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The electrocatalytic nitrogen reduction to ammonia reaction (eNRR) can use clean energy and catalyst
materials to convert N, to NHz under relatively mild conditions, but how to design and synthesize
electrocatalysts has been the focus of eNRR research. Metal-organic frameworks (MOFs) are a class of
crystalline porous materials with a high specific surface area, high porosity and a designable structure,
and show great potential as new electrocatalysts. Designing and synthesizing MOFs with high stability
and high conductivity, and optimizing the adsorption energy of MOFs with nitrogen and intermediates
are the key to improve the electrocatalytic performance. Hence, five Co-MOFs with a similar structure
were designed to investigate the effect of small changes in the organic ligand structure on nitrogen
reduction performance. Among them, the Co-MOF based on the thiazole ligand shows the best eNRR
performance, with the highest NHs yield (51.30 pg h™* mgeac Y and Faraday efficiency (29.2%) at —0.4 V
vs. RHE. This study can provide theoretical guidance for the design and development of high-
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1. Introduction

Ammonia (NH3) is an indispensable chemical and one of the
most important raw materials in modern agriculture and
industry, and also has a large hydrogen capacity and high
energy density, making it an ideal energy carrier." The nitrogen
content of the air is almost 80%, which has been the best raw
material for industrial NH; synthesis.” Currently, the dominant
process for NH; synthesis by nitrogen reduction is the old
Haber-Bosch method, and the process requires high tempera-
ture and pressure conditions, consumes high energy and
involves high risk during the reaction process.” Therefore, it
is necessary to develop a practical method that can perform the
nitrogen reduction reaction for NH; synthesis at ambient
temperature and pressure. The electrocatalytic nitrogen
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performance eNRR electrocatalysts in the future.

reduction reaction (eNRR) offers potential for synthesis of
NH; at ambient temperature and pressure. However, the activa-
tion and dissociation of N=N and the competitive hydroge-
nolysis reaction (HER) are two major challenges for the eNRR.*

Metal-organic frameworks (MOFs) are a class of ordered
structures assembled by metal nodes (or cluster units) and
organic ligands via coordination bonds.>” They have the
advantages of unique porous structure, diversity and adjust-
ability of structure and composition, and have been widely used
in gas separation, energy storage, drug transportation, catalysis
and other fields.® The use of highly active primary MOFs as
catalysts is beneficial to improve the energy efficiency of the
relevant reaction processes.”'*> Considering the uniqueness
and diversity of MOF structures, the electrocatalytic activity of
the primary MOFs can be improved by engineering such as
adjusting the organic ligand and coordination structure and
optimizing the electronic structure or constructing defects.
Among them, the organic ligands of MOFs are important for
electron trapping,'® separation and transport due to their
induced and conjugated roles in organic structures. Heteroa-
toms (O, N, or S) with lone pair electrons are introduced into
conjugated rings, thereby changing the electron density, form-
ing an uneven electron density distribution and promoting the
separation and transfer of charge."*'> Chen et al.'® designed
and prepared a series of Zr-MOF photocatalysts using organic
ligands with different electron density distributions. The ligand
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Scheme 1 The synthesis scheme of five Co-MOFs.

containing more N has the highest charge density difference,
and has a significant effect on the optical properties of the
catalyst. Here, we provide an effective strategy of modulating
the microenvironment of the MOF catalysts by controlling the
type of ligand to enhance their intrinsic activity.

In this work, five linear pyridine ligands with different
functional blocks were designed, dpt, bptz, bpat, dpb and pds
(dpt = 2,5-di(pyridin-4-yl)-1,3,4-thiadiazole, bptz = 3,6-bis(4’-
pyridyl)-1,2,4,5-tetrazine, bpat = 3,5-bis(pyridine-4-yl)-4-amino-
1,2,4-triazole, dpb = 1,4-di(pyridin-4-yl)benzene, and pds = 4,
4-bipyridyl disulfide) and self-assembled with cobalt nitrate
(Co(NO3),-6H,0) as well as a co-ligand thiophene dicarboxylic
acid (H,tdc = thiophene-2,5-dicarboxylic acid) to obtain five
Co-MOFs, that are Co-dpt-H,tdc, Co-bptz-H,tdce, Co-bpat-H,tdc,
Co-dpb-H,tde, and Co-pds-Hytde (Scheme 1). The effect of
different organic ligands on the performance of catalysts for
the eNRR was explored. Among them, Co-dpt-H,tdc has the
best nitrogen reduction properties and the highest NH; yield
(51.30 pg h™' mg., ') and Faraday efficiency (29.2%) were
obtained at —0.4 V vs. RHE. This work provides an effective
strategy to improve electrochemical nitrogen reduction perfor-
mance by modulating organic ligands.

2. Experimental

2.1 Preparation of Co-dpt-H,tdc

0.02 g Co(NOj3),-6H,0, 0.005 g dpt and 0.004 g H,tdc were
dissolved in 2.5 mL N,N-dimethylformamide (DMF = N,
N-dimethylformamide). To the mixture, 3 mL deionized water
was slowly added and sonicated for 10 minutes. The mixed
solution is placed in a stainless steel reactor lined with PTFE,
after 2880 min at 85 °C, cooled naturally to room temperature.
Abundant red and prismatic crystals were obtained, the crystals
were filtered, washed twice with DMF, deionized water and
ethanol and dried, and the resulting crystal is Co-dpt-H,tdc.
The yield based on the dpt ligand was calculated to be 69%. The
synthesis conditions and crystal information of five Co-MOFs
are presented in Table S1 (ESIt).

2.2 Preparation of Co-bptz-H,tdc

Co-bptz-H,tdc was synthesized in a similar way to Co-dpt-H,tdc
except that dpt was replaced by bptz, and the ratio of DMF to
water is adjusted to 1 mL: 1 mL. The red and prismatic crystals
were obtained. The yield based on the bptz ligand was calcu-
lated to be 51%.

—"—

ultrasound 85°C 2880min
bpat 2090 H,0
e / NS ’ -
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2.3 Preparation of Co-bpat-H,tdc

0.04 g Co(NOj3),-6H,0, 0.01 g bpat and 0.008 g H,tdc were
dissolved in 1 mL N,N-dimethylacetamide (DMA = N,N-di-
methylacetamide), and to the mixture 1 mL deionized water
was slowly added and sonicated for 10 minutes. The subse-
quent steps are similar to those for Co-dpt-H,tde. Purplish-red
and prismatic crystals were obtained. The yield based on the
bpat ligand was calculated to be 66%.

2.4 Preparation of Co-dpb-H,tdc

0.02 g Co(NOj3),-6H,0, 0.005 g dpb and 0.01 g H,tdc were
dissolved in 1.5 mL DMF, and to the mixture 1 mL deionized
water was slowly added and sonicated for 10 minutes. The
subsequent steps are similar to those for Co-dpt-H,tdc. Pink
and needlelike crystals were obtained. The yield based on the
dpb ligand was calculated to be 46%.

2.5 Preparation of Co-pds-H,tdc

0.02 g Co(NO3),-6H,0, 0.01 g pds and 0.008 g H,tdc were
dissolved in 2 mL DMF, and 1 mL deionized water was slowly
added and sonicated for 10 minutes. The subsequent steps are
similar to those for Co-dpt-H,tdc. Pink and block crystals were
obtained. The yield based on the pds ligand was calculated to
be 63%.

3. Results and discussion
3.1 Characterization

3.1.1 Single crystal diffraction structure analysis of Co-dpt-
H,tde, Co-bpat-H,tde, Co-dpb-H,tde and Co-pds-H,tde. The
crystal data and structures of Co-dpt-H,tdc (2269368) and
Co-pds-Hytde (2269367) have been reported in our previous
literature.’” The structural formula of Co-dpt-Hytde is
{Co,(dpt),(tdc),}n, which belongs to the monoclinic crystal
system of the P2,/c space group. In the least asymmetric unit,
there are two Co(n) ions, two tdc®>~ anions and two dpt ligands
(Fig. 1a). Col and Co2 were connected by two N atoms from dpt
in the axial position, and four O atoms from tdc>~ ligands in
the plane position. Col and Co2 were linked by two carboxyl
groups to form a binuclear cluster unit, which was connected
by dpt and tdc®>” ligands to generate a three-dimensional
structure (Fig. 1b). The binuclear cluster units can be regarded
as 4-connected nodes, and dpt and tdc®~ ligands can be
regarded as linkers. A topology analysis reveals that the
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Fig. 1 (a) Coordination environment of Co(i) ions of Co-dpt-Hytdc, symmetry code: #1 =1+ x,y,z; #2=x,1/2 -y, -1/2 +z; #3= -1+ x,y, z, #4 = x,
3/2 —y, —1/2 + z; (b) three-dimensional structure diagram of Co-dpt-Hatdc; and (c) 2-fold interpenetrating pcu topology of Co-dpt-H,tdc.

structure can be represented as a pcu topology, with the Schléfli  and structure refinement details. Table S3 (ESIT) shows selected
symbol {4'%.6°} (Fig. 1c). The potential voids are large enough bond lengths and angles.

to be filled via mutual interpenetration of an independent The structural formula of Co-bpat-H,tdc is {[Co(bpat)(tdc)(H,O)-
equivalent framework, generating a 2-fold interpenetrating DMAJ}, which belongs to the hexagonal crystal system of the P6,
architecture. Table S2 (ESIT) shows the crystallographic data space group. In the least asymmetric unit, there are one Co(u) ion,

(b),
=

(@)

Fig. 2 (a) Coordination environment of Co(i) ions of Co-bpat-Hytdc, symmetry code: #1 = x, —1 + y, z; (b) three-dimensional structure diagram of
Co-bpat-Hs,tdc; and (c) quartz-dual topology of Co-bpat-Hytdc. (d) 2-fold interpenetrating quartz-dual net of Co-bpat-H,tdc.
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one tde>~ anion, one bpat ligand, one coordinated H,O and one
lattice DMA (Fig. 2a). Col was connected by two N atoms from bpat
in the axial position, three O atoms from tdc*>~ ligands and one
O atom from water molecule in the plane position. Relying on
the coordinate interaction between nitrogen and Co ions, the
bpat molecule bridges Co centers into a 6, helix (Fig. S1a, ESIT).
The resulting 6, helices with the same handedness are further
linked up by the tde>~ ligands to form a chiral 3D framework
(Fig. 2b). Attributed to the H-bond interaction between the
coordinated H,O and the amino group of bpat as well as the
lattice DMA, the DMA molecules form a secondary helical chain
inside the molecular helix (Fig. S1b, ESIt). Col can be regarded
as 4-connected nodes, and bpat and tdc®” ligands can be
regarded as linkers. A topology analysis reveals that the struc-
ture can be represented as a quartz-dual topology, with the
Schlifli symbol {4'%.6”} (Fig. 1c), which is an intrinsically chiral
net."®'® The potential voids are large enough to be filled via
mutual interpenetration of an independent equivalent frame-
work, generating a 2-fold interpenetrating architecture.

The structural formula of Co-dpb-H,tdc is {Co,(dpb),
(tdc),},, which belongs to the monoclinic crystal system of
the P2,/c space group. Its structure is isomorphic to that of
Co-dpt-H,tdc. In the least asymmetric unit, there are two Co(i)
ions, two tdc®>™ anions and two dpb ligands (Fig. 3a). Col was
five-coordinated and connected by two N atoms from dpb in the
axial position, and three O atoms from tdc>~ ligands in the
plane position. Co2 was six-coordinated by two N atoms from
dpb in the axial position, and four O atoms from tdc®~ ligands
in the plane position. Co1l and Co2 were linked by two carboxyl
groups to form a binuclear cluster unit, which was connected
by dpb and tdc*  ligands to generate a three-dimensional
structure. The binuclear cluster unit can be regarded as 4-con-
nected nodes, and the dpb and tdc?>~ ligands can be regarded
as linkers. A topology analysis reveals that the structure can be
represented as a peu topology, with the Schlifli symbol {4'*.6°}
(Fig. 3b). The potential voids are large enough to be filled via
mutual interpenetration of an independent equivalent frame-
work, generating a 2-fold interpenetrating architecture (Fig. 3c).

The structural formula of Co-pds-Hytde is {Coy(pds),
(tdc),(H,0)},, which belongs to the orthorhombic crystal
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system of the C222, space group. The least asymmetric unit
contains two Co(i1) ions, two pds ligands, two tdc*>~ ligands, and
one coordinated water molecule (Fig. 4a). Col and Co2 were
linked by two carboxyl groups and one water molecule to form a
binuclear cluster unit, which was connected by pds and tdc®~
ligands to generate a two-dimensional structure (Fig. 4b).

3.1.2 PXRD spectra and SEM of Co-dpt-H,tdc, Co-bptz-
H,tde, Co-bpat-H,tde, Co-dpb-H,tde, and Co-pds-H,tde. The
standard powder X-ray diffraction (PXRD) spectra of Co-dpt-
H,tdc, Co-bpat-H,tdce, Co-dpb-H,tdc, and Co-pds-H,tde simu-
lated from single crystal diffraction data matched well with the
XRD spectra of the synthesized samples (Fig. 5 and Fig. S2a-c,
ESIt), which confirmed the successful synthesis and high purity
of the sample. The single crystal quality of Co-bptz-H,tdc is not
high, so its single crystal data were not analyzed. According to its
cell data and powder diffraction pattern (Fig. S2d, ESIY), it is
isomorphic to Co-dpt-H,tdc. The above results confirmed that
Co-dpt-H,tde, Co-bptz-H,tde, Co-bpat-H,tde, Co-dpb-H,tde, and
Co-pds-H,tdc were successfully synthesized. Scanning electron
microscopy (SEM) was then used to characterize the morphology
of Co-dpt-H,tdc. As can be seen in Fig. 6a, Co-dpt-H,tdc has a
regular and uniform bulk shape. As shown in Fig. 6b, the
elemental distribution map shows that the elements Co, C, N,
O, and S are uniformly dispersed in Co-dpt-H,tdc.

3.1.3 XPS spectra and SEM of Co-dpt-H,tdc, Co-bptz-H,tdc,
Co-bpat-H,tde, Co-dpb-H,tde, and Co-pds-H,tde. Fig. 7a and
Fig. S3a-S6a (ESIt) show the full XPS spectra of Co-dpt-H,tdc,
Co-bptz-H,tde, Co-bpat-H,tde, Co-dpb-H,tde, and Co-pds-
H,tde. In addition to the H,tdc co-ligand containing one S
element, the dpt and pds ligands also contain one S element,
therefore, the S content in Co-dpt-H,tdc and Co-pds-H,tdc is
much higher than those in the other three Co-MOFs.* Besides,
the highest N content appeared in Co-bpat-H,tdc. These results
are consistent with the proportion of heteroatoms in organic
ligands. In the Co 2p XPS spectrum of Co-dpt-H,tdc (Fig. 7b),
the peaks located at 781.06 and 796.79 eV can be attributed to
Co>" 2p'? and 2p*?, while the peaks located at 785.38 and
802.27 eV can be attributed to satellite peaks. In the C 1s XPS
spectrum (Fig. 7c), the peaks located at 284.2, 285.0, 285.9, and
287.9 eV can be attributed to C-C, C-O, C-N/C-S, and O—C-O.

Fig. 3 (a) Coordination environment of Co(i) ions of Co-dpb-Hytdc, symmetry code: #1 = -1 + x, y, z; #2 = x, 3/2 — y, —=1/2 + z; (b) pcu topology of

Co-dpb-Hstdc; and (c) 2-fold interpenetrating pcu net of Co-dpb-Hstdc.
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Fig. 4 (a) Coordination environment of Co(i) ions in Co-pds-Htdc, symmetry code: #1=1/2 + x,1/2 +y, z; #2 = —=1/2 + x, 1/2 + y, z; #3=5/2 — x, 1/2 +

v, 3/2 — z; (b) two-dimensional structure diagram of Co-pds-Hstdc.
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Fig. 5 PXRD pattern of synthesized Co-dpt-H,tdc and standard spectra
simulated using single crystal data.

In the N 1s XPS spectrum (Fig. 7d), the peaks located at 399.4,
399.9 and 401.4 eV can be attributed to Co-N, C-N and
N-N.?"?? In the O 1s spectrum of the sample (Fig. 7e), the
peaks observed at 530.98 and 532.08 eV can be attributed to Co-
0 and O=C-O, respectively.>** In the S 2p XPS spectrum
(Fig. 7f), two peaks located at 163.86 and 164.84 eV can be
attributed to C-S-C, the peak at 165.80 eV can be attributed to

C=S, and there were more C—=S bonds in Co-dpt-H,tdc com-
pared to those in the other S 2p spectra. The new peaks at
401.4 eV in the N 1s XPS spectrum for Co-bpat-H,tdc (Fig. S4c,
ESIT) compared to that in Co-dpt-H,tdc are attributed to the
amino group. In addition, since the dpb and pds ligands of
Co-dpb-H,tde and Co-pds-H,tde do not contain N-N, there
were no N-N peaks in the N 1s XPS spectra (Fig. S5¢ and Séc,
ESIT). In addition, since there is S-S in the pds ligand in
Co-pds-H,tdc (Fig. Séf, ESIT), in the S 2p XPS spectrum there
is a S-S peak at 163.87 eV, instead of C=S in Co-dpt-H,tdc. The
bonding information from the XPS spectra is consistent
with that obtained from single crystal diffraction data
(Fig. $3-86, ESIY).

3.2 Electrochemical NRR performance

To evaluate the ambient eNRR performance, catalysts were
coated on a carbon cloth (CC) (2 ecm x 1 c¢cm) and tested in
0.1 M Na,SO, solution under ambient conditions using a
H-type electrolytic cell (Nafion 115 membrane for isolation).
The carbon cloth supported by the catalyst is fixed in the
cathode chamber through the platinum plate electrode clamp.
The generated NH; was quantified by the indophenol blue
method and Nessler’s reagent spectrophotometry, and the
content of the by-product hydrazine hydrate (N,H,) was also

Fig. 6 (a) SEM and (b) EDS of Co-dpt-Hstdc.
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Fig. 7 (a) XPS full spectra of Co-dpt-Hstdc; (b) Co 2p; (c) C 1s; (d) N 1s; (e) O 1s; and (f) S 2p.

tested using the Watt-Chrisp method to exclude interference
from by-products. Fig. S7-S9 (ESIt) show the standard curves
for the determination of NH; and N,H,.

The linear sweep voltammetry (LSV) curves of five Co-MOFs
in Ar and N, saturated 0.1 M Na,SO, electrolytes (Fig. 8a and
Fig. S10a-S13a, ESIt) were obtained to evaluate the eNRR
activity. For these Co-MOFs, the current densities in N, were
higher than that in Ar at different potentials from —0.2 V to
—0.7 V, the difference in current density is due to the con-
sumption of electrons during the eNRR process, indicating that
all five Co-MOFs show eNRR activity. In addition, the eNRR
performance of five Co-MOFs was evaluated by means of the i-¢
method at different voltages, the i~t curve of Co-dpt-H,tdc
(Fig. 8b) shows that the current density remains stable from
—0.2 V to —0.6 V, the NH; yield was calculated using the
indophenol blue method and the UV-visible spectra at the

corresponding voltage are shown in Fig. 8c. As shown in
Fig. 8d, the NH; yield as well as Faraday efficiency (FE) of Co-
dpt-H,tde showed a volcano-like trend, with the best NH; yield
(51.30 pg h™* mg., ') and FE (29.2%) at —0.4 V. The it tests
were performed on Co-bptz-H,tdc at different potentials from
—0.3 V to —0.7 V (Fig. S10b, ESIt), and the highest NH; yield
(40.98 ug h™" mg.,. ') and FE (67.4%) were obtained at —0.3 V
(Fig. S10c and d, ESIY); the i-t test was performed at different
potentials from —0.3 V to —0.7 V for Co-bpat-H,tdc (Fig. S11b,
ESIt), and the highest NHj yield (35.93 pg h™" mg., ') and FE
(17.4%) were obtained at —0.5 V (Fig. S11c and d, ESIY); the i-¢
test was performed at different potentials from —0.3 Vto —0.7 V
for Co-dpb-H,tdc (Fig. S12b, ESIt), and the highest NHj3
yield (22.86 pg h™' mg., ') and FE (25.9%) were achieved at
—0.3 V (Fig. S12c and d, ESIt); the i-¢ test was performed at
different potentials from —0.2 V to —0.6 V for Co-pds-H,tdc

3208 | Mater. Chem. Front., 2024, 8, 3203-3213 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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(a) Polarization curves of Co-dpt-Ha,tdc in N, and Ar-saturated 0.1 M Na,SO4 electrolyte; (b) time-dependent current densities curves of Co-dpt-

H,tdc at different potentials from —0.2 V to —0.6 V; (c) UV-vis spectra were estimated with the indophenol blue method at five given voltages for Co-dpt-
H,tdc; and (d) NH3 yield and FE of Co-dpt-Hs,tdc at different potentials from —0.2 V to —0.6 V.

(Fig. S13b, ESIY), and the highest NH; yield (19.75 pg h™' mge, ")
and FE (12.2%) were achieved at —0.3 V (Fig. S13c and d,
ESIt). By comparing the NH; yields of the five Co-MOFs, the
yields follow the following order: Co-dpt-H,tde > Co-bptz-
H,tde > Co-bpat-Hytde > Co-dpb-Hytde > Co-pds-H,tde
(Fig. S14, ESIY).

In order to elucidate the better eNRR activity of Co-dpt-H,tdc
compared to the other four catalysts, electrochemically active
surface area (ECSA) tests were carried out to analyze the effect
of active sites on the eNRR.>**° Firstly, in the non-Faraday
interval, the CV curves were measured at different scan rates for
the five catalysts to obtain their double layer capacitance (Cq))
(Fig. S15, ESIt), the Cq; values of the five catalysts, Co-dpt-
Hytde, Co-bptz-H,tde, Co-bpat-Hytde, Co-dpb-H,tde and
Co-pds-Htde, were 3.2193 mF cm 2, 1.41075 mF cm 2
1.04568 mF cm 2, 0.814 mF cm %, and 0.45343 mF cm 2,
respectively. The ECSA values for each catalyst were then
determined according to the relationship ECSA = Cg/Cs.>®
Co-dpt-H,tde has the largest electrochemical surface area, as
shown in Fig. S15¢g (ESIt), the ECSA value of Co-dpt-H,tdc was
almost 7 times higher than that of Co-pds-H,tdc, and the
results suggest that Co-dpt-H,tdc may provide more active sites
for the eNRR reaction. Secondly, the charge transfer capacity of
the five catalysts was also measured by electrochemical impe-
dance spectroscopy (EIS) and Fig. S16 (ESIt) shows the EIS
of the five catalysts. As shown in the Nyquist diagram,
Co-dpt-Hytde has the lowest charge transfer resistance (R.)

among the five catalysts, suggesting that Co-dpt-H,tdc has
the strongest electron-hole pair separation and charge transfer
capacity. For Co-pds-H,tdc, the non-conjugation pds ligand
caused a poor conductivity compared to the other four cata-
lysts. The introduction of heteroatoms N and S with lone pairs
of electrons into conjugated ligands can modulate the charge
transfer capacity of the organic ligand. Both the ECSA and EIS
results are consistent with the eNRR results, which indicates
that regulating the microenvironments of the catalysts by
changing the ligand type and increasing the intrinsic activity
of Co-MOFs is an effective strategy.

In order to exclude possible interference by pollutants, a
series of controlled experiments were carried out (Fig. 9a).
eNRR experiments on Co-dpt-H,tdc were carried out at the
open-circuit potentials with nitrogen as the feed gas, and the
intensity of the UV-visible absorption peaks was comparable to
that of the blank electrolyte, indicating that no NH; was
produced at open-circuit potentials. Similar results were
obtained when the bare carbon cloth was tested at —0.4 V with
N, as a feed gas. In addition, when we change N, into Ar as a
feed gas, the UV-visible absorption peak intensity is slightly
higher than that of the blank electrolyte, but the intensity is
much lower than that of Co-dpt-H,tdc at —0.4 V with nitrogen
as the feed gas, so the NH; yield under Ar conditions is
negligible. The above results suggest that the observed NH; is
mainly produced through the eNRR. The complex reaction
pathway of the eNRR raises concerns about the possible
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Fig. 9 (a) UV-visible absorption spectra of the electrolytes after electrolysis at —0.4 V for 2 h with Ar-saturated electrolyte (Ar), without Co-dpt-H,tdc
catalyst (CC), or at an open circuit (open circuit); (b) UV-vis absorption spectra of the electrolyte after N, electroreduction over Co-dpt-H.tdc at a series
of potentials from —0.2 V to —0.6 V for 2 h via the Watt and Chrisp method; (c) alternating cycle experiment in which Co-dpt-Htdc is sequentially
electrolyzed for 2 h in N, and Ar saturated electrolytes at —0.4 V potential; and (d) current density—time curve of Co-dpt-H,tdc electrolyzed in a N,

saturated electrolyte for 8 h at —0.4 V.

formation of the byproduct N,H,, the electrolyte was tested at
different voltages of Co-dpt-H,tdc and no absorbance was
detected at 455 nm (Fig. 9b), indicating that byproduct N,H,
production during the eNRR is excluded, and it can be inferred
that Co-dpt-H,tdc exhibits excellent selectivity for the eNRR.
A long-term cycling test was further performed to investigate
the stability property of the Co-dpt-H,tdc electrocatalyst. The
alternating cycling test of the electrocatalytic eNRR was per-
formed at —0.4 V using N, and Ar saturated 0.1 M Na,SO,
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(Fig. 9c). The NH; yield rate and Faradaic efficiency of the Co-
dpt-H,tdc catalyst can be maintained in each cycle in a N,-
saturated electrolyte, while very low activity is observed in an
Ar-saturated electrolyte, which indicates that NH; production
was generated via N, electrochemical reduction.>” More impor-
tantly, Co-dpt-H,tdc exhibited great robustness and durability
for a continuous 8 h long electrochemical NRR, with almost no
decease of the NHj; yield rate and FE (Fig. 9d). In addition, the
structural integrity of Co-dpt-H,tdc electrocatalysts after 2 h of
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Fig. 10 (a) Comparison of the NHsz yield for NH3 of Co-dpt-H,tdc at —0.4V measured by Nessler's reagent spectrophotometry and indophenol blue
spectrophotometry; (b) comparison of eNRR performances with those of some reported electrocatalysts.
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Fig. 11 NH3 yield rate of five Co-MOF-based electrocatalysts based on
similar ligands at their respective maximum potential.

eNRR testing was verified using PXRD patterns (Fig. S17, ESIt),
which showed that the XRD pattern of Co-dpt-H,tdc did not
change after eNRR testing compared to the XRD spectra simu-
lated from the single crystal data as well as the XRD pattern of
Co-dpt-H,tdc prior to eNRR testing.

We tested the ammonia yield rate of Co-dpt-H,tdc at —0.4 V
by Nessler’s reagent spectrophotometry, and the NH; yield rate
at —0.4 V determined by Nessler’s reagent spectrophotometry
approximates the results detected by the indophenol blue
method (Fig. 10a). These results confirm the accuracy of our
method for detecting ammonia yield. Furthermore, it is note-
worthy that Co-dpt-H,tdc exhibits very superior performance
compared to other eNRR electrocatalysts (Fig. 10b and Table S4,
ESIT).28733

According to the above eNRR test results, the five Co-MOFs
have different eNRR properties (Fig. 11), which confirmed that
tuning the organic ligands can optimize the nitrogen reduction
to ammonia performance of Co-MOFs.

To verify the above results, we synthesized five Ni-MOFs
using the same ligand and the same method, namely, Ni-dpt-
H,tde, Ni-bptz-H,tdc, Ni-bpat-H,tdc, Ni-dpb-H,tdc, and Ni-pds-
H,tdc, and the standard powder diffraction spectra simulated
from the single-crystal diffraction data matched well with the
XRD spectra of the five Ni-MOFs (Fig. S18, ESI{), which con-
firmed the successful synthesis of the samples. The results of
eNRR tests show that the sequence of the five Ni-MOFs is
consistent with that of the Co-MOFs (Fig. S19, ESIt). The results
show that it is an effective strategy to improve the performance
of electrocatalytic NRR by regulating organic ligands. The
nitrogen fixation properties of the five synthesized Co-MOFs
are better than those of Ni-MOFs. The results may be attributed
to: Co®" and Ni** with the same coordination configuration, the
configurations of Co®" and Ni*" electrons in the orbitals are
different, and the electronegativity of Co®" is slightly lower than
that of Ni**. Fewer valence electrons in the d orbital and smaller
electronegativity may be more likely to catalyze nitrogen
reduction to ammonia synthesis.**>°

Five Co-MOFs with a similar composition and structure have
different eNRR properties, mainly due to the following reasons:
(1) Co-pds-H,tdc based on the pds ligand (Fig. S20, ESIt) has a
poor electrical conductivity due to the non-conjugation of the
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pds ligand, therefore, Co-pds-H,tdc has the worst nitrogen
reduction performance of ammonia synthesis among the five
Co-MOFs, which can be verified by the impedance results. (2)
The other four ligands are all conjugated ligands, so the
nitrogen reduction performance of the four Co-MOFs is better,
in which the dpb ligand has a uniform distribution of electrons
on the benzene ring, while bpat, bptz and dpt have a higher
electron density on the heterocyclic ring. (3) When different
heteroatoms are introduced into the organic ligand, the elec-
tronegativity difference between the elements regulates the
charge density difference of the organic ligand,"'®*” which can
enhance the internal electric field and ultimately improve the
performance of nitrogen reduction to synthesise ammonia. (4)
In addition, the introduction of nitrogen and sulfur atoms in
the bpat, bptz and dpt ligands can improve the electrical
conductivity and regulate the adsorption capacity of the active
sites. Heterogeneous atom doping is a feasible choice to
increase the number of active sites, optimize the kinetic
process, and regulate the electronic structure and adsorption
free energy of the electrocatalyst, which was also confirmed by
the results of the active specific surface area.*®*?*° (5) As an
important nonmetallic element in nitrogen enzymes, sulfur
plays a crucial role in the biological reduction of N,.*>*" Many
studies have shown that the introduction of sulfur atoms into a
catalyst can promote the adsorption of N,, and may change the
charge distribution of metals and promote the hydrogenation
of N, to NH3.*>** (6) By designing organic ligands with a
similar structure and different functional blocks and construct-
ing Co-MOFs with different pore environments, the pore struc-
ture can be adjusted to improve nitrogen adsorption and
activation and ammonia desorption and increase ammonia
yield. It can also balance the affinity and hydrophobicity of
nitrogen, inhibit the hydrogen evolution reaction, and improve
the Faraday efficiency.** ™

4. Conclusion

To summarize, five Co-MOFs with a similar structure for
achieving enhanced nitrogen reduction reaction were devel-
oped. Owing to the enhanced electron transfer and increased
electrochemical surface area, the Co-dpt-H,tdc electrocatalyst
exhibits the desirable catalytic activity for NH; production with
a yield rate of 51.30 ug h™" mg.,. ' and a Faraday efficiency of
29.2%, which is significantly higher than those of other four
Co-MOFs. This work provides insights into the field of optimiz-
ing ligands to improve the performance of nitrogen reduction
electrocatalysts.
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