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High-entropy materials (HEMs) have potential application value in
electrocatalytic water splitting because of their unique alloy design
concept and significant mixed entropy effect. Here, we synthesize a
high-entropy Ni—Fe—Cr—Mn-Co (oxy)hydroxide on nickel foam (NF) by
a solvothermal method. The flower-like structure of FeNiCrMnCoOOH/
NF can provide abundant active sites, thus improving the oxygen
evolution reaction (OER) activity. In 1 M KOH, the FeNiCrMnCoOOH/
NF shows an ultra-low overpotential (410) of 201 mV for the OER,
superior to FeNiCrMnAIOOH/NF, FeNiCrMnCuOOH/NF, FeNiCrMn-
MoOOH/NF, and FeNiCrMnCeOOH/NF. In addition, it exhibits a low
o of 223 mV in 0.5 M NaCl + 1 M KOH and excellent stability.
Electrochemical impedance spectroscopy measurements indicate that
the synergistic effect between multiple metals accelerates charge
transfer, while in situ Raman measurements reveal that NiOOH is a
key active species for the OER. This work is of great significance for the
construction of high-entropy (oxy)hydroxides for seawater electrolysis.

The world is moving in a low-carbon direction to solve the
problems of energy shortage and environmental pollution.
Hydrogen is one of the renewable energy sources used in
industry and the cleanest energy in the world." Electrolytic
water for hydrogen production is a promising technology for
the generation of clean fuel.” However, in the electrolytic water,
due to the slow 4-electron transfer process in the OER, higher
overpotential is required than that in the hydrogen evolution
reaction (HER).>® In addition, hydrogen production by water
electrolysis is mainly based on ultrapure fresh water as a raw
material, but its development is limited by the scarcity of global
fresh water resources. As one of the most abundant resources
on earth, seawater makes up 97% of the world’s water.” Hence,
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the development prospect of the application of electrolytic
seawater technology will become very broad.®® However, the
presence of ClI™ anions in seawater affects the electrolysis
of seawater, which may result in electrode degradation or
collapse, chloride ion corrosion and poor durability. Thus, it
is crucial to develop electrocatalysts that are inexpensive, have
good conductivity, and have high seawater corrosion resistance.

Transition metal-based (oxy)hydroxides have been widely
studied for the OER due to their excellent activity and regulable
three-dimensional electronic structures.'®™ Usually, multi-
metallic (oxy)hydroxides exhibit higher OER activity than
monometallic (oxy)hydroxides, mainly due to the heterostruc-
ture formed between different (oxy)hydroxides and the inter-
action between multiple elements that regulate the electronic
structure."*"® Jiang et al. prepared NiFe LDH/FeOOH hetero-
structured nanosheets by electrodeposition for seawater elec-
trolysis.’® The electron interaction between NiFe LDH and
FeOOH makes the NiFe LDH/FeOOH electrocatalyst have high
electrocatalytic activity. Under a simulated seawater system,
NiFe LDH/FeOOH needed an 7,9, of 286.2 mV.

HEMs have special properties due to their intrinsic effects.
The uniform mixing of multiple elements leads to the increase
of entropy and the decrease of the Gibbs free energy, increasing
the OER stability. Lai et al. prepared NiCoFeMnCrP high-
entropy nanoparticles by a combination of the sol-gel method
and calcination treatment."” As expected, with the increase of
the metal types, the OER activity of the phosphides was
gradually enhanced, and NiCoFeMnCrP exhibited an n4, of
270 mV. As (oxy)hydroxides are candidates for OER electroca-
talysts, and Fe, Ni, Cr, Mn, and Co are beneficial dopants,
high-entropy (oxy)hydroxides will achieve a great synergy effect
and have potential application value in the field of elec-
trolytic water.

Herein, we in situ synthesized a nanoflower-like high-entropy
FeNiCrMnCoOOH electrocatalyst on NF by a solvothermal
method. In 1 M KOH, the as-synthesized FeNiCrMnCoOOH/NF
exhibited high OER activity, which only needed an ultralow 7, of
201 mV. In 0.5 M NaCl + 1 M KOH, it showed a low #,, of 223 mV.
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Fig.1 (a) Schematic of the synthesis of FeNiCrMnCoOOH/NF. (b) and
(c) SEM images. (d) and (e) HRTEM images. (f) SEM image, and (g) elemental
mapping.

In particular, because of good structural stability, it exhibited
outstanding long-term stability without a significant change in
current density after 25 hours of continuous operation.

A high-entropy FeNiCrMnCoOOH/NF nanoflower catalyst
was synthesized by a clever and controllable solvothermal
strategy using a PVP-based structure directing surfactant
(Fig. 1a). The crystal structure of FeNiCrMnCoOOH/NF was
analyzed by X-ray diffraction (XRD). The strong diffraction
peaks at 44.7° and 51.9° are in accordance with the (111) and
(200) planes of NF.'® From the XRD results, FeNiCrMnCoOOH/
NF shows amorphous properties because no significant diffrac-
tion peak due to the (oxy)hydroxides can be observed (Fig. S1,
ESIt). From the SEM images, the FeNiCrMnCoOOH is uni-
formly decorated on the NF (Fig. S2 and S3, ESIt). As shown
in Fig. 1b and ¢, FeNiCrMnCoOOH/NF displays a nanoflower
morphology. The nanoflowers consist of ultrathin nanosheets,
and the ordered array of nanosheets forms a three-dimensional
structure, which can expose more active sites for adsorbing
and desorbing reaction intermediates. Meanwhile, from the
HRTEM images (Fig. 1d and e), no significant lattice fringe can
be seen, further verifying the poor crystallinity of FeNiCrMn-
CoOOH/NF. The element mapping shows that Fe, Ni, Cr, Mn,
Co and O elements are evenly distributed across the FeNiCr
MnCoOOH/NF (Fig. 1f and g). The metal content of FeNiCrMn-
CoOOH/NF was analyzed by ICP-OES. As shown in Table S1
(ESIt), the molar ratio of Fe, Ni, Cr, Mn, and Co elements
is approximately 1:1:1:1:1, implying that we have success-
fully synthesized a high-entropy FeNiCrMnCoOOH/NF electro-
catalyst.

Using a common three-electrode setup, the OER performance
was evaluated. As shown in Fig. 2a, FeNiCrMnCoOOH/NF shows a
low 710 of 201 mV, much lower than NiOOH/NF (367 mvV),
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Fig. 2 (a) LSV curves of NIOOH, NiIMNnOOH, FeNiMnOOH, FeNiCrMnOOH
and FeNiCrMnCoOOH. (b) Tafel plots. (c) EIS plots (inset: equivalent circuit
model corresponding to EIS data). (d) Chronoamperometric curve of the
FeNiCrMnCoOOH/NF.

NiMnOOH/NF (320 mV), FeNiMnOOH/NF (239 mV), FeNiCrM-
nOOH/NF (213 mV), and most (oxy)hydroxides reported previously
(Table S2, ESIt). As depicted in Fig. S4 (ESIt), the monotonous
enhancement of OER activity of the electrocatalysts from a
monometallic component to a pentametallic component is
observed. With the increase of the metal component, the electro-
nic structure and the entropy can be adjusted, thereby improving
the catalytic performance. Fig. 2b shows the Tafel slopes of the
electrocatalysts. The Tafel slope (31 mV dec™') of FeNiCrMn-
COOOH/NF is smaller than that of NIOOH/NF (118 mV dec™ ),
NiMnOOH/NF (89 mV dec '), FeNiMnOOH/NF (38 mV dec ),
and FeNiCrMnOOH/NF (35 mV dec '), demonstrating that
FeNiCrMnCoOOH/NF has the fastest OER kinetic process. In
addition, we have prepared a series of high-entropy (oxy)hydr-
oxides (FeNiCrMnAlOOH/NF, FeNiCrMnCuOOH/NF, FeNiCrMn-
MoOOH/NF and FeNiCrMnCeOOH/NF) and evaluated their OER
performance for comparison. As illustrated in Fig. S5 (ESIT), the
N1 on the FeNiCrMnAIOOH/NF, FeNiCrMnCuOOH/NF, FeNiCr
MnMoOOH/NF and FeNiCrMnCeOOH/NF is 316, 301, 280 and
266 mvV, respectively, which are all higher than that on the
FeNiCrMnCoOOH/NF. Meanwhile, the Tafel slopes of FeNiCrM-
nAIOOH/NF, FeNiCrMnCuOOH/NF, FeNiCrMnMoOOH/NF and
FeNiCrMnCeOOH/NF are 126, 58, 52 and 48 mV dec™ ", respec-
tively, which are larger than that of FeNiCrMnCoOOH/NF (Fig. S6,
ESIt). The simultaneous introduction of Co, Fe and Ni will lead to
lattice distortion and strong electronic interaction, which accel-
erates the adsorption of OER intermediates, thus facilitating the
0, evolution.*®

Electrochemical impedance spectroscopy (EIS) was used to
assess the catalyst’s intrinsic characteristics. As displayed in
Fig. 2c, the charge transfer resistance (R.) of the FeNiCrMn-
CoOOH/NF is only 2.3 Q ecm?, which is much smaller than that
of NiOOH/NF (19.2 Q cm?), NIMnOOH/NF (16.7 Q cm?), FeNiM-
nOOH/NF (11.8 Q cm?) and FeNiCrMnOOH/NF (6.1 Q cm?),
indicating that there is a strong electron interaction between

This journal is © The Royal Society of Chemistry 2023
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the five metals in the FeNiCrMnCoOOH/NF, improving the
charge transfer ability. The OER kinetic barriers on NiOOH/
NF, NiMnOOH/NF, FeNiMnOOH/NF, FeNiCrMnOOH/NF and
FeNiCrMnCoOOH/NF are determined using the Arrhenius
equation.’® Compared with NiOOH/NF (25.9 k] mol "), NiM-
nOOH/NF (21.8 k] mol™*), FeNiMnOOH/NF (18.7 k] mol ') and
FeNiCrMnOOH/NF (13.7 k] mol %), the OER energy barrier of
FeNiCrMnCoOOH/NF (12.4 k] mol ™) is much lower (Fig. S7
and S8, ESIf), meaning that FeNiCrMnCoOOH/NF has the
lowest kinetic resistance. The excellent OER performance of
FeNiCrMnCoOOH/NF was further analyzed by electrochemical
active surface area (ECSA), which reflects available active sites
on the catalyst surface. The ECSA of FeNiCrMnCoOOH/NF is
95 cm?® (Fig. S9, ESIT), much higher than that of NiOOH/NF
(53 cm?) (Fig. S10, ESIf), NiMnOOH/NF (56 cm?) (Fig. S11,
ESIt), FeNiMnOOH/NF (70 cm?) (Fig. S12, ESI{) and FeNi
CrMnOOH/NF (72 cm?) (Fig. S13, ESIY). In addition, the ECSA
of FeNiCrMnAIOOH/NF, FeNiCrMnCuOOH/NF, FeNiCrMnMoOOH/
NF and FeNiCrMnCeOOH/NF is 54, 80, 86 and 88 cm?, respectively
(Fig. S14-S17, ESIt). The unique flower-like structure of FeNiCrMn-
CoOOH/NF provides a large electrochemical active area, exposing
more available active sites. The chronoamperometric curve shows
that the FeNiCrMnCoOOH/NF can keep its catalytic activity during
25 h continuous testing in 1 M KOH solution (Fig. 2d), which can be
attributed to the self-supporting structure, improving the binding
force between the active FeNiCrMnCoOOH substance and the NF
support.

Due to excellent OER performance, the FeNiCrMnCoOOH/NF
was further evaluated in a simulated alkaline seawater system. As
displayed in Fig. S18a (ESIt), the #1o on the FeNiCrMnCoOOH/NF
in 0.5 M NaCl+1 M KOH, 1 M NaCl + 1 M KOH, and 1.5 M NaCl +
1 M KOH is 223, 234 and 231 mV, respectively. At the same time,
the Tafel slopes are 42, 48 and 44 mV dec ', respectively
(Fig. S18b, ESIY), indicating that FeNiCrMnCoOOH/NF still has
good catalytic activity in the alkaline seawater system. The R of
FeNiCrMnCoOOH/NF in 0.5 M NaCl +1 M KOH, 1 M NaCl + 1 M
KOH, and 1.5 M NaCl + 1 M KOH is 2.8, 4.7 and 3.5 Q cm?,
respectively (Fig. S18c, ESIT), slightly higher than that in pure
alkaline solution. Fig. S18d (ESIt) shows that FeNiCrMnCoOOH
has excellent stability after long-term OER operation in 0.5 M
NaCl + 1 M KOH electrolyte for 25 hours. In addition, the LSV
curves do not change greatly before and after stability testing.

To evaluate the potential application of FeNiCrMnCoOOH/
NF in electrolytic water, it was used as the anode and commer-
cial Pt/C was used as the cathode for constructing a two-
electrode system. As illustrated in Fig. S19a (ESI), the
FeNiCrMnCoOOH/NF| |Pt/C electrolyzer needs a cell voltage of
1.54 V to produce a current density of 10 mA cm™ 2, much
lower than that of the IrO,||Pt/C electrolyzer of 1.63 V. The
performance of the FeNiCrMnCoOOH/NF||Pt/C electrolyzer at
10 mA cm™? can be maintained for at least 25 hours without
significant degradation (Fig. S19b, ESI¥).

To probe the active species of FeNiCrMnCoOOH/NF for the
OER, we performed in situ Raman characterization. As illu-
strated in Fig. 3a, FeNiCrMnCoOOH/NF shows two major
Raman signals at 476 and 560 cm ™", which can be attributed

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) In situ Raman spectra collected on the FeNiCrMnCoOOH/NF
electrode. XPS spectrum of (b) Fe 2p, (c) Ni 2p, (d) Cr 2p, (e) Mn 2p and (f)
Co 2p for FeNiCrMnCoOOH/NF before and after the OER.

to the NiOOH species.”’ With increasing the applied potential,
the peak intensity at 476 cm ™" increases significantly, indicat-
ing that the NiOOH species should be involved in the OER
and is a main active species. Moreover, no signals due to other
M-OOH intermediates are observed, further suggesting that the
Ni site is the active site in the system. To better comprehend the
elemental compositions on the catalyst surface and their
valence states, the XPS spectra of the FeNiCrMnCoOOH/NF
before and after OER testing were analyzed. As exhibited in
Fig. S20 (ESIY), Fe, Co, Ni, Cr, Mn and O elements are detected.
Fig. 3b-f exhibits the fitted XPS spectra of each element before
and after the OER. The Fe 2p spectra can be split into Fe 2p4,
(726.9 eV) and Fe 2ps;, (712.6 eV) (Fig. 3b), characteristic of
Fe®",?* and Fe 2p,,, (728.7 V) and Fe 2p;, (715 eV), attributed
to Fe*". After the OER, the ratio of Fe*'/Fe*" becomes smaller,
indicating that Fe** is partially oxidized to Fe®'. The Ni 2p
spectra are deconvoluted into two main contributions (Fig. 3c),
corresponding to Ni** and Ni**. After the OER, the relative
percentage of Ni** content significantly increases, representing
that the conversion of nickel species to (oxy)hydroxides in
consistent with those obtained by in situ Raman. Fig. 3d
exhibits that the two fitting peaks at 577.9 and 587 eV corre-
spond to Cr’*, and the other fitting peaks can be ascribed to
Cr®. After the OER, the percentage of Cr°" significantly
increases. The binding energies of Mn 2p;,, at 640.3 eV and
643.8 eV correspond to Mn** and Mn**, respectively (Fig. 3e).
After the OER, the Mn 2p;, peak moves to a lower binding
energy, implying the increase of the Mn®" content. The Co 2p
XPS spectra show two double peaks related to the Co®>" and Co**
chemical environments. After the OER, the full Co 2p XPS
spectrum shifts significantly to lower binding energies
(Fig. 3f) and the Co**/Co*" ratio rises, indicating the formation
of CoOOH species on the HEM surface.**** The CoOOH
generated during the OER can stabilize the OH™ on the catalyst
surface, increase the conductivity and improve the charge
transfer ability. The O 1s spectra show three peaks at 531.5,
532.2 and 533.9 eV, attributable to M-O, hydroxyl groups, and
the adsorbed water, respectively (Fig. $21, ESI}).>>?® The
M-OH/M-O ratio increases after OER activation, revealing the
formation of M—~OOH in the FeNiCrMnCoOOH/NF.*>” The XPS
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results indicate that after the OER, the electronic structure is
adjusted due to the interaction between various elements,
resulting in a shift in binding energy. After the reaction, the
percentage of Fe**, Ni**, Co®" and Cr®" content increases
significantly, and the presence of large amounts of Fe*", Ni**,
Co®" and Cr®" has a strong oxidation capacity, which is con-
ducive to improving the OER performance. The morphology of
the catalyst after the OER was characterized by SEM. As
illustrated in Fig. S22 (ESIt), the nanoflower-like morphology
remains well, showing that the structure of FeNiCrMnCoOOH/
NF is stable and no surface damage occurred during the OER.

In conclusion, we have successfully constructed a high-
entropy nanoflower-like FeNiCrMnCoOOH/NF by a facile sol-
vothermal method for high-efficiency OER. The FeNiCrMn-
CoOOH/NF showed remarkable OER activity in 1 M KOH and
in 0.5 M NaCl + 1 M KOH, with an #5,, of 201 and 223 mV,
respectively, and excellent stability. The excellent OER perfor-
mance can be attributed to the special flower-like structure
providing more reaction sites, and the synergistic effect
between the pentametallic components accelerating the charge
transfer and reducing the reaction barrier, thereby improving
the electrocatalytic performance. In situ Raman analysis reveals
that NiOOH is a main active species for the OER.
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