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Abstract: The development of high-entropy anodes, known for their excellent catalytic activity for
water oxidation, can depress the energy consumption of hydrogen production by water electrolysis.
However, the complex preparation methods and poor stability hindered their practical application.
In this work, a one-step co-precipitation method has been modified to rapidly synthesize ultrathin
high-entropy layered double hydroxide containing Ni, Co, Fe, Cr, Zn. Through the rational selection
of metal elements, the stability of the optimized anode under Ampere-level current density has
been significantly improved. Compared to NiFe-LDH, the active site leaching of high-entropy LDH
is reduced by 42.7%, and as a result, it achieves a performance decay that is approximately eight
times lower than that of NiFe-LDH. Experiment results show that the active sites in the high-entropy
LDH can maintain a relatively low oxidation state both before and after activation, thus preventing
material deactivation caused by excessive oxidation.

Keywords: high entropy; layered double hydroxides; oxygen evolution reaction

1. Introduction

Hydrogen production through water splitting is recognized as an effective solution to
the global energy crisis [1]. However, the sluggish kinetics of the oxygen evolution reaction
(OER) at the anode side result in increased energy consumption, posing a significant
obstacle to its widespread implementation [2–5]. Therefore, the search for electrocatalysts
with excellent OER performance to meet the needs of the future is one of the fundamental
driving forces in the materials science community [6–8].

Layered double hydroxide (LDH) is a typical two-dimensional layered structure con-
sisting of positively charged octahedral hydroxide layers, interlayer anions and interlayer
water [9–11]. The adjustable metal cations and exchangeable interlayer anions deliver
flexibility to LDHs catalysts, which are considered as catalysts with great application
prospects. In various previous studies, it was found that using different exfoliation strate-
gies to achieve the ultrathin layer or even single-layer structure of LDH could expose more
active sites and thus enhance the activity [12–14]. In addition, the exploration of ternary,
quaternary or even high-entropy polymetallic LDH also provides another optimization
strategy [15,16]. With the adjustment of and increase in metal ion types, polymetallic LDH
outperforms traditional binary LDH. High-entropy material uses the high configurational
entropy of the structure itself to stabilize the lattice structure of the material, and can
stabilize the Gibbs free energy of the system, being more structurally stable to low-entropy
materials [17–19]. In recent years, it has been found that high-entropy materials have slow
diffusion, lattice distortion, cocktail effect and so on [20]. Studies on high-entropy material
(HEM) have been carried out on high-entropy oxides [21–23], high-entropy nitrides [24],
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high-entropy carbides and other materials [25]. With this in mind, combining the partic-
ularity of the high-entropy structure with the adjustability of LDH, it will be possible to
obtain a fascinating new type of water oxidation electrocatalyst.

In this work, ultrathin high-entropy layered double hydroxides containing Ni, Co,
Fe, Zn, Cr (U-NiFeZnCoCr-LDH) were prepared by a modified co-precipitation method.
By introducing formamide (FA) during synthesis, the thickness was controlled at approxi-
mately 2 nm. Through the rational selection of metal elements, the dual-improvement of
activity and stability was achieved in U-NiFeZnCoCr-LDH, which operates stably for 180 h
at 800 mA cm−2. ICP-MS results show that the dissolution of active sites during stability
testing is reduced by 42.7% compared to NiFe-LDH, demonstrating the industrialization
potential of this material.

2. Results

The synthesis of ultrathin layered double hydroxides (LDH) can be achieved through
bottom-up and top-down methods. The bottom-up approach typically entails the prepara-
tion of multilayer LDH followed by the separation of the layers using exfoliation techniques.
This method involves multiple steps and is associated with high costs for the exfoliation
step. In contrast, the top-down method involves the control of conditions for the nucleation
and growth of LDH to spontaneously form ultrathin structures. Therefore, although the
top-down method has lower cost, it is usually more complex.

In this work, the ultrathin high-entropy NiFeZnCoCr-LDH was synthesized using a
facile bottom-up method (Figure 1a). The synthesis method represents a modification of
the co-precipitation technique. Solution A comprises multiple M(NO3)n species (M=Ni,
Fe, Zn, Co, Cr), whereas solution B consists of a 1 M NaOH solution. In the conventional
co-precipitation method, solution C typically consists of an aqueous solution of sodium
carbonate. This facilitates the incorporation of carbonate ions into the interlayers of LDH
during its nucleation and growth, resulting in the formation of a more stable structure.
But in this modified synthesis method, the sodium carbonate in solution C is replaced
with sodium nitrate, enabling the insertion of nitrate ions. Moreover, formamide (FA)
was employed in solution C to facilitate the spontaneous exfoliation of LDH while it was
growing [11–13].

By controlling the presence or absence of FA in solution C, NiFeZnCoCr-LDH and
U-NiFeZnCoCr-LDH can be synthesized, respectively. The X-ray diffraction patterns (XRD,
Figure 1b) of both samples exhibit similar diffraction peaks to those of NiFe-LDH (JCPDS
#40-0215), with signals at 11.4 and 23.0◦ attributed to the (003) and (006) planes, respectively,
which result from the layered stacking of monolayer LDH. Due to the reduced thickness of
U-NiFeZnCoCr-LDH along the c axial direction, the intensity of the aforementioned diffrac-
tion peaks is significantly weaker than that of NiFeZnCoCr-LDH. Additionally, the signals
attributed to the (012) and (110) planes, corresponding to the in-plane facets, demonstrate
no significant changes, indicating that the decreased intensity of (003) and (006) is not a re-
sult of reduced crystallinity in U-NiFeZnCoCr-LDH. High-resolution transmission electron
microscopy (HRTEM) images reveal lattice fringes with a width of 0.27 nm, corresponding
to the (101) plane, further confirming the successful synthesis of U-NiFeZnCoCr-LDH and
bolstering the conclusions drawn from XRD. Atomic force microscopy (AFM) was used
to measure the dimensions of U-NiFeZnCoCr-LDH, as depicted in Figure 1d. Individual
nanosheets exhibit a width of approximately 100 nm and a thickness of only about 2 nm.
This finding suggests that U-NiFeZnCoCr-LDH is highly dispersed following exfoliation,
leading to a substantial increase in specific surface area and promoting the exposure of
highly active sites during electrocatalytic OER.
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Figure 1. (a) Synthetic scheme of U-NiFeZnCoCr-LDH, (b) XRD patterns of NiFeZnCoCr-LDH and 
U-NiFeZnCoCr-LDH, (c) HRTEM image, (d) AFM image, (e) The atomic ratio, (f) SEM image and 
the corresponding EDS elemental mapping of U-NiFeZnCoCr-LDH. 
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tively. Among them, Ni, Zn and Co are divalent metal elements (M2+), while Fe and Cr are 
trivalent metal elements (M3+). Therefore, the ratio of M2+/M3+ in the material can be calcu-
lated to be approximately 73/27. This result is consistent with the M2+/M3+ ratio previously 
mentioned in the XRD analysis with JCPDS #40-0215 (Ni0.75Fe0.25(CO3)0.125(OH)2·0.38H2O). 
Furthermore, EDS elemental mapping in Figure 1f further confirms that the metal ele-
ments are uniformly dispersed without phase separation. 
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EDS-mapping results further demonstrated the uniform distribution of various metal el-
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corresponding EDS elemental mapping of U-NiFeZnCoCr-LDH.

The proportion of various metal elements in U-NiFeZnCoCr-LDH was verified by
energy-dispersive X-ray spectroscopy (EDS, Figure 1e). The results indicate that Ni, Fe, Zn,
Co and Cr account for 22.2%, 14.0%, 28.2%, 22.3% and 13.3% (atomic ratio), respectively.
Among them, Ni, Zn and Co are divalent metal elements (M2+), while Fe and Cr are trivalent
metal elements (M3+). Therefore, the ratio of M2+/M3+ in the material can be calculated
to be approximately 73/27. This result is consistent with the M2+/M3+ ratio previously
mentioned in the XRD analysis with JCPDS #40-0215 (Ni0.75Fe0.25(CO3)0.125(OH)2·0.38H2O).
Furthermore, EDS elemental mapping in Figure 1f further confirms that the metal elements
are uniformly dispersed without phase separation.

To illustrate the versatility of this synthesis method, ultrathin NiFeZnCoAl-LDH and
NiFeZnCoMn-LDH were synthesized using the same approach. XRD patterns in Figure S1
also revealed weak signals for (003) and (006). Furthermore, as shown in Figure S2,
EDS-mapping results further demonstrated the uniform distribution of various metal
elements. These findings confirm the successful synthesis of U-NiFeZnCoAl-LDH and
U-NiFeZnCoMn-LDH, indicating the scalability of this modified co-precipitation method.

Fourier transform infrared spectroscopy (FTIR) was utilized to gather additional
information about the surface coordination environment. As shown in Figure 2a, both
NiFeZnCoCr-LDH and U-NiFeZnCoCr-LDH exhibit similar N-O stretching vibrations
at 1384 cm−1, indicating the introduction of nitrate intercalation during synthesis [26].
However, U-NiFeZnCoCr-LDH displays a distinctive C=O stretching vibration peak at
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1692 cm−1, attributed to the amide group of FA [27]. The existence of this vibration
signal suggests that the introduced formamide partially replaced NO3

− and penetrated the
interlayer, resulting in the LDH exfoliation and formation of the ultrathin LDH structure.
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Figure 2. (a) FTIR spectra, and high-resolution XPS spectra of (b) Ni 2p, (c) Co 2p and (d) Fe 2p of
NiFeZnCoCr-LDH and U-NiFeZnCoCr-LDH.

The addition of FA not only induces changes in material thickness but also brings
about alterations in the electron density around the metal elements due to its inherent
reducibility. As illustrated in the high-resolution X-ray photoelectron spectroscopy (XPS)
spectra of the Ni 2p orbitals (Figure 2b), the signals attributed to Ni2+ 2p3/2 (approximately
857 eV) and Ni2+ 2p1/2 (approximately 874 eV) in U-NiFeZnCoCr-LDH [28] demonstrate
a notable shift toward lower binding energy (B.E.) compared to NiFeZnCoCr-LDH, by
approximately 1.14 eV. Likewise, the Co 2p (Figure 2c) and Zn 2p (Figure S3) signals also
exhibit negative shifts by 1.09 eV and 1.03 eV, respectively [29]. This outcome indicates
that M2+ is susceptible to the reducing environment created by FA, resulting in an increase
in the electron density around it and maintaining a lower oxidation state. In contrast,
the high-resolution XPS spectra of Fe 2p (Figure 2d) and Cr 2p (Figure S4) show a very
slight trend of signal shift toward lower B.E., suggesting that M3+ is almost unaffected
by FA [30,31]. It is widely recognized that the active sites of NiFe-LDH are prone to
being excessively oxidized and dissolved during the OER process, contributing to the poor
stability of NiFe-LDH. The introduction of FA induces an electron rearrangement, which
is anticipated to maintain the active sites of the electrocatalyst at lower oxidation states
during OER, thereby enhancing stability.

The OER performance of U-NiFeZnCoCr-LDH was evaluated in an alkaline elec-
trolyte (1 M KOH) using a conventional three-electrode system. The polarization curves in
Figure 3a illustrate that U-NiFeZnCoCr-LDH exhibits outstanding activity, achieving a cur-
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rent density of 10 mA cm−2 with an overpotential of only 268 mV. In contrast, NiFeZnCoCr-
LDH and NiFe-LDH require overpotentials of 310 mV and 337 mV, respectively. Addition-
ally, the polarization curve of bare nickel foam is depicted in Figure S5a, with its associated
redox peaks, illustrated in Figure S5b, to determine the background current. The redox
peaks corresponding to Ni2+/Ni3+ were detected from 1.1–1.6 V vs. RHE. Notably, no redox
peaks for Ni0/Ni2+ were observed within the tested voltage range due to their occurrence
typically around −0.257 V vs. RHE.
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polarization curves NiFe-LDH, NiFeZnCoCr-LDH and U-NiFeZnCoCr-LDH.

As depicted in Figure 3b, U-NiFeZnCoCr-LDH (42.2 mV dec−1) and NiFeZnCoCr-
LDH (47.2 mV dec−1) display similar Tafel slopes, both significantly lower than that of NiFe-
LDH (78.7 mV dec−1). This suggests that these two high-entropy LDHs exhibit superior
OER reaction kinetics compared to low-entropy LDHs. The enhanced electrocatalytic
activity can be attributed to their intrinsic high configurational disorder, which facilitates
favorable interactions between the active sites and reaction intermediates [32,33].

Subsequently, the double-layer capacitance (Cdl, as shown in Figures 3c and S6)
was utilized to determine the electrochemically active surface area (ECSA) of these three
samples. Notably, U-NiFeZnCoCr-LDH exhibited the highest Cdl (1.08 mF cm−2), nearly
double that of NiFeZnCoCr-LDH (0.54 mF cm−2). This observation elucidates the similar
Tafel slopes of these two high-entropy LDHs, despite significant differences in overpotential.
In contrast, NiFe-LDH displayed a much lower Cdl (only 0.37 mF cm−2) compared to U-
NiFeZnCoCr-LDH. When combined with its unfavorable reaction kinetics reflected by the
Tafel slope, this phenomenon further accounts for its lower activity.

After normalizing the current density in Figure 3a to the ECSA of these samples,
Figure 3d illustrates that both U-NiFeZnCoCr-LDH and NiFeZnCoCr-LDH exhibit superior
activity per unit ECSA compared to NiFe-LDH. While the performance gap between these
two high-entropy LDHs is narrowed, U-NiFeZnCoCr-LDH is still advantageous. This
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suggests that the addition of FA during the synthesis of U-NiFeZnCoCr-LDH impacts
the electron density around the active sites, resulting in better electrocatalytic activity.
Furthermore, the ultrathin nature of U-NiFeZnCoCr-LDH enables its electrocatalytic active
sites to be fully exposed, further enhancing the OER performance [34,35].

In order to further demonstrate the benefits of the ultrathin characteristics, the OER
performance of the aforementioned U-NiFeZnCoAl-LDH and U-NiFeZnCoMn-LDH was
also evaluated. As depicted in Figure S7, all of the ultrathin LDHs exhibited lower over-
potentials, and the Tafel slopes indicated faster OER kinetics. It is worth noting that
U-NiFeZnCoCr-LDH also exhibits significant performance advantages among these sam-
ples, showing a lower onset potential and a lower Tafel slope. This indicates that the
combination of metal elements used in U-NiFeZnCoCr-LDH is reasonable.

The long-term durability of catalysts is another critical aspect beyond activity, thus the
electrocatalytic stability of U-NiFeZnCoCr-LDH and NiFe-LDH was assessed using a two-
electrode system, with the current density set above the industrial demand of 800 mA cm−2.
The chronopotentiometry curve (Figure 4a) reveals that the system with U-NiFeZnCoCr-
LDH as the anode demonstrates no voltage increase over a 180 h test period, whereas the
system with NiFe-LDH as the anode experiences a voltage increase of 359 mV. As depicted
in Figure 4b, the concentration of Ni ions in the electrolyte after the operation of the two
systems was measured using inductively coupled plasma-mass spectrometry (ICP-MS). The
results confirmed that NiFe-LDH dissolves a larger amount of Ni2+ (approximately 30 ppm),
while the dissolution in U-NiFeZnCoCr-LDH is only half of that. Numerous studies have
highlighted the significance of Ni-sites in NiFe-based OER electrocatalysts, with their
substantial dissolution being considered a contributing factor to electrode performance
degradation. The lower dissolution rate of Ni2+ in U-NiFeZnCoCr-LDH results in a lower
performance decay ratio (−4.8%, representing a 4.8% improvement), while this parameter
reaches 8.0% (representing an 8.0% decay) in the NiFe-LDH system.

To elucidate the reason behind the superior electrocatalytic stability of U-NiFeZnCoCr-
LDH (even showing improved activity after stability testing), the as-prepared electrode was
operated at 100 mA cm−2 for 5 h to achieve full activation. As shown in Figure 4c,d, follow-
ing activation, the signals corresponding to Zn 2p and Cr 2p in U-NiFeZnCoCr-LDH notice-
ably weakened, while significant K 2s and K 2p signals emerged. This phenomenon arises
from Zn and Cr, as amphoteric metal ions tend to dissolve in alkaline electrolytes [36,37].
The substantial attack of OH− on the electrode surface during electrocatalytic OER further
promotes this dissolution process. The dissolution of Zn2+ and Cr3+ results in the creation
of M2+ and M3+ vacancies, respectively, leading to a more comprehensive exposure of the
active sites [38–40]. This enhanced exposure is responsible for the improved OER activity
of U-NiFeZnCoCr-LDH during stability testing. Furthermore, as positively charged sites
are lost during this process, the electrode adsorbs cations from the electrolyte (primarily K+)
to maintain charge balance, as evidenced by the significant K+ signal observed in Figure 3c.
It is important to note that the F 1s signal originates from the Nafion ionomer added to the
catalyst ink and is unrelated to the other observed phenomena. Furthermore, the oxidation
states of Co and Ni exhibit minimal changes after activation, with their B.E. even lower than
those observed for NiFeZnCoCr-LDH in Figure 2b,c. This finding confirms that during
activation, U-NiFeZnCoCr-LDH effectively preserves its active sites in an electron-rich
state, thereby substantially reducing their dissolution, as supported by the results presented
in Figure 4b.
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3. Material and Methods
3.1. Chemicals

Fe(NO3)3·9H2O, Ni(NO3)2·6H2O, Co(NO3)2·6H2O, ZnCl2, Cr(NO3)3·9H2O and NaNO3
were purchased from Aladdin Industrial Corporation. NaOH, KOH and ethanol were
purchased from Beijing Chemical Reagents Company (Beijing, China). All the solutions in
this work were prepared by deionized water (DI water) with a resistivity ≥ 18 MΩ. And
all the chemicals were used as received without further purification.
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3.2. Synthesis of U-NiFeZnCoCr-LDH

The preparation of U-NiFeZnCoCr-LDH followed a modified co-precipitation method.
In a typical synthesis, 0.2 M Ni(NO3)2·6H2O, 0.1 M Fe(NO3)3·9H2O, 0.2 M ZnCl2, 0.2 M
Co(NO3)2·6H2O and 0.1 M Cr(NO3)3·9H2O were dissolved in 20 mL DI water. This solution
was labeledd as solution A. 1 M NaOH was dissolved in DI water and labeled as solution
B. 2 g NaNO3 was dissolved in 77 mL DI water, then 23 mL FA was added and the mixture
was stirred magnetically to form a homogeneous solution, which was labeled as solution
C. After heating solution C to 80 ◦C, solutions A and B were added dropwise while the
pH of solution C was maintained at around 10. After 10 min, the product was collected by
centrifugation, washed with DI water and ethanol several times, and dried in freeze dryer
for 24 h. Nitrogen gas was bubbled into solution C throughout the entire reaction.

3.3. Synthesis of NiFeZnCoCr-LDH

In a typical synthesis, 0.2 M Ni(NO3)2·6H2O, 0.1 M Fe(NO3)3·9H2O, 0.2 M ZnCl2,
0.2 M Co(NO3)2·6H2O and 0.1 M Cr(NO3)3·9H2O were dissolved in 20 mL DI water. This
solution was labeled as solution A. 1 M NaOH was dissolved in DI water and labeled as
solution B. 2 g NaNO3 was dissolved in 100 mL DI water, which was labeled as solution
C. After heating solution C to 80 ◦C, solutions A and B were added dropwise while the
pH of solution C was maintained at around 10. After 10 min, the product was collected by
centrifugation, washed with DI water and ethanol several times, and dried in freeze dryer
for 24 h. Nitrogen gas was bubbled into solution C throughout the entire reaction.

3.4. Synthesis of NiFe-LDH

In a typical synthesis, 0.6 M Ni(NO3)2·6H2O and 0.2 M Fe(NO3)3·9H2O were dissolved
in 20 mL DI water. This solution was labeled as solution A. 1 M NaOH was dissolved in
DI water and labeled as solution B. 2 g NaNO3 was dissolved in 100 mL DI water, which
was labeled as solution C. After heating solution C to 80 ◦C, solutions A and B were added
dropwise while the pH of solution C was maintained at around 10. After 10 min, the
product was collected by centrifugation, washed with DI water and ethanol several times,
and dried in freeze dryer for 24 h. Nitrogen gas was bubbled into solution C throughout
the entire reaction.

3.5. Synthesis of U-NiFeZnCoAl-LDH

The preparation of U-NiFeZnCoCr-LDH followed a modified co-precipitation method.
In a typical synthesis, 0.2 M Ni(NO3)2·6H2O, 0.1 M Fe(NO3)3·9H2O, 0.2 M ZnCl2, 0.2 M
Co(NO3)2·6H2O and 0.1 M Al(NO3)3·9H2O were dissolved in 20 mL DI water. This solution
was labeled as solution A. 1 M NaOH was dissolved in DI water and labeled as solution B.
2 g NaNO3 was dissolved in 77 mL DI water, then 23 mL FA was added and the mixture
was stirred magnetically to form a homogeneous solution, which was labeled as solution
C. After heating solution C to 80 ◦C, solutions A and B were added dropwise while the
pH of solution C was maintained at around 10. After 10 min, the product was collected by
centrifugation, washed with DI water and ethanol several times, and dried in freeze dryer
for 24 h. Nitrogen gas was bubbled into solution C throughout the entire reaction.

3.6. Synthesis of U-NiFeZnCoMn-LDH

The preparation of U-NiFeZnCoCr-LDH followed a modified co-precipitation method.
In a typical synthesis, 0.2 M Ni(NO3)2·6H2O, 0.1 M Fe(NO3)3·9H2O, 0.2 M ZnCl2, 0.2 M
Co(NO3)2·6H2O and 0.1 M Mn(NO3)2·4H2O were dissolved in 20 mL DI water. This
solution waslabeled as solution A. 1 M NaOH was dissolved in DI water and labeled as
solution B. 2 g NaNO3 was dissolved in 77 mL DI water, then 23 mL FA was added and the
mixture was stirred magnetically to form a homogeneous solution, which was labeled as
solution C. After heating solution C to 80 ◦C, solutions A and B were added dropwise while
the pH of solution C was maintained at around 10. After 10 min, the product was collected
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by centrifugation, washed with DI water and ethanol several times, and dried in freeze
dryer for 24 h. Nitrogen gas was bubbled into solution C throughout the entire reaction.

3.7. Synthesis of NiFeZnCoAl-LDH

In a typical synthesis, 0.2 M Ni(NO3)2·6H2O, 0.1 M Fe(NO3)3·9H2O, 0.2 M ZnCl2,
0.2 M Co(NO3)2·6H2O and 0.1 M Al(NO3)3·9H2O were dissolved in 20 mL DI water. This
solution was labeled as solution A. 1 M NaOH was dissolved in DI water and labeled as
solution B. 2 g NaNO3 was dissolved in 100 mL DI water, which was labeled as solution
C. After heating solution C to 80 ◦C, solutions A and B were added dropwise while the
pH of solution C was maintained at around 10. After 10 min, the product was collected by
centrifugation, washed with DI water and ethanol several times, and dried in freeze dryer
for 24 h. Nitrogen gas was bubbled into solution C throughout the entire reaction.

3.8. Synthesis of NiFeZnCoMn-LDH

In a typical synthesis, 0.2 M Ni(NO3)2·6H2O, 0.1 M Fe(NO3)3·9H2O, 0.2 M ZnCl2,
0.2 M Co(NO3)2·6H2O and 0.1 M Mn(NO3)2·4H2O were dissolved in 20 mL DI water. This
solution was labeled as solution A. 1 M NaOH was dissolved in DI water and labeled as
solution B. 2 g NaNO3 was dissolved in 100 mL DI water, which was labeled as solution
C. After heating solution C to 80 ◦C, solutions A and B were added dropwise while the
pH of solution C was maintained at around 10. After 10 min, the product was collected by
centrifugation, washed with DI water and ethanol several times, and dried in freeze dryer
for 24 h. Nitrogen gas was bubbled into solution C throughout the entire reaction.

3.9. Materials Characterization

The size and morphology of the samples were characterized using a field-emission
scanning electron microscope (SEM, Zeiss Supra 55, Hamburg, Genmany) operated at
20 kV. An EDS equipped on the SEM was employed to record the element distribution.
High-resolution TEM (HRTEM) images were acquired with JEOL JEM-2100 operated at
200 kV. Atomic force microscope (AFM, Bruker Dimension Icon, Bremen, Genmany) for
thickness of nanosheets. The valence composition of the samples was performed by X-ray
photoelectron spectroscopy (XPS, Axis Supra, Tokyo, Japan) with the non-monochromatic
Al Kα X-ray as the X-ray source. The crystal structures of the samples were measured by a
powder X-ray diffractometer (Bruker D8A25, Bremen, Genmany) using Cu-Kα radiation.
Infrared Spectroscopy (IR) was performed by Thermo Fisher Nicolet 6700, Waltham, MA,
USA. The metal elements content of samples was determined by inductively coupled
plasma mass spectroscopy (ICP-MS, Thermo Fisher ICAP-6300, Waltham, MA, USA).

3.10. Electrochemical Measurements

The as-prepared catalysts were prepared by ultrasonically mixing 5 mg of the catalysts
powder, 1 mL ethanol and 10 µL 5% Nafion solution for at least 1h to form homogeneous
catalyst inks. For the preparation of the catalytic electrodes, 1 mL ink was carefully
dropped onto Ni foam (1 cm × 1 cm), so the catalyst loading amount could be calculated as
5 mg cm−2. Electrocatalytic experiments were performed on a CHI 660D electrochemical
analyzer (CH Instruments, Inc., Shanghai, China) with a three-electrode cell system for
OER. The catalyst ink-loaded Ni foam (1 cm × 1 cm) was used as working electrode. A
platinum electrode and a saturated calomel electrode (SCE) were used as counter and
reference electrodes, respectively. All measured potentials vs. SCE were converted to
a reversible hydrogen electrode (RHE) according to the Nernst equation (ERHE = ESCE +
0.059 pH + 0.244 V). Polarization curves were obtained using cyclic voltammetry (CV) with
a scan rate of 5 mV s−1. All polarization curves were corrected for Ohmic drops tested by
electrochemical impedance spectroscopy (EIS). The EIS was obtained in 1 M KOH solution
by applying an AC voltage of 5 mV amplitude at open circuit potential with a frequency
from 100 kHz to 0.1 Hz.
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3.11. ECSA Measurements

The electrochemical double-layer capacitance (Cdl) was calculated using CV in a
potential range of 1.17–1.25 V. In this voltage range, there is no peak caused by the kinetic
polarization. The scan rates were controlled at 20, 40, 60, 80 and 100 mV s−1. Collect
the current densities Jp and Jn during positive and negative scans when the potential
reaches 1.21 V vs. RHE, and calculate the current density (Jp − Jn)/2. Fit this current
density with the scan speed. The slope obtained is double-layer capacitance (Cdl). The
ECSA of a catalyst sample was calculated from the double-layer capacitance according to
ECSA = Cdl/Cs, where Cs is the specific capacitance of the sample.

4. Conclusions

Ultrathin high-entropy layered double hydroxides, synthesized through a simple
one-step method, exhibit exceptional electrochemical activity and stability. The obtained
ultrathin high-entropy layered double hydroxides material possesses a layered single-phase
structure with uniform distribution of various elements, demonstrating a remarkable degree
of dispersion. Leveraging its unique high-entropy structure, this novel catalytic platform
for water oxidation shows low overpotential and fast kinetics. Furthermore, it demonstrates
excellent performance in Ampere-level long-term stability tests. This study presents an
opportunity for simple synthesis of outstanding electrocatalytic high-entropy hydroxide
materials while expanding our understanding of the realm of high-entropy materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Figure S3. High-resolution Zn 2p XPS; Figure S4. High-resolution Cr 2p XPS; Figure S5. (a) Po-
larization curves of NiFe-LDH, NiFeZnCoCr-LDH, U-NiFeZnCoCr-LDH and Ni foam. (b) The
redox peaks of Ni foam; Figure S6. The polarization curves of NiFe-LDH, NiFeZnCoCr-LDH and
U-NiFeZnCoCr-LDH for estimates of the Cdl and ECSA; Figure S7. (a) Polarization curves, (b) Tafel
slope of NiFe-LDH, NiFeZnCoCr-LDH, NiFeZnCoMn-LDH, NiFeZnCoAl-LDH, U-NiFeZnCoCr-
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