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ABSTRACT: Metal−organic polymers (MOPs) are gaining booming attention as
atomically precise single-site catalysts for electrochemical nitrate-to-ammonia conversion
owing to their regular structures and tunable functionalities. However, a molecular-level
understanding is still lacking for the design of more efficient MOP electrocatalysts. Here,
we report the construction of high-symmetry coordination MOPs (Mn-TATB, Fe-
TATB, and Co-TATB), utilizing square-planar tetranuclear building units [M4(μ4-
O)(CO2)8] (M = Mn, Fe, or Co) bridged by 2,4,6-tris(4-carboxyphenyl)-1,3,5-triazine
(H3TATB) ligands. These MOPs possess distinct coordination motifs with well-defined
porosity, high-density catalytic sites, accessible mass transfer channels, and nanoconfined
chemical environments. Benefited from the unique metal−organic coordination
framework, Co-TATB demonstrated a remarkable ammonia production Faradaic
efficiency (FENH3) of ∼98% across a wide potential range (−0.7 to −1.0 V (vs
RHE)) in the electrocatalytic nitrate reduction reaction (NITRR) and maintained stable
performance over a long duration when tested in a flow cell at an industrially relevant
current density of ∼332.1 mA cm−2. Furthermore, in situ spectroscopic analyses, combined with theoretical calculations, elucidate
the intrinsic reaction pathway of the Co-TATB model during the NITRR process. These findings offer insightful perspectives on the
strategic design of electrocatalysts with symmetrical configurations for the purification of nitrate-containing wastewater and the green
synthesis of ammonia.

■ INTRODUCTION
The nitrogen cycle is essential for maintaining the ecological
balance of natural ecosystems and human society.1,2 Nitrogen,
a vital component for all living organisms, exists in various
forms across the atmosphere, water, soil, and biological
systems, interconverting through the nitrogen cycle.3 Over a
century ago, the Haber−Bosch process facilitated the artificial
conversion of atmospheric nitrogen (N2) to ammonia (NH3),
making ammonia fertilizers widely accessible. However, this
industrial method is energy-intensive and has a significant
carbon footprint.4 In contrast, direct synthesis of NH3 through
electrochemical reduction of N2 under mild conditions
presents a promising approach, albeit with challenges due to
the chemical inertness of N2, which results in slow reaction
rates.5−10 Alternatively, synthesizing NH3 via the electro-
chemical nitrate reduction reaction (NITRR) is more kineti-
cally favorable and has garnered increasing interest re-
cently.11−15 Interestingly, nitrate sources can be produced
from atmospheric N2 by using plasma treatments, allowing for
the indirect fixation of nitrogen. This reaction can also be
driven by renewable energy sources, such as solar, hydro, and
wind power, potentially leading to emissions-free processes.
Furthermore, nitrates (NO3−) are recognized as significant

environmental pollutants, and their reduction can produce
harmful nitrosamines linked to serious health risks, including
cancer.16 Thus, electrocatalytic NITRR not only provides a
method for producing value-added NH3 but also serves as a
feasible strategy for purifying the nitrates from overfertilized
water bodies, addressing both eutrophication and the pressing
global challenge of water security.
In essence, the NITRR involves the participation of eight

electrons and nine protons, represented by the equation: NO3−

+ 6H2O + 8e− → NH3 + 9OH−. This process requires a
substantial amount of active hydrogen (H*). This involves
facilitating efficient water dissociation to generate H* through
the active sites and ensuring that the spacing between these
sites minimizes H* binding into H2. If the availability of H* at
the active sites is limited, side reactions may occur, leading to
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decreased ammonia production, Faradaic efficiency (FENH3),
and ammonia yield. Especially, the conversion of reactive H*
into H2 can significantly impact the distribution of products
since the hydrogen evolution reaction (HER) presents a strong
competitive side reaction that undermines ammonia produc-
tion performance.17 Recently, atomically precise metal−
organic polymers (MOPs) have emerged as promising
candidates for enhancing NITRR activity.18−25 Their unique
structural attributes, featuring well-defined metal−organic
coordination networks with multitiered channels, consistent
porosity, and adjustable electron/ion transport properties,
derive from miscellaneous ligand design, rendering them
particularly attractive. However, there remains a gap in the
molecular-level understanding necessary for the rational design
of highly active and stable MOPs.
Herein, we present a molecular engineering approach to

develop a series of highly symmetric coordinated MOPs (Mn-
TATB, Fe-TATB, and Co-TATB) via the self-assembly of
square-planar tetranuclear [M4(μ4-O)(CO2)8] (where M =
Mn, Fe, or Co) building blocks paired with 2,4,6-tris(4-
carboxyphenyl)-1,3,5-triazine (H3TATB) ligands (as depicted
in Figure 1). The square-planar metal coordination structures
have notable advantages in further increasing the number of
active sites, minimizing steric hindrance, and facilitating the
transfer of reactants and electrons. Especially, the planar
coordination structures comprising distinct metal or cluster
centers alongside functional organic linkers/groups inherently
provide ample catalytic sites and favor the adsorption of active
hydrogen (H*). In contrast, the polyhedral structures of metal
atoms, such as tetrahedral coordination, make the adsorption
of H* more difficult, resulting in a spatial configuration that is
less favorable for further catalytic hydrogenation reactions of
nitrate species. Electrocatalytic tests demonstrate their out-
standing performance in selective NITRR, achieving a
remarkable FENH3 of approximately 98% for ammonia
production on the Co-TATB electrode across a broad
potential range of −0.7 to −1.0 V (vs RHE) under ambient
conditions. When tested in a flow cell at an industrially relevant
current density of ∼332.1 mA cm−2, the Co-TATB electrode

maintained a stable performance over a long duration, showing
no significant decline in FENH3. In situ spectroscopic analyses
coupled with theoretical calculations reveal the reaction
pathway of Co-TATB during the NITRR process. This study
highlights the intrinsic structure−activity relationship of high-
symmetry coordination MOPs in NITRR, offering valuable
insights for the rational design of next-generation electro-
catalysts toward clean energy conversion and sustainable
development.

■ RESULTS AND DISCUSSION
Morphological and Structural Characterizations.

Three isomorphic MOPs, denoted as Mn-TATB, Fe-TATB,
and Co-TATB, with the formula [M4(μ4-O)(TATB)8/3]
(where M = Mn, Fe, Co), were synthesized via a solvothermal
method (Figure 1). These high-symmetry coordination MOP
crystals exhibit a regular cubic morphology, as shown in Figure
2a−c. All three MOPs crystallize in the Im3m space group
within the cubic crystal system. Each metal atom is five-
coordinate, forming bonds with four oxygen atoms from
carboxylates and one oxygen atom from the μ4-O. In particular,
the four metal atoms residing at a square-planar configuration
are linked by a central oxygen atom (μ4-O) and coordinated
with eight carboxylic acid groups from the TATB ligands,
resulting in tetranuclear clusters as secondary building units
(SBUs) [[M4(μ4-O)(CO2)8]] (Figures 2d and S1). The
distinct characteristics of these MOPs are highlighted by the
length differences in the M-μ4-O bonds: 2.194(3) Å for Mn-
TATB, 2.313(3) Å for Fe-TATB, and 2.351(2) Å for Co-
TATB, respectively (Figure S2). The sizes of the tetranuclear
nodes are also distinct, measuring 3.103 Å × 3.103 Å for Mn-
TATB, 3.270 Å × 3.270 Å for Fe-TATB, and 3.325 Å × 3.325
Å for Co-TATB, respectively. The assembly of the tetranuclear
[M4(μ4-O)(CO2)8] clusters with TATB ligands creates two
types of coordination cages. The first type is a truncated
octahedral cage, formed by six metal clusters and eight organic
ligands (Figure 2e), with a simplified structure depicted in
Figure S3. The second type is a cuboctahedral cage, consisting
of eight truncated octahedral cages situated at the vertices of

Figure 1. Structural assembly of square-planar tetranuclear cluster-based high-symmetry coordination MOPs. Schematic representation of the
structural assembly process and crystal structures of the high-symmetry coordination MOPs (M = Mn, Fe, or Co). The diagram illustrates the
connection of tetranuclear [M4(μ4-O)(CO2)8] building units to organic TATB ligands.
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the cube (Figure 2f). Each cuboctahedral cage shares faces
with eight truncated octahedral cages, while each truncated
octahedral cage connects to six cuboctahedral cages, establish-
ing a long-range-ordered three-dimensional (8,3)-net. In the
organic ligand portion, each TATB ligand features three
carboxylic acid groups that engage in bidentate chelation with
six metal atoms from three tetranuclear nodes (Figure 2g).
Furthermore, two three-dimensional networks intertwine to
produce a 2-fold interpenetrated framework, as displayed in
Figure 2(h, i).
Powder X-ray diffraction (PXRD) analyses revealed that the

as-prepared MOPs exhibit excellent crystallinity aligned with
their proposed crystal structures, with no noticeable impurity
phases detected, as displayed in Figures 2j and S4. Chemical
stability tests conducted on Mn-TATB, Fe-TATB, and Co-
TATB samples demonstrated that they remained stable in
various organic solvents, including acetonitrile, chloroform, N,

N-dimethylformamide (DMF), alcohols, and acetone (Figures
S5−S7). Moreover, the MOP samples showed remarkable
stability in aqueous solutions with a wide pH range (Figures
S8−S10). Fourier-transform infrared (FTIR) spectroscopy
results of the MOPs indicate that the characteristic C�O
vibration peak at 1700 cm−1 present in H3TATB disappears,
signifying the successful coordination of the carboxylic acid
group with the metal atoms (Figure 2k). Solid-state ultra-
violet−visible-near-infrared (UV−vis−NIR) absorption spec-
troscopy results reveal that the characteristic peak of Mn-
TATB in the range of 200−425 nm primarily originates from
the UV absorption of organic ligands (200−400 nm). In
contrast, Fe-TATB and Co-TATB absorb in the range of
300−650 and 400−700 nm, respectively, attributed to metal-
to-ligand charge transfer (MLCT) or ligand-to-metal charge
transfer (LMCT) (Figure S11). To assess the thermal stability,
thermogravimetric analysis (TGA) was performed under a

Figure 2. Morphological and structural characterizations of high-symmetry coordination MOPs. (a−c) Macroscopic crystal morphologies of (a)
Mn-TATB, (b) Fe-TATB, and (c) Co-TATB, respectively. (d, e) Tetranuclear cluster nodes illustrating (d) the primary structural building block
and (e) the octahedral cage structure of the MOPs. (f) Cubic cage architecture and the octahedral connectivity features within the MOPs. (g)
Representation of the interaction between tetranuclear metal clusters and organic TATB ligands. (h) Visualization of the double interleaved
network structure of the MOPs. (i) Overall three-dimensional framework of the MOPs. (j) Comparison of experimental and simulated PXRD
patterns of as-synthesized MOP samples. (k) FTIR spectra of the MOPs. (l) N2 adsorption−desorption isotherms of the MOPs.
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nitrogen atmosphere (Figure S12). The TGA results of MOPs
indicate initial weight loss below 100 °C, attributed to the loss
of nine coordinated water molecules in the channels. A
subsequent weight loss observed below 250 °C is due to
solvent evaporation from the crystal surface and within the
pores. Fe-TATB and Co-TATB maintain thermal stability up
to 450 °C, while Mn-TATB withstands up to 500 °C. To
evaluate the porosity, gas adsorption tests were conducted
following solvent exchange with acetone and activation at 100
°C (Figure 2l). The nitrogen (N2) adsorption isotherms at 77
K for all three MOPs exhibited typical type I adsorption
characteristics. The adsorption capacities were measured at
140.0 cm3 g−1 forMn-TATB, 150.0 cm3 g−1 for Fe-TATB, and
200.0 cm3 g−1 for Co-TATB. Correspondingly, the Brunauer−
Emmett−Teller (BET) surface areas were calculated to be 437,
468, and 594 m2 g−1, respectively.
Survey X-ray photoelectron spectroscopy (XPS) of the as-

synthesized Co-TATB sample confirms the presence of cobalt
(Co), carbon (C), nitrogen (N), and oxygen (O) elements
(Figure 3a). To analyze the chemical states of Co-TATB, high-
resolution XPS spectrum at the Co 2p level was obtained,
revealing characteristic peaks at approximately 781.9 and 797.6
eV, corresponding to the Co 2p3/2 and Co 2p1/2 bands of Co2+
species, respectively (Figure 3b).26,27 Additional satellite peaks
are observed at ∼786.2 and ∼802.5 eV. Co K-edge X-ray
absorption fine structure (XAFS) spectroscopy was utilized to
investigate the local coordination environment and electronic
structure of Co-TATB. The position of absorption edge
suggests that the Co atoms in Co-TATB are divalent, closely
resembling that of the CoO reference sample (Figure 3c).28,29

The R-space plot reveals a main peak at 1.56 Å, attributed to
Co−O coordination (Figure 3d). Wavelet transformation

analysis further suggests a similarity in coordination features
between Co-TATB and the CoO reference sample, as
displayed in Figure 3e,f. Quantitative results from EXAFS
fitting indicate that the coordination number for the metal Co
atom in Co-TATB is approximately five, corresponding to four
neighboring oxygen atoms from carboxylate groups and one
additional central oxygen atom from the μ4-O unit (Table S1).
To further elucidate the local coordination structure of Co,

we analyzed the pre-edge peaks in the XAFS spectra. Previous
studies have shown that the pre-edge peak intensity increases
as the coordination geometry transitions from octahedral to
tetrahedral. After background subtraction, we examined the
pre-edge feature of the sample (Figure S13). The pre-edge
peak height of Co-TATB lies between those of CoO (fully
octahedral coordination) and Co3O4 (partially tetrahedral
coordination), suggesting an intermediate symmetry. The
EXAFS results reveal a coordination number of 5 for Co,
with one elongated bond length. This strongly suggests a C4v
symmetric environment, where the Co center is coordinated by
five oxygen atoms in a square pyramidal geometry.
Morphological analysis via scanning electron microscopy
(SEM) illustrates the morphology of Co-TATB, and elemental
mapping confirms a homogeneous distribution of Co, N, C,
and O elements within the sample (Figure 3g). Low-resolution
and high-resolution transmission electron microscopy (TEM)
images show the morphology of the Co-TATB sample that
consists of its crystalline microstructure (Figures S14 and S15).
The elemental distributions were further investigated by
scanning TEM-energy dispersive X-ray (STEM-EDX) analysis.
The results indicated that the elements were uniformly
distributed in the Co-TATB sample, as displayed in Figure
S15.

Figure 3. Structural and compositional characterizations of Co-TATB. (a) Survey XPS spectra of Co-TATB. (b) XPS spectra at the Co 2p level of
Co-TATB. (c) Co K-edge XANES, and (d) EXAFS spectra of Co-TATB compared with reference samples. (e, f) Co K-edge wavelet
transformation of (e) CoO and (f) Co-TATB, respectively. (g) SEM and elemental mapping images of Co-TATB.
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Electrocatalytic NITRR Tests. The electrocatalytic per-
formances of three MOP electrodes for the NITRR were
evaluated in an H-type cell under ambient conditions. The
linear sweep voltammetry (LSV) curves of MOP electrodes
tested with different nitrate electrolyte concentrations are
shown in Figures 4a,c, S16, and S17, highlighting the distinct
electrocatalytic activities of each electrode toward nitrate
species. Time-resolved current density tests were conducted
across a range of applied potentials over a 0.5-h operation
period. As anticipated, the current density increased monotoni-
cally with more negative potentials. The ammonia production
yields were quantified using UV−vis absorption spectra
(Figures S18−S20). Overall, the electrocatalytic activity of

the three MOP electrodes was ranked as follows: Co-TATB >
Fe-TATB >Mn-TATB. Notably, Co-TATB exhibits an FENH3
of approximately 98% when tested in a mixed electrolyte of 0.1
M Na2SO4 and 0.1 M KNO3 over a wide voltage range (−0.7
V to −1.0 V vs RHE), as shown in Figure 4b. Specifically, the
FENH3 and ammonia yield rate of the Co-TATB electrode are
96.8% and 122.7 mmol h−1 g−1

cat. at −0.7 V (vs RHE), 97.6%
and 271.3 mmol h−1 g−1

cat. at −0.8 V (vs RHE), 95.3% and
301.9 mmol h−1 g−1

cat.at −0.9 V (vs RHE), and 97.2% and
378.8 mmol h−1 g−1

cat. at −1.0 V (vs RHE). In contrast, the
electrocatalytic performances of the other two MOPs (Fe-
TATB and Mn-TATB electrodes) under identical conditions
are inferior to those of Co-TATB. We also examined the

Figure 4. Electrocatalytic activities of high-symmetry coordination MOPs for the NITRR. (a) LSV curves and (b) FENH3 values (left Y axes) and
corresponding NH3 yield rates (right Y axes) of the MOPs tested in a 0.1 M Na2SO4−0.1 M KNO3 mixed electrolyte at various applied potentials
for the NITRR. (c) LSV curves and (d) FENH3 values (left Y axes) and corresponding NH3 yield rates (right Y axes) of the MOPs tested in a 0.5 M
KNO3 electrolyte at various applied potentials for the NITRR. (e) Cycling tests of the Co-TATB electrocatalyst for the NITRR in a 0.1 M Na2SO4-
0.1 M KNO3 electrolyte at −0.7 V (vs RHE). (f) 1H NMR spectra of the products after the NITRR test of Co-TATB using K14NO3 and 15N
isotope-labeled Na15NO3 as the feeding nitrogen sources, respectively. (g) Schematic illustration of the flow cell configuration. (h) Time-dependent
working curve of the Co-TATB electrocatalyst measured in the flow cell under an industrially relevant current density with a 0.1 M Na2SO4−0.1 M
KNO3 electrolyte at −0.5 V (vs RHE). (i) Electrocatalytic performance comparison on the FENH3 values for Fe-TATB and Co-TATB with other
representative electrocatalysts in previous literature.30−45
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impact of varying nitrate concentrations in the electrolyte on
ammonia production. With a 0.5 M KNO3 electrolyte, the Co-
TATB electrode consistently outperformed Fe-TATB and
Mn-TATB electrodes, achieving an optimal FENH3 of 97.2%
and an ammonia yield rate of 184.4 mmol h−1 g−1

cat.. In
comparison, Fe-TATB and Mn-TATB reached optimal FENH3
values of 84.3 and 66.2%, respectively (Figure 4d).
Long-term stability is also a crucial factor in assessing the

robustness of electrocatalysts. The electrocatalytic stability of
the Co-TATB electrode was evaluated through cycling tests, as
depicted in Figure 4e. After eight cycles, the FENH3 at −0.7 V
(vs RHE) remained constant in the 0.1 M Na2SO4-0.1 M
KNO3 electrolyte, with minimal fluctuations observed in each
cycle. Figure S21 displays the nitrogenous product ratios
during the NITRR on the Co-TATB electrode at different
applied potentials. In the 0.1 M Na2SO4-0.1 M KNO3
electrolyte, only trace amounts of nitrite (NO2−) were
detected, indicating a high selectivity for electrochemical
NO3−-to-NH3 conversion. The phosphate-buffered saline
(PBS) buffer solution was generally used as a pH stabilizer
and supporting electrolyte in electrochemical reactions. In this

study, the NITRR was also evaluated in 0.1 M KNO3-
containing 0.1 M PBS buffer, indicating superior NH3-
producing activity (Figure S22). Figure S23 shows the stable
NH3 production performance of the Co-TATB electrode
during a 300,000 s chronoamperometry test, exhibiting no
obvious decline in FE toward NH3 electrosynthesis. This
indicates excellent durability during the long-term NITRR
process. While demonstrating excellent long-term NITRR
durability, the current−time curve reveals a slight upward
trend from 10 h onward, suggesting a mild catalyst
deactivation. 15N-labeled nitrate (98.3% enriched Na15NO3)
was employed to trace the nitrogen source of the produced
ammonia. The 1H NMR analysis (Figure 4f) clearly showed
distinct 15NH4+ doublets in the electrolyte after the NITRR,
contrasting with the characteristic triplets of 14NH4+ when
using natural abundance of nitrate. These isotopic signatures
unambiguously demonstrate that the electrogenerated ammo-
nia derives from nitrate reduction rather than from other
potential nitrogen sources.
The practical viability of the designed MOP electrodes for

the NITRR depends on achieving industrial-level current

Figure 5. In situspectroscopic analyses and theoretical calculations. (a) Projected density of states (PDOS) analysis of Co-3d and NO3−-2p
adsorbed on the Co-TATB model. (b) Electrostatic potential (ESP) surface of the Co-TATB model. (c) Contour mapping of in situ
electrochemical ATR-FTIR spectra of the Co-TATB electrode across a range of applied potentials. (d) Calculated free energy diagrams of the
potential electrocatalytic NITRR pathways on the Co-TATB model. (e) Optimized adsorption configurations of various reaction intermediates
along the N-end pathway.
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densities. In this study, we present a custom flow cell system
for conducting NITRR tests, as illustrated in Figure 4g. The
LSV curve of the Co-TATB electrode, measured in the flow
cell with a mixed 0.1 M Na2SO4−0.1 M KNO3 electrolyte,
demonstrates a dramatic rise of the current density in
comparison with that obtained in a pure 0.2 M KCl electrolyte
across the voltage range of 0.3 to −0.6 V (vs RHE), confirming
the occurrence of the NITRR process (Figure S24). To
evaluate the catalytic stability during the long-term NITRR
test, the time-dependent current density curve of the Co-
TATB electrode was measured in the flow cell over a 10-h
period at −0.5 V (vs RHE), yielding an average current density
of 332.1 mA cm−2, as shown in Figure 4h. Notably, there was
no significant decrease in FENH3 during the testing duration.
The I−t curve indicated a slight upward trend after ∼5 h,
suggesting a minor attenuation of catalytic activity. The
electrocatalytic performances of Co-TATB and Fe-TATB were
compared with representative electrocatalysts in previous
literature (Figure 4i), revealing that they outperform many
leading ammonium-producing electrocatalysts in terms of
FENH3 values.

30−45

Electrochemical impedance spectroscopy (EIS) measure-
ments revealed distinct charge transfer characteristics between
the MOP electrodes (Figure S25). The Nyquist plots showed
that Co-TATB and Fe-TATB exhibited a significantly reduced
charge transfer resistance (Rct) compared to Mn-TATB,
suggesting enhanced electron mobility in these electrode
materials. Comparative electrochemical surface area analysis
was conducted to evaluate the intrinsic catalytic properties of
the Mn-TATB, Fe-TATB, and Co-TATB electrodes. Cyclic
voltammetry measurements in the potential window of −0.35
to −0.45 V (vs Ag/AgCl) enabled the determination of
double-layer capacitances through linear regression analysis of
current density differences at −0.40 V versus scan rate. The
calculated Cdl values revealed that Co-TATB (0.21 mF cm−2)
possessed a slightly greater electrochemically active surface
area than Mn-TATB (0.16 mF cm−2) and Mn-TATB (0.15
mF cm−2), as shown in Figure S26. This enhanced capacitance
directly correlates with increased availability of active sites for
nitrate reduction intermediates. To probe the active sites, we
introduced a known strong coordinating agent of 0.1 M KSCN
for transition metals into the nitrate-containing electrolyte (0.1
M KNO3/0.1 M Na2SO4). This competitive ligand effectively
blocked access to metal centers, as evidenced by the dramatic
current density reduction relative to the SCN-free system
(Figure S27). These results confirm that the cobalt centers in
Co-TATB predominantly mediate the nitrate reduction
reaction. Structural characterizations of the Co-TATB
electrode were performed before and after extended nitrate
reduction for 300,000 s using multiple analytical techniques.
Powder X-ray diffraction analysis (Figure S28) revealed a
transition to amorphous phase formation following prolonged
electrocatalysis, while scanning electron microscopy and
elemental mapping (Figure S29) provided complementary
characterizations of morphological changes induced by the
NITRR process.
In Situ Spectroscopic Analyses and Mechanism

Studies. To gain insights into the intrinsic structure−
performance relationship, density functional theory (DFT)
calculations were employed to investigate the electronic
structure of the square-planar tetranuclear metal center in
the Co-TATB model. Projected density of states (PDOS)
analysis of *NO3 adsorption revealed strong interactions

between the Co 3d orbitals and NO3−, with the Co 3d orbitals
positioned near the Fermi level (Ef), indicating enhanced
catalytic activity (Figure 5a). The significant orbital overlap
between Co 3d and NO3− orbitals ensures stable adsorption,
facilitating the subsequent NITRR process. Electrostatic
potential (ESP) analysis further demonstrates a highly positive
ESP value (42.10 kcal mol−1) at the Co sites, which favors the
adsorption of nucleophilic NO3− (Figure 5b). Charge transfer
analysis confirms the transfer of 0.40 electrons from the Co
atom to the NO3− moiety, suggesting that the Co site acts as
the active center for NITRR (Figure S30).
To investigate the intrinsic electrocatalytic mechanism

during the NITRR process, in situ attenuated total reflectance
FTIR (ATR-FTIR) spectroscopy was conducted using a three-
electrode configuration with applied potentials ranging from
−0.5 to −1.2 V (vs RHE), as illustrated in Figures 5c and S31.
An upward absorption band observed at near 1384 cm−1

corresponds to the N−O symmetric stretching vibration in
NO3−, reflecting a continuous consumption of nitrate
species.46 Additionally, several peaks attributable to different
nitrogenous intermediates appear concurrently. The peak at
approximately 1278 cm−1 relates to the N−O antisymmetric
stretching vibration of NO2−.

35,47−51 The peaks at ∼1515 and
∼1647 cm−1 correspond to the stretching modes of NO,
representing the deoxygenation processes that occur during the
reduction of nitrate.35,47−49,52 Notably, the peak observed
around 1459 cm−1 is associated with the σ(N−H) bending
mode for NH4+ species, verifying the hydrodeoxygenation
process and ammonia production.35,47,53−55

The Gibbs free energy differences associated with various
NITRR pathways for the Co-TATB model were evaluated by
the DFT method, as shown in Figure 5d. The NITRR process
started with the adsorption of NO3−, which was pivotal to the
reaction sequence. Upon adsorption at the Co site, NO3− was
susceptible to proton attack, leading to the formation of the
*HNO3 intermediate. The transformation from *HNO3 to
*NO2 occurred in an exothermic manner, demonstrating a free
energy decrease of ∼−6.82 eV and releasing the first H2O
molecule. Subsequently, the conversion from *NO2 to *HNO2
resulted in a free energy increase of ∼1.43 eV. To explore
possible NITRR pathways, we further examined the NO
molecules configured with N-end and O-end orientations. The
optimized adsorption geometries of various reaction inter-
mediates along these pathways are presented in Figures 5e and
S32. The subsequent *ONH hydrogenation step toward the
*ONH2 intermediate along the O-end pathway proved to be
challenging, with a significant energy requirement of ∼ 4.76
eV. Consequently, the N-end pathway was identified as more
favorable for further investigation due to its lower energetic
barrier compared to the O-end pathway. In the N-end
pathway, the *NOH intermediate could be attacked by four
H+/e− pairs at the metal Co sites, ultimately leading to the
formation of the target ammonium molecule, with these steps
being exothermic. The catalytic cycle concluded with
desorption of the ammonium molecule from the Co-TATB
surface, achieving a high ammonia production rate.

■ CONCLUSIONS
In summary, we report the construction of a series of high-
symmetry coordination MOPs with varying metal centers
combined with TATB ligands, allowing us to elucidate the
inherent structure−performance relationship and reaction
mechanism in the electrochemical NITRR. The square-planar
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metal coordination structures of these MOPs enhance the
number of available active sites, reduce steric hindrance, and
improve both reactant and electron transfer. These structures
also promote H* adsorption, in contrast with polyhedral
coordination, such as tetrahedral structures, which hinder H*
adsorption and create less favorable spatial configurations for
subsequent catalytic reactions. Among the MOP electrodes,
Co-TATB demonstrated the highest activity, with the trend
following Co > Fe > Mn. The Co-TATB exhibits a remarkable
FENH3 of ∼98% across a broad voltage range (−0.7 V to −1.0
V (vs RHE)). When operated in a flow cell at an industrially
relevant current density of ∼332.1 mA cm−2, the Co-TATB
electrode presented excellent long-term stability. By integrating
in situ spectroscopic analyses with theoretical calculations, we
identified the most probable NITRR pathway for the Co-
TATB model. Overall, this study offers meaningful insights for
the rational design of next-generation electrocatalysts,
leveraging highly symmetric metal−organic coordination
networks to facilitate the efficient and selective conversion of
small molecules into high-value products.
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