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Electrochemical-nitrate-reduction-reaction (eNitRR) synthesis of ammonia is an effective way to treat ni-
trate wastewater and alleviate the pressure of the Haber-Bosch ammonia production industry. How to
develop effective catalysts to electrochemically reduce nitrate to ammonia and purify sewage under com-
plex environmental conditions is the focus of current research. Herein, the dopamine polymerization pro-
cess and the [(C;,HgN;),Cu]** complex embedding process were run simultaneously in time and space,
and ultrafine Cu nanoparticles (Cu/CN) were effectively loaded on nitrogen-doped carbon after heat treat-
ment. Using Cu/CN as the catalyst, the ammonia yield rate and Faradaic efficiency of the electrochemical
conversion of NO; to NHj are highly 8984.0pg h~! mge.~! and 95.6%, respectively. Even in the face
of complex water environments, such as neutral media, acidic media, coexisting ions, and actual nitrate
wastewater, nitrate wastewater can be effectively purified to form high value-added ammonia. The strat-
egy of simultaneous embedding increases the exposure rate of Cu sites, and the support of CN is also
beneficial to reduce the energy barrier of *NO5 activation. This study rationally designed catalysts that
are beneficial to eNitRR, and considered the situation faced by practical applications during the research

stage, reducing the performance gap between laboratory exploration and industrial applications.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Energy and environmental issues are attacking the whole world,
how to achieve clean production is crucial to effectively solve the
energy/environmental crisis. As the most extensive industrial ac-
tivity in the world, ammonia synthesis has continuously delivered
raw materials for agricultural and industrial production to humans
for more than 100 years, feeding more than seven billion people
in the world and promoting the progress of civilization [1,2]. How-
ever, the energy-intensive Haber-Bosch ammonia synthesis process
absorbs nearly 2% of the energy from fossil energy every year, and
releases inestimable greenhouse gases (CO,) to the environment
[3-6]. Today, the desire to find pathways to synthesize ammonia
under environmental conditions is becoming more and more in-
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tense, and methods such as ammonia synthesis by microbial nitro-
genase and photo/electrochemical synthesis of ammonia by nitro-
gen gas have been developed [7-10]. However, the slow kinetics
of ammonia synthesis by biological nitrogenase and the difficulty
of nitrogen photo/electrochemical ammonia synthesis have cast a
veil on the vision of green ammonia synthesis, and there is still a
long way to go to find alternative (or partial alternative) pathways
about Haber-Bosch ammonia synthesis.

In recent years, it has been found that harmful nitrate ions
(NO3) can be converted into ammonia by electrochemical method,
because the bond energy of the N=0 bond is much lower than that
of the N=N triple bond, so it is easier to be protonated to form
ammonia [11-13]. Nitrate is one of the environmental pollutants,
which not only easily causes eutrophication of water body, but also
poses a threat to human health [14]. The conversion of NO3 into
high value-added ammonia by means of electrochemical reduction
is not only beneficial to the purification of nitrate sewage, but also
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provides an effective way for green synthesis of ammonia [15-17].
For one thing, researchers have achieved initial breakthroughs in
catalyst exploration. For example, density functional theory calcu-
lations have shown that most metallic materials can electrochemi-
cally reduce NO3 to ammonia [18-22], which creates a great space
for the choice of catalysts. In the experiment, noble metal materi-
als were first considered to be used to catalyze the electrochemi-
cal nitrate reduction reaction (eNitRR) to synthesize ammonia. For
example, X. Li et al. constructed Pd nanocrystals on carbon-based
materials by in-situ reduction strategy, which realized the electro-
chemical reduction of NO3, and the ammonia yield rate reached
1730pug h~! cm=2 [23]. J. Li et al. developed a strained Ru no-
ble metal nanocluster that achieves a higher ammonia yield rate
and Faradaic efficiency (FE) when catalyzing eNitRR [24]. In addi-
tion, Ag-based and Ir-based materials also show fascinating activity
in catalyzing eNitRR [25,26]. At the same time, non-noble metal-
based materials also exhibit the ability to catalyze eNitRR to syn-
thesize ammonia, especially Cu-based and Fe-based materials [27-
33]. For example, X. Zhao et al. derived nano-Cu supported on BCN
by constructing metal boron cluster organic polymer materials, and
the ammonia yield rate reached 576.2 pmol h=! mgca:.~! when cat-
alyzing the conversion of NO3 to NH3 [34]. In addition, materials
such as Cu nanosheets and CuNi alloys also exhibit good activity
in catalyzing eNitRR [28,35]. Most of the current research is still
only on the screening of eNitRR catalysts with high activity and
high selectivity. However, for the applicability of eNitRR synthesis,
few studies have fully focused on issues related to practical appli-
cations, but this is the key to promoting eNitRR ammonia synthesis
from experimental research to practical application.

Herein, the cross-linking and self-polymerization process of
dopamine and the adsorption process of [(Ci;HgN;),Cul?t com-
plex were carried out simultaneously in time and cross-linked with
each other in space, to achieve the purpose of synchronously in-
tercalating 1,10-phenanthroline-Cu complex when dopamine was
polymerized into polydopamine. Under the spatial confinement
effect of polydopamine polymer, Cu species dispersed in the
nitrogen-doped carbon support in the form of small particle size
after heat treatment. Using Cu/CN as the catalyst, the ammonia
yield rate and FE of eNitRR reach 8984.0ug h~! mge~! (-0.9V
vs. RHE) and 95.6% (—0.8V vs. RHE), respectively, and possess
electrochemical cycling stability and durability. The biocompatible
Cu/CN can electrochemically convert nitrate into ammonia prod-
ucts in complex water bodies, and can reduce the NO3 concen-
tration in actual sewage below the limit value set by WHO or US
EPA. Through reasonable design, this research has produced ad-
vanced catalysts that are beneficial to eNitRR, and fully considered
the possible situations of practical applications in the laboratory
research stage, and comprehensively evaluated the application po-
tential of the developed catalysts, which will help to realize the
value-added vision (Fig. S1 in Supporting information) of low-value
nitrate resources as soon as possible.

The Cu/CN catalyst was constructed by embedding Cu?* in 1,10-
phenanthroline while polydopamine polymerization. Specifically,
1.982 g (10 mmol) of 1,10-phenanthroline was dissolved in 80 mL of
hot water (about 80°C) to form a homogeneous solution, and then
added to 20mL of a mixed solution containing 0.750¢g (4 mmol)
of copper nitrate under magnetic stirring (800 rpm). After standing
for 2h, a 1,10-phenanthroline copper ([(C12HgN;),Cu]?>*) complex
solution was formed, which was then added to 200 mL Tris-HCl
solution (0.417 mol/L, pH 8.5). Add 2.500¢g of dopamine hydrochlo-
ride dissolved in 10 mL of water to the above mixed solution, stir
magnetically at 800 rpm for 24 h, then collect the solid by centrifu-
gation, and dry the solid in a vacuum oven at 80°C for 2 h. Finally,
the above solid was heat-treated to prepare Cu/CN according to the
following procedure: N, was used as the carrier gas, the sample
was heated from room temperature to 600 °C at 5°C/min and kept
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for 2h, and then cooled naturally under N, atmosphere. Detailed
experimental details, including the preparation of comparative ma-
terials, characterization methods and electrochemical experiments,
were shown in Supporting information.

Copper-based materials have initially shown good activity as
eNitRR catalysts, but it is still necessary to further improve
their catalytic performance. To prevent the large-scale aggrega-
tion of copper species and thus reduce the utilization of cop-
per sites, this study chose to simultaneously intercalate the com-
plex ([(C;2HgN,),Cu]?*) formed by 1,10-phenanthroline and Cu?*
during the formation of polydopamine (Fig. 1a). On the one
hand, after Cu?* is complexed by 1,10-phenanthroline, it is not
easy to aggregate and form large-particle Cu species during the
heat treatment stage. In addition, the synchronous embedding
of [(C;2HgN,),Cu]** complexes during the formation of poly-
dopamine is beneficial to isolate Cu?t species again and realize
the double isolation effect. Therefore, after heat treatment of the
formed composite, the Cu species are not easy to aggregate, and
the particle size of the Cu species can be reduced to increase the
utilization of Cu sites, thereby increasing the catalytic activity.

After the [(C;,HgN,),Cul®** complex was embedded in the
polydopamine polymers, the Cu/CN material formed after heat
treatment presents an irregular bulk structure with smooth sur-
face (Fig. S2 in Supporting information). When there is no inter-
calated [(C;2HgN,),Cu]*t complex in polydopamine, the CN ma-
terial obtained by heat treatment shows a different morphology,
and the overall morphology is regular granular (Fig. S3 in Support-
ing information). Therefore, it was shown that [(C;,HgN;),Cul?t
complexes were effectively fused into polydopamine polymers and
changed the overall morphology of polydopamine. Element map-
ping imaging shows that Cu, C, and N elements are uniformly dis-
tributed in the Cu/CN material (Fig. 1b), which verifies the effec-
tive doping of Cu species. In the high-resolution state, a large num-
ber of black particles with a particle size of 2-4 nm are distributed
in the transmission electron microscope (TEM) images (Figs. 1c-e).
When the TEM imaging mode was replaced by a high-angle an-
nular dark field (HAADF) image mode, the particles distributed in
the field of view appear as white bright spots (Fig. 1f). In general,
the conventional TEM imaging mode collect signals of transmitted
electrons, so atom with larger atomic weight have lower bright-
ness in TEM images because they can block more electron energy.
On the contrary, when the imaging mode is HAADF, the collected
signal is the scattered electron beam signal, and the more scat-
tered electron beamsignals, the brighter the contrast of the sig-
nal [36-38]. Since only one metal species was introduced in the
preparation of Cu/CN materials, the nanoparticles in the TEM im-
ages should be Cu nanoparticles. Furthermore, the lattice spacing
on these nanoparticles is around 0.208 nm (Fig. 1g and Fig. S4 in
Supporting information), which is close to that of the (111) crystal
plane of Cu with configuration face-centered cubic (fcc, JCPDS No.
04-0836, d(111)=0.208). Therefore, Cu nanoparticles distributed in
Cu/CN are Cu species in fcc configuration.

When [(Ci3HgN,),Cul?®t was not embedded into the poly-
dopamine network, the particle size of Cu in the material
(Cu/CN/NPDA) after direct pyrolysis of [(C;,HgN;),Cul?t was larger
than that of Cu in Cu/CN (Fig. S5 in Supporting information).
Therefore, synchronous embedding of [(C;2HgN,),Cu]?>* into the
polydopamine network is beneficial to reduce the particle size of
the Cu site. Even if it is difficult to change the conductivity (Fig. S6
in Supporting information), exposing more metal sites can increase
the electrochemical surface area (ECSA) (Fig. S7 in Supporting in-
formation) of the catalyst.

The X-ray photoelectron spectrum (XPS) signals of Cu/CN shows
that there are only two signal peaks close to the normal distribu-
tion in the Cu binding energy region, and only two signal peaks
can be fitted, so the Cu species in Cu/CN is a single component
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Fig. 1. (a) Schematic diagram of the preparation of Cu/CN material. (b) HAADF image and element mapping of Cu/CN. (c, d) TEM images of Cu/CN. (e) Particle size distribution
of Cu nanopartlcles in Cu/CN. HAADF image (f) and high resolution TEM image (g) of Cu/CN.
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Fig. 2. XPS spectra (a) and Auger spectra (b) of Cu species in Cu/CN materials. (c) XRD spectra of Cu/CN and CN. (d) FTIR spectra of Cu/CN and 1,10-phenanthroline.

(Fig. 2a). Specifically, the binding energy gap between the signals
of Cu 2ps, and Cu 2pyp, is about 19.8eV [34], while the signal
peak of Cu 2p in the Auger spectrum (Fig. 2b) is only one (at
19.8eV), so the valence of Cu in Cu/CN is zero [39]. In the X-ray
diffraction (XRD) signal (Fig. 2c), only the signal of graphitic car-
bon appears in the CN material, while the obvious Cu signal peak
appears in Cu/CN at the same time, which is consistent with the
XRD signal of Cu with fcc configuration, which verifies the above
inference. In addition, there is no characteristic FTIR signal of 1,10-
phenanthroline in the Cu/CN material (Fig. 2d), and only some

broad peak (contribution of C-C, C-N, C=N bonds [40]) appears
in the range of 700-1500 cm~!, which is similar to the FTIR sig-
nal of inorganic graphite carbon nitrogen material, this state can
improve the electron transport ability of the carrier. Specifically,
organic matter will undergo dehydrogenation at high temperature
to form reducing hydrogen ([H]) with reducing ability. After the H
atom is removed from the organic matter, the carbon atoms are
coupled to each other to form an inorganic carbon network, and
the bonding state of the C atom is transformed from the sp3 con-
figuration of the precursor to the sp? configuration of the graphite
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Fig. 3. (a) The LSV curves collected with Cu/CN as the catalyst, with or without NO; in the alkaline medium. (b) The ultraviolet-visible spectrum collected after the
electrolyte was colorimetric. (c) Ammonia yield rate and FE at different applied potentials in alkaline media. (d) "H NMR spectrum of the electrolyte after electrolysis for 1h

when NOj is ¥NOj3 and NOj respectively.

carbon (Fig. S8 in Supporting information). This transformation will
cause the infrared characteristic peak of the precursor to disappear,
and the sp? configuration can increase the electron transfer and
conductivity of the carbon matrix. At the same time, [H] will cou-
ple with each other to form hydrogen and escape from the sys-
tem, and some [H] act as reducing agents to reduce Cu2t to Cuf.
The introduced polydopamine also undergoes dehydrogenation re-
action, which is coupled with the material after dehydrogenation
of 1,10-phenanthroline, and finally forms a nitrogen-doped carbon
matrix.

As a validation, the performance of Cu/CN as an eNitRR cata-
lyst was evaluated in detail. When the electrolyte (0.1 mol/L KOH
solution) without NO3, the linear sweep voltammetry (LSV) curve
shows that the current density is at a lower value, and the cur-
rent signal at this time comes from the contribution of the hydro-
gen evolution reaction (HER) (Fig. 3a). When the electrolyte con-
tained 100 mmol/L NO3, the collected current signal was greatly
improved, indicating that NO3 had reacted on the surface of the
catalyst. The presence or absence of NO; caused a significant dif-
ference in the current signal indicates that the Cu/CN material has
the potential to catalyze the electrochemical reduction of NOj. Fur-
ther, —0.3, —0.4, —0.5, —0.6, —0.7, —0.8, —0.9, and —1.0V vs. RHE
were selected as the applied potentials for the chronoamperome-
try (CA) test according to the trend of HER activity increase in the
LSV curve. After running CA for 1h, the absorbance of the elec-
trolyte after colorimetry first increased and then decreased slightly
with the negative increase of the applied potential, and the ab-
sorbance reached the maximum when the applied potential was
—0.9V vs. RHE (Fig. 3b). The change trend of the ammonia yield
rate obtained by the standard curve interpolation method is con-
sistent with the change trend of the absorbance with the applied
potential. The ammonia yield rate reaches 8984.0ng h™! mgca !
and the FE reaches 93.6% when the applied potential is —0.9V vs.
RHE (Fig. 3c), which is superior to most reported catalysts (Fig. S9
and Table S1 in Supporting information). It is worth noting that
although the rate of ammonia production was slightly lower at
the applied potential of —0.8V vs. RHE, the FE was higher than

that of —0.9V vs. RHE, up to 95.6%. As the reduction potential in-
creases, the amount of charge (or electrons) through the electrode
increases, which increases the rate of conversion of NO3 to NHj
per unit time and thus increases the rate of ammonia yield rate.
However, the more negative reduction potential will aggravate the
HER side reaction, resulting in a decrease in the proportion of the
net increased charge for eNitRR, so the FE will decrease. When the
applied reduction potential continues to increase, the HER side re-
action is more intense and consumes more charge, resulting in a
decrease in both the ammonia yield rate and FE of eNitRR. From
the perspective of the utilization efficiency of electric energy, sub-
sequent studies all used —0.8V vs. RHE as the applied potential.
It should be noted that when the applied potential is small (ab-
solute value), both the ammonia yield rate and FE are at a lower
value. Since the conversion of NO3 to NH; undergoes an 8e~ trans-
fer process, it is difficult to completely protonate NO; to NHs at a
low applied potential, so it is easy to accumulate by-products such
as NO;, resulting in a low value of the FE for the generation of
NHjs. As the negative direction of the applied potential increases,
the amount of charge passing through the electrode per unit area
and unit time increases, which can quickly and completely con-
vert NO3 into NH3, so the ammonia yield rate and FE are both im-
proved. When the applied potential increases negatively to a cer-
tain extent, the FE of synthetic ammonia will decrease because the
intensity of HER side reactions will increase accordingly. "THNMR
is an effective method to monitor the source of NHs;. Owing to
the scalar interaction, the coupling between 'H and >N in NH,*
leads to the 'H resonance splitting into equidistant double peaks,
while the coupling between 'H and ™N in ¥NH,4" leads to the 'H
resonance splitting into equidistant triple peaks [41]. Here, when
the NO3 in the electrolyte is all ¥NO3, only the isointense triplet
peak of Ji;=52Hz appears in the 'H NMR signal of the electrolyte
after running CA (Fig. 3d). However, when all the NO3 in the elec-
trolyte is ‘5NO3’ , only double peaks of equal intensity at Jy=73 Hz
appear in the TH NMR signal of the electrolyte after running CA.
Therefore, the ammonia detected in this study all comes from the
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Fig. 4. (a) Ammonia yield rate and FE (—0.9V vs. RHE) of eNitRR when Cu/CN was reused. (b) Continuous electrolysis for 20h (in alkaline medium), the UV-vis absorbance
of the electrolyte (after colorimetry) in different time periods. (c) Continuous electrolysis for 20 h (in alkaline medium, —0.9V vs. RHE), FE of eNitRR in different time periods.
(d) Effect of initial concentration of NO3 on current response when Cu/CN was used as working electrode.

electrocatalytic reduction process of NO3 on the electrode surface
[41], and there is no detectable external ammonia pollution.

In addition, the electrochemical stability of Cu/CN as eNitRR
catalyst was evaluated. On the one hand, after 8 cycles of CA test,
the ammonia yield rate and FE of Cu/CN did not decrease signifi-
cantly compared with the initial value, and only fluctuated slightly
around the initial value (Fig. 4a). When running the CA test con-
tinuously for 20 h, the ammonia species in the electrolyte tends to
gradually accumulate (reflected in the change of absorbance: Fig.
4b), and the FE can be close to 90% at 1h, 2h, 5h, and 10h (Fig.
4c). When the running time reaches 20 h, FE can maintain around
75%. It should be noted that eNitRR is heavily dependent on the
initial concentration of NO3, and it can also be seen from the LSV
curves (Fig. 4d) that the current response is correlated with the
concentration of NO3 [30,42]. With the prolongation of CA test
time, the concentration of NOj in the electrolyte decays contin-
uously. At this time, the proportion of NO3 covered on the surface
of the catalyst continued to decrease, while the proportion of H,O
molecules or H* species gradually increased, so the HER side re-
action gradually strengthened, resulting in a downward trend in
the FE of synthetic ammonia. After catalyzing eNitRR, the scan-
ning electron microscope image (Fig. S10 in Supporting informa-
tion) and XPS signal (Fig. S11 in Supporting information) of Cu/CN
catalyst were collected. The morphology of Cu/CN material is sim-
ilar to the initial state (irregular block structure), and the valence
of Cu is still dominated by 0. Overall, Cu/CN has excellent cycle
stability and long-term running durability when catalyzing the eN-
itRR for synthesis of ammonia, and is a catalyst with application-
oriented capabilities.

Considering the complexity of nitrate wastewater in the actual
environment, some practical factors were introduced in this study.
When the electrolyte was a neutral environment, the HER side re-
actions on the Cu/CN catalyst are not as strong as those in the
alkaline environment (Fig. S12 in Supporting information). When
containing NO3, although the applied potential causing the current
gain is more negative, it still shows that the eNitRR on the elec-
trode surface occupies an absolute advantage. Although HER (more
HT) is more likely to occur in acidic electrolyte, the current gain

caused by HER on Cu/CN is only slightly increased compared with
that in alkaline medium (Fig. S13 in Supporting information), and
the eNitRR on the electrode surface also occupies an absolute ad-
vantage. After running the CA test, the ammonia yield rate and FE
of eNitRR catalyzed by Cu/CN in neutral medium reached 1925.8 ug
h~! mge.~! and 72.0% (at —0.8V vs. RHE) (Fig. S14 in Supporting
information), respectively, and the ammonia yield and FE in acidic
medium also reached 5941.6 g h~! mge,.~! and 81.5% (at —0.8V
vs. RHE) (Fig. S15 in Supporting information), respectively. These
results indicate that the performance of Cu/CN catalytic eNitRR will
not change greatly due to the change of pH environment, and it
has the characteristics of promoting the conversion of NO3 to NHj
in the whole pH range. Here, the influence of different coexisting
ions was also considered. In the results, when the electrolyte con-
tained 10 mmol/L CI~, SO2~, CO%~, Na*, Ca?+, and Mg2* the activ-
ity of Cu/CN catalytic eNitRR was not significantly inhibited, and
the FE remained at a high level of more than 80% (Fig. 5a). There-
fore, even if it is only at the stage of laboratory research, it has
been shown that Cu/CN materials can serve as effective catalysts
for the electrochemical conversion of NO3 to NH3 in complex en-
vironments. The results showed that the catalytic activity of Cu/CN
for eNitRR was not significantly inhibited when the alkaline elec-
trolyte contained 10mmol/L CI~, SO3~, CO3~, Na*, Ca**, and Mg?*
coexisting ions, respectively, and the FE remained at a high level
of more than 80% (Fig. 5a). Among them, Na* has little effect on
the selectivity of NO3 to NH3 on Cu/CN. CI7, SO3~, CO%, Ca?*, and
Mg?* ions slightly inhibited the catalytic performance of Cu/CN for
eNitRR, but the degree of inhibition was less than 15%. It is worth
noting that in neutral media, additional OH™ ions are generated
on the electrode surface when eNitRR was operated, which easily
causes the introduced Ca%+ or Mg?* to precipitate and cover some
active sites of Cu/CN, thereby inhibiting eNitRR (Fig. S16 in Sup-
porting information) [43].

Usually, even in the face of severe pollution, the nitrate con-
centration in natural water will not reach the concentration of
100 mmol/L. However, there are often high concentrations of ni-
trate species in the sewage produced by some ammonia plants, ni-
tric acid plants, printing and dyeing plants, electroplating plants
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Fig. 5. (a) Effects of coexisting ions on eNitRR driven by Cu/CN in alkaline media. (b) The cost-benefit ratio of ammonia synthesis by eNitRR. (c) Cu/CN as a catalyst to
remove NOj ions in simulated sewage by constant current electrolysis (50 mA, 70 mL electrolyte). (d) The actual sewage collection location and optical image. (e) Cu/CN as
a catalyst to remove NO; ions in actual sewage by constant current electrolysis (50 mA, 70 mL electrolyte). (f) With Cu/CN as the catalyst, the concentration of NO; ions can

be reduced to below the limits specified by WHO and US EPA under electric drive.

or food processing plants. Therefore, for these high-concentration
nitrate sewage, it can be converted into high value-added ammo-
nia by means of electrochemical reduction, so as to achieve a state
where the sewage can be allowed to be discharged. In the process
of electrochemical converting nitrate into NO3, the Cu/CN catalyst
developed in this work, regardless of whether the electrolyte en-
vironment is alkaline, neutral or acidic, the benefits of the gen-
erated ammonia are higher than the cost input (electric energy),
resulting in a cost-benefit ratio are lower than 1 (Fig. 5b). There-
fore, while treating high-concentration nitrate sewage, it can also
achieve a certain degree of profitability.

Considering that NO3 in natural water bodies is at a low level,
and it is not operable to concentrate. Therefore, when dealing with
excessive NO3 in natural water, this study focused on the resid-
ual NO3 concentration. By applying a current of 50mA to the
electrode, the NO3 concentration in the simulated nitrate sewage
(50mg/L NO3 in 0.5mol/L Na,SO4 solution) decreased continu-
ously with the extension of electrolysis time (Fig. 5¢). When the
electrolysis time reached 10h, the residual concentration of NO3
was as low as 4.34mg/L, and the removal rate was as high as
92.32%, while the production of NO, was close to zero. This per-
formance outperforms most of the results recently reported (Fig.
S17 in Supporting information). When dealing with natural water
from river (Laoyu river, Fig. 5d) polluted by NO3, the concentra-

tion of NO3 can be reduced from 32.21 mg/L to 5.14mg/L within
10h under constant current electrolysis (Fig. 5e), which is lower
than the thresholds set by the World Health Organization (WHO)
and the US Environmental Protection Agency (US EPA) (Fig. 5f). It
should be noted that the produced ammonia is easier to remove
by membrane interception than NO3. Therefore, from the perspec-
tive of purifying nitrate sewage, a reasonable amplification device
can be designed and Cu/CN can be used as a catalyst to contin-
uously eliminate excessive NO3 in natural water. In addition, Cu
in Cu/CN is zero-valent metal copper, which will not dissolve in
aqueous solution, and the CN support is a kind of substance sim-
ilar to natural biochar. Therefore, Cu/CN has good biocompatibility
(Fig. S18 in Supporting information) and will not pose a threat to
aquatic animals and plants.

It should be noted that the generated ammonia is easier to be
removed than NO3, and only a reasonable ammonia removal de-
vice needs to be set. For example, high-concentration ammonia can
be recovered directly using reclaimed resins or extracting methods
(for industrial high-concentration nitrate wastewater) (Fig. S19 in
Supporting information) [44-46]. The low concentration of ammo-
nia solution can directly flow into the farmland as “liquid fertil-
izer” after removing the supporting electrolyte (or ionic ammonia)
through the flow electrode capacitive deionization device. Clean
water can be obtained after the water flow containing low concen-
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Schematic diagram of testing in situ Raman spectroscopy. (d) Raman spectra collected on the catalyst surface when Cu/CN catalyzed eNitRR.

tration of NH3 undergoes regenerated resins or extracting device
again. The vision of electrochemically eliminating nitrates and en-
riching ammonia requires direct use of clean energy as a driving
force to reduce electricity costs.

When “CN on carbon paper” and “Carbon paper” were used as
the working electrode, respectively, the ammonia yield rate of eN-
itRR was much lower than that of ‘Cu/CN on carbon paper’ as the
catalyst (Fig. 6a). In addition, when "Carbon paper” was used as the
working electrode, the ammonia yield rate of eNitRR is only about
1/3 of that of "CN on carbon paper” as the catalyst. Therefore, the
catalytic activity of Cu/CN comes from the Cu species rather than
the CN matrix, and the carbon paper as the catalyst carrier has
poor catalytic activity, which is not the source of the catalytic ac-
tivity. In addition, the electrochemical conversion of NO3 to NHj
on "CN on carbon paper" and "Carbon paper” no satisfactory selec-
tivity, and the FE is lower than 40% in alkaline, neutral and acidic
media (Fig. 6b).

Using Cu/CN as the working electrode, the Raman signal on the
catalyst surface was collected in real time on situ device (Fig. 6c)
during the operation of eNitRR. When running eNitRR, the surface
of the catalyst can adsorb NO3 (1045 cm~1) [47], and as the ap-
plied potential increases negatively, the signal (1470 cm~!) of NH;
gradually appears, indicating that the NH3 in the solution was de-
rived from the surface of the catalyst (Fig. 6d). In addition, it is dif-
ficult to find obvious signals represented by NO; and NO in the in
situ Raman spectrum, indicating that NO; was converted to NH3
with high selectivity, and the short residence time of intermedi-
ates makes it difficult to form stable by-products. In the experi-
ment, the FE of NO; is as low as 3.29% (Fig. S20 in Supporting
information), and the ultra-low selectivity leads to obvious in-situ
Raman signals that are difficult to collect. In addition, during the
conversion of NO3 to NH3, NO; as an intermediate will be further
reduced, and it is difficult to accumulate enough NO; to present a
clear Raman signal.

Based on the preparation strategy of Cu/CN, TEM images, XPS
and FTIR results, we anchored Cu atom clusters on CN support as
a possible model to describe Cu/CN material. Among them, a clus-

ter (Cuy3) containing 13 Cu atoms was constructed to replace Cu
nanoparticles (Fig. S21 in Supporting information), and graphitic
nitrogen was used as the N doping type in the graphitic carbon
network (graphitic nitrogen is dominant in Cu/CN, Fig. S22 in Sup-
porting information). Considering that Cu nanoparticles are in con-
tact with the Cu surface in more than one direction in CN, and
the CN carrier will affect the performance of the Cu site, a Cuj3
cluster with moderate Cu atoms was constructed on the CN ma-
trix (Fig. S23 in Supporting information). In the XPS of Cu/CN
material, the fine spectrum of N element shows that the N in
Cu/CN is mainly graphite nitrogen (Fig. S24 in Supporting infor-
mation), with a ratio of more than 80%. Therefore, in the den-
sity functional theory (DFT) calculation model, N is doped into
the C network in the form of graphite N. During the heat treat-
ment of [(C;2HgN,),Cu]?t, a part of Cu aggregates to form 2-4nm
nanoparticles, where a small number of Cu atoms are still coor-
dinated (or bonded) with C or N. When constructing the Cu;3/CN
model, the Cu atoms near the CN side were selected to bond with
the CN support. Considering that N,H; was not detected in the
electrolyte (the absorbance was consistent with the blank control)
(Fig. S25 in Supporting information), and the FE of NO3 to NHj;
was as high as 95.6%, a general conversion path was used here:
NO3 — *NO3 — *NO; — *NO — *N— *NH — *NH, — *NH3. DFT cal-
culations show (Fig. 7) that the step of adsorbing *NO3 and form-
ing *NOjs is the rate determining step (RDS), which corresponds to
the characteristic that the reaction is related to the initial concen-
tration of NO3. Regardless of whether Cuy3 clusters contain carri-
ers or not, the process of further protonation of *NO3 to *NHj is
a process of energy accumulation, so NO3 can be effectively con-
verted into NH3. When Cuy3 clusters are supported on the sup-
port CN, the energy barrier required for RDS is reduced by about
0.11 eV, which promotes the initiation process of eNitRR and thus
promotes the conversion of NOj. Therefore, the introduction of
[(C12HsN;),Cul?t complexes in the polydopamine polymerization
stage can not only increase the exposure of Cu species, but also
help reduce the energy barrier of NO3 activation, thus promoting
the smooth progress of eNitRR. In addition, by introducing poly-
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dopamine as the adsorption carrier of [(C;,HgN,),Cu]?*, the par-
ticle size of Cu nanoparticles was effectively reduced, and the per-
formance of electrochemical reduction of NO3 to NH3; was im-
proved (Fig. S26 in Supporting information).

In this study, the dopamine polymerization process and the
[(C12HgN5),Cu]>* complex embedding process were run simulta-
neously in time and space, and ultrafine Cu nanoparticles (Cu/CN)
were effectively loaded on nitrogen-doped carbon after heat treat-
ment. Using Cu/CN as the catalyst, the ammonia yield rate and
Faradaic efficiency of the electrochemical conversion of NO3 to
NH; are highly 8984.0ug h~! mgcat.~! (—0.9V vs. RHE) and 95.6%
(—0.8V vs. RHE), respectively. Even in the face of complex water
environments, such as neutral media, acidic media, coexisting ions,
and actual nitrate wastewater, the electrochemical reduction path-
way using Cu/CN as a catalyst can effectively purify nitrate sewage
and form high value-added ammonia, and this process has the
characteristics of profitability. The strategy of simultaneous embed-
ding increases the exposure rate of Cu sites, and the support of CN
is also beneficial to reduce the energy barrier of *NO3 activation.
This study rationally designed catalysts that are beneficial to eN-
itRR, and considered the situation faced by practical applications
during the research stage, reducing the performance gap between
laboratory exploration and industrial applications.
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