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Abstract  20 

Electrochemical nitrate reduction to ammonia (ENRA) is gaining attention for its potential 21 

in water remediation and sustainable ammonia production, offering a greener alternative 22 

to the energy-intensive Haber-Bosch process. Current research on ENRA is dedicated to 23 

enhancing ammonia selectively and productivity with sophisticated catalysts. However, 24 

the performance of ENRA and the change of catalytic activity in more complicated 25 

solutions (i.e., nitrate-polluted groundwater) are poorly understood. Here we first explored 26 

the influence of Ca2+ and bicarbonate on ENRA using commercial cathodes. We found 27 

that the catalytic activity of used Ni or Cu foam cathodes significantly outperforms their 28 

pristine ones due to the in situ evolution of new catalytic species on used cathodes during 29 

ENRA. In contrast, the nitrate conversion performance with nonactive Ti or Sn cathode is 30 

less affected by Ca2+ or bicarbonate because of their original poor activity. In addition, the 31 

coexistence of Ca2+ and bicarbonate inhibits nitrate conversion by forming scales (CaCO3) 32 

on the in situ-formed active sites. Likewise, ENRA is prone to fast performance 33 

deterioration in treating actual groundwater over continuous flow operation due to the 34 

presence of hardness ions and possible organic substances that quickly block the active 35 

sites toward nitrate reduction. Our work suggests that more work is required to ensure the 36 

long-term stability of ENRA in treating natural nitrate-polluted water bodies and to leverage 37 

the environmental relevance of ENRA in more realistic conditions. 38 

 39 

Keywords: Ammonium; in situ activation; hardness ions; groundwater; cathodic corrosion; 40 

 41 
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1. Introduction 43 

Ammonia is intensively used to produce fertilizers, plastics, pharmaceuticals, and textiles, 44 

accounting for ~5% of the value of the worldwide chemical market (US$67 billion) [1]. 45 

Moreover, ammonia is attracting increasing interest as an energy carrier, given its high 46 

energy density (4.32 kWh L−1) [2, 3]. Unfortunately, over 96% of NH3 is produced via the 47 

energy-intensive Harbor–Bosch process, which consumes 5.5 EJ of global energy, 48 

representing about 11% of energy consumption in the chemical industry [2, 4]. The 49 

intensive use of NH3 in agriculture and many other industries generates large amounts of 50 

nitrate-rich wastewater/groundwater [5, 6], requiring careful remediation or treatment (i.e., 51 

denitrification). Biological denitrification is currently the most frequently used process for 52 

dealing with nitrate-polluted wastewater. This process involves electron acceptors, which 53 

contribute to carbon emissions and waste nitrates in the form of N2
 [7]. Thus, nitrate 54 

reduction to ammonia represents an elegant strategy for achieving carbon-neutral and 55 

energy-saving ammonia production and water remediation [8].  56 

In this context, electrochemical nitrate reduction to ammonia (ENRA) offers a 57 

promising route to mitigate the hazardous impacts of nitrate in bodies of water and to 58 

supplement the conventional energy-intensive Harber–Bosch method in producing 59 

ammonia [9, 10]. The electrochemical conversion of NO3
− to NH3 is a nine-proton coupled 60 

eight-electron transfer process, which suffers from sluggish reduction kinetics and forms 61 

many byproducts [11, 12]. While the exact mechanism of ENRA is still under intensive 62 

investigation, the scientific community generally accepts that it involves several steps, 63 

including nitrate adsorption to the electrocatalysts’ surfaces, reduction to nitrite, and 64 

subsequent formation of ammonia through hydrogenation and deoxygenation [6, 12, 13]. 65 

Notably, many studies have identified that the rate-limiting step is the reduction of *NO3
− 66 

to *NO2
− (* refers to the active surface adsorbed) [14, 15].  67 

Electrocatalysts are vital in determining faradaic efficiency, selectivity, and 68 

conversion efficiency in ENRA [13, 16]. Many researchers have devoted tremendous effort 69 

to improving the system’s performance via rational catalyst selection and design. The most 70 

often practiced strategy for regulating ENRA’s performance is to synthesize bimetal 71 

catalysts, such as Ru-Cu [17], Cu-Ni [18], and Cu-Co [14, 19], in which one metal favors 72 

nitrate reduction and the other favors atomic H* production, which is necessary to facilitate 73 

NH3 formation through a tandem mechanism [14, 20]. Previous studies have shown that 74 

facet control and exposure [21], vacancy engineering [22], and single-atom catalysts [16, 75 
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23-25] are highly effective in modulating the selective formation of ammonia. For example, 76 

Zhang et al. achieved a maximum faradaic efficiency of 85%, a production rate of 1506 μg 77 

h−1 cm−2, and a record-breaking ammonium selectivity of 99% with metal-organic 78 

framework-derived Co-doped Fe/Fe2O3 catalysts [26]. Notably, Chen et al. developed a 79 

Ru-dispersed Cu nanowire electrocatalyst, which delivers an industry-relevant nitrate 80 

reduction current of 1000 A m−2 while maintaining a high NH3 faradaic efficiency of 93% 81 

for treating a 1000-mg L−1 nitrate solution [17]. The capability of ENRA for treating a dilute 82 

nitrate solution was demonstrated by Kim et al., who reported an outstanding NH3 83 

selectivity of 95.8% at 98.5% nitrate conversion and 96.8% faradaic efficiency at 0.2 V in 84 

5 mM NO3
− with a layered double hydroxide/Cu foam hybrid electrocatalyst [27]. Recently, 85 

Han et al. designed RuxCoy alloys as model catalysts for ultralow overpotential nitrate 86 

reduction to ammonia. They proposed a three-step relay reduction mechanism, 87 

highlighting the importance of a spontaneous redox reaction between the Co metal and 88 

nitrate in producing the rate-limiting intermediate—nitrite [15]. 89 

The exciting performance of these pioneering catalysts in treating low nitrate-90 

containing solutions demonstrates the environmental relevance of ENRA, as most nitrate-91 

polluted water does not contain the high concentrations of nitrate that are tested in most 92 

studies, which typically range from concentrations of at least 50–1000 mM NO3
− [5]. 93 

Nevertheless, the performance of these sophisticated catalysts has mainly been 94 

investigated in conventional two-chamber cells, and the durability of ENRA has been 95 

evaluated with pure nitrate-containing solutions over a relatively short period [8, 9, 12].  96 

Few studies have fully considered environmental relevance when designing and 97 

evaluating novel catalysts for achieving ENRA, especially over long-term continuous flow 98 

operations in a single chamber cell instead of conventional H-type cells, which are 99 

challenging to translate to industrial applications [12, 28, 29].  100 

Importantly, nitrate-polluted water bodies often contain many coexisting ions, 101 

among which calcium ions and (bi)carbonate are the most crucial cations and anions to 102 

consider. Unfortunately, only a few studies have evaluated the impact of Ca2+ and 103 

bicarbonate on ENRA’s performance [30-32]. While two of the three previous studies 104 

concluded that the coexistence of Ca2+ and bicarbonate significantly worsened the 105 

performance of ENRA, these two studies reported different influences of bicarbonate. 106 

Huang et al. found that the performance of ENRA was negatively affected by bicarbonate 107 

but promoted by Ca2+ [31], while Atrashkevich et al. found that Ca2+ or bicarbonate alone 108 
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had a limited impact [30]. In contrast, Jian et al. concluded that both Ca2+ and (bi)carbonate 109 

had detrimental effects on the formation of ammonia [32]. In addition to these specific 110 

studies on the impact of coexisting ions, several studies have noted a significantly reduced 111 

performance of ENRA when treating actual wastewater (i.e., nitrate-polluted groundwater) 112 

[33, 34]. These few available studies inspired us to examine the influence of typical ions 113 

in depth. 114 

Given that the purpose of this study was not to maximize the faradaic efficiency, 115 

product selectivity, or conversion efficiency of the ENRA system, we used commercial 116 

electrodes that have already demonstrated capability in pilot-scale applications [35] 117 

instead of the current state-of-the-art electrocatalysts, which vary from group to group. In 118 

addition, we did not focus on optimizing ENRA within the current setup and commercial 119 

electrodes. Our study aimed to reveal the influence of specific coexisting ions on the 120 

electrocatalytic performance of ENRA and to link the interactive mechanism at the 121 

surface–electrolyte interface, especially over long-term operations, with actual nitrate-122 

polluted water bodies. We invite researchers to consider the importance of environmental 123 

relevance and work on solving the negative influence of coexisting ions over long-term 124 

continuous flow operations, mimicking industrial applications, which is urgently required 125 

before ENRA can be applied on a large scale. 126 

 127 

2. Methods and Materials 128 

2.1 Materials 129 

We used commercial electrodes instead of the state-of-the-art single atom or 130 

nanocatalysts for possible upscaling. We acquired Ni and Cu foam (1 mm thickness) from 131 

Kunshan Longshengbao Electronic Material Co., Ltd. We obtained the Ti plate (1 mm 132 

thickness) from Qinghe Bodun Cemented Carbide Co., Ltd. and the Sn plate (1 mm 133 

thickness) from Dongguan Hongdi Metal Materials Co., Ltd. We utilized these four types 134 

of materials as cathodes. All the Ni and Cu foam cathodes were cut from a large piece of 135 

Ni or Cu foam. The pretreatment of the cathodes is detailed in Text S1 (Supplementary 136 

Material). While we used an IrO2/RuO2 plate (10×5×0.1 cm3, Suzhou Shuertai Industrial 137 

Technology Co., Ltd., China) as the anode, we note that a cheaper graphite anode can be 138 

used when upscaling. We purchased sodium nitrate (NaNO3, ≥99.0%) from Xilong 139 

Scientific Co., Ltd. (Guangdong, China), calcium nitrate (Ca(NO3)2·H2O, ≥99.0%) from 140 

Sigma Aldrich, sodium bicarbonate (NaHCO3, ≥99.8%) from 141 
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Shanghai Macklin Biochemical Co., Ltd. sodium sulfate (Na2SO4, ≥99.0%) from Shanghai 142 

Titan Scientific Co., Ltd., and ethanol (≥99.5%) from Sinopharm Chemical Reagent Co., 143 

Ltd. We prepared all test solutions with ultrapure water, unless specified.  144 

 145 

2.2 Electrocatalytic nitrate reduction 146 

We conducted the electrochemical nitrate reduction experiments in a single-chamber 147 

electrolytic cell fabricated with polymethyl methacrylate with a working volume of 0.5 L. 148 

The immersed areas of the cathode and anode were 4×4 cm2 and 5×10 cm2, respectively. 149 

The distance between the two electrodes was 1.5 cm. Based on preliminary experiments, 150 

the current density was set at 100 A m−2 for all tests, provided by a direct current power 151 

supply (0–16 V, MN-155D, Shenzhen Zhaoxin, China). Unless specified, the bulk solution 152 

always contained 4 mM NaNO3 and 50 mM Na2SO4, with no pH adjustment. We applied 153 

a magnetic stirrer (SN-MS-1D, Shanghai Shangpu Instrument Equipment Co., Ltd.) at a 154 

stirring rate of 600 rpm to ensure uniform solute dispersion and facilitate mass diffusion. 155 

An overview of the experimental conditions is provided in Table S1 (Supplementary 156 

Material). We first studied the influence of coexisting ions on the performance of 157 

electrochemical nitrate reduction with a Ni foam cathode. We then examined the role of 158 

cathode materials. Given that the cathode may be subject to in situ activation, we 159 

conducted a ten-cycle evaluation strategy for all tests. During the ten-cycle test, the 160 

cathode, anode, and reactor were thoroughly cleaned with deionized water after each 161 

cycle before running the following process. Notably, no acid or alkaline treatments were 162 

performed. We conducted all experiments at room temperature in an open atmosphere. 163 

We repeated each test ten times. However, we want to note that the cathodes underwent 164 

in situ activation; that is, the properties of the cathodes may have changed over time. 165 

Therefore, we present the results of all the ten-cycle tests instead of taking the 166 

conventional approach, which shows only the average plus standard deviation. We want 167 

to highlight the self-change in electrocatalytic nitrate activity, which has lacked attention in 168 

previous studies. 169 

 170 

2.3 Analysis 171 

We measured the bulk pH with a SevenExcellenceTM pH meter (Mettler Toledo). We 172 

quantified the concentrations of NO3
−-N, NO2

−-N, and NH4
+-N using an Agilent Cary 60 173 

ultraviolet-visible (UV-vis) spectrophotometer and a HACH DR 3900 spectrophotometer 174 
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(Supplementary Materials Figs. S1–2). We analyzed the concentration of Ca, Mg and 175 

possible leaching metal ions using a Thermo Scientific inductively coupled plasma optical 176 

emission spectroscopy (ICP-OES) (iCAP7400 Duo MFC). In contrast, we measured anions 177 

using an ion chromatography system (Thermo Fisher Dionex AQuion) equipped with an 178 

AS-19 column. 179 

 180 

2.4 Faraday Efficiency and Selectivity 181 

We calculated the nitrate conversion efficiency according to equation (1). The selectivity 182 

of ammonia (𝑆𝑁𝐻4
+) was calculated using equation (2). 183 

Nitrate conversion (%) = 
𝐶nitrate0−𝐶nitratet

𝐶nitrate0

× 100                  (1) 184 

𝑆NH4
+  (%) =  

𝐶ammoniat

Cnitrate0−𝐶nitratet

× 100                        (2) 185 

In these equations, 𝐶𝑛𝑖𝑡𝑟𝑎𝑡𝑒0
  is the nitrate concentration at the beginning of the 186 

experiment in mg NO3
−-N L−1, 𝐶nitratet

 is the nitrate concentration at time t in mg NO3
−-N 187 

L−1, and 𝐶ammoniat
 is the ammonia concentration at time t in mg NH4

+-N L−1. 188 

The faraday efficiency (FE) of electrocatalytic nitrate reduction was evaluated using 189 

equation (3): 190 

FE (%) = 
n×F×𝑁ammoniat

𝐼×3600×𝑡
× 100 =  

n×F×𝐶𝑎𝑚𝑚𝑜𝑛𝑖𝑎t
×V

1000×𝑀ammonia×𝐼×3600×𝑡
× 100           (3) 191 

In equation (3), n is the number of electrons required to generate ammonia per mole of 192 

ammonia (8 mol e− per mol NH4
+); F is the Faraday constant (96485 C mol−1); 𝑁ammoniat

 193 

and 𝐶ammoniat
  are the amount (mol NH4

+) and the concentration (mg NH4
+-N L−1) of 194 

ammonia generated from electrochemical nitrate reduction, respectively; I is the applied 195 

current intensity (A); t is the electrolysis time (h); 3600 is a unit conversion factor (s h−1); 196 

V is the volume of the electrolytic cell; 𝑀ammonia is the molar mass of the ammonia; and 197 

1000 is a unit conversion factor (mg g−1). 198 

 199 

2.5 Electrochemical analysis 200 

We carried out the three-electrode electrochemical measurements using a CHI 750E 201 

electrochemical workstation (Shanghai Chenhua Instrument Co., China) with four types of 202 

electrodes (Ni foam, Cu foam, Ti plate, and Sn plate), Pt wire, and Ag/AgCl as the working 203 

electrode, counter electrode, and reference electrode, respectively. The potentials 204 

throughout this study were measured against Ag/AgCl (0.234 V vs. NHE) and converted 205 
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to the RHE scale (E = EAg/AgCl + 0.234V + 0.0591pH). Linear sweep voltammetry (LSV) 206 

and cyclic voltammetry (CV) were performed at a scan rate of 10 mV s−1 in a 0.05 M 207 

Na2SO4 solution with and without 4 mM NaNO3. Electrochemical impedance spectroscopy 208 

(EIS) analysis was applied at 5 mV in a frequency range of 0.001–10000 Hz. We estimated 209 

the electrochemical surface area (ECSA) via the CV test by measuring the double-layer 210 

capacitance (Cdl). 211 

 212 

2.6 Characterizations 213 

We visualized the morphology and elemental composition of the fresh and used cathodes 214 

using a scanning electron microscope, followed by energy dispersive spectroscopy 215 

mappings at 15 kV (SEM-EDS, Thermo Fisher Scientific Quattro S). We identified the 216 

crystaline structure of deposits and/or the electrode via X-ray diffraction (XRD, Rigaku 217 

Smartlab) obtained within 2θ of 20–80° at an accelerating voltage of 40 kV and a current 218 

of 150 mA using a Cu Kα radiation source. In addition, ex situ grazing-incidence X-ray 219 

diffraction (GIXRD, Rigaku Smartlab) was used to identify the Ti plate electrode at grazing 220 

incidence angles of 0.5°. We also utilized X-ray photoelectron spectroscopy (XPS) (PHI 221 

5000 Versaprobe III) to analyze the elemental compositions and valence states of all 222 

samples. All binding energies were calibrated using contaminant carbon (C 1s = 284.8 eV) 223 

as a reference. Raman spectra were collected in the 200–1200 cm−1 region with a 224 

resolution of 2 cm−1 and a laser beam with an excitation wavelength of 532 nm using a 225 

Laser Microscopic Raman Spectrometer (DXR3, Thermo Fisher). 226 

 227 

3. Results and Discussion 228 

3.1 Electrochemical nitrate reduction on nickel foam cathodes under different ion 229 

compositions 230 

Our recent study showed that a Ni foam cathode performed well in a pilot-scale ENRA 231 

application [35]. Therefore, we initially selected Ni foam as a representative cathode 232 

material and studied the influence of Ca2+ and bicarbonate with synthetic solutions. We 233 

noted that the fresh and used Ni foam showed significantly different performances in 234 

catalyzing ENRA, indicating the in situ activation of Ni foam toward nitrate reduction [35]. 235 

In addition, no consistency was observed in our ten-cycle tests (Fig. 1a), suggesting that 236 

activation and/or deactivation occurs occasionally. Therefore, one must be cautious when 237 

making judgments/comparisons using a Ni foam cathode. Such inconsistencies may not 238 
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be restricted to Ni foam; many catalysts may share the same in situ 239 

activation/reconstruction as reported elsewhere [14, 20, 35, 36]. Therefore, we performed 240 

a ten-cycle test instead of duplicates or triplicates, as the standard deviation from the 241 

perspective of statistics does not truly reflect the performance of the Ni foam. In contrast, 242 

the changes we observed over the ten-cycle test reflected the differences in catalyst 243 

surface, morphology, crystal species, etc. Even so, it can be concluded that Ni foam can 244 

be self-activated during ENRA. Even after just one use, the electrocatalytic performance 245 

increased significantly. Although the performance fluctuated over the subsequent runs, it 246 

showed a deviation from 51.1% to 58.9% nitrate removal (Fig. 1a), with ammonia 247 

selectively of >77.5% under a constant current density of 100 A m−2 (Fig. 1d; 248 

Supplementary Materials Tables S2 and S3). 249 

The in situ activation of the Ni foam cathode in ENRA was likely due to the 250 

formation of Ni(OH)2 [35]. Both nitrate reduction and water electrolysis can lead to a 251 

localized region with a high pH around the Ni surface. A molten NaOH environment 252 

subsequently forms on the cathode surface in the presence of alkali metal ions, such as 253 

Na+. Then, Ni on the cathode surface obtains electrons and is reduced to the negatively 254 

charged Nix− and immobilized by Na+, called the Zintl phase. These ions are very reactive 255 

and can be highly susceptible to oxidation by H2O to reform metal nanoparticles 256 

( E
Ni

2+
/Ni

= -0.257 V ) and deposit them on the electrode surface, where they are 257 

subsequently oxidized by O2 (EO2/OH
-  = 0.806 V) to Ni(OH)2 [35, 37]. In our case, XRD did 258 

not capture the presence of Ni(OH)2 or any oxidized Ni species, presumably due to their 259 

amorphous nature (Fig. 1b). Nevertheless, SEM images suggested that the Ni foam 260 

surface changed after use (Fig. 1g–h). We noticed some tiny particles on the used Ni foam 261 

surface, which aligns with the results of other studies [38]. As a result, the surface 262 

becomes rough and may provide more active sites for nitrate reduction, supported by an 263 

enhanced electrochemical surface area (ECSA) from 0.119 to 0.169 mF cm−2 264 

(Supplementary Materials Figs. S7–8). Moreover, EDS analysis confirmed that the newly 265 

formed nanoparticles contained more oxygen content (4.0 wt%) than the original Ni foam 266 

surface (0.3 wt%, Supplementary Material Fig. S4), suggesting the oxidation of Ni metal 267 

over ENRA. Therefore, we checked the surface functional groups of pristine and used Ni 268 

foam. Unfortunately, similar to XRD, Raman spectra did not identify the presence of 269 

Ni(OH)2 (Fig. 1c). XRD and Raman typically probe beyond a depth of 100–1000 nm. This 270 

explains why they failed to recognize Ni(OH)2, that is, due to the influence of background 271 
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Ni metal [39]. In contrast, XPS analysis can focus on a thickness of 1–10 nm; thus, it might 272 

be able to provide more information (Supplementary Material Figs. S5–6). Indeed, the 273 

XPS characterization revealed the presence of the lattice O in metal oxides at 529.4 eV, 274 

hydroxide O peak (Ni-O-H) at 530.9 eV, and chemisorbed O at 532.2 eV in the O 1s 275 

spectra and the Ni-OH peak in the Ni 2p spectrum (Fig. 1i–j), proving the formation of 276 

Ni(OH)2 [35, 38, 40].  277 

 278 

 Unexpectedly, the presence of Ca2+ enhanced the performance of the fresh Ni 279 

foam. Nitrate removal in the first cycle with Ca2+ was 7.9% higher than without Ca2+ (Fig. 280 

1a). The catalytic performance significantly improved after one use; in the second cycle, 281 

nitrate removal reached 25.9%. In subsequent cycles, nitrate removal gradually increased 282 

to 59.2%, with ammonia production selectivity of 89.6% (Fig. 2a; Supplementary Material 283 

Table S3). In the presence of Ca2+, 2.5% nitrate-N was present as CaNO3
+ (Supplementary 284 

Material Fig. S9), which likely promoted nitrate reduction on the Ni foam. The complex 285 

form CaNO3
+ allows fast and easy nitrate migration toward the cathode surface [31]. 286 

Although only 2.5% is in the complexed form, the depletion of complexed nitrate shifts the 287 

formation of the new complex, thus continuously promoting the diffusion, migration, and 288 

reduction of nitrate on the cathode surface. In addition, the presence of Ca2+ condenses 289 

the thickness of the electric double layer near the cathode, facilitating the diffusion of the 290 

nitrate anion toward the cathode [41]. However, here the evolution of catalytic activity 291 

differed from that of the Ni foam in pure nitrate-containing conditions, in which the nitrate 292 

reduction activity quickly increased.  293 

We also found that the Ca2+ concentration affected the system’s performance 294 

(Supplementary Material Fig. S10). For the fresh Ni foam cathode, the nitrate removal 295 

performance increased from 7.0% without Ca2+ to 24.2% (0.5 mM Ca2+) and 36.1% with 296 

1.0 mM Ca2+, then decreased to 14.8% with 2.0 mM Ca2+. However, for the used Ni foam 297 

cathode (which was activated to some extent already), the presence of 0.5 (19.8%) or 2.0 298 

mM Ca2+ (25.8%) inhibited nitrate removal. The nitrate removal performance slightly 299 

increased with 1.0 mM Ca2+ (59.2%) than without Ca2+ (55.7%). These results indicate 300 

that the presence of Ca2+ might also affect the in situ activation of the Ni foam cathode, 301 

thereby exhibiting a mixed influence on the fresh and used cathodes. A possible 302 

explanation is that Ca2+ competes with Ni2+ toward OH−, thus slowing the evolution of 303 

active Ni(OH)2 and nitrate reduction.  304 

As in the case in which Ca2+  is absent, XRD and Raman did not provide helpful 305 
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information in exploring the change in the Ni foam surface (Fig. 1b–c). However, SEM-306 

EDS and XPS provided solid evidence pointing to the formation of new nanoparticles on 307 

the cathode surface, including enhanced oxygen content (3.2 wt%) (Fig. 2d; 308 

Supplementary Material Fig. S4) and the evolution of Ni(OH)2 (Fig. 2g). Moreover, the 309 

electrochemical impedance spectroscopy (EIS) curve of the used Ni foam in the presence 310 

of Ca2+ showed lower charge transfer resistance (Rct) than the fresh Ni foam (Fig. 1f), 311 

indicating enhanced kinetics of electrode reactions after use [42]. Also, the ECSA of the 312 

used Ni foam (0.292 mF cm−2) was 2.5 times higher than that of the fresh Ni foam (0.119 313 

mF cm−2) (Supplementary Materials Figs. S7–8). Likewise, the LSV curve demonstrated 314 

an enhanced current signal using Ni foam (Fig. 1e). 315 

In contrast to the influence of Ca2+, bicarbonate significantly inhibited the removal 316 

of nitrate and the formation of ammonia during the first cycle (Fig. 1a, Fig. 2b). 317 

Nonetheless, after use, the catalytic activity of the Ni foam improved substantially, 318 

achieving 2.0% nitrate removal for the fresh Ni foam compared to 54.5% removal in the 319 

second cycle. These results suggest that Ni foam’s in situ activation vastly outperforms 320 

bicarbonate’s inhibiting impact. To date, only a few studies have examined the influence 321 

of bicarbonate. Our finding is consistent with [31, 32], and [34] but contrasts with the 322 

results of [30]. The negative impact of bicarbonate is likely due to its competition with 323 

nitrate toward the active site [33]. Bicarbonate is a complex anion that can form 324 

precipitates with active catalyst sites after deprotonation. Given that the cathode has a 325 

locally high pH, bicarbonate tends to consume OH− and become deprotonated (carbonate), 326 

which may easily occupy the activate site via metal carbonate precipitation (i.e., Ksp of 327 

NiCO3 is 1.42×10−7).  328 

Indeed, we found that the used Ni foam turned light green (Supplementary Material 329 

Fig. S3) and developed some newly formed nanoparticles on the surface (Fig. 2d–e). The 330 

corresponding Raman (Fig. 1c) and XPS spectra (Fig. 2g; Supplementary Material Fig. 331 

S6) confirmed the presence of Ni(OH)2 and NiCO3. Specifically, the Raman spectrum 332 

peaked at approximately 454 and 970 cm−1 were assigned to Ni(OH)2 [43]. In contrast, the 333 

signal peak at around 1080 cm−1 was associated with symmetric stretching of the CO3
2− 334 

group [44]. Moreover, the CO3
2− group was observed in both C 1s and O 1s in the XPS 335 

spectrum (Fig. 2g; Supplementary Material Fig. S6). Consistently, the surface became 336 

rough, with an enlarged ECSA from 0.119 to 0.139 mF cm−2 (Supplementary Material Fig. 337 

S7).  338 
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The coexistence of bicarbonate and Ca2+ reduced nitrate reduction from 50–60% 339 

to 15–38% and inhibited the production of ammonia (Fig. 1d, Fig. 2c). This was probably 340 

due to another mechanism: cathode scaling and the complete blocking of active sites for 341 

electrochemical nitrate reduction [30, 31, 33]. SEM images of the used Ni foam showed 342 

that the surface was covered with cubic crystals (calcite) (Fig. 2f). The formation of CaCO3 343 

is further supported by the relevant XRD and Raman spectra (Fig. 1b–c). In addition, the 344 

decrease in Ca2+ concentration after treatment reflected the precipitation of Ca2+ exactly 345 

(Supplementary Material Table S4). Cathode scaling is a significant issue in 346 

electrochemical nitrate reduction, as nitrate is typically present at much lower 347 

concentrations than Ca2+ and bicarbonate. In ENRA, both the desired nitrate reduction 348 

reaction and the competing H2 evolution reaction will produce hydroxide, which results in 349 

a significantly locally higher pH near the cathode than the bulk solution [45]; the bulk pH 350 

is also enhanced from 7.0–7.5 to about 11.0–11.5 (Supplementary Material Table S2). It 351 

should be noted that no bulk precipitation was observed, although the bulk solution was 352 

highly saturated with CaCO3, which indicates that the cathode surface had a favorable 353 

environment for CaCO3 deposition. Therefore, beyond developing novel catalysts, we 354 

should also consider the elimination of the negative impacts of scaling ions. For example, 355 

a pretreatment could be applied to remove these hardness ions [30, 33] or a novel system 356 

could be designed to achieve simultaneous nitrate reduction and hardness control [46]. 357 

 358 

3.2 Influence of cathode material 359 

Whether the influence of the cathode material is limited to Ni foam was of interest. 360 

Therefore, we studied four materials representing two types of cathode, one termed 361 

activate cathode (Ni and Cu foam) [35, 47], which likely undergoes in situ activation, as 362 

reported. The other is the inactive cathode (Ti or Sn plate) [30, 48]. The peaks in the LSV 363 

curves at −0.35 to −0.55 V corresponded to the response current intensity of the different 364 

electrodes to nitrate reduction (Fig. 3b). The response current in the absence of nitrate 365 

corresponded to the hydrogen evolution reaction (HER) for all four electrodes. After adding 366 

nitrate, we noticed a significant increase in the current intensity, indicating nitrate reduction. 367 

Therefore, we concluded that the current output was mainly attributed to nitrate reduction.  368 

Interestingly, for the active cathode group, the pristine cathodes showed much less 369 

catalytic activity than the used cathodes (Fig. 3a; Supplementary Material Fig. S11). 370 

Notably, the fresh Cu foam exhibited slightly better activity than the new Ni foam, 371 
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suggesting its inherent activity toward nitrate reduction. Still, the catalytic activity of the Cu 372 

foam increased even after just one use, which was accompanied by enhanced surface 373 

roughness and oxygen content (Supplementary Material Fig. S13), increased ECSA (Fig. 374 

3c), and lowered Rct (Fig. 4g). The LSV curve of the used Cu foam also exhibited a much 375 

higher current output than the fresh one under the same conditions (Fig. 3b). These results 376 

collectivity confirmed the enhanced activity of the used Cu foam during ENRA [49]. 377 

In contrast, these phenomena were not observed in the Ti and Sn cathodes. We 378 

did not observe significant improvement with the used nonactive cathodes compared with 379 

the new cathodes. To be precise, the Sn plate showed the worst performance under all 380 

the studied conditions (Fig. 3a), possibly due to a large overpotential under the tested 381 

conditions (Fig. 4f). Unlike the noted enhanced catalytic activity after use, the Sn electrode 382 

experienced a quick decrease in the system’s performance. For example, in the case of a 383 

nitrate-only solution, the system removed about 34.2% of the nitrate after 6 h of electrolysis 384 

at 100 A m−2. However, this value dropped to 20.0% in the second cycle and 10.5% in the 385 

10th cycle. In contrast, the Ni and Cu foam cathodes typically achieved 60–80% nitrate 386 

removal efficiency. 387 

Therefore, it seems reasonable to speculate that the type of cathode material also 388 

matters. Due to the large overpotential toward competitive HER, Ni and Cu foam are 389 

widely used for electrochemical nitrate reduction reactions. In addition, some studies have 390 

used Ni or Cu foam as a base material in which different types of catalysts (i.e., single-391 

atom catalysts) are decorated on the surface of Ni or Cu foam [39, 50, 51]. However, no 392 

previous study has considered the in situ activation mechanism. Instead, they typically 393 

argue that Ni- or Cu-supporting matrixes have limited catalytic activity toward nitrate 394 

reduction to ammonia [20, 39, 52]. In contrast, in the current study, we showed that these 395 

supporting electrodes may be subject to in situ activation, thus demonstrating outstanding 396 

activity in ENRA, and should not be ignored. Therefore, the in situ activation phenomenon 397 

should be considered when discussing the mechanisms or impacts of other parameters. 398 

Nonetheless, we want to point out that the Ti cathode—the nonactive electrode—399 

is also subject to in situ modification [48, 53]. The used Ti electrode surface became rough 400 

(Supplementary Material Fig. S22), with increased ECSA from 0.0247 to 0.0691 mF cm−2 401 

(Fig. 3d) and reduced Rct (Fig. 4h). In addition, the LSV curve of the used Ti plate showed 402 

a higher current response than the new one under the same conditions (Fig. 3b). Moreover, 403 

the associated XRD spectrum confirmed the formation of TiH2 (Fig. 3g). Likewise, the Sn 404 
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electrode also underwent some in situ modifications, such as the occurrence of SnO2 405 

nanoparticles on the cathode surface (Fig. 3h; Supplementary Material Fig. S27) with 406 

enhanced ECSA from 0.0138 to 0.0549 mF cm−2 (Fig. 3e) and reduced Rct (Fig. 4i). These 407 

results clearly showed the evolution of the Ti and Sn surfaces in terms of speciation, 408 

morphology, and elemental composition over the ENRA process, which might correlate 409 

with the changes in electrochemical nitrate reduction performance during the ten-cycle 410 

test. Notably, the in situ modification of nonactive electrodes did not significantly affect 411 

their electroactivity (Supplementary Materials Fig. S21, Fig. S26, and Tables S7–10), as 412 

found elsewhere [53, 54]. 413 

 414 

3.3 Joined effects of coexisting ions and cathode material 415 

Regarding the influence of coexisting ions, bicarbonate weakened the nitrate reduction 416 

activity of the fresh Cu, Ni, and Ti cathodes but not that of the Sn cathode (Fig. 1a, Fig. 417 

4a–c), which was confirmed by the relevant LSV curves (Fig. 4d–f). It is worth mentioning 418 

that the peaks at −0.35 to −0.55 V vs. RHE for the Cu foam, Ti plate, and Sn plate in the 419 

LSV curve corresponded to direct electron transfer for nitrate reduction [52, 55-57]. In 420 

comparison, a noticeable reduction peak was observed at −0.85 V vs. RHE in the LSV 421 

curve of the Sn plate, which was attributed to the transition between Sn(0) and Sn(II) [56]. 422 

In addition, appropriate material characterization suggests that some modifications 423 

occurred on the cathode surface in the presence of HCO3
− (Supplementary Materials Fig. 424 

S17, Fig. S23, and Fig. S29). This is probably why two previous studies have drawn 425 

different conclusions about the role of bicarbonate, as a Cu cathode was used in one study 426 

[31], while an Sn cathode was used in another study [30]. 427 

As discussed previously, Ca2+ can potentially influence electrochemical nitrate 428 

reduction by affecting the thickness of the electric double layer and forming complexes 429 

with nitrate. Unlike Ni foam, the presence of Ca2+ weakens the activity of Cu foam toward 430 

nitrate reduction (Fig. 4b; Supplementary Material Tables S5–6), which is reflected by the 431 

decreased ECSA from 0.139 to 0.0669 mF cm−2 (Supplementary Materials Figs. S19–20). 432 

It seems that the in situ construction of Cu foam is somehow affected or driven in a way 433 

that does not favor nitrate reduction. The photo of the Cu foam shows visible color changes, 434 

indicating some modification of the Cu foam (Supplementary Material Fig. S12). The SEM-435 

EDS spectrum shows the rougher surface and high oxygen content of the Cu foam 436 

(Supplementary Material Fig. S13). In addition, based on the XPS and XRD survey 437 
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(Supplementary Materials Figs. S14–16), the used Cu foam exhibited signals of Cu2O as 438 

does in pure nitrate-containing solution (Fig. 3f), the leading active site for H2O dissociation 439 

and *H production [58]. The produced *H could facilitate nitrate reduction via indirect 440 

electron transfer [52, 59]. Further research is required to confirm the presence of *H within 441 

non-noble metal catalysis. In addition, Ca2+ negatively affected the performance of the Ti 442 

plate in the ENRA process, as evidenced by a decrease in nitrate removal from 56.3–71.2% 443 

to 26.5–61.4% and reduced ECSA from 0.0691 to 0.0301 mF cm−2 (Supplementary 444 

Materials Figs. S24–25). The XRD characterization identified the generation of TiH2 on the 445 

Ti plate surface (Supplementary Material Fig. S23). Significantly, the evolution of TiH2 may 446 

also be linked to *H. However, no study has yet clarified the pathway of TiH2 generation 447 

and its catalytic activity toward nitrate reduction.  448 

We believe that the unique influence of Ca2+ is tied to the nitrate reduction 449 

mechanism with different cathodes. Where the direct electron transfer mechanism 450 

dominates, it promotes nitrate reduction, whereas it inhibits nitrate reduction in systems in 451 

which indirect *H reduction matters. Janik and colleagues simulated the hydrogenation of 452 

*CO to form *COH in the Cu(111) facet using DFT. They argued that the presence of K+ 453 

increases the energy barrier for producing *COH because the electrostatic repulsion 454 

between the *H and K+ hinders the movement of H+ and its binding with *CO [60]. Likewise, 455 

in the current study, the presence of Ca2+ may have affected the adsorption of *H on the 456 

cathode. This combination of non-reactive cations (i.e., Ca2+) and *H is vital as it could 457 

help clarify their distinct impact on electrocatalytic nitrate reduction with different cathodes. 458 

Surprisingly, in the case of the Sn cathode, electrochemical nitrate reduction was 459 

strongly favored in the presence of Ca2+ compared to the other cathodes (Fig. 4c), 460 

confirmed by the relevant LSV curves (Fig. 4f) and the ECSA analysis (Supplementary 461 

Materials Figs. S31–32, Tables S11–12). Moreover, we found SnO2 particles on the Sn 462 

surface (Fig. 3h; Supplementary Material Fig. S28). Specifically, electrochemical nitrate 463 

removal was enhanced by at least 20%, jumping between 38% and 52% over the ten-464 

cycle test. This may have been due to the direct electron transfer mechanism and the 465 

active effect of the higher charge density of Ca2+, which led to a remarkable shift in the 466 

potential and promoted nitrate reduction. Additionally, the hydrated calcium ion 467 

[Ca(H2O)6]2+ is a proton donor by several orders of magnitude stronger than water 468 

molecules in the bulk solution, which may also have contributed to the promotion of nitrate 469 

reduction [61]. 470 
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In the presence of both Ca2+ and bicarbonate, regardless of the cathode material, 471 

nitrate reduction performance was negatively affected. The primary reason was the 472 

blocking of active sites created by CaCO3 deposition (Supplementary Materials Fig. S18, 473 

Fig. S23, and Fig. S30), which hindered the metal binding with nitrate, thus inhibiting 474 

nitrate reduction to ammonia [30, 31]. Interestingly, when comparing the effects of CaCO3 475 

deposition in the two types of cathodes, the negative influence of CaCO3 deposition was 476 

more significant with the plate electrodes. For instance, the ENRA performance with a Ti 477 

cathode was significantly reduced from 80% to less than 20% with the coexistence of Ca2+ 478 

and bicarbonate (Fig. 4b), likely due to the limited surface area and its being blocked by 479 

CaCO3 deposition. In contrast, porous Ni and Cu foams have large surface areas and 480 

more active sites for nitrate reduction and CaCO3 deposition. Therefore, after one cycle, 481 

CaCO3 deposition did not influence nitrate reduction. Nonetheless, there was significant 482 

CaCO3 accumulation on the cathodes over the ten rounds of recycling. Therefore, the 483 

negative influence of CaCO3 deposition became apparent later (after three rounds of 484 

recycling).  485 

For the Sn plate, with the coexistence of Ca2+ and bicarbonate, the system's 486 

performance was also poor but relatively stable over the ten-cycle test, ranging from 22% 487 

to 34%. It is unclear what caused the different behavior of the Sn electrode compared to 488 

other electrodes in the ENRA process. The contrasting results indicate the need for further 489 

research to identify the distinct behavior of Sn electrodes. However, as we confirmed in 490 

the current study, regardless of the material, all cathodes were subject to in situ 491 

modifications, which was likely the actual reason for the in situ activation of some catalysts 492 

over reduction applications.  493 

Overall, we can conclude that all cathodes underwent an evolution of new species, 494 

but not all were able to enhance the catalytic activity of ENRA. The influence of coexisting 495 

ions on the performance of ENRA was also affected by the nature of the electrocatalysts 496 

(the cathode material). Moreover, we need to consider the in situ modification 497 

phenomenon when interpreting the mechanisms of new or existing electrocatalysts in the 498 

ENRA process. We suggest applying in situ characterization techniques to probe the 499 

evolution of active species, which could more accurately link the activity change with the 500 

formation of new species on raw materials. 501 

 502 

3.4 Long-term performance of the best-performed Cu foam  503 
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We conducted a long-term evaluation with the best-performing Cu foam over two months 504 

to gain insights into the system’s performance over continuous flow operations and to 505 

mimic its practical application. To our knowledge, few previous studies have attempted to 506 

evaluate the long-term stability of ENRA in nitrate-polluted water bodies [8, 9]. Fig. 5a 507 

presents the nitrate removal efficiency over a continuous flow operation for treating three 508 

types of nitrate-containing solutions, including pure nitrate-containing solutions 509 

synthesized with deionized water, more environmentally relevant nitrate-containing 510 

solutions prepared with tap water (Supplementary Material Table S13), and actual nitrate-511 

polluted groundwater (Supplementary Material Table S14). Figure 5a shows that the 512 

system quickly reached an enhanced nitrate removal of about 12.7% for the natural 513 

groundwater. However, after several days of operation, we noticed a substantial decrease 514 

in pH, nitrate removal, and ammonia production (Supplementary Materials Tables S15–515 

16). 516 

The worst performance in treating nitrate-contaminated groundwater was likely 517 

due to the abundance of hardness ions (14.7 mM Ca2+ and 5.9 mM Mg2+). Fig. 5d reveals 518 

the apparent removal of Ca and Mg via electrochemical groundwater treatment. The 519 

corresponding XRD analysis showed noticeable scaling on the Cu foam surface (Fig. 5c), 520 

which may have prevented direct contact between nitrate and the active Cu sites. In 521 

addition, coexisting dissolved organic matter, silicate, and other ions may have affected 522 

nitrate reduction performance [33, 46]. The tap water tests, which contained fewer 523 

hardness ions and other components, showed an enhanced operation period (15 d vs. 3 524 

d in groundwater) with a stable hardness removal (Supplementary Material Fig. S33) 525 

before decreasing in nitrate reduction.  526 

In contrast, the system’s performance in pure nitrate-containing solutions lasted 527 

much longer before an apparent decrease in nitrate removal. This distinction indicates that 528 

future studies should evaluate the stability of electrochemical nitrate reduction systems 529 

under environmentally relevant conditions. Otherwise, the evaluation cannot predict the 530 

actual stability or performance of the electrochemical nitrate reduction system. 531 

Significantly, the appearance of the Cu foam used under long-term continuous flow 532 

operations changed from golden yellow to black (Supplementary Material Fig. S34), 533 

powerfully demonstrating the in situ modification of the Cu foam cathode. The relevant 534 

XRD characterization revealed the formation of Cu2O (Fig. 5b). To our knowledge, this is 535 

the first study demonstrating the in situ modification of cathode material in the context of 536 
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ENRA on a macro scale, adding value to previous studies that have mainly focused on 537 

nano-scale changes. In addition to nitrate removal efficiency, we quantified the relevant 538 

energy consumption (Supplementary Material Table S17). The specific energy 539 

consumption was 138.38, 465.50, and 1118.28 kWh per kg N for pure nitrate solution, 540 

nitrate spiked tap water, and natural groundwater, respectively, implying that coexisting 541 

ions and organic substances affected energy consumption beyond stability. 542 

Further studies on the influence of many other ions, such as Mg2+, SiO3
2−, and 543 

natural organic matter, typical ions and substances found in groundwater, agriculture 544 

runoff, and industrial wastewater, are urgently required. In the meantime, we hope that the 545 

current study can provide a foundation and encouragement for scientists to consider the 546 

environmental relevance of electrochemical nitrate reduction, as this is urgently needed 547 

to replace the high-temperature, high-pressure Harbor–Bosch process in producing 548 

ammonia. If environmental significance cannot be guaranteed, these sophiscated 549 

catalysts are unlikely to be applied to industrial-grade wastewater. Alternatively, 550 

consideration could be given to the reduction of nitrogen, which can easily be acquired 551 

from the air, although scientists are well aware of the challenge involved in breaking the 552 

stable N≡N bond (941 kJ mol−1) rather than the N-O bond (204 kJ mol−1) [62]. Therefore, 553 

we recommend that future studies evaluate the environmental relevance of state-of-the-554 

art electrocatalysts. 555 

 556 

4. Conclusion 557 

To summarize, we have outlined the critical importance of considering environmental 558 

relevance when evaluating the performance of new or existing electrocatalysis for nitrate 559 

reduction to ammonia, especially during long-term operations under wastewater-relevant 560 

conditions. While pure nitrate solutions can be useful for evaluating mechanisms, our 561 

findings demonstrate that typical coexisting ions significantly influence electrocatalytic 562 

performance. Beyond scaling formations that block active sites, coexisting ions also affect 563 

the in situ activation of the cathode. Therefore, we strongly suggest that researchers 564 

consider coexisting ions or substances, as they profoundly affect the activity and long-565 

term stability of electrocatalysts toward nitrate reduction to ammonia. We strongly 566 

encourage further research aimed at mitigating the negative influence of coexisting 567 

substances. 568 

 569 
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Figure Captions 766 

Fig. 1 Electrochemical nitrate reduction with Ni foam cathode. a, Influence of Ca2+ and 767 

bicarbonate on nitrate removal over ten-cycle recycling. b–c, XRD patterns (b) and Raman 768 

spectrum (c) of fresh and used Ni foam under different ion compositions. d, Evolution of NH4
+, 769 

NO2
−, NO3

−, and other nitrogen species in nitrate-only conditions. e–f, LSV curves (e) and 770 

Nyquist plots (f) of fresh and used Ni foam under different test conditions, both LSV and EIS 771 

were recorded with electrolytes containing 50 mM Na2SO4 and 4 mM NaNO3. g–h, SEM 772 

images of fresh (g) and used (h) Ni foam in NO3
− condition. i–j, O 1s and Ni 2p XPS spectra 773 

of fresh (i) and used (j) Ni foam in nitrate-only condition. CPE, constant phase element, Rct, 774 

charge transfer resistance, Rs, resistance of bulk solution. 775 

Fig. 2 Influence of ion composition. a–c,The evolution of NH4
+, NO2

−, NO3
−, and other 776 

nitrogen species in NO3
−

 + Ca2+ (a), NO3
−

 + HCO3
− (b), and NO3

−
 + Ca2+ + HCO3

− (c) condition. 777 

d–f, SEM images of used Ni foam in NO3
−

 + Ca2+ (d), NO3
−

 + HCO3
− (e), and NO3

−
 + Ca2+ + 778 

HCO3
− (f) condition. g, O 1s and Ni 2p XPS spectra of Ni foam in NO3

−
 + Ca2+, NO3

−
 + HCO3

−, 779 

and NO3
−

 + Ca2+ + HCO3
− condition. 780 

Fig. 3 Influence of cathode material. a, Electrochemical nitrate removal with Cu foam, Ti 781 

plate, and Sn plate electrodes in nitrate-only solution over a ten-cycle test. b, LSV curves of 782 

Cu foam, Ti plate, and Sn plate in the absence or presence of 4 mM NO3
−; 50 mM Na2SO4 783 

were added as supporting electrolytes. c–e, The determination of double layer capacitance of 784 

Cu foam (c), Ti plate (d), and Sn plate (e) under fresh and NO3
− conditions. f–h, XRD patterns 785 

of Cu foam (f), Ti plate (g), and Sn plate (h) in nitrate-only condition. 786 

Fig. 4 Joint effects of coexisting ions and cathode material. a–c, Electrochemical nitrate 787 

reduction with Cu foam (a), Ti plate (b), and Sn plate (c) in the presence of different ions over 788 

a ten-cycle test. d–f, LSV curves of Cu foam (d), Ti plate (e), and Sn plate (f) under different 789 

ion compositions. g–i, The Nyquist plots for the EIS spectra of Cu foam (g), Ti plate (h), and 790 

Sn plate (i) under different ion compositions. LSV and EIS were collected with electrolytes 791 

containing 50 mM Na2SO4 and 4 mM NaNO3. CPE, constant phase element, Rct, charge 792 

transfer resistance, Rs, resistance of bulk solution. 793 

Fig. 5 Long-term performance. a, Nitrate removal efficiency over continuous flow operation 794 

mode in treating simulated water, nitrate spiked tap water, and actual nitrate-polluted 795 

groundwater. b–c, XRD patterns of used Cu foam in simulated water (b) and groundwater (c). 796 

d, Change of Ca2+ and Mg2+ concentration over tests with nitrate-polluted groundwater. The 797 

same Cu foam cathode was used for the tests with synthetic nitrate-containing water. For the 798 

tests with nitrate-spiked tap water and actual nitrate-polluted groundwater, new Cu foams were 799 
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Highlights  

⬧ In-situ evolution of Cu, Ni, Ti and Sn cathodes occurs via cathodic corrosion. 

⬧ In-situ activation of Ni or Cu cathode enhances electrocatalytic-nitrate reduction. 

⬧ Ca2+ promotes nitrate removal by complexation and condensing electric double layer. 

⬧ Cathode scaling inhibits electrochemical nitrate removal over long-term operation. 
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