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A. Supplementary methods

SI | Extraction of kinetic current density (jk), mass specific exchange current density 

(j0,m) and area specific exchange current density (j0,s)
jk of alkaline HOR was extracted by reversible Koutecky-Levich equation1 as follows.
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Where j is the measured current density, jk is kinetic current density, jd is diffusion current density 
defined as
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Where ηd is the diffusion overpotential, jl is the hydrogen mass transport limited current density and 
can be described by Levich equation2, F is Faraday’s constant, R is the universal gas constant, and T is 
the temperature.

j0,m was obtained by fitting the kinetic current normalized by metal mass on RDE with respect to the 
overpotential (η) using the Bulter-Volmer equation as follows,
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where α represents the electron transfer coefficient.
j0,s can be obtained as follows.

                (4)j0,s(mA cm - 2) =   j0,m(A g - 1)/(ECSA (m2 g - 1) × 10)
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B. Supplementary figures

Figure S1. TGA curves of Pt/N-C recorded in dry air with a heating rate of 10 oC min-1. The residual weight corresponds to the metal 

loading, which is slightly higher than that of theoretical value in that metal is possibly oxidized during the TGA test.

Figure S2. XPS spectrum of N-C (Inset: high-resolution N 1s XPS spectrum). 
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Figure S3. TGA curves of Pd1-xIrx/N-C (x= 0.33, 0.50, 0.67, 0.75, 0.80, 0.91), Pd/N-C and Ir/N-C recorded in dry air with a heating rate of 

10 oC min-1. The residual weight corresponds to the metal loading, which is slightly higher than that of theoretical value in that metal is 

possibly oxidized during the TGA test.

Figure S4. Magnified (111) peak in XRD patterns of Pd1-xIrx/N-C (x= 0.33, 0.50, 0.67, 0.75, 0.80, 0.91), Pd/N-C and Ir/N-C.
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Figure S5. TEM images and corresponding size distribution histograms of Pd0.67Ir0.33/N-C (a1-a3), Pd0.50Ir0.50/N-C (b1-b3), Pd0.33Ir0.67/N-C 

(c1-c3), Pd0.25Ir0.75/N-C (d1-d3), Pd0.20Ir0.80/N-C (e1-e3), Pd0.09Ir0.91/N-C (f1-f3), Pd/N-C (g1-g3), Ir/N-C (h1-h3) and Pd0.33Ir0.67/C (i1-i3).
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Figure S6. XRD patterns of Pd0.33Ir0.67/N-C and Pd0.33Ir0.67/C.  

Figure S7. CO stripping voltammetry curves of commercial Pt/C recorded in 0.1 M KOH aqueous solution. Red and black lines are CO 

stripping and background curves, respectively. Sweep rate: 20 mV s-1, Temperature: 25 oC, Metal loading: 10 μg cmdisk
-2.



7

Figure S8. (a) HOR/HER polarization curves of Pd0.33Ir0.67/N-C and Pt/N-C recorded in 0.1 M KOH aqueous solution saturated with H2. 

Rotation rate: 1600 rpm, Positive sweep rate: 10 mV s-1, Temperature: 25 oC, Metal loading: 10 g cmdisk
-2. (b) HOR/HER Tafel plots of μ

Pd0.33Ir0.67/N-C and Pt/N-C derived from (a) with kinetic current density fitted into Butler-Volmer equation at αa + αc = 1 (solid lines).

Figure S9. TEM images of Pd0.33Ir0.67/C before (a) and after (b) ADT; TEM images of Pt/C before (c) and after (d) ADT. (Inset: HRTEM 

image of a typical Pd0.33Ir0.67 nanoparticle after ADT.
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Figure S10. Photographs of Pd0.33Ir0.67/N-C before (a) and after (b) single cell tests; photographs of Pt/C before (c) and after (d) single cell 

tests.

Figure S11. SEM images of anodic Pd0.33Ir0.67/N-C catalyst layer before (a) and after (b) single cell tests; SEM images of anodic Pt/C 

catalyst layer before (c) and after (d) single cell tests.
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Figure S12. (a) Single cell performance of Pd0.33Ir0.67/N-C and commercial Pt/C as anode electrocatalysts at 65 oC after IR-correction and 

corresponding magnified kinetic region (b); (c) Single cell performance of Pd0.33Ir0.67/N-C and commercial Pt/C as anode electrocatalysts at 

79 oC after IR-correction and corresponding magnified kinetic region (d).
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C. Supplementary tables
Table S1. Pd/Ir ratio and metal loading of Pd1-xIrx/N-C (x= 0.33, 0.50, 0.67, 0.75, 0.80, 0.91), Pd/N-C, Ir/N-C, Pd0.33Ir0.67/C and Pt/N-C

Electrocatalysts Pd/Ir ratio determined by ICP Metal loading determined by ICP Metal loading determined by TGA

Pd/N-C 19.8 % 20.2 %

Pd0.67Ir0.33/N-C 0.65/0.35 19.7 % 21.4 %

Pd0.50Ir0.50/N-C 0.50/0.50 19.6 % 21.5 %

Pd0.33Ir0.67/N-C 0.32/0.68 19.2 % 22.0 %

Pd0.25Ir0.75/N-C 0.24/0.76 19.4 % 21.0 %

Pd0.20Ir0.80/N-C 0.19/0.81 19.8 % 22.0 %

Pd0.09Ir0.91/N-C 0.10/0.90 19.9 % 21.6 %

Ir/N-C 19.7 % 21.0 %

Pd0.33Ir0.67/C 0.33/0.67 19.5 % 22.7 %

Pt/N-C 19.8 % 22.2 %

Table S2. The activity data of Pt/C in precious literatures and this study

Electrocatalysts Area specific activity / Hupd

(mA cm-2)

Area specific activity / CO stripping

(mA cm-2)

Mass specific activity

(A g-1)

Ref.

Pt/C 0.05 -- 60 3

Pt/C 0.57 -- 350 4

Pt/C 0.46 0.28 294 5

Pt/C 0.48 -- 240 6

Pt/C 0.67 0.38 342  this study

Table S3. ECSAs of Pd1-xIrx/N-C (x= 0.33, 0.50, 0.67, 0.75, 0.80, 0.91), Pd/N-C, Ir/N-C and commercial Pt/C

Pd/N-C Pd0.67Ir0.33/N-C Pd0.50Ir0.50/N-C Pd0.33Ir0.67/N-C Pd0.25Ir0.75/N-C

ECSAco (m2
 g-1) 67  7.3 ± 105  18.6 ± 116  6.6  ± 106  10.5 ± 115  4.8 ±

Pd0.20Ir0.80/N-C Pd0.09Ir0.91/N-C Ir/N-C Pt/C

ECSAco (m2
 g-1) 111  5.2 ± 118  7.6 ± 97  13.3 ± 89  8.5 ±

Table S4. Summary of Pd 3d and Ir 4f binding energies of Pd/N-C, Pd0.33Ir0.67/N-C and Ir/N-C from XPS results (Data in brackets represent 

the relative content of different Pd or Ir species to total Pd or Ir)

Pd 3d5/2 Ir 4f7/2Electrocatalysts

Pd0 Pd2+ Ir0 Ir4+

Pd/N-C 335.3[a] (50%) 336.2 (50%)

Pd0.33Ir0.67/N-C 335.9 (46%) 337.6 (54%) 61.0 (71%) 62.2 (29%)

Ir/N-C 61.2 (65%) 62.4 (35%)

[a] binding energy (eV)
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Table S5. HEMFCs performance with non-Pt and Pt alkaline HOR electrocatalysts reported in literature and this study

Alkaline HOR 

electrocatalysts

Anode loading

(mgPGM cm-2)

Backpressure

(Mpa)

Temperature

(oC)

Power density

(mW cm-2)

Ref.

Pd/C-CeO2 0.3 (higher) 0.3 (higher) 73 500 7

Pd/Ni 0.3 0.4 73 400 8

IrRu NWs/C 0.1 0.1 60 485 9

3 nm Ru/C

Pt/C

0.5

0.5

0

0

50

50

250

185

10

10

Pt/C 0.1 0 60 233 11

Pt/C 0.4cat 45 120 12

Pt/C 0.4 0.05 50 370 13

Pt/C 1.25 (higher) 0 60 675 14

Pt/C 0.4 (higher) 0.1 60 600 15

Pd0.33Ir0.67/N-C 0.2 0.1 79 514 this study

Pt/C 0.2 0.1 79 400 this study
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