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ABSTRACT: 

Electrochemical reduction of nitrate provides a sustainable route for the recycling of waste nitrate 

to valuable ammonia when powered by electricity from renewable sources. Development of such 

a process requires efficient electrocatalysts than can facilitate high single-pass conversion of dilute 

nitrate to ammonia. Here we report a Cu nanowire electrocatalyst for nitrate reduction, which was 

prepared by growing Cu nanowires with tunable morphology and density on a Cu foam substrate. 

Compared to the Cu foam, the Cu nanowires created new catalytic sites and greatly enhanced the 

activity and selectivity for nitrate reduction to ammonia. As a result, the optimized Cu nanowire 

electrode showed a 3-fold increase of the nitrate reduction activity with a 90% Faradaic efficiency 

for ammonia production at a low overpotential of −0.1 V vs RHE in an electrolyte containing 5 

mM nitrate, which is attributed to the high catalytic surface area with an appropriate combination 

of Cu(100) and Cu(111) facets. The electrode was further tested for continuous nitrate electrolysis 

using a flow cell, which achieved a 76% single-pass conversion of nitrate with a 93% ammonia 

Faradaic efficiency, demonstrating a great promise for applications in wastewater treatment and 

sustainable ammonia synthesis. 
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INTRODUCTION 

Electrocatalysis plays a central role in the development of renewable energy technologies to 

mitigate the global energy and environmental problems, such as the nitrate (NO3
−) contamination 

of water resources caused by the increasing use of nitrogen fertilizers as well as the discharge of 

industrial wastewater.1 The use of nitrogen fertilizers has contributed significantly to the growth 

of agricultural production, but the nitrogen use efficiency is typically lower than 40%,2 so that a 

significant amount of nitrogen readily leaches into groundwater, lakes, and rivers, increasing the 

concentration of NO3
− in the water systems and causing severe environmental problems such as 

eutrophication.3,4 It is thus urgent to develop technologies that can efficiently remove NO3
− from 

wastewater, preferably using energy from renewable sources. Among the various strategies, the 

electrochemical reduction of NO3
− to ammonia (NH3) has recently emerged as a promising route 

as it is compatible with the intermittent supply of solar- or wind-generated electricity to enable a 

sustainable process for the recycling of NO3
− as well as the production of NH3 as an alternative to 

the Haber−Bosch process.5−7 

Development of a NO3
− recycling process requires electrocatalysts with a high activity and 

selectivity for NO3
− reduction to NH3.8−10 This is however challenging due to the various products 

of the NO3
− reduction reaction (NO3RR) as well as the competition of the hydrogen evolution 

reaction (HER). In addition to the desired product NH3, the electroreduction of NO3
− also forms 

other side products such as NO2
− and N2,8 thus compromising the selectivity for NH3 production. 

Moreover, when a relatively high overpotential is applied, the HER may become competitive and 

further lower the Faradaic efficiency of the NO3RR. Therefore, studies have focused on catalytic 

materials that are relatively inert for the HER, such as Cu-, Co-, Ti-, and carbon-based materials, 

and single-atom catalysts.11−21 In particular, Cu shows a high activity for the NO3RR,22 so that 

various Cu-based nanostructures, heterostructures, and alloys have been developed to enhance the 

NO3RR activity and selectivity,23−35 such as Cu-Ni alloys,26 Cu nanosheets,28 oxide-derived Cu,30 

and Ru-dispersed Cu nanowires.32 Despite the substantial progress, development of an efficient 

NO3
− recycling process further requires electrodes with a high single-pass conversion of dilute 

NO3
− to NH3 to demonstrate the practical viability for wastewater treatment, considering the low 

concentration of NO3
− in typical wastewater sources (e.g., a few mM).3,4 

Here, we present a study of Cu nanowire electrocatalysts for the electroreduction of NO3
− to 

NH3 with high activity and selectivity. We prepare a series of Cu nanowire samples with tunable 

morphology and density by immersing Cu foams in the alkaline ammonium persulfate solution to 

form Cu(OH)2 nanowires, followed by annealing and electrochemical reduction to obtain metallic 

Cu nanowires. Compared to the Cu foam, the Cu nanowire electrodes show generally improved 

electrocatalytic performance for the NO3RR, achieving a current density of 20.8 mA cm−2 and a 

NH3 Faradaic efficiency of 90% on an optimized electrode at −0.1 V vs the reversible hydrogen 
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electrode (RHE) in an electrolyte with dilute NO3
− (5 mM). Moreover, the Cu nanowire electrode 

is further tested for continuous NO3
− recycling using a flow cell, which reaches a 76% single-pass 

conversion of dilute NO3
− to NH3 while maintaining a NH3 Faradaic efficiency of 93%. Our work 

demonstrates a promising method for an efficient recycling of low-concentration NO3
− to valuable 

NH3 using facilely fabricated Cu nanowire electrodes. 

 

EXPERIMENTAL METHODS 

Preparation of Cu foam samples. Typically, commercial Cu foam samples of 0.5 × 0.5 cm2 

were first washed with isopropanol and then 0.05 M H2SO4 solution to clean the surface,32 

followed by rinsing with deionized water and drying under a stream of Ar gas. The as-prepared 

samples are referred to as Cu foam samples. 

Preparation of Cu nanowire samples. The Cu nanowire samples were prepared as follows: 

a pre-cleaned Cu foam was soaked in a solution containing 0.067 M (NH4)2S2O8 and 1.333 M 

NaOH at ambient conditions for various time intervals (0−20 min) to form Cu(OH)2 nanowires.36 

The synthesized Cu(OH)2 nanowire sample was rinsed with deionized water and dried under a 

stream of Ar gas. After that, the Cu(OH)2 nanowire sample was annealed in air at 150°C for 2 h to 

obtain CuO nanowire sample,37 which was then assembled into an H-cell and electrochemically 

reduced by cyclic voltammetry (CV) scans from 0.25 to −0.45 V vs RHE in 1 M KOH electrolyte 

at a scan rate of 100 mV s−1 for 5 cycles to derive a Cu nanowire sample. 

Characterizations. Scanning electron microscopy (SEM) images were acquired using a 

ZEISS Ultra-55 FEG scanning electron microscope. Grazing-incidence X-ray diffraction (XRD) 

patterns were collected using a PANalytical Empyrean diffractometer with an incidence angle of 

5°. X-ray photoelectron spectra (XPS) were obtained using a Thermo Scientific ESCALAB XI+ 

X-ray photoelectron spectrometer with an Al Kα X-ray source (1486.67 eV). 

Electrochemical measurements. All electrochemical measurements were mainly performed 

using a Gamry Interface 1000 potentiostat and a gas-tight two-compartment electrochemical cell 

(H-cell) separated using a piece of Fumasep FAA-3-PK-130 anion exchange membrane at room 

temperature, as schematically shown in Figure S1. In the H-cell experiments, a piece of Pt gauze 

and a Hg/HgO electrode (filled with 1 M KOH solution) were used as the counter electrode and 

reference electrode, respectively. The anion exchange membranes were first rinsed with water and 

immersed in 0.5 M NaCl solution for at least 72 h, then immersed in 1 M KOH solution for at least 

24 h and rinsed with water before use. In addition, single-pass conversion tests were performed 

using a Gamry Interface 1000 potentiostat and a home-built flow cell, in which a piece of Fe−Ni 

foam and a leak-free Ag/AgCl electrode were used as the counter electrode and reference electrode, 

respectively. The electrochemical reduction of nitrate was tested by both linear sweep voltammetry 

(LSV) and bulk electrolysis in 1 M KOH electrolytes containing various concentrations of NO3
− 
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(1−50 mM). Prior to an electrolysis, the catholyte was bubbled by Ar gas for 30 min to remove 

oxygen. During an electrolysis, the catholyte was stirred at a rate of 600 rpm with Ar gas purging 

at 5 sccm. In addition, 0.05 M H2SO4 solution was used as an in-line acid trap to capture ammonia 

that might possibly escape from the catholyte, as illustrated in Figure S1. All potentials were iR-

compensated and converted to the RHE scale in this study. The reported current densities were 

normalized to the geometric surface areas of electrodes. Gas-phase product of the NO3
− reduction 

electrolysis was quantified by periodic gas chromatography (GC) of the H-cell headspace. The 

produced NH3 in the catholyte was quantified by the indophenol blue method,38 based on the 

calibration curve in Figure S2. The produced NO2
− in the catholyte was quantified by the Griess 

method,39 based on the calibration curve in Figure S3. Possible NH3 in the acid trap was also 

quantified by the indophenol blue method. In addition, 15N isotopic labeling experiment was 

performed with 15NO3
− reactant to verify the N source of the detected NH3 using nuclear magnetic 

resonance (NMR) spectroscopy (calibration curve in Figure S4). 

Quantification of ammonia. The concentration of produced ammonia in the electrolyte was 

quantified using indophenol blue method.38 The calibration curves were established from standard 

NH4Cl solution of different concentrations (0−0.10 mM) in a background solution. Typically, 5 

mL of the standard NH4Cl solution was pipetted into a precleaned vial. Then, 2 mL of 1 M NaOH 

solution containing salicylic acid (5 wt%) and sodium citrate (5 wt%) was added, and subsequently 

1 mL of NaClO solution (0.05 M) and 0.2 mL of sodium nitroferricyanide solution (1 wt%) were 

added. After 2 h, UV-visible absorption spectra of the solution were acquired using a Thermo 

Scientific Evolution 201 UV-Vis Spectrophotometer. The formed indophenol blue was measured 

by the absorbance at λ = 655 nm. The produced NH3 in the catholyte was quantified using the same 

procedure but with the catholyte, which was diluted with the same background solution (such as 1 

M KOH, so that the pH of the test solution remained the same) to ensure that the concentration of 

ammonia in the test solution was in the linear range of the indophenol blue method (Figure S2). 

Quantification of nitrite. The concentration of produced nitrite (NO2
−) in the electrolyte was 

quantified by the Griess method.39 A mixture of p-aminobenzenesulfonamide (4 g), N-(1-Naphthyl) 

ethylenediamine dihydrochloride (0.2 g), phosphoric acid (10 mL, ρ = 1.70 g/mL), and deionized 

water (50 mL) was used as a color reagent. Typically, a certain amount of the electrolyte was taken 

out from the cell and diluted to ensure that the nitrate concentration in the test solution was in the 

linear range of the Griess method. Then, 0.1 mL of the color reagent was added to the solution and 

mixed. After 20 min, UV-visible absorption spectra of the solution were acquired using a Thermo 

Scientific Evolution 201 UV-Vis Spectrophotometer, and the absorbance at λ = 540 nm was used 

to quantify the concentration of nitrate, based on the calibration curve in Figure S3. 
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Calculation of nitrate reduction Faradaic efficiency. The Faradaic efficiencies for NH3 

and NO2
− production in the NO3

− reduction electrolysis were calculated from the charge consumed 

for NH3 and NO2
− production and the total charge passing through the electrode: 

Faradaic efficiency (NH3) = (8𝐹 × 𝑐NH3
× 𝑉 × diluted times)/𝑄 

Faradaic efficiency (NO2
−) = (2𝐹 × 𝑐NO2

− × 𝑉 × diluted times)/𝑄 

where F is the Faraday constant, 𝑐NH3
 and 𝑐NO2

− are the molar concentrations of NH3 and NO2
− 

measured in the diluted catholyte, respectively, V is the volume of the catholyte, and Q is the total 

charges passing through the electrode during the electrolysis. 

15N isotope labeling experiment. The 15N isotope labeling experiment was carried out using 

1 M KOH + 5 mM K15NO3 (98 atom % 15N) solution as the electrolyte. The post-reaction catholyte 

was acidized to pH ∼3 by adding H2SO4 solution. Afterward, 900 μL of the acidized catholyte was 

mixed with 100 μL of D2O containing 100 ppm dimethyl sulfoxide (DMSO) as an internal standard. 

The 15NH4
+ was detected by 1H NMR spectroscopy using a Bruker AVANCE III 500 MHz. 

Measurement of electrochemical surface area (ECSA). The ECSA of a Cu foam or Cu 

nanowire electrode is proportional to its double-layer capacitance, which was measured by a CV 

method. CV scans were performed on an electrode at different scan rates ranging from 10 to 100 

mV s−1 in the potential window of −0.1 to 0 V vs RHE, where only double-layer charging and 

discharging occur. The double-layer charging current was then derived and plotted against the CV 

scan rate, and the slope of the linear regression gives the double-layer capacitance of the electrode. 

 

RESULTS AND DISCUSSION 

To develop efficient electrocatalysts for the NO3RR, we started with commercial Cu foam as 

a substrate and grew Cu nanowires on it to create new catalytic sites. The Cu nanowire samples 

were prepared by soaking a pre-cleaned Cu foam in a solution containing 0.067 M (NH4)2S2O8 

and 1.333 M NaOH at ambient conditions for various time intervals (0−20 min) to form Cu(OH)2 

nanowires,36 which were then annealed in air at 150°C for 2 h to obtain CuO nanowires37 and 

further electrochemically reduced to derive Cu nanowires (see the Experimental Methods in the 

Supporting Information for details). A series of Cu nanowire samples were prepared in this way 

by adjusting the soaking time of Cu foam in the solution (2, 6, 10, 15, and 20 min), thus to tune 

the morphology and density of the derived nanowires. The prepared samples are hereafter referred 

to as CuNW-2, CuNW-6, CuNW-10, CuNW-15, and CuNW-20 electrodes, respectively. SEM 

images were acquired to visualize the morphologies of the Cu foam and Cu nanowire samples, are 

shown in Figure 1 with larger-scale SEM images in Figure S5. The surface morphology of the Cu 

foam was largely smooth at the micrometer scale (Figure 1a), while Cu nanowires were clearly 
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visible on the nanowire samples (Figure 1b−f). Along with the increase of the soaking time, the 

derived nanowires became longer, thicker, and denser, and entangled to form bundles in the 

CuNW-10, CuNW-15, and CuNW-20 samples. Such a series of samples allow us to study the 

effect of electrode morphology and nanostructure in the NO3RR. 

 

Figure 1. SEM images of the as-prepared Cu foam and Cu nanowire electrodes: (a) Cu foam; (b) 

CuNW-2; (c) CuNW-6; (d) CuNW-10; (e) CuNW-15; and (f) CuNW-20. 

The samples were further characterized by XRD and XPS to examine the crystalline structure 

and chemical state. For conciseness, here the CuNW-15 sample was selected as a representative 

Cu nanowire sample. As shown in Figure 2a, the grazing-incidence XRD patterns of the surface 

layer of the Cu foam and CuNW-15 samples both showed the (111), (200), and (220) diffraction 

peaks of metallic Cu in face-centered cubic structure. The XPS survey spectra of the Cu foam and 

CuNW-15 samples are presented in Figure S6, where only Cu and a small amount of O and C were 

identified on the two samples. As shown in Figure 2b, the two XPS peaks centered at ∼932.3 and 

952.2 eV were observed in the Cu 2p region,40 and the fittings of the Cu 2p XPS spectra indicated 

that both Cu foam and CuNW-15 samples were predominantly metallic Cu. The Cu LMM Auger 

peaks were also used to examine the oxidation states of Cu.41 As shown in Figure 2c, the Cu0 LMM 

Auger peak at 568.2 eV was the major peak observed on the two samples, so they were mainly 

metallic Cu with a small amount of surface oxide due to air exposure, consistent with the Cu 2p 

XPS spectra in Figure 2b. Therefore, the XRD and XPS characterizations confirmed the metallic 

state of Cu on the foam and nanowire samples. 
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Figure 2. Characterization of the Cu foam and the CuNW-15 samples. (a) Grazing-incidence XRD 

patterns of the two samples. (b) Cu 2p XPS spectra of the two samples, with deconvoluted peaks 

fitted using the Gaussian fitting method. (c) Cu LMM Auger peaks of the two samples. 

The Cu foam and Cu nanowire electrodes were then evaluated for the NO3RR in a gas-tight 

two-compartment electrochemical cell (H-cell) with 1 M KOH electrolyte containing 5 mM KNO3, 

as schematically shown in Figure S1. Particularly, a low concentration of NO3
− was used in the 

electrolyte based on typical conditions of wastewater sources.3,4 Linear sweep voltammetry (LSV) 

curves were recorded on the Cu foam, CuNW-2, CuNW-6, CuNW-10, CuNW-15, and CuNW-20 

electrodes in the 1 M KOH + 5 mM KNO3 electrolyte to evaluate the NO3RR electrokinetics. As 

shown in Figure 3a, all current densities increased rapidly as the potential was swept from 0.2 to 

−0.3 V vs RHE (all potentials are reported with respect to this reference in this work). Compared 

to the Cu foam, the current densities on the Cu nanowire samples were generally higher in this 

potential range, indicating their improved activities for the NO3RR. Along with the increase of the 

nanowire growth time, the current density increased monotonically from CuNW-2 to CuNW-15, 

which should be attributed to the morphology and catalytic surface of the Cu nanowires. The 

current density remained largely similar from CuNW-15 to CuNW-20, indicating that even longer 

growth of Cu nanowires beyond CuNW-15 did not further increase the NO3RR activity in this case. 

In addition, the current densities on the Cu nanowire electrodes reached a plateau at around −0.2 

V, which might be caused by the mass transport limitation of NO3
− due to its low concentration. 

When the potential was swept to more negative than −0.25 V, the current density continued to 

increase rapidly, which was attributed to the rising of the HER activity. 
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Figure 3. Evaluation of the NO3RR performance on the Cu foam and Cu nanowire electrodes in 

H-cell. (a) LSV curves recorded on the Cu foam and Cu nanowire electrodes in 1 M KOH + 5 mM 

KNO3 electrolyte. Scan rate: 10 mV s−1. (b) Current densities and Faradaic efficiencies for the 

NO3RR on the different electrodes, which were determined by bulk electrolysis at −0.1 V vs RHE 

for 30 min. 

To quantify the NO3RR product selectivity, bulk electrolysis was performed in H-cell with 1 

M KOH + 5 mM KNO3 electrolyte at −0.1 V vs RHE. This potential was selected as it can reflect 

the NO3RR kinetics that were not limited by the mass transport or the HER competition yet. The 

representative chronoamperometric curves measured on the electrodes are exhibited in Figure S7, 

in which the current density decreased gradually with time: the higher the initial current density, 

the faster the decrease. This is attributed to the faster consumption of NO3
− in the catholyte with a 

higher current density, so a moderate electrolysis time of 30 min was used to evaluate the NO3RR 

performance. Two major products, NH3 and NO2
−, were detected in the catholyte and quantified 

by the indophenol blue method38 and the Griess method,39 respectively, based on the calibration 

curves in Figures S2 and S3. Furthermore, the N source of the detected NH3 was confirmed to be 

the NO3
− in the electrolyte using 15N isotopic labeling experiment with NMR spectroscopy 

(calibration curve in Figure S4). 

As shown in Figure 3b, the current density and NH3 Faradaic efficiency were generally higher 

on the Cu nanowire electrodes than that on the Cu foam. As the nanowire growth time increased 

from 0 (Cu foam) to 15 min (CuNW-15), the current density increased by around 3-fold from 6.1 

to 20.8 mA cm−2, and the Faradaic efficiency for NH3 production also increased monotonically 

from 50.1% to 90%. The CuNW-20 electrode showed a current density of 20.7 mA cm−2 with a 

NH3 Faradaic efficiency of 89.2%, which were similar to that of the CuNW-15. Thus, the NO3RR 

performance reached a plateau on CuNW-20 and did not further increase with the nanowire growth 

time, likely due to the mass transport limitation considering the low concentration of NO3
− in the 



 

9 

 

electrolyte. Meanwhile, the Faradaic efficiency for NO2
− production showed the opposite trend, 

decreasing from 46.6% (Cu foam) to 5.9% (CuNW-20), so the Cu nanowires greatly enhanced the 

selective conversion of NO3
− to NH3 while suppressing the production of NO2

−. To explain the 

different NO3RR activities of these electrodes, we quantified their ECSA, which is proportional to 

the double-layer capacitance. As demonstrated in Figure S8, the double-layer capacitance of the 

electrodes was measured using a CV method, and the capacitance increased from 1.32 mF for the 

Cu foam to 7.28 mF for the CuNW-15 electrode, confirming the creation of new catalytic sites for 

the NO3RR on the Cu nanowire samples. Meanwhile, the capacitance only increased slightly to 

7.88 mF for the CuNW-20 electrode, also explaining the little improvement of the NO3RR catalytic 

performance from CuNW-15 to CuNW-20. As the CuNW-15 electrode showed a near-optimal 

performance for the NO3RR to NH3, it will be used as a representative Cu nanowire electrode for 

further studies below. 

To understand the NO3RR kinetics, we investigated the potential dependence of the NO3RR 

performance on the Cu foam and CuNW-15 electrodes. They were evaluated by bulk electrolysis 

at selected potentials in 1 M KOH + 5 mM KNO3 electrolyte. As the potential shifted from 0.1 to 

−0.3 V, the current density on the Cu foam increased almost exponentially from 0.8 to 24.4 mA 

cm−2, while the current density on the CuNW-15 were generally higher, increasing rapidly from 

1.4 to 33.1 mA cm−2, as shown in Figure 4a. However, the increase of current density on the 

CuNW-15 was slower than the exponential trend at potentials <−0.1 V, due to the mass transport 

limitation. Meanwhile, the NH3 Faradaic efficiency on CuNW-15 increased from 10.8% at 0.1 V 

to 90% at −0.1 V, and then dropped slightly to 86.3% at −0.3 V, which was accompanied by the 

emerging of the HER activity at the potential. In comparison, the NH3 Faradaic efficiency on the 

Cu foam increased monotonically from 16.7% at 0.1 V to 50.1% at −0.1 V, and further to 82.8% 

at −0.3 V, which is generally lower than that on the CuNW-15 (Figure 4b). Consistently, the NO2
− 

Faradaic efficiency decreased monotonically at more negative potentials on both electrodes. This 

relationship indicates a more favorable selectivity of NH3 over NO2
− at higher overpotentials. 

Compared to the Cu foam with a NH3 Faradaic efficiency of 82.8% at −0.3 V, the CuNW-15 

electrode achieved the highest NH3 Faradaic efficiency of 90% at a lower overpotential (−0.1 V), 

confirming an enhanced activity and selectivity for the NO3RR to NH3 on the CuNW-15 electrode. 
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Figure 4. Comparison of the Cu foam and CuNW-15 electrodes for the NO3RR in H-cell. (a) Total 

current densities and (b) Faradaic efficiencies for bulk electrolysis on the two electrodes at various 

potentials in 1 M KOH + 5 mM KNO3 electrolyte. (c) Total current densities and (d) Faradaic 

efficiencies for bulk electrolysis on the two electrodes at −0.1 V vs RHE in 1 M KOH electrolytes 

containing different concentrations of NO3
−. In (b) and (d), the left column with slash pattern at 

each value is for the Cu foam, and the right column with no pattern is for CuNW-15. (e) Double-

layer charging current plotted against CV scan rate for the two electrodes. The slope of the linear 

regression gives the double-layer capacitance. (f) CV curves recorded on the two electrodes in Ar-

saturated 1 M KOH electrolyte for the OH electrosorption tests. Scan rate: 100 mV s−1. 

As the NO3
− concentration plays an important role in the NO3RR kinetics,42 the Cu foam and 

CuNW-15 electrodes were then evaluated for NO3RR in 1 M KOH electrolytes containing various 

concentrations of NO3
− at −0.1 V vs RHE. As shown in Figure 4c, the current density on the two 

electrodes both increased rapidly as the NO3
− concentration increased from 1 to 50 mM, while the 

current densities on CuNW-15 were generally higher than those on the Cu foam in all electrolytes, 

further showing a substantial improvement of the NO3RR activity due to a higher catalytic surface 

area of the CuNW-15 electrode, as will be discussed later. Interestingly, the increase of the current 

density with the NO3
− concentration was faster than the linear trend, particularly in the case of 50 

mM, so a higher NO3
− concentration seemed more beneficial to the NO3RR activity. In contrast, 

the NO3RR selectivity showed a weak dependence on the NO3
− concentration. As shown in Figure 
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4d, the CuNW-15 electrode showed Faradaic efficiencies of ~90% for NH3 production and ~10% 

for NO2
− production in most electrolytes. However, the Cu foam only showed Faradaic efficiencies 

of ~50% and ~50% for the production of NH3 and NO2
−, respectively. Therefore, the CuNW-15 

electrode has a much higher intrinsic selectivity for the NO3RR to NH3, regardless of the NO3
− 

concentration. Such a performance of the CuNW-15 electrode makes it a promising candidate for 

applications in the treatment of wastewater sources that have various concentrations of NO3
−.3,4 

To reveal the mechanisms underlying the enhanced activity and selectivity, the ECSA of the 

two electrodes was further compared. As shown in Figure 4e, the double-layer charging current 

was plotted against the CV scan rate for the two electrodes, and the slope of linear regression lines 

gave a double-layer capacitance of 1.32 and 7.28 mF for the Cu foam and CuNW-15 electrodes, 

respectively. Therefore, the ECSA of the CuNW-15 electrode is around 5.5 times that of the Cu 

foam, which directly contributed to the higher current density and NO3RR activity.43 However, 

this may not account for the large improvement of the NH3 selectivity (Figure 4d) yet, so we further 

examined the surface structure and exposed facets of the two electrodes using the electrosorption 

of hydroxide.28 As shown in Figure 4f, the CV curve recorded on the Cu foam showed no apparent 

features of surface facets, similar to that of Cu foil surface.28 In contrast, the CuNW-15 sample 

exhibited a feature at around 0.35 V vs RHE corresponding to the Cu(100) facets, as well as an 

even higher peak for the Cu(111) facets. According to recent studies, while the Cu(100) surface is 

more active for the NO3RR,44 the NO2
− generated on the Cu(100) facets can be subsequently 

reduced to NH3 on the Cu(111) facets,34 forming an efficient tandem electrocatalytic system for 

overall reduction of NO3
− to NH3. The CuNW-15 sample in our work showed an appropriate 

combination of exposed Cu(100) and Cu(111) facets, and thus significantly enhanced the intrinsic 

selectivity for NH3 production. We also characterized the morphology of the CuNW-15 electrode 

after being tested for the NO3RR, as shown by the SEM image in Figure S9, where the nanowire 

morphology remained largely similar with some minor surface changes. 

The abovementioned studies have revealed the effect of Cu nanowire morphology and surface 

structure on the NO3RR catalysis in H-cell, which provided a relatively simple testing environment 

of the NO3RR. Considering the applications of the electrodes for wastewater treatment, we further 

developed a single-pass flow cell to simulate a flow system for the wastewater treatment and NO3
− 

recycling to NH3. A schematic diagram of the flow cell is shown in Figure 5a, with the CuNW-15 

electrode and an Fe−Ni foam each inserted in a pocket of Ti current collector as the cathode and 

the anode, respectively.45,46 A leak-free Ag/AgCl electrode was inserted in a 3D-printed chamber 

between the electrodes as the reference electrode.45,46 The CuNW-15 and Cu foam electrodes were 

then evaluated for continuous NO3
− reduction electrolysis using the flow cell with 1 M KOH + 5 

mM KNO3 electrolyte. Single-pass conversion tests were performed on the two electrodes at −0.1 

V vs RHE, with the electrolyte passing through the foam electrodes at various flow rates, ranging 

from 15 to 60 mL h−1. 



 

12 

 

 

Figure 5. Evaluation of the NO3RR performance on the Cu foam and CuNW-15 electrodes using 

single-pass flow cell. (a) Schematic illustration of the single-pass flow cell setup. (b) Total current 

densities, (c) Faradaic efficiencies, and (d) single-pass conversion rates for bulk electrolysis on the 

two electrodes at −0.1 V vs RHE under various electrolyte flow rates (1 M KOH + 5 mM KNO3). 

In (c), the left column with slash pattern at each flow rate is for the Cu foam, and the right column 

with no pattern is for CuNW-15. 

As shown in Figure 5b, the current density on both electrodes increased almost linearly with 

the increase of electrolyte flow rate, suggesting efficient interaction of NO3
− with catalytic surfaces 

at elevated flow rates, benefiting from the porous foam structure. Specifically, as the electrolyte 

flow rate increased from 15 to 60 mL h−1, the current density on the CuNW-15 electrode increased 

from 3.4 to 10.8 mA cm−2, which is significantly higher than that on the Cu foam electrode, only 

rising from 0.53 to 1.55 mA cm−2. Meanwhile, the highest NH3 Faradaic efficiency of 92.6% was 

achieved on the CuNW-15 electrode at a flow rate of 15 mL h−1, which only dropped slightly to 

87.4% at a flow rate of 60 mL h−1, as shown in Figure 5c. In contrast, the NH3 Faradaic efficiency 

on the Cu foam ranged from 58.3% to 45.5% under the same conditions. Therefore, both NO3RR 

activity and NH3 selectivity were substantially improved on the CuNW-15 electrode compared to 

the Cu foam in the single-pass conversion tests. Moreover, the single-pass conversion rate of NO3
− 
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in the electrolyte, defined as percentage of reactant converted per total reactant input, was derived 

as an important performance metric for practical applications. As shown in Figure 5d, the CuNW-

15 electrode reached the highest single-pass conversion of 76.3% at the flow rate of 30 mL h−1, 

which is 4.2 times that on the Cu foam under the same conditions, benefiting from the high activity 

and selectivity due to the high ECSA with an appropriate combination of exposed Cu(100) and 

Cu(111) facets. Overall, the CuNW-15 electrode, as a representative of the Cu nanowire electrodes, 

achieved a highly efficient process for single-pass NO3
− recycling and NH3 production from dilute 

NO3
− solution, which can facilitate the development of efficient electrolyzers towards sustainable 

nitrogen-cycle transformations. 

 

CONCLUSIONS 

In summary, we have demonstrated a Cu nanowire electrocatalyst for efficient conversion of 

dilute NO3
− to NH3, which was prepared by growing Cu nanowires with tunable morphology and 

density on a Cu foam substrate. Compared to the Cu foam, the optimized Cu nanowire electrode 

(CuNW-15) showed greatly enhanced activity and selectivity for the NO3RR to NH3, achieving a 

current density of 20.8 mA cm−2 and a NH3 Faradaic efficiency of 90% at a low overpotential of 

−0.1 V vs RHE in an H-cell with an electrolyte containing 5 mM NO3
−. This is attributed to the 

high ECSA of the CuNW-15 electrode with an appropriate combination of Cu(100) and Cu(111) 

facets. The electrode was further evaluated for continuous NO3
− recycling using a flow cell, which 

achieved a 76.3% single-pass conversion of dilute NO3
− (5 mM) to NH3 while maintaining a NH3 

Faradaic efficiency of 93%. Our work not only revealed structure-activity-selectivity relationships 

of the Cu nanowire electrocatalysts for NO3
− reduction, but also demonstrated a promising method 

for NO3
− recycling and NH3 production from dilute NO3

− solutions, towards sustainable nitrogen-

cycle transformations. 
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