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Experimental section

Chemicals

Iridium chloride (IrCl3
.xH2O; reagent grade) was purchased from Aldrich. Ammonium molybdate 

tetrahydrate ((NH4)6Mo7O24·4H2O; 99%) was purchased from Macklin. Dopamine hydrochloride 

(98%) was purchased from Aladdin. Melamine (99%) was purchased from J&K Chemical. Boric acid 

(99%) was purchased from Aladdin. Ammonia solution (AR) was purchased from Chuandong 

Chemical. Moreover, 20% Pt/C and 10% Ir/C were purchased from Premetek Co. and Aladdin, 

respectively. IrO2 was purchased from Alfa Aesar. All reagents and chemicals were used as received 

without any further purification.

Synthesis of hollow Mo2C

Mo2C was synthesized by following previously reported methods.1 First, 370 mg ammonium 

molybdate tetrahydrate was dissolved in 30 mL ultrapure water, followed by the addition of 200 mg 

dopamine hydrochloride under stirring for 20 min. Subsequently, 60 mL ethanol solution was added 

and stirred for 5 min before pouring 0.5 mL ammonia solution, under continuous stirring for 3 h. The 

obtained Mo-PDA composite was centrifugally washed with ethanol and dried. Subsequently, it was 

heated to 800 °C at a rate of 5 °C/min under Ar atmosphere and held for 2 h. The tube furnace-treated 

sample was etched with sulfuric acid, centrifugally washed with ethanol, dried, and finally yielded 

the hollow molybdenum carbide support.

Synthesis of Ir/MoO2-Mo2C-800

First, 20 mg hollow Mo2C powder, 20 mg boric acid, and 30 mg melamine were dispersed in 40 mL 

ultrapure water and stirred for 10 min. Thereafter, 500 μL of a 0.05 mol/L IrCl3 solution was added, 

followed by continuous stirring for 12 h. The resulting mixture was oven-dried at 80 °C for 5 h. The 



obtained powder was heated to 800 °C at a rate of 5 °C/min and held for 2 h. Finally, the reacted 

powder was etched with sulfuric acid, washed and centrifuged with ethanol, and stored in 5 mL 

ethanol solution. Similarly, Ir/MoO2-Mo2C-600 and Ir/MoO2-Mo2C-700 were synthesized using the 

same method, except for the pyrolysis temperatures (600 °C and 700 °C, respectively).

Material characterizations

The surface morphology and elemental composition of the catalyst were characterized using 

transmission electron microscopy (TEM; JEM-1400 Flash, 120 kV) and double spherical aberration-

corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM; 

FEI Spectra 300). The elemental composition was analyzed by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) (Thermo Fisher Scientific, iCAP 7200). The crystal structure of 

the catalyst was determined by X-ray powder diffraction (XRD; Bruker D8 Discover). The chemical 

valence state and surface atomic ratio were collected by X-ray photoelectron spectroscopy (XPS, 

ESCALAB 250Xi). The extended X-ray absorption fine structure (EXAFS) was measured at Taiwan 

Photon Source (TPS) beamline, 44A Quick-scanning X-ray absorption spectroscopy (XAS), in 

National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. In situ Raman 

measurements were performed using a LabRAM HR Evolution spectrometer with 532 nm excitation 

wavelength. The measurements of in-situ attenuated total reflection surface-enhanced infrared 

absorption spectroscopy (ATR-SEIRAS) were performed on a Nicolet-iS50 FT-IR spectrometer 

equipped with a liquid nitrogen-cooled MCT-A detector.

XAFS data processing

The XAFS data were processed following standard procedures using the Athena module in the 

IFEFFIT software package. The EXAFS spectra were obtained by subtracting the postedge 



background from the total absorption and subsequently normalizing them relative to the edge jump 

step. The χ(k) data were Fourier-transformed into real (R) space using a Hanning window (dk = 1.0 

Å−1) to isolate the EXAFS contributions from different coordination shells. Least-squares curve 

fitting was performed using the ARTEMIS module in the IFEFFIT software package to obtain 

quantitative structural parameters around the central atom. 2, 3

Electrochemical measurements

The electrochemical activity of the prepared catalysts was measured using a standard three-electrode 

system (CHI 760E). The working electrode was a glassy carbon electrode coated with the catalyst, 

the counter electrode was a graphite rod, and the reference electrode was Hg/HgO in alkaline 

conditions or Ag/AgCl in acidic/neutral conditions. All polarization curves were recorded in 0.5 M 

H2SO4, 1.0 M KOH, and 1.0 M PBS solutions, respectively. The catalyst ink was prepared by mixing 

5 mg of the catalyst with 500 μL ethanol and 500 μL of 0.1% Nafion solution, followed by 

ultrasonication for 30 min to obtain a homogeneous catalyst ink. The catalyst ink was uniformly drop-

cast onto the surface of a glassy carbon (GC) electrode (5 mm diameter) with an Ir loading of 5.05 

μg cm−2. For commercial Pt/C and Ir/C, the metal loading on the GC electrode was 10.2 μg cm−2. The 

measured potentials were converted to the reversible hydrogen electrode (RHE) scale using the 

following equations:

Evs RHE = EAg/AgCl + 0.197 + 0.059pH in 0.5 M H2SO4 or 1.0 M PBS

Evs RHE = EHg/HgO + 0.098 + 0.059pH in 1.0 M KOH 

The polarization curves of all samples were recorded in N2-saturated electrolyte at a rotation rate of 

1600 rpm and a scan rate of 10 mV s−1 by applying IR compensation applied. Electrochemical 

impedance spectroscopy (EIS) measurements were conducted in the frequency range of 0.01-100 kHz 



with an AC amplitude of 5 mV. The electrochemical active surface area (ECSA) of the samples was 

determined by measuring the double-layer capacitance (Cdl) through cyclic voltammetry (CV) tests 

at scan rates ranging from 20 to 120 mV s−1 within the non-Faradaic potential window. The long-term 

stability was evaluated via continuous cyclic voltammetry (CV) in the potential range of -0.1 to 0.1 

V (vs. RHE) at a scan rate of 100 mV s−1. 

The HER kinetics of the catalyst were evaluated from the Tafel slopes, obtained by analyzing the 

polarization curves using the Tafel equation (η = b log (j) + a).

Mass activity (MA) reflects the intrinsic activity of the prepared noble metal catalyst and was 

calculated as follows:4

= jmass activity 

jgeo X Ageo

mIr 

where mIr represents the mass of Ir loaded on the GC electrode as determined by ICP-OES analysis, 

Ageo denotes the geometric area, and jgeo denotes the geometric current density.

The turnover frequency (TOF) is calculated using the following formula:5

TOF = 
Total Hydrogen Turn Overs Per Geometric area

Active Sites Per Geometric area

The total number of hydrogen turnover

=
 (|j| mA cm - 2)( 1 C s - 1

1000 mA)( 1 mol e -

96485.3 C)( 1 mol 

2 mol e - )(
6.022 × 1023 molecules H2

1 mol H2
 )

=
 3.12 × 1015|j|

H2 (s - 1)
cm2

 per
mA

cm2

The number of active sites in Ir/MoO2-Mo2C-800 was calculated based on the total mass of Ir at the 

electrode, assuming each Ir atom occupies one catalytic active site.

Actives Sites = 



mass loading ×  catalyst loading per geometric area ( g

cm2)
Ir MW ( g

mol)
 (

6.022 × 1023 Ir atoms
1 mol Ir

)

= 1.59 × 1016 Ir active sites/cm2

Finally, the current density from the polarization curve can be converted to TOF values using the 

following equation.

TOF = 

3.12 × 1015

1.59 × 1016
× |j|

The ATR-SEIRAS measurements were conducted in a custom-designed three-electrode cell, which 

consisted of a gold film working electrode, an Ag/AgCl reference electrode, and a platinum foil 

counter electrode. The chronoamperometric measurements were performed in both alkaline and 

acidic electrolytes, with voltage scan ranges of 0 to -0.35 V and 0 to -0.15 V (vs. RHE), respectively. 

Infrared spectra were collected at a spectral resolution of 8 cm-1.

Electrochemical measurements in the AEM water electrolyzer

The anion exchange membrane (AEM) water electrolyzer was assembled using carbon paper 

loaded with Ir/MoO2-Mo2C-800 (0.5 mgIr cm−2) or Pt/C (0.5 mgPt cm−2) as the cathode, and nickel 

foam loaded with IrO2 (2 mg cm−2) as the anode. The electrode active area was 0.25 cm2. The FAA-

3-50 anion exchange membrane was pretreated in 1.0 M KOH at 60 °C for 12 h. The AEM water 

electrolyzer was operated in 1.0 M KOH electrolyte at 25 °C with a flow rate of 5 mL min−1. The 

stability of the AEM water electrolyzer was evaluated by chronopotentiometry at 0.2 and 1 A cm−2.

In situ Raman measurement

Measurements were taken using a LabRAM HR Evolution Raman spectrometer equipped with 

a 532 nm laser. For in situ Raman experiments, a platinum wire was the counter electrode and an 



Ag/AgCl electrode was the reference electrode, conducted in 1.0 M KOH and 0.5 M H2SO4, 

respectively. The dynamic evolution of interfacial water during the HER process on Ir/MoO2-Mo2C-

800 was investigated by acquiring the Raman spectra under different applied potentials using 

chronoamperometry. The potential in Raman measurements is reported vs Ag/AgCl.

Fig. S1 (a, b) TEM images, (c) XRD pattern of Mo2C. 
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Fig. S2 (a, b) TEM images, (c) the column chart size, and (d) XRD pattern of Ir/MoO2-Mo2C-700.

Fig. S3 (a, b) TEM images, (c) the column chart size, and (d) XRD pattern of Ir/MoO2-Mo2C-600.
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Fig. S4 XPS full spectra for Ir/MoO2-Mo2C-800.

Fig. S5 (a) C 1s and (b) N 1s in Mo2C, Ir/MoO2-Mo2C-600, Ir/MoO2-Mo2C-700, and Ir/MoO2-Mo2C-800.
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Fig. S6 EXAFS fitting curves of Ir/MoO2-Mo2C-800 in the k space.
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Fig. S7 CV curves of the (a) Ir/MoO2-Mo2C-800, (b) Ir/MoO2-Mo2C-700, (c) Ir/MoO2-Mo2C-600, (d) Pt/C and (e) 

Ir/C at different scan rates in 1.0 M KOH solution.

Fig. S8 Chronopotentiometry curve of the AEMWE using Ir/MoO2-Mo2C-800 and IrO2 operating at 1 A cm-2.

Fig. S9 TEM images of Ir/MoO2-Mo2C-800 after 700 hours of operation in an AEMWE at 200 mA cm-2.

ba



Fig. S10 Elemental distribution maps of Ir/MoO2-Mo2C-800 after 700 hours of operation in an AEMWE at 200 

mA cm-2.

Fig. S11 Nyquist plots of Ir/MoO2-Mo2C-800 and other catalysts in (a) 0.5 M H2SO4 and (b) 1.0 M PBS solutions.

a b



Fig. S12 The mass activities of Ir/MoO2-Mo2C-800 and Pt/C were measured at overpotentials of 100 mV (neutral) 

and 30 mV (acidic).

Fig. S13 CV curves with different scan rates from 20 to 120 mV s-1 in 0.5 M H2SO4 for (a) Ir/MoO2-Mo2C-800, (b) 
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Ir/MoO2-Mo2C-700, (c) Ir/MoO2-Mo2C-600, (d) Pt/C, and (e) Ir/C. (f) Cdl test of the as-synthesized samples.
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Fig. S14 CV curves with different scan rates from 20 to 120 mV s-1 in 1.0 M PBS for (a) Ir/MoO2-Mo2C-800, (b) 

Ir/MoO2-Mo2C-700, (c) Ir/MoO2-Mo2C-600, (d) Pt/C, and (e) Ir/C. (f) Cdl test of the as-synthesized samples.

Fig. S15 TOF curves of Ir/MoO2-Mo2C-800 and other comparative samples in (a) 0.5 M H2SO4 solution and (b) 1.0 

M PBS solutions.

a b

a b



Fig. S16 Corresponding contour map of Ir/MoO2-Mo2C-800 in (a) 1.0 M KOH solution and (b) 0.5 M H2SO4 

solutions.

Table S1. The ICP-OES results for different Ir/MoO2-Mo2C.

Catalysts Ir loading (wt.%)

Ir/MoO2-Mo2C-800 14.92

Ir/MoO2-Mo2C-700 14.77

Ir/MoO2-Mo2C-600 14.62



Table S2 The best-fitted EXAFS results of Ir foil, IrO2, and Ir/MoO2-Mo2C-800.

aCN, coordination number; bR, the distance between absorber and backscatter atoms; cσ2, the Debye 

Waller factor value; dΔE0, inner potential correction to account for the difference in the inner potential 

between the sample and the reference compound; R factor indicates the goodness of the fit. S0
2 was 

fixed to 0.744, according to the experimental EXAFS fit of Ir foil by fixing CN as the known 

crystallographic value. * This value was fixed during EXAFS fitting, based on the known structure 

of Ir. Fitting conditions: k range：3.0-13.5; R range: 1.0-3.0; fitting space: R space; k-weight = 3. A 

reasonable range of EXAFS fitting parameters: 0.700 < Ѕ0
2 < 1.000; CN > 0; σ2 > 0 Å2; |ΔE0| < 15 eV; 

R factor < 0.02.

Sample Path CNa R(Å)b σ2 (Å2)c ΔE0(Ev)d R factor

Ir L3-edge (Ѕ0
2=0.744)

Ir foil Ir-Ir 12.0* 2.711±0.001 0.0032 8.9±0.5 0.0017

Ir-O 5.7±0.6 1.980±0.011 0.0027 9.6±1.3

Ir-O-Ir 3.5±1.0 3.104±0.035IrO2

Ir-O-Ir 7.5±0.7 3.549±0.038
0.0107 3.5±3.6

0.0134

Ir-O 2.4±0.4 2.006±0.014 0.0047

Ir-Ir 6.7±1.0 2.711±0.007 0.0046Ir/MoO2-
Mo2C-800

Ir-Mo 1.1±0.7 2.870±0.038 0.0048

9.4±1.8 0.0084



Table S3 Comparison of the HER performance for Ir/MoO2-Mo2C-800 catalyst with other 

electrocatalysts in alkaline solution

Catalysts
Overpotential at 10 

mA cm−2 (mV)

Tafel Slope (mV 

dec−1)
References

Ir/MoO2-Mo2C-800 32 35.76 This work

IrCo/NC 33 53 6

Ir-Co/CF 49 36 7

IrCo@NC-500 45 80 8

IrNi-N-C 45 38 9

Ir3Cu/C 111 99.4 10

Co@Ir/NC 121 73.8 11

Ir-NCNSs 125 107 12

IrSA-2NS-Ti3C2Tx 40.8 50.5 13

CoIr@CN 70 123.8 14

IrCo@NC 82 56 15



Table S4 Comparison of the HER performance for Ir/MoO2-Mo2C-800 catalyst with other 

electrocatalysts in acidic solution.

Catalysts
Overpotential at 10 

mA cm−2 (mV)

Tafel Slope (mV 

dec−1)
References

Ir/MoO2-Mo2C-800 14 16.57 This work

Ir cluster@CoO/CeO2 49 53 16

Co@Ir/NC-10% 29.4 41.9 11

Ir@N-G-750 19 26 17

IrCo/NC 32 36 6

Ir-Co-W NPs 35.82 38.4 18

IrFe/NC 41 22 19

CoIr@CN 25 24.1 14

Ir3Cu/C 57 35 10

IrCo@NC-850 50 25 15

0.1Ni-NCNFs-5Ir 22 45.9 20



Table S5 Comparison of the HER performance for Ir/MoO2-Mo2C-800 catalyst with other 

electrocatalysts in neutral solution.

Catalysts
Overpotential at 10 

mA cm−2 (mV)

Tafel Slope (mV 

dec−1)
References

Ir/MoO2-Mo2C-800 29 34.21 This work

Ir@NBD-C 37 81 21

IrPdH 60 160.30 22

Ir@Ni-NDC 31 46.9 23

Ir-NR/C 86 66.8 24

Ir/HfO2@C 51 53 25

Ir3-Ni(OH)2/NF 43 67 26

IrP2@NPC 90 87 27

DNP-IrNi 78 - 28

Li-IrSe2 120 - 29

IrO2-RuO2/C 147 86 30
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