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ABSTRACT

The electrochemical nitrate reduction to ammonia (eNO;RR) is an important step toward sustainable ammonia synthesis. Despite

a few challenges in securing sufficient nitrate sources for commercial scale production of ammonia, a key current focus is the

search for a cost-effective yet highly active catalyst. Here, we present physical vapor deposition as a quick and straightforward

technique for producing a thin layer of cobalt deposits on copper foam which shows significant performance (95% FEnys3) for

eNO;RR. The superior performance of the Co-Cu foam is proposed to arise from the synergistic impact of Co-Cu on the direct
reduction of NO;~ to NHj, coupled with the subsequent reduction of NO,~ produced on Cu sites.

1 | Introduction

Ammonia (NHs;) is one of the most important chemicals for fer-
tilizers, pharmaceuticals, textiles, refrigeration, and various other
purposes. The total global NH; production was reported to be
higher than 182 million tonnes in 2021 [1]. Haber Bosch is still
the main commercial production process for NH; utilizing nitro-
gen (N,) and hydrogen (H,) at 300-550 °C and 200-350 atm in
the presence of an iron catalyst [2]. As reported by Inter-
national Energy Agency, 2021, this process accounts for 1.3%
of total energy system-related carbon dioxide (CO,) emissions
majorly caused by hydrogen production from fossil sources [1].
Given the challenges of climate change and global warming, any
process, such as Haber Bosch, hugely contributing to the CO,
emission is a matter of concern. As an energy efficient alternative
to Haber Bosch process, electrochemical reduction of atmospheric
nitrogen to ammonia (eNRR) at room temperature and pressure
has been widely studied in the last decade. When compared to the
Haber Bosch process, eNRR technology is reported to save over
20% on energy and be driven by clean and renewable energy sour-
ces [3]. However, almost all these attempts only allow producing

insignificant quantity of ammonia [4-7] as the overall process is
hindered by kinetic and thermodynamic obstacles [8, 9].

Considering the fact that eNRR is not efficacious for commer-
cial scale NH; production, in recent years, an additional elec-
trochemical method for NH; production is vigorously being
studied, which is electrochemical reduction of nitrate to NH;
(eNOsRR) [10] or related derivatives such as urea [11].
Nitrate is a common water pollutant arising from both natural
and human activities and poses a greater risk to human health
and aquatic life [12, 13]. The eNO;RR presents a potentially
green and energy-efficient approach that delivers dual benefits
of removing nitrate from water bodies and simultaneously pro-
ducing industrially valuable NH;.

NO; +9H* +8e~ — NH; +3H,0, E°= —0.12 Vvs. SHE (1)

The overall eNO;RR involves an 8¢~ transfer (see Equation (1)),
which results in slow reaction kinetics [14]. Although eNO;RR isa
multistep multielectron reaction, it is more facile compared to
eNRR (6e transfer) due to the weaker bond strength of N—O than
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N=N and the higher solubility of nitrate ions in aqueous electro-
lyte compared to that of nitrogen [15-17]. Nevertheless, there is a
high competition with hydrogen evolution reaction (HER) that
occurs in a similar potential window [18-20]. Additional by-
products, such as N, nitrite (NO,), hydroxylamine (NH,OH),
etc., are frequently reported [18-24]. Therefore, the selectivity and
efficiency of the overall process is greatly reduced. In this regard,
the development of a highly selective, active, and stable electroca-
talyst for eNO3RR is essential.

Both noble and non-noble metals have been extensively studied
for their electrocatalytic nitrate reduction properties. Precious
metal-based catalysts, such as ruthenium nanoclusters (nearly
100% ammonia selectivity) [25], copper-supported rhodium clus-
ter (Faradaic efficiency, FE of ~93%) [26], strained Ru nanostruc-
tures (100% FE), with a production rate of 5.56 mol g.,, *h™" [25]
are reported. Optimized bimetallic nanocrystal alloy Pd;,Ruye is
reported to show ~100% FE over a wide potential window from
0.1to —-0.3 Vversus RHE (reversible hydrogen electrode) at a low nitrate
concentration of 32.3mM [27]. Dima et al. suggested that the
electrocatalytic activity for eNO3;RR for metals follows the order;
Rh > Ru > Ir > Pd and Pt [28]. The optimized RuFe-NC catalyst is
claimed to achieve 100% FE with a high production rate of
0.83mgh™'mg., ' at —0.1 Viesus rup» OUtperforming most
reported catalysts [29]. Besides, photodeposited Ru nanoclusters
on TiO, nanotubes have been reported to show ammonia produc-
tion rates of ~600 pgh~*cm™2 and a FE of >90.0% [30].

On the nonprecious metal-based catalyst side, Cu, Fe, Co, and
binary metal-based catalysts have been reported with excellent
performance for eNO;RR [31-36]. Among them, Cu is considered
one of the best nonprecious metal catalysts for eNOs;RR. Herein,
CuO nanowire arrays are reported to be efficient for eNO;RR
with 95.8% FE and an ammonia selectivity of 81.2% [37].
Au,Cu (111) single-atom alloys with isolated Au atoms and adja-
cent Cu vacancies are reported to exhibit FE of 98.7% with a pro-
duction rate of 555 pgh™ cm™ at 0.2 Vyersus rue [38]. CoO/Cu
foam produced via electrodeposition and subsequent calcination
is demonstrated to achieve an NH; production of 4.3 mgcm™>h™*
with 96.7% FE, surpassing Cu foam (1.2mgcm™?h™") and
CoO/Ni foam (1.3 mgcm™>h™) electrodes [39]. A heterostruc-
tured Cu,0/Co;0,@NC catalyst is demonstrated to be a good
eNO;RR catalyst showing 96.75% FE, NH; selectivity of 87.38%,
and a production rate of 1.46 mmol cm >h ™" at —0.45 Vyereus RHE
[40]. A dual-site catalyst made up of atomically dispersed Cu
atoms anchored on defective NiFe-LDH is reported to show
95.2% FE and 2.08 mg cm™>h™" NH; yield at low nitrate concen-
tration of 100 mg-NL_1 [41]. Ti-foil, on the other hand, is
shown to display 82% FE at a working electrode potential of
—1 Vyersus rue [42]. Besides, Fe-SAC catalysts with single Fe
atoms dispersed on the porous carbon matrix are known to
show ~75% FE at —0.66Versus rae and a production rate of
0.46 mmol cm™2h ™" at —0.85 Vyersus rue [32]-

Given the demonstrated electrocatalytic potential of transition
metal-based catalysts for eNO;RR, this work focuses on copper,
cobalt, and nickel for their electrocatalytic performance. These
metals are earth-abundant and cheaper (Co, $25.533 per pound),
(Ni, $8.0535 per pound), (Cu, $5.8342 per pound) compared to
precious metals such as Ru ($910.00 per ounce) and Rh
($10,100.00 per ounce) according to the current market price

as of January 17, 2026. Since sustainable energy conversion sys-
tems necessitate the use of sustainable materials, these metals
represent an excellent choice as catalysts for eNO;RR with sub-
sequent optimization if needed. The starting material for the cur-
rent project was commercial Cu foam, which was then sputtered
with Co and Ni for 2 min. To deposit a thin layer of Co or Ni
onto Cu foam and promote synergistic Co-Cu and Ni-Cu effects,
magnetron sputtering for 2 min was selected. The Co- and Ni-
sputtered Cu foams are referred to as Co-Cu foam and Ni-Cu
foam, respectively, from here onwards. The motivation was to
understand and analyze the impact of Co-Cu and Ni-Cu incor-
poration toward eNO3;RR performance compared to that of bare
(commercial) Cu foam. Magnetron sputtering, a form of physical
vapor deposition, was used to prepare thin metal deposits on Cu
foam as this technique is known to produce a highly uniform and
conformal coating with high purity on the porous 3D surface
such as copper foam [10]. Electrodeposition on the other hand
could be another economic method for metal deposition; however,
for complex, rough, and porous copper foam, electrodeposition is
likely to be nonuniform, which justifies the use of sputtering [43].
Besides, in sputtering process, energetic atoms are reported to coat
both outer and inner surfaces of the Cu foam more uniformly,
leading to a more consistent thin film across the foam structure.
Additionally, sputtered layers are reported to possess strong adhe-
sion due to an atomic level bonding, exhibiting higher oxidation
resistance, and are stable under harsh electrochemical conditions
such as eNRR as recently demonstrated [44-46].

2 | Results and Discussion

2.1 | Thickness of Metal Deposit via Sputtering
on a Model System

Characterizing film thickness directly on porous copper foam is
challenging due to the substrate’s high porosity and irregular
topography. These factors make it difficult to distinguish discrete
layers and hence obtain reliable cross-sectional measurements.
To compensate this limitation, a model system (Si wafer) was uti-
lized as a flat model substrate. Cobalt was sputtered onto the Si
wafer for 1, 2, 3, and 8 min, respectively, under the same condi-
tions that were used for sputtering Cu foam with the Co- and Ni-
targets. Cross-sectional scanning electron microscopy (SEM)
analysis of the model system showed average film thicknesses
of ~31, ~62, ~87, and ~210 nm for sputtering times of 1, 2, 3
and 8 min, respectively (see Figure S5). The thickness of deposit
was found to increase with sputtering time, indicating a direct
correlation between deposition time and film thickness. The lin-
ear fit for the measured thickness is shown in Figure 1, which
suggests a strong linear relationship between sputtering time
and film thickness with a Pearson correlation coefficient of
R?=0.999. From this observation, the thickness of metal deposit
on Cu foam could be assumed to be tentatively around 62 nm for
2min sputtering time.

2.2 | Contact Angle

The as-purchased copper foam shows a contact angle of 98° on
water drop, which gets slightly increased to 106° and 112° on
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FIGURE 1 | Correlation of sputtering time and thickness of deposit
on model system of Si wafer.

Ni-Cu and Co-Cu foam, respectively (Figure 2). This suggests
that deposition of cobalt and nickel on the copper surface slightly
increases the hydrophobicity of Cu foam surface, reducing its
wettability. A similar behavior of a cobalt-doped copper surface
has been reported by W. Darenfad et al. as well [47]. Such behav-
ior might not always be favorable for electrochemical perfor-
mance in aqueous medium.

2.3 | X-Ray Diffraction

To confirm the crystalline phases formed on Co- and Ni-
sputtered Cu foam, X-ray diffraction (XRD) measurement were
performed. The XRD patterns are shown in Figure S6, where it is
observed that the XRD patterns for all the samples overlap, and
no distinct features attributable to the deposited metal (Co and
Ni) are observed, indicating that the Bragg reflexes are domi-
nated only by Cu. We attribute the absence of Co- or Ni-related
XRD peaks to the very thin Co- or Ni-layer deposited on the Cu
foam (~62nm), as such a thin deposit is below the detection
threshold of XRD. Nevertheless, the absence of detectable Co
and Ni Bragg reflexes in XRD could also be consistent with nano-
particle formation, phase segregation, or the presence of small
clusters of the sputtered metals, any of which may equally
account for the lack of apparent reflexes in the XRD patterns.
Interestingly, an additional peak is observed at around 26 of
19° for the Co-Cu foam. According to the literature, neither

(a) (b)

metallic Cu nor metallic Co is expected to show a diffraction peak
at around 260 of 19° under Cu Ke radiation [48-51]. Although
Co50, can exhibit a low-angle reflection around 19°, the absence
of characteristic peaks for spinel Co;0,4 approximately at 31.3°,
36.8°, 59.4°, and 65.2° [52] in XRD pattern of Co-Cu foam sug-
gests that the peak around 19° cannot be confidently assigned to
Co030,. Since we could not assign this peak to any phase as per
the reference database, its origin remains inconclusive, and we
tentatively attribute it to surface contamination.

2.4 | Scanning Electron Microscopy-Energy-
Dispersive X-Ray Analysis

The SEM images show that Cu foam has a highly interconnected
ligaments and porous structure with pore sizes of tens of micro-
meters across (Figure 3a,b). When cobalt and nickel are sputtered
on the copper foam, as shown in Figure 3c,d, the surface shows
thin stacked layers that appear to peel off from the substrate sur-
face creating a terraced morphology with smooth surfaces and
sharp edges at the micrometer scale. The cracks and delamina-
tion suggest a poor adhesion to the substrate. Although this is not
an ideal result, it is a common phenomenon in thin-film deposi-
tion techniques, including Magnetron sputtering. Such cracking
arises from residual stress, thermal mismatch, and limited inter-
facial adhesion [53-55]. We also assume that surface contamina-
tion may have contributed, since commercially available copper
foam was used directly without any prior surface treatment.
Elemental mapping confirms a relatively uniformly distributed
Co and Ni on the surface of the Cu foam electrode (Figure 3e,f).

2.5 | X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) characterization was
performed to elucidate the surface composition and chemical
state of the samples before and after eNO;RR performance tests.
Figure 4a-c shows the 2p;/,, and 2p,/, core-level peaks for Cu
foam, Co-Cu foam, and Ni-Cu foam samples before (blue line)
and after (red line) electrochemical tests. The 2ps,, peak of the
bare Cu foam before eNO3RR tests (Figure 4a) exhibits two com-
ponents: one centered at 932.4 eV and other one at 934.4eV. As
the observed binding energy (BE) is within the range of values
reported in the literature, we assume that the first peak at
932.4 eV corresponds to metallic Cu(0) or Cu,O (Cu*) and the
other one at 934.4 eV to CuO (Cu**) [56-59]. As the 2ps,, peak
of Cu(0) or Cu,0O (Cu*) differs by only 0.1eV and cannot be

()

CA=112°

FIGURE 2 | Contact angle measurement on (a) Cu foam, (b) Ni-Cu foam, and (c) Co—-Cu foam.
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FIGURE3 |
Co-Cu foam and Ni-Cu foam.

SEM images (a) Cu foam (10 pm); (b) Cu foam (1 pm); (c) Co-Cu foam (1 pm); (d) Ni-Cu foam (1 pm); and (e,f) Elemental mapping of
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FIGURE 4 |
eNO;RR performance analysis.

distinguished from Cu 2ps,, peaks, we have extracted and ana-
lyzed Cu LMM Auger peaks from XPS survey spectra (Figure S7)
[56]. The modified Auger parameter (¢’ = 1849.0 eV, Figure S7a)
and a peak at 570.1 eV (Figure S7b) characteristic of Cu,0 (Cu™)
reveal the existence of the chemical state of Cu™, which is attrib-
uted to rapid surface oxidation during air exposure prior to XPS
measurements [59, 60].

Besides, in Figure 4a, shakeup satellite peaks are observed at
higher BE to the main 2p;,, and 2P, , peaks, first in the range from
939.7 to 944 eV and another centered at 962.40 eV. These satellite
peaks indicate the presence of CuO (Cu®*) [60, 61]. These obser-
vations demonstrate that the Cu foam is surface oxidized, resulting
in the formation of CuO or Cu,O. Postelectrochemical characteri-
zation on Cu foam shows a relative increase in the intensity of
the peaks at 934.4eV, indicating an increased contribution of
oxides species relative to the metallic states compared to the sam-
ples before electrochemical test. As the electrochemical protocol
involved reductive conditions, surface reduction of Cu foam
was anticipated considering a decrease in the oxygen-containing
species. Nevertheless, we attribute the observed surface oxidation
to postelectrochemical exposure of Cu foam to atmospheric oxy-
gen, leading to reoxidation of the surface.

In Figure 4b, Co 2p spectra are shown, where 2p3, transition is
characterized by a main peak and a satellite on the higher BE

Binding energy [eV]

Binding energy [eV]

XPS spectra of (a) Cu 2p of Cu foam, (b) Co 2p of Co-Cu foam, and (c) Ni 2p of Ni-Cu foam before (blue line) and after (red line)

side. For Co-Cu foam before eNO;RR, a small peak at 778 eV,
a broad peak centered at 780.7 eV, and a satellite peak at nearly
786.3 eV are observed. The assignment of Co 2p;, peaks is based
on literature, with a peak at 780.7 eV assigned to Co** in CoO
and a satellite peak centered at nearly 786.3 eV to Co** (CoO)
[62-65]. A peak at 778 eV is an indication of metallic Co(0)
[65, 66]. The 2ps,, features after EC measurements show a loss
of metallic Co peak at 778 eV, indicating either a further oxida-
tion of the surface after eNO;RR following exposure to atmo-
sphere as in the case of Cu foam or a loss of Co metal deposit
after eNO;RR. This was evaluated by comparing the Cu 2ps/,
peaks on Co-Cu foam both before and after electrochemical tests
(see Figure S8a). The more pronounced Cu 2p features on Co-Cu
foam after eNO;RR indicate leaching of Co deposits during elec-
trochemical tests.

The 2p3,, peaks of Ni 2p spectra on Ni—Cu foam before eNO3;RR
(Figure 4c, blue curve) show a peak at 852.3 eV, indicating a Ni(0)
metallic state along with NiO at 854 eV and Ni(OH), at 855.7 eV
[2, 66]. The formation of thin layer of NiO and Ni(OH), on the
surface of Ni with an exposure to atmospheric moisture is
reported in the literature [67]. The loss of these Ni features on
the sample after electrochemical tests indicates a significant
leaching of the Ni deposit from the surface of Cu foam during
eNOsRR. This can be visualized more on the Cu 2p spectra of
Ni-Cu foam before and after eNO;RR, where Cu foam 2p spectra
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are more clearly visible on the Ni-Cu foam sample after electro-
chemical tests (see Figure S8b).

The O 1s XPS spectra of Cu foam, Co—Cu foam, and Ni—Cu foam
are shown in Figure 5 in a consistent layout, with the lower spec-
trum in each panel (blue curve) corresponding to the pristine
(before eNO;RR) sample. Proper deconvolution of the O 1s spec-
tra is shown in Figure S9 of the Supporting Information. The
dominant O 1s component at BEs around ~529.5 to 530.0eV
is attributed to lattice oxygen in metal-oxide environments [68].
A secondary contribution on the high BE side of the main peak
(>~530¢eV) is assigned to oxidized surface species, primarily
associated with oxides and/or hydroxylated species [68]. For
example, the pristine Cu foam shows a shoulder at BEs around
~529.0 to 531.0 eV, which can be assigned to lattice oxygen in
metal-oxide environments. Additional contributions at higher
BEs (~531.5 to 533 eV) may originate from adsorbed oxygen-
containing species such as hydroxyl groups, carbonates, or
residual surface contamination, which are commonly observed
in air-exposed samples. In contrast to the pristine samples, the
O 1s spectra recorded after eNO3RR tests show a pronounced
change in spectral shape. Notably, a significant decrease is
observed in the component at BEs around ~529.5 to 530.0eV
previously assigned to lattice oxygen (see Figure S9). The O 1s
signal is now dominated by a single, more symmetric component
centered around 531 eV, which is attributed to hydroxylated/
adsorbed oxygen species, including surface hydroxyl groups
and adsorbed water, as well as possible contributions from
hydroxylated Ni/Co (oxy)hydroxide species formed under alka-
line electrochemical conditions. However, due to the strong

overlap of O 1s BEs, a clear distinction between Ni/Co oxide
and hydroxide phases cannot be reliably made.

2.6 | Electrochemical Nitrate Reduction to
Ammonia Performance Analysis

The electrochemical performance of the commercial Cu foam
along with Co-Cu foam and Ni-Cu foam was tested in 0.1 M
KOH with 0.016 M (1000 ppm) NO5™ in the potential range from
0.475V t0 —0.359 Vyersus rug With cyclic voltammetry experiment
(see Figure 6, red curve). All the experiments were performed
with IR compensation at 80%. The background current generated
mostly by the competitive HER was measured by running the
same experiments in the absence of NO;~ (see Figure 6, black
curve). Considering the fact that, in the presence of NO;~, an
unavoidable background current may still occur, we assume that
the red curve includes contributions from both reactions,
eNO;RR and HER. As shown in Figure 6, Cu foam appears to
perform poorly for both eNOs;RR and HER as shown by low
current responses within the applied potential window for both
electrolytes with NO;~ and without NO;™. On the other hand, for
Ni-Cu foam, even without NO;™ in the electrolyte, the current
response is very high and comparable to that when NO;™ is pres-
ent. This observation suggests that Ni-Cu foam is a good HER
catalyst instead of eNO3RR catalyst. In contrast, for Co—Cu foam,
an enhanced current response is observed for eNO3;RR (when
NO;™ is present) compared to HER (when NO;~ is absent), indi-
cating its more favorable kinetics toward eNO;RR.

a)| b c
( ) Ols ( ) 1 Ois ( ) O1s
3 A N =
3 8, | Co-Cu foam (after EC) E
; i E’ ; - Ni-Cu foam (after EC)
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FIGURE 5 | Comparison of O 1s spectra on (a) Cu foam, (b) Co-Cu foam, and (c) Ni-Cu foam before (blue line) and after (red line) eNO;RR

performance analysis.
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FIGURE 6 | Electrochemical performance of (a) Cu foam, (b) Ni-Cu foam, and (c¢) Co—-Cu foam in 0.1 M KOH with and without NO;™.
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A reduction peak around 0 Vyersus rur iS observed on Co—Cu and
Ni-Cu, especially when NO;™ is absent. As this peak is present in
both Co-Cu and Ni-Cu in the absence of NO;~, we assume it to
mainly reflect a surface-related change on Ni and Co, for exam-
ple, surface oxide reduction. XPS analysis shows the presence of
surface oxides on both Co—Cu foam and Ni-Cu foam. Besides, in
alkaline media, Ni and Co surfaces are reported to have oxyhydr-
oxide/oxide species, and the cathodic scan can reduce these layers
to metallic states, giving rise to a reduction peak [69]. When NO5™~
is present, the peaks may be suppressed because the surface is mod-
ified by NOs™ adsorption as observed in Ni-Cu foam or they may
shift to a new potential as observed in Co—Cu foam. In Co-Cu
foam, a new peak appearing in a similar potential range in the
presence of NO;~ could represent either (i) a modified surface with
a new reduction potential for the reduction of surface oxides to the
metallic state, or (ii) the initial reduction of NO;~ to NO,, as
reported in previous literature [39, 70].

In order to better understand the impact of Co and Ni incorpo-
ration on Cu, electrochemical impedance spectroscopy (EIS) data
and their equivalent circuit fittings have been included in the
Supporting Information (Figure S11). Although the contact
angles (Figure 2) increase slightly following Co or Ni deposition
on the Cu surface, indicative of reduced surface wettability, the
charge transfer resistance (R.) is significantly decreased relative
to bare Cu foam. This suggests that the introduction of Co and Ni
on Cu-surface actually facilitates electron transfer, as reflected in
the lower R values. These results collectively indicate that the
enhanced electrocatalytic performance of the catalysts is gov-
erned primarily by improved charge transfer kinetics rather than
by surface wettability only. In all these catalysts, when NO;™ is
present, reaction appears to start, as indicated by a sharp increase
in reductive current at a slightly more positive potential com-
pared to that in the absence of NO3™ in the electrolyte (black
vs. red curve in Figure 6). This is an indication that less overpo-
tential is needed for eNO3;RR compared to HER. Ni being a good
HER catalyst [71, 72] shows a minor difference on the onset
potential for HER and eNO;RR, while a significant difference
is seen on the Co-Cu foam catalysts, further suggesting that
Co-Cu foam is more suitable for eNOs;RR than Cu foam and
Ni-Cu foam. In order to further elucidate the eNO;RR perfor-
mance and the reaction kinetics of the catalysts, Tafel slopes
calculated from the LSV curves (Figure 6, red curves) are

(a) 0.00
-0.05
\, 56¢ /ae 266 mVidec
0107 \
o
I
“.
4 -0.15 1 178 mV/dec
2
w
=0.20 4
-0.25 4 Cu-foam
—— Ni-Cu foam
—— Co-Cu foam
-0.30 T T T T T

T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
log i [mA]

compared in Figure 7a. For Co-Cu foam, the slopes are lower
(178 mV/dec) compared to the other two counterparts (Ni-Cu
foam; 266 mV/dec and Cu foam; 569 mV/dec) in the potential
range from —0.05V to —0.15 Vyersus rug- These above findings
suggest that Co-Cu foam has more favorable eNO3;RR kinetics
than the other samples as less energy (overpotential) is
required to change current density by one order of magnitude
[73]. Additionally, Tafel slopes for eNO3;RR and HER are com-
pared for Co-Cu foam across two distinct potential regions
(Figure 7b). In the low overpotential region (less negative
potentials), lower Tafel slopes are observed for eNO;RR
(226 mV/dec) than that for HER (511 mV/dec), indicating more
favorable eNO3RR kinetics in that potential window. In con-
trast, at high overpotential region (more negative potentials),
the trend is reversed, with HER displaying lower Tafel slopes
(146 mV/dec) than eNO5RR (381 mV/dec).

A direct quantitative comparison of eNOz;RR performance
was made based on the FE and production rate for NH; in all
these catalysts (Figure 8). For determining these quantities, chro-
noamperometry (CA) experiment with constant potential of
—0.359 Vyersus rue for 30 min was run and the current response
was recorded as a function of time. The electrolyte was collected
after CA experiment and then analyzed with UV-Vis spectros-
copy for quantifying the concentration of NH;, NO,”, and
NO;™. FE and production rates of NH; were then calculated
using following equations [17];

nx96,485xCxV
FE%=————— %100
% Mx0 %

CxV
Productionrate= ——
txS

where n is the number of electrons transferred, C is the concen-
tration of NH; mg L7, V is the volume of electrolyte, M is the
molar mass of NH;, Q is the charge consumed, ¢ is the reaction
time, and S is the surface area of electrode. At least three mea-
surement data were used for determining the mean value of FE
(with standard error) shown in Figure 8. As shown in Figure 8a,
Co-Cu foam shows a FE nearly around 80%, while Cu foam
shows around 25% and Ni-Cu foam shows FE around 40%.
Here, the synergistic incorporation of Ni and Cu did not

(b) -0.15
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\
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© h S
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= N
w -
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FIGURE7 | Tafelslopesof(a) Cufoam, Co—Cu foam & Ni-Cu foam for eNO;RR and (b) comparison of Tafel slopes for eNO;RR and HER on Co-Cu

foam in 0.1 M KOH.
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significantly enhance electrochemical nitrate reduction perfor-
mance, unlike findings reported in prior literature [74, 75].
This result suggests that at the potential of around —0.359V,
Co—Cu foam exhibits superior electrocatalytic performance for
eNOz;RR compared to both blank Cu foam and Ni-Cu foam.
Similar conclusion is suggested by production rate as well, where
Co-Cu foam shows highest production rate among all these cata-
lysts (Figure 8b). Undoubtedly, the production rate observed here
is lower compared to the values reported in literature. For exam-
ple, CoO/Cu foam is reported to show a NHj; yield rate of 4.3 mg
em™ h7™' at —1.2 Viersus ag/agel for 0.04M NO;™ concentrations
[39] while Fe-doped TiO, is reported to show maximum NHj yield
of 5.95mg cm ™2 h™' at 0.7 Vyersus rue for 0.1 M NO;~ concentra-
tions [76]. The bimetallic TTA-TPH CuCo COF has shown high
NH; yield of 20.8mg cm™ h™" at 0.75 Vyersus rue in 0.3M
NO;™~ concentrations [77].

Interestingly in the literature, it has also been explicitly demon-
strated that the NH; production (yield) rates are directly depen-
dent on the concentration of NO5™ in the electrolyte [42, 78, 79].
The low production rate of NH; observed for Co-Cu foam com-
pared to literature data could also be due to the low nitrate con-
centration in the electrolyte and a lower overpotential. In order to
prove that, we ran CA experiments at constant potential of
—0.359V for 30 min in 0.05M NO;~ concentration in contrast
to 0.016 M NO;™ (1000 ppm) concentration used for all previous
experiments. A plot of current response against time is shown in
Figure 9, which shows nearly a 2.5-fold higher current response
for higher NO;~ concentration. The electrolyte was then evalu-
ated with UV-Vis and the concentration of NH; was determined.
The NH; production rate of the Co-Cu foam in 0.05M NO;~
reached 7.82x 10°pg cm™2 h™', approximately three times
higher than that at 0.016 M NO;~, whereas the FE at 0.05M
NO;™ (79.3%) showed no substantial improvement.

As Co-Cu foam is more active for eNO3;RR, major focus is placed
on this catalyst, and a range of potentials were evaluated to deter-
mine the FE for NH;. For this reason, CA experiments were run
at various potentials for 30 min in 0.1 M KOH with 0.016 M NO;™
and the resulting current response over measurement time is
recorded (see Figure S8). A comparison of FE and production
rates for NH; at various applied potentials for Co-Cu foam is
shown in Figure 10. As shown in Figure 10a, the highest FE
of 95% is observed at —0.222 Vyersus R, Which decreases when

20 ——0.05 M NO,
i ——0.016 MNO,
-40 - \/_/—/"’

¥
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s 60+
o
£
= =80 -

-100 ~

-120 T T T T T T
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FIGURE 9 | A comparison of current response on Co-Cu foam in

0.1 M KOH with NO;~ concentration of 0.016 and 0.05 M.

the applied potential is shifted either positively or negatively. At
potentials between —0.20 and —0.24 Vy.us rug, the Tafel slope
for eNO3;RR is lower than that for HER, suggesting that
eNOs;RR exhibits favorable kinetics in this potential window
(Figure 7b). As further shown in Figure 10a, this potential range
shows the best FE for NH; with maximum value of 95% FE at
—0.222 Vyersus rug- Beyond this potential range, FE for NH;
declines probably due to increasing HER competition at higher
cathodic overpotentials. The combination of favorable reaction
kinetics of eNO;RR identified from Tafel analysis (Figure 7b)
and FE shown in Figure 10a within this potential range provides
self-consistent evidence for defining it as the optimal operating
potential window. However, production rates show a different
trend than FE and are still higher at higher applied potentials
as shown in Figure 10b. It can be inferred that the production rates
are influenced by many other factors such as NO;™ concentration,
applied potential, current response, surface area of electrode, and
so on, as further supported by the experiments shown in Figure 9.

In order to understand why Co addition on Cu foam improved its
eNO3RR performance, production of intermediates was consid-
ered. As suggested by various previous works, eNO;RR under-
goes multiple electron transfer steps producing a number of
intermediates or side products such as NO,", N,, NH,OH, and
H,. Many previous works have suggested NO, ™ as the universal
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FIGURE 10 | Comparison of (a) FE and (b) production rates for NH; on Co—Cu foams at different potentials in 0.1 M KOH with 0.016 M NO;™.

first intermediate product or the major product at low overpoten-
tial region, while NHj is seen as the main product at high over-
potential region [23, 24]. N, is observed as a major product at
relatively low NO;™ concentration around an applied potential
of 1.17 Vyersus sue [21] and NH,OH is considered a minor inter-
mediate in eNO3;RR pathways [22]. In addition to these, HER is
the main parasitic reaction as suggested by multiple research
works [18-20, 80].

In this study, the most commonly mentioned intermediate prod-
uct NO,~ [23, 24] was studied on Cu foam, Ni-Cu foam, and
Co-Cu foam and presented in terms of FE in Figure 11a. Here,
a number of individual samples (Sam-1 to Sam-5) of all catalysts
are studied for eNOs;RR under the same conditions. The results
indicate a more selective production of NO,™ and NH; in nearly
equal ratio on Cu foam compared to the metal-sputtered Cu
foams. Here, approximately one-third of the total charge is
directed toward NH; formation, another one-third toward
NO, ™ production, and the remaining fraction is consumed in pro-
ducing other intermediates/side products that cannot be detected
via UV-Vis alone. The low FE for NH; and production of signifi-
cant intermediates or side products indicate that Cu foam is a
poor catalyst for eNO;RR. Besides, deactivation of Cu-based cat-
alysts due to aggregation and strong adsorption of NO,™ and NO
is reported in the literature, making it an poor catalyst for
eNO;3RR [33, 37, 81]. Ni-Cu foam (Figure 11b) too shows low
FE for NO,™ along with low FE for NH; and mostly produces
other intermediates or the side product, probably hydrogen.

Interestingly, Co—Cu foam, on the other hand, shows higher FE
for NH; and significantly lower NO,~ production compared to
bare Cu foam. In the literature, it is also mentioned that Co facil-
itates a strong adsorption of *H and helps consecutive hydrogena-
tion of intermediates such as NO,~ during eNO;RR [80, 82, 83].
Carvalho et al. utilized density functional theory (DFT) calcula-
tions to show that one of the reasons why NHj selectivity is high
for Co, is a strong NO,™ binding and its subsequent reduction
[80]. In order to better understand this aspect, we investigated
NO, ™ reduction capacity of Co—Cu foam catalysts. For this rea-
son, electrochemical nitrite reduction activity (eNO,RR) of
Co-Cu foam is evaluated in 0.1 M KOH containing NaNO,
with 0.016 M NO,™~ via CA experiment at applied potential of
—0.359 Vyersus ree for 30 min. The electrolyte after the electro-
chemical performance test is collected and evaluated for NH;
concentration, which is then used for determining FE for NHs.
Four individual Co-Cu foam samples (Sam-1 to Sam-4) were
tested under similar conditions for eNO;RR, with the resulting
FE data shown in Figure 12.

As shown in Figure 12, FE for NH; via eNO,RR on Co-Cu foam
reaches around 80%, demonstrating high catalytic activity for
eNO,RR. For comparative purpose, eNO,RR performance of
pure Cu foam was also evaluated, which shows a FE of around
49%. This result suggests that the Co—Cu foam facilitates the reduc-
tion of NO,” to NH; more effectively than pure Cu foam.
Consequently, this enhanced catalytic activity leads to a decreased
NO,™ concentration observed and simultaneously increases the

a)100 b)100 c) 100
( )90 @ -0.359 V., e NO, ( )90 @ -0.359 V., e [ No, © 0 @ -0.359 V,_ e NO,
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FIGURE 11 | Comparison of FE for NH; and NO,™ on (a) Cu foam, (b) Ni-Cu foam, and (c) Co-Cu foams at 0.359 Vversus gyg in 0.1 M KOH with

0.016 M NO;™.
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total NHj yield. As it is interestingly observed that a tiny quantity
and a nanolayer of Co metal deposited on Cu foam is effective for
enhancing electrochemical reduction of NO;™ as well as NO,™ to
NH;, it was also interesting to understand how the performance is
affected when Cu foam is completely covered from all sides by
such Co-overlayers. For this analysis, Co was sputtered for 2 min
onto Cu foam on both sides. Two samples (Sam-1 and Sam-2) of
the catalyst were analyzed for their eNO;RR performance and the
measured FEs (NH;) are shown in Figure 13.

In both samples, FE is observed to reduce significantly compared
to when a thin Co overlayer is deposited on only one side of Cu
foam. For the double-side Co-sputtering of Cu foam, not only the
two sides but also the two edges are covered, resulting in a
completely Co-covered Cu foam on the exterior surface. Since
Cu sites on the Co-Cu foam are equally essential for NO,™ pro-
duction (Figure 11a) as well as further reduction to NH; (inset,
Figure 12), a completely Co-covered Cu foam surface would
inherently restrict reactant access to Cu sites both on the surface
and within the subsurface region spanning the depth of Co

100

% FE

80+

60

FE [%]

40

20 -

Sam-1 Sam-2

FIGURE 13 | FEynp; for eNO3;RR on Co-Cu foam with Co sputtered
for 2 min on each side of Cu foam.

deposition (~62 nm). We therefore propose that in the case of
a completely Co-covered surface, limited reactant access to Cu
sites significantly reduces the overall eNOs;RR performance of
Co-Cu foam. Nevertheless, the Cu remains accessible deeper
inside the foam structure beyond the 62 nm penetration depth
of Co deposits; however, reactant access to these regions is lim-
ited due to their position deep within the catalyst layers. Here, we
propose that the spatial distribution of potential across the
porous Cu foam surface plays an important role. Nonuniform
spatial distribution of the applied potential across the porous
structure is also a contributing factor affecting the electrochemi-
cal performance of such materials.

When a certain potential is applied on a porous structure, it is not
equally distributed among various sites (from the surface to deep
inside the pores). Since the outer surface experiences the least
Ohmic resistance while the deeper pores experience the highest,
the applied potential progressively decreases from the surface to
the deeper pore length [84, 85]. Therefore, the local driving force
(effective potential) for a Faradaic reaction, eNO;RR for the cur-
rent context, is smaller deeper in the pores (mostly Cu sites)
[84, 85]. On the other hand, Co overlayer on the surface is facing
bulk electrolyte and exhibits shorter ionic as well as electronic
paths; it experiences a relatively smaller Ohmic drop and there-
fore the effective potential on the surface is close to applied value.
However, Cu sites inside the pores operate at much lower over-
potential or might even get effectively inactive, and hence, the
NO,™ as well as NH; production is compromised. This ulti-
mately reduces FE for NH; in such double-side sputtered
Co-Cu foam. However, this proposed nonuniform spatial distri-
bution of potential for our catalyst system is primarily based on
our theoretical understanding and underlying assumptions
used for such porous structure. Nevertheless, based on the
experimental observations, we conclude that enhanced
eNO;RR performance of Co-Cu foam compared to Cu foam
arises from synergistic impact of both Co and Cu, rather than
from Cu sites or Co sites alone, and when either is absent or
inaccessible, the performance drops accordingly.

3 | Limitations

Some limitations of the present work should be acknowledged.
First, all experiments were conducted in a conventional three-
electrode H-cell under natural convection without forced electro-
lyte flow, which introduces mass transport constraints such as
diffusion of reactant and product removal from active sites that
become increasingly significant over extended measurement
time and make long-term stability measurements unreliable in
this configuration. Second, membrane-mediated adsorption or
absorption of NO,™ and NH; represents a potential source of ana-
lytical uncertainty that warrants dedicated investigation beyond
the scope of this study. To minimize errors arising from these
limitations, experiments were intentionally kept short and prod-
ucts were collected after 30 min for FE analysis. Future work
should employ flow cell or gas diffusion electrode configurations
with controlled electrolyte convection and a well-established
membrane system, which would mitigate mass transport as well
as membrane-related limitations.
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4 | Conclusion

A thin and uniform layer of cobalt sputtered on Cu foam can
exceptionally increase the eNO3;RR performance of the commer-
cial Cu foam. Despite the economic advantages of electrochemi-
cal deposition, magnetron sputtering is preferred for porous
substrates; it ensures a more homogenous distribution of the cat-
alytic layer across the high-surface-area internal pores of the Cu
foam. It has been experimentally proven that Co sputtering for
2 min under given conditions produces a ~62-nm-thick Co over-
layer on Cu foam surface and is effective for enhancing FE for
NH; via eNOsRR by around 3.5-fold compared to bare Cu foam.

The eNO;RR performance of Co-Cu foam is observed to be
potential dependent and maximum FE of 95% is observed at
—0.222 Vyersus rue Where there is minimal competition from
HER and other intermediates compared to bare Cu foam and
Ni—Cu foam. The superior performance of the Co—Cu foam is pro-
posed to arise from the synergistic impact of Co-Cu on the direct
reduction of NO;™ to NHj, coupled with the subsequent reduction
of NO,™ produced on Cu sites, as supported by the eNO,RR
results. Additionally, via the double-side sputtered Co-Cu foam,
we demonstrated that Cu sites play a crucial role in enhanced
eNO;RR, as the overall performance drops when Cu sites become
inaccessible. Based on all experimental results, we conclude that
the enhanced performance arises from Co-Cu synergy rather than
a pure contribution of either component alone in Co-Cu foam cat-
alysts. The stability aspect of the Co—Cu foam for eNOs;RR is
beyond the scope and objective of the current research work.
However, dedicated stability studies and stabilization approaches
are planned as explicit objectives of our future work.

5 | Experimental Section
5.1 | Chemicals and Materials

Commercial copper foam with a thickness of 1.6 mm was pur-
chased from Xtra GmbH. The nickel target (purity 99.99%) and
cobalt target (purity 99.95%) for sputtering were purchased from
Alineason Materials Technology GmbH. Tri-Natriumphosphat-
Dodecahydrat (for analysis EMSURE, Reag. Ph Eur) was pur-
chased from Merck. Potassium hydroxide (analytical reagent
grade) and Acetic acid glacial were purchased from Fischer
Scientific U.K. limited. Potassium nitrate 99% for analytical pur-
poses and sodium hydroxide were purchased from Griissing
GmbH. Hydrochloric acid Puriss. p.a. fuming >37% ACS reagent
was purchased from Fluka Honeywell. Sodium hypochlorite was
purchased from Th.Geyer. Sodium nitroprusside dihydrate (GR for
analysis ACS, Reag. Ph Eur), Sulfamic acid ACS reagent, 99.3%
and Sodium salicylate ReagentPlus, >99.5% (titration) were pur-
chased from Sigma-Aldrich. N-(1-Naphthyl)-ethylenediamine
dihydrochloride >99%, p.a. and sulfanilamide >99% were pur-
chased from Carl Roth.

5.2 | Methods and Methodology

The copper foams were modified with the physical vapor depo-
sition (sputtering) of nickel and cobalt metals. Sputtering was

conducted using argon (Ar) as the carrier gas at a pressure of
1.2 x 1072 mbar and a discharge power of 100 W in DC mode.
For electrochemical tests, a H-cell as shown in Figure S1 was
used. 14 mL 0.1 M KOH + 0.016 M (1000 ppm) nitrate was used
as catholyte and 0.1 M KOH was used as anolyte with a bipolar
membrane (thickness: 110-160 pm & reinforced with PEEK)
from Quintech separating two compartments. All the electro-
chemical tests were performed using a Metrohm potentiostat
and a Biologic potentiostat as per need. The products (NHj,
NO;™, and NO, ") were quantified in the electrolyte after electro-
chemical performance using UV-Vis spectroscopy. The quantifi-
cation methods [46, 86] of NO;~, NH3, and NO,™ are explained in
detail in Supporting Information (Figures S2, S3, and S4).

XPS measurements were carried out using an AXIS Supra+ spec-
trometer (Kratos Analytical Ltd.) equipped with a monochro-
matic Al Ka X-ray source (hv = 1486.6 eV). The X-ray source
was operated at 12 kV and 25 W. Throughout all measurements,
the pressure in the analysis chamber was maintained below
9x 10™® mbar. The electrodes were mounted on double-sided
carbon tape, which was electrically isolated from the metallic
sample holder by means of nonconductive tape in order to mini-
mize charging effects. Survey spectra were collected over a BE
range from 1400 to 0 eV using a step size of 1.0eV and a pass
energy of 160 eV. High-resolution spectra of selected regions
were recorded with a step size of 0.1eV and a pass energy of
20 eV, averaging 30 scans per region with a scan time of 60s
per sweep. Data acquisition was performed using ESCApe, while
data processing and peak fitting were carried out with CasaXPS
(version 2.3.27 rev. 1.7). BEs were corrected for charging effects
by referencing to the adventitious carbon C 1s peak at 284.8 eV.

EIS measurements were performed in the working electrolyte
(0.016 M NO;~ + 0.1 M KOH) at open-circuit potential, over a
frequency range from 10 Hz to 100 KHz with an AC perturbation
amplitude of 10 mV. The equivalent circuits used for fitting are
shown in Figure S11, and the corresponding »* values are now
reported in the revised Supporting Information.

XRD patterns of the prepared catalyst samples were recorded
using Cu Ka radiation on a Bruker D2 PHASER diffractometer
over a 26 range from 6° to 90° with a step size of 0.02°. The static
contact angle measurements were performed on the samples
placed on an ordinary glass substrate at room temperature with
a water volume of 10 pL in a syringe dropped on the sample sur-
face. Images of the drop are then captured by a DNT digimicro
scale, digital microscope. SEM analysis was performed with a
JEOL JSM-IT800 at accelerating voltage of 5kV with the SE
detector from JEOL, as well as a backscattered electron detector
from Gatan. EDX analysis was performed at accelerating voltage
of 15kV with Octane Elect Super detector.
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