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This work reports, for the first time, an efficient and fast micro-
wave-based method for the preparation of CuO aerogels. For that,
CuCl,, glyoxylic acid and sodium carbonate are employed as
reagents. Different experimental conditions such as synthesis
temperature, synthesis time and concentration of the precursor
solution are investigated to design CuO aerogels with customiz-
able nodular morphologies. The resulting aerogels exhibit well-
defined three-dimensional structures and nodular sizes, and there-
fore, textural properties vary according to the experimental para-
meters applied in their synthesis.

1. Introduction

Aerogels are large surface area materials composed of building
block networks, which form a highly porous architecture." The
synthesis of aerogels has been investigated for several years.>
Initial approaches to prepare metallic aerogels began with the
combustion synthesis, but controlling their structure and
shape was difficult and involved costly procedures and ener-
getic materials.> Next, hybrid oxide aerogels have been infil-
trated with aromatic polymers that can be smelted, forming
metallic aerogels.* Again, controlling the nanoscale structure
and morphology is challenging because of the elevated temp-
eratures employed for smelting the oxides. More recently, the
synthesis method of metallic aerogels involved the gelation of
metal nanoparticles.” Normally, the sol-gel approach employs
alkoxide-based precursors to form the metal oxide gel.
However, this procedure is not appropriate for synthesizing
metallic gels with low valence metals such as CuO,® NiO” and
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ZnO,® because the freedom of metal ion growth is limited.
Currently, self-assembly is a usual bottom-up method that has
attracted attention for the preparation of remarkable struc-
tures. In this, metal nanoparticles act as building blocks to
fabricate porous 3D frameworks.® Such nanostructures not
only possess the chemical and physical properties of the
materials but also desirable characteristics in terms of their
size, morphology and composition.

CuO nanoparticles have drawn the attention of the scienti-
fic community due to their excellent potential application in
several areas such as catalysis, energy conversion/storage and
electrochemical sensors. For instance, Poreddy et al. utilized
CuO as a cost-effective and highly selective catalyst to generate
carbonyl compounds through the oxidative dehydrogenation
of alcohols.'® Gamarra et al. investigated CuQ/CeO, catalysts
for the preferential oxidation of CO."" Li et al reported a
highly responsive and durable CuO-based biosensor to
enhance the detection sensitivity of xanthine oxidase’s
activity."> Nevertheless, the synthesis of a CuO aerogel is chal-
lenging because nanoparticles promote low surface areas to
reduce surface energy. For example, some investigations have
been reported in the literature for preparing CuO aerogels, but
the synthesis method used is complicated and time-consum-
ing, ranging from several days to several weeks.»"*"?
Moreover, the diversity of the morphologies of CuO aerogels
needs to be controlled by developing new procedures for gel
formation so that aerogels with different shapes or structures
can be obtained. Also, controlling the porous properties of
these aerogels, such as surface area and porosity, is of great
importance for their future implementation. Recently,
Martinez-Lazaro et al. have reported an efficient microwave-
assisted procedure for the preparation of Pd aerogels.'® The
resulting material presented higher electrochemically active
surface area than those prepared by conventional heating.
Nevertheless, this procedure has never been investigated for
copper-based aerogels.

Based on the above concerns, we demonstrate, for the first
time, a simple method for the formation of CuO aerogels with
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well-defined nanostructures by employing microwave heating.
Several experimental conditions are tested to design CuO aero-
gels with widely customizable nodular morphologies. In
addition, the porous properties of these materials are
thoroughly investigated.

2. Experimental

2.1. Synthesis of materials

CuO aerogels were prepared by the one-pot synthesis method.
As an example, 200 mL of precursor solution was prepared by
mixing 40 mL of metallic solution and 160 mL of reducing
solution (volume ratio 1:4). The metallic solution was pre-
pared by dissolving 0.08 g of CuCl, (99%, Sigma-Aldrich) in
Milli-Q water. The reducing solution was made by dissolving
(in a weight ratio 1:6) 0.16 g of glyoxylic acid (98%, Sigma-
Aldrich) and 0.96 g of sodium carbonate (Indspec, 99%) in
Milli-Q water. The concentration of such precursor solution
was 0.06 mol L™". A precursor solution 5 times more concen-
trated than the previous one was also prepared by mixing the
same volume of metallic and reducing solutions (40 mL and
160 mL, respectively), but, in this case, these solutions con-
tained 0.40 g of CuCl,, 0.80 g of glyoxylic acid and 4.80 g of
sodium carbonate. Similarly, a precursor solution 10 times
more concentrated than the original one was used, which con-
tained 0.80 g of CuCl,, 1.60 g of glyoxylic acid and 9.60 g of
sodium carbonate.

The resulting precursor solutions were heated at different
temperatures, from 45 to 90 °C, for times ranging from 4.5 to
9 h, in a microwave oven. This offers a significant advantage in
contrast to the typical heating techniques used in conventional
synthesis methods. After that, the hydrogels were washed with
an excess of Milli-Q water several times to remove the remain-
ing residues such as the excess ions and unreacted organic
solvent. Then, the hydrogels were frozen in liquid N, and de-
hydrated by freeze drying for 24 h. Hereinafter, the resulting
copper aerogels (CuA) will be labelled as CuA-T/t-C, where T
indicates the synthesis temperature, ¢ the synthesis time and C
the concentration of the precursor solution (1x, 5x and 10x).
For comparison purposes, another CuO gel was prepared fol-
lowing the same protocol but using a conventional heating
source. The synthesis temperature and the concentration of
the precursor solution were fixed at 45 °C and 1x, respectively.
Under these conditions, it took 36 h to synthesize a CuO
aerogel, whereas the microwave-assisted preparation required
only 9 h for an equivalent sample. Thus, this microwave-based
procedure achieves a 75% reduction in synthesis time.

2.2. Structural and morphological characterization

The crystal structures were studied by XRD in a D8 Advance
diffractometer (Bruker) with Cu K, radiation. The X'Pert
HighScore Plus program was employed for phase identifi-
cation.'” N, adsorption/desorption isotherms were measured
at —196 °C in a Tristar 3020 instrument (Micromeritics). The
specific surface area (Sggr) was calculated applying the
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Brunauer-Emmett-Teller equation. The volume of micropores
was determined with the Dubinin-Radushkevich equation.
The N, adsorbed at the saturation point was employed to
determine the total pore volume. The morphology and micro-
structure of the metallic aerogels were examined by SEM in a
Quanta FEG 650 microscope.

3. Results and discussion

3.1. Gelation mechanism and structural and textural
properties

The microwave-based approach proposed in this work shows
considerable advantages for rapid and tuneable gelation. As
shown in Fig. 1a, the initial blue colour of the precursor solu-
tion turns brown, in a vertical gradient, and lastly forms a flex-
ible hydrogel at the bottom of a transparent colourless solu-
tion in a few hours (Fig. 1b). This phenomenon can be
explained by the assumption of the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory, where different ions increase
the ionic strength and, therefore, the electrostatically charged
particles induce aggregation.'®"® After that, the initiated aggre-
gates grow gradually and precipitate due to the gravity, follow-
ing the gravity-driven assembly model. As a result, a brown
monolithic gel with a porous 3D microstructure is obtained
(Fig. 1c and d).

Fig. 1e shows the X-ray powder diffraction (XRPD) patterns
of CuA-90/4.5-1x as a representative example of the series, as
no significant differences between samples were detected. This
fact indicates that the process variables studied do not influ-
ence the chemical nature of the aerogels. The observed peaks
are broad because of the nano-size of the crystalline particles.
Two main peaks are observed at 35° and 38° (2 6), assigned to
the (002) and (111) reflections of CuO, respectively (JCPDS no.
48-1548). The other reflections of CuO are also clearly visible,
indicating that the CuO aerogel, with a monoclinic structure,
has been successfully synthesized. No extra peaks ascribed to
secondary phases are detected. The size of CuO nanoparticles
can be determined by the broadening diffraction peaks of the
XRPD patterns. Thus, the crystallite size was calculated using
the Scherrer’s equation, obtaining a particle size of about
14 nm. On the other hand, the aerogel prepared by conven-
tional heating presents a mixture of CuO and Cu,O phases.
This could be attributed to the extended synthesis time, which
might encourage the blending of various oxidation states of
copper. Conventional heating is not as homogeneous as micro-
wave heating, which provides a purer material without phase
mixtures. The presence of Cu,O can pose drawbacks in certain
applications. For instance, Cu,O is not suitable as an electroca-
talyst for the oxygen reduction reaction.” In contrast, the
strong affinity of Cu®* ions for creating stable complexes with
nitrogen-based ligands makes this an interesting strategy for
enhancing the electrocatalytic performance of Cu0.>

Controlling the porosity and the surface area of the metallic
aerogels is of great importance. The porous properties of the
aerogels were investigated by N, adsorption at —196 °C. Fig. 1f
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Fig. 1

displays the adsorption-desorption N, isotherms of all the pre-
pared samples, which correspond to reversible type II iso-
therms according to the IUPAC classification, related to macro-
porous solids. In general terms, the isotherms present a low
increase of adsorption at low relative pressures, which means
low micropore volume (Table 1). At relative pressures near sat-
uration, the amount of N, adsorbed increases, which is a
characteristic behaviour of macroporous materials. Some aero-
gels also present an increase in the adsorbed volume in the
intermediate range of partial pressures, which indicates the
presence of porosity in the range of mesopores. The specific
surface area (Spgr) and external surface area (Se) values are
included in Table 1. The surface areas of all prepared samples
are in agreement with those of related materials,” and the
highest value is presented by the CuA-68/9-1x sample, with
Sger and Se, of 89 and 86 m® g7, respectively. It is worth
noting that S.y is an important parameter for several appli-
cations, such as catalysis, where there is a heterogeneous inter-
action with these materials. The Sy values are very close to

Table 1 Synthesis conditions and textural properties of the CuO aerogels

(a—c) Photographs of the synthesis procedure of CuO aerogels. (d) SEM image of the CuA-90/4.5-1x aerogel. (e) XRD patterns of CuA-90/
4.5-1x and the aerogel prepared by conventional heating. (f) N, adsorption—

desorption isotherms for the CuO aerogels.

the Sger for all samples, suggesting that nearly all specific
surface areas of these samples are quite accessible.

Textural characterization indicates that synthesis conditions
influence the final porosity developed by the aerogels. The
microporosity decreases on increasing the concentration of the
precursor solution (Table 1), while the mesoporosity decreases.
The shape of the isotherms suggests that the samples evolved
from mesoporous to microporous materials on increasing the
concentration of the precursor solution (Fig. 1f), which will be
later confirmed by the SEM images shown in Fig. 2. On the
other hand, it seems that the temperature and time of syn-
thesis hardly modify the microporosity but influence the
mesoporosity of the samples, as the volume of mesopores
decreases on increasing temperature and time, suggesting,
once again, that the samples evolved from mesoporous to
macroporous materials. This fact could be related to the
enhancement of the reactions occurring, and therefore the
increase of the nodule’s size with the temperature. As the
meso/microporosity is defined as the space between nodules,

Sample T(°C) Time(h) Concentration  Sgpr (M’ g™")  Sex (M*L™)  Viniero (€M* €7 Vineso (em* €7 Vigar (em® g7)
CuA-45/9-1x 45 9 x1 61 59 0.01 0.11 0.12
CuA-68/9-1x 68 9 x1 89 86 0.02 0.08 0.10
CuA-68/9-5x 68 9 x5 47 42 0.01 0.03 0.04
CuA-68/9-10x 68 9 x10 18 15 0.01 0.00 0.01
CuA-90/4.5-1x 90 4.5 x1 74 71 0.02 0.15 0.17
CuA-90/6-1x 90 6 x1 39 38 0.01 0.07 0.08
CuA-90/9-1x 90 9 x1 62 60 0.01 0.08 0.09
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Fig. 2 SEM images of the CuO aerogels prepared at different (a—c) temperatures, (d—f) times and (g—i) concentrations of the precursor solution.

the size of the pores increases also with temperature. The time
of synthesis has a less clear influence on the final porous pro-
perties; this could be due to the interdependence on other
variables or maybe because its influence is mainly on macro-
porosity. It should be noted that the macropores cannot be
determined by N, adsorption, and mercury porosimetry
should be carried out instead. However, it is not possible to
perform mercury porosimetry since these materials cannot
withstand the operating pressure used in this technique and
they crumble into a powder, hindering their appropriate
characterization. Nevertheless, large macropores can be evalu-
ated by SEM.

3.2. Morphological characterization

Fig. 2 shows the SEM images of the CuO aerogels. Three
different experimental parameters, such as operating tempera-
ture, time, and concentration of reactants, are investigated to
know their effect on the morphology of the samples. All
samples possess a similar nodular morphology with a 3D open
microstructure since, after the formation of the initial colloids,
they aggregate and grow in all directions, forming nodular
structures. The nodular structure is the morphology that pre-
sents the maximum surface area, which can favour their appli-
cation in certain catalytic reactions. Moreover, the use of

This journal is © The Royal Society of Chemistry 2023

microwave radiation technology allows the preparation of the
CuO aerogels not only saving processing time but also obtain-
ing materials with homogeneous and controlled particle sizes,
unlike current CuO aerogel synthesis methods. This is due to
the fact that microwave radiation heats the bulk of the precur-
sor solution without a temperature gradient, which favours
homogeneous reactions and the excellent dispersion of the
nucleation points.'® These initial structures grow up homoge-
neously, thus controlling the final size of the nodules.
Different nodular sizes are distinguished according to the
conditions applied during their synthesis. For example, the
nodular sizes increase with the temperature of heating
(Fig. 2a-c). Samples heated at 45, 68 and 90 °C present a
nodular size of about 200, 400 and 700 nm, respectively. This
is attributed to the increase of the kinetic energy of the copper
nanoparticles with temperature, increasing the speed with
which they join the nodules and, therefore, larger nodules are
obtained. Regarding the synthesis time, there is a positive cor-
relation between the nodule sizes and the sedimentation time.
It means that the number of particles that merge into the
nodules increases with time. The sizes of the nodules vary
from 100 nm to 1.5 pm when the synthesis time increases
from 4.5 to 9 h, respectively (Fig. 2d-f). Finally, the concen-
tration of the precursor solution also affects the nodular size

Dalton Trans., 2023, 52,14324-14328 | 14327
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of the CuO aerogels, ranging from 200 nm to several microns
when the concentration of the precursor solution is increased
by 10 times. This may be explained by the higher number of
initial nucleation points present in the solution with higher
concentration. Moreover, there is a greater number of copper
nanoparticles in the precursor solution that can attach the
nodules, increasing their size. These results are in agreement
with those obtained from N2 adsorption-desorption isotherms
in which it was observed that the samples evolved from meso-
porous to macroporous materials on increasing the concen-
tration of the precursor solution, and time and temperature of
synthesis.

4. Conclusions

CuO aerogels have been synthesized by a one-pot, simple and
fast microwave-based approach. Several experimental con-
ditions have been tested to design CuO aerogels with well-con-
trolled and homogeneous shapes. Aerogels exhibited well-
defined three-dimensional nodular structures. The nodular
size increases with the synthesis temperature, the synthesis
time, and the concentration of the precursor solution, which
involves an evolution of the porous structures from mesoporos-
ity to macroporosity. Therefore, CuO aerogels with similar
chemical composition and controlled morphology and poro-
sity can be obtained by varying the experimental synthesis
conditions.
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