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Nitrate in wastewater poses a significant threat to the aquatic ecosystem and disrupts the nitrogen cycle. In
this study, we developed a stacked electrolyzer capable of converting nitrate in industrial effluents, even at
low concentrations, into green ammonia (NH3) through the nitrate reduction reaction. Our catalyst synergis-
tically transforms the nitrates into vital intermediates (NO,), which are then further reduced to NHs. The
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stacked electrolyzer achieved a faradaic efficiency of 37% and an NHs yield of ~7.8 mg h™* when treating
low-concentration industrial wastewater (1000 ppm). Additionally, it demonstrated a wastewater processing
capacity of 5 L day™ with a single-pass ammonia recovery of 27.7%. Overall, our approach of producing
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Introduction

With its potential as a sustainable fuel and its huge require-
ment in the agricultural and industrial sectors, the demand
for ammonia (NH;) continues to grow, boasting a compound
annual growth rate (CAGR) of 5-7%."? Currently, the global
demand is met primarily through the Haber-Bosch (HB)
process, which combines hydrogen (produced via methane
steam reforming) and nitrogen at high temperatures and
pressures, resulting in approximately 450 million metric tons
of CO, emissions annually.® Recent developments in green
ammonia production have demonstrated that the nitrate
reduction reaction (NO3RR) method can achieve nearly 100%
faradaic efficiency and excellent stability. This efficiency sig-
nificantly surpasses those of nitrogen reduction reactions and
lithium-mediated and plasma-assisted nitrogen reduction, pri-
marily due to its lower energy barrier to break N-0.*° In
general, the NO3RR is typically conducted at the laboratory
scale using nitrate salts such as NaNO; and KNOj;, which are
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green ammonia from nitrate-laden effluents represents a promising solution for closing the nitrogen cycle.

predominantly synthesized through the oxidation of ammonia
in the industrial Ostwald process.” NH; production via the
NO3RR using synthetic nitrate sources is valuable for assessing
a catalyst’s activity, selectivity, and stability. However, this
method alone is not practical for large-scale NH; synthesis.
The NO3RR pathway becomes more compelling when nitrates
are sourced from atmospheric NO, capture or from nitrate-rich
wastewater streams. On the other hand, nitrate pollutants are
some of the life-threatening pollutants released into water
resources, and they are commonly observed in industrial and
household wastewater, as well as in agricultural runoff
(23 million metric tons).>™*

Various methods are employed to degrade nitrate pollutants
in industrial wastewater, such as the activated sludge
process,'® membrane aerated biofilm reactors,'” electrodialy-
sis,’® nitrate reduction,”® and reverse osmosis.>° These
approaches convert nitrate into nitrogen and release it into the
atmosphere at a high purification cost.>"**> Towards achieving
sustainability, one of the most promising solutions is convert-
ing nitrate in industrial wastewater into green ammonia with
the help of renewable energy. This approach helps produce
green ammonia by recovering harmful nitrate pollutants and
thus significantly reducing the CO, emissions associated with
traditional degradation processes.

The concentration of nitrate pollutants in real-world
scenarios is typically low, around 2000 ppm (2 g L.
Most reported catalysts have been tested at higher nitrate
concentrations, such as 0.1 or 0.5 M, under laboratory
conditions.>*** On the other hand, some of the studies have
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also demonstrated the NO3RR at lower concentrations and
encountered a strong counter hydrogen evolution reaction
(HER), due to the limited availability of nitrate.”>° For
efficient conversion of real-world nitrate pollutants, particu-
larly at low concentrations, the stacked electrolyzer approach is
highly advantageous. This configuration enables high-volume
wastewater processing and enhanced nitrate degradation,
making it well-suited for scalable ammonia production.
Furthermore, identifying efficient and stable catalysts for the
NO3RR in stacked electrolyzers under low-concentration
nitrate wastewater conditions remains a significant challenge
for scaling up the process toward practical, large-scale
applications.

Recently, CuO and AgO-based catalysts have demonstrated
promising activity for nitrate reduction, particularly under rela-
tively low concentration conditions.>* In this context, CuO-
based materials are widely recognized for their ability to facili-
tate the conversion of nitrate into ammonia, even at reduced
nitrate levels.>® Conversely, AgO-based catalysts exhibit a
strong tendency to promote the formation of key intermediates
such as nitrite (NO,), which plays a crucial role in the multi-
step reaction pathway towards ammonia.*® While these studies
highlight the individual catalytic metrics of CuO and AgO
systems, most investigations have primarily focused on
material-level optimization under batch conditions and at rela-
tively high nitrate concentrations, limiting their direct applica-
bility to practical wastewater treatment scenarios.

In contrast, the present work advances beyond conventional
approaches by introducing a system-level strategy that inte-
grates CuO/AgO nanoparticles within a stacked electrolyzer
configuration operating under continuous-flow conditions.
This study specifically targets the treatment of low-concen-
tration industrial wastewater (1000 ppm) using a single-pass
flow system, thereby addressing a critical gap between labora-
tory-scale studies and real-world applications. Furthermore,
the designed system enables the simultaneous reduction of
nitrate and recovery of ammonia, shifting the focus from pollu-
tant removal to nitrogen resource recovery.

In this research work, we have demonstrated a stacked elec-
trolyzer using the CuO/AgO catalyst for the recovery of low-con-
centration nitrate as NH; from industrial
(1000 ppm). In our two-stack electrolyzer with an active area of
50 cm?, we have observed a faradaic efficiency (FE) of 42.5%
for lab nitrate pollutants (NaNOs) and an FE of 37% for indus-
trial wastewater. Most importantly, the energy conversion
efficiency was calculated to be 13.5% for the industrial waste-
water NO3RR. Additionally, our stacked electrolyzer demon-
strated industrial wastewater nitrate degradation at 5 L day*,
with a single-pass nitrate recovery efficiency of 27.6%.

wastewater

Results and discussion
Morphological and chemical characterization

A schematic illustration of the catalyst preparation is given in
Fig. 1a & Scheme S1 and discussed in detail in the SI. FESEM
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images of CuO and AgO NPs show rice-like cylindrical struc-
tures and spherical nanoparticles with average particle sizes
ranging from 140-150 nm and 200-220 nm, respectively
(Fig. 1b, S4 and S5). Furthermore, EDS elemental mapping
confirms the formation of CuO and AgO nanoparticles and evi-
dences the uniform presence of CuO and AgO NPs on the GDL
(Fig. 1c-g, S6 and S7). In addition, in the XRD spectra (Fig. S8)
of CuO, 26 peaks are observed at 32.5° (110), 35.48° (002),
37.74° (111), 48.75° (202), 53.46° (020), 58.17° (202), 61.46°
(113), 66.00° (311), and 67.82° (220) and for AgO 20 peaks are
observed at 38.08° (111), 64.4° (220), and 65.5° (222), all of
which are in good agreement with the reported literature®*>*
and JCPDS card number 45-0937 (CuO NPs) and 76-1393 (AgO
NPs). Additionally, two peaks were observed for Ag,O (JCPDS
card number 76-1393) at 32.89° (111) and 55.11° (220).*°

Furthermore, the XPS survey spectrum of CuO/AgO (Fig. S9)
confirms the presence of Cu, Ag, O and C elements. The high-
resolution Cu 2p spectrum (Fig. 1h) was deconvoluted into Cu
2psy» peaks at 933.75 eV (Cu’) and 935.17 eV (Cu®*) along with
Cu 2p, ), peaks at 953.6 eV (Cu*) and 955.16 eV (Cu*"), confirm-
ing the coexistence of mixed oxidation states.>® The Ag core-
level spectrum (Fig. 1i) shows characteristic Ag 3ds, and Ag
3d;z, peaks at 367.8 eV and 374.54 eV, respectively, corres-
ponding to Ag*/Ag® species. The O 1s spectrum (Fig. 1j) exhi-
bits a dominant metal-oxygen (M-O) peak centered at 530.2
eV, which can be attributed to both Cu-O and Ag-O bonds.?”
Additionally, the C 1s spectrum (Fig. 1k) displays multiple
components corresponding to C-C (284.7 eV), C-O-C (285.8
eV), n-n* (291.7 eV), and CF; (292.8 eV) functionalities. The C-
C and n-n* peaks arise predominantly from the carbon paper
substrate, while the oxygenated carbon species and CF; peaks
are associated with the Nafion binder, confirming its presence
on the electrode surface.

Importantly, the coexistence of Cu’/Cu®* and Ag’/Ag* oxi-
dation states suggests a synergistic electronic interaction
within the CuO/AgO heterostructure. Cu mixed-valence con-
figurations are known to enhance electrocatalytic activity by
facilitating charge transfer and optimising adsorption energies
of reaction intermediates.*® Specifically, Cu®>" species provide
active sites for adsorption of oxygenated intermediates (e.g.,
*OH, *0), while Cu" species contribute to improved electrical
conductivity and charge delocalisation.>” Concurrently, metal-
lic Ag® enhances electron mobility, whereas Ag" species partici-
pate in surface redox transitions under operating conditions.*®

Furthermore, the presence of these redox-active species
indicates the possibility of dynamic surface reconstruction
during electrochemical operation, where reversible intercon-
version between Cu*/Cu®" and Ag°/Ag” states can occur. Such a
phenomenon has been widely reported to improve catalytic
durability by maintaining active surface sites under prolonged
reaction conditions.”® From an electronic structure perspec-
tive, the mixed-valence environment can modulate the d-band
centre, thereby optimising the adsorption strength of key inter-
mediates and lowering reaction energy barriers, leading to
enhanced catalytic kinetics.*" Overall, this analysis not only
confirms the successful formation of CuO/AgO on the carbon

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic illustration of the preparation of a CuO/AgO catalyst-coated gas diffusion layer (GDL) through catalyst ink preparation and the

spray coating method, (b) FESEM images of the CuO/AgO NP coated GDL, (c—g) EDS elemental mapping of the CuO/AgO coated GDL, and (h-k)

XPS core-level binding energy spectrum of Cu, Ag, O, and C, respectively.

paper substrate but also reveals a mixed-valence, electronically
coupled system that is highly favourable for improved electro-
catalytic activity and stability. The morphological and chemical
characterization studies collectively confirm the uniform dis-
tribution of CuO/AgO on the GDL, providing abundant active
sites and efficient charge transport pathways.

Electrochemical nitrate reduction reaction

We evaluated the electrochemical NO3RR performance of the
CuO/AgO catalyst at various nitrate concentrations through
current-voltage measurements, as shown in Fig. 2a. The
results clearly indicate that the current density increases with
higher nitrate concentrations, demonstrating the selectivity of
the CuO/AgO catalyst towards the nitrate reduction
reaction.”>** Additionally, chronopotentiometry (CP) analysis
at various nitrate concentrations (Fig. S10) confirmed the NH;
selectivity of the CuO/AgO catalyst, with the maximum NH;
production reaching 196 pg h™" ¢cm™ and an FEyy; of 4.6% at
a concentration of 25 mM NaNO; (Fig. 2b). Furthermore, we
observed an increase in NO, formation as NO; concentration
increased under the test conditions (Fig. S11). This is likely
related to the formation of intermediates, which can sub-
sequently be reduced to NH; over time.**

In this typical electrochemical process, AgO acts as the
primary active site for nitrate adsorption and its initial two-
electron reduction to nitrite (NO,"), owing to its strong affinity
for nitrate species. This step is critical, as nitrite serves as a
key intermediate in the pathway toward NH; formation.

This journal is © The Royal Society of Chemistry 2026

Subsequently, CuO facilitates the further reduction of nitrate
to NH; through successive proton-coupled electron transfer
steps. Cu-based sites provide favourable adsorption energies
for nitrogen-containing intermediates, thereby enhancing NH;
selectivity while suppressing competing reactions such as the
HER. Importantly, the intimate interfacial contact between
CuO and AgO enables rapid transfer of intermediates (NO,")
between active sites, minimising intermediate accumulation
and improving overall reaction kinetics. This is particularly
beneficial at ultra-low nitrate concentrations, where efficient
utilisation of intermediates is critical to maintain high conver-
sion efficiency. Overall, the CuO/AgO system exhibits a clear
synergistic effect, where CuO initiates nitrate activation and
AgO drives the subsequent reduction to NH;. This cooperative
mechanism enhances FE, improves selectivity and enables an
effective NO; to NH; rate
concentrations.

To mimic the typical effluent conditions, we conducted the
NO3RR at 2000 ppm NO; in 0.1 M KOH (Fig. $12).**** To
identify the optimal current density for long-term operation,
we performed CP at various applied currents (Fig. 2c and S13).
At higher current densities, we achieved a notable NH; pro-
duction rate of 1.1 mg h™" em™ at 200 mA cm™?, along with a
maximum FEyyz; of 15% at 50 mA cm™>. The corresponding
NO,~ yield and FE are shown in Fig. S14. These results indi-
cate its potential for real-world nitrate contaminant conversion
to ammonia. Crucially, the NMR results of the >NO; isotope
control experiments also confirm that the ammonia formation

conversion even at low
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Fig. 2 (a) Linear sweep voltammetry analysis of CuO/AgO at various nitrate concentrations, (b) NH3 yield and the corresponding faradaic efficiency

of the CuO/AgO catalyst with an applied current density of 50 mA cm™2 at various nitrate concentrations, (c) NO3RR performance of CuO/AgO at
2000 ppm NaNOs, (d) **NOs isotope labelling control experiment, and (e and f) electrolyzer assisted NO3RR performance of CuO/AgO at 2000 ppm

NOz concentration under 0.1 M KOH and DI water conditions.

is from the nitrate source rather than the contamination from
the electrolyte or catalyst (Fig. 2d).***”

The electrolyzer-assisted green fuel production has been
demonstrated as the most promising approach for large-scale
applications. Here, we examined the NO3RR performance
using a membrane electrode assembly (MEA) (fabrication of
MEA is discussed in the SI) with a low nitrate concentration of
2000 ppm, in both 0.1 M KOH and deionized (DI) water. We
evaluated the performance across various current densities and
flow rates (see Fig. S15-22). Under 0.1M KOH electrolyte con-
ditions, a current density of 50 mA cm™
15 mL min™"

and a flow rate of
were identified as the optimum parameters
(Fig. 2e). Similarly, in DI water, the highest FEyxy3 was recorded
at 50 mA cm™> with a flow rate of 15 mL min™"' (Fig. 2f).
Importantly, we noted a significantly high concentration of
NO, ™, which may be associated with the NO; reduction to NO,™
performance of the AgO nanoparticles (Fig. S17 and 522).*?
Towards the real-time application, we tested the NO3RR at
a very low NO; concentration of 1000 ppm using a single-pass
approach at a current density of 50 mA cm™> and a flow rate of
15 mL min~" for a duration of 100 hours (see Fig. 3b and $23).
As illustrated in Fig. 3b, we observed an FEyy3; of 45%, with an
energy conversion efficiency (ECE)*® of 25.31% and an NH,
production rate of 1.9 mg h™" em™>. Additionally, we assessed
the nitrate conversion efficiency, which was found to be
33.13% in the single-pass approach. This can be further
improved by a stacked electrolyzer approach.”® Towards the
goal of a sustainable future, degradation of nitrate in indus-
trial  effluents using a stacked

was demonstrated

Nanoscale

electrolyzer’®>! with an active area of 50 cm” (details about the

development of our stacked electrolyzer are provided in the SI)
and schematically illustrated in Fig. 3a. The industrial waste-
water we received from Aramco, Saudi Arabia, had very negli-
gible nitrate contamination. To simulate contaminated water,
we included 1000 ppm of nitrate in our testing. To provide
better context, the composition of the collected industrial
wastewater was analysed using ion chromatography (IC) and
the results are shown in Fig. S25. The analysis indicates that
chloride ions are the dominant species, while nitrate, phos-
phate and sulphate concentrations are initially negligible prior
to external incorporation. The developed stacked electrolyzer
was tested at a current density of 25 mA ecm™> with a flow rate
of 5 ml min™', as shown in Fig. 3d. The ammonia yield was
estimated to be 300 mg after 50 hours, with an FEyy; of 37%
and an ECEyy; of 13.41% (Fig. 3¢ and S26). The decrease in
ECE and FE observed under industrial wastewater conditions,
compared to lab conditions, is attributed to counter-reactions
occurring in real-world wastewater. Notably, the degradation
rate was nearly 5 L day ' for the tested two-stack electrolyzer
with a nitrate conversion percentage of 27.63%. It is important
to highlight that both conversion efficiency and ammonia
yield can be further improved by using stacked electrolyzers
and optimising the operational parameters. Post-morphologi-
cal analysis and inductively coupled plasma (ICP) results
confirm the absence of catalyst leaching (Fig. S27 & Table S1)
and evidence the catalyst durability.

The reduction of nitrate to NH; at an ultra-low concen-
tration has been achieved through the synergistic effects of

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic illustration of the stacked electrolyzer analysis, (b) NHsz yield and FEyns for long-term low concentration NO3RR with

1000 ppm concentration at 50 mA cm™2, (c) digital image of the wastewater NO3RR in a stacked electrolyzer, and (d) NH3 yield and FEyys for long-

term low concentration NO3RR with 1000 ppm concentration at 25 mA cm™.

CuO and AgO catalysts. In this process, the AgO catalyst is
essential for converting NO;~ into NO,™, an important inter-
mediate. Subsequently, the CuO NPs facilitate the conversion
of nitrite into NH;. This study explores the potential of trans-
forming nitrate-rich industrial wastewater into a sustainable
resource for NH; production.

To further contextualize the performance of the present
system, a comparative analysis with recently reported NO3RR
catalysts is summarized in Table S2. As shown, most literature
reports employ batch-type H-cells or conventional flow cells at
relatively high nitrate concentrations, achieving high faradaic
efficiencies (typically > 60%). In contrast, the present CuO/AgO
system operates under practically relevant conditions, utilising
real industrial wastewater (1000 ppm) in a stacked electrolyzer
configuration with continuous single-pass operation.

Despite the inherently challenging low-concentration
regime, the proposed system achieves a faradaic efficiency of
~37% and low energy conversion efficiency, which is compar-
able when considering the significant differences in operating
conditions. More importantly, this proof-of-concept demon-
strates several key advancements over existing studies: (i) the
implementation of a stacked-electrolyzer architecture, enabling
improved scalability and continuous processing; (ii) effective
nitrate reduction under dilute conditions, which remains
largely underexplored; and (iii) the simultaneous recovery of
ammonia, contributing towards nitrogen resource utilization
rather than simple pollutant removal.

These distinctions highlight that, unlike conventional
studies focused primarily on maximizing catalytic efficiency
under idealized conditions, the present work emphasizes a
system-level, application-oriented approach, thereby bridging

This journal is © The Royal Society of Chemistry 2026

2

the gap between laboratory-scale catalyst development and rea-
listic wastewater treatment scenarios.

Based on our techno-economic analysis (see the SI), the
estimated cost of recovering NH; from wastewater containing
1000 ppm NO;™ is higher than the cost of conventionally pro-
duced ammonia via the HB process, and the recovery route
offers a more sustainable alternative from an environmental
perspective. Instead of allowing NO;™ to simply convert into
N, as a byproduct, this approach enables the selective conver-
sion of nitrates into valuable NH;, promoting efficient nitro-
gen recovery and supporting a circular nitrogen economy.
While promising, there remains substantial room for improve-
ment through catalyst optimization, integration of nitrate con-
centration technologies (such as electrodialysis), and the devel-
opment of stacked electrolyzer systems to enhance overall
efficiency and scalability. On the other hand, when compared
to electrochemical direct nitrogen reduction to NHj, the
nitrate to NH; recovery process offers a lower production
cost,”” highlighting its practicality and benefits for both water
treatment and NH; recovery. Conventional processes typically
focus only on removing NO;~ by converting it into nitrogen
gas,> ™ whereas our approach captures and converts nitrate
into valuable NH;. This not only enables the sustainable pro-
duction of green NH; but also supports environmental protec-
tion by reducing carbon emissions and preventing nitrate pol-
lution in aquatic ecosystems.

Overall, this integrated method presents a sustainable and
circular solution that addresses both clean ammonia pro-
duction and environmental remediation, aligning with global
goals for decarbonization and water resource preservation. By
bridging the gap between laboratory-scale catalyst design and
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system-level industrial application, this work establishes a
viable pathway for transforming nitrate pollutants into a valu-
able nitrogen resource.

Conclusion

An efficient CuO/AgO NPs catalyst has been successfully syn-
thesized, demonstrating strong performance in reducing
nitrate at ultra-low concentrations. Additionally, a stacked elec-
trolyzer system was developed to address nitrate contami-
nation in real-world industrial wastewater, converting it into
green ammonia. In a single pass, the system achieved a 27%
single-pass conversion efficiency at a treatment rate of 5 L
day ™. Post-reaction ICP analysis and morphological character-
ization confirmed the catalyst’s structural integrity, indicating
no degradation and supporting its long-term stability.
Importantly, this study advances beyond conventional batch
systems by demonstrating NO;~ to NH; conversion in a realis-
tic, dilute wastewater matrix, thereby addressing a critical gap
between laboratory studies and practical implementation.
While further improvements in efficiency and selectivity are
required, this work provides a successful proof-of-concept for
nitrogen recovery from dilute wastewater. The CuO/AgO-based
continuous-flow system enables NO;~ to NH; conversion,
representing a practical step toward closing the nitrogen loop
and advancing sustainable, resource-efficient wastewater treat-
ment technologies.
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