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ABSTRACT The inﬂuence of the lattice strain on the kinetics of the

oxygen reduction reaction (ORR) was investigated at the surface of
Nd2NiO4þδ (NNO). Nanoscale dense NNO thin ﬁlms with tensile, compressive and no strain along the c-axis were fabricated by pulsed laser
deposition on single-crystalline Y0.08Zr0.92O2 substrates. The ORR kinetics
on the NNO thin ﬁlm cathodes was investigated by electrochemical
impedance spectroscopy at 360420 °C in air. The oxygen exchange
kinetics on the NNO ﬁlms with tensile strain along the c-axis was found to
be 210 times faster than that on the ﬁlms with compressive strain along
the c-axis. A larger concentration of oxygen interstitials (δ) is found in the
tensile NNO ﬁlms compared to the ﬁlms with no strain or compressive
strain, deduced from the measured chemical capacitance. This is consistent with the increase in the distance between the NdO rock-salt layers observed by
transmission electron microscopy. The surface structure of the nonstrained and tensile strained ﬁlms remained stable upon annealing in air at 500 °C, while
a signiﬁcant morphology change accompanied by the enrichment of Nd was found at the surface of the ﬁlms with compressive strain. The faster ORR
kinetics on the tensile strained NNO ﬁlms was attributed to the ability of these ﬁlms to incorporate oxygen interstitials more easily, and to the better
stability of the surface chemistry in comparison to the nonstrained or compressively strained ﬁlms.
KEYWORDS: lattice strain . nanoscale thin ﬁlm . electrochemistry . fuel cells . oxygen reduction reaction . RuddlesdenPopper oxide

T

he oxygen reduction reaction kinetics
is important for determining the
performance of catalyst and electrode materials for sustainable energy
technologies, including fuel cells,1,2 photocatalysis,3 and batteries.4 Particularly for
advancing solid oxide fuel cells (SOFC), discovery of oxide materials with fast kinetics
of oxygen reduction reaction (ORR) and fast
transport of oxygen ions in the intermediate
(500700 °C) temperature range is needed.2
Traditionally, attempts to accelerate ORR
kinetics in SOFC cathodes has been based
on designing and optimizing the bulk material composition and structure.5,6 More recently,
lattice strain has received considerable attention to serve as a new design parameter
for accelerating the electrocatalytic reactions
by altering the energy landscape of a given
material.79 Several examples from the
ﬁelds of polymer electrochemistry and metal
TSVETKOV ET AL.

catalysis demonstrate that chemical reactivity can be aﬀected by the change of the
length and strength of atomic bonds in the
material.1013 Perovskite type oxides (ABO3)
are widely studied as SOFC cathodes, but the
eﬀect of strain on their reactivity to ORR has
not been thoroughly explored. For example,
for (La,Sr)MnO3 (LSM) and LaCoO3(LCO),
elastic strain was found to distort the BO6
octahedra, giving rise to unusual magnetic
and electronic properties.14,15 Regarding
the SOFC cathode functionality of the same
materials under elastic strain, computational
and experimental studies have demonstrated changes in the electronic structure,
and in the concentration and mobility of
oxygen vacancies as a function of strain.16,17
For La0.6Sr0.4CoO3δ (LSC) in particular, these
changes were found to give rise to signiﬁcant acceleration of the surface oxygen
exchange kinetics and of oxygen diﬀusion
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Figure 1. (a) Crystal structure of Nd2NiO4 visualized using the VESTA software.28 The arrow points toward the path of the
oxygen interstitials (Oi) that are schematically shown between the NdO layers. (b) XRD pattern on NNO thin ﬁlms deposited
onto YSZ substrates with diﬀerent orientations. Dashed lines show the reference positions of (200) and (101) peaks for bulk
NNO. (c) High resolution TEM (HRTEM) image of the NNO/GDC interface on the (100) YSZ substrate. The positions of the Nd
and Ni atoms are shown in the inset with the yellow and blue dots, respectively.

kinetics on epitaxially tensile strained ﬁlms compared
to compressively strained ﬁlms.18 These previous results provide a promising scenario for the use of lattice
strain in nanoscale structures to accelerate ORR kinetics in oxide electrocatalysis, and they also motivate
this paper into looking at anisotropic oxides. LSM
and LSC have isotropic and oxygen-vacancy mediated
oxygen diﬀusion and exchange kinetics. On the
other hand, anisotropic family of oxides, which have
oxygen interstitials for diﬀusion and surface exchange
reactions, has not been investigated under strain
systematically prior to our work.
Anisotropic RuddlesdenPopper (RP) phase materials such as Pr2NiO4 and Nd2NiO4 have attracted increasing interest as promising cathode materials due to their
fast oxygen exchange and diﬀusion kinetics, which
surpass that of the state-of-the-art perovskites.1923
Unlike oxygen deﬁcient perovskites, the oxygen reduction in the RP phase materials involves the incorporation and migration of oxygen interstitials. The
RP structure consists of perovskite blocks separated
by a rock-salt layer. The spacing along the rock-salt
layer serves as a fast pathway for oxygen interstitial
diﬀusion19,24 (Figure 1a). It is known that the incorporation of the oxygen interstitials into these rocksalt layers increases the c-lattice parameter,25 a
phenomenon called chemical expansion.26 Here,
our hypothesis is that the exchange and diﬀusion
of oxygen can be made easier by enlarging (tensile
straining) the distance between the NdO rock-salt
layers along the c-axis.
TSVETKOV ET AL.

In this study we chose the Nd2NiO4 (NNO) as a model
RP phase material because it is known to have fast
oxygen exchange and diﬀusion kinetics.20 NNO thin
ﬁlms with tensile and compressive strain along the
c-axis were fabricated by pulsed laser deposition
on the (111)- and (110)-oriented single-crystalline
Y0.08Zr0.92O2 (YSZ) substrates, respectively. NNO ﬁlms
with no strain along the c-axis were obtained on (100)
YSZ substrates with a Gd0.2Ce0.8O2 (GDC) interlayer. The
eﬀect of strain on the ORR reactivity was investigated by
electrochemical impedance spectroscopy. The stability
of the surface chemistry on strained NNO ﬁlms was
investigated by scanning electron microscopy and
X-ray photoelectron spectroscopy. The results obtained
indicate that the strain introduced by diﬀerent substrates alters the distance between NdO rock-salt layers
and the oxygen overstoichiometry. ORR reactivity at the
surface of the NNO ﬁlms was shown to be enhanced
by tensile and hindered by compressive strain along
the c-axis. The strain-dependence of the ORR reactivity
is explained based on the ease of the incorporation of
oxygen interstitials into the rock-salt layers and based
on the stability of the surface chemistry.
RESULTS AND DISCUSSION
Characterization of Lattice Parameters in Nd2NiO4 Thin
Films. High-resolution X-ray diffraction (HRXRD) and
transmission electron microscopy (TEM) measurements
and analysis were performed to determine the crystal
structure and to evaluate the strain state along the
c-axis of the NNO films grown on the YSZ substrates
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Figure 2. TEM images of the Nd2NiO4þδ ﬁlms deposited on (a) (111) YSZ, (b) (100) YSZ/GDC, and (c) (110) YSZ substrates, with
tensile, no (zero), and compressive strain along their c-axis, respectively, accompanied by the schematic drawings of NNO
ﬁlms with diﬀerent orientations and strain types. Representative HRTEM images of the NNO ﬁlms are shown in insets.

with different orientations. The schematic crystal structure of NNO with the layers of Nd and Ni atoms
perpendicular to c-axis is shown in Figure 1a. Three
different strain states were obtained; nonstrained, tensile and compressive along the c-axis when deposited
on (100), (111), and (110) YSZ single crystal substrates,
respectively. A Gd0.2Ce0.8O2 (GDC) thin film interlayer
was necessary on the (100) YSZ substrate to achieve the
NNO films with no strain. As will be seen from the TEM
images below, the strain induced by different substrates
affects the c-lattice parameter of the NNO films by alternating the distance between NdO rock salt layers.
Figure 1b shows the HRXRD 2θω scan patterns
used to characterize the orientation and out-of-plane
parameters of the fabricated thin ﬁlms. Along with the
intense substrate peaks, the Bragg diﬀraction peaks
of the NNO ﬁlms were found at 2θ angles of 46°, 44°,
and 26° for the ﬁlms grown on the (100)YSZ/GDC, (110)
and (111) YSZ substrates, respectively. It is diﬃcult to
make a conclusion about the NNO thin ﬁlm orientation
and strain type only based on the results of the XRD
patterns shown in Figure 1b, because some of the
diﬀraction peaks from NNO of diﬀerent orientations are
located within a narrow 2θ range. For example, according
to the reference pattern27 the NNO peak at 2θ = 46° can
be attributed to multiple orientations such as (200), (204)
or (240). Moreover, a substrate-induced lattice strain of
NNO can also lead to the shift of the ﬁlm peaks from the
reference positions, and complicate the analysis.
TEM measurements were performed in order to
determine the orientation and to estimate the lattice
parameter of NNO ﬁlms. The (100) NNO/GDC interface
on (100) YSZ substrate is shown as an example in
Figure 1c. The layered structure of the NNO ﬁlm, where
TSVETKOV ET AL.

the columns of bright dots are perpendicular to the
NNO/GDC interface can be clearly seen. The bright dots
are associated with Nd positions and less bright dots
with the Ni. The layers of bright dots observed in the
images are the NdO rock-salt layers which are perpendicular to the NNO/GDC interface. Considering the
conﬁguration of the NNO ﬁlm on the (100) GDC interlayer (Figure 1c), it can be concluded that the c-axis
of the NNO is parallel to the NNO/GDC interface,
or equivalently parallel to the (100) YSZ substrate.
Thus, the ﬁlm orientation is (100), denoted as (100)
NNO/(100) YSZ/GDC in Figure 1b.
Lattice parameter along the c-axis of all the NNO
ﬁlms was estimated from the TEM images (Figures 1c
and 2ac). The in-plane lattice parameter of the NNO
on (100) YSZ/GDC was calculated as 12.4 Å (Figure 2b).
There exists a range of lattice parameters (12.112.6 Å)
reported for bulk, unstrained Nd2NiO4þδ specimens
in literature,27,2932 depending on the value of δ that
was quenched to room temperature. The XRD pattern
measured for our NNO polycrystalline target (powder
sample) is matched closest by refs 27 and 30, which give
a c-axis lattice parameter of 12.4 Å for the bulk, unstrained NNO. Therefore, we take the 12.4 Å as the
reference, nonstrained c-axis lattice parameter. At the
same time the obtained GDC substrate lattice parameter of 5.4 Å is in good agreement with the reference
lattice parameter of GDC. Both the TEM and XRD
measurements showed no deviation of the lattice parameter from the reference state for the (100) NNO ﬁlm
on the (100) YSZ/GDC substrate. Thus, we can designate
this NNO ﬁlm to have no lattice strain along its c-axis.
The orientation and the c-lattice parameter of
the NNO ﬁlms deposited on (110) YSZ and (111) YSZ
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the TEM images. This is not unexpected due to the
large mismatch between the lattice parameters of YSZ
and NNO.33 However, despite the partial relaxation of
the lattice strain from the interfaces, we observe a large
diﬀerence in the strain state of these ﬁlms, ranging
from 2 to 6% along the c-axis. We believe this could
be due, in part, to the ability of the diﬀerent ﬁlms to
equilibrate with diﬀerent amount of oxygen interstitials. Thus, the diﬀerent substrates here do not strictly
determine the lattice parameters of the NNO ﬁlms by
an epitaxial relation. The large range of strain in these
NNO ﬁlms is then due to a combination of a direct
eﬀect from the substrate (although partially relaxed)
and the eﬀect of oxygen stoichiometry (as will be
quantiﬁed later in this paper).
Oxygen interstitials cannot be directly visualized in
conventional TEM images. However, the observable
deformation of the lattice because of the large size of
the oxygen interstitials can be used as a signature of
the presence of these point defects in TEM images.
Zhang et al., by combining TEM and neutron diﬀraction measurements, have shown that the presence of
oxygen interstitials in silica apatite leads to the appearance of dark spots in HRTEM micrographs and to the
formation of the local distortions in the lattice.34
Here, we cannot use the appearance of dark spots as
a measure of oxygen interstitial content, because the
FIB milling used for the fabrication of the TEM samples
can also form similar defects. However, we have found
that the separation distance between the NdO rocksalt layers vary systematically with strain, and this
variation is correlated to the amount of oxygen interstitials present in the ﬁlms, consistent with the previous
studies of chemical expansion in the bulk of this
material.25 The increase of the c-lattice parameter
in tensile strained NNO on the (111) YSZ substrate is
found primarily due to the increase of the distance
between NdO layers (marked as ΔNdO in Figure 3). The
size of perovskite blocks (denoted as NiO6 in Figure 3)
remains nearly the same for all three strain types, while
ΔNdO increases from compressive to tensile NNO
ﬁlms. This result is in good agreement with the known
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substrates were determined in a similar way as described above for NNO ﬁlm on the (100) YSZ/GDC
substrate. For the NNO ﬁlms on (110) YSZ, the NdO
rock-salt layers are perpendicular to the NNO/YSZ
interface, corresponding to the NNO ﬁlm orientation
of (100) (Figure 2c). The c-lattice parameter was found
to be of around 12.2 Å (Figure 2c), indicating that the
ﬁlm is compressively strained along the c-axis. It is
known that compressive strain along the c-axis of NNO
results in the increase of the a-lattice parameter25
which is the out-of-plane lattice parameter for (100)
NNO. The out-of-plane lattice parameter was determined from the HRXRD pattern. Indeed, the shift of the
(200) reﬂection peak to the lower 2θ region is observed
in Figure 1b. This shift indicates that the out-of-plane
lattice parameter is tensile strained. Thus, from the
results of both the TEM and XRD analysis, the NNO
ﬁlm on the (110) YSZ was found to be compressively
strained along the c-axis.
For NNO ﬁlm deposited on (111) YSZ, the NdO rocksalt layers are tilted by around 60° with respect to the
NNO/YSZ interface, corresponding to the NNO ﬁlm
orientation of (101). From TEM measurements of the
NNO/(111) YSZ sample, the lattice parameter along
the c-axis was found to be 13.1 Å, larger than that in the
reference nonstrained state. Thus, we can conclude
that the c-axis of this ﬁlm is tensile-strained. This result
is also in good agreement with the shift of the diﬀraction peak to higher 2θ values (Figure 1b), showing that
the out-of-plane direction (that involves the (ab) plane
of the (101) NNO) is compressively strained.
In summary, consistency of the results obtained
from XRD and TEM allows us to conclude that the NNO
thin ﬁlms have three diﬀerent strain states along their
c-axis. Speciﬁcally, these are the nonstrained (100)
NNO ﬁlm on the (100) YSZ/GDC substrate, (100) NNO
ﬁlm with a compressive strain of around 2% along its
c-axis on the (111) YSZ substrate, and (101) NNO ﬁlm
with a tensile strain of around 6% along its c-axis on the
(111) YSZ substrate.
It is worth noting that the interface between YSZ
and NNO is not coherent and has defects, as shown in

Figure 3. HRTEM images of the Nd2NiO4þδ ﬁlms: (a) compressively strained (100) NNO on (110) YSZ, (b) nonstrained (100) NNO
on (100) YSZ/GDC, and (c) tensile strained (101) NNO on (111) YSZ substrates. The positions of Nd and Ni atoms are denoted
with the yellow and blue dots, respectively. ΔNdO indicates the distance between the NdO rock salt layers, NiO6 represent the
size of the perovskite block. ΔNdO increases from compressive to tensile NNO ﬁlms, while the NiO6 remains unchanged.
TSVETKOV ET AL.
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Figure 4. (a) Typical impedance spectrum of the cells with the Nd2NiO4þδ thin ﬁlm cathodes at 678 K in air. Solid lines are the
ﬁtting curves. High frequency region of Nyquist plot is shown in the inset. (b) Equivalent circuit33 used for analysis of the EIS
data. Area speciﬁc resistance of oxygen surface exchange reaction at the surface (Rsurf) as a function of (c) inverse temperature
in air (shown data at each temperature span the range of Rsurf values obtained for two diﬀerent sets of samples), and
(d) oxygen partial pressure at 773 K.

location of oxygen interstitials, that is along the rock-salt
layers of RP phase materials,25,35 and implies that the
increase in lattice parameter along the c-axis is accompanied by incorporation of more oxygen interstitials in
our NNO ﬁlms (this point will be later shown in Figure 6).
Oxygen Exchange Kinetics As a Function of Strain. The
effect of lattice strain on the ORR kinetics was evaluated by comparing the area specific resistance (ASR) of
the oxygen exchange reaction measured by electrochemical impedance spectroscopy (EIS) on NNO thin
film cathodes. The NNO thin film cathodes tested here
are the compressively strained (100) NNO on (110) YSZ,
the nonstrained (100) NNO on (100)YSZ/GDC, and
the tensile strained (101) NNO on (111) YSZ substrates,
as described above. The (101) NNO films with tensile
strain along their c-axis demonstrated faster oxygen
exchange kinetics in comparison to that on (100) NNO
nonstrained or compressively strained films.
The typical impedance response of the cells with
NNO thin ﬁlm cathodes is shown in Figure 4a. EIS
response of NNO/YSZ/Ag cells can be modeled with
circuit made of three R//C elements, or more generally
three R//CPE (resistor in parallel to constant phase
element) (Figure 4b).33,36 The largest arc in the lower
frequency region, Rsurf, is known to reﬂect the oxygen
exchange reaction at the cathode surface.33,36,37
TSVETKOV ET AL.

As presented below, the most signiﬁcant diﬀerences
among the diﬀerently strained NNO cathode ﬁlms
arises in their Rsurf. The feature in the middle frequency
range can be attributed to oxygen diﬀusion in the
cathode layer33 or across the electrolyte/cathode interface.38 We performed measurements of the NNO/YSZ/
Ag cells with two diﬀerent NNO thicknesses (20 and
200 nm) and did not ﬁnd any signiﬁcant diﬀerence in
the middle frequency feature as a function of thickness
(Figure S1, Supporting Information). Thus, this element,
Rint, was attributed to the resistance at the substrate/
NNO interface. The suppressed semicircle in the high
frequency range is at least 2 orders of magnitude
smaller that the main semicircle in the low frequency
range, Rsurf, and its activation energy is around 0.9 eV.
The high frequency feature of the EIS response, RCE, can
be attributed to the Ag counter electrode or electrical
contacts. The extracted RYSZ (Figure 4c) values, which
represents the position of the highest frequency intercept at the z0 -axis, are in the good agreement with the
literature data on YSZ conductivity (Figure S2).39
In this work, Rsurf was found to be the lowest for the
NNO ﬁlms with tensile strain and the highest for the
NNO ﬁlms with compressive strain along their c-axis
(Figure 4c). Within 360420 °C in air, the Rsurf values for
the tensile NNO ﬁlms were found to be 210 times
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kq ¼

(kB T)
(4e2 c0 Rsurf )

where kB is the Boltzmann constant, T is the temperature, e is the electronic charge, and c0 is the total
concentration of lattice oxygen determined according to data from the study of Nakamura et al.25 The
calculated values for kq for the diﬀerent sets of samples
are shown in Figure 5. The surface exchange coeﬃcient
on the tensile (101) NNO ﬁlms is 210 times higher
than the compressive (100) NNO ﬁlms. We are also
comparing this data with the kq values that are calculated from the EIS data reported by Yamada et al.
for compressively strained (110) NNO ﬁlms (which also
have the c-axis in plane) on YSZ substrates.33 The
surface exchange kinetics reported in this work and
by Yamada et al. for compressive NNO ﬁlms are consistent with each other.
We attribute the faster exchange kinetics of oxygen
on the tensile (101) NNO ﬁlms in part to their ability
to incorporate and equilibrate a larger amount of
interstitials. This is because the tensile strain along
the c-axis is accommodated by the enlargement of
the distance between the NdO rock-salt layers, as
shown by TEM in Figure 3, indicating larger oxygen
excess for this material.25 To support this, we estimated
TSVETKOV ET AL.
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smaller compressive NNO ﬁlms. Tensile strain increases
the separation distance along the rock-salt layers, i.e.,
the ΔNdO in Figure 3, and opens a larger volume for
easier incorporation of oxygen interstitials from the
surface. The average activation energy for the oxygen
exchange reaction was estimated to be around 1.0 (
0.1 eV for the tensile strained (101) NNO and for the
nonstrained (100) NNO, and around 1.3 ( 0.1 eV for the
compressively strained (100) NNO. The higher activation
energy of Rsurf on the compressively strained NNO ﬁlms
is likely due to the higher energy barrier to incorporating
oxygen interstitials into the narrower rock-salt layers.
The Rint values for the nonstrained (100) NNO on
(100) YSZ/GDC and tensile strained (101) NNO on (111)
YSZ are similar (Figure S2).The Rint was found signiﬁcantly larger for the (100) NNO on (101) YSZ substrate.
This can be due to presence of the barrier for oxygen
migration from the compressively strained NNO to YSZ,
as hypothesized in ref 33. The RCE values for all the three
NNO ﬁlm cathodes were similar to each other (Figure S2).
The oxygen partial pressure (pO2) dependence of
the Rsurf of the NNO ﬁlms is presented in the Figure 4d.
For all the ﬁlms, the plots of Rsurf versus pO2 demonstrate a slope of 1/4. This means that the electron
transfer from NNO to the adsorbed oxygen, for example,
O þ 2e T O2, is the rate limiting step for ORR. This
is a typical behavior of p-type mixed electronic ionic
conductors such as Pr2CuO440 or Sr(Ti,Fe)O3.41
The electrical surface oxygen exchange coeﬃcient,
kq, can be determined from the Rsurf values according
to the equation38

Figure 5. Surface exchange coeﬃcient, kq, of the Nd2NiO4þδ
ﬁlms with diﬀerent strain types as a function of inverse
temperature in air (shown data at each temperature span
the range of kq values obtained for two diﬀerent sets of
samples). Dashed line indicates the kq values calculated
from the Rsurf data from the work of Yamada et al.33

Figure 6. Oxygen nonstoichiometry, δ, calculated from the
chemical capacitance of the Nd2NiO4þδ ﬁlms with diﬀerent
strain types as a function of oxygen pressure, pO2, at 773 K.

the oxygen nonstoichiometry, δ, in NNO ﬁlms by
measuring the chemical capacitance4245 values from
EIS. The details of the analytical approach and the
calculations are given in the Section 2 of Supporting
Information. Figure 6 shows the dependence of δ on
oxygen partial pressure, pO2, for the NNO ﬁlms with
diﬀerent strain states at 773 K. It can be clearly seen
that the ﬁlms with tensile strain can indeed accommodate a substantially larger oxygen excess than the
nonstrained or compressively strained ﬁlms; ∼3 times
more at 103 atm and more than ∼2.5 times more at
1 atm.
Surface Stability As a Function of Strain. To investigate
the effect of strain on the stability of the surface
chemistry of NNO films, the cation composition and
morphology of the NNO film surfaces were investigated before and after annealing at 773 K for 10 h in air.
We have shown that the nonstrained and tensile
strained NNO film surfaces remain stable during heat
treatment, while a Nd-rich phase segregation at the
surface was found for the film with compressive strain
along the c-axis.
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Films with Different Types of Straina
all ﬁlms, as-fabricated

annealed (100) NNO no strain

annealed (101) NNO 6% tensile

annealed (100) NNO 2% compressive

2.0

2.2

2.3

2.8

Nd/Ni
a

“Annealed” states refer to the surfaces after being subjected to 773 K for 10 h in air.

Figure 7. Scanning electron microscopy images of surface
morphology on Nd2NiO4þδ ﬁlms. (a) Typical morphology for
all the as-prepared specimens before annealing, and for the
(100) NNO with no strain and (101) NNO with 6% tensile
strain after heat treatment at 773 K in air for 10 h; and (b)
morphology on (100) NNO with 2% compressive strain after
heat treatment at 773 K in air for 10 h.

Nd/Ni ratio deduced from X-ray photoelectron
spectroscopy measurements on the NNO ﬁlms is summarized in Table 1 for diﬀerent strain states. Regardless
of the strain type all the as-fabricated ﬁlms shows
Nd/Ni ratio very close to its stoichiometric value of 2.
After annealing, a signiﬁcant increase in the Nd content
was observed for the ﬁlms with the compressive strain,
while Nd/Ni ratio remains close to the stoichiometric
value on the nonstrained and tensile-strained NNO
ﬁlms. Thus, we can conclude that the Nd segregation at
the ﬁlm surface depends on the strain type.
The segregation of cations, as reﬂected from the
increase of Nd/Ni ratio, can be accompanied by phase
separation and morphological changes at the surface, as shown for other perovskites in our previous
work.46,47 Figure 7 shows the surface morphology
on NNO ﬁlms with the diﬀerent types of strain after
annealing at 773 K in air for 10 h, imaged by scanning
electron microscopy. All the as-fabricated NNO ﬁlms
were smooth, and exhibited no diﬀerence as a function
of strain (Figure S4, Supporting Information). After
annealing, the nonstrained and tensile strained ﬁlm
surfaces remained smooth without any evidence to
formation of observable defects within the resolution
limit of these SEM images. The structural stability at the
surface is consistent with the relatively stable Nd/Ni
ratio shown in Table 1. On the other hand, the compressively strained ﬁlms exhibited formation of small
particles with a diameter of around 5 nm at the ﬁlm

METHODS
Dense Nd2NiO4þδ ﬁlms were deposited onto substrates using
PLD method with a KrF excimer laser of 248 nm wavelength.
The Nd2NiO4þδ target that was used for pulsed laser deposition
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surface (Figure 7b). Concurrent with the increase of
Nd/Ni ratio to nearly 3 (Table 1), such appearance
of particles indicate formation of Nd-rich phases at
the surface. We hypothesize that the elastic energy
minimization is a driver for Nd segregation to the
surface.47 Since compressive strain shrinks the NdO
rock-salt layers (Figure 3), it can push the relatively
large Nd cations to the surface in order to reduce the
elastic energy of the system.
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TABLE 1. Nd/Ni Ratio Calculated from the Analysis of The Nd 3d and Ni 2p X-ray Photoelectron Spectra on Nd2NiO4þδ

CONCLUSION
The experimental results obtained on strained
Nd2NiO4þδ ﬁlms demonstrate that lattice strain along
the c-axis of RP-type oxides can impact the oxygen
exchange kinetics at the surface signiﬁcantly. The tensile strain along the c-axis of Nd2NiO4þδ enlarges the
distance between the NdO rock-salt layers, allowing for
a larger volume to incorporate oxygen interstitials more
easily compared to nonstrained or compressively
strained ﬁlms. Consistent with this ﬁnding, chemical
capacitance measurements revealed that the oxygen
excess (δ) in tensile Nd2NiO4þδ ﬁlms is more than twice
that of compressive Nd2NiO4þδ ﬁlms. Surface chemistry
of tensile NNO ﬁlms is also more stable by avoiding
(or minimizing) Nd-rich phase separation at the surface.
As a result, the oxygen exchange kinetics is 210 times
faster on the NNO ﬁlms with tensile strain in comparison to those with compressive strain, as quantiﬁed by
electrochemical impedance spectroscopy. Considering
that about 50% of the SOFC energy losses come from
the ORR reactions at the cathode at 500600 °C,48 a
gain of 210 times in ORR kinetics means a signiﬁcant gain in SOFC eﬃciency at those temperatures.
Given that the actual strain state in these ﬁlms is not
epitaxial, it should be possible to synthesize strained
RuddlesdenPopper thin ﬁlm cathodes synthesized
by chemical routes onto backbone support architectures in real SOFC devices.49 Moreover, while these
results are demonstrated on Nd2NiO4þδ, we believe
that modulating the rock-salt layer separation by
c-axis strain in other RP-type oxides would also allow
to tune the oxygen exchange reactions at their surfaces and interfaces.

(PLD) was prepared by the conventional Pechini method starting from neodymium and nickel nitrates powders. The ﬁlms
were deposited at 650 °C under oxygen pressure of 10 mTorr.
After the growth process, the ﬁlms were cooled down to room
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