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Introduction 
The Oxygen Evolution Reaction (OER) is a critical half-reaction in electrochemical water splitting, playing a key role 

in achieving green and efficient hydrogen production [1, 2]. However, the slow kinetics of the four-electron transfer process 

involved in OER, poses a significant challenge to the large-scale commercial application of electrochemical water splitting [3, 4]. 

Therefore, the development of highly active OER catalysts to reduce the overpotential and enhance reaction rates is of critical 

importance. Noble metal oxides, such as RuO2 and IrO2, are widely regarded as benchmark OER catalysts [5]. Despite their 

excellent catalytic activity, their high cost and hinder their feasibility for industrial applications [6]. This has driven urgent 

efforts to design novel, low-cost, and efficient transition metal-based catalysts to enhance OER performance. Layered Double 

Hydroxides (LDHs) are a class of typical layered materials that have gained recognition as one of the most representative non-

noble metal catalysts for water oxidation [7]. This is attributed to their large specific surface area, abundant active sites, cost-

effectiveness, and the tunable composition and ratio of metal elements and interlayer anions [1, 8]. By incorporating three 

additional metal elements into traditional binary LDHs, high-entropy layered double hydroxides (HE-LDHs) can be synthesized. 

The synergistic interactions among the five metal elements optimize the electronic environment, significantly increasing the 

specific surface area and the number of active sites [9-12]. Moreover, the high-entropy effect and slow diffusion characteristics of 

HE-LDHs enhance structural stability by suppressing phase transitions and mitigating metal leaching [13-15]. These attributes 

position HE-LDHs as a promising direction for water oxidation electrocatalysts.

In this study, two bulk-phase HE-LDH electrocatalysts, were synthesized using a hydrothermal method and evaluated 

for OER catalysis. Comprehensive physicochemical characterizations were conducted to analyze their crystalline phases. 

Electrochemical tests under identical loading conditions demonstrated that NiCoCuFeAl LDH exhibited superior electrocatalytic 

activity in alkaline electrolyte, along with a smaller Tafel slope. This study provides an effective strategy for designing high-

performance HE-LDH catalysts for alkaline water oxidation.

Results and Discussion
To synthesize the HE-LDHs, different metal ion precursors were selected. Urea was used as the precipitating agent. 

The metal ion precursors and urea were combined in equimolar ratios and transferred to a hydrothermal reaction vessel. 

The reaction was carried out at 120 °C for 6 hours. This approach successfully resulted in the synthesis of NiCoCuFeAl LDH 

and CuNiCoFeMn LDH [16].  First, the basic characteristics of the two catalysts were systematically analyzed using various 

physicochemical characterization techniques. Figure1a shows the powder X-ray diffraction (PXRD) patterns of NiCoCuFeAl 

LDH and CuNiCoFeMn LDH, which closely match the structure of typical NiFe LDH(JCPDS#40-0215) [17]. The morphology 

of NiCoCuFeAl LDH and CuNiCoFeMn LDH powders was characterized using scanning electron microscopy (SEM). As shown 

in Figure 1b, NiCoCuFeAl LDH consists of multi-layered, interlaced nanosheets with relatively small sheet sizes. Elemental 

mapping via energy dispersive X-ray spectroscopy (EDS) (Figure 1b1 and 1b2) shows that the elements Ni, Co, Cu, Fe, and Al 

are uniformly distributed across the surface of the material. Figure 1c presents the SEM image of CuNiCoFeMn LDH, which 

also forms interlaced nanosheets, but with larger sheet sizes compared to NiCoCuFeAl LDH. EDS analysis (Figures 1c1 and 1c2) 

confirms that the elements Cu, Ni, Co, Fe, and Mn are uniformly distributed on the surface of the material as well.
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FIgure 1: (a) PXRD patterns. (b) SEM image of NiCoCuFeAl LDH. (c) 

SEM image of CuNiCoFeMn LDH. (b1-b2) Elemental distribution map and 

EDS spectrum of NiCoCuFeAl LDH. (c1-c2) Elemental distribution map 

and EDS spectrum of CuNiCoFeMn LDH.

To investigate the effect of HE-LDHs electrocatalysts on OER performance, 

electrochemical tests were conducted in 1 M KOH electrolyte saturated with O2. As shown 

in Figure 2a, the linear sweep voltammetry (LSV) curves indicate that at a current density 

of 10 mA cm-2, the overpotential of NiCoCuFeAl LDH is 389 mV, which is significantly 

lower than that of CuNiCoFeMn LDH (444 mV) by 55 mV. As shown in Figure 2b, 

NiCoCuFeAl LDH has a Tafel slope of only 124.4 mV dec-1, which is markedly lower 

than that of CuNiCoFeMn LDH, indicating faster reaction kinetics for NiCoCuFeAl 

LDH. Since electrochemical active surface area (ECSA) is proportional to the double-

layer capacitance (Cdl). As shown in Figure 2c, NiCoCuFeAl LDH exhibits a significantly 

higher Cdl value compared to CuNiCoFeMn LDH, suggesting that NiCoCuFeAl LDH 

has a larger ECSA. Figures 2d and 2e present the cyclic voltammetry (CV) curves of 

NiCoCuFeAl LDH and CuNiCoFeMn LDH at different scan rates, respectively. The Cdl 

values in Figure 2c were derived by fitting these CV curves. Figure 2f presents a radar 

chart comparing the performance of NiCoCuFeAl LDH and CuNiCoFeMn LDH. The 

chart clearly demonstrates that NiCoCuFeAl LDH exhibits superior intrinsic catalytic 

activity during the OER process, further confirming its potential for performance 

optimization within high-entropy structures.

FIgure 2: Comparison of OER performance between NiCoCuFeAl LDH 

and CuNiCoFeMn LDH electrocatalysts: (a) LSV curves; (b) Tafel slope 

plots; (c) Cdl plots; (d) and (e) cyclic voltammetry curves of NiCoCuFeAl 

LDH and CuNiCoFeMn LDH, respectively, at scan rates of 20, 40, 60, 

80, and 100 mV s-¹ in 1 M KOH electrolyte; (f) radar chart showing 

performance comparison. 

Conclusion
In summary, we have successfully synthesized bulk-phase HE-LDH electrocatalysts 

via a hydrothermal method. The NiCoCuFeAl LDH electrocatalyst demonstrated 

superior OER performance, requiring only a 389 mV overpotential to achieve a current 

density of 10 mA·cm-², along with a Tafel slope as low as 124.4 mV·dec-1. Its excellent 

catalytic activity is primarily attributed to the synergistic effects among the five metal 

elements, which optimize the electronic environment and enhance the overall catalytic 

efficiency. This study provides valuable insights and strategies for the design and synthesis 

of high-activity bulk HE-LDH electrocatalysts, offering a promising approach to improve 

OER performance. 

Declaration of Competing Interest
The authors declare no competing financial interest.

References
1.	 Gao R, Yan D (2019) Recent development of Ni/Fe-based micro/nanostructures 

toward photo/electrochemical water oxidation. Advanced Energy Materials 

10(11): 1900954. 

2.	 Zhao Z, Fan X, Ding J, Hu W, Zhong C, et al. (2019) Challenges in zinc 

electrodes for alkaline zinc-air batteries: obstacles to commercialization. ACS 

Energy Letters 4(9): 2259-2270. 

3.	 Wurster B, Grumelli D, Hötger D, Gutzler R, Kern K, et al. (2016) Driving 

the oxygen evolution reaction by nonlinear cooperativity in bimetallic 

coordination catalysts. Journal of the American Chemical Society 138(11): 

3623-3626. 

4.	 Li L, Wang P, Shao Q, Huang X (2020) Metallic nanostructures with low 

dimensionality for electrochemical water splitting. Chemical Society Reviews 

49(10): 3072-3106. 

5.	 Yu J, He Q, Yang G, Zhou W, Shao Z, et al. (2019) Recent advances and 

prospective in ruthenium-based materials for electrochemical water splitting. 

ACS Catalysis 9(11): 9973-10011. 

6.	 Li L, Wang B, Zhang G, Yang G, Yang T, et al. (2020) Electrochemically 

modifying the electronic structure of IrO2 nanoparticles for overall 

electrochemical water splitting with extensive adaptability. Advanced Energy 

Materials 10(30): 2001600. 

7.	 Fan G, Li F, Evans DG, Duan X (2014) Catalytic applications of layered double 

hydroxides: recent advances and perspectives. Chemical Society Reviews 

43(20): 7040-7066. 

8.	 Chen J, Zheng F, Zhang SJ, Fisher A, Zhou Y, et al. (2018) Interfacial interaction 

between FeOOH and Ni–Fe LDH to modulate the local electronic structure for 

enhanced OER electrocatalysis. ACS Catalysis 8(12): 11342-11351.

9.	 Wang F, Zou P, Zhang Y, Wenli Pan, Ying Li, et al. (2023) Activating lattice 

oxygen in high-entropy LDH for robust and durable water oxidation. Nature 

Communications 14(1). 

10.	 Xin Y, Li S, Qian Y, Zhu W, Yuan H, et al. (2020) High-Entropy alloys as a 

platform for catalysis: progress, challenges, and opportunities. ACS Catalysis 

10(19): 11280-11306. 

11.	 Gu K, Zhu X, Wang D, Zhang N, Huang G, et al. (2021) Ultrathin defective 

high-entropy layered double hydroxides for electrochemical water oxidation. 

Journal of Energy Chemistry 60: 121-126. 

12.	 Wang D, Liu Z, Du S, Zhang Y, Li H, et al. (2019) Low-temperature synthesis 

of small-sized high-entropy oxides for water oxidation. Journal of Materials 

Chemistry A 7(42): 24211-24216. 

https://doi.org/10.1002/aenm.201900954
https://doi.org/10.1002/aenm.201900954
https://doi.org/10.1002/aenm.201900954
https://doi.org/10.1021/acsenergylett.9b01541
https://doi.org/10.1021/acsenergylett.9b01541
https://doi.org/10.1021/acsenergylett.9b01541
https://doi.org/10.1021/jacs.5b10484
https://doi.org/10.1021/jacs.5b10484
https://doi.org/10.1021/jacs.5b10484
https://doi.org/10.1021/jacs.5b10484
https://doi.org/10.1039/D0CS00013B
https://doi.org/10.1039/D0CS00013B
https://doi.org/10.1039/D0CS00013B
https://doi.org/10.1021/acscatal.9b02457
https://doi.org/10.1021/acscatal.9b02457
https://doi.org/10.1021/acscatal.9b02457
https://doi.org/10.1002/aenm.202001600
https://doi.org/10.1002/aenm.202001600
https://doi.org/10.1002/aenm.202001600
https://doi.org/10.1002/aenm.202001600
https://doi.org/10.1039/C4CS00160E
https://doi.org/10.1039/C4CS00160E
https://doi.org/10.1039/C4CS00160E
https://doi.org/10.1021/acscatal.8b03489
https://doi.org/10.1021/acscatal.8b03489
https://doi.org/10.1021/acscatal.8b03489
https://doi.org/10.1038/s41467-023-41706-8
https://doi.org/10.1038/s41467-023-41706-8
https://doi.org/10.1038/s41467-023-41706-8
https://doi.org/10.1021/acscatal.0c03617
https://doi.org/10.1021/acscatal.0c03617
https://doi.org/10.1021/acscatal.0c03617
https://doi.org/10.1016/j.jechem.2020.12.029
https://doi.org/10.1016/j.jechem.2020.12.029
https://doi.org/10.1016/j.jechem.2020.12.029
https://doi.org/10.1039/C9TA08740K
https://doi.org/10.1039/C9TA08740K
https://doi.org/10.1039/C9TA08740K


Page 3/3

Copyright  :Li JK

Citation: Ji-Kai L, Yang Y (2023) Construction of High-Entropy LDH Nanostructures to Promote Alkaline Oxygen Evolution. Adv Res Org Inorg Chem 5.

13.	 Cui M, Yang C, Li B, Dong Q, Wu M, et al. (2021) High-Entropy metal sulfide 

nanoparticles promise high-performance oxygen evolution reaction. Advanced 

Energy Materials 11(3): 2002887. 

14.	 Wang T, Chen H, Yang Z, Liang J, Dai S (2020) High-Entropy perovskite 

fluorides: a new platform for oxygen evolution catalysis. Journal of the 

American Chemical Society 142(10): 4550-4554. 

15.	 Sivanantham A, Lee H, Hwang SW, Ahn B, Cho IS (2021) Preparation, 

electrical and electrochemical characterizations of CuCoNiFeMn high-

entropy-alloy for overall water splitting at neutral-pH. Journal of Materials 

Chemistry A 9(31): 16841-16851.

16.	 Yang Y, Zhu B, Guo PF, Ding TY, Yang QN, et al. (2022) In Situ anodic 

oxidation tuning of NiFeV diselenide to the core-shell heterojunction for 

boosting oxygen evolution. Inorganic Chemistry 61(42): 16805-16813.

17.	 Yang Y, Yang QN, Yang YB, Guo PF, Feng WX, et al. (2023) Enhancing water 

oxidation of Ru single atoms via oxygen-coordination bonding with NiFe 

layered double hydroxide. ACS Catalysis 13(4): 2771-2779.

https://doi.org/10.1002/aenm.202002887
https://doi.org/10.1002/aenm.202002887
https://doi.org/10.1002/aenm.202002887
https://doi.org/10.1021/jacs.9b12377
https://doi.org/10.1021/jacs.9b12377
https://doi.org/10.1021/jacs.9b12377
https://doi.org/10.1039/D1TA02621F
https://doi.org/10.1039/D1TA02621F
https://doi.org/10.1039/D1TA02621F
https://doi.org/10.1039/D1TA02621F
https://doi.org/10.1021/acs.inorgchem.2c02706
https://doi.org/10.1021/acs.inorgchem.2c02706
https://doi.org/10.1021/acs.inorgchem.2c02706
https://doi.org/10.1021/acscatal.2c05624
https://doi.org/10.1021/acscatal.2c05624
https://doi.org/10.1021/acscatal.2c05624

