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ABSTRACT: Oxygen evolution reaction (OER) takes place in various types of electrochemical devices that are pivotal for the
conversion and storage of renewable energy. This paper describes a strategy in the design of solid-state structures of OER
electrocatalysts through controlling the cation substitution on the active metal site and consequently valence band center position of
site-mixed Y,(Y,Ru,_,),0,_s pyrochlore to achieve high catalytic activity. We found that partially replacing the B-site Ru*" cation
with A-site Y** in pyrochlore-structured Y,Ru,0,_s modifies the oxidation state of B-site Ru from 4* to 5*, as observed by electron
paramagnetic resonance (EPR) spectroscopy but does not continuously increase the oxygen vacancy concentration in these oxygen
substoichiometric compositions, as quantified by thermogravimetric analysis (TGA) decomposition studies. We found the increased
Ru oxidation state leads to a downshift in valence band center. X-ray photoelectron spectroscopy (XPS) analysis was performed to
quantitatively determine the optimal band center to be ~1.27 eV below the Fermi energy level based on the analysis of the valence
band edge of these Ru-based Y,(Y,Ru,_,),0,_s OER electrocatalysts. This work highlights that defect engineering can be a practical,
effective approach to the optimization of oxidation state and electronic band center for high OER catalytic performance in a
quantitative manner.

B INTRODUCTION and accelerate the water splitting by reducing the OER

Hydrogen is an energy carrier that has the potential to play a
crucial role in the carbon neutral society.' "> A proton
exchange membrane (PEM)-based water electrolyzer may
produce high-purity hydrogen gas at high current density with
low ohmic loss because of the high ionic conductivity."”~"” It
also has a compact design, a fast system response, and low
energy consumption. These attributes make the PEM-based
water electrolyzer one of the most attractive devices to produce
green hydrogen."”'®'” Under acidic operating conditions,
water molecules are oxidized at the anode to generate oxygen
(0,), which is called the oxygen evolution reaction
(OER)."***" A large overpotential is often required for OER
due to the slow electron transfer in various elemental steps,
which result in sluggish kinetics.”' ™3° Therefore, efficient
electrocatalysts are needed to lower the reaction kinetic barrier
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overpotential. "' >*"**

Oxide, hydroxide, carbide, and nitride electrocatalysts have
been tested for their electrocatalytic properties, though many
suffer from degradation under acidic and oxidative reaction
conditions. The commercially available OER electrocatalysts
are largely composed of Ir elements (i.e., Ir and IrO,), because
of their good activity and durability.”>™>> The scarcity of Ir
however makes it hard for widespread industrial applications at
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large scale. Thus, there is a need to develop non-Ir-based OER
electrocatalysts for hydrogen generation through water
splitting.*® Ruthenium-based electrocatalysts exhibit numerous
benefits, such as high activity, universality across pH levels, and
the most economical cost within the noble metal category.””**

The design of electrocatalysts has been focused on changing
the composition and geometric and electronic structures to
promote the various electron transfer processes.’”* Recently,
complex oxides (A,B,0,) have been examined for their use as
OER electrocatalysts under acidic conditions.* =" Among
various complex oxides, pyrochlores have gained attention as
exceptionally effective and durable substances that serve as
both catalysts and conductive foundations for hybrid catalyst
systems. The adaptable composition of pyrochlore oxides
offers numerous avenues for enhancing electrocatalytic
performance through the control and alteration of material
structures and characteristics."**> We showed that pyrochlore
Y,Ru,0, could have both high activity and stability."" The
ability to modify the active site (Ru) is thought to be a key
feature for enhanced OER activity, while an A-site yttrium
cation helps stabilize the chemical bond between Ru and lattice
O. In situ X-ray absorption spectroscopy (XAS) studies
indicate the B-site Ru metal cation likely exists in a multivalent
fashion.**™* Among pyrochlore-type A,B,0, electrocatalysts,
nonstoichiometric, complex oxides such as Y,(RuMn,_,),0,
and Y,(Ir,Mn,_,),0; could exhibit high OER activity.49 High
activity has often been correlated to a high degree of atomic
disordering. Such results strongly indicate defect-engineered
nanomaterials may have great potential for achieving excellent
reactivity and selectivity for electrocatalysis.’”>"

While quantum simulations such as density functional
theory (DFT) calculations have made a great attempt to
understand the structure—property relationships, complexity in
metal oxides often makes it prohibitively difficult to predict the
right global electron band structures for OER performance. In
addition, point defects and the nonstochiometric nature of the
surface create additional hurdles for designing the composition
based on quantum simulation techniques. Thus, development
of the right defect engineering approach and the character-
ization method could be critical to the realization of the design
of high-performing OER catalysts.”

For defect engineering of metal oxides, one popular method
is aliovalent doping, re;)lacing a high-valence cation with a
lower valence element.””*° Introduction of a lower oxidation
state cation (A~"V*) onto a higher oxidation state cation (B"")
site generates acceptors (Aj), which could be charge-
compensated through formation of positive defects, such as
ionized oxygen vacancies (vg) > or trapped holes leading to a
higher valence state (e.g, BU*D*) These responses can be
described in the Y—=Ru—O pyrochlore system by the following
equations using the Kroger—Vink notation:

Oxygen vacancy creation:
Y,Ru,0, X ’ X oo
2Y,0, —— 2Yy + 2Yy, + 60g + v, (1)
Generation of holes:

1 Y,Ru,0 R
2Y,0, + Eoz(g) ——3 2Yy + 2Yg, + 705 + 2k 2)

Trapping of holes on Ru:

Ruy, + b* — Rug, (3)

Change of defect concentrations through substitution may
also affect the band center position of the active metal site. The
up- and down-shifting in the band center may accelerate the
adsorption and desorption of active intermediates, thus the
catalytic activity.”’ %

In this study, we demonstrate that atomic mixing at the
active site in a complex oxide (i.e., B-site of pyrochlore) can be
an effective method in defect engineering to achieve the global
solid-state structure that has high OER activity. Specifically, we
successfully partially replaced Ru** at the B-site with A-site
cation Y** in the Y,(Y,Ru,_,),0,_s series. We quantified the
as-prepared, overall room-temperature oxygen substoichiom-
etry, 6, as a function of increasing Y content, x, through
decomposition thermogravimetric analysis across the series.
Besides the more commonly observed cubic phase of
pyrochlore Y,Ru,0, 5 we also succeeded in making and
confirming a less known orthorhombic phase Y;RuO,_ s In
addition to the observed evidence of oxygen deficiency, the
mixed B-site compounds were shown to result in the partial
change of the Ru average cation valence state and a shift in the
d-band center that was experimentally quantified. XPS studies
suggest the electron distribution is due to the mixed valence
(4*/5") of Ru cations, and the optimal Ru valence band center
was found to be 1.27 eV below the Fermi energy to reach the
highest OER performance.

B EXPERIMENTAL SECTION

Material Synthesis. A pyrochlore-type Y,(Y,Ru,_,),0,_s electro-
catalyst was synthesized via the sol—gel method. To be specific,
predetermined, stoichiometric amounts of Y(NO;);:6H,0 and Ru
(NO)(NO3)x(OH)y (Table S1) were mixed with 10 mL of deionized
(DI) water in a S0 mL beaker while stirring, followed by addition of
citric acid (4 mmol, 0.8406 g). The beaker was then transferred to an
aluminum heating block at 80 °C and kept at this temperature
overnight to evaporate the water. The beaker was then placed in a
vacaum oven (VWR Symphony, ~10 mmHg) at 80 °C for an
additional 3—4 h to remove the residual amount of water. The
obtained solid was then ground into powder using a mortar and
pestle, heated up to 600 °C at a rate of 5 °C/min in a tube furnace
(TFS5035A-1, Lindberg/Blue M), and maintained at this temperature
for 6 h. After being cooled down to room temperature, the calcinated
sample was ground to a fine powder, which was placed in a ceramic
boat and transferred to another tube furnace, heated to 1000 °C at a
rate of S °C/min, and maintained at this temperature for 12 h.

Material Characterization. Powder X-ray diffraction (PXRD)
patterns were measured using either a Rigaku Miniflex 600
diffractometer with a Cu Ka X-ray source (4 = 1.54056 A) at a
scan rate of 0.01° 26 per second or a Bruker D8 Advance system with
a panoramic Soller slit and Cu Ka radiation at a step size of 0.01° 20
and a hold time per step of 0.1 s.

Scanning electron microscopy (SEM) images were obtained using a
Hitachi S4700 microscope at an acceleration voltage of 15 kV. The
SEM specimen was prepared by depositing the catalyst powder on
carbon tape on an SEM stub. Transmission electron microscopy
(TEM) micrographs were obtained using a JEOL 2100 Cryo TEM
with a LaB4 emitter at 200 kV. The powdered sample was added to
ethanol in a vial and sonicated for 30 min for dispersion. Then 10 uL
of the sample was dropped onto a copper grid, which was used to
obtain the TEM image. Energy dispersive X-ray fluorescence (XRF)
was performed on a Shimadzu EDX-700 spectrometer with a Rh X-
ray source. X-ray photoelectron spectroscopy (XPS) analysis was
performed using a Physical Electronics PHI 5700 spectrometer with a
monochromated Al Ko X-ray source to determine the binding energy.
Binding energies are given with respect to the Fermi energy, which
was calibrated using a metallic Ag standard. All samples were directly
measured on the FTO substrate. Samples have been heated in 0.5 Pa
O, at 400 °C for 1 h to remove carbonaceous species to avoid
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Figure 1. (a) PXRD patterns of Y,(Y,Ru;_,),0,_5 electrocatalysts (x = 0, 0.03, 0.2, 0.26, 0.34, and 0.42) and (b) the peak fitting of

Y,(Yq,Ruy5),0,_5 between 58° and 62° 2.

superposition the C 1s with Ru 3d emission (this is important as
otherwise the Ru 3d peak would be superimposed with the C Is
emission). Smoothened spectra of valence bands were performed for
better visualization of the changes using Origin Pro software.
Specifically, we used Lowess (locally weighted scatterplot smoothing)
in this study. The valence band center however was calculated using
the unsmoothened raw spectra, so the smoothening does not affect
the actual result. Electron paramagnetic resonance (EPR) data were
obtained at a temperature of 10 K under He, using a Bruker 10"
EMXPlus X-band continuous wave EPR. Data under both parallel and
perpendicular modes were recorded.

Preparation of Ink and Working Electrode for Electro-
chemical Measurement. Four milligrams of catalyst powder and 4
mg of Vulcan carbon XC-72 were ground together. The resulting
powder was added to 1 mL of tetrahydrofuran (THF, HPLC grade,
J.T. Baker) and 20 uL of 117 aqueous Nafion solution (5%, Sigma-
Aldrich) and then sonicated for 30 min in an ice bath to obtain a
homogeneous mixture. One mL of THF and 20 mL of Nafion were
mixed to obtain a blank solution. Then, 6 uL of the catalyst ink was
drop-cast onto a rotating disk electrode (RDE) and dried slowly to
form a uniform thin film on the working electrode. After the ink dried,
10 uL of blank solution was drop-cast on the working electrode and
dried in air to form a uniform thin film electrode.

Measurement of Electrochemical Performance. A homemade
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: 1 X 1
cm?), and a glassy carbon working electrode (surface area: 0.196
cm?). The electrolyte used is a 0.1 M HCIO, aqueous solution. The
electrolyte was purged with hydrogen gas until saturation, and then
the RHE was calibrated in H,-saturated electrolyte solution before
testing. After the calibration was done, the electrolyte was purged with
O, for 30 min, and all measurements were performed under that
condition. Cyclic voltammetry (CV) was measured at a scan rate of
10 mV/s between 1.1 and 1.8 V. The RDE rotating speed was set at
1600 rpm.

AC Impedance Measurement. Electrochemical impedance
spectroscopy (EIS) measurements were performed at a potential
higher than the onset potential of each of the catalysts (1.58 V), with
a frequency range from 1 X 10* to 0.1 Hz. For each test, 10 L of ink
was deposited onto the RDE. The impedance spectra were presented
in the form of Nyquist plots, having the real component of the
impedance on the x-axis (Z’) and negative of the imaginary
component on the y-axis (—Z”). The obtained data were fit using
ZView software. The equivalent circuit of EIS data consists of three
components: solution resistance (Rsol), charge transfer resistance
(R.), and double-layer capacitance (Cy).*' Constant phase element
(CPE) was used instead of double-layer capacitance (Cy) to account
for nonideality in the system.

Thermogravimetric Analysis of Oxygen Stoichiometry. The
average oxygen substoichiometries (8) of pyrochlore
Y,(Y,Ru,_,),0,_5 powders were determined using a home-built
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thermogravimetric analysis (TGA) setup equipped with an XPR6UDS
microbalance (Mettler-Toledo) and vertical tube furnace (Mellen).
The sample temperature was measured by an S-type thermocouple,
and the oxygen partial pressures were determined by a lab-built
Nernst-type zirconia oxygen sensor, placed close to the sample for
accurate measurement. The analysis was performed under a flowing
gas mixture of Ar/O, or Ar/H,/H,O regulated by mass flow
controllers (Alicat Scientific, Inc., USA), for precise control of pO,.
Both the buoyancy effect from temperature changes and the water
uptake while changing the gas from dry to humid could potentially
affect the accurate measurement of the solid mass. Therefore, their
values were measured separately and subtracted from the sample
measurement to calculate the mass changes deriving solely from
changes in oxygen stoichiometry. The buoyancy effect from the
temperature was corrected by using a reference alumina sample whose
mass does not change with temperature. Averaged oxygen
stoichiometries of the as-prepared powders at room temperature
were analyzed because this is the most relevant condition for
understanding the electrochemical performance. In a typical
procedure, powder samples were held at 500 °C for drying and
then cooled to 30—33 °C in a flow of Ar gas to obtain the initial
masses in dry form. The powders were then reheated to 700 °C in a
flow of Ar (where they remain pyrochlore) before switching
isothermally to a gas mixture of 0.15% H, balanced with Ar, which
was bubbled through water at 10 °C. The temperature of water in the
bubbler was controlled by a circulating bath (ARCTIC A25B
refrigerated circulators, ThermoFisher Scientific, USA) to set the
humidity and thereby control the pO,. Under these conditions, the
pyrochlore phase was not stable, and it underwent decomposition to
Ru and Y,0;, resulting in a large mass change as considerable oxygen
was lost. Each condition was held until the sample mass reached a
steady state. After the decomposition, the sample was reoxidized to
Y,0; and ~RuO, by switching the gas mixture back to Ar and
subsequently cooling.

B RESULTS AND DISCUSSION

Structure of Mixed Pyrochlore-Type Y,(Y,Ru,_,),0;_s.
Pyrochlore-structured Y,(Y,Ru;_,),0,_s was synthesized via
the sol—gel method. This method is advantageous over direct
solid-state synthesis, as it produces sub-micron-sized particles.
Compositions of these electrocatalysts were determined by
XREF (Table S2). In a typical pyrochlore structure, Y** is at the
center of an eight-coordinated dodecahedron, whereas Ru** is
in a six-coordinated octahedron. Under the synthesis
conditions used in this study, Y was successfully incorporated
into the Ru site to create defects. Figure la shows PXRD
patterns of the series of Y,(Y,Ru,_,),0,_s electrocatalysts. All
diffraction peaks of Y,Ru,0; (x = 0) can be assigned to the
cubic phase pyrochlore in the Fd3m space group. As Y cations
incorporated into the B-site, the diffraction peak began to
broaden and even split.

https://doi.org/10.1021/jacs.4c04292
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Figure 2. (a) CVs of Y,(Y,Ru,_,),0,_s electrocatalysts and plots of their (b) overpotential and (c) current density as a function of mole fraction

(x) of Y at the B-site.

For the Y,(Y,0;Rug47),05_5 sample, shoulder peaks were
observed, suggesting the pyrochlores have two different
dominant sizes of unit cells. When the x value increased to
0.2 in Y,(Yy,Rug5),0;5_s two sets of peaks became observable
(Figure 1b). The split in the XRD pattern is attributed to the
distortions in the cubic cell of pyrochlore. The low-angle peaks
represent the defected, B-site mixed pyrochlores, suggesting
dramatic changes occurring in structures. This result indicates
that the B-site mixed electrocatalysts exist in pyrochlore
structures, which were further analyzed by Rietveld refinement
of the powder diffraction pattern (Figure S1). The unit cell
lengths were calculated to be 10.246 A for the defect-
dominated forms and 10.148 A for the less defected form of
Y,(Yy,03R0967),0;_s Similarly, the unit cell length of 10.292 A
is for the defected and 10.178 A is for the less defected form of
Y,(Y,,Ruy5),05_5 As the ionic radius of Y3* (1.011 A) is
larger than that of Ru** (0.62 A), the smaller cell parameter
indicates low-level incorporation of Y** on the B (Ru) site,
whereas a larger cell parameter indicates an appreciable
amount of Y>* on the B (Ru) site. We observed that when
the x value increased to about 0.26, the mixed pyrochlore
phases still dominated and were fit to two different cubic
pyrochlore structures using the Rietveld refinement. The XRD
patterns could be fit using the Rietveld refinement to two
different cubic structures, which we attributed to distorted
pyrochlores with a range of defect levels that appeared at two
broad diffraction angles. A new orthorhombic phase was
detected by PXRD when the x value increased to 0.34 (Y,(Y 4
Ruges),07_5) or higher. The SEM image shows these
electrocatalysts were made of granular and sub-micrometer-
sized uniform particles (Figure S2). TEM micrographs exhibit
an increase in d-spacing from 2.76 A for x equal to zero (cubic
Y,Ru,0;) to 2.95 A for x equal to 0.42 in this series of
Y,(Y,Ru,_,),0,_s electrocatalysts (Figure S3). This observed
change in d-spacing with increasing Y content agrees well with
the XRD results, in which the relevant diffraction peaks shifted
toward lower angles. A TEM study also indicates all solid
electrocatalysts are highly crystalline.

OER Electrocatalytic Performance in Acid. Perform-
ances of these electrocatalysts were studied by using the three-
electrode system with RDE as the working electrode. Figure 2a
shows the polarization curves of Y,(Y,Ru,_,),0,_sin a 0.1 M
HCIO, aqueous electrolyte. The results show initially that the
OER activity increases with the increasing amount of Y at the
B-site, reaching the highest current density (j) at the Y/Ru
atomic ratio of 1/4 (or 0.2/0.8) on the B-site. This observation
suggests the incorporation of a large Y** cation into the B-site
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changed the crystal structure in a way that accelerates the OER
kinetics. When the Y/Ru atomic ratio further increased to 0.3/
0.7, the OER activity started to decrease. Figure 2b shows the
change in overpotential as a function of atomic fraction of Y at
the B-site (x) at a current density of 10 and 30 mA/cm?
respectively. Tafel analysis shows that the Y,(Yy,Ruy5),05_s
electrocatalyst has a smallest Tafel slope (Figure S4). The
trend in Tafel slope is in good agreement with that in OER
overpotential for these B-site-mixed pyrochlore electrocata-
lysts. As the morphology and particle sizes of these
Y,(Y,Ru;_,),0,_s pyrochlores are similar, this observation
suggests that the change of the reaction kinetics could stem
from their electronic structure. Figure 2c illustrates the
relationship between mole fraction of Y at the B-site and
current density at two different overpotentials, showing a
volcano shape with maximum performance at x equal to 0.2.
The chronopotentiometry plot exhibits that the
Y,(Yo,Ruy3),0;_5 electrocatalyst is stable for at least 60 h,
determined at a current density of 10 mA/cm?* (Figure S5).
We measured the CV curves in the nonfaradaic potential
region between 1.13 and 1.23 V vs RHE at scan rates of 10, 20,
30, 40, 50, and 60 mV s~!, respectively, to determine the
double-layer capacitance Cy values (Figure S6). The Cy values
were obtained from the slope in the plot of current density
differences (Aj/2) as a function of scan rate at 1.18 V vs RHE
(Figure S7). The results show these electrocatalysts have close
Cq values between 2 and 3 mF cm™2 although the
Y, (Yo03Ru097),07_s electrocatalyst exhibits the largest Cy of
2.93 mF cm™?, followed by Y,(Y,,Ruy5),0,_5 (2.73 mF cm™2)
and Y,Ru,0, (2.31 mF cm™2).This analysis further indicates
that electrochemical surface area (ECSA) does not significantly
contribute to the volcano-shaped performance trend of these
defect-engineered pyrochlore ruthenates. Electrochemical
impedance spectroscopy measurement was performed to
understand the OER catalytic property. Figure 3 shows the
Nyquist plots of Y,(Y,Ru,_,),0,_s electrocatalysts measured
at 1.58 V in 0.1 M HCIO,. The corresponding equivalent
electrical circuit comprises solution resistance (R,,;), charge
transfer resistance (R.), and double-layer capacitance (Cy),
and the results are summarized in Table S3. The R, value
shows a strong correlation with the OER performance, with
Y,(Yy,Ruy5),0;_s exhibiting the lowest R, value of 8.278 Q,
followed by Y,(Yy03Rupe7),07_5 (9.265 Q) and the parent
compound Y,Ru,0,_s (13.79 Q). It appears that
Y,(Yo,Rug5),0;_5 has the lowest resistance to charge transfer,
which might contribute to the enhanced catalytic activity.”"
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Figure 3. Nyquist plots of Y,(Y,Ru,_,),0,_s electrocatalysts at 1.58 V
in 0.1 M HCIO,, Increasing frequency (@) direction is indicated. The
solid line represents equivalent circuit fit.

Study of Structure—Property Relationship Using XPS,
EPR, and TGA. XPS survey spectra was recorded in the
binding energy (BE) range between 1 and 1400 eV to analyze
the surface composition of these electrocatalysts (Figure S8).
Figure 4 shows XPS spectra in the Ru 3d region for both the

Ru3d

N

B k.?}f_
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Figure 4. XPS spectra in the Ru 3d region of the Y,(Y,Ru,_,),0,_s
electrocatalysts.

parent compound and B-site-engineered Y,(Y,Ru,_,),0;_s
electrocatalysts. The peak centered at 282 eV is about 1 eV
higher than that of Ru*" in RuO,. This difference comes from
the metallic behavior of RuO, and the semiconducting one of
Y,(Y,Ru;_,),0,_s. With increasing Y substitution, an addi-
tional peak at 283.7 eV evolved, which can be assigned to a
higher oxidation state. The observation of two XPS peaks at
282 and 283.7 eV, respectively, indicates the presence of two
Ru oxidation states in the defect-engineered pyrochlore
electrocatalysts. In Figure S9, Y 3d peaks are centered at
158.5 and 156.5 eV that resemble those of Y 3d;/, and 3d;,.
The Y 3d peaks exhibit only some broadening with increasing
Y content, but no clear asymmetry is observed. Y remains 3*
independent of the amount on the B-site. The difference in
binding energy of the regular Y on the A-site and that on the
Ru site (B-site) is evidently too small to be resolved. The O 1s
spectra show no major changes with increasing Y content
(Figure S10). A concurrent broadening is also observed in the
O Is spectra, indicating that it is not related to changes of
chemical valences.

Electron paramagnetic resonance spectroscopy was per-
formed to determine the oxidation state of Ru species in parent
compound Y,Ru,0,_; and defect-engineered pyrochlore
Y,(Yo,Rug5),05_s electrocatalysts (Figure S). The EPR

spectra show that Y,Ru,0,_s does not exhibit prominent
features in the perpendicular mode, whereas
Y,(Yo,Rug5),0,_5 has a zero-crossing feature (Figure 5a).
Well-defined peaks could be detected for both the parent and
B-site mixed pyrochlores in a parallel mode (Figure Sb). This
result indicates that while it mainly has one valence state in
Y,Ru,0,_5, the Ru cation has mixed valence states in the
defect-engineered Y,(Yo,Rugg),0,_s electrocatalyst. Assuming
an octahedral ligand field for the Ru cation in Y,Ru,0,, the
zero-crossing feature should be observed for the species with
integer spin number S in paralle]l mode of the EPR spectrum
(Ru*, S = 1) (Figures Sc), while a half-integer spin species is
active in the perpendicular mode measurement of EPR (Ru*",
S = 3/2) (Figure 5d). Thus, the EPR data in parallel mode
indicate that Y,Ru,0,_s largely has an integer spin system,
which is Ru** (S = 1 for low-spin state and S = 2 for high-spin
state). For the perpendicular mode, the EPR measurement is
expected to show signals for the S = 1/2 or 3/2 spin system
which observed in Y,(Y,Rugg),07_5 A large g value and
broad EPR signal indicate a spin—orbit coupling of Ru, and the
unpaired electron is Ru centered.’” Collectively, the EPR data
confirm the presence of the Ru®* oxidation state only in
Y,(Yy,Ru5),07_5 The existence of a similar zero crossing
feature for the electrocatalysts indicates that both Y,Ru,0,_5
and Y,(Yy,Rugg),0-_s have a Ru** oxidation state. Thus, the
observed enhancement in OER activity can be attributed in
part to the mixed valence of Ru (4*/5*).***%3765

We further examined the valence band position for Ru in
this series of defect-engineered pyrochlore electrocatalysts
based on XPS analysis. As the mole fraction of Y substitution at
B-site increases, the valence band center moves toward high
BE values (Figure 6a). The raw valence band spectra are
presented in Figure S11. The valence band center, Vy, of an
electrocatalyst is calculated using the following formula:*°

~ [f(B)E dE
~ [f(B)dE )

Substituting the Ru cation with Y** shifts the band center to
higher binding energy. The relationship between the valence
band center position with respect to the Fermi level and the
OER activity exhibits a volcano-shaped plot (Figure 6b). The
downshifting of this band center of Ru reduces the adsorption
energy of intermediates. This change in electronic structure
results in the decrease in the band center for the Ru d-electron
and O p-electron overlap, which results in the increase of Ru—
O covalency. Increased Ru—O covalency accelerates electron
transfer between the Ru cation and O adsorbates and helps
extraction of an electron from oxygen, resulting in improved
oxygen evolution kinetics.””**

Further downshift in the band center from
Y,(Yg,6Ru474),05_5 resulted in lowered OER kinetics. This
decrease can be explained based on an electron interaction
model where bonding and antibonding states are generated
between the Ru d-band and O p-band.””~"" The downshifted
d-band center makes more antibonding states below the Fermi
level, which results in Pauli repulsion and thereby weakened
bond strength.”' Therefore, the electrocatalysts can effectively
adsorb neither water molecules nor the intermediates, resulting
in the loss of the OER activity. This finding strongly suggests
that modulation of the valence band through defect engineer-
ing should be done in such a way that the d-band center
distance needs to be optimal from the Fermi level for defect-
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Figure 6. (a) Analysis of the Ru valence band and (b) the OER activity-band center relationship for electrocatalysts of defect-engineered

pyrochlore Y,(Y,Ru,_,),0,_s.

engineered complex oxides to exhibit the highest catalytic
activity.

Besides the cations, we carefully examined the oxygen defect
chemistry in these pyrochlore electrocatalysts. Figure 7 displays
the TGA data collected on three samples with varying Y/Ru
ratios in Y,(Y,Ru,_,),0,_s where x is equal to 0.03, 0.20, and
0.26, respectively. The black, red, and blue curves represent the
mass change in response to temperature and oxygen partial
pressure changes, sample temperature, and the log of oxygen
partial pressure, respectively (Figure 7a—c). Expected pO,
values below 700 °C are shown as dotted lines, since the
Nernst-type O, sensor does not function well at low
temperatures. When the pyrochlore powders were heated to
700 °C in dry Ar and switched to a H,/Ar mixture, minor
spikes in pO, were observed due to the residual O, gas in the
gas line accompanying switching the gas from dry Ar to wet Ar
and from wet Ar to a wet H,/Ar mixture; these temporary
sharp changes in pO, do not affect the results.

18529

Note, in this experimental design pyrochlore samples were
decomposed to Y,0; and Ru at 700 °C and in the presence of
a humid 0.15% H, and 99.85% Ar mixture. Yttrium oxide
(Y,0,) is stable at 700 °C above a pO, of ~107>° atm,”” and
the Ru-RuO, pO, boundary is 9.9 X 10™® atm at 700 °C, with
Ru metal forming below this pO,.”* At this temperature and
H,/H,0 ratio of 0.124, the pO, value was determined
experimentally using the Nernst-type sensor to be (2.1-5.8)
X 107" atm, which agrees well with the theoretical value of 1
X 107" atm. After the decomposition step, the sample was
reoxidized to Y,0; and RuO, by switching the gas mixture
back to Ar (CAUTION: A controlled reoxidation was done to
avoid possible ignition). Figure S12 shows the XRD patterns
after the decomposition and subsequent reoxidation steps in
the TGA test. These data confirm the formation of Y,05 and
RuO, phases after reoxidation (vs Y,O; and Ru under the
decomposition conditions at lower oxygen partial pressure).
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Figure 7. TGA decomposition study to determine the average room-temperature oxygen substoichiometry (5) of Y,(Y,Ru;_,),0,_s
electrocatalysts, where x is equal to (a) 0.03, (b) 0.2, and (c) 0.26. (d) Average room-temperature, as-prepared oxygen stoichiometry as a

function of the amount of Y substitution at the B-site.

The oxygen stoichiometry was determined by comparing the
mass of dried pyrochlore powder with that of the Ru and Y,0;
mixture after the decomposition step in H,/H,O/Ar at 700
°C, accounting for the buoyancy and any hydration effects.
The oxygen stoichiometry of Y,(Y,Ru,_,),0,_s is determined
using the corrected values based on the following equations:

my —m

setup
yro =
1+ x)MY203 + (2 = 2x)My, (5)
5 4 3 Mo, 4 + msetup - my
= — 3x —
Mo X nypo (6)

where nypo is the amount of Y,(Y,Ru,_,),0,_5 powder
(mmol), my is the mass (mg) after the decomposition,
My, is the molar mass of Y,0; (225.81 g/mol), My, is the
molar mass of Ru (101.07 g/mol), x is the Y dopant ratio, x in
Y,(Y,Ru,_,),0,_s & is the average oxygen nonstoichiometry of
Y,(Y,Ru,_,),0;_s m,q is the dried powder mass before the
decomposition at room temperature, M, is the mass change
from the setup of the instrument, including buoyancy and
proton uptake effects, and M is the molar mass of oxygen
(15.999 g/mol). From the measured reduction in mass due to
the oxygen loss during the decomposition step, the initial
average oxygen stoichiometries at room temperature in the
three pyrochlore samples were calculated to be
Y,(Yo.03Ru9.97),06.62, Y2(Yg,Rug5),0459, and
Y,(Yy3Rug7),066, (Figure 7d). In this setup, the mass change
due to oxygen loss can be very precisely determined. The large
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error bars on delta are due to the uncertainty of the cation
composition determined by XRF (+2% uncertainty in Y and
Ru content).

Our results indicate that although these Y,(Y,Ru,_,),0,_s
electrocatalysts are all significantly oxygen deficient, the
concentration of oxygen vacancies is already high at x = 0.03
and does not increase with the further addition of Y to the B-
site. This consistent oxygen stoichiometry as Y is increasingly
substituted at the B-site suggests that the Y%, acceptors are
primarily electronically compensated, e.g, with Ru’* as Rug,,
as supported by XPS and EPR results, not ionically by oxygen
vacancies, vgy. Additionally, the degree of average oxygen
substoichiometry is much higher than the amount expected
from pure ionic compensation of Y alone. The oxygen
deficiency indicates the presence of other acceptors or
structural vacancies in a defect-ordered structure. These
oxygen vacancies should greatly affect the active sites for
OER and alter the adsorption and desorption mechanisms
between electrocatalysts, reactants, and intermediates, through
the changes in the bulk properties, such as electronic structure
and conductivity, and thus the improvement of charge transfer
kinetics.”®”*

The excess of trivalent Y, which substitutes for tetravalent
Ru, corresponds to acceptor doping. This doping can be
compensated in different ways, either ionically, as in Y-
stabilized ZrO,, or electronically. The latter can be achieved
either by removing an electron from the valence band, i.e., by
moving the Fermi energy into the valence band (rigid band
model), or by trapping of holes on either oxygen or ruthenium

https://doi.org/10.1021/jacs.4c04292
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Y,(Y,Ru,_,),0,_s electrocatalysts.

and (b) the lattice oxygen vacancy as activation structures for the OER activity of defect-engineered

(hole polaron formation). Our XPS valence band and Ru 3d
data clearly reveal that the compensation of the acceptors is
achieved by partial oxidation of Ru from 4+ to 5+. As the high
binding energy shoulder of the O 1s emission also increases
slightly with increasing Y content, some hole trapping on O
may also contribute to charge compensation. Consistently, the
TGA data reveal no increase in oxygen vacancy concentration
with increasing Y amount, further providing support of the
electronic rather than ionic compensation in this series. High
valence states of Ru may give rise to enhanced catalytic activity
through promoting charge transfer between O 2p and Ru 4d
bands.*® Previously, mixed valence oxides were observed in
MnO,_s (Mn*/Mn*"), which show higher catalytic activity
than its single valence oxide counterparts.”>”® Similarly, defect
engineering of Ru*" and Ru’" oxidation states could be an
effective way to create the optimized compositions for
Y,(Y,Ru,_,),0,_s to have a high activity. The mixed valences
associated oxygen defects were indeed shown to play
significant roles in OER.**”" Qur convergent structure—
property relationship studies indicate the coexistence of Ru*"
and Ru** in Y,(Y,Ru,_, ),0,_s favors the overall OER that
involves both Ru*/>* active and oxygen defect active sites
(Figure 8). We hypothesize that the existence of multiple
valences in Ru cations provides more than one advantage, as
the OER involves the exchange of “O™ anions through the
reaction with redox couple of Ru**/Ru*": Ru** + O*~ < Ru**
+ O~ (Figure 8a). The existence of these two valence stages at
the optimal overall compositions results in band energy and
overall composition stability due to the dynamic nature of the
OER process.”® Our valence band study indicates that the
optimal band center is about 1.27 eV below the Fermi level. In
addition, a mixed valence compound contains a higher number
of oxygen defects in the catalysts, as shown in our oxygen
stoichiometry analysis of these Y,(Y,Ru;_,),0,_s; electro-
catalysts (Figure 7). The high level of oxygen defects provides
abundant vy sites for intermediates in all three defect-
engineered Y,(Y,Ru,_,),O¢s pyrochlores for promoting the
lattice oxygen mechanism (LOM)”’ and favored electro-

philicity for proton release and hydroxyl oxidization (Figure
gb).+50

B CONCLUSION

The relationship between key structure factors (i.e., valence,
electronic band center and oxygen vacancy) and OER catalytic
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performance of the OER is often complex and interdependent,
which is challenging for obtaining viable design parameters
using computer simulation tools. It is particularly difficult to
examine the complex oxides with varied and coexisting valence
states that are now experimentally observed in electrochemical
processes, including the OER reactivity. Using a defect-
engineering approach, we experimentally uncovered the
optimal compositions through controlled site mixing and
studies of the structure—property relationship, particularly
detailed valence band and oxygen defect chemistry analyses.
The presence of higher valence cations (i.e., Ru®*) impacts the
electronic structures, influencing the catalytic activity. Exper-
imentally, the optimal OER performance for the B-site, defect-
engineered pyrochlore yttrium ruthenate system can be
designed, and Y,(Y,,Ru,s),0¢6 which has a valence band
center at ~1.27 eV below the Fermi level, was found to be the
most active OER catalyst with a good stability. This study
points to an effective synthetic strategy to experimentally
design and identify the optimal composition of OER
electrocatalysts by modulating active site oxidation state,
oxygen vacancy, and band center position.
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Chemicals

Yttrium (III) nitrate hexahydrate (Y(NOs);-6H,O, 99.8%), Ruthenium (III) nitrosyl nitrate
solution in dilute nitric acid (Ru (NO)(NO;)x(OH)y, 99.9%), Nafion® 117 solution (~5%) were
purchased from Sigma-Aldrich. Citric acid monohydrate (CcsHsO, H,O, 99%) was bought
from Fisher Chemical. Veritas® double distilled perchloric acid (HCIO,, 70%) was obtained
from GFS Chemicals. Tetrahydrofuran (THF) was obtained from Macron Fine Chemicals.
Vulcan carbon XC-72 was purchased from Cabot Corporation. Hydrogen (H., 99.999%) and
oxygen (0., 99.999%) were supplied by Airgas, Inc. Carbon paper (Sigracet 29 BC) was
purchased from Fuel Cell Store. All chemicals and gases were used without further
purification. Deionized (DI) water was obtained after passing through Barnstear E-pure

water purification system (18.2 MQ-cm resistivity, Thermo Fisher Scientific).
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Figure Si1. Rietveld refinement of X-ray diffraction patterns of Y.(YxRuix).O0;-s
electrocatalysts with x equal to (a) o, (b) 0.03, (¢) 0.20, (d) 0.26, (e) 0.34, and (f) 0.42,
respectively. The red trace is the overall fitted pattern, the black trace is the experimentally
recorded pattern, the grey trace is the difference between measured and fitted pattern.
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Figure S2. SEM images of Y.(YxRu.x).O;-5 electrocatalysts with x equal to (a) o, (b) 0.03, (c)
0.20, (d) 0.26, (e) 0.34, and (f) 0.42, respectively.
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d=0.278 nm
4

Figure S3. TEM micrographs of Y,(YxRu.x).O5-5 electrocatalysts with x equal to (a) o, (b)
0.03, (c) 0.20, (d) 0.26, (e) 0.34, and (f) 0.42, respectively.
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Figure S4. Tafel plot of Y>(YxRu.x).O5-5 electrocatalysts with x equal to (a) o (YRO), (b) 0.03,
(c) 0.20, (d) 0.26, () 0.34, and (f) 0.42, respectively.
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Figure S5. Chronopotentiometric analysis of Y.(Yo.Ruos).0;5 electrocatalysts in 0.1 M

HCIO, on carbon paper, exhibiting a stable potential over 60 h. The dip in the plot indicates
the change of electrolyte.
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Figure S6. CV curves of Y,(YxRuix).O;-5 electrocatalysts in 0.1 M HCIO, in the potential
range of 1.13-1.23 V vs. RHE at a scan rate of 10, 20, 30, 40, 50 and 60 mV s, respectively. The
subscript of x is (a) o (Y,Ru,O;5), (b) 0.03, (¢) 0.20, (d) 0.26, (e) 0.34, and (f) 0.42,
respectively. The color codes of scan rate are the same for all panels.
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Figure S7. Plot of current density differences (Aj/2) vs. scan rate at 118 Vvs. RHE of Y»(YxRu.-
x)-05-5 electrocatalysts. The double-layer capacitance Cqi is equivalent to the slope.
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Figure S8. XPS survey scans of Y»(YxRuix).O;-5 electrocatalysts. Weak Na, Zn and Pb signals
were detected in the specimen, which do not affect the analysis of Ruand Y cations.
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Figure Sg. XPS spectra in the Y 3d region of Y»(YxRui«).O;-5 electrocatalysts.
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Figure S10. XPS spectra in the O 1s region of Y,(YxRu.«).O;.5 electrocatalysts.
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Figure S11. Raw spectra of valence bands for Y.(YxRu«).O-- 5 electrocatalysts.

S13



AL L
Lo ——x=0.03
E | I:
0 I [
c 4 1 I|
K. Lo !
£ 1" !
x=0.2
2
7]
c
3_ I
£ |
| —x=0.26
2 |
7] 1
c
3 i
= " .
(N} 1
20 40 60 80 100

20 (degree)

Figure S12. X-ray diffraction patterns after decomposition and subsequent re-oxidation of
defect-engineered pyrochlore Y.(YxRuix).O;-s electrocatalysts, where x is equal to 0.03, 0.20,
and 0.26, respectively. R denotes the diffraction from RuO, and Y denotes the diffraction
from Y,O;.
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Table Si. Yttrium and ruthenium precursor amounts for preparing Y.(YxRuix).O7-5
electrocatalyst series.

Sample (nominal ratio) Y(NO;);-6H..0 (g) Ru (NO)(NO;) x(OH)y (mL)
Y>Ru.O; 5 0.383 6.174
Y2(Yo.Ruo0.)-057-5 0.4213 5.556
Y2(Yo.2Ruo8).07-5 0.4596 4.938
Y,(Yo3RU07)205-5 0.4979 4.321
Y2(Yo4Ru06).07-5 0.5362 3.704
Y.(Yo.sRu65).05-5 0.5745 3.086
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Table Sz. The atomic ratio between Y and Ru cations based on XRF measurements.

Sample (nominal ratio)

Y: Ru (measured)

Sample (actual ratio)

Y.Ru,O..5 49.50: 50.49 Y>Ru.0;-5
Y>(Yo.Ruo6,4)-07-5 51.50: 48.49 Y>(Yo.03RU0.97)-07-5
Y2(Yo.2Ru08).07-5 59.80: 40.19 Y>(Yo.Ruo08).05-5
Y.(YosRU0.7):05-5 62.94: 37.05 Y>(Yo.26RU0.74)207- 5
Y2(Yo.4RU06)-07-5 66.78: 33.22 Y.(Yo34RU0.66)-07-5
Y2(Yo.5RU0.5)205-5 70.14: 29.85 Y.(Yo.42Ru0.58)-0- 5
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Table S3. EIS analysis of Y,(YxRu.x).O;- 5 electrocatalysts at 1.58 V in 0.1 M HCIO,, aqueous
solution.

Electrocatalyst Rso1 (Q) R« () | CPE-P,n | CPE-T

Y-Ru,0O7-5 31.65 13.79 0.8151 0.001459
Y2(Yo.03RU0.97)-07-5 | 30.02 9.265 0.8586 0.000760
Y2(Yo.2Ru08).05-5 26.92 8.278 0.8765 0.000691
Y>(Yo.26Ru0.74)-07-5 | 30.29 12.49 0.7440 0.000972
Y2(Yo34RU0.66):07-5 | 29.52 19.05 0.8301 0.000509
Y2(Yo.42R00.58).07-5 | 29.53 27.8 0.8109 0.000544
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