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Experimental Details

Chemical and reagents

All chemicals have reached analytical grade purity and are ready for use without further
processing. MAX (Ti;AlC,) was purchased from 11 Technology Co., Ltd.
H,IrClg:'xH,O from Yunnan Hongsheng Platnum Co., Ltd. Potassium Hydroxide
(KOH), Hydrofluoric Acid (HF), Ethanol and commercial Ir@C catalyst were

purchased from Shanghai Macklin biochemical Co., Ltd.

Materials synthesis

Synthesis of Ti;C,T, MXene-NS: A 40 ml of 10 wt% HF solution was added to a
Teflon beaker and stirred for 2 min to obtain a homogeneous etching solution. Then, 2
g of Ti;AlC, MAX phase powder was slowly added to the solution under magnetic
stirring. The mixture was magnetically stirred in an oil bath at 40 °C for 24 h. The
resulting mixture was transferred to a 50 ml centrifuge tube and washed several times
with deionized water until the supernatant appeared dark green, and the pH of the
supernatant was approximately 6. Each wash was performed by centrifugation at 3500
rpm for 3 min. The washed precipitate was then redispersed in 30 ml of deionized water,
transferred to a gas-washing bottle, and purged with argon gas for 5 min to prevent
oxidation during the delamination process. The mixture was then ultrasonicated for 2 h
in an ice bath. The resulting suspension was centrifuged at 3500 rpm for 30 min, and
the dark green colloidal suspension was collected and freeze-dried for 48 h to obtain
etched T1;C, Ty MXene-NS.

Synthesis of Ti;C,T, MXene-NF: An appropriate amount of KOH was added to
deionized water to prepare a 6 M KOH solution. In an oil bath at 35 °C, 100 mg of the
previously prepared MXene-NS was added to 200 ml 6 M KOH solution and stirred
continuously for 96 h. The mixture was transferred to a 50 ml centrifuge tube and
washed several times with deionized water until the pH of the supernatant was
approximately 6. Each wash was performed by centrifugation at 6000 rpm for 3 min.
The resulting dispersion was freeze-dried for 48 h to collect the MXene-NF.

Synthesis of Ir@NF 550 Catalyst: 10 mg of MXene-NF powder was dispersed in 800
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ul of deionized water under continuous stirring to obtain an MXene-NF suspension.
H,IrClg-xH,O was used as the metal precursor to be loaded on MXene-NF by incipient-
wetness impregnation method. 200 pL of H,IrClg solution (C = 12.5 mg mL!) was
added dropwise to the MXene-NF suspension, followed by freeze-drying for 48 h. The
fresh mixture was reduced under 5% H/Ar, flow at different temperatures (650 °C, 750
°C and 850 °C) for 0.5 h with a ramping rate of 5 °C min! to produce 4.1 wt% Ir@NF
550, Ir@NF 650 and Ir@NF 750 catalysts.

Synthesis of Ir@NF xh Catalyst: The synthesis of [r@NF xh is almost as same as
Ir@NF 550 except that holding time was extended to 1h to prepare Ir@NF 1h and
extended to 2h to prepare Ir@NF 2h.

Electrochemical Measurements

All the electrochemical measurements were carried out on an electrochemical
workstation (CS350M, CORRTEST) in a standard three-electrode system at room
temperature. The carbon paper (0.5 cm X 1 cm) loaded with catalysts was used as the
working electrode, while a Hg/HgO electrode and an unused graphited rod were used
as reference electrode and counter electrode, respectively, and 1 M KOH (pH = 14) was
used as the electrolytes. The catalyst ink was prepared by mixing 5 mg of catalyst, 95
pL of ethanol, and 5 pl of Nafion solution (5 wt%) followed by ultrasonication until a
homogeneous suspension was obtained. Then, 10 pl of the catalysts’ ink was then
carefully drop-cast onto the carbon paper (0.5 cm % 0.5 cm).

For HER tests, linear sweep voltammetry (LSV) with iR-correction was carried
out at a scan rate of 5 mV s’!. Before LSV testing, cyclic voltammetry (CV) was
performed at a scan rate of 100 mV s*! for 10 cycles to stabilize the catalysts. Tafel
slope was calculated based on LSV curves. The whole test data were converted to the
reversible hydrogen electrode (RHE) according to the Nernst equation: E(RHE) =
E(Hg/HgO) + 0.059 x pH + 0.0977. Electrochemical impedance spectroscopy (EIS)
tests were performed from 100 kHz to 0.1 Hz at the overpotential of 10 mA c¢cm2. The
double-layer capacitance (Cg) was used to estimate the electrochemically active surface

area (ECSA). CV was also performed in the scan rate from 20 to 100 mV s! for the
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double layer capacitance (Cg4) calculation. Cycling stability was assessed by CV
conducted between 0.3 V and -0.1 V vs RHE at 100 mV s*!. Chronopotentiometry
measurements were recorded at a current density of 10 mA c¢cm for 20 h.
The TOF values can be calculated based on the following equation:
JXxA

TOFHER:ZanF

Where j is the current density at an overpotential of 100 mV during the LSV
measurement in 1.0 M KOH solution. A stand for the area of the electrode is 0.25 cm?
and F is the Faradaic constant (96485 C mol™!). 2 accounts for the electrons consumed
to form H2 molecule from water (2e~ for HER), n represents the number of active sites.
We calculated all the noble metals on the catalyst as the catalytic active site, and the

the noble metal mass was calculated from the ICP-OES results.

Materials characterization

The microstructure was characterized with field emission scanning electron
microscopy (SEM) of a Sigma 300 from ZEISS. Transmission electron microscopy
(TEM), High-resolution transmission electron microscopy (HRTEM), and high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM)
images obtained with a FEI Talos F200X. XPS measurements were conducted using a
Thermo Scientific K-Alpha X-ray photoelectron spectrometer. Inductively coupled
plasma-mass spectrometry (ICP-MS) was conducted using an Agilent 5110. Raman

measurements were conducted using a Renishaw invia.

DFT calculations

The density functional theory (DFT) calculations were carried out with the VASP
code.! The Perdew—Burke—Ernzerhof (PBE) functional within generalized gradient
approximation (GGA)? was used to process the exchange—correlation, while the project
augmented-wave pseudopotential (PAW)? was applied with a kinetic energy cut-off of
450 eV, which was utilized to describe the expansion of the electronic eigenfunctions.

The Brillouin-zone integration was sampled by a I'-centered 5 X 5 x 1 Monkhorst—Pack



k-point. All atomic positions were fully relaxed until energy and force reached a
tolerance of 1 x 10-6 eV and 0.01 eV/A, respectively. The dispersion corrected DFT-D
method was employed to consider the long-range interactions.*

The Gibbs free energy change (AG) was calculated by computational hydrogen
electrode (CHE) model as follows:

AG = AE + AZPE — TAS

where AE is the reaction energy obtained by the total energy difference between
the reactant and product molecules absorbed on the catalyst surface and AS is the
change in entropy for each reaction, AZPE is the zero-point energy correction to the

Gibbs free energy. T represents room temperature (298.15 K).
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Fig. S2 XRD patterns: (a) MAX, MXene, and MXene-NF; (b) Magnified XRD
patterns showing the 20 region from (a); (c) MXene heated to different peak

temperatures; (d) MXene-NF heated to different peak temperatures.
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Fig. S3 SEM images of MXene-NF heated to different peak temperatures. (a, b)
MXene-NF 550; (c, d) MXene-NF 650 ;(e, f) MXene-NF 750 ;(g, h) MXene-NF 850.

Fig. S4 SEM images of Ir@NF 550: (a) 1um, (b) 500 nm and (¢c) SEM-EDS
elemental mapping, 200 nm.
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Fig. S5 The EDS composition of [r@NF 550.
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Fig. S6 SEM images of Ir@NF 650: (a) 1um, (b) 500 nm and (¢c) SEM-EDS
elemental mapping, 200 nm.
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Fig. S7 HRTEM images of [r@NF 650: (a) 20 nm, (b) 10 nm and (c) 5 nm; (D) TEM-
EDS elemental mapping images, 50 nm.



Fig. S8 SEM images of [r@NF 750: (a) 1um, (b) 500 nm and (¢c) SEM-EDS
elemental mapping, 200 nm.
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Fig. S9 HRTEM images of [r@NF 750: (a) 20 nm, (b) 10 nm and (¢) 5 nm; (D) TEM-
EDS elemental mapping images, 50 nm.
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Fig. S10 high-resolution spectra of Ir 4f & Ti 3s for (a) MXene-NF, (b) Ir@NF 550,
(c) Ir@NF 650 and (d) Ir@NF 750. (Normalized on the vertical scale)
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Fig. S11 high-resolution XPS spectra for MXene-NF, Ir@NF 550, Ir@NF 650 and
Ir@NF 750 catalysts: (a) C 1s; (b) Ti 2p; (c) O 1s.
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Fig. S13 CV curves at different scan rates in IM KOH for HER of (a) Ir@NF 550, (b)
Ir@NF 650 and (c) Ir@NF 750.
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Fig. S14 DOS of (a) Big crystal and (b) Small crystal.
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Table. S1 Comparison of recent reported catalysts for HER in 1M KOH.

Catalysts ngﬁgtﬁriﬁf?v) ’(l“;f\e;l;zg;z Refs.
Ir@NF 550 15.8 23.0 This work

Ir/Mo,TiC,T,-750 13 20 5
Irga-2NS-Ti;C, Ty 40.9 50.5 6
Ir/IrO,@(N,S)-C 63 40.05 7
IrPdPb WNNs 21 66 8
Ir-NR/C 42 35.2 9
RhIr NSs/NF 15 67 10
Ir—Ni,P/CPDs 25 31 11
ED Ir 25 34 12
Ir,Nig/NHCSs 54 60 13
cluster@ICroO/CeOz >4 o1 14
Ir;V/C-1000 9 24.1 15
N-PdIr bimetallene 34 81.9 16
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