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E
lectrochemical energy conversion sys-
tems based on gas�solid interactions
such as solid-oxide fuel cells (SOFCs)1,2

and polymeric electrolyte cells are among
the most promising energy technologies,
with the efficiency of large-scale SOFC-
thermal systems approaching the thermo-
dynamic limit. Similarly, the energy densi-
ties of air�metal batteries3,4 rivaling that of
the fossil fuels have attracted much atten-
tion to these systems. However, large-scale
implementation of these systems is hin-
dered by polarization losses (e.g., 80% of
lost efficiency in the hydrogen�oxygen
fuel cells is due to cathode polarization)1,2

and charge�discharge hysteresis (that can
achieve 30�40% in Li�air batteries,5 as
compared to several percent in classical
intercalation chemistries).6,7 The traditional

solution for activation of gas�solid reactions
employs theuseof expensive electrocatalysts
such as Pt or operation at high temperatures,
and the associated costs act as a critical
barrier for the broad implementation of fuel
cell and metal�air battery technologies.
A breakthrough in the efficiency, life-

times, and costs of fuel cells and metal�
air batteries is possible if fundamental me-
chanisms underpinning their operation
are understood, opening the pathway for
knowledge-driven materials and device
design.8 Functionality of these systems is
driven by a series of complex mechanisms
including oxygen vacancy diffusion, elec-
tronic transport, and solid�gas reactions
at surfaces and triple phase junctions.9

Despite the long history of the field,10 the
underpinning mechanisms remain elusive
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ABSTRACT Spatial localization of the oxygen reduction/evolution reactions on lanthanum strontium cobaltite

(LSCO) surfaces with perovskite and layered perovskite structures is studied at the sub-10 nm level. Comparison

between electrochemical strain microscopy (ESM) and structural imaging by scanning transmission electron

microscopy (STEM) suggests that small-angle grain boundaries act as regions with enhanced electrochemical activity.

The ESM activity is compared across a family of LSCO samples, demonstrating excellent agreement with macroscopic

behaviors. This study potentially paves the way for deciphering the mechanisms of electrochemical activity of solids on

the level of single extended structural defects such as grain boundaries and dislocations.
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and, despite recent progress,11 are until now amenable
only to macroscopically averaged studies or model
experiments usingmicrometer-scale electrodes.12�14At
the same time, the structure of solids is generally char-
acterized by the presence of multiple internal interfaces
and point and extended defects. The atomic and elec-
tronic structure of the defects are now well amenable to
advanced electron microscopy techniques,15 and the
defect population can be controlled through synthesis
methods.16 However, the link between (extended) de-
fects and electrochemical reactivity is elusive, limiting the
fundamental understanding of gas�solid electrochemi-
cal reactionmechanisms andprecludingdevelopment of
predictive atomistic and mesoscopic models.
Here, we study the nature of the electrochemically

active state of the SOFC cathode materials with known
electrochemical performance using a combination of
high-resolution electronmicroscopy andelectrochemical
strain microscopy (ESM),17�19 aiming at achieving
nanometer-scale view of the electrochemical reactivity
of the surface and correlating it with the nanometer-
scale structure and extended structural defects. As a
model system, we have chosen the (La0.8Sr0.2)CoO3�δ/
(La0.5Sr0.5)2CoO4(δ system (LSCO) grown on a yttria-
stabilized zirconia (YSZ) substrate with an intermediate
Gd-doped CeO2 buffer layer (GDC). These materials are
chosen both as one of the primary electrocatalytic materi-
als with high bulk oxygen diffusion coefficient10 and due
to well-controlled epitaxial growth19,20 that allows materi-
als with identifiable defect structure to be developed. The
use of an ionically conductive and electronically blocking
GDC/YSZ electrolyte in conjunction with patterned elec-
trodes allows avoiding electronic transport inevitable at
high probing biases and, hence, minimizes artifacts asso-
ciated with dielectric breakdown.

RESULTS AND DISCUSSION

Here, we explore perovskite surfaces, (La0.8Sr0.2)CoO3�δ

(referred to as LSC113, where δ represents the oxygen
nonstoichiometry), layered perovskite, (La0.5Sr0.5)2CoO4(δ

(referred to as LSC214), and LSC214/113 heterostructures of
two thicknesses (15 and 0.8 nm thick layers of 214
deposited on 80 nm thick 113 film) designed to improve
oxygen reduction reaction (ORR) activity.20 The ORR func-
tionality of these materials in the form of micropatterned
electrodes was extensively studied previously.20�22 To
correlate the high-temperature ORR functionality with
room-temperature ESM measurements, electrochemical
impedance spectroscopy (EIS) measurements are addi-
tionally performed in broad temperature and dc potential
ranges (Supporting Information).

Structural Imaging of Defects Using Scanning Transmission
Electron Microscopy. To ascertain the structure of the
films, identify the primary extended defect types, and
determine their structural, electronic, and chemical
properties, the material was studied using aberration-
corrected scanning transmission electron microscopy

(STEM) and electron energy loss spectroscopy (EELS)
imaging.14 To ensure the veracity ofdirect comparison, the
STEM specimens were prepared from the same thin films
as were studied by ESM. Note that the STEM measure-
mentswere performedprior to the ESMor EIS studies and,
hence, do not provide possible information on changes in
material microstructure during measurements.

A bright field micrograph of a LSC214/113 film shown
in Figure 1a illustrates the presence of columnar grains
separated by small angle grain boundaries (GBs),
as shown in Figure 1b, and antiphase boundaries
(APBs), as shown in Figure 1c. Atomic resolution micro-
graphs of the interface between the ∼15 nm LSC214
and ∼80 nm LSC113 layer in Figure 1d show a fully
coherent interface between the layers. A similar high
degree of coherency is observed between the perov-
skite LSC113 layer and GDC. EELS studies indicate that
the GBs and APBs are not associated with measurable
cation segregation or significant alteration of electronic
structure, presumably due to the very small screening
length in LSCO and small interface charges. Similar
primary defects are observed for pure LSC113 samples.
Hence, thewell-controlled epitaxial character of systems
studied and a small number of possible defect types
(GBs, APBs) in combination with the atomically abrupt
character of the internal interfaces (LSC214/LSC113 and
LSC113/GDC) and systematic variation of LSC214 layer
thickness (none, 0.8 nm, 15nm, and LSC214 only) offer an
ideal model system for high-resolution studies.

Spatial Variability of the Electrochemical Behavior Studied
Using Electrochemical Strain Microscopy. To explore the

Figure 1. (a) Bright field (BF) STEM micrograph of the
LSC214/LSC113/GDC/YSZ heterostructure acquired in the
(100) pseudocubic perovskite zone axis orientation. Differ-
ent types of interfaces are highlighted by boxes. Close-up
HAADF STEMmicrographs of interfaces: (b) a small angle GB
similar to the interface in the red box of panel (a); relative
misorientation of the grains is evident in the change of
lattice contrast; (c) an antiphase boundary; note exact 90�
orientation to the interface; (d) LSC214/LSC113 interface
similar to that highlighted by the green box in panel (a).
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spatial variability of the electrochemical behavior, we
employ recently developed electrochemical strain mi-
croscopy (ESM).16�18 In ESM, the biased scanning
probe microscopy (SPM) tip is used to apply an electric
field to material locally, inducing ionic redistribution
and local reversible and irreversible electrochemical
processes. The reversible response of material is mea-
sured through dynamic electrochemical strain detec-
tion, as discussed in detail in ref 23. The onset of
irreversible processes can be ascertained by the static
surface deformation of the sample surface visible as
topographical change after bias pulse application; alter-
natively, dielectric breakdown can be observed. Here,
the spatially resolvedmeasurements were performed in
the regime when the irreversible surface deformation
was avoided (changes in topography less than∼0.2 nm,
below the detection limit of topographic imaging).

The average ESM hysteresis loops are shown in
Figure 2. Note that for the LSC113 surface the hysteresis
loop is closed for the 8 V bias window and opens for
the 10 V bias window. A typical bias sweep rate for the
measurements is around 16 V/s. In comparison, for the
15 nm LSC214/113 surface the hysteresis loop is open
at 8 V, suggesting higher ORR activity. Application of
higher (by 20�50%) biases for some samples (0.8 nm
LSC214) led to irreversible surface deformation clearly
visible in topographic images or breakdown. These
observations, as well as general considerations on
oxide electrochemistry, suggest the following scenario
of bias-induced electrochemical processes during
ESM measurements. At low biases (below activation
of ORR/OER processes on the LSCO surface), field-
induced vacancy and electronic motion are possible
(polarization at the tip�surface junction), but the total
amount of vacancies is preserved. For materials with
small (compared to the tip�surface contact area)
Debye length as for LSCO, the conservation of vacancy
amount combined with the linearity of the Vegard
expansion suggests that the hysteretic response will
be zero and the ESM hysteresis loop is expected to

be closed or have the characteristic elongated shape
reminiscent of the minor hysteresis loops in ferroics.24

Similarly, the hysteresis loop is closed if diffusion times
are small compared to the bias sweep times.

Above the critical bias for activation of the ORR/OER
process, vacancy injection/annihilation at the sur-
face becomes enabled; that is, the OER process, in
Kröger�Vink notation 2OO

x � 4e� f 2VO
•• þ O2, for

positive biases and the ORR process, 2VO
•• þ O2þ 4e� f

2OO
x , becomes active in the tip�surface junction. This

process is associated with significant hysteresis due to
both slow vacancy motion and ORR/OER activation, and
the hysteresis loop adopts a classical shape with well-
definednucleationbiases. Note that the critical potentials
for this process are determined by both local polarization
and electrochemical potential drop in the material and,
hence, are larger than for uniformfields. Finally, processes
such as vacancy ordering and material amorphization25

will result in static deformation on a sample surface that
can be ascertained by topographic imaging.

The formation of well-defined ESM hysteresis loops
allows the spatial variability of the reversible compo-
nent of the electrochemical process to be studied.
Shown in Figure 3 is the ESM mapping of the 15 nm
LSC214/113 film. Here, the ESM data are acquired in an
8 V bias window over a dense (300 nm) 40 � 40 array,
providing spatially resolved information on electro-
chemical activity. Note the strong variability of the
loop area and clearly visible grain-like features. The
effective resolution based on this measurement is
estimated as∼10 nm, i.e., 3 orders of magnitude below
that achievable by classical electrochemical methods.17

To get insight into the origin of the observed ESM
contrast and separate the electrochemical reaction
and transport stages, we analyze the positive/negative
bias distribution (PNB and NNB) that can be associated
with critical bias for ORR/OER activation in the tip�
surface junction.19 Shown in Figure 3d and e are the
maps of the NNB and PNB, respectively, that can
be compared with hysteresis loop opening map in

Figure 2. Electrochemical strainmicroscopy hysteresis loops on LSCO surfaces. (a) ESMdata for an LSC113 surface for 8 and 10
V bias windows. (b) ESM data for LSC113 and LSC214/113 surfaces for 8 V bias window. In both cases, 900 hysteresis loops are
averaged over a 500 � 500 nm region.
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Figure 3b. Note that the loop area map shows very
strong variability well above noise level, whereas PNB
and NNB are relatively uniform.

Compared to the 15 and 0.8 nm (not shown)
LSC214/113 film in Figure 3, studies of the electrochemi-
cal reactivity on the crystalline LSC113 and LSC214
materials are significantly more challenging. While
small biases are insufficient for activation of electro-
chemical processes, the large ones can lead to break-
down precluding the ESM imaging, necessitating
multiple measurements. The evolution of surface elec-
trochemical activity for these materials in comparison
tomicrostructure is shown in Figure 4. Note that for the
LSC113 surface with lowORR activity the grain structure
can be barely discerned in the ESM image and
significant degradation of contrast with scanning is
observed. The LSC214 sample shows strong variability
of ESM contrast and diffuse grain-like and grain-
boundary-like features. This behavior can be correlated
with significantly higher disorder in the film, as seen in
Figure 4e. Finally, the 15 nm LSC214/113 sample com-
bines both the high ORR activity (and hence yields
visible ESM contrast) and high localization of signal at
the grain boundaries as developed in the LSC113 matrix.

The correlation between ESM and electrochemical
activity can be further illustrated in the statistical
analysis of the PNB and NNB data as compared to the
EIS results. Figure 5a illustrates the EIS spectra acquired
at 550 �C and corrected for ohmic resistance attributed
to oxygen diffusion through the electrolyte. The Ny-
quist plots can be fit using an equivalent circuit model
consisting of an RHF|(parallel RMF, CPEMF)|(parallel RLF,
CPELF), where RHF represents the ionic transport

through the electrolyte, MF components are proposed
to represent the oxygen transport through an interface
between electrode and electrolyte, and LF compo-
nents are responsible for ORR/OER. The RHF is sub-
tracted from the Nyquist plots shown in Figure 5a to
more easily compare thedominatingLFORRcomponents.

The corresponding ESM data are illustrated in
Figure 5b�d. Here, the mean of the PNB distribution
illustrates the distribution of voltages required to
induce the OER process 2OO

x � 4e� f 2VO
•• þ O2 in

the tip�surface junction. The width of the correspond-
ing distribution defines the OER electrochemical dis-
order. Similarly, the NNB distribution provides the
information on the parameters of the ORR process,
2VO

•• þ O2 þ 4e� f 2OO
x . The value of (PNB� NNB) is a

nanoscale analogue of polarization hysteresis. Note
that the 0.8 nm LSC214/113 sample has the smallest
(PNB � NNB) value, indicative of high electrochemical
activity, and high disorder. The 15 nm LSC214/113
sample has the next smallest (PNB � NNB) value,
indicative of high electrochemical activity, and inter-
mediate disorder. The LSC214 sample has the third
highest activity, but very significant disorder, in excel-
lent agreement with STEM data. Finally, the LSC113
sample has very narrowPNB andNNBdistributions, but
a very high (PNB�NNB) value. This surface is relatively
uniform, but the least active of the studied materials.
This evolution of electrochemical activity is in excellent
agreement with macroscopic behavior, as compared
in Figure 5d. Note the excellent correlation between
the (PNB � NNB) value and area-specific resistance
(note that the least active LSC113 film tends to be
unstable under ESM imaging conditions). Furthermore,

Figure 3. ESMmapping of the 15 nm LSC214/113 surface. (a) Surface topography, (b) area under the loop, (c) hysteresis loops
from selected locations with color of loops the same as the color of the selected region. Also shown are (d) negative and (e)
positive nucleation biases and (f) corresponding 2D histogram of negative and positive nucleation biases.
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there is a strong correlation between the degree of
disorder of thematerial, as observed in STEM images or
inferred as topographic roughness in AFM images, and
widths of the ESM potential distributions. This strong
correlation between ESM data acquired at room tem-
perature (RT) and EIS parameters at operation condi-
tions for SOFC directly validates the link between ESM
data and SOFC-relevant electrochemical functionality.
We note that the mechanisms and rate-limiting steps of

ORR/OER may be quite different between RT ESM and
high-temperature low-bias SOFCoperatingconditions, for
example, due to temperature differences or the presence
of awater layer. However, even if this is the case, Figure 5d
shows that the ESMdataprovide apowerful descriptor for
SOFC-relevant activity andcan thereforebeusedas a local
probe to investigate the latter.

These ESM studies further provide insight into the
role of surfacemodification on ORR activity. The LSC214

Figure 4. (a�c) Mapping of area under the ESM loop for (a) LSC113 thin film, (b) LSC214 thin film, and (c) 15 nm LSC214/113 thin
film. (d�f) HAADF micrographs of the (d) LSC113, (e) LSC214 thin film, and (f) 15 nm LSC214/113 thin film. STEM and ESM are
performed at dissimilar locations on different samples of identical initial composition.

Figure 5. (a) Corrected electrochemical impedance spectra for 0.8 nm LSC214/113 thin film, 15 nm LSC214/113, LSC214, and LSC113 thin
films. (b) HistogramsofNNBandPNBand (c) histogramofPNB�NNB for the same four samples. (d) Comparisonof the area-specific
resistanceandESMnucleationbiases. ShownarevaluesofPNB�NNBformaximaofhistograms (circles) andaverages (squares). The
error bars correspond to dispersion of distributions in (b, c), i.e., represent the variation in ESM response along the sample surface.
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layers strongly reduce polarization in ORR/OER pro-
cesses, but are relatively poor ionic conductors. Corre-
spondingly, ultrathin layers are beneficial for SOFC
operation, but increase in the thickness limits the
oxygen vacancy transport.

Finally, we briefly discuss the image formation
mechanism in ESM in a mixed ionic�electronic con-
ductor (MIEC) as compared to previously studied ionic
conductors.18 For LSCO structures studied here, appli-
cation of the bias to the SPM tip is expected to bias the
whole micropatterned electrode due to the metallic
conductivity of LSCO. Hence, in the first approximation
the ORR/OER process can be introduced everywhere
on the surface. Detailed modeling of the coupled
diffusion�migration problem boundary conditions in
the static limit illustrates that the vacancy concentra-
tion is nearly uniform on the sample surface. However,
the SPM tip will be sensitive only to stresses generated
in the vicinity of the tip�surface junction. The simple
analysis indicates that for very low frequencies (H < LD,
where H is the film thickness and LD is the diffusion/
migration length) the resolution is ∼H/const with 2 <
const < 5 (similar to piezoresponse force microscopy
on capacitor structures),26 and for high frequencies the
width of the profile will be∼LD/const. For bulk LSCO, the
diffusion and migration length at 300 K for 1 s can be
estimated as 8.6� 10�14 and4.3� 10�18m, respectively.
Even given potentially higher diffusion coefficients in the
surface layers or in high fields, this rationalizes the
extremely high resolution in ESM signals.

CONCLUSIONS

To summarize, using electrochemical strain microscopy
we explore the spatial variability of electrochemical

reactivity on the LSCO surface with sub-10 nm resolu-
tion. In the reversible regime, we demonstrate
a strong variability of electrochemical activity along
the sample surface on the ∼50 nm length scale.
Comparison of STEM data suggests that these features
correspond to the small-angle grain boundaries within
thematerial. The APBs that has linear geometry are not
directly visible on ESM images. The analysis of ESMdata
suggests that this variability is associated with a dis-
tribution of diffusion coefficients, while the critical bias
required to activate the ORR/OER process is more
uniform. This study hence for the first time reports
the electrochemical activity at a single well-defined
extended structural defect level.
The nanoscale probing of the electrochemical pro-

cesses on solid surfaces on a single-defect level will
provide a transformative change in the ability to
explore and control the mechanisms underpinning
ionic systems ranging from fuel cell and metal�air
batteries to electroresistive data storage and logic
devices. While in the present case we utilize the fact
that the defect structure of epitaxial films is domi-
nated by a small number of defect types, this ap-
proach can be extended to systems with more
complex defect structures. For example, the sequen-
tial focused X-ray27 in combination with ESM mea-
surements or in situ (S)TEM-ESM measurements can
provide this capability for unknown defects. Overall,
the capability to directly link local structure and
electrochemical activity will allow the link between
atomistic theory and macroscopic electrochemical
measurements, and hence knowledge-driven design
and optimization of energy storage and conversion
systems.

METHODS

Materials. The thin films studied in this work were grown
using pulsed laser deposition on a (001) yttria-stabilized zirco-
nia. A thin ∼5 nm 20% Gd-doped CeO2 buffer layer was grown
on the YSZ to prevent reaction of lanthanum strontium cobal-
tite thin films. Growth was performed with a substrate tem-
perature of 450 and 675 �C for the GDC and lanthanum
strontium cobaltite thin films with a laser fluence of 1.4 J/cm2

in a background of 50 mTorr of oxygen. The heterostructures of
(La0.5Sr0.5)2CoO4(δ (214) and La0.80Sr0.20CoO3�δ (113) were also
made by growing layers of 214 on top of 113 to obtain LSC214//113
films. The films were epitaxial with an epitaxial relationship of
(001)YSZ )(001)GDC )(001)LSCO and (100)YSZ|(100)GDC )(110)LSCO as-
suming a pseudocubic unit cell for LSCO and a cubic unit cell for
YSZ and GDC.

Measurements. ESM measurements were performed with a
commercial system (Asylum Research Cypher) additionally
equipped with a LabView/MatLab-based band excitation con-
troller implemented on a NI-5122/5412 fast AWG and DAQ
cards. ESM imaging and spectroscopy were performed with a
200�400 kHz 2 Vpp band excitation signal applied to a metal-
coated tip. The spectroscopic measurements were performed
at ∼1 s/pixel waveform with 2 ms at each dc voltage step.
Mapping of the electromechanical response was done typically
on a 40� 40 point grid with a spacing of 20 nm, although other

spacing and image sizeswere also used. All measurementswere
performed with the biased tip in direct contact with the sample
surface in ambient air and without any additional protective
coating. STEM studies were performed using the Titan S 80�300
operated at 300 kV and equipped with CEOS DCOR aberra-
tion corrector (Figure 1a�c, Figure 4d�f) and Nion UltraSTEM
60�100 operated at 100 kV and equipped with 5th order
quadrupole-octupole aberration corrector (Figure 1d).
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