ano

esearch

Open Access

Efficient high-entropy alloy electrocatalyst by rapid microwave
synthesis for glycerol-assisted hydrogen evolution

Jietao Jiang"?, Fengfei Xu', Wenzhuo Zhang?, Zheng Chen?, Xingi Wu?, Xiaoyu Liu', Lijun Yang', Qiang Wu

Xizhang Wang 1% and Zheng Hu'

1 X

!Key Laboratory of Mesoscopic Chemistry of Ministry of Education (MOE), Jiangsu Provincial Laboratory for Nanotechnology, School of
Chemistry and Chemical Engineering, Nanjing University, Nanjing 210023, China
2School of Metallurgical Engineering, Jiangxi University of Science and Technology, Ganzhou 341000, China

Cite this article: Nano Research, 2026, 19, 94908651. https://doi.org/10.26599/NR.2026.94908651

ABSTRACT: Electrochemical glycerol oxidation reaction
(GOR) is an attractive alternative reaction to oxygen evolution
reaction (OER) of water electrolysis due to the lower oxidation
potential and value-added oxidation products. Developing high-
efficient bifunctional electrocatalysts toward anodic GOR and
cathodic hydrogen evolution reaction (HER) still faces a grand
challenge. Herein, we have constructed high-entropy alloy
(HEA) nanoparticles supported on hierarchical N-doped
carbon nanocages (hNCNC) by a facile and rapid microwave
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synthesis. The optimal catalyst exhibits excellent performance in the glycerol-assisted water electrolysis, with an ultralow
cell voltage of 0.373 V at 10 mA-cm and a long-term stability over 50 h with nearly 100% Faradaic efficiency for H,. The
superior performance is ascribed to the increased capability of C—C cleavage and anti-poisoning for GOR and the multiple
active sites for HER due to the high-entropy effect, as well as high dispersion and enhanced stability of HEA nanoparticles
on hNCNC. This study not only demonstrates an effective approach for constructing advanced bifunctional electrocatalysts
for GOR and HER, but also provides new ideas for energy-efficient hydrogen generation by glycerol-assisted water

electrolysis

KEYWORDS: high-entropy alloy, microwave synthesis, hydrogen evolution reaction, water splitting, glycerol oxidation

reaction

1 Introduction

Molecular hydrogen is an ideal energy carrier for addressing the
increasing energy and environmental challenges in virtue of its
sustainability, net-zero emission, and high energy density (1, 2].
Water electrolysis is a sustainable approach for hydrogen
production in comparison with traditional methane/methanol
reforming [3-5]. However, the cell voltage of water electrolyzer is
much higher than the theoretical value (1.229 V) mainly due to the
sluggish kinetics of anodic oxygen evolution reaction (OER),
resulting in low energy conversion efficiency and high cost to limit
its large-scale application [6, 7]. An attractive solution is to replace
the OER with electrooxidation reactions of small molecules that
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possess lower oxidation potentials (such as ethanol [8], benzyl
alcohol [9-11], urea [12, 13], amine [14], hydrazine [15], and
glucose [16]). Glycerol, a by-product of biodiesel production
industry, shows much lower theoretical oxidation potential
(0.003 V vs. reversible hydrogen electrode (RHE)) than OER and
lower cost than other small molecules [17, 18]. Glycerol can be
oxidized into valuable chemicals with broad applications, such as
lactic acid, dihydroxyacetone, glyceric acid, glycolic acid, and formic
acid [19-21]. In view of this, glycerol-assisted water splitting by
coupling glycerol oxidation reaction (GOR) with hydrogen
evolution reaction (HER) holds great promise in reducing energy
barriers associated with OER.

Currently, Pt catalyst is the most popular electrocatalyst for GOR
and HER due to the lower overpotential and higher activity [4, 22].
Unfortunately, Pt suffers from susceptibility to poisoning and
inadequate capability of C-C cleavage during GOR, as well as the
scarce resource and high price [23, 24]. Hence, it is significant to
develop the bifunctional electrocatalyst for glycerol-assisted water
splitting with low cost, high activity, and robust anti-poisoning
capability. High-entropy alloys (HEAs) have been garnering more

Nano Research, 2026, 19, 94908651


https://orcid.org/0000-0001-6858-1719
https://orcid.org/0000-0001-5084-2482
https://orcid.org/0000-0001-6858-1719
https://orcid.org/0000-0001-5084-2482
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://doi.org/10.26599/NR.2026.94908651
mailto:wqchem@nju.edu.cn
mailto:wangxzh@nju.edu.cn
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651
https://www.sciopen.com/article/10.26599/NR.2026.94908651

Jiang et al.

Nano Research | Vol. 19, No. 8

and more attention owing to their distinctive and fascinating
properties compared to traditional alloys, demonstrating great
potential applications in various fields [25, 26]. Some HEAs,
particularly Pt-based HEAs, are very suitable to catalyze GOR and
HER because their multiple active sites can boost the oxidation of
various intermediates involved in GOR and improve the
adsorption/desorption of *H intermediates in HER [27-30].
Moreover, introducing other metals into HEA catalysts can reduce
the Pt usage and regulate the electronic structure and intrinsic
catalytic activity. To date, HEAs have been developed by various
synthetic methods, such as wet-chemical synthesis, ball milling,
sputtering deposition, and pyrolysis, which, however, were troubled
by the challenges of high energy consumption, or difficulty of size
control, or complex preparation process, or easy element
segregation [31, 32]. Therefore, it is highly desired to explore eco-
friendly, facile, and size-controllable preparation methods for HEA
catalysts. The microwave synthesis boasts high efficiency, energy
savings, and adjustable power, becoming an ideal choice for
preparing carbon-supported catalysts [33-35].

Here, we have prepared a bifunctional catalyst by loading
PtRhRuCuCrMn HEA nanoparticles on hierarchical N-doped
carbon nanocages (HEA/hNCNC) through a facile and rapid
microwave synthesis. The constituent elements of PtRhRuCuCrMn
HEA were selected due to the following motivations: (i) Pt serves as
main active component for both GOR and HER; (ii) Rh and Cu
can enhance the C-C cleavage in GOR [23, 36]; and (iii) oxophilic
metals of Ru, Cr, and Mn can weaken the binding strength of *CO
to promote its oxidation during GOR, and optimize OH-binding as
well as H-binding energies to facilitate HER in alkaline media
[37, 38]. The optimal HEA/hNCNC catalyst exhibits excellent
bifunctional activity and good stability for GOR and HER in
alkaline medium, with an ultralow cell voltage of 0.373 V and a long-
term stability over 50 h in glycerol-assisted water electrolysis. This
study offers a versatile approach for developing bifunctional GOR
and HER electrocatalysts, and demonstrates a viable low-energy
strategy for electrochemical hydrogen production.

2 Results and discussion

The hNCNC has three-dimensional (3D) hierarchical structure
with large specific surface area (1256 m*g”), high N content
(6.6 at.%) and coexistence of micro-meso-macropores (Fig. SI in
the Electronic Supplementary Material (ESM)). HEA catalysts were
prepared through impregnation-freeze drying followed by
microwave treatment (Fig. S2 in the ESM). After the modified
impregnation-freeze drying process, metal ions were uniformly
dispersed on hNCNC without the observable nanoparticles/clusters
(Fig. S3 in the ESM), due to the abundant micropores and N
dopants on the hNCNC surface [39]. The morphological and
structural characterizations of HEA/hNCNC are shown in Fig. 1.
After the microwave heating, the HEA nanoparticles are highly
dispersed on hNCNC, with an average particle size of 3.9 + 1.8 nm.
The lattice fringes with a spacing of 0.212 nm are clearly observed,
showing high crystallization of the HEA nanoparticles (Fig. 1(a)).
Three broad diffraction peaks appear at 40.8°, 47.2°, and 69.0° of the
X-ray diffraction (XRD) pattern, which are different from the
diffractions of pure Pt (PDF No. 04-0802), Rh (PDF No. 05-0685),
Ru (PDF No. 06-0663), Cu (PDF No. 04-0836), Cr (PDF No. 06-
0694), and Mn (PDF No. 32-0637), and can be assigned to the
(111), (200), and (220) planes of face-centered cubic structure
similar to metallic Pt (Fig. 1(b)). The electron-energy loss
spectroscopy (EELS) element mappings display the homogeneous
element mixing in the HEA nanoparticle (Fig. 1(c)). These results
reflect the formation of single-phase PtRhRuCuCrMn HEA
nanoparticles on the hNCNC support. The X-ray photoelectron
spectroscopy (XPS) spectra indicate the existence of Pt, Rh, Ru, Cu,
Cr, and Mn elements with both metallic and oxidation states
(Fig. S4 in the ESM), and inductively coupled plasma-mass
spectroscopy (ICP-MS) analysis gave their atomic ratio of
11.2:10.4:13.2:20.8:21.3:23.1 (Table S1 in the ESM). By comparing
the XPS fine spectra of metals, it is learnt that the binding energies
of Pt, Rh, Ry, and Mn in HEA/hNCNC are lower than those in
HEA nanoparticles supported on hierarchical carbon nanocages

HEA/hANCNC

Intensity (a.u.)

Figure1 Morphology and structure of HEA/hANCNC. (a) High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) image. Insets in
(a) are high-resolution image and size distribution histogram. (b) XRD pattern. (c) HAADF-STEM image and corresponding elemental mapping images.
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(HEA/hCNC), which reveals the electron transfer from the N
dopants of hANCNC to Pt, Rh, Ru, and Mn, indicating the stronger
metal-support interaction for the former (Fig. S4 in the ESM). In
addition, by comparing the Pt 4f spectra of HEA/hNCNC and
Pt/hNCNC, the lower binding energy for HEA/ANCNC than
Pt/hNCNC reflects the electron transfer from other metals to Pt,
showing the electronic structure modulation of HEA (Fig. S5 in the
ESM). Obviously, the N doping and high-entropy alloying
markedly alter the electronic structure of Pt, which could regulate
the adsorption of GOR intermediates on the catalyst surface, and
thereby tune the electrocatalytic activity [27, 40]. The strong
interaction between N dopants and metal species also promotes the
high dispersion of HEA nanoparticles on the support (Fig. S6 in the
ESM) and could further enhance the electrochemical stability of
HEA/hNCNC [41].

The HEA/hNCNC was also prepared by using traditional high-
temperature calcination method (Fig. S7 in the ESM), for
comparison. XRD and ICP-MS analyses reveal that the prolonged
high-temperature calcination readily induces metal loss and phase
separation. Additionally, the traditional calcination method requires
significantly higher energy and time consumption compared to the
rapid microwave synthesis. More interestingly, the microwave
synthesis can be extended to the preparation of HEAs with varied
compositions, as well as ternary and quaternary alloys (Fig. S8 in
the ESM). The rapid microwave synthesis strategy with
convenience and general applicability is of significance for
developing advanced HEA catalysts.

The GOR performances of HEA/ANCNC and control catalysts
were evaluated in a three-electrode system, as shown in Fig. 2 (Fig.
S9 in the ESM). The influence of glycerol concentration on GOR
performance was investigated, revealing the optimal glycerol
concentration of 0.6 mol-L" (Fig. S9(a) in the ESM). Among the
series of alloy catalysts composed of 3-6 elements, the six-
component PtRhRuCuCrMn alloy (i.e., HEA/hNCNC) exhibits the

(b)

best GOR activity (Fig. S9(b) in the ESM), implying the important
role of high-entropy effect in boosting the GOR performance. The
linear sweep voltammetry (LSV) curves of HEA/hNCNC in
1 mol-L" KOH with or without 0.6 mol-L™ glycerol indicate that the
potential required to reach a current density of 10 mA-cm™ is
1.335 V in the absence of glycerol, showing the decent OER activity;
while this potential drastically decreases to 0.321 V in the presence
of glycerol, indicating the more favorable GOR than OER on the
HEA/hNCNC electrode (Fig. 2(a)). The Tafel slope for GOR
(187.6 mV-dec™) is much lower than that for OER (267.7 mV-dec™),
implying the faster reaction kinetics of GOR (Fig. 2(b)). The GOR
performances of several commercial catalysts (Pt/C, Rh/C, and
Ru/C) were also tested for comparison (Fig. S10 in the ESM). The
Pt/C shows a lower peak mass activity (1.0 A'mg” at the peak
potential of 1.15 V) and larger Tafel slope (209.3 mV-dec”) than
that of the HEA/hANCNC (3.7 A'mg'@0.81 V and 187.6 mV-dec™).
In contrast, the Rh/C and Ru/C catalysts exhibit negligible GOR
performance, which indicates that the GOR activity of
HEA/hNCNC mainly comes from the Pt species. After 60 h of
chronopotentiometry (CP) measurement at a constant current
density of 10 mA-cm?, the potential increases from 0.331 to 0.384 V
(Fig. 2(c)), and the HEA nanoparticles are still uniformly
distributed on hNCNC without agglomeration (Fig. S11(a) in the
ESM), demonstrating the excellent stability of the HEA/hANCNC
during GOR due to the strong HEA-support interaction (Fig. $4 in
the ESM).

To unveil the rationale responsible for the superior GOR
performance, CO stripping experiments were conducted to evaluate
the anti-poisoning capabilities of HEA/hNCNC, with the results
from commercial Pt/C, Rh/C, and Ru/C catalysts for comparison
(Fig. 2(d)). The CO oxidation peak potentials are 0.627, 0.725,
0.685, and 0.704 V for HEA/ANCNC, Pt/C, Rh/C, and Ru/C,
respectively, exhibiting the superior anti-poisoning ability of
HEA/hNCNC. The better anti-poisoning capabilities of Rh/C and
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Figure2 Anodic GOR performance of HEA/ANCNC. ((a) and (b)) LSV curves (a) and Tafel plots (b) of HEA/ANCNC in 1.0 mol-L" KOH with or without 0.6 mol-L"
glycerol. (c) CP test at 10 mA-cm™ (d) Cyclic voltammetry curves of HEA/hANCNC, Pt/C, Rh/C, and Ru/C in CO stripping tests. (¢) “C NMR spectra of electrolyte before
and after 1 h test of GOR. (f) FE of GOR products. Note: In (d), the oxidation peaks at 0.78 V for HEA/hNCNC and 0.83 V for Pt/C (red dotted circle) could be attributed
to the oxidation of Pt metal (Fig. S10(a) in the ESM). In (e), the numbers 1 to 5 represent carbonate, formate, glycolate, tartronate, and lactate.
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Ru/C than Pt/C stem from their ability to provide adsorbed
hydroxyl (OH,;) species, thereby boosting the oxidation of
adsorbed carbon monoxide (CO,) species to CO, [36, 42]. The
superior anti-poisoning ability of HEA/hANCNC could be attributed
to the fast oxidation of CO,y, into CO,, facilitated by the weakened
bonding strength of CO,,, on HEA due to the higher electron
density of Pt in HEA/hNCNC (Figs. S4 and S5 in the ESM), and the
abundant OH,,, intermediates generated by the Rh, Ru, and Mn
species [40].

To understand the reaction pathway of GOR with the catalysis of
HEA/hNCNC, the "C nuclear magnetic resonance (NMR)
measurement was employed to analyze the GOR products
(Figs. 2(e) and 2(f) and Figs. S11(b) and S11(c) in the ESM), which
consist of CO,, formic acid, glycolic acid, tartronic acid, and lactic
acid, existing in the forms of corresponding salts in KOH
electrolyte, i.e., carbonate, formate, glycolate, tartronate, and lactate,
respectively (Fig. 2(e)). The HEA/hNCNC electrode achieves a high
Faradaic efficiency (FE) of > 90% in a potential range from 0.44 to
0.84 V (Fig. 2(f)). The production of CO, indicates that partial
glycerol experienced the complete oxidation, which benefits from
the C-C bond cleavage functions of Rh and Cu in HEA/hANCNC
[36, 43]. The reaction pathway of GOR mainly proceeds along
Pathway A as depicted in Fig. S11(c) in the ESM, resulting in the
production of dominant C, and C, products.

As a bifunctional catalyst, the HER performance of
HEA/hNCNC was also evaluated, as shown in Fig. 3, with the
performances of some alloy catalysts, commercial Pt/C, Rh/C, and
Ru/C catalysts for comparison (Fig. S12 in the ESM). The HER
polarization curves clearly show the best HER activity of
HEA/hNCNC among these catalysts (Fig. 3(a) and Fig. S12 in the
ESM). Specifically, the HEA/hNCNC presents much smaller
overpotential (7, 20 mV@10 mA-cm™) and higher mass activity
(228 Amg'@50 mV) than that of Rh/C (43 mV, 0.78 A-mg"),
Ru/C (52 mV, 0.67 Amg"), and Pt/C (34 mV, 034 A-mg?’)
(Fig. 3(b)). The higher mass activity of HEA/hNCNC indicates the
increased utilization of noble metals, implying the possibility of
decreasing catalyst cost. The Tafel slopes are 38, 47, 52, and

@, (b)

52 mV-dec for HEA/hNCNC, Rh/C, Ru/C, and Pt/C, respectively
(Fig. 3(c)), indicating the faster HER kinetics of HEA/hNCNC than
other catalysts [44]. The turnover frequency (TOF) values, the
figure-of-merit to express the intrinsic activity of catalyst [45], of the
four catalysts were also calculated according to the number of active
sites (Fig. S13 in the ESM). The HEA/hNCNC has much larger
TOF value than Rh/C, Ru/C, and Pt/C, indicating the high intrinsic
activity of active sites in HEA/hNCNC (Fig. 3(d)). The remarkable
HER electroactivity of HEA/hNCNC could be attributed to the
highly exposed active sites of HEA nanoparticles and multiple
active sites [28, 46].

The HER stability of HEA/hANCNC was assessed through 50 h
CP test and a 5000-cycle accelerated degradation test. During the
50 h of CP testing at current densities of 10 and 100 mA-cm?, only
a slight increase in overpotential was observed, from 20 to 25 mV
and 52 to 78 mV, respectively (Fig. 3(e)). Additionally, little
negative shift in overpotential can be observed on the LSV curves
after 5000 cyclic voltammetry (CV) cycles (Fig. S14(a) in the ESM).
The HEA nanoparticles exhibited uniform distribution with a
maintained average particle size of 42 nm after the CP test at
10 mA-cm™ (Fig. S14(b) in the ESM). These findings suggest the
excellent HER stability of HEA/hNCNC owing to the high-entropy
effect and strong HEA-support interaction [47, 48].

Prior to the utilization as bifunctional catalysts, the HER
performance of HEA/hANCNC was assessed in 1.0 mol-L" KOH
containing 0.6 mol-L™ glycerol, considering that the presence of
glycerol in the electrolyte could affect the HER performance (Fig.
S15 in the ESM). In the single-chamber cell, the presence of glycerol
in the electrolyte decreased the HER performance indeed, with a
higher #,, overpotential of 41 mV and poorer stability. Even though
the HEA/hNCNC exhibits excellent performance as bifunctional
catalysts for GOR and HER in the glycerol-assisted hydrogen
production, as shown in Fig. 4. A two-electrode electrolyzer was
assembled with HEA/hNCNC serving as both anode and cathode
catalysts, and 1.0 mol-L™ KOH containing 0.6 mol-L™ glycerol as the
electrolyte (Fig. 4(a)). For comparison, a conventional overall water
splitting test was conducted in the same electrolyzer without

(c)
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Figure3 Cathodic HER performance of HEA/hANCNC and commercial catalysts in 1 mol-L" KOH. (a) LSV curves. (b) Overpotential at 10 mA-cm™ and mass activity at
50 mV. (c) Tafel plots. (d) TOF curves. (e) CP test of HEA/hANCNC at 10 and 100 mA-cm™
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Figure4 Electrochemical performance of single-chamber glycerol-assisted water electrolyzer. (a) Schematic illustration. (b) LSV curves in 1.0 mol-L" KOH solution with
or without 0.6 mol-L™ glycerol. (c) Stability at 10 mA-cm™ in 1.0 mol-L"" KOH containing 0.6 mol-L™ glycerol. (d) FEs for H, at different voltages. ((e) and (f)) Schematic

illustration and photograph of solar-driven glycerol-assisted water electrolyzer.

glycerol. The glycerol-assisted water electrolyzer requires an applied
voltage of 0.373 V to reach a current density of 10 mA-cm?,
significantly lower than the 1.517 V required in the conventional
overall water electrolyzer (Fig. 4(b)). Such a low cell voltage is also
notably lower than most previous studies for chemical-assisted
water splitting (Tables S2 and S3 in the ESM). After 50 h CP test at
10 mA-cm?, the cell voltage slightly increases from 0.376 to 0.543 V,
demonstrating good long-term durability (Fig. 4(c)). The FE for H,
at different current densities remains nearly ~ 100% (Fig. 4(d) and
Fig. S16 in the ESM).

In the double-chamber electrolyzer separated by anion-exchange
membrane (Fig. S17(a) in the ESM), the glycerol-assisted hydrogen
production of HEA/ANCNC was also conducted, which
demonstrates inferior performance in comparison to that in the
single-chamber electrolyzer (Fig. S17(b) in the ESM and Fig. 4(b)).
It could be attributed to the sluggish ion (OH") transport caused by
anion-exchange membrane. Despite the detrimental effect of
glycerol on the HER, the single-chamber electrolyzer is more
rational than the double-chamber configuration, which highlights
the benefit of bifunctional catalyst.

As is known, H, serves as an efficient carrier for storing
intermittent solar energy [49]; hence the demonstration of a solar-
driven glycerol-assisted water electrolyzer was performed (Figs. 4(d)
and 4(e)). At a potential of 1.14 V powered by a solar cell, the
continuous generation of H, bubbles was observed on the cathode,
while no bubbles were detected on the anode. This result indicates
the promising application of HEA/hNCNC in solar-driven glycerol-
assisted water electrolyzer to produce H,.

3 Conclusions

In summary, hNCNC supported PtRhRuCuCrMn HEA catalysts
have been prepared through a facile and rapid microwave method.
In alkaline media, the optimized HEA/hNCNC catalyst exhibits
excellent bifunctional activity for both GOR and HER, along with
good stability. The high-entropy compositional design promotes
the C-C cleavage and anti-poisoning capability for GOR, while
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providing multi-active sites for HER. The N-participation ensures
the high dispersion of HEA nanoparticles and high stability for
both GOR and HER. Thanks to the contribution from the excellent
electrocatalytic performances for GOR and HER, the assembled
electrolyzer only requires a low cell voltage of 0.373 V to afford the
current density of 10 mA-cm™, which reduces the voltage input by
1.144 V compared to conventional water splitting. It also maintains
long-term stability over 50 h with nearly 100% FE for H,. More
importantly, the H, production through glycerol-assisted water
electrolysis was driven by solar cell, showing great potential in
practical applications. This study provides a promising bifunctional
electrocatalyst for GOR and HER, and suggests an energy-efficient
hydrogen generation approach by glycerol-assisted water
electrolysis.

Electronic Supplementary Material: Supplementary material
(material ~ synthesis and characterization, electrochemical
measurements, product quantification, and calculation of the
turnover frequency and Faradaic efficiency) is available in the
online version of this article at https://doi.org/10.26599/NR.2026.
94908651.
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