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ABSTRACT: Using the first-principles calculation and the electronic conductivity
relaxation (ECR) experimental technique, we investigated the adsorption and
dissociation behaviors of O2 on Pt-modified La0.625Sr0.375Co0.25Fe0.75O3−δ (LSCF)
surface. Toward the O2 reduction, the calculation results show that the perfect
LSCF (100) surface is catalytically less active than both the defective (100) surface
and the perfect (110) surface. O2 molecule can weakly adsorb on the perfect LSCF
(100) surface with a small adsorption energy of about −0.30 eV, but the dissociation
energy barrier of the O2 molecule is about 1.33−1.43 eV. Doping of Pt cluster on
the LSCF (100) surface can remarkably enhance its catalytic activity. The adsorption energies of O2 molecules become −1.16
and −1.89 eV for the interfacial Feint site and the Ptbri bridge site of Pt4-cluster, respectively. Meanwhile, the dissociation energy
barriers are reduced to 0.37 and 0.53 eV, respectively. The migration energy barrier of the dissociated oxygen from the interfacial
Pt to the LSCF surface is 0.66 eV, and it is 2.58 eV from the top site of the Pt cluster to the interfacial Pt site, suggesting that it is
extremely difficult for oxygen to migrate over the Pt cluster. The Bader charge analysis results further indicate that the charges
transferring from Pt cluster to LSCF surface promote the adsorption and dissociation of O2 molecules. Experimentally, a
dramatic decrease of the surface oxygen exchange relaxation time was observed on Pt-modified LSCF cathode, with a chemical
surface exchange coefficient increased from 6.05 × 10−5 cm/s of the bare LSCF cathode to 4.04 × 10−4 cm/s of the Pt-modified
LSCF cathode, agreeing very well with our theoretical predictions.
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■ INTRODUCTION

Solid oxide fuel cells (SOFCs), which can effectively convert
chemical fuels into electricity, have attracted increasing interests
for their inherent advantages, such as high energy conversion
efficiency, excellent fuel usage flexibility, and no need to use
noble metal catalysts.1−5 To achieve a satisfactory power
output, SOFCs are usually needed to operate at high
temperatures (∼1000 °C). Unfortunately, the high operating
temperature of SOFCs also brings problems such as electrode
sintering and high costs of interconnect materials, which greatly
hinder the commercial applications of SOFCs. Lowering the
operating temperature to intermediate temperatures (IT, 500−
800 °C) has become a common issue in the SOFC community.
In practice, however, lowering the temperature will unavoidably
result in a remarkable performance loss, mainly due to the
poorer catalytic activity of the traditional cathodes, such as
La0.8Sr0.2MnO3−δ (LSM), toward the O2 reduction at lower
temperatures.6

Recently, some cathode materials with effective intermediate-
temperature catalytic activity, such as La1−xSrxCo1−yFeyO3−δ
(LSCF) , 7− 9 B a 0 . 5 S r 0 . 5Co 0 . 8 F e 0 . 2O 3 − δ ,

1 0− 1 2 a nd
Sm0.5Sr0.5CoO3−δ,

13 have been explored to overcome the
above problems. Among them, LSCF is a very promising
cathode because of its high catalytic activity, suitable thermal
expansion coefficient (TEC), and good thermal stability under
normal operating conditions. For example, Rembelski et al.10

compared the effectiveness of LSCF and LSM cathodes at the
intermediate temperature with cells based on Ce0.9Gd0.1O2−δ
(CGO) electrolyte and found that the maximum power output
of the cells with LSCF cathode is about 4 times higher than that
with LSM at 625 °C. Gong et al. used La0.9Sr0.1Ga0.8Mg0.2O3−δ
as electrolyte and found that the polarization resistance of the
symmetric cell using LSCF cathode is 6 orders of the
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magnitude lower than those with Pt and LSM electrodes.14

Nevertheless, the native electrode performance at 500−600 °C
of LSCF is still not satisfied. Interestingly, the LSCF electrode
performance can be largely improved at the appearance of
LSM,15,16 Pt,17−19 Ag,20,21 or other noble metal particles,22,23

although their intrinsic cathode performances are much lower
when compared with LSCF. For instance, Hwang et al.
reported that the polarization resistance of LSCF-0.5 vol % Pt
composite electrode was nearly one-fifth of that of pure LSCF
cathode at 500 °C.8 They also found that the effectiveness of Pt
adding on the LSCF electrode’s performance decays with an
intensive increase of Pt content and the operating temperature.
Therefore, to theoretically understand the detailed mechanism
would be very important for further effective cathodes design to
promote the SOFCs’ performance at the IT.
Theoretically, density function theory based on first-

principles calculation has been proved to be a powerful tool
in exploring oxygen dissociation and diffusion in SOFC’s
cathode at the atomic level.24−30 Kuklja et al. demonstrated that
the combined experimental and theoretical analyses of all major
elementary reaction steps of the oxygen reduction could be
used to predict the rate-determining steps for a given material
under specific operational conditions, and thus, correspond-
ingly, to control and improve SOFCs performance.29 Kotomin
et al. have studied the formation and migration of oxygen
vacancies in (La,Sr)(Co,Fe)O3−δ compounds and found that
the chemical composition has little impact on the migration
barrier, whereas the local cation configuration does.31 Our
previous work shows that the existence of oxygen vacancy
remarkably enhance the O2 adsorption and dissociation on
(La,Sr)(Co,Fe)O3−δ.

32 Particularly, the increase of Co concen-
tration in compounds could largely decrease the vacancy
formation energy, and therefore accelerate the oxygen
reduction. Lü et al. investigated Ag-modified LaMnO3 (100)
surface using a model with one Ag atom on the surface and
suggested that Ag atom could promote the adsorption and
dissociation of oxygen molecules over its neighboring Mn
ions.33 Until now, however, the mechanism of enhanced O2
reduction on Pt-modified LSCF surface has not been clearly
clarified in either experimental or theoretical studies.
In this work, we performed a comprehensive study on the O2

reduction on the Pt-modified LSCF cathode (100) surface via
the first-principle calculations. The calculated results indicate
that the doping of Pt cluster on the LSCF surface can largely
enhance the O2 adsorption and dissociation. Moreover, the
dissociated oxygen atoms at the Pt/LSCF’s interface migrate
easily to the LSCF surface. Experimentally, the oxygen surface
exchange reaction on the Pt/LSCF cathode was investigated
with the electronic conductivity relaxation (ECR) technique
and the experimental results agree well with our first-principles
calculation results.

■ METHODS
Computational Methods. All calculations were carried out using

the density functional theory with the projector augmented wave
(PAW) method,34 implemented in Vienna ab initio simulation package
(VASP).35,36 The generalized gradient approximation with the
Perdew−Burke−Ernzerhof (PBE) functional was used to treat the
exchanging correlation effects.37 We used the PAW potentials with
valence configurations of La (5s25p66s25d1), Sr (4s24p65s2), Co
(3d84s1), Fe (3d74s1), O (2s22p4) and Pt (5d96s1). The kinetic energy
cutoff was 400 eV, and the energy convergence criterion was 10−5 eV.
All structures were relaxed with the Hellmann−Feynman force on
each atom smaller than 0.03 eV Å−1. Due to the negligible energy

difference caused by the magnetic ordering when comparing with the
adsorption energy of oxygen, ferromagnetic (FM) states were applied
for all systems in order to simplify our calculations.31,38 All calculations
were spin-polarized.

The Brillouin zone integration was sampled by 2 × 2 × 1 k-points
for the surface using the Monkhorst−Pack scheme.39 The location and
energy of the transition state (TS) was calculated using the climbing
image nudged elastic band (CI-NEB) method.40 Meanwhile, atomic
charges were analyzed by the means of Bader charge.41 The adsorption
(E[ads]) energy of O2 was calculated as E[ads] = E[slab + O2] −
E[slab] − E[O2], where E[slab], E[slab + O2], and E[O2] are the total
energies of the pristine surface, the O2-adsorbed system, and O2
molecule, respectively. The formation energy of oxygen vacancy
(E[vac]) is defined as E[vac] = E[defect] + 1/2E[O2] − E[perfect],
where E[perfect] and E[defect] are the total energies of the prefect
and defective surfaces, respectively. La0.6Sr0.4Co0.2Fe0.8O3−δ is one of
the most studied and promising IT-SOFC cathode materials in past
experiments; therefore, we generated our models based on a similar
composition La0.625Sr0.375Co0.25Fe0.75O3−δ using the special quasi-
random structures method (SQS).42−45 The total electronic energy
calculation manifests that the two Co atoms prefer to occupy the body
diagonal position, as shown in Figure 1. The estimated lattice
parameters of unit cell is a = b = c = 3.843 and α = β = γ = 90°, which
is in a good agreement with the experimental finding.46

As the (100) surface is most stable one,28,47,48 we used a six-layer
(100) slab, separated perpendicularly by a 15 Å vacuum space, to
simulate the surface. The bottom three layers were fixed at their bulk
position, while the atomic structures of the rest were fully relaxed. The
dipole correction was applied to the direction perpendicular to the
surface. To study the O2 adsorption and dissociation, a 2√2 × 2√2
surface slab is used. Test calculations shows that the difference of O2
adsorption energy is smaller than 0.01 eV when using a larger 4 × 4
slab. Here, we only consider the B site terminated surface because our
previous work indicated that the B sites of LSCF are more active than
A sites toward oxygen reduction.32 Figure 1 shows the side and top
views of B site metal (Co,Fe) terminated perfect 2√2 × 2√2 surface
model, where Co, Fe1, and Fe2 denote three catalytically active sites
for O2 adsorption. The symbols of V1 to V4 denote the plausible
locations of the surface oxygen vacancy.

To explore the O2 adsorption and dissociation behaviors on Pt-
modified LSCF surface, a Pt cluster containing four Pt atoms (Pt4) is
placed on LSCF (100) surface, as illustrated in Figure 2. Several
studies suggested that the catalytic activity of Pt cluster is highly
dependent on the cluster size for some types of reactions, for instance,
the CO oxidation reaction.49,50 However, this dependence is not so
obvious for other reactions such as the H2 and O2 reaction on the Pt
clusters.51 Here, we adopt the Pt4 cluster, which has been widely used
in similar studies,33,52−54 mainly to save the computational
consumption. As depicted in Figure 2a,b, the Pt4 cluster prefers to
form a tetrahedral structure with a Fe/Co atom in the vicinity. Note
that the oxygen vacancy defects are very usual on LSCF (100) surface
under realistic operational conditions, the O2 adsorption and
dissociation on the defect LSCF surface was also studied. To simplify
the calculation, an oxygen vacancy defect is introduced to the LSCF
(100) surface, and the calculation results are summarized in the

Figure 1. (a) Side and (b) top views of the perfect LSCF (100)
surface.
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Supporting Information. It should be pointed out that the direct
modeling of the oxygen reduction on the defect Pt4/LSCF (100)
surface is not explored here because a large surface model and the
consequent high computation cost are needed in that case.
Experimental Methods. The oxygen surface exchange reaction on

LSCF with and without Pt evaporated on surface was investigated at
775 °C, using the electronic conductivity relaxation (ECR) method.
For this measurement, La0.6Sr0.4Co0.2Fe0.8O3−δ powders were prepared
using a solid-state reaction method. All corresponding metal oxides
were mixed at the stoichiometric ratio by ball milling and calcined at
1000 °C for 5 h to form the perovskite structure. The formed LSCF
powders were then cold-pressed into rectangular bars 15 mm in
length, 1.06 mm in height, and 5.40 mm in width, and then sintered at
1350 °C for 5 h to form a dense sample. Pt particles were deposited
onto the dense LSCF bar through vacuum evaporation (JFC-1600,
JEOL) followed by heating at 900 °C for 0.5 h. The surface
morphologies of LSCF with and without Pt particles were investigated
using a scanning electron microscope (SEM, JSM-6700F, JEOL). The
electronic conductivity relaxation method was used to examine the
surface exchange properties of LSCF, as reported preciously.55 In our
relaxation process, the testing atmosphere was changed from 1% O2−
99% N2 to air and then kept fixed at flowing air.

■ THEORETICAL RESULTS AND DISCUSSION
Oxygen Reduction on the Perfect LSCF (100) Surface.

First, the adsorption of O2 molecule on the perfect LSCF
surface is considered. O2 molecules adsorb on three active sites
(Co, Fe1, and Fe2) forming superoxide structures, instead of
peroxo-like structure. As summarized in Table 1, the adsorption
energies of O2 molecules on Fe1, Fe2, and Co sites are −0.34,
−0.30, and −0.24 eV, respectively, indicating that the
adsorption of O2 molecule on Co site is slightly less stable.
This adsorption behavior is similar to that on the perfect LSCF
(110) surface.32 The Bader charge analysis41 results show that
the adsorbed O2 species obtain about 0.18−0.19 electrons from
the surface, as shown in Figure 3. The charge of the oxygen
atom bonding to Co atom is slightly smaller than those
bonding to Fe atoms, partly resulting in the weaker bonding of
oxygen species to Co sites. Note that this charge-based analysis
is qualitative.
The O2 dissociation on the perfect LSCF surface is further

studied using CI-NEB method. The calculated minimum
energy paths (MEPs) of O2 dissociation are plotted in Figures
4 and 5. For the O2 species adsorbed on Fe1 (Path 1) and Co
(Path2), the dissociation energy barriers are 1.43 and 1.34 eV,
respectively. These values are much larger than the adsorption
energy of O2 molecules, indicating that the dissociation of O2
molecule on the perfect LSCF (100) surface hardly happens.
The dissociation of the adsorbed oxygen on Fe2 and Fe1 sites,
with a final structure in which the dissociated O atoms bonded
on the two Fe atoms, was presented in Figure S1 (Supporting
Information), which also proceeds with a high energy barrier

(1.31 eV). The perfect LSCF (100) surface is less catalytically
active for oxygen dissociation, and further modification of the
surface is greatly needed in order to improve its performance.

Oxygen Reduction on the Pt-Modified LSCF Surface.
For the Pt-modified LSCF (100) surface, several stable
adsorption structures of O2 molecules are confirmed when
adsorbing on different active sites, as shown in Figure 6. Fetop
(Figure 6a) and Cotop (Figure 6b) correspond to the structures
with one O atom boning to Fe and Co atom, respectively. Feint
(Figure 6c) and Coint (Figure 6d) denote the adsorption of O2
molecule on the Pt-LSCF interfacial region with O atoms
bonding to Fe and Pt or Co and Pt atoms simultaneously. Ptbri
(Figure 6e) and Pttop (Figure 6f) correspond to the structures
where O2 molecule adsorbs on the bridge sites and top site of
the Pt cluster, respectively. The adsorption energies (Eads), O−
O bond lengths (rO−O) and the atomic effective charges of
oxygen specie are all summarized in Table1. It is clear that the
oxygen adsorption is enhanced on the Pt-modified LSCF (100)
surface comparing with the perfect LSCF surface.

Figure 2. (a) Side and (b) top views of Pt4/LSCF (100) surface. The
atoms involved in oxygen reduction are denoted in panel b, and the
atomic charges of these atoms are summarized in Table 2.

Table 1. Adsorption Energies (Eads), O−O Bond Lengths
(rO−O), the Atomic Effective Charges of the Adsorbed
Oxygen Species on the Perfect LSCF (100) Surface, and the
Pt4/LSCF (100) Surface and the Defect LSCF (100) Surface
with One Oxygen Vacancya

atomic charge (e)

species Eads (eV) rO−O (Å) O1 O2 Osum Pt4

perfect LSCF(100) + O2

Fe1-super −0.34 1.258 −0.17 −0.02 −0.19
Fe2-super −0.30 1.260 −0.16 −0.03 −0.19
Co-super −0.24 1.267 −0.15 −0.03 −0.18
Fe1−Fe2-
diss

0.05 −0.41 −0.36 −0.77

Fe1−Co-
diss

−0.02 −0.48 −0.44 −0.92

Pt4/LSCF(100) + O2

Fetop −0.36 1.262 −0.16 −0.04 −0.20 0.57
Cotop −0.38 1.264 −0.16 −0.06 −0.22 0.59
Feint −1.16 1.336 −0.24 −0.27 −0.51 0.83
Feint‑diss −0.83 −0.49 −0.45 −0.94 1.10
Coint −0.79 1.286 −0.17 −0.17 −0.34 0.81
Coint‑diss −0.77 −0.42 −0.52 −0.84 1.14
Ptint −1.89 1.383 −0.26 −0.28 −0.54 1.21
Ptint‑diss −2.07 −0.51 −0.54 −1.05 1.66
Pttop −0.82 1.293 −0.21 −0.11 −0.32 0.90
Pttop‑diss −1.96 −052 −0.53 −1.05 1.49

defect LSCF(100) + O2

Fe-super −0.46 1.269 −0.19 −0.06 −0.25
Fe-per −0.69 1.374 −0.40 −0.23 −0.63
Fe−V −0.92 1.401 −0.54 −0.34 −0.88
Fe-diss −1.29 −0.99 −0.49 −1.48
Co-super −0.43 1.276 −0.19 −0.07 −0.26
Co-per −0.68 1.335 −0.27 −0.21 −0.48
Co−V −0.90 1.392 −0.56 −0.31 −0.87
Co-diss −1.25 −0.96 −0.41 −1.37
aThe suffix -diss denotes the final dissociated state, for example, Fe1−
Fe2-diss denotes the final state of O2 dissociation where two oxygen
atoms locating on Fe1 and Fe2 (as shown in Figure 4), and Feint‑diss
denotes the dissociated two oxygen atoms locating on interfacial Fe
and interfacial Pt sites (as shown in Figure 6). The O1, O2 present the
adsorbed oxygen atoms (as shown in Figure 3). The charges of the Pt
clusters, denoted as Pt4, are also listed.
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For the Fetop and Cotop configurations, the adsorption
energies are a little larger than those on the perfect LSCF (100)
surface, indicating that the Pt modification has a minor effect
on the adsorption of O2 molecule on the top of Fe and Co
atoms. Differently, the adsorption energies of O2 molecule are
−0.82, −0.79, and −1.16 eV for the Pttop, Coint, and Feint
configurations, respectively, which are distinctly larger than
those for Fetop and Cotop. Among all adsorption configurations,
the Ptbri (Figure 6e) has the largest adsorption energy of −1.87
eV. Nevertheless, for the defective LSCF (100) surface without
Pt cluster modification, the adsorption energy ranges from

−0.43 to −0.92 eV. Considering the relative weak adsorption of
O2 molecule on LSCF (100) surface, the remarkable enhance-
ment of O2 adsorption on the Pt cluster and the interfacial
region between Pt cluster and LSCF surface is one of the
possible reasons for the enhanced electrode performance of the
Pt/LSCF cathode.
The MEPs of O2 dissociation reaction on the Pt4/LSCF

(100) surface is further investigated to explore the O2 reduction
process. Here, we focus on the O2 dissociation process in Feint,
Coint, Ptbri, and Pttop configurations for their large O2
adsorption energies. Figure 7 displays the calculated MEPs
for four considered configurations. It is shown that the whole
reaction is exothermic for all four configurations. For the Feint
configuration, the adsorbed O2 dissociated into two oxygen
atoms bonding to Fe and Pt atoms by overcoming an energy
barrier of 0.38 eV. This value is much smaller than the
adsorption energy of O2 in the Feint configuration (−1.16 eV).
The dissociation of O2 in Coint configuration proceeds with a
similar energy barrier of 0.37 eV. In the Pttop configuration,
however, the O2 dissociation energy barrier is as large as 1.67
eV, indicating that the dissociation of O2 molecule in this case
is very hard. For the Ptbri configuration, the dissociation energy
barrier of O2 molecule is 0.53 eV, which is a little larger than
those in Feint and Coint configurations. Taking into account the
large adsorption energy and the moderate reaction barrier, both
the interfacial region (Feint and Coint) and the Ptbri site may play
a major role in the O2 reduction reaction on Pt-modified LSCF
surface. Note that the dissociation energy barriers of O2
molecule on Pt-modified LSCF surface are much smaller than
those on the perfect LSCF, demonstrating the enhanced
performance of Pt-modified LSCF. For example, the dissoci-
ation energy barrier of O2 molecule on Fe site of perfect LSCF
is 1.43 eV, about 3−4 times larger than those on Feint and Coint
site of the Pt/LSCF surface. It should be also noted that under
realistic operational temperatures of SOFC, the entropy effect
of oxygen should be considered. However, in this work, we did
not consider the entropy effect,29,56,57 mainly because the
oxygen entropy effect (if dominant) should have a similar effect
on all types of our cathode surfaces (perfect and defect LSCF
(100) and Pt-modified LSCF (100) surface). This leads to little
impact on our results that Pt cluster on LSCF surface can
promote the adsorption and dissociation of oxygen molecule
over LSCF cathode.

Figure 3. Charge density changes on the perfect LSCF(100) surface
(a) before and after the oxygen adsorption on (b) Co, (c) Fe2, and
(d) Fe1 sites. Purple indicates a charge increase, and the values in the
figure are the atomic charge of the adsorbed oxygen species. Δρdiff
isosurfaces were calculated at 0.02 e/Å3. The values are effective
charges relative to those of the reactants.

Figure 4. Dissociation energy profiles of the oxygen adsorbed on Fe1
site within the perfect LSCF (100) surface (Path1). The gold spheres
are the adsorbed oxygen species.

Figure 5. Dissociation energy profiles of the oxygen adsorbed on Co
site within the perfect LSCF (100) surface (Path2). The gold spheres
are the adsorbed oxygen species.

Figure 6. Geometric structures of the oxygen adsorbing on (a) Fetop,
(b) Cotop, (c)Feint, (d) Coint, (e) Ptbri and (f) Pttop sites of the Pt4/
LSCF surface. The gold spheres are the adsorbed oxygen atoms.
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It is well-known that the cathodic reaction for an SOFC
should include the oxygen adsorption and dissociation
processes, as well as the migration of the dissociated species
to the electrolyte through the surface or bulk of cathode
materials. Considering the continuous conducting property of
the LSCF phase and the discontinuous property of Pt cluster,
the migrations of dissociated oxygen species over Pt cluster and
from Pt cluster to LSCF surface have to be considered,
respectively. The oxygen species on Pt cluster have two typical
structures in our calculations, that is, the oxygen species
bonding either to the interfacial Pt (Pt1) or to the top Pt (Pt2).
As shown in Figure 8, the migration of oxygen atom bonding to
Pt1 (Oint) has a relatively low energy barrier of 0.66 eV, which
is comparable to that for O2 dissociation. However, for the

oxygen species bonding to top Pt (Otop), two steps (Otop-m-1
and Otop-m-2) are needed to fulfill the process of migrating
from top Pt to interfacial Pt with large energy barriers of 1.25
and 1.33 eV, respectively, as shown in Figure 8. The large
migration energy for oxygen migrating from top Pt to interfacial
Pt seems to suggest that this process is more difficult to occur
compared with oxygen migration from interfacial Pt to LSCF,
extremely true for a real system containing large Pt particles as
defects. This result is also consistent with the experimental
observation that a pure Pt cathode, which requires a dominant
migration of oxygen species over the Pt surface, provides a low
cathodic performance, though its adsorption and dissociation
process are energetically favorable.58,59 Fortunately, with the
large energy released from the adsorption process, the difficult
process is still feasible for our system with the final structure of
−0.88 eV lower than the reactant.
To specify the migration process of oxygen species bonding

to Fe or Co atoms, a model with oxygen vacancy defects is
considered. As the presence of Pt cluster does not affect the
bulk transportation behavior of oxygen species, here, we just
use a LSCF (100) model containing oxygen vacancies to study
the incorporation of dissociated oxygen species bonding to Fe
or Co atoms on the LSCF (100) surface. As shown in Figure S6
(Supporting Information), the incorporation of an oxygen atom
into the oxygen vacancy is energetically viable with a very low
reaction barrier of 0.09−0.13 eV, and the whole reaction is
exothermic, suggesting that the oxygen incorporation process
would be very fast. To predict the oxygen ion migration in
LSCF phase, we calculated the migration energy barriers for
oxygen vacancies through LSCF (100) surface and inside its
bulk. As shown in Table S1 (Supporting Information), oxygen

Figure 7. Dissociation energy profiles of oxygen adsorbed on the (a) Coint, (b) Feint, (c) Ptbri, and (d) Pttop sites on the Pt4/LSCF (100) surface.

Figure 8. Migration energy profiles of the dissociated oxygen species
absorbed on the Pt cluster.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505900g | ACS Appl. Mater. Interfaces 2014, 6, 21051−2105921055



vacancy prefers to migrate through the LSCF (100) surface
rather than through the bulk. This result is different from our
previous investigation on LSCF (110) surface, where oxygen
vacancy prefers to transport inside the bulk. The different
surface orientation should account for such phenomena, which
is similar to Kotomin’s results on LSM cathode.57 The
extremely low oxygen incorporation barrier of the defect
LSCF (100) surface and surface oxygen vacancy migration
barrier (0.1−0.3 eV) also suggest that oxygen migration
through LSCF phase is much more energetically feasible than
that over Pt cluster. In short, considering the energetic profiles
for oxygen adsorption, dissociation, and incorporation and the
migration process over the Pt4/LSCF surface, the most feasible
reaction pathway when oxygen encounter Pt/LSCF (100)
surface might contain the following steps: (1) oxygen
molecules prefer to adsorb and dissociate on the Feint and
Ptbri sites at the interfacial region (Figure 6b,c); (2) the
dissociated oxygen atoms bonding on the Fe atoms (at the
interfacial region) incorporate into the LSCF surface at the
presence of oxygen vacancy; (3) the dissociated oxygen species
absorbed at the interfacial Pt migrate to the nearby Fe/Co
atoms and then incorporate into the LSCF surface with oxygen
vacancy in the vicinity; and (4) at last, the incorporated oxygen
transport through the surface and bulk of LSCF to the
electrolyte. Considering the large migration energy barrier
(2.58 eV in total) for oxygen adsorbed on Pttop, it can be
deduced that the interfacial region is in fact the active area for
oxygen adsorption and dissociation on the Pt/LSCF cathode. It
can also be concluded that in our Pt4/LSCF system, LSCF in
fact contributes a lot to oxygen migration processes, while Pt
mainly promotes the adsorption and the dissociation of oxygen
gas. These results can also explain the depressed electrode
performance of Pt-modified LSCF surface when Pt content
exceeds a threshold.
To understand the enhanced oxygen adsorption and

dissociation on Pt-modified LSCF surface, the charge difference
density and the atomic charges of the involved atoms are
investigated for the Pt-modified LSCF surface. As displayed in
Figure 9a, a strong interaction between Pt cluster and LSCF
support can be observed as electrons transferred from Pt cluster
to the surface, resulting in a positive Pt cluster with the charge
of 0.55 e. With the adsorption and dissociation of oxygen on a
Pt cluster (interfacial or bridge sites), electrons of the Pt cluster
partially transferred to the adsorbed oxygen species, leading to a
more positive Pt cluster, as shown in Figure 9b−d. For
example, when an oxygen molecule is adsorbed at the Feint site,
0.83 e charge is transferred from the Pt cluster to the oxygen
molecule (0.51 e) and the LSCF substrate (0.32 e). In this
process, the O−O bond became weakened as it enlarged from
1.234 to 1.336 Å due to the injection of electrons into the
antibonding orbital of oxygen molecule. With further electrons
transferring from the Pt cluster to the oxygen, the O−O bond
finally broke, and about 0.94 electrons transferred in total after
O2 dissociation, of which the oxygen species bonding to Pt site
was a little more negative than that bonding to Fe site, as
shown in Figure 9e. Within the whole adsorption and
dissociation processes, the Pt cluster lost about 1.1 e electrons
in total, of which 0.20 e transferred to the LSCF substrate.
Interestingly, the charge of the Fe site for oxygen adsorbing
experienced a small change during this processes (ranging from
1.54 to 1.59 e), and the atomic charge of all other surface
atoms, for example, Co, also underwent a negligible change, as
summarized in Table 2. This result implies that the additional

increased electrons that the oxygen obtained, compared with
that on the perfect surface (Figure 3), was mainly from the Pt
cluster. Therefore, the Pt cluster actually acts as an electron
donator in the adsorption and dissociation processes by
transferring electrons to the LSCF surface and the adsorbed
oxygen, which stabilize the adsorbed oxygen and actuate the
dissociation reaction as a result.

■ EXPERIMENT RESULTS
From the calculation results above, we can expect a greatly
improved oxygen-reduction reaction on the Pt-modified LSCF
surface for the much enhanced adsorption and dissociation
processes, which are also vital to the oxygen surface exchange
reaction. In order to experimentally verify our conclusions and
to compare their oxygen surface exchange properties, we
fabricated a Pt-deposited LSCF sample with vacuum evapo-
ration technique and a bare LSCF sample.
Figure 10 shows the surface structure of bare LSCF (Figure

10a) and the surface of a Pt-deposited LSCF system (Figure
10b). As shown in Figure 10b, the Pt particles disperse
relatively uniformly and are disconnected on the LSCF surface.
Figure 11 shows the normalized conductivity of the two
samples plotted as a function of time. The relaxation time for
oxygen permeation on the bare LSCF sample is around 8000 s,
while it decreases dramatically to about 1000 s on the Pt
deposited LSCF sample implying a great facilitation impact of
Pt. The thickness of our sample is larger than the characteristic
thickness of LSCF,60 which is usually 10−100 μm,60−63

suggesting that oxygen permeation reaction might be limited
by both surface exchange reaction and bulk transportation.
Nevertheless, considering that the oxygen bulk diffusion
property would hardly be impacted by surface Pt particles,
the enhanced oxygen permeation property should be mainly
ascribed to the much improved oxygen surface exchange
reactions, involving both adsorption and dissociation reactions.
Assuming that oxygen permeation was mainly surface exchange

Figure 9. Charge density change of the Pt4/LSCF (100) surface (a)
before and (b−d) after O2 adsorption, and (e−g) dissociation on(b
and e) Coint, (c and f) Feint, and (d and g) Ptbri, respectively. The Pt4
denotes the Pt cluster. Purple indicates a charge increase, and the
values in the figure are the atomic charge of the adsorbed oxygen
species.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am505900g | ACS Appl. Mater. Interfaces 2014, 6, 21051−2105921056



reaction limited, the surface exchange coefficient (Kchem) can be
fitted as 6.05 × 10−5 cm/s on the bare LSCF surface, close to
the reported values ranging from 1.0 × 10−5 to 6.59 × 10−5 cm/
s measured at 800 °C.60−64 On Pt-modified LSCF surface, the
fitted Kchem increased largely to 4.04 × 10−4 cm/s, about 6.6
times larger than that without Pt particles. Therefore, the

improved reaction kinetics in our Pt-deposited sample can be
attributed to the increased surface exchange coefficient (Kchem),
as our calculation results indicated.

■ CONCLUSIONS

In summary, we have comprehensively studied the adsorption
and dissociation of O2 on the Pt-modified LSCF (100) surface
from the first-principles insight. Adsorption and dissociation of
oxygen on the perfect LSCF (100) surface can barely happen
due to its low catalytic activity. With the addition of Pt to the
LSCF cathode, adsorption and dissociation of O2 are greatly
enhanced. Considering the difficulty of oxygen migration on Pt
cluster and the results of the charge transfer analyses of the
reduction processes, we concluded that Pt mainly contributes
to promote the adsorption and dissociation of oxygen gas, while
LSCF contributes a lot to the oxygen migration processes. The
ECR experiment results indeed demonstrate an enhanced
surface oxygen exchange reaction with the deposition of Pt on
LSCF, which agrees well with our calculation results. Hence, we
can predict that adding materials with high electrocatalytic
activity in LSCF can tremendously promote its cathodic
performance.

Table 2. Charges of the Atoms That Involved during the Adsorption and Dissociation Process of Oxygen Gas over the Pt4/
LSCF (100) Surfacea

atomic charge (e)

species O1 O2 O3 Fe1 Fe2 Fe3 Fe4 Co1 Co2

perfect slab −1.05 −1.05 −0.99 1.50 1.55 1.55 1.50 1.32 1.32
perfect slab −1.05 −1.05 −0.99 1.50 1.55 1.55 1.50 1.32 1.32
Pt4/Lscf −1.03 −1.00 −0.98 1.54 1.48 1.44 1.46 1.29 1.22
Fetop −1.03 −1.00 −0.98 1.54 1.48 1.47 1.47 1.29 1.23
Cotop −1.02 −1.00 −0.97 1.55 1.50 1.46 1.16 1.34 1.22
Cotop −1.02 −1.00 −0.97 1.55 1.50 1.46 1.46 1.34 1.22
Feint −1.01 −1.02 −0.97 1.59 1.55 1.42 1.51 1.33 1.30
Feint‑diss −0.98 −0.95 −0.97 1.57 1.48 1.41 1.52 1.35 1.29
Coint −1.03 −1.00 −0.97 1.56 1.49 1.49 1.51 1.32 1.24
Coint‑diss −0.97 −1.00 −0.98 1.52 1.48 1.49 1.45 1.40 1.24
Ptbri −1.06 −1.02 −0.94 1.55 1.38 1.43 1.51 1.34 1.36
Ptbri‑diss −1.06 −0.98 −0.98 1.56 1.42 1.42 1.52 1.35 1.30

aThe atoms are denoted in Figure 2. Here, Cotop, Fetop, Feint, Coint, and Ptbri indicate that O2 adsorbed on the different sites of Pt4/LSCF surface, as
indicated in Figure 5, and Feint‑diss, Coint‑diss, and Ptbri‑diss indicate the final dissociated state for oxygen adsorbed on Feint, Coint, and Ptbri, respectively.

Figure 10. SEM images of (a) bare LSCF surface and (b) Pt-deposited
LSCF surface.

Figure 11. Normalized conductivity data and fitting curves for LSCF
and the Pt-deposited LSCF samples measured at 775 °C. The fitted
oxygen surface exchange coefficients of both samples are also shown.
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