entropic contributions for the gas
phase molecules, the rate of formation of individual species was
used to calculate the continually altering concentrations of all reac-
tant, intermediate and product species within the reaction profile
at every time point until surface equilibrium is obtained.

The Gibbs’ free energy profile for the above equations illus-
trates barrierless SO2 desorption reactions (Eqs. (5)–(9), Fig. 8).
Several methods exist to accurately calculate rate constants, and
ultimately rate of formations, corresponding to barrierless adsorp-
tion/desorption reactions. These are usually associated with transi-
tion state theory or the Langmuirian adsorption model. While the
CSTR kinetic model allows us to study the continually altering con-
centrations of all the reaction species, it is the final concentrations
upon reaching equilibrium that are comparable to experimental
observations. At equilibrium the rate of formation of the individual
Fig. 9. Surface coverage of selected species determined by kinetic CSTR model at
800 ◦C, based on Eqs. (5)–(9).

species does not alter; therefore, it is acceptable to calculate rate
constants for barrierless SO2 desorption reactions based solely on
the approximate pre-exponential factor. Based on data calculated
for Eqs. (5)–(9) (θS = 0.50–0 ML, illustrated in Fig. 8), a reaction
profile at 800 ◦C was modeled where the initial atomic sulfur sur-
face coverage was set at θS = 0.50 ML and the corresponding an-
ode fuel comprised of 1 atm of O2(g) (Fig. 9). Surface coverage was
accomplished by specifying a 100% CSTR surface coverage of the
species ∗S–∗S, associated with a sulfur coverage of 50%.

We want to emphasize that the kinetic model does not consider
the consecutive adsorption of oxygen molecules on the sulfur-
precovered Ni(111) surface. Based on the thermodynamic profiles
illustrated in Fig. 8, it is observed that the process of dissocia-
tive adsorption of O2 in the presence of surface sulfur is highly
endothermic; it is therefore expected that the second dissociative
adsorption of O2 is even less competitive to the recombination
of surface S and O adatoms yielding SO2 molecules. Accordingly,
we postulated that the direct oxidation of the Ni(111) surface does
not commence until the desulfurization process is approaching the
completion.

Initially, at a time of ∼10 s, a maximum amount of SO2(g) is
produced (1.6 × 10−3 atm) corresponding to the constant forma-
tion of the surface species ∗S from an initial θS = 0.50 ML surface
(2∗S). As the time increases to ∼120 s, maximum surface cover-
age of the individual species ∗S, ∗SO–∗O1 and ∗SO2 are obtained
(0.002, 0.33 and 0.01%, respectively). Corresponding ∗S–∗S species
is substantially reduced to a coverage of 56%, while the amount
of “clean” surface (θS = 0 ML) coverage produced has increased
(43%) at a constant rate. A non-existent concentration build-up of
∗S, coupled with the continued production of SO2(g) and the sub-
stantial decrease in the coverage of species ∗S–∗S, demonstrates
that the large barriers to oxygen adsorption are not detrimental to
the overall reaction at either initial surface coverage of elemental
sulfur (0.25 ML and 0.50 ML).

The time line produced during this model suggests that, ini-
tially, the reaction mechanism associated with the O2/SO2 ad-
sorption/desorption reaction with differing sulfur coverage θS =
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0.50–0.25 ML is dominant. However, as the reaction proceeds the
reduction in the rate of SO2(g) produced and the maximum cover-
age obtained by species with a surface coverage of θS,2O = 0.25 ML
leads us to believe that the dominant mechanism at this later time
is that associated with the corresponding θ = 0.25–0 ML O2/SO2
adsorption/desorption reaction. The Gibbs’ free energy difference
between ∗SO–∗O1 and the more stable product species (“clean”
surface + SO2(g)) is very small (0.8 kcal/mol), but is bridged by
a TS energy barrier of ∼25 kcal/mol. Due to the build-up in sur-
face concentration of certain preceding species, especially ∗S–∗S
and ∗SO–∗O1, this energy barrier is overcome to produce a “clean”
surface with no remaining adsorbed sulfur atoms. Surface equilib-
rium is obtained upon complete removal of all sulfur-based surface
species. This kinetic model indicates that at 800 ◦C on a SOFC
nickel anode surface, it is completely feasible to envisage the burn-
ing and removal of all elemental surface sulfur via the formation
of SO2 under these conditions.

3.6. Comparing TPD and XPS experimental observations with
theoretical calculations for nickel surfaces

Both TPD and XPS experiments observed no desorption of SO2
below 600 K on the Ni(110) surface precovered by 0.25 ML SO2;
instead, a decomposition process leading to the formation of ∗SO
and ∗O was detected [52]. A similar situation was also noticed by
XPS on SO2-covered Ni(111) at room temperature, in which ∗SO3
is formed from the dissociation–recombination of SO2 [39,40]. At
higher coverage, however, desorption of SO2 was observed at 300–
400 K for Ni(110) [52], while no work has yet been undertaken for
Ni(111).

Our present work, on the other hand, concludes that at temper-
atures of ∼800 ◦C (1073 K), oxygen adsorption on an initial atomic
sulfur 0.50 ML surface initiates the formation and desorption of
SO2, producing a remaining surface coverage of 25% sulfur. Further
O2 adsorption on the remaining 25% atomic sulfur surface initially
produces the species ∗SO–∗O, followed by removal of SO2(g).

It initially appears that the present data contradict the pub-
lished experimental investigations. Thus, although our results con-
cerning the occurrence of SO2 desorption at initial atomic sulfur
coverage of 50% correlate to the experimental TPD data, no SO2
desorption was observed experimentally up to a temperature of
600 K via TPD for an initial coverage of θSO2 < 0.25 ML in con-
trast to our calculations. This discrepancy can be rectified after
the recalculations of our Gibbs’ free energy data for an initial
θS = 0.25 ML surface at temperatures between 600–1073 K. Based
on the different reaction energy profile at the lower coverage, the
formation of SO2(g) on an initial θS = 0.25 ML surface is exergonic
only upon reaching a much higher temperature than that observed
for the corresponding θS = 0.50 ML surface. Therefore, our results
concur with TPD data that observes no SO2(g) formation at tem-
peratures below 600 K.

XPS experimental data determines the complete dissociation of
SO2 at temperatures of ∼370 K, based on an initial coverage of
θSO2 = 0.25 ML. It should be noted that at a temperature range
of 270–370 K the surface dissociation reaction that is observed
experimentally is 3∗SO2 ↔ 2∗SO3 + ∗S. This dissociation reaction
was not investigated during our theoretical studies as the species
∗SO3 is not observed on a nickel surface at typical SOFC operat-
ing temperatures (800–1000 ◦C). After recalculating our Gibbs’ free
energy profile for the initial θS = 0.25 ML surface at 370 K, the
most thermodynamically stable species produced is of the type
∗SO–∗O, which can be considered to illustrate partial dissociation
of SO2. This is consistent with observations by other experimental
groups that illustrated the occurrence of molecular adsorption of
SO2 and a corresponding saturation coverage after SO2(g) adsorp-
tion of ∼0.50 ML at temperatures <200 K [47].
While the above comparison does demonstrate certain inconsis-
tencies between theoretical and experimental data, the overall con-
clusions concerning the exergonic/endergonic nature of the overall
reaction are still correct. The published experimental investigations
give insight into SO2 surface decomposition reactions at high tem-
peratures, but they cannot accurately describe the surface reactions
that will occur on the SOFC anode upon adsorption/desorption of
O2/SO2 at consistently high temperatures.

4. Conclusions

Using periodic DFT calculations, we have demonstrated that the
removal of adsorbed sulfur from a planar nickel (111) surface in the
post-treatment of SOFC can be achieved via the systematic adsorp-
tion of molecular oxygen followed by the desorption of sulfur diox-
ide at initial atomic sulfur surface coverage’s up to 50%. Adsorption
and dissociation of O2 on initial sulfur coverage of 50% at 800 ◦C
leads to the immediate association of the ∗SO2 species followed by
the desorption of SO2(g). This reaction produces an overall rela-
tive Gibbs’ free energy of −32.2 kcal/mol relative to the energy of
O2(g) and a surface with 50% sulfur coverage. Under these condi-
tions the most stable species in the reaction pathway corresponds
to the production of SO2(g) and an atomic sulfur surface coverage
of 25%. Further adsorption and dissociation of O2, on the result-
ing surface at the same temperature, produces the stable species
∗SO–∗O1 with a relative Gibbs’ free energy of −38.6 kcal/mol. Sub-
sequent association and desorption of the remaining sulfur species,
as ∗SO2, occurs with an overall relative energy of −39.4 kcal/mol
to produce the most energetically stable species of the overall
Gibbs’ free energy profile, consisting of a “clean” surface (no ad-
sorbed sulfur-based species) and SO2(g).

The reaction profile determined by the Gibbs’ free energy for
the multiple O2/SO2 adsorption/desorption reactions, respectively,
on an initial atomic sulfur coverage of 50% demonstrates that SO2
desorption is exergonic at typical SOFC operating temperatures. Re-
moval of an initial 25% of atomic surface sulfur is considerably
energetically favorable (50% → 25%, �G = −32.2 kcal/mol). While
the corresponding reaction concerning the removal of the remain-
ing 25% sulfur is still favorable (25% → 0%, �G = −7.2 kcal/mol),
the resulting rate of SO2 desorption for the latter reaction will
be considerably smaller at 800 ◦C. This difference in activity when
comparing the energetics of the reaction mechanisms correspond-
ing to initial sulfur coverage of 50 and 25%, respectively, is due
mainly to substantial steric interactions generated by the close
proximity of neighboring atoms on the close-packed 50% sulfur
(2S + 2O) surface. We have demonstrated that these steric inter-
actions facilitates the immediate formation of ∗SO2 and the subse-
quent formation of SO2(g).

A CSTR kinetic model simulations allow further insight into the
previously described reactions taking place on an initial atomic
sulfur surface coverage of 50%. Occurring in a two-step process, the
first step consists of the adsorption of O2 followed by the imme-
diate desorption of SO2, removing approximately 20% of elemental
surface sulfur and forming a small concentration of “clean” surface.
At this stage the dominant O2/SO2 adsorption/desorption reaction
mechanism involves an initial atomic sulfur surface coverage of
50%. Subsequent O2 adsorptions on the newly formed 25% sulfur
surface, the second step in the process, results in the formation
and surface build-up of the stable species ∗SO–∗O1. However, due
to the large reactant concentration (∗S–∗S) remaining, this species
in-turn associates, forms SO2 and is swiftly desorbed, resulting in
the complete elimination of all sulfur-based surface species. Based
on data gathered from the CSTR model, we can deduce that the
large O2 adsorption energy barriers are not detrimental to the
overall reaction.
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Furthermore, while the intermediate species ∗SO–∗O1 is al-
most as energetically stable as the overall product (clean surface +
SO2(g)) and the product itself is only slightly exergonic in nature,
complete removal of atomic sulfur via SO2 desorption will occur at
800 ◦C. Further DFT studies considered the formation and removal
of elemental sulfur (S2), with and without the presence of atomic
oxygen. However, due to substantial energy barriers, the removal
of S2(g) is unlikely to occur under these conditions as SO2 desorp-
tion is energetically more favorable.

Based on the Gibbs’ free energy reaction profile and the corre-
sponding CSTR kinetic model, our research at temperature >800 ◦C
has demonstrated the ease with which atomic sulfur can be re-
moved from the surface as SO2, after the adsorption of molecular
oxygen, up to an initial elemental sulfur coverage of 50%. Based
on this data, the production of SO2(g) is a viable method to regain
electrochemical activity lost due to SOFC anode sulfur poisoning.
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