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ABSTRACT: Owing to their wide application in oxide-based electrochemical and
energy devices, ion conductors have attracted considerable attention. However, the ionic
conductivity of the developed systems is still too low to satisfy the low-temperature
application. In this study, by developing the emergent interphase strain engineering
method, we achieve a colossal ionic conductivity in SrZrO3−xMgO nanocomposite
films, which is over one order of magnitude higher than that of the currently widely used
yttria-stabilized zirconia below 673 K. Atomic-scale electron microscopy studies ascribe
this superior ionic conductivity to the periodically well-aligned SrZrO3 and MgO
nanopillars that feature coherent interfaces. Wherein, a tensile strain as large as +1.7% is
introduced into SrZrO3, expanding the c-lattice and distorting the oxygen octahedra to
decrease the oxygen migration energy. Combining with theoretical assessments, we
clarify the strain-dependent oxygen migration path and energy and unravel the
mechanisms for strain-tuned ionic conductivity. This study provides a new scope for the
property improvement of wide-range ion conductors by strain engineering.

■ INTRODUCTION
Recent years have witnessed the prosperous development of
many oxide-based electrochemical and energy devices, such as
solid-oxide fuel cells (SOFCs),1−5 memristors,6,7 and oxygen
separation membranes.8 The transport performance of oxygen
ions in the electrolytes is key to this technology because it
essentially determines the conversion efficiency of the
chemical-to-electrical energy.9 However, current ion con-
ductors are still limited by their high operating temperatures
and inferior ionic conductivity at low temperatures, which
greatly influences the near-room-temperature operation of
these devices and hinders their further development.10 For
example, the temperature for adequate ionic conductivity of
yttria-stabilized zirconia (YSZ) electrolytes, which are widely
used in commercially available SOFCs, is as high as 1073 K.11

Under this high working temperature, the practical application
of SOFCs is limited by a series of severe problems including
high cell costs and fast performance degradation.12 Therefore,
the development of high-performance oxygen ion conductors,
especially at low operating temperatures, is highly desired for
the development and performance optimization of practical
devices, such as low-temperature (≤673 K) solid-oxide fuel
cells (LT-SOFCs); however, this remains a significant
challenge.13,14

Because the conductivity performance of an ion conductor is
highly sensitive to the strain states, much effort has been
devoted to the strain-engineered enhancement of oxygen ion
conductivity.15,16 Typical strain engineering strategies include

dopant-induced chemical pressure,17 interfacial strain in lateral
multilayer systems,18−20 vertical strain in vertically aligned
nanocomposite (VAN) films,21,22 and the interphase strain
method.23 Typically, chemical doping has been widely used in
the property regulation of ion conductors, including rare earth
ions (such as La3+, Nd3+, Sm3+, Gd3+, Dy3+, and Er3+) and alkali
metal ions (such as Mg2+, Ca2+, and Sr2+).9,14 For the
interfacial strain engineering strategy in lateral multilayer
systems, although some superior ionic conductivity has been
achieved, further development of high-performance multilayer
ion conductors in this context has been limited by the intrinsic
drawbacks of the configuration, including the limited thickness
and difficulty in application in devices that typically require
out-of-plane conductivity.24 Hence, films engineered by the
vertical strain induced by the VAN structure or interphase
strain have emerged as a promising configuration with
outstanding performance that allows an out-of-plane con-
ductivity channel and high strain tunability up to micrometer
thickness.25,26 In particular, the interphase strain engineering
method can introduce large modulations of lattice strain by
combining two phases with different lattice parameters and an
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atomically coherent interface between them.23 Such interphase
strain is also uniform and unrelaxed along the film thickness
direction. The application of the interphase strain engineering
method in classic ferroelectrics has harvested giant ferroelec-
tricity, highlighting its high effectiveness in modulating the
material lattice.27,28 This, therefore, suggests new possibilities
and opportunities for improving the performance of lattice-
strain-sensitive oxygen ion conductivity.
Oxides with a perovskite structure (general formula: ABO3)

can accommodate a wide range of cations and are among the
most versatile classes of SOFCs.29−31 Among them, perovskite
strontium zirconate, SrZrO3 (SZO), with an orthorhombic
GdFeO3-type structure (space group Pbnm, No. 62), is a
representative ion conductor for protons and oxygen ions.32−34

Although pure SZO has a working temperature higher than
1273 K, its ionic conductivity and working temperature have
been demonstrated to scale with strain,22 suggesting its high
tunability by strain engineering. For example, with an increase
in the tensile strain in SZO, the ionic conductivity can increase
by one order of magnitude.22 Even though the strain effect has
been well-recognized to be critical in SZO and other ion
conductors, the manner in which strain functions remains
elusive. Thus, it is of great scientific importance to unravel the
underlying mechanism of strain engineering to elucidate the
nature and origin of the property enhancement in strained
SZO, which could lay the foundation for further strain-based
ionic conductivity performance improvement.
In this study, through the introduction of the interphase

strain using a binary oxide MgO (space group Fm-3m, No.
225), we not only achieved a colossal ionic conductivity in

SZO−xMgO nanocomposite films but also unambiguously
unraveled the underlying strain-tuning mechanisms. The MgO
phase was chosen because it has a similar alternating
arrangement of the atomic plane to SZO and a larger c-axial
lattice parameter, which can effectively introduce the desired
tensile strain into the SZO phase. More importantly, it is
immiscible with the SZO phase. Thus, in contrast to previous
studies using MgO as dopants for performance improvement,
such as La0.9Sr0 .1Ga0.8Mg0.2O3 ‑δ (LSGM)17,24 and
Na0.5Bi0.49TixMg1−xO3‑δ (NBT),

30 the MgO in this study acts
as an individual secondary phase, as evidenced by our
experimental results. The ionic conductivity realized (5.67 ×
10−4 S cm−1 at 673 K) is increased by as much as four orders
of magnitude compared to that of bulk SZO and over one
order of magnitude higher than that of YSZ below 673 K.
Advanced scanning transmission electron microscopy (STEM)
investigations revealed the microstructures of SZO−MgO
nanocomposite films that feature two periodically aligned
phases of SZO (∼3 nm) and MgO (∼5 nm) nanopillars with
coherent interfaces, where, based on atomic-scale quantifica-
tions, the SZO nanopillar is under a tensile strain as high as
1.7%. Combining these results with theoretical calculations, we
clarify the strain-dependent oxygen migration path and unravel
the origin of the enhanced ionic conductivity caused by strain.
The findings of this work provide new insights into material
design and new opportunities for the property improvement of
the entire ion conductor family and advance our understanding
of the nature of ionic conductivity.

Figure 1. Structural characterization of SZO−xMgO (x = 0, 3, and 5) films. (a) Out-of-plane XRD spectra for SZO−xMgO (x = 0, 3, and 5) films
on the (001)-orientated STO substrate. (b) Synchrotron-based reciprocal space mapping (RSM) studies around the STO substrate (103)
diffraction for the SZO−xMgO (x = 0, 3, and 5) films, where H and L represent the (h00) and (00l) Miller indices, respectively. (c) Temperature
dependence of the out-of-plane XRD spectra for the SZO−5MgO film. (d) Low-mag cross-sectional HAADF-STEM image of the SZO−5MgO
film. (e) Atomic-scale HAADF-STEM image, enlarged from the dashed rectangle framed region in panel (d), showing the periodic alignment of the
SZO and MgO phases. (f) Surface topography of the SZO−5MgO film.
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■ RESULTS AND DISCUSSION
SZO−xMgO (x = 0, 3, and 5, where x represents the molar
ratio of the MgO and SZO phases) films were grown on (001)-
oriented SrTiO3 (STO) substrates by pulsed laser deposition
(PLD) with carefully designed polycrystalline composite
targets (see Methods for details). The real compositions of
the thin films were determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) measurements, as
summarized in Table S1. The X-ray diffraction (XRD) results
(Figure 1a) confirmed the (00l)pc-oriented (pc refers to
pseudocubic indices) epitaxial growth and high crystallinity of
all the films. Combined with the reciprocal space mapping
(RSM) in Figure 1b, the out-of-plane and in-plane lattice
parameters of the pure SZO thin film (x = 0) were both
determined to approximate the bulk value of 4.10 Å, indicating
the strain-free state of the obtained pure SZO thin film.35

Upon introducing the MgO phase, the (00l) peaks markedly
shifted to lower angles (blue and red spectra in Figure 1a),
indicating the evident expansion of the c-axial lattice spacing of
the SZO−3MgO and SZO−5MgO films. Notably, only a
single set of (00l) diffraction peaks (Figure 1a) was detected,
implying well-matched interfaces in the out-of-plane direction
of the SZO and MgO phases. This was also confirmed by the
combination of our atomic-scale microscopy characterizations
(Figure 1e), RSM study around the (111) diffraction (Figure
S1a), and energy-dispersive X-ray spectroscopy (EDXS)
elemental mapping (Figure S2). With the increase in the
MgO content, the out-of-plane lattices of the films gradually
expanded from +1.2% in the SZO−3MgO film to +1.7% in the

SZO−5MgO film (Figure 1a), as evidenced by the RSM
results (middle and right panels of Figure 1b). The evolutions
of the lattice and strain states are summarized in Figure S1b
and Table S2. In addition, the temperature-dependent out-of-
plane XRD results in Figure 1c confirm the high thermal
stability and robustness of the films. As shown in Figure 1c, the
strained SZO−5MgO film exhibited no detectable phase
transition, even up to 870 K.
Cross-sectional aberration-corrected STEM investigations

were performed to examine the microstructure of the SZO−
5MgO film, in particular, the spatial assembly of the SZO and
MgO phases. As shown in the low-mag high-angle annular
dark-field (HAADF)-STEM image in Figure 1d, the SZO
(indicated by yellow arrows) and MgO (indicated by green
arrows) phases feature as nanopillars and manifest an
alternative distribution with long-range periodicity in the
lateral direction (EDXS mapping results are shown in Figure
S2). More importantly, the interfaces between the SZO and
MgO phases are coherent and atomically sharp, as evidenced
by the atomically resolved HAADF-STEM image in Figure 1e,
which is an enlargement of the white dashed rectangular region
in Figure 1d. The lateral dimensions of the SZO and MgO
nanopillars are uniform and within the range of 2−5 nm.
Figure 1f displays the atomic force microscopy (AFM)
characterization of the film surface, which shows the dotted
surface topography and is consistent with the phase-separating
nanopillar structure. Notably, the out-of-plane c-parameters of
the strain-free SZO and MgO are cSZO = 4.10 Å and cMgO =
4.20 Å, respectively.35,36 Thus, combining the SZO and MgO
phases together with a coherent interface, as evidenced by the

Figure 2. Ionic conductivity of the SZO−xMgO (x = 0, 3, and 5) films. (a) Schematic illustrations of the nanopillar structure and out-of-plane
transport measurement configuration. (b) Impedance spectra (Nyquist plots) of the SZO−xMgO (x = 0, 3, and 5) films at 673 K. (c) Double log
plot of the f-dependent real part of the alternating current (ac) conductivity σac′ for the SZO−5MgO film in the temperature range of 423−673 K.
Gray dashed line represents a near-constant (dielectric) loss. Red solid circles indicate the value of long-range ionic conductance. Error bars are the
uncertainty of platform positions. (d) Comparison of the ionic conductance for the SZO−xMgO (x = 0, 3, and 5) films with those of previous
studies. (e) Arrhenius plot of ionic conductivity for the SZO−5MgO film obtained by ac measurement and the direct current (dc) measurements.
(f) Oxygen partial pressure (pO2) dependence of the ionic conductivity for the SZO−5MgO film.
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HAADF-STEM image, introduces tensile and compressive
strains into the SZO and MgO phases, respectively. Therefore,
the changes in the average out-of-plane lattice in the SZO−
xMgO films, as indicated by the XRD results (Figure 1a,b),
should be dominated by the lattice matching of the two phases
(Figure S3) that eventually reach a balanced state with the
same c-parameter (larger than that of bulk SZO and smaller
than that of bulk MgO) rather than display the clamping effect
of the substrate. Moreover, the fast Fourier transform (FFT) of
the atomically resolved low-magnification HAADF-STEM
image (Figure S4) further confirms the matching relationship
between the SZO and MgO phases as well as the STO
substrate.
The ionic conductivity properties of these interphase strain-

tuned SZO−xMgO (x = 0, 3, and 5) films were characterized
by the widely used frequency ( f)-dependent ac impedance
spectrum.37−42 Considering the vertical nanopillar structure,
we adopted a top-down out-of-plane transport configuration
for the measurements,20,25 as shown in Figure 2a. The ion-
blocking Pt dots and Nb-doped STO (NSTO) substrate serve
as the top and grounded bottom electrodes, respectively.

Figure 2b demonstrates the Nyquist plots for the SZO−xMgO
(x = 0, 3, and 5) films at 673 K, wherein with the increase in
the tensile strain, a significant reduction in the bulk resistance
(Rb, extract from the high-frequency arc) can be observed. The
measured frequency-dependent resistance data can then be
converted into frequency-dependent conductivity data using
the formula σ = L/RS (R is the resistance of the thin film, S is
the top Pt electrode area, and L is the thin film thickness). To
precisely determine the ionic conductivity of the SZO−5MgO
film, we plotted the f-dependent real part conductance (σac′) in
a double logarithmic diagram (Figure 2c) and compared it
with widely used equivalent circuit fitting methods (Figure S5).
Generally, σac′ decreases with a decrease in f at both high-
frequency (σac′ ∼ f, a nearly constant dielectric loss due to
short-range ion migration) and low-frequency (due to the
electrode polarization effect) regions, whereas it is independent
of f at intermediate frequencies, showing a platform that is a
characteristic electrical response of ion conductors with ion-
blocking electrodes (Figure 2c).19,25,43 This f-independent
platform (as indicated by circles) corresponds to the direct
current (dc) conductivity of ions due to long-range ion

Figure 3. Atomic-scale characterization of the SZO−5MgO film. (a) HAADF-STEM image of the SZO−MgO interface viewed along the [100]
axis of MgO. Enlarged images from the yellow- and green-dashed rectangle-frame regions on the right side show the unit cells of the strained SZO
and MgO, respectively. (b) Intensity profiles of atomic columns extracted from the yellow (parallel to the interface, top panel), green (parallel to
the interface, middle panel), and blue (across the interface, bottom panel) shaded areas in panel (a). (c) Color-mapped c/a ratio of the SZO phase
superimposed with the same region in panel (a). (d) ABF-STEM image of the same region is shown in panel (a). The top right panel is the [100]pc
axial crystal model for the bulk SZO, indicating the four Zr−O bonds in the oxygen octahedron. The bottom right panel shows the magnified
images from the pink-shaded region with the atomic models overlaid. Red arrows indicate the oxygen displacement. (e) Average line profile of the
c/a ratio, O−Zr−O angle, and (r1 + r2)/(r3 + r4) value of the whole region in panel (a) across the SZO−MgO interface. The error bars are the
standard deviation. (f) Schematic structural model for the coherent SZO−MgO interface, which is constructed based on atomic-scale observations.
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transport. Because the dc conductivity of ions is thermally
activated, it is enhanced with increasing temperature, as shown
in Figure 2c. In addition, a spike-like tail at low frequency
(Warburg impedance) (Figure S5a) confirms the ionic
conductivity of the SZO−5MgO film.44
We next determined the ionic conductance of the SZO and

SZO−3MgO films and compared our achieved performance
with previously reported results for typical ion conductors
(Figure 2d). For the pure SZO/STO thin film, owing to its
intrinsically poor ionic conductivity,32 a relatively high
temperature is required to obtain an observable conductance.
As expected, the measured alternating current (ac) ionic
conductance of the pure SZO/STO film was at a low level
(2.56 × 10−8 S cm−1 at 673 K), as indicated by the yellow lines
in Figure 2d, which is consistent with the value of the SZO
ceramic.32 This not only manifests the high quality of the thin
film but also suggests that the SZO−STO interfacial strain is
not the dominant factor for the observed ionic conductivity
improvement. Upon introducing a tensile strain (+1.2%) into
SZO by adding the MgO phase in the SZO−3MgO film, the
ionic conductivity (1.29 × 10−4 S cm−1 at 673 K) displayed
substantial enhancement (blue lines), which was over three
orders of magnitude higher than those of the strain-free pure
SZO thin film and Gd-doped SZO bulk.45 Further increasing
the tensile strain (+1.7%) enhanced the ionic conductivity
(5.67 × 10−4 S cm−1 at 673 K) by half order of magnitude in
the SZO−5MgO film (red lines) compared to the SZO−
3MgO film, highlighting the critical role of the SZO−MgO

interphase strain. Notably, such superior ionic conductivity is
an order of magnitude higher than that of classic YSZ films
below 673 K.14 The ionic conductivities remain nearly
constant across the range of film thicknesses we tested (Figure
S6), which further confirms that the interphase strain is
uniform and unrelaxed along the film thickness direction.
Moreover, the ac measurements showed good stability and
repeatability with different electrode positions (Figure S7),
which suggests the homogeneity of the thin film and excludes
possible short-circuiting and extrinsic contributions. To rule
out the possible contribution of electronic conduction, dc
measurements (constant voltage method)19,25 were conducted
using the same electrode configuration and equipment as those
used for the ac measurement. The large differences between
the ac and dc methods (Figure 2e) indicate that the
conductivity of the film is dominated by the ionic conductivity
and that the electrical conduction (four magnitudes lower) is
negligible. In addition, as shown in Figures 2f and S8,
measurements of the ac impedance in different atmospheres
manifested negligible differences, which further confirms the
ionic conductivity of our sample and suggests its robustness.
To reveal the origin of the significantly enhanced ionic

conductivity from the microscopic viewpoint, we performed
atomic-scale quantitative analyses based on spherical aberra-
tion-corrected STEM. The atomically resolved HAADF-STEM
images (Figures 3a and S9) show a typical SZO−MgO
interface in the film, which is atomically sharp and well-
matched for the two phases in each atomic layer. Combining

Figure 4. Electronic structure and DFT calculations on the origin of the strain-enhanced ionic conductivity of the SZO−5MgO film. (a) O K-edge
XAS of pure SZO and the SZO−5MgO film. Absorption peaks of the Zr 4d, Sr 4d, Zr 5s, and Mg s, p orbitals are noted as Z1, Z2, S1, S2, Z3, M1,
M2, and M3, respectively. (b) Schematic of the evolution of the ZrO6 octahedra and corresponding orbital configurations under strain. (c)
Calculation models of the SZO−MgO nanocomposite (top panel) and single strained SZO phase (bottom panel). (d) Comparison of the system
energy with different oxygen vacancies at the SZO−MgO interface and inner SZO, based on assumptions of the neutral (top panel) and charged
oxygen vacancy (bottom panel). Note that the lowest system energy was set to zero for comparison. (e) Out-of-plane strain-dependent oxygen
vacancy formation energy for different oxygen sites in SZO. (f) Out-of-plane strain-dependent oxygen vacancy migration energy along the different
directions in SZO based on neutral (top panel) and charged oxygen vacancy (bottom panel).
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the crystal structure data (SZO, Pbnm; MgO, Fm-3m), the
simulated STEM images (Figure S10), and the atomic column
brightness that is approximatively proportional to Z1.7 (Z is the
atomic number),46 the left side of the image can be determined
as the SZO phase at the [110] zone axis, while the right side is
the MgO phase along the [100] zone axis. Moreover, a detailed
analysis of the atomic intensities (upper panel of Figure 3b) in
the yellow rectangular shaded region in Figure 3a further
differentiates the Sr−O and Zr−O planes in SZO. On this
basis, the matching fashion of the two phases can be revealed
(Figures 3f and S11), where the Sr−O and Zr−O planes match
the O−Mg and Mg−O planes, respectively. In addition, the
intensity profile across the interface indicates a near-bulk in-
plane lattice parameter for both SZO and MgO, which is
consistent with the RSM results. Based on the fitted atomic
positions (see details in the Methods), we calculated the c/a
ratios and mapped them in Figure 3c to inspect the changes in
the SZO lattice. It can be seen that almost all the SZO unit
cells possess c/a ratios larger than unity, suggesting the strong
tetragonal distortion of the SZO lattice introduced by MgO
and well agreeing with the XRD results. Notably, the SZO
phase is uniformly distorted for regions near or away from the
SZO−MgO and SZO−STO interfaces; that is, the entire SZO
nanopillar is fully strained (see also the statistical results in
Figure 3e). This should have its origin in the nanoscale lateral
dimensions of both the SZO and MgO pillars. Such an
increased c-directional lattice spacing of SZO can therefore
provide an enlarged migration channel for ions, which benefits
from the increase in ionic conductivity.9

Atomic-scale annular bright-field (ABF) images with visible
oxygen atoms were also acquired (Figure 3d) and
quantitatively analyzed to elucidate the oxygen environment.
As shown in the bottom right panel of Figure 3d, the oxygen
octahedra of the strained SZO, enlarged from the pink-shaded
area, show distinct distortion compared with the crystal
structure of bulk SZO (top right panel of Figure 3d).
Specifically, both O1 (located in the Sr−O planes) and O2
(located in the Zr−O planes) atoms manifest distinct c-
directional displacements, as indicated by the red arrows in the
bottom right panel of Figure 3d, resulting in changes in the
Zr−O bond lengths and O−Zr−O bond angles. As shown in
the middle panel of Figure 3e, the ratio of the out-of-plane and
in-plane Zr−O lengths ((r1 + r2)/(r3 + r4)) is significantly
increased, suggesting the elongation of the ZrO6 octahedra
with a weakened Zr−O2 hybridization strength. Meanwhile,
owing to the out-of-plane displacement of O2, the O−Zr−O
angle (bottom panel of Figure 3e) also significantly deviates
from the bulk angle (180°). Consistent with the quantitative
results of the c/a ratios in Figure 3c and the top panel of Figure
3e, the distortions of the oxygen octahedra are almost
independent of the distance from the SZO−MgO interface
and uniform across the entire SZO nanopillars. Based on these
observations and quantification, a structural model for the
SZO−MgO interface was constructed (Figure 3f), where the
bonding configurations are clearly demonstrated. With a
coherent interface between the SZO and MgO phases, the
larger (smaller) lattice-phase MgO (SZO) imposes a tensile
(compressive) strain on the smaller (larger) lattice-phase SZO
(MgO).
To establish the strain-tuned microstructure-ionic con-

ductivity relationship, we examined the local electronic
structures of SZO using X-ray absorption spectroscopy
(XAS)47−49 and conducted first-principles density functional

theory (DFT) calculations. Figure 4a shows the O K-edge XAS
spectra of the SZO−5MgO film. According to crystal field
theory, an ideal ZrO6 octahedron configuration contains
doubly degenerate high-energy eg orbitals and triply degenerate
low-energy t2g orbitals (Figure 4b). These degenerated orbitals
split into suborbital when the octahedron is distorted.
Consequently, the elongation of ZrO6 along the out-of-plane
direction in the strained SZO introduces orbital splitting, as
illustrated in Figure 4b. Although this out-of-plane elongation
can weaken the hybridization between the Zr and O atoms, the
O atoms are further shifted to minimize the total energy.
Owing to the displacement of O atoms along the out-of-plane
direction, the hybridization between Zr and O1 is
strengthened, while that between Zr and O2 becomes weaker,
which increases the overlap degree of Zr 4d and O1 2p orbitals
(Figure S12) and decreases the relative intensity of the Zr 4d
t2g and eg orbitals (Figure 4a). Moreover, such distortion
eventually decreases the splitting energy (Δ3), which is
consistent with the high-energy shift of the Zr 4d t2g peak
(Figure 4a). Therefore, the strain-enhanced ionic conductivity
in the SZO−5MgO film originates from the weakened Zr−O2
hybridization and the increased space that facilitates vacancy
production and ion migration. This speculation was further
confirmed by DFT calculations.
The favorable formation positions of oxygen vacancies were

determined first. We constructed the SZO−MgO interface
model (top panel in Figure 4c) based on atomic-scale
experimental observations (Figure 3) for calculations. We
then calculated and compared the system energies for
structures with oxygen vacancies located at the inner SZO
and the SZO−MgO interfaces, as shown in Figure 4d. Both
neutral (VO0 ) and charged (VO2+) states of O vacancies were
considered in our calculations. Our results indicate that
regardless of whether the calculation was based on the VO0 or
VO2+, the system with oxygen vacancies in the inner SZO always
has the lowest energy. This suggests that oxygen vacancies are
more likely to be produced in the uniformly stretched SZO
phase rather than at the interface. Furthermore, we conducted
further calculations to establish the relationship between
oxygen vacancy positions, strain states, and ionic conductivity.
Owing to the distorted oxygen octahedra in SZO, two distinct
oxygen sites (O1 and O2) were considered (bottom panel in
Figure 4c). As shown in Figure 4e, out-of-plane expansion can
decrease the oxygen vacancy formation energy compared to
that in strain-free SZO. Besides, carefully controlled growth
conditions and annealing processes are also required to
facilitate the formation of oxygen vacancies. As expected, the
energy of the oxygen vacancy at the O2 site was lower than
that at the O1 site, which supports the microscopy analysis
data of the weakened hybridization of the Zr−O2 bond.
Furthermore, to elucidate the preferential ion migration paths,
we examined the strain-dependent ion migration energy both
along the out-of-plane and in-plane directions (Figure 4f). A
VO2+ migration energy (0.68 eV) under 2% tensile strain was
obtained, which is well consistent with the experimental results
(0.63 eV). It is noteworthy that the migration energies of
oxygen vacancies display a consistent decreasing trend with
increasing tensile strain, independent of the oxygen vacancy’s
charge state (neutral or charged) as shown in Figure 4f, and
irrespective of the density functional employed in the
calculations, as demonstrated in Figure S13. This further
confirms the crucial role of tensile strain in enhancing ionic
conductivity. Notably, both the in-plane and out-of-plane VO
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migration energies can be reduced by the c-axial tensile strain,
corresponding to improvements in both the in-plane and out-
of-plane ionic conductivities. Nevertheless, long-range in-plane
conductivity is unattainable in practice because the in-plane
migration of ions would be hindered by the vertical SZO−
MgO interface. This agrees with previous theoretical studies
that tensile strain can enhance the diffusivity of ions regardless
of the pathways.24

Compared to the strain-free SZO film, the strain-mediated
considerable reduction in oxygen migration energy (0.7 and
1.35 eV for SZO−3MgO and strain-free SZO film,
respectively) is the dominant factor responsible for the
significant enhancement in ionic conductivity in the interphase
strain-engineered SZO−3MgO film. While comparing SZO−
5MgO (0.63 eV) and SZO−3MgO (0.7 eV), it is worth noting
that a further increase in the lattice strain would not reduce the
activation energy to the same extent. However, the ionic
conductivity would still show a further evident increase. This
suggests that the further enhancement in ionic conductivity,
when the oxygen migration energy is sufficiently low, should be
mainly contributed by an increase in the concentration of
oxygen vacancies (Figure 4e), which is consistent with
previous studies.22,24,25 We also note that the reduction rate
of activation energy with increasing tensile strain is smaller in
calculations than in experiments, which could be attributed to
various factors. One is that the oxygen vacancy types present in
practical SZO−xMgO (x = 0, 3, 5) films can be a mixture of
different ratios of VO0 and VO2+, which have different sensitivities
to strain variations, as evidenced in Figure 4f. Additionally,
despite our efforts to consider as many as possible factors in
our calculations, such as the charge states of oxygen vacancies,
certain complex conditions for SZO in practice, such as local
fluctuations in strain states or electronic structures, cannot be
fully captured by DFT calculations. Nevertheless, our
calculations underscore the crucial role of tensile strain in
enhancing ionic conductivity and clarifying the lowest-energy
migration path of oxygen ions. This finding provides further
insight into the origin of strain-enhanced ionic conductivity.22

■ CONCLUSIONS
Using the interphase strain engineering method, we designed
and fabricated a series of well-assembled SZO−xMgO (x = 0,
3, and 5) nanocomposite films and achieved a significant
enhancement in the ionic conductivity. In particular, a superior
ionic conductivity that was four orders of magnitude higher
than that of bulk SZO and one order of magnitude higher than
that of the widely used YSZ below 673 K was realized in the
SZO−5MgO films. Advanced electron microscopy investiga-
tions revealed the atomic-scale structures and strain states of
the films, where through the coherent interfaces between the
SZO and MgO phases, a tensile strain as high as +1.7% was
introduced into the SZO to significantly distort the lattice,
particularly the oxygen octahedra. Combining these results
with the DFT calculation results, we established the relation-
ship between the tensile strain-tuned microstructure and
oxygen migration behaviors, based on which the strain-tuning
mechanism was elucidated. This study provides new scope for
the design and property improvement, not only for the large
ionic family but also for wide-ranging strain-sensitive func-
tional materials, which would steer the exploration toward the
design and development of new high-performance materials.
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