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The electrochemical nitrate reduction reaction (NOzRR) offers a "two-birds-one-stone” solution by
simultaneously addressing water pollution and enabling green ammonia production. However, its
multiple reaction pathways and complex intermediates pose a challenge for designing high-efficiency
electrocatalysts. The highly modular nature of metal coordination polymers (MCPs), combined with
molecular engineering strategies, provides a pathway for systematically exploring the structure-—
performance relationships of catalysts. As a proof of concept, we here synthesized a series of w—
d conjugated copper anilate coordination polymers incorporating different halogen atoms (F, Cl and Br).
The combined experimental and theoretical investigations reveal that introducing halogen atoms with
electron-withdrawing properties can create an electron-deficient Cu center through the interchain Cu---
halogen supramolecular interactions, which can effectively lower the energy barrier for deoxygenation of
the *NO intermediate. As a result, the Cu—FA (FA = fluoranilate, C¢O4F,27) achieves a superior NOszRR
performance with the faradaic efficiency (FE) of 98.17% and yielding rate of 14.308 mg h™* mg™ at
—0.9 V, nearly 7.7 times that of the pristine Cu-DABQ (DABQ = 2,5-dihydroxy-1,4-benzoquinone,
CeO4H,27). This study may provide new insights into the design of high-performance NO3zRR
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Introduction

Ammonia (NH;) synthesis has been one of the largest chemical
industries since the early twentieth century, primarily due to its
pivotal role in modern agriculture and industrial
manufacturing.”> Currently, ammonia is predominantly
produced through the Haber-Bosch process, which not only
demands high energy consumption but also results in signifi-
cant carbon emission.® As such, there is an urgent need to
develop more efficient alternative approaches, particularly
those capable of functioning under ambient conditions. Elec-
trocatalytic ammonia synthesis, which utilizes water as the
proton source and renewable electrical energy, is emerging as
a promising alternative.* Typically, the nitrogen source can be
either nitrogen gas or various NO,-based species.*” Among
them, nitrate stands out due to its relatively low dissociation
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energy and excellent water solubility,® both of which can
significantly enhance reaction kinetics. Furthermore, as nitrate
is a major pollutant in industrial and agricultural wastewater,
the electrocatalytic nitrate reduction reaction (NO3;RR) offers
the possibility of directly converting harmful NO; ™ into indus-
trially valuable NH3;, thereby contributing to the management of
the anthropogenic nitrogen cycle.”*> As a result, this process
has recently attracted special attention.'*'* Nevertheless, the
electrochemical reduction of NO;~ to NH; involves a complex
eight electron-coupled nine proton transfer process, which
tends to produce various intermediates and by-products.’>*’
Therefore, the atomic-level rational design of catalysts, partic-
ularly those based on earth-abundant metal ions, is crucial for
the development of high-performance electrocatalysts.'®>?
Among the diverse reported electrocatalysts, copper-based
complexes have been regarded as promising candidates owing
to the notable alignment between the energy levels of the d-
orbital on Cu and LUMO 7t* of NO; 15?223

Metal coordination polymers (MCPs) or metal-organic
frameworks (MOFs), a novel type of crystalline inorganic—
organic hybrid materials, have been extensively investigated for
applications in gas storage/separation,* heterogeneous catal-
ysis,* sensing,’® luminescence and so on.”” The recently devel-
oped m-d conjugated MCPs, featuring excellent electronic
conductivity, further sparked their potential in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrochemical energy storage and conversion, including
lithium/potassium batteries,”®** supercapacitors,*® and electro-
catalysis.** The unique delocalization of frontier m orbits of
organic ligands and d orbits of transition metal ions can
effectively mitigate the inherently low electronic conductivity of
coordination bonds.*> Moreover, the presence of well-defined
open metal sites (OMS) and their highly modular local coordi-
nation environment can significantly deepen our under-
standing of structure-performance relationships.®* Guided by
molecular engineering strategies, some recent studies have
demonstrated that careful ligand modification can effectively
optimize the electronic structures of metal ions,**” thereby
significantly enhancing the electrocatalytic performance. For
example, Chen et al reported that altering the electron-
withdrawing B-site substituents of Co-TAA (TAA = 1,4,8,11-tet-
raaza[14Jannulene) can modulate the interactions between the
intermediate species and active Co site, regulating the oxygen
reduction reaction (ORR) performances.** More recently, Cheng
et al. found that introducing polar functional groups (-NH, or -
NO,) on ZIF-7 can enhance the capture and activation of CO,
during electrocatalytic CO, reduction.*® Such findings under-
score the critical role of ligand modification in tuning catalyst
performance. Nevertheless, this approach has rarely been
explored for the electrocatalytic NO;RR.*”
2,5-Dihydroxy-1,4-benzoquinone (H,dhbq), also known as
anilate ligand in its dianionic form (dhbg>~ or An®"), has been
extensively studied for its coordination polymers due to their
intriguing magnetic and electronic properties.*®*?*® Its remark-
able chemical tolerance for halogen atoms (e.g., F, Cl, Br) at the
3 and 6 positions (Scheme 1) makes the metal anilate complexes
a perfect platform for exploring the influence of local environ-
ment on NO3;RR performance.*® As a proof of concept, we herein
synthesized a series of Cu-anilate based coordination polymers,
named Cu-DHBQ, Cu-FA, Cu-CA, and Cu-BA, where FA, CA,
and BA stand for fluoranilate (CgO4F,>7), chloranilate
(C604Cl,>7) and bromoanilate (C¢O4Br,>"), respectively, for
clarity. It is found that the type of halogen atoms largely
determines the NO3zRR performance. Stronger the electron-
withdrawing ability, higher the NH; yield rate and faradaic
efficiency (FE). Among them, Cu-FA achieves an exceptional
NH; yield rate of 14.308 mg h™' mg ™' with a FE of 98.17% at
—0.9 Vvs. Reversible Hydrogen Electrode (RHE), which is nearly
7.7 times that of the pristine Cu-DHBQ. Detailed structural
characterization and theoretical calculations reveal that the
introduction of halogen atoms can induce a positive shift in Cu
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Scheme 1 |Illustration of the molecular formula and electron-with-

drawing ability of the anilate ligands.
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valence, which can effectively lower the energy barrier, leading
to the enhanced NO3;RR performance.

Results and discussion

The Cu-anilate complexes were synthesized through a facile
ultrasonic-standing method under ambient conditions.*”* In
particular, an aqueous solution of copper(u) acetate was mixed
with an aqueous solution of anilate ligand, followed by ultra-
sonic treatment for 2 min, and then left to stand for 12 h.
Powder X-ray diffraction (PXRD) analysis was used to investigate
the crystalline properties. As shown in Fig. S1,f Cu-DHBQ
shows three broad diffraction peaks at 16.7°, 22.8° and 29.9°,
inferring the low crystallinity. In contrast, Cu-FA, Cu-CA, and
Cu-BA display sharp diffraction peaks, suggesting their highly
crystalline nature. This enhanced crystallinity may be attributed
to the presence of Cu---halogen interactions, which can effec-
tively regulate the packing of coordination chains. The PXRD
patterns of Cu-CA and Cu-BA closely align with the previously
reported structure,*” confirming that they share an identical 1D
chain structure (Fig. 1a and b). A noticeable peak shift can be
identified for Cu-FA compared to Cu-CA, which may originate
from the subtle variations in interchain packing and orienta-
tion. Besides, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images showed that Cu-FA,
Cu-CA and Cu-BA possess much more regular morphology
than Cu-DHBQ (Fig. 1c, d and S2-54+1). Energy-dispersive X-ray
spectroscopy (EDS) mapping analyses confirm the presence of
Cu, O, C, X (X = F, Cl, Br for Cu-FA, Cu-CA, and Cu-BA,
respectively) and demonstrate their homogeneous distribution
throughout the particles (Fig. 1e and S2-S47). Notably, the as-
synthesized Cu-FA showed a prismatic morphology (Fig. 1c).
Following extensive ultrasonic treatment, it fractured into thin
needles (Fig. 1d), further indicating its 1D coordination crystal
structure.

High-resolution X-ray photoelectron spectroscopy (XPS)
measurements were conducted to gain insights into the chem-
ical states of Cu ions. For Cu-FA (Fig. 2a), the peaks at 935.8 and
955.5 eV are attributed to Cu 2p;, and 2p,,,,"* respectively,
while the other species are satellite peaks, revealing the chem-
ical state of Cu®*. The other three compounds exhibit similar
XPS peaks, indicating a comparable oxidation state. A detailed
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Fig. 1 Illustration of the coordination chain (a) and interchain packing
of copper anilate complexes (b). SEM (c), TEM (d) and the corre-
sponding elemental mappings manifest the images (e) of Cu—FA.
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(a) High-resolution XPS spectra of Cu 2p of Cu—FA and corresponding peak identification. (b) Peak shift comparison of Cu 2p XPS spectra

of Cu—FA, Cu—CA, Cu-BA, and Cu-DHBQ. Cu K-edge XANES (c), EXAFS (d) spectra and the corresponding wavelet transforms (e) for different
samples. (f) Fitted EXAFS cure (R = 0.012) and the inset illustrates the structural model. (g) FT-IR spectra of the synthesized Cu anilate complexes

(bold dark line) and their corresponding anilic acids (narrow light line).

comparison revealed that halogen substitution on the anilate
ligand results in a positive shift in the binding energies for Cu>*
(Fig. 2b). In particular, for Cu-FA, the binding energy shifts by
~0.4 eV compared to the pristine Cu-DHBQ, indicating an
increased oxidation state of Cu. This shift may be attributed to
the strong electron-withdrawing effect of the F atom from the
adjacent chain. To further investigate the electron structures
and local coordination structures of these samples, X-ray
adsorption fine structure (XAFS) data at the Cu K-edge were
collected. As shown in Fig. 2c, the adsorption edges of the four
samples closely resemble that of CuO, confirming the Cu®**
oxidation state. Among them, Cu-FA shows a noticeable posi-
tive shift compared to the others, implying the increased
oxidation state of Cu, which is in accordance with the XPS
result. Additionally, the absence of a distinct pre-edge peak (1s-
3d transition) in the four Cu-anilate complexes suggests that
they possess similar square-planar coordination

7012 | Chem. Sci., 2025, 16, 7010-7017

environments.**** This was further supported by the extended
X-ray adsorption fine structure (EXAFS) analyses. As shown in
Fig. 2d, all the four samples show two-well resolved peaks due to
the first and second coordination spheres. The first peak at
~1.78 A is attributed to the Cu-O bond, while the second
coordination shell peak at ~2.39 A is assigned to the Cu-C/X (X
= F, Cl Br) pairs. It should be noted that although the second
peak may appear close to the Cu-Cu pairs (2.41 A) in Cu-foil, the
wavelet transform (WT) contour plot shows a dramatic differ-
ence in the k-space (Fig. 2e). The lobe corresponding to Cu-Cu
pairs is mainly located at ~7.1 A™*, whereas the Cu-C/X pairs
are found in the range 3.5-4.5 A", thereby ruling out the
possibility of Cu nanoparticle formation. Moreover, the lobe
corresponding to the Cu-C/F pairs shows a noticeable shift
toward lower k-values compared to the other compounds, likely
due to the lower atomic weight of F, further confirming the
presence of Cu---F interactions.** The EXAFS curve of Cu-FA fits

© 2025 The Author(s). Published by the Royal Society of Chemistry
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well with the proposed chain structural model (Fig. 2f and Table
S1t), validating the accuracy of this structure. The fitted EXAFS
spectrum is not phase-corrected, so a shift with respect to the
actual pair distances can be identified. Fourier-transform
infrared (FT-IR) spectra were recorded to examine the changes
of the ligand before and after coordination. Compared to the
corresponding pristine anilic acids (Fig. 2g), the C=0 vibra-
tions at 1626-1655 cm™ " are noticeably weakened, while new
peaks corresponding to C-O vibrations emerge in the range
1482-1516 cm™ ' for the Cu-anilate complexes. This change is
attributed to the electron delocalization between C=0 and C-
O, confirming that all four oxygen atoms participate in coordi-
nation.*® Therefore, the results of PXRD, XPS, XAFS and FT-IR
spectra provide solid evidence for the square planar Cu-O,
coordination structure and the electron-deficient state of Cu
centers following the substitution of halogen atoms.
Electrocatalytic NO;RR performance of these compounds
was then evaluated in a three-electrode H-cell setup containing
0.1 M Na,SO, and 0.1 M KNO;. Fig. 3a shows the linear sweep
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voltammetry (LSV) curves with or without NO;™. Evidently, all
samples exhibit enhanced current in the presence of NO;™,
indicating their electrocatalytic NO3;RR activity. By comparison,
the current density of these compounds follows the trend Cu-
FA > Cu-CA > Cu-BA > Cu-DHBQ, aligning with the electron-
withdrawing ability of substituted halogen (or H) atoms.
Based on the LSV result, a series of NO;RR measurements were
conducted at different potentials ranging from —0.5 to —1.0 V
vs. RHE, and the corresponding chronoamperometry curves are
shown in Fig. S5.1 The generated products were quantitively
determined using colorimetric methods with ultraviolet-visible
(UV-vis) spectroscopy (Fig. S6T). Across all samples, nitrite
(NO, ) and NH; were identified as the primary liquid-phase
products, while no detectable hydroxylamine was observed
(Fig. S7t).**'*” At —0.5 V vs. RHE, NO,~ formation was detected
with the FE of ~2.60%, ~11.96%, ~43% and ~13.86% for Cu-
FA, Cu-CA, Cu-BA, and Cu-DHBQ, respectively. As the applied
potential became more negative, the FE associated with NO, ™~
generation gradually decreased for all samples, likely due to
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(a) LSV curves in the electrolyte with (solid line) and without (dashed line) NO=~ for Cu—DHBQ (pink), Cu—BA (orange), Cu—CA (green), and

Cu—FA (blue). The NH; yield rate (b) and corresponding FE (c) at different potentials for different materials. (d) *H NMR spectra of the products
after the NOsRR of Cu—FA using K¥*NOs and K!*NOs as the feeding nitrogen sources. EIS (e) and ECSA (f) of different samples. (g) Time-
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enhanced deoxygenation and hydrogenation processes, as well
as the increasing contribution of the competitive hydrogen
evolution reaction (Fig. S87). Notably, at —0.9 V vs. RHE, Cu-FA
delivers the highest selectivity for NH; production, achieving an
impressive FE of 98.17% with a yield rate of 14.308 mg h™"
mg ', This performance surpasses most of the reported elec-
trocatalysts (Table S2t). In contrast, the highest NH; yield rates
for Cu-DHBQ, Cu-CA and Cu-BA are only 1.851 mg h™" mg ™",
11.753 mg h " mg " and 7.048 mg h™" mg ™", respectively, with
the FE of 49.88%, 90.95 and 49.12%. To validate the origin of
ammonia production, a >N isotope labelling experiment was
conducted. As depicted in Fig. 3d, the 'H nuclear magnetic
resonance (NMR) spectra using "’NO; ™~ as the feeding nitrogen
source displays the characteristic doublet of >NH," with
a coupling constant of 72 Hz, whereas the use of "*NO; ™ results
in the detection of "NH," with a triplet coupling peak. This
confirms that the NH; detected in the electrolyte originates
from nitrate reduction rather than atmospheric nitrogen
contamination. Electrochemical impedance spectroscopy (EIS)
measurements were performed to characterize the conductivity
of electrodes (Fig. 3e). Among them, Cu-FA exhibits the lowest
interfacial electron transfer resistance value, suggesting its
superior electrocatalytic kinetics. Meanwhile, the electrochem-
ically active surface area (ECSA) measurements (Fig. 3f and S9+)
demonstrate that these four samples possess comparable
ECSAs for NO; ™ reduction, ranging from 1.38 to 1.53 mF cm ™2,
Thus, the impressive NO;RR performance of Cu-FA is likely due
to its intrinsic catalytic activity. The durability of Cu-FA in the
NO;RR was assessed through ten consecutive electrolysis cycles
at —0.9 V. Following these ten cycles, no significant decline in
NH; yield rate or FE can be observed (Fig. 3g). Additionally, the
cathodic current in the time-current profile over 12 h shows
negligible decay (Fig. 3h), further confirming its long-term
stability and promising potential for practical applications.
The reaction kinetics and pathways were then investigated to
gain insights into the mechanism underlying the enhanced
NO;RR performance of Cu-FA. In situ attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy was
employed to probe the possible reaction intermediates and
pathways. As depicted in Fig. 4a and b, the peak intensities are
potential dependent from OCP to —1.0 V. Among them, the peaks
at 1375 cm " and 1445 cm ™ correspond to the adsorbed NO,~
and NH,,”* while the peaks at 1514 cm ™', 1256 cm™ ' and
1188 cm ™! represent the formed *NO, *NH, and *NO, interme-
diates, respectively.'®* These characteristic peaks suggest that
the electrocatalytic NO;RR might follow a successive deoxygen-
ation and hydrogenation process. Noticeably, a distinct band at
~1326 cm™ ", attributed to the symmetric stretching vibration of
*NO,,**** can be clearly observed in the spectra of Cu-BA,
whereas it is barely detectable for Cu-FA. This observation is
consistent with the detected NO,~ by-product and lower electro-
chemical NO;RR FE observed for Cu-BA. Subsequently, density
functional theory (DFT) calculations were carried out. The partial
density of states (PDOS) for these compounds are plotted in Fig.
$10.1 A strong orbital hybridization between O 2p and Cu 3d
orbitals can be identified, which is consistent with the -
d conjugation and large electron delocalization along the chain.

7014 | Chem. Sci., 2025, 16, 7010-7017
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Fig. 4 (a) In situ ATR-FTIR spectra of Cu—FA (a) and Cu—BA (b) during
the NO<RR at different potentials (—0.3——1.0 V). (c) Structural model
and the charge difference viewing perpendicular to the chain packing
direction. (d) Calculated Gibbs free energy diagram along the catalytic
reaction pathway on different catalysts. The insets illustrate the
adsorption configurations of various reaction intermediates.

The different charge distribution diagrams are shown in Fig. 4c,
where the charge density distribution around halogen atoms is
notably elongated in the chain packing direction, suggesting
electron transfer between Cu and halogen atoms. Further Bader
charge analysis revealed Cu charges of 0.93, 0.99, 1.10, and 1.15 in
Cu-DHBQ, Cu-BA, Cu-CA and Cu-FA, respectively. This indicates
that the introduction of halogen atoms shifts the Cu center from
an electron-rich state to an electron-deficient state, aligning with
the experimental XPS and XANES results. The electron-deficient
state is believed to be beneficial for the adsorption of NO;~ and
nucleophilic intermediates,"*”** and thus is expected to enhance
the reaction performance. The Gibbs free energy was then ana-
lysed to investigate the reaction mechanism (Fig. 4d). The results
indicate that the major potential-determining step (PDS) over
these catalysts is the deoxygenation of *NO. In particular, the
energy barrier of this PDS decreases progressively from Cu-DHBQ
(AG = 0.842 eV) to Cu-BA (AG = 0.726 eV), Cu-CA (AG = 0.537
eV), and Cu-FA (AG = 0.412 eV), which is in agreement with the
experimentally observed ammonia production performance. All
these DFT results theoretically support the notion that intro-
ducing electron-withdrawing groups can effectively regulate the
electronic structure of the active center, leading to enhanced
electrocatalytic NO;RR performance.

Conclusions

In summary, four m-d conjugated copper anilate coordination
polymers were successfully synthesized. Their well-defined
atomic structures provide insight into the underlying

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mechanism of the NO3RR. The electrocatalytic performance
follows the trend Cu-FA > Cu—-CA > Cu-BA > Cu-DHBQ, which is
consistent with the electron-withdrawing capabilities of the
substituted halogen atoms. Remarkably, Cu-FA exhibits an
exceptional NH; yield rate of 14.308 mg h™' mg ™" and a faradaic
efficiency (FE) of 98.17% at —0.9 V (vs. RHE). The combination
of XPS, XAFS, in situ FT-IR and DFT calculations reveal that the
introduction of halogen atoms can produce an electron-
deficient active center, which can facilitate the adsorption of
intermediate *N and lower the energy barrier of the PDS,
thereby enhancing NO3;RR performance. This design concept of
using electron-withdrawing groups to tailor the electronic
structure may pave the way for the development of high-effi-
ciency NO;RR and related electrocatalysts.
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