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ABSTRACT

The conversion of nitrate to ammonia presents a promising solution to reduce the energy consumption and
carbon footprint associated with the traditional Haber-Bosch process, while also addressing the environmental
impacts of nitrate-containing wastewater. To tackle the challenges in catalyst preparation for efficient electro-
chemical nitrate reduction toward ammonium, this study reports an extremely rapid Joule-heating synthetic
method to fabricate a series of copper (Cu)-based bimetallic catalysts. The results demonstrate that the Joule-
heating process leads to the formation of well-dispersed and homogeneous bimetallic particles as evidenced
by the scanning electron microscope (SEM) and corresponding energy dispersive spectroscopy (EDS), exhibiting
an enhanced catalytic activity. Among various samples, the homogeneous copper-nickel (CuNi) catalyst presents
an exceptional ammonium selectivity of 98 %, an ammonium yield of 49 %, and an ammonium formation rate of
764 ug h™! em~2, which are approximately 2 times higher than Cu monometallic catalyst. This superior activity
is attributed to the increased electrochemical active surface area (ECSA) in CuNi materials. Additionally, X-ray
photoelectron spectroscopy (XPS) characterization confirms the electronic redistribution within the CuNi
structure, revealing a lower oxidation state of Cu, which further contributes to the improved efficiency in the
nitrate reduction reaction. Overall, this study enables a new route for the rational design of homogenous
bimetallic catalysts in nitrate reduction for wastewater treatment and environmental protection.

1. Introduction

thermolytic processes or catalytic reactions, making it a practical me-
dium for Hy delivery [3]. In addition to its high energy density, NH3

Ammonia (NH3) is recognized as a crucial material for the devel-
opment of modern society [1]. It is currently the second most produced
compound globally and is extensively utilized across various industries,
including textiles, agriculture, food and beverages, pharmaceuticals,
water treatment, rubber, papermaking, and chemical industry [2].
Additionally, NH3 holds significant promise as a potential carbon-free
energy source, primarily due to its ability to serve as an efficient
hydrogen (Hj) carrier. It can be readily decomposed into Hy through

offers considerable advantages in terms of storage and transportation.
Unlike liquid Hy, which requires extremely low temperatures or high-
pressure containment, NHs can be stored and transported under
normal conditions. These characteristics position NH3 as a compelling
candidate for sustainable, low-cost, and carbon-free energy applications
[4,5]. Currently, the manufacture of NH3 predominantly relies on the
Haber-Bosch process, which is heavily dependent on fossil filed (used for
generating Hy from CH,4) and requires high temperature and pressure,
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thereby contributing to significant environmental pollution [6]. There-
fore, there is a strong need for the development of a more environ-
mentally friendly and efficient method for NH3 production.

In recent years, the electrochemical synthesis of ammonia (NH3)
from nitrogen gas (N») under ambient conditions has received much
attention [7-9]. However, the strong triple bond (N=N) and non-polar
nature of Ny pose substantial challenges, resulting in low conversion
efficiency for its electrochemical reduction to NH3 [10,11]. Conversely,
nitrate ion (NO3), which is among the most prevalent water pollutants,
becomes an attractive alternative nitrogen source for the electro-
chemical synthesis of NH3 [12-15]. However, the extreme complexity of
the electrochemical reduction of nitrate (NO3RR) and nitrite (NOsRR),
involving multiple proton/electron-transfer steps and intermediates,
requires an effective catalyst to control selectivity toward the desired
product and to drive efficient NH3 production for industrial purposes.
Palladium (Pd), ruthenium (Ru), copper (Cu), and other precious metal-
based materials have demonstrated catalytic activity for NO3RR
[16-19]. Among them, Cu-based materials are currently regarded as the
most promising catalyst for nitrate conversion, due to their relatively
low cost, natural abundance, strong adsorption for nitrogen species, and
rapid reduction kinetics [20-23]. Despite their potential for NO3 elec-
troreduction, Cu-based materials still face some notable challenges: (i)
the deactivation of catalysts due to accumulation of the toxic product,
NOg, and oxidation of Cu during the nitrate reduction process [24]; (ii)
requirement of high overpotential for NH3 production from NO3 and
intense competition from the hydrogen evolution reaction (HER) [25];
(iii) poor adsorption capacity for hydrogen on Cu catalysts, limiting the
hydrogenation reaction toward the final NHs product [20].

Several reports suggest that introducing a second metal, such as iron
(Fe), cobalt (Co), ruthenium (Ru), nickel (Ni), zinc (Zn), and titanium
(Ti), can effectively overcome the above-mentioned problems [26-32].
For instance, combining Cu with Fe [33] or Ni [25] can modify the d-
band center of the alloy, thus enhancing the adsorption energy of re-
action intermediates during NO3RR. The intrinsic properties of added
metals can also enhance the NO3RR through a synergistic effect, where
Cu demonstrates efficient activity in reducing NO3 to NO3, while the
second metal excels in converting NO3 to NHs [30,34]. To further
enhance the performance of bimetallic catalysts, dispersing the metal
atoms into isolated sites offers significant advantages compared to the
bulk materials. Key benefits include a high exposure of active sites for
the adsorption and conversion of reactants, as well as homogeneous
active sites and structures that enable uniform interaction and lead to
improved selectivity.

However, achieving a well-dispersed and homogeneous bimetallic
catalyst is difficult due to the substantial miscibility gap in the phase
diagram [35]. For instance, Cu is thermodynamically miscibility with Pd
and Zn, but it remains immiscible with silver (Ag), Ni, and Fe [36].
Traditional methods such as co-reduction, concurrent thermal decom-
position, seed-mediated growth, and galvanic replacement only
partially generate the bimetallic structure in the form of core-shell or
heterostructure [35,37]. These conventional approaches also involve
high energy consumption, long reaction times and low production effi-
ciency. Conversely, less common techniques such as spark discharge and
pulse laser ablation can mix immiscible elements, but achieving well-
dispersed nanoparticles with these techniques requires highly specific
and tightly controlled conditions, such as precise operating pressure and
carefully chosen media [38,39]. The ultrafast Joule-heating technique
presents a promising alternative for synthesizing homogeneous bime-
tallic catalyst, especially for systems like Cu-Fe or Cu-Ni, which are
typically limited by significant miscibility gaps. By delivering a rapid,
localized high-temperature environment through a current pulse fol-
lowed by instant quenching, Joule heating approach is expected to
enable efficient decomposition of metal precursors, promote the mixing
of otherwise immiscible elements, and stabilizes the resulting bimetallic
nanoparticles during the quenching process [40-43]. Despite its po-
tential, the use of Joule heating synthesis in bimetallic catalysts for
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NO3RR has not been extensively explored in the literature.

In this study, the Joule heating method was employed to prepare
three different homogeneous Cu-based bimetallic catalysts, i.e. CuFe,
CuNi, CuPd, as well as the control sample of Cu monometallic catalyst
for NO3RR. The materials characterization through X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy dispersive spec-
troscopy (EDS), and X-ray photoelectron spectroscopy (XPS) was con-
ducted to confirm the homogeneity and formation of bimetallic alloys.
The subsequent electrochemical evaluation of Cu-based monometallic
and bimetallic catalysts via cyclic voltammetry (CV) and a series of
constant-potential reactions revealed that all catalysts can generate No
and NH{ with limited formation of NO3 during the NO3RR. Among
various catalysts, the homogeneous CuNi catalyst exhibit superior
reduction performance, which can be attributed to the increased elec-
trochemical surface area (ECSA), improved NOj3 to NO3 conversion, and
favored hydrogenation pathway toward NH} production. To the best of
our knowledge, this work represents the first report to employ the Joule-
heating method for the synthesis of a range of Cu-based catalysts and to
evaluate their performance in NO3RR, offering a scalable strategy and
rational design of catalysts for environmental applications.

2. Materials and methods
2.1. Materials

Anhydrous CuCly (98 %) was obtained from Thermo Scientific
(USA). PdCl; (99 %) and NaNO3 were purchased from Sigma-Aldrich
(USA). NiCly-6H20 (98 %) was provided by Alfa Aesar (USA), while
FeCl3-6H0 (98 %) was sourced from Acros Organic (Belgium). Iso-
propyl alcohol (IPA), HCIO4, and Nafion (perfluorinated resin solution)
(10 % in Hy0) were also obtained from Sigma-Aldrich (USA). All re-
agents were used without further purification.

2.2. Metallic catalyst preparation

The Cu, CuFe, CuNi, and CuPd catalysts were prepared from different
metal salts (CuCly, PdCly, NiCly-6H50, and FeCl3-6H30) through the
Joule heating method under ambient environment. A programmable
power supply (PPM-7503, Twintex Instrument Ltd.) was used to provide
the current pulse. The metal salts were first dissolved in IPA to achieve a
concentration of 0.05 M. For bimetallic samples, the molar ratio of Cu to
other metals was fixed at 9:1. The metal precursor solution was then
dropped onto a carbon holder, i.e. gas diffusion layer (GDL, SGL Sigracet
22BB, Fuel Cell Store), for Joule heating process. The setup for Joule
heating process is illustrated in Fig. S1. The SEM image for the GDL
carbon substrate is provided in Fig. S2a. The experiment was conducted
using a current of 3.2 A for varying durations. In a preliminary test, the
results indicate that a 5-second Joule heating duration is insufficient
because large microscale metal precursor particles remain clearly visible
on the GDL surface as shown in Fig. S2b. Accordingly, the Joule heating
duration was set to exceed 6 s in this study to ensure complete decom-
position of metal precursors. After completing the process, the metal
powder was collected and ground further with a mortar.

2.3. Electrode preparation

3 mg of metal powder were mixed with 3 pL of Nafion and 1.14 mL of
IPA using ultrasonic for 30 mins to ensure a well-dispersed catalyst
slurry. The slurry was then dropped on a conductive substrate (GDL)
until the slurry amount reached 1 mg cm ™2 on the substrate. The coated
electrode was then dried in an oven at 60 °C, and stored in a vacuum
chamber before use.

2.4. Materials characterization

X-ray diffraction (XRD) (Brucker D2 phaser) (USA) was utilized for
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Fig. 1. (a) SEM image of a GDL carbon substrate coated with CuCl, and NiCl, salt mixtures. (b) The image of a CuCl,-NiCl,/GDL under joule heating. (c) SEM image
of GDL surface with CuNi particles after joule heating. (d) TEM image of collected CuNi particles. (e) Corresponding EDS spectrum of Fig. 1(d) with the element ratio
of Cu and Ni provided in the inset.

Fig. 2. SEM images and corresponding EDS elements mapping of bimetallic catalysts: (a) CuFe, (b) CuNi, (c) CuPd, and (d) Cu. All bimetallic samples exhibit well
distribution of elements.
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phase identification. The surface chemical properties of the sample were
determined using X-ray photoelectron spectroscopy (XPS) (ULVAC-PHI
PHI 5000 Versaprobe II) (Japan). The morphology and size of the sample
were sequentially obtained by several instruments such as a scanning
electron microscope (SEM) (Hitachi SU800) (Japan) and a high-
resolution transmission electron microscope (HR TEM) (JEOL JEM-
F200) (Japan). To prepare the TEM samples, the collected metal pow-
der (approximately 0.005 wt%) was dispersed in deionized water (18
mQ, ELGA PURELAB) and homogenized under 100 W for 1 min. A 5 uL
aliquot of the resulting solution was then dropped onto a copper grid
(200 mesh), dried in an oven at 80 °C overnight, and stored in a vacuum
environment prior to imaging.

2.5. Electrocatalytic nitrate reduction

In this study, an H-type reaction tank was utilized to conduct the
electrocatalytic nitrate reduction reaction using a three-electrode sys-
tem (Fig. S3). The reduction and the oxidation tanks were separated by a
Nafion cation exchange membrane (CSE, thickness: 0.16 mm, ASTOM
Corporation). A 30 mL solution of 0.1 M HClO4 was prepared for the
oxidation tank, containing a platinum rod as the counter electrode.
Another 30 mL solution of 0.1 M HClO4 and 0.01 M NaNO3 was prepared
for the reduction tank, housing both the working electrode and the
reference electrode of the saturated calomel electrode (SCE). The
working electrode, prepared as aforementioned, measured 3.0 x 1.0
em?, with an effective immersion area of 1.0 x 1.0 cm? in the electrolyte.
During the 6-hour reaction, different constant voltages (—0.7 V.~ —1.0
V vs SCE) were applied to the working electrode. Magnetic stirrer bars
are placed in both tanks to ensure uniform solution concentration
throughout the reaction. At each sampling time, a 0.5 mL volume was
extracted to measure and record its pH value. To analyze the concen-
tration changes of various substances during the nitrate reduction pro-
cess under different conditions, ion chromatography and ultraviolet/
visible light spectrometry were employed to identify the reactant NO3,
intermediate product NO3 and the product NH4. The analytical meth-
odology is detailed in Supporting Information S1, and the calibration
curves for the concentration determination are provided in Figs. S4 and
S5.

3. Results and discussion
3.1. Catalyst characterization

In this study, various bimetallic particles were prepared as electro-
catalysts through a Joule heating process. The schematic for the syn-
thesis of representative bimetallic copper-nickel (CuNi) particles is
shown in Fig. 1, while the detailed procedure is described in section 2.2
of Materials and Methods. Typically, the Joule heating process involves
the following stages [44]: (1) rapid thermal decomposition of CuCl, and
NiCl; precursors into Cu and Ni clusters [45], (2) diffusion and mixing of
Cu and Ni clusters at elevated temperature, and (3) self-assembly into
CuNi particles upon quenching on the surface of the carbon substrate. As
shown in Fig. 1a, layers of white deposits, generated from precursor salt
particles [36,45], are observed on the surface of GDL carbon substrate
after the immersion of metal precursor solution. The precursor-coated
GDL is then subjected to the Joule heating process at a current of 3.2
A for a duration of 6 s (Fig. 1b). The intense light emission indicates the
high temperature generated during Joule heating. Following the pro-
cess, the white deposits nearly disappear, revealing a newly formed
porous layer on the carbon substrate (Fig. 1c). The TEM image of
collected metal powders is provided in Fig. 1d with the particle sizes
ranging from 100 to 300 nm. The corresponding energy dispersive
spectroscopy (EDS) spectrum (Fig. 1e) confirms that Cu and Ni are the
primary components.

It is worth noting that the decomposition temperatures (Tq) of CuCl,
and NiCl, precursors are about 730 K [46] and 1200 K [47],
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Fig. 3. XRD patterns of various metallic catalysts after Joule heating process.
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Fig. 4. (a) XPS Cu 2p spectra of 4 samples. (b) CuFe Fe 2p spectra. (c) CuPd Pd
3d spectra. (d) CuNi Ni 2p spectra.

respectively, which are lower than the typical Joule heating temperature
(>1500 K) [48-50]. This suggests that the Joule heating method can be
effectively extended for the synthesis of other bimetallic particles from
their precursors such as PdCl, (T4 = 948 K) [51] and FeCl3 (Tq = 590 K)
[52]. In this study, three different bimetallic particles were synthesized
including CuNi, copper-iron (CuFe), and copper-palladium (CuPd)
under the same Joule heating parameters (3.2 A for 6 s). For comparison
purposes, the monometallic Cu particles were also prepared as the
control sample. Fig. 2 presents the SEM images and corresponding EDS
mappings of the fabricated Cu, CuFe, CuNi, and CuPb particles. The SEM
images confirm that all particles synthesized via the Joule heating
process exhibit a similar size range of 200-400 nm. Elemental mapping
further indicates a uniform distribution of each element without phase
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Fig. 5. The capacitance of the double layer for Cu, CuFe, CuNi, and
CuPd catalysts.

separation into individual metals. These findings suggest that the Joule
heating method enhances the intermetallic mixing, facilitating the
synthesis of homogeneous bimetallic particles while overcoming the
inherent immiscibility in bimetallic systems.

X-ray diffraction analysis (XRD) was conducted to characterize the
crystalline structure of synthesized particles as shown in Fig. 3. The
diffraction patterns of all samples exhibit an identical peak at 26 of
26.2°, corresponding to the graphitic carbon [53]. Furthermore, all
samples demonstrate prominent peaks from 35° to 40°, which are
attributed to the oxidation of metal particles under ambient environ-
ments [54,55]. A minor peak at 43.5° corresponds to the (111) crystal
plane of metallic Cu [56]. The slight shifting in diffraction peaks around
43.5° (highlighted by gray dash lines in Fig. 3 and S6) for bimetallic
samples indicates the successful incorporation of secondary metals, i.e.
Ni, Fe, and Pd. The absence of addition peaks corresponding to these
secondary metals further verifies that they do not segregate to form
separate phases but are well-distributed within the Cu crystalline lattice,
supporting the EDS results in Fig. 2.

The surface chemical composition of different catalysts is charac-
terized by X-ray photoelectron spectroscopy (XPS), with the spectra of
individual metals shown in Fig. 4. The Cu 2p spectra of four samples can
be deconvoluted into Cu 2p; /2 and Cu 2p3 /2. The Cu 2p; /2 signal exhibits
a characteristic feature corresponding to metallic Cu’, with a main
photoemission peak located at ~ 932.5 eV, which is the same binding
energy as copper monoxide (Cu™) [57], as depicted in Fig. 4a. The
incorporation of other metals into Cu causes this peak to slightly blue
shift, particularly in CuFe, and CuNi samples, which can be attributed to
electron redistribution within these materials [25,58]. Two additional
peaks appear alongside the Cu™ peak, at 933.81 and 935.05 eV, indi-
cating the presence of an oxidized compound with Cu?* chemical state.
The satellite (sat.) features around 940 ~ 945 eV, associated with Cu2+,
are clearly observed [57]. Notably, the intensities of Cu®t —related
signals (sat. emission peaks) are higher in the Cu sample but gradually
decrease in the bimetallic samples, with the lowest intensity observed in
the CuNi sample. This finding is resulted from the incorporation of a
second metal element, which limits the oxidation in the bimetallic
sample [20,32,59]. The CuFe sample exhibits Fe 2p spectra with binding
energy ranging from 705 to 740 eV, including Fe 2ps,, and Fe 2p; 2
(Fig. 4b). The observed peaks, including the sat. peaks, are a convolution
of Fe signals with different oxidation states (Fe2+ and Fe3+) [60,61].
Similarly, the Pd 3d spectra clearly indicate the presence of Pd in the
CuPd sample (Fig. 4c). The binding energies of Pd 3ds,, (335.8 and
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Table 1

Double layer capacitance and ECSA for various Cu catalysts.
Electrodes Cq (mF cm™2) ECSA
Cu 0.536 13.4
CuFe 0.072 1.80
CuNi 1.518 38.0
CuPd 0.172 4.30

337.3 eV) are lower than those of Pd 3ds,2 (341.0 and 342.5 eV) for each
doublet [62]. The intense doublet peaks correspond to Pd’, while the
weaker peaks are attributed to Pd2". For the CuNi sample, the Ni 2p XPS
spectra, with deconvoluted peaks for 2ps,» and 2p; 2, exhibit multiplet
splitting around 855 eV and 873 eV (Fig. 4d) [63,64]. These peaks
indicate the presence of Ni®*, likely due to the partial oxidation
commonly observed in transition metal-based compounds.

To elucidate the available electrochemical active sites on the catalyst
surface, cyclic voltammetry (CV) measurements were employed to scan
the potential area of the non-faradaic reaction at different scan rates of
10, 30, 50, 70, and 100 mV s~'. The polarization curves in Fig. S7
exhibit an increase in current density with increasing scan rates. The
absence of redox reaction within the potential range of 0—0.45 V in-
dicates that the generated current is non-Faradaic. This finding confirms
that the catalyst undergoes only adsorption and desorption reactions.
The differences in current density at the middle potential versus the scan
rates are plotted in Fig. 5, and the derived slope gives the electrical
double-layer capacitance, Cgj, using Equation S1 as reported in Table 1.
It can be observed that the CuNi catalyst exhibits the highest Cq; 0of 1.518
mF cm~? among different Cu-based catalysts. Assuming a specific
capacitance (Cs) of 40 uF cm ™2, the ECSA of CuNi catalyst, calculated
using Equation S2, is substantially larger than those of Cu, CuFe, and
CuPd samples. This finding suggests a higher density of electrochemical
active sites on the CuNi catalyst, revealing a potential for enhanced
catalytic activity in NOsRR.

3.2. Nitrate reduction reactions

3.2.1. Performance of different catalyst

The as-synthesized Cu-based bimetallic particles are further inves-
tigated as electrocatalysts for NOsRR in an H-type three-electrode sys-
tem (Fig. S3). A concentration of approximately 10 mM (~620 ppm) of
NOs3 is used in all tests to simulate NO3 contaminated wastewater from
sources like explosives manufacturing and surface treatment industries.
As a preliminary investigation, CuNi samples were synthesized using the
Joule heating method at a current of 3.2 A for 6, 8, and 10 s, denoted as
6—CuNi, 8-CuNi, and 10-CuNi, respectively. Among these, the 6-CuNi
catalyst demonstrates the highest NO3RR performance, achieving su-
perior NO3 conversion, NHJ selectivity, and NHZ yield compared to the
8 and 10-second counterparts (Fig. S8). The declined performance
observed in catalysts subjected to longer heating times likely resulted
from severe particle aggregation, as evidenced in Fig. S9. This aggre-
gation reduces the available active surface area, thereby limiting the
efficiency of the reduction reaction. Accordingly, the Joule heating
duration of 6 s is employed for different metallic catalysts in further
testing.

An additional preliminary test was performed to compare CuNi
catalysts synthesized via the Joule heating process with those prepared
using a conventional heating method, where the metal precursors were
heated on a GDL substrate at 1000 °C for 2 h. As illustrated in Fig. S10a,
the CuNi bimetallic particles synthesized via conventional heating
exhibit a significantly larger size of approximately 6 um, which is sub-
stantially greater than those produced through the Joule heating process
(200-400 nm). Furthermore, the NOsRR performance shown in
Fig. S10b demonstrates that the homogeneous CuNi bimetallic particles
synthesized through Joule heating outperform those prepared by the
conventional method in terms of NO3 conversion, NHJ selectivity, and
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Applied potential = -0.9 V (vs. SCE), Temperature = 298 K.

NHj yield. This result highlights the significant advantage of Joule
heating process and the homogeneity of bimetallic catalysts in
enhancing catalytic activity.

To explore the effects of secondary metal on NO3RR, the change in
the concentrations of NO3, NO3, N, and NH{ during the reaction with
different bimetallic catalysts is illustrated in Fig. 6. In all cases, almost
no NO3 can be detected, indicating a rapid conversion. Additionally, it is
observed that the NO3 concentration decreases as a function of time,
accompanied by a clear generation of N, and NHj, confirming the
successful NO3 conversion (The detailed reduction mechanism will be
discussed in section 3.3). It is noted that the pH of the electrolyte so-
lution was monitored throughout the 6-hour reaction (Table S1). The
data confirm that the reduction process occurred entirely under acidic
conditions. The negligible variation in pH is likely due to the initially
low pH of the solution (high concentration of H ions), along with the
sustained H' replenishment from the concurrent oxidation of HyO in the
anodic chamber [56,65].

The performance of the NO3RR is further summarized in Fig. 6e and
Table S2, in which the analytical values are calculated using Equations
$3-S6 in the Supporting Information S1. The CuNi catalyst demon-
strates superior reduction performance in terms of NO3 conversion (50
%), NHJ} selectivity (98 %), and NHJ yield (49 %) compared to Cu,
CuFe, and CuPd. These results indicate that CuNi catalysts exhibit higher
reactivity for NO3 reduction toward NHj production. However, the
reduction performance of these four catalysts does not fully correlate
with their ECSA results. To gain deeper insights into the underlying
factors, the current profiles of the catalysts during NO3RR were recorded
and are presented in Fig. S11. The current profiles reveal distinct be-
haviors among the catalysts. For CuFe and CuNi, the current rises
sharply at the initial stage and then stabilizes throughout the reaction. In
contrast, Cu and CuPd exhibit a progressive decline in current following
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catalyst at different potentials (vs. SCE). (a) —0.8 V, (b) —0.85V, (c) 0.9V, (d)
—1.0V, and (e) —1.05 V. (f) Summary of reduction performance. Experimental
conditions: [HCIO4] = 0.1 M, [NaNO3] = 0.01 M, Temperature = 298 K.

the initial increase phase. It is noted that the reduction potentials of Cu
of Pd are relatively high (Cu®>*+2e” — Cu, E® = 0.34 V; Pd?*+2¢” — Pd,
E® = 0.915 V), limiting their reduction performance after electron loss
during the initial NO3 reduction process. This leads to a gradual decrease
in reaction current. In contrast, Fe and Ni have low reduction potentials
(Fe*t4+2¢” - Fe, E¥ = -0.44 V; Ni®*+2e > Ni, E® = -0.257 V), enabling
continuous reduction in solution, thereby maintaining a steady reaction
current. In addition, the CuNi sample exhibits electron redistribution, as
shown in Fig. 4a. This phenomenon indicates a decrease in anti-bonding
occupation and stronger adsorbate bonding, suggesting that CuNi sam-
ple significantly enhances the adsorption energies of intermediate spe-
cies [25,66]. Taken together, the exceptional catalytic activity of
homogenous CuNi can mainly be attributed to the inherent electro-
chemical features of incorporated Ni.

3.2.2. Performance of CuNi catalyst at different potentials

To further investigate the NHJ production process, the NO3RR over
homogeneous CuNi catalysts was also conducted under various reduc-
tion potentials from —0.8 V to —1.05 V (vs. SCE). As shown in Fig. 12,
the reaction current density significantly increases with greater applied
potentials. This trend can be explained by the direct proportional rela-
tionship between current and voltage under a constant resistance. A
slight rise in pH is observed across all tests (Table S3), indicating the
continuous consumption of H' ions in the solution throughout the
NO3RR process. The concentration profiles of associated NO3RR at
different potentials are illustrated in Fig. 7 and Table S4. The NO3
concentration progressively decreases without detectable NO3 forma-
tion, while NH4 production steadily increases as the potential shifts
from —0.8 to —1.0 V, followed by a sharp decline at —1.05 V potentially
due to the competing hydrogen evolution reaction (HER) [19,67]. The
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results demonstrate that the highest NO3 conversion (61 %) and NHZ
yield (57 %) are achieved at a reaction potential of —1.0 V while the
maximum NHJ selectivity (98 %) is obtained at —0.9 V. The utmost
performance in terms of NH4 Faradaic efficiency and formation rate is
also achieved at —0.9 V, with values of 40 % and 764 pg h™! cm™2,
respectively. This result suggests that the competing adsorption of pro-
tons with NO3 begins to impact the reduction performance at more
negative potentials beyond —0.9 V. Additionally, this level of selectivity
surpasses that reported in many previous studies (Table S5), high-
lighting the exceptional performance of the catalyst developed in this
work.

3.3. Reduction reaction mechanism

To explore the catalytic mechanism, the following reaction steps are
proposed based on the experimental results. At the beginning of the
reaction, NO3 and H" ions from the solution are adsorbed onto the
catalyst surface, represented as 6NO3 and 6H™, respectively. Following
this adsorption, a sequence of reduction processes occurs, converting
ONO3 into various nitrogen-based intermediates, which eventually lead
to the formation of NHJ ions. These processes can be described by the
equations below.

NO3 + 0 5 6NO3 @
H" + 0 s 0H" (2
OH' + e »6H 3)
ONO3 + 20H — ONO3 + 6H50 + 0 @
ONO3 + 6H — ONO + 60H" (5)
ONO + 6 — ON + 00 (6)
ON + ON — 6Ny + 0 )]
6Nz — No + 0 (€)]
ONO + 6H — 6NOH + 0 )
ONOH + 6H — ONHOH + 6 (10)
ONHOH + 6H — 6NH + 6H,0 a1
ONH + 6H — 6NH, + 0 a2)
ONH; + 6H — ONH3 + 0 13)
ONH3 — NH3 + 0 a4
ONO3 SNO3 + 0 (15)
NH3 4 H»0 5 NHf +OH™ (16)

The concentration profiles of NO3, NO3, No, and NHZ can then be
expressed as the following equations, and the detailed derivation is
provided in the Supporting Information S2.

Crno, = C‘b’l03 ekt a7)
kiClo-

Cno- = 3 —kit _ kgt 18

NO, ku — ks (e e ) (18)
kmcgof kkacﬁo—

Cn. = 3 _ okt 3 —knt __ 1 19

=k U ek €Y a9
kyCRo, kikyCRo,

_ _ okt —kpt _
oy =gk U =y &Y 20

in which

Separation and Purification Technology 371 (2025) 133312

Table 2
Reaction rate constants of NO3RR over various Cu catalysts.
Electrodes k(™Y Ky (h™h) ki (™) ky (™
Cu 0.07 22.6 4.30 16.6
CuFe 0.06 32.3 17.7 15.2
CuNi 0.13 22.0 0.27 22.5
CuPd 0.08 20.6 3.15 18.1
kakC,C2
ky = —— 10 1)
ki + kaCyy

ksConCo( ksCo + koCon)
ki = 22
" (keCo + koCon )Kis @2)

kskSCeHCg
kypy=——o>"""0 23
™ (keCs + koCon )K1s 23)
Kkoks C2; CoKie (24)

v (ksCo + koCor )K15Con-

The derived Egs. (17)-(20) are applied to fit the concentration data
for NOsRR over homogeneous CuNi catalysts at —0.9 V (Fig. S13). The
close agreement between the fitted results and experimental data in
Fig. S13 validates the proposed NO3RR mechanism in this study.
Additionally, the kinetic constants kj, ky, kyj, ky for various Cu-based
catalysts are determined using the minimal residual method and the
corresponding values are provided in Table 2. Here, k; represents the
rate constant for the NO3 removal, kj; refers to the NO3 dissociation, kjj
reflects the balance between deoxygenation (ks and kg) and hydroge-
nation (ko) of nitrogen-intermediates, while ky denotes the rate constant
for the NHJ formation. The results indicate that incorporating Ni into Cu
catalysts enhances the NO3 removal rate (k;), whereas the presence of Fe
and Pd has a negligible effect. Furthermore, the value of kjj serves as a
key determinant of the reaction pathway, influencing whether the pro-
cess favors Ny or NHj formation. A lower ky; value in homogeneous
CuNi indicates a larger kg value and suggests a stronger preference for
the hydrogenation of adsorbed NO intermediates, leading to enhanced
selectivity for NH4 over Ny. This observation can be further supported
by the density functional theory (DFT) calculations from the literature
[68], which report a significantly lower activation energy of 6NO
—0ONOH (0.08 eV) compared to ONO —6N (1.62 eV). The increased ky
values observed in CuNi and CuPd compared to Cu indicate a more
favorable pathway for NH{ formation, aligning well with the experi-
mental results presented in Fig. 6.

4. Conclusions

In summary, a series of homogeneous Cu-based bimetallic catalysts
have been successfully synthesized through a rapid Joule heating pro-
cess and applied to electrochemical NO3 reduction toward NHJ pro-
duction. Among them, CuNi showed the highest NO3 conversion (50 %),
NHj selectivity (98 %) and NHj yield (49 %), outperforming CuFe,
CuPd, and pure Cu. The enhanced performance is attributed to the
synergistic interaction and electronic redistribution between Cu and Ni,
which increase surface-active sites, suppress Cu oxidation, and thus
improve reduction performance. This work demonstrates the advan-
tages of uniformly-dispersed bimetallic particles in catalytic applica-
tions and presents a rapid and efficient route for developing effective
and stable catalysts for wastewater treatment.
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