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ABSTRACT: Achieving satisfactory electrocatalytic activity and stability of
platinum (Pt)-based catalysts for hydrogen evolution reaction (HER) in wide-
pH media remains a formidable challenge. In this context, a heterostructure
composed of platinum−tin intermetallic nanoparticles and cobalt nanoclusters,
evenly confined in a nitrogen-doped carbon mesh (Pt3Sn/Co@N-CM), is
designed that acts as an eEcient HER catalyst. Alloying Sn ewectively reduces Pt
usage and ensures high electrical conductivity during catalysis. Notably, the Co
clusters not only accelerate water dissociation in the HER process but also form
strong coupling with ordered Pt3Sn particles, thus optimizing the Gibbs free
energy for pH-universal HER intermediates. Consequently, Pt3Sn/Co@N-CM
attains 10 mA cm−2 current densities at low overpotentials of ∼8, ∼20, and ∼41
mV in acidic, alkaline, and neutral solutions, respectively, outperforming most
reported Pt-based counterparts. Additionally, excellent structural and opera-
tional stability is achieved, displaying its promising prospects. This study paves a simple avenue for developing high-
performance, pH-universal HER electrocatalysts.

Electrochemical water splitting driven by renewable
energy to produce green hydrogen (H2) has become
a worldwide research focus. Importantly, its core half-

reaction, hydrogen evolution reaction (HER), typically
requires active electrocatalysts to reduce the energy barriers
and reaction overpotentials.1−3 Numerous catalysts based on
nonprecious, earth-abundant metals have recently been
reported for all-pH electrolytes. However, their catalytic
performance is often far from satisfactory.4,5 In particular,
industrially, the acid water electrolysis (e.g., the proton
exchange membrane electrolyzer cell-based cells) predom-
inantly relies on noble metal-based catalysts for electrodes, as
they can e1ciently and durably sustain large current densities,
something that precious metal-free catalysts hardly achieve.6,7
Therefore, the development of precious Pt-based electro-
catalysts for wide-pH HER remains highly relevant.8,9
However, (i) Pt features a high cost and extreme scarcity;
thus, reducing its usage is pivotal for large-scale applications.
(ii) The pH-universal capabilities of such catalysts are typically
not satisfactory, probably because it is di1cult to fulfill
di3erent thermodynamic features under distinct electrolyte
scenarios. (iii) In most cases, their observed HER stability still
needs to be further improved due to the corrosive loss of the
catalytic sites and aggregation of the active phase.10−13

To solve the above issues, over the years, previous research
has discovered that (i) Alloying Pt with non-noble metal (M)
to form an ordered Pt-M intermetallic has attracted extensive
attention, which can substantially lower the utilization of Pt.
Meanwhile, intermetallics are characteristic of distinct chemical
bonding and ordered structures with voids, thus exhibiting
high electric conductivity, good electrochemical stability, and
numerous active sites.14−17 (ii) Heterogeneously coupling
another phase has been verified to e3ectively adjust the d-band
center of Pt, thus optimizing the adsorption strengths of the
reaction intermediates during the electrocatalysis process.18−21

Considering that the favorable water dissociation and
combination of H intermediate (H*) into H2 product are
both demanded by alkaline and neutral HER, only the latter is
necessary in the acid case.11,13 Regulating the d-band center of
the active Pt o3ers the opportunity to realize the
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thermodynamic requirements for HER in di3erent electrolytes.
(iii) Introducing carbon-based support with high porosity into
a catalyst system can significantly accelerate the mass/ion
transport.22−24 At the same time, the presence of carbon-based
support can confine the dispersed active nanocatalysts from
aggregation and corrosion during the electrochemical process.
Thus, both activity and stability can be significantly
enhanced.25−27 Meanwhile, doping with foreign atoms can
create more e3ective anchor sites toward the targeted catalysts
to be deposited.28−30 Bearing these concerns in mind, it is
conceivable that a Pt−M intermetallic, coupled with functional
species and anchored on a heteroatom-doped carbon support,
could potentially achieve excellent HER performances across
wide-pH electrolytes. Nevertheless, this type of catalyst has not
been explored yet.
Herein, the intermetallic platinum−tin nanoparticles, which

were decorated by cobalt nanoclusters and encapsulated by
porous nitrogen-doped carbon mesh (Pt3Sn/Co@N-CM),
were developed via a facile zeolitic imidazolate framework
(ZIF)-template method. Through alloying Sn to form such an
intermetallic at low temperature, the Pt utilization was lowered
and thereby its mass activity was enhanced. Besides, the Co
clusters not only promoted the dissociation of water molecules,
thus accelerating the Volmer step of alkaline and neutral HER
activities, but also form a strong heterogeneous electronic
interaction with Pt3Sn, positively shifting the d-band of Pt and
improving its Gibbs free energy toward HER intermediates.
Furthermore, the rich surface anchoring sites enable N-CM to
be intimately combined with the Pt3Sn/Co, leading to the
increased exposure of active sites and improved structural
stability. Consequently, Pt3Sn/Co@N-CM exhibited low
overpotentials of ∼8, ∼20, and ∼41 mV to drive 10 mA
cm−2 current density in acidic, alkaline, and neutral media,
respectively, which outmatched most of the state-of-the-art Pt-
based catalysts. Also, the Pt3Sn/Co@N-CM catalyst exhibited
excellent HER stability. In particular, a high current density of
100 mA cm−2 can be stably maintained over 138 h in the acidic
electrolyte. Our work introduces a simple approach to
preparing low-Pt content composite for outstanding HER
electrocatalysts across all-pH electrolytes and highlights its
significant economic and practical value.
The synthesis process of the Pt3Sn/Co@N-CM catalyst is

depicted in Figure S1. The morphology and microstructure of
as-obtained samples were first characterized. The scanning
electron microscope (SEM) images of the ZnCo-ZIF-L
precursor and its derived Co@N-CM illustrated that both of
them had a two-dimensional (2D) thin structure (Figures S2
and S3). Analogous results were observed on the Zn-ZIF-L
precursor and N-CM derivate (Figures S4 and S5). The
powder X-ray di3raction (XRD) patterns of both Co@N-CM
and N-CM were further collected (Figure S6). In the former
case, no obvious di3raction peaks can be attributed to the
metallic Co phase, demonstrating that Co was likely to exist in
the form of atomic sites or clusters within Co@N-CM.
Afterward, the SEM images of Pt3Sn/Co@N-CM uncovered
that amounts of nanoparticles were uniformly rooted into the
2D carbon support (Figure 1a and b). More detailed
microstructure information was demonstrated by its trans-
mission electron microscope (TEM) image in Figure 1c:
numerous nanoparticles with a main diameter of 25.6 ± 0.7 nm
were distributed on porous carbon mesh. The high-resolution
TEM (HRTEM) of Pt3Sn/Co@N-CM further uncovered that
such carbon-supported nanoparticles were surrounded by

nanoclusters (Figure 1d). Together with the associated
selected area electron di3raction (SAED) pattern, Figure
1d−g further confirmed that the (111) plane of Pt3Sn
intermetallic phase (Pm3m space group, a d-spacing of 2.30
Å) was heterogeneously coupled with the (111) plane of
metallic Co phase (Fm3m space group, a d-spacing of 2.06 Å)
(See detailed information on coordination environment of the
metal centers for Pt3Sn and Co in Note S1). In addition, the
high-angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) pattern and the associated
energy dispersive X-ray spectroscopy (EDX) element mapping
(Figure 1h−k and Figure S7) further visualized that Pt3Sn
nanoparticles decorated by Co nanoclusters were dispersed on
N-doped carbon mesh, consistent with the above findings.
Moreover, the microstructure of the reference catalyst, Pt3Sn@
N-CM, was also characterized by TEM (Figure S8), which
unveiled that Pt3Sn nanoparticles with a similar average size
(focus on 27.3 ± 0.4 nm) to the case of Pt3Sn/Co@N-CM
were uniformly anchored on porous carbon mesh. Moreover, a
lower d-spacing of 2.30 Å for (111) lattice plane of Pt3Sn was
found in Pt3Sn/Co@N-CM compared to that in Pt3Sn@N-
CM (2.34 Å), revealing that the lattice contraction of Pt3Sn
might be induced by the coupling of Co (Figure S9).
The crystal phases of Pt3Sn/Co@N-CM and P3Sn@N-CM

were analyzed based on their powder XRD patterns in Figure
2a, which were calibrated by Si standards. Specifically, both of
these two samples possessed di3raction peaks indexed to the
presence of (100), (110), (111), (200), (220), and (311)
planes of Pt3Sn intermetallic phase (JCPDS card No. 35-
1360). This signified that the N-CM supports of Pt3Sn/Co@
N-CM and Pt3Sn@N-CM were all amorphous (see detailed
Raman information on N-CM supports in Figure S10).
Moreover, no di3raction peaks of metallic Co were observed
in the pattern of Pt3Sn/Co@N-CM, probably because Co
existed in the form of nanoclusters, as a1rmed by the above
TEM findings. In addition, the position of characteristic
di3raction peaks of Si is consistent in two XRD patterns, but
the di3raction peak of Pt3Sn/Co@N-CM has a positive shift
compared with that in Pt3Sn@N-CM (Figure 2b), indicating
the lattice contraction of Pt3Sn in Pt3Sn/Co@N-CM might be
induced by the coupling of Co.31,32 Subsequently, the metal
contents of the Pt3Sn/Co@N-CM catalyst were investigated

Figure 1. (a, b) SEM images, (c) TEM image (Inset: Histograms of
particle size distribution for Pt3Sn in Pt3Sn/Co@N-CM), (d−f)
HRTEM images, (g) SAED pattern of Pt3Sn/Co@N-CM, and (h)
HAADF-STEM pattern and EDX elemental mapping of (i) Pt, (j)
Sn, and (k) Co for the selected region of Pt3Sn/Co@N-CM.
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Figure 2. (a, b) Powder XRD patterns of Pt3Sn/Co@N-CM and Pt3Sn@N-CM. The high-resolution XPS spectra of (c) N 1s for Pt3Sn/Co@
N-CM, Pt3Sn@N-CM, and Co@N-CM, (d) Pt 4f and (e) Sn 3d for Pt3Sn/Co@N-CM and Pt3Sn@N-CM, as well as (f) Co 2p for Pt3Sn/Co@
N-CM and Co@N-CM.

Figure 3. (a) iR-corrected LSV curves and (b) overpotential comparison at diwerent current densities for Pt3Sn/Co@N-CM and its reference
samples, including Pt3Sn@N-CM, Co@N-CM, and commercial 20% Pt/C. (d) Comparison of HER activity of Pt3Sn/Co@N-CM with its Pt-
based counterparts at 10 mA cm−2 current density. (c) Tafel slopes and (e) Cdl values of Pt3Sn/Co@N-CM, Pt3Sn@N-CM, Co@N-CM, and
20% Pt/C. (f) CA curve of Pt3Sn/Co@N-CM at a current density of ∼100 mA cm−2 (Evs. RHE = −0.030 V). Note that all electrochemistry
herein was conducted in 0.5 M H2SO4 aqueous electrolyte under room temperature.
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by inductively coupled plasma optical emission spectrometer
(ICP-OES) measurement. As shown in Table S1, the atomic
ratio of Pt, Sn, and Co was ∼3.2:1:1.3. Notably, the ratio of Pt
and Sn was close to the theoretical value of Pt3Sn phase.
Moreover, the N2 adsorption−desorption result showed that
Pt3Sn/Co@N-CM presented typical IV-type isotherms with a
high BET surface area of 1207.91 m2 g−1 and a pore volume
that reached ∼1.1 cm3 g−1 (Figure S11), which were beneficial
to facilitating the exposure of active sites and enhancing the
mass transfer ability during the electrocatalysis process.33,34
The X-ray photoelectron spectroscopy (XPS) character-

izations were further performed to explore the chemical state
of each element in the samples. In Figure S12, the full
spectrum of Pt3Sn/Co@N-CM proved the presence of Pt, Sn,
Co, C, and N. The high-resolution XPS spectra of Pt, Sn, Co,
C, and N were further analyzed and the specific parameters
were recorded, as shown in Table S2. The high-resolution C 1s
XPS spectra of these three samples in Figure S13 can be fitted
into three peaks at ∼284.8, ∼285.8, and ∼289 eV,
corresponding to C−C, C−O, and C−N bonds, respectively.35
Regarding the N 1s XPS spectra, three main peaks at ∼398.55,
∼399.79, and ∼401.10 eV were recognized (Figure 2c),
indicative of the pyridinic-N, pyrrolic-N, and graphitic-N,
respectively.36 Note that graphitic nitrogen in carbon can
improve the electronic conductivity of carbon support, thus
enhancing the catalytic reaction e1ciency.37 In the high-
resolution Pt 4f XPS spectrum of Pt3Sn/Co@N-CM, the fitted
peaks at ∼71.2 and ∼74.5 eV were ascribed to Pt0 4f7/2 and Pt0
4f5/2, respectively, and other peaks at ∼72.5 and ∼75.7 eV were
ascribed to Pt2+ 4f7/2 and Pt2+ 4f5/2, respectively.35,38 More
importantly, they were located at lower binding energies than
those of Pt3Sn@N-CM (Figure 2d). In the case of Sn 3d XPS,
the peaks at ∼485.84 and ∼494.27 eV in the spectrum of
Pt3Sn/Co@N-CM were indicative of the presence of Sn0
(Figure 2e),39 which negatively shifted compared with those
of Pt3Sn@N-CM. Similarly, the Co 2p XPS spectrum of Pt3Sn/
Co@N-CM also exhibited di3erentiable peaks of Co0,40 yet,
the associated binding energies were more positive than those
of Co@N-CM (Figure 2f). These binding energy changes
suggested that the electrons were transferred from Co clusters
to Pt3Sn nanoparticles when they were coupled with each
other within Pt3Sn/Co@N-CM, which resulted in the
optimizing electronic structure for Pt sites.23,40
The acidic HER electrochemistry of Pt3Sn/Co@N-CM and

its reference samples was carried out in 0.5 M H2SO4 aqueous
solution electrolyte. The detailed experimental pH values of
the electrolyte and the calibration curves of the reference
electrode can be seen in Figures S14 and S15. In Figure 3a, the
linear sweep voltammetry (LSV) curves of these samples
revealed that Pt3Sn/Co@N-CM merely needed ∼8 and ∼27
mV overpotentials to deliver the current density of 10 and 100
mA cm−2, lower than those of Pt3Sn@N-CM (∼14 mV, ∼38
mV), Co@N-CM (∼248 mV, ∼460 mV), and 20% Pt/C (∼18
mV and ∼39 mV) (Figure 3a and b). The activity of Pt3Sn/
Co@N-CM was also superior to most of its reported Pt-based
counterparts (Table S3 and Figure 3d). The Tafel slopes of
these catalysts were also compared. As shown in Figure 3c,
Pt3Sn/Co@N-CM has a Tafel slope of ∼ 25 mV dec−1, smaller
than those of Pt3Sn@N-CM (∼29 mV dec−1), Co@N-CM
(∼74 mV dec−1), and 20% Pt/C (∼33 mV dec−1). All of this
indicated that the coupling of the Co nanocluster endowed the
Pt3Sn intermetallic with enhanced HER kinetics. Furthermore,
the charge transfer resistance (Rct) of Pt3Sn/Co@N-CM

obtained based on electrochemical impedance spectroscopy
(EIS) measurements was ∼1.35 Ω, the smallest among the
probed samples (Figure S16, Table S4), substantiating the
improved charge transfer ability of intermetallic Pt3Sn modified
by Co and N-CM. Additionally, the double-layer capacitance
(Cdl), which is proportional to electrochemical specific surface
area (ECSA), was also evaluated for these four samples. As
depicted in Figures S17 and 3e, Pt3Sn/Co@N-CM displayed
the highest Cdl (∼77.5 mF cm−2), followed by Pt3Sn@N-CM
(∼46.6 mF cm−2), Co@N-CM (∼41.1 mF cm−2), and 20%
Pt/C (∼29.7 mF cm−2). These results demonstrated that
Pt3Sn/Co@N-CM was endowed with increased active area
and more active sites. Besides, the chronoamperometry (CA)
measurement was performed to evaluate the long-term stability
of the Pt3Sn@N-CM catalyst. As displayed in Figure 3f, a
stable high current density of ∼100 mA cm−2 (Evs. RHE =
−0.030 V) was maintained over 138 h without obvious decay,
confirming the superior catalytic durability of Pt3Sn/Co@N-
CM for acidic HER.
Beyond excellent catalytic activity and stability in acid

media, the exceptional HER performances of Pt3Sn/Co@N-
CM in alkaline (1 M KOH) and neutral (1 M phosphate-
bu3ered saline, PBS) aqueous electrolytes were also validated.
Notably, Pt3Sn/Co@N-CM required low overpotentials of ∼
20 and ∼ 41 mV to a3ord 10 mA cm−2 in 1 M KOH and 1 M
PBS media, respectively. Note that the attained activities were
much superior to most of the state-of-the-art Pt-based
electrocatalysts for alkaline and neutral electrolytes (Tables
S5 and S6). Furthermore, Pt3Sn/Co@N-CM had low Tafel
slopes of ∼32 and ∼ 63 mV dec−1, large Cdl values of ∼60.1
and ∼42.7 mF cm−2, as well as small Rct values of ∼11.35 and
∼29.49 Ω under alkaline and neutral media, respectively. All of
these parameters were superior to those of the reference
samples, i.e., Pt3Sn@N-CM, Co@N-CM, and 20% Pt/C,
measured under identical conditions (Figures S18−S22, Table
S4). Moreover, Pt3Sn/Co@N-CM possessed good HER
stabilities for over 60 h in both 1.0 M KOH and 1.0 M PBS
media (Figures S18f and S20f). All the above data
comprehensively demonstrated the outstanding pH-universal
HER activity of Pt3Sn/Co@N-CM.
Next, to further probe the inherent activity of the active

sites, ECSA-normalized LSV polarization curves were plotted
and the turnover frequency (TOF) was calculated (see details
in Supporting Information).41,42 As shown in Figure S23 and
Figure S24a−c, it is noted that the Pt3Sn/Co@N-CM
possessed the highest jECSA and highest TOF values in
comparison with the other catalysts in acidic, neutral, and
alkaline electrolytes, respectively, implying its superior intrinsic
activity. In addition, the mass activities of Pt in Pt3Sn/Co@N-
CM were about 20, 21, and 10 times those of 20% Pt/C under
the overpotential of 30 mV in acidic, neutral, and alkaline
electrolytes, respectively (Figure S24d−f). These results
demonstrated the excellent intrinsic activity of Pt3Sn/Co@N-
CM under a wide-pH working environment and its exceptional
application potential.
Hereafter, a series of post-HER characterizations on Pt3Sn/

Co@N-CM were conducted to determine whether the active
phase’s transformation/corrosion/decomposition was trig-
gered during the HER. First of all, the ICP-OES findings in
0.5 M H2SO4 electrolytes unveiled that few Pt, Sn, and Co
leached from Pt3Sn/Co@N-CM during long-term CA under
high current density (Table S7). In addition, from the LSV
curves of Pt3Sn/Co@N-CM before and after the CA test in 0.5
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M H2SO4 (Figure S25a), it also can be observed that there is
no significant change in overpotentials. The powder XRD
pattern of post-HER Pt3Sn/Co@N-CM was also recorded,
which presented similar di3raction peaks to those in the PXRD
pattern of fresh Pt3Sn/Co@N-CM except an additional broad

peak at ∼24° attributed to the carbon cloth substrate used for
the stability test (Figure 4a).43 The post-HER Pt3Sn/Co@N-
CM was then subjected to TEM characterizations. As shown in
Figure 4b, the intermetallic Pt3Sn nanoparticles coupled with
Co nanoclusters were still anchored on the surface of the 2D

Figure 4. (a) Powder XRD patterns of the fresh and post-HER Pt3Sn/Co@N-CM. (b) TEM image and (c−e) HRTEM images of post-HER
Pt3Sn/Co@N-CM. (f) HAADF-STEM pattern and EDX elemental mapping of (g) Pt, (h) Sn, and (i) Co for the selected region of the post-
HER Pt3Sn/Co@N-CM.

Figure 5. Structure models of the (a) Pt3Sn/Co@N-CM. DOS of Pt 5d orbitals in (b) Pt3Sn/Co@N-CM and (c) Pt3Sn@N-CM. (d) Free-
energy diagram of ΔGH*. (e) Free-energy diagram of ΔGH* on Pt, Co, and Sn sites in Pt3Sn/Co@N-CM. (f) Reaction mechanism of HER for
Pt3Sn/Co@N-CM in acidic media. (g) The charge density redistributions of Pt3Sn/Co@N-CM adsorbed H intermediates. (h) Free-energy
diagram of ΔG for H2O dissociation on Pt, Co sites in Pt3Sn/Co@N-CM. (i) Reaction mechanism of HER for Pt3Sn/Co@N-CM in alkaline
and neutral media. Herein, the light gray, dark gray, red, pink, green, orange, and blue spheres represented H, C, O, N, Co, Sn, and Pt atoms,
respectively.

ACS Materials Letters www.acsmaterialsletters.org Letter

https://doi.org/10.1021/acsmaterialslett.5c00363
ACS Materials Lett. 2025, 7, 1760−1767

1764



porous carbon mesh. Remarkably, no aggregation of Pt3Sn/Co
composites was observed. The HRTEM images, HAADF-
STEM pattern, and EDX elemental mapping (Figure 4c−i and
Figure S26) further clearly determined that Pt3Sn/Co@N-CM
was well retained during acidic HER without changes in
crystallinity, morphology, and composition. This superior
catalytic durability of Pt3Sn/Co@N-CM is also reflected in
1.0 M KOH and 1.0 M PBS, respectively (Figure S25b and c,
Tables S8 and S9).
Subsequently, the Density Functional Theory (DFT)

calculations were performed to gain deeper insights into how
the coupling between Pt3Sn and Co modifies the electronic
structure and to elucidate their corresponding roles in boosting
HER activity. Figures 5a and S27 displayed the established
structure models of the Pt3Sn/Co@N-CM, Pt3Sn@N-CM, and
Co@N-CM. On the basis of this, the density of states (DOS)
of Pt 5d orbitals for Pt3Sn/Co@N-CM and Pt3Sn@N-CM
were compared in Figure 5b and 5c. The former featured an
energy center (Ed = −2.44 eV) which was more positive than
the latter case (Ed = −2.57 eV). This suggested the upshift of
the d-band of Pt 5d when Pt3Sn was coupled with Co.12,41
Besides, the Gibbs free energy of the intermediate H* (ΔGH*),
which is widely used as an e3ective descriptor to assess the
HER activity,9,44 was further calculated. As shown in Figure 5d
and e, the ΔGH* value of the Pt site in Pt3Sn/Co@N-CM was
0.08 eV, almost equal to the optimum theoretic one (ΔGH* =
0). In contrast, Pt3Sn@N-CM, Co@N-CM, Sn site, and Co
site in Pt3Sn/Co@N-CM had ΔGH* values of −0.22, 0.15,
0.17, and −0.14 eV, respectively, implying that the coupling of
Co enabled Pt3Sn with optimized adsorption/desorption
ability of active Pt site toward the H intermediate (Heyrovsky
or Tafel step) for acid HER (Figure 5f).
Moreover, the charge density redistribution comparison

(Figures 5g and S26c) and Bader charge calculations results
revealed that 0.37 eV electrons transferred from the Co to
Pt3Sn within the Pt3Sn/Co heterostructure, manifesting that
the construction of such a heterostructure tuned the electronic
structure of Pt 5d with a regulated d-band center. Thus, the
interaction toward HER intermediate was improved, and an
enhanced activity was obtained by Pt3Sn/Co@N-CM. On the
other hand, under the alkaline/neutral conditions, HER
contains an extra Volmer step (dissociation of water
molecule),45 which was catalyzed by the Co site within
Pt3Sn/Co@N-CM. The DFT results in Figure 5h demon-
strated that the Gibbs free energy of H2O dissociation in Co
sites was lower than that on Pt sites. This confirmed that for
alkaline/neutral HER, Co clusters were responsible for the
H2O dissociation. Subsequently, the Heyrovsky or Tafel step
was governed by the Pt site, as depicted in Figure 5i.
In conclusion, the Pt3Sn intermetallic nanoparticles modified

by the coupling of Co nanoclusters and confinement of porous
N-CM (Pt3Sn/Co@N-CM) were developed for HER electro-
catalysis. These modifications resulted in enhanced electrical
conductivity, an optimized electronic structure with a tuned d-
band center, an accelerated H2O dissociation process, and
improved adsorption/desorption toward HER intermediates;
additionally, the Pt3Sn/Co heterostructure displayed reduced
aggregation and corrosion. As a result, Pt3Sn/Co@N-CM
demonstrated an outstanding pH-universal HER performance,
achieving 10 mA cm−2 at an exceptionally low overpotential of
∼8 mV and maintaining a high current density of 100 mA
cm−2 for over 138 h in acidic conditions. Moreover,
electrocatalytic HER studies in alkaline and neutral electrolytes

also followed a similar trend where significantly low over-
potentials and prolonged stabilities were attained. Overall, this
work is expected to pave the way for the development of next-
generation, e1cient, adaptive, and cost-e3ective Pt-based
electrocatalysts for sustainable green H2 production.
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