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ABSTRACT: Efficiency of water splitting for hydrogen produc-
tion is often limited by the sluggish kinetics of multiple electronic
transfers required in the heterogeneous oxygen evolution reaction
(OER). Catalyst design for reducing the high OER overpotential
remains a major scientific challenge. Lattice-strain engineering, a
method for tuning the electronic structure and surface geometric
configuration of active sites, may greatly affect the interaction
between adsorbates and catalytic surfaces for high activity and
stability. In this study, we present the synthesis of biphasic oxides
of YPrSrRuMnOx, which consists of distinct phases of Y2Ru2O7
pyrochlore and (Pr0.7Sr0.3)MnO3 perovskite, and the development of a suitable analytical approach to study the strain−catalytic
property relationship. Linear sweep voltammetry results reveal that the biphasic oxide exhibits approximately 3.1 times greater mass
activity and 2.4 times larger turnover frequency (TOF) than single-phase Y2Ru2O7 in the 0.1 M HClO4 electrolyte. The biphasic
catalyst is also about 3 times more stable than the single-phase oxide under acidic conditions. X-ray photoelectron spectroscopy,
nitrogen isotherm, and electrochemical surface area analyses indicate that the oxidation state, specific surface area, and
electrochemical surface area do not cause enough difference in the observed enhancement of OER performance. We examined the
effects of microstrain on electrocatalysis, originating from lattice mismatch between different phases, using three different structural
models. Specifically, we compared the Williamson−Hall method, standard stress−strain analysis, and Rietveld refinement in
analyzing the structure−property relationship. Strain mapping using geometric phase analysis (GPA) further revealed significant
microstrain and lattice dislocations localized near phase boundaries in the biphasic oxide, in contrast to the uniform strain in single-
phase materials. The results reveal that the increased microstrain correlates well with the improved OER performance, as the
biphasic oxide catalyst exhibits 2−3 times greater microstrain than Y2Ru2O7 pyrochlore.

1. INTRODUCTION
The development of highly efficient water splitting technology
is necessary in order to produce hydrogen, a clean energy
carrier.1−10 A key challenge, however, remains in developing
cost-effective and sustainable electrocatalysts that meet the
demands of large-scale, industrial applications.11−13 Transition
metal oxides are a major class of materials for efficiently
catalyzing the oxygen evolution reaction (OER) because of
their structural versatility. The catalytic properties of Mn-, Pr-,
Y-, and Sr-modified, Ru-based oxides, among the OER
electrocatalysts, have been studied.2,14−17

While intrinsic electronic properties are important for high
OER activity, recent studies suggest strain engineering can
positively affect electrocatalytic performance.18−23 Strain is a
measure of the deviation of atoms from their ideal lattice
positions in a crystal structure. Strain often arises because of
changes in bond length due to lattice mismatch and other
structural factors when two different crystal structures or
phases exist in a material. Thus, strain can be introduced in an
electrocatalyst through the formation of solids with a mismatch

of lattice constants often accompanied by the generation of
structural defects.24,25 Structural defects such as vacan-
cies,23,26,27 oxygen defects,5,28,29 twinning,30 grain bounda-
ries,31−33 generation of porosity,34,35 phase and amorphous
phase controls,36−38 and heteroatom dopants23,39−42 could be
generated using different synthetic strategies. Besides uniform
strain, electrocatalysts may also exhibit microstrain, which
refers to localized variations in lattice spacing due to their small
sizes, resulting in line broadening of Bragg peaks in the XRD
pattern. This broadening arises from regional distributions of
compressive and tensile strains, caused by structural
inhomogeneities that can be quantified by analyzing the
Bragg peak width.43 The introduction of controlled defects has
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been shown to result in an increase in the density of active sites
and improved structural stability of electrocatalysts.44,45

Catalysts experiencing strain may exhibit changes in
electronic structures that include the shift in the electronic
band center and overall electronic distribution, which in turn
regulate the elemental steps during reactions.21,46−50 The
effects of strain are often explained by the postion of d-band
center or an eigenstate model and subsequently used to
optimize the binding energy of intermediates.47,51 Strain-driven
electrocatalysts have been examined for various reactions,
including ethanol oxidation,52 formic acid oxidation,53,54

carbon dioxide reduction,55,56 hydrogen evolution reaction
(HER),57−59 oxygen reduction reaction (ORR),60−65 and
OER.49,66−68 However, control and proper analysis of the
effect of microstrain remain challenging.

Two major approaches have been employed to introduce
strain into electrocatalysts for water splitting. The first method
involves the incorporation of heteroatoms into the lattice. For
instance, the V cation can be introduced into CoP2 causing
lattice expansion and a shift in the d-band center for enhanced
OER performance.69 Similarly, Ta in NiFe layered double
hydroxide (LDH) results in lattice expansion, optimizing the
electronic structure for OER activity.70 The second approach
uses heterostructure or interface engineering to induce strain.
For example, the lattice mismatch between α-MoC and MoS2
generates strain that significantly enhances HER perform-
ance.71 NiTe/Ni2P heterostructures exhibit lattice incompat-
ibility between phosphide and telluride to induce strain,
resulting in enhancement of not only OER activity but also
durability through an in situ-formed protection layer.72

Therefore, regulating heterostructure interfaces via strain
engineering presents a promising strategy for the design of
high-performance OER electrocatalysts.

Herein, we hypothesize that biphasic complex oxides could
optimize the electronic structure, surface, and interface
properties, resulting in controlled defects. In this study, we
present the synthesis of pyrochlore−perovskite biphasic oxide
electrocatalyst YPrSrRuMnOx and a quantitative analysis of the
lattice microstrain in heterogeneous complex oxides. Our
results show that this multielement electrocatalyst exhibits the
synergistic effects of combining pyrochlore-type Y−Ru oxide
(Y2Ru2O7) and mixed perovskite-type Pr−Mn−Sr oxide
((Pr0.7Sr0.3)MnO3) on the OER electrocatalytic properties,
which are superior to those of the individual phases in both
activity and stability.66,67

The enhanced OER performance of the biphasic oxide
catalyst can be correlated to the introduction of lattice
microstrain into the crystal structures. To quantify the
strain−activity relationship, we first used Williamson−Hall
(WH) analysis to quantify microstrain, in which Bragg peak
broadening contributed from microstrain is differentiated from
the crystallite size based on their dependency on the scattering
vector.73 To address these limitations of the WH method such
as sensitivity to instrumental broadening,43 we also use size−
strain analysis74 and Rietveld refinement75 in our analysis to
account for the effect of instrumental broadening using
external standards. These two methods complement WH
analysis, providing a more comprehensive and reliable
assessment of microstrain.

2. EXPERIMENTAL SECTION
2.1. Synthesis. The biphasic YPrSrRuMnOx electrocatalyst was

synthesized using a sol−gel method. Specifically, predetermined,

stoichiometric amounts of Y(NO3)3·6H2O, Pr(NO3)3·6H2O, Sr-
(NO3)2, Mn·4H2O, and Ru(NO)(NO3)x(OH)y were mixed with 10
mL of deionized (DI) water in a 50 mL beaker while being stirred,
followed by the addition of citric acid (4 mmol, 0.8406 g). The beaker
was first placed in a homemade aluminum heating block at 80 °C and
left overnight to allow water to evaporate. It was then placed in a
vacuum oven (VWR Symphony, approximately 10 mmHg) at 80 °C
for an additional 3−4 h to remove the remaining water. Afterward, the
resultant solid was crushed into a powder by using a mortar and
pestle, placed in a ceramic boat, and transferred to a tube furnace
(TF55035A-1, Lindberg/Blue M). The sample was then heated to
600 °C at a rate of 5 °C/min and held at this temperature for 6 h.
After this heat treatment, the sample was cooled to room temperature
and ground into a fine powder. This powder was placed in a ceramic
boat and transferred to a tube furnace, heated to 1000 °C at a rate of 5
°C/min, and kept at this temperature for 12 h.
2.2. Material Characterization. Powder X-ray diffraction

(PXRD) patterns were measured using a Rigaku Miniflex 600
diffractometer with a Cu Kα X-ray source (λ = 1.54056 Å) at a scan
rate of 0.01° 2θ/s or a Bruker D8 Advance system with a panoramic
Soller slit and Cu Kα radiation at a step size of 0.01° 2θ and a hold
time of 0.1 s/step. Scanning electron microscopy (SEM) images were
obtained by using a Hitachi S4700 microscope at an acceleration
voltage of 10 kV. SEM specimen was prepared by depositing catalyst
powders on carbon tape on top of an SEM stub. Transmission
electron microscopy (TEM) micrographs were obtained using a JEOL
2100 Cryo TEM instrument with a LaB6 emitter at 200 kV. Scanning
transmission electron microscopy (STEM)-energy dispersive X-ray
spectroscopy (EDS) images were collected using a ThermoFisher
Scientific Talos F200X G2 instrument. The powder sample was added
to ethanol in a vial and sonicated for 30 min for dispersion. Then, 10
μL of the sample was placed on a copper grid, which was used to
obtain TEM and STEM/EDS images. Energy dispersive X-ray
fluorescence (XRF) was recorded on a Shimadzu EDX-700
spectrometer with a Rh X-ray source. X-ray photoelectron spectros-
copy (XPS) analysis was performed using a Kratos Axis Supra+

photoelectron spectrometer.
In situ surface-enhanced Raman spectroscopy (SERS) measure-

ments were obtained using a He/Ne laser (Meredith Instruments) at
632.8 nm in a glass and Kel-F spectroelectrochemical cell as described
previously.76 SERS data were obtained with a slit width of 50 μm,
giving an estimated spectral resolution of 6−7 cm−1. Electrochemical
potentials were applied with a CHI760E potentiostat (CH Instru-
ments). Spectra were obtained from 60 individual 1 s acquisitions
over each 60 s potential step. Three staircase voltammetry cycles were
obtained with 50 mV increments from 0.8 to 1.6 V versus Ag/AgCl
(saturated). The reference electrode was an Ag/AgCl (saturated)
electrode, and the counter electrode was Pt wire. The working
electrode for SERS measurements was a polycrystalline Au disk (d = 9
mm) that was polished with silicon carbide grinding paper (MicroCut
Plain P4000, Buehler) and subsequently subjected to 30 oxidation−
reduction cycles to roughen the electrode surface. Each cycle
consisted of a sweep from −0.3 to 1.2 V at 0.5 V/s, followed by a
1.3 s hold at 1.2 V versus Ag/AgCl and a sweep from 1.2 to −0.3 V at
0.5 V s−1, followed by a 30 s hold at −0.3 V vs Ag/AgCl. After
roughening, the catalyst ink was drop-cast on the roughened Au
electrode. The electrolyte used in SERS measurements was a 0.1 M
HClO4 aqueous solution. Notably, SERS was essential in this
measurement. No appreciable Raman signal was obtained from the
drop-cast catalysts without a roughened Au electrode.

For geometric phase analysis (GPA), powdered samples were
dispersed in ethanol and sonicated for 30 min to ensure a uniform
suspension. Subsequently, 2 μL of the solution was drop-cast onto
carbon-coated copper TEM grids (Electron Microscopy Sciences,
CF400-Cu) and allowed to dry completely under ambient conditions.
Prior to imaging, the grids were plasma-cleaned to remove surface
carbon residues and enhance the image contrast. High-angle annular
dark field scanning transmission electron microscopy (HAADF-
STEM) imaging was performed using a Thermo Fisher Scientific FEI
Themis Z Advanced Probe Aberration-Corrected Analytical STEM
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instrument operating at 300 kV. Images were collected with a beam
current of approximately 20 pA and a semiconvergence angle of 18
mrad, using a camera length of 115 mm. To minimize drift and
improve image clarity, a stack of 10−20 fast-acquisition frames (100
ns dwell time) was captured and reconstructed to produce drift-
corrected high-resolution images.
2.3. Strain Analysis. 2.3.1. Williamson−Hall Method. This

method has been used for studying crystallite size and lattice strain.73

It assumes that particle size and strain contribute to line broadening
independently, and both follow a Cauchy-like profile. Therefore, the
observed line width is the sum of the broadening due to crystallite size
and lattice strain.77 The Scherrer equation is used to determine the
crystallite domain size from the broadening of X-ray diffraction
peaks.78 The equation can be expressed as

= k
L coscrystalline (1)

where λ is the X-ray wavelength used, θ is the Bragg angle, L is the
average crystallite size measured perpendicular to the surface of the
specimen, and k is a constant and equal to 0.94 for the cubic phase
crystal. The broadening due to lattice strain thus is determined by the
equation

= 4 tanstrain (2)

where ε is the strain in the material. Therefore, the total broadening
can be expressed as

= +k
L cos

4 tanhkl (3)

Rearranging this equation gives

= +k
L

cos 4 sinhkl (4)

A linear fit is applied to the scattered results. From this linear fit,
the crystallite size is estimated from the y intercept and the strain is
determined from the slope of the fit.

2.3.2. Size−Strain Plot. In this analysis, the profile of crystallite size
is described by a Lorentzian function, while the strain profile is
represented by a Gaussian function:74,79

= + i
k
jjj y

{
zzzd

k
D

d( cos ) ( cos )
2

2 2
2

(5)

The particle size is determined from the slope of the linearly fitted
data, and the root of the y intercept gives the value of strain.

2.3.3. Rietveld Refinement. This method employs a least-squares
approach to refining a theoretical line profile until it closely matches
the measured diffraction pattern. The principle of this method is to
minimize a function M, which quantifies the difference between
calculated profile yicalc and observed data yiobs. The Rietveld method
formulates this relationship according to the equation

= i
k
jjj y

{
zzzM W y

c
y1

i
i i i

obs calc
2

(6)

where Wi represents the statistical weight and c is an overall scale
factor. By iterative variation of the parameters, the method optimizes
the fit between the theoretical and experimental diffraction profiles.

In this study, Rietveld refinements were performed using TOPAS
version 4.2, covering a range of 2θ from 20° to 80°. Instrumental
broadening was assessed by refining a LaB6 standard sample. The
biphasic oxide structure was refined against Y2Ru2O7 and (Pr0.7Sr0.3)-
MnO3. The refinements considered factors such as zero error, sample
displacement, instrumental broadening, lattice constants, and peak
broadening due to size and strain effects by using Gaussian and
Lorentzian functions. Interstitial oxygen was not included in the fit.

2.3.4. Geometric Phase Analysis (GPA). GPA was used to
quantitatively map the local strain distribution in the samples using
the reciprocal space of HAADF-STEM images. It involves selecting
specific reciprocal lattice vectors in the fast Fourier transform (FFT)
of atomic-resolution images and analyzing the local phase variations
associated with those vectors. These phase variations correspond to
lattice displacements in real space. By applying an inverse Fourier
transform to the filtered components, GPA retrieves spatially resolved
phase images, from which lattice distortions and strain distributions
are obtained.80

In this study, GPA was performed by using the open-source
software Strain++. Two nonparallel diffraction vectors were selected
from the FFTs, and the strain component along the image x direction
(εxx) was extracted to evaluate in-plane lattice distortions.

Figure 1. (a) Wide and (b) enlarged ranges of PXRD patterns, (c) TEM micrograph, (d and e) STEM-EDS elemental mapping, and (f) schematic
representation of crystal strain in the YPrSrRuMnOx catalyst made of Y2Ru2O7 pyrochlore and (Pr0.7Sr0.3)MnO3 perovskite phases.
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2.4. Electrochemical Measurement. 2.4.1. Ink Formulation
and Working Electrode Preparation. Four milligrams of catalyst
powder and 4 mg of Vulcan carbon XC-72 were ground together and
added to 2 mL of tetrahydrofuran (THF) and 20 μL of a Nafion
solution, and then the mixture was sonicated for 30 min in an ice bath
to obtain a homogeneous mixture. One milliliter of THF and 20 mL
of Nafion were mixed to obtain a blank suspension. Then, 5 μL of the
catalyst ink was drop-cast on a rotating disk electrode (RDE) and
dried slowly to form a thin film working electrode. After the ink dried,

the blank was drop-cast on the RDE and dried in air to form a
uniform thin film electrode.

2.4.2. Electrochemical Cell Preparation. A three-electrode cell was
used to measure the electrochemical performance using a CHI 760B
potentiostat (CH Instruments, Inc.). The cell is comprised of a
hydrogen reference electrode (HydroFlex, Gaskatel), a platinum foil
counter electrode (area of 1 cm2), and a glassy carbon working
electrode (surface area of 0.196 cm2). The electrolyte used is a 0.1 M
HClO4 aqueous solution. The electrolyte was purged with H2 until
saturation, and the reversible hydrogen electrode (RHE) was

Figure 2. (a) LSV curves, (b) overpotentials for biphasic oxide at different current densities, (c) mass activity and TOF, and (d)
chronopotentiometry of the biphasic YPrSrRuMnOx catalyst. Performances for single-phase Y2Ru2O7 and (Pr0.7Sr0.3)MnO3 are included for
comparison.

Figure 3. XPS spectra of the (a) Y 3d, (b) Pr 3d, (c) Sr 3d, (d) Mn 2p, (e) Ru 3d, and (f) O 1s regions.
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Figure 4. (a) Isotherm measurements and (b) corresponding calculated BET surface areas of the electrocatalysts presented in this study.

Figure 5. LSV curves of (a) Y2Ru2O7, (b) (Pr0.7Sr0.3)MnO3, and (c) biphasic YPrSrRuMnOx electrocatalysts in 0.1 M HClO4 in the potential range
of 0.7−0.8 V vs RHE at scan rates of 20, 40, 60, 80, and 100 mV s−1. (d) Difference in current density (Δj/2) and scan rate relationship for the
biphasic YPrSrRuMnOx, single-phase Y2Ru2O7, and (Pr0.7Sr0.3)MnO3 electrocatalysts. The current density values were measured at 1.18 V vs RHE.
The slope is equivalent to the double-layer capacitance (Cdl).

Figure 6. In situ SERS studies of (a) pyrochlore Y2Ru2O7 and (b) pyrochlore−pervoskite biphasic YPrSrRuMnOx electrocatalysts drop-cast on
roughened Au electrodes at potentials ranging from 1.1 to 1.8 V vs RHE.
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calibrated in a H2-saturated electrolyte solution before testing. After
the calibration, the electrolyte was purged with O2 for 30 min, and all
measurements were performed under that condition.

2.4.3. Linear Sweep Voltammetry Study. Linear sweep voltam-
metry (LSV) was performed at a scan rate of 10 mV s−1 between 1.3
and 1.8 V. The RDE rotating speed was set at 1600 rpm.

2.4.4. Chronopotentiometry Study. Chronopotentiometry (CP)
measurements were obtained at a constant current density of 10 mA
cm−2 using an RHE reference electrode and FTO glass as the
substrate. The FTO glass was 1 cm wide and 5 cm long, with a
working area of 1 cm × 1 cm. In a typical procedure, 400 μL of the
prepared ink was drop-cast onto the FTO using a 100 μL pipet.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure. The catalysts were prepared using

the sol−gel method,5 which was characterized using XRD

between 20° and 80° 2θ. Figure 1a shows the PXRD pattern of
the YPrSrRuMnOx biphasic oxide, revealing the coexistence of
two distinct phases. One phase contains Y−Ru−O, while the
other phase contains Sr−Pr−Mn−O. Y−Ru−O (phase 1)
resembles cubic-type pyrochlore of Y2Ru2O7 (JCPDS# 01-083-
0637), whereas Sr−Pr−Mn−O (phase 2) can be assigned to
the orthorhombic perovskite of (Pr0.7Sr0.3)MnO3 (JCPDS# 01-
081-0820). Rietveld refinement analysis indicates that biphasic
oxide is composed of approximately 54.35% phase 1 and
45.65% phase 2, underscoring the slight dominance of the Y−
Ru−O phase in the sample.

Figure 1b presents the XRD pattern at 2θ values between
25° and 40° to investigate the peak shift and broadening.
While the peak shift is typically indicative of lattice strain, no
significant changes in peak positions are observed. Instead,
noticeable peak broadening is detected, which may be
attributed to microstrain. Since two distinct phases exist, the
crystallite size and d spacing are expected to be different. Thus,
the line broadening may arise from both compressive and
tensile strained regions, induced by the coexistence of two
distinct phases. Specifically, the peaks corresponding to the
(222) and (400) planes of the Y2Ru2O7 pyrochlore phase and
the (020) plane of the (Pr0.7Sr0.3)MnO3 perovskite phase
remain unchanged in position but display significant broad-
ening, indicative of the presence of microstrain.

Transmission electron microscopy was performed to study
the structural details of the two phases (Figure 1c). An
interface boundary was clearly observed at the heterojunction

between the Y2Ru2O7 and (Pr0.7Sr0.3)MnO3 phases (yellow
dotted line). Figure S1 provides information on the d spacing
measurements of these two phases, measured by TEM.
Specifically, a d spacing of 0.29 nm was observed for the
(222) plane of the Y2Ru2O7 pyrochlore phase, while a d
spacing of 0.27 nm could be attributed to the (020) plane of
the (Pr0.7Sr0.3)MnO3 perovskite phase, highlighting the differ-
ences in interplanar spacing between the two. The observed
differences in d spacing are from the distinct crystallographic
features, which should result in varied geometric and electronic
environments. STEM-EDS images indicate that Y, Pr, Sr, Ru,
Mn, and O are distributed across the particle, and the
unevenness, in contrast, suggests phase separation exists,
agreeing well with the XRD data. Noticeably, elemental
distributions of Y and Ru overlap (in Y−Ru−O), while Pr, Sr,
and Mn show a similar elemental distribution in the particle
(Pr−Sr−Mn−O). This observation indicates that Y and Ru
exist in a separate phase from Mn, Pr, and Sr, further
confirming the phase separation across the sample. The
overlaid images of Y/Mn, Ru/Pr, and Y/Pr show the boundary
between the two phases in a heterostructure (Figure 1e). SEM-
EDS mapping shows that both phases are homogeneously
distributed throughout the sample (Figure S2).

The lattice mismatch observed at the phase boundaries, as
illustrated in Figure 1f, is a common feature of this biphasic
structure. Strain is generated at the interface between the larger
crystal structure of the Y−Ru−O phase, characterized by its d
spacing of 0.29 nm, and the Pr−Sr−Mn-O phase, with a d
spacing of 0.27 nm. This lattice mismatch is significant, since
induced strain can lead to the formation of defects and
distortions within the crystal lattice. The presence of high-level
defects often results in enhanced catalytic activity, as these
defects provide cues for activating the sites that control the
catalytic steps on the surface.
3.2. Characterization of Catalytic Performance in

Oxygen Evolution Reaction. Linear sweep voltammetry was
conducted utilizing a three-electrode setup in a 0.1 M HClO4
aqueous solution. Figure 2a illustrates that the pyrochlore−
perovskite biphasic oxide exhibits a current density that is
higher than those of the two individual phases at the same
potential (100% iR correction). While the Y−Ru−O-
containing phase demonstrates OER activity, the Pr−Sr−
Mn−O-containing phase does not exhibit any increment in
current density with an increase in potential. This observation
suggests that although the Pr−Ru−Mn−O phase lacks OER
activity, its presence contributes to the overall activity of the
biphasic catalyst. Figure 2b shows that the overpotential for the
biphasic oxide catalyst is 304 mV at a current density of 10 mA
cm−2, 386 mV at 30 mA cm−2, and 454 mV at 50 mA cm−2.
The biphasic oxide catalyst has 3.11 times the mass activity and
2.35 times the turnover frequency (TOF) of single-phase
Y2Ru2O7 (Figure 2c). Compared to commercial RuO2, the
biphasic oxide catalyst exhibited 13 times greater mass activity
and 36 times higher TOF (Figure S3). The physically mixed
Y2Ru2O7/PrSrMnOx sample, with an identical overall
composition, showed lower OER activity than Y2Ru2O7,
confirming the inactivity and the diluting effect of the
PrSrMnOx electrocatalyst (Figure S4). A comparison of Sr-,
Mn-, and Pr-doped Y2Ru2O7 electrocatalysts revealed their
activity is lower than that of undoped YRuOx (Figure S5).
These results rule out mixing and doping as the main origin of
the observed OER enhancement, further signifying that the
improved performance of the biphasic oxide arises from other

Table 1. Assignments of SERS Peaks for Y2Ru2O7 and
Biphasic YPrSrRuMnOx Oxides

peak position (cm−1) assignment

Y2Ru2O7 YPrSrRuMnOx Ru Y-based pyrochlore Y2Ru2O7

262 266 Ru−O85,86 octahedral
deformation and
cation
displacement87

357 360 Ru−O85 octahedral
deformation and
cation
displacement87

F2g
89

463 470 RuO2
85,86,90 octahedral bend87

559 575 RuO2
90 F2g

91 F2g
89

618 615 F2g
91

738 MO6 stretch87

810 RuO4
86,90 MO6 stretch87

849 RuO4
90,92 MO6 stretch87
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structural cues, such as interface-induced effects. Chronopo-
tentiometry studies show that biphasic oxide is stable for more
than 200 h in 0.1 M HClO4 without considerable degradation
at a current density of 10 mA cm−2, whereas the Y2Ru2O7
phase degrades in about 70 h (Figure 2d).
3.3. Study of the Effects of Catalyst Structure on OER

Activity. 3.3.1. X-ray Photoelectron Spectroscopy. X-ray

photoelectron spectroscopy was performed to determine the
oxidation state of cationic species on the surface of Y2Ru2O7
and biphasic YPrSrRuMnOx electrocatalysts. The XPS survey
confirms the presence of Y and Ru with no detectable
impurities in Y2Ru2O7, implying that the sample is highly pure
(Figure S6). Similarly, Y, Pr, Sr, Ru, and Mn are all detected on
the surface of the biphasic YPrSrRuMnOx electrocatalyst
(Figure S7). The peaks at 156.8 and 158.8 eV are assigned to Y
3d5/2 and Y 3d3/2, respectively, which correspond to the Y3+

oxidation state (Figure 3a).5 Two satellite peaks are observed
at 159.6 and 157.5 eV, further confirming the oxidation state of
Y. Similarly, the Y 3d peaks of Y2Ru2O7 suggest that the
oxidation state of this cation is 3+ in Figure S8a. XPS data
indicate that Pr3+ primarily exhibits an asymmetric peak for
3d5/2 at 934.5 eV, with a spin−orbit splitting of 20.3 eV to
3d3/2 at 954.8 eV (Figure 3b).81,82 The weak satellite peaks at
lower binding energies of 930.3 and 949.9 eV are from the
screened 3d94f3.81 The XPS data show the peaks at 132.4 and
134.2 eV, which are assigned to Sr 3d5/2 and Sr 3d3/2,
respectively, and correspond to Sr2+ (Figure 3c),83 and Mn 2p
peaks at 642.8 and 654.7 eV with a satellite peak at 645.9 eV
corresponding to 2p3/2 are assigned to Mn3+ (Figure 3d).84

XPS data cannot readily be used to quantify the valence of Ru
properly due to the overlaps between Ru 3d and C 1s regions

Figure 7. Strain analysis using (a−c) the Williamson−Hall (W−H) method, (d−f) the size−strain plot (SSP) method, and (g−i) Rietveld
refinement (RR) for the (a, d, and g) single-phase Y2Ru2O7, (b, e, and h) (Pr0.7Sr0.3)MnO3 and (c, f, and i) biphasic YPrSrRuMnOx electrocatalysts.

Figure 8. Comparison of microstrains obtained by using the three
different analytical methods.
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as the activated carbon support was used as the support. The
peaks were deconvoluted carefully; peaks at 285.2 and 289 eV
are assigned to C 1s, and the peaks at 282.6 eV for 3d5/2 and
286.7 eV for 3d3/2 Ru are present, indicating the oxidation is
dominated by the 4+ state (Figure 3e).5 Similarly, XPS analysis
of the Ru 3d peaks of Y2Ru2O7 suggests that Ru exists in the
4+ oxidation state, as well (Figure S8b). The XPS study of O
1s spectra of biphasic oxide could be fitted to two species,
namely, the lattice oxygen (OLattice) at 530.0 eV and the
hydroxyl group (OOH) at 532 eV (Figure 3f), which match
quite well with Y2Ru2O7 (Figure S8c).38 The XPS study of Ru
3p spectra shows that there is no detectable difference in the
Ru4+ peaks at 464.4 eV (3p3/2) and 486.7 eV (3p1/2) between
Y2Ru2O7 and YPrSrRuMnOx electrocatalysts (Figure S9). The
XPS characterization suggests that the biphasic oxide catalyst
retains the same or similar oxidation states as those found in
Y2Ru2O7. This homogeneity across the oxidation states leads to
the conclusion that a change in oxidation state should not be a
contributing factor to the enhancement of OER performance,

indicating that other structural properties need to be explored
for the observed difference in catalytic efficiency.

3.3.2. BET and ECSA Analyses. Besides analyzing the
surface structures, we also examined the specific surface area
and the electrochemical active surface area. Figure 4a presents
the nitrogen adsorption isotherm data, plotted according to the
Brunauer−Emmett−Teller (BET) analysis in the relative
pressure range of 0.14−0.30. Linear fitting of the BET plots
yielded the slope and intercept used to calculate the values of
the monolayer adsorption and the corresponding specific
surface area. Among the three catalysts, PrSrMnOx exhibited
the steepest slope, corresponding to the lowest monolayer
adsorption capacity and, thus, the smallest specific surface area.
The biphasic oxide (YPrSrRuMnOx) and YRuOx exhibited
similar slopes in the BET plot, indicating comparable
adsorption capacities, though the biphasic oxide showed a
slightly higher intercept, leading to a marginally greater surface
area. The BET surface areas were determined to be 8.67 m2 g−1

for YPrSrRuMnOx, 8.23 m2 g−1 for Y2Ru2O7, and 6.46 m2 g−1

for (Pr0.7Sr0.3)MnO3 (Figure 4b). The values of BET specific

Figure 9. HAADF-STEM images and strain component maps of (a−c) Y2Ru2O7, (d−f) (Pr0.7Sr0.3)MnO3, and (g−i) biphasic YPrSrRuMnOx
oxides. The red boxes in low-magnification images (a, d, and g) indicate regions selected for high-resolution STEM imaging shown in panels b, e,
and h, respectively, with insets displaying the corresponding FFT patterns. In each FFT inset, yellow and green arrows point to the reciprocal lattice
vectors used for GPA along the x and y directions, respectively, corresponding to the yellow and green circles. Panels c−i show the εxx strain
component maps derived from GPA for each sample, where tensile strain is represented by red and compressive strain by blue.
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surface areas for all three solids are within the typical range for
solid phase OER electrocatalysts of this kind without major
porosity. Thus, it appears that the observed difference in OER
activity cannot be directly correlated to the specific surface
area.

We further studied the electrochemically active surface area
(ECSA) by analyzing the differences in current density (Δj/2)
as a function of scan rate (Figure 5a−c), which were obtained
from the LSV curves of the electrocatalysts in the non-Faradaic
region. In this analysis, the slope gives the double-layer
capacitance (Cdl) shown in Figure 5d, which is proportional to
the active surface area. The results suggest that the biphasic
oxide electrocatalyst has a slightly larger active surface area
than do the two parent phases. We note that while the biphasic
YPrSrMnOx catalyst exhibits more than 3 times the mass
activity of single-phase Y2Ru2O7, its Cdl value is only 29.08/
24.59 = 1.18 times of that for Y2Ru2O7. Thus, other factors
could further contribute to the enhancement in OER activity.

3.3.3. In Situ Surface-Enhanced Raman Spectroscopy
(SERS). We performed a comparative in situ SERS study
between pyrochlore Y2Ru2O7 and pyrochlore−perovskite
biphasic YPrSrRuMnOx electrocatalysts. Figure 6a shows
SERS spectra obtained from Y2Ru2O7 drop-cast on a
roughened gold electrode at potentials ranging from 0.9 to
1.6 V versus Ag/AgCl (saturated). Assignments of character-
istic Raman peaks are summarized in Table 1. Notably, the
intensity of the SERS peak at 262 cm−1 decreased as the
applied potential increased. This peak is attributed to either the
Ru−O vibration mode from Ru at the surface or octahedral
deformations coupled with cation displacements of pyro-
chlore.85−87 Two peaks, one at 357 cm−1 and the other at 618
cm−1, appeared at potentials above the onset of the OER and
were attributed to a Ru−O vibration from Ru at the surface or
octahedral deformations coupled with cation displacements of
the pyrochlore and the F2g mode of pyrochlore, respectively.
These two modes were only observed at potentials when the
OER occurred. The peak observed at 463 cm−1 maintained the
same intensity throughout the potentials and was assigned to
the bending mode octahedral site in pyrochlore.87 The peak at
934 cm−1 is from perchlorate species in the electrolyte.88 The
changes in peak intensity shown here are reversible during the
reverse scan, as shown in Figure S10. Bulk Raman data are in
good agreement with the Raman spectroscopy results for bulk
Y2Ru2O7 reported previously (Figure S11).89

Figure 6b shows the SERS spectra obtained from the
pyrochlore−perovskite biphasic YPrSrRuMnOx catalyst drop-
cast on a roughened gold electrode at potentials ranging from
1.1 to 1.8 V versus RHE. Three additional SERS peaks were
observed at 738, 810, and 849 cm−1. The intensity of all of
these peaks decreased as potential was applied and disappeared
once the onset potentials of the OER were reached. These
peaks are therefore not representative of the surface during the
OER, suggesting that they are not involved in or are not the
slow step in the OER mechanism. The peaks present at the
potentials where OER occurs are the 360, 470, and 615 cm−1

vibrational modes, the same vibrational modes seen at OER
potentials as for Y2Ru2O7. The changes in peak intensity
observed here are reversible, as demonstrated during the
cathodic scan in Figure S12. Peak shifts and the broadness of
these peaks likely occurred due to surface strain, which changes
the bond lengths and therefore vibrational energies. We note
that the peak centered at 470 cm−1 decreases in intensity at the
more positive potentials but does not decrease to zero. The

presence of the same peaks at potentials where the OER occurs
for both pyrochlore and biphasic pyrochlore−perovskite
catalysts indicates a similar change in surface structure during
the OER, suggesting similar active sites for the oxygen
evolution reaction in these two catalyst systems.

3.3.4. Microstrain Analysis. We examined the microstrain,
also known as the local lattice strain, in these electrocatalysts.
Microstrain is a measure of the local atomic deviation from
their ideal positions within a lattice structure.32 This deviation
can be analyzed based on the broadening of XRD peaks.
Microstrain thus is commonly used to assess structural
disorders caused by various defects, such as stacking fault,
twin, grain boundary, and dislocation.32,93−95 Based on X-ray
diffraction data, we carried out microstrain analysis using the
Williamson−Hall method, size−strain relationship, and
Rietveld refinement. The Williamson−Hall method, which
assumes that strain is uniform in all crystallographic directions,
is best suited for studying isotropic solid materials, where
properties are often independent of the measurement
direction. In this work, the term β cos θ is plotted against 4
sin θ for the preferred orientations of Y2Ru2O7 (Figure 7a),
(Pr0.7Sr0.3)MnO3 (Figure 7b), and biphasic oxide (Figure 7c).
In this plot, the slope of the fitted line corresponds to the strain
while the y intercept represents the particle size. The results
depicted in these Williamson−Hall plots indicate that the line
broadening was essentially isotropic, suggesting that the
domains are largely isotropic and that there is also a
contribution from microstrain. Since the solids have isotropic
line broadening, the size−strain plot (SSP) is considered a
more accurate evaluation of size and strain parameters.74 This
approach is advantageous because it places less emphasis on
data from diffractions at large angles, where the precision is
typically lower. Similar to the Williamson−Hall method, the
term (dβ cos θ)2 is plotted against (d2β cos θ) for all
orientations of Y2Ru2O7, (Pr0.7Sr0.3)MnO3, and biphasic oxides
(Figure 7d−f). In this approach, the particle size is determined
from the slope of the linearly fitted data, while the square root
of the y intercept gives the strain. Tables S1 and S2 summarize
the calculated values of strain using the Williamson−Hall
method and size−strain plot method, respectively.

Rietveld refinement was further used in the microstrain
analysis (Figure 7g−i). This third method provides additional
structural information, such as the lattice parameter, atomic
position, and thermal vibration. As it uses the full diffraction
pattern, Rietveld refinement is suited for analyzing complex
structures with overlapping peaks. In this work, we used the
TOPAS software to perform refinement with the grain size in
the range of 50−150 nm as determined by SEM (Figure S13).
The refinement results, summarized in Table S3, show low R
factors (Rexp, Rwp, and Rp) and goodness-of-fit (GOF) values
close to 1, indicating a high-quality fit between the
experimental and calculated patterns. In the biphasic
YPrSrRuMnOx electrocatalyst, the two phases exhibit different
degrees of microstrain, and the weighted average values are
used to estimate the microstrain in the oxide solid (Figure
S14). Interestingly, the biphasic oxide of YPrSrRuMnOx shows
the highest degree of microstrain among the three, and the
value is 2−3 times larger than that of its single-phase solids
(Figure 8). Thus, this difference in microstrain may likely be
attributed to the observed higher OER activity for the biphasic
oxide of YPrSrRuMnOx when compared with that of single-
phase Y2Ru2O7. These results also suggest that the Rietveld
refinement offers more reliable strain measurements by
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considering the full diffraction pattern and allowing complex
modeling of anisotropic structural features, which should also
be the best analytical method for analyzing the strain effect.

The strain distribution was analyzed using GPA on atomic-
resolution HAADF-STEM images in the samples of Y2Ru2O7
(Figure 9a−c), (Pr0.7Sr0.3)MnO3 (Figure 9d−f), and biphasic
YPrSrRuMnOx (Figure 9g−i) electrocatalysts. The εxx strain
maps highlight the tensile and compressive regions, with red
indicating tensile strain and blue representing compressive
strain (Figure 9c,f,i). In the biphasic YPrSrRuMnOx sample,
the abrupt color variations indicate significant lattice
dislocations near the interfacial regions, suggesting the
presence of microstrain arising from phase boundaries or
lattice mismatch. This is further supported by elemental EDS
mapping, which reveals compositional heterogeneity at the
interface in the same particle (Figure S15). In contrast, the
strain maps of single-phase oxides Y2Ru2O7 and (Pr0.7Sr0.3)-
MnO3 exhibit relatively uniform strain distributions with
minimal lattice dislocations. These findings are consistent with
the XRD results, which showed broader peaks and higher
microstrain values in the biphasic oxide than in the single-
phase materials.

It appears that the enhancement in the OER through the
creation of a biphasic solid oxide can be a general phenomenon
in complex oxides. We synthesized additional biphasic
electrocatalysts YPrSrRuMnVOx and YPrSrRuMnTiOx, each
comprising Y2Ru2O7 as one phase and PrVO4 or SrTiO3 as the
other phase. Notably, although PrVO4 or SrTiO3 alone
displays minimal intrinsic OER activity, their corresponding
biphasic oxides exhibited significantly enhanced performance
relative to their single phases (Figure S16). These results
suggest that phase interactions and microstrain effects at the
interface can result in a superior OER activity in complex
oxides.

4. CONCLUSION
Our study highlights the effectiveness of lattice-strain
engineering in enhancing the oxygen evolution reaction
performance of biphasic YPrSrRuMnOx oxide catalysts. The
biphasic structure, consisting of pyrochlore-structured
Y2Ru2O7 and perovskite-structured (Pr0.7Sr0.3)MnOx, shows
significantly improved catalytic activity and stability compared
to single-phase Y2Ru2O7. Our analysis revealed that the
microstrain of the biphasic oxide is 2−3 orders of magnitude
higher than that of the single-phase solids due to lattice
mismatch, which plays a crucial role in this enhancement of the
OER activity. The data from strain−OER property analysis
indicate that Rietveld refinement offers the most appropriate
correlation, indicating the need to consider anisotropic
structural features in the strain measurements. This work
demonstrates the potential of lattice-strain engineering as a
strategy for designing high-performance catalysts and lays the
groundwork for the further exploration of biphasic electro-
catalysts.
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