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Abstract

In light of the enormous energy footprint of the Haber-Bosch process (1-2% of global 

energy consumption), alternative green routes of generating ammonia (NH3) are needed. The 

electrochemical reduction of NO3
- from waste streams is a promising method to produce NH3 using 

renewably-sourced electricity. However, catalyst selectivity is a grand challenge that hinders NO3
- 

to NH3 conversion technologies. In this manuscript, we fabricate Nafion-modified metal catalysts 

for NO3
- reduction. Although Nafion composites are commonly used to facilitate proton transfer, 

this work investigates electrodes covered by Nafion overlayers, which possess unique reactivity. 

We find that Cu versions of these catalysts reduce NO3
- to NH3 with a Faradaic efficiency of up to 

(91 ± 2) %, making them among the most selective catalysts reported. Voltammetry studies, 

surface-enhanced Raman spectroscopy, and density functional theory calculations indicate that the 

Nafion overlayer activates the N-O bond of a key Cu-NO intermediate, thus facilitating NH3 

production. Lastly, we demonstrate that these catalysts are effective at denitrifying polluted 

groundwater samples in the field.

Keywords: nitrate reduction, electrocatalysis, membrane-modified catalysis, NO activation

Page 2 of 26Journal of Materials Chemistry A



3

Introduction

Ammonia (NH3) is an extremely important chemical feedstock and is used extensively in 

the fertilizer, pharmaceutical, and dye industries.1-4 As a result, NH3 is the fifth most produced 

chemical in the world by volume.5 Additionally, NH3 has recently been considered as an 

alternative renewable fuel in fuel cells.6,7 The most well-established route to generate NH3 on an 

industrial scale is the Haber-Bosch process.6,8-11 Because the Haber-Bosch process is energy 

intensive and because a massive quantity of NH3 is generated annually, NH3 production is 

responsible for 1-2% of total world energy consumption and causes ~1% of global anthropogenic 

CO2 emissions.2,12-14 Another route to produce NH3 is through the electrochemical generation of 

H2 from water coupled with subsequent N2 reduction.1 However, there are several large challenges 

associated with electrochemical N2 reduction including low selectivity, low current densities, low 

N2 solubility in water, and the high dissociation energy of the N≡N bond, all of which have 

prevented the use of electrochemical N2 reduction to NH3 outside of research settings.
13,15 

Alternatively, NH3 can be produced electrochemically from the nitrate anion (NO3
-). In 

many respects, NO3
- is a better source of nitrogen because of its high water solubility and the low 

dissociation energy of the N=O bond compared to N≡N, which allows for faster reaction kinetics.16 

Another value of using NO3
- is its high natural abundance, 17,18 particularly in agricultural settings 

where it is a major environmental pollutant. Thus, the electrochemical generation of NH3 from 

NO3
- under ambient conditions has the potential not only to save energy consumption vis-à-vis the 

Haber-Bosch process, but it could also play an important role in environmental remediation. For 

example, high concentrations of NO3
- in drinking water cause several health problems including 

blue baby syndrome, thyroid disease, birth defects, and cancer.19 For this reason, the United States 

Environmental Protection Agency (EPA) has set a limit of 10 mg/L of NO3
- in drinking water. 20,21 
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In contrast, NH3 is comparatively less toxic, and the EPA has not established a threshold for NH3 

concentration in drinking water.

Previous research has demonstrated the activity of monometallic catalysts such as Pd,22 

Pt,22 Ag,23 Cu,23 Sn,24 and Rh for NO3
- and/or nitrite (NO2

-) reduction.23 Bimetallic catalysts 

including Pt-Cu,22,25 Pd-Cu,22 Pd-Sn,26 Sn-Rh,27 Sn-Ru,27 and Sn-Ir27 have also been used. 

Nonetheless, selectivity remains a challenge, and for NO3
- to NH3 catalysts, N2 and H2 are common 

side products that diminish NH3 Faradaic efficiency.28 

Electrocatalyst selectivity is a concern for all reactions involving multiple proton and 

electron transfer steps and is not just limited to the NO3
- reduction reaction. For example, our group 

designed new membrane-modified catalysts that can be used to increase the selectivity of the CO2 

reduction reaction.29,30 In particular, we demonstrated that when the fluoropolymer Nafion is used 

as an overlayer that interfaces the catalyst and bulk solution, a bound CO intermediate is activated 

on the catalyst surface.30 This activation of CO allows it to be further reduced to CH4, the most 

highly reduced form of carbon. 

Based on these previous results, we hypothesize that a similar strategy can be used to 

increase the selectivity of NO3
- to NH3 catalysts. In NO3

- reduction, NH3 is the most reduced 

product, making it the direct analog of CH4 in CO2 reduction. Furthermore, the electronic and 

structural properties of NO and CO are similar, and NO is a key intermediate in the NO3
- reduction 

reaction just as CO is an important intermediate in CO2 reduction.31-34 For these reasons, we 

speculate that a metal-NO intermediate could be activated by a Nafion overlayer to increase the 

selectivity of NH3 production. This manuscript provides experimental and computational evidence 

in support of this central hypothesis. 
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Nafion is a widely used fluoropolymer that is often mixed with electrocatalysts to facilitate 

proton transport or used as a separator between two half reaction compartments in full NO3
- 

reduction devices.35,36 In contrast to these uses of Nafion, this work studies different metallic 

electrodes covered by Nafion overlayers. In this architecture, Nafion affects the reactivity of 

intermediates at the catalyst surface, and thus its role here is fundamentally different from the other 

common uses of fluoropolymers in electrocatalyst research.

Experimental procedures

Materials and Electrode Preparation 

Nafion D520 dispersion was purchased from Fuel Cell Store, Inc. Cu foil (99.99%) was 

purchased from All-Foils, Inc. Ti foil (99.99%) was purchased from Stanford Advanced Materials, 

Pb foil was purchased from KRT Distributions (99.9%), and Zn foil (99.99%) was purchased from 

Belmont Metals. NaNO3 (> 99%) and Na2SO4 (> 99%) were purchased from Sigma Aldrich. 

NaNO2 (98%) was purchased from Oakwood Chemicals, Inc. The pH of solutions was measured 

using a Go Direct pH sensor (Vernier, Inc.). The unadjusted pH of the electrolytes was 

approximately 5.5 due to the presence of atmospheric CO2 in the water. More acidic electrolytes 

were pH adjusted with sulfuric acid. Nafion-modified electrodes were fabricated by drop-casting 

the Nafion dispersion directly onto the metal surfaces. To modify the thickness of the Nafion layer, 

multiple rounds of drop-casting were performed. In between each round of drop-casting, the 

Nafion dispersion was dried in an oven for 7 min at 65 °C.

Electrochemical Measurements

A VSP-300 Biologic potentiostat was used for electrochemical studies. All electrochemical 

studies were performed in a three-electrode system in which metal surfaces, a platinized-titanium 
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electrode (Rio Grande, Inc.), and a leakless Ag/AgCl/3 M KCl (eDaq, Inc.) were the working, 

counter, and reference electrodes, respectively. Current densities are reported with respect to the 

geometric area of the working electrode. The metal electrodes were rinsed with acetone and 

subsequently washed with deionized water several times before use. For evaluating NO3
- reduction 

activities of each thin film, the working electrodes were studied in 10 mL of 50 mM NaNO3 and 

100 mM Na2SO4 (unless otherwise mentioned) in a two-compartment cell. The cell consisted of a 

25 mL glass beaker separated by a Nafion 117 membrane (H+ form, 183 m, Fuel Cell Store, Inc.). 

The working and reference electrodes were in one compartment, while the counter electrode was 

placed in the second compartment. The onset potential was determined by calculating the potential 

at which the current density reached 10% of the maximum current density for each LSV.

For electrochemical NO2
- reduction, we used 10 mL 50 mM NaNO2 and 100 mM Na2SO4 

in a two-compartment electrochemical cell and followed a procedure analogous to those used for 

NO3
-. For electrochemical NO reduction, we used 10 mL 100 mM Na2SO4. This electrolyte was 

sparged with NO gas for 10 minutes before running chronoamperometry. NO was synthesized 

from NaNO2 and dilute sulfuric acid according to literature procedures.37 The concentration of NO 

in a saturated aqueous solution is about 2 mM.38 For experiments with groundwater, water was 

obtained from a domestic well in Silver Springs, NV and was used directly in experiments without 

any pretreatment step.

Materials Characterization

Scanning electron microscope (SEM) images and energy-dispersive X-ray (EDX) analysis 

were obtained for each sample using a JEOL JSM-7100F field emission SEM operated using an 

accelerating voltage of 15 kV. X-ray diffraction (XRD) spectra were recorded using a Bruker D2 

X-ray diffractometer. A Renishaw in Via confocal Raman microscope was used to collect Raman 
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spectra of the electrodes. For surface-enhanced Raman spectroscopy experiments with NO gas, 

NO was sparged for 10 minutes on the Cu surface before collecting the spectra. The Nafion-

modified Cu substrates had a thickness of about 100 nm. Although we also collected spectra on 

Cu with the micron-thick Nafion overlayers used for electrochemical experiments, these spectra 

only possessed Nafion peaks and could not be used to probe the Cu-Nafion interface due to their 

large thicknesses. Before all of the experiments, the instrument was calibrated with a Si standard. 

Spectra were collected with a 10x objective lens and averaged over 10 scans. A 514 nm laser with 

a power of approximately 11 mW was used to illuminate the samples. 

Product Detection

The concentration of NH3, NO2
-, and NO3

- after 1 hour of chronoamperometry were each 

evaluated using well-established colorimetric methods. For most electrodes, the voltage values 

used during chronoamperometry were selected such that the current density was approximately 5 

mA cm-2. For experiments with Pb electrodes, the current density decreased significantly over the 

course of 1 hr, and so a high voltage of -2.0 V was used in accordance with previous literature 

methods.39 NH3 was qualitatively detected according to a literature method using iodine.40 After 

chronoamperometry, 1 mL of the electrolyte adjusted to pH 13 with 10 wt. % NaOH was poured 

onto a 3 mg iodine crystal in a small glass vial. A black precipitate of NH4I3 upon stirring confirms 

the presence of NH3 in the electrolyte. The amount of NH3 was quantified from the electrolyte 

using the indophenol method.41 All the reagents were purchased from Sigma Aldrich and were 

used without any further purification. 0.5 mL of the catholyte was taken in a glass vial, and 2 mL 

of a 1 M NaOH solution containing 5 wt. % salicylic acid and 5 wt. % sodium citrate was added. 

Then, 1 mL of 0.5 M NaClO and 0.2 mL of 1 wt. % sodium nitroferricyanide were added to the 

same vial. After waiting for 1 hr at room temperature, UV-Vis spectroscopy was performed 
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(Shimadzu UV-2550 spectrometer). The concentration of NH3 in the electrolyte was determined 

using the maximum absorbance at 670 nm along with an appropriate calibration curve produced 

using NH3 solutions of known concentrations.

NO3
- and NO2

- were evaluated using Griess reagents with and without VCl3.42 N-(1-

Naphthyl)ethylenediamine dihydrochloride (NEDD) and sulfanilamide were purchased from 

Sigma Aldrich. A 200 mL 0.5 M sulfuric acid solution containing 2 wt. % NEDD and 2 wt. % 

sulfanilamide was first prepared to make the Griess reagents. 

To quantify NO2
-, 10 L of reaction electrolyte was diluted with 2 mL of deionized water, 

and 0.8 mL of the Griess reagents were added. The solution was let to stand at room temperature 

for 30 minutes. The absorbances of the resulting solutions were measured using UV-VIS 

spectroscopy. The concentration of NO2
- was calculated from the absorbance at 540 nm along with 

an appropriate calibration curve using NO2
- solutions of known concentrations.

To detect the amount of NO3
- consumed during electrochemistry, we used a similar 

procedure as for NO2
- detection, except the 200 mL Griess reagent solution contained 0.5 g VCl3 

(Sigma Aldrich). NO3
- is reduced into NO2

- by VCl3 through a relatively slow process, so the 

reaction was allowed to go to completion by letting the reaction mixture stand at room temperature 

for 6-10 hours. Finally, the amount of NO3
- was subtracted from NO2

- to determine the amount of 

NO3
- remaining after electrochemistry.

Faradaic Efficiency Calculations

To calculate the Faradic efficiency (% FE) of NH3 and NO2
- production, we used the 

following formula.

% FE =                     …………………. (1)
𝐴𝑐𝑡𝑢𝑎𝑙 𝑌𝑖𝑒𝑙𝑑

𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑌𝑖𝑒𝑙𝑑 × 100
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The Faradic efficiencies of N2 and H2 production were calculated from equations considering the 

feasible NO3
- reduction products, which are as follows.

2H+ + 2e- → H2                                                          ………………….. (2)

9H+ + NO3
- + 8e- → NH3 + 3H2O                            ……………..…… (3)

12H+ + 2NO3
- + 10e- → N2 + 6H2O                         …………….……. (4)

2H+ + NO3
- + 2e- → NO2

- + H2O                             ………………..… (5)

The catalysts studied in this work did not produce any measurable quantities (Faradaic 

efficiency > 0.1%) of NO, N2O, or N2H4. NO and N2O were detected using an Agilent 

Technologies GC-MS instrument equipped with a 7890A GC system and 5975C inert MSD with 

a Triple-Axis Detector. N2H4 was detected using the para-dimethylaminobenzaldehyde method.43 

In the absence of NO, N2O, and N2H4 production, the number of moles of N2 can be quantified by 

determining the amount of NO3
- consumed (Equation 7). The Faradaic efficiency of N2 was then 

calculated from Equation (1). 

 (initial) =  (final) +  (consumed)𝑛𝑁𝑂–
3 𝑛𝑁𝑂–

3 𝑛𝑁𝑂–
3 

 (consumed) =  + +                    …………… (6)𝑛𝑁𝑂–
3 𝑛𝑁𝐻3 2𝑛𝑁2 𝑛𝑁𝑂–

2

 = 0.5  (consumed) – 0.5  – 0.5    ……………. (7)𝑛𝑁2 𝑛𝑁𝑂–
3 𝑛𝑁𝐻3 𝑛𝑁𝑂–

2

H2 production was calculated by subtracting the total Faradaic efficiency for nitrogen-

containing products from 100%. The values obtained from H2 production were also corroborated 

by pH measurements conducted on both compartments of the cell because the number of protons 

transferred for each nitrogen-containing product is known.

DFT Calculations
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All calculations were performed with the PBE-D3 density functional in the Quantum 

Espresso package. We used large cells and were thus able to sample the Brillouin zone only at the 

Γ-point. Specifically, we used a 4 * 4 cell with three layers. Scalar-relativistic Projector 

Augmented Wave (PAW) pseudopotentials were employed with kinetic and charge cut-offs of 

50.0 Ry and 420.0 Ry, respectively, while converging all energies to a 10-7 Ry threshold. 

Results and Discussion
Electrocatalytic NO3

- Reduction

SEM-EDX analysis demonstrates the successful fabrication of metal electrodes with 

uniform layers of Nafion with thicknesses ranging from 3-10 m using a simple dropcasting 

method (Figures S1 and S2). Electrochemical impedance spectroscopy was subsequently 

performed on unmodified Cu and Nafion-modified Cu electrodes (Figure S3). The total calculated 

resistance of the Nafion-modified Cu is higher than the unmodified electrode, which is expected 

due to the addition of the resistive Nafion layer. We proceeded to evaluate the electrochemical 

activity of these electrodes for NO3
- reduction using linear sweep voltammetry (LSV) with and 

without NO3
- or NO2

- in the electrolyte. On an unmodified Cu electrode, the cathodic current 

increases as the voltage is swept negative in a NO3
- electrolyte (Figure 1A, black line). The onset 

potential of electrocatalytic reduction, defined as the potential at which the current reaches 10% 

of its maximum value during the LSV, is -0.93 V vs. Ag/AgCl. The same unmodified Cu electrode 

in a NO2
- electrolyte (Figure 1A, red line) exhibits a similar amount of current as the NO3

- curve 

with a slightly more positive onset potential of -0.92 V. These results match previous literature 

showing that the ability of Cu to reduce NO2
- at a more positive potential than NO3

- indicates that 

Cu is a more effective NO3
- reduction catalyst than most other metals.44 A LSV without NO3

- or 

NO2
- containing solely the Na2SO4 supporting electrolyte catalyzes the H2 evolution reaction at a 

much more negative onset potential of -1.42 V. Polycrystalline Cu is used as a substrate in this 
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work, and the XRD spectrum of the Cu is displayed in Figure S4, which shows that the (220) face 

is the most intense peak. Previous experiments with single crystal Cu electrodes demonstrate that 

the electrocatalytic properties of NO3
- reduction vary depending upon the crystal face used.45 

Figure 1: Linear sweep voltammograms at a scan rate of 10 mV s-1 of unmodified Cu (A) and Cu 
modified with 6 m of Nafion (B) in 50 mM NaNO3 and 100 mM Na2SO4 (black line), 50 mM 
NaNO2 and 100 mM Na2SO4 (red line), and 100 mM Na2SO4 (blue line).

LSVs in the same three electrolytes with Cu electrodes modified with 6 m of Nafion 

(Figure 1B) differ in two important ways from LSVs of unmodified Cu. Firstly, the current 

densities of the LSVs decrease upon addition of Nafion. This result is expected because the Nafion 

membrane slows down mass transport from the bulk solution to the electrode. Secondly, and more 

interestingly, the onset potentials for both NO3
- (-0.88 V) and NO2

- (-0.86 V) reduction shift to 

more positive values in the presence of the Nafion overlayer. This finding indicates that NO3
- 

reduction is more thermodynamically favorable with the Nafion. Furthermore, the onset potential 

for NO3
- reduction consistently shifts to more positive values as the thickness of the Nafion 

membrane increases from 3 m to 10 m (Figure S5). As with the unmodified electrode, the 

Nafion-modified electrode still exhibits a slightly more positive onset potential for NO2
- compared 

A)                                                                  B)                                                                  
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to NO3
-, which indicates that the unique NO3

- reactivity on Cu discussed in the previous paragraph 

is maintained in the presence of Nafion. 

Given the increase in thermodynamic feasibility of NO3
- reduction with the Nafion-

modified Cu electrode, we wondered if the acidic nature of the sulfonate groups of Nafion altered 

the reactivity of the electrode through a pH effect. To explore this hypothesis, we conducted LSVs 

in pH 1 electrolytes on unmodified Cu electrodes (Figure S6). Although the onset potential of the 

LSV (-0.65 V) in the pH-adjusted NO3
- electrolyte (pH 1) shifts positive compared to the unaltered 

NO3
- electrolyte (pH 5.5), the current density for the pH 1 electrolyte in the absence of NO3

- 

(Figure S6, blue line) is more than double that of the LSV in the presence of NO3
- at pH 1 (Figure 

S6, black line) at most potentials. This dramatic increase in current density in the absence of NO3
‑, 

which does not occur with the Nafion-modified electrodes (Figure 1B, blue line), suggests that the 

H2 evolution reaction is accelerated at pH 1. Indeed, product detection analysis at both pH 1 and 3 

demonstrates that the yield of H2 is significantly higher for these unmodified electrodes (Figure 

S7) as compared to the Nafion-modified electrode (vide infra). In summary, the differences in both 

the LSVs and product distributions between the Nafion-modified Cu electrode at pH 5.5 and the 

unmodified Cu electrode under more acidic conditions indicate that the changes in the 

electrochemical behavior upon addition of the Nafion layer cannot be fully rationalized by pH 

changes at the electrode-electrolyte interface. Systemic electrochemical analysis, Raman 

spectroscopy, and density functional theory (DFT) calculations presented later in this manuscript 

suggest that it is the activation of a Cu-NO intermediate by Nafion that is responsible for the 

positive shift in the onset potential for NO3
- reduction on Nafion-modified Cu electrodes. 

We next evaluated the NO3
- product distribution for unmodified and Nafion-modified 

metal electrodes (Figure 2A). After one hour of chronoamperometry, analytical techniques were 
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used to assess for a wide variety of nitrogen-containing reduction products including NH3, NO2
-, 

N2, N2H4, NO, and N2O. None of the electrodes studied produced any detectable quantities 

(Faradaic efficiencies > 0.1%) of N2H4, NO, and N2O. With the exception of the unmodified Pb 

electrode which yielded (16 ± 2) % N2, all electrodes generated NH3 and NO2
- as the only nitrogen-

containing products. For the unmodified metal electrodes studied, these results are in agreement 

with previous literature reports.39 Because NH3 and NO2
- are the only nitrogen-containing 

products, H2, a common side product in NO3
- reduction experiments, is assumed to be the 

remaining product.46 

At -1.4 V vs. Ag/AgCl, the Cu electrode modified with 6 m of Nafion produces a 

strikingly high yield of NH3, (91 ± 2) %, a value that is higher than the (62 ± 2) % NH3 Faradaic 

efficiency for unmodified Cu. Systematic variations in the thickness of Nafion used and the applied 

voltage show that the highest yield of NH3, (91 ± 2) %, is obtained with 6 m of Nafion at -1.4 V 

(Figures S8-S10). This NH3 yield with the Cu electrode with 6 m of Nafion is among the highest 

reported across all previous literature reports (Table S1). Compared to the rather complex synthetic 

protocols used to synthesize many of these previous catalysts, the Nafion-modified Cu catalyst 

reported here is produced using a simple dropcasting protocol. Due to the high NH3 Faradaic 

efficiency using 6 m of Nafion, we used this Nafion thickness for all subsequent experiments. 

We also investigated dropcasting a mixture of polyvinylidene fluoride (PVDF) and Nafion onto 

the Cu electrodes. PVDF is a hydrophobic polymer that is impermeable to protons, and if used in 

a pure form as a catalyst overlayer, PVDF completely inhibits electrocatalysis.30 For this reason, 

we used mixtures of PVDF and Nafion to explore the effect of the resulting catalysts that contain 

more hydrophobic fluoropolymer overlayers. With a Cu electrode at -1.4 V with an overlayer 

consisting of 10 wt. % PVDF in Nafion, the Faradaic efficiencies for NH3 and NO2
- are (41 ± 1) 
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% and (26.6 ± 0.1) %, respectively. The same system with a 50 wt. % PVDF in Nafion overlayer 

yields NH3 and NO2
- with Faradaic efficiencies of (22 ± 3) % and (18 ± 4) %, respectively. These 

results demonstrate that increasing the hydrophobicity of the fluoropolymer overlayer does not 

increase NH3 Faradaic efficiency.

A) B)

Figure 2: Faradaic efficiencies of NH3 (A, red bars) and NO2
- (A, blue bars) production after 1 

hour of chronoamperometry from unmodified (bare) and metal electrodes modified with 6 m of 
Nafion. Differences in onset potentials (Eonset) of LSVs of NO3

- reduction between Nafion-
modified and unmodified electrodes (B).

To understand how the Nafion layer, in the absence of PVDF, improves the selectivity of 

Cu for NH3 production, we first determined the interface at which NO3
- reduction occurs on 

Nafion-modified electrodes. In principle, NO3
- reduction could occur at the polymer-electrolyte 

interface, the electrode-polymer interface, or the electrode-electrolyte interface. The uniform 

nature of the Nafion overlayer (Figure S1) suggests that NO3
- reduction does not occur at the 

electrode-electrolyte interface. Experiments with Nafion-modified metals other than Cu 

demonstrate that the product distributions vary depending upon the identity of the metal (Figure 

2). These results indicate that NO3
- reduction does not occur at the polymer-electrolyte interface 

because in this case, we would expect to obtain similar Faradaic efficiencies regardless of the metal 
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buried below the polymer. As a result, we conclude that NO3
- reduction occurs at the electrode-

polymer interface.

Unlike Cu, Nafion-modified Zn and Pb electrodes do not exhibit significantly altered NH3 

Faradaic efficiencies relative to their unmodified metal counterparts (Figures 2, S11, and S12). 

The electrochemical behavior of Nafion-modified Zn and Pb electrodes also differ from Nafion-

modified Cu in that the LSV onset potentials of the membrane-modified electrodes do not change 

significantly compared to those of the corresponding unmodified metals (Figures S13 and S14). 

Furthermore, a Nafion-modified Ti electrode generates a lower yield of NH3 compared to 

unmodified Ti (Figures 2 and S15). In the case of the Ti LSVs, the LSV for the Nafion-modified 

electrolyte possesses a significantly more negative onset potential than the LSV of unmodified Ti 

(Figure S16). Comparing the LSV and NH3 yield results across the four metal electrodes reveals a 

conspicuous trend. There is a correlation between the differences in onset potentials (Eonset) and 

the differences in NH3 Faradaic efficiencies (FENH3) between the Nafion-modified and 

unmodified electrodes (Figure 2B). In particular, the Eonset (+40 mV) and FENH3 (+30%) values 

for Cu are both much greater than zero, the Eonset (+10 mV) and FENH3 (-6% for Zn and 0% for 

Pb) values for Zn and Pb are both near zero, and the Eonset (-30 mV) and FENH3 (-15%) for Ti 

are both much less than zero. This simple relationship could be used as a guide for future 

experimental and computational work striving to design new NO3
- reduction catalysts that 

selectively produce NH3. 

Mechanistic Studies of NO3
- Reduction on Nafion-modified Electrodes 

To further understand the origin of the significant increase in NH3 selectivity upon Nafion 

modification of the Cu electrode, we performed a series of experiments aimed at probing the 

mechanisms of NO3
- reduction on Nafion-modified and unmodified Cu. Previous literature 
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indicates that NH3 production from NO3
- on Cu occurs via the successive production of metal-

bound NO2
- and NO intermediates.47 As with NO3

- reduction, we find that NO2
- reduction at the 

same concentration of electrolyte (50 mM) on Cu results in a greater Faradaic efficiency in the 

presence of the Nafion layer (Figure 3, middle two bars, and Figure S17). Similarly, NO reduction 

from a NO-saturated Na2SO4 electrolyte on the Nafion-modified Cu electrode produces NH3 with 

greater selectivity than on unmodified Cu (Figure 3, rightmost two bars, and Figure S18). These 

results suggest that the Nafion-induced increase in NH3 selectivity observed for NO3
- reduction is 

due, at least in part, to an increase in the kinetics of NO conversion to NH3. This interpretation that 

NO reactivity on Cu is activated by Nafion is further supported by DFT calculations (vide infra).

Figure 3: Comparison of Faradaic efficiencies for NH3 production from NO3
- reduction (leftmost 

two bars), NO2
- reduction (middle two bars), and NO reduction (rightmost two bars) using Cu 

electrodes modified with 6 m of Nafion (red bars) and unmodified Cu electrodes (blue bars) after 
1 hour of chronoamperometry at -1.4 V. The solutions used contain 100 mM Na2SO4 as a 
supporting electrolyte.

Although the Faradaic efficiencies for NH3 are all greater with Nafion as compared to 

unmodified Cu for NO3
-, NO2

-, and NO reduction, there is variation in the NH3 yields for the 

Nafion-modified electrodes across the three electrolytes (Figure 3, red bars). In particular, the 

Nafion-modified electrode possess a lower selectivity for NH3 during NO2
- reduction, (72.8 ± 0.7) 

%, compared to NO3
- reduction, (91 ± 2) %. When a Nafion-modified Cu electrode in an electrolyte 

containing 25 mM NaNO3 and 25 mM NaNO2 is used, the Faradaic efficiency for NH3, (71 ± 1) 
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%, is the same within experimental error as when the electrolyte contains 50 mM NaNO2, (72.8 ± 

0.7) %. These results indicate that NO3
- reduction to NH3 is inhibited in the presence of NO2

-, 

which is consistent with previous findings for other Cu-based catalysts that show NH3 production 

can be affected by bulk NO2
-.41 Furthermore, the Nafion-modified Cu electrode also exhibits 

decreased NH3 selectivity for NO reduction as compared to NO3
- reduction due to the lower 

concentration of NO in a NO-saturated electrolyte (2 mM) compared to the NO3
- electrolyte (50 

mM). Indeed, both NO3
- and NO2

- reduction on unmodified Cu electrodes with lower concentration 

electrolytes (i.e. 2 mM NO3
- or 2 mM NO2

-) result in significantly diminished NH3 yields, (13 ± 

1) % and (11 ± 1) %, for NO3
- and NO2

-, respectively.

Cu-NO
Cu2-(-NO)

Figure 4: Surface-enhanced Raman spectra of an unmodified Cu electrode (black line), a Nafion-
modified Cu electrode (red line), a Cu electrode exposed to NO (blue line), and a Nafion-modified 
Cu electrode exposed to NO (green line) at open circuit potential.

To further investigate the mechanism of NO3
- reduction on Nafion-modified Cu, we used 

surface-enhanced Raman spectroscopy (Figure 4). First, we collected the Raman spectrum of an 

unmodified Cu substrate, which does not contain any peaks (Figure 4, black line). After NO was 

sparged across the Cu surface, the spectrum possesses two broad peaks centered around 1600 cm‑1 

and 1350 cm‑1 (Figure 4, blue line). The more intense peak at 1600 cm‑1 is assigned to a NO 
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stretching mode in Cu-NO, the frequency of which is similar to previously reported metal-nitrosyl 

complexes.48 The broader peak centered around 1350 cm‑1 is assigned to NO stretching in bridging 

species with multiple Cu sites such as Cu2-(-NO). As is the case here, the vibrational modes of 

analogous bridging metal-NO and metal-CO species have significantly lower wavenumbers than 

their unbridged counterparts.49,50 The relative broadness of both peaks is likely due to the presence 

of multiple NO binding modes and crystal faces of the polycrystalline Cu substrates.  

The Raman spectrum of a Nafion-modified Cu substrate possesses a series of weak, but 

relatively sharp peaks from 1200 cm-1 to 1800 cm-1 due to various vibrational modes arising from 

Nafion. After NO was sparged across the Nafion-modified Cu surface, sharp peaks corresponding 

to Nafion are still observed, however, the broad NO peak at 1600 cm-1 on unmodified Cu shifts to 

1550 cm-1 in the presence of Nafion. This decrease in the frequency of NO stretching on the 

Nafion-modified electrode indicates that the NO bond is weakened when it is covered by the 

polymer. This weaker NO bond explains why a Nafion overlayer increases NH3 selectivity on a 

Cu electrode. In other words, the Nafion layer activates the NO bond, which increases the kinetics 

of NH3 formation. Next, we use DFT calculations to further understand the reactivity of NO inside 

Nafion-modified Cu and to corroborate the Raman spectroscopy results.

DFT Calculations 

Periodic DFT PBE-D3 calculations were performed on a 4×4 slab of Cu(111) with three 

layers while holding atoms in the bottom layer fixed.51,52 Spurious interactions of images were 

prevented by using a length of 50 Å in the direction perpendicular to the slab surface. Nafion was 

modeled with [CF3O(CF2)2SO3]-[H3O]+(H2O)2; ergo an hydronium and two explicit water 

molecules are associated with the sulfonate group. Without Nafion, we considered absorption with 

a water trimer (Figure 5A). In both cases, there are hydrogen-bonding interactions between explicit 
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water molecules and NO. The N-O bond distance is 1.247 Å on Cu(111), becoming slightly 

elongated to 1.252 Å when NO interacts with explicit water molecules associated with the 

sulfonate and hydronium of Nafion. The Nafion also causes NO to be more closely bound to the 

surface, 1.227 Å, versus 1.235 Å. These structural differences lead to lowered wavenumbers for 

the N-O vibrational stretching mode in the presence of Nafion (Figure 5). Indeed, the calculated 

difference in these stretching frequencies, Δυ = 45 cm-1, between the Nafion-modified and 

unmodified Cu(111) surfaces agrees well with the experimental Raman data (Δυ ~ 50 cm-1, Figure 

4), although the absolute values of the calculated harmonic frequencies underestimate the values 

measured experimentally. This underestimation is expected and has been observed previously for 

vibrational calculations using the PBE-D3 functional.53 

A) B)

Figure 5: Structural properties of NO adsorbed at the Cu(111) surface with (A) water and (B) a 
model for Nafion, an associated hydronium, and water molecules.

The reaction path for the NO → NH3 process was calculated on Cu(111) and Nafion-coated 

Cu(111) (Figure 6). We used a hydronium ion solvated by three water molecules and an excess 

electron, [H9O4], as the source of protons and electrons; following the recommendations of 

Rossmeisl et al.54 We then added an additional H atom after each reduction step. In the presence 

of Nafion, reaction energies of the *NO → *NOH, *NOH → *N + H2O, *N → *NH, *NH → 

*NH2, and *NH2 → *NH3 steps are all lowered. Interestingly, the greatest impact is found for the 
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first hydrogenation step, the potential-limiting step, indicating that Nafion and the water around 

its associated proton sufficiently perturb surface-adsorbed NO to affect energetics of NO reduction 

to NH3.55 Analogous computations on Zn(001) and Nafion-coated Zn(001) surfaces provide *NO 

→ *NOH reaction energies of -0.90 eV and -1.02 eV, respectively. Thus for Zn(001), Nafion has 

an impact of -0.13 eV, a factor of 4.1 smaller than the impact on Cu(111) (Figure 6), which agrees 

with our experimental data indicating that a Nafion-modified Zn electrode does not display a 

significantly altered NO3
- reduction product distribution as compared to unmodified Zn (Figure 2). 

Taken together, these results demonstrate that it is the activation of the NO bond by Nafion that 

enables the Nafion-modified Cu electrode to display enhanced selectivity for NH3 production. 

Figure 6: Calculated reaction path for NO reduction to NH3 on Cu(111) and Nafion-coated 
Cu(111) obtained from DFT. The impact of Nafion on reaction energies are given in blue and 
insets show optimized structures of the *NOH species.

Denitrification of Groundwater

Lastly, we tested the practicality of the Nafion-modified Cu electrode by using it to remove 

NO3
- from a real-world groundwater sample. We obtained groundwater from a rural residential 

well in Silver Springs, Nevada, which is located in an agricultural valley 30 miles east of Reno, 
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Nevada. Groundwater NO3
- contamination is common in regions like these due to agricultural 

runoff from fertilizers. The NO3
- concentration measured in the well water was 0.24 ppm, which 

is more than double the 0.10 ppm average for commercially treated water in Reno.56 We used the 

Nafion-modified Cu electrode to denitrify the well water directly without the addition of a 

supporting electrolyte. After one hour of chronoamperometry at -1.4 V vs. Ag/AgCl, the NO3
- 

concentration in the water decreased from 0.24 ppm to 0.008 ppm, which represents a 97% NO3
- 

removal efficiency (Figure S19).  These results demonstrate that the Nafion-modified Cu catalyst 

has potential for practical use in water purification.

Conclusions

In summary, this work discusses electrochemical NO3
- reduction to NH3 using simple 

Nafion-modified metal catalysts. For the case of Nafion-modified Cu, which produces NH3 with 

excellent selectivity, the Nafion overlayer activates the NO bound in a Cu-NO intermediate, which 

accelerates NH3 generation. This interpretation is supported by surface-enhanced Raman 

spectroscopy data and DFT calculations. In addition to demonstrating the practical applicability of 

these catalysts for water purification, this work opens up a new research direction for the 

development of selective NO3
- reduction catalysts using membrane-modified electrodes.
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