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Structural engineering of Pt-based nanoalloys is crucial for the rational design and manufacturing of high-
performance and low-cost electrocatalysts for hydrogen evolution reaction (HER). Here, we reported PtNi
nanoparticles with a refined size of 2.71 nm and regular strains loaded on carbon black, synthesized using
the high-temperature liquid shock (HTLS) method. This approach offers significant advantages over con-
ventional synthesis methods, including high scalability, rapid reaction rates, and precise control over the
size and shape of nanocrystals. Importantly, the synthesized PtNi electrocatalysts demonstrate outstand-
ing catalytic activity and long-term stability for HER, achieving low overpotentials of 19 and 203 mV at
current densities of 10 and 1000 mA/cm?, respectively. The superior performance can be attributed to the
combination of a refined particle size, lattice strains, and synergistic effects between Pt and Ni. This rapid
liquid-state synthesis demonstrated here holds great potential for scalable and industrial manufacturing

Electrocatalyst of micro-/nano-catalysts.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Platinum (Pt)-based micro-/nano-catalysts showed exceptional
hydrogen evolution reaction (HER) performance due to the pre-
cise control over composition, size, morphology, and crystal phase
[1-6]. Nevertheless, the manufacturing of Pt-based micro-/nano-
catalysts has encountered formidable challenges, such as high sur-
face energy leading to particle agglomeration, structural instability
under prolonged electrochemical operation, and susceptibility to
surface poisoning, which can degrade catalytic performance over
time [7-11]. Conventional synthesis methods, including chemical
reduction [12-14] and solvothermal synthesis [15,16], have been
extensively investigated for PtNi electrocatalyst preparation. Addi-
tionally, conventional synthesis methods often result in suboptimal
control over particle size, composition, and lattice strain, limiting
the ability to optimize catalytic activity and durability. These fac-
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tors, combined with complex fabrication processes, low production
efficiency, and high material costs, hinder the large-scale appli-
cation of Pt-based catalysts in electrocatalysis [17,18]. In contrast,
the high-temperature shock (HTS) technique, proposed by Chen et
al. in 2016 [19,20], holds significant promise for the rational de-
sign and effective fabrication of high-quality nanocatalysts, includ-
ing single metals [21-26], bimetals [27-30], high-entropy alloys
(HEAs) [31-33], and metal compounds [34-39] in an ultrafast, scal-
able, controllable, and environmental friendly manner [40,41]. Im-
pressively, the heating and cooling rates of HTS process can reach
10° K/s, which benefits the synthesis of fine-grained materials rich
in lattice strains or defects. Moreover, the short dwelling time,
ranging from milliseconds to seconds, effectively prevents parti-
cle coarsening and crystal phase transformation at high temper-
atures. Moreover, surface capping agents stabilize nanoparticles,
preventing uncontrolled growth and phase transitions. Addition-
ally, HTS can be readily scaled up for large-scale production of
micro-/nano-catalysts, rendering it a pivotal option for industrial
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applications [42-44]. Consequently, the aforementioned ultrafast
synthesis strategy has the potential to overcome the limitations
of traditional methods and enable the rational design and scal-
able synthesis of a wide range of micro-/nano-catalysts, character-
ized by tunable compositions, structures, and related physiochem-
ical properties.

Based on the development of the HTS technique, we have ex-
tended its application to liquid reaction systems, named as high-
temperature liquid shock (HTLS) strategy [45,46]. This innovative
approach directly applies the Joule heating within a liquid-state
reaction system which offers versatility by the modulation of vari-
ous precursor species, reducing agents, capping agents, and solvent
compositions. Notably, besides the thermodynamic control over the
reactants, which can also be achieved by solid-state HTS, the in-
troduction of reducing agents, capping agents, and solution plays a
pivotal role in the kinetic modification during the synthesizing pro-
cess of nanocatalysts via HTLS. Such kinetic control during synthe-
sis process can provide oversight over the water phase, oil phase,
and pressure, thus offering greater control over gas-liquid interface
reactions. It has been demonstrated that, in comparison to HTS,
HTLS achieves a narrower particle size distribution, higher unifor-
mity, and enhanced control over the synthesis process, making it
an effective alternative choice for manufacturing of nanocatalysts.
Furthermore, when compared to conventional liquid-state chemi-
cal synthesis, the HTLS method showed the capability to rapidly
elevate the temperature of the reaction system to several hun-
dred Kelvin within seconds and maintain this high temperature for
extended durations, typically lasting dozens of minutes. Impres-
sively, the kinetic control during HTLS synthesis is more precise
and sharper than that achieved through traditional methods due to
the higher treating temperature. Additionally, considering the HTLS
operates at a higher reaction temperature, it effectively undergoes
the annealing and sintering process, which can enhance the sta-
bility of nanoparticles with stronger binding forces with carbon
support. After high-temperature treatment, the surface of nanopar-
ticles even can be enveloped in a carbon film with atomic scale
thickness. In summary, this unique capability assigned the HTLS
method several advantages, including the creation of versatile re-
action systems, high-temperature conditions, exceptional efficiency,
and other benefits conductive to the rapid fabrication of nanoma-
terials with diverse compositions, morphologies, crystal structures,
strains, and defects.

This study presents a creative HTLS approach for the scalable,
facile, and rapid synthesis of PtNi electrocatalysts. Our investiga-
tion demonstrates that the HTLS method surpasses conventional
synthesis techniques in several key aspects, such as superior scala-
bility, rapid reaction kinetics, and precise control over the size and
shape of nanocrystals. Notably, the as-synthesized PtNi electrocata-
lysts via the HTLS method exhibit outstanding catalytic activity and
long-term stability in the HER. This remarkable performance can
be attributed to the refined particle size and synergistic effect be-
tween different elements. We believe this rapid synthesis method
established a promising platform for the industrial manufacturing
and application of micro-/nano-catalysts.

A creative HTLS method was used to synthesize PtNi nanopar-
ticle (NP) catalysts supported on carbon black (PtNi/C). Drawing
insights from previous research on liquid phase and ultrafast
synthesis [15,31,47,48], the synthetic mechanism of PtNi/C can
be illustrated detailly (Fig. 1). First, Pt and Ni precursors are
decomposed into Pt>* and Ni%* within a solvent subjected to
ultrasonic and stirring treatments. These ions are then electro-
statically adsorbed onto the surface of carbon black support,
due to the electric charge effects. Subsequently, during the HTLS
process conducted in an Ar atmosphere for 60s, the reducing
agent donates electrons to the Pt>* and Ni?*, facilitating their
reduction to atomic states with zero valence. Meanwhile, the el-
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Fig. 1. Schematic illustration of the HTLS synthesis process for PtNi/C.

Fig. 2. Electron microscopic characterization and analysis for PtNi/C prepared by
HTLS. (a) TEM image of PtNi/C; inset: particle size distribution of PtNi NPs. (b)
HRTEM and (c) magnified HRTEM images of PtNi/C. (d) SAED pattern of PtNi/C. (e)
IFFT of the red square area in (c), and (f) corresponding strain distribution along the
E,y. The conversion from dark blue to bright yellow represents the transition from
compressive to tensile strains. (g) EDS elemental mappings of PtNi NPs. Scale bar:
(a) 100nm, (b) 20nm, (¢) 2nm, (e) 0.5nm, (g) 10 nm.

evated temperature caused aggregation, nucleation, and growth of
Pt and Ni, ultimately resulting in the formation of PtNi NPs. Unlike
conventional oil bath heating, where heat transfer is limited by
convection and conduction, Joule heating enables ultrafast temper-
ature rise, reaching 770K with a rapid heating rate (~103 K/min).
The direct energy input enhances reaction kinetics and facilitates
uniform nanostructure formation without extended exposure to
high temperatures, minimizing coarsening. These conditions en-
able organic ligands to coat and carbonize on the surface of PtNi
NPs (Fig. S1 in Supporting information), preventing agglomeration
and segregation, and thus obtain PtNi nanocatalysts with uniform
size and shape. Importantly, the rapid cooling rate (~103 K/min)
preserves the thin-coated structure [49], as demonstrated in
Fig. S2 (Supporting information). Consistent with previous studies
[50-54], liquid phase synthesis provides precise control over the
morphology, particle size, and structure.

Fig. 2a shows a typical low-magnification transmission elec-
tron microscopy (TEM) image of the PtNi/C obtained by ap-
plying the HTLS method. It demonstrated that the as-prepared
PtNi NPs showed refined grain size with an average diameter of
2.71nm. Notably, these nanoparticles are densely and uniformly
dispersed on a carbon support without obvious agglomeration or
coarsening. This exceptional dispersion and ultrafine particle size
of PtNi NPs arise from the synergistic effects between the lig-
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uid environment, organic ligands, and the rapid synthesis pro-
cess [12,15,31,47,49,50,55]. The high-resolution transmission elec-
tron microscopy (HRTEM) image provides a clear exhibition of the
conspicuously dense and homogeneous distribution of PtNi NPs
on the carbon black support (Fig. 2b). According to the magni-
fied HRTEM image of PtNi/C, Fig. 2c and Fig. S3 (Supporting infor-
mation) reveal lattice fringes with interplanar crystal spacings of
0.22nm and 0.19 nm, corresponding to the (111) and (200) planes
within the face-centered cubic (fcc) phase, respectively. Fig. 2d ex-
hibits the results of the selected area electron diffraction (SAED)
analysis for PtNi/C, where the present diffraction circles corre-
sponding to PtNi (111), (200), (220), and (311) planes indicate the
typical fcc crystal structure. Furthermore, the fcc structure of PtNi
is further validated by the results of fast Fourier transform (FFT)
analysis in Fig. S4 (Supporting information). Figs. 2e and f are
generated after performing masked inverse fast Fourier transform
(IFFT) and geometric phase analysis (GPA) from the areas high-
lighted by red dashed lines in Fig. 2c, respectively. Fig. 2f reveals
a periodic and discontinuous distribution of micro-stress within
PtNi NPs. By comparing the same area in Figs. 2e and f (framed
in yellow), it is indicated that the compression stress appears reg-
ularly at the locations where Pt or Ni atoms are present, which
is different from the defect engineering [23,27,49] and multiele-
ment high-entropic structure [56,57]. This phenomenon might be
attributed to the comparable spatial structure (A1, fcc) of Pt and Ni,
as well as their high degree of mutual solubility. Strain engineering
in PtNi nanoparticles modulates the electronic structure, optimiz-
ing hydrogen adsorption and desorption energies. This effect facil-
itates the Volmer-Heyrovsky mechanism, enhancing HER kinetics
and catalytic efficiency. Energy dispersive spectroscopy (EDS) ele-
mental mapping indicates the uniform distribution of Pt and Ni in
PtNi NPs (Fig. 2g). The percentages of Pt and Ni were quantified by
the inductively coupled plasma mass spectroscopy (ICP-MS), aligns
with the results from EDS elemental mapping (Fig. S5 in Support-
ing information).

The crystal structure and surface electronic states of the PtNi/C
were analyzed by X-ray powder diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS) characterizations, respectively (Fig. 3).
The peak profile of PtNi/C, as shown in Fig. 3a, is consistent
with that of fcc Pt (PDF #65-2868) and Ni (PDF #65—0380).
Nevertheless, due to the alloying effect, the lattice spacing of
PtNi NPs deviates slightly from that of pure Pt and Ni [16,58,59].
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Fig. 3. Structural and electronic state characterization of PtNi/C. (a) XRD pattern of
PtNi/C. The particle size calculated from the Scherrer equation based on XRD pat-
terns is consistent with that of the size distribution statistics based on TEM images.
XPS spectra of (b) survey scan, (c) Pt 4f, and (d) Ni 2p for PtNi/C.
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Fig. 4. XAFS analysis of PtNi/C, Pt foil, and Ni foil. (a) The XANES and (b) the FT-
EXAFS spectra for Pt L3-edge. (c) The XANES and (d) the FT-EXAFS spectra for Ni
K-edge.

For instance, the lattice spacing of the (111) plane in PtNi NPs is
0.2214 nm (Fig. S3), which lies between that of pure Pt (0.2266 nm)
and Ni (0.2041 nm). Consequently, the peak of PtNi (111) plane
experiences a positive shift with respect to pure Pt, while display-
ing an inverse shift relative to pure Ni. Furthermore, the particle
size (~3nm) derived from Scherrer formula corresponds well with
that determined via size statistics based on TEM images (Table
S1 in Supporting information and Fig. 1a). While alloying effects
primarily influence peak positions, the reduced nanoparticle size
(~2.71 nm) contributes to peak broadening. This dual contribution
is consistent with previous studies on Pt-based nanoalloys. As
shown in Fig. 3b, Pt, Ni, C and O are the main compositions of
PtNi/C. The presence of O can be attributed to the slight surface
oxidation that inevitably occurs during the testing process. The Pt
4f high-resolution spectra exhibit strong peaks located at 71.4 and
74.8 eV, attributed to Pt®, while weak peaks at 72.9 and 76.1eV
are contributed from the oxidized state of Pt (Fig. 3c). In the Ni 2p
spectra, the Ni element predominantly exists in a metallic state,
evident from the presence of Ni® peaks at 853.1 and 870.0eV,
due to both the alloying effect and the protective carbon layer.
Nevertheless, the peaks at 856.7 and 874.1eV were attributed
to Ni**, with satellite peaks at 860.0 and 879.9eV, indicating
the slightly oxidization of Ni [60-62]. The electronic states of Pt
and Ni are of great significance in achieving exceptional catalytic
activity and stability.

The local atomic and electronic structures of PtNi/C were in-
vestigated by the X-ray absorption fine structure (XAFS) analysis,
i.e., the X-ray absorption near-edge structure (XANES) and the ex-
tended X-ray absorption fine structure (EXAFS), as shown in Fig. 4.
Note that the Pt foil and Ni foil were used for reference. The white
line peak at about 11.56 keV for PtNi/C showed similar intensity to
that of the Pt foil, demonstrating the dominant metallic state of Pt
in PtNi/C (Fig. 4a), which was also evidenced by XPS results. The
main peak in the Fourier transfer of EXAFS (FT-EXAFS) spectra rep-
resents the nearest coordination shells of Pt atoms, which was fit-
ted using Pt-Pt and Pt-Ni paths (Fig. S6 in Supporting information).
The radial distance of the main peak in PtNi/C was shorter than
that of Pt foil, indicating the shorter bond length within PtNi alloy
(Fig. 4b). This also explained the heteroatomic interaction such as
alloying effect in bimetallic nanostructures. The XANES spectra of
Ni K-edge spectra of PtNi/C and Ni foil were displayed in Fig. 4c.
The intensity of the pre-edge peak (at around 8335eV) for PtNi/C
decreases, while the white line (at around 8350eV) intensity in-
creases compared with the Ni foil. These changes demonstrated
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Fig. 5. HER performance of PtNi/C in 0.5mol/L H,SO4 aqueous solution. (a) LSV polarization curves with iR correction at a scan rate of 5mV/s and (b) corresponding Tafel
plots. (c) Nyquist plots tested at a potential of —0.02V. (d) Histograms of mass activity normalized by the amount of Pt and specific activity at —0.07 V. (e) Chronopoten-
tiometry of PtNi/C electrocatalyst at multi-step current densities of 10, 50 and 100 mA/cm? for 100h in total. (f) Comparison of the potentials at 10 mA/cm? of PtNi/C with
other first-class PtNi HER catalysts. (g) Comparison of performance and productivity of various PtNi catalysts. NF: nickel foam, NW: nanowire, ND: nanodendrite, CN: carbon

nanosheet, SA: single-atom.

the strong hybridization between Pt and Ni and/or the formation
of Ni oxides [63]. The results of Ni K-edge FT-EXAFS spectra of
PtNi/C confirmed the predominant metallic state of Ni (Fig. 4d),
with the main peak located at 2.2 A. The fitting is conducted using
Ni-Ni and Ni-Pt scattering paths (Fig. S7 in Supporting information)
[64,65].

The HER performance of PtNi/C was investigated in a 0.5 mol/L
H,S04 aqueous solution at room temperature. All tested poten-
tials were calibrated to the reversible hydrogen electrode (RHE).
Fig. 5a exhibits the HER activities of PtNi/C and commercial Pt/C
(20 wt%), measured by the linear sweep voltammetry (LSV) curves
at 5mV/s with a 90% iR correction. It obviously indicates that
PtNi/C showed superior performance at both low and high cur-
rent densities, with overpotentials of only 19 and 203 mV at cur-
rent densities of 10 and 1000 mA/cm?, respectively. In comparison,
the corresponding overpotentials of commercial Pt/C were signif-
icantly higher, measuring 30mV and 700 mV (Fig. S8 in Support-
ing information). As shown in Fig. 5b, the Tafel slopes derived
from the LSV curves, revealing that PtNi/C exhibited a remark-
ably smaller slope of 34.2mV/dec in comparison to commercial
Pt/C with a slope of 110.2 mV/dec. Note that the rate-determining
steps of the HER include the Volmer step (H" +e~ +* — H*), Hey-
rovsky step (H* +H™ + e~ — H, +*), and Tafel step (2H* — H; + 2*),
respectively. Therefore, based on the Bulter—Volmer Equation and
the Tafel slope of PtNi/C, the faster kinetics can be attributed
to the Volmer-Heyrovsky mechanism [35,36,66]. Electrochemical
impedance spectroscopy (EIS) results reveal that PtNi/C exhibited a
smaller charge transfer resistance (R.;) of 1.6 £ compared to com-
mercial Pt/C (10.1 2), indicating a faster electron transfer rate and
improved conductivity of PtNi/C, thus enhancing the HER activity
(Fig. 5c). Furthermore, mass activity (MA), electrochemical active
surface area (ECSA) and turnover frequency (TOF) were measured
to evaluate the intrinsic activity of PtNi/C. As shown in Fig. 5d,
PtNi/C outperformed commercial Pt/C with an MA of 2.44 A/mgp,

at —0.07V, in contrast to the value of commercial Pt/C at 0.46
A/mgp;. In addition, double-layer capacitances (Cy;) were tested at
different scan rates to determine the ECSA of PtNi/C using the
equation: ECSA=Cy/Cs (Fig. S9 in Supporting information). The
specific capacitance (Cs) remained constant in the identical solu-
tion. Therefore, Fig. 5d shows that the ECSA of PtNi/C was signifi-
cantly superior, reaching up to 6.12 times that of commercial Pt/C.
Furthermore, PtNi/C exhibited an exceptional TOF of 12.29 s~! per
active site at —0.07V, surpassing that of Pt/C (2.33 s~!) and pro-
viding further evidence of the superior intrinsic activity of PtNi/C
(Fig. S10 in Supporting information).

In addition to electrocatalytic activity, catalytic stability is a
crucial criterion for evaluating catalysts. The long-term stability of
PtNi/C was investigated using constant current chronopotentiom-
etry (CP) and accelerated durability test (ADT). As illustrated in
Fig. 5e, the PtNi/C catalysts demonstrated remarkable stability, op-
erating consistently for over 100 h at continuous current densities
of 10, 50, and 100mA/cm? without any significant performance
degradation, as evidenced by CP measurements. Notably, there
were no observable changes in morphology after the stability
test (Figs. S11 and S12 in Supporting information). Furthermore,
the PtNi/C catalyst exhibited negligible performance decline even
after 1000 cycles of continuous hydrogen evolution, indicating
excellent long-term stability without significant corrosion, as
compared to the reported Pt-based catalysts in acidic media
(Fig. S13 and Table S2 in Supporting information). By comparing
the overpotential of the PtNi/C catalyst to state-of-the-art PtNi
catalysts at 10mA/cm? in 0.5 mol/L H,SO4 solution, it is evident
that the catalytic activity of the PtNi/C catalyst prepared by the
HTLS method ranks among the highest (Fig. 5f and Table S3 in
Supporting information). Surprisingly, in addition to the excellent
activity at low current density, our PtNi/C catalyst demonstrated
comparable performance to other advanced HER catalysts at high
current densities, rendering it a promising candidate for industrial
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Fig. 6. Schematic illustration of the industrial manufacturing process of PtNi/C by HTLS.

hydrogen production through electrolysis (Table S4 in Supporting
information). Importantly, the HTLS manufacturing approach for
excellent micro-/nano-catalysts is noteworthy for its efficiency,
cost-effectiveness, and rapid production. Theoretically, it shows
the capacity to produce >1400 batches of samples per day, greatly
expanding its potential for industrial application (Fig. 5g and Table
S5 in Supporting information).

It is worth noting that our HTLS method involves the directly
heating of the liquid phase, aligning it with traditional chemical
processing methods. Therefore, this approach holds consider-
able potential for highly efficient industrial catalytic preparation.
Fig. 6 illustrates the industrialized process for manufacturing
high-efficiency catalysts using the HTLS method. Initially, the
precursor solution is mixed in a reactor with motor stirring,
followed by transferring to another reactor equipped with an
electricity-triggered Joule heating jacket for the rapid reduction
of the precursor. Finally, the catalysts are filtered and cleaned
to enable the recycling and reuse of solvents and unconverted
reactants. Industrial-scale implementation of HTLS can maintain
uniform heating and rapid temperature fluctuations through opti-
mized reactor designs incorporating high-efficiency Joule heating
elements and precise temperature control systems. Additionally,
continuous flow processing ensures consistent thermal conditions
across large batches, preventing localized overheating or tempera-
ture inconsistencies. This method offers a creative, continuous, and
efficient pathway for the industrial-scale fabrication of catalysts.

In summary, we introduced a facile, rapid, and scalable liquid-
phase synthesis method, referred to as HTLS, for the manufac-
turing of PtNi alloy nanocatalysts. This innovative approach uti-
lizes Joule heating within the liquid reaction solution. Impressively,
the HTLS method achieves remarkable heating and cooling rates
of ~103 K/min, while maintaining a high temperature of ~770K.
HTLS proves to be highly adaptable, allowing for the customiza-
tion of various reaction systems by modifying the species of pre-
cursors, reducing and capping agents, and solutions. Notably, the
as-synthesized PtNi nanocatalysts with a refined size of 2.71 nm
and lattice strains were demonstrated to exhibit superior electro-
catalytic activity and stability for the HER in 0.5 mol/L H,SO4 solu-
tion. The HTLS method offers a scalable and efficient approach for
industrial catalyst manufacturing, demonstrating significant poten-
tial for practical applications.
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