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Abstract

Electrocatalytic oxidation of ammonia is an appealing low-temperature process for the production
of nitrites and nitrates that avoids the formation of pernicious N>O and can be fully powered by
renewable electricity, but the number of known efficient catalysts for such a reaction is limited at
present. The present work demonstrates that copper-based electrodes exhibit high electrocatalytic
activity and selectivity for the NH3 oxidation to NO>/NO3™ in alkaline solutions. Systematic
investigation of the effects of pH and potential on the kinetics of the reaction using voltammetric
analysis and in situ Raman spectroscopy suggests that ammonia electrooxidation on copper occurs

via two primary catalytic mechanisms. The first converts NH3 to NO;™ via a homogeneous



electrocatalytic process mediated by redox transformations of Cu(OH)*/?" species in solutions that
dissolve from the electrode. The second pathway is the heterogeneous electrocatalytic oxidation
of NH3 on the electrode surface favoring the formation of NOs3". By virtue of its nature, the
homogeneous mediated pathway enables higher selectivity and is less affected by electrode
poisoning with the strongly adsorbed “N” intermediates that has plagued the electrocatalytic
ammonia oxidation field. Thus, the selectivity of the Cu-catalyzed NH3 oxidation towards either
nitrite or nitrate can be achieved through balancing the kinetics of the two mechanisms by adjusting

the pH of the electrolyte medium and potential.



Introduction

The electrocatalytic oxidation of ammonia has been studied in detail due to its inherent utility in
a number of applications such as fuel cells,! for the remediation of wastewater systems,” for
sensors,'®'? and for bulk electrolysis in systems where ammonia acts as a hydrogen carrier.!* The
major and most desired product in these processes is N2, while the formation of the oxidized
compounds of nitrogen is usually considered highly undesirable. On the other hand, driving the
catalytic oxidation towards the formation of nitrites and nitrates might open up the possibility of a
low-temperature electrochemical processes for small to medium scale, renewable-powered
production of these important commodity chemicals. Currently, the bulk of the research conducted
on the ammonia oxidation reaction (AOR) has been focused on the use of noble metal-based
catalysts such as platinum, palladium, rhodium and iridium.'*'® Among these, platinum is the
most widely studied with literature dating back more than a century.!’

The platinum-catalyzed AOR is a complex, multistep heterogenous reaction which was in
particular scrutinized by Gerischer and Mauerer in 1970.'8 Overall, the reaction is known to be
sluggish and poorly selective with a variety of nitrogenous products being generated. Another
notable issue of noble metal based systems is their tendency to become poisoned by strongly
adsorbed Nads species during the oxidation process.!” At very positive potentials, the platinum
surface is further poisoned by adsorbed NO, products, resulting in the rapid deterioration of the
catalyst’s performance.'* This, combined with the inherent scalability issues that come with the
use of expensive noble metal catalysts, makes platinum-based AOR an unlikely prospect for
commercialization. To address these issues, investigations have begun into the possibility of the
AOR catalysis by the electrodes based on earth-abundant first-row transition metals. Some initial

studies into the AOR catalyzed by such metals have shown that nickel exhibits a reasonable



activity.?®?2 While this is clearly a step in the right direction, the selectivity provided by this
material is poor, with a variety of products formed, namely NO2 , NOs and N.??

In nature, ammonia oxidation is promoted by the ammonium monooxygenase enzyme, which is
a naturally occurring AOR catalyst with a copper(I)-based catalytically active centre.?>** A
theoretical mechanistic study by Herron et al. also identified copper (along with iridium) as a prime
candidate for the catalysis of the electrochemical oxidation of ammonia, second only to platinum.?
A more recent experimental study focused on a mixture of nickel oxyhydroxides and copper
hydroxides has shown that copper in the form of copper(Il) hydroxide exhibits catalytic activity
for the AOR.?® Most notably, the primary oxidation product of the Cu(OH),-catalyzed process is
NOz". This study also suggested that the AOR on copper, nickel and mixed hydroxides mostly
occurs via a classical heterogeneous electrocatalytic mechanism, with intermediate adsorbates
such as *NH; and *NO detected on the surface by in situ FTIR spectroscopy.? However, despite
its proven activity®® and theoretical predictions,? copper has been largely overlooked as an AOR
catalyst. This is in part due to the fact that copper is prone to electrodissolution by ammonia under
alkaline conditions. In a study by de Vooys et al. on the role of adsorbates during the AOR, it was
concluded that Cu electrodissolution took place with 100% faradaic efficiency at pH 14 with a
predominant formation of the copper complex with ammonia.'® As such, materials based on this
metal would seem to be a poor choice for an AOR catalyst. However, as we demonstrate in this
study, the issues of Cu dissolution and complexation of copper cations with ammonia can be
mitigated to a reasonable extent by fine-tuning both the pH and operating conditions, and these

may in fact be the key to achieving a highly selective electrocatalytic ammonia oxidation to either

nitrite or nitrate.



Experimental
Materials. Electrolyte solutions consisted of KOH (Merck; > 85%, acidimetric) and NH4OH

solution (Sigma-Aldrich; 99.99%) dissolved in H>O derived from the Satorius™ Arium®
Comfort Il water purification system (measured resistivity 18.2 MQ cm at ambient temperature;
24 + 1 °C). Solutions were prepared in three electrolyte concentrations: 0.011, 0.11 and 1.1 M
KOH for background electrode characterizations and the same with the addition of 0.10 M NH4OH
for the electrocatalytic tests. The concentration of the 1.1 M KOH solution was determined via
titration, while the 0.11 and 0.011 M solutions were made via dilution of the 1.1 and 0.11 M
solutions, respectively. Electropolished Cu plate working electrodes (99.98% pure copper supplied
by Sigma-Aldrich) were used for cyclic voltammetric studies only, while electropolished copper
wire (99.8% pure supplied by Thermofisher Scientific) was used for chronoamperometric
experiments. These were in some cases preceded and followed by voltammetric analysis to
confirm that the electrochemical behavior was reproducible. Copper electrodes were newly
constructed and electropolished for each experiment to ensure that all electrodes had homogeneous
surfaces, and to minimize the discrepancy between geometric and real surface area during
measurements. Electropolishing of the copper electrodes was conducted in solutions that consisted
of 85 % orthophosphoric acid purchased from Chem-supply Pty Ltd, and 0.1% w/v of soluble
starch supplied by Ajax Finechem.

Electrochemical experiments. All measurements were conducted using a Gamry Instruments
Interface 1000 E potentiostat operated in a three-electrode configuration, except for the
electropolishing experiments which were undertaken in a two-electrode mode. The latter
procedure was applied to all copper working electrodes investigated herein, using the electrolyte
solution identified above and a high-surface area copper wire counter electrode at an applied

potential of 4.7 V for 4 min for newly constructed plate electrodes (further details on this procedure



are provided in Figures S1-S2 and in the “Electro-polishing of copper electrodes” section of the
Supporting Information).

As both alkaline media and ammonia are well-known to damage standard Ag|AgCl electrodes,
custom reference systems were built for each pH range, depending on the intended use. Details
regarding design and construction are included in Figures S3-S5 and in the ‘Custom Reference
Electrodes’ section of the Supporting Information. All the references designed for this study were
based around the Cu'"?" redox couple and had a stable potential around 0.24 V vs. standard
hydrogen electrode (SHE). Unless otherwise stated, all potentials listed here are quoted relative to
the reversible hydrogen electrode (RHE) scale, which were calculated using the Nernst equation.
pH values of 12.0, 12.9 and 13.9 for the electrolyte solutions containing 0.011, 0.11 and 1.10 KOH
respectively, were used based on the experimentally determined KOH concentrations.?’

Measurements were conducted in a set of 15 mL test tubes (Figure S6). Rubber septa supplied
by Sigma-Aldrich were used to achieve air tightness where necessary. For measurements under
continuous argon gas purge, a saturator containing the working electrolyte was used to maintain
the concentration of ammonia throughout the duration of the experiment. In addition, a water lock
was employed for gas flow out of the headspace to prevent backflow of oxygen into the electrolytic
cell. A platinum wire coil separated from the primary working electrode compartment by a P4
ceramic frit served as the auxiliary electrode.

In situ Raman spectroscopy. Raman spectra were obtained using a Renishaw Invia microscope
with 63 nm excitation delivering 1.5 mW at the sample. Spectra were acquired in static mode over

a range of 100 to 988 cm’!

with exposure duration of 4 seconds and 20 co-added scans. An
Olympus 50X long working distance lens (ca 8 mm) was employed to focus on the exposed

solution at the surface of the electrode. Renishaw WiRE 3.4 software controlled the microscope



and data processing. These measurements were performed using a custom-made cell, the details
of which are included in the ‘/n situ Raman spectroscopy’ section of the Supporting Information.

Quantitative analysis of nitrite and nitrate. Dissolved reaction products were quantitatively
analyzed using ion chromatography on a DIONEX Integrion HPIC ThermoFisher Scientific
instrument. Each individual scan had a total elution time of 10 minutes and employed KOH as the
eluent compound and an eluent flow rate of 0.380 mL min™'. Eluent concentration was varied
throughout the measurement in a two-stage gradient. In stage one, the gradient was elevated
linearly from 0.001 M KOH at =0 to 0.050 M at =5 min (ramping rate 0.010 M min!). In stage
two, an inverse gradient was employed, with the concentration declining from 0.050 M KOH at
t=5 min down to 0.001 M at £ =10 min (ramping rate -0.010 M min™'). The column, conductivity
suppressor and conductivity detection cell were maintained at a temperature of 30 °C during the
measurements. The standard addition method was used for peak identification and quantification
of target products NO;™ and NOj". A total of 6 additions with concentrations of 6.25, 12.5, 25, 50,
100 and 200 uM of both NO," and NO;3™ were done for each sample of the electrolyte solution for
a total of 7 separate 10-minute runs (6 spiked samples and 1 un-spiked sample of equal dilution).
Further details on the specific methodology used are included in the “Ion Chromatography” section
in the Supporting Information.

Faradaic efficiency of the AOR with respect to NO>™ and NOs™ was calculated as nFNnox / O,
where the number of electrons n = 6 and 8, respectively, F = 96485.3 C mol™! is the Faraday’s
constant, Nnox / mol is the amount of the product formed, and Q / C is the total charge passed

during the measurement.



Scanning electron microscopy (SEM) was used to assess the effectiveness of the
electropolishing method developed during this work (see “Electropolishing of copper electrodes”
section of the Supporting Information). Micrographs were collected using a FEI Nova NanoSEM
450 instrument on the electrodes immobilized on the SEM stubs using a conductive sticky tape.

Inductively Coupled Plasma — Optical Emission Spectrometric (ICP-OES) analysis of the
electrolyte solutions kept in contact with Cu electrodes without and with potential applied was
undertaken using a PerkinElmer Avio 200 instrument. Copper standards were prepared via dilution
of a gravimetrically prepared stock of copper sulphate (99 — 105% purchased from EMSURE®) to
produce a calibration curve within a concentration range from 0.01 to 100 uM. All electrolyte
samples and copper standards were diluted with aqueous 2 vol.% HNOs;, which was also used as
an eluent solution. As the variance in both the axially and radially acquired data was approximately

equal across all measurements, the values presented are the average of both.

Results and Discussion

This investigation commenced with cyclic voltammetry to identify the effects of pH and addition
of ammonium hydroxide to the solution. Following this, in situ Raman spectroscopy was used to
probe the catalytically active state of copper at the potentials where the AOR occurs and observe
changes with the addition of ammonium hydroxide to corroborate the voltammetric findings. A
series of long-term electrocatalytic and control experiments was then carried out to understand the

product distribution as a function of the applied potential and pH.

Cyclic voltammetry

After electropolishing, cyclic voltammograms of both copper plate and wire electrodes exhibited

a pattern of signals typical of polycrystalline Cu, which are best observed at the highest KOH



electrolyte concentration examined herein, viz. 1.1 M (Figure 1A). Specifically, there are four
primary oxidation peaks in the anodic sweeps, as well as four reduction processes in the cathodic
sweeps. Peak Al at ca 0.51 V (all potentials herein are referenced to the reversible hydrogen
electrode, RHE) is associated with the oxidation of Cu’ to Cu®, primarily with the formation of
Cu20.?® Processes A2 and A3 both generate a mixture of products: the former includes the
oxidation of metallic Cu to both Cu20 and soluble Cu?" species such as Cu'l(OH)4>",?® while the
latter represents the conversion of copper metal into Cu(OH); and CuO depending on
conditions.?®? Lastly, peak A4 is associated with the formation of various Cu*" compounds, such
as the soluble Cu"(OH)4™ species as well as surface layers of Cu203 and CuOOH.?#3%32 On the
reverse sweep, Cu** compounds are reduced to Cu?" (peak C4), followed by its further reduction
to Cu” (peak C3) and finally the reduction of the remaining Cu* and Cu** species to Cu’ (peaks
C2 and C1, respectively).?®?*33 Note that the numbering of the voltammetric peaks in Figure 1A-
C does not reflect coupling between particular anodic and cathodic processes due to their different
2+/3+

electrochemical nature in most cases, with the exception of a reasonably well-defined Cu

(A4/C4) redox couple.
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Figure 1. Comparison of cyclic voltammograms (scan rate 0.100 V s™') of a Cu electrode recorded
in (A) 0.011, (B) 0.11 and (C) 1.1 M KOH in the absence (dashed red) and presence (solid blue)
of 0.10 M NHj3. (D) Stacked cyclic voltammetry focused on the Cu?>"** redox couple (1.4-1.8 V
vs. RHE range; 0.100 V s') in 1.1 M KOH with increasing concentrations of NH3. Note different
ordinate scale ranges in all panels. Currents are normalized to the geometric surface of the

electrodes.

In 0.11 M KOH, the intensity of all major redox peaks is substantially suppressed and peaks A4
and C4 are poorly defined as compared to the data recorded in 1.1 M KOH (c¢f. Figure 1A and 1B).

The latter observation is consistent with the more favorable formation of CuO and suppressed
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corrosion of the electrode to generate soluble Cu'((OH)4> and Cu'(OH)4". In the least alkaline
solution investigated in the present study (0.011 M KOH), the voltammetric pattern is qualitatively
similar to that in 0.11 M KOH, and the solubility of copper is even further lowered.** As such, the
Cu?*** redox peaks (processes A4/C4 shown in Figure 1A and 1B) are practically not observable
in Figure 1C as they are dependent on the preceding dissolution reaction.

The introduction of NH3 into the system resulted in several important changes in the cyclic
voltammetric profiles (Figure 1A-C). There is an enhancement in the magnitude of the process A2
that generates soluble Cu®" species across all KOH concentrations examined. The same feature
was seen by de Vooys et al. and was attributed to the formation of copper ion-ammonia
complexes.!” This complex formation can be seen most clearly in 0.11 M KOH with the
enhancement of the oxidation peak at ca 1.05 V. In 1.1 M KOH, two new reduction peaks appear
at ca -0.20 and -0.40 V (processes C5 and C6 in Figure 1 A) just prior to the onset of the hydrogen
reduction reaction at approximately -0.50 V. These signals might be associated with the reduction
of the NH3 oxidation products, primarily NO, and NOs", as described by Davis et al.’* and
confirmed by control experiments undertaken herein (Figure S19). In 0.11 M KOH, these peaks
appear to merge into a single broad peak with the maximum at ca -0.25 V, while in 0.011 M KOH
this signal is merged with peak C1/C2 to form a small shoulder at ca -0.20 V.

Perhaps the most significant change in the voltammetry in the presence of NHj is associated
with the Cu*”*" redox processes (peak A4) in 1.1 M KOH (Figure 1A). There is a clear
enhancement to the oxidation current of this process, with a more than three-fold increase in the
peak current density relative to the data obtained in the absence of ammonia. Conversely, the
corresponding Cu®* reduction peak is completely absent. Both observations suggest that the Cu**

ions generated during the anodic sweep are being rapidly consumed by the process of ammonia
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oxidation, wherein Cu®* acts as a strong chemical oxidant. This results in the regeneration of Cu?",
which can be electrochemically re-oxidized at the electrode forming a classical homogeneous
electrocatalytic (redox mediated) process.’®*’” This then leaves a negligible quantity of Cu**
remaining to be reduced in the cathodic sweep, hence the absence of the corresponding reduction
peak. The possibility that Cu®" is being reduced to an oxidation state lower than 2+ in its reaction
with ammonia was considered. However, the lack of significant changes in the reductive charge
recorded during backward voltammetric sweeps (Figure 1A) does not support this hypothesis.
Indeed, if Cu®>" was being reduced by ammonia to Cu* or Cu® at a significant rate, the magnitude
of the other cathodic peaks (C1-C3) would diminish and this effect would be best seen in process
C3 (Cu*"™), in which the total charge is similar to that for C4 (Cu*"?*). The Cu*" mediated
ammonia oxidation can also be verified by the close-to-linear relationship between the A4 peak

current densities and ammonia concentration (Figure 1D). As expected, the Cu®"**

oxidative peak
increases in magnitude with the ammonia concentration and a concomitant suppression of the
reductive peak C4, which drops to zero at an ammonia concentration of 40 mM, is observed. With
more NH3 added to the solution, the A4 peak progressively takes on the appearance of an S-shaped
signal. While this is typically indicative of a kinetically limited process,*® interference from the
water oxidation process makes further kinetic analysis impractical.

The voltammetric evidence of the electrocatalytic ammonia oxidation in 0.11 and 0.011 M KOH
is less obvious than in 1.1 M KOH. In regards to 0.11 M KOH (Figure 1B), the changes in the
voltammetry occurring at potentials more negative than 1.7 V are not associated with the catalytic
oxidation of ammonia, but rather the enhancement of electrodissolution of Cu®" species.!” At

potentials more positive than 1.7 V, peak C4 is reduced in magnitude relative to scans conducted

in 1.1 M KOH due to the reduced solubility of copper in 0.11 M KOH. This effect is even more
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pronounced with peak A4, as it is effectively indistinguishable from the oxygen evolution reaction
(OER) signal in the absence of ammonia. However, when ammonia is present, there is a clear
enhancement of the oxidative current relative to the blank scan and peak C4 vanishes entirely, as
was the case in 1.1 M KOH, indicating that the catalytic oxidation of ammonia is taking place.
Also, of note is the appearance of the aforementioned reduction peak at ca -0.25 V (processes
C5/C6). In 0.011 M KOH, there is little to indicate that the oxidation of ammonia is taking place.

The sole indicator of ammonia oxidation is the appearance of the cathodic shoulder at ca -0.20 V.

In-situ Raman spectroscopy: identification of copper (I1I)

The formation of the Cu®* species upon electrooxidation of the copper electrodes can be confirmed
by Raman spectroscopic analysis undertaken in situ.’> Herein, this was done using specifically
designed spectroelectrochemical cells (see “/n situ Raman spectroscopy” in the Supporting
Information) to monitor the surface changes that occur at a range of applied potentials in the
absence and in the presence of ammonia in 0.11 M KOH. For improved clarity, the data presented
in Figure 2B have been smoothed, while the unsmoothed data are available in the Supporting
Information (Figure S9). The potentials used in these experiments were expected to favor the
formation of Cu® (ca -0.3 V), Cu'* (ca 0.6 V), Cu*" (ca 1.2 V) and Cu** (ca 1.7 V) compounds, as
indicated by the colored markers on the Pourbaix diagram shown in Figure 2A. In situ Raman data
for Cu electrodes in alkaline electrolyte solutions at other potentials within a 0.78-1.62 V range
can be found in a publication by Deng et al.>* Herein, scans at ca -0.3 V produced featureless
curves, as would be expected for copper metal (Figure 2B). The Raman spectra collected at both
0.6 V and 1.2 V (Cu'* and Cu®") showed two sets of broad peaks, the first ranging from 460 to

540 cm™! and the second ranging from 560 to 630 cm™'. This indicates that in both cases the surface
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is dominated by copper hydroxides, as concluded from the comparisons of this data to the

previously published results (see the Cu(OH), reference data in Figure 2B).*
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Figure 2. (A) Pourbaix diagram of copper (10 uM Cu", 25 °C) digitized and reproduced from
Ref.3* (note that Cu'! species are not included in the calculation of the diagram as these are either
not the thermodynamically stable species or data is not available for them). Markers indicate
corresponding potentials at pH = 13 used for in sifu Raman experiments shown in panel B.
(B) In situ Raman spectroelectrochemical analysis of a copper electrode in contact with quiescent
0.11 M KOH at -0.3 (black), 0.6 (orange), 1.2 (green) and 1.7 V vs. RHE (magenta) and in
0.I0MNH;3 + 0.11 M KOH at 1.7 V vs. RHE (blue); arrows highlight the changes in spectra
induced by the presence of ammonia. (C) Previously reported spectra for Cu(OH)2 in 0.10 M KOH

at 0.73 (green dashed) and 1.65 V vs. RHE (brown solid); digitized from Ref.?

Most interestingly, an increase of the positive potential beyond the point of Cu*" formation
(1.7 V) induced a decrease in the relative intensity at ca 500 cm™ and clearly produced a new peak
at ca 600 cm™ (Figure 2B). The latter signal was reported to correspond to Cu’" oxide species
(Figure 2C),** thus confirming its existence at the surface of the copper electrodes at potentials
where significant rates of the ammonia oxidation are observed (Figure 1B). The shape of the
Raman spectra recorded at 1.7 V also suggests that the surface contains a mixture of the Cu** and

Cu’" states. Of equal importance, addition of 0.10 M ammonia to the electrolyte solution,
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suppressed the Raman peak corresponding to Cu®* (Figure 2B), which is concordant with the
mediated mechanism described above. In other words, NHj3 rapidly reacts with any
electrochemically generated Cu®* species with the formation of Cu?" hydroxides, which dominate
the Raman signal even at the very positive potential of 1.7 V when ammonia is present (Figure

2B).

Chronoamperometry: oxidation products and stability

Chronoamperometric experiments were undertaken to investigate the stability of a copper
electrocatalyst in operation and identify the effects of potential on the products of ammonia
oxidation. As hypothesized above, based on the analysis of voltammetric data, the production of
nitrite and nitrate was found to be insignificant at potentials more negative than 1.7 V (Figures
S17 and S18). Hence, all further analysis focused on the potential range of 1.7-2.0 V. Under these
conditions, the magnitude of the anodic current densities was similar at all KOH concentrations
examined herein (Figure 3A-C). However, there were marked differences in the NO2/NOs" yield
rates and the faradaic efficiencies resulting from the chronoamperometric experiments. Part of the
difference seen here is the loss of the faradaic efficiency due to water oxidation. In 0.011 M KOH,
gas bubbles formed on the electrode surface throughout the course of experiments at 1.8, 1.9 and
2.0 V. This produced large fluctuations in current density as gas bubbles were released from the
electrode surface (Figure 3A). As such, the faradaic efficiency in experiments conducted in
0.011 M KOH between 1.8 and 2.0 V was diminished (Figure 3E). However, there was no sign of
gas evolution at the KOH concentrations of 0.11 and 1.1 M.

Another key factor driving the variations in the NO>/NOs faradaic efficiency and yield rate is
the difference in the solubility of copper at each of the KOH concentrations tested herein. As pH

is lowered, the solubility of copper declines, reaching a minima at pH 10.3® As such, the highest
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possible concentration of dissolved copper species in solution is significantly lower in 0.011 M
KOH than itisin 0.11 and 1.1 M KOH. This was confirmed through the ICP-OES analysis of the
electrolyte solutions of interest in contact with Cu electrodes to monitor the concentration of
dissolved copper over time (Table S2). These effects manifest in the roughening of the
electrocatalyst as anodized copper is dissolved, followed by the formation of Cu(OH) at the
electrode surface once the solution becomes saturated (see Figure S8 in Supporting Information
for image and Raman data). In 0.011 M KOH, this can be seen at 1.8, 1.9 and 2.0 V, where the
current rises for the first 10 to 20 min while the electrocatalyst is roughened, and begins to decline
as the solution reaches saturation and a layer of Cu(OH)> begins to form (Figure 3A). In 0.11 M
KOH, a higher amount of copper species can be dissolved than at lower pH. As a result, the
saturation of the solution with these species was not reached within the duration of the experiment,
resulting in the steady increase in the oxidative current density as the electrode became roughened
(Figure 3B). Although the most significant dissolution occurs in 1.1 M KOH, the electroactive
surface area did not appear to be significantly enhanced under these conditions resulting in
relatively constant current densities (Figure 3C).

Apart from the products of water and copper electrooxidation, additional side products that can
be formed include N»,*° as well as other intermediate species of the ammonia oxidation including
hydroxylamine.*® Taken together, the formation of these side products does not allow for achieving
100% faradaic efficiency of the ammonia oxidation reaction with respect to nitrite and nitrate —
the target products of the present work.

Marked differences were also seen in the NO>” and NO3™ product yields at various pH and applied
potentials (Figure 3D). The product yield rates show a progressive increase in the proportion of

NOs™ generated at increasingly positive potentials, with essentially no NO;™ detected at any pH at
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1.7 V, but with the notable amount produced at all other potentials examined. In a different trend,
as the pH of the electrolytes was increased, the proportion of NO3™ decreased with respect to the
total NO>” + NOs™ yield. For example, the percentage of NO3™ of the total NO, produced at 1.9 V

was ca 85%, 43% and 14% in 0.011, 0.11 and 1.1 M KOH, respectively.
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Figure 3. Potentiostatic oxidation of 0.10 M NH3 with a copper electrode at different KOH
electrolyte concentrations. (A-C) Chronoamperograms collected at indicated potentials (V vs.
RHE) in the presence of 0.011, 0.11 and 1.1 M KOH. (D) Comparative yield rate data for nitrite
(solid) and nitrate (hashed), and (E) comparative faradaic efficiency data for nitrite (solid) and
nitrate (hashed) in 0.011 (black), 0.11 (red) and 1.1 M KOH (blue) as a function of potential.
(F) Cumulative yield of NO;™ during a 7-day chronoamperometric experiment at 1.7 V vs. RHE in

0.011 M KOH with (magenta) and without (black) 0.1 M NH3 added.

In terms of the overall AOR catalytic performance, the highest faradaic efficiency for the

conversion of NH3 to NO2™ and NO3™ on copper is observed in 0.11 M KOH at 1.7 V (Figure 3E).
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Under these conditions, approximately 90% of current is associated with the formation of NO>".
At the same KOH concentration, but at 2.0 V, the overall faradaic efficiency declines to 65%,
though now with a 36% contribution from the NH3 to NO; reaction and a 29% contribution from
the NH3 to NOs™ reaction. This same general decline in the faradaic efficiency towards NO;™ +
NOs™ with positively increasing potential was seen at every KOH concentration examined. This is
most likely due to the increased contribution from the copper-catalyzed OER.*' This was
particularly true in 0.011 M KOH where oxygen formation was visibly apparent and dominant, as
discussed above. In contrast, the nitrite and nitrate yield rates significantly increased at 1.9-2.0 V
in 0.11 M KOH, with the best result of 30 nmol s cm, 38% of which was NO3", obtained at the
most positive potential examined herein (Figure 2B). However, with higher KOH concentration of
1.1 M there is an overall drop in both the yield rate and faradaic efficiency (Figure 3D-E). This
can be attributed to the domination of the copper electrodissolution reaction over both the AOR
and OER reactions, as reported by de Vooys et al.?® and confirmed by the observation of the

transition of the electrolyte hue to a bluish solution herein.

Mechanism of the Cu-catalyzed ammonia electrooxidation

Based on the data collected in the present study, it is hypothesized that the electrooxidation of NHj3
over copper catalysts results from a pH and potential-dependent interplay of two major

mechanisms: (A) a homogeneous electrocatalytic Cu*”**

mediated process, and (B) heterogeneous
electrocatalytic reaction occurring through the adsorption and further surface-confined
transformations of NH3 on the catalyst surface (Figure 4). Furthermore, based on the reasoning

presented below we suggest that pathway (A) favors the formation of NO", while nitrate is the

preferred product of mechanism (B).
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Mediator

Mediated Pathway

Heterogeneous Pathway

Figure 4. Diagram illustrating the two proposed pathways for the copper-catalyzed AOR:
(A) homogeneous electrocatalytic (mediated) oxidation where the primary product is NO>’, and

(B) direct heterogenous electrocatalytic oxidation of NH3 where the primary product is NOs".

The Pourbaix diagram of copper indicates that change in pH from values below 13 to more
alkaline environment (at potentials more positive than -0.1 V vs. SHE, as is always the case in the
analysis herein) alters the thermodynamically preferred state from solid Cu"O to dissolved
copper(Il) species (Figure 2A). This means that the formation of Cu''(OH)4*, which is further
oxidized in process A4 and thereby catalyzes the electrooxidation of NHj3 (Figure 1A), strongly
depends on pH. Based on this and the analysis of the voltammetric data, it would be expected that
the Cu?"** species would form in trace amounts in 0.011 M KOH, small to moderate
concentrations in 0.11 M KOH, and relatively large concentrations in 1.1 M KOH. Based on this,
it follows that the NH; oxidation through a homogeneous electrocatalytic mechanism mediated by
the Cu?*** redox couple has the lowest contributions in 0.011 M KOH. Notably, the proportion of

produced NO; is very low in 0.011 M KOH (except at 1.7 V, which is discussed separately below),
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and the largest in 1.1 M KOH where, by comparison a minimal amount of nitrate is produced
(Figure 3D). Therefore, it can be proposed that the primary product of the homogeneous Cu*"**
mediated ammonia oxidation is nitrite.

Given the fact that the homogeneous electrocatalytic mechanism is not clearly detected in
0.011 M KOH by voltammetry and nitrate is predominantly produced under these conditions
(except for tests at 1.7 V), it is further suggested that the heterogeneous catalytic pathway is
primarily responsible for the NH3 oxidation at this pH but requires positive potentials of at least
1.8 V. At 1.7 V in 0.011 M KOH, small concentrations of dissolved Cu*”*" species still exist
(Table S2) and are capable of maintaining the homogeneous NH3 oxidation to NO>". In 0.11 M
KOH, both processes compete with each other depending on the applied potential: more negative
than 1.9 V, catalytic oxidation mediated by electrogenerated dissolved Cu®" dominates, which is
further accelerated at 1.9 and 2.0 V yet with an increased contribution of the heterogenous reaction
(3D and 3E).

While the heterogenous catalytic mechanism is directly converting ammonia to NOs3", which may
be considered desirable for certain applications, i.e. nitric acid and fertilizer production, it is in
direct competition with the OER reaction and is therefore not highly selective. In addition, being
a heterogenous electrocatalytic process, the possibility of electrode degradation or poisoning
effects is still a concern. Conversely, the homogeneous electrocatalytic pathway has some
attractive features, namely improved selectivity towards a single product (NOz) and an intrinsic
resistance to electrode poisoning. Indeed, as ammonia is not reacting on the electrode surface, the
formation of poisoning adsorbates should be effectively negated. To demonstrate this, long-term
chronoamperometric experiments were run over a period of one week in 0.011 M KOH and at a

potential of 1.7 V in an attempt to isolate the mediated homogeneous catalytic reaction from the
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direct heterogeneous mechanism and to minimize electrode dissolution. Control experiments
undertaken either in the absence of ammonia (Figure 3F and Figure S20a) or with no potential
applied (Figure S20b) show negligible amounts of nitrite and nitrate accumulated, most probably
as a contamination entering the electrolyte solution during sampling. In contrast, the cumulative
yield of NO;™ in the actual AOR experiment progressively increased over one week of testing
(Figure 3F) while the concentration of dissolved copper remained constant (Table S2). Taken
together, these results support our hypothesis that no significant electrode poisoning occurs when
the homogeneous electrocatalytic process is the dominant reaction pathway. If this mode of
operation could be further optimized to produce the fully oxidized NOs3™ product, it may prove to

be a highly selective and robust method of electrocatalytic ammonia oxidation.

Conclusions

In this work we have demonstrated that the catalytic ammonia electrooxidation on copper
electrodes follows two main pathways: a heterogeneous pathway of which the primary product is
NOgs’, and a homogeneous mediated reaction pathway where the primary product is NO2". The
mediator species was Cu(OH)4™ in which the copper cycles between the 2+ and 3+ oxidation states.
Potentiostatic electrocatalytic experiments showed that the best overall yield was obtained at 2.0 V
vs. RHE in 0.11 M KOH with a faradaic efficiency of 65% with a total NO2+NOs" yield rate of
30 nmols s em?. Products in this case were 38% NOs™ and 62% NO, indicating that the
homogeneous electrocatalytic mechanism is more preferred. While both reaction pathways present
advantages, the homogeneous mechanism offers superior selectivity and has an innate resistance
to the effects of electrode poisoning due to the AOR occurring in the solution phase. This was

demonstrated through long-term catalytic tests enabling steady conversion of ammonia to nitrite.
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As such copper-mediated ammonia oxidation may provide a foundation for the development of

selective AOR catalysts.
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