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A high entropy metallic—high entropy nonmetallic
community as a high performance electrocatalyst
for the oxygen evolution reaction and oxygen
reduction reactiont

Chunyan Zhang,? Hang Li,* Mengfei Su,? Shengfa Li,? Feng Gao {2 **
and Qingyi Lu (2 *2

The multi-element synergism in high-entropy materials (HEMs) provides great opportunities as multi-
functional catalysts or for the promotion of tandem reactions. Herein, a strategy that utilizes a high
entropy precursor is proposed to realize the formation of a unique high entropy metallic-high entropy
non-metallic community (HEM—-HENMC). Aminotriazole acts as a “bonding agent” for the high entropy
precursor, and not only binds the five metals Cr, Mn, Fe, Co and Ni together, but also introduces
nitrogen and carbon in situ. After simultaneous phosphorization and vulcanization and surface oxidation,
the unique HEM-HENMC containing five metals (Cr, Mn, Fe, Co and Ni) and five non-metals (C, N, O, P
and S) was successfully prepared. The synergistic effect of the various non-metal and metal ions imparts
the HEM-HENMC with excellent electrochemical activity. When used as an OER electrocatalyst, the
HEM—-HENMC exhibits a low overpotential of 211.9 mV (@10 mA cm™2) and has excellent stability for
over 25 h, while as an ORR electrocatalyst, a satisfactory initial voltage of 0.977 V, half wave potential of
0.841 V and excellent 25 h electrochemical stability are achieved. This work provides an important
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Introduction

The oxygen reduction/oxygen evolution reaction (ORR/OER) is
a key reaction in many energy storage and conversion applica-
tions, including metal-air cells, fuel cells, and electrolytic
cells.”” To date, a great deal of research has been conducted on
the development of efficient catalysts for the ORR and OER. Pt,
Ir and other noble metal-based catalysts currently offer the best
all-round performances, but their high cost and poor durability
obstructs their sustainable utilization across the energy sector.*
Therefore, developing efficient, durable and low-cost electro-
catalysts is very important for energy storage and conversion
applications, by either increasing the initial and half wave
potentials in the ORR or by decreasing the overpotential in the
OER.® Transition metal-based catalysts have recently emerged

“State Key Laboratory of Coordination Chemistry, Coordination Chemistry Institute,
Collaborative Innovation Center of Advanced Microstructures, School of Chemistry
and Chemical Engineering, Nanjing University, Nanjing 210023, P. R. China.
E-mail: qylu@nju.edu.cn

*Department of Materials Science and Engineering, Jiangsu Key Laboratory of Artificial
Functional Materials, Collaborative Innovation Center of Advanced Microstructures,
College of Engineering and Applied Sciences, Nanjing University, Nanjing 210023, P.
R. China. E-mail: fgao@nju.edu.cn

available. See DOL

+ Electronic  supplementary  information

https://doi.org/10.1039/d4sc05326e

(EST)

© 2024 The Author(s). Published by the Royal Society of Chemistry

research basis for the development of high entropy metallic-high entropy nonmetallic materials.

as promising candidates to fill this role due to their good elec-
trical conductivity and potentially good activity.*” However,
transition metal sulfide/phosphide compounds have poor
stability under high oxidation electrochemical conditions, for
example, they show thermodynamic instability, undergo struc-
tural and morphological deformation, and suffer from catalyst
detachment from the substrate.® Therefore, the design of
a transition metal-based catalyst with high catalytic activity and
excellent stability is the focus of current research in the field of
catalysis. One approach to create such novel materials is to
increase their chemical complexity.

High entropy materials (HEMs) contain at least five metallic
elements uniformly mixed into solid solutions, providing great
opportunities for materials discovery, performance optimiza-
tion, and advanced applications.” For example, the composi-
tional flexibility of HEMs allows the fine-tuning of catalytic
activity and selectivity, whilst the multi-element synergies in
HEMs provide a different range of adsorption sites and are ideal
for multistep tandem reactions or reactions requiring multi-
functional catalysts.’ In 2004, Yeh and Cantor almost simul-
taneously proposed the concept of high entropy alloys
(HEAs)."**> The “four core effects” including high entropy
effects, lattice distortion effects, slow diffusion effects and
“cocktail” effects give HEAs excellent properties and broad
application prospects in mechanics, magnetism, catalysis and
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other fields.” As a result of the in-depth study of HEMs, the
types of known high entropy nanomaterials have rapidly
developed from metal alloys to intermetallics, oxides, sulfides
and others.”"” Although high entropy compounds or HEAs
have achieved some excellent results in the field of electro-
catalysis, to synthesize high entropy compounds in a simple,
efficient and high-quality manner remains a daunting task for
the research community.*® Furthermore, studies of HEMs have
mostly focused on high entropy metallic oxides with only a few
on high entropy metallic phosphides and sulfides. In contrast to
high-entropy metallic compounds, high-entropy nonmetallic
systems have rarely been reported. But in fact, compounds
containing the same metal but different anions (e.g., C, N, O, P,
and S) show different electrochemical properties, and the
addition of one or more anions can effectively change their
physical or electronic structure to positively enhance the prop-
erties by increasing the number of active sites," enhancing the
stability,”® tuning the energy barrier,** and by other effects.***
Therefore, as another type of high entropy system, we put
forward the concept of the high entropy nonmetal system.
Tuning the catalyst-adsorbate interactions via multiple-
elemental synergies to adjust the charge state in multi-metal
compound holds much promise for enhancing catalytic
activity. High entropy nonmetallic ions also have certain
advantages over high entropy metal nanomaterials and are
worth further exploration.

Herein, a new concept of a “high entropy metallic-high
entropy nonmetallic community” (HEM-HENMC) is proposed
to design a high efficiency electrochemical catalyst. The
designed electrochemical catalyst contained five metals, Fe, Co,
Ni, Mn, and Cr, and five non-metals, C, N, O, P, and S, and can
be produced through a high entropy precursor strategy. The
high entropy metallic precursor is obtained by a simple sol-
vothermal method with aminotriazole acting as a “bonding
agent” to not only bind together the five metal species (Fe, Co,
Ni, Mn and Cr), but also introduce nitrogen and carbon at the
same time. The subsequent simultaneous phosphorization and
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vulcanization of the high entropy precursor successfully intro-
duces S and P, while surface oxidation achieves the introduction
of O. Therefore, a special HEM-HENMC with the co-existence of
ten elements (five metals, Fe, Co, Ni, Mn, and Cr and five non-
metals, C, N, O, P, and S) is successfully obtained. When used as
an OER electrocatalyst, the HEM-HENMC exhibits a low over-
potential of 211.9 mV (@10 mA cm ?), along with excellent
stability over 25 h without any overpotential increase. Moreover,
a satisfactory initial voltage of 0.977 V, a half wave potential of
0.841 V and an excellent 25 h electrochemical stability are
achieved in the ORR test. The outstanding electrochemical
activities of the HEM-HENMC can be attributed to the syner-
gistic interaction of the five metallic elements and five non-
metallic ones, and provides a new way of thinking for the
study of high entropy materials.

Results and discussion

In this study, the synthesis of the high entropy metallic-high
entropy nonmetallic community (HEM-HENMC) is achieved
through a very simple precursor method, as shown in Fig. 1a.
During the solvothermal synthesis of the precursor, amino-
triazole is used to bind five kinds of metals (Fe, Co, Ni, Mn and
Cr) together to form a spherical high entropy precursor. The use
of aminotriazole not only integrates the five kinds of metals
together, but also introduces nitrogen and carbon in situ, which
lays a foundation for the HEM-HENMC synthesis. In addition,
solvothermal treatment always leads to surface oxidation and
thus introduces oxygen to the precursor so that a high entropy
precursor containing C, N and O is successfully prepared. In
order to synthesize compounds containing more nonmetallic
ions, an upstream gas method is employed and a simultaneous
phosphorization and vulcanization of the high entropy
precursor is carried out to introduce sulfur and phosphorus
elements into the product. Compared with a previous M,S,
material containing only one metal element and one non-metal
element, we make unprecedented progress in introducing five

Fig. 1

(a) Schematic illustration of the formation process of the HEM—HENMC. (b) The metallic elements Cr, Mn, Fe, Co, and Ni occupy the cation

positions, and the non-metallic elements N, O, P, and S occupy the anion positions in the sulfide cell to form the HEM—-HENMC.
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metals to occupy the cation positions and different anions (N,
O, P, and S) to occupy the anion positions in the sulfide cell
structure with a carbon coating around the material, as shown
in Fig. 1b. Thus, a high entropy metallic-high entropy nonme-
tallic community (HEM-HENMC) is formed.

It is well known that HEMs exhibit excellent activity and
stability in catalysis due to their inherent synergistic effects and
high entropy.”® Of course, the morphology and composition of
HEMs also play a very important role. Scanning electron
microscopy (SEM, Fig. S1, ESIt) and transmission electron
microscopy (TEM, Fig. 2a) were used to explore the morphol-
ogies of the synthesized HEM-HENMC. It can be seen that the
HEM-HENMC has a spherical structure with sizes in the range
of 100-200 nm. As a catalyst, the spherical structure of the
material has the advantages of a large effective specific surface
area, stable structure and small size which is conducive to
charge transfer and ion transport. Fig. 2b and S21 show high-
resolution TEM (HRTEM) images of a single sphere, indi-
cating that the HEM-HENMC spheres are composed of many
nanoparticles with sizes of about 5 nm. Lattice spacings of
0.301 nm, 0.192 nm and 0.176 nm which correspond to the
(311), (511) and (440) facets of cubic Co,Sg, respectively, can be
easily detected and can be further verified in the corresponding
selected area electron diffraction (SAED) pattern in Fig. 2c.
Scanning TEM energy-dispersive X-ray spectroscopy (STEM-
EDX) elemental mapping was employed to demonstrate the
presence of 10 elements, as shown in Fig. 2d-m. As can be seen
from the figures, the five metals, Cr, Mn, Fe, Co and Ni, are
evenly distributed in the sample, and the five non-metals, C, N,
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O, P and S, are also detected. In order to introduce nitrogen and
carbon elements into the structure of the HEM-HENMC, ami-
notriazole is used as “bonding agent” to prepare high entropy
metal precursors via a solvothermal method. In addition, the
selection of a solvothermal method also has the advantage that
oxygen can be easily introduced into the system during this
process. Via the process of simultaneous phosphorization and
vulcanization of the high entropy metal precursor, phosphorus
and sulfur are successfully introduced into the high entropy
nonmetallic system. Astonishingly, the locations where the
phosphorus and sulfur elements are distributed are different.
The sulfur is distributed with the metals, which proves the
formation of metal-sulfide bonds, while the phosphorus not
only forms metal-phosphorus bonds, but also forms non-
metallic bonds with carbon, nitrogen and oxygen, which effec-
tively demonstrates the existence of high entropy nonmetallic
parts of the materials and will greatly improve the application
range and performances. Similarly, the EDX mappings for the
quaternary (MnFeCoNi)-high entropy nonmetal system and
ternary (FeCoNi)-high entropy nonmetal system are shown in
Fig. S3,T indicating that ternary and quaternary metallic high
entropy nonmetallic communities were also successfully
achieved.

The valence states of the metallic elements were examined
and X-ray photoelectron spectroscopy (XPS) was performed to
compare the HEM-HENMC with the quaternary (MnFeCoNi)-
high entropy nonmetal system and ternary (FeCoNi)-high
entropy nonmetal system (Fig. 3a-d and S4a-dt). The survey
XPS spectrum is shown in Fig. 3a, from which it can be seen that

Fig. 2 Structural characterization of the HEM-HENMC nanoparticles: (a) TEM image (inset is the enlarged image of the box); (b) HRTEM image;
(c) SAED pattern and (d—m) STEM-EDX elemental mappings, the scale bars are 100 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2024, 15, 19359-19368 | 19361


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05326e

Open Access Article. Published on 21 October 2024. Downloaded on 1/14/2026 4:49:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

all the 10 elements including five metals (Cr, Mn, Fe, Co and Ni)  are related to Mn 2p;,, and Mn 2p;,, of Mn**.#?* Both the Mn
and five non-metals (C, N, O, P and S) can be detected, further 2p;, and Mn 2p,,, peaks positively shift to higher binding
confirming the formation of the HEM-HENMC. Fig. 3b shows energies when compared to the quaternary(MnFeCoNi)/
the high-resolution Mn 2p XPS spectrum, in which the peaks ternary(FeCoNi) metallic-high entropy nonmetallic systems,
centered at 641.86 eV and 653.05 eV are arisen by Mn 2p3, and as shown in Fig. S4a.f In Fig. 3c, the Fe 2p;/, and Fe 2p,,, peaks
Mn 2p,/, of Mn>" whereas the peaks at 645.40 eV and 655.43 ¢V with binding energies of 708.21 and 721.02 eV indicate the
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Fig.3 (a) Full XPS survey spectrum; (b—k) high-resolution XPS spectra of (b) Mn 2p, (c) Fe 2p, (d) Co 2p, (e) Ni 2p, (f) Cr 2p, (g) N 1s, (h) P 2p, (i) O 1s,
(j) Cls and (k) S 2p for the HEM—HENMC; and (l) XRD pattern of the HEM—-HENMC.
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existence of Fe?" in the HEM-HENMC, while those at 712.36
and 724.98 eV reveal the existence of Fe®'.** As shown in
Fig. S4b,t the Fe 2p;,, peaks of the HEM-HENMC shift to higher
binding energies when compared to those of the
quaternary(MnFeCoNi)/ternary(FeCoNi) metallic-high entropy
nonmetallic system, which indicates that the Fe in the HEM-
HENMC exists in an electron-deficient state. Conversely,
compared with the quaternary(MnFeCoNi)/ternary(FeCoNi)
metallic-high entropy nonmetallic system, the Co 2p peaks of
the HEM-HENMC shift to lower binding energies, implying that
the Co exists in an electron-rich state (Fig. S4ct).'® In Fig. 3d of
the Co 2p XPS spectrum, the peaks at around 781.18 eV and
796.68 eV are related to Co 2p3,, and Co 2p4,, respectively. The
spin-orbit doublets situated at 783.58 and 798.18 eV can be
ascribed to Co®*, and those at 781.08 and 796.85 eV correspond
to the spin-orbit splitting of Co®".??® The intensity of the peaks
indicates that Co® is the dominant state of Co near the surface
of the HEM-HENMC sample, which is consistent with previous
reports.'® Similarly, in the Ni 2p XPS spectrum of the HEM-
HENMC (Fig. 3e), the peaks at 875.0 eV and 888.0 eV belong to
the 2p;/, and 2p;,, peaks of Ni**, while the peaks at 857.4 eV and
877.6 eV correspond to Ni**. Two additional satellite peaks at
861.9 eV and 881.7 eV are also observed.>**' Meanwhile, the
Ni*" 2ps/, peak appears at a lower binding energy in contrast
with the quaternary(MnFeCoNi)/ternary(FeCoNi) metallic-high
entropy nonmetallic system (Fig. S4dt). As shown in Fig. 3f, the
Cr 2p XPS spectrum can be fitted into three peaks, of which the
two at 578.19 and 586.89 eV are ascribed to Cr 2p;,, and Cr 2py,,
of Cr’", respectively.” The peak shifts in the Fe, Co, Ni, and
Mn spectra imply that Fe and Mn serve as electron donors to Co
and Ni, indicating a synergy effect among the metal species
which would be beneficial to oxygen electrocatalysis reactions
such as the OER.

It is also important to study the chemical state of the
nonmetallic elements in the HEM-HENMC. The high-
resolution N 1s, P 2p, O 1s, S 2p, and C 1s XPS spectra of the
HEM-HENMC are displayed in Fig. 3g-k. The high-resolution N
1s XPS spectrum in Fig. 3g shows the presence of three peaks,
which are assigned to the N-metal (398.3 eV), C-NH, (399.6 eV),
and N-P (401.5 eV) species.*** In recent years, heterogeneous
catalysts with M-N, sites (M = Fe, Co, Ni, etc.) on carbon
supports have emerged as promising catalysts. N-doped
metallic compounds have the key advantages of high metal
atom utilization efficiency, high intrinsic activity, and low
cost.***” Therefore, the nitrogen introduced from aminotriazole
forms metal-N bonds and also facilitates nitrogen doping
during the simultaneous phosphorization and vulcanization
process, both of which would positively promote the catalytic
performance of the material. The doped nitrogen in the HEM-
HENMC has a larger negative charge density than the metal
ions, resulting in a higher positive charge density of other
atoms in its vicinity, improving the chemisorption of O,, and
thus increasing the mobility of the electrons and catalytic
reaction efficiency.*® The P 2p high resolution XPS spectrum in
Fig. 3h can be deconvoluted into five peaks at 130.1, 131.1,
132.2,133.2, and 134.2 eV, and are caused by the P 2p;/, and P
2p12 peaks of the metal phosphides, and the formation of P-

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

metal, P-N, and P-O bonds, respectively.***** The P-O peak
should originate from the oxidized P species while the P-N peak
results from the process of simultaneous phosphorization and
vulcanization. The XPS results confirm that some P has been
doped into the carbon/nitrogen matrix during the high
temperature decomposition of aminotriazole to form C-P/N-P
bonds, thus adjusting the electronic structure and surface
polarity of the high entropy transition metal components,
enhancing the electronic interaction and electrical conductivity
of the HEM-HENMC, and thereby facilitating the improvement
of the related electrocatalytic performance.* This is further
demonstrated by O 1s and C 1s XPS spectra in Fig. 3i and j,
respectively. The O 1s spectrum displays a peak corresponding
to O>7/O~ with a binding energy at 531.5 eV and a peak corre-
sponding to O, with a binding energy at 533.8 eV, which could
come from ambient air.*"** The C 1s XPS spectrum in Fig. 3j can
be fitted and divided into three types of carbon bonds: aromatic-
linked carbon (C-C, 284.38 eV); oxygen single-bonds carbon (C-
0, 285.58 eV) and carbonyl carbon (C=0, 286.68 e¢V).**** The S
2p narrow scan is shown in Fig. 3k and can be divided into two
peaks at 163.68 and 162.08 eV corresponding to S 2p,/, and S
2pas2,® respectively, further proving that high entropy transition
metal sulfides were successfully prepared using this simple
method. The X-ray diffraction (XRD) pattern of the HEM-
HENMC is displayed in Fig. 31. The major diffraction peaks of
the HEM-HENMC could be indexed to the (311), (511), and
(440) planes of standard CosSg (PDF#03-0631). This result shows
that multiple metals replace some of the Co while multiple
nonmetals replace some of S in the lattice of the CosSg to create
a single-phase HEM-HENMC instead of individual binary
sulfides.'®*® The anions coordinate with each other, change the
surface structure, and increase the utilization efficiency of the
material, thus resulting in a great improvement in the catalytic
performance.

The electrocatalytic OER properties of the as-prepared HEM-
HENMC were evaluated using a typical three-electrode system
in a 1.0 M KOH electrolyte solution. A glassy carbon electrode
deposited with the catalyst, Hg/HgO and graphite are used as
the working electrode, the reference electrode, and the counter
electrode, respectively. In order to explore the influence of the
high entropy nonmetals in the HEM-HENMC on the material
properties, the OER performance was tested for the materials
containing the five metals but with different anions, as shown
in Fig. 4a. For uniform nomenclature, the HEM-HENMC is
designated as (CrMnFeCoNi)-P/S in the following expressions,
unless specifically mentioned. In the experiments, different
treatments of the same precursor can result in catalysts con-
taining different anions, which are described in detail in the
experimental section and Table S1.f In order to investigate
whether the structure of the obtained samples under different
treatment conditions was changed, the samples were charac-
terized using TEM and EDS. Fig. S51 displays the TEM images of
the samples. It can be observed that the structure of the four
catalyst samples is not significantly different from that of the
HEM-HENMC (Fig. 2a). Fig. S6-S91 show the EDS elemental
mappings of (CrMnFeCoNi)-P, (CrMnFeCoNi)-N,, (CrMnFe-
CoNi)-S, and (CrMnFeCoNi)-0,, showing that not only the five
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Fig. 4 OER performance: (a) LSV curves; (b) overpotentials at 10 mA cm™2; (c) Tafel slopes; (d) the current density against scan rates for esti-
mating Cq, values and (e) EIS spectra of the (CrMnFeCoNi)-P/S, (CrMnFeCoNi)-P, (CrMnFeCoNi)-N,, (CrMnFeCoNi)-S, (CrMnFeCoNi)-O, and
IrO, electrodes. (f) Long-time stability test of the HEM—HENMC at 20 mA cm™2 for 25 h.

metal ions are uniformly distributed on the surface of the
samples but also the various anions too. It turns out that
although the samples are obtained under different synthetic
conditions, their structures do not change significantly. All the
potentials obtained by the electrochemical workstation tests
were calibrated with respect to the RHE and corrected with 94%
iR-compensation unless otherwise specified (Fig. S107).
According to the test results, (CrMnFeCoNi)-P/S presents an
ultralow overpotential of 211.9 mV@10 mA cm > as compared
to IrO, (317.6 mV), which is a common criterion against which
OER activity is evaluated, suggesting that (CrMnFeCoNi)-P/S
has excellent OER performance. For the (CrMnFeCoNi)-O,
sample, which is obtained after direct calcination in oxygen, the
only anion in the obtained five-membered metal nanomaterial
is oxygen. OER tests show that when the current density is 10
mA cm™?, (CrMnFeCoNi)-O, exhibits an overpotential of
276.7 mV. The anions contained in the samples obtained after
vulcanization and calcination under a nitrogen atmosphere are
sulfur, carbon, nitrogen and oxygen ((CrMnFeCoNi)-S), and
carbon, nitrogen and oxygen ((CrMnFeCoNi)-N,), respectively.
In the OER tests, when the current density is 10 mA cm >, the
two nanomaterials have similar overpotentials of 247.2 mV and
243.9 mV. Compared with (CrMnFeCoNi)-O,, the overpotential
is about 30 mV lower at the same current density, indicating
that an increase in the number of anions present in the material
promotes the improvement of the OER performance. Similarly,
when the phosphorization material ((CrMnFeCoNi)-P) is tested
as the OER electrocatalyst, it shows a low overpotential of 234.9
mV@10 mV cm 2 The overpotentials of these catalysts are
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listed in Fig. 4b. As displayed in Fig. 4b, it can be visually
observed that the HEM-HENMC ((CrMnFeCoNi)-P/S) displays
the best OER performance with the lowest overpotential of 211.9
mV@10 mA cm 2, much lower than those of (CrMnFeCoNi)-P
(234.9 mV), (CrMnFeCoNi)-N, (243.9 mV), (CrMnFeCoNi)-S
(247.2 mV), (CrMnFeCoNi)-0, (276.7 mV) and IrO, (317.6 mV).
The different electrocatalytic performances of the catalysts ob-
tained following different high temperature treatments of the
same high entropy metal precursor are no doubt due to the
existence of different anions in the resulting materials. The
anions affect the free energy around the active sites, and the
presence of multiple anions increases the disorder of the cata-
lyst structure system, thus changing the adsorption energy of
the catalyst. Moreover, transition metal phosphides possess
good conductivity, variable compositions, and tunable hydroxyl
or water molecule bonding ability, which makes them prom-
ising materials for electrocatalysis. Thus, the high entropy
transition metal sulfide material doped with N and P displays
a stronger electron-rich area around the Fermi level, resulting in
higher electronic conductivity and enhanced -catalytic
performance.***

It can be seen from the above results that of the five-metal
compounds, the nanomaterial containing five anions shows
the best OER performance, because the five anions have
a synergistic effect to promote each other to improve the elec-
trochemical performance. From the obtained LSV curves, the
Tafel slopes in a current density range of 3.15-12.5 mA ¢cm >
were plotted, where a lower Tafel slope means faster OER
reaction kinetics.*® As represented in Fig. 4c, the Tafel slopes of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(CrMnFeCoNi)-P/S,  (CrMnFeCoNi)-P, (CrMnFeCoNi)-N,,
(CrMnFeCoNi)-S and (CrMnFeCoNi)-O, are evaluated as 74.16,
79.89, 133.47, 75.36, and 80.39 mV dec ', respectively. For
comparison, the commercial IrO, has a Tafel slope of 127.36 mV
dec™". All the results reveal that (CrMnFeCoNi)-P/S has the
lowest Tafel slope and the fastest OER reaction kinetics, further
demonstrating the advantages of the HEM-HENMC. To further
probe the electrochemical properties of the catalysts, the elec-
trochemical active surface area (ECSA) values of the samples
were estimated by examining the electrical-double layer capac-
itance (Cqy), as illustrated in Fig. 4d, while the CV curves used to
calculate the Cq; are shown in Fig. S11.F Accordingly, the largest
ECSA of the investigated electrocatalysts is that of (CrMnFe-
CoNi)-P/S with a value of 34.75 cm®. This value is much higher
than those of (CrMnFeCoNi)-P (23.83 cm?), (CrMnFeCoNi)-N,
(18.20 em?), (CrMnFeCoNi)-S (13.75 c¢m?), (CrMnFeCoNi)-O,
(3.18 cm?®) and IrO, (4.48 cm?®). The ECSA evaluation provides
a better understanding of the effects that the intrinsic interac-
tions of the metallic and nonmetallic elements in the commu-
nity structure have on the electrochemical properties. The ECSA
test results show that the active surface of the HEM-HENMC
electrode is the largest and can participate in the electro-
chemical reaction.*” In the HEM-HENMC catalyst, there are five
nonmetals that work together, resulting in increased disorder
in the material and thus increasing catalytic activity. In short,
the high entropy materials containing different kinds of
nonmetallic ions have different electrochemical activities,
which proves that the study of high entropy nonmetallic
materials has far-reaching significance in the field of
electrochemistry.

Electrochemical impedance spectroscopy (EIS) was utilized
to elucidate the charge transfer and capacitive processes within
various electrochemical systems. In this regard, the superior
conductivity of the HEM-HENMC (CrMnFeCoNi)-P/S is
confirmed via EIS analysis, as shown in Fig. 4e, with a charge
transfer resistance of around 2.5 Q that is lower than those of
(CrMnFeCoNi)-N, (3.0 Q), (CrMnFeCoNi)-P (4.5 Q), (CrtMnFe-
CoNi)-S (4.5 Q), (CrMnFeCoNi)-O, (5.3 Q) and IrO, (13.9 Q).
More importantly, the (CrMnFeCoNi)-P/S also exhibits long-
term stability without obvious degradation of the current
density at 1.45 V for nearly 25 h, as analyzed using chro-
noamperometry under OER conditions. As shown in Fig. 4f,
after 25 h of measurement, 100% of the initial current density is
maintained. In addition, it should be mentioned that the wavy
trend seen in the test curve in Fig. 4f may be caused by the large
temperature difference between day and night. In order to
further explore the stability of the HEM-HENMC at a higher
current density, the OER stability test was carried out at around
60 mA cm > for 24 hours. As shown in Fig. $12,1 the catalytic
stability of the HEM-HENMC is satisfactory even at high
current density and after 24 hours and the voltage retention rate
is 93.86%. The slight jitter in the curve after 12 hours is due to
the effect of the generated gas on the collection of the current
signal at high current density.

The electrocatalytic OER activity of the quinary-metal
(CrMnFeCoNi)-P/S is remarkably competitive and even shows
superior performance to that of commercial IrO,, demonstrating
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the state-of-the-art nature of the synthesized (CrMnFeCoNi)-P/S
nanoparticles. To evaluate the effect of the high entropy metals
on the OER performances, ternary (FeCoNi)-P/S, and quaternary
(MnFeCoNi)-P/S were tested as control groups. Fig. 5a shows the
linear sweep voltammetry (LSV) curves of (CrMnFeCoNi)-P/S,
(MnFeCoNi)-P/S, and (FeCoNi)-P/S. (CrMnFeCoNi)-P/S exhibits
an overpotential of 206 mV to reach a current density of 10 mA
em 2, which is 26 and 48 mV lower than those of (MnFeCoNi)-P/
S and (FeCoNi)-P/S, respectively. The specific values of the over-
potential in the OER test at a current density of 10 mA cm ™ are
shown in Fig. 5b, clearly revealing the positive effect the cocktail
of metals have on the OER performance. To further demonstrate
that the catalytic performance of the HEM-HENMC is repeatable,
we tested 20 different batches of the HEM-HENMC. The results
show that the overpotential of the HEM-HENMC at 10 mA cm >
can be stabilized in the range of 193-225 mV (Fig. S131). The
Tafel slope of (CrMnFeCoNi)-P/S derived from the LSV curve is
about 74.17 mV dec™ ", smaller than those of (MnFeCoNi)-P/S
(75.19 mV dec ') and (FeCoNi)-P/S (78.84 mV dec '), as shown
in Fig. 5c. In general, a smaller Tafel slope within a reasonable
range infers faster kinetics based on a similar mechanism. Thus,
the Tafel analysis supports the superior activity of our
(CrMnFeCoNi)-P/S catalyst for the OER. A comparison of the OER
performance in our work and recently reported transition metal
compounds can be found in Table S2.f The enhanced OER
activity of the quinary metal system is attributed to the fact that,
compared with the ternary and quaternary metal systems, the Mn
and Fe act as electron donors to make the Co and Ni more
electron rich, thus improving the activity of the electro-
catalyst.”>** The results of the EIS tests for (CtMnFeCoNi)-P/S,
(MnFeCoNi)-P/S, and (FeCoNi)-P/S shown in Fig. S14} further
reveals the higher conductivity of (CrMnFeCoNi)-P/S. The OER
activity increases with the number of metal elements present in
the material, and the synergistic effect of multiple metal ions can
adjust the electronic structure to regulate the optimal catalyst-
adsorbent interactions, so that the (CrMnFeCoNi)-P/S nano-
particles have the best electrochemical activity. This explains the
synergistic effect between the five anions and the five cations,
which is conducive to the improvement of the catalytic perfor-
mance of the HEM-HENMC. Firstly, the five cations (Cr, Mn, Fe,
Co, Ni) and four anions (N, O, P, S) occupy the Co and S positions
in the CooS; cell structure, respectively. Due to the different radii
of the various anions and cations, lattice distortion is caused,
thereby increasing the number of active catalytic sites in the
material. Secondly, peak shifts in the spectra of Fe, Co, Ni, and
Mn indicate that Fe and Mn become electron donors to Co and
Ni, indicating a synergistic effect between the metals that favors
oxygen electrocatalysis (Fig. S471). Finally, the XPS spectra prove
that the five nonmetals contain different bonds in the HEM-
HENMC. For example, the N forms N-metal (398.3 eV), C-NH,
(399.6 eV), and N-P (401.5 eV) bonds and the P forms P-metal, P-
N, and P-O bonds. This shows that interactions exist between the
five anions which can adjust the electronic structure and surface
polarity of the high entropy transition metal components, thus
enhancing the electronic interactions and electrical conductivity
of the HEM-HENMC, and thereby facilitating the improvement
of the related electrocatalytic performance.

Chem. Sci, 2024, 15, 19359-19368 | 19365


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05326e

Open Access Article. Published on 21 October 2024. Downloaded on 1/14/2026 4:49:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
(a) 80 (b) (c)04
254 -
_ —— (CrMnFeCoNi)-P/S 250+ ~ O: (CrMnFeCoNi-F/3
S ; a O (MnFeCoNi)-P/S
E 604 (MnFeCoNi)-P/S ) = O (FeCoNi)-P/S
3 —— (FeCoNi)-P/S Z 2001 x PELO
g A ¢ 34 — Fitting
= Z z
7 404 E 150 = 78.84 mV dec”
- £ g
5 20 £ 100+ 2 024  7519mV dec’
- b 5]
3 g 5 3 74.17 mV dec”
) 5
T T T 0- 0.1 T T T T
1.0 1.2 1.4 1.6 0 C‘_M“peCoN'\)‘:;’l‘S“FngNi)-PIS (‘:QC"N“_WS 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V vs. RHE) Log[j (mA em™)]
d € 1.4 F1.4
( A) 24 ——(CrMnFeCoNi)-P/S ( ) 1.14 O (CrMnFeCoNi)-P/S (f) mE,,
% —— (MnFeCoNi)-P/S O (MnFeCoNi)-P/S 124 mE, L 12
o —— (FeCoNi)-P/S ~ O (FeCoNi)-P/S 2,
0- ( g - .
K ——PUC 20% Z 0] o puc20% S 101 0.945 0995 | 408
= & ) 0.851 0,871 2
£ 24 5 s 0.8 0.754 r0.8 ¢
g z < &
b T, 091 Z. 0.6 Lo
8 A5 £ =) -
£ 5 0.4 Lo.4
S 61 087 6321 mV dec’!
. 0.2 Lo.2
67.32 mV dec’!
0.0 - .0
-8 T T T T T 0.7 T T T S PS5 o plS K o/
02 04 06 08 10 -1.0 0.5 0.0 0.5 10 M“‘recﬂs“z\‘;ecoﬂ‘\ @eco?“"ws prc 207
Voltage (V vs.RHE) Log [j (mA cm™)] © ¢

Fig. 5 OER performance. (a) LSV curves; (b) overpotentials at 10 mA cm™2 and (c) Tafel slopes of the (CrMnFeCoNi)-P/S, (MnFeCoNi)-P/S, and
(FeCoNi)—-P/S electrodes. ORR performance. (d) LSV curves, (e) Eyj» and Eqnset (vs. RHE) and (f) Tafel slopes of the (CrMnFeCoNi)-P/S, (MnFe-

CoNi)-P/S, (FeCoNi)-P/S and Pt/C 20% electrodes.

Rotating ring-disk electrode (RRDE) tests were performed to
assess the catalytic ORR performance of the as-synthesized
catalysts using a typical three-electrode system in 1 M KOH.
The cyclic voltammetry (CV) curves show that (CrMnFeCoNi)-P/
S exhibits an obvious O, reduction peak in the O,-saturated
electrolyte when compared with that obtained in the N,-satu-
rated solution (Fig. S157), suggesting that (CrMnFeCoNi)-P/S
possesses high intrinsic catalytic activity for the O, reduction
reaction. As shown in Fig. 5d, (CrMnFeCoNi)-P/S delivers an
impressive ORR onset potential (Eqpset) Of 0.977 V and half wave
potential (E;/,) of 0.841 V in LSV measurements, outperforming
(MnFeCoNi)-P/S (0.945 and 0.823 V, respectively) and (FeCoNi)-
P/S (0.851 and 0.754 V, respectively), and delivering values close
to those of commercial noble metal materials (Pt/C, 5%, 0.995
and 0.872 V, respectively). The specific values of the initial
potential and half wave potentials of the relevant materials are
shown in Fig. 5e. The outstanding ORR activity of (CrMnFe-
CoNi)-P/S is further exemplified by its low Tafel slope of
63.21 mV dec " (Fig. 5f), which is lower than those of Pt/C
(87.97 mV dec '), (MnFeCoNi)-P/S (66.85 mV dec ') and
(FeCoNi)-P/S (67.32 mV dec™"). The RRDE tests thus verify that
(CrMnFeCoNi)-P/S is an outstanding ORR catalyst under alka-
line conditions. Hydrogen peroxide (H,O,) yields during the
ORR were investigated using RRDE tests, allowing examination
of the ORR pathway. The LSV curves of (CrMnFeCoNi)-P/S at
different rotation speeds are shown in Fig. S16.1 (CrMnFe-
CoNi)-P/S shows a H,0, yield below 2% over a wide range of
potentials, whereas (MnFeCoNi)-P/S and (FeCoNi)-P/S produce
much higher H,0, yields (Fig. S171). As calculated from eqn
(Se1) and (Se2) in the ESI,t the average electron transfer number

19366 | Chem. Sci, 2024, 15, 19359-19368

for (CrMnFeCoNi)-P/S is =3.95 in the potential range from 0.2
to 0.8 V, indicating an unusually high selectivity for oxygen
reduction to OH™ via a 4-electron pathway. This result is
consistent with the calculation results from the Koutecky-Lev-
ich (KL) plots (Se3-Se5), where the average electron transfer
number for (CrMnFeCoNi)-P/S is close to 4.0 at all potentials
studied. In comparison, the control samples, (MnFeCoNi)-P/S
and (FeCoNi)-P/S, show inferior selectivity toward the 4-elec-
tron ORR pathway. The ORR stability of (CrMnFeCoNi)-P/S was
next investigated via chronoamperometry tests at a potential of
0.5 V (vs. RHE). (CrMnFeCoNi)-P/S exhibits a current retention
of 96.16% after 90 000 s test (Fig. S187), verifying the feasibility
of the prepared catalyst for long-term use. Comparison of the
ORR performance between the HEM-HENMC and other
recently reported transition metal compounds can be found in
Table S3,1 proving that the HEM-HENMC is one of the best
ORR electrocatalysts. In short, the catalysts containing different
types of metallic elements and nonmetallic elements show
different catalytic properties, and the HEM-HENMC, which
contains the most elements, exhibits the best electrochemical
activities, indicating that the different metallic and nonmetallic
ions increases the disorder of the structure and thus improves
the catalytic performance.

Conclusions

In summary, we synthesized homogeneously mixed and
entropy-stabilized HEM-HENMC nanoparticles through a facile
high entropy metallic precursor method to overcome the
immiscibility limits. The high entropy precursor contains five

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05326e

Open Access Article. Published on 21 October 2024. Downloaded on 1/14/2026 4:49:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

metallic elements, Cr, Mn, Fe, Co and Ni, coordinated with
aminotriazole, which contains C, N and O, and lays a founda-
tion for the synthesis of high entropy nonmetallic materials.
The high entropy nonmetallic system is further achieved by
a subsequent simultaneous phosphorization and vulcanization
process to introduce P and S. Thus, a unique high entropy
metallic-high entropy nonmetallic community of ten
elements (five metals, Fe, Co, Ni, Mn, and Cr and five
nonmetals, C, N, O, P, and S) is successfully obtained. When
tested as an OER catalyst, the as prepared HEM-HENMC with
10 elements demonstrates synergistic effects that achieve good
catalytic activity and long durability. In addition, during ORR
tests, the HEM-HENMC sample shows satisfactory electro-
chemical performance consistent with transition metal
compounds that do not contain precious metals. The HEM-
HENMC offers good potential for application as an electro-
catalyst while the synthesis method offers a general approach to
expand the compositional space of this class of materials. This
study therefore opens up a new door toward synthesizing not
only various high entropy metal compounds but also high
entropy nonmetal materials for a range of energy and catalysis
applications.
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