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ABSTRACT: Copper-based catalysts have been widely used in the field of
the nitrate reduction reaction (NO3RR) to ammonia, demonstrating high
nitrate reduction rates. However, their low selectivity for ammonia
production poses significant limitations in practical applications. In this
study, we present that the incorporation of Ru into the Cu@Ni foam can
achieve nearly 100% selectivity for NH3 and a high faradaic efficiency of
96.8% in the NO3RR. Ru not only facilitates the generation of adsorbed
hydrogen but also suppresses the HER reaction. This can be attributed to
the unique electron distribution exhibited by Ru atoms when surrounded by
Cu, leading to a decreased electron-accepting capability. Consequently, this
reduction results in a diminished Lewis acidity and a decreased H*
adsorption. Importantly, it was confirmed that the incorporation of Cu with
Ru serves as “anchor” for atomic H* generated from Ru, inhibiting HER and
ensuring the availability of H* for subsequent ammonia production. The synergistic effect between Ru and Cu enhanced the
efficiency and selectivity of reduction of nitrate to NH3. Remarkably, substituting oxygen evolution reaction (OER) with a coupled
anodic reaction for the oxidation of benzyl alcohol to benzaldehyde can significantly accelerate the nitrate reduction rate by 1.7 times
and achieves a 90% benzaldehyde conversion rate. This research not only introduces innovative strategies for designing high-
performance ammonia-selective electrocatalysts but also highlights the potential industrial applications for the synthesis of high-value
products.
KEYWORDS: Electroreduction process, Ru-anchored catalyst, Nitrate reduction reaction, Value-added chemicals,
Electrodeposition technique

1. INTRODUCTION
Ammonia plays a pivotal dual role in various industrial and
domestic applications, serving as an indispensable component
in the production of agricultural fertilizers and chemicals, while
also emerging as a clean and green liquid fuel.1−3 However, the
traditional Haber−Bosch process, which dominates the current
production of NH3 is highly energy-intensive, requiring high
temperatures (300−500 °C) and pressures (15−35 MPa).4,5

In contrast, nitrate, a pervasive pollutant in groundwater
resulting from fossil fuel combustion, excessive use of nitrogen-
rich fertilizers, and the release of domestic and industrial
wastewater,6 poses significant health and the environmental
risks.7 Recognizing this challenge, the nitrate reduction
reaction (NO3RR) emerges as a promising avenue to produce
ammonia, effectively transforming a pollutant into a valuable
resource and fostering a greener energy solution. This
paradigm shift aligns with the vision of a nitrogen circular
economy, bridging the gap between environmental stewardship
and energy demands. Despite its potential, the NO3RR for

ammonia production faces several bottleneck issues. First,
enhancing the selectivity and catalytic efficiency of catalyst
materials remains a critical challenge. Nitrate reduction to
ammonia relies on the generation of active hydrogen species
(H*) via water splitting. Conversely, if a surplus of hydrogen is
not promptly utilized, it tends to favor the hydrogen evolution
reaction (HER), thereby compromising the overall selectivity
of the catalyst.8,9

In recent decades, substantial research efforts have been
directed toward the electrochemical reduction of nitrates in
aqueous media, utilizing various single transition metal
electrodes as catalysts.8,10−21 Among these, Cu stands out as
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the most active single transition metal, with NH3 as its primary
product.22−29 The high occupancy of Cu’s d orbital energy
level, comparable to the Lowest Unoccupied Molecular Orbital
(LUMO) π* of NO3

−, facilitates nitrate adsorption and
subsequent reduction, predominantly yielding NH3.5,30 How-
ever, the practical application of Cu is hindered by its
susceptibility to deactivation due to the strong adsorption of
intermediate N-containing species, leading to stability issues
and reduced Faradaic efficiency.29 Efforts to address this
challenge have focused on modifying Cu nanostructures and
developing heterogeneous structures, yet achieving 100% NH3
selectivity remains elusive, accompanied by low Faraday
efficiency. Moreover, the extensive use of metals in catalyst
preparation translates to elevated costs. Alloying strategies
have shown great potential in overcoming these challenges by
combining two or more metals to leverage the synergistic
effects of alloy components.31 The introduction of another
metal atom can enhance catalyst activity by promoting
heteroatom doping at the atomic interface.19 Alloy catalysts,
particularly those incorporating noble metals such as Ru, Pt,
Pd, and Au, have shown promise in enhancing NH3 selectivity
by virtue of their remarkable adsorption capabilities.8,20,31−33

In alloy systems, the interaction between different metal atoms
can lead to modified electronic structures, including changes in
d-band center and charge distribution, which can fine-tune the
adsorption strength of reaction intermediates and reduce
undesired side reactions.20,33 However, their tendency to
excessively adsorb hydrogen often exacerbates competition
with the hydrogen evolution reaction (HER), diminishing the
Faraday efficiency of NH3 production.7,14,29 The high metal
content further complicates the economic feasibility of these
catalysts. Combining the structural advantages of the porous
framework with the synergistic effect of bimetallicity has been
proven to significantly enhance the catalytic activity. Ni foam is
widely used as a substrate material in electrocatalytic reactions.

Its unique porous structure not only increases the Electro-
chemical Surface Area (ECSA), but also enhances stability
through heterostructures with metals.34,35 Additionally, its self-
activation properties allow it to form nickel hydroxide during
electrocatalytic processes, which promotes ammonia selectiv-
ity.36

In the context of nitrate reduction, anodic reactions have
traditionally been overlooked with the oxygen evolution
reaction (OER) dominating the anode processes. However,
replacing this sluggish OER with thermodynamically more
favorable reactions holds significant promise.37 Concurrently
enhancing NH3 production while generating high-value
chemicals with exceptional selectivity poses a formidable
challenge. Among anodic reactions, alcohol oxidation reactions
(AORs) are particularly appealing due to their well-defined
product spectra and pathways.38,39 Recently, several studies
have successfully coupled hydrogen production with the
oxidation of benzyl alcohol to benzaldehyde, promoting both
hydrogen generation and the synthesis of valuable chemicals.40

Herein, we present a novel approach that synergistically
integrates cathodic NH3 production with high yields via nitrate
reduction with the anodic oxidation of benzyl alcohol to
benzaldehyde. To this end, we employed a simple, one-step
electrodeposition technique to incorporate small amounts of
Ru into a copper-based Ni foam, yielding RuCu@NF. This
technique facilitates the formation of alloys with variable
compositions, harnessing the diverse ion transfer rates during
preparation. Electrodeposition is widely employed in industrial
catalyst synthesis owing to its simplicity and stability.41 By fine-
tuning the ion concentrations in the deposition solution, we
effectively modulated the catalyst’s properties, particularly the
adsorption characteristics of active H* species, as substantiated
by theoretical calculations. Our experimental findings demon-
strate that the synthesized RuCu@NF catalyst achieves
remarkable nearly 100% selectivity for NH3. Furthermore,

Figure 1. (a) Schematic illustration for the coelectrodeposition of RuCu@NF. SEM images of (b) NF and (c) RuCu@NF. Inset: the enlarged
images. (d) EDX mapping results of RuCu@NF.
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the catalyst exhibited robust structural stability with only
minimal activity loss after 10 consecutive cycles of nitrate
reduction. We also devised a coupled system employing a split
cell configuration that enabled the production of benzaldehyde
through the concurrent nitrate reduction and oxidation of
benzyl alcohol (BAO). This system not only significantly
accelerated the nitrate reduction rate (approximately 1.7-fold
increase in the rate constant to k = 0.04397 min−1) but also
achieved a high benzaldehyde conversion rate of 90%. This
innovative approach not only avoids the inefficiencies
associated with the OER but also underscores the potential
of coupling nitrate reduction with the synthesis of high-value
chemicals.

2. EXPERIMENTAL SECTION
2.1. Electrode Preparation and Electrochemical NO3

−-N
Reduction Experiments. Prior to preparation, a nickel foam (NF)
substrate of dimensions underwent a meticulous cleaning procedure.
The RuCu@NF was synthesized via a one-step potentiostatic
electrodeposition technique,42 as depicted schematically in Figure
1a. A standard three-electrode system was assembled, with the NF
substrate serving as the working electrode. The coelectrodeposition
was carried out at a constant potential of -1.0 V vs Ag/AgCl for 30
min in an electrolyte solution containing RuCl3, CuSO4 and Na2SO4.
The stability of the sedimentation process in this method is shown in
Figure S1 and Table S1. Additionally, Cu-modified NF (referred to as
Cu@NF) and Ru-modified NF (referred to as Ru@NF) electrodes
were prepared using similar methods with varying concentrations of
Ru and Cu salts in the deposition solution, as detailed in Table S2.

Electrochemical measurements for the NO3RR were performed by
using an electrochemical workstation (CHI 760E, CH Instruments,
USA) in an undivided three-electrode configuration. The RuCu@NF
electrode (20 nm × 30 nm), Pt sheet and Ag/AgCl were used as the
working electrode, counter electrode and reference electrode,
respectively. The solution (50 mL) contained NaNO3 (50 ppm)
provided source of NO3

−-N and Na2SO4 (0.05M) improved the
solution electrical conductivity. Chronoamperometry (i-t) tests were
conducted at −1.6 V vs Ag/AgCl under stirring (stirring rate: 400
rpm) for 2 h. To investigate the NO3RR activity, 1 mL solution were

taken out for the detection of NO3
−-N and NO2

−-N with ion
chromatographic (IC, Thermo, ICS-1100) at 20 min intervals.
Meanwhile, the concentration of NH4

+-N was quantified with an
ultraviolet−visible (UV−vis, UV-1800, Shimadzu, Japan) spectropho-
tometer. The remaining characterization is detailed in SI.

Density functional theory (DFT) calculations were performed
using the VASP5.4.1 software package.43−45 The generalized gradient
approximation functional Perdew−Burke−Ernzerhof (PBE) was used
for the exchange correlation functional, with the projected augmented
wave (PAW) pseudopotential basis set and a cutoff energy of 400
eV.46,47 The van der Waals interactions were considered using the
DFT-D3 empirical correction.48 The electronic energy was considered
self-consistent when the energy change was smaller than 10−6 eV. A
geometry optimization was considered convergent when the energy
change was smaller than 0.01 eV Å−1. Thermodynamic Gibbs free
energy corrections and density of states (DOS) analysis were carried
out with the aid of the VASPKIT 1.2.1 tool package. The Brillouin
zone integral uses the surface structures of 3 × 3 × 1 Monkhorst−
Pack K-point sampling for structure. The Gibbs free energy of the
reaction intermediates was calculated using the computational
hydrogen electrode model, as shown below:

= +G E ZPE TsDFT

Where E is the energy obtained from DFT calculations, ZPE is the
zero-point energy of the material, S is the entropy of the adsorbate,
and T is the thermodynamic temperature (298.15K).

2.2. Coupled System. The coupled experiments were performed
in a H-type electrolytic cell utilizing a three-electrode system
separated by a pretreated proton-exchange membrane (Nafion 117).
The cathode compartment contained a solution of NaNO3 (50 ppm)
and Na2SO4 (0.05 M), while the anode compartments held various
concentrations of benzyl alcohol. Both compartments had a volume of
30 mL. The electrochemical reaction was meticulously monitored by
high-performance liquid chromatography (HPLC), as detailed in SI.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization of Electrodes. The

coelectrodeposition preparation process for fabricating
RuCu@NF cathode is elucidated in Figure 1a, and its physical
depiction is shown in Figure S2. The detailed characterization

Figure 2. AFM images (a) and TEM images (b) of RuCu@NF with corresponding height curves. XRD patterns of RuCu@NF, Ru@NF and Cu@
NF (c). XPS spectra: (d) Ru 3p spectra, (e) Ru 3d spectra, and (f) Cu 2p spectra of RuCu@NF, Ru@NF and Cu@NF.
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results are shown in Figures 1 and 2. The scanning electron
microscopy (SEM) images demonstrate that the surface of
RuCu@NF, as well as Ru@NF and Cu@NF (Figure S3),
exhibits a significantly roughened texture compared to the
smooth Ni foam. This indicates the successful growth and
uniform distribution of Ru and Cu nanoparticles on the Ni
foam surface (Figure 1d). Notably, the macroporous frame-
work of the Ni foam is retained. Furthermore, the atomic force
microscopy (AFM) images depict a flake structure with an
average thickness of 2.4 nm (Figure 2a). Transmission electron
microscopy (TEM) image in Figure 2b highlights the
polycrystalline nature of the RuCu@NF cathode, consisting
of numerous ordered nanograins with distinct orientations.
Two fringes corresponding to different lattice planes are
observed, namely, the Cu2+1O (110) and Cu (111), with
apparent distortion at the two-phase interface. These phases
are confirmed by X-ray diffraction (XRD) characterization, as
shown in Figure 2c. These results confirm that the primary
composition of RuCu@NF comprises Cu and Cu2+1O.
Additionally, the absence of a significant Ru diffraction peak
may be attributed to its small amount and amorphous form.49

The amorphous and heterostructured nature may enhance
NO3RR reactivity by exposing more active sites. Inductively
coupled plasma (ICP) analysis in Table. S3 reveals that the Ru
content is minimal, accounting for only 1/9 of the Cu content.
Moreover, electrodeposition leads to a marked improvement in
the wettability of the Ni foam, with the contact angle
decreasing from 121° to 62° (Figure S4).

To gain further insight into the surface composition and
valence states, X-ray photoelectron spectroscopy (XPS) was
employed. Full survey spectra in Figure S5 confirm the
presence of Cu, Ru, Ni, and O elements. In the Ru 3p XPS
spectra (Figure 2d), the peaks at 462.9 and 462.28 eV
correspond to Ru 3p3/2. Notably, RuCu@NF exhibits lower
binding energies in the Ru 3p peaks compared with Ru@NF,
indicating effective electron transfer at the heterogeneous
interface. C 1s spectra partially overlap with Ru 3d peaks, as

shown in Figure 2e. Peaks at 280.24 and 280.99 eV are
attributed to RuO2, while the peak at 281.98 eV corresponds to
RuOx/Ru.50 The presence of oxides results from sample
exposure to air before testing. Cu 2p XPS peaks of RuCu@NF
positively shift from 932.78 to 933.13 eV,51,52 while Ru 3p
orbital peaks negatively shift by 0.62 eV (Figure 2f). These
shifts indicate that Cu doping can modulate the electronic
structure of Ru, potentially influencing the adsorption behavior
of reaction intermediates, thereby contributing to the
enhanced performance of the RuCu@NF catalyst.

3.2. Optimized Catalytic Performance of Electro-
chemical Reduction. The electrochemical impedance spec-
troscopy (EIS) analysis was employed to evaluate the charge
transfer resistances, thereby gaining insights into the reaction
kinetics and interface properties.53 The descending order of arc
size (NF > Cu@NF > Ru@NF> RuCu@NF) in Figure 3a
suggested that RuCu@NF has the smallest arc radius, which
verified this electrode had lowest charge transfer resistance. In
Figure 3b, RuCu@NF exhibits a smaller Tafel slope (164 mV/
dec) than the other three catalysts, corresponding to a faster
kinetic reaction.54,55 As shown in Figures 3c and S6, the
electrochemically active surface area (ECSA) values of RuCu@
NF (1.38 mF cm−2) is higher than others, suggesting that Ru
and Cu codoping increases the ECSA values and thus improves
reactant dynamic reactant sites for NO3RR. These electro-
chemical test results indicated that RuCu@NF has a lower
charge transfer barrier than bared Ni foam or single atom
doped.

Various electrolyte voltages were applied to optimize the
NO3RR performance regarding Faradaic efficiency, selectivity,
and reduction rate. As illustrated in Figure 3d, Faradaic
efficiencies follow a volcano-shaped trend from −2.0 V to −1.2
V, with NH4

+-N reaching a maximum of 96.8% at −1.6 V.
Notably, negligible NO2

− byproducts were observed within a
wide applied potential window. Conversely, at other potentials,
the Faradaic efficiency decreased due to the dominance of the
HER. Importantly, nitrogen formation was observed at

Figure 3. EIS nyquist plots (a) with an equivalent circuit model (inset), Tafel plots (b) and linear fitting of capacitive currents (c) of NF, Cu@NF,
Ru@NF and RuCu@NF. Reaction conditions: 0.05 M Na2SO4 electrolyte at −1.6 V (vs Ag/AgCl); NO3

− conversion and faradic efficiency (d),
decay kinetics (e) and kinetic linear fitting (f) for NO3

−-N removal over different voltages. Reaction conditions: 50 ppm of NO3
−-N in 0.05 M

Na2SO4 electrolyte.
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potentials as low as −1.2 V. Figure 3e and f reveals that the
NO3

−-N removal rate gradually increases from 0.0135 min−1 to
0.0398 min−1 as the potential shifts from −1.2 V to −1.6 V.
This increase is likely attributed to enhanced electron
availability or atomic H* at more negative potentials. However,
as potentials continue to rise, the removal rate stabilizes,
suggesting that the increase in rate may not offset the decrease
in energy utilization caused by higher voltages. Additionally,
excess atomic H* tends to recombine into hydrogen gas, which
can hinder the reaction by blocking active sites and impeding
the adsorption of nitrate and intermediates. Consequently,
−1.6 V emerges as the optimal potential for this system.

The electrochemical performance of RuCu@NF and bare
NF, as well as Cu@NF and Ru@NF, were first assessed using
cyclic voltammetry (CV) in a 0.05 M Na2SO4 solution, as
shown in Figures 4a and S7. The CV curves reveal distinct
hydrogen adsorption and desorption peaks within the potential
range of −2.0 to 0 V, indicating the electrochemical activity of
the prepared catalysts. Notably, the larger peak areas for
RuCu@NF suggest a higher ECSA compared to those of the
other three catalysts, which is consistent with the ECSA
measurement presented in Figure 3c. To evaluate the NO3RR
performance, Linear Sweep Voltammetry (LSV) was con-

ducted in a solution containing 50 ppm of NO3
− and 0.05 M

Na2SO4, as illustrated in Figures 4b and S8. Upon the addition
of NO3

−, both RuCu@NF and NF exhibited an increase in
reduction current, confirming their electrocatalytic activity
toward NO3RR. Among them, RuCu@NF showed a superior
initial reduction potential and higher reduction currents,
suggesting its enhanced electrochemical activity. This improve-
ment can be attributed to the abundant active sites and
synergistic effects between Ru and Cu in the RuCu@NF
catalyst. The reduction current of NF gradually increases as the
potential becomes more negative, in both the presence and
absence of NO3

−, indicating HER activity. At the same time,
the two curves show little difference, suggesting strong
interference from HER, with almost no nitrate reduction
activity. This significantly reduces the FE and selectivity for
ammonia conversion, particularly at more negative potentials,
where positively charged protons are more favorable for
reduction than negatively charged nitrates due to electrostatic
interactions.56 In stark contrast, on the RuCu@NF, nitrate
reduction is more favorable with the addition of nitrate
significantly enhancing the current density. As shown in Figure
S8, the curve of Ru@NF shows less difference in the presence
or absence of NO3

− compared to Cu@NF, further confirming

Figure 4. (a) LSV curves of NF and RuCu@NF in 0.05 M Na2SO4 solution at 10 mV s−1. (b) CV curves of NF and RuCu@NF in 0.05 M Na2SO4
electrolyte in the absence and presence of 50 ppm of NO3

− at 10 mV s−1. (c) NO3
− conversion process on RuCu@NF electrode. Physical drawings

of catalysts of different atoms ratio. NO3
−-N removal process over different atom ratios (Ru3Cuy@NF (d) and RuxCu3@NF (e)). (f) Recycling test

of electrochemical reduction for 10 times. (g) FE values and NH3 selectivity of RuCu@NF compared with other recently reported catalysts.
Reaction conditions: 50 ppm of NO3

−-N in 0.05 M Na2SO4 electrolyte at −1.6 V (vs Ag/AgCl).
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that Ru mainly provides adsorbed hydrogen (which facilitates
the HER reaction), while Cu primarily promotes nitrate
reduction (making nitrate reduction more favorable). The
effective regulation of both elements ultimately results in a
100% ammonia selectivity. Further investigation of the nitrate
reduction process at the optimal potential of −1.6 V revealed
that the RuCu@NF cathode achieved a remarkable 96.5%
removal of NO3

−-N within 120 min in a single cell, with nearly
100% selectivity toward ammonia and no observable by-
products (Figure 4c). This superior selectivity and removal
efficiency underscore the exceptional catalytic performance of
RuCu@NF.

The influence of different ratios of the Ru and Cu elements
on the nitrate reduction performance was systematically
evaluated. As expected, bare Ni foam displayed the lowest
activity due to its limited active sites. When the Cu2+

concentration was held constant at 3 mM and the Ru3+ ratio
varied in the electrodeposition electrolyte, a volcano-shaped
trend in reduction ability was observed (Figure 4d). This trend
can be attributed to the optimal balance between active site
density and c dispersion. An increase in Cu2+ concentration
resulted in more nanoparticles and active sites, but excessive
Cu2+ led to nanoparticle clustering, hindering nitrate
adsorption and the reaction. Conversely, when the Cu2+

concentration was fixed and the Ru3+ ratio was varied, a
different trend emerged (Figure 4e). The descending order of
nitrate reduction ability was RuCu@NF > Ru2Cu3@NF >
Cu3@NF > Ru4Cu3@NF > Ru1Cu3@NF > NF. This variation
suggests that the distinct roles of Ru and Cu in the catalytic
process contribute to the observed performance differences,

which will be discussed in detail in subsequent sections. The
long-term stability of the RuCu@NF catalyst is crucial for
practical applications. As shown in Figure 4f, the 10-cycle
NO3

−-N electroreduction experiments exhibited acceptable
activity degradation, indicating robust structural stability.
Additionally, the leaching of Cu ions (7.6048 μg L−1, Table
S4) was significantly lower than the regulatory limit specified
in GB/T 25467−2010 in China (0.2 mg L−1), and Ru loss was
also within acceptable limits. Notably, except for the first cycle,
NH4

+ selectivity remained stable at 100%, further validating
the catalyst’s exceptional performance. In summary, the
RuCu@NF catalyst exhibits one of the best performances
reported to date for the NO3RR to ammonia, as evidenced by
its high removal efficiency, selectivity, and long-term stability
(Figure 4g and Table S5). These results demonstrate the
effectiveness of the proposed one-step electrodeposition
method in preparing high-performance electrocatalysts for
nitrate reduction.

3.3. Electrocatalytic Mechanism of RuCu@NF on
Nitrate Reduction. To gain deeper insights into the nitrate
reduction mechanism leading to ammonia production at the
RuCu@NF cathode under −1.6 V, we conducted in situ
electrochemical Raman spectroscopy measurements. (The
schematic diagram and actual device image are shown in
Figure S9.) As depicted in Figure 5a, and the characteristic
Raman bands centered at 1044 cm−1 were attributed to the
vibration modes of aqueous NO3

−. Notably, during the
reaction, the intensity of this band diminished, reflecting the
gradual depletion of nitrate in the solution. Concurrently, we
observed an enhanced peak intensities associated with the

Figure 5. (a) In situ Raman spectra of NO3RR with the RuCu@NF electrode in 0.05 M Na2SO4 (with 0.1 M NO3
−-N). (b) Concentration

removal of NO3
−-N at the Ru3@NF and Ru3Cu3@NF cathode with various TBA concentrations. (c) Reaction rate constant of the kinetic fit for the

Ru3@NF and Ru3Cu3@NF cathode with various TBA concentrations. (d) DMPO spin-trapping EPR spectra with different electrode. Reaction
conditions: 50 ppm of NO3

−-N with 0.05 M Na2SO4 electrolyte in cathode cell while 0, 2, 5, and 10 mg/L BA with 0.05 M Na2SO4 electrolyte in
anode cell at −1.6 V (vs Ag/AgCl).
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adsorbed NO2
−

ad (1178 cm−1) and NO2
− (1366 cm−1) in the

contour plots, strongly suggesting the accumulation of
intermediate species during the reduction process. While the
presence of nitrite was spectroscopically discernible, its
concentration fell below the detection limit of ion chromatog-
raphy, rendering its contribution to the overall reaction
negligible. Critically, The emergence of Raman peaks at 1602
cm−1 during the reaction progression could be attributed to the
stretching vibration of H−N−H bonds, serving as direct
evidence for the effective reduction of nitrate to ammonia on
the RuCu@NF cathode surface. Furthermore, these H−N−H
bond-related peaks appeared earlier than those on bare NF
electrodes (Figure S10), indicating the superior nitrate
reduction capability of RuCu@NF composite. This observa-
tion highlights the efficacy of our RuCu@NF catalyst in driving
the nitrate reduction reaction toward ammonia production.

The electrochemical NO3RR process is well established as
predominantly relying on two mechanisms: direct electron
transfer and indirect reduction mediated by atomic hydrogen
(H*). Previous studies have shown that direct electron transfer
is favored on nonprecious metal cathodes (e.g., Cu) due to
their strong absorption of NO3

−. Conversely, noble metal

cathodes (e.g., Ru) mediate the NO3RR through atomic H*.
Cu is renowned for adsorbing NO3

− effectively, which is then
reduced to the NO2

− (ad) at the active site, marking the rate
limiting step in the NO3RR. Subsequently, NO2

− transforms
into other N-containing intermediates, ultimately yielding
NH3.

In the indirect pathway, H* is generated via electron
consumption according to the Volmer Formula, accompanied
by H+ consumption and a pH increase in the solution.
Generally, the tert-butyl alcohol (TBA) employed to scavenge
H*, forming inert 2-methyl-2-propanol radicals that do not
interfere with NO3RR. This allows us to verify the role of
atomic H* in the catalyst.57 As illustrated in Figure 5b and c,
the NO3

− removal efficiency of the Ru3@NF cathode
decreased significantly from 91.7% to 75.3% as the TBA
concentration increased from 0 to 10 mM, indicating reliance
on the H*-mediated indirect pathway. In contrast, the
pronounced decay kinetics observed for the Ru3@NF
electrode exhibited more significant variations in response to
the TBA concentration than those for the Ru3Cu3@NF
electrode. Over a two h interval, the NO3

− removal efficiency
for the Ru3Cu3@NF cathode remained relatively stable.

Figure 6. (a) NO3
− adsorption on RuCu@NF. (b) Side view of differential charge densities of the NO3

− adsorption on RuCu@NF. (c) Top view
of differential charge densities of the NO3

− adsorption on RuCu@NF. (d) Free energy diagrams of the HER process on RuCu@NF and Ru@NF.
(e) PDOS of Ru(d) for RuCu@NF and Ru@NF. (f) Bader charge of the central Ru atom of Ru@NF and RuCu@NF. (g) Free energy diagrams of
NO3 → NH3 on RuCu@NF. Dark blue, silver, red, light blue, and gray balls represent Cu, Ru, O, N, and H atoms, respectively.
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Although the kinetics constant declined from 0.0398 min−1 to
0.0309 min−1, this decrease had negligible implications for the
overall NO3RR (Figure 5c). Therefore, it is reasonable to
speculate that the NO3RR on Ru3@NF follows the theory of
an indirect pathway mediated by absorbed H* during the
electrochemical NO3RR process. Besides, the NO3RR reaction
mechanism on Ru3Cu3@NF is more intricate as it exhibits
superior reactivity with less pronounced changes in response.
However, it is certain that the presence of H* in the reaction
solution must be much greater when doping with Ru alone.
Furthermore, DMPO (5,5-dimethyl-1-pyrroline N-oxide) spin-
trapping EPR spectra were employed to identify the presence
of H*, corroborating the TBA test in the NO3RR process. As
shown in Figure 5d, all electrodes exhibited characteristic
peaks of DMPO-H and the hydroxyl radical, respectively, with
nothing observed in the control experiment. The presence of
hydroxyl radicals likely results from the oxygen reduction
reaction in an open cell, as the influence of anode free radicals
is eliminated in a divided cell. Notably, the peaks associated
with Ru3Cu3@NF were higher than those for Ru3@NF and
Cu3@NF individually or even when combined. This further
validates the results of previous free radical scavenging
experiments. Additionally, Ru was found to generate more
H* than Cu, emphasizing its crucial role in H* production.
Overall, these findings underscore the intricate yet efficient
H*-mediated nitrate reduction pathway on the RuCu@NF
electrode.

To gain deeper insights into the atomic and electronic
mechanisms underpinning our observations, we performed
comprehensive density functional theory (DFT) calculations.
Our initial focus was on elucidating the intrinsic electronic
structural changes of Ru@NF before and after Cu doping,
particularly assessing their impact on H* adsorption
capabilities. Figure 6a illustrates the schematic structure
postadsorption, with an adsorption free energy of −0.52 eV,

indicating the spontaneous nature of this process. Figure 6b
further highlights the difference in charge density before and
after NO3

− adsorption, where the yellow and cyan planes
represent charge accumulation and loss, respectively. Notably,
the metal doping enhances surface charge heterogeneity,
facilitating pronounced charge transfer between the adsorbed
molecules. Expanding our analysis, we investigated the effects
of Cu doping on the H* adsorption capability of Ru@NF. As
shown in Figure 6d, pure Ru@NF exhibits a higher H*
adsorption capacity in comparison to Cu-doped Ru@NF
(RuCu@NF). To gain a nuanced understanding, we delved
into the Partial Density of States (PDOS) of the central Ru
atoms’ d orbitals for both cases (Figure 6e). Out findings
reveal that Ru atoms surrounded by Cu display a higher
electron distribution near the Fermi level. Additionally, Bader
charge analysis (Figure 6f) revealed that Cu doping leads to an
increase in charge on the Ru atoms, reducing their electron-
accepting capability of Ru and subsequently diminishing their
Lewis acidity and H* adsorption capacity. At first glance, the
DFT results indicating greater H* adsorption capability for
pure Ru@NF than RuCu@NF may seem at odds with our
radical scavenging and EPR measurements. However, this
apparent contradiction can be rationalized as follows: The
hydrogen generated by Ru alone is more prone to evolving into
hydrogen gas (HER) rather than being trapped by TBA or
DMPO. In essence, the HER is so rapid that it hampers the
capture of these free H* species. Conversely, the incorporation
of Cu with Ru acts as an “anchor” for H*, inhibiting the HER
and ensuring the availability of H* for subsequent ammonia
production. Furthermore, the hydrogenation process from *N
to *+NH3, as depicted in Figure 6g, is spontaneous, unlike the
energy-intensive HER process outlined in Figure 6d. These
findings provide compelling evidence for the synergistic effect
between Ru and Cu in enhancing the efficiency and selectivity
of reduction of nitrate to NH3.

Figure 7. (a) Schematic illustration for the coupled system. (b) Kinetic linear fitting for NO3
−-N removal and BAD production of OER coupled

NO3RR and BA oxidation coupled NO3RR under the potential of −1.6 V. (c) Decay kinetics for NO3
−-N removal over different BA initial

concentrations. (d) Process of BA oxidation during the reaction. (e) Process of BAD production during the reaction. Reaction conditions: 50 ppm
of NO3

−-N with 0.05 M Na2SO4 electrolyte in cathode cell while 0, 2, 5, and 10 mg/L BA with 0.05 M Na2SO4 electrolyte in anode cell at −1.6 V
(vs Ag/AgCl).
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The intricate interplay between the doping ratios of Ru and
Cu significantly impacts the nitrate reduction rates during the
2 h reaction, as evidenced in Figure 4d. When the Ru3+

concentration is held constant and the Cu2+ proportion is
varied, the electrode’s reduction capacity first surges and then
tapers off. This phenomenon can be attributed to Cu’s
capability to “anchor” the atomic H* generated by Ru on the
Ni foam surface, thereby facilitating nitrate reduction and
ammonia production. Nevertheless, excessive Cu2+ leads to H*
accumulation, shifting the reaction toward HER instead of
ammonia formation. Shifting focus to Figure 4e, where the
Cu2+ concentration is fixed at 3 mM while Ru3+ concentration
varies in the electrodeposition solution, reveals a more intricate
scenario. In the absence of Ru3+ (Cu3@NF), the nitrate
reduction rate surpasses that of Ru1Cu3@NF, likely due to Ru
occupying active Cu sites on the Ni foam. Furthermore, as the
Ru3+ proportion increases, so does the H* production.
Notably, the contrasting trends in nitrate reduction rate and
ammonia selectivity (Figure S11b) suggest that Cu utilized
some of the active site of NO3

−
ad to “anchor” H* from Ru. In

other words, Cu compromises part of its adsorption and
reduction ability to enhance the NH3 selectivity. This
observation reinforces our previously proposed catalytic
mechanism.

To delve deeper into the reaction pathway and catalytic
mechanism of the RuCu@NF, we constructed adsorption
models for various reactants and intermediates (*NO3, *NO2,
*NO, *N(*NOH), *NH(*NHOH), *NH2(*NH2OH), and
*NH3) involved in the nitrate reduction to NH3 process, as
shown in Figure 6g. Among the two plausible pathways, *NO
preferentially follows the O losing route to form *N,
constituting the rate-limiting step with a Gibbs free energy
change of 0.13 eV. Consequently, the electrochemical nitrate
reduction to NH3 could be summarized as follows: (1) NO3

−-
adsorption and activation into free radical * NO3

−; (2) *NO3
undergoes deoxygenation to generate *NO; (3) *NO loses O
to form *N; (4) sequential hydrogenation steps to form * NH3
formation through proton-coupled electron transfer; and (5)
NH3 desorption. These findings align with experimental data,
elucidating the exceptional NO3RR activity and high ammonia
selectivity on the RuCu@NF cathode, underscoring the crucial
role of atomic H* in the NO3RR.

3.4. Optimization of Coupled Anodic Reaction with
Nitrate Reduction. In optimizing the coupling of benzyl
alcohol oxidation (BAO) with nitrate reduction, we conducted
a thorough assessment of the NO3RR performance of the
RuCu@NF within a three-electrode split-cell configuration, as
shown in Figure.S12. The substitution of the OER with BAO
at the anode, coupled with the enhanced cathodic activity on
the RuCu@NF, significantly bolstered the NO3RR efficiency.
This innovative coupled system delivered remarkable results,
achieving equivalent NO3

−-N removal in a substantially
shortened time frame compared to NO3RR coupled with
OER. As shown in Figure 7a, at an initial BA concentration of
10 mg/L and a constant cell voltage of −1.60 V, the NO3RR-
BAO system demonstrated a swift removal rate of 0.04397
min−1, outperforming the NO3RR-OER system by a
substantial margin of approximately 1.7-fold (0.02572
min−1). Notably, the NO3RR-BAO system accomplished
complete BAO with consistent 100% conversion, yielding
benzaldehyde with a high selectivity exceeding 90%. Con-
versely, the NO3RR-OER system failed to generate any high-
value-added chemicals. Furthermore, as illustrated in Figure 7c,

upon varying the initial concentration of BA, we observed a
pronounced increase in the nitrate reduction rate, while
maintaining a consistently high selectivity toward BAO over
90% (Figure 7d and e). These findings underscore the
exceptional capabilities of the RuCu@NF cathode, when
coupled with a suitable anode material such as RuTiIr, to
efficiently remove nitrate while concurrently producing both
ammonia and high-value-added chemicals, holding great
potential for applications in wastewater treatment and
sustainable chemistry.

4. CONCLUSION
This study demonstrates that RuCu@NF nitrate reduction
catalysts prepared by simple electrodeposition alone achieve a
remarkable 96.5% removal of NO3

−-N within 120 min, with
nearly 100% selectivity toward ammonia, and no observable
byproducts were generated by adjusting the proportion of
deposited metals. Both DFT calculations and experimental
validations affirm that the introduction of Cu exerts an
“anchoring” effect on H*, which is generated subsequent to
that of Ru. Furthermore, the electrochemical coupling system
employing this catalyst exhibits a substantially accelerated
nitrate reduction rate, with the rate constant increasing by
approximately 1.7-fold (from 0.02572 to 0.04397 min−1) under
identical conditions. Concurrent with this, benzyl alcohol can
be oxidized at the anode, achieving 90% selectivity for
benzaldehyde. The electrodeposition method used in this
study is simple and convenient, making it highly suitable for
practical industrial applications with a significant industrial
value. Moreover, the synergistic electrocatalysis approach not
only replaces the anodic oxygen evolution reaction, enhancing
the cathodic reduction rate, but also offers new insights into
the integration of nitrate reduction and the synthesis of high-
value-added chemicals.
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