Perovskite-Type Solid Solution Nano-Electrocatalysts
Enable Simultaneously Enhanced Activity and Stability

for Oxygen Evolution
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A trade-off between catalytic activity and structural stability generally exists
in oxygen evolution electrocatalysis, especially in acidic environment. This
dilemma limits the development of higher-performance electrocatalysts
that are required by next-generation electrochemical technologies. Here it is
demonstrated that the inverse catalytic activity—structural stability relation
can be broken by alloying catalytically inert strontium zirconate with the
other catalytically active perovskite, strontium iridate. This strategy results
in an alloyed perovskite electrocatalyst with simultaneously improved
iridium mass activity and structural stability, by about five times, for the
oxygen evolution reaction under acidic conditions. The experimental and
theoretical results suggest that the alloying strategy generates multiple
positive effects, mainly including the reduction of catalyst size, the decrease
of catalyst covalency, and the weakening of surface oxygen-binding

ability. The synergistic optimization of bulk and surface properties, as a

The oxygen evolution reaction (OER) is
an electrochemical process, on which
many energy conversion/storage systems
depend, such as electricity/light-driven
water splitting and emerging electroreduc-
tion of nitrogen and carbon dioxide.l-*!
The OER, taking place at the anode in
these systems, is always associated with
considerable overpotentials and thereby
large energy losses. Thus, facilitating the
OER process with suitable electrocatalysts
at the smallest possible overpotentials
is one of the essential needs of next-
generation electrochemical technologies.
This requirement has motivated some
theoretical and experimental studies on
understanding the electrochemical activity

result, enhances the intrinsic activity and availability of surface iridium
sites, whilst significantly inhibiting the surface cation corrosion during

electrocatalysis.
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of catalyst materials and rationalizing
their activity trend. These fundamental
knowledge provides some activity descrip-
tors (e.g., orbital occupancy and binding
energy between active site and key inter-
mediates)—the readily accessible struc-
tural/electronic factors that are strongly correlated with catalytic
activity; and further accelerates the search for more active cata-
lysts.>~8] While some progress in recent years has been made
in optimizing the OER activity, the trade-off between catalytic
activity and structural stability (i.e., catalyst dissolution or cor-
rosion) is still difficult to resolve, especially for acidic oxygen
evolution electrocatalysis.’¥] The inverse catalytic activity—
structural stability relation as a general phenomenon has been
well-established in several catalyst systems for the acidic OER,
and is controlled by both the intrinsic properties and surface
defects of catalysts. For example, IrO,, the benchmark OER
catalyst under acidic conditions, has lower catalytic activity but
higher structural stability than RuO,. Thus, a major challenge
in acidic OER electrocatalysis lies in developing suitable strate-
gies to simultaneously optimize catalytic activity and structural
stability of the material.

To this end, we chose perovskite-type strontium iridate
(SrIrO;) as a model material. The SrlrO; thin film with self-
reconstructed surfaces was reported recently to show the best
specific catalytic activity for the acidic OER, in terms of cata-
lytic currents normalized by the catalyst's surface area.l”! Nev-
ertheless, this perovskite material is still in the predicament
of activity-stability trade-off: its high catalytic activity at the
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expense of its easy corrosion.!¥ Additionally, until now SrirO;
can only be prepared in the forms of thin films supported on
catalytically-inert perovskite substrates!®"] and free-standing,
micrometer-scaled particles.®! As a result, this perovskite mate-
rial typically suffers from low surface areas and limited avail-
able catalytic active sites, which are detrimental to transferring
its good specific activity to a real electrocatalyst with high mass
activity. Therefore, the ability to structurally optimize perovskite
catalysts at the nanoscale is of vital importance in our pursuit to
develop higher-performance OER catalysts with improved both
activity and stability.

Herein, we report the alloying of catalytically inert SrZrO;
(SZ0) in SrIrO; (SIO) to generate a novel perovskite-type solid
solution electrocatalyst for efficiently electrocatalyzing the
acidic OER. The alloying strategy is found to exert multiple
positive effects on bulk and surface properties of the material,
including the reduction of catalyst size, the decrease of catalyst
covalency, and the weakening of surface oxygen-binding ability.
The synergetic optimization of bulk and surface properties
makes this electrocatalyst exhibit excellent catalytic activity for
OER yet show significantly inhibited surface cation dissolution.

We synthesize micrometer-sized SIO particles based on our
recently-reported experimental procedures with some modifi-
cations,™® and a series of continuous SZO-SIO solid-solution
perovskites over the entire compositional range under the same
conditions (see Figures S1 and S2 and Table S1 in the Sup-
porting Information). The experimental details are provided in
the Supporting Information. Among the samples we synthe-
size, the solid solution perovskite with a Zr:Ir atomic ratio of 1:2
is demonstrated to exhibit the optimum catalytic performance
(see discussion later). So this particular perovskite material,
denoted as SZIO hereafter, is studied primarily in this work.

Figure 1a shows X-ray diffraction (XRD) patterns of SZO,
SIO, and SZIO. The SZIO has a similar XRD pattern with SZO
and SIO, demonstrating its solid solution perovskite structure
without other impurity phases. Further comparison of the XRD
patterns reveals that SZIO shows a shift of diffraction peaks to
the smaller diffraction angles compared with SIO (Figure S2,
Supporting Information), demonstrating a slight expansion of
perovskite framework after the SZO alloying. This phenomenon
can be explained by the fact that the radius of Zr* ions (72 pm)
is larger than that of Ir* ions (63 pm). Additionally, the XRD
peaks of SZIO appear broader than those of SIO and SZO,
indicating the smaller particle size of SZIO. The transmission
electron microscopy (TEM) images (Figure 1b; Figure S3, Sup-
porting Information) shows that the SZIO contains perovskite
nanoparticles with an optimal distribution size of about 19 nm.
In contrast, the particle sizes for SIO and SZO are found to be
around 1 pm and 50-100 nm, respectively (Figures S4 and S5,
Supporting Information). Such an alloying-induced grain refine-
ment was also observed in other solid solution systems due to
the modified crystal nucleation/growth behaviors.'>?% The high-
resolution TEM (HRTEM) image of SZIO, together with the fast
Fourier transform (FFT) image, shows characteristic interplanar
spacings of 0.289, 0.289, and 0.287 nm, which correspond to the
(121), (121), and (200) crystallographic planes of perovskite struc-
ture (Figure 1c). The elemental mapping images of SZIO show
that the Sr, Zr, and Ir elements are homogeneously distributed
over the sample (Figure S6, Supporting Information).

To get more microstructural information about iridium
atoms in SZIO, we investigate this material by X-ray absorp-
tion spectroscopy (XAS). Figure 1d presents the Ir L; edge X-ray
absorption near edge structure (XANES) spectra of SZIO and
SIO, which arise from the electronic transition from occupied
O 2p to empty Ir 5d states. The white-line energy position of
SZI0 shows a little weaker peak intensity compared to that of
IrO,, suggesting a slightly lower oxidation states of iridium in
SZIO. The result is also supported by XPS analysis (Figure S7,
Supporting Information), in which the Ir 4f XPS peaks of SZIO
present slight shifts toward higher binding energy as com-
pared with those of IrO,.2!l An enlargement of the white lines
(Figure 1d, inset) shows that SZIO gives a little lower peak posi-
tion and weaker peak intensity than SIO, indicating a higher
electron density at Ir sites in SZIO relative to SIO. Figure le
presents the extended X-ray absorption fine structure (EXAFS)
spectra of SZIO and SIO. The main peak assigned to Ir-O bond
is observed for both SZIO and SIO, whereas the other peak
associated with Ir-M bond (M = Zr and Ir) is only observed for
SZIO. Similar local metal-metal bonding was also observed in
defect-enriched perovskite systems.??l Additionally, the weak-
ened intensity of the first shell implies a lower coordination
number (CN) of iridium in SZIO. To more specific, iridium
has a CN of 4.4 for SZIO, which is lower than that of SIO
(CN = 6) (Figure S8 and Table S2, Supporting Information).
The above results overall demonstrate that the alloying of SZO
in SIO significantly changes not only the geometric dimension
but also the microstructural environment of the material, and
the resulting SZIO is such a nanomaterial that possesses some
coordinatively unsaturated iridium sites and oxygen vacancies
as well as serious local structural distortions (Figure 1f).

Next, we investigate the electrocatalytic activities for OER of
SZO-SIO solid-solution perovskites with different Zr:Ir molar
ratios in acidic media (see detailed electrochemical measure-
ments in the Supporting Information). As shown in Figure S9
in the Supporting Information, the SZIO (Zr:Ir = 1:2) displays
the highest electrocatalytic geometric activity (the measured
current normalized by geometric area of the electrode) for OER
among these SZO-SIO solid-solution perovskites. This result
is also consistent with the analysis of Tafel plots in Figure S10
in the Supporting Information. Their intrinsic activities are
further compared by normalizing the measured currents with
pseudocapacitive charges (Qs), electrochemical surface areas
(ECSAs), and Brunauer-Emmett-Teller (BET) surface areas in
Figures S11-S16 in the Supporting Information. These compar-
ison shows that the intrinsic activity of SZO-SIO solid-solution
perovskite increases with the Zr:Ir atomic ratio to a maximum
at 1:2, beyond which the electrocatalytic activity for OER begins
to decrease. The above results overall demonstrate that the solid
solution perovskite with a Zr:Ir atomic ratio of 1:2 (i.e., SZIO)
is the most active catalytic material among the samples we
synthesize.

In order to further evaluate the acidic OER performance of
SZ10, SZO, SIO, and IrO, are also studied as the reference
materials. Figure 2a shows their polarization curves for OER.
As expected, SZO is totally inert, and other iridium-containing
materials exhibit considerable catalytic activities for OER. For
instance, SZIO gets a geometric current density (the current
normalized by geometric area of the electrode) of 75 mA cmge,
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Figure 1. a) XRD patterns of SZO, SZIO, and SIO. b) TEM image of SZIO. c) HRTEM image of SZIO. Inset: the corresponding FFT image. d) XANES
spectra of Ir foil, SZIO, SIO, and IrO,. Inset: the enlargement of the white lines of SZIO and SIO. e) Fourier transform of K>-weighted Ir L; edge EXAFS
spectra of Ir foil, SZIO, SIO, and IrO,. f) Schematic illustration the structures of SIO and SZIO.

at 1.53 V (or 300 mV overpotential), which is almost three and
fifteen times higher than those of SIO and IrO,, respectively.
This result reveals that the alloying of inactive SZO significantly
enhances the apparent oxygen evolution activity of SIO. SZIO
and SIO give the smaller Tafel slopes of 43 mV dec™! than IrO,
(63 mV dec™), supporting their better OER activities than the
latter (Figure S17, Supporting Information). The Tafel slopes
around 40 mV dec™! for SZIO and SIO suggest that their rate-
determining step is the transformation from adsorbed OH specie
to adsorbed O specie: M-OH — M-O + H* + €7, where M stands
for the active site. The Tafel slope of IrO, around 60 mV dec™!
corresponds to the rate-determining step that involves the water
adsorption to form adsorbed OH specie and the successive
energy optimization: M + H,0 — M-OH + H' + .23

Additionally, we compare the apparent catalytic activity of
SZIO with some existing, highly efficient iridium-based
oxygen evolution catalysts, based on the required over-
potential (77) at 10 mA cmg,” As shown in Figure 2b,
SZIO requires a lower overpotential (240 mV) to achieve
10 mA cmg, 2 current density than most of other previously-
reported Ir-containing oxygen evolution materials, including
nanostructured metallic iridium-based catalystsi?*! and oxide-
type catalysts with various crystal structures.!'®32-3 Besides the
apparent catalytic activity, the iridium mass activity (evaluated at
a potential of 1.53 V) of SZIO is also compared with the previ-
ously-reported, representative catalysts. As shown in Figure 2c,
SZIO gives an iridium mass activity of 1540 A g}, which is
about thirty-nine times higher than that (39 A g, ™)) of IrO, and
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Figure 2. a) Polarization curves for OER of SZIO, SIO, SZO, and IrO; in 0.1 M HCIO, solution. The current densities (jg,) are normalized by the geo-
metric area of the electrode. b) Comparison of overpotentials (1) required by SZIO and some representative iridium-based catalysts at 10 mA cm,, ™
c) Comparison of iridium mass activities (ji,) of iridium-based catalytsts at a potential of 1.53 V. The jj, of I-SA@Fe@NCNT and IryPd;o are measured
at 1.5 and 1.48 V, respectively. The x-axis is iridium content (wt%) in the catalyst. d) Comparison of pseudocapacitive charges (Q) and current densities
(jg) normalized by Qs for SZIO, SIO, and IrO,. e) Comparison of electrochemical surface areas (ECSA) and current densities (jecsa) normalized by
ECSAs for SZI0, SIO, and IrO,. The error bars in (b)—(e) represent standard deviations based on five measurements.

nearly five times as high as that (314 A g;, ') of SIO. In addition,
while the majority of the existing catalysts give an iridium mass
activity below 500 A g, 71,2 only three ones (including Ir-
based single-atom catalyst and nanostructured metallic Ir-based
alloys)12°-3U exhibit higher iridium mass activity than SZIO. The
results overall demonstrate that SZIO is among the most active
Ir-based electrocatalysts for OER under acidic conditions.

In order to assess the intrinsic activity of iridium sites, we
measure pseudocapacitive charges (Qs) and ECSAs of SZIO,
SIO, and IrO, (Figures S11d,f,g and S13d,f,g, Supporting Infor-
mation), and then normalize the currents with respect to Qs
and ECSAs, respectively. Both the Qs and ECSAs follow the
trend of SZIO = SIO > IrO, (Figure 2d,e). The similar Qs and
ECSAs for SZIO and SIO imply that compared to SIO, the
positive nanostructuring effect for SZIO compensates the nega-
tive influence from the decrease in absolute iridium content
in terms of the available catalytic sites. Figure 2d,e also shows
that the intrinsic activity of iridium sites increases in the order:
SZIO > SIO > IrO,. The above results further suggest that the

alloying of catalytically inert SZO in SIO yields more active Ir-
based catalytic sites for OER; and the enhancement of intrinsic
activity of iridium sites is one of the main reasons for rational-
izing the excellent oxygen-evolution catalytic activity of SZIO.

In addition to high catalytic activity, the SZIO also shows
good catalytic stability for the acidic OER. As shown in
Figure 3a, after 1000-cycle cyclic voltammetry (CV) testing,
the SIO gives a decrease in current density by 17%, whereas
the SZIO affords almost the same linear sweep voltammetry
(LSV) curve as before. This is further confirmed by the chro-
nopotentiometric testing results (Figure S18, Supporting Infor-
mation). The SZIO retains its catalytic activity over thirty hours
at 10 mA cmg, ™ current density, which is more catalytically
stable in comparison with SIO. These results suggest that the
alloying of SZO in SIO can improve the catalytic stability for
OER in acidic solution.

We also investigate the structural stability of SZIO after
OER Dby various characterization methods. The XRD pattern
and X-ray photoelectron spectra (XPS) for Zr 3d and Ir 4f
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between 0.4 and 1.4 V vs RHE.

(Figures S19-S21, Supporting Information) show that the SZIO
maintains its perovskite structure as well as the oxidation states
of Zr and Ir after OER. But the Sr 3d XPS spectrum (Figure S22,
Supporting Information) exhibits an observable decrease in the
intensity of XPS peaks, indicating the Sr leaching during the
OER process. And the HRTEM images (Figure S23, Supporting
Information) reveal that there is an amorphous thin layer
(1-2 nm) around the SZIO particles after OER. The leached
amounts of cations during OER are quantitatively determined
by inductively coupled plasma atomic emission spectroscopy
(ICP-OES). As shown in Figure 3b, for the SZIO there are no
detectable leached Zr species in the electrolyte, but Sr and Ir
dissolusions increase steadily at the first three hours and
then become constant. The constant concentrations of Sr and
Ir ions in the electrolyte are 10.9 and 3.9 mg L}, respectively.
The cation leaching for SZIO is much weaker than that for
SIO, which gives constant Sr and Ir concentrations of 40.0 and
21.8 mg L7, respectively, in the electrolyte. This comparison
suggests that the alloying of SZO in SIO markedly enhances
the structural stability of the latter. The stability of SZIO was
further evaluated by stability number (S-number), according to
the method proposed by Gieger et al.'¥ The result in Figure S24
(Supporting Information) shows that SZIO has a similar
S-number with IrO, during OER. These stability studies,
together with the earlier discussion on catalytic activity, overall
demonstrate that the alloying strategy is an effective method for

simultaneous improvement of catalytic activity and structural
stability of perovskite-type OER electrocatalysts.

To rationalize the difference in structural stability, we
study the O K-edge X-ray absorption spectra of SZIO and SIO
(Figure 3c). The pre-edge feature (the region before 530 eV) is
ascribed to the electronic transition from the O 1s core level to
the unoccupied O 2p states hybridized with Ir 5d orbitals. The
absorption peak at 530-535 eV is associated with the hybridiza-
tion of M d orbitals and O 2p orbitals (M = Zr and Ir). When
SIO alloyed with SZO, the normalized intensity of the pre-edge
peak decreases and the energy position of M—O hybridization
shifts negatively (Figure 3c). This result, together with recent
studies on perovskite catalysts,!® suggests that the SZO-SIO
alloying results in a weaker metal-oxygen covalency in the
perovskite framework of SZIO, and thereby benefits the inhibi-
tion of surface cation dissolution.

We finally explore the fundamental reasons responsible
for the improved intrinsic activity of iridium sites for SZIO.
Although the coordinatively unsaturated iridium sites exist in
SZIO before the OER (Figure 1), they become coordinatively
saturated as the OER progresses and simultaneously the cata-
Iytic activity of SZIO keeps almost unchanged (Figure S25 and
Table S3, Supporting Information). This result demonstrates
that the coordinatively unsaturated Ir sites, observed in the
material before OER, cannot account for the superior intrinsic
activity of iridium sites for SZIO. We further investigate the



electrochemical redox properties of SZIO and SIO by cyclic vol-
tammetry. As shown in Figure 3d, two couples of redox peaks
can be observed during the OER process between 0.4 and 1.4 V
versus RHE for both SZIO and S10.M* The first oxidation peak
located at 0.84 V is ascribed to the oxidation of Ir** to Ir*,
according to the Equation (1)

Ir’* (OH), > Ir*"O(OH), , +H" +e” )
and the second oxidation peak at 1.15 V originates from the oxi-
dation of Ir** to Ir>*, according to the Equation (2)
r**O(OH), , - Ir**0,(OH), , +H" +e” 2)

Compared with those for SIO, the two oxidation peaks for
SZIO appear at lower potentials. This observation indicates
that the presence of redox-inactive SZO constituent in SZIO
facilitates the generation of high-valent iridium sites, probably
allowing to mediate the OER more efficiently.

To gain further insight into the catalytic activity of Ir sites for
SZI0, we perform density functional theory (DFT) calculations.
In view of our experimental observation on the Sr-deficient sur-
face of SZIO during the OER and the recent theoretical study
on the STO catalyst by Seitz et al.,'> we establish the theoretical
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model (Ir(Zr)O,/SZIO) with a perovskite SZIO core covered
with an anatase-type Ir(Zr)O, shell (see theoretical details in
the Supporting Information). Similarly, a shell/core IrO,/SIO
model is also established (Figure S26, Supporting Informa-
tion). There are two possible exposed surfaces for Ir(Zr)O,/
SZ10, which are labeled as Surface-a (Figure 4a) and Surface-b
(Figure S27a, Supporting Information). Surface phase diagrams
(Figure 4b; Figure S27b, Supporting Information) for both Sur-
face-a and Surface-b prefer to be covered with HO species in
the interesting potential range for OER (i.e., >1.23 V vs RHE).

All theoretical overpotentials for OER of the exposed metal sites
on Surface-a and Surface-b are listed in Figure 4c. The overpoten-
tials (>0.76 V) for all the Zr sites on Surface-a and Surface-b are
too high, indicating that the Zr sites are catalytically inactive for
OER. The overpotantials for the Irl, Ir2, Ir3, Ir4, and Ir5 sites are
0.48, 0.40, 0.37, 0.42, and 0.74 V, respectively. The overpotentials of
the exposed Ir sites on Surface-a and Surface-b, except the Ir5 site,
are smaller than that of Ir sites (0.55 V) for the IrO,/SIO model.
This result demonstrates that the Ir sites for Ir(Zr)O,/SZIO,
in general, have better catalytic activity toward OER than those
for IrO,/SI0, in agreement with our experimental results.

The bonding and antibonding characters between the surface
Ir sites (e.g., Ir2) and the adsorbed oxygen intermediate (O,qg)
are studied through crystal orbital hamiltonian population
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(COHP). As shown in Figure 4d, both of bonding (expressed
by the positive -COHP value) and antibonding (expressed by
the negative -COHP value) of Ir 5d-O,4 2s orbitals are mainly
below Fermi level. In contrast, the bonding interaction for Ir
5d-O,4s 2p orbitals is mainly below Fermi level, but its antibo-
nding interaction is above Fermi level. This result suggests that
the hybridization between Ir 5d orbitals and O,q4s 2p orbitals has
a dominant role in the surface adsorption of the oxygen-con-
taining intermediates. Moreover, the integrated COHP value of
Ir 5d-O,4 2p orbital hybridization for Ir2 is —4.49 eV, which is
bigger than that (—4.68 eV) for the IrO,/SIO model. This result
demonstrates that the Ir2 site has a weaker oxygen binding
ability, which leads to a moderate adsorption interaction and
could be the fundamental cause of the enhanced intrinsic cata-
Iytic activity of iridium sites for the solid solution catalysts.

In summary, the importance of synergistic optimization of
bulk and surface properties for breaking inverse relation of
catalytic activity and structural stability of OER electrocatalyst,
with SrIrO; as a model material, has been demonstrated. An
alloying strategy is presented to achieve this goal, and results
in a high-performance SrZrO;-SrIrO; solid-solution electro-
catalyst for the acidic OER. Our findings could encourage the
further development of better oxygen evolution electrocatalysts,
with balanced activity and stability.
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