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ABSTRACT: 

Electrochemical nitrate reduction reaction (NO3RR) provides a promising route for the 

denitrification of wastewater and sustainable NH3 production, but requires active and selective 

electrocatalysts. Here, we demonstrate a rigorous design of tandem electrocatalyst for efficient 

conversion of NO3
− to NH3. Based on the screening of tandem components, a catalyst coupling Cu 

and Co(OH)2 with an optimal ratio and tandem architecture was developed to promote and balance 

the activities of sequential NO3RR steps on different active sites. Compared to counterpart 

catalysts including Cu, Co(OH)2, and Cu-Co alloy, the Cu/Co(OH)2 catalyst with separated phases 

showed much higher activity and selectivity for NO3RR to NH3, suggesting a tandem mechanism 

that involves NO3
− reduction to NO2

− on Cu and solution transfer and further reduction of NO2
− to 

NH3 on Co-based sites. When operated in a flow cell, the Cu/Co(OH)2 catalyst further achieved 

100% single-pass conversion of dilute NO3
− solution to NH3 at low overpotentials. 
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The development of the Haber−Bosch process opened the door to large-scale production of 

ammonia (NH3) and thus boosted the production of nitrogen fertilizers, which has significantly 

increased the global agricultural yield. However, the nitrogen use efficiency of the fertilizers is 

typically lower than 40%,1 so that the nitrogen readily leaches out of soil and enters groundwater, 

lakes, and rivers. The excessive use of agricultural fertilizers as well as the discharge of industrial 

wastewater has substantially increased the concentration of nitrate (NO3
−) in the world water 

bodies,2 causing serious environmental problems such as eutrophication and disturbance of 

ecosystems.3 Aiming at the denitrification of wastewater, the electrochemical reduction of nitrate 

has recently emerged as a promising strategy,4−6 as it can be powered by renewable electricity with 

NH3 as a major product, which may thus provide a sustainable route for NH3 production as an 

alternative to the energy- and carbon-intensive Haber−Bosch process.7−9 

The electrochemical nitrate reduction reaction (NO3RR) to NH3 involves the transfer of eight 

electrons and consecutive hydrogenation and deoxygenation steps: NO3
− + 6H2O + 8e− → NH3 + 

9OH−. As a result, a relatively high overpotential is needed to overcome the kinetic barrier of the 

reaction, particularly for the NO3
−-to-NO2

− step that is often considered to be the rate-determining 

step.4 In addition to NH3, the NO3RR generates other undesired side products including NO2
−, N2, 

N2O, and NH2OH.4,5 Among them, NO2
− is a main side product that lowers the Faradaic efficiency 

for NH3 production, while the intermediately produced NO2
− can be further reduced to NH3 on the 

electrode,10 suggesting a unique dual role of NO2
− in the NO3RR catalysis. Furthermore, hydrogen 

evolution reaction (HER) may occur simultaneously and compete with the NO3RR under more 

negative potentials. Therefore, the development of efficient electrocatalysts for the NO3RR to NH3 

encounters challenges in both activity and selectivity. 

To date, a variety of electrocatalysts have been investigated for the NO3RR, including Cu, Co, 

Pd, Ru, Ti, and carbon-based materials,11−23 and different strategies have been utilized to improve 

their electrocatalytic performance.24−35 In particular, a concept of tandem catalysis was proposed, 

where two distinct catalytic sites are coupled to accelerate the NO3
−-to-NO2

− and NO2
−-to-NH3 

steps, respectively, thus to improve the overall efficiency for the NO3RR to NH3. Recently, this 

concept has been implemented in the development of some catalyst systems such as Cu-Co, Cu-

Ru, and Ru-Co based materials,36−41 which achieved efficient NO3RR with a high activity and NH3 

Faradaic efficiency. However, those tandem catalysts were mainly developed based on empirical 

considerations, while a more rational and rigorous design and a deeper mechanism understanding 

of the NO3RR process on tandem catalysts are still needed. Moreover, the NO3RR performance 

was typically evaluated in an H-cell setup, which has a gap with the need of continuous electrolysis 

for practical applications, so the operation in a flow cell particularly with a single-pass mode is 

highly desired.42,43 While high yields of NH3 may be reached using electrolytes with a high NO3
− 

concentration (0.1−1 M),44−48 typical nitrate sources such as industrial runoff and polluted ground 
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water, have a low NO3
− concentration ranging from few to few tens of mM,49−51 so an efficient 

electrolysis of diluted nitrate to ammonia is of vital importance for practical applications.52 

In this work, we present a rigorous design of tandem electrocatalyst for efficient conversion 

of dilute nitrate to ammonia. We first screen and identify the catalyst components for the initial 

reduction of NO3
− and the further reduction of NO2

− intermediate. Based on the screening results, 

a Cu/Co(OH)2 tandem catalyst is prepared by deposition of Co(OH)2 nanosheets on a Cu substrate 

with an optimal ratio and structure, thus to promote and balance the activities of the NO3
−-to-NO2

− 

and NO2
−-to-NH3 steps. Compared to counterpart catalysts including Cu, Co(OH)2, and Cu-Co 

alloy, the Cu/Co(OH)2 catalyst with separated phases shows a much higher activity and selectivity 

for the NO3RR to NH3, suggesting a tandem catalytic mechanism that involves NO3
− reduction to 

NO2
− on Cu, indirect transfer of NO2

− via the electrolyte, and NO2
− reduction to NH3 on Co-based 

sites. Using a flow cell, the Cu/Co(OH)2 catalyst further achieves 100% single-pass conversion of 

NO3
− to NH3 at −0.1 V vs the reversible hydrogen electrode (RHE, all potentials are reported with 

respect to this reference in this work) for continuous NO3RR electrolysis. 

Selection of tandem catalyst components. As the NO3RR involves multiple electron transfer and 

hydrogenation steps, a single-component catalyst may only exhibit appreciable activity for certain 

step of the reaction, typically NO3
−-to-NO2

− or NO2
−-to-NH3 (Figure 1a), due to the limitation of 

a linear scaling relationship between the binding energies of different intermediates on a catalyst 

surface.12,28,53 In contrast, a tandem catalyst can couple two active sites to promote the two steps 

simultaneously (Figure 1b), thus to achieve efficient and selective NO3RR to NH3. We first 

identify the components that are highly active for each step by screening various transition metals. 

Here, polycrystalline metal foils were used as a model catalyst to minimize the influence of 

electrode area and morphology and thus to compare their intrinsic activities.23 The metal foil 

electrodes were tested for the NO3RR and NO2
− reduction reaction (NO2RR) in 1 M KOH 

electrolytes containing 5 mM KNO3 and 5 mM KNO2, respectively. Linear sweep voltammetry 

(LSV) was first performed to evaluate the metal electrodes in a two-compartment electrochemical 

cell (H-cell), as shown in Figure S1. The current densities measured on the electrodes in the 

presence of NO3
− (Figure 1c) are much higher than that in 1 M KOH electrolyte without NO3

− 

(Figure S2), confirming their activities for the NO3RR. As exhibited in Figure 1c, the LSV curves 

recorded on the metal electrodes indicate an increase of the NO3RR activity in this order: Ni < Fe 

< Pd < Co < Cu. Particularly, the NO3RR on Cu showed an onset potential of 0.2 V vs RHE and 

reached a plateau at around −0.1 V in the LSV curve, while the current densities on Pd, Fe, and Ni 

were negligible at −0.1 V. In comparison, the NO2RR activity on the metal electrodes showed a 

distinct trend and increased in the order: Pd < Fe < Cu < Ni < Co, as indicated by the LSV curves 

in Figure 1d. The NO2RR on Cu showed a reduction peak at −0.1 V and then reached a plateau at 

−0.25 V, which should be attributed to the coexistence of Cu(100) and Cu(111) facets23 that have 
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different NO2RR activities.11 Among these metals, Cu showed the highest activity for the initial 

reduction of NO3
− but a lower activity for the subsequent reduction of NO2

−. On the other hand, 

while Co is less active than Cu in initiating the NO3RR, it showed the highest activity for the 

NO2RR, standing out as the most active metal for the NO2
−-to-NH3 step among these candidates. 

Therefore, Cu and Co are complementary to each other in the electrocatalytic process, and a 

tandem catalyst coupling Cu and Co may achieve both high activity and selectivity for efficient 

NO3RR to NH3. 

 

Figure 1. Screening of tandem catalyst components for the NO3RR. (a−b) Proposed mechanisms 

for the NO3RR on single-component (a) and tandem (b) electrocatalysts. (c−d) LSV curves 

recorded on different metal foil electrodes in 1 M KOH + 5 mM KNO3 (c) and 1 M KOH + 5mM 

KNO2 (d) electrolytes, respectively. Scan rate: 5 mV s−1. 

Preparation and characterization of Cu/Co(OH)2 tandem catalyst. To develop the proposed 

tandem catalyst, we need to find the suitable Co-based material as a tandem component, as recent 

studies suggest that Co(OH)2 may be reduced to Co during NO3RR, forming a dynamic Co valence 

cycle.10,40 To examine the possible chemical state evolution of Co, we tested a Co foil electrode 
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for NO3RR in 1 M KOH + 5 mM KNO3 electrolyte at −0.15 V vs RHE, and characterized it before 

and after the NO3RR test. As shown by the scanning electron microscopy (SEM) images and X-

ray photoelectron spectra (XPS) in Figure S3, the Co foil surface mostly changed to Co(OH)2 after 

the NO3RR test, as indicated by the nanosheet morphology and the chemical state of Co. To further 

identify the active Co state during NO3RR, we prepared Co nanoparticles (Figure S4) and Co(OH)2 

nanosheets on carbon support (Figure S5) and performed operando X-ray absorption spectroscopy 

(XAS) characterization of the electrocatalysts during NO3RR (Figure S6). As shown in Figure S7, 

both X-ray absorption near edge structure (XANES) spectra and Fourier-transformed extended X-

ray absorption fine structure (FT-EXAFS) spectra of Co K-edge indicate that Co(OH)2 has a better 

stability than Co nanoparticles under the electrolysis conditions. Therefore, we deposited Co(OH)2 

nanosheets on a Cu foam substrate using an electrochemical deposition method to prepare model 

tandem catalysts (see Experimental Methods for details).54 A series of Cu/Co(OH)2 samples were 

prepared with the Co(OH)2 deposition time varying from 0 to 60 min, for the comparison and 

optimization of the Cu:Co ratio. A representative sample with 50-min deposition time was selected 

for the characterization of morphology, structure, and chemical state. As presented in Figure 2a 

and Figure S8a, the SEM images showed a bare surface of the Cu foam, which was evenly covered 

with numerous nanosheets after the deposition of Co(OH)2 (Figure 2b and Figure S9). The uniform 

distribution of Co species on the Cu surface was also confirmed by the energy-dispersive X-ray 

spectroscopy (EDS) mapping in Figure S10. Grazing-incidence X-ray diffraction (XRD) pattern 

was further obtained for the Cu/Co(OH)2 sample, as shown in Figure 2c, which exhibited a new 

and broad peak centered at 10.5° as compared to that of the Cu foam (Figure S8b). This diffraction 

peak was attributed to α-Co(OH)2 (001) planes,54 so the nanosheets on the Cu foam were identified 

to be α-Co(OH)2. 

The chemical state of the Cu/Co(OH)2 sample was further examined by XPS and Raman 

spectroscopy (Figure 2d−f). Both Co 2p XPS spectra (Figure 2e) and characteristic peaks in the 

Raman spectra (Figure 2f) confirmed the presence of Co(OH)2 on the Cu foam,55,56 while the Cu 

foam surface encountered some minor oxidation during the preparation, as indicated by the 

characteristic peaks of Cu2+ in the Cu 2p XPS spectra (Figure 2d and Figure S8c−d).57 As Cu 

oxides can be reduced during the NO3RR and may impact the determination of Faradaic efficiency, 

an electrochemical pre-reduction was performed to remove surface oxides by cyclic voltammetry 

(CV) scans from 0 to −0.45 V vs RHE in a 1 M KOH electrolyte. After the pre-reduction treatment, 

the Cu 2p XPS spectra revealed a decrease of the amount of Cu oxides (Figure 2d), along with a 

partial conversion of Co(OH)2 to CoO (Figure 2e,f).10,58 As the chemical state of electrocatalysts 

may evolve during electrolysis, the electrode was also characterized after being tested for the 

NO3RR (Figure 2d−f), where only metallic Cu and Co(OH)2 remained on the electrode surface. 

Therefore, the sample is hereafter referred to as Cu/Co(OH)2, which should reflect the composition 

and chemical state of the electrocatalyst during NO3RR. 
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Figure 2. Characterizations of the Cu/Co(OH)2 catalyst. (a) SEM image of the Cu foam. (b) SEM 

image and (c) grazing-incidence XRD pattern of the Cu/Co(OH)2 sample prepared with 50-min 

deposition time. (d−f) XPS spectra of the Cu 2p (d) and Co 2p (e) regions and Raman spectra (f) 

of the Cu/Co(OH)2 sample under different conditions (as-deposited, after pre-reduction, and after 

NO3RR). The deconvoluted peaks of the XPS spectra were fitted using the Gaussian fitting method. 

Activity balance between NO3
−-to-NO2

− and NO2
−-to-NH3. As the Cu and Co(OH)2 components 

are designed to promote the NO3
−-to-NO2

− and NO2
−-to-NH3 steps, respectively, a balance or 

match between the rates of the two steps is needed to reach the best efficacy of tandem catalysis. 

Otherwise, an excessive amount of Cu will generate too much NO2
− and thus lower the Faradaic 

efficiency for NH3 production, while a too high ratio of Co(OH)2 will lead to slow NO3
− reduction 

and thus a low activity. Such an activity balance can be achieved by optimizing the Cu:Co ratio on 

the electrode surface. To find the optimal Cu:Co ratio, we varied the amount of Co(OH)2 on Cu 

foam by changing the deposition time at a fixed deposition rate of −0.1 mA cm−2. As the deposition 

time increased from 10 to 60 min, SEM images showed that the Cu foam surface evolved from a 

nearly bare state to that with a dense coverage of Co(OH)2 nanosheets, as exhibited in Figure 3a. 

EDS spectra were acquired on the Cu/Co(OH)2 samples prepared with different deposition times, 

as exhibited in Figure S11. The EDS analysis indicated that the Co content increased 

monotonically with the deposition time, reaching ~44 at% at 50 min and then surpassing the Cu 

content at 60 min. As EDS is not a very surface sensitive technique, we further performed XPS 

characterization of the Cu/Co(OH)2 samples to check the surface composition. As shown in Figure 

S12, high-resolution XPS spectra of the Cu 2p and Co 2p regions of the samples give a relatively 
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lower surface ratio of Cu, but it is still confirmed that the relative ratio of Co to Cu increased along 

with the increase of deposition time. The Cu/Co(OH)2 samples were evaluated for NO3RR by bulk 

electrolysis in an H-cell with a 1 M KOH + 5 mM KNO3 electrolyte. Possible gas-phase products 

(such as H2 and N2) were examined by gas chromatography. Two products, NH3 and NO2
−, were 

identified in the catholyte and quantified by the indophenol blue method59 and Griess method,60 

respectively, based on the calibration curves in Figures S13 and S14. The quantification of NH3 

production was also verified by 1H nuclear magnetic resonance (NMR) spectroscopy, based on the 

calibration curves in Figure S15. Moreover, the N source of the detected ammonia was confirmed 

to be the nitrate in the electrolyte using 15N isotope labeling experiment. 

We compared the NO3RR activity and selectivity on those electrodes at −0.05 V vs RHE, as 

shown in Figure 3c. Along with the increase of Co(OH)2 deposition time, the total current density 

first increased from 2.1 mA cm−2 on the Cu foam to 18.2 mA cm−2 on the Cu/Co(OH)2 electrode 

with 50-min deposition time, but then declined to 12.2 mA cm−2 on the electrode with even more 

deposition (60 min). Meanwhile, the NH3 Faradaic efficiency increased rapidly from 35.5% on the 

Cu foam to 96.2% on the Cu/Co(OH)2 electrode with 50-min deposition time, and then remained 

unchanged on the 60-min sample. Clearly, the deposited Co(OH)2 greatly improved both activity 

and selectivity for the NO3RR to NH3, which should benefit from the high activity for the initial 

reduction of NO3
− on Cu and the enhanced reduction of NO2

− to NH3 on Co-based sites.10,40 As 

predicted above, a too high ratio of Co in the 60-min sample led to a decline of the activity, due to 

the insufficient amount of Cu surface for the initial reduction of NO3
−. Meanwhile, the 60-min 

sample still showed a 96% Faradaic efficiency for NH3 production, indicating that Co(OH)2 is very 

selective for NO3RR to NH3. To elucidate this, we deposited Co(OH)2 nanosheets on carbon paper 

as an inert substrate (Figure S5), thus to evaluate its performance in the absence of Cu. The carbon-

supported Co(OH)2 sample exhibited a much lower NO3RR activity than that of the Cu/Co(OH)2 

sample, as shown in Figure S16, confirming the requirement of both Cu and Co(OH)2 to achieve 

highly active and selective NO3RR. Interestingly, Co(OH)2 showed a much higher activity for the 

NO2RR than NO3RR, so Co(OH)2 is highly active in reducing NO2
− to NH3 and can complement 

Cu to achieve the tandem catalysis. Thus, the Cu/Co(OH)2 electrode with a 50-min deposition time 

exhibited the best performance for NO3RR, suggesting an optimal Cu:Co ratio in the sample for 

efficient tandem catalysis. 
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Figure 3. Effect of the Cu:Co ratio in the Cu/Co(OH)2 catalyst for the NO3RR. (a−b) SEM images 

(a) and atomic percentages (b) of Cu/Co(OH)2 samples prepared with various Co(OH)2 deposition 

times. All scale bars in (a) are 2 µm. (c) Current density and Faradaic efficiency for NO3RR on the 

Cu/Co(OH)2 electrodes at −0.05 V vs RHE in H-cell with 1 M KOH + 5 mM KNO3 electrolyte. 

The error bars represent the standard deviation of three independent measurements. 

Tandem catalyst architecture. The above Cu/Co(OH)2 catalyst demonstrated a tandem effect on 

the NO3RR, which also raised the following question: which tandem architecture, separated phases 

or atomically mixed (alloy), is more efficient for the NO3RR? Comparing the efficacy of the two 

tandem architectures on the NO3RR can help elucidate the tandem catalysis mechanism: does the 

transfer of *NO2 intermediates from Cu to Co sites occur via direct surface diffusion or an indirect 

route (desorb from Cu sites, enter the electrolyte as NO2
−, and re-adsorb on Co sites), as illustrated 

in Figure 4a? If it is the former case (direct transfer), atomically mixed Cu-Co alloy should show 

a higher activity and NH3 selectivity than the separated phases of Cu/Co(OH)2 due to the adjacent 

Cu and Co sites. For a comparative study, Cu-Co alloy nanoparticles were prepared using a wet 

impregnation method followed by thermal reduction (see Experimental Methods for details).61 The 

formation of Cu-Co alloy, rather than segregated phases, was confirmed by transmission electron 

microscopy (TEM) imaging and XRD pattern, as shown in Figure S17. The ratio of Cu to Co on 

the surface of Cu-Co alloy was also probed by XPS (Figure S18), which is similar to that of the 

Cu/Co(OH)2 sample. Furthermore, operando XAS characterization was performed to examine the 
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active state of Co in the two samples during NO3RR. As shown in Figure S19, the chemical state 

of Co in the Cu/Co(OH)2 sample changed significantly from open circuit potential (OCP) to −0.1 

V vs RHE, at which the Co–Co characteristic peak became dominant in the FT-EXAFS, indicating 

a reduction of Co(OH)2 to Co0. This is distinct from the carbon-supported Co(OH)2 sample, where 

the Co–O peak and Co state remained largely unchanged from OCP to −0.1 V vs RHE (Figure S7). 

Thus, the presence of Cu can promote the electroreduction of Co(OH)2 to Co0, which is consistent 

with the observation with RuCo catalyst for NO3RR.40 More importantly, the Cu-Co alloy reached 

a similar Co state at −0.1 V vs RHE, as indicated by the FT-EXAFS in Figure S19d. Therefore, the 

Cu/Co(OH)2 and Cu-Co alloy samples can be compared to study the effect of tandem architecture 

or atomic arrangement. In addition, the Cu foam and carbon-supported Co(OH)2 sample were also 

included in the comparison as reference samples. 

The Cu-Co alloy, Cu foam, and Co(OH)2 samples were evaluated for the NO3RR at selected 

potentials, and then compared to the Cu/Co(OH)2 sample prepared with 50-min deposition time. 

The NO3RR electrolysis was similarly performed in an H-cell with a 1 M KOH + 5 mM KNO3 

electrolyte. As shown in Figure 4b, the current density on the Cu-Co alloy increased from 3.9 to 

9.0 mA cm−2 as the potential shifted from 0 to −0.15 V vs RHE, which was higher than that on the 

Cu foam and Co(OH)2 sample, but much lower than that on the Cu/Co(OH)2 electrode. Meanwhile, 

the current density on Cu/Co(OH)2 increased rapidly from 5.3 mA cm−2 at 0 V to 18.2 mA cm−2 at 

−0.05 V, and then reached a plateau (~19.7 mA cm−2) at more negative potentials due to the mass 

transport limitation of NO3
− (5 mM), showing a much higher activity than the Cu-Co alloy. The 

NH3 Faradaic efficiency was similar between the Cu-Co alloy and Cu/Co(OH)2 at potentials from 

0 to −0.1 V (Figure 4c), which however declined to 78% on the Cu-Co alloy at −0.15 V due to the 

emergence of the HER activity. In contrast, the Cu/Co(OH)2 electrode achieved an ultrahigh NH3 

Faradic efficiency of 99% at −0.15 V. The HER activity of the Cu-Co alloy is higher than Co, as 

confirmed by the LSV curves recorded on the CuCo alloy and Co nanoparticles in Ar-purged 1 M 

KOH electrolyte (Figure S20), which is attributed to the metal alloying that changed the electronic 

structure.62 Therefore, the Cu-Co alloy exhibited a low NO3RR activity but a high NH3 selectivity, 

as well as a high HER activity.10,40 Although the Cu-Co alloy showed a better performance than 

Cu and Co(OH)2, it could not combine the electrocatalytic strengths of Cu and Co(OH)2 to achieve 

efficient tandem catalysis. Thus, the separated tandem architecture was found to be more favorable 

for the NO3RR to NH3, where Cu and Co(OH)2 can largely maintain their own catalytic properties. 

Here, the Cu/Co(OH)2 and Cu-Co alloy samples have similar surface Cu-to-Co ratios (XPS data) 

and similar Co state during NO3RR (XAS data in Figure S19), so we can compare their intrinsic 

activities to identify the mechanism: whether the transfer of *NO2 intermediates from the Cu site 

to the Co site is achieved by direct surface diffusion or by an indirect route. As the Cu-Co alloy 

showed a lower NO3RR activity (Figure 4b), it is deduced that the adjacent Cu and Co sites in the 

alloy did not promote the transfer of *NO2 intermediates via surface diffusion. We can thus propose 
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that the transfer of *NO2 intermediates from Cu to Co sites in the tandem catalytic process mainly 

occurs via an indirect route (enter the electrolyte as NO2
− and then re-adsorb on the Co sites), as 

will be further discussed below.  

 

Figure 4. Effect of tandem catalyst architecture. (a) Schematic illustration of the possible tandem 

mechanisms for NO3RR on Cu-Co-based catalyst. (b) Current density and (c) Faradaic efficiency 

for the NO3RR on the Cu foam, Co(OH)2 sample, Cu-Co alloy, and Cu/Co(OH)2 tandem catalyst 

at selected potentials in H-cell with 1 M KOH + 5 mM KNO3 electrolyte. The error bars represent 

the standard deviation of three independent measurements. 

Single-pass conversion of NO3
− using tandem catalyst. The applications of the NO3RR catalysts 

will eventually require a single-pass conversion of NO3
− to NH3. To test the single-pass conversion 

rate of NO3RR, a homebuilt flow cell was developed for continuous NO3RR electrolysis, as shown 

in Figure S21. The above designed Cu/Co(OH)2 catalyst was first evaluated for continuous NO3RR 

electrolysis in the flow cell. As shown in Figure S22, although the Cu/Co(OH)2 catalyst exhibited 
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a high activity and selectivity for NO3RR to NH3, the single-pass conversion rate was low, which 

only reached 17% at an electrolyte flow rate of 30 mL h−1 and further dropped at higher flow rates. 

To enhance the single-pass conversion rate, we improved the catalyst design by first growing Cu 

nanowires on a Cu foam and then depositing Co(OH)2 nanosheets on the Cu nanowires, thus to 

increase the electrochemical surface area (ECSA) of the electrode. The CuNW/Co(OH)2 electrode 

was prepared by the growth of CuO nanowires on a Cu foam (SEM image in Figure 5a),63 and 

then electrochemical deposition of Co(OH)2 nanosheets (SEM image in Figure 5b),54 followed by 

the electroreduction of CuO to Cu nanowires (see Experimental Methods for details).64 The TEM 

image and EDS mapping in Figure 5c confirmed the coupling between Cu nanowires and Co(OH)2 

nanosheets. Due to the increase of Cu surface area, here the Co(OH)2 deposition was performed at 

a higher current density of −0.2 mA cm−2 with the deposition time to be optimized again. As a 

result, the CuNW/Co(OH)2 electrode prepared with 45-min deposition time showed an optimal 

performance for NO3RR and was thus selected for further study below. The ECSA of an electrode 

is proportional to its double-layer capacitance, which can be measured by a CV method. As shown 

in Figure S23, the double-layer capacitance of the CuNW/Co(OH)2 electrode is around 6 times 

that of the Cu/Co(OH)2 electrode, confirming a significant increase of the ECSA. 
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Figure 5. Single-pass conversion of NO3
− to NH3 on the CuNW/Co(OH)2 catalyst in flow cell. (a) 

SEM image of the Cu nanowires grown on Cu foam. (b) SEM image and (c) TEM image and 

corresponding EDS mapping of the CuNW/Co(OH)2 sample prepared with 45-min deposition time. 

(d) Current density and Faradaic efficiency, and (e) single-pass conversion rate for the NO3RR on 

CuNW/Co(OH)2 at −0.1 V vs RHE in a flow cell with 1 M KOH + 5 mM KNO3 electrolyte at 

various flow rates. (f) Current density and Faradaic efficiency, and (g) single-pass conversion rate 
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for the NO3RR on CuNW/Co(OH)2 at −0.1 V vs RHE in a flow cell with 1 M KOH electrolytes 

containing different concentrations of NO3
− at a flow rate of 15 mL h−1. (h) Stability test of the 

CuNW/Co(OH)2 electrode for NO3RR at −0.1 V vs RHE in a flow cell with 1 M KOH + 5 mM 

KNO3 electrolyte at a flow rate of 15 mL h−1, where j represents current density. The error bars 

represent the standard deviation of three independent measurements. 

The CuNW/Co(OH)2 electrode was then evaluated for continuous NO3RR electrolysis at −0.1 

V vs RHE using the flow cell. The electrolysis was first performed with 1 M KOH + 5 mM KNO3 

electrolyte at various flow rates. As shown in Figure 5d, the current density on CuNW/Co(OH)2 

increased monotonously from 12.6 to 34.9 mA cm−2 as the flow rate increased from 15 to 60 mL 

h−1. Meanwhile, NH3 was the only major product with a negligible NO2
− production in the flow 

rate range, except a small NO2
− Faradaic efficiency of 6.3% at 60 mL h−1, showing a highly 

selective NO3RR to NH3 on the CuNW/Co(OH)2 electrode. Moreover, the slight increase of NO2
− 

selectivity with the flow rate indicates that a fast electrolyte flow can wash away the intermediately 

produced NO2
− and reduce its probability of re-adsorption and reduction on Co sites. This 

observation further supports the tandem catalytic mechanism proposed above: the transfer of the 

*NO2 intermediates from Cu to Co sites involves NO2
− entering the electrolyte. Impressively, the 

CuNW/Co(OH)2 electrode achieved a 100% single-pass conversion of NO3
− to NH3 at flow rates 

from 15 to 45 mL h−1 and maintained a 92% conversion at a flow rate of 60 mL h−1 (Figure 5e), 

demonstrating an ultrahigh efficient conversion of NO3
− to NH3. 

Typical nitrate sources, such as industrial wastewater and polluted ground water, have a NO3
− 

concentration ranging from few to few tens of mM.49−51 To test the versatility of the developed 

CuNW/Co(OH)2 electrode, we further evaluated it for the NO3RR in the flow cell with 1 M KOH 

electrolytes containing various concentrations of NO3
− at a fixed flow rate of 15 mL h−1. As shown 

in Figure 5f, the current density on CuNW/Co(OH)2 exhibited an almost linear increase from 6.3 

to 51.2 mA cm−2 as the NO3
− concentration increased from 5 to 50 mM. Meanwhile, an ultrahigh 

NH3 Faradaic efficiency with a negligible NO2
− production was achieved on the CuNW/Co(OH)2 

electrode in the NO3
− concentration range from 5 to 25 mM, despite a slight decrease in the 

electrolyte with 50 mM NO3
−. Encouragingly, the CuNW/Co(OH)2 electrode achieved a 100% 

single-pass conversion of NO3
− to NH3 for electrolytes with various NO3

− concentrations ranging 

from 5 to 50 mM (Figure 5g), even with a low concentration of 1 mM (Figure S24) or in a neutral 

electrolyte (Figure S25), demonstrating a great potential of the electrode for the denitrification of 

various wastewater sources as well as other versatile applications. As previous studies of NO3RR 

were mainly performed using H-cell, few studies have measured and reported the single-pass 

conversion rate of NO3
− to NH3, as shown in Table S1 that summaries the NO3RR performance on 

a variety of recently reported electrocatalysts. Aiming at practical applications of the NO3RR 

electrolysis, we advocate on the development and use of flow cell for the NO3RR tests as well as 
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the report of single-pass conversion rate as a performance metric. Here our work has demonstrated 

an example on the design of electrocatalyst and flow cell that achieved 100% single-pass 

conversion of NO3
− to NH3, which is, to the best of our knowledge, among the most efficient 

electrocatalytic systems reported to date for single-pass conversion of dilute nitrate sources to 

ammonia. Moreover, we tested the stability of CuNW/Co(OH)2 for long-term continuous NO3RR 

electrolysis. As shown in Figure 5h, the CuNW/Co(OH)2 electrode maintained a nearly complete 

single-pass conversion of NO3
− to NH3 during a continuous electrolysis of 35 h. 

In summary, we demonstrated a rigorous design of Cu- and Co-based tandem electrocatalyst 

for efficient conversion of dilute nitrate to ammonia. We first screened the most active component 

for the NO3
−-to-NO2

− and NO2
−-to-NH3 steps, respectively, and then balanced the activities of two 

steps by tuning the surface Cu:Co ratio with an optimal tandem architecture. As a result, a tandem 

catalyst coupling Cu and Co(OH)2 was developed, which showed much higher activity and NH3 

selectivity than the counterpart catalysts including Cu, Co(OH)2, and Cu-Co alloy. Impressively, 

using a flow cell, the CuNW/Co(OH)2 electrode achieved a complete single-pass conversion of 

NO3
− to NH3 at −0.1 V vs RHE, and maintained a nearly 100% conversion for electrolytes with 

various nitrate concentrations (1−50 mM) and at different flow rates. Such an efficient NO3RR 

electrolysis is facilitated by a tandem mechanism that involves NO3
− reduction to NO2

− on Cu, 

indirect transfer of NO2
− via the electrolyte, and NO2

− reduction to NH3 on Co-based sites. Our 

work demonstrates a rigorous design process and principles of tandem electrocatalysts for nitrate 

reduction and other complex electrochemical reactions, with new mechanistic insights into tandem 

electrocatalysis. 
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