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ABSTRACT: Inspired by the intriguing nature of the metal-z
interaction in organometallic chemistry, a novel 1D hybrid material
has been designed. Herein, a functionalized tellurium allyl
macrocycle (TAM) acts as a molecular building block and is knit
together via silver-w interaction to obtain Ag-TAM. Ag is
coordinated to two allyl groups and a phenyl ring in 1> mode.
Instead of the conventional polymerization strategy, a metal-7
interaction is employed to interlink macrocycles. TAM and Ag-
TAM showed electrocatalytic capability for the conversion of
nitrate to ammonia. Ag-TAM showed an NHj; yield rate 2-fold
greater than TAM with a high faradaic efficiency of 94.6% with
good durability, proving that interlinking of macrocycles via metal-
7 interaction improves the catalytic activity. Detailed periodic
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density functional theory (DFT) calculations unveil novel mechanistic insights, suggesting cooperative catalysis between neighboring

Ag sites and contributing to the enhanced efficiency.

B INTRODUCTION

Ammonia is vital in catering to the global demand for
agricultural products in a world of increasing population.
Conventionally, ammonia is produced by the Haber—Bosch
process in which N, from the air is reacted with H, at very high
temperature and high pressure.’ This accounts for 1-2% of
global energy consumption and generates an enormous
amount of CO,. In the last few decades, researchers have
developed alternate strategies like electrochemical reduction of
nitrogen to ammonia” to tackle this issue, but they have their
own shortcomings.3 In recent times, the electrochemical
reduction of nitrate (NO;~) to ammonia (ERNA) has
garnered a lot of attention, especially as it converts NO;™, a
common water pollutant as a result of anthropogenic activities,
to useful ammonia.” The accretion of nitrate potentially causes
acid rain, photochemical smog, and various health issues.’
Therefore, it is highly desirable to transform NO; into
valuable products. A variety of metals®'" and materials''~*°
have shown significant ERNA activity, with hybrid materi-
als,”' ™* one among them.

Hybrid materials are materials wherein two different
components are synergistically combined to achieve a far
superior material.”>*° Different categories include inorganic—
organic, organometallic—organic,””~>” and organometallic—
inorganic hybrid materials.”’™>* Over the last few decades,
there has been tremendous growth in the field of inorganic—
organic hybrid materials with the advent of sol—gel-based

© 2024 American Chemical Society

7 ACS Publications

21670

hybrid materials, metal—organic framework (MOFs), coordi-
nation polymers (CPs), cross-linked cluster-based hybrid
materials, etc. These hybrid materials have shown vital
applications in the field of gas adsorption,”>** molecular
sensing,35’36 separation,3'7’3’8 electrochromism, and catalysis,40
to name a few. Various types of bonding/interactions such as
ionic, covalent, coordination, H-bonding, and van der Waals
have been employed to obtain these materials. MOFs and CPs
are typically built by organic linkers having N and O donor
atoms forming covalent bonds with the metal, while conven-
tionally cross-linked cluster-based hybrid materials are
produced by copolymerizing preformed functionalized clusters
with an organic copolymer. One distinction of cross-linked
clusters is that these clusters act as molecular building blocks
and do not lose their original molecular identity. On the other
hand, hybrid materials having organometallic components have
not seen the same meteoric rise.

In organometallics, a classic interaction is the metal-7
interaction. The metal-7 interaction has been prominent for
several applications, especially in catalysis.*' ~*® Over the years,
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these interactions have led to exciting moieties, such as an
unusual silver-aromatic interaction wherein 7*-phenyl ring links
led to a 3D metal—organic framework.”” This was the first
example of an unusual z-interaction being used to link
coordination sheets. The advent of Ln-based sandwich and
multidecker compounds resulted in the increase of energy
barrier as well as blocking temperatures in single molecular
magnetism (SMM).**™>® Recently, Hatano et al. isolated
polyarene Pd cluster, which was stabilized by neutral six-
membered arene rings via face-capping coordination,”* and few
research groups have developed cyclic oligomers/sandwich-
type materials.”® So, the relevance of this class of interaction
has not waned off, and boundaries are being expanded on a
regular basis. Along this line, imagining a novel cross-linked or
interlinked cluster-based hybrid material born from metal-7
interaction instead of the conventional strategy is enticing.
Our research group has been interested in organotellurium
chemistry””*® and has explored macrocycles with secondary
interactions.”” Here, we report a tellurium allyl macrocycle
(TAM), a 12-membered tellurium macrocycle incorporated
with a functionalized phosphinate. TAM functions as a
molecular building block and interacts with silver to expand
to a 1D interlinked chain, Ag-TAM, wherein silver acts as a
linker via a silver-r interaction. We have also investigated TAM
and Ag-TAM potential as electrocatalysts for electrocatalytic
reduction of nitrate to ammonia and observed the enhance-
ment of its activity with the interlinking of the macrocycles.

B EXPERIMENTAL SECTION

Instrumentation. Infrared spectra were recorded by using a
Nicolet iS5 FTIR spectrometer. ESI-MS spectra were recorded using
a Bruker MaXis HRMS (ESI-TOF analyzer) equipment. NMR spectra
were recorded on Bruker Avance-400 and 500 MHz FT NMR
spectrometers at room temperature. Single-crystal X-ray diffraction
(SCXRD) data collection for TAM was carried out at 100 K and for
Ag-TAM at room temperature with an XtaLAB Synergy, a single
source at offset/far, HyPix3000 diffractometer, and a Rigaku Oxford
HyPix3000 CCD plate detector system [1 (Mo Ka) = 0.71073 A]
with a mirror monochromator. The data were reduced using
CrysAlisPro version 1.171.40.35a (Rigaku OD, 2018). The structures
were solved using SHELXT and refined using SHELXL-2018/3 in
Olex2 1.3-ac4 software.”*~®> All non-hydrogen atoms were refined
anisotropically. In Ag-TAM, the disorder containing oxygen attached
to silver and chlorine was constrained using EADP, and C1 and C2
were restrained using the DFIX instructions in SHELXL-2018/3. In
the crystal structure of Ag-TAM, the voids contained disordered
solvents. The OLEX2 solvent mask routine (similar to PLATON/
SQUEEZE) was used to mask out the disordered electron density. A
solvent mask was calculated, and 119 electrons were found in a
volume of 925\A2 in 2 voids per unit cell. This is consistent with the
presence of 1.5[C4H,] per asymmetric unit, which accounts for 126
electrons per unit cell. Powder X-ray diffraction (PXRD) patterns
were collected over the 26 range of 5—50° at a scan rate of 3.9°/min.
Field emission-scanning electron microscopy (FESEM) imaging,
energy-dispersive spectroscopy (EDS), and elemental mapping were
studied using an Ultra 55 Carl Zeiss instrument. High-resolution
transmission electron microscopy (HR-TEM) was studied using a Jeol
JEM-F200 instrument. X-ray photoelectron spectroscopy (XPS)
spectra were collected with a Thermo Scientific K-ALPHA surface
analysis spectrometer using Al Ka radiation (1486.6 eV). For
elemental analysis, an ICP-OES Agilent-5800 instrument was used.
TGA was recorded with a PerkinElmer STA 8000 thermogravimetric
analyzer under a nitrogen gas flow rate of 20 mL/min and a heating
rate of 10 °C/min. Graphics of the crystal structures were generated
with Mercury.

Reagents and General Procedures. Phenyl allyl phosphinic
acid®® and bis(p-methoxyphenyl) tellurium dichloride®® were
synthesized according to literature reports. Phenyl phosphinic acid,
TeCl,, and AgClO,xH,0 were purchased from Sigma-Aldrich;
Na,SO,, KNOj;, and benzene were purchased from Finar, while allyl
bromide and anisole were purchased from Avra. All solvents and
reagents were purified before use by adopting standard methods.

Synthesis of TAM. In a 50 mL round-bottom flask, phenyl allyl
phosphinic acid (0.07 g, 0.3876 mmol) was dissolved in 10 mL of
benzene, followed by the addition of triethylamine (0.12 mL, 0.861
mmol). After stirring for S min, bis(p-methoxyphenyl) tellurium
dichloride (0.32 g, 0.7752 mmol) was added, and the mixture was
stirred at room temperature for 24 h. Afterward, the mixture was
filtered, and colorless, hexagon-shaped crystals were grown from the
mother liquor by slow evaporation for 4-S days. Yield: 0.17 g (96%).
IR: 3062.40 (w), 3011.20 (w), 2939.28 (w), 2834.02 (w), 1585.22
(s), 1568.14 (s), 1492.90 (s), 1458.63 (s), 1437.37 (s), 1401.21 (m),
1290.61 (s), 1246.99 (s), 1174.64 (s), 1109.60 (s), 1068.29 (m),
1006.18 (s), 910.48 (m), 824.05 (s), 789.11 (s), 746.76 (m), 694.52
(m), 665.41 (s), 610.01 (m), 590.01 (m), 505.83 (s), 470.43 (m),
450.02 (s).

Synthesis of Ag-TAM. TAM (100 mg, 0.054 mmol) and
AgClO,«H,0 (91 mg, 0.432 mmol) were transferred to a S0 mL
round-bottom flask covered in aluminum foil in a glovebox and sealed
with a rubber septum. Then, 20 mL of benzene was introduced
through a syringe, and the mixture was stirred at room temperature
for 12 h. Afterward, the mixture was filtered, and the solvent was
removed in vacuo, leaving an oily residue. The residue was dissolved
in benzene/chloroform/dichloromethane in a 1:1:1 ratio, and hexane
was diffused onto it to obtain colorless, block-shaped crystals. IR:
3100.79 (w), 3072.40 (w), 2940.14 (w), 2839.21 (m), 1583.37 (s),
1491.11 (s), 1459.63 (s), 1438.94 (m), 1403.28 (m), 129545 (s),
1250.74 (s), 1176.97 (s), 1094.38 (s), 1058.29 (m), 1008.84 (s),
926.21 (s), 821.45 (s), 789.15 (s), 752.29 (m), 645.25 (s), 617.72 (s),
590.91 (m), 514.55 (s), 505.83 (s), 475.4S (s), 444.05 (s).

Electrochemical NRA Measurements. Electrochemical nitrate
reduction was carried out in a CHI6112E electrochemical workstation
using a three-electrode system (working electrode—carbon paper
coated with TAM/Ag-TAM, counter electrode—Pt wire, and
reference electrode—Ag/AgCl) and an H-type electrolytic cell
separated by the Nafion membrane at room temperature. Na,SO,
solution (0.5 M, 126 mL) was evenly distributed to the cathode and
anode compartments as an electrolyte. 0.05 M KNO; was added into
the cathode compartment for NO;~ reduction. Catalyst ink was
prepared by dispersing S mg of TAM or Ag-TAM in 800 uL of
ethanol/water (4:1) and 200 uL of Nafion, followed by sonication for
30 min. Afterward, a 1 cm X 0.5 cm carbon paper was coated with 200
UL of catalyst and dried overnight in an oven at 50 °C.

Initially, linear sweep voltammetry (LSV) was conducted for TAM
and Ag-TAM with an external NO;~ source at a rate of S mVs™' from
0.2 to —1.9 V vs Ag/AgCl (0.8 to —1.28 V vs reversible hydrogen
electrode (RHE)). After the addition of NO;~, the current increased
significantly, showing the interaction of nitrate with the working
electrode. The potentiostatic test was carried out at different
potentials for 3 h at a stirring rate of 300 rpm. All potentials were
recorded against the RHE.

Isotope Labeling Experiment. The isotope labeling experiment
was carried out by adopting a literature method.* K'*NO; (98 atom
%) with a concentration of 0.01 M was used as the feeding N-source
to clarify the source of ammonia. After electrochemical reduction, 525
HL of electrolyte was mixed with 50 yL of 0.5 M H,SO,, 50 uL of
DMSO-dg, 25 pL of 12.5 mM maleic acid, and 25 uL of 27 mM Gd**,
followed by collection of 'H NMR data.

Computational Details. All of the density functional theory
(DFT) calculations were performed via the Vienna Ab initio Software
Package (VASP 6.2.1) code within the Perdew—Burke—Ernzerhof
(PBE) generalized gradient approximation and the projected
augmented wave (PAW) method. The cutoff energy for the plane-
wave basis set was set to 400 eV, while the Brillouin zone was sampled
at the Gamma point. Convergence thresholds were set to 10™* eV for
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Figure 2. (a) Structure of Ag-TAM. Hydrogens are omitted for clarity (Prussian blue—Ag, orange—Te, purple—P, green—Cl, red—O, gray—C). (b)
Coordination mode of silver in Ag-TAM. (c) Pseudo 3D structure of Ag-TAM through weak interactions (denoted by cyan lines). (d) Elemental

mapping of Ag-TAM.

the energy and to 0.01 eV/A for the forces. The convergence criterion

for the electronic self-consistent iteration and force was set to 107>

eV

and 0.01 eV/A, respectively, with a 1 X 1 X 1 Gamma-Pack k-point

mesh.

B RESULTS AND DISCUSSION

First, TAM was synthesized by reacting phenyl allyl phosphinic
acid with R,TeCl, [R = p-methoxyphenyl] in benzene at room
temperature using triethylamine as a base. Colorless crystals of
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Figure 3. (a) LSV curves of TAM and Ag-TAM in 0.5 M Na,SO, with and without NO;™. (b) Potential-dependent NHj yield rate and faradaic
efficiency over Ag-TAM. (c) NH, yield rate and faradaic efficiency over TAM and Ag-TAM, respectively. (d) Recyclability test at —1.18 V over the
Ag-TAM cathode. (e) 'H NMR spectrum of products after ERNA using '“NO,™ and "NO;~ at —1.18 V. (f) Nyquist plot for TAM and Ag-TAM
in 0.5 M Na,SO,. Inset: the equivalent circuit for fitting data.

TAM were obtained by the slow evaporation of the mother AgClO,. Here, Ag acts as a linker with AgClO, held by phenyl

liquor. Structural analysis showed that TAM crystallized in and allyl groups from one macrocycle and the allyl group from
triclinic space group P1 with half of the molecule in the another macrocycle via metal-7 bonding in 7%: #*: #* mode to
asymmetric unit. It comprises two ditelluroxane units bridged give rise to an interlinked 1D macrocycle (Figure 2a). The
by a phosphinate on either side with chloride above and below macrocycles are arranged in a zigzag fashion, with their planes
the macrocycle (Figure 1a). The macrocyclic core is dicationic, almost perpendicular to each other, making an angle of 88.4°
and the chlorides, held by secondary interactions, balance the (Figure S14). The capping chloride in TAM is replaced by
charge. TAM is functionalized with phosphinates containing perchlorate in the case of Ag-TAM. Ag is four-coordinated

phenyl and allyl groups. C1—C2 and C2—C3 in the allyl group with two allyl groups, one phenyl ring, and one perchlorate
have bond distances of 1.493 and 1.312 A, respectively, while (Figure 2b). The Ag atom coordinates with both the allyl
the allyl and phenyl groups (C4—P1—C1) make an angle of groups in an 7* fashion with bond distances of 2.483 A (Agl—
107.12° (crystallographic information in ESI). *'P{'H} NMR C2), 2421 A (Agl—C3), 2.527 A (Agl—Cl11), and 2.381 A
gives a singlet at 6 26.5 ppm (Figure S4), while ESI-MS (Agl—C12). Similarly, Ag coordinates to the phenyl ring in an
revealed an m/z peak at 1797.0503 (Figure 1b), which 1* fashion with bond distances of 2.717 A (Agl—C14) and

corresponds to [{((p-OMeC¢H,),Te),O(Ph(C;H;)- 3.18 A (Agl—C15). The C=C bond in the allyl groups shows
PO,)},{CI}]* formed by loss of chloride. This also shows bond distances of 1.337 A (C2—C3) and 1.343 A (C11-C12),
that the structure is quite stable in the solution state. which shows slight lengthening of the bonds when compared

Additionally, the phase purity of crystalline TAM was to free allyl in TAM. "H NMR showed two doublets at 5 4.8
confirmed by powder X-ray diffraction (PXRD), which is and 4.9 ppm and a multiplet at 5.5 ppm, corresponding to
identical to the simulated pattern from SCXRD data (Figure allylic hydrogens (Figure S15). This and the bond lengths

SS), and thermogravimetric analysis (TGA) showed that the show that the carbons coordinated to Ag stay in the sp”
structure is stable until 200 °C, after which there is a gradual hybridization. The angle between the allyl and phenyl groups is
loss of weight (Figure S6). 106.93° (C10—P1—C13) on one side, which is similar to

Having prepared the building block, we proceeded to TAM, while on the other side, it makes an angle of 101.88°
synthesize the hybrid material. TAM reacts with AgClO,.xH,O (C1-P2—C4), which is a slight decrease. Moreover, the
in benzene at room temperature in a N, atmosphere to adjacent chains in Ag-TAM are cross-linked via weak

produce Ag-TAM, where TAM molecules are knitted together interchain C12--017—ClI3 (CI12--017 = 3.005 A), C7--
by silver. Structural analysis showed that Ag-TAM crystallized HI10A-C10 (C7--H10A = 2726 A), Cl1-0O13-+-H8—-C8

in the triclinic space group P1 wherein the asymmetric unit (O13-H8 = 2.887 A) interaction and H-bonds to form a
consists of two half units of macrocycles coordinated to pseudo-3D arrangement (Figure 2¢). *'P{"H} NMR shows a
21673 https://doi.org/10.1021/acs.inorgchem.4c02578
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singlet at 6 28.7 ppm, a slight downfield shift to that of TAM
(Figure S17). The bulk purity of Ag-TAM was confirmed by
PXRD, which correlated well with the simulated pattern
(Figure S18). The thermal stability was investigated through
TGA, which showed Ag-TAM to be stable up to 200 °C,
similar to TAM (Figure S19). FESEM images collected after
grinding the crystals revealed that the morphologies of TAM
and Ag-TAM are quite similar (Figures S8 and S21). The
elemental mapping showed Ag to be distributed across Ag-
TAM as expected (Figures 2d and S$24). The ICP-OES analysis
showed the composition of Ag, Te, and P to be of 3.1, 22.7,
and 3.2%, respectively (Table S4). The insight about the
surface composition of the Ag-TAM material was investigated
by employing XPS analysis, as shown in Figure S25. The
survey spectrum (Figure S252) shows the presence of all of the
elements in the material. In Figure S25b, Ag 3d spectra were
deconvoluted into two peaks centered at 368.2 and 374.2 eV
attributed to 3d;,, and 3d;,, representing the Ag + 1 oxidation
state, and the peak at 366.9 eV is attributed to the Ag—C
bond.**” Additionally, bond valence sum calculation was
performed, which also confirmed that Ag exists in the +1
oxidation state.”® Ag-TAM proved to be sensitive to light due
to the presence of Ag, which resulted in a color change from
white to black in a span of 4-5 days with continuous exposure
(Figure S26). This is the first time a cluster-based hybrid
material has been produced by silver-7 or metal-7 interaction

which is diverse from the conventional strategies, as mentioned
in the Introduction. This could possibly improve the electron-
transfer ability as these interactions are known to improve
conductivity.”’

Electrochemical Reduction of Nitrate to Ammonia.
We sought to investigate the applicability of TAM and Ag-
TAM as electrocatalysts for the reduction of nitrate to
ammonia. ERNA was evaluated in an H-cell using 0.5 M
Na,SO, as an electrolyte with the catalyst deposited on carbon
paper (CP) as the working electrode, platinum (Pt) wire as the
counter electrode, and Ag/AgCl as the reference electrode.
Before the ERNA test, LSV was performed. The reactant and
reductive products, including nitrate, nitrite, and ammonia,
were quantified by colorimetric methods.

TAM and Ag-TAM showed an increase in current density
with the addition of NO;~, with Ag-TAM showing a much
more significant response (Figure 3a). For TAM, the
conversion of NO;~ to NH; gradually increased from —0.88
to —1.28 V vs RHE with the faradaic efficiency, which is
represented by a volcanic shape curve giving a maximum value
of 84.7% at —1.18 V vs RHE (Figure S30). Now, we compared
the activity of Ag-TAM to that of TAM and wanted to explore
if the interlinking improves the activity. Like TAM, Ag-TAM
shows an increase in conversion of NO;~ to NH; from —0.88
to —1.18 V vs RHE but slightly decreases at —1.28 V (Figure
3b), probably due to the competitive hydrogen evolution
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reaction (HER).16 Ag-TAM shows a 2-fold increase in the
NHj; yield rate compared to TAM, which is quite significant,
and it also records a very high faradaic efficiency of 94.6% at
—1.18 V vs RHE (Figure 3c). In both cases, NO,” was
detected (Figures S32 and S33). For Ag-TAM, a maximum
selectivity value of 79.2% was observed for NH; at —1.18 V,
which was significantly better than 60% shown by TAM
(Figure S34). As Ag-TAM showed better activity than TAM,
we conducted further experiments on Ag-TAM at an operation
voltage of —1.18 V vs RHE. After eight consecutive cycles, Ag-
TAM upheld NH; yield rate and faradaic efliciency fairly,
indicating that Ag-TAM

has excellent long-term catalytic stability (Figure 3d).
Meanwhile, we also tested the stability for a period of 100 h,
and there was no decrease in the current density (Figure S36).
The morphology of the Ag-TAM poststability test was
established by FESEM and the EDAX analysis, confirming
the presence of Ag-TAM on the carbon paper (Figures S37
and S38). To confirm that the NH; produced is from NO;~
being added, we performed a 'SNO;~ isotope labeling
experiment. The '"H NMR spectra revealed a triplet when
“NO,™ was used, corresponding to "*NH,", and when "NO,~
was used, a doublet was observed, characteristic of >NH,*
(Figure 3e). Ag-TAM showed comparable or better activity
than the previously reported ERNA catalysts. To understand
the activity of TAM and Ag-TAM, electrochemical impedance
spectra were measured. The Nyquist plot showed that Ag-
TAM has a smaller charge-transfer resistance (R, than that of
TAM, and values fitted by the equivalent circuit are 15.36 and
10.6 Q for TAM and Ag-TAM, respectively (Figure 3f). The
improvement in R, for Ag-TAM is mainly ascribed to the
macrocycle being interlinked via silver-z interaction as this
would improve the electron-transfer ability. In addition, we
assessed the electrochemical active surface areas (ECSAs) of
TAM and Ag-TAM by the electrochemical double-layer
capacitance method. Ag-TAM showed a specific capacitance
of 394.5 uF cm™2, while TAM showed 173.4 uF cm™?
demonstrating that Ag-TAM provides more active sites for
nitrate reduction (Figures S40 and S41).

DFT Study. To understand the mechanism of this
intriguing transformation, we have performed periodic DFT
calculations using the VASP suite’” (see ESI for computational
details). This is carried out with the aim to uncover the reasons
behind the remarkable efficacy exhibited by Ag-TAM in nitrate
reduction. The mechanism adapted for NO;~ to NH;,
conversion is shown in Figure S43 in Supporting Information.
The snapshot of the active site corresponding to each
intermediate along the transformation and the computed
potential energy surface are shown in Figure 4ab. The
comprehensive reaction involves successive deoxygenation
(Ag-TAM-NO; -»Ag-TAM-NO, —Ag-TAM-NO) and hydro-
genation (Ag-TAM-ONH —Ag-TAM-ONH, — NH,OH -
NH,) steps. The consistently descending energy profile
confirms that the reaction is an exergonic process (AG <0),
underscoring its thermodynamic favorability and ease of
occurrence. In the initial stage, a nucleophilic substitution
occurs, wherein NO;™ ions replace the ClO,™ ion coordinated.
This step is exothermic in nature (—0.36 eV), indicative of a
favorable substitution process. This strong coordination of
NO;™ in the place of ClO,™ is due to stronger donation, and
this is exemplified in the partial density of states (pDOS) plot
(Figure 4c,d). Particularly, the pDOS plot suggests that the
charge transfer from NO;™ to Ag occurs dominantly to the 4d,*

orbitals of the silver (Figure S4S). Furthermore, the pDOS
analysis of Ag-TAM-NO; indicates a potential interaction
between Te and NO;~. Upon comparison of the pDOS
analysis of Ag-TAM-NO; with that of TAM-NO;, it is clear
that the density corresponding to the Ag ions and the nitrate
anions is much closer (0.0008 eV) in energy, enabling
favorable overlap and stronger interaction (Figure S46). For
TAM, on the other hand, the density corresponding to Te is
further down in the valence band, enhancing the gap between
Te and the nitrate anion (0.1 eV). This leads to weaker
binding and lower efficiency, as seen experimentally. This
interaction provides an explanation for the experimental
observation of NO;~ conversion to NH; in TAM, albeit with
lower efficiency.

After the binding of NO;™ to Ag, there are two terminal
oxygen centers that could be subjected to attack by the
protons. To unveil the favorable active site, Bader charge
analysis was performed, which revealed that O' (highlighted by
a blue circle in Figure 4a) had a greater negative charge
compared to O* (—0.58 vs —0.52). The addition of two
protons and two electrons to O' is found to be favorable and
results in the exothermic conversion (—2.79 eV) of Ag-TAM-
ONO, to Ag-TAM-ONO. In the next step, two protons and
electrons are added to the bound Ag-TAM-ONO group, which
resulted in two types of intermediates, one with Ag-TAM-NO
binding mode and the other with Ag-TAM-ON binding mode,
with the former being more favorable energetically. Further,
another N—O bond is broken, and the step is exothermic by
—0.31 eV from the reactant. In the next step, Ag-TAM-NO
undergoes a hydrogenation process leading to the formation of
the Ag-TAM-ONH species, which is exothermic (—1.66 V).
Further hydrogenation leads to the formation of Ag-TAM-
ONH, (—1.84 eV). In the next step, hydrogenation is assumed
to lead to the expected formation of Ag-TAM-NH,OH on
both silver sites in the asymmetric unit. Quite interestingly, at
this step, in one of the Ag active sites, the water present was
found to donate a proton to the NH,OH group, converting it
to NHj;, and the OH™ thus produced from this donation was
found to bind to the next silver ion (see Figure 4a). The strong
binding of OH with Ag results in a weakening of its bond with
the NH,OH group. This indicates cooperative catalysis
occurring within the hybrid material, elucidating the necessity
for such extended materials to facilitate such eflicient
transformations. This step is exothermic (—1.98 eV) with
one NHj already produced and one NH,OH bound weakly to
Ag. Finally, further hydrogenation leads to the release of two
molecules of NH; and the regeneration of the catalyst, and this
step is also exothermic by —3.85 eV. To substantiate that the
efficiency of the NO;~ to NHj; conversion is indeed lower in
TAM, we conducted a similar mechanistic study. We found
that the rate-determining step, the conversion from NO,~ to
NO, is highly endothermic (+1.02 eV), as illustrated in Figure
4b (red profile), proving its lower efficiency than that of Ag-
TAM. Additionally, we evaluated the possibility of the
competing HER while investigating the nitrate reduction
reaction. Our findings indicate that HER is highly endothermic
in nature (Figures S47 and S48). Ag-TAM shows better or
comparable ERNA when equated with various literature
reports (Table S6). Moreover, when it is compared to silver-
based systems,” it shows better activity. The ammonia being
produced from nitrate reduction can be retrieved by standard
literature procedures.”"”*
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B CONCLUSIONS

In summary, we present a functionalized 12-membered
tellurium macrocycle, TAM, which acts as a molecular building
block. Using TAM, we synthesized a novel 1D crystalline
hybrid material, Ag-TAM, which is an interlinked macrocycle
built via silver-w interaction. This is an unconventional
approach to producing an interlinked cluster-based hybrid
material. To further demonstrate the applicability of these
systems, we investigated their ability to act as electrocatalysts
for the reduction of nitrate to ammonia. TAM and Ag-TAM
showed ERNA capability, which is the first time for
organotellurium-based compounds, with Ag-TAM showing
enhancement of its activity with a high FE of 94.6%. A
comprehensive theoretical study based on periodic DFT
calculations reveals novel mechanistic insights and suggests
the presence of possible cooperative catalysis between the
neighboring Ag sites. These findings elucidate the underlying
factors responsible for greater efficiency in the catalytic process
and show that interlinking and the presence of silver play roles
in improving its activity. This work provides a new approach to
explore the organometallic—inorganic hybrid material area.
There is plenty of scope for expanding these systems into 2D
and 3D arrays while also employing different metals to
interlink, which will be fascinating,
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