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a b s t r a c t

The development of a high-performance pH-universal electrocatalyst for hydrogen evolution reaction

(HER) is a vital step toward hydrogen economy but remains a major challenge. Herein, the Pd, Cu, and Ni

three elements were confined in a nanoparticle via the microemulsion method. Morphology and struc-

tural analysis reveal that PdCuNi nanoparticles are nearly spherical in shape with slight aggregation, and

are mainly composed of metallic Pd and Cu, as well as Ni oxide. The electrochemical tests show that

PdCuNi exhibits favorable HER catalytic activity in acid (ŋ10: 45mV; Tafel slopes: 33mV/dec) and neutral

(ŋ10: 71mV; Tafel slopes: 87mV/dec) media, and alkaline (ŋ10: 66mV; Tafel slopes: 116mV/dec) media.

The mechanism analysis implies that the synergistic effect of Pd, Cu, and Ni can improve the inherent

conductivity of the catalyst and accelerate the charge transfer process. Furthermore, over 30h long-term

stability has been achieved without significant attenuation. This work provides a strategy for developing

versatile and robust multimetallic catalysts towards pH-universal HER.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Green hydrogen (H2) energy, a sustainable energy source, is a

promising candidate for easing the traditional fossil energy cri-

sis and environmental contamination problems owing to its green

products and high specific energy density [1,2]. Green H2 produc-

tion through electrochemical water splitting has been considered

as one of the most promising approaches for effective conversion

and storage of renewable energy [3,4]. In order to lift the conver-

sion efficiency of electricity-to-hydrogen, efficient electrocatalysts

with high activity and stability are often applied to reduce the

overpotential of hydrogen evolution reaction (HER) [5,6]. In gen-

eral, the activity of catalysts is closely related to the binding ability

with H atoms [7]. At present, platinum (Pt) based catalysts demon-

strate excellent HER performance due to their suitable H-binding

ability [8]. However, even Pt, which serves as the benchmark cat-

alyst, exhibits significantly lower activity in alkaline media com-

pared to acidic ones [9]. In addition, their high prices and low sta-
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bility significantly further hinder their widespread application [10].

Theoretically, an ideal electrocatalyst should be capable of operat-

ing in a wide pH range [11]. Therefore, it is highly imperative to

design Pt-free HER catalysts with Pt-comparable activity in acidic,

alkaline, and even the entire pH range. Thereby expanding the ap-

plication range and improving the overall efficiency of water split-

ting [12].

To balance activity and cost, other cheaper Pt-group metals

such as palladium (Pd) and its derivatives have been attracting

more and more attention in the last decade owing to the high cat-

alytic activity for HER [13]. In the past few decades, Pd-based cat-

alysts, such as PdNi nanowires, Pd/NF [14], S-PdNi/C [15], Pd/NiFeO

[16], and PdCoNi/C [17] display Pt-like HER activity because of

the suitable hydrogen adsorption/desorption energy. Despite good

progress having been made, the activity and stability of the re-

ported Pd-based HER electrocatalysts are still far from being de-

sired on account of strong Pd-H bonding hindering the adsorbed

H∗ desorption in catalytic processes [18]. To mitigate this factor,

the most common strategy is integrating Pd and some transition

metal atoms (such as Ni, Cu, and Co) compositions properly into

a single entity, namely multicomponent alloy compounds, which

https://doi.org/10.1016/j.cclet.2025.111567
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Fig. 1. (a) Schematic illustration of the synthesis of trimetallic PdCuNi nanoparti-

cles. TEM analyses of the PdCuNi nanoparticles: (b) TEM image, (c) magnified TEM

image, (d) HR-TEM image, and (e) HAADF-STEM and elemental mapping.

could suppress the formation of hydride. More importantly, the in-

troduction of these transition metal atoms not only provides addi-

tional active sites and improves the electron transfer rate, but also

facilitates the adsorption of the atomic hydrogen produced and its

subsequent association to form H2 from these intermediates ow-

ing to the synergic effects between elements [19–22]. In addition,

multicomponent alloy compounds also can reduce the material

cost for Pd-based electrocatalysts. Although multicomponent alloy

compounds possess such advantages, the vast compositional space

makes it difficult to design multicomponent catalysts with supe-

rior performance. Hence, the rational design and synthesis of Pd-

based multicomponent electrocatalysts with high electrocatalytic

activity and stability remain critical issues in the construction of

high-performance electrochemical energy production systems.

In this work, excellent trimetallic PdCuNi nanoparticles were

synthesized via a one-pot non-aqueous nanoemulsion process

aided by poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) (PEO-PPO-PEO). In the nanoemulsion synthe-

sis, the PEO-PPO-PEO molecules participate in the reactions as a

surfactant, besides playing the role of stabilizing the nanoparticles

formed, and yet acting as a reducing agent. A series of charac-

terizations (transmission electron microscope (TEM), X-ray photo-

electron spectroscopy (XPS), X-ray diffraction (XRD), etc.) confirm

that Pd, Cu, and Ni elements were integrated into a single entity,

and the morphology of PdCuNi nanoparticles is nearly spherical

in shape with slight aggregation. Impressively, the obtained Pd-

CuNi nanoparticles as electrocatalyst show outstanding HER per-

formance in all pH electrolytes. The low overpotential for the Pd-

CuNi catalyst is 45, 71, and 66mV at 10mA/cm2 in the acid, neu-

tral, and alkaline electrolyte solution, respectively, which is supe-

rior to that of PdCu, PdNi, and CuNi catalysts. Moreover, theoretical

analysis reveals that the synergistic interaction of the Pd, Cu, and

Ni accelerates charge transfer thereby boosting HER kinetics. This

work is supposed to guide designing of efficient multicomponent

HER electrocatalysts with high intrinsic catalytic activity.

By utilizing a microemulsion strategy with Pd(acac)2, Cu(acac)2,

and Ni(acac)2 as precursors, we successfully prepared PdCuNi

nanoparticles in Fig. 1a. Fig. 1b shows the morphology and parti-

cle sizes of prepared PdCuNi nanoparticles recorded by TEM. Obvi-

ously, PdCuNi nanoparticles are virtually uniform and nearly spher-

ical in shape with slight aggregation. Fig. 1c shows a TEM image of

the enlarged area in Fig. 1c more clarity shows a nearly spheri-

cal in shape, as well as the corresponding diagrams of the particle

size distribution in the inset. The size distribution is reasonably de-

scribed by the Gaussian function, showing a tight size distribution

Fig. 2. Structure characterization analyses of the PdCuNi nanoparticles. (a) XRD pat-

terns, (b) Raman spectra. XPS spectra of analyses of the PdCuNi nanoparticles. (c)

Full XPS spectra, (d) Pd 3d HR-XPS spectra, (e) Ni 2p HR-XPS spectra, (f) Cu 2p

HR-XPS spectra.

with average sizes of approximately 6.85±0.04nm in diameter for

PdCuNi nanoparticles. The HR-TEM image of a single PdCuNi hy-

brid nanoparticle is shown in Fig. 1d. As labeled, the spacing of

1.88 Å indicates the projection of the PdCu (110) plane. To further

investigate the elemental composition and distribution, the High-

angle annular darkfield-scanning transmission electron microscopy

(HAADF-STEM) image of PdCuNi was shown in Fig. 1e. The Pd-

CuNi nanoparticles are composed of Pd, Cu, and Ni elements, while

all the elements are distributed homogeneously. The mass ratio of

Pd:Cu:Ni is measured to be 1:1:0.7 based on inductively coupled

plasma-atomic emission spectrometry (ICP).

The obtained samples were further characterized by XRD and

FTIR. Firstly, the crystal structure of the PdCuNi was validated by

the X-ray crystal structural analysis in comparison with PdCu and

PdNi nanoparticles. As shown in Fig. 2a, for the PdCuNi nanopar-

ticles, the diffraction peaks located at 41.4°, 48.2°, and 70.5° (as

symbolized by the square) are allocated to the (111), (200), and

(220) crystal planes of PdCu (JCPDS No. 48–1551), demonstrating

that metallic PdCu. The same diffraction peaks can be observed in

the PdCu nanoparticles. Whereas, different from PdCuNi nanopar-

ticles, PdCu nanoparticles still show an obvious diffraction peak

at about 43.3° (as symbolized by the triangle), which can be as-

cribed to (111) planes of the Cu (JCPDS No. 04–0836). Such a re-

sult was further confirmed by TEM (Fig. S1 in Supporting infor-

mation). In addition, the diffraction peaks of PdNi nanoparticles at

40.1°, 46.6°, and 68.1° (as symbolized by the circle) are appropri-

ately indexed to (111), (200), and (220) planes of the Pd (JCPDS No.

87–0645), respectively. There is no significant Ni diffraction peak in

PdNi and PdCuNi samples, which may be ascribed to Ni completely

mixed in the Pd lattice [23]. To verify the presence of PEO-PPO-

PEO macromolecules, the FTIR spectra of all the samples were an-

alyzed, as shown in Fig. 2b. One sharp bond caused by C–H bend-
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ing vibration is shown at ∼1413.5 cm−1, then another strong peak

appearing in the interval of ∼1123.7 cm−1 is attributed to C–O–C

stretching vibration for three samples [24]. The PdCuNi nanoparti-

cles have a larger BET surface area (24.4 m2/g) relative to that of

PdCu nanoparticles (18.1 m2/g) and PdNi nanoparticles (17.5 m2/g),

as shown in Fig. S2 (Supporting information).

XPS analysis was performed to investigate the chemical states

and compositions of PdCu, PdNi, and PdCuNi nanoparticles. The

binding energy in the XPS spectrum was calibrated by C 1s

(284.6 eV). The peaks of relevant elements for all samples can

be observed from the full-scan XPS spectra (Fig. 2c). The high-

resolution Pd 3d spectrum exhibits two doublet peaks, as shown

in Fig. 2d. The fitted XPS spectra of the PdCuNi nanoparticles

show metallic Pd0 3d5/2 and 3d3/2 core electron binding energies

at 334.6 and 340.0 eV, respectively [25]. In addition, the peaks at

336.0 and 341.2 eV can be indexed as Pd2+ [25]. The characteris-

tic peaks of Pd0 and Pd2+ at the same position also can be ob-

served for PdCu nanoparticles. However, it is worth noting that Pd

3d5/2 and Pd 3d5/2 doublet peaks appear at higher binding ener-

gies (334.8 and 340.1 eV) for PdNi nanoparticles. Such a peak shift

is mainly because of electron density from Cu to Pd due to the

difference in electronegativity (Pd:2.2; Cu:1.9) [26]. The increased

electron density of the Pd causes strong attractive interactions in

the inner layer of the Pd atom (3p and 3d orbitals), therefore, the

appearance of XPS signals goes to the lower binding energy [27].

Whereafter, the high-resolution Ni 2p spectrum for PdNi and Pd-

CuNi nanoparticles indicates the peaks at 852.5 and 852.4 eV can

be indexed as Ni0, and two other peaks at 873.4 and 873.2 eV can

be related to Ni2+, respectively (Fig. 2e) [28]. It is noted that Ni

oxides act as supports can modulate the electronic states of metal

active sites and optimize the �GH∗ , which is beneficial to improve

activity toward the HER [29]. Apart from the Pd 3p and Ni 3d spec-

trum, as exhibited in the high-resolution spectrum of Cu 2p for the

PdCuNi and PdCu sample (Fig. 2f). Such results reveal the coex-

istence of Cu0 and Cu2+. In detail, the major peaks at 931.7 and

931.2 eV are ascribed to Cu0, and at 932.6 and 932.9 eV are as-

signed to Cu2+ [30]. According to the intensity of the peaks, the

Pd0, Ni2+, and Cu0 are the most predominant states in PdCuNi

nanoparticles.

The electrocatalytic performance of PdCuNi toward HER in an

acid media (0.5mol/L H2SO4) by using a standard three-electrode

system was evaluated. Firstly, we investigated the effect of Ni and

Cu content in the PdCuNi nanoparticles, agglomeration behavior,

and size of nanoparticles on catalytic activity, respectively (Figs.

S3-S8 in Supporting information). Figs. 3a1-a3 show the linear po-

larization curves (LSV) of PdCuNi, PdCu, PdNi, and CuNi catalysts

at a scan rate of 2mV/s. As expected, the PdCuNi displays the low-

est onset potential, suggesting the synergistic effect between Pd,

Cu, and Ni elements. In detail, the overpotentials of PdCuNi re-

quire 45mV to achieve current densities of 10mA/cm2 (ŋ10), while

overpotentials at 10mA/cm2 of the PdCu, PdNi, and CuNi cata-

lysts are 86, 82, and 452mV, respectively (Fig. 3a1). Moreover,

the overpotentials at 100mA/cm2 (ŋ100) of the PdCuNi catalyst is

only 155mV for HER, which is also much lower than that of PdCu

(367mV), PdNi (252mV), and CuNi (743mV), respectively. Tafel

slopes were also executed from LSV to assess the catalyst HER

kinetics and the relevant reaction mechanism. As is displayed in

Fig. 3a2, the PdCuNi catalyst also executes the best Tafel slope

(33mV/dec), smaller than PdCu (113mV/dec), PdNi (86mV/dec),

and CuNi (235mV/dec). These Tafel slope results match very well

with the LSV curves. The smallest Tafel slope of the PdCuNi catalyst

manifests the most efficient HER kinetics among all catalysts. The

values of these Tafel slopes reveal that the HER rate-determining

step abides by the equation: H3O
+ + e− =Hads +H2O, and belongs

to the Volmer-Heyrovský mechanism [31]. Hence, among all cata-

lysts, the PdCuNi catalyst shows the best HER catalytic activity.

It is well known that electrocatalytic durability is also an-

other important criterion to measure the performance of cata-

lysts. The durability of the PdCuNi nanoparticles was verified via

chronopotentiometry tests and constant-current technique. Firstly,

the chronoamperometric measurement is carried out by loading

the catalyst on a glassy carbon electrode (Fig. S9 in Supporting in-

formation). After over 30h of continuous testing, the current-time

(i-t) curve of PdCuNi catalyst shows good stability, and there was

no significant drop in the overall current trend. Whereafter, con-

tinuous CV cycles are conducted to show that the LSV curve of

the PdCuNi catalyst recorded after 1000 cycles shows a little de-

creasing overpotential to reach 10mA/cm2 compared to the initial

curve. In addition, TEM, XPS, and XRD of the PdCuNi catalyst after

the stability test in an acidic media have also presented identical

structures with the initial electrocatalyst (Figs. S10-S12 in Support-

ing information). Such results substantiate that the PdCuNi cata-

lyst is highly stable during the long-term HER process. At the same

time, the superior HER performance of PdCuNi surpassed those of

similar Pd-based catalysts in recently reported literature in Table

S1 (Supporting information).

Given some electrolytic cells need to operate in different envi-

ronments, an effective electrocatalyst is expected to work well in

a broad range of conditions, including alkaline and neutral envi-

ronments. For example, water/chlor-alkali electrolyzers demand an

efficient and stable electrocatalyst that can run in an alkaline me-

dia [32], whereas microbial electrolytic cells are typically operated

in a neutral environment [33]. Hence, for desirable electrocatalysts,

the HER catalytic performances in wide pH ranges are very attrac-

tive. Based on this point, the electrochemical HER measurements

of PdCuNi were performed in neutral (1mol/L phosphate-buffered

saline (PBS), pH 6.7) and alkaline (1mol/L KOH, pH 14) electrolytes

to evaluate the electrocatalytic performance, as shown in Figs. 3b1-

b3 and 3c1-c3. In neutral media, PdCuNi catalyst displayed out-

standing HER activity with an overpotential of 71 and 360mV at

10 and 100mA/cm (Figs. 3b1 and 3b2), respectively, which is lower

than PdCu (ŋ10: 115mV; ŋ100: 669mV), PdNi (ŋ10: 134mV; ŋ100:
772mV), and CuNi (ŋ10: 472mV; ŋ100: 1040mV). The results show

overpotentials (ŋ10) of the PdCuNi sample in acid, neutral, and al-

kaline media are close to those of commercial Pt/C (20 wt%) (acid:

29mV; neutral: 56mV; alkaline: 30mV). The Tafel plots have also

been obtained from the LSV curves (Fig. 3b3), demonstrating a

lower value of PdCuNi (87mV/dec) than PdCu (184mV/dec), PdNi

(189mV/dec), and CuNi (230mV/dec), illustrating the fast inher-

ent HER reaction kinetics and charge transfer rate in neutral so-

lution. Afterward, HER catalytic activity under 1mol/L KOH was

also probed (Figs. 3c1-c3). The PdCuNi requires 66 and 302mV to

reach 10 and 100mA/cm2, respectively. Similarly, the Tafel slope

of PdCuNi (116mV/dec) is also the smallest in all catalysts (PdCu:

182mV/dec; PdNi: 235mV/dec; CuNi: 327mV/dec), suggesting that

the HER pathway on PdCuNi follows the Volmer–Heyrovsky mech-

anism under neutral and alkaline solutions. The HER performance

of PdCuNi (neutral and alkaline solutions) surpassed those of

similar Pd-based catalysts in recently reported literature in Ta-

bles S2 and S3 (Supporting information). Finally, the above re-

sults demonstrate the excellent performance of PdCuNi in a wide

pH range.

To gain insights into the outstanding performance of the Pd-

CuNi catalyst for HER in a wide pH range. Firstly, we predicted the

process of HER in acid and alkaline media. Theoretically, HER is

a typical two-electron transfer reaction occurring at the cathode of

water splitting. Based on the Tafel slope of the PdCuNi catalyst, the

reaction in acidic media mainly contains two possible steps (Fig.

4a): Firstly, an electron from an external circuit is transferred to

the active site to capture a proton from the electrolyte, resulting in

an adsorbed hydrogen atom (∗H), then ∗H on the catalyst surface

will preferably combine with a proton and an electron to gener-
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Fig. 3. HER performances of different catalysts (CuNi, PdCu, PdNi, PdCuNi, Pt/C) in acid, neutral and alkaline media. (a1) LSV curves, (a2) Overpotential at 10 and 100mA/cm2

for HER (a3) Tafel plots. HER performances of different catalysts (CuNi, PdCu, PdNi, PdCuNi) in a neutral and alkaline media. Neutral media: (b1) LSV curves, (b2) Overpotential

at 10 and 100mA/cm2 for HER, (b3) Tafel plots. Alkaline media: (c1) LSV curves, (c2) Overpotential at 10 and 100mA/cm2 for HER, (c3) Tafel plots.

Fig. 4. (a) Schematic of HER mechanism on the PdCuNi nanoparticles in acid and alkaline media. (b) TOF of different catalysts in acid (b1), neutral (b2), and alkaline (b3)

media, respectively.

ate H2 molecules [34]. In the alkaline electrolyte, extra energy is

required to dissociate H2O molecules to obtain enough H+, which

is thermodynamically tougher and leads to higher overpotentials

compared to those of acid media. The alkaline HER is first initiated

by H2O adsorption and dissociation process to produce H∗ on ac-

tive sites. Then, H∗ will preferably combine with an electron and

H2O molecule to generate an H2 molecule [35]. The HER mech-

anism in the neutral electrolyte is nearly identical to that in al-

kaline environments. It is also possible to acquire a proton from

the H3O
+ in the initial stage due to the existence of the mini-

mal concentration of H3O
+ (∼10−7 mol/L). Hence, the HER mecha-

nism in the neutral electrolyte is more complicated, both the re-

duction of H3O
+ and H2O occur in a near-neutral environment,

and a detailed process needs to be further understood in the fu-

ture [36]. Whereafter, the turnover frequencies (TOF) values were

calculated to compare the intrinsic catalytic activity of each cata-

lyst [37], as shown in Fig. 4b. As demonstrated in the results, the

PdCuNi catalyst demonstrated excellent TOF values in a wide pH

range. Specifically, under the overpotential of 100mV, the TOF val-

ues were measured as 0.043, 0.0137, and 0.0289 s−1 in 0.5mol/L

H2SO4, 1mol/L PBS, and 1mol/L KOH, respectively. Notably, PdCuNi

nanoparticles exhibited remarkable advantages with the TOF value

over that of the PdNi, PdCu, and CuNi catalyst. In addition, the

same phenomenon can be observed when the overpotentials are

4



X. Liu, H. Pang, X. Kou et al. Chinese Chemical Letters 37 (2026) 111567

Fig. 5. The linear fit of the capacitive currents of the different catalysts versus po-

tential scanning rates from 20mV/s to 120mV/s in acid (a1), neutral (b1), and alka-

line (c1) media, respectively. Nyquist plots of the electrochemical impedance spectra

of different catalysts in acid (a2), neutral (b2), and alkaline (c2) media, respectively.

125 and 150mV, further supporting the high intrinsic activity of

the PdCuNi catalyst in HER.

Subsequently, the electrochemical active surface area (ECSA)

and electrochemical impedance spectroscopy (EIS) were evaluated

and exhibited to further understand the performance of HER in

all pH ranges. The electrochemical double-layer capacitance (Cdl)

is a reliable criterion for estimating the ECSA (Figs. 5a1-c1). Cdl
was recorded at different scan rates from 20mV/s to 120mV/s via

cyclic voltammetry (Fig. S13-S15 in Supporting information). The

calculated Cdl are 7.02, 8.47, and 23.33 mF/cm2 for the PdCuNi cat-

alyst separate in acid, neutral, and alkaline conditions, which is

slightly lower than that of PdCu (acid: 4.55 mF/cm2; neutral: 3.20

mF/cm2; alkaline: 4.27 mF/cm2), PdNi (acid: 0.41 mF/cm2; neutral:

1.69 mF/cm2; alkaline: 2.44 mF/cm2), and CuNi (acid: 0.12 mF/cm2;

neutral: 3.83 mF/cm2; alkaline: 0.06 mF/cm2). Such results signify

that the synergistic effect of the three elements leads to enhanced

accessible surface area and plenteous surface-active sites. In addi-

tion, to evaluate the charge transfer behaviors, EIS was employed

for all samples with the three-electrode system (Figs. 5a2-c2). The

charge transfer resistance (Rct) values were recorded based on the

corresponding Nyquist plots, and the low Rct value indicates high

conductivity as well as speedy charge-transfer ability. The Rct val-

ues for PdCuNi (acid: 5 �; neutral: 11 �; alkaline: 33 �) are

markedly lower than that of PdNi (acid: 34 �; neutral: 40 �; al-

kaline: 310 �), PdCu (acid: 114 �; neutral: 39 �; alkaline: 54 �),

and CuNi (acid: 239 �; neutral: 56 �; alkaline: 295 �) in three

electrolytes, attesting the fastest charge-transfer rate of on the Pd-

CuNi surface for HER owing to the synergistic effects between Pd,

Cu, and Ni. Accordingly, the enhanced HER performance over the

PdCuNi could be attributed to the following reasons: (i) The in-

creased electron density of the Pd can reduce the adsorption en-

ergy barrier of H∗ [38]. (ii) Relatively high content of the metallic

Ni improves the inherent conductivity of the catalyst and acceler-

ates the charge-transfer process [39]. (iii) The synergistic effect of

Pd, Cu, and Ni is beneficial to providing more accessible active sites

[40].

In conclusion, we have successfully prepared trimetallic PdCuNi

nanoparticles supported via a one-pot non-aqueous nanoemulsion

process. The obtained PdCuNi nanoparticles are nearly spherical

with an average size of approximately 6.85nm. At the same time,

PdCuNi nanoparticles as catalysts display outstanding catalytic ac-

tivity for HER with the low ŋ10 (45, 71, and 66mV) and small Tafel

slopes (33, 87, and 116mV/dec) in acid, neutral, and alkaline me-

dia, respectively. Additionally, the PdCuNi catalyst also shows ex-

cellent HER stability with no significant performance attenuation

after successive electrolysis for 30h in an acid media. Mechanism

analysis reveals that the favorable performance of HER is ascribed

to higher electron density in the Pd active site and relatively high

content of the metallic Ni, which improves the charge transfer effi-

ciency and inherent conductivity of the PdCuNi nanoparticles. This

work provides a broad prospect for the development of Pd-based

catalysts for application in energy storage and conversion.
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