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Two-Step Tandem Catalysis for High-Efficiency Ammonia
Synthesis Via Nitrate Reduction on Anion-Intercalated CoNi
LDH and Cu/Cu2O

Changzheng Lin, Weijia Li, Hao Chen, Jiangtao Feng,* Mengyuan Zhu, Jinwen Shi,
Mingtao Li, Bo Hou,* Zhenyu Wang, Xin Chen, Jia Liu, and Wei Yan*

Ammonia is essential across industry, agriculture, and as a future carbon-free
energy carrier. Electrocatalytic nitrate reduction (NitRR) offers a sustainable
path for removing nitrate contaminants from wastewater and groundwater
while using abundant nitrate ions as nitrogen sources under eco-friendly
conditions. However, the NitRR pathway, which involves sequential reactions,
poses challenges in synchronizing the rate of nitrate-to-nitrite conversion with
the subsequent reduction of nitrite to ammonia, particularly as the initial
reduction step is rate-limiting. This study presents a CoNi layered double
hydroxide (LDH) approach to finely control hydrogen radical (*H) supply,
paired with Cu/Cu2O redox coupling, to achieve optimal rate matching. CoNi
LDH is engineered with various anion intercalations (NO3

−, Cl−, SO4
2−,

MoO4
2−, WO4

2−) to regulate *H capacity. By integrating Cu/Cu2O and CoNi
LDH, tandem kinetic descriptors, including a volcano curve, are employed to
predict rate constants, facilitating ideal kinetic matching for efficient ammonia
synthesis. The optimized MoO4-CoNi LDH/CuO NW/CF electrode
demonstrated exceptional performance, achieving a 99.78% Faraday
efficiency, a yield of 1.12 mmol cm−2 h−1 at −0.2 V vs. RHE, and robust 14-h
stability. The model descriptors effectively elucidated the kinetic pathway,
linking reaction rates and factors impacting ammonia production.

1. Introduction

Ammonia (NH3), the predominant chemical compound in in-
dustrial applications, serves as the primary feedstock for agri-
cultural fertilizers and holds promising potential as a hydrogen-
rich fuel in the context of achieving carbon neutrality.[1,2] The
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conventional approach for ammonia syn-
thesis (Haber-Bosch method) requires high
temperature and pressure conditions, and
involves hydrogen production from fossil
fuels and nitrogen preparation.[3] Sustain-
able ammonia production has become a fo-
cal point and challenge in ammonia synthe-
sis research.[4–7] Excessive fertilizer usage
and discharge of industrial effluents have
led to elevated levels of nitrates in surface
and groundwater, posing a threat to human
health.[8] Therefore, electrocatalytic nitrate
reduction to ammonia utilizing nitrate as
a nitrogen source and water as a hydrogen
source offers advantages such as environ-
mental restoration and energy storage un-
der milder conditions.[9–12]

Significant advancements have been
achieved in both fundamental research and
practical applications of electrocatalytic ni-
trate reduction for ammonia.[13,14] Recently,
several studies have reported the utiliza-
tion of two-step tandem reaction catalysts
for efficient electrocatalytic reduction of
nitrate to ammonia. The electrocatalytic
process involves sequential reduction of

nitrate to nitrite and subsequent conversion of nitrite to am-
monia through direct electron transfer and hydrogen radical
reduction.[15–18] Notably, the concentration variation of nitrite
serves as a crucial indicator reflecting the disparity in kinet-
ics between these two steps within the overall electrocatalytic
process.[19–22] Despite numerous investigations dedicated to
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exploring kinetic matching in two-step tandem reactions, how
to quantitatively describe the rate kinetics remains pivotal for
achieving effective kinetic matching.
In this study, a series of anionic intercalations CoNi LDH/CuO

NW/CF were synthesized to achieve nitrate reduction for ammo-
nia production. Encouragingly, MoO4-CoNi LDH/CuO NW/CF
exhibited high ammonia-forming activity (1.12 mmol cm−2 h−1)
and Faraday efficiency (FE) (99.78%) at an ultra-low potential of
−0.2 V vs. RHE, surpassing conventional Cu catalysts. By moni-
toring the concentrations of nitrate, nitrite and ammonia in the
NitRR process, a two-step tandem reaction kinetic process was
constructed, and the performance relationship between the two-
step tandem reaction kinetic coefficient and ammonia produc-
tion was elucidated by a two-step tandem reaction kinetic model
descriptor and volcano curve description. The kinetic-descriptors
approach is based on the analysis of the relationship between the
rate constants for the sequential reactions of nitrate reduction to
nitrite (k1) and nitrite reduction to ammonia (k2). Additionally,
volcanic curve-descriptors based on energy barriers for *H and
H2 release were established. The kinetic-descriptor and volcano
curve-descriptor were successfully applied to elucidate the two-
step tandem kinetic reaction pathway, clarify the relationship be-
tween k1 and k2, identify influencing factors, and assess the im-
pact on ammonia production performance. The results from in
situ electrochemical measurements and density functional the-
ory (DFT) calculations elucidate the distinct roles played by Cu2O
(CuO reduction product) and CoNi LDH in the sequential reduc-
tion steps from NO3

− to NO2
− and then from NO2

− to NH3, re-
spectively. As-proposed tandem reaction kinetics model and de-
scriptors offer a promising tool for quantitatively describing Ni-
tRR processes and optimizing reaction conditions.

2. Results and Discussion

2.1. Catalyst Design and Characterization

The synthesis process of the MoO4-CoNi LDH/CuO NW/CF cat-
alyst is illustrated in Figure 1a. Cu(OH)2 NW/CF was prepared
through chemical oxidation on the copper foam (CF) matrix,
and CuO NW/CF was obtained via calcination. MoO4-CoNi LDH
nanosheets was then grown on the surface of the CuO NW/CF
composite substrate using a hydrothermal method, resulting in
the formation of MoO4-CoNi LDH/CuO NW/CF. In the prepara-
tion process, acid group anion-NiCo LDH/CuO NW/CF was syn-
thesized via a one-pot hydrothermal method using different salts
as precursors containing target anions. For NO3-NiCo LDH/CuO
NW/CF, Cl-NiCo LDH/CuO NW/CF, and SO4-NiCo LDH/CuO
NW/CF, nickel and cobalt nitrates, chlorides, and sulfates were
directly employed as reactants. In the synthesis of MoO4-NiCo
LDH/CuONW/CF andWO4-NiCo LDH/CuONW/CF, nickel and
cobalt nitrates served as sources for Ni2+ and Co2+, while sodium
molybdate and sodium tungstate acted as sources for MoO4

2−

and WO4
2−. Urea decomposes under hydrothermal conditions,

releasing NH3 and CO2. The hydrolysis of NH3 gradually in-
creases the pH value of the solution. The slow release of OH−

creates a mild alkaline environment, allowing the hydrolysis of
Co2+ and Ni2+ ions to be controlled. Although urea can grad-
ually generate CO2 to form carbonate during the hydrothermal

process, carbonate accumulation is a gradual phenomenon that
does not affect intercalation unless longer reaction times are
utilized.[23]

The morphology transition from CF to MoO4-CoNi LDH/CuO
NW/CFwas observed by the scanning electronmicroscopy (SEM)
images. In contrast to the smooth bare CF surface (Figure 1b),
the Cu(OH)2 NW/CF electrode exhibited a dense and uni-
formly distributed arrangement of Cu(OH)2 nanowires (NW)
(Figure 1c). After calcination, the Cu(OH)2 NW/CF transformed
into disordered CuO NW/CF with a rough nanowire morphology
(Figure 1d). The SEM images in Figure 1e demonstrated a typi-
cal composite of MoO4-CoNi LDH/CuO NW/CF, where the verti-
cal orientation of CuO NW was supported by the CF substrate
while MoO4-CoNi LDH nanosheets grew vertically on its sur-
face features, with the nanowires exhibiting a length of ≈7.5 μm
(Figure S1, Supporting Information). Elemental mapping anal-
ysis showed uniform distribution of Cu and O elements in par-
tially oxidized CF surfaces, Cu(OH)2 NW/CF, and CuO NW/CF
(Figures S2–S4, Supporting Information). The uniform distribu-
tion of Ni, Co, Mo, Cu, and O elements was observed in both the
planar and vertical directions within the MoO4-CoNi LDH/CuO
NW/CF composite (Figures S5 and S6, Supporting Information).
Meanwhile, we successfully synthesized CoNi LDH/CuONW/CF
electrodes with various anion intercalations and consistently ob-
served the presence of a layered structure (Figure S7, Supporting
Information). The EDS plot revealed a uniformdistribution of Ni,
Co, and X (X =Mo, W, S, N, Cl) within the electrodes (Figures S5
and S8–S11, Supporting Information). Table S1 (Supporting In-
formation) presents the results of EDS elemental analysis indi-
cating their respective contents. The ratio of Ni to Co in all elec-
trodes was approximately 1:1, consistent with the feed ratio. Fur-
thermore, the anion content constituted 4%-10% of the total con-
tent for these three elements.
To obtain more comprehensive structural information, trans-

mission electron microscopy (TEM) analysis was conducted on
extractedMoO4-CoNi LDH fromMoO4-CoNi LDH/CuONW/CF.
The TEM image in Figure S12 (Supporting Information) revealed
MoO4-CoNi LDH growth on CuO NWs (250 nm), resulting in
a rough surface with an approximate diameter of 500 nm. The
HRTEM image reveals that the d-spacing values of 0.22 and
0.23 nm correspond to the (0 0 3) plane of MoO4-CoNi LDH
and the (1 1 1) plane of CuO, respectively (Figure 1f–h).[24,25]

To further analyze the element composition and distribution of
MoO4-CoNi LDH/CuO NW, high-angle annular dark-field scan-
ning transmission electronmicroscopy (HAADF-STEM) and cor-
responding element mappings were acquired. As illustrated in
Figure 1i, the distribution of Cu in the MoO4-CoNi LDH/CuO
NW is primarily observed in the core, while the elements O, Co,
Ni, and Mo are evenly distributed throughout the MoO4-CoNi
LDH/CuO NW. The layer spacing (dinterlayer) of the different elec-
trodes was characterized by XRD analysis, as shown in Figure 1j.
Located at 33.9°, 39.3°, 46.8°, 59.7°, and 61.8° diffraction peaks
can be designated as representative of the nickel hydroxide hy-
drate sample’s hydrotalcite structure (Ni(OH)2·0.75H2O), corre-
sponding to crystal faces (1 0 1), (0 1 5), and (1 1 3). Additionally,
the shift in diffraction peak positions for planes (0 0 3) and (0 0
6) reflects changes in the middle tier of the crystal lattice. The
observed peaks at approximately 12°, 11.9°, 10.3°, 9.2°, and 8.2°

for NO3-NiCo LDH, Cl-NiCo LDH, SO4-NiCo LDH, MoO4-NiCo
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Figure 1. Structural characterizations of catalysts. a) Schematic illustration of the preparation of a MoO4-CoNi LDH/CuO NW/CF binary cooperative
catalyst. SEM images of the CF b), Cu(OH)2 NW/CF c), CuO NW/CF d) and MoO4-CoNi LDH /CuO NW/CF e). f) TEM and g,h) high-resolution TEM
(HRTEM) images of MoO4-CoNi LDH/CuO NW/CF. i) TEM element mapping images of MoO4-CoNi LDH/CuO NW. j) XRD patterns of NO3-NiCo
LDH/CuO NW/CF, Cl-NiCo LDH/CuO NW/CF, SO4-NiCo LDH/CuO NW/CF, MoO4-NiCo LDH/CuO NW/CF and WO4-NiCo LDH/CuO NW/CF. k) Cu
2p, l) Co 2p, m) Ni 2p, and n) Mo 3d XPS spectra of MoO4-CoNi LDH/CuO NW/CF.

LDH and WO4-NiCo LDH respectively indicate that only anion
insertion leads to enlargement of the intermediate layer without
significant alteration to the crystal structure of NiCo LDH.[23] Ac-
cording to Bragg’s equation (Equation 1), the double interlayer
spacings for NO3-NiCo LDH, Cl-NiCo LDH, SO4-NiCo LDH,
MoO4-NiCo LDH and WO4-NiCo LDH are determined as 0.73,
0.74, 0.86, 0.96, and 1.07 nm, respectively. This evolution is con-
sistent with the size order of these anions, since NO3

− has a pla-
nar shape and its longitudinal size is even smaller than Cl−. The
XRD results demonstrate the successful preparation of gradient
double interlayers in NiCo LDH.

2dsin𝜃= n𝜆 (1)

In this equation, d represents the interplanar spacing, 𝜃 repre-
sents the angle between the incident X-ray and the correspond-
ing crystal plane, 𝜆 represents the wavelength of the X-ray, and n
represents the diffraction order.
The XPS measurements were conducted to determine the

chemical states and elemental information of different elec-
trodes. As shown in Figure 1k, the high-resolution X-ray pho-
toelectron spectroscopic (XPS) spectrum of Cu 2p3/2 presents
peaks at 932.5 and 934.7 eV (and the Cu 2p1/2 presents peaks
at 954.6 and 952.2 eV), indicating the CF containes both zero-
valent Cu and oxidation generated Cu2+, which corresponds to
metal Cu and CuO. The Cu 2p spectra of CuONW/CF andMoO4-
CoNi LDH/CuO NW/CF exhibited prominent peaks at ≈934 and
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≈954 eV for the Cu 2p3/2 and Cu 2p1/2 states, respectively, pro-
viding evidence that the three electrodes predominantly con-
sist of Cu2+. The peaks of Cu 2p3/2 in MoO4-CoNi LDH/CuO
NW/CF slightly shift to higher binding energy compared with
that in CuONW/CF. Such corresponding shifts demonstrate that
electron transfers from Cu to Ni and Mo occur in MoO4-CoNi
LDH/CuOhetero-phase interface, which ismainly attributed that
Ni (Electronegativity: 1.91 Pauling Scale) and Mo (Electronega-
tivity: 2.16 Pauling Scale) is more electronegative than Cu (Elec-
tronegativity: 1.90 Pauling Scale).[26] In the high-resolution Co
2p spectrum (Figure 1l), the peaks at 799.2 and 783.3 eV cor-
responded to Co 2p1/2 and Co 2p3/2 signals of Co

2+, while the
peaks at 797.0 and 781.0 eV corresponded to Co 2p1/2 and Co
2p3/2 signals of Co

3+ species.[27] In the high-resolutionNi 2p spec-
trum (Figure 1m), the peaks observed at energies of 873.8 and
856.0 eV were attributed to Ni 2p1/2 and Ni 2p3/2, respectively,
whereas other peaks represented shake-up satellite features.[24]

In the high-resolution Mo 3 d spectrum (Figure 1n), peak posi-
tions at energies of approximately 235 and 232 eV were assigned
toMo6+ species.[23] Figure S13 (Supporting Information) displays
XPS patterns for other electrodes, revealing that both Co2+ and
Co3+ are present in all the electrodes, while nickel is only ob-
served as Ni2+. The elemental composition of the different an-
ions can be clearly identified from the spectra. Based on the above
findings, it can be concluded that NiCo LDH with various inter-
calated anion have been successfully synthesized.

2.2. Electrocatalytic NitRR Performance

The electrochemical NitRR performance of the CoNi LDH/CuO
NW/CF was investigated under ambient temperature and pres-
sure in a standard three-electrodeH-type cell. In this study, NO3

−,
NO2

−, and NH3 were quantified by UV-vis spectrophotometry
with calibration curves (Figures S14–S16, Supporting Informa-
tion) and the data are shown in Table S2 (Supporting Informa-
tion). An industrial wastewater with a relevant nitrate concen-
tration of 0.05 mol L−1 was used in our electrolyte for the stan-
dard electrochemical characterizations of the catalysts. As shown
in Figure 2a, CuO NW/CF, NO3-CoNi LDH/CuO NW/CF, and
MoO4-CoNi LDH/CuO NW/CF exhibit distinct LSV curves, with
MoO4-CoNi LDH/CuO NW/CF demonstrating exceptional in-
trinsic activity for nitrate reduction by achieving the highest re-
duction current density. NO3-CoNi LDH/CuO NW/CF shows the
second-highest NitRR response current, while CuO NW/CF dis-
plays the poorest performance. Notably, at a reduction current of
250 mA cm−2, the potential of MoO4-CoNi LDH/CuO NW/CF is
merely−0.29 V vs. RHE. Furthermore, we investigated the NitRR
performance of three catalysts at −0.2 V vs. RHE under different
conditions(Figure S17, Supporting Information), and finally se-
lected these three catalysts to study the catalytic products at differ-
ent potentials to examine the NH3 FE (NH3 selectivity) of NitRR.
As the potential decreases from 0.2 to −0.3 V vs. RHE, there is
an initial increase followed by a decrease in NH3 FE, while the
NO2

− by-product exhibits a decreasing trend. At an applied po-
tential of−0.2 V vs. RHE,MoO4-CoNi LDH/CuONW/CF demon-
strated an NH3 FE sum close to 100%, whereas CuO NW/CF
and NO3-CoNi LDH/CuO NW/CF exhibited slightly lower values
than 100%. This observation could be attributed to HER compe-

tition or the formation of unmonitored by-products such as N2,
NOx, and N2H4. Notably, CuO NW/CF displayed the highest FE
value (84.51%) for NH3 production, whileMoO4-CoNi LDH/CuO
NW/CF exhibited superior performance in hydrogenating NO2

−

with its highest FE value reaching 99.78% for NH3 production.
These findings suggest that CuO has limited ability to adsorb and
reduce NO2

− into NH3 compared to MoO4-CoNi LDH, which ex-
cels in this process.
The maximum NH3 FE achieved by MoO4-CoNi LDH/CuO

NW/CF was 99.78% at −0.2 V vs. RHE resulting in an NH3
yield of 1.12 mmol h−1 cm−2. Further negative shifting of the
electric potential to −0.3 V vs. RHE led to increased NH3 yield
(1.15 mmol h−1 cm−2) but decreased NH3 FE, which still reached
a promising level of 96.76%. Although CuO NW/CF demon-
strates excellent catalytic activity toward nitrate reduction into ni-
trite (NO2

−), its limited protonation performance for converting
nitrite into ammonia hindered efficient completion of tandem
reaction processes involving nitrate deoxygenation and hydro-
genation, thereby leading to poor overall efficiency or low NH3
yield. Fortunately, the incorporation of MoO4-CoNi LDH onto
CuO NW/CF effectively addresses this limitation (Figure 2b,c;
Figure S18, Supporting Information). The selectivity results for
NO2

− and NH3 at different potentials are depicted in Figure S19
(Supporting Information), exhibiting a remarkable selectivity of
up to 96.39% for NH3 at −0.2 V vs. RHE.
To further validate the origin of synthesized NH3 from in-

jected NO3
−, a 15N isotope labeling experiment was conducted.

Following electrolysis at −0.2 V vs. RHE using Na15NO3 and
Na14NO3 as reactants, the

1H nuclear magnetic resonance (1H
NMR, 400 MHz) spectra of the electrolyte exhibited character-
istic bimodal peaks for 15NH4

+ and trimodal peaks for 14NH4
+,

respectively.[12] This isotope labeling experiment conclusively
demonstrates that the generated NH3 originates solely from
NitRR, effectively excluding any potential influence from ex-
ternal environmental pollutants or electrocatalyst interference
(Figure 2d).
To evaluate MoO4-CoNi LDH/CuO NW/CF’s capability in ni-

trate removal, a batch conversion test was conducted using an
initial concentration of ≈0.05 mol L−1 NO3

− solution, followed
by measurement of the residual product. After 2 h of electroly-
sis, nearly all of the nitrogen sources were efficiently converted
into NH3 within the same time frame, and both NO3

− and NO2
−

concentrations remained well below the drinking water regula-
tions set by the World Health Organization (WHO) (Figure 2e).
To further highlight their industrial production potential, a se-
ries of experiments were performed. First, electrolytes with dif-
ferent NO3

− concentrations (0.005-0.2 mol L−1) were studied,
and the high performance was found to be maintained well
over a wide range (Figure 2f).[28] Across seven consecutive cy-
cles, the variations in NH3 FE and current density of MoO4-
CoNi LDH/CuO NW/CF remain consistent, indicating the excel-
lent stability of MoO4-CoNi LDH/CuO NW/CF during the elec-
trocatalytic nitrate-to-ammonia conversion process (Figure 2g).
In fact, after the electrochemical tests, the XPS spectra of copper,
nickel, cobalt andmolybdenum showed almost no change.Mean-
while, the metal ions in the solution only had a small amount
of residual after the first cycle, indicating that it has extremely
high durability (Figures S20 and S21, Supporting Informa-
tion). Figure 2h compares the nitrate reduction performance of
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Figure 2. Electrochemical performance of catalysts. a) LSV curves depicting the performance of CuO NW/CF, NO3-CoNi LDH/CuO NW/CF and MoO4-
CoNi LDH/CuONW/CF in 1mol L−1 KOH solution with (solid lines) or without (dashed lines) nitrate. The corresponding FE for NH3 b), NH3 production
rate c) for CuO NW/CF, NO3-CoNi LDH/CuO NW/CF and MoO4-CoNi LDH/CuO NW/CF in a 1 mol L−1 KOH with 0.05 mol L−1 NO3

− electrolyte at
different potentials. d) 1H NMR spectra of liquid products obtained through NitRR of 14N nitrate and 15N nitrate. e) Complete nitrate removal using
MoO4-CoNi LDH/CuO NW/CF with an initial 1 mol L−1 KOH containing ≈0.05 mol L−1 NO3

− electrolyte at −0.2 V vs. RHE. f) The NH3 FE and
production rate on the heterogeneous MoO4-CoNi LDH/CuO NW/CF catalyst at −0.2 V vs. RHE in the range of 0.005-0.2 mol L−1 NO3

− at 1 mol L−1

KOH. g) Long-term current-time stability test of MoO4-CoNi LDH /CuONW/CF at−0.2 V vs. RHE in 1mol L−1 KOHwith 0.05mol L−1 NO3
−, employing

a continuous flow system in an H-type cell. h) Comparative analysis of electrochemical performance with benchmark reported catalysts (See detailed
information in Table S3, Supporting Information).

MoO4-CoNi LDH/CuONW/CFwith that of other electrocatalysts,
and the detailed comparison of nitrate reduction performance is
summarized in Table S3 (Supporting Information). MoO4-CoNi
LDH/CuONW/CF exhibits a high FE for NH3 production at high
partial current densities, which is superior or comparable to the
performance of non-noble metal or alloy catalysts.[12,16,25,29–34]

2.3. Kinetics Evaluation of Catalytic Tandem Reactions

The above results depict a two-step tandem reaction, wherein
the reactant concentration (NO3

−) gradually diminishes over the
course of the reaction, while the product concentration (NH3)
steadily increases. Additionally, the concentration of intermedi-
ates (NO2

−) initially rises and then declined, reaching its maxi-

mum value in the middle. The kinetic characteristics of this re-
action indicate that both elementary reactions occur simultane-
ously; once an intermediate (NO2

−) is formed, its transformation
into a product (NH3) promptly commences. The relative concen-
trations of reactants (NO3

−), intermediates (NO2
−), and products

(NH3) depend on the relative rates of these two-step tandem re-
actions. Catalytic tandem reactions pose challenges for catalyst
optimization and reaction condition design due to their interde-
pendence on two distinct reactions occurring concurrently. Con-
sequently, it becomes difficult to independently tailor each re-
action’s characteristics and properties or achieve precise control
over them. Therefore, we analyze reactant reduction rate in so-
lution and product formation rate by examining reactants, inter-
mediates, and products to accomplish meticulous regulation of
the reaction kinetics. From the trend of nitrogen concentration

Adv. Sci. 2025, 2502262 2502262 (5 of 12) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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changes during the high-concentration (100mm) nitrate reaction
process, it can be seen that our catalyst system is a typical two-step
tandem reactions (Figure S22, Supporting Information).
Nitrate reduction is visualized as a nitrogen species reduction

and hydrogenation process, resulting from the chemical reac-
tions of direct nitrogen reduction and hydrogenation of reactive
hydrogen on the catalyst surface, occurring at two distinct sites.
The process of nitrate reduction to ammonia can be divided into
two main steps: nitrate reduction to nitrite and nitrite reduction
to ammonia. The kinetic rate constants are denoted as k1 and k2,
respectively, and the corresponding formulas is presented below
(Equations 2 and 3):

NO−
3 +H2O + 2e−

k1
←←←←←←←←→ NO−

2 + 2OH− (2)

NO−
2 + 5 ∗ H + 6e−

k2
←←←←←←←←→ NH3 + 2OH− (3)

Previous findings have demonstrated the remarkable cat-
alytic activity of CuO in facilitating the conversion of nitrate to
nitrite.[29] In order to investigate this further, we conducted a se-
ries of nitrate conversion experiments at varying voltages and
subsequently determined the corresponding rate constants. The
results indicate that while there was no significant alteration ob-
served in k1, a decrease in voltage led to an increase in k2. The
primary reason for this phenomenon is that the electrode poten-
tial for nitrate reduction to nitrite is 0.836 V vs. RHE (Equation 4),
whereas the electrode potential for nitrite reduction to ammonia
is 0.716 V vs. RHE (Equation 5), resulting in a preference for ni-
trate reduction to nitrite (k1) at high potentials.[13] While k1 re-
mains relatively constant as the potential decreases, k2 continues
to increase until reaching rate matching at maximum Faraday
efficiency (Figure S23, Supporting Information). The decrease in
the potential results in an increase in the reaction charge, thereby
inducing an upward trend in both k1 and k2. By fitting the re-
lationship between k1 and k2 against the amount of charge, we
observed a linear correlation between k1 and quantity of electric
charge (Q), while an exponential correlation was found between
k2 and Q, indicating that changes in Q had a greater impact on
k2 than on k1. Upon conversion, it was evident that there existed
an exponential correlation between k2 and k1 (Figure 3a).

NO3
− +H2O + 2e− → NO2

−+2OH− E0= 0.836 V vs. RHE (4)

NO2
−+5H2O + 6e− → NH3+7OH− E0= 0.716 V vs. RHE (5)

To investigate the exceptional catalytic activity of CuO NW/CF
on NO3

−, CuO NW/CF was pre-reduced at −0.2 V vs. RHE for
30 min and the pre-reducing electrode was immersed in an elec-
trolyte solution (including 1 mol L−1 KOH and 0.05 mol L−1

NaNO3), where nitrate was converted to nitrite by CuO NW/CF
without voltage applied. This observation suggests a spontaneous
redox reaction between CuO or its reduction products and NO3

−,
resulting in the generation of NO2

−. Simultaneously, this polar-
ization phenomenon leads to a decrease in the open circuit volt-
age (Figure S24, Supporting Information).
Electrochemical impedance spectroscopy (EIS) is a poten-

tially valuable experimental technique for investigating the ki-
netics of electrocatalytic reactions and the properties of the elec-

trode/electrolyte interface. In order to gain a deeper understand-
ing of the reaction kinetics in 1 mol L−1 KOH and 0.05 mol L−1

NaNO3 solutions, in situ EIS measurements were conducted.
Figure 3b depicts the measured impedance spectra of the NitRR
process onCuONW/CFwithin an electrode potential range of 0.2
to−0.3 V vs. RHE, while equivalent circuits are used to fit Nyquist
plots of these impedance spectra (Figure S25, Supporting Infor-
mation). The equivalent circuit comprises a solution resistance
(Rs), a constant phase element (CPE), and a charge transfer re-
sistance (Rct). The results obtained from fitting EIS data are pre-
sented in Table S4 (Supporting Information). Rct and CPE can
reflect the adsorption behavior of reactants or intermediates on
the catalyst surface. Since CuONW/CF exhibits similar Rs values
at several voltages,Rct can serve as an indicator for electrode resis-
tance. As potential decreases, Rct gradually diminishes for CuO
NW/CF, while Cu2O begins to form progressively faster. These
findings indicate that Cu2O formation involves more rapid elec-
tron transfer and accelerated adsorption kinetics for reactants or
intermediates during NitRR process.
In order to elucidate the mechanism underlying the reduc-

tion of NO3
− to NO2

−, ex situ XRD tests were performed on
CuONW/CF following pre-reduction. The experimental findings
demonstrated that during open circuit potential (OCP) condi-
tions, alongside the presence of a Cu peak, an additional signal
indicative of CuO was observed. Upon gradual reduction in po-
tential from 0.2 down to 0 V vs. RHE, there was a decline in inten-
sity for the CuO signal until its near disappearance; concurrently
at the potential (0 V vs. RHE), the distinct feature associated with
Cu2O became evident (Figure 3c). Moreover, as further decrease
in potential occurred from 0V toward−0.3 V vs. RHE, there was a
progressive enhancement observed for the intensity of this newly
formed Cu2O signal (Equations 6–8).
For the study on phase transition of LDH, Figure 3d demon-

strates the variation of several peaks in Raman spectra with the
decrease of potential. The peaks at 530 cm−1 and 600 cm−1 pri-
marily arise from the A1g tensile vibration mode of Ni-O and
CoOOH, with the region between the Ni-O and CoOOH peaks
gradually expanding as voltage decreases, attributed to enhanced
availability of hydrogen radicals at lower voltages.[35,36] Further-
more, a decrease in nitrate peak (1047 cm−1) is observed as the
voltage decreases, mainly due to nitrate degradation under low
voltage conditions.

CuO + 2e− +H2O → Cu + 2OH− (6)

2CuO + 2e− +H2O → Cu2O + 2OH− (7)

2Cu + NO3
− → Cu2O + NO2

− (8)

Density functional theory (DFT) calculations have been widely
used to study the reaction paths and related mechanisms of
the NitRR. Therefore, DFT calculations were employed here to
gain a comprehensive understanding of the underlying mech-
anisms responsible for the notable variations in electrocatalytic
activity resulting from the incorporation of diverse heteroatoms
in Cu/Cu2O and acid group anion-CoNi LDH. The work func-
tion of a surface is a significant criterion for investigating the
surface activity. The work functions of the Cu/CuO (0 0 2) and

Adv. Sci. 2025, 2502262 2502262 (6 of 12) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. Mechanism of nitrate catalysis by copper-based catalysts. a) The relationship between the kinetic constant (k1 and k2) of the reaction and Q
of the reaction. b) Nyquist plot of CuO NW/CF at various potentials of 1 mol L−1 KOH (0.05 mol·L−1 NO3

−). c) Ex situ XRD spectra of the CuO NW/CF
catalyst at different applied potentials in 1 mol L−1 KOH electrolyte with 0.05 mol L−1 NaNO3. d) In situ Raman spectra of the MoO4-CoNi LDH/CuO
NW/CF at different applied potentials in 1 mol L−1 KOH electrolyte with 0.05 mol L−1 NaNO3. e) Electrostatic potentials of Cu/Cu2O (1 1 1) surface. f)
Charge density difference illustrating *NO3 adsorption on Cu/Cu2O (1 1 1) surface. g) Calculated Gibbs free energy changes for NitRR leading to NH3
production at 0 V vs. RHE.

Cu/Cu2O (1 1 1) surfaces were calculated based on the following
(Equation 9):

Φ = EVAC − Efermi (9)

where Efermi is the Fermi energy, and EVAC is the electrostatic po-
tential of the vacuum level. The work functions of the Cu/CuO (0
0 2) and Cu/Cu2O (1 1 1) surfaces were 7.43 eV (Figure S26, Sup-
porting Information) and 4.67 eV (Figure 3e), respectively. Com-
paring the work functions of the Cu/CuO (0 0 2) and Cu/Cu2O
(1 1 1) surface, electrons are more likely to overflow from the
Cu/Cu2O (1 1 1) surface, which is more active than the Cu/CuO
(0 0 2) surface. Thus, Cu/Cu2O (1 1 1) is more conducive to
the initial *NO3 adsorption. Moreover, the charge density dif-
ference calculation results for NO3

− before and after adsorp-
tion at the Cu/Cu2O (1 1 1) (*Cu/Cu2O (1 1 1)) (Figure 3f)
reveal a transfer of oxygen atoms from NO3

− to the Cu posi-
tion at the Cu/Cu2O (1 1 1), providing strong evidence for en-

hanced interaction between *NO3 and regions of the Cu/Cu2O
(1 1 1).
The overall NitRR pathway on the catalyst surface is shown in

Figure 3g and the related structures of intermediates are shown
in Figure S27 (Supporting Information). The pathway includes
the adsorption of NO3

− to form *NO3, deoxygenation of the N
species, hydrogenation of the N species, and desorption of the re-
duced species. It is clear that the Gibbs adsorption energy (Gads)
of *NO3 on Cu/Cu2O (1 1 1) is −2.09 eV, lower than that of
Cu/CuO (0 0 2) (−1.61 eV), suggesting that the Cu/Cu2O (1 1 1)
facet triggers the reaction. The adsorption energy of other inter-
mediates (*NO2, *NO, *N, *NH, *NH2, *NH3) on the Cu/CuO
(0 0 2) surface is higher than that of Cu/Cu2O (1 1 1). How-
ever, previous studies have indicated that the catalyst’s robust ad-
sorption of NitRR intermediates (*NO2, *NO, *N, *NH, *NH2,
*NH3) often leads to rapid deactivation, thereby impeding sub-
sequent electrochemical reduction into NH3.

[9] In addition, the
NH3 desorption step (*NH3+e−→NH3) from Cu/CuO (0 0 2)

Adv. Sci. 2025, 2502262 2502262 (7 of 12) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. Mechanism of hydrogen radicals supply catalyzed by CoNi LDH. a) Correlation between reaction rate constants k2 and k1 for MoO4-CoNi
LDH/CuO NW/CF with varying anion intercalations under identical voltage conditions. 3D colormap surface plot and corresponding colortour maps
for of NH3 concentration b) and NH3 selectivity c) on the rate constant of nitrite reduction by different nitrates (k1) and the rate constant of nitrite
reduction to ammonia (k2). d) Electrochemical quasi in situ EPR tests at −0.2 V versus RHE. e) Effects of starting potential on CV curves of MoO4-CoNi
LDH/CuO NW/CF in Ar-saturated 1 mol L−1 KOH solution. f) Under TBA masking conditions, the MoO4-CoNi LDH/CuO NW/CF electrode exhibited
a NO3

− change over time in a −0.2 V versus RHE, 1 mol L−1 KOH (0.05 mol L−1 NaNO3) solution. g) The correlation between the rate constant of
nitrite reduction to ammonia (k2) and the activation energy for *H was investigated. Differences in charge density adsorbed on the surface of CoNi
LDH with varying anion intercalations. h–l) Variations in charge density of hydrogen radicals adsorbed on the surface of CoNi LDH with different anion
intercalations.

exhibits a higher uphill ΔG of 1.02 eV compared to the same re-
action step of NH3 desorption from Cu/Cu2O (1 1 1) which only
requires 0.42 eV. The aforementioned analysis results indicate
that NO3

− adsorption, intermediate adsorption, and NH3 desorp-
tion processes on Cu/Cu2O (1 1 1) outperform that of Cu/CuO
(0 0 2).
To gain a more comprehensive understanding of the impact of

CoNi LDH loading on the hydrogenation process, electron para-
magnetic resonance (EPR), radical masking, cyclic voltammetry
(CV) tests, andDFT calculations were employed to investigate the
generation and transfer of hydrogen radicals (*H). To investigate
the impact of *H on reaction kinetics, we conducted kinetic anal-
ysis of CoNi LDH/CuO NW/CF intercalated with various anions
(Cl−, NO3

−, SO4
2−, MoO4

2−, WO4
2−). The results revealed an in-

creasing trend in k1 while a decreasing trend in k2 as the layer
spacing increased. The findings from the aforementioned stud-
ies demonstrate an exponential correlation between variations in
k2 and k1. By studying the kinetics of CoNi LDH/CuONW/CF tan-
dem reactions with different anion intercalations, it was observed
that k2 gradually decreased with increasing CoNi LDH layer spac-
ing. The fitting results presented above demonstrate an exponen-

tial correlation between k1 and k2 when the charge input is in
close proximity (Figure 4a; Figure S28, Supporting Information).
To investigate the impact of changes in k1 and k2 on NO2

−

concentration, NH3 concentration, and NH3 selectivity, we ini-
tially set the NO3

− concentration at 700 mg L−1 and the reac-
tion time at 120 min as baseline values. In order to effectively
separate and enhance the tandem catalytic process, we devel-
oped a kinetic-descriptor tool based on the widely acceptedmech-
anism of electrocatalytic ammonia nitrate synthesis for study-
ing electrocatalytic nitrate synthesis of ammonia. Subsequently,
we derived the following equations to determine three kinetic
descriptors and visually depicted the relationship between k1,
k2, NO2

− concentration, NH3 concentration, and NH3 selectiv-
ity using 3D color plots. The equation is represented as follows
(Equations 10–12):

C
(
NO−

2

)
=

700k1
k1 − k2

(
e−120k2 − e−120k1

)
(10)

C
(
NH3

)
= 700

(
1 +

k1e
−120k2 − k2e

−120k1

k2 − k1

)
(11)
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S
(
NH3

)
∕% =

C
(
NH3

)
C
(
NO−

2

)
+ C

(
NH3

) (12)

The accumulation of NO2
− increased gradually as k2 de-

creased, primarily due to the decrease in k2 resulting in reduced
NO2

− consumption and ultimately leading to the buildup of
NO2

− (Figure S29, Supporting Information). However, as illus-
trated in Figure 4b, the increase in k1 and k2 also leads to a higher
NH3 yield. Nevertheless, compared to the impact of k2 on NH3
yield, changes in k1 have a more pronounced effect. This obser-
vation further supports the idea that nitrate reduction to nitrite
acts as the rate-determining step during the process of nitrate
reduction to ammonia. Moreover, both k1 and k2 exhibit a posi-
tive correlation with NH3 selectivity and yield. Although increas-
ing these rate constants enhances NH3 production and selectiv-
ity, our findings indicate that they are influenced by factors such
as input charge amount and electrode material. By incorporating
the relationship between k1 and k2 for different layer spacings
mentioned above into Figures S22 (Supporting Information), it
can be observed that NO2

− and NH3 yields gradually increase
with increasing layer spacing; however, this results in a decrease
in NH3 selectivity. Therefore, theoretically speaking, MoO4-CoNi
LDH represents an optimal choice for achieving maximum NH3
yield while maintaining high selectivity (Figure 4b,c).
Notably, EPR results (Figure 4d) revealed that only a small

amount of *H was generated in solution during the electrocatal-
ysis of nitrate by CuO NW/CF. In contrast, when MoO4-CoNi
LDH was loaded onto CuO NW/CF, the peak intensity surpassed
that of CuO NW/CF, indicating an enhanced *H supply capac-
ity due to MoO4-CoNi LDH loading. The CV curve shown in
Figure 4e and Figure S30 (Supporting Information) also exhib-
ited an oxidation peak corresponding to *H; however, this oxida-
tion peak for MoO4-CoNi/CuO NW/CF was significantly higher
than that observed for CuO NW/CF. To confirm the crucial role
of *H in the electrochemical system, tert-butyl alcohol (TBA), a
specific quenching agent for *H, was added prior to electroly-
sis. There was reduced removal efficiency for NO3

− and NO2
−

as it hindered their reduction by *H with TBA. The MoO4-CoNi
LDH/CuO NW/CF catalyst demonstrated a reduction effect on
1 mol L−1 KOH (with NO3

−) solution; consequently, k1 and k2
rate constants decreased from 0.022 to 0.017 h−1 and from 0.064
to 0.036 h−1 respectively when TBA was added to the solution.
The rate constant for reduction of NO2

− to NH3 decreased ap-
proximately by a factor of one providing evidence supporting the
critical role played by *H as an intermediate reaction species in
reducing NO2

− into NH3 (Figure 4f). Without TBA, when the po-
tential is lower than −0.3 V vs. RHE, the cathode current rises
sharply, mainly driven by the nitrate reduction reaction (NitRR).
After adding TBA, the total current density shows a trend of first
decreasing and then increasing. The first decrease is due to the
adsorption of TBA at the *H generation site, which partially in-
hibits the generation of *H. As the voltage further decreases, the
voltage can drive the breakthrough of TBA’s limitation, and the
TBA in the solution will consume *H, resulting in an increase in
current density (Figure S31, Supporting Information).
The primary role of CoNi LDH is to serve as a hydrogen radi-

cal (*H) provider (Figure S32, Supporting Information). Initially,
water molecules are adsorbed onto the surface of CoNi LDH, fol-

lowed by detachment of OH− from CoNi LDH to form *H. *H
absorbed on the surface of CoNi LDH can either combine with
other *H to form H2 or directly for NitRR. The release barriers
of *H and H2 serve as reasonable descriptors of the competitive
relationship between NitRR and HER. A higher ΔGH2 value sug-
gests weakHER activity in the catalyst, which favors the NitRR re-
action. We systematically screened CoNi LDH catalysts with var-
ious anionic intercalations and calculated the energy barriers for
*H and H2 release during the HER process. For efficient nitrite
reduction to ammonia in the NitRR process, a moderate *H re-
lease barrier is crucial. If it is too strong, it may poison the CoNi
LDH catalyst, while if it is too weak, undesired desorption of *H
leading to by-products like H2 can occur. Notably, we observed a
volcano-like correlation between the binding energy of *H and
that released by H2. The MoO4-CoNi LDH exhibits a moderate
binding energy toward *H along with a high energy barrier for
H2 release, making it a promising candidate as a hydrogen radi-
cal donor (Figure 4g; Figure S33, Supporting Information).
The charge density difference of H before and after adsorp-

tion at the CoNi LDH interface is illustrated in Figure 4h–l,
demonstrating the occurrence of charge transfer between oxygen
and hydrogen atoms. Variations in anion intercalations induce
changes in the layer spacing of CoNi LDH, which consequently
affects its surface charge. Consequently, alterations in surface
charge can impact the bond lengths of adatoms as well. Notably,
an increase in layer spacing exhibits a trend where the surface H-
O bond length initially increases and then decreases within CoNi
LDH due to distinct anions’ charge contributions to this mate-
rial. Accumulation of charges on the CoNi LDH layer leads to
shorter hydrogen/oxygen bond lengths, thereby promoting hy-
drogen radical production and highlighting MoO4-CoNi LDH’s
advantage for this purpose.

2.4. Rechargeable Zn-Nitrate Battery and Ammonia Product
Collection

The schematic diagram of the aqueous rechargeable zinc-nitrate
(Zn-NO3) battery is illustrated in Figure 5a. During discharge,
Zn metal on the anode dissolves and releases electrons, facilitat-
ing NitRR at the cathode through electron transfer. On charging,
water undergoes oxidation to produce O2, while Zn (OH)4

2− is
formed at the anode leading to the generation of Zn, thereby re-
sulting in the subsequent battery reaction.
Discharge reaction:

4Zn + NO3
−+7H2O + 6OH− → 4Zn(OH)4

2−

+NH4+, Edischarge= 1.152 V (13)

Charge reaction:

2Zn(OH)4
2− → 2Zn + 2H2O + 4OH− +O2, Echarge= 1.650 V (14)

Overall reaction:

NO3
−+3H2O → NH4

++2OH−+2O2 (15)

The constant open circuit potential of MoO4-CoNi LDH-
/CuO NW/CF-based Zn-NO3 battery is 1.12 V vs. Zn/Zn2+, as

Adv. Sci. 2025, 2502262 2502262 (9 of 12) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202502262 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [28/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 5. The electrochemical performance of hybrid aqueous Zn-NO3 battery. a) Schematic representation of the assembled Zn-NO3 battery featur-
ing a Zn anode and MoO4-CoNi LDH/CuO NW/CF cathode. b) Open circuit voltage of Zn-NO3 battery. c) Visual representation with photographs
showcasing a timepiece powered by the Zn-NO3 battery. d) Long-term discharge stability test results for the Zn-NO3 battery at 20 mA cm−2, including
the corresponding yield. e) Discharging polarization curves and corresponding power density curves of the Zn-NO3 battery. f) Comparative analysis
of electrochemical performance with benchmark reported catalysts (See detailed information in Table S5, Supporting Information). g) Galvanostatic
discharge–charge cycling curves over 40 cycles at 12.5 mA cm−2. h) Synthesized NH4Cl products and corresponding XRD patterns.

depicted in Figure 5b. This value closely aligns with the the-
oretical voltage of 1.15 V vs. Zn/Zn2+ for the Zn-NO3 battery.
The battery was utilized to power an electronic timer, and the
device operated continuously for 24 h without any anomaly
(Figure 5c).
Typically, the voltage of Zn-NO3 battery stays≈0.83 V at 10mA

cm−2, which lowers the calculated energy density to 634.88 Wh
L−1 with 3.76 mol L−1 of NO3

− in the electrolyte (Figure S34, Sup-
porting Information). The conversion of nitrate to ammonia ex-
ceeds 90% within a duration of 72 h, as depicted in Figure 5d,
under a current density of 20 mA cm−2. As a result, the Zn-NO3
battery reaches amaximal power density of 22.7mWcm−2, which
is superior to the reported catalysts (Figure 5e,f; Table S5, Sup-

porting Information).[37–43] Furthermore, continuous discharge–
charge cycling curves at 12.5 mA cm−2 show good stability and
a low charge potential of 1.30 V during 40 cycles (Figure 5g),
which suggests excellent stability of the assembled Zn-NO3
battery.
We further demonstrate the practical application of our ap-

proach by integrating electrocatalysis with gas extraction to
achieve continuous collection of high-purity ammonia prod-
ucts (Figure S35, Supporting Information). More than 95%
of ammonia can be effectively removed by the air stripping
method, followed by neutralization of the resulting HCl solu-
tion (containing NH3) using NaOH and subsequent rotary evap-
oration. Approximately 80.1% of NH3 is converted into NH4Cl

Adv. Sci. 2025, 2502262 2502262 (10 of 12) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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powder. XRD analysis confirmed the formation of NH4Cl and
NaCl (from NaOH neutralization) compounds (Figure 5h). In
summary, we have presented an integrated process for directly
converting nitrate-containing feedstock water into high-quality
ammonia products using a MoO4-CoNi LDH/CuO NW/CF
catalyst.

3. Conclusion

In summary, we report a highly efficient strategy for nitrate re-
duction to ammonia using anion-intercalated CoNi LDH/CuO
NW/CF catalysts. By tuning the anion intercalation (Cl−, NO3

−,
SO4

2−, MoO4
2−, WO4

2−) and modulating the layer spacing in
CoNi LDH,we enhanced *H generation and facilitated the hydro-
genation of nitrogenous intermediates, significantly improving
catalytic performance. The MoO4-CoNi LDH/CuO NW/CF cata-
lyst achieved an ammonia yield of 1.12 mmol cm−2 h−1 and a
Faraday efficiency of 99.78% at an ultra-low potential of−0.2 V vs.
RHE, outperforming conventional copper-based catalysts. In situ
spectroscopic and electrochemical studies revealed that Cu/Cu2O
redox processes drive the reduction of nitrate to nitrite, while
CoNi LDH acts as a key *H donor, accelerating nitrite hydrogena-
tion to ammonia. Tandem reaction kinetics, described by rate
constants (k1 for nitrate-to-nitrite and k2 for nitrite-to-ammonia)
and a volcano curvemodel, provide a comprehensive understand-
ing of the reaction pathway and enable the rational selection of
optimal catalysts. These insights pave the way for the design of
more efficient catalysts for sustainable ammonia production and
nitrate removal.
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the author.
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