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Synthesis of CuO, nanostructures in novel
electrolytes under hydrodynamic conditions for
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In this work, CuO, (x = 1 and 2) nanostructures have been synthesized by electrochemical anodization in
ethylene glycol based electrolytes using oxalic acid or NaF (with or without NaOH) as complexing agents.
The influence of hydrodynamic conditions and time during anodization of copper have also been evalu-
ated. A comprehensive morphological, structural, electrochemical and photoelectrochemical characteriz-
ation of the nanostructures has been performed. The results revealed the convenient use of oxalic acid
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and 250 rpm for 5 minutes during electrochemical anodization to obtain homogeneous CuO, nano-
structures formed by spheres with Cu,O as a predominant phase. Using this nanostructure as a photo-
cathode for N,O photoelectron-reduction, almost 100% of N,O removal was achieved after 1 h, showing
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Introduction

In recent years, semiconductor metal oxides have become very
promising candidates for numerous applications. In particu-
lar, extensive research is being done on copper oxides (Cu,O
and CuO) and their many morphologies. Furthermore, these
materials have a wide range of possible uses due to their suit-
able characteristics, such as low toxicity, inexpensiveness,
narrow bandgaps, very negative conduction band positions,
and excellent thermal and electrical conductivities."?

Nowadays, copper oxide (1 and n) films with different nanos-
tructural morphologies (nanospheres, nanoboxes, nanocubes,
etc.>*) have been synthesized using a wide variety of tech-
niques. Some of these methods include pulverization pyrolysis,
spin coating, direct heating of the copper films, and hydro-
thermal synthesis.>® However, a lack of control in these
methods can lead to variations in the crystal quality, which
can alter the surface morphology of the nanostructures and,
therefore, affect their physical, structural, and chemical pro-
perties, as well as their optoelectronic properties.>’
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the improvement of the photoelectrochemical approach vs. the photo or the electro performance.

Additionally, the preparation of the electrodes has poor
stability, and in most of the procedures, toxic chemicals are
used. Among the studied alternatives, the electrochemical
route appears to be one of the most appropriate due to its low
cost, controllability, and minimal environmental impact.”
Electrochemical anodization offers a large number of advan-
tages, including the ability to adequately control the properties
of copper oxide films, its speed compared to other techniques,
its stability, and its appropriate scalability. Nevertheless, the
use of this technology for the synthesis of copper oxide films
has only been developed in a small number of studies. The
work of D. W. Shoesmith et al. (1976)° constitutes the first
report on nanocrystal growth on copper by potentiostatic oxi-
dation using LiOH solution. Later, in 1990 Ji et al.’ studied the
influence of the electrolyte temperature on the process as well
as the effect of different additives. In recent years, copper ano-
dization has been carried out using mostly aqueous electro-
Iytes (or even ethylene glycol electrolytes) containing KOH,
NaOH, KCl, and NH,CL.”'**?> However, none of the investi-
gations have involved the synthesis of novel ethylene glycol
based electrolytes with the addition of oxalic acid or NaF as
the complexing agent.

Usually, metallic oxides used in optoelectronic applications,
such as TiO,, WO3;, or ZnO, are n-type semiconductors, which
means that they are electron-carrying oxides. On the other
hand, attention has been drawn to the use of copper oxides as
photocathodes due to their p-type semiconductor properties,
like their high absorption coefficient in the UV-vis region.
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Additionally, both have narrow bandgaps: 1.3-1.7 eV (CuO)
and 2.0-2.5 eV (Cu,0)."

According to band gap values, copper(u) oxide is better
suited thermodynamically to achieve higher efficiencies than
Cu,O. However, given that the mobility of charges in Cu,O is
much higher than in CuO (100 cm® V™' 57! and 0.1 cm® V"
s~', respectively) and that Cu,O has a greater p-type character
due to the presence of a higher number of copper vacancies,"
it can be inferred that the synthesis of nanostructures where
Cu,O predominates could be more interesting. Besides, some
studies'*'® confirm the enhancement of the photoelectro-
chemical response when CuO, nanostructures with both Cu"
and Cu®" are present.

Due to all the reasons mentioned above, copper oxides are
being investigated as photoelectrodes in a wide range of appli-
cations to address current environmental challenges.*"®"®
Their potential applications include their use as a photo-
cathode in the breakdown of water to produce hydrogen (water
splitting) or their use in the decomposition of other inorganic
compounds, such as the main greenhouse gas produced due
to human activities, CO,. N,O is the third most abundant
greenhouse gas in the atmosphere with a global warming
potential (GWP) 273 times that of CO, for a 100-year time-
scale.'® Human activities such as agriculture, fuel combustion,
industrial processes and wastewater management are increas-
ing the amount of N,O in the atmosphere.”® Besides, nitrous
oxide has been identified as the main anthropogenic ozone-
depleting substance emitted in this century.>* For this reason,
the photoelectrocatalytic decomposition of N,O can be an
attractive option to reduce its concentration in the principal
emission sources and mitigate climate change.

The goal of this paper is to synthesize copper oxide nano-
structures by electrochemical anodization by varying the ano-
dization parameters (electrolyte, time and the use of hydrodyn-
amic conditions) and characterize their morphology, structure,
electrochemical and photoelectrochemical properties to inves-
tigate their potential use in photoelectrochemical applications.

According to the results, the photoelectrochemical
decomposition of N,O was carried out using the synthesized
copper oxide nanostructure as a photocathode, achieving
almost 100% of N,O removal after 1 h. To our knowledge, this
is the first paper that follows the photoelectrochemical
approach under mild conditions (room temperature and
atmospheric pressure) to photoelectro-reduce N,O.

Experimental
Synthesis of CuO, nanostructures

For the fabrication of the CuO, nanostructures, copper foils
(99.9%, 0.125 mm thick) were washed using an ultrasonic bath
for 15 seconds in 0.1 M HCI and 30 seconds in acetone,
ethanol, and deionized water, respectively and then dried with
a flow of N,.

The anodization of copper was performed using a two-elec-
trode electrochemical cell with the copper sheet as the
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working electrode and platinum foil as the counter electrode.
The experimental variables were the electrolyte, the anodiza-
tion time and the use of hydrodynamic conditions.

All the tests were carried out by connecting the working
electrode to a rotating disk electrode, RDE, (Fig. 1), with an
exposed area of the copper foil to the electrolyte of 1.32 cm>.
An optical picture of the real anodization device is shown in
Fig. S1.f

Copper was first anodized in 70% (v/v) ethylene glycol (EG)
and 30% (v/v) deionized water with different complexing
agents, both in 0.05 M: oxalic acid and sodium fluoride. The
influence of the presence of 0.1 M NaOH in these solutions
was also studied.

The samples were anodized in each solution for different
times (5, 10 and 15 minutes) at 50 °C and a voltage of 20 V.

To optimize the synthesis, different ethylene glycol concen-
trations (50 and 90%), as well as different organic bases
namely formamide (FA) and ethanol (EtOH), at 50, 70 and
90% were used for anodization.

To evaluate the influence of hydrodynamic conditions
during anodization, films were anodized by varying the RDE
revolutions at 0, 250 and 500 rpm.

After anodization, foils were carefully cleaned with ethanol
and deionized water before being dried with a N, stream.
Afterwards, samples were annealed in air at 250 °C for 1 h.

Characterization of the copper oxide nanostructures

CuO, nanostructures were characterized using different tech-
niques to evaluate their morphology, crystallinity and electro-
chemical and photoelectrochemical properties. The morpho-
logical study was carried out by field emission scanning elec-
tron microscopy (FE-SEM, Hitachi S4800 microscope) at an
operation voltage of 5 kV, by coating the nanostructures with
Au/Pd Dby sputtering. Additionally, high-resolution trans-
mission electron microscopy (HRTEM) using a FEI Tecnai G2
F20 TWIN with an operation voltage of 200 kV was also used to

!

Teflon coating

Cufilm

Fig. 1 Scheme of the electrochemical cell used for anodization of
copper.

This journal is © The Royal Society of Chemistry 2023
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analyze the copper oxide samples. TEM calibration was per-
formed in two modes: (i) in low and medium magnification
modes using catalase crystals (product no. 612) as a reference
sample and (ii) in the high magnification mode, in which the
resolution and the calibration were verified using nano-
particles of crystalline gold.

In order to evaluate the chemical structure of the samples
confocal laser-Raman spectroscopy (WITec) with a blue laser
(488 nm) was used. Crystallinity and phase identification were
carried out using an X-ray diffractometer (XRD) with a Philips
X'Pert diffractometer equipped with a graphite monochroma-
tor operating at 40 kV and 30 mA, and employing nickel-fil-
tered CuKa radiation (4 = 0.1542 nm). Additionally, a UV-
visible spectrophotometer (Shimadzu) in the wavelength range
of 200-800 nm was used to determine the photochemical
response of the CuO, nanostructures.

Electrochemical and photoelectrochemical characterization
studies were carried out in a three electrode cell with the ano-
dized Cu film as the anode, platinum as the counter electrode
and Ag/AgCl (3 M KCl) as the reference electrode, using an
electrolyte solution of 0.1 M Na,SO,. Electrochemical impe-
dance spectroscopy (EIS) tests were performed at —0.2 Vag/agcl
using an amplitude of 0.01 V and scanning frequencies from
100 kHz to 0.01 Hz. Besides, in order to know the semi-
conductor character of the nanostructures Mott-Schottky (MS)
plots were carried out at a frequency of 5000 Hz, scanning the
potential from 0.1 to —0.5 Vagagcir Photoelectrochemical
characterization was conducted by scanning the potential from
0 to —0.8 Vjg/agcr alternating dark and illumination conditions
(16 s dark, 4 s illumination) with UV light (4 = 365 nm) pro-
vided by a LedControl UV LED (Opystec Dr Grobel Germany) at
a power of 100 mW cm 2.

Photoelectrodegradation approach with copper oxide
nanostructures

In order to evaluate the photoelectrochemical approach of the
CuO, nanostructure samples were used as photocathodes for
N,O removal. Fig. 2 shows the H type cell used for N,O
reduction.

The developed copper oxide nanostructure was employed as
a cathode, while a saturated Ag/AgCl (3 M KCl) electrode and a
platinum sheet were used as reference and counter electrodes,
respectively. Both were separated from the anode by a cationic
membrane (Nafion N-117 membrane of 0.180 mm thick). The
solution (0.1 M Na,SO,) was saturated with N,O before begin-
ning the test and was stirred during the experiment (2 hours).

Three different approaches were carried out to reduce N,O,
namely electrocatalytic, photocatalytic and photoelectrocataly-
tic. For the electrocatalytic decomposition —0.2 Vag/agc1 were
applied to the system and no light was irradiated to the nano-
structure, while for the photocatalytic reduction only UV-light
(A =365 nm at a power of 100 W cm™>) was irradiated.

For the photoelectrocatalytic approach a constant potential
of —0.2 Vjg/agc1 was applied and the cathode was irradiated by
UV light. To know the efficiency of decomposition, the evol-
ution of N,O composition inside the cell was measured by

This journal is © The Royal Society of Chemistry 2023
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1
H,0 - =0, +2H* + 2e~
e Membrane Cu0/Cu,0

No0 + 2H* +2e™ = Ny + H,0

Fig. 2 Schematic diagram of the photoelectrocatalytic cell for N,O
degradation and oxygen evolution.

taking samples of the stagnant liquid and introducing them
into sealed vials.

After that and once equilibrium was reached, the compo-
sition of the gas inside the vial was analyzed using an online
gas chromatograph (Agilent 7890A).

Results and discussion
Influence of the electrolyte

Fig. 3 shows the current density-time curves registered for
5 minutes during the anodization of copper using the
different electrolytes with 70% (v/v) EG: oxalic acid (Ox) and
NaF 0.05 M with and without NaOH, under stagnant con-
ditions (i.e. at 0 rpm).

In all cases, similar profiles were shown for the samples
anodized in different electrolytes at longer times (see Fig. S2,f
where representative images of the CuO, samples anodized at
different times are shown).

According to Fig. 3, first, the current density increases due
to the slow application of the working potential (20 V).

—~20 - ——0.05M Ox
£ ———0.05M Ox + 0.1M NaOH
=15 0.05M NaF

£ 0.05M NaF +0.1M NaOH

10
5
0 )
100 150 200 250 300 350
t(s)

Fig. 3 Current density curves registered during electrochemical anodi-
zation at 20 V and 50 °C using different electrolytes with 70% (v/v) EG
and at 0 rpm: oxalic acid (Ox) and NaF 0.05 M with and without NaOH.
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Once the full potential is applied, electrolytes containing
oxalic acid present the typical anodization curve for nano-
structure formation, where the current density steadily drops
until reaching a more or less constant value. This situation
can be attributed to the formation of a thin layer of precipitate,
which is later re-dissolved forming the nanostructure.
Different curve shapes can be appreciated in Fig. 3. For
example, the NaF curve suggests that the precipitate layer does
not quite form during the anodization process, leading to a
different morphology. Moreover, adding NaOH to this electro-
lyte facilitates the formation of the layer, since a decrease in
current density is observed. In that case (NaF + NaOH), a
double current density peak is observed at the beginning of
the process, which is probably related to a dissolution—precipi-
tation mechanism preceded by the formation of a soluble and
unstable initial layer. However, with oxalic acid, regardless of
the use of NaOH, the precipitate layer is formed, as can be
observed in both curves in Fig. 3.

After anodization, samples were covered in a thin blue pre-
cipitate, but most of this precipitate was washed away when
samples were rinsed with D.I. water. The surface morphology
of the copper oxide nanostructures was analyzed through field
emission scanning electron microscopy (FE-SEM) and the
representative images are shown in Fig. 4. Fig. 4 confirms the
growth of copper oxide nanostructures. However, different
morphologies can be observed when the anodization electro-
lyte is changed. Copper oxide films anodized with a 0.05 M
oxalic acid electrolyte show a more uniform morphology,
where nanostructures are present as spheres (Fig. 4A), with an
average diameter of 0.91 nm.

Comparing Fig. 4A and C, it is clear that the use of NaF as a
complexing agent involves the formation of a more hetero-
geneous surface. The magnification of Fig. 4C reveals the exist-
ence of brick-like nanostructures in some locations of the
films, but also unshaped regions. The effect of NaOH can be

Fig. 4 FE-SEM images of copper oxide nanostructures synthesized by
copper electrochemical anodization with different electrolytes in 70%
(v/v) EG at O rpm: (A) 0.05 M oxalic acid, (B) 0.05 M oxalic acid + 0.1 M
NaOH, (C) 0.05 M sodium fluoride, and (D) 0.05 M sodium fluoride + 0.1
M NaOH.
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observed when comparing Fig. 4A with B and C with D, where
thicker layers are formed but in a much more heterogeneous
way as the nanoparticles lose their shape.

The XRD patterns of the copper oxide films prepared with
different anodization electrolytes are shown in Fig. 5.

Fig. 5 shows that the major diffraction peaks observed at 26
= 43.4°, 50.4° and 74.1° are assigned to the (111), (200) and
(220) planes of the Cu substrate respectively.'>>> Other smaller
peaks can be observed at 26 = 36.5°, 38° and 61.5°.

The first and last peaks correspond to the diffraction from
the (111) and (220) planes of Cu,O, respectively,"'*** while
the second one belongs to the (200) plane of Cu0.**** Fig. S3
shows the magnification of this figure, where some peaks can
be appreciated more clearly.

Depending on the electrolyte used, one salt or another is
formed. When the electrolyte contains NaOH or the complex-
ing agent is NaF (basic solution), the following reaction (eqn
(1)) takes place.

Cu +20H~ — Cu(OH), + 2e~ (1)

However, in a 0.05 M oxalic acid electrolyte where OH™ is
not present, the salt formed is copper oxalate (eqn (2)).

Cu + C,0,% — CuC,0, + 2e” (2)

The final oxide phases are reached during annealing, where
copper hydroxide and copper oxalate decomposed into a
mixture of CuO and Cu,0.%*® Furthermore, when copper is ano-
dized in a basic solution, it starts to release Cu®>" ions.?***
Therefore, it is reasonable that a higher amount of CuO is
present in nanostructures where NaOH was added to the ano-
dization electrolyte, given that sodium hydroxide makes the
pH of the solution more basic.

Fig. 6 shows the Raman spectra of the copper oxide nano-
structures. These results also reveal the presence of both
copper oxide phases in all samples. As has been outlined
above, a mixture of both phases is formed during annealing
due to the decomposition of copper hydroxide and/or copper

[ ] ] L] H Cu
® Cu0
A CuO
® A
0.05M NaF l
£
T
2
‘@
c
o]
£ ¥_~\_’_£_Jl \
0.05M Ox ° °
I T T T T T T T T T T T T T 1
15 20 25 30 35 40 45 50 55 60 65 70 75 80 8F

26 (deg)

Fig. 5 XRD patterns of copper oxide nanostructures after anodization
at 20 V and 50 °C in different electrolytes with 70% (v/v) EG and at O
rpm.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Raman spectra of Cu,O/CuO nanostructures prepared with
different anodization electrolytes with 70% (v/v) EG and at O rpm.

oxalate. The peaks at 145, 218 and 636 cm™' correspond to

Cu,0,"?* while peaks at 293, 342 and 620 cm™' belong to
Cu0."*

Although both phases are present in every nanostructure,
several differences can be noticed. For example, the presence
of Cu,0 is higher in samples anodized with oxalic-containing
electrolytes, since peaks at 145, 218 and 636 cm™"' are more
defined than in the samples anodized with NaF. In the same
way, CuO prevails over Cu,O when the complexing agent used
during anodization is NaF, as the intensity of Cu,O peaks
decreases and peaks at 293, 342 and 620 cm™' belonging to
CuO grow.

When oxalic acid is used as a complexing agent the reaction
in eqn (2) takes place and copper oxalate is formed. Copper
oxalates have some of their Raman peaks at 209, 290, 611 and
830 cm ™12

Studying the Raman spectra of the samples anodized with
oxalic acid before the heat treatment (Fig. S47), it can be con-
firmed how copper oxalate Raman peaks are present. Once the
samples are annealed, it is clear that copper oxalate also
decomposes into a mixture of copper oxides, where Cu,O is
predominant, as shown in Fig. S4f. Therefore, it makes sense
that samples anodized with oxalic acid have more cuprous
oxide than samples anodized with NaF.

On the other hand, it is observed that both oxides appear
in similar ratios when NaOH is added to the electrolyte. This
is in accordance with the XRD results, since the NaF electrolyte
is basic and adding NaOH to the oxalic acid solution also
increases its pH, allowing CuO to form in both cases.**>*

These Cu-oxide samples have been also characterized by
DR-UV-Vis in order to understand the interactions of the
samples with visible and ultraviolet light. In this manner, we
can record spectra that can corroborate the nature of the Cu
compounds present in the samples as well as obtain infor-
mation about their physical and electronic structures.

Fig. 7 shows the absorbance spectra of several copper
oxides prepared under static conditions employing different
compounds for the synthesis of nanostructures.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 DR-UV-Vis spectra of CuO, nanostructures prepared with
different anodization electrolytes with 70% (v/v) EG and at O rpm.

The nature of the complexing agents employed was shown
as a determinant in the shape of the spectra. Thus, the sample
prepared in the presence of oxalic acid shows the main absor-
bance band between 380 and 550 nm whereas that prepared in
NaF presents the main band between 240 and 380 nm, cen-
tered at ca. 300 nm.

The band at intermediate wavelengths (380-550 nm) has
been related to the presence of Cu* as in Cu,0°**° whereas
that at ca. 300 nm is typical of Cu®>* species as in Cu0.>® It has
been also reported®*° that CuO enhances the absorption at
high wavelengths (600-800 nm) although, in our samples, a
clear trend has not been observed. Therefore, according to our
spectra the use of oxalic acid favors the formation of copper
oxide in a relatively reduced oxidation state whereas the use of
NaF leads to the main formation of copper oxide, with Cu in
its highest possible valence. In any case, a precise phase
assignment from UV-Vis is not totally conclusive and it is very
likely the co-existence of both oxides. Unexpectedly, the use of
NaOH apart from oxalic acid or NaF gives rise to opposite ten-
dencies. Then, the addition of NaOH to either NaF or oxalic
acid leads to a wide band from ca. 200 nm to 600-800 nm,
suggesting the formation of both CuO and Cu,O. This indi-
cates that the mean Cu oxidation state of the nanostructures
in the case of samples prepared with oxalic acid increases
upon the addition of NaOH whereas it decreases in the case of
NaF.

This analysis is consistent with XRD and Raman spectra
results, confirming the existence of both oxide phases in all
copper nanostructures, but prevailing one oxide over the other
depending on the complexing agent used during anodization.

Fig. 8 shows the photocurrent densities vs. potential curves
for the nanostructures anodized in the different electrolytes
under stagnant conditions. According to Fig. 8, all anodized
samples act as p-type semiconductors since photocurrent den-
sities are negative under illumination (cathode photocurrent).

Furthermore, it is clear that copper oxide films synthesized
using the 0.05 M oxalic acid electrolyte possess the highest

Dalton Trans., 2023, 52, 14453-14464 | 14457
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Fig. 8 Photocurrent transient vs. potential for the copper oxide nano-
structures formed using different electrolytes with 70% (v/v) EG at O rpm
under UV-light (1 = 365 nm).

photocurrent density (in absolute value) over the rest. This
result could be associated with several facts.

First, Fig. 4 shows that the nanostructure with the best
photoelectrochemical behavior (0.05 M Ox) presents the most
homogeneous morphology, as well as the formation of
spheres, leading to better charge carrier mobility. The higher
photocurrent density can be also the result of a CuO, mixed
oxide (CuO and CuO,) with a major presence of highly (111)
oriented Cu,O (Fig. 5), where the hole collection efficiency is
better.*"*> Moreover, the presence of copper metal is known to
reduce the photoactivity of the nanostructures.'>* Therefore, it
makes sense that the 0.05 M Ox sample, which is the nano-
structure with the lowest Cu metal content (as seen in Fig. 5),
has the best photoelectrochemical response.

In summary, it is clear from Fig. 6 that oxalic acid contain-
ing electrolytes produce nanostructures with more Cu,O than
NaF containing electrolytes, where CuO prevails. Although
cupric oxide has a narrower band gap (1.3-1.8 eV), related to
better light absorption, cuprous oxide has more p-type charac-
ter due to the higher number of copper vacancies and presents
much better mobility of these holes."> Hence, it can be
inferred that having a mixture of both oxide phases, but with a
major presence of cuprous oxide, has a positive effect on the
photoelectrochemical performance of the nanostructures.

Additionally, it is important to point out that when anodiza-
tion was carried out at longer times, photocurrent values did
not increase or even decrease at 15 minutes (see Fig. S51). This
could be related to the lower number of spheres with larger
diameters exposed to the electrolyte when anodization was per-
formed at 10 or 15 minutes, since sphere density decreased
from 1556 spheres per m”> at 5 min to 201 and 182 spheres per
m? at 10 and 15 min, respectively (see Fig. S67).

For the nanostructure which presented the best photoelec-
trochemical response, that is, the one anodized with 0.05 M
oxalic acid, samples were anodized with different ethylene
glycol amounts (50 and 90% (v/v)) and in different electrolytes
(ethanol and formamide at 50, 70 and 90% (v/v)). Amounts
below 50% (v/v) were not tested due to the vigorous bubble for-
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mation during anodization and, therefore, results were not
reproducible.

Fig. 9 shows the photocurrent densities vs. potential curves
for the nanostructures anodized in the mentioned electrolytes.

According to Fig. 9, ethylene glycol-based -electrolytes
enhance the photoelectrochemical response of the catalysts,
especially when working with 70% (v/v).

Fig. S71 shows some FE-SEM representative images of the
samples anodized with EG (50% and 90% (v/v)), FA (70%
(v/v)), and EtOH (70% (v/v)).

Regarding the EG samples, it is clear that the sample ano-
dized in EG electrolytes containing 50% (v/v) (Fig. S7at) pre-
sents a heterogeneous surface, where nanoparticles are not
completely formed. On the other hand, with 90% (v/v) EG
(Fig. S7b¥) the formed nanoparticles were too packed together,
which can prevent the active surface from absorbing light,
hence producing lower photocurrents.
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Fig. 9 Photocurrent transient vs. potential for the copper oxide nano-
structures formed in the presence of 0.05 M oxalic acid using different
organic solvents as the electrolyte base in different amounts and at 0
rpm under UV-light (2 = 365 nm) (up) ethanol, (middle) formamide, and
(down) ethylene glycol.
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Samples anodized in both ethanol (Fig. S7ct) and forma-
mide (Fig. S7dt) electrolytes have extremely amorphous nano-
structures with no clear geometry. The amorphous mor-
phology leads to worse charge carrier mobility, since the direct
pathways for electron transfer provided by the ordered spheres
disappear due to the presence of irregular blocks. This results
in more charge recombination and lower efficiency of electron
transfer,* hence leading to bad photoelectrochemical behav-
ior of both solvents compared to ethylene glycol.

Influence of hydrodynamic conditions

Once the best nanostructure was determined (that prepared
with 0.05 M oxalic acid in a 70% (v/v) ethylene glycol-based
electrolyte), the influence of hydrodynamic conditions in the
anodization process was studied, rotating the copper electrode
at 250 and 500 rpm.

The anodization curves of the samples synthesized under
different hydrodynamic conditions are shown in Fig. 10.

Current density curves displayed in Fig. 10 follow the same
tendency as the curves shown in Fig. 3. However, some differ-
ences can be highlighted.

As the rotation speed gets more vigorous, the current
density decrease is more gradual, which means that nano-
structure formation occurs at a slower rate. Additionally, final
current densities are much higher when agitation is added to
the synthesis, which can be related to the formation of a more
porous surface allowing the electrolyte to reach more substrate
and, hence, generating a higher current density.

Fig. 11 shows the FE-SEM images of the copper films ano-
dized under different hydrodynamic conditions.

Comparing Fig. 11A and the inset in Fig. 4A (anodization at
250 rpm and under stagnant conditions, respectively), it can
be observed how the nanoparticle density is higher in the
sample synthesized with 250 rpm respect to the sample ano-
dized under stagnant conditions, indicating that the surface
area of the active layer is bigger. Furthermore, nanoparticle
diameters significantly decrease when anodization is carried
out by stirring the Cu electrode, dropping from 0.91 nm at 0
rpm to 0.65 nm and 0.77 nm at 250 rpm and 500 rpm, respect-
ively. A greater surface area together with smaller spheres’ dia-
meters enhances the catalytic surface of the samples. Hence, a

30 4 —0rpm
] ——250rpm
25 | =500 rpm
20 -
§151
<
£ 10 4
5 -
0 T T T . ! , . - - : : )
0 50 100 ¢ (1530 200 250 300
S

Fig. 10 Current density curves registered during electrochemical ano-
dization in 70% (v/v) EG with 0.05 M oxalic acid at 20 V and 50 °C under
different hydrodynamic conditions (0 to 500 rpm).
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Fig. 11 FE-SEM images of copper oxide nanostructures synthesized by
copper electrochemical anodization in 70% (v/v) EG with 0.05 M oxalic
acid under different hydrodynamic conditions: (A) 250 rpm and (B) 500
rpm.

better photoelectrochemical performance might be achieved
under hydrodynamic conditions, due to a major light
absorption.

Fig. 11B shows that anodization performed under the
highest hydrodynamic conditions (500 rpm) has a negative
impact on the morphology of the nanostructure and, therefore,
on its photoelectrochemical behavior. This is, at 500 rpm the
surface of the nanostructure is more heterogeneous, since the
nanoparticles start to form clumps of about 25-30 pm and
these may hinder nanoparticles from light harvesting.

The XRD patterns of the copper oxide films anodized under
different hydrodynamic conditions are shown in Fig. 12. From
Fig. 12 it can be pointed out that there is no significant vari-
ation in the XRD patterns of 0 and 250 rpm samples. That is,
peaks at 26 = 36.5° and 61.5° associated with Cu,O are the
only diffractions belonging to a copper oxide.

Nevertheless, when hydrodynamic conditions of anodiza-
tion increase to 500 rpm the intensity of peaks at 26 = 36.5°
and 61.5° considerably decreases (see magnification Fig. 12),
indicating that the fraction of Cu,O decreases. In addition, the
magnification of the XRD pattern allows the detection of a new

® o
A Cwo
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R R
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
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e |
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15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
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Fig. 12 XRD patterns of copper oxide nanostructures after anodization
in 70% (v/v) EG with a 0.05 M oxalic acid electrolyte under different
hydrodynamic conditions (0 to 500 rpm).
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peak at 26 = 38° for the sample anodized at 500 rpm, which
belongs to CuO. Therefore, when the rotation speed of the
electrode is increased to 500 rpm not only does copper(i) oxide
become less present but the fraction of cupric oxide increases.

These results are confirmed by the Raman spectra displayed
in Fig. 13.

Fig. 13 shows that Raman spectra of the nanostructures
anodized at 0 and 250 rpm present the typical peaks that
correspond to Cu,O (145, 218, 412, 515 and 636 cm™ ‘). When
agitation increases to 500 rpm, these peaks become much
smaller and peaks belonging to CuO are more intense (293
and 620 cm™"). Therefore, it can be concluded that as rotation
speed exceeds 250 rpm, a larger fraction of CuO is engaged in
the nanostructures and the presence of Cu,O decreases. Given
that the presence of cuprous oxide increases the mobility of
copper vacancies,”" having a lower proportion of it may have a
negative effect on the photoelectrochemical performance of
the nanostructures.

The samples prepared with oxalic acid under static (0 rpm)
and dynamic conditions (250 and 500 rpm) have been also
analyzed by transmission electron microscopy (Fig. 14). The
images have been taken from the pieces of the nanostructures
obtained by scratching the surface of the metallic support.
This way, only the active oxidized material (copper oxide) is
drawn although, due to the scratching, the nanostructures get
broken.

As can be seen in Fig. 14, the sample prepared under static
conditions presents a compact structure. However, in the
sample prepared at 250 rpm the main structure presents a
feather-like shape although there are also a few small compact
units (minorities). By increasing the magnification (Fig. 14d),
it can be seen that the feather-like units are covered by scat-
tered small nanoparticles, most of them in the 3-8 nm range.
Similarly, for the catalyst treated at the highest rotation speed
(500 rpm) feather-like units covered by small particles
(3-9 nm) are mainly observed.

—20 m

Intensity (a.u)

T T T T T T T T )
0 100 200 300 400 500 600 700 800 900
Raman Shift (cm™)
Fig. 13 Raman spectra of CuO, nanostructures anodized in 70% (v/v)

EG with 0.05 M oxalic acid under different hydrodynamic conditions (0
to 500 rpm).
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Fig. 14 TEM images of CuO, nanostructures prepared in 70% (v/v) EG
with 0.05 M oxalic acid under different hydrodynamic conditions: 0 rpom
(@ and b), 250 rpm (c and d) or 500 rpm (e and f).

Additionally, selected area electron diffraction (SAED) ana-
lyses of the copper oxide samples have been undertaken to
establish accurate crystallographic data in order to identify the
nature of the crystalline phases (Fig. S8t). For the sample pre-
pared under static conditions experimental d-spacings at 2.45,
2.13 and 1.28 A have been observed, which correspond to the
(111), (200) and (311) planes, respectively, of Cu,O (JCPDS: 05-
0667). In the case of the sample at 500 rpm, similar d-spacings
have been detected, also indicating the presence of Cu,O.
Moreover, the apparition in this sample of an additional ring
at 2.53 A, suggests the presence of the more oxidized CuO
phase (JCPDS: 45-0937).

Fig. 15 shows the DR-UV-Vis spectra of samples anodized in
70% (v/v) EG with 0.05 M oxalic acid in static (0 rpm) or under
dynamic conditions (250 or 500 rpm).

Fig. 15 shows that the absorbance in the UV range increases
when the rotation speed increases; moreover, the relative
intensity between the band at 200-400 nm and that in the
visible range between 400-650 nm is the lowest in the sample
synthesized under static conditions. This info suggests that an
increase in the rotation speed decreases the Cu*/Cu®" ratio.

This journal is © The Royal Society of Chemistry 2023
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Fig. 15 DR-UV-Vis spectra of CuO, nanostructures anodized in 70%
(v/v) EG with 0.05 M oxalic acid under different hydrodynamic con-
ditions (0, 250 or 500 rpm).

We want to mention that the determination of the energy
band gap in these nanostructures is not straightforward as all
the samples consist of mixtures of both CuO and Cu,0.

The photoelectrochemical response of the samples was
studied by recording the photocurrent densities at different
applied potentials with and without UV-light (see Fig. 16).

Fig. 16 shows that increasing the rotation speed to 250 rpm
during anodization improves the photoelectrochemical behav-
ior of the copper oxide nanostructures. This is easily attributed
to a more homogeneous surface with more and smaller nano-
particles (Fig. 11A). In the same way, the worse photoelectro-
chemical response of the nanostructure anodized at 500 rpm
is related to a lower presence of Cu,O (see Fig. 12 and 13),
which decreases charge carrier mobility, and to lower light har-
vesting due to a more heterogeneous morphology of the nano-
structures (see Fig. 11B).

1.0 ~
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0.0 1,»1
J u \ t
& -0.5 A
£
2 10| \
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Fig. 16 Photocurrent transient vs. potential for the copper oxide nano-
structures anodized in 70% (v/v) EG with 0.05 M oxalic acid under
different hydrodynamic conditions (0 to 500 rpm) under UV-light (1 =
365 nm).
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The stability of the nanostructure anodized at 250 rpm is
shown in Fig. S8.1 There it can be observed that photocurrent
values remain almost constant during 1 h applying —0.2
Vag/ager under UV-light irradiation.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed to study the resistance of the different
photoelectrodes to charge-transfer processes. Fig. 17A shows
the Nyquist plots for the CuO, nanostructures in the frequency
range from 100 kHz to 1 mHz obtained at a potential of —0.2 V
versus Ag/AgCl 3 M KCl.

In Fig. 17A, each Nyquist plot shows two semicircles, which
correspond to two different regions of the Bode-module plots
(Fig. S91). The semicircle obtained at high and intermediate
frequencies can be linked to the charge-transfer response of
the oxide/electrolyte interface,’® which can give information
about the active surface of the nanostructures. The second
semicircle can be associated with a compact layer of copper
oxide formed beneath the nanoparticles.®® In general, the
impedance of the associated electrochemical process is pro-
portional to the semicircle amplitude.

Observing Fig. 17A, the nanostructure with the largest semi-
circle is the one anodized under stagnant conditions (0 rpm),
which means that this photoelectrode has the highest impe-
dance. Both nanostructures anodized under hydrodynamic
conditions present a smaller semicircle, the 250 rpm nano-
structure having the smallest one. The total resistance offered
by each nanostructure (Ry) has been determined by the value
registered at the lowest frequency in the Bode-module plot
(Fig. S101).

According to the morphology of this plot, the impedances
of each sample can be determined by fitting the EIS results to
an equivalent circuit with two parallel R-C time constants, as
shown in Fig. 17A.

In this circuit, to account for the non-ideality of the system
constant phase elements (CPEs) have been used instead of
pure capacitors.’”*

For this circuit, Rs represents the electrolyte resistance, R;-
CPE,; belongs to the charge-transfer resistance at the active
parts of the nanostructure/electrolyte interface®>*® and R,-

® Orpm
A 250 rpm
500 rpm

* 0pm
4 2501pm 200
500 rpm) o s e .,

-2" (kOhm-cm?)

A

P e 1
oo LT 50

.
10 a1 '\c.
! g N

o 1 20 3 40 s e 70 05 04 03 02 01 00 o1

2 (kOhm-cm?) E (Vagige)

Fig. 17 (A) Nyquist plots of CuO, nanostructures anodized in 70% (v/v)
EG with 0.05 M oxalic acid under different hydrodynamic conditions (0
to 500 rpm) in 0.1 M Na,SO, solution and applied potential of —0.2
Vag/agel (continuous line represent the fitting to the equivalent circuit)
and (B) Mott—Schottky plots obtained at a frequency of 5 kHz for CuO,
nanostructures anodized under different hydrodynamic conditions.
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Table 1 Resistance of the nanostructures: Ry obtained from Bode-
module plots and R; calculated from the fitting of the equivalent circuit

CuO,_Ox70EG_5 min Rt (kOhm cm?) R; (kOhm cm?)

0 rpm 67.70 27.27
250 rpm 34.44 9.64
500 rpm 43.89 15.00

CPE, is related to the resistance offered by the compact layer
of copper oxide.*°™** Table 1 shows the values of Ry and R;.

Comparing the different samples obtained in this work, the
resistance of the active parts of these nanostructures also
decreases at 250 and 500 rpm indicating that spheres formed
under stirring conditions have higher electrical conductivity
than the spheres formed under stagnant conditions.

Hence, it can be inferred that hydrodynamic anodization
improves the electron transfer and hole diffusion and this
would result in a better photoelectrochemical performance.

The fact that the 500 rpm nanostructure exhibits a higher
resistance than the 250 rpm one, however, makes it clear that
excessive stirring is not beneficial for the process. The copper
film anodized at 250 rpm presents the highest proportion of
cuprous oxide compared to the rest of the nanostructures (see
Fig. 12 and 13). Samples with a stronger Cu,0(111) orientation
have registered lower resistance values.”*>*® Therefore, the
lower resistance of the 250 rpm anodized sample can be attrib-
uted to the higher presence of this copper oxide phase. In
addition, the lower resistance of this nanostructure can be
explained by the better electron transfer due to a more homo-
geneous surface (Fig. 11A), since clumps like the ones present
in the 500 rpm nanostructure (Fig. 11B) can lead to bigger
recombination of electron-hole pairs.

Moreover, these findings are confirmed by the Mott-
Schottky plots displayed in Fig. 17B, where 1/C* versus the
applied potential is represented and it is usually used to deter-
mine the carrier density of semiconductors. First, the negative
slopes of these plots reveal that the formed Cu,O/CuO nano-
structures are p-type semiconductors, with copper (Cu/Cu®")
vacancies being the dominant charge carriers."*>**

The Mott-Schottky equation (eqn (3)) allows to calculate the
acceptor density (N,) of each nanostructure from the slopes of
the different plots, as well as the flat band potential (Egg) from
the intercept of the straight line in the MS plots with the
potential axis (Fig. 17B):

11 #(E,Ej%q 3)

CZ_CHZ e-er- € - Na

where Cy is the Helmholtz layer capacitance, e the electron
charge (1.60 x 107'° C), & the vacuum permittivity (8.85 x
107" F cm™), ¢ the relative dielectric constant of CuO,
(12.9%°%°), E the applied potential, k the Boltzmann constant
(1.38 x 107* ] K™") and T the absolute temperature. The values
of N, and Erg of each sample are summarized in Table 2.

In this case, acceptor density is related to the copper
vacancies available on the active surface of the nanostructures.
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Table 2 Nj and Egg values obtained from MS plots (Fig. 17b) for the

nanostructures anodized in 70% (v/v) EG with 0.05 M oxalic acid under
different hydrodynamic conditions

CuO,_Ox70EG_5 min Ny (em™ Exg (Vagiagcl)
0 rpm 2.01 x 10*° 0.185
250 rpm 2.68 x 10*° 0.321
500 rpm 5.55 x 10" 0.193

It is clear that anodization under hydrodynamic conditions
increases the concentration of charge carriers. This can be
attributed to an increase in the interfacial capacitance due to
the larger surface area exposed to the electrolyte for the
sample anodized at 250 rpm.*’

A correlation can be observed between low resistances to
charge transfer, high charge carrier densities and high photo-
currents. This is that, a high density of copper vacancies would
lead to a better mobility of electrons, increasing the conduc-
tivity of the nanostructure (lower resistance)** and improving
the photoelectrochemical performance of the photoanodes.

Moreover, Table 2 also shows the flat band potentials of
each sample. The flat band potential is the potential that
needs to be applied to the semiconductor in order to obtain a
photoelectrochemical response (onset potential). The highest
Eygg is obtained from the CuO, nanostructure anodized at 250
rpm; therefore, less polarization of the system is required to
achieve light response with this nanostructure. Furthermore, a
more positive flat band potential decreases the recombination
of electron-hole pairs, improving the photoelectrochemical
performance of the nanostructure.'®

Photoelectrochemical application of the optimized CuO, nano-
structures: N,O reduction

Fig. 18 reveals that the use of the photoelectrochemical
approach using nanostructured copper oxide (sample anodized
in 70% (v/v) EG with 0.05 M oxalic acid electrolytes at 250 rpm)
as a photoelectrocatalyst leads to the almost complete removal
of N,O after only 1 h. Following an initial period in which the
removal efficiency was not elevated, a fast N,O decomposition
was observed after 20 min and after 1 h only traces of nitrous
oxide were detected.

Fig. S111 shows the current density curve registered during
the first hour of photoelectrochemical reduction, as the value
was almost constant during the entire experiment.

To confirm the positive effect of anodizing under hydrodyn-
amic conditions, this reaction was tested using the nano-
structure synthesized at 0 rpm. After 2 h, only 68% of N,O
elimination was reached.

In order to check the removal capacity of this combined
solution, we tested separately the use of photocatalysis (with
the same copper oxide sample) or the use of the same poten-
tial (electrocatalytic approach).

In these experiments, the removal efficiency was elevated
although remarkably lower than the combined approach.
Then, after 1 h, between 5-15% of N,0O had not been elimi-

This journal is © The Royal Society of Chemistry 2023
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Fig. 18 (a) Evolution of N,O elimination with the reaction time for the
photo + electro combined approach. (b) N,O remaining after 1 or 2 h of
the electro (&), photo (&) or combined photo + electro (&) process.
Test conditions are provided in the text.

nated with the separated approaches whereas with the com-
bined approaches only ca. 0.2% was still remaining.

These results indicate that with facile anodization of copper
oxide at 250 rpm, it is possible to synthesize stable nano-
structures that can reduce N,O in short periods of time and
that they can be employed in other photoelectrocatalytic
applications.

Conclusions

In this study, CuO, nanostructures were synthesized by electro-
chemical anodization in different electrolytes. The use of
hydrodynamic conditions and time during anodization was
evaluated.

According to the results, nanostructures anodized at 250
rpm for 5 minutes in ethylene glycol based electrolytes con-
taining 0.05 M oxalic acid presented the best photoelectro-
chemical response. This could be attributed first, to the
uniform nanosphere morphology with a feather-like phase
covered by scattered small nanoparticles, second, to the for-
mation of both CuO and Cu,O phases with the prevalence of
the copper oxide in its reduced oxidation state, and third, to
higher electrical conductivity with a higher number of copper
vacancies and greater flat band potential.

This study presents an easy method for the synthesis of
CuO, nanostructures that can be used in photoelectrochemical
applications. In particular, the use of the sample as a photo-
cathode in the reduction of N,O was tested for the first time,
achieving a removal efficiency of almost 100% after 1 h using
the photoelectrochemical approach.
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