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Supplementary Fig. S1. TEM image of flexible IrO2.
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Supplementary Fig. S2. 3D AFM image of flexible IrO2 on a mica substrate. 
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Supplementary Fig. TEM images of IrO2 NPs.
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Supplementary Fig. S4. TEM images of Com. IrO2 (Umicore).
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Supplementary Fig. S5. TEM images of IrO2 synthesized with molar ratios of Ba to Ir of (a) 0, (b) 19:1, (c) 38:1 and (d) 67:1, respectively.
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Supplementary Fig. S6. XRD patterns of IrO2 synthesized molar ratios of Ba to Ir of 0, 19:1, 38:1 and 67:1, respectively
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Supplementary Fig. S7. HR-TEM images and corresponding fast Fourier transform (FFT) diagrams of flexible IrO2.
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Supplementary Fig. S8. (a) STEM image of flexible IrO2. (b) EDX spectrum of flexible IrO2 in the red dashed box of (a). (c) Distribution of Ir, O, and Ba along the purple line in (a). (d-f) elemental mapping of Ir, O, and Ba of (a).
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Supplementary Fig. S9. Digital photographs of flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore) on weighing paper.
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Supplementary Fig. S10. Digital photographs of flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore) dispersed in aqueous solution.



[image: ]
Supplementary Fig. S11. Nitrogen adsorption-desorption isotherms of flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore).
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Supplementary Fig. S12. Raman spectra of Com. IrO2 (Umicore).
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Supplementary Fig. S13. (a) XPS spectra of flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore), respectively. (b) Ir 4 f XPS spectra of IrO2 NPs.
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Supplementary Fig. S14. Comparison of the relative percentages of Ir in different oxidation states in flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore).
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Supplementary Fig. S15. (a) O 1s XPS spectra of flexible IrO2 and Com. IrO2 (Umicore). (b) O 1s XPS spectra of IrO2 NPs.
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Supplementary Fig. S16. Fitting curves of the FT-EXAFS spectra of Ir in k space for flexible IrO2.
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Supplementary Fig. S17. Fitting curves of the FT-EXAFS spectra of Ir in (a) R space and (b) k space for Ir foil.
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Supplementary Fig. S18. Fitting curves of the FT-EXAFS spectra of Ir in (a) R space and (b) k space for IrO2 standard.
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Supplementary Fig. S19. The structural model of flexible IrO2 was constructed based on morphological characterization results.
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Supplementary Fig. S20. (a) Overpotentials to reach 10 and 40 mA/cm2 for flexible IrO2, IrO2 NPs, and Com. IrO2 (Umicore) catalysts on glassy carbon (GC) electrode. (b) Tafel plots and (c) EIS plots of flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore) catalysts on GC electrode.
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Supplementary Fig. S21. Static water contact angle measurements of (a) flexible IrO2, (b) IrO2 NPs and (c) Com. IrO2 (Umicore) catalysts on carbon paper.
[image: ]
Supplementary Fig. S22. Adhesion test of membrane electrodes to bubbles with (a) flexible IrO2, (b) IrO2 NPs and (c) Com. IrO2 (Umicore) catalysts on MEA, bubbles contact membrane electrode at position 1, are compressed to maximum extent at position 2, and are detached from membrane electrode at position 3.
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Supplementary Fig. S23. In situ microscopic images of flexible IrO2 catalysts on carbon paper (Side view) during the OER process.
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Supplementary Fig. S24. In situ microscopic images of flexible IrO2 catalysts on carbon paper (Front view) during the OER process.
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Supplementary Fig. S25. In situ microscopic images of IrO2 NPs catalysts on carbon paper (Side view) during the OER process.
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Supplementary Fig. S26. In situ microscopic images of IrO2 NPs catalysts on carbon paper (Front view) during the OER process.
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Supplementary Fig. S27. In situ microscopic images of Com. IrO2 (Umicore) catalysts on carbon paper (Side view) during the OER process.
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Supplementary Fig. S28. In situ microscopic images of Com. IrO2 (Umicore) catalysts on carbon paper (Front view) during the OER process.
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Supplementary Fig. S29. (a) CV curves of flexible IrO2 on glassy carbon electrode at different scan rates from 5 to 50 mV/s in a non-Faradaic region with the potential between 0.99 and 1.09 V vs RHE under 0.5 M H2SO4. (b) Corresponding Cdl plots of flexible IrO2. (without iR-compensation)
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Supplementary Fig. S30. CV curves for (a) IrO2 NPs, (c) Com. IrO2 (Umicore) on glassy carbon electrode at different scan rates from 5 to 50 mV/s in a non-Faradaic region under 0.5 M H2SO4. Corresponding Cdl plots of (b) IrO2 NPs and (d) Com. IrO2 (Umicore). (without iR-compensation)
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Supplementary Fig. S31. Cdl plots comparison for flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore) catalysts on glassy carbon electrode. (without iR-compensation)
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Supplementary Fig. S32. Comprehensive comparisons of overpotentials and stability of flexible IrO2 and the state-of-the-art acidic OER catalysts.
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Supplementary Fig. S33. CV curves of the first and 10000th CV cycles between 1.2-1.6 V for (a) flexible IrO2, (b) IrO2 NPs and (c) Com. IrO2 (Umicore). (with iR-compensation)
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Supplementary Fig. S34. LSV curves of (a) flexible IrO2, (b) IrO2 NPs and (c) Com. IrO2 (Umicore) before and after 10000 CVs. (with iR-compensation)
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Supplementary Fig. S35. TEM image of flexible IrO2 after durability test at 10 mA/cm2 for 1000 h.












[image: ]
Supplementary Fig. S36. Comparison of XRD before and after durability test at 10 mA/cm2 for (a) flexible IrO2, (b) IrO2 NPs and (c) Com. IrO2 (Umicore) catalysts. (on Carbon paper)
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[bookmark: OLE_LINK4]Supplementary Fig. S37. Ir 4f and O 2p XPS spectra of flexible IrO2 after 1000 h stability test.
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Supplementary Fig. S38. Nyquist plots for OER on the (a) flexible IrO2, (b) IrO2 NPs and (c) Com. IrO2 (Umicore) catalysts in 0.5 M H2SO4. EIS tests were performed using GC electrode at different applied potentials versus RHE in the frequency range of 0.1 Hz to 10 kHz. (without iR-compensation)
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Supplementary Fig. S39 Operando EIS spectra for (a) IrO2 NPs and (b) Com. IrO2 (Umicore) from 1.35 to 1.6 V versus RHE. (c) Changes in the phase angle as the OER potential increases. (without iR-compensation)
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Supplementary Fig. S40. Operando ATR-SEIRAS IR spectra of IrO2 NPs with potentials (versus RHE) applied from 1.3-1.9 V.
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Supplementary Fig. S41. The optimized model structure of (a) rigid IrO2 and (b) Ba doped rigid IrO2.
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Supplementary Fig. S42. The optimized model structure of flexible IrO2.
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Supplementary Fig. S43. (a) Schematic diagram of the bond structure showing the measured average Ir-O bond lengths and Ir-O-Ir bond angles. (b) Trends in the average Ir-O bond lengths and Ir-O-Ir bond angles for flexible IrO2, rigid IrO2 and Ba doped rigid IrO2.
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Supplementary Fig. S44. Adsorption models of the AEM pathway at the Ir site of flexible IrO2 catalytic surfaces.
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Supplementary Fig. S45. Adsorption models of the AEM pathway at the Ir site of rigid IrO2 catalytic surfaces.
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Supplementary Fig. S46. ΔG diagrams and rate-determining step (RDS) of flexible IrO2, rigid IrO2 and Ba doped rigid IrO2.
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Supplementary Fig. S47. Calculated projected density of states (PDOS) of Ir 5d-band for flexible IrO2, rigid IrO2 and Ba doped rigid IrO2.
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Supplementary Fig. S48. Calculated projected density of states (PDOS) of O 2p-band for flexible IrO2, rigid IrO2 and Ba doped rigid IrO2.
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Supplementary Fig. S49. Calculated -pCOHP diagrams of flexible IrO2, rigid IrO2 and Ba doped rigid IrO2.
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Supplementary Fig. S50. CDD plots of (a) flexible IrO2 and (b) rigid IrO2.
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Supplementary Fig. S51. CDD plots of (a) flexible IrO2 and (b) rigid IrO2.
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Supplementary Fig. S52. (a) Polarization curves and (b) OER potential with varied catalyst loadings of flexible IrO2 and Com. IrO2 (Umicore). (c) Electrolysis durability test of flexible IrO2 with an anode loading of 0.3 mgIr/cmgeo2.
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Supplementary Fig. S53. Energy consumption comparison of IrO2, IrO2 NPs and Com. IrO2 (Umicore) for hydrogen production, expressed in kWh/kg H2 (a) and kWh/Nm3 H2 (b).
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Supplementary Fig. S54. (a) Polarization curves of flexible IrO2 and Com. IrO2 (Umicore) with the anode loading of 1.0 mgIr/cmgeo2 and the cathode loading of 0.4 mgPt/cmgeo2. (b) Stability of the PEMWE with Nafion 115 measured at 1 A/cm2.
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Supplementary Fig. S55. (a) Polarization curves of flexible IrO2 and Com. IrO2 (Umicore) with the anode loading of 0.2 mgIr/cmgeo2 and the cathode loading of 0.2 mgPt/cmgeo2. (b) Stability of the PEMWE with Nafion 115 measured at 1 A/cm2.
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Supplementary Fig. S56. Simulating solar PV fluctuation mode within a current density range of 0-4.5 A/cm2.

Table S1. Frequency of signal peaks in Raman spectra.
	Catalyst
	Eg
	B2g

	Flexible IrO2
	548.46
	718.34

	IrO2 NPs
	542.06
	708.74

	Com. IrO2
	553.29
	710.23










Table S2. Relative percentage comparison of different-valence Ir states in flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore).
	Catalyst
	Ir4+(%)
	Ir3+(%)
	Ir0(%)

	Flexible IrO2
	27.34
	72.66
	0

	IrO2 NPs
	51.01
	30.21
	18.78

	Com. IrO2
	56.28
	25.52
	18.20





Table S3. Proportion of O species obtained from XPS fitting in flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore).
	Catalyst
	Oxygen species
	Binding energy
(eV)
	Relative percentage
(%)

	Flexible IrO2
	Adsorbed oxygen (O2)
Adsorbed hydroxyl (-OH)
Lattice oxygen (Ir-O)
	532.83
531.47
530.18
	33.17
53.92
12.91

	IrO2 NPs
	Adsorbed oxygen (O2)
Adsorbed hydroxyl (-OH)
Lattice oxygen (Ir-O)
	532.83
531.47
530.39
	45.99
27.92
26.09

	Com. IrO2
	Adsorbed oxygen (O2)
Adsorbed hydroxyl (-OH)
Lattice oxygen (Ir-O)
	532.83
531.47
530.13
	17.23
40.93
41.84









Table S4. EXAFS fitting parameters at the Ir L3-edge for flexible IrO2, Ir foil and IrO2 standard.
	Catalyst
	Shell
	N
	σ2
	R
	R-factor (%)

	Flexible IrO2
	Ir-O
	5.93
	0.006
	2.01
	0.14

	IrO2 standard
	Ir-O
	6.00
	0.002
	1.97
	0.07

	Ir foil
	Ir- Ir
	12.00
	0.004
	2.71
	0.63


CN: coordination number; R: bond distance; σ2: Debye-Waller factor.









Table S5. Ohmic resistance (Rs) and Charge transfer resistance (R1 and R2) calculated by fitting EIS of flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore).
	Catalyst
	Rs (ohm)
	R1 (ohm)
	R2 (ohm)

	Flexible IrO2
	3.88
	4.08
	9.63

	IrO2 NPs
	4.32
	18.35
	60.47

	Com. IrO2
	4.68
	20.29
	76.53





[bookmark: _Hlk187321160][bookmark: _Hlk186707285]Table S6. Comparison of activity and stability of various advanced Ir-based catalysts in the three-electrode system. (NA: not available)
	Catalysts
	Substrate
	Ir loading 
(mg/cm2)
	Overpotential@10 mA/cm2 (mV)
	Stability (h@mA/cm2)
	S-number
	Refs

	Flexible IrO2
	GC/Carbon paper
	0.32
	227
	1000@10
	6.97×104
	This work

	IrO2 NPs
	
	
	279
	204@10
	3.92×104
	

	Com. IrO2
	
	
	399
	83@10
	1.50×104
	

	KIr4O8
	GC
	0.281
	266
	100@10
	NA
	(1)

	Ti-IrOx/Ir
	GC
	0.35
	254
	24@10
	1.02×105
	(2)

	IrW-W2B
	NA
	0.0789
	291
	120@100
	2.49×105
	(3)

	IrVMn/IrOx
	GC
	0.00934
	279
	45@10
	4.55×104
	(4)

	IrRu-NBs
	GC
	NA
	204
	71@10
	NA
	(5)

	IrOxMoO3
	Ti felt
	0.28
	200
	130@10
	NA
	(6)

	Ir-Co3O4
	GC
	0.018
	236
	30@10
	NA
	(7)

	HxIrO3 NSs
	GC
	0.255
	277
	10@12
	NA
	(8)

	NiWIrOx
	Ti felt
	0.63
	180
	312@300
	3.9×105
	(9)

	Li-IrOx
	GC
	0.0204
	290
	10@10
	NA
	(10)

	La3IrO7
	GC
	0.467
	296
	16.7@10
	NA
	(11)

	6H-SrIrO3
	GC
	0.284
	248
	30@10
	NA
	(12)

	Ru2IrOx
	GC
	0.285
	245
	250@10
	NA
	(13)

	Ir-Co3O4
	GC
	1.2
	276
	500@10
	2.0×105
	(14)




Table S7. Inductively coupled plasma test of Ir dissolved in 0.5M H2SO4 electrolyte after durability test at 10 mA/cm2.
	Catalyst
	Label
	193 (KED) [ppb]

	Flexible IrO2
	1
	293.761

	
	2
	287.628

	
	3
	301.019

	
	Mean:
	294.136

	IrO2 NPs
	1
	100.798

	
	2
	104.721

	
	3
	105.405

	
	Mean:
	103.641

	Com. IrO2
	1
	109.329

	
	2
	108.334

	
	3
	112.147

	
	Mean:
	109.937














Table S8. S-number of flexible IrO2, IrO2 NPs and Com. IrO2 (Umicore).
	[bookmark: OLE_LINK8]Catalyst
	(mol)
	(mol)
	S-number

	Flexible IrO2
	1.338E-06
	9.328E-02
	6.97E+04

	IrO2 NPs
	4.858E-07
	1.903E-02
	3.92E+04

	[bookmark: OLE_LINK7]Com. IrO2
	5.153E-07
	7.742E-03
	1.50E+04




Table S9. Comparison of various PEMWE operation conditions and catalyst performances.
	Catalyst
	PGM loading (mg/cm2)
	Cell activity (V@A/cm2)
	Operation time (h)
	Degradation rate (µV/h)
	Refs

	Flexible IrO2
	1.4
	1.561@1
	1.657@2
	3000
	-0.2.74
	This work

	IrO2 NPs
	1.4
	1.615@1
	1.888@2
	--
	--
	

	Com. IrO2
	1.4
	1.610@1
	1.692@2
	1566
	18.46
	

	Ta0.1Tm0.1Ir0.8O2-δ
	0.6
	1.766@1
	1.923@2
	100
	500
	(15)

	Ir/Nb2O5
	2.8
	1.650@1
	1.800@2
	2000
	25.6
	(16)

	CrO2-0.16IrO2
	1.2
	1.630@1
	1.730@2
	100
	500
	(17)

	IrRu
	0.9
	1.650@1
	1.810@2
	240
	25
	(18)

	IrO2/TaB2
	0.4
	1.670@1
	1.830@2
	100
	100
	(19)

	IrOx∙nH2O
	2.5
	1.770@1
	2.000@2
	600
	6
	(20)

	IrVI-ado (MnO2/p-PTL)
	0.5
	1.650@1
	1.770@2
	2700
	1
	(21)

	IrRuOx
	1.6
	1.600@1
	1.830@2
	1000
	5
	(22)




Movie S1.
Evolution of oxygen bubble evolution on the surface of flexible IrO2 catalyst on carbon paper with increasing applied voltage. 
Movie S2.
Evolution of oxygen bubble evolution on the surface of IrO2 NPs catalyst on carbon paper with increasing applied voltage.
Movie S3.
Evolution of oxygen bubble evolution on the surface of Com. IrO2 (Umicore) catalyst on carbon paper with increasing applied voltage.
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