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Abstract: This review systematically examines the structural characteristics, compositional design strategies, and recent research
trends of layered double hydroxides (LDHs), which are recognized as promising electrocatalyst materials in electrochemical
nitrate-to-ammonia conversion. Despite the rapid growth in related research, achieving simultaneous high selectivity and
efficiency remains a significant technical challenge due to the complex mechanisms of the nitrate reduction reaction (NitRR)
and its inherent competition with the hydrogen evolution reaction (HER). In this study, we analyzed the structural contributions
of LDH catalysts for maximizing nitrate reduction efficiency and systematically established key catalyst design indicators
required to ensure optimal performance. Specifically, we provide a detailed investigation of the physicochemical mechanisms
for enhancing NHs production by precisely regulating the adsorption energies of reaction intermediates and maximizing charge
transfer efficiency through compositional control and defect engineering. Furthermore, we discuss advanced structural design
strategies, such as core-shell tandem structures, MOF-derived architectures, and interlayer anion control, as effective methods
for enhancing catalytic performance and optimizing mass transport processes. These insights offer a strategic roadmap for
designing high-performance LDH catalysts and represent a critical step toward the practical implementation of sustainable green
ammonia production systems, particularly for integration into high-efficiency membrane electrode assembly (MEA) technologies.
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(5) NOy* aq + HsO — NOLg+20H ™ k=1x10"s""
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Fig. 1. (a) Schematic illustration of the layered double hydroxide structure. [11] Copyright (2017), The Royal Society of Chemistry. (b)
Schematic overview of the reaction pathways and key processes involved in the electrochemical reduction of nitrate in aqueous media. The
diagram is divided into four distinct regions based on the dominant reaction outcomes, enabling clearer visualization and systematic
classification of the pathways, including the rate-determining step, the Vetter mechanism, the Schmid mechanism, the Duca-Feliu-Koper
mechanism, the Vooys-Koper-Chumanov mechanism, and the pathway leading to ammonia formation. [12] Copyright (2020), John Wiley &
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e e R e
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Fig. 3. Schematic illustration of the CuSA/V-LDH synthesis via defect engineering strategy. [20] Copyright (2025), American Chemical
Society.
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Ref.
17
18
19
20
21
22
23
24
25
26

g.h»l.cm-Z

NHs yield
11 }lg'h-l 'mgcat_]
N/A

0.22 mol'h!-g!

2.73£0.15m

10.6 mmol-h'-cm?

1.78 mg-h!-cm?
355.9 umol-mg'-h"!
7.01 mg'h'-cm™
2.72 mmol-h!-cm?
3.58 mg-h!-cm™?

99.5%
94.65%
32.5%
95.2%
93.9%
95.85%
N/A
90.1%
89.5%
N/A

NH; FE

Potential

-0.8 V (vs. RHE)

-0.4 V (vs. RHE)
-0.35 V (vs. RHE)

-0.6 V (vs. RHE)
-0.79 V (vs. RHE)
-0.214 V (vs. RHE)

-1.2 V (vs. RHE)

0.20 A,4h
(chronopotentiometry)

-0.6 V (vs. RHE)
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-1.2 V (vs. Ag/AgCl)

Electrolyte
0.5 M Phosphate buffer + 50 mM KNOs
0.1 M KOH + 100 mM KNOs
0.5 M Na2SOs+ 100 ppm NO5
0.1 M Na2SO4 + 100 mg'L"' NaNOs
0.1 M Na2SO4+10 mM NOs
0.5 M Na2SO4+ 50 mg-N L!

1 MKOH + 32.3 mM NOs
0.05 M Na>SO4+50 mM NaNOs
100 mg L' NOs-N
0.5 M Na2SO4+ 10 mM NOs’

LDH
CuCoAl-LDH
CuNi-LDH
CoAl-LDH
(CoAl-LDH-5 min)
CuSA/V-LDH
Cuo.67C0033-LDH/TA
CoFe LDH/
Cuz+10 NWs
NiCo LDH/Cu NW
CuNiFe-LDH HNCs
U6/ZF-LDH
CuCo- NOs LDH

Table 2. Performance comparison of various LDHs.
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