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Optimizing Local Configuration of Interphase Copper Oxide
by Ru Atoms Incorporation for High-Efficient Nitrate

Reduction to Ammonia

Yunxiang Lin, Ying Wang, Ying Xu, Hengjie Liu, Xue Liu, Lei Shan, Chuangiang Wu,*

Li Yang,* and Li Song*

The electrochemical reduction of nitrate offers an environmentally friendly
and sustainable development strategy to mitigate nitrate pollution and
further facilitate value-added ammonia synthesis. Here, interphase Cu, ;O
(regarded as Cu,O with metal excess defects) featured by abundant Cu® and
Cu’* sites with Ru single atoms incorporation (marked as Rug, @Cu, ., ,0) are
synthesized by fast Joule heating method for efficient nitrate reduction to
ammonia. The X-ray absorption spectroscopy found that the incorporation of
Ru atoms can effectively tune the local electronic structure of Cu, ;O
substrate with charge polarization. The as-prepared Rus, @Cu,_ ;O exhibits a
remarkable Faradaic efficiency (FE) of 98.02% and an ammonia yield of 0.81
mmol h~' ecm~2 at the potential of -0.4 V (vs RHE). In situ, attenuated total
reflection surface-enhanced infrared absorption spectroscopy and theoretical

1. Introduction

Electrochemical nitrate (NO,;”) reduction
reaction (NO;RR) has been widely stud-
ied due to its significant importance in
wastewater treatment and clean energy
conversion.'#  Considering the energy
consumption and operating simplicity,
electrochemical NO;RR is a promising
candidate for the replacement of the
Haber-Bosch method, which requires high
temperature, high pressure, and excessive
energy consumption along with green-
house gas emissions.>®1 Although the
co-reduction of N, and H,O to produce

investigations further confirm that Ru incorporation promotes the rapid
transfer of the hydrogenation process. This study not only presents a
feasible approach for fabricating interphase catalysts through fast Joule
heating synthesis, but also offers insights into effectively regulating the
local electronic structure of electrocatalysts for boosted reaction
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NH; under ambient conditions has been
studied in recent years, the high bond
energy of the nonpolar N=N bond (941
k] mol™") caused a high energy require-
ment. Besides, the low solubility of N,
in electrolytes also leads to the inevitable
competition hydrogen evolution reaction
(HER) under high reduction potential.
Nevertheless, the NO;RR is an intricate
process that contains eight electrons trans-
ferred along with various intermediates,
which is distinctly restricted by a high energy barrier and the
competing HER.I”#! As such, effective catalytic configurations
with the favorable adsorption of intermediates (e.g., “"NO,, “NO)
and boosted reaction kinetics are key aspects that significantly in-
fluence the overall performance of NO,;RR.I>!! Altering the ad-
sorption of key intermediates could not only reduce the energy
barrier, but also offer the opportunity to understand the reaction
mechanism associated with the reaction pathways. Considering
that the adsorption of intermediates is mainly influenced by the
local configuration of the catalysts, which play the key role in the
subsequent reaction process. Hence, designing highly efficient
electrocatalysts with optimized local configuration and electronic
structure has been a hot topic in recent years.['>15]

As is widely reported that transition metal (e.g., Cu, Co, and
Ru) based electrocatalysts displayed ideal NO,RR performance
owing to the unfilled d-orbital electrons and tunable d-band struc-
ture, which plays a significant influence on the activation and hy-
drogenation of NO,~.['623] Considering that the NO,RR is a hy-
drogenation reaction that consumes protons from H, O dissocia-
tion in alkaline conditions, balancing the proton supply and NO;~
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hydrogenation process is an important thing regarding such a
so-called proton coupling electron transfer process.**2°) Among
various transition metals, Cu-based catalysts exhibit excellent ac-
tivity in NO,~ adsorption and hydrogenation along with a low-
cost and high structural tunability. But the adsorption of inter-
mediates (e.g., "NO,~, “NO) on pure Cu catalyst is strong, leading
to the undesired accumulation of intermediates and decelerating
the reaction process.[??!] Besides, introducing main-group met-
als can suppress the competing HER due to the weakened affinity
of protons.[?] Besides, Cu atom incorporation into the vacancy of
Co, g5 Se can significantly promote the electron transfer from Cu
to Co sites via bridging bonds, leading to an electron-deficient
state of Cu, thus accelerating the dissociation of NO,™ and sta-
bilization of NO,~.13% Most recently, the vacancies in the copper
oxides can regulate the local energy levels, promote nitrate ad-
sorption, and enhance water dissociations, which displayed sig-
nificantly accelerated reaction kinetics.>'~33 Therefore, the spec-
ulation that optimizing the local configuration of Cu-based cata-
lyst can significantly promote the NO;RR performance could be
rationally expected.

In this work, interphase Cu,_,O featured abundant Cu° and
Cu®* sites and Ru single atoms incorporation (Rugy, @Cu,,;0)
was successfully synthesized by fast Joule heating methods for
high-efficient NO;RR. Notably, the Rug, @Cu,,,O presented a
high Faradaic efficiency (FE) of 98.02% and ammonia yield of
0.81 mmol h™ cm™ at -0.4 V versus RHE, exceeding that of
Cu,,,0 (FE,,,, of 61.14% and 0.27 mmol h~! cm~2) with an ideal
stability. Synchrotron radiation-based X-ray absorption fine struc-
ture (XAFS) demonstrated that the incorporation of Ru atoms
into Cu,,,O catalyst could modulate the local geometric con-
figuration Cu with a favorable electronic structure. Subsequent
attenuated total reflection surface-enhanced infrared absorption
spectroscopy (ATR-SEIRAS) and theoretical analysis further con-
firmed the role of Ru incorporation in promoting the reaction
intermediates transfer and hydrogenation. This work proposed a
feasible approach for the fabrication of an efficient catalyst with
the fine-tuned local structure and optimized adsorption of inter-
mediates.

2. Results and Discussion

2.1. Synthesis and Characterization of Cu,_,0 and
Rug, @Cu,,,0

The Cu,,,0, regarded as a form of Cu,O with metal excess de-
fects, is one type of copper oxide that includes both Cu® and
Cu’* species, which can serve as the synthetic active sites. Ow-
ing to its unique interphase, there is a lack of literature focused
on synthesizing pure interphase Cu,,,; O nanomaterials. Owing
to the ultrafast heating and cooling rates, fast Joule heating syn-
thesis offers an exceptional platform for the synthesis of inter-
phase nanomaterials. As illustrated in Figure 1a, the precursors
were first prepared by using a simple co-reduction of Cu and
Ru salts by using sodium borohydride as a reducing agent. Fol-
lowed by fast Joule heating treatment, the interphase Cu,,; O and
Rug, @Cu,,, O were successfully synthesized and applied for fur-
ther electrocatalytic process. As depicted in the Figure 1b, the
X-ray diffraction (XRD) patterns of Cu,,;O and Rug, @Cu, ;0
show a series diffraction peak at 29.5°, 36.4°, 42.3°, 61.3°and
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73.5° which are well indexed to (110), (111), (200), (220) and (311)
of planes of Cu,,,;0 (JCPDS No. 05-0667). The similar diffrac-
tion features of Cu,,;0 and Rug, @Cu,,,O indicate that the in-
corporation of Ru atoms doesn’t influence the fast Joule heat-
ing synthesis of interphase Cu,,;O. It deserves to be empha-
sized that the signal-to-noise ratio of the XRD pattern for the
Rug, @Cu,,, O is lower than that of Cu,,,O, which may due to
the generalized amorphous structure in the Rug, @Cu, ;O in-
duced by Ru incorporation. In comparison, when the precursor
was treated in a traditional tubular furnace with slower rising and
cooling rates, the obtained material mainly displayed the crystal
structure of Cu,,,0 and CuO (Figure S1, Supporting Informa-
tion), indicating that the fast Joule heating methods could con-
tribute to the successful synthesis of pure interphase Cu,,0.
Then, the transmission electron microscope (TEM) images of
as-prepared samples were collected to investigate the morphol-
ogy and structure. As shown in Figure 1c and Figure S2a (Sup-
porting Information), the Rug, @Cu,,,, 0 and Cu,_, O exhibit uni-
formly gathered nanoparticles. Furthermore, the high-resolution
TEM (HRTEM) image of Rug, @Cu,,,;O clearly displays con-
tinuous lattice fringes with a lattice spacing of 2.46 and 2.13
A, corresponding to the (111) and (200) planes (Figure 1d). It
could be observed that some part of the nanoparticles exhibits
the lattice fringe with a larger spacing of 2.48 A, potentially due
to lattice expansion induced by Ru atom incorporation. Addi-
tionally, some of the amorphous zones could be detected in the
Rug, @Cu,,, O rather than Cu,,,O (Figure S2b; Figure S3, Sup-
porting Information), which is consistent with the XRD results
and may due to the incorporation of Ru atoms can influence the
crystal growth during the ultra-fast synthetic process. Through
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), it is evident from Figure le that
the bright dots could be observed on the Cu,,,O substrate, fur-
ther confirming the successful incorporation of Ru single atoms.
The elemental mapping image collected from energy-dispersive
X-ray analysis (EDS) shows that Cu, O, and Ru are uniformly dis-
tributed in Rug, @Cu,,, O (Figure 1f). In comparison, the Cu, ;O
exhibits a uniform distribution of Cu and O elements could also
be observed, which indicates the successful preparation of the
Cu,,,0 (Figure S4, Supporting Information). Additionally, the
Ru amount was measured as 2.4 wt% by inductively coupled
plasma mass spectrometry.

The chemical states of Cu, O, and Ru were further detected
by the X-ray photoelectron spectroscopy (XPS) measurements.
As for the valence states of Cu displayed in Figure 1g, the peaks
located ~931.3 and 951.28 eV can be assigned to the 2p,, and
2p,, of Cu’* that originate from Cu’ and Cu* species, respec-
tively. Furthermore, the scattering peaks around the binding en-
ergies 0of933.8 and 953.8 eV are attributed to the 2p,, and 2p, , of
Cu?*. The Cu LMM Auger spectra of Rug, @Cu,, ;0 and Cu,,,0
also demonstrated that the incorporation of Ru regulated the lo-
cal valence states of Cu (Figure S5, Supporting Information). The
relative contents of Cu® and Cu* were also analyzed from XPS
fitting results to clarify the valence states of copper species. The
Cu® to Cu'* ratio is 0.42 for Rug, @Cu,,,0 and 0.33 for Cu,,0,
indicating the successful regulation of the local electronic struc-
ture. Besides, we can also find that the Cu** to Cu®* ratios are
1.06 and 1.85 for Cu,,;O0 and Rug, @Cu,,,0, indicating that
the incorporation of Ru atoms can significantly promote charge
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Figure 1. Morphology and microstructural characterization of Cu,, ;0 and Ruga @Cu, ;0. a) lllustration of the synthetic procedure. b) XRD patterns
of Rugy @Cu,, 10 and Cu,, 0, ¢) TEM, and d) HRTEM images of Rugy @Cu, ;0. ) HAADF-STEM image of Rugy @Cus,, ;O and f) Elemental mapping

of Rugp@Cu,,10. g) Cu 2p XPS spectra of Rugy @Cu, ;0 and Cu, ;0.

polarizations. The two separate peaks around binding energies
of 467.4 and 488.4 eV are ascribed to the 3p,;, and 3p,, scatter-
ing peaks of Ru** valence state, which may be originated from
the coordination of Ru and adjacent O atoms (Figure S6a, Sup-
porting Information).**! In addition, the lattice oxygen and oxy-
gen vacancy could also be observed in the O 1s XPS spectra at
the bind energies ~530.9 and 532.5 eV, respectively (Figure S6b,
Supporting Information).**!

In order to further confirm the electronic structure of Cu
regulated by the Ru incorporation, we conducted synchrotron
radiation X-ray absorption spectroscopies. The Cu L-edge X-
ray absorption near edge structure (XANES) of Cu,,,;O and
Rug, @Cu,,, O was first measured to investigate the local elec-
tronic structure of Cu. As shown in Figure 2a, the peak in-
tensity of L;-edge for Rugy, @Cu,,,;O is lower than that of
Cu,,,0, indicating more electrons occupied in the 3d orbital
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for Rug, @Cu,,, O. Besides, this charge polarization between Ru
and substrate can also be observed in the O K-edge XANES
spectra with rearranged peak intensities of ¢" and z* bonds
(Figure 2b). Additionally, the Cu K-edge X-ray absorption fine
structure (XAFS) was also conducted to analyze the fine local
structure of Cu. As shown in Figure 2c, the Rug, @Cu,, ;O and
Cu,,, 0 exhibit similar XANES spectra to that of Cu,O rather
than that of CuO and Cu, which can be attributed to their sim-
ilar local geometric features. Besides, the Rug, @Cu,,,O dis-
played the lowest pre-edge peak while the highest white-line
peak, implying the incorporation of Ru atoms into the Cu, ,0
substrate along with significant charge polarization. The first
derivate XANES spectra again confirm that the Cu absorption
edge in both Cu,,,0 (8984.28 eV) and Rug, @Cu, ;0 (8984.46
eV) is higher than that of Cu foil (8982.97 eV), lower than CuO
(8986.26 eV), and close to Cu,O (8984.70 eV), indicating that the
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Figure 2. Electronic structure characterizations. a) Cu L-edge, b) O K-edge, and c) Cu K-edge XANES spectra of the as-prepared Rugy @Cu,, ;0 and
counterparts. d) FT-EXAFS curves at the R-space of the Cu K-edge for the Rugy @Cu,,;0, Cu,, 0, and other copper oxide counterparts. €) Ru K-edge
XANES spectra of the as-prepared Rugy @Cu, O, Ru foil, and RuO,. f) FT-EXAFS curves of the Ru K-edge at R-space for the as-prepared Rugy @Cu,, 10

and counterparts. g—i) WT-EXAFS curves of the Cu K-edge EXAFS curves for Cu,, 0, Rusa@Cu,,,0, Cu,0.

valence state is primarily monovalent (Figure S7, Supporting In-
formation). The Fourier transform extends XAFS (FT-EXAFS)
curves of the as-prepared samples in R space and also implies
the local configuration of Cu (Figure 2d). The scattering peak lo-
cated around 1.5 A can be attributed to the Cu-O bond, while the
scattering peak at 2.5 A originates from the Cu—Cu bond. We can
see that the Cu—O bond length of Rug, @Cu, O is slightly lower
than that of Cu,,;O, which may be attributed to the lattice dis-
tortion owing to Ru incorporation. Besides, the shortened bond
length can also be observed in the Cu—Cu bond. The EXAFS
fitting results also demonstrated that Ru incorporation leads to
the rearrangement of the local environment (Figure S8, Table S1,
Supporting Information). In detail, the coordination number of
Cu—O is 2.26 for Rugy @Cu,,, 0 and 2.41 for Cu,,, O, confirming
the lattice distortion of the Cu—O unit induced by the Ru incorpo-
ration. Besides, both the bond length and coordination number
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of the Cu—Cu bond for Rug, @Cu,, ;O are smaller than those of
Cu,,, 0, which is also consistent with the aforementioned discus-
sions. As for the local structure of Ru, the XANES spectrum of
Rug, @Cu,,, O displays a similar adsorption edge to RuO, with
a slight shift, implying 4+ valence states of Ru along with slight
charge polarization (Figure 2e). Besides, only the Ru—O bond in
the FT-EXAFS curve of Rug, @Cu,,,O at 1.48 A (without phase
correction) further indicates the isolated dispersion of Ru atoms.
The EXAFS fitting results also demonstrated the six-coordination
environment of the Ru—O bond (Figure S9, Table S2, Supporting
Information). In addition, the wavelet-transform EXAFS (WT-
EXAFS) of the Cu K-edge EXAFS curves for Rug, @Cu,,,0 ex-
hibit two maximum, attributing to the Cu—0O and Cu—Cu bond
(Figure 2g—i). The shift of maximum value further indicates
the rearrangement of the local environment induced by the Ru
atoms incorporation. Hence, the X-ray spectroscopies clearly
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Figure 3. The electrocatalytic activity for NO3RR. a) LSV curves of Cu,, 10 and Ruga @Cu,, ;0 in 0.1 M KOH electrolyte with and without 0.1 M KNOj3.
b) I-t-tests for Rugp @Cu,_ ;O at the potential range from —0.2 to —0.6 V (vs RHE) for 1 h. The corresponding c) FEs and d) yields of NH; at the different

operation potentials. f) Stability test for Rugp @Cu,,.10 under flow cell test.

demonstrated that the introduction of Ru atoms into the Cu, ;0
can significantly regulate the local electronic structure of the
Cu,,, O substrate, which may help to promote the catalytic per-
formance toward NO;RR.

2.2. Evaluation of NO,RR Performance

Considering that the Ru incorporation has directly regulated the
local electronic structure of Cu, ,O, which may contribute to
the electrochemical NO;~ to ammonia conversion. As shown
in Figure 3a, the linear sweep voltammetry (LSV) curves were
first collected to evaluate the NO;RR performance of Cu, ;0
and Rug, @Cu,,,0 catalysts in 0.1 m KOH with and without
adding 0.1 m KNO; electrolyte. Generally, the current densi-
ties of both samples notably increase after adding NO3~, and
the current density of Rug, @Cu,,,;O particularly higher than
that of Cu,,;O with a maximum current density of 95 mA
cm~2. Meanwhile, the Rug, @Cu,, ;0 requires a lower poten-
tial to achieve the same current density than that of Cu, 0,
indicating the better NO;RR performance of Rug, @Cu,,,O. It
should be noted that the incorporation of Ru atoms could also
promote the HER performance, in which the current densities
are larger than that without Ru incorporation, which may be
due to the regulated local electronic structures. In the subse-
quent NO;RR process, the enhanced hydrogen generation may
also promote the hydrogenation process and facilitate the re-
action kinetics.?") The NH; yield and Faradaic efficiency (FE)
were also qualified under a one-hour chronoamperometry (I-
t) test (Figure 3b; Figures S10 and S11, Supporting Informa-
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tion). As shown in Figure 3c, the FEs of Rug, @Cu,,0 reach
98.02% along with an ammonia yield of 0.81 mmol h™! cm™2
at the potential of —0.4 V, which is comparable to recent liter-
ature (Table S3, Supporting Information). It could be observed
that although the FEs at —0.2 and —0.3 V are higher than those
of —=0.5 and —0.6 V (Figure 3d), the ammonia yields are sig-
nificantly lower, which is mainly because of the larger partial
current densities of ammonia generation at -0.5 and —0.6 V.
In comparison, both the maximum FE (61.14%) and NH, yield
(0.27 mmol h™' cm™) at the operation potentials for Cu,,,0
are lower than those of Rug, @Cu,,,O (Figure S12, Support-
ing Information). The main by-product of NO,~ was also de-
termined by UV-vis spectroscopy by comparing the absorption
strength to the standard curve (Figure S13, Supporting Informa-
tion). It should be noted that there are no obvious NO,~ was
detected under various potentials, indicating the high selectiv-
ity of Rug, @Cu,,,, O toward ammonia. The NO;RR performance
of Rug, @Cu,_, 0 was also measured under the NO;~ concentra-
tion of 0.05 M and 0.5 M. The current densities show positive
correlations with the NO;~ concentration, in which the higher
NO,~ concentration leads to the larger current density. Besides,
the Rug, @Cu,,, 0 also shows favorable FEs under various ap-
plied potentials with the NO;~ concentration of 0.05 and 0.5 M,
further confirming the high activity toward NO,RR (Figures S14
and S15, Supporting Information). The electrochemical surface
area (ECSA) estimated by double layer capacitance (Cy) value of
Rug, @Cu,,; 0 is 0.74 mF cm™2, which is twice that of Cu,,,;0
(0.34 mF cm™2). The larger Cy, value of Rug, @Cu,, , O further in-
dicates that the incorporation of Ru atoms into Cu,,, O substrate
significantly increases the accessible active sites (Figure S16,
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Figure 4. Operando Synchrotron radiation ATR-SEIRAS measurements under various potentials for Rugy @Cu,, O during NO3;RR. a) 3D FTIR spectra
and corresponding contour maps in the range of 4000 to 1000 cm~', measured under potentials from 0 to —0.6 V versus RHE and OCV. b) Infrared
signals in the range of 1700 to 1000 cm~". c) Infrared signals in the range of 3450 to 3100 cm~".

Supporting Information).?®) In order to further investigate the

charge transfer, electrochemical impedance spectroscopy (EIS)
was conducted. As shown in Figure S17 and Table S4 (Support-
ing Information), the Rug, @Cu,,;O exhibits a smaller charge
transfer resistance (R,) than Cu,,, 0O, indicating the fast charge
transfer kinetics. Hence, we can conclude from the electrocat-
alytic NO;RR performance of Rug, @Cu,, ;O that although in-
corporation of Ru atoms can promote the HER to a certain ex-
tent, and thus facilitates the hydrogenation of intermediates to
form ammonia. To further verify the stability of Rug, @Cu,,,0,
it was measured by chronoamperometry at the fixed potential of
—0.4 V for 12 cycles. As shown in Figure 3e, the current densi-
ties can be basically maintained within a narrow range and the
relative FE consistently exceeds 90% during the stability test, in-
dicating that the Rug, @Cu,_, O catalyst has good stability and ac-
tivity. Besides, the long-term stability test of Rug, @Cu,,,O0 was
conducted for 100 h at the flow cell, which maintained a sta-
ble current density without significant attenuations (Figure 3f).
It should be noted that the current density dropped at the ini-
tial hours during the stability test could be attributed to the in-
evitable structural evolution under reduction potential, which
would be discussed in the following discussions. This consistent
performance indicates the excellent stability of the sample un-
der the applied conditions. In order to confirm that the ammo-
nia was generated from the NO,~ after electrochemical reduc-
tion, isotopic labeling experiments were conducted. As shown
in Figure S18 (Supporting Information), three peaks were lo-
cated at 6.16, 6.81, and 7.47 ppm when the nitrogen source was
“NO,", while double peaks of >'NH,* were located at 6.46 and
7.38 ppm when the ' NO;~ was used as the nitrogen source from
'H NMR measurements, indicating that the produced ammonia
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is origin from NO,~. The electrocatalysts after NO;RR were also
analyzed to investigate the structural evolution during electroly-
sis. As shown in Figure S19 (Supporting Information), the XRD
pattern of Rug, @Cu,_, O displayed the Cu,,,O and Cu species,
indicating the inevitable reduction of Cu species under reduc-
tion potential. In addition, the TEM image of Rug, @Cu, ;0O
after electrolysis exhibits similar features compared to that be-
fore electrolysis. Besides, the continuous lattice fringes with the
distance of 2.46 and 2.10 A in the HRTEM image demonstrate
the existence of residual interphase Cu, ;O and new general-
ized Cu (Figure S20, Supporting Information). Furthermore, the
XPS spectrum of Cu 2p after electrolysis also shows a higher
scattering peak of Cu®* species, demonstrating the reduction
of high valence states of Cu species (Figure S21, Supporting
Information).

The synchrotron radiation attenuated total reflection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS) was
then performed to investigate the reaction pathway of NO,RR
(Figure 4a; Figure S22a, Supporting Information). A series of
peaks of different intermediates raised with the reducing poten-
tial increase from 0 to —0.6 V could be observed. As shown in
Figure 4b, the peaks of —NH, and NH+ 4 located at 1290 and
1456 cm™! clearly demonstrated the formation of ammonia.l”:38l
Besides, a faint peak corresponding to the NO characteristic ap-
pears at 1554 cm™!, which is the key intermediate of NH,.*!
Meanwhile, the peak attributed to “H,O at 1620 cm™ is as-
sociated with the shear bending vibration in the O—H bond
plane. The peak at 1117 cm™, attributed to “NHj,, is generated
by the H—N stretching vibration.[!! Furthermore, the wide peak
around 3100 cm™ can also be observed due to the formation of
NH,*, implying the formation of the final product (Figure 4c).
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Figure 5. Density functional theory calculation results. a) Theoretical models of Rugpa @Cuj,, ;O catalyst, in which, grey, red, and green balls represent
Cu, O, and Ru atoms. b) 2D charge density distribution of Ruga @Cu, ;0. c) Gibbs free energy diagram for NO3;RR on the Rugy @Cu,, ;0 and Cu, ;0
catalysts. d) Partial density of states (PDOS) analysis of Rusy @Cu,, ;O and Cu,_ ;O catalysts. ) Crystal orbital Hamilton population (COHP) evaluations

for “NO; adsorption on Ruga @Cu,_ ;0. Eg is set to zero.

As for the Cu, ;O counterpart (Figure S22b,c, Supporting In-
formation), the downward band ~1629 cm™! correspond to the
asymmetric band of NH,/NO, and the infrared band located at
1115 cm™! can be attributed to the H—N stretching vibration
of hydroxylamine (NH,OH).l!l Simultaneously, several positive
bands are observed, including hydrogenation intermediates such
as H-N—H at 1435 cm™1,[¥”] NH, at 1296 cm™! which produces
NH, (NH,* at 1450 cm™).1”] Furthermore, H,O at 3398 cm™
is attributed to the existence of hydrogen bond association, and
the asymmetric band NH+ 4 characteristic peak is focused on
3224 cm~!. Additionally, the infrared vibrational peaks gradu-
ally disappear after the applied voltage is removed, indicating the
electrocatalytic process derived from the applied potential. Thus,
we can conclude that the incorporation of Ru atoms into inter-
phase Cu,, ;O lattice can significantly regulate the hydrogena-
tion process of NO;RR with the accelerated transformation of
intermediates.
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2.3. Reaction Mechanism Investigated by Theoretical
Calculations

In order to get an in-depth understanding of the reaction mech-
anism, density functional theory (DFT) calculations were per-
formed to gain insights into the catalytic process of NO;RR on
the prepared catalysts. Ru incorporation was introduced into the
theoretical Cu,,;O models based on the XAFS findings, and
the corresponding stable configurations were defined via struc-
tural relaxation and optimization (Figure 5a; Figure S23, Sup-
porting Information).[*”] The electronic structure of the catalytic
sites was first assessed for its crucial role in affecting the cat-
alytic performance. As presented, the asymmetric distribution
of the electrons could be found on the catalyst’s surfaces, indi-
cating the induced charge polarization (Figure 5b; Figure S24,
Supporting Information). Such asymmetric charge distribution
was quantifiably substantiated by the Bader charge analysis,
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wherein the incorporation of Ru amplifies the charge disparity
among active sites, thereby fostering the reaction process.[*!#2]
The thermodynamics of NO,RR were then investigated via the
Gibbs free energy profile. As illustrated in Figure 5S¢, it is clear
that the potential determining step (PDS) of Rug, @Cu,,,0 and
Cu,, 0 both located at the first hydrogenation process of “NO,
("NO;—"NO;H), with the energy input of 0.73 and 1.08 eV, re-
spectively (Figures S25 and S26, Supporting Information). The
decreased value observed for Rug, @Cu,,,O catalyst confirmed
that the incorporation of Ru atoms effectively lowered the en-
ergy barrier of PDS, thus promoting the reduction reaction. To
investigate the origin of superior catalytic performance, a den-
sity of states analysis of the catalysts was then conducted. As
shown in Figure 5d, compared to the pristine Cu,,,O system,
the asymmetric charge polarization via the incorporation of Ru
atoms brought the d-band center of active sites (Ru and Cu)
closer to the Fermi level (Ey), thus increasing the adsorption en-
ergy of "NO; from -0.43 eV to -0.82 eV (Figure S27, Support-
ing Information). This adsorption disparity could be intuitively
demonstrated by the binding strength of metal—O bonds. There-
fore, the bonding and antibonding states of “NO, adsorption on
the active centers were further evaluated by the crystal orbital
Hamilton population (COHP) (Figure 5e, Figure S28, Support-
ing Information). Quantitative integrated crystal orbital Hamil-
tonian population (ICOHP) analysis found that the integration
value of Ru-O and Cu-O bonding for Rug, @Cu,, ;O catalyst is
more negative than the Cu-O for Cu,,,O surface, indicating a
stronger binding of “NO,. These electronic structure observa-
tions corroborated that the Ru incorporation could modulate the
electronic structures of active sites and the intermediate adsorp-
tion strength, thus optimizing the reaction activity. Additionally,
to investigate the influence of oxygen vacancies, the catalytic
performance of the Rug, @Cu, O catalyst without oxygen vacan-
cies was also examined (Figure S29a, Supporting Information).
Charge distribution analysis indicates that Rug, @Cu,O exhibits
inferior charge polarization compared to the Rug, @Cu,,,O cat-
alyst, with moderate charge disparity among active sites (Figure
S29b, Supporting Information). Further simulations of the Gibbs
free energy profile found that similar to the Rug, @Cu,,,, O cata-
lyst, the PDS for Rug, @Cu, O still occurs during the first hydro-
genation process of “NO,, with an energy barrier of 0.95 eV. This
barrier is higher than the value of 0.73 eV for Rug, @Cu,,,0,
confirming the role of oxygen vacancy in lowering the catalytic
energy barrier (Figure S30, Supporting Information). By com-
paring the pristine Cu,,,O catalyst (without Ru incorporation),
Rug, @Cu, O (without oxygen vacancies), and Rug, @Cu,, O, we
can rationally speculate that the integration of oxygen vacan-
cies and Ru incorporation could synergistically optimize the elec-
tronic structure of the active sites, thus improving the NO;RR
performance.

2.4. Zn-NO,~ Battery Application

Since ammonia is a kind of energy carrier with high en-
ergy density (4.32 kW h L7'), the Zn-NO- 3 battery is a re-
cently proposed device that integrates both energy generaliza-
tion and ammonia production in one system, in which the
NO;RR is processed as cathode while Zn dissociation occurs
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at the anode.[*** Hence, constructing high-performance elec-
trode materials toward Zn-NO,~ battery offers a promising re-
alized application in future water treatment and clean energy
generalization. Considering the ideal NO;RR performance of
Rug, @Cu,,; O, it holds great promise for application in novel en-
ergy storage and conversion devices. In this work, the Zn-NO,~
battery was assembled by using Rug, @Cu,,,O as the cathode
and Zn as the anode to evaluate its electrochemical performance
(Figure 6a).**’1 As shown in Figure 6b, the open-circuit volt-
ages are 1.318 and 1.271 V versus Zn for Rug, @Cu,,,O and
Cu,,, 0O assembled batteries, respectively, indicating the poten-
tial energy output in future applications. Furthermore, the Zn-
NO,~ battery assembled by Rug, @Cu, ,O exhibits a higher
power density of 9.53 mW cm™ than that of Cu,,,O as-
sembled battery of 6.76 mW cm™2, indicating the higher en-
ergy storage capacity of the assembled Zn-NO,~ battery by
Rug, @Cu,, ;0. Then, the assembled battery was discharged at
various current densities ranging from 2 to 10 mA cm™ to
investigate the discharging performance toward Zn-NO,~ con-
version (Figure 6d; Figure S31, Supporting Information), the
Rug, @Cu,, ;O assembled battery maintained the initial volt-
age across these different current densities, consistently re-
turning to the potential corresponding to 2 mA c¢m=2, which
highlights the further application of the battery.*! Addition-
ally, taking consideration of the advantage of Zn-NO,~ in en-
ergy output along with ammonia production, the ammonia
yield was then evaluated at different discharging current den-
sities. As shown in Figure 6e, the ammonia yield increased
proportionally with the current density and reached a max-
imum value of 158.62 mmol h™! cm™ at the discharging
current density of 10 mA c¢cm=2. Furthermore, the continu-
ous charging-discharging cycling curves at the current density
of 5 mA cm~2 underflow battery assembly of Rug, @Cu,,;0
assembled battery show ideal stability, indicating its durabil-
ity and potential for long-term use in practical applications.
This consistent performance over prolonged cycling further
supports the viability of the Zn-NO,~ battery for further ap-
plication compared to recent reports (Table S5, Supporting
Information).

3. Conclusion

In summary, the interphase Cu,_, O with single atom Ru incorpo-
ration was first synthesized by fast Joule heating synthesis. Syn-
chrotron radiation-based characterizations demonstrated that the
incorporation of Ru significantly regulated the local configura-
tion and the electronic structure of active sites with charge po-
larizations. The optimized Rug, @Cu,,,O achieves a maximum
FE of 98.02% with an ammonia production rate of 0.81 mmol
h™! cm~2. In situ ATR-SEIRAS spectra and theoretical simula-
tions further confirmed that the Ru incorporation promoted the
hydrogenation of NO,, leading to accelerated reaction kinetics.
In addition, the Zn-NO- 3 battery uses the Rug, @Cu,,,O as
the cathode achieves a high-power density of 9.53 mW cm=2,
with ammonia yield reaches 158.62 mmol h~! cm~2. This work
not only introduced a facile approach to fabricate the novel
Cu-based catalyst for highly efficient NO,RR, but also pro-
vides insights into the understanding of multi-electron transfer
processes.
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Figure 6. a) Schematic illustration of the Zn-NO;~ battery, b) OCV measurement of the assembled batteries. c) Polarization and power density curve of
the Rugp @Cu,, ;0 and Cu, ;0 assembled battery. d) Discharging tests at various current densities on Rugy @Cu,, ;O assembled battery. ) Ammonia
yield at various discharging current densities for Rugy @Cu,, ;0 assembled Zn-NO;~ battery, f) discharge—charge curves of Zn-NO;~ battery at 5 mA

cm~2 at flow battery assembly for Ruga @Cu,. ;0.

4. Experimental Section

Synthesis of the Precursor: First, 2 mmol Cu (NOj), and 200 mg
NaBH, were separately dissolved in 10 mL and 5 mL of deionized wa-
ter, respectively. Subsequently, 500 uL of RuCl; solution (5 mg mL™") was
added to Cu (NOs), solution (the Cu,, ;O does not have this step). Then,
the NaBH, solution was added to the mixture, stirred for 30 min, and cen-
trifuged at 8000 rpm in a high-speed centrifuge for one minute, followed by
draining the supernatant. Finally, the mixture was vacuum-dried at 60 °C
overnight.

Synthesis of Cu,, ;0 and Rug, @ Cu,, ;O by Fast Joule Heating Synthesis:
The precursor was placed in the middle of a carbon cloth and applied in a
homemade Joule-heating device equipped with direct current power. The
nitrogen gas was selected as the protection gas and continuously injected
into the reaction chamber. The voltage was controlled to indirectly regulate
the current, promoting rapid heating of the sample at the voltage of 5 V
for20's.

Synthesis of Cu,,;0/CuO under Traditional Tubular Furnace Annealing:
Regarding the traditional annealing treatment of the precursor, the precur-
sor was first placed in the middle part of the tubular furnace in a corundum
boat. The temperature was raised to 300 °C with a rating of 5 °C min~" and
maintained for 3 h by using nitrogen as the protecting gas. After anneal-
ing, the temperature was neutrally cooled to room temperature and the
product could be obtained.

Electrochemical Measurements: 5 mg of the prepared catalyst was care-
fully transferred into a 1.5 mL centrifuge tube followed by adding 300 pL of
deionized water, 650 uL of ethanol, and 50 uL 5 wt% Nafion solution. The
mixture was then subjected to ultrasonic treatment for 30 min to obtain
the uniformly dispersed catalyst ink. Subsequently, 50 uL of the catalyst
dispersion was absorbed with a pipette and uniformly deposited onto a
hydrophilic carbon paper with an area of 1 cm? (the catalyst loading was
calculated as 0.25 mg cm™2). The working electrode could be obtained
after air-drying the carbon paper.

In this work, a traditional three-electrode system was adopted. The
working electrode consisted of the catalyst supported by carbon paper,
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a Hg/HgO electrode was utilized as the reference electrode, and a com-
mercial Pt electrode was employed as the counter electrode. The entire
test process was conducted within an H-type electrolytic cell. Prior to the
test, 25 mL of electrolyte was poured into both the anode and cathode
cells. Subsequently, cyclic voltammetry (CV), LSV, and I-t-tests were con-
ducted with the fixed potential range. All potentials recorded during the
test were converted to the reversible hydrogen electrode (RHE) scale us-
ing the Nernst equation.

E (VversusRHE) = E (Hg/HgO) + 0.059 = pH 4 0.098 (M)

where E (V vs RHE) is RHE potential after conversion, and E (Hg/HgO) is
the actual measured potential using the Hg/HgO electrode.

The ammonia was first determined by UV-vis spectra with an absorp-
tion peak near 660 nm, and the ammonia yield was calculated from stan-
dard curves with different concentrations. Before testing the ammonia
concentration in the electrolyte after each reaction, the concentration of
the standard solution was first tested, and then measured the concentra-
tion of the post-reaction electrolyte for calculation. Considering the higher
ammonia concentration at high reaction voltages, the post-reaction elec-
trolyte was diluted several times using pure electrolyte to ensure that the
absorption peak intensity of ammonia falls within the range of the stan-
dard curve. The ammonia yield and FE were then calculated by the follow-
ing formulas:

The NH; Faradaic efficiency was calculated according to

_ 8xFxCxV

FE(NH3) = o 100% @

The NHj; yield was calculated according to

CxV
V(NH3) = M:txS @)
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where F is the Faraday’s constant (96485 C mol~"), C represents the con-
centration of NH; produced, V is the volume of electrolyte (25 mL), m
is the relative molecular mass of NHs, Q is the applied overall coulomb
quantity, t is reaction time (3600 s) and S is reaction area (1cm?).

Determination of Ammonia: The concentration of yield ammonia in
the electrolyte was detected by indophenol blue indicator through UV-
vis absorption spectra. The chromogenic reagent, oxidizing solution, and
catalyzing solutions were prepared as follows: Reagent A (Chromogenic
reagent): 5 g of sodium salicylate and 5 g potassium sodium tartrate were
dissolved into 100 mL of 1 m KOH. Reagent B (Oxidizing solution): 3.5
mL of sodium hypochlorite was added into 100 mL of DI water. Reagent
C (Catalyzing solution): 200 mg of sodium nitroferricyanide was dissolved
into 20 mL of DI water.

For UV-vis measurements: 2 mL of sample solution was added to
the test tube with 2 mL of reagent A, 1 mL of reagent B, and 0.2 mL
of reagent C. After shaking up and standing for 1 h, the concentra-
tion of the as-prepared sample solution was detected by using UV-vis
spectrophotometer.

Determination of NO-2: A total of 5 mL of the electrolyte was added
into 100 pL solution containing 2.0 M HCl and 10 mg mL~" sulfanilamide
and aging for 10 min. Then, 100 pL of N-(1-Naphthy)ethylenediamine with
a concentration of 10 mg mL™! was added into the above solution and
standing for another 30 min. The absorbance of NO,~ was measured
by UV-vis spectroscopy at the wavenumber between 450 to 700 nm and
the specific absorbance of NO,™ was at the wavenumber ~500 nm. The
detailed concentration of NO,~ was calculated by a standard calibration
curve obtained by a standard solution of KNO,.

Zn-NO;~ Battery Assembly:  The Zn-NO;~ battery was assembled by
using the catalysts as the cathode while the polished Zn plate as anode.
The typical H-cell containing 30 mL cathode electrolyte of 1 M KOH and 0.1
M KNO; and 30 mL anode electrolyte of 1 M KOH separated by Nafion 115
membrane was assembled to evaluate the battery performances. The Zn-
NO;~ battery performance was carried out in the Land CT2007A cell mea-
surements system and CHI760E electrochemical workstation. For flow, the
Zn-NO;™ battery of charging—discharging test was measured by cycling the
electrolyte through a peristaltic pump.

Characterizations: Powder X-ray diffraction (XRD) was carried out to
characterize samples on a 9 KW advanced X-ray diffractometer equipped
with Cu Ka radiation (4 = 1.54178 A). HRTEM was taken on a JEOL-
F200 with an acceleration voltage of 200 kV to obtain the morphol-
ogy of samples, and corresponding Energy-dispersive X-ray spectroscopy
(EDS) mapping analysis. The surface chemical composition and valence
states of samples were studied by X-ray photoelectron spectroscopy (XPS,
ESCA-LAB250Xi), and the obtained spectra were corrected for specimen
charging with C | s binding energy (284.5 eV). The elements molar ra-
tios of the samples were acquired on inductively coupled plasma mass
spectrometry (ICP-MS). X-ray absorption fine structure (XAFS) spectra
were collected at the beamline BL14W1 in Shanghai Synchrotron Ra-
diation Facility (SSRF) and XMCD endstation of National Synchrotron
Radiation Laboratory (NSRL). The synchrotron-radiation Fourier trans-
form infrared spectroscopy was conducted in NSRL at the beamline
BLO1B.

Theoretical Calculations: Density functional theory (DFT) calculations
have been performed to obtain stable geometric structures and electronic
properties by using the Vienna ab initio simulation package (VASP).[4%:50]
The exchange-correlation function was described by the Perdew-Burke-
Ernzerhof (PBE) function combined with the generalized gradient ap-
proximation (GGA).’'l The projector-augmented wave (PAW) method
was applied with a kinetic energy cutoff of 450 eV to describe the
expansion of the electronic eigenfunctions.>2! All structures were al-
lowed to relax during the optimization of the geometries until the en-
ergy on the atoms was less than 1.0 x 10~ eV, and the maximal force
was converged to 0.01eV A~1 in each degree of freedom for all re-
laxed atoms. Integration in the first Brillouin zone was approximated
via the Monkhorst— Pack grids with the k-points of 3 x 3 x 1. A 2 x
2 supercell of Cu,, ;O layer was constructed to model the catalyst sub-
strate. The vacuum thickness was set to 15 A to minimize interlayer
interactions.
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For each electron-transfer step, the Gibbs free-energy change (AG) can
be expressed as follows:

AG = AE + AZPE — TAS 4

wherein, AE denotes the energy obtained from DFT calculations. AZPE
and AS are the correction of zero-point energy and entropy, respectively.
T represents the room temperature (298.15 K). To avoid calculating the
energy of charged NO; ™ directly, gaseous HNO; was used as a reference.
The adsorption energy of NO3 ™ (AGuyp3) is described as

AG,no3 = Gunos = G = Gunos(g) +0-5GH2(g) + AGcorrect ()

where G.yo3 is the Gibbs free energy of NO; ™ adsorbed on Cu,, ;O sub-
strates, Gx, Gyno3(g), and Gpy(g are the free energy Cu, 10O catalyst,
HNO; and H, molecules in the gas phase, respectively. AG g . denotes
the correction of adsorption energy which is set to be 0.392 eV.[>3]
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the author.
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