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[bookmark: _Hlk172557447]1. Experimental
1.1 Materials
All chemicals are analytical grade, including iridium chloride (IrCl3, AR, 99.0%), PAHs (Mw≈17500), Sodium nitrate (NaNO3, AR, 95.0%), isopropanol (AR, 99.5%) and ethanol (AR, 99.7%). Commercial IrO2 catalyst used were Macklin's 99.9% metals basis, Ir ≥ 84.5%.
1.2 Synthesis of DAC-IrO2
In a typical synthesis, 0.5 mmol of iridium trichloride (IrCl3·xH2O), 2.0 mmol of sodium nitrate (NaNO3), and 0.2 g of polycyclic aromatic hydrocarbons (PAHs, e.g., pyrene or anthracene) were dissolved in 20 mL of deionized water under stirring. The mixture was then heated to 80 °C and stirred continuously for 3 hours to allow the molten PAHs to uniformly coat the precursor salts, forming a homogeneous organic-inorganic intermediate. Subsequently, the solvent was completely removed by evaporation at 80 °C, and the resulting solid powder was dried in an oven at 80 °C overnight.
[bookmark: OLE_LINK115]The dried precursor was then transferred to a muffle furnace and calcined in air at 400 °C for 3 hours with a ramping rate of 5 °C min-1. During calcination, the PAHs decomposed into an amorphous carbon layer that acted as a nanoreactor, confining the iridium species. Meanwhile, NaNO3 decomposed to provide a strongly oxidative atmosphere, promoting the conversion of IrCl3 to IrO2. Under spatial confinement, part of the IrO2 formed fine crystalline nanocrystals, while the remainder constituted a continuous amorphous IrO2 matrix. The carbon template was completely removed by oxidation, yielding a pure DAC-IrO2 composite with a porous architecture. The final product was collected after natural cooling to room temperature and stored for further characterization.
1.3 Structural and Microstructure Characterization
X-ray diffraction (XRD, DX-2700BH) is employed to identify the crystal structure and chemical composition of these as-prepared samples. X-ray photoelectron spectroscopy (XPS, Thermo Kalpha) is conducted to identify the valence states of the elements. Morphology characterization and energy-dispersive spectroscopy (EDX) analysis are performed using scanning electron microscopy (SEM, TESCAN MIRA4) and transmission electron microscopy (TEM, Thermo scientific Talos F200X G2). Raman instrument type: WITec alpha 300R, Germany; laser: 532 nm. Raman instrument type: WITec alpha 300R, Germany; laser: 532 nm. Measurement of catalyst porosity using BET (ASAP2020). 
1.4 Electrochemical measurements
Electrochemical characterizations are performed in a custom three electrode electrochemical cell coupled to a potentiostat (SP240, Biologic). The cell is cleaned with sulfuric acid and boiled in DI-water several times before testing to minimize the content of residual impurities. The OER activity test is carried out in a three-electrode cell. A catalyst coated glassy carbon electrode (GCE) served as the working electrode with platinum (Pt) wire as the counter electrode, and Ag/AgCl as the reference electrode. 5 mg of catalyst is added in 1 mL of a mixture solvent containing ethanol and Nafion (5%) (with a volume ratio of 49:1) under sonication. 22 μL of ink is deposited on the surface of a glassy carbon electrode (GCE) (loading of ~112 µgIr cm-2). 
All catalysts ae activated by 20 cycles of cyclic voltammetry (CV) before electrochemical tests. To evaluate the activity of each electrocatalyst, linear sweep voltammetry (LSV) at a scan rate of 5 mV s−1, and the linear portion of the Tafel polarization curve is fitted according to the following Tafel equation1:
                  η = a + blog|j|                                 (1)
where is the overpotential, b is the Tafel slope, and j indicates the current density.
The electrochemical impedance spectra (EIS) is recorded at an overpotential of 10 mA cm−2 in the frequency range from 10−1 to 105 Hz. In order to assess the electrochemical active area (ECSA) of the catalyst for the oxygen evolution reaction (OER), the Cdl of the electrocatalyst is measured using cyclic voltammograms within a non-Faraday reaction potential window2 (0-0.1 V vs RHE) at scan rates of 10, 20, 40, 60, 80, and 100 mV s-1. The difference in current densities (DJ = (Ja-Jc) at 0.05 V vs RHE) is linearly related to the different scan rates with the slope that was twice that of Cdl. Long term stability of catalyst is tested through the chronoamperometric curve3.
Synthesis of IrO2 electrode: Prepare the catalyst solution and mix 5 mg of IrO2 catalyst uniformly into the ethanol (0.990 mL) and Nafion solution (0.010 mL) mixture, the mixed solution was sonicated for two hours to obtain a homogeneous catalyst ink. Then 100 µL of the catalyst ink was loaded onto a 2 cm×1 cm carbon paper.
[bookmark: _Hlk172251760][bookmark: _Hlk172251691]1.5 In-situ Raman and XPS measurements
Raman instrument type: WITec alpha 300R, Germany; laser: 532 nm. Raman instrument type: WITec alpha 300R, Germany; laser: 532 nm.
Experimental: Turn on the instrument, select the 532 nm laser, and assemble the in-situ Raman cell, including the connection of the working electrode, counter electrode, as well as the circulating system for the electrolyte. Adjust the incident and scattered light paths to ensure that the laser beam is correctly incident on the sample and that the scattered light passes through the spectral system of the Raman spectrometer. Adjust the focal length between the sample surface and the laser focus to ensure an optimal Raman signal. Start the Raman spectrometer for measurement and record the peak position and intensity of the Raman spectrum. Background corrections were applied to the acquired spectral data to eliminate the effects of the laboratory environment and instrumentation.
X-ray photoelectron spectroscopy (XPS) was acquired using a Thermo Scientific K-Alpha, which is equipped with an Al-Kα (1486.6 eV) X-ray source. Data analysis is conducted using Thermo Avantage software, with all test results calibrated utilizing the C 1s peak at 284.8 eV.
1.6 Electrochemical measurement of PEMWE
For PEMWE experiments and MEA preparation, Nafion115 and 212 membranes were pretreated by boiling in 3 wt% H2O2 solution, 5 wt% H2SO4 solution and distilled water for 1 h, respectively. CCMs were prepared by depositing anodic and cathodic catalysts on both sides of the Nafion 115 and 212 membranes using an ultrasonic sprayer (CHEERSONIC, China). The cathodic electrocatalyst was industrial platinum carbon (40 wt%), and the anodic electrocatalysts were IrO2 or DAC-IrO2. The Ir loading on the anode (DAC-IrO2) were determined to be 0.2 mgIr cm-2. For the preparation of catalyst inks, the mixed solution of isopropanol and distilled water has a weight ratio of 1.1:1. The catalyst loadings were tuned by deposited different amount of catalyst inks onto the N115 membrane. The ionomer content in the catalyst layers were also adjusted between 9-15 wt% at the anode by varying the ionomer dispersion volume in the catalyst inks, and the cathode Nafion ionomer content was maintained at 35 wt%. The suspension was sonicated in an ice water bath for 1 h to obtain the catalyst ink. The anodic and cathodic catalyst inks were sprayed on both sides of the Nafion 115 membrane. the active area of the CCM was 5 cm2. In contrast to the steady-state conditions of the constant current life test, the accelerated cycling test applies fluctuating perturbation currents, which better simulate real-world conditions. The accelerated cycling test in this study employs the step-timing potential method. The cycling ladder is divided into five steps, each held at current densities of 0.1, 2.0 and 6.0 A cm-2 for 30s of each, respectively.
[bookmark: OLE_LINK100][bookmark: OLE_LINK99]The Au ribbons were implemented in the CCM by hot press as follows. First, the anode and cathode catalyst layers were ultrasonic sprayed onto one side of a piece of N211 membrane with a thickness of 13 ± 2 μm, respectively, leaving the other side void. The catalyst inks have been optimized for achieving good performance. The anode catalyst ink has a composition of catalyst powder, D520 ionomer, DI water, and nPA, with ionomer to catalyst weight ratio of 0.24 and water to nPA volume ratio of 1.3. The cathode catalyst ink has same solvent mixed with Pt/C with ionomer to catalyst weight ratio of 0.4 and water to nPA volume ratio of 1.3. The UAM4000L System (from CHEERSONIC, China) was adopted to deposit the catalyst layers, reaching a loading of 0.5±0.06 mgIr cm-2 and 0.3±0.03 mgPt cm-2 for anode and cathode, respectively. The details of the ultrasonic spray process can be found in previous work. Two Au ribbons were placed onto the surface of N115 (with a thickness of 151±4 μm) membrane at each side, and then the N115 membrane with Au ribbons were sandwiched by the catalyst coated N211 membrane (facing the uncoated N211 to the N115) under hot press at 120 ◦C and 1 MPa for 10 mins, forming the hierarchy configured and voltage sensing wire implemented CCM, which has a total thickness of about 175 μm that is similar to N117. There are five layers in the hierarchy configured CCM, includes a piece of N115 membrane, two pieces of N211 membrane, anode catalyst layer and cathode catalyst layer. These five layers provide four internal interfaces, making the CCM a layer-stacked structure that is named as hierarchy configuration.
1.7 Computational methods
Density functional theory (DFT) calculations were carried out using the ab initio simulation package VASP4. The generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional was employed to describe the exchange–correlation interactions5. The interactions between core and valence electrons were treated using the projector-augmented wave (PAW) method, with a plane-wave energy cutoff of 500 eV6. Long-range van der Waals interactions were accounted for using the DFT-D3 correction with Grimme’s scheme7. All geometries were fully optimized until the total energy and atomic forces converged to 1.0 × 10⁻⁷ eV per atom and 0.01 eV Å⁻¹, respectively. A Γ-centered k-point mesh of 2 × 2 × 1 was adopted for all slab calculations6.
The crystalline IrO2 slab models were constructed based on the rutile IrO2 unit cell (lattice parameters: 3.17 Å × 4.52 Å × 4.52 Å). Three-layer (3 × 2) IrO2 (110) slabs were employed, with the bottom layer fixed and the upper two layers fully relaxed. The resulting supercell contained 48 Ir atoms and 85 O atoms, with lattice dimensions of 9.51 Å × 12.79 Å × 29.59 Å. A vacuum layer of 15 Å was introduced along the z direction to eliminate spurious interactions between periodic images.
Amorphous IrO2 structures were generated using ab initio molecular dynamics (AIMD) simulations following the Parrinello–Rahman approach. Starting from crystalline IrO2 configurations, the systems were heated to 3000 K and equilibrated for 10 ps, followed by quenching from 3000 K to 300 K over 10 ps. Subsequently, the structures were equilibrated at 300 K for an additional 10 ps to obtain stable amorphous geometries.
For the amorphous-crystalline IrO2 heterophase model, the bottom atoms were fixed, while rest of the atoms were allowed to relax during simulations. To screen suitable transition-metal dopants, Ir atoms at the A, B, and C sites on the IrO2 (110) surface were substituted with various transition-metal atoms.
The Gibbs free energy change (ΔG) for each elementary step was calculated according to:

where ΔE is the reaction energy obtained from DFT calculations, ΔZPE is the change in zero-point energy, and TΔS represents the entropy contribution at 300 K. ΔGpH accounts for the correction due to proton concentration. In this work, acidic conditions (pH = 0) were assumed, and thus ΔGpH was taken as zero.
The adsorption energy (ΔEads) of key OER intermediates (*OOH, *O, and *OH) were calculated relative to H2O and H2 at T=298.15 K, pH 0 using the following expressions: 



where * denotes the active adsorption site on the catalyst surface.
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Fig. S1 Schematic illustration of the synthesis process for DAC-IrO2
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[bookmark: _Hlk172250801][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK49]Fig. S2 SEM images of products obtained at different IrCl3 to PAHs feed ratios (a) IrCl3: PAHs=2:1, (b) IrCl3: PAHs=1:1, (c) IrCl3: PAHs=1:2.
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Fig. S3 SEM of (a-b) DAC-IrO2, (c-d) IrO2
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[bookmark: OLE_LINK50]Fig. S4 (a-b) TEM image of IrO2 nanowires (IrCl3: PAHs=1:2), (c) HRTEM image with the measured spacing of IrO2 nanowires. (d) HAADF-STEM images and corresponding EDX mapping.
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[bookmark: OLE_LINK1]Fig. S5 (a) HRTEM image of crystalline nanoparticles loaded in an amorphous matrix; (b) corresponding selected area electron diffraction (SAED) map. (c-d) HRTEM image of the amorphous matrix and SAED map.



[image: ]
[bookmark: OLE_LINK48]Fig. S6 TEM image of IrO2.
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Fig. S7 XRD patterns of DAC-IrO2 and commercial IrO2.



[image: ]
[bookmark: _Hlk212294029]Fig. S8 EDX spectra of DAC-IrO2 catalyst. 
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[bookmark: OLE_LINK8]Fig. S9 XPS survey spectra.
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Fig. S10 The high-resolution of O 1s spectra.
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[bookmark: OLE_LINK18][bookmark: OLE_LINK7]Fig. S11 N2 isothermal adsorption curves of (a) IrO2, (b) Com-IrO2, (c) DAC-IrO2
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Fig. S12 Comparison of Raman spectra of different catalysts.
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Fig. S13 Wavelet transformation EXAFS of (a) Ir foil, (b) IrO2, (c) DAC-IrO2.
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[bookmark: OLE_LINK17]Fig. S14 (a) Com-IrO2, (b) DAC-IrO2’s CVs recorded in a non-faraday region of different catalysts for OER.
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[bookmark: OLE_LINK25][bookmark: OLE_LINK22][bookmark: _Hlk172106195][bookmark: _Hlk172244182][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK26]Fig. S15 (a) The polarization curves toward OER in the presence of DAC-IrO2 and commercial IrO2 in 0.5 M H2SO4. (b)Tafel slopes of DAC-IrO2 and commercial IrO2. (c) Cdl curves by plotting current density versus scan rate. (d) The polarization curves for OER of DAC-IrO2 and commercial IrO2 in H2SO4 electrolyte with different pH. (e) EIS was recorded at a geometric current density of 10 mA cm−2. (f) pH dependence of DAC-IrO2 and commercial IrO2 on the OER potential on the SHE scales. (g) Chronopotentiometry curves for DAC-IrO2 and commercial IrO2 in 0.5 M H2SO4 in 50 mA cm-2. 

[bookmark: OLE_LINK30][bookmark: OLE_LINK42][bookmark: OLE_LINK35][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34]The electrochemical performance of the DAC-IrO2 catalyst was evaluated in 0.5 M H2SO4 using a conventional three-electrode system. DAC-IrO2 exhibits an overpotential of 289 mV at 10 mA cm-2, superior to that of commercial IrO2 (340 mV) (Fig. S15a). To further elucidate the catalytic mechanism, the oxygen evolution reaction (OER) activities of both DAC-IrO2 and commercial IrO2 were examined in H2SO4 electrolytes with varying pH levels (Fig. S15d). When referenced to the standard hydrogen electrode (SHE), the activity shows a distinct pH dependence within the range of 0 to 1.5. The potential-pH dependence for DAC-IrO2 is 59.0 mV pH-1, which is close to the value observed for commercial IrO2 (~61.8 mV pH -1). This near-Nernstian slope of approximately 60 mV pH -1 suggests a proton-coupled electron transfer (PCET) process8. Moreover, the OER mechanism on Ir sites is consistent with the conventional adsorbate evolution mechanism (AEM) 8 (Fig. S15f). The durability of DAC-IrO2 was assessed under constant-current operation at 50 mA cm-2, demonstrating exceptional stability for over 1700 hours (Fig. S15g).
[bookmark: OLE_LINK37][bookmark: OLE_LINK36][bookmark: OLE_LINK39][bookmark: OLE_LINK38][bookmark: OLE_LINK40]The Tafel slope of DAC-IrO2 was determined to be 52.4 mV dec-1, which is lower than those of commercial IrO2 (61.1 mV dec-1) (Fig. S15b), indicating enhanced interfacial charge-transfer kinetics and optimized adsorption behavior of reaction intermediates during the oxygen evolution process. The electrochemical active surface area (ECSA) was estimated from double-layer capacitance (Cdl) measurements based on cyclic voltammetry (CV) (Fig. S4). The Cdl value of DAC-IrO2 (78.8 mF cm-2) and commercial IrO2 (1.4 mF cm-2) (Fig. S15c), suggesting a larger ECSA and consequently more accessible active sites, which contribute to its superior acidic OER performance.
[bookmark: OLE_LINK41]To further probe the reaction kinetics and interfacial charge-transfer properties, electrochemical impedance spectroscopy (EIS) was conducted. The Nyquist plots were fitted with an equivalent circuit model to extract the charge transfer resistance (Rct). The Rct value of DAC-IrO2 (2.9 Ω) is markedly lower than commercial IrO2 (135.3 Ω) (Table S2; Fig. S15e), demonstrating significantly accelerated electron transfer kinetics in the DAC-IrO2 catalyst.
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Fig. S16 Chronopotentiometry curves for DAC-IrO2 in 0.5 M H2SO4 in 100 mA cm-2.
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[bookmark: OLE_LINK45]Fig. S17 The polarization curves of products obtained at different IrCl3 to PAHs feed ratios

[bookmark: OLE_LINK43]The catalyst’s morphology can be regulated by adjusting the IrCl3 to PAHs feed ratios, and DAC-IrO2 synthesized at IrCl3: PAHs=2:1 exhibits a Cotton-like structure showing optimal performance.


[image: ]
Fig. S18 Photograph of the PEMWE test setup.
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[bookmark: OLE_LINK2]Fig. S19 (a) Polarization curves of PEMWE using different ionomer content (11.0 wt%-15.0 wt%) at the anode. (b) Polarization curves of PEMWE using different catalyst loadings (0.20-0.30 mgIr cm-2) of DAC-IrO2 at the anode.


[image: ]
[bookmark: OLE_LINK3][bookmark: OLE_LINK13][bookmark: OLE_LINK44]Fig. S20 (a) Polarization curves of PEMWE using Nafion 115 membranous. EIS curves of PEMWEs using (b) DAC-IrO2 and (c) Com-IrO2.
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[bookmark: OLE_LINK46]Fig. S21 Polarization curves of PEMWE of products obtained at different IrCl3 to PAHs feed ratios.
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Fig. S22 Polarization curves of PEMWE normalized to Ir loadings.
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Fig. S23 Nyquist plots of (a) IrO2 and (b) DAC-IrO2 in Nafion 212 membrane
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Fig. S24 SEM images of (a) N115 membrane catalyst layer before stability testing and (b) N115 membrane catalyst layer after stability testing.
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[bookmark: OLE_LINK14]Fig. S25 Cross-sectional SEM images of CCM before and after 3400 h PEMWE operation.


[image: ]
[bookmark: _Hlk212295244][bookmark: OLE_LINK15]Fig. S26 (a)Voltage analysis at each current density for different AST cycles of Com-IrO2. (b) Polarization curves of Com- IrO2. (c) Nyquist plots of Com-IrO2.



     
Table. S1 ICP of DAC-IrO2.
	Sample
	Sample mass m0 (g)
	Volume V0 (mL)
	Elemental concentration of test solution Co (mg/L)
	Dilution f
	Sample element content Cx (mg/kg)
	Sample element content W (%)

	IrO2
	0.0206
	25
	3.930
	100
	476263.424
	47.63%

	DAC-IrO2
	0.0193
	25
	2.568
	100
	333372.455
	33.34%



Table S2. EXAFS data fitting results of the IrO2 and the DAC-IrO2 catalysts.

	System
	bond
	CN
	R (Å)
	σ2 (Å2)*10-3
	ΔE0 (eV)
	R factor (%)

	Ir Foil
	Ir-Ir
	12*
	2.71±0.01
	2.2±0.7
	9.0±0.8
	0.4

	IrO2
	Ir-O
	5.7±0.6
	1.98±0.01
	3.1±1.4
	5.7±0.6
	0.5

	DAC-IrO2
	Ir-O
	6.0±0.8
	2.00±0.01
	2.6±1.9
	11.3±1.5
	0.9


CN, coordinate number; R, distance between absorber and backscatter atoms; σ2, Debye-Waller factor; ΔE0, inner potential correction to account for the difference in the inner potential between the sample and the reference compound; R-Factor = a measure of the quality of the EXAFS fit.


Table. S3 EIS simulating parameters of equivalent circuit element for OER.


	Samples
	Rs(Ω)
	Rct(Ω)
	Chi squared

	Com-IrO2
	4.72
	135.3
	9.68×10-4

	DAC-IrO2
	4.97
	2.9
	3.51×10-4




Table. S4 The comparison of ohmic resistance, activation resistance, and diffusion resistance for PEMWEs using IrO2 and DAC-IrO2 anodes.
	Samples
	Rcell (mΩ cm-2)
	Rac (mΩ cm-2)
	[bookmark: OLE_LINK4]Rd (mΩ cm-2)

	IrO2
	100.12
	58.12
	0.25

	[bookmark: OLE_LINK62]DAC-IrO2
	89.19
	15.23
	0.02




[bookmark: _Hlk139395521][bookmark: _Hlk172342143]Table. S5 The OER performances of different electrocatalysts in 0.5 M H2SO4 electrolyte.
	[bookmark: _Hlk84409867]Electrocatalysts
	Overpotential
(mV@10 mA cm-2)
	Stability
	Reference

	DAC-IrO2
	289
	1700 h@50 mA cm-2
	This work

	IrRu NWs
	243
	200 h@50 mA cm-2
	9

	Ir-MnCo2O4.5
	238
	700 h@20 mA cm-2
	10

	Nb0.1Ru0.9O2
	204
	100 h@10 mA cm-2
	11

	Ir-NiCo2O4NSs
	240*
	70 h@10 mA cm-2
	12

	Ir/Nb2O5-x 
	285
	100 h@10 mA cm-2
	13

	AuIr@CNT
	257
	50 h@10 mA cm-2
	14

	IrOx-TiO2-Ti
	200
	110 h@10 mA cm-2
	15

	IrRu@Te
	220
	20 h@10 mA cm-2
	16


* Value calculated from curves shown in the respective reference.
Table. S6 Reported performances of PEMWE anode catalysts and corresponding parameters.
	Catalysis
	Membrane
	Activity (A cm-2@1.8 V)
	Stability
	Reference

	DAC-IrO2
	212
	[bookmark: OLE_LINK5]4.0 A cm-2
	3400 h @ 3 A cm-2
	This work

	(IrRu)O2/C
	212
	3.5 A cm-2
	250 h @ 1 A cm-2
	17

	ICMactivated
	212
	2.0 A cm-2
	400 h @ 1 A cm-2
	18

	NbO0.05Ir0.95O2
	211
	1.5 A cm-2
	1200 h @ 1.7V
	19

	Ir/MnOx
	117
	2 A cm-2
	300 h @ 1 A cm-2
	20

	Ir-Mn IMC
	212
	2.7 A cm-2
	2000 h @ 2 A cm-2
	21

	Ir75Ru25
	212
	[bookmark: OLE_LINK6]4.3 A cm-2
	500 h @ 1 A cm-2
	22

	i-Ir/TiO2
	212
	4.0 A cm-2
	420 h @ 2 A cm-2
	23

	Ir-3MA
	_
	2.5 A cm-2
	1200 h @ 0.5 A cm-2
	24


* Value calculated from curves shown in the respective reference.
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