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ABSTRACT: The synthesis of copper oxide (CuO)-based nanomaterials has received a tremendous deal of interest in recent years.
Particularly, the design and development of novel CuO structures with improved physical and chemical properties have attracted
immense attention, especially for catalysis applications. We report on a rational, rapid, and surfactant-free microwave synthesis
(MWS) of hierarchical porous copper oxide (HP-CuO) with a three-dimensional (3D) sponge-like topology using an MWS reactor.
The activity of the microwave (MW)-synthesized HP-CuO catalysts for carbon monoxide (CO) oxidation was studied and
compared to CuO prepared by the conventional heating method (CHM). Results showed that HP-CuO catalysts prepared by MWS
for 10 and 30 min surpassed the CuO catalyst prepared by CHM, exhibiting T80 of 98 and 115 °C, respectively, as compared to 185
°C of CuO prepared by CHM (T80 is the temperature corresponding to 80% CO conversion). In addition, the MW-synthesized HP-
CuO catalysts outperformed the CHM-synthesized CuO, achieving a 100% CO conversion at 150 °C compared to 240 °C in the
case of CuO prepared by CHM. Interestingly, the HP-CuO catalyst expressed workable CO conversion kinetics with a reaction rate
of c.a.35 μmol s−1 g−1 at 150 °C and apparent activation energy (Ea) of 82 kJ mol−1. The HP-CuO catalyst showed excellent cycling
and long-term stabilities for CO oxidation up to 4 cycles and 72 h on the stream, respectively. The enhanced catalytic activity and
stability of the HP-CuO catalyst appear to result from the unique topological and structural features of HP-CuO, which were
revealed by SEM, XRD, Raman, BET, TGA, XPS, and TPR techniques.

1. INTRODUCTION
Over the past years, numerous studies have been conducted on
heterogeneous catalysts and their applications for environ-
mental remediation. The catalyzed oxidation of carbon
monoxide (CO) is a crucial procedure for the removal of
toxic CO in fuel emissions and automobile industries. It is also
critical for some industrial applications such as the removal of
poisoning CO in fuel cells and carbon dioxide lasers.1

Supported precious metals including Au, Pt, Pd, Ir, and Ru
are key components of many active catalysts for CO
oxidation.2,3 Nevertheless, exploring efficient and cost-effective
catalysts remains a crucial demand for environmental
sustainability. This demand could be reached by developing
non-precious materials with improved physical and chemical
properties for enhanced catalytic activity.4 Copper (Cu) is an

earth-abundant, inexpensive, and major industrial transition
metal. In recent years, Cu-based materials have been
extensively studied for basic and applied research in various
sectors. Nanoarchitectures of copper oxide (CuO) is the
trending form of Cu that have attracted immense attention for
several applications such as gas separation, chemical- and
biochemical sensing, solar cells, energy conversion, and
catalysis.5 They constitute an important class of transition
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metal nanomaterials of low cost and environmental impact
with widespread potential applications, especially in environ-
mental heterogeneous catalysis.6−9 The morphology and
microstructure of heterogeneous catalysts are among the
main determinants of their physicochemical properties and
hence their catalytic activity.10 As such, the rational design and
synthesis of CuO structures with controlled architectures and
properties have received great efforts toward enhanced
catalytic performance.11−14

CuO can be synthesized using various physical and chemical
methods such as laser ablation, ball milling, arc discharge,
chemical reduction, microemulsion, sonochemical, photo-
chemical, electrolysis, thermal decomposition, combustion,
hydrothermal, and microwave synthesis methods.15 Among
these, microwave synthesis (MWS) is a rapid, efficient, and
cost-effective technique for the fabrication of a wide range of
inorganic nanostructures with tailored structures and compo-
sitions. It has received tremendous attention in the field of
synthetic chemistry due to its fairly simple, low-cost, and large-
scale production merits. MWS allows the fast nucleation and
growth of nanoscale materials from their precursors in various
aqueous and non-aqueous environments.16,17 The MWS
intercedes via energy transfer as microwave irradiation
(MWI) to the reactants through mechanisms of ionic
conduction and dipole moment rotation. This results in an
instantaneous temperature rise and decreased activation
energy, leading to rapid decomposition of the precursor
molecules.18,19

CuO catalysts have shown promise for catalytic CO
oxidation reactions, and controlling the surface and morpho-
logical properties can potentially lead to the improvement of
their catalytic activity.20−22 The MWS should be considered an
effective and economic synthetic approach to achieve these
goals.23,24 In this report, we present a simple, rapid, facile, and
surfactant-free microwave (MW)-driven method for the
rational synthesis of hierarchical porous CuO (HP-CuO)
with a three-dimensional (3D) sponge-like morphology and
investigate their catalytic performance for CO oxidation. To
the best of the authors’ knowledge, this is the first report to
prepare hierarchical porous copper oxide bearing a sponge-like
morphology from an aqueous mixture of copper nitrate and
carbamide precursors by MWI in a closed vial at 130 °C using
an MWS reactor. The MW-synthesized HP-CuO catalysts
were characterized using FE-SEM, XRD, Raman, BET, TGA,
H2-TPR, and CO-TPR techniques. The catalytic activity,
kinetics, and stability of the MW-synthesized HP-CuO
catalysts for CO oxidation have been investigated and
compared to CuO catalysts prepared using the conventional
heating method (CHM). The obtained results suggest that the
described MWS unfolds a simple approach to obtain HP-CuO,
which paves the way for efficient, stable, and low-cost catalysts
for low-temperature catalytic CO oxidation.

2. MATERIALS AND METHODS
2.1. Materials. Chemical reagents were purchased and

used as received, including copper(II) nitrate trihydrate
(Cu(NO3)2·3H2O, purum grade, 98%, Sigma-Aldrich) and
urea (also known as carbamide, CO(NH2)2, purum grade,
>99.0%, Fluka). The water used in all experiments was ultra-
pure deionized water by Direct-Q 5UV (Millipore).

2.2. Methods. 2.2.1. Microwave Synthesis of Hierarchical
Porous Copper Oxide. Hierarchical porous copper oxide (HP-
CuO) was synthesized by MWS in a closed vial under mild

temperature and pressure using an MWS reactor. In a typical
MWS of HP-CuO, equal volume portions of aqueous solutions
of carbamide (CO(NH2)2, 4 mol L−1, 0.04 mol) and copper
nitrate (Cu(NO3)2·3H2O, 0.5 mol L−1, 0.005 mol) were mixed
in a sealable and microwaveable reaction vial (G30, Glass, 30
mL max., Anton-Paar). The reaction vial was equipped with a
small magnet bar for mechanical stirring during the microwave
irradiation (MWI) and was then closed with a standard-fit cap
and sealing septum. The reaction vial was transferred into the
cavity of an MWS reactor (Monowave 300, Anton-Paar
GmbH) that was equipped with an in situ temperature probe
to monitor the sample’s temperature. The vial with the
reaction mixture inside the MWS reactor cavity was heated to
130 °C by MWI for a predetermined exposure time (1−30
min) under continuous magnetic stirring (1200 rpm). Upon
reaction completion, the mixture was cooled down to 55 °C
under stirring and was then removed from the MWS reactor
cavity. The product was separated by a centrifuge at 5000 rpm
for 15 min and was repeatedly washed with DI water for three
washing/centrifuge cycles. The product was dried in an oven
(Isotemp-282A, Fisher Sci., US) at 80 °C for 12 h. The effect
of the microwave irradiation (MWI) time on the surface
topology of HP-CuO was investigated by changing the MWI
time to 1, 2, 4, 10, and 30 min. For comparison, CuO was also
prepared from the same reaction mixture of copper nitrate and
carbamide using a conventional heating method (CHM) under
similar hydrothermal conditions. For all MWS and CHM
experiments, the molar ratio of carbamide and copper nitrate
starting materials was maintained at a fixed ratio of 8. The yield
of CuO prepared by the MWS using a reaction mixture with a
total volume of 20 mL was >90% based on the metal precursor.
All samples prepared by MWS and CHM were annealed at 400
°C for 2 h at a heating ramp rate of 5 °C min−1 in static air
using a muffle furnace (Nabertherm B170, Germany).

2.2.2. Characterization. The prepared materials were
characterized by using field-emission scanning electron
microscopy (FE-SEM), X-ray diffraction (XRD), Raman,
physisorption (BET), thermal gravimetric analysis (TGA), X-
ray photoelectron spectroscopy (XPS), and temperature-
programmed reduction (TPR) techniques. FE-SEM micro-
graph images were collected by using NOVA 450 (NANO-
SEM, FEI, Czech Republic). XRD patterns were recorded at
30 kV and 20 mA by using a MiniFlex II powder diffractometer
(Rigaku, Japan) equipped with Cu Kα1 radiation. The crystal
structures of the prepared samples were indexed based on the
JCPDS-ICCDD database system. Raman spectroscopy meas-
urements were performed using a DXR-2 Raman microscope
(Thermo Fisher Sci., USA) that is equipped with a laser source
of 780 nm wavelength for excitation. The settings for the
collection of the spectra involved 20 accumulations, a total
acquisition time of 5 min, a spectral grating resolution of 4
cm−1, and a laser power of 5 mW. Physisorption measurements
of nitrogen (N2) adsorption−desorption isotherms were
performed at 77 K in the relative pressure (P/PO) range of
0.05−1 using an ASAP 2460 surface area analyzer (Micro-
meritics, USA). Before physisorption measurements, samples
were degassed by two-stage heating, first at 90 °C for 1 h and
then at 150 °C for another 1 h in an N2-He atmosphere. The
specific surface area (SSA) was calculated by using the BET
method. TGA measurements were carried out using Pyris 6
analyzer (PerkinElmer, Netherlands), and the sample was
heated in static air up to 700 °C with a heating ramp rate of 10
°C min−1. H2-TPR measurements were performed using

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05399
ACS Omega 2022, 7, 44021−44032

44022

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Chemisorb 2750 equipped with ChemiSoft TPx and TCD
(Micromeritics, USA). For a typical H2-TPR measurement, 50
mg of the sample was heated up to 400 °C at a heating rate of
10 °C min−1 and under a constant flow of 30 mL min−1 of 10%
H2/Ar gas mixture. CO-TPR measurements were carried out
using a customized experimental setup adopting an infrared gas
detector to probe the CO consumption. For a typical CO-TPR
measurement, 50 mg of the sample was heated up to 200 °C at
a heating rate of 5 °C min−1 under a constant flow of 50 mL
min−1of 10% CO/He gas mixture. XPS spectra were recorded
under ultra-high-vacuum (UHV) conditions using AXIS Ultra
spectrometer (KRATOS Analytical, UK).

2.2.3. Catalytic Activity, Kinetics, and Stability Measure-
ments. The catalytic activity of the prepared samples was
studied for carbon monoxide (CO) oxidation. Catalytic CO
oxidation measurements were carried out using a custom-built
catalytic reactor described in detail earlier.3 The reactor
comprised a horizontal quartz tube, a split tube furnace, and an
infrared flue gas detector. In a typical experiment, 50 mg of the
catalyst was charged into a fixed bed inside the reactor tube.
The catalyst temperature was monitored by a thermocouple
inserted inside the reactor tube in direct contact with the
sample, and temperature was logged using a multifunction
DAQmx interface (USB-6008, National Instruments, USA). A
feed-in gas mixture comprising 4 vol % CO, 20 vol % O2, and
an Ar balance was passed over the sample continuously at a
constant flow rate of 60 cm3 min−1. The weight hourly space
velocity (WHSV) was maintained at 72,000 cm3 g−1 h−1 by
using a set of digital mass flow controllers (HI-TEC,
Bronkhorst). The temperature of the catalyst was increased
at a constant heating ramp rate of 5 °C/min. The feed-out gas
was passed into a multichannel infrared (IR) gas analyzer for
CO detection (model IR200, Yokogawa, Japan). The data were
logged with LabVIEW software, and the catalytic activity of the
catalysts was expressed as % CO conversion. The kinetic
measurements of CO oxidation over a selected catalyst were
carried out as reported earlier.25 Typically, the CO conversion
was studied at various temperatures and catalyst loadings while
maintaining constant molar flow rates corresponding to a gas
hourly space velocity (GHSV) of 3600 cm3 h−1. The CO
oxidation rates and apparent activation energy were calculated
as described earlier. The cycling stability and long-term
stability at 150 ± 5 °C of a selected catalyst were carried
out for up to 4 cycles and 72 h under a continuous stream,
respectively.

3. RESULTS AND DISCUSSION
MWS is a powerful synthetic approach that has gained
tremendous attention in the field of synthetic chemistry. It is
widely accepted as a widespread, energy-efficient, eco-friendly,
and fast synthetic method.23,26 Unlike conventional heating
methods, microwave irradiation (MWI) simply satisfies the
goal of being an abrupt, fast, and homogenous heat-driving
method. MWI can cause instantaneous and uniform heating of
reaction mixtures, resulting in fast nucleation and growth of
particles.27 The MWS-based methods have been adopted for
the fabrication of various nanoscale materials with a wide range
of sizes, shapes, and phase characteristics.27,28 The chemistry of
MWS can typically result in higher rates of nanoparticle
formation at shorter reaction times compared to CHMs. This
gives the MWS the high merits of rapid and large-scale
preparation. In this work, MWS was employed for the rapid
and facile fabrication of hierarchical porous copper oxide (HP-

CuO) using an MWS reactor (Monowave 300). The physical
and chemical properties of the prepared materials were studied
using standard imaging, spectroscopic, and characterization
techniques.
Figure 1 displays the FE-SEM micrograph images of HP-

CuO prepared by MWI in a closed vessel at 130 °C for 10 min

using copper nitrate (Cu(NO3)2) and carbamide (CO(NH2)2)
as the starting materials. The low- and high-magnification SEM
images of HP-CuO shown in Figure 1 confirm the hierarchical
porous texture and morphology of the MW-synthesized CuO
nanostructures. The SEM images reveal a three-dimensional
(3D) sponge-like surface topological structure of the MW-
synthesized HP-CuO. The high-magnification SEM images
(Figure 1c,d) show stacks of superlattice structures with ∼3−5
μm lateral dimensions, where each delicate 3D sponge-like
stack is constructed of numerous sub-micrometer units
assembled into platelet-like architectures with thicknesses
ranging from ∼0.5−1 μm and an average lateral length of
∼3 μm. The SEM images of HP-CuO also show the HP-CuO
porosity with open and interlaced pores which are joined
together, forming plenty of cavities on the HP-CuO surface. It
can be speculated that HP-CuO could express enhanced
specific surface area (SSA) and a larger density of accessible
active sites. This in turn can increase the contact area for
specific gas adsorption and diffusion, and hence, the improve-
ment of the catalytic performance of HP-CuO in gas-phase
catalysis applications may ensue.29 To confirm the role of MW-
driven heating in the formation of HP-CuO, the synthesis was
performed by CHM using a mixture of the same starting
materials of copper nitrate and carbamide with the same 1:8
molar ratio. Figure S1 displays the FE-SEM images of the CuO
particles prepared by CHM which reveal the formation of large
CuO particles of irregular size and shape. The lack of hierarchy
in the case of CuO prepared by CHM evidences the
significance of MWI in forming HP-CuO.
To study the effect of the MWS conditions on the particle

morphology, MWI time was varied as 1, 2, 4, 10, and 30 min
using different reaction mixtures of the same composition and
volume ratios. Figure 2 compares the FE-SEM images of the

Figure 1. (a−d) FE-SEM images of hierarchical porous copper oxide
(HP-CuO) prepared by MWS in a closed vessel at 130 °C under
MWI for 10 min using a Monowave 300 MWS reactor.
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CuO samples prepared by MWS in closed vials at 130 °C
under different MWI times of 1−30 min using an MWS
reactor. The overall SEM images reveal the temporal evolution
of the hierarchical porous (HP) structure of CuO while
increasing the MWI time as 1, 2, and 4 min, as shown in Figure
2a−i. The SEM images of the CuO sample prepared by MWI
for 1 and 2 min show particles with slightly irregular shapes
and without visible porous features, as can be seen in Figure
2a−f, respectively. The CuO prepared by MWI for 4 min
began expressing sub-micrometer features with primary pores
(Figure 2g−i). When the MWI time was increased to 10 min, a
complete growth of well-developed HP-CuO was reached, as
shown in Figure 2j−l. Further increase of the MWI time to 30
min did not result in significant topological changes of HP-
CuO, and comparable morphology to the HP-CuO synthe-
sized with MWI for 10 min is observed. Only slightly larger

assemblies of HP-CuO are manifested with stacked layers after
MWI for 30 min.
The SEM results reveal the effect of MWI on the

microstructure of HP-CuO with the formation of a superlattice
structure for MWI times of 10−30 min. It is worth mentioning
that our MWS is surfactant= free and that HP-CuO is obtained
without using shape-directing or template agents, unlike those
reported in the literature using pluronic acid, for example.29

When Cu(NO3)2 is dissolved in water, the H2O molecules
could coordinate to Cu2+ cations using electrons in their
bonding orbitals. This can weaken the hydroxyl group (O−H)
bonds of water molecules bound onto the surface and lead to
hydrolysis according to the pH of the mixture. The molar ratio
of the copper nitrate and carbamide starting materials was
adjusted to 1:8 so that carbamide will exist in the solution in
excess and to assure oxide precipitation conditions. The
instantaneous heating of the reaction mixture by MWI leads to

Figure 2. FE-SEM images of HP-CuO prepared by MWS in closed vials at 130 °C under different MWI times of (a−c) 1, (d−f) 2, (g−i) 4, (j−l)
10, and (m−o) 30 min, showing the effect of MWI time on CuO topology.
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the hydrolysis of the carbamide molecules and the formation of
ammonium cations (NH4+). This can increase the pH of the
solution, which results in the precipitation of condensates of
hydrated amorphous oxide.30 The functionalities of MWI and
carbamide for the construction of porous structures have been
reported earlier by some other groups.9,18,31,32 Since the CuO
synthesized with carbamide using CHM did not express a
hierarchical porous structure, it can be stated that MWS
chemistry not only provided heat for carbamide hydrolysis by
MWI but also offered chemical speciation orienting the growth
of HP-CuO into 3D sponge-like architectures.31

The MWI could derive the alkalinization reaction of aqueous
Cu(II) nitrate and carbamide and provide favorable
thermodynamic and kinetic factors for the growth of HP-
CuO under mild temperature and pressure. It triggered the
formation of a porous network within the first few minutes of
the reaction, and perfect HP-CuO could be obtained after
MWI for 10 min. The difference between the porosity of CuO
products obtained by the CHM and MWS appears to be
related to the different hydrolysis and condensation rates of the
reaction. The MWI enables the instantaneous heating of the
reacting species and accelerates their supersaturation, nuclea-
tion, and reaction rates. Compared with CHM, MWS could
provide faster hydrolysis and condensation events in a
relatively very short time.24,33,34 This could trigger the
spontaneous formation of ultrafine CuO subunits followed
by their instantaneous packing via self-assembly or oriented
attachment to construct the HP-CuO with a 3D architecture
and enhanced porosity.34,35

Powder X-ray diffraction (PXRD) is a powerful analytical
tool for studying the crystal structure of solid materials.36Fig-
Figure 3 presents the PXRD patterns of the MW-synthesized

HP-CuO samples prepared in closed vials at 130 °C by MWI
for different times of 1−30 min. The XRD patterns of all MW-
synthesized HP-CuO samples featured diffraction peaks typical
of the monoclinic-structured copper oxide (JCPDS card no.
045-0937). These XRD peaks can be indexed to the (110),
(002), (111), (112), (−202), (020), (202), (−113), (0311),
and (200) planes characteristic of the polycrystalline CuO in
the monoclinic C2/c space group.7 Similarly, the XRD pattern
of the CuO prepared by the CHM that is displayed in Figure

S2 shows a monoclinic structure similar to HP-CuO prepared
by MWS.
Raman spectroscopy is a rapid, sensitive, and nondestructive

technique to study the electronic properties and structure of
ionic solids. As indicated by the XRD results, the MW-
synthesized HP-CuO possessed a monoclinic structure with
symmetry belonging to the C2/c space group. Thus, each unit
cell has 4 (Cu−O) molecules, and the primitive cell comprises
2 (Cu−O) units. Therefore, CuO exhibits 3 acoustic modes
and 9 optical modes, with 3 optical modes being Raman active
and 6 modes being infrared active. The 3 Raman-active modes
(2Bg and Ag) are correlated to the stretching and bending
vibration of Cu−O.25,37 The Raman spectrum of the MW-
synthesized HP-CuO prepared under MWI for 10 min is
shown in Figure S3. The Raman peak positioned at 300 cm−1

is ascribed to the Ag Raman mode which is characteristic of
crystalline tenorite phase CuO.37

Figure 4 displays the multi-point nitrogen (N2) adsorption−
desorption isothermal plots (Figure 4a) and the thermal
gravimetric (TGA) plots (Figure 4b) of CuO prepared by
CHM and HP-CuO prepared by MWS under MWI for 10 min
using MWS reactor. The N2-isothermal plots of HP-CuO
prepared by MWS and CuO prepared by CHM (Figure 4a)
reveal type IV isotherms with hysteresis loops in the relative
pressure range of 0.1−1.13,38 The SSA values calculated using
the BET method over the range 0.1 < P/Po < 0.3 for CuO and
HP-CuO were determined as 4.3 and 10.4 m2/g, respectively.
The MW-synthesized HP-CuO exhibited an enhanced BET-
SSA that is larger by a factor of 2.3 times than that of CuO
prepared by CHM. Although the HP-CuO has a porous
structure, HP-CuO powder seems to be characterized by a low
BET-SSA value, which could be due to promoted stacking that
is related to post-synthesis processing parameters such as
drying and calcination temperature and time.39 For example,
when the hydrated oxide is dried at 80 °C for 12 h and then
calcined at a higher temperature of 400 °C for 2 h, this might
have promoted the irregular stacking of HP-CuO, as can be
seen in SEM images in Figure 1. The irregular stacking of
porous structures could lead to the formation of a more
stacked and less porous sponge which can cause surface area
losses.40 The stacking might also cause blocking of the pores
present in HP-CuO and decrease interlayer spacing which may
reduce the uptake of N2-gas molecules and lower the SSA.

39,41

Nevertheless, the SSA sacrifice apparently due to promoted
stacking can be justified by the increase of chemical and
thermal stability of the final HP-CuO powder catalyst, as
indicated by the TGA measurements shown below. Note-
worthy, the low BET-SSA value of HP-CuO is consistent with
one study on porous CuO micro-balls,14 with a reported BET-
SSA value of 4.8 m2/g, which is even >50% less than that of
our HP-CuO (10.4 m2/g).
Figure 4b compares the TGA plots of both MW-synthesized

HP-CuO and CuO prepared by CHM. The TGA plots
indicate that CuO prepared by the CHM possesses ∼1.4%
weight loss after heating to 700 °C, compared to a weight loss
of only ∼0.8% in the case of MW-synthesized HP-CuO. The
slight weight loss in both cases could arise from the removal of
water and hydroxyl groups adsorbed on the surface.42 Despite
the higher porosity of the MW-synthesized HP-CuO compared
to the CHM-synthesized CuO as indicated by the SEM and
BET results, the HP-CuO also exhibited relatively higher
thermal stability, which suggests its tolerance to extreme heat
up to 700 °C.

Figure 3. XRD patterns of different HP-CuO samples prepared by
MWI for different times of 1−30 min in a closed vial at 130 °C using
a microwave synthesis reactor.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05399
ACS Omega 2022, 7, 44021−44032

44025

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05399/suppl_file/ao2c05399_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05399/suppl_file/ao2c05399_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05399/suppl_file/ao2c05399_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05399?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05399?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05399?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05399?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The catalytic activity of heterogeneous catalysts is known to
depend on their reducibility properties.43 Thus, we studied the
reducibility of HP-CuO prepared by MWS and CuO prepared
by CHM by measuring their TPR profiles in hydrogen (H2)
and carbon monoxide (CO) atmospheres under the same
conditions. The H2-TPR profiles of the MW-synthesized HP-
CuO and CHM-synthesized CuO in the temperature range of
100−400 °C are shown in Figure 5a. For the MW-synthesized

HP-CuO, four H2-reduction peaks are observed at reduction
temperatures of 155, 202, 223, and 278 °C. The two main H2-
reduction peaks at 202 and 223 °C can be attributed to the
reduction of lattice copper species of HP-CuO as Cu(II) →
Cu(I) and Cu(I)→ Cu.44 The small H2-reduction peak at 152
°C could be related to the reduction of exposed fine Cu species
on the surface, whereas the one at the highest reduction
temperature of 278 °C could be related to unexposed larger Cu
entities within the cavities.45 The CuO prepared by CHM
possessed the main H2-reduction peak at 243 °C along with
two higher-temperature reduction peaks at 255 and 263 °C.
The lower reduction temperature of the main H2-reduction
peak of HP-CuO (202 °C) compared to CuO (243 °C)
indicates the enhanced reducibility of the MW-synthesized
HP-CuO and speculates higher catalytic activity in oxidation
reactions. Furthermore, the H2-TPR profiles of CuO and HP-
CuO were fitted to calculate the hydrogen consumption for the
different H2-TPR peaks of each sample. Figure S4 displays the

fitted curves of the H2-TPR profiles for both CuO and HP-
CuO, which reveal 4 fitted peaks in both cases, denoted as α, β,
γ, and δ. The data obtained from the fitted curves including
temperatures at maxima, H2 quantities consumed, and % H2
consumption for CuO and HP-CuO are summarized in Table
S1. The calculated % H2 consumption for the fitted α, β, γ, and
δ peaks of CuO was 3.92, 12.32, 68.14, and 15.62%,
respectively. For HP-CuO, the % H2 consumption correspond-
ing to α, β, γ, and δ peaks was 19.22, 34.54, 42.82, and 3.42%,
respectively. It can be seen that the largest H2 consumption
represented by peak γ in both HP-CuO (68.14%) and CuO
(42.82%) was observed at a lower temperature of 220 °C for
HP-CuO compared to 261 °C for CuO. The fitted data
indicate that not only the temperature of the main H2-TPR
feature was reduced by a factor of 18% in the case of HP-CuO
but also the density of the readily-reducible species was
increased by a factor of ∼1.6 compared to that of CuO.
Figure 5b compares the CO-TPR profiles of CuO and HP-

CuO samples in the temperature range of 75−200 °C.
Comparing the reducibility of the CuO and HP-CuO catalysts
in the CO atmosphere indicates that the CO-reduction
temperatures of both catalysts follow the order CuO > HP-
CuO similar to the order of the H2-reduction temperatures.
The CuO prepared by the CHM showed the main CO-TPR
peak at 146 °C besides a small CO-TPR peak at 121 °C. The
MW-synthesized HP-CuO by MWI for 10 min possessed the
main CO-reduction peak at a much lower temperature of 113
°C and two shoulder CO-reduction peaks at 123 and 140 °C.
The general lower reduction temperatures of the MW-
synthesized HP-CuO in CO and H2 atmospheres indicate its
higher surface reactivity compared to CuO, which apparently
could stem from the enhanced porosity. The TPR findings
further support the significance of MW-driven heating in the
formation of a hierarchical porous structure with improved
physiochemical properties. Thus, the SEM, XRD, BET, TGA,
and TPR results confirm that the rational control of
morphology and structure of HP-CuO by MWS could
modulate the catalyst’s reducibility and catalytic perform-
ance.4,8

The activity of the prepared catalysts for catalytic CO
oxidation was studied using a fixed-bed continuous-flow
catalytic setup. Figure 6 presents the light-off curves of CO
oxidation over the CuO catalyst prepared by CHM and the
different MW-synthesized HP-CuO catalysts prepared in

Figure 4. (a) Nitrogen adsorption−desorption isothermal plots and (b) TGA plots of HP-CuO prepared by MWS under MWI for 10 min and the
CuO prepared by CHM.

Figure 5. (a) H2-TPR and (b) CO-TPR profiles of the HP-CuO
prepared by MWS under MWI for 10 min and the CuO prepared by
CHM.
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closed vials at 130 °C under MWI for 2, 10, and 30 min.
Overall, the microwave-synthesized HP-CuO catalysts pre-
pared by MWI for 2, 10, and 30 min outperformed the CuO
catalyst prepared by the CHM as determined by the T50 and
T80 of the different catalysts listed in Table S2. The T50 and T80
denote the catalyst temperature corresponding to CO
conversion of 50 and 80%, respectively. The CuO catalyst
prepared by CHM possessed T50 and T80 of 175 and 185 °C,
respectively. The CuO catalyst prepared by MWI for 2 min

possessed comparatively lowered T50 and T80 at 157 and 163
°C, respectively. For HP-CuO catalysts where the MWI time
was increased to 10 and 30 min, the CO conversion rates were
greatly improved. The HP-CuO prepared by MWI for 10 min
possessed T50 and T80 of 115 and 119 °C, respectively,
compared to 98 and 100 °C in the case of that prepared by
MWI for 30 min. When comparing the temperatures
corresponding to 100% CO conversion (T100), it can be stated
that the HP-CuO catalysts prepared by MWI for 10 and 30
min exhibited comparable T100 of 150 °C, which is relatively
much lower than that observed for CuO prepared by the CHM
(T100 of 240 °C). The CO oxidation results (Figure 6 and
Table S2) confirm the higher catalytic activity of the MW-
synthesized HP-CuO catalysts in agreement with the enhanced
porosity and reducibility properties evident by the BET-SSA
(Figure 4a) and TPR measurements (Figure 5). The facile
MW-driven synthesis yielded HP-CuO catalysts with an
extended hierarchical porosity and 3D sponge-like morphology
that promoted the CO oxidation rates under continuous flow.
As listed in Table S2, the MW-synthesized HP-CuO catalysts
prepared by MWI for 10 and 30 min expressed comparable
CO oxidation rates of 35.6 μmol s−1 g−1 at 150 °C compared
to only 0.35 μmol s−1 g−1 in the case of CuO prepared by
CHM at the same temperature. The CO oxidation experiments
were carried out under a WHSV of 72,000 cm3 g−1 h−1 (Figure
6). The large values of the WHSV and CO oxidation rates of
HP-CuO indicate that large CO volumes can be converted per

Figure 6. Light-off curves of CO oxidation over the CuO catalyst
prepared by the CHM and the different HP-CuO catalysts prepared
using MWS reactor under MWI for 2, 10, and 30 min.

Figure 7. (a) Light-off curves of CO conversion showing the effect of varying the residing time on CO oxidation rates, (b) plots showing the
variation in the fractional CO conversion (XCO) with W/FCO ratio, and (c) Arrhenius plot for the HP-CuO catalyst prepared by MWI for 10 min
using an MWS reactor.
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unit weight of the catalyst at a small residing time. The
enhanced CO conversion rates at relatively lower conversion
temperatures and smaller residing time can be attributed to the
facilitated gas diffusion and the readily reducible surface
entities of HP-CuO, as revealed from the TPR results.46

We note that the catalytic activity of the HP-CuO reported
in this work is indeed comparable to that of some precious
metal-based catalysts reported in the literature for CO
oxidation. For example, the CuO catalyst reported by
Carabineiro et al. expressed full CO conversion at 150 °C
only after loading with a gold (Au) co-catalyst.47 The catalytic
activity of the non-precious HP-CuO (T100 = 150 °C) is
indeed in the same order as that of the precious catalyst Au/
CuO. The catalytic behavior of our HP-CuO for CO oxidation
is quite similar to that of some precious palladium (Pd)
catalysts on ZrO2

48 and CeO2-TiO2
49 supports. Noteworthy,

the activity of our HP-CuO (T100 = 150 °C) is higher than that
reported in a recent study on CuO showing 100% CO
conversion at a quite higher temperature of 214 °C employing
the same catalyst loading and feed gas ratio.21 Provided the
comparatively lower cost of Cu, this shows the potential of the
rational and surfactant-free MWS of HP-CuO at lower cost
and processing times as active and inexpensive catalysts for CO
oxidation.
To gain some kinetic insights into the CO oxidation reaction

over the MW-synthesized HP-CuO catalysts, we studied the
influence of the residing time on the catalytic activity of a
selected HP-CuO catalyst for CO oxidation reaction. Figure
7a−c displays the light-off curves of CO oxidation under
different residing times (Figure 7a), the plots of the CO
fractional conversion (XCO) under different W/FCO ratios
(Figure 7b), and the Arrhenius plot (Figure 7c) for the HP-
CuO catalyst prepared by MWS under MWI for 10 min. The
light-off curves of CO oxidation shown in Figure 7a compare
the catalytic activity toward CO oxidation under six different
WHSV values of 36,000, 48,000, 60,000, 72,000, 120,000, and
240,000 cm3 h−1 g−1. Considering the WHSV of 72,000 cm3
h−1 g−1 as a middle reference WHSV point, it can be seen that
the light-off curves for CO oxidation shift to lower conversion
temperatures when decreasing WHSV to 60,000 cm3 h−1 g−1

through 48,000 and finally to 36,000 cm3 h−1 g−1. The lowered
CO conversion temperatures and the subsequent enhanced
CO oxidation when decreasing the WHSV can be ascribed to
the higher volume density of the active sites on the catalyst
surface as the catalyst loading increases. When the WHSV was
increased to 120,000 cm3 h−1 g−1 and finally up to 240,000 cm3
h−1 g−1, the conversion temperatures were also increased due
to the higher molar flow of the CO in the feed. The overall
trend of the CO oxidation behavior under different WHSV
values suggests a good tolerance of the HP-CuO catalyst
variation of CO in the feed gas.
We extended the kinetics measurements to the determi-

nation of the activation energy of CO oxidation over HP-CuO
(MW 10 min) as described in the literature.17,50 The different
kinetic experiments of catalytic CO oxidation were performed
by changing the catalyst temperature and loading while
maintaining the same molar flow and a fixed GHSV of 3600
cm3 h−1. The fractional CO conversion (XCO) was determined
from the inlet and outlet CO molar flow by
using the physical formula of Eq 1

(1)

The kinetic experiments were conducted in O2-rich
conditions under atmospheric pressure, and data were
recorded at a steady state within a differential regime of CO
conversion (XCO< 0.2). The reaction rates of CO oxidation
(rCO) expressed in the unit of mol g−1 s−1 were determined by
using the formula of Eq 2

(2)

where w is the weight of the catalyst expressed in grams. The
determination of the apparent activation energy (Ea) was
performed using the Arrhenius plot of ln (rCO) versus 1/T
based on the reaction rates data collected in the linear range of
CO conversion less than 0.2.
Figure 7b,c presents the plots of the change of the fractional

CO conversion (XCO) with the W/FCO ratio and the Arrhenius
plot (Figure 7c) of the HP-CuO (MW 10 min) catalyst. The
(XCO) versus W/FCO plots (Figure 7b) reveal a linear increase
of fractional CO conversion with the temperature at a specific
fixedW/FCO ratio, where CO oxidation is facilitated at elevated
temperatures. The higher CO oxidation activity could arise
from the oxygen activation and diffusion on the HP-CuO
surface as shown above by the CO-TPR measurements (Figure
5a). This was further supported by XPS measurements that
were used to characterize the surface properties of the HP-
CuO catalyst and determine the oxidation state of copper in
fresh and used samples. Figure S5 displays the XPS high-
resolution scan spectra of the Cu 2p and O 1s of the MW-
synthesized HP-CuO before (fresh catalyst) and after the CO
oxidation reaction (used catalyst). The XPS spectra of the Cu
2p of the fresh and used HP-CuO catalyst (Figure S5a) show
the core-level peaks of Cu 2p3/2 and Cu 2p1/2 lying in the
typical binding energy (BE) ranges of 930−945 and 950−
965.0 eV, respectively.11,51 The main peaks located at 933.2
and 953.2 eV convey the Cu 2p3/2 and Cu 2p1/2 core
transitions of CuO, respectively. In addition, the shake-up
satellite peaks in the range of 938−945 eV (Cu 2p3/2) and at
961.8 eV (Cu 2p1/2) further support the prominent presence of
the bivalent copper [Cu(II)] species.22,51 In the case of both
fresh and used catalysts, the difference between the Cu 2p3/2
and the Cu 2p3/2 peaks is 20.0 eV, which further confirms the
existence of the pure CuO phase as reported in the literature.22

This also indicates that no deteriorations in surface properties
or phase are observed upon the CO oxidation reaction, which
confirms the structural stability of the HP-CuO catalyst. The
core-level XPS scan spectra of O 1s for both fresh and used
HP-CuO catalysts are compared in Figure S5b. The
pronounced peaks located at 529.6 and 529.5 eV for fresh
and used catalysts, respectively, correspond to the oxygen ions
involved in the lattice metal−oxygen bond of CuO.4,14 The
shoulder peak observed at around 528.3 eV in the case of the
fresh calcined HP-CuO can be assigned to the O2− ions, as
indicated earlier by Wu et al.52 For the used HP-CuO catalyst,
a broad XPS peak could be observed at about 531.5 eV, which
can be ascribed to adsorbed oxygen species of hydroxyl anions
present on the surface.14 Furthermore, the core-level
transitions of the O 1s of chemically adsorbed hydroxide and
carbonate species typically appear in the range of 531−532
eV.17 Accordingly, the peak at 531.5 eV could also be related
to the carbonate or polarized oxygen ions adjacent to oxygen
(O) vacant sites or bonded oxygen in the used HP-CuO
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catalyst.4,9 The high BE peak at 531.5 was only observed in the
case of the used HP-CuO catalyst, which infers the presence of
oxygen vacant sites and indicates their role in the enhanced
CO oxidation.
The TPR, XPS, and catalysis results support the presence of

readily available active surface oxygen species on HP-CuO at
low temperatures. It is also evident that the catalytic CO
oxidation depends on the catalysis residing time expressed in
terms of W/FCO (W = weight of the catalyst in grams and FCO
= molar flow rate in μmol s−1), as can be seen in Figure 7b. At
a given catalyst temperature and under a fixed GHSV of 3600
h−1, the fractional CO conversion increases as the residing time
increases, since more active sites are readily available.53 The
CO oxidation reaction can follow various kinetics and reaction
rates of positive or negative order, and thus, a broad range of
apparent activation energies (Ea) is known in the literatur-
e.53,54Figure 7c shows the Arrhenius plot corresponding to the
HP-CuO catalyst prepared by MWI for 10 min. The
experimental value of the apparent activation energy (Ea)
determined by using the Arrhenius plot was found to be ∼82
kJ mol,−1 which speculates a strong adsorption and bond
energy of CO to the HP-CuO surface.54 It can be stated that
the CO oxidation reaction over the HP-CuO catalysts follows
the Langmuir−Hinshelwood (L−H) reaction mechanism in
which the reaction between the adsorbed CO molecules and
co-adsorbed O atoms takes place on the CuO surface as
outlined in Eqs 3−5.51,55

(3)

(4)

(5)

The stability of a heterogeneous catalyst is crucial for the
continuous availability of the active sites on its surface, thus
attaining a stable catalytic performance for the CO oxidation
reaction. As discussed above, the XPS measurements of the Cu
2p and O 1s of HP-CuO before and after CO oxidation
(Figure S5) confirmed the structural and chemical stability of
the copper and oxygen species in HP-CuO. The phase stability
of the HP-CuO catalyst was investigated by the measurement
of the XRD patterns of HP-CuO before and after the catalytic

reaction. Figure S6 presents the XRD patterns of fresh
(calcined) and used (as is after CO oxidation reaction) HP-
CuO catalyst. The patterns confirm the pure crystallinity and
stability of the monoclinic phase HP-CuO upon CO oxidation
reaction. Furthermore, the cycling- and long-term stabilities of
the CO oxidation over the HP-CuO (MW 10 min) catalyst
were also investigated. Figure 8a shows overlaid plots of CO
conversion versus temperature for 4 consecutive CO oxidation
cycles over HP-CuO (MW 10 min) with programmed heating
and natural cooling of the catalyst bed. The steady temperature
corresponding to 100% CO conversion and the close matching
of the 4 catalytic CO oxidation cycles indicate the good cycling
stability of HP-CuO. Figure 8b shows the long-term stability
plot of CO oxidation over HP-CuO (MW 10 min) for 72 h on
the stream. The CO feed was passed over the catalyst at a flow
rate of 60 cm3 min−1, which corresponds to a WHSV of 72,000
cm3 h−1 g−1. Then, the catalyst temperature was ramped until a
100% CO conversion was achieved (150 °C). Finally, the
catalyst was maintained at this temperature for 72 h under
constant flow with continuous monitoring of the CO
conversion. The HP-CuO catalyst possessed a stable catalytic
performance with a steady 100% CO conversion for 3 days
without deactivation or stability compromise. The cycling- and
long-term stability measurements confirm the good resistance
of the HP-CuO catalyst to poisoning or deactivation. The
above analysis, catalysis, kinetic, and stability results indicate
that HP-CuO catalysts prepared by MWS could serve as
inexpensive, durable, highly stable, and efficient catalysts for
CO oxidation reactions at low temperatures.

4. CONCLUSIONS
In conclusion, a rapid and facile microwave-driven method for
the rational synthesis of hierarchical porous copper oxide (HP-
CuO) with a sponge-like morphology is described. The
microwave-synthesized HP-CuO featured interesting physical
and chemical properties including larger porosity and specific
surface, higher thermal stability, and improved reducibility
compared to CuO prepared by the CHM. The structure−
property relationships and their impact on catalytic activity
were emphasized by CO oxidation measurements over HP-
CuO. The HP-CuO catalysts expressed enhanced CO
conversion rates with a 100% CO conversion at 150 °C. The
HP-CuO catalyst prepared by MWS for 10 min exhibited a CO
oxidation reaction rate of 35.6 μmol s−1 g−1 at 150 °C and

Figure 8. (a) Plots of CO conversion vs temperature showing cycling stability and (b) plot of CO conversion vs time showing long-term stability of
CO oxidation for 72 h on the stream over the HP-CuO (MW 10 min) catalyst prepared by MWS.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05399
ACS Omega 2022, 7, 44021−44032

44029

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05399/suppl_file/ao2c05399_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05399/suppl_file/ao2c05399_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05399?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05399?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05399?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05399?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


apparent activation energy of 82 kJ mol−1. Moreover, the HP-
CuO catalyst expressed high long-term stability for multiple
cycles. The microwave-assisted synthetic approach reported
herein introduces a unique and simple method for the
controlled preparation of porous, active, and stable copper-
based catalysts for low-temperature CO oxidation.
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