Elucidating the Intrinsic Activity and Selectivity of Cu for Nitrate Electroreduction
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ABSTRACT:

Cu-based catalysts have been widely explored for the electrochemical nitrate reduction reaction
(NO3RR), while the intrinsic activity and selectivity of Cu metal for NO3RR remain ambiguous,
preventing a genuine comparison of the NO3RR performance. Here we use polycrystalline Cu foils
for benchmarking and elucidate the impact of often overlooked factors on the NO3;RR, including
Cu facet exposure, nitrate concentration, and electrode surface area. An electropolished Cu foil
exhibits a higher activity and selectivity for NO3RR to NH3 than a wet-etched Cu foil, benefiting
from greater exposure of Cu(100) facets that are more favorable for the NO3RR. While the NH3
selectivity shows no apparent dependence on the nitrate concentration, it increases monotonically
with Cu electrode area, which is attributed to a promoted conversion of intermediately produced
NO:2™ to NH3 on a larger electrode, as validated by '°N isotope labeling experiment. Our work

provides mechanistic insights towards the rational design of NO3RR electrocatalysts.
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The electrochemical reduction of nitrate (NO3") has recently received considerable interest
because of its potential for the denitrification of wastewater as well as the sustainable production
of ammonia (NH3).! The use of nitrogen fertilizers has contributed significantly to the growth of
agricultural production, but the nitrogen use efficiency is typically lower than 40%,? so that most
of the nitrogen leaches into groundwater, lakes, and rivers, causing nitrate contamination in the
groundwater and surface water. Nitrate is also widely distributed in industrial wastewater.’ The
rising concentration of nitrate has caused severe environmental problems such as eutrophication
and disturbance of ecosystems.* The electrochemical reduction of nitrate has recently emerged as
a promising route for the removal of NOs~ from wastewater,>® as it can be powered by solar- or
wind-generated electricity with NH3 as a major product. Therefore, the nitrate reduction reaction
(NOs3RR) can also enable a sustainable route for NH3 production, as an alternative to the energy-
and carbon-intensive Haber—Bosch process.”™

The electrochemical reduction of NO3™ to NH3 is a complex process involving the transfer of
eight electrons and consecutive hydrogenation and deoxygenation steps: NO3~ + 6H20 + 8¢~ —
NH3 + 90H . Meanwhile, the electroreduction of NOs™ also forms other side products such as
NO:2™ and N2,° so the design of NOsRR catalysts typically aims at a high selectivity for NH3
production. In addition, a relatively high overpotential is needed to drive the reaction so that the
hydrogen evolution reaction (HER) becomes competitive and thus lowers the Faradaic efficiency
for the NO3RR. As a result, a high concentration of NO3~ was often employed in the electrolyte
because more hydrogen adsorbed on an electrode surface can participate in the NO3RR instead of
the HER.!*"!2 However, typical nitrate sources such as industrial wastewater and polluted ground
water, have a low NO3~ concentration ranging from few to few tens of mM,'*!* which limits the
availability of nitrate-rich streams for the NO3RR electrolysis. Therefore, those relatively HER-
inert catalysts have received much attention for the NO3RR, including Cu-, Co-, Ti-, modified Ru-

and carbon-based materials and single-atom catalysts.!>28

Among the various candidates, Cu-based catalysts are of particular interest for the NO3RR,
due to their relatively high activity and selectivity for NH3 production and low cost.?*** Many
strategies have been used to design Cu-based materials to enhance the NO3RR performance, such
as forming Cu nanostructures, heterostructures, alloys and molecular catalysts.?!* For example,
Ru-dispersed Cu nanorods were developed, which achieved a current density of 1 A cm 2 for the
NOsRR with a high NH3 Faradaic efficiency of 93%, greatly promoting the practical viability of
the NO3RR electrolysis. Despite the progress of Cu-based electrocatalysts for the NO3RR, the
understanding of the activity and selectivity of metallic Cu for the NO3RR remains ambiguous, as
reflected by the various NO3RR performance reported in the literature.!”-33-436.3940 In addition,
nitrite (NO2") plays a distinctively dual role in the NO3RR, which is a side product as well as a
key intermediate towards NH3 production.?? The concentration, diffusion, and reaction of the
intermediately produced NO:2~ can strongly impact the measured NO3RR selectivity,*** while the



unique role of NOz™ in the NO3RR catalysis remains to be elucidated. Therefore, understanding
the intrinsic activity and selectivity of Cu for the NO3RR is essential to achieve a benchmarking
and a consistent picture of the NO3RR catalytic performance for rational catalyst design.**

In this work, we use high-purity polycrystalline Cu foils as a model catalyst and benchmark
electrode to investigate the intrinsic activity and selectivity of Cu for the NOs3RR. Particularly, we
focus on the impact of often overlooked factors on the NO3RR performance, including Cu facet
exposure, nitrate concentration, and electrode area.** For Cu foils cleaned by two commonly used
pre-treatment methods (wet etching and electropolishing), we find that the electropolished Cu foil
exhibits a higher activity and selectivity for NH3 production as compared to the wet-etched Cu
foil, which originates from the pre-treatment induced different exposures of Cu facets. Moreover,
the NH3 selectivity increases monotonically with Cu electrode surface area, and such a dependence
is attributed to a promoted NO2~ conversion to NH3 on a larger electrode, as validated by >N
isotope labeling experiment. The understandings are further applied to prepare a modified Cu foil
electrode with increased Cu(100) facets and surface area, which achieves a ~50% increase in the
NO:RR activity as compared to the electropolished Cu foil with a NH3 Faradaic efficiency of 91%
at —0.2 V vs the reversible hydrogen electrode (RHE).

Commercial Cu foils with an ultrahigh purity of 99.9999% were used throughout this work to
minimize possible influence of impurities and to understand the intrinsic activity of Cu. Prior to
electrocatalytic measurements, a pre-treatment is required to remove surface contaminants on a
Cu foil, such as organic residues and native oxides. There are two common cleaning methods: wet

etching and electropolishing,?*34-36-3

so we cleaned Cu foils using the two methods, respectively
(see the Experimental Methods in the Supporting Information for details), and the derived samples
are referred to as “wet-etched” and “electropolished” Cu foils. The cleaned Cu foil electrodes were
evaluated for the NO3RR in a two-compartment electrochemical cell (H-cell) under well-defined
mass transport conditions for the study of intrinsic kinetics. A 1 M KOH electrolyte containing 5
mM KNOs was used, based on typical NO3~ concentrations in wastewater sources.?®* Linear
sweep voltammetry (LSV) was first performed to evaluate the electrokinetics of NOsRR. As
shown in Figure la, the current density on the electropolished Cu foil increased rapidly as the
potential shifted from 0.15 to —0.35 V vs RHE and then reached a mass-transport-limited plateau
at more negative potentials. In comparison, the current density on the wet-etched Cu foil showed
a similar potential dependence from 0.15 to —0.35 V, but was much lower than that on the
electropolished Cu foil at the same potential, indicating a lower activity of the wet-etched sample.
Both LSV curves showed two reduction peaks at around 0.08 and —0.15 V, which can be attributed
to NO3™ reduction to NO2~ and further reduction to NH3, respectively.?*? In addition, LSV curves
were recorded in 1 M KOH electrolyte (no NO3") as blank experiment, as exhibited in Figure S1,
where the HER current densities only started to increase rapidly at potentials < —0.4 V vs RHE.
Therefore, the HER had a negligible contribution to the measured activity in the LSV curves in



Figure 1a, so the reduction peaks should be from the NO3RR. The difference between the two LSV

curves may be attributed to the pre-treatment induced exposure of Cu facets with different NOsRR
activities,’>3® as will be discussed later.
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Figure 1. Evaluation of the NO3RR performance on the Cu foils with different pre-treatments. (a)
LSV curves recorded on the wet-etched and electropolished Cu foils in 1 M KOH + 5 mM KNO3
electrolyte. Scan rate =5 mV s . (b) Current densities and (c) corresponding Faradaic efficiencies
for the bulk electrolysis on the two Cu foils in 1 M KOH + 5 mM KNOs electrolyte at selected

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

Bulk electrolysis was then performed at potentials ranging from —0.1 to —0.3 V vs RHE to
quantify the NO3RR products and compare the selectivity between the two Cu foil samples, with
a typical electrolysis time of 30 min. Two products, NH3 and NO2", were identified in the catholyte
and quantified by the indophenol blue method and the Griess method, respectively,*®*’ based on
the calibration curves in Figures S2 and S3. Gas-phase product of the electrolysis was examined
by gas chromatography, and no H2 or N2 was detected in the potential window. As shown in Figure
1b, the current density on the electropolished Cu foil increased from 2.2 to 6.2 mA cm 2 as the
potential shifted from —0.1 to —0.3 V, while the wet-etched sample showed an apparently smaller
current density, particularly at low overpotentials (—0.1 to —0.2 V), consistent with the LSV data.
The Faradaic efficiency for NH3 production also had a similar difference between the two Cu foils.
As shown in Figure 1c, the NH3 Faradaic efficiency on the electropolished Cu foil increased from
62% to 87% as the potential shifted from —0.1 to —0.3 V, with the opposite trend for the NOz~
Faradaic efficiency that decreased from 31% to 7% along with the potential shift. In contrast, the
wet-etched Cu foil exhibited a NH3 Faradaic efficiency increasing from 18% to 78% and a NO2~
Faradaic efficiency decreasing from 74% to 14% along with the potential shift from —0.1 to —0.25
V, indicating an apparently lower NO3RR activity and NH3 selectivity on the wet-etched Cu foil
than that on the electropolished Cu foil.



To unveil the origin of different NO3RR performances on the two Cu foils, we characterized
their morphology, chemical state, and surface structure. As exhibited in Figure S4, the scanning
electron microscopy (SEM) image of the pristine Cu foil (without pre-treatment) showed that the
foil surface was generally flat. After the wet-etching treatment, the Cu foil was similarly flat with
some white areas (SEM images in Figures 2a, S5a), which may be caused by some residue copper
oxides from the etching process. In comparison, the electropolished Cu foil had a highly smooth
surface at both small and large scales (Figures 2b, S5b), which remained unchanged after 30-min
bulk electrolysis test (Figure S6). The comparison of morphology excludes the influence of surface
roughness on the NO3RR performance as the wet-etched Cu foil had a slightly rougher surface yet
a lower activity, and vice versa for the electropolished Cu foil. X-ray photoelectron spectroscopy
(XPS) was then performed to examine the chemical state of Cu in the samples. The Cu 2p spectra
of the pristine Cu foil in Figure 2¢ showed only doublet and satellite peaks corresponding to Cu?* *8
indicating a high coverage of CuO on the foil surface due to the oxidation by air. After either pre-
treatment, the CuO was mostly removed from the foil surfaces, as indicated by the major peaks of
Cu® and very minor peaks of Cu*" (Figure 2¢). Meanwhile, Cu LMM Auger spectra were acquired
to analyze the chemical state of the outermost surface.*” As shown in Figure 2d, both Cu foil
surfaces were dominated by Cu® with a small fraction of Cu** after the pre-treatments, indicating
that the chemical state was identical for the two Cu foils and could not account for the NO3RR

performance difference.

Furthermore, the surface structure of the Cu foils was analyzed using the electrosorption of
OH as a probe (see the Experimental Methods in the Supporting Information for details).!” As
shown in Figure 2e, the electropolished Cu foil showed a much higher (100) adsorption peak in
the cyclic voltammetry (CV) curve than that on the wet-etched foil, whereas the (111) peaks had
similar intensities, indicating a greater exposure of Cu(100) facets on the electropolished foil. It
was reported that the Cu(100) surface was more favorable for the NOs3RR than the Cu(111)
surface,3® as the Cu(100) facets facilitate the initial *NO3 adsorption and first hydrogenation step
and thus promote the entire NO3RR. It thus well explains the different NO3RR performances on
the two Cu foils and the higher activity of the electropolished Cu foil with more Cu(100) facets
exposed. Such a surface structure dependence should also account for the different peak intensities
in the LSV curves (Figure 1a).? Such sensitivity of the NO3RR activity to metal facets was also
observed on Pd catalysts,?® which may indicate a general structure-sensitive nature of the NOsRR
catalysis.
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Figure 2. Characterizations of the two Cu foils with different pre-treatments. (a—b) SEM images
of the (a) wet-etched and (b) electropolished Cu foils. (¢) Cu 2p XPS and (d) Cu LMM Auger
spectra of the pristine and pre-treated Cu foils. (¢) CV curves recorded on the two Cu foils in I M

KOH electrolyte for the OH electrosorption tests. Scan rate = 100 mV s .

Based on the above results, the electropolished Cu foil with a higher activity was selected as
the “standard” Cu foil sample for further investigations below. As the NO3~ concentration was

334344 such as a higher concentration leading to an

reported to influence the NO3RR selectivity,
increased N2 production or a suppressed HER,* we evaluated the NO3RR on the electropolished
Cu foil in 1 M KOH electrolytes containing various concentrations of NO3™. As shown in Figure
3a, the current density of the bulk electrolysis on the Cu foil at —0.2 V vs RHE increased linearly
from 4.7 to 47.3 mA cm 2 as the NO3~ concentration increased from 5 to 50 mM. Plot of the natural
logarithm of the NO3RR current density vs the natural logarithm of the NO3™ concentration (Figure
S7) indicates that it is a first-order reaction. Meanwhile, the Faradaic efficiencies remained almost
constant at around 79% and 19% for the production of NH3 and NOz", respectively, as shown in
Figure 3b. Therefore, the NO3RR selectivity showed no apparent dependence on the initial NO3~
concentration, at least in the case of flat Cu foil electrodes and relatively low NO3™~ concentrations,
where the influence of electrode morphology and possible N-N coupling to form N2 is negligible.

This may reflect the intrinsic selectivity of Cu for the NO3RR.
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Figure 3. Dependence of the NO3RR performance on the NO3™ concentration and Cu electrode
area. (a) Current densities and (b) Faradaic efficiencies for the NO3RR on the electropolished Cu
foil in 1 M KOH electrolytes containing different concentrations of NO3™ at —0.2 V vs RHE. (¢)
Current densities and (d) Faradaic efficiencies for the NO3RR on the electropolished Cu foils with
different surface areas in I M KOH + 5 mM KNOs electrolyte at —0.2 V vs RHE. The error bars
represent the standard deviation of three independent measurements.

We further examined the role of Cu electrode area in the NO3RR catalysis, as nanostructured
electrodes with high surface areas were often used in previous studies, while the surface area was
not considered to correlate with the NO3RR selectivity. Here we varied the Cu foil surface area
from 0.25 to 2 cm?, and the electrolysis current on the Cu foil increased almost linearly from 1.5
to 9.3 mA under typical test conditions (5 mM NO3~, —0.2 V vs RHE), as shown in Figure 3c.
Meanwhile, the electrode-area-normalized current density decreased slightly from 6.1 to 4.7 mA
cm 2, which is attributed to the higher current that caused a faster drop of the NOs~ concentration
during the test with a larger Cu electrode in the H-cell. Unexpectedly, the Faradaic efficiency for
NH3 production gradually increased from 64% to 79% along with the increase of the Cu electrode
area from 0.25 to 2.0 cm?, as shown in Figure 3d. We postulate that the dependence of the NO3RR
selectivity on the electrode area arises from the difference and evolution of the NO2" concentration
in the catholyte. The higher current on a larger Cu electrode resulted in a higher concentration of



NOz", which was further reduced to NH3 and thus increased the total production of NH3 over the
electrolysis time (30 min) and the NH3 Faradaic efficiency counted over the duration.

As the intermediately produced NO2~ continues to act as a reactant together with remaining
NOs7, the actual reactant during an electrolysis is a mixture of NO2™ and NOs3™. Thus, we quantified
the concentrations of NO2™ and NO3™ in the electrolyte and derived their ratios at different times
of bulk electrolysis, as shown in Figure 4a. Interestingly, although ¢(NO27)/c(NO3") was evolving
with time, the ratios were largely the same at each time between the cases of 5 and 50 mM NOs™
(due to the linear nature of first-order reaction kinetics), but distinct for the electrodes of different
areas (0.25 vs 2 cm?). The same trend of ¢(NO27)/c(NOs") during the electrolysis of 5 and 50 mM
NOs™ should explain their similar NH3 Faradaic efficiencies. In contrast, a lower ¢(NO27)/c(NO3")
for the electrode of 0.25 cm? area means that there is less NO2™ (relative to NO3") to be reduced to
NHs, leading to a lower Faradaic efficiency for overall NH3 production. Thus, ¢(NO2")/c¢(NO3")
may play an important role in determining the NH3 selectivity, as the reduction of intermediately
produced NO2™ to NH3 can increase the total NH3 Faradaic efficiency. This conclusion should be
generally applicable to the cases of flat electrodes and low NO3~ concentrations, where the mass
transport of NO3 /NO2™ is not influenced by electrode morphology and the N-N coupling to form
N2 is negligible.

The above analysis raised the question whether the reduction of intermediately produced NO2™
competes with and influences the reduction of remaining NO3™. To clarify the relationship between
the reduction of NO3~ and NO2~, '°N isotope labeling experiment was performed in 1 M KOH
electrolytes containing 5 mM "’NOs™ and various concentrations of '“NO2~ (0—5 mM). The reaction
products were distinguished and quantified by 'H nuclear magnetic resonance (NMR)
spectroscopy based on the calibration curves in Figure S8. As expected, the current density for the
reduction of ""NO:2~ gradually increased along with the increase of the '*NO2~ concentration, as
shown in Figure 4b. Meanwhile, the current density for the reduction of >NO3™ remained nearly
unchanged, indicating a negligible competition between the reduction of NO3™ and NOz", at least
at the low concentrations. Consistently, the Faradaic efficiency of the '’NO3RR remained constant,
around 77% for 'YNH3 production, which was not influenced by the added "“NO»~ (Figure 4c). In
contrast, the total Faradaic efficiency for ammonia production from both "'NOs~ and "NO:~
increased from 77% to 85% as the "Nz concentration increased from 0 to 5 mM, as shown in
Figure 4c, benefiting from a nearly 100% selectivity for '*NO>" reduction to NHs. Therefore, the
isotope labeling experiment indicates that the reduction of intermediately produced NO2" does not
compete with the reduction of NO3™, but contributes to the total production of NHs. This explains
the higher Faradaic efficiency for NH3 production on larger Cu electrodes (Figure 3d), where more
NO:2~ was produced and subsequently reduced to NH3, elevating the overall NH3 selectivity.
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Figure 4. Effect of the presence of NO2™ on the NH3 selectivity. (a) Ratio of the concentrations of
NO:™ and NOs™ in the electrolyte at different times of bulk electrolysis on the electropolished Cu
foils at —0.2 V vs RHE. The error bars represent the standard deviation of three independent
measurements. (b—c) '’N isotope labelling experiment: (b) current densities and (c) corresponding
Faradaic efficiencies for the bulk electrolysis at —0.2 V vs RHE in 1 M KOH electrolyte containing
5 mM "NOs™ and different concentrations of '*NO:". '’NO3RR represents all products originating
from '"NO3", and *NO2RR represents the products from “NO>", as distinguished and quantified
by NMR spectroscopy.

To further examine the above understandings, we applied them to prepare a modified Cu foil
electrode by forming Cu nanocubes on a Cu foil, thus to increase Cu(100) facets and surface area
and demonstrate their enhancement of the NO3RR activity and selectivity. As previously reported,
Cu nanocubes could be prepared by initial formation of Cu20 nanocubes using a metal ion cycling
method,>! followed by electrochemical reduction of Cu20 to Cu (see the Experimental Methods in
the Supporting Information for details). The SEM image in Figure 5a showed that the Cu foil
surface was fully covered by nanocubes with smooth surfaces after the Cu®" cycling process. The
morphology of the sample remained similar after the subsequent electroreduction step, as shown
in Figure 5b, despite the presence of some cracks between areas. Grazing-incidence XRD patterns
of the samples confirmed that Cu2O was first grown on the Cu foil surface after the Cu®" cycling
process and then converted to metallic Cu by the electroreduction step (Figure 5c). The surface of
the Cu nanocubes sample was dominated by (100) facets, as revealed by the OH electrosorption

test in Figure 5d.!” The derived sample is hereafter referred to as the “Cu nanocubes” sample.

The Cu nanocubes sample was evaluated for the NO3RR at selected potentials in 1 M KOH
electrolyte containing 5 mM NO3 ™. As shown in Figure Se, the current density on the Cu nanocubes
sample increased from 3.9 to 7.3 mA cm 2 as the potential shifted from —0.1 to —0.25 V vs RHE,
which was roughly 50% higher than that on the electropolished Cu foil in the potential window,

demonstrating a greatly enhanced NO3RR activity of the Cu nanocubes. The Faradaic efficiency



for NH3 production on the Cu nanocubes sample exhibited a similar trend (Figure 5f) and gradually
increased from 77% to 91% as the potential shifted from —0.1 to —0.25 V, which was higher by
5—15% than that on the electropolished Cu foil at the potentials. Therefore, both NO3RR activity
and NHj3 selectivity were considerably improved for the NO3RR on the Cu nanocubes sample,
confirming the effects of Cu(100) facets and electrode surface area on the NO3RR and providing
guidance for the rational design of NO3RR catalysts.
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reduction. (d) CV curves recorded on the Cu nanocubes and the electropolished Cu foil samples
in 1 M KOH electrolyte for OH electrosorption tests. Scan rate = 100 mV s~ '. (e) Current densities
and (f) Faradaic efficiencies for NO3RR on the Cu nanocubes and electropolished Cu foil samples
in 1 M KOH + 5 mM KNO:s electrolyte at selected potentials. The error bars represent the standard
deviation of three independent measurements.

In summary, we investigated the intrinsic activity and selectivity of Cu for the NO3RR using
polycrystalline Cu foils for benchmarking and revealed the effects of often overlooked factors on
the NO3RR performance. For Cu foils cleaned by different pre-treatments, the electropolished Cu
foil exhibited an apparently higher activity and selectivity for NHs production than the wet-etched
Cu foil, due to greater exposure of Cu(100) facets that are more favorable for the NO3RR. While
the NHs selectivity showed no apparent dependence on the NOs3~ concentration, it increased
monotonically with the Cu electrode area, which was attributed to a promoted NO2™ conversion to
NH3 as a result of a higher concentration of intermediately produced NO:™ in the catholyte with a
larger electrode. The understandings were further applied to prepare a modified Cu foil electrode
with increased Cu(100) facets and surface area, which enhanced the NO3RR activity by ~50% with
a NHs Faradaic efficiency of 91% at —0.2 V vs RHE. Our work not only elucidated the important
but often overlooked factors on the NO3RR performance, but also provided mechanistic insights
into the intrinsic activity and selectivity towards the rational design of NO3RR electrocatalysts.
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