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ABSTRACT: A combined technique of production and storage of
ammonia (NH,) from electroreduction of nitrate (NO; ™) through
one material is highly desirable but remains a huge challenge.
Herein, we proposed a proof-of-concept strategy for combined
NH; production and storage from electroreduction of NO;~
through elaborately designing a single-site Cu"-bipyridine-based
thorium metal—organic framework (Cu@Th-BPYDC). Notice-
ably, the single Cu" site, anchored by a solid—liquid postsynthetic
metalation within Th-BPYDC, shows a novel square coordination
structure, as determined by the single-crystal X-ray diffraction. This
strongly implies its enormous potential as an open metal site and
consequently enables excellent performance in electroreduction of
NO;™ for NH; production, giving 92.5% Faradaic efficiency and
225.3 ymol h™" cm™? yield. Impressively, we can further use Cu@Th-BPYDC material to effectively capture the previously produced
NH, from electroreduction of NO;~, affording an uptake up to 20.55 mmol g~ at 298 K at 1 bar. The results in this work will
outline a new direction toward the combined technique for advanced electrocatalysis such as gas production plus storage/or
separation.
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mmonia (NH;) is essential for nitrogen fertilizer possess high stability owing to the strong corrosivity of NH;."*
production and is also regarded as a future green energy Second, the special functional groups, especially acidic sites,
carrier because of its high energy density and zero emissions of are generally necessary to strongly interact with basic NH; and
carbon dioxide."” Aqueous-based electroreduction of nitrate achieve high total uptake and strong affinity.">~"” However, at
anion (NO;”) to produce NH; is a promising technology present, NH; production and storage were performed
instead of the traditional energy-intensive Haber—Bosch separately using different materials. From the perspective of
method owing to the benign conditions. Moreover, the green and sustainable development and the need of future
dissociation energy of the N=O bond (204 kJ mol™") in advanced materials, developing a combined technique for
NO;" is lower with respect to the N=N bond (941 kJ mol™") production and storage of NH; from electroreduction of NO;~
in N,, which enables faster reaction kinetics.” > On the other through one material is highly desirable but remains a huge
hand, NO;™ is abundant in natural environments, especially in challenge.
effluents, which is harmful to human health and needs to be Thanks to the recent reports for electrocatalytic reduction of
treated.””” Thus, using NO;~ as raw material to produce NH, NO,~,"»*%1%722 \e found that Cu-based materials were more
by aqueous electroreduction has the potential to simulta- suitable electrocatalysts instead of other metal-based catalysts
neously address energy and environmental issues. owing to their efficient inhibiting ability for competitive
hydrogen evolution reaction (HER).”’ However, the efficiency
B RESULTS AND DISCUSSION of NO;~ electroreduction to NH; still needs to be further

) ) ) improved. Recently, single-site solid catalysts have obtained a
With further use of NH;, some convenient ways to store it

must be developed. In industry, high pressure is often used to
compress gas NH; to liquid NH; in storage tanks for
maximized storage density and convenient transportation.
However, this is a high energy consumption manner. Thus, in
recent years, different porous materials have been developed to
store NH; due to its low energy consumption and convenient-
10-13
to-operate manner. In general, the adsorbent first must
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Scheme 1. Single-Crystal-to-Single-Crystal Transformation and the Advantages of Th-BPYDC (a) and Cu@Th-BPYDC (b)
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great deal of attention owing to the maximum atom
utilization.”*™>® More importantly, the unsaturated coordina-
tion environments of single-metal sites have been proved to
significantly enhance catalytic activity of different reac-
tions.”” >’ Metal—organic frameworks (MOFs), as emerging
coordination polymers with well-defined structure, uniform
channel structures, and high surface area, are promising
supports to fabricate single-site catalysts.”"~>’ The single-
metal sites can be deliberately anchored on well-defined
positions of MOFs by postsynthetic modification, making
them have uniform distribution throughout the MOFs’
support. Also, the high density of single-metal sites can be
obtained through choosing suitable ligands for active metal
anchoring, which is hard to achieve on traditional supports.
Thereby, it is reasonable to deduce that deliberately designing
MOE-supported open single-site Cu-based solid catalysts can
effectively enhance NO;™ reduction performance but have not
been explored.

On the other hand, the open single-site Cu can serve as a
Lewis acid site to strongly interact with NH; molecules, thus
enabling the high NH; uptake capacity. However, in the case
of NH; storage, because of the high toxicity and corrosivity of
NH;, MOFs seem to be inappropriate owing to the poor
stability in many MOFs. Excitingly, as recently reported by our
group,”* high-valence Th-based MOFs possess the advantages
of ultrahigh stability similar to Zr-based MOFs.” More
importantly, Th-based MOFs tend to have higher crystal-
lization and a well-defined structure compared to Zr-based
MOFs because of their inferior hydrolytic nature,*® which is
good for the theoretical prediction and clarification of relevant
mechanisms, allowing for the deliberate regulation and
optimization of Th-based MOF single-site materials to achieve
a combined technique of production and storage of NH; from
electroreduction of NO;~ through one material.

Herein, a solid—liquid postsynthetic modification of
crystalline Th-BPYDC was performed to synthesize the robust
Th-MOF-supported single-site Cu material (Cu@Th-BPYDC)
for NO;™ electroreduction to produce and store NHj.
Excitingly, the Cu site presents a novel square coordination
structure determined by single-crystal X-ray diffraction,
indicative of unsaturated coordination. As expected, the
Cu@Th-BPYDC presents an excellent performance for NO;~
electroreduction to produce NH; with high yield (225.3 gmol
h™ em™) and Faradaic efficiency (94.5%). “N isotope
labeling experiments prove that NH; originates from NO;~
reduction. Furthermore, as demonstrated by DFT theoretical
calculations and NH;-TPD, the open single-site Cu serving as a
Lewis acid site strongly interacts with NHj, thus leading to the

1067

high uptake capacity of 20.55 mmol g~' at 1 bar at 298 K and
0.335 g/g from the electrolyte after the stability test.
Initially, a Th-MOF single crystal (Th-BPYDC) was
synthesized by the solvothermal reaction of Th(NO;), and
2,2"-bipyridine-5,5’-dicarboxylic acid (BPYDC) in the pres-
ence of nitric acid and DMF. Then, as shown in Scheme 1,
postsynthetic metalation was performed via a second
solvothermal reaction between Th-BPYDC and CuCl, to
obtain the Th-MOF-supported single-site Cu material (Cu@
Th-BPYDC) crystal.”” Th-BPYDC exhibits a rigid skeleton and
chelating coordination sites, making postsynthetic modification
easy to perform (Scheme 1a). The resulting Cu@Th-BPYDC
possesses the open single-site Cu, which not only serves as an
active site to promote electroreduction NO;~ to NHj; but also
provides Lewis acid sites to adsorb NH; (Scheme 1b). X-ray
single-crystal analysis of Th-BPYDC demonstrates that the
framework is isostructural to UiO-67 with the cubic space
group Fm3m (Figure la). Noticeably, the single-crystal-to-

Th-BPYDC

Cu@Th-BPYDC

Figure 1. Crystal structures of Th-BPYDC (a) and Cu@Th-BPYDC
(b).

single-crystal transformation is achieved from Th-BPYDC to
Cu@Th-BPYDC, which is hard to achieve generally because
the crystallinity of support usually decreases obviously after
metalation.”® As shown in Figure 1b, Cu@Th-BPYDC is also
isostructural to UiO-67, indicating no change in the space
group upon metalation. Noticeably, the single-site Cu presents
planar four-coordination geometry coordinated with two
nitrogen atoms of bipyridine in BPYDC plus two chlorine
atoms, confirming the formation of the open single-site Cu.
Moreover, the single-site Cu is uniformly distributed on the
Th-BPYDC support.

XRD measurements were carried out to disclose the purity
of Th-BPYDC and Cu@Th-BPYDC. As shown in Figure 2a,
the diffraction patterns of them are very similar and match well
with the simulated patterns, proving their high purity and
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Figure 2. XRD patterns of Th-BPYDC and Cu@Th-BPYDC (a), the optical microscope images of Th-BPYDC (b) and Cu@Th-BPYDC (c), the
N, adsorption at 77 K with the inset for the distribution of pore size in Th-BPYDC (d) and Cu@Th-BPYDC (e), and thermogravimetric analysis

(TGA) curves (f).

crystallinity.” The obvious color change before and after
metalation was observed by optical microscope images (Figure
2b,c). After metalating with Cu?, the colorless octahedral
crystal in Th-BPYDC is transformed to green, further
indicative of the successful incorporation of Cu** within the
framework of Th-BPYDC. The SEM image of Cu@Th-
BPYDC further reveals the octahedral morphology (Figure
S1), well consistent with the morphology revealed by the
optical microscope image (Figure 2c). Low-temperature N,
adsorption—desorption measurements were performed at 77 K
to know the Brunauer—Emmett—Teller (BET) surface areas
and pore size distribution. As shown in Figure 2d, the BET
surface area of Th-BPYDC is estimated to be 1140 mz/g,
which significantly decreases to 119 m*/g in Cu@Th-BPYDC
(Figure 2e). Density functional theory (DFT) pore size
distribution of Th-BPYDC appears at about 1 nm, while in
Cu@Th-BPYDC, it decreases to 0.7 nm (inset in Figure 2d,e).
The significant change of the BET surface area and pore size
distribution further reveals the incorporation of Cu®*.
Thermogravimetric analysis (TGA) curves of Th-BPYDC
and Cu@Th-BPYDC tested under the air flow were compared
(Figure 2f). They remain stable even up to about 300 °C,
exhibiting high thermal stability. The weight loss in Th-
BPYDC is 66.4 wt %, which decreases to 59.5 wt % owing to
the incorporation of Cu species. The Cu loading is calculated
to be about 7.1 wt %, well consistent with the result
determined by ICP-AES measurement (7.2 wt %), indicating
the high density of the single-site Cu. Furthermore, the N
content in Cu@Th-BPYDC is determined by elemental
microanalysis to be about 6.32 wt %. The molar ratio of N/
Cu is calculated to be about 4.0. Thus, the occupancy of
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bipyridine sites by Cu is 50%. On the basis of the above
characterization results, we conclude that Cu@Th-BPYDC
with the open single-site Cu and well-defined crystalline
structure was successfully synthesized, in which the Cu sites
are very uniform and present high density.

The performance for electrocatalytic nitrate reduction to
ammonia was investigated in the 1 M KOH + 100 mM KNO;
(pH = 14) electrolyte. Colorimetric methods were used to
determine the concentration of NH;. Before measurement,
multiple linear sweep voltammetry (LSV) tests were performed
to obtain unchanged polarization curves. As shown in Figure
3a, the LSV curves of Cu@Th-BPYDC reflect a rapid increase
of current density after adding KNO;, demonstrating that
NO;™ in electrolytes involves the reduction reaction. The
distinct difference for the chromogenic results of the
electrolyte with and without KNO; tested by Nessler’s reagents
after the reaction was shown, proving the generation of NH;
(Figures S2 and S3). Noticeably, the Cu-free Th-BPYDC
presents negligible activity toward NO;™ electroreduction,
while at the potential of —0.1 V vs RHE, the density of Cu@
Th-BPYDC reaches as high as 80.7 mA cm™2. Further, the LSV
curves normalized to the electrochemically active surface area
(ECSA) were plotted. As determined by double-layer
capacitance (C,), the ECSA of Th-BPYDC is very similar to
that of Cu@Th-BPYDC (Figure S4). As a result, the ECSA-
normalized current density at —0.1 V vs RHE in Cu@Th-
BPYDC is as high as 88.4-fold higher than that in Th-BPYDC
(Figure S5), proving the significant improvement of intrinsic
activity after incorporating the single-site Cu.

The electrical conductivity of materials has a significant
effect on electrocatalytic activity. Thus, the electrical
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Figure 3. LSV curves (a), NHj yield rate (b) and Faradaic efficiency
(c) at different potentials, and LSV curves for Cu@Th-BPYDC before
and after 1000 cycles of CV scans (d).

conductivity of Th-BPYDC and Cu@Th-BPYDC was first
measured to explore the origin of obviously different activity.
The results indicate that Th-BPYDC support presents very
poor conductivity (I X 107 S cm™'). However, after
incorporation of high-density single-site Cu, the conductivity
increases significantly to 2.3 X 107* S cm™}, about a 5 order of
magnitude improvement. This significant enhancement of
conductivity is mainly ascribed to the intervalence charge
transfer and overlapfed band gaps originating from redox-
active Cu species. Moreover, incorporating single-site Cu
on BPYDC also can result in the energetic overlap between
Thg nodes and the ligand, thus promoting the charge transport
by the “through-bond” route.** The electrochemical impe-
dance spectroscopy (EIS) measurements were also carried out.
As revealed by Nyquist curves in Figure S6, incorporating
single-site Cu into Th-BPYDC can significantly decrease the
interfacial charge transfer resistance between catalysts and
electrolyte,* which implies the enhanced conductivity of Cu@
Th-BPYDC, well consistent with the results of electrical
conductivity in Th-BPYDC and Cu@Th-BPYDC.

The effects of different potentials on the yield rates and
Faradaic efficiency of NH; were investigated. As shown in
Figure 3b, the yield rate of NH; production gradually increases
with the improvement of cathodic potential. However, the
Faradaic efliciency toward NH; production shows a volcanic
shaped curve. At 0 V vs RHE, the NH; Faradaic efliciency
reaches a maximum of 92.5% (Figure 3c). Further increasing of
the potential results in the decrease of Faradaic efficiency,
which should be ascribed to the enhancement of the
competitive hydrogen evolution reaction (HER). Thus, 0 V
vs RHE is deemed the optimal potential comprehensively
considering the yield rate (225.3 gmol h™' cm™?) and Faradaic
efficiency (92.5%) of NH;. To our knowledge, the yield rate
and Faradaic efficiency of NH; production presented here are
superior to the values reported in most electrocatalysts (Table
S1).

SNO," isotope labeling experiments were carried out to
determine that NH; originates from NO;~ rather than from
other potential sources such as atmosphere and electrolyte.
The electrolyte after a reaction of 1 h was collected, followed
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by '"H NMR measurement. The spectra using "NO;~ as the
electrolyte only present two peaks at 6 = 6.97 and 7.09 ppm,
which undoubtedly confirms that the as-synthesized NH,
originates from NO;~ electroreduction (Figure §7)."*7%° The
stability of electrocatalysts is a crucial criterion to assess the
practical application prospect. As presented in Figure 3d, no
significant decrease of electrocatalytic activity was observed
after 1000 CV cycles, further determining the outstanding
stability of Cu@Th-BPYDC for NO;~ electroreduction. The
XRD measurement of Cu@Th-BPYDC after the stability test
was carried out, which remains nearly identical to that before
(Figure S8). Moreover, the ICP-AES result indicates the
unchanged Cu content of Cu@Th-BPYDC before and after
the stability test of NO;™ electroreduction. The BET surface
area measurement of Cu@Th-BPYDC after NO;~ electro-
reduction was performed. As shown in Figure S9, the BET
surface area of Cu@Th-BPYDC after the stability test for
NO;~ electroreduction is 110 m2/ g, which is almost identical
to that of fresh Cu@Th-BPYDC (119 m*/g).

Meanwhile, NH; uptake capacities of Cu@Th-BPYDC and
Cu-free Th-BPYDC were tested in a broad range of NHj;
concentrations at 298 K. As determined by NHj isotherms
(Figure 4a), with the increase in the NH; pressure, NH,

.
a1 b

- ,,,4","'

s L ~

e C

Z 154 -

£ 3

E —@— Cu@Th-BPYDC e

S 121 —O— Desorption curve z

- —@— Th-BPYDC =

= 94 —O— Desorption curve 2

5 L

=

z ol 8 o

34
0.0 0.2 04 0.6 08 1.0 50 100 150 200 250 300 350 400
P (bar) Temperature (°C)

C ,

-45.7 kJ/mol . -13.0 kJ/mol

Figure 4. NH; adsorption isotherms of Cu@Th-BPYDC and Th-
BPYDC (a), NH;-TPD of Cu@Th-BPYDC (b), and the adsorption
of NH; on Cu sites in Cu@Th-BPYDC (c) and bipyridine N in Th-
BPYDC (d).

uptake quickly increases in the low-pressure region and then
gradually increases to the maximal value in Cu@Th-BPYDC.
In the case of Cu-free Th-BPYDC, NH; uptake increases
slowly with NH; pressure. At 1 bar of NH; pressure, the
uptake capacities of Cu@Th-BPYDC reach as high as 20.55
mmol g_l, which is as high as 3.5 times higher than that in Th-
BPYDC (5.90 mmol g™'). This high uptake capacity is superior
to those in most of the recently reported to Eerformmg
MOFs and porous polymers (Table $2).'*'”
significantly different NH; uptake capacities in Cu@Th-
BPYDC and Cu-free Th-BPYDC strongly demonstrate that
the open single-metal site Cu which serves as a Lewis acid site
strongly interacts with NH; molecules to improve the NH;
uptake capacity despite smaller BET surface areas in Cu@Th-
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BPYDC. Noticeably, the desorption isotherm of Cu@Th-
BPYDC does not coincide with the adsorption curve (Figure
4a), indicating an irreversible interaction between Cu sites and
NH; molecules without any treatment and the formation of
chemisorption. Furthermore, Cu@Th-BPYDC after the NH;
uptake measurement was regenerated after heating at 100 °C
for 6 h, and the reusability toward NH; uptake was tested. As
shown in Figure S10, the NH; uptake capacity of Cu@Th-
BPYDC is almost unchanged after three consecutive runs.
Also, the crystalline structure of Cu@Th-BPYDC after NH;
uptake is well maintained without detectable collapse, which
further proves the excellent stability of Cu@Th-BPYDC
(Figure S11). Cu@Th-BPYDC after NH; uptake was treated
at 100 °C for 6 h, followed by measuring the BET surface area
(Figure S12). The result reveals the almost unchanged surface
area (105 m*/g). To further assess the open Cu sites which
serve as Lewis acids to promote the affinity of NH;, NH;-TPD
measurements were carried out.”’ As shown in Figure 4b, a
broad single peak was obtained in Cu@Th-BPYDC with the
surface acid sites of 0.108 mmol/g originating from open Cu
sites. The asymmetric curves indicate that the desorption
kinetics follows a first-order reaction, in which the desorption
process proceeds on surface exposed acid sites but does not
react and combine on the surface.”> > Moreover, DET
theoretical calculations were carried out to further disclose the
intrinsic reason for significantly different NH; uptake capacities
in Cu@Th-BPYDC and Th-BPYDC. As shown in Figure 4c,d,
the calculated binding energy of NH; absorbed on isolated
open Cu metal sites in Cu@Th-BPYDC (—45.7 kJ/mol) is
much higher than that on bipyridine N in Cu-free Th-BPYDC
(—13.0 kJ/mol), undoubtedly determining that the high
uptake capacity originates from the strong binding ability of
the open Cu site to NH; molecules.

Moreover, the uptake ability of Cu@Th-BPYDC toward
NH; and H,O in electrolytes after the stability test of NO;~
electroreduction was tested. To accurately determine the NH;
uptake capacity from electrolytes, the pure H,O vapor uptake
capacity was also tested. After adsorption of 1 h, the NH,
uptake capacity reaches 0.123 g/g, about 36.7% of the
maximum NH; uptake capacity (0.335 g/g), confirming the
fast kinetics, while the uptake toward H,O vapor is negligible
(Figure Sa) with the inset for the obvious color change from
green in fresh Cu@Th-BPYDC to blue after humid NH;
uptake. To explain the color change and adsorption
mechanism, the FT-IR measurement was performed under
ambient conditions. As shown in Figure 5b, after humid NH;
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Figure S. NH;/H,O uptake of Cu@Th-BPYDC toward electrolytes
after the stability test of NO,~ electroreduction (a) with the inset for
the color of Cu@Th-BPYDC before and after humid NH; uptake and
FT-IR spectra of Cu@Th-BPYDC before and after humid NH,
uptake (b).
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uptake, new peaks assigned to degenerated and symmetric
deformations of Cu-NH; at 1625 cm™ were detected, which
demonstrates that NHj; is coordinated to the open Cu metal
sites.'*

On the basis of the above experimental and characterization
results, the outstanding ability for production and storage of
NH; from electroreduction of NO;~ in Cu@Th-BPYDC is
mainly ascribed to the following factors. First, the Cu species in
Cu@Th-BPYDC presents unsaturated coordination, which is
highly active for electrocatalysis. Second, the Cu sites in Cu@
Th-BPYDC show high dispersity and density, which provide
more accessible active sites for NO;~ electroreduction. Third,
the open single-site Cu can serve as a Lewis acid site to interact
with NH; molecules and thus enhance NH; storage capacity.

B CONCLUSION

In summary, single-site Cu incorporated within the framework
of Th-BPYDC (Cu@Th-BPYDC) was obtained by a simple
one-pot postsynthetic metalation. Noticeably, single-crystal-to-
single-crystal transformation was achieved from Th-BPYDC to
Cu@Th-BPYDC after metalation. The Cu sites in Cu@Th-
BPYDC present planar four-coordination configurations and
thus are open single-metal sites. The isolated open single-site
Cu in Cu@Th-BPYDC can serve as a catalytic active site to
promote electrocatalytic NO;™ reduction to produce NH; with
high Faradaic efficiency (92.5%) and NHj; yield (225.3 pmol
h™' cm™2). Also, as proved by DFT theoretical calculations and
NH,-TPD, the open single-site Cu species serve as Lewis acid
centers to enhance the interaction with NH; molecules.
Therefore, Cu@Th-BPYDC shows high storage capacity
(20.55 mmol g™' at 298 K at 1 bar and 0.335 g/g from
electrolyte after the stability test). This work provides a clear
path to design MOF materials for a combined technique of
NHj; production and storage by controlling the stability and
the property of open single-metal sites.
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