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ABSTRACT: Ambient electrochemical NO reduction presents a dual solution for
sustainable NO reduction and NH3 synthesis. However, their complex kinetics and
energy demands necessitate high-performance electrocatalysts to ensure effective
and selective process outcomes. Herein, we report that a two-dimensional Cu-
based metal−organic framework (MOF), {[Cu(HL)]·H2O}n, (Cu-OUC, H3L =
5-(2′-carboxylphenoxy)isophthalic acid) acts as a stable electrocatalyst with high
efficiency for NO-to-NH3 conversion. Electrochemical experimental studies
showed that in 0.1 M K2SO4 solution, the as-prepared Cu-OUC achieved a
peak Faradaic efficiency of 96.91% and a notable NH3 yield as high as 3415.82 μg
h−1 mg−1. The Zn−NO battery in aqueous solution can produce electricity
possessing a power density of 2.04 mW cm−2 while simultaneously achieving an
NH3 yield of 616.92 μg h−1 mg−1. Theoretical calculations revealed that the
surface of Cu-OUC effectively facilitates NO activation through a two-way charge
transfer mechanism of “electron acceptance and donation”, with the *NO
formation step being the potential-determining stage. The study pioneers the use of a MOF as an electrocatalyst for ambient NO-to-
NH3 conversion.
KEYWORDS: Metal−Organic Framework, Electrocatalyst, Nitric Oxide (NO), Ammonia (NH3), Theoretical Calculations

■ INTRODUCTION
Ammonia (NH3) is the second-most manufactured synthetic
chemical, plays a critical role in sustaining human life, and is also
regarded as an attractive carbon-neutral energy carrier owning
high hydrogen capacity.1−3 The current industrial NH3
production through the Haber−Bosch process is highly
energy-intensive and causes a lot of greenhouse gas
emissions.4−6 To settle these issues, many researchers have
devoted themselves to finding an environment-friendly and
sustainable alternative for NH3 synthesis as a potential
alternative to the Haber−Bosch process.7−10 Recently, the
electrochemical nitrogen (N2) reduction reaction (NRR) is an
energy-efficient and eco-friendly method that requires only N2
and H2O for NH3 production and has attracted paramount
attention from researchers.11−14 However, owing to the
chemical inertness of nonpolar N2, intrinsically sluggish kinetics,
and the competing hydrogen evaluation reaction (HER), the
NRR encounters issues with activity and selectivity, making
electrochemical NH3 synthesis from N2 a continuing chal-
lenge.15,16 Encouragingly, compared with the NRR process, the
electrochemical nitric oxide (NO) reduction reaction (NORR)
is kinetically and thermodynamically relatively easy for NH3
synthesis because of the lower dissociation energy of NO.17−22

Besides, NO is one of the major man-made atmospheric
pollutants, resulting in environmental issues and thus threat-

ening public health.23,24 Hence, the NORR holds great promise
to realize simultaneously green NH3 synthesis and harmful NO
removal. The complicated five-electron process and competitive
HER process of the NORR highlight the key role of
electrocatalysts. And the development of efficient electro-
catalysts has indeed been a technological bottleneck, limiting
the large-scale practical applications of ammonia synthesis via
the NORR.25,26

Two-dimensional (2D) materials have increasingly attracted
significant attention as potential materials for energy storage and
conversion devices owing to their distinct optical and electrical
properties.27−29 In contrast to inorganic 2D materials (such as
graphene, 2D metal sulfides, and 2D metal oxides), 2D MOFs
can be synthesized by the self-assembly of selectable metal nodes
and designable organic ligands, resulting in a variety of structural
motifs. The well-defined structure has contributed to studying
the mechanism and comprehending the structure−activity
relationship. Furthermore, the intrinsic properties of 2D
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MOFs including ultrathin layer thickness, tunable pore
structure, and extremely high specific surface area can afford
open channels and uniform active sites for chemo-, size-, shape-,
and stereoselective interactions, which are favorable to electron
transport in the framework, giving them superior activity and
cyclability.30−32 Owing to the well-defined structures and
designability, 2D MOFs have been proposed for various
energy-conversion reactions.30,33−39 For instance, Zhu et al.37

reported the conductive Cu-based MOF (CuHHTP) compo-
sites for selective NH3 production from NO3

− reduction. The
Cu clusters are filled into the mesopores of CuHHTP;
meanwhile, the porous structure of CuHHTP restricts the
growth and aggregation of Cu clusters for its internal
environment. Xu et al.38 reported that ultrathin 2D Co-MOF
nanosheets could exhibit an overpotential of 263 mV in the
electrocatalytic oxygen evolution reaction (OER), which was
attributed to the porous structure of ultrathin nanosheets and
high accessibility of surface-active sites as well as excellent
electron transfer and rapid mass transport. Li et al.39 reported a
helical rod-based 2D Bi-MOF featuring unique crystallo-
graphically independent channels for effective electrochemical
carbon dioxide reduction to formic acid. However, to the best of
our knowledge, 2D MOFs serving as electrocatalysts for NO
conversion to NH3 have not been experimentally explored by
now. The development of high-performance 2D MOF-based
catalysts has important scientific significance for advancing the
electrochemical reduction of NO to NH3.
Herein, a 2D copper-basedMOF electrocatalyst, {[Cu(HL)]·

H2O}n (Cu-OUC, H3L = 5-(2′-carboxylphenoxy)isophthalic
acid), was obtained by the hydrothermal method for the direct
electrochemical reduction of NO into NH3 at ambient
conditions. Cu-OUC exhibited an NH3 yield as high as
3415.82 μg h−1 mgcat−1 in 0.1 M K2SO4 solution and gave a
high Faradaic efficiency (FE) of up to 96.91% at −0.4 V versus a
reversible hydrogen electrode and displayed outstanding
stability for the NORR. Moreover, Cu-OUC can serve as the
cathode material for Zn−NO primary batteries to facilitate the
reduction of harmful NO into NH3 while achieving high
electricity generation. An in-depth insight into the catalytic
NORR mechanism was stated by theoretical calculations.

■ METHODS

Synthesis of {[Cu(HL)]·H2O}n (Cu-OUC)
Cu-OUC was successfully prepared by a hydrothermal method. CuCl2
(25.6 mg, 0.15 mmol), H3L (30.9 mg, 0.10 mmol), and 1,4-
bis(lmidazol)butane (19.0 mg, 0.10 mmol) were dissolved in 8.0 mL
of H2O and sonicated for 20 min at room temperature, then transferred
to a sealed polytetrafluoroethylene reactor. The blue block crystals were
obtained by keeping the reactor at 110 °C for 72 h and slowly cooling it
to room temperature. The final Cu-OUC products were collected,
washed with H2O, and dried under a vacuum. Yield: 48.2% (based on
Cu). Elemental analysis calculated: C 47.19, H 2.64. Found: C 47.21, H
2.59. FT-IR (cm−1) (Figure S1): 3567 (s), 3462 (m), 2920 (s), 2823
(m), 2576 (m), 1701 (s), 1623 (s), 1586 (s), 1458 (s), 1397 (s), 1303
(s), 1253 (s), 1215 (w), 1163 (m), 1097 (m), 1031 (w), 1003 (w), 984
(s), 892 (s), 860 (w), 784 (m), 763 (s), 724 (w), 700 (m), 670 (m), 538
(w), 492 (s), 457 (m).
Electrochemical NORR Measurements
Electrochemical measurements were conducted in a sealed single room
electrolytic cell using a three-electrode system in NO-saturated 0.1 M
K2SO4 solution at room temperature. Cu-OUC dropped on carbon
paper (CP, 1 × 1 cm2) served as the working electrode, with an Ag/
AgCl (saturated KCl electrolyte) and platinum wire as the reference
electrode and counter electrode, respectively. The electrolyte was

purged with high-purity Ar gas (99.999%) for 30 min before the
electrochemical tests to eliminate any air. Generally, 10 mg ofCu-OUC
was ultrasonically dispersed in a mixture of Nafion solution (5 wt %, 50
μL) and EtOH (950 μL) to form a homogeneous suspension, then
dropped (10 μL) onto the surface of carbon paper and dried at room
temperature for 12 h.

■ RESULTS AND DISCUSSION

Crystal Structure of Cu-OUC
Single-crystal X-ray diffraction (SC-XRD) analysis (Table 1)
revealed that Cu-OUC crystallized in the orthorhombic Pbca

space group, which is comprised of [Cu2O2(COO)4] clusters
and carboxylic acid linkers (Figure 1a). As shown in Figure 1b,
the Cu(II) ion is coordinated with five oxygens from the
carboxyl group from five different partially deprotonated ligands
(HL2−), forming a distorted pyramid geometry. Two equivalent
Cu(II) ions are connected by four carboxylic groups to afford a
binuclear paddlewheel copper cluster [Cu2O2(COO)4] as the
secondary building unit (SBU), giving a Cu···Cu distance of
2.598 Å. The Cu−O bond distances lie in the range between
1.958 and 2.127 Å, which are similar to those observed in other
reported Cu(II) compounds with carboxylate ligands (Table
S1). In Cu-OUC, each HL2− ligand functions as a μ5-bridge to
link five Cu(II) ions, in which two carboxylate groups adopt μ2-
η1:η1-bis-monodentate modes, the other one adopts the
coordination mode of μ1-η1:η0-monodentate (Figure 1c). On
this basis, as illustrated in Figure 1d, each HL2− is linked to three
SBUs and each SBU is linked to six HL2− ligands to give a 2D
framework. The hydrogen bonding interactions (O6−H6···O3,

Table 1. Crystallographic Data and Structure Refinement
Parameters for Cu-OUC

complex Cu-OUC

formula C15H10CuO8

Mw (g mol−1) 381.77
crystal system orthorhombic
space group Pbca
temperature (K) 170
a (Å) 12.8798(7)
b (Å) 10.8893(6)
c (Å) 20.8581(12)
α (deg) 90
β (deg) 90
γ (deg) 90
V (Å3) 2925.4(3)
Z 8
radiation type Mo Kα
F (000) 1544
Dcalcd (Mg m−3) 1.734
θ range 2.5−26.4°
μ (mm−1) 1.54
reflections collected 13616
reflections with I > 2σ(I) 1938
Rint 0.099
GOF 1.078
parameters 221
final R indices (I > 2σ(I))a R1 = 0.0511; wR2 = 0.0876
final R indices (all data)a R1 = 0.1018; wR2 = 0.1149
S (all data) 1.08
CCDC 2288852

aR1 = Σ(||Fo| − |Fc||)/Σ|Fo|, wR2 = [Σw (Fo2 − Fc2)2/Σw(Fo2)2]0.5.
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O3−H3A···O2, and O3−H3B···O8) further increase the
stability of the 2D structure. The PLATON analysis showed
that the total guest-accessible void space is 71.0 Å3, which

corresponds to 2.4% of the unit cell volume of 2928.4 Å3.40 From
a topological perspective, the [Cu2O2(COO)4] SBU and the
HL2− linker in the 2D layered structure can be respectively

Figure 1. (a) Coordination environment of Cu(II) in Cu-OUC (all the H atoms were omitted for clarity). (b) SBU framework in Cu-OUC. (c)
Coordination modes of HL2−. (d) The 3D framework of view Cu-OUC. (e and f) 3D topology view of Cu-OUC.

Figure 2. PXRD patterns (a), TGA curve (b), and SEM images (c and d) of Cu-OUC.
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defined as a 6-connector and a 3-connector, resulting in the layer
being classified as a 2-nodal (3,6)-connected kgd net with the
point (Schlaf̈li) symbol of (43)2(46·66·83) (Figure 1f).41

Characterizations of Cu-OUC

The FT-IR spectrum showed bands observed between 457 and
584 cm−1 as a characteristic of Cu−Obond stretching vibrations
(Figure S1). The stretching vibration at 3567−3462 cm−1

mainly corresponded to the hydroxyl groups of lattice water
molecules in the framework. The characteristic peak of the
protonated carboxyl group (1700 cm−1) was observed,
indicating that the carboxylic acid ligand was partially
deprotonated, which was consistent with the crystal structure
obtained by SC-XRD. The strong absorption peaks in the range
of 1623−1559 cm−1 and 1458−1397 cm−1 were associated with
asymmetric and symmetric bond vibrations of the deprotonated
carboxyl group (COO−), respectively, and those notable
absorption bands at 1001−1303 cm−1 corresponded to the
C−O stretching vibration.
The purity of Cu-OUC was first confirmed by power X-ray

diffraction (PXRD), which showed that the synthesized sample
matched well with that of the simulated one in key positions,
indicating good phase purity (Figure 2a). Furthermore, the
chemical stability of Cu-OUC was also tested, where Cu-OUC
was immersed in acidic and basic aqueous media as well as
various organic solvents at room temperature. After 24 h, all
PXRDpatterns of treated samples closelymatched the simulated
ones, indicating excellent chemical stability of Cu-OUC and
ensuring its suitability for further applications. The remarkable
chemical stability of Cu-OUC is the result of the combination of
many aspects, such as the high coordination number of themetal
center and the existence of unique clusters.
The thermostability of MOFs is a significant element for their

better use in practical applications. Thermogravimetric (TG)
analysis was conducted in the temperature range of 30−800 °C

to show the thermal behavior of Cu-OUC (Figure 2b). In the
30−258 °C temperature range, there is a slight weight loss due to
the presence of free water in Cu-OUC. Above 258 °C, the
structural framework begins to collapse, until the decomposition
is complete. TGA showed that the framework of Cu-OUC has
high thermal stability.
The morphologies of Cu-OUC were studied by scanning

electron microscopy (SEM), and sheet-like clusters composed
of layered structures are shown in Figures 2c and 2d, which
coincided with the crystal structure analysis. Furthermore, the
structure of Cu-OUC was explored through the argon
adsorption−desorption test. As shown in Figure S2, Cu-OUC
showed type III isotherms with an H3 hysteresis loop, indicating
the layered structure is mesoporous, which is consistent with the
SEM images. The Brunauer−Emmett−Teller surface areas is
5.93 m2 g−1, with a total pore volume of 0.028 cm2 g−1, and the
main pore size is 19.97 nm, calculated by the Barrett−Joyner−
Halenda method. The layered structure and suitable pore size
may enhance the exposure of active sites and promote mass
diffusion in the catalytic process.
The electronic structure and composition of Cu-OUC were

evaluated by X-ray photoelectron spectroscopy (XPS). As
displayed in Figure 3a, the survey XPS spectra demonstrated the
coexistence of Cu, C, and O elements in the as-produced Cu-
OUC sample. In the high-resolution C 1s spectrum (Figure 3b),
three distinct peaks were observed at 288.8, 286.4, and 284.8 eV,
which correspond to the =C−O, C=O, and C−C, respectively.
The O 1s spectra with peaks at binding energies of 531.3, 532.2,
and 533.6 eV were assigned to Cu−O, C=O, and C−O
functionalities, respectively (Figure 3c). The peaks at 934.4 and
954.0 eV corresponded to Cu 2p3/2 and Cu 2p1/2, respectively
(Figure 3d). The peaks at binding energies of 939.8, 943.8, and
962.3 eV belonged to the satellite peaks of Cu 2p3/2 and Cu
2p1/2, indicating that Cu(II) was the predominant form of
existence in Cu-OUC.

Figure 3. XPS survey spectrum of Cu-OUC and high-resolution spectra: (a) survey, (b) C 1s, (c) O 1s, and (d) Cu 2p.
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Electrocatalytic NO Reduction Performance

The electrocatalytic NORR performance ofCu-OUCwas tested
in a 0.1 M K2SO4 saturated NO aqueous solution. Cu-OUC was
deposited on carbon paper to serve as a working electrode. High-
purity argon was initially injected into the electrolytic cell for 0.5
h to purge any possible gas impurities before the electrochemical
NORR process. The linear-sweep voltammetry (LSV) for Cu-
OUC was carried out in electrolytes saturated with Ar and NO,
respectively. As displayed in Figure 4a, the current density in the
presence of NO is significantly larger than that in the presence of
Ar over the potential ranging from−0.20 to−1.50 V, confirming
that Cu-OUC is catalytically effective toward the NORR, and its
performance was further quantitatively evaluated at various
potentials by colorimetric analysis42 (Figure S3). The
corresponding UV−vis absorption spectra revealed a gradual
increase in peak intensity with the highest value at −0.4 V
(Figure S4). The calculated yields of NH3 and FE at various
potentials were plotted in Figure 4b. It was found that the as-
prepared Cu-OUC realized the highest NH3 yield of 3415.82 μg
h−1 mg−1 and FE of 96.91% at−0.40 V, which can serve as one of
the most efficient NORR catalysts to date (Table S2).17,19,43−53

The efficient NORR performance of Cu-OUC is attributed to
the 2D layered architecture, which provides a highly exposed
surface area and active site, shortens the diffusion length of
products and reactants, and is beneficial for promoting the
electrochemical reaction. However, a further increase in the
potential can lead to a significant decrease in NORR activity due
to the enhancement of the competing byproduct at elevated
potentials. Gas chromatography was employed to measure the
quantity of H2, and no H2 is detected at each given potential.
The Watt and Chrisp methods54 were used to detect the
byproduct N2H4 (Figure S5). A small amount of N2H4 and
extremely low FE were detected at different potentials, implying

Cu-OUC has excellent selectivity toward NH3 synthesis (Figure
4c and Figure S6). Control experiments were conducted to
confirm the source of the NH3. As displayed in Figure 4d, the
reduction electrolysis tests in the Ar-saturated electrolyte and at
open circuit potential (OCP) in the NO-saturated electrolyte
offer only trace amounts of NH3. Additionally, bare CP
generated NH3 with a negligible yield of 84.10 μg h−1 mg−1,
significantly lower than that of Cu-OUC, confirming that Cu-
OUC acted as the active species for efficient NO conversion to
NH3. Thus, it is safe to conclude that the generated NH3 arises
exclusively from the NO gas electroreduction catalyzed by Cu-
OUC under ambient conditions. The catalyst stability or
durability is another critical factor for real applications.
Recycling tests were conducted at −0.4 V, and Cu-OUC
exhibited no significant decline in the yield of NH3 and FE over
five consecutive NORR cycles, demonstrating the outstanding
electrochemical stability of Cu-OUC (Figure 4e). The electro-
catalytic durability of Cu-OUC was further assessed by long-
term electrolysis experiments, with a potential of −0.4 V. A
steady current density (i.e., electrocatalytic activity) with minor
variation was observed over 10 h of continuous chronoamper-
ometry experiments of Cu-OUC, and the FE of generated NH3
remained almost unchanged during the stability experiment,
stabilizing at 96%, indicating its good durability toward NORR
catalysis (Figure 4f and Figures S7 and S8). Moreover, it is
evident that the crystal phase and morphology (Figure S9) and
structural composition (Figure S10) of Cu-OUC were well-
preserved before and after electrocatalysis. These results confirm
the high electrochemical and mechanical robustness of Cu-
OUC as an electrocatalyst for the NO-to-NH3 conversion.
Theoretical Calculations

The theoretical calculations (first-principle density functional
theory, DFT) were systematically conducted to get insights into

Figure 4. (a) LSV ofCu-OUC in Ar- andNO-saturated 0.1MK2SO4. (b)NH3 yield and Faraday efficiency ofCu-OUC at different potentials. (c) The
Faraday efficiency of NH3 and byproducts at different potentials. (d) TheNH3 yield under different conditions. (e)NH3 yield and Faraday efficiency of
Cu-OUC at different cycle times of −0.4 V. (f) Current density curve of Cu-OUC over time at −0.4 V for 10 h.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00475
JACS Au 2024, 4, 3823−3832

3827

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00475/suppl_file/au4c00475_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00475/suppl_file/au4c00475_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00475/suppl_file/au4c00475_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00475/suppl_file/au4c00475_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00475/suppl_file/au4c00475_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00475/suppl_file/au4c00475_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00475/suppl_file/au4c00475_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00475/suppl_file/au4c00475_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00475?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00475?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00475?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00475?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


NORR catalytic mechanisms over Cu-OUC.55,56 The adsorp-
tion of the NOmolecule over Cu-OUC was initially considered,
including the N-end, O-end, and NO-side adsorption
configuration. The N-end adsorption configuration gave an
adsorption energy of −0.25 eV (calculated based on the active
center being the metal center of 2D MOF), and was confirmed
as the most stable configuration. Charge density differences
showed that when the NO molecule adsorbed on Cu-OUC, the
charge transfer is a bidirectional process with charge
accumulation and depletion observable for both Cu-OUC and
the NO molecule, which facilitates the activation of NO
molecules (insets in Figure 5a). The partial density of states
(PDOS) of Cu-OUC before and after NO adsorption were
further analyzed to reveal Cu-OUC and NO interactions
(Figure S11). It was found that the partially occupied d-π*
orbitals were formed due to the interaction between Cu 3d
orbitals and the π* orbitals of the NOmolecule. Meanwhile, NO
σ orbitals are hybridized with Cu 3d orbitals under the Fermi
level, resulting in the occupied d-σ orbitals. Thus, adsorption/
activation of NO molecules on Cu-OUC may belong to the
typical “electron acceptance and donation” mechanism, which
denotes that the empty Cu 3d orbitals accept the electrons from
the σ orbitals of the NO molecule, while the occupied Cu 3d
orbitals can back-donate electrons to the empty NO π* orbitals,
similar to other NORR electrocatalysts.18,19,57,58 Additionally,
PDOS analysis also indicates that after adsorbing NOmolecules,
PDOS states appear in the forbidden band of Cu-OUC and the
band gap narrows, indicating that it possesses favorable electrical
conductivity to enhance electron transfer and improve reaction
kinetics, accelerating the activation and reduction of NO during
the electrochemical process.59,60 However, Bader charge
analysis shows that the electrons of NO hardly change before
and after adsorption, indicating that NO molecules are weakly
adsorbed, which can be further supported by integral crystal
orbital Hamiltonian population (ICOHP).61,62 As shown in
Figure S12, there are antibonding states filled near the Fermi
level, and the ICOHP value is −0.84 eV, indicating weak
interactions between Cu-OUC and the NO molecule.
The NORR pathway of Cu-OUC is further analyzed by Gibbs

free energy profiles, starting from the N-end adsorption
configuration. As depicted in Figure 5a and Figure S13, the
direct hydrogenation of NOmolecules to formHNO (NO +H+

+ e− = HNO) gives rise to an uphill energy of 0.63 eV, while the
activation step of * + NO(g) to form *NO needs an uphill
energy of 0.2 eV due to the weak Cu−N binding between the
Cu-OUC site and the NO molecule. Thus, thermodynamically,
NO molecules are more inclined to adsorb on Cu-OUC first
before they undergo subsequent hydrogenation reactions.
Subsequently, the first protonation of *NO is more favorable
for forming *HNO rather than *NOH owing to the lower
energy barrier (ΔG) of 0.02 eV. After NO adsorption on theCu-
OUC, the d-π* orbital hybridization around the Fermi level
indicates the activation of *NO, which induces low ΔG for the
hydrogenation of *NO to form *HNO. In the following step,
*HNO will be further hydrogenated and forms *HNOH or
*H2NO species with ΔG values of −0.66 and −0.42 eV,
respectively, demonstrating that the *HNOH species is more
energetically favorable to form compared to the formation of
*H2NO species. Next, the third proton reacts with *HNOH to
achieve *H2NOH with a ΔG of −0.92 eV, rather than *NH.
Further, two successive protonation processes will occur to form
*NH2 and *NH3 species, and theΔG values for the two steps are
−0.26 and −2.22 eV, respectively. Therefore,the NORR on Cu-
OUC prefers to follow an alternating N pathway (* +NO (g)→
*NO → *HNO → *HNOH → *H2NOH → *NH2 → *NH3).
For the pathway, the first (* + NO (g) → *NO, with an uphill
energy of 0.20 eV) and second (*NO → *HNO, with an uphill
energy of 0.02 eV) steps of hydrogenation are endothermic,
whereas the subsequent elementary steps are exothermic,
indicating that the *NO formation is the potential-limiting
step (PDS). It is noteworthy that the PDS barrier (0.20 eV) is
lower than that of most catalysts reported previ-
ously.17,43,44,49−53 Furthermore, the intermediates adsorbed on
the electrode during the NORR process were captured by
electrochemical in situ Fourier transform infrared spectroscopy.
The enhanced peaks at 1200, 1280, 1446, and 1455 cm−1

correspond to *H2NOH, *NH2, *HNO, and NH4
+, respec-

tively. The presence of key intermediates indicates that the
NORR pathway of Cu-OUC is an alternating N pathway, which
is consistent with the results obtained from the theoretical
calculations.
Since the HER is the primary competing reaction to the

NORR, the competition between the adsorption of *H and
*NO on Cu-OUC was studied. As seen in Figure S14, the Gibbs

Figure 5. (a) Free-energy profiles and intermediate structures for the NORR pathways onCu-OUC (H, white; O, red; Cu, pink; N, blue; C, gray). The
charge density differences for the catalyst with adsorbed NO are displayed as insets. The yellow and cyan areas, respectively, represent the
accumulation and loss of electrons. The iso-surface value is 0.0008 e−/Bohr3. (b) In situ Fourier transform infrared spectroscopy of Cu-OUC for the
NORR.
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free energy of *H is 1.95 eV on Cu-OUC, which is far more
positive than that of *NO (0.20 eV), suggesting that the surface
of Cu-OUC favors the adsorption of *NO over *H, inhibiting
the competitive HER and enhancing the NORR selectivity.
Therefore, Cu-OUC shows excellent selectivity with high
Faraday efficiency during the NORR.
Zn−NO Battery Performance
Cu-OUC and a Zn plate served as the cathode catalyst and
anode, respectively, to form a proof-of-concept device of an
aqueous Zn−NOprimary battery, simultaneously reducing NO,
generatingNH3, and releasing energy. As illustrated in Figure 6a,
the Zn anode was converted into ZnO and electrons were
released in the discharge process, obtaining electrons on the
cathode plate to generate NH3. The established Cu-OUC-based
battery delivered a power density as high as 2.04 mW cm−2

(Figure 6b). It is worth noting that the battery also gave a high
open-circuit voltage (OCV) of around 2.07 V versus Zn (Figure
6c) and agreed with the discharging tests. Moreover, the output
discharge current density continuously rose from 1.0 to 5.0 mA
cm−2 around 0.4 V versus Zn, demonstrating that the battery had
good discharge capability (Figure 6d). The corresponding UV−
vis spectrum of post-NORR electrolytes showed that the NH3
yield rises with the increase of discharge current density (Figure
6e). Finally, the maximum NH3 yield achieved 616.92 μg h−1

mg−1, outperforming most recent metal−NO batteries (Figure
6f and Table S3). The Zn−NO battery thus gives rise to
opportunities for simultaneous NO abatement, NH3 produc-
tion, and energy supply.

■ CONCLUSIONS
In summary, a 2D copper-based metal−organic framework (Cu-
OUC) with good chemical and thermal stabilities has been
solvothermally obtained, and was experimentally verified as a

highly active and durable electrocatalyst for converting NO to
NH3 in neutral media. Generally, the electrocatalytic experi-
ments (NORR) showed that Cu-OUC can achieve a high FE of
up to 96.91% and concurrently give a large NH3 yield as high as
3415.82 μg h−1 mg−1. Moreover, the as-prepared Cu-OUC/CP-
based aqueous Zn−NO battery was also able to present a power
density of up to 2.04 mW cm−2 and gave an NH3 yield as high as
616.92 μg h−1 mg−1. Theoretical investigations were additionally
conducted to provide an in-depth understanding of the
electrocatalytic NORR mechanism for Cu-OUC. The work
not only described a promising catalyst having high activity and
selectivity for NO-to-NH3 conversion but also provided insights
into future design of MOF-based NORR catalysts for NH3
synthesis applications.
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