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A B S T R A C T

Nitrate reduction on Cu (100) and Cu (111) surfaces in alkaline and acidic solutions was studied by
electrochemical methods (cyclic voltammetry, rotating disc electrode) coupled with online and in situ
characterization techniques (mass spectrometry, ion chromatography and Fourier transformed infra-red
spectroscopy) to evaluate the reaction mechanism and products on the different surfaces.
Electrochemical results show that reduction of nitrate in alkaline media on Cu is structure sensitive.
The onset potential on Cu (100) is +0.1 V vs. RHE, ca. 50 mV earlier than on Cu (111). The onset potentials
for nitrate reduction on Cu (100) and Cu (111) in acidic media are rather similar. Analytical techniques
show a diverse product distribution for both surfaces and for both electrolytes. Whereas in acidic media
both Cu electrodes show the formation of NO and ammonia, in alkaline media Cu reduces nitrate to nitrite
and further to hydroxylamine. In alkaline media, Cu (100) is a more active surface for the formation of
hydroxylamine than Cu (111).
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Human activities like the combustion of fossil fuels, the nuclear
industry, the production of nitrogen fertilizers and the cultivation
of nitrogen-fixing plants are inducing severe alterations in the
global nitrogen cycle [1]. The rate of many human-caused global
changes has increased severely in last decades, but none so rapidly
as industrial production of N fertilizers, which has grown
exponentially since the 1940s. The increase of the availability of
N also increases biomass production and accumulation signifi-
cantly [2]. Consequently, changes in nitrogen cycle can also lead to
changes in the global carbon cycle, generating an increase of
carbon dioxide in the atmosphere [3]. The slow natural process of
denitrification is unable to deal with the surplus of nitrate-derived
compounds leading to a deteriorating effect on our ecological
system and human health.

Electrochemistry could play an important role in the develop-
ment of new denitrification technologies due to its environmental
compatibility, versatility, energy efficiency, selectivity and low
associated costs, as well as the non-requirement of reduction agent
[4,5]. However, there is a need for an appropriate electrocatalyst
that can provide an optimized process with high selectivity to
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harmless products like N2 or valuable products such as ammonia or
hydroxylamine. The electrochemical reduction of nitrate has been
studied on several transition and coinage metal electrodes in acidic
media [4]. Copper has been shown to be the most active coinage
metal for this reaction having ammonia as main product [6,7]. A
high electrochemical activity for nitrate reduction has also been
observed on copper electrodes in alkaline solutions [8]. Nitrate
reduction in alkaline media is of interest due to the less probable
solution-phase formation of products like toxic nitrogen oxides [9],
as compared to reduction in acidic media, and because of the
concern of removing nitrate from alkaline nuclear waste. In this
context, the use of single-crystal copper surfaces offers the unique
opportunity to evaluate the effect of the surface atomic structure
on the reaction rate, the preferred reaction paths and the resulting
product distribution [10].

In this work, we study the influence of the surface structure of
Cu electrodes on the nitrate reduction in alkaline and acidic media.
We use electrochemical techniques (cyclic voltammetry, rotating
disc electrode) coupled with online and in situ characterization
techniques (mass spectrometry, ion chromatography and Fourier
transformed infra-red spectroscopy) to evaluate the reaction
mechanism and products on the different surfaces and their
dependence on the available atomic sites.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Cyclic voltammetry recorded at Cu (111) and Cu (100) electrodes in 0.1 M
NaOH in the absence (dashed lines) and presence (solid lines) of a) 2 mM NaNO3 and
b) 10 mM NaNO2 Experimental conditions: scan rate 50 mV/s; rotation rate 400 rpm
(For interpretation of the references to colour in text, the reader is referred to the
web version of this article.).
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2. Experimental

Prior to each electrochemical experiment, the glassware used
was stored overnight in a solution of KMnO4 that was rinsed with a
mixture of ultra clean water (Millipore MilliQ, resistivity > 18.2
MV), 20 mL/L of hydrogen peroxide and 1 mL/L of concentrated
sulfuric acid. The glassware was further cleaned by boiling 4 times
in Millipore MilliQ water. A coiled platinum wire was used as a
counter electrode and a reversible hydrogen electrode (RHE) in the
same electrolyte was used as the reference electrode. All potentials
in this paper are referred to RHE.

The copper electrodes used were 99.99% copper disks with a
diameter of 6 mm, purchased from Mateck and aligned to < 0.5�

accuracy. Prior to every experiment, the electrodes were electro-
polished in a 10:5:2 mixture of H3PO4:H2O:H2SO4 at +3 V vs. Cu for
30 s, followed by a stabilization step at 0 V for 30 s. After thorough
rinsing with ultrapure water, the surface of the crystal was
characterized by cyclic voltammetry at a scan rate of 50 mV/s in
NaOH 0.1 M solution[11]. Cyclic voltammograms were recorded by
an Ivium A06075 potentiostat.

Electrolytes were made from ultra-pure water (Millipore MilliQ,
resistivity > 18.2 MV) and high purity reagents (Sigma Aldrich
TraceSelect). Before every experiment, Argon (Linde, 6.0) was
bubbled through the electrolyte for 15 min in order to remove air
from the solution, and during the experiments the argon was kept
flowing above the solution.

In order to control mass transfer rates, Cyclic Voltammetry (CV)
under hydrodynamic conditions was performed with a home-
made hanging-meniscus rotating disc electrode (HMRDE) config-
uration, compatible with single-crystal electrodes. The rotation
was controlled with a modulated speed rotator (PINE, MSR).
Experiments were carried out at a rotation rate of 400 rpm.

Online Electrochemical Mass Spectroscopy (OLEMS)[12] was
used to detect the gaseous products formed during the reaction.
The reaction products at the electrode surface were collected by a
hydrophobic Teflon tip situated very close to the surface of the
electrode (about 10 mm). The tip is a 0.5 mm diameter porous
Teflon cylinder with an average pore size of 10–14 mm in a Kel-F
holder, connected to a mass spectrometer by a PEEK capillary.
Before every experiment, the tip was submerged in a solution of
0.2 M K2Cr2O7 in 2 M H2SO4 and rinsed extensively with MilliQ
water. A Balzers Quadrupole mass spectrometer with a secondary
electron multiplier (SEM) voltage of 2400 V was used for the
detection of every mass. The different mass signals were followed
while changing the electrode potential from +0.25 V to �1 V vs.
RHE and back at a scan rate of 1 mV/s.

Online Ion Chromatography (IC) was utilized to detect ionic
products dissolved in the electrolyte[13]. The reaction products
were collected with an automatic sample collector (FRC-10A,
Shimadzu) by an open tip situated very close (about 10 mm) to the
electrode. The potential of the electrode was changed from 0.35 V
to �0.6 V and back at a scan rate of 1 mV/s. Every sample contains
60 mL and they were collected with a rate of 60 mL/min, meaning
that every sample contains the average products of a change in
potential of 60 mV. After voltammetry, all the samples collected
were analyzed with IC (Shimadzu, Prominence) equipped with a
conductivity detector (CDD-10A vp, Shimadzu). For the detection
of the anion (NO2

�), sodium nitrite (Merck, 99.99%) was utilized to
prepare standard solutions, from which the retention time was
determined and the concentration was calibrated. An NI-424
(Shodex) anionic column was used at a constant temperature of
40 �C with an eluent flow rate of 1 mL/min. The eluent consists of
2.8 mM BIS-TRIS (Fluka, BioXtra, >99%), 2 mM phenylboronic acid
(Fluka, purum, >97%), 8 mM 4-hydroxybenzoic acid (Sigma-
Aldrich, 99%), and 0.005 mM trans-1,2-diaminocyclohexane-N,N,
N0,N0-tetra acetic acid (Sigma- Aldrich, ACS reagent, >99%).
In all the above techniques, the electrode was in hanging
meniscus configuration, meaning that only the face of the crystal
with the desired structure was in contact with the electrolyte.

FTIR measurements were performed with a Bruker Vertex 80 V
Infrared spectrophotometer[14]. The electrochemical cell was
assembled on top of a 60� CaF2 prism, and the electrode was
situated against this prism to form a thin layer. The measurements
were performed under external reflection. FTIR spectra were
obtained from an average of 100 scans with a resolution of 8 cm�1

at the selected potentials. Every spectrum was obtained by
applying single potential steps compared to the reference potential
(+0.35 V vs. RHE). The spectra are shown as (R-R0/R0) where R is the
reflectance at the sample potential and R0 is the reflectance at the
reference potential. Thereby the ratio DR/R0 gives positive bands
for the formation of species at the sample potential, and negative
bands correspond to the loss of species at the sample potential. P-
polarized light was used to probe species both near the electrode
surface and in solution.

3. Results and Discussion

3.1. Nitrate reduction in alkaline media

3.1.1. Cyclic voltammetry (CV) and hanging-meniscus rotating disc
electrode (HMRDE) measurements

Fig. 1a shows the cyclic voltammograms for Cu (111) (blue
curve) and Cu (100) (green curve) in 0.1 M NaOH solution (dashed
lines) and in 0.1 M NaOH with 2 mM of NaNO3 (full lines). In the
blank voltammetry, for both surfaces we observe a featureless
voltammogram between +0.3 V and �0.5 V vs. RHE. When more
negative potentials are applied, both surfaces evolve hydrogen,
with Cu (111) being more active for HER with an onset potential of
�0.4 V compared to �0.5 V for Cu (100). With nitrate in solution,
reduction currents are observed for both surfaces at much lower
potentials than HER. Cu (111) shows two reduction peaks, the first
one starts at +0.15 V reaching a maximum current density of ca.
�0.4 mA/cm2 at +0.1 V. The second peak has an onset potential of
�0.15 V reaching a maximum current density of ca. �3 mA/cm2 at
�0.5 V. On the other hand, Cu (100) shows one peak starting at
+0.1 V reaching a maximum current density of ca. �4.3 mA/cm2 at
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�0.3 V. According to the literature [6,15–17] the first reduction
product of nitrate reduction is nitrite. The small reduction peak
starting at +0.15 V on the Cu (111) electrode is probably associated
with this first reduction step:

NO3
� + H2O + 2e�! NO2

� + 2 OH� (1)

as is evidenced by the absence of this peak when the reactant is
NaNO2 (see Fig. 1b). The voltammogram obtained with Cu (100)
only shows one wave with an onset potential of +0.1 V, associated
with the formation of nitrite and further reduced products as
suggested by the CVs for nitrite reduction shown in Fig. 1b. Cu
(100) shows a diffusion-limited plateau with a maximum current
density of ca. �4.3 mA/cm2 at around �0.3 V, this limiting current
being dependent on rotation rate. A Levich plot of the rotation-rate
dependence of the current plateau is not perfectly linear; from the
slope we estimate that the number of electrons involved in the
process is between 5 and 7 (with 6 corresponding to the formation
of hydroxylamine). On the other hand, the CV obtained for Cu (111)
is only partially diffusion limited and does not reach a plateau
current. Although on Cu (111) the reduction of nitrate has a lower
onset potential, the reaction appears to become blocked by
intermediates of the hydrogen evolution reaction, which has a
more positive onset potential on Cu (111) than on Cu (100), and as a
result the nitrate reduction is not able to reach full diffusion
limitation on Cu (111).

We note that in the presence of nitrate there is a strong
poisoning effect on Cu (111) as illustrated in Fig. 2, showing cyclic
voltammograms of the nitrate reduction reaction as a function of
the cycle number for Cu (100) (Fig. 2a) and Cu (111) (Fig. 2b)
electrodes in a 0.1 M NaOH solution containing 2 mM NaNO3. The
reduction peak observed at +0.15 V in the first cycle of nitrate
reduction on Cu (111) is absent in the following cycles, suggesting
that the reaction on Cu (111) is inhibited already after the first
cycle. Both electrodes show deactivation with cycling in the
potential window shown in Fig. 2, but the deactivation of the Cu
(111) electrode is much more pronounced than for Cu (100). If the
negative vertex of the potential window is limited to �0.4 V (see
Fig. 3a), Cu (100) does not show deactivation, suggesting that the
deactivation is associated with the formation of adsorbed
hydrogen. On the contrary, Cu (111) still shows deactivation also
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Fig. 2. Cyclic voltammetry recorded at a) Cu (100) and b) Cu (111) electrodes in 0.1 M NaO
at 0.35 V vs. RHE. Experimental conditions: scan rate 50 mV/s; rotation rate 400 rpm.
if the potential scan is limited to �0.4 V (see Fig. 3b), in agreement
with the lower onset potential for hydrogen evolution and
hydrogen adsorption on Cu (111). This inhibition and deactivation
by adsorbed hydrogen is also known for nitrate reduction on Pt
[17,18]. Similarly to nitrate reduction on Pt the negative differential
resistance that is the result of the inhibition by adsorbed hydrogen
can give rise to spontaneous (current) oscillations [19] during
nitrate reduction, as illustrated in Fig. 2a for Cu (100). These
oscillations are caused by the interplay between the negative
differential resistance and the ohmic resistance of the electrolyte
solution [20]. The possibility of poisoning of the electrode by
intermediate N-containing species was also considered. However,
we consider it less likely considering that self-poisoning typically
does not lead to a negative differential resistance, but rather to a
lower overall current. The observed negative differential resistance
is characteristic for poisoning by a parallel side reaction, in this
case hydrogen adsorption.

3.1.2. Ion Chromatography and OLEMS data
Fig. 4 illustrates the formation of nitrite detected by Ion

Chromatography as a function of the cycle number for Cu (100)
(Fig. 4a) and Cu (111) (Fig. 4b) in a 0.1 M NaOH solution containing
2 mM NaNO3. The onset potential for the formation of nitrite
matches the onset potential seen in voltammetry (see Fig. 1), i.e.
+0.15 V for Cu (111) and +0.1 V for Cu (100). The profile of the
formation of nitrite on Cu (100) shows a maximum at �0.1 V, and
decreases at more negative potentials, indicating the further
reduction of nitrite. On the other hand, the formation of nitrite on
Cu (111) shows a less accentuated profile, with a plateau,
suggesting that further reduction is slow. Moreover, consistent
with the deactivation of Cu (111) shown in Fig. 2, Cu (111) does not
form any nitrite in the second cycle of the voltammetry, whereas
Cu (100) shows only a small decay in the amount of nitrite formed
compared with the amount formed in the first cycle. Note,
however, that the employed scan rate in Fig. 4 is significantly lower
than in Figs. 2 and 3. We note that the detection of nitrite with IC
was stable over time and no decomposition of nitrite in alkaline
media was observed.

The possible formation of gaseous products such as N2O, NO or
N2 during the reduction of nitrate, was followed by OLEMS. As
-0.6 -0.4 -0.2 0.0 0.2
 RHE  / V 

-5

-4

-3

-2

-1

Cu 111

 cycle 1
 cycle 5
 cycle 10
 cycle 15
 cycle 20

b)

H in the presence of 2 mM NaNO3 as a function of the cycle number. First cycle starts



-2000

-1500

-1000

-500

0

I /
 u

A

-0.4 -0.2 0.0 0.2 0.4

E vs RHE /  V 

-2000

-1500

-1000

-500

-0.4 -0.2 0.0 0.2 0.4

 cycle 1
 cycle 5
 cycle 10
 cycle 15
 cycle 20

 cycle 1
 cycle 5
 cycle 10
 cycle 15
 cycle 20

Cu (100) Cu (111) 

a) b)

Fig. 3. Cyclic voltammetry recorded at a) Cu (100) and b) Cu (111) electrodes in 0.1 M NaOH in the presence of 2 mM NaNO3 in the potential window between +0.35 and �0.4 V
vs. RHE as a function of the cycle number. Experimental conditions: scan rate 50 mV/s; rotation rate 400 rpm.

2.0

1.5

1.0

0.5

0.0

[N
O

2- ] /
 m

m
ol

 L
-1

-0.6 -0.4 -0.2 0.0 0.2

E vs  RH E /  V 

1.5

1.0

0.5

-0.6 -0.4 -0.2 0.0 0.2

 cycle 1
 cycle 2

Cu 10 0 Cu 11 1

 cycle 1
 cycle 2

a) b)

Fig. 4. Formation of NO2
� detected with online ion chromatography from a) Cu (100) electrode and b) Cu (111) electrode in a 0.1 M NaOH solution containing 10 mM NaNO3.

Scan rate = 1 mV/s.

80 E. Pérez-Gallent et al. / Electrochimica Acta 227 (2017) 77–84
Fig. 5 shows, neither Cu (111) nor Cu (100) form any gaseous
products other than hydrogen, which is associated with the
reduction of water from the electrolyte.

3.1.3. FTIR spectroscopy
Reaction intermediates or possible adsorbates on the electrodes

were followed by FTIR in order to obtain a better insight about the
intermediates and the mechanism of the reaction. Fig. 6 displays
the potential dependent absorbance spectra with respect to the
reference potential (0.35 V). In agreement with the onset
potentials for nitrate reduction observed in the CVs (Fig. 1) and
IC (Fig. 4), the absorbance spectra also show that the onset
potential for the reduction of nitrate is 0.15 V on Cu (111) and +0.1 V
on Cu (100), as observed by a negative band at 1370 cm�1
associated with the consumption of nitrate[14]. Simultaneously to
nitrate consumption the formation of nitrite can be seen by the
positive band at 1231 cm�1, which appears at similar potentials to
those observed by IC (Fig. 4). Interestingly, the band observed at
1191 cm�1 during the reduction of nitrate on Cu (100) indicates the
production of hydroxylamine (NH2OH) [21] at potentials more
negative than 0 V (see Fig. 6 left panel). By contrast, the spectra
recorded with Cu (111) do not show the band at 1191 cm�1.
However, cathodic currents are observed in the reduction of NaNO2

on Cu (111), suggesting that nitrite can still be reduced. Fig. 1b
shows similar limiting currents for both surfaces, suggesting that
the reduced product has the same nature, but is formed with a
slower rate on Cu (111). Therefore, we suggest that, even though
clear hydroxylamine bands are not present in the FTIR spectra on



Fig. 5. Mass fragments associated with various products measured with OLEMS for
the reduction of 10 mM NaNO3 in 0.1 M NaOH solution in Cu (100) (green curves)
and Cu (111) (blue curves) electrodes. Scan rate = 1 mV/s (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.).

Fig. 6. Potential dependent absorbance spectra for the reduction of 10 mM NaNO3

on Cu (100) (left panel) and on Cu (111) (right panel) electrode in 0.1 M NaOH
solution. Reference spectrum recorded at 0.35 V vs. RHE. Potential step is 0.05 V.

Fig. 7. Potential dependent absorbance spectra for the reduction of 10 mM NaNO2

on Cu (100) (left panel) and on Cu (111) (right panel) electrode in 0.1 M NaOH
solution. Reference spectrum recorded at +0.35 V vs. RHE. Potential step is 0.05 V.
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Cu (111), the most likely product is still NH2OH. The absence of the
bands related to hydroxylamine in the working potential range
suggests that hydroxylamine is formed with a too low concentra-
tion at potentials less negative than �0.35 V. Also, it is important to
highlight the absence of adsorbed NO on both copper surfaces,
even when the FTIR spectra were recorded in NaOH solution using
D2O (See Supporting information FigS1.). The negative band
observed at 1623 cm�1 is due to the O-H bending of water.

The reduction of nitrite (NO2
�) was also studied by FTIR on both

copper surfaces (see Fig. 7). As the CVs in Fig. 1b show, the
reduction of nitrite on Cu (100) starts ca. +0.1 V earlier than on Cu
(111). Similar to nitrate reduction, also for nitrite reduction the Cu
(111) electrode shows a more pronounced inhibition by hydrogen
than Cu (100). FTIR spectra were taken in 0.1 M NaOH solutions
containing 10 mM of NaNO2 (see Fig. 7). Spectra obtained with Cu
(100) show a negative band at 1235 cm�1 corresponding with the
consumption of nitrite [22] and a positive band at 1191 cm�1

assigned to the formation of hydroxylamine [21]. When Cu (111) is
used, the spectra only show a clear negative band at 1235 cm�1

corresponding to the consumption of nitrite suggesting that nitrite
is indeed reduced further. A small band can be observed at
1190 cm�1 suggesting formation of hydroxylamine in accordance
with the cathodic currents observed in the reduction of NaNO2 on
Cu (111).

Detection of hydroxylamine with another analytical technique
such as Ion Chromatography was not technically feasible due to the
chemical decomposition of hydroxylamine in alkaline media in the
presence of oxygen as described by Hughes et al. [23].

3.2. Nitrate reduction in acidic media

In order to investigate the pH dependence of nitrate reduction,
[8,10,16]cyclic voltammetry, OLEMS and FTIR measurements were
performed in 0.1 M HClO4 solution on both Cu (111) and Cu (100).

3.2.1. CV and RDE data
Fig. 8 displays the cyclic voltammograms recorded for Cu (111)

and Cu (100) in a 0.1 M HClO4 solution. There is a significant
dependence of the profile of the CV on the surface orientation of
the copper electrode. In the absence of nitrate, Cu (111) is the more
active surface for HER, as in alkaline media, starting at �0.4 V on Cu
(111) and at �0.5 V on Cu (100). In the presence of nitrate, the onset
potential for nitrate reduction in acidic media seems to be rather
similar, around +0.2 V vs. RHE, for both copper surfaces. On both
electrodes the cathodic current reaches a diffusion limited plateau
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at around �0.1 V. At Cu (111) the current drops drastically to a value
close to zero at �0.3 V to eventually increase again at �0.4 V due to
the hydrogen evolution reaction. The voltammogram for Cu (100)
appears to show two waves with an inflection feature at around
0 V. The cathodic current reaches a plateau at around �0.2 V with
the same current density as the plateau obtained on Cu (111), ca.
�4.5 mA/cm2. CVs recorded on Cu (100) show diffusion limited
currents that depend on the rotation rate, following the Levich
equation. From the slope of the Levich plot, the number of
electrons involved in the process was calculated to be close to 5.
From the reduction of NO3

�, a 5e-transfer process would suggest
formation of N2. However, OLEMS measurements showed the
absence of nitrogen formation, with the only volatile product being
NO, as shown in Fig. 9. Cu (111) reaches the same diffusion-limited
current at �0.2 V, but becomes poisoned at ca. �0.3 V, probably
due to the blockage of the surface by adsorbed hydrogen.

Cyclic voltammograms recorded on Cu (111) and on Cu (100) in
a 0.1 M HClO4 solution containing 2 mM NaNO3, as a function of the
cycle number, are plotted in Fig. 10. The evolution of the CVs differs
between the two surfaces. On Cu (111) (right panel) the features a,
b and c give rise to a more negative currents with increasing
number of cycles, and the decay in current observed at �0.3 V in
the first cycle is shifted to more positive potentials in subsequent
scans. The exact reason for the time evolution of the cycles in
Fig. 10b is not known. On Cu (100), there is no strong effect of
repeated cycling and no deactivation. In line with the greater
extent of deactivation of Cu (111) in alkaline media, in acidic media
Cu (111) also shows a much stronger deactivation than Cu (100) for
the reduction of NO3

�. However, the CV on Cu (111) shows no
deactivation if the negative potential limit is kept above �0.2 V (see
Fig. 11), suggesting that the cause of the deactivation is adsorbed
hydrogen. As mentioned above, the deactivation of Pt electrode
during nitrate reduction has also been suggested to be related to
the formation of Hads [17].

3.2.2. FTIR spectroscopy
With the aim to elucidate possible adsorbates or intermediates

of the reaction, FTIR measurements were carried out on both
copper electrodes in 0.1 M HClO4 solution. Fig. 12 shows the
potential dependent absorbance spectra with respect to the
reference potential of +0.35 V. The FTIR spectra indicate that the
onset potential for nitrate reduction in acidic media is +0.15 V for
Cu (100) and +0.1 V for Cu (111) as shown by the negative bands at
1270 cm�1 associated with the consumption of nitrate [14]. These
values of the onset potential are in agreement with the values
observed with cyclic voltammetry (see Fig. 8). Interestingly, the
band corresponding to nitrite is not present in the spectra,
probably because of the fast conversion of nitrite into NO in acidic
media, and subsequent reduction of NO to ammonium [9,17]. N-O
stretching bands corresponding to adsorbed NO are present in the
spectra of both electrodes. On Cu (111), the band appears at
1627 cm�1 [24] and on Cu (100) the band appears at 1617 cm�1

[25]. The onset potential for the formation of NO is difficult to
estimate, since the small NO band is hidden in a fluctuation of the
baseline of the spectra due to changes in the thin layer. Both copper
surfaces show a positive band at 1460 cm�1 corresponding to NH4

+

[14]. Ammonium formation starts around +0.1 V vs. RHE for both
copper orientations. These observations are consistent with the
results by Bae et al. [10,15], who reported the formation of NO and
ammonium for the reduction of nitrate on copper.

3.3. General Discussion

From the above results, we conclude that there are both
structural and pH effects for nitrate reduction on copper single-
crystal electrodes. We summarize the relevant reaction steps and
observed products and intermediates in Fig. 13.

In alkaline media, Cu (111) reduces NO3
� to NO2

� at lower
overpotentials than on Cu (100). However, Cu (100) reduces NO2

�

further to NH2OH with a considerably higher rate than Cu (111),
reaching almost perfect diffusion limitation. Nitrite is observed as
an intermediate of the reaction on both surfaces, but no other
volatile or surface-adsorbed intermediates have been identified.
Both Cu (100) and Cu (111) suffer from inhibition and deactivation
by the concurrent hydrogen adsorption reaction. We attribute the
deactivation to adsorbed hydrogen since it is not observed if the
potential remains at values at which the HER does not occur. Cu
(111) is more sensitive to this inhibition/deactivation than Cu (100)
because the hydrogen evolution reaction is more active on Cu (111)
and Cu (100), both in acidic and alkaline media. The higher activity
of Cu (111) for HER as compared to Cu (100) is in agreement with
recent theoretical predictions by Santos et al. [26].
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Fig. 10. Cyclic voltammetry recorded at a) Cu (100) and b) Cu (111) electrodes in 0.1 M HClO4 in the presence of 2 mM NaNO3 as a function of the number of cycles.
Experimental conditions: scan rate 50 mV/s; rotation rate 400 rpm.
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In acidic media, Cu (100) reduces NO3
� to HNO2 at slightly

lower potential than Cu (111). In acid media HNO2 forms NO in
solution [9] leading to NOads on both Cu surfaces, which in turn is
reduced to ammonium at roughly the same potential. The
reduction of nitrate on Cu (100) is diffusion limited as in alkaline
media, but the reduction does not seem to correspond to a single
product. Irreversible deactivation is observed on Cu (111) in acidic
media, due to the concomitant HER and the related formation of
adsorbed hydrogen.

These results demonstrate that the most suitable copper
surface for nitrate reduction is the Cu (100) surface, in terms of
its activity, its ability to reduce nitrate to an interesting product
(hydroxylamine) in alkaline media, and for its smaller tendency to
deactivate due to its lower HER activity compared to Cu (111).
Remarkably, the final product of nitrate reduction appears to be pH
sensitive: ammonia in acidic media, hydroxylamine in alkaline
media.
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Fig. 11. Cyclic voltammetry recorded at a Cu (111) electrode in 0.1 M HClO4 in the
presence of 2 mM NaNO3 as a function of the number of cycles. Experimental
conditions: scan rate 50 mV/s; rotation rate 400 rpm.

Fig. 12. Potential dependent absorbance spectra for the reduction of 10 mM NaNO3

on Cu (100) (left panel) and on Cu (111) (right panel) electrode in 0.1 M HClO4

solution. Reference spectrum recorded at 0.35 V vs. RHE.

Fig. 13. Proposed mechanism for nitrate reduction on copper single crystals in a)
acidic media and b) alkaline media.
4. Conclusions

Electrocatalytic reduction of nitrate on Cu single crystals has
been investigated by electrochemical methods coupled with in situ
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and online analytical techniques, showing that the reduction of
nitrate on copper single crystals is sensitive to both surface
structure and pH. In alkaline media, Cu (111) reduces nitrate to
nitrite at slightly lower potentials than Cu (100), but Cu (100)
performs much better in reducing nitrite further to hydroxylamine.
In acidic media, there are some differences in the CV profiles, but
both copper electrodes give the same intermediates and products:
NO, NOads and NH4

+. In addition, deactivation of Cu (111) during the
reduction of nitrate or nitrite has a larger effect than on Cu (100), in
both alkaline and acidic electrolytes studied. The nature of the
deactivation is presumably due to the formation of Hads and the
difference between the extent of deactivation of the two surfaces
can be related to the higher hydrogen evolution activity of the Cu
(111) electrode. Therefore, nitrate reduction on copper is a pH
dependent reaction, forming NO and NH4

+ when an acidic
electrolyte is used, and NO2

� and NH2OH when the electrolyte
is alkaline.
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