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Material and methods

1.1 Catalyst Preparation

Preparation of Ir-nc@m-NiCo.

Commercial NiCo foam was immersed in 1.0 M HCI, acetone, ethanol, and deionized water
for 10 min in an ultrasonic machine, respectively. After treatments, three pieces of NiCo
foams were dipped into 10 mM of IrCl;-3H,0 solution for 24 hours and dehydrated at room
temperature. The loading amount of Ir-nc@ m-NiCo catalyst was ~ 0.2 mg cm™2.

Preparation of Ir-nc@N!i.

Commercial Ni foam was immersed in 1.0 M HCI, acetone, ethanol, and deionized water for
10 min in an ultrasonic machine, respectively. After treatments, three pieces of Ni foams
were dipped into 10 mM of IrCl;-:3H,0 solution for 24 hours and dehydrated at room
temperature.

Preparation of Ir-nc@Co.

Commercial Co foam was immersed into 1.0 M HCI, acetone, ethanol, and deionized water
for 10 min in an ultrasonic machine, respectively. After treatments, three pieces of Co foams
were dipped into 10 mM of IrCl;-:3H,0 solution for 24 hours and dehydrated at room
temperature.

Preparation of NiColr-2.5, NiColr-5, and NiColr-20.

The prepared NiCo foams were separately dipped into 2.5, 5, and 20 mM of IrCl;-3H,0
solution for 24 hours and dehydrated at room temperature.

Preparation of Pt@NiCo.

Commercial NiCo foam was immersed in 1.0 M HCI, acetone, ethanol, and deionized water
for 10 min in an ultrasonic machine. After treatments, three NiCo Co foams were dipped into
10 mM of PtCl, solution for 24 hours and dehydrated at room temperature.
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Preparation of Pt/C@NiCo, Ir/C@NiCo

A mixture of 0.4 mg of Ir/C, 810 pL of Nafion (5%), and 90 uL of ethanol was ultrasonicated
for 30 min, then oscillated to obtain uniform dispersion. After the Pt/C dispersion was
dropped onto the treated NiCo foam, the Pt/C@NiCo was gradually dried in a fume hood.

The loading amount of Ir/C was ~ 0.2 mg cm 2. A similar procedure was used to prepare
Ir/C@NiCo.

1.2. Physical characterization

The morphologies and microstructures of the samples were surveyed by field-emission
scanning electron microscopy (FESEM, Tescan MIRA LMS), and transmission electron
microscopy (TEM) measurements performed on a FEI Tecnai F20 electron microscope with
an expediting voltage of 200 kV. RIGAKU D/MAX 2550/PC (RIGAKU D/MAX 2550/PC)
can obtain X-ray diffraction patterns (XRD). X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha) used Al Ko radiation with 1486.6 eV.

1.3. Electrochemical measurements

The electrochemical tests were performed in a three-electrode cell using 1.0 M KOH as an
electrolyte. The Ir nc@m-NiCo electrode, a Pt electrode, and an Ag/AgCl electrode served as
the working, counter, and reference electrodes, respectively. Mechanical robustness and
stability were studied through the multiple-current steps, multiple-potential steps, and
amperometry current-time measurements. The electrochemical measurements were
performed after stabilizing cyclic voltammetry (CV) cycles. Linear sweep voltammetry
(LSV) can acquire the HER catalytic activity with a scan rate of 5 mV s™!. The CV tests
assessed the electrochemical double-layer capacitance at various scan rates from 20 to 100
mV s 1. To ascertain the double-layer capacitance (Cg), the CV scans between 0.29 and 0.39
V (vs. Ag/AgCl) were conducted at 100, 120, 140, 160, and 180 mV s~!. The potentials vs.
RHE in 1.0 M at 25 °C could be calculated through the original Nernst equation:

Erue = Eag/agcr +0.0591 pH +0.098 V.

1.4 DFT Calculation:

To obtain more insight into the mechanism of HER activity of Ir nc@m-NiCo. We have
employed the Vienna Ab initio Simulation Package (VASP) to perform all density functional
theory (DFT) calculations within the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) functional. We have chosen the projected augmented wave
(PAW) potentials to describe the ionic cores and take valence electrons into account using a
plane wave basis set with a kinetic energy cutoff of 400 eV. The DFT-D3 empirical
correction method was employed to describe van der Waals interactions. Geometry
optimizations were performed with the force convergency smaller than 0.05 eV/A.
Monkhorst-Pack k-points of 1x1x1 were applied for all the calculations. The bottom layer
atoms at the bottom are fixed in all the calculations. The free energy changes (AG) of each
elementary reaction step during HER were calculated using the computational hydrogen
electrode (CHE) model. In this model, the chemical potential is equal to the energy of half of
the gas-phase H; at 0 V vs reversible hydrogen electrode (RHE). The electrode potential, U
versus RHE, is considered by adding -eU when an electron transforming step occurs. That is



G(U) =G (0 V) - neU, where e is the elementary charge of an electron, n is the number of
proton-electron pairs transferred, and U is the applied potential. The following equation
calculated the Gibbs free energy:

AG* H = E* H -Eg¢ -(Ey2)/2+AEzpp-TAS

Where E* H, Eg.t, Eqa, AEzpg, and AS are the total energies of the slab with H-adsorbed
surface, the clean surface, the isolated hydrogen molecule, the zero-point energy change, the
entropy change at 300K, respective.
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Figure S1 Polarization curves of Ir-nc@m-NiCo (10 mM), NiColr-2.5, NiColr-5, and NiColr-
20.
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Figure S2. STEM-EDX mapping and spectrum of Ir-nc@m-NiCo.



Figure S3. HR-TEM images of Ir-nc@m-NiCo.
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Figure S4. High-resolution XPS spectra of Ni 2p of Ir-nc@N:i.
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Figure S5. Nyquist plots of Ir-nc@m-NiCo, Ir-nc@Ni, and Ir-nc@Co.
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Figure S6. ECSAs of Ir-nc@m-NiCo, Ir-nc@Ni, and Ir-nc@Co for HER in 1.0 M KOH

electrolytes.
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Figure S7. ECSA-normalized polarization curves of Ir-nc@m-NiCo, Ir-nc@Ni, and Ir-
nc@Co for HER in 1.0 M KOH electrolytes.



-0.1 0
200 mA cm? & —
—~ (@)| g -0.077 \ (b)
L o
T -0.21 400 mA cm <
4 = 0177V
4 Z -500-
> 03 600 mA cm™ >
> 5 -0.277 V
T 800mAcm? | &
c 047 it -0.377V
Q c
5 © -1000- )
O 951 1000 mA cm?| 5 0477V
3 .
0 100 200 300 400 500 100 200 300 400 500
Time (s) Time (s)

Figure S8. (a—b) Multi-current and multi-potential steps curves for Ir-nc@m-NiCo (without

iR compensation).
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Figure S9. XRD of Ir-nc@m-NiCo after stability test.
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Figure S10. Theoretical calculations of the hydrogen adsorption configured for NiColr (a—b),
Colr (c—d), and Nilr (e—f).



150

! Ir 5d
€4=-2.01eV!
=100 A !
c |
= !
7)) |
) |
O 3501 !
! —— Ir-nc@m-NiCo
— Ir-nc@Ni
Ir-nc@Co
01 " e=102ev|

-4 -2 0 2 4
Energy (eV)

Figure S11. Calculated DOS of Ir in Ir-nc@m-NiCo, Ir-nc@Ni, and Ir-nc@Co.



Side view | Side view

ATAYAYS S
VQVAYAYA!

v

PN

gt gt gh’s

AN A
L S

Figure S12. Charge density of Ir-nc@m-NiCo (side view and front view). Yellow represents the electron
accumulation area, and blue represents the electron dissipation area.
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Figure S13. (a) Polarization curves of Ir-nc@m-NiCo, Ir-nc@Ni, Ir-nc@Co, and
It/C@NiCo; (b) Polarization curves of Ir-nc@m-NiCo (10 mM), NiColr-2.5, and NiColr-5.
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Figure S14. (a—) ECSAs of Ir-nc@m-NiCo, Ir-nc@Ni, and Ir-nc@Co for OER.
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Figure S15. The corresponding ECSAs and Tafel plots of Ir-nc@m-NiCo, Ir-nc@Co, Ir-
nc@Ni, and Ir/C@NiCo for OER.
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Figure S16. (a—b) Multi-current steps curve and multi-potential steps curve for Ir-nc@m-

NiCo.
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Figure S17. (a-b) Chronopotentiometry and chronoamperometry curve with the Ir-nc@m-
NiCo as the electrode at 500 mA cm2, and 1.8 V without iR compensation.
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Figure S18. (a—c) FESEM images of NiColr-2.5, (e—g) FESEM images of NiColr-5, (h—
j) FESEM images of NiColr-20.

Furthermore, the morphologies of Ir-nc@m-NiCo were characterized using FE-SEM. When
NiCo foam is immersed in IrCl;-3H,O solution with a concentration of 2.5 mM, the NiCo
foam will generate surface cracks due to corrosion effects, and a layer of nanoparticles will
grow in situ. Upcoming increasing the solution concentration to 5 mM, the cleavage layer on
the nickel-cobalt surface detaches, and iridium nanoclusters and macropores of various sizes
grew on the surface of the NiCo skeleton. With a further increase in the solution
concentration to 10 mM, the amount of nanocluster growth begins to increase. The
morphology transforms to nanoparticles when the concentration is raised to 20 mM. This
transformation is attributed to the highly concentrated solution, which leads to violent
corrosion of the nickel-cobalt foam and results in the growth of Ir nanoparticles on the

surface.
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Figure S19. The calculated density of total states graphs of Ir-nc@m-NiCo, Ir-nc@Co, and Ir-nc@Ni.
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Figure S20 Polarization curves of Ir-nc@m-NiCo, Pt@NiCo, and Pt@NiCo.
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Figure S21. ECSA-normalized polarization curves of Ir-nc@m-NiCo, Ir-nc@Ni, and Ir-
nc@Co for HER in 1.0 M KOH and 0.5 M NaCl electrolytes.
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Figure S22. ECSAs of Ir-nc@m-NiCo, Ir-nc@Ni, and Ir-nc@Co for HER in 1.0 M KOH
and 0.5 M NaCl electrolytes.
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Figure S23. ECSAs of Ir-nc@m-NiCo, Ir-nc@Ni, and Ir-nc@Co in 1.0 M KOH and 0.5 M

NaCl electrolytes.



Table S1. HER activities of representative benchmark electrocatalysts in alkaline solution in terms of the

potential to achieve the 100, 500, and 1,000 mA cm™2.

Tafel Potential vs. RHE (V)
Electrolyt slope -10 -100 -500 -1,000
Material Substrate Ref.
e (mV mA mA mA mA
dec™) cm 2 cm 2 cm 2 cm 2
1.0M this
Ir-nc@m-NiCo NiCo 30.8 20.8 59 101 146
KOH work
1.0M
Ru-NiCoP/NF NF 45.4 44 103 - - !
KOH
1.0M
Felr/NF NF 50.46 25.6 70 246 327 2
KOH
1.0M
RuCoP/CC cc 75 58 100 - - 3
KOH
1.0M
Ir-NiCo LDH NF 33.2 21 80 - - 4
KOH
1.0M
Pt/Ni(OH),/NF-A NF 37.6 25.3 211 - - 3
KOH
1.0M
Ru/c-Ti;C,T,/NF NF 60 37 113 219- 320 6
KOH
CC@WS,/ Ru- 1.0M
cC 53.2 321 110 - - 7
450 KOH
1.0M
Ru-NiFeP/NF NF 67.8 29 139.5 - - 8
KOH
1.0M
IrNi-FeNi;/NF NF 66.9 31.1 138.9 248.6 413.2 K
KOH
1.0M
Ru;CoP/CDs CDs 74.5 51 340 - - 10
KOH
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