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Introduction 

 
Nitrogen (N2), the most abundant naturally occurring gas on 

Earth (~78 % of the atmosphere), serves little purpose 

unless “fixed” in the form of reactive nitrogen (Nr).[1] These 

‘fixed’ Nr compounds play a fundamental role in sustaining 

 
and propagating all forms of life on Earth; from the tiniest 

bacteria to the 8 billion human population.[2] The extensive 

deployment of the Haber–Bosch process for Ammonia 

(NH3) synthesis catapulted the anthropogenic Nr production 

tenfold to > 150 teragrams a year,[3] which sustains about 

50 % of the world population’s need for nitrogen nutrition. 

However, the fixed and then released Nr have made the 

nitrogen cycle the most altered biogeochemical cycle, 

compared to any other element such as carbon.[1] 

Natural denitrification processes that convert these Nr 

species back into N2 remain, but they are not capable of 

matching the rate of Nr generation, causing continued 

accumulation of Nr in air, water, and soil. The rising Nr 

levels nevertheless have resulted in progressively detrimen- 

tal impacts on our fragile ecosystems and health, including 

soil acidification, coastal eutrophication, air pollution, 

declining biodiversity, and groundwater contamination.[1] 

Among  anthropogenic  Nr  species,  waste  nitrate  (NO-
3 )  is 

the most prevailing one, because of the highest oxidation 

state, at an estimated accumulation rate of 40 million metric 

tons of nitrogen per year. Some of the severe health hazards 

associated  with  NO-
3     include  neural  tube  defects  during 

pregnancy,   infant   methemoglobinemia   aka   ‘blue  baby 

syndrome’, thyroidal diseases, and colorectal cancer.[4] 

Recycling  this  massive  waste  NO3-N  back  into NH3, 

through the electrochemical reduction of nitrate (NO3RR), 

can greatly reduce the reliance on direct N2 conversion to 

NH3 via the Haber–Bosch process, helping close the nitro- 

gen cycle and alleviating environmental stress. Notwith- 

standing the significant progress in the development of 

selective and active electrocatalysts for NO3RR,[5,6,15–21,7–14] 

the high-productivity and low-cost NO3RR with both high 

selectivity and high efficiency on a desired industrial scale of 

current density (> 1,000 mA/cm2) remains very limited.[8,21,22] 
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Abstract: A glut of dinitrogen-derived ammonia (NH3) 

over the past century has resulted in a heavily imbal- 

anced nitrogen cycle and consequently, the large-scale 

accumulation of reactive nitrogen such as nitrates in our 

ecosystems has led to detrimental environmental issues. 

Electrocatalytic upcycling of waste nitrogen back into 

NH3 holds promise in mitigating these environmental 

impacts and reducing reliance on the energy-intensive 

Haber–Bosch process. Herein, we report a high-per- 

formance electrolyzer using an ultrahigh alkalinity 

electrolyte,  NaOH-KOH-H2O,  for  low-cost  NH3  elec- 

trosynthesis. At 3,000 mA/cm2, the device with a 

faradaic efficiency (FE) of 92.5 ± 1.5 % under a low cell 

Fe-Cu-Ni  ternary  catalyst  achieves  an  unprecedented 

voltage of 3.83 V; whereas at 1,000 mA/cm2, an FE of 

achieved. Techno-economic analysis revealed that our 

device cuts the levelized cost of ammonia electrosyn- 

96.5 ±4.8 % under a cell voltage of only 2.40 V was 

thesis by ~40 % ($30.68 for Fe-Cu-Ni vs. $48.53 for Ni 

foam  per  kmol-NH3).  The  NaOH-KOH-H2O  electro- 

lyte  together  with  the  Fe-Cu-Ni  ternary  catalyst  can 

enable the high-throughput nitrate-to-ammonia applica- 

tions for affordable and scalable real-world wastewater 

treatments. 
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Of the promising catalysts developed so far, most include 

derivatives of expensive noble metals and are often obtained 

through very complex synthesis techniques. Although inex- 

pensive earth-abundant metals[7,10,18,20,21,23,24] have also 

emerged as promising candidates for NO3RR, their per- 

formance has been marred by moderate ammonia selectivity 

and/or large energy consumption for operation at industri- 

ally desirable current densities. The development of high- 

performance NO3RR catalysts with high ammonia selectiv- 

ity, low energy consumption, and inexpensive materials cost 

is of paramount importance to achieve high ammonia 

productivity at industrially desirable current densities. 

An unexpected yet promising avenue to attain high- 

productivity NO3RR is through a NaOH  KOH  H2O  

ternary electrolyte with ultrahigh alkalinity. Very recently, 

we demonstrated the surprising capability of the ternary 

alkaline electrolyte to sustain high-current density NO3RR 

operations using a plain Ni wire mesh as cathode, leading to 

an ammonia productivity of 4,200 mA/cm2 (ammonia-ori- 

ented partial current density) with a faradaic efficiency (FE) 

of 84.5 % under a cell voltage of 4.5 V. Clearly, lower cell 

voltage and higher ammonia selectivity are critically needed 

to promote the high-productivity NO3RR, therefore calling 

for the development of high-performance NO3RR catalysts 

tailored to take full advantage of the robust ternary alkaline 

electrolyte system. 

Herein, we report a high-performance Cu Fe Ni ternary 

catalytic system for high-productivity NO3RR operation in 

the NaOH KOH H2O ternary electrolyte. The ternary 

catalyst with equimolar combination achieved FEs of 96.5 

4.8 % at 2.40 V and 92.5 1.5 % at 3.83 V at 1,000  and 

3,000 mA/cm2, respectively at 100 C. The Cu Fe Ni ternary 

catalyst significantly outperforms any pristine metals (Cu, 

Fe, and Ni) under the same testing conditions, due to 

synergistic enhancement. The presence of Fe in the catalyst, 

more specifically the α-Fe2O3 phase, was observed to play a 

crucial role in granting the high ammonia selectivity and low 

energy consumption. 

 
 

Results & Discussion 
 

Pursuit of a High-Performance and Low-Cost Catalyst: 

Fe-Cu-Ni Ternary System 

Various inexpensive earth-abundant metals and their deriv- 

atives have emerged as the forerunners for NO3RR albeit in 

simple aqueous systems, including Ni-based electrodes[9,25] 

with operation durability, Cu-based catalysts[6,20,26] with high 

ammonia efficiencies, and Fe-based ones[7,18,27] with high 

ammonia productivity. However, the applicability of those 

pristine/pure metallic catalysts in NaOH KOH H2O  ter- 

nary electrolytes is compromised due to the ultrahigh 

alkalinity environments. 

Known for its excellent corrosion resistance in alkaline 

solutions,[28] pure Ni has been the intuitive choice of cathode 

in ultrahigh alkalinity systems. In addition, Ni has been 

reported to be increasingly selective for NH3 at more 

negative overpotentials in highly alkaline systems.[29] Cu is 

also well-known for its remarkable propensity for reducing 

NO-
3   to NH3 with high ammonia selectivity (> 90 %).[9] More 

interestingly, Cu Ni alloys with proper compositional tuning 

tend to outperform their pure counterparts, at least in 

ambient aqueous electrolytes.[9] However, Ni, Cu, and Cu-

Ni alloy (Monel 400) as electrocatalysts at high current 

densities� 1,000 mA/cm2 showed moderate NO3RR per- 

formance  (65 %–82 %  as  the  highest  NH3  FE)  in  

NaOH KOH H2O electrolyte (see Figure 1a–c). 

Similarly, Fe has also been extensively reported for its 

modest ammonia faradaic efficiency (ca. 75 %) in alkaline 

systems.[7,30] In addition, its chemical stability is of concern 

under ultrahigh alkalinity.[28] Stainless steel (such as SS304) 

was considered a corrosion-resistant substitute for pure Fe, 

its performance was comparable with Cu Foil at 1,000  mA/ 

cm2, however, the ammonia efficiency plunged sharply (< 
35 % NH3 FE) at higher current densities (Figure 1a–c). 

Considering Wu et al.’s[7] Fe single atom catalyst’s high 

ammonia selectivity and productivity for NH3 in simple 

aqueous electrolytes, we conjectured that the inclusion of Fe 

atoms into the Cu Ni system may yield a synergistic effect— 

boosting     the     NO3RR     performance     in     the  

NaOH KOH H2O ternary electrolyte while leveraging the 

material’s resilience of Cu Ni binary system in the ultrahigh 

alkalinity. The inclusion of multiple redox-active metal ions 

at the catalytically active sites also helps buffer the multi- 

electron transfer process essential for NO3RR thus increas- 

ing overall performance.[31] In short, the Fe Cu Ni ternary 

catalytic system may offer unprecedented performance at 

industrially desirable current densities for low-cost and high- 

productivity NO3RR operation. 

 

 
Synthesis and Characterization of FexCuy@Ni Ternary System 

 
The traditional physical mixing approach can be used to 

synthesize the Fe Cu Ni ternary alloys, however, the 

synthesized ternary alloys obtained through such an ap- 

proach often have large crystal sizes, and therefore a very 

limited electrochemically accessible surface area.[32] Alter- 

natively, electrodeposition can overcome the drawback of 

the physical mixing approach to achieve atomic synergy 

among the three metal elements, resulting in improved 

NO3RR.[33] Modifying Zhang et al.’s[31] electrodeposition 

approach to synthesize the ternary alloys (core–shell struc- 

tured Fe Cu Ni electrodes), we prepared a ternary alloy 

electrode intentionally free of the core–shell features. The 

electrochemical dealloying process used by Zhang et al.[31] to 

obtain the core–shell features relied upon preferential 

discharge of the Cu metal due to its higher chemical activity 

relative to Ni and Fe which left behind a metal oxide layer 

on the surface. Such an oxidized surface structure is not 

desirable considering the poor electrical conductivity of 

most metal oxides, therefore, was intentionally avoided. Our 

Fe Cu Ni ternary electrode (denoted as FexCuy@Ni, here- 

inafter, Table 1) was fabricated via chronopotentiometric 

electrodeposition of the three elements from an equimolar 

electrolyte bath onto a Ni foil substrate (detailed method 

described in electronic Supporting Information (ESI†)). The 
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Figure 1. NO3RR performance and materials characterization of the Fe Cu @Ni catalyst. (a) NO3RR performance comparison at 3,000 mA/cm2 of 

current density between the Fe4Cu4@Ni and four chosen common electrode materials. (b) and (c) NO3RR performance comparison at 2,000 mA/ 

cm2 and 1,000 mA/cm2, respectively. (d) Scanning electron microscope (SEM) images of the as-prepared Fe4Cu4@Ni catalyst. Energy-dispersive X- 

ray spectroscopy (EDXS) elemental maps for (e) Ni, (f ) Fe, and (g) Cu, (h) SEM of section probed for EDXS. A comparison of XPS profiles of (i) Cu 

2p, (j) O 1s, and (k) Fe 2p for Fe0Cu8@Ni, Fe1Cu8@Ni, and Fe4Cu4@Ni electrocatalysts. 

 

 

atomic compositions of Fe: Cu: Ni in the deposited alloy at 

each electrode were then quantified through ICP-MS  

(Table S6–S7, ESI†) and the results correlated well with the 

electrolyte bath concentrations used for electrodeposition. 

A uniformly dense distribution of dendritic structures 

with distinct tip-splitting and hierarchical features charac- 

terized the surface of the as-prepared catalyst when 

observed under the SEM (Figure 1d). Further, an elemental 

map for the SEM images was generated using an energy- 

dispersive x-ray spectroscopy (EDXS) technique which 

revealed a uniform distribution of three key elements: Ni, 

Fe, and Cu (Figure 1e–g). XPS analysis also confirmed the 

presence of the same three elements on the surface while 

deconvoluting the high-resolution spectrum for each, Cu 2p, 

Cu LMM, Fe 2p, and Ni 2p signals suggested a mixture of 

pure and their corresponding oxide phases (Figure S5, 

ESI†). Moreover, an XPS depth profile  revealed similar  

Fe Cu Ni atomic ratios as that at the surface indicating the 

successful co-deposition throughout the deposited layer 

(Table S11, ESI†). Rietveld refinement of the XRD scan of 

the  Fe-Cu-Ni  catalyst  also  confirmed  the  presence  of  four 
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Table 1: List of catalysts synthesized in this study with their recipes of 

precursors. 
 

 

Catalyst NameCu: Fe RatioThe Concentration of Metal Precursors in 

Electrolyte (mM) 

spontaneous  reduction  of  NO-
3     to  NH3.  Nevertheless,  the 

observed spontaneous NO3RR accounted for only 0.63 % of 

the total produced ammonia when operated at 1,000 mA/ 

cm2, and this component became increasingly insignificant 

when considering higher current densities. In all cases 

tested, the electrocatalytic NO3RR dominates the NH3 

formation. 
Probing the reaction kinetics behind the electrochemical 

NO3RR,   a   reaction-order   plot   (log
(
iNH

3 

�  
vs.   log

(
CNO

3 

�
, 

 

 

 

 

 

 
distinct crystalline phases: pure Cu, pure Ni, α-Fe2O3, and γ- 

Fe2O3 (Figure 3c). 

 
 

High-Performance NO3RR of Fe4Cu4@Ni Ternary Catalyst 

 
Voltametric studies of the Fe4Cu4@Ni alongside major 

control samples revealed the least negative onset potential 

for  NO3RR  in  the  NaOH-KOH-H2O  ternary  electrolyte 

with 40 wt% of H2O at 100 C:  0.18 V on Fe4Cu4@Ni vs. 

0.45 V on Cu foil and 1.02 V on Ni foil, against an Ag 

wire pseudo-reference electrode (Figure 2a). When com- 

pared  with  voltametric  curve  without  NO-
3 ,  the  change  in 

the onset potential is also the largest on Fe4Cu4@Ni: 0.70 V 

cf. 0.38 V on Cu foil and 0.10 V on Ni foil. Both the least 

onset  potential  with  NO-
3    and  the  largest  change  in  onset 

potential (with vs. without NO-
3 ) imply a very high NO3RR 

activity on Fe4Cu4@Ni. 

The NO3RR performance was evaluated by means of a 

chronopotentiometry study. At 250 mA/cm2 of constant 

current operation, around 100 % of NH3 FE (i.e., FE 

towards NH3, hereinafter) was observed on the Fe4Cu4@Ni 

ternary catalyst. The NH3 FE slightly decreased to 96.5 %, 

92.8 %, and 92.5 % at a current density of 1,000, 2,000, and 

3,000 mA/cm2, respectively, demonstrating the robust cata- 

lytic performance (Figure 2b). Among the three current 

densities tested here, Fe4Cu4@Ni is much more selective 

than all catalytic materials we tested including Ni, Cu, 

SS304, and Monel (a Cu Ni alloy). Specifically at 3,000 mA/ 

cm2, the NH3 FE of Fe4Cu4@Ni roughly doubles that of Ni 

(47 %) or Cu (43 %), triples that of SS304 (28 %), and 

quadruples that of Monel (23 %) (Figure 1). To the best of 

our knowledge, all those NH3 FE values are the highest at 

the corresponding current densities in the NO3RR field. 

The origin of produced NH3 was confirmed to be from 

the  catalytic  reduction  of  NO-
3    in  the  electrolyte  through  a 

series of control experiments (Figure S7, ESI†). This cata- 

lytic reduction consisted of two components: a very minor 

spontaneous NO3RR and the dominating electrocatalytic 

NO3RR. The spontaneous NO3RR is the generation of 

ammonia from the introduction of the electrode without 

applying any current. Pure Fe,[34] pure Cu,[34,35] and Fe 

oxides,[36] all have been reported as chemically active for the 

(Figure 2c) based on a variety of NO-
3    concentrations as the 

reactant feed showed that NO3RR follows a reaction order 

close to unity for experiments conducted at 1,000 mA/cm2. 

Similar observations were also made for experiments carried 

out at 2,000 mA/cm2 (Figure S9, ESI†). 

To demonstrate the industrial practicality of the 

Fe4Cu4@Ni electrode, we conducted a chronopotentiometric 

stability test in a membrane-free alkaline electrolyzer 

(MFAEL). The Fe4Cu4@Ni electrode was operated at 

1,000 mA/cm2 for 24 hours with an initial NO-
3   concentration 

of 300 mM, with the electrolyte being replenished with NO-
3 

at regular intervals of 4 hours. The overall potential 

remained stable throughout the test, leading to a 24-hour 

average ammonia efficiency of 102 % 5.9 % (Figure 2e).  

To   further   demonstrate   the   advantage    of    the   

NaOH KOH H2O electrolyte over ambient electrolytes we 

recorded the performance of the same electrocatalyst at 

different temperatures in a 1 M KOH electrolyte containing 

0.5 M NaNO3. We observed that the full cell voltages 

required to achieve similarly high current densities were 

almost double that required in the NaOH KOH H2O 

electrolyte (Table S8, ESI†). A major reason for this is the 

much higher ohmic resistance (Rohm) of the aqueous electro- 

lyte, not to mention the competitive HER that compromises 

the overall NH3 FE as well. 

 
 

Unravelling the Synergistic Enhancement for NO3RR in 

FexCuy@Ni Ternary System 

 
A series of control experiments were conducted to under- 

stand the synergistic enhancement in catalytic activity and 

the crucial role of Fe in the Fe Cu Ni ternary system. The 

first of these instinctive controls is to examine the catalytic 

system without the introduction of the Fe component during 

the entire synthesis procedure, denoted as Fe0Cu8@Ni. To 

further test the impact of Ni presence, an electrode 

containing only Cu as the metal precursor (Cu10) in the 

electrolyte bath was prepared. Additionally, the comparison 

between Cu10 and Cu foil also helps inspect the effect of 

extended surface area for Cu. The ternary Fe4Cu4@Ni 

(chemically, Fe4Cu4Ni4) significantly outperforms the binary 

Cu-Ni   (named   Cu8Fe0,   or   chemically,   Cu4Ni4)   and   the 

singular Cu (Cu10) (Figure S8, ESI†). 

The impact of Fe atoms on the synergistic enhancement 

of NO3RR performance can clearly be seen in the compara- 

tive NO3RR study on a series of electrodes with varying 

Fe: Cu ratios (from 0 : 8 to 7 : 1) under identical test 

conditions: at 3,000 mA/cm2 at 100 C in the NaOH-

KOH-H2O  with  40 wt%  of  H2O  (Figure 3a).  The 
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 Fe(NO3)2 · 9H2O CuSO4 · 5H2O NiCl2 · 6H2O 

Cu10 10 : 0 0 60 0 

Fe0Cu8@Ni 8 : 0 0 40 20 

Fe1Cu7@Ni 7 : 1 5 35 20 

Fe2Cu6@Ni 6 : 2 10 30 20 

Fe3Cu5@Ni 5 : 3 15 25 20 

Fe4Cu4@Ni 4 : 4 20 20 20 

Fe5Cu3@Ni 3 : 5 25 15 20 

Fe6Cu2@Ni 2 : 6 30 10 20 

Fe7Cu1@Ni 1 : 7 35 5 20 
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Figure 2. NO3RR performance of FexCuy@Ni catalytic system. (a) Voltammetric curves for NO3RR with different metals/catalysts as working 

electrodes with and without NO- source in NaOH  KOH  H2O (40 wt% water content). Test conditions: 50 mV/s of scan rate, 0.2 M of NO- 

concentration, and 100 C of cell temperature. (b) Coulombic efficiency of the Fe4Cu4@Ni catalyst at four typical current densities (0.2 M NO and 

100 C). (c) Electrochemical reaction-order plot on the Fe4Cu4@Ni catalyst operated at 1,000 mA/cm2. (d) Tafel plot for FexCuy@Ni catalysts with 

different Fe : Cu ratios. (e) 24-hour stability test for NO3RR on the Fe4Cu4@Ni catalyst (1,000 mA/cm2 and 100 C), blue stars indicate times when 

the electrolyte was replenished with NO-
3 . 
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Figure 3. Coulombic efficiency and rationale of FexCuy@Ni catalytic system. (a) The impact of Fe : Cu ratio on the coulombic efficiency of FexCuy@Ni 

(3,000 mA/cm2 and 100 C) (b) The correlation between coulombic efficiency and the content of α-Fe2O3 phase in FexCuy@Ni, and (c) a-Fe2O3 
phase evolution with increasing Fe content for selected Fe: Cu ratios. 

 

 
NH3 FE quickly increases with increasing Fe: Cu ratio until 

equimolar ratio (Fe4Cu4), beyond which it slightly slides 

down and plateaus. The observed cathode potential follows 

a fairly consistent trend: it shifts to less negative potential 

when raising the Fe: Cu ratio until reaching equimolar, and 

it goes slightly more negative afterward, albeit with a large 

fluctuation admittedly. Specifically, Fe4Cu4@Ni with the 

equimolar ratio showed the peak NH3 FE 92.5 % as well as 

the least negative cathode potential of 0.75 V vs. Ag wire 

(iR corrected). Tafel slope analysis for the different Fe: Cu 

ratios also shows a trend similar to that observed for the 

ammonia FE and cathode potential: the Fe4Cu4@Ni exhibit- 

ing the lowest Tafel slope of just 80 mVdec-1 (Figure 2d). 

To further understand the outstanding performance, we 

explored  the  electronic  and   atomic   structure   of   the  

Fe Cu Ni catalyst in more detail through a high-resolution 

XPS analysis. 

The XPS results for Fe0Cu8@Ni, Fe1Cu7@Ni, and 

Fe4Cu4@Ni revealed a significant change in the Cu 2p and O 

1s profiles, while Ni 2p profiles remained  almost  unfazed 

(see Figure 1i–k and Figure S6, ESI†). The Fe 2p profile 

showed a marginal increase in intensity for Fe4Cu4@Ni and 

 
dominance of peaks attributed to the O2/Fe/Cu 2p3/2 

environment whereas for Fe1Cu7@Ni the peak with a bind- 

ing energy of 723.5 eV was attributed to Fe3O4, i.e., a 

combination of Fe(III)  and  Fe(II)  (Figure 1k  and  Fig-  

ure S26, ESI†). For the O 1s profile, we observed an 

increase in the overall intensity of the signal upon a small 

loading of Fe (i.e., Fe1Cu7@Ni) compared to the sample with 

no Fe, however, upon further increase to the equimolar 

ratios we observed a relative decrease in overall intensity in 

the O 1s profile. For the Fe0Cu8@Ni O 1s profile, the peaks 

between 529.0–532.0 eV, are attributed to oxygen atoms 

bound to the Cu and Ni, and hydroxyl groups[31,37] (Fig-     

ure 1j). The same observation holds for samples Fe1Cu7@Ni 

and Fe4Cu4@Ni, however, we observe a significant plateau- 

ing and drop in intensity for Fe4Cu4@Ni between the 530.0– 

532.0 eV range (Figure 1j). These results suggest that the 

increased Fe loading results in the formation of an 

oxidation-resistant environment, especially for Cu, as ob- 

served in the Cu 2p profile (Figure 1i). The Cu 2p profile for 

both Fe0Cu8@Ni and Fe1Cu7@Ni contains peaks at 934.6, 

941.9, and 943.0/944.8 eV (Fe0Cu8@Ni/Fe1Cu7@Ni) which 

are attributed to CuO 2p3/2, and CuO 2p3/2,sat. However, for 
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Fe4Cu4@Ni these aforementioned peaks are suppressed 

while the peaks for Cu 2p1/2 (952.5 eV) and Cu 2p3/2 (932.2 

and 932.5 eV) become more intense. Moreover, the emer- 

gence of a peak at 933.8 eV attributed to the CuFe2O4 2p3/2 

and the absence of the CuO 2p3/2,sat again suggests that the 

addition of Fe helps regulate the oxidation state of Cu 

species, primarily in the reduced metallic state. As also 

reported previously,[8] Cu-based binary alloys with high 

performance commonly rely on the Cu in its reduced state, 

(i.e., Cu0) supporting the secondary metal to boost the 

overall performance. 

Moreover, as previously established, the co-deposition of 

different metals does not guarantee the formation of a 

homogeneous solid solution. In fact, the deposit is more 

often a combination of different metallic phases.[38,39] As 

expected, probing the as-prepared Fe4Cu4@Ni electrode 

through XRD characterization revealed the existence of four 

distinct phases: pure Cu, pure Ni, Austenite (γ-Fe2O3), and 

Ferrite (α-Fe2O3) in FexCuy@Ni ternary system with varying 

intensities subject to the Fe: Cu ratio (Figure 3c and Table 

S9, ESI†). The intensity of α-Fe2O3 increases with 

increasing Fe content (Figure 3c), which is correlated well 

with an increase in the overall performance for NO3RR. 

Such correlation suggests that α-Fe2O3 may be the most 

active phase for NO3RR, among other catalytic phases and 

sites. Thus, the XPS and XRD results strongly suggest that 

the presence of Fe in the form of α-Fe2O3 suppresses the 

oxidation of Cu, thereby promoting a synergistic boost in 

overall eNO3RR performance in an ultrahigh alkalinity 

environment. 

In addition, electrochemical impedance spectroscopic 

(EIS) analysis was conducted to examine the resistance of 

the FexCuy@Ni-based electrodes at different current den- 

sities.  For these EIS  experiments, a high  concentration  of 

NO-
3     was  used  to  ensure  that  the  change  in  electrolyte 

concentration was negligible and the electrolyte conductivity 

remained unchanged for each test. The same electrolyte was 

used for each electrode test. Consistently, EIS analysis 

revealed that the resistance of the cathode followed the 

same trend as that for the cathode potential and NH3 FE for 

the NO3RR in our system: Fe4Cu4@Ni has the lowest 

cathode resistance of 0.240 Ωcm2, compared with that of 

other Fe: Cu ratios (0.243–0.327 Ω cm2) (Figure S24–25, Ta- 

ble S3, ESI†). 

The highest NH3 FE, the least negative cathode potential, 

the lowest Tafel slope, and the smallest electrode resistance 

clearly justify that the equimolar ratio is the optimum for 

FexCuy@Ni ternary catalyst for NO3RR at very high current 

densities. 

The unique synergy between the Fe Cu Ni ternary 

system was thus demonstrated through the series of inves- 

tigations reported above. However, intrigued by this unique 

performance, we are left with the lingering question: is this 

synergy unique to Fe Cu Ni in this ultrahigh alkalinity 

system, or whether elements other than Fe also have the 

potential to demonstrate such synergy? To explore this 

aspect, we shortlisted two additional candidates: Ruthenium 

(Ru) and Cobalt (Co), two elements that have exhibited 

extraordinary performance for eNO3RR in aqueous 

electrolytes[8,10,19,21,40] (performance summary available in 

Table S12, ESI†). Deploying the same strategy as that for 

the Fe Cu Ni ternary catalyst, we prepared the Ru Cu Ni 

and Co Cu Ni ternary catalysts with equimolar Ru: Cu: Ni 

and Co: Cu: Ni ratios. Under similar testing conditions as 

that of the Fe Cu Ni ternary electrode, we observed that at 

1000 mA/cm2 all three elements exhibit almost similar 

performance, i.e., NH3 FE of 96 %, 94 %, 92 % for Fe, Ru, 

and Co respectively. However, as we ramp up the current 

densities to 2000 and 3000 mA/cm2 the NH3 FE drops 

dramatically for both Ru and Co, but the drop is sharper for 

Co. The same trend follows for ammonia production rates 

as well. Moreover, the overpotential required for both, Ru 

and Co for 1000, 2000, and 3000 mA/cm2 current densities 

were also more negative than that needed for Fe-based 

ternary catalyst (see Table S10, ESI†). Therefore, we 

conclude that the high performance of the Fe Cu Ni 

ternary catalyst is due to the unique synergy between the 

Fe-Cu-Ni system. 

 
Techno-Economic Analysis (TEA) 

 
To examine the economic impact of introducing the 

Fe4Cu4@Ni catalyst in the ultrahigh alkalinity systems on the 

nitrate-to-ammonia process, we extended the techno-eco- 

nomic analysis (TEA) model established in our previous 

work[22] by including the additional costs associated with 

catalyst synthesis. As defined widely in TEA studies and 

adopted in this study, LTC= LCC+ OPEX, where the LTC 

stands for the “Levelized total cost”, and the LCC does for 

the “levelized capital cost”. 

The LCC is derived from normalizing the capital cost 

(CAPEX) with all produced products during the entire 

serving time, and also by considering the maintenance cost 

and financial cost over those service years. A major 

deviation in CAPEX lies in the catalyst synthesis: the 

customized Fe4Cu4@Ni in this work vs. a commercial Ni 

foam in our previous work, while keeping the same 

electrode area (3.36 m2) and the  same  reactor  volume 

(100 L). Based on the typical chronopotentiometric electro- 

deposition for making the Fe4Cu4@Ni (250 mA/cm2, 75 % of 

current efficiency, 50 μm of resulting catalyst thickness), the 

amounts of chemicals and associated materials costs for the 

needed electrodepositing electrolyte were calculated. The 

cost of the Ni substrate and electricity for the electro- 

deposition process was also included. The CAPEX of the 

cathode was found to be $239 per 100 L-reactor, resulting in 

the total CAPEX for the entire electrolyzer to be $3,492 per 

system (a $371 increase from the system modeled for the 

commercial Ni foam). Additionally, the ultrahigh alkalinity 

environment and elevated temperature make the NH3 

separation intrinsic in the MFAEL, thus bypassing the need 

for additional purification units and thus restraining capital 

cost. 

Thanks to the very low cost and high durability of earth- 

abundant materials for Fe4Cu4@Ni catalysts and electrodes, 

the contribution of the LCC is essentially insignificant, 
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thereby rendering the OPEX to denominate the LCC in the 

range of current densities (250–3000 mA/cm2). 

OPEX was obtained by accounting for the energy 

consumed for electrolysis (dependent upon the cell voltage, 

operating current density, and FE of NO3RR), electrolyte 

mixing, and cell heating. The industrial electricity price, 0.07 

US$ per kWh, was used as the default energy cost for 

calculations. Driven largely by the significantly reduced cell 

voltage (1.68 V vs. 2.70 V), the adoption of Fe4Cu4@Ni 

catalyst (replacing the plain Ni wire mesh) lowered the 

OPEX by 38 % ($29.59 vs. $47.45 per kmol-NH3) at the 

same current density of 250 mA/cm2 (Table S4, ESI†). The 

LTC with Fe4Cu4@Ni catalyst is 63 % less than that with the 

commercial Ni foam ($30.68 vs. $48.53 per kmol-NH3). 

Evidently, the significantly reduced cell voltage translates 

into the much-improved economic viability for the nitrate- 

to-ammonia electrochemical process. 

 

In practice, a much larger current density is desirable. 

Taking the wastewater with a typical nitrate content of 100 

ppm  (NO-
3     N)  as  an  example,  250 mA/cm2  of  current 

density could only process 5.8 ton-wastewater/hour from the 

100-L reactor system with 3.36 m2 of total electrode area; 

but 1,000 mA/cm2 and 3,000 mA/cm2 may handle 23.2 and 

69.5 ton-wastewater/hour, respectively, assuming 95 % of 

coulombic efficiency and 90 % of nitrate removal. 

Of particular interest are the high-throughput applica- 

tions, the LTC was examined at those larger current 

densities. As expected, the LTC increases substantially with 

rising current density, largely because of increasing cell 

voltage, given that coulombic efficiency is dropping slightly, 

Figure 4a. Compared with $30.68/kmol-NH3 at 250 mA/cm2, 

the LTC obtained was $42.34, $53.91, and $67.17 per kmol- 

NH3, at 1,000, 2,000, and 3,000 mA/cm2 of current density, 

respectively. It should be noted that the LTC with 

3,000 mA/cm2 of current density is still around the  market 

cost of wastewater treatment ($65 per kmol-N[22]). The 

Fe4Cu4@Ni-enabled system allows for ultrahigh economic 

operation at  a  low  rating  of  current   density   (such   as 

250 mA/cm2) but also offers ultrahigh throughput operation 

(up to 3,000 mA/cm2) without losing economic viability, and 

that too while ignoring the cost-benefit of ammonia as a value-

added product. 

The industrial price (0.07 US$/kWh) of electricity cost 

was used for all TEA results above, but we also recognize 

that cheaper electricity (0.03 US$/kWh) could be available 

when excessive renewable energy was harvested from wind 

and/or solar. Taking advantage of cheaper electricity is 

beneficial to achieve higher throughput operation, subject to 

a given cost constraint. The interplay between the electricity 

cost and applied cell voltage examined in this study is 

presented in a contour map, Figure 4b. Subject to any given 

applied cell voltage, the experimentally observed current 

density as well as the detected coulombic efficiency was 

incorporated in the TEA model for energy consumption, 

which led to the LTC by combining a given electricity cost 

(from 0 to 0.12 US$/kWh). In Figure 4b, one can clearly pair 

the operational cell voltage and the available electricity 

price to satisfy a given cost constraint (from 0–10 US$/kmol- 

NH3 in black to > 110 US$/kmol-NH3 in red). 

 

Conclusion 
 

Advancing the field of NO3RR-to-NH3 towards commerci- 

alization, we present herein an inexpensive, earth-abundant- 

metal-based ternary catalyst that enables low-cost and high- 

productivity NH3 electrosynthesis from nitrates in an ultra- 

high alkalinity NaOH-KOH-H2O electrolyte. The equimo- 

lar combination of Fe-Cu-Ni ternary catalyst enabled us to 

 

 

 
 

Figure 4. TEA results of NO3RR with Fe4Cu4@Ni electrode. (a) LTC at four typical current densities (0.07 US$/kWh). (b) Contour plot of LTC 

subject to the given electricity cost and the applied cell voltages. The TEA conducted in this study is based on a 100 L reactor and 3.36 m2 of total 

electrode area with the ternary Fe4Cu4@Ni electrode (100  C of cell temperature) and the ternary NaOH-KOH-H2O electrolyte (40 wt % of water 

content). 
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achieve an unprecedented FE of 92.5 % at current density as 

high as 3,000 mA/cm2 and a cell voltage of 3.83 V, while 

operation at milder current densities, e.g., 1,000 mA/cm2, 

was realized at FE of 96.5 % and a cell voltage of only 

2.40 V. In comparison with a plain Ni wire mesh cathode 

(our earlier work), the Fe Cu Ni system helps reduce the 

overall cell voltage by 30 % and the levelized cost of 

ammonia electrosynthesis by ~40 %. 

As demonstrated in our earlier work, such a system can 

be integrated into existing wastewater treatment processes 

to upcycle waste nitrates into a value-added commodity like 

ammonia (or its’ derivatives). A detailed technoeconomic 

analysis revealed that catalyst enhanced system can further 

reduce the current cost of N-removal (~65$ per kmol-N) to 

as low as $42.34 per kmol-N while operating at a current 

density of 1,000 mA/cm2, and that too not accounting for the 

cost-benefit of the value-added ammonia as a product. Even 

integrating a pretreatment step for nitrate concentration by  

a low-energy cost-effective electrodialysis process  (costing 

$5.75 per kmol-NO-
3 )

[22] does not blemish its commercializa- 

tion prospects, and the combined system maintains its 

competitive  edge   over  existing  technologies.   Furthermore, 

such a system can potentially increase the handling capacity 

of existing wastewater treatment plants by expediting the 

handling time by an order of magnitude. 

This discovery presents a commercially viable pathway 

for ammonia electrosynthesis from nitrates, helping reduce 

the dependence upon the energy-intensive Haber–Bosch 

process while tackling the global sustainability challenge. At 

the same time, it presents an incentive to explore a 

sustainable route for direct fixation of N2 into NOx and 

eventually drive a shift away from the heavy reliance on the 

current Haber–Bosch process. 
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High-Performance Ammonia Electrosynthe- 
sis from Nitrate in a NaOH KOH H2O 
Ternary Electrolyte 

 

 
The glut in NH3 production has resulted 
in a heavily imbalanced N-cycle causing 
massive accumulation of reactive nitro- 
gen (Nr) in our ecosystems, destroying 
the environment. Upcycling these Nr via 
electrochemical conversion into NH3 
can partially close the N-cycle and 
reduce reliance on the carbon-intensive 
Haber-Bosh process. Here we report the 
remarkable performance of a Fe Cu Ni 
catalyst at industrially relevant current 
densities. 
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