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ABSTRACT: Metal-organic coordination materials have emerged
as promising candidates for electrocatalytic nitrate reduction reac-
tion (NITRR), but the molecular-level engineering required for con-
structing high-efficiency electrocatalysts remains challenging. This
study addresses this gap by developing a class of metal-organic coor-
dination nanotubes (MONTS) as atomically precise single-site elec-
trocatalysts, including Fe-MONTSs, Co-MONTs, and Ni-MONTs.
Benefited from the unique coordination structure, the Co-MONT
electrode exhibited superior electrocatalytic performances for the
NITRR, achieving an ammonia production Faradaic efficiency of
89.9% at —0.7 V (vs reversible hydrogen electrode) and an ammonia
yield rate of 231.3 mmol h™' g~'_, in pure nitrate solution.
Through combining in situ characterizations and theoretical simula-

NO3

{}J‘*

tions, the electrocatalysis mechanisms and active site configurations were elucidated. This work establishes MONTS as an intriguing
platform for electrochemical wastewater purification and sustainable ammonia synthesis, providing promising design principles for

advanced electrocatalysts.

mmonia (NH,) is a vital industrial chemical with wide-

spread applications in chemical manufacturing, agricul-
ture, pharmaceuticals, and renewable energy technologies.'”
Currently, NH, production predominantly relies on the
energy-intensive Haber—Bosch process, which operates under
extreme conditions (400-S00 °C, 100—-300 atm) and depends
on hydrogen derived from fossil fuel reforming, resulting in sub-
stantial CO, emissions.” Given these limitations, developing
sustainable NH3 synthesis methods has become a critical
research focus. Electrocatalytic conversion of nitrogenous mole-
cules (e.g, N, and NO, ™) into NH; under ambient conditions
has recently gained attention as a promising alternative. While
extensive studies have explored N, electroreduction, its practi-
cal application remains hindered by the extreme stability of
the N=N triple bond (dissociation energy 941 kJ mol™') and
the low solubility of N, in aqueous electrolytes.*”® In contrast,
nitrate (NO,”) reduction offers faster reaction kinetics due to
the weaker N=0 bond (204 kJ mol™") and higher solubility
in water.””"® Beyond its potential for NH, synthesis, NO,™ is
a major environmental pollutant linked to carcinogenic nitrosa-
mine formation in ecosystems.'* Rising nitrate levels in ground-
water, largely due to anthropogenic activities, further
underscore the urgency of effective remediation strategies.
The electrocatalytic nitrate reduction (NITRR) presents a dual
opportunity for concurrent sustainable NH, production and
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environmental purification. However, challenges such as intri-
cate proton-coupled electron transfer processes and restricted
reaction kinetics caused by intermediate species continue to
hamper its practical implementation.

Despite their effectiveness in the NITRR, noble metal (e.g.,
Rh, Ry, Pd, Ir) and alloy electrocatalyts face limitations due to
scarcity and prohibitive costs.">'® This has spurred extensive
research into transition metal alternatives (e.g, Fe, Co, Nj,
Cu, Zn) that offer comparable activity at substantially lower
expense.''® Furthermore, recent attention has shifted to atom-
ically precise single-site catalysts, which offer distinct advantages
including fully exposed active sites, uniform coordination envi-
ronments, high specific surface areas, near-100% metal utiliza-
tion efficiency, efficient charge/mass transport, and tunable
electronic/catalytic properties,'”>* but still lack a universal
molecular-level engineering methodology for designing
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Figure 1. Schematic diagrams of (a) side-view and (b, c) top-view crystalline structures of MONTs.

next-generation electrocatalysts. Notably, in real-world applica-
tions, ensuring the consistent performance of catalysts in neu-
tral effluent is essential, as introducing pH-adjusting agents
would disrupt the optimal balance between costs and profits
in industrial-scale treatment processes. However, in neutral
environments, the limited availability of active hydrogen (*H)
on the electrode surface at low overpotentials severely hampers
the NH, hydrogenation efficiency, leading to diminished pro-
duction rates and poor NHj selectivity. Another challenge lies
in achieving high ammonia production Faradaic efficiency
(FEyy;) and ammonia yields from pure nitrate sources while
simultaneously generating sufficiently concentrated ammonia
solutions to minimize downstream separation costs.

Herein, we report a precision-engineered molecular design
strategy enabling the synthesis of a family of metal-organic
coordination nanotubes (MONTSs) exhibiting unprecedented
catalytic efficacy for the nitrogen reduction reaction (NITRR).
Three distinct variants were successfully fabricated: R-
[Fe(pemp)(H,0),] (Fe-MONTs), R-[Co(Brpemp)(H,0),]
(Co-MONTs), and R-[Ni(pemp)(H,0),]-1/3CH,CN (Ni-
MONTSs). Thess architectures are constructed through
coordination-driven self-assembly of [M-ON] octahedral
building blocks interconnected by phosphonate-functionalized
[P-O,C] tetrahedral linkers, yielding tubular frameworks with
tunable pore environments, optimized active site accessibility,
and synergistic electronic modulation for enhanced electrocata-
Iytic performance. Among them, the Co-MONTSs electrode
exhibited peak activity, delivering a FE\;;; of 89.9% at —0.7 V
(vs RHE) in pure 0.5 M KNO, solution while achieving a
remarkable ammonia production rate of 231.3 mmol h™'
g '...- Through complementary in situ characterizations and
computational modeling simulations, we elucidated the active
sites and mechanistic investigations governing the NITRR pro-
cess on Co-MONTSs. These findings establish critical structure-
activity correlations for MONTSs-type electrocatalysts, providing

a foundation for developing advanced electrocatalytic systems
for sustainable chemical synthesis.

Three isostructural MONT s were synthesized through solution-
phase chemistry in this work, denoted as: Fe-MONTs (R-
[Fe(pemp)(H,0),]), Co-MONTs (R-[Co(Brpemp)(H,0),]),
and Ni-MONTs (R-[Ni(pemp)(H,0),]-1/ 3CH3CN). For con-
structing such tubular architectures, we have found that metal
phosphonates are particularly suitable due to their kinetic prefer-
ence for forming stable aqueous-phase structures when combining
metal-coordinated amino nitrogen with phosphonate oxygen
donors. Structural characterizations reveal the Co-MONTS variant
possesses a well-defined tubular morphology with 2.17 nm diame-
ter (Figure 1a), constructed from twisted ringlike repeating struc-
tural units (Figure 1bc). The crystalline framework of
Co-MONTSs contains asymmetric units comprising Co centers,
Brpemp®~ ligands, and coordinated water molecules
(Figure Sla). Bach Co(II) ion resides in a distorted octahedral
environment, bonded to one nitrogen donor and three phospho-
nate oxygens from separate Brpemp”~ ligands, plus two aqua
ligands. The framework architecture features [Co-ON] octahedra
corner-sharing with [P-O5C] tetrahedra, creating inorganic tube-
walls extending along the c-axis (Figure S1b). Notably, one coordi-
nated water molecule projects into the pore channel, forming
helical hydrogen-bonded chains, while the brominated aromatic
groups create a hydrophobic exterior surface—establishing distinct
hydrophilic interior and hydrophobic exterior ~domains
(Figure Slc). Topological analysis identifies both Co and P as
3-connected nodes, revealing the tube-walls adopt a graphite-like
6> crystal phase. Likewise, Fe-MONTSs and Ni-MONTSs exhibit
analogous structures (Figure S2), though lacking the incorporation
of halogen (—Br) terminal groups present in Co-MONTs.

Scanning electron microscopy (SEM) characterization
(Figure 2a—c) demonstrates that the synthesized Co-MONTSs
sample exhibits a well-defined tubular structure. Elemental map-
ping analysis (Figure 2d-k) further reveals uniform spatial
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Figure 2. Morphological and structural characterizations of MONTs. (a—c) SEM and (d-k) elemental mapping images of Co-MONTSs sample,
respectively. (1) PXRD patterns, (m) FTIR spectra, and (n) TGA curves of Fe-MONTSs, Co-MONTSs and Ni-MONTSs samples, respectively.

distribution of Co, C, N, P, O, and Br throughout the material.
The morphology of the Fe-MONTS specimen is presented in
the SEM and corresponding elemental mapping images
(Figure S3). Meanwhile, the tubular crystalline microstructure
of the Co-MONTSs sample is revealed through both low- and
high-resolution transmission electron microscopy (TEM)
images (Figure S4). Powder X-ray diffraction (PXRD) analyses
confirm the crystalline nature of Fe-MONTSs, Co-MONTSs and
Ni-MONT' s samples, with diffraction patterns corresponding to
the P6, hexagonal chiral space group (Figure 2I). While the
introduction of bromine substituents in Co-MONTS still main-
tains the overall framework structure, a minor peak shift in the
PXRD profile suggests slight lattice expansion due to the larger
atomic size of bromine. Complementary Fourier-transform
infrared (FTIR) spectroscopic studies (Figure 2m) indicate
consistent structural features across all MONTS variants, with
characteristic absorption bands observed at ~3600 cm™'
(O—H stretching from coordinated water), 3300-3100 cm™!
(N—H stretching), and 1100-1000 cm™' (P—O vibrations).
Thermal stability evaluation by thermogravimetric analysis
(TGA) under N, atmosphere shows distinct decomposition
profiles for different MONTSs samples: Co-MONTSs exhibits
8.14% mass loss at 85-130 °C, Fe-MONTSs shows 11.2% loss
at 90-142 °C, and Ni-MONTs demonstrates 9.74% loss at
130-180 °C (Figure 2n), corresponding to solvent molecule
release and subsequent framework degradation upon heating.

X-ray photoelectron spectroscopy (XPS) was employed to
examine the surface compositions of Co-MONTSs. The peaks
in Co 2p region (Figure 3a) displays spin-orbit doublets at
781.4 eV (2p;,,) and 797.4 €V (2p, ;,), accompanied by satel-
lite features at ~785.2 and ~802.6 eV.>>*® The P 2p XPS plot
(Figure 3b) shows a single component at 132.8 eV, characteris-
tic of phosphate (P—O) coordination.””*® Complementary
X-ray absorption near-edge spectroscopy (XANES) at the Co
K-edge provided insights into the local coordination environ-
ment (Figure 3c). The XANES analysis shows that the edge
energy of Co-MONTS is close to that of the CoO reference
sample, indicating that Co element in Co-MONTSs has a
valence state near +2.>”° XANES spectral profiles and their
corresponding relative intensities at the K-edge for Co-, Ni-,
and Fe-incorporated MONTS are nearly identical (Figure SS),
suggesting that these metal elements share equivalent crystallo-
graphic positions. This finding aligns with the fundamental prin-
ciple that XANES features originate from multiple scattering
effects occurring within the local atomic environment of the
absorber. Fourier-transform extended X-ray absorption fine
structure (FT-EXAFS) analysis (Figure 3d) reveals two promi-
nent scattering paths: a primary peak at 1.53 A (Co—N/O first
coordination sphere) and a minor feature at 2.14 A (attributed
to residual Co foil). Quantitative fitting of the first coordination
shell (Figure 3e,f and Table S1) yields a six-coordinate environ-
ment comprising five Co—O bonds and one Co—N bond,
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Figure 3. Fine structure characterizations of Co-MONTs. (a) XPS spectra at Co 2p level of Co-MONTSs. (b) XPS spectra at P 2p level of Co-
MONTS. (c) Co K-edge XANES and (d) FT-EXAFS spectra of Co-MONTSs compared with reference samples, respectively. (e, f) Co K-edge
FT-EXAFS fitting curves of (e) Co-MONTSs and (f) Co foil, respectively. (g, h) Co K-edge wavelet transformation of (g) Co-MONTS, and

(h) CoO, respectively.

matching the crystallographic model. Wavelet transform
analysis (Figure 3gh) provides conclusive evidence for Co—N
coordination through distinct backscattering patterns in
Co-MONTs compared to the pure Co—O coordination in
CoO reference sample.

The electrocatalytic activities of three M-MONTs (M = Fe,
Co, Ni) electrocatalyts for the NITRR were systematically
investigated in an H-type cell under ambient conditions. The
electrocatalytic performances of the MONT's materials differed
markedly, as evidenced by linear sweep voltammetry (LSV)
curves recorded in both 0.5 M KNO, (Figure 4a) and 0.5 M
Na,SO, (Figure S6) solutions. Chronoamperometric measure-
ments at different potentials (Figures S7-S9) demonstrated
progressively enhanced current densities with increasing
cathodic bias, consistent with potential-dependent small mole-
cule activation. Electrocatalytic performance evaluation showed
a clear activity trend: Co-MONTS electrode exhibited superior
performance to both Ni-MONTSs and Fe-MONTSs counterparts
(Figure 4b). The Co-MONTs achieved peak performance at
—0.7 V (vs RHE), delivering a FE;;5 of 89.9% and a remark-
able NH, production rate of 231.3 mmol h™' g~' ..
Comparatively, Ni-MONTs and Fe-MONTSs required higher
overpotentials (—0.9 and —0.8 V vs RHE, respectively) to reach
their maximum efficiencies of 69.4 and 45.3%. Across various
applied potentials, the distribution of nitrogen-containing prod-
ucts from the NITRR on the Co-MONTS electrode is illus-
trated in Figure S10. When tested in a pure 0.5 M KNO,

electrolyte, only minimal quantities of nitrite (NO,”) were
observed, suggesting that the conversion of nitrate to ammonia
proceeds with high faradaic selectivity. Electrolyte composition
studies revealed significant performance dependence on nitrate
concentration (Figure S11). The Co-MONTS electrocatalyst
showed substantially reduced activity in diluted 0.1 M KNO,—
0.1 M Na,SO, electrolyte, as shown in Figure S12. The origin
of the ammonia product was confirmed using '’N-labeled
nitrate (Na'’NO,, 98.3% enriched) as a tracer. In the post-
reaction '"H NMR spectrum (Figure S13), a doublet character-
istic of '"NH,* appears, unlike the triplet of *NH,* obtained
with natural-abundance nitrate. Such distinct isotopic signatures
verify that the electrocatalytic ammonia production stems from
nitrate reduction, not from unintended nitrogen pollutants.
Stability assessment through extended chronoamperometry
(162,000 s) confirmed the good durability of Co-MONTs elec-
trode, maintaining stable NH; production without noticeable
decay of FE;, (Figure 4c). The Co-MONTS electrode was
subjected to comprehensive structural characterization before
and after extended electrocatalytic operation using a suite of
analytical methods. Ex situ Co K-edge XANES spectra
(Figure S14) indicated a partial conversion toward a CoO-like
state. As shown in Figure S15, the marked reduction in peak
intensity for the post-reaction electrode suggests a decrease in
the oxidation state of metallic cobalt. Powder X-ray diffraction
(Figure S16) further revealed the emergence of an amorphous
structure after prolonged electrolysis. Meanwhile, SEM and
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Figure 4. Electrocatalytic activities of MONTSs for the NITRR. (a) LSV curves of Fe-MONTs, Co-MONTSs and Ni-MONTs electrodes tested in
pure 0.5 M KNO; electrolyte. (b) FEy; values (left Y axes) and corresponding NH; yield rates (right Y axes) of Fe-MONTSs, Co-MONTs and
Ni-MONTs electrodes tested in 0.5 M KNO, electrolyte at various applied potentials for the NITRR. (c) Current densities and corresponding
FE values of Co-MONTs electrode during long-term NITRR stability test at —0.7 V (vs RHE). (d) Schematic illustration of the experimental appa-
ratus for in situ electrochemical ATR-FTIR characterizations. (e) In situ electrochemical ATR-FTIR spectra of Co-MONTsS electrode under various

potentials, respectively.

elemental mapping images (Figures S17 and S18) demon-
strated that the Co-MONTs electrode underwent only minimal
morphological changes following the reaction, providing evi-
dence for its structural robustness. To assess the intrinsic cata-
Iytic properties of Fe-MONTSs, Co-MONTs, and Ni-MONTSs
electrodes, their electrochemical surface areas (ECSA) were
compared. Cyclic voltammetry (CV) was performed in the
potential window from —0.25 to —0.35 V (vs Ag/AgCl), and
the double-layer capacitance (C,) was determined from the
slope of the current density difference at —0.30 V plotted
against the scan rate. As shown in Figure S19, the derived C
for Co-MONTs (0.55 mF cm™?) is slightly higher than
that of Ni-MONTs (0.53 mF cm™?) and Fe-MONTs
(0.32 mF cm™?), suggesting a moderately larger electrochemi-
cally active surface area for the Co-MONTS catalyst. This ele-
vated capacitance points to improved accessibility of active
sites for binding reaction intermediates. Electrochemical imped-
ance spectroscopy (EIS) further differentiated the charge-
transfer characteristics of the three electrodes (Figure $20).
The Nyquist plots reveal that Co-MONTSs exhibits a lower
charge-transfer resistance (R_) compared to Fe-MONTSs and

Ni-MONTs, indicating more favorable electron transfer kinetics
within the Co-MONTSs electrode.

To elucidate the mechanistic pathways of electrocatalytic
NITRR, we conducted in situ attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy
(Figure 4d). The in situ ATR-FTIR spectra of Co-MONTSs
electrocatalyst, obtained under applied potentials ranging from
—0.7 to —1.5 V (vs RHE), are presented in Figure 4e. The dis-
tinct absorption bands at 1514 and 1648 cm™' correspond to
NO stretching vibrations, indicating key deoxygenation events
in the reaction pathway.>** A prominent feature at
1370 cm ™" arises from nitrate (NO; ™) stretching, demonstrat-
ing its gradual depletion during the electrochemical process.”***
Further analyses reveal multiple intermediate species through
characteristic infrared absorptions. The band at 1273 cm™" is
assigned to the antisymmetric N—O stretching mode of nitrite
(NOZ_), confirming its generation as a nitrate reduction
product.**~*7 Additionally, a signal at 1101 cm™" aligns with
the —N—O- stretching vibration of *ONH,), a crucial interme-
diate in ammonia formation.>***3? A weaker absorption near
1460 cm™" matches the o(N—H) bending of ammonium
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(NH,"), reflecting hydrogenation steps that ultimately yield
ammonia.*"***%*!" The practical application of the designed
metal—organic coordination nanotubes (MONTS) for nitrate
reduction reaction (NITRR) hinges on their ability to operate
at industrial-scale current densities.***> To evaluate this, a cus-
tomized flow cell system was developed for electrocatalytic
NITRR testing, as shown in Figure S2la. Linear sweep volt-
ammetry (LSV) performed on the Co-MONTs electrode in a
0.5 M KNOj electrolyte revealed a significant increase in cur-
rent density compared to that in pure 0.5 M K,SO, electrolyte,
indicating the occurrence of NITRR (Figure S21b). Catalytic
stability under industrial current is another essential criterion
for assessing performance. The Co-MONTS electrode was sub-
jected to a chronoamperometry test at —0.8 V (vs RHE) over
10 h in the flow cell setup (Figure S21c). The It profile exhib-
ited a slight decrease after approximately S h, suggesting a
minor attenuation in catalytic activity. The Faraday efficiency
for ammonia production reached 90.2% after 2 h of reaction
and remained around 72.7% after 10 h of reaction time.

The electronic structure of the Co-MONTSs model and its
intrinsic relationship with the NITRR were comprehensively
investigated through density of states (DOS) analysis. As illus-
trated in Figure Sa, the HOMO energy level resides at
—9.04 eV, with dominant contributions from the d orbitals of
Co atoms, followed by the p orbitals of phosphate functional
groups, while N-(A*-methyl)—1-phenylethan-1-amine (PEA)
and —Br ligands exhibit negligible involvement. This electronic
configuration unequivocally establishes Co atoms as the pri-
mary active centers, dictating the HOMO electron distribution.
The localized nature of Co-centered HOMO energy levels cre-
ates an electron-rich environment that facilitates the following
NITRR process. Further insights into charge redistribution
were obtained via electron density difference analysis
(Figure Sb), revealing pronounced electron density depletion
(cyan regions) around the phosphate groups, while significant
electron accumulation (yellow regions) occurs near the Co cen-
ters. This phenomenon arises from coordination-induced
charge transfer between the organic framework and the metal
sites. Additionally, the electrostatic potential (ESP) analysis
identified both Co atoms and adjacent water molecules as
regions with high ESP values (>90 kcal mol™'), designating
them as favorable nucleophilic sites for the NITRR. These elec-
tronic and charge distribution features collectively enhance the
affinity of Co-MONTSs toward nitrate adsorption, as corrobo-
rated by the interaction profile in Figure Sc, thereby promoting
efficient catalytic conversion.

DFT calculations were further performed on the Co-
MONTSs model to construct Gibbs free energy profiles along
the NITRR pathway, as presented in Figures S22 and S$23. At
the Co active site, the binding affinity for a hydrogen proton
(AG*H = —0.33 eV) was found to be weaker than that for
nitrate (AG*NO, = —0.52 eV) (Figure S24), suggesting that
the NITRR process is thermodynamically more favorable than
the competing HER. Once NO,™ is adsorbed at the Co site,
the resulting *NO; species undergoes proton attack to form
the *HNO, intermediate, an endergonic step requiring
0.27 eV of free energy. The subsequent conversion from
*HNO, to *NO, is exothermic, with a free energy decrease of
—1.59 eV. An endothermic step was identified for *NO, —
*HNO,, involving a free energy increase of 0.61 eV, which
thereby serves as the potential determining step (PDS)
throughout the catalytic cycle. To further explore possible
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Figure S. Theoretical calculations. (a) DOS analysis on the Co-
MONTSs model, where N-(A*-methyl)—1-phenylethan-1-amine (PEA)
corresponds to a minimum structural unit in the Co-MONTSs model.
(b) Electron density difference of NO,~ adsorbed on the Co-
MONTs model. The cyan and yellow regions corroborate electron
density depletion and electron density accumulation, respectively.
(c) ESP surface analysis of the Co-MONTSs model.

reaction routes, the NO intermediate in both N-end and O-
end configurations was also calculated (Figure $22). The hydro-
genation of *NO requires a substantial free energy input of
1.60 eV, making it considerably more difficult than that of
*ON, which consumes only 0.50 eV. In situ electrochemical
ATR-FTIR characterization captured the *ONH, intermediate,
providing evidence that the NITRR proceeds predominantly via
the O-end pathway. Therefore, subsequent analyses focused on
this O-end route. Once adsorbed, the *ON intermediate
undergoes sequential attack by three H*/e™ pairs, leading to
the formation of *O species along with the release of an NH,
molecule through exothermic steps. Following that, the *O
intermediate is readily reduced to *OH, upon further reaction
with two additional H*/e™ pairs at Co sites. Finally, the third
H,O molecule is easily desorbed from the Co-MONTSs model,
completing the catalytic cycle. Consequently, the favorable per-
formance of the Co-MONTSs model can be ascribed to its pref-
erence for NO, ™ adsorption and its ability to lower the energy
barrier associated with *NO hydrogenation steps.

In this study, we report the development of a series of
MONTSs electrocatalysts incorporating diverse metal centers
(M = Fe, Co, Ni) and bridging ligands, forming well-defined
tubular architectures with atomically dispersed catalytic
active sites. These metal-organic coordination polymers
(Fe-MONTSs, Co-MONTS, and Ni-MONTSs) were systemati-
cally evaluated for their electrocatalytic performance in the
NITRR for ammonia production. Among them, the
Co-MONTs electrode demonstrated superior catalytic activity,
presenting a clear trend in NH, production efliciency:
Co > Ni > Fe. Under optimized conditions in a pure nitrate
electrolyte at —0.7 V (vs RHE), the Co-MONTSs catalyst
achieved a high FEy;;; of 89.9% and a remarkable NH, yield
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rate of 231.3 mmol h™' ¢!, surpassing its Fe and Ni counter-
parts. Through a combination of in situ spectroscopic investiga-
tions and DFT calculations, we elucidated the probable NITRR
reaction mechanism and identified the intrinsic catalytic sites
within the Co-MONTSs framework. Notably, the electronic
structure analysis reveals Co centers dominate the frontier
orbitals, with HOMO (—9.04 eV) electron density primarily
localized on Co d-orbitals, leading to superior catalytic predom-
inance. Further charge distribution studies show pronounced
electrostatic potential maxima (>90 kcal mol™") at both metal-
lic Co centers and coordinated water molecules, marking these
as preferential locations for nucleophilic attack during the
NITRR process. This work highlights the immense potential
of tubular MONTSs as a versatile catalytic platform, offering
insights into the architectural design of advanced electrocata-
lysts for the sustainable catalytic conversion of small molecules
into value-added chemicals.
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