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Synthesis of Sr-y)YxC00O3-s perovskite powders under atomosphere pressure

St(1-nYxC003.5 (x=0, 0.1, 0.2, and 0.3) powders were synthesized using a conventional solid-
state reaction method. Briefly, stoichiometric amounts of SrCO3, C0304, and Y203 (Sigma-
Aldrich Corporation) were mixed in mortar for 1 h. The mixed precursors were finally calcined

in ambient air in box furnaces at 950 °C for 12 h for SC and 1100 °C for 12 h for others.

Synthesis of Sr-x)YxC003-s perovskite powders under high pressure

St(1-9YxC003.s (x=0, 0.5, and 1, denoted as SC-HP, S0.5Y0.5C-HP, and YC-HP, respectively)
samples were synthesized via a solid-state reaction under high-pressure and high-temperature
conditions. The synthesis route is illustrated by taking SC-HP as an example. High purity (>
99.9%) fine powders of SO, Co304, and KC1O4 were used as starting materials, and thoroughly
mixed with a stoichiometric molar ratio of 3:1:1 in an agate mortar within an argon-filled glove
box. The SrO precursor was obtained by firing SrCOs3 at 1273 K for 12 h in air. The excessive
KCl104 could provide an adequate oxygen environment. Finely mixed reactants were sealed into
a Pt capsule of diameter 3 mm and length 4 mm, which was put into a BN sleeve and then
inserted into a cylindrical graphite heater, with both ends in contact with Mo disks. A cube of
pyrophyllite acted as the pressure medium. The capsulated samples were treated at 7 GPa and
1473 K for 30 minutes on a cubic-anvil-type high-pressure apparatus. Once the heating was
finished, the sample was quenched to room temperature before the slow release of pressure over
several hours. The as-made polycrystalline pellet was ground, and rinsed with deionized water

to remove the residual KCI.

Characterizations

The XRD patterns were captured on a Rigaku Smartlab with filtered Cu-Ka radiation (A =
1.5418 A). The diffraction patterns were collected by scanning in a 26 range of 20-80° with a
step 0of 0.02°. The specific surface areas of the catalysts were obtained with a Brunauer-Emmett-
Teller (BET) analysis system with a N2 adsorptive medium. N> adsorption-desorption isotherms
of the catalysts were measured at -196 °C using ASAP Tristar II 3020. The Co-L23 and O-K

XAS spectra were taken in the total electron yield mode at the BL 11A in National Synchrotron



Radiation Research Center (NSRRC) in Taiwan, probing the top =~ 5 nm of the sample surface.

Electrode preparation and electrochemical characterization

Electrochemical measurements were performed at room temperature using a rotating disk
working electrode made of glassy carbon (PINE, 5 mm diameter, 0.196 cm?) connected to a
Bio-Logic (SP-150) electrochemical station. The glassy carbon (GC) electrode was pre-
polished with 50 nm a-Al2Os slurries on a polishing cloth and sonicated in ethanol for 5 min.
The electrodes were finally rinsed with deionized water and dried before each test. A Pt foil and
Hg/HgO were used as the counter and reference electrodes, respectively. The potentials reported
in our work are referenced to the reversible hydrogen electrode (RHE). The preparation method
of the working electrodes containing the investigated catalysts is as follows. To remove any
electrode conductivity limitation present in the thin film electrodes, all the catalysts were mixed
with as-received conductive carbon (Super P Li). Briefly, a mixture of oxide (18 mg) and
conductive carbon (3 mg) were dispersed in a 3 mL mixed DI-water/Nafion (5 wt%) solution
with a volume ratio of 10/1. Then the mixture was sonicated for 30 min to generate a
homogeneous ink. Next, a 10 pL aliquot of the as-prepared ink was dropped onto the surface
of the RDE, yielding an approximate catalyst loading of 0.306 mg cm?) and left to dry for the
OER tests. Cyclic voltammograms (CVs) were performed at the RDE at 1600 rpm in an O»-
saturated 0.1 M KOH solution (99.99% metal purity) at a scan rate of 10 mV s™' from 0 to 1.0
V versus Hg/HgO. All potential values were iR-corrected to compensate for the effect of the
solution resistance, which was calculated by the following equation: Eir-corrected = E - iR, where
11s the current and R is the uncompensated ohmic electrolyte resistance measured via the high-
frequency ac impedance in Oz-saturated 0.1 M KOH. The obtained CV curves were calibrated
by averaging the curves derived from the positive and negative scans.

Isotope-Labeled Method

Firstly, A carbon paper with catalysts (2 mg cm™) was activated in '*O labeled 1.0 M KOH for
10 min at 10 mA cm™. Then, the carbon paper was carefully washed with H>'°O deionized
water to remove surface H»'®0. Finally, the carbon paper was measured for three CV cycles in
1.0 m KOH with H>'°0. The CV test was performed at a scan rate of 4 mV s™ between 0 V and

0.7 V versus Ag/AgCl. All the tests were carried out in an H-cell. The gaseous products from



the anode side were analyzed by mass spectrometry.
Turnover frequency (TOF) calculations

The TOF was calculated according to the equation:

where F is the Faraday constant (96485 C mol™); j is the current density (mA cm,;) obtained at
overpotential (n) =350 mV vs. RHE; A is the catalyst’s BET surface area and n is the number
of active sites. As a usual practice,!!! the top 5 nm on the surface and the whole catalysts were

considered for the surface and bulk calculations, respectively.

Alkaline anion exchange membrane water electrolysis test

The S09Y0.1C and commercially available IrO> and Pt catalysts were mixed with water,
conductive carbon, and a binder. The catalyst ink mixture was then sprayed onto a gas diffusion
layer (GDL) substrate by using a spray gun. Electrodes typically contain 1 mg cm™ total catalyst
loading. The cathode GDL is carbon paper, while the anode GDL is made of a titanium porous
transport layer. The effective surface area of the GDL is 1 cm?. The cells were assembled by
placing appropriate gas diffusion electrodes on each side of the AEM. Sustainion X37 anion
membrane was used throughout the work. The activity and stability of AEM water electrolysis

were performed at 50 °C.

Computational Details

All the spin-polarized density functional theory (DFT) calculations were performed within the
VASP code with the projector-augmented wave method.3! The kinetic energy cutoff was set
as 400 eV, and the energy and force convergence criteria were set as 10> eV and 0.02 eV/A,
respectively. Hubbard U framework!*! was used for correcting the self-interaction error in
strongly correlated Co ions, while the U value was set as 3.32 eV.l*) 2x2x1 Monkhorst-Pack k-
points meshes were used for Brillouin zone sampling. Vacuum layers with a thickness of more
than 15 A were used to avoid spurious interactions between adjacent image cells.

The Gibbs free energy change of each elementary step was calculated as AG = AE + AZPE +
AHo—1—TAS, where AE, AZPE, AHo—T, and TAS are the differences in DFT-calculated energy,



zero-point energy, reaction enthalpy change from zero to finite temperature T, and entropic
contribution (T=298 K), respectively. The pH correction was calculated as AGpn = -
kgTIn10*pH. Nerskov’s computational hydrogen electrode (CHE) model!® was used in the
calculations assuming G(H"+¢)=0.5G(Ha, g)-eU, where U is the applied potential.

AG for each elementary step in OER was calculated relative to the chemical potential of
H>0 and H> molecules. To be more specific, for the LOM_Co site (Figure 3a-b), AG values for
each step were calculated as (here, the asterisk denotes the Co site, and Ovac denotes the adjacent
oxygen vacancy site):

AG1 = G(*O0-Ovac) — G(*OH) + 122
AG3 = G(*OH-H) — G(*OH-Ovac) — (tH20-1/212)
AGs = G(*OH) — G(*OH-H) + 1/2um2
AG2=4.92 (eV) - AG1 — AG3 — AG4

And for the LOM_O site (Figure 3¢c-d), AG values for each step were calculated as (here,
the asterisk denotes the O site, and Ovac denotes a vacancy at the O site):

AG1 = G(*OH) — G(*) — (um20-1/2p12)
AG2 = G(*O) — G(*OH) + 1/2un2
AGs = G(*H) — G(*Ovac) — (UH20-1/2112)
AGs = G(*) — G(*H) + 12um2
AG3=4.92 (eV) — AG1 — AG2 — AG4 — AGs
We used the fixed total energy barrier of 4.92 eV for OER due to the inaccurate description of

the molecular energy of Oz by periodic DFT.



SC
3.35
- - - - fitting Co™>*

——20% Co*" HS
45% Co** LS
——35% Co*" IS

Intensity (a. u.)

7;30 l 790 800
Photon energy (eV)

Figure S1. Fitting profile of Co-L edge in SC by superposition of the references: EuCoOs as LS
Co’", SrpCo03Cl as HS Co** and SrCoQ;3 as IS Co*'.
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Figure S2. Fitting profile of Co-L edge in So.9Y0.1C by superposition of the references: EuCoO3
as LS Co*", Sr2Co0;Cl as HS Co*" and SrCo0j3 as IS Co*'.
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Figure S3. Fitting profile of Co-L edge in So.sY0.2C by superposition of the references: EuCoOs
as LS Co*" and SrCoO3 as IS Co*".
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Figure S4. Fitting profile of Co-L edge in So.7Y03C by superposition of the references: CoO as
HS Co?*, EuCo0j3 as LS Co*', Sr2Co03Cl as HS Co*" and SrCoOs as IS Co*.
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Figure S5. Fitting profile of Co-L edge in Sos5YosC-HP by superposition of the references:
Sr2Co03Cl as HS Co** and SrCoO;3 as IS Co**.
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Figure S6. Fitting profile of Co-L edge in YC-HP by superposition of the references: CoO as
HS Co?", EuCo0;3 as LS Co*" and Sr.CoO;Cl as HS Co?*.
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Figrue S7. The pre-edge peak of the O K-edge spectra of the four references including CoO
(HS-Co?"), LaC003-20K (LS-Co*"), LaC0o03-650K (HS-Co>") and SrCoOs (IS-Co*").
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Figure S8. TOF comparison between So9Y0.1C, and some state-of-the-art catalysts, including
Co-Pi, [ NiFe LDH, 1 CoMn LDH, ™ Nig71Feo2000H, "% NigsFeosOOH, "% 54 nm
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Figure S9. (a) Schematic illustration of AEM pathway of OER in alkaline conditions. (b) Gibbs
free energy diagram of OER on CoO and So9Y0.1C at applied potential U=1.23 V via AEM
pathway. The optimized intermediate structures are shown as insets (color code: green for Sr,
purple for Y, blue for Co, red for O, and pale pink for H).
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Figure S10. (a) Digital photograph and (b) schematic of the anion exchange membrane
electrolyzer.

Table S1. Specific surface areas of the as-prepared samples measured by nitrogen adsorption
testing using the BET method.

Sample BET surface area/(m? g!)
SC-HP 0.2394
SC 0.6294
S09Y0.1C 0.1110
So0sY0.2C 0.2295
S0.7Y03C 0.1995
So5Co.sC-HP 0.2596
YC-HP 0.6757
CoO 1.0955
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