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Experimental Section

Synthesis of Mo2TiC2Tx 

To synthesize Mo₂TiC₂Tₓ, 5.0 mL of 98% sulfuric acid (H₂SO₄) and 5.0 mL of 85% 
phosphoric acid (H₃PO₄) were mixed with 10.0 mL of deionized (DI) water in a Teflon 
cup. After homogeneous mixing, 1.50 g of ammonium tetrafluoroborate (NH₄BF₄) was 
added to the acidic solution and stirred until fully dissolved. Subsequently, 0.50 g of 
Mo2TiC2Tx MAX phase powder was dispersed into the etching solution and stirred for 
30 minutes to ensure uniform dispersion. The sealed Teflon container was then 
transferred to a stainless-steel autoclave and subjected to hydrothermal treatment at 
180 °C for 24 hours. Upon completion of the reaction, the resulting mixture was 
centrifuged at 10,000 rpm for 10 minutes. The supernatant was discarded, and the 
precipitate was repeatedly washed with DI water until the pH of the supernatant 
approached neutrality. The cleaned solid was then further rinsed and dried in an oven 
at 55 ℃.

Preparation of electrodes

      The catalyst slurry was prepared using a fixed volume ratio of Nafion solution 
(5 wt%), ethanol (98%), and DI water of 1:10:10 (v/v/v), with all components 
measured in microliters (μL). Ethanol and DI water were first added to a clean sample 
vial, followed by the addition of Nafion solution. The mixture was stirred until a 
homogeneous solvent system was obtained. Subsequently, 10 mg of Mo2TiC2Tx 
powder was introduced and thoroughly mixed to form a uniform slurry. For electrode 
fabrication, 10 μL of the catalyst slurry was drop‑cast onto a carbon paper substrate, 
producing a coated area of 5 mm × 10 mm. The coated carbon paper was then dried 
in an oven at 55 ℃ to ensure complete solvent evaporation and firm adhesion of the 
catalyst layer.
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Synthesis of Pt@Mo2TiC2Tx (P03-P07)

Electrochemical reduction was performed using a conventional three-electrode 
configuration in 1.0 M H2SO4 electrolyte, with Mo2TiC2Tx deposited on carbon paper 
as the working electrode, a Pt foil as the counter electrode, and an Ag/AgCl electrode 
as the reference. Cyclic voltammetry (CV) was carried out for 1000 cycles under 
various potential windows, with all scans initiated from 0 V vs. RHE. The resulting 
samples were denoted as P0X, where X refers to the terminal negative potential of the 
CV scan. For example, P07 indicates a sample subjected to potential cycling between 
0 and –0.7 V vs. RHE. This one-step synthesis was designed to investigate the 
electrochemical reduction occurrence on Mo2TiC2Tx surface and subsequent single-
atom incorporation.

Synthesis of VMo/Mo2TiC2Tx (C03-C07)

Electrochemical reduction was conducted in a standard three-electrode 
configuration using 1.0 M H2SO4 as the electrolyte, with Mo2TiC2Tx-coated carbon 
paper as the working electrode, a graphite rod as the counter electrode, and an 
Ag/AgCl electrode as the reference. CV was performed for 1000 cycles under various 
potential windows, while maintaining the initial potential at 0 V vs. RHE. The resulting 
samples were labeled as C0X, where X denotes the terminal potential applied during 
the CV scan. For instance, C03 represents a sample electrochemically treated within a 
fix potential window from 0 to -0.3 V vs. RHE. This systematic potential modulation 
was designed to explore the effects of simultaneously engineering Mo vacancies and 
surface functional groups in Mo2TiC2Tx.
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Synthesis of Pt@low-VMo/Mo2TiC2Tx and Pt@high-VMo/Mo2TiC2Tx

To assess the influence of VMo density on Pt anchoring, electroreduction was 
performed via cyclic voltammetry (CV) in a standard three-electrode setup. C03 or C07 
was used as the working electrode, with a graphite rod as the counter electrode and 
Ag/AgCl as the reference electrode. The electrolyte contained Pt ions sourced from 
the Pt-containing solution recycled from the P09 synthesis to ensure a consistent Pt 
source. Both C03 and C07 samples underwent 1000 CV cycles under identical mild 
reduction conditions (0 to –0.3 V vs. RHE). This procedure enabled a direct comparison 
of Pt incorporation between the two samples. The resulting materials are denoted as 
Pt@low-VMo/Mo2TiC2Tx (from C03) and Pt@high-VMo/Mo2TiC2Tx (from C07).
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Characterizations 

The structural properties of samples were obtained by X-ray diffraction (XRD, 
Bruker, D8 Advance ECO) with Cu Kα radiation (λ= 1.5418 Å). Analytical field emission 
scanning electron microscope (AFE-SEM, Zeiss, Auriga) and ultrahigh resolution 
transmission electron microscope (UHR-TEM, JOEL, JEM-2100F+Cs Corrector STEM) 
which equipped with energy dispersive spectrometer (EDS) were used to observe the 
morphology and surface properties. The surface bonding was measured by Raman 
spectroscopy (HORIBA, iHR550) with a laser source wavelength of 532 nm, and X-ray 
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha system) with Al Kα X-ray 
source. Gold (Au) was employed as an internal standard because of its well-
characterized and stable photoemission peak, which enables precise spectral 
alignment. To calibrate the X-ray photoelectron spectroscopy (XPS) data, the binding 
energy of the Au 4f₇⁄₂ core level was set to 84.0 eV, serving as a reliable reference 
point. Vacancy concentrations were analyzed via electron paramagnetic resonance 
(EPR, Bruker EMX-plus system). Elemental compositions were determined by 
inductively coupled plasma mass spectrometry (ICP-MS, Thermo ELEMENT XR). All the 
electrochemical tests were measured with multifunctional electrochemical 
workstation (CH Instruments, CHI7279E) with a three-electrode system consisting of 
carbon rod counter electrode, working electrode, and Ag/AgCl reference electrode. 
Photoluminescence phenomenon of material was inspected by fluorescence 
spectroscopy (PL, HITACHI High-Tech, F 7000) with 150 W Xenon lamp.
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Electrochemical test 

All electrochemical measurements were conducted using a CHI7279E 
electrochemical workstation (CH Instruments). A conventional three-electrode system 
was adopted, in which the as-prepared catalyst served as the working electrode, a 
graphite rod/Pt foil acted as the counter electrode, and an Ag/AgCl electrode was 
employed as the reference. The electrolyte solution consisted of 1.0 M H2SO4. All 
potentials were converted to the reversible hydrogen electrode (RHE) scale using the 
equation: 

ERHE = EAg/AgCl + 0.197 V + 0.059 × pH

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements 
were conducted at a scan rate of 1 mV/s, with 85% iR compensation applied. The 
electrochemical double-layer capacitance (Cdl) was evaluated in a non-faradaic region. 
An estimation of the electrochemically active surface area (ECSA) was carried out to 
assess the accessible catalytic interface, and the Cdl value of the catalyst was divided 
by the specific capacitance (Cs). The Cs in 1 M H2SO4 was taken as 0.035 mF/cm2.1-4

𝐸𝐶𝑆𝐴 =
𝐶𝑑𝑙

𝐶𝑠

  Electrochemical impedance spectroscopy (EIS) was conducted across a frequency 
range of 10-2 to 106 Hz, with a potential applied at 10 mA/cm2 to investigate the 
performance in hydrogen and oxygen evolution reactions.5, 6

Calculate TOF value to quantitatively demonstrate the atomic-level catalytic 
efficiency under ultralow Pt loading:7

=
𝑇𝑂𝐹 =

𝑚𝑜𝑙 𝑜𝑓 𝐻2 ​ 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑

𝑚𝑜𝑙 𝑜𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑃𝑡 𝑎𝑡𝑜𝑚𝑠

𝐼
2𝐹 × 𝑛𝑃𝑡
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𝐻2

= 𝑗
𝑚𝐴

𝑐𝑚2
×

1 𝐶𝑠 ‒ 1

1000 𝑚𝐴
×

1 𝑚𝑜𝑙 𝑒 ‒

96485.3 𝐶
×

1 𝑚𝑜𝑙 𝐻2

1 𝑚𝑜𝑙 𝑒 ‒
×

6.022 × 1023 𝐻2

1 𝑚𝑜𝑙 𝐻2
= 3.12 × 1015 𝐻2 𝑠 ‒ 1 𝑐𝑚 ‒ 2 𝑝𝑒𝑟 𝑚𝐴 

𝑐𝑚 ‒ 2

𝑇𝑂𝐹 =
3.12 × 1015 × |𝑗|

𝑃𝑡 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒
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Fig. S1 Schematic illustration of the mild etching strategy and following single-step 
electrochemical reduction. Etchant: Sulfuric acid (H2SO4), phosphoric acid (H3PO4), 
deionized (DI) water and ammonium tetrafluoroborate (NH4BF4).
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Fig. S2 Schematic of preparation for Pt@Mo2TiC2Tx by electroreduction.
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Fig. S3 XRD patterns after electrochemical treatments at different potentials showing 
no structural distortion.
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Fig. S4 SEM images of the synthesized Mo2TiC2Tx open layered morphology. Low-
resolution (left) and high-resolution (right).
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Fig. S5 SEM images of P03 (left) and P07 (right) that the characteristic open layered 
morphology remained intact across all samples.
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Fig. S6 Tafel slopes, ECSA, and EIS of P03, P04, P05, P06 and P07 samples (from left to 
right).
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Fig. S7 Schematic of preparation for “carving” treatments at different potentials. 1.0 
M H₂SO₄ as the electrolyte, with Mo2TiC2Tx-coated carbon paper as the working 
electrode, a graphite rod as the counter electrode, and an Ag/AgCl electrode as the 
reference. The carving treatment modulates vacancies and functional groups in the 
MXene.
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Fig. S8 XRD of Mo2TiC2Tx, C03 and C07 showing identical structural patterns.
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Fig. S9 SEM images of C03 (left) and C07 (right) confirmed that the characteristic open 
layered morphology remained.
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Fig. S10 Raman spectra of Mo2TiC2Tx, C03, C05 and C07. The Raman mode at 148 cm⁻¹ 
is assigned to the Eg vibrations involving both Mo and Ti atoms, while the feature near 
277 cm⁻¹ corresponds to the Eg vibration of oxygen, indicating the presence of Mo–O 
bonding in the MXene. The bands observed at approximately 401 and 603 cm⁻¹ are 
predominantly attributed to vibrations of carbon atoms within the MXene lattice. In 
addition, Raman features at 818 and 985 cm⁻¹ are associated with oxygen-containing 
surface terminations. When normalized to the Eg vibration of Mo, the relative 
intensities of all oxygen-related Raman modes systematically decrease with increasing 
applied potential, indicating a progressive depletion of oxygen-containing surface 
functional groups at higher potentials.8-10
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Fig. S11 Photoluminescence (PL) spectra of Mo2TiC2Tx, C03, C05 and C07. The gradual 
suppression of the broad emission band reveals an enhancement in trap-state density, 
which accelerates nonradiative recombination and leads to the observed PL 
quenching.
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Fig. S12 High-resolution transmission electron microscopy (HR-TEM) of C03 (left) and 
C07 (right).
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Fig. S13 XRD of Pt@low-VMo/Mo2TiC2Tx and Pt@high-VMo/Mo2TiC2Tx showing identical 
structural patterns.
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Fig. S14 SEM images of Pt@low-VMo/MXene (left) and Pt@high-VMo/MXene (right) 
confirmed that the characteristic layered morphology remained.
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Fig. S15 Atomic-resolution transmission electron microscopy (TEM) of Pt@low-
VMo/Mo2TiC2Tx, suggesting inefficient anchoring due to the scarcity of suitable binding 
sites. 
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Fig. S16 High-resolution EDS elemental mapping Pt@high-VMo/Mo2TiC2Tx, suggesting 
the global dispersion of Pt. 
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Fig. S17 XPS spectra of O 1s of different treated samples which showed a decline in 
the intensity of the metal–oxygen bond component after Pt anchoring.
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Fig. S18 a) ECSA and b) EIS of samples before and after patching stage.
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Fig. S19 TOF plots of Pt@low-VMo/Mo2TiC2Tx and Pt@high-VMo/Mo2TiC2Tx. The 
Pt@high-VMo/MXene catalyst exhibits a TOF of 3.15 H2·s-1·Pt atom-1 at 100 mV vs. RHE, 
which is substantially higher than that of commercial Pt/C reported in the literature 
under comparable conditions (~0.57 H2·s-1·Pt atom-1).11
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Fig. S20 LSV curves of all characteristic samples.
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Fig. S21 Long-term HER catalytic stability tests. Chronopotentiometric (CP) curve of 
Pt@high-VMo/Mo2TiC2Tx at a constant current density of 10 mA cm-2 for 10,000 s and 
LSV curves recorded before and after the 10,000 s stability test.
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Table S1 Integral area of Raman peak and relative oxygen-related ratio to Mo.

Mode Raman 
shift Pristine C03 C05 C07

Eg in-plane 
vibration of Mo 

atom
(1) 148 cm-1 89188.6 42809.8 61153.8 78686.7

Eg vibration of the 
O atoms (2) 277 cm-1 161118 73645.7 103863 124551

(3) 818 cm-1 98238.2 48179.4 62122.9 73070.8
Oxygen 

functionalization
(4) 985 cm-1 37293.6 16992.4 27825.2 31540

Relative oxygen-
related ratio to Mo {[(2)+(3)+(4)]/(1)} 3.3261 3.2426 3.1692 2.9123
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