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Abstract 
 

Communication-efficient and stable electrocatalysts for hydrogen evolution reaction (HER) are essential to building a new 
energy system based on clean energy by using electrolytic water for hydrogen production. As commercial Pt/C is limited in its 
application due to its cost and durability, the exploitation of high-performance, stable catalysts with high Pt utilization is 
crucial for the development of electrolytic water for the hydrogen production industry. Herein, we report a simple and reliable 
grinding-heating strategy to successfully construct the multi-metallic component nanosheets (PtRuMn), which exhibit 
excellent activity and good stability under both acidic and basic environments. The as-prepared PtRuMn showed excellent 
HER performance with a low overpotential of 41 mV (1 M KOH) or 36 mV (0.5 M H2SO4) to reach the current density of 100 
mA cm-2 and maintained approximately 95% of the initial current density after a 12 h chronoamperometry (CA) test. This 
work provides an effective method to improve the utilization of precious metals and to design and develop high-performance 
HER catalysts, which are important for the application of multiple types of electrolytic water devices at scale. 
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1. Introduction 

Along with the global industrial restructuring and industrial 

upgrading, energy development and utilization technologies 

are undergoing profound changes, and green energy is 

gradually becoming a global energy development trend.[1-5] 

Hydrogen was considered to be the most ideal vehicle to 

promote the clean and efficient use of traditional fossil energy 

and even to support the large-scale development of renewable 

energy due to its wide source, high calorific value, clean and 

carbon-free, flexible, and efficient characteristics.[6-12] Among 

the various ways to obtain hydrogen sources, electrocatalytic 

water is considered an effective route given its low energy 

consumption, environmentally friendly handling, and high 

product purity.[13-19] One key aspect of this technology is the 

development of hydrogen evolution reaction (HER) 

electrocatalysts that must be both active and stable under 

acidic and alkaline media.[20-25] In the reported electrocatalysts, 

platinum (Pt) and platinum group metals are the most effective 

catalysts for HER, but their large-scale commercial utilization 

is restricted by their scarcity and high cost.[26-30] Therefore, it is 

necessary to design effective strategies to develop high-

performance electrocatalysts with high Pt utilization and low 

cost.[31] 

One attractive strategy for solving this problem is the 

construction of two-dimensional nanostructures.[32-37] Two-

dimensional nanomaterials possess a high specific surface area, 

many low-coordination defect atoms, and unique structural 

properties for significantly enhanced catalyst activity.[38-41] 

Another effective approach is to partially displace Pt with a 

less expensive metal. Ruthenium (Ru) has shown great 

potential to be an alternative HER catalyst because of its 

similar metal–hydrogen bonding (M-Hads) bond energy as Pt 

and its lower price.[42-52] For example, Dang et al reported the 

accurate tuning of Ru-H binding energy to obtain high-

performance HER catalysts Ru/RuO2.[45] The third way to 

improve the performance of Pt-based catalysts is doping with 

transition metals, which not only reduces the precious metal 

loading to lower the electrode cost, but also further adjusts the 

electronic energy band structure, local charge distribution, and 

carrier density to enhance catalytic activity and stability.[53-62] 

Although many catalysts have been constructed based on the 

single strategy described above, there is still a paucity of 
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research on the integration of two-dimensional structures and 

trimetallic components into HER catalysts.[63-70] 

Herein, we report a facile and reliable strategy for the 

construction of multi-metal oxide nanosheets. The efficient 

synthesis of multi-metal oxide nanosheets is achieved by 

heating the ground metal precursors. To systematically 

investigate the influence of different compositions on the 

catalytic performance mechanisms, nanosheets with different 

compositions were prepared using different metal precursors 

under the same preparation parameters. Further, morphology, 

structure, and HER catalytic activity were investigated in 

detail using a series of structural and performance 

characterizations to refine the mechanism of enhanced HER 

catalytic performance by multi-metallic components and two-

dimensional structures. The results show that the construction 

of two-dimensional nanosheet structures and polymetallic 

components effectively improves the utilization of noble metal 

atoms and exposes more defective atoms and active sites in the 

catalyst, leading to excellent HER activity and stability in 

acidic and alkaline environments. Among them, the 

nanosheets (PtRuMn) prepared with three metal precursors (Pt, 

Ru, and Mn) showed the best HER activity, with 

overpotentials of only 41 (1.0 M KOH) or 36 mV (0.5 M 

H2SO4) at a current density of 100 mA cm-2 and good stability 

in both media. This work provides an attractive research 

direction for the development of high-performance HER 

catalysts for acid-base general-purpose applications. 

 

2. Experimental section 

2.1 Material 

Platinum acetylacetonate (Pt(C5H7O2)2, Aladdin), ruthenium 

acetylacetonate (C15H21O6Ru, Aladdin), manganese 

acetylacetonate (MnC15H21O6, Aladdin), and potassium 

bromide (KBr, Aladdin) were used as received without any 

further purification. 

 

2.2 Preparation of catalyst samples 

The platinum acetylacetonate (0.5 mmol), manganese 

acetylacetonate (0.5 mmol), ruthenium acetylacetonate (0.5 

mmol), and potassium bromide (6 mmol) were dissolved in 

aqueous ethanol (ethanol: ultrapure water = 6:1). The solution 

was then poured into a mortar and ground until the solvent 

evaporated completely, after which the powder mixture was 

collected and laid flat in a porcelain boat. Then the porcelain 

boat was heated in a preheated muffle furnace (muffle 

temperature: 290 °C) for 90 min and then removed. Finally, 

PtRuMn was rinsed with deionized water and ethanol and then 

dried at room temperature to obtain PtRuMn. In addition, PtRu 

and PtMn nanosheets were prepared by only changing the type 

of precursors. 

 

2.3 Characterization 

An X-ray diffractometer (XRD, D/max 2500 V) was applied 

to examine the crystal structure of the samples. The 

morphology and energy dispersion spectroscopy (EDS) 

elemental mapping images of samples was analyzed using 

transmission electron microscopy (a JEM-2100F). To study 

the surface chemistry of these samples X-ray photoelectron 

spectroscopy (Escalab 250 Xi) was used. 

 

2.4 Electrochemical measurements 

All electrochemical measurements were performed with an 

Autolab PGSTAT-204 potentiostat equipped with Nova 2.13 

software. The HER performance of the catalysts was described 

using a conventional three-electrode electrochemical system 

in N2-saturated 1.0 M KOH or 0.5 M H2SO4 electrolytes. The 

working electrode was prepared by the following procedure: 

catalysts (5 mg) were dispersed in a mixture of alcohol (250 

μL), water (700 μL), and Nafion solution (50 μL, 5%) for 20 

min to form homogeneous catalyst inks. Then a certain amount 

of the catalyst ink was pipetted onto the surface of conductive 

carbon paper by several times so that the density of the catalyst 

on the surface of conductive carbon paper is 1 mg cm-2. The 

counter electrode was a graphite rod and the reference 

electrodes were Hg/HgO (1.0 M KOH) and Ag/AgCl (0.5 M 

H2SO4), respectively. All potentials applied in 1.0 M KOH 

were calibrated to RHE using the following equation: ERHE = 

EHg/HgO + 0.098 + 0.059× pH and all potentials applied in 0.5 

M H2SO4 were calibrated to RHE using the following equation: 

ERHE = EAg/AgCl + 0.197 + 0.059 × pH. For linear scanning 

voltammetry (LSV) measurements were performed with a 

sweep rate of 5 mV s-1, before which more than 30 cycles of 

cyclic voltammetry (CV) were performed to activate the 

prepared catalysts with a sweep rate of 50 mV s-1. The 

apparent Tafel slope was derived from the IR-corrected 

polarization curve by fitting experimental data to the equation 

η = a + b * log | j |, where η is the IR-corrected potential, a is 

the Tafel constant, b is the Tafel slope, and j is the current 

density. The electrochemical impedance spectroscopy (EIS) 

tests were measured by AC impedance spectroscopy at -0.1 V 

with a frequency ranging from 105 Hz to 0.1 Hz. An 

accelerating stability measurement was evaluated using 1000, 

2000, and 5000 continuous cycles from -0.05 to 0.2 V at a scan 

rate of 50  mV/s. The ECSA values were measured through 

CV in the selected non-faradaic range. The current densities 

have a linear relationship against different scan rates (10-60 

mV/s) and the values of the slop were considered as twice Cdl. 

CA tests were performed at a constant voltage of -1.002 V (vs. 

Hg/HgO) or -0.254 V (vs. Ag/AgCl) for 12 h in N2-saturated 

1.0 M KOH or 0.5 M H2SO4, separately. All polarization 

curves were 95% iR-corrected, all potentials were referenced 

to RHE and all measurements were performed at room 

temperature. 

 

3. Results and discussion  

3.1 Synthesis and morphology 

We propose a grinding-heating strategy for the synthesis of 

multi-metallic nanosheet catalysts to achieve an effective 

combination of multi-metallic components and two-

dimensional structures. As shown in Fig. 1a, the three metal 
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precursor powders were firstly dispersed homogeneously by 

grinding, and then the ground powders were heated in a muffle 

furnace at 290 ℃ for 90 min. The heated powder was rinsed 

with deionized water and ethanol and dried at room 

temperature to obtain PtRuMn. Both morphological and 

microstructural aspects of the PtRuMn catalyst were 

investigated by TEM. Figs. 1b-e shows TEM images of the 

PtRuMn catalyst at different magnifications, indicating that 

PtRuMn exhibits a two-dimensional nanosheet morphology. 

The lattice stripe spacing in the HR-TEM image (Fig. 1d) 

doesn’t correspond to any one of Pt, Ru, and Mn, which we 

speculate that the introduction of Ru and Mn into the lattice of 

Pt may result in a change in the crystal plane spacing as 

reported.[71] Furthermore, Figs. 1f-i displays the corresponding 

elemental mapping images of PtRuMn, confirming the 

presence and uniform distribution of Pt, Ru, Mn, and O 

elements in PtRuMn nanosheets. According to the TEM 

results, the catalyst (PtRuMn) possesses three metal elements 

and nanosheet characteristics.  

 

3.2 Structural characterizations 

The XRD pattern of PtRuMn shows three strong diffraction 

peaks at 40.00°, 46.54°, and 67.88°, located between the peaks 

of standard Pt (PDF# 04-0802) and Ru (PDF# 88-2333) in Fig. 

2a. The diffraction peaks of PtRuMn are shifted to higher 

angles in comparison to Pt/C, and this peak shift is suggested 

by previous studies to be caused by the alloying of PtRu. There 

are lattice field changes in PtRuMn and PtRu due to the similar 

electronegativity of Pt and Ru elements, with no transfer of 

valence electrons between them and only interaction between 

Ru and Pt atoms, causing lattice distortions.[71] Besides, the 

positive shift of the peaks implies the formation of 

compressive strain on the lattice, which is favorable for the 

adsorption/desorption of the reactants as well as for the 

catalytic enhancement. The weak Mn3O4 signals were also 

detected at 28.94°, 32.52°, and 36.10°, indicating the presence 

of Mn in PtRuMn in the form of Mn3O4.[72] 

The XPS measurements were performed to further 

determine the electronic structure and elemental valence of the 

prepared catalysts. In Fig. 2b, the XPS survey spectra verified 

the presence of elements Pt, Ru, Mn, and O in the PtRuMn 

nanosheets. PtRuMn shows two peaks at 71.3 eV (Pt 4f7/2) and 

74.6 eV (Pt 4f5/2) in Fig. 2c, which are negatively shifted by 

0.3 and 0.2 eV in PtRu and PtMn, indicating that Pt in PtRuMn 

possesses a lower electron density and higher valence than in 

PtRu and PtMn. The peak at 71.3 eV can be deconvoluted into 

 

Fig. 1 (a) The schematic illustration of the synthesis of PtRuMn. TEM images (b,e), HR-TEM images (c,d), and EDS elemental 

mappings (f-i) of PtRuMn. 
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Fig. 2 (a) XRD patterns of PtRuMn, PtRu, PtMn, and Pt/C catalysts. XPS spectra of(b) survey, (d) Pt 4f, (e) Ru 3d, and (f) Mn 2p for PtRuMn, 

PtRu, and PtMn. 

 

two peaks at 71.2 eV (Pt0) and 72.0 eV (Pt2+), and the peak at 

74.6 eV can be deconvoluted into two peaks at 74.5 eV (Pt0) 

and 75.4 eV (Pt 2+).[71-74] The Ru 3d spectrum in Fig. 2d shows 

that the peaks located at 280.7 eV and 284.7 eV in PtRu 

correspond to Ru 3d5/2 and Ru 3d3/2, which can be 

deconvoluted to reveal peaks for Ru0 (280.6 and 284.8 eV) and 

the partially oxidized Ru (282 and 286.7 eV). The XPS peaks 

of PtRuMn also exhibited a positive shift by 0.4 eV compared 

to PtRu, indicating that Ru in PtRuMn possesses a higher 

valence than in PtRu.[73] Fig. 2e presents the Mn 2p spectrum 

of PtRuMn at about 641.6 eV and 653.2 eV with peaks in the 

Mn 2p spectrum attributed to Mn 2p3/2 and Mn 2p1/2, the peak 

at 644 eV can be decomposed into two peaks at 641.5 eV 

(Mn3+) and 646.4 eV (Mn4+), while the signal at 653.2 eV 

corresponds to Mn3O4. The PtRuMn XPS peak has a negative 

shift by about 0.3 eV compared to PtMn, which implies the 

decrease of the chemical valence of Mn.[72,75,76] These XPS 

analyses revealed that PtRuMn has the strongest interaction 

between the metal atoms and that some Ru and Pt atoms are 

partially oxidized because of the charge transfer to Mn atoms.  

 

3.3 Electrochemical characterization 

The HER performance of the prefabricated catalysts under 

both the acidic and alkaline conditions was first evaluated. Fig. 

3a and Fig. 3d show the polarization curves recorded by linear 

sweep voltammetry (LSV) for all electrodes at a scan rate of 5 

mV s-1 in N2-saturated 1 M KOH electrolyte and 0.5 M H2SO4 

electrolyte. The results showed that PtRuMn exhibited the best 

HER activity in alkaline electrolytes, with overpotentials of 8 

mV and 41 mV at current densities of 10 mA cm-2 and 100 mA 

cm-2, which were smaller than those of PtRu (20 mV, 86 mV), 

PtMn (113 mV, 308 mV) and the commercial catalyst Pt/C (38 

mV, 163 mV), indicating that the polymetallic fraction could 

enhance HER activity. Similar results were obtained in the 

acidic electrolyte, where PtRuMn achieved current densities 

of 10 mA cm-2 and 100 mA cm-2 with low overpotentials of 6 

mV and 36 mV, superior to PtRu (26 mV, 65 mV), PtMn (33 

mV, 77 mV) and Pt/C (26 mV, 81 mV) catalysts (Fig. 3d). The 

Tafel slopes and charge-transfer resistances of these electrodes 

were investigated in acidic and alkaline environments to gain 

insight into the HER kinetic mechanism. Fig. 3b and Fig. 3e 

show that PtRuMn both exhibited the smallest Tafel slopes of 

20.11 mV dec-1 (0.5 M H2SO4) and 27.61 mV dec-1 (1 M 

KOH), which are lower than PtRu (26.92 mV dec-1, 50.96 mV 

dec-1), PtMn (36.21 mV dec-1, 100.99 mV dec-1) and Pt/C 

(27.88 mV dec-1, 60.14 mV dec-1), suggesting that the water 

dissociation kinetics have been substantially enhanced after 

the introduction of Ru and Mn. The electrochemical 

impedance spectroscopy (EIS) Fig. 3c and Fig. 3f show that 

PtRuMn presents the smallest semicircle associated with the 

charge-transfer resistance, which indicates the lowest charge-

transfer resistance in both acidic and alkaline conditions, one 

of the key factors affecting HER kinetics. The above results 

demonstrate that the enhancement of HER catalytic 

performance can be brought about due to the electronic 

coupling and synergistic effect between the polymetallic 
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Fig. 3 (a) LSV curves, (b) Tafel plots, and (c) Nyquist plots of PtRuMn, PtRu, PtMn, and Pt/C in 1.0 M KOH. (d) LSV curves, (e) 

Tafel plots, and (f) Nyquist plots of PtRuMn, PtRu, PtMn and Pt/C in 0.5 M H2SO4.  

 

components.  

Then, we fixed the heating temperature of the muffle 

furnace and changed the heating atmosphere to investigate the 

effect. We found that the overpotential, Tafel slope, and charge 

transfer resistance of PtRuMn-Ar are bigger under both the 

acidic and alkaline conditions when protective gas (Ar) was 

used during the heating process (Fig. 4). This reflects that the 

presence of O2 during the heating process can maximize the 

formation of metal-oxide-metal bonds in the samples thus 

enhancing the HER activity. 

 
Fig. 4 (a) LSV curves, (b) Tafel plots, and (c) Nyquist plots of PtRuMn-Air and PtRuMn-Ar in 1.0 M KOH. (d) LSV curves, (e) Tafel 

plots, and (f) Nyquist plots of PtRuMn-Air and PtRuMn-Ar in 0.5 M H2SO4.  
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Fig. 5 (a) current density versus scan rate plot of PtRuMn, PtRu, PtMn, and Pt/C in 1.0 M KOH. (b) current density versus scan rate 

plot of PtRuMn, PtRu, PtMn, and Pt/C in 0.5 M H2SO4.  

 

As electrochemical active surface area (ECSA) is also one 

of the major factors affecting HER performance, we evaluated 

the ECSA of the catalysts by the double-layer capacitance (Cdl) 

in alkaline or acidic environments, and Cdl has further obtained 

from the cyclic voltammetry (CV) curves of the catalysts (Fig. 

S1 and Fig. S2). The Cdl values of PtRuMn, PtRu, and PtMn 

with two-dimensional structures are larger than Pt/C catalysts, 

suggesting that the two-dimensional structures provide a 

larger active area for the catalysts (Figs. 5a and b), this result 

is as expected from our design of the catalyst structures.  

In addition, we examined the stability of PtRuMn in acidic 

and alkaline conditions by ADT, which showed negligible 

degradation after 1000, 2000, and 5000 CV cycles (Figs. 6a 

and c). PtRuMn was measured in CA tests for 12 h under both 

the acidic and alkaline conditions, further demonstrating its 

excellent stability (Figs. 6b and d).  

 
Fig. 6 (a, c) ADT tests, and (b, d) Accelerating degradation tests of PtRuMn by chronoamperometry. 
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4. Conclusions 

In summary, we have developed a simple and reliable 

grinding-heating preparation process and successfully 

synthesized multi-metallic component nanosheet materials. 

Based on the special morphological structure and the 

synergistic interaction between the multi-metal components, 

the PtRuMn exhibits excellent HER activity in both acidic and 

alkaline environments, with overpotentials of 41 mV (1 M 

KOH) or 36 mV (0.5 M H2SO4) at a current density of 100      

mA cm-2 and small Tafel slopes of 27.61 mV dec-1 (1 M KOH) 

or 20.11 mV dec-1 (0.5 M H2SO4). Experiments also 

demonstrated its long-term stability in acidic and alkaline 

environments. Thus, this work paves a promising way to 

improve the utilization of precious metals and to design and 

develop versatile high-performance catalysts. 
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