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Abstract

The electrochemical oxidation of H> and CO fuels have been investigated on the Ruddlesden-
Popper layered perovskite, SrLaFeQO4.5 (SLF), under anodic solid oxide fuel cell conditions using
periodic density functional theory and microkinetic modeling techniques. Two distinct FeO»-
plane terminated surface models differing in terms of the underlying rocksalt layer (SrO or LaO)
are used to identify the active site and limiting factors for the electro-oxidation of H», CO, and
syngas fuels. Microkinetic modeling predicted an order of magnitude higher turnover frequency
for the electro-oxidation of H, compared to CO for SLF at short circuit conditions. The surface
model with an underlying SrO layer was found to be more active with respect to H> oxidation
than the LaO-based surface model. At an operating voltage of less than 0.7 V, surface H.O/CO-
formation was found to be the key rate-limiting step and the surface H,O/CO, desorption was the
key charge transfer step. In contrast, the bulk oxygen migration process was found to affect the
overall rate at high cell voltage conditions above 0.9 V. In the presence of syngas fuel, the
overall electrochemical activity is derived mainly from H> electro-oxidation and CO»> is
chemically shifted to CO via the reverse water-gas shift reaction. Substitutional doping of a
surface Fe atom with Co, Ni, and Mn revealed that the H» electro-oxidation activity of FeO»-
plane terminated anodes with an underlying LaO rocksalt layer can be improved with dopant
introduction, with Co yielding a three orders of magnitude higher activity relative to the undoped
LaO surface model. Constrained ab initio thermodynamic analysis furthermore suggested that
the SLF anodes are resistant towards sulfur poisoning both in the presence and absence of
dopants. Our findings reflect the role of various elements in controlling the fuel oxidation
activity of SLF anodes that could aid the development of new Ruddlesden-Popper phase

materials for fuel cell applications.
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1. Introduction

Solid oxide fuel cells (SOFCs) are solid-state electrochemical devices that display the
promising ability to oxidize both hydrogen gas and hydrocarbon-based fuels directly into
electricity with high efficiency 2. SOFC adoption for practical use is limited due to high
operating temperatures and material decomposition resulting from mechanical and chemical
instabilities >. Selection of stable and active anode materials is a crucial part of SOFC
development since fuel oxidation occurs at the anode. Nickel-yttria stabilized zirconia (Ni/YSZ)
is considered the state-of-the-art anode cermet material for SOFC applications; however, it
suffers from redox instability, particle agglomeration, and sulfur poisoning *. Extensive research
has been performed to identify alternate anode materials that can circumvent these drawbacks of
Ni/YSZ. A recent review summarizes the reports focusing on single-phase and composite
electrode materials that are both sulfur resistant and ionically conductive at or below 800 °C °.
Perovskite-based mixed ionic and electronic conductors (MIECs) such as LSCM and SFMO
have been proposed as promising alternative candidates for anodic applications 6. In addition to
the traditional perovskite-based compounds, the Ruddlesden-Popper (RP) phase materials with
KoNiFs-type (An+1BnOsn+1, n = 1 to o) structure have also received attention as potential
candidates for SOFC applications. Here, the A-site refers to an alkali, an alkaline earth, or a rare
earth metal; and the B-site refers to a transition metal.

The layered RP oxides display high ionic conductivity and catalytic activity for the
oxygen reduction reaction, and thus being developed for use in metal-air batteries,
supercapacitors, and cathodic applications °!3. Recent studies have also examined the
performance of RP oxides as anodes for SOFCs. Xu et. al. demonstrated that SrLaFeOa4.-5

(SLFO4-5 or SLF) has chemical compatibility with the commonly used Smo2Ce.801.9 (SDC) and



Lao.8Sr0.2Gao.ssMgo.1503 (LSGM) electrolytes and exhibits electro-catalytic activity towards wet
H> (Pmax of 0.63 W/cm? at 800 °C) with sulfur resistance for greater than 80 hours under H> + 50
ppm HzS feed !*. To further enhance the catalytic activity of SLF, Wang et. al. synthesized a
composite anode of exsolved Fe-Ni alloy nanoparticles on a SLF substrate that displayed
increased catalytic activity relative to pure SLF, especially at temperatures lower than 700 °C '°.
In another study, Wu et. al. reported that a composite anode of exsolved Fe-Ni alloy
nanoparticles on a SrLaFeo 75Ni 2504 substrate displayed a power output of 0.54 W/cm? at 800
°C under Hz + 1000 ppm H:S feed '®. In addition to Ni, other transition metals, such as Co and
Mn — have also been utilized to modulate SLF performance. For example, Chang et. al. used SLF
as a pure catalyst layer with exsolved Co-Fe alloy nanoparticles for a direct methane-based
anode displaying coking resistance !”. Furthermore, Park et. al. utilized Co-Fe alloy nanoparticles
on a related material, Sroglai2Coo.4Feo.604 for direct H, oxidation and observed max power
density of 0.73 W/cm? '3, Li et. al. used a Fe3Coz + SrosLai2Mno.4Fe 604 anode to display
excellent activity under 200 ppm H»-HS conditions !°, and Chung et. al. displayed a max power
density of 0.72 W/cm? with Fe + SrosLai 2Mno4Feo 604 in the presence of Hz 2°. Overall, these
experimental studies demonstrate that SLF (with its B-site doped conformers) can be regarded as
a promising anode material class due to its observed native electrochemical activity, stability
under concentrated sulfur feeds, and ability to serve as an exsolved nanoparticle substrate.
However, a deeper understanding of the fuel oxidation mechanism on these substrates is lacking
and the role of B-site dopant metals in the electrochemical activity and sulfur resistance is not
well understood, which are crucial for the development of alternative RP oxide-based anode

materials.



Computational studies performed over RP oxides have focused on understanding the
oxygen reduction process over Sr3Fe>O7 2! and La;NiO4 222% materials for cathodic applications.
While the theoretical studies on anode reactions over RP oxides are rare, the fuel oxidation
mechanism has been widely investigated over perovskite materials for anode applications.
Suthirakun et. al. and Han et. al. investigated H» oxidation mechanism on the double perovskite
SroFe1 sMoo 506 (SFMO) 24 and Ren et. al. studied COz reduction on the (Sr,La)(Fe,Mn,Ni)O3
perovskite for electrolysis applications 2°. Heyden and coworkers examined the oxidation
mechanism of CO and syngas over SFMO 27 and further explored different poisoning
mechanisms of sulfur via thermodynamic analysis on SFMO 2. These studies provided a
fundamental understanding of reactions at the anode and the role of different elements in

enhancing/inhibiting the electrochemical activity.

Investigate fuel (H,, CO, and syngas)
oxidation mechanism on SrLaFeO,
(DFT +U calculation)

y

Determine relative activity and limiting
factors under SOFC operating conditions
(Microkinetic Modeling with anode
potential bias)

Examine effect of surface (B-site) doping
on fuel oxidation activity

g

Understand the sulfur poisoning
mechanism and stability of SrLaFeO,in
the presence of H,S

Scheme 1: Outline of the fuel oxidation study on the SrLaFeQ4.5 anode



Herein, we conducted a mechanistic investigation of H», CO, and syngas fuel oxidation
reactions on SrLaFeOs.; using a combination of density functional theory (DFT) and
microkinetic modeling techniques as illustrated in Scheme 1. We examined the electrochemical
activity of different SLF surfaces with respect to cell voltage and explored the sulfur poisoning
mechanism on these surfaces. Furthermore, we analyzed the effects of a single-atom surface B-
site doping with Co, Mn, and Ni dopants on the kinetic activity of H> oxidation and sulfur
stability. We used standard SOFC operating conditions to determine rate-controlling steps and

polarization curves that could aid the design of future RP-based materials for SOFC applications.

2. Methods

Electronic energies are obtained with spin-polarized Kohn-Sham DFT+U calculations
with periodic boundary conditions using the Vienna Ab Initio Simulation Package (VASP)
version 5.4.4 2% Electron exchange-correlation effects were evaluated by utilizing the
generalized gradient approximation (GGA) with the Perdew, Burke, and Ernzerhof (PBE)
functional *'*2. Dudarev’s approach for DFT+U calculations is used to correct the inadequate
description of localized 3d electrons on transition metals 3. The U-J parameter of 4.0 was used
for Fe d-block electrons in accordance with earlier reports **°. In the case of dopants, the U-J
parameters of 3.32 (Co), 3.9 (Mn), and 6.0 (Ni) eV were chosen based on the values utilized by
the Materials Project ®*’. The nuclei and core electrons were represented by the frozen-core
projector-augmented wave (PAW) approach using the following valence configurations: Sr (4s2
4p6 5s2), La (5s2 5p6 5d1 6s2), Fe (3p6 3d6 4s2), Co (3p6 4s2 3d7), Mn (3p6 4s2 3d5), Ni (3s2
3p6 4s2 3d8), O (252 2p4), H (1s), and C (252 2p2) 8. The plane-wave basis set was set to a

kinetic cutoff of 700 eV. Integration over the Brillouin zone used the Gaussian method with a



smearing width of 0.05 eV for all calculations. The convergence criteria for electronic energy
and ionic relaxations were set to 10® eV and 0.05 eV/A, respectively. Ferromagnetic (FM)
ordering is chosen as the initial magnetic moment configuration for all transition metals. While
the single bulk unit cell calculations utilized a 9 x 9 x 5 Monkhorst-Pack (MP) k-point mesh °,
the bulk vacancy calculations were carried out with a 2 x 2 x 1 bulk structure supercell utilizing
a5 x 5 x 3 MP k-point mesh as adopted in our earlier work on (SrixPrx)2FeO4:s RP oxide °.
Fuel oxidation mechanisms were examined on 3 x 3 x 1 surface slab models (1.5 x 1.5 x 1
supercell units) using a 3 x 3 x 1 MP k-point mesh. Dipole and quadrupole corrections to the
energy were incorporated using a modified version of the Markov and Payne method “’. For
transition state (TS) structure calculations, we used the VTST implementation of the climbing
image nudged elastic band (CI-NEB) and dimer methods *'~*. All spring forces are converged to
0.05 eV/A. The VESTA 3 program is used to visualize the optimized structures *°.

The following expression was utilized to calculate the chemical potential (y;) of any

gaseous species (Hz, Oz, CO, H,0, CO2, H>S, and CH4),
o Di
w = w(T,p) + kpTln (p—) (1)

where u; (T, p°) is calculated from the partition functions of the gaseous species referenced to a
pressure (p°) of 1 atm, kg is the Boltzmann constant, T is temperature, and p; is the applied
partial pressure of a gaseous species. Details regarding the calculation of these free energies are
described in Section S1 of the Supporting Information. Since GGA tends to overestimate the
binding energy of O, the energy of O> molecule (Eo2) is calculated using the following

correction scheme based on the H»O splitting reaction *6-3:

Eor = 2[(EDFT,H20 + Ezpg Exp. HZO)_ (EDFT,HZ + EzpE Exp. HZ)_ Egxp. HOF]_ E7pE Exp. 02 (2)



Here, Eppr; 1s the energy of the corresponding gas molecule calculated with the PBE functional,
EzpE Exp.i 18 the experimental zero-point energy, and Eg,, por 1 the experimental heat of
formation of a gas-phase H,O molecule. In addition, PBE is known to underestimate the gas
phase energy of the CO molecule *; and therefore, we utilized a correction of -0.42 eV as
determined by Ammal and Heyden 2’. Adsorption free energies of all intermediates, Gads, Were

calculated based on the following equations >°:

Gads,i = Gglab+intermedia i~ Gsiap — Nytty — Nopto — Neie (3)
1

Uy = EMHZ (4)

Ho = UH20 — HH2 (5)

Uc = UcHa — 2Hu2 (6)

Gsiab+intermediate,i 15 the free energy of the surface with adsorbed intermediate, G4, 1s the free
energy of the bare surface model, and the chemical potentials of the molecules, uy,, o2, and

Ucha are calculated using eqn. 1. Ny, Ny, and N are the number of H, O, and C atoms in the
adsorbed surface intermediates. The reaction (AG{*™) and activation (AGi*) free energies of an

elementary step were calculated using the following equations:

AGT™ = Z VijGlas,) 7
j

¥ % R
AG = Gogs; — z Gads,i (8)
v;j and Géds' ; are the stoichiometric coefficient and adsorption energy of an intermediate j in

reaction step i, respectively. We note here that all reaction and activation free energies are

independent of the reference state.



For an adsorption elementary reaction, A + * — A", where * and A* represent an empty
site and adsorbed species on the slab model, respectively, collision theory was used to calculate

the forward or adsorption rate constant (ks ;).

1038,
Kpori = ———" (s'atm™") 9
(2mm;kgT)2
Here, m; is the molecular weight of the adsorbing species and S,,,,;; is the surface area of our
slab models (1.39 x 107'® m?). A sticking coefficient of unity is used in all simulations 2*?°.

Transition state theory was used to calculate the forward rate constant (k) for a surface

reaction A" — B".

kfor = %ekBT (10)

The equilibrium constant (K,,) for an elementary reaction is computed with the following

equation:

_AGiTXTL

K, =e k8T (11)

eq
Based on the calculated forward and equilibrium constants for each elementary step, we
constructed a microkinetic model as a set of ordinary differential equations. The microkinetic
model is solved via MATLAB with ODE15s !, The steady-state solution provides a probability
density for the system to occupy each discrete state and we refer to these probabilities as surface
coverages or 6;. The turnover frequency (TOF) of each pathway was calculated using the
calculated surface coverages. For syngas fuel, we combined all elementary reactions from the H»
and CO oxidation pathways into one microkinetic model. We used Campbell’s degree of rate

control (Xg¢ ;) to identify rate-controlling steps using the following expression *3:

10



dln (TOF)) 12)
Kk

Xrci = ( oln (k;)

ilkjzi
The apparent activation energy (Eg,,) was calculated over a temperature range of 973 to 1373 K

using the expression:

0 1n(TOF)> (13)
Py

Eapp = RT? ( oT

3. Results and Discussion
3.1 Development of SLF Bulk and Surface Models
The bulk structure of SLF was optimized using the computational setup described above

4 365455 with a unit

starting from the structure obtained from materials project entry mp-121815
cell of 14 atoms and a space group of I4mm. The calculated lattice parameters (a =b =3.929 (A)
and ¢ = 12.626 (A)) of this RP oxide are close to the experimental lattice parameters (a =b =
3.8750 (A) and ¢ = 12.727 (A)) reported in the literature '**°, We utilized a 2 x 2 x 1 supercell
(56 atoms) to compute the free energy of oxygen vacancy formation and the bulk vacancy-
mediated migration energy as displayed in Figure 1(a). Details regarding the mechanics of the
bulk vacancy-mediated migration are outlined in the Supporting Information Section S2. We
calculated the free energy barrier of vacancy-mediated diffusion as 1.30 eV at T = 1073 K and

Po2 = 10" atm *’. This value is consistent with other n = 1 RP oxides with a 50% A-site doping

ratio such as SrPrFeO4 (1.3 eV) ¥ and LaSrCoQs (~ 1.1 eV) ¥, respectively.

11
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Figure 1: (a) The 2 x 2 x 1 polyhedral representation of the 14mm supercell model of bulk SrLaFeO4
(SLF) and (b-c) the 3 x 3 x 1 unit cells of SLF (001) surface models where (b) FeO,-LaO and (c)
FeO,-SrO represent the FeO;-terminated surfaces with LaO or SrO in the second layer,
respectively.

Computational studies performed over Srn+1FenOsn+1 RP oxides suggested that the (001)
facet of these oxides is thermodynamically stable > and kinetically active for O reduction 2! and
NO oxidation %°. Therefore, the (001) surface models of SLF were constructed for the present
study. Four possible (001) terminations are possible for SLF with two FeO»-plane terminations
and two rocksalt layer (LaO and SrO) terminations. Only the FeOz-plane terminations are
considered here because they are expected to be more catalytically active due to the ability of Fe
to readily adopt different oxidation states relative to alkaline earth Sr or lanthanide La. The two
FeO,-terminated surfaces differ in terms of the nearest underlying rocksalt layer (LaO or SrO) as
shown in Figure 1(b-c) and are designated as FeO>-LaO and FeO;-SrO surfaces. The SLF
surface models were developed following the approach outlined by Akbay et. al. for the La>NiO4
RP oxide using a 2 x 2 x 4/3 unit cell model 2*. Here, we used a 3 x 3 x 1 unit cell slab model

(1.5 x 1.5 x 1 supercell units) that was found to be large enough to avoid the interaction between

12



an adsorbent with its periodic replica and be computationally affordable. These slab models are
composed of seven atomic layers and have a computed surface area of 1.39 x 10 ¥ m?. A
vacuum gap of 15 A was used to minimize the interaction between images along the z-axis. The
bottom-most FeO»-plane and a rocksalt layer (e.g., 2 bottom layers) were fixed in all calculations
to mimic a semi-infinite bulk crystal.

Oxygen nonstoichiometry via oxygen vacancies is expected for these RP oxides under
low oxygen partial pressures (reducing conditions) found in SOFC anodic operating conditions.
To capture a representative example of the SLF surface structure under SOFC operating
conditions, we computed the Gibb’s free energy of oxygen vacancy formation on each surface
model that can determine the thermodynamic drive to form surface vacancies. We compute the
free energy of surface vacancy formation as -0.83 and -2.56 eV for FeO»-LaO and FeO,-SrO,
respectively, at anodic operating conditions (1073 K, Po2 = 102° atm). As both surfaces indicate
favorability to form oxygen vacancies on the FeO»-plane, we utilized a representative model of a
single surface oxygen vacancy for both surfaces, a model similar to the ones adopted by Akbay
et. al., Zhou et. al., and Gu and Nikolla ?2>?*®! for examining reactions on RP oxides. An
expanded analysis of the oxygen vacancy density as a function of oxygen chemical potential is

provided in Section S3 of the Supporting Information.

3.2 H2 Oxidation Mechanism on SLF (001) Surfaces
The overall electrochemical oxidation of H» on the SLF anodes can be expressed (in Kroger-
Vink notation %) as:

H,(g) + 05 (SLF) - H,0(g) + V;"(SLF) + 2¢’ (14)
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Here, O and V" refer to an oxygen atom and a doubly positive charged oxygen vacancy on the
SLF surface, respectively. Based on the gas phase reaction free energy of H> + 2 O2 - H20 (AG
=-2.2eV; T=1073 K, P#od¢= | atm, P§$t"°4¢= (21 atm) the 2e’ oxidation process should
yield a cell voltage of 1.1 V. Figure 2 illustrates our proposed catalytic cycle for the oxidation of
H> on the SLF (001) surface models with elementary reactions Ru21 to Ru25 occurring at an

active site *z,— O, where *g, represents an adsorbate free Fe atom on the surface.

y SLF (IMy,1) P
+H,(9)

N\

+1/12 O,(g)
i o ‘ from Cathode
IMH25 [MHZZ
Ryz4 Ry22
M3
O A-site
O Fe
@0
} ol o
TSy, TSy,2 TSipa @ Vacancy

Figure 2: Proposed mechanism for H, oxidation on SrLaFeQa4.s surface. The TS structures are in
reference to the specific elementary reaction step. The vacancy (black) refers to the oxygen
vacancy generated during H; oxidation.

All DFT+U calculations were performed on charge-neutral surface models; and therefore,
the net charge on the elementary reactions Ruz1 to Ru25 is zero. However, the electrochemical
charge transfer process is considered in the microkinetic model. The first elementary step in the
H> oxidation process (Ry, 1) outlines the dissociative adsorption of the feed gas on a metal (Fe)

site and a neighboring oxygen atom, forming a surface hydroxyl complex. The second (Ry,2)

14



and third (Ry,3) elementary reactions describe the formation of H>O on the surface and

desorption of H,O leading to the formation of surface oxygen vacancy (V,(S)),

respectively.
*pe— O(IM1) + H,(g) = Hp, — OH(IM2) (Ry21)
Hp, — OH(IM2) - *p,— OH,(IM3) (Ry22)
*pe— OH(IM3) = Hy0(g) + *pe— Vo (S) (IM4) (Ry23)
*pe— Vo (S) (IM4) — *p,— 0 — Vy(B) (IM5) (Ry24)
*pe— 0 — Vo (B) + %02 (cathode) — *p,— 0(IM1) (Ry,5)

The fourth elementary step (Ry,4) outlines the migration of a bulk oxygen atom to the surface
vacancy creating a bulk oxygen vacancy (V,(B)) which is filled by an oxygen ion from the
cathode in the final elementary step (Ry,5). The replenishment of bulk oxygen vacancy at the

anode by an oxygen ion from cathode (Ry,5) involves multiple elementary processes such as,
oxygen reduction reaction at the cathode (Vg cqeno  + %02 (g) + 2e' = 0] cathoae) €Xchange of

oxygen ion from the cathode to the electrolyte (V(')',electmlyte + OS,Cathode = Vo cathode T
00 electrolyte)» and final exchange of an oxygen ion from the electrolyte to the anode (Vj gnoge +
0b etectrotyte = Vo etectrotyte T 00.anode)- We hold that the anode is primarily controlling SOFC

performance since experimental studies observed that the introduction of Fe-Ni alloy particles to
SLF anode improved the overall cell performance '%!°. Therefore, we assumed that the oxygen
reduction at the cathode and ion migration through the electrolyte are fast and considered the
bulk vacancy-mediated migration of SLF oxygen to be the limiting factor for Ry,5. The SLF
bulk oxygen diffusion barrier of 1.30 eV obtained from the bulk SLF DFT calculations is used to

calculate the rate of Ry,5.
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Figure 3: Relative free energy profiles (eV) for the H, oxidation network on the FeO;-LaO (blue)
and Fe0,-SrO (orange) surface models (T = 1073 K; Pw2 (gas) = 1.0 atm; Pu20 (gas) = 0.03 atm;
Po2 (gas) = 0.21 atm). All energies are with reference to the sum of the energies of the initial

state (IMu21) and the gas phase molecules.

Figure 3 displays the free energy profiles for Hz oxidation on the two FeO»-terminated
surfaces calculated at SOFC operating conditions. The transition state (TS) structures are
numbered with reference to the corresponding elementary reaction steps. We note here that the
initial active site (IMy,1) of both FeO,-LaO and FeO,-SrO surface models already possess a
surface oxygen vacancy. Thus, dissociative adsorption of H2 (R, 1) preferably occurs on the Fe-
O site neighboring the surface vacancy forming Hr.-OH (IMy,2) where the H bonded to the Fe
atom sits at the vacancy site (Figure 2). This process is endergonic by 1.00 eV on the FeO»-LaO
surface and 1.57 eV on the FeO»-SrO surface. However, the process is kinetically favored over
Fe,-SrO (AG™! = 1.89 V) by 0.71 eV compared to FeO»-LaO (AG™! = 2.60 eV). The H,0
formation process which involves the transfer of an H atom from Fe to the hydroxyl group

(Ry22) is both kinetically and thermodynamically favored on the FeO»-SrO (AG™?=2.21 eV;
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AG™3 =0.05 eV) relative to the FeO»-LaO surface (AG™? =2.73 eV; AG™M? = 1.18 eV). The
H,0 molecule in *re-OH, (IMy,3) is weakly bound to the Fe atom with Fe-O distances of 2.11 A
and 2.30 A on the FeO»-LaO and FeO»-SrO surfaces, respectively. While desorption of H,O
(Ry23) leading to the formation of surface oxygen vacancy (IMy,4) was found to be exergonic
on both surfaces, the vacancy structure on the FeO»-SrO surface is more stable by 1.39 eV
compared to FeO-LaO surface. Furthermore, these results suggest that the formation of a second
oxygen vacancy is favorable on the FeO»-SrO surface under SOFC operating conditions,
whereas it is slightly endergonic by 0.12 eV on the FeO»-LaO surface. Migration of an oxygen
from the subsurface layer to the surface oxygen vacancy (Ry,4) generating a bulk oxygen
vacancy (IMy,5) is an exergonic process by -0.34 eV for the FeO»-LaO surface with a kinetic
barrier of only 0.35 eV, whereas it is an endergonic process by 0.32 eV for the FeO>-SrO surface
and requires a kinetic barrier as high as 1.61 eV. A similar trend was observed by Gu and Nikolla
%1 and in our earlier work on (Sr,A*")n+1FenOsn+1-based RP oxides which revealed that the ease of
formation and migration of bulk oxygen vacancy in the rocksalt layer of RP oxides depends on
the oxidation state of the neighboring ion *>. We complete the catalytic cycle by filling this bulk
oxygen vacancy using an oxide ion from the cathode (Ry,5). Overall, the free energy profiles
suggest that the H> oxidation process could be favorable on the FeO»-SrO surface compared to
the FeO-LaO surface. The TS corresponding to the water formation process (T'Sy,2) was found
to be the highest energy state on the free energy profiles and could be rate-limiting for both the

surfaces.

3.3 CO Oxidation Mechanism on SLF (001) Surfaces

The overall electrochemical oxidation of CO on the SLF anodes can be expressed as:

17



CO(g) + O, (SLF) = C0,(g) + V;'(SLF) + 2¢’ (15)
Here again, the gas phase reaction free energy of CO + 2 Oz — COz is calculated to be -2.2 eV at
SOFC operating conditions and thus the maximum open-circuit voltage at these conditions for
the 2e’ oxidation process is 1.1 V. Figure 4 illustrates our proposed catalytic cycle for the
oxidation of CO at an active site *z,— O on the SLF (001) surface models which includes five

elementary reactions defined as Rcol to Rco5.

RY SLF (IMcol) - \Reo'
\ +CO(g)

+1/2 0,(9)
o ‘ from Cathode

IMco5 IMgo2
IM¢co3
O A-site
O Fe
90
) d ocC
TSco2 TSepd @ Vacancy

Figure 4: Proposed mechanism for CO oxidation on SrLaFeOa.s surface. The TS structures are in
reference to the specific elementary reaction step. The vacancy (black) refers to the vacancy
generated during CO oxidation.

The oxidation of CO on the SLF surface forming CO> and a surface oxygen vacancy can be
described in the first 3 elementary reactions which involve adsorption of CO on the Fe metal site
(Rco1), migration of CO to the neighboring oxygen forming CO2 (Rp2), and desorption of CO>
leaving a surface vacancy (R¢p3).

*re— O(IM1) + CO(g) = COp — 0(IM2) (Rco1)

18



COg, — 0(IM2) — *g,— 0CO(IM3) (R¢o2)
*pe— 0CO(IM3) - CO,(g) + *pe— Vo (S)(IM4) (Reo3)
The surface vacancy structure *z,— V,(S)(IM4) formed after CO» desorption is the same
vacancy structure obtained in the H» oxidation process and thus the last two steps Rco4 — Rco5

are equivalent to the elementary reactions Ru24 — Ru25.

o - N
1 1 1

Relative Free Energy (eV)

IMco1

© Vacancy

Figure 5: Relative free energy profiles (eV) for the CO oxidation network on the FeO,-LaO (blue)
and Fe0-SrO (orange) surface models (T = 1073 K; Pco (gas) = 1.0 atm; Pco2 (gas) = 0.03 atm; Po2
(gas) = 0.21 atm). All energies are with reference to the sum of the energies of the initial state
(IMcol) and the gas phase molecules.

Figure 5 displays the free energy profiles calculated for the CO oxidation process on the
two FeO»-terminated surfaces at SOFC operating conditions. CO interacts weakly with the two
Fe atoms next to the native surface oxygen vacancy site (R;o1) with average Fe-C bond

distances of 2.32 and 2.27 A on the FeO»-LaO and FeO»-SrO surfaces, respectively. The

adsorption process is endergonic on both surfaces with AG ranging from 1.73 eV (FeO2-LaO) to
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1.97 eV (FeO»-SrO). As observed in the case of H oxidation process (Figure 3), the CO»
formation (R;p2) and desorption (R 3) processes are also thermodynamically more favorable

on FeO»-SrO surface compared to the FeO»-LaO surface. The activation free energy of CO»

formation (T'S;p2) is 0.10 eV lower for the FeO,-SrO surface relative to the FeO»-LaO surface.

Considering that TS, 2 is the highest energy state on the free energy profile for both surfaces,

these results suggest that the FeO-SrO surface could be more active for CO oxidation compared

to the FeO,-LaO surface.

3.4 Insights from Microkinetic Modeling and Anode Bias Potential

Table 1: Forward rate (ksor) and equilibrium constants (Keq) for all short-circuit reaction steps for

H> and CO oxidation on the FeO;-La0 and Fe0»-SrO surface models at 1073 K (P2,co = 1.00 at
PH20,c02 = 0.03 atm, and Pp; =0.21 atm).

FeO,-LaO Surface FeO,-SrO Surface

H, Oxidation Kfor (5_1) Keq Kfor (5_1) Keq
Ru21 1.40 x 101 2.09 x 10 1.84 x 10° 2.64 x 107
Ru22 1.55 x 10° 1.33x 101 2.13 x 1010 1.30 x 107
Ru23 8.28 x 1012 3.14 x 103 1.28 x 101 4.84 x 104
Ru24 5.79 x 1011 3.99 x 101 6.43 x 10° 3.14 x 102
Ru25 1.76 x 107 5.39 x 10° 1.76 x 107 3.59 x 10°

CO Oxidation kfor (5_1) Keq kaI’ (S_l) Keq
Reol 211x10°  7.74x10°  2.11x10° 5'731: 10
Rco2 3.25 x 1010 3.63x103 1.32x 1012 5.49 x 103
Rco3 5.45 x 10V 3.24 x 108 1.56 x 10%° 9.28 x 10°
Rcod 5.79 x 1011 3.99 x 101 6.43 x 10° 3.14 x 1072
Rco5 1.76 x 107 5.39 x 10° 1.76 x 107 2.13 x 10°

m,
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The forward rate and equilibrium constants of each elementary step of H, and CO
oxidation reactions calculated from the DFT+U reaction energies and activation barriers for the
FeO;-LaO and FeO,-SrO surfaces are summarized in Table 1. These data are used to build a
microkinetic model to obtain further information on the relative rates, apparent activation
barriers, and rate controlling factors for these surfaces. Since the fuel oxidation occurring in
SOFC:s also involves charge transfer processes, we adapted two types of microkinetic models
that correspond to short circuit conditions and anode biasing. While the short circuit condition is
equivalent to a thermochemical process, the anode biasing incorporates charge transfer effects.
The results obtained from microkinetic analysis at short circuit conditions are summarized in
Table 2. In accordance with the free energy profiles, the microkinetic analysis also revealed a
three orders of magnitude higher turnover-frequency (TOF) and a 0.61 eV lower apparent
activation energy for H» oxidation over FeO,-SrO relative to the FeO»-LaO surface. Campbell’s
degree of rate control analysis furthermore suggested that the H,O formation process
(Ry22,DRC = 0.92) is mainly rate-controlling for the FeO»-SrO surface, whereas H> dissociation
(Ry21,DRC = 0.22) also controls the overall rate to a small extent in the case of FeO»-LaO
surface. Nonetheless, surface water formation (Ry,2) appears to be the key step to improve the
performance of SLF-based anodes under thermochemical conditions. The higher TOFs and lower
apparent activation energy predicted for the FeO»-SrO surface indicates that this surface controls
H> oxidation activity at all temperatures considered here under short circuit conditions.

Table 2: Degree of rate control (DRC), apparent activation energies (calculated in the
temperature range of 973-1273 K), and turnover frequencies calculated for H; and CO oxidation
over Fe0;-La0 and FeO,-SrO surfaces at short circuit conditions (T = 1073 K, Pu2,co = 1.00 atm,
PH20,co2 = 0.03 atm, and Poz = 0.21 atm).

H> Oxidation CO Oxidation

FeO;,-LaO FeO,-SrO FeO,-LaO FeO,-SrO
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Degree of Rate Control Ru21 0.22 0.04 Rcol 0.00 0.00

Rh22 0.78 0.92 Rco2 1.00 1.00

Ru23 0.00 0.00 Rco3 0.00 0.00

Ru24 0.00 0.01 Rcod 0.00 0.00

Ru25 0.00 0.03 Rco5 0.00 0.00

Apparent Activation Energy (eV) 1.47 0.86 0.71 0.53
Short Circuit Turnover Frequency (1/s) 2.64 x10° 5.29x 103 2.52x 10> 7.53x10?

In the case of CO oxidation, FeO»-SrO surface displays a higher TOF than the FeO»-LaO
surface by a factor of three. For both surfaces, the DRC analysis (Table 2) indicates that the
TOFs are entirely controlled by the formation of surface carbon dioxide (R;o2) and the free
energy diagram (Figure 5) revealed that TS, 2 for FeO,-LaO has a 0.10 eV higher free energy
compared to that of FeO»-SrO. Thus, the FeO»-SrO surface exhibits a slightly higher TOF and
lower apparent activation energy than the FeO»-LaO surface. The apparent activation energies
calculated for the CO oxidation process are lower by 0.76 and 0.33 eV than the ones calculated
for H» oxidation process over FeO>-LaO and FeO,-SrO surfaces, respectively. However, the
calculated short circuit TOF for the H» oxidation process on the FeO»-SrO surface at a
temperature of 1073 K is an order of magnitude higher than the TOFs predicted for CO oxidation
process over both surfaces.

Next, the effect of anode potential bias on the fuel oxidation process is examined for Ha,
CO, and syngas fuels since a potential bias can alter the reaction free energies and activation
barriers of elementary reactions that involve a charge transfer process. Here, we followed a
similar methodology used in our earlier work on the SFMO double perovskite 2*. As described
earlier, the open-circuit potential (OCP) for H> and CO oxidation reactions are calculated as 1.1
V and we specify this value as our reference potential for the cathode. The possibilities of 0, 1, or

2 e charge transfer for a given elementary step are included in the microkinetic model. The free
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energies of elementary steps that involve charge transfer are shifted by the amount of charge

multiplied by the cell voltage (AV) and these corrections to the free energy of reaction (AG;™*")

and activation barrier (AGi*) are incorporated using the following expressions:

AG*™(AV) = AG*™(AV = 0) + njFV (16)

AGF(AV) = AGF(AV = 0) + njFBV (17)

where n; refers to the number of electrons transferred in the elementary charge transfer step, F is
the Faraday’s constant, 5 refers to the symmetry factor of the elementary step, and AV is the cell
potential in volts i.e., cathode reference potential subtracted by anode potential such that AV = 0
refers to the short circuit condition. Two possible values for the symmetry factor, f =0 and f =
0.5 were used in the present study to describe fast charge transfer and charge transfer that occurs
during a reaction step experiencing a solid phase interfacial potential, respectively . Greater
details on our anode biasing methodology for Ho, CO, and syngas oxidation reactions are
outlined in Section S4 of the Supporting Information. The elementary steps involved in this
extended microkinetic model and the calculated rates for H> and CO electro-oxidation reactions
at a representative cell voltage of 0.7 V are presented in Tables S1 and S2 of the Supporting
Information. In the presence of syngas fuel, both H> and CO electro-oxidation reactions can

occur together with the thermochemical water-gas shift (WGS) reaction as shown in Figure 6.
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Figure 6: Proposed mechanism for syngas oxidation and water-gas shift (WGS) reaction on
SrLaFeOas.5 surface.

In the case of H» oxidation, the elementary reaction rates calculated with § = 0 suggest
that the possibilities of two-electron charge transfer during Ry, 2 or Ry, 3, and two one-electron
charge transfers during Ry, 2 and Ry, 3 are all equally favorable on both surface models.
However, the two-electron charge transfer during H>O desorption process (Ry,3) is found to be
more favorable compared to other possible charge transfer possibilities when f value is
increased to 0.5. Similarly, the possibility of two-electron charge transfer during CO» desorption
process (R 3) is found to be more favorable with § = 0.5, whereas multiple possibilities of
charge transfer became equally favorable when £ = 0 is used in the microkinetic model. While
the overall TOFs calculated for the H» oxidation process at a cell voltage of 0.7 V (8 =0.5) are

decreased relative to short circuit conditions, the trends observed between the two SLF surfaces

24



are similar to short circuit conditions. For example, the calculated TOFs for H, and CO oxidation
processes over the FeO»-LaO surface at AV=0.7 V are lower than the FeO»-SrO surface for both
p values. To visualize any changes in activity trends observed in the presence of anode bias
potentials, we calculated the current densities at different cell voltages.

The current density (i in Acm™) for a specific oxidation process is calculated using the
relation, i = zerl’, where z is the number of electron(s) involved in the reaction, r represents the
calculated overall reaction rate or TOF (s!), and T is the number of active sites per surface area
(cm™). The number of active sites per surface is set as the inverse of the surface area of our SLF
models (1.39 x 107'® m?) for all fuels (e.g., one active site per surface model). The simulated
polarization curves that reflect the kinetic relationship between the cell voltage and current
density (B = 0.5) for H,, CO, and syngas oxidation processes are displayed in Figure 7. It is to be
noted here that this simulation does not incorporate mesoscale and macroscale effects such as
molecular and pore diffusion effects and does not incorporate explicit cathodic kinetics. While
the omission of ohmic loss and mass transfer limitations in our model could be somewhat
justified because of high temperatures used in SOFC cells, these factors could affect the cell
performance at relevant operating conditions and a quantitative prediction of experimental cell
behavior cannot be obtained from this analysis. Nonetheless, this analysis is aimed at
understanding the relative activity of different surfaces for different fuel oxidation processes and

how the potential bias affects the activity and rate-limiting process of these surfaces.
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Figure 7: Calculated polarization curves at 1073 K for a) H; oxidation and b) CO oxidation on FeO,-
LaO (blue) and Fe0,-SrO (orange) surface models (Ph2,co = 1.00 atm, Ph20,co2 = 0.03 atm, and Po2
= 0.21 atm). (c-d) Calculated polarization curves for syngas oxidation at 1073 K on (c) FeO;-LaO
and (d) Fe0;-SrO surface models (Pu2,co = 1.00 atm, Pu20 = 0.03 atm, Pcoz = 0.003 atm, and Poz =
0.21 atm). B = 0.5 is used for all charge transfer reactions.

The polarization curves calculated for H» oxidation (Figure 7(a)) predicted higher current
densities for the FeO>-SrO surface than the FeO»-LaO surface at all cell voltages which is
consistent with the TOFs and apparent activation barriers predicted at short circuit conditions
(Table 2). At a cell voltage of 0.7 V, the current densities for H> oxidation on the FeO>-SrO
surface are calculated as 0.27 (8 = 0) and 0.11 (8 = 0.5) A/cm? which are in the same order of
magnitude reported by experimental studies (~ 0.72 A/cm?) !*. Since the TOFs and apparent
activation barriers calculated for CO oxidation at short circuit conditions are close for both
surfaces, the current densities calculated for the FeO»-LaO surface are also in the same order of
magnitude with the FeO>-SrO surface at cell voltages below 0.5 V (Figure 7(b)). However, 2-4
orders of magnitude higher current densities were observed for the FeO2-SrO surface compared

to the FeO»-LaO surface at higher cell voltage conditions suggesting that there could be a change
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in rate-limiting process for CO oxidation between low and high voltage conditions. Figures 7(c-
d) depict the syngas oxidation polarization curves for different ratios of syngas on the two FeO»-
terminated surfaces. The syngas oxidation mechanism incorporates all elementary steps from
both H> and CO oxidation reactions which implies the existence of a water-gas shift (WGS)
thermochemical mechanism in addition to the electro-oxidation processes, as illustrated in Figure
6.. The rates calculated for individual reactions, such as H electro-oxidation, CO electro-
oxidation, and WGS for different ratios of H>:CO at a cell voltage of 0.7 V are summarized in
Table S3 of the Supporting Information. On the FeO»-LaO surface, the rates calculated for the
CO electro-oxidation and WGS (producing H» and CO») are very similar and reverse H» electro-
oxidation was observed for all ratios of H2:CO. Since this surface is more active for CO electro-
oxidation, the overall activity increases with increasing concentration of CO. H» electro-
oxidation was found to be an order of magnitude higher than CO oxidation on the FeO»-SrO
surface at different H,:CO ratios which further promotes reverse WGS (producing H,O and CO).
Here, the overall activity increases with increasing concentration of H,. The reverse WGS rates
on FeO»-SrO are higher than WGS rates of FeO»-LaO for all H>:CO ratios. The simulated
polarization curves for the FeO»-LaO surface (Figure 7(c)) display that the current density
increases with increasing concentration of CO at low cell voltages since this surface exhibits
higher activity towards CO oxidation at short circuit conditions. At cell voltages above 0.6 V,
slightly higher current densities were observed for the syngas mixtures compared to pure H» or
CO fuels for the FeO,-LaO surface. On the FeO,-SrO surface (Figure 7(d)), the current density
increases with increasing concentration of H at all cell voltages since H» electro-oxidation was
found to be more favorable on this surface than CO electro-oxidation (Figures 6(a-b)). The

calculated current densities for syngas (50% Hz + 50% CO) oxidation on the FeO,-SrO surface at
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a cell voltage of 0.7 V (0.09 (8 = 0) and 0.04 (5 = 0.5) A/cm?) are an order of magnitude lower
than the experimental value (~ 0.27 A/cm?) '*. Overall, the electrochemical activity of SLF
anodes in the presence of syngas fuel seems to originate mainly from the H» electro-oxidation

over the FeO»-SrO surface and CO; is chemically reduced to CO via WGS which also produces

H»O.
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Figure 8: Degree of rate control (DRC) analysis for H, oxidation on a) FeO,-LaO and b) Fe0;-SrO
surfaces and degree of rate control for CO oxidation on c) FeO,-LaO and d) FeO,-SrO surfaces as
a function of cell potential (T = 1073 K; Pn2,co = 1.00 atm, Pr20,co2 = 0.03 atm, and Po2 = 0.21 atm).

To understand the polarization behavior of SLF anodes for the H> and CO electro-
oxidation processes, we calculated the degree of rate control with respect to cell potential as
displayed in Figure 8. The overall rates and degrees of rate control are summarized at a
representative cell voltage of 0.7 V in Table S4 of the Supporting Information. In accordance
with the short-circuit analysis, the H>O formation process (Ry,2) is mainly rate-limiting for H»
oxidation at cell voltages < 0.8 V for both surfaces, whereas the bulk oxygen migration process

(Ry25) becomes dominantly rate-controlling at higher cell voltage conditions (Figures 8 (a-b)).
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This change in rate-limiting step is reflected in the logarithmic polarization curves presented in
Figure 7(a) for the H» electro-oxidation. Since our analysis with B = 0.5 suggested that the charge
transfer occurs only in Ry, 3 which involves H>O desorption and surface vacancy formation, the
current density did not change much with the cell potential where Ry, 2 is rate-limiting in the
regime of AV < 0.8 V. Logarithmic changes in current density with high cell potentials are
observed in the regime of AV > 0.8 V where the rate-limiting oxide migration process occurs
after the charge transfer process. Similarly, the rate-controlling process changes from CO»
formation (R 2) at low cell voltages (< 0.6 V) to bulk oxygen migration (R;,5) at AV > 0.6 V
for CO electro-oxidation on the FeO»-LaO surface (Figure 8(c)), whereas such change in the
rate-limiting process is observed only above 0.9 V for the FeO»-SrO surface (Figure 8(d)). This
trend is reflected in the polarization curves in Figure 7(b) where logarithmic current density is
observed above 0.6 V for the FeO»-LaO surface and the current density remains nearly constant
until 0.9 V for the FeO»-SrO surface. This is again consistent with the rate-limiting processes
occurring before and after the charge transfer process (R 3) in these different regimes. These
results suggest that the overall performance of SLF anodes can be improved by identifying ways
to reduce the surface HO/CO; formation and bulk oxygen diffusion barriers. For example, bulk
SLF doping could decrease vacancy-mediated transport barriers and exsolvation strategies could
decrease reactions barriers for key oxidation elementary steps and increase the anode electronic

conductivity.

3.5 Effect of B-Site Doping on the SLF Oxidation Activity
Substitutional dopants are commonly used to improve the performance of MIEC

materials since dopants can alter the electronic, ionic, and catalytic properties of the parent
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material. Here, we conducted a preliminary analysis of the effects of substitutional doping of the
SLF surface models on the H» oxidation activity by replacing a surface Fe atom (active site Fe
atom, *g,— O) by various dopants such as Co, Ni, and Mn. Our microkinetic analysis for the
non-doped SLF surface models predicted that the HoO formation process is mainly rate-
controlling at short circuit and low voltage conditions for H> oxidation, whereas the bulk oxide
migration becomes rate-controlling at high voltage conditions. While substitutional doping of
bulk SLF can improve the bulk oxygen diffusion barrier by increasing the concentration of

35,64

vacancy defects , a careful analysis is necessary to identify appropriate dopant elements and

effective doping ratios as well as elucidation of the diffusion mechanism which are all beyond
the scope of this study. Here, we focused on strategies to modulate surface H,O formation
activity that could improve the H> oxidation activity of SLF materials at low cell voltage
conditions.

Table 3: Transition state free energies of the dissociative adsorption of hydrogen (AG*4, in eV)
and surface water formation (AG*420 in eV) at 1073 K, Pw2 (gas) = 1.0 atm, Puao (gas) = 0.03 atm,
and Poz (gas) = 0.21 atm) calculated with reference to the energies of initial active site and H;
gas, and turnover frequency (TOF in s™) of H, oxidation calculated at short circuit conditions for
single surface metal atom doped Fe1-xMx02-La0 and Fe1xMx02-SrO (x = 0.11; M = Fe, Co, Ni,
Mn) surface models.

AGH42 (eV) AG*a0 (eV) Short Circuit TOF (s
Dopant FeixMxO2  Fe1xMxO2 FeixMxO2  Fe1xMxO2 FeixMxO2  Fe1xMx0;
(M) -La0 -SrO -LaO -SrO -LaO -SrO
Fe 2.60 1.89 2.73 2.21 2.64x10° 5.29x 103
Co 1.39 1.09 1.71 -0.07 9.41x10%® 8.29 x 102
Ni 1.58 2.39 2.43 1.75 8.65x10' 2.10x10?
Mn 1.85 2.23 2.28 1.87 3.79x10%> 6.81x 102

The free energies of the TSs corresponding to H» dissociation (T'Sy,1) and HO
formation process (TSy,2) together with the TOFs calculated at short circuit conditions for the

two doped surface models, Fe1xMxO2-LaO and Fe1xMxO2-SrO (x=0.11; M = Fe, Co, Ni, Mn)
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are presented in Table 3 and the corresponding free energy diagrams are illustrated in Figures S2
and S3 of the Supporting Information. In the case of the Fe1.xMx0O,-LaO surface, our calculations
indicate that the rate-controlling TSy, 2 is stabilized in the presence of dopants and consequently,
the TOFs increase relative to the non-doped FeO»-LaO surface. This indicates that Fe-site doping
is a prudent strategy to improve the overall activity of SLF by making the FeO»-LaO surface
more viable for H» oxidation. Among the dopants considered here, Co displays the lowest free
energy pathway for H» oxidation (Figure S2 in the Supporting Information) and the TOFs
calculated for these dopants are 3 orders of magnitude higher than the non-doped FeO»-LaO
surface and are in the same order of magnitude calculated for the non-doped FeO»-SrO surface.
For the Fe1xMxO2-SrO surface (Figure S3 in the Supporting Information), dopants exhibited
lower TOFs compared to the non-doped FeO»-SrO surface (Table 3). This trend indicates a
change in rate-controlling step for the FeO»-SrO surface in the presence of dopants. The free
energy profiles presented in Figure S3 reveal that the TSs corresponding to H> dissociation
(TSy,1) are higher in energy compared to T'Sy,2 for all the dopants and the surface vacancy
structures (x,— Vp (S), IMy,4) are significantly stabilized compared to FeO»-SrO. Thus, our
microkinetic model predicted a high surface coverage of IMy,4 for all the dopants (> 99% for
Co). Consequently, rate-control analysis indicated that greater than 90% of the rate is controlled
by bulk oxide migration (Ry,5) process for all the dopants considered here. The highly stable
surface vacancy structures observed for the doped Fe1.xMxO>-SrO surface models further suggest
that the catalytic cycle for fuel oxidation over these surfaces could involve multiple oxygen
vacancies which is not considered in our preliminary analysis. Despite this limitation, we
examined the thermodynamic favorability of doping for both surface models with the following

equation.
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FeO, — LaO + Fe,_,M,0, — SrO - FeO, — S0 + Fe;_,M,0, — La0 (18)
(x =0.11; M = Co,Ni,Mn)

Co, Ni, and Mn display a reaction free energy (AG™") of -0.77, -0.23, and -0.49,
respectively suggesting that a combined presence of doped FeO»-LaO surface with non-doped
FeO,-SrO surface is thermodynamically more favorable. Hence, the activity of SLF anodes is
increased in the presence of all dopants as the more active doped FeO»-LaO surfaces coexist with
the highly active FeO»-SrO surface. This combined effect increases the net number of active sites
for doped SLF anodes, especially for the Co dopant. Overall, this analysis suggests that the H»
oxidation activity of the FeO»-LaO surfaces could be improved by doping with Co, Mn, and Ni.
The activity of the FeO»-SrO surface is decreased with dopant introduction due to a change in the
rate-determining step and a high driving force for the formation of surface vacancies. Among the

three dopants, Co could yield the best performance.

3.6 Effect of Sulfur Poisoning on the activity of SLF

The experimental literature indicated that the SLF-based anodes exhibit high tolerance to sulfur
and the fuel oxidation activity does not diminish in the presence of H»S '*!°. In this work, we
used constrained ab initio thermodynamics analysis to investigate the sulfur poisoning
mechanism of doped and non-doped SLF surface models under SOFC operating conditions with
the aim of understanding the limits of sulfur stability on these materials. As proposed earlier by
Walker et. al. for the SFMO material 28, two different mechanisms were considered for the
interaction of sulfur with the SLF surfaces, namely, dissociative adsorption of H>S on the SLF

surface, and replacement of surface oxygen by sulfur (Figure 9).
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Figure 9: Top views of optimized structures of a) sulfur adsorbed on the oxygen vacancy (H2S +
M-V,**-Fe1 € H; + M-S-Fe1, M = Fe, Co, Ni, Mn) and b) sulfur replacing surface oxygen (H2S +
M-0Oo*-Fe; €2 H,0 + M-S-Fez, M = Fe, Co, Ni, Mn), respectively.
The H>S dissociative adsorption reaction can be described as
H,S(g) +M -V, —Fe; » Hy,(9g) + M —S — Fe;(M = Fe,Co, Ni, Mn) (19)
The corresponding dissociative adsorption reaction free energy (AG *®®) is calculated by the
following expression,
AG = (ERS" + uuz) + En"stF | — (Efzs + Huzs) — Eﬁi?/g—zrel (20)
The oxide replacement reaction is described as
H,S(g)+M -0 — Fe, > H,0(g) + M —S —Fe, (M = Fe,Co,Ni,Mn) (21)
and the corresponding replacement reaction free energy (AG"®PY) is calculated by the following
expression,
AG™P! = (Enzo + Hizo) + EnZstre, — (Eizs + tuas) = Euore, (22)
Fe, refers to the surface Fe atom that is directly connected to the oxygen vacancy where sulfur is
adsorbed and Fe, is bonded to the surface oxygen that is replaced by sulfur (Figure 9). While
both mechanisms produce surface sulfur, these sulfur atoms can have different effects on the
proposed catalytic cycles of H> and CO oxidation. The dissociative adsorption process fills the

native surface V,, with sulfur blocking the adsorption site for H> and CO, whereas the oxygen
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replacement mechanism replaces one of the neighboring surface oxygens that is involved in the
formation of surface H,O and COz; thus, this mechanism could affect the kinetic barriers for
these reactions.

Table 4: Reaction free energies for the dissociative adsorption of H,S (AG?® in eV, eq 20) and
oxygen replacement reaction (AG™P' in eV, eq 22) for the Fe1xMx0,-LaO and Fe1.xMx02-SrO (x=
0.11; M = Fe, Co, Ni, Mn) surface models calculated at T = 1073 K, Cn2s = 50 PPM, Py2 =1 atm, and
PH20 =0.03 atm.

Fe1.xMxO2-LaO Fe1xMx02-SrO
Dopant (M) AG?* (eV) AG™P' (eV) AG?* (eV) AG™P' (eV)
Fe 1.73 1.09 2.94 0.16
Co 2.25 0.01 1.74 0.61
Ni 4.04 -0.08 3.05 1.46
Mn 1.82 0.75 2.10 -0.15

The free energies of sulfur adsorption and oxide replacement reactions (Table 4)
calculated with a H2S concentration of 50 ppm '# suggest that the sulfur adsorption process is in
general less favorable than the oxide replacement process for all the dopants on the two surface
models. While the oxide replacement reaction is still highly unfavorable on the non-doped FeO»-
LaO surface (AG™! = 1.09 eV), this reaction is endergonic only by 0.16 eV on FeO»-SrO
surface. Further calculations indicate that the accumulation of sulfur on the FeO»-SrO surface via
oxide replacement reaction is possible when the H>S concentration increases above 290 PPM at a
temperature of 1073 K. However, this amount is much larger than the H>S concentration that
normally poisons Ni/YSZ (< 15 ppm) * suggesting that the SLF anodes are less susceptible for
sulfur poisoning at concentrations of H»S practical to SOFC conditions.

The free energies of the oxide replacement reaction on the FeO»-LaO surface decrease in
the presence of dopants and the least stable dopants were Co and Ni which are nearly in
equilibrium with a AG™! of 0.01 and -0.08 eV, respectively. On the other hand, the introduction
of dopants on the FeO»-SrO surface increase the free energies of oxide replacement reaction

except for Mn for which an exergonic AG™! of -0.15 eV was predicted by our calculations. As
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discussed earlier in Section 3.5, substitutional doping of Co and Ni on the FeO,-LaO surface
increases the TOFs for H> oxidation on this surface (Table 3); however, one of the active oxygen
atoms involved in surface water formation could be replaced by sulfur when the H>S
concentration in the fuel becomes higher than 56 and 20 ppm, respectively. This could have a
negative impact on the oxidation activity. Mn increases the TOF for H» oxidation on the FeO»-
LaO surface and displays resistance to oxide replacement with sulfur for H>S concentrations
below 1.7 x 10° ppm. In the case of FeO,-SrO surface, the oxide replacement reaction on the
Mn-doped surface becomes feasible when the H»S concentration is > 10 ppm at 1073 K
suggesting that Mn doping has negative effect on sulfur resistance on the more active surface. An
overall comparison of H; oxidation TOFs (Table 3) and free energies of sulfur poisoning
mechanisms (Table 4) reveals that doping with Co could improve activity on FeO»-LaO surface,
maintain adequate performance on the FeO»-SrO surface, and displays sulfur resistance above

the Ni/YSZ instability H>S concentrations.

4. Conclusions

The activity of SLF based anode materials in the presence of Ha, CO, and syngas fuels
was investigated using DFT + U theory and microkinetic modeling techniques. We constructed
two representative FeOx-terminated SLF (001) surface models with different underlying rocksalt
(LaO and SrO) layers to examine the catalytic activity under anodic SOFC conditions.
Microkinetic analysis performed under short circuit conditions indicated that the FeO»-SrO
surface is more active for both H> and CO oxidation. In the presence of anode bias potential, a
similar trend was observed at all cell voltage conditions. However, the CO oxidation activity of

the FeO,-SrO surface shifts from logarithmic scaling below cell voltages of 0.8 V such that the
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FeO»-LaO surface activity only differs from the FeO>-SrO activity by a factor of three at short
circuit conditions. Kinetic rate control analysis revealed that the key rate-limiting step changes
from surface H,O/CO; formation at low cell voltage conditions to bulk oxygen migration at high
voltage conditions for these oxidation processes on both surface models. The CO electro-
oxidation activity of SLF surfaces is found to be 1-2 orders of magnitude lower than the H»
electro-oxidation activity. Syngas oxidation incorporates elementary steps from both H, and CO
electro-oxidation reactions implying the existence of the thermochemical WGS reaction. For the
active FeO,-SrO surface, syngas oxidation derives its current density from H> oxidation and CO,
is thermochemically reduced to CO via reverse WGS.

Next, we conducted a preliminary analysis of the introduction of surface B-site dopants
on the SLF surface models to understand the effect of dopants on the H> oxidation activity at
short circuit conditions. The free energy of rate-limiting H>O formation TS on the FeO»-LaO
surface decreased and consequently, an increase in TOF was observed for all dopants. For the Co
dopant, it exhibited 3 orders of magnitude higher TOF than the non-doped surface. While a
similar trend in the free energy of H>O formation TS was observed on the FeO»-SrO surface with
the introduction of dopants, the calculated TOFs for the doped surfaces were found to be lower
than the non-doped surface. Since doping significantly stabilizes the surface vacancy structure on
the FeO,-SrO surface, the oxidation reaction was found to be rate-controlled by bulk oxygen
diffusion rather than the surface H>O formation process. A thermodynamic analysis of surface
dopant formation indicates the favorability of more active doped FeO»-LaO surfaces coexisting
with the highly active non-doped FeO»-SrO surface such that the number of active sites is
increased in the presence of dopants. Lastly, we analyzed the sulfur poisoning mechanism of

SLF surface models by examining the dissociative adsorption of H>S and the replacement of
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surface oxygen by sulfur. The dissociative adsorption of H»S reaction was found to be
endergonic under SOFC operating conditions in the presence of 50 ppm of H»S for all the doped
and non-doped SLF surfaces which is consistent with the sulfur tolerance observed by
experimental studies. In the cases of Fe1.xMx0-LaO (x =0.11; M = Co and Ni) and Fe1xMnxO>-
SrO (x = 0.11) surfaces, lower free energies (-0.2 to 0.1 eV) calculated for the oxide replacement
reactions suggest that the oxidation activity of these surfaces could be affected in the presence of
slightly higher H>S concentrations. Overall, SLF anodes exhibit reasonably good activity and
sulfur resistance in the presence of Ha, CO, and syngas fuels and Co doping on the SLF surfaces
seems to improve and/or maintain the catalytic activity of SLF while maintaining sulfur
tolerance. Future work will focus on the effect of B-site doping on the bulk oxygen diffusion
barrier to help the design of SLF based materials for direct use in SOFCs. Lastly, SLF-based
anodes could have an impact on future hydrogen storage applications as an electrolysis material
for H, generation or for energy generation in direct hydrocarbon fuel cells under sulfur-
containing conditions with the help of prudent doping strategies as determined by experimental
and ab initio studies.
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