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Rapid co-reduction synthesis of ultrafine multi-
principal element alloy nanocatalysts for efficient
hydrogen evolution†
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A rapid co-reduction strategy for the synthesis of ultrafine and

composition-tunable multi-principal element alloy catalysts is

proposed. This method necessitates only a 10-minute reaction

time at 180 °C and features straightforward setups. The as-

synthesized carbon-supported RuPtIrSnCu nanoparticles exhibit

superior hydrogen evolution reaction performance in acidic media

due to synergistic effects among their multiple components.

Multi-principal element alloys (MPEAs), containing three or
more components in high concentrations, represent a novel
class of materials with excellent properties and broad
application potential.1–7 The synergistic interactions among
the various elements in MPEAs yield entropy effects, diverse
active sites, high stability, and corrosion resistance.8,9 When
down to the nanoscale, MPEAs not only retain these
advantages but also exhibit enhanced catalytic activity and
stability due to their high surface area and quantum size
effects, particularly in energy and catalysis applications.10,11

However, synthesizing MPEA nanomaterials and fully
controlling their components present considerable challenges.
This is primarily due to difficulties in achieving a uniform
mixture and distribution of multiple metal elements at the
nanoscale, which arises from the variations in redox potentials
among different metal elements. Significant efforts have been
made to address this issue. To narrow the gap in redox
potentials, researchers often employ extreme conditions for
the preparation of MPEA nanoparticles. Notably, the
carbothermal shock method stands out, where a carbon-
supported mixture of metal salts is heated to approximately
2000 K within about 55 ms, followed by rapid cooling at a rate
of 105 K s−1.12 In addition to this method, other synthesizing

approaches, including the laser ablation method,13,14 sputter
deposition,15 and fast pyrolysis,16 are developed for the
synthesis of MPEA nanoparticles. However, these methods
frequently require expensive specialized equipment, extreme
manufacturing conditions, and complex operational
procedures. Moreover, such extreme environments can hinder
precise control over the nanoparticle size and surface structure,
both of which are critical for catalytic applications.17,18

Therefore, it is particularly important to develop a simple and
mild preparation synthesis for MPEA nanoparticles.

Wet-chemical synthesis is an important approach for
nanomaterial preparation, characterized by mild reaction
conditions, simple equipment requirements, strong
adaptability, and ease of manipulation, holding significant
promise and research value in the field of nanomaterials and
nanotechnology. Over the past decades, wet-chemical
synthesis has advanced considerably, particularly in the
controllable synthesis of highly dispersed binary and ternary
component nanomaterials.19,20 Despite recent progress in the
controllable preparation of MPEA nanoparticles using wet-
chemical synthesis, significant challenges are still
remaining.8 These challenges manifest primarily in two
areas: (1) how can we narrow the redox potential gaps among
different metal elements to facilitate the co-reduction of
multiple components, thereby achieving uniform mixing
within the nanoparticles? (2) How can we control the
uniformity of nanoparticles without employing surface
modifiers? Although surface modifiers can effectively regulate
the nanoparticle morphology and uniformity,21 they often
coordinate with metal elements, affecting their reduction
rates. Additionally, the use of excessive amounts of
surfactants can cover the active sites of catalysts, resulting in
decreased catalytic activity.22

Herein, we developed a rapid co-reduction strategy for
synthesizing ultrafine, composition-tunable, and highly
dispersive carbon black-supported MPEA nanoparticles. This
strategy employs ethylene glycol as a strong reducing agent to
co-reduce the uniformly mixed metal precursors at 180 °C,
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enabling the preparation of MPEAs in just 10 minutes. The
high viscosity of both the strong reducing agent (ethylene
glycol) and the dispersion solvent (triethylene glycol for the
metal precursors) facilitates the formation of extremely fine
and uniform MPEA nanoparticles composed of any
combination of the five elements (Pt, Ru, Ir, Sn, and Cu) even
without the use of surfactants. In addition, electrochemical
tests demonstrated that the as-synthesized MPEA
nanoparticles exhibited enhanced hydrogen evolution
reaction (HER) activity and stability compared to the
commercial Pt/C catalysts. Particularly, RuPtIrSnCu/C
displayed superior HER performance due to the synergistic
effects among its multiple components. This innovation not
only reduces the reliance on harmful chemicals but also
significantly enhances synthesis efficiency, eliminating the
need for complex or expensive auxiliary experimental
equipment for the controlled production of high-quality
MPEA nanomaterials.

Fig. 1 illustrates the synthesis process of alloy
nanoparticles, which employs a rapid co-reduction strategy
via an improved wet chemical synthesis method. Initially,
solution A is prepared by adding metal precursors in
equimolar proportions to 10 ml of triethylene glycol solution
and subjecting the mixture to ultrasonic dissolution to obtain
an evenly mixed metal precursor solution. Subsequently,
solution B is formulated by ultrasonically dispersing the
carbon black support in 100 ml of ethylene glycol solution,
which is then heated to 180 °C and maintained at that
temperature. Due to the strong reducibility of ethylene glycol,
the uniformly mixed metal precursor solution can be rapidly
reduced to metal alloy nanoparticles under high-temperature
conditions. Once solution B reaches the desired temperature,
solution A is added dropwise to ensure that each aliquot of
solution A is quickly reduced upon addition. This process
takes place over 10 minutes for the whole reaction.
Subsequently, the reaction mixture is quickly cooled to room
temperature using an ice water bath to halt the reduction
reaction promptly. This rapid cooling helps prevent uneven
particle formation and phase separation that can occur due
to the gradual maturation of metal particles caused by slow
changes in the time and temperature.

This synthesis method requires only conventional
laboratory equipment and enables the controllable
preparation of multi-component alloy nanoparticles within a

brief reaction time of 10 minutes, under mild and
straightforward experimental conditions. Here, we
synthesized RuPt/C, RuPtIr/C, RuPtIrSn/C, and RuPtIrSnCu/C
alloy nanoparticles as examples. Importantly, this method
does not involve any surfactants, resulting in clean surfaces
for the prepared nanocatalysts. Combining all the above
advantages, the proposed synthesis method offers significant
benefits for the facile preparation of MPEA nanomaterials.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was first performed to confirm the multiple
elemental composition of the as-synthesized MPEA
nanoparticles. The results summarized in Table S1†
demonstrate that the synthesized samples were composed
of a diverse range of metal elements and the total metal
loading in the alloy nanocatalysts was approximately 10%.
Fig. 2a displays the XRD patterns of the as-prepared RuPt/C,
RuPtIr/C, RuPtIrSn/C, and RuPtIrSnCu/C nanocatalysts. The
XRD patterns of all samples reveal three prominent
diffraction peaks centered at 2θ = 25°, 41°, and 70°.
Notably, the broad peak observed around 25° corresponds
to the presence of the carbon support, while the latter two
peaks represent the characteristic (111) and (220) planes of
the face-centered cubic (FCC) phase, respectively.23,24 The
XRD patterns of all samples exhibited these characteristic
FCC peaks, indicating that the structure remained
unaffected by changes in the elemental composition.
Furthermore, with the incorporation of Ir and Sn, the peaks
of RuPtIrSnCu/C and RuPtIrSn/C shifted towards lower
angles, showing the existence of strong high-entropy
effects.4 The significant broadening of the diffraction peaks
of these alloy samples suggests that the size of the metal
alloy particles is extremely small.

Moreover, aberration-corrected transmission electron
microscopy (AC-TEM) was conducted for a detailed structure
of the metal alloy particles. Fig. S1† presents the overviewing
TEM images and particle size distributions of these MPEA
nanocatalysts, illustrating high dispersion on the carbon
support with uniform particle sizes with an average diameter
of approximately 3.0 nm. Based on the high-resolution TEM
(HRTEM) images coupled with their corresponding fast
Fourier transform (FFT) patterns (Fig. 2b–e), the electron
diffraction of RuPt/C, RuPtIr/C, RuPtIrSn/C, and RuPtIrSnCu/C
can be indexed as the FCC structure. In addition, the lattice
spacings of the FCC(111) plane in the as-synthesized particles

Fig. 1 Schematic of the rapid co-reduction synthesis of MPEA nanoparticles.
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are summarized in Table S2.† Due to the larger size of Sn
atoms, the particles that contain Sn show increased lattice
spacings, consistent with the trend in the XRD results. Fig. 3
represents the atomic-scale high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images and the corresponding energy-dispersive X-ray
spectroscopy (EDS) elemental maps of RuPt/C, RuPtIr/C,
RuPtIrSn/C, and RuPtIrSnCu/C, confirming their
homogeneous elemental distributions within the particles.
These results clearly illustrate the well-defined alloy structure
of the as-prepared MPEA nanomaterials. More importantly,
this co-reduction synthesis method was extended to prepare
other alloy nanocatalysts containing Ru, Pt, Ir, Sn, and Cu.

These alloy nanoparticles also exhibit uniform size and high
dispersion (Fig. S2†). HRTEM images and their
corresponding FFT patterns confirm their FCC structures
(Fig. S3†), while the EDS elemental maps further confirm the
homogeneous distribution of each element (Fig. S4†).

To verify the necessity of the rapid co-reduction strategy, a
control experiment with an extended reaction time of one
hour was conducted. The result reveals an inhomogeneous
elemental distribution, showing an obvious segregation of Pt
and Ir with a prolonged reaction time. Meanwhile, the size
distribution became much wider due to agglomeration (Fig.
S5†). Moreover, in comparison to other synthesis approaches
for MPEA nanoparticles, as summarized in Table S3,† our
rapid co-reduction strategy shows advantages in terms of
convenience and efficiency.

The electrochemical hydrogen evolution reaction (HER)
performance of these as-synthesized MPEA catalysts was then
evaluated in an acid solution (0.5 M H2SO4). For comparison,
the electrocatalytic activities of commercial Pt/C (20 wt%)
were also tested as benchmarks under the same conditions.
The linear sweep voltammetry (LSV) curves with an iR
compensation in N2-saturated 0.5 M H2SO4 at a scan rate of
5 mV s−1 are shown in Fig. 4a. The potentials for the RuPt/C,
RuPtIr/C, RuPtIrSn/C, and RuPtIrSnCu/C catalysts are lower
than that of commercial Pt/C at the same current density,
indicating that the HER activities of all MPEA nanocatalysts
exceed that of the commercial Pt/C catalyst.

Fig. 2 (a) XRD patterns of the as-synthesized MPEA nanocatalysts. (b–
e) HRTEM images and the corresponding FFT patterns (the insets) of
RuPt/C, RuPtIr/C, RuPtIrSn/C, and RuPtIrSnCu/C alloy nanocatalysts.

Fig. 3 Atomic-scale HAADF-STEM images and the corresponding EDS
elemental maps of MPEA nanoparticles (a) RuPt, (b) RuPtIr, (c) RuPtIrSn,
and (d) RuPtIrSnCu.

Fig. 4 Electrochemical evaluation of the as-prepared binary and MPEA
catalysts. (a) LSV curves of commercial Pt/C and MPEA catalysts, (b–e)
overpotentials at 10 mA cm−2, Tafel plots and LSV curves of
commercial Pt/C, RuPt/C, RuPtIr/C, RuPtIrSn/C, and RuPtIrSnCu/C
nanocatalysts before and after 5000 cycles of the ADT in 0.5 M H2SO4.
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In Fig. 4b, the overpotential values at 10 mA cm−2 reveal
that RuPt/C exhibited an overpotential of 20 mV, smaller than
that of Pt/C (26 mV). The overpotentials for RuPtIr/C,
RuPtIrSn/C, and RuPtIrSnCu/C are 25 mV, 18 mV, and 13 mV,
respectively, further demonstrating their improved HER
performances. This trend indicates that the HER activity has
been significantly enhanced with the increase in components
within the MPEAs. In addition, Tafel slopes, plotted from the
HER polarization curves, were used to explore the
electrocatalytic mechanism of the HER (Fig. 4c). The Tafel
slopes for RuPt/C, RuPtIr/C, RuPtIrSn/C, and RuPtIrSnCu/C
are 21, 25, 20, and 19 mV dec−1, respectively, all of which are
lower than that for commercial Pt/C (34 mV dec−1). This
suggests that the HER kinetics are accelerated by the MPEA
composition. The HER of these MPEA catalysts follow the
Volmer–Tafel mechanism, similar to that of commercial Pt/C.
It is widely recognized that the HER activities of catalysts are
mainly determined by the adsorption energy of the
intermediate H species.25 Fig. S6† shows the normalized CV
curves of those electrocatalysts in 0.5 M H2SO4 solution. All
CV curves display the characteristic features of hydrogen
adsorption and desorption peaks within the potential range
of −0.2 V to 0.0 V. As the number of elemental components
in the MPEA catalysts increases, the central potential of the
H desorption peak first shifts to the left and then to the
right, ultimately stabilizing around −0.11 V. This behavior
indicates that a great number of components in the MPEAs
effectively modulate the H adsorption and desorption. The
optimized electronic structure of Pt sites, enhanced by the
synergistic effect in the MPEAs, enables the Pt site to achieve
optimum Pt–H binding, which might lead to a rapid H+

adsorption and H2 release process, ultimately accelerating
the HER.26 In addition, the addition of Sn and Ru can
significantly lower the water dissociation energy barrier,
facilitating the kinetics of the HER.27 Therefore, the MPEA
catalyst demonstrates improved catalytic activity compared to
Pt/C, and RuPtIrSnCu/C exhibits the best HER activity.

The long-term durability of the as-prepared MPEA
nanoparticles was assessed by the accelerated degradation
test (ADT) in a 0.5 M H2SO4 solution. The changes of
overpotentials, LSV curves, Tafel slopes, and CV curves are
depicted in Fig. 4b–e and S6.† The LSV curves of RuPt/C,
RuPtIr/C, RuPtIrSn/C, and RuPtIrSnCu/C measured before
and after 5000 cycles of the ADT show smaller variations
compared to that of commercial Pt/C in the acid electrolyte
(Fig. 4e). Both the binary and MPEAs synthesized using the
rapid co-reduction method exhibit excellent stability. The
overpotentials of RuPt/C, RuPtIr/C, RuPtIrSn/C, and
RuPtIrSnCu/C increased by only 4, 7, 2 and 5 mV,
respectively, after 5000 cycles. After the long-term stability
test, the Tafel slopes for the RuPt/C, RuPtIr/C, RuPtIrSn/C,
and RuPtIrSnCu/C catalysts were found to be 23, 28, 27, and
22 mV dec−1, respectively, showing negligible changes
compared to their values before the ADT (Fig. 4c and d). In
addition, the electrochemical performance of MPEA catalysts
with other combinations of the five elements is summarized

in Fig. S7.† The overpotentials and Tafel slopes before and
after the ADT of all MPEA catalysts in this work are
summarized in Table S4.† It is evident that all MPEA
nanoparticles synthesized using this co-reduction method
exhibit excellent electrochemical stability compared to
commercial Pt/C. Moreover, the high mixing entropy within
the structure effectively mitigates the degradation and
corrosion of the alloy, thereby enhancing its stability.28

Overall, a comprehensive evaluation of both the activity
and stability indicates that the RuPtIrSnCu/C catalyst
exhibits the best HER performance, attributed to the
synergistic effects among its multiple components and the
high-entropy effect. Notably, these effects are amplified
along with the increasing number of components.29 In
addition, we summarized the electrocatalytic activity of
MPEA materials synthesized using various approaches for
the acidic HER reaction (Table S5†). It is evident that the
MPEA catalysts synthesized via the co-reduction method
exhibit superior HER performance while offering a facile
synthesis process.

Conclusions

In summary, MPEA nanocatalysts, including RuPt/C, RuPtIr/C,
RuPtIrSn/C, and RuPtIrSnCu/C with ultrafine sizes (∼3.0 nm)
and high dispersion were synthesized using a rapid co-
reduction strategy without employing surfactants. This
method allows for the precise tuning of the composition of
nanoalloys, enabling the MPEAs with arbitrary combinations
of Ir, Sn, and Cu elements along with Ru and Pt. Structural
characterization including XRD and AC-TEM confirmed the
FCC structure of these MPEA nanoparticles with no phase
separation within the particles. Electrochemical experiments
revealed that RuPtIrSnCu/C exhibits the best HER activity
and stability among the as-synthesized MPEA catalysts,
attributed to the enhanced synergetic and high entropy
effects that are magnified with the increasing number of
components. The proposed rapid co-reduction synthesis
method facilitates the efficient production of MPEA
nanomaterials without requiring complex experimental
facilities. Moreover, its surfactant-free nature imparts
promising catalytic potential to the as-synthesized MPEA
catalysts.
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