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Sustainable and cost-efficient hydrogen
production using platinum clusters at
minimal loading

Hongliang Zeng1,6, Zheng Chen 2,6, Qiu Jiang 1,3 , Qingtian Zhong1, Yuan Ji1,
Yizhen Chen4, Jiawei Li 1, Chunxiao Liu 1, Runhao Zhang1, Jialin Tang1,
Xiaoxia Xiong1, Zhongyue Zhang1, Zhaoyang Chen1, Yizhou Dai1, Chengbo Li1,
Yinfang Chen1, Donghao Zhao1, Xu Li 1, Tingting Zheng 1, Xin Xu 2,5 &
Chuan Xia 1,3

Proton exchange membrane water electrolysis stands as a promising tech-
nology for sustainable hydrogen production, although its viability hinges on
minimizing platinum (Pt) usage without sacrificing catalytic efficiency. Central
to this challenge is enhancing the intrinsic activity of Pt while ensuring the
stability of the catalyst. We herein present a Mo2TiC2 MXene-supported Pt
nanocluster catalyst (Mo2TiC2-PtNC) that requires a minimal Pt content
(36μg cm−2) to function, yet remains highly active and stable. Operando
spectroscopy and theoretical simulation provide evidence for anomalous
charge transfer from the MXene substrate to PtNC, thus generating highly
efficient electron-rich Pt sites for robust hydrogen evolution. When incorpo-
rated into a proton exchange membrane electrolyzer, the catalyst affords
more than 8700h at 200mA cm−2 under ambient temperature with a decay
rate of just 2.2 μV h−1. All the performancemetrics of the presentMo2TiC2-PtNC
catalysts are on par with or even surpass those of current hydrogen evolution
electrocatalysts under identical operation conditions, thereby challenging the
monopoly of high-loading Pt/C-20% in the current electrolyzer design.

The escalating importance of renewable green hydrogen as an energy
vector represents an undeniable facet of the evolving energy
landscape1,2. A pressing target in the U.S. Department of Energy’s
(DOE’s) Energy Earthshots initiative is to reduce the cost of clean
hydrogen to $1 per kilogram in a decade, known as the “111” target3.
Central to realizing this vision is the application of proton exchange
membrane (PEM) water electrolysis technology, noted for its low
electrical resistance, high current density, high H2 purity, and swift
device response4,5. However, the viability of its commercialization
within thehydrogenmarket is contingent upon the reduction in capital

costs. The DOE’s 2026 target mandates a total Pt-group metal (PGM)
loading below 0.5mg cm−2 for PEM devices6. Currently, the Pt content
in the cathode alone falls within the range of 0.4–0.6mg cm−2 7. This
highlights the urgent need to implement low Pt-groupmetal cathodes,
thereby reserving the PGM budget for iridium (Ir) incorporation into
the anode (typically more than 5 times the Pt content)7–12. Despite
progress in developing nonpreciousmaterials for cost efficiency13–15, Pt
remains the material of choice for facilitating the acidic hydrogen
evolution reaction (HER) in current commercial PEM water electro-
lyzers, owing to its unmatched intrinsic activity and stability16–19.
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The HER on metal surfaces such as Pt involves protons from a
solution combined with electrons at an electrode. This HER reaction
proceeds in twomain steps: forming chemisorbed hydrogen atoms on
the electrode, followed by H2 gas evolution. This simple mechanism
allows enhancing the HER through two main strategies: maximizing
the intrinsic catalytic efficiency and optimizing the exposure of active
sites on the catalyst. Nørskov et al. showed the intrinsic HER activity in
a “volcano plot” using the binding free energy (ΔGH) of hydrogen
(*H)20. They found the highest activity when ΔGH was near zero,
demonstrating that the optimal electrocatalytic sites for the HER
should bind *H slightly weaker than metals such as Pd, Rh, or Pt. This
could correspond to a more negative chemical state than metallic
states21. On the other hand, a surface-to-volume ratio can be achieved,
for instance, by downsizing bulk catalysts to nanoclusters (NCs) and
even to isolated single atoms (SAs). This approach is particularly
attractive because it leverages nearly all available platinum atoms,
thereby optimizing their effectiveness and enhancing the overall
efficiency22–24. However, this strategy also exposes more low-
coordinate Pt atoms, which have been shown to strongly adsorb *H,
consequently reducing the intrinsic activity of Pt. Balancing the metal
particle size andmaintaining the desired binding energy are critical for
developing effective HER catalysts. Moreover, stability is another key
factor that must be considered in the utilization of Pt for the HER, as
extended electrolysis or a higher current increases the likelihood of Pt
agglomeration and thus the degradation of active sites.

Given that the electronic properties of Pt can be fine-tuned by
selective bonding with proper supports25, and that Pt agglomeration
can be mitigated through spatial confinement or geometric
shielding26, we envisioned that the intrinsic activity and stability of Pt
nanoclusters (PtNC) could be concurrently modulated by designing
supported Pt islands surrounded by functional groups that have high
diffusion barriers to isolate these Pt islands. MXenes, first reported by
Gogotsi et al. in 201027–29, are a class of well-known two-dimensional
transition metal carbides or nitrides with layered structures that may
serve as an ideal model to validate our hypothesis. In MXenes, early
transition metals (M layers) are sandwiched between conductive car-
bon layers, with abundant surface termination groups, such as O and
OH, on the outer M layers30. Pursuing this line of inquiry, we synthe-
sized a highly stable and efficient electrocatalyst composed of PtNC
supported onMXene (Mo2TiC2-PtNC) for use in PEMwater electrolysis.
Fromour experimental and theoretical evidence, we found anomalous
charge transfer from the MXene substrate to PtNC, which generated
highly efficient electron-rich Pt sites for robust hydrogen evolution.
The as-synthesized Mo2TiC2-PtNC matches the performance of com-
mercial Pt/C-20%, requiring only an overpotential of 13 ± 3.6mV to
reach 10mAcm−2 while maintaining stability at this current density for
more than 280h. Impressively, our Mo2TiC2-PtNC-based device show-
cased a robust capability to electrolyze pure water splitting for more
than 8700 h at 200mA cm−2 under ambient temperature, when cou-
pled with a commercial oxygen evolution catalyst (IrO2) in a PEM
electrolyzer. Notably, the device delivered a high current density of
1 A cm−2 at a low average applied voltage of ~1.65 V and maintained
steady operation for over 4800 h under real-world operating condi-
tions (80 °C, 1 bar). Notably, the Pt loading on the cathode in our
assembled PEM device is merely 36μg cm−2, far less than one-tenth of
the loading in commercial design. Our Mo2TiC2-PtNC catalyst holds
great promise as a viable alternative to commercial Pt/C-20%, repre-
senting a prime candidate for satisfying the operational demands of
next-generation PEM devices.

Results and discussion
We adopted a straightforward hydrothermalmethod to synthesize the
Mo2TiC2-PtNC catalysts (seedetails in theMethods andFig. 1a). Thefirst
step involved the synthesis of multi-layered Mo2TiC2 (denoted as
Mo2TiC2-M) via the HF etching method, in which the Al layers were

selectively removed from the parent Mo2TiAlC2 powder (illustrated in
Supplementary Figs. 1–3). Following this, the structure was inter-
calated with the organic molecule tetrabutylammonium hydroxide
(TBAOH), thereby yielding the few-layered Mo2TiC2 MXene29,31. The
process was completed with a thorough washing step to remove any
residual TBAOH. The layered structure of Mo2TiC2 was evident from
the scanning electronmicroscopy (SEM) image (Fig. 1b). The interlayer
spacing of Mo2TiC2 was calculated to be 1.8 nm (inset of Fig. 1b) from
transmission electron microscopy (TEM), which corresponds to the
(002) plane from the X-ray diffraction (XRD) results (Fig. 1f). Finally, by
employing Mo2TiC2 as a support, we facilitated the deposition of PtNC
via a hydrothermal protocol, incorporating chloroplatinic acid hex-
ahydrate (H2PtCl6·6H2O) andMo2TiC2 in the process (see Methods for
additional details). Quantitative analysis via inductively coupled
plasma optical emission spectroscopy (ICP-OES) indicated that the as-
prepared Mo2TiC2-PtNC catalyst had a Pt loading of 3.6 ± 0.1 wt%
(Supplementary Table 1).

After the hydrothermal reaction, TEM and high-angle annular
dark-field scanning TEM (HAADF-STEM) images (Fig. 1c–e) confirmed
that the PtNC were homogeneously sized, with an average diameter of
approximately 1.7 nm (Fig. 1d). Furthermore, the results from the high-
resolution HAADF-STEM image revealed that the exposed crystal facet
of the experimentally prepared PtNC is the (111) facet (Fig. 1e). The two-
dimensional crystal structure of Mo2TiC2 was also well maintained
(Fig. 1f), suggesting that the incorporation of the Pt precursor into the
precursor solution had no discernible effect on themorphology of the
MXene structure. For comparison, we also synthesized MXene-
supported Pt single atoms (Mo2TiC2-PtSA, 2.7wt% Pt) and reduced
graphene oxide (rGO)-supported PtNC (rGO-PtNC, Pt size ~1.5 nm,
4.1 wt% Pt) as controls. The HAADF-STEM images, in conjunction with
energy-dispersive spectroscopy (EDS) elemental mapping, unveiled a
uniform dispersion of PtSA or PtNC across the support structure for the
controls (Supplementary Figs. 4–5). Multiple spectra, including XRD
and Raman spectroscopy, revealed that both Mo2TiC2-PtSA and
Mo2TiC2-PtNC exhibited peak patterns similar to those of Mo2TiC2

MXene, indicating the structural stability of the MXene substrate
(Supplementary Figs. 6–7). Additionally, PtSA and PtNC on the support
were distinguished using CO adsorption diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS; see details in Methods). The
spectra primarily displayed a strong band at 2105 cm−1 for Mo2TiC2-
PtSA and 2051 cm−1 for Mo2TiC2-PtNC, further substantiating the dis-
tinctions in the electronic structure between the two samples (Sup-
plementary Fig. 8)32.

To reveal the electronic structure of the Pt species within the
catalysts, we employed X-ray absorption fine structure (XAFS) and
X-ray photoelectron spectroscopy (XPS) analyses. The normalized
X-ray absorption near-edge structure (XANES) depicted in Fig. 1g
indicated that thewhite line intensity of theMo2TiC2-PtNC catalystswas
even lower than that of the bulk Pt foil, suggesting a possibly reduced
oxidation state. Figure 1h shows the k3-weighted Fourier transform of
the extendedX-ray absorption fine structure (EXAFS) at the Pt L3-edge.
We observed a dominant peak at 1.72 Å for Mo2TiC2-PtSA, which cor-
responded to the Pt-O bond, and no Pt-Pt bonds were observed. This
result confirmed that Pt atoms were dispersed as single sites in
Mo2TiC2-PtSA, and the evident Pt-O coordination was consistent with
previous reports33,34. Since the first shell scattering peak in the Pt L3-
edge ofMo₂TiC₂-PtNC is locatedwithin the samedistance region as the
Pt-Pt scattering peak of Pt foil (R = 1.5–3.2 Å, which corresponds to
metal-metal bonding)35, and the difference in themain peak position is
less than 0.1 Å36,37, distinguishing Pt-Mo and Pt-Pt coordination signals
solely through observation of the EXAFS spectrum is challenging. We
subsequently performed fitting of the L3-edge EXAFS of the Mo2TiC2-
PtNC and Pt foil. Compared with those of the Pt foil (Supplementary
Fig. 9 and Supplementary Table 2), the EXAFS fitting results of
Mo2TiC2-PtNC (Supplementary Table 3) reveal a Pt-Mo coordination
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Fig. 1 | Synthesis and structural characterization of the catalyst. a Schematic of
the synthesis process of Mo2TiC2-PtNC. b SEM and TEM images of few-layer
Mo2TiC2. c TEM image of Mo2TiC2-PtNC. d Size distribution of the Pt nanoclusters.
e HADDF-STEM image of the nanoclusters. f XRD spectra of Mo2TiAlC2, Mo2TiC2,

andMo2TiC2-PtNC. gNormalized XANES spectra at the Pt L3-edge of PtO2, Mo2TiC2-
PtSA, Mo2TiC2-PtNC, rGO-PtNC and Pt foil. h k3-weighted Fourier transform of EXAFS
spectra derived from the EXAFS spectra of PtO2, Mo2TiC2-PtSA, Mo2TiC2-PtNC, rGO-

PtNC, and Pt foil. R is the interatomic distance. i High-resolution XPS spectra (Pt 4f)
of Mo2TiC2-PtSA, Mo2TiC2-PtNC, rGO-PtNC and Pt foil. (The circles represent raw
data, and the lines represent fitting data and base line.) j DEMS measurements of
Mo2TiC2-PtSA, Mo2TiC2-PtNC, rGO-PtNC and Pt/C-20%, the onset potentials were
determined at points where the signal-to-noise ratio exceeded 5. Source data are
provided as a Source Data file.
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signal at 2.69 Å, which aligns well with the fitting results of Pt-Mo
coordination in other articles35–37. Notably, the absence of a Pt-O signal
in the Mo2TiC2-PtNC spectrum suggested that the PtNC on the MXene
surfacewasdirectly bonded to theMXene lattice rather than to surface
oxygen functionalities. Interestingly, the high-resolution Pt 4f XPS
spectrum revealed that theMo2TiC2-PtNC catalyst featured a negatively
shifted binding energy (70.5 eV and 73.8 eV for the Pt 4f 7/2 and 4f 5/2
doublets, respectively) in comparison to that of the bulk Pt foil (71 eV
and 74.3 eV)38, in good agreement with the XANES analysis. To validate
the robustness of our data, we also calibrated our XPS spectra using Si
2p lines as the internal standard. These results were consistent with
those obtained using the C 1s calibration method (Supplementary
Fig. 10). This phenomenon is intriguing, as Pt onmost carbon or oxide
substrates generally exists in an oxidized or metallic state (Fig. 1i and
Supplementary Fig. 11)39–41. As expected, Pt in Mo2TiC2-PtSA shows a
more positively shifted binding energy than does bulk Pt, which aligns
well with previous reports18,34,42–45. These findings underscore the size
effect on the electronic state of Pt. In contrast, rGO-PtNC displaysmore
positive binding energy than Pt foil does, highlighting the unique role
of the MXene substrate. Taken together, the above results demon-
strate that the direct bonding of PtNC with the MXene lattice results in
anomalous electron transfer to Pt atoms, creating an electron-rich Pt
surface. Furthermore, the high-resolution Mo 3d XPS spectrum shows
that Mo2TiC2-PtNC displays more pronounced high-valenceMo signals
than Mo2TiC2 does (Supplementary Fig. 12), further confirming elec-
tron transfer from Mo to PtNC. This shifts the d-band center of Pt
downwards from −3.62 (Pt foil) to −3.77 eV (Mo2TiC2-PtNC) (Supple-
mentary Fig. 13), resulting in closer thermal-neutral binding of *H
(ΔGH = 0). Furthermore, we employed operando differential electro-
chemical mass spectrometry (DEMS) to assess the HER capabilities of
the different catalysts (Fig. 1j). Impressively, the Mo2TiC2-PtNC catalyst
manifested a much lower onset potential than did its counterparts,
drawing closer to the commercial benchmark Pt/C-20% catalyst. Sim-
ply replacing the MXene substrate with carbon (rGO-PtNC, with similar
Pt dimensions and loading) or decreasing the particle size fromPtNC to
PtSA (Mo2TiC2-PtSA, with similar Pt loading) results in much lower HER
activity than Mo2TiC2-PtNC does. This finding implies that the HER
activity is closely dependent on the synergistic effect between the Pt
metal and MXene substrates. We deduce that the intrinsic activity of
the Mo2TiC2-PtNC catalyst is significantly influenced by the unique
electron-rich electronic structure of the Pt center due to Pt-MXene
interactions.

The HER performances of the different catalysts were then eval-
uated in detail using a three-electrode setup with Hg/Hg2SO4 as the
reference electrode and a graphite rod as the counter electrode in H2-
saturated 0.5M H2SO4. Prior to the experimental tests, the reference
electrode was meticulously calibrated to a reversible hydrogen elec-
trode (RHE). Linear sweep voltammetry (LSV) curves revealed that the
as-prepared Mo2TiC2-PtNC catalyst exhibited effective HER activity
with an overpotential of only 13 ± 3.6mV at 10mAcm−2, similar to the
benchmark Pt/C-20% (14.7 ± 0.6mV at 10mA cm−2; Fig. 2a). To further
compare the intrinsic HER activity of Mo2TiC2-PtNC with that of the
benchmark material, we measured the hydrogen underpotential
deposition (H-UPD) features to exclude the contribution of different
electrochemical surface area (ECSA, Fig. 2b, c). In a clear demonstra-
tion of electrocatalytic performance, a comparison of the LSV curves,
normalized using H-UPD, revealed a substantial difference between
the two materials. Specifically, Mo2TiC2-PtNC showed an intrinsic per-
formance of 1.55 ± 0.4mA cm−2

ECSA (the specific value in Fig. 2c is
1.99mAcm−2

ECSA) which was 4.8 times greater than that of the
benchmark Pt/C-20% of 0.32 ± 0.04mAcm−2

ECSA, measured at an
overpotential of 31mV. Additionally, Mo2TiC2-PtNC demonstrated a
Tafel slope of 24mV dec−1, a value that was comparable to the Tafel
slope observed for Pt/C-20% (Fig. 2d). This similarity in the Tafel slopes
suggested that the kinetic rate-step process of Mo2TiC2-PtNC was

consistent with that of Pt/C-20%, following the same mechanism
referred to as the Tafel step. To further describe the elementary
reaction in the HER process on Mo2TiC2-PtNC, we conducted operando
electrochemical impedance spectroscopy (EIS) experiments (Fig. 2e
and Supplementary Figs. 15, 16). Specifically, we observed that
Mo2TiC2-PtNC exhibited only one phase angle, indicative of the same
Volmer-Tafel kinetic process that characterizes commercial Pt/C-20%.
This finding stands in stark contrast to the two-phase angles typically
observed in the Volmer-Heyrovsky kinetic process46,47.

We further quantitatively analyzed HER activity in terms of mass
activity and turnover frequency (TOF, normalized to the active site
density) (Fig. 2f). Specifically, at an overpotential of 60mV, the mass
activity of Mo2TiC2-PtNC was estimated to be 3.3 ± 1.31 Amg−1, which
was substantially greater than that of Pt/C-20% (0.72 ± 0.19 Amg−1) and
Mo2TiC2-PtSA (0.35 ± 0.07 Amg−1). At the same overpotential, a sig-
nificant difference in the TOF was observed. Specifically, the TOF of
Mo2TiC2-PtNC was found to be 9.45 ± 3.71 s−1. This value not only out-
performs the benchmark Pt/C-20% (1.82 ± 0.48 s−1) but also surpasses
Mo2TiC2-PtSA (0.36 ±0.07 s−1). Notably, the TOF represents a lower
bound for the true activity of Mo2TiC2-PtNC because a subset of the Pt
atoms remains inaccessible within the bulk, coupled with the con-
straints posed by mass transport limitations48.

In addition to the above performance, maintaining robust elec-
trolytic stability is the key. We further evaluated the stability of
Mo2TiC2-PtNC and found that it maintained a hydrogen Faradaic effi-
ciency (FE) close to 100% across different current densities (Supple-
mentary Fig. 17). Additionally, stable hydrogen production was
achieved through electrolysis at 10mAcm−2 for over 280h (Fig. 2g).
Accelerated stability tests revealed virtually no decay after 10,000
cycles (Supplementary Fig. 18). Structural characterization via XRD,
SEM, XPS, TEM and XAFS (XANES and EXAFS) further demonstrated
that the structure was almost unchanged after the durability test
(Supplementary Figs. 19, 20). Consequently, the aforementioned
attributes of Mo2TiC2-PtNC, including its low overpotential, reduced
Tafel slope, and slow decay rate, were found to surpass those of most
previously reported Pt-based catalysts (Supplementary Fig. 21 and
Supplementary Table 5).

To explore the impact of the substrate on the loaded PtNC, the
HER mechanism was further analyzed utilizing the equivalent circuit
depicted in Supplementary Fig. 22. This approach allowed for a
detailed examination of the underlying electrochemical processes,
providing insights into the specific interactions and dynamics that
govern the reaction kinetics. The intermediate coverage on the cata-
lyst surface canbe representedby twoparallel components (Cφ andR2,
which represent the hydrogen adsorption pseudo-capacitance and
resistance, respectively) in the equivalent circuit49. As illustrated in
Supplementary Figs. 23, 24, the adsorption charges of hydrogen on the
surfaces of Mo2TiC2-PtNC and rGO-PtNC were obtained through EIS
fitting. Notably, Mo2TiC2-PtNC exhibited more hydrogen adsorption
charges (750 μC) than did rGO-PtNC (624 μC). This result indicates a
much greater surface intermediate coverage onMo2TiC2-PtNC, despite
its quite similar Pt dimensions and content to those of rGO-PtNC. Sucha
difference highlights the critical role of electron enrichment on the Pt
surface of Mo2TiC2-PtNC.

Additionally, we compared the in situ attenuated total reflection
surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS) of
Mo2TiC2-PtSA, rGO-PtNC, and Mo2TiC2-PtNC under different applied
potentials (0.1 to −0.1 V) (Supplementary Fig. 25). Among these cata-
lysts, Mo2TiC2-PtNC exhibited the highest vO-H wavenumber, indicating
the weakest degree of hydrogen bonding in its interfacial water50,51.
This characteristic facilitates more efficient intermediate transport,
thereby increasing the reaction kinetics. We further investigated the
effect of the substrate by comparing the activity and stability of
Mo2TiC2-PtNC and rGO-PtNC. A comparison was made under identical
conditions, with both substrates having similar particle sizes of PtNC
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and Pt loading. As shown in Supplementary Figs. 26, 27, the perfor-
mance of rGO-PtNC was found to be inferior, and its stability at a cur-
rent density of 10mA cm−2 clearly decreased over a period of 70 h.
These results collectively affirm that the high structural stability of
Mo2TiC2-PtNC can be attributed to the unique interaction between the
Pt and MXene supports.

Density functional theory (DFT) calculations were performed to
elucidate the origin of the high stability and high HER activity of
Mo2TiC2-PtNC, where unique metal-support interactions play a pivotal
role, as indicated by comparisons with controls. Considering the
computational consumption and experimental size of PtNC, a Pt31
model was chosen for simulation, whichmostly exposes the (111) facet,
as revealed by the previous HAADF-STEM image in Fig. 1e. Although
the supported model involving metal binding to surface oxygen
(Fig. 3a) is a common alternative, a model in which Pt31 binds to Mo

(Fig. 3b) was employed here due to the absence of a Pt-O signal for
Mo2TiC2-PtNC from experimental observations (Fig. 1h). DFT calcula-
tions revealed that the two different models resulted in opposite
charge transfer directions (Fig. 3a, b). In contrast to the commonly
observed charge transfer from the metal to the support, the latter
model showed a significant charge transfer reversal from the support
to the metal, which is consistent with the XPS observations (Fig. 1i).
Thus, both the experimental and theoretical findings corroborate the
hypothesis that PtNC binds to outerMo sites, which aligns with the fact
that TiC2 layers are sandwiched between Mo layers in Mo2TiC2

30.
Moreover, this model showed a much stronger metal-support inter-
action (−2.81 eV per interacting atom; Fig. 3b) than that of themodel in
whichPt31 bound to the surfaceoxygen (−0.79 eVper interacting atom;
Fig. 3a), which even surpassed the binding strength between Pt31 and
the Pt (111) surface (−2.11 eV per interacting atom; Fig. 3c). This result

Fig. 2 | Electrocatalytic performance of the catalysts. a The iR-corrected polar-
ization curves of glass carbon (GC), Mo2TiC2 (R = 3.378 Ω), Mo2TiC2-PtSA (R = 2.18
Ω), Mo2TiC2-PtNC (R = 1.763Ω) and Pt/C-20% (R = 1.433Ω) acquired using a graphite
rod as the counter electrode in 0.5M H2SO4 (GCE electrode surface area: 1.13 cm2,
catalyst loading: 1mg cm−2, rotation rate: 1600 rpm, pH value of the electrolyte
(H2SO4): 0.43 ± 0.02, and all measurements were conducted at ambient tempera-
ture. All error bars in Fig. 2 represent the standarddeviation. All potentials are 100%
iR compensated, and all non-iR corrected data and corresponding resistance values
for three independent samples are shown in Supplementary Fig. 14 and

Supplementary Table 4, respectively). b H-UPD region of Mo2TiC2-PtNC and Pt/C-
20% obtained from the cyclic voltammetry curve (Scan rate: 50mV s−1). c ECSA-
normalized (H-UPD) HER polarization curves of Mo2TiC2-PtNC and Pt/C-20% in
0.5M H2SO4. d Tafel slopes of Mo2TiC2, Mo2TiC2-PtSA Mo2TiC2-PtNC and Pt/C-20%.
e Operando EIS tests of Mo2TiC2-PtNC. f Calculated TOF and mass activity values at
an overpotential of 60mV in 0.5M H2SO4. g Stability test of Mo2TiC2-PtNC through
chronopotentiometry at a current density of 10mA cm−2 in 0.5M H2SO4. Source
data are provided as a Source Data file.
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indicates that Mo2TiC2 with oxygen functional groups can act as a
bifunctional heteroenergetic support. The Mo-block anchors and
secures the PtNC in place, resulting in anomalous charge transfer, while
the O-block isolates the PtNC, preventing particle migration and coa-
lescence and inhibiting Ostwald ripening26. Therefore, the unique
structure ofMo2TiC2-PtNC enables the achievement of high stability for
nanoscale PtNC, which is consistent with experimental observa-
tions (Fig. 2g).

As indicated by the charge transfer observed in both the experi-
mental (Fig. 1i) and theoretical (Fig. 3b) results, the unique metal-
support interaction also significantly tunes the electronic structure of
PtNC and thus the HER activity. Figure 3d shows the d-electron struc-
tures of the surface Pt atoms on Mo2TiC2-PtNC, which included low-
coordinate Pt (LC-Pt) and Mo-coordinate Pt (MoC-Pt). Compared with
that of the surface Pt on the Pt (111) slab, the d-band center of LC-Pt is
upshifted as expected, whereas that of MoC-Pt is downshifted. This is
consistent with the downshift in the d-band center of Mo2TiC2-PtNC
observed via XPS (−3.77 eV) comparedwith that of the Pt foil (−3.62 eV;
Supplementary Fig. 13). A downshift of the d-band center weakens the
binding of *H and moves it toward the optimal value, which is subse-
quently evidenced by the calculated adsorption-free energy of *H
(Fig. 3e). The weakened *H binding increases the intrinsic HER activity
by accelerating the Tafel steps, which has been identified as the rate-
determining step for both Pt/C and Mo2TiC2-PtNC (Fig. 2e and Sup-
plementary Fig. 15). Conversely, for the model with PtNC supported on
graphene insteadofMo2TiC2-PtNC (Supplementary Fig. 28), Pt atoms at
the interfacewere found to bind *H as strongly as LC-Pt. Therefore, the
metal-support interaction ofMo2TiC2-PtNC enables us to overcome the
disadvantage of decreasing the Pt size, where increasing the exposure
of LC-Pt would strengthen *H binding and decrease the intrinsic HER
activity.

Finally, to assess the capacity of our Mo2TiC2-PtNC to electrolyze
water in an industrial setting,we utilized PEMdevices assembledwith a

membrane electrode assembly (MEA) specifically for the electrolysis of
pure water (Fig. 4a). A commercial PEM device (Pt/C-20%||IrO2) with a
loading of 500μg cm−2 Pt was included for comparison. Although we
lack the specific expertise and equipment to fabricate industrial-grade,
high-quality membrane electrodes with minimal ionic resistance
between the cathode and anode, this does not compromise the validity
of the performance comparison. We sandwiched the Nafion 117
membrane between Mo2TiC2-PtNC and commercial IrO2 for PEM water
electrolysis, with a loading of 36μg cm−2 Pt (1mg cm−2 catalyst, see
Supplementary Fig. 29 for Pt load optimization). We assessed stable
electrolytic hydrogen production at room temperature. Although the
Pt loading in our case is substantially lower than that in commercial
designs, the performance of our device, when directly compared,
aligns with the levels observed in contemporary commercial designs,
operating under an equivalent bias voltage (Fig. 4b). Moreover, our
Mo2TiC2-PtNC based cell was able to electrolyze hydrogen for more
than 8700h at 200mAcm−2. This was achieved with an overpotential
of ~1.97 V and a degradation rate of only 2.2 μV h−1 (Fig. 4c), which
matches the DOE’s 2026 target (2.3 μV h−1).

In addition, the stability of such devices was better than that of
recently reported precious metal catalysts (Supplementary Table 6).
We further conducted electrolysis experiments on the Mo2TiC2-PtNC
based cell under industrial working conditions (1 A cm−2, 1 bar at 80
°C). By constantly regulating the parameters during the assembly
process of the device, the impedance between the cathode and anode
in our device can be reduced to 15–20 mΩ cm−2; as a result, the device
can run stably for hydrogen production for 4800h at 1 A cm−2 (Fig. 4c).
According to the calculation from DOE’s suggestion (see details in
Note 1), note that the clean electricity price of $0.03 per kWh, as
proposed by the DOE, was employed in our calculation52,53, only US$
1.327 was required to produce 1 kg H2 with this device, well below the
DOE goal of 2026 (<US$ 2 kg−1 H2). Compared with other membrane
electrode assembly water electrolyzers (MEAWEs) with cathodic PGM

Fig. 3 |DFTcalculations for elucidating the stability andactivity.Themodels for
PtNC are supported on the (a) surface oxygen of Mo2TiC2, (b) Mo of Mo2TiC2, and
(c) Pt (111) surface. ΔEMSI: strength of the metal-support interaction. d The d-elec-
tron structure of on-surface Pt atoms on the Pt (111) surface and Mo2TiC2-PtNC,

including LC-Pt and MoC-Pt, respectively. e Free energy diagram of hydrogen
evolution at zero potential and pH 0 for the Pt (111) surface and Mo2TiC2-PtNC,
including LC-Pt and MoC-Pt. Atomic coordinate dataset is provided as Supple-
mentary Data 1, other source data are provided as a Source Data file.
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catalysts, the observed superiority of Mo2TiC2-PtNC as a cathode cat-
alyst underscores its potential for industrial applications (Table 1). This
potential is further emphasized by our ability to achieve gram-scale
synthesis of the catalyst (Supplementary Fig. 30). To demonstrate the
availability of our catalyst in mass hydrogen generation, we also con-
ducted a constant electrolytic hydrogen production test on an
extended electrode area (49 cm2) of the Mo2TiC2-PtNC based cell,
whichoutputs over 4.09-liter purehydrogenper hour, and the stability
exceeded 3600h (Fig. 4d, e). The findings reported here could con-
tribute to future developments in large-area membrane electrode
assembly and reactor implementation, highlighting its potential for
industrial applications.

In conclusion, to alleviate the usage of Pt-group preciousmetals in
acidic water electrolysis, we developed a catalyst (Mo2TiC2-PtNC), fea-
turing a low Pt mass loading on MXenes. The interaction between Pt
and the support induces electron enrichment on the Pt surface,
enabling thermo-neutral hydrogen adsorption. Consequently, the cat-
alyst achieved electrolytic performance and stability on par with

commercial Pt/C-20%. Notably, our Mo2TiC2-PtNC catalyst demon-
strated a robust capacity for hydrogen production at 200mAcm−2 over
8700h in a PEM device, and even under industrial conditions (1 A cm−2,
1 bar at 80 °C), it maintained stability for more than 4800hours.
Therefore, we identified a catalyst with the potential to replace com-
mercial Pt/C-20% for water electrolysis in industrial-scale PEM devices.
This advancement could help reduce catalyst costs and support the
broader adoption of PEM reactors and grid implementations.

Methods
Materials synthesis
Chemicals. Ethanol, Nafion 117 perfluorinated resin solution (5 wt%),
chloroplatinic acid hexahydrate (H2PtCl6·6H2O) and tetra-
butylammoniumhydroxide (C16H37NO)were purchased fromMacklin.
Graphene oxide (GO) was purchased from Suzhou Tanfeng Graphene
Technology Co., Ltd. Pt/C (nominally 20wt% on carbon black) was
purchased from Johnson Matthey. All reagents were used without
further purification. All aqueous solutions were prepared with

Fig. 4 | Performance of PEMwater electrolyzers (PEMWE) devices. a Photograph
and schematic of the PEMWE device. b Chronopotentiometry test of a 4 cm2 Pt/C-
20%||IrO2 PEMWE device at 200mA cm−2 (25 °C, ambient pressure), compared with
a Mo2TiC2-PtNC device. c Long-term electrolytic test of PEMs assembled with
Mo2TiC2-PtNC at 200mAcm−2 and 1 A cm−2 using commercial IrO2 as the anode
catalyst, at 25 °C and 80 °C, respectively. Discontinuities in voltage arise from the

unexpected power off. d Photograph of the 49 cm2 device and MEA membrane
together with the Mo2TiC2-PtNC cathode and IrO2 anode layers. e Long-term sta-
bility of the 49 cm2 device at ambient pressure. All the performance tests of the
aforementioned PEMWE devices were conducted without iR correction. Source
data are provided as a Source Data file.
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Milliporewater (resistivity of 18.2MΩ cm). Thedetailed parameters are
provided in Supplementary Table 7.

Synthesis of multilayer Mo2TiC2 MXene. Mo2TiAlC2 MAX-phase
powder (2.0 g) was slowly added to an HF (40%, 20ml) solution in a
Teflonbeaker under continuous stirring for 120 h at 55 °C. Theproduct
was centrifuged and washed several times in argon-saturated water
until the pH approached 6or 7. The suspensionwas freeze-dried at−59
°C for 48 h to obtain dry multilayer Mo2TiC2 powders.

Synthesis of fewer-layerMo2TiC2MXene. MultilayerMo2TiC2MXene
(1.0 g) was added to 20ml of organic solvent (54–56wt% TBAOH
((C4H9)4NOH)) and stirred at 50 °C for 24 h. The resulting mixture was
centrifuged andwashed three times in deionizedwater to separate the
MXene from TBAOH. After the upper layer was emptied, 100ml of
deionizedwaterwas added, and themixturewas sonicated for 1 h in an
ice bath, followed by centrifugation for 1 h at 3500 rpm (~1370 × g) to
obtain fewer-layer MXenes with uniform dispersion.

Synthesis of Mo2TiC2-PtNC. The sample was prepared using a stan-
dard hydrothermal technique. Specifically, 50mg of few-layered
Mo2TiC2 MXene was uniformly dispersed in 25ml of deionized water
with 7.65mg of H2PtCl6·6H2O. This mixture was then subjected to
ultrasonic agitation to achieve a homogenous solution. The mixture
was transferred to a 50ml Teflon-lined autoclave and reacted at 180 °C
for 0.5 h. After naturally cooling to room temperature, the products
were washed and centrifuged three times with deionized water to
obtain the Mo2TiC2-PtNC catalysts.

Synthesis of Mo2TiC2-PtSA and rGO-PtNC. The synthesis of Mo2TiC2-
PtSA was performed via a hydrothermalmethod similar to that used for
Mo2TiC2-PtNC. First, 5.5mg of [Pt(NH3)4](NO3)2 was added to a 50ml
solution of 50mg of Mo2TiC2 and heated at 140 °C for 1 h to obtain
Mo2TiC2-PtSA after centrifugation and washing. The preparation of
rGO-PtNC was achieved by a simple impregnationmethod. Specifically,
7.65mg of H2PtCl6·6H2O was added to 25ml of aqueous solution
containing 50mgofGO to form a uniformdispersion. Themixturewas
further freeze-dried for 48 h at −59 °C, Following this, it was trans-
ferred to a tube furnace and reacted at 450 °C under a 5% H2/Ar
atmosphere for 2 h, resulting in the rGO-PtNC product.

Characterizations
Scanning electron microscopy (SEM) was performed on a Gemini-
SEM300 electron microscope. Powder X-ray diffraction (PXRD) was
performed using Cu Kα radiation (λ = 1.54178 Å) by a Philips X’Pert Pro
Super diffractometer. Raman spectra were obtained using a LabRAM
HR laser Raman analyzer with an excitation wavelength of 785 nm.
Transmission electron microscopy (TEM) was performed on a Tecnai
G2 F20 S-Twin TMP transmission electron microscope with an

acceleration voltage of 200 kV. X-ray photoelectron spectroscopy
(XPS) was performed on an Axis Supra photoelectron spectrometer
using an exciting sourceof AlKα radiation (1486.6 eV), and the binding
energy of the C 1s peak (284.8 eV) was selected as the actual reference.
HADDF–STEM and EDS elemental mapping were performed on a
Themis Z field-emission transmission electron microscope at an
acceleration voltage of 200 kV. The Pt concentrations of all the sam-
plesweremeasuredusing inductively coupled plasma optical emission
spectroscopy (ICP-OES, Avio 500). In situ diffuse reflectance Fourier
transform infrared spectroscopy (DRIFTS) experiments were con-
ducted on a Thermo Scientific Nicolet iS50 FTIR spectrometer with
ZnSe as the prismatic window at room temperature. XAS measure-
ments at the Pt L3-edge of the samples were carried out on the BL14W1
beamline of the Shanghai Synchrotron Radiation Facility, operated in
fluorescent mode on all samples. XAFS data processing and fitting
were carried out with Demeter software.

CO DRIFTS. The adsorption behavior of CO on the Mo2TiC2-PtSA and
Mo2TiC2-PtNC catalysts was studied by diffuse reflectance Fourier
transform infrared spectroscopy (DRIFTS). DRIFTS spectra were col-
lected on a Thermo Scientific Nicolet iS50 FTIR spectrometer at a
resolution of 8 cm−1. The infrared cell was first partially filled with inert
KBr powder and filled with catalysts on the KBr holder. For fresh cat-
alysts, pretreatment at 100 °C and Ar for 30min was performed to
remove impurities (H2O) that may be adsorbed on the surface. Then,
the background spectrum was recorded after the reaction cell was
cooled to 25 °C. Then, CO adsorption was conductedwith amixture of
10% CO/Ar (15mlmin−1) and Ar (30mlmin−1) for 20min. Furthermore,
gas-phase CO in the reaction cell was removed by Ar purging at a flow
rate of 30mlmin−1, after which the desorption spectrum of the
catalyst-adsorbed CO was recorded. CO adsorption experiments were
carried out at 25 °C.

In situ DEMS tests. For the in situ DEMS test, 2mg of each catalyst was
mixedwith 5wt%Nafion (20 µl) in 980 µl of ethanol and then sonicated
for 20min to form a homogeneous solution. A 0.01ml of inkwasdrop-
cast onto a glassy carbon (diameter of 0.3 cm) working electrode. The
electrodes were dried at room temperature for at least 30min. In situ
differential electrochemical mass spectrometry (DEMS) was per-
formed using a custom capillary electrochemical mass spectrometer
single cell. A capillarywas inserted into the in situ cell, close to the side
above the working electrode. The gaseous product was introduced
into a DEMS sensor (PrismaPro). Linear sweep voltammetry was per-
formed on the cathode at a scan rate of 1mV s−1. A photograph of the
in situ DEMS setup is provided in Supplementary Fig. 31.

In situ ATR-SEIRAS test. 4mg of each catalyst wasmixedwith 40μl of
Nafion (5wt%) and 960μl of ethanol and then sonicated for 20min to
form a homogeneous solution. A 0.238ml of ink was dropped on a
gold-plated silicon crystal (usable area of 0.95 cm2) with a typical cat-
alyst loading (~1mgcm−2). For constant potential testing, the potential
was varied from0.1 to −0.1 V versus RHE, and the infrared spectral data
were recorded. A photograph of the in situ ATR-SEIRAS setup is pro-
vided in Supplementary Fig. 32.

All the detailed configurations of the in situ electrochemical cells
used are provided in Supplementary Table 8.

Electrochemical measurements
Calibrationof the reference electrode and conversion toRHE scale.
A mercury-mercurous sulfate reference electrode (Hg/Hg2SO4) was
used in all the measurements. The calibration of the reference elec-
trode was performed in the standard three-electrode configuration.
Polished platinum foil was used as the working and counter electrode,
and Hg/Hg2SO4 was used as the reference electrode. The electrolyte
was purged and saturated with high-purity H2 before measurement

Table 1 | Performance metrics of different MEAWEs with
cathodic Pt group metal (PGM) catalysts

Cathodic
PGM load-
ing
(μg cm−2)

Current
density
(mA cm−2)

Stability
(h)

Degradation
rate
(μV h−1)

This work 36 200
1000

8700+
4800+

2.2a

/

PEMWEs67–69 40–500 100–1000 48–500 83.33–200

AEMWEs70–72 14–278 270–1000 20–2000 40–1600

Neutral
MEAWEs50,73

>47 100–150 40 700–3500

aOwing to an unforeseen power interruption at approximately 3840h, the degradation rate was
determined based on the initial continuous operation of 3840 h.
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and was kept flowing during the calibration process. Cyclic voltam-
metry (CV) was then run at a scan rate of 1mV s−1, and the average
potential at which the current crossed zero was taken as the thermo-
dynamic potential for the hydrogen electrode reactions. In our
experiment, in 0.5M H2SO4, the zero current point was calculated to
be 0.697 V.

Therefore, E(RHE) = E(Hg/Hg2SO4) + 0.697 V

Measurement of the electrode material. All the electrochemical
performance tests were performed at room temperature by a Bio-
Logic VMP3 electrochemical workstation with a typical three-
electrode system. A glass carbon electrode with a diameter of
1.2 cm was selected as the working electrode, Hg/HgSO4 was used as
the reference electrode, and a graphite rod was used as the counter
electrode. An H-type cell was used as the electrolytic cell (a Nafion
membrane was used to separate the anode and cathode chambers).
The Hg/HgSO4 electrode was calibrated in a H2-saturated 0.5M
H2SO4 electrolyte. The preparation, storage and pH values of the
electrolyte (0.5M H2SO4, pH value: 0.43 ± 0.02) are provided in
Supplementary Fig. 33 and Note 2.

To prepare the working electrode ink, 4mg of each catalyst was
mixed with 40μl of Nafion (5wt%) and 960μl of ethanol and then
sonicated for 20min to form a homogeneous solution. A 0.283ml of
ink was dropped on glass carbon (area of 1.13 cm2) with a typical cat-
alyst loading (~1mgcm−2). Additionally, the cathode chamber was
separated from the anode chamber (counter electrode: graphite rod)
by a Nafion 117 membrane (the activation process of the Nafion
membrane is provided in Note 3). For the performance test, the
cathode chamber was placed on a magnetic stirring table (~1600 rpm)
to facilitate the rapid desorption of H2 gas bubbles. Linear sweep
voltammetry was carried out in 0.5M H2SO4 at a scan rate of 5mV s−1,
deaerated with Ar. Cyclic voltammetry was performed in the potential
window from 0.15 V to −1.5 V (versus RHE) for 10000 cycles (scan rate
of 50mV s−1). Electrochemical resistance measurements were per-
formed at the OCV with the frequency range from 0.01Hz to 106 Hz
(operando EIS tests were performed at potentials ranging from 0.02 V
to −0.05 V (versus RHE), and the resistance values were calculated
from the high frequency intercepts with the X-axis on theNyquist plot.
The Tafel test was performed by chronoamperometry54, which ismore
accurate than the Tafel value obtained from the polarization curve.
Cyclic voltammetry and potential-time stability tests were conducted
with a catalyst loading of ~1mgcm−2 on 1 cm2 carbon paper.

Additionally, the constant potential test was conducted using the
“Chronoamperometry” function in BioLogic VMP3, whereas the con-
stant current test was performed using the “Chronopotentiometry”
function in BioLogic VMP3. Data acquisition and processing were
carried out using the corresponding software, “EC-Lab”, via a USB
serial connection.

The FE of Mo2TiC2-PtNC was calculated using the following Eq. (1).

FE =
n �F �nðH2Þ

i�t � 100% ð1Þ

where n represents the number of electron transfer involved in the
HER, F denotes the Faraday constant (96,485Cmol−1), nðH2Þ denotes
the number of moles of H2 detected by gas chromatography (GC)
during HER electrolysis (using GC to detect the volumeofH2, applying
the ideal gas equation to convert to nðH2Þ), i represents the applied
current, and t represents the reaction time of HER electrocatalysis.

The ECSA of Pt was estimated by measuring the H-UPD char-
acteristics. CV measurements were performed in a three-electrode
system (with anAr-saturated0.5MH2SO4 solution) collected from0 to
0.6 V versus RHE at a scan rate of 50mV s−1. Calculated from the region
of hydrogen desorption charge (~0–0.5 V versus RHE) on the CV

curves. Calculate ECSA using the following Eq. (2).

ECSAPt =
SQðA�V Þ=vðV s�1Þ
210ðμc cm�2

Pt Þ
ð2Þ

where SQ is the integral area of the hydrogen desorption charge region
in the CV curve. v is the scan rate and 210 μC cmPt

–2 for a monolayer
H-UPD at Pt.

The TOF values were calculated based on the number of surface
active Pt atoms in each catalyst (the TOF value of Mo2TiC2-PtSA was
calculated from the mass of Pt) on the electrode according the fol-
lowing Eq. (3).

TOF =
1
2
� iðAÞ=FðC mol�1Þ
SQðAV Þ=vðV s�1ÞFðCmol�1Þ

ð3Þ

where i represents the current recorded from the LSV curves.
The mass activity was determined using the following Eq. (4).

Mass activity=
iðAÞ

mPtðmgÞ ð4Þ

wheremPt is the mass of Pt in each catalyst on the electrode.

Performance of the membrane electrode devices. To prepare the
membrane electrode device, the anodic catalyst IrO2 was selected for
the oxygen evolution reaction (OER), and Pt/C (20wt%, Johnson Mat-
they) or Mo2TiC2-PtNC was used as the cathode HER catalyst. For
commercial design, a slurry composed of Pt/C, Nafion (5wt%) and
ethanol was evenly sprayed on both sides of the proton exchange
membrane (Nafion 117), with mass loading of 1mgcm−2 Ir and
0.5mgcm−2 Pt. The PEM device withMo2TiC2-PtNC catalyst is prepared
in the sameprocedure and themass loadings of IrO2 andMo2TiC2-PtNC
were controlled to be 1mg cm−2 Ir and 36μg cm−2 Pt, respectively. After
drying, the membrane electrode was hot-pressed (100 °C) at a pres-
sure of 2MPa for 10min. Titanium felt and carbon paper were used as
the anode and cathode gas diffusion layers, and a peristaltic pump
(2.5mlmin−1) was used for pure water circulation to the anodic side. A
Fumasep FS-990-PK membrane was used to fabricate the 49 cm2 PEM
device following the same preparation procedures described pre-
viously. All the cell tests were performed at ambient pressure, and
none of the measured cell voltages were iR compensated. The details
of the catalyst loading calculation and thegeometricdimensions of the
electrodes are provided in Note 4.

In a PEM water electrolyzer test, a DC current power supply
(DCPS0614, 30 V/20A) was employed as a constant potentiostat. Sta-
bility tests were performed in constant current mode, with data col-
lected andprocessedusing the “DCPower Supply” software connected
via a USB serial port.

Computational methods
The Vienna ab initio simulation package (VASP)55–57 was used for all
density functional theory (DFT) calculations. In these simulations, the
valence electrons were defined as follows: the 1s electron in H, the 2s
and 2p electrons in C and O, the 3d and 4s electrons in Ti, the 4d, 4p,
and 5s electrons Mo, and the 5d and 6s electrons in Pt58. A plane-wave
basis set was employed with a kinetic energy cutoff of 450eV. Core
electrons were treated using the projector augmented-wave (PAW)
method59. Monkhorst–Pack meshes60 of 2 × 2 × 1 sampling in the Bril-
louin zone were employed for the slab models.

For pristine Mo2TiC2-O2, a 6 × 6 supercell with one layered
structure was chosen. For pristine graphene, an 8 × 8 supercell was
chosen. For pristine Pt(111), a 6 × 6 supercell with four layers was
chosen. Except for the bottom two layers of the Pt(111)-based cases, all
the atoms were relaxed. Convergence of the geometry optimization
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was assumed when the force on each atom was less than 0.02 eVÅ−161.
The Perdew-Burke-Ernzerhof (PBE) functional, within the generalized
gradient approximation (GGA), was employed for all calculations62.
Dispersion interactions were accounted for using the DFT +D3
method with Becke-Jonson (BJ) damping63,64.

The free energy of the adsorbed state was calculated using Eq. (5):

ΔGH =ΔEH +ΔEZPE � TΔS ð5Þ

where ΔEH is the adsorption energy of hydrogen, ΔEZPE is the differ-
ence corresponding to the zero point energy between the adsorbed
state and the gas phase, and TΔS is the term corresponding to the
entropy correction of hydron adsorption. As reported in previous
work, a value of ΔEZPE -TΔS of 0.24 eV is employed here65.

In the free energy diagram of the HER, the Gibbs free energy
change (ΔG) of the proton-coupled electron transfer (PCET) step was
calculated using the computational hydrogen electrode (CHE)
model20,66, which defines the chemical potential of the proton-electron
pair as half of the chemical potential of hydrogen.

Note 1 | Techno-economic analysis
Considering that the cost of noblemetals in the cathode accounts for a
high proportion of the total MEA cost (0.4–0.6mg cm−2), cost
accounting of the cathodic noble metals is necessary. The price of the
noble metal (Pt) was obtained from the Johnson Matthey Price Charts.

1) The cathodic noble metal content of our PEM electrolyzer is
0.036mgcm−2, which is much lower than the reported cathode plati-
num load (0.4–0.6mg cm−2). Our cathodic platinummetal cost is only
$0.01181 cm−2.

2) The energy efficiencyof a PEMelectrolyzer can be calculated by
the following equation:

Energy efficiency=
1:23V
Ucell

=
1:23V
1:65V

× 100%= 74:5% ð6Þ

where 1.23 V represents the theoretical energy of the products and
Ucell is the cell voltage (V) required to deliver a current density
of 1 A cm−2.

3) The energy consumption of a PEM electrolyzer is calculated by
the following equation:

Energy consumption=
Ucell Icell t

mH2

=
1:65V×4A×4000h

596:98g

=44:22 kWhkg�1H2

ð7Þ

where Icell is the current delivered (A), t is the operation time (h), and
mH2

is the mass of hydrogen produced in a t duration, which can be
calculated by Faraday’s laws of electrolysis:

mH2
=
Icell × t
z × F

×MH2
=
4A×4000×3600s
2 ×96485:3C=mol

× 2g=mol = 596:98g ð8Þ

z in Eq. (8) is the number of electrons transferred to produce one
hydrogen molecule, MH2

is the relative molecular mass (2 gmol−1).
The energy efficiency and energy consumption of our PEM elec-

trolyzer are superior to thoseof the targets (69% and48kWhkg−1H2 for
2026) set by the US Department of Energy.

4) Cost of H2 per kilogram of hydrogen:
Cost (H2/kg) = energy consumption × electricity price
=44.22 kWh/kg H2 × $0.03/kWh
=$1.327/kg H2

Our H2 production cost is much lower than the target ($2/kg H2

for 2026) set by the US Department of Energy.

Note 2|Preparation and storage of the electrolyte
The 0.5M H2SO4 electrolyte was freshly prepared before each use
using the following procedure. First, 486.4ml of deionized water was
measured and transferred into a 500ml volumetric flask. Next, 13.6ml
of concentrated H2SO4 (98%) was carefully measured using a 20ml
pipette and slowly added to the volumetric flask while gently swirling
the solution to ensure thoroughmixing. The solutionwas then allowed
to cool to room temperature. Once cooled, deionized water was gra-
dually added to the volumetric flask until the solution’s meniscus
reached the calibrationmark. The solution was then sealed and stored
in a cool, dry place for use.

Note 3|Activation process of the Nafion 117 membrane
The Nafion 117 membrane, with a thickness of 183 μm, was used
when fabricating the three-electrode and MEA device and under-
went an activation process prior to use: the membrane was first
treated in a 5% hydrogen peroxide solution at 80 °C for 1 h to
remove organic impurities. It was then rinsed by soaking in deio-
nized water for 30minutes to eliminate any residual peroxide. The
membrane was subsequently treated in a 5% dilute sulfuric acid
solution at 80 °C for 1 h to increase its proton conductivity, fol-
lowed by a final rinse in deionized water for 30min to remove any
remaining acid.

Note 4|Details of the catalyst loading calculation and geometric
dimensions of the electrodes
In a three-electrode test, the catalyst slurry concentration (c) was
4mgml−1, and the glassy carbon electrode area (s) was 1.13 cm2 (dia-
meter of 1.2 cm). A catalyst drop volume (v) of 0.283ml was applied,
resulting in a catalyst loading (m) on the electrode calculated as

m= v�c=s � 1mgcm�2

In situ DEMS tests, for a catalyst slurry concentration of 2mgml−1, a
glassy carbon electrode area of 0.0707 cm2 (diameter of 0.3 cm), and a
catalyst drop volume of 0.01ml, the catalyst loading (excessive load-
ing of the catalyst on such an electrode can cause catalyst detachment,
leading to unreliable experimental results) was calculated as

m= v�c=s � 0:283mgcm�2

In situ ATR-SEIRAS test, for a catalyst slurry concentration of 4mgml−1,
a usable gold-plated silicon crystal area of 0.95 cm2 (diameter of
1.1 cm), and a catalyst drop volume of 0.238ml, the catalyst loading
was calculated as

m= v�c=s � 1mgcm�2

Data availability
All data were available in the main text or the supplementary mate-
rials. Source data are provided with this paper.
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