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ABSTRACT

The conversion of nitric oxide (NO), a gaseous pollutant with an intermediate nitrogen oxidation state,
into value-added ammonium nitrate (NH4NO3) via redox processes offers a sustainable alternative to
conventional disposal methods, which are hampered by competing pathways that yield undesirable
byproducts. Herein, we decouple the synthesis of NH4NO;3 into electrochemical NO oxidation (NOOR)
and reduction (NORR) by employing H-terminated and Cu-metallated porphyrinic metal-organic frame-
work catalysts (H-PMOF and Cu-PMOF, respectively), leveraging their tailored coordination environ-
ments and varied NO adsorption configurations. The H-PMOF favors O-atom adsorption via hydrogen
bonding, whereas the Cu-PMOF strengthens N-atom adsorption through Cu—N interactions. They pro-
mote NOOR to NO3 and NORR to NHj, respectively, achieving greater Faradaic efficiencies and yield rates
compared to their respective counterparts. When integrated in one electrolyzer, they enable direct syn-
thesis of NH4NO5 by generating 662.4 pumol of NO3 and 409.5 umol of NHZ hourly. Molecular dynamics
simulations reveal differences in adsorption modes, while computational results identify the rate-
determining dehydrogenation (*HNO3; — *NOs for NOOR) and hydrogenation steps (*NO — *NHO for
NORR), with both catalysts exhibiting reduced energy barriers. This work presents a strategy for directing
NO redox reactions through coordination engineering, paving the way for sustainable nitrogen

valorization.
© 2026 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by
Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, Al
training, and similar technologies.

1. Introduction

ucts such as ammonia (NHs3) and nitrates (NO3) through reduction
and oxidation, respectively, along with producing cost-effective

Human activities, particularly those related to combustion engi-
nes, industrial operations, and agricultural activities, have elevated
nitric oxide (NO) to harmful concentrations, which poses serious
risks to both ecosystems and human health if not properly
addressed [1-9]. Traditional techniques for NO elimination
through selective catalytic reduction necessitates considerable
amounts of valuable ammonia (NH3) or hydrogen (H;) as reducing
agents, ultimately converting NO into harmless but economically
unviable dinitrogen gas (N,) [10-17]. In contrast, a more appealing
approach involves transforming NO, which exists in an intermedi-
ate nitrogen valence state, into valuable nitrogen-containing prod-
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ammonium nitrate (NH4NOs3) by integrating these redox reactions
[18]. This integrated electrosynthesis method demonstrates
promising economic feasibility by enabling the co-production of
both NHj and NO3 ions from a single feedstock (NO) within one
electrolyzer, thereby significantly lowering equipment and energy
expenses compared to conventional NH4NO5; production methods
[19-21], which rely on the energy-intensive and CO,-emitting
Haber-Bosch process for NH3 synthesis and the Ostwald process
for nitric acid.

Steering NO redox reactions towards the synthesis of NH4NOs is
chemically intricate due to the presence of competing pathways
that may yield undesired byproducts such as nitrite (NO3) and
N, [22-26]. To achieve selectivity, it is essential to precisely regu-
late the coordination chemistry of the intermediates involved in
these redox processes. Porphyrin-based complexes, characterized
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by their tunable redox-active centers [27,28], present a promising
platform for directing both the reduction and oxidation of NO. The
hydrogen (H) atom located at the center of the porphyrin ring can
participate in hydrogen bonding, preferentially interacting with
the oxygen (O) atom of NO (Fig. 1), thereby facilitating direct nitro-
gen (N) oxygenation and enhancing the NO oxidation reaction
(NOOR). This claim is supported by density functional theory
(DFT) calculations (Fig. S1), which indicate that the O-terminated
configuration has a higher adsorption energy (—0.93 eV) than the
N-terminated configuration (-0.68 eV). However, the progression
of the NO reduction reaction (NORR) entails several preliminary
steps preceding the N hydrogenation, including the cleavage of
O—H and O—N bonds, followed by the re-adsorption of N, ulti-
mately diminishing catalytic efficiency. Notably, the center cavity
of the porphyrin ring is well-suited for metalation, leading to an
M-N, configuration (where M could be Fe, Cu, etc.) [29,30]. The
unpaired electron on the N atom of the NO molecule enables sub-
stantial overlap with the d-orbitals of transition metals (such as
Cu?*, which has a 3d° configuration), modifying the adsorption
characteristics of NO through the formation of strong M—N bonds.
The alternating adsorption of NO is evidenced by an increased
adsorption energy of —1.22 eV (Fig. S1) for the N-terminated con-
figuration, as opposed to —1.01 eV for the O-terminated configura-
tion, which necessitates only the cleavage of the N—O bond prior to
hydrogenation on N, thereby enhancing the catalytic efficiency of
NORR.

In this context, we propose to fine-tune the activities of NOOR
and NORR by altering the coordination environment of the por-
phyrin center for the electrocatalytic synthesis of NH4;NOs from
NO. As a proof-of-concept, we developed two catalysts, H-
terminated and Cu-metallated porphyrinic metal-organic frame-
works (H-PMOF and Cu-PMOF, respectively), which demonstrated
promising performance for generating NO3 via NOOR and NH} via
NORR, respectively. The H-PMOF achieved a Faradaic efficiency
(FE) of 89.0% and a yield rate of 1025.4 pmol h™! mgg) for NO3,
while Cu-PMOF reached a FE of 90.2% and a yield rate of
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382.5 pmol h™! mgz) for NHJ, both outperforming their respective
counterparts. When integrated H-PMOF and Cu-PMOF as the anode
and cathode, respectively, 662.4 pmol of NO3 and 409.5 pmol of
NH} were produced at —1.2 V within one hour. Molecular dynamics
(MD) simulations revealed distinct NO adsorption configurations
on H-PMOF and Cu-PMOF, highlighting O-atom adsorption on
H-PMOF and a stronger preference for N-atom adsorption on
Cu-PMOF. Moreover, DFT calculations identified the rate-
determining steps: the dehydrogenation process from *HNOs to
*NO3 for NOOR (exhibiting a lower energy barrier on H-PMOF)
and the hydrogenation step from *NO to *NHO for NORR (showing
a reduced energy barrier on Cu-PMOF). This work demonstrates a
decouple-and-integrate strategy that separately optimizes NO oxi-
dation and reduction using tailored PMOFs, then combines them in
a single electrolyzer for direct NH4NOs production—a route that
aligns with sustainable nitrogen valorization.

2. Experimental
2.1. Materials

V,AIC (ChemicalBook, 99.99%), tetrakis (4-carboxyphenyl)
porphyrin  (TCPP, CHEMSOON, 99.99%), copper-tetrakis
(4-carboxyphenyl) porphyrin (Cu-TCPP, CHEMSOON, 99.99%),
tetramethylammonium hydroxide (TMAOH, Aladdin, 99%),
hydrogen fluoride (HF, AR), N, N-dimethyl formamide (DMF, AR),
ethanol (AR), and methanol (AR) were all purchased from
Sinopharm Chemical Reagent Co., Ltd. Deionized (DI) water was
used in all experiments.

2.2. Synthesis of V>CT, MXene

1 g of V,AIC was added slowly into a 50 mL plastic bottle with
20 mL of HF. The mixture was stirred at 37 °C for 24 h. Then, the
mixture was centrifuged at 5000 r min~! for several times until
the pH reached about 7. Subsequently, 12 mL of deionized (DI)
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Fig. 1. Schematic diagram of directing NO redox reactions by porphyrin and metalloporphyrin. Upon interaction with metals, NO can donate its lone pair to form a coordinate
bond with the metal, further promoting the formation of M—N bonds. nt-back bonding from the metal d-orbitals into the * orbitals of NO could enhance the stability of these

M-N bonds.
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H,0 and 3 mL of tetramethylammonium hydroxide (TMAOH, 1 M)
were added to the as-obtained precipitate and stirred for 12 h at
room temperature. Slurry was obtained by centrifugation
(8000 r min~"). Finally, V,CT, MXene dispersion, with a concentra-
tion of ~2.48 mg mL~!, was obtained by collecting the supernatant
at 4000 r min~"! for 2 min.

2.3. Synthesis of Cu-PMOF and H-PMOF

9.68 mL of V,CT, MXene was precipitated by centrifugation for
25 min, and then mixed with 100 mg of tetracarboxylphenyl por-
phyrin (TCPP) and 20 mL of dimethylformamide (DMF). Then, the
mixture was transferred into a 50 mL Teflon autoclave and kept
at 150 °C for 10 min. After the reaction, the mixture was centrifu-
gally washed with DMF and methanol at 10,000 r min~! for three
times until the supernatant was clear. H-PMOF was obtained by
vacuum drying at 80 °C. To prepare Cu-PMOF, Cu-TCPP was used
while other reaction conditions being unchanged.

3. Results and discussion
3.1. Structure and characterizations of the catalysts

The H-PMOF was synthesized using a method established in
previous work [31,32], incorporating V,CTy (T, = terminal atom)
MXene as the metal precursor and tetracarboxyphenyl porphyrin
(TCPP) were employed as ligand source (refer to details in Meth-
ods). Notably, a heterostructured MOF-MXene composite was gen-
erated by partially converting the MXene into MOF, enhancing the
adsorption capacity for NO. The enhanced NO adsorption on the
heterostructure may also be facilitated by the surface-terminated
functional groups of MXene (e.g., -OH, -0), which can weakly
interact with NO molecules, thereby increasing the local NO con-
centration and promoting subsequent redox reactions. Herein, to
facilitate redox reactions of NO molecules at the three-phase inter-
face, this heterostructured catalyst was selected. Similarly, a Cu-
PMOF composite was synthesized using Cu-metalated TCPP as
the ligand. The two catalysts are referred to as H-PMOF and Cu-
PMOF, respectively, for simplicity. X-ray diffraction (XRD) analysis
confirmed the successful synthesis of both heterostructured sam-
ples, displaying characteristic peaks for both MXene and PMOFs
(Fig. S2). The (002) diffraction peak of MXene exhibited a shift to
lower angles in both samples compared to pristine MXene, attribu-
table to increased interlayer spacing upon the incorporation of
PMOFs. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images revealed a lamellar structure
for both samples (Figs. S3 and S4). High-resolution TEM (HRTEM)
imaging under low-dose conditions (detailed in the Supporting
Information) was conducted to elucidate their fine structures
[33]. The HRTEM images depicted mixed periodic hexagonal and
cubic frameworks (Fig. S5), indicative of the MXene and PMOF
characteristics, respectively. These findings confirm the coexis-
tence of MXene and MOF components. A representative HRTEM
image of H-PMOF under defocused conditions displays ordered
square cages (Fig. 2a), where bright dots signify the V nodes. In
Cu-PMOF, regularly arranged dots of lower brightness were
detected at the centers of the cages, corresponding to Cu atom
coordination within the porphyrin centers (Fig. 2b). These geome-
tries align with the projected structural models (Fig. 2c), reinforc-
ing the incorporation of Cu in Cu-PMOF.

Fourier transform infrared (FT-IR) spectroscopy indentified sig-
nificant peaks at 968 and 1000 cm™! for H-PMOF and Cu-PMOF
(Fig. 2d), correlating with the in-plane vibrations of N—H and
Cu—N bonds, respectively [29]. UV-visible absorption spectra
indicated a reduction in Q-band numbers for Cu-PMOF compared
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to H-PMOF (Fig. S6), implying the generation of higher Dy, sym-
metric inner nitrogen atoms in the porphyrin macrocycle [34,35].
These observations confirm the formation of the Cu-N,4 configura-
tion in Cu-PMOF. Additionally, the composition and chemical
states of the two samples were assessed using X-ray photoelectron
spectroscopy (XPS). The N 1s spectra revealed that C—NH and
C=N—C bonds predominated in H-PMOF (Fig. 2e), with C=N—C
bonds diminishing while the Cu—N became dominant, further ver-
ifying the coordination between Cu and N. Characteristic peaks in
the XPS Cu 2p spectra incdicated that Cu in Cu-PMOF predomi-
nantly exists in the 2+ valence state (Figs. S7 and S8). Energy-
dispersive X-ray spectroscopy (EDX) mapping results demon-
strated a uniform distribution of C, N, O, and V in PMOF and Cu-
PMOF (Figs. S9 and S10). The inductively coupled plasma optical
emission spectrometer revealed mass proportions of Cu and V in
Cu-PMOF to be 3.24% and 30.62%, respectively, resulting in an esti-
mated atomic ratio of Cu to MXene of approximately 1:5 in the
composite. Moreover, NO temperature-programmed desorption
profiles indicated that both samples exhibited two distinct peaks
at approximately 125-150 °C and 180-235 °C (Fig. 2f), correspond-
ing to physical and chemical adsorption of NO, respectively. Cu-
PMOF exhibited intensified NO adsorption peaks, indicating
greater NO adsorption capacities, while H-PMOF demonstrated
stronger chemical adsorption capabilities [36]. Elevated tempera-
tures (above 280 °C) leads to the decomposition of PMOFs
(Fig. S11).

3.2. Electrochemical NOOR and NORR performance

The electrochemical performance of NOOR was assessed in NO-
flowed environment (2% NO in 98% Ar) using 0.1 M Na,SO,4 elec-
trolytes within a conventional three-electrode setup (see detailed
procedures in the Supporting Information). The linear sweep
voltammetry (LSV) profiles showed a marked increase in current
densities in the presence of NO at potentials exceeding 1.3 V vs.
reversible hydrogen electrode (RHE) for both catalysts (Fig. 3a),
suggesting the occurrence of NOOR. H-PMOF demonstrated higher
current densities than Cu-PMOF at potentials greater than 1.6 V vs
RHE, indicating its superior catalytic activity towards NOOR. The
primary products of NOOR, NO3 and NO3, were quantified using
colorimetric methods (Figs. S12 and S13). The quantitative values
match with the results obtained through ion chromatography for
both NO3 and NO3 (Figs. S14 and S15), confirming the methodolog-
ical reliability. Across the whole potentials ranging from 1.4 to
1.8 V, H-PMOF exhibited higher FEs and yield rates of NO3 than
those for Cu-PMOF (Fig. 3b; Figs. S16 and S17). In contrast, Cu-
PMOF exhibited greater FEs and yield rates for NO3. At 1.8 V, H-
PMOF achieved a maximum FEno, of 89.0% and yield rate of
1025.4 pmol h™! mggk, outperforming Cu-PMOF, which recorded
47.1% and 640.0 pmol h™' mgg), respectively. Consequently, H-
PMOF is favored as a catalyst for NO3 synthesis via NOOR. H-
PMOF exhibits NOOR performance that renders it highly competi-
tive with other reported catalysts (Table S1). Additionally, H-PMOF
exhibited stable FEs and yield rates for NO3 across 10 consecutive
measurement cycles (Figs. S18 and S19) and retained characteristic
peaks of the H-PMOF component in post-test XRD and sheet-like
morphology in SEM analyses (Fig. S20), demonstrating its remark-
able stability as an electrocatalyst for NOOR.

In contrast to NOOR, the ammonia synthesis via NORR on H-
PMOF involves more complex processes, which appear to be more
feasible with Cu-PMOF. To explore this hypothesis, electrocatalytic
performance tests for NOOR were conducted on both catalysts
using the same electrolytic cell and electrolyte as previously
described. The LSV results revealed increased current densities
for both catalysts in the presence of NO at potentials ranging from
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Fig. 2. Low-dose HRTEM images of (a) H-PMOF, and (b) Cu-PMOF. (c) Structural models, (d) FT-IR spectra, (e) XPS N 1s spectra, and (f) NO temperature-programmed

desorption profiles of H-PMOF and Cu-PMOF, respectively.

0to —1.0V for (Fig. 3¢), indicating the occurrence of NORR. The cur-
rent density for H-PMOF significantly declined after —0.9 V, while
that of Cu-PMOF remained relatively stable, suggesting that NO
might hinder the hydrogen evolution reaction of H-PMOF, indicat-
ing greater NORR catalytic activity for Cu-PMOF. The FEs and yield
rates of NH} and potential reduction byproducts (N,H4 and NH,-
OH) for both catalysts were quantified using colorimetric tech-
niques (Figs. S21-S23), wtih H, detection performed via gas
chromatography. As illustrated in Fig. 3(d), Cu-PMOF exhibited
higher FEyu; values than H-PMOF from -0.9 to —1.3 V, achieving

a maximum FEnw; of 90.2% at —1.2 V. Notably, Cu-PMOF consis-

tently outperformed H-PMOF in NH} yield rates across all poten-
tials due to more competitive H, production for the latter
(Figs. S24 and S25). The maximum yield rate for Cu-PMOF reached
382.5 umol h™! mgzk at —1.3 V, nearly double that of H-PMOF,
indicating superior activity for NORR. Moreover, neither catalyst
produced N,H, and NH,OH during the NORR. These values of Cu-
PMOF compete with the previously reported electrocatalysts for
the NOOR (Table S2). Additionally, electrochemical impedance
spectroscopy analyses indicate that the charge transfer resistance
at the catalyst/electrolyte interface is lower for Cu-PMOF than for
H-PMOF (Fig. S26), agreeing with the increased adsorption energy
of NO for Cu-PMOF.

To mitigate external interference with the quantitative results,
control experiments were conducted using NO-saturated elec-
trolytes at open circuit potential, Ar-saturated electrolytes, and
bare carbon paper, all of which detected negligible NHj levels
(Fig. S27). Moreover, nuclear magnetic resonance (NMR) combined
with isotopic labeling indicated that the amount of NH} closely
matched with the values obtained through chromogenic methods
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(Figs. S28 and S29), confirming the reliability of the detection
approach. Isotope labeling using '°>NO detected only '>NH} in the
product, verifying that NH originates from the NORR. Additionally,
the FEs and yield rates of Cu-PMOF remained nearly steady over 10
cycles (Figs. S30 and S31). The potentials and FEs were slightly
deteriorated following 40-hour consecutive galvanostatic tests
(Fig. S32), with maintained characteristic diffraction peaks and
plate morphology of Cu-PMOF species (Fig. S33), indicating its
robust stability for electrocatalytic NORR. To elucidate the role of
the Cu site in Cu-PMOF for NORR, ethylenediaminetetraacetic acid
(EDTA) was utilized as a poisoning agent to obstruct the Cu site.
The introduction of 0.1 M EDTA into the electrolyte led to a signif-
icant reduction in current densities for NORR (Fig. S34), alongside a
nearly 50% decrease in the yield rate of NH} (Fig. S35), confirming
that Cu acts as the active site for NORR. Notably, MXene displayed
minimal catalytic activity for both NOOR and NORR (Fig. S36), sug-
gesting that H-PMOF and Cu-PMOF are the primary catalytic sites.

3.3. Integrated NO redox reactions for NH4;NO3 synthesis

The successful manipulation of NO redox reactions by tailored
PMOFs motivated us to integrate these two catalysts for the direct
synthesis of value-added NH4NOs. As depicted in Fig. 3e, H-PMOF
and Cu-PMOF were integrated into a single electrolyzer, serving
as the anode and cathode, respectively, with a continuous flow of
2% NO during the reaction. The integrated system yielded
662.4 pmol of NO3 and 409.5 pmol of NHj at —1.2 V within one
hour (Fig. 3f), resulting in a molar ratio of NO3-to-NHj; of 1.62,
which closely approximates the theoretical stoichiometric ratio
of 1.67, indicating that both products likely stem from NO conver-
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Fig. 3. (a) LSV profiles of NOOR. (b) FEyo,; and yield rates of H-PMOF and Cu-PMOF. (c) LSV profiles of NORR. (d) FENHA. and yield rates of H-PMOF and Cu-PMOF. (e) Schematic
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sion. The pH of the electrolyte exhibited a slight decrease due to
the generation of additional protons throughout the overall reac-
tion (Table S3). Even though, the current density remained rela-
tively stable over a 12-hour stability test, suggesting its potential
application as an integrated electrolytic cell for continous and
long-term production of NH4NO3 (Fig. S37). On the other hand, in
a single electrolytic cell, the NO3 generated at the anode could dif-
fuse to the cathode and undergo reduction again, while the NH}
product could be oxidized at the anode, resulting in decreased
NH4NOs3 yield. Therefore, we conducted a control experiment
introducing stoichiometric amounts of NO3 and NH ions (5:3) into
the electrolytic cell for degradation testing in Ar-fed solutions. The
results indicated that their concentrations remained nearly con-
stant over a 1-hour degradation assessment (Fig. S38), confirming
that negligible ions would be consumed again during NH4NO;
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synthesis. These findings corroborate the viability of NH4NO3 syn-
thesis through the integration of NO redox reactions utilizing
PMOF-based electrocatalysts. Additionally, both H-PMOF and Cu-
PMOF demonstrated significantly enhanced FEs and yield rates in
a flow-cell configuration (Fig. S39), successfully producing white
powders when employing 0.1 M ammonia as the feed electrolyte
(Fig. S40). It is noteworthy that NH4NO3 powder is highly hygro-
scopic, which can lead to an overestimation of mass. Fourier trans-
form infrared spectroscopy (FTIR) analysis of the powder revealed
characteristic peaks consistent with those of NH4NO3; (NHj at
1600-1650, and 3000-3300 cm™!; NO3 at 825, 1260-1520, and
1762 cm™!), thereby confirming that the obtained powder is
indeed NH4NO3 (NHZ: 0.1203 g, NO3: 0.4453 g) and demonstrating
the practical potential of the integrated device for NH4NO;
synthesis.
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3.4. Integrated NO redox reactions for NH4;NO3 synthesis

To elucidate the mechanism by which Cu metalation influences
the NO redox reaction, we identified the relevant intermediate spe-
cies using in situ electrochemical attenuated total reflection infra-
red spectroscopy (ATR-IR) and online differential electrochemical
mass spectrometry (DEMS). In the NOOR process occurring on H-
PMOF, the distinct absorbance peak at 1253 cm™' corresponds to
the N—O stretching vibration of *NO, (Fig. 4a), while the more pro-
nounced peak at 1380 cm™! is associated with the stretching vibra-
tion of *NO3 [31]. The intensity of the *NOs peak intensified with
the increase of the applied potential, aligning with experimental
observations. As for the NORR on Cu-PMOF, the peaks located at
around 1286 cm™! and 1435 cm™! are linked to the bending modes
of NH, and *NH, intermediate [4,15,36], respectively (Fig. 4b). Both
peaks became more prominent with increasing negative potentials.
Notably, at relatively low negative potentials (-0.9 to —-1.1 V), a
peak corresponding to H,O at 1595 cm~! was observed, which
diminished at higher potentials (-1.2 and -1.3 V), likely due to
reduced competition from hydrogen evolution. Furthermore, the
*HNO peak at 1539 cm~! emerged at —1.2 V, coinciding with the
maximum FE, indicating the formation of the *HNO intermediate
during NORR. Additionally, DEMS analysis revealed distinct signals
for m/z =62, 63, and 46 on H-PMOF during NOOR, corresponding to
NOs, HNOs, and NO», respectively (Fig. 4c). The concurrent increase
of the m/z = 63 signal (assigned as '>NO3) fed with >’NO in DEMS
confirms NO as the source of NO3 (Fig. S41). In contrast, signals for
m/z =17, 16, and 31, corresponding to NHs, NH,, and HNO, respec-
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tively, were detected for Cu-PMOF during NORR (Fig. 4d). Notably,
NH,OH was absent, aligning with the experimental findings.

MD simulations were performed to investigate the bonding
structure of NO molecules at the catalyst/electrolyte interface,
while DFT calculations were employed to assess the adsorption
energy of NO on the surfaces of the catalysts, with slab models
illustrated in Figs. S42 and S43. As depicted in Fig. 5(a), dynamic
snapshots revealed an accumulation of NO around the porphyrin
center of Cu-PMOF. Notably, the adsorption mechanism of NO
transitioned from H—O hydrogen bonding in H-PMOF to Cu—N
bonding in Cu-PMOF. Moreover, Cu-PMOF exhibited higher g(r)
values compared to H-PMOF (Fig. S44), indicating a greater affinity
for NO. This suggests that Cu metalation not only altered the
adsorption mode of NO molecules but also improved their adsorp-
tion capacity. Following this, the bonding strength and charge dis-
tribution following NO adsorption were further analyzed using DFT
simulations. NO was found to adsorb on H-PMOF via hydrogen
bonding, with the H--O bond lengths measuring 2.07 and 2.02 A.
In contrast, on Cu-PMOF, NO was adsorbed through a Cu—N bond
with a shorter length of 1.95 A, facilitating the potential cleavage of
the N=0 bond. Additionally, the charge density difference dia-
grams illustrated charge redistribution at the interfaces of both
catalysts (Fig. S45). The planar averaged charge density difference
profiles indicated electron depletion on the catalyst and electron
accumulation on the NO molecule (Fig. 5b). The transferred num-
ber of free electrons was 0.53 e per site for H-PMOF, while Cu-
PMOF exhibited a value of 0.75 e per site. Charge transfer predom-
inantly occurred 1.36 A away from the porphyrin center in PMOF,

(b) NH, *NH, 13V
= W HNO . 1SV
i B 12V
S
S 1.1V
(0]
(8]
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Fig. 4. In situ electrochemical ATR-IR spectra of (a) NOOR over H-PMOF and (b) NORR over Cu-PMOF. DEMS measurements of (c) NOOR over H-PMOF and (d) NORR over Cu-

PMOF.
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Fig. 5. (a) MD simulation of NO molecules between electrolyte and catalyst. (b) Planar averaged charge density difference profiles along the Z direction and charge density
difference diagrams. The yellow and cyan colors denote electron accumulation and depletion, respectively. (c) Gibbs free energy diagrams of NOOR. (d) *NO-adsorbed and
*HNOs-adsorbed structural models on H-PMOF and Cu-PMOF. (e) Gibbs free energy diagrams of NORR.

with significant electron accumulation at the O atom of NO. In
comparison, in Cu-PMOF, electron accumulation was observed at
the N atom (1.57 and 2.50 A from the porphyrin center), con-
tributed by both the catalyst and the O atom of NO. This suggests
that Cu metalation shifted the electron-rich site from O to N,
potentially affecting the selectivity of NO redox reactions.
Accordingly, the reaction pathways were simulated using DFT
calculations, where the corresponding structural models are pre-
sented in Figs. S46 and S47, while the Gibbs free energy diagrams
for each step in NOOR are illustrated in Fig. 5(c). The dehydrogena-
tion step from *HNOj3 to *NOs exhibited the highest reaction free
energy barrier, marking the rate-determining step (RDS) for both
catalysts. H-PMOF required a relatively lower RDS barrier of
131 eV compared to 1.49 eV for Cu-PMOF, indicating more
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favorable reaction kinetics. Interestingly, despite the initial differ-
ences in NO binding (*NO), the two O atoms in Cu-PMOF sponta-
neously coordinated with Cu following the first oxygenation step
(*HNO,), whereas they formed hydrogen bonds with two H in H-
PMOF. Upon the adsorption of *HNO3, the hydrogen bonding inter-
action intensified, with bond lengths decreasing to 1.70 and 1.61 A
from the initial 2.07 and 2.02 A (Fig. 5d). In contrast, the Cu—O
bond strength was comparatively weaker, characterized by a sig-
nificantly longer bond length of 2.15 A compared to the initial
1.95 A, which may hinder the cleavage of the terminal H—O bond,
i.e., the dehydrogenation step. To explain the enhanced perfor-
mance of NORR on Cu-PMOF, the Gibbs free energy profiles for
the entire reaction pathways were analyzed: *NO -
*HNO — *HNOH — *H,NOH — *NH, — *NHj; (Fig. 5¢), with opti-
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mized structural models provided in Figs. S48 and S49. The RDS for
both catalysts was identified as the protonation of *NO on the N
site to yield *NHO. Cu-PMOF showed a lower energy barrier of
0.31 eV compared to 0.37 eV for H-PMOF, indicating improved
kinetics for the NORR. This enhancement is likely attributed to
electron accumulation at the N site in Cu-PMOF, facilitating the
hydrogenation process.

4. Conclusions

In summary, we achieved precise control over NO redox reac-
tions, effectively addressing selectivity issues arising from compet-
ing pathways. The metalation of the porphyrin center with Cu
alters the NO adsorption mechanism from O-atom binding (via
hydrogen bonding in H-PMOF) to strong N-atom coordination
(through Cu—N bonding in Cu-PMOF), thereby directing the reac-
tion pathways toward specific products. H-PMOF achieves out-
standing NOOR performance, while Cu-PMOF promotes efficient
NORR. The integration of these catalysts within a two-electrode
electrolyzer allows for the concurrent production of NO3 and
NH3, facilitating direct synthesis of NH4NOs. Mechanistic investi-
gations reveal that hydrogen bonding in H-PMOF reduces the
energy barrier for *HNO3; — *NOs; dehydrogenation during NOOR,
whereas Cu—N bonding in Cu-PMOF enhances *NO — *NHO hydro-
genation in NORR. These findings underscore the critical role of tai-
lored metal coordination in influencing intermediate adsorption
and reaction kinetics. This study not only advances the design of
multifunctional catalysts for nitrogen cycle valorization but also
establishes a viable electrochemical approach to convert NO pollu-
tants into value-added products.
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