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Supplementary Fig. 1 SEM images of (a) and (b) MnO2, (c) and (d) Ir-MnO2, (e) and (f) TS-

Ir/MnO2.
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Supplementary Fig. 2 (a) and (b) XRD patterns for TS-Ir/MnO2, Ir-MnO2 and MnO2 

electrocatalysts. (c) and (d) XRD patterns for MnO2, Ir-MnO2 (2.5 wt%, 3.9 wt% and 5.1 wt%) 

and TS-Ir/MnO2 electrocatalysts. 
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Supplementary Fig. 3 (a) TEM and (b) HRTEM images of MnO2. (c) TEM and (b) HRTEM 

images of Ir-MnO2. 
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Supplementary Fig. 4 (a) and (b) TEM images of TS-Ir/MnO2. 
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Supplementary Fig. 5 STEM-EDS mapping images for TS-Ir/MnO2. 
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Supplementary Fig. 6 STEM-EDS mapping images for Ir-MnO2. 
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Supplementary Fig. 7 HAADF-TEM image for Ir-MnO2 and inset red circles represent Ir sites.
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Supplementary Fig. 8 Mn 2p XPS spectra for MnO2, Ir-MnO2 and TS-Ir/MnO2. 
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Supplementary Fig. 9 High-resolution spectra of O 1s for MnO2 (a), Ir-MnO2 (b) and TS-

Ir/MnO2 (c). 
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Supplementary Fig. 10 (a) k2χ(k) curves of Ir L3-edge EXAFS oscillation functions for TS-

Ir/MnO2, Ir-MnO2, IrO2 and Ir foil. (b) k3χ(k) curves of Mn K-edge EXAFS oscillation functions 

for TS-Ir/MnO2, Ir-MnO2, MnO2 and Mn foil. 
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Supplementary Fig. 11 The fitting curves of k2-weighted Ir L3-edge EXAFS spectra and 

corresponding k2-weighted FT of Ir L3-edge EXAFS oscillation functions for (a, b) TS-Ir/MnO2, 

(c, d) Ir-MnO2 and (e, f) IrO2. 
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Supplementary Fig. 12 (a) OER polarization curves of TS-Ir/MnO2, Ir-MnO2, IrO2. (b) The 

corresponding overpotentials at current densities of 10, 100 and 200 mA cm-2. 
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Supplementary Fig. 13 OER polarization curves of TS-Ir/MnO2 with different metal loading 

of Ir. 
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Supplementary Fig. 14. (a) Linear sweep voltammetry (LSV) curves for Ir electrocatalysts 

thermal annealed at 150, 250 and 350 ˚C. TEM images of Ir-based electrocatalysts annealed 

at (b) 250 ˚C, (c) 150 ˚C and (d) 350 ˚C. 
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Supplementary Fig. 15. Linear sweep voltammetry (LSV) curves of TS-Ir/MnO2 under 25, 

50 and 80 ˚C in 0.1 M HClO4. 
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Supplementary Fig. 16. Nyquist plots measured at 1.55 V (vs. RHE) of TS-Ir/MnO2, Ir-MnO2, 

MnO2 and IrO2.
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Supplementary Fig. 17 Double-layer capacitance measurements. (a), (c) CVs were conducted 

in a non-Faradaic region of voltammogram at the following scan rate: 5, 10, 15, 20, 25 and 30 

mV s-1 for TS-Ir/MnO2 and Ir-MnO2, respectively. (b), (d) The difference in charging currents 

variation at an underpotential plotted against scan rate for estimation of double-layer 

capacitance (Cdl) for TS-Ir/MnO2 and Ir-MnO2, respectively. 
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Supplementary Fig. 18 Double-layer capacitance measurements. (a), (c) CVs were conducted 

in a non-Faradaic region of voltammogram at the following scan rate: 5, 10, 15, 20, 25 and 30 

mV s-1 for MnO2 and IrO2, respectively. (b), (d) The difference in charging currents variation at 

an underpotential plotted against scan rate for estimation of double-layer capacitance (Cdl) for 

MnO2 and IrO2, respectively.

1.05 1.08 1.11 1.14
-0.3

-0.2

-0.1

0.0

0.1

0.2

j 
(m

A
 c

m
-2

)

Potential (V vs. RHE)

 5 

 10 

 15 

 20 

 25

 30

MnO2

Scan rate / mV s-1

0.005 0.010 0.015 0.020 0.025 0.030
0.05

0.10

0.15

0.20

0.25

0.30

D
j 
(m

A
 c

m
-2

)

Scan Rate (V/s)

MnO2

Cdl=9.16 mF cm-2

1.04 1.06 1.08 1.10 1.12 1.14 1.16
-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

j 
(m

A
 c

m
-2

)

Potential (V vs. RHE)

 5 

 10 

 15 

 20 

 25

 30

IrO2

Scan rate / mV s-1

0.005 0.010 0.015 0.020 0.025 0.030
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

D
j 
(m

A
 c

m
-2

)

Scan Rate (V/s)

IrO2

Cdl=22.45 mF cm-2

a b

c d



S20 

 

 

 

 

   

Supplementary Fig. 19 OER polarization curves of TS-Ir/MnO2 electrocatalyst before and 

after 3000 electrochemical test cycles. 
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Supplementary Fig. 20 Chronoamperometry measurement of TS-Ir/MnO2.
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Supplementary Fig. 21 (a) Dissolved content of metal Ir, (b) the calculated constant S-number 

under 200 mA cm-2. (c) Chronoamperometry measurement and S-number for TS-Ir/MnO2.
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Supplementary Fig. 22 (a) TEM and (b) HAADF-TEM images for TS-Ir/MnO2 after 

electrochemical measurements. 
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Supplementary Fig. 23 Ir 4f XPS spectra for TS-Ir/MnO2 before and after electrochemical 

measurements.
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Supplementary Fig. 24 (a) Ir L3-edge XANES spectra and (b) Fourier transforms (FTs) of the 

Ir L3-edge EXAFS oscillations of TS-Ir/MnO2 before and after electrochemical measurements. 

 

11200 11220 11240 11260 11280
0.0

0.5

1.0

1.5

2.0

2.5

3.0

X
A

N
E

S

Energy (eV)

 Before Reaction

 After Reaction

Ir L3-edge TS-Ir/MnO2

0 2 4 6
0.0

0.4

0.8

1.2

1.6

|F
T
(k

2 c
(k

))
|

R (Å)

Ir L3-edge TS-Ir/MnO2

 Before Reaction

 After Reaction

a b



S26 

 

 

 

 

 

 

Supplementary Fig. 25 O 1s XPS spectra for TS-Ir/MnO2 before and after electrochemical 

measurements. 
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Supplementary Fig. 26 In situ SRIR spectroscopy measurements of Ir-MnO2 at various 

potentials. 
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Supplementary Fig. 27 k2χ(k) curves of Ir L3-edge EXAFS oscillation functions for TS-

Ir/MnO2 under different applied potentials. 
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Supplementary Fig. 28 (a) Mn K-edge XANES spectra and (b) Fourier transforms (FTs) of 

the Mn K-edge EXAFS oscillations of TS-Ir/MnO2 under different applied potentials.
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Supplementary Fig. 29 The FTIR image of TS-Ir/MnO2@CC before and after isotopically 

labelled OER measurements.
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Supplementary Fig. 30 In situ XAFS measurements for TS-Ir/MnO2. The fitting curves of 

k2-weighted EXAFS spectra and the Re(k2χ(k)) oscillation curves under ex situ conditions (a 

and b) and 1.15 V conditions (c and d).  

0 5 10 15

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

 

 

R
e
[k

2
c

(k
)]

 

 k(Å-1)

 ex situ 

 fit

 

0 2 4 6
0.0

0.4

0.8

1.2

1.6

2.0

 ex situ

 fit

|F
T
(k

2 c
(k

))
|

R (Å)

0 2 4 6
0.0

0.4

0.8

1.2

1.6

2.0

 1.15 V

 fit

 Ir-O1

 Ir-O2

|F
T
(k

2 c
(k

))
|

R (Å)

0 5 10 15

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
 1.15 V

 fit

 Ir-O1

 Ir-O2

 

 

R
e
[k

2
c

(k
)]

 

 k(Å-1)

a b

c d



S32 

 

 

 

 

 

Supplementary Fig. 31 In situ XAFS measurements for TS-Ir/MnO2. The fitting curves of 

k2-weighted EXAFS spectra and the Re(k2χ(k)) oscillation curves under 1.30 V conditions (a 

and b) and 1.43 V conditions (c and d).
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Supplementary Fig. 32 (a) TEM image and (b) STEM-EDS mapping images for TS-Ir/MnO2 

after the PEM electrolyser device test. 
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Supplementary Table 1. The apparent bond length of Ir−O/Mn−O in all samples. 

Sample Apparent bond length (Ir−O)
Apparent bond 

length (Mn−O)

TS-Ir/MnO2 1.54 Å 1.50 Å

Ir-MnO2 1.48 Å 1.47 Å

MnO2 -- 1.47 Å

IrO2 1.60 Å --
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Supplementary Table 2 Structural parameters for TS-Ir/MnO2, Ir-MnO2 and IrO2 

electrocatalysts extracted from quantitative EXAFS curve-fitting using the ARTEMIS module 

of IFEFFIT. 

 

N, coordination number; R, bond length; 2 Debye-Waller factor; DE0 inner potential shift. 

Sample Path N R (Å) σ (10-3Å2) DE0(eV) R-factor

TS-Ir/MnO2 Ir-O 4.2±0.3 1.94±0.005 3.6±0.5 9.7±1.3 0.005

Ir-MnO2 Ir-O 4.1±0.2 1.89±0.01 5.1±1.1 9.8±2.1 0.005

IrO2 Ir-O 6 2.01±0.01 3.3±0.5 9.7±1.6 0.003
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Supplementary Table 3. Comparison of OER activity of TS-Ir/MnO2 electrocatalyst with other 

recently reported catalysts in acid solution according to catalytic kinetic parameter (Tafel 

slope).1-11 

 

Note: RDE, rotating disk electrode; GCE, glassy carbon electrode 

 

Catalyst Electrolyte Support
Tafel slope (mV 

dec-1)
Ref.

TS-Ir/MnO2 0.1 M HClO4 Carbon cloth 56.6 This work

Ir-MnO2 0.1 M HClO4 Carbon cloth 101.2 This work

IrMnOF@Ir 0.1 M HClO4 Carbon paper 58.3 [1]

Ir/δ-MnO2 0.5 M H2SO4 Carbon Paper 123 [2]

(Mn0.8Ir0.2)O2:10F 0.5 M H2SO4 Ti-foils 38 [3]

IrOx/Zr2ON2 0.5 M H2SO4 RDE 48 [4]

GB-Ta0.1Tm0.1Ir0.8O2-δ 0.5 M H2SO4 RDE (Au) 64 [5]

IrO2/GCN 0.5 M H2SO4 RDE 57 [6]

12Ru/MnO2 0.1 M HClO4 GCE 29.4 [7]

H/d-MnOx/RuO2 0.5 M H2SO4 GCE 43.8 [8]

Li0.52RuO2 0.5 M H2SO4 GCE 83.3 [9]

90-Co-MnO2 0.1 M HClO4 GCE 158 [10]

IrO2/a-MnO2 0.1 M HClO4 GCE 74 [11]
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Supplementary Table 4. The calculated Cdl, ECSA and RF for TS-Ir/MnO2, Ir-MnO2, MnO2 

and IrO2. 

TS-Ir/MnO2 Ir-MnO2 MnO2 IrO2

Cdl (mF cm-2) 23.62 9.43 9.16 22.45

ECSA 674.86 269.43 261.71 641.43

RF 674.86 269.43 261.71 641.43
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Supplementary Table 5. Comparison of OER activity of TS-Ir/MnO2 electrocatalyst with other 

recently reported catalysts in acid solution. 12-20 

 

*Data are not specifically reported in the article, obtained from the LSV curves. 

Note: GCE, glassy carbon electrode; DRE, rotating disk electrode

Catalyst
Electrol

yte
Support

h At 10 mA 

cm-2

h At 250 mA 

cm-2

Mass activity (A 

gmetal
-1)

Ref.

TS-Ir/MnO2

0.1 M 

HClO4

Carbon 

cloth
198 356

1025 at 198 mV This 

work7816 at 260 mV

Ir-MnO2

0.1 M 

HClO4

Carbon 

cloth
275 502

54 at 198 mV This 

work2366 at 260 mV

Ir0.06Co2.94O4

0.1 M 

HClO4

Au 

electrode
292 -- 2511 at 300 mV [12]

SS Pt-RuO2 

HNSs

0.5 M 

H2SO4

GCE 228
282 (100 mA 

cm-2)
-- [13]

Ru1-Pt3Cu
0.1 M 

HClO4

RDE (GC) 280 -- 779 at 250 mV [14]

IrOx/SrIrO3

0.5 M 

H2SO4

SrTiO3 270-290 -- -- [15]

IrOX/9r-BaIrO3

0.5 M 

H2SO4

GCE 230 -- 168 at 230 mV [16]

Ru1Ir1Ox

0.5 M 

H2SO4

Ti-plates 204
300* (120 mA 

cm-2)
1124 at 300 mV [17]

GB-Ta0.1Tm0.1  

Ir0.8O2-

0.5 M 

H2SO4

RDE (Au) 198
260* (100 mA 

cm-2)
3126 at 266 mV [5]

Mn0.73Ru0.27 

O2-

0.5 M 

H2SO4

GCE 208 -- 879 at 270 mV [18]

12Ru/MnO2

0.1 M 

HClO4

GCE 161 -- 1264 at 165 mV [7]

NaRuO2

0.1 M 

HClO4

Ti-plates 225 -- 42 at 250 mV [19]

Li-IrOX

0.5 M

H2SO4

RDE 270 -- 100 at 290 mV [20]
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Supplementary Table 6. The apparent bond length of Ir−O in TS-Ir/MnO2 under different 

working conditions. 

Sample Apparent bond length (Ir−O)

ex situ 1.54 Å

1.15 V 1.59 Å

1.30 V 1.59 Å

1.45 V 1.59 Å
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Supplementary Table 7. Structural parameters for TS-Ir/MnO2 electrocatalyst under different 

potentials extracted from quantitative EXAFS curve-fitting using the ARTEMIS module of 

IFEFFIT. 

 

N, coordination number; R, bond length; 2 Debye-Waller factor; DE0 inner potential shift 

Sample Path N R (Å) σ (10-3Å2) DE0(eV) R-factor

ex situ Ir-O 4.3±0.3 1.94±0.01 5.6±0.5 9.9±1.5 0.004

1.15V

Ir-O 4.3±0.2 1.96±0.01 5.9±0.5

9.7 0.006

Ir-O2 1.1±0.2 2.08±0.01 3.6±0.3

1.30V

Ir-O1 4.2±0.2 1.96 5.5±0.8

9.7 0.003

Ir-O2 1.3±0.2 2.08±0.01 3.2±0.2

1.43V

Ir-O1 3.3±0.2 1.96 5.2±1.2

9.7 0.005

Ir-O2 1.2±0.2 2.07±0.01 3.4±0.8
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