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ABSTRACT

Possessing multiple catalytic sites, supramolecular polymers have received attention due to their desirable electrocatalytic
activity for ammonia synthesis from NO, . Herein, a covalently cross-linked supramolecular catalytic system (Ru@POP-
CD) was synthesized by nucleophilic substitution reaction between ruthenium-coordinated phenanthroline cyclodextrin and
tetrafluoroterephthalonitrile, which is not only efficiently electrocatalytic for ammonia synthesis from nitrate but also provides an
effective way to combat environmental pollution. Different from noncovalently cross-linked supramolecular polymers, Ru@POP-
CD could be kept on the electrode for cycle use and inhibit the hydrogen evolution reaction (HER), achieving a Faradaic efficiency
(FEyys) of 78.5% at —0.8 V versus RHE in 0.1 M KNO,/0.1 M KOH solution, with a NH; yield rate of 8.72 mg h™' cm™2. This
superior electrocatalytic performance is attributed to the unique cyclic structure with rich hydroxyl groups of the cyclodextrin,
effective affinity for anionic nitrate through hydrogen bonding and the synergistic interaction of Ru tunable d-orbitals, facilitating
the electroreduction of nitrate at the electrode. Meanwhile, in neutral electrolyte (0.1 M KNO;/0.05 M K,SO,), Ru@POP-CD still
possesses highly efficient catalytic performance, with the NH, yield rate of 7.45 mg h=! cm~2 and FEy; of 83.8% at —0.9 V versus
RHE, showing great potential in electrochemical energy supply systems.

1 | Introduction NO;) from pollutants [7-11]. Compared with traditional indus-
trial ammonia production (Haber-Bosch industrial method),

It is well known that synthesizing ammonia from nitrogen oxides electrocatalytic ammonia synthesis has the characteristics of low

is a current research hotspot and full of challenges [1-4]. Among
the methods of ammonia synthesis [5, 6], electrocatalysis has
garnered significant attention due to its high efficiency and
environmental friendliness for reducing nitrogen oxides (NO, ,

energy consumption and low carbon emissions [12-14], diverse
and environmentally friendly raw materials [15, 16], mild reaction
conditions, and high safety [17, 18], high flexibility and universal
applicability [19-21]. In electrocatalysis, the constructed catalysts
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should be precisely regulated to control the adsorption strength
of intermediates, improve the desorption efficiency of target
products, suppress hydrogen evolution side reactions, and be used
repeatedly [22, 23]. Therefore, more efforts have been contributed
to the synthesis of selective catalysts for electrocatalytic reactions
[24-26] such as nitrogen reaction reduction (NRR) and oxygen
reduction reaction (ORR). Recently, covalent or noncovalent
supramolecular polymers were used in electrocatalysis, which
not only promote high dispersion of metals in catalysts [27, 28],
increasing reactive sites [29, 30], but also provide an effective way
to improve the stability of catalysts and suppress the competitive
hydrogen evolution reaction (HER) [31-33]. For example, Yaghi
and coworkers modified the network structure of porphyrin
in 2D covalent organic frameworks (COFs) to regulate the
electronic properties of the active centers for the electrocat-
alytic reduction of CO, to CO. Effective charge transport along
the COF framework promotes electronic connections between
remote functional groups and active sites, thereby regulating the
catalytic performance of the system [34]. More recently, Shan and
colleagues demonstrated that anchoring catalytic species onto
polycarbazole-derived electrode substrates created a hydrophobic
microenvironment that stabilized intermediates while suppress-
ing parasitic HER in aqueous nitrate-to-ammonia conversion
[16].

In the construction of supramolecular electrocatalysts, cyclodex-
trins (CDs) have been widely applied as an important building
block [35], due to their hydrophobic cavity and hydrophilic
surface [36], which selectively encapsulate guests and easily
modify to achieve highly efficient constructed catalysts. For
example, Stoddart and coworkers reported the preparation of
cyclodextrin metal-organic frameworks (CD-MOF) through the
reaction of alkali metal salts with y-cyclodextrin, and studied the
application of CD-MOF as a porous separation medium in gas
absorption, separation [37], and purification [38]. We reported
that a nanoreactor based on the CD-MOF could achieve effi-
ciently catalyze the nitrate reduction reaction (NO;RR) without
metals, exhibiting good Faradaic efficiency (FE) and ammonia
(NH,) yield under mild conditions, with a maximum NH; yield
rate up to 4.66 mg h™! cm™? and an FEyy; of 79.3%, especially
in alkaline electrolytes [39]. However, cyclodextrin complex
covalently cross-linked to form supramolecular polymers for an
electrocatalytic system has been rarely reported, to the best of our
knowledge.

Herein, we precent a covalently cross-linked supramolecular cat-
alytic system (Ru@POP-CD) synthesized by nucleophilic substi-
tution reaction between phenanthroline cyclodextrin/ruthenium
complexes and tetrafluoroterephthalonitrile. This supramolec-
ular catalytic system can effectively catalyze (NO;RR) with
ultra-high FEy;; and ammonia yield under both alkaline and
neutral ambient conditions. Ru@POP-CD exhibited highly effi-
cient electrocatalytic performance, where the NH; yield rate
at —0.8 V versus RHE was up to 8.72 mg h™! cm~2 with a
FE of 78.5%, which was attributed to the unique cyclic struc-
ture of the CD, the hydroxyl groups with affinity for anionic
nitrate through hydrogen bonding and the synergistic interac-
tion of Ru tunable d-orbitals, enabling the electroreduction of
nitrate at the electrode. Further experiments in 0.5 M KNO,
electrolyte (FEyy; of 89.3%, NH; yield rate of 12.52 mg h™
cm~2) revealed that the mechanism of electrocatalytic NO;RR

reduction followed the NO; —NO, —NHj; process (Scheme 1).
The present work demonstrates that the Ru@POP-CD can
catalyze the nitrate reduction reaction efficiently, and it has
great potential for application in electrochemical energy supply
systems.

2 | Results and Discussion

Ru@HOP-CD was synthesized according to our previous report
[40], and its structure was characterized by 'H NMR, HRMS,
and FTIR (Figures S1-S6). The porous Ru@POP-CD assembly
was obtained via nucleophilic aromatic substitution of hydroxyl
groups on -CD by tetrafluoroterephthalonitrile (TFTP) [41].
Ru@HOP-CD and TFTP were polymerized in a suspension
of K,CO; in tetrahydrofuran (THF) at 80°C to provide a pale-
yellow precipitate in 41.7% yield (Scheme S1). The photophysical
behavior was investigated. As shown in Figure S8, two charac-
teristic absorption peaks appeared in the UV absorption spectra
of Ru@POP-CD. The absorption peak between 220 and 400 nm
was attributed to the ligand’s spin transition, and the absorption
peak at 476 nm was attributed to charge transfer from the ligand
to the metal. Excitation of Ru@POP-CD with visible light at a
wavelength of 450 nm produced typical red emission peaks at
525-750 nm. The FTIR spectra and corresponding XRD patterns
of the Ru@POP-CD complex are provided in Figures S7 and Ic,
confirming that the Ru@POP-CD complex was successfully
prepared.

The Ru@POP-CD complex showed a porous and fluffy aggre-
gated structure, consisting of a large number of nanoscale
particles agglomerated to form a micrometer-sized secondary
structure (similar to a “grape bunch” shape) (Figure 1a, b). This
macroscopic morphology suggests that the catalyst possesses
a certain specific surface area and porosity (Sggr = 30.8m?/g)
(Figure 1c), which is favorable for the diffusion and adsorption
of reactant molecules. The 200 nm scale shows that the basic unit
of the catalyst is well-dispersed nanoparticles (sizes of about 50—
200 nm), with relatively smooth particle surfaces and interstitial
spaces between some of the particles. The homogeneous disper-
sion of the nanoparticles indicates that the active component of
the catalyst (Ru metal particles) is well dispersed (Figure 1d,e),
which avoids the “encapsulation” of the active sites caused by
excessive agglomeration. The better Ru dispersion would lead
to the higher number of active sites per unit mass of catalyst
and the higher catalytic efficiency. Meanwhile, the XRD pattern
of Ru@POP-CD shows sharp diffraction peaks indicative of a
crystalline porous structure. The peaks at 20 = 8.5°, 12.1°, and
24.3° correspond to the (100), (110), and (002) planes, respec-
tively, which are characteristic of cyclodextrin-based polymeric
frameworks. The presence of these peaks confirms the formation
of an ordered polymeric framework with a regular repeating
structure, as opposed to a completely amorphous material. This
structural order is consistent with the formation of a well-defined
porous network, which is beneficial for mass transport during
electrocatalysis.

Before testing the Ru@POP-CD assembly for electrocatalytic
NO;RR activity, we established a standard curve for NH; con-
centration detection using the indophenol blue method. The
NH,Cl absorption standard curve was obtained by measuring the
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SCHEME 1 | (a)Schematic diagram of the electrocatalytic NO;RR under ambient conditions. (b) The proposed catalytic mechanism on Ru@POP-

CD.
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FIGURE 1 | (a)and (b) SEM images of Ru@POP-CD, (c) N, adsorption and desorption isotherms of Ru@POP-CD, (d) and (¢) HRTEM image of

Ru@POP-CD, (f) XRD pattern of Ru@POP-CD.

absorbance at wavelengths ranging from 550 to 750 nm. Next,
we established a concentration-absorption standard curve of the
NH,CI solution based on the absorbance value of the standard
solution at 656 nm. Using a standard three-electrode system, we
evaluated the electrocatalytic NO;RR activity of the Ru@POP-
CD assembly at room temperature and atmospheric pressure in
the 0.1 M KOH electrolyte solution containing 1.0 M KNO; with

an H-type electrolytic cell separated by a Nafion membrane. The
constant potential electrolysis method was carried out at different
potentials for 0.5 h. After 0.5 h of electrolysis, the cathodic
electrolyte was collected, and the NH; produced during elec-
trocatalysis was quantified using the indophenol blue method.
We comprehensively assessed the catalytic performance of the
ruthenium assembly in electrolytes of 0.1 M KNO;/1.0 M KOH
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FIGURE 2 | The FEs and yields of NH; product and NO, by-
products over the Ru@POP-CD catalyst in 1.0 M KNO3/0.1 M KOH
electrolyte.

(a)

and 1.0 M KNO;/0.1 M KOH (Figures S9, S10), respectively, under
the same conditions of controlling the ionic strength. The current
densities increased continuously when the negative potential
was increased from —0.6 to —1.0 V versus RHE. Subsequently,
the NH; yield rates and the FE,y; were quantitatively calcu-
lated. The ruthenium assembly showed a maximum FEyy; and
NH, yield rate of 22.9% and 0.99 mg h™' cm= in the 0.1 M
KNO;/1.0 M KOH electrolyte, 40.0% and 2.25 mg h™' cm~2 in
1.0 M KNO;/0.1 M KOH electrolyte. However, the HER was
significantly reduced in 1.0 M KNO;/0.1 M KOH electrolyte
relative to in 0.1 M KNO;/1.0 M KOH electrolyte, probably
due to the selective adsorption of the ruthenium assembly for

NO; .

By comparing the yields and FEs of NH; product and NO,
by-products of the Ru@POP-CD in the 1.0 M KNO,;/0.1 M
KOH electrolyte (Figure 2), it can be seen that the maximal
NO, yield is 6 times of the NH; yield, probably due to the
too high concentration of NO;, and the catalytic product of
the Ru@POP-CD catalyst is mainly NO, , while the yield of
NH; is too low. To decrease the concentration of NO; in the
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FIGURE 3 | Electrocatalytic performance evaluation of Ru@POP-CD under ambient conditions. (a) Chronoamperometric curves (b) Potential-

dependent FEs (left axis) and NH; yield rates (right axis) of Ru@POP-CD in 0.1 M KNO3/0.1 M KOH electrolyte (c) Chronoamperometric curves (d)
Potential-dependent FEs (left axis) and NHj yield rates (right axis) in 0.1 M KNO3/0.05 M K,SO, electrolyte.
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FIGURE 4 | Electrocatalytic performance comparison of Ru@POP-CD in different electrolytes under ambient conditions. (a) Chronoamperometric
curves (b) Potential-dependent FEs (left axis) and NHj; yield rates (right axis) in 0.5 M KNO, electrolyte. (c) Time-dependent current density curve of
Ru@POP-CD during consecutive 10 h electrolysis. (d) Faraday efficiency (left axis) and ammonia yield (right axis) in three electrolytes (0.1 M KNO3

/0.1 M KOH, 0.1 M KNOj; /0.05 M K,S0, and 0.5 M KNO,).

electrolyte, we replaced the electrolyte with 0.1 M KNO;/0.1 M
KOH. Subsequently, the NH; yield rates and FEs over the
catalysts were quantitatively calculated. The NH,* concentration
was determined through the reported indophenol blue method.
Time-dependent current density curves obtained at negative
potential ranging from —0.6 V to —0.9 V for 0.5 h are shown
in Figure 3a. The NH; yield rate gradually increased when the
negative potential changed from —0.6 V to —0.8 V, where the
maximum NH; yield rate was measured to be 8.72 mg h™ cm—
at —0.8 V. The electrocatalytic behavior of Ru@POP-CD in
different electrolytes was also examined (Figure 3b). The effective
suppression of competing HER and favorable reaction kinet-
ics were further confirmed by electrochemical measurements.
(Figures 11(a) and (b)). Compared with in an alkaline electrolyte
(0.1 M KOH/0.1 M KNOs), the NHj; yield rate gradually increased
when the negative potential changed from —08 V ~ -11 V
(Figure 3c). The maximum values of 83.8% and 7.45 mg h™! cm™
of Ru@POP-CD at —0.9 V versus RHE in the neutral electrolyte

(0.1 M KNO;/0.05 M K,SO,) (Figure 3d). On the other hand,
the experimental results also indicate that, whether in alkaline
or neutral electrolyte, the Ru@POP-CD exhibits high catalytic
efficiency and ammonia yield, demonstrating the general appli-
cability of the phenanthroline cyclodextrin ruthenium ligand
supramolecular assemblies. The catalytic activity of Ru@POP-
CD was attributed to the unique cyclic structure of the CD, the
hydroxyl group with affinity for anionic nitrate through hydrogen
bonding and the synergistic interactions of Ru tunable d-orbitals,
which facilitated the electroreduction of nitrate at the electrode.

The possible reaction pathway on Ru@POP-CD for electrocat-
alytic nitrate eduction to ammonia is NO;~—»NO, —NHj, as
shown by comparison experiments obtained in 0.5 M KNO,
electrolyte. Time-dependent current density curves from —0.7 V
to —1.0 V for 0.5 h are shown in Figure 4a. The NH; yield rate
gradually increased when the negative potential changed from
—0.7 V to —1.0 V, in which the maximum NH; yield rate was
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measured to be 17.29 mg h™! cm~2 at —1.0 V, and the FE exhibited
the highest value of 89.3% at —0.9 V (Figure 4b). Continuous
recycling electrolysis at —0.8 V was performed to assess the
electrochemical stability of Ru@POP-CD for NO; reduction at
room temperature, where the current density remains basically
stable in 0.1 M KOH/0.1 M KNO; in the course of electrolysis
for 10 h (Figure 4c). The above results showed that Ru@POP-
CD exhibits excellent stability electrocatalytic activity for NO;
reduction. The doubling of the ammonia yield in the 0.5 M
KNO, electrolyte as compared to those in the alkaline and neutral
electrolytes, on the other hand, suggests that NO, »NH; is
the decisive step in the electrocatalysis of the phenanthroline
cyclodextrin ruthenium ligand supramolecular assemblies. The
same is illustrated for conditions of 1.0 M KNO,/0.1 M KOH and
0.1 M KNO;/0.1 M KOH electrolytes (Figure 4d).

3 | Conclusion

In summary, the phenanthroline-modified cyclodextrin coordi-
nates with Ru to form supramolecular complexes, which not only
provide multiple hydroxyl groups for nucleophilic substitution
reaction with tetrafluoroterephthalonitrile to form a covalently
cross-linked supramolecular electrocatalytic system, but also
provides hydrogen bonding sites for electrocatalysis through
the synergistic interactions of hydrogen bonding and Ru. The
Ru@POP-CD supramolecular catalyst as cathode materials to
realize effective NO;RR with favorable FE and NH; yield rate
at ambient pressure and room temperature in an alkaline and
neutral electrolyte, exhibiting highly efficient electrocatalytic
performance, in which the NH; yield at —0.8 V versus RHE was
up to 8.72 mg h~! cm~2 with a FE of 78.5%, which was attributed
to the unique cyclic structure of the CD, the hydroxyl group with
affinity for anionic nitrate through hydrogen bonding and the
synergistic interactions of Ru tunable d-orbitals, which facilitated
the electroreduction of nitrate at the electrode. Meanwhile, in
neutral electrolyte, Ru@POP-CD still possesses highly efficient
catalytic performance, with the highest NH; yield rate of 7.45 mg
h~! cm™? and FE of 83.8% at —0.8 V versus RHE. Comparison
experiments in 0.5 M KNO, electrolyte (FE 89.3%, NH; yield
12.52mgh™ cm™2 at —0.9 V vs RHE) showed that the mechanism
of electrocatalytic NO;RR reduction is the NO; -NO, -NH;,
process. The present study provides a pathway for highly efficient
ammonia synthesis through supramolecular electrocatalysis.
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