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Fig. 1

(a) Comparison of Faradaic efficiency (FE ) of wet-etched and electropolished Cu foils during NH, synthesis; (b) FE of Cu

electrode with different areas during nitratereduction™’; (¢ ) Free energy diagram ( AG) for nitrate-to-ammonia conversion on Cu(111) and

Cu (100) surfaces; (d) Mechanism diagram of the stepwise NO-to-NH, reduction pathway on Cu (100) and Cu (111 ) surfaces based on

density functional theory
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Fig.2 (a)Synthesis of Sn-doped Cu catalyst; (b) Projected density of states of Cu 3d in different Sn-doped Cu electrodes ™5 (¢) Transmission

electron microscopy image of the Fe-doped Cu catalyst; (d) Doping of Fe downshifting d-band center of the Cu catalystim
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Table1 Performance comparison of Cu-based materials used for the electro-reduction of nitrate for NH, production

RIS HL03 /V (vs. RHE) AR 1% IR WA RAR I ((mmol/L) 724854 % L mmol/(em® h)] S 3k
HLAL 2GS 49 -0.3 87 5 — [29]
(100) fhEIB R HIART - -0.15 >95 100 1.3 [30]
B ERRE AN K -1.3 V(5. SCE) 85.47 50 x 10"°(KNO,) 0.046 [31]
AR -0.3 99.8 50 0.543 [32]
o] B R fik e R (-0.8~-0.5)  £597 5 0.031 [33]
BABAR AR50 -1.00 84.7 100 0.26 [35]
il -PTCDA -0.4 85.9 500 x 107°(NO,") 0.026 [36]
7 1R 0.04 96 2000 x 10°(NO;,") 252 [37]
BB -0.55 >90 100 1.98 [38]
BAB -0.74 94.5 2 0.23 [39]
PHBAR -0.85 98.4 100 1.624 [40]
WA 4 1 R IR 26t -1.0 V(us. Ag/AgCl)  79.6 50 % 10°(NO,") — [41]
YRS 4 -0.22 95.7 100 0.18 [42]
4 -0.7 63.85 10 — [43]
Bl & A aK 2 -0.2 27100 100 4.8 [44]
SRR A -0.2 98.7 7.14 0.033 [45]
G 4 -0.05 98 100 0.38 [46]
YRS 4 — 25100 100 — [47]
iR AN SR =R T -0.7 >50 50 0.33 [48]
O S AL A 1) S AL AR -0.15 92 100 1.1 [49]
S ALH -PANI -1.3 V (5. SCE) 93.88 200 x 10°°(NO;") 0.213 [50]
il S A 1L A -0.2 99.83 1 0.031 [51]
il Bl A -0.23 99.17 1400 x 10°(NO,") 1.915 [52]
B 1R AR /4 1R A -0.175 93.3 100 1.17 [53]
i 1 A -1.3 92.4 200 x 10°(NO,") 0.21 [54]
BRI AL /ST -0.2 98.8 50 0.82 [55]
A L -0.2 74 100 0.083 [56]
i &2 R 5 1 75 Hi MOF -0.9 67.55 500 x 10°°(NO,") 0.108 [57]
% MOF -0.6 96.4 100 0.3 [58]
BB MOF -0.9 92.92 50 0.32 [59]

85



Total 197

ook TR

197 1)

5, Urasiees, (HEEE BT RARBITRA , BB T
WA BRI 4R (A Fe, Ni, Mn%5) 5818 A
PR A E T R AR . X SO R TR DR B Y
T SRy € SN b2 G0 G L P
FEARMEALTR A , AR T4 5 BRI

4) IR HEAA R R A2 2 Y SE PR 0 H] i
e HATE &I B B4 AT RHE T AL 1™
TR AT R, JEJE R AT B AR S /)
e 1= S I IR R L A o P R NS WA F A EP Sy S
AR B R N, B RAEZ P R
RIXABF R 3 o SR T A B AR 4 Ha A
e—RAL i &, FEXTH R R A B L T
IR

SE WK

(1] B0, 2T 304 T8 Ak i ot S b & Al s B
8 [D] KA FHAMIE, 2023

[2] 2EBETER RN, 2022 4R E WA . IREW”
el M [J]. M4k T, 2023, 51(3): 21.

[3] CHEBROLU VT, JANG D, RANI G M, et al. Overview
of emerging catalytic materials for electrochemical green
ammonia synthesis and process [J]. Carbon Energy,
2023, 5(12): €361.

(4] BUL, Brrse, BERME. o R A £ S ik i
A R EHEELT ] A 42Jm , 2023, 47(1): 1-27.

[5] SPATOLISANO E, PELLEGRINI L A. Haber-Bosch
process intensification: a first step towards small-
scale distributed ammonia production [J]. Chemical
Engineering Research and Design, 2023, 195: 651-661.

(6] Z=wpih, TRoe, TREEME, . QPRNEZHALE)E-
AHLEZERORL N BT S LT ] A 48, 2023,
47(7): 1013-1019.

(7] B¥E, BXNos A OG5 FEGORIE K E A AR B
FEAEREL) ] Al TR, 2023(2): 74-80

[8] LIJY, XIONG Q C, MU X W, et al. Recent advances in
ammonia synthesis: from Haber-Bosch process to external
field driven strategies [ J . ChemSusChem, 2024, 17(15):
€202301775.

[9] ROSCA V, DUCA M, DE GROOT M T, et al. Nitrogen
cycle electrocatalysis [J]. Chemical Reviews, 2009,
109(6): 2209-2244.

[10] ZENG Q, LIU L, XIAO Z, et al. A two-terminal all-

86

[11]

[12]

[13]

[14]

[17]

(18]

inorganic perovskite/organic tandem solar cell [J].
Science Bulletin, 2019, 64(13): 885-887.
NATHANAEL J G, YUAN B, WILLE U. Oxidative
damage of aliphatic amino acid residues by the
environmental pollutant NO,+ : impact of water on the
reactivity [J]. Environmental Science & Technology,
2022, 56(12): 7687-7695.

HERATH I K, WU S J, MA M H, et al. Reservoir
NO,  pollution and chemical weathering: by dual
isotopes of d " N-NO,”, 8" 0-NO, and geochemical
constraints [ J ]. Environmental Geochemistry and Health,
2022, 44(12): 4381-4402.

ABONGWA P T, DEN W, TEAGUE A. Dual isotopic (O &
N) approach in the assessment of NO; pollution in an
urban river [J]. Water Air and Soil Pollution, 2022,
233(7) : 280.

SAID ABASSE K S, ESSIEN E E, ABBAS M, et al.
Association between dietary nitrate, nitrite intake, and
site-specific cancer risk: a systematic review and meta-
analysis [J]. Nutrients, 2022, 14(3) : 666.

PICETTI R, DEENEY M, PASTORINO S, et al
Nitrate and nitrite contamination in drinking water and
cancer risk: a systematic review with meta-analysis
[J]. Environmental Research, 2022, 210: 112988.
CHAZELAS E, PIERRE F, DRUESNE-PECOLLO N,
et al. Nitrites and nitrates from food additives and natural
sources and cancer risk: results from the NutriNet-Sante
cohort [ J ]. International Journal of Epidemiology, 2022,
51(4): 1106-1119.

SEYYEDSALEHI M S, MOHEBBI E, TOURANG F, et al.
Association of dietary nitrate, nitrite, and N-nitroso
compounds intake and gastrointestinal cancers: a
systematic review and meta-analysis [J ]. Toxics, 2023,
11(2): 190.

LIU Q, WEN G L, ZHAO D L, et al. Nitrite reduction
over Ag nanoarray electrocatalyst for ammonia
synthesis [J]. Journal of Colloid and Interface Science,
2022, 623: 513-519.

MENG S L, ZHANG C, YE C, et al. Cobaloximes:
selective nitrite reduction catalysts for tandem ammonia
synthesis [1]. Energy & Environmental Science, 2023,
16(4): 1590-1596.

DU W Y, ZHANG Y, CHEN K, et al. Mo single-atom

catalyst boosts nitrite electroreduction for ammonia



B ERSE AR AL AL DR R S A P B O P

2026 4F45 13

[21]

[22]

(23]

[24]

[26]

(28]

[29]

[30]

[31]

synthesis [J]. Journal of Cleaner Production, 2023, 424
138875.

LI M S, GAO L, WHITE J C, et al. Nano-enabled
strategies to enhance biological nitrogen fixation [J].
Nature Nanotechnology, 2023, 18(7): 688-691.

GUO K'Y, YANG J, YU N, et al. Biological nitrogen
fixation in cereal crops: progress, strategies, and
perspectives [J].Plant Communications, 2023, 4(2):
100499.

PUERTOLAS B, COMESANA-HERMO M,
BESTEIRO L, et al. Challenges and opportunities for
renewable ammonia production via plasmon-assisted
photocatalysis [J]. Advanced Energy Materials, 2022,
12(18): 2103909.

VERMA A, FU Y P. The prospect of CuO-based
catalysts in photocatalysis: From pollutant degradation,
CO, reduction, and H, production to N, fixation [1].
Environmental Research, 2024, 241: 117656.

WANG CH, ZHOU W, SUN Z ], et al. Integrated selective
nitrite  reduction to ammonia with tetrahydroisoquinoline
semi-dehydrogenation over a vacancy-rich Ni bifunctional
electrode [ J ]. Journal of Materials Chemistry A, 2021,
9(1): 239-243.

PEREZ O G, BISANG J M. Electrochemical removal
of nitrite using an activated copper rotating cylinder
electrode [ J]. Journal of the Electrochemical Society,
2017, 164(12): E300-E306.

YUE L C, SONG W, ZHANG L X, et al. Recent advance
in heterogenous electrocatalysts for highly selective nitrite
reduction to ammonia under ambient condition [ J]. Small
Structures,, 2023, 4(11): 2300168.

ZHANG X, WANG Y T, LIU C B, et al. Recent
advances in non-noble metal electrocatalysts for nitrate
reduction [J]. Chemical Engineering Journal, 2021,
403: 126269.

REN Z H, SHI K G, FENG X F. Elucidating the
intrinsic activity and selectivity of Cu for nitrate
electroreduction [ J]. Acs Energy Letters, 2023, 8(9):
3658-3665.

XU L X, CHEN S M, YIN B P, et al. Magneto-
electrochemical deposition of faceted copper microcrystals
for nitrate-to-ammonia electrocatalysis [J ]. ACS nano,
2025, 19(35): 31780-31789.

XU Y, WANG M Z, REN K L, et al. Atomic defects in

[32]

[34]

[35]

[36]

[37]

[41]

pothole-rich two-dimensional copper nanoplates triggering
enhanced electrocatalytic selective nitrate-to-ammonia
transformation [ J |. Journal of Materials Chemistry A,
2021, 9(30): 16411-16417.

WEN W D, YAN P, SUN W P, et al. Metastable phase
Cu with optimized local electronic state for efficient
electrocatalytic production of ammonia from nitrate [J].
Advanced Functional Materials, 2023, 33(6): 2212236.
LIPP, LIR, LIU YT, et al. Pulsed nitrate-to-ammonia
electroreduction facilitated by tandem catalysis of nitrite
intermediates [ J |. Journal of the American Chemical
Society, 2023, 145(11): 6471-6479.

GEWIRTH A A, VARNELL J A, DIASCRO A M.
Nonprecious metal catalysts for oxygen reduction in
heterogeneous aqueous systems [J]. Chemical Reviews,
2018, 118(5): 2313-2339.

YANG J, QI H F, LI A Q, et al. Potential-driven
restructuring of Cu single atoms to nanoparticles for
boosting the electrochemical reduction of nitrate to
ammonia [ ] ]. Journal of the American Chemical Society,
2022, 144(27): 12062-12071.
CHEN G F, YUAN Y F, JIANG H F, et al
Electrochemical reduction of nitrate to ammonia via direct
eight-electron transfer using a copper-molecular solid
catalyst [J]. Nature Energy, 2020, 5(8): 605-613.
CHENFY, WUZY, GUPTA S, et al. Efficient conversion
of low-concentration nitrate sources into ammonia
on a Ru-dispersed Cu nanowire electrocatalyst [1].
Nature Nanotechnology, 2022, 17(7): 759-767.

WANG Y, XIA S, CAIL R, et al. Accelerating industrial-
level NO; electroreduction to ammonia on Cu grain
boundary sites via heteroatom doping strategy [J ]. Small,
2023, 19(26): 2302295.

WANG C H, LIU Z Y, HU T, et al. Metasequoia-
like nanocrystal of iron-doped copper for efficient
electrocatalytic nitrate reduction into ammonia in neutral
media [J]. ChemSusChem, 2021, 14(8): 1825-1829.

WU L M, FENG J Q, ZHANG L B, et al. Boosting
electrocatalytic nitrate-to-ammonia via tuning of
N-Intermediate adsorption on a Zn-Cu catalyst [1].
Angewandte Chemie-International Edition, 2023, 62
(43): €202307952.

ZHULY, YAOH Q, SUN L Z, et al. Alloyed rhodium-

copper nanocavities with optimized chemisorption

87



Total 197

ook TR

197 1)

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

88

of hydrogen radicals for efficient nitrate-to-ammonia
electrocatalysis [J].Small, 2025, 21(19): 2502787.
ZHOU J W, LIU F, XU Z H, et al. Modulating
the nitrate reduction pathway on unconventional
phase ultrathin nanoalloys for selective ammonia
electrosynthesis [ J ]. Journal of the American Chemical
Society, 2025, 147(26): 23226-23238.

BAI Z H, LI X, DING L, et al. Artificial Cu-Ni
catalyst towards highly efficient nitrate-to-ammonia
conversion [ J ]. Science China-Materials, 2023, 66(6):
2329-2338.

FANGJ Y, ZHENG QZ, LOU Y Y, et al. Ampere-level
current density ammonia electrochemical synthesis using
CuCo nanosheets simulating nitrite reductase bifunctional
nature [ J ]. Nature communications, 2022, 13: 7899.
ZHANG Y Z, CHEN X, WANG W L, et al
Electrocatalytic nitrate reduction to ammonia on defective
Au,Cu (111) single-atom alloys [ J]. Applied Catalysis B
Environmental,, 2022, 310: 121346.

GAO W S, XIE K F, XIE J, et al. Alloying of Cu with
Ru enabling the relay catalysis for reduction of nitrate
to ammonia [ J]. Advanced Materials, 2023, 35(19):
2202952.

WANG Y T, ZHANG P, LIN X Y, et al. Wide-pH-range
adaptable ammonia electrosynthesis from nitrate on Cu-Pd
interfaces [ J ] . Science China-Chemistry, 2023, 66(3):
913-922.

YANG B R, MA X G, WANG H L, et al. CuO/Bi,Cu0,
heterostructured electrocatalyst for the efficient reduction
of nitrate to ammonia [J]. ACS Applied Materials &
Interfaces, 2025, 17(21): 30866-30875.

YUAN J L, XING Z, TANG Y H, et al. Tuning the
oxidation state of cu electrodes for selective electrosynthesis
of ammonia from nitrate [J]. ACS Applied Materials &
Interfaces, 2021, 13(44): 52469-52478.

XU Y, WEN Y S, REN T L, et al. Engineering the
surface chemical microenvironment over CuO nanowire
arrays by polyaniline modification for efficient ammonia
electrosynthesis from nitrate [J]. Applied Catalysis B:
Environmental, 2023, 320: 121981.

[51]

[52]

[57]

NIUZ D, FANSY, LIXY, et al. Electrocatalytic co-
upeycling of nitrite and ethylene glycol over cobalt—copper
oxides [ J]. Advanced Energy Materials, 2024, 14(11):
2303515.

LIUH, LIJS, DUF, et al. A core-shell copper oxides-
cobalt oxides heterostructure nanowire arrays for nitrate
reduction to ammonia with high yield rate [J]. Green
Energy & Environment, 2023, 8(6): 1619-1629.

HE W H, ZHANG J, DIECKHOFER S, et al. Splicing
the active phases of copper/cobalt-based catalysts
achieves high-rate tandem electroreduction of nitrate to
ammonia [ J . Nature Communications, 2022, 13: 1129.
WANG H J, MAO Q Q, REN T L, et al. Synergism of
interfaces and defects: Cu/oxygen vacancy-rich Cu-Mn,0,
heterostructured ultrathin nanosheet arrays for selective
nitrate electroreduction to ammonia [J]. ACS Applied
Materials & Interfaces, 2021, 13(37): 44733-44741.
LIN C Z, CHEN X, WANG L, et al. Electrocatalytic
conversion of nitrate into ammonia through heterogeneous
catalysis of NiMoO, and Cu/Cu,0 [J] Advanced Functional
Materials, 2024, 34(36): 2401287.

JUNG W, JEONG J, CHAE Y, et al. Synergistic
bimetallic CuPd oxide alloy electrocatalyst for
ammonia production from the electrochemical nitrate
reaction [ J]. Journal of Materials Chemistry A, 2022,
10(44): 23760-23769.

ZHU X J, HUANG H C, ZHANG H F, et al. Filling
mesopores of conductive metal-organic frameworks
with Cu clusters for selective nitrate reduction to
ammonia [J]. ACS Applied Materials & Interfaces,
2022, 14(28): 32176-32182.

LIQ, JIA C, WANG Q, et al. Rational design of conductive
MOF-based diatomic electrocatalysts for selective ammonia
synthesis [J].Journal of the American Chemical Society,
2025, 147(43): 39430-39439.

KANG J H, CUI X H, SHI B, et al. Trimetallic
engineering in MOF-derived catalysts for efficient
electrochemical nitrate-to-ammonia conversion [ J ]. Nano

Research, 2026, 19(2): 94908048.



JREAR AT AR LA LI SR R 7 B v 4 7 2026 4F55 11

Progress of Application of Cu-based Materials in Electro-reduction of Nitrate for
Production of Ammonia

TENG Jangfeng', GE Shikun', WANG Ziwei', PENG Cong™”, ZHANG Wenchao™”

(1. School of Ecology and Environment, Central South University of Forestry & Technology, Changsha 410004,
China; 2. School of Metallurgy and FEnvironment, Central South University, Changsha 410083, China;

3. Chinese National Engineering Research Center for Control & Treatment of Heavy Metal Pollution, Changsha
410083, China)

Abstract: Ammonia plays an important role in human activities, which is used widely in various industries with noticeable economic
values. The main method currently used in ammonia synthesis is Haber-Bosch method, which requires high-temperature or high-pressure
conditions, suffering low efficiency and high energy cost. In comparison, electro-reduction of nitrite for ammonia production is a NH;-
selective green chemistry process with low energy consumption. Cu-based materials are chosen as common catalyst materials in electro-
production of ammonia owing to the abundance of source materials and high reaction activity towards nitrite. State-of-art Cu-based
materials applied in electro catalysis of nitrate for ammonia production are mainly: metallic Cu, metallic-doped Cu-based materials, alloys,
Cu oxide, Cu-containing polymetallic oxide, Cu-containing metal-organic framework (MOF), etc. These catalysts improve performances
of ammonia production with different mechanisms, such as surface modulation, electron structure modulation, synergy of catalytic active
centers, construction of built-in electric fields, etc. This paper aims to integrate performances and mechanisms of different Cu-based
catalysts for electrochemical production of ammonia, and to provide reference for future research in this field.
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