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Ammonia (NH3) is a versatile and foundational compound 
in modern society, used in everything from chemical syn-
thesis and fertilizers to fuels and clean energy carriers1–4. 

Today, global ammonia demand exceeds 150 million tons per 
year5,6, and consumes 2% of the world’s energy and releases 1.4% 
of global carbon dioxide emissions6–8. This is mainly due to the 
energy-intensive Haber–Bosch ammonia synthesis process that 
currently dominates production worldwide. In the Haber–Bosch 
process, steam-reformed hydrogen (H2) reacts with nitrogen (N2) 
under elevated temperatures (~500 °C) and pressures (>100 atm), 
which not only contributes a considerable carbon footprint, but also 
requires a large infrastructure9–11. Recently, electrocatalytic meth-
ods have emerged as a clean energy route for decentralized ammo-
nia production at room temperature, at a variety of infrastructure 
scales, and potentially driven by locally generated renewable 
energy12–15. Although the traditional ammonia production route is 
highly likely to persist in the near future given the gigantic global 
demand, electrochemical synthesis could substantially contribute to 
decarbonizing ammonia production.

The electrochemical N2 reduction reaction for ammonia synthe-
sis has been extensively studied for the past decade16–20. However, 

the current NH3 production rate, or NH3 partial current density, 
through this reduction reaction is extremely low (~0.1 mA cm–2) due 
to the sluggish dissociation step of the highly stable N≡N bond15,18,21. 
This low production rate is far from industrial requirements and 
may even make experimental quantifications unreliable due to trace 
impurities21–23. Conversely, the electrochemical nitrate reduction 
reaction (NO3RR) does not require the dissociation of high-energy 
bonds, and thus achieves faster reaction rates for NH3 produc-
tion3,23–25. Moreover, nitrate (NO3

–) is an abundant nitrogen source, 
particularly in industrial wastewater and polluted groundwater, that 
contributes to the global nitrogen cycle imbalance26–28. Therefore, 
NO3RR not only stands out as a promising pathway for renewable 
NH3 production, but simultaneously facilitates the denitrification of 
wastewater and balances the perturbed nitrogen cycle23,29,30.

Developing an efficient electrocatalysts for nitrate reduction is 
a prerequisite. Commonly, NO3RR is directed through the half-cell 
reaction:

NO−

3 + 6H2O+ 8e− → NH3 + 9OH− (1)

where the thermodynamic potential is 0.69 V versus the reversible 
hydrogen electrode (RHE). The goal of the catalysts here is to direct 
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reduction all the way to ammonia, while minimizing the side prod-
ucts from different NO3RR pathways and H2 from the hydrogen 
evolution reaction (HER), to achieve high NH3 Faradaic efficiencies 
(FEs). Previous studies demonstrated different catalysts for selec-
tive NO3

–-to-NH3 conversion31–40, but most were evaluated under 
relatively high nitrate concentrations in which the competing reac-
tions can be minimized. However, many practical nitrate resources, 
such as industrial wastewater, have low concentrations, which range 
from hundreds to thousands of ppm29,30. To date, it is still challeng-
ing to achieve both high current densities (>100 mA cm–2) and high 
ammonia FEs (>90%) under low nitrate concentrations due to the 
vigorous HER competition.

Here we developed a NO3RR electrocatalyst by dispersing Ru 
atoms into a Cu nanowire matrix (Ru-CuNW) for highly selec-
tive and active ammonia generation under low nitrate concentra-
tions. Our Ru-CuNW catalyst organically combines Ru’s low nitrate 
activation barrier and Cu’s inert HER activity. As a result, our 
Ru-CuNW delivers an industrial-relevant NH3 production rate of 
~1 A cm–2 while maintaining a high NH3 FE of 96% when operating 
at NO3

– concentrations of typical industrial wastewater (2,000 ppm), 
very competitive with previously reported catalysts31–40. More 
importantly, this high NO3RR activity enables an over 99% nitrate 
conversion into ammonia from an industrial wastewater level 
to a drinkable water level. By coupling electrochemical NO3RR 
with air stripping, we demonstrate a full conversion process from 
low-concentration nitrate sources to high-purity ammonia prod-
ucts for direct downstream applications. Our density functional 
theory (DFT) study revealed that the high nitrate-to-ammonia per-
formance arises from the highly dispersed Ru active site and that the 
supporting Cu sites suppress the parasitic side reactions.

Catalyst synthesis and morphology characterizations. The 
Ru-CuNW catalyst was synthesized through a cation exchange 
method on a Cu nanowire (CuNW) matrix (Fig. 1a; see Methods). 
CuNW and Ru nanoparticle (RuNP) control samples were also syn-
thesized and characterized to compare the catalytic performances 
(Supplementary Figs. 1a and 2). Other control samples, which 
included different Ru doping levels and different noble metal dop-
ants, such as Rh, Os and Ir, proposed by previous simulation studies 
to be active N2 reduction reaction candidates16,17,41, were also prepared, 
characterized and evaluated (Supplementary Figs. 1b–d and 3–5).

Scanning electron microscope (SEM) images (Supplementary 
Fig. 6) showed the morphology changes from copper hydroxide  
nanowire (Cu(OH)2NW) to Ru-doped CuO nanowire (Ru-Cu 
ONW); Transmission electron microscopy (TEM) (Supplementary 
Figs. 7–9) and high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) (Fig. 1b–d and 
Supplementary Fig. 10) further revealed their morphology differ-
ences. The diameter of the nanowire expanded from ~50 nm (Fig. 1b)  
to ~100 nm after the Ru-ion exchange process (Fig. 1c,d), and 
became ultraporous with a fivefold increase in its electrochemi-
cally active surface area (ECSA); the ECSA results are discussed in 
detail later. Interestingly, we observed a hollow nanowire structure 
(Fig. 1c) in Ru-CuONW, which can be attributed to the Kirkendall 
effect42–44. This implies the lattice Cu atoms diffuse outward and 
exchange with the Ru ions during the synthesis. Notably, the hol-
low core was filled again after the electrochemical prereduction 
process, which reduced the surface oxide to metal and rearranged 
the lattice while maintaining the high-surface-area porous structure  
(Fig. 1d). We performed high-resolution HAADF-STEM and con-
firmed that the lattices in Ru-CuNW correspond to those of metallic  
Cu (Fig. 1e,f and Supplementary Fig. 11). Energy dispersive spec-
troscopic (EDS) elemental mapping revealed a uniform disper-
sion of Ru dopants in the CuNW matrix in our catalysts (Fig. 1g  
and Supplementary Figs. 12–14), with a Ru:Cu atomic ratio of 
approximately 1:9 (Supplementary Fig. 15).

Electrocatalytic NO3RR performance. The electrochemical NO3RR 
performance of the Ru-CuNW catalyst was investigated under ambi-
ent temperature and pressure in a standard three-electrode H-type 
cell (Methods). In this study, NH3, NO2

– and NO3
– were quantified 

by ultraviolet–visible (UV–vis) spectrophotometry with calibration 
curves (Supplementary Figs. 16–18; see Methods). An industrial 
wastewater-relevant nitrate concentration of 2,000 ppm (refs. 29,30) 
was used in our electrolyte for the standard electrochemical charac-
terizations of the catalysts. A continuous electrolyte flow system was 
employed to avoid the impacts of a decreased nitrate concentration 
on the measured catalytic performances (Supplementary Note 1). 
The two major control samples, CuNW and RuNP, presented dis-
tinct electrocatalytic behaviours compared with that of Ru-CuNW 
(Fig. 2a,b). RuNP showed an early onset of ammonia generation 
with an about 80% FE at 0.2 V, which suggests facile NO3RR kinetics 
on the Ru sites. However, under higher overpotentials, particularly 
those more negative than the HER thermodynamic potential (0 V), 
the ammonia FE started to drop dramatically due to the strong HER 
competition (Supplementary Fig. 19c). This is unsurprising given 
that Ru is a widely recognized HER-active catalyst. In a sharp con-
trast, CuNW presented a sluggish ammonia onset. It required large 
overpotentials to reach a high ammonia FE, which also indicated 
the Cu’s inertness to HER (Supplementary Fig. 19b).

Our Ru-CuNW catalyst organically integrates the favourable cat-
alytic properties in Ru and Cu catalysts to deliver high-performance 
ammonia generation. Overall, Ru-CuNW not only showed a good 
onset potential, but also suppressed HER and the undesired NO2

– 
by-products at high current densities and negative potentials 
(Supplementary Figs. 19–21). The I–V plot (Fig. 2a) of Ru-CuNW 
shows an impressive 1 A cm−2 current at only –0.13 V versus RHE. 
Additionally, Ru-CuNW reached a maximum NH3 FE of 96% 
at 0.04 V and maintained a high FE plateau across a wide poten-
tial range (Fig. 2b), which was dramatically improved from that 
of either CuNW or RuNP. These performance metrics represent a 
high ammonia partial current of 965 mA cm–2 or a 76,500 μg h–1 cm–2  
ammonia generation rate (Fig. 2c and Supplementary Fig. 22), 
which suggests a notable improvement on those of previous reports 
(Supplementary Table 1)31–40.

We examined isotope-labelled NO3
– coupled with 1H nuclear 

magnetic resonance (NMR) analysis and confirmed that all our NH3 
products were generated by electrochemical NO3RR rather than 
by any contaminations (Fig. 2d). To compare the intrinsic activi-
ties of the catalysts, we performed electrochemical double-layer 
capacitance (Cdl) tests to normalize the current density over the 
ECSA (Supplementary Figs. 23 and 24 and Supplementary Table 2).  
Although these catalysts present similar ECSA-normalized I–V 
curves, Ru-CuNW still showed the best intrinsic activity for NO3RR 
towards NH3, followed by RuNP and then CuNW (Supplementary 
Fig. 24b). These results clearly demonstrate that the good perfor-
mance of Ru-CuNW is not only from its high surface area, but also 
from a higher intrinsic activity.

Different nitrate sources may have a wide range of nitrate con-
centrations; therefore, we examined the Ru-CuNW catalytic perfor-
mance at different NO3

– concentrations to demonstrate its broad 
adaptability. Other than the 2,000 ppm concentration (32.3 mM), 
10 mM and 100 mM NO3

– were selected to cover the range of pol-
lutant concentrations expected in household and heavy-industry 
wastewater, respectively23,26,27. Although Ru-CuNW preserved its 
high ammonia FE and activity under the higher nitrate concentra-
tion, the catalyst also presented an impressive performance under 
10 mM NO3

–, and delivered a 400 mA cm–2 current density with an 
ammonia FE of ~90% (Fig. 2e and Supplementary Figs. 25 and 26). 
In general, to deliver both a high nitrate removal efficiency and high 
ammonia FE is challenging, as the competing HER could domi-
nate when the remaining NO3

– is reduced. To evaluate Ru-CuNW’s 
capability in nitrate removal, we performed a batch conversion test 
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with an initial 2,000 ppm NO3
– and measured the remaining prod-

ucts (Fig. 2f). Impressively, nearly all the N sources were converted 
into NH3 within one hour. The NO3

–-to-NH3 selectivity reached 
99.8%, and the overall NH3 FE remained over 90%. After one hour 
of electrolysis, NO3

– and NO2
– were both significantly reduced 

below the World Health Organization (WHO) regulations for 
drinking water25,27,29. The product ratios over time (Supplementary  
Fig. 27) showed that we successfully collected all the N sources. 
These results demonstrate that Ru-CuNW not only achieves an out-
standing activity and NH3 FE, but also serves as a promising catalyst 
for complete nitrate removal and/or conversion in wastewater.

Detailed structure understanding. A detailed understanding of 
the electronic and atomic structure of Ru-CuNW is required to 
unravel the reaction mechanism that underlies the outstanding 
performance. Two important questions need to be investigated. 
First, the oxidation state of Ru, whether metallic or oxidized, must 
be determined as the electronic state underpins the electrocatalytic 
activity. Second, the Ru structure, either as isolated atoms or metal 
clusters, needs to be clarified.

To answer the first question, we initially conducted an X-ray 
photoelectron spectroscopy (XPS) analysis. The XPS survey spec-
tra (Supplementary Fig. 28) show the existence of obvious Cu and 
Ru peaks in Ru-CuNW. In the high-resolution Cu 2p spectrum 
(Supplementary Fig. 29), Ru-CuONW shows both Cu2+ and Cu0/
Cu+ peaks and the corresponding Cu2+ satellite peaks. However, 
Ru-CuNW only showed Cu0/Cu+ peaks after the prereduction 
process, which indicates its surface Cu was reduced. The Raman 
spectra also suggest that both CuO and Cu2O peaks in Ru-CuONW 
vanished after the prereduction process (Supplementary Fig. 30). 
High-resolution Ru 3d XPS spectra (Fig. 3a) was conducted to anal-
yse the Ru electronic structure changes. After Ru-CuONW reduced 
to Ru-CuNW, negative 1.0 eV energy shifts in the Ru 3d peaks were 
observed, which suggests the electronic state of Ru reduced from 
Ru4+ to Ru0 after the prereduction step45,46. A surface elemental  
ratio analysis (Supplementary Table 3) suggested the surface  
Ru:Cu was approximately 16:84, which is consistent with the EDS 
mapping result.

X-ray absorption spectroscopy (XAS) measurements provide 
further insight into the electronic properties of the Cu matrix 
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Fig. 1 | Synthesis and characterizations of Ru-CuNW. a, Schematic of the Ru-CuNW synthesis process. Cu foam was first oxidized into Cu(OH)2NW and 
then submerged in a Ru-ion containing solution (RuCl3), which drives the exchange of Ru and Cu, and results in Ru atoms doped into the Cu matrix. The 
resulting material was then annealed in Ar at 200 °C to produce Ru-CuONW. The final Ru-CuNW catalyst was produced by the in-situ electrochemical 
reduction of Ru-CuONW. b–d, HAADF-STEM images of Cu(OH)2NW (b), Ru-CuONW (c) and Ru-CuNW (d). e,f, High-resolution HAADF-STEM images 
of the Ru-CuNW surface structure (e) and its corresponding crystal structure and lattice spacing (f). The spacings of 0.208 and 0.184 nm correspond to 
the Cu(111) and Cu(200) facets, respectively. g, EDS mapping images of Ru-CuNW demonstrate uniformly dispersed Ru atoms.
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and coordination structures of the Ru dopants. The ex situ Cu 
K-edge X-ray absorption near-edge spectroscopy and white line 
(Supplementary Fig. 31) shows that the Cu oxidation state in 
Ru-CuNW is identical to that of the reference Cu foil, which sug-
gests that CuO reduced to the metallic state after the prereduction. 
To further confirm this, we performed synchrotron-based in situ 
XAS (Supplementary Fig. 32), and clearly demonstrated that the 
Cu oxidation state of the Ru-CuONW precatalyst gradually turned 
from the original Cu oxides into metallic Cu during the prer-
eduction (Fig. 3b). In situ XAS analysis of Ru-CuNW during the 
NO3RR also suggests that the metallic Cu state was well maintained 
(Supplementary Fig. 33a). The in situ and ex situ Ru K-edge X-ray 
absorption near-edge spectroscopy profile and energy absorption 
threshold (Fig. 3c and Supplementary Fig. 34) indicate the Ru oxi-
dation state shifted from a positive state in Ru-CuONW to a metal-
lic state in Ru-CuNW. In situ XAS during NO3RR further confirmed 
that the metallic Ru state is the active phase under the reaction con-
ditions (Supplementary Fig. 33b).

The corresponding Fourier-transformed extended X-ray 
absorption fine structure (FT-EXAFS) spectrum provides infor-
mation of the coordination structures (Fig. 3d). Ru-CuONW 
shows an obvious Ru–O peak (1.50 Å) but no Ru–Ru peak (2.39 Å), 
suggesting the Ru dopants were atomically dispersed in CuONW 
matrix after the ion exchange process and did not form nanoclu-
sters. This initial doping structure could minimize the accumu-
lation of Ru metal clusters during the pre-reduction. Please note 

that it is difficult for FT-EXAFS to differentiate the structure of Ru 
atoms in Ru-CuNW, as the Ru–Ru (cluster) and Ru–Cu coordina-
tion (atomic dispersion) in FT-EXAFS are within 0.1 Å from each 
other and are indistinguishable47–49. However, based on the further 
characterizations below, we later conclude the peak at 2.37 Å in 
Ru-CuNW should be attributed to the Ru–Cu coordination as no 
Ru clusters were observed.

We conducted synchrotron-based high-energy X-ray diffrac-
tion (HEXRD) measurements to analyse the detailed phase present. 
After integrating the two-dimensional (2D) HEXRD raw images 
(Supplementary Fig. 35) we found that Ru-CuNW showed only 
Cu peaks (Fig. 3a). Note that no Ru peaks were observed, which 
confirms the absence of aggregated Ru particles. These results are 
consistent with our regular X-ray diffraction (XRD) measurement 
(Supplementary Fig. 36) using low-energy Cu Kα radiation.

Synchrotron-based pair distribution function (PDF) analysis 
was performed to further probe the local bonding environments, 
as it is a powerful tool for studying the atomic pair correlations50,51. 
The first peak of Ru-CuNW has a maximum at 2.56 Å (Fig. 3f), 
which exactly matches the Cu–Cu nearest-neighbour distance 
based on the known crystal structure (PDF: 00-004-0836) and the 
bond length of Cu–Cu and Cu–Ru predicted by the DFT model 
(Supplementary Table 4). The first peak of Ru foil (2.70 Å) is close 
to the expected distance for Ru–Ru and matches well with the DFT 
model. The RuO2 has a Ru–O peak at 1.98 Å, but no such peaks 
were observed in Ru-CuNW (Supplementary Fig. 37), which  
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Fig. 2 | Electrocatalytic No3RR performance. a,b, I–V plots (a) and the corresponding NH3 FEs (b) of Ru-CuNW, CuNW and RuNP in a 1 M KOH with 
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– electrolyte at different potentials. Measurements were taken at least three times and the average FE values are presented with the 
standard deviation as error bars. c, The corresponding NH3 production rate and partial current density of Ru-CuNW. d, 1H NMR spectra before and after 
NO3RR using 15NO3
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– electrolytes. Without the electrochemical reactions, neither the 14NO3

– nor the 15NO3
– electrolyte showed NH4

+ signals. 
After electrocatalytic NO3RR using Ru-CuNW with 14NO3

–, three peaks corresponding to 14NH4
+ production were observed. When performing NO3RR 

with 15NO3
–, the two peaks of 15NH4

+ were detected, which confirmed that all our NH3 products were generated by electrochemical NO3RR rather than 
contaminants. e, NH3 FE of Ru-CuNW in a 1 M KOH electrolyte with different concentrations of NO3

–. f, Complete nitrate removal using Ru-CuNW with an 
initial 1 M KOH with 2,000 ppm NO3

– (equals 451.6 μg ml–1 NO3
––N) electrolyte at 0 V versus RHE. After 1 h of electrolysis, only 1.7 μg ml–1 of NO3

––N and 
0.03 μg ml–1 of NO2

––N remained, both significantly below the WHO regulations for drinking water (NO3
––N < 11.3 μg ml–1 and NO2

––N < 0.91 μg ml–1), with 
NH3 FE maintained at over 90%. a.u., arbitrary units.
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further demonstrates that the Ru in Ru-CuNW was fully reduced. 
Cu–Ru distances are expected to broaden the Cu–Cu peak slightly, 
but no apparent shoulder was observed, which suggests the absence 
of Ru–Ru bonds in Ru-CuNW. The PDF results therefore provide 
supporting evidence for the absence of significant Ru clustering.

To further verify the atomic dispersion of Ru in the Cu matrix, 
we conducted atom probe tomography (APT), a technique that can 
provide reconstructed 3D information down to the atomic level. 
The Ru-CuNW specimen was first prepared for the APT recon-
struction (Supplementary Note 2 and Supplementary Fig. 38). The 
overall reconstruction (Fig. 3g) shows the Ru-CuNW fragments 

with Pt filling the empty space. In the analysed zone, we found a 
Run+:Cun+ ratio of 16.9%, which is consistent with the EDS and 
XPS results. Figure 3h depicts the Ru density contour map of a 
cross-section of the reconstruction. The Ru-rich zones were mostly 
found at the boundary of the Cu-rich area, which indicates the Ru 
were supported on the surface of the Cu nanowire. A closer exami-
nation of the Ru-rich area (Fig. 3i) demonstrates that the Ru atoms 
were highly dispersed in the Cu matrix rather than forming clusters. 
Nearest-neighbour distribution analysis indicated that 84% of the 
Ru was isolated as single atoms, with no neighbouring Ru–Ru bond 
formed. Therefore, based on the 3D tomography information from 
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APT and all the characterizations above, we confirmed that the Ru 
dopants were in a metallic electronic state, and highly dispersed as 
isolated atoms in the Cu substrate.

Theoretical analysis. To explain the high NH3 FE over Ru-CuNW 
compared with those over CuNW and RuNP, we used DFT to cal-
culate the minimum energy pathway of the NO3RR and HER. The 
NO3RR pathway on the electrode surface includes: adsorption of 
NO3

–, deoxygenation of the N species, hydrogenation on the N spe-
cies and/or N–N bond formation and desorption of the reduced 
species. Figure 4a shows the overall pathway for NO3RR at 0 V ver-
sus RHE at pH 14.

DFT calculations predict that NH3 formation is the most favour-
able NO3

– reaction pathway at the Ru site on Ru-CuNW, because 
the activation barriers along the NH3 path are much lower than the 
rate-controlling barrier for the other pathways (NO2, NO, N2O and N2;  
Supplementary Figs. 39 and 40). Ru-CuNW minimizes the HER as 
NO3

– adsorption is 0.92 eV more favourable than H+ adsorption at the 
Ru site (Fig. 4b) and HER is unlikely to occur on the Cu sites due to 
the endothermic adsorption (+0.47 eV) of H2O*, the HER reactant at 
pH 14 (Supplementary Fig. 41). Although a more negative potential 
increases the likelihood of NO2

– desorption by reducing the desorp-
tion energy, the barrier for NO2

– release remains higher than that for 
the NH3 pathway until about –0.9 V versus RHE. The highly dispersed 
and isolated Ru active site additionally acts to restrict the NO3RR to 
the Ru atom due to high reaction energy (0.39 eV) required for N* 
to migrate from Ru–Cu to Cu–Cu sites (Supplementary Fig. 40),  

and thus minimizes formation with N atoms from other Ru sites. 
Overall, the combination of a suppressed HER, endothermic NO2

– 
desorption and restricted movement of the N* species on the surface 
leads to a high NH3 FE for Ru-CuNW over a wide range of potentials.

The poorer performance of CuNW compared with that of 
Ru-CuNW is attributed to the weaker adsorption of NO3

–, poor 
ability to hydrogenate reduced N atoms, and the sensitivity of NH3 
vs. NO2

– path to the potential. First, the activation barrier for NO3
* 

decomposition to NO2
* is ~0.02 eV higher than NO3

– desorption 
at 0 V vs. RHE, thus it is expected that desorption is just as likely 
as further reaction (Fig. 4b). The NH3 FE is highly sensitive to the 
slight potential changes which contributes to the low NH3 FE at 
positive potentials (Supplementary Note 3, Supplementary Figs. 42  
and 43). Moreover, water adsorption is endothermic by 0.46 eV on 
CuNW, thus there is limited H* for NH3 formation. The NO3RR 
pathway on RuNP is similar to Ru-CuNW, but the higher number 
of active sites available for HER and lower energy requirements for 
the H2O adsorption increases the probability of H2 formation and 
decreases NH3 FE at negative potentials (Fig. 4b, Supplementary 
Note 3, Supplementary Figs. 44 and 45). In summary, these results 
explain why Ru-CuNW has a superior performance for NH3 pro-
duction via NO3RR compared to CuNW and RuNP, and highlight 
the importance of highly dispersed Ru in Cu matrix.

Ammonia product collection. With the impressive NO3RR per-
formance of our Ru-CuNW catalyst, we further demonstrated 
its practical applications by coupling the electrocatalysis with 
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an air stripping method to continuously collect high-purity 
ammonia products (Fig. 5a). A catalyst’s good stability under an 
industrial-relevant current density is a prerequisite for such applica-
tions. We first conducted a long-term chronopotentiometry (CP) 
stability test of Ru-CuNW in a H cell with a continuous electrolyte 
flow. The voltage required to achieve 400 mA cm–2 over our catalyst 
remained stable over 100 hours, with over 90% NH3 FE maintained 
(Fig. 5b). The effluent with the generated NH3 in it was air stripped 
(Methods) for an efficient ammonia product collection due to the 
high ammonia vapour pressure in the alkaline environment52–54. 
As a result, we successfully stripped out over 99.7% of the gener-
ated ammonia from the electrolyte, with only 0.55 ppm remaining,  
which suggests a full denitrification of the water source and simul-
taneous generation of valuable ammonia (Fig. 5c). The stripped-out 

ammonia vapour was either trapped in a HCl solution or cold 
condensed into high-purity ammonia water. Most of the outflow-
ing ammonia vapour (~97%) was trapped in the acid solution, and 
finally formed high-purity NH4Cl(s) powder, an important fertil-
izer, after performing rotary evaporation. Secondarily, the liberated 
NH3 was subjected to a cold condensation process to produce pure 
NH3(aq) with a NH3 concentration of up to 0.3 wt%. The overall 
collection efficiency of both products is over 85% (Fig. 5c). The gen-
eration of NH4Cl(s) was confirmed by XRD (Fig. 5d) and NH3(aq) 
by 1H NMR spectroscopy (Fig. 5e). The collection efficiencies 
and product purities were confirmed by UV–vis (Supplementary 
Figs. 46 and 47). Overall, we demonstrated a complete process  
that directly converts nitrate-containing influent into practical 
ammonia products using our Ru-CuNW catalyst.
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Conclusions
In summary, we synthesized a high-performance NO3RR catalyst 
of highly dispersed Ru atoms on Cu nanowires, which delivered 
industrial-relevant ammonia generation current while maintaining 
a high FE and stability. DFT revealed that the uniformly distributed 
Ru sites show an activated NO3

–-to-NH3 pathway and the neigh-
bouring Cu sites helped suppress the undesired competing HER. 
The effluent from our electrolysis of NO3RR was combined with 
an air stripping process to produce NH4Cl fertilizer and pure NH3 
aqueous products. Future studies can be focused on how to trans-
late this excellent catalytic performance into membrane electrode 
assembly devices in which no liquid electrolyte is needed for more 
practical implementations.
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Methods
Catalyst synthesis. In a typical procedure, 1 × 1 cm2 Cu foam was first washed with 
isopropyl alcohol and then 0.1 M HCl to clean the surface. Next, the washed Cu 
foam was soaked in 0.1 M (NH4)2S2O8 with 1 M NaOH under ambient conditions 
for 1 h to oxidize Cu into Cu(OH)2NW. The synthesized Cu(OH)2NW was then 
washed with deionized water and soaked in 10 mM RuCl3 solution under ambient 
conditions for 12 h to go through a cation exchange process. After ion exchange, 
the product was dried at 70 °C in an oven for 1 h and then annealed in a flowing 
Ar atmosphere at 200 °C for 2 h to convert it into Ru-CuONW. Finally, an in situ 
electrochemical prereduction step was performed after annealing, which was 
performed with the CP method at 100 mA cm–2 for 12 h, followed by 700 mA cm–2 
for 1 h to obtain the final Ru-CuNW catalyst. Different noble-metal doped catalysts 
were synthesized via the same procedure, except 10 mM RhCl3·xH2O, OsCl3·xH2O 
and IrCl3·xH2O solutions were used instead of RuCl3. Ru-CuNW samples with 
different Ru doping levels were synthesized following the same procedure, except 
that 2 mM, 30 mM and 100 mM RuCl3 solutions were used. CuNW was synthesized 
by performing the same annealing and electrochemical prereduction procedure on 
Cu(OH)2NW without the ion exchange process. RuNP was synthesized by mixing 
0.2052 g of RuCl3 and 0.4 g of carbon black (Cabot, BP2000) into 150 m of 1 M HCl 
and sonicated for 2 h. Next, the mixture solution was dried by rotary evaporator, 
and the collected powder was annealed in a flowing Ar/H2 atmosphere at 900 °C for 
2 h to synthesize the final RuNP product.

Material characterization. SEM was performed on an FEI Quanta 400 field 
emission SEM. TEM, high-resolution TEM, HAADF-STEM, high-resolution 
HAADF-STEM and EDS elemental mapping were performed using an FEI Titan 
Themis aberration-corrected TEM at 300 kV and a Talos F200X transmission 
electron microscope at an accelerating voltage of 200 kV. Atomic resolution 
HAADF-STEM images were acquired on a JEOL JEM-AMR200F “NEOARM” 
equipped with an ASCOR probe corrector and operated at 80kV. XPS data were 
measured on a PHI Quantera spectrometer using monochromatic Al Kα radiation 
(1,486.6 eV) and a low-energy flood gun as the neutralizer. All the XPS spectra 
were calibrated by shifting the detected carbon C 1s peak to 284.8 eV. Raman 
spectra were obtained on a Raman microscope using a 633 nm laser excitation 
wavelength. XAS measurements were performed at the Sector 20-BM beamline 
of the Advanced Photon Source at the Argonne National Laboratory. The samples 
were measured in fluorescence mode, and the data processing for FT-EXAFS was 
performed using the ATHENA program. HEXRD measurements were carried out 
at 17-BM at the Advanced Photon Source at the Argonne National Laboratory, 
and the obtained 2D diffraction patterns were converted into 1D patterns using 
GSAS II software. Regular XRD data were collected on a Rigaku SmartLab X-ray 
diffractometer with Cu Kα radiation.

Total scattering data for the PDF were collected on the Brockhouse High 
Energy Wiggler beamline of the Canadian Light Source using 65 keV X-ray 
radiation. The Ru-CuNW foam was mounted directly on the beamline. A thin 
sheet of Ru metal was also measured as a reference and a RuO2 powder reference 
sample was measured in a 0.63 mm inner diameter Kapton capillary. Appropriate 
background measurements were made for each sample. The PDF was denote as 
G(r) in the result, where r is the interatomic distance. The PDFs were produced 
using a Qmax of 27 Å–1.

Atom probe tomography. APT analytical imaging is based on the combination 
of field evaporation and the principles of time-of-flight mass spectrometry. 
Field evaporation defines the phenomenon during which individual atoms can 
be evaporated from the surface they come from as ions if a strong electric field 
(several tens of V nm–1) is applied on the surface. To reach such an intense electric 
field, the samples were first fabricated as a sharp needle. APT sample preparations 
were performed using the standard focused ion beam lift-out process55 with a 
FEI Quanta dual beam56 (Supplementary Fig. 38). Given the important presence 
of voids in the Ru-CuNW, Pt welding was used to fill and consolidate the final 
needle structure. Field evaporation was controllably provoked with the application 
of either short voltage pulses (~10–100 ns duration) or assisted with laser beam 
pulses combined with a steady electric field. Atoms were extracted one by one and 
projected towards a position sensitive detector, which situated the detected ion in 
3D space for the reconstruction. The spatial positions and chemical identification 
by time-of-flight mass spectrometry were used to reconstruct the 3D chemical 
map of the evaporated samples. A full description of the technique can be found 
in a previous work57. In this work, we used a LEAP 4000X-HR local electrode 
atom probe system by CAMECA Instruments equipped with a 355 nm ultraviolet 
laser. The analysis was performed with a 125 kHz laser pulse frequency and 100 pJ 
power at 45.5 K. 3D reconstructions and analysis were conducted using CAMECA’s 
integrated visualization and analysis software (IVAS) version 3.8.8. Reconstruction 
parameters were determined with the help of the tip profile recorded by SEM after 
its fabrication by focused ion beam SEM (Supplementary Fig. 38c).

Electrochemical measurement. All electrochemical measurements were carried 
out in a customized H-type cell with a bipolar membrane (Fuel Cell Store) under 
the ambient conditions in this study. Electrochemical responses were recorded by a 
BioLogic VMP3 workstation. In general, 2,000 ppm NO3

– with 1 M KOH was used 

as the electrolyte in both the cathode and anode unless otherwise specified. The 
initial electrolyte volume in each H-cell compartment was 25 ml, and the electrolyte 
was continuously flowed in and out as a flow-system H-cell measurement 
(Supplementary Note 1) unless otherwise specified. A stir bar was used in the H 
cell at a stirring rate of 1,600 revolutions per minute to minimize the mass transfer 
limitation in the porous electrodes. In a typical three-electrode system, a Ni foam 
and a saturated calomel electrode (CH Instruments) were used as the counter and 
reference electrodes, respectively. In this work, all the potentials measured against 
the saturated calomel electrode were converted to the RHE scale by: E (versus 
RHE) = E (versus the saturated calomel electrode) + 0.241 V + 0.0591 × pH. In the 
1 M KOH electrolyte used in this work, the pH value was 14, as determined by 
an Orion Star A111 pH Meter (Thermo Scientific). The synthesized Ru-CuNW, 
Ru-CuONW and CuNW were directly used as the working electrode. For the 
RuNP working electrode, 5 mg of catalyst was added into 1 ml of isopropyl alcohol 
and 20 µl of a Nafion 117-containing solution (5%, Sigma-Aldrich) and sonicated 
for 1 h to obtain a well-dispersed catalyst ink, and then 80 µl of the catalyst ink was 
drop cast on a 1 × 1 cm2 Toray carbon paper (Fuel Cell Store), which resulted in 
a loading of 0.4 mg cm–2. Solution resistance was measured by the potentiostatic 
electrochemical impedance spectroscopy at frequencies from 0.1 Hz to 200 kHz, 
and all the measured potentials were 50% iR-compensated unless otherwise 
specified. Chronoamperometry tests were performed at a stirring rate of 1,600 
revolutions per minute at constant potentials for 10 min or until a stable current 
was achieved to confirm that a steady-state was reached. The current densities were 
recorded and the electrolytes were collected to analyse the catalytic performances. 
Linear sweep voltammetry tests were recorded at a scan rate of 5 mV s–1. Complete 
nitrate removal tests were conducted in a batch system H cell with an initial 
2,000 ppm NO3

– and 1 M KOH electrolyte for 70 min, and the electrolyte was 
collected every 10 min to quantify the products. Long-term stability was examined 
through CP tests at 400 mA cm–2 in a flow-system H cell at a 3 ml min–1 electrolyte 
flow rate.

FE, partial current density, yield rate and selectivity calculations. The FEs of 
NO3RR towards the NH3 and NO2

– products were calculated with equation (2):

FE = (n × ν × C × F)/i (2)

where n is the electron transfer number required to form the products, which 
is eight for NH3 and two for NO2

–, ν is the flow rate of the catholyte (l s–1), C 
represents the concentration of the outlet products (M), F is the Faraday constant 
(96,485 C mol–1) and i is the total current (A). If the experiments were conducted 
under the batch system, the FE was calculated by:

FE = (n × V × C × F) /(i × t) (3)

where V is the catholyte volume (l) and t is the total reaction time (s).
To calculate the partial current density of NH3, the following equation was 

used:

iNH3 = i × FENH3 (4)

In addition, the NH3 yield rate was calculated by:

rNH3 = ν × CNH3 (5)

In the complete nitrate removal experiment in the batch system, the NO3
–

-to-NH3 selectivity was calculated by:

NO−

3 − to − NH3 selectivity = CNH3 /ΔCNO−

3
(6)

ECSA analysis. The ECSA was determined by:

ECSA = Cdl/Cs (7)

where Cdl is the double layer capacitance and Cs is the specific capacitance of the 
sample. A general specific capacitance of Cs = 0.040 mF cm–2 was used in this study 
based on previous reported values34,40. Cdl was determined by the equation:

Cdl = ic/ν (8)

where ic is the charging current and ν is the scan rate. A series of cyclic 
voltammogram tests within the non-Faradaic potential region of 0.40–0.50 V 
(versus RHE) under different scan rates was performed. Next, by plotting the 
measured ic versus ν and performing a linear fitting, Cdl was obtained from  
the slopes.

Ammonia detection. The NH3 concentration was spectrophotometrically detected 
by the indophenol blue method with modification58. First, the outlet electrolyte 
product was collected and diluted to the detection range. Next, 1 ml of the diluted 
sample was mixed with 1 ml of 1 M NaOH, 5 wt% salicylic acid and 5 wt% sodium 
citrate solution. Then, 0.5 ml of 0.05 M NaClO solution and 0.1 ml of 1.0 wt% 
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C5FeN6Na2O (sodium nitroferricyanide) solution was added and left to rest for 
2 h under ambient conditions. Next, the absorption spectrum was measured by 
using a UV–vis spectrophotometer (UV-2600), and the formation of indophenol 
blue was determined using the absorbance at 655 nm wavelength. A standard 
concentration–absorbance calibration curve was made beforehand using a series 
of standard NH4Cl solutions. The NH3 product concentration was then calculated 
based on the tested absorbance and the standard curve.

In addition, 1H NMR spectroscopy (500 MHz) was also used to detect 
ammonia in the isotope-labelling measurement. The collected NH3 sample was 
first diluted to the detection range and adjust to pH 2.0 by adding 0.1 M HCl. Next, 
0.5 ml of the sample solution was mixed 0.1 ml DMSO-d6 (hexadeuterodimethyl 
sulfoxide) with 0.04 wt% C4H4O4, where DMSO-d6 serves as a solvent and maleic 
acid (C4H4O4) as the internal standard. Finally, the prepared mixture was tested by 
a 500 MHz SB Liquid Bruker Avance NMR spectrometer at ambient condition and 
the NH3 product peaks were analysed.

Nitrate detection. The nitrate concentration was measured by UV–vis 
spectrophotometry according to the standard method59. First, an electrolyte 
sample was collected and diluted to the detection range. Next, 40 µl of 1 M HCl 
with 4.0 µl of 0.8 wt% sulfamic acid solution was added and mixed with 2.0 ml of 
the diluted sample and rested for 20 min at ambient conditions. The absorption 
intensities at wavelengths of 220 and 275 nm were then recorded by UV–vis 
spectrophotometry (UV-2600). The final absorbance was calculated using the 
equation: A = A220nm – A275nm. The concentration–absorbance curve was calibrated 
using a series of standard potassium nitrate solutions with a linear fitting prepared 
in advance. Nitrate product concentration was then calculated based on the tested 
absorbance and the standard calibration curve.

Nitrite detection. The nitrite concentration was measured by UV–vis 
spectrophotometry according to the standard method59. First, a mixture 
of p-aminobenzenesulfonamide (4 g), N-(1-naphthyl) ethylenediamine 
dihydrochloride (0.2 g), deionized water (50 ml) and phosphoric acid (10 mL, 
ρ = 1.685 g ml–1) was used as the colour reagent. The electrolyte sample was 
collected and diluted to the detection range. Next, 40 µl of the colour reagent was 
added into the 2.0 ml sample solution, mixed thoroughly and rested for 20 min at 
ambient conditions. The absorption intensity at a wavelength of 540 nm was then 
tested by UV–vis spectrophotometry (UV-2600). The concentration–absorbance 
curve was calibrated using a series of standard potassium nitrite solutions with 
linear fitting prepared beforehand. Nitrite product concentrations were then 
calculated based on the tested absorbance and the standard curve.

Computational methods. Detailed computational methods, which include all 
meta data and formula development, are described in full in Supplementary Note 4  
and Supplementary Tables 5–7. In general, periodic boundary condition DFT 
calculations were performed using the Perdew–Burke–Ernzerhof functional, as 
implemented in the Vienna Ab initio Simulation Package60–62. The wavefunction 
was constructed from a summation of the plane waves with energies below 500 eV. 
There was less than a 0.01 eV difference in the adsorption energies calculated at 
500 and 600 eV cutoff energies. Projector-augmented wave pseudopotentials63 
explicitly included the H 1s, O and N 2s and 2p, Cu 4s and 3d, and Ru 5s and  
4d electrons.

Cu and Ru-CuNW were represented by (111) terminated slabs that consisted 
of 4 × 4 × 6 primitive units, and Ru was represented by a (001)-terminated 4 × 4 × 6 
slab. These surface terminations were chosen as they represented the low-energy 
surfaces64. Additionally, these crystal facets were equivalent because Ru is an 
hexagonal close-packed crystal structure, whereas Cu is face-centred cubic 
(Supplementary Fig. 48). All the slabs were separated by at least 12 Å of vacuum 
space to reduce spurious interactions between atomic layers. The Brillouin zone 
was sampled with an 8 × 8 × 1 Γ-point centred Monkhorst Pack mesh for each 
surface and showed only a 0.01 eV difference with a 10 × 10 × 1 mesh grid. All the 
geometries were relaxed until forces were less than 1 × 10–3 eV Å–1. Transition states 
for the surface reactions were investigated using the climbing image nudged elastic 
band method with at least five images per reaction until the residual forces were 
below 0.001 eV Å–1 (ref. 65).

We used the computational hydrogen electrode66 to account for an arbitrary 
potential according to:

G (U) = G
(

U0)
− ne

(

U − U0) (9)

where G(U0) is the free energy at 0 V versus the computational hydrogen electrode, 
U is the applied voltage and e is the charge of the electron. We used the Butler–
Volmer formalism to examine the potential effects during reaction:

G (U) = G
(

U0)
− αne

(

U − U0) (10)

where α is the portion of the electrons transferred at the transition state,  
assumed to be 0.5 (ref. 67). The adsorption and desorption of the charged  
species used thermodynamic cycles (Supplementary Fig. 49) and account  
for the applied potential.

The pH accounted for the effects on the free energies of the species and the 
source of H+. Free energy modifications due to pH were calculated according to:

ΔGprotonation = G◦

− 2.303kT (pKa − pH) (11)

and both the acidic and alkaline H* path was considered:

H+
+ e− + ∗ → H∗

→
1
2H2 (acidic path) (12)

H2O + e− + ∗ → H2O∗

+ e− → H∗

+OH−

→
1
2H2 + OH−

(alkaline path)
(13)

Direct ammonia product synthesis. First, the downstream electrolyte product 
during the long-term CP stability test at 400 mA cm–2 for 100 h in a flow-system H 
cell was collected. To evaluate the NH3 removal efficiency via air stripping and the 
NH3 collection efficiency by acid trap, 200 ml of downstream product was sealed 
in a flask with 200 sccm Ar gas flowing in for 24 h to perform the air stripping to 
purge the NH3 out. The outlet gas stream was meanwhile purged into 200 ml of 
0.3 M HCl to collect the NH3 product. The amount of NH3 in all the solutions  
was measured by the ammonia detection method mentioned above, and the 
removal efficiency and collection efficiency were calculated based on equations 
(14) and (15), respectively:

Removed NH3 via air stripping = 1 −
NH3 left after air stripping (mol)

initial NH3 (mol) (14)

Acid collected NH3 =

NH3 in acid trap (mol)
removed NH3 via air stripping (mol) (15)

To produce the NH4Cl(s) product and evaluate the production efficiency, 
the 200 ml of HCl with the trapped NH3 was dried by rotary evaporator, and the 
collected powder sample was further dried at 80 °C in an oven overnight. The final 
NH4Cl(s) was measured by a balance, analysed by XRD, dissolved in deionized 
water and detected with the UV–vis method. The collection efficiency of NH4Cl(s) 
from the acid trap was calculated by equation (16):

Collected NH4Cl(s) from acid trap =

collected dried out NH4Cl(s) (mol)
acid collected NH3(mol) (16)

To produce pure NH3(aq) product, 200 ml of electrolyte product from the 
stability test was sealed in a flask and heated to 80 °C with 2 sccm Ar purging 
in for 24 h. The outlet tube was submerged in an ice bath to condense the NH3 
vapour into NH3(aq). The outlet tube was connected to a sealed vial to collect 
the NH3(aq) product, and then connected to an extra 200 ml of 0.3 M HCl to 
trap all of the emitted NH3(g). The produced NH3(aq) product was analysed 
using 1H NMR (500 MHz), and quantified by the spectrophotometric method 
mentioned above. The condensation efficiency of the NH3(aq) product was 
calculated by:

Condensed NH3(aq) =

collected NH3(aq) (mol)
(collected NH3(aq)+emitted NH3) (mol) (17)

Data availability
The data that support the findings of this study are presented in the main text and 
the Supplementary Information and are available from the corresponding authors 
upon reasonable request.
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