
www.afm-journal.de

FU
LL P

A
P
ER

www.MaterialsViews.com
  Amit   Kumar  ,   *      Francesco   Ciucci  ,     Donovan   Leonard  ,     Stephen   Jesse  ,     Mike   Biegalski  ,   
  Hans   Christen  ,     Eva   Mutoro  ,     Ethan   Crumlin  ,     Yang   Shao-Horn  ,     Albina   Borisevich  ,    
 and   Sergei V.   Kalinin   *   

Probing Bias-Dependent Electrochemical Gas–Solid 
Reactions in (La  x  Sr 1– x  )CoO 3–    δ    Cathode Materials
 Spatial variability of bias-dependent electrochemical processes on a 
(La 0.5 Sr 0.5 ) 2 CoO 4 ±   δ    modifi ed (La  x  Sr 1– x  )CoO 3– δ   surface is studied using fi rst-
order reversal curve method in electrochemical strain microscopy (ESM). The 
oxygen reduction/evolution reaction (ORR/OER) is activated at voltages as 
low as 3–4 V with respect to bottom electrode. The degree of bias-induced 
transformation as quantifi ed by ESM hysteresis loop area increases with 
applied bias. The variability of electrochemical activity is explored using 
correlation analysis and the ORR/OER is shown to be activated in grains at 
relatively low biases, but the fi nal reaction rate is relatively small. At the same 
time, at grain boundaries, the onset of reaction process corresponds to larger 
voltages, but limiting reactivity is much higher. The reaction mechanism in 
ESM of mixed electronic-ionic conductor is further analyzed. These studies 
both establish the framework for probing bias-dependent electrochemical 
processes in solids and demonstrate rich spectrum of electrochemical trans-
formations underpinning catalytic activity in cobaltites. 
  1. Introduction 

 Direct conversion of chemical to electrical energy in fuel cells 
opens pathway to high energy density, high effi ciency, and 
scalable energy generation devices. [  1–3  ]  Among these, high 
temperature solid oxide fuel cells (SOFC) offer the highest 
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energy conversion effi ciency approaching 
the thermodynamic limits. Similarly, fuel 
cell devices combining an energy genera-
tion unit with (potentially unlimited) fuel 
storage enable high energy storage densi-
ties, resulting in interest to these energy 
sources from mainstream computer, med-
ical, and housing industry and military 
applications. [  4  ]  Finally, a lack of moving 
parts in the energy conversion systems 
creates the opportunity for virtually unlim-
ited scaling from 100 MV power plants 
units to microscale energy sources for 
mobile robots and portable electronics. [  5–7  ]  

 Despite the unique potential of fuel-cell 
based technologies, broad implementa-
tion of these devices faces a number of 
challenges related to life times and costs. 
The key aspect of fuel cell operation is 
the oxygen reduction reaction (ORR), i.e., 
transfer of oxygen species from gas to 
solid phase with simultaneous release of electrons. Low-tem-
perature fuel cells typically require expensive Pt-based catalysts, 
a major factor driving the operational costs. [  1  ]  In high-tempera-
ture SOFC, the use of transition metal oxide cathodes at high 
temperatures obviates these problems, but imposes stringent 
limitations on mechanical stability and life times. These consid-
erations have resulted in extensive search towards intermediate 
and low temperature fuel cell cathode materials, [  8–11  ]  as well as 
exploration of the chemical [  12  ,  13  ]  and structural factors [  14  ]  that 
control ORR activity at low temperatures. Recently, it has been 
shown that operation of many oxide cathode materials can be 
associated with signifi cant changes of material microstructure, 
including crystallization-amorphization [  15  ]  and surface cation 
enrichment. [  16  ,  17  ]  These processes, reminiscent of poisoning 
and activation of catalyst systems, allow signifi cant degree 
of control of cathode activity and enable strategies for activity 
enhancement. [  18  ]  

 Optimization of SOFC materials requires understanding of ele-
mentary operation mechanisms [  19  ]  and their link to local micro-
structure and device architecture, as well as evolution of materials 
microstructure during the operation and degradation. Previously, 
we reported local measurements of reversible ORR activity on 
bare and Pt-functionalized yttria-stabilized zirconia (YSZ) [  20  ]  and 
(La  x  Sr 1– x  )CoO 3–    δ    (LSCO 113 ) surfaces as a function of composi-
tion and surface modifi cation [  21  ]  using the electrochemical strain 
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     Figure  1 .     a) Optical microscopy image of patterned LSCO 214/113  microelectrodes, and b) topo-
graphic AFM image of the surface. c) High angle annular dark fi eld STEM image of the fi lm 
cross-section. Band of bright contrast corresponds to the 5 nm GDC buffer layer; d) Schematic 
of the patterned  ∼ 86 nm LSCO 214/113  microelectrodes, electrolyte and Pt counter electrode. The 
microfabricated electrodes are formed by LSCO 214/113  layer, with exposed GDC/YSZ surface in 
between.  
microscopy (ESM) approach. Here, we develop experimental 
framework and explore bias evolution of local electrochemical 
processes in LSCO cathode using ESM and spatially resolved 
multidimensional voltage spectroscopies. The role of the grain 
boundaries on voltage-dependent mechanism of gas solid reac-
tion is explored and the mechanism of ESM contrast formation 
is established. 

   2. ESM in Reversible Regime 

 As a model system, we have chosen the (La 0.5 Sr 0.5 ) 2 CoO 4 ±   δ   /
(La 0.8 Sr 0.2 )CoO 3–  δ    system, further referred to as LSCO 214/113 , 
grown on the yttria-stabilized zirconia (YSZ) substrate with 
intermediate Gd-doped CeO 2  (GDC) buffer layer. The ORR 
functionality of these materials was extensively studied pre-
viously. [  6  ,  16  ,  22  ]  Here, we choose a system with  ≈ 0.8-nm-thick 
(La 0.5 Sr 0.5 ) 2 CoO 4 ±   δ    surface decoration of LSCO 113 , which was 
shown to possess the highest ORR activity both in global [  16  ]  and 
local studies. The use of ionically conductive and electronically 
blocking GDC/YSZ electrolyte in conjunction with patterned 
electrodes allows minimizing electronic leakage currents, inevi-
table in mixed electronic-ionic conductors, that can lead to local 
heating or dielectric breakdown. For this material, the irre-
versible surface deformation under application of electric bias 
(a signature of irreversible bias-induced transformation) can 
be established, whereas for materials with lower ORR activity 
dielectric breakdown at higher voltages is typically observed. 
This allows ESM spectroscopic measurements to be performed 
28 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
systematically, i.e., application of voltage that 
exceeds local limit of surface stability is not 
associated with critical damage to surface or 
ESM tip. 

 The overall device architecture and struc-
ture is shown in  Figure    1  . The optical micro-
graph of the patterned LSCO/YSZ device sur-
face during the ESM experiment is shown in 
Figure  1 a, illustrating multiple LSCO 214/113  
microelectrodes. The atomic force micros-
copy (AFM) and scanning transmission elec-
tron microscopy (STEM) images of the sur-
face are shown in Figure  1 b,c, with overall 
device schematic in Figure  1 d. This topog-
raphy is signifi cantly different from that 
expected to LSC 113  epitaxial perovskite fi lms, 
and suggests possible changes in surface 
structure due to intermixing and phase evo-
lution on the level of several unit cells. The 
STEM image clearly demarcates the YSZ, 
GDC layer, LSC 113  fi lm and LSC 214  particles 
(seen between LSC 113  and the dark carbon 
capping layer on the right). The microscopy 
data illustrates the presence of  ≈ 1.5 nm scale 
surface roughness, comparable to thickness 
of the layered perovskites (La 0.5 Sr 0.5 ) 2 CoO 4 ±   δ    
layer and likely associated with the growth 
mode of 214 layer.  

 To explore the bias-induced reversible and 
hysteretic electrochemical processes in the 
device structures, we employ recently developed ESM method [  23  ,  24  ]  
and further extend it to multidimensional spectroscopic method 
to probe bias-dependent electrochemical mechnisms, as dis-
cussed below. In ESM, the scanning probe microscopy tip is used 
to apply electric bias to materials surface locally, effectively acting 
as mobile nanoelectrode. The applied bias induces ionic motion 
and local reversible and irreversible electrochemical processes. [  25  ]  
Depending on the nature of material and bias applied, we clas-
sify the observed behaviors as: 1) reversible, where no hysteresis 
is observed, thus corresponding to the case of absent or very 
rapid tip-induced processes; 2) hysteretic, if hysteresis loops are 
observed, corresponding to the case of slow reaction or multiple 
remanent states which can all be achieved during bipolar bias 
sweep (i.e., response to periodic bias is cyclostationary); or 
3) irreversible, when surface deformations are observed or 
hysteresis loops are not stationary, and system cannot be 
returned to initial state by any bias sequence. 

 The localization of electrochemical process is determined 
by the relative ionic and electronic transport properties of the 
system. For materials with purely ionic conductivity, the elec-
tric fi eld and resultant concentration fi eld are localized below 
the tip, [  20  ,  25  ]  giving rise to high locality of the reaction region. 
For mixed ionic-electronic conductors (MIEC), the localization 
of the electrochemical process can be signifi cantly more com-
plicated and will be controlled by the electric fi eld distribution 
in the device structure and ionic generation in the tip-surface 
junction, as explored in the present work. The change in molar 
volume of material due to ionic redistribution or phase trans-
formations is detected through local surface displacement as 
eim Adv. Funct. Mater. 2013, 23, 5027–5036
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     Figure  2 .     a) Bias envelope of the dc voltage applied during a ESM hyster-
esis loop measurement with the bias window of 12 V. b) ESM hysteresis 
loops on LSCO 214/113  thin fi lm for different bias windows. The loops were 
averaged over 900 locations over 1  μ m 2  area each.  
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measured by the ESM tip (electrochemical strain detection). [  26  ]  
The theory of the tip-induced ESM in reversible and hysteretic 
regimes for diffusion-coupled systems has been discussed in 
detail, [  25  ]  as well as several simplifi ed cases for mixed ionic-elec-
tronic conductors. [  27,29  ]  

 While the electrochemical process and ionic motion can be 
localized to tip-surface junction, or occur everywhere on mate-
rials surface (e.g., for the case of high electronic conductivity of 
MIEC), the strain detection is always local as defi ned by SPM 
geometry. While the detailed theory for mechanisms of ESM is 
still under development, the corresponding limiting cases are 
offered by the piezoresponse force microscopy (PFM) of the fer-
roelectric materials. For local reaction process (e.g., for purely 
ionic material) the resolution and signal generation volume are 
limited by tip-surface contact radius, similar to tip-electrode 
geometry of PFM. [  30  ]  For MIECs with bulk electrochemical 
reaction, the system is analogous to ferroelectric capacitors 
and, for thin fi lms, resolution is expected to be controlled by 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5027–5036
materials thickness. [  31  ]  For MIECs with uniform surface reac-
tion, the resolution will be determined by the corresponding 
frequency-dependent transport length, as briefl y analyzed else-
where. [  21  ]  Practically, the resolution of ESM provides a measure 
of detected volume (similar to PFM [  32  ] ) if direct and indirect 
topographic cross-talk [  33  ]  can be excluded. 

 Here, we probe the electrochemical activity on the LSCO 214/113  
surface using ESM voltage spectroscopy, as illustrated in 
 Figure    2  . In this, the ESM response is measured after the appli-
cation bias pulse of predefi ned amplitude, with the pulse enve-
lope following a triangular waveform, as shown in Figure  2 a. 
The maximal amplitude of triangular wave is referred to as bias 
window. To increase signal to noise ratio through resonance 
enhancement of surface vibrations while avoiding the indirect 
topographic cross-talk, the measurements are performed using 
band-excitation method. [  34  ,  35  ]  The details of data acquisition and 
processing for ferroelectric [  36  ,  37  ]  and electrochemical [  38  ]  systems 
are discussed in a number of recent publications and are not 
repeated here.  

 The evolution of ESM hysteresis loops with bias window on 
the LSCO 214/113  surface are shown in Figure  2 b. At low biases, 
the hysteresis loop is closed (not shown), while it opens up and 
saturates for higher biases. This behavior can be interpreted 
as following. [  20  ,  39  ]  For low biases corresponding to reversible 
regime, fi eld-induced vacancy and electronic motion are pos-
sible but the total amount of vacancies is preserved. Above crit-
ical bias for activation of electrochemical process, the vacancy 
injection in materials becomes possible; the hysteresis loop 
opens up and adopts classical shape with well-defi ned nuclea-
tion biases. The critical potential for this process are determined 
both by local electrode polarization (i.e., difference between 
thermodynamic redox potential and local potential driving the 
ORR/OER process) and electrochemical potential drop in the 
material (electrochemical voltage divider), and hence are larger 
than thermodynamic potentials for uniform fi elds. Note that in 
this hysteretic regime for ESM, the electrochemical process can 
be repeated for many cycles with minimal irreversible (by bias) 
changes in system state. 

 In the spectroscopic mapping ESM, the hysteresis loops sim-
ilar to that in Figure  2  are acquired at each spatial location on 
60  ×  60 grid, yielding 3D data set. The effective parameters (e.g., 
area under the loop and nucleation biases) are then plotted as 
2D maps, providing information on the spatial variability of 
electrochemical behavior. The fi tted loop parameters show 
remarkable contrast in terms of loop height ( Figure    3  e) and 
loop area (Figure  3 f). For uniform Vegard coeffi cients, these 
parameters are related to the diffusivity of ionic transport in the 
material (i.e., amount of ionic species injected due to the reac-
tion in the tip-surface junction during the bias sweep). On the 
other hand, the nucleation biases show relatively weak contrast, 
thereby suggesting that relative variability of biases required 
to activate the ORR/OER process in the material surface is 
weak (or, equivalently, higher noise level in these parameters 
precludes correlations with the structure to be established). 
The histograms for positive bias distribution (PNB) and nega-
tive bias distribution (NNB) are diffused and the separation 
between the peaks is small, of the order of  ≈ 1 V, suggesting that 
ORR/OER activity is readily induced in the material. (Figure S2, 
Supporting Information).  
5029wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     a) Loop height on 0.5  μ m 2  area of LSCO 214/113  thin fi lm. The averaged loops collected 
for a maximum bias of 8 V from selected regions on the map are shown in (b). The spatial 
variation of fi tted loop parameters including c) vertical loop offset, d) imprint, e) height (with a 
compressed scale for visual clarity), f) area, g) positive nucleation bias (PNB), and h) negative 
nucleation bias (NNB).  
   3. FORC ESM Measurements 

 The limitation of the ESM spectroscopic mapping approach, 
as illustrated in Figure  2 b, is that the hysteresis loop shape is 
strongly dependent on excitation window. While for materials 
with known loop formation mechanism (e.g., tip induced polar-
ization switching) the limitations of this approach are well-
understood and quantitative information can be extracted, e.g., 
for well saturated loops. [  40  ,  41  ]  However, this is not the case for 
ESM with possible multiple voltage dependent electrochemical 
strain generation mechanisms (e.g., transport of several ionic 
species or several electrochemical reactions activated at dif-
ferent tip biases). Note that this uncertainty is universal for 
hysteretic systems, where knowledge of system response for a 
specifi ed fi eld history is insuffi cient to predict it for alternative 
histories. [  42  ]  

 To avoid the uncertainty with the choice of the bias window in 
ESM spectroscopy and get insight into full spectrum of strain-
coupled electrochemical processes induced by the ESM probe, 
here we use the fi rst order reversal curve (FORC) method. In 
this, the envelope of probe bias is a bipolar excitation waveform 
with increasing amplitude. This allows multiple hysteresis 
loops with increasing bias window to be collected sequentially 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
at each spatial location, providing the advan-
tage of perfect spatial synchronization. 

 The data acquisition in FORC ESM spec-
troscopy is illustrated in  Figure    4  . Figure  4 a 
illustrates the outer envelope of modula-
tion waveform comprising multiple hyster-
esis loops. Note that detection is performed 
in the off-states following the application 
of bias pulse, similar to Figure  2 a. The cor-
responding responses at single location are 
shown in Figure  4 b,c, illustrating signal evo-
lution as a function of bias and frequency. 
Note that these spectrograms are acquired 
at each point of the surface for spatially 
resolved measurements, giving rise to 5D 
data sets (response vs. location in 2D spa-
tial grid, frequency, bias window, and bias). 
From the frequency deconvolution of these 
data, the electromechanical response signal 
is determined as shown in Figure  4 d.  

 The evolution of the response with bias 
window provides information on sequential 
activation of electrochemical processes below 
the ESM probe. For low biases the response 
is bias independent (no reaction) while for 
larger bias windows than  ≈ 5 V the hysteretic 
behavior is observed, where the jump at  ≈ 100 
voltage steps (corresponding to  ≈ 5 V, Figure  4 d) 
depicts the onset of gas-solid electrochemical 
reactivity. On further bias increase, the area 
under the hysteresis loop increases and then 
saturates, as discussed below. 

 The FORC ESM data can be represented 
as a series of hysteresis loops (FORC set) 
as shown in Figure  4 e. The loops show uni-
versally comparable nucleation biases, sug-
gesting similarity of underpinning electrochemical processes. 
The infl uence of bias on the hysteresis loop area is shown in 
Figure  4 f, having transitions from closed hysteresis loops at low 
biases to gradual loop opening to saturation at high biases. The 
saturation can be attributed to the regime when the transport 
length of mobile ionic species becomes larger than the charac-
teristic detection volume of SPM as determined by tip-surface 
contact radius (i.e., strains generated at large distances from 
contact do not transfer effectively to the tip). 

 The FORC ESM measurements can be performed on a 
dense spatial grid, providing information on spatial variability 
of hysteretic behavior. The infl uence of bias window on the area 
under hysteresis loops is shown in  Figure    5  . For low biases 
below 4.5 V, the loops are closed everywhere on the surface 
whereas for higher biases the loops open up. The ideal spatial 
correlation between the sequential images allows exploring 
the evolution of hysteresis loop parameters with bias, hence 
inferring their relationship to microstructure. It is interesting 
to note that the characteristic grain-like structure observed at 
biases greater than 4.5 V, with low response in the grain centers 
and enhanced response at the grain boundaries.  

 Figure  5 a shows progressive activation of the surface electro-
chemical reactivity with tip bias measured with perfect spatial 
inheim Adv. Funct. Mater. 2013, 23, 5027–5036
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     Figure  4 .     a) Bias scheme for obtaining fi rst order reversal curves with increasing bias window on LSCO 214/113  thin fi lm, b) amplitude spectrogram and 
c) phase spectrogram obtained at a single pixel. d) ESM response with increasing voltage step, e) fi rst-order reversal curve hysteresis loops series, and 
d) loop opening vs. bias window fi tted using an empirical model Equation 1.  
alignment. However, large number of features precludes quali-
tative examination of the data. Parenthetically, imaging with 
high grid point densities and smaller scan sizes lead to rapid 
accumulation of surface damage and tip degradation. To cir-
cumvent this problem and explore this behavior systematically, 
we have calculated cross-correlation matrix defi ned for two 
matrices A and B of equal size as:

 r =
∑

m

∑
n (Amn − A)(Bmn − B)√

(
∑

m

∑
n (Amn − A)2)(

∑
m

∑
n (Bmn − B)2)

  (1)   

where  A    =  mean( A ) and  B     =  mean( B ). 
 The cross-correlation between two images acquired at dif-

ferent biases (or times) establish the measure of resemblance 
between the two, with correlation coeffi cient of 1 meaning that 
features in both images are identical, -1 being opposite (min-
imum in one corresponds to maximum in the other), and 0 
meaning that the images are unrelated. The single profi le for 
cross-correlation with one of the largest bias window is shown 
in Figure  5 b, whereas full cross-correlation matrix is shown in 
Figure  5 c. While for large voltages ( > 10 V) cross-correlation 
values are close to 1 (i.e., images are similar), the cross-corre-
lation between images acquired in the range from 3.5 to 7 V is 
negative. This observation suggests that electrochemical activity 
is fi rst activated as select locations (e.g., grains), but for higher 
biases the activity is concentrated at different locations (e.g., 
grain boundaries, as can be deduced from image analysis). 

 To gain further insights in the spatial variability of response, 
we note that, in most locations, the loop opening shows char-
acteristic sigmoidal shape. The universality of this behavior 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 5027–5036
can be illustrated by principal component analysis of the data 
(not shown), suggesting signifi cant spatial variability only in 
the fi rst two principal component maps. This suggests that 
given experimental noise limitations, the spatial variability of 
hysteresis responses can be described by function with small 
number of independent parameters. In the absence of a priori 
physical models for FORC loop behavior, we describe hyster-
esis loop opening using a phenomenological model defi ned by

 Y = aerf
x − b

s
+ c   (2)   

where  Y  is hysteresis loop opening (area under the loop for 
each bias cycle),  x  is bias window,  a  is amplitude,  b  is critical 
voltage,  c  is initial offset and  s  is width of transition. The loop 
opening was calculated across the bias scheme at each pixel 
and was fi tted across the 10 bias loops to the above defi ned 
model. The fi t parameters are shown in  Figure    6  c–f and illus-
trate highly non-uniform grain-like activity pattern.  

 To quantify this behavior further, for each parameter map we 
have selected regions in the bottom 20% percentile of param-
eter value, top 20%, and intermediate, and plotted the hys-
teresis loop opening vs. bias averaged over these groups. The 
resultant behavior is shown in Figure  6 g–i. Note the qualita-
tive agreement of observed behavior with the cross-correlation 
analysis: in some regions the reaction onset corresponds to 
lower voltages, but the process rapidly saturates and the signal 
starts to decrease. At the same time, at other locations the 
reaction onset corresponds to larger biases, but the reaction 
develops to a larger extent. The rate of hysteresis loop opening 
(maximum derivative) with bias is comparable with all regions. 
5031wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     a) Loop opening during FORC measurements on 0.8 nm LSCO 214/113  thin fi lm plotted for increasing bias windows. b) The cross correlation 
coeffi cient for the 15 V images with other images reveals mechanistic change in the loop opening process c) cross correlation matrix for the 10 dif-
ferent images shown in (a).  
Comparison with the ESM activity maps suggests that the reac-
tion is fi rst initiated at grains, whereas grain boundary regions 
correspond to higher activity for large biases. Hence, this anal-
ysis allows voltage dependence of reaction rates at different 
microstructural elements to be differentiated. 

   4. The Local and Non-Local ESM on LSCO 
Structures 

 Finally, we discuss the localization of electrochemical reaction in 
the ESM of MIEC. Note that the reaction process is determined 
both by the accessibility of the gas phase (classical concentration 
limitation) and local overpotential due to the tip bias. The acces-
sibility of the gas phase is maximal away from the tip, decreases 
towards the tip-surface contact, and can be expected to be zero 
in the tip-surface contact area. At the same time, the tip induced 
potential is maximal directly below and adjacent to the tip-surface 
contact, suggesting potentially non-trivial reaction localization 
and signal generation volumes. Note that this limitation, further 
referred to as shadowing effect, is specifi c to ESM and will not be 
expected for current-detection methods (e.g., for the limiting case 
of large metallic electrode on top of MIEC, measured current 
will correspond to that due to ORR/OER on free MIEC surface, 
whereas the strain below metal electrode will be zero). 

 Notably, the LSCO possess high electronic conductivity, sug-
gesting that bias is applied uniformly across the surface. In this 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
case, the processes in the tip-surface system can be described 
as shown in  Figure    7  . Application on bias to the cap through 
the tip induces oxygen evolution reaction (OER)  2Ox

O   −  4e  −    →  
2  V••

x     +  O 2  for positive biases and ORR process, 2  V••
x     +  O 2   +  4e  −   

 →   2Ox
O  , for negative biases over the whole LSC 214//113  surface. 

The electrons are provided though the SPM tip. The electronic 
fl ow through tip-surface junction is balanced by vacancy fl ow 
through LSCO-YSZ interface. The strain generation is then 
global, whereas detection is local, somewhat similar to piezore-
sponse force microscopy of capacitor structures. This assump-
tion agrees with diffi culty in ESM imaging on un-patterned 
LSCO fi lms, for which the effective resistance of cap-electrolyte 
region is lower and hence balancing electronic current in tip-
surface junction is higher, and breakdown (controlled by total 
current) occurs easier.  

 The assumption that ORR/OER can even at low tempera-
tures under strong bias stresses is well-established in literature. 
For SOFC-relevant materials, J. Fleig et al. observed ORR on 
YSZ at 400  ° C and below. [  43  ]  Similarly, electroresistive mate-
rials and devices based on TiO 2 , SrTiO 3 , NiO, etc. that have 
attracted much attention in recent years [  44–48  ]  are based on 
room-temperature electrochemical processes in oxides. The 
tendency for oxygen bubble formation on surfaces and inter-
faces in memristors further verify this concept. [  49  ]  Finally, to 
complement solid-gas reaction, vacancy transport in oxides in 
strong fi elds was recently demonstrated for a variety of perovs-
kites such as SrTiO 3  and BiFeO 3 . [  50–52  ]  These considerations 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5027–5036
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     Figure  6 .     Topography on LSCO 214/113  thin fi lm a) before and b) after FORC ESM measurements. Parameter maps of c) amplitude, d) critical voltage, 
e) offset, and f) transition sharpness parameter obtained after fi tting the spatial data with a modifi ed error function g) mean loop opening curves 
obtained from pixels with lower amplitude (less than 20% of all pixels), medium amplitude (more than 20% and less than 80% of all pixels) and high 
amplitude (more than 80% of all pixels) h) mean loop opening curves for critical voltage i) mean loop opening curves for transition sharpness parameter.  
suggest that ORR/OER process and ionic transport are feasible 
over the present lengthscale at the experimental conditions, 
and hence observed responses can indeed correspond to ORR/
OER processes (possibly assisted by catalytic water effects, etc). 
Note that irreversible reactions are also possible, but were not 
detected in the present set-up (i.e., no static deformation of sur-
face was observed after measurements). 

  4.1. Numerical Modelling of Tip-Surface Contact 

 Finally, to estimate the geometry of the reaction zone (i.e., shad-
owing effect) and tip-surface currents in an ESM experiment, 
we perform fi nite element modeling of the ORR/OER process 
in the ESM geometry adapting an approach developed by Ciucci 
et al. [  53  ]  based on direct solution of Nernst-Planck equations 
© 2013 WILEY-VCH Verlag G

     Figure  7 .     Ionic and electronic current distributions in the ESM of m
conductors.  
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under the electroneutrality condition. This consists in solving 
the following equation for the conducting species:

 
∂ck

∂t
+ ∇ . − Dkck

kB T
∇ ∼μk = 0  (3)    

 Where  c k   is the concentration of species  k ,  ∼μk   is the electro-
chemical potential of  k ,  D k   is the diffusivity of  k . The electro-
chemical potential is the sum of the chemical potential and the 
electrical potential energy of species  k ,  μk = μk + zkeφ∼   , where  z k   is 
the integer charge of  k  and  φ    is the electrical potential. 

 Since La 1– x  Sr   x  CoO 3–  δ    is metallic and the electron conductivity 
is many orders of magnitude higher than the ionic conductivity, 
we take that the electrochemical potential of electrons  ∼μeon   is uni-
form within the device. The chemical potential for the electrons 
is given by the rigid band model as developed by Lankhorst [  54  ,  55  ] 
mbH & Co. KGaA, Wein

ixed-electronic-ionic 
 μeon = μ0
eon + n − n

0

g (εF)
  (4)   

where  g ( ε  F ) is the density of states at the 
Fermi energy. The ionic chemical potential is 
instead given by [  56  ]

  μion = μ0
ion + kBT log

(
δ

3 − δ

)
  (5)    

 Regarding the boundary conditions for 
 Equation 3 , the LSCO | GDC interface is set 
to be at equilibrium, i.e., the ionic transfer 
at that interface is assumed to be fast with 
respect to other transport processes. The 
5033wileyonlinelibrary.comheim
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     Figure  8 .     The normalized a) ionic and b) ionic electrochemical potentials for  z  ion   =  2 and with 
 V  0   =   − 500 mV. Both distributions are roughly linear in the cross plane. The height of LSCO is 
100 nm, the interface LSCO | GDC is at  y   =  0, the tip is at –5 nm < x < 5 nm and y  =  100 nm. Half 
the thin fi lm is shown. Due to the presence of the tip, the concentration is slightly lower under 
the tip due to blocking of the reactions.  
AFM tip is considered to be purely blocking with respect to ions 
(non-ionically conductive), and the gas-solid reactions (ORR/
OER) occur solely at the Gas | LSCO interface. The reaction rate 
of oxygen exchange reactions [  57–63  ]  can be written as follows:

 
.
r = k0(pO2 , T )

(
1 − exp

(
− �

λkBT

))
  (6)   

where   Λ   is the driving “force” of the reaction [  63  ] , defi ned as the 
difference between the local electrochemical potential and its 
equilibrium value,   λ   is a stoichiometric ratio, and  k  0 ( pO2  ,  T ) 
34 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  9 .     Depiction of the surface reaction a) area specifi c surface resistance b) total injected 
current and c) average concentration of ions as a function of the applied bias and the reaction 
rate coeffi cient. In panel (d) the injected current profi le at the LSCO | gas interface is shown and 
normalized with respect to the average total current for  k  EX   =   k  0 .  
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is a factor which depends on the details of the 
chemical reactions occurring at the LSCo/gas 
interface. It is important to note that, while, 
the infl uence of oxygen partial pressure and 
temperature is not addressed due to the 
experimental limitations, the driving force   Λ   
is a function of the ionic concentration. 

 The resultant systems of partial differen-
tial equations Equations  3–5  and associated 
boundary conditions described by  Equation 6  
are fully nonlinear and model the transport 
of vacancies within the material. Here, the 
numerical discretization is implemented 
using a piecewise linear fi nite element dis-
cretization. The solution of the ensuing non-
linear problem is obtained by the Newton 
method. [  64  ]  The electrochemical potential and 
the distribution of ions are roughly linear in 
the cross-plane and weakly nonlinear in the 
in-plane direction (as can be expected given 
the almost uniform conductivity of material). As shown in 
the  Figure    8  , the ionic concentration and the electrochemical 
potential have a nonlinear behavior only in the vicinity of the 
tip. It is apparent from the right panel that the contour lines 
intensify near the tip leading to enhance activity in that region.  

 This numerical analysis allows the main features of surface 
reaction process to be explored, as illustrated in  Figure    9  . As 
an example, the area specifi c surface resistance readily meas-
urable by impedance spectroscopy decays exponentially with 
the applied bias as shown in Figure  9 a, refl ecting the balance 
between the exponentially bias-dependent 
surface reaction term and the linear ionic 
concentration drop in the fi lm. The total 
injected charge scales linearly with the 
applied voltage in semi-logarithmic scale, 
see Figure  9 b. It is worthwhile noting that at 
low applied potential the  I – V  curves, param-
eterized with respect to the injection coef-
fi cient, are parallel in the semi logarithmic 
scale. When the injection coeffi cient increases 
and the applied external potential is large, the 
nonlinearity in the plot appear. At the same 
time, mechanical surface displacement (i.e., 
ESM signal) which is proportional to the 
average concentration inside the sample  c ion  , 
as a function of the bias has a nonlinear form 
even in the logarithmic or semilogarithmic 
scale, indicating as expected an increase of 
stored ions with increasing bias in the system. 
Another interesting feature is the injected 
current profi le normalized with respect to 
its base value, Figure  9 d; in this case we con-
sider the injection rate at various voltages for 
 k  EX   =   k  0 . The injection profi le is almost fl at 
at low driving voltage, indicating that the full 
sample is excited uniformly under those con-
ditions. At higher driving voltage enhanced 
activity appear near the tip, but never exceed 
5% the average driving value.  
heim Adv. Funct. Mater. 2013, 23, 5027–5036
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    5. Summary 

 Spatial variability of bias-dependent electrochemical processes 
on a (La 0.5 Sr 0.5 ) 2 CoO 4 ±   δ   -modifi ed (La  x  Sr 1– x  )CoO 3– δ   surface 
is studied using fi rst-order reversal curve method in electro-
chemical strain microscopy. The reversible oxygen reduction/
evolution process is activated at voltages as low as 3–4 V. First 
order reversal curve measurements with subsequent cross-
correlation analysis allows to differentiate reactivity at the 
grain and grain boundaries in LSCO. Remarkably, the reac-
tion onset at grains corresponds to lower biases. However, at 
higher biases, the grain boundaries become preferential reac-
tion sites and dominate overall response. The mechanism of 
ESM imaging is established and the measured signal is shown 
to be representative of average surface behavior despite the 
shadowing effect of the tip. These studies both establish the 
framework for probing reversible and hysteretic electrochem-
ical processes in solids and illustrate rich spectrum of elec-
trochemical transformations underpinning catalytic activity in 
cobaltites. 

   6. Experimental Section 
  Materials and Methods : The GDC (Gd 0.2 Ce 0.8 O 2 )/LSC113 

(La 0.8 Sr 0.2 CoO 3–    δ   )/LSC214 (LaSrCoO 4 ±     δ   ) thin fi lm system was prepared 
with pulsed laser deposition (PLD) on a YSZ (001) single crystal 
(9.5 mol% Y 2 O 3 , Princeton Scientifi c) with a sintered (1 h, 800  ° C) Pt 
ink (#6082, BASF) counter electrode. The PLD target materials were 
self-synthesized via the Pecchini method as described previously. [  22    –    24  ]  
The following PLD parameters have been utilized: KrF excimer laser, 
  λ    =  248 nm, 10 Hz pulse rate,  ≈ 50 mJ pulse energy,  p (O 2 ) PLD and cooling   =  
10 mTorr, number of laser pulses: 500 laser pulses of GDC, 15 000 pulses 
of LSC 113  and 150 laser pulses of LSC 214  growth temperatures:  T  GDC   =  
450  ° C,  T  LSC113,LSC214   =  675  ° C. The microelectrodes (/caps) with diameters 
between  ≈ 200  μ m– ≈ 25  μ m were prepared using photolithography and 
acid etching as described previously. [  22    –    24  ]  

  ESM Mapping and Spectroscopy:  Atomic force microscopy (AFM) and 
ESM measurements were performed with a commercial system (Asylum 
Research Cypher) additionally equipped with LabView/MatLab based 
band excitation controller implemented on a NI-5122/5412 fast AWG 
and DAQ cards. ESM imaging and spectroscopy was performed with 
200–400 kHz 2 V pp  band excitation signal applied to a metal coated tip. 
The spectroscopic measurements were performed at  ≈ 1s/pixel waveform 
with 2 ms at each dc voltage step. Mapping of the electromechanical 
response was done typically on a 40  ×  40 points grid with a spacing 
of 20 nm, albeit other spacing and image sizes were also used. All 
measurements were performed with the biased tip in direct contact 
with the LSC 214//113  surface in ambient air and without any additional 
protective coating. 

  Modelling of ORR/OER Process : Specifi cally, we chose that the oxygen 
partial pressure is given by  pO2 = 0.21atm   and we estimated [  56  ,  65  ]  that 
  δ    =  10  −  4 . From Sogaard et al. [  66  ]  we estimate that the volume of the 
elementary cell is  V   =  3.989  ×  10  − 28  m 3 , in turn giving that the ionic 
concentration at equilibrium is given by  c 0

ion = δ / V = 2.51 × 10 −25   m  − 3 . 
The maximum vacancy concentration is  cMAX = 3/V    giving 
 pMAX = 3/δ   . The rigid band model's parameter is temperature 
independent  g ( ε  F )  =  1.91/ eV . [  64  ]  Since  T   =  303.15 K, the thermal voltage 
is given by  Vth = kB T /e    =  26.1 mV. We note that the chemical 
diffusivity is  D  ion   =  1.45  ×  10   − 27  m 2 /s, [  65  ]  and  σ  0  ion   =  9  ×  10   − 21  S/m. The 
surface reaction rate [  67  ]  can be estimated as  K  EX   =  3.83  ×  10   − 22  cm/s, 
yielding  k   =  6.2  ×  10  −  17  Cs  − 1  m  − 2 . The dimensions are given by tip radius 
 D  tip   =  10 nm width of the patterned electrode W  =  10  μ m and height of 
the patterned electrode H  =  100 nm. 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 5027–5036
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