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Methods

Physicochemical Characterizations. XRD measurements were carried out on Rigaku MiniFlex 600 diffractome-
ter with Cu Ka radiation (A = 0.1542 nm) from 10° to 80° under a constant voltage of 40 kV. The Brunauer-
Emmett-Teller (BET) specific surface area was determined using N2 sorption isotherm measurements at -196 °C
on Micrometrics TriStar 3020 equipment.

The morphology and EDX mapping of samples were analyzed by Thermo Fisher Apreo S filed-emission
scanning electron microscopy (FESEM) at an acceleration voltage of 30 kV. Elemental mappings were performed
on the Tecnai G2 F30 Field Emission Transmission Electron Microscope. Atomic-scale STEM images were rec-
orded on a probe aberration-corrected STEM (Cubed Titan G2 60-300, FEI, USA) operated at 300 kV. Inductively
coupled plasma optical emission spectrometry (ICP-OES) analyses were performed on a Plasma Quant PQ9000
ICP spectrometer. Inductively coupled plasma mass spectrometry (ICP-MS) analyses were performed on an
iCAPQc spectrometer.

X-ray photoelectron spectroscopy (XPS) analysis was made with a Kratos Axis Supra device and the data
obtained was corrected with C 1s line at 284.8 eV. Synchrotron radiation X-ray absorption fine structure (XAFS)
spectroscopy at the Co K-edge and O K-edge were acquired in transmission mode using a Si (111) double-crystal
monochromator at the 1W1B station of the Beijing Synchrotron Radiation Facility (BSRF).

Single-pulse 27Al MAS NMR spectra were recorded on a Bruker 600 MHz spectrometer at 130.33 MHz (11.7
T magnet) using a standard Bruker 2.5 mm MAS probe with a 30 kHz typical spinning frequency. The spectral
width was set to 0.5 MHz and the recycle time to Do = 5 s, long enough to avoid T+ saturation effects. As Z7Al is a
strong quadrupolar nucleus with / = 5/2, a short pulse length of 1.1 us corresponding to a 11/12 pulse determined
using an aqueous 1 M AI(NO3)s solution was employed. In these conditions, all of the —1/2 — +1/2 central transi-
tions are equally excited regardless of the magnitude of the nuclear quadrupole coupling constants and one can
extract quantitative data. The external reference was a 1 M Al(NOs)s aqueous solution. For the samples contain-
ing only 4% of Al, overnight experiments (10240 scans) were carried out to ensure a good signal/noise ratio. No
baseline subtraction was done in the Fig.s presented here.(1)

Electrochemical Measurements. All of the electrochemical measurements were conducted using a CHI760E
potentiostat in a typical three-electrode setup with Oz-saturated 1 M KOH solution. A Pt-foil as the counter elec-
trode and Hg/HgO with 1 M KOH filling solution as the reference electrode. The as-measured potentials (versus
Hg/HgO) were calibrated with respect to the RHE. A glassy carbon electrode with a diameter of 3 mm covered by
a thin catalyst film was used as the working electrode. Typically, 4 mg catalyst and 2 mg acetylene black were
suspended in 1.96 mL isopropanol-water solution with a volume ratio of 3:1 and 40 yL Na* exchanged Nafion so-
lution to form a homogeneous ink assisted by ultrasound for 3 h. Then, 7.2 uL of the ink was spread onto the sur-
face of the glassy carbon electrode (mass loading: 0.20 mg cm™). For cyclic voltammetry (CV) measurements,
the scan rate was set to 10 mV s™'. Every 50 cycles a cyclic voltammetry between 1.0 and 1.7 V RHE at 10 mV s-
" has been recorded. The potentials were corrected to compensate for the effect of solution resistance and calcu-
lated using the following equation: Eir corected = E — IR, where R is the uncompensated ohmic solution resistance
measured via iR compensation module in CHI760E with comp level of 95%. The Tafel slope was calculated by
the equation below: n = a + b x logj, where n stands for the overpotential, b stands for the Tafel slope, j stands for

the current density. And the electrochemical impedance spectroscopy (EIS) tests were performed at open-circuit
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potentials in the frequency range of 0.01 — 100 kHz in 1 M KOH. The electrochemical active surface area (ECSA)
of catalyst was calculated by the equation: ECSA = Ca/Cs. Where Cs is the specific capacitance of planar surface
with an atomically smooth under identical electrolyte conditions. We use general value of 40 uF cm-2. (2) All cur-
rents were normalized using BET specific surface area.
Magnetic calculation formula:

The susceptibility follows Curie Weiss’s law:

Ve=(T-6)C
Where C is the Curie constant while 6 is the Curie—Weiss constant. Based on this, the slopes of the linear plots of
1 '=T, 1/C, could be obtained. Thus, the effective magnetic moments (uerr), which correlates the number of elec-
trons in Co g4 state, could be estimated by:
Ueft = 2.84 x ((2)V2

Thus, the effective magnetic moment (uerr), which correlates the number of electrons in the Co eq state, could

be estimated by et = 8C us. Using the obtained values of us, the volume fractions of Co ions in HS and LS states

can be calculated from the following relationship:

Ueft = g B/ Sus (Sus + 1D Vis + Sps(Sis + DVis
where Swus (= 2) and Sis (= 0) are the S values, and Vus and Vis (= 1 = Vus) are the volume fractions for Co ions
in HS and LS states, respectively.
Hall measurements calculation formula:

To explore the physical nature of the transition in the electron transport property, the Hall measurements
were carried out to determine the carrier concentration (ne) and the Hall mobility (un) of the series of LSCAOs at
room temperature. We observed a sharply increase of carrier concentration from = E+14 to = 3.5E+15 cm=2 with
the LSCAOs volume fraction along with a subsequent decrease in the mobility. The relationship between the re-
sistivity, the carrier concentration, and the Hall mobility can be deduced from

p =1/ ne
where q is the electric charge. Thus, the resistivity is determined by the product of ne and uH values.
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Fig. S1. Metallic element composition of LSCAOs. The relative metal ratio of as synthesis

LSCAOs sample from ICP-OES tests, and details about elemental atomic percentage is

shown in Supplementary Table S1.



Fig. S2. SEM images of LSCAOs. (a) x=0; (b) x=0.05; (c) x=0.10; (d) x=0.15; (e) x=0.20;
(f) x=0.25.
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Fig. S3. The corresponding EDS elemental images of LSCAOs. (a) x=0; (b)
x=0.05; (c) x=0.10; (d) x=0.15; (e) x=0.20; (f) x=0.25.
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Fig. S4. The BET measurements of LSCAOs. (a) x=0; (b) x=0.05; (c) x=0.10; (d)
x=0.15; (e) x=0.20; (f) x=0.25. (g) Trend in specific surface area with Al substitution.



Fig. S5. The atomic arrangement and element distribution of LSCO. (a) The EDS ele-
mental. (b) The HAADF-STEM image. (c) The EDS elemental mappings.
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Fig. S6. The HR-TEM image and the experimental EELS spectra. (a) The HR-TEM image
and (b) the experimental EELS spectra of LSCO. (c) The HR-TEM image and (d) the experi-
mental EELS spectra of LSCAO-0.20.



Fig. S7. The atomic arrangement of LSCO-0.20. (a) The HR-TEM image. (b) The HAADF-
STEM image. (c) The enlarged HAADF-STEM image of b, (d) Corresponding standard [111]

crystal structure.

10



alx=025 b [x=025

X=020 | ' ' X=020

1 L
1 L 1 L L 1 H
x =0.00 | X/:(f’ovo-/_‘v—///

4000 3600 3200 2800 2400 2000 1000 800 600 400
Wavenumber cm™) Wavenumber (cm™)

Transmittance (%)

Fig. S8. FT-IR patterns of LSCAOs. A characteristic absorption band at 429 cm™ is as-
signed to O-Co-0O deformation modes in the CoOs octahedron and absorption band at 610 is

attributed to Co—-O stretching vibration.
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Fig. S9. UPS spectras of as-prepared series LSCAOs.
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Fig. S10. The XPS surveys of as-prepared series of LSCAOs. (a) XPS survey spectrum,;
(b) La 3d; (c) Sr 3d; (d) Co 2p; (e) Al 2p. The La 3d, Sr 3d and Al 2p XPS of these samples
remain unchanged, but its Co 2p peak of these samples slightly shifts to higher binding energy
with the increase of Al concentration and its Co** and Co?* contents have relative increase
compared with pure LSCO. This result suggests that electron transfer leads to redistribution in

the valence state of cobalt ions.
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Fig. $S11. Co K-edge XANES adsorption edges of Co K-edge EXAFS for CoO and Co304. The

oxygen defects contents (6) was calculated based on the principle of electric neutrality and

stoichiometry.

To be specific, in Lao.3Sro.7Co1-xAlxOs-5, the valence state of La, Sr and Al is +3, +2 and +3, re-
spectively. The valence state of Co (denoted as a) was characterized by XAFS. So, the total
positive charge in Lao.3Sro.7C01-xAlxO3s-5 is 0.3*3 + 0.7*2 + 3*x + a*(1—-x), and the total negative
charge is 2*(3—-9). The total positive charge is equal to the total negative charge. Therefore,
the oxygen defects contents (6) can be calculated. Furthermore, the valence state of Co is
calculated by the absorption edge position of Co K-edge XANES spectrum. The edge position
and valence state of Co K-edge XANES of standard samples CoO and Co304 are taken as in-
dependent and dependent variables to obtain a linear equation. Then the edge position of Co
K-edge XANES of the actual sample is substituted into the linear equation to calculate its cor-

responding valence state.

14



5 6.1

£ o - 1.912
>

g 6.04 o | g
@] Q. [0))
= [&]
Y \ -1.908
© s
8 5.8 9 | W
o 297 ;E
& . -1.904 i1
2 5.7 ~, | Q
C,) O
[e]

O 56 1.900

0.00 0.05 010 0.15 020 0.25
La, ;Sr,,Co, ALO,

Fig. S12. Average coordination number and Co—-O EXAFS distance of series of LSCAOs. The

K-edge position is determined by an integral method as described in the Methods, and the de-

tails about edge positions and nominal valence state of Co is shown in Supplementary Table

S3.
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Fig. S13. XAFS fitting curve of LSCAOs. (a) x=0; (b) x=0.05; (c) x=0.10; (d) x=0.15; (e) x=0.20; (f)
x=0.25. Co K-edge EXAFS (circles) and the curve-fitting (line) for LSCAQOs with or without consider-

ing the case of substitutional Al atoms, shown in R-space.
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Fig. S14. Co K-edge EXAFS spectra of LSCAOs. The Co local atomic structure was
investigated by extended X-ray absorption fine structure (EXAFS) analysis, certain
isobestic points, such as at 5 A~', are remarkable, implying a complex property with
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Fig. S15. Wavelet transforms for the k3-weighted Co K-edge EXAFS signals for
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Fig. S16. The O 1s XPS spectra of as-prepared series of LSCAOs. (a) The O 1s XPS spec-
tra. (b) Peak position of different oxygen species for LSCAOs with different Al substitution.

The XPS of O 1s can be divided into four peaks. The component located at ~ 528.4 eV
belongs to surface lattice oxygen in perovskite; the one located at ~ 529.2 eV is attributed to
perovskite lattice termination; the one at ~ 531.6 eV is attributed to surface secondary phases,
and the one at ~ 533 eV represents the surface-adsorbed oxygen species. These samples
perovskite lattice oxygen specie in LSCAOs slightly shifts to lower binding energy with the in-
crease of Al concentration.
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Fig. S17. Magnetic hysteresis loops of as-prepared series of LSCAOs measured at room tem-

perature.
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Fig. S21. DLC test of LSCAOs. (a) x=0; (b) x=0.05; (c) x=0.10; (d) x=0.15; (e) x=0.20;
(f) x=0.25. (g) Cal of those materials and (h) trend of ECSA with Al substitution.

24



—x=0

m x=02

T 1.8 1 -

gy —om ]
AN

(2]

=1.7

= |

E’l.ﬁ—

oy

9

154

1.4 T T T T T T T T T
0 5 10 15 20 25

Time (h)
Fig. S22. Longterm stability tests of LSCAOs. Chronopotentiometry of the LSCO,
LSCAO-0.2 and LSCAO-0.25 at 10 yA cmox? in 1M KOH electrolyte.

25



600-
500
§ 4004
N 300

200+

100

¢

x=0

Charge transfer

04— — . — . v v
0 100 200 300 400 500 600
Z(Q

C,
s x=0.05 C, i
¢ x=0.10
@ x=0.15
» x=0.20
R R
x=0.25 u cT
P Low frequency
R o High w
“'ﬂ PS5 S35 ¥ :'v; . . h frequency
1 e o o
% R ‘\‘&, w
R, R

cT

z

Fig. S23. EIS test of LSCAOs. (a) EIS of different LSCAOs (x=0 — 0.25) sample at a

positive potential of 1.6V versus RHE. The dotted line represents the original data,

and the ball represents the fitted data. (b) The equivalent circuit model. Electrochemical

impedance spectroscopy (EIS) was carried out to examine the electrical charge transfer be-

havior between the catalyst film and electrolyte solutions.

The complex-plane Nyquist plots acquired from the EIS and equivalent circuit for sample thin

films. Moreover, the change of corresponds to the uncompensated resistance (Ru) between

the working electrode and the reference electrode is not significant. In contrast, the catalyst

film samples forming the heterogeneous interface have significant differences in the low-

frequency second semicircle diameter representing the charge transfer resistance (Rcr) at the

interface between the catalyst film and the electrolyte (3-5).
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Fig. S25. In situ EIS test of LSCAOs. Nyquist plots and Phase angle vs log (fre-
quency) plots of EIS data recorded at various voltages for (a, b) LSCO, (c, d) LSCAO-
0.1 and (e, f) LSCAO-0.2 catalysts at different applied potentials versus RHE in 1 M

KOH electrolyte. The peak at low-frequency region (10° - 10 Hz) should be related to

the OER.
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Fig. $26. (a) Computational models of LSCAOs: x=0; 0.11; 0.22. (b) The PDOS Al, La and
Srin LSCAOs.
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Fig. S27. Quasi in-situ (a) La 3d; (b) Sr 3d; (c) Al 2p; (d) Co 2p; (e) O 1s XPS spectra for
LSCAO-0.2 at specific potential from 1.02 V to 1.625 V (vs. RHE).
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behaviours depending on the environments of Al species.

Fig. S28. In situ investigation of pre-OER behaviours of catalysts. (a) Pseudo-
capacitive behaviour in the first and second cycles of LSCO, LSCAO-0.1 and LSCAO-0.2 dur-
ing CV cycling. HRTEM images, showing the surface regions for (b) as-prepared LSCO and
after two cycles, (c) as-prepared LSCAO-0.1 and after two cycles and (d) as-prepared
LSCAO-0.2 and after two cycles.

For LSCAO-0.2, the first cycle displays a larger pseudocapacitive charge than the second cy-
cle, and the CV profiles exhibit negligible changes during subsequent cycles. This electro-
chemical behaviour suggests that the surface of the catalysts might undergo an irreversible
surface reconstruction into the oxyhydroxide, evolving a stable catalytic surface for the OER.

In addition, we found that the oxyhydroxide formation here displays different pseudocapacitive
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Fig. S29. /n situ ATR-IR spectra recorded during the multi-potential steps for (a) LSCO (b)
LSCAO-0.1 and (c) LSCAO-0.2. The absorption band peaked at around 3400 cm™" is ascribed

to the O—H stretching mode of surface-adsorbed superoxide (OHad) (6).
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Fig. S30. Co K-edge EXAFS spectra of LSCAO-0.2 at different applied potentials

versus RHE in 1 M KOH electrolyte.

The Co local atomic structure was investigated by extended X-ray absorption fine
structure (EXAFS) analysis, certain isobestic points, such as at 5.5 A, are remarka-

ble, implying a complex property with Co in different components.
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Fig. $31. XRD of before and after OER for CV-50 (a) LSCO, (b) LSCAO-0.1 and (c) LSCAO-
0.2.
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Fig. S32. Atomic-resolution HAADF-STEM image of the partially inverse for perovskite struc-
ture observed along [001] orientation and EDS atomic elemental mappings of after OER for
CV-50 LSCAO-0.2.
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Fig. $33. XPS of before and after OER for CV-50 (a, d) LSCO, (b, €) LSCAO-0.1 and (c,f)

LSCAO-0.2.
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Fig. S34. PDOS of different (a) Co 3d and (b) O 2p orbitals in LSCAO-0.2 before and
after AI** leaching.
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Table S1. ICP-OES results for La, Sr, Co, Al and O elemental atomic percentage of
Lao.3Sro.7Co1xAlxO3-5 catalysts.

Laog3Sro7Co1xAlkOs5 LamgL' SrimgL'] Co[mgL' Al[mgL"' La:Sr Co:Al

x=0.00 43.84 71.94 67.22 0.38

x=0.05 48.50 78.21 68.21 1.604 039 19.12
x=0.10 49.23 78.55 64.28 3.148 039 9.33
x=0.15 44.02 72.16 56.37 4335 038 5.94
x=0.20 44.28 71.26 53.46 5723 039 4.26
x=0.25 48.63 80.36 54.98 7.843 038 3.20
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Table S2. The Co K-edge positions, nominal Co valence state and the nominal oxygen vacan-

cy concentration () in Lao.3Sro.7Co1-xAlxO3-s.

x =0.00
x=0.05
x=0.10
x=0.15
x=0.20
x=0.25

Edge energy
(eV)

7722.80027
7722.81261
7722.92926

7723.00404

7722.95319
7723.04891

Nominal
Valence
state

2.85386
2.85613
2.87762

2.8914

2.89203
2.89967

0.28205

0.27923
0.27005

0.2641

0.26479
0.25842
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Table S3. The first-shell fitting results of Co K-edge EXAFS of Lao.3Sr0.7Co1-xAlxO3-5.

x=0.00 6.000 1.91195 0.00308
x=0.05 5.96 1.90653 0.00275
x=0.10 5.89 1.90727 0.00340
x=0.15 5.81 1.90362 0.00344
x=0.20 5.73 1.90348 0.00314

x=0.25 5.69 1.90953 0.00361



Table S4. XPS fitting analysis for the O 1s in Lao.3Sro0.7C0o1-xAlxO3-5.

Position FWHM
Lao.3Sro.7C0o1-xAlxO3-5 Peak Area% GL (%)
(eV) (eV)

0 528.48 10.01 1.24 30

1 529.58 15.84 1.34 30
x =0.00

2 531.31 65.60 1.78 30

3 532.91 8.56 2.16 30

0 528.24 6.08 0.89 30

1 529.25 19.52 1.92 30
x =0.05

2 531.36 65.98 1.94 30

3 532.72 8.42 2.66 30

0 528.22 8.13 1.07 30

1 529.35 18.67 1.66 30
x=0.10

2 531.33 68.15 1.89 30

3 533.22 5.06 1.86 30

0 528.80 8.81 1.01

1 529.51 23.37 2.05 30
x=0.15

2 531.38 61.08 1.81 30

3 532.80 8.81 2.44 30

0 528.21 9.20 0.98 30

1 529.04 18.17 1.89 30
x=0.20

2 531.41 68.86 2.10 30

3 533.49 3.76 2.03 30

0 528.24 6.08 0.89 30

1 529.25 19.52 1.92 30
x=0.25

2 531.36 65.98 1.94 30

3 532.73 8.42 2.66 30




Table S5. Effective magnetic moment (uer) for different spin states of Co ions in Lao.3Sro.7Co1
xAlxO3-5 (x = 0.00, 0.05, 0.10, 0.15, 0.20, 0.25) (LS: low spin; HS: high spin).

Lao_3SI’0_7C0
x =0.00 x =0.05 x=0.20 x=0.25
1-xA|xO3-6
Curie Con-
_— 0.1504 1.397 1.339 1.3661 1.595 1.099
stan

7.1%HS 62.8%HS 60.2%HS  60.3%HS  71.8%HS  49.5%HS
Spin state LS HS

92.9%LS 37.2%LS 39.8%LS 39.7%LS  28.2%LS 50.5%LS

Mest (UB) 0 4.9 0.779 2.373 2.324 2.348 2.536 2.105
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Table S6. The Hall measurements for those of Lao.3Sro.7Co1-xAlxOs-5 catalysts.

x=0.00
x=0.05
x=0.10
x=0.15
x=0.20
x=0.25

298
298
298
298
298
298

1.24E-01
6.92E+02
5.37E+02
4.59E+02
4.22E+02
3.96E+02

5.31E+00
8.02E+01
9.42E+01
9.78E+01
1.02E+02
1.06E+02

9.52E+18
1.13E+14
2.83E+15
3.18E+15
3.39E+15
3.50E+15

6.57E-01
-5.55E+04
-5.88E+02
-3.42E+03
-7.04E+02
-9.62E+02

1.00E+00
9.82E-01
9.91E-01
9.62E-01
9.62E-01
9.63E-01
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Table S7. The DFT calculated energy of Co 3d band center and O 2p band center of
Lao.3Sro.7Co1-xAlxO3-5 (x=0.0, 0.05, 0.11, 0.22 and 0.27) relative to Fermi level.

LaosStorConahOss | Codd(eV) | O2p(ev) | S°33502

x = 0.00 -1.756 -2.183 0.427
x = 0.05 -1.9926 -2.3998 0.4072
x=0.11 -1.91282 -2.2087 0.29588
x = 0.22 -1.8421 -2.09218 0.25008
x = 0.27 -2.0165 -2.2777 0.2612

x = 0.22 (AR leaching)  -1.8351 -2.280 0.4449
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Table S8. The oxygen vacancy formation enthalpy of Lao.3Sro.7Co1-xAlxO3-s.

Lao.3Sro.7Co1-
xA|xO3-6

x=0.00

x =0.05

x=0.11

x=0.16

x=0.22

x=0.27

E[perfect]

-534.839
-538.34
-541.352
-546.956
-548.117

-551.932

E[defect]

-530.737

-533.419

-536.869

-542.031

-544.318

-548.177

O vacancy

-5.0232

-5.0232

-5.0232

-5.0232

-5.0232

-5.0232

oxygen vacancy
formation energy

-0.92171425
-0.10211425
-0.54064425
-0.09825425
-1.22439425

-1.26806425
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