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ABSTRACT: The high-efficiency transition metal-free electro-
catalytic nitrate reduction reaction (NO; RR) for ammonia
synthesis has received more attention because of its green and
environmentally friendly characteristics. Here, we report an
efficient electrochemical NH; synthesis directly from purely
organic macrocyclic compounds @-, f-, and y-cyclodextrins
(CDs)-catalyzed transition metal-free electroreduction of
nitrate under ambient conditions. In comparison with «-, and
P-CDs, parent y-CD presented uncommon catalytic perform- Anode Cathode

ance with a relatively higher NH; yield that can reach up to 2.28

mg h™' cm™? with a Faradaic efficiency (FE) of 63.2% at —0.9 V versus a reversible hydrogen electrode in alkaline medium, and
the potassium ion-coordinated y-CD complex can achieve a maximum NH; production rate up to 4.66 mg h™' cm™? with an
NH, FE of 79.3%. Further comparison with permethyl-y-CD, p-glucose, and poly(vinyl alcohol) for the NO; RR indicated that
the typical torus-shaped cyclic conformation and edge hydroxyl groups of parent CDs play important roles in the
electrocatalytic process. The K*-mediated 3D y-CD-K' frameworks containing six CDs as nanoreactors greatly strengthen the
enrichment effect of nitrate through hydrogen-bonding interaction and electrostatic interaction and promote the mass
transfer, thus leading to the efficient NO; RR in an alkaline electrolyte. This work provides a convenient, green, and economic
method for high-performance NO; RR, which has potential applications in the fields of environment, energy, and industry.
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INTRODUCTION

Ammonia (NH,) synthesis has always been a challenging task
due to its decisive role in industrial and agricultural
production.'~* At present, the industrial production of NH,
is still heavily dominated by the Haber Bosch process under
the harsh conditions of high temperature and pressure,

nitrogen—oxygen), which also endowed the electrocatalytic
process with better reaction kinetics and relatively decreased
energy consumption.'” Moreover, the rapid accumulation of
NO;™ in the environment derived from the excessive usage of
nitrogen-containing fertilizer and the discharge of industrial
wastewater inevitably leads to NO; -caused water pollution
and poses a serious threat to human beings and the

resulting in high energy consumption and greenhouse gas
emission.””® Therefore, the exploration of a green and
sustainable ammonia production process under clean and
mild conditions is quite necessary. Electrocatalysis is one of the
most intriguing highlights in the field of chemistry and energy
materials because of its green and environmentally friendly
characteristics, in which electrochemical reduction to synthe-
size NH; has attracted extensive attention such as an
electrochemical nitrogen reduction reaction (ENRR), offering
an alternative approach to NH; production.”'® However, due
to the high dissociation energy of the nitrogen—nitrogen triple
bond (941 kJ mol™') and limited solubility of nitrogen in
water, the ENRR suffers from the §enerally low reaction rate
and Faraday efficiency (FE).''”"” When searching for a
suitable nitrogen source to replace nitrogen for electrochemical
ammonia synthesis, nitrate (NO;~) gradually emerged due to
its relatively low bond dissociation energy (204 kJ mol™" for
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environment.'>'® Therefore, the electrocatalytic nitrate reduc-
tion reaction (NO; RR) is an ideal option to transform this
pervasive water pollutant into value-added NH;, which
simultaneously addresses the environmental problem.'”'®
Although NO; RR catalysts based on noble metals (e.g., Au,
Pd, Pt, Ru) exhibit benign catalytic activity, they are seriously
plagued by high cost and scarcity, which impede their further
wide application.'” Thus, electrocatalysts originating from
transition metals (e.g., Fe, Ni, Cu, Mo) featuring comparatively
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low price and abundant reserve have drawn a great deal of
interest.”” For example, Wang and co-workers have reported a
Fe single atom catalyst via a carbonization strategy showing
efficient catalytic performance toward nitrate reduction to
ammonia with a high NH; FE of about 75% and a yield rate
that reached up to 0.46 mmol h™ cm™2.*" Compared with the
electrocatalysts described above, the metal-free catalysts have
inherent advantages such as avoiding the release of metal ions
and preventing secondary pollution to the environment.””~>*
Metal-free catalysts such as boron carbide nanosheets and N-
doped porous carbon have been proved to be valid for
ammonia synthesis via N, fixation,”*® while similar catalysts
applied in NO;™RR are still rare and urgently needed. On the
other hand, most electrocatalysts are obtained by high-
temperature pyrolysis, which undoubtedly increases the
difficulty of material preparation and energy consumption.”’
In addition, it is necessary to introduce a nitrogen source to
realize metal anchoring coordination, which brings uncertainty
to the origin of ammonia. Therefore, seeking cost-eftective and
environmentally friendly metal-free electrocatalysts to realize
this process is still highly desirable and remains a great
challenge.

Cyclodextrins (CDs) as cyclic oligosaccharides possessing a
truncated cone conformation and well-defined molecular
architecture have aroused enormous attention in material
science and pharmaceutical chemistry.”**” Moreover, CD-
based catalysts could effectually facilitate asymmetric reactions
with prominent enantioselectivity.”’ > In addition, it has been
discovered that CDs can coordinate alkali metal ions to form a
stable extended structure for sensing,”*** gas absorption,**™**
separation,”” and purification.”’ Recently, our group reported a
cucurbit[8]uril-based two-dimensional supramolecular poly-
pseudorotaxane for preparation of ultrafine Pt nanoparticles to
realize electrochemical nitrogen fixation.*' However, the
application of a supramolecular assembly based on purely
organic macrocyclic compounds to electrochemical nitrate
catalytic reduction has not been reported thus far to the best of
our knowledge.

Herein, we report our recent finding that CD-based
nanoreactors can achieve effective green metal-free NO; RR
with favorable FE and NHj yield under ambient conditions
especially in an alkaline electrolyte. Parent a-, -, and y-CDs all
exhibited definite electrocatalyzed performance, where y-CD
can achieve an NH; yield up to 2.28 mg h™" cm™ with an NH;
FE of 63.2% at —0.9 V versus a reversible hydrogen electrode
(RHE). The electrocatalytic process was attributed to the
distinctive torus-shaped cyclic structure of CDs, whose
hydroxyl groups have affinity for anionic nitrate via a
hydrogen-bonding interaction, thereby facilitating the electro-
reduction of nitrate over the electrode. Further experiments
demonstrated that the cyclodextrin—potassium coordination
(y-CD-K*) complex can achieve a maximum NH; production
rate up to 4.66 mg h™' cm™ with an NH, FE value of 79.3%,
indicating that y-CD-K* complexes as nanoreactors achieved
efficient enrichment of anionic nitrate through double
functions (hydrogen-bonding interaction between hydroxyl
groups and anionic nitrate; electrostatic interaction between
complexed potassium ions and anionic nitrate) and accelerated
mass transfer and thus enhanced the performance in NO; RR
in an alkaline electrolyte (Scheme 1). N isotope-labeling
experiments implied that the produced NH; was almost
completely derived from nitrate reduction, and in situ FTIR
measurement revealed a NO;~ — NO,” - NO — NH;

Scheme 1. Schematic diagram of the electrocatalytic
NO;RR for (1) y-CD and (2) y-CD-K* complex in 0.1 M
KOH/0.1 M KNO; electrolyte under ambient conditions.
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pathway for NO; RR over y-CD catalysts. This study not only
offers an alternative approach for convenient and environ-
mentally friendly electrochemical nitrate reduction reaction but
also provides a green and economic method to design
transition metal-free catalysts with high performance for the
electrosynthesis of ammonia.

RESULTS AND DISCUSSION

a-, -, and y-CDs are commercially available and directly used
with literally no modifications. The framework y-CD-K*
complex can be conveniently prepared via the vapor diffusion
method using y-CD and alkali metal cations according to the
previous report.”” The FTIR spectra and corresponding XRD
patterns of a-CD, -CD, y-CD, and the y-CD-K" complex are
provided in Figures S1 and S2, confirming that the y-CD-K*
complex was successfully prepared. First, we established a
standard curve for the detection of NH; concentration via the
indophenol blue method before the testing of electrocatalytic
NO; RR performance. The NH,CI absorption standard curves
were obtained in the range of 550—750 nm (Figure S3). Then,
the concentration—absorbance standard curve of a NH,CI
solution is established according to the standard solution
absorbance at 656 nm. A standard three-electrode system was
adopted to evaluate the electrocatalytic activity of nitrate
reduction at atmospheric pressure and room temperature,
where a 0.1 M KOH electrolyte with 0.1 M nitrate-N was
placed in an H-type electrochemical cell separated by a Nafion
membrane. The constant potential electrolysis method was
used to test at different potentials for 1.0 h, respectively. After
1.0 h of electrolysis, the cathode electrolyte was collected, and
the product NH; obtained in the electrocatalysis process was
quantitatively analyzed by the indophenol blue method. Unless
otherwise stated, the whole potentials were converted to
relative RHE values. Linear sweep voltammetric (LSV) curves
of the working electrode were first examined to determine the
initial potential of electrochemical NO; RR. The LSV curves
of y-CD and the y-CD-K* complex showed different current
densities from —0.1 to —1.5 V and displayed significant
improvement of the current density in the presence of NO;~
compared with free 0.1 M KOH electrolyte alone, indicative of
their catalytic activities for NO;~ electrochemical reduction
(Figure la,d). It is worth mentioning that the y-CD-K*
complex possessed a higher current density under the same
conditions, suggesting its better electrocatalytic activity. The
absorption curve of the electrolyte evidently confirmed the
generation of the product NHj;, and such absorption intensity
of the electrolyte increased when the potential gradually
became negative (Figure S4). The illustration in Figure S4
(inset) shows color reactions of a series of electrolytes
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Figure 1. LSV curves of (a) y-CD and (d) the y-CD-K" complex in 0.1 M KOH electrolyte with and without nitrate. Chronoamperometric
curves of (b) 7-CD and (e) the y-CD-K" complex at each given potential in 0.1 M KOH/0.1 M KNO; electrolyte. Potential-dependent FEs
(left axis) and NH, yield rates (right axis) of (c) y-CD and (f) the y-CD-K* complex in 0.1 M KOH/0.1 M KNO; electrolyte under ambient

conditions.

collected after electrolysis under different applied voltages. The
green color became deeper from left to right, indicative of the
increasing concentration of produced NH," in turn.
Subsequently, the produced NHj yield rates and FEs over
the catalysts were quantitatively calculated. The NH,*
concentration is determined through the reported indophenol
blue method. Time-dependent current density curves from
—0.7 to —1.1 V for 1.0 h are shown in Figure 1b and e. Both
NHj; yield rate and FE uncovered that the parent y-CD was an
effective electrocatalyst for the conversion of NO;™ into value-
added NH;. The NH; yield rate gradually increased when the
negative potential changed from —0.7 V to —1.1 V, in which
the maximum NHj yield rate was measured to be 2.68 mg h™*
ecm™? at —1.1 V (Figure 1c). Moreover, the FE exhibited the
highest value of 63.37% at —0.9 V followed by a gradual
decline, which possibly originated from the competition of the
hydrogen evolution reaction (HER). Furthermore, under the
same conditions, compared with y-CD, parent a-CD and -CD
presented relatively low NHj yield rates and FEs, whose values
were 0.84 mg h™! cm™2/43.91% at —0.8 V and 1.05 mg h!
cm™2/55.05% at —0.9 V, respectively (Figure S5 and Figure
S6). This was probably due to the difference of hydroxyl group
numbers covering the exterior surface of the CDs. Moreover,
we performed electrochemical control experiments by
changing the Pt CE to a nonmetal electrode (reticulated
vitreous carbon, RVC). The experimental results (Figures S7
and S8) showed that the RVC CE exhibited an effective FE
and NH; yield rate (maximum values of 62.21% and 2.83 mg
h™ ecm™ at —0.9 V vs RHE), which proved that the nitrate
reduction reaction came from the real intrinsic catalytic activity
of the y-CD material rather than benefiting from the
redeposited Pt. In addition, by the systematic analysis of the
electrolytes and catalyst-coated electrodes before and after the
reaction with SEM-EDX, XPS, and ICP-OES techniques
(Tables S1—S7 and Figures S10—S13), it can be confirmed
that there is no existence of any metal impurities (such as Pt,
Fe, Ni, Cu, Co, and Ag) in our system. However, such a
carbon-based CE is also unstable and easy to expand and break

due to oxygen gas generated from the anode during the
electrocatalytic process, which can be readily observed from
the blackening of the electrolyte (Figure S9). Therefore, we
still choose a relatively stable platinum plate as the counter
electrode for the investigation of the catalytic performance of
materials in this work. For the case of the y-CD-K" complex
(Figure 1f), the NH; yield rate and FE have been obviously
improved in comparison to y-CD, which was consistent with
its relatively high time-dependent current density. The NH;
yield rate increased with enhanced negative potential and
reached a 6.63 mg h™ cm™ peak at —1.1 V, proving that the
coordination process participated by potassium ions playing an
important role in the electrocatalytic reduction. However, an
obvious volcano-shaped plot of FEs was observed for y-CD-K",
with a maximum FE of 79.3% for NH; and the corresponding
NH, yield rate of 4.66 mg h™' cm™ at —0.9 V, indicating a
fairly high electrocatalytic performance among the metal-free
catalysts reported to the best of our knowledge (Table S8).
These results also confirmed that the coordination of
potassium can promote the further affinity for nitrate in the
alkaline electrolyte, where the preorganized structure of y-CD-
K" was more conducive to the efficient enrichment and
electroreduction of nitrate. Since HER and NO; RR are
competitive reactions, H,O molecules and NO;™ ions have
competitive adsorption on the electrode surface. A more
negative potential might be more beneficial to H,O surface
adsorption, which is favorable to the HER. Figure S14 shows
the potential-dependent FEs of the generated H, for y-CD and
7-CD-K*, and y-CD-K" has better suppression ability for HER
than y-CD, especially at —0.9 V. The byproducts during the
NO; RR process were also monitored. In addition to NHj,
nitrite-N was also generated, while the FE of nitrite-N was
relatively low, at 6.4% and 5.6% for y-CD and the y-CD-K*
complex at —0.9 V, respectively, implying the favorable
selectivity of NH; production (Figures S15—S17).

The electrocatalytic behavior of y-CD in different electro-
lytes was also examined. Compared with an alkaline electrolyte
(0.1 M KOH/0.1 M KNO;, pH 13), the NH; yield rate and
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Figure 2. (a) Corresponding NH, yield rates and FEs of 7-CD in three electrolytes. (b) Comparison of electrolyte counterion effect of Li",
Na*, and K* on NH, yield rates and FEs of y-CD. (c) Time-dependent current density curve of y-CD during consecutive 12 h electrolysis. (d)
The NH; yield rates over y-CD in 0.1 M KOH electrolyte with different concentrations of KNO;. Data are shown at —0.9 V versus RHE
under ambient conditions.

FE of y-CD are much higher than those in neutral electrolytes V (Figure S19). The above results showed that y-CD has
(0.1 M K,S80,/0.1 M KNO; or 0.1 M PBS/0.1 M KNO;, pH excellent stability and satisfactory electrocatalytic activity for
7) at —0.9 V, which suggested that KOH is expected to be an NO; RR.

ideal electrolyte for electrochemical NO; RR because of the One of the advantages of CDs as electrocatalysts is that there
inhibition of HER under alkaline conditions (Figure 2a). On is no interference of the nitrogen source. In order to further
the other hand, the result also implied that the alkaline eliminate the possible interference of the external environment
medium is a necessary condition for deprotonation of y-CD or other factors, a control experiment using y-CD as working
and coordination with K*. Moreover, a much smaller radius for electrode in a blank 0.1 M KOH solution was carried out
y-CD (Figure S18) was acquired from the electrochemical (Figure 2d). The results suggested that the formation of NH,
impedance spectroscopy (EIS) in the K'-containing electrolyte over y-CD was almost negligible in the 0.1 M KOH solution.
than in the Li*- and Na*-containing electrolytes, indicative of Meanwhile, it was found that the corresponding ammonia yield
the relatively low interfacial charge transport resistance of y- rate on y-CD also gradually increased when increasing the
CD in the K*-involved alkaline electrolyte. Therefore, all the NO;~ concentration in the electrolyte, which further
following NO; RR tests were performed in 0.1 M KOH with confirmed that ammonia came from electrocatalytic
0.1 M KNO,;. Next, the effect of alkali metal cations in an NO; RR. Additionally, in order to further explore the origin
alkaline electrolyte on NO; RR was also investigated. As of the generated ammonia, '*N isotope-labeling experiments
shown in Figure 2b, y-CD exhibited poor performance of were conducted. First, commercial *NH,Cl and *NH,CI with
NO; RR in an alkaline electrolyte composed of 0.1 M LiOH/ 99% atomic abundance were used as standard samples to

0.1 M LiNO;. However, the NH; yield rate and FE were optimize the conditions of the NMR test, respectively.
markedly improved in the electrolytes dominated by potassium Whether it is “NH,Cl or "NH,C|, the pH value of the
or sodium ions. Besides, the FE in 0.1 M KOH/0.1 M KNOj; is sample strongly affected the signal intensity, which was caused
slightly higher than that in 0.1 M NaOH/0.1 M NaNOj. The by the proton exchange between the solvent and NH,*(Figure

reason for this phenomenon might come from the different 3a and b). Specifically, no significant signal was detected in
migration rates caused by different ionic radii.*’ Continuous samples with pH values of 6.0 and 7.0. For the sample with a
recycling electrolysis at —0.9 V was performed to assess the pH value of 5.0, only one passivation signal was detected at
electrochemical stability of y-CD for NO; RR at room 6.93 ppm. However, when the pH value of the sample is 4.0,
temperature, where the current density remains basically stable three broad signals of "“NH,CI and two broad signals of

in 0.1 M KOH/0.1 M KNOj; in the course of electrolysis for 12 NH,CI can be observed, respectively. When the pH value
h (Figure 2c). In addition, the NHj yield rate and FE of y-CD decreased from 4.0 to 2.0, the signals for both of them
changed little after S cycles of electrochemical testing at —0.9 increased significantly, which indicated that the signal-to-noise
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Figure 3. 1D 'H NMR spectra of (a) standard *NH,Cl (99 atom %) and (b) standard "*NH,CI (99 atom %) at pH 2.0, 3.0, 4.0, 5.0, 6.0, and
7.0. 5N isotope-labeling experiments: (c) 1D "H NMR spectra of the electrolyte after electrocatalytic NO; RR over y-CD using K'*NO; (99
atom %) or K'*NO; (99 atom %) as the nitrogen source and standard samples of "*NH,CI (99 atom %) or "*NH,Cl (99 atom %) and (d) 1D
"H NMR spectra of the electrolyte after electrocatalytic NO; RR over y-CD using K'*NO; (10 atom %) as the nitrogen source and the
standard sample of "NH,CI (10 atom %). The spectra were recorded at 298 K in ultrapure water containing 6% DMSO-d, at pH 2.0 by

using a Bruker 400 MHz spectrometer with a cryoprobe.

ratio was higher with the decrease of pH value. Therefore, the
isotope-labeling experiment was carried out under the
optimized condition of pH 2.0.

The standard samples represented a triplet coupling of
"“NH," with the coupling constant of 52.3 Hz and a doublet
coupling of "NH,* with the coupling constant of 73.2 Hz in
the '"H NMR spectrum in pH 2.0 solution, in which the
coupling constants were consistent with the heteronuclear
coupling constant of “NH," or "'NH," between 'H and "N
or '*N. Using y-CD as the working electrode, the '"H NMR
spectrum of the electrolyte collected after electrocatalytic
NO; RR displayed typical triplet peaks (6.81, 6.93, and 7.07
ppm) or doublet peaks (6.83 ppm, 7.01 ppm) when K'*NO,
(99 atom %) or K'*NO; (99 atom %) was supplied as the
nitrogen source, which was completely consistent with the
standard samples of "*NH,CI (99 atom %) and *NH,CI (99
atom %) (Figure 3c). Moreover, both triplet peaks and doublet
peaks could be found in the 'H NMR spectrum when using
K'*NO; (10 atom %) as feeding nitrogen source, which also
conformed to the peak pattern of the standard sample "*“NH,Cl
(10 atom %) (Figure 3d). In addition, the same doublet and
triplet peaks assigned to "NH," and "*NH,*, respectively, were
observed when K**NO; (99 atom %) and K*NO; (99 atom
%) were used as feeding nitrogen sources for NO; RR, further
verifying the production of ammonia even if RVC and y-CD
were used as counter electrode and working electrode,
respectively (Figure S20). These results jointly affirmed that
the generated NHj; indeed came from the electroreduction of
nitrate over the y-CD instead of other contaminants.
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To further confirm the highly efficient electrocatalytic
performance of purely organic CDs, we also prepared Ru-
based nanoporous carbon (denoted as Ru@C) as a control.
First, the y-CD-K* complex containing [Ru(bpy);]Cl, was
obtained by a cocrystallization strategy. Through the
comparison of NMR spectra, it could be clearly found that
[Ru(bpy);]Cl, was loaded into the cavity of the y-CD-K*
complex (Figure S21). The [Ru(bpy);]ClL,/y-CD-K+ complex
still showed a cubic structure with strong red fluorescence from
[Ru(bpy);]Cl, under confocal laser scanning microscopy
(Figure S22). The standard absorption curve of [Ru(bpy);]CL,
with different concentrations at 453 nm is shown in Figure
S23. The amount of [Ru(bpy);]Cl, in the y-CD-K* complex
was determined as 1.04% per milligram by measuring the UV
absorption per unit mass according to the standard curve
(Figure S24). Next, nanoporous Ru@C based on this
[Ru(bpy);]CL,/y-CD-K* complex was subsequently synthe-
sized under an argon atmosphere via direct carbonization at
850 °C. The morphology and composition of Ru@C were fully
characterized by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). TEM images showed an
irregular lamellar structure at the micron level, suggesting that
the uniformly shaped [Ru(bpy);]Cl,/y-CD-K* was destroyed
and transformed into irregular amorphous carbon (Figure
S25). More intuitively, Ru@C displayed a similar structural
morphology, where its surface is smooth and flat, as indicated
in SEM images (Figure S26). Moreover, the elemental
mapping images for C, O, K, and Ru were also investigated
for Ru@C by using EDX spectroscopy. Obviously, these four
elements were highly distributed in Ru@C after calcination,
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Figure 4. (a) Corresponding chemical structural formulas of permethyl-y-CD, p-glucose, poly(vinyl alcohol), and y-CD. (b) LSV curves of
different samples in 0.1 M KOH/0.1 M KNO; electrolyte. (c) FEs and NH, yield rates of different samples under ambient conditions after 1
h of electrolysis in 0.1 M KOH/0.1 M KNO; electrolyte at —0.9 V vs RHE.

and the content of Ru was measured to be approximately
1.21% (atomic) by mapping analysis (Figure S27). The XRD
pattern further revealed the formation of an amorphous
structure of Ru@C (Figure S28).

A series of different materials were exploited and used for
control experiments to further illustrate the mechanism of
purely organic CDs for electrocatalytic NO; RR (Figure 4a).
Negligible NH; could be detected at open-circuit potential,
indicating that y-CD could not spontaneously catalyze the
nitrate reduction reaction. And the NHj yield rate could also
be ignored when the working electrode was pristine carbon
paper, which also ruled out the unreliable results caused by the
possible Pt dissolution and redeposition when utilizing Pt as
the counter electrode. For comparison, fully methylated
permethyl-y-CD was synthesized where the hydroxyl hydrogen
of the parent y-CD is substituted by methyl (Figure S29 and
Figure S30), so the deprotonation process and effective
coordination of potassium ions cannot be realized in alkaline
solution. As expected, permethyl-y-CD exhibited a poor NH,
yield rate as low as 0.04 mg h™' cm™ with an FE of 1.48%. -
Glucose as a cyclodextrin structural unit and poly(vinyl
alcohol) (PVA) containing alternating hydroxyl groups also
showed disappointing FEs of less than 0.5% and NHj yield
rates of less than 0.01 mg h™' cm™. Moreover, we adopted the
bare carbon paper as a working electrode and dispersed the
cyclodextrin with the same catalyst loading into the alkaline
electrolyte to investigate electrocatalytic NO; RR, which
exhibited an inferior NH; yield rate of 0.06 mg h™ cm™
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with an FE of 6.79%. Such a catalytic effect might be caused by
random collision and adsorption of y-CD onto the carbon
paper. The LSV curves of different samples indicated a
consistent conclusion with the above analysis (Figure 4b) It is
worth mentioning that the amorphous Ru@C doped with a
noble metal showed a relatively high FE of 28.3% and NH;
yield rate of 0.56 mg h™' cm™ but far less than those of parent
7-CD (Figure 4c). These control experiments showed that the
hydroxyl group and inherent cavity structure of CDs played
crucial roles in electrocatalytic nitrate reduction. Furthermore,
"H NMR spectra of y-CD after adding different equivalents of
potassium nitrate were examined (Figure S31). The peak
belonging to y-CD gradually moved to low field after adding
different equivalents of potassium nitrate, proving the
interaction between the hydrogen of y-CD and potassium
nitrate.

The in situ Fourier transform infrared reflection (FTIR)
measurement was also performed to capture adsorbed
intermediates on the y-CD catalyst surface to elucidate the
chemical reaction mechanism of nitrate electroreduction. As
seen in Figure S32, the bands at 1856 and 1904 cm™ could be
ascribed to the weakly adsorbed NO,** and the bands at 1610
and 1214 cm™' corresponded to the stretching mode of
NO,~," suggesting successive deoxygenation steps during the
NO;™ reduction. Additionally, the bands at 1470 and 1266
ecm™ could be assigned to H-N—H bending and NH,
wagging bands,***” indicative of the substantial hydrogen
generation for NH; evolution after deoxygenation. These in
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Figure S. Schematic illustration of the possible mechanism of the electrochemical nitrate reduction process catalyzed by y-CD-K*.

situ FTIR results revealed that NO; RR proceeded via a three-
step process with key nitrite and NO intermediates, namely, a
NO;~ - NO,” = NO — NH; pathway.

The possible mechanism of the electrochemical nitrate
reduction process catalyzed by y-CD is shown in Figure S. In
KOH electrolyte solution, the coordination of K ions with
hydroxyl groups in y-CD induces the formation of extended
3D y-CD-K* frameworks with six CDs as a building unit.**~>°
Such y-CD-K* frameworks containing the uncoordinated
hydroxyl groups and the complexed K ions can act as cage
nanoreactors to initiate NO;"RR. The uncoordinated edge
hydroxyl groups within cage nanoreactors, as dominant
catalytic sites, would effectively absorb and activate nitrate
through hydrogen-bonding interactions to drive NO; RR.>">
Besides, the electrostatic interaction through those complexed
K* ions confined within cage nanoreactors and NO;™ also
contributes to the enhanced enrichment effect of nitrate ions
and promotes the mass transfer, thus realizing the high-
efficiency electroreduction of NO;™ into NH; over the y-CD-
K* complex under ambient conditions.

CONCLUSIONS

In summary, we utilized natural pure organic CDs as cathode
materials to realize effective NO*"RR with favorable FE and
NH; yield rate at ambient pressure and room temperature
especially in an alkaline electrolyte. a-, f-, and y-CDs all
exhibited efficient electrocatalytic performance, in which y-CD
can achieve an NH, yield rate up to 2.28 mg h™' cm™ with an
FE of 63.2% at —0.9 V vs RHE on account of the distinctive
torus-shaped cyclic structure of CDs, whose hydroxyl group
has an affinity for anionic nitrate via a hydrogen-bonding
interaction, thereby facilitating the electroreduction of nitrate
over the electrode. Furthermore, the y-CD-K* complex can
achieve a maximum NH; production rate up to 4.66 mg h™'
cm™? with a high FE of 79.3%, in which the electrostatic
interaction through K* ions coordinated with hydroxyl groups
also promotes the enrichment effect of NO;™ ions and thus

further improves the performance of NO; RR in an alkaline
electrolyte. The current research shows that purely organic
CDs can perform highly efficient electrocatalysis, which can
avoid pollution to the environment such as soil and water
resources compared with metal catalysts as well as offer a very
important approach for an environmentally friendly electro-
chemical nitrate reduction reaction.

EXPERIMENTAL SECTION

Cathode Preparation. First, the carbon paper was cut into 1.0
cm X 2.0 cm in size, then cleaned ultrasonically with 0.1 mol L™
hydrochloric acid, acetone, ethanol, and deionized water, and finally
dried at 60 °C for standby. Concretely, 10 uL of Nafion solution (5 wt
%) with 6.0 mg of catalyst was dispersed in isopropanol (590 uL)
followed by sonicating for 30 min until a homogeneous ink formed.
Subsequently, a carbon paper with an area of 1.0 X 1.0 cm® (1 mg
cm™?) loading 100 uL of homogeneous ink was dried under ambient
conditions.

Electrochemical Measurement. Typically, the electrocatalytic
NO; RR was examined in the standard three-electrode system, in
which an H-type sealed double chamber was used as the electrolytic
cell, cyclodextrin-loaded carbon paper was used as the working
electrode, a platinum plate served as the counter electrode, Ag/AgCl
was the reference electrode, and a 0.1 M KOH and KNO; solution
served as the electrolyte. The Nafion membrane was heated at 80 °C
in 5% H,0, solution and deionized water for 1 h to remove possible
impurities before the test. For comparison, the nonmetal RVC
electrode as the counter electrode was also used to exclude the
influence of the possible Pt dissolution and redeposition on the
electrocatalytic performance. The potential values are converted to
relative RHE on the basis of the following equation:

Egue = Eyg/agar + 0.059pH + 0.197

The potentiostat tests were performed at different potentials for 1 h.
The potentials were —0.7, —0.8, —0.9, —1.0, and —1.1 V, respectively.
After 1 h of electrolysis, the electrolyte from the cathode of the
electrolytic cell was collected, and then the new electrolyte was added
after each electrolysis. All electrochemical tests were conducted at
room temperature (25 + 2 °C).
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Determination of Ammonia. NH; produced by electrocatalysis
was quantitatively determined based on the indophenol blue
colorimetry method by employing reagents with the highest available
purity. First, in order to ensure that the NH; concentration in the
electrolyte was within the linear range, deionized water was utilized to
dilute the electrolytes obtained after catalysis at different potentials for
1 h. Then 2.0 mL of a 1 M NaOH solution containing 5 wt % salicylic
acid and 5 wt % sodium citrate was successively added to the above
solution, followed by addition of 1.0 mL of 0.05 M NaClO and 200
uL of 1 wt % C;FeN¢Na,O (sodium nitroso ferricyanide) aqueous
solutions. The mixed solution was allowed to stand at room
temperature and away from light for 2 h to ensure complete coloring
reaction. The concentration of NH; was acquired based on the
absorbance at 656 nm. By using a known concentration of ammonium
chloride solution as the standard, the absolute calibration of the
method was realized. The concentration—absorbance standard curve
of a NH,CI solution was established according to the absorbance of
the standard solution at 656 nm.

Determination of Nitrite-N. Typically, ultrapure water (50 mL)
and phosphoric acid (10 mL, p = 1.70 g/mL) with N-(1-naphthyl)
ethylenediamine dihydrochloride (0.2 g) and p-aminobenzene-
sulfonamide (4.0 g) were mixed together to obtain the color reagent.
An appropriate amount of electrolyte was taken out from the
electrolytic cell and diluted it to S mL with the detection range; then
the color reagent (0.1 mL) was added into S mL of the
aforementioned solution with homogeneously mixing, and finally
the absorbance at 540 nm was monitored after aging for 20 min.

Determination of the Gas Product H,. With Ar as the carrier
gas, an online gas chromatograph (FULI 9790) was adopted to detect
the gas products. This gas chromatograph was equipped with a
thermal conductivity detector (TCD) and a MolSieve SA column.
The generated H, was quantified on a gas chromatograph (GC 2014
Shimadzu) with Porapak N and Molsieve S A columns leading to a
TCD.

Faradaic efficiency of the generated H, was calculated using the
following equation:

ny, Xz X F

FE, = X 100%

where ny is the moles of the formed Hy; z is the electron transfer
number, z;, = 2; Q is the charge consumption during the reaction;

and F is the Faradaic constant (96485 C-mol™).

Preparation of the y-CD-K* Complex from the Vapor
Diffusion Method. KOH (0.4S g, 8 mmol) and y-CD (1.30 g, 1
mmol) were dissolved in distilled water (20 mL). A 0.45 um
microporous filter membrane was used to filter the above aqueous
solution, and then MeOH was allowed to evaporate and diffuse into
the above solution. After 3 days, white cubic crystals appearing at the
bottom of the vessel were separated, filtered, and washed three times
with MeOH, which were further dried in a vacuum oven to obtain the
white power (denoted as y-CD-K).

Preparation of Ru@C. During a typical synthetic procedure for
the y-CD-K* complex, 560 mg of y-CD and 260 mg of KOH were
dissolved in 10 mL of deionized water. The obtained solution was
filtered by a 0.45 um filter membrane, and then methanol was allowed
to evaporate and diffuse into the solution. After S days, transparent
cubic crystals appeared on the bottle wall and bottom and were
isolated, filtered, and washed with MeOH three times. The final
sample was obtained by vacuum drying at 45 °C for 12 h. The
preparation of [Ru(bpy);]CL,/y-CD-K* was the same as above except
that an additional 80.0 mg of [Ru(bpy);]Cl, was added into the
aqueous solution before evaporation and diffusion. Ru@C was
obtained by carbonization of the prepared [Ru(bpy);]CL/y-CD-K" in
a tube furnace under an argon atmosphere at 850 °C for 5 h with a
heating rate of S °C min™".

Calculation of NH; Faradaic Efficiency and NH; Yield Rate.
The NH; yield rate is calculated according to the following formula:
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V.

catholyte
N T T

X Cy,

The Faraday efliciency of NHj; is calculated by the following
equation:

nF X V::atholyteCNH3
Q

where 7 represents the number of transferred electrons when 1 mol of
NH; is formed. Vg is the volume of the cathodal electrolyte
(unit: mL), Cyy, is the detected NH; concentration (unit: yg mL™),

Faraday efficiency =

t is the electrolysis time (unit: h), A is the geometric area of the
electrode immersed in the solution (unit: cm?), F is the Faraday
constant (96485 C mol™"), and Q is the applied electric quantity
(unit: C).

Isotope-Labeling Experiments. In order to optimize the testing
conditions of nuclear magnetic resonance (NMR), a series of
“NH,Cl (99 atom %, 5 mg/mL) or NH,CI (99 atom %, 5 mg/
mL) solutions with different pH values (2.0, 3.0, 4.0, 5.0, 6.0, 7.0)
were prepared in ultrapure water containing 6% DMSO-d, (v/v). For
each sample, the pH value was regulated by employing 4 M HCl and
4 M NaOH aqueous solutions. Then the NMR measurements were
carried out on a Bruker Avance 400 MHz ('H frequency)
spectrometer equipped with a cryoprobe at 298 K with a number
of scans of 64. In the following isotope labeling experiments, "*NH,Cl
(99 atom %, 5 mg/mL) or "*NH,CI (99 atom %, 5 mg/mL) solutions
at pH = 2 were used as standard samples. K'*NO; (99 atom %) or
K"”NO; (99 atom %) was used as a nitrogen source for
electrocatalytic nitrate reduction experiments, respectively, which
were conducted at —0.9 V vs RHE for S h in a 30 mL aqueous
solution with 0.1 M KOH and K*NOj; or K'*NO;. The process of the
isotope labeling test is described as above.
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