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A B S T R A C T

Medium- and high-entropy alloys (MEAs and HEAs) are the basis of unique electrocatalysts for hydrogen- 
evolution reactions (HERs) due to their tunable chemical compositions and microstructures. Here, various 
Cantor MEAs (CoFeNi, CoFeNiMn, CoFeNiCr) and a HEA (CoFeNiMnCr) made up of affordable non-noble 
transitional metals with different structures (primary matrix and secondary phases, grain sizes, lattice parame
ters) were successfully synthesized with an inert-gas melting process. A close correlation was established be
tween their physicochemical properties (elemental composition, microstructure, crystal structure) and the 
hydrogen-binding ability of the elements in the alloy on the electrocatalytic HER activity and stability in alka
line and acidic media. Advanced performances of electrocatalysts toward HERs were revealed in a specially 
designed electrochemical cell. Effectively identifying these electrocatalytic trends lays the groundwork for the 
strategic design of multi-component alloy electrocatalysts for practical HERs.

1. Introduction

Hydrogen energy is one of the pathways to a sustainable, low-carbon 
future [1]. At present, the majority of hydrogen gas (over 95 %) is 
produced from fossil fuels. However, this process causes serious envi
ronmental problems. The electrochemical water-splitting utilizing 
renewable energy sources (e.g. solar, wind) represents a promising 
method for producing high purity and environmentally friendly green 
hydrogen [2]. The process consists of two half-reactions, the cathodic 
hydrogen evolution reaction (HER) and the anionic oxygen evolution 
reaction (OER) [3]. The intense focus lies especially in the HER process 
in order to support the sustainable hydrogen economy. Until now, 
platinum (Pt) and Pt-based noble metals have been considered to be the 
best electrocatalysts for HER, but high costs and limited abundance limit 
their broader application [4]. Therefore, a lot of effort has been dedi
cated to developing an alternative, non-noble electrocatalyst with high 
catalytic activity and stability in alkaline and acidic conditions.

Recently, the so-called entropy alloys have attracted a lot of interest 

as new catalytic-material platforms due to their unique physical and 
chemical properties originating from their compositional and structural 
complexity. As such, they form entropy-stabilized solid solutions with 
sluggish diffusion and cocktailing effects. These materials also have a 
highly disordered structure and randomly distributed components, ad
vantageous for inducing fewer defects/vacant sites and strengthening 
the interaction between different atoms, which provides more active 
sites and promotes their activity, respectively [5,6]. All these features 
affect the electronic structure of the material, which is reflected in its 
catalytic properties, including the position of the d-band and the ability 
to bind hydrogen [7].

In this aspect, the Cantor medium- (MEA) and high-entropy alloys 
(HEA) show promising catalytic activity and stability toward electro
chemical HER. For example, CoFeNi nanoparticles on carbon nanofibers 
exhibited an overpotential of 410 mV at 100 mA/cm2 and a Tafel slope 
of 180.9 mV/dec in 1 M KOH [8]. F. McKay et al. [9] studied the po
tential application of arc melted, near equimolar CoCrFeNi for acidic 
HER, where the electrocatalyst showed an overpotential of 60 mV at 
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1 mA/cm2 relative to Pt and only minor dissolution of elements without 
significant loss of activity after 1000 cycles. However, there is still 
insufficient information about the effect of the elemental composition 
and microstructure of the entropy alloys on the HER in different media.

In this study, three MEAs (CoFeNi, CoFeNiMn, and CoFeNiCr) and 
one HEA (CoFeNiMnCr), all with face-centered cubic (FCC) structures, 
were synthesized by melting in a tube furnace with an inert atmosphere. 
The synthesized materials were used as electrocatalysts for a HER in 1 M 
KOH and 0.5 M H2SO4 media. Correlations between the physicochem
ical and electrocatalytic properties affecting the HER are presented and 
discussed.

2. Materials and methods

The MEA and HEA ingots were prepared (Fig. S1) by melting the 
metal mixture at 1550 ◦C for 1 h and then annealing at 1000 ◦C for 24 h 
under an argon atmosphere. The CoFeNi and CoFeNiMn ingots were 
then reannealed at 1000 ◦C for 30 min, while the CoFeNiCr and CoFe
NiMnCr were at 1000 ◦C for 1 h and cooled to 800 ◦C, and afterwards all 
alloys rapidly cooled in water. The ingots were then made into suitable 
electrodes with dimensions of 4×4×0.25 mm3. The phase and chemical 
structures of the prepared electrodes were elucidated with scanning 
electron microscopy (SEM, Verios G4 HP), energy-dispersive X-ray 
spectroscopy (EDXS, Ultim Max SDD 65 mm2) and X-ray diffraction 
(XRD, Malvern Panalytical Empyrean). The electrodes were then tested 
for an electrochemical HER using a PalmSens4 potentiostat (PalmSense 
BV) in a custom-designed, three-electrode cell (Fig. S2) with an in- 
house-developed graphite counter electrode and a reversible hydrogen 
electrode (RHE) as the reference electrode. The experiments were con
ducted in 1 M KOH and 0.5 M H2SO4 at approx. 20 ◦C. A detailed 
description of the material synthesis, preparation and characterization is 
presented in the Supplementary Information.

3. Results and discussion

3.1. Physical and chemical properties of the pristine MEAs and HEA

Configurational entropy (ΔSconf) plays a vital role in classifying a 
multi-component alloy as either high (>1.5 R), medium (1–1.5 R), or 
low entropy (<1 R) [10,11]. The SEM-EDXS data from Table 1. were 
used to estimate the ΔSconf values for the synthesized multi-component 
alloys. The calculated ΔSconf for the CoFeNi, CoFeNiMn, CoFeNiCr, and 
CoFeNiMnCr were 1.1 R, 1.38 R, 1.39 R, and 1.61 R, respectively. 
Therefore, CoFeNi, CoFeNiMn, and CoFeNiCr can be categorized as 
MEAs and CoFeNiMnCr as HEA.

The microstructural analysis (Fig. 1) showed that all the MEAs so
lidified into large grains of up to a few mm, whereas the HEA had smaller 
grains of up to a few hundred μm. The CoFeNi, CoFeNiMn, and CoFe
NiMnCr consisted of one primary matrix phase. The corresponding EDXS 
map analysis (insets of Fig. 1) of the elements comprising the matrix 
phase of the mentioned alloys confirmed the uniform distribution of the 
elements between and within the different grains on a larger scale. The 
HEA also had secondary phase particles in the shape of rods and blocks 
within the grains and at the grain boundaries. The SEM-EDXS map 

(insets of Fig. 1) of some particles showed enrichment in Cr and C, and 
depletion in Co, Fe, and Ni, while Mn was homogeneously distributed 
throughout the alloy. Other secondary particles were rich in Mn and O 
relative to other elements. The CoFeNiCr shows a more diverse micro
structure of two matrix phases and a randomly distributed secondary 
phase, rich in Cr and C on both matrixes. These secondary phases were 
later on evaluated with the XRD analysis and thus assigned to M23C6- 
type carbides and Mn2O3 oxides. Secondary phases are often reported 
for MEAs and HEAs due to impurities present in the raw materials as well 
as contamination during the synthesis [12]. A comprehensive explana
tion of the structure and the formation of secondary phases in these 
alloys is available in our previous publication [13]. In summary, Mn 
oxide particles are very likely to form in multi-component alloys con
taining Mn, because Mn ions have a high affinity for oxygen, resulting in 
a prioritized reaction with oxygen ions to form oxides [14]. Further
more, the metal ions (M) incorporated into the M23C6-type carbide are 
primarily Cr (due to its higher chemical affinity for carbon compared to 
the other elements), to a lesser extent Mn, and probably also other 
metals present in the alloy (according to theoretical studies) [15,16]. 
Quantitative results of the point SEM-EDXS analysis for matrix phases in 
all four investigated alloys are given in Table 1 and illustrated by a di
agram in Fig. S3. The measured concentrations of the constituting ele
ments (at%) in the matrix phases in CoFeNi, CoFeNiMn, and 
CoFeNiMnCr are in excellent agreement with the nominal compositions 
of the MEAs and HEA, confirming equiatomic, solid-solution alloy sys
tems [17]. In CoFeNiCr the first matrix phase also contains equal atomic 
portions of all four elements, whereas the second matrix phase is 
noticeably richer in Cr, by about 12 at% relative to the other elements, 
which implies the coexistence and stability of the equi- (Co25Fe25

Ni25Cr25) and non-equiatomic (Co22Fe22Ni22Cr34) phases within the 
synthesized CoFeNiCr alloy system.

Fig. 2 and Table S1 present the results of the XRD analysis for all the 
MEAs and HEA. The XRD patterns reveal that the CoFeNi, CoFeNiMn, 
and CoFeNiMnCr alloys exhibit a single face-centered cubic (FCC1) 
solid-solution structure with resolved (111), (200), (220), and (311) 
lattice planes. The XRD pattern of CoFeNiMnCr also shows a set of low- 
intensity reflections attributed to secondary phases of the cubic M23C6- 
type carbide and Mn2O3 oxide, as indicated by the SEM analysis. The 
CoFeNiCr is composed of two face-centered-cubic phases (FCC1 and 
FCC2) and M23C6-type carbides, identified by several weak reflections 
belonging to these impurity phases. The CoFeNi and CoFeNiCr have 
lower main phase reflection intensities in their XRD patterns compared 
to the CoFeNiMn and CoFeNiMnCr, which is attributed to the presence 
of larger grains, as confirmed by the SEM analysis, resulting in a smaller 
number of diffracting grains within the sample available for the XRD. 
The lattice constants of the FCC1 solid-solution phase for the CoFeNi, 
CoFeNiMn, and CoFeNiMnCr are 3.58 (1) Å, 3.61 (1) Å, and 3.60 (1) Å, 
respectively. For CoFeNiCr, the lattice parameters of the FCC1 and FCC2 
are 3.53 (1) Å and 3.56 (1) Å, respectively. Although the four alloys have 
the same FCC1 solid-solution matrix, the lattice constants differ 
depending on the compositional change. In particular, the addition of 
Mn induces a shift of the FCC1 diffraction peaks to lower angles, leading 
to an expansion of the lattice constant due to the relatively larger atomic 
size of the Mn compared to the other elements. On the other hand, the 
incorporation of Cr with a small atomic radius shrinks the lattice of the 
FCC1 solid-solution phase [18,19]. For CoFeNiCr containing both FCC1 
and FCC2 matrix phases, where FCC2 has a higher Cr content than the 
FCC1, the lattice constant tends to increase with an increased Cr content 
[20]. The lattice constants of our four alloys are comparable to the 
previous theoretical and experimental values reported by other re
searchers [9,21–23].

3.2. Electrochemical properties of MEAs and HEA electrocatalysts for 
HERs

The electrocatalytic capabilities of the MEAs and HEA for HERs were 

Table 1 
Chemical composition of solid-solution matrix phases (FCC1 and FCC2) in the 
MEAs and HEA using SEM-EDXS point analysis.

Composition (at%)

CoFeNi CoFeNiMn CoFeNiCr CoFeNiMnCr
FCC1 FCC1 FCC1 FCC2 FCC1

Co 30.9 ± 0.1 24.6 ± 0.5 25.7 ± 0.1 22.0 ± 0.1 20.4 ± 0.6
Fe 32.6 ± 0.1 24.4 ± 0.4 25.1 ± 0.2 22.3 ± 0.2 20.3 ± 0.1
Ni 33.5 ± 0.1 24.6 ± 0.1 25.1 ± 0.1 22.1 ± 0.1 20.0 ± 0.1
Mn / 26.4 ± 0.1 / / 19.0 ± 0.2
Cr / / 24.1 ± 0.3 33.6 ± 0.3 20.3 ± 0.5
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Fig. 1. SEM-BSE images and corresponding EDXS elemental maps of MEAs and HEA.
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investigated with linear sweep voltammetry (LSV), electrochemical 
impedance spectroscopy (EIS), cyclic voltammetry (CV) and chrono- 
amperometry (CA). All the HER kinetic parameters of the electro
catalysts in 1 M KOH and 0.5 M H2SO4 are presented in Table 2 and 
Fig. 3. Understanding the activity of the electrocatalysts for HER can be 
supported by the well-known Sabatier principle and a volcano plot [24]. 
The most active electrocatalysts should bind hydrogen atoms neither too 
strongly nor too weakly. Under these optimal conditions, the Gibbs free 
energy of hydrogen absorption (ΔG) should be zero, and the electro
catalyst should be located at the summit of the Sabatier volcano plot. 
The elements Co, Fe, and Ni have nearly the same negative ΔG and 
exhibit a relatively high hydrogen-binding ability (HBA). Cr has an even 
more negative ΔG than Co, Fe, and Ni, whereas Mn has a positive ΔG 
and thus a poor ability to bind hydrogen. Considering these, the HER 
kinetic parameters are evidently influenced by the composition and 

proportion of elements with different adsorption and desorption of 
hydrogen in the MEAs and HEA.

Synthesized electrocatalysts exhibited related overpotentials at 
10 mA/cm2 (η10) in 1 M KOH. However, there is a noticeable trend in 
the overpotential to be at its lower for CoFeNi (326 mV), similar for 
CoFeNiMn (335 mV) and CoFeNiCr (338 mV), and the highest for 
CoFeNiMnCr (345 mV). The electrochemical impedance behavior of all 
the MEAs and HEA could be elucidated with a simplified Randle 
equivalent circuit consisting of the electrolyte resistance (Rs), the 
charge-transfer resistance over the electrolyte-electrode interface (Rct), 
and the constant-phase element (CPE). The corresponding Rct followed 
the same trend as η10, i.e., CoFeNi (38.23 Ω) < CoFeNiMn (41.11 Ω) ≤
CoFeNiCr (42.00 Ω) < CoFeNiMnCr (47.49 Ω). On the contrary, double- 
layer capacitance (Cdl) and thus related electrochemical surface area 
(ECSA) are decreasing with increasing Rct of the alloys. The ECSA for 
CoFeNi, CoFeNiMn, CoFeNiCr and CoFeNiMnCr are 0.45, 0.32, 0.27, 
0.14, respectively. Presented electrochemical parameters are well 
interrelated. Surfaces with a higher ability to store charge in the elec
trical double layer (Cdl) formed at the interface between the electrode 
and electrolyte show larger surface areas with more available active 
sites (ECSA), which facilitate a more rapid electron transfer in reducing 
the resistance across the interface (Rct) and thus less energy (η10) is 
required to overcome the kinetic barrier of the HER process. Overall, the 
lower η10 and Rct, higher Cdl, and larger ECSA were reached with higher 
contents of the elements Co, Fe, and Ni in the alloy system. According to 
the Sabatier principle, Co, Fe, and Ni exhibited relatively high but 
seemingly optimal HBAs for an improved HER in our system. The 
addition of other elements, however, unbalanced the system for alkaline 
HER. An additional reason for the favorable electrochemical properties 
of compositions containing Cr could be that Cr is one of the most inert 
transition metals with respect to HERs because it forms a thin, protec
tive, oxide surface layer when standing in the air or in contact with 
water, resulting in a delay to the HER process [25]. In contrast, the Tafel 
slope was lower for CoFeNiCr (167 mV/dec) and CoFeNiMnCr 
(173 mV/dec), while it was higher for CoFeNi (192 mV/dec) and 
CoFeNiMn (194 mV/dec). A lower Tafel slope indicates faster reaction 
kinetics. Some experimental alkaline HER studies conducted on transi
tional ternary and binary metals also detected a lowering of the Tafel 
slopes when adding Cr with higher HBA [2,26]. Namely, the lower Tafel 
slope of the CoFeNiCr and CofeNiMnCr could be attributed to a pro
nounced synergetic effect between multiple primary and secondary 
phases. This synergy can be explained by the well-established spillover 
phenomenon involving the surface dynamics of adsorbed hydrogen at 
the electrode surface [27]. In CoFeNiCr, based on the Sabatier principle, 
the Cr-rich FCC2 phase has a stronger affinity for hydrogen and is thus 
more prone to hydrogen adsorption or the dissociation of water (Volmer 
reaction), while the equi-atomic FCC1 phase with less Cr than the FCC2 
phase and especially secondary carbides with a larger lattice constant 
[25] are more susceptible to hydrogen desorption (Heyrovski reaction). 
Thus, the H adatom is created on the FCC2 phase and rapidly migrates 
towards and reacts on the FCC1 and carbide phases to be released as 
molecular hydrogen. The spillover process has a positive effect on the 
delicate electron distribution to boost the dynamics of the reactions 
when starting and thus promoting the HER mechanism [28]. A similar 
situation applies to the CoFeNiMnCr, albeit to a lesser extent due to the 
presence of only one primary and carbide phases.

The electrocatalytic performance of the MEAs and HEA with respect 
to the HERs in 0.5 M H2SO4 differed from that in 1 M KOH. In terms of 
η10, the order of the electrocatalytic activity was as follows: CoFeNiMn 
(271 mV) > CoFeNi (299 mV) > CoFeNiMnCr (403 mV) > CoFeNiCr 
(486 mV). The differences in η10 for these compositions were also larger. 
Rct was very low for CoFeNiMn (14.44 Ω) and CoFeNi (15.11 Ω), 
whereas it was much higher for CoFeNiMnCr (63.01 Ω) and CoFeNiCr 
(85.00 Ω). Furthermore, the ECSA values decreased as opposed to η10 
and Rct (CoFeNiMn: 1.78, CoFeNi: 1.59, CoFeNiMnCr: 0.12, CoFeNiCr: 
0.06). The trend between the η10, Rct, Cdl and ECSA values coincided 

Fig. 2. XRD pattern of MEAs and HEA.

Table 2 
Electrochemical parameters of MEAs and HEA (η10: overpotential at 10 mA/ 
cm2, Rs: electrolyte resistance, Rct: charge-transfer resistance).

CoFeNi CoFeNiMn CoFeNiCr CoFeNiMnCr Pt

1 M KOH
η10 (mV vs. 
RHE)

326 335 338 345 281

Tafel slope (mV/ 
dec)

192 194 167 173 217

Rs (Ω) 40.0
Rct (Ω) 38.2 41.1 42.0 47.5 32.9
Cdl (μF/cm2) 17.90 12.60 10.90 5.52 24.30
ECSA 0.45 0.32 0.27 0.14 0.61

0.5 M H2SO4

η10 (mV vs. 
RHE)

299 271 486 403 128

Tafel slope (mV/ 
dec)

204 207 130 140 166

Rs (Ω) 30.0
Rct (Ω) 15.1 14.4 85.0 63.0 12.2
Cdl (μF/cm2) 55.80 62.40 1.95 4.07 76.95
ECSA 1.59 1.78 0.06 0.12 2.20
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Fig. 3. LSV (a), Tafel (b), Nyquist (c), and CA (d) graphs for all the MEAs and the HEA in 1 M KOH and 0.5 M H2SO4.
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with the ones observed in 1 M KOH. Adding elements with lower 
inertness and HBA resulted in a decreasing η10/Rct and increasing Cdl/ 
ECSA for acidic HER, similar to the alkaline HER. Furthermore, CoFeNi 
showed improved electrochemical properties in alkaline media 
compared to other alloys due to the aforementioned reason, whereas on 
the contrary, the superior behavior of CoFeNiMn in acidic media can be 
attributed to the sluggish nucleation of the surface and hence the for
mation also of a larger physical surface area during pre-activation step 
because of the presence of less stable Mn in an acidic environment, 
leading to a larger number of active sites to boost the HER process [29]. 
The Tafel slopes for CoFeNi, CoFeNiMn, CoFeNiCr, and CoFeNiMnCr in 
0.5 M H2SO4 were 204 mV/dec, 207 mV/dec, 130 mV/dec, and 
140 mV/dec, respectively. They followed the same trend as those in 1 M 
KOH; specifically, MEA and HEA with higher HBA elements decreased 
the Tafel slope. Moreover, the CoFeNi and CoFeNiMn with lower η10 
exhibited a higher Tafel slope and vice versa for the CoFeNiCr and 
CoFeNiMnCr. As in 1 M KOH, also in 0.5 M H2SO4, the lower Tafel slope 
exhibited CoFeNiCr and CoFeNiMnCr, attributed to their diverse 
microstructure.

Overall, electrochemical parameters indicated that the HER on all 
the MEAs and the HEA in both 1 M KOH and 0.5 M H2SO4 proceeded 
through the Volmer–Heyrovsky mechanism, with the Volmer reaction 
(electrochemical adsorption or water dissociation) being the rate- 
determining step. Additionally, CoFeNi and CoFeNiMn had a lower η10 
but a higher Tafel slope compared to CoFeNiCr and CoFeNiMnCr in both 
media, which suggests a trade-off between kinetic activity (energy 
input) and efficiency (conversion of the energy into reaction) in cata
lyzing the HER. Nevertheless, the prepared electrocatalysts showed 
similar or even better catalytic activity with respect to the HER than 
commercial Pt foil (Table 2 and Fig. 3) in our HER system. The HER 
performance was also compared with the recently reported CoFeNiXY 
(XY: Mn and/or Cr) catalysts, which are listed in Table S2.

The stability of all the MEAs and the HEA in both media was also 
tested via CA for 10 h. The results are shown in Fig. 2d. All the MEAs and 
HEA in 1 M KOH, as well as CoFeNiCr and CoFeNiMnCr in 0.5 M H2SO4, 
maintained a stable current density. In contrast, CoFeNi and CoFeNiMn 
retained only 90 % and 75 % of the current density in 0.5 M H2SO4, 
respectively. The SEM analysis (Fig. S4) after the stability test in 1 M 
KOH showed no changes in the surface structure of all the MEAs and 
HEA. Also, no metal ions were detected in the electrolyte when using an 
ICP-OES analysis (Table S3). These confirmed the good long-term sta
bility of all the MEAs and the HEA for alkaline HER. However, some 
surfaces of the MEAs and HEA after the stability test in 0.5 M H2SO4 
(Fig. S5) were nevertheless noticeably changed. Over the entire surfaces 
of the CoFeNi and CoFeNiMn there were etched imprints of H2 bubbles, 
while the CoFeNiCr and CoFeNiMnCr surfaces were only partially 
etched in areas with a higher density of secondary phases. The ICP-OES 
analysis (Table S3) showed the highest presence of metal ions in the 
acidic electrolyte for CoFeNiMn, half as much for CoFeNi, and moderate 
amount for CoFeNiMnCr and CoFeNiCr. Furthermore, the concentration 
of dissolved metal ions was equimolar for all the MEAs and the HEA, 
which probably originated from the electrochemical process itself to 
preserve the original atomic ratio of the elements in the electrocatalysts 
[30]. Based on these results, the compositions with Cr, especially 
CoFeNiCr, showed the best stability owing to the complex microstruc
ture and good corrosion resistance of Cr in acidic media, as described 
previously [31].

Nevertheless, the compositions without Cr showed an improved 
catalytic activity, while the compositions with Cr, and thus a more 
diverse microstructure, showed a higher catalytic efficiency and stabil
ity in both media. Choosing between a catalyst with better activity or 
better stability depends on a thorough evaluation of the specific re
quirements and constraints of the application. However, utilizing multi- 
component alloys as HER electrocatalysts could be an opportunity to 
choose between highlighted activity or stability, or even to find a proper 
balance between activity and stability by varying the elemental 

concentrations and compositions.

4. Conclusions

CoFeNi, CoFeNiMn, CoFeNiCr, and CoFeNiMnCr with crystalline 
structures were successfully prepared with a direct and simple inert-gas 
melting process. The prepared MEA and HEA electrocatalysts exhibited 
promising electrocatalytic activity, compared to Pt foil, for both alkaline 
and acidic HERs. The overall catalytic activity was described as a 
function of the interaction between the catalysts and reactive hydrogen 
intermediates. This relationship exhibited a trend in overpotential for 
alkaline and acidic media as follows: CoFeNi < CoFeNiMn <= CoFeNiCr 
< CoFeNiMnCr and CoFeNiMn < CoFeNi < CoFeNiMnCr < CoFeNiCr, 
respectively. The overpotential in alkaline media is mainly triggered by 
the proportion of Co, Fe, and Ni in the alloy since only this elemental 
combination demonstrated the optimal HBA for HER. In acidic media, 
all the elements contribute to the outcoming overpotential, which is 
improved when elements with higher HBA are selected. The Tafel slope 
followed the same trend in both media as CoFeNiCr < CoFeNiMnCr <
CoFeNi < CoFeNiMn. A lower Tafel slope is observed for alloys con
taining multiple phases in synergy, known as the spillover process. 
Furthermore, all the MEA and HEA electrocatalysts had excellent sta
bility in alkaline media, whereas the compositions with Cr showed 
favorable stability in acidic media due to the complex microstructures 
and elemental resistance. These findings highlight the uniqueness of 
entropy alloys for designing and utilizing good electrocatalysts with 
adjustable properties (activity and/or stability) for different HER 
systems.
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