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� Model thin film surfaces used to probe 
environmental effects on fuel cells. 
� Chemical induced strain established by 

high energy X-ray diffraction studies. 
� Combined computational and experi

mental analysis of oxygen ion transport. 
� Water vapor may promote the oxygen 

reduction reaction at perovskite 
surfaces.  
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A B S T R A C T   

Oxygen reduction and transport in electrochemical applications are strongly affected by the reactant gas 
composition, including impurities such as water. Understanding the relationship between oxygen reactivity and 
humidity is key for attaining stability and high efficiency of solid oxide fuel cells, which are especially attractive 
for transportation applications as low emission power generation devices. Both short- and long-term effects of 
moisture have previously been associated with use of ambient air. To better understand these effects, we study 
oxygen exchange kinetics at the cathode surface and the cathode/electrolyte interface using La0.6Sr0.4Co0.2

Fe0.8O3-δ (LSCF) epitaxial thin films as a model-surface system. In situ synchrotron X-ray techniques evaluate the 
oxygen reduction reaction (ORR) kinetics in response to environmental variables. The results suggest a clear 
enhancement of the ORR rate upon short term exposure of the perovskite-structured films to water. On the basis 
of these measurements, along with in situ X-ray characterization of Sr segregation and computational first- 
principles studies, we suggest a model for this increased ORR activity that may lead to further improvements 
by stabilizing active cathode surface configurations.  
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1. Introduction 

Complex redox reactions and charge transfer [1,2] are electro
chemical phenomena that play critical roles in many fields from biology 
and corrosion to energy storage and conversion devices. The oxygen 
reduction reaction (ORR) is a key electrochemical reaction that has 
attracted much fundamental interest in elucidating reaction mecha
nisms at gas/solid interfaces. Relationships between activity and sta
bility of electrocatalytic materials for the ORR require further 
fundamental understanding in order to improve both simultaneously. 
Solid oxide fuel cells (SOFCs), which are efficient devices that generate 
electricity from controlled oxidation of an available fuel (e.g., 
hydrogen), rely on the ORR to generate oxygen ions, and a solid 
oxide-ion conducting ceramic to transport the oxide ions to oxidize a 
fuel source. SOFCs are of particular interest due to their fuel flexibility 
and high efficiencies – especially as a combined heat and power system 
to generate electric and thermal energy, but they presently require 
operating temperatures above 700 �C. 

The ORR rate and efficiency are the limiting factors in overall SOFC 
performance, especially at desired lower operating temperatures. How a 
variety of chemical and physical phenomena affect the reaction effi
ciencies is not fully understood. For instance, humidity in ambient air is 
known to affect short- and long-term ORR behavior [3,4]. The elevated 
temperatures required to increase solid-state oxygen ion conduction and 
overcome sluggish ORR kinetics contribute to additional materials and 
chemical challenges. Research efforts are driven by the desire to main
tain ORR efficiency and enable robust charge transfer mechanisms at 
lower operating temperatures, under variable ambient environments. 

Lanthanum based perovskites, e.g., strontium-doped lanthanum co
balt ferrite (LSCF), are established ORR electrochemical catalysts typi
cally utilized as intermediate temperature (600–800 �C) SOFC cathodes 
for operation in ambient air [5]. The stability of LSCF under realistic 
operating conditions has been studied to address issues hampering 
practical applications. Over long time scales (>1000 h), there is 
consensus that reactions in humid air cause fuel cell performance to 
degrade more rapidly relative to dry air [4,6–13]. For instance, water 
exacerbates the segregation of Sr species to the LSCF surface in the 
presence of CO2, thereby decreasing the ORR activity [14–16], 
enhancing decomposition or component reactions [6,9], or contributing 
to the transport of volatile chromium or silicon species [11–13]. 

In addition to its indirect role in ORR via long-term degradation 
mechanisms, humidity plays a direct role in ORR by controlling oxygen 
surface exchange coefficient kinetics on LSCF and related lanthanum- 
based perovskite-type materials. Minor gas phase components such as 
water vapor are known to take part in surface reactions and interact 
directly with perovskite surfaces [3]. Among different techniques, 
isotope exchange depth profiling and gas analysis are valuable tech
niques used to investigate surface exchange of oxygen and H2O [3,7,17, 
18]. In contrast to long-term degradation processes, studies on the 
short-term effects of H2O on the oxygen surface exchange coefficient 
(kchem) have reached differing conclusions; the exchange coefficient is 
found to decrease in some reports [7,8,17,18] but increase in others [13, 
17,19]. Some of the discrepancies can be explained by the lack of full 
correspondence between experimentally determined oxygen tracer ex
change coefficients, and electrochemical oxygen exchange due to un
certainty in limiting reaction kinetics [17]. New, complementary 
techniques to assess oxygen exchange kinetics will help to resolve the 
role of humidity in short term ORR behavior. 

In previous work by our group, we developed an in situ method to 
extract relative oxygen exchange kinetics at an LSCF surface and buried 
LSCF/Gd2O3-doped CeO2 (GDC) and GDC/Y2O3-stabilized ZrO2 (YSZ) 
interfaces by using synchrotron X-rays to measure the lattice response to 
applied potentials across a thin film heterostructure [20,21] used as a 
model SOFC cathode/electrolyte system. This allowed us to characterize 
various steps in the ORR on idealized metal-oxide surfaces. Herein, we 
describe an extension of this approach to measure the relative changes in 

oxygen transfer kinetics under environmental perturbations. Namely, 
we use in situ synchrotron X-ray measurements to investigate the effect 
of H2O on the ORR at an LSCF thin film surface while driving oxygen 
through the LSCF/GDC/YSZ heterostructure, which provides a measure 
of oxygen exchange. Along with X-ray fluorescence characterization of 
Sr segregation and first-principles computational studies of the inter
action of water species with oxygen vacancies, we observe increased 
ORR activity related to short time scale water exposure and propose a 
model consistent with this behavior. 

2. Experimental and computational methods 

LSCF films are fabricated by pulsed laser deposition as described in 
our previous report [21]. Targets with nominal compositions of 
La0.6Sr0.4Co0.2Fe0.8O3-δ and Ce0.8Gd0.2O1.9 are used to deposit 60 nm 
LSCF and 5 nm GDC films, respectively, on single crystal (001)-oriented 
YSZ substrates. Both the GDC and LSCF films are epitaxially oriented 
relative to the YSZ substrate such that (001) YSZk(001) GDCk(001) LSCF 
and [100] YSZk[100] GDCk[110] LSCF. The LSCF orientation is 
described using pseudocubic indices (with a ¼ b ¼ c � 3.9 Å). X-ray 
diffraction characterization is used to confirm the phase purity and 
orientation relationships, and the film surface roughness is determined 
to be below 1 nm by atomic force microscopy (see Fig. S1). 

Fig. 1 shows a schematic of the sample heterostructure geometry and 
design. Thin film sample geometry allows the unique capability of Total 
X-ray Reflection Fluorescence (TXRF) [22] to measure surface compo
sition ratios at the temperatures and applied potentials relevant to the 
SOFC operating conditions. The experimental setup [23] allows us to 
collect X-ray fluorescence ratios at the glancing X-ray incidence angle 
corresponding to total external reflection, while simultaneously char
acterizing electrochemical behavior. In order to observe in-plane and 
out-of-plane lattice strains simultaneously, the non-specular LSCF (111) 
diffraction peak is continuously monitored with a 1� incidence angle of 
the X-rays onto the sample. A gold current collector is screen printed on 
the LSCF surface, oriented such that the incident X-rays are parallel to 
the current collector edge when the sample orientation satisfies the LSCF 
(111) Bragg condition for the 16.725 keV X-ray energy used. The inci
dent X-ray beam width on the sample is confined to 20–50 μm parallel to 
the long edge of the top current collector using slits and a vertically 
focusing mirror. It should be noted that in these experiments, the inci
dent beam was aligned approximately 0.1–1 mm from the edge of the 
gold current collector (see Fig. 1). Since the local voltage observed be
tween the LSCF surface and platinum counter electrode decreases 
exponentially as a function of lateral distance from the gold current 
collector (see Fig. S2), this X-ray beam size and position ensures that the 
measurements reflect the local properties of the sample. Additionally, 
locating the incident beam ~1 mm from the edge of the gold current 

Fig. 1. Epitaxial heterostructures of 60 nm LSFC and 5 nm GDC layers, rep
resenting model SOFC systems, were fabricated by pulsed laser deposition. The 
X-ray beam was aligned parallel to the edge of a screen printed gold current 
collector angled 9.4� relative to the [100] substrate edge (satisfying the LSCF 
(111) Bragg condition). A platinum current collector mesh is used on the 
reverse YSZ surface. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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collector minimizes the effects of misalignment and beam width. The 
LSCF surface potential at this position is estimated to be 10–15% of the 
applied voltage. The gold current collector edge is determined by 
mapping the Au fluorescence signal, and once determined, the sample is 
translated orthogonal to the Au edge by a desired distance. A Pilatus 
100 K area detector acquires images of the diffracted beam intensity 
every 100 ms, allowing for high temporal resolution of structural 
relaxation upon applying an electric potential. A screen-printed plat
inum current collector covers the entire reverse side of the YSZ substrate 
to enable through-plane conduction measurements. 

An electrical potential is applied across the heterostructure by con
necting the metal (Au/Pt) current collectors to a Keithley 2400 Source 
Meter. The heterostructures are mounted on a ceramic heater in an 
environmental chamber on a diffractometer at Sector 12ID-D of the 
Advanced Photon Source [24]. The total chamber pressure is maintained 
at 150 Torr, and variable oxygen/helium gas mixtures are used to con
trol the oxygen partial pressure (pO2) between 1.5 and 150 Torr. H2O is 
introduced by passing the O2/He gas mixture through a thermally 
controlled bubbler at a controlled pressure and flow rate; the pH2O was 
verified with a mass spectrometer on the outlet of the X-ray chamber. 
The sample heater set points are 350 �C–600 �C, with actual sample 
surface temperatures approximately 10–20% lower as calibrated by 
contacting a type-S thermocouple to the surface. 

First-principles calculations of the relative formation energies of 
oxygen vacancies are used to interpret the acquired experimental re
sults. Density functional theory (DFT) calculations are carried out using 
the projector augmented plane-wave (PAW) method, as implemented in 
the Vienna ab initio simulation package (VASP) [25,26]. The general
ized gradient approximation (GGA) of Perdew, Burke and Ernzerhof 
(PBE) is adopted for the exchange–correlation functional [27] and the 
B-site transition metal elements are treated by the PBE þ U method with 
Ueff ¼ 5.1 eV and 3.3 eV for Fe and Co, respectively [28–30]. We have 
also tested Ueff ¼ 4.0 eV for both Fe and Co [31]. The 3d74s1 and 3d84s1 

electrons of Fe and Co atoms are considered as the valence electrons. We 
restrict our calculations to G-type anti-ferromagnetic (AFM) ordering of 
the transition metal cations, which was previously determined to be the 
ground state of LaFeO3 [32]. The initial absolute values of the magne
tization were set to 4 μB and 2.98 μB for Fe and Co, respectively [29,31, 
33]. 

A periodic slab model for surface calculations is used with a vacuum 
distance of at least 15 Å between neighboring images along the surface 
normal direction. The energy cut-off for the plane-wave basis set is set to 
400 eV. The total energy is converged with a tolerance of 10� 5 eV in the 
iterative solution of the Kohn–Sham equations. The atomic positions are 
relaxed until the force on each atom is less than 0.02 eV/Å. A 5 � 5 � 1 
Monkhorst–Pack mesh is used for the Brillouin-Zone integrations. 

3. Results and discussion 

We investigated the ORR using the experimental geometry shown in 
Fig. 1, with an electric field applied across the current collector on the 
YSZ electrolyte (bottom surface) to the surface of the LSCF thin film (top 
surface). A cathodic potential results in oxygen reduction involving four 
electrons per O2 molecule at the LSCF surface and subsequent oxygen 
transport across the surface, LSCF film, buried LSCF/GDC and GDC/YSZ 
interfaces, and the YSZ substrate as described by the forward reactions 
in Eqs. (1) and (2). Redox of the LSCF B-site cations, as described in 
detail elsewhere [20,21], is implied in Eq. (1). 

1
2

O2ðgÞ þV ⋅⋅
OðLSCFÞ þ 2e’ ↔ O�OðLSCFÞ (1)  

O�OðLSCFÞ þ V ⋅⋅
OðsubstrateÞ↔ O�OðsubstrateÞ þ V ⋅⋅

OðLSCFÞ (2)  

O�OðsubstrateÞ ↔ V ⋅⋅
OðsubstrateÞ þ 2e’ þ

1
2
O2ðgÞ (3) 

In Eqs. (2) and (3), “substrate” refers to the YSZ/GDC portion of the 
heterostructure. The different relative rates of oxygen transport across 
the LSCF surface and buried LSCF/GDC interface result in dissimilar 
oxygen flux in and out of film. Under a cathodic potential, faster oxygen 
transport across the buried GDC/LSCF interface relative to the LSCF 
surface results in buildup of oxygen vacancies within the LSCF film. 

This change in vacancy concentration, i.e., ½V⋅⋅
O�, can be monitored 

with high temporal resolution via lattice expansion [34–36] measured 
by X-ray diffraction. The out-of-plane lattice parameter varies linearly 
with ½V⋅⋅

O�; therefore, the time-dependent strain, ξ(t), is related to the 
oxygen vacancy fraction, C, which is a dimensionless fraction of vacant 
oxygen sites (i.e., the ratio of ½V⋅⋅

O� to the total oxygen site concentration, 
Ctot): 

ξðtÞ
ξ∞
¼

CðtÞ � C0

C∞ � C0
¼ 1 � exp

�

�

�
K’

d

�

t
�

(4)  

where ξ∞ and ξ(t) are the steady state (t → ∞) and instantaneous out-of- 
plane strains in the LSCF film, respectively, K0 is an effective rate con
stant, d is the LSCF film thickness, and the electric field is applied at t ¼
0. Steady state conditions typically are reached at t ¼ 10–30 s, depen
dent on factors such as the sample temperature. 

Our previous results described the relationship between the ½V⋅⋅
O� and 

applied electric field in LSCF thin film heterostructures [20,21]. The 
difference between the steady-state (t → ∞) and initial thermodynamic 
equilibrium (t ¼ 0) oxygen vacancy concentrations, (C∞ – C0) is pro
portional to ξ∞, and is a measure of the relative oxygen transport rates 
across the two interfaces. The time dependence of strain, ξ(t), under 
applied electric field is described by K’, as indicated in Eq. (4), which is 
the summation of the rate constants for the forward directions of Eqs. (1) 
and (2) (cathodic applied potentials) and is dominated typically by the 
surface reaction, i.e., Eq. (1) [21]. By monitoring the instantaneous 
strain, ξ(t), and determining the steady-state strain, ξ∞, under operando 
conditions, the role of chemical or structural perturbation of the LSCF 
surface on the oxygen reduction reaction rate can be analyzed using Eq. 
(4). 

A baseline in the present study was established by continuously 
monitoring the instantaneous strain ξ(t), electrical resistance, and cation 
surface composition at various temperatures, humidity levels (at con
stant 150 Torr total pressure, 15 Torr O2, Ar balance), and cathodic 
electric fields (i.e., driving the forward direction of Eqs. (1) and (2)). A 
typical result is shown in Fig. 2, which compares relaxation curves after 
applying a cathodic potential at t ¼ 0 s in dry vs. pH2O ¼ 6 Torr con
ditions. The data is normalized to the steady-state strain (ξ∞) achieved 
during dry conditions. For all conditions discussed herein, lattice strain 
in response to an applied field was verified to occur only in the [001] 
direction, i.e., perpendicular to the surface; no in-plane strain was 
observed due to the constraints imposed by the substrate. Fig. 2 in
dicates the instantaneous lattice strain, ξ(t), follows an exponential 
relaxation function characterized by an effective rate constant (K0) as 
described by Eq. (4) [21]; K0 increases under pH2O ¼ 6 Torr vs. 0 Torr 
(dry) conditions. Furthermore, the resulting steady-state lattice strain 
(ξ∞) upon application of a cathodic potential (as t → ∞) decreases 
approximately 60% at pH2O ¼ 6 Torr vs. dry conditions. It should be 
noted that K0 is largely independent of the initial ½V⋅⋅

O� in the LSCF layer; 
whereas, the magnitude of the steady-state strain is given by the ratio of 
the change to initial ½V⋅⋅

O� in the LSFC layer [21]. The induced strain is 
reversible (i.e., returns to initial lattice parameters) at equilibrium 
conditions upon removal of the electric field with comparable expo
nential decay rates. 

The out-of-plane steady-state strain ξ∞ induced by the cathodic 
electric field is shown in Fig. 3a as a function of time under water 
exposure, tw. Each datum in Fig. 3a corresponds to the steady-state value 
achieved (t → ∞) upon application of an electric field (as described in 
Fig. 2); between each datum, the system was allowed to completely relax 
to equilibrium conditions at E ¼ 0 V. Fig. 3a indicates a constant 
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reversible response of ξ∞ � 0.4% at tw < 0 h (dry conditions). Upon 
introduction of 6 Torr H2O (maintaining pO2 ¼ 150 Torr total pressure) 
at tw ¼ 0 h, ξ∞ decreases from 0.4% under dry conditions to 0.1–0.2% 
under wet conditions, suggesting that the relative rates of oxygen 
transport across the air/LSFC surface and the buried LSCF/GDC inter
face vary due to exposure of the film surface to water vapor. Further
more, we assume the buried interfacial structure and chemistry remains 
unchanged; therefore, the results from Fig. 3a imply that the LSCF sur
face becomes less limiting to oxygen exchange upon exposure of to water 
vapor. In other words, the oxygen flux across the interface, i.e., anni
hilation of oxygen vacancies, is facilitated such that ξ∞ is significantly 
reduced under wet conditions. 

The effective relaxation time constant, K0 calculated from Eq. (4) is 
shown in Fig. 3b. The forward rate constant of Eq. (1) (LSCF surface ORR 
reaction) dominates K0 relative to the contribution from the forward 
direction of Eq. (2) (buried interface oxygen transport) [21]; therefore, 
the rate constant in Fig. 3b can be considered a measure of the ORR rate. 
The presence of H2O clearly increases the effective rate constant, which 
is consistent with the findings in Fig. 3a. 

Furthermore, the cell resistance, as shown in Fig. 3c, is commensu
rately reduced, as expected from improved oxygen transport kinetics 
described in Fig. 3a and b. It should be noted that the reported resistance 
values are not normalized for surface area due to the complex potential 
distribution with respect to the current collector position and high sheet 
resistance (see Fig. S2). As such, the resistance values reported in Fig. 3c 
average a broad distribution of surface potentials; whereas, the crys
tallographic strains analyzed in Fig. 3a and b are isolated to regions near 
the current collectors (i.e., ~20–50 μm probe width located approxi
mately 1 mm from the Au current collector). 

Since both ξ∞ and cell resistance are dependent on the initial (tw < 0 
h) absolute ½V⋅⋅

O� [21], it may be the case that longer times are required 
after removing H2O exposure (at tw ¼ 6 h) to restore the initial values 
observed at dry conditions (tw < 0 h), as seen in Fig. 3a and c. This is 
compared to K0, which is independent of the absolute ½V⋅⋅

O� in the LSCF 
layer [21] and and returns rapidly to dry conditions (tw < 0 h) upon 
ending H2O exposure (at tw ¼ 6 h). 

Fig. 3d presents the ratio of [Sr]/[La] at the surface (<5 nm deep, 
determined by TXRF measurements slightly below the critical X-ray 
incidence angle), where the X-ray penetration depth into the sample is 
limited to within a few nanometers of the surface. The bulk composition 
(dotted line at [Sr]/[La] ¼ 0.67) is determined from fluorescence mea
surements using a larger incidence angle that results in total penetration 
of the X-ray beam through the film thickness. Strontium segregation to 
the surface of LSCF thin films (as well as bulk powders) is described 
throughout the literature [15,37–39] and is consistently observed in the 
experiments described here. Significant Sr surface segregation is 
induced by the exposure of the LSCF film to operando thermal condi
tions, but the surface Sr concentration is not observed to change over the 
time interval of the current experiments or upon application of electric 
fields, nor were secondary phases detected on the surface. Therefore, a 
change in the surface Sr concentration is ruled out as a significant 
contributor to the observed lattice changes under applied potential. 
Furthermore, although Co surface enhancement has been reported [23], 
no time or potential dependence of B-site surface cation concentration 
was observed. 

Previous computational DFT studies [40,41] addressed differences in 
O exchange reactions on AO and BO2 terminated (001) surfaces of ABO3 
perovskites without looking at the effects of water. It was found that the 
kinetics is at least two orders of magnitude faster on BO2 termination 
than on AO termination and suggested that long-term annealing results 
in Sr enrichment and thus potential loss of much less stable BO2 
termination, consistent with experimental long-term behavior. Our 
experimental results indicate in Fig. 3d indicate Sr enrichment that re
mains stable over the time of experiments. For AO termination, previ
ously calculated vacancy formation energy for vacancies the central 
layers of the LSMO slab was found to be more favorable than for 

Fig. 2. A comparison of typical stain responses under dry vs. pH2O ¼ 6 Torr 
conditions as a function of time in which a cathodic potential of � 1.5 V is 
applied at t ¼ 0 s. The values are normalized to the steady-state strain (ξ∞) 
achieved during dry conditions (ξðdryÞ

∞ ). The response can be fit with Eq. (4) to 
determine an effective rate constant. 

Fig. 3. (a) Steady-state strain at � 1.5 V at 600 �C and 15 Torr pO2, (b) rate 
constant calculated using Eq. (4) from strain time dependence after applying 
voltage at each point, (c) sample resistance, and (d) surface [Sr]/[La] ratio with 
addition (tw ¼ 0 h) and removal (tw ¼ 6 h) of 6 Torr H2O to the measurement 
atmosphere (the dotted line represents the nominal bulk [Sr]/[La]). 
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vacancies on (La,Sr)O surfaces [40]. Other computational results [41] 
for dry Sr-rich (001) surface in LSCO were found to be consistent with 
experiments and Sr enrichment was found to be critical for good per
formance on AO termination. 

We use first-principles calculations to explore the mechanism of the 
water-induced enhancement of the electrochemical oxygen reactions 
shown in Fig. 3. The structure of bulk LaFe0.75Co0.25O3 is modeled using 
optimized lattice parameters of a ¼ b ¼ c ¼ 3.889 Å with cubic sym
metry. When Sr is introduced to the system, oxygen vacancies are ex
pected to compensate the divalent Sr substitution of trivalent La ions. 
Thus, substitution of two Sr ions will introduce one oxygen vacancy 
without requiring a valence change of the transition metal ions; there
fore, 50% Sr substitution of the La sites results in a bulk composition of 
La0.5Sr0.5Fe0.75Co0.25O2.75. Since the results in Fig. 3 were obtained 
using films grown with a (001) surface orientation and a strong Sr 
enrichment of the surface both with and without water exposure, a Sr- 
enriched (001) surface is considered in the computational model. 

Because of our experimental observations illustrated in Fig. 2d and 
the previously reported observations of Wachsman et al. [36], we use a 
model with the Sr concentration on the surface twice that in the bulk. To 
create the simplest model that includes Sr segregation, we adopt a 2 � 2 
surface supercell with 5-layer periodic slabs of Sr–O-terminated surfaces 
and validate our result using 9-layer periodic slab model. The lattice 
vectors of the cell are constrained to tetragonal symmetry with the 
in-plane lattice parameters a ¼ b ¼ 7.777 Å. All internal degrees of 
freedom are allowed to relax. In the absence of oxygen vacancies, the 
atomic compositions of the five layers in the supercell from the top are 
Sr4O4 - Fe3CoO8 – La2Sr2O4 - Fe3CoO8 – Sr4O4, and the slab is symmetric. 
By introducing Sr segregation to the surface, three oxygen vacancies 
must be added to the system in order to maintain overall charge 
neutrality. If these are added symmetrically, e.g. one vacancy in 1, 3, 
and 5 layer each, there is no overall dipole moment for the slab. 
Otherwise, there could be a change in the local dipole between neigh
boring atomic planes in the slab that destroys the symmetry. There is no 
formal charge difference, however, between two surfaces of the slab that 
would result in an electric field inside the slab that diverges with slab 
thickness. There are several possible locations to consider in placing 
these vacancies, which are divided into two classes, (1) vacancies in the 

(Sr, La)O layers only and (2) vacancies distributed both in the (Fe, Co)O 
and (Sr, La)O layers. In calculations of each class, the total number of 
oxygen vacancies in the bottom two layers are fixed, and either one 
vacancy is incorporated in the (Sr, La)O layer per unit cell for class (1) or 
one vacancy is incorporated in the (Fe, Co)O layer for class (2). We 
investigate three possible vacancy distributions, corresponding to 0, 1, 
or 2 oxygen vacancies in the surface atomic plane. Since the overall 
number of vacancies in the DFT calculations is kept fixed, only their 
distribution between the surface and the central layers of the slab is 
changing, a comparison to the experimental strain in Fig. 3a that is the 
result of changes in vacancy concentration is not performed. To explore 
the effect of water on the vacancy distribution and, therefore, perfor
mance of the LSCF, the change in thermodynamic stability of vacancy 
distributions in the system is determined. The water molecule included 
in the model is located either on top of the Sr atom or at the oxygen 
vacancy site on the LSCF surface. All these possibilities are considered in 
the calculations. 

Structures are optimized with and without an adsorbed surface water 
molecule for different oxygen vacancy concentrations in the top SrO 
layer, ranging from 0% (no vacancy on the surface) to 50% (two va
cancies in the top layer of the computational cell). The lowest energy 
structures for both cases, without water and with water adsorbed on the 
surface, are shown in Fig. 4a and b, respectively. The numbers arrayed 
vertically next to the structure and the numbers below the square 
symbols in Fig. 4c and d indicate the number of oxygen vacancies in each 
layer of the computational cell. We show all slab structures listed in 
Fig. 4c and d in Supplemental Information (Fig. S3) and absolute total 
energies for all slabs and water molecule in the gas phase in Table S1. 
Water molecule prefers a dissociated configuration on the SrO termi
nated LSCF surface as shown in Fig. 4b. One hydrogen from the water 
molecule binds to an oxygen atom on the LSCF surface forming two –OH 
bonds. Furthermore, the oxygen atom of the water does not fill a vacant 
oxygen site on the LSCF surface. The bond length between Fe and –OH is 
3.57 Å, much larger than the distance between Fe and another O in the 
octahedron (~1.97 Å) (see Fig. 4). 

The total electronic energies as a function of the number of surface 
oxygen vacancies NV€O for the system without and with water are shown 
in Fig. 4c and d, respectively. We have tested other Ueff values (4.0 eV for 

Fig. 4. The DFT-optimized structures corresponding 
to the lowest energy configurations of LSCF surface 
considered (a) without and (b) with a surface water 
molecule. The ‘0’ and ‘10 array arranged vertically 
next to the structure indicates the number of oxygen 
vacancies in each layer. The dark green, green, blue, 
brown, red and light pink spheres represent Sr, La, 
Co, Fe, O and H atoms, respectively. The energies of 
possible configurations are sorted as a function of the 
number of surface oxygen vacancies (c) before and 
(d) after adding the surface H2O molecule respec
tively. The five numbers next to the squares represent 
the oxygen vacancy number in each layer, beginning 
with the top layer. The lowest energy points circled in 
(c) and (d) correspond to the structures displayed in 
(a) and (b), respectively. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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both Fe and Co) using single point calculations on converged geometries 
(system without water) and the energy ordering among structures with 
different numbers of surface oxygen vacancies did not change. To check 
dependence of the relative energies on the slab thickness, we have also 
done calculations on a 9-layer slab that has 4 extra bulk-like layers, and 
the results are qualitatively the same as for the 5-layer slab, although 
they are slightly different numerically (see, Fig. S4). The two lowest 
energy structures are circled in the graph. 

Without the water molecule on the surface, the energy increases with 
the number of surface vacancies, NV€O, as shown in Fig. 4c. This indicates 
that it is energetically unfavorable for oxygen vacancies to be on the 
SrO-terminated surface of LSCF in the absence of water molecules. With 
the water molecule present, however, the energy preference changes, 
and structures that include surface oxygen vacancies become more sta
ble than structures with the same total number of vacancies distributed 
away from the surface. 

Based on the above analysis, we hypothesize that OH groups are 
present on the surface if the gas atmosphere is humidified, which re
duces the formation energy of oxygen vacancies on the surface, thus 
making it easier to activate oxygen and incorporate it into vacant lattice 
sites. In general, oxygen vacancies are beneficial for oxygen exchange 
kinetics [42]. This can explain the reversibility of the H2O effect; once 
water is removed from the gas phase environment, the activation energy 
returns to its initial magnitude as –OH surface groups desorb. The fact 
that the initial performance before the addition of water is not 
completely recovered after water is removed suggests that a fraction of 
the –OH species remain adsorbed on the surface for times that exceed 
those probed in this experiment. 

Sr surface enrichment was observed in this study, consistent with 
many other reports; the surface [Sr]:[La] ratio is over two times greater 
than in the nominal bulk ratio of the film (Fig. 3d). However, this occurs 
when the film is initially annealed under dry conditions and is un
changed throughout the rest of the experiment; most importantly, it is 
unaffected by the addition or removal of H2O. Furthermore, SrCO3 
formation, as observed in previous studies [4], is not likely due to the 
exclusion of CO2 in the gas environment. 

A series of measurements at different humidity levels was performed 
at several temperatures (400–600 �C) in order to determine activation 
energies. The experimentally determined activation energy for oxygen 
surface exchange decreased by approximately 0.1 eV upon water 
exposure, as shown in Fig. 5. This reduction would predict Kwet �

3.75*Kdry, which is a larger improvement than we observe (Kwet ¼

1.6–1.8*Kdry). Considering the uncertainty in the activation energy 
calculation, this explains the increase in K0 reasonably well. 

4. Conclusions 

Under an applied cathodic electric field in the presence of humidified 
atmospheres, it is apparent that the steady-state out-of-plane strain, ξ∞, 
of the LSCF film decreases, corresponding with an increase in the 
calculated effective ORR rate constant at the LSCF surface, relative to 
dry environments. Both trends, along with the commensurate observed 
decrease in overall cell resistance, suggest a counterintuitive improve
ment in cathode performance, which is in line with other short-term 
effects reported in the literature [19]. At short time scales, namely 
when oxygen vacancy transport is appreciable relative to cation trans
port, the Sr composition profile is constant and the presence of H2O 
improves the oxygen transport kinetics at the cathode surface, mani
festing as reduced resistance. The short-term beneficial humidification 
effect is dependent on both the degree of humidification and the 
cathodic polarization. Based on our DFT results for oxygen vacancy 
energies in the presence of water, we suggest that humidification results 
in surface hydroxyl groups that promote the transport of V⋅⋅

O from the 
bulk lattice to the surface where the vacancies can participate in cata
lytic reactions. Assessing the effects of long-term humidity exposure, 

which is known to have deleterious effects on the performance of SOFC 
cathodes and LSCF in particular, is outside the scope of the present 
investigation due to the time limitations of a synchrotron X-ray study. 

Our results indicate that the water-induced short-term improvement 
in oxygen surface exchange stems from interactions of adsorbed hy
droxyl groups with the cathode surface. If long term degradation of LSCF 
electrochemical properties can be prevented or mitigated, e.g., elimi
nating chromium transport from balance-of-plants components, water 
or other gas phase species could induce oxygen vacancy surface 
enrichment, which could be used to promote the oxygen reduction re
action at perovskite surfaces. 
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