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The mechanism for }$—CeQy(111) interactions in solid oxide fuel cells (SOFCs) has been investigated by
using periodic density functional theory (DFT) calculations. In order to properly characterize the effect of the
localization of Ce states on the interactions, DFF U calculations were applied. Adsorption 0t$] SH,

and atomic S was initially examined to locate energetically favorable intermediates. The species adsorb
favorably at the Ce-top, O-top, and €6 bridging sites, respectively. Potential energy profiles for theH

Ce(, (111) interactions along the three product channels producingi#, and SQwere constructed using

the nudged elastic band (NEB) method. Calculations show th&twakly bounds on Ce111) with a

small binding energy, followed by dehydrogenation processes, forming surface sulfur species with an
exothermicity of 29.9 kcal/mol. Molecular-level calculations demonstrated that théd®@ing pathway is
energetically most favorable.

1. Introduction using periodic density functional theory (DFT). On the basis
of energetically stable intermediate species for the interactions,
detailed minimum-energy paths (MEPs) for all low-lying
reaction pathways have been characterized and are reported
herein.

Solid oxide fuel cells (SOFCs) have been attractive techno-
logically because of their high-energy efficiency and the
possibility of the direct utilization of a variety of fuetsiatural
gas, liquid fuels, gasified coal, and biofuét§.However, most
of commercially available fuels contain small amounts of
impurities such as sulfur-containing compounds that can degrad
SOFC anode&:!! Even though Ni/YSZ (yttria-stabilized zir- We applied DFT plane wave calculations as implemented in
conia; 8 mol % %Ogz) cermet anodes in SOFCs are very active the Viennaab initio simulation package (VASP) pack&§é®
to fuel oxidation, it is easily poisoned by low concentration of with the projector augmented wave method (PA¥W)The
sulfur under SOFC operating conditions (60000 °C).46 generalized gradient approximation (GGA) with the Pergdew
Therefore, it is very crucial to develop novel sulfur tolerant Wang 91 (PW91) exchange-correlation functi@i&P was used.
SOFC anodes with high catalytic activity. It is known that sulfur ~ All the calculations were carried out using the Brillouim zone
poisoning results from either the formation of atomic sulfur (S) sampled with a (3« 3 x 1) Monkhorst-Pac¥ meshk-points
or nickel sulfide (NS;) through the decomposition of hydrogen grid, and a cutoff energy of 400 eV was used. It has been
sulfide (H:S) 22 In recent years, various experimental stutfigd demonstrated—34 that DFT methods are not suitable for the
for the development of sulfur-tolerant anode materials have beenstudy of reduced ceria due to the presence of the self-interaction
reported. Choi and co-workéfg!computationally demonstrated  error (SIE). Thus, in this study the DFF U method® was
that Cu-based anodes are more sulfur tolerant than Ni-basedapplied in order to accurately correct the strong on-site Coulomb
electrodes by comparing their adsorption eneréiedarquez repulsion of Cg states®> 3436 We used U and J of 7.0 and
et al?3 reported that Kl oxidation kinetics can be inhibited by 0.7 eV, respectively, which are consistent with those reported
H.S addition using cluster-model approaches. Despite the highby Jiang and co-worke®.For the surface model, we examined
electrical conductivity and sulfur tolerance of Cu, it is not only CeQ(111) to characterize the J8—CeQ; interactions
directly applicable for SOFCs due to its low catalytic ability because Cef111) is energetically the most sta#fe’® among
toward fuel oxidation. He and co-workers recently reported that the low-index Ce@111), (110), and (100) surfaces. As shown
Cu/CeQ/YSZ cermet anodes can sustain up to 450 ppm& H in Figure 1, the Ce®(111) surface model with 12 atomic
at 1073 K? However, to the best of our knowledge, no layers—a p(/3 x 2) lateral ce-was constructed. The bottom
molecular-level study on $$—CeQ; interactions is available  six layers of the surface model were fixed to the estimated bulk
although understanding of the detailed mechanism of the parameters, while the remaining layers were fully optimized.
interactions at the molecular level is very important. In this A vacuum space greater than 15 A was introduced to prevent
study, we elucidate thei3—Ce(Q, interactions microscopically  interactions between slabs. The adsorption energies were
calculated byAEags = E[surface-adsorbatel- E[surface] —
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Figure 1. (a) The fluorite crystal structure of CeOThe lattice constant in parenthesis represents an experimental value in A. (b) Side and top
views of the Ce@(111) surface model, II, lll , IV, andV correspond to active sites for “Ce-top”, “O-top”, “E€e bridge”, “O-0 bridge”, and
“Osurtop” sites, respectively. &, denotes oxygen anions on the second layer. A rectangle represents the supercell used in this study.

TABLE 1: Geometrical Parameters and Vibrational Frequencies of HS, SH, H,, H,O, and SO, Calculated at the GGA-PAW

Level
H2S SH H H.0 SQ
calcd expt calcd expt calcd expt calcd expt calcd expt

r(S—H, H—H, O—H or S-0) (A) 1.345 1.328 1.349 1.346 0.743 0.740 0.957 0.958 1.454 1.432
6(H—X—H or 0O—S—0) (deg) 90.5 91.6 1045 1045 1195 1193
Vasym (€M) 2669 2628 2675 2660 3856 3756 1282 1360
vsym (CMT L) 2649 2615 4435 4400 3741 3657 1091 1151
Ybend(CM™2) 1163 1183 1585 1595 488 518
a~e Correspond to refs 43, 44, 45, 46 and 47, and 48 and 49, respectively.

applied to map out MEPs after locating plausible local minima. 1.363‘85.1 349 1.366¢.1 361 1_355:.;1 .354

All transition states were verified by the number of imaginary 12082, | 3.294 2 2393/ 12.433

frequencies (NIMG) with NIMG= 1. Complied in Table 1 are
geometrical parameters and vibrational frequencies,8f IBH,
H,, H,O and SQ computed in a 15 A cubic box, which are in
good agreement with available literature values.

3. Results and Discussion

Plausible intermediates for thesf-CeQ interactions were
initially optimized by placing HS, SH, or S species at five
different active sites on the (111) surface, including “Ce-top”,
“O-top”, “Ce—Ce bridge”, “O-0 bridge”, and “Qustop”,
corresponding to, II, 1l , IV, andV, respectively, as illustrated
in Figure 1b. All optimized structures are presented in
Figures 2 and S1. Table 2 displays the adsorption energies an
geometric parameters of adsorbegSHSH, and S on the CeO
(111) surface. Furthermore, to examine the difference betweer
DFT and DFT+ U methods, we compared structures and
energetics as compiled in Table 2. The adsorption-energy
calculations demonstrate that the effects from DFT and BFT
U calculations for the intermediates adsorbed on partially
reduced ceria surfaces are significant, while those on perfec
CeQ, for molecular HS adsorption are negligible<Q.3 kcal/
mol). In the following, we will discuss the mechanistic details
based on the DF# U results.

3.1. Adsorption of H,S, SH, S, and H on Ce@(111).H,S
Adsorption.Shown in Figure 2 are the optimized intermediates
for H,S adsorption with hydrogen up, down, or parallel to the
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surface. Table 2 gives geometrical information and adsorption Figure 2. Optimized geometries of adsorbed34 SH, and atomic S

energies for stable configurations. The calculated energies of
adsorbed HS speciesl¢H,S-u-p,1-HoS-p [LM1], andlV -H,S-

on CeQ(111) at the DFT+ U level.

d) are close to the average bond energy errors of the GGA adsorption and connectable to chemisorbed species even though
method (2.0 kcal/mol)>° However, we assumed that they are the DFT method used in this study may not be suitable to
weakly bound intermediates on the surface via molecular describe van der Waals interactidR#\ variety of energetically
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TABLE 2: Optimized Structural Parameters and Adsorption Energies of H,S, SH, and S Species on Cefi11) Calculated

Using DFT and DFT® + U Methods

species sM2 (A) S—H (&) AEags(kcal/mol)
H.S Adsorption
I-H,S-u-p 3.269 (3.275) 1.366, 1.349 (1.362, 1.345) —2.8(=2.7)
I-HoS-p [LM1]P 2.470 (2.498) 1.366, 1.361 (1.362, 1.359) —3.5(-3.8)
IV -H,S-d 3.172 (3.261) 1.355, 1.354 (1.354, 1.353) —2.1(-1.8)
SH Adsorption
I-SH 2.233(2.278) 1.361 (1.357) —9.0(-6.9)
Il-SH 1.646 (1.664) 1.361 (1.359) —34.4 (-35.7)
1l -SH 1.568 (1.667) 1.367 (1.370) —32.0 -31.1)
IV-SH 2.005 (1.982) 1.354 (1.356) —6.0 (—3.6)
V-SH 2.234 (2.095) 1.369 (1.362) —2.3(-2.8)
S Adsorption
1-S 1.383 (1.342) —54.5(71.1)
I1-S 1.717 (1.684) —46.1 (—64.8)
I -s 1.186 (1.189) —52.2 (-67.8)
IV-S 1.028 (0.983) —42.5 (-44.6)

aThe shortest distance between adsorbed species and thes@d&re ?
method are in parentheses.

It is used for the mechanistic studi€sThose calculated by the DFT

unstable intermediates are shown in Table S1 and Figure S1 i
the Supporting Information. For brevity, “u”, “d”, and “p” denote
hydrogen up, down, and parallel to the surface, respectively
As summarized in Table 2, theH,S-p configuration is the most
stable with an adsorption energy 8.5 kcal/mol, similar to a
previous stud$? on H,O—CeQ,(111) interactions. The distances
between the S atom and the surfacé-6f,S-u-p,l-H,S-p, and

IV -H,S-d are 3.269, 2.470, and 3.172 A, respectively. All the
configurations parallel to the surfaceH,S-p, Il -H>S-p, Il -
H.S-p, IV-HS-p, andV-H,S-p, are slightly tilted by ap-
proximately 36-45° from the surface.

SH, S, and H AdsorptiorSimilar to the HS adsorption, in
order to carry out mechanistic studies, we examined the
adsorption sites and energies for SH, S, and H onCEQ).
Figures 2 and S3 display side and top views of optimized local
minima of the SH species on Ce@111). Their adsorption
energies and geometrical parameters are summarized if
Table 2. While HS preferentially adsorbs on the Ce-top site,
the most stable configuration for SH adsorption is located at
the O-top site. For thdl-SH and Il -SH structures with
adsorption energies 6f34.4 and—32.0 kcal/mol, respectively,
their S atom is bound to an O anion of the surface with their
S—O distance of 1.674 and 1.681 A, respectively. Due to the
strong overlaps between p orbitals of the S atom and surface ¢
anions, the SO covalent bonds result in higher absorption
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energies compared to thosele§H, IV -SH, andV-SH (—9.0,
—6.0, and—2.3 kcal/mol, respectively). In addition, the strong
S—0 bond produces much relaxation of the surface, especially
for the surface O anions bonded to the sulfur atoms, resulting
in the protrusion by approximately 0.3D.43 A from the
surface. The CeS bond length of-SH (3.019 A) is slightly
shorter than that of-H,S-p for H,S adsorption (3.281 A).

For S adsorption, the S atom which is placed on the Ce-top
site (-S) diffuses to a CeO bridge site as shown in Figures 2
and S3. Table 2 shows thkiS with the adsorption energy of
—54.5 kcal/mol is the most stable, while-S, 11l -S, andlV -S
have the energies o0f-46.1, —52.2, and—42.5 kcal/mol,
respectively. While the SO distances of-S, Il -S, lll -S, and
IV-S are 1.699, 1.717, 1.716, and 1.763 A, the-Salistances
are 2.759, 3.299, 2.918, and 3.374 A, respectively. Similar to

Figure 3. Geometrical illustration of intermediates, transition states,
and products for the $$—CeQ interactions at the DF R U level.

on the O-top site with an absorption energy andHDdistance
of —78.7 kcal/mol and 0.973 A, respectively, which are in
agreement with their results 6£82.1 kcal/mol and 0.97 A,
respectively.

3.2. Reaction Mechanism of HS-Ce(y(111) Interactions.
To characterize probable reaction pathways of th® aldsorp-
tion/decomposition processes on the @d@1) surface, we
applied energetically the most stable configurations obtained
from the HS, SH, and S adsorption-H,S-p, |-SH, andI-S,
respectively) to map out the MEPs using the NEB method by
connecting the local minima. Figure 3 shows the optimized

the SH adsorption, the surface O anions bonded to sulfur atomsstructures of intermediates, transition states, and products, while

move upward by approximately 0.£8.35 A.

Regarding H adsorption, we optimized two configurations
on the Ce- and O-top sites. Similar to a recent theoretical result
by Vicario and co-workers3 the H atom adsorbs preferentially

Figure 4 represents schematic potential energy profiles based
on the NEB calculations. As shown in Figure 4;3Hinitially
adsorbs on the surface without a tight transition state, producing
LM1 with an exothermicity of 3.5 kcal/mol, followed by the
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Figure 4. Schematic potential energy profiles for theS+CeQ, interactions 80 K at the DFT+ U level.

TABLE 3: Summary of Estimated Vibrational Frequencies of Intermediates from the H,S—CeQO, Interactions

intermediate surface species v(em™) surface species v(cm™)
LM1 H2S 2511, 2451, 1226
LM2 SH, SCeurtace 2662, 887 OH 2917
LM3 SOsurface 637 OH 3595, 3551
LM4 SO, SQuface 957, 556 OH 3651, 3578
LM5 SO, 989, 907, 436 OH 3456, 3322
LM6 SOsurtace 744, 607 HO 3582, 2871, 1561
LM7 SOsurface 401 H 4344

first dehydrogenation processf5t— SH+ H). The dissociating of LM4, generating LM5 with an S@surface species and two
H atom initially diffuses to an adjacent surface O anion forming oxygen vacancies viiS4 with a reaction barrier of 16.6 kcal/
an O—H bond viaTS1 with a reaction barrier of 1.9 kcal/mol.  mol. The S-O bond lengths of LM5 are 1.537 and 1.536 A,
The Ce-S bond length of the transition stafi&1 is shortened which are slightly longer than that of free $@1.454 A, see
by approximately 0.232 A compared to that of the molecularly Table 1). Further elongation of the €8 bond of LM5 produces
adsorbed b5, LM1 (3.281 and 3.049 and A, respectively). The the SQ + CeQ- (P1) products without a well-defined reaction
breaking H-S and forming G-H bonds afTS1 are 1.631 and barrier. The overall reaction energy for the formation 0LSO
1.254 A, respectively. Then the second dehydrogenation stepP1 is exothermic by 9.1 kcal/mol. In addition, as shown in
takes place (SH> S + H), by overcoming an 8.4 kcal/mol  Figure 4, two H-OsyraceSpecies of the LM3 intermediate can
reaction barrier atS2, producing LM3 with a reaction energy  undergo H-migration viaTS5 with a reaction barrier of
of 25.3 kcal/mol compared to LM2. At the transition stae?2, 25.1 kcal/mol, leading to the #@-containing LM6 intermediate
the S atom moves to an adjacent O atom to form a®@%ond with an endothermicty of 18.0 kcal/mol. Forming and breaking
of 2.781 A—locating at the Ce O bridge site with an SCe O—H bonds inTS5 are 2.015 and 2.506 A, respectively. Due
bond of 2.988 A (see the top view in Figure S4), whereas the to the formation of an kD species along with the reduction of
breaking SH and forming O-H bonds are 1.399 and Ce&** to Ce", an oxygen vacancy is generated, followed by
1.632 A, respectively. barrierless HO desorption from LM6. The process produces
According to previous studies®® for the electrochemical  the non-stoichiometric CeqP2) with the adsorbed S species
reaction of HS on Ni/YSZ, an S@forming process is and an oxygen vacancy. An overall endothermicity of this
thermodynamically the most probable under SOFC conditions, process is only 1.7 kcal/mol. As presented in Figure 4, the OH-
implying that the surface adsorbates formed from th&H containing LM3 intermediate can undergo an-fdrming
CeQ interactions can further react with oxygen aniong (O process giving LM7 viaTS6 with a reaction barrier of
After the dehydrogenation reactions, a reaction pathway can55.7 kcal/mol; this suggests that the-elimination pathway is
take place by overcoming a 20.1 kcal/mol reaction barrier at less favorable than the two processes. The weakly boynd H
TS3 with an S-O bond of 2.541 A, producing LM4 and an  species of LM7 can barrierlessly desorb to produge-HCeQ,S
oxygen vacancy with 39.6 kcal/mol exthothermicity. Then, an (P3) with an endothermicity of 20.2 kcal/mol. Under SOFC
oxygen anion from the surface can react with the SO speciesoperating conditions, formation of @ instead of H is more
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frequencies of LM1 with 2511, 2451, and 1226 cmare

assigned to asymmetric, symmetric, and bend modes of adsorbed Supporting Information Available: TABLE S1 compiles
H.S species, respectively. Comparing with the experimental and structural parameters and adsorption energies fregAtisorp-

calculated frequencies of gas-phaseSHsummarized in
Table 1, the vibrational frequencies of the adsorbefl pecies
red-shifted, resulting from weakening of the-B bonds. The
predicted vibrational frequencies of LM2 at 2917, 2662, and
887 cnr! are attributed to ©H, S—H, and S-CeyceStretching

tion on CeQ(111). Figure S1 illustrates optimized geometries
of adsorbed LS species at various sites on G€C11).
Figures S2 and S3 show top views of adsorbe® ldnd SH
and S species, respectively, on GEI11). Figure S4 are top
views of intermediates and transition states for th&+HCe(Q,

modes based on our normal-mode analysis. The much lower(111) interactions. This material is available free of charge via

O—H vibration frequency of LM2 (2917 cml) than the
experimental vallR58 of 3600 cnt! may result from the
presence of a weak-HS bonding £ OH-:-SH—) in LM2. On

the other hand, the predicted-® frequencies of LM3 and
LM4 (3595 and 3551 cmt and 3651 and 3578 cm, respec-
tively) are in close agreement with the experimental value,
3600 cntl. The vibration mode of LM3 at 637 cm is

attributable to the S-surface vibration, whereas those of LM4

at 957 and 556 crt may be attributed to -SO and S-surface

vibrations, respectively. The reduction of Ce cations and the

formation of oxygen vacancies slightly alter the-8 vibrational
mode of LM5 and LM3 (3456 and 3322 crhand 3595 and
3551 cn1l, respectively). The estimated vibrational frequencies
of LM5 at 989, 907 and 436 cm are assigned to asymmetric,
symmetric, and bend modes of the adsorbed §g2cies. The
calculated frequencies of,B species of LM6 (3582, 2871, and
1561 cnt?) are similar to those of H-bonded:@ species (3686,
3140, and 1640 cnt),>® while those at 744 and 607 crhare
related to S-surface vibration modes. For LM7, its-H
stretching mode with 4344 cm is close to that of gas-phase
H, as compiled in Table 1, implying that LM7 has the
characteristics of the products and the 40X tmay be assigned
to the S-surface vibration mode.

4. Conclusion

The interactions of b5 with CeQ(111) have been elucidated
using periodic DFT calculations. Three types of sulfur-contain-
ing species (KIS, SH, and atomic S) were initially employed to
locate plausible intermediates. It was found thaSHSH, and
S preferentially adsorb on the Ce-top, O-top;-Cebridge sites
with adsorption energies 6f3.5, —34.4, and—54.5 kcal/mol,
respectively. PESs for the,B/CeQ (111) interactions have
been constructed. The reaction barriers of th& Hehydroge-
nation processes producing SHH and S+ 2H are quite small,
1.9 and 8.4 kcal/mol, respectively, while their exothermicities
are —4.6 and—29.9 kcal/mol, respectively. In addition, the

surface adsorbates formed through the dehydrogenation pro

cesses can further react with oxygen anion3 jOproducing
H,0 and SQ under SOFC operating conditions. According to
our MEP calculations, the Sdorming pathway may be the
key product channel, similar to the previous stuefi€3for the
electrochemical reaction of 23 on Ni/YSZ. Furthermore, the

vibrational frequencies of the intermediate species were esti-
mated to guide future surface vibrational spectroscopic studies.
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