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Abstract

Cu-Ni co-deposit electrodes were prepared and tested in an undivided cell for the elec-
trochemical removal of nitrate from aqueous solutions. Pulsed electrodeposition (PED)
under a dynamic hydrogen bubble template and direct electrodeposition (DE) techniques
were used for synthetizing porous nickel- and copper-based cathodes. Scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX) analyses showed dendritic and
cauliflower-like deposits with a uniform distribution of nickel and copper on the electrode
surface, both using flat and foam nickel supports. The PED technique on nickel foam gen-
erated highly porous Cu-Ni coatings, with the largest electrochemical active surface area
(ECSA) among all the investigated electrodes. Electrolysis in alkaline solutions containing
nitrates was performed in an undivided cell in potentiostatic mode. The selectivity towards
N» was strongly dependent on both copper loading and applied potential; in particular, the
foam electrode containing about 23% Cu showed very low ammonia production even at the
highest cathodic overpotential, evidencing its marked preference for nitrogen formation.
The process performed in the undivided cell using foam-supported Cu-Ni cathodes enabled
100% of conversion of nitrate to molecular nitrogen within approximately 7 h, allowing the
complete denitrification of the water.

Keywords: nitrate electroreduction; nitrogen selectivity; electrochemical treatment; Cu-Ni
bimetallic cathodes; pulsed electrodeposition (PED)

1. Introduction

Nitrates (NO3 ™) are the most thermodynamically stable oxidized form of nitrogen in
aqueous systems and show high chemical endurance due to their strong N-O bonds and
low reactivity under ambient conditions. An excess of nitrates can lead to the eutrophi-
cation of aquatic ecosystems and to a reduction in dissolved oxygen content. Industrial
activities, ranging from pharmaceutical to textile, together with agricultural activities and
soil leaching, contribute significantly to nitrate contamination of both surface water and
groundwater. As a result, advanced denitrification processes must be implemented to
effectively mitigate nitrate contamination and to meet the increasingly strict discharge
limits imposed by environmental legislation.

The most applied methods for the denitrification process can be divided into physical,
chemical and biological approaches. Physical processes, such as ammonia stripping, ion
exchange and adsorption, are efficient at removing most pollutants, but they are expensive
and could also generate secondary pollution that needs to be treated. Biological approaches,
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which require the use of anammox bacteria, achieve high degradation efficiencies without
generating additional contaminants. However, they are energy-consuming, as they often
need additional carbon resources. Chemical methods, such as magnesium ammonium
phosphate hexahydrate (MAP) precipitation, lead to fast, simple and highly efficient deni-
trification of wastewater, but they require laboratory-intensive work as well as secondary
treatment for complete removal [1]. In this context, electrochemical reduction has emerged
as a particularly promising alternative to convert nitrate into high-value-added ammonia
and remove NO3 ™ pollution [2—4].

NO3RR is a multistep process involving up to eight electrons depending on the final
product and proceeds through several adsorbed intermediates such as nitrite (NO, 7), nitric
oxide (NO), nitrous oxide (N,0O), hydroxylamine (NH,OH), ammonia (NH3), and nitrogen
(N2) [5,6]-

According to the Pourbaix diagram, nitrogen (N;) and ammonia (NHj3) are the most
thermodynamically stable species in the pH range 0-14, especially in drinking water
(pH 6-9) [7,8]. Nitrite is the primary quasi-stable intermediate formed during the electro-
chemical reduction in nitrate before it is completely reduced to ammonia or nitrogen. Thus,
the reduction in nitrate (NO3 ™) can be divided into two steps: the conversion of nitrate
(NO3™) to nitrite (NO, ~) and the conversion of nitrite (NO, ™) to ammonia or nitrogen [9].
The rate-limiting step of the process is the conversion of nitrate to nitrite, which occurs
after initial adsorption onto the cathode surface [10]. This step requires efficient adsorption
of nitrate onto the cathode surface followed by electron transfer. Therefore, catalyst design
and operating conditions must be carefully optimized to enhance nitrate conversion.

Nowadays, research efforts are increasingly directed towards ammonia production
from nitrate wastes by the NO3RR process, which is considered a potential alternative
to the well-known Haber-Bosh process [11,12]. Among the emerging electrochemical
strategies for ammonia synthesis, the nitrogen reduction reaction (NRR) and the nitric
oxide reduction reaction (NORR) have also attracted significant attention due to their
potential for sustainable nitrogen fixation and resource recovery [13,14]. However, when
electrochemical treatment is proposed for the mitigation of the eutrophication phenomenon,
the removal of all the reactive nitrogen, including ammonia, is preferred.

The selectivity of the process to form NHj3 or N, depends on different factors such
as reaction conditions, catalyst composition, electrode structure and preparation method.
At high current densities, the hydrogen evolution reaction (HER) competes with NO3RR,
lowering its faradaic efficiency [15,16]. Hence, identifying the optimal operative conditions
is important to maximize the conversion of nitrates to nitrogen and to minimize the HER
rate [17,18].

Although the NO3RR can be carried out at any nitrate concentration, the reduction
mechanism is strongly influenced by its concentration. At high nitrate concentration levels,
an autocatalytic mechanism is initiated, which accelerates nitrate reduction and enhances
faradaic efficiency [19,20]. Moreover, high nitrate concentrations can enhance the mass-
transfer-limited adsorption of NO3;~ to the active site, constituting the first step of the
reduction process [21,22].

NO3RR can be enhanced at the electrode surface by adjusting electrolysis condi-
tions (e.g., current density, potential, electrolysis duration), controlling process parame-
ters (e.g., temperature, stirring speed, electrolyte flow rate), and modifying the electrode
(e.g., electrodeposition, electrochemical redox treatments, surface functionalization or
nano-structuring) [21,23]. As mentioned earlier, the preparation of an efficient cathode
with a high electrocatalytic surface area is one of the main factors to improve the nitrate
degradation rates.
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The choice of the electrode material strongly influences both the kinetics and the
product selectivity during the electrochemical nitrate reduction. Metals with highly filled
d-orbitals and partially open d-shells—such as Cu, Ag, and Pt—are particularly suitable
for this process [24]. Their d-orbital energy levels are similar to the 77* LUMO of nitrate,
promoting the initial electron transfer step. Among these, copper stands out for its excellent
catalytic activity and low cost [25]. However, its practical use in the denitrification process is
limited due to its low stability, mainly due to corrosion and metal leaching. Recent studies
suggest that Cu-based deposits offer a promising solution by combining the desirable
properties of multiple metals into a single electrode material.

Electrodeposited Cu-Ni materials have been previously investigated as cathodes for
nitrate degradation, exhibiting high catalytic efficiencies in samples with higher copper
content [26,27]. Copper sites promote the nitrate adsorption while nickel sites adsorb the
hydrogen produced in alkaline or acidic conditions. Nickel promotes the hydrogenation
of intermediates species such as NO, ™ accelerating their desorption and enhancing the
kinetics and efficiency of NO3RR [28].

Another key aspect of catalyst design is its selectivity towards nitrogen or ammonia
formation. Zhu et al. reported the synthesis of nanocomposites of Cu and NiO as catalysts
for the NO3RR process, achieving faradaic efficiency of 97% for ammonia production [29].
The selectivity towards nitrogen formation is usually low, primarily due to the challenges
associated with N—N bond coupling on the catalyst surfaces [17]. However, high selectivity
for N and complete nitrate removal have been achieved using iron nanoparticles in carbon
microspheres (CL-Fe@C) [30] and iron-based nanofibers (Fe/NFs) [31] as cathode coupled
with Pt anode in an undivided cell: the combination of a low-cost cathode with an efficient
anode such as Platinum may lead to the formation of harmless nitrogen [32].

In this framework, the aim of the present work is to investigate the electrochemical
reduction in nitrates in an undivided electrochemical cell using electrodeposited Cu-Ni
cathodes for denitrification purposes. The influence of catalyst composition, electrode
structure and applied potential on the removal of nitrates and selectivity towards molecular
nitrogen has been studied.

The electrochemical active surface area (ECSA) of the electrodes was determined
from double layer capacitance values obtained by cyclic voltammetry and analyzed using
the Trasatti method. This approach allowed us to distinguish the contribution of inner
(diffusive) and outer (surface) capacitance, thereby correlating morphological features
with catalytic performance. The characterization of the electrode/electrolyte interface was
also carried out through electrochemical impedance spectroscopy (EIS), whose results are
reported in the Supporting Information (Figure S2, Table S1).

In addition, scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX)
analyses were performed to correlate surface morphology, porosity, and elemental compo-
sition with the electrochemical behavior of the electrodes.

Finally, a kinetic analysis of the experimental results was conducted to provide mech-
anistic insight into the denitrification process and to identify the conditions that favor
nitrogen formation in undivided cell configurations.

2. Results and Discussion
2.1. Preparation and Characterization of Cu-Ni and Ni Electrodes

In this work, two electrodeposition techniques were employed to synthetize nickel-
and copper-based cathodes: pulsed electrodeposition (PED) and direct electrodeposition
(DE). The depositions were done onto nickel disk (ND) and nickel foam (NF). Table 1
reports the experimental conditions adopted for the syntheses.
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Table 1. Operative conditions used for the preparation of the Cu-Ni electrodeposits.
Technique Electrolyte E1 (V) E;(V) Deposition
! y 1 2 Surface

PED NiSO4 0.1 M

S1 t1=60s CuSO4 0.01 M —4.0 -0.5 ND
= 3s H3BO3 0.1M
PED NiSO4 0.1 M

S, t1=60s CuSO4 0.01 M —4.0 —-0.5 NF
tp=3s H3;BO;5; 0.1 M
NiSO4 0.1 M

S3 DE CuSO4 0.01 M —-1.1 - NF
H3;BO3 0.1 M

NiSO4 0.1 M _
Sy DE H3BO; 0.1 M —4.0 ND

Figure 1 presents the surface morphology of the obtained electrodeposits, together with
representative EDX mapping images for samples S; and S;. The corresponding atomic
percentages (at%) of Cu and Ni, extrapolated from EDX analyses, are reported in Table 2.
According to the literature, samples prepared using PED present a hierarchical structure, while
the combination of PED with the dynamic hydrogen bubble template method produces highly
porous electrodes [27]. Sample S;, prepared by PED, exhibits a hierarchical macroporous
structure with a typical dendritic pattern. This morphology is consistent with previous reports
by Hao et al. for the synthesis of highly porous Ni catalysts for OER applications in alkaline
media [33]. The same morphology is described by Sengupta et al. for the preparation of
nickel electrodeposits under HER conditions and high voltages [34]. According to their works,
the dendritic morphology observed is related to the voltage applied (E; = —4 V). At this
voltage, the HER is very fast; thus, the nickel and copper electrodeposition goes under a
controlled-diffusion regime. Under these conditions, the deposition rate is limited by the
diffusion of metal ions, resulting in non-uniform growth.

Sample S;, also obtained by PED but on nickel foam (NF) support, presents a
cauliflower-like structure that was also observed by Jituri et al. for the synthesis of nickel-
manganese layered double hydroxide (NiMn-LDH) on porous nickel foam [35].

Previous studies showed that this characteristic morphology is due to the combina-
tion of the electrochemical deposition process and the hydrogen evolution reaction. The
hydrogen bubbles alter the ionic concentration near the electrode surface, which affects
the rate of the metal deposition in certain regions, causing them to grow faster than others.
Also, the detachment of bubbles from the electrode surface leads to local discontinuity in
the deposition process that creates a fractal-like growth [36].

Based on the atomic percentages obtained from the EDX mapping images reported in
Table 2, S, presents a higher Cu content compared to S;. This difference could be related
to the different support used during pulsed electrodeposition: the three-dimensional
and highly porous architecture of the nickel foam facilitates enhanced ion accessibility
and localized deposition. S3 was prepared by direct electrodeposition (DE): since the only
parameter tunable in DE is the working potential (or current), the operational conditions for
the preparation of sample S; were set up by choosing the optimal potential for both nickel
and copper electrodeposition [34,37]. As sample S, (Figure 1B), S3 (Figure 1C) presents a
cauliflower-like structure [38]. S, (Figure 1E) exhibits a porous 3D structure where the pore
walls are not closely packed, thus enhancing further the surface area [35,39]. S3 (Figure 1F)
shows a more uniform nickel and copper distribution than S, on the foam surface with
densely deposited areas spread across it and a higher Cu percentage as well (Table 2). The
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comparison between S, and S clearly indicates that the deposition technique strongly
influences the final composition: PED tends to produce Ni-rich deposits with less uniform
Cu distribution, while DE favors copper incorporation and yields a more homogeneous
coating. These differences in Cu/Ni ratio and spatial distribution are expected to play a
decisive role in the electrocatalytic performance of the electrodes.

Figure 1. SEM mapping images of Cu-Ni and Ni electrodeposits: (A) sample S;, (B) sample Sy,
(C) sample Sz and (D) sample S;. EDX image of (E) sample S, and (F) sample S3 that shows the Cu
and Ni distribution onto the surface.

To elucidate the effect of the different compositions and structures of the electrodes,
the electrochemically active surface area (ECSA) was determined from the double layer
capacitance obtained through the CV method. The cyclic voltammograms were recorded in
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the region of the open circuit potential (OCP) & 0.05 V (vs. SCE) at high and low scan rates
v, the last one being the region where the current response should be only related to the
charging of the double layer. The capacitance of the samples was calculated with the Trasatti
analysis that considers the contribution of an inner (diffusive) Cg4;s and outer (surface)
capacitance Cpp, to the overall capacitance Cio according to the following equation:

Ciot = Cqir + CpL (1)

Assuming a semi-infinite linear diffusion, the total capacitance can be evaluated by
plotting the reciprocal of the measured capacitance vs. the square root of the scan rate

(Equation (2)), extrapolating the intercept for v1/2

— 0 (see Figure 2A,C). In the same way,
the outer capacitance can be evaluated by extrapolating the capacitance as a function of

v1/2 (Equation (3)) for v — oo (see Figure 2B,D) [40-42].

1 1
- av? 2
C(V) avs + Ctot ( )
C(v)=bv 2+ Cpp. 3)

However, deviation from linearity was observed at high scan rates in Figure 2B-D.
This can be related to ohmic drops and permanent redox changes as a result of the electrode
material’s resistance. Therefore, the fitting was applied only to the data points that are
close to the nearly linear region [43,44].

Table 2. Atomic percentages of Cu and Ni onto the surface of S;-S4.

Composition in at (%)

Sq Cuq4Nigg
Sy CupsNiyy
S3 CusgNign
Sy CugNijgg

Table 3 reports the values of Ciot and Cpy, obtained from the Trasatti plots together
with the contribution of diffusion (Cgif) calculated by Equation (1). Coherently with the
SEM images, sample S, showed the highest values of capacitance; this result confirmed that
the enhanced surface morphology and porosity of S, provided a larger electrochemically
active area, leading to a predominant diffusional contribution to the overall capacitance.
Moreover, deposits on nickel foam presented a very high diffusional capacitance, being the
main contribution to the overall capacitance.

The electrochemical active surface area (ECSA) was calculated by normalizing the Cpy,
values of the samples to that of a smooth Ni electrode [33], which is 0.02 mF cm~2 and by
considering the geometric area, as follows:

Cpr(Sx)

ECSA = ———
CoL (ND)

X Ageometric 4)

Among all the Cu-Ni disks, S; exhibited an electrochemical surface area (ECSA) four
times larger than that of S4, confirming the beneficial effect of copper on the enhancement
of the electrocatalytic area [21,30,45]. Among the foams, S, showed a higher ECSA value
than S3, and this could be related to the different electrodeposition techniques used for
their preparation. For both samples, the intrinsic porosity of the nickel foam contributed
significantly to the measured ECSA and Cpp, as confirmed by the values obtained for the
bare NF using the Trasatti method (ECSA = 166.27 cm? and Cpy, = 2.55 mF cm™2).
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Figure 2. Evaluation of the capacitance contribution with the Trasatti method: (A-C) Plots of the
reciprocal of capacitance vs. the square root of the scan rate and (B-D) Plots of capacitance vs.
reciprocal of square root of scan rate for each sample: S; (blue symbols); S, (orange symbols); Sz
(green symbols); Sy (red symbols).

Table 3. Electrochemical parameters of samples S-Sy, including total capacitance (Ciot), double-layer
capacitance (Cpy), diffusion-related capacitance (Cg;gf), electrochemically active surface area (ECSA),
and the relative contributions of Cp, and Cgj¢ to Ciot.

Ctotal CpL Caits ECSA  CpL/Ciot  Cqif/Crot
(mF ecm—2) (mF cm—2) (mF cm—2) (cm?) (%) (%)
Sq 6.7 3.3 3.4 129.6 48.93 51.07
S, 476.2 28.5 447.7 1939.4 5.99 94.01
Ss3 250.0 6.5 243.5 1108.7 2.61 97.39
Sy 1.6 0.8 0.81 31.8 49.83 50.17

2.2. Assessment of Catalysts” Activity for the NO3RR Process

To study the catalytic behavior of the obtained samples, linear sweep voltammetries
were performed for all samples at a scan rate of 0.5 mV s~ !, starting from the open circuit
potential to a cathodic potential of E = —1.6 V (vs. SCE), either in a solution of KOH
(1 M) or in KNO3 (0.1 M)/KOH (1 M) used as a synthetic electrolyte for the denitrification
process. The current densities, normalized with the electrochemical active surface area
(ECSA), are plotted against E (vs. SCE) and the graphs are presented in Figure 3. For
clarity, two pairs of curves were presented in Figure 3A (deposits on nickel disks) and
Figure 3B (deposits on nickel foams) measured in the presence of nitrate ions (full line) and
in their absence (dashed line). As can be observed in Figure 3, the presence of nitrate in
solution determines an increase in the cathodic current density for samples S1, S, and S3,
confirming their electrocatalytic activity towards the nitrate reduction. In contrast, in the
case of sample Sy, which was synthesized without copper, no current enhancement was
observed in the presence of nitrate, indicating that the presence of copper in the deposits
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is essential to achieve good catalytic performance towards nitrate reduction. Moreover,
for copper-containing samples, the current onset in the presence of nitrates is shifted to
lower cathodic potentials as the copper content in the deposits increases, with the most
pronounced effect observed for S.

0.00

-0.10 4

-0.20 4

igcsa (MA/cm?)
ipcsa (MA/cm?)

-0.30 ~

. T -0.40 T T T T T T T
-1.70 -1.50 -1.30 -1.10 -0.90 -0.70 -0.50 -0.30 -1.70 -1.50 -1.30 -1.10 -0.90 -0.70 -0.50 -0.30

E(vs SCE) V E(vs SCE) V

Figure 3. ECSA-normalized LSV plots. (A) Sample S; (blue curves) and sample Sy (red curves);
(B) sample S, (orange curves) and sample S3 (green curves). Dashed lines refer to KOH 1 M; full lines
refer to KOH 1 M and KNOj 0.1 M.

To gain insights on the NO3RR, Tafel analysis was carried out on the linear sweep
voltammetry measurements in KOH/KNOs (full lines) and in KOH (dashed lines) shown
in Figure 3. The main parameters extrapolated from the Tafel study were the overpotential
(n) and the exchange current density (Jo) as well as the Tafel slope (Table 4). The kinetic
parameters were determined by considering both the geometric area of the electrodes and
ECSA. The polarization curves are described by the Tafel equation:

n = a + blogj (5)

where 1 is the overpotential, b is the Tafel slope, j is the current density, and a is the intercept
of the curve, which is related to the exchange current density Jo through the equation:

2.3RT
a=" ¥ log(lo) ©

Table 4. Kinetic parameters of samples S;—S4. The overpotential 1 (mV) was calculated at a current
density of 10 mA /cm?.

ECSA b J 0(Geometric) J 0(ECSA) M10(Geometric)

Sample (cm?) Electrolyte (mV dec—1) (mA cm~2) (mA cm~2) (mV)
g 1296 KOH/KNO; 169.4 422 2.55 x 1072 61.3

1 ’ KOH 442 .4 0.46 2.78 x 1073 234.5

S 19394 KOH/KNO3 219.2 10.74 8.86 x 1073 31.7

2 ’ KOH 191.5 3.39 2.79 x 103 493.1

S 1108.7 KOH/KNO;3 366.2 36.37 1.12 x 1071 405.8

3 ’ KOH 346.8 62.0 1.90 x 1071 n.d.

S 318 KOH/KNO3 345.4 0.13 3.21 x 1073 412.2

4 : KOH 259.86 0.16 3.95 x 1073 448.5
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S1 and S, exhibited the lowest Tafel slope (169.4 mV dec? and 219.2 mV dec~?) in
the presence of nitrate, suggesting faster reaction kinetics compared to the other electrodes
as well as lower overpotential values together with a relatively high exchange current
density. S3 presented the highest exchange current density; however, it requires a much
higher overpotential compared to S; and S;. As expected, Sy showed comparatively
poor catalytic performance, characterized by a high overpotential (412.2 mV) and a very
low exchange current density. According to the previous literature, a Tafel slope close
to 120 mV dec ! is indicative of NO3;~ conversion to NO, ™~ as an intermediate [46—49].
Higher Tafel slopes usually indicate that NO3RR is hindered by the initial adsorption and
activation of NO3;~ [50]. Although S; presented the closest value to 120 mV dec™!, in
this study NO, ™~ was not detected because it might have been consumed more rapidly
in the undivided cell. The comparison between the Tafel results, extrapolated from the
LSV measurements that were carried out in KOH/KNOj and in KOH, clearly indicates
the significant impact that HER has on the electrodes’ catalytic efficiency towards NO3;RR.
Sample S3 exhibits a higher exchange current density for HER together with the highest
current densities recorded at all potentials (Figure S1). These elements may impact the
overall reaction environment by facilitating the hydrogen availability at the catalyst surface,
and that may explain the tendency of S3 toward ammonia production as shown in Figure 4.

A B
100% A - 100 100% - S - 100
ey & /! e
S 80% A . ) % S 80% 1 ) g
© /’ 8 i © 7 “
2 60% - i \ F60 A 2 60% 4 / 60 o
v vl N =] ) / =}
@ L Y = @ ’ =
s 40% A - S5 L 40 S B 40% A / 40
= o g % f 2
S 20% A o L 20 5 8 20% A A b 20 g
~ 5 & /
0% 0 0% (] 0
11 -1.3 -1.5 1.1 13 15
E (V vs. SCE) NH3 = N2 E (V vs. SCE) NH3 m N2
C D
100% - — - 100 100% 100
> -1 B >
-] Z = o/ Z
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= A o = o
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~ ~ i B
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E (V vs. SCE) NH3 m N2 E (V vs. SCE) NH3 N2

Figure 4. Investigation on the product selectivity (%) and nitrate conversion (%) during the NO3RR
(7 h) at three reduction potential E (vs. SCE) = —1.1V, —1.3 V, —1.5V for samples S; (A), S, (B),
S5 (C), S4 (D).

Electrochemical impedance spectroscopy (EIS) was also performed to further char-
acterize the samples investigated. As an example, the Nyquist plot of S is reported in
the Supporting Information, along with the fitted parameters interpreted using the equiv-
alent circuit shown in Figure S2. The circuit consists of the solution resistance (Rs), a
charge-transfer resistance (R.t), two constant-phase elements associated with the double-
layer (Cpp) and diffusive (Cgj¢) contributions, together with the corresponding diffusive
resistance (Rgif). The impedance parameters (Table S1) are fully consistent with the mor-
phological and capacitive trends previously discussed. Samples containing copper exhibit
markedly lower R values compared to bare nickel, confirming the beneficial role of Cu
sites in promoting nitrate adsorption and electron transfer. In particular, S, and S3 show
the smallest Rt (0.17 and 0.18 (), respectively), in agreement with their high ECSA and
porous architecture. Conversely, Sy displays a much larger R (77.14 ), reflecting its poor
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catalytic performance toward nitrate reduction, according to the current density exchange
values. The diffusive resistance (Rqyif) also highlights the strong influence of electrode
structure: foam-supported Cu-Ni electrodes exhibit significantly lower Ry than S; and
S4, confirming that hierarchical porosity and 3D architecture facilitate mass transport and
reduce the diffusional limitations typically associated with nitrate reduction.

As discussed earlier, Figure 3A,B shows that the current response recorded for all
samples in the presence of KNOj3 (0.1 M)/KOH (1 M) can be attributed to the electrochem-
ical activity associated with the nitrate species. Based on these observations, a range of
potentials was selected to perform the denitrification study under potentiostatic conditions,
following the approach proposed by Shish et al. [51], whose Cu-Ni electrodes achieved a
complete nitrate removal within 5 h. As previously discussed, the denitrification process
often competes with the hydrogen evolution reaction under cathodic conditions. At more
negative potentials, HER tends to dominate due to its favorable kinetics, thereby hindering
nitrate reduction by subtracting electrons from the desired denitrification pathway. Con-
sequently, the overall efficiency of nitrate degradation can be reduced. The extent of this
competition is affected by several factors such as electrode material, surface morphology,
and pH that can selectively promote one reaction pathway over the other [21,23,52]. The
denitrification process was carried out with the four investigated samples under poten-
tiostatic conditions at three potentials of —1.1 V, —1.3 V and —1.5 V vs. SCE, selected
according to Figure 3A,B as from —1.0 V a current ascribed to NO3RR was detected. The
lower potential value corresponds to the onset of NO3RR, while the highest corresponds to
the fully developed HER.

The trends with time of the current densities are reported in Figure S1; in the early
stage a rapid decrease in current density is observed, followed by a stable trend towards
less cathodic current as nitrate is progressively depleted from the solution. Current fluc-
tuations, particularly at the beginning of the experiment, may be associated with local
bubble formation/detachment, while current spikes visible at fixed times are related to the
withdrawal of the samples. Figure S1 also reports the chronoamperometric measurement
normalized by the ECSA. It can be noticed that the highest values of current densities have
been obtained for sample S3, confirming its superior intrinsic catalytic activity.

It is well known that nitrate reduction can proceed through several intermediate
nitrogen-containing species, including NO, N,O, NO,~, NH,OH, and other transient
products, depending on the reaction conditions and catalyst. In alkaline media, these
intermediates may undergo further reduction or decomposition, ultimately yielding the
thermodynamically stable end products N, and NH; /NH,*.

The results obtained in this work showed that, under all these tested conditions, NHjz
was the only by-product directly detected for every sample, whereas the production of
N, was determined from the mass-balance relationship. Less stable gaseous nitrogen
compounds, such as NO and N,O, were not considered in the present work [51,53,54].
Figure 4 reports both the selectivity of the process and nitrate conversion during the
NO3RR after 7 h of treatment under the three applied cathodic potentials. As can be
seen, sample S, presents, for all the selected potentials, the highest conversions of nitrate
to nitrogen and can therefore be identified as Nj-selective electrocatalyst. For samples
S; (Figure 4C) and S4 (Figure 4D), the selectivity towards N, decreases with increasing
applied potential, leading to higher amounts of ammonia production. This behavior
can be explained by considering the predominance of the hydrogen evolution reaction
at more negative potentials, which favors the ammonia formation as a hydrogenated
reduction product. The highest conversion of nitrate was obtained at —1.3 V for the samples
containing copper, while the nickel sample always showed very low conversion of nitrates,
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being zero at —1.1 V, underlining the central role that copper has in the denitrification
process [55-58].

It is important to note that the electrochemical cell used in this work is undivided; thus,
the concurrent reactions happening at the anode must be considered. Under the operative
conditions adopted in the present work, the oxidation of NH3, produced at the cathode
during the NO3RR, also occurs at the anode in the undivided cell, thereby contributing to
the overall denitrification pathway through the further transformation of nitrogen interme-
diates. As evidenced by Polatides and Kyriacou, higher selectivity of the denitrification
process towards nitrogen can be obtained in an undivided cell, while, in a divided cell,
the process is more selective towards ammonia [59]. Since the purpose of this work is
the complete removal of nitrates, the use of an undivided cell helps to achieve the result.
Figure 5 shows the trends with time of nitrate, ammonia and nitrogen obtained during the
electrolysis at the optimal working potential for all samples, which is —1.3 V as established
from the results reported in Figure 5. As can be seen, the trend with time of ammonia is
characterized by an initial build-up, reaching a maximum concentration at intermediate
reaction times, followed by a progressive decline. This behavior is consistent with the
formation of ammonia at the cathode and the subsequent consumption at the anode.
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Figure 5. Trend with time of experimental (dots) and model-predicted data (lines) of nitrate, ammonia
and nitrogen concentrations during the electrolysis at E (vs. SCE) = —1.3 V for samples Sy (A), S, (B),
S3 (C) and Sy (D).

2.3. Kinetic Analysis of the Catalyst in an Undivided Cell

As can be seen, for the electrodes containing copper, ammonia is produced from
the very initial time of treatment, and it shows a maximum indicating the presence of
its oxidation to form nitrogen. Moreover, nitrogen is also formed from the early stage of
the process, specifically for the foam-supported electrodes, indicating a parallel cathodic
reduction in nitrate to nitrogen. Based on the observed trends with time of NO;~, NHj3
and N the main reactions occurring in the electrolytic cell are described below.
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At the cathode:
NO; +6HyO +8e~ — NH3z +90H™ (7)
NO; +3H;0 +5e~ — %Nz + 60H ™ 8)
2H,O+2e~ — Hy +20H™ )
At the anode: 1
NH;3 +30H™ — §N2 +3HO +3e™ (10)
1
20H™ — H,O+ 502 +2e (11)
The following reaction mechanism in the undivided cell can be sketched:
NO; X NH, 8 %Nz (12)
B O |
NO; -3 5N (13)

where k; and k; are the rate constants for the cathodic reduction from nitrate to ammonia
and nitrogen, corresponding to cathodic Reactions (7) and (8), respectively, and k3 is the
rate constant for the ammonia oxidation, which corresponds to anodic Reaction (10).

The differential equations describing the phenomena involved are

d[NO; |

5= ki[NO3] ~ka[NO;] (14)
d[Nd?3] = ki [NO3] — ks[NH;] (15)
d[dl\th] = %kz [NO; ] + %kg,[NHg] (16)

The system of Equations (14)-(16) was solved, and the numerical solution can be
viewed in Figure 5 for data obtained at —1.3 V. The results of modeling under all the
experimental conditions are reported in Figures S3 and S4. Good agreement with the
experimental data was obtained, and the relevant kinetic constants were reported in Table 5.

Table 5. Rate constants obtained by fitting the experimental data with Equations (14)—(16) and
faradaic efficiency values for the NO3RR at 50% of nitrate conversion.

Sample E(Vvs.SCE) ky x10°s 1 kp, x10°s™1  k; x 10°s~1 hso

~1.1 1.1 0.009 1.0 85%

S, -13 6.9 0.1 1.1 73%
-15 0.6 0.1 1.2 10%

~1.1 0.03 0.05 29 1%

S, -13 5.0 7.1 9.1 50%
-15 3.5 6.1 9.9 40%

-1.1 1.3 4.0 42 38%

S; -13 13.0 5.1 41 58%
-15 9.0 6.2 7.0 20%

5 -13 0.05 0.13 0.11 10%
4 -15 0.65 0.01 1.5 3%

Values of faradaic yield reported in Table 5 have been calculated from the ratio between
the charge associated with Reactions (7) and (8) (Qno3) and the supplied charge (Qiot). The
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charge Qo3 has been evaluated by integrating the relevant current over time. The currents
can be in turn obtained from the reaction rate (Equation (14)) and the Faraday law. The
faradaic yields (h) have been calculated as

e — Quo;  COVF
NO; Qtot Qtot

[1 - 8-e*klf—5-e*k2t} (17)

As can be observed, S; showed higher Faradaic efficiencies than the nickel foams
modified. This observation can suggest that, despite their high surface area, S, and S3 may
not utilize their entire surface for the target nitrate reduction process due to the complex
porous structure and the possible inhomogeneities of the deposit.

From the values of rate constants reported in Table 5, it can be observed that the effect
of the different values of ECSA is that samples prepared on Ni foam support present higher
values of kj and kj respect to those prepared on flat Ni. High kinetic constants for the
conversion of nitrate to ammonia were observed for samples containing copper; sample
S3 (58%at Cu) presented the highest value for k; at —1.3 V. It is interesting to note that
for S3 at —1.1 V the value of k; is about three-fold higher than k;, which indicates high
selectivity of this electrode towards nitrogen with respect to ammonia at this potential.
Sample S;, which presents the highest ECSA and 23%,; Cu shows values of k; higher
than k; for all the applied potential, indicating its high ability to convert nitrate ions
directly to nitrogen, with no build-up of ammonia. Sample S, shows low electrocatalytic
activity for the denitrification process, as it tends to promote the HER, especially at more
negative potentials. Moreover, the rate constants for the oxidation of ammonia to nitrogen
(k3) are comparable to k; and k;, indicating that the anodic contribution is significant
under all the experimental conditions adopted. With the flat S; electrode, k3 only slightly
varies with the potential, indicating that the mass transfer of NHj3 towards the anodic
surface is the prevalent mechanism of ammonia anodic oxidation. In contrast, the nickel
foam-supported electrodes (S; and S3) show that the kinetic constant for ammonia anodic
oxidation increases as the cathodic potential becomes more negative. The increase in
the apparent kinetic constant under more cathodic polarization is that the increase in
total current more than compensates for the concomitant decrease in Faradaic efficiency.
Although a larger fraction of the current is diverted toward parasitic reactions at higher
cathodic overpotentials, the absolute current driving ammonia oxidation still increases,
leading to an overall enhancement of the measured reaction rate.

3. Materials and Methods
3.1. Chemicals and Materials

Nickel sulphate anhydrous (NiSOy), copper sulphate hexahydrate (CuSOy4-6H,0),
potassium hydroxide (KOH), potassium nitrate (KNOj3), sodium hydrogen carbonate
(NaHCO3) and sodium carbonate (Na,COj3) were supplied by Carlo Erba reagents S.r.l.
(Cornaredo, Milano, Italy). Boric acid (H3BO3), hydrochloric acid (HCl) and Nessler’s
reagent were purchased from Sigma-Aldrich S.rl. (Milano, Italy). All electrochemical
experiments were performed at room temperature using a potentiostat/galvanostat (Bi-
ologic VSP-3e, Seyssinet-Pariset, France) powered by Ec-lab software V11.60. Cu-Ni
and Ni electrodeposits were prepared using, as support, either nickel disks (d = 1 cm,
thickness = 0.25 mm, 99.8%, Sigma Aldrich Chemie, GmbH (Schnelldorf, Germany) or
nickel foam (thickness 0.9 mm, 99.5%, GoodFellow Ltd., Huntingdon, UK).

3.2. Synthesis of Cu-Ni and Ni Electrodeposits

The electrochemical depositions onto nickel disks (S;, Sy = 0.785 cm?) were carried
out in a cylindrical custom-designed three-electrode cell realized by Teflon, in which the
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working electrode was located at the bottom of the cell, with an aluminum disk used as
electrical contact; a Pt grid, placed in front of the anode at 1 cm distance, and a saturated
calomel electrode (SCE) were used as counter and reference electrodes, respectively. The
electrodeposition onto nickel foams (S, = 1.36 cm?; S5 =34 sz), was performed in a three-
electrode beaker cell equipped with the working and counter electrodes (Pt grid) placed
vertically and distanced by 3 cm, and a SCE that served as a reference electrode. Cu-Ni
electrodeposition was performed using a solution containing NiSO4 0.1 M, CuSO4*6H,0O
0.01 M and H3BO3 0.1 M (pH = 4). Meanwhile, the Ni electrodeposit was prepared using
NiSO4 0.1 M and H3BO3 0.1 M solutions. Pulsed electrodeposition (PED) and direct
electrodeposition (DE) techniques were used for the synthesis of the electrodes. Specifically,
samples S; and S4 were prepared using a nickel disk (ND) as support, whereas samples S,
and S; were obtained on a nickel foam (NF) to evaluate both the effect of Cu-Ni composition
and the influence of catalyst morphology on the denitrification process. S; and S, were
synthesized using a pulsed electrodeposition (PED) technique under the dynamic hydrogen
bubble template (DHBT) method [34]. Hydrogen bubbles, generated as a side reaction
during metal deposition under high voltages, act as dynamic templates; consequently,
the resulting morphology of the sample depends on the interplay between metal electro-
crystallization and the hydrogen evolution reaction [60]. The pulsed electrodeposition
(PED) technique was employed alternating two potentials: E; (vs. SCE) = —4.0 V for 60 s,
favoring nickel deposition and E; (vs. SCE) = —0.5 V for 3 s, promoting copper deposition.
Pulses were repeated cyclically for a total deposition time of 90 min. Sample S3 was
prepared by direct electrodeposition (DE) at E (vs. SCE) = —1.1 V for the same duration [45].
Finally, an additional Ni electrodeposit was prepared via direct electrodeposition and under
DHBT conditions at E (vs. SCE) = —4.0 V, using the same electrolyte but without copper, to
provide a reference system for comparison with the Cu-Ni electrodes.

The morphology and chemical composition of the synthetized samples were investi-
gated by scanning electron microscopy and energy dispersive x-ray map images, performed
with Environmental scanning electron microscopy (ESEM) FEI Quanta 200 (FEI, Hillsboro,
OR, USA) and with Coxem EM40 (Coxem, Daejeon, Republic of Korea) equipped with a
probe Bruker Quantax ED-XS (Quantax, Billerica, MA, USA).

Cyclic voltammetry measurements were carried out in KOH 1 M at different scan rates
(ranging from 5 mV 57! t0 200 mV s~1) with a narrow potential window to determine the
electrochemical capacitance of the synthetized samples. The capacitive and pseudocapaci-
tive contributions of the electrode materials were quantitatively evaluated by applying the
Trasatti method. Specifically, the total charge (g) obtained from the voltammetric response
is plotted as a function of the reciprocal square root of the scan rate (v~'/2), to evaluate the
capacitive contribution of electrical double-layer capacitance (surface-controlled charge
component) and the pseudocapacitive (diffusion-controlled charge component) reaction
of electrode materials. Linear sweep voltammetries were performed from the open circuit
potential (OCP) to —1.6 V (vs. SCE) in KOH 1 M with and without KNO3 0.1 M with a scan
rate of 0.5 mV s~ for the selection of the working potentials for the NO3RR.

3.3. Denitrification Experiments

The denitrification experiments were performed using an alkaline solution of KOH
(1 M) in the presence of KNOj3 0.1 M as a source of nitrate. The experiments were performed
in an undivided three-electrode cell under batch conditions. The cell consisted of a 25 cm?
stirred glass tank immersed in a thermostatic bath at 25 4+ 2 °C. The prepared materials
were used as cathodes, platinised titanium grids placed in front of the cathode ata 1 cm
distance, and a saturated calomel electrode (SCE) was used as a counter and reference elec-
trode, respectively. The volume of the treated solution was 20 cm®. Chronoamperometric
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tests at three different potential values (—1.1V, —1.3 Vand —1.5V vs. SCE) were performed
for 24 h under continuous stirring; during the runs, at regular intervals of time, 20-50 mL
of samples were withdrawn and analyzed to determine the ionic compositions. The con-
centration of relevant ions (nitrate, nitrite) was measured by suppressed conductivity ionic
chromatography (IC, Shimadzu, Kyoto, Japan) equipped with a conductivity detector
(CDD-10A VP), autosampler (SIL-20 AC), pump (LC-20 AD) and column oven (CTO-40S).
A Metrosep Anion supp 5-250/4.0 column was used to detect the anions present in the
samples; the mobile phase was 2.4 mM NaHCOj3/2 mM NayCO3, flow rate 0.8 mL min~!.
Nessler’s reagent was used to quantify the concentration of produced NH;3/NH,*. Stan-
dard solutions of NH4Cl (0-20 ppm) were prepared. Moreover, 1 mL of the Nessler’s
reagent was added to 50 mL of each standard solution, and the absorbance was read at a
wavelength of A = 420 nm.

4. Conclusions

In this work, highly porous bimetallic copper—nickel (Cu-Ni) electrodes were suc-
cessfully prepared via different electrodeposition techniques onto nickel disk and foam
supports. The physicochemical and electrochemical characterizations showed that all
Cu-Ni samples presented high electrocatalytic areas (ECSA), with S; and Sz exhibiting the
greatest values due to their inherent 3D-porous structures and the higher Cu deposition
ratio. Electrochemical reduction experiments of NO3;~, that were carried out at different
potentials, showed that a complete removal of NO3; ™ could be achieved in approximately
7 h with samples S; and S3. This work shows that the overall efficiency of NO3; ™~ removal
and the best selectivity towards N, production in an undivided electrochemical cell are
controlled by the combination of the cathodic reduction pathways (k; and k;) and the
anodic NHj oxidation rate (k3). Among the studied electrodes, S; and S3 are the most
effective for the NO3;~ conversion toward Nj. In Sy, the interplay of the direct NO3;~ to
Nj reduction (k;) and the anodic NH3 /NH4* oxidation (k3) retains NH3 /NH,* accumu-
lation and drives the process toward predominant N, production within all the applied
potentials. S3 produces significant percentages of N, through both cathodic and anodic
pathways, especially at higher potentials where k3 increases. On the other hand, S; pro-
motes NH3 /NH;* formation due to the predominant k; and mild k3 and that makes it
less suitable for applications that focus on the complete removal of NO3™~. S4 has poor
activity overall, with slow nitrate reduction kinetics and low selectivity for both N, and
NH3/NH,". Finally, the results obtained reveal that boosting N, formation from nitrate in
an undivided electrochemical cell needs catalysts that enhance the NO3;~ to N, reduction
pathway while simultaneously promoting rapid oxidation of any intermediate NHz /NH,*.
These outcomes highlight the importance of modulating both cathodic and anodic kinetics
to reach efficient and selective N production during NO3RR.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal16070651/s1, Figure S1: Current density -time profiles under
constant applied potential (E vs. SCE= —1.1V, —1.3V, —1.5V) for samples S; (A,B), S; (C,D), S3(E,F)
and Sy (G,H). Current densities are normalised to geometric area and ECSA; Figure S2: Nyquist
plot of sample S3 recorded in 1 M KOH containing 0.1 M KNOj3. Experimental data (symbols) and
fitted curves (solid lines) are shown together with the equivalent circuit used for fitting; Table S1:
Fitted electrochemical impedance spectroscopy (EIS) parameters for samples S1-S4 obtained using
the equivalent circuit reported in Figure S2; Figure S3: Trend with time of experimental (dots) and
model predicted data (lines) of nitrate, ammonia and nitrogen concentrations during the electrolysis
at E(vs. SCE) = —1.1 V. (A) sample Sy, (B) sample S, and (C) sample S3; Figure S4: Trend with time of
experimental (dots) and model predicted data (lines) of nitrate, ammonia and nitrogen concentrations
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The following abbreviations are used in this manuscript:

MAP Magnesium ammonium phosphate hexahydrate
EC Electrochemical reduction

NO3;RR Electrochemical nitrate reduction reaction
NO, ™~ Nitrite

NO Nitric oxide

N,O Nitrous oxide

NH,OH Hydroxylamine

NH;3; Ammonia

N, dinitrogen

ECSA electrochemical active surface area

SEM scanning electron microscopy

EDX Energy dispersive X-ray

PED Pulsed electrodeposition

DE Direct electrodeposition

ND Nickel disk

NF Nickel foam

NiMn-LDH  Nickel-manganese layered double hydroxide
Ciot Total capacitance

CpL Double-layer capacitance

Caift Diffusion-related capacitance

ESEM Environmental scanning electron microscopy
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