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Supplementary Figures and Tables
[image: ]
Fig. S1 SEM images and particle distribution for a CIO, b 0.1Co-, c 0.2Co- and d 0.4Co-CIO
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Fig. S2 EDX maps of 0.2Co-CIO. Ca, iridium, oxygen, and cobalt are displayed in green, light blue, red, and magenta, respectively
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Fig. S3 Ir L3-edge FT-EXAFS spectra of 0.1Co-, 0.2Co-, 0.4Co-CIO and CIO 
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Fig. S4 WT for the k2-weighted EXAFS signal
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Fig. S5 Comparison between the simulated and the experimental absorption spectrum for 0.2Co-CIrO with a random distribution. The dotted vertical lines indicate the positions of three main absorption peaks with a weak pre-edge peak. The illustration of constructed supercell model can be found in the inset of Fig. 1b
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Fig. S6 The Comparison of FC magnetization curve for CIO, 0.1Co-CIO, 0.2Co-CIO and 0.4Co-CIO at an applied field of 1000 Oe
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Fig. S7 Ir L3-edge XANES region for 0.1Co-, 0.2Co-, 0.4Co-CIO, CIO and IrO2
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Fig. S8 a Co K-edge XANES region of 0.1Co-, 0.2Co-, 0.4Co-CIO, Co foil and Co2O3. b First derivatives of Co K-edge XANES spectra
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Fig. S9 a Co 2p XPS spectra of 0.1Co-, 0.2Co-, 0.4Co-CIO. b Ir 4f XPS spectra of 0.1Co-, 0.2Co-, 0.4Co-CIO and CIO
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Fig. S10 O 1s XPS spectra of 0.1Co-, 0.2Co-, 0.4Co-CIO and CIO
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[bookmark: _Hlk130371711]Fig. S11 Comparison of Co L3-edge XAS spectra between Co-CIO and simulation for a Co3+ ion with LS and HS state in octahedral coordination  
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Fig. S12 Intensity of the t2g and eg peaks of a LS state and b IS state Ir4+ due to the exchange splitting, degeneracy, the number of overlaps, and the overlap strengths 
In the case of LS state Ir4+, there are one vacancy t2g state and four vacancy eg states. Besides, the t2g state points in between the O atoms, and the eg states point directly to the O atoms and have σ overlap with the O 2p states. Effectively, this yields a difference in the hopping terms of 2:1. Additionally, the π bonding overlap with two O 2p orbitals and σ overlap with one O 2p orbital, which implies a difference in hybridization of 1:4 for each O 2p−Ir 5d overlap. The total (relative) intensity ratio for the t2g/eg band is 1/4 × 2/1 × 1/4 = 2/16. Therefore, the expected t2g/eg band ratio is 0.125 for LS state Ir4+. Similarly, the expected t2g/eg band ratio in IS state Ir4+ is 2/3 × 2/1 × 1/4 = 4/12.
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Fig. S13 The fitting results of peak α and β in the O K-edge XANES for commercial IrO2
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Fig. S14 The fitting results of peak α and β in the O K-edge XANES for a CIO, b 0.1Co-CIO, c 0.2Co-CIO, and d 0.4Co-CIO
The detailed fitting results with 0.126 for IrO2 and 0.123 for CIO are close to the theoretical value of 0.125, validating the expected estimation of Ir spin state through the It2g/Ieg ratio method although the fit parameters are somewhat different due to the different crystal symmetry.
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Fig. S15 LSV polarization curves
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Fig. S16 Double-layer capacitance measurements. CVs were conducted in a non-Faradaic region of voltammogram at the following scan rate: 2, 4, 6, 8, 10 mV s-1. The difference in charging currents variation at an underpotential plotted against scan rate for estimation of double-layer capacitance (Cdl)
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Fig. S17 Comparison of ECSA
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Fig. S18 Electrochemical impedance spectra at 1.53 V (set potential)
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Fig. S19 The equivalent circuit. Rs: series resistance; Rct: charge-transfer resistance; CPE: the constant phase element
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Fig. S20 Chronopotentiometry curves of 0.2Co-CIO at a constant current density of 50 and 100 mA cm-2 (with IR compensations)
The instantaneous deactivation may be related to the fact that surface charge accumulation makes a large local potential to drive irreversible structural reorganization.
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Fig. S21 Elemental leaching was assessed by ICP-OES after cycled voltage tests of a 0.2Co-CIO and b CIO after 20, 100, 500, 2000 cycles
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Fig. S22 EDS linear scan analysis of 0.2Co-CIO (scale bar is 20 nm) as pristine and after 2000 CV cycles 

[image: ]
Fig. S23 TEM images of 0.2Co-CIO as a activated after 20 CV cycles and b aged after 2000 CV cycles
[image: ]
Fig. S24 Comparisons of XANES at a Co L edge, and b O K edge for 0.2Co-CIO as pristine, as activated after 20 CV cycles and as aged by 2000 CV cycles
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Fig. S25 The fitting results of peak α and β in the O K-edge XANES for 0.2Co-CIO after aged by 2000 CV cycles 
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Fig. S26 The first derivative of absorption in the XANES region of Co K-edge for CIO during OER process
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Fig. S27 a The first derivative of absorption in the XANES region of Ir L3-edge during OER process. b Ir L3 white line positions of 0.2Co-CIO at different potentials as a function of oxidation state. White line position and oxidation state of IrCl3 and IrO2 are shown as references, respectively. All potentials are normalized to RHE
[image: ]   
[bookmark: _Hlk92379908]Fig. S28 a The first derivative of absorption in the XANES region of Co K-edge during OER process. b Co K-edge positions of 0.2Co-CIO at different potentials as a function of oxidation state. Absorption edge position and oxidation state of Co3O4 and Co2O3 are shown as references, respectively. All potentials are normalized to RHE
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Fig. S29 In situ Raman spectra of CIO catalyst in 1 M HClO4
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Fig. S30 In situ Raman spectra of 0.2Co-CIO catalyst in 1 M HClO4+H218O 
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Fig. S31 DEMS signals of 32O2 (16O16O) and 36O2 (18O18O) from the reaction products for 18O-labeled 0.2Co-CIO and IrO2 catalysts in H216O aqueous perchloric acid electrolyte and corresponding CV cycles
[image: ]   
Fig. S32 Slab models of a CIO, b Co1-CIO, c Co2-CIO, d Co3-CIO
[bookmark: _Hlk216125322][bookmark: _Hlk216121490][bookmark: _Hlk216125301]DFT results indicated that Co–O–Co structure appears when Co: Ir reaches higher than that in Co3-CIO (Co: Co+Ir = 1/3), which can not effectively regulate the Ir spin state as observed for 0.4Co-CIO (Co: Co+Ir with 2/5). Therefore, higher Co concentration than that in Co3-CIO is not included.
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Fig. S33 The electron density of Co1-CIO (left) and Co2-CIO (right)
[image: ]
Fig. S34 The electron spin density of Co1-CIO (left) and Co2-CIO (right)
[image: ]
Fig. S35 The atomic distance of surface Ir‒Ir or Ir‒Co in a CIO, b Co1-CIO, c Co2-CIO, d Co3-CIO
The Co‒Ir atomic distance slightly reduces from 3.25 Å to 3.13 Å, 3.12 Å, and 3.07 Å as the Co amounts increase for CIO, Co1-CIO, Co2-CIO, and Co3-CIO, while the bond angle reduces from ~102° and ~108° of Ir‒O‒Ir to ~100° and ~107° of Ir‒O‒Co, respectively. The evolution of local Ir‒O‒Ir structure indicate the gradually enhanced interaction between Co and Ir atoms.
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Fig. S36 Free energy profile at 1.23 V for the AEM pathway on the Ir site of CIO and the Ir or Co site of Co3-CIO
[bookmark: _Hlk136331293]Table S1 Fit parameters of peak α and β in O K-edge XANES spectra
	catalysts
	IrO2
	CIO
	0.1Co-CIO
	0.2Co-CIO
	0.4Co-CIO
	0.2Co-CIO_2000CV

	Peak
	t2g
	eg
	t2g
	eg
	t2g
	eg
	t2g
	eg
	t2g
	eg
	t2g
	eg

	Position
	529.4
	533.0
	529.5
	533.9
	529.2
	533.5
	529.1
	532.9
	529.0
	533.0
	529.5
	533.4

	FWHM
	1.0
	2.7
	1.35
	3.6
	1.35
	3.6
	1.35
	3.6
	1.35
	3.6
	1.35
	3.6

	Area
	1.02
	8.1
	0.95
	7.70
	1.05
	8.02
	1.69
	7.33
	1.56
	7.56
	1.94
	9.02

	Area ratio
	0.126
	0.123
	0.130
	0.230
	0.206
	0.215

	IS (vol%)
	0
	0
	2%
	50%
	40%
	44%

	IS (mole fraction)
	0
	0
	0.18
	0.40
	0.24
	0.35



The same energy range of ~18 eV from 522-544 eV is carefully fitted aiming at peak α and β with different position. For quantitative studies, the Touggard background was added to remove the background signals. Other parameters including FWHM 1.35 and 3.6, as well as Lorentzian/Gaussian ratio 20% and 5% keep the same for peak α and β, respectively, based on the different spectral shape.
The fitting result of O K edge XANES spectra after 2000 CV cycles indicate a slight reduction of IS Ir atom from pristine 0.4 mole to 0.35 mole, probably due to the dissolution of surface Co atoms in acid. These similar IS Ir ratio before and after the durability test confirmed the relatively stability of Janus Co−Ir structure on surface for the long durability under 10 mA cm‒2 of 0.2Co-CIO for 100 h in acid.

Table S2 Comparison of the acidic OER performances of 0.2Co-CIO with other state-of-the-art Ir-based electrocatalyst improved by transition metal doping reported recently
	catalysts
	electrolytes
	E/V@10 
mA cm-2geo
	j (A g-1)
	Refs.

	0.2Co-CIO
	1 M HClO4
	1.435
	73@1.525 V
	This work

	Commercial IrO2
	1 M HClO4
	1.616
	8 @ 1.53 V
	This work

	Sr2CoIrO6
	0.1 M HClO4
	1.535
	73 @ 1.525 V
	[S1]

	Sr2NiIrO6
	0.1 M HClO4
	1.525
	115 @ 1.525 V
	[S2]

	Sr2Co0.9Ir0.1O3-δ
	0.1 M HClO4
	1.55
	————
	[S3]

	SrIr0.8Zn0.2O3
	0.1 M HClO4
	1.55
	110 @ 1.550 V
	[S4]

	Sr2ZnIrO6
	0.1 M HClO4
	1.48
	139 @1.525 V
	[S2]

	IrCo_ae
	0.5 M H2SO4
	1.513
	139 @1.575 V
	[S5]

	5Ir-Co3O4-bilayer
	0.1 M HClO4
	1.54
	1056.2 @1.54 V
	[S6]

	IrOx/VO-TiO2
	0.5 M H2SO4
	1.48
	120.21 @1.55 V
	[S7]

	IrNiOx-575
	0.05 M H2SO4
	1.555
	100 @1.535 V
	[S8]

	dh-IrOX-230
	0.1 M HClO4
	1.51
	72 @1.51 V
	[S9]

	IrOX/TiOx
	0.5 M H2SO4
	1.463
	730.8 @ 1.53 V
	[S10]

	T-0.24Ni/IrO2
	0.1 M HClO4
	1.42
	1110.5 @1.58 V
	[S11]



Table S3 Parameters resolved from Nyquist Plots
	Sample
	Rs/Ω
	Rct/Ω

	0.1Co-CIO
	8.954
	72

	0.2Co-CIO
	13.9
	27.04

	0.4Co-CIO
	10.55
	111.7

	CIO
	11.28
	293.4

	IrO2
	4.385
	4629


Supplementary References 
[S1] R. Zhang, N. Dubouis, M. Ben Osman, W. Yin, M.T. Sougrati et al., A dissolution/precipitation equilibrium on the surface of iridium-based perovskites controls their activity as oxygen evolution reaction catalysts in acidic media. Angew. Chem. Int. Ed. 58(14), 4571–4575 (2019). https://doi.org/10.1002/anie.201814075
[S2] M. Retuerto, L. Pascual, O. Piqué, P. Kayser, M. Abdel Salam et al., How oxidation state and lattice distortion influence the oxygen evolution activity in acid of iridium double perovskites. J. Mater. Chem. A 9(5), 2980–2990 (2021). https://doi.org/10.1039/d0ta10316k
[S3] Y. Chen, H. Li, J. Wang, Y. Du, S. Xi et al., Exceptionally active iridium evolved from a pseudo-cubic perovskite for oxygen evolution in acid. Nat. Commun. 10, 572 (2019). https://doi.org/10.1038/s41467-019-08532-3
[S4] M. Retuerto, L. Pascual, J. Torrero, M. Abdel Salam, Á. Tolosana-Moranchel et al., Highly active and stable OER electrocatalysts derived from Sr2MIrO6 for proton exchange membrane water electrolyzers. Nat. Commun. 13, 7935 (2022). https://doi.org/10.1038/s41467-022-35631-5
[S5] M.F. Labata, N. Kakati, G. Li, V. Altoe, P.A. Chuang, Exploring the structure–function relationship in iridium–cobalt oxide catalyst for oxygen evolution reaction across different electrolyte media. ACS Catal. 15(3), 1715–1726 (2025). https://doi.org/10.1021/acscatal.4c06814 
[S6] G. Li, A. Priyadarsini, Z. Xie, S. Kang, Y. Liu et al., Achieving higher activity of acidic oxygen evolution reaction using an atomically thin layer of IrOx over Co3O4. J. Am. Chem. Soc. 147(8), 7008–7016 (2025). https://doi.org/10.1021/jacs.4c17915
[S7] Q. Chu, Y. Niu, H. Tao, H. Liu, Q. Li et al., Optimizing the electronic structure of IrOx sub-2 nm clusters via tunable metal support interaction for acidic oxygen evolution reaction. ACS Catal. 15(3), 1942–1951 (2025). https://doi.org/10.1021/acscatal.4c06411
[S8] S.S. Jeon, H. Jeon, J. Lee, R. Haaring, W. Lee et al., Highly active and durable iridium nickel oxide platelets for a proton exchange membrane water electrolyzer with low iridium loading. ACS Catal. 15(6), 4963–4974 (2025). https://doi.org/10.1021/acscatal.5c00014 
[S9] K. Sun, X. Liang, X. Wang, Y.A. Wu, S. Jana et al., Highly efficient and durable anode catalyst layer constructed with deformable hollow IrOx nanospheres in low-iridium PEM water electrolyzer. Angew. Chem. 137(21), e202504531 (2025). https://doi.org/10.1002/ange.202504531
[S10] Y. Qin, Y. Huang, Q. Ye, J. Wang, M. Endo et al., In situ construction of IrOx Nanofilm on TiOx for boosting low-Ir catalysis in practical PEM electrolyze. Adv. Energy Mater. 15(21), 2405636 (2025). https://doi.org/10.1002/aenm.202405636 
[S11] Liu, X. Zhong, X. Chen, D. Wu, C. Yang et al., Unraveling compressive strain and oxygen vacancy effect of iridium oxide for proton-exchange membrane water electrolyzers. Adv. Mater. 37(16), 2501179 (2025). https://doi.org/10.1002/adma.202501179   

S1/S17
image1.emf
b 

50 nm

50 nm

d 

c

50 nm

50 nm

50 100

0102030Percentage (%)

Diameter (nm)

Average Size = 40 nm

a

0.1Co-CIO

0.4Co-CIO

CIO

0.2Co-CIO


image2.emf
Co 

50 nm

Ir

Ca

Mix

O


image3.jpeg
IFT(x ()l

0.2Co-CIQ|
0.4Co-CIO
Ir—0
Ir—Ir
0 2 4




image4.emf
1

2

3

R

 + 

α

 (Å)

02Co-CIO

0 2 4 6 8 10 12 14

02468101214

1

2

3

k (Å

-1

)

Co-Co

Co foil

0 2 4 6 8 10 12 14

02468101214

1

2

3

k (Å

-1

)

0.4Co-CIO

1

2

3

R

 + 

α

 (Å)

Co-O

CoO

Co-O

1

2

3

Co-O

Co

3

O

4

Co-Co

1

2

3

0.1Co-CIO

a b


image5.emf
7720 7740 7760

XANES (a.u.)

Energy (eV)

 Experiment

 Theory

Co K-edge


image6.jpeg
0.06r 1000 Oe cio
0.1Co-CIO

= ———0.2Co-CIO
3 0.04} ——0.4Co-ClO
£
L)
= 02}

0.00f

0 50 100 150 200 250 300
T (K)




image7.jpeg
XANES (a.u.)

0.1Co-CIO
Ir L;-edge ———0.2Co-CIO
. ——0.4Co-CIO
. ——CIO
! IrO,
11215 11220 11225 11230

Energy (eV)





image8.emf
7710772077307740

-0.1

0.0

0.1

0.2

Derive XANES

Energy (eV)

 0.1Co-CIO

 0.2Co-CIO

 0.4Co-CIO

 Co

2

O

37700772077407760

XANES (a.u.)

Energy (eV)

 0.1Co-CIO

 0.2Co-CIO

 0.4Co-CIO

 Co foil

 Co

2

O

3

Co K-edge

a b


image9.emf
810 800 790 780

0.1Co-CIO

Intensity (a.u.)

Binding energy (eV)

Co 2p

0.4Co-CIO

0.2Co-CIO

Co 2

p

3/2

Co 2

p

1/2

706560CIO

Intensity (a.u.)

Binding energy (eV)

Ir 4f

0.1Co-CIO

0.2Co-CIO

0.4Co-CIO

Ir 4

f

7/2

Ir 4

f

5/2


image10.jpeg
Intensity (a.u.)

O 1s

hydroxyl
: ——0.4Co-C
—0.2Co-C
0.1Co-C

ClO

OO0O0O

lattice oxygen

534

532 530 528
Binding energy (eV)





image11.png
XANES (a.u.)

Co L;-edge

780
Energy (eV)




image12.emf
Ir4+, 5d5

t

2g

5 e

g

0

Ir4+, 5d5

t

2g

4 e

g

1

e

g

4 states

e

g

3 states

t

2g

2 states

t

2g

1 states

σ-overlap with 6 neighbors

1 times

σ-overlap with 6 neighbors

1 times

π-overlap with 6 neighbors

2 times

π-overlap with 6 neighbors

2 times

Integral twice as large

Intensity 4 times

Integral twice as large

Intensity 1 times

Integral twice as large

Intensity 4 times

Integral twice as large

Intensity 1 times

4

×

1

×

4 = 16

1

×

2

×

1 = 2

3

×

1

×

4 = 12

2

×

2

×

1 = 4

a

b


image13.jpeg
XANES (a.u.)

Energy (eV)




image14.emf
530 535 540

XANES (a.u.)

Energy (eV)

O K-edge

0.4Co-CIO

a

: Ir_

p*

b

: Ir_

s*

530 535 540

XANES (a.u.)

Energy (eV)

O K-edge

0.2Co-CIO

a

: Ir_

p*

b

: Ir_

s*

530 535 540

XANES (a.u.)

Energy (eV)

O K-edge

0.1Co-CIO

a

: Ir_

p*

b

: Ir_

s*

a

b

c d

530 535 540

XANES (a.u.)

Energy (eV)

O K-edge

    CIO

a

: Ir_

p*

b

: Ir_

s*


image15.jpeg
1.3 1.4 1.5
E(V vs.RHE)




image16.emf
0.55 0.60

-1

0

1

current  (

m

A)

E (V vs RHE)

10 mV s

-1

2 mV s

-1

0.1Co

0.55 0.60

-2

-1

0

1

2

current  (

m

A)

E (V vs RHE)

10 mV s

-1

2 mV s

-1

0.2Co-CIO

0.55 0.60

-1

0

1

current  (

m

A)

E (V vs RHE)

10 mV s

-1

2 mV s

-1

0.4Co-CIO

2 4 6 8 10

0

1

2

D

current (

m

A)

Scan rate (mV s

-1

)

0.108

 

 mF

0.046  mF

0.061  mF

 0.1Co-CIO

 0.2Co-CIO

 0.4Co-CIO

 CIO

 IrO

2

0.030 mF

0.053 mF

a

0.55 0.60

-1.0

-0.5

0.0

0.5

1.0

current  (

m

A)

E (V vs RHE)

10 mV s

-1

2 mV s

-1

CIO

c

b

d

0.55 0.60

-1

0

1

current  (

m

A)

E (V vs RHE)

IrO

2

10 mV s

-1

2 mV s

-1

e f


image17.jpeg
0 200'%200'0\0 00 O

—
(,WD) Bale aAljoe [ed1WBYD01309|d




image18.jpeg
-Im (Z)/Ohm

150

—
o
o

o)
o

0.1Co-CIO
+ 0.2Co-CIO
4 04Co-CIO
v CIO
* IrO,
50 100 150

Re (Z)/Ohm





image19.png




image20.jpeg
INd
S

Potential (V)
N
o

-
(%,

0.2Co-CIO

100 mA cm

®
N
[¢,]

&

@25°C 50 mA cm

20 40 60 80
Time (h)




image21.emf
05001000150020000

1

2

3

Concentration (mg l

−

1

)

CV cycles

 Ca

 Co

 Ir

05001000150020000

1

2

3

Concentration (mg l

−

1

)

CV cycles

 Ca

 Ir

a

b


image22.emf
0204060050

100

Net intensity (Counts)

Position (nm)

Ca

IrCo0204060050

100

Net intensity (Counts)

Position (nm)

Ca

IrCo

pristine 2000 CV

a b


image23.emf

image24.emf
a b

775780785

XANES (a.u.)

E (eV)

20 CV

2000 CV

0.2Co-CIO

Co L

3

 edge

530540550

XANES (a.u.)

E (eV)

20 CV

a

b

 0.2Co-CIO

O K edge

2000 CV


image25.jpeg
XANES (a.u.)

O K-edge
0.2Co-CIO_2000CV
B:Ir_o*

Energy (eV)




image26.jpeg
XANES (a.u.)

Ir L,-edge ek

ClO

Ex situ
—1.35V
— 150V

11210 11215 11220 11225 11230

Energy (eV)




image27.emf
3.03.54.04.55.011218

11219

11220

11221

1.45 V (+4.6)

IrCl3(+3) 

White line position (eV)

oxidation state 

1.35 V (+4.4)

IrO

2

(+4)

Ex situ (+4.0)

112101122011230

Derive XANES

Energy (eV)

 Ex situ

 1.35 V

 1.45 V

Ir L

3

 edge

 IrCl3 IrO2

a

b


image28.emf
7710772077307740-0.2-0.1

0.0

0.1

0.2

Derive XANES

Energy (eV)

 Ex situ

 1.35 V 1.45 V Co3O4 Co2O32.53.03.511

12

13

14

D

 E (eV)

oxidation state

Co

2

O

3Co3O4

Ex situ (+3.0)

1.35 V (+3.4)

1.45 V (+3.7)

a

b


image29.jpeg
ClO in H,'°0

Ir=0 or Ir-0O-0

1000

Raman shift (cm™)

(‘ne) Ajisuayu|

600 3800

400




image30.jpeg
O = >
00 LO
2 ot 10
T - -
£
O
Q
@
O
N
o
SRR JS—
ﬁA - e ol e o et e e o o

1.25V

(‘n"e) Ajisua)u|

600 3800 1000

Raman shift (cm™)

400




image31.emf
0 200 400

10

−12

10

−11

10

−10

10

−9

10

−8

Mass signals

Relative time (s)

 

32

O

2

 

36

O

2

0.2Co-CIO

0 200 400

10

−12

10

−11

10

−10

10

−9

Mass signals

Relative time (s)

 

32

O

2

 

36

O

2

IrO

2

a

b

0.81.01.21.41.6

0

2

4

6

8

10

Current (mA)

Potential (V)

0.8 1.0 1.2 1.4 1.6

0

2

4

6

8

10

Current (mA)

Potential (V)


image32.emf
a

b

c d

Ca

36

Co

6

Ir

21

O

93

Ca

36

Ir

27

O

93

Ca

36

Co

3

Ir

24

O

93

Ca

36

Co

9

Ir

18

O

93


image33.emf
Ir

Ir Ir

Co

Co

Ir

Ir

Co

bridged O


image34.emf
Ir

Ir Ir

Co

topmost O

Ir

Co

Ir

Co


image35.emf
a

b

c

d

3.254 Å

3.128 Å

3.115 Å 3.068 Å


image36.jpeg
N

Free Energy (eV)

o

CIO _Ir
Co3-CIO Ir
—=— C03-ClO_Co

/
/
|

1.18 =

—n
/

*  OH* O* OOH* O,

Reaction Coordination





