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Abstract: Electrocatalytic nitrate reduction reaction (NITRR) represents a promising approach for ammonia synthesis,
but existing application has been constrained by the complex proton-coupled electron transfer and the sluggish kinetics
induced by various intermediates. Herein, we synthesized a series of metalized covalent organic frameworks: NiTP-
MTAPP MCOFs (M = 2H, Co, Cu, and Fe), based on dual redox-active centers: thiophene-substituted Ni-bis(dithiolene)
ligand-Ni[C,S,(CsH,SCHO), ], and metallic porphyrin. Through regulating the adsorption and desorption of species at
the catalytic sites, we have identified the optimal NITRR electrocatalyst: NiTP-CoTAPP MCOF, which achieved the
highest faradaic efficiency (FE) of approximately 85.6% at —0.8 V (vs. RHE) in pure nitrate solution, with an impressive
yield rate of 160.2 mmol h™' g~ ,, The generation of active hydrogen at [NiS,] sites achieved dynamic equilibrium
with the timely hydrogenation reaction at CoNy sites, effectively suppressing the hydrogen evolution reaction. Moreover,
the incorporation of thiophene (TP) groups and metal ions facilitates charge transfer. Density functional theory (DFT)
calculations demonstrated the reduction in energy barriers at different catalytic sites. The CoN,—NiS, system exhibited
the optimal adsorption-to-desorption capability and the lowest energy barrier (0.58 e¢V) for the rate-determining step

-

(*NO — *HNO), which is supported by the moderate d-band center and Bader charge value.

J

Introduction

Ammonia (NH;) has been extensively used in agricultural
and industrial productions, driven by its high energy density
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and hydrogen content.'3] Currently, the highly energy-
intensive Haber-Bosch process remains the predominant
method for NHj; production, but it also causes large-
scale carbon dioxide emissions.[**! To effectively reduce
the carbon footprint and sustainable production, electro-
catalytic technology has garnered widespread attention.
Unfortunately, due to the ultra-stable —N=N triple bond
(941 kJ mol™"), electrocatalytic nitrogen reduction reaction
(NRR) is extremely challenging.”'! By contrast, nitrate
reduction reaction (NITRR) offers a promising and alter-
native method for ammonia synthesis, which has the low
dissociation energy (204 kJ mol~!) of =N=0O bond and better
aqueous solubility.''""] Moreover, nitrate is abundant in
industrial wastewater and seriously harming the environment.
NITRR can effectively deal with the pollution, and high
value-added products also provide high atomic economy,
which achieves a win—win situation.[*1%18] Nonetheless, con-
sistently synthesizing ammonia with good yields and faradaic
efficiency (FE) values from pure nitrate feedstocks and
consequently producing concentrated ammonia solutions to
avoid additional separation expenses continues to pose a
significant challenge.

Covalent organic frameworks (COFs) offer fascinating
advantages, such as high specific surface areas, tunable
pore structures, and enhanced electron/proton transport
properties, making them promising candidates for molecular
catalytic materials. In comparison to electrocatalysts such
as alloys, metal nanoparticles, and metal oxides, COFs
possess well-defined structures and offer relatively mild syn-
thetic pathways.['>23] Metalized covalent organic frameworks
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(MCOFs) exhibit excellent solvent stability (especially water
stability) and provide additional metal active sites.**?7]
Additionally, metalloporphyrins have been used as redox-
active units, driven by their unique electronic structures,
which can effectively bind to the reactive substrate and
promote electron transfer.??1 Fe, Co, Cu, and Ni ions are
commonly employed to enhance the electronic properties,
which find extensive application in catalytic processes such
as the hydrogen evolution reaction (HER), oxygen evolution
reaction (OER), oxygen reduction reaction (ORR), and
carbon dioxide reduction reaction (CO,RR).F-3] NITRR
involves multiple reaction paths with 9 protons and 8
electrons (NO;~ + 6H,O + 8¢~ — NH; + 9OH™), and
electrocatalysts with well-defined structures can help to
understand the complex reaction mechanism.7-"l Moreover,
[Metal-N4] units can interact with NO5;~ and facilitate its
adsorption. This adsorption not only increases the con-
centration of the NO;~ root around the catalyst but also
weakens the —N—O bonding energy. The nitrosyl (NO)
or hydroxylamine (NH,OH) intermediates produced during
the nitrate reduction can be stabilized by metalloporphyrin,
making it further converted to NH; and improving the
selectivity without generating N,.[41=4]

Atomic-level dispersed catalysts have the maximum
atomic utilization rate. Dual-atom catalysts (DAC) have
active sites composed of two metal catalytic atoms, which can
reduce the reaction energy barrier.[*#"] Similarly, bimetallic
MCOFs can provide uniform and well-dispersed active
centers, while the catalytic sites exhibit reduced tendencies
for aggregation.[**>'1  Furthermore, it is documented
that the Ni catalytic sites can adsorb the intermediates
and provide enough active hydrogen (-H) to promote
the hydrogenation of *NO,.’>%] In this work, Ni has
been introduced into the thiophene-substituted dithiolene
ligand-Ni[C,S,(C4H,SCHO),],, followed by coupling with
the presynthesized electron-deficient metalloporphyrin
(CoTAPP, [5,10, 15,20-Tetrakis-(4-aminophenyl)-porphyrin-
cobalt]; CuTAPP and FeTAPP), to obtain a series of MCOFs
(NiTP-CoTAPP, NiTP-CuTAPP, and NiTP-FeTAPP), which
achieved a uniform dispersion of the bimetal catalytic
sites at the atomic level. The recent studies revealed that
the electron deficiency of catalysts enhances the repelling
effect with counter K ions. This effect is driven by the
electric-field-dependent synergy between interfacial water
and cations, significantly facilitating the process of nitrate
reduction. Further, assessments of NITRR revealed their
excellent performances; notably, the NiTP-CoTAPP achieved
the highest faradaic efficiency (FE) of approximately 85.6%
at —0.8 V (vs. RHE) for NH; production in pure nitrate
solution of 0.5 M KNOs;, with an impressive yield rate of
160.2 mmol h~! ~!,, The N—O bond strength was weakened
due to the high density of S/N-heteroatoms content. [NiS]
sites mimicked nitrite reductase, further promoting the
conversion of NO,~ intermediates and achieving dynamic
equilibrium with the timely hydrogenation reaction through
the whole CoN,—NiS, system, which effectively suppressed
the HER. Our results indicated that the modular design of
bimetallic MCOFs, by incorporating metal-containing ligands
with presynthesized metalloporphyrin, can screen out elec-

Angew. Chem. Int. Ed. 2025, 64, 202505580 (2 of 10)

Research Article

Angewandte
intematianalEdition’y Chemie

trocatalysts with optimal NITRR catalytic performance. DFT
calculations reveal that NITP-MTAPP (M = Co, Cu, and Fe)
exhibits distinct reaction pathways and rate-determining steps
in catalysis further rationalizing the experimental findings.

Results and Discussion

Design and Synthesis of NiTP-MTAPP MCOFs (M = 2H, Co, Cu,
and Fe)

Ni-bis(dithiolene) units possess a w-conjugated electronic
structure and abundant redox activity. Recently, the MCOFs
(NiPh-CoTAPP MCOF) constructed from the ligand-Ni[C,S,
(C¢H4CHO);], and cobalt—porphyrin units have been con-
firmed to be ideal ORR/OER bifunctional cathode cata-
lysts in Li-O, batteries.’'! And the bimetallic Zns-NiS,TP
MOF cascade catalytic NITRR based on the redox ligand-
Ni[C,S,(C4H,SCOOH), ], has also been reported.l**] Incor-
porating thiophene groups into Ni-bis(dithiolene) units to
synthesize Ni[C,S,(C4H,SCHO),], (Figure Sla) and then
constructing a series of 2D MCOFs, which can accurately
modulate the electronic environment, facilitate charge trans-
fer and increase the carrier concentration.[’>>’] The redox
activity of [NiS;TP] units (Figure S1b) was studied by
the solid-state cyclic voltammetry (CV), and two quasi-
reversible redox peaks appeared at —0.81 and —0.15 V (vs.
Fc/Fct; in 0.1 M LiBF4/DMF; the scan rate: 200 mV s ').
Additionally, the five-membered heterocyclic structure may
provide more diverse pore architectures in the construc-
tion of MCOFs. As expected, the solvothermal reaction
of Ni[C,S,(C4H,SCHO),], with presynthesized M-TAPP at
120 °C for 5 days gave rise to four isostructural MCOFs,
namely, NiTP-TAPP, NiTP-CoTAPP, NiTP-CuTAPP, and
NiTP-FeTAPP (Figure 1).

Structure and Characterization

The structures of NiTP-TAPP, NiTP-CoTAPP, NiTP-Cu
TAPP, and NiTP-FeTAPP were highly defined, which was
confirmed by powder X-ray diffraction (PXRD) analysis, and
structural simulations were performed by Material Studio.
The isostructural MCOFs all adopt a 2D sql topology with the
AA-stacking mode. Thiophene-substituted Ni-bis(dithiolene)
units and metalloporphyrin blocks were alternately arranged.
For NiTP-TAPP, Pawley refinement based on the P1 space
group provided lattice parameters of a = 28.19 A, b =21.64 A,
c =634 A o =58, =55 and y = 90° (Figure S2,
R, =1.05% and Ry, = 1.37%). The diffraction peaks at 5.23°,
8.14°, and 9.64° were assigned to the (1-10), (110), and (120)
facets, respectively. All NITP-MTAPP MCOFs (M = Co, Cu,
and Fe) exhibited similar diffraction peaks, which could be
assigned to similar facets. Take NiTP-CoTAPP, for example,
Pawley refinement based on the P1 space group provided
lattice parameters of a = 2822 A, b =21.54 A, ¢ = 633 A,
a =59° B =55° and y = 90° (Figure 2a, R, = 1.07% and
Ry, = 1.46% for NiTP-CoTAPP; Figure 2b, R, = 1.28% and
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Figure 1. a) The design and structure of Ni[C;S; (C4H2SCHO)3]2. b) Schematic diagram of the synthesis of NiTP-MTAPP MCOFs (M = 2H, Co, Cu,
and Fe). c) Extended structures of NiTP-CoTAPP (c-axis) and view along the g-axis.
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Figure 2. Structural characterization. a)—c) Experimental (black dot) and simulated (red line) PXRD patterns of NiTP-MTAPP (M = Co, Cu, and Fe). d)
FTIR spectra of NiTP-MTAPP. ) PXRD patterns showing the stability of NiTP-CoTAPP. f) N; adsorption—desorption isotherms of NiTP-CoTAPP (inset
pore-size distribution profile).
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Ry, = 1.84% for NiTP-CuTAPP; Figure 2¢, R, = 1.04% and
Ry, = 1.57% for NiTP-FeTAPP). The diffraction peaks at
5.13°, 8.04°, and 9.65° were assigned to the (1-10), (110), and
(120) facets, respectively.

The successful synthesis of NiTP-TAPP and NiTP-MTAPP
MCOFs (M = Co, Cu, and Fe) was confirmed by Fourier-
transform infrared spectroscopy (FTIR). A new absorption
peaks at 1619 cm™!, which is a typical characteristic of the
—C=N bond.?**%¢%1 The complete conversion of aldehyde
(—CHO, ~1695 cm™") and amine (—NH,, ~3200—3500 cm™')
groups was verified by the disappearance of the —N—H
stretching vibrations and the —C=O stretching vibrations
from the reaction precursors (Figure 2d). Scanning electron
microscopy (SEM) shows that they have uniform aggregation
with small particle sizes and well-defined contours. The corre-
sponding element mapping reveals the uniform distribution of
Ni, Co, Cu, Fe, S, and N elements (Figure S3b). Additionally,
taking NiTP-CoTAPP as an example, the structure of NiTP-
CoTAPP was further confirmed by scanning transmission
electron microscopy energy-dispersive X-ray spectroscopy
(STEM-EDS, Figure S4) and high-resolution transmission
electron microscopy (HRTEM, Figure S5). In the HRTEM
image, rectangular lattice patterns were observed with an
interlayer spacing (d-spacing) of 1.5 nm, which corresponds
to the (1-10) crystallographic plane (approximately 16.7 A
deduced from PXRD).

Subsequently, to investigate the stability, PXRD exper-
iments were conducted after soaking in different solvents
and acid/alkali environments for 24 h. The results showed
good tolerance of all MCOFs in water (H,O), N,N-
dimethylformamide (DMF), dichloromethane (DCM), ace-
tonitrile (MeCN), acetone, 0.1 M HCI (acid solution with
pH = 1), and 1 M KOH (alkaline solution with pH = 14)
(Figures 2e and S6a—c). Confirmed by thermogravimetric
analysis (TGA), their thermal stability temperatures are up
to 300 °C (Figure S7). The ultraviolet-visible-near infrared
absorption spectroscopy (UV-vis-NIR) analysis revealed a
strong absorption of the [NiS;] core in the near-infrared
region, with a broad absorption peak. The porphyrin moiety
exhibited a distinct absorption peak in the red-light region
around 600 nm. The Tauc plot revealed that the incorporation
of metals leads to a narrowing of the band gap in four MCOFs
(the band gap of NiTP-TAPP is 1.15 eV). Among bimetallic
MCOFs, NiTP-CoTAPP exhibits the narrowest band gap at
0.84 eV, followed by NiTP-CuTAPP at 0.93 eV and NiTP-
FeTAPP at 1.07 eV (Figure S8a—d). Compared to the Tauc
plot of NiPh-CoTAPP MCOF (1.03 eV, Figure S8e), the
substitution of the phenyl group with a thiophene group
results in a red shift in the absorption peak and a narrowing
of the band gap, indicating more favorable electron transfer
along the conduction pathway within the MCOF structure.
Notably, the coordination of Co, Cu, and Fe ions with
porphyrins extends the conjugation of the system, and the
electronic interactions between the metal ions and porphyrins
enhance the electron conductivity. Moreover, these metal ions
can function as charge carriers in catalytic processes, thereby
promoting electron transfer. The electrical conductivities at
room temperature were determined to be 5.65 x 1078,
4.67 x 1077,4.20 x 1077, and 1.25 x 1077 S cm™! for NiTP-
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TAPP, NiTP-CoTAPP, NiTP-CuTAPP, and NiTP-FeTAPP,
respectively (Figure S9a-d). Compared to the conductivity
of NiPh-CoTAPP MCOF (1.09 x 1077 S cm™!),5!l the
introduction of thiophene groups in NiTP-CoTAPP increases
the content of S-heteroatoms in the system, resulting in a
fourfold increase in electrical conductivity (Figure S9¢). N,
adsorption measurements were performed at 77 K to evaluate
the porosity and surface area of four MCOFs. All of them
exhibited typical type I isotherms, revealing their microporous
structures. The Brunauer—Emmett—Teller (BET) specific
surface areas of NiTP-TAPP, NiTP-CoTAPP, NiTP-CuTAPP,
and NiTP-FeTAPP were calculated to be 422.12, 421.98,
345.03, and 223.81 m? g1, respectively (Figures 2f and S10).
The BET surface area of NiTP-CuTAPP and NiTP-FeTAPP
has decreased, which may be attributed to the high material
density produced by Cu and Fe atoms and the decrease in
crystallization. The slight desorption hysteresis and tilt can
be attributed to the formation of macropores and mesopores
resulting from the aggregation and stacking of covalent
organic framework nanoparticles. The analysis of pore size
distribution according to the N, density functional theory
(DFT) model indicated that the pore size of each MCOF was
estimated to be 1.00 nm.

Electrocatalytic NITRR Measurements

The electrocatalytic performance for NITRR was evaluated
using three distinct NiTP-MTAPP MCOFs (M = Co, Cu, and
Fe) electrodes in an H-type cell under ambient conditions.
Figure 3a illustrates the linear sweep voltammetry (LSV)
results for these electrodes tested in a pure nitrate (0.5
M KNO;) solution, highlighting their varying efficiencies in
nitrate reduction. In the H-cell with pure NO;~ solution,
the current output is dominated by the faradaic process of
NITRR, which is significantly higher than the nonfaradaic
background current expected from KCI (Figure S11, where
no NITRR occurs). This confirms that the measured current
in the NO; ™~ system reflects the target electrocatalytic reaction
rather than merely ohmic effects.

We conducted time-resolved current density measure-
ments over a half-hour period under various applied overpo-
tentials, as shown in Figures S12-S15. As anticipated, the cur-
rent density steadily increased with more negative potentials.
In evaluating ammonia production, the electrocatalytic activ-
ity of the three MCOF electrodes was ranked in the following
order: NiTP-CoTAPP > NiTP-CuTAPP > NiTP-FeTAPP, as
presented in Figure 3b. Notably, the NiTP-CoTAPP electrode
demonstrated the highest faradaic efficiency of approximately
85.6% at —0.8 V (vs. RHE), paired with an impressive
yield rate of 160.2 mmol h™' g~!., In comparison, NiTP-
CuTAPP and NiTP-FeTAPP achieved optimal FEs of 76.3%
and 70.8%, respectively. Furthermore, we investigated the
electrochemical ammonia production activity of the NiS,
unit. It was found that its performance in NO,~ reduction
surpasses that of NO;~ reduction at various applied potentials
(see Figure S16), indicating that NiS, exhibits a preferential
tendency toward NO,~ reduction. In the NiTP-CoTAPP
system, NO;~ reduction primarily occurs at the CoNy sites,
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Figure 3. Electrocatalytic activities of NiTP-MTAPP (M = Co, Cu, and Fe) for the NITRR. a) LSV curves of NiTP-MTAPP electrodes (NiTP-CuTAPP,
NiTP-FeTAPP, and NiTP-CoTAPP) tested in 0.5 M KNOj3 electrolyte and b) FE values (left Y axes) and corresponding NHj yield rates (right Y axes) of
NiTP-MTAPP under various applied potentials for the NITRR. c) "TH-NMR spectra of the products after the NITRR test of NiTP-CoTAPP electrocatalyst
using KNO;z and >N isotope-labeled Na>NOj as the feeding nitrogen sources, respectively. d) The cycling tests of NiTP-CoTAPP electrocatalyst for
NITRR tests at —0.8 V (vs. RHE) in a 0.5 M KNOj3 electrolyte. e) Schematic illustration of the apparatus for in situ electrochemical ATR-FTIR
characterizations. f) In situ electrochemical ATR-FTIR spectra of NiTP-CoTAPP electrocatalyst under various potentials, respectively.

while the NiS, sites mimic the function of nitrite reductase
(ferredoxin), further accelerating the conversion of NO,™.
The CoN,4—NiS, system operates via a cascade catalysis mech-
anism, where the bimetallic interaction optimizes reaction
kinetics, thereby enhancing both the ammonia production
rate and selectivity. Additionally, we examined how varying
nitrate concentrations in the electrolyte impacted ammonia
production. In a mixed electrolyte of 0.1 M Na,SO, and 0.1
M KNOs;, the ammonia production capacity of the NiTP-
CoTAPP celectrode significantly decreased across different
applied overpotentials, as shown in Figures S17 and S18.

To confirm the source of ammonia production, we
performed a N isotope-labeling experiment using “NO;~
reagent. The 'H NMR spectra of the electrolyte containing
ISNO;~ after the electrocatalytic NITRR are presented in
Figure 3c, revealing distinct double peaks for "NH,*. In
contrast, when using “NO;~ as the nitrogen source, we
observed a triplet coupling peak for *NH,4*. This indicates
that the ammonia generated during electrochemical reactions
originated from the dissolved nitrate ions. Stability is a crucial
factor in assessing the performance of an electrocatalyst. We
evaluated the stability of the NiTP-CoTAPP catalyst through
cycling tests, as shown in Figure 3d. After eight cycles, the FE
for ammonia production at —0.8 V (vs. RHE) remained stable
in the 0.5 M KNOj; solution, exhibiting only minor variations
throughout the cycles. When comparing the electrocatalytic
performance of the NiTP-CoTAPP catalyst with prior
electrode materials, our findings demonstrate that it surpasses
many representative catalysts for ammonia electrosynthesis
in terms of FE values, as displayed in Figure S19.
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To enhance our understanding of the fundamental mech-
anisms underlying electrocatalysis in the NITRR, we utilized
in situ attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy, as illustrated in Figure 3e. The
ATR-FTIR data for the NiTP-CoTAPP electrocatalyst, col-
lected using a three-electrode setup across applied potentials
of —0.8 to —1.5 V (vs. RHE), is shown in Figure 3f. The
spectrum reveals a peak near 1457 cm™!, corresponding to
the o(N—H) bending mode of ammonium (NH4"), which
indicates the hydrogenation processes that facilitate ammonia
production after the reduction of nitrate.[**%] Another
significant band at 1392 cm™! correlates with the stretching
mode of nitrate (NO; ™), illustrating its consumption through-
out the reaction. Additionally, we detected several positive
peaks that signify various nitrogen-containing intermediates.
Specifically, the peak at 1277 cm™' relates to the N—O anti-
symmetric stretching vibration of nitrite (NO, ™), suggesting
its formation during the reduction of nitrate.[®®1 Another
intermediate is indicated by a peak around 1109 cm~!, which
can be attributed to the —N—O— stretching vibration of
*ONHj,, an important precursor in ammonia synthesis.[®>6%70]
Moreover, peaks at 1517 and 1651 cm™! are associated with
the stretching mode of nitric oxide (NO), highlighting critical
deoxygenation steps involved in nitrate reduction.[0061.6>60.71]

The effective application of the engineered electrocata-
lyst for NITRR relies on achieving current densities that
meet industrial standards. To facilitate the transition from
laboratory-scale prototypes to large-scale implementation of
NITRR technology, the development of a flow cell system
is essential. In this study, we designed a custom flow cell
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NiTP-CoTAPP electrocatalyst at an applied potential of —0.65 V (vs. RHE).

specifically for testing the electrocatalytic NITRR, as depicted
in Figure 4a,b. Linear sweep voltammetry (LSV) analysis
of the NiTP-CoTAPP electrocatalyst, conducted in a 0.5 M
KNOs; solution, demonstrated a significantly higher current
density compared to that in a 0.5 M KCl solution across the
potential range of 0.2 to —0.65 V (vs. RHE), confirming the
successful implementation of NITRR (see Figure 4c). Further,
we assessed the time-dependent current density of the NiTP-
CoTAPP electrocatalyst over a 6500-s operational period at
—0.65 V (vs. RHE). As shown in Figure 4d, the average
current density reached approximately 422 mA cm~2, with
no significant decline in the faradaic efficiency for ammonia
production during this interval. Specifically, the designed
NiTP-CoTAPP electrocatalyst achieves a faradaic efficiency
of 81.1% toward selective ammonia production within a
reaction time of 3000 s; the value remains at 78.6% after
6000 s, accompanied by a high ammonia production rate of
3101.7 mmol h=! g1 .

DFT Calculations of NITRR Pathways

The reduction of NO;~ to NHj is a complex multielectron
process that involves multiple potential intermediate species.
Among them, *NOj, *NO,, and NO are widely regarded
as the most important intermediates in this process.’?]

Angew. Chem. Int. Ed. 2025, 64, 202505580 (6 of 10)

Experimentally, it has been observed that the activity
order of different catalysts is NiTP-CoTAPP > NiTP-
CuTAPP > NiTP-FeTAPP. As shown in Figures 5a, S20, and
S21, the density functional theory (DFT) calculation method
was utilized to deeply explore the relationship between the
electronic structures and catalytic performances of the Cu,
Co, and Fe active centers. The NITRR process of NiTP-
MTAPP includes sequential deoxygenation steps to form
*N and subsequent hydrogenation steps to produce NHj,
and NiTP-MTAPP exhibits a relatively smooth reaction path
throughout. However, for both Fe and Co active centers, the
rate-determining steps (RDS) is the transformation of NO;~
to *NOs, whereas for Cu active center, the hydrogenation
of *HNO, is considered as the RDS. The energy barrier
for the RDS of NOs;~ to *NOs on the Co active center
is 0.56 eV, which is the lowest. The energy barrier for the
Cu active center in the step of *HNO, to *NO is 0.66 eV,
and that for the Fe active center in the step of NO;~ to
*NOs is 0.72 eV, which is relatively high. The relatively small
change in AG of the Co active site promotes the forward
reaction, which is consistent with the experimental activity
order. According to the volcano plot curve,’! Co is most
likely to have advantageous activity as it is very close to
the peak of the volcano plot, which may be related to the
moderate adsorption ability of the CoNy site. The closer the d-
band center is to the Fermi level, the stronger the adsorption
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ability of the metal for the reactant. However, overly strong
adsorption may lead to difficulty in desorption of the reactant,
which is not conducive to the catalytic cycle. Therefore, the d-
band centers of the three metal sites within this system were
computed via the DOS results. As shown in Figure S22, the d-
band center of Cu was determined to be —3.26 eV and that of

Angew. Chem. Int. Ed. 2025, 64, 202505580 (7 of 10)

Fe was —1.21 eV. In comparison to Co (—1.68 eV), Cu resides
relatively farther from the Fermi level, whereas Fe is relatively
closer. This correspondingly indicates a relatively feeble
adsorption capacity for the intermediate in the case of Cu and
a relatively robust one for Fe. As shown in Figure 5b-d, the
PDOS results more intuitively reflect the moderate electron
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density of Co near the Fermi energy level, which is the
key to the rapid and continuous process of nitrate and its
intermediate desorption—adsorption dynamics. Co exhibits a
moderately positioned d-band center, a characteristic notably
consistent with the adsorption-energy requirements outlined
in the Sabatier principle. This electronic configuration creates
an optimal adsorption—desorption equilibrium that facilitates
catalytic activity. Particularly in this reaction system, the
distinctive electronic structure of Co appears to critically
govern the catalytic efficiency by maintaining this crucial
energetic balance between reactant activation and product
release. The order of the Bader charge values is Fe > Co > Cu
(Cu is —0.96 e, Co is —1.03 e, and Fe is —1.10 e), further
indicating the regulatory effect of the Co catalytic center site
on the adsorption ability of the intermediate (Figure S23a—c).

Electron density difference (EDD) results (Figure S24)
indicate that Fe, Co, and Cu all exhibit robust electronic
interactions with the adjacent N within the coordination
environment, implying that all three catalytic sites possess
relatively high stability. The DFT results suggest that the
catalytic active centers of NiTP-MTAPP all possess potential
catalytic performance, and the distinctive catalytic active
center of NiTP-CoTAPP achieves even more exceptional
catalytic performance via the modulation of the adsorption
capacity of the adsorbed species. The computed results of
the Crystal Orbital Hamilton Population (COHP) analysis
reveal that the three metal sites exhibit comparable bonding
states when coordinating with nitrogen (N),’*] as depicted
in Figure 5e—g. Notably, the interaction between Co and
N is stronger. With respect to the hydrogen evolution
reaction (HER), the computational findings indicate that
the Co and Fe sites display relatively low Gibbs free
energy of hydrogen adsorption (AG) values of 0.12 and
0.48 eV, respectively. Consequently, under neutral conditions,
a higher quantity of protonated hydrogen is generated, which
in turn facilitates a synergistic reaction with the NITRR
and subsequently reduces the reaction energy barrier. In
contrast, the Cu site demonstrates inferior HER performance
(AG = 1.98 eV). While this diminishes the competitiveness
between the HER and NITRR, it also fails to provide an
adequate supply of *H to sustain the surface hydrogenation
rate of the catalyst, thereby adversely affecting the reduction
of oxynitride intermediates (Figure S25). Consequently, the
catalytic activity of NiTP-CuTAPP is lower in comparison
to that of NiTP-CoTAPP but remains higher than that of
NiTP-FeTAPP.

Conclusion

In summary, we have synthesized a series of 2D NiTP-
MTAPP MCOFs (M = 2H, Co, Cu, and Fe), with well-defined
structures and atomically dispersed dual catalytic active sites,
based on the redox-active ligand-Ni[C,S,(C4H,SCHO),],,
through the regulation of presynthesized metalloporphyrin
linkers. The introduction of thiophene groups and metal ions
facilitated charge transfer and increased the carrier concen-
tration. After design and screening, NiTP-CoTAPP exhibited
the optimal NITRR performance, with a NH; production rate
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of 160.2 mmol h™! g~!,, and a faradaic efficiency of 85.6%.
The CoNj sites efficiently absorbed and reduced NO; ™, while
the NiS, sites mimicked nitrite reductase, further promoting
the conversion of NO, ™ intermediates. The bimetallic frame-
work structure offered exceptional catalytic water stability
and high atom economy. Additionally, the supply of active
hydrogen at NiS, sites achieved dynamic equilibrium with
the timely hydrogenation reaction at CoNy sites, effectively
suppressing the HER and enhancing ammonia selectivity.
DFT calculations revealed three distinct catalytic pathways,
with the CoN, sites exhibiting the optimal adsorption-to-
desorption and the lowest catalytic energy barrier, which was
supported by the moderate d-band center and Bader charge
values. This study provides novel insights into the modular
design of highly efficient bimetallic MCOFs-based catalysts
for nitrate reduction.
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