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ABSTRACT: Periodic density functional theory (DFT) calculations and microkinetic
modeling are used to investigate the electrochemical oxidation of H, fuel on the (001)
surface of Sr,Fe; MoysOs (SFMO) perovskite under anodic solid oxide fuel cell
conditions. Three surface models with different Fe/Mo ratios in the topmost
layer—identified by ab initio thermodynamic analysis—are used to investigate the H,
oxidation mechanism. A microkinetic analysis that considers the effects of anode bias
potential suggests that a higher Mo concentration in the surface increases the activity of
the surface toward H, oxidation. At operating voltage and anodic SOFC conditions, the
model predicts that water desorption is rate-controlling and that stabilizing the oxygen
vacancy structure increases the overall rate for H, oxidation. Although we find that Mo
plays a crucial role in improving catalytic activity of SEMO, under fuel cell operating
conditions, the Mo content in the surface layer tends to be very low. On the basis of these results and in agreement with previous
experimental observations, a strategy for improving the overall electrochemical performance of SFMO is increasing the Mo
content or adding small amounts of an active transition metal, such as Ni, to the surface to lower the oxygen vacancy formation
energy of the SFMO surface.

Bl INTRODUCTION Recently, Sr,Fe; MoysOss (SFMO) perovskite has been
Solid oxide fuel cells (SOFCs) are considered one of the most prop osgd as a promising anF)de material for SOFCs bec'ause this

. . . mixed ionic and electronic conductor (MIEC) pairs good
promising alternative energy technologies because they can catalvtic activity with verv eood ionic and electrical
efficiently convert chemical energy into electrical energy. con dzctivity“_my The mixe(i,—va%ent Mo%*/Mo® and Fe*/
Moreover, SOFCs can utilize a wide variety of fuels, such as Fet . d. | . ductivi d the ch istic high
H,, natural gas, liquid fuels, biofuels, and gasified coal, with a ¢ provide electronic conductivity, anc the characteristic hig

2 ) ) ) ’]

) 1 X - X oxygen vacancy concentration as well as low oxygen ion
relatively low sensitivity to fuel impurities compared with other migration barriers in SEMO lead to a high ionic conductiv-

types of fuel cells.'* The most commonly used material for ity.">'> The ionic conductivity of SEMO is significantly higher

SOFC anodes is Ni/YSZ (yttria-stabilized zirconia) cermet than that of the commonly used LaggSry,MnO; cathode, and
because Ni provides excellent catalytic activity and current its electrical conductivity in both air and hydrogen environ-
collectability, and YSZ provides good ionic conductivity and ments meets the conductivity requirements for both anodes
structural support. Despite the advantages of the Ni/YSZ and cathodes."*"®

anode, this anode material encounters several limitations, such In a combined experimental and theoretical study, Mufioz-
as instability upon redox cycling,5 nickel coarsening at high Garcia et al.'? identified a high concentration of constitutional
operating temperatures,6_8 sulfur p0isoning,9 and carbon oxygen vacancies in the SFMO bulk material as the likely
deposition when exposed to practical hydrocarbon fuels‘lo source for boosting oxygen ion diffusion. Furthermore, their
Therefore, finding a suitable replacement for the conventional

Ni/YSZ anode is currently a key objective in the development Received: March 14, 2014

of SOFC technology. Published: May 14, 2014
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theoretical analysis suggested that the formation of oxygen
vacancies is promoted by the presence of relatively weak Fe—O
bonds and a fully delocalized rearrangement of the extra charge
delivered to the lattice upon removal of the neutral oxygen
atom. Electronic structure analysis further revealed that the
empty states across the Fermi energy in the SEMO conduction
band are retained at experimental vacancy concentrations,
leading to adequate electronic conductivity. The oxide ion
diffusion kinetics characterized by first-principles calculations
predicted an oxide ion migration barrier of only ~0.3 eV, much
lower than the 0.8/0.9 eV of most other ABO; perovskites,
including the parent material SrFeOs."> Although these studies
provide evidence for the MIEC character of the SFMO
material, a detailed understanding of the electrocatalytic activity
of this material is not yet available.

Experimental studies have shown that the SEMO anode can
process both H, fuel and natural %as with high thermodynamic
stability, and tolerance to sulfur.'"'® In addition, it was reported
that SFMO displayed good thermal compatlblhty with the
LagS19,Gags3Mgo 1,05 (LSGM) electrolyte.'! However, its
relatively low electro-oxidation activity is a major drawback
which contributes to an overall low cell performance. Adding a
small amount of Ni to the anode was found to be essential in
achieving good performance, indicating that Ni has an
electrocatalytic effect toward fuel oxidation on the SFMO
surface.'’ The reasons behind the relatively poor electro-
chemical activity of SFMO and the role of Ni metal in
improving the catalytic performance are currently unclear.
Considering that understanding the fuel oxidation mechanism
on perovskite surfaces such as SFEMO is crucial for the
development of alternative oxide based anode catalysts, it is the
objective of this computational study to investigate the
electrochemical fuel oxidation mechanism on the SFMO
anode under realistic fuel cell operating conditions and to
understand the role of Ni in improving its catalytic activity.

We aim at illustrating how a combination of a density
functional theory (DFT)-based method and mean-field micro-
kinetic modeling can be used to systematically study the H,
oxidation mechanism on SFMO surfaces and determine the
rate controlling step under SOFC operating conditions. We
find that H,O desorption, which produces surface oxygen
vacancies, is rate-controlling under fuel cell operating
conditions, and an SFMO surface with higher Mo concen-
tration in the gas-exposed surface layer exhibits higher catalytic
activity. Finally, Ni facilitates the surface oxygen vacancy
formation process on the SEMO surface, which is found to be
rate-controlling.

B MODELS AND METHODS

Crystallographic Data of Sr,Fe,;sMoys504. The structure of
Sr,Fe; Mo, sOg was initially reported as a cubic double perovskite
structure in space group Fm-3m with lattice parameter a = 7.8717(1)
A'7 The crystal structure was studied using a Rietveld refinement of
powder X-ray diffraction data. The typical formula of a double
perovskite oxide is A,BB'Og, where the A-site cations are larger than
the B- and B’-site cations and similar in size to the oxygen anions. The
occupancies of the B and B’ sites retained essentially the 3:1 ratio of Fe
to Mo, as indicated by the empirical formula. More recently, Rietveld
refinement of powder neutron diffraction data carried out by Bugaris et
al. established that the room temperature structure of Sr,Fe, Mo, O
belongs to space group [4/mcm of the tetragonal system.'® The 14/
mcm space group contains only one B metal site, analogous to the case
of a simple perovskite (ABO;). The difference between the tetragonal
and the cubic structures arises from the MOy octahedra’s having four
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short and two long M—O bond distances coupled with octahedral
tilting. Although these experiments clearly suggest that the room
temperature Sr,Fe; sMo,sO;4 structure is tetragonal, computations
based on DFT+U theory suggest that the cubic Fm-3m and
orthorhombic Pnma structures (and therefore, also tetragonal
structures) are essentially degenerate.'” The differences in absolute
energies and energies of oxygen vacancy formation between cubic and
orthorhombic structures are negligible (<0.2 meV/fu.). Moreover, in
situ neutron diffraction experiments established that Sr,Fe; Mo, O
undergoes a structural phase transition and takes on the cubic Pm-3m
(Fm-3m in a double perovskite setting) structure by 400 °C.'*
Therefore, in this work, all SFMO (001) surface models have been
created from optimized lattice parameters of Fm-3m cubic structure.

Computational Details. All calculations were carried out using
spin-polarized DFT+U theory with periodic boundary conditions as
implemented in the Vienna Ab initio Simulation Package (VASP
5.2)."%2° We chose the Perdew—Burke—Ernzerhof (PBE)*! functional
to describe exchange and correlation effects. The nuclei and core
electronic states were described by projector augmented-wave (PAW)
potentials,** and the Sr 4s4pSs, Fe 3p3dds, Mo 4pSs4d, Ni 4s3d, and O
2s2p were treated as valence electrons. The plane wave basis set was
found to be converged to within 1 meV per formula unit of SFMO at a
kinetic energy cutoff of 800 eV. Integration over the first Brillouin
zone used Gaussian smearing (o 0.05 eV) during structural
relaxations. The U—J] parameter was employed to correct the self-
interaction error inherent in pure DFT when applied to transition
metals with tightly localized d electrons, such as Fe in SFMO. In
accordance with earlier computational studies on SEMO,'>** we set
the U—]J value for Fe to 4.0 eV and used no U—J parameter for Mo, as
validated on the parent SrFeMoOg compound.

The bulk structure of SEMO was optimized using a pseudocubic
cell of 40 atoms (SrgFegMo,0,,) with a 4 X 4 X 4 Monkhorst—Pack
(MP)** k-mesh. This model has the required minimum size to study
the 3:1 Fe/Mo ratio. Figure 1(a,b) illustrates the two possibilities for
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Figure 1. (Top) Sr,Fe, ;Mo ;O cubic supercells of bulk SFMO with
different distributions of Mo atoms: (a) plane-Mo configuration and
(b) diagonal-Mo configuration. (Bottom) SFMO (001) surface
models constructed from the two bulk models: (c) plane-Mo surface,
(d) diagonal-Mo surface, and (e) FeO,-terminated surface.

Fe and Mo distributions in this bulk SFMO model. The two
configurations represent planar (Figure 1a) and diagonal (Figure 1b)
distributions of Mo atoms in the bulk, and thus, we name these
configurations plane-Mo and diagonal-Mo, respectively. The calculated
PAW-PBE+U lattice constants, a = 7.880 A and a = 7.922 A for the
plane-Mo and diagonal-Mo bulk configurations, respectively, are in
close agreement with experimental and previous theoretical values.'”
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We find that the antiferromagnetic arrangement of Fe spins is the most
stable arrangement in both configurations. The optimized lattice
parameters were then used to construct stoichiometric (1 x 1) surface
slab models with eight atomic layer thickness (Figure 1(c—e)). Only
the (Fe/Mo)O, termination is considered in the surface slab models
because they are expected to be more catalytically active than the SrO-
terminated surface.

In addition to the plane-Mo (Figure 1c) and diagonal-Mo (Figure
1d) surface models, the plane-Mo bulk configuration provides another
possibility to construct a surface slab model with FeO, termination
(Figure 1le). For clarity, we refer to this slab model as FeO,-terminated
surface. The number of Mo atoms in the top surface layer of the plane-
Mo, diagonal-Mo, and FeO,-terminated surfaces are 2, 1, and 0,
respectively. Each slab model contains two SFMO bulk unit cells
(Sry¢Fe;;M0,40,,) in the surface normal direction. A vacuum gap of 15
A was used to minimize the interaction between images along the z-
axis. The bottom-most layer was fixed in all calculations to mimic a
semi-infinite bulk crystal. Test calculations suggested that fixing the
bottom layer gives rise to only small dipole corrections (<0.1 eV). The
surface slabs were optimized using a 4 X 4 X 1 MP k-mesh. By
increasing the number of k-points to S X S X 1, we observed a
negligibly small change in oxygen vacancy formation energy (<0.01
eV), suggesting a very good convergence of reaction energies with
respect to the k-mesh density. Dipole and quadrupole corrections to
the energy are taken into account using a modified version of the
Markov and Payne method,” that is, the contribution of dipole
interactions along the z-axis is subtracted from the total energy.
Transition state (TS) structures of various elementary steps were
optimized using the climbing image nudge-elastic band (CI-NEB)**
and dimer methods.”” >

Finally, we note that test calculations on a symmetric slab display a
negligible difference of <0.07 eV in oxygen vacancy formation energy
compared with that of using the asymmetric slab with a dipole
correction scheme (see Supporting Information). This indicates that
the dipole correction scheme used in our calculations works properly
and reaction energies can be predicted accurately with an asymmetric
slab model.

Microkinetic Model. Transition state theory was used to calculate
the forward and backward rate constants for a surface reaction A* —
B¥,

kfor = Afore_Efﬂ(’[/kBT; krev = Al’eve_E;V/kBT (1)
where Ej, and E:,, denote the zero-point energy (ZPE)-corrected
forward and reverse activation barriers, respectively. The ZPE was
obtained as Y.(1/2)hv, from calculated vibrational frequencies, v, All
adsorbed species and the nearest neighbor atoms of the SFMO surface
model that are directly involved in the reaction mechanism were
included in the frequency calculations (see Figure S2 in the Supporting
Information). Displacements of +0.001 A were used along the x, y,
and z directions for all Hessian constructions from analytic gradients.
From the calculated frequencies, we confirmed the nature of a first-
order saddle point with one imaginary frequency. Frequency factors
(A) were calculated from the vibrational partition functions (gy)
using the following expressions:
kB_Tqvib,TS . _ kB_Tqvib,TS.

A = ’
for h q

rev

j
qvib,A*

1
(4,) = H | — o /kT

i

vib, B*

@)

For an adsorption process, A + * — A*, where * represents an
empty site on the surface model and A* is the adsorbed species,
collision theory was used to calculate the adsorption (forward) rate
constant, kg, = (10%/(2amukyT)?)S e (s 'atm™"), where m, is the
molecular weight of species A and kj is the Boltzmann’s constant. We
assumed a sticking coefficient of 1 in all simulations. S is the surface
area of our slab model, which is equal to 6.20 X 107" m* The reverse
rate constant was obtained from the relation K = k¢, /k,.,, where K is

Tev)

the equilibrium constant calculated from the ZPE-corrected adsorption
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energy (AE,y) and the entropy factors of gas molecule (A) using the
expression, K = (qui, o/ Gyib,+ (Guibrotirans)a) €54/

Once the forward and reverse rate constants of each elementary
step were computed, a master equation was constructed and solved for
the steady-state solution of probability densities for the system to
occupy each discrete state. In the following, we call these probability
densities surface coverages, 6. The BzzMath library developed by
Buzzi-Ferraris® was used to solve the steady-state equations. The
calculated surface coverages were further used to compute the rates of
all elementary steps at specific reaction conditions. The apparent
activation energy (E,,,) was calculated over a temperature range of

pp
900—1300 K using the expression,

dIn Toverall )
dT 3)

where the total pressure (P) and the mole fraction of species i in the
reaction mixtures (y;) are kept constant. The “degree of rate control”

for step i, Xzc,; was calculated using Campbell’s theory>"*” as

ki(r)
r\k
Kk

irkjsi

_ 2
E,, = RT (
P,yi

4)

where the equilibrium constant for step i (K;) and all other rates (kj#i)
are held constant. Similarly, the “degree of thermodynamic rate
control” of an intermediate, n, was calculated as

1 r
X =—-—-
TRC,
Y <_GS>
RT
0 0,
G GPTS (8)

where the Gibbs free energy of all other intermediates (m # 1) and all
transition states (i) are held constant.

B RESULTS AND DISCUSSION

Ab Initio Thermodynamic Analysis. The three surface
models shown in Figure 1(c—e) are used to investigate the
electro-oxidation of H, under SOFC operating conditions. The
different surface Mo concentrations of these three surfaces will
allow us to understand the effect of Mo on the electrocatalytic
activity of SEMO. In agreement with earlier computational
studies of bulk SFMO,'*!® the three surface models
constructed here also exhibit metallic character. The calculated
energies of these stoichiometric surfaces (Table 1) suggest that

Table 1. Relative Energies of Stoichiometric® and Reduced
Surfaces” of the Three Surface Models of SEMO Calculated
with DFT+U

relative energy (eV)

surface models of stoichiometric surface reduced surface

SEMO SrisFe;;M0,044 SrisFe;;Mo0,043
plane-Mo 0.00 0.00
diagonal-Mo 1.08 —0.89
FeO,-terminated 1.26 -1.72

“Sr,Fe; sMo, 5O, Figure 1. bSr,Fe, Moy 045 8 = 0.675, Figure 2.

the stability of these surfaces decreases in the order plane-Mo
surface > diagonal-Mo surface > FeO,-terminated surface.
However, earlier studies identified a high concentration of
constitutional oxygen vacancies and a low oxygen migration
barrier in this material, which were proposed to be largely
responsible for high oxygen ion diffusivity.''* In addition,
SOFCs are operated at high temperatures (>1000 K) and
reducing conditions (low oxygen partial pressures). Under

dx.doi.org/10.1021/ja502629j | J. Am. Chem. Soc. 2014, 136, 8374—8386
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these reducing conditions, multiple oxygen vacancies are
expected to be present in the SEFMO material. In fact, in situ
powder neutron diffraction experiments on the SFMO material
revealed that oxygen loss occurs on heating the sample in a wet
hydrogen atmosphere, and the stoichiometry of the material at
850 °C was identified as Sr,Fe; Mo sOs s while heating in 4%
H,.'® To understand the nature of the three selected SFMO
surface models under SOFC operating conditions, we carried
out a constrained ab initio thermodynamic analysis by creating
multiple oxygen vacancies at various locations and constructed
approximate phase diagrams. Different possible spin arrange-
ments of Fe atoms in the surface models were tested whenever
an additional oxygen vacancy was created to identify the most
stable magnetic configuration.

Constrained ab initio atomistic thermodynamics calculations,
which compute Gibbs free energies, allow us to identify relevant
structures and compositions under realistic temperatures and
pressures that constitute starting points for a later detailed
investigation of reaction pathways. The phase diagrams were
constructed by calculating the free energies of reaction 6 as a
function of oxygen chemical potential, that is, temperature and
oxygen partial pressure.

12
Sr,Fe;;Mo,Op5 — SriFe;;Mo,Op_5 + EOZ ©)
where & denotes the number of oxygen vacancies in the surface
model (§ = 1—6). The Gibbs free energy for the formation of
an oxygen vacancy can be computed as

AG = E, 4 + 6[Eo + Auy (T, P)] — Egy )
where E 4 is the DFT+U electronic energy of the structure
with oxygen vacancies (SrjsFe;;M0,0,4_s) and Egy is the DFT
+U electronic energy of the stoichiometric slab. We define the
energy of atomic oxygen, Eq, to be half of the energy of an
oxygen molecule, Eq , which is obtained from the H,O splitting

reaction using the experimental reaction energy and DFT
energies of H, and H,O in the gas phase,*>**

o, = 20(ERT + BTE) ~ (BT + B ~ By

ZPE
~ Eo, (®)
Here, E“"® is the experimental zero-point energy,35 E, ¢ is the
experimental heat of formation of a gas-phase H,0 molecule (T
=0K),* and EP*T is the energy calculated with PBE functional.
This semiempirical estimate of the energy of atomic oxygen
allows us to avoid the well-known errors associated with using

DFT-PBE to directly calculate either Ey or Eq (self-

interaction, spin contamination, etc.). The chemical potential
of O, which includes the temperature- and pressure-dependent
free energy contributions of the O, molecule, is described by
Apo(T,P) and has been calculated from first-principles using
the rotational, translational, and vibrational partition functions
of the O, molecule. We neglect all zero-point energies in eq 7
(other than those explicitly appearing in eq 8) and assume that
entropic contributions from the solids to the free energy
difference are insignificant.>* > In addition, the pressure
dependence of Auo(T,P) is obtained assuming that the gas
phase is ideal.

Apy(T, P) = %(A,uo(T, P%) + kT h{%)) ©)
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Figure 2 illustrates the calculated phase diagrams for the
plane-Mo (Figure 2a), diagonal-Mo (Figure 2b), and FeO,-

log(Poy/1 atm)

Sr@Fe@® Mo
1100 1300 1500 1700 1900 @O (O Vacancy

0 700 900
Temperature (K)

Figure 2. Calculated phase diagrams of SFMO surfaces: (a) plane-Mo
surface, (b) diagonal-Mo surface, and (c) FeO,-terminated surface.
Differently shaded areas mark the stability regions of various structures
for a given temperature and partial pressure of oxygen. Dashed lines
indicate experimental anodic SOFC conditions (T = 1100 K and Py, =
1072 atm).* The optimized structures on the right correspond to the

most stable Sr,Fe, ;MoysO4s (6 = 0.625) structure of each surface
model.

terminated (Figure 2c) surface models. At relevant SOFC
operating conditions (P, = 107 atm, T = 1100 K),* all three

surface models possess five oxygen vacancies. The optimized
structures of the three slab models with five oxygen vacancies
are shown next to the corresponding phase diagrams in Figure
2. We note here that we tried all meaningful oxygen vacancy
positions in the process of identifying the lowest-energy
structures. In the lowest-energy structures with five oxygen
vacancies, the distribution of vacancy sites is different in the
three surface models. The plane-Mo surface (Figure 2a) has
two oxygen vacancies in the topmost layer, whereas the
diagonal-Mo (Figure 2b) surface has three oxygen vacancies,
and the FeO,-terminated (Figure 2c) surface contains four
oxygen vacancies on the topmost layers. We note that
structures with surface oxygen vacancies are generally more
stable than structures with bulk oxygen vacancies because of the
ability of the surface to restructure. Two types of oxygen
vacancies (V¢ in Kroger-Vink notation*®) those between
a Mo and a Fe atom (Mo—Vg —Fe) and those between two Fe

dx.doi.org/10.1021/ja502629j | J. Am. Chem. Soc. 2014, 136, 8374—8386
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atoms (Fe—V& —Fe) can be formed in SFMO. Our
calculations suggest that the oxygen vacancy formation energies
of Mo—Vg —Fe are higher than those of Fe—Vg —Fe. These
results are in agreement with previously reported calculations
that mid-to-late transition metals, such as Fe, form much
weaker metal—oxygen bonds than early transition metals, such
as Mo."” As a result, Fe—O bonds are easier to break to remove
oxygen from the lattice and generate a vacancy. Thus, the
plane-Mo surface with high Mo concentration in the surface
that possesses only Mo—O—Fe bonds in the surface prefers to
form only two oxygen vacancies. The other two surfaces with
higher Fe concentration in the surface prefer to form three and
four oxygen vacancies in the surface layer.

Furthermore, we find that the three reduced surface
configurations with five oxygen vacancies exhibit different
thermodynamic stabilities compared with their corresponding
stoichiometric surfaces. Table 1 lists the relative DFT+U
energies of stoichiometric surfaces and reduced surfaces with
five oxygen vacancies. It can be seen that the plane-Mo surface
configuration is preferred under synthesized conditions
(relatively high oxygen chemical potentials), whereas diago-
nal-Mo and Fe-terminated surface configurations predominate
under SOFC operating environments (relatively low oxygen
chemical potentials). This indicates that under anodic SOFC
conditions, the relative concentration of Mo atoms in the
surface layer should be lower than in the bulk SEMO material.
Although our thermodynamic analysis suggests that the FeO,-
terminated surface is the most stable surface under SOFC
operating conditions, we performed a mechanistic study of all
three reduced surfaces to understand the effect of Mo content
on H, electro-oxidation.

H, Oxidation Mechanism on SFMO (001) Surfaces.
The three SEFMO surface configurations considered in this
study offer different types of active sites on each surface for H,
oxidation. For example, the active oxygen involved in the H,
oxidation mechanism on a plane-Mo surface is bonded to Mo
and Fe (Mo—O—Fe) and on the FeO,-terminated surface the
active oxygen is bonded to two Fe atoms (Fe—O—Fe).
However, the diagonal-Mo surface possesses both types of
oxygen atoms, and thus, we considered two different active sites
(Mo—O—Fe and Fe—O-Fe) for this surface model. The
overall electrochemical oxidation of H, at the SFMO anode can
be expressed (in Kroger-Vink notation*) as

H, () + O5(SFMO) — H,0(, + 2¢' + V' (SEMO)
(10)

where V& denotes a doubly charged oxygen vacancy on the
surface and the two electrons of OF (oxygen on the surface)
are transferred via the M—O—Fe (M = Fe or Mo) bridge to the
current collector. Figure 3 illustrates our proposed catalytic
cycle for the oxidation of H, on the SFMO (001) surface model
and the reaction steps involved in the surface reaction at an
active site, *;—O—Fe (M = Mo or Fe), are described in eqs
R1—R3. We note here that all DFT+U calculations have been
performed on charge-neutral surface models, and we
considered electrochemical charge transfer only in our
microkinetic model. Thus, the net charge on both sides of all
reactions (R1—RS) described below is zero.

*, — O — Fe(IM1) + H,(g) — Hy — OH — Fe(IM2)
(R1)

Hy — OH — Fe(IM2) — *; — OH, — Fe(IM3)  (R2)
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Figure 3. Proposed mechanism for H, oxidation on Sr,Fe; sMo,5O4

surface.

R3
<R3
-H,0

*y — OH, — Fe(IM3)

- * — Vo(S) — Fe(IM4) + H,0(g) (R3)

In the first step (R1), a H, molecule from the feed gas
adsorbs dissociatively on a metal site (Mo or Fe) and a
neighboring oxygen atom, forming a hydroxyl species on the
surface. In this context, our calculations suggest that molecular
adsorption of H, and dissociative adsorption of H, on one
metal site are energetically unfavorable. The H atom on the
metal site is then transferred to the hydroxyl species (R2),
forming a H,O molecule. H,O desorption from the surface
(R3) creates a surface oxygen vacancy (V(S); we did not use
Kréger—Vink notation*” in the reaction mechanism at the
anode because it is not clear at this point when charge transfer
occurs). Although the H, oxidation process is completed in
these three steps, the kinetics of this reaction cannot be
examined unless the catalytic cycle is completed. Thus, in our
model, we also included the process of oxygen ion migration
from SFMO bulk to the surface oxygen vacancy (R4) and the
bulk oxygen vacancy (V,(B)) being filled by an oxygen ion
from the cathode (RS).

= Vo(S) — Fe(IM4) — *,, — V,(B) — Fe(IMS)
(R4)

%, — Vo(B) — Fe(IMS) + %Oz(g)

— *; — O — Fe(IM1) (RS)

The replenishment of bulk oxygen vacancy (RS) involves at
least two elementary steps. The first step involves the reduction
of oxygen at the cathode—electrolyte interface, which transfers
the oxygen ion to the electrolyte ((1/2 Oy + V& + 2¢”
(cathode) — O} ), followed by the exchange of an oxygen ion
from electrolyte to the anode, filling the bulk oxygen vacancy
(0% + VMo = O%emo + Vo). In our model, we assume that
the current collection and oxygen reduction reaction at the
cathode (first step) are fast under SOFC operating conditions,
which is justified by the experimental observation that addition
of Ni to the anode surface significantly improves the overall cell
performance, that is, the anode is performance-limiting.
Because the ionic conductivity of SFMO is comparable to the
commonly used electrolyte La,gSro,Gag g3Mg ;05 (LSGM) in
the perovskite-based fuel cells,*' ™ we considered the bulk
oxygen diftusion barrier of SFMO as the limiting factor in the

dx.doi.org/10.1021/ja502629j | J. Am. Chem. Soc. 2014, 136, 8374—8386
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Figure 4. Free energy profile (eV) for the H, oxidation reaction on the plane-Mo surface of SFMO (T = 1100 K; P,(gas) = 1 atm). All energies are
with reference to the sum of the energies of the initial state (IM1) and the gas phase molecules. The insets provide a top view of the optimized

structures of the intermediates.

oxygen ion exchange process and used this barrier to calculate
the rate of reaction (RS). The bulk oxygen diffusion barrier of
SEMO is calculated on the basis of the structures reported in
our previous work'® as 0.33 eV.

Reaction Pathways and Energetics of H, Oxidation on
SFMO (001) Surfaces. The plane-Mo slab model (Figure 2a)
has six Mo—O—Fe type oxygen atoms on the surface. We chose
one of those oxygen atoms that has the lowest oxygen vacancy
formation energy as the active site for H, oxidation. We tested
and confirmed that the spin configurations on all Fe atoms do
not change along the reaction coordinate, and we used the
optimized spin configuration of our reactant surface models
(IM1) for each surface termination to describe the magnetic
behavior of all intermediates. The Gibbs free energy profile
calculated at T = 1100 K for H, oxidation on the plane-Mo
surface is provided in Figure 4. The partial pressures of the gas
phase molecules were assumed to be 1 atm. The intermediate
structures are shown in the inset, and the transition state
structures are provided in the Supporting Information. The TS
structures are numbered with reference to the elementary
reaction steps throughout this paper.

Dissociative adsorption of H, (R1) was initially considered
on Mo and the neighboring oxygen atom, which leads to the
formation of IM2 (Hy,—OH—Fe). At 1100 K, this process is
endergonic by 1.79 eV (R1, AE;,; = 0.20 eV) and has an
activation free energy as high as 2.75 eV. The transfer of an H
atom from Mo to the hydroxyl group (R2) is also an
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endergonic process (AG = 0.22 eV) and has a barrier of 0.89
eV. The H,O molecule formed in this process prefers to be
bonded to the Fe atom rather than Mo, as illustrated in the
structure IM3. Desorption of this H,O molecule from the
plane-Mo surface takes place in the following step (R3),
creating a surface oxygen vacancy (IM4). This step is exergonic
by —1.29 eV (AEp; = 0.99 eV).

Next, we considered the migration of a bulk oxygen ion from
the subsurface layer to the surface oxygen vacancy in the
following step (R4), which creates a bulk oxygen vacancy
(IMS). The bulk oxygen vacancy structure is only 0.11 eV
higher in free energy compared with the surface oxygen vacancy
structure, and this migration process has an activation barrier of
0.20 eV. The catalytic cycle is completed by filling this bulk
oxygen vacancy by an oxygen ion from the cathode in step RS.
As explained in the previous section, we added a barrier of 0.33
eV to this process that corresponds to the SEMO bulk oxygen
diffusion barrier."® The free energy difference between the two
IMI states (—2.01 eV) in Figure 4 is the free energy of the
hydrogen oxidation reaction, Hy) + 1/2 Oyg — HyO,
calculated at 1100 K and P,(gas) = 1 atm.

In addition to this pathway, we have also tested the
possibility of dissociating an H, molecule on a Fe—O species
instead of a Mo—O species in reaction step R1. The
corresponding structures and free energies for this possibility
are provided in Figure 4. Although the intermediate formed in
this process, Mo—OH—Hg,, is slightly less stable than

dx.doi.org/10.1021/ja502629j | J. Am. Chem. Soc. 2014, 136, 8374—8386



Journal of the American Chemical Society

*\o-OH,-Fe
(IM3)

TS1 TS2

w
(=]
1

!\)
<
1

M2

© sr
©Fe

=
>
1

M1

Relative Free Energy (eV)
<

-1.0 A o Mo
(o)
G O vacancy

-3.0 -

TSS

IMS

— *\1,-O-Fe site
— *p-O-Fe site

M1
-2.01

33 S I

H,,-OH-Fe
(IM2)

*re-OH,-Fe
(IM3)

Fe' u(S) -Fe
(IM4)

*re-Vo(B)-Fe
(IM5)

Figure S. Free energy profile (eV) for the H, oxidation on the diagonal-Mo surface of SFMO (T = 1100 K; P(gas) = 1 atm). All energies are with
reference to the sum of the energies of the initial state (IM1) and the gas phase molecules. The insets provide a top view of the optimized structures

of the intermediates.

intermediate Hy,—OH—Fe by 0.08 eV, the activation barrier
for dissociating H, at the Fe—O site is lower than that of a
Mo—O site. However, transferring the H atom from Fe to the
—OH group has a higher activation barrier compared with the
H,O formation process at the Mo—O site (R2). Overall, the
highest energy state in the free energy profile of the Mo—O
pathway corresponds to the H, dissociation process (TS1),
whereas it is the H,O formation TS (TS2) for the Fe—O
pathway. Because TS2 of the Fe—O pathway is 0.11 eV higher
in energy compared with TS1 of the Mo—O pathway, the Mo—
O pathway is expected to be preferred over the Fe—O pathway.
Furthermore, our microkinetic analysis suggested that the
overall rates calculated for the Fe—O pathway are slightly lower
than for the Mo—O pathway, and thus, we did not include the
Fe—O pathway in the following analysis.

The diagonal-Mo slab model (Figure 2b) possesses three
Mo—O—Fe type oxygen atoms and two Fe—O—Fe type oxygen
atoms. We chose one Mo—O—Fe active site and one Fe—O—Fe
active site for investigating the H, oxidation mechanism (the
ones with the smallest oxygen vacancy formation energies).
The calculated Gibbs free energy profiles for these two active
sites together with the intermediate structures are provided in
Figure 5. Compared with the plane-Mo surface, the TS
structures corresponding to both the H, dissociation process
(R1) and the H,O formation process (R2) at the Mo—O—Fe
site of the diagonal-Mo surface are ~0.4—0.5 eV higher in free
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energy. The reaction energy profiles further suggest that the
surface oxygen vacancy structure (Mo—V,(S)—Fe) on the
diagonal-Mo surface is about 0.35 eV less stable than that of the
plane-Mo surface. A comparison of reaction energetics between
the Mo—O—-Fe and Fe—O-—Fe sites on the diagonal-Mo
surface reveals that the H, dissociation process (R1) is favored
on the Fe—O—Fe site, whereas the H,O formation process
(R2) is favored on the Mo—O—Fe site. Overall, the higher
activation barriers and less stable intermediates suggest that the
H, oxidation process is less favorable on the diagonal-Mo
surface compared with the plane-Mo surface.

On the FeO,-terminated surface (Figure 2c), only four
oxygen atoms of Fe—O—Fe type exist, and thus, we chose the
one with smallest oxygen vacancy formation energy for our
mechanistic investigation. The Gibbs free energy profile
illustrated in Figure 6 reveals that the reaction energetics for
this pathway is similar to the one for the Fe—O—Fe site on the
diagonal-Mo surface. Here again, the TS corresponding to H,O
formation (TS2) has the highest energy in the free energy
profile, and its relative stability is even lower than the
corresponding TS on the diagonal-Mo surface.

Insights from Microkinetic Modeling. The thermochem-
ical data and activation barriers obtained from DFT+U
calculations suggest that the H, oxidation process could be
more favorable on a plane-Mo surface compared with the
diagonal-Mo and FeO,-terminated surfaces; however, we
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Table 2. Forward Rate Constants (kg,) and Equilibrium Constants (K) Calculated at 1100 K for the Elementary Steps of H,

Oxidation on SFMO Surfaces

plane-Mo surface

diagonal-Mo surface

FeO,-terminated surface

*vo—O—Fe site

*vo—O—Fe site

*pe—O—Fe site *ce—O—Fe site

reaction step ke (s7Y) K ko (s71) K ke (s71) K ke (s71) K
R1 121 x 10! 6.28 X 107’ 6.59 X 10° 9.59 X 107° 8.61 x 10° 521 % 10°° 1.40 x 10* 8.70 x 107
R2 9.67 x 10° 3.20 X 10° 3.82 x 10° 7.34 X 107 8.06 x 10* 1.52 X 1078 6.97 x 10 3.15 x 107
R3 9.86 x 10" 8.56 x 10* 6.32 X 10" 5.48 x 10° 2.31 x 10" 2,01 x 10° 8.41 x 10" 7.36 X 10°
R4 1.71 x 10" 5.51 x 107" 1.64 x 10" 9.06 x 10° 2.00 x 10" 541 % 10 1.32 x 10" 1.02 X 10*
RS 6.76 X 10" 1.68 x 10" 6.76 x 10" 4.62 X 10" 6.76 x 10" 1.87 X 10" 6.76 X 10" 7.82 X 10"
cannot deduce the most active surface from DFT+U energies SEMO surfaces. The calculated rate constants are used to solve
alone because the relative rates on these surfaces depend on the the steady-state master equation, which gives the fractional
reaction conditions, such as temperature and partial pressure of surface coverages of all adsorbed species and the fraction of free
reactant molecules. More importantly, for the electro-oxidation sites.
reactions in SOFCs, we also need to consider the presence of The temperature range used in this study is between 900 and
electric fields and the effect of anode potential bias on the 1300 K, and the partial pressure of reactant molecules at the
reaction mechanism. The reaction free energies of the anode are typical experimental conditions of Py = 1 atm and
elementary steps that involve charge transfer processes are P =003 at h th tial t th
directly affected by the potential bias. It is currently unknown o = atm, whereas the oxygen partial pressure at the
how the charge is transferred from the SFMO surface to the cathode is assumed to be 0.21 atm. The calculated rates and
external circuit and which elementary steps are involved one or other insights obtained from the microkinetic analysis at a
two electron charge transfer. To first understand the effect of representative temperature of 1100 K are summarized in Table
experimentally relevant conditions on the H, oxidation reaction 3. In the absence of anode bias potential, the model predicts
on different surfaces and also to obtain detailed information on that the *y;,—O—Fe active site on the plane-Mo surface exhibits
the relative rates, activation barriers, and rate-controlling steps, a higher reaction rate and lower apparent activation barrier than
we initially built a DFT+U based microkinetic model, including the diagonal-Mo and FeO,-terminated surfaces under SOFC
the five elementary steps (RI—RS) without considering the operating conditions. Campbell’s degree of rate control analysis
effect of anode bias potential. The reaction free energies, indicates that H, dissociation (R1) is the rate-controlling
activation barriers, entropies of surface intermediates, and process when the reaction occurs via Mo—O active sites,
frequency factors are the parameters required for describing the whereas H,0O formation (R2) is rate-controlling when the
model. Table 2 summarizes the calculated forward rate and reaction occurs via Fe—O active sites for all three surfaces.
equilibrium constants of these elementary steps on the three Furthermore, Campbell’s degree of thermodynamic rate control
8381 dx.doi.org/10.1021/ja502629j | J. Am. Chem. Soc. 2014, 136, 83748386
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Table 3. Calculated Rates, Apparent Activation Barriers
(E,pp), Degree of Rate Control (Xgc), and Degree of
Thermodynamic Rate Control (Xigc) for H, Oxidation on
SFMO Surfaces Obtained from Microkinetic Analysis at
1100 K*

Xrc X1re
surface active overall rate  E, *u—O—Fe
model site (s7h) (e&P) R1 (IM1)

plane-Mo *Mo—O— 10.1 1.11 08 02 -1.0
Fe

diagonal-Mo ~ *,,—O— 5.58 1.54 0.8 0.2 -1.0
Fe

. —O— 4.10 148 00 1.0 ~1.0
Fe

FeO,- * —0— 591 173 00 1.0 -1.0
terminated Fe

“Py, = 1 atm and Py o = 0.03 atm.

analysis reveals that the overall rate is sensitive mostly to the
stability of the reactant structure (SFMO).

Effects of Anode Bias Potential. For modeling the
electrochemical oxidation of H, on SFMO surfaces, as
discussed above, we also need to consider the presence of an
electrochemical double layer that is induced by the potential
drop across the anode/electrolyte interface. The electric field
interacts with the surface intermediates and, thus, can change
the adsorption energy of different species. In this regard, Linic
and co-workers™* have shown that the electric field effect on
the binding energies of O and OH on Ni is <0.15 eV and that
there is no effect on the adsorption energy of H in the presence
of typical electric field strengths expected in SOFCs (<0.5 V/
A). This is not surprising because these adsorbates are not
expected to be very ionic, so as primarily neutral species, they
should be unaffected by electric fields. We expect a similar
trend in the H adsorption energy on SFMO surfaces and, thus,
neglected this effect in our calculations. In addition to the
electric field effect on adsorption energies, the free energy of
surface intermediates is influenced by the anode potential bias,
affecting the free energies of elementary steps that involve
charge transfer. The chemical potential of species after charge
transfer is shifted by the amount of charge multiplied by the
electrical potential. For example, for the electrochemical
oxidation of H, on the SEFMO surface (HZ(g) + 08 (SFMO)
- HyOp) +2¢ + VE (SFMO), eq 10), the Gibbs free energy
is calculated as

AG = G(H,0) + G(VY) + 2¢eAV — G(H,) — G(OY)

(11)
where G(H,0) and G(H,) are the free energies of H,0 and H,
gas molecules, and G(V') and G(Og ) are the free energies of
the SFMO surfaces with and without a surface oxygen vacancy,
respectively. AV is the cell voltage, which is the difference
between the cathode potential and the anode potential (AV =
Veathode — Vanode)y and e is the magnitude of charge of an
electron (1.60 X 107" C). At SOFC operating conditions of
800 °C, 0.21 atm cathode O, partial pressure, and 1 atm anode
H, partial pressure, the free energy of reaction H, + 1/2 O, —
H,O is calculated as —2.2 eV.>>* Because the electrochemical
reactions at electrodes involve a transfer of two electrons per
mole of H,, the maximum open-circuit voltage (OCV) at these
conditions is 2.2/2 = 1.1 V. This serves as a reference for
electrode potential, and we fix the cathode equilibrium
potential to be 1.1 V. Because the cathode potential is fixed,

8382

eq 11 suggests that an increase in anode potential decreases the
free energy of the elementary step involved in charge transfer.
Furthermore, the activation barrier of the charge transfer step is
also influenced by the anode bias potential, and the activation
free energy of a charge transfer step, AGF, is calculated as

AG* = AG"* + npAV (12)
where AG®* is the activation free energy of the elementary step
at short circuit conditions (without the effect of bias potential);
n; represents the number of transferred electrons in the charge
transfer step; and /3 is the symmetry factor, which ranges from 0
to 1 and describes approximately the influence of the electrode
potential on the free energy of the transition state of an
elementary step.”’ We have considered = 0 and 8 = 0.5 in the
present study and found that both possibilities provide similar
results at operating voltage AV > 0.7 V. The results presented
here are calculated with # = 0, that is, we assumed that the
charge transfer is a fast process that can occur at any point in
time, which we consider most suitable for gas phase
electrochemistry. The results obtained with # = 0.5, which is
an average choice in the absence of more information, are
provided in the Supporting Information. We note that a
symmetry factor of zero does not mean that the overall charge
transfer coefficient (a) is zero. The forward (k;) and reverse
(k.) rate constants of the charge transfer step are then
calculated as

—AG* — nfAV
ke=A — T
f f eXP( RT
—AGY — n(1 - p)AV
krzAreXp( = (1 - p) )

where A¢ and A, denote the frequency factors of the forward
and reverse rates, respectively.

In our model, the surface electro-oxidation process described
in eq 10 involves three elementary steps (R1—R3), and it is
currently unclear which of these elementary steps involve the
charge transfer process. Thus, we considered the possibility of
one- or two-electron charge transfer on all of these three
elementary steps, which adds an additional nine elementary
steps. The calculated rate constants for these additional steps
are then included in our microkinetic model to recalculate the
surface coverages and rates. We chose a representative
temperature of 1100 K and varied the cell voltage, AV, from
0.1 to 1.1 V for this analysis. All elementary steps included in
our microkinetic model with different charge transfer
possibilities and the calculated rates at a representative cell
voltage of 0.7 V are provided in the Supporting Information.
Our microkinetic analysis reveals that both one- and two-
electron charge transfer during the H, oxidation process (R1)
are not favorable. The rates calculated for the elementary steps
suggest that a two-electron charge transfer during H,O
desorption R3 and two one-electron charge transfers during
H,O formation (R2) and H,O desorption (R3) are competitive
on the three surfaces when the cell voltage (AV) is varied from
0.1to 1.1V.

Table 4 summarizes the overall rates calculated for the three
surfaces at a bias potential of AV = 0.7 V and the rate control
factors calculated using Campbell’s analysis. A comparison of
the values presented in Tables 3 and 4 indicates that the overall
rates calculated at AV = 0.7 V are ~4 orders of magnitude
lower than the rates at short circuit condition (AV = 0 V). The
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Table 4. Overall Rates, Degree of Rate Control (Xgc), and
Degree of Thermodynamic Rate Control (Xygc) for H,
Oxidation on SFMO Surfaces Calculated in the Presence of
Anode Bias Potential®

XRC XTRC

overall rate *u—O—Fe
surface model active site (s7h) R3 (IM1)
plane-Mo *\o—O—Fe 226 x 1072 1.0 -1.0
diagonal-Mo *o—O—Fe 490 x 102 1.0 -1.0
*.—O—Fe 208X 107 10 -1.0
FeO,-termination ~ *;—O—Fe 252X 107 1.0 -1.0

“T = 1100 K; Py, = 1 atm; Py 0 = 0.03 atm; AV = 0.7 V.

plane-Mo surface still exhibits the highest overall rate for H,
electro-oxidation compared with the other two surfaces.
Although the thermodynamic rate control analysis points to
the same initial reactant surface structure as the most important
intermediate, the rate control analysis in the presence of a bias
potential (AV = 0.7 V) indicates that the H,O desorption
process, which corresponds to surface oxygen vacancy
formation, is the rate-controlling process on all surfaces.

Next, we examined the effect of cell voltage on the rates and
rate-controlling factors by simulating the polarization curves
that reflect the kinetic relationship between cell voltage and
current density. The current density is calculated using the
relation, i = zerl, where i denotes the current density (A cm™2),
z is the number of electron(s) involved in the reaction, r
represents the calculated overall reaction rate (s™'), and I is the
number of active sites per surface area (cm™2). We assume that
there is no ohmic loss or mass diffusion limitation because the
cell is operated at very high temperatures and SFMO is an
excellent electron and ion conductor. Figure 7 illustrates the
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Figure 7. Calculated polarization curves (current per surface area of
the individual surface models) for H, oxidation on SFMO (001)
surfaces (T = 1100 K). Dashed line indicates the current density at an
operating voltage of 0.7 V.

simulated polarization curves for the three surfaces. The current
density decreases with increasing cell voltage, and at operating
voltage (AV = 0.7 V), the current density calculated for the
plane-Mo surface (2.37 X 10* A cm™?) is higher than the
current density for the other two surfaces. Except at low voltage
conditions (AV < 0.2 V), the calculated current densities are
very similar for the *;,—O—Fe site on the diagonal-Mo and
FeO,-terminated surfaces.

Campbell’s degree of rate control analysis (Figure 8)
indicates that the rate-controlling process on the three surfaces
changes with the operating voltage. At cell voltages close to
short-circuit conditions, H, dissociation or H,O formation are
identified as the rate-controlling steps; however, at SOFC
operating voltages (AV > 0.7 V), H,O desorption (ie., the
surface oxygen vacancy formation process) becomes rate-
controlling on all surface models. Thus, the activity of these
surfaces can be related to the ability to form surface oxygen
vacancies under SOFC operating conditions, as illustrated in
Table 5. In other words, the calculated current densities

Table S. Gibbs Free Energies (AG) for the Formation of an
Oxygen Vacancy in the SFMO (001) Surface under
Reducing Conditions® and the Calculated Current Density
at AV =07V

current
Mo content AG density
surface model (%) active site (eV) (A cm™)
plane-Mo S0 *\o—O—Fe 0.52 236.95
diagonal-Mo 25 *Mo—O—Fe 0.92 50.72
#.—O—Fe 110 215
FeO,-termination 0 *e—O—Fe 1.07 2.61

4% —O—Fe + H, —» *,,—V,(S)—Fe (IM4) + H,0O, T = 1100 K, Pgas =
1 atm.

correlate well with the Gibbs free energies of the reaction, *y—
O—Fe (IM1) + H,(g) = *\y—Vo(S)—Fe (IM4) + H,0(g) on
the three surfaces. Interestingly, surface oxygen vacancy
formation is facilitated on the surface with higher Mo
concentration, indicating that Mo stabilizes the oxygen vacancy.
This can be explained by Mo®*/Mo®* species (assuming formal
charges) in the topmost surface layer being more easily reduced
than Fe?*/Fe®* species. As a result, the plane-Mo surface with a
higher Mo concentration in the surface layer is more active for
H, electro-oxidation than the diagonal-Mo and FeO,-
terminated surfaces. However, our thermodynamic analysis
(Table 1) suggested that the least active FeO,-terminated
surface is the stable surface under SOFC operating conditions,
which explains the experimentally observed poor catalytic
activity of this SFMO material. However, experimental studies

1.0 4

a) b)
0.8 4 I — H, dissociation
0.6 — H,0 formation
270 — H,O desorption
X 0.4 1
0.2
0.0 T . . T T T . ; T T -
00 02 04 06 08 1000 02 04 06 08 10 00 02 04 06 08 1.0

Cell Voltage (AV)

Figure 8. Campbell’s degree of rate control (Xpc) analysis of H, oxidation on SFMO surfaces as a function of cell voltage (T = 1100 K): (a) *y,—
O—Fe active site on plane-Mo surface, (b) *,;,—O—Fe active site on diagonal-Mo surface, and (c) *z,—O—Fe active site on FeO,-terminated surface.
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Table 6. Calculated Bader Charges (¢) on the Neighboring Metal and Oxygen Atoms of the Active Site on the Stoichiometric
SFMO Surface (Sr,sFe;;Mo0,0,5) and the Reduced Catalyst Models before (Sr,sFe;;Mo0,0,;) and after (Sr,;Fe;,Mo0,0,,)

Vacancy Formation”

Bader charges (in e)

surface model

plane-Mo Mo +2.52
(Mo—0O—Fe) Fe +1.78
oY —1.09
FeO,-termination Fe" +1.76
(Fe—O—Fe) o~ -1.12
Ni,/FeO,-termination Fe™
(Fe—O—Fe) o
Nitotal

Sr,¢Fe;;Mo0,0,5 (M—O-Fe)

SrisFe;;Mo0,0,; (M—O-Fe) Sr,¢Fe;;Mo0,0,, (M-V¢'-Fe)

+2.54 +1.75
+1.32 +1.29
—1.06 —1.08
+1.22 +0.66
—1.30 —1.30
+1.13 +0.92
—-1.27 —-1.27
+0.70 +0.04

“O™ entries indicate the average charge on the three nearest neighboring oxygen atoms, Fe* entries indicate the average charge on the two
neighboring Fe atoms of the active oxygen, and Ni*® entries indicate the total charge on the two Ni atoms.

have observed that the performance of this material can be
dramatically improved by dispersing a small amount of Ni (~2
wt %) into the SEMO anode.'' On the basis of our current
analysis, we expect that addition of an active transition metal,
such as Nj, to the SFMO surface could facilitate surface oxygen
vacancy formation, which in turn improves the electrochemical
performance toward H, oxidation. The ability of active
transition metals to promote oxygen vacancy formation on
metal oxide surfaces has been demonstrated by some of us for
Au/TiO,, Pt/TiO,, Pt/CeO,, and Ni/YSZ.3>*~5!

To better understand the effect of Ni on the surface oxygen
vacancy formation process, we calculated the Gibbs free
energies for the reaction *;,—O—Fe (IM1) + H,(g) — *p
Vo(S)—Fe (IM4) + H,0(g) on the FeO,-terminated surface in
the presence of one and two Ni adatoms. The optimized
structures and the details of these calculations are provided in
the Supporting Information. Our calculations suggest that the
Ni atoms bind strongly to the surface oxygen atoms and
promote the oxygen vacancy formation, even when the Ni
atoms are not in direct contact with the active oxygen atom. In
the presence of a Ni, dimer, the Gibbs free energy of the
oxygen vacancy formation process, Fe—O—Fe + H,(g) — Fe—
V,(S)—Fe + H,0(g), was calculated to be 0.09 eV, which is
nearly 1 eV lower than the free energy of reaction in the
absence of Ni (Table 5). Thus, these calculations confirm our
hypothesis that Ni facilitates the surface oxygen vacancy
formation process.

In the previous computational studies on the SFMO bulk
material, Mufioz-Garcia et al.'">' explained the easier reduction
of Fe—O—Fe bonds compared with Mo—O—Fe bonds in terms
of delocalization of the extra charge in the lattice and the
availability of strongly hybridized Fe 3d/O 2p states at the
Fermi level. According to their analysis, Mo retains part of the
extra charge and Fe tends to delocalize the charge by releasing
it to the oxygen sublattice. However, in the already reduced
surface models considered in the present study, Mo—O—Fe
bonds are easier to reduce than the Fe—O—Fe bonds. To better
understand the promotional effect of Mo on the plane-Mo
surface and also the electronic effect of Ni on the FeO,-
terminated surface, we analyzed the electron density of these
surfaces by computing Bader charges,>>>> which yields a
qualitative picture of the reorganization of the electron density
upon removal of a neutral oxygen atom. To identify the
oxidation states of the Fe and Mo atoms in our catalyst surface
models (Sri¢Fe;;Mo0,0,;), we compared their Bader charges
(Table 6) with those in the stoichiometric surface models
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(Sri¢Fe;;M0,0,5). According to our thermodynamic analysis,
the plane-Mo surface has only two oxygen vacancies on the
surface and the remaining three oxygen vacancies are in the
bulk (Figure 2a). Comparing the Bader charges in the first two
columns of Table 6 for the plane-Mo surface, we can conclude
that the creation of two oxygen vacancies in the surface reduced
only the Fe atoms while the Mo atoms retained their high
oxidation state Mo®" (formal charges). Thus, it is possible to
transfer the extra charge to these Mo atoms upon removal of an
additional surface oxygen atom (Sr,¢Fe;;Mo0,0,,) from Mo—
O—Fe (last column of Table 6). We note that there is no
significant change in the charge of the oxygen and Fe atoms
during this process. In contrast, the FeO,-terminated surface
has four oxygen vacancies on the surface under SOFC
operating conditions (Figure 2c), and a comparison of Bader
charges on the stoichiometric (Sr ¢Fe;;Mo0,0,5) and reduced
surfaces (Sr;sFe;;Mo0,0,;) suggests that all surface Fe atoms in
the reduced surface are reduced from Fe** to Fe®* (formal
charges). Analogous to previous bulk SFMO results, there is
also significant delocalization of the extra electrons to
neighboring oxygen atoms in the first and second layers,
making this surface model energetically more favorable than the
plane-Mo surface model. Further removal of an oxygen atom
(Sri6Fe ;M0,0,,) from Fe—O—Fe during the catalytic cycle,
however, reduces Fe from its stable Fe" state to an unstable
Fe'* state (formal charge), making this process highly
endergonic. When Ni is added to this surface
(Sri¢Fe;;Mo0,0,3), Ni donates some electrons to the surface
(mostly to the Fe atoms), as previouslz found by Shishkin and
Ziegler for Ni adsorption on ceria.”* Upon removing the
additional oxygen atom, most of the extra charge is transferred
back to Ni, and the Fe atoms are not significantly further
reduced. Thus, both Ni and Mo promote oxygen vacancy
formation by accepting the extra electrons left by the removed
oxygen atom.

B CONCLUSIONS

We developed a microkinetic model based on DFT+U-derived
parameters that was able to explain the experimentally observed
reaction behavior of SFMO anode electrodes and provided
significant insights into the rate-controlling process during H,
electro-oxidation. We employed constrained ab initio thermo-
dynamic calculations to construct various surface models under
SOFC operating conditions. Three surface models with varying
Mo concentration in the surface layer were identified, which
were then used to investigate the thermochemistry and reaction
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barriers of the elementary steps involved in the H, electro-
oxidation mechanism. To include the effect of anode bias
potential, we included additional elementary steps in our
microkinetic model, considering the possibility of one- or two-
electron charge transfer processes at various elementary steps.
Simulated polarization curves reflect the kinetic activity of
SEMO surfaces and suggest that the plane-Mo surface is more
active toward H, oxidation than the diagonal-Mo and FeO,-
terminated surfaces. Further analysis revealed that at relevant
operating voltages and reaction conditions, water desorption is
rate-controlling, and stabilizing the oxygen vacancy structure
increases the overall rate.

In addition, an increase in activity is observed with increasing
Mo content in the surface layer. The surface configuration with
higher Mo concentration on the exposed layer has a lower
oxygen vacancy formation energy because it is easier to reduce
Mo® species than the already reduced Fe** species upon
creating an oxygen vacancy on the surface. However, according
to our thermodynamic analysis, the surface Mo concentration
tends to be very low under anodic SOFC conditions, which
explains the experimentally observed poor activity of SEMO.
The presence of small Ni particles on the least active FeO,-
terminated surface dramatically reduces the surface oxygen
vacancy formation energy by receiving the extra charge left by
the oxygen atom. Consequently, increasing the Mo content or
adding an active transition metal such as Ni to the SEMO
surface should facilitate surface oxygen vacancy formation and
lead to an improvement in overall electrochemical performance

of the SOFC cell.
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Discussion on the use of an asymmetric versus symmetric slab
model for the mechanistic study (Figure S1); intermediate
structures highlighting the atoms displaced for vibrational
frequency calculations (Figure S2), transition state structures
involved in the H, oxidation reaction on the plane-Mo surface
(Figure S3), diagonal-Mo surface (Figure S4) and FeO,-
terminated surface (Figure SS); reaction rates calculated for
elementary steps with charge transfer possibility and a
symmetry factor of f = 0 (Table S1); results computed with
f = 0.5 (Table S2, Figure S6); effect of Ni on the oxygen
vacancy formation energy (Figure S7); and the XYZ
coordinates of selected structures. This material is available
free of charge via the Internet at http://pubs.acs.org.
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