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In the present study, a Cu,0@PCz electrode for nitrogen reaction reduction is proposed; this electrode takes advantage of
the catalytic properties of Cu,0 in conjunction with conducting polymers such as polycarbazole (PCz). This combination
demonstrates an improvement in the catalytic activity and higher stability of this metal oxide in nitrogen electro-reduction
(NRR) and nitrogen oxoanion electro-reduction (NORR) processes in agueous conditions. On this basis, the material
synthesized on FTO (SnO,:F), Cu,0@PCz, exhibits a faradaic efficiency around 38.83%, together with an NH; productivity of
1.83 ug h™* cm2in NRR type processes, applying a potential of -0.8 V (V vs Ag/AgCl). Similarly, around NORR type processes,
the material exhibits NH; and N,H, productivity. The latter is the most relevant in terms of the yields obtained. Specifically,
using nitrite (NO;’), an efficiency of around 77.72% was obtained, together with a formation rate of 37.02 pyg h* cm? at a
potential of -0.8 V (V vs Ag/AgCl). Although N,H, is a by-product of ammonia formation, this molecule can be considered an
intermediate, which broadens the scope of this study for future research into the production of green chemicals. Finally,
this research presents promising new routes for the production of NH; at room temperature, highlighting the potential of
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low-cost materials, easy synthesis, and enhanced stability.

1. Introduction

Ammonia (NHs) is a fundamental precursor in different chemical
processes. These compounds play a crucial role in global food
production, in addition, the use of ammonia has become widespread
in various fields, being currently a very studied molecule and of great
interest, being proposed as a means of transport and storage of
hydrogen due to its hydrogen content of 17.8% by weight, besides
remaining in liquid phase at pressures close to about 8 bars, which
allows relatively simple transport and storage processes.!
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The process used for many years for the industrial production of
ammonia is known as the Haber-Bosh process.? Currently, this
process synthesizes ammonia from N, and H, in the presence of iron-
based catalysts. This synthetic methodology requires a considerable
amount of energy and capital, being a very expensive and highly
polluting process due to the large amount of greenhouse gases it
releases into the environment;3 an example is the hydrogen source
of the process, which relies on natural gas by steam methane
reforming, which emits more than 300 million tons of carbon dioxide
per year.* For this reason, significant efforts have been made to
develop environmentally friendly approaches through energy saving
and sustainable processes.

One approach with significant potential is the electrochemical
nitrogen reduction reaction (NRR), which uses ambient conditions
and aqueous solvents as a proton source instead of H, gas.>®
Moreover, the energy input in electrocatalysis can be supplied by
renewable energy sources.” However, laboratory-scale tests show
low conversion efficiency and yield, which limits the practical
application of ammonia generation.® These disadvantages are
mainly due to the highly stable chemical properties, non-polarity,
and low proton affinity of N,, in addition to the hydrogen evolution
reaction at the cathode competing with NRR for electrons.®=*! For all
these reasons, in the search for efficient and environmentally
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friendly methods, the prospect of simultaneously reducing other
nitrogenous compounds (NO,™ in this case) emerges as a remarkable
option. These nitrogen oxoanions compounds (NO,™) can be easily
reduced electrochemically (compared to N,) due to several factors,
such as the lower energy required to break the N=0 bond (activation
energy 204 kJ/mol) compared to the N=N bond (activation energy
941 kJ/mol).12 Moreover, NO,™ compounds exhibit higher solubility
in water than N, due to their polar characteristics.® Consequently,
electrochemical production can be

reduction for ammonia

performed either from N, or from NO,™,13.14

Electrochemical reactions for ammonia production require the
intervention and/or participation of a catalyst to facilitate the
reaction. Remarkable progress has been made in this field, with
notable advances,’®> such as the development of catalysts
synthesized based on Au nanoclusters,’® Ru nanoparticles!’” and
transition metal nitride catalysts.!® In particular, copper oxide
materials have shown great promise for reducing nitrogen
compounds to NH; by electrocatalysis and photocatalysis.'®
Compared to the precious metal catalysts previously mentioned, a
clear advantage of copper oxide materials is their considerably lower
cost. Specifically cuprous oxide (Cu,0), that is a low-cost and visible
light-sensitive material. Moreover, it has been widely used in
electrochemical and photocatalytic conversion processes.??! This
compound possesses conduction and valence band levels suitable for
N, reduction since it is a p-type semiconductor with a band gap of
2.17 eV and a high electrocatalytic response. Unfortunately, Cu,0 is
unstable and could be oxidized, which limits its electrocatalytic
activity in aqueous media. It has previously been used to reduce
nitrogen derivatives such as NOs (nitrates) and NO, (nitrites) to
ammonia and ammonia derivatives, however these electrodes have
been shown to be unstable.20-24 Moreover, there is little research
examining the electrocatalytic performance of Cu,0 for the
electrochemical reduction of N,, which motivates the possible use of
this copper oxide for ammonia generation, in addition to analyzing
the possible by-products generated from both N, reduction and the
reduction of other nitrogen oxoanions on Cu,O catalysts.192526
Given the potential capacity of cuprous oxide in this process,
strategies to enhance the stability of this oxide are being explored.
Based on the latter, studies have determined, by in situ/operating
spectroscopy, a direct correlation between changes in the chemical
state of the catalyst as a function of potential and time during
NOsRR/NO,RR and the catalytic selectivity of Cu,O nanocubes,
providing information on the main active species involved in the
process. From this, it was established that the slow reduction of Cu(l)
to metallic Cu at low overpotentials (0.1 V vs. RHE) results in low
production rates and efficiencies for NHs, suggesting that the Cu(l)
species can only catalyze the reduction of NO; to NO,", prior to its
reduction to metallic copper.?’

In general, copper-based catalysts have a high catalytic activity for
nitrogen oxoanions electroreduction, since Cu atoms with 3d%°
orbital are more favorable for the adsorption of this type of ionic
compounds and their subsequent reduction to ammonia.28 On the
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other hand, copper-based catalysts have not been very well. studied
for nitrogen reduction, since the different Stadiéslproposedade
other elements such as Fe and Mo as low-cost and very active species
for this process. However, it has been proposed that copper
have great advantages in these types of
electrochemical applications, such as high electrical conductivity,

nanostructures

high mechanical strength, low cost, abundant availability and
environmentally friendly nature. In addition, it has been shown that
the embedding of Cu nanoparticles on supports such as carbon
improves both the catalytic stability and the activity of the system in
electrocatalytic reactions.?®3° Based on this, compounds based on
copper and other transition metals have been studied, such as
dinuclear compounds like Cu-Ti, which have shown that copper
facilitates the reduction of nitrogen through a "distal" type
mechanism, generated from the interaction of the two metal centers
with each of the nitrogens of the N, species.?®

Along the same lines, the chemical functionalization of transition
metal nanocrystals is crucial in electrochemical processes, as it
improves electrocatalytic activity, adjusts electronic and geometrical
structure, stabilizes and controls particle morphology, and facilitates
proton enrichment at the electrode/electrolyte interface. These
improvements are essential to optimize reactions such as hydrogen
evolution, oxygen reduction and formic acid oxidation, increasing the
efficiency and selectivity of electrocatalysts.3! Although challenges
exist, such as precise control of adsorption of functional molecules
and long-term stability, chemical functionalization remains a
promising strategy for the development of more efficient and stable
electrocatalysts. One such example is the use of polyamines (PAMs)
in conjunction with metal centers. These polymers donate electrons
to the noble metals, affecting the electronic structure of the metal
nanocrystals and improving their catalytic activity. A specific case is
the functionalization with PEI (polyethylenimine), a type of PAM, in
Pd nanowires improving the oxygen reduction activity (ORR) by
changing the electronic structure of Pd.3?

Based on the above, one of the most promising approaches involves
modifying the electrodes with a substance that preserves the high
stability and durability of Cu,O while maintaining its excellent
catalytic properties. Conductive organic polymers represent a viable
option for this purpose. These materials exhibit the typical attributes
of conventional polymers, such as solubility, mechanical flexibility,
and low production costs, yet they offer conductivity levels
comparable to those of semiconductors or even metals.33-37, In this
instance, the application of carbazole is proposed. This compound
belongs to a critical class of heterocycles and offers several
advantages, including enhanced stability and a higher redox
potential relative to other conducting polymers. Additionally, it
exhibits favorable electroactive and photoactive properties.38-42
methods exist for

several obtaining

synthesis stands out for its

Moreover, although
polycarbazoles, electrochemical
reproducibility and simplicity. On the other hand, this method can be
carried out at room temperature with thickness control by varying
the current or potential as a function of time.3® Therefore, in this

This journal is © The Royal Society of Chemistry 20xx
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research, the use of copper(l) oxide nanoparticles electrochemically
deposited on a polycarbazole (PCz) layer, using an FTO/glass
substrate is proposed. This approach is intended to improve the
stability of copper oxide nanoparticles to enhance and maintain their
potential reducing effect in electrocatalytic reactions for N, and
nitrogen oxoanions compounds over time.

2. Results and discussion

2.1 Fabrication, characterization and properties

The synthesis of the Cu,0 electrode, stabilized with polycarbazole,
prepared using the methodology described in the
supplementary information (S1). First, the electropolymerization of

was

carbazole on an FTO glass was performed by potential cycling, which
leads to the formation of carbamoyl radicals at potentials above 1.2
V against Ag/AgCl.*® The polymerization of carbazole on FTO is a
process that occurs with a two-electron transfer and dimerization of
the pendant "carbazole" ring through the 3,6-positions (see Figure
S2).44 Subsequently, for Cu,0 deposition, the previously synthesized
electrode (FTO/PCz) is subjected to chronopotentiometry using a
constant current of -1 mA for 5 min, using a copper lactate solution
at pH 12.5. For this process, a current variation is observed as a
function of Cu,0 deposition on the electrode (see Figure S3).

Figure 1 illustrates the different morphological and topographical
characterizations of the material. Specifically, in Fig. 1A, transmission
electron microscopy (TEM) shows the copper (I) oxide nanoparticles
(black flakes) that are supported on the polycarbazole surface
(lighter background).

N
i
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The size distribution of the copper nanoparticles was ohserved using
a Gaussian distribution with a pick of aroundB0/ntA.106Wsideéring 000
nanoparticles, the average size results in a value of 49.91 nm (see Fig.
1B). Fig. 1C-E, scanning electron microscopy (SEM) images show
different material agglomerations on the FTO electrode. These
agglomerations of material are mainly formed by polycarbazole. At
the same time, Cu,0 nanoparticles are uniformly deposited all over
the surface, which can be seen in Fig. 1C. Figure 1D shows the EDX
(Energy Dispersive X-Ray spectroscopy) mapping, this analysis allows
to capture the X-ray generated by the sample (See Supporting
Information, Section S1 for more details). In this case, atomic centers
referring to C, O, Cu and Sn are analyzed. Based on the above, the
spectrum different centers, evidencing the
homogeneity of the system with respect to the polymer and the

shows atomic
copper nanoparticles. It should be noted that the Sn signals belong
to the conductive glass used for the electrodeposition of the catalytic
material. On the other hand, the EDX elemental analysis (Fig.1E)
reports a high presence of copper, oxygen, carbon, and tin. The first
three elements are given by Cu,0 and polycarbazole deposited on
the electrode, while tin is the constituent material of the FTO
electrode; it is worth mentioning that the EDX represents the area
shown in Figure 1C. AFM microscopy (Fig. 1F) shows the 3D surface
of the synthesized Cu,0@PCz The
homogeneous deposition of nanoparticles can be observed where
the heights and widths of the deposited nanoparticles are close to

electrode. relatively

100 nm. The cuprous oxide is deposited on the rough surface
generated by the polymer. This coincides with the electrode
morphology observed in FE-SEM microscopy, as shown in Fig. 1C.
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Fig. 1 Morphological and topographical characterizations of the Cu,0@PCz electrode surface. (A) TEM image (B) Histogram of the size distribution of Cu,0
nanoparticles on the Cu,0@PCz electrode surface (C) FE-SEM image of the Cu,0@PCz electrode surface (D) FE-SEM mapping of C, O, Cu and Sn. (E) EDX

analysis and (F) AFM image of the Cu,0@PCz electrode surface.
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To investigate and identify the different crystallographic phases and
the overall crystalline quality of the electrochemically grown Cu,0
thin films, X-ray diffraction (XRD) measurements have been carried
out in the standard Bragg-Brentano configuration.

Figure 2 shows a typical diffraction pattern of an electrodeposited
Cu,0 sample galvanostatically grown onto an FTO/glass substrate.
The results indicate that the single cubic Cu,0 phase is well-defined,
and the samples are polycrystalline; no other impurities phases were
detected (such as metallic copper, CuO phase), indicating the pure
phase in the electrodeposited Cu,0 thin films. To determine the
preferred orientation of the Cu,0O films, the intensity ratio
1(111)/1(200) for the two most intense peaks has been evaluated, and
a value of 1.3 has been obtained. The relative intensity ratio 1(111)/
1(200) value corresponding to a polycrystalline pure Cu,0 sample
without preferential orientation exhibits a value of 2.88.4° Above this
value, polycrystalline Cu,0 thin films are formed in a [111] preferred
orientation, whereas if this ratio is smaller than 2.88, the samples
reveal a [100] texture.*® Thus, pure Cu,O films electrochemically
grown in our case displayed a [100] preferential orientation.
Moreover, the broadening of the diffraction peaks demonstrates the
nanocrystalline character of these Cu,0 thin films. Average crystallite
size was calculated from the full width at half maximum (FWHM) of
XRD peaks by using the Scherrer formula:*’

kA
b= BcosO (1)

Where D is the crystallite diameter, A is the wavelength of the
incident radiation, k = 0.94 is the shape factor, 6 is the Bragg angle,
and B is the full width at half maximum (FWHM) in radians. When the
term “crystallite size” is used, it refers to the dimensions of the
coherent diffracting domain. The dimensions of the copper (l) oxide
crystallites have been estimated from the FWHM of the principal
(111) diffraction peak using this Scherrer formula. The average
crystallite size evaluated from this diffraction peak was about 44 nm,
hinting at their nanocrystalline character. In the results shown in
Figure 1, the average grain size is 49.91 nm. This result shows an
agreement between the measurements of both techniques;
however, the small error could be because the electrode is
composed of grains of different sizes and orientations due to its
intrinsic polycrystallinity. This affects the average calculation of the
nanoparticle sizes.*®

4| J. Name., 2012, 00, 1-3
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Fig. 2 X-ray diffraction pattern of an electrochemically grown Cu,0 thin film
onto an FTO/glass substrate. Diffraction peaks are indicated for: (®) Cu,0 and
(*) SnO,:F phase. The cubic Cu,0 JCPDS pattern (JCPDS file No. 78-2076) is
also shown for comparison (vertical thick blue bars). (*, indicates the peaks
originated from the SnO2:F substrate)

Unfortunately, the crystalline phases present in the Cu,0@PCz
electrode could not be identified. This is mainly due to the fact that
the signals belonging to the FTO crystal overlap with the low intensity
signals belonging to Cu,0 (see Figure S10). However, small signals
can be observed, attributable to the pattern observed for Cu,0
without polymer (see Figure 2).

Figure 3A shows the FTIR-ATR spectra of the Cu,0@PCz electrode,
revealing the characteristic peaks of the polycarbazole and Cu,0
nanoparticles. Specifically, for the polymer, the signals are observed
at 3595, 1605, 1234, and 730-680 cm, corresponding to N-H, the
antisymmetric and symmetric C-C stretching deformation, C-N
(stretching of aromatic C-N bonds or vibration of the disubstituted
benzene ring), and -C-H (out-of-plane deformation of the C-H bond
in the benzene ring) respectively. In addition, at 1116 cm, a high-
intensity signal is observed, coming from the supporting electrolyte
used in the polycarbazole electropolymerization (ClO4) adsorbed on
the electrode surface.* Similarly, around the characteristic signals of
Cu,0, shifts at 635, 568, and 425 cm™ are observed. The absorption
peak at 425 cm corresponds to the metal-oxygen interaction (Cu-
0), while vibration in the range 560-660 cm™ corresponds to (Cu-O-
Cu).5051

As for Raman spectroscopy (Fig 3B-C), experiments were performed
to investigate the chemical nature of the Cu,0@PCz electrode. For
this purpose, 532 nm laser irradiation was used. PCz and Cu,0@PCz
samples were measured, and the characteristic signals of each
species were observed separately (Fig 2B). Specifically, the above
1100 cm? signals belonging to PCz and the peaks observed at 1340
and 1603 cm are associated with C=C stretching and C-C aromatic
bonds, respectively.52 The small pick at 1240 cm?, appreciable in the
PCz spectrum, would correspond to oxidized carbazole,>® which
disappears upon subsequent deposition of Cu,0 due to the negative
potential used. Finally, a peak concerning the conductive glass used
(FTO) can be seen at 1090 cm,53:54

This journal is © The Royal Society of Chemistry 20xx
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The characteristic vibrational modes of Cu,0 with A, E and T
symmetry can be observed in the region between 100 and 700 cm™!
(see Fig. 3C). The observed shifts are assigned as follows: 221 cm™
(2e0), 336 cmt (Ay), 412 ecm? (Ty), 524 cm™ (Tyyro)) ¥ 636 cm?
(T1uwo)), as reported in the literature.>®% It is worth noting that in,
the areas associated with the polycarbazole (from wavenumber 1000
cm1) show signs of fluorescence, so that Raman scattering makes it
challenging to visualize, both using 532 nm and 785 nm laser
excitation. Signals from Cu,0 are present, as shown in Figure 3B.

Fig. 3D shows 2D Raman spectroscopy, corresponding to a 40 umx40
um region mapped by a filter set to the characteristic band intensity
of the Ty, vibrational mode (636 cm™).5%%> The Raman spectrum of
Cu,0 reveals a p-type semiconductor character because the
observed Raman bands are associated with copper vacancy
interactions that conduct electricity through holes; these results
agree with previously reported investigations.’® In addition, a
relatively homogeneous deposit of copper oxide nanoparticles is
observed, where the signals of greater intensity (yellow color of the
2D spectrum) correspond to the copper nanoparticles. In contrast,
the zones represented by black color within the 2D spectrum
correspond to polycarbazole zones where the vibration signal
analyzed cannot be observed, which indicates that there would not
be Cu,0 deposited in those segments.

>
@
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Intensity (a.u.)

Wavenumber (cm™) Raman Shift (cm™)

(o]
o

Intensity (a.u.)
('n"e) Aysuauy

1 300 én 800 7
Raman Shift (em™)

Fig. 3 Vibrational analysis of Cu,0@PCz electrode. (A) ATR-IR of Cu,0@PCz.
(B) Raman spectra of: PCz (in green), Cu,0 (in blue) and Cu,0@PCz electrode
(in pink). (C) Raman spectra of Cu,0 nanoparticles and their characteristic
vibrational signals. (D) 2-D Raman spectrum of the Cu,0@PCz electrode.

Figure 4A shows the existence of Cu, Sn, O, N, and C. The high-
resolution XPS spectrum of Cu,, is demonstrated in Fig. 4B. The peak
positions of Cu,0 2py/, and Cu 2ps3/, were 951.99 eV and 932.08 eV,
respectively.>”>® The peaks adjusted at 935.12 eV and 955.03 eV are
attributed to copper Il oxides, such as Cu0O, and the two detectable
peaks of the shaking satellite indicate the presence of this species in
the sample.>®®0 Unfortunately, it is tough to determine whether the
resulting Cu*! peaks are Cu,0 or metallic Cu due to a slight difference

This journal is © The Royal Society of Chemistry 20xx
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in the peak of the Cuy, core.’” As a complementary way, the useof
the Cu Auger peak [LMM] is a reliable way t&@ ¢orfivdd et thierricdl
state in question.®! Figure 4C shows that the Auger spectra at 570.03
eV are attributed to Cu,0 and not to metallic Cu due to the lower
band energy (568 eV) of the Cu.>”61.62 Based on the areas obtained
from the XPS spectrum, we can identify that 36% corresponds to Cu*!
and 64% to Cu*?, being in a ratio of approximately 1:2.

The high-resolution peaks N;5 and Cy, are related to the conducting
polymer PCz, shown in Figure 4D-E. The peaks of Cis were divided
into six components: C-C / C-H bond (284.52 eV), C-N bond (285.63
eV), C-O bond (286.86 eV) and C=0 bond (288.09 eV).%3%4 This last
peak would correspond to CO, adsorbed on the material and the
formation of an O-C-O epoxide group, a product of the interaction
between the polymer and the irradiation to which it was exposed,
which gives rise to other picks, such as those originating in 289.77 eV
and 291.79 eV.535 Similarly, among the most important peaks in
Figure 4E, those located at 401.81 eV and 400.28 eV, corresponding
to R4yN* and C-N, respectively.53¢6 Referring to Figure 4F, the Og,
spectrum can be observed; in particular, the peak located at 530.81
eV corresponds to the presence of Cu-0.%0 Likewise, the peak at
533.48 is attributed to the conductive glass (FTO), which is based on
Sn02_67,68
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Fig. 4 Spectroscopical analysis XPS of Cu,0@PCz electrode. (A) Survey

spectra; (B) Cu 2p; (C) Cu 2p AES (Auger electron spectroscopy).; (D) C 1s; (E)
N 1s; and (F) O 1s.
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2.2 Electrocatalytic performance and stability

Once the electrode was characterized, its electrocatalytic
performance was evaluated at different potentials (-0.4, -0.6, and -
0.8 V; all measurements were performed with respect to a saturated
Ag/AgCl reference electrode) during 2 h in 0.1 M Na,SO, aqueous
solution at pH 5.95, at room temperature and pressure conditions. A
closed H-type cell separated by a Nafion 117 membrane and
saturated with N, was used; the NH; generated and the by-product
N,H; were quantified by the indophenol blue method and the
method of Watt and Chrisp, respectively. In addition, purity tests of
the nitrogen used were carried out to rule out the presence of NO,
the procedures, using Differential
Electrochemical Mass Spectrometry (DEMS)

information “S1-DEMS Methodology”).

in situ in respective

(supplementary

Figure 5 shows the electrochemical results of the linear sweep
voltammetry (LSV) curves of the Cu,0 and Cu,0@PCz electrodes
under the above conditions, changing only the nitrogen species to be
reduced (Fig 5A). Initially, the behavior of the materials is analyzed in
an Ar-saturated solution and without N, or NO,"™ compounds (black
lines). The same test is performed, but using NO,™ species in solution
(in red NO3™ and blue NO, separately), and finally, the behavior of a
solution saturated only with N, (Pink) is studied; the eight
polarization curves show the electrocatalytic behavior of the
electrode in the respective solutions, using a sweep rate of 1 mV s,
where the segmented lines are representative of the Cu,0 cathode
and the continuous lines are representative of the Cu,0@PCz
cathode.

In general, when comparing LSVs with and without polymer, the
most important changes can be observed around HER process,
because in the absence of polymer, a significant current drop is
observed around -0.7 V (dotted black line), similar to the effect
experienced by nitrate reduction (dotted red line). On the other
hand, in the presence of polymer, these current drops are practically
imperceptible, with a noticeable difference in the current drop (black
solid line). This would indicate the hydrophobic effect generated by
the polymer on the electrode, which significantly reduces the HER
process. Along with this, an improvement in the effect of nitrogen
reduction (pink lines) is appreciated, generating a continuous current
drop from -0.1V, product of the inhibition of the HER process. Finally,
with respect to nitrite reduction, this reduction does not vary
significantly in the presence of the polymer, which would indicate
that the presence of the polymer would not affect the kinetics of the
electrochemical process.

Figure 5B-C shows LSVs performed with the Cu20@PCz electrode,
with and without the presence of nitrogen compounds. From this, it
can be seen that the blank (LSV in Ar) has a current drop at a potential
of -0.7 V, which could be attributed to the HER process. In the
presence of NO3  an onset potential at -0.46 V is observed, revealing
that the processes associated with NOs™ reduction are generated at

6 | J. Name., 2012, 00, 1-3

this potential. The same behavior presents the LSV of NO,- whose
onset potential is located at -0.4V. Finally, th&©BVIgérotraéd WrHNS
presented an onset potential at -0.1V, thus demonstrating that using
the Cu,0@PCz electrode all potentials that could be associated with
the reductions of the tested nitrogen compounds occur before the
HER onset potential. In addition, the difference in current density
between the NO, and N, LSV with Ar LSV is particularly obvious,
indicating that the Cu,0@PCz electrode has a great catalytic
potential for such processes over HER process.
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Fig. 5 (A) Polarization curve of Cu,0 and Cu,0@PCz electrodes in the presence
of different nitrogen species at 1 mV s, (B) Separate Cu,0@PCz polarization
curves. (C) Magnification of the onset potential of Cu,0@PCz curves.

Figure 6A-C show the faradaic efficiency and production rates of
ammonia and hydrazine obtained for the electroreduction of NO,;,
NOs; and N,, respectively. For the NOs reduction, the faradaic
efficiency was around 39% at -0.6 V, this value is lower than other
reported catalysts, which exceed 90%, mainly due to the presence of
other by-products generated from the interaction with Cu, such as
NO,, NO, and N,.5>71 About the reduction of NO,", can be evidenced
the catalytic capacity of the system to produce hydrazine, obtaining
a faradaic efficiency (77.72%) and a high production rate (37.025 pg
ht cm2) at potentials of -0.8 V. These results are promising for the
electrochemical production of this by-product. Hydrazine can be
used as a preliminary step to green ammonia electrowinning, but,
like ammonia, it is also considered a green hydrogen source.”>74 This
fact makes imperative a future study of the way to obtain this
compound, to identify new areas of study and application for this
phenomenon, which has not been possible to identify in other
investigations, with such high faradaic efficiencies. The values
obtained for hydrazine production could not be compared with other
works in the literature, since hydrazine is not quantified in this type
of analysis because it is considered a by-product of ammonia
production. When NO, is directly reduced, NH; and N, are evaluated
as reaction products,’>~’7 however, previous studies have indicated
that copper oxides, together with other transition metals such as Pd,
can allow the subsequent reduction of the generated hydrazine to

This journal is © The Royal Society of Chemistry 20xx
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ammonia, generating a faradaic efficiency higher than 90%,
considering hydrazine as an intermediate product of the reaction.”®
For N, reduction, a production rate of 1.81 ug h* cm? was obtained,
together with a Faradaic efficiency of 38.82% for ammonia
formation, using a potential of -0.8 V. Although this production value
is within the average of the catalysts used in NRR, the faradaic
efficiency obtained is much higher compared to the average of the
catalysts, which do not exceed 10% of average efficiency,
demonstrating the extraordinary capacity of this system for NRR type
reactions.”?-81 Determination of efficiency and comparison data are
detailed in the supplementary information (see Table S2).
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Fig. 6 Faradaic efficiency and generation rate at different potentials for
ammonia (blue) and hydrazine (orange) for electroreduction of (A) NOs', (B)
NO, and (C) N,.

Figure 7 shows chronoamperometric studies of the Cu,0@PCz
electrode at different potentials and with the different precursors for
the ammonia electrosynthesis. These results reveal that the
Cu,0@PCz electrode exhibits stable current densities at various
potentials, with constant charge retentions over time for each of the
precursors; using a potential of -0.6 V (vs Ag/AgCl), such stability is
close to 92.5% after 2 hours of continuous electrochemical tests
(Figure 7A-C).

This journal is © The Royal Society of Chemistry 20xx
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On the other hand, using the same potential and observing the
highest stability using N, as a precursor, both NH; production rates
and the faradaic efficiency of such a process are analyzed (Fig.8). The
values remained relatively constant during 20 h of continuous NRR
electrochemical testing, with a retention of current stability of about
95% up to 10 h of electrolysis (see Fig. 8B). Along with this, the
faradaic efficiencies and ammonia generation rate also remained
constant up to 10 hours. After that, both a significant variation of
current and a considerable decrease of faradaic efficiency and
ammonia formation rate are observed. These results can confirm the
high stability of the Cu,0@PCz electrode, both when working at
different potentials and when used for prolonged periods of time,
without losing its catalytic properties, at least up to 10 hours of
continuous work. In addition, the two-hour bar (see Fig. 8A) shows a
comparison between the yields and faradaic efficiency for the
stabilized Cu,0@PCz and unstabilized Cu,0 electrodes; an increase
in ammonia production yield and faradaic efficiency of the catalyst is
observed in the presence of the polymer, indicating a higher catalytic
activity when Cu,0 nanoparticles are stabilized. This could also
indicate that the oxidation of Cu,0 to CuO in the absence of polymer
generates a lower catalytic activity for N, reduction, since this species
would not be active for the NRR process. This can also be seen in the
NO;  and NO; reduction processes, by comparing the two 2 hour
electrolysis, with and without polymer (Fig. S9).
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shows a comparison between for Cu,0 PCz-stabilized and Cu,0 non-stabilized

electrodes. (B) Stability of the NRR process during 20 hours of electrolysis.
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2.3 Characterization after electrocatalysis

After the Cu,O@PCz electrode is
characterized, using the nitrogen reduction at -0.6 V (vs Ag/AgCl) as
a model to analyze the proposed electrode.

the catalytic evaluation,

As for the stability of the material, taking as a working electrode the
different components of the Cu,0@PCz electrode separately and
finally the complete Cu,0@PCz electrode. The behaviors of the
different currents along the catalysis were plotted (Fig. 9A). From
this; it is observed that the FTO conductive glass has a relatively
stable current well below that of the final electrode constituents. On
the other hand, in the electrode with the respective polymer PCz an
initial current increase is observed. Still, it decreases over time,
eventually stabilizing and reaching a value similar to that of the
conductive glass without deposit, which may be due to the presence
of a constant reduction of possible unpolymerized oxidized carbazole
to a point where the carbazole is completely reduced, this electrode
does not present catalytic activity for N,.82 Similarly, the Cu,0 and
Cu,0@PCz currents are relatively stable, but there
improvement in the cathodic current with the presence of the

is an

polymer in the catalyst.

In Figure 9B, it can be observed that, after the catalytic cycle, in the
absence of polymer, the characteristic signals of Cu,0 decrease their
intensity, and in turn, two characteristic signals of the presence of
CuO in the sample appear (291 and 338 cm™),® demonstrating the
low stability of Cu,0 nanoparticles in the catalytic cycle. In Figure 9C,
it can be observed that, in the presence of the polymer together with
the Cu,0 nanoparticles, there is no increase in the intensity of the
signals belonging to CuO, as occurs when there is no polymer in the
catalyst (see Fig. 9B). However, these signals are already present in
the system, before catalysis, which indicates that both species are
present in the catalyst and that they are stabilized by the
polycarbazole present, due to the almost insignificant change in the
pre-and post-catalysis signals. This is also demonstrated in the XPS
spectrum of Cu,0@PCz electrode analyzed above (Fig. 4A), where
this electrode contains both Cu,0 and CuO species pre-catalysis.
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Fig. 9 Stability tests for Cu,0@PCz electrode and his components applying a
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Raman spectra of Cu,0 electrode before and after electrocatalysis (C) Raman
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On the other hand, regarding the morphological changes of the
Cu,0@PCz cathode, an important change inthe movphologylaP tlie
material can be seen in the TEM after catalysis, where, unlike those
seen in Figure 1, there are clusters of material with different
diameters, which exceed 300 nm (See Figure S11). In parallel, it can
be observed in Figure 10 FE-SEM of the material changes after 20
hours of electrolysis, generating clusters of copper species on the
surface. This may be because during the electroreduction process,
changes in the electrochemical conditions, such as ion concentration,
pH, and applied potential, may favor the nucleation and growth of
the particles. Generating these structures. In addition, when
observing the magnification of these "spherical" structures (Fig. S12),
the presence of nanometric structures in the form of flakes, which

are observed on the electrode before catalysis (see Fig. 1).

657K
584
511
4,38k}

365K

146k |59

Relative Intesity (counts)

073K 5

0%y 1z 26 39 52 65 78 91

X-ray Energy (keV)

Fig. 10 (A) FE-SEM image of the Cu,0@PCz electrode surface after 10 hours
of electrolysis, (B) FE-SEM mapping of C, O, Cu and Sn. (C) EDX analysis

Similarly, the XPS spectrum of the material shows an important
variation around the distribution of copper species, specifically,
before electrolysis, the distribution of Cu*! / Cu*? was 1:2 (Fig. 4).
Whereas, after 20 hours of electrolysis, the distribution changes to
about 1:1 respectively (Fig. S13). The change may be due to several
factors, such as the migration of copper ions on the surface, due to
the agglomeration evidenced. Along with this, at the surface level,
part of the Cu?* ions may have been reduced as a result of the
negative potential applied. All these factors may result in part of the
energy applied to the system being lost around these processes,
generating a drop in the efficiency of nitrogen reduction.

Impedance analysis of Cu,0 and Cu,0@PCz was also performed
before and after the NRR process, as shown in Figure 11. Nyquist
diagrams of the Cu,0 deposits reveal several capacitive semicircles
between high-frequency range (HF) and low-frequency domain (MF-
LF). The impedance response at HF can be associated with the Cu,0
oxidation reaction previously discussed (see Figure 9B). The
impedance behavior at MF-LF can be related to the diffusion process
of the N, in the solution and Cu,0 because the electrochemical
measurements were carried out under static conditions. The NRR did

This journal is © The Royal Society of Chemistry 20xx
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not significantly influence the impedance response of the Cu,0@PCz
electrode after 2h at -0.6V (vs. Ag/AgCl), also in agreement with the
Raman analysis (see Figure 9C). This suggests that Cu,0 is stabilized
when deposited on the PCz layer formed on the FTO glass. However,
a change in the resistivity of the material was determined after 20 h
of electrolysis (see Figure 11B), which was attributed to the change
in the electrode surface, specifically to the change in the oxidation
state of Cu. Along with this, the change in the electrode surface can
be seen in Figure 10, where after the 20 hours of electrolysis, the
copper present on the cathode begins to agglomerate, forming large
spheres of copper oxide, which has a direct effect on the electrical
resistivity of the material.

Cu,0 0h

T Cu,0@PCz Oh

Cu,0@PCz 2h

= 3mHz

E

§

S 3 mz
< .
N 104 * 3 mHz

I mHz
.

5 20 kHz 5+

0 5 10 15 20 25 5 10 15 20 25

Z' (kQ em?) Z' (k2 em?)

Fig. 11 Nyquist diagram of (A) Cu,0 and (B) Cu,0@PCz. At different NRR times,
using -0.6 V (vs. Ag/AgCl)

3. Conclusion

A Cu,0@PCz electrode was prepared, and their characteristic
vibrational states (ATR-IR and Raman) and chemical bonding
(XPS) were characterized. Thus, homogeneous
deposits of these nanoparticles were generated on the electrode

characteristics

surface, which was verified by 2D Raman spectroscopy and EDX.
Along with the above, sizes, particle shapes, and deposition
thicknesses (=50 nm, flakes, and 0.60 um, respectively) could be
identified from AFM, TEM and FE-SEM images. Similarly, stability
analyses showed that the polymeric structure affects the long-term
stabilization of copper(l) oxide nanoparticles when working between
nitrogen reduction potentials, both at short and long electrolysis
times (2 and 20 hours, respectively). Finally, it should be noted that
the proposed electrodes have a great potential to be used in the
electrocatalysis of ammonia from molecular nitrogen and nitrogen
oxoanions (NO, and NO3°), ammonia production rates around 2 pug h-
1 cm2 were obtained, together with a faradaic efficiency above 30%
using NO3™ and N, as precursors. Regarding the latter, the efficiency
of other catalysts do not exceed 10%, rendering this material highly
promising for future research and application. Similarly, remarkable
yields have been achieved in the production of hydrazine,
particularly when reducing nitrite at potentials of -0.8V. This process
generated formation rates of 37 ug h™* cm with a Faradaic efficiency
of approximately 78%. These results, unmentioned in other studies,
suggest a possible new research direction in the utilization of
copper(l) oxide and nitrite to produce this critical chemical, which

This journal is © The Royal Society of Chemistry 20xx
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