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ia synthesis via electrocatalytic
nitrate reduction over a [8 + 2]-connected three-
dimensional metal-bipyridine covalent organic
framework

Tsukasa Irie, †a Ayumu Kondo,†a Kai Sun,†b Kohki Sasaki,a Mika Nozaki,a

Shiho Tomihari,a Kotaro Sato,c Tokuhisa Kawawaki, a Yu Zhao, *d Saikat Das *a

and Yuichi Negishi *a

Covalent organic frameworks (COFs) have recently emerged as promising platforms for electrocatalytic

nitrate reduction to ammonia (NO3RR), yet most reported systems are limited to two-dimensional

architectures. Herein, we present TU-82, a structurally distinct 3D COF featuring an intricate [8 + 2]-

connected bcu topology derived from the reticulation of an octatopic D2h-symmetric tetragonal prism

node and a C2-symmetric bipyridyl linker. TU-82 exhibits high crystallinity, permanent porosity, and

robust structural integrity, enabling precise postsynthetic metalation at bipyridyl coordination sites to

yield catalytically active TU-82-Fe and TU-82-Cu frameworks. Among them, TU-82-Fe demonstrates

superior NO3RR performance, delivering a faradaic efficiency (FE) of 88.1% at −0.6 V (RHE) and an

ammonia yield rate of 2.87 mg h−1 cm−2 at −0.8 V (RHE), together with a turnover frequency of 7.2 h−1

and excellent operational stability. Density functional theory calculations reveal that the enhanced

activity of TU-82-Fe originates from a lower energy barrier (0.354 eV) for the rate-determining NO* /

NHO* step along the NHO-mediated reaction pathway. This work pioneers a structural blueprint for

deploying 3D COFs in electrocatalysis, fostering deeper insights into framework-controlled reactivity and

offering new routes to sustainable nitrate management.
1. Introduction

Ammonia (NH3) is an indispensable chemical for fertilizers,
pharmaceuticals, and emerging energy technologies due to its
high hydrogen content (17.6 wt%) and carbon-free nature.1,2

Despite its central role, industrial ammonia synthesis remains
dominated by the Haber–Bosch (HB) process, a century-old
method responsible for about 1.5–2.0% of global CO2 emis-
sions and consuming about 2% of the world's energy supply.3 In
contrast, the electrochemical nitrate reduction reaction
(NO3RR) has gained momentum as a green and decentralized
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strategy for ammonia synthesis.4 Not only does NO3RR bypass
the high-pressure, high-temperature conditions of the HB
process, but it also addresses the global nitrate pollution crisis
by converting NO3

−, a common contaminant from agricultural
runoff and industrial waste, into value-added NH3.5 Compared
to N2, NO3

− is more soluble, chemically reactive, and easier to
reduce due to its lower bond dissociation energies.6 Further-
more, recent innovations in plasma and oxidation chemistry
have enabled the efficient oxidation of atmospheric N2 into
nitrogen oxides (NOx), which can be further transformed into
stable nitrate feedstocks.7 Therefore, electrochemical NO3RR
offers a dual benet of sustainable ammonia generation and
environmental remediation, positioning it as a key technology
for a circular nitrogen economy.

Efficient NO3RR is an eight-electron, nine-proton process
complicated by sluggish kinetics and competition with the
hydrogen evolution reaction (HER), necessitating the develop-
ment of robust and selective catalysts.8 A wide range of catalyst
systems has been explored to date, including metal nano-
particles, alloys, metal oxides/hydroxides, nanoclusters, single-
atom catalysts (SACs), and molecular complexes.9,10 Metal
nanoparticles and alloys have been among the earliest andmost
extensively investigated materials. Bimetallic catalysts such as
This journal is © The Royal Society of Chemistry 2026
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Ni–Cu, Ru–Cu, and Pd–Ru have shown synergistic effects that
enhance NO3

− adsorption, intermediate stabilization, and NH3

selectivity.11 For instance, Liu et al. reported a PdCu alloy cata-
lyst that achieved an impressive NH3 faradaic efficiency (FE) of
85% and an NH3 yield rate of 3058 mg h−1 mg−1 at −0.25 V vs.
reversible hydrogen electrode (RHE).12 Cu–Pt nanostructure
developed by Das et al. achieved a FE of 72.33% for NH3 at
−0.1 V vs. RHE, along with substantial ammonia output of
0.71 mg h−1 mgcat

−1 at −0.3 V.13 Metal oxides and hydroxides,
such as TiO2, Fe3O4, and Cu2O, offer distinct advantages due to
their structural stability and redox-active surfaces. For example,
Zhang and colleagues reported that TiO2 nanotubes exhibited
an FE of 66.3% and an NH3 yield of 0.024 mmol h−1 mg−1,
which increased to 85.0% and 0.045 mmol h−1 mg−1, respec-
tively, upon introducing oxygen vacancies.14 However, these
materials oen suffer from limited conductivity and moderate
catalytic turnover rates, which has motivated the exploration of
more tunable systems. Metal nanoclusters, such as Cu14
developed by our group, achieved 78% FE at −0.4 V vs. RHE—
2.7 times higher than counterparts without exposed Cu sites
and over 5.6 times greater than conventional Cu nano-
particles.15 SACs represent a breakthrough in NO3RR electro-
catalysis due to their atomically dispersed metal sites, which
maximize active site utilization and oen exhibit unique reac-
tion pathways. Fe SACs on nitrogen-doped carbon, prepared via
two-step pyrolysis, showed ∼75% FE with enhanced NH3

selectivity attributed to the suppression of N–N coupling.16

However, pyrolytic methods oen lead to uncontrolled coordi-
nation environments, low metal loading, and defect-rich
supports, hindering the establishment of clear structure-
activity relationships. Molecular electrocatalysts, including
porphyrins and phthalocyanines, offer a complementary
approach by combining well-dened coordination environ-
ments with structural modularity.17 Their rigid p-conjugated
backbones can stabilize isolated transition metals and facilitate
selective nitrate-to-ammonia conversion. These systems allow
for precise tuning of the metal center electronic structure and
have the added advantage of synthetic accessibility and
compositional versatility. However, drawbacks include aggre-
gation of the active molecules under operating conditions,
limited conductivity, and challenges in immobilization on
electrodes. Collectively, while substantial progress has been
made in designing NO3RR catalysts, limitations such as poor
structural tunability, low active site exposure, and insufficient
control over coordination environments persist across most
systems. This underscores the need for new catalyst platforms
that combine structural modularity, high porosity, program-
mable active site integration, and long-range order.

Covalent organic frameworks (COFs) are an emerging class
of crystalline, porous polymers built from reticulated organic
building blocks via strong covalent bonds.18–31 Their high
surface areas, ordered porosity, and modular backbones make
them ideal scaffolds for incorporating redox-active moieties and
coordinating catalytic centers in well-dened environments.
COFs have already demonstrated their potential in electro-
catalysis, particularly in CO2 reduction, oxygen evolution, and
hydrogen evolution reactions. In 2015, Yaghi et al. rst
This journal is © The Royal Society of Chemistry 2026
demonstrated that metalloporphyrin-based COFs could serve as
efficient electrocatalysts for CO2 reduction, highlighting the
advantages of site isolation, periodicity, and framework
stability.32 More recently, the potential of COFs for NO3RR has
garnered growing attention. Most of the reported examples are
two-dimensional (2D) COFs constructed from metal-porphyrin
or metal-bipyridine linkers.33–39 Lu and co-workers developed
a series of metal-porphyrin COFs, where Fe−, Co−, Ni, and Cu-
centered porphyrin nodes were incorporated into 2D layered
frameworks.33 These COFs achieved FEs of up to 85.4% for NH3

and an ammonia yield rate of 1883.6 mmol h−1 mg−1 COF, with
high selectivity attributed to the suppression of N–N coupling
and stabilization of key NO3RR intermediates. Similarly, Li et al.
developed a highly crystalline, mesoporous 2D nickel porphyrin
COF (NiPr-TPA-COF) that exhibited ∼90% NH3 selectivity,
a production rate of 2.5 mg h−1 cm−2, and a turnover frequency
(TOF) of 3.5 s−1 for electrochemical nitrate reduction in neutral
media.34 Nejati et al. developed a vapor-phase strategy to
construct Cu- and Co-porphyrin COFs, with CuPOR-COF
achieving a peak FE of ca. 86% and an NH3 production rate of
6.0 mg h−1 cm−2 under an applied potential range of −1.4 to
−1.8 V vs. Ag/AgCl.35 In parallel, metal-bipyridine COFs have
also emerged as promising NO3RR catalysts, offering a more
compact and modular metal-binding environment compared to
porphyrins. For instance, Lu and co-workers synthesized
isomeric bipyridine-based COFs, incorporating Fe, Co, or Ni
ions within mesoporous 2D backbones.36 Identied as the most
efficient for electrocatalytic nitrate reduction, the Fe-
coordinated framework (Py-Bpy-Fe) achieved 91.2% FE at
−1.6 V vs. SCE and ∼3909 mmol h mg−1 NH3 yield at −2.0 V vs.
SCE. A structural isomer with dual bipyridine sites (Py-PyIm-Fe)
further boosted the NH3 yield to ∼4300 mmol h−1 mg−1. These
frameworks benet from the ability to precisely localize metal
centers within a tunable p-conjugated system, which facilitates
efficient electron transport and substrate activation. However,
despite their promise, most COF-based NO3RR catalysts re-
ported to date remain conned to 2D architectures. In contrast,
three-dimensional (3D) COFs remain virtually unexplored for
NO3RR, representing an untapped frontier with transformative
potential. Unlike their 2D counterparts, which oen suffer from
interlayer p–p stacking that can restrict ion diffusion and
reduce site accessibility, 3D COFs feature an extended frame-
work that allows isotropic diffusion of electrolyte ions and
uniform exposure of active sites. The inherently higher
connectivity and crosslinking in 3D COFs enhances structural
robustness, charge delocalization, and mechanical stability
under electrochemical conditions. Furthermore, their topolog-
ical diversity enables the integration of high densities of metal-
binding sites within a rigid and spatially addressable scaffold.
High-connectivity 3D nets, such as bcu, pts, ffc, or scu, are
particularly appealing for NO3RR, as they provide inter-
connected channels that facilitate reactant transport and
enable cooperative catalysis through spatially ordered active
sites. Importantly, the precise and periodic positioning of these
sites enables better understanding of structure–activity rela-
tionships, which is oen elusive in amorphous or disordered
systems. Despite these advantages, only one 3D COF has been
J. Mater. Chem. A, 2026, 14, 9324–9336 | 9325
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recently reported for NO3RR,40 underscoring the nascency of
this eld and revealing a critical gap in current catalyst devel-
opment strategies. Bridging this gap offers the potential to not
only improve catalytic performance but also unlock new
mechanistic insights through rational framework engineering.

In this study, we report a topologically intricate 3D COF as an
electrocatalyst for selective nitrate-to-ammonia transformation.
The COF, termed TU-82, is built through [8 + 2] topological
design by integrating a D2h-symmetric octatopic tetragonal
prismatic building unit and a C2-symmetric bipyridyl linker,
establishing a highly ordered, intrinsically porous three-
periodic bcu network. The COF's bipyridyl pockets facilitate
controlled metal coordination, enabling generation of Fe- and
Cu-functionalized analogues with well-dened active centers.
Exhibiting robust performance metrics toward nitrate reduc-
tion, TU-82-Fe outperforms its Cu analogue, exhibiting an
impressive FE of 88.1% (at −0.6 V vs. RHE), elevated NH3

productivity of 2.87 mg h−1 cm−2 (at −0.8 V vs. RHE), and
prolonged cycling stability. Mechanistic modeling reveals that
both Fe and Cu sites favor the NHO-mediated reduction
pathway, with the Fe center offering a lower activation barrier
(0.354 eV) for the rate-determining step (NO* / NHO*). This
study not only introduces a new design paradigm by leveraging
the structural precision and connectivity of 3D COFs but also
sets the stage for understanding structure–activity relationships
in reticular electrocatalysts. The ndings open avenues for
Fig. 1 (a) Synthesis of 3D COF TU-82 with a [8 + 2]-connected bcu topo
metalation with Fe2+ or Cu+/2+ in methanol at 60 °C to afford TU-82-M
TU-82. (c) Schematic of the electrochemical nitrate reduction reaction (N
and cell configuration. (d) Proposed reaction pathway for the electroche
82-M.

9326 | J. Mater. Chem. A, 2026, 14, 9324–9336
developing next-generation, architecturally programmable
COF-based catalysts for sustainable nitrogen cycle engineering.
2. Results and discussion

The 3D COF TU-82 was synthesized via a solvothermal Schiff-
base condensation reaction between 40,50-bis(3,5-di-
formylphenyl)-30,60-dimethyl-[1,10:20,100-terphenyl]-3,300,5,500-
tetracarbaldehyde (DPTB-Me) and 2,20-bipyridine-5,50-diamine
(Bpy), in a 1 : 4 molar ratio. Optimal reaction conditions were
identied following extensive parameter screening, wherein
a mixed solvent system of o-dichlorobenzene and n-butanol (1 :
3, v/v), with 6 M aqueous acetic acid as the catalyst, afforded TU-
82 as a yellow crystalline solid aer heating at 120 °C for 72 h
(Fig. 1a). The incorporation of bipyridine moieties within the
framework was strategic, enabling postsynthetic metalation due
to their strong chelating affinity for transition metals—a critical
feature for engineering catalytically competent sites in electro-
catalytic NO3RR (Fig. 1c and d). Postsynthetic coordination with
Fe2+ and Cu+/Cu2+ ions was achieved by reuxing TU-82 in
methanolic solutions of the corresponding metal acetates at
60 °C for 12 h under an inert argon atmosphere, yielding TU-82-
Fe and TU-82-Cu, respectively (Fig. 1a). Crystallographic eluci-
dation of TU-82 was accomplished through detailed analysis of
powder X-ray diffraction (PXRD) data in comparison with
simulated patterns derived from energy-minimized structural
logy via condensation of DPTB-Me and Bpy, followed by postsynthetic
(M = Fe, Cu). (b) Extended structure of non-interpenetrated bcu net of
O3RR) setup, showing the working electrode, electrolyte composition,
mical conversion of nitrate (NO3

−) to ammonia (NH3) catalyzed by TU-

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) XRD patterns of TU-82. (b) FT-IR spectra of DPTB-Me (pink), Bpy (blue), TU-82 (purple), TU-82-Cu (green), and TU-82-Fe (orange). (c)
N2 adsorption–desorption isotherms of TU-82 and its metalated analogues. (d) Pore size distributions of TU-82, TU-82-Fe, and TU-82-Cu
derived from QSDFT analysis using a cylindrical pore model. (e) SEM images and corresponding EDS elemental maps of TU-82-Fe (top) and TU-
82-Cu (bottom), confirming uniform metal distribution. (f) HR-TEM image of TU-82 with FFT pattern from the blue-marked region and
a distance–intensity profile from the red-marked section, revealing lattice fringes with a d-spacing of 2.59 nm. (g) HAADF-STEM images of TU-
82-Fe (top) and TU-82-Cu (bottom), indicating atomic-level dispersion of metal centers.
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models (Fig. 2a). Geometrical optimization was performed
using the Forcite module in Materials Studio 7.0,(ref. 41)
employing classical force-eld-based methods. The rened
structure revealed that TU-82 adopts a non-interpenetrated bcu
topology (Fig. 1b), crystallizing in the orthorhombic space
group Imm2 (No. 44), with unit cell parameters of a= 17.4656 Å,
b= 29.2450 Å, and c= 33.0385 Å (a= b= g= 90°; Table S5). The
experimental PXRD pattern exhibited distinct Bragg reections
at 2q values of 4.14°, 5.84°, and 8.29°, which were indexed to the
(011), a multiplet comprising the overlapping (002), (101), and
(110) reections, and the (022) crystallographic planes, respec-
tively. Pawley renement yielded excellent agreement between
the experimental and simulated patterns, with low residuals (Rp
This journal is © The Royal Society of Chemistry 2026
= 4.35%, Rwp = 5.96%), conrming the structural delity of the
proposed model. The close match between observed and
calculated patterns, along with minimal deviation in the
difference prole, underscores the long-range periodicity and
high structural order of the synthesized TU-82 framework.
Furthermore, the PXRD proles of TU-82-M (M = Fe, Cu)
exhibited identical peak positions to the pristine TU-82, con-
rming that the incorporation of metal ions did not disrupt the
underlying framework integrity and that the crystallinity of the
COF was fully retained post-metalation (Fig. S2).

The formation of the imine-linked framework in TU-82 was
conrmed through a combination of Fourier-transform
infrared (FT-IR) spectroscopy and solid-state 13C cross-
J. Mater. Chem. A, 2026, 14, 9324–9336 | 9327
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polarization magic angle spinning (CP/MAS) NMR analysis. In
the FT-IR spectrum of TU-82, a characteristic C]N stretching
band appeared prominently at 1622 cm−1, verifying the estab-
lishment of imine linkages. Concurrently, signicant attenua-
tion of the N–H stretching vibrations of the bipyridyl diamine
monomer (originally at 3418 and 3332 cm−1) and the aldehyde
C]O band of DPTB-Me (at 1699 cm−1) indicated complete
consumption of the starting functional groups, supporting the
successful progression of Schiff-base polymerization (Fig. 2b).
Notably, TU-82-Fe and TU-82-Cu retained similar vibrational
proles in the FT-IR spectra, affirming that the framework's
integrity was preserved following metal coordination. Comple-
mentary 13C CP/MAS NMR spectroscopy further substantiated
COF formation, with a distinct resonance at ∼161 ppm attrib-
uted to the imine carbon (C]N) (Fig. S3). Elemental analysis of
TU-82 (C160H100N32) revealed measured values (C: 72.11; H:
4.27; N: 14.28) in close proximity to theoretical predictions (C:
77.80; H: 4.05; N: 18.15), validating the expected framework
stoichiometry. Porosity and surface area properties of TU-82
and its metalated analogues were evaluated by nitrogen
adsorption–desorption measurements at 77 K following
thermal activation at 100 °C for 8 h. The nitrogen sorption
isotherms of TU-82 exhibited a steep uptake at low relative
pressures (P/P0 < 0.1), indicative of intrinsic microporosity,
along with a hysteresis loop at higher relative pressures, sug-
gesting the presence of mesopores (Fig. 2c and S3). The Bru-
nauer–Emmett–Teller (BET) surface area was determined to be
1527 m2 g−1 based on multipoint tting in the low-pressure
region. Upon postsynthetic metalation, the resulting TU-82-Fe
and TU-82-Cu frameworks maintained the porous nature of
the parent COF, albeit with moderately reduced BET surface
areas of 1168 and 1163 m2 g−1, respectively. This reduction is
ascribed to partial pore volume occupation and increased
framework density due to coordinated metal ions. Quenched
solid density functional theory (QSDFT) analysis employing
a cylindrical pore model revealed a narrow pore size distribu-
tion centered at ∼1.8 nm for all three materials (Fig. 2d), in
excellent agreement with the structural model (Fig. S9).
Importantly, the preservation of pore size and isotherm prole
across TU-82, TU-82-Fe, and TU-82-Cu further corroborates that
the metalation process did not compromise the intrinsic
porosity or framework architecture.

Scanning electron microscopy (SEM) images revealed that
TU-82 crystallizes into well-dened, isometric microcrystals
with uniform morphology (Fig. S5). Upon postsynthetic meta-
lation, SEM coupled with energy-dispersive X-ray spectroscopy
(EDS) elemental mapping conrmed the successful incorpora-
tion and homogeneous spatial distribution of Fe and Cu within
the TU-82-Fe and TU-82-Cu frameworks, respectively (Fig. 2e).
The quantitative metal content was further determined by
inductively coupled plasma mass spectrometry (ICP-MS),
yielding average loadings of 6.42 wt% Fe and 8.95 wt% Cu
across three independent measurements (Table S1), consistent
with efficient coordination at bipyridyl sites. High-resolution
transmission electron microscopy (HR-TEM) analysis provided
further structural insights into the crystallinity of TU-82 (Fig. 2f
and S6). Clear lattice fringes were observed with a d-spacing of
9328 | J. Mater. Chem. A, 2026, 14, 9324–9336
2.59 nm (Fig. 2f), which corresponds well to the (001) plane as
predicted from the crystallographic model (Fig. 1b). We note
that HRTEM probes only local ultrathin regions (<10 nm) and
depends on specic domain orientations under the electron
beam, which can enable the visualization of well-oriented (001)
planes. In contrast, PXRD reects the bulk-averaged structure,
where (001) reections of low abundance, weak crystallinity, or
overlap with stronger peaks (e.g., (100)/(110)) may render them
less discernible in the diffraction pattern (Fig. 2a). Fast Fourier
transform (FFT) analysis of the HR-TEM images further
affirmed the long-range periodicity of the framework. High-
angle annular dark-eld scanning transmission electron
microscopy (HAADF-STEM) images of TU-82-Fe and TU-82-Cu
showed bright, atomically dispersed contrast features—attrib-
utable to the heavier Fe and Cu atoms—distributed uniformly
throughout the framework (Fig. 2g). Although occasional larger
bright spots and lighter contrast features are visible, these can
be ascribed to overlapping atomic columns or local thickness
variations of the COF matrix rather than metal aggregation,
since no lattice fringes corresponding to metallic Fe or Cu
nanocrystals were observed. Furthermore, X-ray photoelectron
spectroscopy (XPS) and extended X-ray absorption ne structure
(EXAFS) analyses revealed the metals to be present in well-
dened coordination environments without signatures of
metallic bonding or cluster formation (described later). These
results conrm that the observed contrast originates from iso-
lated Fe and Cu centers uniformly embedded within the COF
lattice, thereby excluding the presence of aggregated nano-
particles and validating the single-site catalytic behavior of TU-
82-Fe and TU-82-Cu. The thermal stability of the pristine and
metalated frameworks was evaluated by thermogravimetric
analysis (TGA) under nitrogen. TU-82 demonstrated excellent
thermal robustness with negligible weight loss up to ∼420 °C
(Fig. S7), indicative of a thermally resilient network. The meta-
lated analogues, while showing early-stage mass loss attribut-
able to residual solvent and weakly coordinated species,
retained appreciable stability under operating conditions. To
evaluate the chemical robustness of the framework, TU-82 was
immersed in a variety of protic and aprotic solvents relevant to
NO3RR electrochemistry. PXRD patterns collected aer 24 h of
solvent exposure conrmed that the framework crystallinity
remained intact (Fig. S8), underscoring the high chemical
stability of the COF scaffold.

To elucidate the electronic environment and coordination
states of the metal centers in TU-82-Fe and TU-82-Cu, compre-
hensive XPS and X-ray absorption spectroscopy (XAS) analyses
were conducted. The wide-scan XPS spectra conrmed the
presence of C, N, and the respective metal species (Fe or Cu) in
the frameworks (Fig. S10). High-resolution C 1s spectra of TU-82
and its metalated analogues displayed nearly identical peak
proles, indicating that the backbone structure of the COF
remained chemically stable upon metal coordination (Fig. S11).
The N 1s XPS spectrum of pristine TU-82 exhibited two distinct
peaks at 398.5 eV and 400.9 eV, corresponding to pyridinic and
imine nitrogen species, respectively (Fig. 3a).36 Upon meta-
lation, these binding energies shied slightly due to coordina-
tion effects: TU-82-Fe showed peaks at 398.7 eV (pyridinic N)
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) N 1s XPS spectra of TU-82, TU-82-Fe, and TU-82-Cu. (b) High-resolution Fe 2p XPS spectrum of TU-82-Fe. (c) High-resolution Cu 2p
XPS spectrum of TU-82-Cu. (d) Fe K-edge XANES and (e) FT-EXAFS spectra of TU-82-Fe and reference materials (FePc, FeO, Fe2O3, and Fe foil;
Pc: phthalocyanine). (f and g) WT-EXAFS plots for Fe in TU-82-Fe and reference compounds. (h) Cu K-edge XANES and (i) FT-EXAFS spectra of
TU-82-Cu and reference compounds (CuPc, CuO, Cu2O, and Cu foil). (j and k) WT-EXAFS plots for Cu in TU-82-Cu and reference compounds.
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and 401.0 eV (imine N), while TU-82-Cu exhibited similar
features at 398.8 eV and 400.4 eV, respectively, corroborating
the formation of metal-nitrogen coordination bonds at the bi-
pyridyl sites. Further insights into the oxidation state and
coordination conguration were gained from the high-
resolution Fe 2p and Cu 2p XPS spectra. For TU-82-Fe, two
prominent peaks appeared at 712.1 eV (Fe 2p3/2) and 725.7 eV
(Fe 2p1/2), indicative of Fe(II).36 In the case of TU-82-Cu, char-
acteristic Cu 2p peaks were observed at 932.2 eV and 952.2 eV,
assigned to Cu(I), alongside additional signals at 934.5 eV and
954.3 eV corresponding to Cu(II), suggesting the coexistence of
mixed valence states.37,42,43 To further investigate the local
coordination environment of the metal sites, X-ray absorption
near-edge structure (XANES) and EXAFS analyses were per-
formed. The Fe K-edge XANES spectrum of TU-82-Fe displayed
an absorption edge beyond those of FeO and Fe2O3 (Fig. 3d).
This coordination conguration of Fe atoms in TU-82-Fe was
probed through EXAFS tting of the Fe K-edge data that
revealed a primary coordination number of 5.3 ± 0.3 (Table S2,
Fig. S14), suggesting a ve-coordinate geometry, likely
comprising two nitrogen atoms from the bipyridine ligands and
three oxygen atoms from acetate groups originating from the
Fe(OAc)2 precursor. This mixed N/O coordination geometry is
analogous to previously reported structures such as BiPy-COF-
Mn, which also featured ve-coordinate metal centers. The
Fourier-transformed (FT) EXAFS spectrum of TU-82-Fe
This journal is © The Royal Society of Chemistry 2026
exhibited a main peak at ∼1.50 Å (phase uncorrected), attrib-
uted to Fe–N/O scattering, and the absence of a signal near 2.21
Å conrmed the lack of Fe–Fe bonds, ruling out the presence of
Fe aggregates or nanoparticles (Fig. 3e). This was further
corroborated by wavelet transform (WT) analysis of the EXAFS
data, where the intensity maximum centered around 4.5 Å−1 (in
k-space) and 1.5 Å (in R-space) was characteristic of light atom
scatterers (N or O), validating the isolated single-site nature of
Fe centers (Fig. 3f and g). Analogous characterization of TU-82-
Cu by Cu K-edge XANES placed the absorption edge between
those of Cu2O and CuO, and closer to CuO (Fig. 3h). This
coordination state was understood through EXAFS tting that
revealed a Cu coordination number of 4.1 ± 0.2 (Table S2,
Fig. S15), consistent with a square-planar or tetrahedral geom-
etry involving bipyridine N-donors and acetate O-ligands. The
FT-EXAFS spectrum of TU-82-Cu showed a prominent peak at
∼1.53 Å, again attributable to Cu–N/O coordination, and lacked
any signicant signal near 2.24 Å, conrming the absence of
Cu–Cu interactions (Fig. 3i). WT-EXAFS plots reinforced these
ndings, displaying intensity maxima characteristic of light-
atom coordination environments (Fig. 3j and k). Together,
these spectroscopic analyses denitively establish that both Fe
and Cu centers in TU-82-M are atomically dispersed, occupy
well-dened coordination environments involving bipyridine
nitrogen and acetate oxygen ligands, and are free from metallic
clustering. These structural attributes are critical to the
J. Mater. Chem. A, 2026, 14, 9324–9336 | 9329
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observed catalytic activity and selectivity in nitrate
electroreduction.

To evaluate the electrocatalytic efficacy of TU-82-Fe and TU-
82-Cu toward nitrate reduction to ammonia, a series of
electrochemical measurements were performed in an H-type
two-compartment cell. Each metalated COF was homoge-
nously mixed with carbon black and uniformly cast onto a 1× 1
cm2 carbon paper substrate, achieving a consistent catalyst
loading of 0.4 mg cm−2. All potentials were referenced to RHE.
Linear sweep voltammetry (LSV) measurements carried out in
an electrolyte solution of 0.1 M KNO3 and 0.1 M KOH revealed
Fig. 4 (a) LSV curves of TU-82-Fe and TU-82-Cu recorded in 0.1 M KOH
of applied potential. (c) NH3 partial current densities (jNH3) derived from F
KOH + 0.1 M KNO3, and with the addition of 0.1 M KSCN to probe active
15NO3

− isotopes. (f) Electrochemical double-layer capacitance (Cdl) curv
electrolysis cycles at−0.6 V vs. RHE. (h) Radar chart comparison of TU-82
maximum jNH3. Error bars in panel (b) represent the standard deviation f

9330 | J. Mater. Chem. A, 2026, 14, 9324–9336
distinct onset potentials and activity proles for each catalyst
(Fig. 4a). TU-82-Fe exhibited a signicant increase in current
density at approximately −0.21 V, while TU-82-Cu required
a more negative onset of −0.23 V to elicit a comparable
response, indicative of superior catalytic kinetics on the Fe site.
TU-82-Fe consistently outperformed its Cu counterpart across
the potential window, reaching a current density of 53 mA cm−2

at −0.80 V, compared to 43 mA cm−2 for TU-82-Cu. Chro-
noamperometric (i–t) measurements were employed to quantify
the ammonia generated, using the indophenol blue method
and UV-vis absorption at 654 nm (Fig. S16). As shown in Fig. 4b,
+ 0.1 M KNO3 mixed electrolyte. (b) FE and NH3 yield rates as a function
E and total current. (d) LSV responses of TU-82-Fe in 0.1 M KOH, 0.1 M
site inhibition. (e) 1H NMR spectra of NH3 produced using 14NO3

− and
es used to estimate ECSA. (g) Stability evaluation of TU-82-Fe over 10
-Fe and TU-82-Cu in terms of FEmax, maximumNH3 yield rate,Cdl, and
rom three independent measurements.

This journal is © The Royal Society of Chemistry 2026
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TU-82-Fe exhibited a volcano-type trend in FE with increasing
overpotential, peaking at 88.1% at −0.60 V, while the yield rate
increased monotonically, attaining 2.87 mg h−1 cm−2 at
−0.80 V. In contrast, TU-82-Cu did not display a well-dened
volcano prole. Instead, the FE uctuated across the tested
potentials, with a notably low efficiency of 42.5% at −0.50 V.
This reduced selectivity may stem from heightened hydrogen
evolution activity at this intermediate potential, which
competes for protons and electrons, thereby diminishing
nitrate-to-ammonia conversion. The highest FE achieved for
TU-82-Cu was 62.8% at −0.60 V, accompanied by a yield rate of
2.19 mg h−1 cm−2 at −0.80 V. Partial current densities for NH3

production, calculated from FE and total current density
(Fig. 4c), further conrmed the superior performance of TU-82-
Fe. At−0.80 V, TU-82-Fe achieved an NH3 partial current density
of 36.19 mA cm−2, substantially surpassing that of TU-82-Cu
(27.56 mA cm−2). Byproduct formation was assessed using the
Griess assay to quantify NO2

− (Fig. S17). The results indicated
trace NO2

− generation over the entire potential range for TU-82-
Fe, while TU-82-Cu exhibited comparatively higher NO2

−

formation (Fig. S18), further substantiating the higher selec-
tivity of the Fe-based catalyst. To ensure comprehensive selec-
tivity evaluation, gaseous byproducts were quantied using gas
chromatography equipped with a thermal conductivity detector
(GC-TCD) and calibration curves. Only trace amounts of N2

(Fig. S19) and H2 (Fig. S20) were detected across all applied
potentials, conrming that TU-82-Fe effectively suppresses
competing pathways and maintains high selectivity toward
NH3. Control experiments were designed to clarify the catalytic
origin of the activity. LSV in 0.1 M KOH devoid of nitrate
revealed a positive shi in the onset potential from −0.21 V to
−0.65 V for TU-82-Fe, along with a sharp decline in current
density (Fig. 4d). This conrms that the observed electro-
catalytic response originates from NO3

− reduction rather than
competing hydrogen evolution. The introduction of 0.1 M
KSCN, a strong chelator of single metal sites, led to pronounced
suppression in current and a delayed onset potential (∼−0.57
V), underscoring the critical role of coordinated Fe centers in
the bipyridyl motifs as the primary active sites.

To conclusively verify the nitrogen source in the reduced
product, isotope-labeling experiments were conducted using
15NO3

− in place of 14NO3
−. The resultant NH3 was characterized

by 1H NMR spectroscopy (Fig. 4e). The spectrum of 14NH3 di-
splayed a triplet pattern with a 1J (N–H) coupling constant of
52 Hz, characteristic of coupling with a spin-1 14N nucleus. In
contrast, the spectrum of 15NH3 exhibited a doublet pattern
with a coupling constant of 72 Hz, consistent with spin-12

15N.
This distinct shi in splitting patterns and coupling constants
provides unambiguous evidence that the nitrogen in the NH3

product originates exclusively from the nitrate feedstock, not
from adventitious contamination. Electrochemical double-layer
capacitance (Cdl), derived from cyclic voltammetry in the non-
faradaic region (Fig. S21), was used as a proxy for electro-
chemical surface area (ECSA). TU-82-Fe exhibited a substan-
tially higher Cdl (16.03 mF cm−2) than TU-82-Cu (9.07 mF cm−2),
suggesting more abundant or accessible active sites, consistent
with its higher NO3RR performance (Fig. 4f). The operational
This journal is © The Royal Society of Chemistry 2026
durability of TU-82-Fe was assessed over 10 continuous elec-
trolysis cycles at −0.60 V (Fig. 4g). The catalyst retained an
average FE of ∼77.0% and an NH3 yield of ∼1.79 mg h−1 cm−2,
demonstrating excellent long-term stability and resilience
under operating conditions. To assess industrial relevance,
chronopotentiometric measurements were carried out at a high
current density of 120 mA cm−2, where TU-82-Fe displays
a stable potential prole under sustained NO3RR operation
(Fig. S22). Furthermore, long-term electrolysis over 100 h at
−0.6 V vs. RHE reveals consistent catalytic performance
(Fig. S23), demonstrating excellent durability beyond the initial
cycling tests. The catalytic activity of TU-82-Fe was further
examined across a wide pH range (1–13) to assess its robustness
under conditions relevant to real wastewater. As shown in
Fig. S24, the catalyst remains active under acidic and neutral
conditions and achieves its highest FE and NH3 yield in alkaline
media, demonstrating broad pH tolerance and strong opera-
tional versatility. XRD and FT-IR analyses (Fig. S25) conrmed
that the material retained its crystallinity and chemical integrity
aer cycling tests, indicating excellent structural stability. Post-
NO3RR XPS analysis conrms that the bipyridine-Fe coordina-
tion environment in TU-82-Fe remains fully preserved aer
electrolysis. The N 1s (Fig. S26a) and Fe 2p (Fig. S26b) spectra
showed negligible shis in binding energies and retention of
the Fe(II) oxidation state, demonstrating that neither ligand
degradation nor metal demetalation occured during catalysis. A
radar chart summarizing and comparing key performance
metrics—FE, yield rate, NH3 partial current density, and Cdl—

for TU-82-Fe and TU-82-Cu (Fig. 4h) clearly highlights the
superior electrochemical behavior of the Fe-based catalyst.
Notably, TU-82-Fe exhibits performance benchmarks that rival
or exceed those of leading state-of-the-art NO3RR catalysts
(Table S3), underscoring its promise for practical and scalable
ammonia electrosynthesis.

To elucidate the structure–activity relationship of TU-82-M in
electrocatalytic NO3RR, density functional theory (DFT) calcu-
lations were performed. Four possible mechanistic pathways
were constructed, each describing the transformation of NO3

−

to NH3 via a series of adsorbed intermediates. The free energy
diagrams for TU-82-Fe and TU-82-Cu (Fig. 5a and Table 1) reveal
that the key divergence between pathways lies in the NO* to
NH*

2 transformation, where two main routes involving either
NOH* (Path 1, dotted lines) or NHO* (Path 2, solid lines)
intermediates are energetically feasible. For TU-82-Fe, the acti-
vation energy for the NO* / NHO* step is signicantly lower
(0.354 eV) than that for NO*/NOH* (1.131 eV), indicating that
the reaction preferentially proceeds via the NHO-mediated
pathway. A similar trend is observed for TU-82-Cu, where the
NO* / NHO* step requires 0.814 eV, while NO* / NOH* is
substantially less favorable (1.531 eV). These ndings suggest
that both catalytic sites favor the NHO* intermediate pathway,
wherein NHO* is sequentially hydrogenated to NHOH*, fol-
lowed by protonation to NH2OH*, which undergoes dehydra-
tion to form NH*

2. The nal protonation yields NH3. Moreover,
the lower energy barrier for the rate-determining NO*/ NHO*
step on TU-82-Fe rationalizes its superior experimental NO3RR
performance relative to TU-82-Cu. Notably, the TU-82-Fe site offers
J. Mater. Chem. A, 2026, 14, 9324–9336 | 9331
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Fig. 5 (a) Calculated free energy profiles for NO3RR on TU-82-Fe and TU-82-Cu, highlighting the divergence in energetics for the NO* to NH*
2

step via two plausible pathways involving NOH* (Path 1, dotted lines) and NHO* (Path 2, solid lines) intermediates. (b and c) optimized adsorption
configurations of key NO3RR intermediates on TU-82-Fe and TU-82-Cu, showing metal–adsorbate interactions at the bipyridyl-coordinated
metal sites.
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a more favorable energy landscape throughout the entire reaction
coordinate, reinforcing its catalytic advantage. The complete
reaction pathway, consistent with both theoretical predictions
and experimental product distribution, is proposed
as: NH3

�/NO�
3/NO�

2/NO�/NHO�/NHOH�/NH2OH�/
NH�

2/NH�
3/NH3 (Fig. 1d). This mechanism also explains the

detection of NO2
− as a main byproduct, attributable to the facile

desorption of NO*
2 from the catalytic surface. The most stable

adsorption congurations of each intermediate on TU-82-Fe and
TU-82-Cu were fully optimized (Fig. 5b and c), revealing strong
metal-adsorbate interactions at the bipyridyl-coordinated metal
centers. These congurations reect the geometric adaptability of
the 3D COF scaffold, which offers a well-dened coordination
9332 | J. Mater. Chem. A, 2026, 14, 9324–9336
environment that supports stable binding and transformation of
reactive intermediates. A complete thermodynamic prole
including electronic energies (E), zero-point energy corrections
(ZPE), entropic contributions (T.S), and Gibbs free energies (G= E
+ ZPE − T S) of each intermediate is summarized in Table S4.
These data provide quantitative support for the proposed reaction
mechanism and further validate the superior kinetic and ther-
modynamic prole of TU-82-Fe. Overall, the DFT results highlight
the critical role of metal identity in determining the reaction
pathway and kinetics and underscore the structural advantages of
TU-82's 3D framework in supporting active, isolated metal sites.
This study offers a compelling demonstration of how topologically
This journal is © The Royal Society of Chemistry 2026
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Table 1 Calculated Gibbs free energy changes (DG, in eV) for the
proposed NO3RR pathways on TU-82-Fe and TU-82-Cu catalysts,
derived from DFT calculations. Path 1 proceeds via NOH intermedi-
ates, while Path 2 follows the NHO* route. Energetics are given for
each elementary step from NO3

− to NH3 through adsorbed
intermediates*

TU-82-Cu TU-82-Fe

Path 1
NO3

�/NO*
3

0.605 0.307

NO*
3 þ 2ðHþ þ e�Þ/NO*

2 þH2O −1.517 −1.457
NO�

2 þ 2ðHþ þ e�Þ/NO� þH2O −1.773 −1.231
NO* + (H+ + e−) / NOH* 1.531 1.131
NOH* + (H+ + e−) / N* + H2O 0.673 −0.535
N* + (H+ + e−) / NH* −1.054 −0.479
NH� þ ðHþ þ e�Þ/NH*

2
−1.947 −1.495

NH*
2 þ ðHþ þ e�Þ/NH*

3
−1.581 −1.229

NH*
3/NH3 0.135 0.062

Path 2
NO3

�/NO*
3

0.605 0.307

NO*
3 þ 2ðHþ þ e�Þ/NO*

2 þH2O −1.517 −1.457

NO*
2 þ 2ðHþ þ e�Þ/NO* þH2O −1.773 −1.231

NO* + (H+ + e−) / NHO* 0.814 0.354
NHO* + (H+ + e−) / NHOH* −0.287 −0.120
NHOH* + (H+ + e−) / NH2OH

* −0.968 −0.662
NH2OH* þ ðHþ þ e�Þ/NH*

2 þH2O −0.355 −0.951

NH*
2 þ ðHþ þ e�Þ/NH*

3
−1.581 −1.229

NH*
3/NH3 0.135 0.062
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sophisticated COF platforms can be tailored to promote selective
and efficient nitrogen-cycle electrocatalysis.
3. Conclusions

This work presents a transformative advancement in the
development of COF-based electrocatalysts by introducing TU-
82, a novel 3D COF platform applied to the electrochemical
NO3RR. Unlike conventional 2D COF systems, TU-82 leverages
a high-connectivity [8 + 2] topology and a rigid bcu network
derived from rational topological design using an octatopic
tetragonal prismatic node and a linear bipyridyl linker. This
deliberate architectural strategy enables spatially precise
metalation of bipyridyl coordination sites, thereby establishing
uniformly distributed, catalytically active Fe and Cu centers
within a robust and porous 3D scaffold. The superior perfor-
mance of TU-82-Fe in NO3RR—evidenced by its high FE (88.1%
at−0.6 V vs. RHE), notable ammonia yield (2.87 mg h−1 cm−2 at
−0.8 V vs. RHE), and long-term durability—demonstrates the
power of 3D framework engineering in tuning electrocatalytic
function. Theoretical calculations corroborate these ndings,
revealing that Fe sites within the TU-82 scaffold facilitate a more
energetically favorable NHO-mediated reaction pathway, with
a notably low barrier for the rate-determining NO* / NHO*
step. More broadly, this contribution establishes a conceptual
and structural foundation for expanding the application of 3D
COFs in electrocatalysis. By demonstrating how deliberate
lattice design and coordination site engineering in 3D frame-
works can drive selective multi-electron transformations, this
This journal is © The Royal Society of Chemistry 2026
work paves the way for the development of next-generation
porous materials tailored for sustainable nitrogen conversion,
clean energy processes, and programmable catalytic systems.

4. Experimental section
4.1. Synthesis of TU-82

A nely ground mixture of DPTB-Me (19.04 mg, 0.03 mmol) and
Bpy (22.35 mg, 0.12 mmol) was introduced into a Pyrex tube (ID: 8
mm; OD: 10 mm). To the mixture was added 0.25 mL of o-
dichlorobenzene and 0.75 mL of n-butanol. Following 10 min of
sonication, 0.2mL of 6M aqueous acetic acid was added dropwise.
The resulting mixture was sonicated for an additional 10 min to
ensure a homogenous suspension. The tube was ash-frozen in
liquid nitrogen (77 K), degassed by three freeze–pump–thaw cycles,
ame-sealed under vacuum, and heated at 120 °C for 72 h. Upon
cooling to room temperature, the resulting solid was isolated via
centrifugation, washed with THF (5× 10 mL), Soxhlet extracted in
THF for 24 h, and dried in vacuo at 100 °C for 12 h to afford TU-82
as a yellow powder (73% yield). Anal. Calcd. for C160H100N32: C:
77.80; H: 4.05; N: 18.15. Found: C: 72.11; H: 4.27; N: 14.28.

4.2. Preparation of TU-82-M (M = Fe, Cu)

To prepare the metalated COF, TU-82 (40 mg) and the corre-
sponding metal acetate salt (Fe(OAc)2 or Cu(OAc)2, 20 mg) were
dispersed in methanol (40 mL) and stirred under reux at 60 °C
for 12 h under a continuous ow of argon. Aer completion, the
resulting solid was collected by ltration, washed with meth-
anol, and dried overnight in a desiccator under reduced pres-
sure. For TU-82-Fe, the dried solid was further subjected to
thermal treatment under a hydrogen atmosphere at 200 °C for
1 h, affording TU-82-Fe as a dark orange powder. For TU-82-Cu,
the solid was thermally treated under vacuum at 100 °C for 4 h
to yield TU-82-Cu as a dark green powder.

4.3. Preparation of catalyst slurry

To prepare the catalyst slurry, TU-82-M (3.75 mg) and carbon
black (3.75 mg) were dispersed in amixed solvent consisting of 2-
propanol (1.27 mL), ultrapure water (215 mL), and 5 wt%
Naon™ dispersion (15 mL). The mixture was sonicated for
30 min to ensure homogeneous dispersion of the COF catalyst
and carbon black (denoted as TU-82-M/CB), forming a uniform
catalyst ink. Carbon black was introduced as a conductive addi-
tive to improve the electron transport within the catalyst layer
and to ensure uniform dispersion of the COF on the electrode
surface. The 1 : 1 mass ratio of TU-82-M to carbon black was
chosen to balance electrical conductivity and active site exposure,
a ratio that has also been employed in previous studies on COF-
based electrocatalysts for nitrate reduction.44 Therefore, the
prepared catalyst slurry is denoted as TU-82-M/CB, highlighting
that carbon black serves as a conductivity enhancer and disper-
sant rather than an independent catalytic phase.

4.4. Electrochemical measurements

All electrochemical measurements for nitrate reduction
(NO3RR) were carried out using an ECstat-302 electrochemical
J. Mater. Chem. A, 2026, 14, 9324–9336 | 9333
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workstation (EC FRONTIER, Japan) in a two-compartment H-
type cell (EC FRONTIER, Japan) separated by an AMVN
membrane. The working electrode was prepared by drop-
casting 16 mL aliquots of the catalyst slurry onto a 1 cm ×

1 cm piece of carbon paper (SIGRACET®GDL 22BB), followed by
drying at room temperature. This process was repeated 10 times
to ensure sufficient catalyst loading. A platinum coil served as
the counter electrode, and a silver/silver chloride (Ag/AgCl)
electrode was used as the reference electrode. All potentials
reported herein were converted to the reversible hydrogen
electrode (RHE) scale using the equation:45

ERHE = EAg/AgCl + 0.0591 × pH + 0.1976

The electrolyte in both chambers consisted of 0.1 M KNO3

and 0.1 M KOH (pH z 13). Prior to each electrolysis, the elec-
trolyte was purged with Ar gas for 20 min. Chronoamperometry
(CA) was then conducted at the desired potential for 60 min.
Aer each electrolysis cycle, the electrolyte was replaced with
fresh solution before performing the next experiment.

4.4.1. Quantication of ammonia. The concentration of
ammonia (NH3) in the electrolyte aer electrolysis was deter-
mined using the indophenol blue method. Post-electrolysis
samples were rst diluted with 0.1 M KNO3 + 0.1 M KOH to
ensure the NH3 concentration fell within the linear detection
range. To 2 mL of the diluted sample, 2 mL of a 1 M NaOH
solution containing 5 wt% salicylic acid and 5 wt% sodium
citrate, 1 mL of 0.05 M NaClO, and 0.2 mL of a 1 wt% C5FeN6-
Na2O solution were sequentially added. The resulting mixture
was incubated at room temperature for 1 h. The absorbance of
the formed indophenol blue complex was measured at 654 nm
using a UV-visible spectrophotometer. A calibration curve was
generated by plotting absorbance at 654 nm against standard
NH3 solutions (0, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 ppm), and used to
quantify the ammonia concentration in each sample.

4.4.2. Isotope labelling experiments. To conrm that the
ammonia detected during electrocatalytic NO3RR originated
exclusively from the nitrate reactant, isotope labelling experi-
ments were performed using K15NO3 (98 atom% 15N, Sigma-
Aldrich). The electrolyte consisted of 0.1 M K15NO3 and 0.1 M
KOH (pH z 13). Prior to electrolysis, the electrolyte was purged
with Ar gas for 20 min to eliminate dissolved oxygen and mini-
mize interference from atmospheric nitrogen species. CA was
carried out at −0.6 V vs. RHE for 60 min, following the same
procedure described previously. Aer electrolysis, 600 mL of the
electrolyte was collected and mixed with 100 mL of 1 M HCl(aq)
and 100 mL of D2O for nuclear magnetic resonance (NMR) anal-
ysis. The resulting ammonia was analyzed by proton nuclear
magnetic resonance spectroscopy (1H NMR, Bruker Avance III
400 MHz NMR spectrometer). The use of D2O served to suppress
background proton signals and enabled eld locking for accurate
spectral acquisition. For comparison, a parallel control experi-
ment was conducted using 0.1 M K14NO3 under otherwise iden-
tical conditions. This control supports that the observed 15NH3

product (15NH4
+) in the labelled experiment originated directly

from the electrochemical reduction of 15NO3
−.
9334 | J. Mater. Chem. A, 2026, 14, 9324–9336
4.4.3. Quantication of nitrite. The concentration of nitrite
(NO2

−) was evaluated using the Griess assay. Electrolyte
samples were diluted as needed to fall within the linear range of
the method. The pH of each diluted sample was adjusted by
adding 2.0 mL of 0.1 M HCl. The Griess reagent was freshly
prepared by mixing 4 g of sulfanilamide, 0.2 g of N-(1-naphthyl)
ethylenediamine dihydrochloride, 50 mL of ultrapure water (18
MU), and 10 mL of phosphoric acid. A 100 mL aliquot of this
reagent was then added to the diluted electrolyte and incubated
at room temperature for 10 min. The resulting azo dye complex
was quantied by measuring the absorbance at 539 nm using
UV–vis spectroscopy. Calibration was performed using NO2

−

standard solutions (0, 1.0, 2.0, 3.0, 4.0, 5.0 ppm).
4.4.4. Calculation of faradaic efficiency and yield.46 The

faradaic efficiencies for ammonia and nitrite production
(FENH3 and FENO2

−) were calculated as the ratio of the charge
associated with product formation to the total charge passed
during electrolysis, according to the following expression:

FE ¼ n� F � C � V

Qtot

� 100%

where n is the number of electrons transferred per molecule of
product (8 for NH3, 2 for NO2

−), F is the Faraday constant
(96,485 C mol−1), C is the concentration of product (mol L−1), V
is the volume of electrolyte (L), and Qtot is the total charge
passed, determined by integrating the current over the elec-
trolysis time.

The NH3 and NO2
− yields are calculated according to the

following equation:

Yield ¼ C � V

A� t

where A is area of electrode (cm2), and t is electrolysis time.
4.4.5. Electrochemical surface area (ECSA) analysis.46 CV

was conducted in the non-faradaic potential region at scan rates
ranging from 20 to 100 mV s−1 to estimate the electrochemically
active surface area. At each scan rate, the capacitive current was
determined by averaging the absolute values of the anodic and
cathodic currents (i.e., (jIaj + jIcj)/2) at a xed potential. A linear
plot of the average current density versus scan rate was con-
structed, and the slope was taken as the electrochemical
double-layer capacitance (Cdl). The ECSA was then calculated
using the relation:

ECSA = Cdl/Cs

where Cs is the specic capacitance of a at surface of the
material, typically assumed to be 40 mF cm−2 for carbon-based
electrodes.

4.4.6. Calculation of turnover frequency (TOF).44

Turnover number ðTONÞ ¼ NH3 yieldðmgÞ
Catalyst loadingðmgÞ

TOF ¼ TON

TimeðhÞ
This journal is © The Royal Society of Chemistry 2026
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4.5. Computational method

All density functional theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP),47,48

adopting the generalized gradient approximation (GGA) with
the Perdew–Burke–Ernzerhof (PBE)49 functional. The projected
augmented wave (PAW)50,51 potentials were utilized to describe
the ionic cores and take valence electrons into account using
a plane wave basis set with a kinetic energy cutoff of 450 eV. The
DFT-D3 empirical correction method was used to account for
the van der Waals interactions. Geometry optimizations were
carried out with the force convergency smaller than 0.02 eV Å−1.

To simulate the local environment of the catalytic site,
a cluster model was extracted from the fully optimized 3D COF
crystal structure. The terminal carbon atoms were saturated
with hydrogen atoms. The terminal C–H bonds were optimized
with all hydrogen atoms relaxed, while the rest of the cluster
framework atoms were kept xed. For adsorption calculations,
the terminal atoms (including C atoms saturated by H and
a complete benzene ring) were xed, while the remaining
framework atoms and adsorbates were allowed to relax. The
COF fragment was placed in an orthorhombic simulation box of
dimensions 20 Å × 20 Å × 30 Å. A (1 × 1 × 1) k-point sampling
with the gamma-centered scheme was employed for the Bril-
louin zone integration.

The free energy changes (DG) for each elementary step of the
nitrate reduction reaction (NO3RR) were calculated using the
computational hydrogen electrode (CHE) model. This model
assumes that the chemical potential of an electron–proton pair
is equal to that of 1

2 H2 in the gas phase. The free energies of
adsorption are then calculated by the following equation:

DG = DE + DEZPE − TDS

where DE, DEZPE and DS denote the changes of DFT energy,
zero-point energy, and entropy, respectively.

The adsorption free energy of NO3
−, denoted as Gad (NO3

−),
was determined according to Fig. S1.52,53 DG1 corresponds to the
reaction free energy from gas HNO3(g) to adsorbed NO*

3 and (H+ +
e−), and can be evaluated based on the CHE model. The free
energy change from HNO3(l) to HNO3(g) was computed based on
the difference in standard Gibbs free energy of formation
between HNO3 in liquid and gas, which is 0.075 eV. The forma-
tion of HNO3(l) from NO3

− in an aqueous solution is associated
with a Gibbs free energy of 0.317 eV. All Gibbs free energy values
were sourced from the CRC Handbook of Chemistry and
Physics.54 The nal adsorption free energy is then expressed as:

Gad(NO3
−) = DG1 + 0.075 + 0.317
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